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Resume 

1 

L'objectif principal de cette these etait de caracteriser l'impact d'une 

consommation alimentaire quotidienne reduite en calorie ou enrichie de gras 

polyinsatures (PUFA) sur les repercussions neuronales et fonctionnelles d'une ischemie 

cerebrale globale. Differents groupes de rats furent assignes aleatoirement aux conditions 

experimentales, determinees par la diete consommee et la procedure chirurgicale 

administree. Les regimes alimentaires des deux premieres etudes de cette these incluaient 

P ingestion alimentaire ad libitum ou une restriction alimentaire de 40% comparee a 

l'ingestion des rats des groupes ad libitum. Dans une troisieme etude, nous avons evalue 

l'impact de la consommation d'une diete enrichie de gras polyinsatures de type omega 3 

et omega 6, via Pajout de 11.5% d'huile de poisson et de 3.5% d'huile de mai's a la diete 

controle. Ces differentes dietes furent toutes initiees chez des rats ages de 4 semaines et 

maintenues pendant une periode de 18 semaines (pre et post-chirurgie). Les procedures 

chirurgicales, administrees durant la 13^me semaine d'ingestion alimentaire, incluaient 

soit une chirurgie vasculaire impliquant 8 ou 12 minutes d'ischemie cerebrale globale ou 

une operation controle (chirurgie sham). Suite a ces procedures, 1'administration d'une 

serie de paradigmes comportementaux debuta pour 1'ensemble des animaux au 41 me ou 

51 me jour suivant la chirurgie, et se terminant 7, 31 ou 70 jours suivant l'ischemie, 

dependamment de 1'experimentation. Les tests comportementaux utilises incluaient l'aire 

ouverte, le labyrinthe en croix et le labyrinthe radial a huit bras. A l'instar des recherches 

suggerant des effets neuroprotecteurs de la restriction alimentaire et de l'ingestion de 

supplements d'acides gras polyinsatures, nos resultats demontrent que la survie neuronale 

dans le CA1 de l'hippocampe est comparable entre les rats ischemics nourris des dietes 
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experimentales et ceux nourris a volonte. Cette absence de difference s'observe 7, 31 et 

70 jours suivant la procedure chirurgicale. Egalement, nos resultats comportementaux 

revelent une reduction significative, voire la prevention, des deficits d'apprentissage et de 

memoire spatiale induits par l'ischemie globale chez les rats restreints et nourris d'une 

diete enrichie de PUFA. Les performances mnesiques de ces animaux sont comparables a 

celle des rats controles et significativement meilleure que celle des rats ischemies nourris 

d'une diete reguliere. Fait plus impressionnant, les animaux ischemies restreints 

demontrent egalement la capacite de completer une serie de taches differees complexes 

appariees ou non a l'echantillon (DMTS/DNMTS) dans le labyrinthe radial, 

contrairement aux rats ischemies nourris a volonte. Nos resultats suggerent que la 

restriction alimentaire et 1'ingestion de supplements d'acides gras polyinsatures induisent 

des changements plastiques et/ou l'activation de mecanismes endogenes compensatoires 

capables de proteger les animaux des deficits d'apprentissage et de memoire spatiale 

generalement produits par l'ischemie globale. 
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Introduction Generate 

Ces dernieres annees, plusieurs recherches epidemiologiques ont ete entreprises 

dans le but d'etudier revolution des regimes alimentaires a travers le monde et leur 

impact sur la sante humaine. Ces etudes ont permis de deceler d'importantes differences 

dans certains marqueurs de sante selon l'environnement geographique et culturel, mais 

egalement de realiser l'importance de la nature des produits alimentaires consommes par 

ces differentes populations. Ainsi, Harper et Jacobson [180] repertorient un taux eleve de 

maladies coronariennes chez la population danoise qui consomme une diete riche en gras 

(environ 42% de la quantite totale de calories ingerees). A l'oppose, malgre une 

consommation equivalente de gras dans leur alimentation, les Eskimos du Groenland sont 

moins susceptibles de mourir des suites des maladies cardiovasculaires [266,180]. De 

facon similaire, certaines populations mediterraneennes d'Europe demontrent de faible 

taux de mortalite de maladies cardiovasculaires de type coronarienne [251,293,294]. 

Plusieurs auteurs ont tente d'extraire les elements nutritionnels benefiques de la 

diete mediterraneenne. Ce regime alimentaire se caracterise principalement par une 

consommation elevee en huile d'olive, en fruits et legumes et en grains et cereales 

(incluant le pain), augmentant ainsi le ratio d'acides gras monoinsatures [389,445]. 

L' alimentation de ces populations se distingue egalement par une consommation 

reguliere moderee d'alcool (principalement le vin rouge), de produits de la mer et laitiers 

ainsi que par une faible consommation de viandes et produits derives [445]. La diete 

mediterraneenne demeure done une diete elevee en gras, dont la particularite provient du 

fait que pres de 50% de ces gras sont monoinsatures (derives de la consommation d'huile 

d'olive). Les bienfaits de ce regime sont ainsi associes a un apport eleve en mineraux, en 
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antioxydants et en acides gras monoinsatures et polyinsatures, associes a une meilleure 

regulation du systeme vasculaire [137,389,445]. En analysant davantage ces differentes 

populations, les chercheurs ont constate 1'importance de la contribution distincte de 

differents types de matieres grasses et de la composition du regime alimentaire d'une 

population sur 1'apparition de problemes physiques. 

A l'instar des autres mammiferes, le regime alimentaire de l'humain est varie et 

complexifie par de multiples combinaisons alimentaires. Dans ce contexte, Putilisation de 

modeles animaux permet de mieux cerner la contribution de composantes alimentaires 

specifiques. Au cours de la derniere decennie, la recherche animale a permis de 

demontrer les effets benefiques de la restriction calorique, de la consommation d'aliments 

riches en antioxydants et/ou d'acides gras polyinsatures sur des variables physiologiques 

ou cognitives associees au vieillissement, au diabete, et aux maladies auto-immunes, 

neurodegeneratives et cardiovasculaires [29,44,57,58,64,75,82, 99,107,108,111,117,192, 

276,281,288,302,306,314,337,366,426,432,477,489,494]. Toutefois, peu d'etudes se sont 

penchees sur les effets possibles de ces dietes sur les maladies vasculaires cerebrales. 

L'objectif principal de cette these de doctorat visait a caracteriser les 

repercussions possibles aux niveaux neuronal et fonctionnel de 1'adoption de 

comportements alimentaires distincts lors d'une ischemie cerebrale globale chez le rat. 

Ce type d'accident vasculaire cerebral entraine la perte des fonctions cerebrales due a 

P interruption temporaire complete de l'apport sanguin au cerveau, un phenomene 

similaire a celui produit lors d'un arret cardiaque chez l'humain. Les modifications 

alimentaires testees chez le rat visent a determiner si elles peuvent induire des effets 

physiologiques et/ou neuronaux capables d'alterer le recouvrement fonctionnel suivant 
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une ischemie cerebrale globale et d'agir comme facteurs de prevention efficace. 

1. Ischemie cerebrate 

1.1. Maladies vasculaires cerebrales 

Les maladies vasculaires cerebrales se classent au quatrieme rang des causes de deces 

au Canada ou entre 40 000 et 50 000 nouveaux cas sont rapportes annuellement totalisant des 

couts en sante de 2.7 milliards de dollars. Le risque de souftrir d'un accident vasculaire 

cerebral (AVC) double tous les dix ans apres l'age de 55 ans. A l'heure actuelle, 16 000 

canadiens meurent annuellement des suites d'un ACV et quelques 300 000 en conservent des 

sequelles. Les femmes representent 60% des nouveaux cas annuels et ont une plus grande 

probabilite de deces puisque les AVC se produisent a un age plus avance comparativement 

auxhommes [138]. 

L'AVC consiste en « la perte soudaine de fonction(s) cerebrale(s) attribuable a la 

rupture de vaisseaux sanguins (AVC hemorragique) ou a 1'interruption de l'apport sanguin 

(AVC ischemique) au cerveau » [138]. Les consequences d'un AVC dependent de 

« l'etendue des dommages encourus » et peuvent affecter differentes fonctions intellectuelles, 

motrices, sensorielles et emotionnelles. « 20% des AVC sont de nature hemorragique, se 

produisant lors d'un saignement incontrole au cerveau » compromettant la survie neuronale 

des zones cerebrales irriguees par le vaisseau sanguin affecte. L'AVC hemorragique est 

generalement cause par des problemes structuraux de vaisseaux sanguins pathologiques et 

l'origine du saignement peut etre soit sous-arachno'idienne ou intracerebrale. La majorite des 

AVC (80%) sont de nature ischemique et surviennent lors d'une interruption de l'apport 

sanguin au cerveau. La cessation du flot sanguin peut etre d'origine thrombotique, causee par 
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un caillot s'etant forme dans une artere allant au cerveau, ou embolique, lorsqu'une artere 

cerebrale est obstruee par un caillot sanguin forme ailleurs dans l'organisme et transporte au 

cerveau par le sang. L'AVC ischemique peut etre focal ou global. L'ischemie focale se 

caracterise par 1'arret temporaire du flot sanguin dans une region particuliere, 1'artere 

cerebrale moyenne etant la plus frequemment affectee chez l'humain. L'ischemie globale, 

perturbe quant a elle Fintegrite du flot sanguin afferant au cerveau via les arteres vertebrales 

et carotides internes. Chez l'humain, cette situation survient principalement lors d'un arret 

cardiaque, et sa duree est generalement courte. 

1.2. Ischemie et modeles animaux 

Les modeles animaux demeurent fondamentaux dans la comprehension des 

mecanismes physiologiques impliques lors d'une ischemie cerebrale et F etude de differents 

traitements experimentaux. Trois modeles sont largement utilises par les chercheurs pour 

induire une ischemie cerebrale globale. Le premier est l'occlusion a deux vaisseaux (2-VO) 

combinee a l'hypotension (2-VO + hypo) chez le rat. Ce modele consiste en l'occlusion 

bilaterale temporaire des arteres carotides conjointement avec 'Finduction d'hypotension 

arterielle causee par Fabsence du flot sanguin [39]. L'occlusion a deux vaisseaux mene a des 

dommages focaux, localises dans une ou plusieurs regions cerebrales. Le deuxieme modele 

est l'occlusion a deux vaisseaux chez les gerbilles (2-VO). Jusqu'a present, on croyait a un 

polygone de Willis incomplet chez ces animaux, rendant l'occlusion a deux vaisseaux 

similaire a l'occlusion de quatre vaisseaux chez les rats. Ce principe a recemment ete remis 

en question de meme que l'efficacite de ce modele chez differentes souches de gerbilles 

[252]. Finalement, le troisieme modele est l'occlusion a quatre vaisseaux (4-VO) caracterisee 
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par Pocclusion permanente des arteres vertebrales et temporaire des arteres carotides, pour 

une duree variant de 6 a 30 minutes [39]. Dependamment de la duree de 1'occlusion, ce 

modele produit des dommages cerebraux selectifs ou diffus et plus importants que ceux 

produits par 1'occlusion a deux vaisseaux. Ce modele demeure le plus frequemment utilise 

pour etudier les consequences neuronales, physiologiques et fonctionnelles secondaires a une 

ischemie globale chez le rat. 

Tableau 1 : Modeles animaux d'ischemie cerebrale. 

Ischemie Globale Ischemie Focale 

- Decapitation 
- Occlusion de l'aorte/veine cave 
- Arret cardiaque 
- Hemorragie ou hypotension 
- Ischemie hypoxique 
- Hypertension intracranienne combinee 
a 1'occlusion des arteres carotides 

- Occlusion a deux vaisseaux combinee 
avec une hypotension arterielle 

- Occlusion des quatre vaisseaux 

- Occlusion de deux vaisseaux (rat) 
- Infarctus spontane au cerveau 
(chez certaines especes animales) 

- Occlusion de Partere cerebrale 
moyenne sans craniotomie 

- Occlusion de l'artere cerebrale 
moyenne avec craniotomie 

- Dommage direct au tissu cerebral 
(photothrombose cerebrocorticale) 

1.3. Mecanismes pathophysiologiques de l'ischemie globale 

L'interruption du flot sanguin lors d'une ischemie cerebrale reduit considerablement 

l'apport d'oxygene et de glucose, compromettant la production d'adenosine triphosphate 

(ATP) et les fonctions cellulaires globales. Cette reduction soudaine des processus cellulaires 

stimule la glycolyse, un mecanisme anaerobique de regeneration de 1'ATP qui se deroule en 

l'absence d'oxygene. L'augmentation des concentrations de phosphate inorganique, d'acide 
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lactique et d'hydrogene qui en resulte favorise l'acidose cellulaire. Une cascade 

physiopathologique s'ensuit, occasionnant une mort neuronale differee dans les regions 

cerebrales les plus vulnerables a l'evenement ischemique. Cette serie de reactions 

biochimiques s'identifie via trois phases : la phase d'excitotoxicite (initiee durant les 

premieres heures suivant l'ischemie), la phase d'inflammation (s'installant durant les 

premiers jours suivant l'ischemie) et la phase d'apoptose (qui debute quelques jours suivant 

l'ischemie et peut durer quelques semaines) [39]. 

1.3.1. Phase d'excitoxicite 

Durant la phase d'excitotoxicite, la reduction du flot sanguin entraine un 

dysfonctionnement des transporteurs membranaires ioniques dependants de l'ATP 

menant a un desequilibre electrolytique et a une depolarisation massive des neurones. 

Cette depolarisation persistante conduit a l'accumulation de calcium (Ca2+) 

intracellulaire, provoquant la liberation de neurotransmetteurs, incluant le glutamate [63]. 

L'activation subsequente combinee des recepteurs AMPA et NMDA favorise la 

liberation intracellulaire de Ca2+ et l'activation d'une gamme d'enzymes incluant les 

proteases, les phospholipases, les endonucleases et les enzymes de synthese de l'oxyde 

nitrique [1]. Cette proliferation enzymatique compromet l'integrite des composantes 

cellulaires et/ou entraine une surproduction de radicaux libres en diminuant du meme 

elan Pactivite des phagocytes endogenes charges de leur elimination [14,15]. 

Ultimement, le nombre eleve de radicaux libres devient toxique pour le neurone et 

enclenche des processus conduisant a la mort neuronale. 
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1 3.2. Processus de necrose cellulaire 

Les processus excitotoxiques inities dans les premieres 24 heures suivant une 

ischemie cerebrale globale conduisent a une degenerescence neuronale par necrose 

[136,384,395]. Ce type de mort cellulaire non programmed se produit lorsque 

Phomeostasie cellulaire est compromise par un manque energetique, decoulant de 

dommages affectant le fonctionnement des mitochondries de la cellule [292]. Durant la 

phase d'excitotoxicite, l'activation enzymatique des phospholipases stimulee par l'influx 

massif de Ca2+ intracellulaire favorise l'apparition de renflements membranaires 

("blebbing"). Ces derniers sont dus a l'infiltration massive de fluide dans le neurone 

menant a la rupture de la membrane cellulaire. Cette degradation progressive de la 

membrane cellulaire est associee a l'infiltration progressive d'ions et de metabolites 

toxiques dans la cellule 

Parallelement, on observe une dilatation du reticulum endoplasmique rugueux et 

la disintegration des polyribosomes et de l'appareil de Golgi, une condensation de la 

chromatine en amas compact aux contours irreguliers et un renflement des mitochondries 

[292,304,305,448]. L'ensemble de ces changements conduit a la fragmentation de la 

chromatine nucleaire et la lyse du neurone, liberant les constituants cellulaires dans le 

milieu extracellulaire [292,304,305]. La liberation de metabolites toxiques et de 

glutamate dans le milieu extracellulaire affecte les neurones adjacents, accelerant la lyse 

de ces derniers. De ce fait, la necrose s'accompagne d'une reaction inflammatoire 

importante du tissu cellulaire, facilitant son identification. Elle modifie irreversiblement 

l'homeostasie cellulaire calcique et degrade progressivement la chromatine nucleaire 

s'accompagnant d'une fragmentation aleatoire de l'ADN. 
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1.3.3. Role de I'inflammation dans I'evenement ischemique 

La phase d'inflammation constitue une reaction physiologique naturelle 

apparaissant des les premieres heures suivant une ischemie cerebrale. Elle se caracterise 

par « la migration de composants immunologiques tels les leucocytes polynucleaires (LP) 

dans les tissus endommages et l'activation des cellules gliales (microglies et astrocytes) » 

[39]. En reponse a 1'inflammation, la secretion d'interleukines (dont TIL-IB) et du facteur 

necrotique des tumeurs de type alpha (TNFa) caracterise la phase aigtie de la reponse de 

l'organisme. Les LP stimulent la production d'oxyde nitrique (NO) implique dans 

l'elimination des bacteries pathogenes et exercant des effets anti- ou pro-apoptotiques sur 

la mort cellulaire. En presence d'un taux eleve d'oxygene superoxyde (superoxide O2), 

comme Ton remarque suivant l'ischemie, la formation d'ions peroxonitriques est 

responsable de la modification du potentiel de membrane mitochondrial et d'autres 

phenomenes favorisant l'apoptose cellulaire et la mort de cellules immunitaires (c.f., 

monocytes et lymphocytes T) impliquees dans la phagocytose. Ainsi, la multiplication 

d'lL-lB, de TNFa et de NO suivant l'ischemie constitue un evenement toxique majeur au 

niveau neuronal [407]. 

1.3.4. Processus d'apoptose cellulaire 

Outre l'accentuation de la mort cellulaire par necrose, la lyse des mitochondries 

libere des toxines et autres vecteurs cellulaires initiant le processus d'apoptose cellulaire. 

Ce type de mort cellulaire dite programmed est initiee de facon tardive (3 a 4 jours 

suivant un evenement ischemique) et peut s'etablir sur une periode pouvant durer jusqu'a 

trois semaines suivant l'accident vasculaire [345]. En raison de l'activation de multiples 
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genes qui caracterise ce processus et sa presence en periode normale de developpement 

cellulaire chez tout organisme vivant, ce phenomene est parfois defmi comme un 

« suicide cellulaire programme ». Contrairement a la necrose, l'apoptose declenche 

l'autodestruction des neurones en reponse a des signaux physiologiques specifiques et 

n'implique pas d'inflammation et /ou de lyse de la membrane cellulaire [230]. Parmi les 

caracteristiques cellulaires qui lui sont propres, on note la condensation du cytoplasme, 

P augmentation de la densite de chromatine et son agglomeration en amas compact a la 

peripheric du noyau et la fragmentation de l'ADN, conduisant a la formation des 

fragments nucleaires et cytoplasmiques [301,448]. Ultimement, malgre une membrane 

plasmique intacte, la cellule se compose de corps apoptotiques, organelles cellulaires 

et/ou materiel nucleaire fragmente et cesse de fonctionner [448]. 

Le processus d'apoptose est regularise via deux voies cellulaires principales, que 

Ton nomme intrinseque et extrinseque, qui sont intimement liees a l'activation de 

proteines cysteiniques appelees caspases [112,127,230]. Parmi ces dernieres, on retrouve 

les caspases initiatrices (caspases-2,-8,-9, et -10) et effectrices (caspases-3,-6, et -7) 

[278]. Ces proteines sont responsables des changements morphologiques et biochimiques 

observes lors du processus d'apoptose cellulaire. 

La voie intrinseque de la regulation apoptotique est gouvernee par des genes et 

proteines appartenant a la famille des Bcl-2 [43,112]. L'activation de cette voie 

apoptotique decoule principalement de la lyse des mitochondries et de la liberation de 

molecules pro-apoptotiques dans le cytosol via « l'ouverture du PTPC (Permeability 

Transition Pore Complex) un complexe multiproteique de la membrane interne 

mitochondriale ». Subsequemment, laproteine intermembranaire AIF (Apoptosis 
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Inducing Factor), le cytochrome c et les caspases (-2,-3 et -9), sont liberees dans le 

cytosol, ce qui initie la phase de degradation. La famille des Bcl-2 contient des proteines 

anti-apoptotiques (Bcl-2, Ced-9, Bcl-XL, Mcl-1, Al, Bcl-W, Bfl-1, Brag-1) et pro-

apoptotiques (Bax, Bad, Bak, Bik, Bcl-Xs, Bid, Hrk) qui bloquent ou facilitent la 

liberation de ces proteines intermembranaires [11,43,171,181]. Libere par les 

mitochondries, le cytochrome c participe a la respiration cellulaire et regularise le 

transport ionique intracellulaire. Lorsqu'il est libere dans le cytosol suite a Pischemie, il 

forme, en liaison avec l'Apaf-1 (apoptotic protease activating factor 1) et le 

deoxyadenosine triphosphate, un complexe multiproteique qui active les enzymes de type 

caspase-9 [278]. Ces derniers stimulent a leur tour l'activation de caspase-3, principale 

responsable de la fragmentation de l'ADN et de la mort par apoptose. 

La voie extrinseque implique, quant a elle, l'activation du recepteur Fas ou du 

recepteur 1 du facteur de necrose des tumeurs (TNF-1) [112,278]. La signalisation 

intracellulaire par le recepteur Fas enrole la molecule FADD (Fas Associated Death 

Domain) et l'enzyme caspase-8, entrainant le clivage de la caspase-8 qui active 

subsequemment la caspase-3 via 2 voies de transmission [5,335,410]. La premiere voie 

consiste en l'activation directe de la caspase-3 par la caspase-8. La deuxieme voie se 

caracterise par l'activation indirecte de la caspase-3 par la caspase-9 agissant via la 

liberation du cytochrome c. Tout comme dans la voie intrinseque, la caspase-3 module 

ultimement la fragmentation de l'ADN et de la mort cellulaire apoptotique. 

L'ensemble de ces phenomenes illustre la complexite de la cascade physiologique 

initiee suivant l'ischemie globale et engendrant la mort neuronale par necrose ou apoptose. 

La necrose decoule de processus degeneratifs associes a un manque d'energie des cellules 
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atteintes lors d'accidents vasculaires, alors que l'apoptose induit via une activation genique 

l'autodestruction des neurones. Ce type de mort neuronale est retarde par rapport a la necrose 

et se produit generalement quelques jours a quelques semaines suivant l'ischemie cerebrale. 

1.4. Regions cereb rales vulnerables et mort neuronale differee suite a une 

ischemic globale 

L'ischemie cerebrale globale engendre des dommages selectifs affectant 

particulierement les neurones pyramidaux de la region du CA1 de l'hippocampe. Selon 

Pintensite du choc ischemique, les cellules Purkinje du cervelet, les neurones du striatum et 

des couches corticales 3, 5 et 6 peuvent etre affectees [39]. L'etendue des dommages 

neuronaux depend principalement de la duree de 1'episode ischemique globale; plus la duree 

de l'episode ischemique est prolongee, plus les dommages neuronaux sont elargis et severes. 

Ainsi, une occlusion inferieure ou egale a 10 minutes produit generalement des dommages 

restreints au CA1 de l'hippocampe. A l'oppose, une occlusion de 20 minutes affecte 

signiflcativement les regions hippocampiques du CA1, CA2, CA3, l'hippocampe 

paramedian, le gyrus dentele, alors que les neurones du striatum et de certaines couches 

corticales (3, 5, et 6) ne sont que legerement endommages [39]. Ultimement, lors d'une 

occlusion durant plus de 30 minutes, des dommages severes sont induits dans l'ensemble des 

couches pyramidales de l'hippocampe affectant egalement diverses structures extra-

hippocampiques, incluant le striatum, le thalamus, la substance noire et le cervelet 

[54,347,392,459]. La mort des neurones pyramidaux du CA1 ne s'observe que plusieurs 

heures suivant la reperfusion (debutant environ 96 h suivant une ischemie globale de 10 

min), un phenomene appele « mort neuronale differee ». Ce constat suggere l'existence d'une 



14 

fenetre therapeutique de quelques jours. 

Fisure 1: Hemisections coronales du cerveau d'un rat montrant les dommages neuronaux 
engendres par I'ischemie globale [392]. (A) Section coronale au niveau du striatum (noyau 
caude); (B) Section coronale de Phipocampe anterieur. NC = neocortex; S = Striatum; P = 
Putamen; T = Thalamus; PM = hippocampe paramedian; FD = fascia dentata; hi, h2, h3-4 = 
zones de l'hippocampe; IC = capsule interne; cc = corps calleux; ac = commissure anterieure. 
Les aires hachurees represented les regions ayant encourues des dommages neuronaux suite 
a I'ischemie globale. Les zones noires represented les ventricules cerebraux. 

2. Deficits comportcmentaux produits par I'ischemie globale 

A ce jour, plusieurs etudes ont evalue la relation entre la densite cellulaire 

hippocampique et la recuperation fonctionnelle suite a un evenement ischemique. L'etendue 

des dommages cerebraux, plus particulierement une degenerescence neuronale mod^ree a 

severe dans la portion dorsale de l'hippocampe, est associee a la presence de deficits 

mnesiques et comportementaux chez l'humain et l'animal [39,53,190,241,459]. Chez 

l'humain, un infarctus du myocarde et/ou une occlusion de l'artere coronaire, deux 

pathologies equivalentes a 1'occlusion a quatre vaisseaux chez les animaux, engendrent 
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d'importants troubles de reconnaissance et d'apprentissage affectant la memoire anterograde 

[347,374]. Chez 1'animal, une ischemie globale est associee a une hyperactivite locomotrice 

temporaire et a des deficits mnesiques de reconnaissance et de memoire spatiale et 

d'apprentissage [39]. 

2.1. Activite locomotrice et exploratoire 

Maintes etudes rapportent une hyperactivite transitoire des animaux ischemies places 

dans une aire ouverte [18,78,156,225,250,379,382]. Cette hyperactivite est typiquement 

observable dans les 24-72 heures suivant l'ischemie globale et predominate lors des 

premieres 24 heures suivant l'ischemie. Elle se resorbe par la suite progressivement pour 

generalement disparaitre 5 a 7 jours suivant la reperfusion [39,40]. Certains chercheurs 

associent 1'hyperactivite locomotrice a la mort neuronale dans le CA1 et l'attribuent a des 

deficits mnesiques qui retardent la familiarisation des animaux ischemies a un nouvel 

environnement [10,225,250]. Differentes etudes ont demontre l'efficacite" de certains 

traitements pharmacologiques (tels la fluoxetine, le tacrolimus, le nizeferrone, la clonidine, le 

lithium, et le dextromethorphane) et du preconditionnement ischemique cerebral a diminuer 

les dommages hippocampiques et l'hyperactivite locomotrice chez les animaux ischemies 

[40,124,225,235,480]. De facon similaire, Colbourne et collegues [89] observent que 

l'hypothermie est efficace pour reduire les dommages ischemiques des cellules pyramidales 

CA1 et les deficits comportementaux dans l'aire ouverte et le labyrinthe en T. Etant donne 

une relation etroite entre dommages neuronaux et hyperactivite locomotrice suivant 

l'ischemie cerebrale globale, plusieurs chercheurs en sont venus a la conclusion que ces deux 

evenements etaient intimement relies. 
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D'autres chercheurs ont par ailleurs suggere un lien de ce comportement exploratoire 

avec l'activite neuronale accrue des cellules pyramidales du CA1 presente 24 h suivant 

l'occlusion a deux vaisseaux chez la gerbille [435] et 48-72 h suivant une ischemie focale 

chez le rat [81]. Cette excitabilite neuronale comciderait davantage au niveau temporel avec 

l'hyperactivite locomotrice observee 24 heures suivant un evenement ischemique et 

precederait la degenerescence neuronale. Ainsi, l'hyperactivite est saillante 24 heures suivant 

1'ischemie globale alors que la mort neuronale par necrose est differee et etablie environ 96 h 

suivant 1'ischemie. Par ailleurs, certaines etudes n'etablissent pas de correlation entre le 

niveau d'hyperactivite et le nombre de neurones pyramidaux dans le CA1 [375]. A l'inverse, 

d'autres etudes montrent que certains traitements neuroprotecteurs connus, tels le 

preconditionnement ischemique et 1'administration de l'inhibiteur calcique flunarizine, 

n'affectent pas l'hyperactivite [96,378,382]. De plus, Plamondon et Khan [379] observent 

que l'antagoniste CRH1 inhibe l'hyperactivite produite par une ischemie globale (4-VO) 

chez le rat sans toutefois affecter la mort neuronale dans 1'hippocampe et les deficits de 

memoire spatiale et d'apprentissage dans le labyrinthe a huit bras. De facon similaire, 

Puurunen et collegues [393] notent qu'un environnement enrichi en stimulations previent 

l'expression de l'hyperactivite locomotrice produite par l'ischemie globale chez le rat sans 

avoir d'impact sur la degeneration neuronale. Finalement, Nelson et al. [341] ne rapportent 

aucune difference d'exploration horizontale et verticale dans l'aire ouverte entre les rats 

ischemics et controles, malgre une degenerescence neuronale importante chez les rats 

ischemics. 

A l'heure actuelle, il n'existe done pas de consensus conflrmant ou infirmant le fait 

que l'hyperactivite locomotrice produite par une ischemie globale soit dependante des 
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neurones de la region du CA1 de Phippocampe. Malgre les divergences presentees, peu 

d'etudes ont analyse les phenomenes pouvant y etre sous-jacents. Une etude recente de notre 

laboratoire a demontre 1'impact considerable et differencie des conditions d'eclairage 

(brillant versus tamise; 450 versus 40 lux) sur les comportements des animaux ischemics et 

controles dans l'aire ouverte, un phenomene susceptible d'expliquer les divergences et 

l'absence de consensus observes dans la litterature [322]. 

2.2. Anxiete et ischemic cerebrale 

De nombreuses recherches se sont interessees aux repercussions mnesiques et 

locomotrices de l'ischemie cerebrale et peu aux changements emotionnels qui decoulent de 

1'accident vasculaire. Pourtant, les donnees cliniques montrent que suivant un accident 

vasculaire cardiaque, les survivants souffrent non seulement de deficits mnesiques et 

attentionnels, mais egalement de perturbations emotionnelles, incluant la depression et 

l'anxiete [109]. Ainsi, il semble probable que l'ischemie globale influence des processus 

neurochimiques et/ou cellulaires affectant les reponses emotionnelles des animaux. 

L'hyperactivite locomotrice peut en soi representer une de ces manifestations 

comportementales chez un animal place dans un environnement inconnu et possiblement 

anxiogene. Dans un contexte naturel, un tel evenement peut representer une menace pour un 

animal, associee a des processus de vigilance et de mobilisation energetique accrus et une 

activation du systeme nerveux sympathique et de l'axe hypothalamo-hypophysaire-

surrenalien combinee a 1'inhibition temporaire de certains comportements incluant le besoin 

de se nourrir [32,350,388]. En soi, l'hyperactivite exploratoire observee dans un 
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environnement nouveau chez les rats ischemics va a l'encontre de la tendance naturelle des 

mammiferes de n'explorer que graduellement un environnement anxiogene non familier. 

A cet egard, il est a souligner que l'activite dans l'aire ouverte est utilisee pour 

determiner le niveau d'anxiete chez les animaux [32,100,361]. Une augmentation des 

comportements exploratoires en general et/ou de ceux effectues dans le centre de l'aire 

ouverte represented des comportements associes a une attenuation du niveau d'anxiete 

[380,388,421]. Malgre une utilisation frequente dans revaluation des effets anxiolytiques de 

substances pharmacologiques, la mesure de l'activite dans le centre de l'aire ouverte a ete 

peu utilisee aupres d'animaux ischemics comparativement a celle du labyrinthe sureleve en 

forme de croix (elevated plus maze) [179]. II est toutefois informatif de combiner les mesures 

de ces deux tests afin de quantifier les comportements associes a Panxiete des animaux et 

leur volonte a explorer des environnements non familiers [32]. 

A l'instar des resultats obtenus dans l'aire ouverte, on retrouve une variabilite 

d'observations de l'activite exploratoire post-ischemique dans le labyrinthe en croix. 

Plusieurs recherches demontrent que les rongeurs ayant subi une ischemie globale ou focale 

effectuent plus d'entrees et passent significativement plus de temps dans les bras ouverts du 

labyrinthe en croix [341,379,471,480]. A l'oppose, Nakashima et al. [339] indiquent que 

deux jours suivant l'occlusion bilaterale des arteres carotides, les souris ischemiees passent 

moins de temps dans les bras ouverts du labyrinthe en croix. Dhooper et collegues [109] 

observent egalement une reduction du nombre d'entrees dans les bras ouverts du labyrinthe 

deux jours suivant une ischemie globale de 7 minutes chez le rat, demontrant ainsi un niveau 

d'anxiete plus eleve que chez les rats controles. Ce comportement se stabilise partiellement 

chez ces animaux, sans toutefois devenir equivalent a celui des animaux controles. 



19 

Finalement, d'autres etudes ne rapportent pas de difference significative entre les animaux 

ischemics et controles au niveau du temps passe et du nombre d'entrees dans les bras ouverts 

du labyrinthe en croix [26,107]. Tout comme le test de l'aire ouverte, des differences 

methodologiques et/ou environnementales lors du test (c.f., familiarite des lieux devaluation; 

intensite de l'eclairage) sont susceptibles d'influencer les resultats, rendant plus difficile 

Fidentification d'un profil typique chez les animaux. 

2.3. Memoire et apprentissage 

Les deficits d'apprentissage et de memoire spatiale sont souvent associes aux 

dommages selectifs des neurones pyramidaux de la region CA1 de l'hippocampe suite a une 

ischemie globale. Plusieurs paradigmes experimentaux sont utilises dans la recherche pour 

evaluer ces deficits chez les animaux, les plus frequemment utilises etant (1) F apprentissage 

a Faide de reperes visuo-spatiaux de Femplacement de nourriture dans un labyrinthe radial a 

plusieurs bras ou d'une plateforme immergee dans un labyrinthe aquatique comme le 'Morris 

water Maze', et (2) les taches impliquant la memoire de travail, comme les taches differees 

appariees ou non avec Fechantillon initialement presente («delayed-matching ou non-

matching-to-sample-tasks»; DMTS et DNMTS, respectivement). 

2.3.1. Les labyrinthes en forme de T et de Y 

Les labyrinthes en forme de T et de Y mesurent la preference exploratoire 

naturelle des animaux d'alterner de bras en bras, leur habilete a recolter une recompense 

dans un bras predetermine lors d'essais successifs, et leur habilete a associer une reponse 

exploratoire a Fobtention d'une recompense ou d'une consequence aversive (paradigmes 
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DNMTS et/ou DMTS). La mesure la plus frequente demeure l'alternance spontanee des 

animaux, mesurant lews comportements de navigation naturels sans privation de 

nourriture ou de procedures aversives. 

De nombreuses recherches demontrent que les animaux ischemies ont un taux 

d'alternance spontanee nettement inferieur a celui des animaux controles. Par exemple, 

Kofler et collegues [245] notent une reduction importante du taux d'alternance des souris et 

ce, jusqu'a sept jours suivant une ischemie globale. De facon similaire, Ishibashi et al. [205] 

et Sarti et al. [412] observent des deficits d'alternance chez des gerbilles et des rats ischemies 

30, 60 et 90 jours suivant l'occlusion bilaterale des arteres carotides. Ce phenomene est 

egalement observ6 suite a une ischemie globale de 10 minutes chez le rat [326]. Certains 

traitements dont 1'administration d'aminoguanidine, un inhibiteur de l'enzyme de synthese 

de l'oxyde nitrique, 30 minutes precedant l'occlusion sanguine et a toutes les 24 heures 

pendant quatre jours suivant l'ischemie parviennent a attenuer significativement ce deficit. 

Cette diminution des comportements d'alternance spontanee chez des gerbilles ischemiees 

est presente malgre un nombre total d'entrees superieur dans les bras du labyrinthe [175]. 

Parmi les observations discordantes, Wahl et al. [461] n'observent toutefois aucun effet 

d'une occlusion focale de l'artere cerebrale moyenne sur les taux d'alternance spontanee des 

animaux. 

2.3.2. Le labyrinthe radial a huit bras 

Le labyrinthe radial represente un des tests comportementaux les plus utilises 

pour quantifier la memoire spatiale chez 1'animal. II est sensible aux lesions 

hippocampiques, incluant celles produites par l'ischemie cerebrale, et les resultats 
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obtenus sont facilement reproduits. Dans cette tache, la memoire spatiale est evaluee par 

le nombre d'erreurs de memoire de reference et/ou de memoire de travail durant la tache. 

Une erreur de memoire de reference est commise lorsque 1'animal entre dans un bras non 

cible par la procedure choisie et qui ne contient pas de recompense. Une erreur de 

memoire de travail est commise lorsque 1'animal penetre a nouveau dans un bras qu'il a 

prealablement visite. Le temps requis par 1'animal pour effectuer la tache, le temps requis 

avant de faire une premiere erreur de memoire de travail, le nombre de reponses exactes 

et le nombre de recompenses ingerees lors de chaque session experimental represented 

des mesures additionnelles. 

De nombreuses etudes ont demontre des deficits d'apprentissage et de memoire 

spatiale dans le labyrinthe a huit bras chez les animaux ischemies [39,183,346,352]. Ces 

animaux se distinguent par des deficits importants de memoire de travail et de reference 

[146,158, 207, 380]. Kiyota et al. [241] notent que les erreurs de memoire de travail semblent 

davantage dependantes de la duree de l'ischemie globale. Ainsi, des animaux ayant recu 20 

minutes d'ischemie commettent davantage d'erreurs de ce type que des animaux n'ayant recu 

qu'une ischemic-de-5 minutes, malgre un nombre d'erreurs de memoire de reference 

comparable. De plus, Schwartz et collegues [415] observent que la memoire de travail est 

egalement affectee avec l'age; les animaux ages (> 2 ans) commettent davantage d'erreurs de 

memoire de travail que les animaux juveniles (3 mois). 

Finalement, des deficits permanents de memoire de travail sont observes chez des 

animaux ischemies, alors que des deficits de memoire de reference sont absents ou 

reversibles [472]. A ce sujet, Davis et al. [104] rapportent que suite a 70 essais 

d'entrainement dans le labyrinthe precedant l'induction de 30 minutes d'ischemie globale, la 
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memoire de travail des rats est alteree suivant 1'occlusion alors que la memoire de reference 

est intacte. Cette difference est observee malgre des dommages neuronaux importants dans 

l'hippocampe. Dans un meme ordre d'idee, Volpe et al. [456] notent qu'une periode 

d'entrainement de 36 essais pre-ischemie n'a pas d'impact sur les deficits de memoire de 

travail suivant l'ischemie. Toutefois, cet entrainement prealable attenue considerablement les 

deficits de memoire de reference des animaux ischemies. Fait interessant, une periode 

d'entrainement pre-ischemique prolongee incluant 80 essais parvient a decroitre 

significativement le nombre d'erreurs de memoire de travail et de reference suivant 

l'ischemie et ce, malgre des dommages importants a la region du CA1 de l'hippocampe. 

L'ensemble de ces resultats indique la presence d'importants deficits de memoire 

spatiale suivant l'ischemie globale, qui peuvent etre attenues par la maitrise de certaines 

habiletes avant l'ischemie. Ces deficits sont davantage observes lors de revaluation de la 

memoire de travail dans le labyrinthe radial et sont influences par la duree de l'ischemie et 

Page de Panimal. Finalement, la presence de deficits de memoire de reference est plus 

aleatoire et ces deficits sont plus facilement reversibles, ce qui suggere que les mecanismes 

physiologiques et/ou structures cerebrales sous-jacents a la memoire de reference different de 

ceux associes a la memoire de travail. 

2.3.3. Le labyrinthe aquatique de Morris 

Le deuxieme type de tests de memoire spatiale le plus utilise est le labyrinthe 

aquatique de Morris. De nombreux groupes rapportent des deficits d'apprentissage spatial 

dans ce test chez les animaux ischemies dans les taches simples d'acquisition et de retention 

[39,40,41,42,167,270,341,346,354]. En general, le temps necessaire pour completer latache 
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ainsi que la distance parcourue a chaque essai sont significativement plus eleves chez ces 

animaux comparativement aux animaux controles avec ou sans indices visuels 

supplementaires [183]. En plus des deficits de la memoire de reference, les animaux 

ischemies presentent des deficits de memoire de travail dans les taches d'apprentissage 

complexes, c'est-a-dire lorsque la position de la plateforme change aleatoirement a chaque 

essai ou bloc d'essais. L'experimentation de Nunn et al. [345] comparant la performance de 

rats ischemies (4-VO de 15 minutes) a celle de rats ayant uniquement une lesion du CA1 ou 

de rats controles dans plusieurs variations du labyrinthe aquatique de Morris, supportent ces 

observations. Toutefois, les rats ayant une lesion exclusive du CA1 et les rats ischemies 

malgre des dommages hippocampiques similaires presentent un profil comportemental 

distinct. Ainsi, bien que les rats ayant une lesion du CA1 soient capables d'accomplir les 

taches d'acquisition et de retention, les rats ischemies demontrent des deficits permanents 

severes dans l'apprentissage et la completion de 1'ensemble de ces taches mnesiques. 

D'autres etudes sont plus nuancees et exposent des deficits d'apprentissage 

temporaires suite a une ischemie globale. Par exemple, bien que l'acquisition et la retention 

de la tache demeure deficiente lors d'une ischemie globale de 5 ou 10 minutes [53], les rats 

ayant recu une ischemie de 5 minutes demontrent des capacites d'apprentissage moins 

affectees. De meme, suivant plusieurs essais, ces derniers atteignent des niveaux de 

performance equivalents a ceux des rats controles, en termes de vitesse de nage et de distance 

parcourue pour atteindre la plateforme. Ces resultats suggerent une gradation des deficits en 

fonction de la duree de 1'ischemie et des dommages neuronaux encourus. Toutefois, Hagan et 

Beaughard [177] n'observent que des deficits d'apprentissage transitoires dans l'acquisition 

et la retention de la tache du labyrinthe aquatique de Morris chez des rats ayant subi une 
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ischemie globale de 15 minutes, malgre des deficits d'altemation dans le labyrinthe en T et 

d'importants dommages aux neurones pyramidaux du CA1. 

Enfin, d'autres recherches suggerent que malgre des deficits severes de memoire de 

travail et de reference dans le labyrinthe a huit bras, 1'acquisition et la retention de ces 

animaux demeurent comparables a celles de rats controles dans le labyrinthe aquatique de 

Morris [241]. Green et collegues [166] rapportent des resultats similaires lors de taches 

d'acquisition et de retention avec une plateforme visible ou submergee. Toutefois, 

P utilisation d'une tache d'apprentissage plus complexe impliquant un changement regulier 

de la position de la plateforme est associee a une meilleure discrimination de la performance 

des rats ischemies et controles [17,166]. Ainsi, tel qu'observe dans les labyrinthes en T, en Y 

et radial, les resultats dans le labyrinthe aquatique de Morris varient en fonction de la duree 

de P ischemie, des dommages cellulaires encourus et de la complexity du paradigme 

experimental selectionne. 

2.3.4. Taches differees appariees ou non a Vechantillon (DMTS/DNMTS) 

Dans P ensemble, tres peu de recherches utilisent des taches complexes, 

telles que les taches DMTS/DNMTS, pour caracteriser les deficits comportementaux 

induits par Pischemie cerebrale chez des rongeurs et primates. Toutefois, ces tests 

permettent une evaluation approfondie de la memoire necessitant une capacite de 

retention temporelle et visuo-spatiale plus complexe de P information et une flexibilite 

cognitive des animaux associee a Paccomplissement de taches differees distinctes. Dans 

une tache differee non appariee a Pechantillon (DNMTS), Zola-Morgan et collegues 

[496] demontrent que les performances de singes cynomolgus ayant subi une ischemie 
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cerebrale ou une lesion specifique du CA1 sont significativement inferieures a celles des 

singes controles lorsqu'ils doivent apprendre a deplacer le bon objet suivant un delai de 

15, 60, 600 ou 2400 secondes. Woods et al. [477] observent des deficits comparables 

chez des rats ischemics utilisant des delais de 4, 15, 30 et 60 secondes, mettant en 

evidence les deficits d'acquisition de la tache lors de tests de retention differee. De 

maniere similaire, Mumby et al. [334] rapportent des deficits severes dans une tache 

differee de reconnaissance d'objets chez des rats ischemics. A l'oppose, certaines etudes 

ne rapportent aucun deficit mnesique chez des animaux ischemics dans ce type de tache 

[341,413]. Ces differents resultats mettent en evidence les difficultes a etablir les habilites 

cognitives residuelles des animaux ischemics avec une tache DNMTS incluant la 

reconnaissance d'objets comme principale composante. 

Une proportion importante des etudes animales utilise le labyrinthe en T pour evaluer 

la memoire de travail des animaux ischemies lors de taches d'alternance differee. Les 

animaux ischemies demontrent des deficits d'apprentissage dans ces taches [358], qui sont 

plus severes lorsque la reconnaissance implique un meme objet et emplacement que lors de la 

presentation initiale (DMTS) et une position aleatoire des recompenses et/ou delais pour 

chaque essai [9,461]. Malgre qu'un pre-entrainement a la tache n'attenue pas les deficits 

post-ischemiques de memoire de travail chez des gerbilles lors d'appariements differes 

distincts (DNMTS), il ameliore significativement leur performance mnesique lors de tache 

differee appariee a l'echantillon (DMTS). La performance des gerbilles ischemiees dans cette 

tache devient ainsi equivalente a celle des gerbilles controles [19]. 

Parmi les methodes ayant un impact sur la performance mnesique post-ischemique, 

Farrell et al. [134] observent que des gerbilles ayant recu un preconditionnement ischemique 
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(via une courte ischemie induite quelques jours avant l'ischemie prolongee) et/ou ayant ete 

logees dans un environnement stimulant demontrent la capacite d'apprendre une tache 

DNMTS dans un labyrinthe en T 60 jours suivant l'ischemie globale. A l'oppose, les 

gerbilles ischemiees non traitees sont incapables d'apprendre cette tache. De plus, seules les 

gerbilles des groupes controles ou ischemics ayant recu un preconditionnement ischemique 

sont en mesure d'apprendre la tache DMTS. Dans une etude anterieure, Colbourne et Corbett 

[90] observent egalement des deficits d'apprentissage dans la tache DMTS chez des gerbilles 

ayant recu 5 minutes d'ischemie globale. D'autres chercheurs observent une diminution 

significative des reponses exactes lorsqu'un delai de plus de 10 secondes est introduit entre 

les phases d'acquisition et de retention dans les premiers jours suivant l'ischemie. Ce deficit 

se resorbe graduellement chez ces animaux qui rejoignent eventuellement la performance des 

gerbilles controles [201]. Finalement, l'hypothermie durant et dans les heures suivant 

l'ischemie globale diminue considerablement la mort neuronale dans le CA1 et ameliore 

signiflcativement la performance des gerbilles dans les taches DNMTS et DMTS. 

II est surprenant de constater que malgre la popularite du labyrinthe radial dans 

l'etude des processus mnesiques, l'integration de taches DMTS/DNMTS dans ce test est 

rarement utilisee afin d'dvaluer plus specifiquement l'etendue des deficits de memo ire 

spatiale suivant l'ischemie. II est raisonnable de penser que l'observation de deficits cognitifs 

significatifs en utilisant des taches simples dans ce test et le fait que les taches plus 

complexes n6cessitent generalement 1'atteinte d'un critere d'apprentissage (ce qui peut 

s'averer laborieux pour les chercheurs au niveau du temps et de 1'argent investis dans la 

recherche) expliquent en partie cette situation. 
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3. Ischemie et traitements neuroprotecteurs 

Au cours des dernieres decennies, plusieurs travaux scientifiques ont evalue l'impact 

de divers traitements pharmacologiques sur les dommages neuronaux et deficits fonctionnels 

subis lors d'une ischemie cerebrale. D'autres etudes ont analyse l'impact de facteurs associes 

a la duree de 1'episode ischemique ou a sa repetition, de meme qu'explore des mecanismes 

physiologiques de defense endogenes actives lors du preconditionnement ischemique 

cerebral et favorisant l'adaptation au stress ischemique et la survie neuronale. 

La methode therapeutique la plus efficace a ce jour pour contrer la mort neuronale et 

accroitre la preservation fonctionnelle demeure l'abaissement significatif de la temperature 

cerebrale, qui reduit les processus de degenerescence cellulaire. Ces derniers sont associes a 

une diminution du metabolisme cerebral, de 1'accumulation de calcium intracellulaire et du 

relargage de neurotransmetteurs excitateurs de meme qu'une preservation de l'integrite de la 

barriere hemato-encephalique souvent compromise lors d'accidents vasculaires. Plusieurs 

etudes ont demontre que 1'induction post-ischemique breve (3 a 6 heures) ou prolongee (12 a 

24 heures) de periode d'hypothermie chez les rongeurs reduit significativement les 

dommages neuronaux engendres et la degenerescence dans le CA1 et ce, jusqu'a 6 mois 

suivant l'ischemie [90,91,257,447]. 

Plusieurs chercheurs ont egalement evalue l'impact de divers facteurs 

environnementaux sur la degenerescence neuronale et la recuperation fonctionnelle suivant 

une ischemie cerebrale. Ces etudes demontrent en autre les effets benefiques de l'exercice sur 

la resistance des muscles cardiaques, la reperfusion sanguine ou la survie neuronale lors 

d'evenements ischemiques subsequents [48,49,218,269]. De meme, l'exercice restaure les 

effets neuroprotecteurs du preconditionnement ischemique chez des rats ages de 24 mois 
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suite a une ischemie globale de 20 minutes suivie de 40 minutes de reperfusion cardiaque [2]. 

Finalement, certains auteurs montrent que Pactivite physique chez les rongeurs reduit la mort 

neuronale par apoptose, augmente la restructuration cellulaire suite a des atteintes 

neuronales, et accroit la neurogenese dans les zones sous-ventriculaire et sous-granulaires des 

ventricules lateraux et du gyrus dentele de l'hippocampe, respectivement [50,218, 229, 381, 

395,449,451,452]. 

De facon interessante, plusieurs recherches ont demontre des benefices neuronaux et 

fonctionnels a 1'exposition a un environnement riche en stimulations, proposant des contacts 

animaliers, des aires d'habitat plus spacieuses et des activites physiques variees (roues, tubes, 

jouets, etc) renouvelees regulierement. Plusieurs etudes ont evalue des animaux vivant en 

groupe partageant de tels environnements. Ces dernieres rapportent des avantages 

significatifs de ce mode de vie par rapport aux rongeurs vivant seul dans une cage de 

dimension reguliere, notamment en ce qui a trait aux effets de ce type d'environnement sur 

les maladies neurodegeneratives et cardio- ou cerebro-vasculaires. Parmi de multiples effets 

repertories, ces recherches demontrent que l'exposition a ce type d'environnement 'enrichi' 

favorise une plus grande plasticite neuronale et influence le fonctionnement cellulaire, en 

partie via Paccroissement des arborisations et epines dendritiques et/ou de la densite 

synaptique et une synthese proteinique accrue [36,50,103,214,215,249,393,490]. Un habitat 

proposant de multiples stimulations sensorielles favorise egalement la presence de 

neurogenese dans l'hippocampe [186,228,247,248,348]. Malgre cette neurogenese, 

differentes etudes rapportent que ce type de stimulations environnementales ne confere pas 

de protection contre les effets devastateurs de la cascade ischemique sur les cellules 

vulnerables de l'hippocampe [102,134,160,216,373]. Ainsi, Petendue des dommages 
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cerebraux encourus ne differe pas entre les animaux ischemiques ayant vecus dans un 

environnement enrichi ou regulier [299]. Belayev et collegues [31] suggerent qu'un habitat 

riche en stimuation retarde plutot que previent la mort neuronale a long terme. Malgre cette 

observation, les rongeurs ischemics loges dans de telles conditions presentent des 

ameliorations significatives de leur performance dans des taches d'apprentissage et de 

memoire spatiale telles que le labyrinthe aquatique de Morris et le labyrinthe radial 

[36,51,52,55,102,214,216,299,351,428]. En bref, la presence de stimulations sensorielles, 

physiques et sociales entraine des changements cerebraux importants chez les animaux 

ischemics qui facilitent la recuperation fonctionnelle post-ischemie et ce, malgre la 

degenerescence maintenue des neurones hippocampiques du CA1. 

4. Ischemie et regimes alimentaires 

Un nombre croissant de recherches scientifiques etudient les effets benefiques de 

certains nutriments et /ou categories de produits alimentaires. La motivation initiale de ces 

etudes decoule principalement des possibilites demontrees par divers aliments ou 

supplements nutritionnels a reduire la production de radicaux libres associee au 

vieillissement [75,220,221,255,424,484]. Ces derniers endommagent la structure 

membranaire plasmique et les acides nucleiques (ADN, ARN), compromettant la synthese 

des proteines et le fonctionnement cellulaire [219,425,442]. Le declin des capacites du 

cerveau age a combattre les effets du stress oxydatif et de 1'inflammation accroit sa 

vulnerabilite au developpement de maladies neurodegeneratives. 

Les manipulations alimentaires experimentales sont diverses et incluent Pajout de 

divers phytonutriments et vitamines (C et E, principalement). Les phytonutriments les plus 
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connus comprennent les composes polyphenoliques et les terpenes. Malgre que les 

phytonutriments ne represented pas des aliments essentiels au developpement humain, ils 

possedent des proprietes anti-oxydantes, anti-inflammatoires, anti-allergenes et reduisent le 

developpement de divers types de cancers [75,113,196,307,455, 470]. Tout comme les 

phytonutriments, les sources de vitamine C ou E ont egalement demontre des effets 

antioxydants benefiques, un accroissement des capacites immunitaires et sont associes a une 

reduction de 1'apparition de certains cancers et des maladies coronariennes associees au 

vieillissement [62,163,170,319,355,357,363]. 

Au cours de la derniere decennie, d'autres types de modifications alimentaires ont 

demontre des effets benefiques. En particulier, deux strategies alimentaires se sont averees 

des pistes experimentales prometteuses dans 1'amelioration d'une variete de conditions, 

incluant le vieillissement, le cancer, 1'inflammation, les maladies neurodegeneratives, et les 

maladies cardio- et cerebro-vasculaires. La premiere de ces strategies suggere des benefices 

d'une alimentation reduite en termes de consommation energetique quotidienne, via une 

diminution substantielle du nombre de calories et/ou de la ration alimentaire quotidienne 

fournie a 1'animal. La deuxieme strategie consiste a integrer a son regime alimentaire une 

consommation accrue d'aliments ou de supplements alimentaires riches en gras 

polyinsatures. 

4.1. Restriction alimentaire 

La restriction alimentaire employee en recherche animale consiste a reduire le 

nombre de calories ingerees par une diminution de la ration de nourriture quotidienne 

fournie a 1'animal. Deux protocoles experimentaux principaux sont utilises dans ce type 
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d'experimentations. Certaines etudes utilisent une procedure basee sur des rations de 

nourriture illimitees uniquement disponibles un jour sur deux. D'autres experimentations 

optent pour un protocole utilisant une ingestion alimentaire quotidienne, mais restreinte 

de la diete reguliere. Typiquement, la ration alimentaire quotidienne fournie aux animaux 

dans ces etudes varie entre 40-60% de la ration de nourriture journaliere des animaux du 

groupe controle etant nourris ad libitum. La restriction alimentaire est typiquement 

administree pour des periodes variant de 15 a 120 jours dans des protocoles de recherche 

sur les maladies neurodegeneratives et cardiovasculaires. Elle peut toutefois atteindre une 

periode de deux ans lors d'etude de l'impact de ce type de diete sur le vieillissement. 

Plusieurs recherches etudiant divers parametres chez les animaux rapportent que la 

restriction alimentaire produit de nombreux changements physiques, incluant une 

reduction de la temperature corporelle, du poids, du pourcentage de gras/cholesterol, et 

une meilleure regulation de la pression arterielle, du rythme cardiaque et de l'insuline et 

du glucose sanguin [303]. 

4:1:1: Restriction alimentaire et vieillissement 

Plusieurs Etudes demontrent une augmentation de la duree de vie chez de 

nombreuses especes animates dont les rongeurs et les primates exposes pour des periodes 

variables a une consommation alimentaire restreinte [38,123,172,195,227,295,296,403, 

417,426, 464,465]. Parmi les effets benefiques, la restriction alimentaire preserve les 

fonctions protectrices du systeme immunitaire, et previent ou retarde le declin des 

lymphocytes de type T du systeme immunitaire associe a l'age. En freinant la production 

de cytokines pro-inflammatoires par l'organisme, la restriction alimentaire reduit 
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l'incidence de cancers et de maladies cardiovasculaires chez ces animaux [135]. De plus, 

la diminution significative du gras visceral et l'accroissement de la sensibilite a l'insuline 

observe chez les animaux restreints exerce un impact positif sur l'incidence des maladies 

degeneratives telles que le diabete [132,151]. Ainsi, Cefalu et al. [76] rapportent qu'une 

restriction alimentaire de 30% pour une periode d'un an est associee a une reduction 

significative du poids corporel et de 1'accumulation de gras intra-abdominal chez un 

groupe de primates. Ces animaux presentent egalement une meilleure regulation du 

cholesterol sanguin, affichant des concentrations plus elevees de « bon » cholesterol et 

une amelioration significative de la sensibilite a l'insuline des tissus peripheriques. 

Finalement, Holt et collegues [192] observent une diminution de la mort des cellules 

epitheliales et intestinales (petit intestin et colon) chez les rats ages nourris d'une 

restriction alimentaire. Ces observations suggerent une meilleure preservation cellulaire 

et fonctionnelle de ces organes. 

En lien avec ces observations, la restriction alimentaire est egalement associee a 

des changements cerebraux, incluant une amelioration de certains processus synaptiques, 

du fonctionnement des mitochondries et des recepteurs dopaminergiques (D2) dans le 

neostriatum [173,271,330,402]. De plus, certaines recherches montrent que la restriction 

alimentaire reduit les dommages a l'ADN lies au vieillissement [189,425,434]. Celle-ci 

protegerait les neurones en preservant les enzymes de reparation de l'ADN et en 

favorisant 1'expression de proteines antiapoptotiques impliquees dans la mort neuronale. 

Finalement, la restriction alimentaire augmente la resistance cellulaire via une regulation 

de l'expression de certains genes. Ces derniers incluent une variete de proteines 
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chaperonnes, de facteurs de croissance, de neurotrophines et de cytokines qui stimulent la 

neurogenese et laplasticite synaptique [210,303,311,418]. 

Finalement, diverses etudes montrent egalement un impact positif de la restriction 

alimentaire sur le fonctionnement cognitif et comportemental des anirnaux lors du 

vieillissement [86,202,376,377]. Par exemple, Idrobo et al. [199] notent un apprentissage 

accelere et un nombre d'erreurs significativement reduit dans le labyrinthe a huit bras 

chez des souris soumises a une restriction alimentaire pour une periode de 12 mois. 

Goodrick [162] observe que des rats restreints (ages de 30 mois) demontrent une 

performance superieure aux rats nourris a volonte dans un labyrinthe complexe (14-unit 

maze). Leur performance est en fait comparable a celle des rats adultes ages de 6 mois. 

De maniere similaire, Stewart et al. [432] montrent qu'une restriction alimentaire de 24 

mois previent les deficits de memoire associes a l'age dans un labyrinthe aquatique, en 

plus d'ameliorer 1'apprentissage des rats adultes ages de 8 et 16 mois. D'autres etudes 

rapportent que la restriction alimentaire accroit la coordination motrice, l'activite 

locomotrice, le score d'alternance spontanee et 1'apprentissage dans plusieurs paradigmes 

comportementaux chez des anirnaux ages [118-122,202,287,313,376,377,487]. En 

contrepartie, d'autres etudes ne demontrent aucun effet significatif de la restriction 

alimentaire sur la performance mnesique de rats ages dans des taches de navigation 

spatiale [29,45,288]. 
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4.1.2. Restriction alimentaire et maladies neurodegeneratives, cerebro- et 

cardiovasculaires 

Plus recemment, des recherches ont appuye les effets de la restriction alimentaire sur 

la resistance aux effets de maladies neurodegeneratives chroniques ou de traumatismes 

craniens [178,290,302-305,367,463]. Par exemple, Zhu et collegues [493] notent qu'une 

restriction alimentaire d'une duree de 3 mois, basee sur un regime d'ingestion par alternance 

journaliere, reduit de facon appreciable le stress oxydatif dans un modele animal de la 

maladie d'Alzheimer caracterise par une mutation de la presenilin-1. Utilisant ce modele 

animal, ces chercheurs observent une resistance accrue des neurones du CA1 et du CA3 de 

l'hippocampe aux dommages induits par 1'administration d'acide kai'nique chez les animaux 

mutants maintenus en restriction alimentaire. Ces resultats suggerent que la restriction 

alimentaire exerce un impact sur la vulnerabilite neuronale associee a cette mutation 

genetique, supportant le role neuroprotecteur d'une telle diete. En evaluant l'impact de 

1'alternance journaliere chez des souris, Lee et al. [264] rapportent egalement une resistance 

accrue des neurones de l'hippocampe et du cortex cerebral aux pathologies associees a l'age, 

principalement la maladie d'Alzheimer et la degenerescence associee a des conditions aigiies 

telles que l'ischemie. Pour leur part, d'autres chercheurs notent qu'une periode de 2 a 4 mois 

d'alternance journaliere chez des rats est suffisante pour accroitre la resistance des neurones 

de l'hippocampe et du striatum aux dommages excitotoxiques causes par 1'administration 

intra-hippocampique d'acide kamique et systemique d'acide 3-nitropropionique (3NP) [59]. 

Ces effets cellulaires sont associes a une amelioration des habilites motrices et mnesiques 

dans un exerciseur (e.g., le rotary rod apparatus) et le labyrinthe aquatique de Morris, 

respectivement. Enfin, une periode de trois mois d'alternance journaliere chez des rats 
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attenue significativement la vulnerabilite des neurones dopaminergiques de la substance 

noire aux effets du l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP), une toxine connue 

pour activer une cascade neurodegenerative similaire a celle impliquee dans la maladie de 

Parkinson [117]. De concert avec la diminution des dommages neuronaux, les deficits 

moteurs induits par le MPTP sont significativement reduits chez ces animaux. Des resultats 

analogues sont obtenus chez des singes rhesus, suggerant que ces effets benefiques 

pourraient eventuellement s'appliquer aux humains [298]. 

Les benefices de la restriction alimentaire sur les fonctions cardiaques et la 

recuperation suivant un accident cardiovasculaire de type ischemique sont egalement 

documented [57,82]. Pionniers dans ce domaine de recherche, Crandall et collegues [99] 

rapportent que la restriction alimentaire et l'exercice combines represented des facteurs 

influencant de facon significative la severite d'une attaque ischemique du myocarde. Ces 

chercheurs notent egalement une attenuation des cardiomyopathies reliee a une augmentation 

de la tolerance des cellules cardiaques aux attaques ischemiques, chez des rats soumis a une 

restriction alimentaire de 30 a 40% sur une periode de 10 mois. Dans un meme ordre d'idee, 

Broderick et al. [58] rapportent qu'une restriction alimentaire administree sur une periode de 

huit mois (reduction de 45%), seule ou combinee avec de l'exercice, favorise le 

recouvrement des proprietes mecaniques de contraction du coeur. Cette restriction augmente 

la capacite du coeur a maintenir un debit sanguin constant suivant une ischemie et 

d'optimiser son fonctionnement. D'autres chercheurs observent que la restriction alimentaire 

administree depuis la naissance chez des rats adultes (10 mois) et ages (24 mois) favorise la 

preservation de la protection cellulaire et fonctionnelle octroyee par le preconditionnement 

ischemique cardiaque contre les effets d'un accident vasculaire cardiaque [3,276]. 
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Au niveau cerebral, Lynch et collegues [281] ont etudie les effets de la restriction 

alimentaire sur la densite vasculaire et le flot sanguin cerebral chez une population 

vieillissante de rongeurs. Leurs resultats indiquent une resistance accrue de la 

micro vasculature du cerveau (arterioles) et une amelioration de 1'irrigation sanguine de 

Phippocampe, associee a une diminution significative de la mort neuronale dans cette 

structure chez les animaux soumis a la restriction alimentaire. A ce jour, il n'existe qu'une 

etude ayant evalue les effets de la restriction alimentaire sur l'ischemie cerebrale. Les travaux 

de Yu et Mattson [488] montrent une reduction significative des dommages causes par 

l'ischemie focale chez des rats nourris par alternance journaliere pendant une periode de trois 

mois. La reduction du volume de la zone cortico-striatale affectee est associee a une 

diminution importante des deficits neurologiques chez ces animaux. 

La restriction alimentaire semble done influencer divers processus cellulaires 

susceptibles d'influencer les mecanismes physiologiques de survie et/ou de mort cellulaires. 

Les effets benefiques de cette procedure au niveau cellulaire se traduisent par un meilleur 

recouvrement fonctionnel et une attenuation significative des deficits moteurs et mnesiques 

secondaires aux traumatismes craniens et maladies neurodegeneratives et cardio- ou 

cerebrovasculaires. 

4.2. Les acides gras polyinsatures 

Les acides gras polyinsatures jouent un role nutritionnel important et exercent des 

effets benefiques multiples sur la sante humaine [266]. lis se divisent en deux grandes 

categories etablies a partir de leur structure moleculaire: les gras omega 3 (n-3) et omega 6 

(n-6) [180]. Ces acides gras ne sont pas synthetises par le corps humain et doivent etre 
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obtenus via une consommation d'aliments riches de ce type de gras. Au-dela de la quantite 

totale d'acides gras polyinsatures consommee, c'est le ratio d'omega 6 et 3 ((n-6)/(n-3)) qui 

importe, le ratio optimal etant inferieur ou egal a 4 [266,422]. Les acides gras de type omega 

6 se retrouvent dans une variete d'aliments comprenant des huiles de tournesol, de mai's, de 

sesame, de feve de soya et d'arachides et sont plus facilement integres a 1'alimentation 

quotidienne, tandis que les gras de type omega 3 se retrouvent principalement dans les huiles 

de poissons, de lin et de chanvre. Generalement, tout produit alimentaire se compose d'une 

quantite variable d'acides gras polyinsatures incorpores dans la quantite lipidique totale. La 

nature et la quantite des produits alimentaires ingeres determinent la consommation de ces 

acides gras. 

Plusieurs etudes ont demontre les effets benefiques d'une consommation prevalente 

d'acides gras polyinsatures par rapport a celle de gras satures, notamment quant a l'impact de 

tels choix sur l'incidence des maladies cardiovasculaires, le diabete et le developpement de 

maladies auto-immunes [44,64,107,108,111,143,206,312,337,338,476,481]. Ces etudes 

proposent une correlation negative entre la quantite d'omega 3 consommee et 1'occurrence 

des maladies coronariennes, et suggerent qu'une diete elevee en acides gras de type omega 3 

aide a prevenir le developpement de maladies cardiovasculaires (voir Connor [93]). 

Des recherches recentes ont cherche a elucider certains des mecanismes 

physiologiques via lesquels les gras de type omega 3 induisent ces effets vasculaires 

protecteurs [4,93,152,180,182,251,258,266,327,422]. Les proprietes anti-arythmiques 

constituent une des actions associees a la diminution des maladies coronariennes 

[93,180,266,327,371]. Ainsi, differents mecanismes ou actions physiologiques impliques 

dans 1'arythmie (c.f., fonctionnement des canaux ioniques de la membrane cellulaire, 
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fibrillation ventriculaire, frequence des battements cardiaques) sont influences par la 

consommation d'omega 3, un phenomene limitant les dommages de nature ischemique [266]. 

A cet effet, Mori et Beilin [327] suggerent que l'ingestion de ce type de gras altere la 

composition phospholipidique des membranes cellulaires, ce qui affecte le transport 

cellulaire et/ou l'activite enzymatique des cellules. Ces changements alterent consequemment 

certaines fonctions cardiaques, prevenant le developpement de problemes arythmique 

cardiaque. Finalement, suite a l'ingestion de gras omega 3, Pepe et McLennan [371] 

observent une resistance accrue des cellules cardiaques au stress de nature ischemique, 

reduisant 1'accumulation intracellulaire de calcium impliquee dans les perturbations 

cellulaires et l'excitotoxicite. 

Les acides gras de type omega 3 possedent egalement des proprietes antiatherogenes, 

qui favorisent la reduction de 1'accumulation de plaques lipidiques (c.f., triglycerides) sur la 

paroi interne de grosses ou moyennes arteres. Ces effets attenuent le risque de thromboses en 

reduisant Pagregation plaquettaire dormant naissance au thrombus (le caillot occluant le 

vaisseau sanguin), en diminuant la viscosite du plasma sanguin et en regularisant les facteurs 

de coagulation. Finalement, la consommation d'acides gras de type omega 3 favorise un 

meilleur fonctionnement vasculaire des cellules endotheliales, ameliore les interactions avec 

les recepteurs membranaires, accentue les proprietes anti-infiammatoires de l'organisme et 

reduit la pression sanguine et les dommages induits aux plaques terminales des fibres 

nerveuses myelinisees des muscles stries [4,93,180,182,266,327,422]. 

Plus recemment, les benefices d'une consommation accrue d'acides gras 

polyinsatures ont ete demontres au niveau cerebrovasculaire [206,338,369,481]. Ainsi, 

certaines etudes suggerent qu'une consommation a court terme de supplement d'huile de 
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poisson attenue les dommages cerebraux subsequents a une occlusion de Partere cerebrale 

moyenne chez le rat [86,139,398]. Bas et al. [28] ont egalement observe une reduction 

significative de l'oxydation cellulaire et de la mort cellulaire par apoptose dans la formation 

hippocampique de rats ischemies suite a la consommation d'un supplement alimentaire 

d'huile de poisson pendant deux semaines. De facon similaire, les travaux de de Wilde et 

collegues [107] demontrent des effets significatifs de la consommation de ce type de 

supplement d'acides gras polyinsatures sur le recouvrement de parametres microvasculaires 

suite a une ischemie focale, associe a une preservation de Pintegrite de la barriere hemato-

cerebrale. 

A ce jour, peu d'etudes ont analyse l'impact d'une consommation accrue d'acides 

gras polyinsatures aupres des mecanismes cellulaires impliques lors d'une ischemie globale, 

produisant de la degenerescence neuronale et des deficits d'apprentissage et de memoire 

spatiale. Blondeau et al. [44] notent qu'un traitement d'acide linoleique administre pendant 

trois jours precedant une ischemie a quatre vaisseaux de 6 minutes augmente 

considerablement l'expression des proteines de choc thermique (heat shock protein; HSP70) 

et inhibe la mort neuronale secondaire a Pischemie. Farkas et collegues [133] observent, 

quant a eux, une augmentation de la densite des recepteurs muscariniques Ml dans la region 

hippocampique et une preservation des habiletes d'apprentissage et processus mnesiques 

chez des animaux ischemies ayant recu un supplement en acides gras polyinsatures pendant 

une periode de 3 mois. Finalement, Okada et al. [353] montrent qu'une administration 

chronique d'acide docosahexaenoic (DHA 1, 10, 100 ou 200 mg/kg pendant 21 jours attenue 

egalement la mort des neurones hippocampiques et ameliore significativement les deficits 

mnesiques spatiaux dans la tache du labyrinthe radial a 8 bras suivant une ischemie globale. 
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Ces resultats suggerent qu'un supplement d'acides gras polyinsatures altere les processus 

cellulaires et deficits fonctionnels typiquement observes suite a une ischemie globale. La 

portee de ces resultats demeure toutefois limitee puisque ces etudes n'ont evalue que les 

effets associes a la consommation a court terme d'acides gras polyinsatures (< 6 semaines), 

ainsi qu'une recuperation cellulaire, moleculaire et fonctionnelle immediate suite a 

l'ischemie. Les effets a long terme d'un supplement d'acides gras polyinsatures sur la 

recuperation neuronale et fonctionnelle suite a une ischemie demeurent meconnus. 

En resume, les proprietes anti-arythmiques, antiatherogenes, anticoagulantes et la 

preservation cellulaire induite suite a la consommation d'acides gras polyinsatures 

represented des evenements prometteurs dans la prevention et le traitement de maladies 

cardiovasculaires. Les etudes recentes suggerent que les acides gras polyinsatures exercent 

egalement des effets positifs sur les mecanismes cerebraux et la recuperation fonctionnelle 

suite a un evenement ischemique. 
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5. Thesis research objectives 

The overall objective of the current thesis is to further characterize the contribution of 

two dietary regimens on hippocampal neurodegeneration and functional recovery following 

global cerebral ischemia. This current thesis is presented as a series of three articles, each of 

which addresses specific research objectives. 

Manuscript 1: Food restriction attenuates ischemia-induced spatial learning and 

memory deficits despite extensive CA1 ischemic injury. Food restriction is amongst the 

most efficient and reproducible interventions for reducing the incidence of various age-

associated and neurodegenerative diseases and increasing life span in a variety of species, 

including mammals. Short and long-term food restriction also significantly attenuates age-

associated spatial memory impairments as well as functional deficits secondary to chronic 

neurodegenerative conditions or acute brain injuries. To our knowledge, only one study has 

assessed the impact of food restriction on cerebral ischemia. This first experiment determines 

1) whether 40% food restriction for a period of three months prevents and/or attenuates CA1 

damage following a 12 min global ischemia in rats, and 2) how short-term food restriction 

affects ischemia-induced behavioural and memory outcomes in the radial arm maze. 

Manuscript 2: Food restriction induces long-lasting recovery of spatial memory 

deficits following global ischemia in delayed matching and non-matching-to-sample 

radial arm maze tasks. In this second study, our research work aimed to determine long-

term impact of food restriction on histological and functional outcomes following global 

ischemia in rats. We selected delayed matching or non-matching to sample (DMTS/ 
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DNMTS) tasks, which provide more complex behavioural paradigms to assess memory 

and cognitive flexibility in the radial arm maze. This second experiment is the first to 

characterize 1) the effects of food restriction on hippocampal damage 70 days following 

ischemia, 2) the cognitive abilities of ad libitum fed (AL) and food-restricted (FR) 

animals using complex delayed non-matching- and matching-to-sample tasks in the radial 

arm maze and 3) expression of vesicular transporters for GAB A and glutamate in 11 

subfields of the hippocampal formation 70 days post ischemia. 

Manuscript 3: Dietary PUFA supplements reduce memory deficits but not CA1 

ischemic injury in rats. Numerous studies have suggested that polyunsaturated fatty 

acids (PUFA) exert beneficial effects on various pathological states including 

cardiovascular and autoimmune diseases. To date, investigation of the contribution of 

PUFA supplemented diets on neuronal damage and memory deficits following global 

ischemia remains limited. The purpose of the present study was to examine the impact of 

nutritional supplementation with essential omega 3 and 6 fatty acids for twelve weeks 

prior to ischemia and in the 6 post ischemic weeks on CA1 neuronal death and on 

locomotor behaviour in the open field, anxiety in the elevated plus-maze and spatial 

memory in the radial maze following global ischemia. 
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Manuscript 1 

Food restriction attenuates ischemia-induced spatial learning and memory 

deficits despite extensive CA1 ischemic injury. 
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Abstract 

The purpose of the present study was to examine whether short-term food 

restriction (40% less food over a three month period) can attenuate ischemia-induced 

CA1 neuronal degeneration, and whether this attenuation translated into improved 

recovery of functional impairments following global ischemia. There was a significant 

loss of pyramidal CA1 neurons in ischemic compared to sham-operated rats but no 

difference between the ad lib and food-restricted ischemic animals. Although the diet did 

not influence neuronal damage in ischemic animals, the performance of food-restricted 

ischemic rats in spatial task such as the radial arm maze was significantly better than that 

of ad lib fed ischemic rats. Food-restricted ischemic rats made equivalent numbers of 

working memory errors as sham-operated animals and took the same time to complete a 

standard 8-arm radial arm maze task. They also displayed higher activity level in the 

open field compared to ad libitum fed ischemic rats, and spent considerably more time in 

the open arms of the elevated plus maze compared to the other groups, suggesting 

decreased anxiety in these ischemic rats. The relative sparing of spatial memory 

performance in food-restricted ischemic animals suggest that food restriction facilitate 

functional recovery. 



Introduction 

Numerous studies have reported increased life expectancy, improvement of 

cognitive functions and reduction of cardiovascular and neurodegenerative diseases risk 

factors associated with food restriction (FR; reduction in energy intake with maintenance 

of nutrition) [117,123,276,281,302,306,403,426,493]. Broderick et al. [57,58] showed 

enhanced contractile properties of the heart and better blood flow regulation and 

resistance to cerebral ischemia in rats maintained on an 8-month food restriction diet 

(45% reduction) compared to ad libitum fed animals. Similarly, 30 to 40% FR over a 10-

month period significantly reduced myocardial infarction in rodents [99]. Chandrasekar 

et al. [80] reported decreased inflammation and oxidative damage to heart cells following 

occlusion of the left anterior descending coronary artery in FR rats. Studies also indicate 

preservation of cardiac ischemic preconditioning cellular and functional protection in 

middle aged (10 months) and aged (24 months) rats maintained on life-long food 

restriction diets [3,276]. 

Recently, various studies have demonstrated the impact of food restriction on 

acute brain injuries and chronic neurodegenerative conditions [178,290,304]. Bruce-

Keller et al. [59] observed that 2 to 4 months of alternate day fasting was sufficient to 

enhance the resistance of hippocampal and striatal neurons to kainate-induced 

excitotoxicity and prevent toxin-induced mitochondrial damage in the dorsal 

hippocampus. Cellular recovery in food-restricted rats translated into improved motor 

abilities and memory performance in the water maze. Consistent with such findings, 3-

month alternate day fasting significantly reduced l-methyl-4phenyl-l,2,3,6-

tetrahydropyridine (MPTP)-induced damage of dopaminergic neurons and motor 



47 

impairments [117]. Similar results were obtained with MPTP-treated rhesus monkeys 

suggesting that these observations could extend to humans [298]. 

To our knowledge, only one study has assessed the impact of food restriction on 

cerebral ischemia. In that study, Yu and Mattson [488] observed a significant reduction 

of focal ischemic damage in animals exposed to a 3-month alternate-day fasting schedule. 

The reduction of cortico-striatal infarct volume was associated with significant inhibition 

of behavioural deficits in food-restricted rats. The present study examines whether 40% 

food restriction for a period of three months prevents CA1 damage following a 12 min 

global ischemia in rats, and determines how short-term food restriction affect ischemia-

induced behavioural and memory outcomes. 

Materials and Methods 

Animals and dietary protocols 

One hundred and eight male Wistar rats, weighing between 100-125 g at the time 

of arrival were obtained from Charles River Laboratories (Rochefort, Quebec, Canada). 

The animals were individually housed and maintained on a 12 h light/dark cycle (lights . 

on at 7:00 AM), with free access to water and standard (Purina) rat chow. The room 

temperature was maintained at 21-23 °C with 60% relative humidity. One week 

following their arrival, animals were separated into two dietary groups. Rats in the ad lib 

group (AL; n = 55) continued to have free access to a standard (Purina) rat chow, while 

rats in the restricted group (FR; n - 53) received 60% of the average amount of Purina rat 

chow consumed by the ad lib group. A pilot study indicated that adult rats consumed on 

average 30-32 grams of standard Purina rat chow per day. Based on these observations, 
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ad libitum fed rats received a daily ration of 30-32 grams standard Purina rat chow while 

food-restricted rats received 60% of that amount (i.e., 18-19.2 grams of standard Purina 

rat chow per day). This means that food-restricted animals received the same nutrients in 

the same relative proportions but, overall, received less of all nutrients. Although it is 

possible that the restricted diet may have led to specific nutrient deficiencies, the often 

replicated observation of increased lifespan and general better health of food-restricted 

animals suggest that there is little deleterious impact of food restriction. Food intake was 

measured daily between 8:00-9:00AM. All animals had free access to water throughout 

the experiment. Rats were handled daily and weighted every two to three days. 

The diets were provided for a 3 month period prior to sham or ischemic surgeries 

(See figure 2 for the experimental protocol). Rats of the two diet groups were randomly 

assigned to one of the following experimental conditions. Four groups of ad libitum (AL) 

fed animals and four groups of 40% food-restricted (FR) rats received either a sham 

surgery (SHAM) or a 12 min global ischemia (ISCH), and were euthanized 7 or 30 days 

following reperfusion (SHAM-AL-7: n = 9; SHAM-AL-30: n = 10; ISCH-AL-7: n = 11; 

ISCH-AL-30: n = 10; SHAM-FR-7: n = 9; SHAM-FR-30: n = 10; ISCH-FR-7: n = 13; 

ISCH-FR-30: n = 11). Of the initial 108 rats, twenty-four ischemic animals died during or 

after surgery (4 ISCH-AL-7, 2 ISCH-FR-7, 11 ISCH-AL-30 and 7 ISCH-FR-30). One 

ISCH-FR-30 rat displayed atypical behaviour and was excluded from all analyses. All 

experiments conformed to the NIH guide for the Care and Use of laboratory animals 

(NIH publications N°80-23, revised 1996) and procedures were in accordance with the 

guidelines set by the Canadian Council of Animal Care and approved by the University 

of Ottawa Animal Care Committee. Efforts were made to minimize the number of 
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animals used and their suffering. 

Surgical Procedure 

Forebrain ischemia was performed using the four-vessel occlusion model as 

previously described by Pulsinelli and Brierley [391]. Briefly, rats were deeply 

anesthetized by inhalation of 2 to 4% halothane (weight dependent) vaporized by oxygen 

(1.5 to 2 L/min). Vertebral arteries were irreversibly occluded by electrocoagulation, and 

a small-diameter silk thread looped around the carotid arteries to facilitate subsequent 

occlusion. Twenty-four hours later, the common carotid arteries were clamped with 

microaneurysm clamps for 12 minutes in awake and spontaneously ventilating animals. 

Sham-operated animals underwent anesthesia and received the same dorsal and ventral 

surgical incisions as the two ischemic groups, with the exception of electrocoagulation of 

the vertebral arteries. Twenty-four hours later, the carotid arteries were exposed, but not 

clamped. Body temperature was kept at 37°C ±0.5 throughout the surgery using a 

feedback-regulated heating blanket connected to a rectal thermometer (Homeothermic 

Blanket Control Unit, Harvard Instruments, Natick, MA). Subjects' body temperature 

was further supported with a heating pad in the hours following surgery and reperfusion. 

Behavioural tests 

Open field 

The arena was made of gray Plexiglas (LWH: 75 X 75 X 30 cm) with a clear 

Plexiglas floor. A painted grid divided the Plexiglas floor into 36 identical squares each 

measuring 15X15 cm. The arena was located on a table 90 cm above the floor, and was 
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dimly illuminated. Animals were brought to the test room at least 30 minutes prior to test 

administration. Black curtains surrounded the arena and behaviour was monitored using 

an overhead video camera. Four days following reperfusion, sham and ischemic rats were 

placed in the open field and behaviour were monitored for 15 min by the experimenter 

using a PC computer and data logging software. Animals were re-tested at 30 days post-

ischemia to assess long-term activity levels. Rats were monitored for frequency of line-

crossing and rearing behaviour, and time (sec) spent grooming or being inactive. 

Frequency of behaviour was assessed in the peripheral zone (defined as the 20 squares 

directly adjacent to the walls) and central zone (all remaining squares). 

Elevated plus maze 

The elevated plus maze (EPM) consisted of two opposing open arms (50 X 10 cm 

with a 5 mm clear Plexiglas lip), an open 10 X 10 cm area in the center and two opposing 

closed arms (50 X 10 cm with 40 cm high walls). The maze was 60 cm above the floor. 

Animals were tested 5 days following reperfusion and brought to the test room 30 min 

prior to test administration. Black curtains surrounded the maze and behaviour was 

monitored using an overhead video camera. Each rat was placed in the open field (75 X 

75 cm with 30 cm high walls) for a 5-min habituation period. Immediately thereafter, the 

rat was placed in the center of the elevated plus maze facing one of the open arms of the 

maze. The time spent and the number of entries in the open or closed arms, risk 

assessment and crossing behaviour were recorded during a 5 min test interval. A close or 

open-arm entry was defined as placing all four paws in an arm. Risk assessment was 

operationally defined as a stretch-attend response, whereas the rat stretched its body 
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forward and either sniffed or visually scanned the open arm. In stretch-attend behaviour, 

head entry into the open arm was required while paws and body remained in the center 

area or closed arm. Crossing behaviour was recorded when the animal crossed the center 

zone going from one arm to its opposite arm. 

Radial arm maze 

Twenty-four hours after the completion of the elevated plus maze, the animals 

began training in the radial arm maze. The maze consisted of eight arms (60 X 12 cm 

with a 5 cm lip around each arm) extending radially from a central octagonal area (32 cm 

in diameter with a 30 cm high clear Plexiglas wall). Plexiglas sliding doors were moved 

up to allow entry into each arm. The floor of the arms and central area was covered with 

black rubber lining. The apparatus was elevated 50 cm above the floor and surrounded by 

extra-maze cues placed on the walls, such as posters or calendars. The experimenter was 

sitting behind a panel where he could observe and record behaviour unobtrusively as well 

as manipulate the overhead strings to open and close the maze doors. At the end of each 

arm, a food cup (1 cm deep into the floor) contained a piece of Fruit Loop. Animals were 

brought to the room 30 minutes prior to the testing. The weights of all animals fed ad 

libitum were gradually reduced (over a 4-day period) and maintained at approximately 

85% of their free-feeding rate during the testing period to ensure adequate motivation. 

The rats fed a reduced diet were not further deprived. 

During training, rats were habituated to the radial arm maze during four 10-min 

daily sessions on successive days. The baits (small pieces of Fruit Loop cereal) were 

initially available throughout the maze to encourage exploration, and gradually moved 
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towards the end of each arm to finally be restricted to the food cups. Following this 

shaping period, each animal was individually placed in the center of the maze, with doors 

to all arms closed. Upon opening the doors, the rat was allowed to enter any of the eight 

arms. When the rat had consumed the reward at the end of one arm and returned to the 

center of the maze, all doors were closed again to confine the rat to the center zone for a 

10 s delay. Doors were then reopened, and the procedure repeated. The test continued 

until all rewards were consumed or 15 min had elapsed. An arm entry was recorded when 

all four paws of the rat were within an arm. The orientation of the animal's head when 

initially placed in the central area varied from trial to trial to minimize development of a 

response pattern based on position. The floor and center walls of the maze were cleaned 

after each trial to reduce olfactory cues. The number of working memory errors (re­

entering an arm that was previously visited) and the time taken to consume all rewards 

were recorded. Animals were tested once daily for a 16-day period. 

Analysis of neuronal density on thionin-stained sections 

Twenty-four hours upon completion of the behavioural testing, rats were deeply 

anesthetized using sodium pentobarbital and perfused using 4% paraformaldehyde. 

Brains were removed and stored at -84°C. Serial coronal sections (14 urn) of the 

hippocampal region were obtained using a cryostat (Leica Instruments) and stained with 

thionin. Neuronal density of the hippocampal CA1 subfield was determined by the 

method of Kirino et al. [239]. Analysis of neuronal density was performed on coronal 

sections located between 3.14 and 4.16 mm posterior to bregma [370]. The total linear 

length of the CA1 (as defined by Paxinos and Watson [370]) was measured using a 
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digitizer. The number of intact neurons in the stratum pyramidale of the CA1 subfield 

was counted using LEICA DAS microscope attached to a SONY digital camera and 

computer-assisted cell counting performed using the Norton Eclipse software (v 6.0). 

Neurons with shrunken cell bodies and surrounding empty spaces were excluded. The 

neuronal density of the CA1 sector, i.e. the number of intact pyramidal cells per mm 

linear length of the CA1 stratum pyramidale observed in each 14 um section, was 

quantified. A mean value for each hippocampal CA1 substructure was obtained from 6 

bilateral measurements in each animal. Neuronal density for a given animal represents 

the average of the right and left measures. 

Statistical Analyses 

Body weight, open field, and radial arm maze data were analyzed using mixed 

ANOVA designs with two levels of the independent factors surgery and diet, and 

repeated time factors. The Hundt-Felt correction for violations to the assumption of 

sphericity was applied when appropriate: when used, adjusted degrees of freedom are 

reported. Significant interactions were further tested using simple main effect tests with a 

Bonferroni adjustment of the critical alpha level. Data obtained from the elevated plus 

maze and neuronal density were analyzed using two factors {surgery and diet) ANOVAs. 

Again, simple main effect tests were used to analyze significant interactions. All data 

were analyzed using the SPSS (V.14) software package. Results are presented as means ± 

S.E.M. 



Results 

Body weight 

Figure 3 presents the mean body weight of ad libitum fed and food-restricted 

animals throughout the experiment. Main effects of time (7(2.44,83.01) = 1914.42, 

p_ < .001), and diet (F(l,34) = 185.36, p_ < .001), and an interaction of time x diet 

(F(2.44,83.01) = 74.91, p_ < .001) were found. In general, body weight increased over 

time. The body weight of restricted rats increased at a lower rate than that of ad libitum 

fed animals. In our study, all animals consumed the entire ration of food provided daily 

and food intake measured daily. Casual observations indicated that food-restricted rats 

appeared to more readily eat once awoke following vessel occlusion, and were generally 

more active than ad libitum fed rats. Compared to ad lib animals, food-restricted animals 

gained more weight following surgery most likely because food restriction was 

postponed for five days after surgery. During these five days, all animals had unlimited 

access to food and water, and were given palatable food (Cheerios, Fruit Loop, and 

graham powder) to hasten their recovery to pre-surgical weights. The observations that 

food-restricted animals appeared more active, reestablished pre-surgical body weight 

more rapidly than ad lib fed animals, and their preserved performance in the standard 

radial arm maze suggest that these animals were healthy and that they received sufficient 

nutrients for the required daily needs. 

Open field 

Figures 4a and 4b present the combined frequencies of line crossing and rearing 

(general activity) in the open field every 5-min over the 15-min monitoring period 
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performed 4 days following reperfusion. Main effects of time (£(1.9,138.42) = 107.13, 

2 < .001), and diet (F(l,73) = 4.95, n = .029), and an interaction of surgery x diet (F(l,73) 

= 4.14, p_ = .046) were observed. General activity decreased over time for all groups. 

Food-restricted ischemic rats were more active than ad libitum fed ischemic rats across 

the testing period (p_ = 0.003). Additionally, food-restricted animals displayed a higher 

level of activity throughout the test and made significantly more behaviour than ad 

libitum fed animals in the central area of the open field (see figure 4a; F(l,73) = 5.88, 

p_ = .018). No other significant difference was found. 

Figures 5a and 5b present the general activity in the open field every 5-min over 

the 15-min period for the subset of animals tested 4 (Tl) and 30 (T2) days following 

reperfusion. There were main effects of time (F(2,72) = 124,34, p_ < .001), days after 

reperfusion (F(l,36) = 8,71, p_ = .006), diet (F(l,36) = 8,54, p_ = .006), and an interaction 

of surgery x diet (F(l,36) = 4,43, rj = .042). All rat groups showed decreased activity as 

time elapsed within an open field session. However, activity level was higher in all 

groups when tested 30 days following surgery compared to the initial testing 4 days post 

surgery. Simple effect tests revealed that food-restricted ischemic rats were significantly 

more active than all other groups across the testing period on day 4 (p_ = 0.01). But on day 

30, the only difference that remained significant was that food-restricted ischemic rats 

were significantly more active than ad libitum ischemic rats (p_ = 0.01). On day 4, ad 

libitum sham-operated rats displayed higher activity level than ischemic rats (p_ = 0.01) 

fed the same diet, a phenomenon no longer present at day 30. 

Figures 5c and 5d present the general activity in the central zone of the open field 

every 5-min over the 15-min period for the subset of animals tested 4 (Tl) and 30 (T2) 
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days following reperfusion. Ischemic rats fed an ad libitum diet were significantly less 

active than food-restricted ischemic and sham-operated rats in the central area of the open 

field on day 4 (p = 0.016). Both ischemic groups (ISCH-AL and ISCH-FR) showed 

increased activity in the central area in the initial two 5-min blocks on day 30 (p = 0.04). 

Five rats (1 ISCH-AL-7, 1 ISCH-FR-7, 1 ISCH-FR-30, 1 SHAM-AL-7 and 1 SHAM-

FR-7) were excluded from these analyses as they remained immobile during most of the 

testing period. No motor dysfunction appears to account for this, because these animals 

completed all the other behavioural tests. One additional rat (ISCH-AL-7) was excluded 

from statistical analysis as it showed significant increase in global activity at both time 

intervals, a profile that was discordant with the general decreased activity levels. 

Elevated plus maze 

Figure 6 presents the performance of all animals in the EPM. There was a main 

effect of diet (F(l,78) = 5.12, p = .026) for the time spent in the open arms of the EPM. 

Simple effect tests showed that food-restricted ischemic rats spent more time than ad lib 

ischemic rats in the open arms of the maze (p = 0.003). We also found a main effect of 

surgery for risk assessment behaviour (F(l,77) = 4,37, p - 0.04). Both ischemic groups 

made fewer risk assessments behaviour than sham groups (p = 0.04). No other significant 

difference was found. One animal (ISCH-AL-30) was excluded from this analysis 

because it fell on the floor during the task, and remained immobile throughout the 

remainder of the test. 
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Radial arm maze 

Figure 7 shows the performance of all animals in the radial arm maze and the 

impact of diet on working memory errors. There were main effects of time 

(F(5.06,172.02) = 35.09, p < .001), surgery (F(l,34) = 5.63, p = .023), diet (F(l,34) = 

7.19, p = .011), and a significant surgery x diet interaction (F(l,34) = 5.33, p = .027). All 

animals made significantly less working memory errors with time. Simple effect tests 

showed that ischemic rats fed an ad libitum diet made considerably more working 

memory errors than food-restricted ischemic and sham-operated rats across time. The 

food-restricted ischemic rats' performance was equivalent to that of sham-operated 

animals. 

Figure 8 presents the time required by each group to complete the task. There 

were main effects of time (F(3.06,104.07) = 39.64, p < .001), surgery ©1,34) = 8.55, 

p = .006), diet (F(l,34) = 21.81, p < .001) and interactions of time x diet (£(3.06,104.07) 

= 2.93, p = .036), and surgery x diet (F(l,34) = 6.81, p = .013). As testing progressed, all 

groups took significantly less time to complete the task. Food-restricted animals took 

generally less time to complete the task than ad lib fed animals. Simple effect tests 

revealed that ad lib fed ischemic rats took more time to complete the task than all other 

animals. Food-restricted ischemic rats were as quick as sham-operated rats to complete 

this task. One animal (ISCH-FR-30) was eliminated from analyses because he remained 

immobile during most trials, suggesting increased anxiogenic behaviour. 



58 

Histopathological changes at the hippocampus 

Table 2 shows the effects of global ischemia and food restriction on hippocampal 

CA1 neuronal density 7 and 31 days following reperfusion. There was a main effect of 

surgery (F(l,74) = 185.04, p <.001). Sham-operated animals had significantly more 

neurons within the CA1 subfield of the hippocampus relative to ischemic rats. We found 

no significant effect of food restriction on neuronal density. 

Covariances 

CA1 neuronal density in both ischemic groups was somewhat variable. In order to 

determine the possible impact of this factor on functional recovery, we re-analyzed the 

behavioural data using neuronal density as a covariate every time a significant correlation 

between a particular behavioural measure and the neuronal density was observed. There 

was no significant correlation of neuronal counts and open field and elevated plus maze 

data (open field: behavioural activity (global/centre): r = -0.018/-0.09; EPM: open 

entries: r = 0.06, time spent in the open arms: r = 0.064, risk assessment behaviour: 

r = 0.14; and crossing behaviour: r = 0.06). However, working memory errors in the 

radial arm maze were correlated with CA1 neuronal density (working memory errors: r -

-0.49*, p = 002). There was no significant correlation between the neuronal density and 

the time to complete the task (r = -0.26). Mixed ANCOVA analysis for working memory 

errors indicated a main effects of time (F(5.29,174.45) = 4.72, p < .001) and diet (F(l,33) 

= 7.51, p = .01) as well as a surgery x diet interaction (F(l,33) = 4.42, p = .043). 

Neuronal density for a given animal represents the average of the six right and left 

measures. Variability within CA1 included animals with asymmetry between the left and 
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right hemisphere (i.e., either left or right side had more CA1 intact neurons). In order to 

determine if a higher unilateral number of cells had an impact on the spatial learning and 

memory deficits, we performed a second correlation between the number of working 

memory errors and the neuronal density (only using the cellular count of the side with the 

highest CA1 intact neurons). There was only a similar significant negative correlation 

between these two variables (working memory errors: r = -0.46*, p_ = 004. Therefore, 

CA1 mean neuronal counts (or the highest of bilateral counts) did not account for the 

behaviour observed in the radial arm maze. Thus, using neuronal counts as a correlate did 

not change the conclusions drawn from the analysis of the working memory errors, 

namely, that all animals made significantly less working memory errors with time, food-

restricted ischemic rats made less working memory errors than ad lib ischemic rats across 

time, and had a better performance in the radial arm maze irrespective of CA1 neuronal 

counts. 
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Figure 2: Experimental protocol. Feeding = Presurgical period of ad libitum or food 
restriction; 4-VO = 4 vessel occlusion; OF4 = Open field 4 days post-ischemia; EPM = 
Elevated plus maze 5 days post-ischemia; RAM/Training = Training on the radial arm 
maze from days 6 to 9 post-ischemia; RAM/Testing = Testing on the radial arm maze 
from days 10 to 29; OF30 = Open field 30 days post-ischemia. Day 0 refers to the day of 
surgery. 5 days following surgery, rats returned to their respective pre-surgical feeding 
period (without treats). From days 6 to 9, the weight of animals fed ad libitum that were 
tested in the radial arm maze were gradually reduced and maintained at approximately 
85% of their free-feeding rate during the testing period to ensure adequate motivation 
while food-restricted animals were not further deprived. 
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Figure 3: Mean body weight of ad libitum fed and food-restricted rats over an 18-week 
period. Sham or global ischemia surgery is indicated by the vertical line. Rats fed a 
restricted diet weighted significantly less than ad lib rats throughout the experiment. 
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Figure 4: Effect of ischemia and food restriction on locomotion (number of squares 
crossed) and rearing behaviour in the open field 4 days following reperfusion. 4a: 
presents activity levels in the central zone of the open field. (*) indicates significantly 
higher activity levels food-restricted compared to ad libitum fed rats, for both ischemic 
and sham-operated animals (p_ = .018). 4b: presents global activity levels monitored in the 
entire open field arena. (*) indicates significantly higher activity levels in food-restricted 
compared to ad lib fed ischemic rats (g = .003). 
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Figure 5: Open field activity (number of crossed squares and rearing frequencies) in 
animals tested 4 and 30 following reperfusion. The overall activity level of all 
experimental groups was higher at day 30 than at day 4. 5a, 5b: Global activity levels at 
day 4 and day 30, respectively. Day 4 - (*) indicates higher activity levels across all time 
periods in food-restricted ischemic rats compared to all other groups (p_ = .01). (**) 
indicates elevated activity levels in ad libitum fed sham as compared to ischemic rats 
(p = .01). Day 30 - (*) indicates higher activity levels across testing in food-restricted 
compared to ad libitum ischemic rats (p_ = .01). 5c, 5d: Global activity levels in the center 
zone open field at day 4 and day 30, respectively. Day 4 - (*) ad libitum ischemic rats 
showed less center field activity compared to food-restricted animals (p_ = .016). Day 30 -
(*) indicates that both ischemic groups executed an increased numbers of behaviour in 
the central area in the initial two 5-min blocks on day 30 (p = .04). 
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maze for ad libitum and food-restricted sham and ischemic rats. (*) Ischemic rats fed a 
food-restricted diet spent significantly more time in the open arms of the maze as 
compared to ischemic rats fed a standard diet (p_ = .003). (**) indicates that both ischemic 
groups made fewer risk assessment behaviour than sham-operated rats (p_ = .004). 
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Figure 7: Effect of ischemia and food restriction on spatial memory performance in the 
radial arm maze. (*) shows a significant increase in number of working memory errors in 
ad libitum fed ischemic rats compared to food-restricted ischemic, and sham-operated 
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Figure 8: Effect of ischemia and food restriction on time required to perform the radial 
arm maze task. (*) indicates significantly increased time required by ad libitum ischemic 
rats to perform the radial arm maze task compared to food-restricted ischemic and sham-
operated rats (p = .013). 
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Table 2: Density of hippocampal CA1 neurons (cells/lmm, CA1 tissue) in AL and FR 
sham and ischemic animals, 7 and 30 days following reperfusion. 

SHAM-AL SHAM-FR ISCH-AL ISCH-FR 

At 7 days 267.7+17.01 266.93+16.14 104.21+15.39*118.86+15.39* 
At30days 269.09±16.14 264.51+18.05 110.65+16.14*115.518+14.16* 

(*) indicates that neuronal density of both ischemic groups was significantly reduced as 
compared to sham-operated rats (p < .001). 
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Discussion 

To our knowledge, the current study is the first to examine the effects of food 

restriction on ischemia-induced behavioural deficits and CA1 neuronal degeneration, 

using a variety of behavioural paradigms. Among the most interesting findings is the 

sparing of spatial memory in the radial maze and the speed at which ischemic rats 

maintained on a 40% food-restricted diet performed the task compared to ad libitum fed 

ischemic animals, despite comparable CA1 neuronal damage in both groups. This 

suggests the possibility of adaptive changes and/or compensatory mechanisms initiated 

prior to or subsequent to ischemic lesion, enabling food-restricted rats to functionally 

recover from ischemia in this spatial task. In addition to effects on memory, our findings 

demonstrated different behavioural patterns of food-restricted and ad libitum fed 

ischemic rats in the open field and elevated plus maze (EPM). These results raise a 

number of questions that need to be addressed. 

The first question is why food-restricted ischemic rats show comparable 

behavioural performance as sham-operated controls even though hippocampal CA1 

neurons were equally injured in both ischemic groups? A number of hypotheses could 

explain these results. The first one is that pyramidal CA1 neurons are not necessary for 

the expression of the behaviour measured in our experiment. The obvious corollary is that 

other brain regions were protected from ischemic damage by food restriction and the 

sparing of these regions forms the basis for the behavioural sparing of the food-restricted 

rats. This hypothesis has indirectly been tested by previous studies described below that 

examined the association between behaviour and CA1 neuronal density. 

Relationship between ischemia-induced CA1 neuronal damage and behaviour has 



been examined for ischemia-induced hyperactivity and is typically observed within 24-72 

h following reperfusion when rodents are exposed to a novel environment [18,78]. Some 

studies have associated hyperactivity with the amount of CA1 neuronal loss and 

suggested that increased activity among ischemic animals results from memory 

impairments, which delay familiarization to the novel environment in animals with 

hippocampal damage [225]. Other studies have reported an absence of correlation 

between the extent of CA1 neuronal protection and increased locomotor activity 

[96,375], suggesting that the relationship between hyperactivity and CA1 damage is not 

always observed. Thus, even within the ischemia literature, there is some variability in 

the relationship between behavioural deficits and hippocampal damage. The alternative 

explanation that the restricted diet reduced ischemia-induced behavioural changes is also 

suggested by the demonstration that enriched housing environments eliminated ischemia-

induced hyperactivity, while having little impact on hippocampal cell death [393]. In the 

present experiment, food-restricted ischemic animals showed increased open field 

activity as compared to ad lib ischemic rats 4 days following ischemia, despite 

comparable CA1 neuronal damage. When re-tested at day 30, all groups had enhanced 

open field exploration suggesting that all groups reacted in a similar fashion to novelty. 

Open field activity is widely used in the assessment of exploratory anxiety. 

Increased time spent exploring an open arena and/or its center zone is associated with 

decreased anxiety [380,388,421]. It is common to combine measures of open field 

behaviour with open-arm activity in the elevated plus maze (EPM) in the assessment, as 

both assess the willingness of rodents to explore anxiogenic environments [32,100,361]. 

Contrary to previous observations [342,380] ad libitum ischemic animals did not show 
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significant increase in the time spent in the open arm of the EPM, as compared to sham-

operated animals. Rather, food-restricted ischemic animals in our experiment which were 

more active in the open field, also displayed increased open arm activity in the EPM, 

suggesting reduced anxiety in these animals. The reasons for divergent observations in 

the current and past studies are unknown. These could be attributable to methodological 

differences: rats in the present experiment were handled daily and tested in a room 

located outside of the vivarium while previous studies tested animals in their housing 

chambers in the vivarium, potentially affecting basal stress and/or anxiety levels. Food 

restriction per se did not appear to modulate anxiety since food-restricted and ad libitum 

fed sham rats spent comparable time in the open arms of the maze. 

Numerous studies have examined the relationship between hippocampal density 

and performance on a variety of memory tasks (i.e., split stem t-maze, radial maze, 

delayed-no-match-to-sample (DNMTS), water maze, and learning set tasks). Moderate to 

severe loss of CA1 neurons typically produces spatial memory and learning impairments 

[39,53,190,241,459]. However, there are discordant findings showing that CA1 cell loss 

is not always correlated with impairments in various cognitive tasks [280]. For example, 

different studies reported no correlation between acquisition latency in the Morris water 

maze and CA1 cell loss following forebrain ischemia [343,347,354]. Moreover, spatial 

memory impairments were observed following transient occlusion of the common carotid 

arteries (2-VO) in rats despite the absence of neuronal necrosis in the CA1 sector of the 

hippocampus [213]. These findings suggest that these tasks do not solely depend on 

hippocampal CA1 pyramidal neurons and that ischemia-induced functional impairment in 

tasks involving delays, object recognition or spatial memory may involve a number of 



71 

cortical and subcortical structures [20,190]. 

Our findings indicate a reversal of ischemia-induced spatial memory in rats 

maintained on a 40% food-restricted diet. The performance of food-restricted ischemic 

rats was almost identical as that of sham-operated animal: they made reduced working 

memory errors and were as fast as sham rats to complete the task. However, food 

restriction did not alter the behaviour of sham-operated rats. In the present study, food 

restriction also failed to reduce CA1 neuronal death demonstrating an interesting 

dissociation between CA1 neuron survival and functional sparing of behaviour thought to 

depend on that same region. Although asymmetry between the left and right CA1 

hippocampus was observed in some ischemic animals (i.e., ischemia-induced damage 

was more pronounced on one side only), these lateralized differences did not account for 

distinct behavioural responses. Our findings indicate that neuronal density was not the 

sole factor that accounted for the effect of surgery and/or diet on the rats' performance in 

the radial arm maze. 

The present results are at odds with the significant neuronal protection produced 

by food restriction in other lesion models [59,488,493]. A number of factors may account 

for this discrepancy. First, these experiments measured neuronal death within short 

reperfusion intervals (12, 24 and 3 Oh, respectively) using either excitotoxic or focal 

ischemic models. The use of these short intervals could have underestimated the impact 

of global ischemia which typically leads to delayed cell death in rats and humans 

[238,374,390,392]. Second, there is no indication that "protected" neurons observed a 

few hours post-surgery in previous studies are functional and will survive at longer 

reperfusion intervals as used in the present study. Finally, neuronal protection observed 
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shortly following insult may not correlate with behavioural outcomes observed at remote 

intervals when function could be recuperated through plastic remodeling of the remaining 

neural networks. However, the functional alterations observed at 4-6 days post-ischemia 

in the present experiment makes it unlikely that functional recuperation could induce 

significant neuronal remodeling in such a short delay. 

Another question raised by the present results pertains to the absence of beneficial 

effects of food restriction in sham-operated rats. Previous studies have shown beneficial 

effects of food restriction on age-related cognitive impairments [29,202,376,377]. Thus, a 

24-month food restriction deferred age-associated impairments in a water maze task, and 

increased the learning ability of younger rats restricted for either 8 or 16 months [432]. 

Similarly, Idrobo and colleagues [199] reported enhanced performance of C57BL/6 

female mice in the 8-arm radial maze following a 12-month food restriction. Other 

studies have shown increased motor coordination, locomotor activity, and spontaneous 

alternation following food restriction [202,313]. One obvious difference between these 

studies and the present experiment is the relatively shorter period of food restriction (3 

months) in our experiment. Thus, the benefits of food restriction may be observable after 

longer exposure to restricted diets in normal or sham-surgery controls but still lead to 

improvements following global ischemia. 

Current hypotheses to explain increased cellular survival in injured tissue include 

decreased free radical production and increased cellular resistance in response to stress 

[75,306,315]. Food restriction has been shown to significantly attenuate mitochondrial 

free radical induction and oxidative damage to mitochondrial-DNA in rat liver [277,394], 

heart [164,165], skeletal muscles [114,254,489], and brain [140,173,411]. In addition, 
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changes in the expression of several genes, particularly those encoding chaperone 

proteins and neurotrophic factors have been demonstrated [387]. Food restriction 

significantly enhanced expression of heat-shock proteins in heart tissues and brain 

[92,416,488] and the expression of brain-derived neurotrophic factor [115,116,174,298], 

the latter being associated with enhanced antioxidative enzymes and Bcl-2 expression 

[303] and neurogenesis in the dentate gyrus [263,265]. The presence of similar 

physiological effects in our study remains to be established. Comparable performance of 

food-restricted ischemic rats and sham-operated controls in the radial maze and the fact 

that restricted ischemic animals performed significantly better and faster than ad lib 

ischemic animals in a spatial task despite similar CA1 neuronal loss suggest an impact of 

food restriction on mechanisms that play a role in neuronal plasticity and/or promote 

compensatory mechanisms or adaptive changes within brain structures. 
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Abstract 

Food restriction has been shown to be beneficial for a number of brain processes. 

In the current study, we characterized the impact of food restriction on hippocampal 

damage 70 days following ischemia. We assessed memory and cognitive flexibility of ad 

libitum fed (AL) and food-restricted (FR) animals using complex delayed non-matching-

and matching-to-sample tasks in the radial arm maze. Our findings demonstrate that food 

restriction led to significant improvement of ischemia-induced memory impairments. FR 

ischemic animals rapidly reached comparable performance as both AL and FR sham 

animals in delayed-non-matching (win-shift) and matching (win-stay) radial arm maze 

tasks. They also made considerably less microchoices in the retention trials than AL 

ischemic animals. In contrast, AL ischemic rats showed persistent spatial memory 

impairments in the same paradigms. Assessment of basal and stress-induced 

corticosterone (CORT) secretion revealed no significant differences in baseline levels in 

AL and FR rats prior or following global ischemia. However, FR animals showed a more 

pronounced attenuation of CORT secretion 45 min following restraint. Both FR and AL 

ischemic rats had comparable CA1 and CA3 cell loss at 70 days following reperfusion, 

although a trend toward increased CA3 cell survival was observed in FR ischemic rats. 

The functional sparing in the FR ischemic animals in the face of equivalent hippocampal 

cell loss suggests that food restriction somehow enhanced the efficacy of remaining 

hippocampal or extrahippocampal neurons following ischemia. In the current study, this 

phenomenon was not associated with diet- and or ischemia-related alterations of vGluTl 

expression in various hippocampal regions although lower vGAT immunostaining was 
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present in the CA1 stratum oriens and the CA3 stratum radiatum in FR sham and 

ischemic rats. 

Introduction 

The ability of the brain to recover functionally and adapt physiologically to 

damage reveals both adaptation to disease and more generally its ability to change 

following new events. Treatments and conditions that facilitate these adaptive processes 

are of interest for the alleviation of functional deficits following brain injury. Food 

restriction (FR) is amongst the most efficient and reproducible intervention for reducing 

the incidence of various age-associated and neurodegenerative diseases and increasing 

life span in a variety of species, including mammals [198,306,426]. Short and long-term 

food restriction also significantly attenuates age-associated spatial memory impairments 

[29,199,202,313,376,432] as well as functional deficits secondary to chronic 

neurodegenerative conditions or acute brain injuries [59,117,178,298,493]. Yu and 

Mattson [488] also reported reduced brain damage and neurological deficits following 

focal ischemia in rats that were subjected to a 3-month alternate-day fasting schedule. To 

date, no studies have determined long-term histological and functional outcomes of food 

restriction following global ischemia in rats, a model developed to mimic the neuronal 

damage observed following the global forebrain ischemia produced by heart failure 

[237,392]. 

This neuronal damage, which typically includes the death of CA1 hippocampal 

neurons, has been shown to produce working and spatial memory impairments in rodents 

[90,177,241]. These deficits model the severe anterograde amnesia observed in humans 
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with moderate to extensive loss of hippocampal CA1 pyramidal cells following global 

cerebral ischemia [374,495]. In rat models of ischemia, the radial arm maze and the 

Morris water maze are typically used to assess spatial memory in rats. Although less 

commonly used, delayed matching or non-matching to sample (DMTS/ DNMTS) 

procedures can provide a richer picture of memory deficits and cognitive flexibility in 

spatial or non-spatial tasks. An early study by Ordy et al. [358] reported persistent 

memory impairment in a DNMTS T-maze task 2 and 4 months following global ischemia 

(4-VO for 30 min) in rats. The usefulness of DMTS/ DNMTS procedures was also 

demonstrated in a study that showed that exposure of gerbils to an enriched environment 

prior to an ischemic insult preserved the ability to learn a win-shift rule (DNMTS) but not 

a win-stay rule (DMTS) in a T-maze, 60 days post-occlusion [134]. Together, these 

findings demonstrate that the combined use of DNMTS and DMTS spatial tasks could 

provide a more precise evaluation of neuroprotective treatments following ischemia. 

The current study is the first to examine the long-term effects of food restriction 

on global ischemia-related neuronal damage and cognitive impairments using DNMTS 

and DMTS radial arm maze tasks. Quite unexpectedly, we found that food-restricted 

ischemic rats, despite considerable CA1 and CA3 cell loss, had comparable performance 

to sham-operated rats in both the DNMTS and DMTS radial arm maze tasks while ad lib 

fed ischemic rats, with equivalent lesions, were significantly impaired in both delayed 

spatial tasks. The current study also determined corticosterone secretion in ad lib and 

food-restricted animals at baseline and following restraint stress, before and following 

sham or ischemic surgery. Post mortem tissue analysis assessed vGluTl and vGAT 

immunohistochemical expression within various hippocampal regions in ad libitum fed 
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and food-restricted sham and ischemic animals possibly related to cognitive impairments 

and/or functional recovery. 

Materials and Methods 

Subjects and dietary protocols 

43 male Wistar rats, weighing between 100-125 g were obtained from Charles 

River Laboratories (Rochefort, Quebec, Canada). Upon arrival, animals were individually 

housed and maintained on a 12 h light/dark cycle (lights on at 7:00 AM), with free access 

to water and standard rat chow (Purina 5012). Room temperature was maintained at 21-

23 °C with 60% relative humidity. One week following their arrival, animals were 

assigned to two dietary groups. Rats in the ad lib group (AL; n = 21) continued to have 

free access to a standard (Purina) rat chow, while rats in the food-restricted group (FR; 

n = 22) received 60% of the average amount of Purina rat chow consumed by the ad lib 

group. A pilot study indicated that adult rats consumed on average 30-32 grams of 

standard Purina rat chow per day. Based on these observations, ad libitum fed rats 

received a daily ration of 30-32 grams standard Purina rat chow while food-restricted rats 

received 60% of that amount (i.e., 18-19.2 grams of standard Purina rat chow per day). 

This meant that food-restricted animals received the same nutrients in the same relative 

proportions but, overall, received less of all nutrients. Although it is possible that the 

restricted diet may have led to specific nutrient deficiencies, the often replicated 

observation of increased lifespan and general better health of food-restricted animals 

suggest that there is little deleterious impact of food restriction. Food intake was 

measured daily between 8:00-9:00AM. All animals had free access to water throughout 
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the experiment. Rats were handled daily and weighed every two to three days. 

The diets were provided for a 3-month period prior to sham or ischemic surgeries 

and up until euthanasia (i.e., 70 days post-surgery). The four experimental groups 

included: ad lib food with either sham surgery (SHAM-AL; n=10) or ischemia (ISCH-

AL; n=10), and restricted food with either sham surgery (SHAM-FR; n=10) or ischemia 

(ISCH-FR; n=l 1). Two ischemic animals (1ISCH-AL and 1 ISCH-FR) died following 

surgery and were not included. All experiments conformed to the NIH guide for the Care 

and Use of laboratory animals (NIH publications N°80-23, revised 1996) and procedures 

were in accordance with the guidelines set by the Canadian Council of Animal Care and 

approved by the University of Ottawa Animal Care Committee. Efforts were made to 

minimize the number of animals used and their suffering. 

Forebrain ischemia 

Forebrain ischemia was performed using the four-vessel occlusion model as 

previously described by Pulsinelli and Brierley [391]. Briefly, rats were deeply 

anesthetized by inhalation of 2 to 3.5% halothane vaporized by oxygen (1.5 to 2L/min). 

Vertebral arteries were irreversibly occluded by electrocoagulation, and a small-diameter 

silk thread looped around the carotid arteries to facilitate subsequent occlusion. Twenty-

four hours later, common carotid arteries were occluded with microaneurysm clamps for 

12 minutes in spontaneously ventilating animals. Sham-operated animals underwent 

anesthesia and received the same dorsal and ventral surgical incisions as the two ischemic 

groups, with the exception of electrocoagulation of the vertebral arteries. Twenty-four 

hours later, carotid arteries were exposed, but not clamped. Core temperature was kept at 
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37°C ± 0.5 throughout the surgery using a feedback-regulated heating blanket connected 

to a rectal thermometer (Homeothermic Blanket Control Unit, Harvard Instruments, 

Natick, MA). Rats' body temperature was further supported with a heating pad in the 

hours following surgery and reperfusion. 

Behavioural Tests 

Functional recovery in the different behavioural tests was sequentially assessed 

over seventy days following reperfusion (see Figure 9). 

Delaved-non-matching- and matching- to-sample (DNMTS; DMTS) radial arm 

maze: Apparatus 

The radial maze consisted of eight arms (60 X 12 cm with a 5 cm lip around each 

arm) extending radially from a central octagonal area (32 cm in diameter with a 30 cm 

high clear Plexiglas wall). Plexiglas sliding doors allowed entry into each arm. The floor 

of the arms and central area were covered with black rubber lining. The apparatus was 

elevated 50 cm above the floor and surrounded by extra-maze cues such as posters or 

calendars along the sidewalls. The experimenter sat behind a panel where he could 

observe and record behaviour unobtrusively and manipulate the overhead strings to open 

and close the maze doors. At the end of each arm, a food cup (1 cm deep into the floor) 

contained a reward (a piece of Fruit Loop). 
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Training procedures 

From day 6 to day 12 post-ischemia, rats began training in the radial maze. Daily 

food ration of ad lib animals was gradually reduced (over a 4-day period) and rats 

maintained at approximately 85% of their free-feeding rate during the testing period to 

ensure adequate motivation. The food-restricted rats were not further deprived. Rats were 

familiarized with the radial arm maze during four daily sessions each lasting 10 min on 

successive days. Rewards were initially available throughout the maze to encourage 

exploration, but were gradually restricted to the food cups. Each animal was individually 

placed in the center of the maze with the doors to all arms closed. Upon opening the 

doors, the rat was permitted to enter any of the eight arms. When the rat had consumed 

the reward at the end of one arm and returned to the center of the maze, all doors were 

closed again to confine the rat to the center zone of the maze for a 10 s delay. The doors 

were then reopened, and the procedure repeated. The test continued until all baits were 

consumed or until 10 min had elapsed. An arm entry was counted when the rat had its 

four paws within an arm. The orientation of the animal's head when placed into the 

central area was randomly permuted from trial to trial to minimize the development of a 

response pattern based on position. The floor of the maze's eight arms and central area 

was cleaned after each trial to reduce olfactory cues. 

DNMTS tasks: win-shift 

The DNMTS task was initiated 13 days post-ischemia, and consisted in daily 

acquisition and retention trials separated by a 15-min delay. In the acquisition trials, four 

arms were blocked with transparent Plexiglas doors. Rats were free to navigate to the 
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four available arms, which were baited with a small piece of Fruit Loop. After consuming 

all food rewards (or when 10 min had elapsed), rats were removed from the maze and 

returned to their home cage for 15 min. After this delay, rats were placed back in the 

clean maze with a different body orientation for the retention trial. At this stage, all eight 

arms were available for entry, but only those previously blocked, contained a reward. At 

the completion of each day's retention trial, rats were given their daily food ration. The 

arms blocked in the acquisition trials were individually and randomly assigned to rats 

from a list of 30 possible patterns, and arm sequences were counterbalanced across 

groups. One sequence was assigned to each animal and maintained for the 15-day testing 

period. Following this period, rats were tested for an additional three days in a DNMTS 

task using the same arm sequence but a different inter-trial delay on each day (5, 30 or 

240 min). Also, to determine if the rats had learned rules involved in the DNMTS task 

rather than simply memorized the arm sequences, we tested rats for an additional six days 

using the same methodology but novel arm sequences. Measures recorded in the 

acquisition trial (pre-delay) included total number of working memory errors, latencies to 

complete the task and microchoices (in which a rat visually scanned cues corresponding 

to an individual arm, but only his head and/or front paws extended into the corresponding 

arm). In the retention trials, the error score was further divided into retroactive errors 

(entry into a non-rewarded arm), and proactive errors (re-entry into an arm within the test 

trial). 



DMTS task: win-stay 

Following the DNMTS tasks, animals underwent a DMTS task for an additional 8 

days using a new arm sequence and a 15-min inter-trial delay. In this paradigm, animals 

were rewarded for selecting previously baited arms in the retention trials. Measures 

recorded in the acquisition and retention trials of the DMTS were identical as the 

DNMTS. 

Blood Collection 

Two month following initiation of the feeding conditions (pre-surgical measures) 

and 68-69 days following reperfusion (post-surgical measures), tail blood samples were 

obtained for each rat by lancing the tail close to its tip and collecting a few drops of blood 

on a Schleicher and Schuell filter paper. Immediately following collection of a baseline 

sample, the rat was slid into a rodent restraint cone for 15 min to evaluate the impact of 

an acute stressor on the corticosterone response profile. However the rats were not 

otherwise restrained during the blood collection procedure. Blood collection was repeated 

30 and 60 min following baseline (i.e., 15 and 45 min following restraint stress). 

Following the last sample collection, animals were returned to their home-cage. Filter 

papers holding the blood samples were dried overnight in the dark in a semi-closed box 

and stored at -84 °C for subsequent analysis. Blood sampling took place between 12:00 

and 6:00 pm. The time of test for animals in each of the groups was randomized to 

control for possible circadian rhythm effects on CORT levels. Blood collection was 

performed during the same time window as that selected to perform behavioural testing. 
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Corticosterone assay 

Blood samples were eluted from the filter paper by taking a 3.2 mm punch and 

placing it in a glass tube and adding 100 jal of Dulbecco's phosphate-buffered saline 

(containing 0.1% gelatin) to each tube. These were shaken at room temperature for lh at 

50 rpm, refrigerated overnight, and shaken for an additional hour the following morning. 

Plasma corticosterone levels were determined using a commercially available 

radioimmunoassay kit (ICN Biomedicals, Costa Mesa, CA). The intra-assay variability 

was < 10% and testing all blood samples in a single radioimmunoassay reduced inter-

assay variability. Total corticosterone concentrations were determined as outlined by 

Wortham and Stallings [478]. 

Analysis of neuronal density on thionin-stained sections 

Seventy days following reperfusion, rats were deeply anesthetized using sodium 

pentobarbital and perfused using a 4% paraformaldehyde solution. Their brain was 

removed and stored at -84°C. Serial coronal sections (14 um) of the hippocampal regions 

were subsequently obtained using a cryostat and stained with thionin. Neuronal density of 

the hippocampal CA1 and CA3 subfields was determined using the method of Kirino et 

al. [239] and performed on coronal sections located between 3.14 and 4.16 mm posterior 

to bregma [370]. The total linear length of the CA1 and CA3 sectors (as defined by 

Paxinos and Watson [370] was measured by means of a digitizer. The number of intact 

neurons in the stratum pyramidale within CA1 and CA3 subfields was counted using a 

Leica DAS microscope attached to a Sony digital camera and computer-assisted cell 

counting was performed using Norton Eclipse (v 6.0). Neurons that had shrunken cell 
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and CA3 sectors, i.e. the number of intact pyramidal cells per 1 mm linear length of 

stratum pyramidale was quantified. A mean value for each hippocampal substructures 

was obtained from 6 bilateral measurements per animal in each of the experimental 

groups. The neuronal density for a given animal represents the average of both the right 

and left hippocampal measures. 

Immunohistochemistry 

Slide mounted tissue sections were incubated with primary antibodies diluted in 

PBS containing 0.3% Triton-X 100. Vesicular GABA transporters (vGAT) were 

visualized using a rabbit anti-rat vGAT 11 (1:500; Alpha Diagnostic; Unites States), and 

vesicular glutamate transporters were visualized using a guinea pig anti-mouse vGluTl 

(1:500, Chemicon; Unites States). Secondary antibodies used were donkey anti-rabbit 

Alexa Fluor 488 (1:400; Invitrogen; Canada), and goat anti-guinea pig Alexa Fluor 488 

(1:400; Invitrogen; Canada). Antibody solution mixing was achieved using low-

amplitude vibration applied by attaching a small fish tank air pump to the top of the slide 

incubation chamber which sat on a mouse pad [208]. After incubation for 3 h at room 

temperature with the primary antibodies, slides were rinsed in PBS for 10 min and then 

incubated with the secondary antibodies for 30 min at 37 °C without vibration. Sections 

were examined using a Zeiss Axiophot II microscope equipped with standard filter sets 

for FITC (490/525 nm) and Texas-Red (590/620 nm). Image data were acquired using a 

Retiga Qimage CCD camera and the Northern Eclipse imaging software (EMPIX; 

Toronto, Canada). Image analysis was performed on some images to extract gray level 
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information (Image J). The signal to noise ratio (SNR) was calculated by dividing the 

average gray level of the specific immunofluorescence minus the average gray level of 

the background immunofluorescence by the average gray level of the background 

immunofluorescence time 100. SNR were calculated for vGluTl and vGAT. 

Immunofluorescence intensity was determined in 11 subfields within the hippocampal 

formation, including the CA1 and CA3 pyramidal layers, the associated stratum oriens 

and radiatum, the stratum lucidum, the lacunosum molecular and molecular layers of the 

dentate gyrus as well as the granular cell layer and hilus of the dentate gyrus (see Figure 

10). For each of these hippocampal substructures, the average grey level (AGL) was 

obtained from 2 to 4 bilateral measurements in each animal, caring for comparable 

selection of anterior-posterior coordinates between animals. Measures for a given animal 

represent the average of both the right and left hippocampal measures. SNR and standard 

error of the mean were calculated. 

Statistical analyses 

All statistical analyses were conducted using SPSS (V. 14) software package. 

Body weight and radial arm maze data were analysed using mixed ANOVA designs with 

two independent factors surgery and diet and various levels of the repeated factor time. 

Plasma corticosterone levels data were analyzed using a mixed ANOVA design with two 

independent factors surgery and diet and two repeated factors time and minutes. The 

Huynh-Feldt correction for violations to the assumption of sphericity was applied when 

appropriate. The degrees of freedom have been adjusted when the correction was used. 

Significant interactions were further analysed using simple effect tests with Bonferroni 
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modification of critical alpha level. Data obtained from neuronal densities and signals to 

noise ratio of immunofluorescence were analysed using two factors (surgery and diet) 

ANOVAs. Simple effect tests were used to further analyse significant interactions. In the 

radial arm maze, data are expressed as total errors (± SEM) for blocks of either 3 days 

(15 day DNMTS task) or 2 days (DNMTS - novel sequence and DMTS). Data from the 

different inter-trials delays in the DNMTS tasks were analysed separately. Values are 

expressed as mean ± SEM for all tests. A difference was considered significant when 

p<0.05. 

Results 

Body weight 

Figure 11 presents the mean body weight of each rat group throughout the 

experiment. There were main effects of time (£(4.85,145.48) = 1601.38, p_ < .001), diet 

(F(l,30) = 88.77, p_ < .001), and an interaction of time x diet (£(4.85,145.48) = 32.01, 

2 < .001). Body weight increased over time, although at a lower rate in food-restricted as 

compared to ad lib fed rats. Simple effect tests showed that from week 3 to the end of the 

experiment, food-restricted animals weighted considerably less than ad lib fed animals 

(p < .001). Casual observations indicated that food-restricted rats appeared to recover 

faster from global ischemia, eating more rapidly and being more active than ad lib fed 

rats upon awakening from vessel occlusion. They also gained more weight following 

surgery compared to ad lib fed animals, most likely because the caloric restriction was 

only reinstated five days following surgery and that all rats were offered palatable food 

(Cheerios, Fruit Loop, and graham powder) to hasten recovery of pre-surgical weights. 
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Behavioural tests 

Delayed spatial radial arm maze 

Two animals (1 ISCH-AL and 1 SHAM-FR) were unable to complete the radial 

maze tasks due to immobility and were excluded from statistical analyses. The number of 

working memory errors observed during acquisition trials for the different DNMTS and 

DMTS conditions are seen in Figures 12a, 12c, 13a and 14a. Analyses revealed main 

effects of surgery on the number of working memory errors in the acquisition trials for 

the initial DNMTS task (F(l,35) = 17.28, E < .001), DNMTS tasks using inter-trial delays 

of 5, 30, and 240 min (F(l,35) - 5.98, £ = .002), the DNMTS task using a novel sequence 

(F(l,35) = 4.95, E = .033) and the DMTS task (win-stay) (F(l,35) = 12.24, E = .001). 

Ischemic rats made more working memory errors in the acquisition trials as compared to 

sham-operated rats independent of diet regimen. Our data also revealed that animals, 

once trained with the initial DNMTS task, significantly improved their performance in 

subsequent acquisition trials reducing between-group differences. These findings suggest 

that all groups did ultimately acquire the set rule but ischemia slowed this acquisition. 

Total numbers of errors in retention trials of the DNMTS and DMTS tasks are 

highlighted in Figure 12b, 12d, 13b and 14b. In the initial DNMTS task, we found main 

effects of time (£(3.85,134.64) - 39.07, E <.001), surgery (F(l,35) = 37.93, E <.001), 

diet (F(l,35) = 17.17, E < .001), and a significant surgery x diet interaction (F(l,35) = 

15.89, £ < .001). Simple effect tests revealed that these effects were attributable to 

increased proactive and retroactive errors in ad lib ischemic rats as compared to food-

restricted ischemic rats and sham animals over the entire 15-day testing period (p < .001). 

Analysis of the number of errors with inter-trials delays of 5, 30, or 240 min revealed 



main effects of time (F(2,70) = 6.28, p - .003), surgery (F(l,35) = 19.58, g < .001), and 

diet (F(l,35) = 9.26,p = .004), and significant time x surgery (F(2,70) = 3.85, p = .025) 

and surgery x diet (F(l,35) = 14.45, rj = .001) interactions. Simple effect tests indicated 

that ad lib ischemic rats made more errors at all delays (rj< 0.02). Analysis of the number 

of errors on the 2nd DNMTS revealed main effects of time (F(2,70) = 17.49, E < -001), 

surgery (F(l,35) = 41.82, p < .001), diet (F(l,35) = 13.76, p = .001) and a significant 

surgery x diet interaction (F(l,35) = 15.36, p < .001). When rats were tested using a novel 

arm sequence (figure 13b), sham-operated and food-restricted ischemic rats made more 

errors on the first two days of testing, but the number of errors rapidly decreased over the 

remaining four days, while ad lib ischemic rats showed no significant improvement over 

time. Figure 14b presents the number of errors in the DMTS (win-stay) task. Statistical 

analyses indicated main effects of time (F(3,105) = 30.62, p < .001), surgery (F(l,35) = 

41.82, p < .001), diet (F(l,35) = 53,62, p_ < .001), and significant surgery x diet (F(l,35) = 

29.57, p < .001), and time x surgery x diet (F(3,105) = 2.84, p = .042) interactions. Sham-

operated and food-restricted ischemic rats rapidly mastered this task while ad lib 

ischemic rats took longer to learn the rule. 

Retroactive and proactive errors 

The total number of errors in the retention trials was further divided into 

retroactive and proactive errors. Statistical analyses revealed nearly identical patterns of 

results as for the total number of errors, and are not further analysed to avoid redundancy. 

Hence, ischemic rats fed an ad lib diet made significantly more retroactive and proactive 

errors than all other groups on all DNMTS and DMTS tasks. 
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Latencies to complete the delayed radial arm task 

Table 3 presents the latencies to complete the acquisition trials for all DNMTS 

and DMTS tasks and the latencies of the retention trials of the 1st DNMTS tasks. There 

were main effects of time (F(3.9,136,43) = 61.39, p_ < .001) and diet (F(l,35) = 6.55, 

p_ = .015), and a surgery x diet interaction (F(l,35) = 6.83, p. = .013) for the latencies to 

complete the acquisition trials. A gradual reduction in time taken to complete the task 

was observed for all animals. Simple effect tests indicated that ad lib fed ischemic rats 

took considerably more time to complete the task than food-restricted ischemic (p_ = .001) 

and sham (p_ = 0.004) rats. No significant difference was found in the time to complete 

the task for the different inter-trial delay. In the second DNMTS, food-restricted rats 

readily adapted to the change in sequence and the number of errors and latency to 

complete the task rapidly diminished (main effect of diet (F(l,35) = 4.65, p_ = .038). As 

expected, all animal groups progressively took less time to complete the DMTS task 

(F(2.63,92.16) = 6.2, p_ = .001). A similar trend was observed for the retention trials 

where main effects of time for all DNMTS and DMTS tasks (1-15 days: F(2.77,96.82) = 

81.06, p < .001; 1-6 days: F(2,70) = 9.88, p < .001; 1-8 days: F(2.86,100.12) = 6.62, 

P < .001) indicating that during each test phase, there was a progressive reduction in time 

required to complete. Latencies of the retention trials of the variable delays, 2nd DNMTS 

and DMTS are not presented as no significant difference was observed between groups. 

Microchoices in the radial arm maze 

In general, no significant differences were found between the animal groups in the 

frequencies of microchoices performed during acquisition trials in any of the radial maze 



paradigms. All rat groups made significantly less microchoices as time went by (data not 

shown). However, data revealed group differences in the number of microchoices 

performed in the retention trials (see Figure 15). Statistical analyses revealed main effects 

of time (F(l .62,56.79) = 8.95, p_ = .001), and diet (F(l,35) = 7.52, p_ = .01) in the initial 

DNMTS, attributable to reduced number of microchoices in food-restricted compared to 

ad lib fed animals although all animals showed a progressive decrease in the number of 

microchoices with repeated exposure. During the variable inter-trial delay period, we 

observed a main effect of diet (F(l,35) = 7.16, p = .011), and a surgery x diet interaction 

(F(l,35) = 5.23, p_ = .028). Food-restricted rats made fewer microchoices in each of the 

delay intervals (Figure 15b). Figures 15c and 15d present the number of microchoices 

made in the second DNMTS and the DMTS tasks, respectively. There was a significant 

surgery x diet interaction (F(l,35) = 8.04, p_ = .008) for the DNMTS task and a main 

effect of diet (F(l,35) = 4.74, p = .036) and a surgery x diet interaction (F(l,35) = 4.14, 

P = .049) for the DMTS task. For all these testing conditions, simple effect tests indicated 

that there was an increased number of microchoices made by ad lib fed ischemic rats. 

Plasma Corticosterone levels 

Figure 16 shows the effects of feeding conditions and 12 min global ischemia on 

plasma corticosterone levels one month prior and 68-69 days post surgery. One animal 

(SHAM-FR) was excluded from statistical analyses because its plasma corticosterone 

levels significantly differed across time from values of its reference group. A mixed 

ANOVA design with two repeated factors (time=pre/post; minutes= baseline/ 
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30min/60min) revealed main effects of minutes (F(l.87,67.4) = 264.15, p_ < .001), and 

diet (F(l,36) = 5.79, n = .021), and a significant interaction of time x minutes (F(2,72) = 

3.27, n = .044). Corticosterone levels showed time-dependent increases, reaching peaked 

plasma concentrations 15 min following restraint stress. Overall, food-restricted rats 

displayed relatively lower corticosterone levels across time (pre and post-surgery), and 

effect attributable to a more rapid decrease in CORT secretion in food-restricted rats 45 

min following stress (p_=0.017). 

Histopathological findings in the hippocampus 

Table 4 and Figure 17 show the effects of food restriction and 12-min global 

ischemia on hippocampal CA1 and CA3 neuronal densities. There were main effects of 

surgery for CA1 (F(l,37) = 169.12, p <-001) and CA3 (F(l,37) = 45.75, p <001). Sham-

operated animals had significantly more neurons within the CA1 and CA3 subfields of 

the hippocampus relative to ischemic rats irrespective of feeding regimen. Our data 

suggested the existence of a trend toward a slight increase in CA3 cellular survival in 

food-restricted ischemic rats; however, this observation was not supported by statistical 

analyses. 

Correlation of functional impairments with the extent of the lesion 

Some variability was observed within CA1 cell loss for both ischemic groups. 

Therefore, to determine the possible impact of this neuronal variability on functional 

recovery, all behavioural data were re-analysed using neuronal density as a covariate 

when there was a significant correlation between a particular behavioural measure and 
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the neuronal density. The total number of errors for the DNMTS [i.e., day 1-15, 5, 30 and 

240 min inter-trial delays, and second 6 day test] and DMTS tasks were significantly 

correlated with CA1 neuronal density (r = -0.63, n < .001; r = -0.45, rj = 0.004; r = -0.51, 

E = .001; r =-0.37,E = .021; r = -0.61, rj < .001; and r = -0.51, E = .001, respectively). 

A mixed ANCOVA design indicated main effects of time (£(3.94,133.91) = 5.04, 

E = .001) and diet (£(1,34) = 16.22, E < .001) and a surgery x diet interaction (£(1,34) = 

16.37, E < -001) for the first 15 days of testing (1st DNMTS task). A main effect of diet 

GEO,34) = 8.32, E = .007) and a surgery x diet interaction (F(l,34) - 14.51, E = .001) 

were found for the delay intervals. There were a main effect of diet (£(1,34) = 12.62, 

E = .001) and significant time x diet (F(2,68) = 3.26, E = -045) and surgery x diet 

interactions (E(l,34) = 15.02, E < .001) for the 2nd DNMTS task. Main effects of time 

(£(3,102) = 4.5 E = -005), diet (£(1,34) = 51.38, E < .001) and surgery x diet (F(l,34) = 

29.34, E < .001), and time x surgery x diet (£(3,102) = 2.78, E = .045) interactions were 

observed for the DMTS task. Post-hoc tests indicated that, as found previously, ad lib 

ischemic rats made significantly more errors than food-restricted ischemic rats and sham 

animals over the first DNMTS task, interval delays, second DNMTS, and DMTS tasks. 

There was no significant correlation between CA1 neuronal density and latencies to 

complete any of the tasks. Finally, a negative correlation was found between CA1 cells 

and the number of microchoices in the retention trials of the DMTS task (r = -0.33, 

g = .041). Nonetheless, the covariance analysis did not reveal significant difference 

between groups. 

These results suggest that the impact of diet on the behaviour in the delayed radial 

arm maze tasks is not solely dependent on the extent of neuronal death within the CA1 
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subfield of the hippocampus. The statistical differences observed after CA1 neuronal 

density was used as covariate suggest that factors other than neuronal counts determined 

the performance of ischemic rats with and without the restricted diet. 

Immunohistochemistry 

vGluTl: Figure 18 shows representative photomicrographs of vesicular glutamate 

transporter (vGluTl) immunostaining observed within various regions of the 

hippocampal formation. Independent of diet, sham and ischemic animals showed 

pronounced vGluTl expression in all hippocampal regions, except the pyramidal and 

dentate gyrus granular cell layers. The distribution profile reported is consistent with 

previous studies [12,223,233]. Signal to noise ratio analyses revealed main effects of 

surgery for the stratum oriens at the Cal level (F(i>21) = 25.54, p <.001), the CM 

(F(l,21) = 17.47, E <.001) and CA3 (F(l,21) = 4.79, p =.004) pyramidal layer, the 

stratum radiatum at the CA1 level (F(l,21) = 8.32, p =.009), the hilus (F(l,21) = 4.84, 

P =.039), and the lacunosum molecular (F(l,21) = 6.76, p_ =.017) and molecular (F( 1,21) 

= 4.91, p =.038) layers of the dentate gyrus. Sham-operated animals generally had a 

significantly higher signal to noise ratio than ischemic animals in most hippocampal 

regions, for the exception of the CA3 pyramidal layer, and the molecular layer and hilus 

of the dentate gyrus (see Table 5). 

vGAT: Figure 19 shows representative photomicrographs of vesicular Gamma(y)-

aminobutyric acid transporter (vGAT) immunostaining observed within various regions 

of the hippocampal formation. In sham animals, we observed pronounced expression of 

vGAT immunofluorescence along the granular, molecular and lacunosum molecular 
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layers of the dentate gyrus, and along the CA1 and CA3 pyramidal cell layers. We also 

observed moderate expression of vGAT throughout the stratum oriens and radiatum, but 

not in the granular and pyramidal cells nor in the stratum lucidum. Again, this 

distribution pattern seemed consistent with previous literature [12,83,429,454]. The 

distribution pattern of ischemic animals was similar to that of sham-operated animals, for 

the exception of the CA1 pyramidal cell layer. Signal to noise ratio analyses revealed 

main effects of surgery for the CA1 pyramidal cell layer (F(l,19) = 13.74, p_ =.001), the 

stratum radiatum at the CA1 level (F(l,19) = 7.84, p_ =.011), and the hilus of the dentate 

gyrus (F(l,19) = 6.07, p_ =.023). Main effects of diet were observed for the stratum oriens 

at the CA1 level (F(l,19) = 5.71, p_ =.027) and the stratum radiatum at the CA3 level 

(F(l,19) = 5.04, p =.037). Sham-operated animals generally had a significantly higher 

signal to noise ratio than ischemic animals in the CA1 pyramidal cell layer and the hilus 

of the dentate gyrus. Ischemic animals'signal to noise ratio were superior of that of sham-

operated animals in the stratum radiatum at the CA1 level. Ad lib fed animals had a 

significantly higher signal to noise ratio than food-restricted animals in the stratum oriens 

at the CA1 level and the stratum radiatum at the CA3 level (see Table 6). 
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Figure 9: Experimental protocol. Feeding : Presurgical period of differential feeding: ad 
libitum or food restriction. 4-VO : 4 vessel occlusion. After surgery, all animals were 
given 5 days of ad lib access to food and treats to hasten recovery. After the recovery 
period, food-restricted animals were subjected to their previous restricted diet for the 
remaining testing period. From days 6 to 9, the weight of animals fed ad libitum were 
gradually reduced and maintained at approximately 85% of their free-feeding rate during 
the remaining testing period to ensure adequate motivation while food-restricted animals 
were not further deprived. RAM/Training: Training on the radial arm maze from days 6 
to 12 post-ischemia; 1st DNMTS task from days 12 to 42; DNMTS - variable delays (5, 
30, 240 min) from days 43 to 45; 2nd DNMTS task from days 46 to 53; DMTS task from 
days 54 to 68. Day 0 refers to the day of surgery. 
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Figure 10: Localizations of the 11 hippocampal substructures sampled for vGluTl and 
vGAT immunofluorescence intensity. Average Grey Level (AGL) for each area was 
obtained from 2 to 4 bilateral measurements per animal in each of the experimental 
groups. AGL for a given animal represents the average of both the right and left 
hippocampal measures. SNR mean and standard error of the mean were calculated. (1) 
stratum oriens at the CA1 level; (2) stratum oriens at the CA3 level; (3) stratum lucidum; 
(4) stratum lacunosum molecular; (5) stratum molecular of the dentate gyrus; (6) hilus of 
the dentate gyrus; (7) stratum radiatum at the CA1 level; (8) stratum radiatum at the CA3 
level; (9) CA1 pyramidal cell layer; (10) CA3 pyramidal cell layer; (11) granular cell 
layer of the dentate gyrus; (12) corpus callosum (used as background). 
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Figure 11: Body weight of rats either fed ad lib or 60% of the ad lib food weight for three 
months prior to the induction of global ischemia (indicated by the vertical line). Rats fed 
a restricted diet weighted less than ad lib rats throughout the experiment. 
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Figure 12: Effect of ischemia and food restriction on the total number of errors in the 
first DNMTS (15 days) and DNMTS (variable delays) tasks in the radial arm maze. 12a 
and 12c: present the number of errors made by all groups during the acquisition trials of 
the first DNMTS and DNMTS (variable delays) respectively. Both ischemic groups made 
considerably more errors than sham-operated groups. 12b: presents the number of errors 
made during the retention trials of the first DNMTS task. Ad lib fed ischemic rats made 
significantly more errors than food-restricted ischemic and sham-operated rats (p_ <.001). 
The performance of food-restricted ischemic rats did not significantly differ from that of 
sham-operated animals. 12d: shows the number of errors made during the retention trials 
of the DNMTS (variable delays). Again, ad lib fed ischemic rats made more errors at all 
delays, particularly at the 30-min delay than all other groups (p_< 0.02). 
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Figure 13: Effect of ischemia and food restriction on the total number of errors made 
during the 2n DNMTS task in the radial arm maze. 13a: presents the number of errors 
made by all groups during the acquisition trials the 2nd DNMTS. Both ischemic groups 
made considerably more errors than sham-operated groups. 13b: presents the number of 
errors made during the retention trials the 2nd DNMTS. Sham-operated animals and food-
restricted ischemic rats made more errors on the first two days of testing, but the number 
of errors rapidly decreased over the remaining four days while ad lib ischemic rats failed 
to show any significant memory improvement. 
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Figure 14: Effect of ischemia and food restriction on the total number of errors made 
during the DMTS task in the radial arm maze. 14a: presents the number of errors made 
by all groups during the acquisition trials the DMTS. Both ischemic groups made 
considerably more errors than sham-operated groups. 14b: presents the number of errors 
made during the retention trials the DMTS. Again, sham-operated and food-restricted 
ischemic rats mastered this task after two days while ad lib ischemic rats did not readily 
improve. 



10 -

8 -

ho
ice

s 

l 
'E 

1 -f 2 

2 -

0 -

J 

i 

< 

k 

1«t DNMTS 

\ ' l -. 

[ \ 

\ \ \ 
•'•X \ 

"̂  \ 
V-, 

w \ "J 

\ 

*.. 

>• 

. - - • • • ' 

^s\ "'"* 
' . T v ^ - • -

, 

1 
[• ' 1 
1 

'•. s. 

DNMTS (variable delays) 

i 

— Shan>AL 
-• Sham-FR 
. tsch-AL 
'-•Isch-FR 

(A) 
7_9 

Days (B) 

2nd DNMTS 

! r 

(C) 3_4 

Days (D) Days 

Figure 15: Number ofmicrochoices made by all groups during the retention trials of the 
DNMTS andDMTS tasks in the radial arm maze. 15a: presents the microchoices made 
during the first DNMTS task. 15b: shows the microchoices made during the DNMTS 
(variable delays). 15c: presents the microchoices made during the 2nd DNMTS tasks. 
15d: shows the microchoices made during the DMTS task. No significant difference was 
found between groups. Across all retention trials ad lib fed ischemic rats made more 
microchoices than sham-operated and food-restricted ischemic rats. 
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Table 3: Latencies to complete the acquisition trials of the DNMTS and DMTS tasks and 
the retention trials of the initial DNMTS radial arm maze task. 

Acquisition trials 

1st DNMTS (15 days) 
1-3 
4-6 
7-9 
10-12 
13-15 

DNMTS (delay intervals) 
5 min 
30min 
240 min 

2nd DNMTS (6 days) 
1-2 
3-4 
5-6 

DMTS (8 days) 
1-2 
3-4 
5-6 
7-8 

Retention trials 

1st DNMTS (15 days) 
1-3 
4-6 
7-9 
10-12 
13-15 

Sham-AL 

442.30±41.82 
301.97+25.99 
250.90+31.78 
194.97+24.23 
188.50+25.11 

205.90±37.42 
257.20+26.94 
257.50+36.48 

278.45+45.61 
290.10+41.11 
260.80±42.56 

239.90+24.68 
241.15+33.42 
201.10+26.10 
186.45±20.18 

Sham-AL 

450.97±43.54 
327.17±43.37 
264.57±40.97 
215.80+32.20 
188.60+31.07 

Sham-FR 

459.04±42.78 
296.52+50.93 
219.22+25.02 
231.63±29.32 
179.30±15.39 

165.00±17.28 
173.11+22.02 
208.44+27.14 

193.00±12.97# 
174.17±21.94# 

Isch-AL 

517.70+34.37* 
466.85+41.59* 
370.04+49.63* 
327.56±54.58* 
277.15±49.60* 

158.79+38.66 
183.44+34.78 
187.79±32.16 

196.39±26.53 
172.61±33.59 

171.50±13.30# 211.06±39.48 

184.94+13.75 
167.61+11.66 
160.44+19.53 
143.56+13.62 

Sham-FR 

383.78±46.47 
275.63±53.36 
234.78+36.83 
171.70+23.26 
160.04+14.96 

218.06+39.37 
196.89±51.58 
200.17±52.09 
209.28±51.61 

Isch-AL 

439.00+47.75 
347.63±56.92 
230.07+42.21 
196.30+50.24 
167.22+49.94 

Isch-FR 

390.15+33.20 
284.49+39.49 
231.79±20.10 
176.49±13.02 
187.33+23.26 

155.82±20.49 
161.27+29.06 
144.46±13.25 

195.68±18.86# 
152.27±9.49# 
172.91±21.06# 

192.82+10.68 
163.86+15.35 
144.46±12.87 
143.55±7.64 

Isch-FR 

425.18+38.86 
234.72+45.20 
192.88±44.65 
180.91+27.41 
178.79+41.92 

(*) indicates that ischemic rats fed an ad lib diet took considerably more time to 
complete the first DNMTS task than sham-operated rats (p = .004) and food-restricted 
ischemic rats (p_ =.001). (#) indicates that food-restricted rats took considerably less time 

nd 
than ad lib fed rats to complete the acquisition trials of the 2n DNMTS task (p. = .038). 
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Figure 16: Effects of the ad lib and restricted diet on baseline CORT concentrations and 
the impact of a 15 min restraint stress on blood concentrations 30 and 60 min following 
stress induction. Blood collection was performed one month prior (Pre - left panel), and 
68 days following sham surgery or 12-min global ischemia (Post - right panel). (*,**) 
indicates significant differences from respective baseline levels for all animal groups 
(p < .001). (#) reveals a significant difference in CORT levels between food-restricted 
and ad libitum fed rats 45 min following restraint stress (2=0.017). 



Table 4: Density of hippocampal CA1 and CA3 neurons (cells/lmm, CA1 and CA3 
tissue) in AL and FR sham and ischemic animals, 70days following reperfusion. 

CA1 
CA3 

SHAM-AL 

271.01+3.43 
237.73±6.38 

SHAM-FR 

280.39±5.13 
237.15±8.21 

ISCH-AL 

63.3±17.67* 
135.71±18.72* 

ISCH-FR 

83.11± 23.41* 
168.05±13.26* 

(*) indicates that neuronal density of both ischemic groups was significantly reduced as 
compared to sham-operated rats (p_ <001). 
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Figure 17: Representative photomicrographs of neuronal density in the hippocampal CA1 
(A, B, C, and D; left column) and CA3 (E, F, G, and H; right column) pyramidal cell 
layers in ad libitum and food-restricted sham-operated and ischemic rats 70 days 
following surgery: (A and E) ad lib fed sham-operated rats; (B and F) food-restricted 
sham-operated rats; (C and G) ad lib fed ischemic rats; (D and H) food-restricted 
ischemic rats. 
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Figure 18: Representative photomicrographs of vGluTl immunofluorescence in ad 
libitum (A and B; left column) and food-restricted (C and D; right column) sham-
operated (A and C) and ischemic (B and D) rats 70 days following surgery. 
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Figure 19: Representative photomicrographs of vGAT immunofluorescence in ad libitum 
(A and B; left column) and food-restricted (C and D; right column) sham-operated (A and 
C) and ischemic (B and D) rats 70 days following surgery. 
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Table 5: Signal to noise ratio of vGluTl immunofluorescence in 14 um tissue sections. 

Areas 

1. CA1 stratum oriens 
2. CA3 stratum oriens 
3. Stratum lucidum 
4. DG lacunosum molecular layer 
5. DG molecular layer 
6. DG hilus 
7. CA1 stratum radiatum 
8. CA3 stratum radiatum 
9. CA1 pyramidal cell layer 
10. CA3 pyramidal cell layer 
11. DG granular cell layer 
12. Corpus Callosum 

Sham-AL 

382.51+12.9 
367.89+18.3 
336.90+10.5 
208.87+12.4 
286.58+21.9 
246.68+21.4 
363.37+15.2 
281.07+7.6 
97.30±7.8 
72.77+8.0 
13.96+7.0 
39.15+1.6 

Sham-FR 

359.22+25.8 
361.81+13.6 
339.88±4.9 
201.38+10.7 
309.97+11.2 
258.82+19.0 
352.26+25.8 
294.68+11.6 
94.08+7.8 
77.93+6.0 
15.60+4.2 
40.14+0.8 

Isch-AL Isch-FR 

192.88+43.7* 188.27+39.3* 
306.65+37.6 354.02+37.0 
348.85±18.1 349.44+19.6 
169.87+13.8* 161.15+18.9* 
348.63+29.9# 356.72+23.4# 
311.93±31.2#312.63±27.8# 
262.09+41.4*269.59+30.2* 
273.53+24.4 312.46+28.6 
58.93+12.2* 46.47+10.1* 
95.76+9.1# 106.38+16.7# 
25.50+6.3 20.79±4.1 
40.23+1.5 37.43+1.2 

Signal to noise ratio is defined by the relationship (specific IF - background IF) / 
(background IF) x 100. 

(*) indicates that SNR of both ischemic groups was significantly reduced as compared to 
sham-operated rats, in the stratum oriens at the CA1 level (p_ <.001), the CA1 pyramidal 
cell layer (p_ <.001), the stratum radiatum at the CA1 level (p = .009), and the lacunosum 
molecular layer of the dentate gyrus (p = .017). 
(#) indicates that SNR of both ischemic groups was significantly superior of that of sham-
operated rats, in the CA3 pyramidal cell layer (p = .004), and the molecular layer 
(p = .038), and hilus of the dentate gyrus (p_ = .039). 
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Table 6: Signal to noise ratio of vGAT immunofluorescence in 14 um tissue sections. 

Areas 

1. CA1 stratum oriens 
2. CA3 stratum oriens 
3. Stratum lucidum 
4. DG lacunosum molecular layer 
5. DG molecular layer 
6. DG hilus 
7. CA1 stratum radiatum 
8. CA3 stratum radiatum 
9. CA1 pyramidal cell layer 
10. CA3 pyramidal cell layer 
11. DG granular cell layer 
12. Corpus Callosum 

Sham-AL 

34.10+1.7 
40.89±2.9 
32.64+3.1 
57.23+5.2 
63.83+6.2 
88.38±3.5 
32.15+4.1 
42.90±1.8 
86.72+2.2 
95.61±6.1 
39.80±1.4 
72.89±2.3 

Sham-FR 

29.79±2.8# 
40.20+3.7 
32.42+2.2 
56.09+2.1 
69.20+5.8 
90.83±10.1 
29.65±2.6 
41.51±3.3# 
84.14+4.6 
90.41+6.5 
37.40+5.1 
70.64±2.7 

Isch-AL 

43.01±4.1 
59.94±8.6 
33.40±5.5 
55.91±8.4 
66.54±7.1 
88.40+5.3* 
48.38±4.5** 
52.09+3.6 
70.85+9.6* 
96.34±15.2 
28.86±4.0 
72.05±2.2 

Isch-FR 

32.98+2.2# 
40.24±9.6 
24.08±2.9 
43.78±3.0 
52.05±4.3 
73.81±7.0* 
40.24±4.9** 
39.62+2.6# 
56.95+2.5* 
74.18±7.2 
27.37±4.3 
73.83±1.5 

(*) indicates that SNR of both ischemic groups was significantly reduced as compared to 
sham-operated rats in the CA1 pyramidal cell layer (p <.001), and the molecular layer of 
the dentate gyrus (p_ = .023). 
(**) indicates that SNR of both ischemic groups was superior of that of sham-operated 
rats in the stratum radiatum at the CA1 level (p_ = .011). (#) indicates that SNR of food-
restricted animals was significantly lower of that of ad lib fed animals, in the stratum 
oriens at the CA1 level (p_ = .027) and the stratum radiatum at the CA3 level (p. = .037). 
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Discussion 

The purpose of this study was to assess the impact of 3-month food restriction on 

ischemia-induced learning and memory deficits using spatial delayed non-matching- and 

matching-to-sample radial arm maze tasks. These tasks are believed to be more complex 

than the standard radial arm maze task based on the cognitive abilities that they required. 

The standard radial arm maze task is a measure of allocentric spatial memory and 

working memory. DNMTS/DMTS tasks are also measures of allocentric spatial memory 

and working memory but also include reference memory and winshift/winstay 

procedures. Consequently, more brain structures are involved in the latter tasks. The main 

finding of this experiment was the preserved spatial memory observed in food-restricted 

ischemic rats in all delayed tasks. In contrast, ad lib fed ischemic animals made 

significantly more errors in both tasks. The findings are intriguing because ad lib and 

food-restricted ischemic animals had comparable CA1 and CA3 cellular damage. 

These findings raise a number of questions. The first one is whether food 

restriction, as such, produces changes in the brain that allow more efficient learning and 

memory for example by recruiting other brain areas to perform spatial tasks. These 

changes could be conceivably induced by food scarcity and be an adaptive response to 

increase foraging abilities. In the present experiment, however, the sham-operated food-

restricted animals did not perform better in the spatial tasks even though there was a 

slight advantage to food-restricted sham animals immediately following the switch from 

DNMTS to DMTS. This lack of effect in sham animals is at odds with previous 

demonstrations of the beneficial effects of food restriction on memory performance 

[29,199,202,313,376,432]. A possible explanation is the presence of a ceiling effect in the 



115 

tasks for the sham animals. However, that explanation does not account for lack of 

difference in the retention tests at the beginning of the series of tests, where improvement 

was possible. Thus, at least within the limits of the present experiment, the effect of food-

deprivation in the ischemic group does not appear to be linked to a general improvement 

in learning and memory abilities. 

The second question is whether food restriction is conducive to improved 

neuronal plasticity following injury and thus leads to improved learning abilities in the 

face of equal neuronal damage through a more efficient reorganization of the remaining 

neuronal pathways. Because animals were euthanized 70 days post-ischemia, there was 

limited opportunity to test this hypothesis. We conducted preliminary experiments on 

other groups of rats that underwent similar food restriction euthanized at various delays 

(i.e., 7, 31, and 70 days) after ischemia. We did not find, at any of the delays, any 

difference in the number of apoptotic cells using caspase-3 immunolabeling or any 

increase in the number of doublecortin-positive cells (newly-formed neurons) in the 

hippocampus of food-restricted ischemic animals compared to ad lib ischemic ones. 

Casual examination of these brains did not reveal obvious differences in caspase-3 

labeling in other brain regions involved in spatial memory. Although these observations 

are from other animals, they suggest that food restriction does not produce its beneficial 

effect on learning and memory through a large reduction of neuronal damage or an 

increase of adult neurogenesis. 

Alternatively, the trend towards increased survival of CA3 neurons in the food-

restricted rats could be entertained as a possible basis for functional sparing in these 

animals. However, CA3 neurons are part of a pathway projecting to the CA1 and CA2 
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layers before projecting back the entorhinal cortex, perirhinal cortex and neocortex 

[30,106,243]. Although a small increase in cell survival in the CA3 region could promote 

reduction of ischemia-induced memory impairments in food-restricted animals, the 

extensive cell loss that we observed in the CA1 in these animals makes it unlikely that the 

surviving CA3 neurons played an extensive role in the functional sparing observed in 

food-restricted rats. 

A final thought on the possibility that food restriction could exert some impact 

post-ischemia. Although possible, the fact that "ad lib" animals were essentially food-

deprived starting 6 days post-ischemia until the end of the behavioural testing and that 

"food-deprived" rats were actually not deprived during the immediate post-operative 

period seems to rule out this possibility. Indeed, since the "ad lib" animals did have 

important neuronal losses and limited success in the behavioural tasks, it is unlikely that 

food restriction produced its effects in the immediate post-operative period (when all 

animals had ad lib access to food) or during the lengthy behavioural testing period (when 

all animals were food-deprived). Moreover, the fact that the food restriction was begun 

well before the ischemia suggests that it must either provide protection from memory 

deficits or facilitate recovery from a deficit: the results of Figure 12 indicate a protection 

rather than a facilitation of recovery. Taken together, these observations suggest that the 

pre-ischemic food deprivation is the crucial step that led to better functional sparing in 

the food-restricted animals. Obviously, this hypothesis will need to be further addressed 

before a final conclusion is reached. 

A number of physiological hypotheses could have been entertained had the design 

of the present experiments allowed us to make observations at other time point than the 
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end of the behavioural observations. Beyond the doublecortin and caspase-3 observations 

described above, we chose to examine GABA and glutamate vesicular transporters 

because of the central role of these neurotransmitters in excitation and inhibition. Overall, 

the distribution patterns of vGluTl and vGAT expression in sham-operated and ischemic 

animals in this experiment were consistent with previous reports [12,83,223,233,429, 

454].Our findings revealed higher vGluTl immunofluorescence in most hippocampal 

substructures in sham-operated animals. Moderate to intense vGAT immunofluorescence 

was found along the granular, molecular, and lacunosum molecular layers of the dentate 

gyrus, and along the CA1 and CA3 pyramidal cell layers, and the stratum oriens and 

radiatum in these animals. In contrast, ischemic rats showed significantly higher vGluTl 

expression in the CA3 pyramidal cell layer, and the molecular layer and hilus of the 

dentate gyrus. vGAT distribution in the hippocampal formation was similar in ischemic 

and sham-operated animals, with the exception of reduced vGAT expression in the CA1 

pyramidal cell layer in ischemic animals. These alterations were independent of the 

consumed diet. 

In the current study, comparable vGluTl expression was observed in food-

restricted and ad lib fed rats in various hippocampal substructures. This study is the first 

to observe changes in the vesicular transporters in food-restricted animals rendering 

direct comparisons impossible. To date, studies assessing glutamatergic transmission in 

food-restricted animals have generated mixed finding. Thus, while studies have reported 

significant inhibition of aged-related decline of NMDA-R1 and AMPA-GluRl receptors 

expression and long term potentiation deficits in food-restricted rodents [60,128,153,154, 

176,218,443], Newton et al. [344] and Shi et al. [419] demonstrated lower level of 
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NMDA-NR1 and AMPA-GluRl subunits in young food-restricted animals as compared 

to ad lib fed animals, levels that remained stable throughout lifespan. Of interest, Guo et 

al. [173] demonstrated that HSP-70 and GRP-78 protein levels are more elevated in food-

restricted rats' synaptosomes as compared to ad lib fed rats. As a result, their 

synaptosomes are more resistant to oxidative and metabolic damage given a better 

glucose preservation, glutamate transportation, and mitochondrial functions. 

Furthermore, alternate day feeding has been shown to delay age-related dendritic spines 

losses or configuration changes within pyramidal cells [330]. These findings suggest 

plastic changes at the synaptic levels following food restriction that may promote better 

neurotransmission despite discrete alterations in glutamatergic transporter density. 

In addition, food-restricted rats showed lower vGAT expression in the stratum 

oriens and radiatum at the CA1 and CA3 levels, respectively. This is interesting because 

the inputs to the CA3 pyramidal cell layer from the dentate gyrus via the perforant path 

and the mossy fibers travel through the CA3 stratum radiatum. Moreover, the outputs of 

the CA1 pyramidal cell layer to the subiculum and entorhinal cortex travel through the 

stratum oriens at the CA1 level. A decrease of inhibition in these two hippocampal 

substructures as suggested by lowered vGAT expression could lead to enhanced 

excitatory signals, allowing better information transfer to the remaining neurons in the 

CA1 pyramidal cell layer, subiculum, and entorhinal cortex. Although the functional 

relevance of these observations will have to be specifically assessed, they could 

conceivably have led to better consolidation of spatial information in food-restricted 

ischemic rats despite significant CA1 and CA3 neuronal loss. 
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One month prior to induction of surgery and 68 days following reperfusion, we 

collected three blood samples (baseline, 30 and 60 min following restraint onset) in order 

to evaluate the effect of the surgery and the diet on basal corticosterone levels and 

variations in the different conditions upon acute stress exposure. Studies have 

demonstrated that corticosterone (CORT) levels increase considerably with age in ad 

libitum fed rodents, and that chronic elevations of CORT have deleterious effects on the 

animals' brain and behaviour including hippocampal atrophy, cognitive impairments, 

decreased long-term potentiation, and reduced neurogenesis [366]. In recent years, food 

restriction has been shown to considerably increase the endogenous peak of plasma and 

serum CORT levels in the diurnal period preceding feeding [13,77,342,406]. Under food 

restriction regimens, circadian synchronization of food-restricted and ad libitum fed 

animals is usually not concordant because ad lib animals feed throughout the dark 

photoperiod while food-restricted rats typically consume food in fewer episodes usually 

during the light period. In animals fed during the light period, food restriction produces a 

peak of CORT in the morning whereas CORT levels are usually low during that period in 

ad libitum fed animals [259]. In the current study, the observations of comparable 

baseline CORT levels in ad lib and food-restricted rats pre and post surgery and increased 

CORT inhibition in food-restricted rats only following stress make it unlikely that CORT 

levels could explain the behavioural differences observed between food-restricted and ad 

lib animals. 

Studies that have assessed blood glucose levels in ad libitum and following daily 

food restriction have shown reduction in blood glucose as compared to ad lib rats, with 

concentrations between 120-130 mg/dL in food-restricted compared to 140-160 mg/dL 



for ab libitum ischemic rats. Interestingly, although plasma glucose are lower, food-

restricted rats use glucose fuel at the same rate per unit of metabolic mass per day as rats 

fed ad libitum [297]. At present, the effects of hypoglycemia are far less established and 

Auer demonstrated hypoglycemic brain damage after glucose levels have fallen below 

ImM (18mg/dL) [16] or between 1-3 mM [492]. In contrast, blood levels in the range of 

6-7 mM (108-126 mg/dL) had no impact on neuronal necrosis [492]. Thus, it appears 

that drastic variations in glucose are unlikely to have played a determinant effect on cell 

survival. Nonetheless, given that the FR regimen lasted for 3 months prior to the ischemic 

insult, it is possible that other physiological processes were affected. Such differences 

(e.g., 1°C lower temperature, slightly improved CBF) might lessen cell death in 

structures (e.g., hilus, subiculum, posterior CA1 and CA3) that were not assessed in the 

current study. 

The observation of opposite behavioural profiles in the radial arm maze despite 

comparable neuronal degeneration in the CA1 and CA3 hippocampal subfields of ad lib 

fed and food-restricted ischemic rats raises the question whether hippocampal pyramidal 

neurons and their associated neuronal circuits are necessary for the acquisition and 

retention of DNMTS or DMTS. Two aspects of our tasks are relevant for hippocampal 

function: the first one is the delay in receiving the reinforcement and the second is the 

spatial navigation required to successfully perform the tasks. Although performance on 

DNMTS and DMTS tasks based on object recognition was initially claimed to be 

hippocampal dependent [88,397,469], a number of studies showed that hippocampal 

lesions do not always impair DNMTS or DMTS performance. For example, ischemic 

monkeys with mild to moderate CA1 cell loss had no memory impairment in a similar 
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DNMTS task [413]. Also, ischemic rats with CA1 damage were not impaired in a 

delayed-non-matching-to-position task in a Skinner box; however, they were unable to 

use allocentric spatial information in the Morris Water Maze [341]. Contrary to ischemic 

rats with partial hippocampal lesions which showed impairments in DNMTS and DMTS 

object recognition tasks, rats with complete hippocampal ablation were found to be 

unimpaired or only mildly impaired in these tasks [332,334]. Furthermore, ischemia 

followed by hippocampal ablation failed to impair object recognition performance in rats, 

again suggesting the contribution of extrahippocampal structures in delayed recognition 

task. Finally, Duva and colleagues [125] observed that partial NMDA-induced lesions of 

the dorsal hippocampus, which mimic the hippocampal damage following a 2-VO 

occlusion, failed to alter performance in a similar DNMTS task in rats with or without 

pre-operative training. However, these animals showed important acquisition deficits on a 

spatial reference memory task in the water maze. Taken together, these results suggest 

that delayed aspects in non-spatial recognition tasks are not solely dependent on 

hippocampal function, but involve extrahippocampal regions in rodents and primates. 

Alternatively, these extrahippocampal regions could become involved only after the 

hippocampus is damaged. Bachevalier and Mishkin [21] suggested that partial 

hippocampal damage may result in a functional disorganization of the remaining 

hippocampal circuits interfering with afferent connections to extrahippocampal regions. 

Some evidence suggests that cortical and subcortical structures including the perirhinal, 

subicular and parasubicular regions and the medial prefrontal cortex, may play an 

important role in tasks involving delays, object recognition or spatial memory 

[20,190,440]. 



More recently, Lee and Kesner [260] demonstrated that HPC or PFC lesioned-rats 

initially showed deficits using a short delay (10s) in a DNMTS task in the radial arm 

maze; however, both groups improved to sham level over time. In contrast, rats with 

combined lesions of HPC and PFC showed lasting impairments. Interestingly, a 5-min 

inter-trial delay was shown to selectively affect hippocampal-lesioned rats whose 

performance worsened while PFC-lesioned rats learned the win-shift rule with such 

delay. In a similar experiment, learning deficits were found in rats with lesions of either 

CA3 subfield of the hippocampus or the dentate gyrus in DNMTS radial maze using 10-

sec and 5-min delays while impairments in CA1 lesioned animals were observed only 

with the longer 5-min inter-trial delay [261]. These results demonstrate that hippocampal 

lesions lead to deficits in spatial tasks with a relatively long delay (> 5 min) such as 

DNMTS and DMTS in the radial arm maze but there are indications that with shorter 

delays, animals can overcome the effect of hippocampal lesions with extended training. 

In the present study, it is difficult to ascertain that deficits observed in the DNMTS radial 

maze task in ad lib fed ischemic animals are delay-dependent. To make such statement, it 

would have-been useful to vary delay in the initial testing period to appreciate change in 

acquisition of the task with distinct delays. Our findings show that a 15-min inter-trial 

delay led to significant memory impairments in ischemic ad lib rats that persisted during 

the 15-day testing period. However, once DNMTS training had taken place, additional 

testing using variable delays had no impact on rats' performance. Thus, performance of 

ischemic ad lib animals using a 30-min delay was equivalent to that seen on the 15th 

testing day in the initial DNMTS task, while performance using 5- and 240-min delays 

appeared slightly improved. In contrast, memory improvement gradually observed in 



123 

food-restricted ischemic rats in the first DNMTS task suggests that their performance was 

not delay dependent. This is further supported by the fact that they reached criterion in 

about the same time in the 5, 30, or 240-min inter-trial delay conditions as they did in the 

initial DNMTS task. Food-restricted ischemic rats also had identical performance as that 

of sham-operated rats fed either diet. Thus, our results indicated that once the task was 

learned, increasing delays did not impair retention. 

In our experiment, ad lib fed ischemic rats were significantly impaired in the 

DMTS task as they persevered in visiting alternate arms in retention trials normally 

baited in DNMTS task. Surprisingly, they appeared to predominantly use a DMTS 

strategy when they initially had to perform a DNMTS task and a DNMTS strategy in the 

DMTS task. As they made progress using DNMTS strategies, they appeared unable to 

rapidly shift from one strategy to another suggesting a lack of cognitive flexibility. In 

addition, although no significant differences were found between the animal groups in the 

frequencies of microchoices performed during acquisition trials, ad lib fed ischemic rats 

made consistently more microchoices in the retention trials on both DMNTS and DMTS 

tasks than food-restricted ischemic rats and sham-operated rats fed either diet. In order to 

complete the behavioural tasks, they made more macrochoices than other groups, which 

included correct responses and more particularly proactive and retroactive errors. Taken 

together, these results demonstrate spatial memory impairments and lack of cognitive 

flexibility in ad lib fed ischemic rats. In contrast, food-restricted animals made fewer 

microchoices and demonstrated more adaptive cognitive responses in both DNMTS and 

DMTS tasks within few days. 

A final consideration is that repeated testing over 70 days can be taken as a form 



of cognitive rehabilitation and that food restriction may have facilitated this process and 

led to improved neuronal plasticity and learning abilities. This hypothesis remains to be 

tested but could be significant. 

In summary, our study is the first to demonstrate that 40% food restriction confer 

protection against cognitive impairments produced by global ischemia. Food-restricted 

ischemic rats were able to learn complex memory tasks and demonstrated superior 

adaptive behaviour and cognitive flexibility despite comparable CA1 and CA3 neuronal 

loss as ad lib fed ischemic rats. These results suggest an impact of the diet regimen on 

endogenous mechanisms that play a role in neuronal plasticity and/or promote 

compensatory mechanisms or adaptive changes within brain structures. 
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Abstract 

The purpose of the present study was to examine the impact of nutritional 

supplementation with essential omega 3 and 6 fatty acids on CA1 neuronal death and 

recovery of functional impairments following global ischemia. Groups of Wistar male 

rats were randomly assigned to four experimental conditions determined by the 

consumed diet and surgical condition. Rats either received a standard diet (SD; Purina 

5012) or a 15% PUFA supplemented diet (FO+CO) prepared by adding 11.5% (w/w) fish 

oil from menhaden fish and 3.5% corn oil to standard rat chow. Diet conditions were 

initiated in 30-day old rats and maintained for an 18-week period (pre and post surgery). 

Sham or 8-min global ischemic surgeries occurred during the 13 feeding week and 

behavioural testing took place following reperfusion for an additional 4 weeks, after 

which all rats were euthanized. Our findings revealed significant loss of pyramidal CA1 

neurons 31 days post-ischemia in ischemic as compared to sham-operated rats but no 

difference between ischemic animals fed the SD or PUFA supplemented diet. In the 

radial arm maze, SD ischemic rats took longer time to complete the task and made 

significantly more working memory errors than PUFA ischemic and sham-operated 

animals. Independent of the diet, ischemic animals appeared less anxious in the elevated 

plus maze, spending considerably more time in the open arms as compared to sham-

operated rats. Taken together, these results suggest that a PUFA supplemented diet exerts 

beneficial effect on ischemia-induced spatial memory deficits despite absence of 

protective effects on CA1 hippocampal neurons. 
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Introduction 

Numerous studies have suggested that polyunsaturated fatty acids (PUFA) exert 

beneficial effects on various pathological states including cardiovascular and 

autoimmune diseases [4,64,111,337,369]. At the cellular level, PUFA have been shown 

to promote structural integrity of neuronal membranes, enhance hippocampal dendritic 

spine density and confer protection against ischemia-induced apoptotic cell death 

[28,408]. Unable to synthesize these molecules, mammals consume these essential fatty 

acids as part of their diet. High levels of omega-3 PUFA, including eicosapentaenoic acid 

(EPA) and docosahexaenoic acid (DHA), are derived from the tissues of oily fish. 

Recently, different studies have suggested that short-term consumption of fish oil 

supplemented diet significantly attenuated brain damage following middle cerebral artery 

occlusion in rats [86,139,398]. Similarly, when administered for 14 days prior to bilateral 

common carotid occlusion, fish oil (0.4g/kg/day) significantly attenuated ischemia-

induced cellular oxidation and apoptosis in rats' hippocampal formation [28]. 

Concomitant to improvement of cerebral microvascular functions, consumption of PUFA 

supplemented diets significantly reduced learning impairments in the Morris water maze 

in ischemic animals [107]. At present, investigation of the contribution of PUFA 

supplemented diets on neuronal damage and memory deficits following global ischemia 

remains limited. Administration of alpha-linolenic acid for three days prior to 6-min 

ischemia in rats led to significant increase of heat shock proteins (HSP70) expression 

associated with reduced ischemia-induced CA1 neuronal injury [44]. Moreover, DHA 

administration for 21 days significantly attenuated ischemia-induced hippocampal injury 

and spatial memory deficits in the radial maze [353]. These findings suggest that PUFA 



supplementation can alter ischemia-induced cellular processes and/or functional deficits. 

However, all studies have assessed short-term PUFA exposure (< 6 weeks) and cellular 

molecular and recovery at early reperfusion intervals, leaving the long-term effects of 

prolonged PUFA intake on ischemia-induced neuronal and functional outcomes 

undetermined. 

Thus, the aim of the current study was two fold: to examine the impact of a three 

month PUFA supplemented diet on hippocampal cellular damage following 8 min global 

ischemia, and determine the effects of prolonged PUFA supplement intake on 

locomotion, spatial memory and anxiety in control and ischemic animals. 

Materials and methods 

Animals and dietary protocols 

Male Wistar rats (N=39), weighing between 100-125 g at arrival into the 

animal care facility, were obtained from Charles River Laboratories (Rochefort, 

Quebec, Canada). The animals were individually housed and maintained on a 12 h 

light/dark cycle (lights on at 7:00 AM), with free access to water and standard rat 

chow. The room temperature was maintained at 21-23 °C with 60% relative 

humidity. Rats were fed a standard laboratory chow for the first week while 

adapting to the new environment. Following this period, rats were randomly 

assigned to one of two dietary conditions for an 18-week period, the surgical 

procedure occurring on week 13 following initiation of the diet (see Figure 20 for 

the experimental protocol). Dietary regimens continued until euthanasia (i.e., 31 

days following reperfusion). One group of animals continued to have free access to 



a standard rat chow (SD: Purina # 5012), consisting of 22.5% protein, 4.02% fat, 

4.6% fiber, and 52.9% carbohydrates. The second group received a 15% PUFA 

supplemented diet (FO+CO), prepared by adding 11.5% (w/w) fish oil from 

menhaden fish (Sigma-Aldrich, Canada) and 3.5% corn oil (commercial oil, No 

Name brand) to the standard diet, which increased n3 and n6 fatty acid content, 

respectively. The 4.02% fatty acids content of the regular chow included Linoleic 

acid (1.81%>), Linolenic acid (18:3n-3; 0.12%), Arachidonic acid (20:4n-6; 

<0.01%), Omega-3 (0.31%), monounsaturated (1.03%) and saturated (0.74%) fatty 

acids. In the supplemented diet, the fish oil contained approximately 25% n-3 

(octadecatetraenoic, eicosapentaenoic acid - EPA - and docosahexaenoic - DHA) 

fatty acids. The fatty acid composition offish oil was approximately as follows: 

0.1% 12:0, 10.8% 14:0, 23.2% 16:0, 4.2% 18:0, 0.4% 20:0, 0.1% 22:0, 11.4% 16:1, 

10.6% 18:ln-9, 1.3% 20:1, 1.8% 18:2n-6,1.7% 18:3n-3, 0.9% 16:2, 13.5% 20:5n-3, 

1.7% 22:1, 9.9% 22:6n-3 (percent of total fatty acids) [320]. The corn oil contains 

at least 98%) of lipids, including more than 60%> of linoleic acid and less than 1.5% 

of linolenic acid [349]. Table 7 shows the approximate polyunsaturated fatty acids 

content of the experimental diets (g/lOOg). 

To control PUFA intake by individual rats, the oil supplement was added 

daily to individual portion of standard diet. A pilot study done in our lab indicated 

that adult rats consumed on average 30 grams of standard rat chow per day. Based 

on these observations, the amount of oil supplemented to the diet was calculated 

individually using the formula: (FO: food weight (g) * 0.115; CO: food weight (g) 

x 0.035). The standard chow contained 4.02 g of fat per 100 g, providing 1.2 g fat 



per 30 g individual portion. Individual portion of the FO+CO diet contained 3.45 g 

of menhaden oil and 1.05 g of corn oil added to 30 g of standard chow (already 

containing 1.2 g of fat). The resulting product weighted 34.5 g and contained 16.5% 

fat, of which 12.5% came from PUFA supplementation. Therefore, the FO+CO 

supplemented diet provided additional lipid energy of about 110 kcal/100 g of diet 

compared to the standard chow. To minimize oxidation, fresh food pellets were 

prepared daily. All food and oil were stored in the dark at 4°C. Food intake was 

recorded every morning between 8:00-9:00 AM. All animals had free access to food 

and water throughout the experiment. Rats were handled daily and weighted every 

two or three days, immediately after food was replenished. 

Nineteen rats were fed the standard rat chow while twenty rats received the 

FO+CO supplemented diet. They were randomly assigned to one of the four 

experimental groups: rats fed a standard diet receiving sham surgery (SHAM-SD; 

n=9) or 8-min global ischemia (ISCH-SD; n=9), and PUFA supplemented groups 

receiving sham surgery (SHAM-FO+CO; n=9) or 8-min global ischemia (ISCH-

FO+CO; n=10). These groups do not include the 3 animals that died following 

ischemic surgery (2 ISCH-SD, and 1ISCH-FO+CO). All experiments are conform 

to NIH guide for the Care and Use of laboratory animals (NIH publications N°80-

23, revised 1996) and procedures were carried out in accordance with the guidelines 

set by the Canadian Council of Animal Care and were approved by the University 

of Ottawa Animal Care Committee. All efforts were made to minimize the number 

of animals used and their suffering. 



Surgical Procedures 

Forebrain ischemia was performed using the four-vessel occlusion model as 

previously described by Pulsinelli and Brierley [391]. Briefly, rats were deeply 

anesthetized by inhalation of 2% halothane vaporized by oxygen (1.5 to 2 L/min). 

Vertebral arteries were irreversibly occluded by electrocoagulation, and a small-diameter 

silk thread looped around the carotid arteries to facilitate subsequent occlusion. Twenty-

four hours later, the common carotid arteries were clamped with microaneurysm clamps 

for 8 minutes in awake and spontaneously ventilating animals. Sham-operated animals 

underwent anesthesia and received the same dorsal and ventral surgical incisions as the 

two ischemic groups, with the exception of electrocoagulation of the vertebral arteries. 

Twenty-four hours later, the carotid arteries were exposed, but not clamped. Body 

temperature was kept at 37°C ± 0.5 throughout the surgery using a feedback-regulated 

heating blanket connected to a rectal thermometer (Homeothermic Blanket Control Unit, 

Harvard Instruments, Natick, MA). Subjects' body temperature was further supported 

with a heating pad in the hours following surgery and reperfusion. 

Behavioural testing 

Open field 

The arena was made of gray Plexiglas (LWH: 75 X 75 X 30 cm) with a clear 

Plexiglas floor. A painted grid divided the Plexiglas floor into 36 identical squares each 

measuring 15X15 cm. The arena was located on a table 90 cm above the floor, and was 

dimly illuminated. Black curtains surrounded the arena and behaviour was monitored 

using an overhead video camera. Animals were brought to the test room 30 min prior to 
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test administration. Four and thirty days following reperfusion, sham and ischemic rats 

were placed in the open field and behaviour were monitored for 15 min by the 

experimenter using a PC computer and data logging software. Rats were monitored for 

frequency of line-crossing and rearing behaviour, and time (sec) spent grooming or being 

inactive. Frequency of behaviour was assessed in the peripheral zone (defined as the 20 

squares directly adjacent to the walls) and central zone (all remaining squares). 

Elevated plus maze 

The elevated plus maze (EPM) consisted of two opposing open arms (50 X 10 cm 

with a 5 mm clear Plexiglas lip), an open 10 X 10 cm area in the center and two opposing 

closed arms (50 X 10 cm with 40 cm high walls). The maze was 60 cm above the floor. 

Animals were tested 5 days following reperfusion and brought to the test room 30 min 

prior to test administration. Black curtains surrounded the maze and behaviour was 

monitored using an overhead video camera. Each rat was placed in the open field (75 X 

75 cm with 30 cm high walls) for a 5-min habituation period. Immediately thereafter, the 

rat was placed in the center of the elevated plus maze facing one of the open arms of the 

maze. The time spent and the number of entries in the open or closed arms, as well as risk 

assessment and crossing behaviour were recorded. Crossing behaviour refers to the 

situation where the animal cross the center zone going from one arm to its opposite arm 

and were recorded during a 5 min test interval. A close or open-arm entry was defined as 

placing all four paws in an arm. Risk assessment was operationally defined as a stretch-

attend response, whereas the rat stretched its body forward and either sniffed or visually 

scanned the open arm. In stretch-attend behaviour, head entry into the open arm was 
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required while paws and body remained in the center area or closed arm. 

8-arm radial maze 

The radial arm maze consisted of eight arms (60 X 12 cm with a 5 cm lip around 

each arm) extending radially from a central octagonal area (32 cm in diameter with a 30 

cm high clear Plexiglas wall). Plexiglas sliding doors were moved up to allow entry into 

each arm. The floor of the arms and central area was covered with black rubber lining. 

The apparatus was elevated 50 cm above the floor and surrounded by extra-maze cues 

placed on the walls, such as posters or calendars. The experimenter was sitting behind a 

panel where he could observe and record behaviour unobtrusively as well as manipulate 

the overhead strings to open and close the maze doors. At the end of each arm, a food cup 

(1 cm deep into the floor) contained a piece of Fruit Loop. Twenty-four hours after the 

completion of the elevated plus maze (6 days following reperfusion), the animals began 

training in the radial maze. Again, animals were brought to the room 30 minutes prior to 

the testing. The weight of all animals were gradually reduced (over a 4-day period) and 

maintained at approximately 85% of their free-feeding rate during the testing period to 

ensure adequate motivation. 

During training, rats were habituated to the radial arm maze during four 10-min 

daily sessions on successive days. The baits (small pieces of Fruit Loop cereal) were 

initially available throughout the maze to encourage exploration, and gradually moved 

towards the end of each arm to finally be restricted to the food cups. Following this 

shaping period, each animal was individually placed in the center of the maze, with doors 

to all arms closed. Upon opening the doors, the rat was allowed to enter any of the baited 



arms. When the rat had consumed the bait at the end of one arm, it returned to the center 

of the maze and all doors were closed again, confining the rat to the center of the maze 

for a 10 sec delay. The doors were then reopened, and the procedure repeated. The trial 

continued until the eight baits were consumed or 15 min had elapsed. An arm entry was 

recorded when all four paws of the rat were within an arm. The orientation of the 

animal's head when initially placed in the central area varied from trial to trial to 

minimize development of a response pattern based on position. The number of working 

memory errors (re-entering an arm that was previously visited) and the time taken to 

consume all rewards were recorded. Animals were tested once daily (5 days per week) 

for a 16-day period. The floor and center walls of the maze were extensively cleaned after 

each trial, and identical lining used for each of the radial maze arm, minimizing the 

possible use of olfactory or tactile cues by rats. Although visual acuity is hard to directly 

measure in rats, daily manipulation of the animals showed no difference in home cage 

guided behaviour, or when tested in the radial arm maze. 

Assessment of CA1 neuronal density on thionin-stained sections 

Twenty-four hours upon completion of the behavioural testing, rats were deeply 

anesthetized using sodium pentobarbital and perfused using 4% paraformaldehyde. 

Brains were removed and stored at -84°C. Serial coronal sections (14 urn) of the 

hippocampal region were obtained using a cryostat (Leica Instruments) and stained with 

thionin. Neuronal density of the hippocampal CA1 subfield was determined by the 

method of Kirino et al. [239]. Analysis of neuronal density was performed on coronal 

sections located between 3.14 and 4.16 mm posterior to bregma [370]. The total linear 



length of the CA1 (as defined by Paxinos and Watson [370]) was measured using a 

digitizer. The number of intact neurons in the stratum pyramidale of the CA1 subfield 

was counted using LEICA DAS microscope attached to a SONY digital camera and 

computer-assisted cell counting performed using the Norton Eclipse software (v 6.0). 

Neurons with shrunken cell bodies and surrounding empty spaces were excluded. The 

neuronal density of the CA1 sector, i.e. the number of intact pyramidal cells per mm 

linear length of the CA1 stratum pyramidale observed in each 14 urn section, was 

quantified. A mean value for each hippocampal CA1 substructure was obtained from 6 

bilateral measurements in each animal. Neuronal density for a given animal represents 

the average of the right and left measures. 

Statistical Analyses 

Body weight, open field, and 8-arm radial arm maze data were analyzed using 

mixed ANOVA designs with two levels of the independent factors surgery and diet, and 

repeated time factors. The Hundt-Felt correction for violations to the assumption of 

sphericity was applied when appropriate: when used, adjusted degrees of freedom are 

reported. Significant interactions were further tested using simple main effect tests with a 

Bonferroni adjustment of the critical alpha level. Data obtained from the elevated plus 

maze and neuronal density were analyzed using two factors (surgery and diet) ANOVAs. 

Again, simple main effect tests were used to analyze significant interactions. All data 

were analyzed using the SPSS (V.14) software package. 



Results 

Body weight 

Figure 21 presents the body weight of each group throughout the 

experiment. There was a main effect of time (F(2.23,66.95) = 2712.34, p. < .001), 

surgery (F(l,30) = 9.49, p_ = .004), and interactions of time x surgery (F(2.23,66.95) 

= 6.17, rj = .003) and time x diet (F(2.23,66.95) = 9.49,p_ <001). In general, body 

weight increased over time. Simple effect tests revealed that ischemic rats lost more 

weight than sham-operated controls following surgery. Interestingly, ischemic rats 

fed the PUFA supplemented diet gained weight more rapidly than ischemic rats fed 

the standard diet on weeks 17 and 18 while being slightly deprived (maintained at 

approximately 85% of their free-feeding rate) to perform the radial arm maze. 

Openfield 

Figure 22 presents the activity level in the open field every 5 min over the 

15-min period 4 and 30 days following reperfusion. There were main effects of day 

(F(l,31) = 33.06, p < .001), time intervals (F(2,62) = 106.16, p. < .001), surgery 

(F(l,31) = 8.34, p = .007), and interactions of days x time (F(2,62) = 3.26, p = .045) 

and days x time x surgery x diet (F(2,62) = 3.22, g = .047). Behavioural activity 

decreased with time within each testing period. Independent of groups, rats 

appeared more active 30 days following reperfusion. Ischemic animals fed either 

diet were considerably less active than sham-operated animals fed either diet across 

time. Simple effect tests revealed that sham rats fed a PUFA supplemented diet 

displayed higher activity level than ad lib sham rats in the initial 5 min interval of 



day 4 (p = 0.015). Figure 23 presents the activity level in the central area of the 

open field 4 and 30 days following reperfusion. There was only a main effect of 

time within each test session (F(2,62) = 38.74, p < .001). Animals in all groups 

showed less activity in the central area of the open field as time elapsed. 

Elevated plus maze 

Figure 24 presents the behaviour of the animals in the EPM. There were 

main effects of surgery for the time spent in the open arms of the EPM (F(l,30) = 

5.34, p = 0.028) and for crossing behaviour (7(1,30) = 18.2, p_ < 0.001). Ischemic 

rats fed either diet appeared less anxious than sham-operated animals as measured 

by a progressively longer time spent in the open arms within each test. However, 

sham rats made more crossing behaviour, indicating increased locomotion. Two rats 

were eliminated from analysis as one rat fell on the floor (ISCH-FO+CO) and one 

(ISCH-SD) remained immobile throughout the testing period. 

8-arm radial arm maze 

Figure 25 presents the performance in the radial arm maze and the impact of 

diet on working memory errors. There were main effects of time (£(5.77,167.24) = 

11.98, p. < .001), surgery (F(l,29) = 7.8, p = .009), and a significant surgery x diet 

interaction (F(l,29) = 6.59, p_ = .016). All animals made progressively less working 

memory errors across test sessions. Simple effect tests showed that, in general, 

ischemic rats fed a standard diet made considerably more working memory errors 

across time, as compared to ischemic rats fed the fish and corn oils supplemented 



diet (p_ = .03), and both sham groups (p_ < .001). Table 8 shows the time taken by 

each group to complete the task. Statistical analyses revealed main effects of time 

(F(3.75,108.81) = 29.5, p_ < .001), and surgery (F(l,29) = 6.8, p_ = .014), and an 

interaction of surgery x diet (F(l,29) = 5.94, p. = .021). As testing progressed, all 

animals took significantly less time to complete the task. Simple effect tests 

revealed that ischemic rats fed a standard diet generally took more time to complete 

the test than sham rats fed the same diet (p_ = .001). Three animals 

(1ISCH-FO+CO, 2 SHAM-FO+CO) that did not eat the rewards following many 

trials were excluded from statistical analysis. 

Histopathological changes at the hippocampus 

Table 9 presents hippocampal CA1 neuronal density of animals that 

underwent an 8-min global ischemia or sham operation and were fed either a 

standard diet or fish oil supplemented diet. There was only a main effect of surgery 

(F(l,32) = 156.23, p_ < .001), sham-operated rats showing higher CA1 neuronal 

density than ischemic rats, irrespective of diet. 

Covariances 

Variability was observed within CA1 neuronal density of both ischemic 

groups. Therefore, to determine the impact of this neuronal variability on functional 

recovery, all behavioural analyses were re-analyzed using neuronal density as a 

covariate when there was a significant correlation between a particular behavioural 

measure and the neuronal density. Working memory errors and time to complete the 



task in the radial maze were negatively correlated with the CA1 neuronal density 

(working memory errors: r = - 0.59, rj < .001; time to complete the task: r = -0.43, 

rj = 0.014). The ANCOVA analysis revealed a main effect of diet on working 

memory errors (F(l,28) = 4.26, rj = .048), and a significant surgery x diet 

interaction on the time spent to complete the radial maze task (F(l,28) = 5.84, 

P = .022). PUFA supplemented rats made less working memory errors than SD fed 

rats. Simple effect tests of the time taken to complete the radial maze task did not 

reveal any significant difference between groups. These results suggest that the 

impact of surgery or diet on the rats' performance in the 8-arm radial maze is not 

completely determined by the extent of CA1 neuronal death. 
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Figure 20: Experimental protocol. Feeding = Presurgical period of a standard or a fish + 
corn oils supplemented diets. 4-VO = 4 vessel occlusion. Day 0 refers to the day of 
surgery. After surgery, all animals were given 5 days of ad lib access to food and treats to 
hasten recovery. OF4 = Open field 4 days post-ischemia. EPM = Elevated plus maze 5 
days post-ischemia. From days 6 to 9, the weight of all animals were gradually reduced 
and maintained at approximately 85% of their free-feeding rate during the remaining 
testing period to ensure adequate motivation. RAM/Training = Training on the radial arm 
maze from days 6 to 9 post-ischemia. RAM/Testing = Testing on the radial arm maze 
from days 10 to 29; OF30 = Open field 30 days post-ischemia. . .. . 



Table 7: Approximate polyunsaturated fatty acids content of the experimental diets 
(g/lOOg). 

Fatty acid 

18:2n-6(LA) 
20:4n-6 (AA) 
Total n-6 

18:3n3 (ALA) 
20:5n-3 (EPA) 
22:6n-3 (DHA) 
Total n-3 

n-6/n-3 ratio 

Experimental diets 

Control 

1.81 
<0.01 
1.81 

0.12 
0.31* 

0.43 

4.21 

(SD) FO+CO 

1.81(SD);0.2(FO);2.1t(CO) 
<0.01 
4.1 

0.12(SD); 0.2(FO); 0.051' (CO) 
0.31(SD); 1.55(FO) 
1.14(FO) 
3.37 

0.89 

^calculated from typical fatty acids composition of corn oil [15]. 
* reported total % omega-3 fatty acids from fish meal (EPA & DHA) in Purina 5012 diet 
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Figure 21: Mean body weight of rats fed either a standard or a PUFA 
supplemented diet over an 18-week period. Sham or global ischemia surgery is 
indicated by the vertical line. (*) indicates that ischemic rats weighted significantly 
less than sham-operated rats post-surgery (p_ < .025). (t) indicates that FO+CO 
ischemic rats gained weight more rapidly than SD ischemic rats on week 17 and 18 
while being deprived from food for the radial arm maze task (p < .05). 
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Figure 22: Open field activity (number of crossed squares and rearing frequencies) 
in animals tested 4 and 30 following reperfusion. The overall activity level of all 
experimental groups was higher at day 30 than at day 4. (*) indicates higher activity 
levels in FO+CO sham-operated rats as compared to SD sham-operated rats 
(E = 0.015). 
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Figure 23: Open field activity (number of crossed squares and rearing frequencies 
in the central area of the open field) in animals tested 4 and 30 following 
reperfusion. For the exception of a main effect of time within each test, no 
significant difference was found between groups. 
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Figure 24: Frequencies of behaviour and time spent in the open arms of the 
elevated plus maze. Ischemic rats fed either diet spent significantly more time than 
sham-operated rats in the open arms (p_ =.028). Sham-operated rats made 
considerably more crossing behaviour than ischemic rats (p_ < .001). 
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Figure 25: Effect of ischemia andPUFA supplemented diet on spatial memory 
performance in the radial arm maze. SD ischemic rats made significantly more 
working memory errors across time than FO+CO ischemic rats (rj = .003) and both 
sham groups (p_ < .001). 
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Table 8: Latencies to complete the standard radial arm maze task. 

Days Sham-SD Sham-FO+CO Isch-SD Isch FO+CO 
1-2 
3-4 
5-6 
7-8 
9-10 
11-12 
13-14 
15-16 

598.44+73.73 
385.06±74.19 
328.50+64.81 
278.78+48.07 
297.00+51.34 
235.56+51.28 
204.61±51.74 
237.56+47.92 

628.29±83.60 
577.57±84.12 
512.71±73.48 
432.71+54.51 
385.64+58.21 
327.57±58.15 
397.14+58.67 
375.71+54.33 

766.00±73.73* 
633.39±74.19* 
683.83+64.81* 
557.44+48.07* 
592.61±51.34* 
425.39+51.28* 
393.33+51.74* 
399.72+47.92* 

652.13±78.20 
620.69±78.69 
528.56±68.74 
382.50+50.99 
399.44±54.45 
401.50±54.39 
369.55±54.88 
347.00+50.82 

(*) indicates that SD ischemic rats took significantly more time to complete the task 
than FO+CO ischemic rats and both sham-operated groups (p_ = .001). 



Table 9: Density of hippocampal CA1 neurons (cells/lmm CA1 
tissue) in sham and ischemic animals fed either a standard or a 
PUFA supplemented diet. 

Groups CA1 cell 

Sham-SD 279.09±3.32 
Sham-FO+CO 275.96+3.96 
Isch-SD 99.33+20.69* 
Isch-FO+CO 87.84+20.28* 

(*) indicates that neuronal density of both ischemic 
groups was significantly reduced as compared to 
sham-operated rats (p < .001). 
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Discussion 

The current study examined the impact of 3-month consumption of a PUFA 

enriched diet on CA1 neuronal injury, spatial memory impairments, locomotion, and 

anxiety following global ischemia in rats. In contrast to previous studies assessing 

shorter-term PUFA supplementation and reperfusion intervals, this study found no impact 

of the PUFA supplement on CA1 neuronal damage measured 31 days following 

ischemia. However, PUFA supplemented ischemic animals were less impaired than ad 

libitum fed controls in the 8-arm radial maze. Finally, all ischemic animals regardless of 

diet showed decreased anxiety in the elevated plus maze. 

PUFA-enriched diets and ischemic damage 

The first question raised by these results concerns the lack of protective effects of 

our PUFA supplemented diet on CA1 neuronal damage. Our findings contrast with the 

significant neuronal protection observed after n-3 polyunsaturated fatty acid 

supplementation in other lesion models [69,353,398]. Among the factors that may 

contribute to such differences is the post-ischemic interval, because different treatments 

have been shown to gradually lose their beneficial effects after prolonged delay following 

reperfusion (for a review, see Corbett and Nurse [97]). Thus, while previous experiments 

have assessed neuronal injury following short intervals (5-8 days), the 31-day post-

ischemic interval used in the current study may in part explain vanished neuronal 

protection. It is also possible that the insult produced by an 8-min ischemia may have 

been too severe for our diet supplementation to counteract cell death in highly vulnerable 

hippocampal neurons. In contrast to most previous studies that have administered fish oil 
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or DHA by gavage or intraperitoneal injections [184,224], we chose a natural feeding 

procedure so that our behavioural measures were not contaminated by the stress 

associated with the feeding regimen. However, as a consequence, exact estimation of 

daily ingested PUFAs was not possible and may have resulted in more variable PUFAs 

intake. On the other hand, animals usually ate their entire food ration and daily ingestion 

was comparable between rats. Thus, group differences are unlikely attributable to 

differences in the amount of PUFA ingested, although smaller quantities ingested by all 

groups compared to force fed animals may have led to an absence of neuronal protection. 

Possible mechanisms 

Among physiological effects, increased DHA in brain tissue following omega-3 

PUFA supplements has been associated with enhanced free radical scavenging and 

inhibition of prostaglandin synthesis and lipid peroxidation [28,69,73,194]. Additionally, 

by increasing the expression of heat shock proteins (HSP70), PUFA enriched diets 

administered prior ischemia likely improve neuronal stress resistance [44]. Fish oil 

supplements have been shown to significantly diminish post-ischemic brain infarction 

volume and edema, a phenomenon attributed to changes in the fatty acids composition 

and antioxidant enzymatic activity in the brain [37,86,398]. It is suggested that these 

changes exert an impact on the oxidative levels and apoptotic changes in the rat 

hippocampus. 

In the current study, the fact that phospholipid fatty acid brain content was not 

measured prevents establishment of a relationship between penetration of PUFA into 

brain tissue and neuronal or functional observations. To date, the majority of studies 



152 

showing increased DHA concentrations in brain tissues following omega-3 PUFA 

supplements have used animals that were depleted in total omega-3 fatty acids throughout 

one or two generations, so that the omega-3 supplementation at weaning restored DHA in 

the growing brain [7,73,329,409]. Our animals had not been deprived of omega-3 fatty 

acids before ingesting the FO+CO supplemented diet. Therefore, it is possible that the 

additional gain produced by the FO+CO supplementation over the feeding period was not 

substantial in comparison with the DHA content in brains from standard rats. Of interest, 

Force et al. [139] demonstrated no effects of a 6-week mixed supplement of 20% 

menhaden oil and 3% corn oil in fat free chow on cardiac ischemic injury despite 

significant myocardial increase in phospholipids PUFA content in n-3 supplemented 

animals. 

In contrast to many studies using PUFA supplementation, our experimental diet 

included mixed supplementation of n-3 and n-6 fatty acids in the regular diet. Addition of 

3.5% corn oil to 11.5% fish oil aimed to enhance final n-3 fatty acid consumption while 

achieving optimal n-6/n-3 fatty acid ratio in the supplemented diet [422]. An increased 

ratio of n-6 to n-3 fatty acids in platelet phospholipids has been associated with higher 

incidence of death from cardiovascular diseases and neurodegenerative or inflammatory 

disorders in humans [65,94,286]. Although intrinsic PUFA effects on cell injury and 

behaviour was in part controlled using PUFA supplemented sham animals, inclusion of 

sham and ischemic groups receiving a 'neutral' oil (e.g., rich in mono unsaturated fatty 

acid such as olive oil) or alternate proportion of the fish and corn oil supplements could 

have help further define possible interaction of n-3 and n-6 PUFA supplements and the 

impact of extra daily caloric intake on pre and post-ischemic observations. Thus, 



increased concentrations of arachidonic acid (AA) from corn oil supplements may have 

enhanced synthesis of pro-inflammatory cytokines in PUFA supplemented ischemic rats 

[65,427], possibly counteracting inhibition of ischemia-induced inflammation by n-3 

fatty acids and reducing PUFA effects on neuronal injury. Supplemented alone, 6 or 15 

week of corn oil showed no preventive effects on myocardial ischemic injury [139,369]. 

PUFA-enriched diets and behaviour 

We now turn to the behavioural measurements in the present study which showed 

a reduced impact of ischemia on memory processes in PUFA-supplemented rats but little 

effects of this diet on open field behaviour and anxiety. 

Open field activity is widely used to assess ischemia-induced hyperactivity which 

typically occurs within 24-72h after ischemia, and is often negatively correlated with the 

remaining number of CA1 hippocampal neurons. Among other hypotheses, habituation 

deficits associated to memory impairment has been proposed to underlay this 

phenomenon [10,18,78,156,225]. Diet-induced effects on this behaviour are variable. 

Wainwright et al. [462] reported no effect of variable PUFA ratios on open field activity 

level in nai've rats. Similarly, Naliwaiko et al. [340] showed that all rats presented 

comparable behaviour in the open field and elevated plus maze tests despite that chronic 

fish oil supplementation was associated with longer immobility period in the forced 

swimming test. In contrast, Carrie and colleagues [74] demonstrated that only young rats 

(but not adult or older ones) supplemented with fish oil showed increased open field 

exploratory activity. 

Previous studies from different laboratories, including our own, have reported 
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ischemia-induced hyperactivity [78,156,225,250,379]. In the current study, ischemic 

animals of both feeding groups showed reduced activity level as compared to sham-

operated rats, 4 and 30 days post-occlusion, a phenomenon positively correlated with 

CA1 neuronal counts. This finding is difficult to explain. Obvious differences between 

this study and other performed with ischemic animals are the older age of tested animals 

in the current study. In addition, the 90 day pre-ischemic feeding regimen involved daily 

manipulation of all animals, requiring regular removal of the animal from their home 

cage. In that sense, the extended behavioural testing in the present experiment may be 

viewed as a treatment that could influence behaviour in general. As for the impact of the 

diet per se, our observations are consistent with findings of Wainwright et al. [462] and 

Naliwaiko et al. [340] showing no impact of fish oil supplemented diet on global activity 

levels. 

The elevated plus maze (EPM) assesses the willingness of rodents to explore 

anxiogenic environments [32,100,361]. There appears to be no clear consensus in the 

literature regarding the behavioural pattern of these animals in the EPM. Studies 

assessing the anxiety levels of rodents fed a PUFA supplemented diet have for most used 

n-3 fatty acids deficient animals as controls. Some studies showed that time spent and 

number of entries in the open arms is higher in n-3 fatty acid deficient mice as compared 

to mice with adequate ratio of n-3 fatty acids, suggesting reduced anxiety in deficient 

mice [141,339]. In contrast, other groups showed higher anxiety levels in n-3 deficient 

animals as compared to animals fed a diet containing adequate levels of linoleic and a-

linoleic fatty acids. This phenomenon was significantly attenuated when adequate levels 

of fatty acids were provided to deficient animals [33,438], Finally, some studies found no 
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difference in the EPM between n-3 deficient and adequately fed rats [272,328]. 

Increased number of entries and/or time spent in the open arms of the elevated 

plus maze has been reported in ischemic animals, suggesting reduced anxiety level 

following ischemia [341,379]. To date, one study assessed anxiety in ischemic rats either 

fed a control diet or one of two PUFA enriched diets [107]. de Wilde and colleagues 

reported no diet related differences in the elevated plus maze; animals of all groups 

spending equal time in the open arms and visiting them at the same frequency [107]. 

Concordant with previous findings, we observed increased exploration of the open arms 

in ischemic as compared to sham-operated rats, independent of the fed diets. In addition, 

similar to de Wilde et al. [107], fish oil supplementation had no impact on anxiety-related 

behaviour in this study as no difference was observed between FO+CO and SD sham 

animals. These findings contrast with studies performed using n-3 deficient animals 

which showed reduced anxiety of these animals upon short-term PUFA supplementation. 

In the current study, the 15% PUFA supplement was provided for a three month period 

prior to ischemia in rats that had no prevalent deficiency, hence distinct brain DHA 

baseline concentrations in the groups. 

To date, numerous studies have shown spatial learning and memory deficits in the 

radial arm maze in ischemic animals [39,183,241,346,352], these deficits being 

caracterized by increased number of working and reference memory errors 

[146,158,207,380]. In our study, ad lib fed ischemic rats took longer time to complete the 

radial arm maze task and made significantly more working memory errors than PUFA 

supplemented ischemic and all sham-operated animals while PUFA supplemented diet 

had no impact on the performance of sham-operated rats. 



Behaviour and CA1 neuronal loss 

Moderate to severe neuronal death within CA1 subfield of the hippocampus has 

commonly been associated with spatial learning and memory impairments 

[39,53,190,241]. In our study, PUFA supplementation improved ischemia-induced 

working memory deficits in the radial arm maze, despite comparable CA1 neuronal 

injury in the SD and FO+CO ischemic groups. Although intriguing, these findings are 

consistent with various reports demonstrating no impact of CA1 cell injury on cognitive 

performance in the radial arm and Morris water mazes [280,341,343,347]. In the current 

study, data analysis using CA1 neuronal injury as a covariate demonstrated that a 

significant proportion of the variance remains unexplained by CA1 neuronal density, 

suggesting that other factors influenced the performance of ischemic rats. 

Proposed mechanisms for PUFA functional effects 

The precise mechanisms by which PUFA supplementation exerts functional 

effects remain poorly defined but a number of hypotheses have been proposed. PUFA 

supplementation has been associated with increased membrane fluidity and excitability, 

modification of the production and activity of neurotransmitters and receptors (including 

dopamine in the mesolimbic and mesocortical pathways and acetylcholine in the 

hippocampus), as well as specific activation of membrane-bound G-coupled receptors 

[193,483]. In addition, several studies have demonstrated that PUFA facilitates long-term 

potentiation (LTP) induction in hippocampal slices and mammal's brain [144,145], and 

inhibitates LTP deficits in aged rodents [281,282,308-310]. Although the majority of 

studies have focused on neuronal and functional effects of DHA, beneficial effect of 



PUFA supplementation on spatial memory could also be attributable to increased 

eicosapentaenoic acid (EPA) in PUFA supplemented rats. Indeed, Song et al. [427] 

recently reported inhibition of IL-1-induced spatial memory impairments in the Morris 

water maze in rats supplemented with 0.5% EPA for 7 weeks prior to IL treatment, an 

effect that was not observed in rats receiving AA (1%) or y -linolenic acid (0.5%) diet 

supplements. These functional effects were associated with decreased plasma 

corticosterone levels and increase in post mortem dopamine levels in the frontal cortex of 

EPA-treated rats. Noteworthy, significant decrease in IL-induced inflammation was 

observed in both EPA and y-linolenic acid supplemented animals, suggesting that this 

phenomenon may not significantly contribute to EPA-induced memory effects. 

Plasticity and neurogenesis 

Recent studies have demonstrated behavioural effects and enhanced learning and 

memory functions associated with neurogenesis in the subgranular zone of the dentate 

gyrus and the CA1 following global ischemia [34,451,452]. In recent years, PUFA 

supplementation have been shown to play a significant role in neurogenesis within the 

hippocampus and cortex, by enhancing neurite outgrowth and promoting differentiation 

of neural progenitor cells into neurons [66,68,226]. Enhanced dendritic spine density 

within CA1 hippocampal neurons following ingestion of PUFA enriched diets also 

suggest that PUFA promote synaptogenesis [67,408]. Dyall and colleagues [126] also 

demonstrated prevention of the age-associated decline in GluR2 andNR2B subunits in 

the prefrontal cortex, striatum and hippocampus of aged rats (24-25 months) fed omega-3 

enriched diet. In addition to these effects, PUFA have been shown to bind to the G-
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protein coupled receptor 40 (GPR40) in peripheral tissue [56]. Recently, Ma et al. [285] 

identified this receptor throughout the central nervous system of primates, suggesting that 

long chain PUFA may act as extracellular signaling molecules at the membrane surface 

to regulate neuronal function. Interestingly, GPR40 protein is significantly upregulated in 

the dentate gyrus post ischemia, with maximal expression detected in newborn 

hippocampal neurons 15 days following ischemia [284]. This observation raises the 

possibility that PUFA-GPR40 interaction in newborn neurons may play a role in 

enhanced memory function of PUFA supplemented ischemic rats. 

In conclusion, our findings show that a 15% PUFA supplemented diet had no 

effect on global activity level in the open field, anxiety-related behaviour in the elevated 

plus maze and ischemia-induced CA1 neuronal degeneration. Nonetheless, PUFA 

supplementation exerted an impact on ischemia-induced working memory deficits in the 

radial arm maze. Whether such improvement could be associated with reorganization of 

discrete neuronal networks or functional remodeling in PUFA supplemented ischemic 

rats requires further investigation. 
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Discussion Generate 

L'objectif principal de cette these visait a caracteriser l'impact d'une consommation 

alimentaire quotidienne reduite en calorie et/ou enrichie de gras polyinsatures [huiles de 

poisson (omega 3) et de mai's (omega-6)] sur les repercussions neuronales et fonctionnelles 

d'une ischemie cerebrale globale. Nos resultats demontrent l'absence d'effets protecteurs de 

ces dietes sur la degenerescence des cellules pyramidales de l'hippocampe dans le modele 

d'ischemie cerebrale selectionne par nos etudes. Toutefois, malgre les dommages observes 

dans le CA1 et/ou CA3, les animaux ischemics nourris de ces dietes pour une periode de 12 

semaines pre-ischemie ont demontre une attenuation significative des deficits 

d'apprentissage et de memoire spatiale induits suivant l'ischemie cerebrale globale. Les 

prochains paragraphes resument brievement les resultats des travaux scientifiques de cette 

these et discutent les implications de ces observations quant aux mecanismes physiologiques 

sous-jacents au recouvrement fonctionnel, a la resistance cellulaire et a la plasticite 

neuronale. 

1. Restriction alimentaire et ischemie cerebrale globale. 

1.1. La restriction alimentaire attenue les deficits d'apprentissage et de 

memoire spatiale induits par l'ischemie globale. 

Nos resultats suggerent une reduction significative, voire la prevention, des 

deficits d'apprentissage et de memoire spatiale chez les animaux dont l'ingestion 

alimentaire a ete restreinte pour une periode de trois mois precedant un accident 

vasculaire cerebral. La performance post-ischemique comportementale de ces animaux 

est comparable a celle des rats controles et significativement meilleure (en terme du 



nombre d'erreurs de memoire de travail et de la rapidite dans Pexecution de la tache) que 

celle des rats ischemics nourris d'une diete reguliere. Par contre, la restriction alimentaire 

n'a pas d'impact sur la performance des rats controles sham. 

Dans le but de mieux definir 1'amelioration fonctionnelle des rats ischemics 

restreints, la deuxieme etude de cette these a integre a revaluation fonctionnelle des 

animaux, une serie de tests mnesiques plus complexes dans le labyrinthe radial, soit des 

taches differees similaires ou non a l'echantillon initial. Ce type de taches permet 

d'evaluer, au-dela de la memoire de travail, la flexibilite cognitive des animaux puisque 

le succes du deuxieme essai depend de l'apprentissage de la regie etablie. Malgre des 

tests comportementaux plus difficiles, la courbe d'apprentissage des rats ischemics 

restreints s'est averee comparable a celle des rats shams, demontrant la capacite de ces 

animaux a planifier une action en liaison avec les contraintes experimentales etablies. A 

l'oppose, les rats ischemics nourris a volonte ne sont pas parvenus a maitriser ces taches 

complexes, continuant malgre plusieurs essais a commettre significativement plus 

d'erreurs retroactives (memoire de reference) et proactives (memoire de travail) que 

l'ensemble des autres groupes experimentaux. De meme, ils ne presentaient que peu 

d'amelioration (tel que demontre par l'absence de courbe d'apprentissage chez ce 

groupe) a travers les 70 jours devaluation dans le labyrinthe. Curieusement, ces rats 

ischemics semblaient utiliser la strategie applicable au paradigme DMTS lorsqu'ils 

devaient completer une tache DNMTS et une strategie DNMTS lorsqu'ils devaient 

completer une tache DMTS. 
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1.2. La restriction alimentaire ne protege pas les neurones hippocampiques 

du CA1. 

Differentes hypotheses ont ete proposees pour expliquer les effets 

neuroprotecteurs de la restriction alimentaire lors du vieillissement et/ou de maladies 

neurodegeneratives, cardio- ou cerebrovasculaires. Une d'entre elles soutient que la 

restriction alimentaire affecte directement les processus associes a la degenerescence 

cellulaire par l'attenuation de la production de radicaux libres et des dommages 

secondaires a l'ADN, aux prolines et aux transporteurs membranaires ioniques 

dependants de l'ATP [301-303,425]. L'explication physiologique sous-jacente a ce 

phenomene reside dans l'habituation graduelle des animaux restreints a une diminution 

de Papport de glucose au cerveau et a une baisse des ressources energetiques cellulaires 

disponibles. II en resulte chez ces animaux la capacite d'assurer le fonctionnement 

neuronal et cognitif a partir de ressources energetiques limitees. De ce fait, les 

perturbations anaerobiques induites par l'ischemie cerebrale n'entraine pas une 

depolarisation aussi massive des neurones a la base de l'initiation de la cascade 

physiopathologique et de la production de radicaux libres. En se faisant, il se produit une 

reduction des dommages secondaires et une meilleure survie neuronale [118,426]. 

Tel que mentionne, nos resultats ne nous ont pas permis d'observer de reductions 

significatives des dommages neuronaux par la restriction alimentaire dans les neurones 

de la couche pyramidale du CA1 de l'hippocampe 7, 31 et 70 jours suivant une ischemie 

cerebrale globale de 12 minutes. Toutefois, le comptage cellulaire ne permet pas de 

distinguer la mort cellulaire par necrose de celle par apoptose, la derniere etant associee a 

une cascade cellulaire distincte et modulee par 1'activation de genes lies a l'initiation 



d'une cascade enzymatique deletere. II n'est done pas exclus que la mort neuronale par 

apoptose dans l'hippocampe differe entre les groupes. Lors d'une etude pilote, nous 

n'avons observe aucune difference significative dans l'expression du marqueur pro-

apoptotique caspase-3 dans les couches cellulaires pyramidales ou le gyrus dentele de 

rhippocampe 7, 31 ou 70 jours suivant l'ischemie globale. Ces resultats effectues sur de 

petits groupes d'animaux demeurent toutefois preliminaries. 

A ce jour, aucune etude ne s'est interessee aux effets de la restriction alimentaire 

sur les principaux neurotransmetteurs impliques dans l'ischemie globale et/ou dans 

l'apprentissage et la memoire (le glutamate et le GABA etant deux importants 

neuromodulateurs de ces effets). Neanmoins, des etudes recentes ont demontre que la 

restriction alimentaire previent la reduction de l'expression des recepteurs NMDA-R1 et 

AMPA-GluRl chez les rongeurs et les deficits de potentialisation a long terme associes 

au vieillissement [60,128,153,154,176,218,443]. Fait interessant, on note une reduction 

de l'expression de ces neuromodulateurs en periode juvenile chez les animaux restreints 

comparativement a ceux nourris a volonte, ce qui suggere que les observations 

subsequentes sont probablement associees a une plus grande stabilite de ces vecteurs 

physiologiques avec Page [6,344,419]. Une meilleure preservation du glucose, du 

transport glutaminergique et des fonctions mitochondriales est egalement associee a la 

resistance accrue des synaptosomes aux dommages oxydatif et metabolique chez ces 

animaux. De maniere congruente, Guo et collegues [173] observent des niveaux 

superieurs de proteines HSP-70 et GRP-78 dans les synaptosomes de rats nourris par 

alternance journaliere pour une periode de trois mois, contrairement a ceux de rats nourris 

a volonte. 



Un des objectifs de nos travaux a done tente de verifier la possibility que des 

alterations biochimiques impliquant les neurotransmetteurs GABA et glutamate 

influencent la performance mnesique des animaux restreints. Pour ce faire, nous avons 

realise une analyse post-mortem sur Pensemble des animaux sham et ischemics (nourris 

ad libitum et restreints) dont les cerveaux ont ete preleves suivant la completion de 

1'evaluation comportementale, 70 jours suivant Pischemie. Via l'utilisation de techniques 

immunohistochimiques sur coupes, nous avons demontre une expression intensifiee des 

transporteurs vesiculaires du glutamate (vGluTl) dans la plupart des regions 

hippocampiques des rats controles. Chez les rats ischemies, le patron d'expression est 

distinct et l'expression des vGluTl s'avere plus intense comparativement aux rats 

controles dans la couche pyramidale du CA3, la couche moleculaire et le hilus du gyrus 

dentele. 

Nos resultats revelent egalement une expression distincte des transporteurs 

vesiculaires du GABA (vGAT). Bien que la distribution des vGAT chez les animaux 

ischemies soit similaire a celle des rats controles dans plusieurs regions de l'hippocampe, 

il existe une reduction importante des vGAT le long des cellules pyramidales du CA1. De 

maniere generate, la distribution des transporteurs vesiculaires de glutamate et de GABA 

observee chez les animaux controles et ischemies nourris ad libitum est comparable avec 

celle precedemment documented [12,83,223,233,429,454]. 

II est a present impossible de comparer les observations immunohistochimiques 

de ces marqueurs avec celles d'autres chercheurs, nos travaux etant les premiers a 

quantifier l'expression des transporteurs vesiculaires du glutamate et du GABA chez des 

animaux ischemies restreints. Dans une perspective fonctionnelle, l'expression reduite de 



vGAT dans les couches radiatum a la hauteur du CA3 et oriens a la hauteur du CA1 chez 

les animaux restreints comparativement aux animaux nourris a volonte est toutefois 

interessante. Ainsi, les afferences vers les cellules pyramidales du CA3 provenant du 

gyrus dentele via la voie perforante et les fibres moussues voyagent a travers la couche 

radiatum a la hauteur du CA3. De meme, les efferences des cellules pyramidales du CA1 

aux cortex subiculaire et entorhinal circulent par la couche oriens a la hauteur du CA1. 

Une reduction des circuits inhibiteurs dans ces deux regions, meme si elle est minimale, 

pourrait ameliorer la transmission synaptique chez les animaux ischemics restreints. Ce 

phenomene pourrait favoriser un transfer! plus efficace de 1'information spatiale aux 

cellules pyramidales du CA1 et subsequemment aux cortex subiculaire et enthorinal. Des 

analyses complementaires sont necessaires afin de determiner 1'importance de ces 

changements synaptiques. Cependant, cette hypothese pourrait en partie expliquer 

l'apprentissage de taches de memoire spatiale complexes et la flexibilite cognitive 

superieure des rats ischemics restreints malgre une perte neuronale comparable a celle 

des rats ischemics nourris a volonte. 

1.3. La restriction alimentaire favorise un accroissement de la resistance 

cellulaire, la plasticite cellulaire et la neurogenese. 

En complement aux etudes demontrant une reduction de la mort cellulaire, 

d'autres recherches suggerent que la restriction alimentaire augmente la resistance 

cellulaire via une regulation de l'expression de certains genes [8,129,185,262,306,488]. 

La demiere decennie a ete particulierement riche en decouvertes a ce chapitre. Plusieurs 

travaux scientifiques ont demontre une meilleure utilisation des ressources cellulaires 



suite a une periode de restriction alimentaire rendant l'organisme plus efficace a 

combattre differents stress endogenes [302]. Dans ces conditions physiologiques plus 

contraignantes, les neurones d'animaux restreints demontrent une activation accrue de 

certains genes, dont ceux d'une variete de proteines chaperonnes, de facteurs de 

croissance et de cytokines associes aux processus de neurogenese et de plasticite 

synaptique [210,311,418]. 

1.3.1. Restriction alimentaire et proteines chaperonnes 

Le role des proteines chaperonnes dans la preservation fonctionnelle des 

differentes systemes cellulaires de l'organisme est connu. Ces proteines, synthetisees 

lorsque 1'organisme est soumis a des agressions de type physique, chimique ou 

metabolique, permettent a la cellule de se proteger contre un stress ou tout facteur 

pouvant induire la mort cellulaire. Elles permettent egalement de maintenir intacte ou de 

restaurer la structure de certaines autres proteines, en bloquant les processus de 

degradation enzymatique, favorisant leur reparation suite au stress, via l'inhibition ou la 

stimulation de l'expression de certains genes et hormones. Bien que les mecanismes 

neuroprotecteurs de ces proteines demeurent meconnus, leur expression est correlee a la 

regulation homeostasique du calcium intracellulaire, le recouvrement des fonctions 

mitochondriales ainsi qu'une reduction du stress oxydatif [232,274,279,488]. 

A ce jour, de nombreuses recherches ont demontre que la restriction alimentaire 

stimule la production de diverses proteines impliquees dans la reponse au stress, telles les 

proteines regulatrices de la production energetique mitochondriale (GRP-75) et 

glucogenique (GRP-78), les proteines chaperonnes (dont les 'heat shock proteins' - HSP-



70 etant la plus etudiee) et certains genes anti-apoptotiques (dont le Bcl-2) [262]. Plus 

particulierement, la restriction alimentaire augmente 1'expression de HSP-70 et de GRP-

78 dans le foie, les intestins et les regions cerebrales corticales, striatales et 

hippocampiques de rongeurs [8,129,185,416,488]. Par exemple, Duan et Mattson [117] 

ont demontre qu'un pre-traitement au 2-Deoxyglucose (2DG; un analogue non 

metabolisable du glucose) mime les effets de la restriction alimentaire et augmente 

considerablement l'expression post-mortem de HSP-70 dans le striatum de souris. Cet 

accroissement de l'expression de HSP-70 est correle a la resistance accrue des neurones 

dopaminergiques de la substance noire aux effets du l-methyl-4-phenyl-l,2,3,6-

tetrahydropyridine (MPTP). Lee et collegues [262] notent qu'un pre-traitement au 2DG 

augmente egalement les niveaux de HSP-70 et GRP-78 dans les neurones 

hippocampiques observes suite a Pinjection d'acide kainique dans l'hippocampe dorsal et 

ce, sans affecter les niveaux de Bcl-2 et GRP-75. Ces resultats suggerent qu'une 

attenuation du glucose disponible par un traitement au 2DG, qui imite les effets 

benefiques de la restriction alimentaire et conduit a l'augmentation de la resistance 

neuronale aux dommages oxydatif et metabolique. Finalement, Yu et Mattson [488] 

observent une augmentation accrue de l'expression d'HSP-70 dans le striatum de rats 

nourris par alternance journaliere ayant recu une ischemie focale. Cet accroissement 

d'HSP-70 est associe a une reduction significative des dommages cortico-striataux et des 

deficits neurologiques secondaires a l'ischemie. De facon similaire a d'autres stress 

endogenes comme le preconditionnement ischemique, la restriction alimentaire active des 

mecanismes de defense endogenes qui favorise une meilleure adaptation de l'organisme a 

un stress physiologique comme celui d'une ischemie cerebrale [27,279,300-303]. Nos 
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travaux n'ont pas examine 1'expression de proteines chaperonnes au niveau cortical et 

hippocampique chez les animaux restreints, ces derniers ayant depasses les intervalles 

optimaux pour ce genre d'analyses habituellement effectuees dans de brefs delais suivant 

l'occlusion des vaisseaux, et precedant la mort neuronale. 

Malgre une survie neuronale statistiquement comparable, les rats ischemics 

restreints possedent un peu plus de neurones dans le CA3 de l'hippocampe. Une activite 

metabolique et/ou neurochimique de ces neurones pourrait possiblement contribuer a la 

performance cognitive superieure dans des taches simples et complexes de memoire 

spatiale. Neanmoins, les facteurs possiblement associes a une meilleure resistance des 

cellules du CA3 chez ces animaux ne sont pas connus. 

Les etudes de cette these ont particulierement cible les effets fonctionnels a long 

terme de la restriction alimentaire suite a une ischemie cerebrale globale chez le rat. Suite 

a nos observations, il apparait maintenant necessaire d'identifier les effets de ce protocole 

alimentaire sur diff6rentes variables physiologiques susceptibles de jouer un role dans la 

preservation fonctionnelle observee. Dans cette optique, la quantification de changements 

metaboliques, neurochimiques et cellulaires au niveau cerebral doit etre etablie a des 

intervalles post-ischemiques en etroite liaison avec les changements fonctionnels 

observes. A cet egard, l'expression des proteines chaperonnes dans les regions cerebrales, 

represente une etape importante en vue d'etablir les mecanismes endogenes protecteurs 

de la restriction alimentaire et identifier les groupes cellulaires possiblement impliques. 

Toutefois, etant donne l'expression maximale de ces proteines a de courts delais suivant 

l'induction d'un stress physique, metabolique ou chimiques, l'intensite et/ou les 

changements de l'expression de ce marqueur ne permettent d'etablir seuls des liens 



fonctionnels directs (impliquant une causalite) avec les processus cognitifs et/ou la 

readaptation fonctionnelle observes a de plus long intervalles suivant l'etablissement des 

dommages cerebraux. 

1.3.2. Restriction alimentaire et facteurs neurotrophiques 

Les neurotrophines, regroupant le facteur de croissance neuronale (nerve growth 

factor - NGF), le facteur neurotrophique des cellules cerebrates (Brain-derived nerve 

factor - BDNF) et les neurotrophines 3 et 4, represented des elements essentiels a la 

proliferation, la differentiation et la survie des neurones au cours du developpement. Par 

lews actions sur les processus de signalisation cellulaire, ces proteines regularisent 

l'activation enzymatique intracellulaire des caspases. En se faisant, elles empechent les 

neurones cibles d'initier leur autodestruction lors de blessures entrainant des dommages 

oxydatifs et metaboliques [84,131,253,399,446]. Certaines recherches suggerent 

l'activation par ces facteurs neurotrophiques de composants neutralisant le stress oxydatif 

(enzymes antioxydantes et Bcl-2) et stabilisant les niveaux de calcium intracellulaire 

[302,304,305]. 

Plusieurs recherches revelent que certains stress cellulaires (e.g., ischemie 

cerebrale, traumatisme cranien, epilepsie et hypoglycemic), de meme que la readaptation 

physique et cognitive (e.g., exercice physique, environnement enrichi, et apprentissage de 

taches mnesiques) augmentent la production de neurotrophines et le developpement 

subsequent de nouveaux neurones dans des regions specifiques du cerveau [22,157,160, 

168,169,187,188,217,234,242,273,274,275,323,331,368,372,405,439,453,486,495]. 

D'autres etudes rapportent que la restriction alimentaire accroit l'expression de plusieurs 
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neurotrophines dans le cortex cerebral, la formation hippocampique et le striatum chez 

des rongeurs [115]. Plus precisement, Duan et al. [116] et Lee et al. [263,265] ont 

demontre une elevation du BDNF associee a une resistance accrue des neurones 

pyramidaux de l'hippocampe chez des animaux nourris par alternance journaliere 

comparativement a des animaux nourris a volonte. 

Suite a la restriction alimentaire, 1'expression du BDNF a ete principalement observee 

dans le cortex cerebral, l'hippocampe et certaines regions sous-corticales antdrieures dont le 

septum. En plus de favoriser la survie neuronale via une restructuration cellulaire, le BDNF 

favorise la neurogenese dans les zones para-ventriculaires et sous-granulaires des ventricules 

lateraux et du gyrus dentele de l'hippocampe suivant une atteinte neuronale [50,218,229, 

381,395,449,451,452]. Ce facteur de croissance participe au developpement d'axones et de 

dendrites et a l'etablissement de synapses permettant la differentiation des nouveaux 

neurones. Cette plasticite synaptique accrue facilite subsequemment l'apprentissage et la 

memoire [236]. 

Certaines etudes rapportent une augmentation de la neurogenese dans l'hippocampe 

chez des rongeurs nourris d'une restriction alimentaire. Ainsi, Lee et collegues [263-265] 

revelent que des animaux nourris par alternance journaliere, pour des periodes variant de 14 a 

90 jours, possedent un nombre plus eleve de nouvelles cellules dans la couche granulaire du 

gyrus dentele comparativement a des animaux nourris a volonte. Cette neurogenese est 

observee en presence de concentrations superieures de BDNF et de neurotrophine 3 dans le 

CA1, le CA3 et le gyrus dentele de ces animaux. Plus recemment, Lee et al [265] ont 

rapporte une augmentation significative de la neurogenese chez des souris saines suite a une 

restriction alimentaire, mais aucun effet neurogenique chez les animaux restreints ayant subi 
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une lesion hippocampique suite a une injection d'acide kainique. Pour leur part, Bondolfi et 

al. [46] n'observent aucun effet significatif de la restriction alimentaire sur la proliferation, la 

survie et la differentiation des nouveaux neurones hippocampiques chez des souris C57BL/6 

adultes, comparativement aux observations realisees chez des souris nourries a volonte. lis 

notent toutefois une augmentation des cellules gliales dans le hilus du gyrus dentele chez les 

animaux restreints. 

De meme, la restriction alimentaire est associee a des changements plastiques et 

une meilleure preservation de la configuration des epines dendritiques des neurones 

pyramidaux lors du vieillissement chez des rongeurs [330]. Ces dernieres recoivent et 

integrent 1'information afferente des terminaisons axonales et jouent un role important 

dans l'apprentissage et la memoire. Par contre, d'autres etudes demontrent que cette 

restriction a peu d'impact sur les processus degeneratifs des synapses inhibitrices du 

cortex sensorimoteur et ou sur le nombre de synapses par neurone dans le gyrus dentele 

de rats ages [344,420]. 

1.4. Hypotheses sous-jacentes des effets fonctionnels de la restriction 

alimentaire 

Dans l'ensemble, les resultats de cette these suggerent que la restriction 

alimentaire favorise des changements neuroplastiques et/ou la presence de mecanismes 

compensatoires permettant de reduire significativement les deficits d'apprentissage et de 

memoire spatiale induits par Pischemie cerebrale globale. Diverses avenues meritent 

d'etre evaluees afin de mieux comprendre les mecanismes cellulaires et re-

organisationnels associes a la restriction alimentaire. 
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Une premiere hypothese propose que la restriction alimentaire facilite le 

recrutement de regions extra-hippocampiques lors de la completion de taches mnesiques 

spatiales, permettant de compenser l'importante degenerescence des neurones 

pyramidaux du CA1 [21]. De nombreuses structures extra-hippocampiques corticales et 

sous-corticales, dont les cortex perirhinal, entorhinal, et parahippocampique, sont 

impliquees dans la consolidation a long terme des apprentissages explicites [430]. II est 

possible que le role des structures de ce circuit neuronal soit modifie lorsque 

l'hippocampe est endommage. De plus, une lesion partielle de l'hippocampe peut 

engendrer une disorganisation fonctionnelle des circuits hippocampiques, interferant 

avec les connections afferentes aux regions extra-hippocampiques. Une telle 

disorganisation pourrait de maniere subsequente empecher la consolidation en memoire a 

long terme [21]. Certains chercheurs proposent que cette disorganisation soit attenuee par 

la restriction alimentaire. Parallelement, une deuxieme hypothese stipule que la restriction 

alimentaire favorise une plus grande plasticite neuronale liee a une meilleure 

reorganisation de circuits neuronaux encore fonctionnels. Un reseautage accru entre les 

regions du lobe temporal median, integrant Pefficacite de la transmission electrique et 

neurochimique a la synaptogenese, pourrait contribuer a la reduction des deficits 

mnesiques ischemiques [173]. En preambule a une discussion de ces deux possibilites, il 

s'avere important de presenter brievement 1'anatomie et les circuits neuronaux principaux 

du lobe temporal median. 



1.4.1. Organisation cvtoarchitectonique du lobe temporal median 

Le lobe temporal median, comprenant la formation hippocampique et differentes 

structures extra-hippocampiques, exerce un role important dans la consolidation a long 

terme des memoires explicites, incluant la recuperation intentionnelle de l'information et 

des experiences passees et la formation des memoires spatiales [430]. Chez les 

mammiferes, la formation hippocampique se compose du gyrus dentele, du cortex 

subiculaire et de l'hippocampe. Les structures extra-hippocampiques incluent des regions 

corticales adjacentes a l'hippocampe, soit les cortex pre-, para-, et postsubiculaires, 

entorhinal, perirhinal, postrhinal, et parahippocampique. La boucle neocortex -

hippocampe - neocortex se caracterise par une organisation hierarchique de reseaux 

associatifs participant a l'integration d'informations multimodales a l'interieur du 

systeme de memoire du lobe temporal median. 

La principale voie de communication entre le neocortex et l'hippocampe est la 

voie perforante (« perforant pathway » - voir figure 26) [30,244,321,474]. Les deux tiers 

de 1'information en provenance du neocortex sont transmis au cortex entorhinal par les 

cortex perirhinal et parahippocampique via des connexions reciproques [203,204,256, 

321,436,437]. Le cortex entorhinal recoit egalement des signaux afferents des bulbes 

olfactifs, des regions corticales infralimbiques, orbitofrontales, et cingulaires, du cerveau 

anterieur basal, de Pamygdale, du noyau raphe, du locus coeruleus, de l'aire tegmentale 

ventrale et du thalamus [35,159,203,204]. II est a noter que ces diverses connexions 

projettent vers des couches cellulaires distinctes [321]. Ainsi, 1'information sensorielle 

afferente en provenance du neocortex converge de maniere directe ou via des regions 

adjacentes vers les couches I, II et III du cortex entorhinal. 
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Chez les rongeurs et les primates, la voie perforante se divise en deux faisceaux 

partant de la couche II ou III du cortex entorhinal [473]. Essentiellement, les neurones de 

la couche II projettent leurs axones vers les cellules granulaires du gyrus dentele, ces 

dernieres projetant vers les cellules pyramidales du CA3, via les fibres moussues (Mossy 

fibers). Les cellules pyramidales du CA3 communiquent a leur tour avec les cellules 

pyramidales du CA1 en empruntant le faisceau collateral de Schaffer. II existe egalement 

une voie commissurale associative via laquelle les cellules pyramidales des deux 

hemispheres partagent l'information recue. Quant aux neurones entorhinaux de la couche 

III du cortex, ils projettent exclusivement vers la couche pyramidale du CA1 et le cortex 

subiculaire. Ce sont ces neurones (du CA1 et du cortex subiculaire) qui ferment cette 

boucle hippocampique en retournant l'information transformee a chacun des niveaux vers 

la couche V du cortex entorhinal [30,106,243,244,321,479]. Les neurones des couches V 

et VI envoient alors l'information vers le neocortex, de maniere a l'entreposer dans la 

memoire a long terme [161]. De plus, des projections entre les neurones de la couche V et 

ceux des couches superficielles I-III permettent d'integrer l'information en provenance de 

l'hippocampe a 1'information afferente provenant du cortex entorhinal [450,479,482]. 

L'information transferee aux couches superficielles se trouve ainsi a entrer de nouveau 

dans la boucle hippocampique. Ce mecanisme serait implique dans l'entreposage de 

l'information dans des reseaux neuronaux et serait dependant de bonnes connections 

inter-neuronales entre les couches profondes et superficielles du cortex entorhinal [450]. 

La voie mamillothalamique represente un autre lien important via lequel les 

cellules pyramidales du cortex subiculaire projettent vers le fornix. Ce dernier projette 

ensuite aux noyaux median et lateraux des corps mamillaires et au noyau thalamique 



anterieur. Les efferences du noyau thalamique anterieur emprantent alors la capsule 

interne pour rejoindre le cortex cingulaire, le gyrus parahippocampique, le cortex 

entorhinal pour retourner a la formation hippocampique via la voie perforante. Cet 

ensemble de relais neuronaux limbiques represente le « circuit de Papez », connu pour 

son implication dans le controle des emotions et la consolidation mnesique. 

Figure 26: Organisation neuronale dans rhippocampe [497]. 

The Hippocampa! Network: The hippocampus forms a principally uni-directional network, 
willi input fitnu UIH EiituifIMMI CUIIJHA (EC) Uidt fumn> vomnaAhuivb witli tin? Dentate Qyiub 
|DG) and CA3 pyramidal neurons via the Perforan t Path (PP - split into lateral and medial), 
CA3 neurons also receive input from the DC via the mossy fibres (Ml*). They send axons 
to CA1 pyramidal ce lis via the Schaffcr Collateral Pathway {SC|, as well as to GA1 cells in 
the contralateral hippocampus via the Associationai Commissural pathway (AC). CA1 
neurons also receive input directly from the Perforant Path and send axons to the 
Riihirttihtm (Rh) TIMIKB nmimn in t i im «u*nrf fhn main hinnnr_amrujJmirpuf tuKk to thp PC, 
forming a loop. 



1.4.2. Formation hippocampique, apprentissage et memoire spatiah 

De nombreuses etudes ont examine la relation entre la densite neuronale dans 

l'hippocampe (principalement dans la couche pyramidale du CA1) et la performance 

comportementale dans une variete de paradigmes experimentaux. Une perte moderee a 

severe des neurones pyramidaux du CA1 engendre typiquement des deficits 

d'apprentissage et de memo ire spatiale importants dans des taches simples (labyrinthe 

aquatique, radial a huit bras, en forme de Y ou de T) et complexes (taches differees 

appariees ou non a l'echantillon impliquant une composante spatiale) [23,39,53,190,241, 

400,457,459,477]. A l'oppose, d'autres recherches montrent que la mort neuronale dans 

le CA1 suivant une ischemie globale n'est pas toujours associee a des deficits mnesiques 

dans des taches spatiales comme le labyrinthe aquatique de Morris [343,347,354]. De 

plus, la memoire spatiale de rats suite a une occlusion temporaire des arteres carotides 

(2VO) est significativement affectee malgre l'absence de degenerescence des cellules 

pyramidales du CA1 de l'hippocampe [213,280]. A l'inverse, d'autres etudes rapportent 

des niveaux moderes a severes de mort neuronale dans le CA1 en l'absence de deficits 

mnesiques [17,413]. Ces resultats suggerent que la performance des animaux ischemics 

dans ces taches ne depend pas essentiellement de l'integrite fonctionnelle des neurones 

pyramidaux du CA1, presentant certaines divergences avec des liens d'interdependance 

classiquement etablis entre memoire spatiale et fonctions hippocampiques. 

1.4.3. Structures extra-hippocampiques, apprentissage et memoire spatiale 

De nombreuses etudes supportent un role important de plusieurs regions extra-

hippocampiques dans la consolidation de l'information spatiale, incluant les cortex peri et 
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postrhinal [274,336,360], para-hippocampique [87,212,356,396], et pre-, para-, et post-

subiculaire [148,150,231,475]. Les projections afferentes et efferentes du cortex 

entorhinal jouent un role significatif dans l'encodage, la consolidation et le rappel 

d'information spatiale [130,142,147-149,197,365,431,444]. Parron et collegues [364] 

ajoutent que les liaisons corticales et sous-corticales vers le cortex entorhinal participent 

au traitement de rinformation sensorielle multimodale et des reperes visuels simples, 

permettant une navigation adaptee dans l'espace. Operationnellement, les deficits de 

navigation spatiale se traduisent par un nombre superieur d'erreurs de memoire de travail, 

une latence significativement plus elevee pour accomplir la tache, et une augmentation de 

la distance parcourue dans les labyrinthes radial ou aquatique de Morris. 

Certains chercheurs ne rapportent aucun deficit d'apprentissage et de memoire 

spatiale suite a des lesions du cortex enthorinal [24,25,47,61,211,359,386]. Steffenach et 

collegues [431] suggerent que ces situations sont attribuables a des lesions incompletes 

qui n'affectent que partiellement les circuits hippocampiques impliques dans la memoire 

spatiale. Ces auteurs montrent qu'une lesion a l'interieur de la bande dorso-laterale du 

cortex entorhinal interrompt completement et de maniere consistante le rappel de 

1'information spatiale encodee precedemment par des rats dans le labyrinthe aquatique de 

Morris. A Poppose, la memoire spatiale semble etre preservee en presence de lesions 

dans la bande ventro-mediale du cortex entorhinal, qui communique prioritairement avec 

l'hippocampe ventral et joue un role plus important dans les comportements 

d'exploration et d'anxiete. Ces resultats suggerent que les differences fonctionnelles entre 

l'hippocampe ventral et dorsal sont tributaires de liens neuronaux specifiques avec le 



cortex entorhinal, affectant de maniere distincte la navigation spatiale et la consolidation 

d'information en memoire a long terme. 

1.4.4. Implications de regions situees al'exterieur du lobe temporal median dans 

Vapprentissase et la memoire spatiale 

Un nombre croissant de recherches se sont interessees a Pimplication de plusieurs 

regions situees a l'exterieur du lobe temporal median dans la Papprentissage, la memoire 

spatiale et la memoire de travail. Tout d'abord, le cortex parietal et ses connections avec 

le cortex retrosplenial et l'hippocampe joue un role significatif dans le memoire spatiale 

egocentrique (i.e., la perception de l'espace basee sur la position de l'animal) et 

allocentrique (i.e., la relation spatiale entre les objects et l'environnement spatial) [501]. 

Le cortex parietal integre 1'information en provenance des cortex moteur, premoteur, 

visuel, auditif, et somatosensoriel, ce qui permet a l'animal de former une carte spatiale 

de l'environnement et de discriminer les environnements vis-a-vis de sa position dans 

l'espace et des indices visuels disponibles [87,507-509,515,516]. 

Le cortex retrosplenial, quant a lui, integre les indices visuels disponibles avec 

l'information generee par les mouvements de l'animal en utilisant des indices internes 

comme la retroaction proprioceptive et l'activation vestibulaire durant le mouvement 

[95,240]. De par ses connections avec l'hippocampe, le cortex retrosplenial utilise la 

memoire spatiale a long terme pour corriger les erreurs qui surviennent lors de 

1'integration de l'information, ce qui ameliore la navigation spatiale de l'animal [502-

504,513]. Des lesions au cortex retrosplenial et/ou a ses connexions engendrent des 
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deficits de memoire de reference et de travail dans les labyrinthes aquatique et radial chez 

des rongeurs [517]. 

D'autres recherches ont mis en evidence un role considerable du thalamus dans la 

cognition, notamment dans Fattention, la memoire, et les comportements diriges vers un 

but [333]. Le noyau thalamique anterieur est implique dans le traitement de Pinformation 

visuelle et est necessaire pour la memoire spatiale allocentrique. Le noyau thalamique 

intralaminaire joue egalement un role dans la memoire spatiale et les fonctions motrices 

intentionelles alors que le noyau thalamique median est associe a 1'attention et a la 

memoire de travail qui sont aussi gerees par le cortex prefrontal. Ainsi, des lesions aux 

noyaux thalamiques median, anterieur, et intralaminaire entrainent des problemes 

d'apprentissage et/ou de memoire de travail dans des taches spatiales allocentriques [498, 

500,511,512,514]. 

Le cortex prefrontal est egalement une region importante dans l'accomplissement 

de taches de memoire spatiale allocentrique. Le cortex prefrontal median et dorsolateral 

s'active lors de taches de memoire de travail et de taches differees (DNMTS/DMTS) 

[499,505,506,510]. Le cortex prelimbique joue aussi un role dans la memoire de travail, 

son role etant de recuperer l'information spatiale et d'organiser la sequence motrice 

subsequente. Le cortex prelimbique s'active davantage lors de taches differees. 

Finalement, les noyaux gris centraux sont egalement necessaires a Paccomplissement de 

taches spatiales [518]. Le globus pallidus permet une connexion entre le system limbique 

et le thalamus mddian ainsi qu'entre le stiatum, le cortex prefrontal et le thalamus. Le 

noyau caude integre l'information limbique et corticale et produit de maniere 

subsequente les comportements diriges vers un but, particulierement dans le labyrinthe 
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radial. Finalement, le striatum est essentiel pour l'apprentissage de sequences motrices et 

de comportements automatiques. 

1.4.5. Ischemic regions extrahippocampiques, apprentissage et memoire spatiale 

Au cours des dernieres decennies, la presence de lesions dans des regions extra-

hipocampiques et/ou a l'exterieur du lobe temporal median suite a un episode ischemique 

a ete observee chez plusieurs especes animales [20]. Par exemple, des evaluations post­

mortem de patients decedes des suites d'un arret cardiaque et/ou des resultats d'etudes 

d'imagerie entreprises aupres de patients ayant survecus un arret cardiorespiratoire 

revelent des dommages localises dans plusieurs regions corticales et sous-corticales. Ces 

dernieres incluent entre autres les cortex frontal, parietal et temporal anterieur ainsi que le 

subiculum, Pinsula, le striatum, Pamygdale et le thalamus et le cervelet [101,374,458]. 

De meme, Zola-Morgan et collegues [496] ont demontre en plus des dommages 

significatifs aux neurones hippocampiques des lesions au gyrus dentele, cortex 

subiculaire, putamen ventral, cervelet, corps mamillaires et thalamus chez des singes 

ayant subi une ischemie globale de 15 minutes. Plusieurs auteurs observent egalement 

des lesions extra-hippocampiques chez des rongeurs ischemics, localisees dans le 

striatum, le thalamus, le neocortex, le cervelet, et certains noyaux du tronc cerebral 

[104,105,459,460]. II faut done considerer la possibilite que l'attrition legere a moderee 

observee dans ces sites neuronaux puisse contribuer aux deficits mnesiques suite a 

l'ischemie cerebrale. Plus precisement, les cortex rhinal, subiculaire, para-hippocampique 

et cingulaire contribuent a la reconnaissance mnesique et a la memoire spatiale [289,316-

318,364,466-468]. 
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A ce jour, aucune etude n'a determine l'activation de ces regions extra-

hippocampiques chez des animaux restreints sains ou ayant subi une lesion cerebrale. 

L'hypothese du recrutement de ces structures au niveau fonctionnel demeure done 

theorique malgre son interet en liens avec les resultats presenters dans cette these. II est 

possible que la restriction alimentaire favorise le recrutement de regions extra-

hippocampique lors de la completion de taches mnesiques spatiales permettant de 

compenser la perte des neurones pyramidaux du CA1. Des recherches supplementaires 

s'averent necessaire afin de valider une telle hypothese. 

1.4.6. Restriction alimentaire et reorganisation fonctionnelle de circuits 

neuronaux. 

Une deuxieme hypothese stipule que la restriction alimentaire favorise la plasticite 

neuronale stimulant la reorganisation de circuits neuronaux fonctionnels. A ce jour, 

certains effets de la restriction alimentaire affectant la transmission dopaminergique 

habituellement reduite avec l'age ont ete documented. Ainsi, la restriction alimentaire est 

associee a une augmentation de la liberation de dopamine dans le striatum de rats ages et 

une prolongation de sa presence dans la fente synaptique [110,404,491]. Les travaux de 

Carr et collegues [72] suggerent egalement que la restriction alimentaire modifie les 

recepteurs post-synaptiques Dl et D2 et facilite la signalisation de la dopamine. De 

meme, une sensibilite accrue aux agonistes des recepteurs dopaminergiques Dl et D2, 

tels que le SKF-82958, est observee chez des animaux restreints, induisant une activite 

locomotrice superieure et une expression accrue du gene precoce c-fos dans le striatum 

[70-72]. Par ailleurs, Holmer et al. [191] montrent que lorsqu'administree suite a une 
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lesion de la voie nigrostriatale chez des souris, la restriction alimentaire reduit le niveau 

de glutamate extracellulaire libere par une injection de l-methyl-4-phenyl-l,2,3,6-

tetrahydropyridine (MPTP). Cette reduction de glutamate s'observe en presence d'une 

perte importante de signaux inhibiteurs dopaminergiques dans le striatum. Parallelement, 

ces auteurs demontrent que la restriction alimentaire accroit significativement l'activite 

neuromodulatrice transmise par la voie thalamo-cortico-striatale en augmentant le niveau 

de glutamate dans le striatum comparativement aux autres groupes. Dans un meme ordre 

d'idee, Masswood et al. [298] rapportent qu'une restriction alimentaire de 30%, 

administree pendant une periode de 6 mois, augmente la resistance des neurones 

dopaminergiques dans le striatum et reduit les deficits moteurs induits par le MPTP chez 

des singes rhesus. Les resultats de Morgan et al. [325] vont toutefois a l'encontre de ces 

observations et notent l'lncapacite" de la restriction alimentaire a proteger les neurones 

dopaminergiques de la substance noire de souris agees d'un an des dommages cellulaires 

induits par une dose toxique (mais plus faible) de MPTP. 

D'autres etudes demontrent des changements dans les concentrations cerebrales 

de serotonine et de dopamine chez les animaux restreints, qui sont associes a des 

changements emotionnels incluant des comportements anxiogenes et depressifs 

[362,484]. Par exemple, l'etude de Jahng et al. [209] demontre qu'une periode de 

restriction alimentaire de cinq semaines reduit la synthese de serotonine dans 

l'hippocampe et 1'hypothalamus de rongeurs, ce qui augmente significativement les 

niveaux de corticosterone chez ces derniers. La restriction alimentaire est egalement 

associee a des changements neurochimiques affectant l'ingestion alimentaire et la 

regularisation de l'humeur de facon prolongee et ulterieure a la cessation de cette 



restriction [79]. Notamment, ces auteurs demontrent qu'une restriction alimentaire 

cyclique altere la relation entre les neurotransmetteurs serotonine et dopamine dans le 

noyau caude. De plus, lorsqu'elle est combinee avec un acces intermittent a la nourriture, 

elle possede un effet anorexigene, reduit les niveaux de serotonine et de dopamine dans le 

cortex prefrontal median et est associee avec certains comportements depressifs chez les 

rates de cette etude. 

1.5. Une conclusion sur les effets de la restriction alimentaire sur l'ischemie 

globale 

De maniere generale, les resultats de cette these ouvrent des pistes interessantes 

dans la comprehension des effets fonctionnels de la restriction alimentaire et de la 

participation du GABA et du gmtamate a ces observations. Nous avons demontre des 

performances cognitives impressionnantes des animaux ischemics restreints dans des 

tests complexes peu souvent utilises de par la duree exigee de 1'evaluation 

comportementale. Ces resultats aident a preciser et valider des observations anterieures 

demontrant des effets via 1'utilisation des tests comportementaux plus simples. L'absence 

d'effets protecteurs de la restriction alimentaire contre les dommages ischemiques 

massifs ou de changements dans l'expression du marqueur pro-apoptotique caspase-3 

suggerent que d'autres facteurs jouent un role determinant dans les effets mnesiques 

observes. L'etude de la reorganisation de circuits fonctionnels et/ou des differences de la 

neurotransmission chimique chez les animaux restreints a des intervalles multiples 

suivant l'ischemie permettra de determiner les fluctuations endogenes et le role possible 
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de ces neurotransmetteurs dans la survie neuronale et/ou d'etablier un lien plus direct 

avec les observations fonctionnelles etablies. 

2. Diete enrichie de eras polyinsatures ct ischemic globale 

Un second objectif de cette these visait a evaluer les effets de changements 

alimentaires plus directement applicables aux habitudes de consommation humaine, soit 

d'une diete enrichie de gras polyinsatures (PUFA; 11.5% d'huile de poisson combinee a 

3.5% d'huile de mai's). Tel que prexedemment decris, les recherches rapportent de plus en 

plus d'effets benefiques de la consommation de gras polyinsatures sur plusieurs variables 

physiologiques. Une consommation privilegiee de ces gras est associee a une reduction 

de l'incidence d'accidents vasculaires cerebraux et des sequelles physiologiques et 

comportementales subsequentes. 

Comme avec la restriction alimentaire, la diete enrichie de PUFA n'a pas induits 

d'effets preventifs sur la degenerescence des neurones du CA1 de l'hippocampe 31 jours 

suivant 1'ischemic Cependant, la consommation de cette diete pour une periode de trois 

mois est associee a une attenuation des deficits d'apprentissage et de memo ire spatiale 

chez les animaux ischemics. Les mecanismes physiologiques et/ou neuronaux induits par 

la consommation d'une diete enrichie de PUFA demeurent meconnus. Toutefois, les 

effets recemment demontres de ces dietes sur la neurogenese et la plasticite cellulaire 

sont des avenues interessantes a explorer dans le cadre des effets fonctionnels observes 

dans notre etude (voir manuscrit 3). Ces travaux documentent entre autre 1'augmentation 

de la resistance cellulaire via l'expression de proteines chaperonnes (HSP-70), la 

diminution du volume de l'infarctus et l'oedeme post-ischemique, l'inhibition de la 
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synthese de prostaglandines, une phagocytose accrue, une plus grande fluidite et 

excitabilite de la membrane, la modification de la production et de l'activite des 

neurotransmetteurs et recepteurs, 1'activation de recepteurs specifiques couples aux 

proteines G (GRP40), la reduction des deficits de potentiation a long terme associes a 

Page, et la promotion de la neurogenese et la synaptogenese. 

A partir de nos resultats, il est difficile de determiner par quels moyens notre diete 

enrichie de PUFA a preserve les fonctions mnesiques des rats ischemics. Contrairement 

aux recherches precedentes employant des methodes de supplementation des gras par 

injection ou gavage, nous avons opte pour une integration des supplements de PUFA a la 

ration de nourriture quotidienne des animaux. Cette methode plus naturelle visait a 

reduire le niveau de stress des animaux puisque 1'apport principal de notre 

experimentation consistait en l'analyse du comportement. En employant cette methode, 

l'estimation de la quantite exacte de PUFA s'est averee plus ardue du a la possibilite 

d'ingestion variable. Ce facteur ne semble toutefois pas avoir joue un role determinant, 

les animaux de P ensemble des groupes consommant en entier la ration quotidienne 

fournie. 

Un autre facteur contrastant avec la plupart des etudes employant des supplements 

de gras polyinsatures est une integration combinee d'acides gras de type omega 3 et 

omega 6 a la diete reguliere. Cette combinaison avait pour objectif d'augmenter la 

consommation finale de gras omega 3 tout en maintenant un ratio optimal de gras 

n-6/n-3. Un ratio superieur de gras omega 3 est generalement associe a un taux inferieur 

de mortalite du aux maladies cardiovasculaires, neurodegeneratives et/ou inflammatoires 

[65,94,286]. Toutefois, une limite importante de notre etude est le fait que nous n'ayons 



pas quantifie via une analyse chromatographique de la diete les concentrations exactes 

d'acides gras polyinsatures [133,222]. En consequence, nous ne pouvons qu'estimer le 

ratio final de n-6/n-3 PUFA de notre diete (voir manuscrit 3, Tableau 7) 

Afin de clarifier les effets neuronaux de notre diete, la determination de la 

composition de gras polyinsatures dans les membranes phospholipides cerebrales de 

chaque groupe experimental permettrait d'etablir la permeabilite de ces acides gras a 

travers la barriere hemato-encephalique et de mieux definir la relation entre la 

biodistribution de ces gras polyinsatures et nos observations neuronales et 

comportementales. De maniere a mieux caracteriser l'impact de chaque PUFA, il serait 

egalement interessant d'inclure des groupes recevant so it un seul type de gras 

polyinsatures, ou d'etudier parallelement les effets de l'integration de differents ratios de 

PUFA a la diete. 

Notre etude des effets comportementaux de l'ingestion de PUFA repartie sur 30 

jours post-ischemie, incluant l'aire ouverte (open field), le labyrinthe en croix (elevated 

plus maze) et le labyrinthe radial (8-arm radial arm maze), demeure une force 

considerable de notre etude. Nos resultats soutiennent encore une fois la dissociation des 

effets comportementaux des dommages cellulaires au CA1 de l'hippocampe. La 

consommation de cette diete riche en gras polyinsatures possede des effets preventifs sur 

les deficits mnesiques dans le labyrinthe radial..Ces effets sont toutefois moindres que 

ceux induits par la restriction alimentaire. 

Considerant les applications possibles chez l'humain, il serait interessant de 

determiner les effets de la diete enrichie de PUFA lorsqu'elle est initiee a differents 

stades dans la vie des animaux et pour des durees d'ingestions variees, de maniere a 
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eclaircir la relation entre la duree de l'ingestion de ces gras et l'observation d'effets 

physiologiques et/ou comportementaux. 

Une autre avenue attrayante serait de caracteriser les effets de differents PUFA en 

utilisant une serie de taches cognitives complexes similaires a celles employees dans cette 

these avec la restriction alimentaire, combinant l'apprentissage, la memoire spatiale et la 

flexibilite cognitive. 

3. Apport des travaux de recherche et avenues d'investigations futures 

Les travaux de cette these de doctorat sont les premiers a evaluer 1' impact de la 

restriction alimentaire sur la survie neuronale suite a une ischemie globale et a determiner 

les effets de cette procedure sur les deficits mnesiques et comportementaux y etant 

associes. Cette serie d'etudes visaie l'inclusion de tests comportementaux proposant des 

defis mnesiques, en integrant l'apprentissage de differentes taches mnesiques dans le 

labyrinthe et des changements proceduraux permettant d'evaluer la flexibilite cognitive. 

Un second element distinctif de nos experimentations consiste en la duree de 

1'evaluation comportementale. Les recherches evaluant les mecanismes neuroprotecteurs 

des dietes utilisees dans cette these n'incluent que rarement l'analyse du comportement et 

lorsque qu'elles le font, les tests sont simples, l'intervalle de passation des tests est de 

courte duree, et restreint aux jours suivant immediatement 1'induction du trauma. Ces 

divergences sont importantes et nos resultats indiquent que ces facteurs ont une incidence 

sur la protection neuronale conferee par ces dietes [59,489,494]. II est certain que le 

stress ischemique induit dans nos etudes est lie a 1'initiation d'une cascade physiologique 

associee a la degenerescence neuronale. II constitue un stress physiologique intense, 



possiblement superieur a celui de plusieurs etudes demontrant des effets protecteurs. 

De plus, la selection d'un intervalle de reperfusion plus long dans nos etudes 

pourrait expliquer l'incapacite des seuls changements organiques inities par la restriction 

alimentaire a proteger les neurones hippocampiques suite a une ischemie. A cet effet, 

plusieurs recherches ont demontre une degradation graduelle des effets protecteurs de 

differents traitements lorsqu'accompagnes de plus longue periodes de reperfusion (pour 

une revue, consultez Corbett et Nurse [97]). Neanmoins, au-dela des effets observes au 

niveau neuronal, la restriction alimentaire favorise la recuperation cognitive et 

fonctionnelle des rats ischemics. Ainsi, nos resultats suggerent que les effets de la 

restriction alimentaire sur l'apprentissage et la memoire spatiale sont importants et 

possiblement durables. Ces observations proposent de nouvelles fenetres d'investigations 

interessantes, notamment quant aux effets de la restriction alimentaire sur les 

changements neurochimiques et neuroplastiques suite a 1'ischemie cerebrale. 

Une limite de nos experimentations consiste au fait d'une inclusion unique de rats 

males adultes. Peu d'etudes se sont attardees a caracteriser les effets de changements 

nutritionnels aupres des femelles. Par exemple, Martin et collegues [291] ont demontre 

une emaciation des femelles suite a une restriction alimentaire de 40% associee a une 

interruption du cycle reproducteur et 1'expression d'un profil endocrinien masculinise. 

Elles montrent egalement une accentuation de leur reponse physiologique au stress et un 

niveau accru d'activite spontanee. Nonobstant ces changements physiologiques 

importants, ces rates ont demontre une performance mnesique superieure et des 

concentrations accrues du facteur neurotrophique BDNF compares aux femelles 

controles. Aucune recherche jusqu'a ce jour n'a determine les effets de la restriction 
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alimentaire aupres de femelles ischemiees. II serait done interessant de caracteriser ces 

effets de maniere a determiner s'ils se produisent egalement et a la meme intensite chez 

ces dernieres. 

Jusqu'a present, plusieurs recherches ont demontre que la restriction alimentaire 

prevenait ou retardait les deficits mnesiques associes au vieillissement chez les rongeurs 

[29,155,202,246,432]. II est possible que les resultats puissent etre differents advenant 

l'adoption d'une restriction alimentaire plus tard dans la vie des animaux et/ou que les 

effets ne peuvent se reproduire aupres d'animaux recevant un choc ischemique a un age 

plus avance. Afin de pleinement valider les effets de cette procedure, il s'avere important 

d'introduire la restriction alimentaire a different age, et d'inclure une periode d'ingestion 

minimale necessaire a l'obtention d'effets fonctionnels. L'examen fonctionnel devrait 

egalement se poursuivre sur de plus longs intervalles de maniere a determiner si les effets 

de cette diete demeurent stables avec le temps. 

Finalement, il s'avere imperatif a la lueur de nos observations et de celles de 

plusieurs travaux recents de mieux cerner dans les etudes a venir les changements 

survehant dans les regions extra-hippocampiques. A ce titre, il serait important d'integrer 

plusieurs marqueurs neuronaux et synaptiques aux Etudes du comportement de maniere a 

accentuer la comprehension des mecanismes protecteurs de la restriction alimentaire par 

un pairage physiologie-comportement a l'interieur des memes travaux scientifiques. 

Puisque que la restriction alimentaire semble preserver la memoire spatiale et la 

flexibilite cognitive des animaux ischemics tel qu'observe dans cette these, il serait 

interessant de caracteriser ces marqueurs avant, pendant et apres l'apprentissage de taches 

davantage complexes. 
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En conclusion, 1'ensemble des resultats de cette these de doctorat a contribue a 

mieux cerner l'impact de changements alimentaires et a definir l'importance de ces 

modifications comme facteurs de prevention efficace lors d'un evenement ischemique. 

Plus precisement, la consommation de dietes restreinte en calories et/ou enrichie de gras 

polyinsatures pour une periode de trois mois precedent 1'administration d'une ischemie 

cerebrale globale ne protege pas les neurones hippocampiques du CA1 7, 31 et 70 jours 

post-ischemie. Ces deux dietes induisent neanmoins des effets physiologiques qui 

subsequemment alterent ou preservent les habiletes mnesiques post-ischemiques dans un 

labyrinthe radial. Les resultats de cette these sont egalement les premiers a demontrer des 

habiletes mnesiques et une flexibilite cognitive comparable a celles des rats sham et des 

changements au sein des transporteurs vesiculates chez des animaux ischemics 

restreints. Malgre que ces resultats soient preliminaires, ils appuient l'hypothese d'une 

meilleure plasticite synaptique et possiblement une reorganisation des circuits neuronaux 

survivants. II est souhaite que ces derniers ouvrent de nouvelles pistes de recherche qui 

sauront nous eclairer davantage quant aux mecanismes protecteurs de ces dietes. 
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