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1.1 Commedon Mathle entre les systèmes inmunitain a n e u r o e n m  . . 

Jusqu'au milieu des a ~ é e s  70, les immunologistes croyaient que les protéines 
synthétisées par les diffintes allules immunitairts activées, suite B la pdsentatioa d'un 
corps &rztnger, etaient confinees B la périphézie. Ainsi, on croyait que ces mokules étaient 
relarpuées en systémie dans l'unique but & mmoder localement la réponse & l'organisme 
fkce h une infectioa Les neurobiologis~s, quant B eux, considaaient le cemeau comme un 
organe privïl6git totalement isole des influences immunitaires périphériques. Les 
neuropeptides, neuTotransmetteurs, neuromphines et a u a s  méùïatem centraux &aient 
essentiellement m m ~ u s  pour leur r6le jod au cours du développement du système nerveux 
centrai (SNC) et la régulation des diverses fonctions nemales. Toutefois, bien que 
longtemps considQés VirtueUement indépendants Sun de l'aime. il est maintenant bien admis 

que les axes immunitaires et nemndoctiaiens communiquent via des ligands et des 
récepteurs communs. Il est dorénavant bien établi que les récepteurs de nombreux 
neurotransmetteurs, neuropeptides et neurohormones sont IocalisCs sur cenains types de 
cellules immunocompétentes comme les lymphocytes ou les macrophages (Blalock, 1989; 
Johnson et ai.. 1982). Fait intkssant, il a été démon& que des terminaisons nemeuses 
noradréuergiques innervent directement les organes lympho*~s primaires et secondaires, 
sug@rant par le fait même que la prolif'on, la la6renciation et la miwon des cellules 
immunocompétentes puissent êtxe grandement influencées par le cerveau (Calvo and Foireza- 

Vila, 1969; Felten et ai., 1987; Felten et d, 1985; Nance et al., 1987). De plus, & 
nombreux travaux ont révéIC la présence de neuropeptides au niveau des fibres terminales 
innervant les divers tissus lymphoïdes (Felten et al., 1985; F i  and Weihe, 1988; Fned et 
al., 1986; Kinkowski et al., 1990. Ottaway and Greenberg, 1984, S tead et al., 1987; Weihe 
et d., 1989). L'hypothèse d'une interaction directe entre le SNC et le système immunitaù.e a 
atteint son paroxysme avec les 6aides & Jankovic qui confirmèrent, ho~s de tout doute, que 

les peptides neurodocriniens peuvent eux aussi influencer les cellules du système 
immunitaire. Dans ce concept, I'hypothalamus, une dgion du caveau contenant plusieurs 
peptides qui modulent les fonctions endocriniennes, est considéré comme une région 
déterminante pour la cornmunication enm les axes immunitabe et endocrinien, L'hportanœ 
& cette région. dans la régulation de la réponse immunitaire, fut d'ailleurs confirmée par des 
travaux démontrant que des ltsions de certaines dgions de l'hypothalamus powaient 
provoquer une activation OU une inhibition des fonctions immunitaires (Cross et al., 1984, 
Jankovic and Isakovic. 1973; Jankovik, 1989). De plus, puisque la grande majorité des 



actions neuroendocriniennes de i'hypothalamus sur la ptriphtne ont tté reconnues pour 
s'effe~tller via la modulation de l'hypophyse, le rôle joue par la glande hypophysaire daos le 
contrôle du syseme immunitaire fut lui aussi l'objet de nombreuses recherches. 
L'hypothalamus exerce son influence s 0  l'adtinobypophyse grke la sécrétion de "facueurs 
de lib6rationW achemin& par un système vasculaire porte veineux hypothalamo- 
hypophysaire, tandis que, la relation entre l'hypottialamw et la neurdlypophyse s'effkctue 
dacacment grâce aux pdongements des derminaisons nerveuses h y p o ~ u e s  au niveau 
de l'hypophyse. il a et6 démontrt dune part, que les e&ts facilitateun ou inhibiteurs des 
lésions hypothalamiques sur les fonctions immunitaires sont compléternent renversés chez 
des animaux préalablement hypophysectomis6s et, d'autre part, qu'une ltsion de 
l'hypophyse peut elle aussi stimuler ou inhiber certaines fmctions immunitains (Khansari et 
d, 1990). Aiosi, le SNC peut agir directement sur les cellules immunitairrs: 1 } via l'action 
des neurosanSmetteurs et  neuropeptides reïâch6s par les terminaisons neweuses situées Zh 
proximité des cellules immunocompétentes (ex.: dans les organes lymphoïdes primaires et 
secondaires) et; 2 )  via l'action &s hormones hypophysaires chculantes (ex.: honnone 
~nocor t icot rope  [ A m ,  hormone de croissance [GHJ, hormone thyréotrope mHl, etc) 

(Blalock, 1989; Gilbert and Payan, 1991). 

Toutefois, bien que les résultats discutés pxécéde~nment démontrent l'influence du 
SNC sur la rtgulation du système immunitaire, de nombreuses 6vidences ont confirm6 plus 
récemment que la communication entre les deux systèmes n'est pas unidirectionnelle, mais 
plutôt bidirectionneiie. Ainsi, il est admis que certains facteurs produits lors d'une activation 
immunitaire communiquent avec le cerveau afin de permettre la coordination appropriée des 
changements comportementaux, endoainiens et autonorniques nécessains au rétablissement 
de l'homéostasie. Panni les candidats les plus intéressants. on retrouve notamment: les 
cytokines, les prostaglandines, les leucotriènes, les facteurs de coagulation et plusieurs autres 

médiateurs inflammatoires. Toutefois, la capacit6 des cytokines à rejoindre la circulation 
genCraIe, dans le but de stimuler le relâchement des hormones hypophysaires et  
neuropeptides centraux, a suscité un grand engouement au cours de la dernière décennie. En 
effet, en plus d'induire ractivite immunologique au site d'infection et d'orchestrer la cascade 

d'événements cellulaires menant B la desmiction dw pathogènes, les cytokines synth6tisées 
par les macrophages et les lymphocytes activCs en présence d'un antigéne (Dinarello, 1989; 
Rabin et al., 1990) sont maintenant reconnues pour leur capacit6 d'agir sur le système 
neurotndocrinien. De nombreux travaux &montrent que l'administration in vivo des 
cytokines pro-inflammatoires module la secrétion de PA- la GH , la TSH, l'hormone 
lutéinisante (LEI), l'hormone follicul+sthiiIante WSH) et la prolactine (Berkenbosch a d, 



1987; Bemton et al., 1987; Dubuis et ai., 1988; Payne et ai., 1992; R e d  et al., 1987; 
Rivier and Vale, 1989; Sapolsky et al., 1987; Sharp et d, 1989; Spangelo et al., 1989; 
Uehara et cil., 1987). Bien que l'hypoth~se d'me action dirrae des cytokines sur les ceUul#  
hypophysaires soit très attrayante, il scmble de plus en plus €vident que les cytokines 

puissent aussi agir indirectement via une circuiterie neuronale beaucoup plus complexe qui 
serait responsable du contrôle & i'axt hypothalamo hypophysaire- 

La gran& majorité des influences du SNC sur le système immunitaire s'eff'ent via 
la riégulation de l'axe HPA, justifiant par le fait même Mention particulière donde ik celle-ci 
au cours des derni&res années. Les résultats accumd6s jusqu'ii présent ont permis de 
démontrer que, comme illustré ik la figure 1, les cellules immu .n iW périphériques activées 

(ex.: principalement les monocytes et les macrophages) libéraient des signaux, telies les 
cytokines, qui stimuleraient l'activité de l'axe HPA. Bien que cette capacit6 de la réponse 
immunitaire ik activer i'am HPA ait 6té contestée par la suite (Stenzel-Pm et al., 1993). 
plusieurs etudes ont montré que l'augmentation &s cytokines sanguines pouvait induirt le 
relâchement du facteur de lib6ration des corticotrophines (CRF) (Barbanel et al., 1990, 
Berktnbosch et ai., 1987; Navarra et al., 1991; Rivest et (11.. 1992; Sapolsky et al., 1987; 
Suda et al., 1990; Tsagarakis et al., 1989) et de SACTH mateman et de, 1989; Besedovsky 
et al.. 1991; Rivier, 1993). Rappelons que le CRF neuroendocrinien est produit par un 
groupe sptciftque de neurones de la division parv-uulaiire des noyaux paraventriculaires de 
Shypothalamus (PVH; voir figure 2) (Antoni, 1986; Sawchenko and Swanson, 1989) et 
qu'une fois synth&ïsé dans le m o n ,  le neuropeptide est transporté par voie axonde 
puis stocke dans les vCsicules terminales des terminaisons nerveuses CRFergiques 
regroupees dans la région de 1'6minence médiane (EM) (Kawano et al., 1988; LeIlRard et al., 
1993; Swanson et al., 1983). Suite ii sa libération dans le système vasculaire porte veineux 
hypothalamo-hypophysaire, le CRF est achemine aux cellules corticotropes de 
Sadénohypophyse où il pourra stimuler la synthèse du peptide pro-opi~m6lano-cOrtine 
(POMC) qui, une fois cli~6, va engendrer la libération d'une série de messagers dont 
FA- (Whimall, 1993). Une fois sécrétée dans Ie sang, PACE% pourra agir sur son 

récepteur ih la sur f"  memimuire des cellules fasciculées et &ticulées des corti~osdnales 
afin d i n d e  la Libération d'honnor~s stéro'ides: les glUCOCOrtiwCOides. 



En plus de réguler par rétroaction ntgative l'activité & l'axe HPA, au niveau & 
I'adtnohypohyse et & rhypothalmus (KeUer-Wood and Dallman, 1984; Levin et d, 1988; 
Saphier and Feldman, 1988; Sapolsky et al., lm), les glucocorticoï&s s'avèrent essentiels 
afin d'assurer un contrôle appprie & la réponse immunitaire (Munck et al., 1984). En 
effer; il a 6té démonnt que les glucocorticoï&s peuvent inhiber la pmlif6ration et la 
distribution des monocytes, macrophages et lymphocytes, en plus de dguier la synthèse et la 
sédticm des cytokines (Dupcmt et al., 1985; Fauci and Dale, 1974; Giuis et ai., 1979; Kelso 
and Munck, 19W, Snyder and Unanue, 1982; Werb, 1978). De nombreuses Cvidences 

directes et indirectes ont d'ailleurs confirm6 que ces stQo'ides surrénaliens possèdent la 



capacité & rétroconaôler ntgativement la réaction idammataire. Par exemple, il a été 
démontrt que des nits siménalect~misés (Harbuz et ol., 1993) w hypophysectomiscs 
(Neidhart aad Fluckiger, 1992) ainsi que des rats Lewis génétiquenient déficients m CRF et 
non-répondants au CRF exogène (Sternberg et d. 1989) oat une siisccptibilité augmentth & 

développer de l'arthrite. A l'opposé, des rats Fischer qui sont hyper-répondants au CRF 
semblent moins susceptibles am diverses maladies inflammatoires (Calogero et al., 1992 
Sternberg et al.. 1990; Zeiazowski et ai., 1992). Les giucocorticoïdes sont présentement 
reconnus comme ttant les plus puissants agents anti-inflammatoires. Encore aujourd'hui, 
ceux-ci sont prescrits fréquemment par les cliniciens afin & rddiiùt la répor.ue immunitaire, 
inflammatoire et allergique. En effet, les glucocorticoï&s s'avèrent efficaces dans le 
traitement d'une multitude de maladies inflammatoires incluant i'arthnte rhumatokie, 
l'asthme. le psoriasis, de même que la sclérose en plaques. L'importance de la relâche dts 
glucocorticoï&s lors dune infection est d'ailleurs bien illustrée par l'observation d'une 
mOrtalit6 élevée chez des animaux surréndecto& (EdwatdS et al.. 1991; Mason et d, 
1990; Sternberg et al.. 1989) ou chez certains patients non-traités souffraat de la maladie 
d'Addison (Orth et al., 1992). Ainsi. une rCponse inappropriée des glandes s d n a l e s  
pourrait être & l'origine d'une réponse immunitaire inadtquate retrouvée dans certaines 
pathologies systémiques (ex.: arthrite, hypertension). désoPdres affkxtifs (ex.: dépression) et 
maladies neurodégCnQatives (maladie d'Alzheimer); d'où la nécessité d'identifier et de 

caractériser les mécanismes par lesquels les systèmes immunitaire et neuroendocrinitn 
interagissent. 

Bien que la figure 1 suggère que les influences des cytokines d'origine systémique 
sur l'activité de l'axe HPA passent nécessairement par la stimulation de mécanismes CRF- 
dépendants, & nombreuses etudes, pour la plupart 16aüsées in vitro, ont tend de démontrer 
que les cytokines circulantes possèdent aussi la capacité d'agir directement sur les cellules 
neurosécrétrices de l'hypophyse. Toutefois, les résultats obtenus demeurent encore 
controv&s, et ce. malgré le fait que les récepteurs de plusieurs cytokines aient C t t  locaüsés 
sur certains types de cellules de l'hypophyse antérieure (Cunningham et al., 1992; Haour et 
al.. 1990, Kobayashi et d, 1997; Ohmichi et al.. 1992). En effet, une sécrétion d'ACTH a 
tté observée suite au traitement avec de 1%-1 ou d'autres cytokines de cellules tumorales 

hypophysaires en culture qui provenaient de patients atteints de la maladie de Cushing 
(Malarkey and Zvara, 1989). Cependant, il semblerait que œ s  mêmes cytokines soient 
incapables de provoquer la relâche d'ACTE3 sur âes cultures piimaircs réalisées Zk partir de 

tissus hypophysaires normaux (BerLenbosch et d, 1987; Sapolsky et al., 1987; Uehara et 
d, 1987), bien que d e s  équipes ont prouve le contrairie (Beach et al., 1989; Bernton et 



d. 19a1; Kehm et ai., 1988; McGfis et ai., 1988; Miknkovic et al., 1989; Sharp et ol.. 
1989). Cette c o n ~ e r s e  suggère la possibilité que les aliules hypophysaires nt répondent 
que& une exposition ik long tnme aux cytokines. Cest d'ailleurs ce que deux groupts 

distincts ont rapporté B peu pds  au même moment. Selon leurs travaux, me période 
d'incubation de 15 ih 24 heures avec les cytokines serait nécessaire avant d'observer la 
secrétion ( L ' A m  des temps d'incubation plus corn s'étant avérés inefficaces (Kehrer et 
al.. 1988; Suda et al.. 1989). D'aunes chercheurs affirment plutôt que c'est la dcstmction ou 
la préservation &s structures intercellulaires de l'hypophyse qui serait responsable &s 
résultats contradictoires obtenus jusqu'ii présent. Ainsi, lorsque ces structures sont 
entièrement sauvegardées, les cellules curtimtropes pourraient l i e r  l'ACïH en piesence 
d'interleukines (Cambmnem et al.. 1992). Par contre, ces résultats n'ont pas tté cmobarés 
par un a u t ~  groupe ayant utilise des cellules hypophysaires Qnt les structures inher~eilulairw 

ont 6té soumises à un minimum de stress (Parsadaniana et d, 1993). 

A l ' heu .  actuelle. l'hypothtse que Ies cytokines systCmiques puissent agir 
directement sur l'hypophyse est en perte de popularité et il semble de plus en plus 6vident 
que la présence du CRF endogène soit une condition sine qua non B l'obsmation des effets 
stimulateurs & ces médiateurs sur L'axe HPA. En effet, il a C t é  démontré que 
l'immunoneutralisation du CRF a pour cons6quenœ & bloquer la sCdtion d'ACIH induite 
suite à une injection des cytokines pro-infiammatoh (Berkenbosch et û1,1987; & m e  
et al., 1990; Naitoh et al.. 1988; Rivier, 1993; Sapolsky et al., 1987; Uehani et al., 19ûî). 
Berkenbosch et son groupe ont rapport& chez des rats traités avec de la colchicine (la 

colchicine est un inhibiteur du trampxt axonal utilisé daris a cas précis afin d'6vite.r le 
renouvellement des résems de CRF), que l'administration dlGl provoque une dép16tion en 
CRF des vCsicules neuros6crétoires situées au niveau de la région externe de 1EM 
(Berkenbosch et al., 1987). De plus. de nombreux travaux ont monut5 que l'injection 
intraveineuse (LV.) des cytokines pinfiammatoiries est capable d'induire la transcription du 

@ne encodant le CRF dans les noyaux PVH (Ericsson et al.. 1994; Harbuz et al.. 1992; 
Rivest and Rivier, 1994). d'augmenter la concentration de CRF dans la circulation porte 

hypothalamo-hypophysairie (Sapolsky et ui.. 1987; Watanobe and Takebe. 1992) et &lever 
la concentxation plasmatique d ' A m  (Berkenbosch et ai., 1987; Bernardhi et d., 1990. 
Naitoh et al., 1988; Sapolsky et ai.. 1987; Uehara et d., 1987). D'autres équipes ont 
rappont que les cytokines entraûient une élévation rapide de I'activitt -que des neurones 
CRFergiques situ& dans les noyaux PVH (Saphier and Ovadian. 1990). Ainsi. I'ensexnble 
de ces résultats suggèrent que les neurones CRFerpiques &s noyaux P W  sont largement 
responsables de l'activation de l'axe HPA et ce ii tout le moins lors d'un traitement 



systémique avec des cytokines pn>-inflammato'bs. Toutefois. il ne faudrait pas ntgiiger 
l'apport de certains autres facteurs hypothalamiques comme la vasopressine (AVP) et 
l'oxytoche (OT), &WC puissants agents sedtagogues & i'A- pouvant agir en synergie 

avec le CRF (Anmai et al., 1983; Rivier and Vale, 1985; Rivier and Plorsky, 1986; Yasin et 
uf.. 1994). La figure 2 illusa la relation e n a  la nature netnochimique des sous-groupes de 
neurones des noyaux PVH et lem rôles en fonction de leurs e f fhnœs .  Les groupes 
celiulains qui nous inttrcssent davantage sont les neunncs AVP et OT sihiCs dans la 
division magnoceiiulaires dw noyaux PVH, ceux-ci projettent directement vers le lobe 
postérieur de la minohypophyse. et les neurones CRFergiques endocriniens projetant h 
1'EM. 

'ÉMINENCE MÉDIANE 

Figure 2. Subdivisions fmctionneles des noyaux paraventriculaires & 1'hyPothalamos: neuropeptides & 
effthmces, Abréviati0115= Angiotensiae II (Ail), v a q m h e  (AVP), ~~ (CRF), cM6cyslokrnmt 

. . 
(CCK), E n 4 e P m  (ENK), aairoteosine GW, oxytock (OT), (SOM). thyroiibetine 
polypeptide intestinal vasoactif 0 [figure tirée de: 3. Z Kiss. 1988. Dynarnism of cbemarchitecture m 
the hypobahic paraventricubr nucleus, Br& Res. Buü. 2& 699-7081, 



Les actions du CRF sont rn6dkSs par des dcepteurs rncmbrpnains appartenant B la 
grande famille des récepteurs coup& B une prote-iae G. Tout -nt, plusieurs groupes 
ont cloné B quelques mois d'intcrvaiic, les différents types de &cptturdu CRF chez le rat: 
récepteurs du CRF de type 1 (R-CRFI), 2a et B (Chang et al., 1993; Chen et d, 1993; 
Kishimoto et d, 1995; Lovenberg et al., 1995; Perrin et d, 1995; Pmio et ai., 1993; 
Stenzel et ai., 1995). Bien qu'on ait ciéce16 la présence respective des récepteurs de type 2a 
et B dans quelques stmctincs du s y s h e  b b i q u e  et les plexus cho&diens, ceux-ci n'ont 
pas 6tt détectés dans I'EM ainsi que l'hypophyse andrieme (Chalmers a ol., 1995). Cette 
distribution très sélective des ARNm des récepteurs du CRF & type 2 dans le SNC nous 
parnet de croire que ces récepteurs pourraient jouer un rôïe cruciai dans la modulation des 
effets comportementales et autonorniques. mais non pas neuroendocriniens. du CRF. Le R- 
CRFl a quant B lui tté retmuvt dans plusieurs régions du SNC incluant l'adénohypaphyse, 
où les cellules exprimant l'ARNm du R-1 se sont avabes immunortactives au peptide 
ACTH (Potter et al., 1994). Peu ou pas & cellules positives pour Ie R-CRFI ont été 

détectées dans les noyaux PVH et 1'EM des animaux témoins (Luo et al., 1994; Potter et al., 
1994, Rka et d, 1995). Toutefois, les animaux soumis ik un m e s s  i n f i a m m e  ont tous 
montré des niveaux très elevés d'ARNm du RCRFi dans les noyaux PVH ainsi que dans 

les noyaux SON (Rivest et al.. 1995). Ces rtsultats sugg&rent donc que le CRF 
neuroendocrinien régule l'activité de l'axe HPA par l'entremise du R-CRh. De plus, le fait 
que le transcrit du R-CRh ait bté localist dans des neurones immunodactifs au CRF des 
noyaux PVH soul&ve la possibilité que le CRF, en soi, puisse contrôler l'activité des 
motoneurones CRFergiques au cours de la dponse immunitaire (Rives et al., 1995). il est 
intéressant de constater que l'injection intracérébroventricuiaire (i.c.v.) de CRF exogéne 
provoque une induction significative des niveaux d'ARNm du R-CRFl dans les noyaux 
PVH uniquement, particulièrement dans la division pmoœllulaire (Mansi et al., 1996). Ce 
traitement est aussi capable de stimuler l'activité transcxiptiomelle du CRF dans les noyaux 
PVH et d'entraîner la relâche du neuropeptide daos le système infundibulaire, un phknomhne 
renversé par l'injection d'un antagoniste du récepteur du CRF (Arnold et d, 1992; Mansi et 

al., 1996; Parkes et ai., 1993). Watanobe et ses coli&gues ont montré, ii l'aide de la 
technique de "push-pull", que l'injection i.v. bL1B enwûie une augmentation rapide des 
niveaux de CRF dans les noyaux PVH (Watanobe and TaLcbe, 1994). Ainsi, ii la lueur de 
ces travaux et ceux du gmupe de McCaan (On0 et ai., 1985)- il semble qge le CRF d'origine 
centrale possède la capacitt d'auto-réguler positivement sa propre biosynth&se, et 
probablement l'activité de raxe HPA, dans certains neurones CRFergiques des noyaux PVH 
via son récepteur de type 1. Cette hypothèse est appuyte par diverses Cmdes 
neuroanatomiques ayant suggéré la @sence potentielle de synapses axcwomatiques entre 



desterminais0 
. ns nerveuses CRFergiques et les corps cellulaires & netuones CRFergïquts 

de la division parvoceIIuïaire des noyaux PVH (Champagne et al., 1998; Moga and Sapcr, 

1994; Silverxnan et al., 1989; Swaoson et d., 1987). 

1.1.2 Principaux rnédiarem immunologiques irnpiiqds dans la dguiation l'axe 
HPA 

Jusqu'à ce jour, on dtnombre une multitude de cytokines et mtdiateurs 
iaflammatoires capables d'influencer le système neurandocrinien amticonope. Que a soit 
des cytokines (ex.: ILI, XL-2, IL-6, TNF-a, interfins a a y), des facteurs de croissana 
(ex.: facteur de croissance 6pi&rxnique, facteur d'angiogt5nèse tumoral) ou encore des 
médiateurs lipidiques (ex.: prostanoïdes, facteur activatein b s  plaquettes), tous ont 6d 
SOUP~OM~S, tôt ou tard, pour jouer un rôle dans la réguMon de l'axe HPA. Cependant, il 
semble que ies cytokines pro-infiammamires teîles que l 'LI,  I'IL-6 et le TNF-a soient 
p~cipalement responsables de la stimulation de l'activité de cet axe. En effet, 
I'adrninistration d'anticorps diriges contre a s  cytokines ou d'agents capables d8inhiber leur 
synthèse et leur relâchement, ou d8antagonistes des récepteurs cytokinergiques prévient ou 
réduit les divers changements neuroendocriniens associts B l'infection induite par un 
pathogène (Bedovsky and Del Rey. 1996; Diaarelio and Thompson, 1991; DUM. 1993; 
Perlstein et ol., 1993; Rivier et al., 1989; Rothwell and Luheshi, 1994; Schotanus et d, 
1993). De plus, comme mentiorne pécédemment, i'injection périphérique d'IL-1, d'IL6 
ou de TNF-a mime les effets de Sinfection sur l'activation de l'axe HPA (Berkenbosch et 

al.. 1987; Bexnardini et al., 1990; Naitoh et ai., 1988; Sapolsky et ai., 1987; Suda et al., 
1990, Uehara et al.. 1987; Watanobe and TaLe&, 1992), en plus de reproduire la plupart des 
symptômes normalement observes lors de ce genre de situation pathologique: fi&=, 
a n d e ,  dépression, diminution de l'activite locomotxice, hyperalgtsie, etc (DioareUo, 
1984, Dinarello and Thompson, 199 1; DUM, 1993; Erte1 et al., 1992; Han. 1988; Kent et 

al., 1992; Kushner, 1982; Maier et al., 1993). Les cytokines pro-inflammatoires sont 
produites et relâchtks en cascade par les monocytes/macrophages et les lymphocytes 
systémiques lors de la stimulation de la premiàe phase d'une réaction immunitaire (Nathan, 
1987). Ainsi, il est maintenant bien connu que lorsque l'hôte est infecté par un antigène 
quelconque, les macrophages et les lymphocytes sont appeles au site d'infection afin de 
déclencher la réponse immunitaire de type aigu. C'est B œ moment même qu'il y a largage 
des cytokines et début de la réponse inflammatoirt (DhmUo, 1989; Rabin et al., 1990). 



L'activation de la synthèse des prostaglandines (PGs) par les voies de la 
cyclooxyg6nast est, elle aussi, maintenant reconnue comme une Ctape cruciale dans la 

cascade des 6v6nements menant lh Sactivation nnalt de l'axe mribtropt las d'une répanse 
i m m a m i v .  En effet, plusieurs résultats démontrent qu'un pdtrciimem avec 

des inhibiteurs de la cyclmxyg6nast, l'enzyme limitane dans la synthèse des PGs, bloque 
les effets des cytokines pro-inflammatoires sur la sécrétion da CRF et l'activation 
subséquente de l'axe HPA (Banardini et al., 1990; Katsuuni et al., 1990; Kamura et al., 

1988; Lyson and McCann, 1992; McCoy et do, 1994; Mohimoto et al., 1989; Murakami and 
Wataaabe, 1989; Navarra et d, 1991; Sharp and Matta, 1993; Wataoabc et d, 1990). De 

plus, d'autres 6viâences semblent suggérer que les proBtaglandincs produites centialement 
puissent jouer un &le d'iabermkrtiiiire entre les cytokines p- a l'activation de 
l'axe HPA. Dans les sections qui vont suivre, il sera donc question du r81c des cytokines 
pro-inflammatoires et des prostaglandines dans la régulation des fonctions 
neurœndocrinie~es. Pr&kons toutefois, qu'une attention plus parriculieiic sera attribuée au 
contrôle & l'axe cortico~rope par ces médiateurs de la dponse inaammat0irefimmunim.h. 

Le nom d l L l  a &té ataibut deux protéines distinctes, les interleukines-la et B, 
provenant & gènes diff6rents. mais capables de reconnaître les mêmes récepteurs 
membranaires. Jusqul maintenant, deux sous-types de récepteur de 1% 1 ont Cté identifies 
et claies. Cependant, seul le récepteur de type 1 de S L l  semble êtrt ~iesponsabie & médier 
les effets bioIogiques des Lla  et B (Sims et al., 1994). Bien que la production d'LI soit 
gtnéralement consicidde cornme une conséquence de la réaction inflammatoire. cette cytoline 
peut aussi agir sur differents types cellulaires et ainsi produire une multitude d'effets 
biologiques (Oppenheim and Gery, 1982; ûppenheim et al., 1986). En effet, des &idences 
récentes suggènnt que l'augmentation des taux dPrl  puisse moduler certains tvénements 
tels que: la formation osseuse, le cycle menstruel, la coagulation sanguine. la rtsaption des 
caxtiiages. etc @iaareUo, 1991; Dodds et al., 1994; Le and Vilcek, 1987; Lynch et d, 
1994). 

Une attention p m i d & e  a Cté par& au am des demihs années quant au rôiejout 
par l l L l  dans la stimulation de l'axe corticotrope durant la rtponse immunitaire. Ainsi. 
plusieurs travaux ont rapporté que l'utilisation de diffknts modèles infectieux ou 
i n f l a m m e s  chez les animaux de laboratoire a pour effet de pvoquer une augmentation 



dramatique de la production -1 par les cellules immunitaires activées (8crkenbosch et ai., 

1991; Bristow et al., 1991; DeRïjk and Berkenbosch, 1992; Givalois et al., 1994). Il est 
intenssant de constater que l'IL-1 est maintenant 0 0 ~  comme Sun dw plus puissants 
agemts shétagogues de la rekhe & 1'ACil-I et des glUCOCaCtico"t;dts (Besedovsky and Del 
Rey. 19%; Rivest, 1995; ScMIbitz et ul., 1994). un effet dépcmht de 1. sédtim du CRF 
neuroendocrinien (Berkenbosch et al., 1981; Sapolsky et al., 1987; Uehara et al., 1987). 
L'injection d'nE1B induit l'expression du gène de réponse précoce c-fos (marqueur de 
l'activité neuronale; l'utilisation des gènes de ritponses précoces cornme outil & travail en 
neuroscience sera discuté plus abondamment B la section 1.3) dans les neurones 
CRFergiques des noyaux PVH (Ericsson et al., 1994; Rivest and Rivier, 1994; Rivest et al., 
1992). De plus, tel que mentionné auparavant. l'administration bL1B augmente les 
niveaux d'ARNm du CRF dans les noyaux PMI (Brady et al., 1994; Ericsson et d, 1994; 
Rivest and Rivier, 1994; Suda et d. 1990). en plus de stimuler la relâche du neuropeptide 
par les axones nemsécrétem CRFergiques regroupés an niveau & 1'EM (Berkenbosch et 

al., 1987; Sapolsky et al., 1987; Uehara et al., 1987). Toutefois, le mdcanisme et les sites 
d'action empruntés par 1-1 d'origine systémique dans la modulation de la biosynthh du 
CRF sont encore mal compris. En effet, étant donné la présence & la barrike Mmato- 
encephdique empêchant la pénétration des macromo~t?cules systémiques dans le SNC. 
plusieurs questions demeurent sans réponses quant B la fqon dont l'IL1 ou les autres 
cytokines périphériques peuvent influencer les smictmes hypothalamiques responsables de 
l'activation & l'axe HPA. Est-ce que l'&la et B agissent en initiant la sécrétion du CRF 
par les terminaisons nerveuses situées dans I'EM ou, estcc que celles-ci peuvent atteindre 
directement les corps cellulaires des neurones CRFergiques des noyaux PMI? Bien que 
certaines 6nidts aient démon& que i'infusion & L l B  dans I'EM entraûie une sécrétion 
rapide &ACTH (Sharp et d, 1989). la t h h i e  voulant que les cytokines passent la barrière 
htmatoencéphalique, demeure incertaine et controversée. En effet, certains résultats 
supportent la possibilité que les cytokines puissent pén&er le cerveau (Banks et al., 1989; 
Hashimoto et ai., 199 1 )  alors que d'autres la rejette (Coceani et al., 1988; Dunn, 1988). De 
toute tvidence, si I 'Lla et B peuvent pén6trer la barrière hémato-encéphalique, œ sera en 
très petite quantit6. Les cytokines pourraient toutefois atteindre le SNC via des sites 
d6pourvus de barr ih  hemato-enc6phalique; c'est le cas notamment des organes 
circumvenaiculaires (OCVs) tels que: l'organe vasculaire de la lame terminale (OnT).  
Sagane subfomicale (SFO), I'EM et l'am postrema (AP) (Pamidge. 1983). Cependant, 
l'utilisation de la technique d'hybridation in situ n'a pas permis de détemer la @sena de 
l'ARNm encodaut le récepteur de type t de 1-1 dans les cellules parenchymales des OCVs 
du rat. 8 l'exception de I'AP. dans des conditions de base ou suite & l'injection i-v. d'IL-1s 



(Ericsson et ol., 1995). Bien que ces résdtats suggèrent que i 'L1  ne puisse pas agir 

directement sur les éiéments du parenchyme de la majorité des OCVs, ü semble néanmoins 

envisageable que l&l d'origine systémique soit en mesure de iia son récepteur & type 1 . 
localisé au niveau de i'AP, I'endothelium de la microvasculature cérébrale ou &s autres 
stnrturcs non-parenchymales du cerveau (Esicsson et d, 1995; Van Dam et ui.. 19%). afia 
&srimulalaprodution&mediataas~e~~~~~capribk&rCgultrI'activittdes~uro~~e 

CRFagiques. 

Une aune hypothèse voudrait que certaines cellules du SNC reiâchent e h  aussi des 
cytokines. Même si plusieurs travaux confirment î'absenœ des cytokines daos le cerveau 
dans des conditions normales (Ban et al., 1992; Buttini et d., 1994; Higgins and 
Oischowica, 1991; Nadeau and Rivest, 1998; Quan et ui., 1998; Vallières and Rivest, 1997). 
la présence d'LIS et d'une multitude d'auacs médiateurs inflammatoires a été m p g ~ ~ ~ 5 ~  
dans le SNC en réponse à diverses conditions & stress: infection cenwle (ex.: malaria, sida, 
m6oingite, etc.), traumatisme, tumeur, sclérose en plaques, isch6mie. maladie d'Alzheimer, 
syndrome de Dom, lesion cérébrale, etc (Hopkins and Rothweil, 1995). Le r81t exact joué 
par les cytokines d'origine centraie daas de teks situations reste en- obscur. Toutefois, 
les résulm préiiminaires semblent leur attribuer des fonctions régulatrices importantes afin 
de rétablir i'homéostasie en promouvant la croissance et la différenciation cellulaire, et en 
modulant la Mense et la rtparation &s tissus. 

Cest afin & mieux comprendre le &le de l'IL-1 produite localement dans le SNC 
que plusieurs groupes ont entrepris une Cm& exhaustive des sites et &s types celiuiaires 
exprimant œne cytokine. Ainsi, chez des rats soumis B un challenge immunitaire, MRNm 
encodant FIL1 et la protéine elle-même ont été détectés dans les cellules des méninges, dts 
plexus choroïdiens, dans les vaisseaux sanguins du cerveau et les ceilules panachpaies de 

nombreuses dgions incluant les W s  et les noyaux PVH (Quan et al., 1998; Van Dam et 

al., 1992). La combinaison de Iliybridation in situ il l'immunohistochimie de même que le 
double marQuage immunohisb~chimique ont révéï6 quc la grande majorité de ces alluies sont 
d'origine myéloïde, c'est-à-dire: des cellules microgiiaies, des macrophages et des cellules 
microgiiales associées il la mimvasculatiirG cuttnale (Buttini and Boddeke, 1995; Van Dam 
et al., 1992). Ces observations confiment donc les données recueillies par divas groupes 
& recherche il y a tout près de dix ans déjà. En effet, ceux-ci avaient déce16, grâce B 
i'utüisation & cultures primaires constituées de macrophages du cerveau, que les cellules 
rnicrogiiales synthdtisent les ARNm encodant i'Lla et B et les protéines correspondancw 



suite B un mitement avec une endotoxine bactérieme (Gialiaa et al, 1986; Hetier et al., 
1988). L'existence de I P r l ( a  et B) dans les astmcy~s en rCponse B un stimulus sembiable 
fut aussi rappordt (Fontana et al., 1982; Fontana et d, 19û4). Bien que controverSeeS, des 
éadw neumnatomiques ont démontré que les neurones locaüsts dans ccstaiots régions du 

cerveau, incluant l'hypothalamus, sont eux aussi capabks & synthétiser et de sédter 
diff6xentes cytokines (Bandtlow et d, 1990; Busbridge and Gnwsman, 199 1; Kœnig, 
1991). En 1988, Breder et ses cdlaborateurs ont rappat In pdsence d'IL 1i3 dans les 
fibres nerveuses des noyaux PVH, cies noyaux arqu6s (ARC) et de 1oM (Brcder et al., 
1988). Plus récemment. il a eté possiblc d'identifier, en utilisant un anticorps spécifique P 
11L-10, plusiturs corps ceUuiaVts de neurones positifs B 1 P r l B  dans la subdivision 
magnocellulaire des noyaux PVH (hchan et al., 1990). Xi semble ainsi de plus en plus 
tvident que la machinerie & synthh de diverses cytokines est présente dans certaines 
structures sélectives du caveau. De plus, il est f ~ n  probable que ces souctmts aient un r61e 
déterminant à jouer dans le contr6le des fonctions neuroendocriniennw via la biosynthèse de 
médiateurs centraux comme llGl par exemple. Les recherches réalisées in viuo ont 
d'ailleurs montré qu'un traikment & fragments hypobhmiques avec l%lB a pour efkt & 

provoquer la libération du CRF (Navarra et d, 1991; Tsagarakis et al., 1989). L'injection 
i.c.v. et intrahypothalamique dlL-1 ont toutes deux été rapportées capables de stimuler la 
sécrétion (I'ACTH par rhypophyse via La s td t ion  du CRF dans le système infundibulaire 
(Barbanel et al., 1990: Rivier and Rivest, 1993). D'autres études ont montré qu'une lésion 
bilatérale des noyaux PVH inhibe de façon significative l'augmentation des niveaux 
plasmatiques d ' A m  et & d c o s t é m n e  observée chez des rats traités avec 1Pr lB  dans le 
ventricule iatérai du cerveau (Rivea and Rivier, 1991). Finalement, Lechan et son groupe 
ont &mon& que l'administration centrale, mais pas systémique, d'un antagoniste du 

récepteur de l 'LI  a pour effet de bloquer complètement la stimulation & la transcription du 
CRF observée dans les noyaux PVH suite une infection bactérienne (Kahicska et al., 
1993). En plus & confirmer que les neurones CRFergiques des noyaux PVH sont 
largement responsables de l'activation de l'axe HPA, ces résultats démontrent que l'IL1 
d'origine centrale joue un r61t déterminant dans les étapes menant B la biosynthhe du (=RF 

neuroendocrinien au cours d'un challenge immunitaire. Toutefois, la question &meurt 
entitre quant B savoir si c'est I'IL-1 produite localement dans les noyaux PVH qui est 
responsable de la stimulation de l'axe corticutrope. En effet, il est possible que certains 
groupes de cellules extrahypothalamiques activées par llLl puissent répuier le système 
neuroendocrinien via l e m  projections acftkentes directes ou indirectes aux neurones 
CRFergiques. 



Le TNF-a,  aussi WMU sous le nom de cacheaine, est une cytokine pl&iotrophiquc. 
Parmi les nombreux effets du TNF-a, on retrouve entre autre son habilité tuer direcoement 
ccrtaines celitiks tumodes, expliquant du même coup I'appellation & facteur adCrosant des 
tumeurs (Carswell et ai., 1975). Le TW-a est considéré comme une cytokine p m  
infianun- jouant M r61c dtmminant dans l'amaction dcs œliuïes immdtaires an sice 
d'iiection, l'activation de œiies-ci et i'initiation subdquente de la relâche en cascade des 
auaes cytokines et facteurs responsables du contrôle de la réponse immunicaire et 
i-atoire. Ahsi, il n'est pas surprenant de constater que, l m  d'un stress immunitaire, 
le TNFa est reconnu comme Ctant ia pntliike cytokine h i  par les ceïiuies phagocytaires 
activées (Givalois et ui., 1994). Les divers effets du TM: sont obtenus mite la liaison & la 

cytokine ii deux types de récepteurs distincts, le récepteur du TNF de type 1 (TNFR-I) ou 
p55 et le récepteur du TNF & type IL ou p75. L'injection i.v. du TNF-a est 
capable de q m d u h  la grande rnamté des sympt8mes observés las  d'une i n f d o n  par un 
agent pathogbe (hypotension, hypoglycémie, acidose, nécrose hepatique, perte & poids, 
etc.); expiiquant du même coup potquoi tant d'emphase a 6té consade it la toxicité du TNF 
recombinant et au rôle joué par le TNF endogihe en tant que médiateur des effets toxiques 
des endotoxines bacténemes comme la lipopolysaccharide (LPS) (Vieira et d. 1996). 
Toutefois, des 6tudes subs6quentes ont aussi demontré que le TNF est essentiel au 
dtabiissement de Shomtostasie l m  de diff6rents types d'infections (Marino et al., 1997). 
En effet, Vieira et ses collaborateurs ont rapporté mut récemment la présence de lésions 
inflammatoires beaucoup plus larges et nombreuses chez des souris déficientes en récepteur 
du TNF de rype 1 que chez des souris sauvages infectées avec un parasite (Vieira et d,  
1996). De plus, 1'administration d'un anticorps Mg6 contre le TNEa a pour conséquence 
de rendre plusieurs types d'infections bactériemes I6tales (Haveli, 1989; N h e  et al., 
1988). Enfin, Nakano et son groupe ont démontré que l'injection de TNF-a protège les 
souris de la mort B la suite d'une infection par un agent pathogène (Nakano et al., 1990). 
Bien que plusieurs &s effets bédfiques du TNF-a soient amibuables B sa capacité de 
stimuler les mbranismes cytotoxiques des celluks phagocytaires, de nombreux travaux ont 
contmn6 l'impartaace capitale de l'activation de l'axe HPA et de l'8ttenuation subs&pnte de 
ia réponse inflammatoire dans le rôle protecteur du TNF-a. 

Plusieurs groupes ont rapporté que l'injtction i.v. de TNF-a pnwoque une sécrétion 
rapide du CRF daas I'EM (Watanobe and Takebe, 1992) et l'616vation des niveaux BACM 



et de caticostéTone dans le plasma (&mardini et d, 1990; Bcscdovsky et d, 1991; Sharp 
et al., 1989). De plus, les études menées par Bernardini et sur colltgues ont c-6 que 

cette activation rapidt de Saxe HPA dépend entièrement & la sécrétion du CRF 
neuroendocrinien (Bemardini et d, 1990). Dans œtte paspcctive, les noyaux PVH 
semblent jouer un rôle déhenninant puisque la Won complète de œuxu a pour ccms6quenœ 
d'abolit la sécrétion &ACTH en réponse h Sinfusion de TNFs (Kovacs and Elenkov, 
1995). Quaat B la stimulation directe des fibres terminales CRFergiques regroupées dans 
l'EU. cette hypothèse semble plutôt improbable puisqutil a 6té rappoIoé qu'me injection de 

TNF-a dans un site adjacent 1'EM n'entraîne pas la Secrétion du CRF neuroendocrinien 
(Sharp et al., 1989). Par conséquent, ces rCsalats suggèrent que ies actions du TNFa sur la 
régdation de l'axe HPA passent par la stimulation des corps cellulaires &s neurones 
sedtenrs du CRF localisés dans I e s  noyaux PML Ainsi, l'adminisaation i.v. de TNF-a 
entraîne l'activation des neurones CRFergiques des noyaux PVH, en plus de provoquer 
l'expression du nanscrit primaire encodant le neuropeptide CRF uniquement dans cette 

structure hypothalamique (S. Nadeau et S. Rivest, papier en pdparaiion). Toutefois, la 
présence du gène de réponse précoce c-fos dans plusieurs autres régions du caveau, incluant 
les OCVs et les plexus choroiiien, laisse entrevoir la possibilité que le TNFa relargué dans 
le sang au cours d'une inflammation puisse stimuler la biosynthbse du CRF 
neuroendwinien via une circuitaie relativement complexe (S. Nadeau et S. Rivcst, papier 
en préparation). Les ARNm encodant les récepteurs p55 et p75 du TNF-a ont 6té détecté 
dans les cellules endothéliales de la mic~ovasculanirc &braie dans des conditions basales 
(Bebo and Linthicum, 1995). De plus, grilce h la cytom6Pit de flux, Lucas et ses 
collaborateurs ont découvat que les niveaux d'expression du récepteur p75 sont fortement 
induits dans I'endothelium du SNC suite ik une infection (Lucas et d. 1997). Dts résultats 
préiiminaires obtenus par hybridation in situ ont réva6 la présence de l'ARNm du rdccpteur 
p75 dans les noyaux PVH et les OCVs de rats (S. Nadeau et S. Rivest, papier en 
préparation). Ces mêmes travaux ont aussi rapporté une augmentation des niveaux de 

t m x r i t s  du Ftcepteur p75 dans les OCVs h la suite d'un stress immunitaire. A la l u m i h  de 
ces résultats, il est possible d'envisager que le TNF-a borigine pénpherique rejoigne les 
stnicturies situées B l'extérieur de la barrière h6mato-encéphalique afin de moduler œrtains 

mtcanismes responsables de la stimulation & l'axe corticotrop. Iï est intéressant de noter 
que l'administration systemique d'un antisérum contre le TNF-a réduit ou prévient 
l'augmentation des niveaux plasmatiques d'ACïï3 d m t  la dponse immunitaire (Ebisui et 
al., 1994; Palstein et ol., 1993; Tumbdi and Rivier, 1998). 



Récemment, &s pavaux ont àémcmtré qu'une inhibition & l'action du TNF-a P 
l'inîérkurdu SNÇ grâce B une i m m u n o œ u ~ o n  inm&&& passive ou - suite P 
l'administration centrale de la f m e  s01ubIe du dœpteur du TNF. a pour effet d'entraîner 
une baisse dramatique des hauts niveaux a'ACïH nomidement observCs durant one 
inflammation locale uumbuiî et d., 1997; Wooley et ol, 1993). Bien que par In suite 

cenains aient tgalement obenu des résuitau s i d a i r e s  avec un modèle d'infection 
bactérienne ( M o l k  et al., 1993; Tumbdi and Rivier, 1998), des 8tlitlyses plus appmf- 
ont mon& que les effets obseryés d e n t  plutet auribuables B l'augmentation des niveaux 
systémiques d'antisérum diri# contre le TNF-a grâce au phéaom&œ de "W flow" (facüite 
le passage de diverses substances contenues dans le liquide dphabrachidien vers le m g  

afin d'êa élimiaécs). En effet, il semble que 1'srlministration centraie d'antisérum mnm Ic 
TNF-a immédiatement avant l'induction d'un stress immunitaire, n'altère pas & f q o a  
significative les taux &ACTH dans k plasma ( T t m b d  and Rivier, 1998). Curieusement, 
des quantités très faibles d'anticorps anti-TNFs ont été mesurées dans la circulation 
sanguine dans ce cas bien précis. Quoiqu'il en soit, l'injection i.c.v. & =-a recombinant 
stimule l'activité transaiptiomelle du CRF dans les noyaux PVH (S. Nadeau et S. Rivest, 
papier en préparation), en plus de provoqua une hausse des concentrations d ' A m  
plasmatiques (Tumbuii et ol., 1997). La présence du TNFs a été détectée dans le liquide 
ct5phalo-rachidien d'animaux souffkmt &dunt mtningite d'origine bactérknne (Mustafa et uf., 

1989). De plus des niveaux Clevts d'ARNm encodant la cytokine pnflamm& TNF- 
a ont eté rapidement décelés dans les OCVs, les plexus chw"Idiens et les mdninges de EU et 
souris soumis & une endotoxintmie systémique (Bnda et al., 1994, Naduiu and Rivest, 
1998). Plusieurs œilules exprimant le gtne du TNFa ont tté identifiées dans les régions 
adjacentes aux OCVs quelques heures après Sinfection. Les proc6durw de double marquage 
rtalisées, grâce B la combinaison des techniques d'immunohistochimie et d'hybridation in 
situ, ont M l 6  que la gran& majorité des cellules positives sont en réalité des cellules 
mimgliales parenchymaies (Nadeau and Rivest, 1998). D'autres travaux semblent montrer 
que les astrocytes et les neurones peuvent tgalement synthttiser du TNF-a lors d'une 
endotoxin6mie (Breder et al., 1994; Chung and Benveniste, 1990; Sawada et al., 1989). 
Ainsi, il demeure possible que le TNFa produit centralement puisse participer dixectement ii 
la régulation de la réponse neuroendocrinieme suite B une infection et une inflammation. 
Toutefois, 8 la lumière des n o m b  dsuîtats décrits dans cette section, il est aussi probable 
que le TNF-a d'origine c e n t d e  agisse comme facteur autocrinien ou parambien, afin de 
stimuler la biosyntMse de neuromédiateurs qui eux, poirrront B leur tour moduler l'activité de 
r a z  cmicompe. 



Plusieurs des effets p16ioar~phiques & la1 et du TNF-a semblent êtrr médiés par 
l'IL-6 (Shalaby et al., 1989). En effet, il a été démond  que ces trois cytokines p 
inflammatoires agissent en synergie dans une multitude de proassus teis que l'induction & 
lapHQati011 allulaine, la biosynthèse des proteines de la phase aiguë parle bépatocytes, la 

nemprotection et même l'activation de l'axe HPA @rua  et al., 19%; Conti et d, 1995; 
Hirota et ol, 1% Perlstein et d, 1991; Perlstein a al., 1993; TritareIli et do, 1994). De 
plus, l'IL1 et le TNFs ont &té reconnues comme des stimulateurs importants & la 
production de l n 6  dans la systtmie et les organes périphériques (Akira et nl., 1990, 
Besedovsky and del Rey, 1992; Kasid et al., 1989; Shaiaby et al., 1989). Lors de 
l'induction dune réponse immunitaire, l'IL-18 et le TNFa sont toujours les deux premiibs 
cytokines à apparaître en concentration mesurable cians la cKculation sanguine (Givalois et 

al, 19W), un résultat corrobm? par des &ucks ùz vin0 @e Groote er ol., 1992; DeForge a d  
Remick, 1991). Il n'est donc pas Ctomant de constater que i'administration d'un antisérum 
dingt contre lP,lB, le TNF-a ou l'ulfusion &un antagonise du récepteur & lm1 a pour 
effet d'atténuer de fqon significative l'augmentation des niveaux d'IL6 plasmatiques lors 
d'me septichie (Fong et al., 1989; Lemay et al., 1990; Luheshi et al., 1996). Ainsi, ces 
résultats suggèrent que certaines cytokines pinflammatoires. comme l l L l  et le TNF-a, 
peuvent agir en synergie afin d'induire la biosynthèse de IlL6 par les cellules mydoxde~ de 

la systémie. 

L1L6 est une protéine multifonctio~elie enqant son activité g&ce à la liaison d'un 

complexe f-6 & &ux glycoprot6in&s (gp) man-, le récepteur de 1?L6 et le gp130 
responsable & la modulation des signaux de transduction (Hibi et d, 1990). Cette cytokine 
joue un rôle crucial au cours & diverses circonstances incluant la défense & l'hBte, la 
réponse immunitaire, la réponse Mpatique de phase aiguë, i'hématopoïêse ainsi que 
l'induction de la fibre (Casteil et al., 1989; Kishimoto, 1989). En effet, plusieurs tviâences 
semblent supporter l'hypothèse que la fibre induite lors dune infiedon bactérienne est 
c a d e  par la production d'IL-6 sous l'influence & l'IL-1B (Chai et al., 1996; Klir et ol.. 
1994). Le r81e de l'IL-6 dans la modulation & Saxe HPA reste toutefois mal compris Ceae 
cytokine peut induire la production d ' A m  et des glUCOCORicoï&s en stimulant la rekhe 
du CRF dans le système pont veineux hypothahmo-hypophysain (Naitoh et al., 1988). Par 
contre, contrairement ii l'ILI& llL6 n'induit pas l'activité transcriptiomelle du CRF dans 
les noyaux PVH (Harbuz et al., 1992; Valli&res et al., 1997). Cette incapacité de 1-6 & 



stimuler i'expresion du CRF neuloendocrinien peut néanmoins être expliquée par le fait qoe 
le récepteur de 1- n'est pas présent daos les noyaux PVH dans des conditions basaies 
(Vallitres and Rivest, 1997). Ii est intéressant de noter qu'une injection iv. d u  irtalipae 

six heurts ap& l'induction d'une réponse immunitak sysdmique a pour e&t d'activer la 
muisaiption du g&ne encodant le CRF (VaUières and Rivest, 1998). ï i  est possible que In 
synthèse dr, récepteur de l'IL6 sait fernent stimuiée daas le noyaux PVH au coan d'un 
stress immunitaire. pennenant ainsi B la cytokine d'activer les neurones responsables du 
contrôle & k x e  COTtiCOtrope. Des ttudes eEécades chez des soucis déficientes pour le gène 
qui encode 1Pr6 ont d'ailleurs supporté ces résultats; une baisse si@cative des niveaux 
dARN h€hémnucîéaire (hn) du CRF et anc diminution très mipœtante & i'activité cellulaire 
ont 6té observées dans les noyaux PVH de souris déficientes en IL6 il la suite dune 
injection systémique de l'endotoxine LPS (Vallières and Rivest, 1998). De plus, il a W 
rapporté que l'himstration d'anticorps specifiques B l n 6  &nue la sécrétion &ACTH 
normalement observée suite B l'injection bL1B (Neta et al., 1992) ou un stress immunitaire 
(Perlstein et ai., 1993). Par constquent, il est possible d'affirmer que l n 6  apporte une 
contribution non-négligeable B l'activation de l'axe HPA au cours de la réponse 
inflammatoire. Toutefois. le rôle & cette cytokine consisterait B prolonger l'activité de Saxe 
corticotmpe plutût que & l'ioduiit. Ct mécanisme pourrait être essentiel B la mstauraticm de 
l'hom&stasie corparelle durant l'infection et Sinflammadoa 

La présence du récepteur de F U  dans la zone extenit & I'EM (Vallikes and 
Rivest, 1997) supporte l'hypothiise que cette cytokine pro-infîammatoirc puisse agir 

directement sur les fibres terminaies des neurones CRFergiques afin â'induve la sédtion de 
SACTH et des glucocorticoïdes. Ce mécanisme a d'ailleurs 6té supporté par des etudes in 

vitro montrant que l'IL-6 peut stimuler la sécrétion du CRF ii partg de l'hypothalamus 
rnédiobasal qui inclut 1'EM (Lyson and McCann, 1992). Toutefois, une Itsion complète des 
noyaux PVH est capable de prévenir l'él6vation des niveaux plasmatiques & A m  chez &s 

rats recevant une injection i.v. d'IL-6 (Kovacs and Elenkov, 1995). Nous avons aussi 

observe une f m  stimiiration transcriptiouneile du gène encodaat le récepteur de l lL6 dans 
les noyaux PVH de rats au cours d'une endotoxin6mie (Valli8res and Rivest, 1997). Par 
conséquent, il est probable que 1'EM et les ctiiules parenchyrnaies des noyaux PVH soient 
les cibles respectives de l'IL6 d'origine systémique et centrale. 



Cette vision est danmoins assez simplifiée puisque l'injection i.v. dTL-6 a pour 
constquenœ de s t i m u l a  l'activité ceiiulairc (révélée par la détectim dp gène de rCponse 
prCcoct c-fo) dans plusieurs structures spCeifisues du SNC dont les O C V s  (Vallitrw et& 
1997). Des niveaux d s  élevés d'ARNm encodant le &pfeur dc 1- et le gp13û ont éd 
détectés dans ces mêmes régions ainsi que dans quelques aums smtures ,  incluant la 
mic~c)vasculature cérébnde et les noyaux PVH (Vatlières and Rivest, 1997). En plus d'être 
sensibles & 1- systémique, les O C V s  ont la qac i t6  de pmduk cette cytokine localement 

sui= iî une inféction bactérieme (Vallikes and Rivest, 1997). Il est donc possible que llL6 

agisse directement sur différentes populstinns a1luiahes des OCVs et ies vaisseaux sanguins 
du cerneau afin de rnoâder l'activité atmnale, la sécrétion du CRF et par conséquent celle 
de I'ACiFL Il est important de noter qu'il existe plusieurs co~ections entre les organes 

OCVs et les noyaux PVH (Johnson and Gnws, 1993). snpponant ainsi I'hypothèse voulant 
que les û C V s  puissent infarma diratement lthypothalamus endocrinien lois &un stress 

inflammatoixe)limmU11itaire. Une autre théurie fait plutôt réfknce la possibilité que 1-6 
circulant & l'intérieur des ventricules puisse lier son récepteur Iocdisé dans les noyaux PVH 
(ceux-ci ttant sirnés B proximité &s espaces ventriculairts), et provoquer ainsi l'activation 
des neurones CRE;ergiques projetant v m  le système infwidibulak. Le fait qu'une injection 
is.v. &IL-6 provoque une 6Mvation des niveaux plasmatiques bACïH soutien cette 

hypo thh  (Lyson and McCann. 1992; Matta et d.. 1992; M c C m  et d.. 1993). La fm 
transcription de l'IL6 dans les plexus chOrOildiens. la sécrétion de la cytokine dans le liqu.i& 
céphalerachidien et l'expression du récepteur de l'IL6 dans les noyaux PVH durant 
l'endotoxin6mie sont des arguments suppl6rnentaires en faveur de ce mécanisme d'action 

(LeMay et ai., 1990: Valli&res and Rivest, 1997). Dans cette persptctive. la production 

centrale d'IL-6, sous l'influence de divers médiateurs inflammatoires du SNC. pourrait 
Cgalement avoir un r6le crucial ii jouer. En effet, certains travaux ont révélé que des 
médiateurs centraux comme l'IL-1 pouffaient contribuer aux effets de 1-6 sur la stkétion 
du CR. neumendocrinien, Des 6tudes in vitro ont montré, sur des celiuies télencéphaiiques 
en culture, qu'un prétraitement avec un antagoniste du récepteur & 1%-1 a pour eEet 
d'inhiber la secrétion d'IL6 en réponse à une endotoxine bactérienne (Romero er d., 1993). 
Ainsi, bien qu'une injection iv. dm-10 soit incapable d'induire l'expression de MRNm 
encodant 1-6 et son x6œpteur dans les cellules parenchpales du SNC (Valli&res and 
Rivest, 1997). il est possible que T I L I B  d'origine centraie puisse augmenter la production 
d'lL-6 B l'iat&ie~f des Iimites de la bamèrc htm8to.encéphalique. Des ttudes ont d'ailleurs 
rapporté la @sence & concentrations élevées d'IL4 dans le liquide &phalerachidien de 
rats injectés dKectement dans Ie caveau avec FIL-If3 (Romero et al., 1996). Finalement, 

rAVP et I'OT. &w agents sécrétagogues de SACTH, pourraient aussi participer aux effets 



de l Z 6  sur l'axe cdcotrope (Mastoralros et al., 1993; Mastœakos et aï., 1994; Naitoh a 
d, 1991; Yasin et al., 1994)- 

Au wcns des demiènx anides, il a Cd possible &observer un intérêt gmndhmt dans 
le doaiaine & la médecine et & la biologie pour les dérivés de l'aciûe arachidonique (AA). 
Aussi COMUS sous rappellation à'&o5811oHïües, ces acides gras nomsaturés sont synthétisés 
via deux voies m6taboliques distinctes: la voie & la cyclooxygtnase et celîe de la 
lipooxyg6nase. Les dérivés de l'AA incluent plusieurs composés dont les pmstaghndhs 
(PGs), les thromboxanes, les leukotri&nes, les Iipoxines et une multitude d'acides gras 
hydroxylés. Parmi ceux* les PGs ou prostanoïdes sont sans aucun doute les plus étudiées 
étant donné lem actions aufOcrineS et paracrines sur une multitude & types cellulaires. Les 
nombreuses fonctions métaboliques des PGs en tant que second messager assmant la 

co~nmunicatiOIl entxe Ies milieux extm- a ineracellulaires ont tgalement grandement amtriaut 
B la popularité des prostanoïiies. Nos connilissances sur les diromboxanes, les leukotribnes 
et les lipoxines sont, quant B elles, très Iimitees dû B leur découverte beaucoup plus récente. 
M d g d  & nouvelles tvidences démontrant que la plupart & ces composés ont des actions 
pharmacologiques diverses et puissantes (probablement responsables de nombreuses 
réponses physiologiques et pathologiques), une attention particulike sera pordt aux PGs et B 
leras rôles dans l'interaction entre les systèmes immunitains et neufoendoniaiens. 

1.1.3.1 Synthèse des pstanoïdes 

L'AA est un lipide très abondant incorporé principalement dans la bi-couche 
phospholipidique constituant la membrane cellulaire (Rosenbaum et al., 1989). Cest sous 
l'influence d'une gran& variété de substances, incluant les molécules inflamm8to& et les 
agents mitogénes, que les écosanoïdes sont synthdtish B partir d'un précurseur commun, 
M A ,  afin de médier diverses réponses cellulaires, neuronales et physiologiques. Les 
leukotri&ne, les lipoxines ainsi que les acides gras hydroxylés sont produits sous l'influence 
de l'enzyme lipooxygénase. Tel qu'illustd B la figure 3, la formation des PGs et des 
thromboxanes est initiée par l'action & l'enzyme cyclooxygCnase (COX)/prostapiandine 
endoperoxide GRI synthase, laquelle catalyse deux réactions diff6nmtes: l'oxygénation de 

PAA en une PG de type G2 (PGG2) fortement instable et la réduction de cette même PGG 
en une PO de type HZ beaucoup plus stable. Récisons que la grande majorité des dmguts 



anti-inflammatoires non-sttroïdiennes (DANS; ex.: indomtthacine, ibuprofènc, 
m é c l o f ~ a t e )  agissent en se liant B la place de MA, empêchant ainsi h production des 
PGs et tfuomboxanes. Quant B l'aspirine, celle-ci inhibe la formation des pstanoïdes en 
acétylant de façon irréversible les sites actifs de l'enzyme COX Quoiqu'ii en soit, le 
mCcanisme d'action & ces anti-inflammatoires consiste B stopper la production exagéde & 

ces hormone pouvant causer l'infîammation, des réactions d'hypersensibilitt?, l'asthme ou 
même le cancer. 

Figure 3 C o n d o n  de k i c k  arachidonique via les voies de la cyclwxygW (figure tirée ck J. R Vanc. 
Y. S. Bakhk. and R M. Bo- 1998. Cyclooxygenases 1 and 2. Annu. RN. PtUUmacoI. ToXiCd. 38: 97- 
120). 

Jusqo'g œ jour, deux isofomes différentes & l'enzyme COX ont Cté clonks, COX- 
1 et -2 (DeWitt and Smith, 1988; Feng et al., 1993; Kujubu et al., 1991; Merlie et al., 1988; 
Xie et al., 1991). Bien que plusieurs types de cellules expriment de façon constitutive 
l'enzyme COX-1, DeWitt et son groupe ont observ6 que les niveaux d'ARNm et de protéimes 
demeurent inchangés au cours durant la rCponse inflammatoire (DeWitt et d, 1990; DeWitt 



and Smith, 1988; Goppelt-Struebe, 1995; Robatson. 1995). Ces résultats suggèrent donc 
que COX-1 puisse jouer un rôle prédominant dans le maintien de l'homhstask & certains 
tissus et organes (en: reins, estomac, intestins). Cette hypothèse a d'ailleurs W confirmée 
par les nombreuses observations démoatrant que l'inhibiton âe la formation &s PGs 
synthétisées par COX-1 pouvait occasiomer des &nunages gastriques, &s dchw et &s 
htmorragies. En ce qui concerne l'enzyme COX-2, eiie semble être inâétectablc dans la 
plupart des tissus dans des conditions basales. Par contre, il a tté rapporté que l'activité 
transcriptionnelle du gène COX-2 est fmment induite dans les m q h a g e s  et m m  types 
œllulaircs traités avec des cytokines pro-inflammatoires ou avec une endotorcint bactérienne, 
suggtrant du même coup une implication de COX-2 dans la pathogCnbse 
i~a to i re / in fec t ieuse  (Arias-Negrete et d., 1995; Feng et al., 1993; Goppelt-Stniebe, 
1995; Hempel et ai., 1994; Jones et ai., 1993; Lee et al., 1992). Des ttudes dalisées au 
même moment ont mond que le blocage des voies de la cyclooxygtaasc peut atténuer les 
eEets d'un stxess immunitaire ou des cytokines pro-inflammatoires sur l'activité cellulaire, la 

transcription des gènes encodant les neuropeptides et plusieurs autres fonctions 
physiologiques sous le contdle de populations celiulaircs spécifiques du SNC (Rivest and 
Rivier, 1995; Rivier and Rivest, 1993). Ainsi, ces résultats suggbnt que les PGs produites 
sous l'action & I'eazyme COX-2 pourraient être respwsabies de la modulation des fonctions 
neuronales et endocriniennes au cours de ia réponse inûsmmnuriRnmmunitaire. 

Dans le but précis d'identifier le rôle jouC par les PGs dans l'interaction 
nemimmunitaire, plusieurs groupes ont utilisé des modèles capables de mimer la réponse 
immunitaue afin d'etudier la distribution et la régulation & l'enzyme COX-2 dans le SNC Ii 
est inttrcssant de constater qu'une augmentation & la production de COX-2 a 6té observée 
dans le cerveau, et plus particulihernent la microvasculature cérébrale, de souris et & rats 
soumis B un smss immunitaire and Sapa, 19%; Cao et al., 1995). En utiüsant une 
technique de double marquage immunohistochimique, Saper et son groupe ont par la suite 
identifié les cellules non-parenchymaks immunoréactives (ir) pour COX-2; c'est-Mire àes 

cellules microgüaies associées aux vaisseaux sanguins a des macrophages dans les méninges 
et les plexus chomïdiens (Elmquist et d, 1997). Toutefois, ces auteurs ont 6galement 
observt la présence de cellules COX-2-positives non-colocalisées autour des vaisseaux 
sanguins, confirmant du même coup que d'autres types cellulaires tels que les cellules 
endoth6liales du cerveau pourraient avoir aussi la capacité de synthttiser des PGs. Des 
travaux ont prouve que les cellules en&th&Wes de la microvasculature cérébrale ont la 

capacité d'exprimer les récepteurs des diffkntes cytokines pinflammatoires (Bebo and 
Linthicum, 1995; Cunningham et al., 1992; Ericsson et ai., 1995; VailSres and Rivest, 



1997; Van Dam et d, 1996). In vitro, i'induction & la transcription du géne COX-2, la 
traduction de son ARNm. ainsi que la biosyntMse des PGs. furent rapportées dans des 
alluies endothéiiales apès un Praitement avec les pinfiamm- (Jones et&, 

1993; Maier et al.. 1990) ou avec une en&toxinc bscdntnne (Rmzi and Fiyan, 1992). Au 
meiileur de notre connaissance, Van Dam et ses coMxxateurs ont &té les premiers il &cela 
in vivo la production de PGs par les cellules enQth6Iiales du cerveau suite un challenge 
immunitain (Van Dam et d, 1993). Toutcf~is~ la question demeuxe entière quant ii savoir si 
l'expression du gène COX-2 daas le caveau est un mécanisme général déclenché par la 
réponse inflammatoire d'origine systémique ou l'endotoxine eue-meme. Dc p lus  il est 

important de vérifier si les cytokines d'origine périphérique sont bel et bien ~ s p o n s a b k s  de 
la pduction centrale de l'enzyme hitante de la synthèse des PGs au cours de la réponse 
immmitaire/ i iatoir ie,  et de détermina queues sont les cellules impliquées & l'inmfaa 
des systémes immunitaire et neuroendocrinien. Ces aspects constitueront d'ailleurs 
l'essentiel du chapitre 6. 

1.1.3.2 Ros taglandines 

Les PGs forment une famille complexe de substaaces aux multiples propriétCs 
biologiques qui varient considérablement d'un type de molécule ii un aum. mes jouent un 
rôle prépondérant dans l'inflammation et la douleur, mais elles contribuent tgalement, et ce 
de façon importante. au maintien de plusieurs fonctions physiologiques de Pmganisme, 
notamment au niveau de la muqueuse gaam-intestinale et &s reins. Quelques uns des effets 
biologiques des PGs en péripherie sont d'ailleurs décrits au tableau 1. Même si les diverses 
actions des PGs sur le SNC sont encore mal comprises, nous savons que les PGs régulent la 

biosynthèse et la sécrétion de nombreux neuropeptides en réponse aux divers médiateurs 

inflammatoires. L'inhibition de la production des PGs prévient les effets de l'IL,-1 sur 
diBFhntes fonctions neuroendocriniemes telles que la sécrétion de I'huxmone de libération 
des hormones gonadotropes (GnRH ou LHRH) et LEI (Ojeda et al., 1975; Rivest and Rivier, 
1993). le relâchement des facteurs hypothalamiques AVP et OT (Yasin et al., 1994). De 
plus. nous savons également que les PGs jouent un rôle très important dans la régulation 
centrale de l'osmolarid (Yamaguchi et d. 1997). & la pression artérielle et du rythme 
catdiaque (Morimoto et d, 1992) la suite d'une situation de stress. Cependant, la fonction 
c e n t d e  des P G s  la plus 6tudiée jusqu'h présent consiste en la régulation de la tempéniane 
corporelle. Au coms de la dponse immunitaiie/inflammatnire, il est en effet bien COMU 

certains agents ppg5nes.  oomme les cytokines pro-inflammatoires, communiquent avec le 



Tableau 1 
Tableau synthèse &s effcr~ biobgïqucs des pmstagiandints en ptriphérk 

(tabiean tiré de: J-P. Faigucyxet a J. Y. Gauthier. 1997. Bien& de nouveaux anti- 
-. Dans I&e@ic~ce, h revue de la recherche. Vol 18, no. 5, p. 36). 

Au cours des dernitres années, les travaux portant sur la régulation de Faxe 
COCticotmpe lors d'une activation immunitaire ont permis la mise en Cvidence cVïnheTaCti~~ 
beaucoup plus complexes qu'on ne i'aurait cru & l'origine. Bien qu'il ait Cd ttabli que Ies 
cytokines puissent communiquer avec le SNC afin d'induire La synthbst 
d"1mmun0suppressem endogènes, le &te d'intennediaire joué par les métabolites de I'AA 
dans la médiation des effets des cytokines sur l'axe HPA n'a été €tudit5 que tout récemment. 

Les premières recherches en ce sens ont démontré que Ie blocage des voies de la 
cyclooxygénase inhibe la sécrétion & CRF provenant de fiagments hypothalamiques 



(Banardini et d, 1990; Cambronem et al., 1992; Lyson and McCann, 199z Navami a al.. 
1991) ou d'EM isolées ( ' & y  et al., 1994) suite B un traitement avec ml, 1Pr6 ou le 
TNF-a. Presqu'au même moment, des baides in vivo ont montré que l'inhibition de la 
synthèse des PGs prévient la liberation du CRF dans le système infuadibulakrt en plus de 
freiner la sécrétion d ' A m  en réponse aux cytokines p m i n f l a m m ~  (Katsuiira et af.. 

1988; Morirnoto et al., f 989; Murakami and Watanabe, 1989; Rivier and Rivest, 1993; 
Sharp and Matta, 1993; Watanabe et al., 1990). Dernièrement, d'autres groupes ont 
conknC la participation des dérivés de i'AA dans l'activation & l'axe HPA survenant après 

un stress immunitaire ou une inflammation locale stérile (Smith et al., 1994; Turnbuii and 
Rivier, 1996). Le fait que l'injection de drogues anti-inflammatoires non-stéroWrdiemes dam 

les ventricules latéraux ou certaines structures hypothaiamiques spécifiques du cerveau 
supprime la sécrétion du CRF et celie de l'ACTH, coatimie l'importance cnriale des PGs 
d'origine centrale (Katsuuni et al., 1990; Katsuuni et al., 1988; Thompsun and Hedge, 
1978). Toutefois, personne n'a pu démontra si le blocage des voies de la cyclooxyg6nase 
prévient l'activation de l'axe corticotrope en supprimant la biosynth&se du CRF et de son 
récepteur de type 1. Il faut garder en m6moHt que œ rCcepteur semble être impliqué âans les 

mécanismes responsables du maintien de la transcription du neuropeptide. De plus, le(s) 
sous-type(s) exact(s) & PGs et Ie(s) site(s) d'action sollicid(s) dans le SNC afin & m u e r  
tous ces effets demeurent & précisu. 

Très peu & travaux ont 6tudit ou comparé les effets des divers types de PGs sur 
I'activite de l'axe corticonope et la dgulation des fonctions neuronales. Étant donnt les 
nombreuses simüarités existant entre les divers types & PGs. il serait de nature t&s najfde 
mire qu'un seul type de PG puisse jouer un rôle déîerminant dans la régulation de i'axc 
HPA Chacune des PGs est désignée par une lettre de A h F et d'un chifne de 1 3 
indiquant la nature et la position & certains groupement chimiques qui  leurs sont propres. 

Les PGs de type El, El, FZa et D2 sont sans aucun doute les prosmoïdes ayant reçu le 
plus d'attention, et par conséquent, les mieux documentees. L'infusion centrale &s PGEi, 
PGEz ou PGF- stimule la sécrétion d ' A m  (Anthonisen et al.. 1997). De plus. il a 6té 
démontré qu'un pré-traitement centrai avec des anticorps diriges cona  ks PGEl, les 
ou les PGF- attenue de façon significative l'augmentation des niveaux plasmatiques 
CACïH en réponse B l'injection i.c.v. d'ILlB (Wmobe et al., 1995). Ces mêmes auteurs 
ont Cgalement observt que les antisénuns spécifiques aux PGEl et PGF- ont réduit 
davantage les taux tleves d ' A m  observés suite B l'administration centrale b L 1 B  que 
l'anticorps des PGE2. Dans le même ordre d'idée, certains investigateurs avaient rapporté. 
quelques années auparavant, que les PGF- pourraient jouer un rôle plus important que les 



PG& dans les mécanismes menant la sécrétion hypothalamique du CRF en réponse h 1% 
1 (Bemardini, 1989; Cambronem et ai., 1992). Ii y a peu de temps, Nasushita et son groupe 

ont confirm6 i'implication des PGE1, PGE2 et PGFa daus i'augmenutïon âes taux d'ACïH 
Circulante. Bien que l'ariministration i.v. des PG& s'est avtrde sans effet sur la sécrétion 
d ' A m  les =El, PGEz et PGF- ont tous pmvoqut? de façon équipotentc le rtiargagc & 
celIe-ci dans la circulation sanguine (Nasushita et al., 1997; Watambe et al., 1991). Des 
études rtalisaes par Katsuura et ses collaborateurs en 1990 avaient d'ailleurs laisset planer un 
premier doute sérieux sur la capacité des PGD2. contrairement aux PGs de type El et 5 B 
stimula l'axe HPA. En effet, ces chercheurs ont montré que l'injection des POEi et PGEr, 
mais pas des PGR, directement dans la région préoptique de l'hypothalamus, entraîne une 
forte augmentation des concentrations plasmatiques d ' A m  chez le rat (Katsuura et d, 
1990). De par ces résultats, il semble donc plus qu'évident que les cytokines inflammatoires 
stimulent la biosynthh de plusieurs types â'écosanoï&s qui, B leur tour, pounont agir en 
tant qulintermédiaites pour informer le SNC des changements neuroendocrinens B apporter 
afin d'empêcha une stimulation exagCrae de la rtaction immune qui p<nrrrait slav&er nefaste 
pour l'organisme. 

Les effets engendrés au niveau de l'axe HPA, ainsi que les mécanismes et les sites 
d'action soiiicitts par ces neumm6diateurs originant de l'AA peuvent différer d'un t y p  de 
PG un autre. A titre d'exemple, mentionnons des travaux démontrant l'influence inhibitrice 
sur la sécrétion d'A- au niveau de i'hypophyse, des R E i  et des RE2,  mais pas des 
PGD2 et des PGF- qui ont eté synth6tisées localement en rtponse au CRF ou B la AVP 
(Hedge, 1976; Vale et ui., 1978; VlasLovska et ai., 1984; Vlaskovska and Knepel, 1984). 
Par contre, l'infusion des PGE2 ou des RF2, dans l'EM favorise la Sccrction &ACTH 
(McCoy et al., 1994). De plus, baums groupes ont rapporté que les PGD2, PG& et 
PGF- possèdent la capacite de réguler positivement Faxe HPA par PintermCdiain des 
facteurs hypotfiaiamiques AVP et OT (Bmks et d., 1986; Hofnnan et al., 1982; houe et 
al., 2990; Ishikawa et d, 1981; Poulain and Carette, 1974). Fait intéressant, des sites & 

liaisons spécifiques aux PG& et PGF& ont été trouves dans plusieurs régions du caveau 
incIuant le système hypothalamo-neurohypophysih (Shmiwi  et d., 1982; Watanabt et al., 
1989); les récepteurs EP1 (Batshake et al., 1995) et EP4 (J. Zheng et S. Rivest, papier en 
préparation) des PGE2 sont quant & eux très fortement exprimés sur les neurones 
magnoceilulaires des noyaux PVH et SON. En plus d'identifier le(s) type(s) & PGs 
irnpliqu6(s) dans l'activation & L'axe corticonopt, il est donc très important de vCrifia h quel 
niveau cette action stimulatrice s'effectuera 



Plusieurs dvidences semblent indiquer que les PG& pourraient joua un rôie CE dans 
plusieurs des changements observds au cours d m  challenge immunitaire ou d'un trairement 
avec les cytokines pminflammatoires. Les 6aides in vitro ont révéî6 que l'IL-1 stimule la 
production des PG& B partir de fhgments h y p o t . u e s  (Navarra et al., 1992). In  vlw,, 

1'injectiOn i.v. d&lB en- la production des P G b  du CRF et AVP selon un paucm 
temporel très similaire dans les noyaux PVH (Watanobe and Takebe, 1994). Cependant, 
aucune &tude n'a encore vérifib si les neurones impiiqués dans le contr61e & i'axe HPA sont 
BlCtivbs, et si l'activité aanscriptionnelle du CRF est stimulée suite ik un traitement avec les 
PG& Toutefois, puisque i'infusion d'indombthacine directement dans les noyaux PVH ne 
prévient pas l'activation de l'axe HPA en réponse B l'administration systémique d'IL1 
(Komaki et al., 1992), plusieurs autres structures du SNC pourraient alors participer B la 

régulation de cette fonction neuroendocrieme essentielle & la sinvie. il est donc très 

intéressant de constata que I'administration i.v. d L l  ou dune endotoxine bacténeme 
stimule aussi la sécrétion des PGE2 dans le liquide cephabrachidien et différentes régions 
hypothalamiques telle que la région médiane préoptique (MPOA)/OVLT (Coceani et ui., 
1988; DinarelIo et al., 1991; Komaki et aï., 1992; Sirko et al., 1989). De plus, l'injection 
des PG& dans Fun des ventricules latéraux (Rassnick et al.. 1995) ou directexnent dans la 
région préoptique (Katsuura et ai., 1990; Morimoto et al., 1989; MiaaLsmi and Watanabc, 
1989; Watanabe et al., 1990) du rat provoque une augmentation des niveaux plasmatiques 
d ' A m  et de conicostbrone, un effet vraisemblablement médit par les neurones 

CRFergiques neuroendocriniens (Watanabe et ai., 1990). L'importance de la M W A  dans la 
régulation de i'axe corticotmpe a d'ailleurs td mnfirmée presqu'au même moment suite ii 
une btude rapportant que l'infusion d'un antagoniste des PGs & type E dans la MPOA 
supprime complètement l'augmentation des niveaux d'ACTH dans le sang & la suite d'une 
injection du-lB (Katsuura et al., 1990). La détection des PG& dans le liquide cephalo- 
rachidien et certains noyaux du cerveau au cours de la rtponse immunitaire, et l'existena & 

nombreux sites de liaisons des PGs B travers l'ensemble du SNC supportent l'hypothèse 

d'une circuiterie complexe. 

1.1.3.4 Récepteurs des P a  

Grâce ii la technique d'autoradiographie quantitative, Matsumura et son &pipe -nt 

les premiers A 6tablir une dbauche compl6te & la disrribution des sites & liaisons des PGk 



dansleceweau&rat Ilsontrapporttuneaèsfm&~~desitts&liaison&s~ 
daos le mur antérieur du troisième ventride en plus de déceler des niveaux plus modats 
dans plusiew structures du SNC incluant certaines régions de l'hypothalemas (Matsumura 
et al., 1992; Matsumura et A, 1990). Plus récemment, les différents sous-types des 
récepteurs des PGE2 ont Cté clones, puis identifiés comme suit EPl (Watabe et d, 1993). 
EP2 (Honda et al., 1993; San& et ai., 1994). EP3a (Supimoto et ai., 1992; Takeuchi et ai.. 
1993). EP3B (Neuschilfer-Rube et al., 1994; Sugimoto et al.. 1993; Takeuchi et d, 1994). 
EP3y m e  et al., 1993) et EP4 (Nishigaki et al.. 1995; Regan et al.. 1994). Ainsi. 
l'élaboration d'une cartographie plus détaillée de la répartition & ces récepteurs B travers 
l'ensemble du cerveau a pu être entreprise. Cette distribution permema de mieux cerner 
l'importance relative de chacun des sous-types des récepteurs de la série E au cours de 
diverses situations, telle que lors de l'activation & l'axe HPA diwnt un stress immuni*. 

Peu & temps suite au clonage du premier sous-type de récepteur des PGE% Batshake 
et ses collaborateurs ont rapporté la présence du rCapteur EPI dans les noyaux PMI et SON 
sp6cifiquement (Batshake et al., 1995). Bien qu'au même moment, des études 
pharmacologiques aient attribue aux récepteurs EP1 une fonction thenno-régulatrice 
Mpliquée dans le développement de la fihm (Oka and Hori, 1994). la distribution de ce 
récepteur B l'intérieur du SNC laisse tgaiement croire B la possibilité que les signaux de 

transductions induits la suite de la liaison des ME2 aux récepteurs EP1 pourraient 
Muencer la sedtion de divers facteurs hypothalamiques. 

Des travaux présentement en cours dans les laboratoires du Dr. Rivest ont permis de 
localiser le récepteur EP2 daas les OCVs et plusieurs régions du SNC reconnues pour leurs 
connections directes ou indirectes avec les stmctmes neuroendocrinie~es. Toutefois, étant 
dome le clonage récent des récepteurs des prostanoï&s, la littérature ne nous p e t  pas B 
l'heure actuelle, de bien cerner la contribution du récepteur EP2 dans la modulation de 

fonctions neuroendocriniemes au cours de la réponse immuni~uif lammatoh.  Quant au 
récepteur EP3, deux groupes distincts ont ttabli sa répartition dans le cerveau. Grâce B 
l'utilisation dune sonde radioactive comspondant B une région codante commune aux mis 
isoformes du réaptw EP3, SugUnoto et ses collègues ont détecté la présence de rARNm de 

EP3 dans plusieurs régions du cerveau de soiiris incluant la MPOA (Sugimoto et al., 1994). 
Cependant, contrairement aux travaux d'Ericsson (Ericsson et d, 1995) effectués chez le 
rat, les travaux W s  chez la souris ne font aucune aiiusion ii l'expression du récepteur W 
dans les OCVs. Une chose est néanmoins certaine, aucune de ces structures 



neuroendocsiniemes ne semble êtze en mesure de synthétiser k r6ccpttur EP3. De plus, as 
âeux ttudes n'ont pas rapport6 la prCscnce de signal dans les cellales gliales. 

De par sa distribution et sa régulation dans le SNC, le récepteur EP4 est sans aucun 

doute run des candidats les plus attrayants afin d'expliquer comment les PGs de type E2 
peuvent cibler les neurwes responsables de la modulation de 1'mce HPA En effet, bien que 
le récepteur EP4 ait lui aussi été localisé dans & nombreuses régions du arvuu, du rat, 
l'hybridation in siru a permis & déceler la présence & trts hauts niveaux à'ARNm de ce 
récepteur dans la division magnocellulaire des noyaux PVH et les noyaux SON (J. Zhang et 

S. Rivest, papier en pr6paration). Quoique très peu de cellules positives pour le récepteur 
EP4 ont 6té trouvées dans la division pmocellulaire des noyaux PVH lors de conditions 
normales, l'induction d'mi stress immunitaire a fernent  stimult i'activité transaiptiomeile 
du récepteur des PGE2 dans cette subdivision hypothalamique. De plus, les analyses 
quantitatives de double maquage ont révtlt que 60 h 70RO des n e m e s  CRFergiques des 
noyaux PVH expriment le récepteur EP4 lors d'un challenge immunitaire. Ainsi, il est 
possible de croire que les PG& agissent localement daos Ies structures neurocndocrinie~t~, 
possiblement via les dcepteurs EPl et EP4, dans le but d'activer les facteurs 
hypoihalamiques responsables de la sécrétion uitime des agents immumwuppresseu~ 

Compte tenu de la disaibution très Ctendue des diffhnts sous-types des récepteurs 
& la série E, une circuiterie fonctionnelle beaucoup plus complexe est il envisager dans 
l'établissement des interactions neuro-immunes. Lors de la rtponse 

immunitaire'nflammatoire, il est donc probable que les cytokines pro-inflammatoiries 
rejoignent leurs récepteurs situés dans les régions localis6es il l'extérieur des limites de la 
barri&re h6mato-enc6phalique, afin d'induire la production de divers neuromtdiateurs 
centraux comme les WE2- Par la suite, on peut concevoir que les PGE2 diffusant dans le 

liquide extraceiiulaire peuvent atteindre, puis lier un & leurs récepteurs, afin d'activer 
certains neurones avoisinants qui, en retour. stimuleront les struchins hypothalamiques 
responsables d'assurer le rétablissement de l'homéostasie. Ne serait-ce que pour compliquer 
les choses davantage, @cisons seulement que les cellules gliales pourraient aussi jouer un 
rôle déterminant dans la plupart des mécanismes centraux solici& par les cytokines afin 

d'informer les neurones pouvant moduler l'activité de l'axe HPA. Jusqu'B présent, les 
résultats demontrant la synthése des PGs par des cellules neuronales demeurent très 

controversés et ce, panicuii&ement au cours dune situation de smss où il y a libération de 
médiateurs inflammatoires (Katsuma et al., 1989; Van Dam et ui., 1993). Par conséquent, 1 



ne serait pas ttoanaat de voir que certains types de cellules gliales. tels les asaocytes, 
puissent influenœr certaines fonctions neuronales. Les astrocya~ ont t o u j m  &té t t u s  
comme âes ceiiuîes de support essentielles B la survie. la croissana et l'activité des 
nemnes. De plus, il a été rapport6 que les astrocytcs possèdent & km sdace mmibranaÿe 

les récepteurs d'une multitude de cymkines (Ban et al., 1993). en plus d'avoir la capacid de 
produire des dérivts de l'AA en réponse 8 lP,l (Katsuura et al., 1989). aux autres 

cytokines (Ma et ai., 1997) ou B une endotoxine bactQienne (Fontana et al., 1982) et de 
synthetiser certaines substances capables d'induire l'expression des génes encodant les 
récepteurs de la série E sar les neurones avoisinants (Rage et al., 1997). 

1.1 -4 Sites d'action et cucuiterie neuronale 

Comme il a Cté discuté dans les sections précédentes, l'injection systémique des 
cytokines pro-inflammatoires a pour effet d'influencer plusieurs fonctions 
neuroendocriniemes, dont I'activité de i'axe HPA. Ii a aussi td mentionné qu'un mitement 
i.v. avec SiL-lB, SIL-6 ou le TNF-a stimule l'expression du ghe  de réponse précoce c-fos 
(marqueur de l'activité cellulaire) dans de nombreuses régions du cemeau. De plus, 
l'induction d'une réponse immunitaire systémique provoque la biosynth8se des cytokines 
pro-înfiamrnatoircs, des PGs et des rthpteurs de tous œs médiateurs infiammatoh daos 
des structures spécifiques du SNC. Ainsi, nous avons toutes les raisons & cm& qu'une 
circuiterie très complexe, sollicitant de multiples intervenants et sites d'action, serait 
impliquée dans la rtpuiation des neurones hypothalamiques de l'axe corticotmpe. Toutefois, 
pour que le système immunitaire puisse communiquer de façon adéquate avec le cerveau, et 
moduler les fonctions neuroendocriniemes, des sites &accès pour les cytokines circulantes 
doivent exister l'intérieur même du SNC. Dans cette optique, c e e s  structures comme 
les OCVs et la microvasculature &réhale pourraient être des cibles de choix. Quant aux 

autres régions activées au cours & le dponse immunitaire, celles-ci pourraient plutôt jouer 
un rôle détaminant dans l'indgration des infmations provenant de la périphérie. 

Étant donne le faible taux de pinocytose des cellules endothéliaies et l'existence de 

jonctions etanches reliant chacunes de ceilesci autour des vaisseaux sanguins, le passage & 

diverses substances & l'intérieur du cerveau est e s  limité. Toutefois, les OCVs sont des 
stnictures qui, en plus d'être situées B l'interface entre la périphérie et le cerveau, sont 
dépourvues de barrière hémato-endphalique (Oldfield and McKinley, 1995). Il est donc 
possible que les cytokines circulantes produites par les cellules immunitaires activées 



pénètrent les O C V s  sensoriels (OVLT, SFO, EM et AP) et activent certaines allules 
possédant les récepteurs c y t o ~ g i q u e s  approprî6s. Fait inttnssant, l'administration iv.  
des cytokines pinflammatoires induit i'expression du gène c f i  dans Ies  OCVJ (Brady et 

al., 1994; Ericsson et al., 1994; Rivest and Rivier, 1994; R i v a  et ai., 1992; V a E h s  a ai., 

1997). De plus, les récepteurs des interleulrines ont C d  détectés dans les OCVs dans des 
conditions basales ou ii la suite d'un stress immunitaire (Cuiningham et al., 1992; Ericsson 
et al., 1995; Vallihes and Rivest, 1997). Bien entendu, plusieurs groupes ont suggéré que 

la stimulation de la s e d t i o n  du CRF dans le système infiindibulaire, par îes cytokines 
systémiques, pourrait s'effectuer directement au niveau des fibres texmides  1 ocalisees dans 
l'EU Néanmoins, de nombreuses 6vidences laissent cmire que les autns O C V s  p o d e n t  

eux-aussi avoir an rôle très impomint jouer. En effet, des études netmanatomiques ont 
rapporté que I'OVLT et le SFO ont des projections efférentes vers les noyaux PVH et SON 
(voir figure 4) (Johnson and Gross, 1993; Sawchenko and S wanson, 1983; Swanson and 
Sawchenko, 1983). Grâce B la combinaison & Fimmunohistochnie contre la protéine Fos 
et du transport rétrograde d'un traceur neumanatomique (toxine du chol&a), Eimquist et 
Saper ont rapportt que certaines régions activées lois d'un challenge immunitaire projettent 
directement aux noyaux PVH (Elmquist and Saper, 1996). Panni celles-ci, notons la 

présence & neurones localisés dans I'OVLT et le S m .  Bien qu'aucune cellule doublement 
marquk n'ait W observée dans I'AP, des travaux ont démoaaC l'importance capitale de ceme 
structure dans la rdgulation de I'hypothaiamus neuroendocrinien par 1U-16. En effet, 
Herkenham et son groupe ont mon& que la àestmction & L'AP prévient I'activation de l'axe 
HPA, ainsi que la transcription de c-fos dans le NTS et Ies noyaux PVH spéàfiquement, en 
réponse B l'injection i.v. d'IL-lB (Lee and Herkenham, 1996). Puisque les ttudes 
neuroanatomiques n'ont pas rappord & projections originant de I'AP vers les noyaux PVH, 
il est fort probable que Ies influences & I'AP sur l'activité de l'axe corticoaopc soient 
indirectes. Tel qu'illustré la fi- 4, il est donc envisageable que le NTS agisse B titre de 
centce de relais entre i'AP et les noyaux PVH au cours de la réponse immunitaire; le NT'S est 
un noyau adjacent B L'Ai? en plus d'être forotment innervé par cet OCV (auiningharn er d., 
1994). En &ponse B un traitement avec l'IL1B ou avec une endotoxine bactérienne. on 
retrouve dans le NTS plusieurs neurones catécholaminergiques immunaréactifs h la protéine 
Fos ayant des projections efftrentes vers les noyaux PVH (Ehquist and Saper, 1996; 
Ericsson et al., 1994). Ainsi, l'AP pourrait être une structure cible des molécules 
immunitaires circulantes et informer l'hypothalamus endocrinien par les neurones 
catocholaminergiques Onginant du NTS. 



Figure 4. Sites d'action et voies neuronales empruntés B la suite d'un traitement systémique avec l'endotoxine bactbrienne LPS. AbrCviations: ACTH, hormone 
adr6noconicotrope; AP. area postrema; ARC. noyau arque; CeA, noyau central de l'amygdale; DMH. noyau dorsornedial de l'hypothalamus; EM, eminence 
mediane; LC, locus coeruleus; LDT, noyau latérodorsal tegmental; LPS, lipopolysaccharide: MPOA. aire preoptique mediale; NTS, nucleus tractus solitarius; 
OVLT, organum vasculosum de la lamina terminalis; PB. noyau parabrachial; PP. hypophyse postérieure: PVH, noyau paraventriculain do l'hypothalamus 
(divisions parvocellulain [pc] ct magnocellulaires [WC]); SON, noyau supraoptique; VLM, rdgion ventro-laterale mkdullaire. 



Il semble que les OCVs, en plus üe posséder la capacité de rtpondrt aux cytokines 
d'origine systémique, synthttisent eux-mêmes de l'ILL, & l'IL-6 et dii TNF-a an cours 
d'une endotoxinérnie systémique (Nadeau and Rivest, 1998; Quan et al,, 1998; Vallièrcs aod 
Rivest, 1997). Bien que les cytokines pro-inflammatoires produites localement peuvent 
stimuler des cellules avoisinantes &même les OCVs,  p1usieurs travaux sont en accord avec le 
fait que ces cytokines ne peuvent paittxer B i'intédeur du SNC par di&ision passive entre les 
cellules ependymales séparant les OCVs du reste du cavcau. Cependant, il est possible que 
les cytokines localisées dans les OCVs stimulent la production de médiateurs capables de 
dinoser plus facilement ii travers les cellules Cpendymales. KomaLi et ses collaboratavs ont 
d'ailleurs rapporté que l'injection iv. d'IL-1B a pour effet d'augmenter significatvement les 
niveaux de PG& dans I'OVLT (Km* et ai., 1992). Sachant que les PGs sont de petites 
molécules lipophiles, elles pourraient facilement atteindre les structures avoisinantes des 
OCVs (Dascornbe and Milton, 1979). Dans cette perspeztive, la MPOA et le NTS sont deux 

structures particulihment intéressantes. En plus d'gêne il proximité de l'OVLT et de I'AP 
respectivement, la MPOA et le NTS sont les régions possédant les Nveaux les plus élevds en 
récepteurs des PG& (Matsumura et al.. 1992; Matsumura et al., 1990). Plusieurs tvidenœs 
anatomiques ont suggéré l'existence de voies & projections entre la MPOA et les noyaux 
PVH (voir figrne 4) (Conrad and Pf* 1975; Sawcheh and Swanson, 1983; Silvgmaa et 

ai., 1981). De plus, la stimulation électrique des neurones localisCs daas la MPOA entraîne 
une augmentation de l'activité électrique dans les noyaux PMI et lté16vation des 
concentrations plasmatiques en ACTH et corticost6rone (Saphier and Feldman, 1986). 
Finalement, Ie fait qu'une microinjection d'indom6thacine ou d'un antagoniste des PGs de 
type E dans la MPOA supprime compI&tement la relâche d'ACI'H en réponse & l'injection 
d'IG1B (Katsuura et al., 1990). confinne l'hypothèse que les PGs puissent médier certains 
des effets activateun des cytokines sur l'axe corticotrope. Toutefois, il n'existe aucune 

6tu&, B notre connaissance, ayant démontré Sexistena d'un tel mtcanisme dans d'autres 

sbnictures du SNC. Bien que le NTS ou d'autres structures a c t i v h  au cours de la réponse 
immune pouxraient constituer &s cibles de choix pour les PGs sécrétées sous l'influence des 
cytokines, des travaux devront être entrepris en ce sens afin d'éclaircir ces questions 
importantes- A titre d'exemple & stniaures potentielles, mentionnons la région venm 
latérale médullaire (VLM). Outre la @sence des rt?cepteurs EP3 (Ericsson et al., 1995) et 

EP4 (J. Piang et S. Rivest, papier en pdparation) des PGR dans VLM, des travaux ont 
rapporté que cette région exprime le gène de réponse piiicoce c-fos durant I'endotoxinémie 
(hfinmme and Rivest, 1994; Rivest and Laflamme, 1995) et participe il la stimulation des 
niveaux d ' A m  du CRF en réponse ii l'administration i-v. dlL1B (Ericsson et al., 1994). 



La microvasculature cérébrale constitue la deUXi&me porte d'entrée potentielle par 
laquene ks cytokines circulantes pourraient couun- avec le cerveau. Jiisgu'k présent, 
plusieurs groupes ont tend & prouver que ks cytokines rthrguées en ptriphtrie ont ia 
capacité d'al- la perméabilité & la bamàc h é m a t ~ ~ ~ & ~ h a l i q u e ,  a qui fiditerait par la 
même occasion le passage & médiateurs inflammatoiiir dans le SNC Cependant, la plupan 
de a s  Ctudes n'ont pas été reproduites ou tout simplement contredites par des travaux 
subs6quents (Banks and Kasin, 1992). Une hypothèse beaucoup plus plausible est 
néanmoins illustrée aux fi- 7 et 8 (voir discussion). Celles-ci suggèrent la liaison des 
cytokines pinflammatoires B l e m  récepteurs respectifs. qui d e n t  locaüsés B la surface 

membranaire dcs ceJlules endothéliales, aiin de stimula la biosynthhe de neuromédiateurs 
cenaaux comme les PGs. Bien entendu, plusieurs Cvidences viennent appuyer cet& 
hypothèse: 1) la présence des récepteurs de l'IL-1, de 1- et du TNF-a sur les cellules 
endotMMes de la micfovasculahirt &&aie daas des coaditions basales ou après un stress 

idammamire (Bebo and Linthicum, 1995; Cunningham et al., 1992; Ericsson et d, 1995; 
Lucas et al., 1997; VaIlidires and Rivest, 1997; Van Dam et d, 1996); 2) la stimulation & h 
transcription du gène encodant l'enzyme limitante de la synthèse des FGs (COX-2) dans les 
vaisseaux sanguins du cerveau suite B l'administration d'IL-1B ou d'une endotoxine 
bactérienne @ d e r  and Saper, 1996; Cao et al., 1995; Cao et al.. 1996); 3) la production de 
PGs par les cellules endoth6liales du SNC en réponse à l'injection i.v. d'IL-1B ou l'induction 
d'un challenge immunitaire (Van Dam et al., 1993; Van Dam et d, 1996). Ces résultats 
suggèrent Qac que les cytokines pro-inflanmataires d'origine systtmique ont la capacité de 

se lier aux œiiules endothdiides de la xnicrovasculature cérébrale a h  d'entraîner la synthtse 
des PGs. Ainsi, les PGs nouvellement fonnées pourront diffuser librement à travers la 

bârrike h6mato-encéphaiique et atteindre des sites d'action centraux qui leur sont propres. 
Bien que l'induction de l'activité rninscriptiomelle du ghe  COX-2 et la biosynthèse des PGs 
sont des phénomihes qui semblent apparaître de façon non-sélective dans l'ensemble des 
vaisseaux sanguins du cerveau, il n'en demeuit pas moins que les sites activ6s lors d'un 
traitement avec les cytokines pro-inflammatoires sont ds spécifiques. Il est donc possible 
que la sélectivité de la réponse centrale soit une conséquence de distribution spécifique des 
récepteurs des PGs dans le cerveau. Toutefois, nous ne savons pas encore si I'information 
transf6de de l'endoth6lium vers les éltments du parenchyme, au cours de la réponse 
immunitaire, renferme des renseignements essentiels h la régulation des diverses fonctions 
nemaales  et  neuroendocriniemes ou consiste mut simplement à L'élaboration de la réaction 



La présence de I'ARNm encodant 11GlB et de la protthe elle-même dans les a h l e s  
vasculaires et/ou périvasculaires associées suite à un challenge immunitaire (Qum et al., 
1998; Van Dam et ai., 1992). a compliqué davantage i'hypothèse voulant que les PGs scient 
les principaux intermtdiaires impIiqu6s daas la commMication entre les cytokines 
périphériques et le caveau Récemment, diffhnts groupes ont rapporté l'expression des 
gtnes&llL1SetduTNFadansdesstnicturesparrnchymai~~m~quelesOCVssintt~ 
l'induction d'un saess Mmunitairie (Nadeau and Rivest, 1998; Quan et al., 1998). Dans les 
deux cas, les investigateurs ont o b d  que les cellules positives, vraisemblablement des 
cellules microgliales, etaient distribuées & fapa ubiquitape & tram l'ensemble du ameau. 
Curieusement. ces auteurs ont noté que le signal semblait migrer à partir des structures en 
contact direct avec la périphérie vas les régions avoisinantes, pour finalement atteindre les 
cellules pannchymales les moins accessibks du SNC 101s &un challenge immUIUl& plus 
sévère. A la lumitre de ces résultats, il en donc possible que les PGs diffusant dans le 
liquide extracelluiaire, ou tout autres mtdiateurs innammatoires synthétisés par la 
mi~~~vasculature c&ébde (ex.: L 1 B ) ,  puissent stimuler des cellules localisées & proXimit6 
afin d'induire la production et la sécrétion de cytokines centrales. Bien que ceci &meure 
hypotMtique, nous croyons que ces cytokines produites centralement pourraient & leur tour 
induire la synthh d'autres neuromédiateurs, et par la même occasion perpétuer la réponse 
inflammatoire centrale, ou tout simplement influencer directement certains noyaux contrôlant 
les diverses fonctions neurales soliicitées lors & la réponse immunitaire. Plusieurs taides 
ont dernone jusqu'à présent que les cytokines d'origine cenaale ont des effets i m m t s  
sur les fonctions neuroendocriniemes. Néanmoins, comme le demontrent les travaux cités 
ci-dessus, les mécanismes. les sites d'action et les voies empruntées par celIes-ci peuvent être 
tout à fait diffhntes de ceiles utilisées par les cytokines d'origine systtxnique. 

Comme l'ont suggéd plusieurs Ctu&s, les voies adrénergiques et noraddaergiques 
du tronc cé&d semblent elles aussi jouer un r& important dans la communication entre les 
c y t o k k s  systémiques et les stnicnnes neuroendocrinie~es (Qiuluyan et d, 1992; Ericsson 
et al.. 1994; Li et al.. 1996; Weidenfeld et d., 1989). Parmi les régions les plus 
intéressantes, on retrouve le NTS et la région ventru-latérale médullaire (VLM), deux 
stmctures exprimant le g&ne de réponse précoce c-fos en réponse à l'injection i.v. blL-10 
(Brady et al., 1994; Ericsson et al., 1994; Rivest and Rivier, 1994; Rivest et d., 1992). en 
plus de fournir aux noyaux PVH les voies cattcholaminergiques (Ai-Asi-C2) les plus 
importantes (Cunningham et al., 1990; Cunningham and Sawchenko, 1988; Sawchenko and 
Swanson, 1982; Sawchenko and Swanson, 1983). R&emmen& Ericsson et son groupe ont 
démontré qu'une section unilatérale des projections médullaires ascendantes a pour effet 



d'atiénuer significativement les niveaux d'expression & la protéine Fos et du wnsait 
encodant le CRF dans le noyau PVH situé du coté ipsi lathi  B la lésion, en réponse B 
i'injection iv. d'ILlB (Ericsson et d, 1994). Ainsi, bien que ces résultats n'excIuent pas la 

possibilité que d'autres types de voies ascendantes (ex.: les voies sérotoninergiqaes 
(Lafhme et al., 1998)) pourraient contribuer B I'activation des nemnes enaocriniens au 
COUR & la réponse immunitaire, les nombreux travaux tnumtrts ci-dessus semblent 
suggtnr que ks voies ~ h o l a m i n a g i q u e s  mMullairts sont p a m d & m ~  . . nt impœtantes. 

Malgré le fait que les cytokines produites en périphérie ne peuvent PQttriet la ba&rc 
h6mato+mcéphalique, deux hypothèses distinctes ont 6té 6misw afin d'expliquer comment 
celles-ci peuvent moduler l'activité de cataints structures du tronc cérébral. L a  pnmih 
possibilité, bien qu'effleurée dans les paragraphes prédents.  implique que les cytokines 
circulantes atteignent I'AP, qui a son tour pourrait transmettre l'infarmation & de nombreuses 
autres régions du rhombencéphale incluant: le NTS, le VLM, les noyaux parabrachiaux 
(PB). le noyau tegmentai latuodorsal et locus coenileus 0; cinq stnictures activées 
suite B l'administration systémique d'JL-1B (Brady et al., 1994; Ericsson et al., 1994; 
Vallières and Rivest, 1997). Bien que certains médiateun cennaux (tels que ks PGs et les 
cytokines) aient sûrement la capacité & diffuser de I'AP vers le NTS, il est improbable que 
ces molécules puissent atteindre des régions relativement tloignées comme le VLM. les 
noyaux PB, le LDT et le LC, compte tenu du pouvoir de difision restreint des médiateurs 
inflammatoires dans Ie Liquide interstitiel (Nicholson, 1980). De plus. les PGs et les 
cytokines sont reconnues wmme des substances posséâant une courte dude de vie (Reirners 
et al., 1991). Toutefois, des ttudes neuroanatomiques ont permis d'6tabii.r que œ s  régions 
de la médulia et du pons ont des comections qui peuvent êtn réciproques (voir figue 4). 
Ainsi, plusieurs groupes ont observC des projections très denses ariginant de l'AP vers le 
NTS et le PB (Cunningham et al., 1994; Johnson and Gross, 1993; Shapiro and Miselis, 
1985; van &r Kooy and Koda, 1983). Bien que peu ou pas de projections axonales aient 6d 
décrites de I'AP vers le VLM et le LC, des tvidences claires ont montré que le le NTS 
projette au VLM, au LC et aux noyaux PB (Chan et al., 1995). De plus. des travaux ont 
montré que toutes ces régions du tronc cérébral. mis B part I'AP, ont des projections 
ef fhntes  vers les noyaux PVH (Cunningham et al.. 1990; Cunningham and Sawchenko, 
1988; Sawchenko and Swanson, 1982; Swanson and Sawchenko, 1983). Ainsi, il est 
possible que ces structures puissent moduler l'action des neurones responsables & stimuler 
l ' A m  adénohypophysaïre. 



Bien que plus controversée, la deuxi8me hypothèse selon laquelle les cytokines 
péphtriques pourraient communiquer avec certaines structures du mnc cérébral fait 
réfhnce a une route nerveuse plutôt qu'humorale ( D ~ t z e r ,  1994, Fleshner ez al., 1995; 
WatLins et al., 1995; Watlans et ai., 1994). Toujours selon ce modèle, I'augmentation des 
niveaux tissulaires en cytokines serait amplement suffisante a la régulation des diverses 
fonctions neuroendocriniemes comme l'axe HPA, l'apparition des cytokines dans la 
chdation sanguine ne serait pas requise. Ainsi, au cours & la dponsc immUIIitairt. les 
cytokines pro-inflammatoires auraient la capacité de stimuler directement les nombreuses 
affdrences sensitives du nerf vague en plus des eff€rences du système nerveux 
parasympathique regrouptk dans le nerf en question, En accord avec cette aninnation, des 
travaux ont montré qu'une vagotomie subdiaphragmatique anénue 1'ClCvation des 
concentrations plasmatiques en ACTH et wrticostérone en dponse l'injection 
intrap6ritontaie (i.p.) d'IL-lB (Fleshner et cil., 1995). mais pas suite Sinfusion i.v. d'une 
forie dose de cette même cytokine (Katsuura er al., 1988). Récemment, Wan et ses dtgues 

ont rapporté qu'une telle chirurgie a pour effet de supprimer Sexpession de la protéine Fos 
dans le cerveau de rats soumis k une administration i.p. de l'endotoxine bact&eme 
lipopolysacchari& (Wan et al., 1994). Le fait que ce groupe n'ait pu nproduh les mêmes 
résultats suite à l'injection i.v. de l'endotoxine conhmie l'hypothèse voulant que les 
cytokines tissulaires et sysdmiques pourraient emprunter des routes diffdrentes pour 
communiquer avec le SNC. Finalement. il a W démontré que l'LU3 et la LPS peuvent êtxe 

reconnus par les chimi&eptem des affhnces paraganglionnaires fonnant des synapses 
avec le nerf vague au niveau & la dgion Ceryicaie ainsi que dans les cavitts thoraciques et 
aWominales @an=, 1994; Goehler et d, 1995; Watlcins et d, 1995). A la lumière de ces 

résuitats, ü semble donc plausible de croire que Ies cytokines produites localement dans un 
tissu puissent interagir avcc certaines structures du tronc cérébd, via un rnkmisme neuronal 
impliquant le nerf vague afin de stimuler Faxe corticonope et probablement d'autres 
fonctions neuronales sollicittes au cours de la réponse immunitaire. Depuis un certain 
nombre d'mées dej& les neur~anat~mistes ont identifi6 le NTS comme le noyau recevant la 
grande majmitd des terminaisons nerveuses provenant des afférentes vagales (Lœwy, 

1990). Comme mentionné aupaxavant, le NTS est en contact direct avec plusieurs structures 
activées lors d'un traitement avcc les cytokines pinflammatoirts, en plus de projeter 
fernent vers les noyaux PVH. Ahsi une circuiterie axée sur les voies du tronc ddbral, 
comme celle décrite dans le paragraphe précédent, pourrait être impfiquk dans la 
co~unication entxe les cytokines tissulaires et l'hypothalamus neurœnmen .  



La présente thèse de damrat avait pur objectif d'dlucider le rôie des PGs dans 
l'interaction entre les systèmes immunitaire et neuroendocnaien. Plus pracistment, nos 
traviulx avaient pour but & clarifier I'impataoce des PGs dans la médiation des eEets des 
cytokines pro-infktmmatoires sur la stimulation des neurones synthétisant It CRF et, par 
conséquent, l'activation de Paxe HPA. Les rnthmhnes celiulanes et la circuiterie neuronale 
par lesquels ces médiateurs inflammatoires influencent Ics fonctions neuroendocriniemes 
ftaerit égaiement Ctudiés. Pour ce, un modèle d'infechion h la LPS fut employé afin & mirna 
la réponse immuniraire & type aigu, et ainsi provoquer ia libération des cytokines par les 
cellules irnrnhtaires activées, Un modèle d''inflammation stQile fiit aussi utilisé afin de bien 

discemer les effets des médiateurs immunitaires et inflammatoires des effets & la LPS en 
soi, Ces deux modèles ont d'ailleurs 6té décrits B la section 1.2. Pour mieux orienter le 
lecteur, les objectifs Spécinques poursuivis lors de cette thèse & doctorat furent 6num6rés 
par points, chacun de ceux-ci comspondant & un &de a un chapître bien distinct 

Observer les effets de différentes doses (250,25 et 25 p@00 g poids corporel) & 
l'endotoxine bactérienne U S  sur l'expression des gènes de dponse précoce C-fos et NGFI- 
B (ceux-ci sont utilisés comme des index de l'activitd celiulaire) dans le cerveau de rats. 

Étudier le rôle joue par les voies de la cyclooxygdnase dans la stimulation de l'activité 
cellulaire drCbrale et la transcription du CRI? neuroendocrinien dans les noyaux PVH de rats 
soumis B un challenge immunitaire. Verifier Shypoth&se voulant que les PGs puissent 
moduler l'activité des groupes & neurones cadcholaminergiques AiKi and A s 2  du tronc 
cérébral suite à un traitement avec la LPS. 

Investiguer les effets de diffCrentes doses (250,25 et 2.5 pg/100 g poids corporel) 
de l'endotoxine bactérieme LPS sur l'expression des gènes encodant les dcepteurs du 

(réceptem du CRF de type 1 , Z a  et 2B) dans le cerveau de rats. Vérifier la possibilité que 
les voies & la cyclooxygtnase puissent médier les influences d'un challenge immunitaire 
systémique sur la transcription des gènes encodant les diff6rents sous-types des rtcepteurs 
du CR. dans des smctures speafiques du SNC 

Identifier, via l'expression du gène de réponse m e  cm, les sites activés dans 
l'ensemble du cerveau de rats traites centralement avec des PGE2. Déterminer grâce h la 
combinaison de l'immunohistochimie et de l'hybridation in situ, le type cellulaire des 



neurones neuroendoahkns (CRF, AVP ou OT) activés suite B l'- . . *on antraie des 
PGE2- Ihluer par hybridation in siru les effets d'une injection i c x  des sur l'activid 
Wnscnptionnelie des gènes d a n t  le CRF et son rCcepteurde type 1 (des sondes intfoluques 
et exoniques seront utilisées dans la prtsente expérience). 

Étudier l'expression des gènes encodant les enzymes Illnitantes k la production des 
prostaghdines (COX-1 et 2) au cours & la réponse immunitaire de type aigu et B la suite 
d'injection systémique des cytokines pro-inflammatoins. Établir si l'induction dc la 
transcription du gène COX-2 dans le cerveau de rats est une conséquence de la rtaaion 
inflammatoire systemisue ou plutôt un effet direct & l'eodotonne ~~ LPS (la LPS et 
la ti~lpentine furcnt employées B tia de modtlw w). 

Vérifier l'hypothèse voulant que le SNC possède la capacité d'exprimer le récepteur 

de la LPS, permetoint du même coup ii l'endotoxine d'agir directement sur le cerveau afin de 
stimuler differentes fonctions neuronales. CaractQiser la distribution de l'ARNm du CD14 
dans le cerveau de rats. Investiguer les effets dune injection systémique de LES sur la 
réguiation transcriptioneiie de son propre récepteur. Déteminer grâce B la combinaison de 
l'immunohistochimie et de l'hybridation in situ, les populations cellulaires spécifiques 

exprimant le récepteur CD14 dans des conditions basales ou suite 2 i  un challenge 
immunitaire, 

1 .2 Modèles infectieux et inflammatoires utilisés afin & mimer la réponse Ynmunitairt & 

type aigu* 

La dponse immunitaire de type aigu est un teme g t n t d  employé pour décxire la 
majorité des réponses rapides & i'hôte suite ii une invasion par un agent pathogène, un 
dommage tissulaire, une réaction immunologique ou encore une réaction inflammatoire. 
Cette réponse s d e n t  normalement dans les heures qui succèdent l'infection ou 
l'inflammation et c o n m a  avec la réponse anticorps primaire et secondaire qui s'échelonne 
sin une mode de temps pouvant même atteindn dcs mois. La réponse immwitaire de type 

aigu inclut divers changements des fonctions immunologiques, métaboliques, 
hématologiques, endocrinologiques et nemIogiques. Parmi ceux-ci, on retrouve, entre 

autres, I'augmentation dramatique de la synthèse des protéines hépatiques, la fibre, la 
leukocytose et l'anémie. Cependant, tous sont unanimes pour dire que SMnement le plus 
fondamental dans l'initiation de la réponse immunitaire de type aigu consiste & la production 



des cytokines par les cellules phagocyta&? activées (DimeNo, 1989; Rabin et d, 1990). 
Au cours des demières années, plusieurs groupes ont tenté de développer des m d i e s  
d'activation immunitaire afin de mieux comprendre les mécanismes par lesquels cntaintr 
maladies infectie- inarRrmt avec le système nturoendocrinitn. Wmùi les 
nombreux modèles couramment CtudiCs, deux ont principalement retenu notre attention et 

feront par conséquent i'objet des expériences prCsentées dans les chapîttes qui vont suivre. 

L'endotoxine LPS est une composante de la membrane externe des bactéries gram- 

negatives (Raetz, 1990). Son &le crucial joué lors bllifixtions aux bactaies gnun-négatives 
a 6té démontré par le fait qu'une injection systemique & l'endotoxine, à des animaux ou des 
humains. entraîne des réponses paiphaiques et œnwles smi i l a ins  B celles obgen6es suis à 

me infection badr i eme  de type gram-ndgative (Mareich et al., 1993; Red1 et d, 1993). 
Ainsi, la LPS est couramment utilisée afin de mimer les Cvdnements endogénes qui 
apparaissent au cours de l'inflammation et de la septicémie (Ettel et d, 1992; Bggins and 
Olschowka, 1991; Koenig. 1991; Kushner, 1982). Bien que n'ttant pas un vrai modèle 

binfcction, la LPS représente tout de même un moyen efficace pour augmenter la production 
de cytokines systhiques et centrales (Bristow et al.. 1991; Fontana et al., 1984; Higgios 
and Olschowka, 1991; Koenig, 1991; Nadeau and Rivest, 1998; Quan et al., 1998; Val&es 
and Rivest, 1997; Van Dam et d, 1992). L'admuiistration systémique & la LPS induit 

l'expression des génes précoces c-fos et NGFi-B dans plusieurs structures spocifiques du 
SNC, ainsi que dans les neurones CRFergiques des noyaux PVH (Laflamme and Rivest, 
1994; Rivest and Laflamme, 1995). De plus, l'injection & l'endotoxine bactérienne 

augmente la transcription du CRF et de son récepteur de type 1 dans cette même structure 

hypothalamique (Kakucska et d., 1993; Laflamme and Rivest, 1994; Rabin et uf., 1988; 
Rivest and Laflamme, 1995; Rivest et al., 1995) et stimule fariement l'activité de l'axe HPA 
chez le rat (Rivier and Rivest, 1993). 

La sécrétion des cytokines par les monocytes Nrulants et les macrophages tissdaks 
suite à un traitement avec la LPS requiert une sait d'étapes en cascade. Tout d'abord, 
I'eQdotoxine doit rejoindre la circulation sanguine et se lier à une protéine sérique comme la 

protéine de liaison & la LPS (LBP) ou encore certaines septines (Schumann et al., 1990, 
Wright et al., 1992). Par la suite,  le complexe nouveiiement f d  devra lier le nkepteur 
CD14 attach6 ii la surface membranaire des cellules m y é l d ~ s  diffdrenciées (principalement 



les monocytes et les macrophages mais aussi, B un degré moindre, Les neutrophiles) et ainsi 
stimule la production des cytokines proinflammatoires (Wright et ol., 1990). Toutefais, on 
ne comprend pas enfan tous les maCanismes impliqués dans la sécrétion des médiateurs 
infîammatoins suite B la liaison du comp1exe LPSLBP au Ftcep~ern mem- du CD14 
(CD14m). In vino. de nombreux groupes ont rapm que l'hunoneuttalisation du CD14 
a pour conséquence d'inhiber plusieurs des réponses celiulaires induites en présence de 
conœntrations & LPS pourtant sufüsantes au déclenchement d'me septicémie (Kitchens et 

al., 1992; Lee et al., 1993; Wright et ui., 1991; Wright et al.. 1990). Récemen& il a tté 
démontré chez des primates injectés avec la LPS. qu'an prétraitement avec un anticqs 
dirige cmtn Ie CD14 pn5vient les dommages tissulaires, I'bypocellSiOn et l'augmentation des 
niveaux plasmatiques d'IL-18, d'IL4 et & TNF-a (Le- et al., 19%). Femm et ses 
magues ont o b d  quc des sociris transg6niques exprimant le récepteur CD14 humain il la 
sirrface de leurs cellules phagocytaires sont hypersensibles à la LPS; axame le démontre lun 
susceptibiiité accrue aux chocs endotoxiques et leur haut taux & mortalité (Ferrero et ai., 

1993). De plus, la nansfection du CD14 humain dans des fibroblastes ovariens d'hamster 
chinois a eu pou effet & transfarmer ces cellules considérées comme non-dpondantes B la 
LPS en cellules répondantes (Golenbock et ul., 1993). 

Plusieurs groupes s'accordent h dire que la stcrétion des cytokines pro- 
inflammatoires est directement responsable & la grande majorité des effets & i'endotoxine 
LPS sur le cerveau. Toutefois, certaines 6vidences semblent aller à l'encontre & cette 
hypoth&se, qui pourtant, n'a presque jamais &té =mise en question jusqu'à présent Ainsi, il 
a Cté démontré que l'administration systémique de l'antagoniste du récepteur & I ' L 1  est 
incapable de prévenir l'augmentation des niveaux d'ARNrn du CRF dans les noyaux PVH et 
& corticostérone dans le sang suite B l'injection de LPS (Dunn. 1992; Kakucska et al., 
1993). De plus, Dunn et ses collaborateurs ont aussi rapport6 que l'injection i.v. d'un 
anticorps dirig6 c o n a  le TNF-a, seule ou combinée B l'infusion de l'antagoniste du 

récepteur de I'IL-1, n'empêche pas l'activation & i'axe corticotrope en dponse B 
l'endotoxine bactdrienne LPS (Dunn, 1992). La dtpldtion in vivo des 
macmphages/monocytes ne prévient pas l'augmentation d ' A m  et de corticostérone dans le 
plasma de rats injectés avec une foire dose & LPS, suggérant du même coup que, lors dune 
endotoxin&mie, des médiateurs aunes que ceux sécrétés par les cellules phagocytaires 
systémiques sont impliques dans i'activation de I'axe dcotrope (Deri. et uf., 1991). Par 
aillem, il a Cd prouvt que la montée des taux plasmatiques d ' A m  et & corticostérone, 

suite B l'administration intra-artérielle de la LPS. p&&& par au moins 30 minutes 
l'apparition des cytokines pro-inflammatoires dans la circulation sanguine (Givalois et ai., 



1994). Il y a peu de temps, des 6ndes réalisées chez des souris déficiences pour le g&nc de 
l Z l S  ou de l'IL6 ont clairement démont16 que la LPS peut activer l'hypothahmus et ltaxc 
HPA malgré l'absence de œs cytokines ppgénîques endogènes. En effet, contfancmcnt 
aux souris de souche sauvage injectées avec la LPS, des niveaux piasmafiqucs nœmaux dc 
coreicostémae ont et6 mesurés chez les souris L l B  -/- et IL6 -/- traitées avec l'endotoxine 
bactdneme (Fantuzzi and Dinareb, 1996; Faaori et d, 1994; Pleng et ai., 1995). Des 
travaux entrepris dans le laboratoire du Dr. Serge Rivest ont montré qu'une admimstration 
systémique de LPS, mais pas l'induction d'une innnmmation locale ou même l'injection iv. 
des Mirentes cytokines pinflammatoires, stimule l'activité tIZUlSCriptio~elle des gènes 
encodant l'IL6 et le TNF-a dans les OCVs et les plexus choroïdiens (Nadeau and Rivest, 
1998; Valfières and Rivest. 1997). A la lumière de ces dsultats, il semble tvident que la 
LPS est capable d'induire par elle-même la biosynthtse des cytokines dans le SNC. Par 
conséquent, il est aussi envisageable que la LPS puisse dguier directement certaines 
fonctions neuronales et neuroendocriniemes (axe HPA) au cours d'une endotoxinémie. 
L'6ventiislité que la LPS agisse directement sur anaùies populations specifiques du cavcau 
afin de modula ces fonctions fera d'ailleurs l'objet du chapîtrc 7. Quant aux cytokines 
d'origine ptkiphérique, celles-ci pourraient, bien entendu, contribuer de multiples faFons aux 
diverses dponses neuroendorriniemes; certains travaux suggèrent même que les cytokines 
systémiques pourraient jouer un r6le déterminant daos le prolongement et Ie maintien des 
dponses neuroendocriniemes suite h une infection h la LPS perhtein et al., 1993; Rivier et 
al., 1989). Cependant, la possibilité demeure qu'au cours d'une endotoxint!rnie, la sécrétion 
des cytokines par les celiuies phagocytains activées en périphérie soit une réponse tout a fait 
distincte et indépendante. 

Une inflammation aiguë peutêtre induite grâce à l'injection d'une grande va&& de 

substances irritantes. Récemment, plusieurs groupes ont commencé h utiliser la airpentine 
comme modèle d'inflammation stériie (réponse infiammatoire en l'absence de stimuli 
microbiens). L'injection intramusculaire (im.) d'une très faible quantité & ce solvant 
provoque des dommages tissulaires qui vont ultimement résulter en la production Locale d'IL- 
10 flurnbull et al., 1994). Bien qu'il a b d  démontré que les niveaux plasmatiques d'IL4 
vont par la suite augmenter, aucune élCvatioa des taux d l L l a  et de TNFu n'a été nqprtée 

dans la circulation sanguine (Fantuzi and M o ,  1996). Ces mêmes €hides ont d'ailleurs 
montré que la sécrétion d'IL6 dans la systémie &ait médiée par l'IL-1B. En effet, 



conaairement aux souris sauvages ayant rexp une injection de tutpentine, Fantuai et ses 

colïabcmeurs n'ont pu dttecm la présence dZ-6 dans k &un de souris &ficienes pour le 
gène ILlB. L'injection im. de la nirpentirrt induit i'exprtssicm du gbe pl6coce c-fos dans 
plusieurs structures sélectives du SNC, ainsi que dans les noyaux PVH (observations 
perso~eiies). Dernièrement, Rivier et son groupe ont mont& que l'aûministratinn & cc 
solvant augmente les niveaux plasmatiques d ' A m  (Rivier, 1995); un phtnom&ne 
compI&tement dépenâant du CRF aeuroendocrinien flumbull and Rivier, 1996). Toutdois, 
ils ont rapporté que hdvation & l'axe HPA est observtk & ûes temps beaucoup plus tardifs 
qu'h la suite d'une administration de l'endotoxine LPS. Ainsi, les concentrations bACïH 
dans le plasma ont CU? significativement augmentées 6 B 12 heures a@s l'injection de 
turpentint (Rivier, 1995). Fait intéressant, une éItvation encan plus intense des niveaux 
sanguins d ' A m  a été notée moius d'une heure aprZs un traitement avec la LPS (Givaîois et 
al., 1994). Ces rtsultats supportent donc i'hypoth&se voulant que les cytokines systémiques 
sedtaes l m  d'une endotoxin6mie ne soient pas responsables de l'activation précoce des 
diverse fonctions neuroendocrinie~es. Néanmoins, l'implication des cytokines 
p&iph&iques dans la régulation de l'axe HPA B dts temps plus tardifs ne fait aucun doute. 
L'utilisation d'un deuxi&me modèle, comme celui de I'inflammation stérile, scra donc d'un 
@cieux secours afin & discriminer si les effets observés suite B un stress immunitairie, sont 
le f d t a t  de la réponse infiammatoh systémique ou plu& de diverses actions dhxtes dune 
endotoxine par exemple. 

1 -3 Approche expérimentale utilisée 

Afin de bien définir les mécanismes moléculaires et les voies neuronales impliquées 
lors de la réponse immunitaire de type aigu, plusieurs techniques furent employées sur une 
base réguii&re dans le laboratoire du Dr. Serge Kvest. Parmi ceilesci, on retrouve, entre 
autres; I'h y bridation b sinr histochimique, l'immunohistoc hirnie, le transport neuronal 
rétrograde ou antémgrade et plusieurs techniques de biologie moléculaire incluant le sous- 
clonage, l'amplification de vecteurs par transformation, Ies mini- et large-pzep. fa synthèse & 
son&s radioactives, etc. De plus. certaines techniques chirurgicales telles que des 
canulations in&dbn>ventriculaires, intraveineuses et intrapéxitonéales firrent necessains B 
la dalisation de ces experiences. Toutefois, parmi ces nombreuses approches 
expérimentales, l'hybridation in sinc histochimique (HISH) fut sans aucun doute la technique 
la plus couramment utilisée l m  & la rCalisation dcs di- protocoles inclus daas la présente 
thèse de doctorat, 



L'HISH consiste essentiellement B détecter des brins specinques d'ARN grâce B 
l'utilisation de sondes dARN compUmentaires marquées avec ua isotope radioactif. B k  
que plusieurs ont recours ii cette tecimiqpe de haute sensibïiïté dans le but exclusifâ"6tablir la 

distribution et la régulation des niveaux d'expression de certains gènes. l'utilisation d m  
nous en avons fait va beaucoup plus l o h  Ainsi, grâce B I'HISH et  aux gènes de réponse 
précoce (IEGs), nous avons été en mesure de détecter la plupart des groupes ceiiulairts 
activés dans l'ensemble du cerveau suire ii diverses conditions de stress (Lacroix and Rivat, 
1997; Lacroix et al., 1996; Nappi et al., 1997; Rivest and Laflamme, 1995; Rivest and 
Rivier, 1994; Valiières et d, 1997). Parmi les principaux IEGs 6tudiés dans nos 
laboratoires, on retrouve, entre autres, le proto-oncogènt c-fos et NGFI-B. un membre 
orphelin & la superfamille des récepteurs stémïdiens aussi connu sow le nom de Nurr 77. 
Ces gènes ont la caractéristique d'être exprimés & de très faibles niveaux dans les strucaircs 
MpliquCcs dans la r6gulation de l'axe HPA lors de conditions basales. Toutefois, une 
grande v e t t t  & stimuli extraceiluiaires ont tté identines comme capables d'induire la 
biosynthèse de ces gènes dans le cerveau. Xi est d'autant plus intéressant de constata que la 

synthtse &s IEGs dans les cellules activées varie en fonction du temps et de l'intensité du 
stimuli. Certains groupes ont d'ailleurs rapporté que l'expression de ces gènes augmente & 

façon rapide et transitoire dans des régions précises du SNC suite B une stimulation par des 
nemtransmefteurs, des neuropeptides, des cytokines, &s facteurs de missance, des agents 
infectieux. des hormones et  même des st imul i  électriques ou sensoriels (Armstrong and 
Montminy, 1993; Brady et al., 1994; Bulli~, 1990; Dragunow and Fauil, 1989; Ericsson et 
al., 1994; Jacobson et d, 1990; Morgan and Curran, 1989; Morgan and C m ,  1991; 
Parkes et al., 1993; Rivest and Laflamme, 1995; Sagar et al., 1988). L'analyse de la 

distribution des genes c-fos et  NGFI-B en fonction du temps représente donc un excellent 
moyen #identifier les diff6rentes stnichnes aff6rentes ou efférentes impliquées dans la 
régulation des fonctions neurales et neuroendocriniemes, et ik quel moment ces stnictures 
sont soilicitees au cours de la dponse immunitaire/infiammatoire. Récisons que pour 
beaucoup de groupes & recherche. Pobtention de ces informations a souvent constitué la 
première &tape afin d'6tablir une ébauche con& 6 la circuiferie responsable & la secréticm 
des diverses hormones du système hypothalamo-hypophysaire. 

Malgré la grande utilité &s IEGs comme indice & l'activité synaptique en réponse ii 
divers stimuii, il est important de prendre en considération que a s  marqueurs de l'actintt 
cellulaire ne sont pas parfaits. En effet, des Ctudes ont montré que Fos, contrairement il 
d'autres lEGs, n'&ait pas exprime dans certaines cellules Spannques du cerveau reconnues 
comme 6 m t  stimulées B la suite d'un stress dome @ragunow and Fauli, 1989; Ericsson et 



d., 1995; Labiner et al., 1993). A titre d'exemple, m e n t i o ~ o n s  les travaux d'Ericsson et 
ses miiabaratem qui ont récemment demontré que c-fos etait un marqueur relativement 
insensible de l'activité de certains types celluiaires (cellules périvascuiaires) du SNC 
(Ericsson et ai., 1995). Une autre limitation majeure de a D t e  technologie 16- dans k f ~ t  
que les IEGs comamment utilisés ne maquent pas les n e m e s  ayant td stimulés par des 
transmissions synaptiques inhibitrices, une portion considérable des synapses (Chan ad, 
1993; Chan and Sawchenko, 1994, Kovacs and Sawchenko, 1993). Enfin, une dernière 
inqui6tude quant B l'utilisation des IEGs afin d'idtn* les types cellulaau a sites d'action 
responsables de l'tlaboration & la réponse n e m g h i q u e  ou neurosécrétoire appropriée, 
concerne L'expression tardive des facteurs de ttanscription Fos et NGFI-B B la suite d'un 
stress (Kovacs and Sawchenko. 1994; Rivest and Laflamme, 1995). Ainsi, il est possible 
que la biosynthèse de ces JEGs soit une conséquence et non pas la cause & l'activation des 
cellules nsponsab1es du contrôle de Caxe HPA. Bien que ces résultats ne modifient en rien 
l'usage de Fos et  NGFI-B comme marqueur de Sactivité synaptique, ils compromettent 
grandement l'utilité de ces TEGs en tant qu'indice & l'activité transriptiomeiIe & certains 
gènes. L'importance de Fos et NGFI-B dans la régulation de la transcription de certains 
gtnes, comme ceux encodant les facteurs hyp0th;ilamiques CRF, AVP et OT, sera d'ailleurs 
discutee plus en détail au chapître 7- 

La technique d'HISH a subi des a m 6 f i d o n s  constantes au cours des dernières 
années. Parxni les nombreuses innovations, htilisation & sondes intmniques a sans aucun 
doute grandement contribué B augmenter l'efficacité de cette technique. La capacité des 

sondes introniques B détecter des transCnts primaires (séquences d'ARNhn) dans k m e a u  a 
6te o b s e d  pour la première fois il y a quelques années dtja (Fremeau et cil., 1989; Herman 
et al., 1992; Herman et al., 1991; Young et ol., 1986). L'une des raisons principales pour 
lesquelies cet outil de travail est maintenant considéré comme essentiel, est la nécessité 
d'bmdier in vivo la régulation tmnscriptiomelle de certains @es tel que le CRF lors dune 
situation & stress. Plusieurs f ~ u r s  font en sorte que la mesure des taux d'ARNm, @cc B 
des sondes exoniques, n'est pas un bon indicateur de l'activité tnmaiptiomelle. Parmi 
ceux-ci, on retrouve entre autres Pabsence d'informations en ce qui a trait aux taux de 

dégradation et de traduction des A R h ,  de même que la présence de niveaux de base 
extrêmement eteves des ARNm encodant la plupart des neuropeptides, d'oS la difficulté 
d'observer des modifications de l'activité nanscriptionnelle. Pour ces raisons, il semble 

donc tvident que la mesure des concentrations de &ts primaires soit un reflet plus 
a&quat de l'activation de la transcription en réponse un Stimulus quelconque. Des &u&s 

réalistes chez des cellules eucaryotes ont d'ailleurs démond  que suite & un stimulus, les 



ARNhn sont rapidement transcrits par les ARN polymérases puis presqu'immédïatement 
Cpissés dans le noyau pour donner des ARNm (Darne& 1983; Lewin, 1980). Lt std 
problème majeur concernant IWSH intronique consiste B la formation d'intermédiaires 
relativement stables en prCsence & gènes redennant piusieurs séquences inm- chacmi 
des Mérents introns est épissé B uat vitesse qui lui est propre d'où la possibilité de voir 
apparaître un intamédiairc instable. Ctpendant, puisque ie gène qui nous intéresse plus 
pai"ticulikement est le CRF et que celui4 ne posstde qu'un seul introa (Thompson ez d, 
1987), la détection de changements dans les taux d'ARNhn du CRF pourra bel et bien être 

coasidQde comme une stimulation de la &ptioa. 

En résumt, nous utiliserons la technique d'HISH ahn d'&tudier l'expression des 
gènes encodant les IEGs c-fos et NGFI-B dans le SNC de rats traités avec la LPS. Ces 
résultats, de même que diverses analyses effectuées en fonction de la &se de LPS 

. admuusnde et du temps de saaifice des animaux suivant l'injection de l'endotoxine, nous 
permettront Gttabiîr une ébauche coinpltte des s i t a  d'action impiiqués dans la médiation des 
effets d'un stress immunitaire sur les fonctions neuronales et neuroendocriniemes. De plus, 
suite aux nombreux travaux démontrant que les PGs pouvaient moduler cenaines des 
réponses observées au murs de la réponse immunitaire, nous vtrifierons, dans un deuxiibne 
temps, si l'inhibition & la synthh des EGs influence l'activation de certaines smifau~ de 
même que la transcription du CRF et du R-CR& dans les noyaux PVH et SON. A h  de 

bien denait l'impact des PG produites centraiement sur l'activioé ceilulaire nerveuse ou gliale 

ainsi que l'activation de l'axe corticotrope, nous tvaluemns ensuite, ii l'aide de sondes 
exoniques et introniques, les niveaux rtspectifs d'ARNm des IEGs et d'ARNhn du CRF en 
réponse B t'injection i.c.v. des PGE2. De plus, grâce 8 la combinaison de I'HISH ii 
l'immunohistochimie, nous identifierons les types allulaires actives dans l'hypothalamus 
endocrinien suite à un tel traitement, Finalement, nos deux dernibres études consisteront 

essentiellement B déterminer les sites de production des PGs & même que les sites d'action 
de la LPS. Pour ce, nous &ablirons la distribution complète des régions exprimant les 

transcrits encodant les enzymes COX et le récepteur CD14m de la LPS dans le cerveau de 
rats traites avec l'endotoxine bacterienne. A nouveau, I'HISH sera combinée B 
l'immunohistochimie af5n de caraaériser les types cellulaires exprimant ces gènes. 
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L'objectif dc cette Ctude etait d'6valua le r81e des prostagiaariincs (PGs) dans 
I'activation neuronale a la tramaiption du facteur & lihhtion des ccwtbmphines (CRF) 
dans le cerveau & rats soumis k un chaIïengc immunitairit. Pour ce, une administration 
intraveineuse (i-v.) dindomtthaciat (0.8 mg/100 g & poids corporel). un inhibiteur de la 
synthtse dcs PGs. fut eEe& avant et après SinjCCtiOll i n P a p C n M  @p.) de ciBiintes 
doses (250, 25 and 2.5 pgllûû g de poids corporel) & l'activateur immunitaire 
lipopolysaccharide (LPS). Nos résultats montrent que l'administration systémique d'une 
dose font ou modaae de LPS stimule la transcription des gènes de rCpollst précoce cfos et 
NGFI-B dans plusieurs régions du cerveau, tandis que i'injection d'une faible &se 
d'endotoxine induit l'expression du g&ne c-fus dans les organes circumventriculaircs 
sensakis exclusivement. Fait intéressant, an prétraitement ii l'indom6thacine ne prévient pas 
la transcription de c-fos dans le caveau des rats &ts 3 heiats après l'injection d m  
dose tlevée de LPS. Par contre. l'inhibition de la synthèse des PGs atténue l'activité 
neuronale chez les animaux aaids avec une dose de 25 pg de LPS/lûû g de poids c0rp01le1; 

un phenomène dépendant des structures et groupes cellulains analysés. En effet, le blocage 
des voies de la cyclooxygenase a altéré significativement riaduction par la LPS des taux 
d'ARNm de c-fos dans: la région médiane préoptique, l'organe vascuiaire de la lame 
 ina aie, les noyaux pénventriculaires, les noyaux paraventriculaires de i'hypothalamus 

a la région venmlatuale méduiiah (VLM). Aucune diminution notable des niveaux 
de transcrits encodant le g5ne c-fos n'a Cté décelée dans les autres régions du ceweau 
incluant: l'organe subfomical, les noyaux centraux & l'amygdale, les noyaux arqds. 
l'erninenœ médiane. les noyaux parabrachiaux, les plexus chornitliens et les noyaux de la 
tract solitaire (NTS). Dans les noyaux PVH, l'inhibition de la transcription des ARNm de c- 
fos et NGFI-B par l'indomt5thacine fut associée B une baisse dramatique & l'activitt 
mscript io~elle  du CRF neuroendocrinien; l'expression du transcrit primaire du CRF en 
réponse & une dose mod&& & LPS fût sélective aux noyaux PVH et complètement bloquée 
par un prétraitement il l'indom6thacine. Enfin, une quantit6 importante des neurones 
immunortactifs B la tyrosine hydroxylase (TH) du VLM (AI/Cl) et du NTS (AZm) ont 
exprimt 1'ARNm de c-fos il la suite d'un challenge immunitaire. un effet prévenu dans le 
VLM, mais pas dans le NTS des rats prétraités B l'indom6thacine. Ces rtsultats indiquent 
que le rôle jout par les PGs. comme médiateurs des influences stimulatrices de la réponse 
immunitaire & type aigu. dépend & plusieurs facteurs tels que: la &venté du stress 
systémique. les régions du cerveau hi iées,  les groupes cellulaires analysés et les marqueurs 
& l'activioé cellulaire utilisés. 



This study investigated the role of prostagiandins (PGs) on the neuronal activity end 
the tfanscription of cdcotropin-releasing factor (CRF) in the brain of conscious immune- 
challenged rats. Intravenous (i.v.) administration of indnmethacin, an inhibitor of PO 
synthesis, was perf'armed More  and afta the intraperitoneal (Lp.) injection of different 
Qses (250.25 and 2 5  p g l 0  g of b-W.) of uie immune activm lipopolysaccharidt (LPS). 

Systemic administration of the highest and middle &ses of LPS caused a robust and 
wiâespnd induction of both immediate-eor& genes (IEGs), c-fcM and m e  growth fact0~- 

inducible gene B (NGFI-B) mRNAs, whercas injection of the lowest dose selectivtly 
triggered c-fos expression within the sensanal arcUmvenaicuIar organs. Preaeamient with 

indomethacin did uot prevent egos nansCnption in the rat brains chaiknged wùh the highest 
dose of LES at 3 hours pst-injection. Inhibition of PG formation was more effective for 
interruption of the neuronal activation in animais injected with 2!5 pg of LPS/100 g b.w., 
although the influence &pend& on the structures and the groups of 8CtivIltPA ails. Xndecâ, 

PO inhibition significantly a l t d  LPS-induced c a s  mRNA expression in the medial 
preoptic area/organum vasculosum of the lamina texmiualis, perivenaicular nucleus, 
paraventncular nucleus of the hypothalamus (PVN) and the ventrolateral medulia 0, but 
not in many othcr regions including the s u b f d c a i  mgan, centrai nucleus of the amygdah, 

arcuate nucleus/median eminence, parabrachial nucleus, choroid plexus and nucleus of the 

soiitary tract (NTS). In the hypothalamic PVN, inhibition of both c-fos and NGFI-B 
transcripts by indomethach was also associatcd to an abolished influence of the eadomxin on 
the transcription of neuniendocrine CRF; induction of CRF primary tfanscript by the middle 
dose of LPS was selective to the PVN and completely blocked by pretreatment with 

indomethacin. Moreover, a large number of tyrosine hydroxylase (TH)-immunoreactive 
neurons of the VLM (AIIC1) and NTS (A2/C2) were positive for c-fos mRNA in immune- 
challenged rats, an effea largely prevented by indomethacin in the VLM, but not the NTS. 
These resuits indicate that the d e  of PGs in mediating the stimulatory influence of the au&- 
phase rcsponse depends on the severity of the systemic stressfial situation, the brain regions 

and cell p p s  as well as the activated target genes. 



2.3 INTRODUCTION 

Appropriate communication between oeur~endocririe aad immune systmis is essential 
to maintain homeostasis in the pxesence of foreign material. Cytokines produceci duriiig 
immune challenge can stimulate the release of endogenous glucocorticoids, which in 
counterpart could mach the infhmmam site to suppress the immune response (Solomon, 
1%9). The production of cytokines by activation of macmphagts and lymphocytes which 
occms rapidly afta the contact berneen organisms and exogenous pyrogtn (Thareiio, 1989; 
Rabin et ai., 1990), represents an essential feature of the early events of immune activation 
cbaracterizing the -te-phase nsponse. EnQtoxins axe wiàeIy used to mimic m e  of the 

events that take place during sepsis (Higgins and Olschowka, 1991; Koenig, 1991); 
lipopolysaccharide (US) triggers the synthesis and release of a saies of imm-guiatory, 

cytotoxic, and inflamrnatory molecules, including tumor necrosis factor (l'NF)-a, 
inmleukin-1 (E-1). and IL6 (Andersson et al., 1992; Nathan. 1987). Systemic LPS . . admintsaation causes a m n g  and prolongcd activation of the hypothalamic-pituitary-adriend 
(HPA) axk (Rivier and Rivest, 1993). essentially via neunnndocrine carticotropin-releasing 
fanor (CRF)-mediated mechanisms (for review, see Koenig, 1991; Rivest, 1995; Rivest anci 

Rivier. 1995; Rivier and Rivest. 1993). Selective transcriptional activation of CRF was 

recently reparied in the hypMhalamic paraventricular nucleus (PVN) of endotoh-chailenged 
rats (Rivest and Laflamme, 1995). whereas inhibition of CRF abolishes the effects of LPS 
on the activation of the HPA axis (Rivier and Rivest, 1993). 

Systemic administration of the immune activator LPS also causes a profound 
expression of mRNA encoding the immediate-eariy genes (IEGs) c-fos and newe growth 

factor-inducible gene B (NGFI-B) as weli as their prutein products in numemus structures of 
the brain S U ~ ~ S M ~  that a complex neumnal circuitry is involved in triggering the activity of 
neuroendocrine neurons controlling the HPA axis (Ehquist and Saper, 1996; Elmquist et 
al., 1996; Hare et al.. 1995; Nappi et al., 1997; Rivest and Laflamme, 1995). The 

venmlateral meduiia (VLM) and nucleus of the soiitary tract (NTS) are among the numefous 
regions of the brain that are responsive to i.p. injeaion of the bactexhl endotoxin (Rivest and 
Laflamme, 1995). Catecholamine-synthesipng nemns of these brainstem regions (Al- 

2/C 1-2) are two groups of ceils w hic h provide massive projections to hypop hy siotrop hic 
ceiis of the PVN (Cunningham et al., 1990, Cunningham and Sawchenko, 1988; Sawchenko 
and Swanson, 1982; Swanson et ai., 1983). pathways believed to play a role in mediating 
the effccts of immune challenge and systernic cytokines on hypothalamic neuroendocrine 



response. It has rtcently bttn & m o n s ~  that rats bearing unilaterai fiber aanse~tion of 
a~ccholaminagic inputs had impeired neuronal activation and CRF mRNA expsicm in the 
PVN in response to systemic IL1 challenge (Ericsson et al., 1994), but not following a 
neurogenic fmtshock stressor (Li et aï., 1996). Influence of catecholamiaagic bnematiioa 
on CRF secretion can nevatheless be l d  M y  at the level of the PVN; depletion of 
PVN noradrenergic (NA) contents with 6-hydroxydopamine (WHDA) bas been shown to 

r e m  by 8@82% the increase in plasma corticosterone conanmation foIiowing Lp. IL1 
injection (Chduyan et al., 1992). 

Most of the pleiotmpic effects of IL1 arc known to talcc place via the activation of 
prostagiandins (PGs) synthesized by cyclwxygenasc pathways (ComineUi et al.. 1989; 
Hughes et al., 1989; Kerr et aL, 1989; Kohan, 1989). Blockage of the ticosanoid 
cyclooxygenase pathways can prevent the stimulation of CRF release by both IL1 and 6 
cytokines h m  in vitro hypothslamic explants (Lyson and McCann, 1992; Navarra et al.. 
1991) and isolated median eminence (McCoy et al., 1994), and IL-1-induced 

adrenocorticotropin ( A m  release in vivo (Katsuuni et al, 1988; Rivier and Rivest, 1993; 
Watanabe et al., 1990). Inhibition of PG proaUction has kcn repofted to prevent ILI- 
induced alteration of other neuroendocrine functions, such as luteinizing hannone-releasing 
hamone (LHRH) and LH release (Rivest and Rivier, 1993,1995) as well as hypothalamic 
vasopressin (AVP) and oxytocin (OT) secretion (Yasin et al.. 1994). On the otha hand, 
systemic LPS administration stimulaies the release of PGs in the preoptic/hypothalamic area 
(Ueno et ai.. 1982). and arachidonic acid metabolism participates in the endotoxin-indu& 
corticosterone secretion in the rat (Smith et al., 1994). 

The exact PG subtype(s) and the site(s) of action within the brain involved in these 
effects stül =main unclear. Although various PGs have the potentiai to mediate the innuence 
of immune-related factors on neuronal activation and neutmendocrine hinctions. a large body 

of evidence indicates that PG of the E2 type might be involved in s e v d  changes observed 
during immune challenge and treatmen t with cytokines. Intracerebroventrïcular (i.c.v.) 

administration of PGE2 (Rassnick et al.. 1995) a direct injection into the medial preoptic 

ana (MPOA)/organwn vasculosum of the lamina tmninalis (OVLT; Katsuura et al., 1990) 
elevates plasma leveis of ACïH and ~ c o s t e m n e  in rats. Mmmver. central injection of 
P G k  induœs expression of c-fos protein (Scammell et al., 1996) and mRNA (Lacroix et al., 
1996) in several structures knom to be activated duriag the acute-phase response of an 
immune challenge. In a similar manner, central mtment with mis PG triggers transcription 



of CRF and its type 1 receptur essentially in the hypothalamic PVN (Laaoix a ai.. 19%). 
Whether the action of PG& taLes place ciirectly witbin the PVN and/= at the levd of 
structures innewating endocrint hypothalamus has yet to be investigated The fa6 that 
systemic injection of IL1 provokes sharply increased levels of PGE2 in the PVN (Watsuink 

and Takebe, 1994) mi@ suggest that local PYN production of the PG participares in the 
regulation of neuniendocrine fuactions. such as the HPA axis. On the other hand, s~ong in 
situ hybridization histochemicai signal for mRNA encodiDg the EP3 PG& receptc~ subtypes 
was observeci over neurons of the NTS and VLM (Ericsson et al,, 1995). Neuronal 
popuiatiom of the mcdulls, particuiarly Al/Cl ead A2/C2 œll groups, are b l y  to be target 

cells of PGE2 durhg the acute-phase response to inform the hypothalamus of the 
neurœndocriime changes to be accomplished for the d the homeostasis. 

The purposes of the present study werc to investigate the eflkxts of various &ses 

(250,25 and 2.5 pg/100 g b.w.) of the bacterial LPS on the expression of the IEGs c-fos 
and NGFI-B (used as an index of cellular activity) throughout the nit brain., to study the role 
of eicosanoid cyclooxygenase pathways in mediating braUi cellular activation and 
transcription of neuroeodocrine CRF in the hypouialamic PVN of immimechallenged ratp; to 
vcrify the possibility that PGs may modulate LPS-indu& activation of Al/Cl and WC2 
p u p s  of brainstem catecholamhergic neiirons. 

2.4 MATERIALS AND METHODS 

Adult male Sprague-Dawley rats (-230-260g) were acclimated to standard laboratoay 
conditions ( IChours Light, IO-hou da& cycle; iigha on at 0600 and off at 2ûûû) with frct 
access to rat chow and water. Each rat was only used once for experimentation, and a l l  

pmtocols were appmved by the Laval University Animal WeIfare Cornmittee. A total of 120 
rats were assigned to three different protocols (each wrresponding to a different dose of 
LPS: 250.25 or 2.5 pg/Iûû g b.w.) which were M e r  subdivided into 4 treaments (i.v. 
vehicle + i.p. vehicie; i.v. vehicle + i.p. LPS; i x  indomethach + i.p. vehicle; i.v. 
indomethacin + i.p. LPS) and two pst-injection times (3 and 6 hours following LPS 

. administration). 



Each rat was anesthetucd with an ip. injection of 0.3 ml of ketamhe hydrocMaide 
(91 mgkg) and xylazine (9.1 m a g )  mixture. Once anesthehxi, nus were implanted with 
two catheters: one into the jugular vein and the other into the peritoncal cavity which was 
attacheci to the abdominai muscle. Catheters w e n  made fnw a piece of silnstic tubing 

(Silastic medical grade tubing, ID O.MO inches., OD 0.037 inches.; Dow m g ,  MidlaDd 
MI) conneaed to an intramedic polyethylene tubing (PE-50, Caly Adams. Parsippany, NJ.). 
Outlets of canadas wen: plafcd at the level of the neck, and rats wcrc housed hdividially in 
metal cages for a recuperation period of 2 &y. 

On the &y of the expriment (-0830 in the moming), the outlet portion of  each 
cathew (i.v. and i-p.) was fixed to a 1 5  cm 27 g needle which was anacheci to  PE-U) 
tubing. These connectors were then fixeâ to a lcc s y ~ g e ,  and nus were piaced individually 
in a quiet room for at Ieast 2 hours before expaimentation. This pn>cedure was used to 
avoid disturbance of the animals during i.v. and i.p. administrations. Inaavenous 
administration of indomethacin (Sigma, Oakville. Ont, Canada; 1-7378, lot, 83HoO4l,O.8 
mg/100 g of b.w.), an inhibitor of prostaglandin synthesis diluted in 300 @ of a sterile saliat 

solution (NaQ 0.9% solution; 5% alcohol), was accomplished 15 minutes b e f m  a single 
i.p. injection of various doses of LPS (250,25 and 2 5  pgjlûû g b-W.; fnmi Escherichia 
Coli, Serotype 055:BS, Sigma, L-2880, lot, 122H4û25) diluted in 300 pi of d e  &e 

(0.9 %). The highest dose of LPS used in this study (250 pg/lûû g of b.w.) caused several 
visible sickness symptoms, such as covering themselves and immobile, dianhea, shivering, 
piloezection. but no mortality was observed foliowing this treatment Twenty-four hours 
foilowing the i.p. injection of the latter LPS dose, these signs wexe usualiy gone in both male 
and female rats (persona1 obsmation). In some animals injected i.p. with 25 pg of LPSllOO 
g of b.w., few but at least some of the physical symptoms descrïbed above (especially 
covering themselves) were observed, whereas the lowest dose did not cause any apparent 
signs of sickness. Moreover, the highest dose of LPS elicited a robust activation of both 
IEGs c-fos and NGFI-B in multiple regions of the brain of adult male rats (Rivest and 

Laflamme, 1995). To insure the complete inhibition of cyclooxygenase pathways, a second 
and third injection of indomethacin or its vehide were accomplished 1 and 3 hours afta the 
LPS injection. Similar doses of indometiiacin have been shown to reverse the influence of 



LPS and IL1 on many neumendocnne functions (Lacroix and Rivest, 19%; Rivest aod 
Rivier, 1993; Rivier, 1993; Wan et al, 1994). Tht rats wat consciou a d  frtcly moving at 
all tlncs tbroughout the cxperimental plocedlpt. Thrre or 6 hous afta the ip.  trament 

wiih the bacmial endofoxin ar tbe vehicle solution, the rinimals wae @Iy anesthttkd via 
an iv. injection of 0.1 ml of a mixture of ketamhe hydrochloaide and xylaPae aad tbai 
rapidly pemised traoscardially with 0.9% saiine, folbwed by 4% prafixmaidehydt in 0.1 M 
borax b s e r  (pH 95  at 4 OC). The time points were chosen on the bssis of previous studics, 
which showeâ a strong signal for various IEG -As throughout the rat braiii and 
transcriptional activation of the genes encodllrg CRF a d  its type 1 receptor in the enQcrinc 

hypothalamus 3 and 6 hours aftrr treatment with the bacterial endotoxin (Rivest and 
Lafiamme, 1995; Rivest et al, 1995). Brains were nmoved f'mm the shills, postnxed f n  2 
to 8 days, and then placed in a solution containhg 10% sumse mked in 4% 
parafbrmaldehyâe-borax b e e r  ovemight at 4 OC. The a n  brains were mounted on a 
microtome (Reichert-Jung, Cambridge hst~meats Company, Deerfield, IL) and cut into 30- 
pm coronai sections. The slices were collected in a wld cryoprotectant solution (0.05M 
sodium phosphate b d b ,  pH 7.3.30% ethylene glycol, 20% glycaol) and stored at -20 O C  

Hybriduation histochemical localuation of each transcrïpt was carried out on cvery 
sixth section of the whole rostro-caudal extent of each brain (hm the olfactory bulb to the 

end of the medulla) by using p%]-labeled cRNA probes. Protocols for nboprobe synthesis, 
hybridization, and autoradiographic locaiization of mRNA signal were adapted nom 
Sirnmons et al. (1989). All solutions were ûeated with diethylpyrocarbonate @epc) and 
staiüzed to prevent RNA degradation. Tissue sections mounted onto poly-llysine-coated 
slides were desiccateù under vacuum ovemight, k e d  in 4% p d m a l d e h y d e  for 30 
minutes, and digested by protehase K (10 pdml in 0.1 M Tris H a ,  pH 8.0, and 50 mM 
EDTA, pH 8.0, at 37 OC for 25 minutes). Thereafb, the brah sections were M S ~  h stede 

Depc wata foliowed by a solution of 0.1 M triethanolamine ('IEA, pH 8.0). acetylated in 
0.25% acetic anhydride in 0.1 M TEA, and dehydrated through graded concentrations of 
alcohol(50,70,95, and 100 96). After vacuum drying for a minimum of 2 hours, 90 pl of 
hybridizalion mixture (IO7 cpmlml) was spotteci on each siide, seai4 u n d a  a coverslip, a d  
incubatexi at 60 OC ovemight (-15-20 hours) in a slide warmer. Covedips were then 
removed and the slides were rinsed in 4x standard saline citrate (SSC) at room t e m v .  
Sections were digested by RNA= A (20 pg/ml, 37 O C ,  30 minutes), rinsed in desccnding 



concentrations of ssc ( 2 ~ ,  lx, o.sxssc), washed in 0.lxsSc for 30 minutes at 60 Oc 
(IxSSC: 0.15 M NaU, 15 mM brisodium ciaate b&u, pH 7.0) and dehydrated h u g h  

graded concentrations of alcohol. Afm king drïed for 2 houn under the vacuum. the 

sections wert exposed at 4 OC to X-ray film (Kodak) for 1&24 homs (dependhg of the 
gene), defatted in xylene, and dipped in NTB2 nudear emukion (Kodalr; diluted 1:I with 
distilleci water). SLidcs were exposed for 8-16 days (NGFI-B and c-foJ mRNA 8 days; 
C R .  hnRNA, 16 days), developed in Dl9 developer (Kodak) f a  3 5 minutes at 14-15 O C ,  

washed 15 seconds in water, and fixeci in rapid fixer (Kodak) fa 5 minutes. Thercafttr, 
tissues wexe rinsed in ninning distüled water fm 1-2 hours, cou~lttrstained with t h i d  (025 
46). dehydrated through graded concentrations of alcohol. cleared in xyiene. and 
coverslïpped with DPX 

2.4.5 cRNA probe synthesis and preparation 

c-fos and NGFI-B cRNA probes were generated h m  the EcoR 1 hgment of rat c- 

fos cDNA (Dr. 1 Verma, The Sa& lnstitute) and rat NGFI-B cDNA (Dr. J. Mitbrandt; 
Milbrandt, 1988). subcloned into pBluesaipt SK-I (Smgem. La Jolla, CA) and lin- 
with S m  1 and BmnH I ~spectively. pGem3 plasmid containing a pure CRF intronic piece 
was lineanzed with H M  ïD (530 bp) to detect specifically CRF hemonuciear (ha) RNA (Dr- 

S. Watson, The University of Michigan, Ann Arbar, HMman et ai., 1992). Radioactive 
cRNA copies were synthesized by incubation of 250 ng linearized plasmid in 6 mM M e  
40 m M  Tris (pH 7.9), 2 m M  spermidllie, 10 m M  NaCi, 10 mM dithiothreitol, 0.2 m M  
ATP/GTP/C'IP, [~-~%]uTP, 4ûU RNAsin (Promega, Madison, WI) and 2OU of either T7 
(c-fos mRNA and CRF hnRNA antisense probes) or T3 (NGFI-B mRNA antisense probe) 
RNA polymerase for 60 minutes at 37 O C .  Unincorporated nucleotides w a e  removd by 
ushg ammonium-acetate method; 100 pi of DNAse solution (1 pl DNAse, 5 pl of 5 m m  
tRNA, 94 pi of 10 mM Tris/lO m M  M m  was addeci, and 10 minutes later an extraction 
was accomplished by ushg a phenol-chlmfarm solution The cRNA was precipitated with 

80 pl of SM ammonium acetate and 500 pi of 10096 ethanol for 20 minutes on dry iœ. The 
pellet was washed with 500 pi 70% ethanol, dried, and resuspended in 100 pl of 10 mM 
Tridl m M  EDTA. A concentration of 107 cpm probe was mixed into 1 ml of hybridization 
solution (500 pl formamide, 60 pl 5 M NaQ, 10 pl 1 M Txis IpH 8.01.2 pl 0.5 M EDTA 
[pH 8.0],50 pl 2ûx Denhart's solution, 2 0  pi 504b d e x m  sulfate, JO pi 10 m g r d  tRNA. 
10 pl 1M dithiothreitol (DIT), [ 1 18 pi Depc water - volume of probe useà]). This solution 
was mixed and heated for 5 minutes at 65 OC befort behg spotted on skies. 



2.4.6 Combination of inmiunocytochemistry with in situ hybrickahn 

I m m u n ~ ~ y t ~ ~ h e m i s t r y  (tyrosine hydroxylase ~ i m m u n ~ r c a c t i v t  acurais) was 
combined with the in sisiru h y b d h i o n  histochtmistry protocol (c-far mRNA) c deoemiine 
th n u m k  of TH-activated celis after sysemic mstment with LF5 and to imrestigate the rolt 
of the PGs in the activation of catecholaminergic aeurons during immune chaknge, 
partidarly in the NTS and the VLM. Every sixth tissue slice was processeci by using the 
avidin-biotin amplification bridge method with perodasc as a substmte. Briefiy, sliœs wexe 
washed in sterile Depc-treated 50 m M  potassium phosphate-bdered saline (KPBS) and 
incubatecl at 4 OC witû TH antibody mixed in s t e d e  KPBS, 0.4% Triton X-100,0.25% 

heparin sodium salt USP (ICN Biomedicals Inc., Ausora. OH) and 1% bovine saum 
aibumin (fraction V, Sigma, St Louis, MO). Antisera r a i d  in mouse against TH (Incstar 

Science, Technology and Research. Stillwater, MN, Cat # 22941) was used at a 
concentration of 1:5,ûûû. Approximately 18 h o m  aha incubation at 4 OC with the primary 
antibody 0, the braïn siiœs were ~ s e d  in s t e d e  KPBS and hcubated with a mixture of 
KPBS + Triton X- 100 + hepaxin + biotinylated goat antirnouse IgG (1 : 1,500 dilution; Vector 
L a M e s ,  Burlingame, CA) for 90 minutes. Sections were then rinsed with KPBS and 
incuba& at m m  temperature for 60 minutes with an avidin-biotin-peroxidase complex 
(Vectastain ABC elite kit, Vecm LabmatOfies). The peroxidase complex was amplifieci by 
means of 10-minutes incubation with a 7GnM solution of biotin (sulfosuccinirnydyl6- 
(biotinamido) hexanoate, Pierce, Rockford, IL; # 2 1335 } -tyramine HCI (4- 
h ydroxypheneth y lamine h ydrochloride, Sigma T-2879)-H202 (0.0 1 96). followed b y a 
second incubation of 30 minutes with the ABC e h  solution. After several s ses in s tede 

WBS, the brain slices were reacted in a mixture containhg sterile KPBS, the chromogen 
3,3'diarninobenzidine teûahydrochloride @AB, 0.05%). and 0.003 96 hydrogen peroxide 

( H m *  

Thertafter, tissues wexe ~ s e d  in sterile KPBS, mounted onto poly-llysintcoated 
slides, desiccated under vacuum oveniight, fixed in 4% PFA for 30 minutes, and digestecl by 
prokinase K (10 pgiml in 100 mM ais HCl [pH 8.01 and 50 mM EDTA [pH 8-01, at 37 O C  

for 25 minutes). Prehybridization, hybridization, and posthybridization steps were 
puformecl as described above. aluiough dehydration steps (alcoho150,70,95,10Wb). were 
shoritned to avoid dec01Ofation of TH cells (brown staining). A k r  king dned for 2 hours 
under vacuum, sections were exposed at 4 OC to X-ray film (Kodak) ovemight, dtfatteû in 
xylene, and dipped in NTB2 nuclear emulsion (Kodak; diluted 1:l with distilleci water). 



S W s  were exposeci fot 8 days, developed in Dl9 developer (Kodak) for 3.5 minutes at 15 
OC, and fixed in rapid fixer (Kodak) for 5 minutes. Thereafter, tissues were rinscd in 
d g  distillai water far 1 to 2 hours, rapidly dehychateâ ttxuugh graded co1l~tnttatiOI1S of 
aicohol, cleand in xylene, and coverslipped with DPX The presence ufc-fos ari<ucnpt was 

evident as silver grains cleariy visible in m a ,  and TH immuMlbieS1ctivity within die œll 
cytaplasm which Stained in brown. 

2.4.7 Quantitative anaiysis 

The c-fos mRNA NGFL-B mRNA and CRF hnRNA signals revealed on dipped, 
NTB2 nuclear emulsion slides were analyzed and quantifid (relative levels) with an 
Olympus Optical System (BX-50, BMax) coupled to a Macintosh cornputer (PowerPC 
7100/66) and Image software (version 1.59 non-FPU, W. Rasba.uk m. The refraction 
density @D. in arbitrary units) of the hybridhion signai was mcasiirad unda da&-field 
illumination at a magnüïcation of X10. Sections b m  the experimental and contml animals 
were matched for mstm-caudal leveL Because of the lack of basal expression of c-fos 
rnRNA, NGFI-B mRNA and CRF hnRNA in the hypothalamic medial PVN and supoptic 
nucleus (SON), the whole nuclei were digitized undg brightfield illumination and then 
subjected to densitometric analysis under daMielci, yielding measurements of integrated 
RD. (ma of nucleus x average RD.). The RD. of each specific region was then comcted 
for the average backgruund signal, which was determinecl by sampling cells immediately 
outside the cell p u p  of iateitst (Mc- and Pf& 1989). The procedure used to quanti@ 
the relative levels of r e k t i o n  density in arbitmry units on nuclear emulsion dipped sli&s is 
based on the work published by Ericsson and colleagues (1994). 

Measurements of TH-K cells and double-labeled cells (TH& neurons expressing c- 
fos mRNA) was accomplished at a mapnincation of XlOO under brighrfield illumination for 
the whole rosaocaucial NTS ( U C 2 )  and the VLM (Al/Cl). Far each rat, an average of 14 
to 16 and 36 to 44 bilateral sections were quantifid fm  the NTS and the VLM, respectively. 
Demiaation of the double-labeled œlls was perfomied visually for each œli exhibiting ciear 

brown cytoplasm (TH) and a number of silver gxains (c-fos mmRNA) within the œll body that 
was at least five tïmes higher than background 



Data from Figures 3 , 4  5,7 and 9 were analyzed by a 2 x 2 analysis of variance 
(ANOVA), foilowed by a Bonferroni/Dunn test ploccdun as pst-hoc camparisons far tach 
time pt-injection (Statview 4.01). Factors were identified as follows: intraperitoneal 
treatment, which was composed of two levels @p. vehick or ip. LPS) and imuvemus 
tratment, whkh was also divided iato two leveis (Lv. control a iv. indomethacin). 

2.5.1 Induction of c-fus tramcript throughout the brain of immunechaIIengcd rats 

Table 1 describes the quaiitative analysîs of hybriduation signal an x-ray films for c- 

fos mRNA in the brain of male rats sacficeci 3 hours after i .~ .  vehicle or LPS . . 
srIministration for each dose used in this study. Note that c-fos was analyzed and presented 
in &tail b u s e  it appears to be a more sensitive index of post-synaptic neuronal activation 
than NGFI-B throughout the brain. in fact, all stmctuxes that exprwsed NGFI-B aanscript 

in nspoase to LPS were also positive for c-fos, but not vise-a-versa; wmpared to the IUi c- 
fos mRNA, positive hybridization signal f a  NGFLB transcript appeared limited to fewer 
LPS-respoasive nuclei. 

As pnviously described by severai studies, positive hybridization signal im c-fos 
trmscript was detected in different regions of the brain under basal conditions. Low to 
moderate basal signals were generally observed in the suprachiasmatic nucleus, various 
divisions of the thalamus including the anterodmal (AD) and antemveneal (AV) nuclei, 

lateral geniculate complex (LGc), cochlear nucleus (CN), layer 2 of the piriform area (Pk) 
and multiple layers of the cerebral cortex including layer 2,3,4 and 6a. Howeva, vehicle 
i n w o n  did not pvoke expression of the IEG in nuclei that are g e n d y  stress-responsive, 
because experiences were accomplished in chronically-ùnplanted Bnimais in absolute quiet 
conditions. The endotolen injected i.p. induced expression of c-fos in a wide variety of 
nuclei and areas, an effect dependent on the dose. Representative examples of c-fos 
distribution throughout the brain of animals administaed ip. with a inaeasing doses of the 
bacteriai endotoxin LPS are depicted by the figure 1. 



As recently reporr+d (Rivest and Laflamme. 1995) and mnhned by this study, the 

highest dose of LPS (250 pg/100 g of b-W.), used here as a mode1 of severe induction of the 
acute-phase response, caused a strong and prolongcd (up to 6 hours after the injection) 
hybridization signal for c-fos mRNA in several but reIcctive regiom of the dic~lcephalon: 
SON, PVN. paraventricular nucleus of the thalamus (PVT) and in the arciiatr_ nucleus 
(ARC). A moderate to low signal was induœd in s e v d  regions including suôepeadymai 
zone (SEZ), bed nucleus of the stria teminalis (BnST), periventricular nucleus of the 
hypothaiamus 0, central nucleus of the amygdala (CM) and in the dopsomedial nudcus of 
the hypothalamus @MH) of rats iajected with this high dose. Adminiswn . .  'on of the middle 
dose of endotoxin (25 pg/100 g of b.w-) produced a similar panan in tenns of intensity and 
expressing sites, although the signal for c-fos mRNA declined in aU these structures 6 hours 
afm injection. 

In contrast, injection of the lowest dose (2.5 pg/lûû g of b.w.) of LPS caused a 
modest expression of the 1 .  c-fos in very few regions of the fmbrain. Low but signifiant 
expression of c-fos mscript  was indeed detected in the SON and PVT at 3 hom, wbereas 
no positive message was prcsent at 6 hours pst-injection. 

2.5. 1 -2 Circumventricular urgans (CVOs), meninges and ependymal 

hyer 

Injection of the highest dose of the bacterial endotoxin caused a pmfound expression 
of c-fos mRNA in the MPOA/OVLT and in the leptomeninges. Moreover, nuxnerous other 
structures including the subfomical organ (SFO), the median eminenœ (ME) (principally in 
the interna1 lamina), the area postrema (AP), the choroid plexus (Che) and the cuboidal 
ependymal iining ceNs of the ventricles exhïbited modcnuc to Iow signal in rats injected with 
250 pg of LPS/100 g b-W.. As mentioned earliet for the fotebrain sites, mRNA encoding 
the IEG remained as long as 6 hom after the treatment 

Injection of a 25 pg of LPS/100 g b.w. activated the same brain x'egiom with similar 
iaotnsity excluding the SFO and the ME, which exhibited strong hybridkation signal. In 
contrast to the high dose where the signal was stül detectable 6 hours aher m e n t  in most 



of the above describeal areas, signal fot the IEG iarpe1y declincd 6 hom afar  administration 
of the midde dose except for the scasorial CVOs (OVLT. SFO. ME aad AP) w h a t  strwg 

hybri&ation signal was stül c h m e c i  

Interestingly, the lowest dose of the endotoxin activaad mmcription of c-fos in few 
regions, inc1tiRing the CVOs the SON and the PVT. Ind&b the MPOAIY)VLT, the SFû and 
the AP of rats injected i.p. with 2.5 pg of LPS/lûû g b.w. displaycd moderate to low 
hybndhtion signai at time 3 hours, whexeas the message essentially vanished 6 hom ahtr 
the administration. 

Stroag hybrididon signal for c-far mRNA was o b w e d  in the parabrachial nucleus 
(PB), throughout the entire NTS including the dord  motor nucleus of the vagus m, and 
the caudal ventrolateral medulla (cVLM) at  the level of lateral rt t icdar nucleus 
(LRN)/ambiguus nucleus (AMB) of rats Uijected with the highest and middlt doses of the 

bacterial endotoxin. The kmdomi tegmental nucleus locus coeruleus (LC) and in 
some occasions the gracile nucleus (GR) exhibitexi a moderate to low signais in rcsponse to 
both high and moderate doses of US. The only noticeable ciifferencc in the effects of both 
&ses (250 and 25 pg/100 g b.w.) of LPS on c-fos expnssion in brainsttm regions was 
detected at 6 h o m  pst-injection; anirnals treated with the highest &se exh ib id  persistent 
expression of the EG, whereas the message was c W y  diminished in rats neatcd with the 

dose of 25 pg of LPS/100 g b.w.. Note that no clear induction of both IEGs was detected in 
any regions of the biainstem of scarcely challengeci rats (2.5 pg of LPS/lOO g of b.w.) 
except for the AP as describeci befon. 

2.5.2 Effects of inQmethacin in the brains of immunechallenpi rats 

As presenred by the table 2, inhibition of PG synthesis had limited influence on U S -  
induced c-fos expxession throughout the nit brain. In facf 3 hours after injection with the 
highest dose of endotoxin, the hybridization signal fm the IEG was similar (in term of 
distribution and intensity) in the brain of nus or not with indwiethacin. However, 
at time 6 hours p s t  LPS injection, some structures exhibited a reduœd c-fos mRNA signal 
foUowing blockage of cyclooxygenase pathways. Indeed, a lower expression of the genc 



encoding c-fus was observed in the PVN, SON and LRN/ABMd of severely immune- 
challengeci rats reœiving iodomethach in campariscm to a n .  iv. injectai w i .  the vehidt 
solution. Inhibition of PG was mare efficient ia attenuafing c-fos txprcssion in different 
brain nuclei of rats admhistered with the middie dose of LPS; the PV, PVN, LRN/AMBd 
and the leptomeninp displayed a notabk attenuatcd hybndizaeo m .  n signai f u  c$m transaipt 
3 hom systemic injbctions with both indomethacin and LPS. &qmsentative examples 
of such phenornenon are depictecl by the figure 2 which illustrates darkf%eld 
photomicmgraphs of nght PVN hybridkd with c-fos ribopmbe and dipped in NTB2 nucleiu 
emulsion to reveal the siiver grains. Although signincmtly reduccd. transcription of c-fos 

was not completely abolished by inltimethacin 3 h o u ~  afta injection with the dose of 25 pg 
of endotoxia/100 g b.w. (F~gs. 2 and 3, mi& panel) iodicating a partial innuence of PGs in 
mediating the effkcts of LPS on brain neurooal activation. Image aaalysis was paformed m 
the SON and PVN, because both hypothalamic nuclei are extremely well defieci structures 

avoiding therefore ârawing inaccuracies between brains. Moreover. different 
neuropeptidergic celi p u p s  loc8ted in these nuclei wexe found to be activated by systemic 
ip. U S  (Rivest and Laflamme, 1995). 

Indomethacin had a modest influena to prevent c-fos expression in few tegioas of 
the brain, such as the SON, even in animais aared with the dose of 25 pg LPS/100 g of 
b.w.. The c-fos signal intensity in the SON was simila. in rats sacrificed 3 hours after 
injection of high and middle doses of LPS, whereas pretreatment with indomethach did not 
significantly modulate such effect 4. top aod middle panels). On the other hsnd, 
inhibition of cyclooxygenase pathways m I y  abolished the imieasc in the average refractim 
Lnsity (RD.) for c-fos mRNA 6 hom after m e n t  with the high dost of endotoxin (Fig. 
4, top panel). Retreatment with indomethach did not modify the hybridization signal for c- 
fos mRNA in several responsive s a ~ c n a t s ,  including the SFO, PVT, CeA. ARUME. PB. 
LC. NTS, AP, and the choroid plexus of animals injected with a moderate dose of LPS 
(Table 2). 

Figure 5 depicts the average 09. of the hybridization signal for the IEG NGFI-B in 
the PVN and SON aher ip. administration of the middle dose of the bacterial endotoxin LPS 
(25 pg/100 g b.w.). As previously describecl for c-fos mRNA, the signai intensity was very 
stmng 3 hom after a single i.p. administration with such a &se of LPS and largely vanished 
at 6 houn pst-injection time. Inhibition of cyclooxygenase pathways significantly (P < 
0.05) prevented LPS-induced expression of NGFI-B mRNA in these hypothalamic regions 



at 3 h o m  pst-injec tion tirne; a 1.7- and 0.8-fold incrrase was detected in nits d v i n g  the 
endotoxin alone cornpared to those submitted to a trcatment combining bot& i x  
indomethach and i.p. LPS treamicnts. in the PVN (top panel) and SON (bottom panel) 

respective1 y. 

2.5.3 Effects of iadomethaQn on LPS-iaduced CRF gene transcription in the 
endocrine hypothalamus 

Because indomethacin is capable of atteniisting PVN neu~onai activation in msp01.1~~ 
to systemic LPS (middle &se), it was of inmtst  to invdgate the effcct of both maments 
on neuroendocriae CRF gene transcription using inaonic probe as a tool to detect the CRF 
primary uanscript (CRF hnRNA). We have previously reporteci that i.p. LPS administration 
triggered CRF transcription selectively within the parvoceiiular division of the rat PVN 
(Rivest and Lafiamme, 1995). Although not exprwsed unda basal conditions, i-p. injection 
of 25 kg of LPS/100 g of b.w. caused a s e l d v e  expression of CRF primary &pt 
within the parvocellular division of the PVN m g .  6). wïthout induchg detactable sigaals in 

other areas (resdts not shown). Positive hybridization signai for CRF hnRNA was detected 
in the PVN at both times ps t  LPS administration but was more intense at 3 than 6 hours 

following systemic injection with the endotoxin. Inhibition of cyclooxygenase pathways 
interrupted transcription of CRF hnRNA in mimals injected with the middle &se of LPS, 
indicating that PGs can influence the expression of the gene encoding the neufopeptiâe 

dinxtly responsible for the conml of the HPA axis during the acute-phase respome. 

The average RD. of the hybridization signal for CRF primary uanscript in the PVN 
afm ip.  administration of highest (top panel). intermediary (middle panel) or lowest (bottom 

panel) dose of the bacterial endotoxin is presented by the figure 7. In contrast to the results 
obtained with the middle dose of endotoxin, inhibition of PG synthesis did n a  interfere with 
the signal intensity of CRF hnRNA in the PVN of rats injected with 250 pg of LPS/lOO g 
b.w. and sacrificd 3 hours after. However, as for c-fos mRNA, pretreatment with 
indomethach tended to inhibit, at least in pan, the expression of PVN CRF hnRNA at 6 
hours post-injection. A low signal was detected in the endocrine hypothalamus 3 and 6 
horas a f k  treatment with the lowest dose of the bacteriai endofoxin (Fige 7, bottom paoel). 



As previously describeâ, systemic LPS injeztion pvoked a robust induction of the 

IEG C$OS in the NTS and the VLM, suggesting that naradrenergic (Al. A2) and adreaergic 
(Cl. C2) pathways arisiog nOm these two brainstem nuclei could bc advated during acua- 

phase response. To investigate such psibility. the percentage of TH-immun<Heactive (ir) 
cells displaying c-fos mRNA in the NTS and VLM was determined in cornbining 
immunocytochemistry to Ui situ hybridization histochemistry on the same tnaia sections. 
Measurements of TH+ cells and double-labeled ceils (TH+ aeurons expressing c-fos 
mRNA) was accomplished at a magdication of XlOO under brighffield illiimtiation on the 
entire NTS (A2/C2) and the NI rostrr>caudai extent of the VLM (AI/Cl). Figure 8 depicts 
high magnification photomimgraphs of TH-ir neurons expressing c-fos transcript in the 

NTS (top panels) and the VLM (bottom panels) of rats sacrificeci 3 hours after the Uijeztion of 
the middle &se of LPS. Darkfitld phoromicrographs illustrate the exact bcation h m  which 
high magnification brighffield photomimgraphs of the NTS (top panels) and the VLM 
(bottom panels) wcrt taken. In the NTS, the number of TH-ir cells displaying c-fa mRNA 
(filied arrowheads) was almost similar in animals treated or not with indomethacin beforic 
receiving the bacterial endotoxin at a dose of 25 pg/100 g b.w.. In the VLM of immune- 
challenged rats, agglomerations of silver g a i n s  delineating c a s  mRNA positive cells were 
largely ces-localued within TH-ir neurons (filled arrowheads), whereas inhibition of the 
cyclooxygenase pathways largely prevented expression of the IEG c-fos within TH-ir ce& 
locaîed in this brahstem r e m  

23.89% f 4.67 and 5.25% f 1.80 of the catecholaminergic nemns of the NTS weE 
positive for c-fos mRNA 3 and 6 hom after injection of the intermediary &se of LPS, 
respec tively (Fig . 9, top panel). Interestingly , pretreatment with indomethacin did not 
significantly interfere with the number of double-labeled cells of the NTS 3 hours after LPS 
administration. However, Bonfemni/Dunn pst-hoc test revtaled sigdicant differences 
between vehicle- and LPS-injected rats s d œ à  6 hours after immunogenic challenge, but 
not between both indomethacin-treated groups. In the VLM, the number of TH-ir cells 
expressing c-fos mRNA peaked 3 hours afier a single i.p. administrati011 of 25 pg of 
LFW100 g b.w. (22.58% f 6.73). whereas this value dropped to 3.42% f 0.74. 6 hours 
following the i.p. injection. In contrast to the resuIts obtained pnviously for the NTS, 
inhibition of cyclooxygenase pathways significantly (P < 0.05) attenuatcd the number of 



dvated TH œlls in the VLM (Fig- 9, bottoxn panel); the numkr of doubk-labeled ab feii 
to 6.47% f 3.U) at 3 hom pst-injection and was almost undetectable in this baicistem 
region (0.25% f 0.10 ) 6 hom afta LPS and intlnmethacia combined treabments. 

2.6 DISCUSSION 

The present study demonstrates that the tbree doses of the bacterial eudomXiin LPS 
have different effkcts on the braïn cellular activity as iliusaated by the selective and transient 

. expression of c-fos transcript. Systemic admmstdon of the highest dwe of LPS leads to a 
robust, widespread and proIonged induction of both c-fos d NGFI-B mRNAs throughout 
the brain. The midde dose of endomxin causes similar efZicts at 3 hours pst-injection. but 

hybridization signal for c-fos mRNA vanished rapidly 3 hours a f k  except for the sensonal 
CVOs where smng signai was still detectable. On the other hand, injection of the lowest 
&se selectively triggered c-fos expression within the CVOs at 3 hours, whereas the message 
returned to basal expression at time 6 hours. Retreatment with indomethach did not 
signifiauitly Muence c-fos transcription in rats chaiIenged with the highest dose of LPS a .  3 
hours pst-injection. Inhibition of PG formation was mort effective in intempting the 

neiimial activation in animals injected with the moderate dose of LPS. although the influence 
&pendeci on the structures and the groups of activated cells. Indeed, PG inhibition 
significantly altered LPS-induced c-fos mRNA expression in the PV. PVN, cVLM 
(LRN/AMBd) and the leptameninges. In the hypothalamic PVN, inhibition of both C ~ S  and 
NGFI-B transcripts by indomethach was also associatexi to a diminished expression of CRF 
hnRNk In fact, induction of CRF primary transcript by 25 pg of LPS/100 g b.w. was 
selective to the PVN and completely blocked by pretreatment with indometbacin, Moreover, 
a large nurnber of TH-ir neurons of the VLM (Al/Cl) and NTS (W) were positive for c- 
fus *RNA in immune-challenged rats, an effect essentiaiiy abolished by Uldomethacin in tbe 
VLM, but not the NTS. The role of PGs as mediators of the stunulatory influence of the 

acute-phase response seems therefore to depend on the seventy of the systemic stressfd 
situation, the brain regions and cell groups as well as the activated target genes. 

As presented by tabIe 1 and figure 1, the effects of systemic injection of LPS on c-fos 
mRNA expression in the brain of male rats depended on the dose used during the 
experimentation. Injection of the low dose triggercd transcription of c-fos in very selective 
sites, including the semrial CVOs at 3 hours post-injection. The exact mechanisms 
involveci in the influence of low dose of the bacteriai endotoxin on neuronal activity arc 



unknown and whether production of specifîc cytokines by LPS is rtsponsiblc f a  ioduction 
of c$m mRNA within the CVOs remaias <O bt established. BaLenbosch et ai. (1991) have 
rcpoitcd that similar Iow &se of LPS caused an increasc in p h a  IL6 levels without 
~~g those of circulating ILI. Another groq  hm aiso riepancd that cirnilating L l S  
was hardly noticeable untilt! houn afta the aâministration of a low dose of the endotoxïn, 
whmas a signifïcant iocrease in the concentrations of IL6 was detecad (Givalois et ai.. 
1994). Monover, we have recently r e m  that systemic iv.  injection of IL6 induccd a 
robust expxession of c-fos in most of the sensorid CVOs, including OVLT, SFO, ME and 
AP (Vallières et al., 1997). It is therefore tempting to speculatt that IL6 may mediate the 
influence of a low dose of LPS on the activity of CVOs during a modest activation of the 

acute-phase TespollSe. 

Systemic i.p. administration of the highest and middle doses of the bacterial 
endotoxin LPS induced a widespnad neuronal activity throughout the rat brain. In fact, 
similar patterns of intensity for c-far mRNA signai w a  observeci at 3 horus pst-injection in 
various nuclei of the forebraio. CVOs and brainstem regions of mimals eeattd witb both 
doses of U S .  Circulating IL4 can be rapidly detected at similar doses of LPS 
(BQkenbosch et al., 1991) and i.v. injected ILI mimics quite well the endotoxin-Wed 
distribution of c-fos mRNA throughout the brain, exœpt for most of the CVOs (Ericsson et 
1, 1994; Rivest and Lafiamme, 1995). Whether Nculating L I  is responsible to trigger 
brain cellular activity in airimais atated with such &ses of the bacterial endotoxin has yet to 
be mnfirmed, but is a likely mechanism of action, It is also possible thaî IL1 and IL6 act in 
parallei and at different levels of the brain to stimulate neuronal activity during ecute-phase 
response. 

Animals injected with 250 pg of LPS/100 g b.w. and sacrificd 6 hours after still 
exhibited strong hybridization signal fm the lUjs throughout the bsain. whaeas at that t h e  

the message returned to basal expression in rats treated with 25 Crg/100 g b.w. except f a  the 

sensorid CVOs. This phenornenon could be explained in part by the dose/time-dependent 
influence of LPS on Nculating cytokines (Berkenbosch et al., 1991). Moreover, in vivo 

macrophage depletion is able to prevent the iacrease in plasma ACI'H and corticostenwc 
levels in animais injected with a low &se of LPS, but not following hi@ dose of the 

endotoxin (Derijk et al., 1991). These results an in agreement with the hypothesis that 

macrophage-independent mechanisrns an involvecl in the activation of HPA axis during 
severe imrnune-challenge (Derijk et al., 1991). It is possible bat many other pathways 



related to changes in blood pressure and osmolarity, pain, oxygen consumption, fever and 
e m g y  metabolism participate to resm the homeamüs in response to p r o f o d  cmergency 
situations, such a9 those provoked by the high &se of edotmch It is wonh rtminding hat 
that rats receiving the high dose of LPS displayed signs of sichiurs (covering themseivts and 
immobility, shivering, piloerection, while some hrd diarrhea), wbauis  b a d y  any visible 
sickness symptoms were obscmd in animais administezed with the middle dose. However, 
c-fos was still highly expressed throughout the brain of this latter p u p ,  which also 
exhibitmi activation of the sensolial CVOs up to 6 hotus post LPS injection. These results 
would once again support the hypothesis of a dose- and tirne-dependent infhenœ of the 

endotoxin on the production of seiective cytokines having the ability to produce these events. 

Pretreatment with indomethach did not prevent transcription of c-fos in the braios of 
rats challenged with the highest dose of LPS at 3 hours pst-injection. The possibility that 
the dose of indomethacin used in the present study did not wmpletely block the PG 
formation in LPS-treated rats has to be considemi, although this dose has been shown rn be 
effective in preventing the effect of LPS and IL-1 on various neuroendocrine fûnctions. 

Indeed, the HPA axis response to LPS and IL1 has ken repmted to be inhibited by 
systemic pretmatment with similar or lower doses of indomethacin (Katsuma et ai., 1988; 
McCoy et al., 1994; Rivier and Vale, 1991; Watanabe et al., 1990). Blockage of PO 
production with the same dose of the cyclooxygenase inhibitor also prevented the ILI- 
induced alteration of neuroendocrine LHRH system and plasma LH levels in female rats 
(Rivest and Rivier, 1993). Therefore, our results may suggest that the role of PGs in 
mediating the stimulatory influenœ of immune challenge on the transcription of the IEGs 
throughout the brain depends on the severity of this systtmic stressfid siniaton. 

On the other hami, indomethacin si@cantly abolished the expression of both IEG c- 
fos and NGFI-B transcripts in the neuroendocrine hypothalamic PVN 3 hours after injection 
of 25 pg of LPS/lûû g b.w.. These results are in agreement with the known influence of 
eicosanoid cyclooxygenase pathways in mediating several neuroendocrine respoascs tu 
immune challenge and acute exposure to cytokines. Indeed, the effcct of cytokines on the 
reluise of CRF, vasop~ssin (AVP), oxytacin (OT) and the activity of the HPA axis can be 
antagonized by dmgs blocking PG synthesis (Bemardini et al., 1990; Navarra et al., 199 1; 
Yasin et al., 1994). Xn the hypothalamic PVN, the Muenœ of the endotoxh (rniddle &se) 
on the transcription of neuroendocriae CRF (this study) and its type 1 receptm (Lacroix and 
Rivest, 1996) is inhibited by the admimsaation of indomethacin. Whether the action of PGs 



take place direcdy withio the PVN or at the level of the structures innemathg the endocrine 
hypothalamus remairis an open question. It has been nporad that intravenous ariministratioa 
of IL-10 provokes shaq incruise in the levels of PG& within the PVN (Watanobt and 
Takebe, 1994). which provides evidence that local PVN production of the PO may 
participate in the reguiation of neuroendocrine functions, such as the HPA a&. However, 
tbis might be a siinplistic vkw of this camplicatcd issue because WE2 has also be f d  a 
be iaacased in many other stmams and pemision of indometbacin within thc PVN f a  to 
pnevent ILLinduced activation of the HPA axis (Komaki et al., 1992). Systemic LPS and 
L I  administrations have recently been show to stimulate the transcription of the gene 
encoding prostaglandin G/H synthase 2 (COX-2, the Iimiting enzyme for the cenaal PG 
production) throughout the entire brain microvasculatures (Cao et ai.. 1995; 1996). 
Moreover, central i.c.v. injection of PG& caused expression of egos mRNA in numerous 
structures throughout the brain including the PVN (Lacroix et al., 1996). although neuxons 
of this hypothalamic region do not seem to express the genes that encode ffiE2 receptars 
(Ericsson et al., 1995). 

Synthesis of PGs within the MPOA/OVLT could be a determinant mechanism 
through which immune-related fators trigger the transcription of c-fos in the hypothalamic 
PVN and other hypo<halamic nuclei. High density of PGEz bimding sites (Matsumura et ai., 
1992; 1990) and positive hybridization signal for the mRNA enfoding EP3 PGEzrcceptor 
(Ericsson et al., 1995) have been found in the OVLT/MPOA and this region has direct 
neuronal connection with the endocrine PVN (Sawchenko and Swanson, 1983). Stimiilatinn 
of the rat POA increases the firing rates of neurons located in the PVN and raises plasma 
corticostmne levels (Saphier and Feldman, 1986). whereas microinjection of PGE2 in the 
POA induces Fos in pamoceUular division of the hypothalamic PVN (Scamme11 et aL, 1996). 
Systemic injection with bactend LPS causes PG production in the OVLT/preoptic ana (Uew 

et al., 1982) and intravenous administration of IL-1B raises PG& levels in these structures 
(Komaki et al., 1992). In addition, microinjection of PGE2 Mthin the OVLT/MPOA 
increases plasma A C ï H  release, whiie infusion of indomethacin or a PGE antagonist into 
this a m  is able to significantly prevent the stùnulatay influence of i.v. IL-1B administration 
on the HPA axis (Katsuura et al., 1990). Induction of c-fos mRNA in the MPOA/OVLT, 
transcriptional activation of neuroendocrine CRF (Lacroix et al., 1996) and reIease of ACïH 
and coxticostemne (Rassnidc et ai., 1995) following ic.v. injection provide additional 
evidences leadhg to ûelieve that OVLT/MPOA FGs may play an important role in mediahg 
the information received from cirnilating cytokines to die endocrine hypothdamus. 



Expression of c-fos mRNA was detected in the VLM a f i  systemic injections of I L I  
(Ericsson et al., 1994). LPS (Rivest and Laflamme, 1995) and central treannent with 
(Iacmix et al, 1996). Here m dernommate that a high amcenwtion of these œlls art TH-ir 
nemm and that indomethacin essentially abolished A l E l  activation in ammals adrmmsmcd . . 
with the middic dose of LPS used in this saidy. These d t s  suggest that PGs participate in 

the activation of Al/C1 carechoîamïnergic neurons in rcsponst to immunogenic cfiatlenges. 
Since rat brain en&theIial celis have been shown to express the type 1 I L I  receptac (IL- 
1R1) (Ericsson et aL, 1995; Van Dam et al., 1996). it is possible that such circulating 
cytokine acts on its receptor at the level of mcdullary micfovasculaairur to stimulate the 
synthcsis PGs in response to LPS. As mentioned, injection of LPS (Cao et ai., 1995) a d  
IL-1B (Cao et al., 1996) induces COX-2 rnRNA within the brain mi~~~vasculatures (most 
likely in endothelial and/or perivascuiar microglial-associated celis), a phenomenon 
particulariy robust in the VLM (Iacrok and Rivest, unpublished data). The fact that the 

mRNA encoding the EP3 PGE2receptor subtype is expressed over nemm of the VLM 
(Ericsson et ai.. 1995). and that Al/Cl neunms that are responsive to i.v. IL-Il3 project to 
the PVN (Ericsson et al., 1994) indicate an additional circuitry through which PGs wuid 
modulate neuroendocrine functions driring immunogenic challenges. 

VLM and NTS are two intercomected structures, whereas this latter (W) is 
known to provide the largest NA input to the PVN (Cunningham et al., 1990, Cunningham 
and Sawchenko, 1988; Sawchenko and Swanson, 1982; Swanson et al., 1983). 

Interestingly, dimption of afferent medullary catecholarninagic pathways has been shown 
to signiticantiy prevent the increase in CRF mRNA levels in the PVN of IL-1Binjectcd rats 
(Ericsson et al., 1994). It has also been demonstrated that NTS displayed the highest density 
of PGE2 binding sites (Matsumuni et aL, 1992) and PG facilitates excitatory synaptic 
transmission in voltage-clamped nemns in rat NTS slices (Seriyama et al., 1995). The rolt 
of PGs in the activation of group of ceils in response to LPS remains however 
uncertain., in conmt to the VLM, indomethacin did not sipifhntly alter the nurnber of TH- 
ir cells positive fm c-fos mRNA in the NTS 3 hours afier the i.p. treatment witb a modaate 
dose of the endotoxin, suggesting a PG-independent mechanism. Intertstingly. the 

involvement of the vagus nerve in mediating the effkct of systemic (ip.) LPS on Fos-ir in the 
NTS and the PVN has been demonstrated (Wm et al., 1994). On the other hana nemm of 
the NTS receive efferent projections h m  the AP (Cunningham et al., 1994), a 
circumventridar organ devoid of the bld-brain-bder. Circulating cytokines (such as IL 
1) produced during the acute-phase response wuld therefore nach theK receptors (IL-lR1) 



asmchtd with cither neurons anaor pgivascuiar ekments of the AP (Ericsson a al, 1995) 
and indirectly ôcavate. without the implication of PGs. catecholaminergic neurons of the 

NTS. In accordance with this hypothesis is the elegant study performed by Lee and 
Herkenham (19%) demonstrating the essential d e  playcd by the AP in tht effkcts of iv .  IL 
18 on the endocrine hypothalamus- More pncistly, AP destruction was able to prtvent the 

ILI-ïnduced activation of the HPA axis and traasctiption of c-fm ia the NTS and PVN. but 
not in any other regions (Lee and Herkenham, 1996). 

In conclusion. systemic ip.  injeztion of a low dose of endotolrin (25 pg/lO g b.w.) 
induced expression of the LEGS quite selectively withia the sensarial CVOs, whauis 25 and 
250 l g  of the bacterial LPS/100 g b.w. caused smng transcription of c-fos mRNA in 
numemus structures thrwghout the rat brain. Administration of the eicosanoid 
cyclwxygenase inhibitor indomethach attcnuatcd IEG induction in the PV, PVN, cVLM 
(LRN/AMBd) and the leptomeninges of rats aated with 25 Wlûû g b-W., but not in 
animals receiving the W e s t  dose of LPS i.p. In a similar mannet, pretreatment with 
indomethacin was signiscantly effective to prevent the transcription of neuroendocrine CRF 
oniy in rats m t e d  with the middle dose of LPS (25 pg/100 g b.w.). Finally, PO production 
in response to such a dose of endotoxin seems largely responsible for the activation of 
Al/CI, but not W C 2  groups of brainstem catecholaminergic neurons. These results 
indiciite that the role played by PGs as mediatm of systemic immm response, is parrial anci 

dependent of various factrrrs, such as the sevaity of the stmsful situaîion, the brain regions 
and ceii groups as weil as the activated target geaes. 
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Qualitative analysis of hybridization signal for C-fos mRNA in the brain of immune- 
challenged rats (3 bom afm ip. lipapoIysaccharide SriminiStration). 
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In siiu hybriâization histochemistry was accomplished by using a es-SI-labeled cRNA 
probe encoding the immediate-early gene c-fos. The cDNA-encoding the rat cc-fos was 
genawsly provided by Dr. 1. V e m  me Salk Institute, La Job, CA). ++++, very stmng 
si@; +tç, stmng signal; tt, moderate signal; +, low but positive signal; -, undetectable 
signal; b.w., body weight; IND, indomethacin pretreatmenç LPS, üpopolysaccharide; 
OVLT, organum vasculosum of the lamina teminalis; PGs, pstaglandins; VEH, vehicle 
trieatment, 



Hybridization si* for C-fos d W A  in the brain of immmechalknged rats (3 hom ahcr 
ip. lipopo1ysacchande srlmurisbration): Rde of prostagiandins. 
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Figure 1: 

Representative example of the distributbu of the mRNA ellcoding the mimediate-em& gene 
c-faF in the rat brain &ter inaapàtcmeal @p.) admtmstra . . 

tion of three diffèrent doses of the 

endotoxïn lipcipolysaccharide WS). Animals wac deeply aaesthetized and rapidly pcmised 

with 4% parafomaldehyde 3 hours after treatment with LPS (2.5 pg/lûû g b-W.; lowest 
dose, 25 pg/lûû g b-W.; middle dose, 250 pg/100 g b.w.; highest dose). These mm- 
caudal anoaal sections (30 p) of LPS-aated rat exhibited a positive signal on x-ray film 
(Biomax. Rochester. NY) for c-fos transaipt in various structures tbtoughout the brain, a 
phenornenon dependent on the dose arlminirtged AP, ana postrema; ARC, arc- nucleus; 
BnST, bed nucieus of the lamina terminalis., CeA, central nucleus of the amygdala; Epd, 
ependymal lining ceiis of lamal ventride; LC, locus d u s ;  ME, median eminena; Men, 
menuiges (lepto); MFOA, medial preoptic ana; NTS, nucleus of the solitary trac$ NTSc. 
nucleus of the solitary tract, caudal part; PVN, paraventcicular nucleus of the hypothalamus; 
SEO, subfofnical organ; SON, supraoptic nucleus of the hypothalamus; VLM, ventdateral 
medulia. 
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EEect of indornethacin (LND) intravenous (LvJ i . n . i o a  on the expression of c-fos mRNA 
in the hypothalamic paravenaicular nucleus (PVN) 3 and 6 hom afta iatraperit0ma.I (i-p.) 
administration of the rniddle dose of the bacterial enâotoxh lipopo1ysaccharide (LPS, 25 
ClgllOO g b-W.). These dark-field photomimgraphs show in situ hybridization signals for 
the mRNA encoding the immediate-ewly gene throughout similar areas of the nght PVN. 
Note that inhibition of cyclooxygenase pathways antnuated c-fos transcription in animais 
injected i.p. with such dose of LPS at both pst-injedon b e s  (3 and 6 hours). In addition, 
a stronger expression of the mRNA encoding Fos was selectively detected in the 

parvocelluiar PVN. Veh. Vehicle. MagniiiCation X25, Scaie bar = 100 prn. 
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Figure 3: 

Average refraction density (RD. in arbitrary mi&) of the hybridizarion signal for the relative 
levels of c-fus auiscript in the hypothalamic paraventricular nucleus (PVN) after i.p. 
administration of the highest (top panel), intermediary (middk panel) or lowest (botuom 
panel) dose of the bacterial endotoxin lipopolysaccheridc (LPS). Results qxesent meam f 
SEM of four rats; an average of two mediaï PVNs were digitized fm cach rat. Statistical 

analysis was perfmed ushg a 2 x 2 analysis of variance (ANOVA) followed by a 
Boafexmni/l)unn p s t  hoc test for each post-treatment timc (Statview 4.01). The asterisk 

between tht b s  indicates a main efféct of the LPS matment without simmt interaction 

betwveen i.p. LPS and i.v. indomethacin 0) tretreamients. Signifiant interaction betwœn 
i-p. and i.v. treatments; the asmisic alone indicates a significaat di&reace (P < 0.05) from 
their appropriate conmi groups. A double astcrisL indicates a significant difference (P c 
0.05) h m  aü the other groups. Fm more information on image niialysis, see MATERIALS 
AND METHODS. 
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Enect of intraperitoned (ip.) injection of the endotoxin lipopolysaçcharide (LPS) on the 
average rehction density (RD. in arbinary units) of the hybridization signal for c-fos 
transcnpt in the SON ofrats pie- or not with the cychxyg- uihibitm indomethacin 
(IND). Redts represent means f SEM of tom rats; an avaage of four mediai SONS were 
digithi for each rat Statistical analysis was paformed using a 2 x 2 analysis of variance 

(ANOVA) foilowed by a Bonferroni/Dunn post hoc test f a  each pst-injection time 
(Statview 4.01). The asterisk between the lines indicates a main effect of the LPS treatment 
without significant interaction between i.p. LPS and htravenous (i-v.) IND treatments. 
Signifiant interaction ôetween i.p. and i.v. treatments; shgle =teri&, sipnincantly different 

< 0.05) from their appropriate conlroi groups. Double a&&, significandy diffix'eat 8 
< 0.05) from ail the other groups. For more information on image analysis, set 
MATERIALS AND MEEIODS. 
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Figure 5: 

Average refraction density (RD. in arbitraq units) of the hybridhtion signal f a  the 
inmediate-emiy gene nave growth factor-inducible gene B (NGFLB) in the PVN and SON 
after intraperitoneal (Lp.) administration of the dddie dose of the bacterial endotoxin 
lipopoIysaccharide (LPS; 25 pgl100 g b.w.). Results repmsent means f SEM of four rats; 

an average of two medial PVNs and four medial SONS were digitiaed foi each nir Stiuistid 
analysis was performed by using a 2 x 2 analysis of variance (ANOVA) followed by a 
Bonfemni/Dunn post hoc test for each post-injection the (Statview 4.01). Asterisk 
between the lines indicates a main effm of the LPS treatrnent w i b u t  sipificant ininteraction 
between Lp. LPS and i.v. indomethach (IND) treatments. Significant interaction betwcen 
i.p. and i.v. treatments; Single asterisk, significantly different (P < 0.05) h m  their 
appropriate connol groups. Double asmisic, sisnificantly different (P c 0.05) from ail the 
other groups. Fm more inf<nmatim on image adysis, see MATERIALS AND METHODS. 
Abbreviati,ons as in Fig. 1. 
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Figure 6: 

Muence of cyclooxygenase pathways on the expression of corticotropin-releasing factor 
(CRF) primary tnuiscript in the hypothalamic paraventricuiar nucieus (PVN) of nus euued 
Lp. with the middle dose of the bacterial lipopolysacch~de (LPS, 25 pg/100 g b-W.). 
These darkfield photomicrographs show in siiu hybndization signals for CFW heteronuclear 

(hn) RNA through similar right medial PVN. Note that inhibition of prostagiandin 
production by in~avtnous indornethacin administration decreased expression of C R .  
hnRNA (index of transcriptional activity) in the PVN of animais injected ip.  with such a 
dose of LPS at both post-injection tixnes (3 and 6 hom). Magnification X25, Scale bar = 
100 pl. 
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Figure 7: 

Average r e h c t b  density (RD. in arbitrary aaiu) of the hybridization signal for the  lel lac ive 

leveis CRF primary traosaipt in the PVN afm inwpcritoneal (i-p.) ~~n of 250 pg 
(top panel), 25 pg (middle panel) or 2.5 pg (bottom panel) of the bacterial endotoxin 
lipopolysaccharide (LPS)/lûû g b-W. Results represent meam i SEM of four rats; an 
average of two medial PVNs were digitized for each rat Statistical analysis was @onnicd 
by using a 2 x 2 analysis of variance (ANOVA) folbwed by a Bonfmni/l)unn post hoc test 
for each t h e  pst-admiiiisrraoion (Statview 4-01). Asansk bctwœn lines, main eff- of the 
LPS aatment without sipnincant interaction between i.p. LPS anci intravenous (i-v.) 
iadomethacin (IND) treatments. Signifiant interaction between i.p. and i-v. treatments; 
Double astexisk, sigaificandy different (P c 0.05) fiom ail the other gtoups. For more 
information on image analysis, sa MATERlALS AND METHODS. 
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High power bnght-field photomicrographs npresenring tyrosine hydroxylase (TH)- 

immunofeactive (K) neuroas expressing c-fos manscript in the nucleus of the soiitary tract 
(NTS, top panels) and the ventdateral meduiia (VLM, b o ~ m  panels) of rats kiiied 

humanely 3 hours afta the injection of the middle dose of lipopolysaccharide (LPS, 25 
Crg/lûû g b.w.). Immunocytochernistry (TH protein, stained cytoplasrns and fibers) was 
perfîormed cm the same brain sections (30 jm) before in situ hybridhtion histocbernistry (c- 
fos mRNA, dver grains). Dark-field photomicrographs Oeft panels) of the NT'S (top) and 
VLM (bottom) of a ~ s e n t a t i v e  LPS-treated rat Uustrate the exact level of the nucleus b m  
which the high magnification brightfield photomicrogaphs were taken. LPS/Veh: animai 
receiving 25 pg of LPS i.pJ100 g b.w. and vehicle solution i-v.; LPS/IND: animal i.p. 
kijected with the same dose of LPS and pretreated i.v. with indomethacin (IND). Filleci 
m w s ,  TH-ir neurons expressing the mRNA encodhg c-fus open m w s ,  c-fos positive 
nemns alone; curved m w s ,  TH-ir neurons alone. Magnincation of the dark-field panels 
X10, Scale bar = 250 p. Mapification of the bright-field panels X250, Scale bar = 10 

P. 





Percentage (96) of tyrosine hydroxylase O+mUtK1ZietbCtive ci) ceUs exhibiting positive 
signai fa c-far mFWA in the nucleus of the sotitary tract (NTS) and the nntzolatnal medulia 
(VLM) of endotoxin-challenged rats (LPS i.p., 25 pg/100 g b.w.) nceiving either i.v. 
vehicle or indomethacin (IND) injeztions. Immunocytochemisay was paformed kfort in 
situ hybriâhtion histochemistry on the same brain sections. and measurements of mir 
cells and double-labeled ceils (TH-ir neurons expressing c-fos mRNA) wert perfarmed at a 
magnification of X l O  under bright-field iuumination f a  the entire ros~o-caudal sa~fmrrs 
delineating the NTS (A2/C2) and VLM (Al/Cl). Results represent means I SEM of four 
rats for an average of 14 to 16 and 36 to 44 bilatcral sections corresponding to the NTS d 
the VLM, respectively. for each rat. Statistical analysis was pe&mned by using a 2 x 2 
anaiysis of variance (ANOVA) followed by a Bonferzoni/Du~ post hoc test for each post- 
injection time (Statview 4.01). Asterisk between lines. main effect of the LPS trcamient 

without significant interaction between i.p. LPS and i x  iadomethacin (IND) treafments. 
SigNficant interaction between i.p. and i.v. tteabnents; Singie asterisk, signifïcantly different 
(P < 0.05) fn>m k i r  appropriate conml groups. Double asterisk, si@cantly merent  (P 
< 0.05) h m  ail the other groups. 
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Le but de cette Ctude &ait d'hvestiguer le rôle des prostagianriinEs (PGs) dans 
l'expression des d i f fhnts  types & récepteurs du f e u r  de libération des corticotrophines 
(CRF) dans le cerveau de rats soumis B un challenge immunitaire. Pour cc, une 
administration intraveineuse (i.v.) d'indomCthacine (0.8 rngllOO g de poids corporel). un 
inhibiteur de la synthèse des PGs, fut effectuée 15 min précédent l ' i n . o n  i n t r a p e n m  
(ip.) dune dose fbte (250 ~ @ 1 û û  g de poids oorponl), modérée (25 p@ûû g de poids 
corportl), ou faible (2.5 lg/100 g de poids corporel) & l'endotoxine bactérieme 
iipopolysaccharide (US). Les rats mâles Sprague-Dawley (23û-mg) furent sacntiQ trois 
et six heures suivant le traitement i.p. avec l'endotoxine LPS, et leur caveau coup6 en 
tranches coronales de 30-pm à partir du bulbe olfactif jusqu'a la médulla. L'analyse âe 

l'expression des transcrits encodant les récepteurs du CRF (R-CRF; type 1.2a. et 28) a C d  
accomplie par hybridation in situ B l'aide de sondes marquées au S35. Dans &s conditions 
basales, des taux 6levés dARNm du R-CRFl ont Cd détectés dans plusieurs dgiolls du 

cerveau. Nos résultats révtlent egalement que le transcrit codant le R-CRF- est fimement 
exprimt dans quelques structures du système Ibnbique, tandis que seul les plexus 
chomïdiens ont monnt un signai positif pour l'ARNm du R - r n 2 8 .  Contrairement aux 
récepteurs de type 2, la transcription du géne encodant le R-CRFI a tté nettement stimulée 
dans des régions spécifiques de l'hypothalamus en r6ponse & la LPS. Ainsi, une fate 
induction des niveaux d'ARNm du R-CRFi a et6 observée dans les divisions p w o -  et 
magnocellulaires des noyaux paravenniculaires de l'hypothalamus (PVH) et les noyaux 
supraoptiques (SON) & rats injectes avec une dose élevée de LPS. Il est intQessant âe n o m  
qu'une dose modérée ou faible de L'endotoxine a stimuié L'activité transcriptionnelle du R- 
CRFl dans la division parvocellulaire des noyaux PVH exclusivement. Nos analyses 
montrent dgalement qu'un prétraitement B Pindom6thacine ne prévient pas 1 ' ~ c t i o n  de la 
transcription du R-CRFl dans les noyaux PVH & nits injectts avec la dose forte de LPS. 
Toutefois, le blocage des voies de la cyclooxygénase a inhibé significativement l'expression 
du R-CRFl dans les noyaux PVH et SON & rats sacfifi& 6 heures apits l'administration 
d'une dose modérée ou faible de LPS; les niveaux d'ARNm du R-CRFI etaient 
approximativement trois (dose modérée) et deux (&se faible) fois plus étevCs chez les rats 
injectés avec l'endotoxine seulement que chez les animaux soumis B un double traitement 
combinant l'infusion i.v. d'indomdthacine et l'administration i.p. de LPS. Ces dsultats 
suggèrent donc que l'ARNm encodant le R-CRFI, mais pas ceux des i6ccpteu.n de type 2 du 
CRF, est spécifiquement régule dans l'hypothalamus endocrinien du rat en réponse B un 
challenge immunitaire. Le rôle joue par les PGs comme médiateurs des influences 



stimulatrices de la réponse immunitaire sur la lramcription du R-CRFl dans ks noyaux PVH 
et SON, semble ~ u a n t  à lui dependre de la sévérité du Systcmiqut. 



The aim of this saidy was to investigate the role of prost8glanâins (Ks )  on the 

expression of corticotropin-releasing factor (CRF) rcceptors in the brains of immune- 
challenged rats. Intravenous (iv.) arlministration of indometha& (0.8 mg/lOO g of b-W.). 
an inhibitor of PG synthesis, was perfmed 15 min befare the inwpaitoneal (Lp.) injection 
of a high (250 w100 g of b.w.), rnodaate (25 w100 g of b.w.). or low (2.5 WlOO g of 
b.wJ dose of rhe immune activator 1ipopoIysaccharide (LPS). Thrct and 6 hours aRer the 
i.p. matment with the endotoxin LPS, male Spraguc-Dawley rats (230-2608) were 
StUXificed. h z e n  brains were momted on a microtome and cut from the oIfact~ry bulb to 
the medulia in 30-pm cmnal sections. mRNAs encoding CRF receptrps (type 1.2a, aod 
2s) were assayed by in situ hybridization using %labelcd riboprobes. Smng basai levels 
of CRFl receptor transcript were detected in multiple regions of the brain, whaeas CRF- 
receptar message was highiy l o c a h d  in few structures of the b b i c  system and positive 
signal for CRhg receptor mRNA was observeâ only in the choroid plexus. The 
transcription of the gent encoding the CRF type 1 (but not types 2) receptor was highly 
stimulated by LPS administration in selective hypothalamic nuclei. Jndeed, a high dose of 
LPS caused s m g  expression of CRFl receptm mRNA in both parvo- and magnoceilular 
paraventxicular nucleus (PVN) and in the supraoptic nucleus (SON). although low and 
moderate doses of endotoxin induced a more specifîc expression of this tniascript in the 
parvocellular division of the PVN. Retreatment with indometbacin did not prevent the 
induction of CR& receptor Ûanscnption in the PVN of nus injected with a high &se of LPS. 
In con~ast, inhibition of cyclo-oxygenase pathways significantly inhibited the expression of 
CRFl rrceptor in the PVN and SON of rats Sa,cnticed 6 h a f k r  king injecîed with a moderate 
or a low dose of LPS; the CRFl receptor mRNA levels wen approximately three (moderate 
dos) and two (low dose) times higher in rats receiving the endotoxin alone than those 
submitted to a treatment combining both i.v. indomethacin and ip. LPS. These resuits 
indicate that the mRNA encoding the type 1 but not the type 2 CRF receptor is s ~ C 8 U y  
regdateci in endocrine hypothalamus of immune-challenged rats. whe~eas the rok of PGs in 
mediahg the stimulatory influence of immune challenge on the transcription of CRFi 
receptor in the PVN and SON seems to depend on the severity of this systemic s a s s N  
situation, 



In the prestnce of fmign material, the appropriate interaction bctwcen immune. 
endoane, and neural systems is considemi essential to the survivd of mammalian 
mgimisrns. Althougb communication between immune and wdocnne syspmis has long km 
recognized because of the immunosuppressive actions of glumccnticoids, diis concept has 
been iargely expandeci by the observation that immme-daivcd proteins arc also potent 
madulators of multiple neuroendocrine bctions. 'Ihe increased production of cytokines. 
proteins relcased by activatexi macrophages and lymphocytes upon pmmtation of an antigen 
(Dhmllo, 1989; Rabin et al., 1990), represents one element of the early cvents of immune 
activation and is callcd the acute-phase riesponse. Endotoxins are wideIy used to mimic som 
of the events that occur during sepsis (Higgins and Olschowka, 1991; Koenig, 1991); 
lipopolysaccharide W S )  is a component of the oum membrane of Gram-oegative bac- 
(Raetz, 1990) that triggers the synthesis and rtlease of a series of imrnunoregdatory, 
cytotoxic, and infiammatory molecules, including tumor necrosis factor (TNF)-a, 
interleulia- 1 (IL- 1 ), and IL6 (Nathan, 1987). S y stcmic LPS administration stimulates 
transcription of the gene encoduig corticotmpin-releasing factor (CRF) selectively in the rat 
PVN (Rivest and Laflamme, 1995) and causes a strong activation of the hyporhalamic- 
piaiitary-adrend @PA) axis (Rivier and Rivest, 1993). Although it has been suggested that 

lymphocytederived ACTH can play a role in triggering c~costerone release in immune- 
challenged animals (Biaiock and Smith, 1985). this hypodiesis rem- highly controversial, 
and solid evidence supports the concept of neurocndocaine CRF-mediafed mechaaisms ( f a  
review, see Koenig, 199 1; Rivesf 1995; Rivest and Rivier, 1995; Rivier and Rivest, 1993). 

Although the wide distribution of CRF and its type 1 receptur (CRFI receptor) 
throughout the rat brain (Potter et ai., 1994; Rivest et al., 1995; Sawchenko et ai., 1993; 
Sawchenko and Swanson, 1990) support the evidence for the fundamentai role of this 

~ e ~ p e p t i d e  in integra~g the endocrine, behavioral, and autonomie responses to stressfid 
stimuli, the gene encoding the CRFI receptor appears to be selectively upreguiated under 
s a s s  conditions. Indeed. immobïhation stress induced a highly selective expression of 
ml receptor mRNA within the hypothalamic PVN without afkcting the boisal expression 
of the gene encoding this receptor in other regions of the brain in both male (Rivest et al., 
1995) and female (Nappi and Rivest, 1995) rats. Inrraperitoneal (ip.) administration of the 

immune activator LPS also caused a profound expression of mRNA enooding the CRFl 
receptor in selective hypothalamic nuclei including the panmœllular and magnocelluiar 



divisions of the PVN and the supraoptic nucleus (SON) (Rivest et ai., 1995). an effect also 
observeci in sait-loadllig stressai rats (Lm et ai., 1994). Lnmwtingïy, CRF-immutldve 
perikarya of the pmoceUuIar PVN displayed positive signal fa CRFi q u a  transcript in 

both i m m o b ' i  and smrely immune-chaiienged rats (Rïvest et al., 1995) soggesting that 

CRF might play a dinct rolc in comlling the activity of neuroendocrine CRF motoaeiùons. 

The mechanisms through which immune-chaiienge can tngger nanscription of the 
CRFl receptor within se ldve  neuroendocrine nuclei =main to be N l y  investigatea Most 
of the pleumorphic effects of intaleulia-1 on its target cells are lmown to take place via tbe 
activation of prostaghciins (PGs) synthesized by cyclo-oxygenase pathways (Comine11i et 
al., 1989; Hughes et al., 1989; Kerr et al., 1989; &han, 1989). Furbermore, pituitary 
secretion of various hormones, including luteinking hormone (Ojeda et aL, 1975). prolactin 
(Harms et d, 1973), growth hormone (Stachun and Tyler, 1986). and ACW (Weidenfeld 

et aL, 1983) are associated with eicosanoids. The importance of arachidonic acid pathways 
in mediating cytokine-induced alteration of hypothabmk neurons was ascertainai by the fact 
that IL1 and IL6 stimutated release of CRF can be blocked by cyclwxygenase (but not 

lipooxygenase) inhibitors (Bernardhi et 1, 1990; Navami et al.. 1991), whereas L I -  
induced inhibition of LHRH neuronal activity and plasma LEI release can be pnvented by 
indornethacin (Rivest and Rivier, 1993). On the other hanci, systemic LPS administration 
induces release of P G s  in the preoptic/hypothalamic ana, a phenornenon involved in the 
hypothennic eEects of the endotoxin (Ueno et aL, 1982). Arachidonic scid metaboliSm also 
participates in the hypothalamic response to endotoxin-mediated a d r e m  activation in 
the rats (Smith et al., 1994) but whether cyclo-oxygenase pathways are involved in the 
infîuence of immune challenge on the expression of the gene encoding CRFi reœptor 

ternains to be investigated. 

Other CRF receptor subtypes (C- and a receptor) have nxentiy been cloned by 
several groups (Kishimoto et al., 1995; Lovenberg et al., 199%; P d  et al., 1995; Stexml 
et al., 1995). In contxast to the type 1 CRF receptor which is widely distributeci throughout 
the rat brain (Nappi and Rivest, 1995; Potter et al., L994; Rivest et al., 1995). the mRNA 
encoduig the type 2a C R .  receptor is expressed in v a y  few brain structures (Lovenberg et 
al., I995b). but whether expression of this CRF nceptor subtype is altered in the brains of 

immuae-challenged rats has yet to be investigated. The purposes of the present saidy were 
thaefore to hvestigate the effecu of dinerent doses (low, moderate, and hi@) of the 
bacterial LPS on the expression of CRF receptors throughout the rat brains and to shidy thc 



possibility that eicosanoid cyclwxygenase pathways can mediate the infiuence of sysicmic 
immune challenge on transcription of the gene encoding specinc CRF receptor subtypes in 
selective nuclei of tbc rat brains, 

3.4 MATERIALS AND MEïHODS 

Adult male Sprague-Dawky (-230-260g) w a t  acclimateci to standard hbmtmy 
conditions (14-h iight, 10-h dark cycle; lights on at 0600 and off at 2ûûû) with fiee access to 

rat chow and water. Each nit was used for experimentation d y  mcc, and all  protocols wert 
appmved by the Laval University Animals Welfan Committee. A total of 96 rats wm 

assigneci to three dif fant  ptocoIs (each ccnrtsponding to a dinerent &se of LPS: high, 
moderate, and low) which were funher subdiviâed into 4 treamicnts (iv. vehicle + i.p. 
vehicle; i.v. vehicle + i.p. LPS; i.v. indomethach + ip. vehicle; Lv. indomethacin + i.p. 
LPS) and two times pst-injection (3 and 6 h foIiowiDg LPS adminismion). 

Each rat was anesthethxi with an ip. injection 0.3 ml of a mixture of ketamine 
hydrochloride (91 mg,&@ and xyiazine (9.1 mg/.kg). Once aoesthetizeâ, rats were implanteci 
with two catheters: one into the jugular vein and the other into tk peritoneai cavity which 
was attached to the abdominal muscie. Catheters were ma& h m  a piece of silastic tubing 
(Silastic medical grade tubing. ID 0.020 in.. OD 0.037 in.; Dow Corning, Miciland, MI) 

C O M C ~ ~ ~  to an intrameclic polyethylene tubing (PE-50, Caly Adams. Parsippany. NJ.). 
Outlet of c a ~ u l a s  was piaced at the level of the neck and rats w e n  housed individdy in 
metal cages for a @od of ncuperation of two days. 

Oa the &y of the experient (-0830 in the morriing), the outlet portion of each cathetcr 

(i.v. and i.p.) was fixed to a tronqued 27 g needle which was attached to a PE-50 tubing. 
These connectors were then nxcd to a lcc syringe and nits were placcd individuaüy in a quia 
room for at leut 2 hours before experimentation. This procedure was used to avoid 



disturbing the dais during i.v. and i.p. adminiswtions. Intravenous administration of 
indomethach (Sigma, 1-7378, lot, 83HOW1, 0.8 m@00 g of b.w.), an inhibitor of 
prostaglandin syntlmesis diluted in 300 pI of a d e  saiine solution (NaCi 0.9% solution; 5% 
alcohoi), was accomplisbed 15 min befort a single ip. injection of high (2Sû pg/100 g of 
b-W.), moderate (2!5 pdlOO g b-W.), or low (2.5 Wlûû  g b-W.) doses of LPS (Sigma, L 
2880, lot, 122H4025) diluted in 300 pl  of smile saline (0.9 %). These &ses w a t  seleaed 
to compare the exprcssaO~1 of the genes e n m g  specific CRF receptot subtypes in the brain 
of severely, moderate&, and smcefy immune-challenged rats. The criteria used to &fint 
this terminology were based on the physicai appemmct of animals foilowing the ip. 
endotoxin tnatment High dose of LPS (250 pH00 g of b.w.) caused a "severen immune- 
challenge because the animals IooLed very sick (mer on themselves and immobile, - 
shivering, irritateci hairs, ...) but no mortality was observed following this tmatment. 
Twenty-four h after i.p. injection with this dose of LPS, the symptoms of sickness arc 
usuaiiy gone in both male and female rats @ersonal observation). The termhology 

"moderaten was used fa the &se 25 pg/100 g of b.w. in respect to the fact that vay  few but 
some of the physical symptoms described above were observed, whereas the lowest dose did 
not cause any apparent symptoms of sickness and explain the tem b'scor~eiy". Moreover, 
high &se of LPS elicited a robust activation of both imrnediate eadj  genes (IEGs) c-fos and 
NGFI-B in multiple regions of the brain (Eüvest and Laflamme, 1995) and CR& receptu 
gene expression in the PVN and SON (Rivest et ai., 1995) of adult male rats. To insure the 
inhibition of cyclo-oxygenase pathways, a second and third injection of indomethach or its 
vehicle were accomplished 1 and 3 h aha the LPS injection. Similar doses of indomethacin 
have been shown to reverse the influence of LPS and L1 on many neuroendocrine 

functions (Rivest and Rivier, 1993; Rivier, 1993; Wan et al., 1994). The rats were 
conscious and h 1 y  rnoving at ail times throughout the expimentai procedure, 'ïhree and 6 
h after the i.p. treamient with the bactuial endotoxin or the vehick solution, tbe animals were 
dbeply anesthetued via an i.v. injection of 0.1 mi of a mixture of ketmine hydrochloride d 
xylazine and then rapidly perfused transcarnially with 0.9% saline. followed by 4% 

paraformaldehyde in 0.1 M borax buffer (pH 95 at 4 OC). The t h e  points wtre chosen on 
the basis of previous studies, which showed a s m ~ g  signal for various IEG mRNAs at 3 h 

post-injection (Rivest and Laflamme, 1995) and profouad transcription of the gene enoodiog 
the CRFl receptor in selective hypothalamic nuclei 6 h after treamient with the bacterial 
endotoxin (Rivest et al., 1995). Brains w e n  removed h m  the s W ,  postfixed fot 2 to 8 
days, and then placed in 10% sucrose in the solution of 4% parafomaldehyde-borax buffer 
overnight at 4 OC. The h z e n  brains were mountcd on a microtome (Reichert-Jung, 

Cambridge Insnuments Company, Deerfîeld, IL) and cut into 3 0 - p  coronal sections. The 



slices wat collected in a cold cryoprotectant solution (0.05M sodium phosphate bu£fix, pH 
7 . 3 , m  ethylene.glyco~2û96 giyoerol) and stored at -2û O C  

Hybridizaton histochemical localization of cach mmcipt (CRFI, CRFr, and QRF* 

receptor mRNAs) was canïed out in 1 in 6 series (every sixth section) of brain siices 
throughout the brain (from the olfactory bulb to the end of the medulla) ushg 3%-labeled 

cRNA probes. Rotocols for riboprobe synthesis, hybridization, and autoradiographic 
localization of mRNA signal werc adapted h m  Sirnmons et al (1989). AU soIutions w a  
tnased with diethylpyrocarbonate (Depc) and smilized to -nt RNA degradation. Tissue 
sections mounted ont0 poly-llysuiecoaoed slides were d e s i d  under vacuum wernight, 
fixed in 4% paraformaldehyde for 30 min, and digested by proteinaie K (10 pg/M in 0.1 M 
tris HQ, pH 8.0, and 50 mM EDTA, pH 8.0, at 37 OC fm 25 min). Thgtaher, the brain 
sections w a c  ~ s e d  in d e  Depc water foilowed by a solution of 0.1 M triehnolaminc 
(TEA, pH 8.0), acetylated in 0.25% acetic anhydride in 0.1 M TEA, and dehydrated h g h  

graded concentrations of alcohol (50, 70.95, and 100 %). Aher vacuum dryùig for a 
minimum of 2 h, 90 pl of hybndhtion mixture (IO7 cp-) was spoatd on each siide, 
sealed under a coverslip, and incubated at 60 O C  ovemight (-15-20 h) in a di& warmer. 
Coverslips were then removed and thc siides were rinsed in 4xSSC at room temperature. 
Sections were digested by RNAase A (20 p@, 37 O C ,  30 min), rinsed in desœnding 
concentrations of SSC ( 2 ~  lx, OSxSSC), washd in O.lxSSC for 30 min at 60 O C  (IxSSC: 
0.15 M NaCl, 15 m M  nisodium citrate buffer, pH 7.0) and dehydrated through gmkâ 

concentrations of alcohol. After being dried for 2 h under the vacuum, the sections were 
exposeci at 4 O C  to X-ray film (Kodak) for 18-48 h, &fancd in xylene, and dipped in NTB2 
nuclear emulsion (Kodak., diluted 1:1 with distilled water). Slides were exposed for 8-16 
days, developed in Dl9 developer (Kodak) for 3.5 min at 14-15 O C .  washed 15 sec. in 
water. and fixed in rapid fixer ( K d )  for 5 min. The&, tissues were rinsed in ninning 
distillai water for 1-2 h, counterstained with thionin (0.25 %), & h y M  through graded 
concentrations of alcohol cl& in xylene, and cwmlippad with DPX. 

3.4.5 CRNA probe synthesis and prepmttion 

Specific mt CR& receptor probe (1.3 kb) was generated h m  the PstI-PsrI fiagrnent 
of the rat prCRF PP1.3-BS &NA (Dr. W. Vale, Peptide Biology Laboratory, The Salk 



Institue, (Perrin et aL, 1993)}, subcloned into pBluescript II SK (Stmtagene, La Joîia, CA), 
and linearized with Bu& 1 and H i n d m  (Pharmacia) fa anthense and sense probes, 
respcctively (Chcn et al.. 1993; Perrin et ai., 1993; Rivest et aL. 1995). The pBluescript 
(SIC+) plasmids contaiaing either a 275 bp insert of the rat CRF- receptor cDNA a a 20 
bp iiiscrt of a nu CRF* xeceptcx &NA (Dr. T. Lovenbag, Neiiroaine Biosciences Inc. SM 
Diego, CA mvenberg et ai.. 1995b)) were lin- with H i n d m  and BandII to generatc 
antistnse and sense probes, rtspectively. These two probes (CRFa and -28) have no 
overlap with one another and have no shdmity to the CRR receptoa probe (T. Lovenberg. 
personal commuaication). Radioactive CRNA copies wese synthesized by hubat im of250 
ng Linearized plasmid in 6 m M  Mg- 40 mM Tris (pH 7.9). 2 m .  spermidine, 10 m M  
NaCl, 10 m M  dithiochrieitol, 0.2 m M  ATP/GTP/CïP, [asSluTp. 40U RN- (Pmmega, 

Madison, WI) and 2OU T7 (CRFI reœptor antisease; CW- and CR- receptor sense 
probes) and T3 (CRFI receprn sense; CREr, and CRF* receptm antisense probes) RNA 
polymerase for 60 min at 37 O C .  Uuincorporated nucleotides were removed using 

ammonium-acetate me- 100 pl of DNAse solution (1 pi DNAse, 5 pl of 5 mg/ml tRNA, 
94 pl of 10 m M  tris/lO mM MgC12) was added and 10 min later an extraction was 

accomplished using a pheno1-chlorofann solution. The CRNA was precipiiatcd with 80 pl of 
SM ammonium a c e w  and 500 pl of 100% ethanol f m  20 min on dry ice. The pellet was 

washed with 500 pi 7096 ethanol, dried, and resuspended in 100 @ of 10 mM T M 1  mM 
EDTA. A concentration of 107 cpm probe was mixed into 1 ml of hybridization solution 
(500 pl formamide, 60 @ 5 5 MaCl, 10 pl 1 M Tris (pH 8.01.2 @ O S  M EDTA [pH 8-01. 
20 pi 50x Denhart's solution, 200 pI 50% dextran sulfate, 50 @ 10 mdml tRNA, 10 pl 1M 
Dm, 1118 pi Depc water - volume of probe used]). This solution was mixed and heated for 
5 min at 65 O C  befm king spotted on SUS. 

3.4.6 Quantitative analysis 

Semiquantitative analysis of hybridization signals f a  CRFi receptor mRNA was 
c e e d  out in nuclear emulsion-dipped slides over the confines of cells within defincd 
structures expressing the receptor using a Olympus Optical Systtm (BX-50. BMax) cwpled 
to a Macintosh cornputer (PowerPC 7 lO/66) and Image software (version 1.55 non-FPU, 
W. Rasband, NIH). The optical density (09.) of the hybriduation signal was measured 
under dark6eld illumination at a magnification of X10. Sections b m  the experimentai and 
contrul animals were matchcd for ras-caudal level. The rtgions (PW, SON) were 
digitized and subjected to densitometnc analysis, yielding measurements of integrated 09. 



(area of nucleus x average optical dtnsity). The O.D. of each spccific region was then 
comcted f a  the average background signal, which was determinecl by sampliag -11s 
immediaoeiy outside the ceii group of interest (McCabt and P f '  1989). 

Data fnwi Figures 7 and 9 are expressed as OD. for CRFI recepm mRNA in the 
hypomalamic PVN and SON of control and immune-challenged nw Rwults wcre anal@ 
by a 2 x 2 analysis of variance (ANOVA), foilowed by a Bonfizmni/Dunn test p m c d m  as 
post-hoc compaMons foi each time pst-injection (Statview 4-01). Factors were identified 
as foliows: intruperironenl t r e m n r *  w h r h  was composed of two levels (Lp. vehick or i-p. 
LPS) and imuvenous treaanem, which was also divided into two levels (Lv. con00l ar i-v. 
indomethacin). 

3.5.1 Distribution of CRFI r e c e p ~  rnRNA throughout the rat brains 

Figure 1 illustrates a npnsentative example of the distribution of the CRFI receptor 
gene expression in the brains of immune-challenged (first three columns) and conml  (right 
column) male rats. H y W  tissues with the amse probe did not exhibit detectable signal 
in any of the regions that showed positive signal with the antisense probe (resuln not 

shown). As recently reported (Potter et al., 1994; Rivest et al, 1995) and coafirrned by this 
study (see table 1 for a detailed qualitative analysis of hybridization signal on x-ray film), 
strong basal levels of CRh receptor transcript were obse~~ed in s e v d  regions of the brain, 
such as the pirifonn cortex, medial nucleus of the amygdala, basolated nucleus of the 

amygdala, subthalarnic nucleus, mi nucleus, laterodorsal tegmental nucleus, pontine gray, 
hirkuje and granule cell layers of the cerebellum, nucleus incemis, spinal nucleus of the 
trigeminal nerve (oral pan), principal sensory nucleus of the trigeminal nerve, external 

cuneate nucleus, and Vanous layers of the cerebral cortex. A low to modtratc signal was also 
detected in multiple sites, including the mcdial septal nucleus, nucleus of the diagonal band, 
bed nucleus of the stria terminalis, supraoptic nucleus (SON), central nucleus of the 

amygdala, dommedial nucleus of the hypothalamus, caudal division of the zona incerta, 
pntectal area, l a d  geniculate cornplex, substantia nigra, intcrptduncular nucleus (central 



subnucleus), parabrachial nucleus, medial vestibular nucleus, nucleus prepositus, spinal 
nucleus of the trigemirrsl oerve (interpoIar part), laieral nticular nucleus, and gracile nucleus. 

3.5.2 CRF of type 2 receptors 

In conwst to CRFl receptor which is widely distributed throughout the rat ôrain, the 

mRNA encoding the CIZFa rccepûx is highly localized in very few regions of the brain 
(Figurie 2). hdeed, positive hybridizaeion signal was &tecd in the laterai septal nucieus, 
principal nucleus of the bed nucleus of the stria teminalis, ventromedial hypothalamic 
nucleus, corticeamygdaloid nucleus, entorhinal contx. and intapeduncular nucleus. LPS 
administration did not alter the endogenous expression of CRF- receptor hanscript in these 

spontaneously expressing structures (Figure 2, lefi column). As opposed u> Lovenberg et al. 
(1995a). we have not seen any convincing evidence of positive signal for the mRNA 
encoding the CRF type 2a receptor within the hypothalamic PVN and the SON on brain 
sections either exposed on x-ray film or dipped in NT&2 nuclear emuisioa 

On the other hand, positive signai was clearly hybndkd with CRF* antisense probe 

only in the choroid plexus and not in any 0th- regions of control. immunechallengeci, and 
immobilized rat brains (data not shown). These nsults demonstrate a very distinct and 
selective distribution of each CRF receptor subtypes in the rat brains. 

3.5.3 Site-speQfic inducéon of CR& reœpta transcription in the bain of immuae- 
challenged animals 

Vehicle-aated rats hardly displayed detectable signal for CRFl l~ceptor mRNA in the 
paraventricular nucleus (PVN), but the transcription of that geoe was highly %imulated in thh 

hypothalamic region following administration of various doses of LPS (Figure 1). High 
dose of endotoxin (250 pg/100 g of b,w.) caused a robust expression of CRfi receptor 

transcript in both parvocellular and rnagnocellular subdivisions of the PVN 6 h after 

treatments. A more selective induction of the mRNA encoding this receptor was detected in 
the parvoce11ular PVN in animais administend with a mod- (25 pg1100 g of b.w.) a a 

low (2.5 pg/lûû g of b.w.) dose of LPS. Indeed, while a s m n g  level of &pts was 

obscmd in the panmcellular PVN, the rnagnocellular division of this hypothalamic nucleus 
exhibiteci a low signal in rnoderately immune-challenged rats. Intmstingly, the low 



expression of the type 1 reœptm in the rnagnoœilular division of the PVN of animais tnatcd 
with the moderate dose of LPS seems to cortespond to the pattern of oxy& wntaiaing 
ceb (ex- ring), wherurs high &se invoked a stronger and m a t  d a r m  expritssio11 d 

this gaie within the magnoccllular PVN. 

Aithough a smaU basal expression of nceptm mRNA was deOected in the SON 
of several &le-treated rats, a notable bumue in the leveis of transcript was obtaiaed 3 and 
6 h following systemic treatment with a high and rnodrratt doses of bacteriai endotoxin. 

However, the low dose of LPS did not markedly raise the expression of the gene encoding 
theCRFlreceptorinthishypothalamc~. 

As presented in the table 1. i.p. enàotoxin administration did not appear to modulate 
significantly the expression of CRFl rcctptor mRNA in other regions, which provides 
evidence that Hnmune challenge triggers tranSQiption of the gene emoding thc type 1 recepmr 
in very selective hypothalamic nuclei directly involved in the regdation of neuroendoaiae 
functions. 

3.5.4 Effects of indomethacin in the braios of immunechallengad rats 

Figures 3.4, and 5 show the effcct of indomethach i.v. injection on the expression 

of CRFl receptor transaipt in the PVN of rats treatexi with high (250 pg/100 g of b.w.), 
modtrate (25 pg/100 g of b-W.), and low dose (2.5 pg,/100 g of b.w.) of the bacterial 

endotoxin, respectively. Inhibition of cyclooxygenase pathways did not prevent stimulation 
of CRFl receptor nansmïption in the PVN of sevuely immune-chalIenged rats (Figure 3. 
bottom panels). Indeed, high dose of LPS induced expression of CRFi receptor in 
parvoceliuiar and magnocellular divisions of the PVN in both indomethach- and vehicie- 
p ~ a a t e d  animals. In contrait, inhibition of PGs intanipted biosynthesis of CRFl receptor 
in anha l s  injected i.p. with a modenite (Figure 4. bottom panels) and a low (Figure 5, 
bottom panels) dose of LPS at both times pst-injection. 

Figure 6 depicts a high magmfication tnightfield photomicrographs of the Muence of 
PG inhibition on the intensity of silver grains in CR& receptar positive newons of the PVN. 
AggIomeration of silver grains delineating positive ceils in the parvocellular PVN was s im ih  

in animais treated or not with indomethach i.v. befon king administered with high dose of 



the endotoxin i.p. In conpast, inhibition of cyclo-oxygenase pathways largely pvented 
induction of CRFl receptor positive nerirons in moderately immuncchallenged animais 

(Figare 6, middle panels). 

The average opticai density (09.) of the hybriduation signal for CRFl receptor 
tmmaipt in the PVN afm i.p. -on of high (top paneis). moderate (middle panels) 
or low (bottoxn panels) &se of the bacterhi endotoxin is presented by Figure 7. Tht 09. 
was quantifieci under darimeld illumination to reveal the silver grains on h y b k e d  30-pn 
sections dipped in NTB-2 nuclear emulsion. The average 09. for the CRFl receptor 
hybridizcd signal in the PVN peaked 6 h aftcr a sin& i.p. administration of high aad 
moderate dose of LPS, whereas a modest incl.lease was detected 3 and 6 h after triearment with 
the low dose 7, bottom panel). Retreatment with indomethach did n a  interfixe with 

the signal intensity of CRF1 receptor transcript in the PVN of rats injected with a high dose 
of LPS. In connast, inhibition of cyclooxygenase pathways signincantly (P < 0.05) 
abolished expression of CRF1 receptor mRNA in this hypothalamic region in rats injected 
with a modcratc or a low dose of LPS; tbe CRFl receptm mRNA leveis were h e e  (moderate 
dose) and two (low dose) times higher in nits receiving the endotoxin alone than those 
submitted to a treannent combining both i.v. indomethaan and i.p. LPS acamients. 

Figure 8 exhibits representative examples of CRFl receptn mRNA leveis in the SON 
of rats administmd with a moderate dose of the bacterial LPS. Inhibition of PG synthesis 
prevented the endotoxin-hduced expression of the mRNA encoding the C R .  receptor in the 
SON in maderately immune-challenged rats (Figure 8, bottom panels). On the other han4 
the intensity of CRFl receptor signal was similar in rats sacrificed 3 h a f m  injection of high 

dose of U S  and pretread or not with Lidometbacin i.v. (Figure 9. top panel). Inhibition of 
cycl~xygenase pathways significantly (P < 0.05) attenuated the increase in the average 
O.D. for CRFl reœptor mRNA 6 h after auirment with high duse of endotoxh However, 
the SON s t i l l  displayed high levels of transcript in this p u p  of rats (Figure 9, top panel), 
whertas pretreatrnent with indomethacin totally abolished the LPS-induced stimulation of 
CRFl receptor expression in the SON of moderately immunechallenged rats (Figure 9. 
middlt panel). 



3.6 DISCUSSION 

Although the mRNA encoding the type 1 receptar f i  the stxess-relaîed ~turopeptide CRF is 
mdely disaibuted throughout the brain, as previously reported (Rivest et ai., 1995) and 
m e r  conhmied in the present study, immune challenge does not seem to d m  the 
hybridizaton signal for this receptof in most of these spontaneously expnssing regions (sec 

table 1). Simikiy, the bacterial endotoxin did not interfixe with the endogenous expression 
of the highly localued CRF type 2 rectptors; CRF- receptor mRNA was detected in few 
nudei of the limbic system whiie the choroid plexus was the only structure exhibithg a 
positive hybridization signai fm tht mRNA encoding the 28 folm in the braios of contcol and 
challengeci rats. Intmstingly, administration of a low dose of LPS (2.5 w 1 0 0 g  b-W.) 
induccd a specific expression of CR& rezeptor mRNA in the parvoceilular PVN, whacas 
high dose of the endotoxin (250 pg/100 g of b.w.) produced a s m n g  activation of CRfi 
receptor transcription in both panm ancl magnoceIIular divisions of the hypouialamic PVN as 
weii as in the SON. Irtdornethacin did not significantly modulate the signal intensity of CRh 
receptor mRNA in the PVN of severely immuntchaiIenged rats, whereas inhibition of PO 
synthesis completely prevented transcription of the receptor in this hypothaiamic nucleus 
foilowhg i.p. injection with moderate and low doses of the bacterial endotoxin. Taken 
together, the prtseat study provides evidence that systemic LPS administration induces 
expression of the gene enmding speci£idy the CRF receptor of type 1 in the PVN and the 
SON of male rats, an event probably relatai to the conml of the HPA axis activity. The rolc 
of PGs as mediators of immune systmi to tcigger CRF1 receptor gene expression appears to 

depend on the severity of the immune challenge; stimulation of cyclo-oxygenase pathways is 
in fan a mechanism involved in the induction of CRFl receptor mRNA in neuroendocrine 

nuclei foliowing systemic administration with a moderate and low dose of the endotoxh 
while production of PGs in severely hrnune<halIenged rats does not seem to k a âecbive 

mechaniSm involved in this phenomenon. 

The role of eicosanoid cyclo-oxygenase pathways in mediating several 
neuroendocrine responses to immune challenge and to acute exposure to cytokines is weli 
known. Several s u e s  have shown that the effect of cytokines on the CRF release and the 
activity of the KPA axis can be an tagon id  by drugs which block PG synthesis; the 
stimulatory effect of L1 and L 6  on CRF, vasopnssin (AVP), and oxytcxin (OT) release 
from rat hypothalami in vin0 is inhibitcd by indunediacin (&mardini et ai., 19W, Navarni et 
ai., 1991; Yasin et al.. 1994). Blockage of PG production aiso prevents the IL1 -induad 



aloeration of netmendocrine LHRH system and plasma LH levels in female rats (Rivest and 
Rivier, 1993). Smith et al (1994) recently reported that participates in the 

hypothalamic response to endotmin-medïated adrenoc0Ttical activation in fernale rats. 
Systemic injection with bacmial LPS causes production of PG& in the OVLTlpreuptic ana 
(üeno et al., 1982) whereas L l S  and IL4 sptcincally stimulate PG& release h m  
hypothalamic explants in vitro in a dose dependent manner (Navarra et al. 1992). 
Moreover, the production of PGEz in the hypothalamus is increased selectively dirring LPS- 
induced f e v a  (Sirko et al., 1989). Our nsults dernonstrate that the PGs have an essential 
role in the activation of CRFl receptor gene aariscnption in the brains of moderately and 
scaicely immune-chailenged rats. Indeed, inhibition of cyclo-oxygenase pathways 
signiticantly inhibited the expression of CRFl receptor in specific neumendocrinc nuclci of 
nus sacrinced a fk r  king injezted with a modaate ot a iow dose of LPS. 

The exact circuitry through which PGs of various types can interfere with 

mechanisms involved in the regdation of CRFl receptor within the hypothalamic PVN and 
SON of immunechallenged rats has yet to be clarified. Systemic administration of the 
bacterial LPS increases circulating concentrations of cytokines, including IL1 and IL4 
(Berkenbosch et al., 1991). It is thus possible that these cytokines of systemic origin 
penetrate the fenestrated ependymal ceils forming the venaicular surfaces of the 
circumventricular organs, such as the OVLT which contains a rich vascular plexus with 

specialized arrangements of the blood vessels (for review, see Oldfield and Mckinley, 1995). 
The tight junctions normally present between the endothelial cells are shifted in part to the 

ventricular surface and partly to the boundary between the OVLT and the adjacent structures 
explaining that large molecules can d . s e  into perivascular rtgion (Oldfield and Mckinley, 
1995). in particula. dining fever. Interestingly, i.p. injection with the bacterial LPS induces 
strong expression of the irnmediate earty gene c-fos mRNA in the OVLTIMPOA dong with 
numerous other structws of the rat brain (Rivest and Lafîamme, 1995). Whether endothelial 
œb, as~ocytes, and/or neurons locaacd in the OVLT/MPOA display positive signal for c-fos 
tnmscript in immune-challengeci rats is pnsently under investigation, but ai l  these cell types 
could be involved in the interaction between systemic immune system and neuroendocriae 
functions. Cultured murine astrocytes bind with IL-la and B (Ban et al., 1993) and 
recombinant human IL43 increases PGE2 in a dosedependent maaner in rat astrocyte 
cultures (Katsuura et ai., 1989). Mmmver, microinjection of indomethach directly into the 
OVLT/MPOA region suppresses the A m  responsê to i.v. IL-1B (Katsuura et al., 1990) 
suggesting that production of PG& by asnocytes of the OVLT/MPOA could participate in 
neuroendocrine responses to IL1 and LPS challenges. Intrapreoptic miminjectiiai of PGE2 



activates the activity of the HPA axis possibly via a CRF-dependent pathway (Katsuara et 
ai., 1990). although &mardini a al. (1989) f a  to obsavc any âircct srimulatory influcirt 
ofttiisPGonhypotbaiamicCRF~timfirom~<p~rathypodialamiincultiire. 

Local production of PGs within die OVLT/MPOA couid be a daemiioant mechani.Pm 
tbrough which immune challenge aiggers the transcription of the gene encoding CRFI 
rrceptor in the h y p o ~ c  PVN and SON; high density of PGE2 binding sites is found in 
the OVLT/MPOA (Matsumura et al.. 1990) and this ngion has direct nemonai c o ~ m  
with the PVN (Sawchenko and Swanson. 1983). Stimulation of the rat POA increascs the 

firing rates of neurons located in the PVN and raises plasma Corticosterone levels (Saphier 
aod Feldmaa, 1986). N e m m  of the OVLT have also been shown to project to the SON 
(Sawchenko and Swanson, 1983) and may therefore represent critical senscm of circuiating 
mataiaL Elegant study by Kovacs and Sawchenko reparuxi that OVLT can serve both to 
monitar the osmotic composition of the blood and transmit this information to the PVN and 
the SON (Kovacs and Sawchenko. 1993). indeed, discrete tramsections of descending 

projections from smcnires associated with the lamina m i n a l i s .  as well as excitotoxin 
lesions centereà in one lamina terminalis-associated structures. the organum vasculosum, 
abolish the effect of salt loading smss  on the CRF gene expression in both magno- and 
parvocellular nemsecretory systems (Kovacs and Sawchenko. 1993). It is thus possible 
that a production of circulating cytokines act through a similar cLruirxy during a moderare 
immune challenge to activate the transcriptional machinery of CRFl receptol in selectivc 
neuf0enQaiae nuclei of the rat hypothalamus. 

Pretreatment with indomethacin did not prevent transcription of CRF type 1 ~e~eptor  

in the PVN and partly prevented expression of the mscript in the SON of rats ïnjected Mth 
a high dose of the bacterial LPS. It is however important to keep in mind the possibility that 
the dose of indomethach used in the present snidy did not completely inhibit the PG 
formation in LPS-treated nus, although as mentioned before. this dose ha9 been shown to be 
quite efficient to prevent the effect of LPS and IL1 on various neuroendocrine functions. 
Therefore. our rtsults, with all reserves, indicate that the d e  of PGs in mediating the 
stimulatory infiuence of immune challenge on the mmscription of CR& receptor in the PVN 
and SON might &pend on the severity of this systemic stressfbl situation. Ia facf the 
production of PGs stems to be a key mechanism involved in triggering the biosynthetic 
machinery of the gene encoding this receptor in the PVN during a weak and moderate 
immune challenge but not during a severe activation of the acubphase response. Although 



the involvement of eicosanoid cyclo-oxygenase remains possible in this situation, sevaal 
other factors can be considered as potential mediators through which immune systcm can 

tngga transcription of the gene encoding CRfi n a p t o i  in selective hypothaiamic iiuciei of 
severely immun~chailenged animais. As mentioned, systemic aâmini~tdnn with LPS 
 activa^^ expression of the immediate eorly genes c-fos ard NGFI-B in the OVL'T/MPOA but 
a h  in numemus other stru~hrres inciuding the s u b f d c a l  organ, tht arc- n u c l e ~  
cminence, the central nucleus of the amygdala, lamoQRal tegmental nucleus 0, locus 
coedeus (LC), parabrachial nucleus (PB), a m  postrema. nucleus of the solitary tract 
(NTS), and Al ceii p u p  (Rivest and Lafiamme, 1995). h u n e  systcm might thtrefort 
use severai pathways and sites of entry to wmmunicate with the brain and to activate the 
CRF neuroas within selective endocrine nuclei. The noradrenergic (Al, A?, Ag) and 
adrenergic (Cl-C3) pathways from the brainstem could mediate the influence of different 
cytokines of systemic 0rigi.n produced during the acute-phase response to stimulate the 

parvo- and magnoctllular n e m s  of the hypothaiamic PVN as well as in the SON. Indced. 
Ericsson et ai. (1994) recently suggested that Cl, C2, and A2 aminergic cell p u p s  are 
involved in the hypothalamic respwe to IL-1B. This group also raised the possibiiïty that 
Qrculating IL1 may be transduced pexiphedly by a sensory component of the cranid m e s  
or centraliy at the level of the aminergic murons themselves to interact with CRF neufonai 
activity in the PVN. Interestingly, the involvement of the vagus nerve in mcdiaoing the efftct 
of systcmic (ip.) LPS on FOS-ir in the NTS and the PVN was ieccntly demais- (Wan et 
ai., 1994). However, in the brainstem of LPS-treated rats, c-fos mRNA is expressed wt 

only in the NTS and in the Al-Cl regions, but also in the LC, PB, and the LDT. These 
nuclei could either relay the information h m  the NTS to the neumendocrine nuclei or 
modulate themselves some of the effects of cytokines on neuroendoaine functions. A 

complex neuronal circuiny is thus probably involved to trigger the activity of neuroendocrine 
CRF md the expression of its type 1 receptor in the PVN and SON of sevmly immune- 
chailenged animals. 

The physiological relevance of the CRFl receptor induction in endocrine nuclei of 
Mmune-chaUenged rats still remains highly hypothetical. CRF might play a direct rolt in 
controlling the activity of neuroendocrine CRF motoneurons during stress; CRF- 
immunoreactive periLarya of the parvocelluiar PVN express the gene encoding the CRFl 
receptor following immobilization stress (Nappi and Rivest, 1995) and i.p. LPS 
administration (Rivest et al., 1995). Because of the late expression of the mRNA encoding 
the type 1 CRF receptof following systemic treatment with the bacteriai LPS (3 anci 6 h post- 
injection), its involvement as mechanism participating to stimulate the release of CRF in the 



median eminenœ is unlikely. We xecently rtportcd that intracerebroventricular . .  - n 
of CRF causes expression of c-fos and NGFI-B and inaeases relative levels of CRF mRNA 
in the parvoceUular n e m m  of the PVN (Parkes et aL, 1993), suggestiag that CRF may bt a 
potential modulator of its own biosynthesis in the PVN of stressed rats. However, the 
presence of CRFl receptor mRNA dots not precedc the transcription of CRF in the 
parvoce11ular PVN of LPS-treateâ rats. One bur  aftes systemic injection with the exxiotoxïn, 
a strong signal for CRF primary aanscript (CRF hetemnuclear (hn)RNA} is detected in the 
parvocellular PVN (Rivest and La.£Iamme, 1995), whereas at that time, the same sbnicttae 

hardly exhibits detectabk signai fm the gene eiicodiog the CRF receptm (Rivest et al., 1995). 
Coiisequently, the temporai changes in the expression of both CR& nccptor mRNA ard 
CRF hnRNA do not provide e w n œ  that induction of the receptor is a mechanism invokd  
in activahg neumendocrine CRF tnuiscnption. The fact that CRF itself can participate in 
pst-transcriptional events to restore the depletion of neuroendocrine CRF secreted in the 

infundibdum dining immune challenge should, however, be considerecL 

The presence of CRFl receptor tmnscript in the magnocellular division of the 

hypothalamic PVN and SON is quite intriguing. These data provide evidcncc that CRF play 

a rok in modulating magnocelluiar nemns  of immune-challenged animals, aIthough whether 
the receptor is expressed in oxytocin (OT) and/or v a s o p s i n  (AVP) nemns  as yet to be 

detennined. Immune challenge can activate the release of AVP into the hypophyseal-pad 
circulation (Harbuz et al., 1992) and AVP is well known fol its supportive role for CRF in 
stimulating the release of ACïH in the rat (Rivier and Plotsky, 1986). It is also possible thaî 
AVP n e m m  stimulate directly neurœndocriae CRF n e m s  h g h  magnocellukr ne- 
of the SON and PVN innervahg CEW periLarya located in the panmcellular division of the 
PVN (for review, see Swanson, 1991). nie indirect action of CRF on these magnoceUular 
neurons could be a mechanism involved in rnaintaining and restoliag the peptidt depletion 
because of the strong need of neuroendde CRF during a long lasting stress such as severc 
immune nsponse. On the other hand, the presenœ of CRF in the magnocellular PVN and 
SON rnight be directly relateci to osmotic and blood pressure changes caused by systemic 
LPS, in particular with high dose of the bacterial endotoxin. The levels of CRF mRNA and 
peptide in the magnoallular PVN and SON is hardly detectable under nonnal conditions, but 

the Uicrea,~ plrr33 osmolarity associated with salt laading causes a considerable expression 
of the gene encoding CRF (Kovacs and Sawchenko, 1993; Young, 1986) and its typt 1 
receptor (Luo et al., 1994) in these hypothalamic stnichins. It is possible that CRF is 
involved in the mnml  of AVP and/or OT oturons of nemhypophyseai system and therefm 



represents an adaptive response a> a severe systemic immune challenge to maintain blood 
hameos8sis. 

In conclusion. while the gene encoding CRF1 reœptor is widely dispibuted in the rat 
braie, positive hyt>ririi7ation signai far CRF of type 2 nccpton is highly Iocalind Immune 
challenge activated the tfanscnptiaa of the receptcx subtypt in very stlective mdwine 
nuclci; systemic injection of a low dose of endotoxin induced a specifîc expression of CRR 
receptor mRNA in the pw0ceUuIa.r PVN, whenas high dose of the bacterial LPS caused 
strong transcription of the gene encoding this particular receptar in both p m o -  and 
magnoctiiular divisions of tht PVN and the SON, Administration of the ticosanoid cyclo- 
oxygenase inhibitor inàornethacin largely abolished transcription of CRFl reœptor in tht 
PVN and SON of moderately and scarcely immune-chaüenged nus but not in animals 
receiving hi@ dose of LPS i.p. These msults indicate that P G s  play a limited rok as 
mediators of systernic immune response on the hypothalamic expression of CRFl receptm 
transcript, 
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Table 1: 

Quaiitative analysis of hybMzation signal for CRF receptor mRNAs in the rat brain mder 
basal conditions. 



Plr i f"  cortex 
Mediai septal macleus 
La&etril septal iuckru 
Nuckw d tbe diagomal band 
Bed rocleris d the bkia t e r m ~ i s  
Supraoptic iucleos 
Hypotbalamic paraventriculru nucleus 
Basohteral auckos oî the amygdah 
Cembaï nucleus of the amygdak 
Mediai m d e m  of the amygdala 
VemtromdiaI aockits d the Lypotbaiamas 
Dorsoiiedial ruclcos of the hypothalamus 
Coiti~O-li~i~gdriloid D P C ~ M  

Lateral geniciilate amplex 
Re@ectal aiea 
Zona incerta, caudal division 
Sobtbaiamic nucleus 
Sabstaatia nigra 
Red nucleus 
1 nferpeduncuiar nucleus 
Pontine gray 
Dorsai rapbe nucleus 
La&eroâorsai tegmentai nucleus 
Parabrachial nucleas 
Cerebellum 
Nucleus irrcertos 
Principal seesory nucleus of the trigeminal 
nervt 
Spitiai n~cieas  of the trigemind, oral part 
Nucleus prepositus 
Extermal cuneate nucleus 
Spinal nucleus of the trigeminai, interpolar 
prvt 
Entorhieal cortex 
Cortex (general) 
Cboroid plexus 
B lood vessels 

In situ hybridization histochemistry was accomplished via 3s-S-labeled cRNA probes 
encoding specifically each CRF receptor subtype. The cDNA encoding the rat CRFl 
receptor was genemsly provided by Dr. Wyiie Vale (The Salk Institua, La Joua, CA) 
whereas the cDNAs encoduig the CRF receptor of 2 subtypes were obtained h m  Dr. Tun 
Loveaberg (NeUrocrine Biosciences, Inc., San Diego, CA), ++++, very stmng signal; *, 
strong signal; ++, modaabe signal; +, low but positive signal; -, undetectable signal. 



Table 2: 

Qualitative aaalysis of hybridization signal foa CRfi receptor traascrîpt in the brah of 
immnne-challenged rats (6 h after i-p. LPS administration) treated or non-treated with 
indometfiacin, 





Figure 1: 

Rcprcscntative example of die distribution of the mRNA e n c d h g  the COttiCOaopio-releasing 

fanor (CRF) type 1 receptor in the rat brain after intraperitoneal (i.p.) administration of 
ciiffernt &ses (high, 250 p@ûû g b.w; moderate. 25 pg/100 g b-W.; low. 2.5 w100 g 
b-W.) of the endotoxin lipopolysaccharide (LPS) or vehicle. Animals were deeply 
anestherized anci rapidly pedûsed with 4% parafonnalâehydt 6 h a f m  nuimient with LPS or 
the vehicle solution. These nwmcaudal coronal sections (30 pm) of LPS- and vehicle- 
aated rat braino exhibit positive signai on X-ray nIm (kodaL XAR 5)  for the CRFI receptor 
transcript in the basolateral nucleus of the amygdala (BLA), central nucleus of the amygdala 
(CeA), external cuneate nucleus (ECU), interpednncdar nucleus (IPN), nucleus of the 

diagonal band (NDB), pirifarm cortex (Pir), nucleus prepositus (PRP). red nucleus (RN), 
substantia nigra, compact part (SNc), spinal nucleus of the trigeminal nerve, interpolar part 
(SPVi), and in various layen of the caebrai caztex. Note the selcctive iruiiictim of the CRfi 
receptor mRNA in the hypothaiarnic paravenuicular nucleus (PVN) of immune-challenged 
male rats (first three columns). As illustrateci, a high dose of endotoxin caused a robust 
expression of CRFI receptor transcript in both parvoceliular and rnagnocellular suWivisions 
of the PVN On the other hand, a mare selective induction of the mRNA encoding this 
receptor was detected in the parvoceUular PVN in animals administered with a moderate or 
low dose of LPS. 





Figure 2: 

Distribution of the mRNA encodhg thc CRF= rcaptar in the brains of immune-challtnged 
and vehicle-treated rats. Animals were s d c e d  6 h after intrqmitoneal matment with the 
immum activator lipopolysaccharkk (LPS, 25 ld100 g b.w.) or the vehicle solutioh These 
rostrocaudai coronal sections (30 p) of LM- and vehicle-aeated rat biains exhibit a highly 
localized positive signal on X-ray film for the rraptor ûanscript. BnST, bed nucleus 
of the stria teminalis, priacipal nucleus; IPN, iaterpeduncular nucleus; LS, lattral septal 
nudeus; VMH, ventromedial hypotbalamic nucleus. 



LPS 

. . - "sr 11-d 1- 



Eff'ect of iodomethacin (ND) iv. injection cm tbe expression of CRfi receptor mRNA in the 
paravenmcular nucleus (PVN) of the hypothalamus of rats aeated with a high dost of the 
endotoxin Iipopolysaccharide (LPS. 250 pg/100 g b.w.). These photos depict darkfieId 
phomrnicrugraphs of dipped autoradiographs of hybridized 30-pm sections with CRFl 
receptor riboprobe through identical areas of the nght PVN. Animals were deeply 
anesthetùed and rapidly pemised with 4% parafarmaldehyde 3 and 6 h after the mtments. 
Note that the inhibition of cycboxygenase pathways did not prevent stimulation of CRFl 
receptor transcription in the PVN of severely irnmune-challenged rats. Moreover. it is 
possible to observe a stmng h y b n ~ o n  signal in ôoth parvo- and magnocelldar divisions 
of the PVN following high dose of LPS. particdarly at 6 h post-injection, in both 
indomethacin- and vehicle (Veh)-pretreated animais, whereas the PVN of con& rats 
displaycd hardly detectable CRFI reœptor transcript. Mapification X25. 



High dose 

Vehi 
Veh 

INDI 
Veh 



Figure 4: 

M u e n a  of cyclo-oxygenase pathways on the expression of CRFl reaptor mRNA in the 
hypotbhmic paravenaicular nucleus (PVN) of rats aeaied ip. with a moderate dose of the 
bacterid lipopolysaccharide (LPS, 25 pg/100 g b.w.). These photos depict dark£ield 
photomicrographs of di@ antoraàiographs of hybridized 30-pm sections with CR& 
receptor riboprobe h u g h  identicai areas of the nght PVN. Note that inhibition of cycle 
oxygenase pathways infermpted transQiption of CR& nxeptor in animais injected ip. with a 

moderate Qse of LPS at both times post-injection (3 and 6 h). in addition, a more selective 
induction of the mRNA encoding this receptor was detected in the parvoceNular PVN (the 
magnocellular division of this hypothalamic nucleus exhibited a low signal). MagniIication 
X25. 



Moderate dose 
3 h  6 h  



Figure 5: 

Expression of CRFl reœptor mRNA in the rat paraventricular nucleus (PVN) following iv. 
pre-treatment with indomethacin (IND) and i.p. administration of a low dose of 
lipopolysaccharide (LPS, 2.5 pg/100 g b-W.). These photos depict darkfield 
photomicrographs of  dipped autdographs  of hybridized 30-pm sections with CRfi 
receptor riboprobe through identical areas of the right PVN. Note bat inhibition of cyc le  

oxygeuase pathways prevented the low expression of the mRNA eacoding the ~ecepor 

in tk pawoçeliuIar PVN of rats treaoed with a low dose of LPS. Magnit idon X25. 



Low dose 
3 h  6 h  



High power brightfield phomimgraphs of dipped 8ut01"8diographs of hybridizcd 30-pm 
sections with receptor riboprobe through similar areas of the parv0ctUuiar division of 
the paraventri& nucleus (PVN) of rats trtatcd or not with indomethach (IND) and tbe 
bacteriai endotoxin. Animals were deeply ancsthetized and rapidiy perfused with 4% 
paraformddehyde 6 h aftrr the ip.  administration of the various doses of lipopolysaccharide 
(LPS). High dose of LPS, 250 pg/100 g b.w. (top panels); moderate dose of LPS, 25 
pg/lûû g b.w. (middle panels); low dose of LPS. 2.5 pgl100 g b.w. (bottom panels). Note 
the amount of silver grains delineating severai nemm expressing the gene encoding the 
CRFl receptor foliowing the i.p. administration of a high dose of LPS. a phenornenon mt 

prevented by indomethach i.v. (top panels). In contrast, inhibition of cyclo-oxygenase 
pathways largely prevented induction of CRFl receptor positive neurons in moderately 
immune-challenged animals (middle panels). Magdcation B O .  
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Figure 7: 

Average optical density (OD.) of the hybndization s ipal  far CRh reœptor aanscript in the 
PVN afkr i.p. administration of high (top panel), modenue (middle panel) or low (bottom 
panel) dose of the becterial endotoxin lipopolysacchande WS). The O.D. was quantifieci on 
M e I d  photomimgraphs of dipped autOiadio&raphs of hybridized 30-pm sections using a 
Olympus Optical System (BX-50, BMax) coupled to a Macintosh computer (Powe- 
7100/66) and Image software (version 1.55 non-FPU, W Rasband m. Results represent 
means f SEM of 4 rats; an average of at least 2 mediai PVNs w c n  digitized for each rat 
Statistical analysis was @armeci ushg a 2 x 2 analysis of varhœ (NOVA) fobwed by a 

Bod'ni/Dunn post hoc test for each time pst-matment (Staview 4.01). *, Significantly 
different (P c 0.05) h m  their appropriate conml groaps of rats of the same time afkr LPS 
injection. **, Significantly different 8 < 0.05) from a l l  rhe other groups of rats of the same 
time &ter LPS administration. For mort infmation on image analysis, see Materials and 
Methods. IND, Indomethacin. 
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Figure 8: 

EfEect of Wmethacin (ND) iv .  injection on the expnssion of C ' f i  reccptor mRNA in the 

supraoptic nucieus (SON) of rats treated with a moderate dose (25 pg100 g b-W.) of the 
endotoxin lipopolysaccharide (LPS). These photos depict darkfield photornicrographs of 
dipped autoradiographs of hybridized 3û-pm sections with C R .  receptor riboprobe thrwgh 
identical areas of the right SON. Animais were &ply anesthethi and rapidly pafuscd with 
4% paraformaldehyde 3 and 6 h affer the matment wùh LPS u the vehicle solution (Veh). 
Note that inhibition of prostagiandin production pnvented mnscription of CRfi nctptor in 

the SON of modeately immune-cballenged rats (bottom panels). Magnification X25. 



Moderate dose 
3 h 6 h  



Average optical density (09.) of the hybridization signal for CR% receptor tmucript in the 
SON aher i.p. administration of high (top panel), moderate (middle panel), or low (bottom 

panel) dose of the bacaial endotoxin lipopolySacchande (LPS). The O.D. was quantified on 
darkfieId photcxnic~ographs of dippad autoradogrciphs of hybridized 30-pm sections using a 

Olympus Optical System (BX-50, BMax) coupled to a Macintosh cornputer (PowerPC 
7100/66) and Image softwa~e (version 1.55 non-FPU, W Rasband, WH). Results represent 
means f SEM of 4 rats; an average of at least 4 medial (full) SONS were digitid for cech 
rat Statistical analysis was paf'ed using a 2 x 2 itlliilysis of variance (ANOVA) fokwed 

by a Bonferroni/Dunn p s t  hoc test for each t h e  pst-treamient (Staview 4.01). *, 
Significantly different (P < 0.05) from their appropriate conml grwps of rats of the same 
time after LPS injection. **, Significantly different (P < 0.05) h m  aU the other groups of 
rats of the same t h e  afkr LPS aàminismtion. Fbr more infomiation on image anaiysis, see 

Materials and Methods. IND, Indomethacin. 
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L'objectif & cette Chi& Ctait d'CvaIuer les effets d'une administration centrale des 
prostaglandines de type E2 (PGE2) sur la disaibution de I'ARNm cncodant Ic gène de 
réponse précoce c-fhF et i'activité tranScriptiomeIle des génes codaDt k fhcteur & Libaarim 
des COrtBcotrophines (CRF) et son raCepteur de type 1. Pour ce faire. des rats d e s  aniiltes 

ont dté sacrinés 30 minutes et 2 heures suivant l'injection &s (2 pd10 @) dans le 
ventricule latérai droit et les cerveaux coupés en tranches dc 30 p. L'aualyse & 
Sexpression du gène de réponse précoce c-fos et du récepteur du CRF de type 1 a &té 
accomplie par hybri&tion in situ B l'aide de sondes exoniques maquées au S3? Étant 
dome les taux Clevés d'ARNm du CRF daos &s conditions W e s ,  une sonde iatzoniqut 

(indice & i'activité transcriptionnelle) fut utilisée afin & détecm le transait primaire (ARN 
h6dmuclCairc @II) du neuropeptide CRF. La colocalisation de I'ARNm de c-fos dans le 
neumnes CRF, vasopriessine (AVP) et oxytocine (OX) fut détêrminée grâce & la combinaison 
&s techniques d'immunohistochimie et d'hybridation in situ sur les mêmes tranches & 
cerveau. Ainsi, 30 minutes après l'injection i n ~ v e n t r i c u l a i r  (i.c.v.) des PGE2, une 
induction forte il modérée des niveaux d'ARNm du ghe  c-fos a t?te obsavée dans plusieurs 
régions du cerveau incluant la dgion médiane préoptique. l'organe vasculaire de la lame 

terminale, les noyaux supraoptiques (SON), les divisions pante et magnocellulaires des 
noyaux paraventriculaires de l'hypothalamus (WH), le noyau central de i'amygdaie. le 
noyau du tractus solitaire, le complexe domo-vagal, i'area postrema, la division dorsale du 

noyau ambigu, les plexus chmïdiens et les leptomtninges. Un message plus faible. mais 
tout de même significatif. a aussi eté décelé dans plusieurs auas  structures dont: l'organe 
subfornicaie, le noyau du lit de la strie terminale, les noyaux arquts et les noyaux 
paiventnculaires de l'hypothalamus. Deux heures après le traitement aux PGE5 le signal a 

complètement disparu dans la plupart de ces régions. Dans ta division pmocellulaire des 
noyaux PVH, c-fos fut exprimt en majorité dans les neurones CRFergiques et 
oxytocinergiques, tandis que dans les neurones magnocellulaires cies noyaux PVH et SON, 
le transcrit a Cte détecté essentiellement des neurones immunoréactifs B la pioteine OT. Nos 
résultats montrent que l'activation des neurones CRFergiques neunicndocriniens a été 
associée B une augmentatioit sélective de la aanscription du CRF dails le noyaux PVEI; 
aucune autre structure du cemeau n'a montré la présence â'ARNhn du CXF suite h i'injecticm 
centrale des PGE2. De plus. le traitement avec les PGEz a stirndt? la transcription du gène 
encodant le récepteur de type 1 du CRF dans la division pmoceiiuiaire &s noyaux PVH. 
Ces résuluus nous procurent &s évidences anatomiques claires, ii savoir que l'injection Lc-V. 
des PG& entraîne l'exprtssion séiective et spéciIique du @ne c-fos dans plusieurs structures 



reconnues comme étant activ&s dans Ie cerveau d'animaux traités avec Tendotoxint 
bactérienne lipopoIysaccharide. Ji est donc plus que probable que les PGE2 jouent un r& 
crucial dans le système nerveux centrai afin de moduler les diverses fonctions 
neur~tndocrinieme, principalement l'axe hypot)ialamehypophySO-COZticodnaIie~, an 
c o u r s & l a ~ i m m u n i ~ .  



The present study investigated the effect of œ n w l  admiaistrati 
' .  'on of the pros ta^ 

of & type (PGE2) on the distribution of the immediate early gene (IEG) c+s mRNA and the 

tfanscriptional activity of uxticotropin-~1easing factor (CRF) and its type 1 rcfcptm ia the 
braindconsciousrara Adultmalc~watSSiCrificed30minandZhaftaasin~infusioa 
of P G b  into the nght lateral veneicle (2 pg10 pl) and their brains cut from the oIfact~ry 
bulb to the end of the medulla in 30-pm ccaonal sections. mRNAs encoding the IUi c-fos 
and CRFi receptor were assayed by in siac hybridization histochemistry using sS-labeled 
exonic riboprobes whereas the primary uanscript (heteronuclear (hn)RNA) for CRF was 
detected using inaonic probe technology as an index of CRF transcriptional activity. 
CoIOcaIization of c-fos mRNA within CRF, vasopressin (AVP), and ox- (On neurons 
was determined by means of a combination of irnmunocytochemistry and in situ 
hybridization techniques on the same brain sections. Thirty min after PGE2 injection, a 
maderate to strong positive signai for c-fos M A  was detected in multiple st~ctures of the 
brain such as the medial preoptic arealorganum vasculosum of the lamina tenniaalis, 
supraoptic nucleus (SON), parvocellular and magnocelluiar divisions of the paraveneicuiar 
nucleus (PVN) of the hypothalamus, centrai nucleus of the amygdaia, nucleus of the solitary 
tract, dorsal motor nucleus of the vagus, area posaema, dorsal division of the ambiguus 
nucleus, and throughout the choroid plexus and leptomeninges. A smaller but signifcant c- 
fos expression was observed in vanous structures including the subfornical organ. bed 
nucleus of the stria terminalis, arcuate nucleus, and penvenmcular nucleus of the 
hypothalamus. Two h after treatment with the PG, the signal for c-fos mRNA in most of 
these brain nuclei vanished. In the pmoceUular nucleus of the PVN, c-fos was expressed in 
CRF-immunoreactive (i) and OT-ir neurons, whereas in the magnocellular part of that 

nucleus and in the SON, this -script was essentially colocaiized in OT-ir neurons. 

Activation of CRF neuroendocrine cells was also associated with an increase in CRF 
transcription as revealed by the selective presence of CRF prtnary triinscript (hnRNA), 
which was stimulateâ only in the PVN but not in any other nuclei in the braùis of PGE2- 
treated rats. Central administration of PGE2 also induced expression of the CRF type 1 

receptor in the parvocellular PVN. Taken together, these resuits provide clear anatomid 
evidence that centrai PGE2 injection causes specifïc and selective expression of c-fhi in 

s e v d  brain s eucna~s  xemgnued to be activated in the brains of endotoxin-chaiienged rats. 
It is therefm possible that PG of E2 type plays a crucial mle within the CNS in the interface 
bttween the immune and nervous systems to modulate neuroendocrine responses, such as 
the hypobialamic-pituitary-adrenal axis. 



4.3 INTRODUCTION 

An appropriate regulation of the mechanisms involved in the interaction bctwttn 
immune and neuroendocrine systems seems crucial for the defense of the organism in 
presence of foreign materiai. These mcchaaisrns are poorly understd and &pend on 

sevaal variables including the type and the severity of immune challenge, ule gender, agr: 
and species of animals, and the muent prwence dother s a s s N  circumstances at the timt 
of iafdon. The activation of the hypothalamic-pituitziry-adrienai P A )  axip is. howtvez, a 
phenomenon reguïarly observed diiring immune challenge, at least d u ~ g  the acute phase 
response (for rewiews, see Berkenbosch et al., 1991; Koenig, 1991; Rivest, 1995; Rivia ,  
1993; Rivier and Rivest, 1993). This neinoendocriae response was in fact a turning point 
bezause of the elegant concept that production of cytokines (such as interleukin-1) during 
immune challenge may stimulate the refease of gluçocorticoids which are portnt endogenous 
immunosuppressors (Solomon, 1969). A large body of evidence suggests that this bi- 
directional communication involves a complex neuronal circuitry to trigger the activity of 
neurocndocrine neurons contmlling the HPA axis (Ericsson et al., 1994; Rivest, 1995; 
Rivest and Laflamme, 1995; Rivest and Rivier, 1995; Rivier, 1993; Rothwell, 1991). 
Although widely distributed throughout the brain, corticotmpin-releasing factor (CRF) 
nelirons that project to the extema lamina of the median eminenœ and therefore reIease the 
pepti& into the infundibular system originate h m  the pmocellular division of the 
paraventricuiar nucleus (PVN) of the hypothalamus (Plot*, 1990; Plotslry and SawchenLo. 
1987; Sawchenko et al., 1993; Sawchenko and Swanson, 1990). Induction of the acute- 
phase response with the bactezial endotoxin lipopolysaccharide (LPS) as well as the cytokine 
IL1 have been shown to cause a robust activation of CRF neurons in the hypothalamic PVN 
(Barbanel et ai., 1990; Ericsson et ai., 1994; Rivest and Laflamme, 1995; Rivest and Rivier, 
1W,  Saphier and Ovadian, 1990). a phenomenon directly related to the LI induced plasma 
ACM release (Kovacs and Elenkov, 1995; Rivest and Rivier, 1991). 

Among the numerous intra- and exbaceiiular mechanisms involved in influence of 
immune-rdated factors on the HPA axis, several reports have shown that prostaglanàins 
(PGs) art potent modulators of various cytokines on the activity of netmendocrine CRF 
neurons. hdeed, blockage of the eicosanoid cyclwxygenasc pathways can prevent the 
stimulation of CR. release by both IL1 and 6 from in vitro hypothalamic explants (Lyson 
and McCam, 1991; Navarra et ai., 199 1) and median eminence (McCoy et al., 1994). and 
L 1-induced ACTH release in vivo (Katsuura et al., 1988; Rivier, 1993). Inhibition of PO 



production has been reported to prevent other L1-induced alteration of neumendocriiie 
functions, such as LHRH and LH release (Rivest and Rivier. 1993) as weii as hypothalamic 
vasopressin (AVP) and oxytonn (OT) rekase (Yasin et ai., 1994)- The exact PG subiype(s) 
and the site(s) of action within the brain involved in these effects stïi l  iemain unclcar. but a 
large body of evidenœ indicates that PG of E2 type might be involved in s e v d  changes 
observeci during immune challenge and neamient with cytokines. L I  inaeases the rekasc 
of PGE2 h m  rat hypothalamic explants in vitro (Navama et al., 1992), medial pr#rptic a ~ e a  
(MPOA)/organum v8SCUfosum iamina terminalis (OVLT). PVN. Qrsal hippocampus, lamal 
ventricle in vivo (Kamaki et ai., 1992). rat asûocytc cultures (Katsuura a al. 1989). isollrtid 
pancreatic islets (Hughes et al.. 1989). and papuary collecting duct (Kohan. 1989). 
Mapping of PG& biading sites in the rat brain using quantitative autoradiography meaied 
very high density of binding sites in the nucleus of the solitary tract and the antaia wall of 
the third ventricle and moderate density within several brain stn~ctures includhg the 

hypothaiarnus (Matsumura et al., 1992, 1990). Moreover, intracerebrovenmcular (i.c.v.) 
administration of P G .  (Rassnick et ai., 1995) or directly into the MPOA/OVLT (Katsuura et 
al., 1990) elevated plasma A C ï H  and corticosterone in rats, an effect most like1y mediad 
through neuroendocrine CRF neurons. PG of E2 type could therefore be a deteminant 
mediatm within the brain to stimulate the HPA axis during immune challenge, but whether 
this PG can trigger the transcription of CRF and its reœptor within the b d n  has yet to be 
inwstigated. 

Central treatment with PGE2 is not only associated with an increase in the HPA axis 

but is also known to decrease blood lymphocyte proliferative responses to the T-ceII 
mitogens. phytohemagglutinin and concanavalin-A, and &cline spleen lymphocyte 
proIiferative responses to the bacterial endotolrin Iipopolysaccharide w), a potent immune 
activator of type B (Rassnick et al., 1995). This treaûnent has been reported to produce 
many other physiological responses such as the alteration of the cardiovascular and 
sympathetic nervous system functions (An& et al., 1995; Feuerstein et al., 1982). and 
hyperthermia in rats (Oka and Hori, 1994). It is thus permit to believe that PGE2 may play a 
role as intermediate within the CNS for the p e r i p h d  immune system to modulate the 
appropriate physiological responses to maintain the haneostasis in rwponse to immunogenic 
challenges. However, linle is known regarding exact neuronal circuitry and molecular 
mechanisms mcdiating the action of PG of Ez type in the brain. The purposes of the present 

study were therefore to outline the sites of activation throughout the brains of rats mateci 

centrally with PGE2 via the expression of the ixnmediate early gene c-fos mRNA; to 
determine whether neurons directly involved in the control of the HPA axis (CRF, 



vasopressin, and oxytocin) were activateâ by combining both in situ hybridhtion anâ 
immrinocytochemistry techniques on the same brain sections; and to invcstigate the 
tfSLIlSCfiptiod activity of CRF and its receptor of type 1 by means of ùr situ hybridization 
histockmiSay using intronic and exonic probe technoIogy diroughout the nu brain. 

Adult male Sprague-Dawley rats (4 month old) wert accihated to standard 
labonitay conditions (Wh light, 10-h &rk cycle; Iights on at 0600 and off at 2000) and 
given frec access to rat chow and water. Seven to eight rats were usecl per group and thne 

pst-injection and all protocols were approved by the Laval University's Animal WeIfare 
Codthee.  

4.4.2 Centrai infusion of PGE2 

Rats were anesthetized with a i.p. injection of 100 pi/lûû g of a rnixtuxe of ketamine 
hydrochloride (91 mgmil) and xylazine (9 mglml). The right lataal ventricle was reached 
stereotaxically (David Kopf instruments, Tujunga, CA) using the Paxinos and Watson atlas 
(1986). With the incisor bar placed at 3.3 mm below the interad liac (horizontal mo). the 

coordinates h m  bregma for the puide cannula were as follows: anteroposterior (A-P): -0.6. 
laaral (L): -1.4, dorsovenwl (D-V): -2.8 mm. A 22-gage stainless sml  guide cannula was 

irnplanted close to the right laterai ventricle and was secured with screws and aanioplastic 
cernent (cranioplastic powder, Plastic One Inc., Roanoke, VA; Dentsply repair material, 
Dentsply International Inc., York, PA). Eight to ten days aher the i.c.v. surgery, infisions 
were made via an intemal i l d a  (28-gauge, 1 mm projection beyond the tip of the guide 
cannula) comected to a 100-pl Hamilton glass syringe using a microinjection pump (Razel, 
mode1 A-99, Razel Scientific Instruments, Inc., ~tanforh. Conn). Two pg of PG& (([Sz, 
1 1 a, t3E. 15 SI- 1 1, 15-dihydroxy-9 oxoprosta 5, 1 3-diehoic acid), lot 7 lH37W. Sigma). 
diluted in 10 pl of srnile saline solution was infused in the right lamal v a a i d e  mer a @od 
of 3 min. This dose was selected on the basis of previous snidies showing alteration of 
cellular immune responses, activation of the HPA axis, and elevation of plasma IL6 Ievek 
(Rassnick et al., 1995). Sham-treated rats were infûsed intracerebroventricularly (i.c.v.) 
with 10 pl of the vehicle solution. Rats were conscious and frcely moving at a i l  times 



throughout the experimental procedure. Thirty min and 2 hours after the cenaal . . 
admrmstration with the PG, animals were deeply anesthetized via an inoapaitoneal i n . 0 ~  
of 0.5 ml ketamine-xylazine mixture, then rapidly perfused transcardially with saline 

followed by 4 % parafmaldehyde (PF) in 100 m M  borax bUner (pH 9.5 at 4 OC'). Brairis 
wen  removed from the &dl, postnxed for 5 to 8 days a d  then placed in 10 % sua>se in 
the solution of 4 96 PF-borax b u f k  overnight at 4 O C .  Eimcn brains were mounted on ri 

micmtome (Reichert-Jung, Cambridge Instruments Company, Deerfield, IL) and wae cut in 
30 pm coronal sections from the oIfactory bulb to the end of the mcdulla Thc slicts wat 
collecteci in a cold cryopmtectant solution (50 m M  sodium phosphate bdkr ,  30% ethylene 
glycol, 20% glycerol) and then smred at -20 O C  The placement of i.cx annula was 
verifiedvisuallydiiringbrainsectioning, andanimals withmispiacedcannuiaewereexcluded 
fiorni the analysis. 

We and other have prcviously rtpo~ed the pattern of c-fos mRNA distribution 
throughout the brain of rats injected systemicaily with the bacterial endotoxin 
lipopolysacchari& (LPS). In oIder to compare Uris distribution with the one o b m e d  in 
h a l s  injected ic.v. with FGE2, 8 rats (4 vehicle, 4 LPS) received either an inadpentoneal 

&p.) injection of LPS (25 pg/100 g of body weight) or vehicle solution (stenle saline) and 
wcrc sracrificed 3 h &er as described previously. This time was seiected on the basis of 
pnvious s u e s  showing a maximai signal for c-fos rnRNA in the brain of i.p. LPS-treated 
animais (Rivest and Laflamme, 1995). It is worth reminding that LPS is a component of 
Gram-negative bacteria capable of inducing fever, shock and the acute-phase response in 
several animai species, including human k i n g  (for review, see Andersson et ai.. 1992). 
Bacterial toxins constitute a group of many virulence factors by which bacmia cause disease 
and their interaction with the host's immune system, in particular by inducing the release of 
cytokines, has been the object of a Iarge number of studies. In the present series of 
experllnents, we used LPS to mimic some of the events occurring during the acute-phase 
response to show the dismbution of c-fos mRNA in the brain of immunechallenged rats in 
cornparison to the brain cellular activity caused by central PGE2 administration. 



Hybridization histochemical localization of each tmnscript was carried out in 1 in 6 
Senes (every sixth section) of siïœs through the brain (hm the olfectoq bulb to thc c d  of 
the medulla) using 3%-labeled cRNA probes. Rotocols for riboprobe synthcsis, 
hybridization, and autoradiographic IocaIization of mRNA signal were adapted h m  
Simmons et al. (1989). All solutions were treated with diethyIpyrocarbonate (Depc) and 
smilized to prevent RNA degradation. T~issue sections mountcd onto poly-Glysinc-coated 
slides were desiccated under vacuum overnighî, fîxed in 4% PF fw 30 min, and digested by 
proteinase K (10 pglml in 100 m M  tris Ha, pH 8.0, and 50 mM EDTA, at 37 O C  far 25 
min). Themafter, the brain sections w a e  riased in staile Depc water folbwed by a sdutim 
of 100 m M  triethanolamint (TEA, pH 8.0). acetyfated in 0.25% acetic anhydride in 100 m M  
TEA, and dehydrateci through graded concentrations of alcohol (50.70.95. and 100%). 
A h  vacuum drykig for a minimum of 2 h, 90 pi of hybridization mixture (107 cp-) was 

spotted on each di&, sealed under a coverslip, and incubated at 60 OC ovemight (-15-20 h) 
in a skie warmer. Coverslips wcrc then removed and the siides were ~ s e d  in 4x standard 
saline citrate (SSC) at m m  temperature. Sections were digested by RNSase A (20 pgiml 
37 O C ,  30 min), rinsed in descendhg concentrations of SSC (2x. lx, OSx SSC), washed in 

0.lxSSC for 30 min at 60 OC (lx SSC 150 mM NaCi, 15 m M  trisodium citrate buffcr, pH 
7.0). and dehydrated through graded concentrations of alcohol. A b  king dried f a  2 h 

under vacuum, the sections wem exposed at 4 OC to x-ray film (KodaL) for 15 to 30 h 

(depending on the probe), defatted in xylene, and dipped in NTB2 nuclear emuision (Kodak: 
diluteci 1:1 with distilled water). Slides were exposed for approximately 7 to 12 days, 
developed in D 19 developer (Kodak) for 3.5 min at 14-15 OC, and fixed in rapid fixer 
(Kodak) for 5 min. Thenafter, tissues were rinsed in ninning distiiied water for 1 ta 2 h, 

counterstaured with thionin (025 %). dehydrated through graded concentrations of dcoh01, 
cleand in xylene, and coverslipped with DPX. 

4.4.5 cRNA probe synthesis and preparation 

c-fos probe was generated h m  the Eco R 1 m e n t  of rat c-fos cDNA @r. I 
Verma, The Salk Institute), subcloned into pBluescript SK-1 (Stratagene, La Jolla, CA), and 
linearized with Srno L Spccific rat CRh receptor probe (1.3 kb) was produced h m  the Pst 
1-Pst 1 fiagment of the rat prCRF PPl.3-BS cDNA {Dr. W. Vale, Pepti& Biology 
Laboratory, The Salk Institute, (Pemn et al., 1993)}, subcloned into pBluescript II SK 



(Stratagene, La Jolla, CA), and linearized with Bmn HI and Hind ïII (Pbanaacia) for 
antisense and sense probes. respectively (Perrin et  al, 1993; Rivest et  aL, 1995). pGem3 
p l a d  containing a pure CRF i n d c  pieœ was linearhd with HUd ï I I  (530 bp) to de- 
specificaily CRF hemwuclear (hn) RNA (Dr. S. Watson, The University of Michigan, Ann 
Arbor (Herman et al., 1992)). 

Radioactive antisense cRNA copies wexe s y n t h e s i d  by incubation of 250 ag of 
Iinearized plasmid in 6 m M  MgQ, 30-40 mM Tris (pH 7.9). 2 mM spermidiat, 10 mM 
Naci, 10 mM dithiothreitol, 0.2 m M  ATPjGTP/CTP, [a-%)UTP, 40U RNAsin (Promega, 

Madison, WI), d 20U of TI RNA polymerase for 60 min at 37OC. Unin- 
nucieotides were nmoved ushg the ammonium-aœtare method; 100 pi of DNAse saliaion (1 
pi DNAse, 5 pi of 5 m m  tRNA, 94 pl  of 10 rnM Tris/lO mM MgQ) was addcd, and 10 
min later an extraction was accomplished using a phenol-chlorofom solution. The cRNA 
was precipitated with 80 pl of 5M ammonium acetate and 500 pl of 10% ethano1 for 20 min 
on dry ice. The pellet was washed with 500 fl edianol, dried, and resuspended in 100 pl of 
10 m M  TM1 mM EDTA @H 8.0). A concentration of 107 cpm probe was mixed into 1 ml 
of hybridization solution (500 pl formamide, 60 pi 5 M NaCl, 10 pl 1 M Tris [pH 8.01.2 pl 
0.5 M EDTA [pH 8.0],20 pi 50x Denhan's solution, 2ûO pI 50% dextran sulfate, 50 pl 10 
m g / d  tRNA, 10 pi 1M Dm, 1118 pi Depc water - volume of probe used]). This solution 
was mixed and heated fbr 5 min at 65 OC befole king spotteci on &des. Radioactive sense 
(conml) cRNA copies were also prepared to verify the specificity of each probe. 
Hybrïdizatim with these probes did not reveal any positive signal in the brain of vehicle- and 

PGE2-treated rats. 

4.4.6 Combination of immunocytochemistry with in sinr hybridizaoon 

Immunocytochemistry (CRF-, AVP-, or OT-immunoreactive nemns) was c o m b i d  
with the in sinr hybridization histochemistry protoc01 (c-fos mRNA) to determine the types of 
cells, particularly in the PVN and the SON, that express the IUJ c-fos after cenaal eeamient 
with PGE2. Every sixth tissue slice for each antibody (CW,  AVP, or OT) was processed by 
using the avidin-biotin amplification bridge method with peroxidase as a substratc. Bnefly, 
slices were washed in s t d e  Depc-treated 50 mM potassium phosphate-buffered saline 
(KPBS) and incubated at 4 O C  with either CRF, AVP, or  OT antibody mked in sterilt 
KPBS, 0.4% Triton X- 100, 0.25% heparin sodium salt USP (ICN Biomedicals hc., 
Aurora, OH) and 1% bovine s e m  albumin (fiaction V, Sigma, St Louis, MO). Rabbit 



antihumanirat CRF s e m  (code PBL n: 70,8î9/83 bled). a generous gift &cm Dr. Wylic 
Vak (Peptide Biology Laboratory, The Salk Institute, La Jolia, CA), was used at a 
concentration of 1:10000. On the other hand, antisera raised in rabbit against AVP (Incstar 

Science TechnoIogy and Research, StiUwater, MN, Cat # 2069)  and OT (Iacstar Science 
Technology and Research, Stillwater, MN, Cat # 20068) w a e  used at a concentration of 
1:lûûûû and 1 :50 ,  nspectively. AVP and OT antibodies were very specific to eadi 
neuropeptide because the staining of AVP nemns, for example, was completely eliminaDed 
by pretreatment of 1 ml of the diluted antibody with 2 0  of AVP, whereas preatarment 
with OT did not diminish AVP nemonai staining in the rat hypothalamus (Incstar). On the 

0th- han& pretmtment with OT but not AVP prevented OT-immuno~leaction with tk sainn 
r a i d  in rabbit against OT (ùicstar). Approximately 18 h aftcr incubation at 4 O C  with the 
primary antibody (CRF, AVP. or OT), the brain slices were ~ s e d  in sterile KPBS and 
incubated with a mixture of KPBS + niton-X + h e p a ~  + biotinylattd goat anouabbit 1 6  
(1:1500 dilution; Vector Laboratories. CA) for 90 min. Sections were then r d  with 

KPBS and incubated at rwm temperature for 60 min with an avidin-biotin-peroxidase 
complex (Vectastain ABC e h  kit, Vector Laboratories, CA). The peroxidase complex was 
amplifiai by means of 10-min incubation with a 70-nM solution of biotin {dosuccinimydyi 
d(biotinamid0) hexanoate. Pierce # 2 1335 1 - m i n e  HCl (4hydroxyphenethylamine 
hydrochtoride, Sigma T-2879)-FI& (0.01%). followed by a second incubation of 30 min 
with the ABC elite solution. After several rinses in sterile KPBS, the brain shes  werc 
reacted in a mixaire containing sterile KPBS, the chromagen 3 3'-diaminobenzidine 
tetrahydrochlo15de (Dm, 0.05%), and 0.003 % hydrogen peroxide (Hm. 

Thereafter, tissues were rinsed in sterile KPBS, mounted onto poly-Llysine-coarcd 
slides, desiccated under vacuum ovemight, fixed in 4% PF for 30 min. and digested by 
protehase K (10 pgml in 100 m M  tris HCl [pH 8-01 and 50 mM EDTA [pH 8-01, at 37 OC 

for 25 min). Rehybridization, hybridization, and posthybridhation seps were paformed as 
described above with the difference of dehydration (alcohol50,70.95, 100%), which was 

shortened to avoid decoloration of CRF, AVP, or OT cells (brown stainïng). After king 
dned for 2 h under the vacuum, sections were exposed at 4 OC to x-ray Nm (Kodak) 

ovemight, defatted in xylene, and dipped in NTB2 nuclear emulsion (Kodak; diluted 1: 1 with 
distillai water). Slides were exposed for 6 to 8 days, &veIoped in Dl9 cieveloper (Kodak) 
for 35 min at 15 OC, and fixed in rapid fixer (Kodak) for 5 min. Thenafter, tissues wae 

rinsed in running distilled water for 1 to 2 h, rapidly dehydrated through gaded 
coocen~ons  of alcohol, cleared in xylene, and coverslipped with DPX. The pres«ice of c- 



fos transcript was evident as silver grains in perikarya, and CRF, AVP. or OT 
immuno~e8ctivity withh the œil cytopiasm was stained in brown. 

4.4.7 Qualitative analysis 

Qualitative evaluation of signal intensity for the mRNA encoding the lEG Fos 
Wughout the entire rostro-caudal brains of P G k  and LPS-injected rats was performed on 
X-ray h s .  Meticdous analysis of visual intensity (very smng, +t»; strong. +++; 
moderate, ++; low, +) for each structure displayhg positive signal was accomplished for 
evcry rat providhg therefore an average number in arbitrary umts. 

The c-fos mRN& CRF hnRNA, and CRFi receptor mRNA signals revealed on dip 
NTB2 nuclear emulsion slides were analyzed and quantifieci using an Olympus Optical 
System (BX-50, &MAX) coupled to a Macintosh cornputer (Power PC 7 100/66) and Image 
sofnvare (version 1.55 non-FPU, W. Rasband, NIH). Tte optical &nsity (OD.) of the 
hybridization signal was measured under darkfield illuminarion at a magaification of X10. 
Sections for the experimental and conml animals were matched for rostrocaudai Ievel. 
Because of the Lack of basai expression of c-fos mRNA. CRF hnRNA, and CRFI ncepmr 
mRNA in the hypothalamic PVN, the whole medial PVN was digitized unda brightfield 
illumination and then subjected to densitomemc analysis under darkfield, yielding 
measurements of integrated 09. (area of PVN x average OD.). The 09. of each spccific 
transcript was then comcted for the average background signal as &terminai by sampling 
ceb immeâiately outside the cell group of intcrcst (McCabe and Pfaff, 1989). 

Data h m  figures 2 and 8 are expressed as OD. (arbitrary units) and analyzed by a 2 
x 2 analysis of variance (ANOVA). Factors were identifieci as foilows: cemal aeaanent. 
which was composed of two levels (i.c.v. vehicle or iecev. NE2)  and timc pst-injection. 

which combined 2 levels (30 min and 2 h post-injection). BoafemaüDuna test proccdun 
( S t a ~ e w  4.01) was used as pst hoc cornparisons when significant interaction betwetn 
factors was obtained. 



4.5.1 Basai expression of c-fos tnrnSaipt tliroughout the rat brais 

Vehicle-mat& animais displayed a smng to modeme signai for the mRNA cncixiïng 
c-fus in various structures of the brain, although the intensity varïed from a0 animal to 
anotha (Table 1). Strong basal expression of c-fos mRNA was generaily detected in 
muitiple layers of the ce~ebrai cortex including the laya 2.3.4, and 6% in tht layer 2 of the 
pinfimm area (Pi.), the claustnm (UA).  the cuboidal ependymd cells m g  of the right 
laterai ventricle (site of infusion). the latefodorsal tegmenral nucleus (LDT), and the 
cerebeIIum. A moderate to low signai was detected in the lateral septai nudeus, the cauda~t 
putamen (CPu), the suprachiasmatic nucleus (SCh), several thalamic nuclei including the 
paravenbndar nucleus (PVT), the arcuate nucleus (ARC), the darsomertial nucleus of the 

hypothalamus (DMH), the parabrachial nucleus (PB), the locus d e u s  0, the cochlear 
nucleus (CN), the spinal nucleus of the trigeminal (SPV), the choroid plexus (Chp) and a 
low but positive signal in the leptomeninges of few vehicle-treated animals. The basal 
expression of c-fos m s c r i p t  in these structures was detected in both groups of vehicle- 
treated animals sacrifiaxi at either 30 or 120 min pst-injection. 

4.5.2 Induction of the IEG c-fos mRNA in sekt ive regions of PGEradminismcd 
rats 

Figure 1 illustrates representative examples of various areas of the brain exhibithg a 
moderate to smng  hybridization signal for c-fos tcanscript 30 min after the injection of the 

PG of E2 type into the right lateral ventricle (left column), whenas treatment with the vehicle 
solution (right column) caused either low or undetectable expression of the IEG in each of 
these brain areas. The organum vasculosum of the lamina tenninaliS (OVLT)/medial prenptic 
a .  (MPOA), the supraoptic nucleus (SON), the hypothalamic paraventricular nucleus 
(PVN), the central nucleus of the amygdala (CeA), and the dorsovagal complex/mea 
postrcma (AP) are among the regions profoundly activated by the PG. At the level of the 

OVLT/MPOA, severai ceils were positive fm c-far mRNA within the rosaal vascuiar plexus 
as well as in the parachyrnal zone and uniformly distributed in the rostral MEQA, the 
neuronal cornpartment smounding the OVLT. In the PVN, both parvoceiiular and 
magnocellular divisions displayed s m n g  positive signal, although the intensity was generally 
more pronounceci in the parvoceLlular than in the magnoceiluiar PVN. At the level of the 



dorsovagal cornplex, a moderate to strwg hybridization signai was found in the AP, the 
mediai and caudal commissurd part of the nucleus of the solitaq tract (NTS) d thc dasal 
motor nucleus of the vagus (X). The Chp, leptomeninges and the Qmal division of the 
ambiguus nucleus (AMBd) wexe also clearly activated by cenwl arlminiswtion with the PO. 

Injection of PG& h o  the lataal venuicle inriiuwi a lower but signifiant expression 
of egos tramxipt in several otha xegions including subependymai zone (Sm. bed nucieus 
of the stria t e m i d i s  (BnST), subfdical organ (SFO), periventricuiar of the hypothalamus 
(Pv), ARC, and nucleus raphe pallidus. To compare the bain distribution of c-fm mRNA 
foilowing a sy~femic immunogenic challenge with the one of œnwlly PGE2-aated mimals, 
table 1 a h  p s e n t s  the qualitative analysis of hybridizatioa signal for the IEG in eadotoxin- 
injected rats (Ieft column). Animals were saczificed 3 h after receiving a single ip. injection 
(25 pg10 g of body weight) of the immune activa= of B type (B-lymphocyte mimgen), 
the bacterial endotoxin lipopolysaccharide (LPS). Inmestùlgly, the iarge majority of brain 
regions expressing c-fos in systemically LPS-mted animals was aiso positive fm the IEG 
after tc.v. injection with P G e .  Among these structures, most of the circumventricular 
organs, MPOA, PVN, SON, CeA, NTS/X and the AMBd were quite sirnifar in terni of 
disaibution and intensity in the brains of i.p. endotoxin- and i.c.v. PGE2-challengeû rats. 

4.5.3 Type of neurons elrpnssing c-fos mRNA in the PVN and the SON of 
chaUenged nits 

The Muence of centrai PGE2 treatment on c-fos induction was rapid and of shoit 

duration in most of the brain structures described above. In the PVN for example, stmng 
hybridization signal for c-fos rnRNA was detected 30 min foliowing i.c.v. injection with the 

PGE2 whenas at 2 h, the optical &nsity for this aanscxipt was comparable in both vehicle 
and PG-truited groups of rats (Fig. 2). To cietennine the types of neuropeptidergic neurons 
in the PVN and the SON that express the gene encoding c-fos following central injection with 
the PG of E2 type, immunocytochemistry was puformed before in situ hybridization 
histochemistry on the same brain sections. The top panel of Fig. 3 shows examples of CRF- 

immunonactive &) n e m s  (brown staining) expressing c-fos mRNA (filled amwheads) in 
the parvocellular PVN of PGE2-treated rats. A large concentration of c-fos positive neurons 
were c01Ocalized within CRF-ir perürarya in the parvocellular division of the PVN suggesting 

activation of these neuroas by the central treatment with NEZ. However, not aii c-fos 

positive cells of the parvocellular PVN were CO-localized within CRF-V neurons (open 



arrowheads) and some CRF cell bodies aione were also detected in this hypothalamic 
division 30 min after the i-c-v. PGE2 injection ( m e d  arrowheads)- Double-iabeled OT-ir 
nemns  were also noted in the ventral part of the medial p ~ ~ o c e U u i a r  division as weii as 
witbin the lateraicaudal parvoceUuiar section of the PVN (result not shown). 

C-fos mRNA positive ce& in the magnocellular division of tbe PVN rats werc largcly 
~ 1 o c M  w i t b  OT-ir neurons 30 min after PGE2 admuiisaaa O . 'on (Fig. 3, bomni panel). 
h k d ,  severai OT-ir n e m s  displayed positive signal fm c-fos mRNA in tht rnagnoœIIuiar 
PVN (med armwheads) and very few OT perikarya alme w a e  found in tht magnoai iuk 
PVN of XE2-injected animais. Interestingly, some OT-ir cells positive fbr c=$i mRNA 
were also fowid in the anterior hypothalamic area and lateral hypothalamic ares (resuits not 
shown). in contrast, very few AVP-ir ceil bodies expressed the IEG c-fos (Fig. 3, rniddle 
panel); at both times pst-injection, most of the AVP-ir neurons of the magnocellular PVN 
were &void of positive signal for the mRNA encoding the IEG in PGE2-treated rats. 
Neither OT-ir nor AVP-ir perikarya expressed c-fos transcript in the PVN of vehicle- 
administered rats (results not shown). 

Figue 4 shows riepresentative examples of immunoc~hemis t ry  (AW-ir, top panel; 
OT-ir, bottom panel) combinecl with in sin< hybridîzation histochemistry (c-fai mRN& d v e r  
grains) in the SON 30 min after centrai POE? injection. In the SON, severai, if not all, OT-ir 
cell bodies were positive for c-fos minscript (bomrn panel, filled arrowheads) whereas few, 
but some, AVP-ir perücarya expresscd the IEG in the SON of PGE2-txeated animals. 

4.5.4 P G k  and CR. gene transcription 

To investigate the possibility that central injection with the PG of E2 type triggers 
transcription of CRF within selective regions of the brain, we used the intronic probe 
technology as a tool to detect the CRF primary transcript (heteronuclear (hn)RNA} 
throughout the rat brain. Interestingly, apart from the inferior olivary cornplex which 
displayed a low but positive signal for CRF hnRNA in both vehicle and PGE2-injected 
animals, basal expression of this transcript was not &tected in other regions of the brain 
(Fig. 5, right column). On the other hanci, PG& caused a selective and rapid expnssion of 
CRF primary transcript within the panmcellular division of the PVN without inducing 
detectable signal in other areas (Fig. 5, left column). The hybfidization signal for CRF 
haRNA was positive and significant in the PVN 30 min aftcr i.c.v. PGE2 administration and 



very low to undetectable in vehicle-treated rats and in animals sacrificeci 2 h afta injection 
with the PG mg. 6). This indicates a rapid but m i e n t  stimulatory Muencc of cenoal 
PGE2 on CRF transcription in the neuroendcxxhe nucleus dircctly ~spoiisible for the caitml 
of the HPA axis. 

4.5 .5 CRF recepm gene expression in the brains d PGEraated rats 

Rivest et ai., 1995). whereas the type 2 (the a splice variant) is expresscd in more 
&fine stnicnnes of the limbic system (2acroix and Rivest, 1995; Lovenberg et al.. 1995). 
strong basal levels of CRFl rcccptor trandpt are obsewed in severai regions of the brain, 
such as the Pir. medial nucleus of the amygdala, basolateral nucleus of the amygdala, 
subthalamic nucleus, red nucleus, latedorsal tegrnental nucleus, pontine grayT Purkinje and 
grande cell layexs of the œrebellum, nucleus incanis, spinal nucleus of the trigeminal nerve 
(oral part), principal sensory nucleus of the trigeminal nerve, extanal cuneate nucleus, and 
various layers of the cerebral cortex. A low to moderate signal is also & t e c d  in multiple 
sites, including the medial septal nucleus, nucleus of the diagonal band, BnST, SON, CcA, 
DMH, caudal division of the zona incerta, pretectal area, lateral genicdate cornplex, 
substantia nigra, interpeduncular nucleus (central subnucleus), PB, medial vestibular 
nucleus, nucleus prepositus, spinal nucleus of the trigeminal nerve (interpolar part), lateral 
reticular nucleus, and grade nucleus. While the PVN of vehicle-treated animals displayed 
low to barely detectable hybridization signal for CRFl receptor rnRNA, a significant 
induction of that manscript was detected in this endocrine nucleus 2 h aftcr i.c.v. 
administration of PG (Figs. 7 and 8). A notable increase in the relative levels of CRfi 
receptor mRNA was also obsaved in the SON of PG-administered rats 7 and 8). After 

a meticulous qualitative analysis of the brains of vehicle- and PGErtreated animals, it was 

not possible to &tect significant changes in other stnictures of the brain following central 
injection with the PG of E2 type. 

4.6 DISCUSSION 

The present smdy provides clear evideace that central treatment with causes a 
selective cellular activation as indicated by the rapid and transient expression of the XEG c-far 

mRNA within multiple regions of the brain. Among these regions, the OVLT. MPOA, 

SON, PVN, CeA, NTSK AP. and the AMBd displayed a moderate to strong hybridization 
signal for the IEG 30 min following central matment with the PG and the signal for this 



tmmxipt vanished 90 min after. In the parvoce11uiar PVN, CRF-ir and OT-ir acunins 
expresscd c-fos mRNA, whereas in the magnoce11ular PVN and the SON, the lEG was 
essentially located within OT-ir perilcarya Activation of CRF neurons was a h  associated 
with an increase in the hcanscnption of the neuropeptidt; PGE2 caused expression of CRF 
bnRNA selectively in this neuroendocriae nucleus and not in any other regions of the brais 
Mmeover, the CRFl receptor mRNA was significantly incnased in the PVN of 
freakd-animals suggesting that CRF can play a role wirhin this neuroendocriIie nucleus under 
central PG& influence. 

As presented by the table 1, systemic treatment with a moderate dose of LPS. an 
activatac of B type amte phase immune respoosc, induces a c-fos mRNA pattern quifie similar 
to the one obsemd in the braïns of centrally-administered PGE2 rats. It is thus permit to 
believe that production of POE2 in selective regions of the braùi of systemidy immune- 
challenged animals is an important step in the integrration by the brain of the infotmation 
received f k m  the periphery to restore the homeostasis when the aganiSm is challenged by 

foreign material. PG& synthesis and re1ease have been shown to be stixnulated in various 

regions of the brain by cytokines. In a miaodialysis study, Komaki et ai. (1992) have 

reportecl that intravenous administration of IL-1B induced a sigdicant increase in PG& 
levels in the OVLT and the medial part of the MPOA, a structure pmfoundly activated by 
systemic treatment with L 1 B  (Brady et al., 1994; Ericsson et ai., 1994). IL6 (Vallières et 
al, paper in preparation) and the bacterial endotoxin LPS (Hare et al., 1995; Rivest and 
Laflamme, 1995). This later region also exhibits high density of PG& binding sites in the 

rat brain (Matsumura et al., 1990) and is activated by cenaal marnent with the PG as 
revealed by expression of c-fos mRNA in tb present study. hterestingly, microinjection of 
PGE2 within tk OVLT/MPOA increases plasma ACTH dease, whaeas indomethach ar a 
PGE antagonist infused into this area of the brain significantly pnvented the stimulatory 
influence of i.v. IL43 administration in rats (Katsuuni et al., 1990). The fiut that the PVN 
receives flerent innervation h m  the OVLT/MPOA (Sawchenko and Swanson, 1983) and 
i.c.v. treatment with PGE2 causes transcriptional activation of neuroendocruie CRF (Figs. 5 
and 6) and ACTH and corticosterone rclease (Rassnick et al., 1995) are evidences leading to 
spccuiate that PG of E2 type are the interface between circulating cytokines (in particuk IL- 
1) and cells of the OVLT/MPOA involved in providing the information to the PVN t~ trigger 
the HPA axis. 



Although this hypothesis is quite amactive, it might be too simpiistic and as pnsmted 
h m ,  the OVLT is not the only saisorial CVO's activatecl by KE2; the SFO ami the AP also 
displayed positive signal for c-fos mRNA Because of the structural heterogencity of the 
CVO's. it is ciifficuit a> describe the ceU types expnssing the IEG following cenoal PG& 
injection and most likely involved several distinct classes of cells including endothelial, 
ependymal, glial, as well as neurod. Interestingly, we (Rivest and Laflamme. 1995) and 
0th- (Harc et ai., 1995) have reported that immune activation of B-type by systemic . . alfmtnistration of the bacterial endotoxin LPS caused expression of c-fos mRNA and protein 
within the OVLT, SFO and AP suggesting thenfort possible h i c  ktween local produdon 
of PG& within these structures during immune challenge. Whether ali the C V O ' s  are 
involved in the coatrol of neuroendocrine CRF and the HPA m a i n s  to be tesollved, but 
neuronal projections h m  SFO to PVN have been found hdeeâ, as previously described 
fœ the OVLT, a moderate number of retrogradely-labeled neurons can be found in the SFO 
after injection of a transporter within the hypothalamic PxfM (Johnson and Gmss, 1993; 
Larsen and Mikkelsen, 1995; Liposits. 1993; Sawchenko and Swanson, 1983). Most of the 

projections of the AP to the P W  are, on the o h  hand, Lkely to be indirect: this CVO 
provides dense input to the commissural and mediai parts of the NTS as well as the exoernai 

lataal part of the parabrachial nucleus (Cunningham et al.. 1994). two structures which 
massively innervate endocrine hypothalamus (Swanson et al., 1987). The targets of the AP 
are therefort in very good position to mediate the information received from systemic 
circulation as those observed duMg immune challenge and that PG of E2 type can be an 
important step in this cascade of events. 

As previously reported in animais injected systemically with IL- 1 (Ericsson et al., 

1994) and LPS (Rivest and Laflamme, 1995), central treatment with the PG causes 
expression of c-fos mRNA within the MPOA, BnST, CeA, SON, PVN, NTS/X, and 
AMB/ventmlateral medulia (Fig. 1). These brah structures are believed to be involved in 
many stress responses including cardiovascular, neuroendocnne and behaviord changes. 
The NTS/X is a region of pamcular interest here because this region, dong with the MPOA, 
displays the highest dtnsity of PG& binding site (Matsurnuni et al.. 1992) w h e m  the PG 
facilitates excitatory synaptic transmission in voltage-clamped neurons in rat NTS slices 
(Seriyama et al., 1995). The NTS is therefbre another good candidate to mediate some of the 
effccts of PG& during immune challenge on neuroendocrine fimctions. In fa* this nucleus 
provides the largest noradrenergic (NA) input to the PVN (Cunningham and Sawchenko. 
1988) and several of these neurons are activated by systemic IL-If3 injection (Ericsson et al., 
1994), whereas unilateral brain stem transections signüicantl y attenuated the activation of 



PVN CRF murons by the cytokine Wcsson et ai.. 1994). Chuluyan and collcagues have 
aiso ncently reponcd that naradnnergic innemation of the hypothalamus participates in 
adrienocamcal responses to IL1 (Chduyan ct aL, 1992)- The inmaction between ascendbg 
NA fibers and PGE2 in mediating the activation of neuroendocrine CRF neurons couid 
howew be located directly withïn the PVN; injection of M H û A  into the P W  deplacd h 
NA content by 85 46 and reduced by 80-82 96 the inmase in plasma cofticosteront levels 
following i.p. injection of IL1 (Chduyan et ai., 1992) and i-v. namient with L l B  
srimuiates production of PGE2 withùi the PVN measrned by both push-pull (Watanobt and 
Takebe. 1994) and microdialysis (Komaki et aL, 1992) techniques- 

Centrai injection with the PG& provolces a profound expression of c-fos within the 

PVN. in particular in the parvocellular division. where several CRF-ir neunns were positive 
for the IEG. This activation of CRF neurons within this endode nucleus was associated 
with an increase in CRF gene transcription as revealed by the rapid but transient presena of 
CRF primary transcript -A) in the rat PVN. Interestingly, only the CRF neurons of thc 
PVN seemed to respond to centrai PGE2 treatmenc the colocalization between c-fus mRNA 
ami CRF-ir was not detected in other CRF groups of cells and although basal expression of 
CRF hnRNA was observed in the iderior olivary cornplex. the PVN was the unique 
sbntcture exhibithg increased hybridization signai foa the primary transcript Selective 
activation of CRF transcription within the rat PVN has also been recentiy reporteù in the 

brains of immunechalienged rats (Rivest and Laflamme, 1995). a phenomenon signincantIy 
pnventcd by prc-treatxnent with indomethach (Lacroix and Rivest, wipublished data). These 
resdts are in agreement with the stimulatory influence of PGE2 on the activity of XPA axis 
and provide anatomical evidences that such phenomenon involved activation of 
neuroendocrine CRF cells. Injection of PGE2 into the ventricular space has also been 
repmed to suppress in vipo cellular immune rwpoases (Rassnick et ai.. 1995) and dtcreased 
mitogenic responses of spleen and blood lymphocytes is mediated by stimulation of HPA 
axis (Cunninck et ai., 1990). Taken together, these rtsults suggest that local production of 
PGE2 within selective structures of the brain may be an interface to activate stress neuronal 
circuitry involved to resw and maintain the homeostasis during infixtion and tissue trauma 
In this concept, neuroendocrine CRF nemm appear to play a crucial role in orchestrathg the 
appropriate concentration of glucocorticoids to restrain and prevent exaggcrated immune 
responses. 



Anunais treated cenoally with PGEz showed expression of CRh nceptor gene in the 
parvoce1lulardivision of the PVN whilc this aansCnpt was bmly detectablt in this mdocrint 
nucleus in vehicle-nuucd nnimair mg. 7). in the past two years, two distinct CRF irreptus 

have been isolated; the type 1 is widely distributcd throughout the bain (Potter et al, 1994, 
Rivest et aL, 1995). whereas the type 2 has two different splice variants, a shorter (also 
called a) and a longer f<lrm ( a h  d e d  p) (Lovenberg et ai., 1995; Perrin et ai., 1995). 
C R F k  receptor mRNA is located in very few defuie structures of the limbic system such as 
the lataal septum, ventromedial hypothalamus and the medial amygdaloid nudei whik the 
type 28 is expressed in severai peripheral tissue but not in the brain (Perrin et al., 1995). We 
have recently reporad rhat systemic treatment with the bacmial LPS induces transcription of 
CRFl receptor in the rat PVN (Rivest et ai., 1995) but simiiar treatment did not Plter 
expression of the type 2 in the nit brain (Lacroix and Rivest, 1995). The role playcd by the 

CRFI receptor in the PVN of immune- and PGE&dienged aaimals is far h m  been clear 
but because this receptor is expressed in a large concentration of neuroeadocrine CRF 
nemns in challenged animals (Nappi and Rivest, 1995; Rivest et al., 1995), we believe that 

CNS CRF can modulate in a positive marner the activity of a selective group of cells within 
the hypothalamic PVN, a phenomenon most Iike1y related to the HPA axis during the acuoe- 
phase rcsponse. 

In the magnoceliular division of the PVN and the SON. most of the c-fos expressing 
cells were colocalized in OT-u neurons, a phenomenon recently observeci in rats treated 

systemically with L 1 B  (Ericsson et al.. 1994) and LPS (Rivest and Laflamme. 1995). 
Several OT-ir murons located in the ventral part of the medial parvocellular division as weli 
as wiuiin the lateral-caudal parvocellular section of the PVN also displaycd positive 
hybridization signal for c-fos mRNA. The role played by OT neurons during immune 
challenge has yet to be investigated but it is possible that some of these ceiis, in particular 
those locaiized in the parvocellular parts of the nucleus which pject to Qrsal vagal amplex 
and the uitermedio-lateral column of the spinal cord, participate to trigger directly the 

sympathetic nervous system (SNS) activity. Centrai injection of PGE2 increases splenic 
sympathetic nerve activity in rats (Ando et al., 1995) and involvement of this system in the 
immunosuppression bas been suggested (Swidar et al.. 1990). whereas the stimulatory 
infiuenœ of L 1 B  on SNS activity can be prevented by cyclooxygenase inhibitors (Ichijo et 
al., 1994). PGEz of central Ongin could therefm be involved in the activation OT nemns 
pmjecthg to the spinal c d  to stimulate the SNS in immune-challenged animais. although 
this hypothcsis still ranains to be M y  investigated We have also detected OT-ir nemns in 
the lareral magnoceiiulat component of the PVN that were positive for the EG c-fos mRNA 



and these neurons, as for thost of the SON, end their projections to the posterior pituitary* 
The physioïogical devance of these resuits nanains unœrtain but OT belongs to a f d y  of 
neiaopepti&s able to potentiate the action d netmendocrine CRF on the secretion af ACIH 
h m  corticotroph cells of the adenohypophysis during various typcs of chaliengcs. 
Secretion of OT into the infundibula. process and in the circulation would thenfore be 
another candidate to help stimulahg the HPA axis diiring immune challenge. As mentioned 
kfm, in the magnoceilular PVN, very few AVP neuroM expressed c-fos traasaipt aber 
central seatment with PGEz whereas in the SON, some double-labelcd neurons (AVP-ir + c- 
fos mRNA) were detected. Although involvement of vagopressin system in fesponse to 
cytokines and immune challenge bas been suggested (Berkenbosch et d., 1987; Harbuz et 
ai., 1992; Watanobe and Takebe, 1994), the number of AVP neurws a c t i v a  by central 
PGE2 administration and systemic LPS aeamient is by no Qubt much Iowa than OT cells. 

In conclusion. i.c.v. injection of PG& induces c-fos expression in several strucnirw 
recognued to be activated diaing the acute phase response of an immune challenge and in a 
similar manner. centrai treatment with this PO, dggers transcription of CRF and its type 1 
receptor essentially in the hypothalamic PVN. Local production of PG& might thaefont bc 
a crucial step withia the CNS to mediate the effccts of cytokines and other immune-related 
systemic factors on the neuronal cïrcuitry involved in the activation of the HPA axis and the 
sympathetic nervous system. Reinforcing this concept is the fact that indomethacin can 
significantly prevent LPS-induced neuronal activity in the rat brains, although this seans to 
depend upon the dose and the activated structures by the endotoxin (Lacroix and Rivest, 
paper in preparation). 
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Table 1: 

Quaiïtative analysis of hybridization signai for c-fos mRNA in the brain of rats treated 
ceneally with PGE2: A cornparison with the distribution of the immediate eorly gent 
throughout the brains of immune-challenged rats with the bacterial endotoxin 
lipopolysaccharide (LPS). 



LPS i.p. PGE2 
25 cld i.c.v. Vehicle 

Regioo 100 g 2 MI 
b.w. lOu1 

Subependy~iril zone 
Lateraï septal iackiis 
Beà nociess of the stria terminalis 
Suprachiasmatic nockus 
Medial prcoptic an0  (MPOA/OVLT) 
PeriveatrkuIar nadees al #e Lypotbhmus 
Smpraoptk iocIeus 
Amterior hypothalamic aucleiis 
Smbfornical organ 
Hypo&aiamic paravembkolor nocieus 
Paraven~oltu nucleus of the thaiamus 
Thaïamris (gemerai) 
Central nuckas of the amygdala 
Arcaate nuckas 
Median eminence 
Dorsoaiedial nucleus of the hypotbalamos 
Subthaiamk nucleus 
Lateraï geniculate complex 
Laterodorsril tegmental nucleus 
Parabrachial nucleus (exter& lateral part) 
Locus coerulem 
Cochlear nucieus 
Spinal audeils of the trigeminal 
Nacieus raphb paiüdes 
Nucleus d the solitary tract 
Ambiguuzi nucleus (dorsal division) 
Lateral reticulrir nircleus 
Area postrema 
Cortex (general) 
Choroid plexus 
Ependymal celis of ventricles 

In situ hy bridization histochemistry was accomplished via 35-S-labeled cRNA prok 
encodïng the gene c-fos. Animals were s&ced U) min aher an intraœrebroventricular 
(ic-v.) injection of the prostaglandin of E2 type (PGE2, middle colurnn) or the vehicle 
solution (nght column). For cornparison, distribution of c-fos throughout the bralns of 
animais s d c e d  3h a f '  systemic (Lp.) treatment with the immune activator of B-type 
lipopolysaccharide (LPS) is included (lefi column). Legends: ++tç, very smng signai; 
+++, s m g  si*; ++, moderate signal; +, low but positive signal; -, undetectable signal. 



Figure 1: 

Represeatative exampks of the distri'bution of the mRNA enccxüng the immediate euriy geae 
c-fos in the rat brain afm intracerebroventncular (i.c.v.) administration of pro=- E2 
(PGE2) or vehicle. Animals were deeply anesthethxi and rapidly perfused with 4% 

parafomaldehyde 30 min afkr treatment with PGE2 (2 pu10 pl) or the vehicle solution, 
These photos depict darkfield photomicrographs of dipped autoradiographs of hybridued 30- 
pm sections with c-fos riboprobe through identral areas of the rat brain. A) medial preoptic 
area; B) supraoptic nucleus of the hypothalamus; C) paraventncular nucleus of the 
hypothalamus; D) central nucleus of the amygdala; E) area postrema/nucleus of the solitaxy 
tract/dorsal motor nucleus of the vagus. XI0 (A, C, D, E), X 25 (B). 



PGE2 VEH 



Influence of inwcmbroventricular (~c.v.) admiaidon of IGE2 or vekIe cm the average 

optical density (O.D., arbitrary units) for c-fos mRNA hybridization signal in the 
paraventricular nucleus (PVN) of the rat hypouiaiamus. The OD. was quantifid in both 
sides of the medial PVN using ao Olympus Optical System (BX-50, BMax) coupleci to a 
Macintosh cornputer (PowerPC 7100/66) and Image softwam (version 1.55 non-FPU, W 
Rasband, m. Results represent means f SEM and statistical analysis was perftnmed 
using a two-way anaiysis of variance (2 x 2) followed by a B o n k m  post hoc test 

(Staview 4-01). *, Signincantly different (P < 0.05) b m  al i  the otbcr pups  of rats. For 
more information on image analysis, see Matials and Methods. 



PVN c-fos mRNA (OmDm) Vehicle 
PGE2 

ANOVA 
Treatment (A): P<0.0067 
Tirne (B): Pe0.0009 
A x B: Pe0.0236 

Time (h) 



Expression of the mRNA encoding the immediate early gene c-fos in selective 
neumpeptidergic perikarya located in the hypothalamic paraventricdar nucleus (PVN) of 
PGE2-trtated rats. Animals were killed 30 min after an intracerebroventriculat ( irv . )  
administration of S E 2  (2 WlO pl) and colocalization of corticonopin-releasing factor 
(CRF), vasopressin (AVP). ar oxytocin (OT) perürarya with c-fos expressing newns was 
perfonned. Immunocytochemistry (CRF, AVP, or OT protein, brown neurons) was 
accomplished on the same brain sections (30 pm) beforc in sine hybridization histochemistry 
(c-fos mRNA, silver grains). For more details on the combination of botb 
immunocytochemistry and in situ hybridization techniques, see Materials and Methods. 
Filled arrowheads, CRF (top pictwe), AVP (middle picaire), or OT (bottom picture) neurons 
expressing the mRNA encoding c-fos; Open mwheads. c-fos positive nemm alone; 
aWbd arrowheads, nempeptidergic nemm alone. CRF-ir, corticonopin-releasing factor- 
immunoreactive neurons; AVP-ir, vasopressin-immunoreactive neurons; OT-ir, oxytocin- 
immunoreactive neurons. X250. 





CoIOcalization of vasopressin (AVP) and oxytoch ( O T ) - i m m m v e  ci) œurons with c- 
fos expressing celis .in the hypothalamic supraoptic nucleus (SON) of animals treated 

centraily with the prostagiancün of E2 type (PGE2). Animais w a t  kitled 30 min afm the 

tnatment. Imrnunocyt0chemistry (AVP or OT protein, brown aeurons) was accomplished 
un the same brain sections (30 pm) b e f a  in siac hybridization histochemisay (c-fos m m  
silver grains). FiLIed arrowheads, AVP (top picain) or OT (bottom picturc) neurons 
expressing the mRNA encoding c-fos; Open arrowheads, c-fos positive nemm alone; 
Cumd arn>wheads, neiiropeptidergic nemm done. X250. 





Distribution of CRF primary manscript in the brain of animals treated 
intracerebmvenmcularl y (i.c.v.) with prostaglandin E2 (PGE2). Animals wcrt deepl y 

anesthetid and rapidly pafused with 4% parafarmaldehydt 30 min aha the k v .  treatment 
with PGEz (2 pu10 pl, leh column) or the vehicle solution (right column). These rostre- 

caudal coronal sections (30 pm) were hybridized with a selective probe that was 
complementary to the rat CRF inmn. pmvidïng an indication of carly transcription of this 
stress-related neuropeptide. Note the very selective induction of CRF hetaonuclear (CRF 
hnRNA) manscript in the hypoùialamic pataventricular nucleus (PVN) by i . c x  PG& (left 
column). Cer, cerebellum; CP, cau&te putamen; 1% inferior olivary cornplex; LV, lateral 
ventride; ME, median eminence; MGC, medial pniculate cornplex; MM, mammillary body; 
SPVI, spinal trigeminal nucleus; V3, third venmcle; V4, founh ventride. 



Vehicle 



Figure 6: 

Tirelated influence of i n t r a œ r e b m v t n ~  (~c.v.) PG& injection on CRF m t i a  
@rimary mscript) in the parvoceiiuIar division of the paraventricular nucleus of the 
rat hypothalamus. These photos depict darkfield photomicrographs of dipped 
a u ~ o g r a p h s  of hybridized 3û-pn sections with nit CRF intronic probe through identical 
areas of the right PVN. Animals were deeply anesthetized and rapidly pemised with 4% 
parafo~llaldehyde 30 and 120 min afkr  trcamient with PG& (2 WlO pl. left column) or the 

vehick solution (right column). Note tbc rapid and W e n t  induction of CRI? heteronucfear 
(CRF hnRNA) manscript in the PVN as soon as 30 min af tn  centrai adminidon with the 
PG. X2S. 





Figue 7: 

Representative example of the effm of centrai (Lc.~.) injection of PGE2 on the expression of 
CRF type 1 receptm mRNA in tbc paraventricular nudeus (PVN) and supraoptic nucleus 
(SON) of the rat hypothalamus. These photos depict darldield photomicrographs of dipped 
autaradiographs of hybridized 30-pm sections with specfic probes to hybridut nit C'Rh 
receptar  script through identical anas of the right PVN and SON. Animais were deeply 
anesuictized and rapidly pemiJed with 4% PiirafORnalciehyde 2 h af ta  m e n & .  W. 





Figure 8: 

Influence of intracerebrovenmcular (i.c.v.) injection of PGE2 or vehicle on the average 
optical density (OD., arbitrary units) fa C m  receptor mRNA hybridhtion signal in the 
paraventricular nucleus (PVN, top panel) and the supraoptic nucleus (SON, bottom panel) of 
the rat hypothalamus. The 09. was quantified ia both sides of the medial PVN and the 
SON using an Olympus Optical System (BX-50, BMax) coupled to a Macintosh amputer 
(PowerPC 7100/66) and Image software (version 1.55 non-FPU, W Rasband, NIH). 
Resuits represent means f SEM and statistical aaalysis was pafonned using a two-way 
analysis of variance (2 x 2) foilowed by a Bonfemni/Dunn post hoc test (Staview 4.01). *, 
Sigdicantly merent (P < 0.05) fkom ai i  the otha groups of rats. For more information on 
image anaiysis, see Material and Methods 



PVN CRF-Ri mRNA (O.D.) 

SON CRF-RI mRNA (O.D.) 

lime (h) 
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L'objectif de cent 6aide &ait d'6tudier l'expression dcs gènes encodant les enzymes 
limitantes ii la production des prostaglandines (COX-1 et 2) au cours de la réponse 
immunitaire de type aigu et i% la suite d'injection systemique d'interleukines 
proinflarnrnatoires. L'endotoxine bacterie~e lipopolysaccharide (LPS; par voie 
iniraveineuse [ix] ou inaapQimnéale [Lp.]) et la airpentine (par voie inwmusc- [k]) 
haent employées B titre de diff6rents modèles inflammatoires chez des nus adultes Spraguc- 
Dawley (450 g). D'autres animaux furent 6gaIement sacfifi& B diffirents temps, suivant 
Pinjecoion i x  d'interleukin (IL)-lB, du facteur nécn,sant des tumeurs 0 - a  ou dlGa 
La technique d'hybridation in situ fut utilisée af in d'analyser les structures exprimant les 
ARNm encodant les protéines COS1 et 2. Les résulaits montrent que l'injection sydmiqpe 
de LPS a fernent  stimulé la transcription du géne encodant COX-2 dans l'ensemble de la 
microvasculatiirt cérébrale (fort probablement daos les cellules endothdliales). les plexus 
chmïdiens et les leptorntninges. De plus, l'administration i x  & l'endotoxine LPS a aussi 
augmenté les niveaux d'expression du gène COX-2 dans la division parvocellulaire des 
noyaux paraventrïculairts de l'hypothalamus. L'injection Lm. & la turpentine a stimulé la 
synthtse du traoscrit COX-2 dans les vaisseaux sanguins de Sensemble du cerveau. Fait 
indnssaat, ie signal observ6 chez tous les animaux suivait & f-n parallèle l'inflammatiw 

& la patte. Des taux Clevts dARNm & C O X 2  ont tté rapidement détectés dans la 

microvasculature du systèmc nerveux centrai de rat injectés avec l ' L l B .  De leur côté, les 
animaux trait& avec le TNF-u ont plutôt mond une modeste. mais tout de même 
significative, induction du signal dans cette même smicf~re. Par contre, l'injection i.v. bIL 
6 n'a provoqu6 aucun changement d'expression de FARNm de COX-2. Quant au gène 
codant COX-1, aucun traitement n'a influencé sa synthese dans le cemeau de rats. Ces 
résultats sugg&rent donc que certains groupes cellulaires très specinques, en particulier les 
cellules endothéliales et/ou les cellules microgliales ~vascul~s-associées, sont impliqués 
dans la production centrale des prostaglandines au cours de la réponse inflammatoire 
d'origine systémique et que certaines cytokines circulantes, dont L'IL 1B. seraient impliquées 
dans œ mécanisme. 



Tk a h  of this study was to investigate the innuence of die amte-phase ruponrie and 
the proinflammatory cytokines on the transcription d the genes cncoding the Iimiting 
enzymes fat the production of pmstaglandins (PGs). CûX-1 and f in the rat brain. Tht 
bacterial endotmin lipopolysacchari& (LPS, iv.  and i.p.) and turpentine (i.m.) wexe 
employed as different models of inflammation in adult male rats. Animals werc &O 

e c e d  at various times after iv. administration of interleuLin (IL)-lf3, tumor-ncnosie 
f- alpha --a) and IL6 and mRNAs encoding COX-1 and 2 w a t  assaycd by ut sinr 
hybri-on histochemistry. A profomd tnwcriptional activation of the gene encoding 
COX-2 was &tcctcd o v a  blood vesseIs of the entire braîn microvasculaturt, chmid pluau 
and leptomcninges of LPS-challenged rats. Injection of the endotoxin iv. also increased 
COX-2 gene expression within pam0ceUula.r division of the hypotIialamic paravenaicdar 
nucleus. Intacstingly, i.m. turpentine injection stimulated transcription of COX-2 dong 
endothelium of brain capillaries and the signai of this m s a i p t  paraileled the innrimmatian of 
the lefi hind l h b .  A robust COX-2 mRNA signal was rapidly detected in the brain 
mimvessels of 3L-1&injected rats, whenas TNF-a administration caused a modest but 
signifiant induction of this oaosQipt In contrast, i.v. injection of IL6 did not alter genetic 
expression of COX-2 and none of the above described models afkted the synthesis of 
COX-1 gene in the rat brais These resdts inniCate that spccinc ceil populations, in particular 
vascular- ancl& perïvascular-associated cells, are responsibie for îhe central production of 
PGs diiring systemic inflammation and circulathg L 1 B  is iikely to be a potent mediator of 
this response. 



Activation of the immune system is frnown m a i t a  severai brain functions that in 
retum may play crucial roies in controlling appropriate systemic immune ~esponses. This 
concept of bilataal interaction between the immune and neural systems is best illustrated by 

the stimulatory iduence of proinfiammatory cytokines, in particular interleutin-lB (E-lB), 
on the activity of nemm responsible for the increase of plasma levels of glucocorticcMs, 
whrh are potent immunosupressars and activators of the hepatic acute-phase proteins (APP). 
The production of cytokines by activateci macrophages and lymphocyres in presence of 
foreign matcrials q s e n t s  an essential feannc of the eariy events of the immune activation 
characterizing the acute-phase response (Dinadio. 1989; Rabin et al.. 1990). The 
development of experïmental models triggering some of the events occurring during this 
acute-phase has been ver-  usefd in better undastanding the mechanisms &ugh which 

infectious disuises modulate neuronal and enQcrine huictions. Aldiough not an exact model 
of infection and inflammation, systemic administration with the bacterial endotoxin 
Iipopolysaccharide (LPS) is an accepted mean to increase the release of a senes of 
immunoreguiatory, cytotoxic, and iaflammatory molecules (including L I ,  IL.0 and tumar- 

nccrosis factor-a [TNF-a]) fiom the peripheral immune system (Andersson et d., 1992; 
Bris tow et d, 199 1; Nathan, 1987) and therefon produces simila, ph ysiopathological 
outcornes that take place during sepsis (Dinarello, 1984; Ertel et ai., 1992; Kushner, 1982). 
It has k e n  demonstrated that LPS may induce monocyte responses by interacting first with 

s e m  protein, Le. LPS-binding protein (LBP) or septins, and then with a cell-surface 
molecule, CD14 (Wright et al., 1990). Inuaxnuscular (Lm.) injection of turpentine is a 
Werent experimental mode1 of stenle inflammation (Le. an inflarnmatory response 
developed in the ab- of any miCrobial stimulus), which induces a local tissue damage that 
is responsible for the development of the systemic acute-phase response. This mode1 

produces a more restricted cytokine response (Le. IL10 and L-6) to acute localized 
infiammatory insults (Fantuzp and Dinarello, 1996). Both LPS and tiirpentine inflamm- 
stimuli have been shown to produce a rapid incnase of plasma adrenocorticotmpin ( A m  

and corticosterone levels, a phenornenon dependent on the release of neuroendocrine 
corticotropin-releasing factor (CRF) (Fantuzzi and Dinarello, 1996; Tumbull and Rivier, 
1996). 

The prostaglandins (PGs) are autocrine and paracrine hormones that mediate 
numerous cellular, neuronal and physiological rtsponses after induction with a variety of 



substances, including inflammatory molecules and mitogens. Indeed, nonstemidal anti- 
inflammatory dmgs that prevent or decrease PG production can attenuatt the ef fa ts  of 
Mmune insults and proinflammatory cytokines on neuronal coctivîty, neuropeptide gene 
transcription and many other physiological functions attributed to activation of spbQnc 
ceîldar populations in the brain (Lacroix and Rivest, 19%; h m i x  and Rivest, 1997, Rivest 
and Rivier, 1995; Rivier and Rivest, 1993). Blockage of the eicosanoid cycIooxygenasc 
pathways is able to inhibit the stimulation of CRF release by botù IL1 and 6 cytokines fhm 
in vitro hypothdamic explants (Lyson and McCann, 1992; Navarra et al., 1991) and isolatcd 
median eminence (McCoy et al., 1994). In addition, in vivo studies have âernonsrrated that 
inhibition of PG production is efficient in p r e v t n ~ g  the A m  release induced by IL1 
(Katsuura et al., 1988; Rivier and Rivest, 1993) and LPS-induced transcription of CRF in 
the paraventricuiar nucleus (PVN) of the hypothamus, an effect dependent on the dose d 
the thne after the endotolan challenge (Lacroix and Rivest, 1997). Moreover, arachidonic 
acid metabolkm also participates in the endomXia- and hrrpentinc-inductd adrenocoftical 
activation in the rat (Smith et al., 1994; TurnbuIl and Rivier, 1996). Subcutaneous injection 
of a dilute fornialin solution into the hind paw produced spinal release of PGE2, wheruur 
cyclooxygenase inhibition via ibuprofen administration suppnssed by 50 % the release of 
excitatory amino ands within the spinal dorsal h m  (Malmberg and Yaksh, 1995). It has 
also been proposed that the mechanisms of action underlying the febrile response to 
enQtoxin and cytokines invoive the cyclooxygemse pathway and the locaüzed diencephalic 
synthesis of PGs (Komaki er al., 1992; Lopez-Valpuesta and Myers, 1994; Sirko et uf., 
1989). 

The exact PG subtype(s) and the site(s) of action withh the brain involved in these 
events sti l i  remain unclear. Although various P G s  have the potenrial m mediate the influence 
of immune-nlated fxt015 on neuronal activation and netmendocrine furictions, a large body 
of evidence indicates that PG of Ez type might be involved in sevaal changes observed 
during immune challenge and m e n t  with cytokines (Komaki et d., 1992; Navarra et al., 
1992; Rassnick et al., 1995). Moreover, central injection of PG& induces specific and 
selective expression of c-fos protein (Scammeli et d., 1996) and mRNA (Lacroix et d, 
1996) in several structures known to be activated in the brains of endotoxin-challtnged rats. 

This raises the possibility that local production of PGE2 is a crucial step within the CNS to 
mediate the d o n  of circularing immune-related faftors. The formation of PGs i s  initiateci by 
the action of CUX (also known as prostaglandin endopefoxide H-synthasc or PGHS), which 
catalyses two separate reactions; the f h t  king the oxygenation of arachidonic acid to the 
unstable PGG2 by a cyclooxygenase function and the second, the substquent reduction of 



PGG2 leading to a more stable PGH2 by peroxidase reaction. Although constitutive 
expression of the isof<nm COX-1 was found in various ceIi types, mRNA and p t e i n  leveis 
remain somewhat unchanged diiring idammatory challenges and thezef- believed to play 
housekeeping roles (DeWitt et al, 1990; DeWitt and Smith, 1988). In contrasf COX-2 
isoform is undetectable in most tissues under basal conditions, but markcd transcnptional 
advation can be o b m e d  in macrophages and other cell types by the endotoxin LPS and 
pminflammatory cytol9nts (Hempel et id., 1994; Jones et al.. 1993; Lee et d, 1992). 
Inttnstingiy, systemic LPS and L I B  injections have ncently been show to stimulate 
production of this enzyme within the mouse (Breder and Saper, 1996) and rat (Cao et al., 
1995; Cao et ai., 1996) brain, in particular throughout the entire miçrov8scuIature. Whether 

brain COX-2 gene expression constitutes a general mechanism triggered by the systemic 
infiammatory responses has yet to be investigated The endotuxin LE6 may cause severai of 
its effeco in binding to the cd-sinface reœptor CD14 or in a c ~ g  dbectiy m endotheiium of 
brain capillaries, which is not necessarily nflecting the cascade of events produceci during 
localized inflammatory reaction. The purpose of the present study was thercfon to 
investigaie the influence of different experirnental models of acute-phase immune reaction 
(i.~. and i.p. endotoxin injections and i.m. turpentine insult) and the proinflammatory 
cytokines (Llf3, TNFs and IL-6) on the regdation of genes encoding the ensymes COX-1 
and COX-2 thoughout the rat braia. 

Addt male Sprague-Dawley rats (-230-260 g b.w.) were acclimated to standard 

laboratgr conditions (14-h iight, 10-h dark cycle; lights on at 0600 and off at 2000) with 
fine access to rat chow and water. Each rat was only used once far experimentation, and al l  

protocols w m  approved by the Laval University's Animal WeIfare Cornmittee. A total of 
124 rats were assigned to different protocols divided among the types of treatment and the 
route of administration (ip. administration of LPS, i.v. injection of LPS, IL-1&, TNF-a op 
IL6 and i.m. turpentine injection into the Ieft hind h b ) .  Corresponding vehicle-treated rats 
wexe also sacrificed at different post-injection tunes. 



Animais receiving i.v. or i.p. injections were chaicaiiy implanted with steriie 
cannulas. Rats were anesthetized with an ip.  injection of a mixture (100 pJ/100 g b.w.) of 
ketirmine hydrocIiIoride (91 mg/ml) and xy- (9 mgm) and implanted with a catheter iato 
the jugular vein or into the peritoneal cavity. Cathete~ wexe made h m  a piecc of silastic 
tubhg (Silastic medical graâe tubing. ID 0.W in.. OD 0.037 in.; Dow Chnhg, Midland. 
MI) mnnected to an in~medic polyethylene tubing (PE-50, Caly Adams, Parsippany, NJ.). 
Outlets of cannulas weze placed at the kvel of the neck and rats were housed individually in 
metal cages for a recuperation @od of two to five days. 

On the day of the experiment (-0830 in the moniing), the outlet portion of each 
catheter (tv. or Lp.) was fixed to a truncated 27 g needle which was attacha to a PE-50 
tubing. These connectors were then &ed to a lcc syzïnge and rats were placed indivinllaiiy 
in a quiet niom for at l e s t  2 hours kfore the injections. 

5.4.3.1 Rotocol 1: htravenous administration of LPS 

Intravenous administration of 10 pg LPS/100 g of b.w. (hm Escherichlu coli. 
Serotype 055:B5. Sigma, L-2880. lot #122H4025) diluted in 200 pl of sterile pymgen-fke 
saline or the vehicle solution was perfonned into the nght jugular vein. The animals were 

conscious and k l y  moving at all times throughout the procedure. One and 3 hours a f k  the 
treatment, animals were deeply anesthetized via an i.v. injection (100 pi) of a mixture of 
ketamine hydrochlori& and xylazine and then rapidly perfused transcardially with 0.9% 
saline, followed by 4% padomaldehyde in 0.1 M borax buffkr (pH 9 5  at 4 O C ) .  

5.4.3.2 Rotocol 2: Inaapritoneal administration of LPS 

The bacterial enàotoxin LPS (50 pgl100 g b.w.) diluted in 300 pl of Stenle pyrogen- 
free saline or the vehicle solution was infuseci through the chronicaiiy implantai cannula into 
the paitoneal cavity. The nits were conscious and h l y  mowig at aU times throughout the 
experirnentai pnicedure. One. 3 and 6 h after the ip.  injections, the anirnals were deepIy 



anesthetid via an i.p. aâminissation (300 pl) of a mixaire of ketamine hydrochloride and 
xylazioe and then rapidly pemised aanscardially as mentiomed. This dose and the time 
points were selected on the basis of previous studies demonstrating strong neuronai ard 
tnuiscriptionai activation of the gents encodiag CRF and its type 1 receptor in the brain 
(Lsaoix and Rivest, 1996; Lacroix and Rivest, 1997). 

Rats were injected into the left thigh muscles with 50 Wlûû g b.w. of turpentioe 
(Spectrum Chernical Mfg. Corp., TU 109, CAS 8006-64-2. Ganâena, CA) or 0.9% of 

sterile pymgen-fke saline and transcardidy pemisad at 1,3,6 and 12 h post-injection times. 
This dose was selected on the basis of previous studies showing evident swehg of tht hind 
limb and profound increase of the HPA axis in rats (Ttmbull et a&., 1997; Tumbuil and 
Rivier, 1996). In the present case, we observed a robust idammation 6 and 12 h aRtr M. 
injection of nnpentine, whereas no visible change was observed in vehick-adminismed rats. 
This expaimental modtl of stailt inflammation (i.e. an infiammatory nsponse developing in 
the absence of any miaobial stimulus) induces a local tissue damage that is responsible for 
the development of a systemic acute-phase response. This mode1 also produces a m m  

restricted cytokine response, in pamcular IL- 1 and IL-6, to acute 1ocaIized infiammatory 
insult. 

5.4.3 -4 Rotocoi 4: Intravenous administration of proinfiammatory 
cytokines 

Recombinant rat IL-lB (rrIL-1B; 187 ng/lOû g b.w.; kindy pmvided by Dr. R Hart, 
The State University of New-Jersey Rutgers, Newark, NJ), recombinant rat TNF-u 
(rraTNF-a; 410 ng/100 g b.w.; cataiog # PRC3014, lot # 2248-02B; Biosource Int. 
Carnariilo. CA), recombinant human IL6  (rhIL-6 12 pg/100 g b.w. 121 x 103 WorId 
Heaith Organization Units]; catalog #206-IL, lot #AI1 3407 1; R & D S ystems, Minneapolis, 
MN) or the vehicle solution (200 p l  of stede pyrogen-free saline) was injected tbugh  the 
right jugular vein. These doses have been shown to cause activation of the HPA axis and/= 
expression of c-fos gene in the rat brain (Ericsson et al., 1994; Sapolsky et al.. 1987; Sharp 
et al., 1989; Vallières et d, 1997). The animals w m  conscious and îkely moving at ail 
times thmughout the pn>cedrne and wert deeply anesthetized via an i.v. injection (100 pl) of 



a mixture dicetamine hydrochloride and xyiazine and rapidly perfused mmcadaUy 1,3 and 
6 h afm tbe injection with the cytokine aria vehick. 

Rapidly after the transcardiac perfusions, brains were removed h m  the shills, 
post6xed for 2 to 8 days, and dien placed in a solution containhg 1096 sucrose diluted in 4% 

parafomaldehyde-borax baer  ovanight at 4 O C .  The fnnen brains were mounted on a 
microtame (Reichert-Jung, Cambridge Instruments Company, m e i d ,  IL) and cut inm 3& 
pm coronal sections fkom the olfactory bulb to the end of the meci& The slices w a e  
collected in a cold cryoprotectant solution (0.05M sodium phosphate buffer, pH 7.3,30% 
ethylene glycol, U)% giyced) and stored at -20 O C  Hybndization histochemical locaüraton 
of each transcript was carried out on every sixth section of the whole rostm-cauniil extent of 
each brain using 3%-labeled cRNA probes. Rotocols for riboprobe synthesis, 
hybridization, and autoradiographic localization of mRNA signal were adapted nom 
Simmons et al. (1989). AU solutions were matcd with diethylpyrocarbonafe (Depc) and 
stcrilued to prevent RNA degradation. Tissue sections mounted onto poly-llysine-coated 
slides were desiccated ovemight under vacuum, fixed in 4% paraformaldehyde f a  30 min, 
and digested wïth proteinase K (10 pg/rnl in 0.1 M ais HQ, pH 8.0, and 50 mM EDTA, pH 
8.0, at 37 OC for 25 min). Thereafter, the brain sections were rinsed in sterile Depc water 
followed by a solution of 0.1 M triethanolamine (TEA, pH 8.0). acetylated in 0.25% acetic 
anhydride in 0.1 M TEA, and dehydrated through graded concentrations of alcohol(50,70, 
95, and 100 96). After vacuum drying for a minimum of 2 h, 90 pi of hybridization mixture 
(IO7 cpdrnl) was spoaed on each sliàe, sealed under a coverslip, and incubated at 60 O C  
ovemight (-15-20 h) in a dide warmer. Covenlips were then removed and the slides were 
~ S e d  in 4x standard saline citrate (SSC) at m m  temperature. Sections were digested by 
RNAse A (20 pg/ml, 37 O C ,  30 min), rinsed in descending concentrations of SSC (2% lx, 

OSxSSC), washeû in O.lxSSC for 30 min at 60 OC (1xSSC: 0.15 M NaCl, 15 mM 
trisodium citrate buffer, pH 7.0) and dehydrated through graded concentrations of dcohol. 
After king dried for 2 h under vacuum, the sections w e n  exposed at 4 O C  to X-ray films 
(Kodak) for 4 days, defatted in xylene, and dipped in NTB2 nuclear emulsion (KodaL; 
diluted 1: 1 with distilled water). Slides were exposed for 21 days, developed in Dl9 
developer (Kodak) for 3 5  min at 1415 OC, washed 15 sec. in water, and fixed in rapid fixer 
(Kodak) for 5 min. Tissues were then rinsed in mnning distilled water for 1-2 h, 



countentained with thionin (025 %), dehydmted through graded concentrations of alcohoi, 

cleareû in xylene, and 00versIipped with DPX 

5 -4.5 CRNA probt syuthesis and preparation 

The pGEM4 pksmidP containing the nu COX-1 aad COX-2 cDNA fragments (kindly 
provided by Dr. K Peri, Ste-Justine Hospital Research Ccnotr, Montrt81, rsnada) wert 

linearized with HUià III and EcoR I for the antisaise and seme riboproaS, nspective1y. The 

kngth of the COX-1 and COX-2 cDNA hgments were xespectively 143 base paiR @p) and 
176 bp consistîng of nucleotides 142 a> 285 and nucleotides 124 to 3ûû of the completc 
published cDNA sequena (Feng et al.. 1993). Radioactive cRNA copies were syathesinxi 
by incubation of 250 ng linearized plasmid in 6 m M  MgCl2. 40 mM Tris (pH 7.9). 2 m M  
spermidine, 10 m M  NaCl, 10 mM dithiothreitoi, 0.2 m M  ATP/GTP/CIP, [a-%]UTP, 4ûU 
RNAsin (Promega, Madison. WI) and UlZT of either SP6 (COX-1 and COX-2 antisense 
probes) or Ti (COX-I and COX-2 sense probes) RNA polymerasc for 60 min at 37 O C .  

Unincofporated nucleotides were removed using ammonium-acetate method; 100 pl of 
DNAse solution (1 pi DNAse. 5 pl of 5 rnglml M A ,  94 pl of 10 m M  tridl0 m M  M g U d  
was added, and 10 min later, a phenolchlorofom extraction was pedonned The cRNA 
was pxecipitated with 80 pl of SM ammonium acetate and 500 pi of lOO% ethanol fm 20 min 

on dry ice. The pellet was washed with 500 pi 70% ethanol, and resuspended in 100 
pl of 10 m M  Tris/l mM EDTA. A concentration of 10' cpm probt was mixed into 1 ml of 
hybndization solution (500 pi forniamide, 60 pl 5 M NaCl 10 pl 11 M Tris [pH 8.01.2 pl 
05 M EDTA [pH 8.01.50 pl 20x Denhan's solution, 2 0  pi 50% dextran sulfate, 50 pl 10 
mghnl tRNA, 10 pl 1M DïT, [Il8 pl Depc water - volume of probe used]). This solution 
was mixed and heated f a  5 min at 65 O C  before king spoatd on slides. 

5.5.1 Systemic administrations of the bacterial endotoxin LPS 

Figure 1 shows the distribution of the mRNA encoding the gene COX-2 in tk rat 
bmh. Positive hybndkation signal for COX-2 transcript was &tected in diffexnt regions of 
the brain under basal conditions. Inckd, vehicle-treated rats (right column) exhibitesi COX- 
2 expression in the basdateral nucleus of the amygdala (BLA), hippocampus (hip; fields 
CA1, 2 and 3 of Ammon's hom and dentate gynis). septohippocampal nucleus (SH), 



ventromedial hypothalamic nucleus 0, f d o l a  cinerea (FC), layer 2 of the pirifarm 
area (Pb), cingulate anex and multiple iayers of the cerebral cortex, includuig layer 2,3 ami 
5. Brightfîeld higha magnincation examination demonstrates that the basai signals were 
obsemd mainly, if not exclusively, in neuronal cek. 

Systemic injection of the bacteriai endotoxin LPS stimuhed expression of COX-2 in 
vmious non-parenchymal structures 1, lefi and middle columns), but in very fcw nlrlti 
of the braio and this effet was &pendent on the route of administration and the time of 
sacrifices- Only a smaii gmup of parenchymal cells displayed notable induction of this 

transcript af ta  LPS m e n t .  Indeed, qualitative aiialysis of hybridization signai on the X- 
ray films (data not show) r e v d c d  that COX-2 mRNA leveis in the BLA, hip, SH. FC. Pir 
and cerebral cortex of rats injected i.v. with LPS were not significantly d i f f an t  from those 
of the vehicle-treated anixnals at either 1 or 3 h pst-injection times. No clear hybriciization 
signal was observeci in the parenchyma of the organum vasculosum of the lamina arminaiis 
(OVLT)/ median preoptic area (MPOA); structures ~porttd to produce PGs afta systemic 
treatment with LPS (Ueno et al., 1982). Signal was also hardly detectable in other immune 
stress-responsive regions, including the bed nucleus of the stria terminalis (BnST), 
supraoptic nucleus (SON), cenûal nucleus of the amygdaia (CeA), ventm-lamal meduila 

and nucleus of the soiitary tract (NTS). However, i-v. injection of the endotoxin 
significantly increased the transcription of the gene encoding COX-2 in the endocrine 
hypothalamus, more specifically in the paraventricular nucleus of the hypothalamus (PVN). 
Figure 2 shows representative photomicrographs of the expression of COX-2 mRNA in the 
medial PVN (panel A) 3 h after i.v. injection of LPS. Agglomeration of silver grains 
forming COX-2 positive cells were largely found within parenchymal elements of the 

parvocellular division of the PVN (Fig. 2B and C), although few, but some COX-2 
elqmssing celis were also detected over b l d  vessels (bv) imgating this endocrine nucleus 
(Fig. 2D)- It is difficult to be certain that nemns are the cells that exprrss COX-2 mRNA in 
the parenchymal PVN in response to i.v. LPS, because the possibility remains that vascular 
anaor paivascular-associatecl œlls be isolated in the pnparation of brain sections. The PVN 
is probably the densest blood supply nucleus and it is virtually impossible to cut through the 
nucleus without getting many isolated cells that are actuaüy associatecl to blood vessek 

Systemic LPS injection strongly stimulated the transcription of the gene enfoding 
COX-2 in various non-panxchyrnai smcturcs of the brain, a phenmenon particularly mbust 
foUowing the i.v. route of administration. As depicted in figrire 1, marked induction of 



COX-2 gene was found within cells wnstituting brain capillaries, c h d d  plexus (chp) and 
the leptomeninges 1 and 3 h after iv. (lefi column) and Lp. (middlt wlumn) LPS injecrion, 
~wpectively. Representative examples of such phenornena arc depicted by the Fig. 3, which 
iilustnues dark- and brighdield photomicrographs of these structures hybridized with rat 
COX-2 riboprobe. Microscopie anaiysis of slides dipped in NTB2 nuclear cmulsion 
indicates that in addition to the en& brain microvascuIanrrie, which exhibited positive COX- 
2 hinscnpt, a large number of expressing celis of the chp and leptomeninges (two smi*inw 
higbIy vascularised) seem vascular and/or perîvascular associated In facî, most of the non- 
parenchymai œlls expresshg COX-2 mRNA (F'ig. 3, bottom left panel) possess the fbsS01~ll 

shape nonnally characterizing blocxi vessels. Whether these œiis are endothelial a n d b  

microgiial mains  to be established, although perivascuiar microgliai-aSSOciated celis have be 
found a> be positive fol COX-2 in respona to systemic LPS (see discussion). The i x  LPS 
treatment caused a rapid transcriptional activation of COX-2 over the entire m i c r o v a s c ~  
hybridkd signal was maximum at 1 h and declined 3 h aher the i.v. sadministration. 

The hybndization signal for COX-2 mRNA throughout the brain of ip.  LPS-injected 
rats was lower than the inttasity geaeraîly detected foilowing the iv.  m e n t ,  although tk 
pattern of distribution was quite comparable using both mutes of administration (Fig. 1). 
Induction of the mRNA encoding COX-2 over microvasculaturc was more rapid in the brain 
of i.v.-injected rats; positive signal was observeci 1 h after i.p. LPS, but pcaked at t h e  3 h 
and largely vanished 6 h after Lp. administration of the bacterial endotoxin. 

5.5.2 Brain COS2 gene expression in respo~l~e to acute local inflammation 

Animais were injectai with hirpentine into the muscle of the hind b b  to cause an 
acute localized inflammatory response. Figure 4 depicts a representative example of the 
distribution of the mRNA encoding the gene COX-2 in the rat brain 6 h after sterile local 
inflammation induced by i-m. administration of turpentine (50 WlOO g b-W.). As described 
befare, vehicle-treated rats exhibited COX-2 mRNA in different regions of the brain, such as 
the BLA, hip, SH, FC, Pir, Mgulate cortex and in the cenbral cortex. Clear induction of 
COX-2 transcript was observexi throughout the entire microvasculature of im. arrpenthc- 
injected brains as well as within the chp and leptomeninges. In connast to i.v. US-injected 
rats, a low message was detected within partnchymal elements of the hypothalamic 
parvoceiiular PVN foilowing Lm. turpentine administration. Intenstingly, transcriptiod 
activation of COX-2 in the brain parallelecl the visible infiammation (swelüng) caused by the 



turpentine aggression. Indeed, COX-2 manscript was not induced in the brain of mimals 
s d c e d  1 and 3 h afm the insult, whenas robust expxession of this gene was noted at both 
6 and 12 h pst-injection times when robust swelling of the left hind limb was observed. 
These results provide the evidence that transcriptional activation of COX-2 gene withio 

specifc non-parenchymal celis associated to blood vessels forming the brain 
microvascutahat is a mechanism triggned by the systemic inflammarory resp01lse. 

The figure 5 shows the influena of exogenous iv. injection of the cytokines on the 

distribution of the mRNA encoduig the gene OOX-2 in the rat brain. Rosao-~audai coronal 
sections of recombinant rat IL-1Binjected rats exhibiteci a clear induction for COX-2 mRNA 
levels in most of the structures previously describeci foiIowing sysremic LPS and turpentine 
treatrnents. Tndeed, in- signals for COX-2 mRNA was obscrved on X-ray films in non- 

parenchymd ceus of the blcxxi vessels, chp and leptornenhges, whereas Iow exprtssion of 
COX-2 wascript was detected over parenchpal ceiis of the PVN. Interestingly, the effect 
of iv. IL-lB injection was rapid and msient; COX-2 signai was maximal at lh, declined 2 
h after and essentiaily vanished at 6 h post-injection time. This time course of induction 
corresponds quite weii with the infiuence of i.v. LPS injection. which suggests that the 

required tirne to activate transcription of that gent (at least within the brain microvessels) 
&pends dïrectly on the route of administration. 

To insure that the stimulatory effccts of LU3 on COX-2 gene expression in the nu 
brain was not a result of potential bacterial endotoxin contamination. an additionna1 
expriment was perComed with i.v. injection of L l B  preheated to 70 OC during 30 min. 
Inactivation of L 1 B  by the kat, but not the bacterial endotoxin activity. failed to indire the 
expression of the immediate-eady gene c-fos (marker of neuronal activity) and COX-2 in any 
of the LlBresponsive structures confhing thenfore that the effects are specific to the 
cytokine (&ta not shown). 

In contrast to the stimulatory intluence of IL-lB, a large dose of IL6 (1.2 pgllûû g 
b.w.) did not stimulate transcription of COX-2 gene in the brain (F1g. 5). Aithough positive 
hybridization signai was found in diEerent endogenously-expressing sites. no Werence was 
detected between the brains of iv. IL& and vehic1e-injecteci rats at any pst-injection times. 
Systernic administration of recombinant rat TNFa caused a modest but signifiant induction 



of the mRNA encoding COX-2 within the rnimvasciilahrre, a phenornenon more convincing 
within the blood vessels irrigating the hindbrajia (Fig. 5. second column). However. somc 
microvessels of the forebrain displayed a low but positive signal on the dipped NTB-2 
emulsion slides 1 h afa iv. TNF-a injection (data not shown). The low signal on the film 
and the slides declined at time 3 h and essentially vanished 6 h afm the challenge with TNF 
a. 

5.5.4 Merential effkm of systemic treatrnents on parenchymal COX-2 trandpt 

leveIs 

Figure 6 shows darkfield phommicmgraphs of different positive brain nudei and 
areas for the mRNA encoding COX-2. Although Breder ami colleagues have previously 
reported the pnsenœ of COX-2-ir cells in the PVN of intact animals (Brcder et ai.. 1995). m 
convincing constitutive expression of COX-2 aanscript was detected in this nucleus under 
basal conditions (Fig. 6, top left panel). However. i.v. LPS injection caused a robust 
transcriptional activation of COX-2 in this endocruie hypothalarnic nucleus. The signal was 

particularly intense within the parvoceilular neurms, but positive cells smunding  blwd 
vessels were also found (Fig. 2). On the other haad, i.p. LPS injection stirnulated COX-2 
gene expression within both parenchymal and non-parenchymal cells of the PVN. although 
the intensity of the signal was much Iess intense than the one obsaved following the i.v. 
route of administration. Low but positive signai was detected in the PVN of turpentine- and 
IL-lBinjected rats; positive cells were nevertheless generally associated with blood vessels, 
and few seemed neuronal. Systemic i.v. TNF-a and iL-6 injection did m t  stimulate 

expression of COX-2 in the hypothalamic PVN or in any other nuclei of the brain (&ta not 

shown). 

Induction of COX-2 mRNA in neurons was quite limited to the hypothalamic PVN. 
As depicted by the figure 6, this transcript was expressed in the lateral amygdala (particularly 
in the b l a t e r a l  nucleus, BLA) and throughout various layers of the hippocampus (Hip). In 
this region, the signal was particularly intense over the pyramidal ceU layer of the CA3 and 
the dentate gyrus and no signincant changes in the mRNA levels were obsemd foiIowhg 
systemic challenges with the bacterial endotoxin. turpentine or the proinflammatory 
cytokines. In fact, endogenously-expressing parenchymal structures did not exhibit notable 
variations in the relative levels of COX-2 hanscript, However, it is possible to &tect this 



gene withia ceils surzounding the blood mimvessels imgating these brain stcuctum in LPS- 
, hirpentk- and Il lkhaiienged animais. 

In contrast to COX-2 that is widely disnibuted across the rat brain in respoose to 
immunogenic stimuli, no convincing positive hybridization signai for COX-1 muiscnpt was 

detected in the kain unda either basal and challenged conditions (data not shown). 

5.6 DISCUSSION 

The present study demonstrates that the transcription of the gene encoding COX-2, 
but not COX-1. is stimulateci within specific ceil populations of the rat btain in response to 
different expaimental modek of sysicmic inflammation and the proinflammatory cytokines 
L 1 B  and TNF-a. Indeed, peripheral i.v. and i.p. injection of the bacmial endotoxin LPS 
and Lm. turpentk insult caused a profound expression of COX-2 (xecogniztd as the limiting 
enzyme fm the production of PGs during inflamrnatory processes) over blood vessels of the 

entire brain microvasculature, chomid plexus (chp) and leptomeninges. Intefestiagly, brain 
COX-2 gene expression paralleled the visible sweliing of the left hind limb, which was 
robust 6 and 12 h a f b  the i.m. aggression. A robust COX-2 signal was dm detected 1 h 
after i.v. L I  injection, whereas TNF-a pduced  a modest, although significant, induction 
of COX-2 mRNA within the blood vessels. On the other hancl, I L 4  did not alter COX-2 
expression in the rat brain and undettctable hybridization signal fm the gene encoding COX- 
1 was observed across the rat brain under basal and challenged conditions. The present set 
of data provides clear evidence that COX-2 gene transcription in brain microvascular- 

associated ceils is a mechanism triggered by the systemic inflammation and circulating IL 18 
might be a potent mediam in this process. 

Stimulation of COX-2 synthesis within non-parenchymal cells of the brain 
microvasculanue, chp and leptomeninges seems specific to the systcmic inflammatory 
response. Indeed, the COX-2 mRNA and protein levels were reponed to be upreguiated in 
neiaoas, but not in b l d  vessels after cerebral ischemia (Nogawa et d, 1997) and maximal 
electmconvulsive seizurt (Yamagata et al., 1993). In spite of the fan that signai intensity and 

t h e  of induction varied with the route of administration, both i.v. and i.p. modw of LPS 



injection yielded COX-2 gene expression in a pattern of distribution quite similar aaoss the 

rat brain. Little is known regarding the exact mechanisms involved in the eEects of the 
bacmial eoQtoxh on the genetic transcription of this enqme in the brain and whcther such 
event is &pendent on the production of specific circuiating proinflammatary c y t o ~ s ~  

Sexretion of cytokines by circulnting monocytes and tissue macrophages by LPS nquHes a 

series of mechanisms in cascade, the endotoxin must reach the bloodstream to bind with the 

saum proteins LBP or septins. The new formed cornplex will bind to the membraat CD14 
v t o r  located m mononuclear cell-sunace and therefore induce the release of cytoLines 
(Wright et al., 1990). The fact that i.v. LPS injection pmvoked a more rapid response than 
the ip. mute of administration on the genetic transcription of the limiting enzyme fa the PG 
synthesis in non-parenchymal elements might be dinctly reheû to this concept; Le. the t h e  

taken by the endotoxin to fonn the LPS-binding protein compiex and target its receptor on 
pentoneal macrophages and/or circulating monocytes to stimulate the production of 
cytokines. 

The possibility remains however that LPS aiggers COX-2 transcription in acting 

directly on brain vascular and/or perivascular-associated cells and not via a 
monocyte/macrophage stimulation. Activation of mimvascular endothelid ce& by LPS 
plays a major role in the pathogenesis of gram-negative bacterial sepsis and endotoxic shock 
and soluble CD14 is required for this respcnse (Arditi et al., 1993). Although endothelitun 
does not express CD14, these cells nspond to LPS in a soluble (3Dl4-dependent manna in 
stimuiating the tyfosine phosphorylation of mitogen-activated protein kinases (Arditi et ol., 
1995). Monover, perivascular microglial cells, which Wer h m  parenchymal micruglia, 
have the ability to express CD14 in response to LPS and therefore may subserve the effans 
of the endotoxin when injected into the circulation (Becher and Antel, 1996). Whether LPS 
activates dhctly enhthelium of brain capülaries to trigger COX2 gene transcription or such 
effect is mediateci h u g h  a monocyte/cytokine response still remains an open question. It is 
nevertheless possible that the mechanisms mediating the influence of LPS di&r nMn a route 
of administration to another (i.p. Vs i.v.). 

The fact that local turpentine insult stimulated transcription of COX-2 gene within 
microvessels, chp and leptomeninges provides the evidence that this enzyme is regdatecl in 
the brain during the peripheral infiammatory response. This experimental mode1 induces a 
local tissue damage provoking stezile iaflammation, Le. aa infiammatory response which 
develops in the absence of any microbial stimulus (Fan- and Dinarello, 1996). As 



reviewed by these authors, this mode1 of local id  tissue damage provoles a speQnc 
induction of I L l B  and IL6 without any dctectable IL- la and TNFa production, suggtating 

the existence of a common cascade of cytokine release, c- of steriïe inflammation 
where L 1 B  and IL4 might play a critifal mle (FanCUzp and DimueUo, 19%& Intexesthgly, 
Llbdeficient mice respond nonnalIy following bacterial-endotoxin LPS-induced 
innarnmarion, whereas the mutant mice exhibit an impairrd acute-phase inflammatory 
response and are completely resistant tn fever development when chalienged with turpcntioe 
(Zheng et ui.. 1995). These results highlight a cenaal role for L 1 B  as a mediatm of the 
acute-phase respoose in this panicular expeximental mode1 of localued inflammation. As 
presented in this study, this cytokine might weli play a key role in the effects of systemic 
innammrtim on brain (?OX-2 gene expression; Lv. injectiun of recombinant nu L 1 B  c a d  

a sharp, robust md transient expression of the mRNA encoding this enzyme in a pattern of 
distribution quite similar to the one observed in the brain of turpentine-challenged rats. It W 
likely that IL43 targets dûectly endothelium of brain capillaries to induce COX-2 gene 
transcription, because mimvessels across the brain have k n  shown to express L I  type 1 
receptcx (IL- 1R1) ûanscript (Ericsson et d, 1995b). 

Several pleiotmpic effects of IL18 are mediated by IL-6, a cytokine previously 
identified as a B cell-stimulating factor (Poupan et al., 1987). These cytokines art strongiy 
synergistic in various irnmunological processes, including induction of ceU proMeration and 
acute-phase protein synthesis by hepatocytes (Conti et al., 1995; Tntarelli ez al., 1994) and 
L l B  is an important srimulator of IL-6 production in peripheral organs (Alch et al, 1990). 
An important action ascribed to IL6 is the induction of fever and several lines of evidenœ 
support the hypothesis that endotoxin-induced fever is caused by IL6 production under the 
infiuence of I L l B  (Chai et al., 1996; Klir et al., 1994). It has b e n  proposecl that the likely 
mechanism for the loss of response c turpentine in L l B  knock out miœ is the lack of L-6 
production, which is the final mediator of the induction of the acute-phase response (Fantuni 

and Dinarello, 1996). However, increase in IL6 concentration does not seem to be 
responsible for CûX-2 genetic regulaaon, because in contrast to L l B .  a large dose of I L 6  
does not alter the enzyme expression in the rat brain. This dose of iL-6 injected i.v. is 

howeva capable of stimulating the transcription of the immediatecarly gene c-fos (index of 
post-synaptic cellular activation) in the sensorhl circumventricular organs, bed nucleus of the 
stria terminalis and centrai nucleus of the am ygdala (Vafières et al.. 1997). These results 
suggest that the proinfiammatory cytokine IL6 Qes not, by itself (when injected into the 

circulation), have the ability to trigger COX-2 gene transcription in the rat brain and the 
effects of systemic inflammation and cimulating L 1 B  in this response are likely to be IL6 



independent. The lack of stimulatory influence of IL6 on COX-2 gene expression has aiso 

k e n  reported in Merent in vitro models using rat microglial (Bauer et d, 1997) ami 
primary murine astrocyte cultures (OBanion et al., 19%). This coatrast with a reœnt oudy 
showing that COX-2 mRNA is inducible by IL-6 in nomal human articuiar chomhcytes 
(Geng et ai., 1995). Of interest is the increase of PGE2 synthesis causes IL6 production, a 
proces that impiicarts expression of COX-2 gene in murine modeis of infiammation (Hinscm 

et al., 1996), which indicates that activation of COX pathway may be involved in the IL6 
proaucton and not necwsarily vice-a-versa. 

Systemic adminisaati 9 .  'on of a pyrogenic dose of bancrial endotoxin stimulates PG& 
like immunoreactivity Çï) wiwithia the chp and the brain mi~~~vascuiatures; FGE& stainirig 
was fïrst detected at 1.5 h and reached a maximum at 4 h af ta  the LPS challenge (Van Dam a 
d, 1993). The data presented here are in agreement with this time course as COX-2 gene 
expression was highly stimulated as early as 1 h afta iv. LPS injection, preceding then the 

reported PG synthesis. Monover, IL-1Bir positive ceUs have been detected within the chp, 
meninges and the luminal si& of endothelium of brain capillaries in endotoxh-treated rats 
(Van Dam et al., 1995). This result raises the possibility that internaikation of circulaang IL 
1 may occur or IL-1 & novo synthesis is activated in these specific cellular populations 
following LPS challenge. On the other han& L l R l  mapping studies by in situ 
hybridization suppon the concept that I L 1 B  of systemic oeigin is responsible for most of the 

effem of the cytokine. L l R 1  transcript was obsexcved pxedominantly in non-parenchymal 
ceils including the chp, leptomeninges and the brain microvasculature (Ericsson et al.. 
1995b), while periphd administration of I L l B  markedly enhanced PGE2-ir in endothelia1 
ceils of the brain blood vessels and the chp (Van Dam et ai., 1996). Therefore, PGE2 
synthesis through COX-2 pathway seems a good candidate to -der the information, at the 

level of the brain-blood barrier, from circulating cytokines (in particular IL-18) to 
parenchymal elements dining systemic inflammation 

We have faced a number of problems in the identification of the ceil type@) in the 
brain mi~~~vasculanire expressing COX-2 naascript in response to immunogenic s t i m u l i  
Although combination of both in sim hybridization and immunocytochemisûy techniques m 
the same brain sections has been quite sucassful for numerous mRNAs in our labontory 
(Lacroix et al., 1996; Rivest and Laflamme, 1995; Rivest et cil., 1995). COX-2 tnuiscript 
was very sensitive to the immunocytochemisny procedure and essentiaily vanished rending 
evaluation of double-labeled cells barely possible. Nevertheless, dual immunocytochemical 



studies have indicated that cells stahed for COX-2 in response to systemic i x  LPS injection 
are of paivascular microgliai and meningeal macrophage types (BRda and Saper, 19%. 
Elmquist et ui.. 1997). However. these authors have observed, at the edgc of the blood 
vessels, s e v d  COX-2-immunorcactive positive ce& donc and not c o l o c a k d  within 
microgiia (Elmquist et al., 1997). indicafing that perivascular microgiia may not be tht d y  

œli type responsibk far the production of PGs withul the brais Tbe low to barely detecmbk 
immunoreactive signal for specific cells may certainly contributc to the lack of clear 
colocalizatioa between COX-2 transcript a protein and other blood vtssel-associatcd celis, 
such as endotheIid. Be that as it may, the bacteriai endotoxin bas been shown to inacast 
COX-2 mRNA and proth  as weli as PGE2 in m i m ~  celi cultures (Bauer et aï., 1997) 
and in macrophages and p e r i p h d  blood monocytes (Hempel et d, 1994; Lee et d, 1992). 
In contrast, other studies have supporteci the hypothesis thaî the non-parenchymai cells d the 
tnain mimvasculam expressing COX-2 mRNA during the acute-phase response are d e r  
of enâothelial type. In&ed, COX-2 transcription and translation and PG biosynthesis wexe 
re@ to be induced in vascular endotheliai ceils LPS, I L 1  and TNF aamient (Jones 
et al., 1993). The production of PGs within endotheliai celis of the brain mimvessels may 
have ciiffixent functions, such as the maintenance of vascula. tone (potent vasodilatator). It is 
therefare possible that both endothelid and perivascular mimglial-associatcd ceus expnss 
COX-2 in response m systemk inflammation to produce specitic PG subsrpe(s). 

Systernic IL1 injection provokes sharp increases in the levels of PGE2 in the PVN 
(Watanobe and Takebe, 1994), whereas PGE2-ir neurons were detected in the PVN of U S -  
oeatcd rats (Van Dam et al., 1993). Moreover, the endocrine hypothalamus exhibits positive 
hybridization signal f a  the mRNA encoding EPl PGE2 receptor subtype (Batshake et d, 
1995). These resuits and the present papa  raise the possibility that local PVN production of 
the PG participates in the regdation of neuroendocrine functions, such as stimulation of CRF 
n e m s  and in tum the HPA axis. This seems however a shnplistic view as PGE2 receptor 
subtypes are constitutively expressed throughout numemus nuclei of the brain (Batshake et 

al., 1995; Ericsson et al., 1995a; Sugimoto et al., 1994) and centxal i.c.v. S E 2  infusion can 
activate several structures innervating the hypothalamic PVN (Lacroix er al., 19%). 
Moreover, indomethach administration within the PVN failed to pnvent IL l-induced 
activation of the HPA axis (Kamaki et al., 1992). 

There rnt a number of üms of evidenœ suggesting that PGs are essential in mediatiDg 
febrile respoose (Saper and Breder, 1992; Stitt, 1986; Stitt, 1991) and this physiological 



event involves the PVN, because lesion of this hypothaiamic nucleus reduces the LPS- 
induced fever, but not foliowing i.c.v. injection of high doses of PGE2 (Hm et ui., 1994). 
Pathways independent or unrtlated to the PVN should thmfore be consiâered in the 
genemtion of fever by this pdcular PG. In f a  the pnsent study shows clear induction of 
COX-2 mRNA within blood vessels imgating the organum v d o s u m  lamina taminalis 
(OVLT)/mediai -tic area (MPOA), a region exhibiting PG proaunion afta systemic LPS 
Weno et al., 1982) and I L I 0  injection (Komaki et al., 1992). High density of ffiE2- 
binding sites (Matsumura et al., 1992; Matsumura et ai., 1990) and positive hybridization 
signal for the mRNA encoding EP3 PGE2nceptor have also been detected in the 

OVLT/MPûA (Fzicsson et d, 1995a). InteresringIy, infusion of the PG syntûcsis inhibitor 
sodium salicylate directly into the OVLT signihntly prcvents the fever inniicwt by iv. LPS 
-ment (Mohoto et cil., 1988). It is LiLely that stimulation of COX-2 enzyme in brain 
mimvasculatine of the OVLT/MPOA increases local PG production, which may bhd to 
s p d c  receptm expresscd on nearby neurons to promote the fever in nsponse to paiphaal 
immunogenic stimuli 

In conclusion, the present study shows bat  systemic inflammation stimulates genetic 
transcription of the limiting enzyme for the PG synthesis COX-2 in a non-selective m a m a  
throughout the entire rnicrovasculature system and that L 1 B  might play a key role as the 

circulating fanor mediating these effects. This non-selcctivity raises several questions in 
regard to the localized neuronal activation induced by different expenmental models of 
inflammation and proinflammatory cytokines. It is possible that the selectivity of the 

neuronal response is a consequence of the fine interaction between non-pannchymai PG 
synthesis and expression of specific PG reœptors @Pl-EP4) within parenchymai elements 
of different brain nuclei. Further studies are therefore essentiai to detemine the 

neuroanatomical link between vascular PG synthesis and the expressed receptor(s) in 
neurons that are in close association to COX-2-expnssing œlls. This will provide clear clues 
on the mechanisms involved in the transfer of the information received fimm the circulation to 

the brain neuronal pathways soliciteci during the acute-phase respoase. 
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Representative example of the influence ofendOc0xi.n lipolysaccharide (LPS) i n . o a  on tbe 
distribution of the mRNA encoding cyclooxygenase-2 (-2) in the rat brain. Animais 
were sacrificed 1 h after intravenoas (i-v.) tnamient with LPS (10 pg/100 g b-W.) and 3 h 
foUowing intraperitoneal (Lp.) administration of LPS (50 pd100 g b-W.) or the vehicle 
solution. These rostro-caluiar coronal sections (30 CM) of US-trieated rats exhibit a positive 
signal on x-ray films (Biomax) for COX-2 mRNA in various srnicarres throughout the brain, 
particularly over the entire microvascalahue systmi. 4V, fourth ventricle; AQ, aqueduct; 

BLA, basohteral nucleus of the arnygdala; bv. blood vessels; Cer, cerebellum; 8, caudate 
putamen; DG, dentate gynis; Hip, hippocampus; IPN. interpeauaCular nucleus; LGc, laterd 
geniculate cornplex; LV, lateral vennicle; ME, median eminence; MGv, medio-vend 
geniculate nucleus; NTS, nucleus of the soliiary aact; PB, parabrachial nucleus; PG, pontine 
gray; Pir, piriform cortex; PVN, paraventricular nucleus of the hypothalamus; VLM, 
ventrohed medilla 



LPS i.v. LPS i.p. Vehicle i.p. 



Figure 2: 

High power bnghaieId phommicrograiphs showing the expression of cyclooxygenasc-2 
(COX-2) mRNA in tht medial paraventricular nucieus of the hypotIlalsmus (PVN., panel A) 3 
h a k  intravenous (i-v.) injection of the bacteriaï endotoxin lipcipolysacchari& WS). Note 
the amount of silver grains deliacating severaï parenchymal ceils expressing the gent 
encodlig the enzyme CUX-2 in the parvocellular division of the PVN (paneh B and C). Tbe 

pcwibility remains however uiat these ceils an vascular-as- which were isolated by 
the Sectionhg puocedure. Moreover* positive ce& surromding blood vessels (bv) were dso 
f m d  in this endocrine nucleus (panel D). Magnificatioa panel A, X.5. Scale bar = 1 0  pm; 
others X250, Sc& bar = 10 pn 





High power darkfield (top panels) and brightfieid (bottom panels) photomicrographs 
showhg the expression of cyclooxygenase-2 (COX-2) mRNA in blood vessels (b-v.). 
choroid plexus (chp), and leptomeninges of rats sacrificed 1 h afta iatravenoos (i-v.) 
injection of the bacterial endotoxin lipopdysaccharide (LPS, 10 pg/100 g b-W.). Note the 
robust hybridizatïon signal within non-piuenchymal ceiis surrouding the b-v., chp and 
leptomeninges 1 h foilowing the i-v. LPS challenge. Magnification top panels. X10, Scale 
bar = 250 p; bottom panels. X100, Scale bar = 25 p. 





Figure 4: 

Representative example of the distribution of cyclooxygenase-2 (-2) tranScnpt in the rat 
brain aher sterile local inflammation iaduced by intramuscular (Lm.) administxation of 
turpentine (50 pl/lW g b.w.). Animals werc e c e d  6 h afm i.m. injection of turpentint 

or the vehicle solution in the left hind iirnb. These rostmcaudal coronal sections (30 pm) 

exhibit positive signal on x-ray films (Biomax) for COX-2 mRNA throughout the brain 
m i c r o d t u r e  and other non-parenchymai ~airctrnw, iacluding the choroid plexus and the 
Ieptomenhges of mrpentiae-treated nit 4V, f o d  ven&It; AQ, aqueduct; BLA, basolateral 
nucleus of the amygdaia; bv, blood vessels; Cer, cacbeiium; 8, caudate putamen; Mi, 
dentate gynis; DVC. doRovagal complex; Hip, hippa'ampus; IPN, interpeduncuiar nucleus; 
LGc, lateral geniculate complex; LV, lateral ventricle; MGv, medio-ventrai geniculate 
nucleus; PB, parabrachial nucleus; PG, pontine gray; Pir, piriform cortex; VLM, 
venmlaterai medulla 



Turpentine Lm. Vehicle Lm. 



Figure 5: 

Influence of proinflammatory cytokines on the distribution of the mRNA encoding 
cyclooxygenase-2 (COX-2) in the rat brain. Animals were sacfificecl 1 h after htravenous 
( ix )  injection with interleukïn (L) - lB  (1 87 ng/100 g b.w.). tumm-necrosis factof-a (TNF- 

a; 400 ng/ lO g b.w.). IL6 (1.2 pg/100 g b.w.) or the vehicle solution. Rostm-caudal 
corooal sections (30 pm) of IL6 treateû rat did not exhibit notable induction (30x02 rnRNA, 
w h e m  kcrease signal fot this transcript can be observeci on X-ray n I m s  (Biomax) o v a  
blood microvessels, ch& plexus and leptumeninges of the Llkhallenged bain. On the 
othn hand, systemic i.v. TNFa pmvoked a modest and limited expression of COX-2 dong 
some braHi capillaries. 4V. fourth ventride; AQ. aqueduc$ BLA, basolateral nucleus of the 

amygdala; bv, blood vessels; Cer, cerebellum; CO. cochlear nucleus; CP. caudate putamen; 
DG, dentate gyms; Hip, hippocampus; IPN, inmpeduncular nucleus; LGc, lateral geniculate 
cornplex; LV. lateral ventricle; ME, median eminence; MGv. medicwenoal geniculate 

nucleus; NTS, nucleus of the solitary Pi., piriform cortex; PVN, paravenmcular 
nucleus of the hypothalamus; VLM, ventmlateral medulla 
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Figure 6: 

Differential effects of intravenous CLV.) injection vebicIe (Veh) and tht bactaial endotoxin 
lipopo1ysacchandc (LPS). intmperitoneal (i.p.) LPS administration, inoramuscular (Lm) 
tmpentiae (Turp.) insult and i.v. inmleukin-lB -18) iqjection on the expreshn of COX-2 
mRNA in different brain nuclei. These darkfield photomicmgraphs of dipped NTB-2 
emuIsion slides depict robust induction of COX-2 gene in the hypothalamic p~traventricular 
nucleus (FVN. left duma) of iv.  LPS-treated rats, an effect more subtie fobwing the other 
challenges. This phenornenon aiso seems PVN sekaive as üolt changes wcn dctected in the 
endogenously-exprtssing nuclei including the basolamal nucleus of the amygdaia (BLA. 
centn coliimn) and the hippocampus (Hip. right coIumn). Howevrr, note that blood vessels 
vrigating these parenchymal regions display positive COX-2 mRNA signal after the 
immunogenic challenges. but not following iv. vehicle injection (top paneis). Magnificatim 
PVN. X25, Scale bar = 100 pm; BLA and Hip. X10, Scale bar = 250 p. 
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L'injection systémique & l'endotoxine bactérieme lipopolysaccharide (LI%) est on 

puissant modèle utilid pour induixe la production des cytokines proinflammatoks par les 
cellules phagocytaires tissulaires et circulantes. ll est maintenant connu, que l'action de la 

LPS sur les monocytes/macrophages s'effectue via l'intermédiaire d'un récepteur 
membranaire soit le CD14. Le but de œtte éndc était de vérifier l'hypothèse que le système 
neweux central possède la capacité d'exprimer le gtne encodant le récepteur de la LeS. 
permettant par la même occasion B l'endotoxine d'agir directement sur CeRaines populations 
cellulaires du cerveau afin de stimuler différentes fonctions neuronales au cours & 

i'endotoxidmie systémique. Pour cc, des rats mâles Sprague-Dawley (-250 g) funnt 
samifiés 1.3 et 6 et 24 h après avoir q u  une injection inmveineuse de LPS (25 pg) ou de 

solution témoin (salin stériie). Les cemeaux ont Cté coupés, du bulbe olfactif jusqu'8 la 
méduila en tranches de 30 ~I I  et l'ARNm du CD14 hybridt, ik l'aide d'une sonde sptcinque 
marquée au S35. Les résultats rnonant que I'ARNm encodant le dcepteur de la LPS est 
exprimé de f q o n  basale dans les méninges, le plexus chomïdien et dans ï'ensembte de h 
microvasculanvt du cerveau. L'injection systémique de LPS a fortement stimult? la 
transcription du gène encodant CD14 dans ces trois mêmes structures ainsi que dans les 
organes cirçumventriculaires (OCVs) qui incluent: l'o~gme vasculain de la lamina tendnalis. 
l'organe subfonUcale, I'tminena médiane et l'ana postrema. Dans la plupart de ces régions. 
le signal est apparu 1 h après l'injection i.v. & LPS pour ensuite atteindre son niveau 
d'expression maximale ii 3 h. diminuer après 6 h et dispataintre au temps 24 h. Fait 
intéressant, un effet migratoire des cellules CDlQpositives originant des OCVs vers les 
structures parenchymales avoisinantes a aussi C d  observé 3 et 6 h suivant l'administration de 
la LPS. En effet, plusieurs cellules positives, de taille réduite. ont b i t  trouvées dans diverses 
structures parenchymales du cerveau. La combinaison de I'immunohistochimie & 

l'hybridation in sinr nous indique que la grande majcxi J des cellules exprimant le gène CD14 
au aws de la réponse immunih  sont en réalité des cellules d'origine mytloide: des cellules 
microgiiaies dans les OCVs et le parenchyme. des macrophages dans les plexus choroidiens 
et les mdninges et des cellules mimgliales associées aux vaisseaux sanguins. Néanmoins, 
d'autres types cellulaires semblent posséder la capacit6 d'exprimer l ' M m  du CD14. Ces 
résultats suggèrent, pour la p remih  fois, un r61e direct de la LPS sur certains groupes 
cellulaires très spécifiques du système nerveux central. Cette action directe de l'endotoxine 
pounait être responsable de la transcription de différentes cytokines proinfiammatoins; dans 
un premier temps au niveau des structures en contact direct avec la Nculation sanguine, pour 
ensuite amin- ceriaias types de cellules parenchymaies lors d'une septicémie plus sévère. 



Systemic injection of the bacterial endotoxin lipopoIysacchari& (LPS) provides a 
very good mean for incrtasing the release of proinflammatory cytokines by circuiating 

monocytes and tissue m8crophagcs. Tbcrc is now considerable evidenœ aiat LFS exerts its 
action oa mmoaucIearphagocytcs via tbe œil surîace nceptcx CD14. The aim of the -nt 
study was to ver@ the hypothesis that the brain has also thc ability to express the gtae 

encoding the LPS recepta, which may alîow a dircct action of the endotoxin onm specific 
cellular populations during blood sepsis. Adult male Sprague-Dawley rats were Sacfificexi 1. 
3.6 and 24 h afkr systemic (tv. and i-p.) injection of LPS or the vehicle solution. Braios 
were cut h m  the olfactory bulb to the medulia in 3û-pm coronal sections and mRNA 
ecifoding rat CD14 was assayed by NI situ hybndization hismchemistry using a specinc %- 
labelcd nboprobe. The resdts show low levels of CD14 mRNA in the Ieptomeninges, 
choroid plexus and within blood ves&ls of the brai* microvascuiaturc under basal 

conditions. Systemic injection of the bacmial endotoxin caused a profouad increase in the 
expression of the gene encodllig CD14 within these same structures as well as in the 
circumventricular organs (CVOs) the organum vasculosum of the lamina terminalis. 
subfomical oigai~. median eminence and area postrema In most of these structures. the 
signai for CD 14 mRNA was fKst detected at 1 h. reached a peak a~ 3 h pst-injection, 
declined at 6 h. and r e m  to basal lcvcls 24 h after LPS treamient. Quite interestingly, a 
migratary-üce pattern of CD14 positive tells was observed from ail  sensoaal CVOs O deeper 
parenchymal brain 3 and 6 h a f i  LPS injection. At 6 h post-challenge, small positive celIs 
were found thughout  the entire parenchpal brain and dual-labeling procedure indicated 
that dflerent œlls of myeloid aigin have the ability to elcpiess CD14 in response to systemic 
LPS. These included CVO mimglia, choroid plexus and leptomeninge macrophages. 
pannchymal and penvaScuIaf-as- microglial cells, although spcQfic non-myeloid œlIs 
were also positive for the LPS recepm. These results provide the very k t  evidence of a 
direct mie of LES on specinc c e U  populations of the central nervous system, which is liLtly 
to be responsible fm the transcription of pminflammatory cytokines; f b t  within accessible 
structures h m  the blood and th&r tlnough scattered parenchymal celis during severe 
sepsis. 



Exposure to high levels of the bacterial endotoxin lipopolysaccharide (LPS), a 
compment of the outer membrane of Gram-negative bacteria, oftcn results in septic shock 
and death. Sinœ the incidence of Gram-negative sepsis has been reported to be in constant 
progression diaing the recent years, numemus groups have kgun to use systemic LPS 

. .  
administraton as a mode1 of i n f d o n  and inflammation. Systemic LPS injection bas b a n  
reported to induce changes in blood pressure, omoianty, pain, oxygen conmption, feva. 
energy metabolipm, multiple mgan faüure and different changes in the endocrine system, 

such as activation of the hypothatamic-piaiitary-adrenal @PA) axis. Indeed, systemic LPS 
injeaion has bexm show to trigger tmmaiption of COrticotropin-releasing factor (CRF) and 
its type 1 receptor in the paravenmcular nucleus of the hypothalamus (PVN) (1) and 
stimulates die release of the neuropeptide into the hypophyseal-portal vein and the 
adndcutropic bomwiac ( A m  into the generai systemic chdation where it can act cm 

distant endacrine mgans, such as the adrend glands. Increased levels of glucocoPticoids, in 
counierpart, are potent immunosuppressors and may play a potent rolt in the appropriate 
control of the immune response. The importance of a timely releasc of gluco~ortic0ids is 
indicated by the high m d i t y  observeci in untreated Addisonian patients (2) and in 
eqaimentally adrenalectomized animais (3-5). 

Proinflammatory cytokines, including interleukin (IL)- 1, IL6 and tumor-necrosis 
factor 0 - a  are considered to be the main mediators of LPS-induced nemendocrine 

changes. Although the primq fiuiction d cytokines is aimed at expanding the immunologie 

mass and activity, cytokines also reach the general circulation and thus trigger different 
functions involved in the neuroendocrine-immune interacton. It is generally believed thaî the 

release of proinflammatory cytokines nom LPS-stimulated monocytes/macrophages, 
neutrophils and lymphocytes are directly responsible for the immune acutc-phase rt sponse 
(6) and the physiopathoiogical outcornes that take place during sepsis ('7-9). hmvenous 
(i.v.) injection of IL-18 IL6 and TNF-a was show to reproduœ numemus of the events 

occming afkr endotoxaemia, such as the activation of the HPA axis and expression of c-fos 
gene in the rat braùi (1G17; S. Nadeau and S. Rivest, Nl prepw&n)). 

Secretion of cytokines by circulating monocytes and tissue macrophages following 
LPS -mient requires a senes of mechanisms in cascade. The e n d o t o h  must first nach 
the bloodstream to bind with the senun proteins LPS binding protein (LBP) or septins (18, 



19). The new formeci cornplex binds to CD 14 receptor attachexi to the ceii membrane of 
Maentiated myeloid œlls @hcï@iy mmocytes/macropha~ aad alm. to a les= de-, 
neutrophils) and therefore innllas the release of proinflarnmatury cytokines (20). Ushg 
different neuuaaliPng monoclonai antibodies specific to CD14, many allular rtspoasts to 

LPS concentrations su€fîcient to indua sepsis have been shown to be prevented in viao (20- 
23). It has recently been reported that pretreamicnt of primates with antibodies directad 
agallist CD14 sipificantly prevented tissue damage, hypotension and the increase in plasma 
levels of TNF-a, I G 1 B  and IG6 (24). Tnmgenic mice expnssing the membrane-associated 
human CD14 on their mononucIear phagocytic ceils surface have been found to be 
hypersensitive to LPS, as dtmcmstrated by their susœptibility to endotoxic shock and their 

mortality rate (25). In addition, transfection of human CD14 into Chinese hamster ovary 
fibroblasts was capable of transforming the cells h m  LPS nomesponders to LPS 
respondas (26). It is aot yet well understocid how cell activation is aiggend &ter binding 
between the LPS-LBP complex and -the glycosyl-phosphatidyiinositol (GP1)-anchond 
membrane CD14 (mCD14). 

Recent studies on cytokine--relatexi knock-out mice have clearly demonstrated that 

endogenous pyrogens, such as L I  and IL-6, are dispensable for LPS to activate the 

hypothalamus and HPA axis. In fact, I L 1 B  -1- and IL6 -1- mice injected with the bactefial 
endotoxin LPS exhibit normal levels of plasma corticosterone in cornparison to their 
comsponding LPS-treated wild-type mice (27-29). Moreover, we have recently found a 
robust expression of IL6 and TNF-a mRNA in sensorid circumventxicular organs 

(CVOs) and the choroid plexus of rats that received a single systemic endotoxin injection, 
whereas localized inflammation of the rat hindlimb and i.v. injection of different 
proinflammatory cytokines failed to rnirnic these effects (17; S. Nadeau and S. Rivest, in 

preparution). niis c1early suggests bat LPS has, by itself. the ability to stimulate cytokine 
production within the central nervous system and that activation of phagocytic ceUs and 
cytokine release of systemic origin may be a distinct and independent nsponse. Whether the 
gene encoding CD14 is expiwsed within specific cellular populations of the brain that may 
allow a direct action of the bacmial endotoxin when circulating into the bloodstream has yet 
to be detennined in vivo. Ibc purpose of the present study was therefore to determine the 
distribution of the gene encoding CD14 and investigate the effecu of systemically-injected 
LPS on the transcriptional regdation of its own receptol throughout the rat brais We 
provide here the very fVst in vivo evidence that the bacterid endotoxin has a profound 
stimulatory influence on CD14 expression in both parenchymal and non-parenchpal 
elements of the brain, which may subserve a direct binding ability of the endotoxin to 



modulate different brain functims under sevm blood endotoxaemia. The physiological 

devance of spch phtnomencm is presenoed and discussed. 

Adult male Sprague-Dawley rats (-23û-260 g b.w.) were acclimateci to standard 
iaboratory conditions (14-h iight, 10-h dark cycle; lights on at 0600 and off at 2ûûû) with 
free acœss to nu chow end water. Each rat was oniy used once fa exprimentation, and ali 

protocois were appioved by the Lavai University's Animai Welfan Committee. A total of 64 
rats were assigned to different pmtocols (each corresponding to a dif5erent route of 
administration aad a different dose of LPS; 20 and 100 pg of LPS i.v./kg of b.w. or 25 and 
SOû pg of LPS i.pJkg of b.w.), which were M e r  subdivided into four pst-injection times 
(1, 3,6 and 24 ho- following LPS edministration). Paind vehicle-treated rats were also 
sacrificcd a -  correspon&g times a f k  the systemic injection. 

Animals nctiving i.v. or Lp. injections were implanted with sterile cannuias. Rats 
were anesthetized with an i.p. injection of a mixture (1 mUkg b.w.) of ketamine 
hydrochloride (91 mghnl) and xylazine (9 mg/ml) and implanted with a catheter into the 
jugular vein or into the peritoneal cavity. Catheters were made from a piece of silastic tubing 
(Silastic medical g d e  hibing, ID 0.020 in., OD 0.037 in.; Dow Coniing, Midland, MI) 
comected to an intramedic polyethylene tubing (PE-50, Caly Adams, Parsippany, N.J.). 
Outlets of canadas w a e  placed at the level of the neck and rats were housed individually in 
metal cages for a ~ecuperation period of two to four days. 

On the day of the expriment (-0830 in the morning), the outlet portion of each 
catheter (i.v. or i.p.) was fixed to a mincated 27 g needle which was attmhed to a PE-50 
tub& These connecton were then f ied to a lcc syringe and rats w t n  placed individually 
in a quiet m m  for at least 2 heurs befon the injections. This allows injections without 



disturbing the enimals and induction of genes that may be activated foliowing the stress of 
hanming. Intravenous (20 and 100 lg/kg dilutexi in 200 pi of stailc pyrogen-Çee saliae) and 
intraperitoneai (25 and 500 pg/kg in 300 pl of saline) administration of LPS (from 
Escherichia coli, Semtype 055iB5, Sigma. G2880, lot #l2W4OZ) or the vebicle solution 
was performed into th right juguiar vein and tbrough the chroaicaiiy impianted cannuia inm 
the perïtoneal cavity, iespectively. The animais were conscious and fnely moving at alï 

times throughout the procedine. One. 3.6 and 24 hours m e n t ,  animais were daply 
anesthetid Mtb an i.v. (100 pi) or i.p. ( 4 0  pl) injection of a mixture of ketamine 
hydrochloride and xylazine and then rapidly perfused ~nscardially with 0.9% saline, 
fdowed by 4% paraformialdhyde in 0.1 M borax buffa (pH 9.5 at 4 O C ) .  The dosage and 
time points were deoermiacd on the basis of previous studies dernonstrating strong n e d  
activation and transcriptional induction of the genes encoding CRF and its type 1 q t o r  in 
the rat brain following such treatments (30, 31). For the combination of 
immunocytochemistry (especiaily for OX-42-immunoreactive cells) to ia situ hybr iMm,  
rats were perfased with saüae folbwed by 4% paraformaldehyde in 0.1 M sodium phosphate 
(pH: 7.2). Brains were removed from the skull, posdixed for 2 h and then placed in 20 96 
sucrost diluted in 4% parafonnaldehy&-dm phosphate bufkr for 12- 15 h. 

Rapidly after the transcardiac perfusions, brains were removed h the s M s .  

postnxed for 2 to 8 days, and then placeci in a solution containing 109b sucmse diluted in 4% 
parafbnnaldehyde-borax buffer ovemight at 4 OC. nie hzen  brains were mountcd on a 

microtame (Reicha-Jung, Cambridge Instruments Company. Dtanelâ, IL) and nit into UT 
pm coronal sections fmm the olfaftory bulb to the end of the medulia. The slices were 
coilected in a cold cryoprotectant solution (0.05M sodium phosphate buffer, pH 7.3.3096 
ethylene glycol, îû% glycerol) and storcd at -20 O C  Hybridization histochemical localization 
of each transcript was d e d  out on every sixth section of the whole r o s ~ u d a l  extent of 
each brain using 3%-labeled cRNA probes. Protocots for riboprobe synthesis. 
hybridization, and autoradiographic locaüzation of mRNA signal were adapted nom 
Simmons et ai. (32). AU solutions were treated with diethylpyrocarbonate mpc) and 
sterilized to prevent RNA degradaaion. Tissue sections mounted ont0 poly-Llysine-coated 
slides were desiccated overnight un&r vacuum, fixed in 4% parafarmaIdehy& fm 30 min, 
and digestcd wiui protehase K (10 pg/d in 0.1 M tris HCI, pH &O, and 50 m M  EDTA. pH 
8.0, at 37 O C  for 25 min). Thereafkr, the brain sections were ~ s e d  in sterile Depc w a m  



followed by a solution of 0.1 M triethanolamine (TEA, pH 8.0). acetylated in 0.25% acetic 
anhydride in 0.1 M TEA. and dehydrated through graded concentrations of alcohd (50.70, 
95, and 100 %). Afm vacuum drying for a minimum of 2 h, 90 pl of hybridhtïon mixture 
(107 cp&) was spoaed m each dide, seaied under a coverslip, and incubated at 60 O C  
overnight (-15-20 h) in a dide warmer* Coverslips were then removed and the slides were 
rinsed in 4x staadard saüne citrate (SSC) at m m  tempemhue. Sections were digestai by 
RNA= A (20 pghnl, 37 O C ,  30 min), rinsed in descending concentrations of SSC (2x, lx, 
O.SxSSC), washed in 0.lxSSC for 30 min at 60 OC (IxSSC: 0.15 M NaQ, 15 m M  
trisodium citrate buffier, pH 7.0) a d  dehydratai through graded concentrations of alcohoi. 
After king Med for 2 h under vacuum, the sections were exposed at 4 OC to X-ray nIms 
(Kodak) for 3 days, ûefaaed in xylene, and dipped in NTB2 nuclear emulsion ( K m  
diluted 1:l with distilled water). Slidts were exposed for 12 to 16 days, developed in Dl9 
developer (Kodak) for 3.5 min at 14-15 O C ,  washed 15 sec in water, and hxed in rapid ha 

(Kodak) for 5 min. Tissues were then rinsed in ninning disrilleci water for 1-2 h, 

counterstained with thionin (0.25 %), dchydrated through gradtd concentrations of alcohol, 
c 1 e d  in xyleae, and c o v d p p e d  with DPX. 

6.4.5 CRNA pmbe synthtsis and maration 

The pBlueScript SK minus plasmids containhg a rat CD14 cDNA hgment of 1528 
base pairs was linearized with Sac 1 and Kpn 1 for the antisense and sense ribopmbes, 
respectively. Radioactive cRNA copies were synthesizod by incubation of 250 ng linearized 
plasmid in 6 mM M e .  40 mM Tris (pH 7.9),2 m M  spexmidine, 10 mM NaCl, 10 mM . 
dithiothreitol, 0.2 m M  ATP/GTP/CïP, 200 pCi of E - ~ ~ S - U T P  (Dupont NEN, #NEG 
039H). 40U RNAsin (Promega, Madison, WI) and 20U of either TI (CD14 antisense probe) 
or T3 (CD14 sense probe) RNA polyrnerase for 60 min at 37 OC. Unincorparateci 
nuckotides wen removed using ammonium-acetate method; 100 pl of DNAse solution (1 pl 
DNAse, 5 pi of 5 mglml tRNA, 94 pl of 10 m M  tris/lO mM MgCl2 was adc&d, and 10 min 
lam, a phenol-chlafof~~m extrtlction was paformed. The cRNA was pncipitated with 80 pl 
of SM ammonium aceuue and 500 pl of 10096 ethanol for 20 min on dry ice. The pekt  was 

washed with 500 pl  704b ethanol, dried, and resuspended in 100 pl of 10 m M  Tridl mM 
EDTA. A concentration of 107 cpm probe was mixed into 1 ml of hybridization solution 
(500 pl formamide, 60 pl 5 M NaCI, 10 pl 1 M Tris [pH 8.01. 2 pl 0.5 M ESTA [pH 8.01. 
50 pl 20x Denhart's solution, 2ûû pl 509b d e x m  sulfate, 50 pl 10 mgmi RNA, 10 pl 1M 



DTT, 11 18 pi Depc wam - volume of probe dl). This solution was mixed and heated for 
5 min at 65 OC before being spoticd on slides. 

6.4.6 Combinatim of immunocyt0chernistry with in si# hybdhtion 

Irnmunocytociiemisbly was cambined with the in sim hybridization histochemistry 
ptocol (CD14 mRNA) to &termine tht types of ce& that exprtss CD14 wnscript in the rat 
bmin afkr systemic treatment with the bacteriai endotoxin LPS. Among the antibodies 
seîected for this study, 0x42 was used to stain the rat complement receptor type 3 on 
phagocytes (CD1 WC), such as mcmocytes, macrophages and microglia Polyclonal 
antibody raiscd against CRF was also used to identify the ceUs expressing CD14 mRNA 
within parenchymal elements of the parvoceliular division of the PVN; numemus CD 14 
positive ceus of large diameter were observed in this division of the PVN where CRF ceus 
are predominant. Fos immu11ostaïning was used to detennine if cells activated following 
acute immune challenge were able to synthesize the mm14 receptor. Every sixth brain 
section was pnmssed by using the avidin-biotin ampMïcation bridge me- with 
peroxidase as a subsnate. Briefly, slices were washed in sterile Depc-treated 50 m M  
potassium phosphate-buffered saline (KPBS) and incubated at mom temperature with either 
0x42, CRF or Fos antibody mixed in sterile KPBS, 0.4% Triton X-100,0.25% heparin 
sodium salt USP (XCN Biomedicals Inc., Amara, OH) and 1% bovine senm albumin 
(fraction V, Sigma, St. Louis, MO). OX-42 monoclonal antibody raised in mouse 

(Cedarlane Lab. Limited, Homby, Ont, Canada, Cat # CL042B) was düuted 1:2 500 in the 
solution descfibed above. Rabbit antihumanhat C R .  semm (code PBL TC 70,8D/83 bled), 
a genemus gift h m  Dr. Wylie Vale (Peptide Biology Labratory, The Sak Institute. La 
Joila, CA), was used at a concentration of I:U) 000. Antiserum raised in rabbit against 

pToto-oncogene Fos [Ab53 (Oncogene Research Roducts, Cambridge, MA, Cat # PC38) 
was used at a concentration of 1:10 000. One to two hours after incubation with the prirnary 
antibodies (0x42, CRF or Fos), the brain sliœs wert rinsed in srnile KPBS and incubated 
with a mixture of KPBS + triton-X + heparin + biotinylated secondary anribodies ( h m  anti- 
mouse IgG for 0x42 and goat anti-rabbit IgG f a  CRF and Fos; 1: 1 500 dilution; Vector 
Laboratories, CA) f o ~  60 min. Sections were then rinsed with KPBS and incubated at m m  
tempenumt far 60 min with an avidin-biotin-peroxidase complex (Vectastain ABC elite kit, 
Vecm Labatatories, CA). After several  ses in d e  KPBS, the brain slices were reacted 
in a mixture containing sterile KPBS, the chromagen 3.3'-diarninobenzidine 

tenahydrochloride (DAB, 0.05%), aud 0.003 % hydrogen p x i &  (H202). 



Thereafb, tissues were rinsed in sterilc KPBS. immediately mounted onto po1y-L 
lysineooand slides. dwiccattd under vacuum fm 30 min, nxcd in 4% padormaldehydc 
[pH 721 for 30 min, and digesteci by protehue K (10 pg/d in 100 m M  tris HCi [pH 8.01 
and 50 mM EDTA [pH 8.01). a< 37 O C  far 25 mia Prchybridization, hybricbation. and 
posthybridization steps were perf'otzned according to the above description with the 

difference of dehydration (alcobol 50. 70. 95. 100%). which was shortcncd to avoid 
decolaration d OX-&, CRF-. and Fos-immunoseactive ceb @mwn staining). Afkr king 
dried fa 2 h under the vacuum, sections were exposed at 4 OC to X-ray film (Kodak) far 3 
days, defatted in xylene, and di@ in NTB2 nuclear emulsion (Kodalr; diluted 1:l with 
distilled water). Slides were exposed for 14 to 21 days, developed in Dl9 developer 
(Kodak) for 3.5 min at 15 OC. and fixeci in rapid fixer (Kodak) for 5 min. Tissues w a e  thtn 
~ ~ e d  in running distilled water for 1 to 2 h, rapidly dehydrated through gradcd 
concentrations of alcohol, cleared in xylene. and coversIipped with DPX. The presence of 
CD14 manscript was &tected by the aggiomeration of silver grains in paikarya. and 0x42, 
CRF or Fos immun~reactivity within the cell cytoplasm or nucleus (Fos-ir) was indicafed by 
a bmwn homogeneous coloration. 

6.4.7 Data analysis 

Anatomid identification of brain structures was essentially based on the Swanson's 

adas (33). The relative intensity of CD14 mRNA signal throughout the brain of each animal 
was assesseci on X-ray film images and NTB-Zdipped slides and gradcd according to the 

scale of undetectable (-). low (+), moderate (++), strong (+++). or very strong signal 
(++++). The exact anatomical distribution of positive ceUs was accomplished on dipped 
emulsion slides under micmscopic evaluation to ascertain the subceilular localization. 

Determination of the double-labeled ceUs was perfanned visually for each ceU 
exhibiting ckar brown cytoplasm and a number of silver grains within the ceIl body that was 

at least five times hi* than background. 

Low to modemte basal expression of CD14 ûanscript was generally detected in 

various non-parenchpal smctures of the brain, such as the choroid plexus (chp), the 



leptomeninges and widun blood vessels (bv) of the brain mg. 1, right column). Of interest 
is the f&ct that positive s i g d  was not detected throughout the entire mimv- of the 

brpin, but withia some bv kigating particuiarly the forebrain. However, the signal in ceils 
associated to bv hcnased througbout the entire brain of LPS-amninistend rats. Mwoscopic 

amlysis of emulsicm-dipped siides indiaad ihat these non-parenchymal CD14 p i t i v e  œiis 
arc likely to be of paivascular micn,giiai-- type; the round shape of their pcrilrarya 
(in contrast to the fusiform shape of endotheliai celis) is characteristic of perivascular 
microgüa almg the bv (Fi& 2, paœb A, B and 0. Moreover, the imgular signai a m  the 

bv does not support the hypothesis that the endothelid üne of the blood-brain barrier is 
positive for the gene eacodllùg CD14. Numerous studies have also repa#i the incapacity of 
the endothelia1 ceils to expriess m a 1 4  under basal and immunechallenged conditions, whüe 
pàvascuiar microglial-associated ceils are known to display both the m m 1 4  protein and 
transcript in response to LPS. The positive signal observed across the brain 
rnicrovasculature was incruised 1 h after i.v. LPS, but peaked at time 3 h and declined 
progressively 6 and 24 h following the LPS-treatmen~ 

1.v. and i.p. injection of the bactefial endotmin also incruised the expression of 

CD14 transcript in the chp and leptomeninges (Fig. 1, left and middle column). This 
increase of CD14 mRNA levels was apparent 1 h aher the i.v. treatment, reachcd a maximum 
at 3 h pst-injaction (Fig. 2, panels D and E) and persisted until24 h afta LPS treamient 
Meticdous analysis of emulsion-dipped slides revealed that some positive celis of the chp 
and leptomeninges were f o d  surroundhg bv and are Wrely to be perivascular mimgliai- 
associated cells. However, the high powa brightfield photomicrograph (Fig. 2, panels D 
and E, right column) also exhibit positive CDlChybridized celis that did not seem to be 

associateci to the microvasculaturt irrigating the chp and leptomeninges. Because of the 
heterogeneity of the ce11 populations characterizhg these non parenchymal structures 

(epitheiid, ependymal, macrophage, ...), it was diffcult without double-labeling procedm 
to clearly establish the cell type(s) that has (have) the ability to express the LPS receptor in 
the chp and leptomeninges of systemicaily enQtolenchallenged rats. 

Systemic injection of LPS stimulateci the expression of CD14 mRNA in a wide 

variety of nuclei and brain areas, an effect that was dependent on the dose and time following 
the LPS administration. In addition to the previously describecl non-paxenchpal structures 
(chp, leptomeninges and bv), transcription of CD14 was rapidly induced in most of the 
CVOs, including the organum vasculosum of the lamina terminalis (OVLT), subfornical 



organ (SFO), median eminence (ME). and area postrema (AP), 1 h after i.v. LPS 
0 .  

dmmstd011, The intetlsity of the signal iacreased to its maximal level of exprwsion at 3 h, 

whertas al l  the CVOs exhibited a reduad CD14 mRNA message at 6 h post-LPS injection. 
One day foiiowing tbe i.v. and i.p. injection of the endotoxin. the signai in the CVOs 
retumed PD tbt levels of conad animals. A delayed nsponse to LPS m e n t  was &tcctai 
within different structurts; a conviacing expression of the mRNA encoding CD14 was 
obsemed foï. tbt f h t  t h  3 h afkr iv. LPS administration in the medial preoptic area 
(MPOA), anterior hypothalamic area (AHA), supraoptic nucleus (SON), paravenoicular 
nucleus of the hypothalamus (PVN). muate nucleus (ARC). and the nucleus of the soiitary 
tract (NTS) (Fi& 1). Quaiitative d y s i s  a h  revealed that the hybridizatioa signai for CD14 

mRNA was stilI highly &@sable 6 h after the mament with the endotoxh in most of these 

areas, but completely vanished at 24 h. No clear hybridization signai was observeci in these 
pannchymai s a u c ~ e s  ucder basal conditions and with the sense probe. 

Examples of this time-related influence of the bacterial endotoxin on the expression of 
CD14 transcript is depicted by the Fig. 3. which exhibits darkfield photomicrographs of the 
OVLT. MPOA and AHA. The intensity of the signai for CD14 mRNA was moderate to high 
in the OVLT 1 h after the i x  injection, strong and maximum at 3 h. moderate at 6 h and 
almost totally vanished at 24 h w~g. 3, left column). In contriut, minimal to undetectable 
signal was observecl in the MPOA and AHA of animals sacrificed 1 h foUowing the i.v. 

administration of the endotoxin (l3g. 3. middle and nght columns). respectively. ' I h e  

hours afm the LPS aeamient, a moderate signal was found in the MPOA and the AHA. At 
that time, numerous scattemi ceils expressing CD14 mRNA were confined to those 
structures, while the message seemed to spread out the anammical boundaries of the MPOA 
and AHA 3 h later. This was particularly obvious in animais txeated with the highest doses 
of LPS i.v. and i.p. Animals sacrificed 24 h after the LPS injection displayed undetectable 
CD14 signal. These resdts stmngly suggest that the bacterial endotoxin LPS fïrst reaches 
the OVLT (an organ devoid of the b l d  brain bamer) to induce transcription of the gene 
encoding CD14 mRNA and thenafter increases CD14 mRNA levels in the regions 
surrounding the vascular 09tgan. 

It is very interesthg to note that such phenomenon of migratory-like pattern was not 
only scen h m  the OVLT, but from all the 0th- sensorid CVOs. Figures 4.5 and 6 show 
darkfield photomicrographs of NTB-2-dipped slides hybridized with an antisense CD14 
riboprube through similar areas of the SFO, ME and AP, respectively. In the SFO and AP, 



low to modaatt levels of CD14 expression was noted 1 h afkr the i.v. injection with LPS. 
Tbe pattern of expression was slso quite simila. in these two CVOs during the 0th- post- 

injection times; a moderate but maximal signal was induced at 3 h, declined to low-to- 
moderate levels at 6 h aad finally retumed to baseline 1evel24 h foliowing the systemic 
atamient. In the parenchymal stnrtmes adjacent to the SFO and AP, no message was 
obsaved 1 h afta injection of LPS, whaeas a widespread of CD14-expressing œlls became 
apparent in the fïmbria and NTS at 3 h; two structures closely related to the SFO and AP, 
respectively. Anottier clear exaïnpk of migratoay-lilre pattern is pnsaited in fi- 5; srrong 
si@ wss detecfed in the ME 1 h afm LPS administration, but at that tirne no lebeling was 

observed in the adjacent ARC nuclei (C). Two h later, the ARC now exhibited modaate-to- 
s-g CD14 leveh, while the ME was cntinly covered of CDleCxptessing ccils @). Tbc 
hybndization signal declineâ 6 h afkr the single i.v. LPS injection (E) and essentially 

vanished 1 day later 0. 

Intravenous injection of the endotoxin signifïcantiy inmased the transcription of the 
gene eucoàing CD14 in the endocrine hypothalamus, more specifically in the PVN and SON. 
Interestingly, the effax of LPS injection on the stimulation of CD14 transcription withui the 

PVN and SON was slow and transient; CD14 txmscript was not dttected in the PVN and 
SON of animals s&ced 1 h afm LPS matment (either i.v. or i.p.), whercas maximal 
expression of this gene took place at 3 h and essentially vanished at 6 h post i.v. injection 
time. Figure 7 (left column) depicts a representative example of the distribution of the 
mRNA encoding Cl314 in these hypothslamic structures 3 h a f m  i x  adminismtion of LPS. 
In the PVN, the signai was particularly intense within parenchymal elements of the 

parvoce11ular division besi& the wall of the ventrai third ventncle, which is dinaly in contact 
with the cerebrospinal fluid secnted by the chp. The high power brightfïeld 

photornicrograph of the Fig. 7 (sct "insert" PVNRSS) depicts CRF-immunoreactive (ir) 
perikarya of the parvocellular PVN that are positive for the LPS receptor. Few, but some. 
double-labeled CRF neurons were indeed found 3 h after i.v. U S  treatment (filleci 
armwheads), although this hypothalamic nucleus exhibited numemus single CRF-ir neurons 
and CDlbpositive cclls. In the SON, the distribution of cells expressing CD14 mRNA was 

more heterogeneous and several positive cells were located war the leptomeninges (Fig. 7, 
SON LPS). Although it is dif£icuit to evaluate whether LPS may mach dirrctly the endocrine 
hypothalamus, the possibility rcmains that endomXia particles find their way through chp, 
Ieptomeninges, bv and CVOs. No constitutive expression of CD14 ttanscript was detected in 

these hypothalamic nuclei mg. 7, right column). 



Figure 8 shows darkfieîd photomicrographs of an ubiquitous-likc type of CD14 
signal within d i f f i n t  areas of the brah of LPS-challenged rats. hdeed, i.v. LPS treamient 
stimulated wascription of CD14 within parenchymal c e b  of the cerebral isocortex (Fig. 
8A). the hippocampus Q), the tuberomammihy area (C) and the ccrtbeilum (D). In this 
latter region, the signal was particuiarly intense over the leptmenuiges and the bv, while 
scatmed ceils were found over the parenchymal granular celi layer. As dcscribed, this 
induction acnns the parenchymal brain was late, transient and dependent on the dose of the 
endotoxin. The lowest doses of the bacterial endotoxin inje- i.v. (20 pg/kg) or i.p. (25 
W g )  caused expiession of C D  14 in a more restricted pataa;  I r .  bv, leptomeninges, CVOs 
and surroundhg structures, whereas the highest doses (MO pg i.pJkg. 100 pg i-vJkg) 
M d  the LPS reœptor in numemus but clearly defined parenchymal regions, such as 
those &picteci in the Figs. 1 and 8. Of interest is the fact that i.p. injection of a very high 
dose of LPS (2.5 g/kg) was able to pmvoke a robust CD14 expression across the whole 
brain without locaüzed pamem 6 h afta the matment (data n a  shown). 

To detennine the celi types that express the gene encoding CD1 4 following systemic 
injection of LPS or vehicle solution, a combination of irnmunocytochemistry and in situ 
hybridhtion histochemistry was per f 'md  Seftions were immunor#icted against 0x42 
to stain phagocytic ceils (macrophages and rnimgiia) and immediately after hybridïzed with 

an antisense rat CD14 isotopic riboprobe. 0x42-ir œlls associated to bv. most likely 
perivascular mimglia, were positive for the LPS receptor (Fig. 9A), whereas macrophages 
expressing CD14 mRNA were found in the chp and leptomeninges of LPS matcd nits (Fig. 
9B and C). As depicteci in the panel D, very few (if any) Fos-K epithelial lining cells were 
positive for CD14 in the leptomeninges, but double-labeled cells were detected into the 

subarafhnoid space a8here fibroblasts, macrophages and endotheliai cells are abundant. 
Since there is no clear evidence that endothelia1 cells are able to express CD14 reœpm on 
their membrane surfaces and that some CDIkxpressing cells were not immunoreactive to 

0x42, fibroblasts are likely to be another œil type that express the LPS receptur withh the 
subanchnoid space. It is interesting t h  fibmblasts has previously been s h o w  to display 
high levels of CD 14 (34). 



The profile of distribution of the hybridUtd signai across the brain parenchyma of 
eadotoxin-challenged ammals along with the r m i d  sire of the cells Id us to beiicve tbat tksc 
(=D14-positive ceils were of glial typt. Duai labehg with a spcafic antisera against 0x42 
provideci s m g  evidenœ that a iarge number of the ceUs that express t&e gene encoduig LPS 
reœptm during severe blood sepsis am of parenchymal microglial type. The Fig. 9 (panels E 
and F) shows examples of such phenornenon within various structures of the braia. 

including the ME/ARC and AP/NTS where numerous OX-42-ir ceils exhibited CD14 
Wascnp However, not al l  CD14 positive celis were colacalized within 0x42-ir perhqa, 

suggesting that m o n  than one type of parenchymal celis could express mm14 diiriag 
endotoxeamia. Expression of the LPS receptor has recentiy been r e m  in rat primary 
asUocytes (33 ,  although we faced somc technical difficulties to unravel these glial celis 
throughout the brain using di f fan t  antisera against GFAP rending double-labehg difficult. 
No conclusion caa therefare be reached at the moment for astrocytes. 

6.6 DISCUSSION 

The present snidy shows that specific cellular populations of the cennal navous 
system (CNS) have the ability to express the gene encoding the membrane (m) fonn of CD14 
LPS receptor. Under basal conditions, low levels of CD14 mRNA wen detected in various 
non-parenchymal structures of the braui, such as the leptomeninges, the chp and within 
blood vessels (bv) of the braUi microvasculanire. Systemic injection of the bacterial 
endotoxin induced smwig expression of CD14 transcript within these same structures as well 

as in many other regions. including the OVLT/MPOA, SFO, PVN, ME/ARC and the 
Al?/NTS. In the non-parenchymal structures eaumerated above and a l l  the senmial CVOs, 
the CD14 mRNA signai was rapidly detected at 1 h, reached a peak at 3 h pst-injection, 

declined at 6 h and returned to basal levels 24 h after LPS treatment. A &layeci response to 
LPS aamient  was detected in the brain parenchyma within numerous nuclei where robust 
expression of the mRNA encoding CD14 was observed 3 and 6 h after the systemic 
challenge. I n a s t h g l y ,  microscopie analysis of emulsion-dipped slides revealed that CD 14 
positive ceils spread over the anatomical boundaries of these parenchymal smictures in a 
rnigatq-l ikc pattern 6 h following i.v. U S  administration. Taken together, these results 
smgly  suggest that the bacterial endotoxin Ll?S first reaches organs devoid of the blood 
brain barrier (BBB) to induce the transcription of its own Rceptor and thereafter h d  
CD14 biosynthesis within p n c h y m a l  structures surrounding the CVOs and then the entire 

brain of severely challengeci animals. Using immunocytochemisaylin situ hybridization 



double labeling, CD14 mRNA was identifieci within various celis of the braia. includiag 

CVO TeSident macrophages. partnchymal aod perïvascular-asSOciated microgiia as weU as 
few CRF neurolls of the hypodralamic PVN. The direct action of LPS on myeIoid- and noa. 

myeloid-âerived parenchpal ceiis expressing mCD14 could be responsible for the 
modulation of numaous responses occurrïng diiring endotoxaemia, w h  as the production 
of proinflammatory cytokines of cenaal origùi and activation of the corticotroph axk for the 

a p p q x k a  release of glucocodcoids. Monover, it is possible that cells expressing CD14 
mRNA play a key d e  in the &fense of the neural pannchyma against invading LPS 
particles penetrating the CNS via almed BBB drning b l d  sepsis a unselcctive diffusion 

through avaüable target stnsctures, such as the C'Os and chp. 

Systemic LPS administration is a well accepteci mode1 of infection and inflammation 
that activates phagocytes and stimulates the synthesis and nlease of cytokines into the 
Circulstion 1t is believed that the secretion of these proinfiammatory molecules by s b -  

systemic momicytes/macrophages, neutmphils and lymphocytes is directly responsible for 
most of the eEccts of the endotoxin in the brain. Among many o h .  stimulation of CRF 
neuroos and the consequent activation of the HPA axis reflected by elevated plasma 

glucocorticoid levels is a classical LPS rtsponse; a phenornenon of great importance in the 
immunosuppressive processes. Although systemic injections of IL-IB, IL6 or TNF-a are 
capable of mimicking these neuroendocrine events (10,12,14-16.36,37), proinflarnmatmy 
cytokines of systemic ongin rnay not be essential for LPS-induced activation of the HPA 
axis. Systemic administration of IL-1-receptor antagonist protein failed to prevent the 
increase of CRF mRNA in the PVN and circulating corticosterone levels (38,39), whereas 
mice receiving =-a antibody, either alone or in combination with an IL-1-receptor 
antagonist pmtein, still exhibited robust activation of the HPA axis in response to LPS (38). 

It has also been demonstrateci that the surge of plasma ACTH and corticosterone levels 
obtained after inira-artenal infusion of LPS preceded by at Ieast 30 min measmble 
proinflammatory cytokines hm the bloodseeam (40). These results clearly indicate that 

cytokines of systemic Ongin secreted in response to LPS administration are dispellsabk in the 
early stages of HPA axis stimulation. However, the possibility remains that these cytokines 
contribute in the prolonged and sustained neuroendocrine responses to systemic 
endotoxaemia Pret~amient with antibodies specific for either IL,- 1 receptor or TNF-a was 

indeed able to pnvent LPS-induced ACT'H release, but at times not eariier than 4 h post LPS 
challenge, whereas simultaneous administration of both antibodies diminished, but did not 
eiiminate, the ACiH release at 2 h (41). In consequence. systemic production of cytokines 

may not be a .  essential step in the early netmendocrine changes provoked by the bacterial 



endotoxh. a fact that has been fimha supporteci in proinflammatory cytokinedefiCient micc 
( f a  review. see 27). 

As mentionai, signiticant iocrrasc of circuiating leveis of ACIH and d c o s m a i t  

takes place as early as 15 to 30 min afta systemic injection of LPS. whilc I L I ,  DL6 a d  
TNF-a were not yet detected in the plasma (40). Although it has been suggested that 

lymphocyteaerived ACLZI can play a role in a i g g e ~ g  cortimsterone release in immune- 
chailenged anbals  (42). this hypothesis remains highly conttoversiaj and many studies do 
suppon the concept of aeuroendocrine CREmediatad mechanisms (43.44). Few, but scxne, 

C R .  newons of the PVN exhibitcd poaitive CD14 signai. hdicating that LPS may directly 
target the murons cmtroiling the HPA axis. However, the induction was quite late d 
whether sy~hernic LPS may rrach these cells has yet be to confinned. On the o t h a  lumi, it is 
possible that LPS stimulates acœssibie structures to the bloodstream, which play key roles in 
the activation of the n e m m  conmiiing the Cofeicotroph axis. The ME is a good candidate 
and is rather well positioned to be a dutct target of circdating endo toh  to moduiate the 

HPA axis, because the region is devoid of BBB, exhibits a robust induced expression of 
mCD14 rnRNA and contains the nerve terminals of the neurons that secrete into the 
infundibular system. Morieover, qualitative analysis of autoradiographic films a d  emulsion- 
dipped slides revealed bat the ME is the structure that expresscd the highest levels of CD14 
mRNA at 1 h pst-injection tirne. The prtseat manuscript does not show the effects of LPS 
on CD14 transcription at times preceding 1 h, although it is highly possible that LPS 
stimulates CD 14 expression in the ME within few minutes following the i-v. treatment 
Ckirlating LPS into the bloodstream could therefore bind to its own nceptor in the ME and 
among Merent  functions, trigger infundibular CRF release and corticotmph axis-related 
hormone secretion. 

Rapid induction of CD14 mRNA was also obsmed  in the OVLT, SFO, AP, chp. 
leptomeninges and bv of the whole brain microvasculan>re 1 h after systemic (both i.v. and 
i-p.) LPS injectioa; no CD14 mRNA si@ was detected in any other brain parenchymal œils 
at that tirne. These resdts can be explained by the fact that almost ai l  these structures have 

been s h o w  to be accessible to large molecules circulating into the bloodstream. The 
seaSOnal CVOs contain a rich vascular plexus with specializtd arrangements of the bv. The 
tight junctions normally present between the endothelial cells are shifted in part to the 
ventricular siirface and panly to the boundary between the CVOs and the adjacent structures 
explainhg the diffusion of large molecules into the perivascuiar region (45). 1t is very likely 



that LPS injected into the g e n d  circulation penetratcs the OVLT, Sm. ME and Al? tissues, 

whrh then dlow the endotoxin to trigger localiy the synthesis of its own receptor. The chp 
and leptorneninges are dso recognized as king highly vascularized regions and 
agglomxahn of silver g r a h  f d g  CD14 positive ceb were detected dong bv imgating 
these structures, dthough numaous isolated positive c e b  w m  also found Since it is 
virtudly impossible to cut through these strncnues without isolating cells of the 
dcrov8sculature, the possibility nmains that a large propartion of the ce& apnssing CD14 
mRNA in the chp and the leptorneninges at early post-challenge times are perivascuiar- 
sssoàated ceus ar rnaaqbges and dieriefm in dina contact with molecules of the bl& 

At fairly low doges of US, CD14 receptor is recogniz#i to be essential for the r e k  
of proinfiammatory cytokines (20, 21, 24, 46) and receat studies indicate that NF-- is 
likely to bt the key mediator h u g h  which the endotoxin provokes such cellular response. 
Yamamoto and coworkers have recently demonstrated that CD 14-mediated LPS stimuius 
eiggers the transIocation of NF- and this mechanism seems dependent on the production 
of the second messenger diacylglyccrol (47). Moreover, in v i n  studies using antibodies 
ncognued O block the LPS binding to its CD14 receptor, have show a drarnatic clamse of 
NF-KB binding activity and marked diminution of IL-1B and TNF-a synthesis following 
LPS matment in the CD14+ cell lines (21.48). Although NF-- Uiduction alone may not 
be sufficient for the action of LPS to take place, several studies have nonetheless 
demonstrated that the transcription factor NF-KB is involved in mediating the transcription of 
genes encoding the LPS-inducible proinfiammatory cytokines IL-1i3, EL-6 and TNF-a (49- 
57). NF-- is nonnally present into the cytoplasm foming an inactive complex with an 

inhibitor known as 1-KB~. FoUowing extracellular stimulation by growth factors, mitogens, 
cellular activators, and ac tivators of second messengers, 1-rB a is phosphory lated by 

intraceilular kinases and degradeci by cytoplasmic protease releasing, by the same token, 
active NF-KB (58.59). Fiee active NF-KB is then aanslocated into the nucleus where it will 
be able to regdate transcription of various genes, including proinflammatory cytokines. 
Usiog detection of 1 - K B ~  tmnscript as a marker of NF-KB activity, Quan and coworkers 
have rexxntly show a dnunatic increase of the 1-Ba mRNA levels in the CVOs, chp and 
throughout the whok brain microvasculaturre 1 and 2 h after ip. LPS administration (60). In 
the present stidy, we were abk to detect a rapid induction of CD14 in the CVOs, chp and bv, 
indicating that LPS biirding to CD14 may be responsible for the mmcription of Id3  in the 
stnictmes devoid of the BBB. 



Interestingly, systemic administration of the bacterid endotoxin LPS was shown to 
iaduce înmcrïption of tbc genes eacodiag the proinflammatory cytokines in the mgions of 
the rat brain that display rapid induction of CD14 and 1--a. Using in sin< hybridization 
histochemisay. maximal intensity of I G l B  mRNA were observed in the <NOS. chp. 
leptomeninges and bv at 2 h pt-injection time (61). whiie celis expressing IL6 traoscript 
were detected 3 and 6 h after i.p. administration of the bacterial LPS (17). The 
proinflammatory cytokine ILAB is recognized to be an important stimulata of IL6 
production in pezipheral organs (62). aithough i.v. injection of recombinant rat LU did mt 

activate expression of IL6 mRNA in the CNS (17). A direct action of the bactend 
enQtolQn on celis farming the CVOs and chp may therefore be nsponsible for the 

production of IL6 within the brain. but the possibility remsins that the L 1 B  of meal aigin 
may iacnase the production of W. We have also recently found that systemic LPS 
aeamient stimulates TNF-a transniption in a time fiame and pattem quite similar to CD14 
and 1--a mRNA expression in the rat brain (S. Nadeau and S. Rivest, in preparation). It is 
permit to believe that the effects of LPS on the activation of CD 14M-1c.B and synthesis or 
proinflarnmatory cytokines are relatexi phenomena within specific cellular population of the 
bmh, such as macrophages. perïvascuiar-associateci mimglia and paruichymal mimgiiai 
cells. 

The physiological relevance of LPS-induced CD14 in the rat brain and the 

biosynthesis of different cytokines widiin the CVOs and chp has yet to be clarifieci. The 
rapid expression of CD14 and the increase of proinflammatory cytokines synthcsis in the 
OVLT may be a centrai mechanism pamcipating in the thennogenic effects of the bacterial 
endotoxin. The OVLT/MPOA is a cruciai region involved in the conml of thennoreguiation 

and the centrai injection of IL4 antibody aaenuates the fever and themogenesis induced by 
the endotoxin (63,64). Abnomal fever nsponse has also been found in ILd-defident mice 
in- with the bacterial endotoxin (65). The SFO and AP also exhibit positive signal fm 

CD14 and proinflammatory cytokine mRNAs and celï populations expressing CD14, IL1 

and TNFa aha LPS aeamiwit were identifid as king of microgiial type (66, 67; S. 
Nadea. and S. Rivest, in preparation, and thk manuscript). It is conceivable that cytokines 
plodllced by microgiial celis in response to LPS and/or cytokines of systernic origin bind t~ 
their receptors associated to nearby neurons. which may provide duect or indirect afferent 
projections to modulate specific neuronai functions. Interestingly, ceiis expressing mRNA 
for IL1 type 1 and IL6 subunit receptors have been 1ocaliiriPA in the CVOs (17.68) and 
n e d  activity has been obscmd in the CVOs foiiowhg systemic administration of IL-1B 
(1 1.69). IL6 (13) and TNF-a (S. Nadeau and S. Rivest, in prepwation). 



The chp and cerebrai m i m v ~ u i a t u r e  are also in good position to rransducc the 
infarmation rrceived fkom systemic circulation to the brain parenchymai cells. We report 

hcre tbat the CD14 si@ incrtastd r q M y  in cells associated to these structures after LPS 
m e n t  and mi- analysis of exnuision-dipped siides iadicated that most of tbe mn- 

parenchymal CD14 positive ceh are Iikely to be of perivascuiar micro@-associateci and 
ms1c1ophage type. Indeed, the gm encoding CD14 was not unifonnly exprwsed acn>ss the 
hisiform eadothelium fonning the intemal lumen of the miaovasculatt,m and several bv 

exhibiteci only one or two CD14 positive ceus, although a more uniform pattern of 
expressing celis w a e  &tect#l in odiacapillaries (sct Eig. 2A). The cells were nevertheless 
not forming the internai edge of the mi~~~vasculature,  a phenornenon that dots aot suppcm 
the endothelia as king positive for the transcript, Moreover, double labeling with 0x42 
provideci clear evi&nœ that perïvascuiar-microglial associated cells have the capacity to 
express the gem encoding (Pl4 in rwpoase to systemic endotoxin challenge. 

In agreement with our data, numerous studies have reporteà the iacapacity of the 

endothelium to express mCD14, although these cells were shown to play a major role in the 

pathogenesis of gram-negative bacterial sepsis via free soluble CD14 ('70-74). In fact, LPS 
can txigger tyrosine phosphorylation of mitogen-activated protein Linases within endothelial 
ce& despite the lack of ma14 (73) and this event was reported to be associated to NF-- 
and cyclooxygenase enzyme 2 (COX-2) activation (60,75). The bacterial endofoxin-indd 
release of proinflammatq cytokines from systemic phagocytes may also contribute to 

activate the endothelium of brain capillaries; I L 4  type 1 receptor mRNA is predorninantly 

expressed in cerebral vascular endothelial cells, leptomeninges and chp (68,76), whereas 
mRNAs encoding TNF-a receptors were detected in cerebrovascular endothelial cells undex 
basal conditions (77). Moreover, we have rtctntly reported that LPS, IL-1B and TNF-a 
i.v. injection caused COX-2 gene transcription in the chp, leptomeninges and along the en& 
brain microvasculatiire (75). It is wnceivable that binding of proinflammatory cytolcines to 
their receptors or a direct effect of LPS on the endothelium may induce prostaglandin 
synthesis that may diffuse through parenchymal elements, which in tum, modulate different 
brain functions occUmng diiring endotoxaiemia. 

Expression of CD14 within the leptomeninges was quite dus?,  especially when both 

the p h  and arachnoid manen remained intact in the tissue processing. In such cases, we 
observed a profound induction of the immediate-early gene c-fos within the squamous 



epithclial ceils Liniag each membraat. aithough very few (if any) Fos-ir lining ceus w a c  
positive for CD14. Howtver, dual-labeiing Fos-ir/CD14 mRNA were detected in the 
subarachaoid space w b  numcraur CD14 ctlls wexe generaliy f o d  Using an antistra 
against 0x42, we wexe abk to sec several macrophages that contauied convincing CD14 

signal Wtg. 9, paml D). but single CD14 exprcssing œlls were aiso prtsent. TheU size and 
shape strongly suggest the fibroblasrs as having the ability to express the LPS reccptor. 
Intacstingly, CD14 bas recently becn shown to be expressed at high density in haman 
gingival fibroblasts and this event was shom to mediate the LeS-induced stimulation of AP- 
1 and NF-- tramcription factors (34). The exact rolt of CD14 in fibroblasts of the 
leptomeninges has yet to bc determineci, although it is possible that LPS is capable of 
stimulating the synthesis of cytokines within these non-myefoid-derived ceiis of the 

subarachnoid spact. 

Apart h m  its recognized role as a glycosyl-phosphatidylinositol (GPI)-anchond 
membram protein that induces, in prcsence of LPS, activation of tyrosine kinase leading to 
transduction signal and cytokine gene transcription. CD14 has also k e n  suggested to save 

as an opsonic receptor f a  LPS-coatd particles resuiting in an uptalre and clearance of LPS 
by the activated ceils (74). In this regard, our &ta showing the biphasic regdation of CD 14 
in the rat brain axe quite fascinatllig; tht aansaipt was rapidly detected in the CVOs and the 

chp and dual labeluig proccdure indicatcd tbat most of these expnshg ceils wcrc of mycloid 
type, including macrophages (chp) and microglial (CVOs). However, a migratory-lücc 
pattern was obsewed and 6 h after injection of high doses of LPS. positive cells were found 
over the entire braia Although we found sevefai parenchymal microglial œUs that were 

positive for one of the LPS receptor, numerous CD14-expressing cens were not 0x42 
immunoreactive. Non-myeloid parenchymal cells of epithelial origin, such as asmytes and 
neurons. should therefore be considered and the fact that CD14 was expressed withh few 
neurœndocririe CRF neuroas supports this concept. In agreement with these data is the 
elegant study showing that LPS cm stimulate the transcription of CD14 in non-myeloid 
epithelial ceils of various perïpheral tissues (74). a phenomenon that seems dependent on the 
production of cytokines fnim phagocytes. In the present case, it is possible that LPS targets 
first the myeloid ceiis of the CVOs and chp. which in turn may produce proinflammatory 
cytokines and upregdate parenchymal CD14 expression in a dose- and time-dependcnt 
marner as presentcd in diis study. It will be crucial ta d e m e  if such mcchanism is indeed 
taLing place in the brain and a, investigate ia physiological rielevance. One hyporhesis is that 
CD14 expression in parenchymal ceiis of the CNS primes the activated ceils to produce 
cytokines and/or prepare them to increase the clearance of the endotoxin particles that may 



reach the CSF and be toxic for the neurons. This complex machinery may be of great 
importance to maintain the body hommstasis and protect neunms during inféctious dkeases 

and severe blood sepsis. 
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Table 1: 

Hybridization signal for CD 14 mRNA in the rat brah foHowing systemic LPS injection (25 
pg i x ) .  



1 hour 3 hours 6 hours 24 hours 
Time p s t  LPS 

\ LPS VEH LPS VEH LPS VEH LPS VEH 
Brain Region 
Organum vrisculosum lamina terminalis ++ O/+ +++ O/+ ++ O/+ O/+ - 
Meâial preoptk m a  O/+ - ++ - +/++ - - - 
Supraoptic nucleus 
Subfornical organ 
Hypotbalamic paraventricular nucleus O/+ - ++ - + - - - 
Arcuate nucleus - - ++/+++ - O/+ - O/+ - 
Mcdian emincnce +++ O/+ +++/++++ - +/++ - O/+ O/+ 
Area postrema 
Cboroid plexus 
Leptomeningea 
Parencbymal ubiquitous-like signal O/+ O/+ ++ O/+ +/++ O/+ O/+ O/+ 

Legends: ++++, very strong signal; +tc, s m g  signal; ++, moderate signal; +, low but positive signal; -, undetectable signal; 
LPS, lippolysacchari&; VEH, vehicle matment. 



kpmsentative example of the influence of endofoxin lipopolyslaccharide (LPS) injection on 
the distribution of the mRNA eaooding CD14 in the rat braia Aaimals were sacrifiad 3 h 
afm innavenous (i-v.; 100 p@g b.w.) or intrapaitoneai (Lp.; 500 pgjkg b.w.) treatment 
with LPS or the vehicle solution. These mmaudai  coronal sections (30 p) of LPS- 
treated nits exhibit a positive signal on X-ray films (Biomax) for CD14 mRNA in various 
parenchpal and non-parenchpal stmcaires of the braia 3V, rhrm ventricle; AQ, aqueduq 
AP, area posetma; ARC, ivcuate nucleus; bv, blood vessels; Ger, œrebelium; chp, choroid 
pkxus; 8, caudate putamen; DG, dentate gynis; LGc, latcral genicuiate cornplex; LIU, 
lateral hypothalamic ares; LV, lateral ventricie; ME. median eminence; MPOA, medial 
preoptic area; oc, optic chiasm; OVLT, organum vasculosum of the lamina tezminalis; PB, 
parabrachial nucleus; PG, ~ O ~ M C  gray; PVN. paravenûicular nucleus of the hypothalamus; 
SFO, subfdcal  mgan; SON, supraoptic nucleus; VLM, ventdateral m e d m  



LPS i.v. LPS i.p. Vehicle i.v. 



Low-power darkfield (left column) and high-power brightfield (right column) 
photomicrographs showing the expression of CD14 mRNA in blood vessels (A, B and C), 
choroid plexus (D), and leptomeninges @) of rats sacrificexi 3 h ahcr intravenous (i.v.) 
injection of the bactena1 endotoxin lipapolysa~charide (100 pg of LPS/kg b-W.). Note the 
robust hybridization signai within non-parenchymal cells surroundhg the blood vessels, 
chamid plexus and leptomeninges 3 h following the LPS challenge. Note also that CD14 
positive ceUs in the blocxi vessels of LPS treated rats are round in conmut to the fusiform 
shape of endothelia1 cells and not d ' y  distributeci m u a d  the internai lumen of the 
mimvasculatirre suggesting that tbcy am mwt lhly perivascuiar microgïial-associaad œils. 
The arrows in B and C point the blood vessels observed under brightfïeld at high 
mapification. Magnification panels A, B. C and E (leh column), X25, Scale bar = 100 p; 
panel D &ft column), X10. Scale bar = 250 pm; nght column, X100, M e  bar = 25 p. 





Figure 3: 

Intravenous (LIT.) lipopo1yssccharide ( U S ;  100 p@g b.w.) caused a migratory-iike pattern 

of CD14 expression from the arganum vaseuiosum of the lamina t e r m i d i s  (OVLT) to the 
media1 premptic area (MPUA) and anterior hypothalamic area (AHA). These darkfield 
photomimgraphs were taken h m  dipped nuciear exnulsion sections of animais saainced 1, 
3 and 24 h after i.v. injection of LPS a vehicle solution (top panels). Note the positive 
hybridization signal in the OVLT as d y  as 1 h a f m  LPS aamient, whereas the MPOA and 
AHA did not show detectable CD14 signal at this pst-injection the. Three hom afta LPS 
treatment, numaous scattemi cells expressing CD14 mRNA wcre found in these structures. 

suggesting a rnigratary-iike pattern of CD14-positive ce& fkom the OVLT to the surrounding 
parenchymal braia. Magnification. XIO. Scaie bar = 250 m. 





Time-related influence of  intravenous (i-v.) administration of the bacterial endotoxin 
lipopo1ysaccharide (LPS; 100 m g  b.w.) on the expression of CD14 mRNA tbrough 
identical m a  of the subiornical mgan (SFO). These darkfieid pbtMnicrographs of dippeâ 
NTB-2 emulsion s u s  depict CD14 mRNA hybndization in rats s a c r i f i a d  after vehiclc 
injection (B), or 1 h (C), 3 h @), 6 h (E) and 24 h (F) following i v .  LPS-txeatment. The 

signal for CD14 mRNA in the SFO was k t  detected at 1 h, reached a peak at 3 h post- 
injection, declined at 6 h, and retumed to basal expression 24 h after LPS tnamient Note 
that some CD14-positive cells aaoss the anatomical boundaries of the SFO became apparcnt 
at 3 h, whereas the message seemed to spitad out even more 3 h later. The schema from 
pane1 A was taken h m  the atlas of Swanson (33). Magnificatiou, X10. Scak bar = 250 

P. 





Effects of systemic i.v. injection of lipopolysaccharï& (LPS; 100 l@kg b.w.) on the geae 

encoding CD14 in the median eminence (hdE) and the arcuate nuclei (ARC) of the 
hypothalamus. These dadrneld pbtomicrographs of dipped NTB-2 emulsion slidts dcpict 
CD14 mRNA hybridization in nits sadiceci afm vetricle injection (B) or 1 h (C), 3 h @), 6 
h (E) and 24 h (F) folIowing i.v. L P S - m e n t .  The signal f a  CD14 mRNA in the ME was 

first detected at 1 h, ruiched a peak at 3 h post-injection, declined at 6 h and retumed to basal 
levels 24 h dkr LPS treamient. Noa that CD14-positive cells became apparent in the arcuate 
nucleus at 3 h. The schema fmni panel A was taken fiom the atlas of Swanson (33). 
Magdication, X25, Scale bar = 100 W. 





Tme-rehted influence of intravenous ( i x )  adrnioistrtltion of the bacterial endotoxin 
lipopolysaccharide ( W S )  on the exprcssicm of CD14 mRNA thn,ugh identical area of the 
area posatma (AP). Tàese darlneld photoinïcrographs of dipped NTB-2 emuision siides 
& p h  CD14 mRNA hybridhïon in rats d œ d  unda basai C06ditions (B) a 1 h ( 0 . 3  h 
0). 6 h (E) and 24 h (F) after the LPS challenge (100 p@kg b-W.). The signal for CD14 
mRNA in the AP was fïrst detecteù at 1 h, rcached a peak at 3 h pst-injection, declimd at 6 
h and vanished 24 h foilowing the treamient with the endotoxin, Note that CD14-positive 
ceils becarne apparcnt in the nucleus of the solitary tract (NTS) at 3 h. whereas the message 
spread out over the NTS anatomical boundarîes 3 h lam. The schema f h n  panel A was 
taken f h m  the atias of Swanson (33). Magnification. X10, Scale bar = 250 p. 





Figure 7: 

Representative example of the effect of intravenous injection of LPS or vehicle sdution on 
the expression of CD14 mRNA in ttie paxaventri& nucleus (PVN) and supraoptic nucleus 
(SON) of the rat hypothalamus. Thcsc darkfieId photomimgraphs of dipped NTB-2 
emdsion slides depict positive hybridization signai fot CD14 mRNA over the parvocellular 
division of the PVN and SON 3 h aher i.v. injection of LPS (100 pgkg b.w.). The 
brighaield photomicrograph inserted adjacent to the PVN of LPS-treaîed rats depicts 
examples of dual-labeled neurons immunOzeactive for corticotropïn-releasing factor (<=RF) 

and expressing CD14 transcript Notc that few double-labelcd neurons were found, whik 
numaous CD14 and CRF-colltrririing ah urne not calocaliztd t o g d  in the hypothahmk 
PVN. For m o n  &tails on the dual-labeling procedure, please see the Mataial and Meaiods. 
The schema of the right column wnc taken h m  the atlas of Swanson (33). Magnindon, 
XU, Sale bar = 100 pm; bnghtfield photanicrograph insert, X250, S d e  bar = 19 p. 





Figure 8: 

Rcpresentative examples of the ubiquitous-like CD14 signal within different arcas of the 
brain of rats saaificed 3 (panels A, C and D) and 6 (panel B) h afkr intravenous injection of 
LE% (100 pgkg b.w.) or vehicle solution. These darkfïeld photomimgraphs of nuclear 
emulsion-dipped sections show positive hybpidization signal far CD14 mRNA in the cerebral 
isocortex (A). hippocampus (B), tuberomamdhry area (C) and within the ieptomeninges, 
blood vessel-associateci ceus and over the granuiar cell layer of the ctrebeilum @). The 
schema of the ri& column wen  talrcn h m  the atlas of Swarison (33). MaBnification pantl 
A, X25, Scale bar = 100 p; other panels, X10, Scale bar = 250 p. 



LPS VEH 



Figure 9: 

Expression of CD14 mRNA within 0x42-immunoreactive (ir) cells associateci to brain 

microvasculature (A) or found in the choroid plexus (chp; B). leptomeninges (C), median 
eminence/arcuate nucleus (ME/ARC; E) and area postrema/nucleus of the solitary tract 
(AP/NTS;  F) of LPS-challeaged rats. C o l o c ~ t i o n  of Fos-ir nucleus within CD14 
expressing cens in the leptomeninges @articularIy into the subamchnoid space) of rats treatd 
with the bacterial endotolan is also depicted @ j. Around the blood vessels @v), OX-42- 
labeled aUs  (most liLtly perivascular-associated mimglia) were positive for the gene 
encoding the CD14 reaptar. Numemus 0x42-ir macrophages eqmssing the LPS rieceptœ 

were observecl in the chp and leptomeninges of endotoxin-challenged animals. In the 
ME/ARC and AP/NTS, several CD14 positive cells were identified as parenchymal 
microglia Note that some CD14 positive ceus wge aot CO-localized within OX-42-ir 
penirarya, suggesting that other parenchpal ceU types may have the ability to express the 

LPS receptur. FUed arrowheads, OX-42-ir or Fos-ir cells expressing CD14 m m  c u m d  

mwheads, OX-42-ir or Fos-ir (D) cells aime. MagnXcation, =O. &ale bar = 10 p. 





CHAPITRE 7. DISCUSSION GÉNÉRALE 

7.1 CunmUNCatiOn entre les systhnes i m m u n i e  et œimicndoaiaien: voies in- 

Dans notre première Ctude. nous avons tout daboni démontré qu'une injection 
systémique & LPS Muena i'activité ceiiuiaïre cérébraie d'une façon dost-dépendanre. Nos 
résultats ont montré que l ' i n . 0 1 1  d'une f w  dose de LPS stimule de façon très intense et 

prolongée la traascription de llEG c-fos dam plusieurs strucams du SNC du rat Bien que 
l'administration dune dose modérée de l'endotoxine ait aussi provoqut des effets similaires 
dans les premikes heures suivant l'injection, le signal observC a rapidement disparu quelques 
heures plus tairl dans la majorité des régions du cerveau il l'exception &s OCVs. Quant ii 
l'infusion d'une faible dose d'endotoxine, celle-ci a induit exclusivement l'expression du 

gtne c-fos dans k s  organes circumventriculains sensoriels. Les mécanismes exacts par 
lesquels l'endotoxine LPS peut influencer lactivité œiiulaire dans le cerveau sont encore 
incoonus. Plusieurs travaux semblent suggérer que les cytokines systémiques produites en 
réponse & la LPS pourraient être responsables de l'induction de la transcription de cfos dans 
des smicarrts spécifiques du cerveau. N d b m o h ,  comme il sera discuté un peu plus loin. 
plusieurs autres intervenants tels que les médiateurs centraux (ex.: prostaglandines. 
cytokines) et la LPS elle-même pourraient jouer un rôle majeur. Toutefois. nous discuterons, 

en premier lieu, de i'intluence des cytokines d'origine périphérique sur l'activité cellulaire 
dans le SNC. 

Berkenbosch et ses coliaborateurs ont rapporté que l'injection d'une faible dose de 

LPS provoque une augmentation des concentrations plasmatiques b L 6 ,  sans touttfois 
affecter les niveaux circulanu d'IL1 (Berkenbosch et ai., 1991). Une autre ttude a 
démontré que, bien qu'une 616vation significative des conœntrations plasmatiques d'IL6 
puisse être observte peu de temps après i'ariministxation d'une faible dose de LPS, les taux 
sanguins -1B demeurent toujours indétectables jusqu'8 plusieurs heures après l'injection 
(Givalois et al., 1994). Fait intéressant, l'administration i.v. d u  induit la transcription & 

I'ARNm du @ne c-fos dans des smictures très spécifiques du cerveau, dont les OCVs 
sensoriels qui incluent: I'OVLT, le SFO, l'EM et I'AP (Vallï&res et ai., 1997). Ii est donc 
possible de spéculer que l'IL6 &origine systémique p o d t  medier les intluences d'une 
faible dose de LPS sur l'activité des OCVs .  





Tel qu'illustré la figme 5. l'administration i.p- d'une dose forte ou modate de LPS 
a pour e&t d'induire l'expression & c-fos dans plusieurs structures du SNC R u  de temps 
après un traitement a la LPS (3 heures), des niveaux td?s tlevCs d'ARNm de c-fos ont été 
dépctts dans de nombreux noyaux du cerveau &nt notamment les OCVs, ainsi que certaines 
régions du tronc cérébral. Des dosages plasmatiques ont rév6lé que l'IL1 peut être 
rapidement détectée dans le sang & des doses de LPS similaires il celles utilistes au cours de 
nos expériences (&rkenbosch et d., 1991). De plus, des travaux ont montré que Pinjection 
i.v. d%lS a pour effet d'induire l'expression de l7EG c-fos dans les mêmes structures du 
cerveau, B l'exception de quelques uns des OCVs.  que Padminisoation d'une dose furte ou 
modtrte & LPS (Ericsson et d.. 1994, Rivest et d, 1995). Par conséquent, il est possible 
qu'au c m  de la réponse ixnmunitahe & type aigu, l Z l  et lm-6 agissent en parallUe ou 
en série sur diffhntes régions du m e a u  afin & stimuler l'activité cellulaire nerveuse et 
m e .  Toutefois, le rôle jout par chacun des sites activds dans la régulation des diverses 
fonctions endoainie~es et neuronales est encore mal compris. Les mécanismes sollicités 
par les médiaîem i.n£Iammatoires, afin d'induire l'activité de groupes cellulaires Spccifiques 
du SNC. dont plus particulihment les neurones endocriniens responsables du contrôle de 
l'axe corticotrope. demeurent eux aussi méconnus. Une deWU&me partie de nos travaux 

consistait donc & clarifier l'hypothèse voulant que les PGs puissent médier les effets des 
cytokines proinflamm- sur i'activité cellulaire cérébrale. 

7.1.2 Rôle des prostaglandines 

Un prCnaitement h FindomCthacine n'a pas influence l'activité iranscrîptiomelle de c- 

fos dans le cerveau & rats traités avec une forte dose d'endotoxine. Toutefois, le blocage 
des voies & la cyclooxyg6nase a inhibé l'expression de HEG dans des sûuchins sélectives 
du SNC suite B un challenge immunitaire modM. En effet, l'inhibition de la synthèse des 
PGs a altéré signiticativement l'induction & la transcription du gène c-fos dans des smictines 
spécifiques du SNC incluant: I'OVLT/MPOA, les noyaux PVH et la région du VLM. La 
possibilité que la dose dindomtthacine utilisée n'ait pas complètement bloqut la production 
des PGs chez les rats traités il Ia LPS a bel et bien Cté considérée. Cependant, plusieurs 

6tuks ont rapporté qu'une dose sidaire pouvait prévenir efficacement les effets de la LPS et 
1E-1 sur les fonctions neuroendocriniemes (Katsuura et ai., 1988; McCay et d, 1994; 
Rivest and Rivier, 1993; Rivier and Vale. 199 1; Watanabe et al.. 1990). Par conséquent, 
nos résultats suggèrent que le rôle des PGs, comme médiateurs des influences stimulatrices 
d'un challenge immunitaire sur la tmnscription centrale de CEG c-fos, dépend de la sévérité 



du stress systtmique. La figure 6 illutce certains des sites d'action potentiels des cytokines 
p&ipbtriques sur l'activité des nemones CRF des noyaux PVH. Une emphase toute 

parrruüèrc a et6 pc&c P l'OVLT/MPOA, aiur noyaux PVH et au VLM, puisque nos résuîtats 
&ontraient i'impiïcation probable de ces deux régions dans Sactivité des nemncs 
endocriniens par des mécanismes impliquant ks PGs en réponse B une &se modtrCt de 
LPS. Toutefois, il est important & noter que d'autres voies neuronales peuvent aussi 

participer aux effets des cytokines d'origine systtmique sur I'activite des neurones 
CRFergiques et de i'axe HPA celles-ci seront d'ailleurs décrites un peu plus loin (figure 7). 
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Figure 6. Sites d'action possibles bes cytokines d'origine systéanique sur l'activité des nemones CRF des 
no- paraventriculaires & I'hYpothatamus 0. Mviaiions: ACTH, hormone ~ r É i c 0 t r o p e ;  
CRF, fiictwr & Ii'beiratiw de la corticuaophiae ou corticoiiW, E, gnwpe celluiaire ad&e@que; EU, 
&minence médiane; Hyp, hypophyse; MPOA, région médiane pré-optique; NE, groupe cellulaire 
n-que; OVLT, orgrinum vasculosum & la lamina tedix& PGs, prostaglandines; VLM. région 
v e n ~ & & d e  médallaire; +, stimulation; -, inhi'bitioa, 



Bien que tous les mécanismes impliqu6s dans la communication entre les facteurs 
imm- périphériques et les neurones réguiant l'activité & Paxe HPA n'aient pas encore 

6té clairement identifiés, nos résultats semblent indiquer que la production de PGs centrales 
dans des régions spacifiques du SNC, tel que l'OVLT/MPOA, pourrait s'avérer essentiek 
Ii est donc très intéressant de constater qu'une densite très elevée des sites de liaison aux 
P a  (Ma*nunura et al, 1992; Ahtmmura et al., 1990). de même que l'ARNm encodant le 
récepteur EP3 des POE2 (Ericsson et al., 1995). ont 6té retrouves dans la &@on de 
l'OVLT/MPOA du ra+ De plus, des études ueuroanatomiques ont clairement démontré que 
cette région possède des comections neuronales directes avec Les noyaux PVH et SON 
(Sawchenko and Swanson, 1983). Récemment, Kovacs et Sawchenko ont d'ailleurs 6mi.s 
l'liypoth&se qu'un des rôles de l'OnT consisterait ii détecter les vadations de l'osmolarité 
sanguine pour ensuite transmettre ces informations aux noyaux PVH et SON (Kovacs and 
Sawchenko, 1993). Plus précisément, leurs Ctudes ont demontré qu'une lesion des 
pjections descendantes originant des structiires associées B la Lame temiinale, ou enam une 
lésion excitotoxique de l'OVLT, a pour conséquence d'abolir les effets stimulateurs d'une 
surcharge sodée sur l'expression du CRF dans l'hypothalamus endocrinien. Ainsi, il est 
possible que, suite B un challenge immunitaire m M ,  les cytokines circulantes agissent via 
une circuiterie semblable afin d'induire l'activid transcriptiomelle des IEGs, du CRF et du 
R-CRFl dans les noyaux PVH et SON. Plusieurs groupes ont rapporté l'activation de 
l'OVLT/MPOA en réponse une injection systémique d ' L 1 B  (Brady et al., 1994; Ericsson 
et uf.. 1994). dlL-6 (Vallières et al., 1997), de TF@-a (S. Nadeau et S. Rivest, papier en 
préparation) ou de LPS (Ham et 8, 1995; Rivest and Laflamme, 1995). Par ailleurs, 
Scammell et ses collaborateurs ont montré qu'une microinjection des PGE2 dans ia région 
préoptique a pour effet d'induire la protéine Fos dans la division parvocellulaire des noyaux 
PVH (Scammell et al., 1996). Il est aussi intéressant de noter qu'une injection systémique & 

L'endotoxine bactérienne LPS entraîne la production des PGs dans l'OVLT/MPOA (Ueno et 
al., 1982). et que l'adminisûation i-v. d S 1 B  tlève les concentrations de PGE2 dans cette 
même rtgion (Komaki et al., 1992). D'autres enides ont Cgalement rapporté qu'une 

microinjection des PGE2 dans l'OVL,T/MPOA augmentc les niveaux plasmatiques d'ACIX, 
tandis que l'infusion d'indométhacine ou d'un antagoniste des PGs de type E dans cette 
même &@on prévient les influences stimulatrices d'une administration i.v. d' IL1B sur 

l'activité de l'axe HPA (Katsuura et  al., 1990). Ainsi, ces résultats suggèrent que les PGs 
(en particulier les PGE2) jouent un rôle nucial dans la médiation &s effets &s cytokines 
circulantes sur l'activation de l'OVLT/MPOA, un phenomène vraisemblablement implique 
dans la stimulation des neurones responsables de moduler l'axe corticoûope. 



La transcription de CIEG c-fos est fonement induite dans le VLM en réponse B 
l'injection systémique d a i s  (Ericsson et d., 1994) ou de l'endotoxine bactérienne LPS 
(Rivest aixi Laflamme, 1995). Nos travaux ont demond que, suite i un challenge 
immunitaire, la grande majorité des neurones activés dans le VLM sont i m m u n ~ s  B la 
tymsine hydroxylase (TH). De plus, nous avons rapporté que l'injection d'indorn6thacint 
inhibe i'activatioll des neurones &hokminergi~ues des groupes cellulaires Al/Cl chez des 
rats soumis B une dose m a  de LPS. Ainsi, ces résultats indiquent que les PGs 
pociwient participer & l'activation des neurones A1/C1 au cours de la réponse immunitaire. 
Puisque les récepteurs des qtokhes pminflammatoires ont 6té détectés dans les vaisseaux 
sanguins du SNC (Bebo and Lintbicum, 1995; Ericsson et al., 1995; Vallières and Rivest, 
1997; Van Dam et d., 19%), il ea possible que les cytokines circulantes agissent sur leurs 
récepteurs respectifs au niveau de la microvasculature mCdullaire afin de stimuler la 
biosynthèse des PGs. Cette hypothèse est d'ailleurs supportée par &s travaux récents 
r . t  que l'injection systémique &s cytokines proinflammatoires ou de la LPS stimule 
I'activité transcriptiomelle du g h e  COX-2 dans le système vasculaire central (Br& and 
Saper, 1996, Cao et d, 1995; Cao et al., 1996; Lacroix and Rivest, 1998). Il est d'autant 
plus intéressant de constater que les transcrits encodant les récepteur EP3 (Ericsson et al.. 
1995) et EP4 (J. Zhang et S. Rivest, papier en préparation) des PGE2 soient exprimes dans 
la région du VLM. De plus, Ericsson et ses coU&gues ont dtmonûç que les neurones 
catécholaminergiques Al/Cl activés & la suite d'une injection i.v. d'LU3 projettent aux 
noyaux PVH (Ericsson et d., 1994). Enfin. des uavaux ont rapporté qu'une microinjection 
des PG& dans le VLM mime plusieurs des effets normalement o b s d e s  la suite d'une 
administration i.v. d'IL 1. Plus spécifiquement, l'injection intraméduil* des PGE2 induit 
l'expnssim de la protéine Fos et la transcription du &ne encodant le CRF dans les noyaux 
PMI (Ericsson et uf., 1997). Les études 6numCrées ci-dessus suggèrent donc l'existence 
d'une &cuiterie additionnelle où les PGs saaient principalement responsables de moduler les 
diverses fonctions neuroemhxinknnes au cours de la réponse immunitaire. 

La circuitaie par laquelle les diff6rents types & PGs peuvent moduler l'expression 
des IEGs daas des structures spécifiques du SNC demeure hypothetique. Bien que nous 
ayons mis l'accent jusqu'à @sent sur le rôle des PGs dans l'activation de structures 
imervant les noyaux PVH, nous pouvons concevoir que les PGs exercent leurs actions 
directement au niveau de l'hypothalamus neuroendocrinien afin de moduler l'activid des 
neurones conW1ant l'axe HPA. Le fait qu'une injection i.v. de LPS ou d'IL-1B pmvoque 
une augmentation des niveaux de PGEz dans les noyaux PVH (Van Dam et al., 1993; 
Watanobe and Takebe, 1994), et la présence des transcrits encodant les récepteurs EP1 



(Batshake et al., 1995) et EP4 (1. Piang et S. Rivest, papier en préparation) des P G k  dans 
l'hypothalamus endoainien supporte cette hypothèse. 

L'Cmdc de la distribution du gène c-fap e s e n t e  ua excellent moyen d'identifier les 
stmctwes actides au corn & la réponse imrnunït-. Toutefois, il est important & prendre 
en considération qut œ t  IEG n'est pas un indice parfat de l'activité transcriptiomeUe des 
gènes e d t s  les facteurs neuroendocriniens. Ainsi, malgré le fait que les neurones CRF, 
AVP et O '  des noyaux PVH et SON expriment c-fos suite à ciifferentes situations de stress 

(Ericsson et al., 1994; Rivest and Laflamme, 1995; Rivest and Rivier, 1994). seul Ie 
pnmoteur du g b e  AVP contient des éléments de réponse AP-1 reconnaissant l'htt&mchke 
Fos-Jun (Chan et d, 1993; Seasholtz et al., 1988; Thompson et al., 1990). Afin d'enrayer 
ce probI&me et, par la même occasion, confirmer les sites actives à la suite d'un stress 
immunitaire, nous avons décidé d'utiliser un &UfCi&me IEG indépendant & c-fos; ia. NGFI- 
B (l'analyse combinée de c-fos et NGFI-B parnet de dttecter efficacement la très grande 
majorité des si. impliqués dans la cicuiterie fonctionnelle sollicitée au cours de la réponse 
immunitaire & type aigu). Ce facteur & transcription est partid&rement intéressant puisque 
les promoteurs des gtnes encodant CRF, AVP et OT ont tous été reconnus pour avoir des 
sites & liaison pour celui-ci ('Wiilson et d, 1991). Le fait d'utiliser NGFI-B constitue donc 
un avantage certain afin d'élucider les mécanismes intracellulaiRs dguiant la üanscription des 
neuropeptides responsables du contrôle de l'axe HPA. De cette façon, nous pouvons 

supposer qu'il p o d t  exister une relation directe entre I'IEG et la transcription du gène 
cibM Toutefois, la possibilité demeure que la biosynthèse de ces IEGs soit une conséquence 
et non pas la cause de l'expression des neuropeptides responsables du contrôle de l'axe HPA 
(Kovacs and Sawchenko, 1994; Rivest and Laflamme, 1995). Pour ces raisons, nous avons 
donc entrepris de vérifier si la baisse significative des niveaux dARNm de c-fos et NGFI-B 
dans les noyaux PVH & rats ayant reçu un traitement combinant l'injection d'indodthacine 
et dt LPS, était k l  et bien accompagée d'une diminution de l'activité transcriptionnelle du 

CRF neuroendocrinien. De plus, suite aux nombreuses Cvidences suggdrant que l'induction 
du R-CRFl dans les noyaux PVH et SON puisse être un evénernent directement d i 6  la 
restauration des réserves en CRF durant la réponse immunitaire, le rôle des PGs comme 
médiateurs des influences stimulatrices des cytokines proinflammatoires sur la transcription 
du gène encodant le R e l  f i t  6galement analysé. 

Nos travaux ont révélt que l'inhibition & l'expnssion de c-fus et NGFI-B dans les 
noyaux PVH €tait associée iâ une baisse dramatique des niveaux d'ARNhn du CRF; un 
prétraitement B l'indom6thacine a complètement renversé l'induction du transcrit primaire du 



CRF dans les noyaux PVH en réponse ih 1'administra~on dune dose modérée de LPS. Bien 
que le blocage &s voies de la cyclooxyg6nase n'ait pas influencé significativement les 
niveaux d'ARNm du R-CRFI dans les noyaux PVH cie rats soumis B un stress immunitaire 
sévère, l'inhibition de la synthèse des PGs a @venu la transcription de ce même récepteur 
dans les smictirrts neraoendocnnie- d'animaux injectés i.p. avec une dose modéde ou 
faible & LPS. Ainsi, comme il a été mgporté prcddemment pour les IEOs, il semble que les 
PGs joncnt un r6le prédominant dans l'induction de la transcription des g h e s  encodant le 
CRF et son dcepteur & type 1 suite h un challenge immunitaire modéré ou faible. Des 
mécanismes indépendants de la stimulation des voies de la cyclooxyg6nase pourraient &nc 

êm solïicités lors de situations & stnss plus intenses. 

7.1.2.1 Sites d*actioa des pmstagiandines dans le systéme nerveux 

central 

Les résultats discutés jusqu'a @sent indiquent que les PGs jouent un rôle important 

comme médiateurs des effets stimulateurs de la réponse immunitaire systémique sur l'activité 
des neurones endocriniens et l'expression des g h e s  encodant le CRF et son récepteur de 
type 1. Nous avons mentionné que les influences des PGs semblent dépendre de plusieurs 
facteurs tels que la sév&ité du stress, la région du cerveau affectee, le groupe cellulaire 

6ndit, ainsi que les gtnes analysés. Par conséquent, nous n'écartons pas la possibilité que 
les PGs puissent moduler diverses fmctions neuronales et neuroendocrinie~es via des 
sentiers neuronaux autres que ceux impliquant I'OVLT/MPOA et le VLM. L'augmentation 
des concentrations en PG& dans de nombreuses régions du cerveau, en dponse B une 
injection i.v. bIL-1B (Km& er al., 1992). de même que la distribution aès etendue des 
récepteurs des PGs (Batshake et al., 1995; Ericsson et al.. 1995; Sugirnoto et al., 1994), 
supportent cette Cventualit6. Afin d'éclaircir certaines de ces questions, nous avons ennepris 
d'étudier les effets dune injection a n &  des POE? sur la distnbution de c-fos et L'activitt 
transcriptiomeile du CRF et son récepteur de type 1 dans le cerveau de rats. Nos 6tudes 
indiquent qu'un traitement centrai aux PG& induit sélectivement l'activité cellulairt, comme 
le àéxnona l'expression rapide et transitoire du gène c-fos, dans plusieurs dgions du SNC 
incluant I'OVLT, la MWA, le SFO, k s  noyaux SON et PVH, les noyaux ARC, le NTS, 
I'AP et le VLM. Nous avons aussi observd dans la division parvocellulaire des noyaux PMI 
que les neurones CRF et OT Ctaient les deux principaux types cellulaires exprimant 11EG. 
Dans la division magnocellulaire des noyaux PVH et les SON, le g h e  c-fos fut 
essentiellement ceIocalisé dans cies neinones OT (très peu de neurones AVP Ctaient positifs 



pour c-fus). il est egalement très int6ressant de noter que l'activation des neurones 
CRFergiques a &té associée B une stixniIlaticm & l'activité tmnscriptiomelk du neuropeptide, 
comme le démontre i'expression &kaive du CRFhn dans les noyaux PVH. Enfin, nos 
analyses ont démontré que les niveaux GARNm du R-CRFl furent augmentés dans les 
noyaux PVH des rats injectés i.c.v. avec des PGE2, suggerant du même coup une 
implication locale du CRF dans ceme smictare hyporhnlnmique sous l'intluence centraie dcs 
PGs. 

L'injection centraie des a pwr effet d'induire la transcription du gène c-fos 
dans des sites presque similaires h ceux actives ii la suite d'un traitement systémique ii la 
LPS. Iï est donc wncevabie que la biosynthèse des PGE2 dans des structures sélectives du 
SNC soit une ttape importante dans l'intégration centrale des informations immunitaires 
provenant de la périphérie. Toutefois, comme mentionne pdfédemment, la circuiterie par 
laquelle ces renseignements orïginant de la systémie sont acheminés vers l'hypothalamus 
endocrinien est encore mal comprise. La figure 7 est une illusnation schématique des voies 
neuronales et des mécanismes qui p o d e n t  réguler l'activite de raxe corticonope au cours 
de la réponse immunitaire* Riisqu'il est probable que les cytokines systémiques puissent 
agir via une circuiterie complexe sur les corps cellulaires et les fibres terminales des 
motoneurones CRFergiques, les mécanismes contrôlant la biosynth8se du CRF dans les 
noyaux PMI et le relâchement de a dernier dans le système infundibulaire seront discutés & 
f q  indépendante. Mentionnons qu'une attention particuli&e sera attribuée aux structures 

activées la suite d'une injection Lcx des PGE% ii i'exception de la cimiterie déjii décrite 
prcccdcmment 

Outre I'OVLT, le SFO et l'AP sont deux autres structures d6pourvues de barri&re 
htmato-encéphdique qui expriment FIEG c-fos ih la suite d'un traitement centrai aux POE? 
ou d'une injection systémique de l'endotoxine LPS. Il est intCressant de constater que de 
nombreux travaux ont wnfnm& la présence de projections originant du SFO vers les noyaux 
PVH; plusieurs neurones marqués ont ed  remuvés dans le SFO suite B l'injection d'un 
traceur rétrograde dans les noyaux PVH (Johnson and Gross, 1993; Larsen and Müdrelsen, 
1995; Liposits, 1993; SawchenLo et ol.. 1993). Bien que peu ou pas de connections directes 
aient 6té decrites entre l'AP et les noyaux PVH, des 6tudes nemanatomiques ont démontx6 
que l'AP projette massivement vers les divisions médiales et commissurales du NTS ainsi 
que vers la partie lataale externe des ~myaux PB (Cunningham et al., 1994). &w structures 



Figure 7. Circuiterie neuronale empruntde B la suite d'un traitement systdmique avec l'endotoxine bactdrienne LPS. Abdviations: ACTH. hormone 
adrénocorticotrope; API area postrema; ARC. noyau arqué; BnST. noyau du lit de la strie teminale; CeA, noyau central de l'amygdale; COX-2. cyclooxygénase-2; 
DMH, noyau dorsomddial de l'hypothalamus; HM, éminence médiane; EP. rdcepteur des prostaglandines de la serie E; IL- 1. interleukine- 1; IL-6. interleukine-6; 
IL-1 R. récepteur de l'IL- 1 : IL-6R. rdcepteur de l'IL-6; LC. locus coenileus; LDT. noyau lat6rodonal tegmental; MPOA. aire prdoptique médiale; NTS. nucleus 
tractus solitarius; OCVs. organes circumventriculaires; OVLT. organum vasculosum de la lamina teminalis; PB. noyau parabrachial; pch. plexus choroïdiens; 
POE2. prostaglandines de type E2: PP. hypophyse postérieure; PVH. noyau pnrnventriculaire de I'hypothalnmus (divisions parvocellulaire [pc] et 
magnocellulaires [me]); SFO, organe subfornical; SON. noyau suprooptique; TNF-a. facteur necrosant des tumeurs-alpha; TNFR. rtcepteur du TNF-ai; VLM. 
rbgion ventro-IatCrde mddullaire; VS, vaisseaux sanguins. 



ayant &s meCtions dVectcs avec l'hypothalamus nemaendocrinien (Swansai et ai., 1987). 
Ainsi, il semble que ces deux régions puissent influencer l'activité des neurones 
neuroe-11s durant larçp<nise immhcairt. 

Le NTS est une autre smw~rne piatiniiièxernent intéressante puisqu'on y retrouve une 
uès f ~ t c  &mit6 de sites de Liaisoa des PGE2 (Matsumura et d, 1992). Toutefois, bien que 
Saiyama et ses collaborateurs aient rapporté que les PGs puissent faciüter les transmissions 
synaptiques excitatrices dans des sections du NTS chez le rat. nos travaux semblent plutôt 
remettre en question le rôle des PGs dans l'activation du NTS au cours de la réponse 
immunitaire. En effet, contrairement au VLM, un @traitement B Pindorn6thacine n'a pas 
enpaîne une diminution significative des niveaux d'ARNm de c-fos dans le NTS & rats 
traités it la LPS. Ntanmoins, il est possible que le NTS influence les fonctions 
nearoendocriniennes via des m6canismes indépendants des PGs. Des études 

neuroanatomiques ont d'ailleurs d t r n o n d  que ce noyau fournit les projections 
noradrénergiqucs les plus denses vers les noyaux PVH (Cunningham and Sawchenico, 
1988). Il est d'autant plus indressant de noter que, plusieurs des neurones projetant B 
l'hypothalamus endocrinien, expriment l'IEG c-fos en rCponse il l'injection systémique d'IL- 
1B (Ericsson et ai., 1994). De plus, Ericsson et ses collaborateurs ont egalement rapporté 

qu'une lésion unilatérale des voies m6dullaires ascendantes a pour effet d'atténuer 
l'augmentation des niveaux d'expression de la protéine Fos, et de l'ARNm encodant le CRF, 
dans les noyaux PVH de rats soumis h une injection i.v. bL1B (J5icsson et al., 1994). Tel 
qu'illustré B la figure 7,  il est possible que l'AP agisse comme site d'entrée aux cytokines 

d'origine systemique afin #activer le NTS et, subsépuemment, l'axe HPA. Cependant, 
d'autres travaux semblent plutôt supporter Fhypothh que les cytokines périphtriques 
puissent stimuler directement les nombreuses aff&ences sensitives du nerf vague. Nance et 
son groupe ont d'ailleurs dtmonUt qu'une vagotomie subdiaphragmatique avait pour effet 
d'inhiber l'expression de la protéine Fos dans le NTS et les noyaux PVH en m n s e  ii une 
injection i.p. de LPS (Wan et d, 1994). Bien qu'il soit possible que les neurones activbs du 

NTS stimulent directement les noyaux PVH, il est concevable que d'autres structures du 

tronc cérébral puissent relayer l'information provenant du NTS vers les neurones 
enQcriniens ou, tout simplement, moduler eux-mêmes les influences des cytokines sur les 

fonctions neuroendocrinieanes. Nos résultats ont montré que l'administration i-p. de 
l'endotoxine bactérieme LPS stimule l'expression de I'IEG c-fos non seulement dans le 
NT'S, mais tgakment dans plusiem autres smictures du tronc cerébral telles que: le LC, le 
LDT, les noyaux PB et le VLM. Par conséquent, il est possible d'affirmer que les voies 

noradrénergiques (Al. Aa As) et adrénergiques (Ci-C2) pourraient mtdier certaines des 



influences excitatrices des cytokines proinflammatoires d'origine systémique sur l'activité des 
nemones endocriniens des noyaux PVH et SON. Toutefois, il est important de prendre en 
considération que d'autres voies ascendantes, telies que les voies sérotonintrgiquts. 
pcwraitnt 6gdement contribuer B i'activation des structures neuroendoaiemes au murs de la 
réponse immuoitairc. En effet, il a Cté demontré qu'un traitement avec un inhibiteur 
irréversible de la synthèse de la saotoainc, le parsrchlmph6nylalanine (PCPA; un inhibiteur 
de l'enzyme tryptaphane-5-hydroxylase), atténuait significativement les niveaux â'exptWsio11 
des gènes encodant c-fos et NGFI-B. de même que le CRF, dans Phypothaiamus 
endocrinien & rats soumis & M stress immunitaire (Lafîamme et al., 1998). Ces mêmes 
auteurs ont tgalement rapporté que, en plus de réduire de 96% les concentrations 
hypothalamiques en saotmioe, i'injcction de FCPA avait fortement diminué les niveaux 
plasmatiques de corticostérone chez les nus injectés B la LPS. Ainsi. ces travaux confirment 
que I'in'iadg~M des voies s&mnin@ques est requise il l'activité cellulaire neuronaie ou gliale 
et h l'actiV8tiOn de l'axe cordconope durant la réponse immunitaire. 

Bien que nos analyses ne supportent pas un rôle des PGs dans l'activation de la 
plupart des structures du tronc cédbd, B l'exception du VLM, il est important & prendre en 
considtratioa que de nombreux facteurs ont pu modifier les données (ex.: dose de LPS 
utilisée). Par ailleurs, il est possible que les PGs puissent interagir avec les fibres 
catécholarninergiques ascendantes au niveau des noyaux PVH et, par conséquent, médier 
l'activation des neurones CRFergiques neuroendoalniens. Certains r6sultats semblent 
appuya cette hypothèse; une injection de 6-hydroxydopgmine (celle-ci est utilisée afin de 

ltser sélectivement les voies catécholaminergiques) dans les noyaux PMI cause une 
diminution de 85% des concentrations locales en noradrienaline. en plus de réduire par 80 il 
82% I'augmentation dts niveaux plasmatiques en corticostérone à la suite dune injection i.p. 
d'IL4 (Chuluyan et al., 1992). De plus, l'injection i.v. dlL-lB stimule la production des 

PGE2 dans les noyaux PVH (Komaki et d, 1992; Watanobe and Takebe, 1994). 

Nos travaux ont montré que i'injcction i.c.v. des PGE2 stimule l'expression du gène 
c-fos dans les neurones CRFergiques, & même que la transcription du CRF et du R-CRF1 
daas les noyaux PVH (Lacroix et al., 1996). Rabin et ses collègues ont aussi rappord que 
les PGE2 etaient capables d'induire la staetion d ' A m  et & corticostérone dans le sang et 
de supprimer la réponse immunitaire in vitro (Rassnick et al., 1995). Ces ~sultats suggèrent 

que la production locale des PG&, dans des smictures sélectives du SNC, poumit s'avérer 
essentielle ii I'activation & la circuiterie neuronale impliquée dans la restauration et le 



maintien & l'homéostasie h la suite d'une infection. Dans cette perspective, les n e m e s  
CRFergiques neurœndocn'inie11~ semblent jouer un rôle très important afin & moduler les 
concentratims de glucocorticoïdes nécessaires B la prévention dune réponse immunitaire 
exagérée, celle-ci pouvant s'avérer ntfaste pour l'organisme. Cependant, bien que de 
nombreuses voies neuronales semblent m a i d a  l'expression du CRF dans les noyaux PVH, 
la possibilité demeure que les cytokines d'origine systémique puissent avoir une influence 
directe au niveau des fibres terminales CRFergiques regroupées dans I'EM. Quant aux 

neurones OT et AVP activés en réponse h L'injection centrale PGE2, ils pourraient contribuer 
potmtiaüscr l'action du CRF sur la sécrétion de I ' A m  au cours d'un stress immunitaire. 

RappeIons que I'OT et la AVP soat de &WC puissants agents sécrétagogues de PACI'H. 

7.1.2.2 Biosynth&e des prostaglandines dans le système nemux 
centrai: sites de production 

Même si les indices démontrant que les PGs produites centdement pourraient médier 
les effets &un stress immunitaire sur Itactivité de Saxe comcotmpe se font de plus en plus 
nombreux, nous ne savons pas encore si la biosynthèse des PGs dans le SNC est une 
conséquence de la dadon inflammamire systémique ou plutôt un effet direct de i'endocoxhe 
LPS. Nos analyses ont montré que la transcription du g8ne encodant Penzyme CUX-2, mais 
pas COX-1, etait fortement stimulée dans des populations cellulaires spécifiques du cerveau 
(probablement dans des cellules endoth6iiales) en réponse B d i f f h n t s  modHes 
d'inflammation systémique ainsi qu'à la suite d'une injection i.v. d'IL-10 ou de TNF-a. En 
effet, des niveaux élevés d'ARNm de COX-2 ont 6té détectés dans la microvasculature 
&&ale, les plexus choroicdiens et les leptom6ninges de rats soumis ii une administration i.v. 
ou i.p. de LPS ou en- à une injection Lm. de turpentine. Nos travaux ont aussi r a p w  
que le signal observé chez tous Ies animaux soumis i une injection i.m. suivait & façon 
parall&le l'inflammation de la patte. E n h ,  l'infusion i.v. d'IL- 1B ou de TNF-a, mais pas 
celle & l'IL-6, a fortement induit l'activitt transcriptionnelle du g h e  COX-2 dans des 
sûucnaes non-pmnchymales identiques B celles stimulées lors d'un stress inflammatoire. 

Ccs résultats constituent les premières c5vidences que la biosynthhe & COX-2 dans 
les cellules non-parenchymales de la mimvasculahm cérébrale. des plexus choroïdiens et 
des Ieptom6ninges est un phCnom8ne spécifique & la réponse inflammatoire systémique. 
Certaines enides avaient, bien entendu, rapporté l'augmentation des niveaux d'ARNm de 
COX-2, et & la protéine correspondante, dans des neurones suite à une ischemie cérébrale 



(Nogawa et d, 1997) ou des convuisions (Yamagata et al., 1993). Aucun de ces travaux 
n'avait cependant rapporté la présena du w n d t  et de la protéine en question daas les 
vaisseaux sanguios du SNC Les maCaoismes soiiicités par l'endotoxine bactérienne LPS, 
afin de stimuler l'activité transcnptionneik de I'eazyme COX-2 dans le cerveau, sont encorc 
mal cornus. Bien que plusieurs &s effets & la LPS soient rnédiés par des cytokines 

circulames spocifiques, la possiiifité &meure que l'endotoxine puisse indilire la tranSciiption 
du g h e  COX-2 en agissant dùectement sur la microvasculanne cerébrale plutôt qu'en 
stimulant les monocytes et macrophages responsables & la sécrétion &s cytokines. II a 
d'ailleurs ttt montré que l'activation des ceiiules endotheiiaies par la LPS joue un r81t majeur 
dans la pathogtntse des infections aux bactéries gram-ntgatives. Malgré les études 
démontrant que l'endothélium n'exprime pas le CD14m. Arditi et son groupe ont rappord 
que les ceilules endoihtliaLs peuvent répondre à la LPS via la forme soluble du CD14 (Arditi 
et d., 1993; Arditi et ai., 1995). Quant aux cellules microgliales périvasculaires-associées, 
ceUes-ci ont la capacité d'exprimer le CD14m en réponse h la LPS; d'où la possibilité d'une 
action directe & l'endotoxine sur celies-ci (Becher and Antel, 1996). 

Le fait qu'une inflammation H e  la nrrptntine ait stimult la transcription du gène 
COX-2 dans les vaisseaux sanguins du caveau, les plexus chomïdiens et les leptom&ninges, 
indique clairement que la biosynthèse de cette enzyme dans le SNC est modulée durant la 

réponse inflammatoire systémique. Dans cette perspective, il est interessant de noter que 
l'injection i.v. d'IL-16 a provoqué une augmentation des niveaux â'ARNm de COX-2 dans 
les mêmes structures que celles stimulées chez les rats soumis à un challenge ik la turpenthe. 
A l'exception & i'intensité du signal, &s résultats similaires & ceux obtenus en réponse & 

l'administration i.v. d'IL-1B ont tté observ6s la suite #un traitement systémique au TNF- 
a. Nos analyses suggtrent donc que l'IL-10 et, là un &gré moindre, le TNF-a peuvent 
cibler la microvascuiature cérébrale afin d'induire la biosynthese de COX-2, l'enzyme 
limitante h la formation des PGs. ïï est d'autant plus intéressant de noter que les récepteurs 
respectifs de ces deux cytokines ont 6té détectés dans la mimvasculaairc du SNC (Bebo and 
Linthicum, 1995; Ericsson et al., 1995). 

Plusieurs tvidences supponent l'hypothèse que i ' IL1B d'origine systémique soit la 
principale cytokine responsable & madia la biosynthèse des PGs au cours de la réponse 
immunitaire. Par immunohistochirnie, Van Dam et ses collègues ont détecté la présence des 
POE2 dans la mi~~~vascuiakure cérébrale et les plexus choroïdiens de nits traités avec une 
dose pymgtnique de LPS (Van Dam et d, 1993). En plus d'observer les PGE2 dans des 



0 . .  sauctrirw similaires celles exprimant le g h  COX-2 durant la réponse immunitaire, nous 

remarquons que l'apparition de SARNm ewodaot l'enzyme Limitame il la synthèse des PGs 
précède par environ 3û minutes la farmation des PGk.  R&cemrnent, des cellules 
i n m e t i v e s  B I ' ILlB ont tté trouvées dans Ies plexus choroïdiens, les mtnhges et 
l'endoth6lium forniant la microvasculahne du cerveau, chez des rats injeds avec 

l'endotoxine LPS (Van Dam et d, 1995). Bien que ces résultats sembient coafinner la 
synthèse de novo d l L l  dans des popilat ions cellulaires spécifiques du SNC en réponse B la 
LPS, il est néanmains possible que l'anticorps utilist pemictk la détection d'IL1 circulante 
ayant été intenialisée. Des études réahées il l'aide de la technique d'hybridation in situ ont 
daiuturs montré la @sencc & l'ARNm encodant le récepteur de type 1 & l'IL1 dans les 
stnicturcs non-parenchpales énumérées ci-dessus (Ericsson et al., 1995). De plus, 

l'administration périphérique d'IL-1B a fortement stimulé la production des PGE2 dans les 
plexus choroi'diens ainsi que dans les cellules endothéliales du SNC (Van Dam et d, 1996). 

Tel qu'illusd B la figure 8, Ies PGs synthttisées via l'action de l'enzyme COX-2 pourraient 

s'avérer de très bons candidats au transfert de i'information provenant &s cytokines 
circuiantes vers Ie cemeau. Cependant, nous ne savons pas encore si ces renseignements 
sont essentiels & la régulation des diverses fonctions neuronales ou endocriniennes. Nous 
croyons que les PGs synthttisées par la microvasculanire cerébrale, en réponse aux 
diffdrentes cytokines sécrétées par les cellules phagocytaires activées, diffusent dans le 
liquide extracellulaire afin & lier leur récepteur situe B la surface des cellules avoisinantes 
incluant les cellules nerveuses. Ainsi, œs neurones auraient la capacite de moduler l'axe 

HPA ou toute autre fonction nemnale induite au cours de la réponse immunitaire (ex.: 

fi&vTe). 

7.2 Communication entre les systèmes immunitaire et netmendoainien: voies directes 

7.2.1 Influences directes de la LPS sur le sysotme nerveux central: 
sites depIDdllCtion du m i 4  

Au cours des dernikes années, de nombreuses tvidences (la plupart de celles-ci ont 
td décrites dans l'introduction générale) ont laissé sous-entendre que la LPS pourrait être 
directement responsable de plusieurs des réponses observées au cours & l'endotoxintmie 
(ex.: activation de i'axe HPA, biosynthbe &s cytokines dans le SNC). Afin d'éclaircir cette 
question d'une impartaace capitale, nous avons donc entrepris, dans nom denllke tade. 



Figure 8. Mécanismes cellulaires sollicités suite à la liaison de l'endotoxine bactérienne LPS sur les cellules 
d'origine myéloïde. Abréviations: COX-2. cyclooxygénase-2: EP, récepteur des prostaglandines de la série E; 
IL- 1. interleukine- 1 ; IL-6. interleukine-6; IL- 1 Fi, récepteur de IIL- 1 ; IL-6R. récepteur de l'IL-6: LBP, 
protéine de Liaison de la LPS; LPS. lipopolysaccharide; PGE2. prostaglandines de type E2: SNC. système 
nerveux central; TNF-a,  facteur nécrosant des tumeurs-dpha; TNFR, récepteur du TNF-a. 



d'dtabk la distribution du récepteur CD14 dans le caveau de rats. Nos résultats ont mon& 
que des populations œUalaires sptcitiques du SNC expriment le @ne encodant la forme 
rnembranaire du récepteur CD14 de la LPS. Par HISH, des faibles niveaux d'ARNm du 

CD14m ont tté dttectés dans plusiaps ~imcmrw non-paxenchymales du cerveau incluant les 
plexus charoldiens, les leptorntaingcs et la mimvasculature cérébrale. L'administration 
systémique de l'endotoxine LPS a f m e n t  stimulC la transcription du gène encodant le 
CD14m dans ces mêmes strucaircs & même que daos plusieurs autres régions telles que: 
I'OVLT, la MPOA, le SFO, les noyaux PVH et ARC, IEM. le NTS et I'AP. Une analyse 
plus exhaustive a M l 6  que la LPS induit tout d ' a m  le CD14m dans les structures en 
contact direct avec la circulation sanguine (OCVs, plexus choroïdiens, Ieptom6ninges, 
vaisseaux sanguins du SNC) pour ensuite apparaître dans certains types de cellules 
parenchymales localisées dans les régions adjacentes aux OCVs et finalement dans 
l'ensemble du cerveau lors dune septicémie plus sévére. Grâce B cies Ctudes de double 
marquage combinant les techniques bimnunohistochimie et dWSH, nous avons identifie? 
que les celldes mimgiiaies parenchpales et celles associées aux microcapillaks, de même 
que les macrophages et les neurones CRFergiques des noyaux PVH, etaient capables 
d'exprimer I'ARNm du CD14. Ainsi, ces résultats suggerent que la LPS puisse agir 
directement sur le SNC, sans l'intervention des médiateurs inflammatoires/irnmunitaires 
d'œigine sytémique comme les cytokines proinfiammatoires, afin de moduler certaines des 
réponses observées durant une endotoxintmie. 

11 peut sembler. p ~ m i h  vue, surprenant qu'une mol6cule B poids molt?culaire 
6iev6, telle que la LPS. puisse agir directement sur le SNC. Toutefois, la distribution du 
transcrit encodant le CD14 nous indique la présence du récepteur de la LPS dans des sites 
richement vascularisés et dépourvus de barriere htmato-end p halique qui, par conséqut nt, 
sont facilement accessibles aux mol&ules Nculantes. Ainsi, nous croyons que la LPS 
injectée dans le sang puisse pénttrer les tissus des OCVs, ou simplement atteindre les plexus 
choroïdiens, les leptomtninges et la micnwasculatrire cérébrale par la circulation gtn6rale. 
afin & stimuler la biosynth&se de son propre récepteur. Toujours selon notre hypothbe, 
nous pensons que les molécules de LPS encore présentes au niveau de la systemie poumient 
lier le CD14 a&~  &induire la libération des cytokines pro-inflammatoires. Certains travaux 

ont dailleurs montd que la liaison de la LPS au CD14 enmûne la sécrétion des cytokines 
proinflammatoh (Kitckns et al., 1992; Lee et al., 1992; Leturcq et al., 1996; Wright et al., 

1990), une réponse cellulaire &pendante du second messager diacylglycérd et du facteur de 
transcription NFKB (Yamamoto et al., 1997). En effet, des études in vitro ont rapport6 que 
le  teme ment de lignées ceUulains CD14 positives, avec un anticorps capable de bloquer la 



liaison entre la LPS et Ie CD14 provoque une baisse dramatique de l'activité de liaison de 
NF-- en plus d'une diminution marquée de la synthèse & l'IL-If3 et du TNF-a en réponse 
& la LPS (Kitchens et d,  1992; Pollack et d, 1997). De plus, plusieurs travaux ont 
démontré que NF-- est le facteur de transcription cl6 par lequel la LPS médie la 
transcription des gènes codant les cytokines proinflammatoires IL-IB, IL6 et TNF-a 
(Collart et 02.. 1990: DenMer et d., 1994; Drouet et al., 199 1 ; Hiscott et d, 1993; 
Kuprash et uf., 1995; Libermaun and Baltimore, 1990, Shakhov et al., 1990, Shimizu et d, 
1990, Puuig et d., 1994). Quan et ses collègues ont récemment rapporté en utilisrint la 
détection du transcrit 1 - K B ~  comme marqueur de l'activité de NF-- (Ghosh and Baltimore, 
1990, Henkel et al., 1993). une induction ds fone et rapide des niveaux d'ARNm & 1-da 
dans les OCVs, les plexus choroïdiens et la microvascula~ cérébrale h la suite d'un 
challenge immunitaire à la LPS. Par fleurs, l'administration systémique & l'endotoxine 
bactaieme LPS a tgdement stimult? I'activité transcriptionnelle des génes encodant les 
cytokines prohfhmmatoires dans ces mêmes structures du SNC (Nadeau aad Rivest, 1998; 
Qum et al., 1998; Valliàw and Rivest, 1997). Il est d'autant plus intéressant de noter que 
l'expression de ces génes en fonction du temps, supporte la théorie voulant que la liaison de 
la LPS ii son récepteur pourrait être responsable & l'activation de NF-- et, par conséquent, 
la biosyntWse subséquente des cytokines proinflammatoires dans des populations cellulaires 
spécifiques du caveau. 

Le rôle physiologique de l'expression du récepteur CD14 et de la production des 
ciifErentes cytokines dans le SNC reste B chifier. Certaines évidences semblent indiquer 
que i'induction rapide du CD14 dans SOVLT, ainsi que l'augmentation subséquente de la 

synth&se des cytokines proinflammatoires dans cet OCV, pourraient s'avérer d'une 
importance capitale dans les mécanismes centraux régulant les effets thennogéniques de la 

LPS (Blatteis et ol., 1983; Blatteis et ai., 1987; C h i  et al., 1996). il est aussi possible que la 
LPS stimule les OCVs afin d'activer directement ou indinxtement les neurones responsables 
du contrôle de l'axe corticompe. A premiére vue. il semblerait que la LPS puisse agir 
directement sur les neurones CRFergiques des noyaux PVH étant donnt la présence de 
PARNm du CD14. Toutefois, il semble plutôt improbable que la LPS d'origine systémique 
puisse atteindre ces neurones. L'apparition du CD14 B des temps relativement tardifs dans 
l'hypothalamus neuroendocrinien vient d'autant plus suggérer l'intervention d'autres sites 
d'actions. Dans cette perspective, I'EM pourrait être un candidût privil6gié 6tant d o d  sa 
position saattgique et la présence dans cette structure &s fibres terminales CRFergiques 
neuroendocrinienacs. De plus, nos analyses qualitatives ont révélé que 1 W  est l'une des 
prcmihs régions & exprimer le dcepteur & la LPS en plus de renfermer les plus hauts 



niveaux â'ARNm du CI314 B la suite d'une injection de LPS. Le SFO et I'AP expriment eux 

aussi MRNm du CD14 et les transcrits codant les cytokines proinflammatoires B la suite & 

l'administration systémique de la LPS. Les études de double marquage ont déterminé que, 
les cellules de I'AP et du SFO synth6Iisant le CD14 i 'L1 et le TEIF-a, sont en effet &s 
cellules de type microgiiai (Bu- and Bodddcc, 1995; Lamix et d, 1998; Nadeau and 
Rivest, 1998). Ainsi, nous suggérons que les cytokines secrét6es par ces cellules 
microgiîales, en réponse B la LPS d'origine systémique. puissent lier leurs récepteurs 
localisés sur des neurones avoisinants. Ceux-ci pourraient donc informer, grâce B leurs 
p r o ~ o n s  &&entes directes ou inrIiRctes, les structures régulant les diverses fonctions 
neuronales et neuroendocriniennes soiiicitées au corn & I'endotoxinhie. Afin dappuya 
cette hypothèse. mentionnons des travaux démontrant que plusieurs cellules exprimant 

1'ARNm des récepteurs de l'IL-1 (Ericsson et al,, 1995). de FIL6 (Vallihes and Rivest, 
1997) ou du TNFu (S. Nadeau et S. Rivest, papier en préparation) ont tt6 détectées dans les 
OCVs dans des conditions basales ou au cours de la réponse immunitah. De plus, 
l'utilisation des IEGs comme marqueur de ractiMt6 neuronale a permis de confirmer que 
certains neunms des OCVs sont bel et bien stimulés lors dune injection i.v. d'IL-1B (Brady 
et d, 1994; Ericsson et ai., 1994), d'IL6 (Vallières et al.. 1997) ou de TNF-a (S. Nadeau 
et S. Rivest, papier en préparation). Quant aux plexus chmïdiens, aux leptomtninges et B la 
microvasculature cérébrale, ces structures sont eues aussi en excellente position pour 
transmetne aux cellules parenchymales du cerveau l'information provenant de la circulation 
systémique. Toutefois, puisque l'induction de la transcription du gène (Pl4 apparaît de 

f w  non-stlective ii travers les plexus choroïdiens, les leptom6ninges et l'ensemble des 
vaisseaux sanguins du cerveau, il est possible que ce phénoméne ne constitue, en quelque 
sorte, qu'une première etape dans lëlaboration & la réaction inflammatoWimmunitaire 
centrale. Néanmoins, il demeure probable qu'au cours de la réponse immunitaire, ces 
structures participent tgalement au transfert des renseignements essentiels il la régulation des 
diverses fonctions neuronales et neuroendocrinie~es vers les 616ments du parenchyme via la 
sécrétion & m6diaheurs secondaires (ex*: prostaglandines, cytokines cenaales). 

Outre son rôle crucial dans la sécrétion des cytokines proinflammatoires B la suite 
dune réponse immunitaire, certaines 6nides ont récemment suggeré que le CD14 pourrait 
participer il la capture et l'élirninatim &s particules exprimant la LPS B leur surf'ace (Feams et 

of., 1995). Dans cette perspective, nos résultats, montrant une régulation biphasique du 
CD14 dans le SNC, sont très intéressants; ltARNm du CD14 a et6 rapidement détecté dans 
des cellules d'aigine myéloïde (cellules microgliales et macrophages) localisées dans les 
structures en contact direct avec la circulation. pour ensuite appamAtre dans l'ensemble du 



cemeau lors d'une septicémie sévèile. Bien que nous ayons identif16 plusieurs de ces cellules 

parenchymales comme Ctant & type microglial, de nombreuses cellules CD1Cpositives 
n'étaient pas i r n x n m v e s  l'anticorps 0x42 (marqueur des cellules phagocytaires). 
Suite h nos travaux montrant que œrtains types de neurones ont la capacité d'exprimer 
i'ARNm du CD14, et ceux du groupe de Feinstein rapportant la présence du CD14 dans des 
ceildes amcytaircs (Galea et d. 1996). il est possible que des cellules centraies d'origine 
6pitMWe synthCtisent elles aussi, mais & des temps plus tardifs, le récepteur de la LPS au 
cours & I'eIEdotoxinémie. Fkams et ses collabosateurs ont d'fleurs démond que la LPS a 
la capacité de stimula la transcription du CD14 dans des cellules d'origine tpitbéiiaie de 
nombreux tissus ptriphdriques, un effet dépendant de la production des cytokines 
pminfhmmatoires par les cellules phagocyFaitts (Feams et al., 1995). À la lumike & ces 

résultats, nous pensons que la LPS cible tout d'abord les cellules d'origine my610°ïde des 
OCVs,  plexus choroïdiens, leptom6ninges et vaisseaux sanguins du SNC, qui en retour 
peuvent produire des cytokines (ex.: IL16 et m a )  capables d'induire la transcription du 

CD14 dans les celluks parenchymales. Ce phbnomène fort complexe pourrait être d'une 
grande importance afin de maintenir l'homéostasie et protéger les neurones contre une 
invasion potentielle du cerveau par des corps étrangers. Ahsi, l'expression du CD14 sur les 
cellules parenchymales du cerveau p o d t  s'avérer un élément essentiel afin d'iaformer les 
cellules activées de la nécessité de produire des cytokines, d'où le déclenchement de la 

réponse immunitaire centrale. Fait intéressant, une induction de la transcription des gènes 
encodant l'IL-1B et le TNF-a, selon un aspect migratoire originant des OCVs vers les 
structures parenchymales avoisinantes, a aussi été observe quelques heures après 
i'administration & la LPS (Nadeau and Rivcst, 1998; Quan et al., 1998). Par ailleurs, il est 
possible que l'induction du CD14 sur les cellules parenchymales du cerveau soit plut& 
requise afin & pieparer ces mêmes cellules ii &miner les particules d'endotoxine qui 
pourraient atteindre le liquide CépWrachiciien et s'avérer toxiques pour les neurones. 

En conclusion, nous avons démontré que les PGs mediaient certaines influences des 
cytokines pru-inflammatoires, ou & la LPS, sur l'activité cellulaire nerveuse ou gliale et la 
transcription des gènes encodant Ie CRF et le R-CRFl au cours de I'endotoxinémie. 
Toutefois, nos rCsultats ont confirmC que le rôle des PGs dépendait de plusieurs facteurs tels 
que la sévérité du stress, la dgion ou le groupe celiulaire analyse, ainsi que le g&ne cible 
6tudié. En effet, l'inhibition de la synth&se des PGs a provoqut une baisse significative des 



niveaux d'ARNrn & c-far dans des s t n r t u n s  sélectives du SNC (OVLT/MPOA, PMI et 
VLM); ua phéaomtae observé exclusivement chez les rats traités avez une Qst modaée de 
LPS. De plus, contrairement aux résdtats obtenus chez les animaux injectés avec une faie 
d m  & LPS, Ic blocage des voies de la cyclooxygénase a complètement prévenu la 
aansCnpii011 &s gtaes tacodant le CRF et le R-CRF1 dans les noyaux PVH de rats soumis & 
un stress immunitaire mo&é ou faible. Il est donc probabie que, l m  & situations exemes 
ou critiques (ex.: suite B F h . m  d'une forie dose d'endotoxine), les cytokines circulantes 
ou la LPS stimulent aussi des mécanismes indépendants des PGs afin & s'assurer que 
l'boméœtask sera bei et bien rétablit. 

Daas un deuxïbmt temps, mus avons rapporté que l'injection centrale des PG& 
induit l'expression & c-fos dans plusieurs régions du cerveau reconnues pour être activées 
en réponse & un traitement systémique avec l'endotoxine LPS. L'infusion i.c.v. des POE2 a 
aussi fortement stimule5 l'activité &s neurones CRFergiques dans les noyaux PVH; an 
phénomène a s d  B me inducàon de l'activité transCnptionne11e des ghes codant le CR. a 
son i6cepteur de type 1. Ainsi, ces dsuitats suggèrent que, suite B un challenge immecaire, 
les POE2 produites dans le SNC pourraient jouer un rôle crucial dans l'activation & 

plusieurs stnictirres vraisemblablement impliquées dans ta stimulation de l'axe corticotrope. 
Néanmoins, la possibilité &meure que d'autres types de PGs puissent médier les influences 
des fxteurs immunitaires sur la régulation de i'axe HP& les candidats &tant les PG&, les 

PGEl et les =Fa. Pat conséquent, il serait très intéressant & determiner les sites d'action 
potentiels des différents types de PGs, grilce entre autres & l'utilisation des IEGs et ik l'6nde 
de la distribution & Ieur(s) récepteur(s) respectif(s). Une autre expérience attrayante pourrait 
consister k administrer centdement des antagonistes spkifiques des prostanoïdes afin de 
définir l'influence & chaque type ou sous-typt & E s  sur les fonctions neuroendocrinie~es 
à la suite d'un stress i m m u n i W i a t o i r i e .  

Suite ii nos travaux démontrant l'importance des PGs dans l'activation de l'axe HPA, 
nous avons identifi6 les sites de production des PGs dans le SNC en réponse à differents 
modèles infectieux ou inflammatoires. Nos analyses ont rével6 la présence de PARNm de 
COX-2 dans des populations ceilulaires spCcifiques d u  cerveau, telles que la 
microvasculature cérébrale, les plexus chorddïens et les leptomeninges, B la suite d'une 

administration systémique de LPS. L'injection im. de la turpentine a elle aussi fortement 
stimulé l'activitt transcriptionnelle du g&ne COX-2 dans ces mêmes structures non- 
parenchymdes, confirmant du même coup que cette enzyme puisse être synilittisée & la suite 



d'me infiammation stérile localisée en périphérie. Puisque des taux elevCs d'ARNm dc 
COX-2 ont &té rapidement détectés daas la microvasculanue drébrale de rat injectés avcc 
I'ILlS ou le TNF-a, il est probable que ces deux cytokines d'origine systémique soient 
responsables de la production cen tde  des PGs au cours de la réponse inflammatoire 
d'origine systémique. Bien qu'un groupe de chercheurs ait identifie certaines des cellules 
exprimant I'ARNm & COX-2 comme C t a a t  des cellules microgliales associées aux 
mi~ocapiIlairiee, nos analyses histologiques semblent plutôt révéler que la grande majorité de 
celles-ci seraient en réaiit6 des allules endothéliales. Panni nos projets futurs. nous 
envisageons donc bidenafia avec catitude les types cellulaires capables de synth6tiser 
I'enzyme limitantc B la synthèse des PGs. De plus, grâce B l'utilisation de soiais déficientes 
pour le gène encodant l S l S  ou le TNF-a, il nous sera possible de v6rifier si ces deux 
cytokines pinflammatoUes ont la capacité de stimuler les vaisseaux sanguins du caveau, 
de même que les plexus chddiens et les leptomdninges, afin dinduire la biosynthèse & 
l'enzyme COX-2 et, par conséquent, des PGs centdes au cours de la réponse immune. 

Enfin, nous avons démontré, dans notre demi& Cnide, que  la LPS pouvait agir 

àirectement sur des populations cellulaires sptcifiques du caveau. Par HISH, nous avons 
6té en mesure de détecter, dans des conditions basales, quelques cellules micfogliales 
associées aux vaisseaux sanguins exprimant le g&ne CD14, de même que quelques 
macrophages CD14 positifs daas les plexus chmïdicns et les leptornéninges. L'injection 
systémique de la LPS a rapidement stimule la transcription du CD14m dans ces mêmes 
structures ainsi que dans les OCVs. Quelques heures après l'administration i.v. de 

Ieendotoxine, plusieurs cellules CD14 positives ont td obsmées dans les régions adjacentes 
aux OCVs (principaiement dans les cellules microgliales) de même que dans les neurones 
merp iques  des noyaux PVH. Puisque très peu d'6vidences supportent l'hypothése que la 
LPS puisse atteindre les noyaux PVH, il est probable qu'une circuiterie plus complexe soit 
soilicitée par l'endotoxine afin d'induire l'activité & l'axe corticotrope. Outre son rôle dans 
F8iCtivation de Faxe HPA, possiblement via l'induction & mécanismes régulant la synthèse et 
la libération des cytokines et des PGs d'origine centrale, il a été sugg6ré qu'une des fonctions 
du CD14m pourrait consister I'opsonisation des corps Ctrangers exprimant la LPS h leur 
surface membranaire- Ainsi, il est possible que, lors d'une septicémie sevhre, l'expression 
du CD14 dans l'ensemble du cerveau ne soit qu'un mecanisme de defense contre des 
envahisseurs bactériens potentieIs- il serait donc d s  intéressant d'élucider Ie mécanisme par 
lequtl les cellules du m e a u  en viennent & exprimer (selon un patron temporel biphasique) le 
récepteur CD14m au cours de la dponse immunitaire- Nous croyons que, comme il a Cté 
demontd en périphkïe. la LPS pourrait tout d'abord cibler les cellules d'origine myéloïde 



locaüsees dans les structures en contact direct avec la circulation sanguine (OCVs, plexus 
c-ns), et ainsi iadriire la biosynthèse l d  des cytokines pminfiammatoires ( L I S  et 
TNF-a). Toujours selon les M a i e s  au niveau de la pénpht?rie, il est poasiblt que 

ces mêmes cytokines stimulent (en cascade) les cellules avoisinantes pour finalement induhe 
l'activité oanscriptiomelie du CD14 dans les régions adjacentes. Afin & v6ntSer 
SiInpartance des cytokines d'origine centrale dans l'élaboration de œ phCnomène, deux 
possibilités parricaliemment intéressantes s 'ohnt  & nous: 1) i'utilisation de souris LlW, 
IL-&/- ou TNF-a-/- injectées iv. ou i.p. avec la LPS, 2) i'iafusion cenaale des cytoicines 

Pl-- 

Bref, nous espérons que les taides présentées dans cette &&se & doctorat auront 
contribuées il élucider le rôle des PGs dans l'activation neuronale et neuroendocrinienne au 
cours & la dponse immunitaire systémique. De plus, nous croyons sincèrement que les 
projets futurs tnumtrés ci-dessus sauront chrifier davantage certains aspects encore mal 
compris des intemaions entre les systtmes immunitaire et neuroendocrinien, 



RÉFERENCES DE L'INTRODUCTION ET DE LA 

Akira S. Hiraw T. T'aga T, Kishimoto T (1990) Biology of multifunctional cytokines: IL 6 
and related rnolecuies (IL 1 and TNF). FASEB J 4-2860-2867. 

Anthonisen M, Knigge U. Kjacr A Warberg J (1997) Histamine aad prostagiandin 
intcrsctioa in the central repuiaticm of A m  secretion Neuroendocxïmiogy 66.68-74. 

AnSom FA (1986) Hypcthalamic conin11 of a d r e d c o b l o p i n  secretion: advances sincc the 
discovery of 41-&due corti~~tr~pin-=leasing factor. Endocr Rev 7:351-378. 

Antuni FA, Hohnes MC, Jones MT (1983) Oxytocin as well as vasopressin potentiate ovine 
CRF in vino. Peptides 4:411-415. 

Arditi M, Zhou J, Dorio R, Rong GW, Goyert SM. Kim KS (1993) Endotoxin-mediated 
endothelial celi injury and activation: role of soluble CD 14. Infect Immun 61 :3l49- 
3156. 

Arditi M, Zhou J, Torres M. Durden DL, Stins M. Kim KS (1995) Lipopolysaccharide 
stimulates the tyrosine phosphorylation of mitogen-activatecl protein Linases p44, p42. 
and p41 in vascular endothelial cells in a soluble CD14-dependent I118nner. J Immunol 
lS5:3W4-4oO3. 

Arias-Negrete S. Keller K, Chadee K (1995) Proinflammatory cytokines regulate 
cyclooxygenase-2 mRNA expression in human macrophages. Biochem Bioph Res Co 
208582-589. 

Armsa~ng RC, Montminy MR (1993) Transsynaptic control of gene expression. Ann Rev 
Neurosci 16: 17-29. 



Arnold F, De Lucas Bueno M, Shiers H, Hancock DC, Evan GI, Herbert J (1992) 
Expression of c-fos in regions of the basal limbic forebrain followïng 
intracerebtoventriculaf cortrotropin-releasing factor in unstressed or sewsed malt rats. 
Neurosciences 51:377-390. 

Ban E, Haour F, RLeflstra (1992) Brain interleukin 1 gene expression induceci by Penpbefal 
iipOpo1ysaccharide . * Cytokinek48-54. 

Ban EM, Sarli8ve LL, H a m  FG (1993) Interleukin-1 binding sites on asaocytes. 

Netnoscience 52725-733. 

Bandtlow CE, Meyer M. Undholm D, Spranger M. Heumann R Thoenen H (1990) 
Regional and cellular codistribution of interleukin- 1 B and nerve growth f m  mRNA 
in the aduit rat brain. J Ceil Bi01 lll:l7Ol-l7ll. 

Ba& WA, Kasin AJ (1992) The interieukin-lalpha, interleulàn- 1 beta, and interleulin-2 do 
oot acutely disrupt the murine blood brain barrier. Int J Pharmacol 14:629636. 

Banks WA, Kastin AJ, Durnam DA (1989) Bidirectional transport of interleukin-1 alpha 
across the blood-brairi bder.  Brain Res Bull 23:433-437. 

Barbanel G, Ixart G, Szafarczyk A, Malaval F, Assenmacher 1 (1990) lntrahypothalarnic 
infusion of interleukin- 1 B increases the release of corticompin-releasing hormone 
(CM 41) and adrenocorticotmpic homone (ACTH) in fke-moving rats bearing a 
push-pull cannuia in the median eminenœ. Brain Res 5 16:3 1-56. 

Bateman A, Singh A, Kra1 T, Solomon S (1989) The immune-hypothalmic-pituitsiyy-adrenal 
axis, Endocr Rev lO:92- 1 12. 

Batshake B, Nilsson C, Sundelùi J (1995) Molecular characterization of the mouse 
proatanoid EPl receptm gene. Eur J Biochem 231:809-8 14. 



Beach JE, Smallridge RC, Kinzcr CA, Bemton EW. Holaday JW, Fein HG (1989) Rapid 
release of multiple hormones from rat pituitaries perifused with recombinant 
interleiilin- 1. M e  Sci 44= 1-7. 

Bebo BFJ, Linthicum DS (1995) Expression of mRNA for 55-LDa and 75-kDa tirnior 
necrosis factor receptars in mouse cerebrovascular endothelium: effects of 
interleukin-1 beta, interferon-gamma and TNF-alpha on cultwed cells. J 
Neuroimmunol62: 16 1 - 167- 

Becher B, Antel JP (19%) Cornparison of phenotypic and functional propemes of 
i m m d k l y  ex vivo and cultmed huma0 duit  m h g i i a  Glia 18: 1-10. 

Berkenbosch F, Oas JV, Rey AD, Tilders F, Besedovsky H (1987) Corticotmpin-releasing 

faaor producing neurons in the rat activated by interleukin-1. Science 238524526. 

Berkenbosch F, Wolvers DAW, DeRijk R (1991) Neuroendocrine and immunological 
mechanisms in stress-induced immunomodulation. J S teroid Biochem Biol403639- 
647. 

Bemarcani R (1989) Arachidoaic acid metabolites modulate rat hypothalamîc cortocotropin- 
reieasing hormone secretion in viao. Neurotndocrin010gy 5O:7O&7 15. 

Baiardini R, Caiogem AE, Mauceri G, Qirousos G (1990) Rat hypothalamic corticotropin- 
releasing hormone secretion in vitro is stimulated by interleukùi-1 in an eicosanoid- 
dependent mannef. Life Sci 47: 1601- 1607. 

&mardùii R, Kamilaris TC, Calogem AE, Johnson EO, Gomez MT, Gold PW, Chrousos 
GP (1990) Interactions between ~ m o r  necrosis factor*, hypothalamic corticotropin- 
releasing hormone, and adrenocorticotropin secretion in the rat Endocnnology 
1262876-2881, 

Bemton EW, Beach JE, Holaday JW, SrnaIlritige RC. Fein HG (1987) Release of multiple 
hormones by a direct action of hmleiikin-1 on pituitafy cells. Science 238519421. 



Besedovsky H. del Rey A (1992) Immune-neuroeadocrine circuits: inttgrativt rolc of the 

cytokiacs. Fiont N e m o e ~ 1 1 3 : 6 1 - 9 4 .  

Besedovsky HO, Del Rey A (1996) Immune-neunendocrine interactions: Facts and 
hypotheses. Endocr Rev l7:64-lOZ 

BeseQvsky HO, Delrey A, Kiusman 1, Furukawa H. Arditi GM, Kabiersch A (1991) 
CyaoLiiles as m m  of the hypothalamus-pituitary-adrend axis. J Stemid Biochem 
Molec Bi01 4O:6 1 3-61 8. 

Blalock JE (1989) A moIecular basis f a  biâhxtional communication ktween the immune 
and nemuendocrine systems. Physiol Rev 69: 1-32. 

Blatteis CM, BeaIer SL, Hunter WS, Llanos QI, Ahokas RA, Mashbum TAJ (1983) 
Suppression of f e v a  af ta  lesions of the anterovenaal third ventricle in guinea pigs. 
Brain Res Bull 1 1 :5 19-526. 

Blatteis CM, Hales IRS, Mckidey MJ, Fawcea AA (1987) Role of the antemventral third 
ven~cie in fever in sheep. Can J Physiol Phannacol 65: 12%- 1260. 

Brady L, Lynn AB, Herkenham M, Gortesfeld Z (1994) S ystemic intedeukin-1 induces carly 
and latc patterns of c-fos mRNA expression in brain. J Neurosci 14:4951-4964. 

Bnder CD, Dinarello CA, Saper CB (1988) Interleukin-1 immunoreactive innervation of the 

human hypothalamus. Science 24Q321-324. 

Breder CD, Hazuka C, Ghayur T. Klug C, Huginin M. Yasuda K. Teng M. Saper CB 
(1994) Regional induction of tumot necrosis fxtar alpha expression in the mouse brain 
a f m  systemic 1ipopoIysaccharide administration, Roc Nat1 Acad Sci U S A 91 : 1 1393- 
11397. 



Brider CD, Saper CB (19%) Expression of inducible cyclooxygenase mRNA in the mouse 
brais a f m  systemic sriministration of bacterial lipopolysaccharide. Brain Res 71354- 
69. 

Brishow AF, Mosley K, b l e  S (199 1) Intedeukin- 1S production in vivo and in vitro in rats 
and mice measirred using specinc immunaradicnnetric assays. J Mol Endocrino1 7: 1-7. 

Brooks DP, Share L, Crofton JT (1986) Rolc of bain prostaglandins in the conml of 
vasopressin secretion in the a>iiscious rat. Eiidocrin010gy 118:17161722. 

Bruce AJ, Boling W, Kindy MS, Peschon J, Kraema PJ, Carpenter MK, Holtsberg FW, 
Manson MP (1996) Altered neuronal and microglial responses to excitotoxic and 
ischemic brain injury in mice lacking TNF receptors. Nat Med 27880794. 

Buiiitt E (1990) Expression of c-fos-lik protein as a m e r  for neuronal activity following 
noxious stimulation in the rat J Comp N e m l  296517430. 

Busbridge NJ, Gmssman AB (1991) Stress and the single cytokine: interleukin modulation 
of the pituitary-adrenal axis. Mol Cell EradocrllioI 82:C-209-C214. 

Buttini M, Boddeke H (1995) Peripheral lipopolysaccharide stimulation induces interieukin- 
Il3 messeaga RNA in rat braùi microglial cells. Nemscience 65523-530- 

Buttini M, Sauter A, Boddeke H (1994) Induction of interleukin-lB mRNA after focal 
caebrai isch5~emia in the rat. Molec Brain Res 23: 126 134. 

Calogao AE, Sternberg EM, Bagdy G, Smith C, Berna* R, Aksentijevich S. W W  RL, 
Gold PW, Chrousos GP (1 992) Neurotransmitter-induced hypothdamic-piniitary- 
adrend axh responsiveness in inflammatory disease-susceptible Lewis rats: in vivo 
and vitro s u e s  suggesting a global defect in CRH secretion. NeinoendOcrinoIogy 
5S:600-608. 



327 

Calvo W. Faieza-Vila J (1%9) On the development of bone m m w  innervation in the 
newborn rats as studied with silver Mpregnation and electron microscopy. Am J Anat 
126:355-359. 

Cambronero JC, Rivas FJ. Barell J, Guaza C (1992) hterleukin-1-beta Muces pituitary 
a&enocorticotropin secretion: evidence for glucocorticoid modulation. 
Neuroendocria01ogy 55:648-654. 

C a m b e m  JC, Rivas FJ, Bafie11 J, Guaza C (1992) RoIe of mhidonic acid metabolhm 
on corticotropin-releasing factor (CRF)-release induced by interleului- 1 h m  
supemised rat hypothalami J NemOimmanol3957-66. 

Cao C. Mawmima K. Yamagata K, Watanabe Y (1995) Induction by lipopolysaccharide of 
cyclooxygeaasc-2 mRNA in the rat brain: its possible role in the febrile response. Brain 
Res 697:187-1%- 

Cao (SY, Matsumura K, Yamagata K. Watanabe Y (1996) Endothelial-ceh of the rat-brai. 
vasculantre express cyclooxygenase-2 messenger-RNA in response to systemic 
interleukin- 1 : A possible site of prostaglandin synthesis responsible for fever- Brain 
Res 733:263-272. 

Carswell EA, Old W, Kassel RL, Green S, Fiore N, WilIiamson B (1975) An endotoxin- 
induced serum factor that causes necrosis of tumors. Proc Nat1 Acad Sci USA 
72:3666-3670. 

Castell JV, Andus T, Kunz D, HeiMch PC (1989) Interleukin-6: the major regulator of 
acute-phase protein synthesis in man and rat Aan N Y Acad Sci SS7:87- 10 1. 

Chai Z Gatti S. Ton* C, Püii V, Bartfai T (1996) InterleuLin (LM gene expression in the 

central nervous system is necessary for fever response to lipopolysaccharide or L I  
beta: a study on ILddeficient mice. J Exp Med 18331 1-316. 



Chalmers DT, Lovenberg TW, De Souza EB (1995) Localization of novel wrticotropin- 
releasing facta q t o r  ((=RFz) mRNA expression to specific subcorbcal nuclei in rat 
brain: Cornparison with CRFi nxeptor mRNA expnssion. J Nemsci 15:63406350. 

Champagne D, Beaulieu J, DmIet G (1998) CRFergic innervation of the paravenaicular 
nudeus of the rat hypothalamus: a tract-trixing snidy. J Ne~l~endocrino110: 1 19-1 3 1. 

Chan R, Brown E, Encsson A, Rovacs K, Sawchenko P (1993) A cornparison of two 
inmediate early genes, c-fos and NGFI-B. as markers for functional activation in 

stress-related neimiendocrinc pathways. J Newsci 13:s 126-5 138. 

Chan RKW, Peto CA. Sawchenko PE (1995) A l  cavcholamine ceIl group: fine structure and 
synaptic input fkom the nucitus of the sditary tract J Comp N e d  351:62-80. 

Chan RKW, Sawchenko PE (1994) Spacially and temporally differentiated patterns of c-fos 

expression in brainstem catecholaminergic cell groups induced by cardiovascular 
challenges in the rats. J Comp Neuro1348:433-460. 

Chang CP, Pearse RI. O'Connel1 S. Rosenfeld MG (1993) Identification of a seven 
transmembrane helix receptor for corticotropin-releasing factor and sauvagine in 
mammalian brain. Neuron 1 1 : 1 187- 1 195. 

Chen R, Lewis KA, Perrin MH, Vale WW (1993) Expression cloning of a h u m a  
cortkoblopin-releasing fanor receptor. Roc Natl Acad Sci (USA) 90:8%7-8971. 

Chuluyan HE, Saphier D, Rohn WM, DUM AT (1992) Noradrenergic innervation of the 
hypothalamus participates in adrenocortical responses to interleukin- 1. 
Neurœndocrinology 56: 1û6- 1 1 1. 

Chung N, Benveniste EN (1990) Tumor necrosis factor-a production by astmcytes- 
induction by Lipopolysaccharide, IFN-y, and IL 1B. J Immunol 144:2999-M07. 



Coceani F, Lees J, Bishai 1 (1988) Fufther evideace implicating prostaglandin Ez in the 

genesis of p p g e n  fever. Am J Physiol254:R463-R469. 

Coccani F, Lees J, Dhmiio CA (1988) Occurrence of interleukin-1 in cmbroBpinal fiuid of 
the OOLtSCious cat. Brain Res W245-250. 

CoUart MA, Baeuerle P, Vassalli P (1990) Regulation of tumor necrosis factor alpha 
transcription in macrophages: involvement of four KB-likt motifs and of constitutive 

and inducible f m s  of NF-KB. M d  Celi Biol10: 1498-1506. 

Conrad LCA, PfSf DW (1975) Axonai projections of medial preoptic and anterior 
hypoth-c neurones. Sciene 190:1112-1114. 

Conti P, Banle L. Barbacane RC, Reale M. Placido FC, Sipe J (1995) Synergistic activation 
of semm amyloid A (SAA) by IL-6 and I L 1  in combination on human Hep 3B 
hepatoma ceil line. Role of PGE2 and I L 1  receptor antagonist. Immun01 hvest 

24523-535. 

Cooper KE (1987) The nembiology of fever: thoughts on m e n t  developments. Annu Rev 

Neurosci 10:297-324. 

Cross RJ, Markesbery WR. Brooks WH. Roszman TL (1984) Hypothalamic immune 
interactions: Neuromodulation of naturai killer activity by lesioning of the anterior 

hypothalamus. Immunology 5 1 :399-405. 

Cunningham ET, Bohn MC, Sawchenko PE (1990) Organization of adrenergic inputs to the 
paniventricular and supraoptic nuclei of the hypothalamus in the rat J Comp Neurol 

292:65 1-667, 

Ciinningham ET, Miselis RR, Sawchenko PE (1994) The nlationship of effkrent projections 
from the ma postrerna to vagal motor and brain stem catecholamine-containing ce11 
gmups: An axond transport and immunohistochemical study in the rat Nemscience 
58:635-648. 



Cunaingham ET, Sawcknko PE (1988) Anatomical specincity of noradremgic inputs to tbe 
paraventri& aad supraoptic nuclei of the rat hypothalamus. J Comp New1 274:60- 
76. 

Cunningham ET, Wadn E. Carter DB. Tracey DE. Battey JF, DeSouui EB (1992) In Situ 
Histochemicd locaiisation of type 1 interleukin-l receptor messenger RNA in the 

central nervous systern, pituitary and adrenal gland of the mouse. Jomal of 
Neuroscience 12: 1101-1 11 1, 

Dantzer R (1994) How do cytokines say heilo to the brain? Neural versus humoral 
mediation. Emo w k i n e  Netw 5:271-273. 

Dameil E J  (1983) The processiag of RNA. Sci Am 2499û-100. 

Dascombe MJ, Milton AS (1979) Study on the possible entry of bacterial endotoxin and 
prostaglandin ES into the central newous system from the blood. Br J Phannacol 
66565-572. 

De Groote D, Zaugerle PF, Gevaert Y. Fassote MF, Be@ Y, Noiat-Pire~e F, F5re~e J. 
Gatby R. Lopez M. Dehan 1, Igot D. Baudrihaye M. Delacroix D, Franchimont P 
(1992) Direct stimulation of cytokines (IL- IB, TNF-a, IL-6, IL-2, IFN-y and GM- 
CSF) in whole b l d  1. Cornparison with isolated PBMC stimulation. Cytokine 
4: 239-248. 

DeFarge LE. R e d  DG (1991) Kinetics of TNF, IL6, and IL8 gene expression in LPS- 
stimuiated human whole blwd. Biochem .Biophys Res Commun 174: 18-24. 

Denciorfer U, Oettgen P. Liknnann TA (1994) Multiple regulatory ekments in the 

interleulin-6 gene mediate induction by prostaglandins, cyclic AMP, and 
iipopolysaccharide. Mol Cell Bi01 14:4443-4454. 

DcRijk Et, Berkenbosch F (1992) Development and application of radioimmunoassay to 
âetect intaleukin-i in nit periphd circulation. Am J Physiol263:El092-E1098. 



Derijk R, Van Rooijen N, Trlders FJH, Besedovsky HO, Del Rey A, Berktnboafh F (1991) 
Selcctive depletion of macrophages prevent pituitary-adrend activation in iesponse to 

subpyrogenic, but not to pyrogenic, doses of the bacteriai endotoxin in ram 
Endoaindogy 129:33€k338. 

DeWitt DL, El-Henth EA, Kraemer S A  Andrews MT. Yao EF, Armstrong RL, Smith WL 
(1990) The aspirin and heme-binduig sites of ovine and murine prostaglandin 
enaopaOxide synthases. J Bi01 Chem 265:s 192-5 198. 

DeWitt DL, Smith WL (1988) Rimary smicture of prostagiandin G/H synthase 6rom sheep 
vesicular giand detamined h m  the complementary DNA sequena. Roc Nat1 Acad 

Sci USA 85: 1412-1416, 

DiaareUo CA (1984) Inmleukin-1 and the pathogenesis of the acute-phase response. New 
Eng J Med 311:1413-1422. 

Dinardo CA (1989) Intdeukin- 1 and its biologically related cytokines. Adv Immun01 
44:153-161. 

Dinarello CA, Canaon JG, Mancilla J, Bishai 1, Lees J, Co& F (1991) htdeukin-6 as an 

endogenous pymgen: induction of prostagIandin E2 in brain but not in p e r ï p h d  blood 
mononuclear ce&. Brain Res 562: 199-206. 

Dinareh CA, Thompson RC (199 1) Blocking IL- 1 : interleukin 1 receptor antagonia in vivo 
and in vim I m r n u ~ I  Today 12:404-410. 

Dodds RA, Merry K. Littlewood A, Gowen M (1994) Expression of mRNA for IL1 beta, 
IL6 and TGF beta 1 in developing human boae and cartilage. J Xistochem Cytochem 
42~733-744. 



Dragunow M, Faull R (1989) The use of c-fos as a metabolic marker in neuronal @way 
tracing. J Ne- Meth 29:261-265. 

Drouet C, Shakhov AN, Jongeneel CV (1991) Enhancers and transcription facuirs 
controiling the inducibility of the tumm necrosis factor-a promoter in primary 
macrophages. J Immun01 147: l69417OO. 

Dubuis .M, Eayer JM, Siegrist-Kaiser CA, Burgcr AG (1988) Human recombinant 
interleukin-lB deaeasa plasma thyroid hormone and thyroid stimulating harmone 
levels in rats. EndocrinoIogy l23:2175-2 18 1. 

Dunn A3 (1988) Systemic interleukin-1 administration stimulates hypothalamic 
norepinephrine metaboikm p d e l i n g  the increased plasma corticostcrone. Lifé Sci 
43:429-435 . 

Duna AI (1992) The role of interleulin4 and tumor necrosis factor alpha in the 

neurochemical and neuroendocrine rrsponses to endotoxin. Brah Res Buli 6:807-812. 

D m  AJ (1993) Role of cytokines in infection-induceci stress. AM N Y Acad Sci 697:189- 
202. 

Dupont E, Huygen K, Schandene L, Vandercniys M, Palfliet K, Wybran J (1985) influence 

of in vivo immunosuppiessive dmgs on production of lymphokines. Transplantation 
39: 143-147. 

Ebisui O, Fukata J, MuraLami N, Kobayashi H, Segawa H, Mun, S, Hanaoka 1, Naito Y, 
Masui Y, Ohmoto Y, hura If, N a h  K (1994) Enect of IL1 receptor antagonist and 
antiserum to TNF-a on LPS-induced plasma ACIH and corticosterone in rats. Am J 
Physiol266:E986-E992. 

Edwards CK, Yunger LM, h n c e  RM, Dantzer R, Kelley KW (1991) The pituitary gland 
is required for protection against lethal effects of Salmonella typhimurium. Roc Naù 

A d  Sci USA 88:2274-2277. 



Elmqiiist JK, Breder CD, S h d  JE, Scamrnell TE, Hickey WF, Dewitt D, Saper CB (1997) 
Intravemus lipopolysacchande induces cyclooxygenase 2-liLc immunoreactivity in rat 
brain paivascular microgiia and meningeai macrophages. I Comp Neuf01 381:119- 
129. 

Elmquist X, Saper CB (1996) Activation of neurons projecting to tbe paraventriculsr 
nucleus by intravenous iipopdysaccharide. J Comp New13743 15-331. 

Ericssoa A, Ek M. Lindefors N (1995) Distribution of prostaglandins E2 nceptor (EP3 
subtype) mRNA containing celis in the rat c e n d  nemous system. Soc Nermwci Abstr 
21:98. 

Ericsson A, Kovacs KT, Sawchenko PE (1994) A huictional anatomical andysis of cenoal 
pathways subserving the effects of interleukin-1 on stress-rtlated neurocndocnne 
neurons. J Neurosci l4:8%913. 

Ericsson A, Liu C, Hart RP, Sawchenko PE (1995) Type 1 interleukin-1 nceptor in the rat 
brain: dismbution, regdation, and relationship to sites of ILI-induced cellular 
activation. J Comp Neml 36 1 :68 1 -698. 

Ericsson A, Anas C, Sawchedto PE (1997) Evidence for an inaamedullary prostaglandin- 
dependent mechanism in the activation of stress-related neuroendocrine circuitry by 
intravenous interleukin- 1. J Neurosci l7:7 1 6 7  179. 

Ertel W, Momison MH, Wang P. Ba ZF, Ayala A, Chaudry M (1992) The complex paneni 
of cytokines in sepsis - association between prostaglandins, cachectin, and 
interleukins. AM Surg 214:141-148. 

Fan& G, Dinareh CA (19%) The Uiflammatay response in interleulin-likieficient miœ: 

cornparison with aber cytokine-related knock-out mice. J Leukm Bi01 59:489-493. 



Fatiori E, Cappelletti M, Costa P. Sellito C, Cantoni L, CareUi M, Fagsioni R, Fantuzzi G, 
Gbezzi P, Poli V (1994) Defective inflammatory fesponse in iaterleukin &defiGent 

mice. J Exp Med 180: l243-125O. 

Fauci AS, Daïe DC (1974) The effccts of in vivo hydrocortisone on subpopulations of 
human lymphocytes. J Qin Invest 53:240-246. 

Feams C, Kravchenko W. Ulevitch RJ, Loskutoff DJ (1995) Murine CD14 gene 
expression in vivo: extiramyeloid synthess and ngulation by iipopolysaccharide. J Exp 
Med 18 1:857-866. 

Felten DL, Felten SY. Bellinger DL, Carlson SL, Ackerman KD, Maclden KS, Olschowki 
JA, Livnat S (1987) Noradrenergic sympathetic neural interaction with the immune 

system: structure and fimction. hmunol Rev 100:227-260. 

Felten DL, Felten SY, Carlson SL, Olschoqka JA, Livnat S (1985) Noradnnergic and 
peptidergic innervation of lymphoid tissue. J Immun01 135 (suppl2):755s-765. 

Feng L, Sun W, Xia Y, Tang W, Chanmugarn P. Soyoola E, Wilson CB, Hwang D 
(1993) Cloning two isoforms of rats cyclooxygenase: differential regulation of their 
expression. Arch Biochem Biophys 307:361-368. 

Ferrero E, Jiao D, Tsuberi B Z  Tesïo L. Rong GW. Hariot A, Goyen SM (1993) Transgenic 
mice expressing human CD14 are hypersensitive to lipopolysaccharide. Roc Natl Acad 
Sci USA 90:2380-2384. 

F i  T, Weihe E (1988) Multiple neuropeptides in nerves supplying mammalian lymph 
nodes: messenger candidates for sensory and autonornic neinoimmunomodulation? 

Nemsci Lett 9Ck39-44. 

F l e s k  M, Goehler LE, Hermann J, Relton JK, Maier SF, Watkins LR (1995) Interleukin- 
1 beta induced corticosterone elevation and hypothalamic NE depletion is vagally 
mediated. Brain Res Bull 37:605-610. 



Fong Y, Tracey KJ. Moldawer LL. Hesse DG, Manogue KB, Kemey JS, Lee AT, Kuo 
GC. AUison AC, Lowry SF (1989) Antibodies to cachectin/tumor necrosis factor 
reducc interhkin 18 and inhericukin 6 appearance dming lethal bacfntmia. J Exp Md 
170:1627-1633. 

Fontzlna A, Kristense F, Dubs R, Gemsa D. Weber E (1982) Production of proetagiandins E 
and an inmleukin-l iike factor by cuitured asaocytes and C giioma ceils. J Immun01 
129:2413-2419. 

Fontana A, Weber E, Daya JM (19û4) Synthesis of interieukin-l/enduge~wls pymgen in aie 

brain of endotoxin-mted mice: a step in fever induction? J Immun01 133:16%-1698. 

Fremeau RTJ, Autelitan0 DJ, Blum M, W a x  J, Roberts JL (1989) Intervening sequence- 
specinc in sinr hybndization: detection of the proopiomelanocortin gene primary 
traascript in individuai neurons. Mol Brain Res 6: 197-201. 

Ened G, Terenius L, Brodui E, Efendic S. Doclwy G, Fahrenkrug J, Goldstein M, Holdclt 
T (1986) Neuropeptide Y, enkephallli and noramuialine coexist in sympathetic neums 
innervating the bovine spleen. Biochemical and immunohistochemical evidenœ. Celi 
Tissue Res 243:495-508. 

Galea E, Reis DJ, Fox ES, Xu H, Feinstein DL (1996) CD1 4 mediates endotoxin induction 
of ninic oxide synthase in cultured bmin gliai ceiis. J Neuroimmunol64:19-28. 

Ghosh S, Baltimore D (1990) Activation in vitro of NF-kappa B by phosphorylation of its 
inhibitor I kappa B. Nature 344:678-682. 

Gilbert MS, Payan DG (1991) Interactions between the nervous and the immune systems. 
Frmt Neirmendocrin 12:299-322, 

Gillis S, Crabtree GR Smith KA (1979) Glucocorticoid induced inhibition of T cell growth 

factor production. 1. The effect of mitogen induceci lymphocyte proliferation. J 
Imrnunol123: 1624- 163 1. 



Giulian D, Baker TJ, Sbih LCN, Lachman LB (1986) Interleukin 1 of the central newous 
system is pxoduced by arneboid mkmgh J Exp Med 164594604. 

Givalois L, Domand J, Mehache M, Solier MD, Bristow AF, hiut G, Siaud P, 
Assenmacher I, Barbanel G (1994) The temporal cascade of plasma level surges in 
ACTX, corticosteront and cytoLines in endotoxia-chdenged rats. Am J Physiol 
266:Rl64-R170. 

Gœhler LE, Busch CR, Tanagiia N, Relton J, Sisk D. Maier SF, Watkins LR (1995) 
Blockage of cytokine induced conditiod taste aversion by subdiaphragmatic 
vagotomy: Further evidence for vagal mediation of immune-brain communication. 
Neurosci Leu 185: 163-166. 

Golenbock DT, Liu Y, H. MF, -man MW, Zœller RA (1993) Surface expression of 
human CD14 in Chinese hamster ovary fibroblasts imparts macrophage-like 
responsiveness to bactuial endotoxin. J Biol Chem 268:22055-22059. 

Goppelt-Stniebe M (1995) Regulation of prostaglandin endoperoxidase synthase 
(cyclmxygena~e) isayme expression. Prostag Leukotr Ess 52213-222. 

Haour F, Ban E, Milon G, Baran D. Filion G (1990) Brain interleuLin 1 receptors: 
Characterization and modulation after lipopolysaccharide injection. Propss in 
NeuroEn-munology 3: 196204. 

Harbuz MS, Rees RG, Lightmaa SL (1993) HPA axis responses to acute stress and 
adrenalectomy during adjuvant-induced e t i s  in the rat. Am J Physiol264:R179- 
185. 

Harbuz MS, Stephanou A, Sarlis N, Lightman SL (1992) The effects of recombinant human 
interleulrin (IL)-1 alpha, IL1 beta or IL6 on hypothalamo-piniim-adrenal axis 

activation. J Endocrino1 133549-355. 



337 

H k  AS, Uarke G, Tolchard S (1995) Bacterial lipopolysaccharide-induced changes in Fos 
protein expression in the rat brain: Correlation with thermoregulatory changes and 
plasma corticosterOae. J Neuroendocrinol7:79 1-799. 

Hart BL (1988) Biological basis of the bthavior of sick animais. Nemsci  Biobehav Rev 
12:f 23-137. 

Hashimoto M, lshikawa Y, Y o k m  S, Goto F, Baado T, Sakakibarn Y, Inki M (1991) 
Acticm site of circulating interleukin-1 on tbe rabbit braia Brain Res 54Ck217-223. 

Haveli E (1989) Evidenœ that tumor necrosis factor has an important role in antibactaial 
h t a n c e .  J Immun01 143:2894-2899. 

He@ GA (1976) Hypothalamic and pituitary efkcts of prostaglandins on A C ï H  secretion. 
ProstagIandins 1 I :293-3Ol. 

Hempel SL, Monick MM. Huminghake GW (1994) Lipopolysacchari& induces 
prostaglandin H synthase-2 protein and mRNA in human alveolar macrophages and 
blood monocytes. J Qin hvest 93:39 1-396. 

Henkel T, Machleidt T. M a y  1, Kronke M. Ben-Neriah Y. Baeuerle PA (1993) Rapid 
proteolysis of 1 kappa B-alpha is necessary for activation of transcription factor NF- 
kappa B. Natm 365: 182- 185. 

Herman JP, Schafer M, Thompson RC, Watson SJ (1992) Rapid r e m o n  of corticotropin- 
releasing homone gene iranscription U1 vivo. Md Endocrin01 6:lMl-1069. 

Hennan JP. Schafa MIM, Watson SJ, Sherman TG (1991) In sin< hybridization analysis of 
arginin vasopressin gene transcription using intron-specific probes. Mol Endocrino1 
5: 144"- 1456. 



Hetier E, Ayala J, Denèfle P. Bousseau A, Rouget P, Maiïat M. Rochiantz A (1988) Brain 
macrophages synthesize interleukin-1 and interleulin-1 mRNAs in vitro. J Nearosci 
Res 21:391-397. 

Hibi M. MirraLami M. Saito M. Hirano T. Taga T. Kishimoto T (1990) Molecuiar cloning 
andexpressionof an IL6 si@ transducer, gp130. CeIl 63:1149-1157. 

Higgins GA, Olschowka JA (1991) Induction of interleiiLin-lB mRNA in adult rat brain. 
Mol Brain Res 9: 143-148, 

Hiro<a H, Kiyama H, ICishimoto T, Taga T (1996) Acœlerafed nerve regendon in mke by 
upregulated expression of iaterleukin (IL) 6 and IL6 receptor after aa~ma J Exp Med 
183:2627-2634. 

H i s m  J, Marois J, Garoufalis J, D'Addario M, Roulston A. Kwan 1. Pepin N, Lacoste J. 
Nguyen H, Bensi G, Fenton M (1993) Characterization of a f'unctional NF-- site in 
the human interleukin li3 promoter: Evidence for a positive autoregdatory bop. Mol 
Ceil Biol13:623 l-6%0. 

Hoffman PK, Share L, Crofton JT, Shade RE (1982) The effect of intracerebroventricular 
indomethach on osmotically stimulateci vasopressin nlease. NewoendocNioIogy 
34:132-139. 

Honda A, Sugimoto Y, Narnba T, Watabe A, Irie A, Negishi M. Nmrniya S, Ichikawa A 
(1993) Cloning and expression of a cDNA for mouse prostaglandin E receptor EP2 
subtype. J Bi01 Chem 268:7759-7762. 

Hopkins SJ, Rothweii NJ (1995) Cytokines and the nervous system 1: expression and 
recognition. TINS 18:83-88. 

Inoue M, Crofton JT. Share L (1990) Interactions between the brain renin-aagiotensin 
system and brais prustanoids in the control of vasoprcssin secretion. Exp Braïn Res 
83:131-136. 



Irie A, Sugimoto Y, Namba T, Hamono A, Hoada A. Watabe A, Negishi M. Nanuniya S. 
Ichikawa A (1993) Third isoform of the prostaghndin-E-rcccptor EP3 subtype with 
different C-terminal tail coupling to both stimulation and inhibition of adenylatc 
cyclase. Eur J Biochem 217:313-318. 

Ishilcawa S. S a  T. Yoshida S (1981) Tbe e f f i  of prmtaglandins on the dease of arginllie 
vasopressin from the guinea pig hypothalam~neumhypophyseal cornplex in organ 

cultme. Endocriwlogy 108: 193-198. 

Jacobson L, Sharp FR, Dallman MF (1990) Induction of fos-like imrnunortactivity in 
hypothalamic corcicotropin-releasing factor newons after adrenalectomy in the rat. 
Endocrinology 126:1709-1719. 

Jankovic BD. Isakovic K (1973) Neuroendocrine cornlates of immune response. 1. Effets 
of brain lesions on antibody production. Arthus reactivity and delayed type 
hypezsensitivity in the rat Int Arch AUergy Immunol 45:36û-372. 

Jankovik BD (1989) Nemimmunodulation: fxts and dilemmas. Immunol Leti 21: 101-1 18. 

Johnson A& Gross PM (1993) Sensory circumventricular organs and brain homeostatic 
pathways. Faseb 7:678686. 

Johnson W, Smith EM, Torres BA. Blalock IE (1982) Regulation of the in vitro mtibody 
response by neamendocrine hormones. Roc Nat1 Acad Sci USA 79:4171-4174. 

Jones DA, Cariton DP, McIntyre TM, Zimmerman GA, Prescott SM (1993) Molecular 
cloning of human prostaglandin endopemxide synthase type II and demonstration of 
expression in response to cytokines. J Bi01 Chem 268:9049-9054. 

Kakucska 1, Y.= Clark BD, k h a n  R M  (1993) Endotoxin-induced corticotropin-releasing 
hormone gene expression in the hypothalamic paraventricular nucleus is mediated 
œntcally by interle&- 1. EndocrinoIogy W : 8  15-821. 



Kasid A, Dir#ror EP, Rosenbag SA (1989) Reguiation of interieulin-6 0 by IL2 and 
TNF-a in human periphed blood mononuclear ce&. Ann N-Y Acad Sci 557564- 
566. 

Katsuura O, Arimura A, Koves K, Gottschail PE (1990) Involvement of organum 
v8SCUIosum of the lamina tamiaalis andpnoptic area in interleulin-1Binduad A m  

release. Am J Physiol258S163-E171. 

Katsuuca G, Gotcschali PE, Dahl RR, Arimura A (1988) Adriemmrtixnopin dease iaduced 
by intracerebroventricular injection of recombinant human interleulin-1 in rats: 
Possible involvement of prostaglandin. Emkrhobgy 122: 1773- 1779. 

Katsuura G, Gottschaii PE, Dahl RR, Arimura A (1989) InterleuLin-16 increases 
prostaglandin El in rat astrocyte cultures: modulating effect of neuropeptides. 
Endwinology lU:3 125-3 127. 

Kawano H, Daikoku S. Shibasaki T (1988) CRF-containing neurons in the rat 

hypothalamus: retrograde aacing and immunohistochemical studies J Comp Neurol 
272:26û-268. 

Kehrer P, Turniil D, Dayer J-M, Muller AF, Gaillard RC (1988) Human recombinant 
interIeulrin-1 beta and -*ha., but not recombinant tumor necrosis f ~ t o r  alpha stimulate 
A m  release from rat anterior pituitaxy cells in vitro in a prostaglandin E2 and CAMP 
hdcpendent mariner. Neuroendocrinology 48: 160- 166. 

Keller-Wood ME. Dallman MF (1984) Comcosteroid inhibitionof A C ï H  secdon. Endocr 
Rev 5: 1-24. 

Kelso A, Munck A (1984) G l u d o i d  inhibition of lymphokine secretion by allcmactive 
T lymphocyte clones. J Immun01 133:784-791. 

Kent S, Bluthe RM. KeUey KW, Dantzer R (1992) Sickness behavia as a new target for 
drug âevelopment. Trends Pharmacd Sci 1324-28. 



Khansk DN. Murgo AJ. Faith RE (1990) Effeçts of stress on the immune system. ïmmanol 
Today 11:170-175. 

Kishimm T, Pearse RV, Lin CR, Rosenfeld MG (1995) A sauvagine/corticotropin-releasing 
factor receptm exprcssed in the heart a d  skektai muscle. Roc Natl Acad Sci USA 
921108-1112. 

Kitchens RL, üievitch FU, Md& RS (1992) LipopoIysaccharide (LPS) partial stnictures 

inhibit responses to LPS in a human macrophage ceU line without inhibithg LPS 
6 upailre by a CDlCmediated pauiway. J Exp Med 176:485-494. 

Klir JJ, McCiellan JL, Kluger MJ (1994) InterleuLin-1 beta causes the inmase in anterior 
hypothalamic interleukin-6 during LPS-induced fever in rats. Am J Physiol 
266:Rl8&-RI 848. 

Kluger UJ (1991) Feva: role of pyrogens and cryogens. Physiol Rev 7 1:93-127. 

Kobayashi H, Fukata J, Murakami N, Usui T, Ebisui O, M m  S. Hanaoka 1, houe K. 
Imura H, Nakao K (1997) Tumor necrosis factor receptors in the pituitary ceus. Brain 
R a  758:45-50. 

Koenig JI (1991) Resence of cytokines in the hypothalamic-pituitary axis. Rog 
NeuroEndocrhnmunol4: 143- 153. 

Komaki G, Arimura A, Koves K (1992) Efftct of intravenous injection of L l S  on PGE2 
levels in s e v d  brain areas as determined by microdidysis. Am J Physiol262:E246- 
E251. 

Kovacs KT, Elenkov IJ (1995) Mencial dependence of ACITI semetion induced by various 
cytokines on the integity of the paravennicular nucleus. J Neuroendocrinol7: 15-23. 



Kovacs KJ. Sawchenko PE (1993) Mediation of osrnoregulatory influences on 
neuroendocrine conicotmpin-releasing factor expression by the ventral lamina 
tel lis, Proc Natl Acad Sci USA 90=7681-7685. 

Kovacs KI, Sawchenko PE (1994) Stress-induced transcriptional activation of the 

caticotropin-releasing fana gene precedes immediate-early-genes nsponses in the 
paraventricuiar nucleus. Soc Neurosci Absn a 9 3 5  

Kujubu DA, Fletcher BS, Vanium BC, Lim RW, Nerschman HR (1991) TISIO, a phorbol 
ester tumor promoter-inducible mRNA fiom swiss 3T3 ceus, encodes a novel 
prostaglandin synthase/cyclooxygenase homologue, J Bi01 Chem 266:12866-12872 

Kuprash DV. Udalova IA, TuretsLaya RL, Rice NR, Nedospasov SA (1995) Conserved 
kappa-B element located downstream of the nmior necrosis factor alpha gene distinct 
NF-kappa-B binding pattern and enhancer activity in LPS activated murine 
macrophages. Oncogene 1 1 97- 106. 

Kinkowski R, Kummer W. Heym C (1990) Substance P-immunoreactive nerve fibers in 
tracheobronch. lymph nodes of the guinea pig: Origia, ultrastructure and coexistence 
with other peptides. Peptides I l  : 13-20. 

Kushner 1 (1982) The phenornenon of the acute-phase response. Ann NY Acad Sci 389:39- 
48. 

Labiner DJ, Butier LS, Pien C, Hosford DA, Shin C, McNamara JO (1993) Induction of c- 
fos mRNA in kindling seuures: complex relationship with neuronal burst firing. J 
NeUrosci 133744-75 1. 

Lacroix S. Feinstein D, Rivest S (1998) The bacterial endotoxin lipopolysacchade has the 
ability to target the brain in u p ~ g d a ~ g  its membrane CD14 nccptor within specitic 
cellular populations, Brain Pathol submitted, 



Lacroix S, Rivest S (1997) Functiod circuitry in the brain of immune-chaiienged rats: 
partiai involvanent of pmstaglandias. J Comp New1 3û7:307-324. 

Laaoix S. Rinst S (1998) Effect of mute systemic inflamm- respoose and cytokines on 
the treaSQiption of the paes eooodiog cyclooxygenase enzymes (COX-1 and COX-2) 
in the rat brain. J NeUrochem 7Ck452-466. 

Lacroix S, Vallières L, Rivest S (19%) C-fos mRNA pattem and coiticoûopin-releasing 

factor neuronal activity throughout the brain of rats injectecl centdiy with a 
prostaglandin of E2 type. J Neumhmunol7& 163-179. 

Lafiamme N, Feu* E, Richard D, Rivest S (1998) Involvement of serotoninergic 
pathways in mediating the neamai activity and genetic transcription of neuroendocrioe 
corticompin-releasing factor in the brain of systemicdy endotoxin-challenged rats. 
N e d e n c e s  in pnss. 

Laflamme N, Rivest S (1994) Systemic endotoxin activates the genetic expression of c-fos, 

NGFI-B, and neuropeptides in seIective regions of the rat bah. Roceeding of the 76th 
Annual Meeting of the EndoQine Society 765 14. 

]Larsen PJ, Mikkelsen JD (1995) The functional identification of central afferent pmjections 
conveying infmation of acute "stress" to the hypothalamic paraventricular nucleus. J 
Neurosc 15:2609-2627. 

Le J, Vi1cek J (1987) Biology of disease. Tumor necrosis factor and interleukin-1: cytolcines 
with multiple overiapping biological activities. Lab Invest 56:234238. 

k h a n  RM, Toni R Clark BD, Cannon JG, Shaw AR, DinarelIo CA, Reichlin S (1990) 
Immunoreactive interleukin-lB localisation in the rat forebrain. Brain Research 
514:135-140. 



Lee HY. HaLenham M (19%) Arta postrerna removal abolishes stimulatory effects of 
intraveaow interleukin-lB on HPA axis activity and c-fbs mRNA in the hypothalsmic 
pmveatricular nucleus. Soc N e d  Abstr 2287. 

Lee JD, Kato K, Tobias PS, KirLland TN, UIevitch RJ (1992) Traasf'on of CD 14 into 
70213 ceb  dramatically enhances the sensitivity to complexes of lipopolysaccharide 
(LPS) and LPS binding protein. J Exp Med l75:l697- 1705. 

Lee JD, Kravchenko V, KirLland TN, Han J, M a c h  N, Moriarty A. Letiacq D, Tobias 
PS, Ulevitch RJ (1993) Glycosy~-phosphatidyiinositoll~hd or integral membrane 
forms of CD14 mcdiatt identical cellular responses to endotowi. Roc Natl Acad Sci 
USA 1990-9934.  

Lct SH, Soyoola E, Chanmugam P. Hart S, Sm W. Zhong H, Liou S. Simrnons D, Hwang 
D (1992) Selcctive expression of rnitogen-inducible cyclooxygenase in macrophages 
stimulated with 1ipopoIysaccharide. J Bi01 Chem 267:2593425938. 

Lemay LG, m e s s  1, Vander N. Kluger MJ (1990) In vivo evidence that the rise in 
plasma IL 6 following injection of fever-inducing dose of LPS is mcdiated by IL- 1B. 
Cytolone 2: 199-204. 

LeMay IXi. Vander AJ. Kluger MJ (1990) Role of interleukin 6 in f evu  in rats. Am J 
Physiol25 8:R798-R803. 

Lennard DE, Eckert WA, Merchenthaler 1 (1993) Carticonopin-Releasing Hormone Neurons 
in the Paraventricular Nucleus R o j a t  to the ExDtmal Zone of the Madian Eminence - A 
Study C o m b h g  Retrograde Labeling with Lmmunocytochemistxy. J Neuroendocrinol 
5:175-181, 

Leturq DJ. Moriarty AM, Talbott G, Winn FtK, Martin TR, Ulevitch RI (19%) Antibodies 
against CD 14 protect primates M m  endotoxin-induced shock J Clin Invest 98: 153% 
1538. 



Levin N, Shiasako J, Daliman M (1988) Corticosterone acts on the brain to inhibit 
adrenalectomy--induad adrieMKX#timtmpia seÊrieti01~ Endoainology lZWM-701. 

Lewin B (1980) Genc expression II. In: EuLaryotic chromosomes. (Lewin B, ed), pp 728- 
864. New Y& Wiley-Liss Inc. 

Li H-Y, Ericsson A, Sawchenko P (1996) Distinct mechanisrns underlie activation of 
hypothalamic neurosecrttory aemoas and their medullary catechoiaminergic afferents 
in categoaically dBkrent sotss paradigms. Roc Nati Acad Sci USA 93:2359-2364. 

Libenaaan TA, Baltimore D (1990) Activation of inQerleukin-6 gene expression through the 
NF-kappa B transcription factor. Mol Cell Biol 10:2327-2334. 

Liposits Z (1993) Ultrastructure of hypothalamic paraveneicular neurons. Crit Rev 
Neurobiol7: 89- 1 62. 

Loewy AD (1990) Cennsl autonomic pathways. In: Cenaal reguIations of autonomic 
fuisctions. (Loewy AD, Spyer KM, ed), pp 88-103. New-York: Mord W. 

Lovenbtrg TW, Liam CW, Grigoriadis DE, Clevenger W, Chaimers DT, DeSouza EB, 
Olmsdorf T (1995) Uaiiog and characterization of a functional distinct corticotropin- 
releasing factor rtccptor subtype h m  the rat bmh. Roc Nat1 Acad Sci USA 92:836- 
840. 

Lucas R, Lou J, More1 DR, Ricou B. Suter PM. Grau GE (1997) TNF receptors in the 

miMovasculatm pathology of acute respiratory distress syndrome and ~e~ebral  malaria 
J Leukoc Bi01 61551-558. 

Luheshi G, Miller AJ, Brouwer S. Dascornbe UT, Rothweli NJ, Hopkins SJ (1996) 
InterleuLin-l xeceptor antagonist inhibits endotoxin fever and systemic interieukin-6 
induction in the rat. Am J Physiol270591-E95. 



Lynch EA, DinareUo CA, Cannon JG (1994) Gender difkrences in IL1 alpha, IL1 kta, 
and IL1 receptor antagdst secretion from mownuclcar ceiis and \ainary excretiion- J 
h u n d  153:300.306. 

Lyson K. McCann SM (1992) Induction of adrenocorticotropic hormone release by 
interieukin-6 in vivo and in vitro. AM N Y Acad Sci 650: 182-1 85. 

Lyson K. McCann SM (1992) Involvement of arachidonic acid cascade pathways in 
interleukin-bstimulated conicotropin-releasing factor release in vitro. 
NeuroeQdocrinology 55:708-7 13. 

Ma YI, Berg-von der Emde K, Rage F, Wetsel WC, Ojeda SR (1997) Hypothalamic 
astrocytes respond to transfking growth f w  alpha with secretion of neim#ictive 
substances that stimulate the release of luteinizing hormone-releasing hormone. 
Endocrinology 13899-25. 

Maier JA, Hla T, Maciag T (1990) Cyclooxygenase is an immediateearly gene induced by 
interieuicin-1 in human enbthelial ceUs. J Bi01 Chem 265: 10805-10808- 

Maia SF, Wiertelak EP, Martin D, Watkins LR (1993) Interleukin-1 mediates the b e h a v i d  
hypaalgesia produced by lithium chloride and endotmin. Brain Res 623:321-324. 

Malarkey WB, Zvara BJ (1989) Interleukin- 1 B and other cytokines stimulate 

adrenocorticotn,pin release h m  culmexi pituitary œlls of patients with Cushing's 
disease. J Clin EnQocrinol Metab 69: 196199. 

Mansi JA, Rivest S. holet G (1996) Regulation of corticotropin-=leasing factor type 1 
(CRFI) receptor messenger ribonucleic acid in the paraventncular nucleus of rat 
hypothalamus by exogenous CRF. Endocrinology 1 37:46 19-4629. 

Marino MW, Dunn A, G d  D, Inglese M, Noguchi Y, Richards E, A. J. Wada H, Moore 
M,  son B, Basu S, Old U (1997) Characterhtion of tumor necrosis factor- 
defiCient mice. Proc Nat1 Acad Sci USA 948093-8098. 



Manich GD, Boujoukos Al, Suffrcdini AF (1993) Response of man to tndotoxin. 
ImmWlObiology 187:403-416. 

Mascm D, MacPht I, Anmi F (1990) The role of the neuroendocrine systtm in dttcnnining 
genetk susœpti'bility to experïmental aUergic enœphalomyelitis~ Immunoiogy 7& 1-5. 

M a s e  G, Chrousos GP, Weber JS (1993) Recombinant UiterIeukin-6 activates thc 
hypothalamic-piaiitary-adrend axis in humans. J Qin Endocrino1 Metab 77: 1690- 

1694. 

Mastorakos G, Weber JS, MagiaLou h4A, GUM H, Chrousos GP (1994) Hypothalamic- 
pituitq-adrenal axis activation and stimulation of systernic vasopressin secretion by 
recombinant interleukin 6 in humans: potential implications for the syndrome of 
imiappropiate vasopressin secretion. J Qia Enciocrino1 Metab 79:934-939. 

Maaumura KT Watanabe Y, Imai-Matsumura K. Connolly M. Koyama Y, Onoe H. 
Wataaabe Y (1992) Mappuig of prostaglandin E2 binding sites in rat brain using 
quantitative autofadiography. Brain Res 58 1 :B2-298. 

Matsumura K, Watanabe Y, Onœ H, Watanabe Y, Hayaishi O (1990) High density of 
prostaglandin El bincling sires in the anteria wail of the 3rd ventride: a possible site of 
its hyperthermie action. Brain Res 5 33: 147- 15 1. 

Matta SG, Weatherbee J, Sharp BM (1992) A central mechanism is involvtd in the smtion 
of ACIH in response to IL6 in rats: cornparison to and interaction with IL-1 beta. 
Neumendocrinology 56:5 16525. 

McCann SM, Gonzalez CM, Milenkovic L, Karanth S. Aguila CM, Dees LW, Lyson K. 
Rettori V (1993) The effect of stress and infection on pituitary homione sccretion. 
NeuroendocrUiol Leu 1533-47. 



McCby JG, Mami SG, Sharp BM (1994) Prostaglandins mediate the ACTH response to 
interleukin- 1 -beta instilled into the hypothalamic median eminenct. 
Neuroe-Iogy m426435. 

McGillis JP, Hall NFt, Gofdstein AL (1988) Thymosin M o 1 1  5 (TF3 stimulates secntion 
of adrenocorticotropin hormone (ACTH) h m  cultured rat pimitaries. Lifc Sci 
42:2259-2268. 

Merlie JP, Fagan D, Mudd J, Needleman P (1988) Isolation and characterkation of the 
complunentary DNA for sheep seminai vesicle pruseagiandin endoperoxide synthase 
(cyclooxygenase). J Bi01 Chan 263:3550-3553. 

Milenkovic L. Rettori V. Snyder GD, Beutler B. McCann S. M. (1989) Cachectin aiters 

anterior pituitary homone reluise by a direct action in vitro. Roc Nat1 Acad Sci USA 
86:2418-2422. 

Moga MM, Saper CB (1994) Neuropeptide-immunoreactive neurow projecting to the 
paravenaicuIaf hypotfialamic nucieus in the rat. J Comp Neurol346: 137-1 50. 

Molher KM, Torrance DS, Smith CA, Goodwin RG, Strernier KE, Fung VP. Madani H, 
Widmer MB (1993) Soluble tumor necrosis factor receptors are effective 
therapeutic agents in lethal endotoxemia and function simultaneously as both TNF 
caniers and TNF antagonists. J Immun01 15 1: 1548-1561. 

Morgan JI, Curran T (1989) Stimulus-transcription coupling in neurons: role of cellular 
immediate-eariy-genes. TINS 1 2:459-462. 

Morgan JI, Curran T (1991) Stimulus-transcription coupling in the nervous system: 
Involvement of the inductible proto-oncogenes fos and jun. Annu Rev Neurosci 
l4:421-4 1. 



Morimoto A, Murakami N, Nakanmi T, Sakata Y, Watanabe T (1989) Possible involvement 
of prostsgimdin E in development of ACI'H response in rats induceci by human 
recombinant inferleukïn-1. J Physiol411 %lS-îS6. 

Maimoto A, Mirralrami NT Nakamori T, Watanak T (1988) Ventromediai hypothhus is 
higbly sensitive to prostaglandin El for prcxiucing fever in rabbits. J Physiol Lwd 
397 :259-268. 

Morimoto KT Morimoto A, Nakamori T, TM N, Minagawa T, Murakami N (1992) 
Cardiovasculer rcspooscs ùduced in fne-moving rats by immune cytokines. J Physiol 
Load 448:307-320. 

Muock A, Guyre PM, Holbrodc NJ (1984) Physiological functions of  glucocorticoids in 
stress and their relation to pbanaaco1ogicai actions. Endm Rev 525-44. 

Muralcarni N, W a m b e  T (1989) Activation of ACTH release is mediated by the same 
molecule as the finai mrrliatnr. PGEz, of febriie response in rats. Brain Res 478:171- 

Mustafa h4M, Ramiio O, Olsen KD, FranL1ui PS. Hansen UT Beutler B. McCracken GHJ ( 
1989) Turnor necrosis factor in mediating experimental Haemophilus influenzae type B 
meningitis. J Clin Invest 84: 1253- 1259. 

Nadeau S, Rivest S (1998) Regdation of the gene encJding nmor nemsis factor alpha 
(TNF-a) in the rat brain and pituitary in response m different models of systernic 
immune ctiallenge. J Nembiol submitted. 

Naitoh Y, Fukata J, Shindo K, Ebisul O, MuraLama N. Tominaga T, Nakay Y, Tamai S. 

Mon K, Kasting N, Imura H (1991) Enects of interleukins on plasma AVP and 
ox- levels in conscious, fîeely moving rats. Biochem Biophys Res Commun 
174:ll89-ll9!L 



Naitoh Y, Fukata J, Tominaga T, Nakai Y. Sunao TT Kenjiro M. Imura H (1988) 
InterleuLin-6 stimulates thc secretion of adtenocorticotropic hormone in conscious. 
frtey-moving rats. Biochem Biophys Res Comm 155:1459-1463. 

Nakane AT Minagawa TT Karr> K (1988) Endogenous ttmor necrosis factor (cachectin) is 
essential m host resistance agahst Listeria monocytogenes infection. Infect Irnmunol 

569563-2569. 

Nakano Y. Onozuka K. Terada Y. Shinomiya HT Nakano M (1990) Rotective effcct of 
recombinant tumor necrosis factor-a in murine salmonellosis. J Immunol 1441935- 
1941. 

Nanœ DM, Hopkins DAT Bieger D (1987) Re-investigation of the innervation of the thymus 
gland in mice and rats. Brain Behav Immunol 1 : 134- 137. 

Nappi RE, Bonneau MJ, Rivest S (1997) C-fos and CRF gene transcription in the brains of 
enâotoxin-challenged cycling femak rats: A possible devance for neuroendocrine- 
immunological sexual dimorphism. Neur~endocRnology 6529-46. 

Nesushita R, W~tilnobe H, Takebe K (1997) A comparative study of adrenocorticotmpin- 
releasing activity of prostaglandins El, E2, F a  and D2 in the rat Prostag LeuLoa Ess 
56: 165- 168. 

Nathan CF (1987) Secretory products of macrophages. J Qin Invest 79:3 19-326. 

Navami P. Pouoli GT Brunetti L. Ragazzoni E, Besser M, Grossrnan A (1992) uiterleukin- 
1B and interleuLin-6 specitically inmase the release of prostaglandin E2 from rat 
h ypothalamic explants b vitro. Neuroendminology S6:6 1-68. 

Navarra P. Tsagaralris S. Faria MS. Rees LH, Besser GMT Grossrnan AB (1991) 
Interleukin-l and -6 stimulate the release of corticotmpin-releasing homone-41 fkom 
rat hypothalamus in vitro via the eicosanoid cyclooxygenase pathway. Endocrinology 

128:37-44. 



Neidhart M. Ruckiger EW (1992) HyperprolactLiaania in hypopbysect0miz;ed a intact male 
rats and the develapment of adjuvant arthritis. hunoIogy 77:449-455. 

Neta R, Rrlstein R. Vogei SN, Leûney GD, Abnims J (1992) Role of interieukin 6 e6) in 
proew:tim nrOm kthai gradiation and in endocrine rqonses  a> IL1 and tumor nccrosis 

f8cto~. J Exp Med 175:689-694. 

Neuschiifbr-Rubt F. DeVries C, Haneclce K. Jungermam K, PüscheL GP (1994) Mol& 
cloning a d  expression of a prostaglandin EZ receptor of the EPM subtype h m  rat 
bcpatocytcs. FEBS L m  351:119-122 

Nicholson C (1980) Dynamics of the brain ceil miaoenvironnment Nemsci Res Rog Bull 
18:177-322. 

Nihigaki N, Negishi M, Hoada A, Sugimom Y, Narnba T, Nanmiiya S, Ichikawa A (1995) 
Identikaîion of prostapiandin E receptor "EP2" clmed b m  mastocytoma ceils as EP4 
subtype. FEBS Lett 364:339-341. 

Nogawa S. Zhang F, Ross ME, Iademla C (1997) Cyclo-oxygenase-2 gene expression in 
neurons contributes to ischemic hain damage. J Newsci 17:27462755. 

Ohmichi M. Hirota K, Koike K, Kurachi H, Ohtsuka S, Matsuzaki N, Yamaguchi M. 
Miyak A, Tanizawa O (1992) Binding sites for interleukin-6 in the anterior pituitary 
gland. Neuroendocrinology 55: 199-203. 

Ojcda SR, Hamis PG, McCann SM (1975) Effect of inhibitors of prostaglandin synthesis on 
g00aidOtt0pin rt1ease in the rat EnQcrinology 97:843-854. 

Oka T, Hori T (1994) EP1-mxptor mediation of prostaglandin E2-induced hypcnhermia in 
rats. Am J Physiol267:R289-R294. 

OldfieId BJ. McKinley MJ (1995) Circumvenmcular organs. Ln: The rat nervous system 
(Paxinos G. ed.), pp 391-403. San Diego: Academic Press. 



Ono N, Bedraa-DeCastro J, McCann S (1985) WItrashort-loop positive feedback of 
cortic- (ACIM)-releasing factor to enhance A m  release during stress. Roc 

Nati Acad Sci USA 823528-3531. 

Oppenhcim JJ, G a y  1 (1982) Intedeukh 1 is more than an interleukia Immun01 Today 
3:113-119. 

Oppenheim JJ, Kovacs ET, Matsushima K. Durum SK (1986) There is more than one 

interleukin 1. Immunol Today 7:45-56. 

Orth DN, Kovacs WJ, DeBold CR (1992) The adrend cortex. In: Textbook of 
Endocrinology (Wilson JD, Foster DW. d). pp 418-619. Philadelphia: W. B. 
Saunders. 

Omiway CA, Greenberg G (1984) Interaction of vasoactive intestinal peptide with mouse 
Ipphocytes: specific binding and modulation of mitogen responses. J Immun01 
1 32:417-423. 

Parkes D, Rivest S. Lee S. Rivier C, Vale W (1993) Cortiwtropin-releasing factor activates 
c-fo, NGFI-B and CRF gene expression within the paravenaicular nucleus of the rat 
hypothalamus. Mol Endocrino1 7: 1357- 1367. 

Parsadaniantz SM, Lenoir V, Terlain B, KerdeUiué B (1993) Lack of effect of inter1eukins 
1 a and lB ,  during in vitro perifusion, on anterior pituitary release of 

adrenocorticotropic hormone and B endorphin in the male rat. J Neufosci Res 34315- 
323. 

P h d g e  WM (1983) Neuropeptides and the blood-brain banier. AMU Rev Physiol45:73- 

92. 

Payne LC, Obal F, Opp MR. Knicger JM (1992) Stimulation and inhibition of growth 

hamime secretion by interleukin-1 beta: the involvement of growth hormone-releasing 

hormone. Neurotndocrinology 56: 1 1 8- 123. 



Perlstcin RS, Mougey M. Jackson WE, Neta R (1991) Interleulrin-1 and interleulrin-6 act 

synergistically to stimulate the release of adrenocorticotropic hormone in vivo. 
Lpphdone CyidE Res 10.. 141-146. 

Paistein RS, WtnsIl MH, Abrams JS, Mougey EH, Neta R (1993) Synergistic d e s  of 
uiterleulan-6, interleukin-1, and tumor necrosis factor in the adrenocorticotropin 
respoase to bscarial lipcrpolysaccharide ia vivo. Endocrinoiogy 132946-952. 

Perrin M. Donaldson C, Chen R, Blount A, Berggren T, BilepLjian L, Sawchenko P, Vale 
W (1995) Identification of a second corticotropin-releasing factor receptor gene and 
canicmization d a  cDNA exp~~ssed in heart Roc Natl Acad Sci USA 922969-2973. 

Penh MH, Donaldson CJ, Chen R, Lewis KA, Vale WW (1993) Cloning and functiod 
expression of a rat brain corticotropin-releasing factor (CM) receptor. Endocrinology 
133:3O58-3061. 

Pollack M, Oh1 CA, Golenbock DT, Di Padova F, Wahl LM, Koles NL, Guel& G, Monks 
BG (1997) h i a l  effects of LE% antibodies on cellular upt& of LPS and LPS-induced 
proinflammatory functioas. J Immun01 lS9:3S l9-353O. 

Potter E, Sutton S, Donaldson C, Chen R, Perrin M, Lewis K, Sawchenko PE, Vaie WW 
(1994) The distribution of CRF receptor mRNA expression in the rat brain and 
pituitary. Roc Naîl Acad Sci, USA 91:8777-8781. 

Quari N, Whiwide M. Herkenham M (1998) Time course and localization patterns of 
interleukin-ll messenger RNA expression in brain and pituitary after peripheral 
administration of lipopolysaocharide. Neuroscience 83:281-293. 

Rabin BS, Cunnick JE, Lysle DT (1990) Sûess-inriiiced alteration of immune function. Pmg 
NeuroEndoahhmunol3: 1 16-125. 



Rabin D, Gold PW, Margioris AN, Chrousos GP (1988) Stress and reproduction: 
physiologie a d  pathophysiologic interactions between the stress and reproductive 
axes. Adv Exp Med Bi01 245:377-387. 

Rage F, Lee BJ, Ma Y& Ojeda SR (1997) Esaarüol enhances pmstagiandin E2 receptor gene 
exprwsicm in luteinizing hamm-releasing hamione (LHRH) aeurons and facilitates 
the LHRH response to PGEz by activating a glia-to-neuron signaling pathway. J 
Neurosc 17:9145-9156. 

Rassnick S. Zhou DH, Rabin BS (1995) Central administration of prostaglandin E (2) 
suppresses in vitro ceiluiar immune responses. Am J Physiol269:R92-R97. 

Red1 H, Bahrami S. Schlag G, Traber DL (1993) CIinical detection of LPS and animal 
models of endotoxemia. Immunobio1ogy 187:330.345. 

Regan JW, Baiky TJ, Pepperl DJ, Pierce KL, Bogardus AM, Donello JE, Fairbaim CE, 
Kedzie KM, Woodward DF, Gil DW (1994) Qoning of a novel human prostaglandin 
receptor with characteristics of the phannacologicaily defined EP2 subtype. Mol 
Pharmacol 46:2 13-220. 

Reimers J: Wogensen LD. Welinder B. Hejnaes KR, Poulsen SS, Nilsson P. Nerup J 
(1991) The pharmacokinetics, distribution and depchtion of human recombinant 
intmleukin-lB in normal rats. S d  J Immwiol34:597-617. 

Renzi PM, Flynn JR (1992) Endotoxin enhances arachidonic acid metabolism by cultured 
rabbit microvasculature endotheliai aUs. Am J Physiol263:Hl2 13-H1221. 

Rettori V, Jurcovicova J, McCann SM (1987) Central action of interleukin-1 in aitering the 
r e k  of TSH, growth hormone, and prolactain in the male rat. J NeUrosci Res 18: 179- 
183. 



Rivest S (1995) Molecular mechanisms and neural pathways mdating the influence of 
interleukh-1 on the activity of neuroendocrine CRF motoneunms in the nit Int I Devl 
N e d  13:135-146, 

Rivest S. Laflaxnme N (1995) N e m d  activity and ~ ~ m p e p t i d e  gene transcription in the 
brain of immune-chailenged rats. J Neuroendocrinol7:5û1-52!5. 

Rivest S, La5mme N, Nappi RE (1995) Immune challenge and immobilization mess iaduct 
transcription of the gene encoding the CRF receptor in selemive nuclei of the rat 
hypothalamus. J Nemsci 15:2680-2695. 

Rivest S. Rivier C (1991) Influence of the paravenaicular nucleus of the hypothalamus in the 

altemion of neurœndocrine functions induad by intermittent fwtshock or interleukine 
Endocrino10gy 1 ZMW-ZIS7. 

Rives S, Rivier C (1993) Centraily injected inmlmkin- 1 B inhibits the hypothalamic LHRH 
secretion and circulating LH levels via prostaglanrtina in rats. J Neiiroendocrinol5:445- 

450. 

Rivest S. Rivier C (1994) Stress and Uiterleukin-l&induœd activation of c-fos, NGFI-B and 
CRF gene expression in the hypothalamic PVN: Cornparison between Sprague- 
Dawley, Fisher-344 and Lewis rats. J NeuroendocrUlot 6: 101-1 17. 

Rivest S. RiMer C (1995) The role of CRF and interleukin-1 in the regulation of neurons 
conmlling repductive fuactions. Endocrine Rev 16: 177- 199. 

Rivest S. Torres G, Rivier C (1992) Merential eEects of centrai and peripheral injection of 
intaleukin-lB on brain c-fos expression and neuroendocrine functions. Brai .  Res 
587: 13-23. 

Rivier C (1993) Neuroeodocrine eff- of cytokines in the rat. Rev Neurosci 4223-237. 



Rivier C (1995) Influence of immune signais on the hypothdamic-pituitary axis of the 

rodent. Front Neuroendocrin 16:151-182. 

Rivier C, C-te R, Vale W (1989) In the moust, the activation of the hypothalamic- 
pituitary-adrenal axis by a lipopolysacchari& (endotoxin) is mediateci through 
interleukin-1. ~ o I o g y  125-2805. 

Rivier C, Rivest S (1993) Mechanisms mediating the effixts of cytokines in neuroeadocrinc 
functions in the nit. In: CQtico00pi.n-releasing factor, Ciba Foundation Symposium 
172 (Chadwick DJ, Marsh J, A c M  K. ed), pp 2OQ-225. Chichester: John Wiky & 

Sons Ltd. 

Rivier C, Vale W (1985) Enects of carticonopinPinreleasing f-, nemhypophyseal peptides 

and catechoiamines on pituitaq function. Fed Roc 44: 189- 1%. 

Rivier C, Vale W (1989) In the rat, interleukin-la acts at the level of the brain and the 
gonads to interfere with gonadotropin and sex steroid secretion. Endo-ology 

l24:2lOS-2 109. 

Rivier C, Vide W (1991) Stimuiatory effect of interieukin-1 on ACIM secretion in the rat is 
it modulated by promagiandins? Endocrinology 129:384-388. 

Rivier C, Plotsky PM (1986) Mediation by corticotropin-releasing factor (CRF) of 
adcnohypophysial harmone secretion. Anri Kev Physiol48:475-494. 

Robertson RP (1995) Molecular regdation of pmstaglandins synthesis implications for 
endoaine systems. Trends Enchrino1 Metab 6:293-297. 

Rornem LI, Kakucska 1, Lechan RM, Reichlin S (19%) Interieukin-6 (IL-6) is secreted h m  

the brain after intracerebroveatricular injection of IL-1 beta in rats. Am J Physiol 
270:R5 l8-R524. 



Romero LI. Schettin. G, Lechan RM. Dinareîlo CA, Reicblin S (1993) Bacterial 
lipopoIysacchari& induction of K-6 in rat tdellcepbalic ceUs is mediated in part by IL 
1. Neut~endocninoIogy 57:892-897. 

Rosenbaum DM. McKenzie ID, Pettigrew LC, Yatsu FM (1989) Neurology. in: 
Prostagiandins in cl inid practice (Watkhs WD. Peterson MB, Fietcher JD, ed). pp 
231-225, New-Ycnk Raven Press, 

Rothwell NJ, Luheshi G (1994) Pharmacology of interleulin4 actions in the W. Adv 
Pharmacol 25: 1-20. 

Sagas SM, Sharp FR, Curran T (1988) Expression of c-fos protein in brain: metabolic 
mapping at the ceilular leveL Science 240: 1328- 133 1. 

Sando T, Usui T, TanaLa I, Mmi K, Sasaki Y, Fukuda Y, Namba T, Sugimoto Y, Ichikawa 
A, Nanirniya S, Nakao K (1994) Molecular cloning and expression of rat 
prosragiandin E Feceptor EP2 subtype. Biochem Bioph Res Co 200: 132901333. 

Saphier D, Feldman S (1986) Effects of stimulation of the preoptic area on hypothalamic 
paraventricular nucieus unit activity ami carticosterone secrttion in freely moving rats. 

Neuroendocrinology 4 2  167- 173. 

Saphier D, Feldman S (1 988) Iontophoretic application of glucawticoids inhibits identifieci 
neurons in the pamvenbncular nucleus. Brain Res 453: 183- 190. 

Saphier D, Ovadian H (1990) Selective facilitation of putative corticotropin-releasing f m -  
secretiag neurons by Uitedeukin-1. Neurosci L m  1 14:283-288. 

Sapolsky R, Rivier C, Yamamoto G, Plorsky P. Vale W (1987) InterIeulSn-1 stimulates the 
secretion of hypahalamic corticotrojin-releasing fiactor. Saence 238:522-524. 



358 

Sapoldcy RM, Armanini MP, Packan DR, Suaon SW, Plotsky PM (1990) GlucocoIticoid 
feedback inhibition of adrenocorticotropic hormone semtagogue release. 

Sawada M, Koodo N, Suzumiaa A, Marunouchi T (1989) Roduction of tumar necrosis 
factor-alpha by microglia and a s t ~ ~ ~ y t e s  in culture. Brain Res 491:394-397. 

SawcbenLo PE, Imaki T, Potter E KovBcs K. Vale W (1993) The huictional neuroanatomy 
of cOrticQtropin-releasing factor. In: Corticotropin-=leasing factor, Ciba Foundaton 
Symposium 172 (Chadwick DJ, Marsh J, Aclaill K, ed), pp 5-29. Chichester John 
Wdey & Sons Ltd. 

Sawchenko PE, Swansoa LW (1982) The organization of noradrenergic pathways from the 
brainstem to the paraventricular and supraoptic nudei in the rat. Brain Res Rev 4:275- 
325. 

Sawchenko PE, Swanson LW (1983) The organization of forebrain afferents to the 
paraventricular and supraoptic nuclei of the nu J Comp Neml21 8: 12 1 - 144. 

Sawchenko PE, Swanson LW (1989) Organization of CRF immunoreactive ceils and fibers 
in the rat brain: Immunohistochemical studies. In: Corticotropin-releasing factor: basic 
and ciinical studies of a neuropeptide. (De Souza EB, Nemeroff CB, ed), pp 29-51. 
Boca Raton, FL: CRF Press. 

Scammeli TE, Elmquist JK, Griffiin ID, Saper CB (1996) Ventromedial preoptic 
prostagiandin E2 activates fever-producing autonomie pathways. J Neurosci 16:6246- 
6254. 

ScMlbia B, De Kloet ER, Holsboer F (1994) Gene expression and function of interleulin 1, 
hterleukin 6 and tumm necrosis factor in the brain. h g  Neurobiol44:397-432. 



Schotanus K, T i  FJ, Berkenbosch F (1993) Human recombinant interleukin-l receptm 
antagonist pments a d r e ~ c o a o p i n ,  but not interleukin-6 responses to bactahl 

endotoxh lEaQoCrino10gy l33:2&1-2468. 

Schumm RR, h g  SR, Fïaggs GW, Gray PW, Wright SD, Mathison JC, Tobias PS. 
Ulevitch RJ (1990) Struc- and fiiaction of lipapolysaccharide binding protein. 
Science 249: 1429-143 1 . 

Seashola AF. Thompson RC, Douglas JO (1988) Identification of a cyclic adenosine 
monophosphate-nsponsive element in the rat corticotropin-releasing hormone gene. 
Mol Ex&ahol2:l3ll-l3l9. 

ShaLhov AN. Collart MA, Vassalli P, Nedospasw SA, Jongeneel CV (1990) Kappa B-type 
enhamrs are involved in lipopolysaccharide-rnediated transcriptional actîvatim of the 
tumm necrosis factor alpha guit in primary macrophages. J Exp Med 171:M-47. 

Shalaby MR, Waage A, Aarden L. Espevik T (1989) Endotmin, m o r  necrosis factar-a and 
interleukin 1 induœ interIeukin-6 production in vivo. Clin Immun01 Immunopathol 
53:488-498. 

Shapiro RE, Miselis RR (1985) The centrai neural c o ~ e c t i o n s  of the area posntma of the 
rat. J Comp Neurol234:344-364. 

Sharp BM, Matta SG (1993) Prostaglandins mediaie the adrenocorticotropin response to 
h u ~ r  necrosis factor in rats. Endocrinology 132269-274. 

Sharp BM, Matta SG, Peterson PIC, Newton R, Chao Ç McAllen K (1989) Tumor necrosis 
factor-alpha is a potent ACTH secretagogue: cornparison to interleulin- 1 B. 
Endocrinology 124:3131-3137. 

Shimizu H, Mitomo K, Watanabe T, Okamoto S, Yamamoto K (1990) Involvement of a NF- 
kappa B-like transcription factor in the activation of the interleukin-6 gene by 
idlammatoly lymphokines. Mol Cell Bi01 10561-568. 



Si1verman AJ, Hoffman DL, Zimmerman EA (1981) The descenAing aerent comections of 
the paraventricular nudcus of the hypothalamus (PVN). Brain Res Buil 6(1):4761. 

Süverman AJT Hou-Yu A, Chen WP (1989) Cckicotropin-reieasing factor synapses within 
the paraventricular nucleus of the hypothalamus. Neurœndocrinology 49:291-299. 

Sims JE, Giri JG. Dowa SK (1994) The two inter1euki.n-1 receptm play different d e s  in 
IL1 actions. Clin Immun01 Immunupathd 729-14. 

Sirko S. Bishai 1, Co& F (1989) Rostaghdin formation in the hypothalamus in vivo: 
effixt of pyrogens. Am J Physiol256:R616-R624. 

Smith TT Hewson AK, Quarrie L, -nard JP, Cumer ML (1994) Hypothaiamic PGE2 and 
CAMP production and adrenocomfd activation following intraperitoneal endotoxin 
injection: in vivo m i d a l y  sis shidies in Lewis and Fischer nus. Neuroendocruiology 
59:396-405. 

Snyder DS, Unanue ER (1982) Corticosteroids inhibit murint manophage 1 a expression and 
inmkukin 1 production. J ïmmuool129:1803-1805. 

Spangelo BL, Judd AM, IsaLson PC, MacLeod RM (1989) Interleukin-6 sàmulates anterior 
piaiitary homione release in vitro. Enâocrinology 125575-577. 

Stead RH, Twiioica M. Quinonez G, Simon GT, Felten SY, Bienenstock J (1987) Intestinal 
mucosal mast çeils in nonnal and nematode-infecteci rat intestines arie in intimate contact 

with peptidergic m e s .  Roc Nat1 Acad Sci USA 842975-2979. 

Stenzel P. Kestemn R, Yemg W. Cone RD, Rittenberg MB. Stenzel-Poore MP (1995) 
Identification of a novel mMnt rezeptor far CORicotrOpin-re1easing hormone expressed 
in the heart. Mol Endocrino1 9:637-645. 



Stenÿel-Poom M., VaIe WW, Rivier C (1993) RelatiOllShip between antigen-induced immune 
activation and activation of tbc HPA axis in the rat. Endocrin01ogy 132:1313-1318. 

Stcmberg EM, Hill JM, Chrousos GP, Kamilaris T. Listwak SJ, Gold PW, W i  Rt 
(1989) rnflammamrv meâbm-induced hypothalamc-pihiitary-adrenal axis activation is 
defective in streptrrrrral ceiï w d  aihritis-susceptibk Lewis rats. Roc Natl Acad Sa 
USA 86=2374-2378. 

Stanberg EM, III WSY, Bemardini R Calogero AE, Chrousos OP, Gold PW, Wilder RL 
(1989) A central nervws system defect in biosynthesis of corticotropin-releasing 
hormone is associated with susceptibility to strepfoccocal ceiï wd-induced arthntis in 
Lewis rats. Roc Natl Acad Sci USA 86:4771-4775, 

Sternberg EM, W i i r  RL, Gold PW, Chrousos GP (1990) A defect in the centrai 
component of the immune sysem-hypo<halamic-pituitsify-adreaal axïs feedback loop is 
associatecl with susœptibility to experimental arthritis and other inflammatory diseases- 
AM NY Acad Sci 594:289-292 

Stitt JT (1985) Evidence for the involvement of the ofgaaum vascdosum laminae terminalis 
in the febrile respoiue of rabbits and rats. J Physiol I ru! 368:5O 1-5 1 1. 

Stitt JT (1986) Prostaglandin E as the mediator of the febrile response. Yale J Biol Med 
59: 137- 149, 

Stitt JT (1991) Differential sensitivity in the sites of fever muction by prostaglandin-El 
within the hypothalamus of the rat. J Physiol (Lond) 432:99-110. 

Suda T, Tozawa F, Ushiyama T, Sumitorno T, Yamada M, Demura H (1990) uiterleukin-1 
stimulates corticonopin-releasing factor gene expression in rat hypothalamus. 
Endocrinology 126: 1223- 1228. 



Suda T, Tozawa F, Ushiyama T, Tomori N, Sumitomo T, Nakagarni Y, Yamada M. 
Shizume K (1989) Effects of protein kinase-C-related adrenocorticotropin 
secretagogues ami interieukin-1 on proopiomelanocartin guie expression in rat an&ràOr 
pituitary tells. Endocrindogy 1 X  1444-1449. 

Sugirnm Y, Namba T, Wonda A, Hayashi Y, Negishi M. Ichikawa A, Nanuniya S (1992) 
Cioning and expression of cDNA for a mouse prostagbdk E receptor EP3 subtype. J 
Biol C k m  267:6463-6466. 

SupUnoto Y, Negishi M, Hayashi Y. Namba T, Honda A, Watabe A, Hirata M. Nanuniya 
S, Ichikawa A (1993) Two isofonns of the Eh receptor with different carboxyl- 
teminai domains. J Biol Chem 26832712-27 18. 

Sugimoto Y, Shigemoto R Namba T, Negishi M, Mipino N, Nanimiya S. Ichikawa A 
(1994) Distribution of the messager RNA for the prostaglandin E receptor subtype 
W in the mouse nervous system. Neuroscience 62919-928. 

Swanson LW, Sawchenko PE (1983) Hypothalamic integration: Organization of the 
paraventricular and supraoptic nuclei Ann Rev NemÛsQ 6:269-324. 

Swmson LW, Sawchenko PE, Lind RW, Rho JH (1987) The CRH Motoneuron: 
Differential peptide regulation in neurons with possible synaptic, paracrine, and 
endocrine outputs. Ann NY Acad Sci 5 12: 12-23. 

Swanson LW, Sawchenko PE. Rivier J. Vale WW (1983) Organization of ovine 
d m t r o p i n  releasing factor (CRI?)-immunoactive ce& and fibers in the rat brain: An 
immunohistochemical study. Neuroeradocrin010gy 36: 165- 186. 

Takeuchi K. Abe T, Takahashi N, Abe K (1993) Molecular cloning and intrarenal 
localization of rat prostaglandin E2 receptor Eh subtype. Biochem Bioph Res Co 
l94:885-891. 



Talreuchi K. TaLahashi N, Abe T, Abe K (1994) Two isofonns of the nit kidney EP3 

reœptor derived by altemative RNA splicing: inttarenal expression CO-localization. 
Biochem Bioph Res Co 199:834-840. 

Thompsoa ME, Hedgt GA (1978) Inhibition of carriCotropin secrietion by hypothalamic 
. . 

-cm of indamethacin. Nemoendocriadogy 25912-220. 

Thompson R, Seasholtz A, Douglas J, Herbert E (1990) Qoning and distribution of 
expression of the rat corticotropin-releasing factor (CRF) gent. In: Corticotropin- 
releasing faaa: basic and cliaicai d e s  of a neuropeptide. (DeSouza E, N e m d  C, 
d), pp 1-12. Boca Raton: CRC 

Thmpson RC, Seashola AF, Herbert E (1987) The rat corticotmpin-releasing hormone 
gene: sequence and tissue-specific expression. Mol Endocrino1 1:363-370. 

Tritarefi E, Greco G, Testa U, BelardeUi F, Peschle C, Yroietti E (1994) Combined 
interleulrin-1 beta/iitedeukin-6 nuimient in mice: qmxgktic myelostirnulatory activity 
and myelarestorative effect af tn  cyclophosphamide-induced myelosuppressmi. Cancer 
Res 546469-6476. 

Tsagarakis S, Gillies G, Rees LH, Besser M. Grossman A (1989) Interleukin-1 directly 
stimulates the release of conicotrophin-releasing factor from rat hypothalamus. 
Neur~endocrinology 49:98- 10 1. 

Tumbull AV, Dow RC, Hopkins SJ, White A, F i  G, Rothwell NJ (1994) Mechanisms of 
activation of the pituitary-adrenal axis by tissue injury in the rat. 
Psychoneuroendocrinology 19: 165- 178. 

Turnbull AV, Pitossi FJ, Lebrun J-J, Lee S, Meltzer JC, Nance DM, del Rey A, Besedovsky 
HO. Rivier C (1997) Inhibition of tumor necrosis factor-a action within the 
markedly reduces the plasma adrenocorticotmpin response to peripheral local 
infiammatim. J NeUrosci 17:3262-3273. 



Tumbull AV, Rivier C (1996) Corticotropin-releasing factor, vasopressin. and 
prostagianriins mediate. and nitric oxy& resPallis, the hypothahmic-pituitary-adrend 
respwse to acute local inflammation in the rats- Endocrinoiogy 137:455-463. 

Tmbull AV, Rivier CL (1998) Intracerebroventricular passive immmization. L The efftct 
of intmœrebioventriciilail. -on of an antisami u> tumor necrosis factor-dpha 
on the plasma adrenocorticotropin response to lipopolysaccharide in rats. 
Encbcridogy 139:119-127- 

Uehara A, Gillis S, Arimura A (1987) Enccts of interieulin-1 on hormone release f b n  
normal rat pinlltary celis in primary culture. Neurœndocrinology 45:343-347- 

Uehara A., Gotschall PE, Dahl RI€, Arimura A (1987) Interieidch-1 stimulates A m  rekase 

by an indirect mechanisms which requires endogenous corticotmpin-releasing f a c t ~ ~ .  

EnQcrinology 121:1580-1587. 

Ueno R. Nanimiya S. O g m h i  T, Nakayama Tt Ishürawa Y, Hayaishi O (1982) Role of 
prostaglandin D2 in the hypothmnia of ratp caused by bacterial lipopolysaccharide. 
Roc Nati Acad Sci USA 79:6093-6097. 

Vaie W. Rivier C, Yang L. Miaick S. Guillemin R (1978) Effects of purified hypothalamic 
corticoûopin-nleasing factor and other substances on the secretion of 
adrenocomicotmpia and Bendorphin-like immunoreactivities NI v i ~ o .  Endocrinology 
103:1910-1915. 

Valliibres L, Lacroix S. Rivest S (1997) Influence of interleukin-6 on neural activity and 
transcription of the gene encoding cortïcotmpin-releasing factor in the rat brah: an 
effect depending upon the route of administration. Eur J Neufosci 9: 146 1-1472. 

Vallikes L, Rivest S (1997) R e m o n  of the genes encoding intuleukia-6. its receptor, and 
gp13û in the rat braui in response to tbe immune activator lipopolysaccharide and the 

proinflammatoly cytokine interleukin- lB. J Neurochem 69: 1668-1683- 



Valiières L, Rivest S (1998) IntcrleuLio-6, a needed proinffammatory cytokine in the 
prolongeci n e d  pctivity and aansCnptionai activation of Conicotropin-releasing 
f m  caused by bbod eradotoxemia. J Exp Med submined 

Van Dam AM, Baua J. T i  FJH, Berkenbosch F (1995) Endot~xïn-induced appearance 
of immunOLe8Ctivt intedeiitin- lB in rat brain: a light and electron rnicroscopical 
Neunwcience 6S:8 15-826. 

Van Dam AM, Bnwis M. Louisse S, Berlrenbosch F (1992) Appearaace of interleulin-1 in 
mmqhages and in rsmified mimgiia in the brain of eQdoto&tn%ed rats: a pathway 
for the inriiictiou of non-specific sympuws of sickness? Brain Res 588:291-2%. 

Van Dam AM, Brouns M. Man-A-Hing W. Berkenbosch F (1993) Immunocytochemical 
detection of prostaglmdin U in mimvasculatures and in neurons of rat brain afkr 
admhbtratinn of bacteriai endotoxïn. Brain Res 613:331-336. 

Van Dam AM, DeVries HE, Kuiper J, Zijlstra FJ, DeBoer AG, Tilders FJH, Berkenbosch F 
(19%) InterleuLin-1 receptors on rat brain endothelial celis: a role in neuroimmune 
interaction? FASEB J 10:351-356. 

van der Kooy D, Koda LY (1983) Organization of the projections of a circumvenmcuiar 
organ: the arui postrema in the rat J CMnp Neurol219:328-338. 

Vieira LQ, Goldschmidt M, Nashleanas M, Pfeffkr K, Mak T, Scott P (1996) Mice lacking 
the TNF receptor p55 fail to resolve lesions caused by infection with Leishmania 
major, but control parasite replication. J Imrnund 157:827-835. 

Vlaskovska M, Hertting G, Knepel W (1984) Adrenocorticotropin and &n&qhui re1ease 
fkom rat acienohypophysis in vitro: inhibition by prostaglandin E2 formed l d y  in 
response to vasopressin and corticotropin-releasing factor. Endocruiology 1 15:895- 
903. 



Vlaskovska M, Knepel W (1984) &tacadorphin and adrenOCOfticotcopin release h m  rat 
adeaohypophysis in vitro: evidence for local modulation by arachidonic acid 
metabolites of the cyclooxygenase and lipooxygenase pathway. Neuroendocrin010gy 
39:336342. 

Wan W. Wetmare L, Sonnsen CM. Greenberg AH, Nana DM (1994) Neural and 
biochemicai mediaton of endotoxin and stress-inducd c-fos expression in the rat 
braui. Brain Res Bull 34:7- 14. 

Watabe A, Sugimoto Y, Honda A, hie A, Namba T, Negishi M, Ito S. Nanimiya S. 
Ichikawa A (1993) Qoning and expression of cDNA for a mouse EPl subtype of 
prostaglandin E receptor. J Bi01 Chem 268:2ûl75-2û178. 

Watanabe T. Morimoto A, Marimoto K, Nakamori T, Murakami N (1991) ACTH reIeasc 
induced in rats by wradrcnaliet is mediated by prostaglandin Ez J Physiol443:431- 
439. 

Watanabe T, Morimoto A, Sakata Y. Murakami N (1990) ACTH response induced by 
interleukine-1 is mediated by CRF secretion stimulated by hypothalamic PGE. 
Experientia 46:48 1-484. 

Watanabe Y, Watanabe Y, Hamada K. Bommelaer-Bayt MC, Dray F. Kaneko T. Yumoto 
N, Hayaishi O (1989) Distinct localization of prostaglandin D2, E2 and F2 alpha 
binding sites in monkey brain. Brain Res 478: 143- 148. 

Watanobe H, Sasaki S. Takebe K (1995) Role of prosta@andins El. E2 and F2 alpha in the 

brain in interkulàn 1 beta-iaduced adrenocorticotmpin secretion in the rat. Cytokine 
737 10-7 12. 

Watanobe H, Takebe K (1992) Innavenous administration of tumor necrosis factor-a 
stimulates cdcotmpin-releasing hormone secretion in the push-pull cannulated median 
eminence of fieely moving rats. Neuropeptides 22:8 1-84. 



Wataaobe H, Taicebe K (1994) Efliects of intravmous administration dinterleukin-Meta on 
the reiease of prœtagladh E2, COrticobr~pin-releasing f-, and argininc vasopressin 
in several hypahalamic of fiacly moving rats: tStimatiO11 by push-pull pemision. 

Neuroendocrinobgy 60:&15. 

WatLiDs LR, Goehler LE, Relm JK, Tartaglia N, Silbezt L, Martin D, Maier SF (1995) 
Blockage of interleukin-1 induceci hyperthermia by subdiaphragmatic vagotomy: 
Evidenœ for vagal mediation of immune-brain comm&cation. Netuosci Lea i83:27- 
31, 

Watlans Li€, Maier SF, Goehkr LE (1995) Cytokine-tctbraùi communication: a review & 
analysis of alternative nechanîsms. Life Sci 57:lOI 1-1026. 

Watkins LR, Wiertelak EP, Goehler LE, Smith KP, Mamn D, Maier SF (1994) 
CharacteriZation of cytokine-induced hyperalgesia Brain Res 654: 15-26. 

Weidenftld J, Abnimsky O, Ovadia H (1989) Evidence fm the involvement of the centrai 
adrenergic system in interleukin- l -induccd adrenocortical response. 
Neuropharrnacology 28: 141 1 - 1414. 

Weihe E, Müller S. Fink T, Zentel HJ (1989) TachyLinins, calcitonin gene-rtlated peptide 
and neuropeptide Y in nerves of the mammalian thymus: interactions with mast cells in 
autmornic and sensaiy newimmuaomodulation. Neurosci Lett 100:77-82. 

Wab Z (1978) Biochemral actions of gïUEOCOrtiCOids on macrophages in culture. J Exp Med 
147: 1695-1712. 

Whitnall MH (1993) Reguiation of the hypothalamic corticonopin-releasing hormone 
neurosecfetory system. h g  Neurobiol4U573-629. 

Wism T, Fahmer T, Johnston M. Milbrandt J (1991) Identification of the DNA binding site 
far NGFI-B by genetic selection in yeast Science 252: l296l3ûû. 



Woolcy PH, Dutcha J, Widmer MB, Gillis S (1993) Innuence of a recombinant human 
soiubie nimor aeaosis factor receptor FC fusion protein on type II coiiagen-induced 
arthritis in mice. J Immuaol151:6602-6607. 

Wnght SD. Rarnos R, Hermanowdci-Vosatka A, Rockwefl P. Detmers PA (1991) Activation 
of the adhesive capacity of CR3 on neutrophüs by endotoxui: dependence on 
iipopolysaccharide binding protein and CD14. J Exp Med 173: 128 1- 1286. 

Wright SD. Rama RA, Patel M, Miller DS (1992) Septin: A factor ia pksma that apsonizes 

Iipopolysaccharide-karing particles for recognition by CD14 on phagocytes. J Exp 
Med 176:719-727. 

Wright SD, Ramos RA, Tobias PS, Ulevitch RI, Mathison JC (1990) CD14, a nctptor for 
complexes of lipolysaccharide (LPS) and LPS binding protein. Science 249:1431- 
1433. 

Xie W. Chipman JG, Robertson DL, Eriirson RL, Simrnons DL (1991) Expression of a 
mitogen-responsive gene encoding prostaglandin synthase is regulated by mRNA 
splicing. Roc Nat1 Acad Sci USA 88:2692-26%. 

Yamagata K, Andreasson KI, Kaufmann WE, Barnes CA, Worlty PF (1993) Expression of 
a mimgen-inducible cyclooxygenase in brain neurons: Regdation by synaptic activity 
and glucocorticoids. Nemn 1 l:W 1-386. 

Yamaguchi K, Hama H. Watanabe K (1997) Possible roles of prostaglandins in the 
anterovenaal third venmcular region in the hyperosmolality-evoked vasopressin 
secrietion of conscious rats. Brain Res 1 13:265-272. 

Yamamoto H, Haaada K, Nishijima M (1997) Involvement of diacylglycerol production in 
activation of nuclear factor kappa-B by a CD14mediated Lipopolysaccharï& stimulus. 
Biochem J 325223-228. 



369  

Yasin SA, Costa AT Forsling MLT Grossman A (1994) Intalculrin-10 and interleukin-6 
stimulaot neurohypophysiai harmo~it nleaPe in vitro. J Neuroendocrinol6: 179-184. 

Young WS, Mezey E, Siegel RE (1986) Vasoprcssin and oxytocin mRNAs in 
gdrcdectomizcd aad Brattteboso rats: analysis by quantitative in situ hybridizatim 
histochcrnistry. Brain Res 38123 1-241. 

Zelazowski P. Smith MA. Gold PWT Chrousos GP, Wilder RL, Sternberg EM (1992) In 
vitro qphbn d pituitary A m  secretion in infiammatory dis#ise susceptible Lewis 
(LEW/N) and infiammatory disease resistant Fisher (F344N) rats. 
Neurœndocrinology 5647442. 

Zhang Y, Broser M, Rom WN (1994) Activation of the interleukia 6 gene by Mycobacterium 
tuberculosis or lipopoIysaccharide is mediated by nuclear factors NF-IL6 and NF- 
kappa B. Roc Natl Acad Sci USA 9 1 :222S-ZB. 

Zheng H, Fietcher DT Kozak W. Jiang M, Hofmann K. Conn CA. Soszynski D, Grabiec C, 
Trumbauer MET Shaw A, Kostura MJ, Stevens K, Rosen H, North RJ, Chen HY, 
Tocci M .  Kluger W. Van der Ploeg LHT (1995) Resistance to fever induction and 
impaired acute-phase nspoose in inferieukin- IBdeficient mice. Immunity 39-  19. 



IMAGE NALUATION 
TEST TARGET (QA-3) 

APPLIED I M G E  . lnc - = 1653 East Main Street - - - - Rochester. NY 14609 USA -- --= Phone: 71 6/482-O3OO -- -- - - F a  716i208-5989 




