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INTRODUCTION GENERALE



Le nez possede plusieurs fonctions (tableau 1) :

- les fonctionsventilatoire et thermique, qui permettent le€onditionnement de
I'air inspiré destiné aux échanges respiratoires, en le filtldntmidifiant et le

réchauffant,
- la fonctionsensorielle olfactive et gustative,

- la fonctionimmunitaire , éliminant les particules aéroportées (poussi@aens,

champignons..),

- il permet également la régulation de la pressiomsd&reille moyenne via la

trompe d’Eustache, ainsi que I'’évacuation du s@rgei liquide lacrymal,

La fonction des voies respiratoires supérieures iptdractive, gérant les
adaptations nécessaires a des fonctions ausspteslgt variees que les fonctions liées
a la respiration : les pleurs, le rire, la toux, baillement, le hoquet, plus tard la
phonation, et des fonctions digestives telles Istimation, la succion, la déglutition,
voire l'audition par la proximité de l'oreille mogae (abouchement de la trompe

d’Eustache dans le haut pharynx).

Chez le nourrisson humain, fanction ventilatoire utilise uniquement laoie
nasale dont I'obstruction peut menacer la vie. La vemtla par la voie buccale,

excepté lors des pleurs, n’est correctement étghkevers 'age de 3 a 5 mois.



Fonctions

Structures anatomiques mises en jeu

Ventilatoire
Voie aérienne supérieure principale

Conditionnement de I'air inspiré

Méats nasaux, nasopharynx

Vaisseaux sanguins, mucus

Thermique

Homéostasie thermique

Vaisseaux sanguins

Sensorielle

Olfaction

Détection des phéromones
Gustation

Phonation

Détection des substances irritantes

Epithélium olfactif, Organe septal
Organe vomeronasal

Epithélium olfactif voie rétronasale
Cavités nasales et paranasales

Systéme trigéminal

Protectrice
Mise en place de réflexes protecteurs
Filtration des particules

Barriére immunitaire

Systéme trigéminal
Epithélium kératinisé et respiratoire

Mucus, barriere épithéliale

Secondaires
Aération de I'oreille moyenne

Evacuation du liquide lacrymal

Trompe d’Eustache

Conduits lacrymo-nasal

Table 1: Résumé des fonctions nasales et principaleststas anatomiques mises en jeu.

L'obstruction nasale est au départ un symptéme banal de consultatiahcailé,
mais celui-ci revét une grande importance compte e son retentissement nasal et
sinusien mais aussi sur le reste de la sphere @GRLofeilles, le larynx, et le pharynx)
(figure 1).

En cas dobstruction nasale, une suppléance buataie s’établir afin de

maintenir la fonction ventilatoire.
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sinus

cavité nasale

A bouche cavum
i oropharynx
hypopharynx

larynx
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Figure 1: Voies aéro — digestives supérieures chez I'énfan

L’obstruction nasale de I'enfant est un problemes tfréquent et sous-estimé.
Chez le nouveau-né et le nourrisson, seule, lareggm nasale est fonctionnelle. En
effet, pendant les 3 premieres semaines de vieguerisson ne respire exclusivement
que par le nez du fait de I'anatomie pharyngo -yrnigée, qui comporte un voile
descendant jusqu’au niveau de I'épiglotte. Les v@ériennes et alimentaires sont
anatomiquement et fonctionnellement distinctes, qqe¢ permet au nouveau-né
d’effectuer simultanément les fonctions de resmiraet d’alimentation sans risque de
fausse route. On comprend donc qu'une obstructiasale bilatérale peut étre

responsable d’une détresse respiratoire.
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Lors d’'une obstruction nasale, le flux aérien pnéseun trajet a concavité
inférieure. L'air inspiré pénétrant dans l'orifit@rinaire prend une direction oblique en
haut et en arriére, traverse la valve nasale dagstipar la cloison et le bord inférieur
du cartilage triangulaire. Il glisse ensuite sutéf@ du cornet inférieur et vient heurter la
téte du cornet moyen ; une faible part du cour@&nien pénétre la fente olfactive, la
majeure partie emprunte le méat moyen jusqu'auxard® L'air expiré suit
pratiguement la méme voie, une partie de I'air eimiercependant le méat inférieur. On
concoit la géne respiratoire que peut apporterhstagle architectural ou muqueux se
situant sur le trajet des courants aériens. De [@usouveau-né est quasiment incapable
de respirer par la bouche parce qu’en raison gmsiion haute du larynx, I'épiglotte

est quasi en continuité avec le palais mou, etrigue est tres proche du palais.

En résumé, l'obstruction nasale du nouveau-né ahligedonc des troubles
respiratoires qui sont majorés pendant la tétéeuwhgés par les cris. Cette obstruction
nasale s’associe parfois a des troubles de la titémiuavec fausses routes. Elle va
entrainer de nombreux troubles variables en impoetaelon la durée, la sévérité et la
suppléance de la respiration buccale. Les répaonsssd’'une obstruction nasale

peuvent étre locales, régionales ou générales€figu

I Obstruction nasale I

| | | | |
Plan local Plan régional Plan général
Nez - Troubles Troubles
Sinus respiratoires olfactifs
Naso-pharynx p

Bouche Hypoxie Systéme
olfactif

Oreille Sommeil Orientation

Oeil Aérophagie Alimentation

Morphométrie Bronches, Vie sociale
Cranio-faciale poumons

Figure 2 : Structures et comportements susceptibles dtétrehés par I'obstruction nasale.
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* Au niveau local, I'obstruction nasale entraine une stase des t&#HTSE un
mauvais drainage mucociliaire, ce qui occasionne é@limination défectueuse des

particules exogenes et des agents infectieux.

* Au niveau régional, I'obstruction nasale entraine une mauvaise aéralie
I'oreille moyennevia la trompe d’Eustache et des sinus. La suppléarare I
respiration buccale entraine une sécheresse buetaelong terme des troubles de la
croissance du tiers moyen de la face, avec undacénoidien classique (béance labiale

et de l'articulé dentaire, palais étroit et ogiv@gure 3).

g

Figure 3: A gauche un garcon de 10 ans au développement normal, bseree une
excellente posture orale et une face équilibAéecentre et a droite méme garcon agé de
17ans aprés la mise en place de la respirational®joen observe un allongement de la face
et un retrait de la machoire inférieure (planeteld98)

* Enfin, sur le plan général I'obstruction nasale peut entrainer desibles de
la croissancepar insuffisance respiratoire chroniquegubles du comportementa
cause du sommeil perturbé et de la fatigue didroables de I'appétit pardiminution
de l'odorat et du go(t En effet comme tous les autres Mammiféres, I'henast
capable de détecter et de difféerencier trés efficent de multiples molécules
odorantes. Ses capacités d'apprentissage des isessatfactives, lui permettent
d'ajouter sans cesse de nouvelles informations darntexte de souvenirs et de vie

relationnelle.

Chez les Mammiferes, des les premieres étapesodmdienése, la perception et
la cognition olfactives sont organisées par plusiqurocessus : I'un repose sur des
mécanismes héritables de perception d’informatichisniques ; I'autre est fondé sur

I'acquisition d’informations qui sont soit invari@s au niveau de I'espéce, soit
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variables au gré des fluctuations de I'environnedmiedividuel. Les mécanismes
chimiosensoriels prédéterminés et les mécanismgsigibhgiques sont probablement

variables en fonction des contraintes auxquellediVidu doit faire face.

Les compétences fonctionnelles de I'olfaction cleszMammiféres sont adaptées
dans un premier temps aux actions vitales du nauxéaleur impact se fait sentir sur
trois fonctions essentielles : localiser la mamettuire les pertes énergétiques en
reconnaissant sa mere et apprendre les signauxngamodes états de détresse et
d’insécurité. Les actions osmoguidées se manifeslenfacon « passive » par des
mouvements oraux - faciaux, et de facon activedem mouvements céphaliques ou
segmentaires. Ces réponses oro-faciales sont gibestrdans l'interaction entre un
systeme de détection sensorielle et un environnerl@mique (odeurs) donné. La
forme de I'espace affectif des odeurs se constianis de nombreux contextes sociaux
ou alimentaires. Elle dépend également de I'expédelfactive du sujet ainsi que de

son état interne momentané.

Dans un deuxiéeme templa régulation de la structure sociale du groupeeest
relation avec le niveau d’émotivité de chaque iiliv face aux contraintes
environnementales. Ce niveau d’émotivité peut @mmuniqué par voie olfactive, ce
qui permet a chaque individu d’'identifier chacuns#s congénéres, non seulement en
tant qu'individu appartenant a la méme espéce, masi en tant qu’individu occupant
telle ou telle position sociale dans le groupe.cbharge émotionnelle que I'individu
associe aux odeurs qu’il percoit, va alors le nest& interagir ou non, avec I'un de ses
congéneéres. Ainsi Hepper (1987) montre qu'un ra dg quelques jours, préfere se
rapprocher d’'un de ses fréres cotoyé depuis lasaade, plutdt que d'un autre frere
inconnu, lorsque la portée a été répartie depuimissance entre des meres adoptives.
Quand le jeune rat doit choisir entre deux conggnarconnus, dont I'un est son frere
géneétique, alors que l'autre provient d’une autrdqe, il choisit son apparenté. Tout se
passe comme si le choix se portait sur le congépérprésente les marqueurs les plus
proches de la représentation de référence. Heppanéré avec d’autres expériences,
que le modele de référence est une combinaisorediazbrrespondant & son marqueur
génetique, et de I'apprentissage précoce des odewsngénéres gqu'’il a pu acquérir au
cours de son développement. Des données neuragitids montrent I'existence

d’'une image olfactive acquise dans I'épithéliuntedbulbe olfactif (Moulyet al., 1990,
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1993). Cette image olfactive semble jouer une fonatlans le comportement social de
I'individu : des souris bulbectomisées montrent baesse des activités sociales (Means
et al., 1984). Le complexe majeur d’histocompatibilité (BMdétermine en partie
I'identité olfactive des individus. En effet, desolécules solubles du CMH ont été
retrouvées dans les fluides corporels (urine, sgrsative, sueur) de nombreuses
especes (Singht al., 1988). Ces molécules constituent une source digdgui assure
la reconnaissance entre individus et influence ¢emportement social et sexuel. Hurst
et al., (2001) ont démontré que l'acuité olfactive desgeuns, leur permettait de

distinguer des urines de souches qui differentuenuent par les genes du CMH.

En résumé, au cours de la période postnatale, bstuaotion nasale bilatérale
chez un nourrisson est susceptible d’entrainer :

- une détresse respiratoire en altérant le comufidment de I'air inspiré.

- des perturbations nutritionnelles et hydriques.

- une privation sociale partielle en perturbanti€otation vers la mére et les

congéneres.

Ces différents effets sont connus pour leur capacstimuleta réponse neuro-
endocrine au stressDans le cas ou elle se traduirait effectivememtlg mise en place
d’'une réponse au stress, l'obstruction nasale évdéd représenterait une situation
stressante chronique, c’est-a-dire une perturbaétativement modérée se prolongeant

sur plusieurs jours (Pacak & Palkovits, 2001).

Selye (1950) fut le premier a proposer une vertahéorie concernale stresset
ses effets sur I'organisme. Cette théorie, conmues $e¢ nom de Syndrome Général

d’Adaptation, comprend trois étapes successives :

* la premiére étape correspond a yiase d’alarme ou phase initialede la
réponse. Elle correspond au choc physiologiqueastiita perception du facteur

de stress.

* |a phase d’alarme est suivie paiplaase de résistance ou phase d’adaptatipn

au cours de laquelle 'organisme tente de rétablirhoméostasie.
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* si la perturbation est trop importante, I'éqgoik ne peut pas étre rétabli, et
I'organisme entre alors dans yplgase d’épuisementonduisant a I'apparition de

divers effets déléteres.

Aujourd’hui, le terme de “réponse au stress" désign ensemble de réactions
cognitives, comportementales et physiologiquesnpdant de maintenir 'homéostasie
d’'un organisme soumis a une situation défavorall@zgrus & Folkman, 1984;
Chrousos, 1998a). Les reactions physiologiques fimervenir deux systemes
neuroendocriniens couplés mais relativement autesortiaxe catécholaminergique,
qui intervient principalement dans la phase irgtidé la réponse (phase aigue), et I'axe
corticotrope, particulierement impliqué dans la gghale résistance (phase chronique)
(Chrousos, 1998b).

Sous l'effet d'un stimulus de stress, I'hypothalamentraine la libération des
catécholamines au niveau de la médullosurréna@enptadrénaline et I'adrénaline. La
noradrénaline est libérée indépendamment de l'atirtm Ces deux hormones vont

entrainer :

* une dégradation du glycogene en glucose poumautgr la glycémie,
* une augmentation de la fréquence cardiaque &t geession artérielle,
* une augmentation de la fréquence respiratoire,

* une augmentation de la vitesse du métabolisme,

* une modification de la circulation sanguine, mena une vigilance accrue
et a une activité réduite des systéemes digedtifieaire.

Ces réponses au stress sont effectuées a coue term

La réponse au stress a long terme est réalisélepaprticostéroides, libérés par

le cortex surrénakfe corticotrope).

L’activation de I'axe corticotrope débute par urnienglation de I'hypothalamus
par le systeme limbique et I'amygdale. Cette statiah conduit a la libération de
corticolibérine (CRH)dans le systeme porte hypophysaire. La CRH estifeipal
régulateur de la sécrétion d’hormone adrénocortpet (ACTH) par 'adénohypophyse
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(Chrousos & Gold, 1992). En réponse a 'ACTH, leutes stéroidogénes des glandes
corticosurrénales utilisent le cholestérol pourdpiice des hormones stéroides. Parmi
celles-ci, les glucocorticoidesftisol et corticostérong constituent les effecteurs
finaux de la réponse neuroendocrine au stress icfu®n(Ottaviani & Franceschi,
1996). En effet, lorsqu’'un animal fait face a uwctéar de stress, les concentrations
plasmatiques en cortisol (chez la plupart des Mdares) et en corticostérone (chez les
rongeurs notamment), augmentent plus ou moins eapedt en fonction de la nature,

de l'intensité et de la durée de la perturbatices glucocorticoides entrainent :

* une dégradation de protéines, lipides, et ungraantation de la glycémie,
* une diminution de certains aspects de I'immunité
* une rétention d’'ions sodium et de I'eau parrkigss,

* une augmentation du volume sanguin et de lasppasartérielle.

L’activité des glucocorticoides est donc liee auahbélisme glucidique, lipidique
et protéique. La sécrétion de glucocorticoides aémér ainsi une sollicitation des
réserves énergétiques et une hyperglycémie (Ottia&i&ranceschi, 1996). Il s’agit en
fait d’'une redistribution globale de I'énergie, d®@con a faciliter I'adaptation de
'organisme. Cette redistribution se fait au déanh de certaines fonctions
physiologiques n’étant pas immédiatement nécessdiraxe thyroidien, et certaines
fonctions immunitaires (fonctions pro-inflammataye se trouvent ainsi inhibées
(Chrousos & Gold, 1992; Chrousos, 1998b). Cependemttains types de stress
stimulent la production dediormones thyroidiennes (Fukuharaet al., 1996),
démontrant ainsi la pluralité et la grande spéitifide la réponse au stress. En résumé,
les fonctions thyroidiennes et immunitaires non #&dmtement nécessaires sont
temporairement inhibées de maniere a effectuer namstribution adaptative de

I'énergie.

Les glucocorticoides exercent par ailleurs un o&ntrole négatif sur les éléments
centraux de l'axe corticostérone, afin de protédémndividu d'une réponse
disproportionnée. En effet, lorsque la concentraga glucocorticoides reste élevée de
maniere chronique, on rentre dans une phase d&peist, et la réponse au stress perd

ses propriétés adaptatives. On constate ainsididpm de divers effets délétéres
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susceptibles d’étre majorés au cours de la pérideledéveloppement. Ainsi, la
diminution de la sécrétion d’hormones thyroidienmeesut inhiber la croissance
musculaire, la croissance osseuse et la maturdti@ysteme nerveux central (Koibuchi
& lwasaki, 2006). La sécrétion prolongée de gluctcoides peut également entrainer
un épuisement des réserves énergétiques. On oladersales problémes de croissance
liés parfois a des atrophies musculaires (Methél, 1984; Hartmanet al.,1999).

Par conséquent, une obstruction nasale chez un jeen entraine de
nombreuses perturbations aussi bien au niveau mormhogique, physiologique et

comportemental.

* Ces perturbations apparaissent-elles dés I€ljour de I'obstruction nasale ?
C’est a dire pendant la période d’obstruction nasa ? Ou plusieurs jours

aprées la réouverture des narines ?

* Ces perturbations ont-elles des conséquences andp terme sur le
développement morphologique, I'état physiologiquetde comportement des

individus ?

* De plus, si lI'individu pendant sa période d’appratissage de reconnaissance
olfactives des congénéres, est perturbé a cause mkuobstruction nasale, y
aura-t-il a long terme, une répercution sur son comortement sexuel et ses

réactions émotionnelles ?

En 2007, dans le cadre de sa these au sein duatalerde Physiologie du
Comportement de Nancy |, Mathieu Gelhaye a étutiéricidences comportementales
et physiologiques d’'une obstruction nasale bildéchez le rat en développement.
L’objectif de son travail expérimental était detéesl’hypothése selon laquelle une
obstruction nasale bilatérale chez les jeunes, gibunduire un stress chronique et
perturber le comportement exploratoire nécessaiee dispersion des jeunes apres le
sevrage. Pour tester son hypothése, il a effeataéobstruction nasale chez des rats de
8 jours (J8) et il a observe les effets a la finadpériode d’obstruction (J15) et six jours
apres la réouverture des narines (J21). Les résuatdenus par Gelhayt al., (2006b,
2007) montrent que I'obstruction nasale perturbdéeeloppement des jeunes (retard de
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croissance) et la mise en place du comportemenbmtpire des individus. Ainsi,
I'orientation par rapport aux odeurs familieres téactions face a la nouveauté et les
performances dans une tache d’apprentissage spata@it altérées a J21. De plus, les
jeunes rats de 21 jours présentent une adaptatiemmaiscles oro-faciaux (Gelhage
al., 2006a). Cette respiration buccale s’accompagn@wsau du systéeme immunitaire,
d’'une baisse de la masse thymique et de la répgmodiérative des thymocytes chez
les femelles a 21 jours. D’autre part, au niveadoennien, I'obstruction nasale
entraine une hyper-corticostéronémie et un hypoiligme. Ces maodifications
hormonales sont globalement plus marquées chefeteslles. L'obstruction nasale
constitue donc un facteur de stress chez les jeratsstout comme pour les jeunes

enfants.

Dans le cadre de ce travail de thése, nous avopsisde méme protocole
expérimental utilisé par Mathieu Gelhaye (2007) slda cadre de sa thése. Nous
avons effectué une obstruction nasale bilatéraleéeersible par cautérisation sur

de jeunes rats de 8 jours (figure 4).

expérimental contrble

Figure 4 : Jeunes rats Wistar dgés de 8 jours avec uneumbi®in nasale bilatérale
(expérimental) ou une brdlure superficielle (cord)d

Mais dans le cadre de notre étude, nous avons i@Ealos observations sur
les effets de cette obstruction pendant la périade fermeture compléte des
narines (J9 a J12), puis a long terme, soit 3 mapses leur réouverture (J90).

Nous avons réalisé une étude pluridisciplinaire poous permettre d’aborder les
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effets de cette obstruction nasale sur le dévelomm morphologique, I'état
physiologique et le comportement des jeunes pendktie période de stress, et les

répercussions possibles de ce stress a I’age adulte

Ce travail de these comprend 3 parties basées sumpublications

scientifiques issues de notre travail de recherche:

Dans lechapitre I, nous observons le comportement des meres facesgjéeimes
de 9 jours présentant une obstruction nasale, rntestons la capacité des jeunes a
retrouver le nid maternel et nous effectuons unedet de I'état hormonal
(corticostérone, hormones thyroidiennes, vasopne3sét nutritionnel de ces jeunes

pendant I'obstruction nasale (J9 a J15). Ce trawadonné lieu a deux publications :

* Article 1: Gelhaye M.,Padzys G.S Orly J.C., Thornton S., Martrette J.M. &
Trabalon M. 2011. Mother-Pupe interactions durirghart olfactory deprivation period

in young ratsDevelopment. Psychobid3, 303-316.

* Article 2: Padzys G.§ Thornton S.N., Martrette J.M. & M. Trabalon. 20Effects
of short term forced oral breathing in rat pupsvegight gain, hydration and stress.
Physiol. Behaw.02 175-180.

Dans le chapitre II, nous abordons le développemeanbrphologique, en
particulier 'adaptation morphologique des musctes-faciaux et du crane, en relation
avec I'état physiologiqudes individus pendant la période de I'obstructi@sale (J9 et
J11), puis a I'age adulte (J90). Ce travail a permis ladaction de deux articles

actuellement en révision mineure :
* Article 3: Padzys G.S§ Martrette J.M., Tankosic C., Thornton S.N. & Wabalon.

2011. Effects of short term forced oral breathiqdnysiological changes and structural

adaptation of diaphragm and orofacial musclests fach. Oral Biol
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* Article 4: Padzys G.S.,Tankosic C., Trabalon M. & J.M. Martrette. 2011
Craniofacial development and physiological stateragarly oral breathing in raEur.
J. Oral Sci

Dans lechapitre Ill, nous abordons I'étude préliminaire du comportetrsmxuel
des rats, 90 jours aprés la réouverture des narines, en refatavec la capacité de
détection olfactive et I'état physiologique (horrasrsexuelles) des individus méales. Les

résultats obtenus sont soumis pour la publicatiginante :
* Article 5 : Padzys G.S. Martrette J.M., Thornton S.N. & M. Trabalon. Seaku

differentiation of odor and physiological profile adult male rats after a neonatal, short

term, forced oral breathing period.
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CHAPITRE |

Incidences d’une obstruction nasale précoce
sur le comportement mere-jeunes

et sur le développement des jeunes
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Chez les Mammiféres la mise en place de la relatiere - jeunes est une étape
importante pour la survie et le développement duveau-né appartenant aux especes
nidicoles, comme les rats. Le rat nait au sein @’partée nombreuse (10-12 jeunes),
dans un état d'immaturité (figure 5) qui le rendngdetement dépendant de sa mere
dans les premiers stades de son développement nBengeet al., 1962 ; Lee &
Williams, 1977 ; Hofer, 1981).

Comportement maternel
Na|slsano Sevrage
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Figure 5 : Développement neurosensoriel du rat et évoludemrelations mere — jeunes.
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Les relations meére-jeunes peuvent étre divisééoenphases successives.

* Au cours de la phase néonatale (J0-J10), lesisi du nouveau-né sont
essentiellement alimentaires, les allaitements @érés par la mere.

* Au cours de la deuxiéme phase, les jeunes aantidiaudition (J10), la
locomotion quadrupede (J12), la vision (J14) etnd@hermie (J15). Le
comportement exploratoire évolue en paralléle.

* Au cours de la troisieme phase, c’est principaatrles jeunes qui initient les
événements alimentaires. lls commencent a ingurdgigela nourriture solide a
partir du 18™jour post-natal et sont alors sevrés vers f@%bur post-natal. Le
répertoire comportemental s’accroit de maniére mapte jusqu’a ressembler a

celui des adultes, et entraine la dispersion deegvers le 28°jour post-natal.

Toutes les expériences des premiers moments die leont étre déterminantes
pour l'avenir du jeune. De nombreuses influencdsiesuau cours de ces premiers
moments vont agir en dehors méme du processus atachement mere-jeune
(empreinte). Ainsi arrivé a I'age adulte, le challun partenaire sexuel n’est pas
déterminé que par les qualités de ce partenairs, amasi par I'interaction sociale vécue

pendant la petite enfance.

1 — Relations Mére — jeunes non sevrés

Le terme «comportement maternel » recouvre unnelgede conduites trés
diversifiées. Chez la rate, les principaux actescifigues connus du comportement

maternel, en dehors de la parturition sont :

* la capacité de construire un nid quelques jouenala parturition,

* I'activité deléchagede la progéniture (kching »),

* la position arquée que prend le corps de la fars de lallaitement
(«nursing »),

* la faculté de ramener au nid tout nouveau-néstgn éloigne («etrieving»),

* |a réaction de protection de la progéniture Idhsn danger (Beach & Jaynes,
1956 ; Noirot, 1966 ; Rosenblatt, 1967, 1969, RbfRosenblatt, 1967).
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Le comportement de Iéchage commence environ 3 dsdarnaissance du jeune
rat et il est maintenu pendant les trois premigmsaines de la vie du jeune. La plus
grande partie du temps total de la toilette (90%)censacré au léchage de la région
ano-génitale (Brouette-Lahlou, 1989 ; Brouette-bah¢t al., 1991b). Ce comportement
spécifique (figure 6) est lié au fait que les nawenés ne peuvent ni uriner ni
déféquer seuls. La mere doit lécher la région awotgle de chaque petit pour
provoquer chez celui-ci un réflexe spinal lui pettanet de vidanger la vessie et le colon
(Rosenblatet al., 1979 ; Moore, 1981).

Figure 6: Léchage des régions anales et génitales externes

L'ingestion d'eau et d'électrolytes de l'urine dungevia le léchage ano-génital,
permet de maintenir 'homéostasie des fluides arefp des jeunes (Gubernick et
Alberts, 1983). Ce léchage peut affecter la comwsdu lait maternel, a mesure que

les petits se développent (Moore, 1992).

Brouette-Lahlowet al, (1991b) ont montré que lorsque la région andatgiendes
ratons est nettoyée avec du savon, les meéres Ineniegue les tétes des jeunes. lls ont
également montré que le léchage ano-génital ektragat perturbé apres I'ablation des
glandes pré-putiales des jeunes : certains peitont jamais Iéchés, ou ont été moins
léché, tandis que d'autres ont été léché sanguptam, induisant une forte mortalité
chez les nouveau-nés. L'utilisation de la chromiplgie en phase gazeuse, couplée a
la spectrométrie de masse, a permis de mettreidar®e un composeé actif responsable
de l'attraction ano-génitale des ratotes dodécyl propionate(Brouette-Lahlouet al.,
1991a, 1999). Le dodécyl propionate est un sigtiattif attractif qui aide la mére a
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identifier les petits qui ont besoin d'étre lIécHe&s.ce sens, il régule mais ne déclenche
pas le comportement de léchage ano-génital.

Moore (1992), a noté que les meres passent plus de tangxher les régions
ano-génitales des males que celles des femellda.Bére est rendue temporairement
anosmique, par un traitement chimique de I'épitméliolfactif, elle léche moins ses
petits, et ne distingue plus les males des femelles males élevés par des meres
anosmiqgues recoivent moins de léchages ano-génitaustimulation par la mere, de la
région ano-génitale d'un méale, permet la libératides hormones androgenes
(testostérone) par les testicules du jeune maldle€ce sont nécessaires a la
masculinisation du systeme nerveux central (aiéegtique meédian de I'’hypothalamus)
et de la mcelle épiniere (noyau spinal).

Ce comportement maternel vis-a-vis des jeunes nedlesn effet des androgenes
eux-mémes, car la mere détecte les jeunes maleBaieant les métabolites des
androgéenes dans leur urine. D’autre part, cet efftclairement le résultat d’'une
influence sociale : la mere traite differemment sesirrissons males, masculinisant

ainsi leur systéme nerveux en développement.

2 — Relations Jeunes non sevrés - Mere

La survie du jeune dépend de sa capacité a loctdiseamelle maternelle a téter.
Au cours de la premiére semaine de vie, les jetatessont sous contrble d’'un systéeme
intégratif qui contribue a les garder éveillés etines, puis a les guider vers les tétines
pour gu’ils s’agrippent et tetent. Pendant cetteogé, la prise de lait n’est limitée que
par la capacité gastrique du jeune (Hall & Rosehbl®77). A partir du 1‘2T‘ejour, la
privation de lait entraine des comportements deem@he active des mamelles (Hetl
al., 1975), ce qui laisse penser que l'attractiontdéees est de plus en plus contrélée

par des facteurs internes liés a I'état nutritifelune (Hall & Williams, 1983).

Chez les rats, I'orientation vers la mamelle girige de lait, sont dans un premier
temps, contrélés par des stimuli externes émidgparere. Ces facteurs externes jouent
un réle primordial pendant la période post-natAlgartir de la deuxiéeme semaine de

vie, les facteurs internes (état physiologiqueealing) se mettent en place et deviennent
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progressivement prépondérants dans la régulatisnré@onses du jeune aux odeurs

maternelles.

De nombreuses expériences ont été réalisées ceesgeces de Mammiféres
pour étudier le role de l'olfaction chez le nouveasiulors de la tétée.
* Chez le porcelet, les odeurs émises par la metraige action prépondérante dans la
recherche et la prise en bouche d’'une tétine. Mwoifesch & McGlone (1990a, b) ont
montré que les signaux olfactifs maternels sonticudds par des fluides prénataux
(liguide amniotique) et postnataux (lait, urindestes maternels).
* Chez le chat, la Iésion des bulbes olfactifs sumpe la capacité du jeune a trouver la
mamelle et a téter (Kovach & Kling, 1967).
* Chez le rat, Terry & Johanson (1996) ont montvéada naissance, les jeunes rats
développent une attirance pour des odeurs lordga’sbnt associées a des stimuli de
renforcement positif comme les soins maternelsleftage, l|échage ano-génital,
ingestion de lait). Le conditionnement olfactif gaune favorise ainsi I'activité motrice
vers la mamelle, l'apparition d’'un comportement digilance et les premiers
apprentissages comme la sélectivité alimentairav@i¥cet al, 2000; Coureaueét al,
2001). La bulbectomie olfactive bilatérale, efféusur de jeunes rongeurs, entraine
des difficultés d’orientation vers les mamellese uhminution du taux d’attachement
aux mamelles et un retard de croissance (Singh Badlm, 1975; Risser & Slotnick,
1987). D’'autres expériences ont montré que lesgeuats sont incapables de se diriger
vers les mamelles maternelles aprés un lavagegiéavec des solvants organiques. A
'aide d’ essais de badigeonnages de diverses asutest odorantes sur les mamelles
lavées, Teicher & Blass (1976, 1977) et Blass &hei (1980) ont montré que la mere
émet trois principaux substrats chimiques qui p¢tene d’orienter le jeune vers les
mamelles et d’entrainer la tétée. Ces trois congpabémiques sont présents dans le
liquide amniotique, la salive de la mére et du guku cours de la premiere semaine de
vie, les jeunes rats réagissent d’abord a I'odeuiqliide amniotique, puis a I'odeur de
la salive maternelle et juvénile, et enfin a l'odelu lait (Blass & Teicher, 1980).
Brouette-Lahlou, 1991a a montré quedienéthyl-disulfite, libéré par la mére rate
entraine l'orientation des jeunes nouveaux-nés keensamelle et le déclenchement de
la premiere tétée. Initialement, ce composé estemtédans le liquide amniotique de la
mere. Il est ingéré par la mére au moment de | imés, puis déposé par la mere lors

des léchages de ses mamelles. Aprées la premiée tétcomposé se retrouve dans la
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salive du jeune, qui le dépose a nouveau sur lemethes, maintenant ainsi leur
attractivité pendant la période d’allaitement.

* Chez d’'autres especes de Mammiféres I'orientatiers les mamelles se fait grace a
des signaux chimiques émit directement au niveala dégion mammaire (Pedersen &
Blass 1982 ; Pedersest al., 1982 ; Morrow-Tesch et McGlone 1990a; Poreéral,
1991).

* Chez le lapin, c’est lenéthylbut-2-enesynthétisé au niveau de la glande mammaire,

qui suscite le comportement de recherche mammb@e le jeune (Schaat al.,2003).

En cas d’obstruction nasale, la compétition ené® processus respiratoire et
alimentaire pourrait constituer un facteur renfotdas impacts de la privation olfactive
sur l'alimentation. Cette compétition pourrait motaent perturber la saisie orale des
mamelles et limiter le rythme d’ingestion du laitaternel. On sait que chez les
Mammiféres, une privation de lait maternel de couttirée, induit des perturbations
endocriniennes, telles qu'une inhibition de [I'axehyrbidien et une
hypercorticostéronémie (Oberkotter & Rasmussen 1@&hmidtet al., 2002). En
jouant sur la prise alimentaire, 'hyposmie asse@d obstruction nasale pourrait donc

perturber de maniere importante I'hnoméostasie hoaigodu jeune en développement.

Par ailleurs, I'olfaction joue un réle primordiahms les relations qu’entretiennent
les jeunes avec leur environnement social et phgsiga détection des odeurs permet
notamment la mise en place des mécanismes d’dimmta’attraction ou d’évitement,

en fonction des caractéristiques du stimulus.

L’apprentissage des odeurs familieres chez les M&mes débutén uterovia le
liguide amniotique (Schaal et Orgeur, 1992), pugduisition et le stockage des
informations olfactives se poursuivent a la naissarAinsi, les meéres lactantes de
plusieurs espéces de rongeurs émettent des sigiomques attractifs uniguement
pour leurs jeunes qui s'orientent préférentielletnesrs les sites saturés de I'odeur
maternelle (Leon & Moltz, 1971). Le nid maternet denc imprégné d’odeurs qui
délimitent le territoire des jeunes, restreignanbrgentent leurs déplacements. Chez le
rat, 'odeur du nid représente un stimulus attfadés le troisieme jour postnatal

(Cornwell-Jones & Sobrian, 1977) ; le jeune présalors des préférences olfactives

28



pour son propre nid par rapport a un nid étran@own, 1982). Les jeunes rats
préferent toutefois s’orienter vers I'odeur de leneére que vers I'odeur de leur nid
(Polan & Hofer, 1998). Les signaux olfactifs indens également des préférences
filiales pour le regroupement des ratons au seinid§Brunjes & Alberts, 1979). Cette
préférence est supprimée par I'anosmie chimiquesualfate de zinc bien que le
regroupement ne soit pas éliminé pour autant (Adb&rBrunjes, 1978). Par ailleurs
I'apprentissage olfactif initi€ depuis la vie utéFj et qui se poursuit jusqu’au sevrage,
va permettre la mise en place deniémoire sociale olfactive Elle va jouer un rble
primordial dans le choix du partenaire de jeuxsplu partenaire sexuel, en fonction de
'odeur apprise durant la période post-natale etamiul’enfance (Loranca & Salas
2001 ; Bakkeet al, 1996; Gasperin-Estragaal.,2008).

Chez le rat, les signaux olfactifs présents dassclettes maternelles jouent
également un réle essentiel dans le développemeygiglogique du jeune. Ainsi,
certains métabolites de I'acide cholique, tels taeide désoxycholique sont présents
dans les caecotrophes maternels et sont consomnie jeane a partir du £%3°- 14™®
jour postnatal (Kilpatriclet al., 1980). Ce composé agit sur 'immunocompétencea et |
myeélinisation du systeme nerveux. En effet, lesnsiprivés des caecotrophes montrent
un taux de mortalité élevé associé a un retard méssance cérébrale et de

développement neuro - comportemental.

3 — Incidences d’une obstruction nasale sur les @ions meére - jeunes.

Nos résultats montrent que les meres des portgeséas a I'obstruction nasale
mettent moins de temps a ramener les jeunes danisl let passent plus de temps a
lécher leur progéniture (cf. article 1). Ces mochfions nécessitent sans doute le

traitement simultané de signaux visuels, acoustigi®lfactifs.

Il est bien établi que les jeunes rongeurs en taltuale détresse émettent des
vocalisations ultrasoniques (Hofer & Shair, 1992} notamment été montré que le

comportement de " retrieving " est lié a ces veedions eémises par la progéniture
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éloignée du nid (Hahn & Lavooy, 2005). Les appelsrasoniques d’isolation initient
ainsi les comportements de recherche et de tranpppota mére. lls raccourcissent en
outre la latence de récupération des jeunes (BeeBsteon, 1980). De plus, le nombre
d’appels est susceptible de modifier le comportandenla mere (Brudzynski, 2005).
Etant donné qu'un niveau élevé d’anxiété entraine augmentation du taux de
vocalisations (Naito et al., 2000), un nombre d&plus élevé pourrait expliquer la
réduction du temps mis pour ramener les jeunegiaus nid.

Les vocalisations ultrasoniques contribuent égaténa accroitre le temps de
|échage ano-génital suite a la récupération desweg(Brouette-Lahlou et al., 1992), ce
qui est en accord avec les résultats (cf. article

En plus de linfluence des signaux acoustiques,léghage ano-génital est
fortement dépendant des signaux chimiques présiemts I'urine des jeunes (Brouette-
Lahlou et al., 1999). Ainsi, les meres pourraiemtcpvoir les impacts de I'obstruction
nasale au travers de la détection de signaux chasigprésents dans l'urine de la

progéniture.

D’autres études ont montré l'influence des expé&eés olfactives précoces sur le
développement neuro-comportemental des rongeurge(@mie & Hsiao, 1977,
Coopersmith & Leon, 1984 ; Hongo et al., 2000).nh@re constituant I'unique source
de nourriture, de chaleur et de protection, 'appssage de I'odeur maternelle est
vitale pour le jeune (Sullivan, 2003). Le nouveaudoit rapidement apprendre I'odeur
de sa mere, puis de son nid et de ses congénéred,aienter ses déplacements. En
privant le jeune des signaux olfactifs en proveeaihe sa mere et de son environnement
biotique (congénéres) et abiotiques (nid), I'obdinn nasale bilatérale est susceptible
d’entrainer un isolement social partiel et doncstness sensoriel. En effet, du fait de
leur développement cérébral postnatal, les ratendisposent que de I'olfaction pour
s’orienter a distance. L’audition et la vision @Bt respectivement acquises qu’a partir
du dixiéme et du quatorzieme jour postnatal, leévidus exposés a I'obstruction nasale
ne disposent que des signaux tactiles et thermigoesfaire face a I'appauvrissement

global de leur environnement olfactif.
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Nos résultats montrent qu’a 9 jours, I'odeur dud réonstitue un stimulus
attractif susceptible d’induire une activité locoimee chez les jeunes contrbles et
témoins (cf. article 1). Mais ils montrent égaleingue I'obstruction nasale précoce a
un impact fonctionnel sur les capacités olfactigasperturbe I'orientation vis-a-vis du
nid 24 h apres le traitement (JEnN effet, les animaux exposés a I'obstruction reasal
présentent un taux de retour au nid plus faibladistribuent leur temps de maniere
aléatoire dans les trois branches du labyrinthes @aimaux réalisent significativement
moins de choix et affichent un temps de latencg&emparés aux animaux témoins et
contrbles, ce qui suggere une perturbation du catepeent exploratoire
d’investigation. Ces données pourraient étre expg&s non seulement par la privation
olfactive, mais également par I'accroissement dreaiu d’anxiété (révélé par des taux
plasmatiques élevés de corticostérone et faiblesrdiones thyroidiennes) qui pourrait
agir sur I'investigation de I'environnement.

En terme de récupération juste apres la réouvertlege narines (J15), le taux de
retour au nid et le temps passé du c6té du niceredignificativement différents mais
les jeunes expérimentaux explorent autant que ds contrbles et témoins. Ceci
suggéere un rétablissement rapide du comportemenloeatoire, mais une
récupération plus lente des capacités olfactivesdépit de la réouverture des
narines. Le prompt rétablissement du comportemepibeatoire pourrait étre expliqué
par le fait qu’avec lI'apparition de l'audition a dlet de la vision a J14, I'importance
relative de [l'olfaction dans l'expression du comigonent exploratoire diminue
progressivement au cours du développement.

4 - Incidences d'une obstruction nasale sur le délppement des
jeunes

Mathieu Gelhaye (2007), a montré que les animavwpo®es a l'obstruction
nasale, présentent un taux de mortalité élevéuguient essentiellement a J11, c’est-a-
dire 72h aprées la cautérisation des narines. Lex tda mortalité augmente
progressivement jusqu’a J14 avant de se stabdistrur de 37 % a partir du moment
ou les narines commencent a s’ouvrir. Ce taux ddatité important ne provient pas
d’une inhibition du comportement maternel puisqos résultats montrent que la mere

augmente son activité de soin aux jeunes qui pré&seane obstruction nasale.
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CO2 (ml/mn)

Oxygéne (ml/mn)

Nous avons mesuré, a l'aide d’'un respirometre —-nwxtye (Fisher Scientific,
France), la quantité moyenne d’oxygene consommengsairrats ainsi que la quantité
moyenne de gaz carbonique rejeté pendant la pédtmiestruction nasale (Figure 7 ;
résultats non publiés). Nos résultats montrentlgusonsommation d’oxygene effectuée
par les jeunes rats expérimentaux, pendant toufgéteode de I'obstruction nasale, est
significativement inférieure a celle des rats cofgs. La quantité de COrejeté est
significativement inférieure chez les femelles erpEntales agées de 11 jours et chez
les méles de 10 et 11 jours. La quantité de @l0s faible chez les rats expérimentaux
semble étre liee a une activité motrice plus faibdle ces rats dans I'enceinte
expérimentale par rapport aux rats controles.
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Figure 7: Quantité d'oxygene consommé et de gaz carbonigieté (en ml / ml) par les rats

expérimentaux (Oral breathing) et les rats congrplendant la période d’obstruction nasale (D9, &t10

D11). Les résultats sont exprimés en moyenne £ Significativement différent des contréles a P =
0.05.

Cette détresse respiratoire, induite par I'obstouctnasale est sans doute
partiellement responsable de l'important taux dertafité observe. En effet, le rat
présente une forte résistance des voies aériemwegharyngées. Or en conditions
physiologiques normales, la ventilation s’effecper la voie nasale, éventuellement
suppléé par la bouche lors d’efforts physiques’enambrement temporaire des voies

nasales (Pohunek, 2004). Au niveau des cavitésasasa débit aérien est régulé par les
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valvules narinaires contrélées par les musclegeaslajui réalisent des mouvements
symétriques et synchronisés avec les mouvememgatsres (Cole, 2003). D’autre
part, I'alternance de surfaces concaves et convépedse l'air en provoquant la
formation de turbulences. Cet écoulement turbujenérait un rble essentiel dans la
croissance des cavités nasales (Churehidll, 2004). Le ralentissement du flux aérien
permet en outre d’améliorer le conditionnement’die inspiré (Churchillet al, 2004).
Les cavités nasales assurent en effet le conddiment de 'air de fagon a optimiser les
échanges gazeux dans les poumons (Ingelstedt, . 1P possedent ainsi la capacité
de chauffer et d’humidifier I'air inhalé, ce coriditnement s’effectue particulierement
dans le segment nasal antérieur qui posséede lastéastiques anatomiques nécessaires
(Kecket al, 2001).

L’absence de ventilation nasale a de nombreusesqaences sur les plans local

et régional :

* assechement des mugueuses nasale et buccalesgBuenal, 2006),

* accumulation de C@dans les sinus paranasaux (Gangtal, 1999),

* altération du drainage mucociliaire (Raial, 2001),

* manifestations otologiques, ophtalmologiques etphométriques délétéres
(Buchmaret al, 1999; Goleet al, 2002; Shikatat al, 2004).

Cette transition a également des conséquencestanpes sur le plan général. En
effet, non seulement la respiration buccale fongéerrait perturber I'alimentation du
fait de la compétition entre les processus respimaet alimentaire (Erkaet al, 1994),
mais elle influe également sur 'homéostasie gezeda sang et sur lactivité
électromyographique des muscles or-faciaux. L'alusitpn nasale se traduit ainsi par
une hypoxie, une hypercapnie et une acidémie (Hgetial, 1987; Tacx et Strack Van
Schijndel, 2003). Les études chez I'animal montwgrien cas d’obstruction nasale, les
perturbations de I’'homéostasie gazeuse du sangpmmarquées chez le nouveau-né
(Harding & Wood, 1990). Ces modifications ont ébservées a des degrés divers chez
le rat (Erkaret al, 1994), le lapin (Ramadan, 1983), la brebis (Hayét al, 1991), le
chien (Cavoet al, 1975) et I'étre humain (Cvetnigt al, 1981). Chez les animaux a
respiration nasale obligatoire comme le rat, dettaffisance respiratoire est suceptible

d’étre renforcée par la forte résistance des vaéegennes oro-pharyngées (Kalogjeta
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al., 1991). Chez le rat adulte, Erkanal.,(1994) rapportent une diminution du pH et de
la pression partielle en,;3’aggravant au cours des 72h suivant I'occlusies marines.
Ces modifications de 'hnoméostasie gazeuse du saragent a l'origine de la mort des
animaux entre 90 et 100 h aprés l'induction dedtalction nasale. Ainsi, Nakajima &
Ohi (1977) ont montré que les animaux décédés sulteduction d’une obstruction
nasale expérimentale, présentaient des nécroseesethémorragies au niveau de
l'intestin gréle. Ces modifications sont liées & w@atcumulation excessive de gaz dans
le tractus gastro-intestinal des individus. En tefi@u moment de [I'alimentation,
I'obstruction nasale entraine une compétition erlge processus respiratoire et
alimentaire se traduisant par une aérophagie. S¢idogjeraet al., (1991), le déces
serait lié a cette aérophagie qui provoquerait @éiggation du diaphragme et un iléus
paralytique (occlusion intestinale due a une paralgle I'intestin gréle). Ce dernier
entrainerait un arrét du transit intestinal. Despliaérophagie néonatale peut étre a
I'origine d’'une perforation gastrique |étale comowta a été préalablement montré chez
le rat, le chien et I'étre humain (Shaket al, 1973; Leone & Krasna, 2000).
L’obstruction nasale perturbant la prise alimeetaune forte réduction de l'apport
énergétique pourrait donc étre également impligdéas la mortalité élevée des

animaux .

Dans ce cadre, nos résultats montrent effectivergaet pendant I'obstruction
nasale (J9 a J15), la croissance pondérale des amumexpérimentaux est
significativement plus faible que chez les animaantréles ¢f. article 1 et 2. La prise
de nourriture (lait maternel) ne s’effectue pasndaniere réguliére, ce qui entraine une
rapide déshydratation et une baisse de la glyc@meéz les jeunes expérimentaux. Cette
déshydratation est révélée par une augmentatiorf’atgnolarité, et une libération
importante de la vasopressine, hormone responsdelela régulation des pertes
hydriques du corps. Aprés la réouverture des narinle jeune peut a nouveau
s’alimenter normalement et la déshydratation digfiarmais les taux plasmatiques de
la corticostérone restent élevés ce qui laisse érgggque les jeunes ont un niveau de

stress supérieur aux jeunes controéles.

Ces résultats sont semblables a ceux observésl’bbeame ou le passage a la
respiration orale est associé a pegete hydrique importante, die a un assechement de

la muqueuse buccale. En effet quelques heures Eprese en place de la respiration
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orale on observe urdgeshydratation associée a une perte énergétique (Sveretsah,
2006).

Les modifications respiratoires peuvent égalemeet&|'origine des troubles du
sommeil. L'obstruction des voies aériennes supegggeantraine des efforts respiratoires
pouvant induire des micro-éveils et ainsi fractienle sommeil. Ce phénomeéne, appelé
syndrome d'apnées obstructives du sommeil, esttésise par un arrét du flux aérien
d'une durée supérieure ou égale a 10 secondegplsse respiratoire coincidant
habituellement avec un éveil tres bref ou ave®geiment du sommeil (Zwillickt al.,
1981).
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Article 1

Mother-pup interactions during a short olfactory deprivation period in

young rats

M. GelhayeG. S. PadzysJ.C. Olry, S. N. Thornton, J.M. Martrette, M. bhadon

Developmental Psychobiolog®011, 53, 303-315

1 - Introduction

Several ontogenic studies have demonstrated theriemze of early olfactory
experience in the neurobehavioral development @émts (Coopersmith & Leon, 1984;
Miller & Spear, 2010). In the rat neonate, olfagtoues from the mother and siblings
are crucial in the establishment of early behawosmch as nursing (Hongat al.,
2000), huddling (Brunjes & Alberts, 1979) and hoar@ntation (Sczerzenie & Hsiao,
1977). Newborn altricial mammals must learn theroofotheir mother and use it to
orient their displacements. As the mother is thke swmurce of food, warmth and
protection, learning this odor is critical for thervival of the newborn (Sullivan, 2003).
For these different reasons, a chronic olfactoficdeean have significant consequence
on the homeostasis of the young individual. In & decade, many experimental
studies were carried out requiring the inductionaof early olfactory deprivation. A
common technique employed to produce transientctolfg deprivation in neonatal
animals consists in the obstruction of the nasetieas (Meisami, 1976; Waguespaek
al., 2005). This short term procedure (lasting frono 4 days) generates numerous long
term effects on the olfactory bulb, including retioic of its volume and a variety of
physiological and biochemical alterations in the gBrunjeset al., 1985; Brunjes,
1994). However, the functional impact of bilatenalris occlusion on olfactory ability
has never been investigated.

Our previous studies revealed that bilateral nadslusion in eight-day old rat
pups was associated with an impairment of novedgksg behaviour, an adrenal
hypertrophy and an increase in circulating gluctcoids at 21 days of age (Gelhaste
al., 2006b). These modifications were associated witlheerease of splenocyte and
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thymocyte proliferative responses and with an eamtapt of orofacial muscles,
facilitating respiration (Gelhayet al.,2006a, 2006b). Consequently, we concluded that
early bilateral naris occlusion could be regardec anulti- factorial stressful situation,
which ultimately affected peripheral physiologicgystems. These effects could be
explained, at least partially, by a disturbancenother-pup interactions, which had an
effect on endocrine balance. In rodents, therendeed a reciprocal regulation of
responsiveness to stress between mother and offsgWalker et al., 2004). For
example, dietary influences are critical in the mlatdon of the stress response and it
was shown that olfactory signals were essentialhan orientation to the nipples in
several species of rodents (Blass & Teicher, 1€3§jing & Yahr, 1982; Coureaud &
Schaal, 2000). By reducing olfactory abilities,lgdnilareral naris occlusion could thus
have important functional repercussions on mothgr-mteraction and notably on the
offspring's suckling behaviour.

It is well known that both the quantity and the lifyaf the ingested food play a
crucial part in the maintenance of hormonal homesistduring the postnatal period.
Mother-milk deprivation of a few hours was showrptoduce a significant reduction in
thyroxin levels and an increase of plasma corteroste levels (Oberkotter, 1988;
Schmidt et al., 2002). Both thyroid hormones andicasterone play a key role in
normal development of mammals. Neonatal thyroidhtoore deficiency disturbs brain
development, suppresses the proliferation of lynegteo B precursors and delays the
maturation of orofacial muscles (Arpin et al., 208@ibuchi & Chin, 2000; Ganji &
Behzadi, 2007). For that reason, the fundamentalmption of the experimental work
presented in this study is that bilateral narislugion produces olfactory deprivation
which has effects on peripheral physiological syste¢hat could be linked, at least
partially, to a disturbance of mother-pup interaas, which would generate alterations
in the corticotrope and thyroid axes.

Consequently, the aim of the present study wasvéduate the effect of early
short olfactory deprivation on mother-pup interacs during early post-natal
development in rats. We performed olfactory demtiwreeight-day old rats and studied
its effects on behaviour at the beginning of pastnday 9 (PND 9) and at the end of
the olfactory deprived period i.e. postnatal dayRSND 15).

Our hypothesis was that early short term olfactdeprivation would have a
significant effect of some parameters of mother-pogeractions, focusing more

particularly on suckling behaviour. We investigatdslo the functional impact of early
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olfactory deprivation on olfactory abilities. Nestcognition was therefore investigated
in a two-choice situation. The effects of earlyaotbry deprivation on the stress
response and on plasma levels of thyroid hormoh@sagd T4) was also studied in 9

and 15-day old rats of both sexes.

2 — Methods

2.1. Experimental subjects

Four hundred and fifty pups from forty five mothévgistar, IFFA-CREDO) from
post-natal day 8 (PND 8) to PND 15 were used. Th@als were born in the laboratory
and housed in standard cages under controlled tamope conditions (22 £ 1°C). Food
and water were availabbed libitumduring the whole experiment. From birth, the tdte
were kept on a reversed 12:12 light-dark cycle Kgaariod 08.00 hr — 20.00 hr) and
were culled to five males and five females to easwrmal body growth (10 rats per
litter before the culling procedure).

2.2. Bilateral naris occlusionprocedure

All experimental procedures conformed to the Guiolethe Care and Use of
Laboratory Animals published by the National Ingets of Health (n° 85-23, revised
1996) and the recommendations edited by the Euno@aanmunity Council for the
Ethical Treatment of Animals (n°86/609/EEC).

At PND 8, the litters were randomly divided intodlh experimental groups. The
untreated group was defined by the complete absanoanipulation. The sham group
and animals with bilateral naris occlusion werestfianesthetized by hypothermia
(10min at -18°C). Once the litters were anesthdtibdateral naris occlusion (inducing
olfactory deprivation) was performed by cauteriaatof the external nostrils (Meisami,
1976; Waguespack et al.,, 2005). This is the mosangon and simple procedure
allowing reversible naris occlusion in growing aals1 The tissue surrounding the
nostrils was burned by placing a surgical cautegzinstrument on the nostrils,
consequently occluding the orifice of the nostrifsthe days following the treatment,
the reopening of the nostrils was assessed by iagpdysoapy solution; the absence of
bubbles was used as an indicator of complete doclusThis procedure induced
olfactory deprivation between post natal day (PNDand PND 12 with 93% of the
nostrils spontaneously reopened at PND 14. Consdélgu¢he different experiments

were conducted at PND 9, i.e. 24 hr after the itidnoof the olfactory deprivation, and
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at PND 15, age corresponding to the end of thectlfg deprivation period. In the
sham group, the nostrils were not sealed but t®u¢i above them was burned by
placing the cauterizing instrument about 1-2 mm vab@&ach nostril. After the
cauterization, the burn was washed with chlortgttic (Aureomycin Evans 3%) to
prevent possible infection. Sham and olfactory oer animals were kept warm
(37°C) for half an hour and then returned to tieathers. Sham and olfactory deprived
pups were thus exposed to a single maternal separaf 45 min (10 min of
hypothermia, 5 min for the cauterization, and 3@ ofiwarming).

In order to avoid interference between the diffexperiments, the litters were
randomly divided into animals used to test the rapffup interactionsn(= 5 mothers
per group), animals used to test the growth pararseind the olfactory abilities € 15
rats per sex and per group) and animals used éagdbktric content and hormonal assays
(n = 8 rats per sex, per age and per group). We aisedanale and one female from each
litter for each of the tests. For this we neededitts.

2.3. Mother-pup interactions

All behavioural observations were made during taekhase between 0900 hr
and 1200 hr. The animals were videotaped with vitlagking and SMART-MA
logiciel version (Smart Panlab, Bioseb — France).idfrared camera was used during
behavioural testing without the experimenter presanthe room. The tapes were
analysed at the end of all the recordings.

The different apparatus were maintained in the sgmstion in the room
throughout the duration of the study During the l@sek of gestation, the mothers were
placed in home cages (65x32x50cm) conceived tditktei behavioural observations.
The front wall was made of transparent Plexiglas thie three other walls were made in
gray PVC. The floor of the cage (0.2 m?2) was cogdrg 100 £ 10 g of clean sawdust.
Food and water were availakdel libitum during the whole experiment. Five mothers
per group were used to test the maternal and suckkehaviours. Maternal behaviour
was only examined on PND 9. Indeed, with the neeinalsioral maturation of offspring
(emergence of hearing, quadruped walkvision, theegdation, autonomous
urination..), the expression of maternal behaviour graduakgrelased during the
postnatal period.

At PND 9 and 15, the mother was removed from thadngage for a period of 2
hr (0900 hr-1100 hr) before starting the behavibotservations (Stern & Johnson,
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1990; Stern & Azzara, 2002). This maternal depioratwas performed in order to
exacerbate maternal behaviour and enticement fomtpples. At 1100hr, the litters
were temporarily culled to six rats (three femadad three males) to avoid competition
and to facilitate access to the nipples (Arratalet 2005). The removed animals were
maintained in the presence of nest sawdust and #meigenital region was stroked
periodically to limit the effects of additional neabal deprivation (van Oers et al.,
1999). The animals used for the behavioural aralygre placed in the opposite side
from the site where the mother built the nest. im¢her was then returned to the home
cage.

During the next 60mn (1100 hr — 1200 hr), the feollog behavioural items were
recorded: duration of pup-retrieval (when the motbieks up the pups in her mouth
and places them in the nest), duration of pupigkiwhen the mother licks the body
and/or the anogenital region of the pups) and duradf presence in the nest (when the
mother is in the nest, her body over all or moghefpups) only on PND 9. In addition,
the latency to nurse (when the mother adopts ainguosture with at least one pup
attached to the nipples), the duration of nursimg #he maximum rate of nipple
attachment (maximum number of simultaneously sagkiats) were recorded at PND 9
and PND 15.

2.4. Two-choice situation: return to the nest

In order to evaluate their olfactory ability, that pups were observed at PND 9
and PND 15 in the two-choice situation "nest sawaassusclean sawdust". This test
was performed in a T-maze with a start arm congetbetwo goal arms of equal
dimensions. The maze was constructed of Plexigléh, a guillotine door separating
the start box from the main stem of the maze. Apeermental box (30x18x14cm) was
situated at the end of each goal arm and closeddnor with holes in it which allowed
stimulation by smell. Two arm sizes were used ideorto adapt the test to the rat's
growth (PND 9:10x6x6cm; PND 15:25x8x8cm). In alkes, 45 + 5 g of sawdust were
placed in the experimental boxes and the nest sstweas randomly placed in the right
or left experimental box. The observation perioan(8) began when the rat entered the

start arm of the T- maze and the guillotine doos wlased behind it.

The percentage of rats carrying out a choice, #tenty of the first choice
(defined by the first contact between an animal ardteral box), the side of the first
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choice and the time spent in each arm of the T-maees recorded. After the
behavioural observations, animals were weighedthaot length was measured from
the nose to the base of the tail. The ponderall@amgitudinal gains of each individual

were calculated over the period PND 9 — PND 15.

3.5. Sample collection

At PND 9 or PND 15, immediately following sacrificéntra-cardiac blood
samplings (500-1000 ul) were performed between 1h00and 1200 hr for
corticosterone, thyroxin and triiodothyronin measuents. Blood was collected within
1-2 min into sterile heparinised syringes. Plasmas vimmediately separated by
centrifugation at 4°C (15 min at 3000 rpm) and ¢lé&acts were stored at -18°C until
the time of assay. After blood sampling, gastriateat, which constitutes a reliable
index of the quantity of ingested milk (Fukushimaad, 2004), was removed and
weighed.

3.6. Hormonal analysis

In order to assess the adrenal response after rithection of early nasal
obstruction, corticosterone concentration was nrealsuwithout an extraction
procedure, using a commercially available EIA kilaccording to the manufacturer's
guidelines (Assay Designs Inc., USA). The conceiatnaof corticosterone in plasma
samples was calculated from a standard curve apessed as ng/ml. The intra- and
inter-assay coefficients of variation were unddr &d 13.1 %, respectively. T4 and T3
were assayed using commercial RIA kits accordingh® manufacturer's guidelines
(Immunotech SA, France). The concentrations of id &3 in plasma samples were
calculated from standard curves and expressed @sl.pghe intra- and inter-assay
coefficients of variation were respectively undef &nd 6.5% for T4 and under 6.4 and
5.5 % for T3.

3.7. Statistical Analyses

Data were expressed as group means + SE. Stdtestiabysis was performed by
means of statistical software (Statview V5.0, Alsma@oncepts Inc., Berkeley, CA).
Concerning the behavioural data, the mother-pugrations were examined using the
Kruskal-Wallis analysis of variance because theptasnwere small and off a Gaussian
distribution. The U-test of Mann-Whitney was usem dstablish the inter-group

comparison. The two-choice situation was analyzét ¥he chi-square's test for the
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percentage of rats carrying out a choice and tthe sf the first choice or with a two-
way analysis of variance (sex * treatment) forldtency of the first choice and the time
spent in each arm of the T-maze. In this last dieePLSD Fisher procedure was used
to establish the inter-group comparison.

Concerning the physiological data, after a two-veanalysis of variance (sex *
treatment), the PLSD Fishegorocedure was used to establish the inter-group

comparison. In all cases, the differences wereidernsd significant ap < 0.05.

3 - RESULTS

3.1. Maternal behaviour

As shown in figure 1, maternal behaviour was gyeaffected by the
experimental treatments. There was indeed a sogmifidifference for the duration of
pup-retrieval H = 8.64,p = 0.013) and the duration of pup-lickingl & 8.18,p =
0.017), whereas the presence in the nest was cabilpaamong the experimental
groups H = 0.56,p = 0.756). At PND 9, the mothers of the litters @ex@d to olfactory
deprivation spent less time to bring the young kdadke nest compared to untreatpd (
= 0.009) and sham group motheps=0.016). In addition, the duration of pup-licking
was increased in the litters exposed to olfact@privation compared to untreatqu=<

0.009) and sham groups £ 0.917 for pup-retrieval =0.602 for pup- licking).
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Figure 1. Maternal behaviour at 9 days of age in untreated (UT), sham group (SH)
and animals with olfactory deprivation at 8 day®J@A) Duration of pup-retrieval, (B)
duration of presence in the nest and (C) duratfgoup-licking. Values are means + SE.
n = 5 mothers per group. Analysis of Kruskal-Walfisip-retrievalH = 8.64,p = 0.013;
presence in the nedtt = 0.56,p = 0.756; pup-lickingH = 8.18,p = 0.017. Analysis of
Mann-Whitney U-test®p < 0.05 versus untreatelfj < 0.05 versus sham.
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3.2. Suckling behaviour
Figure 2 shows that the suckling behaviour wasctéte by the experimental

treatments.
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Figure 2. Suckling behaviour at 9 and 15 days of age inaatéd groupd(), sham group ( )
and animals with olfactory deprivation at 8 daw} (A) Latency of the first alimentary event,
(B) mean duration of alimentary events, (C) totatadion of alimentary events and (D)
maximum rate of nipple attachment. Values are meaBE.n = 5 mothers per group; 6 <
< 9 alimentary events per age and per group. ArsabfsKruskal-Wallis, latency, PND ¥

= 6.62,p = 0.037; PND 15H = 0.56,p = 0.756. Mean duration, PND 8t = 10.09,p =
0.006; PND 15H = 5.43,p = 0.066. Total duration, PND # = 4.38,p = 0.112; PND 15H

= 6.66,p = 0.036. Nipple attachment, PND9:= 14.73,p = 0.0006; PND 15H = 2.21,p =
0.332. Analysis of Mann-Whitney U-te&p < 0.05 versus untreately < 0.05 versus sham.

At PND 9, there was indeed a significant differefmethe latency to nurseH(=
6.62, p= 0.037), the mean duration of nursirtg € 10.09,p = 0.006) and the rate of
nipple attachmentH = 14.73,p = 0.0006). Latency to nurse was indeed highehen t
pups exposed to olfactory deprivation comparedntineated and sham operated puyps (
= 0.028 in both cases). On the other hand, the rdaeation of nursing and the rate of

nipple attachment were reduced in the litters eggde olfactory deprivation compared
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to untreated = 0.007 for the mean duratiop;= 0.002 for the nipple attachment) and
sham pupsp(= 0.01 for the mean duratiop;= 0.002 for the nipple attachment). These
differences disappeared at PND 15 £ 0.56,p = 0.756 for the latencyd = 5.43,p
=0.066 for the mean duratiok = 2.21,p = 0.332 for the nipple attachment); at this age
the total duration of nursing was affected by tkpegimental treatmentdd(= 6.66,p =
0.036). Indeed the total duration of nursing waghbr at PND15 in the pups exposed to
olfactory deprivation compared to untreatpd=(0.016) and sham pupg € 0.047). For

all the studied ages and parameters, there wersigroficant differences between

untreated and sham groups (0.602 <0.999).
3.3. Return to the nest

When tested for their reactions in the two-choiiteasion "nest sawdust versus
clean sawdust" (figure 3 and 4), a significantafi#éince was measured at PND 9 for the
percentage of pups carrying out a choice (3.§8 <10.41, 0.001 9 < 0.048), for the
return rate to the nest (4.47xX < 5.32, 0.021 9 < 0.034), for the latency of the first
choice F (2, 66) = 14.92p < 0.0001] and for the time spent in each arm effthmaze
[F (2, 66) = 23.84p < 0.0001 for nest sawdus¥; (2, 66) = 7.93p = 0.0008 for center
armF (2, 66) = 10.00p = 0.0002 for clean sawdust]. Some of these diffeze were
reduced at PND 15. At this age, there was indeeshor@ significant difference for the
percentage of rats carrying out a choice (0.002 < 1.60, 0.206 $¢ < 0.965) and the
latency of the first choiceH[ (2, 66) = 2.03p = 0.140]; whereas the return rate to the
nest (0.31 <2 < 5.56, 0.018 9 < 0.580) and the time spent in the nest k€] 66) =
4.48;p = 0.001] remained significantly different.

At PND 9, pups exposed to olfactory deprivationriear out less choice than
untreated X2 = 3.88,p = 0.048 in females{? = 5.96,p = 0.015 in males) and sham pups
(x2=5.17,p=0.023 in females¢?z = 10.41 p = 0.001 in males). Furthermore, olfactory
deprived pups exhibited a decreased rate of rétutime nest in both femaleg?(= 5.32,

p = 0.021 versus untreated and sham) and mgtes 4.47,p = 0.034 versus untreated,;
X2 = 4.85,p = 0.028 versus sham). These pups showed alsategtatency of the first
choice compared to untreatepl £ 0.0002 in femalesp = 0.006 in males) and sham
pups p = 0.0006 in femaleg = 0.001 in males). Pups exposed to olfactory gefian
spent less time on the nest sipe<(0.0001 in all cases) to the advantage of thancle
sawdust side (femaleg:= 0.003 versus untreated and sham; males:0.010 versus
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untreatedp = 0.009 versus sham) and of the center arm saealesp = 0.046 versus
untreatedp = 0.023 versus sham; malgs= 0.008 versus untreated,= 0.003 versus
sham). Olfactory deprived pups presented a timdrilolision close to random

distribution (about 33 % of time in each arm of thaze).
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Figure 3. Impact of early nasal obstruction on animals' b&ha in a two-choice situation: "nest sawdust
vs. clean sawdust". (A) Number of rats carrying authoice, (B) rate of return to the nest in first
intention and (C) latency of the first choice ared 15 days of age in untreated group, sham grodp a
animals with olfactory deprivation at 8 days. Vau®e percentage (A and B) or means = SE{G)15
rats per sex and per group. Latency of the firgticgh analysis of two-way ANOVA, treatment effect:
PND 9:F = 7.56 at two degrees of freedogpns 0.0001; PND 15F = 1.93 at two degrees of freedop
0.101. Analysis of chi- square for independent datand B) or analysis of Fisher PLSD ({:< 0.05
versus untreatedp < 0.05 versus sham.
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At PND 15, males exposed to olfactory deprivatitihh showed a lower rate of
return to the nest compared to sham males oy (1.25,p = 0.264 versus untreated;
X2 = 5.56,p = 0.018 versus sham), whereas there was no ngméicant difference in
females X2 = 0.50,p = 0.481 versus untreategf = 0.31,p = 0.580 versus sham). The
time spent on the nest side remained inferior factbry deprived females compared to
untreated § = 0.010) and SH femalep € 0.0004) and in olfactory deprived males
compared to sham males only £ 0.159 versus untreated;= 0.003 versus sham).
Nevertheless, that did not result any more in §icgnit differences on the time spent in
the clean sawdust sidE [2, 66) = 2.32p = 0.051] and in the center arif (2, 66) =
2.11; p = 0.073]. At last, for all the studied parametdhere never was significant

difference between untreated and sham pups (0.@99 8&.999).
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Figure 4. Distribution of the time spent in each arm of thenaze in a two-choice situation,
"nest sawdust vs. clean sawdust”, at 9 and 15 dfagge in untreated group (UT), sham group
(SH) and animals with olfactory deprivation at 8sl4OD). Values are means.= 15 rats per
sex and per group. PND, postnatal days. Analystar@-way ANOVA, treatment effect: PND
9: F = 9.58 at two degrees of freedomg 0.0001 for nest sawdugt;= 3.27 at two degrees of
freedom,p = 0.011 for center arnE = 4.02 at two degrees of freedom= 0.003 for clean
sawdust. PND 15F = 4.48 at two degrees of freedoms 0.001 for nest sawdust. Analysis of
Fisher PLSD?p < 0.05 versus untreateiy < 0.05 versus sham.

3.4. Growth parameters

As shown in table 1, there was no significant dédfeces in body weight at PND 9
between the experimental groups(R, 71) = 0.64p = 0.532]. In contrast, a significant
difference was detected at PND 15 [(2, 71) = 2165 0.0001]. Pups exposed to
olfactory deprivation had a lower body weight inttbbdemales § = 0.0004versus
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untreatedp = 0.002versussham) and male$ (< 0.0001versusuntreated and sham).
Compared to untreated group, the reduction was 20 fémales and 24 % in males.
The experimental treatments also affected the pahdgin over the period PND 9 -
PND 15 F (2, 71) = 23.29p < 0.0001], which was reduced under olfactory degibn

in both femalesy < 0.0001versusuntreatedp = 0.0004versussham) and malep =
0.0001versusuntreatedp = 0.0002versussham). Compared to the untreated group, the
reduction was 52 % in females and 61 % in malesid@s, there was no significant

difference between untreated and sham aninmaks (.597 in femalesp = 0.921 in

males).
Weight (g) Length (mm)
PND 9 PND 15 gain PND 9 PND 15 gain
uT 16.7+£ 0.6 298+15 13115 722+06 858+1.3 136+14
SH 169+ 0.5 291+15 122%+16 70.0+0.9 84.1+09 14.1+15

Females

oD 17.7+05 240+09"" 63+1.1"° 69.0+06" 778+12"" 88+13""
uT 186+ 0.6 30.3+1.0 11.8+0.7 713+ 06 858+0.5 145+0.9

SH 184+04 300+0.8 116+0.8 71.5+0.8 86.2+0.6 148+08

Males

oD 185+04 231+12"° 46+1.1"° 683+1.1"° 77.3+1.0"" 91+17*°

Table 1. Body weight (g) and body length (mm) at 9 and &ysdof age in untreated group (UT),
sham group (SH) and animals exposed to olfactopyidation at 8 days (OD). The ponderal and
longitudinal gains of each individuah & 15 rats per sex and per group) were calculated the
period PND 9 - PND 15. Values are means + SE. Ppiiktnatal day. Analysis of two-way
ANOVA, treatment effect: body weight at PND 15 gmohderal gainf = 8.80 at two degrees of
freedom,p < 0.0001; body length at PND B:= 3.25 at two degrees of freedom= 0.011; body
length at PND 15F = 19.12 at two degrees of freedogps 0.0001; longitudinal gairf = 4.48 at
two degrees of freedorp,= 0.001. Analysis of Fisher PLSPp < 0.05 versus untreately < 0.05
versus sham.

Table 1 shows also that the experimental groupsbégd different body lengths
at both PND 9F (2, 71) = 7.10p = 0.002] and PND 15 (2, 71) = 46.55p < 0.0001].
Females exposed to olfactory deprivation presemeed a lower body length at PND
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9 compared to untreated females orgy=( 0.012versusuntreated;p = 0.375versus
sham). In males, the nine-day old olfactory demie@imals showed a reduced body
length compared to untreated and sham aninpeds(.017versusuntreatedp = 0.007
versussham). These differences tended to be accentaatB$D 15 in both females
and males{ < 0.0001versusuntreated and sham in all cases). At this ageptuy
length was reduced by 9 % in females and by 10 Y%hates compared to untreated
animals. The experimental treatments affected thlsdongitudinal gain over the period
PND 9 - PND 15F (2, 71) = 10.94p < 0.0001]. Indeed the longitudinal gain was
reduced under olfactory deprivation in both femgles= 0.021versusuntreatedp =
0.005versussham) and malegp (= 0.009versusuntreated,p = 0.003versussham).
Compared to the untreated group, the reduction3b&% in females and 37 % in males.
There was no significant difference between unéea@nd sham animalp € 0.808 in

femalesp = 0.897 in males).
3.5. Gastric content

As shown in figure 5, the specific weight of gasttontent was affected by the
experimental treatments at PND B (2, 42) = 16.17p < 0.0001] and PND 154 (2,
42) = 6.86;p = 0.003]. At PND9, animals exposed to olfactorprieation exhibited a
decrease of gastric content weight in both femgbes 0.0005versusuntreated;p =

0.004versussham) and malep & 0.0001versusuntreatedp = 0.0002versussham).
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Figure 5. Specific weight of gastric content at 9 and 15sdafage in untreated group, sham group and
animals with olfactory deprivation at 8 days. Vawee means = Skb.= 8 rats per sex, per age and per
group. Analysis of two-way ANOVA, treatment effeBtND 9:F = 7.30 at two degrees of freedops
0.0001; PND 15F = 3.18 at two degrees of freedomz= 0.016. Analysis of Fisher PLSBp < 0.05
versus untreatedp < 0.05 versus sham

Compared to untreated animals, the reduction wa%58 females (10.8 + 2.2
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mg/g versus 26.0 £ 2.7 mg/g) and 64 % in males9(#03.1 mg/g versus 29.9 + 3.3
mg/g). At PND 15, this difference tended to be regd. Indeed specific weight of
gastric content was significantly higher at PND ib5males exposed to olfactory
deprivation (+ 31% ang = 0.026versusuntreated; +0.008ersussham), although no
significant difference was detected in females (0.074versus38% andp = untreated;

p = 0.061versussham). Finally, whatever the age and the sex dersil, there was no

significant difference between untreated and shaimas (0.226 $ < 0.930).

3.6. Corticosterone assay

As shown in figure 6, plasma corticosterone leweése significantly different
between the experimental groups at PNIF 94, 42) = 21.40p < 0.0001] and PND 15
[F (2, 42) = 23.60p < 0.0001]. 24 hr after the treatment, olfactorprieation was
associated with an augmentation of corticosterameentration in both sexes (females:

p = 0.0003versusuntreated and sham; malgs= 0.0001versusuntreatedp = 0.0004

versussham).
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Figure 6. Plasma corticosterone levels at 9 and 15 daysgefia untreated group, sham group and
animals with olfactory deprivation at 8 days. Vau®e means = Sk.= 8 rats per sex, per age and per
group. Analysis of two-way ANOVA, treatment effeBtND 9:F = 8.63 at two degrees of freedops
0.0001; PND 15F = 10.30 at two degrees of freedopns 0.0001. Analysis of Fisher PLSEp < 0.05
versus untreatedp < 0.05 versus sham.

At PND 15, plasma corticosterone level remainedifigantly higher in olfactory
deprived females (149.5 £+ 20.8 ng/ml) comparedrtvaated (44.2 £ 8.1 ng/mp <
0.0001) and sham females (32.3 £ 2.9 ngfmt, 0.0001). Plasma corticosterone levels

were significantly increased also in olfactory degd males (109.0 + 24.6 ng/ml)
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compared to untreated males (51.0 = 8.7 ngpm,0.01) and sham males (39.5 + 6.3
ng/ml, p = 0.003). The values of plasma corticosterone weEmaparable between
untreated and sham animals in both sexes at thage® (PND9p = 0.989 in females,
p=0.742 in males; PND1f = 0.683 in femaleg = 0.617 in males).

3.7. Thyroid hormone assays

Figure 7A shows that plasma thyroxin levels wegnisicantly different between
the experimental groups at PND® (2, 42) = 36.36p < 0.0001] and PND 15 (2, 42)
= 13.94;p < 0.0001] and between the sexes at PND9 dnali[ 42) = 6.21p = 0.017].

At PND 9, 24h after the treatment, thyroxin concatmbn was significantly reduced in
sham females compared to untreated femgbes (0.01). The same tendency was
observed in sham males although the difference aoedpto untreated males was not
significant = 0.06).

Moreover, females exposed to olfactory deprivatiexhibited a significant
decrease of thyroxin levels compared to untreateldsham females, but also compared
to their male counterpartp € 0.0001 in all cases). In nine-day old olfactdgprived
males, a significant decrease of thyroxin concéiotmawas detected compared to
untreated males onlyp (= 0.009versusuntreatedp = 0.43versussham). At PND 15,
there was no more significant difference betweeneated and sham animafs=£ 0.07
in females;p = 0.34 in males). In contrast, animals exposedlfactory deprivation
showed a significant decrease of plasma thyroxiellén both femalesp(= 0.0002
versus untreatedy = 0.03 versus sham) and malgs= 0.008versusuntreated;p =
0.0005versussham).

As shown in figure 7B, plasma triiodothyronin levelere significantly different
between the experimental groups at PN 94, 42) = 24.26p < 0.0001] and PND 15
[F (2, 42) = 5.62;p = 0.007]. Contrary to what was observed for thympxhe
triiodothyronin concentration was significantly reased at PND 9 in sham animals
compared to untreated animaps< 0.007 in femalesy = 0.001 in males). At this age,
individuals exposed to olfactory deprivation extedi a significant diminution of
triiodothyronin level compared to sham animals=(0.0003 in femaleg) < 0.0001 in
males), whereas there was no significant differeaaapared to untreated animabs<
0.26 in femalesp = 0.06 in males). At PND 15, the triiodothyroninncentration

remained lower in females exposed to olfactory iefion compared to sham females
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only (p = 0.19 versus untreated= 0.003 versus sham). There was no more signtfican

difference between the males (0.14 < 0.70).

A. Thyroxin
Females Males
. a , a
20 b 20 - b
' x 191 T
— 16 1 - 16
E 14 E 14
- 02 'g . O untreated
2 a a > a
€ 10 b £ 104 @ sham
» T x
g 8 c g 81 m olfactory deprived
£ ° £ 6
4 4
2 2
D' L 0 -r Ll
" 15 9 15
postnatal days postnatal days

..............................................................................................

B. Triiodothyronin

Females Males

=]

a b 0O untreated
O sham

W olfactory deprived

trilodothyronin (pg/ml)
N a

triiodothyronin (pg/ml)
'

(=]
PR
(=]

o 15 9 15
postnatal days postnatal days

Figure 7. Plasma thyroxin (A) and triiodothyronin (B) leveds9 and 15 days of age in untreated group,
sham group and animals with olfactory deprivatio® aays. Values are means + $E&= 8 rats per sex,
per age and per group. Analysis of two-way ANOVieatment effect: PND & = 20.27 at two degrees
of freedom,p < 0.0001; PND 15F = 6.53 at two degrees of freedomz= 0.0002. Analysis of Fisher
PLSD:%x< 0.05 versus untreate'th < 0.05 versus sham.

4 - Discussion

Our results revealed that the mothers of olfactdeprived pups exhibited a
decreased duration of pup-retrieval and an incoealkgation of pup-licking. Since
early olfactory deprivation was associated withramrease of circulating corticosterone
at both PND 9 and PND 15, we hypothesized thatntbéhers of olfactory deprived
pups probably perceived the distress of their yoagcoustic and/or chemical signals.

Indeed it is well known that in distress situatiomsdents emit vocalizations and
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chemical signals which can be selectively recoghibg recipients (Hofer & Shair,
1992; Ma et al., 1998). A higher level of vocalieatin olfactory deprived animals
could accelerate the retrieval behaviour and tkedsice the duration of pup-retrieval as
observed in the olfactory deprived pups. Our ressitowed that the duration of pup-
licking was greater in the olfactory deprived pw@osl this could also be related to the
calls coming from the offspring. Indeed the isaaticalls contribute to an increase in
anogenital licking by the mother following retrié{Brouette-Lahlou et al., 1992). The
majority of total licking time is spent licking thmup's anogenital region, behaviour that
stimulates reflexive defecation and urination (Mgar982). In addition to the influence
of acoustic signals, anogenital licking is als@sgly related to a pheromone present in
the urine of the offspring (Brouette-Lahlou et 4999). We can thus suppose that the
mothers of olfactory deprived pups could percetve distress of their young via for
example adrenal- mediated urinary metabolites,@mm$equently increased the licking
duration (Pruett et al., 2008). Nevertheless, Rrrtinvestigations are necessary to
clarify the nature of the sensory signals with viahilske mother perceived the distress of
her young. Dehydration would be one signal to itigase as this would procedure a
decrease in urine production thus encouraging thiens to lick more frequently to try
and stimulate urination.

Our results also revealed that suckling behavioas vaffected by olfactory
deprivation. At PND 9, the olfactory deprived pugpdibited indeed a greater latency to
nurse, a lower mean duration of nursing and a dseren nipple attachment rate. These
modifications resulted in a diminution of the ingeb milk quantity and growth
retardation. Food intake was however restored, exegrsed, with the reopening of the
nostrils. Olfactory deprived animals presented thenincreased of total duration of
nursing and a higher quantity of ingested milkisltwell documented that olfaction
plays a central part in the expression of sucktiagaviour and notably in the young rat,
in which the orientation to the nipples is pheroeralependent (Blass & Teicher,
1980). On the other hand, it was shown that estaient of the nursing posture and
milk ejections were dependent on the combined sugldtimuli of several pups (Stern
& Johnson, 1990). Since the mothers of olfactonyrided pups were present at the nest
and correctly cared for their pups, we conclude tha decreased food intake was
related to the olfactory deprivation and to theoaiged difficulties to find the nipples.
One clear possibility to further test this hypotikesould be to compare food intake in

litters that exclusively comprise olfactory depdvepups with mixed litters
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simultaneously comprising untreated, sham and tlfgcdeprived pups. Besides,
duration of nursing and olfactory deprivation inwed competition between the
respiratory and alimentary processes (Kalogjeral.et1991). Respiratory disturbance
could thus represent a factor worsening the impéablfactory deprivation on food
intake. The assumption that the decrease of fomttenwas, at least partially, related to
difficulties to find the nipples is also supportbg the results concerning olfactory
abilities. Once nasal breathing was restored puesevable to suckle for longer to
“catch up” the lost growth.

Our results showed indeed that bilateral narisustch had a functional impact
on olfactory ability that disturbed orientationtte nest 24 hr after treatment. The nine-
day old olfactory deprived animals exhibited a lowate of return to the nest and
randomly distributed their time in the three arnfsttee maze. Olfactory deprived
animals performed also less choice and presentetesated latency of the first choice
suggesting a perturbation of exploratory behaviolinese impairments could be
explained by both a lack of olfaction and, as shawrour previous investigation
(Gelhaye et al., 2006b), by an increased leveliedy. Olfactory deprivation and
exacerbated anxiety could indeed act together guoeatory behaviour. Besides, the
differences observed for the number of choicesthadatency of the first choice were
totally disappeared at PND 15, whereas the reta to the nest and the time spent in
the nest side remained significantly different. Jdhelata suggest a fast recovery to a
basal level of exploratory behaviour and a slowanctional recovery of olfactory
ability despite nostrils reopening. This could beplained by the fact that with the
appearance of hearing and vision (approximateBND 10 and PND 14, respectively),
the relative role of olfaction in the expression edploratory behaviour decreases
gradually. On the other hand, naris occlusion pceduan atrophy of the olfactory
system's components demonstrated for both thetotiabulb and the olfactory mucosa
(Brunjes, 1994 ; Stahl et al., 1990). In particuiawas shown that after the induction of
a naris occlusion, the return to normal breathmduced a restoration of the olfactory
mucosa depth within a few days (Mirich & Brunje$€02). This recovery time could
explain the delay in the functional recovery of dtiactory ability.

In order to know the impact of nutritional distunga on the thyroid axis, T3 and
T4 levels were assayed. Nutritional depletion igleed known to impair the
maintenance of hormonal homeostasis during thenptatperiod (Oberkotter, 1988 ;

Schmidt et al., 2002). First, nine-day old shamvigials presented an increase in T3
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levels to the detriment of T4. Hence, we concludd the maternal separation linked to
the procedure, the anaesthesia by hypothermiatentiurn administered on sham rats
impaired thyroid function. This effect was howevane-limited since no difference
was detected at PND 15. The opposite impact onnti3Téd concentrations suggested a
modification in the peripheral metabolism of therthd hormones. T3 is the most
active thyroid hormone from a metabolic point okwi (Kdhrle, 1996). It can be
synthesized by the thyroid gland but is generataghiy in the peripheral tissues by
conversion from T4 (Kelly, 2000). Different factoewe known to exacerbate the
peripheral conversion of T4 among which is cold asyye. This involves indeed an
activation of the sympathetic nervous system whithrough an increase in
catecholamine secretion, accelerates the intrdaelkconversion from T4 (Silva &
Larsen, 1983 ; Diano et al., 1998). The procedemmmpanying olfactory deprivation
could so increase peripheral conversion of T4. Bécwlfactory deprived animals
exhibited a reduction of T4 levels at both PND @ &ND 15. T3 concentrations were
only different compared to sham animals suggestingadditional mechanism with
modification of peripheral metabolism. It was shothiat nutritional deprivation had a
suppressive impact on T4 and T3 concentrationsn@&t al., 1998 ; Kasdallah et al.,
2005). However, our results failed to show a sigaiit reduction in T3 levels in
animals exposed to olfactory deprivation. This dooé explained by a masking effect
of the procedure accompanying olfactory deprivatiOifactory deprivation itself and
the associated procedure would thus have synergiécts on T4 levels and antagonist
effects on T3 levels. Lastly, the present invesitgashowed that the decrease in T4
concentrations was more pronounced in females exputs olfactory deprivation. In
basal or stressful conditions, levels of T4 areegelty higher in adult males due to the
presence of testosterone (Christianson et al., 18&ibal et al., 2000 ; Waner & Nyska
1988). It would be thus interesting to perform axogenous administration of
testosterone in order to clarify the mechanismsetgiohg the lower level of T4
observed in females exposed to early olfactoryidafon.

In conclusion, early olfactory deprivation distudbmother-pup interactions and
decreased offspring's food intake. These behai@n@nges were associated with an
Increase in corticosterone levels and a decrea3d ¢évels, which were more marked
in females. This study suggested that the effe€tganly olfactory deprivation on
peripheral physiological systems could be partikeéid to a disturbance of mother-pup

interactions and notably of food intake. The impant of food intake via hormonal
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modifications could thus explain the structural radpes of orofacial muscles and the
reduction of the lymphocyte proliferation observaader olfactory deprivation. Our
previous study showed furthermore that the behaalpendocrine and immunologic
impacts of olfactory deprivation were more markedeimales than in males at PND 21.
Except for T4 levels, these sex-dependant changeless obvious in the present study
and could thus appear rather during the recovane tafter spontaneous nostril

reopening.
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Article 2

Effects of short term forced oral breathing in rat pups on weight gain,

hydration and stress

G. S. PadzysS. N. Thornton, J. M. Martrette, M. Trabalon
Physiology & Behavior2011, 102-2, 175-180

1 - Introduction

Nasal obstruction is considered a risk factor ieeptdiscordered breathing
(Rombauxet al., 2005 ; Armengoget al., 2008; Craiget al., 2008) which has a very
negative impact on quality of life in children aradlults with increased daytime
sleepiness (Udaket al., 2006 this symptom resembles that of obstructieeslapnea
(OSA) caused by episodes of upper airway obstmdgading to episodic hypercapnic
hypoxia which alters upper airway muscle structurd fibre type expression (McGuire
et al., 2002). The most common clinical manifestation®&A are nocturnal snoring,
respiratory pauses, restless sleep and mouth brga(Balbaniet al., 2005). This
disturbed breathing is known to produce lethargygnitive impairment and sleep
impairment, especially in children (Dempsstyal., 2010 ; Jefferson, 2010).

Chronic nasal obstruction is a non-specific cooditiobserved in many
pathophysiological conditions e.g. allergic rhigjtrhinosinusitis, adenoid hypertrophy
and nasal polyps. Impaired nasal breathing resultsbligatory oral breathing, which
can be divided into two components: chronic abserfcactive nasal respiration that
results in an olfactory deprivation (Meisami, 197&)d chronic mouth opening
(Schlenkeret al, 2000). Furthermore, in contrast to oral breathingsal breathing
allows the optimal conditioning of inhaled air, atang, moistening and warming the air
before the gas exchange in the lungs (Betlejevi®d3 ; Kecket al, 2001).

Obligatory mouth breathing has been observed inamutvabies and has been
associated with a number of conditions that coaldehboth short and long term effects
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on the physiology and thus behaviour of these isfater on in adolescence. Decreases
in oxygen saturation and respiratory frequencyhwahn increase in arousal were
observed with nasal occlusion in preterm infants Atmeidaet al, 1994). If untreated
oral breathing in children can induce long narr@eefs, narrow mouths, high palatal
vaults, dental malocclusion, gummy smiles and odfiexcts like skeletal facial profiles.
These children do not sleep well at night and thck of sleep can adversely affect
growth and academic performance (Subtelny, 19&€erden, 2010).

Oral breathing has been associated with increastdwater loss in healthy
subjects (Svenssast al., 2006). This would be expected given that oral thieg does
not allow conditioning of the inhaled air or dentarssing of the exhaled air. However,
in the case of suckling rat pups dehydration cdxélcconsequence of decreased feeding
due to a difficulty imposed by oral breathing anatlding at the same time (Harding,
1986). This could depend also on the position efgps in the hierarchy on the nipple,
males before females and stronger pups before wealks (Blass & Teicher, 1980).

To our knowledge no work has been published onifgednd hydrational
changes during total closure of the nostrils inng@animals before any normal ageing
processes could intervene. Thus, our hypothesistiasearly total nasal obstruction
(from postnatal day 9 to day 11) would be assodiaté#éh a switch to forced oral
breathing thus having a negative impact on feedugkling leading to decreases in
body weight gain, stomach content and in overatlybbydration. Furthermore, we
wanted to investigate if these changes were mamdaafter spontaneous opening of the

nostril as well as over the long term, i.e. updalthood (postnatal day 90).

2 - Materials and methods

2.1. Animal care

Male and female Wistar rats (origin IFFA- CREDO) reveused in these
experiments. These pups were born in the labordtorp twenty litters, culled to 7
pups per litter to ensure normal body growth. Thenals were housed in standard
cages under controlled temperature conditions (22°@). Food (pellet of 12 mm,

Harlan Interfauna Iberica SA) and water were awdlaad libitum throughout the
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experiment. From birth, the rats were kept on a&msed 12:12 light-dark cycle (dark
period 08:00-20:00h).

2.2. Nasal obstruction procedure

All experiments conformed to the Guide for the Carel Use of Laboratory
Animals published by the National Institutes of Hegno. 85-23, revised 1996), the
recommendations of the European Community Coumxiltie Ethical Treatment of
Animals (no. 86/609/EEC) and the regulations of Wméversity of Nancy 1. All efforts
were made to minimize animal suffering.

At 8 days of age (D8), the litters were first ahesized by hypothermia (10 min
at -18-C). Animals were weighed and they were then semdamly divided into one
control group and one experimental group (oral tieg). Bilateral nasal obstruction
resulting in forced oral breathing was performeexperimental animals (at least 7 per
age and per sex) as described previously by Geldiage (2006a, 2006b). The selected
method consisted in cauterizing the external nestwhich is the most common and
simple procedure allowing reversible nasal obsipactin neonates. The tissue
surrounding the external nostrils was burned bycipta a surgical cauterizing
instrument (1 mm in diameter) on the nostrils, emuently occluding the orifice of the
nostrils without mechanical or chemical damage e wblfactory mucosa. This
procedure induced complete nasal obstruction betvidand D11 with 100 % of the
nostrils reopened at D15. The experiments were wted during complete nasal
obstruction (D9 and D11), during reopening of ndBdl3), one day (D15) and 90 days
(D90) after post-reopening of the nostrils. As sh@ghematically in Figure 1.

Biologicals samples Biologicals samples
DO D8 [T)9 DTll D15 DT90
t ppe———p— $
l l | Oral Spontangou‘? l
breathing? progressive
Born Treatement reopening; oy, Adult

) reopening
(Control / Oral breathing)

Figure 1. Time line of experimental protocol.
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In the control group (at least 7 per age and pe), $ke nostrils were not sealed
but the cauterizing instrument was placed about 2 above each nostril. After
cauterization, the nostrils were washed with clefoaicycline (Aureomycine Evans 3%)
to prevent infection. The pups were warmed (37°@)30 mn and returned to their

mothers.
2.3. Sample collection

In their home cages mothers and pups were videdtapdd9 and D11 during the
dark phase between 09.00 hr and 12.00 hr. Durafigup-licking, ie when the mother

licked the body and/or the anogenital region offibps, was analysed.
2.4. Sample collection

Seven male rats per group (control and oral bregjhper age and per sex (D9,
D11, D13, D15 and D90), were randomly removed, idliately sacrificed, weighed
and intracardiac blood samplings (500 — 1000 pheviaken between 11h and 12 h for
hormonal measurements. Blood was collected withih rin into sterile heparinised
syringes fitted with a 26-G needle. Plasma was ithately separated from cells by
centrifugation at 4°C (15 min at 3000 rpm) then éx&racts were aliquoted and stored
at -18°C until the time of the assay.

Concentration of blood glucose was determined uswoigrimetric method after
enzymatic oxidation in the presence of glucose asad(Glucose-test, Randox, UK).
The hydrogen peroxide formed reacts, under catabfsperoxidase, with phenol and 4-
aminophenazone to form a red-violet quinoneimine ay indicator.

Osmolality was determined using a Roebling Autom&smometer with 100 pl
of plasma. After blood sampling, the pocket of milkthe stomach was removed and

weighed to evaluate the gastric contents.
2.5. Hormone assays

Vasopressin concentrations were measured without an extracpootedure,
using a commercially available EIA kit and accoglio the manufacturer's guidelines
(Assay Designs Inc., USA). The concentration ofopagssin in plasma samples was
calculated from a standard curve and expressedyfsl.pThe intra- and inter-assay

coefficients of variation were, 10.2 % and 10.6 %.

59



Corticosterone concentrations were measured without an extragtimcedure,
using a commercially available EIA kit and perfodreccording to the manufacturer's
guidelines (Assay Designs Inc., USA). The conceiatnaof corticosterone in plasma
samples was calculated from a standard curve apessed as ng/ml. The intra- and

inter-assay coefficients of variation were unddr®.and 13.1 %,
2.6. Statistical analysis

The results were expressed as group means + SEBupGdifferences were
determined using analysis of variance (ANOVA). Arsid of Specific mean
comparisons were then made using PLSD Fischer Deerences were considered
significant at P < 0.05.

3 - Results

3.1. Body weight

Before the treatment, at 8 days of age, the weightontrol and oral breathing
pups were not significantly different{lpe = 4.50, P < 0.22): males (17.8 + 0.5 g and
17.9 £ 0.3 g) and females (17.6 £ 0.2 g and 17024g).

Figure 2 shows that in males there was a signifidéference (F49= 4.17, P <
0.002) in body weight at D9 and D11 between con&madl oral breathing rats. No
treatment differences were observed during theamiog of nostrils from D13 and after
full opening by D15.

In females no difference was observed 24h afteattrent. There was a
significant decrease for body weight at D11 and e oral breathing group {ky =
5.50, P < 0.001).

No differences were observed at D15 between coatrdloral breathing rats. The
weights were similar at adulthood (394 — 408 gnfiales and 239 — 244 g for females).
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Figure 2. Effects of chronic oral breathing on body weigh, @t age 9, 11, 13,
and 15 days in controls and animals exposed tol mésdruction. Values are
means = S.E.M. (n = 7 / group / age). ANOVA summarysignificantly
different from control group at P < 0.001; NS: igngicantly different.

3.2. Gastric content

Gastric contents were removed and weighed and takesn indication of food
intake (Fig. 3). A significant reduction of gastdontent weight was observed at D9 and
D11 in rat pups in the oral breathing group comgadecethe control group ¢Rg= 5.93
and 4.94, P < 0.0001). No treatment differenceswéserved between the two groups
around the time of the reopening of the nostril$3@nd D 15).

These results were obscured somewhat by the fattaththe measurement time
point some of the rat pups of all groups and sekas,most particularly of the oral
breathing group, did not have any gastric contedt therefore, their stomach contents
were not weighed. Of the 10 rats in the forced brahthing group on both days 9 and
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11, 4 of the males did not contain any contentiarithe females 6 were empty. In the

controls for both days and both sexes 2 were empty.
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Figure 3. Effects of chronic oral breathing on content gastri
(mg/g), at age 9, 11, 13, and 15 days in controld animals
exposed to nasal obstruction. Values are mean&MS(n =7/
group / age). ANOVA summary: * significantly diffent from
control group at P < 0.01; ** significantly diffameat P < 0.001;
NS: no significantly different.
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3.3. Glycemia

To determine if the oral breathing were associaté@td changed the glycemia,
plasma glucose levels were obtained. No differerweese observed in male plasma
glucose levels between control and oral breathatgy 445 + 7 mg/dks 140 £ 7 mg/dl.

In females twenty-four hours after the treatmergah@bstruction was associated
with a reduction of glycemia which was maintainedillD11: 112 + 3 mg/dis135 £+ 3
mg/dl (F 49=4.74, P < 0.02).

No differences were observed after the reopeningostrils between control and
oral breathing rats at D15 and then at D90: (13389 mg/dl for males and 131 — 147

mg/dl for females).
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Figure 4. Impact of early nasal obstruction on glycemie lewal9, 11, 13, and 15
days old in control and oral breathing animal. \éslare means + S.EM (n =7
rats/group/age). ANOVA summary: *significantly difent from control group at
P < 0.05; NS: no significantly different.
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3.4. Osmolality, and vasopressin

To determine if chronic oral breathing was assedatith dehydration, plasma
osmolality and vasopressin concentrations was atedu

Figure 5 shows that in both male and female ratspaip increase in plasma
osmolality was observed during the nasal obstraqteriod: 300 — 321 mosmol/kg@l
compared with the controls (278 mosmol/kg: F 49 = 23.86 and 51.14, P < 0.0001).

Upon reopening of the nostrils after D13 plasmaaaiity returned to control values:
280 mosmol/kg BEO.
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Figure 5. Impact of early na(sar ())bstruction on plasma osntgléevels at 9,
11, 13, and 15 days old in control and oral bregtlainimal. Values are means
+ S.E.M (n = 7 rats/group/age). ANOVA summary: gsficantly different
from control group at P < 0.005; ** significantlyfi@rent at P < 0.0001; NS:
no significantly different.
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Figure 6 shows the concentration of plasma vasepreSimilar to the changes
seen in plasma osmolality, the concentration obpesssin in both male and female rat
pups increased significantly {lx = 10.80, P < 0.0001) during the period of nasal
obstruction: from 20 pg/ml until 60 pg/ml in femaland from 19 pg/ml until 36 pg/ml
in males.

No differences were observed between the contrdlthe oral breathing groups
in either male of female rat pups after reopenihthe nostrils, even into adulthood: 22
pg/ml.
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Figure 6. Impact of early nasal obstruction on plasma vaessgine level at 9, 11,
13, and 15 days old in control and oral breathingnal. Values are means *
S.E.M (n = 7 rats/group/age). ANOVA summary: * sfgmantly different from
control group at P < 0.01; ** significantly diffareat P < 0.001, *** significantly
different at P < 0.0001, NS: no significantly diffet.

3.5. Licking rates

The only observations we obtained for this wereday 9 and 11 where licking
was found to be greatly enhanced in mothers witalhaobstructed pups. Preliminary

results: day 9, control mothers spent 281 + 22psequp versus 469 + 54 sec per pup
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for the mothers with obstructed nose pups;{E 4.89, P < 0.03); day 11, 261 + 28 sec
for the controls and 554 + 55 sec for the mothéitdacked nose pups (.= 4.75, P <
0.04).

3.6. Corticosterone levels

Short term oral breathing produced a significantease (F49= 16.44 and 71.70,
P < 0.0001) in plasma corticosterone levels contparigh controls in both male and
female pups (Figure 7). These increases persistemighout the period of nasal
obstruction and decreased very slowly once nasadthing restarted. There were no
significant differences in corticosterone leveldwsen control and obstructed males
once into adulthood, but they were significant tireent differences in adult females:
14.13 £ 4.0vs42.77 + 6.02 ng/ml, respectively,(F =5.43, P < 0.006).
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Figure 7. Impact of early nasal obstruction on plasma costieroid level at 9, 11,
13, and 15 days old in control and oral breathinignal. Values are means + S.E.M
(n = 7 rats/group/age). ANOVA summary: * signifitindifferent from control
group at P < 0.01; ** significantly different at<?0.0001.
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4 - Discussion

We have shown for the first time that a few day$oofed oral breathing during
reversible nasal obstruction induced body weiglss lassociated with dehydration
(increased plasma osmolality) and increased relehsmsopressin. As soon as nasal
breathing resumed (around days 14 and 15) all pateamreturned to control levels.
Associated with these changes in hydration in nespdo nasal obstruction was an
intense stress response in both male and femalpugs. The corticosteroid levels
remained elevated on dayl5 when the signals ofafigadr had returned to normal. In
adult males there were no significant differenaesarticoid levels whereas in adult
females the differences continued.

As already mentioned, there is an increased netrwass by oral compared to
nasal respiration in healthy subject (Svenssbal, 2006). In the present study, both
male and female rat pups with nasal obstructiondmadll significant decrease in their
gastric content during the days of oral breathingooth male and female rat pups with
nasal obstruction there was a significant increaggasma osmolality and vasopressin
release indicative of dehydration @i al, 2005; Parrotiet al, 1988). A significant
increase in fluid loss appears to have been seffido cause a decrease in body weight.
In both male and female oral breathing rat pups giteatest increase in osmolality was
recorded on the'3day after nasal obstruction. This is a very importpoint as body
fluid regulation is very well controlled under naahtonditions (Thornton, 2010). In the
conditions of this experiment, the rats could manpensate for this dehydration. In rat
pups before weaning feeding sessions would hava Heeided by the mother. The
main recourse for the pups would have been to eeduae loss, which is what would
have happened with the increased vasopressin ldvetseased urine production could
have stimulated the mother to increase licking haf &xcretory organs to encourage
urination. Fluid retention, by the anti-diuretidiaa of vasopressin, would have enabled
the rat pups to regain body weight lost during3he 4 days of nasal block once nasal
breathing resumed between th&'Ead 18' day measurements.

It would have been logical to have expected mangtgstomachs during the first
day after nasal obstruction as it would have betitult for the rats to breathe and to
eat/drink at the same time. Furthermore, the stbn@mntents were removed at a
constant time in all the experiments and even énctintrols we found some that did not

contain any food. This could suggest that pupsndidnecessarily eat/drink at the same
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time. However, there were more empty stomachsemtisal obstruction groups, both
male and female, than in control groups suggeshagoral breathers may have more
difficulty feeding than the controls. This could péain the small, but significant,
decrease in plasma glycemia on the first day dflmesathing in the females.

The first day of nasal obstruction appears to bggaificant stress that stimulated
a large release of corticosterone, especially e dhal breathing male pups. This is
interesting in that the males had a smaller vasspraesponse than the females. It is
known that vasopressin and corticotrophin-releasimmgmone (CRH) both play a
synergistic role in stimulating the release of adieorticotropic hormone (ACTH) from
the adenohypophysis (Walker, 1997) so it could dssible that in the pups vasopressin
could have been used preferentially for enhandimegGRH effect during the first days
of nasal obstruction-induced oral breathing. A amstress effect has been observed
previously by Gelhayeet al. (2006a) looking at facial muscle changes with oral
breathing at weaning. This “stress’response coalklbeen in response to the initial
operation to block the nasal passage and/or theddation induced by the 2 to 3 days
period of oral breathing. Water deprivation is &ust stress in rats (Ulrich-Lai &
Engeland, 2002). The results of this work sugdest &any event that produces short, or
even long, term nasal obstruction, and thus forara breathing, entails aspects of
whole body dehydration. Under normal circumstara@sals are able to compensate
for this dehydration by increasing water consumpbat we have not been able to find
any data on this. It would be very interestingrteeistigate this point further.

In adult humans one of the hallmarks of OSA is ipldt cycles of
hypoxia/reoxygenation that appear to promote oridattree and inflammation (Lavie
et al., 2008) which could lead to cardiovascular diseas&lothelial and metabolic
dysfunction, and obesity (Fostet al.,2009 ; Jun & Polotsky, 2009 ; Pack & Gislason,
2009 ; Jelicet al., 2010). Our model of temporary nasal obstructionld¢ddbe an
appropriate model for looking at potential changesormones and other physiological
parameters of obstructive sleep-disordered bregthtarthermore, obstruction of the
upper airway has been suggested to be an initiddotpr in Sudden Infant Death
Syndrome (Hardingt al, 1995) and dummy (pacifier) use to encourage Hasgailthing
has been suggested as a protective measure atiamgL’Hoir et al, 1999). These
observations, as well as our present results, stigdpt hydrational changes are
extremely important to measure in cases of nasatrattion and the breathing

problems that result therein. Humans do not appedre able to fully satisfy their
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hydration needs (Bellislet al.,2010 ; Thornton, 2010) and this hypohydrated steg
present further severe complications. Chronic dedty@h has been suggested to exist in
children with consequences on cognitive performaneereased water drinking in
school age children increases cognitive performafitmonds & Burforf, 2009 ;
Edmonds and Jeffes, 2009). If this is the nornmtalasion then the cognitive problems
encountered in children with sleep-disordered hbiagt (Rombauxet al., 2005 ;

Armengotet al.,2008 ; Craiget al.,2008) would be further exacerbated.

In conclusion, a short period of forced oral breaghfollowing reversible nasal
obstruction produces temporary dehydration (in@daesmolality and vasopressin
release) with decreased body weight gain. Bothvertto control levels once nasal
breathing begins. Oral breathing produces an olsvetress response which appears to
outlast the return to normal of the other physiaal parameters. The present
procedure may serve as a model of human conditroredving forced oral breathing

that produce several deleterious effects in childned adults.
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CHAPITRE Il

Incidences d’une obstruction nasale précoce
sur le développement physiologique

et morphologique.
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Nous venons de montrer que le passage a la reéspiatale est associé a une
perte hydrique importante chez les jeunes rats et que I'obstynatasale est associée a
la mise en place d’'une suppléance buccale afinalatemir la fonction ventilatoire. Le
schéma dysfonctionnel de la respiration orale crestune réaction d’adaptation en
chaine. La respiration orale entraine une augnientale l'activité des muscles
respiratoires accessoires (scalenes et pector@le)syndrome est maintenu par la
baisse de l'activité du diaphragme et de I'hypetales muscles abdominaux (Lirea
al., 2004). Les patients atteints du syndrome de ratspir orale, ont une plus grande
activité des muscles inspirateurs accessoires,uc@mraine une augmentation de la
consommation énergétique et une mauvaise ventilghamonaire (Ribeiroet al.,
2002). Les patients développent également une trgpbre des muscles inspirateurs

par manque de synergie avec les muscles abdom{hriaugka, 1997)

L’obstruction nasale est donc une situation mudtdaelle occasionnant de
nombreuses conditions capable de modifier le d@pelment des muscles respiratoires,
et plus particulierement une adaptation des musmiedaciaux qui représentent une

unité fondamentale de la respiration nasale aatimeme les flairages.

L'absence de flairage et I'ouverture chronique deébbuche constituent des
variations de conditions de travail susceptiblesramlifier de maniere spécifique
I'activité des muscles oro-faciaux. Ainsi, alorseqliobstruction nasale inhibe
I'activité  électromyographique du masséter chez Iehat, [Iactivité
électromyographique du diaphragme n’est pas afée¢@noet al, 1998). De la
méme facon, 'activité du musclebicularis oris impliqué dans la fermeture des
lévres, est inhibée lors du passage a la respirdticcale (Song & Pae, 2001). Ces
résultats suggérent que la respiration buccaldmhactivité électromyographique
des muscles responsables de la fermeture de laamach I'inverse, a travers
I’activation de meécanorécepteurs, le passage aefpimtion buccale stimule

I'activité électromyographique des muscles de lrarynx tels que les muscles
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supra-hyoidiens, facilitant ainsi la respirationy&maet al, 2003). La respiration
buccale entraine également une augmentation deivitdc du musclelevator
palatini, élévateur du voile du palais, et une diminutian lthctivité du muscle
palatoglosse qui isole la cavité buccale des v@ésennes supérieures en se
contractant (Tangedt al, 1995). Enfin, chez ’'Homme en exercice, le passada
respiration buccale inhibe I'activité du muscleaddteur des ailes du nez tandis
que l'activité du muscle genioglosse, dépresseufadiengue, n’est pas affectée
(Shiet al, 1998; Williamset al, 2000). L’absence de respiration nasale engendre
donc d'importantes modifications de I'activité &@exnyographiqgue des muscles
des voies aériennes supérieures, ces variatiossegi de maniére synergique de
facon a libérer une voie aérienne buccale permettamaintenir la pérennité de la

fonction ventilatoire.

1 — Structure et fonctions des muscles squelettigsie

Les muscles squelettiqgues présentent une gran@esitié de performances et
de spécialisations, liée principalement a la didérdes fibres qui les composent.
lIs renferment en effet plusieurs types de fibrasdifférent par leur structure, leur
meétabolisme, leur puissance et leur vitesse deraotdn. On distingue ainsi des
fibres acontraction lente (fibres de type I) et des fibresantraction rapide
(fibres de type Il - Bottinellet al, 1991). La fibre musculaire constitue I'unité de
base du muscle strié, elle exprime les protéingdiquées dans la contraction et
les enzymes indispensables au métabolisme éneugetigs protéines contractiles
présentent pour la plupart un polymorphisme. Pamties-ci, lamyosine protéine
majoritaire du muscle, existe sous plusieurs isofs et chaque isoforme contient
deux chaines protéiques de hauts poids moléculd@8 a 220 kDa) appelées
chaines lourdes de myosin@VIHC).

Chez les Mammiferes, les MHC sont divisées en lslasses principales.
Leurs expressions respectives varient en fonctiotyde de muscle et du stade de
développement considéré (Pette & Staron, 2000).duedre isoformes principales
de MHC discernables dans les muscles squelettiuest adulte correspondent a
trois detypes "rapides", MHC,, MHC,, et MHG,,, et a un de type "lent"
MHC, (Bar & Pette, 1988; Schiaffinet al, 1989). Les fibres a MH4 présentent
la vitesse de contraction la plus élevée, suivies fibres a MHG,, des fibres a
MHC,,, puis des fibres & MHC(Bottinelli et al, 1991). Bien que les mécanismes
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a l'origine de ces différences soient encore mahgas, ceux-ci impliquent sans
doute des variations dans le turnover de 'ATPst&dire dans le rapport entre la
production et la consommation d’ATP : l|dibres de type Il générent plus
rapidement I’ATP, grace a leur activité glycolyteet du fait d’'une cinétique
d’activation de I'’ATRse Supérieure a celle ddibres de type | (Sant’Ana Pereira
et al, 1996; Pollaet al, 2004). Par conséquent, les fibres de type Il salatptées
aux contractions rapides et puissantes mais mamgerenmevanche d’endurance.
Les fibres de type |, moins puissantes mais plutusantes, sont caractéristiques
des muscles posturaux et du diaphragme. Setckl., (1996) ont ainsi classé les
unités motrices en quatre types principaux :

- Fibre | MHC,) : contraction lente et résistante a la fatigue

- Fibre 1A (MHC »,) : contraction rapide et fatigabilité intermédair
- Fibre 11X (MHC ,y) : contraction rapide et peu résistante a la tatig
- Fibre IIB  (MHC ;) : contraction rapide et peu résistante a la tetig

Ainsi, la grande variabilité de la myosine représdiun des principaux facteurs
de polymorphisme des fibres musculaires (Pette &0t 2000). L'abondance relative
des différents types de fibres détermine les caratiues physiologiques des muscles,
c’est-a-dire détermine, si un muscle est plus oinsméatigable (Sieclet al, 1996;
Geigeret al, 1999, 2000).

La différenciation des fibres musculaires commeament la naissance et la mise
en place des propriétés contractiles s'effectuerdgnessivement au cours du
développement (Usamet al., 2003). Lesmuscles embryonnaires et néonataux
différent desmuscles adultegar leurs propriétés contractiles et leurs contjprs en
isoformes de myosine (Nelson & Thompson, 1994).fllres néonatales les plus lentes
contiennent de laMHC i, les fibres intermédiaires possedent de N#HC.
(embryonnaire), de IMHC , (périnatale) et de IMHC 5, et les fibres les plus rapides
contiennent de |&MHC, et de laMHC,, La présence d&MHC,, et MHC, a
néanmoins été décrite au cours du développemeimageirdans certains muscles tels
qgue le diaphragme et le masséter superficiel (#tal, 1998; Usamet al, 2003). La
mise en place des caractéristiques contractiledilies s'effectue progressivement au
cours du développement, plus ou moins rapidemdan $es especes. Le programme de
développement de l'expression des différentesrisae dépend non seulement du type
de muscle, mais également des conditions hormoeakesvironnementales (Whaleh

al., 1981). Dans tous les cas, la structure de basepedportion relative de chaque type
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de fibre se diversifient apres la naissance, peamiekadaptation de la musculature a la
posture et aux mouvements. Les muscles de ratrpeggeainsi un phénotype immature

a la naissance avant d’exprimer des phases datimansntre les différentes isoformes

de MHC selon le schéma général suivant (Pette &8t2000; Whitest al, 2000) :

MHC, = MHC, - MHC; 5 MHC;, 5 MHCy 5 MHCy,

2 — Obstruction nasale et morphologie des musclesoefaciaux

L’obstruction nasale et la respiration buccale e€® entrainent des
modifications de [I'activité électomyographique desuscles des voies aériennes
supérieures. De telles modifications sont connuwes mfluencer la masse musculaire
(Royet al, 1991). Ainsi, une stimulation électrique quotithe prévient I'atrophie liée
a I'immobilisation chez le lapin (Qiat al, 1997). L’hyperactivité entraine par ailleurs
des transitions vers des isoformes de MHC plus$entais plus résistantes a la fatigue
(Asmusseret al, 2003). Une activation ou une stimulation électeigle longue durée
accroit ainsi la proportion des fibres de type tatriment des fibres de type 1l (Delp &
Pette, 1994; Windisckt al, 1998). De plus, une corrélation a été démontriee da
quantité d’activité musculaire quotidienne et lagmrtion de fibres de type | (Kerneit
al., 1998). A linverse, on constate des transitioassvdes fibres & contraction rapide
lors de périodes d’activité réduite (Edgerteinal, 1995). En cas de dénervation, on
observe une diminution des concentrations relateesMHG et MHG,, et une
augmentation concomitante en M@t MHG, (Huey & Bodine, 1998; Jakubiec-Puka
et al, 1999). Ainsi, en l'absence d’innervation, les olas a contraction rapide
deviendraient plus endurants et les muscles pastutaviendraient moins résistants a
la fatigue (Pette & Staron, 2000). Les transitinoesdépendent donc pas uniqguement de
I'activité neuromusculaire, mais également des pétgs intrinséques aux fibres
musculaires. De plus, ces transitions peuventfatiétées, ou au contraire modulées,
par le contexte hormonal (Kelly & Goldspink, 19&lly et al, 1985; Butler-Browne
et al, 1990).

Les modifications spécifiques de stimulation éigcie sont donc susceptibles
d’avoir un effet sur I'expression des isoformes MBIC. Etant donné que la
composition en MHC détermine les propriétés cotitecdes muscles, des variations
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dans la répatrtition en isoformes de MHC pourraérg impliquées dans l'adaptation a
la respiration buccale.

Nos résultats (cf. article 3), tout comme ceux dalé&ker et al. en 2000 et
Gelhaye en 2007, montrent que suite a I'obstructitas narines, il y a mise en
place d’'une suppléance buccale, afin de maintenirfdnction ventilatoire. La
respiration buccale nouvellement établie, se traghar un rythme d’ouverture qui
augmente progressivement jusqu’al™®jour postnatal, et qui diminue ensuite de
facon graduelle, avant de chuter brutalement a Jéqui correspond au jour de

la réouverture des narines.

Deux facteurs non exclusifs doivent étre pris empte pour expliquer les
modifications observées entre 1&"8et le 14™ jour postnatals : la maturation des
mecanismes permettant I'établissement d’'une voreeage buccale et le degré de
détresse respiratoire engendré par l'obstructiodadéliere nasale. En effet, les
études chez la brebis montrent gu’en cas d’'obstrnatasale, les perturbations de
I’'homéostasie gazeuse du sang sont plus marquézslemouveau-né (Hardireg
al., 1987). Ce résultat peut étre expliqué par une abumité des mécanismes
nerveux permettant I’établissement et le maintienalrespiration buccale (Miller
et al., 1985; Harding & Wood, 1990). La capacité a mainteme voie aérienne
buccale augmente ainsi avec I'age du fait de launagéion des chémorécepteurs
sanguins d’une part, et des mécanorécepteurs des a@riennes d’autre part
(Harding et al., 1995). De plus, I'obstruction des narines emigaune détresse
respiratoire qui pourrait atteindre son maximum 1&M® jour postnatal. Cette
hypothése est notamment soutenue par les travamtramd que chez le rat adulte,
les modifications de ’lhoméostasie gazeuse du saggrave dans les 72 h suivant
I’obstruction des narines (Erkaat al, 1994).

Nos résultats (cf. article 3), montrent que les wamnents mandibulaires liés a la
respiration buccale, suite a l'absence de respomati nasale, entrainent des
modifications de conditions de travail, influencdmtdéveloppement des muscles oro-
faciaux dés le % jour (J9) qui suit I'obstruction nasale. Ainsipbstruction nasale et
I'ouverture chronique de la bouche entrainent dexlifications de la répartition en

isoformes de MHC dans tous les muscles oro-facéustiés chez les méales au stade
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néonatal (J9 et J11) et a I'age adulte (J90). Denbeeux facteurs sont susceptibles
d’influencer le développement musculaire suiteirgdliction d’une obstruction nasale
expérimentale. En modifiant de facon spécifiquetikété électromyographique des
muscles oro-faciaux, les variations de conditioestiavail constituent sans doute le
facteur déterminant les changements muscle-spaegiqonstatés dans notre étude. De
plus, I'obstruction nasale est susceptible d’emteaide nhombreuses conditions pouvant
affecter de maniere systémique les muscles sqgakst Ainsi, la privation alimentaire
et les modifications endocriniennes, observées genth période de I'obstruction
nasale, sont connues pour leurs effets sur le dppeiment du systéme musculaire. Ces
facteurs peuvent favoriser ou, au contraire, cocdreer les effets spécifiques liés aux

modifications de conditions de travail.

En outre, le statut hormonal des individus est samste impliqué dans les

modifications structurelles observées suite a litttdbn de I'obstruction nasale.

Nos résultats montrent que I'obstruction nasaldaetespiration buccale forcee
chez les jeunes, sont associées a des niveauxgilgaes élevés de corticostérone et

de testostérone, et a des niveaux faibles d’horsitimgoidiennes.

Les corticoides ont un effet catabolique sur lescalas squelettiques (Seene &
Viru, 1982). Cet effet est lié a une diminution dee synthése des protéines
myofibrillaires, a une augmentation de leur cateinoé et a une réduction des stocks
protéiques (Seenet al, 2003). Ces hormones produisent donc des changemen
spécifiqgues dans I'expression des isoformes de Ny & Goldspink, 1982) et cet
effet spécifique pourrait expliquer les modificaiso des MHC dans lenasséter
superficiel et ledigastrique antérieur.

Les hormones thyroidiennes jouent par ailleurs ale ressentiel dans le
développement des muscles squelettiques (d’Adbisl, 1990). Elles stimulent par
exemple la transition des isoformes neonatales lesrssoformes adultes en anticipant
I'expression de la MHg au cours du développement postnatal (Butler-Broetna.,
1990). Or I'hypothyroidisme entraine un retard deturation du masséter superficiel
qui présente alors une réduction du diamétre dessfimusculaires (Ganji & Behzadi,
2007).
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L’augmentation du taux de testostérone peut étnelation avec I'augmentation

des soins maternels que nous avons vu dans l&ldticl

En résumé, la réduction du niveau d’hormones thyeones et 'augmentation du
niveau de corticostérone constatées chez les arimaugroupe obstruction nasale,
pourraient expliquer les transitions vers des isné&s plus résistantes a la fatigue
observées au niveau des muscles liés a la respiraticcale dans notre étude (cf.

article 3).

Enfin, nos résultats sur les males, par rappogux obtenus sur les femelles de
21 jours par Gelhayet al., (2006a), montrent que la structure musculairerdescles
oro-faciaux differe en fonction du sexe des indigd Il s’agit d’'un résultat peu
surprenant dans la mesure ou les muscles mastestdie plusieurs espéces de
Mammiferes sont sexuellement dimorphiques a I'addta du point de vue de leurs
compositions en MHC. C’est par exemple le cas ¢bemchon d’inde (Lyongt al,
1986), le lapin (Englisket al, 1999), la souris (Easaat al, 2000) et le macaque rhésus
(Maxwell et al, 1979). Ainsi dans le masséter superficiel, leaphisme sexuel est
inversé suite a l'induction de l'obstruction nasat®ntrairement a ce qui est observé
chez les individus témoins et contrbles, les mabgzérimentaux présentent plus de
MHC,;, que leurs homologues femelles.

3 — Obstruction nasale et développement du crane

Le crane est une structure osseuse ou cartilagineuse tééelacaractéristique des
craniates (dont font partie les vertébrés). Le @iiacipal du crane est de protéger le
systéeme nerveux central qu'il entoure, il sert iadsgoints d'attache a des muscles du

visage et du cou.
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Figure 8 : Structure et organisation de la boitte cranienne

Le crane est composé de deux partienelgrocrane (ou boite cranienne), partie
supérieure qui protége le cerveau et les organesosels pairs, et lsplanchnocréane
(ou viscérocrane, ou crane facial), partie inféeequi soutient les cavités buccales et
pharyngiennes. Le splanchnocrane a primitivemeatfanction respiratoire mais cette
fonction se perd dans la plupart des lignées. L&anspnocrane entre donc
principalement dans la constitution du squelette méchoires, du palais, de I'oreille
moyenne, de la face, du cou, de la langue, duXaeydu neurocrane.

Certaines espéces possedent aussdemrmocrane formé d'os dermiques, qui
recouvre le neurocrane et le splanchnocrane. Leecedt toujours cartilagineux chez
I'embryon mais devient, au moins partiellementifigsshez I'adulte pour toute la lignée

des Ostéichtyens (qui inclut 'THomme).

Il est actuellement incorporé aux deux formatioréc@dentes tout en conservant
une action inductrice sur le développement de icertas dermiques (volte du crane,

volte palatine, différentes unités du splanchnagran

Histologiquement, le crane des Vertébrés peut passalifférents stades.

* Un stade cartilagineux owhondrocrane formé par chondrification du

mésenchyme. Ce crane est définitif chez les laraprei les Chondrichthyens,

* Un stade osseux oastéocraneendosquelettique(ou enchondral), issu d'une
ossification enchondrale. Ce stade succede au obenddie chez tous les Ostéichthyens

a l'état adulte.
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* Certaines espéces possedent aussi astéocrane exosquelettique(ou
dermocrane, ou dermatocrane), formé d'os dermigoesos membraneux). Cette
ossification dermique se fait directement depuitideu conjonctif sans passer par un

stade cartilagineux.

*  Neurocrane et splanchnocréane sont issus de deéicamsmes embryologiques
différents. Le neurocrane est issue du mésench@ee €léments peuvent se présenter
sous deux formes: une cartilagineuse qui forme cl@ne cartilagineux ou
chondrocrane (crane définitif chez les Chondrichtiens, les Myxiet les Lamproie).
Chez tous les autres vertébrés cette forme estlaeéw par une forme osseuse qui
donne lbstéocrane Chez les mammaliens ¢éhondrocrane (ou neurocrane) se forme a
la base du crane embryonnaire et se compose denogaux cartilagineux: lbasi-
ethmoide le basi-sphénoideet le basi-occipital. Les cartilages paracordaux se
développent pour former la plaque basale et dsutrartiiages occipitaux se
développent pour former I'arc occipital (cartilaggourant complétement la corde). Des
cartilages vont étre associés a la plaque éthn{asie du développement de cartilages
trabéculaires) : ce sont lesmpsules olfactiveset les capsules nasalesLa moelle
épiniére se dilate dans le chondrocrane en passast le foramen magnum. L'oreille

interne occupera leapsule otique

Pendant la vie embryonnaire, le tissu cartilaginfume temporairement la plus
grande partie de I'’échauche squelettique. C’estsem sein que se développe le
processus d’ossification endonchondrale qui régsslfication de ces ébauches et la
formation des os. Le cartilage de croissance diesapres la naissance, a I'exception
du septum nasalchez les rongeurs et chez 'lhomme, qui persigquia I'age adulte.
Le septum nasal se développe au centre de la faze gructure est impliquée dans la
morphogenése, le développement et la croissancemabsif facial. Il se développe
jusqu’a I'age adulte par ossification endochonddhlame maniére identique chez le rat,
la souris, le lapin et 'Thomme.

Chez 'homme, l'obstruction nasale néonatale aggo@ la respiration orale
entraine des troubles de la croissance du tieremdg la face (Rombawet al., 1998).

En effet, le mode respiratoire est susceptiblefld@r sur la position de la mandibule et
de la langue, on observe ainsi la mise en placeedig¢ance labiale (position basse de la
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mandibule) de fagcon a établir une voie aérienneddac(Rubin, 1980, Shikatt al.,
2004). A long terme, ces maodifications induisents d#oubles généralement
irréversibles de l'articulé dentaire, avec la faiorad’un palais étroit et ogival pouvant
aller jusqu’a des problémes de malocclusion etuwidéyeloppement vertical de la face
(Schlenkeret al, 2000 ; Crouset al., 2000). Ces symptomes sont plus fréquents chez
les enfants en age pré-scolaire (Peltoméki 200anbet al, 2009).

Chez les rongeurs, le développement du crane ket diggion naso-maxillaire est
tres complexe. Le développement de la cavité ngsakente un schéma de croissance
différent de celui du créne. La croissance de tiasal est observée dans les surfaces
extérieures et la résorption osseuse se fait gansurfaces internasales. La croissance
des sutures est tres active et varie en fonctidiodg@résent de chaque coté de la suture
(Youssef, 1966).

Nos études, conduites sur les rats pendant la géride fermeture totale des
narines et 90 jours aprés la réouverture (cf. dei@), montrent que I'obstruction
associée a la respiration buccale entraine un ragsement du développement du
complexe naso-maxillaire, et de la longueur totilecrane dans les deux sexes dées les
premiers jours. Ces résultats sont maintenus a lengne chez les animaux, sauf pour
le complexe naso-maxillaire des femelles, en e#éti-ci se développe de maniére
comparable a celui des contrdles. L'obstructionat@sentraine une croissance réduite
des bulbes olfactifs, et également des poumornéga adulte, les bulbes olfactifs sont
significativement moins développés chez les rgig@rerentaux par rapport aux rats

contrdles, alors que la taille des poumons est calge.
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Article 3

Effects of short term forced oral breathing: physidogical changes and

structural adaptation of diaphragm and orofacial muscles in rats

G. S. PadzysJ.-M. Martrette, C. Tankosic, S. N. Thornton, Mabalon

Archives of Oral Biology (sous presse)

1. Introduction

Evidence is now available showing that muscle @mtile properties and myosin
heavy chain (MHC) composition are correlated (Bwetfi et al, 1996). The four major
myosin heavy chain isoforms detectable in adultet&bmuscles are three fast types,
MHC 2a, 2x and 2b, and one slow type, MHC 1 (BarP&tte, 1988). During
development, two perinatal MHC forms can be foundchuscle fibers depending on the
stage considered: MHC embryonic and neonatal. Th#iferent MHC appear
sequentially in fast and slow muscles and the agweéntal program of myosin
expression depends greatly on the type of mus¢hdbid et al., 1989). Thus, at birth,
rat muscles are phenotypically immature and dudieelopment, or when the working
conditions are changed, marked transitions in tgesin content can occur in rat fast
and slow-twitch muscles (Swynghedauw, 1986 ; Geiget al., 2006). These
modifications generally adapt the muscle to the remnvironmental requirements
(Grunheidet al,, 2009).

Chronic nasal obstruction is a non-specific cooditiobserved in many
pathological conditions, e.g. rhinitis. Neverthslebecause this disorder is not life
threatening (at least in adults) its importancele¢dde underestimated. Impaired nasal
breathing results in obligatory oral breathing, ethican to be divided into two
components: chronic absence of active nasal rémpirghat results in an olfactory
deprivation (Meisami, 1976), and chronic mouth apgn(Schlenkeret al., 2000).
Furthermore, in contrast to oral breathing, nasetathing allows the optimal
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conditioning of inhaled air, clearing, moisteningdawarming the air before the gas
exchange in the lungs (Betlejewski, 1998 ; Ketlal, 2001). Thus, nasal obstruction
could be associated with both social (maternal Welg relation with congeners) and
physical (environmental privation, respiratory nfamition) stress. In other words, it is
possible that nasal obstruction causes a losseokéinse of smell and this hyposmia
could disrupt the orientation of young rats to thether, with consequent deprivation of
food and feedindgt has been shown in rats that deprivation of féwd3 days causes a
diminution in thyroid hormones (Lawet al, 2007), and other studies have also shown
that increased mother licking of the pups is neefl®d testosterone production

necessary for masculinisation of the young mal¢haioreet al.,1992).

Stressful situations correspond to particular cleang environmental conditions
that induce modifications in different physiolodigarameters like plasma hormonal
levels. For example, stressful situations productadrenal hypertrophy and an increase
of plasma glucocorticoid levels (Basset & West, 19%Gomezet al., 1996), which are

known to induce alterations in MHC isoforms exprasgPollaet al.,1994).

Plasma levels of thyroid hormones can be reduceti@ssful situations and these
hormones are very important in the normal developnoé vertebrate skeletal muscle,
notably in muscle MHC distribution (d’Albigt al., 1990). For example, thyroid
hormones are known to stimulate the transition frisonatal type to adult type and to
anticipate the expression of MHC 2b during posahdevelopment (Butler-Brownet
al., 1990). Thus, reduced thyroid hormone levels amiegsed EMG activity could
explain the fast-to-slow transitions found in mesctelated to mouth opening in oral

breathing animals, but this remains to be confirmed

In addition, the contribution of orofacial muscles the variation in bite force
magnitude is correlated with craniofacial morphgiqiRaadsheeet al., 1999), and
chronic oral breathing is known to be a contribgtiiactor in deviant facial growth
patterns in pre-school children (Matttral., 2004 ; Yanget al., 2002). These patterns
are the result of a prolonged presence of unbatance-pharyngeal muscle activity.
Through mechanoreceptors, oral breathing stimulatesro-pharyngeal
electromyographic activity of the muscles facilitgt respiration (Song & Pae, 2001).

These modifications of electric stimulation may @aan effect on MHC isoform

82



expression (Pette & Vrbova, 1999), and the MHC deof composition of orofacial
muscle could be involved in the adaptation to brahthing during nasal obstruction. In
a previous study, Gelhayet al. (2006a) showed that nasal obstruction induced by
external cauterisation of the nostril, in 8 day cddl female pups, produced total nasal
obstruction during the next 4 days followed by gr@dreopening of the nostrils,
complete at 15 days. Furthermore, these authorsdftlat this nasal obstruction was
associated with chronic oral breathing. At wear(ohay 21), the only period studied, the
chronic oral breathing animals presented an atraploifactory bulbs, hypertrophy of
the adrenal glands and reduced muscle growth famascles studied except for the
diaphragm. A decrease of MHC 2b compared to MHOn2kevator nasolabialis a
muscle involved with nasal breathing in the orakdthing group was observed. In
masseter superficialiandanterior digastric muscles involved with oral breathing, an
increase of MHC 2b imasseter superficialiand a decrease of MHC 2a amterior
digastric to the benefit of MHC 2x were detected. No sigmifit difference was

detected at day 21 (D21) in diaphragm MHC expressimral breathing animals.

To our knowledge no work has been published of MiH@nges during short term
reversible nasal obstruction on male rats. Thus, loypothesis was that nasal
obstruction would have a significant effect of MH§bform expression of muscles
involved in breathing including the diaphragm dgritme very short period of forced
oral breathing. We investigated also if these ckangere maintained over the long
term,ie up to adulthood, day 90 (D90). The effect of eadgal obstruction on various
organ weights, on the stress response and on plasela of thyroid hormones (T3 and

T4) and androgens (testosterone) was also studied.

2. Materials and Methods

2.1. Animal care

Forty two male Wistar rats (IFFA-CREDO, France) eveused for this
experiment. The animals were born in the laborafavyn twenty litters, culled to 7
pups per litter to ensure normal body growth. Thenals were housed in standard
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cages under controlled temperature conditions (22°&€). Food and water were
availablead libitum throughout the experiment. From birth, the ratseneept on a
reversed 12:12 light-dark cycle (dark period 08:@0:00).

2.2. Nasal obstruction procedure

All experiments conformed to the Guide for the Carel Use of Laboratory
Animals published by the National Institutes of Hegno. 85-23, revised 1996), the
recommendations of the European Community Coumxiltie Ethical Treatment of
Animals (no. 86/609/EEC) and the regulations of Wméversity of Nancy 1. All efforts
were made to minimize animal suffering.

At the age of 8 days (D8), the litters were firstesthetized. Animals were
weighed and they were then divided randomly inte aontrol group and one
experimental group (oral breathing). Bilateral hnadsstruction, resulting in forced oral
breathing, was performed in experimental animalpdi7 age) as described previously
by Meisami (1976), and Waguespagakal. (2005). The selected method consisted in the
cauterization of the external nostrils, which is thost common and simple procedure
allowing spontaneous reopening of nostrils aftedags. The tissue surrounding the
external nostrils was burned by placing a surgaalterizing instrument (1 mm in
diameter) on the nostrils, consequently occluding orifice of the nostrils without
mechanical or chemical damage to the olfactory macadrhis procedure induced
complete nasal obstruction between D8 and day 1)Y®vith 100 % of the nostrils
spontaneously reopened by day 15 (D15). The sagqpgiperiments were conducted
during complete nasal obstruction day 9 (D9) ang Hh (D11) and at 90 days after

post-reopening of the nostrils, ie at the beginmhgdulthood.

The animals started breathing through their mouthmediately after nasal
occlusion, as has been reported in infants (de Maet al.,1994). Nostril cauterisation

earlier in life resulted in rapid death of the pups
In the control group (7 per age), the nostrils weoe sealed but the cauterizing

instrument was placed about 1-2 mm above each inestourn the skin. After

cauterization, the nostrils were washed with clefoaicycline (Aureomycine Evans 3%)
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to prevent infection. The pups were warmed (37°@) 30mn and returned to their
mothers.

Exploratory and feeding behaviours of the pupsrafteaning were the same for
both cauterised and control group rat pups suggesti no serious long term central
effects of the treatment, especially in the forcedl breathing group (Gelhay al.,
2011).

2.3. Sample collection

Seven male rats per group (control and oral bregjhand per age (D9, D11 and
D90), were removed, immediately humanely killedjghed and an intracardiac blood
sample (500 — 1000 pul) was taken between 11h aod fay hormonal measurements.
Blood was collected over 1-2 min into sterile hemaed syringes fitted with a 26-G
needle. Plasma was immediately separated from legltentrifugation (4°C, 15 min at
3000 rpm) and the extracts were stored at -18°T asgayed.

After blood sampling, olfactory bulbs, lungs, tels and adrenal glands were
removed bilaterally and weighed. Adrenal weigha idirect indicator of chronic stress
exposure (Basset & West, 1997).

2.4. Muscle sampling and myosin extraction

After sample collection, the entire Diaphragm (Draspiratory muscle) was
dissected, and the following muscles removed erddity (right hand side)Anterior
Digastric (AD, depressor mandibular muscl®&)asseter Superficiali$MS, propulsive
mandibular muscle) related to mouth movements aaldboeathing (Spyropoulct al.,
2002 ; Van Wessaddt al.,2005), and_evator NasolabialigLN, active sniffing muscle)
related to nasal breathing (Hartmasenh al., 1999). After dissection, muscles were
weighed and myosin was isolated in a high ioniergjth buffer, as described by d'Albis
et al.(1979).
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Levator nasolabialis
o (flairages)

L Masséter superficiel
(fermeture de la
machoire)

Digastrique antérieur
(ouverture de la machoire)

2.5. Electrophoretic analysis of myosin heavy chaiisoforms

Electrophoresis was performed according to the otkthf Talmadge & Roy
(1993) with little modification. This allowed themaration of the developmental MHC
as described by Janmot and d’Albis (1994), and ®hatial. (2009). Mini-gels were
used in the Bio-Rad Mini-protean Il Dual Slab C&llectrophoresis took place in a cold
room (temperature of 6 °C) for the whole run. Tpasate all the heavy chains, the
duration of the run was 32 h (70 V) for animalsda@® and D11, and 28 h (70 V) for
adults (D90). Three separate loads were made pgplegd2.5 g of protein/well). The
MHC isoforms were identified according to migraticetes compared with an adult
diaphragm containing only adult isoforms 2a, 2xa2 1 (Pette & Staron, 1990). The
gels were stained with Coomassie blue R-250. Thaive amounts of the different
myosin heavy chains were measured using an integrdénsitometer Bio-Rad GS-800
and analyzed with the Molecular Analyst ProgramgQity One 4.2.1).

2.6. Hormone assays

Corticosterone and testosterone concentrations were measured without an
extraction procedure, using a commercially avaddblA kit and performed according
to the manufacturer's guidelines (Assay Designs, IDSA). The concentration of

corticosterone and testosterone in plasma samp@escalculated from a standard curve
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and expressed as ng/ml. The intra- and inter-assefficients of variation were under
8.4% and 13.1%, respectively for corticosterone8%0and 14.6% respectively for

testosterone.

Thyroxine (T4) andtriiodothyronine (T3) were assayed using commercial RIA
kits and performed according to the manufacturgusdelines (Immunotech SA,
Marseille, France). The concentrations of T4 andrlBlasma samples were calculated
from standard curves and expressed as pg/ml. Tre @nd inter-assay coefficients of

variation were respectively under 6.7 and 6.5 %T#and under 6.4 and 5.5 % for T3.

2.7. Statistical analysis

The results were expressed as group means + SkMer8ts t-test was used to
establish the comparison between control and geglthing animals since all data were
normally distributed. Body weight group differencgsere determined using a two-way
ANOVA (factor treatment x factor age). Specific meaomparisons were then made
using t-test with the Bonferroni correction. Diteices were considered significant at P
< 0.05.

3. Results

3.1. Morphometric characteristics

Before treatment, at 8 days of age, the body weightontrol and oral breathing
pups were not significantly different: 17.78 £ 0&2nd 17.95 + 0.28 g, respectively (t
= 2.80, P = 0.14). Table 1 shows that there wagraficant difference in body weight
already at D9 (t = 4.45, P < 0.0001) which contthws D11 (t = 3.23, P = 0.002)
between control and oral breathing rats. No difiees in body weights were observed
at D90 (t=1.11, P = 0.28).
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9 days 11 days 90 days
Control group
Body weight (g) 18.60 + 0.49 23.08 + 0.59 408.47 + 9.61
Olfactory bulbs (mg/g) 1.62+0.13 1.21+0.03 0.22+0.01
Lungs (mg/qg) 20.60+ 0.52 18.83+ 0.54 4,69+ 0.14
Adrenal glands (mg/g) 0.34 +0.03 0.32+0.01 0.19+0.01
Testicles (mg/g) 2.11 +0.07 2.66 +0.11 7.55+0.22
Oral breathing group
Body weight (g) 15.51 + 0.48* 19.75 + 0.79* 394.18 + 8.65
Olfactory bulbs (mg/g) 1.12+0.12* 0.88+ 0.04* 0.13+0.01*
Lungs (mg/g) 20.61+ 1.12 16.20% 0.02* 4,50+ 0.36
Adrenal glands (mg/g) 0.41 +0.01* 0.49 +0.03* 0.23 +0.01*
Testicles (mg/g) 2.24 +0.05 2.65+0.10 7.95+0.24

Table 1. Effects of temporary forced oral breathing on begsight (g), olfactory bulb, lung, adrenal
gland and testicle weights (mg/g) at age 9, 11,%hdays in controls and animals exposed to 4 days
nasal obstruction. Values are means + S.E.M (n /=gfoup / age). Analysis of two-way ANOVA
summary: age effect: F = 105.44 to 4584.50 at tegreles of freedom P < 0.0001; treatment effect: F =
5.17 to 7.04 at one degrees of freedom P = 0.62A®001; agé treatment: F = 6.18 to 11.86 at two
degrees of freedom P = 0.005 to 0.0001. Analysistest with Bonferroni correction: *significantly
different from control group at 9, 11 and 90 datyB & 0.05.

The body weight of animals decreases in 14 % atnXie oral breathing group
compared to weights at D8 (respectively 15.584d7.95g) and also 14 % compared to
control at D11 (respectively, 19.79g23.08Q).

Relative organ weights are presented in Table Tac@lry bulb weights: a
significant reduction in olfactory bulb weight wasund for the three ages in the oral
breathing group compared to control animals (F 34,6P < 0.0001). The reduction
was 30 % during nasal obstruction and 41 % at D90ral breathing males compared
to control animals. Lung weights: A significant vetion of lung weight was observed
only on D11 in the oral breathing group comparedthto control group (F = 5.29, P =
0.003). The reduction was 14 % after three daysasl obstruction. Adrenal gland
weights: To determine if the absence of nasal raspn and the related transition to
temporary forced oral breathing were associateti ait enhanced level of stress, the
weight of the adrenal glands was measured (TableAf)mals exposed to nasal
obstruction presented a greater adrenal gland fgpaeeight compared to control
animals (F=6.18, P=0.001). This significant differe was observed within 24 h after
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the treatment (+20 %,; t=2.79, P=0.008) and becarmaee marked at D11 (+53 %;
t=3.14, P=0.003). Nasal obstruction was thus aasatiwith a significant increase of
adrenal gland weight. This significant augmentati@s still present at D90 (+21 %; t=
2.15, P=0.05). Testicle weights: There were no iBggmt differences in testicular
weights between oral breathing and control animiBte development of the testicles
was not affected by nasal obstruction.

3.2. MHC isoform expression in neonatal (D9, D11)ma adult (D90) rats

Based on densitometric analysis of the SDS-PAGE, rétative MHC isoform
compositions of respiratory and orofacial muscles, (MS and AD) were determined.
Results are shown in Fig. 2. and 3. The order ofesing electrophoretic mobility of
developmental and adult MHC isoforms is as folloesstb, adult fast 2a, adult fast 2x,

neo, adult fast 2b, and slow adult 1 type.

Diaphram Masseter Superficialis Anterior Digastric Levator Nasolabialis
2a em Adult  Control  Oral breathing Control  gyg) breathingControl ~ Oral breathing Control ~ Oral breathing
2X—_
neo h-l—.l-'r ' - | S—
2b———— e

Fig. 2. Example of effect®f temporary forced oral breathing on myosin healgin expression in four
skeletal musclesesmbryonic (emb), neonatal (neo), adult fast 2ajtddst 2x, adult fast 2b, and slow
adult 1 type.

In adult diaphragm, four MHC isoforms could be dé&td, in order of increasing
electrophoretic mobility; the four fast types, ME2@, 2x, 2b, and the slow type, MHC 1
(Fig. 2 and 3.). These MHC isoforms were observedath control and oral breathing
animals in the diaphragm muscle. In orofacial mesdLN, MS and AD), the three
adult fast isoforms could be observed.
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In the neonatal diaphragm muscle at D9 and D11, MkOGnatal and adult
isoforms were observed in both control and orabtiieg animals. In the orofacial
muscles (LN, MS and AD) the relative expressionsimwibryonic and neonatal MHC

isoforms were most abundant (> 85%).

In the diaphragm (Fig. 3.A) we found a significadifference in the relative
distributions of MHC isoforms between control andalobreathing animals. Oral
breathing was associated with an increase of MHCthe diaphragm at D9 (t = 3.24, P
= 0.009) and D11 (t = 12.29, P < 0.0001). At D9(B.A), we found a significant
difference in the relative distribution of MHC isois between control and oral
breathing animals. Oral breathing was associatetth \&n increase in MHC1 of
Diaphragm (t = 3.83, P = 0.002), 23.7% and 27.6%peetively in control and oral
breathing rats.

(A) Oneom1mM2am2x m2b

Control D9 54 ] 37

Oral breathing D9 55 * 13 * 32

Control D11 78 H# 10 | 12#

Control D90

Oral breathing D90

0% 20% 40% 60% 80% 100%
MHC fiber-type composition in diaphragm

Fig. 3 A. Myosin heavy chain distribution in diaphragm mesat 9, 11 and 90 days of age in control and
rats exposed to temporary forced oral breathindud&are percentages of total MHC (n = 7 per group)
S.E.M values was for all groups included betwedrabd 0.77. # significant difference from the poax
day at P < 0.05. in young rats (D9-11). * Signifitaifferences from control muscles at +%0.37 to
26.03, P < 0.03 to < 0.0001.
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In LN (Fig. 3.B), related to nasal breathing andrieg behaviour, we found no
significant differences in the relative distributiof MHC isoforms between control and

oral breathing animals at D9 and D11.

At D90, related to nasal breathing and rearing el oral breathing was
associated with an increase in MHC 2a (t = 26.08,(P0001) and a decrease in MHC
2x and 2b (t = 8.20, P < 0.0001 and t = 19.33,(P0801, respectively).

BembOneoE2a@2x O2b

(B)
Control D9 86
Oral breathing D9 85
Control D11 86
Oral breathing D11 86
Control D90 I

Oral breathing D90

0% 20% 40% 60% 80% 100%

MHC fiber-type composition in levator nasolabialis

Fig. 3 B. Myosin heavy chain distribution in Levator nasdtdis muscles at 9, 11 and 90 days of age in
control and rats exposed to temporary forced ardthing. Values are percentages of total MHC {h =
per group), S.E.M values was for all groups inctubetween 0.1 and 0.77. # significant differencenfr
the previous day at P < 0.05. in young rats (D9-1Bignificant differences from control musclest at
-10.37 to 26.03, P < 0.03 to < 0.0001.

In MS (Fig. 3.C), related to jaw lift, oral breatlyi were associated with a related
decrease in embryonic MHC isoforms at D9 (t = 2222 0.005) and D11 (t =2.22, P =
0.005).

At D90, related to jaw lift, oral breathing wasatld to an increase in MHC 2b (t
=14.62, P <0.0001) to the detriment of MHC 2x @.56, P < 0.0001).
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BembOneol@2x O2b

Control D9

Oral breathing D9

Control D11

Oral breathing D11

Control D90

Oral breathing D90

84
* 87
87
* 01
0% 20% 40% 60% 80% 100%

MHC fiber-type composition in masseter supefficiak

Fig. 3 C.Myosin heavy chain distribution in Masseter Suigéfis muscles at 9, 11 and 90 days of age in
control and rats exposed to temporary forced ardithing. Values are percentages of total MHC {h =
per group), S.E.M values was for all groups inctubetween 0.1 and 0.77. # significant differencenfr
the previous day at P < 0.05. in young rats (D9-1Bignificant differences from control musclest at

-10.37 to 26.03, P < 0.03 to < 0.0001.

In AD (Fig. 3.D), related to jaw depression, oraddthing was associated with
decreased MHCneo at D9 (t = 3.52, P = 0.005) antl (0% 10.37 P < 0.001), with an
increase of MHC1 at D9 (t =5.88 P = 0.002) and REL5.85, P = 0.002).

At D90, related to jaw depression, oral breathiras wssociated with an increase
in MHC 2x (t = 6.10, P <0.0001) and a decreaddHC 2a (t = 8.80, P < 0.0001).
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HembOneoM1 E2a@2x O2b

Control D9

Oral breathing D9

Control D11

Oral breathing D11

Control D90

Oral breathing D90

MHC fiber-type composition in digastric anterior

93 ﬂ
* 89
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100%

Fig. 3 D. Myosin heavy chain distribution in Anterior Digastmuscles at 9, 11 and 90 days of age in
control and rats exposed to temporary forced aedithing. Values are percentages of total MHC {h =
per group), S.E.M values was for all groups inctubetween 0.1 and 0.77. # significant differencenfr
the previous day at P < 0.05. in young rats (D9-1Bignificant differences from control musclest at

-10.37 to 26.03, P < 0.03 to < 0.0001.

3.3. Hormone assays

As shown in Fig. 4.A, plasma corticosterone lewetse significantly different

between the experimental groups at D9 and D11. Tyfer hours after treatment,

nasal obstruction was associated with a signifieaigimentation in corticosterone (F =

4.15, P < 0.0001). At D11 plasma corticosteronelewere significantly increased in

oral breathing rats (F = 16.20, P < 0.0001). At D8@sma corticosterone level were no

longer significantly different between the 4 dayal ®reathing and control animals (P =

0.61).
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Fig. 4. Impact of early nasal obstruction on plasma costierone &) and testosteron®j levels at 9, 11
and 90 days of age in control and temporary foaad breathing animals. Values are means + S.E.M (n
= 7 rats/group/age). Analysis of t-test: * sigrdfit difference from control group at 9 and 11 datyB <
0.05. # significant difference from the previouy da P < 0.05.

As shown in Fig. 4.B, plasma testosterone levelsewsgnificantly different
between the experimental groups at D9 and D11. Tywear hours (D9) after
treatment, nasal obstruction was associated witlsigmificant augmentation of
testosterone (F = 15.20, P < 0.0001). At D11, ptadmstosterone levels were
significantly increased in oral breathing rats §A2.15, P < 0.0001). At D90, plasma
testosterone levels were significantly higher inthbthe oral breathing group and the

control group compared to D11.

94



Figure 5.A shows that 24 h after the treatment (B®)roxin (T4) concentration

was significantly reduced in nasal obstruction cared to control animals (F=11.92, P

< 0.0001): At D9, plasma T4 levels were signifi¢gmeduced by nasal obstruction (-
24%; t = 3.69; P=0.0009). This difference in plasiddevels was maintained at D11 (-
15 %; t = 4.20, P = 0.0002), and at D90 (-12%3tG5, P = 0.04).

— — -2
(] (=2} =

(=]

Plasma thyroxine (pg/ml)

Plasma triiodothyronine (pg/ml)
,—

0

(A) :
*H
F
&
D9 DI11 D90
(B) (Days) I]Ccmtrol
IOraI breathing
#
4
B
*#
D9 DIl D90
(Days)

Fig. 5. Impact of early nasal obstruction on plasma thyrex\) and triiodothyroxineB) levels at 9, 11
and 90 days of age in control and temporary foredl breathing animals. Values are means + S.E.M (n
= 7 rats/group/age). Analysis of t-test: * sigrdfit difference from control group at 9, 11 and @9<dat

P < 0.05. # significant difference from the predaay at P < 0.05.

95



Figure 5.B shows that plasma triiodothyronin (T8ydls were significantly
different between the experimental groups at afisatgsted (F = 14.51, P < 0.0001).
Indeed animals with nasal obstruction had loweelewf T3 throughout the period
studied. The reduction was 49 % at D9, 23 % at &1d.27 % at D90.

4. Discussion

These results have shown that in animals with skewn nasal obstruction-
induced oral breathing there are increases in ME@atal and adult type 1 isoforms in
two muscles involved with oral breathiniylasseter SuperficialigMS) and Anterior
Digastric (AD). During this oral breathing period no changesre observed in the
Levator Nasolabialis(LN) muscle involved with nasal breathing. Revelesinasal
obstruction was associated with reduced growthhefrat pups during oral breathing,
decreased growth of the olfactory bulbs lasting edulthood, and an initial decrease in
lung growth which had recovered at 90 days. Aftelydl day of nasal obstruction
adrenal hypertrophy was observed and this lasténl @dlulthood. The consequent
plasma levels of “stress” hormones were increasethgl the obstruction but normal by
adulthood. An increase in plasma testosterone wasreed during the obstruction (but
not in adulthood), and a decrease in thyroid homrierels observed throughout. Thus
we have shown clearly that very short term nasatrabtion,i.e oral breathing, leads to
long term respiratory muscle adaptation and sigaifi hormonal changes.

Our results show that nasal obstruction causesy edrlinges in structural
development of the respiratory muscles, which begiithin 24h after obstruction and
is maintained at least until adulthood. Indeedyral breathing animals we have shown
an acceleration of structural development of tispiratory muscles during the period of
nasal obstruction. The period of nasal obstructvas associated with modifications in
MHC isoform expression. During the nasal obstructperiod, our results showed a
decrease in MHCneo (the predominant neonatal isgfeo the benefit of MHC 1, 2a
(the mature isoform) in the diaphragm. In additiam, oral breathing animals the
muscles related to jaw movement presented a relaticrease in expression of
MHCneo to the detriment of MHCemb (the embryonafasm) in MS, and an increase
in MHC 1 (the mature isoform) to the benefit of Mel@b and MHCneo isoforms in
AD. These results showed that nasal obstructioruded accelerated structural

development of the breathing muscles. During dearaknt, muscles usually change
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directly from embryonic to neonatal to fast, ornfreembryonic to neonatal to slow
isoforms (d’Albis et al., 1989). Geigeret al, (2006) have shown that MHCneo
increases between DO to D14 and there after dexsdasdisappear at the age of 28
days. Our results showed that between D9 and D1TMd increased in control and
decreased in oral breathing animals, which is coatance with the results of Geigsr
al., (2006) for control animals. This leads appasettdl an accelerated maturation for
the forced oral breathing animals because the dseref MHCneo was to the benefit of
MHC adults isoforms. In the adult a similar profilas been foundndeed, in male rats
aged 90 days we observed an increase in the MH$bfbrm in the diaphragm. At
adulthood the LN showed an increase in the 2a iigofat the expense of 2x and 2b
isoforms. MS and AD muscles showed antagonist lpofvith a decrease in the MHC
2x isoform in MS and an increase in AD muscles.

Thus, oral breathing rats presented a profile inQMadapted to the transition
from nasal to oral breathing, in other words a deafacilitating respiration. This is in
agreement with results in the literature (Martregte al, 1998) that show that
environmental conditions (such as hypergravity)ldonduce structural changes in the
development of the muscles.

MHC isoform expression may have a profound effecthauscle fibre contractile
and energetic properties (Sieck & Regnier, 2001atdhWko & Sieck, 1993). Indeed,
fibres expressing MHC 1 generate less maximum f8pefdrce, slower shortening
velocity and greater resistance to fatigue thamnefibexpressing fast MHC isoforms.
Among fast fibres, those expressing MHC 2x and &tegate greater maximum specific
force, faster shortening velocity and lower resistato fatigue than fibers expressing
MHC 2a. In addition, in oral breathing animals, thascles related to mouth opening,
AD, will be more susceptible to resist fatigue thd8. This result could be explained
by a different control of muscle activity betweersMnd AD. Indeed, van Wesstlal.,
(2005) have recently shown that MS and AD presentdifferences in
electromyographic (EMG) activity (in terms of bwstumber) during daily activity in
the rabbit. In contrast to AD, MS showed a bimodafst distribution. The authors
interpreted this result as the consequence of diti@ahl postural activity for MS only,
consisting of many short low-amplitude bursts. bidision, temporary forced oral
breathing could produce some behavioural modificegtin both nursing and breathing
behaviours (mouth opening and rearing behaviousp@ated with alterations in

specific electromyographic activity of respiratanyiscles. Thus, behaviour and related
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electromyographic activity are probably not the yorictors acting upon MHC
distribution.

Furthermore, according to these observations, theept investigation has shown
that in the long term diaphragm and LN become mesistant to fatigue following
temporary forced nasal obstruction. The changgzafile of the MHC in the LN of
oral breathing rats could be explained by a deekaslicitation, in fact flaring appears
modified in these rats, and they are less ablestognise and respond to receptive
females (unpublished results).

Our study has shown that nasal obstruction cauady structural development
changes of the respiratory muscles, starting witiwenty-four hour of obstruction and
remaining throughout the long teriGelhayeet al., (2006a) showed that early nasal
obstruction caused structural modification of resjoiry muscles at D2hnd now we
have shown that these changes start very earlygltine period of nasal obstruction
(D9-D11) and that they are maintained. Rodent stidhiave shown the influence of
testosterone on the expression and maintenance HE Kibres especially type llb
(Prezantet al., 1997 ; Easoret al., 2000).This would help to explain the increase in
type llb fibres in the MS muscle. However, the eiiint muscles appeared to react
differently to the increased plasma testosteromel$e with reductions in type Ilb seen
in LN and DA and no change seen in the diaphragmthEr, more detailed, analysis of
the effect of testosterone on muscle MHC fibre tgppression appears necessary.

Our results showed that animals with nasal obstmcpresented an impaired
olfactory bulb development during the period ofalasbstruction (D9, D11) as well as
in the long-term (D90). Several studies have shawe impact of early nasal
obstruction in rats. However, no study has showat tts impact is rapid and lasts
through the long term. Gelhaye et al., (2006a) hetv@wvn the impact of early nasal
obstruction (D8) on the development of the olfagtioulbs at weaning (D21). Loranca
& Salas (2001) have also shown that early nasaladi®on (D3) causes atrophy of the
olfactory bulbs for up to 70 days. Our results shibat atrophy of the olfactory bulbs
begins within 24 hours after nasal obstruction (B9J remains for the long term (D90).
Furthermore, spontaneous reopening of the nasahgass not complete therefore the
olfactory bulb may not receive sufficient stimudati for normal responsiveness, as
already mention above with respect to flaring.

Nasal obstruction is associated with the estabkstinof oral breathing, which

causes short-term stress and disruption in devedopraf the male rat. Indeed, our
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results have shown atrophy of the lungs duringptiieod of nasal obstruction. To our
knowledge, no studies have shown an impact of radssttuction on lung development.
Nasal obstruction and the associated switch to ¢eanp forced oral breathing were
correlated with adrenal hypertrophy (72 hours aftezatment) and increased
corticosterone plasma levels (24 hours after treatyn but that this result was not
maintained in the long term (D90). It is well knowimat there is a direct relation
between stress exposure and increased adrenal glaight (Basset & West, 1997).
Accordingly, we suggest that nasal obstruction asconsequenceie low of body
weight (perhapsvia nutritional depletion), possible hypoxia, as wal olfactory
deprivation related to social deprivation represemhulti-factorial stressful situation,
which enhances global activity of the hypothalantaiary-adrenal axis. This result
could be correlated directly with atrophy of théaotory bulbs. Even if the mechanism
is still poorly understood today, several studiasenshown links between the olfactory
systems and gonadotropin. Piegral. (1990) showed that bulbectomy in hamsters
resulted in an increase in serum gonadotropin aqpedely one-half of the increase
seen after castration. This suggests that the tolfacbulb has an influence on
gonadotropin secretion which might be mediated Igriag gonadal steroid feedback.
Neurons throughout the olfactory and vomeronastdvays in the limbic system have
receptors for androgens and estrogens. In rae;tolly bulb removal has been reported
to decrease androgen receptor binding in both thggdala and the hypothalamus
(Lumiaet al.,1987). If a similar reduction occurred in hamsténg could explain why
there was a decrease in the responsiveness tstastee feedback on gonadotropin
secretion.

Animals exposed to nasal obstruction showed a dserén plasma T4 and T3
levels up to 90 days after the nostril reopeninifeBent factors could be involved in
these modifications among which are nutritionallegpn and the associated secretion
of glucocorticoids. A suppressive impact of nubml deprivation on T3 and T4 levels
has been shown (Kasdallat al., 2005) and these effects could be mediated by
activation of the hypothalamo-pituitary-adrenal saxiBenker et al., 1990).
Hypothyroidism observed in animals exposed to nadatruction could produce
several deleterious effects such as a maturatiéecdef the central nervous system
(Koibuchi & Iwasaki, 2006) or a decrease of basietabolism and thermogenesis
(Silva, 2003).
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In conclusion, the present study has shown thatsthecture of respiratory
muscles and the levels of plasma hormones cantbee@lby temporary forced oral
breathing. The observed changes began very eanitygdine period of nasal obstruction
and were maintained over the long term. Indeedariimals exposed to temporary
forced oral breathing, muscles involved in respimatactivity presented an increased
relative expression of fatigable MHC isoforms. Tén@sodifications could contribute in
some part to various human pathologies, and it dvdnd interesting to specify the
factors that act to produce these changes in marsaituctures and what other
morphological changes could be involved. An analgdihistochemical profile of MHC
was necessary to determine if a switch of MHC filyree during the early period of oral
breathing was in part at the origin of the MHC geobbserved in oral breathing adult
rats. It will also be necessary subsequently tosomeathe degree of hypoxia and
hydration in pups exposed to temporary forced braithing and to study the relation
between chronic nasal obstruction, nutrition arahi@facial growth. Furthermore, nasal
obstruction is considered a risk factor in sleegpiered breathing (Rombaex al.,
2005 ; Armengoet al., 2008 ; Craiget al., 2008) which in children and adults has a
very negative impact on quality of life with incs=sl daytime sleepiness (Udaiaal.,
2006). This symptom resembles that of obstructieepsapnea caused by episodes of
upper airway obstruction leading to episodic hyppnic hypoxia which alters upper
airway muscle structure and fibre type expressioways somewhat similar to those
reported here (McGuiret al., 2002). This could indicate that our model of tenapp
nasal obstruction could be an appropriate modelldoking at potential changes in
hormones and other physiological parameters oftrhiar other temporary obstructive

nasal breathing pathology.
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Article 4

Craniofacial development and physiological state &r early oral
breathing in rat

G.S.Padzys,C. Tankosic, M.Trabalon, J.M. Martrette

European J Oral Scienggoumis)

1 - Introduction

The influence of respiratory function in developmenh orofacial structures has
been widely discussed. According toosks Theory of Functional Matrices (Moss &
Salentijn 1969), nasal breathing allows proper gnovand development of the
craniofacial complex interacting with other funei® such as mastication and
swallowing (Prates et al., 1997). This theory isdzhon the principle that facial growth
is closely related to functional activity represshby different components of the head
and neck region. Craniofacial growth is relatedvémious factors, such as hormones
(Hwang & Cha, 2004 ; Peltoméki, 2007), hereditytdag and mechanical stress (Bresin
et al., 1999 ; Delatte et al., 2004 ; Oshikawal.e2804). Chronic nasal obstruction is a
non-specific condition observed in many pathologemnditions,e.g. allergic rhinitis,
rhinosinusitis, adenoid hypertrophy and nasal palyfhese conditions are associated
with ogival palate and excessive development ofviréical axis of the facial skeleton

(dolicocephalia or “long face syndrome”) (Subtelh975; Smith & Gonzalez, 1989).

Nevertheless, because this disorder is not lifeatening (at least in adults) its
importance could be underestimated. Impaired nasathing results in obligatory oral
breathing, which can to be divided into two compuse chronic absence of active
nasal respiration that results in an olfactory deion (Jennings et al. 1985) and
chronic mouth opening (Meisami, 1976).

If we consider the doctrine of functional matricesisal obstruction associated

with oral breathing may have an impact on growtierdation of the facial skeleton
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structure (Schlenker et al., 2000). Children witihonic oral breathing, whether due to
nasal obstruction or not, develop several morphocédgdisorders during growth
resulting in unfavorable dental-facial complex depenent (Schendel et al. 1976 ;
Hulcrantz et al., 1991 ; Harari et al., 2010). Giicooral breathing is also known to be a
contributing factor in deviant facial growth pattsrin pre-school children (Yang et al.,
2002 ; Mattar et al., 2004).

Nasal obstruction, whatever the origin, inducesl twa&athing which may be
considered as a stressful situation. Stressfuhtsitus correspond to particular changes
in environmental conditions that induce modificagoin different physiological
parameters such as plasma hormonal levels. Form&astressful situations produce an
adrenal hypertrophy and an increase of plasma gtrtooid levels (Gomez et al.,
1996; Padzys et al.,, 2011a) which are known to dedalterations in craniofacial
development (Arcus & Kagan, 1995 ; Fujita et aDP&). Plasma levels of thyroid
hormones can be reduced in stressful situationgteesk hormones are very important
in the normal development of vertebrate skeletaification (Shao et al., 2006).
Thyroid hormones are required for skeletal develepimand establishment of peak
bone mass. Hypothyroidism in children results iovwgh retardation with delayed
skeletal development, whereas thyrotoxicosis acatgle bone maturation. In adults, T3
regulates bone turnover and bone mineral densitg, @ormal euthyroid status is

essential to maintain optimal bone strength (Wiiksa 2009).

Scaranoet al. (1998) showed that chronic nasal obstruction fom8nths
performed in rats aged 28 days lead to stunted thraamd development of the
nasomaxillary complex. Different mechanisms mabthe origin of these changes; eg
functional stimulation was associated with moutheabihing. However, other

mechanisms are possible.

No study has shown the impact in the short and lergn of early nasal
obstruction associated with chronic oral breathomgcraniofacial development in the
rat. The aim of the present investigation was talate the effect of early short term (4
days) nasal obstruction associated with chronit laneathing, on craniofacial growth,
and its the long term (D90, adult) impact. Thus, leypothesis was that oral breathing

would have a significant effect of craniofacial depment during the very short period
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of forced oral breathing. The effect of early obaéathing on various organ weights
(olfactory bulbs, lungs) and on hormonal status stadied also. In particular the stress
response and plasma levels of thyroid hormones gi@ T4) were evaluated to
determine if these hormones could be implicatedraniofacial development during

early oral breathing.

2 - Methods

2.1. Animal care

Male and female Wistar rats (iops IFFA- CREDO) wearsed in these
experiments. These pups were born in the labordtorg 14 litters (total number 84),
culled to 7 pups per litter to ensure normal bodygh. The animals were housed in
standard cages under controlled temperature condit{22 = 1°C). Food and water
were availabled libitumthroughout the experiment. From birth, the ratsenept on a
reversed 12:12 light-dark cycle (dark period 0820000h).

2.2. Nasal obstruction procedure

All experiments conformed to the Guide for the Caral Use of Laboratory
Animals published by the National Institutes of Hegno. 85-23, revised 1996), the
recommendations of the European Community Coumxiltie Ethical Treatment of
Animals (no. 86/609/EEC) and the regulations of Wméversity of Nancy 1. All efforts
were made to minimize animal suffering.

At the post natal age of 8 days (D8), the litteesenfirst anesthetized; all animals
were weighed and then randomly divided into onerobgroup and one experimental
group (oral breathing). Bilateral nasal obstructiesulting in forced oral breathing was
performed in the experimental animals (at leaste” gge and per sex) as described
previously (Gelhaye et al., 2006a,b). The seleatethod consisted in the cauterization
of the external nostrils, which is the most comnand simple procedure allowing
reversible nasal obstruction in neonates. Thedisswrounding the external nostrils was
burned by placing a surgical cauterizing instrum@ntim in diameter) on the nostrils,

consequently occluding the orifice of the nostmi#hout mechanical or chemical
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damage to the olfactory mucosa. This procedurecediicomplete nasal obstruction
between D8 and D11 with 100 % of the nostrils rexggeat D15.

In the control group, the nostrils were not sedbed the cauterizing instrument was
placed about 1-2 mm above each nostril (at legstps per age and per sex). After
cauterization, the nostrils were washed with clefosicycline (Aureomycine Evans 3%)
to prevent infection. Control and oral breathingnzals were kept warm (37°C) for 30

min and then returned to their mothers. The sargpérperiments were conducted
during complete nasal obstruction day 9 (D9) ang Hh (D11) and at 90 days after
post-reopening of the nostrils, ie at the beginnaigadulthood. In order to avoid

interference between the different litters, oneeraaid one female from each litter and
at each age were randomly used to experimentghisowe needed 84 subjects from 14

litters.

2.3. Sample collection

At D9, D11 or D90, seven rats per group (contra aral breathing) per age and
per sex were removed, immediately humanely killgdighed and intracardiac blood
samplings (500 — 1000 pl) were performed betwedm ddd 12h for corticosterone,
thyroxine and triiodothyronine measurements. Blawas collected within 1-2 min
using sterile heparinised syringes fitted with a@@eedle. Plasma was immediately
separated by centrifugation at 4°C (15 min at 3@06) then the extracts were
aliqguoted and stored at -18°C until the time obgg4-2 days).

After blood sampling, cephalometric analysis waalized, and then olfactory

bulbs and lungs were removed bilaterally and welghe

2.4. Cephalometric analysis

Teleradiographs in both submento-vertex and laeteral projections were
carried out by means of a craniostat as describgdSbaranoet al. (1998).
Cephalometric measurements were taken with anretieg scanner Bio-Rad GS-800
and analyzed with the program Quantity One 4.2hk precision of measure was one

hundredth of a millimetre.

Cephalometric analysis was carried out consideghedollowing points:
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Figure 1. Submento-vertical projection

Figure 1 represents a teleradiograph in the sulmnemtex projection. (I),
superior interincisive point; (A), most posteriariqt of the occipital bone; (A-I line),
through points A and I, indicating the overall lémgf the skull; (P), basis of the
sphenoid bone; (L1), most anterior and superiontpioi the malar process of the right
maxilla; (L2), most anterior and superior pointtite malar process of the left maxilla,;
(O), intersection point of the premaxillary-palajahction on the A-l line; (X1),
intersection point between a straight line passhrgugh point P and normal to the
median plane, and the internal border of the rigylgomatic arch; (X2), intersection
point between a straight line passing through pBind normal to the median plane,
and the internal border of the left zygomatic ardX1-X2 line), transversal
development of the most posterior region of thesdosranica media; (L1-O line),
medio-lateral development of their right maxillaL2¢(O line), medio-lateral

development of ther left maxilla; (L1-L2 line), aa#l development of both maxillae.

Figure 2 : Latero — lateral projection

Figure 2 represents a teleradiograph in the Latertateral projection.(E),
intersection between the frontal bone and the raoperior and anterior point of the
ethmoid; (U), intersection between the maxillaryusi and the distal surface of the third

superior molar tooth; (E-U line), overall heighttbé nasomaxillary complex (Fig. 2).
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2.5. Hormone assays

Corticosterone concentration was measured without an extracticocquure,
using a commercially available EIA kit and perfodreccording to the manufacturer's
guidelines (Assay Designs Inc., USA). The conceiaina of corticosterone in plasma

samples were calculated from a standard curve go@esed as ng/ml.

Thyroxine (T4) andtriiodothyronine (T3) were assayed using commercial RIA
kits and performed according to the manufacturgusdelines (Immunotech SA,
Marseille, France). The concentrations of T4 andni@lasma samples were calculated
from standard curves and expressed as pg/ml. Tiree @nd inter-assay coefficients of

variation were respectively under 6.7 and 6.5 %T#rand under 6.4 and 5.5 % for T3.
2.6. Statistical analysis

The results were expressed as group means + SkMer8ts t-test was used to
establish the comparison between control and gegthing animals since all data were
normally distributed. Group differences were deieed using ANOVA. Analysis of

Specific mean comparisons were then made using FtiSEher test. Differences were

considered significant at P < 0.05.

3 - Results

3.1. Cephalometric analysis
Cephalometric studies showed that in males (table otal breathingwas

associated with a decrease in nasomaxillary heaghhe three ages (F = 14.47, P <
0.0001).
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In the female group (table 2) oral breathing waeisited with a decrease of the
nasomaxillary complex in the short term (F = 7.B57 0.002). No differences were
observed in adult females (F = 1.51, P = 0.92).

Oral breathing was associated with a delay in lowignal skulbase growth in both
sexes (tables 1 and 2). Indeed oral breathingtezbut a delay in development of the
longitudinal skulbase in males (F = 17.95, P < 0100and females (F = 15.18, P <

0.0001).

Males 9 days 11 Days 90 Days
Control group
Height (U-E) 8.25+0.07 9.20+0.16 14.35 £+ 0.02
Length (A-l) 22.92 £ 0.02 24.96 + 0.02 42.40 +0.01
Width :
L1-O 2.54+0.16 3.6+0.17 5.33+0.02
L2-O 2.47+0.13 2.82+0.01 5.42 +0.01
L1-L2 5.01+0.29 6.08 + 0.28 10.75+0.03
X1-X2 11.34 £ 0.03 13.29 £ 0.07 14.90 £ 0.02
X1-P 5.64 +0.01 6.53 + 0.06 7.58+0.01
X2-P 5.70+0.02 6.36 + 0.01 7.32+0.01
Oral breathing
Height (U-E) 7.01 +0.01* 8.01 + 0.02* 13.25 £ 0.02*
Length (A-l) 21.31+£0.41* 23.11 £ 0.03* 40.71 + 0.02*
Width :
L1-O 2.84+0.15 3.32+0.12 5.33£0.01
L2-O 2.65+0.10 2.80+0.03 5.41 +0.10
L1-L2 5.49+0.16 6.12 + 0.02 10.74£0.11
X1-X2 11.20 £ 0.05 13.20 £ 0.02 14.62+£0.11
X1-P 5.61 +0.02 6.55+0.01 7.42+0.01
X2-P 5.59 +0.03 6.33+0.01 7,20+ 0.01

Table 1. Effects of chronic oral breathing on craniofaciabygth at ages 9, 11, and 90 days in male
controls and animals exposed to nasal obstructéaiues are means + S.E.M. (n = 7/group/age).
ANOVA summary: * significantly different from cortl group at P < 0.05.

Considering the anterior development of the ridtit-Q) and left (L2-O) maxilla no
significant differences were found at the threesaganales (L1-O: F = 1.58, P = 0.22;
L2-O: F = 0.54 P = 0.64) and females (L1-0: F =80.F = 0.24; L2-0: F = 2.16, P =
0.12).
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Females 9 days 11 Days 90 Days
Control group
Height (U-E) 8.00 +0.02 9.20+0.01 13.08 £ 0.02
Length (A-l) 22.70 £ 0.03 23.86 £ 0.02 40.12 +0.01
Width :
L1-O 2.10 +£0.04 2.33+0.01 4.45+0.01
L2-O 2.18+0,01 2.36 +0.01 4.80+0.01
L1-L2 4.28 + 0.05 4.69 + 0.02 9.25+0.02
X1-X2 10.77 £ 0.02 12.72 £ 0.02 14.20 £ 0.03
X1-P 5.24 +0.02 6.34 +0.01 6.41 +0.01
X2-P 5.43+0.01 6.14 + 0.01 6.40 + 0.02
Oral breathing
Height (U-E) 6.98 + 0.02* 7.56 + 0.02* 13.04 £ 0.02
Length (A-l) 21.15+0.01* 22.2+0.01* 38.05 +0.02*
Width :
L1-O 2.21 +0.08 2.36 +0.02 4.46 £0.01
L2-O 2.13+0.02 2.35+0.01 478 £0.01
L1-L2 4.34 £0.02 4.74 £0.02 8.08 + 0.02
X1-X2 10.95 £ 0.03 12.40 £ 0.02 14.22 £ 0.03
X1-P 5.23+0.02 6.35+0.01 6.43 £ 0.02
X2-P 5.72+0.01 6.15 +0.01 6.42 +0.01

Table 2. Effects of chronic oral breathing on craniofaciab\gth at ages 9, 11, and 90 days in female
controls and animals exposed to nasal obstructitalues are means + S.E.M. (n = 7/group/age).
ANOVA summary: * significantly different from cordl group at P < 0.05.

This trend may also explain the lack of differeméehe total anterior transverse
diameter (L1-L2) between control and oral breathimgles and females (tables 1 and
2). Oral breathing appeared to have no role ingitwevth of the posterior transverse
diameter (X1- X2) in males (F = 0.85, P = 0.72) &males (F = 0.44, P = 0.31).

3.2. Morphometric characteristics

Before the treatment, at 8 days of age, the weightontrol and oral breathing
pups were not significantly different: 17.8 £+ 0.%og the males and 17.6 £ 0.2 g for the
females (F = 3.04, P = 0.11).

Table 3 shows that in males there was a significéffiérence (F = 4.17, P =
0.002) in body weight at D9 and D11 between cona&mdl oral breathing rats. No
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differences were observed at adulthood (D90) betveemtrol and oral breathing male
(F = 2.52, P = 0.82). To check whether nasal obstm affected the development of
olfactory bulbs, their mass was measured. A sigafi specific reduction in olfactory
bulb mass was found for the three ages in thelwealthing group compared to control
animals (F = 16.34, P < 0.001). The reduction paege was around 30 % during nasal
obstruction (D9-D11) and of 41 % at D90 in oraldihetng males compared to control

animals.

Males 9 days 11 Days 90 Days

Control group

Body weight (g) 18.60 + 0.49 23.08 £ 0.59 408.47 £ 9.6

Bulbes olfactifs (mg/qg) 1.62+£0.13 1.21 £0.03 0.22+£0.01
Oral breathing

Body weight (g) 15.51 + 0.48* 19.75 + 0.79* 394.18 + 8.65

Bulbes olfactifs (mg/qg) 1.12+0.12* 0.88 £ 0.04* 0.13+0.01*

Table 3. Effects of chronic oral breathing on body weight #gd olfactory bulbs specific weight (mg/g)
at ages 9, 11, and 90 days in male controls andasiexposed to nasal obstruction. Values are means
S.E.M. (n = 7/group/age). ANOVA summary: * signdintly different from control group at P < 0.05.

In females (table 4) no difference was observeddayeafter treatment (F = 2.08,
P = 0.63), but there was a significant decreasbody weight at D11 in the oral
breathing group (F = 5.50, P = 0.001). No diffeeswere observed at adulthood (D90)

between control and oral breathing female rats 262, P = 0.28).

Females 9 days 11 Days 90 Days
Control group
Body weight (g) 17.02+0.10 20.87 £2.30 287.27 £5.50
Bulbes olfactifs (mg/g) 1.56 £ 0.10 1.22 +0.04 0.35+0.01
Oral breathing
Body weight (g) 17.26 £ 2.10 16.12 £+ 1.10* 247.42 £6.80
Bulbes olfactifs (mg/g) 1.45+0.16 0.86 £ 0.09 0.23+£0.01*

Table 4. Effects of chronic oral breathing on body weight #gd olfactory bulbs specific weight (mg/g)
at ages 9, 11, and 90 days in female controls amdads exposed to nasal obstruction. Values arexmea
+ S.E.M. (n = 7/group/age). ANOVA summary: * sigointly different from control group at P < 0.05.
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In the oral breathing female group, table 4 showpexific reduction in olfactory
bulb weight two days after treatment (D11) and 800QF = 29.31, P < 0.001).The
reduction percentage was 30 % at D11 and 34 % @tib®ral breathing compared to

control females.

Lung weights were measured to check whether ndssthuction affected their
development. In the both sexes oral breathing wasaated with a significant specific
reduction in lung weight at D11 in male (18.83 540 mg/g vs 16.20 + 0.02 mg/g; F =
5.29, P = 0.003) and female (20.47 + 0.10 mg/g&9®1L £+ 0.58 mg/g; F = 20.35, P <
0.001) rats. The delay of lung weight growth wag/d.4 male and 17 % in female oral
breathing compared to control animals. No diffeemnevere observed in males and
females at adulthood (F = 3.58, P = 0.38).

3.3. Hormone assays

As shown in table 5, plasma corticosterone levetsewsignificantly different
between the experimental groups at D9 and D11. Qme after treatment, nasal
obstruction was associated with a very significamgmentation in basal plasma
corticosterone levels in males at D9 and D11 (F6:2Q, P < 0.0001). No difference
was observed in adult males (F = 11.20, P = 0.61).

Table 5 shows that plasma triiodothyronine levelsrevnsignificantly different
between the experimental groups in males at ak aggted (F = 14.51, P < 0.0001).
Indeed animals with nasal obstruction had loweelewf triiodothyronine throughout
the period studied. The reduction was 49 % at B3%62at D11 and 27 % at D90. Table
5 shows also that in males oral breathing was &gsdcwith a decrease in tyroxine
concentration (F = 11.92, P < 0.0001) which begas aday after the treatment and was
maintained in the long term (D9: -24%, D11: -159%890D-15%).
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Males 9 days 11 Days 90 Days
Control group
Corticosterone (ng/ml) 5.26 £ 0.10 7.53+0.10 2252 +3.12
Triiodothyronine (pg/ml) 2.78+0.11 4.13+0.23 554+0.13 #
Tyroxine (pg/ml) 8.10 £ 0.37 179+£0.70 # 16.44 + 0.97
Oral breathing
Corticosterone (ng/ml) 102.11+£11* 142.33 + 31 *# 2777 £3.43 #
Triiodothyronine (pg/ml) 1.37+£0.29* 3.16 £ 0.15*# 4.02 £ 0.80*#
Tyroxine (pg/ml) 6.16 £0.26 * 15.15+ 0.36 *# 14.45+0.27 *

Table 5.Impact of early nasal obstruction on plasma costierone, triiodothyronine and thyroxine levels
at 9, 11 and 90 days of age in male control antlweathing animals. Values are means + S.E.M {h =
rats/group/age). Analysis of t-test: * significadifference from control group at 9 and 11 days at P

0.05. # significant difference from the previouydaP < 0.05.

In the female group (table 6) a significant speciincrease of plasma
corticosterone level was found for the three ages 16.34, P < 0.0001).

Oral breathing was associated with a decreased ¢dyg@dasma triiodothyronine
(F = 38.39, P < 0.001).The reduction was -46% ataD® 26% at D11.Table 6 shows
that in females oral breathing was associated avidlecreased level of plasma tyroxine
(F = 18.85, P = 0.007) which began one day aftetrgatment (D9: -68%, D11: -11%).
No differences were observed in the long term foodothyronine and tyroxine (F
=12.80, P = 0.80).

Females 9 days 11 Days 90 Days
Control group
Corticosterone (ng/ml) 6.69 £0.11 5.12+0.11 14.13+£3.71#
Triiodothyronine (pg/ml) 2.75+0.11 411+0.23# 5.54+0.13
Tyroxine (pg/ml) 6.88 + 0.59 16.14+0.41#| 12.58+0.48

Oral breathing
Corticosterone (ng/ml) 40.86 £3.04 * | 75.73 £4.95*#| 42.77 £0.01 *#
Triiodothyronine (pg/ml) 1.37+0.29 * 3.16 + 0.88 *# 4.02+08#
Tyroxine (pg/ml) 225+0.46* | 14.39+0.35*| 12.43+0.31

Table 5. Impact of early nasal obstruction on plasma costierone, triiodothyronine, thyroxine levels at
9, 11 and 90 days of age in female control and lmmr@thing animals. Values are means + SEEM (n=7
rats/group/age). Analysis of t-test: * significadifference from control group at 9 and 11 days at P
0.05. # significant difference from the previouydaP < 0.05.
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4 — Discussion

Our results show that oral breathing caused eahgnges in craniofacial
development, which began within one day after tnesit and was maintained at least
until adulthood. Oral breathing was associated wathdecrease in the vertical
development of the nasomaxillary complex (E-U liaed in the development of the
longitudinal skullbase (A-1 line) in both sexes.r@asults show also that early bilateral
nasal obstruction associated with oral breathing diot cause asymmetrical
development of the skull. Indeed, during this pgnmm change was observed in right
(L1-O) and left (L2-O) maxilla. Oral breathing ajpe also to have no role in the
growth of the posterior transverse diameter (X1).Xbhese results showed that the
nasal obstruction period was associated with delaysjuvenile craniofacial
developmental in males and females. Similar findiagre reported by Yamae al.
(1997), who observed permanent craniofacial defioesi after inducing nasal
obstruction, in young Macaca monkeys (before andndupuberal development).
Yamada's model appears particularly interesting the animals used are
phylogenetically close to humans. They are limiteohwever, by the fact that genetic
variability cannot be excluded.

The influence of oral breathing has also been clhitoeexplain the posterior
rotation of the mandible, as reported in childréfecied by adenoid hypertrophy. Lessa
et al. (2005) showed also that oral breathing was aswatiavith an increased
mandibular inclination, vertical growth pattern kitchanges in normal facial
proportions, characterized by increased anterigvefofacial height and decreased

posterior facial height in oral breathing children.

In the long term, 90 days after the reopening efrtbstrils, the results observed in
males show that the delay of craniofacial growtlBesbed during the period of nasal
obstruction could not be corrected. Indeed, in s)adeal breathing was associated with
a long-term reduction in the nasomaxillary comp(&xU line) and in the skullbase

longitudinal axis (A-1 line). By contrast in femateal breathing rats a decrease in the
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skullbase longitudinal axis (A-I line) was observadhe long term. These results show
that in rats early oral breathing was associateth Wang-term sexual dimorphism.
Several studies have shown a link between sex aadiofacial development.
Kawashima (2002) found that pre-school boys witkpiatory disorders during sleep
presented a higher anterior lower facial heighntgals. This was associated with a
significantly higher percentage of nose breathinpiag girls than boys (Vig, 1998). It
has been demonstrated that ovariectomy and oronigcinduce bone loss, and that
oestrogens and androgens are effective in the mptiemve of bone loss during
adolescence (Fujitat al.,2004). These results demonstrate that differenhsemones

play an important role in craniofacial development.

To our knowledge no study has been made on cramabfdevelopment during
the period of nasal obstruction and 90 days afterreopening of the nostrils. This
study provides information that early nasal obgtomc associated with a switch to
chronic oral breathing causes long term craniofagiawth retardation with a sexual

dimorphism.

Nasal obstruction and the associated switch to ¢eanp forced oral breathing
were correlated with increased basal plasma leuelsicosterone, (one day after
treatment) that this result was maintained at ltgrgn (D90) only in females. This
condition is known to cause an alteration in boeeetbpment.

Several studies have reported that glucocorticoidgowing animals reduce body
weight and longitudinal bone growth (Arcus & Kagaf95 ; Fujiteet al.,2008). In our
study, increased glucocorticoids resulted in a cgdo in body weight, in skullbase
longitudinal axis and in nasomaxillary complex. $@efindings are consistent with
those of Fujiteet al. (2004) who demonstrated that increased glucocadsaesulted in
a reduction in body weight and bone (mandibulamgth. Davidovitch (1971)
demonstrated also that excess glucocorticoids hpgressive effects on tibial growth.
The cellular mechanisms by which glucocorticoiderexheir effects on bone are
complex with a range of direct and indirect effemtsthe cell types present in bone. All
bone cells appear to express the classical glutoom receptor. The most important
effects appear to be direct action of glucocortisobn osteoblasts to reduce their
activity and cause their apoptosis and a stimujadction on the activity of osteoclasts
(Weinsteinet al.,1998; Weinstein, 2001).
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The literature has shown that glucocorticoids, #rmd product of hypothalamic-
pituitary-adrenal (HPA) axis activation, can inhibhe hypothalamic-pituitary-thyroid
(HPT) axis (Kakucskat al.,1995). Our current data would support this projpms) in
that nasal obstruction induced increased corticose levels which were associated
with lower plasma thyroid hormone (T3, T4) levels to 90 days after the nostril
reopening in males. Reduction of thyroid hormonas be explained also by other
factors such as nutritional depletion (Hanseal.,2004).

The hypothalamic-pituitary-thyroid axis plays a kegle in skeletal development,
acquisition of peak bone mass and regulation ofltabone turnover. Childhood
congenital and juvenile acquired hypothyroidismagietl severely skeletal development
causing growth arrest and impaired bone maturgRivkeeset al., 1988).

These results are consistent with ours, which shothat the decreases in thyroid
hormones were coupled with a delay of craniofagiailvth. Our results showed that the
delays observed in the young are maintained lorg-te males. Oral breathing had a
long term impact on craniofacial development in e@salwhich may be due to

hypothyroidism which was maintained over the logigt in these individuals.

Our results showed also that animals with oral thieg presented an impaired
olfactory bulb development during the period ofalasbstruction (D9, D11) as well as
in the long-term (D90). These results showed thathe rat, atrophy of the olfactory
bulbs begins within one day after treatment (DY) semains for the long term (D90).
Many studies have shown the impact of early nakatroction on development of the
olfactory bulbs in rats. However, no study has ghakat its impact is rapid and lasts
through the long term. Gelhayet al. (2006a) showned the impact of early nasal
obstruction (D8) on the development of the olfagtoulbs at weaning (D21); Loranca
& Salas (2001) have shown also that early nasaruti®on (D3) caused atrophy of the
olfactory bulbs for up to 70 days. Our results sedwhat atrophy of the olfactory bulbs
began within one day (D9) in males and two daysl1(Dih females after nasal
obstruction. These results were maintained long {&90) in both sexes.

Furthermore, spontaneous reopening of the nasadagasis not fully complete,
therefore the olfactory bulb may not receive sidfi¢ stimulation for normal
responsiveness, as already mentioned above wigeaeso flaring. Two hypotheses
may be advanced to explain these changes: a decmeaseoneurogenesis and / or
increased apoptosis (Farbmetral, 1988 ; Baueet al.,2003). Although all the nostrils

114



are open to D15, atrophy of the olfactory bulbs wesntained for up to 3 months. The
accentuation of atrophy must involve other facgush as hormonal changes. Receptors
for thyroid hormones and glucocorticoids are présancells of the olfactory bulb from
the early stages of development (Morimatb al., 1996 ; Galeeveet al., 2002).
Moreover, postnatal hypothyroidism can cause rediymeliferation, not only in the
olfactory epithelium, but also in the olfactory bsl(Paternostro & Meisami, 1991 ;
Hoyk et al.,1996).

Nasal obstruction is associated with the establstinof oral breathing, which
causes short-term stress and disruption in thelol@veent of the rat. Indeed, our results
have shown atrophy of the lungs. This atrophy magxplained partly by the fact that
oral breathing is less effective than nasal bregtliMortonet al., 1995) and partly by a
lack of sensory stimulation, which resulted in &rdase in the number of cells in the
pulmonary mucosa. To our knowledge, no studies lstiosvn an impact of early oral

breathing on lung development.

In conclusion, the present study has shown thattheiofacial development and
the level of plasma corticosterone and thyroid hmres can be altered by temporary
forced oral breathing. These hormonal changes magldp a primary factor explaining
the change of craniofacial development. The obskcleanges began one day after
nasal obstruction and were maintained over the teng. These results imply that the
establishment of oral breathing in humans in paiiiobl conditions (allergic rhinitis,
rhinosinusitis, adenoid hypertrophy and nasal plyould have an affect over the long

term. This shows the importance of treating nabatraction rapidly.
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CHAPITRE 1l

Incidences d’une obstruction nasale précoce

sur le comportement sexuel
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L’olfaction est avant tout le sens de l'individsation chimique. Elle permet une
analyse qualitative et quantitative a I'échellel@enolécule, bien que la discrimination
olfactive ne coincide pas toujours exactement dsedifférenciation chimique. Un
animal donné n’est pas toujours capable d’analysemélange de substances. On
observe a ce sujet les plus grandes variationsopatibn des especes envisagées,
chacune paraissant adaptée a la perception dessogig@ului sont nécessaires dans sa
vie végeétative et sexuelle. Par ailleurs I'apprs#ge et I'expérience acquise paraissent
jouer un grand rble dans la gamme d'odeurs et darngouvoir de discrimination
auxquelles un Mammifére est sensible. De plus fesib#ité olfactive n’est pas un
phénomene physique simple, car elle se trouve igale sous la dépendance du
systeme nerveux central qui « interprete » les desmbjectives de I'appareil sensoriel
périphérique.

Par ailleurs, les facultés olfactives sont trésediement partagées chez les
Mammiferes. Ces variations concernent aussi bieaspéct quantitatif (seuils
d’excitabilité) que I'aspect qualitatif de la peptien (gamme d’odeurs percues, pouvoir
de discrimination et d’analyse d’odeurs complexes).

La constitution anatomique des fosses nasalesrtusude leur partie olfactive
permet dans une certaine mesure de détermineoa latir acuité olfactive. Chez les
vertébrés, les chimiorécepteurs sont situés dapstHélium qui tapisse la cavité des
organes olfactifs. On peut diviser les Mammiferas3egroupes : les anosmiques, les
microsmiques et les macrosmiques. Dans le cadrenatee travail, seuls les
Mammiferes macrosmiques sont étudiés car l'olfactians ce groupe joue un rble
important. L'organe olfactif prend chez eux un déppement considérable, de méme
que la portion correspondante du cortex cérébtabzCertains animaux macrosmiques,
la partie correspondant a l'olfaction atteint |¢3 @u cortex. L'organe olfactif logé dans
le museau atteint une trés grande complexité clez nharsupiaux, insectivores,

carnivores, rongeurs ou l'air inspiré parcourt @nitable labyrinthe.
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1 — Le systéme olfactif des Mammiferes

Le systeme olfactif se situe a l'interface entemMironnement et le systéme
nerveux central. Il est responsable du codagerderthation sensorielle provenant de
milliers de stimuli odorants. Pour ce faire, l'infaation chimique doit étre traitée tout
au long de niveaux distincts. A chaque niveau, repeésentation modifiée du stimulus
olfactif est généré (Sobel al., 1998 ; Korsching, 2002 ; Leon & Johnson, 2003urPo
réaliser sa grande variété de fonctions, le systéliaetif est composé de systémes
anatomiquement et fonctionnellement distindtépithélium olfactif, le bulbe olfactif
et I'organe vomeronasal(Halpern,1987 ; Moriet al., 1999 ;Keverne,1999 ; Buck,
2000; Firestein, 2001 ; Mombaerts, 2004).

Chez les Mammiféresl'épithélium olfactif recouvre la partie antérieure et
dorsale des cavités nasales et est connecté aumgyserveux central. Il est le siege de
la transduction des signaux olfactifs en messageeng. Chez les rongeurs, il tapisse
des extensions de I'os éthmoide qui forme des sitég Celles-ci augmentent la
capacité d’interaction et canalisent I'air. De e, fl’air passe d’abord dans la partie
centrale et dorsale des sinuosités, ensuite dansalties latérales et ventrales, sous la
forme d’un flux laminaire, avant de sortir de lavit& nasale par la choane 3 (Kimbetl
al., 1997). Il est également recouvert d’'un mucus, pitggar des glandes particulieres
présentent dans la cavité nasale.

L’épithélium olfactif est constitué de trois typeés cellule: descellules de soutiendes
neurones sensoriels olfactifet descellules basalegMoulton & Beidler, 1967).

Les neurones sensoriels olfactifs sont impliquéasdi réception des stimuli, la
transduction et la transmission de l'informatioms®ielle (Meisami, 1989 ; Firestein,
2001 ; Mombaerts, 2004). Chez les rongeurs, on teplpsieurs millions de neurones
sensoriels qui tapissent I'ensemble de la muquelfsetive (Maet al, 1999). Les
neurones olfactifs sont bipolaires et présentem dendrite, qui se termine par une
criniére de cils plongeant dans le mucus olfaetifun axone, au niveau de leur pole
basal, qui projette jusqu'au bulbe olfactif dans d&uctures appelées glomérules. Le
relais de l'information sensorielle est effectué ledbulbe olfactif.

Le bulbe olfactif est un organe pair situé danpdetie antérieure du cerveau. I
intervient dans le traitement des informations ailfees. Il recoit des afférences de
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I'épithélium olfactif et communique I'informatioressorielle & des structures corticales
et sous-corticales (Duchamp-Viret, 1999). Les agodes cellules du bulbe olfactif
forment le tractus olfactif latéral (Figure 2C). lbeilbe olfactif est le siege d'une
importante transformation des entrées sensoriefpesy I'essentiel mono-toniques
(Friedrich & Laurent, 2001 ; Breipokt al.,2001) ajoutant des composantes spatiales et
temporelles dans l'information sensorielle qu’iCoé. Les neurones du bulbe olfactif
empruntent le nerf cranien | et se projettent sucdrtex olfactif. De plus, des voies
olfactives se rendent vers I'amygdale et I'hippopandes régions du systeme limbique

impliquées dans I'’émotion et la mémoire.

Chez les Mammiféres macrosmiques, une structueetole accessoire se trouve
dans la cavité nasalkprgane vomeronasalou organe de JacobsonLa structure de
'organe voméronasal et lI'analogie de son revéténaaec la muqueuse olfactive
donnent & penser qu’il s'agit d'un organe olfaetitessoire. Cet organe est constitué
par 2 diverticules symétriques inclus dans le giencles fosses nasales de chaque coété
du septum nasal, en forme de cul-de-sac s’ouviaet a plupart des Mammiferes dans
le canal de Stensorou canal nasopalatin Chacun de ces diverticules est inclus dans
une capsule protectrice de développement varialil@ars les especegdrtilage de
Jacobsor). Cette capsule est ossifiee chez quelgues Mamasijfeomme le Cobaye.

Le diverticule de I'organe de Jacobson s’ouvreyracanal a un niveau variable dans le
canal naso-palatinou canal de Stensonvestige conservé de la disposition reptilienne
aprés la constitution du palais mammalien, passanite les maxillaires et les
prémaxillaires. Il s’ouvre donc ainsi indirectemelains la cavité buccale. Ce n’est que
chez les rongeurs que le canal s’ouvre dans ldécausale elle-méme, pres de la base
du septum. Les cellules sensorielles de l'organeneronasal sont des cellules
bipolaires, se terminant a la surface de I'épitirélipar des cils (dendrites). Leurs
axones se réunissent pour se joindre aux nerfs noragaux, traversant la plaque

criblée et se terminent dans une partie distinatede olfactif.

Chez le rat|'épithélium olfactif principal etl'organe voméronasalapparaissent
dés le 13™ jour du développement embryonnairendis quel'organe septal
commence son développement ai™jour du développement (Oikaved al., 2001).
Celui - ci forme une portion d’épithélium sensorgd détachant graduellement de

I'épithélium olfactif principal. La muqueuse situéatre ces deux territoires sensoriels
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abandonne ses caractéristiques d’épithélium olfgmbur se transformer en une
mugqueuse de type respiratoire vers Ié"‘?fbur postnatal. A la naissance, I'épithélium
olfactif principal a terminé son développement sla@ue les organes accessoires
continuent leur maturation pendant une partie deél@dode postnatale (Garrostal.,
1992 ; Giannettet al, 1995).

Chez le rat, I'olfaction est fonctionnelle & padi la ™ semaine de gestation tandis
que l'organe septal ne deviendrait efficient quésple sevrage et 'organe voméronasal
resterait fonctionnellement immature pendant lesnpers jours postnataux (Garrcsa
al., 1992 ; Giannettet al.,1995 ; Breipohkt al.,2001).

2 — Olfaction et attraction sexuelle chez les males

Afin de maximiser le succes de la reproduction,deBnaux ont développé des
mécanismes neuronaux et endocriniens permettantodedonner les efforts de
sélection avec des conditions sociales et enviroenéales appropriées. Parmi les
facteurs sociaux qui influent sur la fonction derogluction chez les Mammiféres,
I'olfaction est probablement le plus répandu eplies puissant. En effet, des signaux
chimiques, appeléphéromones sexuelles sont utilisés pour communiquer des
informations spécifiques a I'espece qui moduleotemortement de reproduction (Keller
etal., 2009) ou I'état physiologique de I'individu (Vamibergh, 1969). Les phéromones
jouent un réle important dans la recherche, laoetre, et la reconnaissance des sexes,
notamment la détection de la femelle par le maklitker & Baum, 2001). Elles jouent
également de la méme maniére dans la reconnaissi@ntétat sexuel de la femelle
(oestruy.

Ainsi, par exemple, I'attraction exercée par unadie sur un male adulte est liée a la
présence, soit dans l'urine, soit dans les séorgtiaginales (Aron, 1979) ou dans les
sécrétions préputiales de la rate (Orsulak & Gamieski, 1972) d’attractants sexuels
(phéromones sexuelles attractivesqui peuvent agir a distance sur le male. Chez la
femelle du hamster, c’est une protéine de 20 kBaeis des sécrétions vaginales,
I"aphrodisine, qui joue le réle de phéromone sexuelle attract®eez la souridMus
musculus c’est un mélange de 2 composés volatils présdgemis I'urine : la 2-(sec-

butyl)-thiazolidine et la 2.3-déhydro-exo-brévicorai C’est ainsi qu'un male, méme
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naif, peut manifester sa préférence pour une feneglloestrus, et donc réceptive (Carr
& Caul, 1962 ; Hayashi & Kimura, 1974).

Powerset al.,(1979) ont établi que des hamsters méales, toabeservant leur aptitude
copulatoire aprés anesthésie de la muqueuse wHaati sulfate de zinc, n’étaient plus
attirés par des sécrétions vaginales répandues tams cage. Or ces males
apparaissaient capables de copuler lorsqu’ilsrétaiés en présence d’'une femelle, sans
doute parce qu’ils étaient encore sensibles, pawoia du systeme olfactif accessoire
aux attractants sexuels de la femelle. Ce comperiem été aboli aprés section du nerf
voméronasal. D’aprés Vandenbergh (1988), lors al&iVité sexuelle, les phéromones
stimulent les terminaisons neuronales de I'orgasmeéronasal. L’information parvient
aux bulbes olfactifs accessoires qui la transmetd@ectement a I'’hypothalamusa
'amygdale. Ainsi, en transmettant des informatioastravers lebulbe olfactif
accessoire I'organe vomeronasal fournit des informations kursituation sociale et
sexuelle d'autres individus au sein de l'especei(igo Trotier, 1998). Toute fois, des
données récentes suggerent que l'organe voméranagahs une fonction exclusive a
I'égard de la reconnaissance des phéromones sueihis il répond également a
d'autres molécules, au moins chez les rongeurs €Lab., 2003, Brennan & Keverne,
2004).

Par conséquent, dans le cadre du comportement|séxyserception olfactive
s’effectue a distance grace a des substancesleslgthéromones sexuelles attractives)
agissant sur la muqueuse olfactive, mettant aloijge le systéme olfactif principal, ou
par voie de contact, sous l'effet de substancesvotatiles dissoutes dans la salive
(phéromones sexuelles de contgckt venant agir sur le systeme olfactif accesseir
impressionnant les récepteurs de I'organe voméabniattraction du male, préalable
a l'accouplement, résulte donc bien de la percepté distance et par contact, de

signaux olfactifs émis par la femelle.

Mais pour q'une odeur soit percue, les particuledorantes doivent
nécessairement atteindre la muqueuse olfactivealyae électrophysiologique de la
sensation olfactive a montré que le contact dickexs molécules odorantes avec les
microvillosités de la cellule olfactive est indisgable. Le stimulus provient donc
d’éléments matériels en phase gazeuse transportéiseau de I'organe. Cela implique
avant tout, la volatilité de la substance elle-mgemefonction de la température. Il faut

de plus que la substance soit soluble dans I'edesdipides, afin de pouvoir entrer en
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contact avec la muqueuse et les poils olfactifssele cellules sensorielles. Il existe
plusieurs voies d’entrée des particules volatirssdesosses nasales

On distingue :

* La voie orthonasale(voie principale) lorsque les molécules chimiquésgirent
dans la cavité nasale par les narines. Cet aimgsédiatement réchauffé et humidifié
dans la partie antérieure des fosses nasalesyaaundes maxillo-turbinaux. Les filets
d’air sont alors dirigés vers les ethmo-turbinaax pges dispositifs anatomiques tres
précis chez les Mammiferes macrosmatiques ou towblume d’air inspiré entre en
contact soit directement, soit par diffusion, aWes parois olfactives. Les particules
vont s'y déposer avec d’autant plus de facilité Gueuqueuse olfactive est humidifiée

par des sécrétions séreuses.

* La voie rétronasalelorsque les molécules exhalées au cours de la cafsti
atteignent I'épithélium olfactif par le nasopharymans ce cas, les stimuli chimiques
sont transportés par le flux expiratoire suivant déglutition. Ainsi les odeurs
alimentaires diffusent de la bouche vers le phargiou I'air expiré les transporte vers
les fosses nasales ; cette stimulation constiteen@osante olfactive du godt, les deux

sens étant ainsi étroitement associés sur le pigsiglogique.

* La voie internasalelorsqu’'une molécule odorante passe d’'une narinauéré par

I'intermédiaire du nasopharynx.

* La voie bucco-nasaldorsque les molécules pénetrent dans la cavitaélegar le
conduit naso-palatin. Chez le rat, cette voie reffiective tant que I'extrémité buccale
du conduit naso-palatin est ouverte et intervieihdatout au moment des évenements

alimentaires.

Certains Mammiféres peuvent utiliser les variatiakes I'intensité d’'une odeur
pour tirer des informations quant a la directionlaedistance d’'une source odorante
(Rajanet al., 2006). Les inspirations successives (flairage)mettent d’augmenter le
deébit aérien et donc la probabilité d’'impact dedénuales sur le systeme olfactif, ce qui

accroit la perception de I'environnement olfadtififig, 1982).
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3 — Obstruction nasalest attraction sexuelle chez les males

Nous venons de voir dans les chapitres précédermtd’ gpbstruction entraine a

court et a long terme des modifications morphologg]

Les animaux expérimentaux présentent a l'age addi#e bulbes olfactifs
significativement plus petits que ceux des anintauntréles (cf. articles 3 et 4). Or les
bulbes olfactifs jouent un rdle important dans lade de l'olfaction chez les
Mammiferes. Par ailleursjos résultats(table 1) montrent que I'ouverture des narines
a l'age adulte chez les males est significativemgns petite chez les animaux
expérimentaux (F = 7.22, P = 0.004).

Rats Males Femelles
Contréles 238.25+0.54 218.50+0.77
Expérimentaux 214.50 £ 0.95* 207.13 +0.53

Table 2: Ouverture des narines (en pum) chez des ratsesddé 90 jours. * significativement
différent du lot contr6le & P = 0.004.

Suite a ces observatignotre étude, présentée ddiasticle 5, a été donc congue
pour tester les effets a long terme de l'obstructiasale sur la capacité olfactive des
males a l'dge adulte a différentier des odeurs dmefles adultes. Des tests
comportementaux et des analyses physiologiquesétintréalisés 90 jours apres
'ouverture des narines et le rétablissement deespiration nasale. Une série de 3
expériences, effectuées dans des labyrinthes, ampasmis d’examiner les réponses de

rats males aux odeurs de femelles sexuellemernptrées.

Les males témoins et contrdles ne montrent aucoivigme de préférences pour
des odeurs des femelles en oestrus. Pendant tesdeghoix olfactifs, les stimulations
olfactives entrainent une élévation rapide du talasmatique de testostérone mais
également du taux plasmatique de corticostéroneetation avec le comportement
exploratoire dans un milieu non familier. Les magérimentaux a I'age adulte
passent plus de temps a explorer les enceintesrimgntales. lls présentent des taux
plasmatiques de corticostérone significativememigsieur aux taux observés dans les
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mémes conditions chez les rats témoins et contoleplus les rats expérimentaux ne
présentent aucune préférence olfactive entre demursdde femelles adultes non
réceptives ou réceptives sexuellement. Le tauwxmalague de la testostérone chez ces
males, contrairement aux autres males, ne varie qmas l'influence des odeurs des
femelles, et reste significativement plus faible @goport aux autres congénéres. Par
contre les niveaux plasmatigues de cholestérol efs driglycérides sont
significativement plus élevés chez ces males ewpataux. Par ailleurs, nos
expériences montrent que ces males expérimentduwnerpréférence pour lI'odeur des
femmes adultes qui ont recu au stade néonatal, @eux, une obstruction nasale. Ces
résultats montrent bien que les males sont capatdedifférencier I'état physiologique
des congéneres. On peut penser d’aprés nos résutiaé nos males n’'ont pas encore
eu un éveil de la libido (maturation sexuelle reliae) ou que le systeme olfactif (bulbe
olfactif, organe voméronasal) n’est pas réceptik gunéromones attractives sexuelles
des femelles.
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Article 5

Prosexual odour differentiation and physiological pofile in adult male
rats after a neonatal, short term, reversible olfatory deprivation

S. PadzysJ.M. Martrette, S. N. Thornton, Marie Trabalon

(soumis)

1. Introduction

Under normal conditions lack of olfaction is gerigraassociated with the
obstruction of the nasal cavities (Seiden & Dun@1). Our previous study revealed
indeed that nasal obstruction induced in eight-aldyrats led to activation of the stress
response with increased corticosterone as the éifiatter (Gelhaye et al., 2006 a, b).
The literature shows that increased plasma leviet®icosterone are associated with
the expression of anxiety-related behaviours sichygeractivity (Cao et al., 2007),
with modifications of novelty-seeking behavior (Alany, 2008; Gelhaye et al., 2006b,
2011), and social play in juvenile rats (Beatty &stello, 1983; Risser & Slotnick,
1987).

Through olfactory deprivation and activation of thdéPA axis, early nasal
obstruction could disrupt on the one hand estamiesit of exploratory behaviour, a
preliminary necessary for the emancipation anddibpersion of young mammals, and
on the other hand the hormonal homeostasis of yaodigiduals. Nasal obstruction
generates numerous effects on the olfactory bultluding reduction of its volume
(Gelhaye et al., 2006a) and a variety of neurocbahaind functional changes (Brunjes,
1994). However, in spite of the blockage of the ahasavities, odorants could,
theoretically, reach the olfactory epithelium bye thasopharynx and this retronasal
perception could mediate odour-guided behavioursodents (Coppola et al., 1994;
Chapuis et al., 2007).

125



In many species, including humans, chemosensamubtfunction as social cues
that impact reproductive hormones and behaviourtyD2001; Jacob et al., 2001;
Wirsig-Wiechmann, 2001). In rodents, female odqorspheromones) activate neurons
in limbic circuits mediating male reproductive betwar and elicit gonadal steroid
release in sexually naive males (Meredith, 1998)e Expression of reproductive
behaviour in sexually naive male Syrian hamsterabsolutely dependent on female
pheromones present in vaginal secretions and tresduction by the vomeronasal
system (Meredith, 1986; Meredith & Howard, 1992). rhale hamsters and rats,
exposure to female pheromones elicits a rise ito$esrone within 60 min (Richardson
et al., 2004; Wood et al., 2004). Furthermore, fienchemosensory stimuli can be used
to establish a classically conditioned endocrinepoese to a neutral stimulus,
confirming their roles as unconditioned stimuli #®voking reproductive responses in

males (Graham & Desjardins, 1980).

Olfactory recognition appears often to be importamtestablishing the bond
between mammalian individuals. Young distinguiskeithown mother from other
females by recognizing her distinctive odor (Leorivi®ltz, 1971; Brunjes & Alberts,
1979; Brown, 1982; Polan & Hofer, 1998). Early inmting with the correct odour may
influence not only the young animal’'s future reciign of and relations with its
mother, but also its selection of a mate havingrala odour when it becomes adult
(Loranca & Salas, 2001 ; Bakker et al., 1996; Gasgestrada et al.,, 2008). A
mammalian pheromone used for individual recognitiway volatilize directly from the
body of the animal, or it may be deposited ontalasgatum as a scent mark. A scent
mark has the advantage of allowing an animal tatitlethe previous presence of either
a known or an unknown individual of the same oiffeent species in a particular area.
These scent marks may act as loci for the genenciamge of information such as
individual identity, as well as age, sex, breedampdition, and social status of the
marking animals (Kalkowski, 1967; Muller-Schwar28y71, 1972; Johnson, 1973).

Precocious olfactory experience has a very importeole to play in rat
neurobehavioral development (Sczerzenie & Hsia@/1€oopersmith & Leon, 1984;
Hongoet al, 2000). Learning of the maternal odour is critiftal the young’s survival
as she is, at least initially, the unique sourcenofirishment, heat and protection
(Sullivan, 2003). Newborns must learn rapidly natyotheir mother’s odour but also

that of the nest and then their littermates in ptdebetter orient their movements both
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within and outside the nest. In preventing theskctbry signals bilateral nasal
obstruction could lead to partial social isolatemd thus be also a sensorial stress. In
fact during postnatal cerebral development, ratspbpve only olfactory input to
orientate themselves as hearing and vision areirectjfrom the 18 to the 14 day
after birth. Those pups with nasal obstruction miyirhis initial period have only the
senses of touch and temperature to inform therhesf €nvironment.

The aim, therefore, of the present study was w@mluate the effect of early,
reversible, nasal obstruction, giving a short tetfactory deprivation period on sexual
differentiation of odours and potential partnees&bn in adult male rats. We have used
uniquely odour cues with no physical interactiostgeas it is well known that rats make
ultrasonic vocalization during mating (Barfield &dmas, 1986; Matochik & Barfield,
1991). The effects of early olfactory deprivatiantbe stress response (corticosterone),
on plasma levels of sexual hormones (progestemmsttadiol and testosterone), and on
biochemical markers (glucose, proteins, lipids)ev&udied also in adult rats.

Our hypothesis was that early short-term olfactdgprivation would have a
significant effect of some parameters of exploratmd prosexual behaviour. We also
investigated the functional impact of early olfagtaeprivation on olfactory abilities.
Nest recognition and choice of sexual odour par{pestrus and anoestrus females)
were therefore investigated in a two-choice sitratiVertebrates are frequently
characterized as being able to recognize the ploggoal status other individuals, so
the choice of odours from untreated, control, atyeaasally obstructed females were
therefore investigated in a three choice situation.

2. Methods

2.1. Animal care

Male and female Wistar rats (origin IFFA- CREDO)reveised in these experiments.
These pups were born in the laboratory from 1®8rkitculled to 10 pups per litter (5

males and 5 females) to ensure normal body growkh.used three male from each
litter for each of the biological and behaviourasts. We used all females from each
litter for the behavioural tests. The animals wamised in standard cages under
controlled temperature conditions (22 + 1°C). Fogmtllets of 12 mm, Harlan
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Interfauna Iberica SA) and water were availadodelibitum throughout the experiment.
From birth, the rats were kept on a reversed 1EBdti®-dark cycle (dark period 08:00-
20:00h).

2.2. Nasal obstruction procedure

All experiments conformed to the Guide for the Canel Use of Laboratory Animals
published by the National Institutes of Health (n86-23, revised 1996), the
recommendations of the European Community Coumxiltie Ethical Treatment of
Animals (no. 86/609/EEC) and the regulations of Wméversity of Nancy 1. All efforts
were made to minimize animal suffering.

At 8 days of age, the litters were first anesttestiby hypothermia (10 min at -
18°C), then weighed and then semi randomly divided one untreated group, one
control group (sham) and one experimental grougdhabstruction or NO). Bilateral
nasal obstruction resulting in forced oral breaghimas performed in experimental
animals (15 per group and sex from five littersdascribed previously by Gelhaye et
al. (2006a, b; 2011) and Padzys et al. (2011). $blected method consisted in
cauterizing the external nostrils, which is the thoemmon and simple procedure
allowing reversible nasal obstruction in neonafédse tissue surrounding the external
nostrils was burned by placing a surgical cautegZnstrument (1 mm in diameter) on
the nostrils, consequently occluding the orificetloé nostrils without mechanical or
chemical damage to the olfactory mucosa. This mhoeee induced complete nasal
obstruction between D8 and D11 with 100 % of thstmis reopened at D15. This was
tested regularly with a weak soap solution apptedhe nostrils. Small bubbles were
observed once the nostrils started to open atrttieoeD11.

In the sham group (SH), the nostrils were not skhlé the cauterizing instrument was
placed about 1-2 mm above each nostril (15 perpend sex from five litters). After
cauterization, the nostrils were washed with clefosicycline (Aureomycine Evans 3%)
to prevent infection. In the untreated group (UAg tats were anesthetized only (15 per
group and sex from five litters).

The pups were warmed (37°C) for 30 min and redineetheir mothers. The
pups were weaned at 25 days of age and then hausedage with 2 conspecifics of
the same sex and treatment. Animals were left twmied until the onset of
behavioural testing and sample collection at 90 dags after post-reopening of the

nostrils (D110). As shown schematically in Figure 1
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Figure 1: Time line of experimental protocol

2.3. Behavioural analysisexploratory andodour partner preference with no physical
interaction tests

For behavioural observations we used a T-maze aadial arm maze. The T-
maze presented a start arm connected to two goal @frequal dimensions (30 cm x 10
cm x 10 cm). The maze was constructed of Plexiglés, a guillotine door separating
the start box from the main stem of the maze. Areerental box (40 cm x 20 cm x 15
cm) was situated at the end of each goal arm asddlby a door with holes in it which
allowed stimulation by smell. The radial arm mazeswvan array of three arms (30 cm X
10 cm x 10 cm) radiating from a central startingaarAt the end of each arm we placed
an experimental glass box (40 cm x 20 cm x 15 ¢émall cases, 45 + 5 g of sawdust
were placed in the experimental boxes and eacphpmal box, placed at random, were
presented only once. Each experimental box wasdestly once. The experimental

set-up was washed with an acetone-water solutiét) (getween each test to obviate
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possible biasing effects of odour by the previats nest sawdust. A total of three tests
were conducted for each male.

- Eploratory behaviour during a two-choice situatin in the T-maze In order to
evaluate exploratory behaviour, adult male ratsewebserved in the two-choice
situation “fresh sawdustersusnest sawdust”.

- Prosexual olfactory choice during a two-Choice 8iation in the T-maze
Immediately after the exploratory test, the maleswptaced in another T-maze with
“nest sawdust of an UT oestrus femeégsusnest sawdust of an UT anoestrus female”.
In females, oestrus cycles were tracked by exammatf morning vaginal smears, and
only those rats showing three consecutive 4-dayesyof oestrus were used. Nest
sawdust of females only at the oestrus and ancesttages were collected at the

beginning of behavioural test.

At the beginning of the T-maze test, sawdust waseal in each experimental
box and a male was placed in the start box. Fiveutes later, the guillotine door was
opened allowing the male to move freely in any afiine observation period began
when the rat entered the start arm of the T-mazkethe guillotine door was closed
behind it during the 10 min test.

The latency of the first choice (defined by thestficontact between an animal and a

lateral box), and the time spent with sniffing ach arm of the T-maze were recorded.

— Individual recognition during three-Choice situaion in radial arm maze.
Immediately after the behavioural observationshiem T-maze, male was placed in the
central box of the radial arm maze and allowedhoose between a box with “nest
sawdust of UT female”, a box with “nest sawdustaobH female”, a box with “nest
sawdust of an NO female”. Females are the samasige male, 110 days.

The behavioural observation began the secondxperienental rat touched the
substratum of the central box and the tested ratabserved for 10 min after the first
contact with one test box. The latency of the faisbice (defined by the first contact
between an animal and an experimental box), andirtre spent with sniffing in each

arm of the radial maze were recorded.

The behaviour of all males during the three behaalotests was videotaped with

video tracking equipment and analyzed with the $#bk programme (Smart Panlab,
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Bioseb, France). The events were later quantifigdh blind tester. To minimize the

influences of possible circadian changes on belavjountreated, sham and OB
animals were alternated for observation. They vodrgerved at the same time of day
(between 9:00 AM and 11:00 AM). The apparatus wastained in the same position
in the room throughout the duration of the study.

2.4. Sample collection

First sample:For hormone assays, rats were anaesthesia 24fdre beehaviour tests
and intracardiac blood samplings (500 — 1000 pbewaken between 11h and 12h for
hormonal measurementBlood was collected within 1-2 min into sterile laepised
syringes fitted with a 26-G needle. Plasma was ithately separated by centrifugation
at 4°C (15 min at 3000 rpm) and the extracts alediand stored at -36°C until the
time of assay (corticosterone and testosterone).

Second sampledmmediately after the end of the behavioural obsgons, rats were
anaesthesia, weighed and intracardiac blood sagliith same method. Plasma was

aliquoted and stored at -36°C until the time ofdksay (biochemical and hormones).

2.5. Hormone assays

Corticosterone, progesterone, pigestradiol and testosterone concentrations were
measured without an extraction procedure, usingnantercially available EIA kit and
performed according to the manufacturer's guidsliffessay Designs Inc., USA). The
concentration of hormones in plasma samples waslleaé¢d from a standard curve and
expressed as ng/ml for corticosterone and ng /omséxual hormones. The intra- and
inter-assay coefficients of variation were undet 8 and 13.1 % respectively for
corticosterone, 9.2 % and 7.4 % respectively favgpsterone, 7.6 % and 8.3 %

respectively for 1f-estradiol, 10.8% and 14.6% respectively for tdstose.

2.6. Biochemical assays: determination of glucogerotein and lipids levels
Concentration of blood glucose was determined uaioglorimetric method after
enzymatic oxidation in the presence of glucose ased(Glucose-test, Randox, UK).
The hydrogen peroxide that forms then reacts, umadealysis of peroxidase, with
phenol and 4-aminophenazone to form a red-violetaneimine dye as indicator.
Protein content in 10 pl of plasma samples wasregéted according to the

method of Bradford (1976) using bovine serum allbvuas the standard.
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Triglycerides were determined using a colorimetnethod after enzymatic
hydrolysis with lipases (Triglycerides-test, RangdokK). The indicator was
quinoneimine formed from hydrogen-peroxide, 4-amplmnazone and 4-clorophenol
under the catalytic influence of peroxidase.

Cholesterol was determined using colorimetric meétafter enzymatic hydrolysis
and oxidation (Cholesterol-test, Randox, UK). Thdicator quinoneimine was formed
from hydrogen peroxide and 4-aminoantipyrine in theesence of phenol and

peroxidase.

2.7. Statistical analysis

The results were expressed as group means + SistiSsh analysis was performed by
means of statistical software (Statview V5.0, Alsaconcepts Inc., Berkeley, CA).
Statistical analysis was carried out using the grpental condition (UT, Sham or NO)
and the two or three choice situation as factorerdfore, a two way ANOVA was
used. The same procedure was used for: the timé speach arm of the T-maze, the
time spent in each arm of the radial arm mazejaasterone and testosterone levels
before and after the behavioural tests. In thisdase, the PLSD Fischer test was used
to establish the inter-group comparison. Concertivegother physiological data, group
differences were determined using analysis of maggone way ANOVA). Analysis of
specific mean comparisons were then made using FEiSEher test. In all cases, the

differences were considered significant at P <.0.05

3. Results

3.1. Behavior tests

3.1.1. Exploratory behaviour during two-choice sit@tion in T-maze

During the first test, “fresh sawdust nest sawdust”, no differences (F = 1.12, P
= 0.22) were observed between the three groupsatdstior latency of the first choice.
Rats choose more quickly the fresh sawdust box{2.% sec) versus 14.5 £ 0.9 sec for
“nest sawdust” (F = 2.74, P = 0.03).
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The time spent in each arm (Fig. 2) was comparaiite the three groups: 100
sec in “fresh sawdust” and 70 sec in “nest sawd(fst= 1.85, P = 0.18). The males

spend approximately 80 % of time (428 sec) to exgplbe T-maze.

B Fresh sawdust OCenter arm B Nest sawdust

NO

- \

0% 25% 50% 75% 100%

Figure 2. Impact of early nasal obstruction on male ratshdwiour in a two-choice situation: “fresh
sawdust vs nest sawdust”. Distribution of the tispent in each arm of the T-maze with untreatedgrou
(UT), sham group (SH), and animals with nasal aio$iibn at 8 days (NO). Values are means = SE (n =
15 rats / group). Analysis of two-way ANOVA summaNS not significantly different

As far as sniffing behaviour was concerned theeeewno differences between
the groups (UT: 9.4 £1.6; SH: 9.4 £ 1.9; OB: 9.2.8).

3.1.2. Prosexual behaviour during two-choice situan in T-maze

The latency of the 1st choice was comparable whidrand UT males had to
choose between “nest sawdust of oestrus fenvaleest sawdust of anoestrus females”:
10.2 £ 0.7 sec for “oestrus sawdust” and 9.84 4 k€c for “anoestrus sawdust” (F =
1.59, P = 0.82). NO males put significantly moradibefore going into the box of the
“sawdust oestrus females”: 16.3 + 1.4 8d0.2 = 0.7 sec for SH and UT males (F =
4.01, P =0.02).
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Fig. 3 shows that the induction of nasal obstarctffected the time repartition
inside the maze with “nest sawdust oestrus fewmiest sawdust anoestrus female” (F
= 51.83, P = 0.0001). NO animals spent less timihénnest sides compared to other
animals: 139 + 24 sec in “oestrus sawdust” and#Q% sec in “anoestrus sawdust” (P
= 0.01). This significant difference was associatgth a greater time spent in the
centre arm (356 £ 29 sec). Sham and untreatecspats significantly more time in the
box of “oestrus females”: 294 + 14 sec for SH maled 324 + 32 sec for UT males (P
<.001).

O Estrus sawdust O Center arm O Anestrus sawdust

* — a
NS
* /
L) L) L) L) L]
0% 25% 50% 5% 100%
Time distribution

Figure 3: Impact of early nasal obstruction on male ratdids@our in a two-choice situation: « nest
sawdust oestrus untreated female vs nest sawdasstans untreated female ». Distribution of theetim
spent in each arm of the T-maze with untreated gi&ir), sham group (SH), and animals with nasal
obstruction at 8 days (NO). Values are means +1SEX5 rats / group).

Analysis of two-way ANOVA summary (a): treatmenfesft: F = 173.66 at two degrees of freedom P <
0.0001; time spent in each arm: F = 51.83, P <@L0& two degrees of freedom; treatment*time: F =
3.52, P = 0.05 at two degrees of freedom. NS mptifitantly different; * significantly different aP =
0.01; ** significantly different at p < 0.001.

There were no differences in sniffing behavioumtsen the groups (UT: 17.8 +
2.1; SH: 18.6 +1.9; OB: 17.0 = 3.9).
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3.1.3. Social recognition during three-Choice situ#n in radial arm maze

During the three-choice test, no differences werseoved between the three
groups of males for latency of the first choice:118 1.3 sec for untreated rats, 17.9 +
1.2 sec for sham rats, and 20.5 £ 2.1 sec for NO(Fa= 1.77, P = 0.14).

Fig. 4 shows that differences were observed betwiee three groups of males
for time spent in each arm (F = 99.78, P < 0.0080).males spent comparable time in
the “sawdust untreated” and “sawdust sham” (80 s&X) and significantly (P = 0.001)
more time in the box of “sawdust NO females” (17425 sec) and the centre of the
radial arm (266 + 32 sec). Sham and untreatedsgast significantly less time in the
box of “NO sawdust females™ 130 + 20 sec versud 2719 sec for UT females (P =
0.01).

\D UT sawdust B SH sawdust B NO sawdust O center radial arm

- [ —

*% %
NS
* *
NS NS
* *
0% 25% 50% 75% 100%

Time distribution

Figure 4: Distribution of the time spent in each arm of thdial arm maze with untreated group (UT),
sham group (SH), and animals with nasal obstruciio8 days (NO) in a three-choice situation: « nest
sawdust untreated female (UT) versus nest sawtiash $emale (SH) versus nest sawdust NO female »
(n =15 rats / group).

Analysis of two-way ANOVA summary: treatment effdel): F = 73.95 at two degrees of freedom P <
0.0001; time spent in each arm; F = 99.78, P <QLG# three degrees of freedom; treatment*time: F =
13.54, P = 0.001 at three degrees of freedom. NSsigaificantly different; * significantly differen
between different arms at P = 0.01 in SH; ** sigrahtly different from SH and UT males at P= 0.001.

No differences in sniffing behaviour between theups were observed (UT:
209+£1.7; SH: 19.7 £1.7; NO: 18.3 £ 2.7).
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3.2. Body weight and Biochemical assay

Before the treatment, at 8 days of age, the weightthe three pups were not
significantly different: 17.8 £ 0.4 g (F = 3.80/0.18). Table 1 shows that the weights
were similar at adulthood: 405 £+ 13 g (F = 1.86, @17).

No differences were observed in male plasma gkei¢bs= 1.07, P = 0.35) and
protein levels (F = 1.17, P = 0.32) between nabatraction, sham and untreated rats
(Table 1).

Levels of triglycerides and cholesterol (Table ih) NO male rats were
significantly higher than sham and untreated m@tes 4.51, P = 0.02 and F = 3.26, P =
0.05, respectively).

Groups Body weight  Glucose Proteins  Triglycerides Cholesterol
(9) (mg/dl) (mg/ml) (mg/dl) (mg/dl)

Untreated 401 11 2357 151 +6 93+3 115+ 10

Sham 421 £19 236 + 12 155+ 7 9+5 139 + 20

Oral 394+ 10 2325 132 +10 146 +*10 195+18

breathing

Mean 405° 234" 146" 113* 150*

Table 1: Body weight, plasma glucose, proteinslgid levels at 110 days of age in male rats witkd a
without neonatal nasal obstruction.

Values are means = SE. n = 15 rats per group. Arsalyy ANOVA: *triglycerides: F = 3.26 at two
degrees of freedom = p<0.05; * cholesterol: F =14btwo degrees of freedom = p<0.6%50.05versus
untreated and sham. NS = not significant.

3.3. Hormonal assay
3.3.1. Corticosterone

The concentration of corticosterone (Fig. 5) wigsifcantly higher in NO rats
before and after behaviour tests (F = 6.80, P 9L Short term nasal obstruction
produced a significantly increase in plasma costiemne levels compared with sham
and untreated males. As shown in fig. 5, behavilotests produced a significant
increase in plasma corticosterone levels in theetlgroups of males (F = 25.29, P <
0.0001).
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Figure 5: Impact of early nasal obstruction on plasma cosdierone level before and after behaviour
tests in untreated (UT) group, sham group (SH) amidnals with nasal obstruction at 8 days (NO).
Values are means + SE (n = 15 rats per group).y&isabf two-way ANOVA summary (a): treatment
effect: F = 4.75 at two degrees of freedom P < 0tbBe: F = 25.29, P < 0.0001 at two degrees of
freedom; treatment*time: F = 6.80, P = 0.01 at tlegrees of freedom. NS not significantly different;
significantly different from UT and SH rats at F0<05; ** significantly different from UT and SH saat

P <0.01.

3.3.2. Sexual hormones

Fig. 6 shows that plasma testosterone levels sigreficantly different between
the experimental groups before and after the behaal tests (F = 23.99, P < 0.0001).
The level of testosterone was significantly lowemNO rats before tests: 2.1 + 0.5 ng /
ml versus 3.5 £ 0.5 ng / ml for SH and 3.8 ng fonlUT rats (P = 0.01).
The level of plasma testosterone increased sigmifig (P = 0.003) after the
behavioural tests in SH (7.5 + 1 ng / ml) and infd® (7 £ 1 ng / ml).
The level of plasma testosterone did not vary in N between before and after
behavioural tests: 2.5 + 0.7 ng / ml after tests.
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Figure 6: Plasma testosterone levels in untreated (UT)mrsham group (SH) and animals with nasal
obstruction at 8 days (NO) before and after behaaiotests. Values are means + SE (n = 15 rats per
group). Analysis of two-way ANOVA summary: treatmeffect (a): F = 8.96 at two degrees of freedom
P = 0.001; time: F = 12.69, P < 0.0001 at two deg&f freedom; treatment*time: F = 23.99, P < 01000
at two degrees of freedom. NS not significantlyfedént; * significantly different from UT and SH
groups at P < 0.01; ** significantly different at<df0.0001 from UT and SH groups.

As shown table 2, there were no significant déferes in plasma 1¥oestradiol
(F = 2.42, P = 0.09) and progesterone (F = 0.85,®43) levels between the three
groups of male after behavioural tests.

Groups 17 p — estradiol Progesterone
(ng / ml) (ng / ml)
Untreated 1.3+£0.1 21+03
Sham 1.7+£0.2 1.9+0.3
Nasal obstruction 1.9+0.2 23x0.2
Mean 1.6 +0.1° 2.1+0.2°

Table 2: Plasma 1f-oestradiol and progesterone levels at 110 daggefin male rats with and without
neonatal nasal obstruction. Values are means #INSE.15 rats per group. Analysis by ANOVA: NS =
not significant.
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4. Discussion

These results show that a short term, precocioasalnobstruction (at 8 days
postnatal for 5 days) has a profound influencehenréactivity of naive, adult male rats
to odours of same age sexually mature female ratadt to a new environment (fresh
sawdust) indicating that exploratory and sniffirghviour were normal but sexual cue
behaviour was disrupted. Untreated and sham ogkeratde rats of the same age and
weight demonstrated normal behaviour to the sexwss as well as to the new
environment. Furthermore, the nasal obstructed hats lower plasma testosterone

levels but higher corticoid levels and were moctie to stress.

NO male rats were housed with NO females until wegand thus would have
learnt their odour. Then as adults, NO males wble @ recognise and prefer odours of
females that had been subjected to the same “stiBlss other male rats showed a
specific preference for females that had not bessalfy obstructed and were sexually
mature. These results are in agreement with thereasons of others in animals
(Johnson, 1973; Gheusi & Lledo, 2005) and in hunf{sestins et al., 2005).

The untreated and sham adult naive male Wistar ghtthese experiments
demonstrated a clear preference for the odourseoéptive (oestrus) females as
compared with those of non receptive (anoestrusplfes. Male rats spend more time
investigating the arm of a T maze which contairtesl ddour from a receptive female
than the arm which contained the odour from a meptve female. These results are
similar to those for male Sprague-Dawley rats (5t@970). Sex odour preference is
very important in the rat’'s natural environmenttaway serve as a means for selecting
appropriate sexual partners. However, the sigmifieaof the odour must be learned as

sexual contact is necessary for the preferencppea.

These experiments demonstrate that chemosensornyniation contained in urine
and other secretions from conspecific females ats/the HPG axis in sexually naive
adult male rats. Female odours elicited a rapid s plasma testosterone without
affecting the other sex hormones. These experimgmbsv in the rat an increased
plasma androgen levels with exposure to femaleeteos as has been reported
previously in hamsters (Macrides et al., 1974; fRfeand Johnston, 1992; Richardson
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et al., 2004). The increase in testosterone thaurec30 min after exposure to
pheromones is unlikely to be directly involved Iretinitial activation of reproductive

behaviour, as males typically engage in the ersguence of copulatory behaviours
within minutes of being placed with a receptive &en(Meek et al., 1997; Romeo et al.,
1999). The rise in testosterone after exposurehemosensory information from the
female most likely serves long-term functions, ,eatering neural or behavioural

responses to females in future encounters, orimoreing the behaviour (Wood et al.,
2004).

If a naive laboratory rat is introduced into a riogavironment, the ensuing
elevation of corticosterone has been regarded &metion of the novelty of that
environment (Pfister & King, 1976). The rapid risfecorticoid levels as a consequence
of exposure to a novel environment that we see hasebeen documented also by
others (Bassett et al., 1973; Hennessy & Levin@81®fister, 1979). Furthermore, an
increased level of corticosterone has been showredace the testosterone response
(Retana-Marquez et al., 2003) and this is cleadynadnstrated here with the rats of
these experiments. The novel environment provokgteatly increased corticosterone
response in the obstructed rats compared to threatatl and sham rats. However, the
testosterone response was attenuated in the olestramimals. In fact it was no
different from the levels before the tests indiegtperhaps that there was no “sexual”
stimulation. In normal rats the detection of receptfemale odours is via the
vomeronasal organ (Bakker et al., 1996). In cohtiashe olfactory bulbs, which are
the primary olfactory detection system, the vomasah organ does not detect long
distance airborne molecules but is very sensitivéhbse found in close contact with
urine of receptive females (O’Connell et al.,, 19K8eredith & Fernandez-Fewell,
1994).

There could be other influences on sexual developrimat could be responsible
for the results presented here. We have remarkedd that in the NO group during
infancy the mother spent more time licking the tgnorgans of males which at this
time increased plasma testosterone levels (Geléiagk; 2011; Padzys et al., 2011) and
this has been shown to be necessary for male astcufinisation (Moore, 1992).
Furthermore, the olfactory bulbs of NO rats haverbshown to be smaller than

controls the day after the induction of blockadevali as at adulthood (Padzys et al., in
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press). However, neither of these conditions hag raflection on the weight of the
testicles suggesting that here at least developmasninormal (Padzys et al., in press).

It is interesting that nasal obstruction was ofyamishort duration and very early
in the life of the rat but the effects lasted umitlulthood. It did not disturb normal
exploratory behaviour of the environment but unlguespects of sexual behaviour.
This could indicate either lack of sexual matumatislowed puberty, or an impossibility
to differentiate female sex odours through decrbametivation of the vomeronasal

structure.

An unusual difference observed in the obstructed veas increased levels of
triglycerides and cholesterol in the plasma. Thieseeased levels could indicate an
increased basal level of stress, corroborated ly iticreased basal level of
corticosterone. In stress there is a tendencylésnpa levels of glucose to decrease and
the release of glycerol and the accompanying tayigles are needed to maintain these
levels (Cahill et al., 1970). However, the rats egupd to behave normally and their
exploratory behaviour of the novel sawdust wasstrae as the untreated and the sham
rats. Increased plasma corticosterone levels supperincreased plasma cholesterol
levels, once again indicating increased stresse@dcholesterol levels (Bryant et al.,
1988).

In conclusion, we have shown that short term nalssiruction in 8 days old male
rats can have profound effects of the capacityhesé¢ rats when adult to detect sexual
odours from mature receptive females. However,oésdnot appear to have had a
negative impact on the capacity to explore a no@ironment. The long term
consequence of this could influence the sexual\bebma of the males and thus their

capacity to reproduce. This particular aspect ram& be investigated.
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CONCLUSION et PERSPECTIVES
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Chez la plupart des mammiferes un développemerbpeéidéal dépend d’'une
relation stable entre la mére et I'enfant. Les somaternels et les influences
alimentaires sont cruciaux, non seulement pourlagéiger la croissance du nouveau-ne,
mais aussi pour moduler la réponse du systeme eediogrinien au stress, et influencer

certains aspects du développement cérébral.

« Alimentation (glucocorticoides, leptine, opiacés,rgicorps)

* Régulation de la température (nidification)

. e Stimulation sensorielle (Iléchage et toilettage)
‘

* Stimulation sensorielle
(allaitement)

» Changement morphologique et fonctionelle « Régulation de I'axe HPA,
des neurones pour supporter la lactation responses au stress

e Régulation de I'axe HPA, réponses au e Développement de
stress et émotivité I'hypocampe,

apprentissage et mémoire

» Pleine expression du comportement
maternel

Figure 9: Représentation schématique des relations réaipogntre la mére et I'enfant (Walker et al 2004)

L’ensemble de nos résultats montre que dés le pregmir, I'obstruction nasale
perturbe linteraction mére-jeunes et le dévelopgetndes jeunes. Plusieurs études
(Walkeret al, 2004 ; Mortoret al, 2005 ; Haynest al, 1997) montrent , que lors de la
prise alimentaire, 'hormone de satiété, la leptinentenue dans le lait maternel,

constitue un facteur clé régulant aussi bien lextfons neuroendocriniennes, que
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I’'homéostasie hydrique et énergétique. Les jeurpo®es a une obstruction nasale ont
des difficultés a téter et donc a avaler des qié@ntsuffisantes de leptine. Par
conséquent, des études sur le réle de la leptinergient étre envisagées pour nous
permettre de préciser I'implication de cette pm¢édans le développement des jeunes
Mammiféres soumis a une obstruction nasale. Peues| on sait que I'administration
exogene de leptine tend a réduire les effets deilation nutritionnelle sur les axes
corticotrope et thyroidien (Ahimat al, 1996). Nos résultats montrent que les
perturbations dans la prise alimentaire, et I'apioar d'une déshydratation observée
dés le premier jour de I'obstruction nasale, s’aggagnent d’'une augmentation des
taux de corticostérone, et d'une baisse de la #iyeo chez les jeunes. Ces

modifications hormonales sont plus marqués chefetaslles.

D’autres données appuient aussi l'influence régalainverse (fig.9), soit que la
stimulation émanant du nourrisson a un effet sérat’ de la mére. Au cours de la
période de lactation, les méres présentent desnséponeuroendocriniennes et
comportementales moins sensibles a plusieurs tg@éacteurs de stress, sauf si ceux-ci
menacent la vie de I'enfant. Cette capacité dérefi les stimuli adéquats de ceux qui
ne le sont pas, tout en s’occupant du nourrissenf @tre considérée comme une
capacité d’adaptation de la relation mere-enfaes &oins maternels sont également
connus pour I'établissement de la réponse neuroaime au stress, mais aussi pour la
masculinisation du jeune. En effet chez le raétdhhge et le toilettage des petits, durant
les deux premieres semaines de sa vie, semblaéitessaire pour le développement de
I'axe HPA et de la réactivité neuro-endocrine aass. De méme le léchage anogénitale
du jeune male, est nécessaire a la masculinisatien I'aire pré-optique de
I'hypothalamus. Ce qui sous entend que laugmesriatiu taux de testostérone
plasmatique observée chez les jeunes males, poétrai liée a 'augmentation du
temps de léchage de la mere durant la période tlati®n nasale.

De nombreuses études complémentaires sont donssaées afin de préciser les
effets relatifs de ces différentes hormones. Pamgxe, une administration de
testostérone aux jeunes femelles permettrait ddietae role de cette hormone dans
les différences inter-sexuelles constatées suliacuction de I'obstruction nasale. Le
dosage des hormones hypothalamiques (CRH et TRHlymbdphysaires (ACTH et
TSH) mais également de I'hormone de croissancengtérait en outre de préciser les
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mécanismes sous-jacents aux variations de contiengaen corticostérone et en

hormones thyroidiennes.

La période d'obstruction nasale provoque d’autrg f@ mise en place d’'une
respiration orale forcée, qui entraine une adaptatipide des muscles respiratoires se
maintenant a long terme. Un examen de la déper@mgédiigue des animaux exposes a
la respiration orale forcée, liée a I'obstructiaasale, permettrait d’analyser I'impact du
travail des muscles respiratoires sur I'état pHggiigue des jeunes. En effet, la balance
énergétique est sans doute perturbée par I'obstnuctasale précoce. Les systemes
musculaires constituent une composante importanta dépense énergétique en termes
de croissance, d’activité et de turnover protéidwes atrophies musculaires constatées
suite a linduction de l'obstruction nasale, peuveonc étre envisagées comme un
processus adaptatif visant a faire face a la dema&nérgétique accrue, associée a la
difficulté de respirer normalement. Lors d'une attan stressante, il y a en effet
compétition entre la croissance et la résistantze @erturbation pour l'utilisation des
ressources énergeétiques. Il est toutefois difficdle déterminer si les atrophies
observées suite a I'obstruction nasale, représentermécanisme adaptatif visant a
économiser I'énergie ou un symptéme traduisant tah gathologique. En admettant
que les modifications engendrées par I'obstructiasale soient réversibles, celles-ci
pourraient effectivement constituer un processuaptadif facilitant la survie de
I'individu. Pour pendre I'exemple de la compositien MHC des muscles oro-faciaux,
ceux-ci présentent un profil en MHC adapté a lagiraion buccale mais qui, du fait du
retour a une respiration nasale normale, correspamdfait & un phénotype en
inadéquation avec la demande environnementale. Qubsarvé également que le
développement cranio-facial chez les males estt@damur permettre une respiration
orale fréquente des individus. Ces adaptationsoneus visibles a I'age adulte chez
les méles. C’est sans doute leur état hormonala doimg terme permet de rattraper les
modifications observées pendant la période d’ob8tm nasale. Par conséquent, une
étude plus approfondie de l'action des hormonescaglorticoides et sexuelles
(androgenes et oestrogenes) sur le développementuintsquelettique, doit étre
envisagée pour mieux comprendre le dimorphismeedehservé a long terme dans le

développement cranio-facial suite a I'obstructiasale.
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Par ailleurs, les études préliminaires ont montré kpbstruction nasale, a court
terme chez les rats males peut avoir des effetonqe sur la capacité de ces rats, a
I'age adulte a détecter les odeurs sexuelles fematultes réceptives. Toutefois, il ne
semble pas avoir eu un impact négatif sur la cépadiexplorer un nouvel
environnement. La conséquence a long terme de ¢epaurrait influer sur le
comportement sexuel des males et peut étre sucd@arcité a se reproduire. Cet aspect
particulier reste a étudier, en particulier faineeuétude neuroanatomique de laire
préoptigue de I'hypothalamus, site de contrGle de libération des hormones
gonadiques, mais également des noyaux paraveaireulet supra-optique qui
contrdlent la libération de la vasopressine eta®y/tocine (hormone impliquée dans les
relations sociales). De plus, I'étude du systembiljue peut également nous permettre
d’analyser les relations entre le systeme olfaetif le substrat anatomique de
I'expression de I'’émotion et du comportement.

Par ailleurs, notre étude n'a pas permis d’aboildecomportement du choix du
partenaire sexuel des femelles en relation avec éeat hormonal. Il apparait donc
nécessaire également d’aborder I'étude du compertiesexuel des femelles afin de
vérifier si I'obstruction nasale précoce entrainenme chez les méales des perturbations
dans I'apparition du comportement sexuel et desifisatons neuroanatomiques a

court et a long terme.

En conclusion nos résultats montrent qu’une obstmimasale réalisée di™ au
15émejour postnatal, a des conséquences qui perdutemiaans jusqu’a I'age adulte
dans le cadre du développement morphologique efpodemental. Ainsi, la sous-
nutrition peut perturber les fonctions neuroendaerines de I'adulte en modulant par
exemple I'activité de l'axe corticotrope et I'axgpothalamo-hypophyse-gonades. Par
ailleurs, I'hypothyroidisme et I'hypercorticostégmie postnatals sont susceptibles
d’avoir des conséquences permanentes sur l'orgamisat le fonctionnement du
systeme nerveux central. Ces perturbations phygmles sont susceptibles
d’intervenir dans I'apparition ou la modulation demportement sexuel de I'individu.
L’ensemble de ces modifications observées lorsatie étude sur le rat peut contribuer
a comprendre, dans une certaine mesure, certaatbel@pgies humaines. En effet, il
serait intéressant de préciser quels facteurs eagigsour produire des changements
morphologiques et physiologiques lors d’'une obsioacasale chronique chez I'enfant

ou I'adulte. Ainsi nos études montrent qu'il eststimportant de faire un bilan de I'état
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nutritionnel, du degré d'hydratation, et de mesuégulierement la croissance cranio-
facial chez les jeunes exposés a la respiratide éwecée. En outre, I'obstruction nasale
est considérée comme un facteur aggravant dartsoldsles respiratoires du sommeil
(Rombauxet al, 2005 ; Craig et al., 2008) qui chez les enfattdes adultes a un
impact trés négatif sur la qualité de vie, car eglraine entre autre une augmentation
de la somnolence diurne (Udadial, 2006). Ces différentes affections correspondent
celles observées dans l'apnée obstructive du sdmoerisée par des épisodes
d’obstruction des voies aériennes. Elles conduigenine hypoxie qui modifie la
structure musculaire des voies aériennes supési@irgexpression du type de fibre de
maniere quelque peu similaires, a ceux que nousngd’observer chez le rat. De
méme chez I'enfant comme dans les conditions paggpies (rhinite allergique,
rhinopharyngite, hypertrophie adénoide et polymesaunx), la suppléance orale entraine
une sécheresse buccale et a long terme des tralbllascroissance du tiers moyen de
la face, avec un faciés adénoidien classique (keékiiale et de I'articulé dentaire,
palais étroit et ogival). Cela nous permet de dire notre modele d'obstruction nasale
temporaire, peut étre un modele approprié pourelzherche sur les changements
potentiels au niveau des adaptations de l'organifane a un stress chronique. Nos
résultats montrent également que la mise en plack despiration orale chez le rat,
peut avoir un effet a long terme aussi bien suat’ghysiologique (état hormonal) que
sur le comportement sexuel. Cela montre limpodarde traiter rapidement

['obstruction nasale chez les nourrissons et [&né&n
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