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Résumé 

De nouveaux enjeux émergent dans le domaine de la Santé en raison du vieillissement 

de la population et du développement inquiétant de la Maladie d’Alzheimer (MA). Chez le 

sujet sain ou pathologique, peu d’études ont porté sur le vieillissement du contrôle nerveux de 

la respiration, en dépit de son rôle crucial pour l’oxygénation du cerveau. Cette thèse présente 

des recherches translationnelles, réalisées chez la souris, pour étudier le vieillissement 

physiologique et pathologique du contrôle nerveux de la respiration. Chez des souris 

transgéniques, modèles reconnus de la MA et du syndrome de Rett, nous décrivons le 

développement de neuropathologies respiratoires graves, conduisant à un décès prématuré. 

Nous montrons pour la première fois qu’une tauopathie du tronc cérébral altère le 

fonctionnement des voies aériennes supérieures, la vocalisation et la respiration. De plus, nos 

travaux suggèrent un rôle délétère de l’anesthésie pour la MA et identifient des pistes 

thérapeutiques nouvelles. En conclusion, nos travaux chez la souris peuvent avoir des 

retombées particulièrement intéressantes notamment pour la MA. 

 

 

 

Summary 

New issues are emerging in the field of Health care due to ageing of the population 

and the alarming development of Alzheimer’s Disease (AD). In healthy or pathological living 

being, very few studies are dealing with the ageing of the respiratory nervous control, in spite 

of the crucial role of respiration for brain oxygenation. This thesis presents translational 

research performed in mice to examine the physiological and pathological ageing of the 

respiratory nervous control. In mice from two transgenic strains, recognized models for AD 

and Rett syndrome, we describe the development of drastic respiratory neuropathologies 

leading to premature death. In the AD mouse model, we show for the first time that brainstem 

tauopathy triggers dysfunctions of the upper airways, impairs vocalization and alters 

respiration and respiratory control. In addition, our work suggests a deleterious effect of 

anaesthesia for AD and identifies new therapeutic strategies. This mouse research could well 

contribute to significant improvements in AD care.!
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Présentation Générale de la Thèse 

 

 

 Le travail de recherche présenté dans cette thèse concerne le contrôle nerveux de la 

respiration. Réalisé chez la souris ("sauvage" ou transgénique) via des approches multiples 

(génétiques, physiologiques, électrophysiologiques, biochimiques et immunohistochimiques), 

ce travail souligne l’importance des facteurs génétiques, maturationnels, environnementaux et 

liés au vieillissement dans la physiopathologie respiratoire.  

 

Chez le mammifère, la respiration est, dès la naissance, indispensable à l’oxygénation 

du sang au niveau pulmonaire et donc à la survie. Le bon déroulement de l’acte respiratoire 

nécessite la contraction rythmique et coordonnée de plus d’une centaine de muscles, d’une 

part ceux de la cage thoracique pour provoquer les entrées / sorties d’air, et d’autre part ceux 

des voies aériennes supérieures (VAS) pour en contrôler le débit. De plus, l’amplitude et la 

fréquence de ces contractions musculaires doivent être en permanence régulées et ajustées 

aux conditions environnementales (teneur en CO2 ou en O2, altitude, température, etc.) et 

comportementales (sommeil, repos, stress, activité physique intense, etc.). Le réseau nerveux 

impliqué dans la rythmogenèse respiratoire et ses régulations doit donc impérativement se 

développer correctement pendant la période prénatale, mais aussi atteindre sa maturité 

postnatale et vieillir dans des conditions optimales, afin de maintenir l’homéostasie gazeuse 

sanguine durant toute la vie. Dans le chapitre « Introduction » de cette thèse, un état de l’art 

fait le point sur l’organisation du réseau nerveux respiratoire, sa maturation périnatale, ses 

principales régulations et plasticités, et enfin son vieillissement. 

Au cours des deux dernières décennies, de nombreuses recherches ont concerné la 

rythmogenèse respiratoire chez le rongeur nouveau-né, en raison d’une part des problèmes 

posés par la Mort Subite du Nourrisson (0,5 cas pour 1000 naissances), et d’autre part des 

avantages offerts par de nouvelles approches in vitro qui facilitent l’étude du réseau néonatal 

du rongeur. Le contrôle nerveux des VAS a par contre bénéficié de moins d’intérêt. Pourtant, 

un dysfonctionnement des VAS peut conduire à diverses situations pathologiques graves. En 

premier lieu, les apnées obstructives : les muscles de la cage thoracique continuent à être 

actifs de façon rythmique mais un dysfonctionnement des VAS réduit, voire annule, le flux 

aérien et donc le renouvellement de l’oxygénation sanguine. Pendant le sommeil, des apnées 

obstructives trop fréquentes peuvent altérer l’oxygénation de tout l’organisme et notamment 
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du cerveau et du muscle cardiaque, et induire les symptômes caractéristiques du syndrome des 

apnées obstructives du sommeil (AOS) : fatigue dès l’éveil, perte de mémoire, 

endormissement diurne incontrôlable, problèmes cardio-vasculaires, etc. A des niveaux de 

gravité différents, les AOS concernent 2-3 % de la population mondiale (environ 200 millions 

de personnes), principalement les personnes âgées. D’autre part, les VAS constituent un 

carrefour anatomique pour des fonctions autres que la respiration telles la vocalisation, la 

déglutition, la toux, etc.  Des dysfonctionnements des VAS peuvent avoir de nombreuses 

répercussions et contribuer aux déficits phonatoires, ou aux dysphagies comme les « fausses 

routes » récurrentes et pneumopathies associées qui surviennent fréquemment chez les 

personnes âgées, notamment celles souffrant de la maladie d’Alzheimer. La fréquence des 

AOS, l’évolution de la pyramide des âges et l’augmentation considérable du nombre de 

patients atteints par la maladie d’Alzheimer pourraient donc, dans les années à venir, susciter 

un regain d’intérêt pour l’étude des VAS et en faire un axe de recherche majeur. 

Dans le chapitre « Résultats » de cette thèse, onze mémoires (huit publiés, deux 

soumis et un en préparation) apportent des informations nouvelles sur le contrôle nerveux de 

la respiration et des VAS, son vieillissement physiologique et pathologique, et l’influence 

complexe notamment du CO2 et de la sérotonine (5-HT) pour la régulation respiratoire. 

Indubitablement, un point fort de cette thèse est la démonstration que des dysfonctionnements 

des VAS se développent avec l’âge chez des souris transgéniques qui sont des modèles 

reconnus de neuropathologies graves, d’une part le syndrome de Rett, une maladie 

neurodéveloppementale rare, et d’autre part les tauopathies neurodégénératives, dont la 

maladie d’Alzheimer est une des plus connues. Chez les souris « modèle Alzheimer », nous 

décrivons pour la première fois une altération avec l’âge des VAS et montrons qu’elle 

s’accompagne d’une atteinte de la phonation, ce qui n’est pas sans rappeler les troubles de la 

respiration et du langage que développent les patients atteints par la maladie d’Alzheimer. De 

plus, nous montrons qu’une anesthésie pendant la période pré-symptomatique induit 

prématurément non seulement une tauopathie des structures nerveuses contrôlant les VAS, 

mais altère également le fonctionnement des VAS chez ces jeunes souris « modèle 

Alzheimer ». Ce résultat conforte la prudence recommandée depuis peu par un consortium 

biomédical quant à l’anesthésie des patients âgés, qui pourrait avoir des effets néfastes 

pouvant aller jusqu’au déclenchement de la maladie d’Alzheimer. Finalement, nous 

identifions, chez la souris « modèle Alzheimer », des protocoles d’anesthésie moins à risque 

et des pistes thérapeutiques nouvelles.  
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A côté de ces résultats pionniers, d’autres ont été obtenus sur le rôle complexe de la 

sérotonine (5-HT) dans la régulation respiratoire, ainsi que sur celui de l’érythropoïétine 

(EPO). Nos résultats et un état de l’art (revue) rédigé en collaboration avec d’autres collègues 

mettent en exergue le rôle de la 5-HT dans les fonctionnements / dysfonctionnements du 

réseau respiratoire. D’une part, en comparant des souris "sauvages" provenant de deux 

souches génétiques différentes, nous suggérons que ces facteurs génétiques peuvent induire 

des spécificités du système 5-HT qui vont conférer au système respiratoire des différences 

phénotypiques, discernables avant même la naissance, et qui vont persister jusqu’à la 

vieillesse. D’autre part, nos résultats suggèrent que la prise de certains médicaments 

susceptibles d’altérer le système 5-HT de la mère pendant la gestation, peuvent affecter les 

réponses respiratoires du nouveau-né au CO2, et contribuer à des troubles respiratoires 

facilitant la Mort Subite du Nourrisson. De plus, nous montrons que la tauopathie altère 

tardivement le métabolisme de la 5-HT des souris « modèle Alzheimer », ce qui induit des 

troubles respiratoires accrus peu de temps avant le décès. Ces résultats, mis en parallèle avec 

ceux obtenus précédemment chez la souris « modèle syndrome de Rett », révèlent que des 

altérations du système 5-HT peuvent contribuer à des déficits respiratoires létaux. Enfin, la 5-

HT intervenant dans le sommeil, un lien pourrait exister entre dysfonctionnements 5-HT, 

dysfonctionnement des VAS et syndrome des AOS. La réponse ventilatoire à l’hypercapnie 

(RVHC) étant également un fil directeur de cette thèse, nous montrons que l’EPO 

désensibilise la RVHC par une action directe centrale et périphérique, et par une action 

indirecte via l’érythropoïèse qu’elle induit. Ces résultats sont d’une grande importance pour la 

compréhension des mécanismes menant au « mal chronique des montagnes ». 

Finalement, un chapitre « Discussion générale » fait la synthèse de l’ensemble des 

résultats présentés dans cette thèse, en soulignant l’importance des facteurs génétiques dans la 

détermination du phénotype respiratoire, le rôle de la 5-HT et du gaz carbonique dans le 

contrôle nerveux respiratoire en général et dans celui des VAS en particulier, et en insistant 

sur divers aspects du vieillissement. 

 

En conclusion, nos recherches chez la souris, "sauvage" ou transgénique, peuvent 

contribuer à l’amélioration de la compréhension des mécanismes nerveux permettant 

d’équilibrer l’apport en oxygène à l’organisme, ce qui est crucial pour son fonctionnement et 

sa survie. Nos recherches peuvent également avoir des retombées intéressantes dans le 

domaine de la santé, et particulièrement dans le cadre du vieillissement physiologique et 

pathologique du contrôle nerveux respiratoire. Finalement, il est très probable que nos 
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recherches sur le réseau nerveux qui élabore et régule la respiration, une activité motrice 

complexe mais relativement facile à enregistrer chez l’animal in vivo, puissent permettre de 

progresser dans la compréhension d’autres réseaux nerveux, plus difficiles à étudier, comme 

ceux liés à la cognition. 
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Liste des abréviations 

 

 

5-HIAA!

5-HT!

5-HTP!

8-OH-DPAT!

V!

VII!

IX!

X!

XII!

Aß!

AMPK!

APP!

ASIC!

ATP!

"Aug"!

BACE-1!

BDNF!

BötC!

CC!

CCHS!

CDK5!

CO2 

"Con"!

CPG!

CVR!

DA!

"Dec"!

DFT!

DHEA!

DLH!

Acide 5-hydroxyindole acétique!

5-hydroxytryptamine!

5-hydroxytryptophane!

8-hydroxy-2-(di-n-propylamino)tetralin!

Nerf trijumeau!

Nerf facial!

Nerf glossopharyngien!

Nerf vague!

Nerf hypoglosse!

ß-amyloïde!

Protéine kinase activée par l’adénosine monophosphate!

Protéine précurseur de l’amyloïde!

Canaux ioniques sensibles à l’acide!

Adénosine triphosphate!

Croissant!

Enzyme 1 clivant l’APP sur son site bêta!

Facteur neurotrophique dérivé du cerveau!

Complexe de Bötzinger!

Corps carotidiens!

Syndrome d’hypoventilation chronique congénitale!

Cyclin-dépendante kinase 5!

Dioxyde de carbone 

Constant!

Générateur de patron moteur!

Colonne ventrale respiratoire!

Dopamine!

Décroissant!

Démence frontotemporale!

Dehydroepiandrostérone!

Acide DL-homocysteic!
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E!

E1!

E2!

"Early"!

e-pF!

EPO!

GABA!

GRD!

GRP!

GRV!

GRVc!

GRVr!

GSK3ß!

HIF-1!

I 

Iß!

Ica!

ICAN!

 

IGF!

INaP!

KF!

Kir!

"Late"!

LC!

L-DOPA!

LPB!

LTF!

MA!

MAOA!

MARK!

MeCP2!

MPB!

NA!

Jour embryonnaire!

Post-inspiration!

Expiration tardive!

Précoce!

Forme embryonnaire du RTN/pFRG!

Erythropoïétine!

Acide !-aminobutyrique!

Groupe respiratoire dorsal!

Groupe respiratoire pontique!

Groupe respiratoire ventral!

Groupe respiratoire ventral caudal!

Groupe respiratoire ventral rostral!

Glycogène synthase kinase 3 ß!

Facteur induit par l’hypoxie 1!

Inspiration!

Cellules inspiratoires-ß!

Courant calcique!

Courants cationiques non-spécifiques indépendants du voltage activés 

par le calcium!

Facteur de croissance ressemblant à l’insuline!

Courant produit par les canaux sodiques persistants!

Noyau de Kölliker-Fuse!

Canaux potassiques rectifiants entrants!

Tardif!

Locus Cœruleus!

Dihydroxyphénylalanine!

Noyau parabrachial latéral!

Facilitation à long terme!

Maladie d’Alzheimer!

Monoamine oxydase A!

Kinase régulant l’affinité des microtubules!

Protéine 2 liée au méthyl-CpG!

Noyau parabrachial médian!

Noyau ambigu!
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NADPH!

NK1!

NMDA!

NMDARs!

NO!

NRA!

NTS!

O2!

O-Glc-NAcylation!

P!

PaCO2!

PAG!

PaO2!

PB!

P-cells!

pFRG!

PP!

PréBötC!

PSD95!

pVHL!

RARs!

RRG!

RTN!

RVCH!

RVH!

SARs!

SERT 

SIDS!

SNC!

SR!

TASK!

TH!

Tph!

TTX!

Nicotinamide adénine dinucléotide phosphate!

Neurokinine 1!

N-méthyl-D-aspartate!

Récepteurs au NMDA!

Monoxyde d’azote!

Noyau rétro-ambigu!

Noyau du faisceau solitaire!

Dioxygène!

ß-N-acétylglucosamination O-liée!

Jour post-natal!

Pression partielle artérielle en dioxyde de carbone!

Substance grise périaqueducale!

Pression partielle artérielle en dioxygène!

Complexe parabrachial!

Cellules "pompes"!

Groupe respiratoire parafacial!

Phosphatase protéique!

Complexe de PréBötzinger!

Protéine de densité post-synaptique 95!

Protéine de Von Hippel-Lindau!

Récepteurs à l’étirement pulmonaire à adaptation rapide!

Réseau générateur du rythme respiratoire!

Noyau rétrotrapézoïde!

Réponse ventilatoire à l’hypercapnie!

Réponse ventilatoire à l’hypoxie!

Récepteurs à l’étirement pulmonaire à adaptation lente!

Transporteur membranaire de la 5-HT!

Syndrome de mort subite du nourrisson!

Système nerveux central!

Syndrome de Rett!

Canaux potassiques sensibles à l’acide TWIK-reliés!

Tyrosine hydroxylase!

L-tryptophane hydroxylase!

Tétrodotoxine!
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VAS!

VEGF!

Vglut2!

Vmat2!

WHBP!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

Voies aériennes supérieures!

Facteur de croissance vasculaire endothélial!

Transporteur vésiculaire du glutamate de type 2!

Transporteur vésiculaire des monoamines 2!

Préparation in situ cœur/tronc cérébral isolés perfusés!
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Introduction générale : de l’oxygène à la respiration 

 

 

La vie avec oxygène a débuté il y a environ 2,5 milliards d’années avec l’apparition 

d’organismes capables de transformer l’énergie solaire en énergie chimique de liaisons 

carbonées. Dans ce processus de photosynthèse, du dioxyde de carbone (CO2) et de l’eau sont 

convertis en glucose, du dioxygène (O2) étant également généré dans la réaction. Les 

organismes photosynthétiques ont prospéré et se sont multipliés, augmentant progressivement 

les concentrations en O2 atmosphérique. Il y a environ 1,5 milliard d’années les organismes 

eucaryotes sont apparus, contenant des mitochondries, bactéries endosymbiotiques devenues 

organites subcellulaires dans lesquelles le pyruvate issu de la glycolyse est oxydé en CO2 et 

eau, refermant ainsi le cycle énergétique (Wallin, 1926). Des équivalents réduits sont générés, 

qui vont céder des électrons à la chaîne respiratoire mitochondriale. Il en résulte la formation 

d’un gradient électrochimique de protons servant à resynthétiser l’adénosine triphosphate 

(ATP), dont l’hydrolyse est le principal vecteur énergétique des êtres vivants. La 

phosphorylation oxydative produit 18 fois plus d’ATP par mole de glucose que la glycolyse. 

Elle fournit ainsi l’énergie nécessaire au développement et au maintien d’organismes 

multicellulaires complexes. Les organismes métazoaires seraient apparus il y a environ 0,5 

milliard d’années (Semenza, 2007). L’O2 a donc permis l’évolution et le développement des 

organismes vivants via la respiration cellulaire.  

 

Avec la complexification des organismes via la pluricellularité, la différenciation 

cellulaire et notamment l’apparition des cellules épithéliales, l’apport de l’O2 aux cellules est 

devenu plus difficile avec des cloisonnements membranaires à franchir (Alberts et al., 2002). 

Ainsi les premiers organismes complexes sont apparus en milieu aquatique, avec un apport en 

O2 par voie transcutanée, une deuxième forme de respiration. Il semble également que le 

système circulatoire, permettant un apport en O2 plus efficace que par simple diffusion aux 

différents tissus de l’organisme, se soit mis en place de façon couplée au système nutritionnel 

car les premières branchies servaient à capter les nutriments dans l’eau par filtration (Farmer, 

1999). Le sang fixait ainsi l’O2 et relarguait le CO2 au niveau cutané, tout en étant vecteur 

direct de nutriments via les branchies. Ce système définissait une condition adéquate pour 

l’apparition de nouvelles niches évolutives. Les branchies ont ensuite perdu leur fonction 

nutritionnelle et sont devenues les sites principaux d’échanges gazeux, la pompe buccale leur 
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assurant un mouvement unidirectionnel d’eau : c’est l’apparition du premier réseau générateur 

de rythme respiratoire (RRG) (Kinkead, 2009). Il y a plus de 400 millions d’années, les 

premiers poumons sont apparus dans le grade « poisson » (Roux, 2002). Une forte pression 

sélective en faveur d’un double organe respiratoire pulmonaire/branchial (respiration 

aérienne/aquatique) aurait existé au silurien (période de l’apparition des poumons), 

notamment à cause de la très faible teneur en O2 des eaux stagnantes et/ou en faveur d’un 

apport direct d’O2 au cœur (la respiration branchiale ne fait parvenir l’O2 au cœur qu’après 

perfusion des tissus). Chez les poissons, cette pression sélective s’est inversée par la suite en 

raison des prédateurs aériens. Par contre la respiration aérienne pulmonaire s’est maintenue 

avec l’apparition des tétrapodes, premiers organismes passant du milieu aquatique au milieu 

terrestre, il y a environ 300 millions d’années. De ces tétrapodes descendent directement les 

amniotes, puis les mammifères.  

 

Un fait évolutif marquant est le passage du couplage buccal entre acte moteur 

respiratoire et acte moteur nutritionnel chez les tétrapodes, à son découplage chez les 

amniotes. Les amphibiens, notamment étudiés pour leur similitude potentielle avec les 

tétrapodes, possèdent une ventilation buccale fonctionnant par surpression : l’air aspiré par la 

bouche est poussé dans les poumons par compression de la cavité buccale (Roux, 2002). Cette 

ventilation, très coûteuse en énergie, ne participe d’ailleurs pas à la totalité des échanges 

gazeux car les amphibiens possèdent une respiration cutanée importante et des échanges 

gazeux au niveau lingual. Chez les amniotes puis les mammifères, le passage à une respiration 

par dépression, selon le principe d’une pompe aspirante, a permis un gain énergétique 

considérable, tout en enlevant à la cavité buccale son rôle de pompe respiratoire (Roux, 

2002). La commande nerveuse centrale de la pompe respiratoire qui transitait chez les 

amphibiens par les nerfs crâniens trijumeaux (V) et faciaux (VII) pour la pompe buccale et 

via les nerfs glossopharyngiens (IX) et vagues (X) pour la stabilisation des arches 

pharyngiennes, passe chez les amniotes par les nerfs spinaux phréniques et intercostaux 

(Kinkead, 2009). Cette dissociation entre la pompe respiratoire (qui devient thoracique) et la 

cavité buccale (qui ne sert plus qu’à l’acte nutritionnel) a conduit à l’émergence du carrefour 

oropharyngien. Ainsi, une commande nerveuse respiratoire est toujours transmise par les 

nerfs trijumeaux, vagues et hypoglosses (XII) chez les mammifères, mais aux voies aériennes 

supérieures (VAS) et pas à la pompe respiratoire. Les VAS deviennent alors le site d’une 

coordination cruciale entre actes moteurs de la respiration, de la déglutition ou encore de la 

vocalisation. C’est donc grâce à une dissociation entre une pompe respiratoire thoracique et 

14



!

une valve oropharyngienne, que les mammifères ont acquis un système ventilatoire à la fois 

énergétiquement efficace et fonctionnellement plastique, permettant une grande variété de 

comportements moteurs. Dans cette optique, l’importance des VAS démontre à elle seule la 

nécessité d’appréhender l’acte respiratoire comme une entité physiologique complète, tant 

dans la genèse du rythme et du patron moteur que dans ses régulations et ses interactions 

avec d’autres comportements moteurs associés, et ce, que ce soit dans le cadre de sa 

maturation ou de son vieillissement physiologique ou pathologique. 

 

Dans cette thèse, nous nous sommes intéressés à la neurophysiologie de l’acte moteur 

respiratoire du mammifère dans toute sa complexité phénotypique. En effet, nous avons 

appréhendé différents aspects fondamentaux de la régulation, de la maturation et du 

vieillissement des générateurs de rythme et de patron moteur respiratoire (CPG) chez la 

souris, en donnant une importance particulière à la coordination des VAS, afin de mieux 

cerner leur atteinte éventuelle dans deux pathologies, neurodéveloppementale et 

neurodégénérative : le Syndrome de Rett et les tauopathies (dont fait partie la Maladie 

d’Alzheimer), respectivement. C’est incontestablement dans le domaine des tauopathies et de 

la Maladie d’Alzheimer que cette thèse s’inscrit préférentiellement, apportant des données 

nouvelles sur l’atteinte pathologique des VAS chez un modèle animal reconnu. 

 

L’objet de cette introduction de thèse sera d’accompagner le lecteur à travers la 

complexité de la neurophysiologie respiratoire, en essayant d’une part de faire objectivement 

le point des connaissances scientifiques actuelles, et d’autre part de situer les travaux de 

recherche de cette thèse parmi les différentes problématiques abordées. A cet effet, des « nota 

bene » seront imprimés en italique afin de souligner ponctuellement l’adéquation de cette 

thèse avec les grandes questions posées par la neurophysiologie respiratoire. 
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I - Neurophysiologie de l’acte moteur respiratoire du 
mammifère 

 

 

Le mammifère possède une ventilation pulmonaire très efficace énergétiquement, car 

fonctionnant par dépression. En effet, lors de l’expansion de la cavité thoracique par 

contraction combinée du diaphragme et des muscles intercostaux externes, une dépression 

intra-pulmonaire aspire l’air extérieur venant de l’arbre trachéo-bronchique (cf. figure 1). 

Cette pompe respiratoire doit être coordonnée avec les VAS, qui jouent le rôle de valve par 

rétrécissement/élargissement de la lumière pharyngo-laryngienne, régulant ainsi le flux d’air 

parvenant aux poumons. Toute l’efficacité de la ventilation alvéolaire dépend donc de la 

contraction coordonnée des muscles de la pompe ventilatoire et de la valve (cf. figures 1 et 2). 
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1 - Modalités de décharges nerveuses respiratoires 
 

La coordination pompe ventilatoire / valve est effectuée par une innervation complexe 

à la fois crânienne et cervicale, selon un cycle en trois étapes : inspiration (I), post-inspiration 

(ou expiration précoce, E1) et expiration tardive (E2) (cf. figure 3) (Richter, 1982).  
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1.1 - L’inspiration (I) 

 

Le diaphragme, principal muscle inspiratoire de la pompe respiratoire, reçoit son 

innervation des nerfs phréniques dont les corps cellulaires se trouvent dans la moelle épinière, 

au niveau du quatrième espace cervical. Le patron de décharge du nerf phrénique est dit en 

« rampe », avec une augmentation progressive de l’énergie de la décharge au cours de la 

phase inspiratoire (cf. figure 3 D), ce qui est nécessaire pour lutter contre les résistances à 

l’expansion de la cage thoracique, croissantes au cours de l’inspiration. Les muscles 

intercostaux externes participent également à l’inspiration, dans une moindre mesure lors de 

la ventilation de repos, et de façon plus importante lorsque l’effort ventilatoire est augmenté 

comme lors d’un exercice physique. Les muscles intercostaux reçoivent leur innervation des 

motoneurons intercostaux, dont les corps cellulaires se trouvent dans la partie thoracique de la 

moelle épinière. Enfin, d’autres muscles, dits accessoires, peuvent intervenir dans 

l’inspiration forcée, comme le sterno-cléido-mastoïdien. 

Pendant la phase inspiratoire, il est important que le diamètre de la lumière pharyngo-

laryngienne soit maximal afin de limiter l’énergie dépensée par les muscles de la pompe 

ventilatoire. Pour maintenir ouvertes les VAS, il y a une protrusion de la langue 

principalement par contraction du muscle génioglosse, dont la commande passe par le nerf 

hypoglosse (XII), une abduction du pharynx dont la commande passe par le nerf 

glossopharyngien (IX), et surtout une ouverture de la glotte dont la commande passe par le 

nerf laryngé récurrent issu du nerf vague (X) (cf. figure 3 C). Cette commande d’ouverture 

des VAS, véhiculée par des nerfs crâniens, est cruciale, son altération pouvant mener à l’une 

des principales pathologies de la commande centrale respiratoire : les apnées obstructives du 

sommeil.  

 

1.2 - La post-inspiration ou expiration précoce (E1) 

 

Cette phase, souvent négligée, est pourtant d’une importance primordiale pour le 

comportement respiratoire et les activités qui y sont associées. En effet, elle est le lieu 

principal d’expression de comportements moteurs nécessitant un ajustement respiratoire tels 

la vocalisation, la déglutition, la toux ou encore le vomissement, son dysfonctionnement 

pouvant donc avoir des conséquences particulièrement néfastes (Gestreau et al., 1996, 2000, 

2005; Roda et al., 2002; Bautista et al., 2010).  
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La post-inspiration est caractérisée par un relâchement des muscles inspiratoires de la 

pompe respiratoire, et une adduction du larynx.  

Au niveau de la pompe ventilatoire, il peut persister une activité résiduelle post-

inspiratoire sur le nerf phrénique (cf. figure 3 D), particulièrement chez les gros mammifères 

comme le chat, mais moindre chez les plus petits mammifères comme la souris (Paton, 

1996a). Cette « queue » post-inspiratoire, en référence à sa forme, permettrait d’éviter un 

retour brutal à l’état de repos du diaphragme, susceptible d’induire un collapsus alvéolaire.  

Au niveau de la valve, la post-inspiration se caractérise principalement par une 

adduction partielle des cordes vocales, induite par une décharge décroissante du nerf laryngé 

récurrent (cf. figure 3 C) qui commande la contraction des muscles latéraux cricoaryténoïdes, 

thyroaryténoïdes et interaryténoïdes. Cette adduction provoque une légère pression positive 

expiratoire contribuant également à éviter un collapsus alvéolaire et à maximiser le temps des 

échanges gazeux entre l’air inspiré et le sang (Donald Jr. Bartlett, 1986; Bautista et al., 2010). 

Le relâchement des muscles abducteurs du pharynx participe également à réduire le diamètre 

interne des VAS pendant la post-inspiration.  

 

1.3 - L’expiration tardive (E2) 

 

Au cours de la ventilation de repos, l’expiration tardive est une phase passive pour la 

pompe ventilatoire, mais en cas de forte demande métabolique et devant la nécessité 

d’augmenter les échanges gazeux alvéolo-capillaires, les muscles abdominaux (innervés par 

les nerfs intercostaux et lombaires) peuvent permettre une expiration active (cf. figure 3 D) 

(Iscoe, 1998). Au niveau de la valve, c’est essentiellement une constriction des muscles 

pharyngiens (innervés par la branche pharyngienne du nerf vague, X) qui réduit le diamètre 

interne des VAS, et permet la conservation d’un volume résiduel pulmonaire (Bianchi and 

Gestreau, 2009a). 
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2 - Sites de projection axonale et modalités de décharges des 
neurones respiratoires 
 

2.1 - Sites de projection axonale des neurones respiratoires 

 

 L’organisation temporelle en trois phases du cycle respiratoire du mammifère a été 

démontrée par l’analyse comparative des patrons de décharge des nerfs moteurs des différents 

muscles respiratoires (Richter, 1982; Bianchi et al., 1995; Hilaire and Pásaro, 2003), mais 

aussi par l’analyse de l’activité des motoneurones et interneurones respiratoires centraux 

identifiés par la technique de stimulation antidromique (Nakayama and Von Baumgarten, 

1964; Merrill, 1970a). Cette technique a permis de diviser les neurones respiratoires en trois 

grandes catégories anatomiques et fonctionnelles selon leur projection axonale (Bianchi, 

1969, 1971, 1974) : 

- Les neurones bulbospinaux qui sont des neurones pré-moteurs, projetant 

leurs axones dans la moelle épinière vers les motoneurones respiratoires ; 

- Les neurones propriobulbaires qui jouent le rôle d’interneurones au sein 

du réseau respiratoire du tronc cérébral ; 

- Les motoneurones crâniens, qui  commandent les muscles des VAS. 

La caractérisation des neurones propriobulbaires s’est faite sur la base de résultats 

négatifs, c’est-à-dire le manque d’activation antidromique du neurone respiratoire après 

stimulation du nerf vague et de la moelle épinière (Bianchi and Gestreau, 2009a). D’autres 

techniques, comme celles de cross-corrélation (Hilaire and Monteau, 1976; Hilaire et al., 

1984; Davies et al., 1985; Fedorko et al., 1989) et de moyennages déclenchés par les 

décharges neuronales (Cohen, 1979; Fedorko et al., 1983; Merrill and Lipski, 1987) ont 

permis d’analyser la connectivité entre les neurones respiratoires centraux et les 

motoneurones, ainsi que la connectivité inter-neuronale au sein du réseau respiratoire central, 

et d’apporter des informations sur la nature des projections (inhibitrices ou excitatrices) entre 

ces différents neurones respiratoires. Egalement, l’utilisation de traceurs rétrogrades 

(cheminant de la terminaison axonale vers le corps cellulaire) (Jack L. Feldman, 1986; 

Portillo and Pásaro, 1987, 1988; Grélot et al., 1989; Miller et al., 1989; Portillo et al., 1994) 

ou antérogrades (cheminant du corps cellulaire vers la terminaison axonale) (Yamada et al., 

1988; Miller et al., 1989; Ellenberger et al., 1990; Núñez-Abades et al., 1991, 1993; Gaytán 

and Pásaro, 1998) a permis d’établir une cartographie des neurones respiratoires du tronc 

22



!

cérébral ainsi que de leurs sites de projection axonale. L’utilisation de traceurs viraux (herpès 

ou rage) trans-synaptiques a permis de visualiser l’ensemble des régions bulbo-pontiques 

pouvant influencer directement ou indirectement l’activité des motoneurones phréniques 

(Dobbins and Feldman, 1994a; Gaytán et al., 2002a; Viemari et al., 2004a, 2004b) et 

hypoglosses (Ugolini, 1995). Enfin, une définition morphologique neuronale plus précise a 

été réalisée grâce à l’injection de marqueurs intracellulaires (Otake et al., 1987, 1988; Lipski 

and Martin-Body, 1987; Grélot et al., 1988; Sasaki et al., 1989; Zheng et al., 1991a).  

 

2.2 - Modalités de décharges des neurones respiratoires 

 

Une fois le lien anatomique et fonctionnel établi entre les neurones du CPG 

respiratoire et les motoneurones respiratoires, il convient de noter que l’organisation 

temporelle en trois phases du cycle respiratoire ne reflète que partiellement l’organisation des 

patrons de décharge des neurones à l’origine de la commande respiratoire. Une comparaison 

temporelle entre l’activité électrique extracellulaire des neurones du tronc cérébral du chat 

adulte anesthésié et les différentes phases respiratoires des décharges du nerf phrénique (pour 

l’inspiration), du nerf laryngé récurrent (pour la post-inspiration) et du nerf lombaire (pour 

l’expiration tardive), a permis d’identifier plusieurs catégories de neurones respiratoires (cf. 

figures 3B) (Jack L. Feldman, 1986; Bianchi et al., 1995; Bellingham, 1998). Ces neurones 

sont classés en 6 types en fonction de leur patron de décharge (croissant, « aug » ; décroissant, 

« dec » ; constant, « con ») et de la phase du cycle respiratoire pendant laquelle leur fréquence 

de décharge est maximale (I, E1 ou E2 ; de façon précoce, « early », ou tardive, « late ») : 

- Les neurones inspiratoires précoces (Early-I ou I-Dec), dont la fréquence 

de décharge décroit tout au long de l’inspiration ; 

- Les neurones inspiratoires (I-Aug), dont la fréquence de décharge est 

croissante au cours de l’inspiration, et qui présentent également une activité décroissante au 

cours de la post-inspiration ; 

- Les neurones inspiratoires tardifs (Late-I), qui sont actifs au cours de la 

transition entre inspiration et post-inspiration,  

- Les neurones post-inspiratoires (Post-I ou E-Dec ou Early-E), qui 

déchargent de façon décroissante pendant la post-inspiration ; 

- Les neurones expiratoires (E-Aug), dont la fréquence de décharge est 

croissante au cours de l’expiration tardive ; 
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- Les neurones pré-inspiratoires (Pre-I), qui sont actifs au cours de la 

transition entre expiration tardive et inspiration. 

En plus de ces neurones dits phasiques (qui émettent des potentiels d’action pendant 

une phase respiratoire donnée), des neurones toniques déchargent en continu tout au long du 

cycle respiratoire, avec une fréquence de décharge qui peut être modulée en fonction du cycle 

respiratoire, par exemple augmentée pendant l’inspiration ou pendant l’expiration tardive (St-

John, 1998). 

Le type de modalité de décharge neuronale ne permet pas de discriminer le caractère 

excitateur ou inhibiteur du neurone. De plus, même s’il existe une régionalisation anatomique 

préférentielle dans la typologie de décharge neuronale, on ne peut pas s’en servir pour 

discriminer les noyaux respiratoires entre eux (cf. figure 4) (Alheid and McCrimmon, 2008). 

Cette discrimination est le résultat de la synthèse des travaux scientifiques à la fois 

fonctionnels, anatomiques et biochimiques traitant du système respiratoire, et est 

perpétuellement discutée et réactualisée. 
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3 - Anatomie du réseau respiratoire 

 

Claudius Galenius, plus connu sous le nom de Galien, est généralement cité comme 

étant le premier à avoir remarqué, chez des gladiateurs de Pergamon dans l’Empire Romain 

(2e siècle), qu’une section de la moelle épinière sous le bulbe rachidien entraîne la mort par 

arrêt respiratoire (pour références, voir (Derenne et al., 1995)). Mais ce n’est qu’au 19e siècle 

qu’une régionalisation des centres respiratoires a été suggérée (LeGallois, 1812; Spyer, 2009), 

puis argumentée par des sections étagées du tronc cérébral (Flourens, 1842, 1851). Un travail 

beaucoup plus récent, mais reprenant le même paradigme expérimental de transsection du 

tronc cérébral, démontre l’importance de l’intégrité de l’ensemble du réseau respiratoire pour 

une genèse du cycle respiratoire en trois temps (cf. figures 5 et 6) (Smith et al., 2007). Le 

CPG respiratoire est ainsi habituellement décrit comme provenant d’une colonne bilatérale 

ponto-bulbaire (cf. figure 7), qui reçoit un grand nombre d’afférences modulant son activité. 
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3.1 - Noyaux respiratoires pontiques 

 

Une section ponto-bulbaire entraîne la disparition de l’activité respiratoire en 3 temps 

et l’apparition d’une activité respiratoire en 2 temps (inspiration et expiration), avec une phase 

inspiratoire dite apneustique, de longue durée et perdant sa forme de décharge en « rampe » 

pour une forme carrée (ceci est particulièrement vrai lorsque le réseau respiratoire est isolé de 

ses afférences pulmonaires, par exemple après bivagotomie) (cf. figures 5 et 6). Ainsi, la 

rythmogenèse respiratoire serait assurée au niveau bulbaire, mais les noyaux respiratoires 

pontiques joueraient un rôle essentiel dans le contrôle de la phase de transition respiratoire 

lors de la post-inspiration,  impliquant tout particulièrement les VAS (Lumsden, 1923a, 

1923b, 1923c; St-John, 1998; Okazaki et al., 2002; Alheid et al., 2004; Dutschmann and 

Herbert, 2006). Ces noyaux respiratoires pontiques sont également le relais de nombreuses 
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projections, par exemple celles venant des structures supérieures du cerveau pour la 

coordination de la respiration avec des activités comme la vocalisation (Smotherman et al., 

2006; Subramanian et al., 2008; Subramanian and Holstege, 2010). Les noyaux respiratoires 

pontiques (ou groupe respiratoire pontique, GRP) incluent le noyau de Kölliker-Fuse (KF) et 

le complexe parabrachial (PB) (latéral, LPB, et médian, MPB), mais aussi les noyaux 

noradrénergiques A5 et A6 (Locus Cœruleus) (Hilaire et al., 2004). 
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3.1.1 - Le noyau de Kölliker-Fuse (KF) et le complexe parabrachial (LPB et 
MPB) 

 

Le KF et le PB, situés dans la partie dorsolatérale du pont, sont les constituants 

principaux du groupe respiratoire pontique, anciennement appelé « centre pneumotaxique ». 

Une grande variété de types de neurones respiratoires ont été décrits dans ces noyaux, 

incluant des phasiques inspiratoires (I, E-I, I-E) et expiratoires (E, E-Dec, E-Aug) (Song et al., 

2006; Ezure and Tanaka, 2006), mais aussi des neurones toniques dont l’activité est modulée 

au cours du cycle respiratoire (Jiang et al., 2004; Ezure and Tanaka, 2006). Le KF est la 

source du plus grand nombre de projections vers la colonne ventrale respiratoire (CVR, cf. ci-

après), avec des projections additionnelles vers le noyau du faisceau solitaire (NTS), les 

noyaux hypoglosses et faciaux, ainsi que des projections spinales vers les motoneurones 

phréniques (Dutschmann et al., 2004; Ezure and Tanaka, 2006; Yokota et al., 2007). Le KF 

est un noyau contenant un grand nombre de récepteurs de type N-méthyl-D-aspartate 

(NMDA), en particulier de la sous-unité NR1 (Zheng et al., 1998; Dutschmann and Herbert, 

1998; Dutschmann et al., 1998; Guthmann and Herbert, 1999). Enfin, il existe un consensus 

sur un rôle potentiellement fondamental des noyaux pontiques dans l’intégration 

sensorimotrice (Song and Poon, 2004; Potts et al., 2005). 

 

Nota Bene : la particularité neurochimique des neurones du KF, qui contiennent un 

grand nombre de récepteurs NMDA, nous a permis dans cette thèse de prévenir l’altération 

respiratoire induite par une anesthésie en période pré-symptomatique chez des souris 

modèles de tauopathie (souris Tau-P301L) (cf. partie résultats, chapitre 3, article 4). 

 

3.1.2 - Les noyaux noradrénergiques A5 et A6 

 

A5 et A6 sont deux noyaux noradrénergiques présents dans la partie ventrolatérale et 

dorsolatérale du pont, respectivement. Ils interviennent pour moduler le rythme respiratoire 

(Hilaire et al., 2004), mais sont également impliqués dans de nombreuses autres fonctions 

comme la régulation cardiovasculaire, la nociception, ou le système d’éveil (Sagen and 

Proudfit, 1986; Aston-Jones et al., 1986; Byrum and Guyenet, 1987; Murase et al., 1993; 

Berridge, 2008). Le noyau A5 projette sur le tractus intermédiolatéral de la moelle thoracique 

(Loewy et al., 1979) et sur le PB et le KF (Byrum and Guyenet, 1987), et reçoit des afférences 

cardiovasculaires venant de la région ventrolatérale du bulbe et du NTS (Guyenet, 1984; 
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Byrum and Guyenet, 1987). Le noyau A6, ou Locus Cœruleus, est le plus important noyau 

noradrénergique du cerveau, et contient 43% du nombre total de cellules noradrénergiques du 

cerveau de rat (Swanson and Hartman, 1975; Swanson, 1976; Moore and Bloom, 1979). Il 

émet des projections vers l’ensemble du système nerveux central (SNC), innervant 

notamment les structures supérieures du cerveau tels les noyaux thalamiques, l’hypothalamus, 

le néocortex, l’hippocampe, l’amygdale etc. (Ungerstedt, 1971; Kobayashi et al., 1974; Moore 

and Bloom, 1979), mais aussi la partie ventrolatérale de la moelle (Westlund et al., 1982, 

1983), les cornes dorsales et ventrales de la moelle thoracique (Nygren and Olson, 1977) et le 

tractus intermédiolatéral de la moelle sacrée (Westlund et al., 1982).  

 

3.2 - Noyaux respiratoires bulbaires 

 

Les noyaux respiratoires bulbaires forment, à l’exception du groupe respiratoire 

dorsal, un continuum anatomique appelé colonne ventrale respiratoire (CVR) (cf. figure 7). 

Dans cette colonne est également identifié un sous-groupe, le groupe respiratoire ventral 

(GRV), qui représente la partie caudale de la CVR, contenant essentiellement des 

motoneurones crâniens et des pré-motoneurones bulbospinaux (cf. figure 7). La présence de 

cette colonne dans des préparations in situ ou in vitro suffit à la genèse d’un rythme 

respiratoire, même si ce dernier ne présente plus une activité de type triphasique (cf. figures 5 

et 6). Fonctionnellement, il existe un débat récurrent dans la littérature sur la génération du 

rythme respiratoire, entre deux hypothèses selon lesquelles le rythme respiratoire serait issu 1) 

des propriétés membranaires particulières de certains neurones respiratoires, jouant le rôle de 

générateurs endogènes de rythme (Feldman and Del Negro, 2006a), ou 2) des propriétés 

synaptiques émergentes de réseau (St-John and Paton, 2004; St John, 2009). Nous 

apporterons en chapitre 2 de cette introduction de thèse un point de vue maturationnel sur ce 

débat. Toutefois, même s’il existe un chevauchement fonctionnel certain entre les différents 

noyaux constituant la CVR (cf. figure 4), il est possible de les discriminer par le cumul de 

leurs propriétés neurochimiques, transcriptomiques, protéomiques ainsi que leurs sites de 

projections axonales (Alheid and McCrimmon, 2008). Mais il faut admettre qu’il existe au 

sein même de la CVR une grande hétérogénéité neuronale qui sera présentée ci-dessous 

suivant un ordre rostro-caudal. 
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3.2.1 - Le groupe respiratoire parafacial (pFRG) 

 

Onimaru et Homma ont été les premiers à décrire le pFRG in vitro chez le rat nouveau 

né, à partir de l’enregistrement de neurones Pre-I en position ventro-latérale par rapport au 

noyau facial (Onimaru and Homma, 1987). Ces neurones glutamatergiques sont souvent 

évoqués pour leur implication dans la rythmogenèse respiratoire (cf. chapitre 2) (Onimaru and 

Homma, 2003; Weston et al., 2004; Onimaru et al., 2006). Ils sont insensibles aux opioïdes 

(car ils ne possèdent pas de récepteurs ! aux opioïdes sur leurs membranes), ce qui les 

distingue des neurones du complexe de Pré-Bötzinger, qui serait le noyau potentiellement le 

plus impliqué dans la rythmogenèse respiratoire (Feldman and Del Negro, 2006a). 

 

3.2.2 - Le noyau rétrotrapézoïde (RTN) 

 

Le RTN a initialement été identifié suite à l’injection de marqueur rétrograde injecté 

dans le GRV chez le chat (Smith et al., 1989) et le rat (Pearce et al., 1989). Il est localisé en 

position ventro-médiane par rapport au noyau facial et médiane par rapport au pFRG. RTN et 

pFRG sont d’ailleurs souvent décrits comme étant deux groupes de neurones distincts 

fonctionnellement, mais se chevauchant, voire même colocalisés anatomiquement (Smith et 

al., 2009). Le RTN serait essentiellement impliqué dans la sensibilité chimique 

(chémosensibilité) au CO2 et/ou au pH (cf. chapitre 3.2) (Mulkey et al., 2004a; Guyenet et al., 

2010). Les neurones du RTN projettent vers la plupart des noyaux respiratoires de la CVR, 

vers le groupe respiratoire dorsal (GRD, cf. paragraphe 3.2.7) et vers le GRP (Connelly et al., 

1989, 1990; Holtman et al., 1990; Ellenberger and Feldman, 1990; Gang et al., 1995; Rosin et 

al., 2006a). Le RTN reçoit des afférences en provenance du NTS, du GRV et du GRP, 

notamment des chémorécepteurs centraux et périphériques (via des relais synaptiques) et des 

neurones sérotoninergiques bulbaires et pontiques (Otake et al., 1992; Bodineau et al., 2000b; 

Takakura et al., 2006; Rosin et al., 2006; Mulkey et al., 2007a). La majeure partie des 

neurones du RTN sont actifs de manière tonique, avec ou sans modulation de leur décharge au 

cours du cycle respiratoire, et souvent avec un renforcement (ou l’apparition) d’une 

modulation respiratoire en condition d’hypercapnie ou d’acidose (Nattie et al., 1993; 

Bodineau et al., 2000b; Mulkey et al., 2004b; Guyenet et al., 2005b, 2005a). Enfin, les 

neurones du RTN expriment les récepteurs à la neurokinine 1 (NK1) et le facteur de 

transcription Phox2B (Nattie and Li, 2002a), ce dernier étant souvent utilisé comme marqueur 
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des neurones glutamatergiques du RTN (Stornetta et al., 2006; Dubreuil et al., 2008).  

 

3.2.3 - Le complexe de Bötzinger 

 

Le complexe de Bötzinger (BötC) contient principalement des neurones expiratoires 

(cf. figure 4), notamment E-Aug et E-Dec, de type glycinergique (inhibiteur) (Schreihofer et 

al., 1999; Ezure et al., 2003a). Le BötC projette sur les neurones bulbospinaux, les 

motoneurones phréniques et les motoneurones respiratoires crâniens, et le noyau facial et le 

RTN (Bianchi and Barillot, 1982; Tian et al., 1998; Ezure et al., 2003b; Rosin et al., 2006a). 

Chez le chat, les neurones GABAergiques (utilisant l’acide !-aminobutyrique comme 

neurotransmetteur) du BötC projettent également sur le NTS (Livingston and Berger, 1989).  

 

3.2.4 - Le complexe de PréBötzinger 

 

Le complexe de PréBötzinger (PréBötC), situé en position caudale au complexe de 

Bötzinger dans la CVR, a été identifié comme un noyau essentiel pour la rythmogénèse 

respiratoire (Smith et al., 1991) (cf. chapitre 2). Il contient principalement des neurones 

propriobulbaires à décharge phasique, actifs dans la transition de phase entre l’expiration 

tardive et l’inspiration (cf. figure 4) (Dobbins and Feldman, 1994b; Sun et al., 1998; Guyenet 

and Wang, 2001; Gaytán et al., 2002b). Le premier type de neurones identifiés dans le 

PréBötC exprime à la fois des récepteurs à la NK1, au GABAB et aux opioïdes ! (Rekling et 

al., 1996; Gray et al., 1999). D’autres types de neurones du PréBötC ont ensuite été identifiés, 

exprimant à la fois les récepteurs à la NK1 et le transporteur vésiculaire de type 2 du 

glutamate (VGlut2) (Guyenet et al., 2002), ou encore les récepteurs à la NK1 et la 

somatostatine (Stornetta et al., 2003; Tan et al., 2008). Des populations de neurones 

inhibiteurs GABAergiques et glycinergiques sont aussi présentes dans le PréBötC (Kuwana et 

al., 2006; Winter et al., 2009). 
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3.2.5 - Les noyaux ambigu et para-ambigu 

 

Le noyau ambigu, situé dorsalement par rapport aux BötC et PréBötC, contient les 

corps cellulaires des motoneurones laryngés et pharyngés innervant les VAS (Merrill, 1970b; 

Pásaro et al., 1981; Núñez-Abades et al., 1992). Le noyau para-ambigu contient des neurones 

bulbospinaux projetant sur les motoneurones phréniques (Onai and Miura, 1986). 

 

3.2.6 - Le groupe respiratoire ventral 

 

Le groupe respiratoire ventral (GRV) a été subdivisé en deux parties, une ventrale et 

une caudale (cf. figures 4, 5 et 7), selon la prééminence de neurones inspiratoires (partie 

rostrale) et expiratoires (partie caudale) (cf. figure 4). Les neurones bulbospinaux du GRV 

reçoivent de nombreuses afférences, notamment du PréBötC et du BötC, contribuant à la 

construction du patron de décharge caractéristique en « rampe » des neurones bulbospinaux 

inspiratoires et expiratoires (Alheid and McCrimmon, 2008; Smith et al., 2009). 

- Groupe respiratoire ventral rostral (GRVr) : le GRVr contient les principaux 

neurones inspiratoires bulbospinaux excitateurs (glutamatergiques) qui projettent sur les 

motoneurones spinaux inspiratoires phréniques et intercostaux (Bianchi et al., 1995). Une 

sous-population rostrale de neurones du GRVr exprime le récepteur à la NK1, mais est 

différenciée des neurones du PréBötC par leur caractère bulbospinal, leur taille plus 

importante et leur patron de décharge I-Aug (Guyenet et al., 2002; Alheid et al., 2002).  

- Groupe respiratoire ventral caudal (GRVc) : le GRVc, généralement 

assimilé au noyau rétroambigu, contient des neurones expiratoires bulbospinaux qui projettent 

caudalement sur les motoneurones expiratoires thoraciques et lombaires (Merrill, 1970b; 

Arita et al., 1987; Ezure, 1990; Zheng et al., 1991b). Il contient également des neurones 

bulbospinaux glycinergiques E-Dec, et des neurones propriobulbaires inhibiteurs, projetant 

rostralement sur les motoneurones crâniens du noyau ambigu (Schreihofer et al., 1999; Saito 

et al., 2002; Ezure et al., 2003a).  

 

3.2.7 - Le noyau du faisceau solitaire et le groupe respiratoire dorsal 

 

Le noyau du faisceau solitaire est situé dans la région dorsale du bulbe rachidien, il est 

médian rostralement à l’area postrema, et se latéralise caudalement à cette dernière (cf. figure 
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7). Les régions liées à la respiration sont celles latérales, situées caudalement à l’area 

postrema (Alheid and McCrimmon, 2008). Elles sont notamment le site principal de 

projection des afférences respiratoires sensorielles provenant des poumons et des 

chémorécepteurs périphériques, qui sont pour la plupart glutamatergiques (Sykes et al., 1997) 

et souvent associées à un co-transmetteur monoaminergique, purinergique, peptidergique ou 

volatile (Finley et al., 1992; Mizusawa et al., 1994; Gatti et al., 1995; Massari et al., 1996; 

Ichikawa et al., 2007). Des interneurones GABAergiques sont également présents dans cette 

région caudale du NTS, projetant au sein même du NTS (Kawai and Senba, 1999), ainsi que 

quelques neurones glycinergiques (Ezure and Tanaka, 2004). L’organisation fonctionnelle de 

la boucle sensitive passant par le NTS sera décrite plus précisément en chapitre 3, paragraphe 

2.4 de cette introduction. 

Il existe une sous-division ventro-latérale par rapport au NTS qui contient des 

neurones respiratoires constituant le groupe respiratoire dorsal (GRD) chez le chat (Bianchi, 

1971; Berger, 1977; Grelot et al., 1988), mais l’existence du GRD reste controversée chez le 

rat et la souris. Le GRD du chat est composé de neurones bulbospinaux dont la majorité (50-

80%) est inspiratoire, et dont les axones projettent vers les motoneurones phréniques 

(Bianchi, 1971; Berger, 1977; Grelot et al., 1988). Par contre chez le rat, des projections 

directes vers les motoneurones phréniques sont moins substantielles, ne représentant 

qu’environ 14% des neurones du GRD (de Castro et al., 1994). Récemment, des techniques 

d’imagerie par fluorescence voltage-sensible ont tout de même permis d’identifier des 

neurones inspiratoires dans le GRD de rat nouveau-né (Onimaru and Homma, 2005). Chez le 

chat, d’autres projections existent vers les niveaux C1-C2 de la moelle épinière, qui 

cibleraient des interneurones propriospinaux inspiratoires projetant sur les motoneurones 

phréniques (Lipski and Duffin, 1986).  
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 II - Développement et maturation de la commande 
respiratoire 

 

 

Le réseau central respiratoire a pour fonction principale de générer une commande 

respiratoire adaptée aux besoins énergétiques de l’organisme. De plus, il est sollicité pour la 

genèse de comportements moteurs couplés à la respiration, telles la vocalisation ou la 

déglutition. Mais son activité est en constante évolution en fonction de l’âge et du contexte 

environnemental. De nombreuses approches expérimentales existent pour étudier le réseau 

respiratoire, plus ou moins invasives et intégratives. Ces approches ne sont pas utilisables à 

tous les âges, notamment les préparations in vitro (préparation en bloc et tranche de tissu) qui 

ne sont !viables! qu’en période périnatale. De ces différentes techniques expérimentales et 

des résultats qu’elles ont permis d’obtenir, découlent différentes hypothèses sur la genèse du 

CPG respiratoire chez le mammifère adulte, dont aucune n’est encore complètement 

consensuelle. L’existence d’un centre rythmogénique chez l’adulte avec la participation de 

neurones générateurs endogènes de rythme, type "pacemaker", est notamment très contestée 

(St-John and Paton, 2004; Feldman and Del Negro, 2006b; St John, 2009). Le fait qu’il existe 

encore différentes théories sur la genèse du CPG respiratoire est inhérent à sa complexité 

fonctionnelle, et nous aborderons dans ce chapitre un point de vue maturationnel sur ce débat, 

sous-tendu par les différentes techniques expérimentales utilisées pour l’étude du réseau 

respiratoire. 

 

1 - Embryogenèse d’oscillateurs couplés et respiration 
prénatale 

 

Chez les mammifères, les mouvements respiratoires apparaissent dès le stade fœtal. 

Chez l’Homme (39 semaines de gestation), des mouvements abdominaux, puis thoraciques et 

enfin de liquide amniotique dans les cavités nasales sont détectables par ultrasons à partir de 

la 20e semaine de gestation (Cosmi et al., 2003). Chez le rat (20 à 21 jours de gestation) et la 

souris (19 à 21 jours de gestation), des mouvements similaires ont été détectés par ultrasons 

dès le 15e jour de gestation (Kobayashi et al., 2001), et par perfusion transplacentaire ex utero 

(Suzue, 1994). Des embryons de souris extériorisés par césarienne puis placés dans un 

pléthysmographe présentent des mouvements respiratoires dès E16,5 (jour embryonnaire 
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16,5) s’apparentant à des "gasps" (Viemari et al., 2003), forme de respiration monophasique 

dite de survie, de faible fréquence (environ 10 cyles par minute) et caractérisée par une 

inspiration très ample (ayant un patron moteur non adapté à la physiologie ventilatoire) (St 

John, 2009). Ces embryons ne survivent d’ailleurs pas à cette extériorisation. Par contre, à 

partir de E18,5, les embryons extériorisés développent en quelques minutes une respiration 

plus structurée et plus fréquente (environ 110 cycles/min) comparable à celle de nouveau-nés, 

et suffisante pour garantir la survie de ces "prématurés" sous réserve d’allaitement par la 

mère. Les techniques expérimentales in vitro (essentiellement la préparation dite "en bloc" ou 

"de Suzue" par rapport à son inventeur, et la tranche de tronc cérébral) ont permis d’identifier 

les mécanismes permettant la genèse et le développement périnatal de la commande centrale 

respiratoire, identifiant l’implication fonctionnelle de noyaux élémentaires à la rythmogenèse 

respiratoire, puis leur intégration dans un réseau plus complexe qui confère au système 

respiratoire la plasticité fonctionnelle nécessaire à la survie postnatale. 

 

1.1 - Naissance du groupe respiratoire parafacial embryonnaire et 
du noyau de PréBötzinger, ou la recherche du « Nœud Vital » 

 

Depuis Flourens en 1851 et sa définition du centre respiratoire comme « nœud vital » 

(Flourens, 1851), de nombreuses études ont cherché à réduire le réseau respiratoire à la plus 

petite entité possible pour le maintien d’une genèse de rythme. Lumsden, dans une série 

d’articles majeurs (Lumsden, 1923a, 1923b, 1923c), a ensuite identifié le bulbe rachidien 

comme étant à l’origine d’activités de type "gasps". Depuis, la diversité des approches 

expérimentales a permis un raffinement de cette localisation, conférant au couplage PréBötC / 

RTN/pFRG un rôle dans la rythmogenèse respiratoire. 

Dès le stade E14,5, une activité rythmique à une fréquence de l’ordre de 10 cycles par 

minute est détectable au niveau de la forme embryonnaire du RTN/pFRG, appelée e-pF (on 

notera la possibilité que RTN et pFRG ne forment qu’un seul et même noyau mais à des âges 

différents) (Thoby-Brisson et al., 2009). Ces neurones expriment le récepteur à la NK1, le 

transporteur vésiculaire du glutamate de type 2 (Vglut2) et le facteur de transcription Phox2b, 

rappelant la description faite du RTN chez l’adulte (Nattie and Li, 2002a; Stornetta et al., 

2006) et du pFRG chez le nouveau-né (Onimaru et al., 2008). En outre, ces neurones 

possèdent des propriétés dites "pacemaker", c’est-à-dire que leur potentiel de membrane peut 

présenter des oscillations autonomes résultant d’activations/inactivations cycliques de 
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conductances membranaires dépendantes du voltage. Ceci est dû à la présence de canaux 

sodiques persistants dans leurs membranes (générant un courant de type INaP). De plus, l’ajout 

de carbenoxolone, un inhibiteur des synapses électriques (jonctions communicantes, ou "gap 

junctions"), induit une perte de synchronisation des neurones du e-pF. L’activité rythmique du 

e-pF reposerait donc sur la synchronisation des neurones "pacemaker" par des synapses 

électriques. Cette activité est pré-inspiratoire, précédant celle du PréBötC. L’e-pF est 

justement qualifié d’embryonnaire car il n’existe aucune preuve de son existence chez le 

nouveau-né ou l’adulte. Cependant, une étude récente montre une forme de persistance de ce 

noyau chez l’adulte, qui pourrait représenter un oscillateur conditionnel actif uniquement lors 

d’expiration active pendant la phase d’expiration tardive (Pagliardini et al., 2011). 

L’émergence d’activités rythmiques dites respiratoires au sein du PréBötC a lieu vers 

E15,5 (Thoby-Brisson et al., 2005), quelques heures après l’émergence du e-pF. Ces activités, 

également à la fréquence d’environ 10 cycles par minute, sont en phase avec l’activité 

inspiratoire des racines phréniques des préparations "en bloc", après extraction et perfusion du 

tronc cérébral et de la moelle épinière cervicale. Le PréBötC comprend plusieurs types 

fonctionnels de neurones, et notamment deux types de neurones "pacemaker", ceux dépendant 

d’une conductance membranaire sodique voltage-dépendante (INaP), et ceux qui requièrent des 

courants calciques (Ica) et des courants cationiques non-spécifiques indépendants du voltage 

activés par le calcium (ICAN) (Thoby-Brisson and Ramirez, 2001; Del Negro et al., 2002, 

2005). Il existe plusieurs théories sur le mécanisme de genèse endogène d’activité électrique 

rythmique par le PréBötC dans les préparations in vitro. La théorie la plus récente et qui 

semble consensuelle postule l’existence d’un "group pacemaker" (Feldman and Del Negro, 

2006b). Selon cette hypothèse, la genèse du rythme serait une propriété émergente du groupe 

de neurones composant le PréBötC, reposant sur les connections synaptiques récurrentes 

combinées aux propriétés membranaires individuelles intrinsèques de ces neurones. Dans ce 

cadre, des interconnections excitatrices entre les neurones du PréBötC initient un 

renforcement ("feedback") positif via des excitations récurrentes. Les courants INaP et ICAN 

servent à amplifier la dépolarisation synaptique et génèrent alors des décharges résultant de 

l’activité électrique globale du noyau. 

Thoby-Brisson et collaborateurs ont récemment démontré l’existence d’un couplage 

fonctionnel entre e-pF et PréBötC au stade prénatal in vitro (Thoby-Brisson et al., 2009), l’e-

pF jouant un rôle essentiel dans l’entraînement du PréBötC. Ce couplage se retrouve in vitro 

en période postnatale entre pFRG et PréBötC, avec une activation successive du premier 

noyau en phase pré-inspiratoire, puis du deuxième noyau en phase inspiratoire, comme 
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montré sur la figure 8 (Onimaru and Homma, 2003). Toutefois, l’existence d’une activité dite 

respiratoire et autorythmique du pFRG et PréBötC n’a été démontrée que dans des modèles in 

vitro, et leur contribution fonctionnelle à la physiologie respiratoire in vivo est toujours 

fortement débattue dans la littérature. 
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1.2 - Un « nœud vital » isolé suffisant pour générer du "gasp", mais 
pas de l’eupnée 

 

L’eupnée est définie comme la respiration physiologique, celle qui implique 

l’activation séquentielle des muscles innervés par les nerfs crâniens et spinaux pendant les 

trois phases du cycle respiratoire (Duffin, 2003). Lors d’hypoxie sévère ou d’asphyxie, 

l’eupnée s’interrompt et un deuxième patron moteur respiratoire plus robuste apparaît, prenant 

le relais de l’eupnée : le "gasp". Caractérisé par une activité synchrone et décroissante des 

nerfs crâniens et spinaux, avec une activité expiratoire minimale, le "gasp" servirait de 
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mécanisme d’autoressuscitation, dans l’attente du ré-enclenchement éventuel de l’eupnée 

(Feldman, 1986; Bianchi et al., 1995; St-John, 1998; St-John and Paton, 2004). 

En 1984, Suzue a introduit la préparation in vitro "en bloc" chez le rat nouveau-né 

(Suzue, 1984). Le principal avantage de cette technique est qu’elle préserve la genèse 

d’activités électriques rythmiques sur les racines nerveuses crâniennes et spinales associées à 

la respiration sur une préparation réduite, rendant plus aisés les enregistrements cellulaires et 

la pharmacologie centrale, très difficiles in vivo. Par contre, dès la première publication, 

Suzue a émis l’hypothèse que cette préparation serait génératrice de "gasps" et non d’eupnée 

(respiration physiologique). En effet, comme pendant le "gasp", (i) les décharges des nerfs 

crâniens et spinaux sont synchrones et décroissantes, (ii) ces nerfs ne présentent aucune 

activité ni post-inspiratoire ni expiratoire tardive entre les décharges inspiratoires, et (iii) le 

patron moteur de décharge des nerfs est peu modifié par l’ablation du pont. (Smith et al., 

1990; St John, 1996, 2009). Egalement, ce type de décharge monophasique est retrouvé lors 

de transections du tronc cérébral ne conservant que le PréBötC comme présenté en figures 5 

et 6 (Smith et al., 2007). 

Une autre approche in vitro essentiellement réalisable en période périnatale, consiste à 

couper une tranche tangentielle de bulbe contenant à la fois le PréBötC, le noyau moteur 

hypoglosse et des racines nerveuses hypoglosses, pour enregistrer l’activité nerveuse produite 

sur ces racines. Cette préparation génère une activité rythmique de type "respiratoire", 

semblable à celle des préparations "en bloc", et il est probable que cette activité soit une 

forme de "gasp". Il est de toute façon très difficile d’extrapoler un type de patron moteur 

respiratoire seulement à partir de décharges nerveuses hypoglosses. En effet, à la fois chez le 

nouveau-né et chez le rat adulte, la décharge de l’hypoglosse peut être de type croissant ou 

décroissant en fonction de la préparation utilisée, voire même des deux types dans une même 

préparation (Leiter and St -John, 2004; Paton et al., 2006; Toppin et al., 2007). De plus, chez 

la souris adulte, ce nerf présente une activité décroissante prédominante à la fois en eupnée et 

en "gasp" (St John and Leiter, 2009). Les mécanismes de genèse de l’activité rythmique 

enregistrée en tranche ont été fortement liés à la décharge de neurones "pacemakers". Or, 

l’ajout de bloquants des conductances sodium persistantes INaP et/ou des conductances 

calciques ICAN supprime la décharge sur l’hypoglosse en tranche fine, ou le patron moteur 

appelé "eupnéique" en tranche épaisse, mais n’élimine que le "gasp" et pas l’eupnée sur des 

préparations in situ ou in vivo (Paton et al., 2006; Paton and St-John, 2007; Ramirez and 

Garcia, 2007; St-John, 2008).  

Il semblerait donc que les propriétés autorythmogènes du PréBötC notamment seraient 
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responsables de la genèse du "gasp", et qu’un « nœud vital » pour l’eupnée soit inexistant. De 

plus, les approches in vitro permettant d’appréhender les mécanismes de rythmogenèse 

endogène ne sont réalisables qu’en période périnatale, et donc sur un réseau respiratoire 

immature ne possédant pas encore toutes ses caractéristiques plastiques fonctionnelles. Chez 

l’animal adulte, plusieurs expériences visant à détruire le PréBötC ont induit des apnées 

transitoires, mais avec ensuite un retour d’activité respiratoire de type eupnéique (St-Jacques 

and St-John, 1999; Krause et al., 2009). D’autres études ont effectué des destructions de sous-

types neuronaux du PréBötC, comme les neurones exprimant le récepteur à la NK1, ou les 

neurones somatostatinergiques, résultant dans le premier cas en une respiration ataxique, et 

dans le deuxième cas en une apnée de longue durée (Gray et al., 2001; Tan et al., 2008). Ces 

études réalisées en conditions aiguës ne précisent pas si un retour à une respiration eupnéique 

se fait après un certain temps.  

 

1.3 - Vers une conciliation entre les deux grandes écoles de la 
rythmogenèse respiratoire ? 

 

Les deux paragraphes précédents ont illustré, de manière volontairement appuyée, 

l’antagonisme conceptuel rencontré depuis plusieurs décennies dans la communauté 

scientifique s’intéressant à la rythmogenèse respiratoire. Ce débat est issu des deux grandes 

écoles de pensée, l’école « réseau » in vivo et l’école « pacemaker » in vitro. La première 

école de pensée, historiquement plus ancienne, soutient que la rythmogenèse respiratoire est 

une propriété émergente de réseau, principalement due à des inhibitions réciproques entre les 

neurones respiratoires, ce modèle étant soutenu par des expérimentations in vivo chez 

l’animal adulte (Richter, 1982; Bianchi et al., 1995; Haji et al., 2000; Ezure, 2004). La 

seconde école de pensée est apparue après la découverte in vitro de neurones respiratoires 

présentant des propriétés "pacemaker" endogènes au sein du PréBötC (Smith et al., 1991). 

L’antagonisme scientifique entre ces deux écoles a provoqué ces dernières années la conduite 

d’un nombre conséquent de travaux, visant à raffiner le concept de rythmogenèse respiratoire. 

Notamment, le rôle purement "pacemaker" de certains neurones pour leur contribution à la 

rythmogenèse a été revu, et comme présenté dans le paragraphe 1.1, la notion de "group 

pacemaker" a été proposée. De même, il n’existerait pas un oscillateur, mais deux oscillateurs 

couplés (Janczewski and Feldman, 2006; Pagliardini et al., 2011). 

Il semblerait aujourd’hui qu’une forme de consensus apparaisse (même s’il persiste 
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certains irréductibles dans chaque école de pensée), considérant que la rythmogenèse 

respiratoire évolue avec la maturation, reposant fortement sur des oscillateurs en période 

prénatale, puis sur des oscillateurs intégrés et sous-jacents à l’âge adulte. Par ailleurs, le rôle 

des influences synaptiques inhibitrices est primordial au sein du réseau dans son intégralité, 

permettant notamment le couplage entre les deux oscillateurs (Iizuka, 1999).  

Il est évident que dans la mesure du possible, l’étude du fonctionnement du CPG 

respiratoire in vivo est préférentielle, car elle en conserve la réalité physiologique. Mais les 

préparations in vitro, et en particulier la préparation "en bloc", ont tout de même contribué de 

manière majeure à l’avancée des connaissances sur la commande centrale respiratoire ces 

dernières années. Cette avancée des connaissances ne peut se faire que via des innovations 

expérimentales, qui seront forcément accompagnées d’inconvénients qu’il faut garder à 

l’esprit et chercher à atténuer, mais dont il ne faut surtout pas se priver car engendrant bien 

souvent de nouveaux paradigmes expérimentaux et conceptuels. Ainsi, un parallèle peut être 

fait avec la genèse de souris transgéniques, dont le rapport intérêts/inconvénients est parfois 

critiqué par les physiologistes, mais qui a permis des avancées considérables ces dernières 

années dans tous les domaines des sciences biologiques, et dont les techniques se sont 

raffinées avec notamment l’apparition des transgenèses conditionnelles (via le système Cre-

lox) ce qui en diminue considérablement les faiblesses. 

 

Nota Bene : dans cette thèse, nous nous sommes intéressés essentiellement à l’activité 

respiratoire eupnéique chez l’animal adulte étudié en condition in vivo, conservant au 

maximum l’intégrité (et la complexité) du réseau respiratoire (Duffin, 2003). Toutefois, nous 

avons également mis à profit les avantages uniques des préparations in situ et in vitro afin de 

simplifier la problématique et de pouvoir étudier certains mécanismes à différents stades 

maturationnels et à différents niveaux d’intégration.  
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2 - Maturation postnatale et "apprentissage" respiratoire 

 

2.1 - Maturation postnatale du système respiratoire 

 

Pour sa survie, un nouveau-né doit être capable à la fois de respirer et de se nourrir, ce 

qui suppose donc un CPG respiratoire suffisamment mature pour générer une commande 

nerveuse appropriée aux besoins énergétiques de l’organisme et coordonnée avec celle des 

autres CPG, déglutiteurs entre autres. Ainsi, les trois phases du cycle respiratoire nécessaires à 

la plasticité fonctionnelle de la respiration sont présentes dès sa naissance (Fung and St John, 

1995; Dutschmann et al., 2000). Cependant, la maturation du CPG respiratoire se poursuit 

pendant la phase postnatale, dépendante d’interactions avec l’environnement et d’expériences 

qui vont permettre l’achèvement de son apprentissage respiratoire. A sa naissance, le 

nouveau-né passe d’un environnement placentaire normé, où les variations en O2/CO2/pH et 

nutriments sont tamponnées par l’organisme de la mère, à un environnement aérien 

changeant. Un fœtus, dans le placenta, est dans une situation de relative hypoxémie (avec une 

pression partielle artérielle en O2, PaO2, de 25-30 mmHg), parfois qualifiée de « mont Everest 

in utero » (Eastman, 1954), mais seulement relative car en fait adaptée à la consommation 

d’O2 du fœtus et permettant le développement fœtal (Abu-Shaweesh, 2004). L’augmentation 

de PaO2 à la naissance provoque notamment le "resetting" (forme de réinitialisation) des 

corps carotidiens, CC (Carroll, 2003), qui sont les principaux chémorécepteurs périphériques 

ajustant la commande respiratoire à la PaO2 par une excitation tonique et modulable des 

centres respiratoires (cf. chapitre 3.2 pour une description de la chémosensibilité dans le 

système respiratoire). Ce "resetting" est caractérisé par un arrêt de l’excitation tonique des CC 

sur les centres respiratoires à la naissance, puis par sa reprise et son augmentation à la fois en 

normoxie et en hypoxie dans les quelques jours suivant la naissance (Blanco et al., 1984). Ce 

"resetting" est un exemple parmi d’autres de l’influence postnatale du nouvel environnement 

gazeux sur le système respiratoire.  

L’influence postnatale des facteurs environnementaux se produit sur un réseau 

respiratoire fonctionnel mais encore immature, dont les caractéristiques électrochimiques, 

l’arborisation dendritique, les connections synaptiques ainsi que le nombre de neurones 

constituant par exemple le PréBötC ou les motoneurones commandant les différents muscles 

respiratoires, sont encore en évolution (Hilaire and Duron, 1999). Ainsi, alors que le 

développement prénatal du réseau respiratoire est sous fort contrôle génétique (avec des gènes 
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comme Kreisler, krox-20, hoxa1, Dbx1, Phox2b, Robo3, MafB etc. (Champagnat et al., 

2011)), sa maturation postnatale est plutôt épigénétique. En effet, les expériences 

environnementales notamment gazeuses du nouveau-né vont modeler son réseau respiratoire 

et éventuellement laisser une empreinte pour le reste de sa vie. Par exemple, une hypoxie 

néonatale de 10 jours chez des rats perturbe la capacité de ces rats à s’acclimater à l’hypoxie à 

l’âge adulte, développant même des signes similaires au mal chronique des montagnes  

(Lumbroso and Joseph, 2009). Egalement, la période postnatale est le lieu d’expression de 

nombreuses pathologies respiratoires, comme le syndrome de mort subite du nourrisson (ou 

Sudden Infant Death Syndrome, SIDS). Première cause de mortalité d’enfants dans les pays 

industrialisés, le SIDS survient pendant le sommeil entre l’âge de 1 et 12 mois, serait causé 

par une défaillance transitoire, mais fatale, de la régulation respiratoire à l’hypoxie et/ou à 

l’hypercapnie, et serait lié à un défaut du système sérotoninergique (Kinney et al., 2009). 

 

Après avoir vu dans le chapitre précédent (1) la mise en place prénatale du/des 

supposé(s) générateur(s) de rythme respiratoire, et avoir discuté leur contribution à l’eupnée, 

nous allons nous intéresser dans le paragraphe suivant (2.2) au rôle du pont dans la genèse de 

la post-inspiration. 

 

2.2 - La post-inspiration, une phase cruciale du cycle respiratoire 
sous le contrôle du « centre pneumotaxique » 

 

Le PréBötC isolé in vitro serait générateur de "gasp", ce qui n’exclut pas qu’il puisse 

jouer un rôle non négligeable pour la genèse de la phase inspiratoire pendant l’eupnée. Le 

BötC serait impliqué dans la phase expiratoire. Quant aux noyaux pontiques, ils semblent 

avoir un rôle considérable dans la phase post-inspiratoire de transition (cf. figures 5 et 6). 

 

Lumsden fut le premier à remarquer qu’une section ponto-bulbaire créait un 

allongement important de la phase inspiratoire, avec un patron de décharge inspiratoire carré : 

l’apneuse (Lumsden, 1923a, 1923b, 1923c). Lumsden définit alors le pont comme étant le 

« centre pneumotaxique », ayant une influence sur l’arrêt de la phase inspiratoire. Le « centre 

pneumotaxique », appelé aujourd’hui groupe respiratoire pontique, comprend le noyau de 

Kölliker-Fuse (KF) et le complexe parabrachial (latéral, LPB, et médian, MPB). Pour étudier 

électrophysiologiquement l’influence de ces noyaux sur l’eupnée, il est nécessaire d’utiliser 
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des techniques expérimentales conservant l’intégrité du réseau respiratoire ponto-bulbaire. 

Trois techniques principales sont alors envisageables : l’animal anesthésié in vivo, l’animal 

non-anesthésié décérébré in vivo, et la préparation in situ cœur/tronc cérébral isolé perfusé 

(Working Heart Brainstem Preparation, WHBP) (Paton, 1996b, 1996a). La technique de 

WHBP possède des avantages majeurs, comme le fait que la préparation ne soit pas sous 

anesthésie, que les paramètres chimiques (O2/CO2/pH) soient normés expérimentalement, que 

les afférences périphériques chémosensibles soient maintenues, ou encore que l’accès au tronc 

cérébral soit aisé et permette de pratiquer des enregistrements cellulaires. Cette préparation 

présente une respiration de type eupnée, avec les trois phases du cycle respiratoire, et 

notamment si l’on sectionne le pont, on obtient un patron moteur apneustique (car les 

afférences pulmonaires ne sont plus présentes, la préparation étant paralysée et non ventilée). 

Egalement, cette technique a la particularité de mettre en exergue la décharge post-

inspiratoire, notamment par rapport à l’animal anesthésié chez qui cette décharge est 

déprimée. 

La phase post-inspiratoire est très importante pour la respiration, non seulement car 

elle permet de ralentir le flux aérien en début d’expiration et donc d’éviter un collapsus 

alvéolaire, mais aussi car elle est le lieu d’expression privilégié de la coordination entre 

respiration, vocalisation, déglutition, vomissement etc. (Paton et al., 1999; Shiba et al., 1999; 

Dutschmann et al., 2004; Gestreau et al., 2005; Bianchi and Gestreau, 2009b). Le début de la 

post-inspiration est caractérisé par un arrêt net de la phase inspiratoire, appelé "off-switch" 

inspiratoire, dont le mécanisme évolue avec la maturation postnatale. En effet, la commande 

centrale respiratoire est en permanence modulée par des afférences notamment pulmonaires 

(voir chapitre 3, paragraphe 2.4 de cette introduction pour une description plus détaillée), en 

l’occurrence des récepteurs à l’étirement pulmonaire. Ces récepteurs pulmonaires, activés par 

l’inflation des poumons lors de l’inspiration, projettent, via le nerf vague, sur le NTS, qui lui-

même projette largement sur le KF et le PB (Loewy and Burton, 1978; Ricardo and Koh, 

1978; Kubin et al., 2006). Cependant, l’influence des récepteurs à l’étirement pulmonaire 

pour l’"off-switch" inspiratoire est plus importante chez le nouveau-né que chez l’adulte, chez 

qui les mécanismes centraux semblent dominer (Mortola et al., 1984; Trippenbach, 1994). Le 

KF serait largement impliqué dans la genèse centrale de l’"off-switch" inspiratoire, et plus 

généralement dans la genèse de la phase post-inspiratoire. En effet, chez des animaux 

vagotomisés et donc privés d’afférences pulmonaires, des lésions ou suppressions 

pharmacologiques de la neurotransmission dans le KF causent l’apparition d’un patron 

moteur respiratoire apneustique (Richter, 1982; Morrison et al., 1994; St-John, 1998; 
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Dutschmann and Herbert, 2006; Smith et al., 2007), alors que la stimulation électrique du KF 

déclenche l’"off-switch" inspiratoire (Oku and Dick, 1992; Chamberlin and Saper, 1994; 

Dutschmann and Herbert, 1996, 2006; Okazaki et al., 2002). De plus, l’apnée causée par des 

lésions du KF est associée à une perte motrice de la phase post-inspiratoire, alors qu’une 

stimulation du KF entraîne une activité motrice post-inspiratoire prolongée (Dutschmann and 

Herbert, 2006). Ainsi, les récepteurs à l’étirement pulmonaire et le KF coordonnent la phase 

post-inspiratoire, avec une prédominance de chacun qui évolue avec la maturation. 

La preuve la plus évidente de cet effet maturationnel sur la gestion de la phase post-

inspiratoire a été apportée par une étude récente (Dutschmann et al., 2009). Il a été montré 

que la stimulation des récepteurs à l’étirement pulmonaire chez le rat nouveau-né (<P15) 

provoque le déclenchement stéréotypé de l’"off-switch" inspiratoire, alors que chez le rat 

juvénile (>P15), un ajustement progressif des paramètres respiratoires apparaît, menant à un 

"off-switch" inspiratoire anticipatoire, précédant la stimulation des récepteurs à l’étirement 

pulmonaire. De plus, le fait de bloquer les récepteurs NMDA dans le KF chez les rats 

juvéniles abolit l’"off-switch" inspiratoire anticipatoire, et rétablit un déclenchement 

stéréotypé par la stimulation des récepteurs à l’étirement pulmonaire. Il est donc supposé une 

forme de plasticité Hebbienne au sein du KF, où la répétition des stimulations du KF par les 

fibres des récepteurs à l’étirement pulmonaire via les projections du NTS provoquerait une 

forme d’"apprentissage" post-inspiratoire. Ce dernier confèrerait une plasticité accrue au 

système respiratoire, notamment pour l’intégration et le développement de coordinations 

complexes comme la respiration lors de l’exercice physique ou lors de la vocalisation 

(Dutschmann et al., 2004). 

Au-delà de ce rôle crucial du groupe respiratoire pontique et surtout du KF pour la 

genèse de la post-inspiration, il a été montré qu’il existe des activités rythmiques endogènes 

dans le pont. Pendant l’eupnée, la branche mylohyoïde du nerf trijumeau, dont les corps 

cellulaires sont dans le pont, est active pendant la phase post-inspiratoire. Mais, après section 

ponto-bulbaire, il est possible d’enregistrer des décharges rythmiques spontanées sur le nerf 

mylohyoïde indépendantes des décharges du nerf phrénique (St John and Bledsoe, 1985; 

Huang and St John, 1988). Rien ne permet d’affirmer que les décharges rythmiques du nerf 

mylohyoïde après section ponto-bulbaire sont de type respiratoire (elles pourraient être 

masticatoires) (St-John and Paton, 2004). Cependant, elles démontrent qu’il est possible de 

faire apparaître expérimentalement une activité rythmique endogène dans une région 

respiratoire autre que bulbaire, ce qui donne encore plus de poids à la nécessité d’étudier le 

réseau respiratoire dans toute son intégrité pour l’analyse de l’eupnée. 
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3 - Le Syndrome de Rett, une pathologie 
neurodéveloppementale qui altère la respiration 
 

Le Syndrome de Rett (SR) est une maladie rare, de type neurodéveloppemental, qui 

s’accompagne de troubles respiratoires sévères (voir plus loin). La période de maturation 

postnatale du réseau respiratoire semble critique pour la plasticité fonctionnelle du CPG 

respiratoire et tout particulièrement pour celle de la phase post-inspiratoire qui passe d’une 

activité réflexe induite par les retours afférents des récepteurs à l’étirement pulmonaire, à une 

activité générée centralement et régulée par les retours afférents. Cette maturation de la 

commande post-inspiratoire permettrait une interaction du réseau respiratoire plus fine avec 

d’autres commandes comme la déglutition ou la vocalisation (cf. chapitre 3.3). Ainsi, une 

pathologie neurodéveloppementale comme le SR peut perturber la maturation du système 

respiratoire, provoquer des altérations respiratoires dramatiques et altérer la coordination 

entre respiration, vocalisation et déglutition (Isaacs et al., 2003). 

 

3.1 - Signes cliniques du syndrome de Rett et mutations du gène 
MECP2 

 

En 1966, un pédiatre autrichien nommé Andreas Rett a décrit pour la première fois 

une pathologie de l’enfant qui ne sera reconnue que 17 ans plus tard par le corps médical et 

alors appelée syndrome de Rett (SR) (Rett, 1966; Hagberg et al., 1983). Le SR est une 

pathologie génétique liée au chromosome X qui ne permet pas aux garçons de survivre au-

delà de l’âge de 1 an et qui, chez la femme, représente 2 à 3% de l’ensemble des cas de retard 

mental sévère et 10% des cas de retard mental profond (Armstrong, 1997).  

Les patientes atteintes du SR ont un développement périnatal apparemment normal 

jusqu’à l’âge de 6-18 mois, incluant par exemple l’acquisition de la marche (Chahrour and 

Zoghbi, 2007). Ensuite, une cascade de symptômes se développe par étapes (cf. figure 9), l’un 

des premiers étant une décélération de la croissance crânienne, qui aboutit à une 

microcéphalie dès la 2ème année de vie. Le développement des patientes est alors ralenti, puis 

s’arrête et les acquisitions éventuelles comme la marche se perdent. Avec la progression du 

SR, les patientes perdent l’usage correct de leurs mains et développent des mouvements 

stéréotypés comme ceux de lavage, de battement ou encore de frottement. Les patientes 

présentent de nombreux symptômes autistiques, comme le retrait social, la perte 

d’expressions faciales, le manque de contact visuel etc. (Nomura, 2005). Egalement, les 
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patientes perdent leur coordination motrice et leur tonicité musculaire, présentent 

généralement une scoliose importante, et souffrent de crises d’épilepsie (Jian et al., 2006). Le 

système nerveux autonome est affecté par le SR, avec des troubles respiratoires sévères mais 

aussi une altération de la régulation cardiovasculaire et gastrointestinale (Katz et al., 2009). 

Environ 25% des décès des patientes atteintes du SR pourraient être dus à ces 

dysfonctionnements cardiorespiratoires (Kerr et al., 1997; Kerr and Julu, 1999).  

L’origine génétique du SR a été découverte en 1999, au moins 95% des cas typiques 

de SR résultant d’une perte de fonction du gène codant pour la protéine 2 liée au méthyl-CpG 

(protéine MeCP2, gène MECP2), une protéine régulant l’expression d’autres gènes par la 

répression transcriptionnelle (Amir et al., 1999; Willard and Hendrich, 1999; Gura, 1999; 

Shahbazian et al., 2002; Klose and Bird, 2006). Un grand nombre de mutations du gène 

MECP2 sont associées au SR, leur découverte ayant permis l’élaboration de modèles murins 

transgéniques qui reproduisent une grande partie du phénotype humain (Shahbazian et al., 

2002; Chahrour and Zoghbi, 2007).  
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3.2 - Syndrome de Rett et troubles respiratoires 

 

Des troubles sévères de la respiration touchent toutes les patientes atteintes par le SR 

au cours de leur existence, avec des phases de respiration apneustique, et surtout des périodes 

d’hyperventilation et d’apnées qui pourraient être volontaires (blocage de la respiration) ou 

inconscientes (Elian and Rudolf, 1991; Julu et al., 2001; Cass et al., 2003; Weese-Mayer et 

al., 2006, 2008). Ces arythmies respiratoires sont intrigantes car elles dépendent de l’état de 

veille des patientes. La respiration est beaucoup moins altérée pendant le sommeil que 

pendant la veille, avec des périodes de régularité et de sévères anomalies du rythme en 

fonction du niveau d’éveil et d’excitation de la patiente (Kerr et al., 2001; Weese-Mayer et 

al., 2008; Katz et al., 2009). Cette relation entre altérations respiratoires et niveau d’éveil 

suggère que dans le SR, la rythmogenèse respiratoire n’est pas intrinsèquement altérée mais 

que les régulations respiratoires sont perturbées (Elian and Rudolf, 1991; Marcus et al., 1994; 

Katz et al., 2009). 

Chez les souris transgéniques modèles de SR (plusieurs modèles existent, le plus 

répandu possédant une délétion exonique du gène Mecp2), les troubles respiratoires 

apparaissent vers P30, et de plus en plus d’apnées se développent avec l’âge, conduisant au 

décès vers l’âge de deux mois (Viemari et al., 2005b). L’analyse de la respiration de ces 

souris in situ, avec la technique de tronc cérébral-isolé-perfusé, a montré que la respiration 

erratique et les apnées sont principalement la conséquence d’une altération de la phase post-

inspiratoire avec des fermetures prolongées de la glotte, ce qui pourrait être également la 

cause de la perte du langage et des altérations de la déglutition chez les patientes (Isaacs et al., 

2003; Stettner et al., 2007, 2008). Des troubles neurochimiques complexes semblent être la 

cause de ces altérations respiratoires. Le système bioaminergique (cf. chapitre suivant) est 

particulièrement affecté à la fois chez les patientes et chez les souris modèles du SR (Nomura 

et al., 1985; Zoghbi et al., 1985, 1989; Dunn and MacLeod, 2001; Dunn, 2001; Ide et al., 

2005; Viemari et al., 2005b; Ladas et al., 2009; Isoda et al., 2010; Panayotis et al., 2011). 

D’ailleurs, la désipramine, un inhibiteur de la recapture de la noradrénaline, améliore le 

phénotype respiratoire et prolonge la durée de vie des souris modèles du SR (Zanella et al., 

2008; Roux et al., 2008). De même, le 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-

DPAT), un agoniste des récepteurs 1A à la sérotonine, réduit les apnées, corrige l’irrégularité 

respiratoire et prolonge la survie des souris modèles du SR (Abdala et al., 2010). Egalement, 

d’autres neurotransmetteurs sont altérés par le SR, comme le Facteur Neurotrophique Dérivé 

du Cerveau (BDNF), présentant d’autres pistes potentielles de traitement des pathologies 
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respiratoires du SR (Wang et al., 2006; Ogier et al., 2007; Katz et al., 2009; Kline et al., 

2010). Enfin, les découvertes les plus récentes concernent le système GABAergique, dont 

l’atteinte pourrait être responsable notamment du phénotype autistique associé au SR, et dont 

l’augmentation pharmacologique dans le cerveau des souris modèle du SR induit une 

amélioration marquée du phénotype respiratoire (Abdala et al., 2010; Voituron and Hilaire, 

2011). 

 

Nota Bene : dans cette thèse, nous montrons que les troubles respiratoires des souris 

modèle du SR peuvent être observés dès P15, donc en période pré-symptomatique, après un 

soupir spontané, et être provoqués transitoirement par une hypoxie ou une hypercapnie 

modérées, ce qui révèle l’importance des régulations du CPG respiratoire dans le 

déclenchement et le développement de la pathologie. Egalement, nous montrons que ces 

souris au cours de la phase terminale de la maladie présentent une grande proportion 

d’apnées obstructives, pendant lesquelles la pompe respiratoire lutte, inefficacement, contre 

la fermeture totale des VAS, ce qui peut précipiter le décès (cf. partie résultats, chapitre 1). 
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III - Régulations et plasticité respiratoires 

 

 

Tout l’enjeu de la commande centrale respiratoire est de générer une respiration 

alvéolaire permettant le maintien de l’homéostasie gazeuse sanguine. Or la consommation 

énergétique de l’organisme fluctue énormément, avec les phases d’éveil et de sommeil, 

l’activité physique, le repos, l’altitude, la température, etc., provoquant des variations 

importantes et rapides du pH et des pressions partielles en O2 et CO2 sanguins. La respiration 

est une fonction physiologique très régulée, à la fois par des mécanismes centraux et 

périphériques, impliquant des régions anatomiques distinctes et des modes de transmissions 

variés. 

 

1 - Les bioamines, modulateurs privilégiés de la respiration 

 

Les bioamines, une famille de neurotransmetteurs comprenant les catécholamines et la 

sérotonine, régulent un grand nombre d’activités neurophysiologiques, des cycles 

veille/sommeil à la prise alimentaire, et sont également impliquées dans la maturation et la 

modulation du réseau respiratoire. 

 

1.1 - Les catécholamines 

 

Les neurotransmetteurs catécholaminergiques sont issus du même acide aminé, la L-

tyrosine. La tyrosine hydroxylase (TH), l’enzyme dite limitante de la chaîne de synthèse des 

catécholamines (Nagatsu et al., 1964), permet la synthèse de dihydroxyphénylalanine (L-

DOPA), à partir de laquelle seront créées successivement la dopamine, la noradrénaline et 

l’adrénaline via des catalyses enzymatiques. Parmi ces différents neurotransmetteurs, la 

noradrénaline jouerait un rôle primordial dans la modulation de la commande centrale 

respiratoire.  

Les neurones catécholaminergiques du tronc cérébral sont regroupés en noyaux, 5 

noradrénergiques (A1, A2, A5, A6 et A7) et 3 adrénergiques (C1, C2 et C3) (cf. figure 10). 

Chez le chat in vivo, l’adrénaline et la noradrénaline modulent la respiration de façon 

principalement inhibitrice, en agissant directement sur les neurones respiratoires bulbaires 
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(Champagnat et al., 1979). Cependant, l’influence des catécholamines sur la respiration a 

principalement été mise en évidence in vitro. Les noyaux pontiques A5 et A6 sont 

particulièrement impliqués dans cette modulation, exerçant un rôle opposé (Hilaire et al., 

2004). En effet, le noyau A5 exerce une inhibition permanente sur la commande centrale 

respiratoire, via les récepteurs adrénergiques "2 bulbaires (Hilaire et al., 1989; Errchidi et al., 

1990, 1991; Viemari et al., 2003; Hilaire, 2006). Cet effet inhibiteur de A5 est présent dès la 

période prénatale (Di Pasquale et al., 1992; Viemari et al., 2003), et perdure chez l’animal 

adulte. Les neurones A5 présentent une modulation respiratoire (principalement post-

inspiratoire) dans leur patron de décharge (Guyenet et al., 1993) et leur activation ralentit le 

rythme respiratoire in vivo (Jodkowski et al., 1997; Dawid-Milner et al., 2001). A l’inverse, le 

noyau A6 (Locus Cœruleus) exerce un effet facilitateur sur la commande centrale respiratoire, 

via les récepteurs adrénergiques "1 bulbaires (Viemari et al., 2004a, 2005a; Viemari and 

Tryba, 2009). Par contre, cette facilitation n’est démontrée que chez le nouveau-né in vitro, 

même si chez l’adulte il est probable qu’elle se maintienne, les neurones de A6 étant 

synaptiquement connectés au réseau respiratoire adulte (Dobbins and Feldman, 1994b) et 

présentant une modulation respiratoire (inspiratoire et post-inspiratoire) dans leur patron de 

décharge (Guyenet et al., 1993). Au niveau du bulbe rachidien, A1/C1 exercerait également 

un effet facilitateur in vitro sur la commande centrale respiratoire, alors que A2/C2 serait 

impliqué dans la stabilisation du rythme respiratoire (Hilaire, 2006; Zanella et al., 2006; 

Viemari and Tryba, 2009). 
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Les noyaux catécholaminergiques ont ainsi un rôle majeur de frein ou d’accélérateur 

de la commande centrale respiratoire. Ces groupes sont également fortement impliqués dans 

la modulation respiratoire en réponse à un stimulus hypoxique ou hypercapnique, ce qui sera 

abordé en chapitre 3.2. 

 

1.2 - La sérotonine 

 

L’influence de la sérotonine (5-HT) sur la commande centrale respiratoire a fait l’objet 

notamment d’une revue présentée dans cette thèse (cf. partie résultats, chapitre 2, article 2). 

Le lecteur pourra se reporter à cette revue pour plus de détails sur le rôle de la 5-HT dans la 

physiologie et la pathologie respiratoires. 

 

1.2.1 - Métabolisme de la 5-HT 

 

La 5-HT (ou 5-hydroxytryptamine) a été initialement découverte dans le sang 

(Rapport et al., 1948), puis dans d’autres organes incluant le cerveau (Twarog and Page, 

1953; Twarog, 1954; Amin et al., 1954). La synthèse de cette indolamine débute par la 

catalyse du L-tryptophane provenant de l’alimentation en 5-hydroxytryptophane (5-HTP), par 

la L-tryptophane hydroxylase (Tph) (cf. figure 11). Comme pour la TH dans la synthèse des 

catécholamines, la Tph est l’enzyme dite limitante de la chaîne de synthèse et dégradation de 

la 5-HT (Ichiyama et al., 1968). Ensuite, le 5-HTP est décarboxylé en 5-HT par la L-

décarboxylase, enzyme également impliquée dans la décarboxylation de la L-DOPA lors de la 

synthèse des catécholamines. La 5-HT est alors stockée dans des vésicules synaptiques. Après 

sa libération et son action sur un grand nombre de récepteurs, la 5-HT est dégradée par la 

monoamine oxydase A (MAOA) en 5-hydroxyindole acétaldéhyde, lui-même dégradé par 

l’aldéhyde déshydrogénase en acide 5-hydroxyindole acétique (5-HIAA) qui est excrété dans 

l’urine. De plus, la 5-HT est aussi recapturée par le transporteur membranaire de la 5-HT 

SERT et emmagasinée dans des vésicules par le transporteur vésiculaire des monoamines 

Vmat2. La fluoxétine, un inhibiteur de la recapture de la 5-HT agissant sur SERT est un agent 

pharmacologique très utile pour augmenter les taux endogènes de 5-HT (cf. partie résultats, 

chapitre 2, article 3), qui est d’ailleurs le principe actif d’antidépresseurs tel le Prozac. On 

peut mesurer les taux de tryptophane, de 5-HT et de 5-HIAA dans le cerveau grâce à la 

technique de chromatographie liquide à haute pression (cf. partie résultats, chapitre 2 article 1, 
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et chapitre 3 article 2). 
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1.2.2 - Anatomie du réseau sérotoninergique 

 

Il existe actuellement 7 familles de récepteurs à la 5-HT, dont on distingue 15 sous-

types de récepteurs ayant une structure et des propriétés pharmacologiques différentes. Les 

sous-types de récepteurs à la 5-HT forment d’ailleurs la plus grande famille de récepteurs aux 

neurotransmetteurs connue actuellement. La table 1 de l’article 2 en chapitre 2 de la partie 

résultats de cette thèse présente de manière approfondie ces différents sous-types de 

récepteurs. On notera 1) que tous les récepteurs à la 5-HT sont métabotropiques, couplés aux 

protéines G, à l’exception des récepteurs 5-HT3 qui sont ionotropiques et 2) que la 5-HT peut 

aussi agir en dehors des synapses par des libérations des varicosités axonales "en passant", 

présentes dans presque tous les neurones sérotoninergiques (Leger et al., 2001; Moss et al., 

2005).  

La technique d’histochimie à fluorescence induite par le formaldéhyde a permis 

d’effectuer la première localisation des neurones 5-HT dans le système nerveux central de rat 

adulte (Dahlstrom and Fuxe, 1964). Des techniques plus récentes d’immunohistochimie ont 

augmenté la précision de la répartition anatomique des neurones 5-HT, même si 

l’organisation générale faite par Dahlstrom et Fuxe est toujours d’actualité (Steinbusch, 1981; 

Jacobs and Azmitia, 1992; Hornung, 2003). Les neurones 5-HT ont tous leurs corps 

cellulaires dans le tronc cérébral, dans des groupes distincts appelés les raphés (cf. figure 12). 
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Initialement définis caudo-rostralement de B1 à B9 (Dahlstrom and Fuxe, 1964), les raphés 

sont aujourd’hui plutôt identifiés par leur nom, les raphés pallidus, magnus et obscurus étant 

localisés dans le bulbe, le raphé pontin et la partie caudale du raphé dorsal étant dans le pont, 

et la partie rostrale du raphé dorsal ainsi que le raphé médian étant dans le mésencéphale. Les 

raphés reçoivent des afférences d’un grand nombre de structures du cerveau (Hermann et al., 

1996, 1997), et notamment en ce qui concerne les structures neurovégétatives, venant de la 

substance grise périaqueducale (PAG), du noyau parabrachial (PB), du noyau de Kölliker-

Fuse (KF) ou encore du noyau subcœruleus. Les neurones 5-HT projettent leurs axones sur 

l’ensemble du SNC, les raphés caudaux projetant principalement sur la moelle épinière et le 

bulbe, notamment sur les neurones de la colonne ventrale respiratoire et des groupes 

respiratoires pontiques, les raphés pontiques projetant sur le bulbe, les groupes respiratoires 

pontiques ainsi que le mésencéphale et des zones du cervelet, et les raphés mésencéphaliques 

projettent sur le diencéphale et le télencéphale (Steinbusch, 1981; Holtman et al., 1986, 1987; 

Holtman, 1988; Zhan et al., 1989; Smith et al., 1989; Connelly et al., 1989; Pilowsky et al., 

1990; Voss et al., 1990; Jacobs and Azmitia, 1992; Manaker and Tischler, 1993; Jacobs and 

Fornal, 2000). Enfin, il est important de noter qu’il n’y a pas que des neurones 5-HT dans les 

raphés, on y trouve aussi des neurones notamment GABAergiques et glutamatergiques qui 

réguleraient l’activité des neurones 5-HT  (Holmes et al., 1994; Monti, 2010a, 2010b). 
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1.2.3 - Influence de la 5-HT sur le CPG respiratoire 

 

Le rôle de la 5-HT dans le cerveau est difficile à appréhender. Jacobs et Fornal ont 

d’ailleurs écrit que la 5-HT est une « énigme », « virtuellement impliquée dans tout, mais 

responsable de rien » (Jacobs and Fornal, 2000). L’action de la 5-HT sur le système 

respiratoire a tout d’abord été démontrée comme agissant sur les structures périphériques 

envoyant des afférences sur le système respiratoire (principalement les corps carotidiens) 

(Reid and Rand, 1951; Douglas and Toh, 1953; Ginzel and Kottegoda, 1954). Une action 

centrale de la 5-HT sur les neurones respiratoires n’a pu être démontrée que plus tard, en 

56



!

partie grâce aux approches in vitro qui permettent d’exclure tout effet périphérique (Fallert et 

al., 1979; Olson et al., 1979; McCrimmon and Lalley, 1982; Monteau et al., 1990; Morin et 

al., 1990a, 1992; Hilaire et al., 1993; Lalley et al., 1994, 1995, 1997). Une très grande 

diversité d’actions a été mise à jour, reflétant certainement encore mal l’importance du 

système sérotoninergique pour la respiration. In vivo, la 5-HT peut avoir un effet inhibiteur ou 

excitateur sur la fréquence respiratoire et même différentiel en fonction du type neuronal (Pre-

I, I etc.), de la localisation des neurones, mais aussi du site d’injection (systémique, central, 

localisé sur certaines structures etc.), de la dose utilisée, du patron d’expression des différents 

sous-types de récepteurs, etc. (Fallert et al., 1979; Lalley et al., 1994, 1995, 1997; Manzke et 

al., 2003, 2008, 2009). Des expériences ont été menées in vitro, en particulier sur la 

préparation "en bloc", pour tenter de réduire la complexité du système. Il a été montré que la 

5-HT facilite le réseau générateur du rythme respiratoire notamment via les récepteurs 5-HT1 

et les motoneurones phréniques via les récepteurs 5-HT2 (Morin et al., 1990a, 1992; Lindsay 

and Feldman, 1993), et que les récepteurs 5-HT1B localisés au niveau pré-synaptique 

modulent la transmission de la commande respiratoire aux motoneurones phréniques (Di 

Pasquale et al., 1997). Deux études ont également montré d’une part l’implication des 

récepteurs 5-HT4a exprimés dans le PréBötC pour leur implication dans la dépression 

respiratoire induite par les opiacés (Manzke et al., 2003), et d’autre part l’abolition de cette 

dépression par une déphosphorylation de la sous-unité "3 des récepteurs à la glycine induite 

par l’activation des récepteurs 5-HT1A (Manzke et al., 2010). Egalement, des propriétés 

"pacemaker" ont été montrées sur des neurones 5-HT, notamment du raphé dorsal, qui 

pourraient influencer la commande centrale respiratoire (Burlhis and Aghajanian, 1987; 

Aghajanian et al., 1990).  

Cette thèse portant notamment sur l’atteinte de la coordination entre la pompe et la 

valve respiratoires, il est intéressant de noter que la 5-HT pourrait avoir des effets différents 

sur ces deux entités. En effet, la 5-HT appliquée in vitro sur la préparation "en bloc" 

potentialise l’activité inspiratoire du nerf phrénique alors qu’elle déprime celle du nerf 

hypoglosse, dépression passant par les récepteurs 5-HT2  (Monteau et al., 1990, 1994; Morin 

et al., 1990b, 1992). Comme le nerf hypoglosse transmet entre autres la commande de 

protrusion de la langue pendant l’inspiration, facilitant le passage oral de l’air vers les VAS, 

la 5-HT pourrait ainsi être impliquée dans la formation d’apnées obstructives. Cette hypothèse 

a été confirmée in vivo : une augmentation de la 5-HT endogène déprime l’activité 

inspiratoire du muscle génioglosse, le protruseur de la langue (Morin et al., 1994), et un 

antagoniste aux récepteurs 5-HT2 (le SR 46349B,) permet in vitro d’annuler l’effet dépresseur 
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sur l’hypoglosse (Monteau et al., 1994). Cependant, le système 5-HT est modulé au cours de 

la maturation, notamment pour l’expression de ses différents sous-types de récepteurs, mais 

aussi pour son rôle fonctionnel sur la respiration, passant d’un effet inhibiteur à un effet 

excitateur (Talley et al., 1997; Volgin et al., 2003; Hodges and Richerson, 2008a). 

L’hypoglosse exprime un nombre important de sous-types différents de récepteurs à la 5HT 

(Okabe et al., 1997; Fenik and Veasey, 2003), parmi lesquels les récepteurs 5-HT2 (surtout 

2A) semblent particulièrement importants pour sa modulation respiratoire (Schwarzacher et 

al., 2002; Zhan et al., 2002; Volgin et al., 2003). Chez l’animal adulte in vivo, l’injection 

d’antagonistes des récepteurs 5-HT2A sur l’hypoglosse diminue fortement son activité 

respiratoire, alors que l’injection d’agonistes la potentialise (Fenik and Veasey, 2003; Brandes 

et al., 2006). Egalement, Besnard et collaborateurs ont montré in vivo sur le rat anesthésié que 

des agonistes aux récepteurs 5-HT1A potentialisent l’activité du génioglosse, postulant qu’ils 

pourraient être utiles pour prévenir les apnées obstructives (Besnard et al., 2007, 2011). On 

notera cependant que ces auteurs ont aussi montré que des stimulations électriques à haute 

fréquence de la partie caudale du raphé pallidus induisent une tachypnée et une cessation de 

l’activité du muscle géniohyoïdien (Besnard et al., 2009), un muscle des VAS également 

innervé par l’hypoglosse. Ces résultats suggèrent donc que même chez l’adulte, la 

suractivation 5HT pourrait induire des apnées obstructives. Il est très difficile dans l’ensemble 

d’identifier les mécanismes d’actions exacts des divers agonistes et antagonistes 5HT pouvant 

agir à la fois en position pré et post-synaptique, pouvant moduler différentiellement chaque 

neurone et induire des cinétiques d’activations et/ou d’inhibitions peu maîtrisables. 

L’altération du système sérotoninergique est fortement incriminée dans le Syndrome 

de Mort Subite du Nourrisson (SIDS) (Paterson et al., 2006, 2009; Duncan et al., 2010), et un 

défaut de maturation postnatale et de transition entre effet inhibiteur et excitateur de la 5HT 

sur l’hypoglosse pourrait contribuer au SIDS via l’occurrence d’apnées obstructives. 

 

1.2.4 - Sérotonine et perspectives 

 

Pour résumer, l’extrême complexité du réseau 5-HT, son grand nombre de récepteurs 

et ses actions multiples, sa très large arborisation anatomique, la multitude de techniques 

utilisées pour l’étudier etc., laissent encore de grandes interrogations. Par exemple, Besnard et 

collaborateurs ont montré que la stimulation à haute fréquence du raphé obscurus chez le rat 

anesthésié induit une apnée (Besnard et al., 2009), et Depuy et collaborateurs ont montré sur 
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la souris anesthésiée que la stimulation optogénétique (par les channelrhodopsin-2) du raphé 

obscurus induit une augmentation de la fréquence et de l’amplitude respiratoires (Depuy et 

al., 2011). Il se pourrait qu’il existe des différences inter-spécifiques des effets de la 5-HT sur 

le système respiratoire, comme le suggèrent les expériences réalisées chez le chat et le chien 

et conduisant à des résultats opposés (Douglas and Toh, 1953; Ginzel and Kottegoda, 1954), 

mais aussi que les protocoles expérimentaux ne soient pas encore assez spécifiques pour avoir 

la certitude du type de neurone, de récepteur 5-HT, de métabolite sérotoninergique manipulé 

et étudié.  

 

Nota Bene : dans cette thèse, nous avons notamment poursuivi la dynamique de 

recherche sur les effets de la 5-HT sur le système respiratoire développée par Gérard Hilaire 

depuis de nombreuses années. Chez la souris, nous nous sommes particulièrement intéressés 

à la modulation sérotoninergique de la réponse à l’acidose du CPG respiratoire du nouveau-

né (étude in vitro ; cf. partie résultats, chapitre 2, article 3), à l’influence de la 5-HT sur le 

phénotype respiratoire de deux souches de souris très utilisées pour les modèles 

transgéniques (étude in vivo ; cf. partie résultats, chapitre 2, article 1), et à l’altération du 

système sérotoninergique et à son implication potentielle pour la respiration pathologique 

d’un modèle murin de tauopathie (étude in vivo ; cf. partie résultats, chapitre 3, article 2). 

 

2 - Chémosensibilité, réponses respiratoires à l’hypoxie et à 
l’hypercapnie, et réflexe de Hering-Breuer 

 

La fonction première de la respiration alvéolaire est de maintenir l’homéostasie 

gazeuse sanguine, assurant avec le système circulatoire l’apport en O2 aux cellules et 

l’excrétion du CO2 produit. La consommation en O2 peut varier considérablement ; chez 

l’Homme, elle est environ de 4 ml/min/kg au repos mais peut atteindre 35-40 ml/min/kg lors 

de l’exercice chez les individus non entraînés et jusqu’à 90-100 ml/min/kg chez des sportifs 

de haut niveau en sports d’endurance. Egalement, la pression partielle atmosphérique en O2 

n’est pas stable ; elle diminue exponentiellement avec l’altitude, réduisant les échanges 

alvéolo-capillaires en O2 pour un même débit ventilatoire. Ces variations de consommation et 

de disponibilité en O2 modifient les pressions partielles artério-veineuses en O2 et CO2 ainsi 

que le pH sanguin. En réponse à ces altérations de l’homéostasie gazeuse sanguine, le niveau 

d’activité du système respiratoire est régulé via des effecteurs périphériques et centraux. 
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La valeur physiologique de la pression partielle artérielle en O2 (PaO2) chez les 

mammifères est comprise entre 80 et 100 mmHg (Feldman, 1986; Gonzalez et al., 1994). 

Lorsque la PaO2 diminue en dessous de 80 mmHg, la ventilation est augmentée en fonction 

du degré d’hypoxie et suivant plusieurs stades. En phase aigue, la réponse ventilatoire à 

l’hypoxie (RVH) se caractérise par une augmentation très importante de la ventilation, puis 

après quelques minutes, cette hyperventilation s’atténue mais reste toujours à un niveau 

supérieur aux valeurs pré-hypoxiques chez l’adulte, alors que chez le nouveau-né elle diminue 

sous les valeurs pré-hypoxiques (Teppema and Dahan, 2010). Cette diminution secondaire de 

la ventilation est appelée dépression ventilatoire relative ou "roll-off". Si l’hypoxie persiste, 

devenant une hypoxie chronique, il existe un troisième stade de RVH dans lequel la 

ventilation va de nouveau augmenter au-dessus des valeurs de ventilation du "roll-off", mais 

en dessous des valeurs maximales d’hyperventilation aiguë. Cette "re-augmentation" est 

expliquée par les processus d’acclimatation à l’hypoxie, qui induisent un remodelage 

biologique avec, par exemple, un tamponnage partiel de l’alcalose respiratoire induite par 

l’hyperventilation qui contribue à la diminution secondaire de la RVH. Une autre possibilité 

est l’expression accrue de nombreux gènes via le facteur de transcription HIF-1 (Facteur 

Induit par l’Hypoxie 1) et notamment celui de l’érythropoïétine (cf. paragraphe 2.3). Un 

plateau est atteint lors de cette acclimatation ventilatoire à l’hypoxie. En ce qui concerne la 

réponse ventilatoire à l’hypercapnie (RVHC), l’augmentation de la ventilation est très 

importante et ne possède pas de diminution marquée avec le temps, il n’existe pas de 

condition physiologique générant une hypercapnie chronique. On notera que le stimulus 

hypercapnique est supérieur au stimulus hypoxique dans l’activation respiratoire qu’il induit. 

 

2.1 - Sensibilité périphérique à l’O2, au CO2 et au pH 

 

Le réseau neuronal générant le CPG respiratoire est en permanence activé par des 

afférences toniques venant principalement des corps carotidiens (CC), mais aussi des corps 

aortiques et des corps neuroépithéliaux. Cette activation tonique périphérique représenterait 

plus de la moitié du tonus stimulant la respiration en condition eupnéique normoxique et 

normocapnique (Blain et al., 2009; Smith et al., 2010), et elle est modulée à la baisse ou à la 

hausse en fonction des concentrations artérielles en O2 principalement, mais aussi, dans une 

moindre mesure, en CO2 et en pH. 

Les CC, dont la contribution à la respiration a été montrée dès 1930 (Heymans and 
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Bouckaert, 1930), sont situés à la bifurcation des artères carotides et sont un des organes les 

plus irrigués en sang (cf. figure 13) (López-Barneo et al., 2008). Leur parenchyme est 

organisé en glomeruli, où des groupes de cellules sont en contact étroit avec un dense réseau 

de capillaires. Les cellules principales des glomeruli des CC sont les cellules glomiques (ou 

cellules de type I), qui sont similaires à des neurones et sont les cellules chémosensibles 

connectées aux fibres afférentes du nerf de Hering (ou nerf du sinus carotidien), qui lui-même 

rejoint le nerf glossopharyngien. Ces afférences périphériques projettent directement dans le 

NTS, qui distribue ensuite l’information à des sites multiples généralement eux-mêmes 

chémosensibles comme le RTN, les raphés médullaires, le locus cœruleus, A1/C1 ou encore 

le PréBötC, notamment via des excitations glutamatergiques (Housley et al., 1987; Arango et 

al., 1988; Finley and Katz, 1992; Takakura et al., 2006b; Rosin et al., 2006a; Nuding et al., 

2009; Nattie and Forster, 2010; Smith et al., 2010). Un deuxième type de cellules existe dans 

les CC, ce sont les cellules sustentaculaires (ou cellules de type II), similaires à des cellules 

gliales, qui jouent le rôle de cellules de soutien enveloppant les cellules glomiques, même si 

un rôle plus subtil n’est pas exclu. 
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Lors d’une baisse de la PaO2, l’excitation des fibres sensorielles du nerf de Héring par 

les cellules glomiques augmente, résultant en une hyperventilation (Biscoe et al., 1970; Vizek 

et al., 1987). Le ou plus probablement les mécanismes responsable(s) de la chémosensibilité 

des CC font débat (Teppema and Dahan, 2010). Les cellules glomiques expriment de 
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nombreux types de canaux potassiques, et notamment des canaux potassiques de fuite 

indépendants du voltage de la famille des domaines à deux pores, les canaux TASK-1 et -3 

(canaux K+ Sensibles à l’Acide TWIK-reliés) (Yamamoto et al., 2002; Buckler, 2007; Trapp 

et al., 2008). Ces canaux TASK contribuent au maintien du potentiel de membrane, leur 

fermeture bloquant l’efflux de K+ et entraînant une dépolarisation de la membrane cellulaire. 

Le canal TASK-1 en particulier semble impliqué dans la chémosensibilité des CC (cf. figure 

14) (Buckler, 2007; Trapp et al., 2008). Ce canal est sensible aux variations de pH et de 

concentrations en O2. De plus, de nombreux candidats senseurs d’O2 comme l’inhibition du 

métabolisme mitochondrial et la genèse accrue de radicaux libres de l’O2, la NADPH oxydase 

(Nicotinamide Adénine Dinucléotide Phosphate), l’hème oxygénase 2 ou encore la voie de 

l’AMPK (protéine Kinase activée par l’Adénosine MonoPhosphate), concourent tous à la 

fermeture de canaux potassiques et notamment TASK-1 (Wyatt and Peers, 1995; Lahiri et al., 

1999; Gonzalez et al., 2004, 2007; Wyatt and Buckler, 2004; Williams et al., 2004; Evans et 

al., 2005; Acker, 2005; Lee et al., 2006; Wyatt and Evans, 2007; Varas et al., 2007). La 

dépolarisation membranaire induite par la fermeture des canaux potassiques de fuite provoque 

un influx calcique dans les cellules glomiques via des canaux calciques voltage-dépendants 

(Long et al., 1993; Gonzalez et al., 1994; Lopez-Barneo et al., 2001; Rocher et al., 2005; Weir 

et al., 2005; López-Barneo et al., 2008). Il s’ensuit une libération vésiculaire synaptique 

d’ATP et d’acétylcholine notamment par les cellules glomiques, qui vont exciter les fibres 

afférentes du nerf de Hering (Nurse and Zhang, 2001; Prasad et al., 2001; Varas et al., 2003; 

Iturriaga and Alcayaga, 2004; Nurse, 2005; 

Reyes et al., 2007). L’information est ainsi 

transmise aux centres respiratoires via le 

NTS (cf. plus haut), mais ici encore il y a 

débat en ce qui concerne un effet hypoadditif 

ou hyperadditif de la chémosensibilité 

périphérique et de la chémosensibilité 

centrale (Smith et al., 2010).  
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2.2 - Sensibilité centrale à l’O2, au CO2 et au pH 

 

2.2.1 - Sensibilité centrale à l’O2 

 

L’existence d’une sensibilité centrale à l’O2 participant à la RVH, qui a longtemps été 

un sujet de débat, est relativement acceptée aujourd’hui. Il est généralement admis que la 

dépression ventilatoire relative suivant la phase initiale d’hyperventilation lors d’une hypoxie 

est due à la sensibilité centrale à l’O2 et à son impact sur les centres respiratoires (Teppema 

and Dahan, 2010). Chez le chat et le rat anesthésiés et non-anesthésiés, l’hypoxie entraîne une 

dépression respiratoire après une chémodénervation des CC via une transsection bilatérale du 

nerf de Hering (Martin-Body et al., 1986; Fordyce, 1987; Javaheri et al., 1988; Bonora and 

Gautier, 1989; Ward et al., 1990; Melton et al., 1991; LaManna et al., 1996). Egalement, sur 

la préparation "en bloc" in vitro, qui ne conserve que le tronc cérébral et la moelle épinière 

rostrale, une diminution de la quantité d’O2 dans le milieu de survie (hypoxie ou anoxie) 

provoque un ralentissement de la fréquence respiratoire enregistrée au niveau des racines 

phréniques, sans en modifier significativement l’amplitude (Kawai et al., 1995; Kato et al., 

2000; Viemari et al., 2003; Voituron et al., 2006). Ces expériences montrent que les structures 

centrales du contrôle respiratoire répondent à l’hypoxie dans l’ensemble par une dépression 

respiratoire. Mais cela ne signifie pas que chaque neurone se comporte de la même manière. 

Globalement, une hypoxie cérébrale modérée provoque une dépression métabolique et une 

réduction de l’excitabilité neuronale (Teppema and Dahan, 2010). Toutefois, certains 

neurones se dépolarisent en hypoxie. Par exemple, les neurones inspiratoires du PréBötC sont 

excités en période d’hypoxie, ce qui a été montré à la fois in vitro sur des préparations "en 

tranche" et in vivo chez l’animal anesthésié (Telgkamp and Ramirez, 1999; Solomon et al., 

2000; Thoby-Brisson and Ramirez, 2000). Au cours de la phase de dépression ventilatoire 

relative, une libération d’ATP au niveau de la surface ventrale du bulbe rachidien a été 

mesurée, exerçant un effet facilitateur notamment sur le PréBötC via l’activation des 

récepteurs métabotropiques (P2Y), et par conséquent atténuant la diminution de la ventilation 

(Gourine et al., 2005a; Lorier et al., 2007, 2008). Par ailleurs, cette particularité d’excitation 

des neurones inspiratoires du PréBötC en réponse à une hypoxie est considérée comme étant 

responsable de l’activité de "gasp" lors d’une hypoxie sévère.  

La dépression ventilatoire d’origine centrale lors d’une hypoxie n’est pas seulement 

causée que par la dépression métabolique et la réduction de l’excitabilité neuronale. Les 

63



!

neurones de la surface ventrale du bulbe rachidien et plus particulièrement le pFRG et le RTN 

sont à la fois des noyaux recevant les informations périphériques liées à la sensation de 

l’hypoxémie, et des noyaux sensibles aux variations physiologiques d’O2 et impliqués dans la 

dépression ventilatoire relative (Sun and Reis, 1994; Bodineau et al., 2000a, 2000c; Voituron 

et al., 2006). Il a récemment été montré par Gestreau et collaborateurs que le canal TASK-2 

est exprimé dans peu de noyaux du tronc cérébral, dont le RTN, et que les souris Task2
-/- qui 

n’expriment pas ce canal ne présentent pas de dépression ventilatoire relative lors d’une 

hypoxie (Gestreau et al., 2010). La présence et l’action du canal TASK-2 dans le RTN lors 

d’une hypoxie représentent la première mécanistique moléculaire de sensibilité centrale à l’O2 

réellement établie. Mais il existe d’autres neurones sensibles à l’O2, comme au niveau du NTS 

et de l’hypothalamus (Horn et al., 1999; Pascual et al., 2002; Voituron et al., 2005). Les 

neurones bioaminergiques sont aussi impliqués dans la sensibilité centrale à l’O2. La RVH est 

atténuée voire absente in vitro chez les souris mutées pour les gènes c-Ret et Phox2a, chez qui 

les groupes catécholaminergiques A5 et A6 sont altérés (Viemari et al., 2004a, 2005a). 

D’ailleurs, le locus cœruleus (A6) est considéré comme un important modulateur inhibiteur de 

la RVH, via des mécanismes dépendants du monoxyde d’azote (NO) (Fabris et al., 1999, 

2000; Teppema and Dahan, 2010). Les neurones sérotoninergiques sont cruciaux pour le 

couplage entre RVH et thermorégulation. Les souris Lmx1b
f/f/p, qui sont presque entièrement 

dépourvues de neurones sérotoninergiques, ont une RVH diminuée à 25°C, mais pas à 30°C 

(Hodges et al., 2008; Hodges and Richerson, 2008b). A l’inverse, les souris qui n’expriment 

pas le transporteur de la sérotonine 5-HTT, et qui présentent une quantité très importante de 

sérotonine dans leur liquide céphalorachidien, ont une RVH augmentée et une baisse de leur 

métabolisme en hypoxie exacerbée (Li and Nattie, 2008). Un autre mécanisme liant hypoxie 

et sérotonine est le phénomène de facilitation à long terme (LTF). Suite à des hypoxies 

intermittentes, c’est-à-dire des successions de périodes courtes d’hypoxies et de normo- ou 

d’hyperoxies, les décharges respiratoires des nerfs phréniques et hypoglosses sont 

augmentées. Cette forme de plasticité respiratoire appelée LTF est un mécanisme central 

dépendant de la sérotonine, car il est aboli par des antagonistes aux récepteurs de la 

sérotonine, une déplétion en sérotonine, ou une neurotoxocité sérotoninergique (Millhorn et 

al., 1980; Bach and Mitchell, 1996; Feldman et al., 2003). Des injections répétées de 

sérotonine dans la moelle épinière sont d’ailleurs suffisantes pour induire la LTF du nerf 

phrénique, même sans hypoxie. D’une manière générale, la LTF du nerf phrénique successive 

à des hypoxies intermittentes est considérée comme étant due à une libération de sérotonine et 

son action via les récepteurs 5-HT2 et 5-HT7, mais aussi à l’activation de la NADPH oxydase, 
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à une augmentation de la production de BDNF, de radicaux libres de l’oxygène et de VEGF 

(Facteur de Croissance Vasculaire Endothélial), menant à la facilitation de la transmission 

synaptique glutamatergique via notamment la phosphorylation des récepteurs NMDA (Baker 

et al., 2001; Baker-Herman and Mitchell, 2002; Feldman et al., 2003; Baker-Herman et al., 

2004; Ling, 2008; MacFarlane et al., 2008, 2009; Teppema and Dahan, 2010; Hoffman and 

Mitchell, 2011; Dale-Nagle et al., 2011). 

 

Nota Bene : dans cette thèse, nous avons souvent utilisé le stimulus hypoxique dans un 

objectif général d’étude de l’influence des régulations respiratoires, comme chez les souris 

Mecp2
-/y

, un modèle murin du syndrome de Rett (cf. partie résultats, chapitre 1, article 1), 

chez les souris Tau-P301L, un modèle murin de tauopathie (cf. partie résultats, chapitre 3, 

article 2), et pour comparer le phénotype respiratoire des souches de souris FVB/N et 

C57Bl/6J (cf. partie résultats, chapitre 2, article 1). 

 

2.2.2 - Sensibilité centrale au pH et au CO2 

 

Les variations de pression partielle artérielle en CO2 (PaCO2) représentent le tonus 

excitateur principal de la respiration, devant celui des variations d’O2. La valeur 

physiologique de la PaCO2 chez les mammifères se situe autour de 40 mmHg, et la ventilation 

double pour une augmentation de seulement 2 mmHg de la PaCO2 (Nattie, 1999, 2000; 

Guyenet et al., 2010). La sensibilité au CO2 et/ou au pH, appelée chémosensibilité, est 

majoritairement centrale, et son existence a été montrée dès 1954 (Leusen, 1954; Gautier and 

Bonora, 1979; Nattie, 1999). Cependant, on ne sait toujours pas aujourd’hui de manière 

irrévocable si la chémosensibilité centrale implique la sensation du CO2 dissout ou du pH. 

Cette question a été l’objet d’un intense débat pendant de nombreuses années, débat qui s’est 

atténué ces dernières années autour de l’hypothèse la plus plausible au regard de la littérature, 

où le CO2 stimulerait la respiration via le pH (Loeschcke, 1982; Nattie, 1999; Feldman et al., 

2003; Guyenet et al., 2010). En effet, 1) l’hypercapnie diminue le pH du liquide 

céphalorachidien, 2) l’acidose métabolique et l’acidification topique du cerveau, en particulier 

au niveau du bulbe ventrolatéral, augmentent la respiration, et 3) in vitro, l’acidose 

métabolique active/inhibe les neurones et dépolarise certaines cellules gliales à un niveau 

comparable à celui produit par une augmentation de CO2 provoquant le même changement de 

pH extracellulaire (Loeschcke, 1982; Eldridge et al., 1984; Arita et al., 1989; Nattie, 1999; 
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Wang et al., 2002b; Feldman et al., 2003; Putnam et al., 2004; Kawai et al., 2006; Guyenet et 

al., 2010). Cette incertitude sur le mode de stimulation du CO2 et/ou du pH vient notamment 

du fait que les bases moléculaires de la chémosensibilité centrale ne sont pas encore connues. 

La première et la plus étudiée des hypothèses serait qu’un ou plusieurs canal(aux) ionique(s) 

jouerait(ent) le rôle de senseurs du pH. Par exemple, les canaux TASK étaient de très bons 

candidats, mais il ne ressort aucune altération majeure de la chémosensibilité centrale chez les 

souris n’exprimant pas ces canaux (Mulkey et al., 2007b; Gestreau et al., 2010). D’autres 

canaux, comme les canaux Kir (canaux potassiques rectifiants entrants), les canaux de la 

famille ASIC (canaux ioniques sensibles à l’acide), les canaux ionotropiques purinergiques 

(P2X) ou encore les canaux des jonctions communicantes, sont des candidats qui soit ont été 

écartés expérimentalement, soit n’ont pas encore été étudiés pour la chémosensibilité 

respiratoire (Mulkey et al., 2004a, 2007b; Vacher et al., 2008; Holzer, 2009; Ziemann et al., 

2009; Guyenet et al., 2010). Au niveau cellulaire, la chémosensibilité centrale ne concernerait 

pas que les neurones, des données récentes impliquant fortement les cellules gliales et en 

particulier les astrocytes. Les astrocytes de la surface ventrale du bulbe rachidien, en 

particulier dans la région du RTN/pFRG, se dépolarisent en condition d’acidose par un influx 

calcique, et relarguent de l’ATP qui va exciter les neurones adjacents et stimuler la respiration 

(Gourine et al., 2005b, 2010; Ballanyi et al., 2010). Ces données corroborent l’idée de plus en 

plus acceptée que la glie n’est pas qu’un support structurel aux neurones, elle joue également 

un rôle fonctionnel. De plus, la localisation de la glie en tant qu’élément de la barrière 

hémato-encéphalique, à l’interface entre les vaisseaux sanguins et les neurones, et 

l’importance de la glie pour les régulations métaboliques dans le système nerveux, en font un 

acteur privilégié de la chémosensibilité centrale. 

Même si les mécanismes moléculaires à la base de la chémosensibilité centrale ne sont 

pas encore clairement identifiés, les régions chémosensibles sont elles relativement bien 

caractérisées. La chémosensibilité est une fonction distribuée dans le cerveau, dont 

l’organisation hiérarchique est particulièrement débattue, et qui implique plusieurs 

phénotypes neuronaux (Coates et al., 1993; Nattie, 1999; Nattie and Li, 2001, 2002b, 2002a; 

Feldman et al., 2003; Nattie et al., 2004; Li and Nattie, 2006; Guyenet et al., 2010). Le groupe 

de neurones le plus étudié concernant la chémosensibilité centrale est le RTN. Les neurones 

du RTN répondent très vigoureusement à l’hypercapnie in vivo et à des variations 

physiologiques de pH in vitro (Li and Nattie, 2002; Mulkey et al., 2004a; Guyenet et al., 

2005a; Fortuna et al., 2009; Marina et al., 2010). Cette chémosensibilité est intrinsèque au 

RTN, car elle persiste après blocage de la transmission synaptique avec la tétrodotoxine 
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(TTX), ou avec des cocktails de drogues bloquant la transmission glutamatergique, 

GABAergique, glycinergique et purinergique (Mulkey et al., 2004a, 2006). Egalement, 

l’activation des neurones du RTN par voie optogénétique produit une forte augmentation de la 

respiration, les neurones chémosensibles du RTN étant glutamatergiques (ils expriment le 

transporteur vésiculaire du glutamate 2) et fonctionnellement excitateurs projetant 

exclusivement sur le réseau respiratoire (au niveau du bulbe ventrolatéral, du pont dorsal, et 

de la portion ventrolatérale du NTS) (Mulkey et al., 2004a; Rosin et al., 2006; Abbott et al., 

2009; Guyenet et al., 2010; Kanbar et al., 2010). Une autre évidence qui confère une 

importance particulière au RTN pour la chémosensibilité centrale est le Syndrome 

d’Hypoventilation Chronique Congénitale (CCHS), une pathologie humaine causée par une 

mutation du gène codant pour le facteur de transcription Phox2b (Amiel et al., 2009; Carroll 

et al., 2010). Les enfants humains atteints par le CCHS et les souris modèle de CCHS (souris 

Phox2b
27ala/+) souffrent d’hypoventilation sévère et d’un chémoréflexe extrêmement déprimé, 

présentant aussi des apnées importantes. Or la seule altération du tronc cérébral retrouvée 

chez les souris Phox2b
27ala/+ est une perte massive et sélective des neurones chémosensibles 

du RTN (Dubreuil et al., 2008, 2009a, 2009b). Le RTN est donc un noyau majeur de la 

chémosensibilité centrale, même s’il n’est pas l’unique noyau y participant. 

En effet, les groupes bioaminergiques dans l’ensemble et particulièrement les groupes 

sérotoninergiques sont très impliqués dans la chémosensibilité centrale (Richerson, 2004; 

Hodges and Richerson, 2010). Contrairement au RTN dont la chémosensibilité est mature dès 

la naissance, la chémosensibilité des groupes sérotoninergiques commence vers P12 et est 

complètement mature après P20, ce qui corrèle d’ailleurs avec le développement de la RVHC 

in vivo (Wang and Richerson, 1999; Stunden et al., 2001; Davis et al., 2006; Hodges and 

Richerson, 2010). La localisation anatomique des neurones sérotoninergiques des raphés, que 

ce soit au niveau de la ligne médiane ou au niveau ventrolatéral du bulbe rachidien, leur 

confère une position parfaite pour la chémosensibilité car très proche d’artères importantes 

irriguant le cerveau et représentant donc un avantage dans la précision de la sensation des 

variations de CO2 et/ou de pH sanguins (cf. figure 15) (Mitchell et al., 1963; Schlaefke et al., 

1970; Bradley et al., 2002). Les neurones sérotoninergiques contribuent à une grande diversité 

d’actions liées au système d’éveil, d’excitation de l’organisme (Jacobs and Fornal, 1991, 

2000; Jacobs and Azmitia, 1992). Mais tous ces neurones ne se comportent pas de la même 

manière, une sous-population étant chémosensible, avec 25% des neurones sérotoninergiques 

du raphé dorsal et 22% des neurones sérotoninergiques du bulbe qui ont une augmentation de 

leur fréquence de décharge pendant une hypercapnie, une réponse chémosensible significative 
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dès 3% de CO2 inspiré (Veasey et al., 1995, 1997). Egalement, l’activation des neurones 

sérotoninergiques par l’hypercapnie est montrée par l’expression du proto-oncogène c-fos in 

vivo dans les raphés bulbaires, dont la localisation corrèle avec les sites de surface libérant de 

l’ATP lors d’une hypercapnie (cf. figure 15) (Larnicol et al., 1994; Haxhiu et al., 1996, 2001; 

Pete et al., 2002; Johnson et al., 2005; Gourine et al., 2005b). La destruction des neurones des 

raphés bulbaires par l’acide iboténique, et la destruction des neurones sérotoninergiques 

bulbaires avec la saporine ou la 5,7-dihydroxytryptamine, résultent en une forte diminution de 

la RVHC, souvent accompagnée d’une diminution de la ventilation de repos et dans le 

premier cas d’apnées (Mueller et al., 1985; Carruth et al., 1992; Dreshaj et al., 1998; Nattie et 

al., 2004; Hodges et al., 2004, 2005). Une évidence peut-être encore plus forte du rôle 

important des neurones sérotoninergiques pour la chémosensibilité vient du fait que les souris 

Lmx1b
f/f/p, qui ont une perte spécifique et quasi-totale (>99%) des neurones sérotoninergiques, 

présentent une réduction de plus de 50% de la RVHC (Zhao et al., 2006; Hodges et al., 2008). 

Le RTN et les raphés sont les groupes chémosensibles les mieux caractérisés. Il est 

très probable qu’il y ait une interaction entre eux, en particulier des raphés vers le RTN 

(Guyenet et al., 2010). En outre, il est suggéré que le RTN jouerait un rôle primordial dans la 

chémosensibilité centrale dans les phases d’éveil, alors que les raphés seraient plutôt 

chémosensibles pendant les phases de sommeil ou d’anesthésie, même si certaines données 

tendent à montrer le contraire pour ces derniers (Veasey et al., 1995, 1997; Mitchell, 2004; 

Mulkey et al., 2004a; Hodges and Richerson, 2010). D’autres groupes de neurones participent 

à la chémosensibilité centrale, comme l’hypothalamus caudal, le noyau fastigial du cervelet, 

le NTS ou encore le locus cœruleus (Elam et al., 1981; Nielsen et al., 1986; Waldrop, 1991; 

Peano et al., 1992; Horn and Waldrop, 1994; Oyamada et al., 1998; Xu et al., 2001; 

Ballantyne and Scheid, 2001; Putnam, 2001; Nattie and Li, 2002b). Le locus cœruleus est 

d’ailleurs le troisième noyau dont la chémosensibilité est la plus avérée après le RTN et les 

raphés, des lésions du locus cœruleus réduisant RVHC (Ritucci et al., 2005; Li et al., 2008; 

Biancardi et al., 2008). 
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Nota Bene : dans cette thèse, nous nous sommes particulièrement intéressés à la 

RVHC et aux mécanismes altérant la chémosensibilité, comme l’augmentation endogène de la 

sérotonine in vitro (cf. partie résultats, chapitre 2, article 3) et l’influence de l’érythropoïétine 

(cf. paragraphe suivant et partie résultats, chapitre 2, article 4). De plus, nous avons souvent 

utilisé le stimulus hypercapnique dans un objectif général d’étude de l’influence des 

régulations de la commande respiratoire, comme chez les souris Mecp2
-/y

, un modèle murin 

du syndrome de Rett (cf. partie résultats, chapitre 1, article 1), chez les souris Tau-P301L, un 

modèle murin de tauopathie (cf. partie résultats, chapitre 3, articles 1 et 2), et pour comparer 

le phénotype respiratoire des souches de souris FVB/N et C57Bl/6J (cf. partie résultats, 

chapitre 2, article 1). 

 

2.3 - Erythropoïétine et réponse ventilatoire à l’hypoxie 

 

En réponse à une hypoxie chronique, l’organisme s’acclimate en suivant deux grandes 

stratégies : 1) augmenter l’apport en O2 aux tissus (notamment via l’augmentation des débits 

cardiaques et respiratoires pulmonaires, et une angiogénèse et une érythropoïèse accrues), et 

2) diminuer les besoins énergétiques tissulaires en O2 (notamment via une transition vers un 

métabolisme énergétique plus anaérobie). Cette acclimatation est principalement permise par 

l’augmentation de l’expression d’un facteur de transcription, HIF-1 (Facteur-1 Induit par 

l’Hypoxie) (Wang and Semenza, 1993; Semenza, 2001, 2007). HIF-1 est un hétérodimère 

constitué des sous-unités HIF-1" et HIF-1#, qui sont constitutivement exprimées. En 

condition normoxique, HIF-1" subit un processus permanent de synthèse puis de dégradation 

rapide, via la fixation de la protéine de Von Hippel-Lindau (pVHL) induisant l’ubiquitination 

puis la destruction de HIF-1" par le protéasome (Huang et al., 1998; Maxwell et al., 1999; 

Kamura et al., 2000; Jaakkola et al., 2001). En condition hypoxique, la protéine pVHL ne 

peut se fixer à HIF-1", permettant la dimérisation de ce dernier avec HIF-1# pour former le 

facteur de transcription HIF-1. HIF-1 induit l’expression d’un grand nombre de gènes cibles, 

comme ceux codant pour le facteur VEGF (Facteur de Croissance Vasculaire Endothélial), 

pour les facteurs IGF (Facteur de Croissance ressemblant à l’Insuline), pour les enzymes de la 

glycolyse etc., le premier ayant été découvert étant le gène codant pour l’érythropoïétine 

(EPO) (Wang and Semenza, 1993; Bunn and Poyton, 1996; Semenza, 2002; Semenza et al., 

2006; Kaluz et al., 2008).  

L’EPO, une glycoprotéine appartenant à la famille des cytokines découverte en 1906 
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par Paul Carnot, est essentiellement connue pour son action érythropoïétique favorisant la 

différenciation des cellules souches de la moelle osseuse en érythrocytes (Hillman and Finch, 

1971; Jelkmann, 2007). Lors d’une hypoxie, les kératinocytes synthétisent du monoxyde 

d’azote (NO), provoquant une vasodilatation cutanée qui augmente le flux sanguin 

périphérique mais diminue le flux sanguin rénal, diminuant ainsi l’apport en O2, stabilisant le 

facteur HIF-1 et induisant la production d’EPO par les reins (Boutin et al., 2008). Mais l’EPO 

n’est pas synthétisée que par les reins, sa synthèse astrocytaire joue également un rôle 

prépondérant pour l’érythropoïèse suite à une hypoxie (Weidemann et al., 2009). Cet effet 

érythopoïétique induisant une polyglobulie et donc une augmentation de l’hématocrite 

(rapport entre les éléments figurés et le plasma sanguin) est un des effets les plus marquants et 

facilement analysables lors d’une hypoxie chronique. D’autres actions de l’EPO ont 

cependant été montrées récemment, avec en particulier un effet neuroprotecteur suite à des 

ischémies cérébrales comme lors d’accidents vasculaires cérébraux (Sakanaka et al., 1998; 

Digicaylioglu and Lipton, 2001; Leist et al., 2004; Rabie and Marti, 2008; Sanchez et al., 

2009; Velly et al., 2010). En effet, le récepteur à l’EPO est présent dans un grand nombre de 

tissus, comme le cerveau, le cœur, les poumons, les testicules etc. (Gassmann et al., 2003; 

Sasaki, 2003; Jelkmann, 2007; Vogel and Gassmann, 2011). 

Lors d’une hypoxie chronique, l’EPO participe à l’augmentation de l’apport en O2 aux 

tissus par son effet érythropoïétique, mais également par une deuxième action sur le système 

respiratoire. En effet, l’EPO augmente la RVH chez la souris et chez l’Homme par une 

activation à la fois des CC et des neurones respiratoires du tronc cérébral (Soliz et al., 2005, 

2007a; Gassmann and Soliz, 2009; Brugniaux et al., 2011). Le récepteur à l’EPO est présent 

dans de nombreux groupes respiratoires comme le PréBötC, le NTS ou encore les noyaux 

catécholaminergiques (Soliz et al., 2005). Egalement, il existe une expression cérébrale d’une 

forme soluble du récepteur à l’EPO, qui joue le rôle d’antagoniste non-compétitif de la liaison 

de l’EPO aux récepteurs membranaires. Le niveau d’expression de cette forme soluble du 

récepteur à l’EPO est diminué en hypoxie, et l’injection intra-cérébrale de la forme soluble 

pendant une hypoxie chronique abolit l’acclimatation ventilatoire à l’hypoxie (Soliz et al., 

2007a). De plus, l’EPO modifie le métabolisme des catécholamines dans le tronc cérébral et 

dans les CC, augmentant la réponse à un stimulus hyperoxique (test de Dejours), et régulant 

de manière sexe-dépendante la RVH à la fois chez l’Homme et chez la souris (Soliz et al., 

2007b, 2009).  
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Nota Bene : dans cette thèse, nous avons étudié l’impact de l’EPO sur la RVHC de la 

souris adulte, ce qui n’avait encore jamais été fait (cf. partie résultats, chapitre 2, article 4). 

Grâce à l’utilisation de souris transgéniques et d’approches pharmacologiques, nous 

montrons que l’EPO désensibilise la RVHC par une action directe à la fois centrale et 

périphérique, et par une action indirecte via la polyglobulie. 

 

2.4 - Récepteurs à l’étirement pulmonaire et réflexe de Hering-
Breuer 

 

Les centres respiratoires ne sont pas influencés que par les paramètres gazeux et 

chimiques de l’organisme, la commande respiratoire est également régulée par des 

informations d’ordre mécanique. Dans les voies aériennes sous le larynx, trois catégories de 

récepteurs sont à l’origine de boucles réflexes qui protègent l’appareil respiratoire contre les 

lésions causées par une hyperinflation pulmonaire via le réflexe de Hering-Breuer, ou encore 

contre l’inhalation par exemple d’aliments via le réflexe de toux. Ces afférences participent 

également à la mise en forme du patron moteur respiratoire. 

Les trois types de récepteurs sensoriels d’origine trachéo-broncho-pulmonaire sont 

(Bailey and Fregosi, 2006; Kubin et al., 2006; Widdicombe, 2006) : 

- Les récepteurs à l’étirement pulmonaire à adaptation lente (SARs), qui sont principalement 

impliqués dans le réflexe de Hering-Breuer (cf. ci-après) et le contrôle du tonus du muscle 

lisse trachéo-bronchique (Schelegle, 2003) ; 

- Les récepteurs à l’étirement pulmonaire à adaptation rapide (RARs), à l’origine entre 

autres du réflexe de toux (Widdicombe, 2003) ; 

- Les fibres C broncho-pulmonaires qui répondent à une grande variété de stimuli, induisent 

une broncho-constriction et stimulent la sécrétion de mucus (Lee et al., 2003). 

SARs et RARs sont des mécanorécepteurs innervés par des fibres afférentes de 

conduction rapide myélinisées. Les fibres C broncho-pulmonaires comprennent tous les autres 

récepteurs présents dans l’arbre trachéo-broncho-pulmonaire (par opposition aux SARs et 

RARs), et ont des axones à conduction lente non-myélinisés. Ces trois types d’afférences 

projettent via le nerf vague dans des régions distinctes du NTS, permettant notamment une 

grande spécificité dans les réflexes mis en jeu (Kubin et al., 2006). Les réponses induites par 

la stimulation des RARs et des fibres C broncho-pulmonaires sont moins bien caractérisées 

que celles induites par les SARs (Bailey and Fregosi, 2006). La stimulation des RARs et des 
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fibres C broncho-pulmonaires peut induire une respiration rapide et superficielle et des 

apnées. Toutefois, la plupart des réponses induites par la stimulation des RARs et des fibres C 

broncho-pulmonaires sont distinctes, l’activation des récepteurs des fibres C induisant des 

effets inhibiteurs (apnée ou bradypnée, hypotension et bradycardie), alors que la stimulation 

des RARs induit surtout des effets excitateurs (augmentation de l’amplitude respiratoire, 

tachypnée, toux) (Bailey and Fregosi, 2006). Les RARs ne sont pas stimulés que par 

l’étirement mécanique, ils sont également très sensibles aux irritants chimiques comme la 

fumée, l’ammoniac, ou la poussière. Les fibres C broncho-pulmonaires sont polymodales, et 

peuvent être stimulées par de grandes déformations mécaniques, des stimuli chimiques, une 

augmentation du volume du liquide intersticiel (œdème pulmonaire), ou une augmentation de 

la température. 

Les expériences de Hering et Breuer en 1868 ont montré pour la première fois 

l’existence d’afférences vagales lors d’inflations et de déflations pulmonaires pour la 

régulation du CPG respiratoire (Breuer, 1868; Hering, 1868). Ensuite, en 1933, Adrian a 

montré que les SARs sont responsables du réflexe d’inflation, appelé aujourd’hui réflexe de 

Hering-Breuer (Adrian, 1933; Widdicombe, 2006). Le réflexe de Hering-Breuer est un réflexe 

inhibiteur qui survient en fin d’inspiration ou dans toute condition conduisant à une 

surinflation pulmonaire. A l’opposé, il existe le réflexe excito-inspiratoire de Hering-Breuer 

qui stimule l’inspiration lorsque les poumons sont vidés en deçà de leur volume de fin 

d’expiration physiologique. Ces réflexes sont supprimés par une vagotomie bilatérale, car ils 

ont pour origine les SARs dont les fibres afférentes transitent dans le nerf vague. Les fibres 

nerveuses issues des SARs projettent monosynaptiquement sur deux types de cellules dans le 

NTS ipsilatéral, les cellules "pompes" ou P-cells, et les cellules inspiratoires-ß (Iß) (Berger, 

1977; Kubin et al., 2006). Ce sont les P-cells qui sont impliquées dans le réflexe de Hering-

Breuer, ces cellules ayant une activité de décharge phasique (comme les SARs) qui suit les 

variations de volume pulmonaire. Les P-cells sont principalement des neurones inhibiteurs 

GABAergiques qui projettent dans le NTS controlatéral, et ipsilatéralement dans le noyau de 

Kölliker-Fuse (KF), le complexe parabrachial (PB), A5, et dans la colonne respiratoire 

ventrale (Ezure and Tanaka, 1996, 2004; Ezure et al., 1998, 2002). Le réflexe de Hering-

Breuer joue un rôle prépondérant pour l’arrêt de l’inspiration et la transition vers la post-

inspiration, et ce principalement durant la période de maturation du réseau respiratoire (cf. 

précédemment chapitre 2, paragraphe 2.2). Une autre condition physiologique dans laquelle le 

réflexe de Hering-Breuer intervient est le soupir. En effet, le soupir est une inspiration ample 

et prolongée qui servirait notamment à lutter contre l’atélectasie pulmonaire et à augmenter 
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l’oxygénation alvéolaire (Cherniack et al., 1981; Alvarez et al., 1993; Tomori et al., 1998; 

Patroniti et al., 2002; Yamauchi et al., 2008). Après un soupir on constate généralement une 

modification de la respiration en deux phases, la première étant une courte apnée, imputée au 

réflexe de Hering-Breuer, et la deuxième étant une bradypnée plutôt due à l’hyperoxygénation 

sanguine induite par le soupir. Il existe d’ailleurs une interaction entre les afférences des corps 

carotidiens et des SARs au niveau du NTS, qui serait linéaire et additive (Baji$ et al., 1994). 

Enfin, il existe des propriocepteurs au niveau de tous les muscles striés de l’appareil 

respiratoire qui participent à la coordination des mouvements respiratoires via la mise en jeu 

de boucles réflexes spinales (Hilaire et al., 1983). 

 

Nota Bene : dans cette thèse, nous avons analysé la respiration post-soupir dans 

plusieurs études, notamment pour déterminer l’influence des régulations de la commande 

centrale respiratoire (en parallèle des tests hypoxiques et hypercapniques), et ce chez les 

souris Mecp2
-/y

 en période pré-symptomatique (cf. partie résultats, chapitre 1, article 2), chez 

les souris Tau-P301L en période terminale (cf. partie résultats, chapitre 3, articles 2), et pour 

comparer le phénotype respiratoire des souches de souris FVB/N et C57Bl/6J (cf. partie 

résultats, chapitre 2, article 1). 

 

3 - L’eupnée : physiologie d’un patron moteur indispensable à 
la plasticité fonctionnelle du réseau respiratoire 

 

L’eupnée est caractérisée par son patron moteur tri-phasique, inspiration, post-

inspiration et expiration. Alors que l’inspiration est une phase essentiellement respiratoire, la 

post-inspiration surtout mais aussi l’expiration tardive sont deux phases pendant lesquelles de 

nombreuses activités couplées à et/ou impliquant la respiration peuvent avoir lieu. Ces deux 

phases sont cruciales pour la plasticité fonctionnelle de la respiration notamment du 

mammifère, lui conférant des avantages évolutifs majeurs comme la capacité de mâcher tout 

en respirant, ou encore sa capacité performante de vocalisation. Dans ce contexte, il est très 

important de considérer l’acte moteur respiratoire dans toute sa complexité eupnéique et donc 

dans ses interactions avec ces actes moteurs associés. 
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3.1 - Plasticité fonctionnelle du réseau respiratoire 

 

Les grandes avancées scientifiques dans le domaine des neurosciences ont souvent 

brisé des dogmes, démontrant par exemple que les neurotransmetteurs peuvent être libérés et 

avoir une action en dehors des synapses (Kukley et al., 2007), que les cellules gliales ont la 

capacité de générer des potentiels d’action (Karadottir et al., 2008) ou encore qu’il existe une 

neurogenèse chez l’Homme adulte (Sanai et al., 2004). Cette dernière découverte est 

directement liée à l’un des axes forts de recherche en neurosciences : la plasticité 

fonctionnelle du système nerveux central (qui a longtemps été présenté comme un système 

figé). Il a notamment été montré d’abord chez les invertébrés, puis chez les vertébrés, que les 

réseaux neuronaux générateurs de patrons moteurs (CPG) sont dynamiques et 

multifonctionnels (Schöner and Kelso, 1988; Ramirez and Pearson, 1988; Hooper and 

Moulins, 1990; Soffe, 1993; Meyrand et al., 1994; Marder and Calabrese, 1996; Destexhe and 

Marder, 2004). Le réseau respiratoire ne fait pas exception à cette règle, et c’est d’ailleurs une 

nécessité pour la coordination avec les activités motrices variées des VAS. 

Au sein même du réseau respiratoire, nous avons vu précédemment qu’il peut être 

produit deux types d’activités respiratoires : une activité eupnéique et une activité de "gasp" 

notamment en fonction du niveau d’oxygénation (Paton et al., 2006). Le réseau respiratoire 

est également capable de produire un troisième type d’activité qui pourrait être un patron 

moteur intermédiaire entre eupnée et "gasp" : les soupirs (cf. ci-dessus paragraphe 2.4). Au-

delà de ces activités intrinsèques à la respiration, le réseau respiratoire est fonctionnellement 

impliqué dans la genèse de patrons moteurs oro-pharyngés comme la déglutition, la toux ou 

encore le vomissement. Ces actes moteurs ont en commun un grand nombre de muscles (à la 

fois des VAS et du thorax), de nerfs (IX, X, XII, intercostaux etc.) et donc de motoneurones, 

mais aussi de prémotoneurones et d’interneurones. En effet, des neurones respiratoires du 

bulbe rachidien et du pont ont été identifiés comme impliqués également dans les décharges 

de CPG déglutiteurs, de toux ou de vomissement (Grélot et al., 1992; Gestreau et al., 1996, 

1997, 2000, 2005; Roda et al., 2002; Poliacek et al., 2004, 2005; Jakus et al., 2008). 

Cependant, les mécanismes responsables de la reconfiguration fonctionnelle d’un même 

neurone au sein du réseau respiratoire et qui permettent sa contribution aux différents CPGs 

ne sont pas encore connus (Bianchi and Gestreau, 2009b).  
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3.2 - Un cas particulier, la vocalisation 

 

Dans une des études présentées dans cette thèse, nous nous sommes particulièrement 

intéressés à une activité motrice couplée à la respiration et d’importance comportementale 

cruciale, la vocalisation (cf. partie résultats, chapitre 3, article 3). La vocalisation est un 

mécanisme qui sollicite une phase expiratoire active où les muscles abdominaux et 

intercostaux compriment l’air contenu dans les poumons afin de le pousser à travers les 

cordes vocales. La tension appliquée sur les cordes vocales notamment par le muscle laryngé 

crico-thyroïde provoque la production de sons par vibrations en modifiant la résistance au 

passage de l’air (Patrickson et al., 1991). Le ou les mécanismes neuronaux responsables de la 

genèse de la vocalisation sont encore débattus. En effet, la vocalisation est une fonction dont 

la complexité du patron moteur est directement impactée par le niveau d’évolution de 

l’organisme qui la produit. Au niveau des mammifères, il existe une hiérarchie, l’Homme 

possédant la plus grande diversité de zones cérébrales et de connexions entre ces zones 

impliquées dans la vocalisation, et donc la vocalisation la plus élaborée (Simonyan and 

Jürgens, 2003; Jürgens, 2009). Par exemple, il existerait chez l’Homme uniquement (pas 

même chez le primate non-humain) une voie directe entre le cortex moteur et le noyau 

ambigu (qui contient les motoneurones laryngés contrôlant les cordes vocales) qui serait 

impliquée dans le développement évolutif du langage (Kuypers, 1958; Iwatsubo et al., 1990; 

Simonyan and Jürgens, 2003). Les primates non-humains partagent avec l’Homme deux voies 

potentielles de genèse de la vocalisation : 1) une voie dite du cortex moteur contrôlant la 

genèse de vocalisation fine et apprise, et 2) une voie dite limbique contrôlant la promptitude à 

s’exprimer vocalement (cf. figure 16) (Dujardin and Jürgens, 2005, 2006; Jürgens, 2009). La 

voie du cortex moteur impliquerait une coordination complexe de nombreuses régions 

diencéphaliques et télencéphaliques, intégrée au niveau du cortex moteur, qui commanderait 

alors directement les interneurones de la réticulée bulbaire et notamment les prémotoneurones 

du noyau rétroambigu (caudal au noyau ambigu), ces derniers projetant sur les motoneurones 

laryngés du noyau ambigu (Holstege, 1989; Zhang et al., 1995; Vanderhorst et al., 2000a, 

2000b; VanderHorst et al., 2001; Boers et al., 2002; Jürgens, 2002; Jürgens and Ehrenreich, 

2007). Il n’y a, à notre connaissance, aucune démonstration que la voie du cortex moteur 

existe en dehors des primates. La voie limbique par contre est commune à tous les 

mammifères, et constitue un sujet d’étude en développement chez les rongeurs. 
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La voie limbique de vocalisation impliquerait le cortex cingulaire antérieur (ce qui n’a 

été montré que chez le primate non-humain, mais pas chez le rongeur, (Dujardin and Jürgens, 

2005, 2006; Jürgens, 2009)), qui projette sur la substance grise périaqueducale (PAG), elle-

même projetant sur la fin de la voie du cortex moteur, c’est-à-dire les structures bulbaires 

prémoto- et motoneuronales (Bandler and Carrive, 1988; Holstege, 1989; Carrive, 1993; 

Zhang et al., 1995; Holstege et al., 1997; Vanderhorst et al., 2000a, 2000b; VanderHorst et al., 

2001; Jürgens, 2009; Sugiyama et al., 2010). Cette voie contrôlerait donc la promptitude à 

s’exprimer vocalement, c’est-à-dire toute vocalisation émotionnelle, de réaction. Dans cette 

voie limbique, la PAG possède un rôle central. La PAG est localisée autour de l’aqueduc 

cérébral dans le tegmentum mésencéphalique, et joue le rôle de carrefour central intégrant les 

afférences et efférences entre les structures supérieures du cerveau et le tronc cérébral, et donc 

entre structures de la conscience (émotions, douleur etc.) et systèmes autonomes (respiration, 

régulation cardiovasculaire, thermorégulation etc.). La PAG organise et coordonne le contrôle 

moteur des comportements de survie (le "fight or flight", l’immobilité de peur, la vocalisation, 

les comportements sexuels, la miction etc.), en modifiant à la fois les paramètres 

77



!

neurovégétatifs et comportementaux (cf. figure 17) (Carrive, 1993; Lovick, 1993; Rossi et al., 

1994; Behbehani, 1995; Graeff, 2004; Brandão et al., 2008; Subramanian et al., 2008; 

Holstege, 2010). La PAG est également suffisante en soi pour la production de vocalisation 

(et pas seulement de sons). En effet, des stimulations électriques et pharmacologiques 

(glutamate, histamine, antagonistes GABAergiques, agonistes cholinergiques), en particulier 

dans la partie caudale latérale et ventrolatérale de la PAG, induisent chez tous les mammifères 

de nombreuses vocalisations différentes, comme chez le chat le miaulement, le grondement, 

le feulement ou le ronronnement (Bandler and Carrive, 1988; Lu and Jürgens, 1993; Jürgens, 

1994, 2009; Behbehani, 1995; Wang et al., 2002a). De plus, une lésion de la PAG entraîne le 

mutisme chez tous les animaux (Adametz and O’Leary, 1959; Skultety, 1962; Jürgens and 

Pratt, 1979), même l’Homme (Botez and Carp, 1968; Esposito et al., 1999). A l’inverse, la 

destruction du cortex cingulaire antérieur chez le primate non-humain et chez des patients 

humains entraîne des troubles de la vocalisation, caractérisés par une perte de contrôle 

volontaire et de motivation à parler, respectivement, mais conservant la capacité à répondre 

vocalement à des stimuli (ou à des questions chez l’Homme) (Sutton et al., 1974; Rubens, 

1975; Jürgens and von Cramon, 1982).  
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La PAG projette directement sur le noyau rétro-ambigu (NRA) pour le contrôle de la 

vocalisation, mais aussi pour son couplage avec la respiration (cf. figure 18). En effet, le NRA 

est un groupe de prémotoneurones qui projettent à la fois sur les motoneurones laryngés du 

noyau ambigu (contrôlant les muscles des VAS), sur les motoneurones phréniques, 

intercostaux ou encore abdominaux (contrôlant les muscles de la pompe respiratoire) 

(Holstege and Kuypers, 1982; Holstege, 1989; Miller et al., 1989; Vanderhorst and Holstege, 

1997; Boers et al., 2002; Subramanian and Holstege, 2009). Le NRA possède une 

organisation anatomique somatotopique (tout comme la PAG d’ailleurs), et peut être comparé 

aux touches d’un piano : il ne contribue pas à la genèse des CPGs (respiratoire, de 

vocalisation, de toux etc.), mais il est le centre de projection et d’intégration des commandes 

des CPGs, renvoyant l’information vers les motoneurones, et constituant un réseau de 

neurones multifonctionnels par essence (Baekey et al., 2001; Shiba et al., 2007; Subramanian 

and Holstege, 2009, 2010). Pour la coordination de la vocalisation avec le CPG respiratoire, la 

PAG projette également sur le groupe respiratoire pontique (noyau de Kölliker-Fuse, KF, et 

surtout complexe parabrachial, PB), sur le NTS et sur le noyau rétrofacial (qui pourrait en fait 

être le RTN/pFRG) (Huang et al., 2000; Hayward et al., 2003, 2004; Zhang et al., 2005b, 

2007; Smotherman et al., 2006; Subramanian et al., 2008). Cela permet l’intégration de la 

vocalisation dans le CPG respiratoire, et justement dans les phases post-inspiratoire et 

expiratoire tardive (active), coordonnées par le NTS/KF/PB (avec un rôle primordial du PB 

pour la vocalisation) et potentiellement le RTN/pFRG (cf. chapitres 2.1 et 2.2). 

La souris est devenue un modèle très utilisé pour la recherche scientifique, notamment 

car elle est très perméable à la transgénèse. Le contrôle nerveux de la vocalisation chez la 

souris a cependant été peu étudié, la majeure partie des études se limitant à l’étude du 

comportement de vocalisation, enregistrant et analysant les paramètres de vocalisations. La 

souris vocalise principalement dans les gammes de fréquence ultra-sonores, jusqu’à 200 kHz 

chez le jeune et jusqu’à 100kHz chez l’adulte (Holy and Guo, 2005; Grimsley et al., 2011). 

Ces vocalisations sont émises lors des parades sexuelles, lors de comportements de peur 

(comme lorsque l’on expose les souris à l’odeur de l’urine de rat ou d’Homme), ou encore par 

les nouveaux-nés pour la relation mère/enfant et les comportement d’affection ou d’aversion 

(Holy and Guo, 2005; Landgraf et al., 2007; Scattoni et al., 2008; Wang et al., 2008; Scattoni 

et al., 2009, 2010; Hoffmann et al., 2009; Grimsley et al., 2011). Ce dernier point constitue 

d’ailleurs un outil de phénotypage comportemental dont l’utilisation est récente et en pleine 

croissance pour les troubles neurodéveloppementaux.  
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Toutes ces données comportementales suggèrent une importance primordiale de la 

voie limbique et en particulier de la PAG pour la vocalisation chez la souris, la vocalisation 

étant principalement émise en réaction, et pendant des comportements neurovégétatifs, de 

survie.  

 

 

 

:;<=>?@*]@A@LMWGFB@>?K>GL?CDBCD@ HB@NE;?@ H;FV;P=?@I?@NEMBH;LBD;EC@MW?\@ H?@>EC<?=>@?D@LEC@

ME=KHB<?@ BCBDEF;P=?@ BN?M@ H?@ >GL?B=@ >?LK;>BDE;>?_@ )\5e! '+?)9! )\5*;9!o! MLMe! :+#(&>!

:*';9-)*#&! )'($#*&9#!o! YOe! '+?)9!.&!YZ--*[&#2O9%&!o! '7e! '+?)9! `):*)-!o!CFLe! '+?)9! #$(#+)\5*;9!o!

C/Je! '+?)9! .9! `)*%:&)9! %+-*()*#&!o! "L,e! %95%()':&! ;#*%&! A$#*)W9&.9:)-&!o! "]e! :+\A-&>&!

A)#)5#):0*)-!o!AOF,e!;#+9A&!#&%A*#)(+*#&!A)#)`):*)-!o!F/Ce!'+?)9!#$(#+(#)A$a+b.&P!

!
 

Nota Bene : dans cette thèse (chapitre 3 de la partie résultat), l’article 3 présente une 

étude de la vocalisation ultrasonore de souris sauvages et de souris transgéniques Tau-

P301L, modèle reconnu de tauopathie. Pour la première fois, nous identifions une atteinte 

pathologique de la PAG et une atteinte fonctionnelle de la vocalisation qui révèle que ces 

souris peuvent être un modèle murin puissant pour l’étude des troubles progressifs de la 

vocalisation, similaires à ceux rencontrés chez le patient Alzheimer. 
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La plasticité fonctionnelle respiratoire est donc très complexe, intégrant de 

nombreuses activités comme la déglutition, la toux, la vocalisation etc. Cette plasticité est 

nécessaire car elle coordonne différentes activités motrices sollicitant les VAS et les muscles 

respiratoires, c’est donc une modification fonctionnelle intrinsèque du CPG respiratoire. Mais 

le CPG respiratoire peut aussi être modifié de manière extrinsèque, par son couplage avec 

d’autres CPGs. Notamment, il existe un couplage très fort entre la commande centrale 

respiratoire et la régulation centrale cardiovasculaire, comme le montrent les arythmies 

sinusales respiratoires et la modulation respiratoire sympathique (Potts et al., 2000; Grossman 

and Taylor, 2007; Simms et al., 2009, 2010; Dick et al., 2009). Ce couplage est essentiel pour 

coordonner les deux mécanismes permettant l’apport en O2 aux cellules, la respiration 

alvéolaire et la circulation sanguine. Egalement, il existe un couplage central entre CPG 

respiratoire et locomoteur, impliquant très certainement le complexe parabrachial (Bramble 

and Carrier, 1983; Kawahara et al., 1989; Romaniuk et al., 1994; Morin and Viala, 2002). 

Ainsi, si l’on s’intéresse à l’eupnée au sens physiologique, il est important d’effectuer des 

études in vivo afin de conserver l’intégrité du système et particulièrement les plasticités 

intrinsèques et les couplages extrinsèques du CPG respiratoire. 
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IV - Physio/pathologie du vieillissement et 
respiration 

 

 

1 - Théories du vieillissement 
 

Le vieillissement est une notion difficile à appréhender. D’un point de vue sociétal, on 

distingue le "troisième âge" comme étant la catégorie de personnes dites âgées, cela étant 

souvent mis en parallèle avec un statut économique non-actif correspondant à la retraite. Mais 

d’un point de vue biologique, le vieillissement est plutôt appelé sénescence, correspondant 

aux modifications biologiques d’un organisme après sa maturité. Dans ce contexte, il est 

impossible de déterminer un âge à partir duquel on vieillit, car il existe une grande disparité 

dans la maturation de chaque organe, chaque sous-type cellulaire, et ce également en fonction 

des conditions de vie etc. Par exemple, le cristallin de notre œil commence à vieillir dès 10-15 

ans, alors qu’à l’inverse les os de la hanche, qui sont les derniers à terminer leur processus 

d’ossification, terminent leur maturation vers 25 ans. Toutefois, ce vieillissement 

physiologique est à séparer du vieillissement pathologique, qui entraîne une perte prématurée 

de fonction. Pour le cristallin de l’œil par exemple, son opacification progressive provoque la 

cataracte en général aux alentours de 70 ans, induisant une perte de vision. En ce qui concerne 

les os, une dérégulation du processus permanent de remodelage osseux peut entraîner 

l’ostéoporose, menant à une fragilisation des os et des risques accrus de fracture, et ce 

rarement avant 60 ans. 

 

Le flou qui entoure la notion biologique de vieillissement est sous-tendu par la 

méconnaissance des processus biologiques sous-jacents au vieillissement. Il existe de 

nombreuses hypothèses, que l’on peut diviser en deux groupes : les hypothèses stochastiques, 

où les processus de vieillissement se produisent au hasard et s’accumulent avec le temps, et 

les hypothèses non-stochastiques, où le vieillissement est inévitable, voire programmé. 

Certaines hypothèses sont génétiques, postulant l’existence de "gènes de mort", dont 

l’expression provoquerait une sénescence cellulaire, ou encore l’implication du 

raccourcissement des télomères à chaque division cellulaire, qui pourrait aller jusqu’à stopper 

la capacité de prolifération cellulaire (Harley et al., 1990; Finch and Tanzi, 1997; Blackburn, 
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2000; Guarente and Kenyon, 2000; Bryce et al., 2002). Ces différentes hypothèses génétiques 

pourraient contribuer ou expliquer la théorie de Hayflick, qui postule que les cellules ont un 

nombre fini de divisions possibles (Hayflick and Moorhead, 1961). La majorité des 

hypothèses sont cependant biochimiques. Par exemple, il est postulé que les espèces 

radicalaires (de l’oxygène principalement), qui sont des atomes ou molécules chez qui un 

électron est non apparié, provoqueraient en permanence des dommages sur les protéines, sur 

les membranes cellulaires, sur l’ADN, ce qui conduirait à une accumulation progressive de 

déchets et à la perte de fonction des cellules (Beckman and Ames, 1998; Finkel and 

Holbrook, 2000). Une autre hypothèse d’accumulation de déchets est celle du "cross-link", 

dans laquelle la glycation, ou liaison spontanée de molécules de glucose à des protéines, 

forme des agrégats protéiques conduisant à un dysfonctionnement cellulaire (Cerami, 1985). 

Egalement, les théories hormonales postulent que la décroissance de production d’hormones 

comme la testostérone, l’œstrogène, la mélatonine ou encore la dehydroepiandrostérone 

(DHEA) participe au déclin de l’organisme (Rudman et al., 1990; Oriander and Nader, 1996; 

Dollemore, 2006). Comme il serait illusoire de chercher à énumérer succintement toutes les 

hypothèses biologiques sur le vieillissement, nous recommandons au lecteur qui souhaiterait 

plus d’informations sur les mécanismes du vieillissement, le site internet du National Institute 

on Aging (http://www.nia.nih.gov/), l’organisme de recherche américain sur le vieillissement. 

 

2 - Vieillissement du système respiratoire 
 

Toutes les grandes fonctions physiologiques sont atteintes par le vieillissement : la vue 

et l’ouïe déclinent, les reins perdent de l’efficacité, les artères se raidissent etc. (Dollemore, 

2006). Le système respiratoire ne déroge pas à cette règle. Cependant, alors que l’atteinte de 

l’appareil respiratoire par le vieillissement est très documentée, celle de la commande centrale 

respiratoire l’est très peu. 

 

2.1 - Vieillissement de la pompe ventilatoire, poumons et cage 
thoracique 

 

Avec l’âge, il y a une augmentation graduelle de calcification des côtes, 

particulièrement au niveau du cartilage antérieur près du sternum, menant à une rigidification 

progressive du thorax (cf. figure 19) (Levitzky, 1984; Janssens et al., 1999). Les muscles 
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respiratoires sont également affectés, avec une perte graduelle de force musculaire, expliquée 

principalement par une réduction de masse musculaire, mais aussi certainement par une perte 

de fibres musculaires de type "rapide" et une altération potentielle de la jonction 

neuromusculaire (Mizuno, 1991; Tolep and Kelsen, 1993; Enright et al., 1994; Tolep et al., 

1995; Polkey et al., 1997; Janssens et al., 1999). Un autre paramètre important est la perte 

d’élasticité du tissu pulmonaire, qui serait certainement dû à un "cross-link" entre collagène et 

élastine.  Cela entraîne un élargissement et une réduction de la profondeur des alvéoles 

pulmonaires, ce qui a pour effet de réduire très significativement la surface alvéolaire, un 

phénomène appelé "emphysème sénile" (Turner et al., 1968; Niewoehner et al., 1975; 

Verbeken et al., 1992; Kurozumi et al., 1994; Janssens et al., 1999).  

Toutes ces modifications structurales conduisent à des modifications fonctionnelles de 

l’appareil respiratoire. Le volume résiduel (l’air restant dans les poumons suite à une 

expiration maximale) augmente avec l’âge à cause de la perte d’élasticité des poumons, 

phénomène appelé piégeage d’air ou "air trapping" (Turner et al., 1968; Crapo et al., 1982; 

Janssens et al., 1999). De même, la capacité vitale (le volume total d’air qui peut être expiré 

suite à une inspiration maximale) décline avec l’âge, et ce certainement à cause de 

l’augmentation graduelle de la rigidité thoracique et la perte de force des muscles respiratoires 

(cf. figure 19) (Schmidt et al., 1973; Knudson et al., 1976; Spirduso, 1995). Cependant, la 

capacité totale pulmonaire (le volume total d’air contenu dans les poumons suite à une 

inspiration maximale) ne change pas significativement avec l’âge, ce qui pourrait être dû à la 

réduction d’élasticité pulmonaire contrebalancée par l’augmentation de rigidité thoracique 

(Janssens et al., 1999). Le volume tidal (la quantité d’air échangée lors d’un cycle respiratoire 

normal, non forcé) semble diminuer avec l’âge, certainement à cause de l’augmentation de la 

rigidité thoracique et de la réduction de l’élasticité pulmonaire, et son coût énergétique est 

accru (Krumpe et al., 1985; Janssens et al., 1999). Par contre, les personnes âgées 

maintiennent un débit ventilatoire de repos comparable à celui de personnes jeunes, car leur 

fréquence respiratoire de repos est plus élevée (Krumpe et al., 1985; Janssens et al., 1999). 

Malgré les altérations de l’appareil respiratoire dues au vieillissement citées ci-dessus, 

les échanges gazeux sont préservés chez les personnes âgées, la fonction première du système 

respiratoire étant donc maintenue (Delclaux et al., 1994; Guénard and Marthan, 1996). Par 

contre, ceci n’est valable que dans le cas d’un vieillissement sain, non pathologique, or de 

nombreuses maladies sont corrélées au vieillissement du système respiratoire, comme les 

troubles du sommeil dus aux apnées obstructives. 
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2.2 - Vieillissement de la valve respiratoire, les voies aériennes 
supérieures 

 

Le vieillissement est associé à des modifications des VAS, incluant des altérations 

structurelles et fonctionnelles comme pour la pompe ventilatoire. Des études montrent 

notamment que le vieillissement induit chez le rat une augmentation du nombre de fibres 

musculaires rapides et une baisse de l’endurance des muscles des VAS (génioglosse, 

sternohyoïdien et géniohyoïdien) (Van Lunteren et al., 1995; Oliven et al., 2001). De plus, 

chez l’Homme le diamètre des VAS diminue avec l’âge (Martin et al., 1997), et les VAS sont 

plus promptes à se collapser (Malhotra et al., 2006; Ray et al., 2008). Ces altérations semblent 

avoir peu d’incidence sur la respiration en état d’éveil, mais contribuent fortement à 

l’apparition d’apnées du sommeil chez la personne âgée (Schwab et al., 1995; Young et al., 

2002; Malhotra et al., 2006). 

Les apnées du sommeil sont généralement de type obstructif, c’est-à-dire provoquées 

par l’obstruction des VAS. L’origine centrale (altération de la commande nerveuse des VAS) 

ou périphérique (altérations notamment des muscles des VAS) est souvent débattue. 

Toutefois, les apnées du sommeil obstructives sont particulièrement associées à l’obésité et à 
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toute forme d’atteinte des VAS induisant une atonie musculaire et une propension accrue au 

collapsus. Un nombre croissant d’études montre que les apnées du sommeil obstructives 

augmentent très significativement avec l’âge, et ce indépendamment de l’index de masse 

corporelle, même si ce dernier est un facteur aggravant (Hla et al., 1994; Ware et al., 2000; 

Eikermann et al., 2007; Chung et al., 2009). Les apnées du sommeil liées à l’âge touchent 

également principalement les hommes (Young et al., 1993; Hla et al., 1994; Bixler et al., 

1998, 2001; Ware et al., 2000). Ces apnées seraient majoritairement la conséquence des 

altérations structurelles et fonctionnelles des VAS citées précédemment, conduisant au 

collapsus des VAS. Cependant, certaines études tendent à montrer que l’altération de la 

capacité fonctionnelle musculaire des VAS chez les personnes âgées n’a pas une influence 

aussi marquée (Cantillon and Bradford, 2000), et que l’incidence des apnées du sommeil 

pourrait provenir d’une altération du contrôle nerveux (Ray et al., 2008).  

 

Très peu d’études jusqu’à présent se sont intéressées au vieillissement de la 

commande centrale respiratoire, et la majorité d’entre elles concerne les motoneurones 

respiratoires plutôt que les interneurones à l’origine de la genèse du CPG respiratoire. 

Pourtant, le vieillissement induit entre autres une altération générale des systèmes 

bioaminergiques, et en particulier du système sérotoninergique, à la fois anatomique, 

morphologique, biochimique et métabolique (Morgan et al., 1987; Steinbusch et al., 1990; 

Van Luijtelaar et al., 1992; Ueda et al., 1998; Nishimura et al., 1998). Les atteintes principales 

du système sérotoninergique concernent le nombre de terminaisons sérotoninergiques, les 

concentrations en 5HT et ses métabolites, les densités en récepteurs 5HT, et les protéines de 

recapture de la 5HT, avec des variations considérables entre les différentes régions du 

système nerveux central (Van Luijtelaar et al., 1992; Ko et al., 1997). Les conséquences du 

vieillissement du système sérotoninergique sur la rythmogenèse respiratoire n’ont à notre 

connaissance pas encore été étudiées. Par contre, s’il y a bien un domaine du vieillissement de 

la commande respiratoire qui a été étudié, c’est l’altération de la facilitation à long terme 

(LTF) de l’hypoglosse dépendante de la 5HT (cf. chapitre 3, paragraphe 2.2.1 pour plus de 

détails sur la facilitation à long terme, et paragraphe 1.2.3 pour plus de détails sur l’action de 

la 5HT sur l’hypoglosse).  

Cette altération, étudiée chez le rat, atteint principalement les mâles. Ainsi, une 

réduction du nombre de terminaisons 5HT et une altération de la morphologie des boutons 

synaptiques projetant sur l’hypoglosse sont décrites chez le rat mâle âgé (Behan and 

Brownfield, 1999; Behan et al., 2002). Les rates femelles présentent une augmentation des 
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récepteurs 5HT2A sur l’hypoglosse avec l’âge, ce qui n’est pas le cas chez les mâles (Seebart 

et al., 2007). La LTF induite par des hypoxies intermittentes semble préservée avec l’âge sur 

le nerf phrénique, mais elle est annulée sur le nerf hypoglosse du rat mâle âgé et altérée sur le 

nerf hypoglosse de la rate femelle âgée (Zabka et al., 2001a, 2001b, 2003, 2005). L’atteinte 

particulière du rat mâle âgé serait due à ses hormones gonadales, et de même, le ratio 

progestérone sur œstradiol influence l’importance de la LTF à la fois de l’hypoglosse et du 

phrénique chez la rate femelle âgée (Zabka et al., 2003, 2005; Behan and Wenninger, 2008).  

Comme les neurones 5-HT présentent une activité tonique et sont plus actifs pendant 

l’éveil que pendant le sommeil, la baisse de ce tonus excitateur sur les motoneurones de 

l’hypoglosse pourrait contribuer aux apnées du sommeil obstructives (Jacobs and Azmitia, 

1992; Kubin et al., 1996). Egalement, la LTF pourrait être un mécanisme de protection en 

réponse à des hypoxies intermittentes, potentialisant l’activité nerveuse et facilitant l’activité 

respiratoire (Suratt et al., 1988; Babcock and Badr, 1998; Mitchell and Johnson, 2003; 

Morelli et al., 2004). La survenue des apnées du sommeil touche préférentiellement les 

hommes et les résultats décrits précédemment chez le rat pourraient expliquer cette différence 

de genre via l’altération du système sérotoninergique (Young et al., 1993; Hla et al., 1994; 

Bixler et al., 1998, 2001; Ware et al., 2000). Des apnées obstructives répétées altèrent le 

retour sensoriel du nerf vague et génèrent une LTF sur le nerf hypoglosse, mais cette LTF 

dépend des récepteurs adrénergiques "1 de l’hypoglosse (Tadjalli et al., 2010). Il serait 

intéressant d’étudier ce nouveau mécanisme dans le contexte des apnées obstructives de 

l’homme âgé, vu l’atteinte du système catécholaminergique lors du vieillissement. 

 

2.3 - Vieillissement de la chémosensibilité 

 

Le vieillissement provoque une dégénérescence des CC, induisant chez le rat une 

diminution du nombre et du volume des cellules glomiques (cellules de type I), une réduction 

du volume et de la fonction mitochondrials, ainsi qu’une réduction de la quantité et du 

"turnover" des catécholamines (Di Giulio et al., 2003; Pokorski et al., 2004; Conde et al., 

2006). Chez le rat, la réponse des CC à une hypoxie diminue de moitié avec l’âge (Conde et 

al., 2006). Une dégénérescence avec l’âge des CC et en particulier des cellules glomiques 

existe aussi chez l’Homme (Heath, 1991). Egalement, l’Homme âgé présente une altération 

des contenus sanguins en dopamine (DA) et en dihydroxyphenylalanine (DOPA) suite à un 

test de réponse ventilatoire à l’hypoxie (Serebrovskaya et al., 2000). 
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De façon surprenante, aucune différence dans la réponse ventilatoire à l’hypoxie 

(RVH) ou à l’hypercapnie (RVHC) n’a été montrée chez le rat âgé par rapport au rat jeune, 

l’augmentation de ventilation étant surtout due à une augmentation de fréquence ventilatoire 

(Soulage et al., 2004; Wenninger et al., 2009; Pokorski and Antosiewicz, 2010). Chez 

l’Homme, beaucoup de travaux ont étudié l’impact du vieillissement sur la RVH et la RVHC, 

mais ces travaux ne permettent pas de tirer une conclusion définitive. Chez les personnes 

âgées, une partie des études montre une diminution de la RVH et de la RVHC (Kronenberg 

and Drage, 1973; Peterson et al., 1981; Brischetto et al., 1984; Mendez et al., 1996), d’autres 

ne signalent aucun changement (Ahmed et al., 1991; Smith et al., 2001; Pokorski and 

Marczak, 2003; Browne et al., 2003), et une étude montre même une augmentation de la RVH 

(Chapman and Cherniack, 1987). Les groupes d’âges étant relativement similaires (20-30 ans 

pour les individus jeunes, et 60-80 ans pour les individus âgés), la RVH et la RVHC ne 

seraient altérées que de façon marginale chez la personne âgée, ces résultats contrastant avec 

les données obtenues sur les CC. Plusieurs explications sont possibles, comme le fait que les 

études ont été réalisées chez des sujets âgés avant que leurs CC ne se dégradent, ou encore 

qu’une plasticité centrale compense la diminution de réponse des CC à l’hypoxie et à 

l’hypercapnie (par exemple un gain accentué dans les zones d’afférences des CC) (Smith et 

al., 2001; Pokorski et al., 2004; Teppema and Dahan, 2010).  

Le vieillissement de l’appareil périphérique respiratoire a été très étudié, autant pour 

son altération structurelle que fonctionnelle, et l’augmentation des apnées du sommeil avec 

l’âge lui a d’ailleurs souvent été attribuée. Cependant, une origine centrale et non obstructive 

(par opposition à la diminution de LTF de l’hypoglosse avec l’âge) de ces apnées liées à l’âge 

est souvent mise en avant (Bixler et al., 1998; Browne et al., 2003). Or, à notre connaissance, 

une seule étude s’est intéressée à l’atteinte par le vieillissement du réseau central générant le 

CPG respiratoire : Mazzone et collaborateurs montrent une baisse d’expression des récepteurs 

à la NK1 dans le NTS de rats âgés, conduisant à la suppression de l’effet excitateur de 

l’injection de substance P dans le NTS sur la respiration (Mazzone and Geraghty, 1999). Il y a 

donc un manque cruel d’études concernant le vieillissement central du réseau respiratoire. Or, 

il est très probable que ce dernier soit touché par le vieillissement, les neurones respiratoires 

étant affectés comme toutes les autres cellules par les processus de sénescence (Dollemore, 

2006). Le système déglutiteur est également particulièrement atteint par le vieillissement, 

atteinte qui pourrait avoir une origine centrale (Humbert and Robbins, 2008). Il est d’ailleurs 

fort probable que les activités les plus complexes, celles qui requièrent la plus grande 

plasticité fonctionnelle, soient les plus affectées par le vieillissement. L’étude de la 
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coordination de la respiration avec la déglutition ou avec la vocalisation, et par extension 

l’étude de la coordination entre pompe ventilatoire et VAS dans un contexte de vieillissement, 

semble donc être particulièrement importante.  

 

Nota Bene : dans cette thèse, nous avons comparé l’influence du génotype de deux 

souches de souris sauvages sur le vieillissement respiratoire, étude qui n’a pu se faire que 

jusqu’à un an, en raison des contraintes de temps imposées par la réalisation d’une thèse (cf. 

chapitre résultats, chapitre 2, article 1). Nous avons également réalisé un certain nombre de 

travaux montrant l’atteinte pathologique de la commande des VAS et de la vocalisation chez 

un modèle murin de tauopathie (cf chapitre résultats, chapitre 3), pathologie liée au 

vieillissement décrite ci-après. 

 

3 - Protéine tau et tauopathies 
 

Au cours du vieillissement, les défenses immunitaires de l’organisme se détériorent, 

favorisant l’apparition de maladies infectieuses virales et bactériennes (Dollemore, 2006). Par 

ailleurs, le processus même de vieillissement peut provoquer l’apparition de pathologies dites 

neurodégénératives, notamment par l’accumulation de protéines dégradées. Parmi ces 

protéines, la protéine tau est responsable d’un grand nombre de pathologies, appelées 

tauopathies, parmi lesquelles la maladie d’Alzheimer. 

 

3.1 - La protéine tau  

 

3.1.1 - Biochimie de la protéine tau 

 

La protéine tau est exprimée dans le système nerveux central et périphérique et, dans 

une moindre mesure, dans le cœur, les muscles squelettiques, les reins, les poumons, les 

testicules etc. (Gu et al., 1996). Tau est principalement présente dans les axones des neurones, 

mais aussi dans les compartiments somatodendritiques neuronaux et dans les 

oligodendrocytes (Trojanowski et al., 1989; Hirokawa et al., 1996; Tashiro et al., 1997; 

Aronov et al., 2001; Klein et al., 2002; Ittner et al., 2010). Tau contient 3 

domaines principaux : un domaine de projection N-terminal, un domaine de liaison aux 
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microtubules, et un domaine C-terminal (Mandelkow et al., 1996; Ittner and Götz, 2011). 

Dans le cerveau humain, il existe 6 isoformes principales de la protéine tau, toutes issues du 

même gène et générées par des épissages alternatifs autour des domaines N-terminal et de 

liaison aux microtubules (cf. figure 20) (Goedert et al., 1989a; Wei and Andreadis, 1998). Les 

deux épissages alternatifs les plus prévalents autour du domaine de liaison aux microtubules 

sont appelés 3R et 4R, en référence au nombre de séquences répétées d’association aux 

microtubules qui sont exprimées (Goedert et al., 1989b; Jaworski et al., 2010).  
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Tau en conformation physiologique est une protéine intrinsèquement désordonnée, 

c’est-à-dire qu’elle n’a pas de structure tridimensionnelle stable, lui conférant une grande 

plasticité fonctionnelle (Morris et al., 2011). Tau possède 84 sites potentiels de 

phosphorylation, dont 45 sont des sérines, 35 des thréonines et 4 des tyrosines, représentant 

plus de 1011 combinaisons possibles de phosphorylation (Jaworski et al., 2010; Ittner and 

Götz, 2011). Malgré leur complexité, les différentes phosphorylations de tau ont été très 

étudiées en raison de leur rôle prépondérant pour la survenue de tauopathies (cf. plus loin). La 

protéine tau peut être modifiée post-translationnellement de nombreuses autres manières, par 

l’acétylation, la glycation, l’isomérisation, la nitration, la sumoylation, l’O-GlcNAcylation, 

l’ubiquitination etc., suggérant que tau est une protéine très régulée (Ledesma et al., 1994; 
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Arnold et al., 1996; Miyasaka et al., 2005; Dorval and Fraser, 2006; Cripps et al., 2006; Reyes 

et al., 2008; Min et al., 2010; Cohen et al., 2011).  

 

3.1.2 - Fonctions de la protéine tau 

 

Les microtubules, fibres constitutives du cytosquelette, sont des tubes polymériques 

polarisés et extrêmement dynamiques, formant une sorte de "tapis roulant" dans les axones et 

les dendrites. Des protéines motrices sont liées aux microtubules, et permettent les transports 

antéro et rétrogrades de cargos, comme des mitochondries ou des vésicules synaptiques, entre 

les terminaisons synaptiques et le corps cellulaire du neurone. Depuis 1975, la protéine tau est 

connue comme étant une protéine associée aux microtubules, participant à leur assemblage et 

à leur stabilité, tau étant principalement présente dans les axones en condition physiologique 

(Weingarten et al., 1975; Witman et al., 1976). Cette fonction est toujours la plus établie à 

l’heure actuelle, la protéine tau régulant même le transport axonal (Götz et al., 2006; Ittner 

and Götz, 2011). Tau peut interférer avec la liaison des protéines motrices aux microtubules, 

et il existe un gradient de concentration de tau le long de l’axone, les niveaux les plus 

concentrés étant les plus proches des synapses (Mandell and Banker, 1996; Ebneth et al., 

1998; Dixit et al., 2008). Cette distribution pourrait faciliter le détachement des cargos de 

leurs protéines motrices près des terminaisons présynaptiques, augmentant l’efficacité du 

transport axonal (Dixit et al., 2008; Morris et al., 2011). Egalement, l’interaction 

physiologique tau/microtubule dépendrait de la formation d’homodimères de tau (Rosenberg 

et al., 2008). Ces homodimères pourraient être responsables de l’espacement entre les 

microtubules, nécessaire pour le transport des volumineux cargos par les protéines motrices 

(Jaworski et al., 2010). De plus, tau est en équilibre dynamique constant, se détachant et se 

liant aux microtubules par le jeu des phosphorylations/déphosphorylations via des kinases et 

des phosphatases, respectivement, ce qui serait nécessaire pour l’efficacité du transport axonal 

(cf. figure 21) (Roy et al., 2005; Ballatore et al., 2007). Tau peut aussi se lier aux filaments 

d’actine, participant à leur conformation en pelote, et pourrait connecter les microtubules aux 

filaments d’actine, renforçant d’autant plus la fonction cytosquelettique de cette protéine 

(Kotani et al., 1985; Farias et al., 2002; Yu and Rasenick, 2006; Fulga et al., 2007; He et al., 

2009). On notera enfin que tau peut réguler la stabilité des microtubules par un mécanisme 

indépendant de sa liaison aux tubulines, car tau peut inhiber directement l’histone déacétylase 

6, qui déacétyle les microtubules (Perez et al., 2009). 
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La protéine tau possède une grande plasticité fonctionnelle, ceci étant dû à sa structure 

intrinsèquement désordonnée, comme le montrent ses interactions multiples avec les 

microtubules citées précédemment, tau étant à la fois une protéine de liaison et une protéine 

de régulation. Mais la protéine tau possède d’autres rôles fonctionnels, qui sont de plus en 

plus étudiés. Notamment, tau peut jouer le rôle de protéine d’échafaudage, c’est-à-dire peut 

participer à la transduction du signal entre deux neurones en régulant les cascades de 

signalisation. Tau, présente dans les dendrites en petite quantité, interagit avec la protéine 

kinase FYN, facilitant le ciblage de FYN sur les sites post-synaptiques in vivo, où FYN va 

phosphoryler des récepteurs NMDA (NMDARs) induisant la formation d’un complexe entre 

NMDARs et la protéine de densité post-synaptique 95 (PSD95) (Lee et al., 1998; Salter and 

Kalia, 2004; Ittner et al., 2010; Ittner and Götz, 2011). Cette interaction NMDARs/PSD95 est 

importante pour les signaux d’excitotoxicité (Salter and Kalia, 2004). Tau pourrait aussi 

réguler des cascades de signalisation qui contrôlent l’extension des neurites, notamment via la 

facilitation de la signalisation de facteurs de croissance nerveux, ou encore de facteurs qui 

contrôlent le clivage de phospholipides, via sa liaison à la phospholipase C ! (Surridge and 

Burns, 1994; Brandt et al., 1995; Hwang et al., 1996; Dawson et al., 2001; Qiang et al., 2006; 

Morris et al., 2011). La protéine tau est également présente dans le noyau des cellules 

neuronales, où elle protège l’ADN contre un stress hyperthermique et facilite ensuite sa 

réparation (Loomis et al., 1990; Wang et al., 1993; Sultan et al., 2011). Enfin, tau serait 

impliquée dans la neurogenèse chez l’adulte, mais pas chez l’embryon (Hong et al., 2010; 

Morris et al., 2011). 
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3.2 - Les tauopathies 

 

Parmi toutes les modifications post-translationnelles que peut subir la protéine tau (cf. 

ci-dessus), son degré de phosphorylation a été l’objet d’un nombre considérable d’études ces 

dernières années pour son implication dans de nombreuses tauopathies, en particulier la 

maladie d’Alzheimer. 

 

3.2.1 - La maladie d’Alzheimer 

 

Plus de 35 millions de personnes dans le monde sont atteintes par la maladie 

d’Alzheimer (MA), pour environ 860 000 en France, un chiffre qui pourrait atteindre 1,3 

million en 2020 (Ramaroson et al., 2003; Gallez, 2005; Helmer et al., 2006; Querfurth and 

LaFerla, 2010). En France, la prévalence des démences chez les plus de 75 ans atteint presque 

18%, dont 80% sont dus à la MA (Ramaroson et al., 2003; Gallez, 2005). La MA est une 

maladie du vieillissement, le facteur de risque principal étant l’âge, et le risque de développer 

la maladie double tous les 5 ans après 65 ans (Hirtz et al., 2007; Querfurth and LaFerla, 

2010). Avec l’augmentation de l’espérance de vie et le vieillissement de la population, les 

démences et la MA en particulier deviennent un enjeu sociétal majeur (Gallez, 2005).  

La MA se caractérise principalement par une détérioration de la mémoire, suivie de 

l’altération graduelle des capacités de jugement, d’expression verbale, d’orientation etc. 

L’ordre séquentiel d’apparition de ces événements peut varier, même si les déficits de 

mémoire sont normalement la première et la plus dominante des altérations fonctionnelles 

(Roberta A Pagon, 1998; Götz et al., 2004). Les personnes atteintes par la MA meurent 3 à 9 

ans après le diagnostic, généralement de malnutrition ou de pneumonie, le diagnostic 

représentant une des grandes difficultés et un des enjeux majeurs de la MA (Roberta A Pagon, 

1998; Querfurth and LaFerla, 2010). En effet, les signes précoces de la MA ressemblent à 

ceux du vieillissement physiologique, et la MA n’est donc en général diagnostiquée que 

tardivement. Le diagnostic est difficile car il existe une très grande diversité de symptômes, 

ressemblant à d’autres pathologies neurodégénératives. Ce diagnostic se fait généralement 

grâce à des tests cognitifs (comme le test de Folstein, le test Codex etc.), auxquels peuvent 

s’ajouter des examens médicaux comme l’imagerie par résonance magnétique, la tomographie 

par émission de positons ou encore des dosages après prélèvement de liquide céphalo-

rachidien (Ballard et al., 2011). Un élément fondamental du diagnostic est la recherche 
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d’atrophie cérébrale, qui est sévère dans la MA (Roberta A Pagon, 1998). La méthode pour 

établir le diagnostic a été révisée récemment après plusieurs consensus, qui proposent tous 

d’associer tests cognitifs et critères biologiques (Dubois et al., 2010; Albert et al., 2011; 

McKhann et al., 2011; Sperling et al., 2011). Il est toutefois important de noter qu’aucun de 

ces tests ne permet pour l’instant d’affirmer ou d’infirmer avec certitude la présence de la 

MA, seuls les examens anatomo-pathologiques post-mortem n’apportant que trop tardivement 

un diagnostic certain. Ces examens doivent confirmer la présence simultanée dans le cerveau 

de plaques ß-amyloïdes et d’agrégats neurofibrillaires, qui sont les caractéristiques 

fondamentales de la MA, comme décrites pour la première fois en 1907 par Alois Alzheimer 

lors de l’analyse des sections du cerveau d’un de ses patients, Auguste D. (Alzheimer et al., 

1995). La MA est généralement vue comme une tauopathie secondaire, c’est-à-dire qu’elle est 

secondaire à l’apparition de pathologie ß-amyloïde. 

 

3.2.1.1 - Les plaques ß-amyloïdes 

La grande majorité des cas de MA sont sporadiques, c’est-à-dire qu’ils ne sont pas 

hérités génétiquement même si certains gènes peuvent être des facteurs de risque (dont le 

principal est APOE4). Seulement 0,1% des cas de MA sont familiaux, engendrés par des 

mutations des gènes codant pour la protéine précuseur de l’amyloïde (APP), ou pour les 

présénilines-1 et 2 (Bertram and Tanzi, 2005; Blennow et al., 2006). Egalement, les personnes 

atteintes de trisomie 21, qui portent un allèle additionnel d’APP, ont une fréquence accrue de 

développement de la MA (Bertram and Tanzi, 2005). Ces facteurs sont les principaux 

supports de l’hypothèse de la cascade amyloïde pour l’étiologie de la MA sporadique, 

hypothèse qui prédomine actuellement parmi un grand nombre d’autres (Hardy and Selkoe, 

2002; Ittner and Götz, 2011) (pour une vue d’ensemble des différentes hypothèses pour la 

MA, cf. http://hypothesis.alzforum.org/swan/do!getHome.action). 

Le terme amyloïde a été introduit pour décrire une classe hétérogène d’agrégats 

protéiques présentant une structure secondaire en feuillet bêta plissé, lui conférant une affinité 

pour le marqueur histochimique rouge congo (Götz et al., 2004). Les peptides ß-amyloïdes 

(Aß) sont des produits métaboliques naturels formés par l’association de 36 à 43 acides 

aminés (Aß36 à Aß43). Les peptides Aß sont dérivés de la protéolyse de l’APP par les actions 

enzymatiques séquentielles de l’enzyme 1 clivant l’APP sur son site bêta (BACE-1), une ß-

sécrétase, et de la !-sécrétase, un complexe protéique contenant la préséniline 1 dans son cœur 

catalytique (cf. figure 22) (Haass and Selkoe, 2007; Querfurth and LaFerla, 2010). Le site de 
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clivage par la !-sécrétase est critique car il détermine la longueur du peptide généré, Aß40 

étant la forme la plus courante, et Aß42 la moins courante mais la plus fibrillogène et la plus 

neurotoxique (Selkoe, 2001; Tanzi and Bertram, 2005). Aß s’accumule suite à un déséquilibre 

entre production et dégradation, et via l’agrégation des peptides, ce qui serait selon 

l’hypothèse de la cascade amyloïde le déclenchement de la MA. Les agrégations d’Aß sont 

spontanées, et coexistent sous des formes multiples, comme des oligomères (de 2 à 6 

peptides), qui fusionnent en assemblages intermédiaires, ou les feuillets bêta plissés qui 

forment des fibres insolubles de plaques ß-amyloïdes (Klein et al., 2001; Kayed et al., 2003). 

Les oligomères solubles et les formes intermédiaires d’amyloïdes sont les formes les plus 

neurotoxiques d’Aß, les dimères et les trimères étant particulièrement toxiques pour les 

synapses (Walsh et al., 2005; Walsh and Selkoe, 2007). Les synapses sont les cibles premières 

de la toxicité d’Aß, et en particulier le compartiment post-synaptique, par des mécanismes 

d’excitotoxicité via les récepteurs NMDA (Selkoe, 2002; Ittner and Götz, 2011). 

 

Dans la MA, Aß est lié à de nombreuses altérations, de l’inflammation aux 

dysfonctions mitochondriales, et est supposé être le déclencheur de la MA (Querfurth and 

LaFerla, 2010). La majorité des recherches médicales de ces dernières années sur la MA s’est 

concentrée sur la lutte contre les formes pathologiques d’Aß, conduisant à un grand nombre 

d’essais cliniques très prometteurs. Cependant, jusqu’à présent tous ces essais cliniques ont 

échoué, aggravant parfois la maladie, ce qui a contribué à un nouvel effort de recherche sur la 

tauopathie (Landhuis, 2011). De plus, dans la MA, la régionalisation et la progression de la 

tauopathie corrèlent temporellement et anatomiquement avec les dysfonctions neuronales et 

cognitives, ce qui n’est pas le cas pour la pathologie ß-amyloïde ; d’ailleurs, l’échelle 

d’évaluation post-mortem du niveau de progression de la MA la plus utilisée est fondée sur 

les agrégats neurofibrillaires de tau (échelle de "Braak and Braak") (Braak and Braak, 1991, 

1995; Arriagada et al., 1992a, 1992b; Bierer et al., 1995; Ihara, 2001; Giannakopoulos et al., 

2003; Duyckaerts et al., 2009). 
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3.2.1.2 - La neurodégénérescence induite par tau 

 

La protéine tau possède de nombreuses fonctions, dont les altérations pourraient 

contribuer à la neuropathogenèse tauopatique de différentes manières. Ces altérations peuvent 

être regroupées en perte et gain de fonctions propres à la protéine tau, avec en plus des 

interactions avec Aß. 
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Perte de fonction de la protéine tau 

La mutation du gène codant pour la protéine tau (MAPT) n’est pas responsable de la 

tauopathie dans la MA, que ce soit dans sa forme sporadique ou familiale. Par contre, la 

mutation de MAPT engendre des tauopathies primaires (cf. prochain paragraphe), comme la 

démence fronto-temporale (von Bergen et al., 2001; Goedert and Jakes, 2005). L’étude de la 

MA et des tauopathies en général a été révolutionnée par l’apparition de modèles 

transgéniques murins, réalisés pour la première fois en 1995 par l’expression spécifique 

neuronale (via le promoteur Thy-1) de l’isoforme humaine la plus longue de la protéine tau 

(Götz et al., 1995, 2004). Ensuite, de nombreux modèles murins transgéniques différents ont 

été générés, certains exprimant une forme mutante de protéine tau, comme la mutation P301L 

(Lewis et al., 2000; Terwel et al., 2005). La plupart de ces souris transgéniques, en particulier 

celles qui comprennent une mutation, sont caractérisées par la présence intraneuronale 

d’inclusions filamenteuses composées de protéines tau hyperphosphorylées qui est la 

caractéristique biochimique de la tauopathie (cf. figure 23) (Ballatore et al., 2007). Cet excès 

de phosphorylation de tau est la caractéristique invariable menant à la tauopathie, provoquant 

le détachement de tau des microtubules et une grande propension à l’agrégation (Grundke-

Iqbal et al., 1986; Brion et al., 1986; Mandelkow and Mandelkow, 1998; Geschwind, 2003; 

Mazanetz and Fischer, 2007; Takashima, 2008). La perte de fonction de tau stabilisatrice des 

microtubules mène très probablement à une altération de la structure normale et des fonctions 

régulatrices du cytosquelette, compromettant le transport axonal et contribuant ainsi à des 

dysfonctions synaptiques et à la neurodégénérescence (Roy et al., 2005; Trojanowski et al., 

2005). L’importance de cette perte de fonction de tau pour la neurodégénérescence a été 

validée par des études réalisées in vivo, montrant que le paclitaxel, une drogue stabilisatrice 

des microtubules, améliore le phénotype neurodégénératif de souris transgéniques modèles de 

la MA présentant la double pathologie tau et amyloïde (Zhang et al., 2005a). Toutefois, 

certaines données tendent à nuancer cette importance de la perte de fonction de tau. En effet, 

l’ablation de tau chez des souris "knockout" (tau-/-) ne cause pas de mortalité prématurée ou 

de déficit neurologique majeur (Dawson et al., 2001; Roberson et al., 2007, 2011; Yuan et al., 

2008), même si ces souris présentent certaines anomalies comportementales et structurelles au 

cours du vieillissement (Harada et al., 1994; Ikegami et al., 2000; Dawson et al., 2001). On 

notera qu’il est possible que d’autres protéines liées aux microtubules compensent la perte de 

la protéine tau ; il serait intéressant dans ce contexte d’étudier les effets du "knockdown" de 

tau chez la souris (dont les études sont en cours) (Morris et al., 2011). 
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Interactions avec Aß 

La principale avancée apportée par les souris tau-/- est la démonstration que tau peut 

être l’acteur de la toxicité d’Aß (Ittner and Götz, 2011). In vitro, les neurones tau-/- sont 

protégés de la mort cellulaire induite par Aß (Rapoport et al., 2002). Cette protection a été 

retrouvée dans plusieurs études indépendantes in vivo, avec des modèles transgéniques d’APP 

différents (Roberson et al., 2007; Ittner et al., 2010; Vossel et al., 2010). Deux mécanismes 

principaux ont été avancés. Le premier montre que le "knockout" de tau protège les neurones 

contre l’excitotoxicité provoquée par Aß, prévenant également les déficits comportementaux  

(Roberson et al., 2007). Cette protection contre l’excitotoxicité chez les souris tau-/- est due à 

une localisation dendritique réduite de FYN, résultant en une interaction réduite des 

NMDARs avec PSD95 (cf. plus haut), et en conséquence diminuant l’excitotoxicité 

provoquée par Aß (Ittner et al., 2010). On notera que la présence dendritique de tau en faible 

quantité, dépend de son domaine de liaison aux microtubules ; des protéines tau tronquées 

n’ayant pas de domaine de liaison aux microtubules n’accèdent pas aux dendrites, protégeant 

ainsi contre l’excitotoxicité provoquée par Aß (Ittner et al., 2010). Cette protection peut 

également se faire en pertubant l’interaction entre NMDARs et PSD95 via un peptide 

thérapeutique (Ittner et al., 2010). Le deuxième mécanisme montre que la réduction de tau 

protège les neurones contre la perturbation du transport axonal des mitochondries et autres 

cargos induite par Aß (Vossel et al., 2010).  

Tau et Aß peuvent également avoir des effets toxiques synergiques, agissant sur 

différentes parties d’un même système. En particulier, Aß provoque des dysfonctions 

mitochondriales et induit du stress oxydant, mécanismes pathologiques impliqués dans la 

neurodégénérescence (Querfurth and LaFerla, 2010). Chez des souris triple-transgéniques, 

exprimant à la fois des pathologies induites par tau et Aß, ces deux acteurs altèrent la 

respiration mitochondriale à des niveaux différents, le complexe 1 et le complexe 4 de la 

chaine respiratoire, respectivement (Rhein et al., 2009).  

Les agrégats neurofibrillaires de tau corrèlent avec les atteintes anatomofonctionnelles 

de la MA, ce qui n’est pas le cas pour les plaques séniles d’Aß, ce qui confère aux espèces 

toxiques dérivées de tau un rôle prépondérant (Arriagada et al., 1992a, 1992b; Bierer et al., 

1995; Ihara, 2001; Giannakopoulos et al., 2003; Duyckaerts et al., 2009). Selon l’hypothèse 

de la "cascade amyloïde", les espèces toxiques d’Aß déclencheraient la tauopathie. 

Cependant, les souris transgéniques pour APP, qui présentent de la neurotoxicité et des 

plaques séniles ß-amyloïdes, ne développent pas d’agrégats neurofibrillaires de tau (Jaworski 

et al., 2010). Au pire, la protéine tau murine endogène est phosphorylée dans les neurites 
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dystrophiques autour desquels se trouvent des plaques ß-amyloïdes (Moechars et al., 1999; 

Van Leuven, 2000; Van Dorpe et al., 2003). Mais cela peut être dû à la différence 

d’expression d’isoformes de la protéine tau entre la souris et l’Homme. En effet, lorsque des 

souris transgéniques pour APP sont croisées avec des souris transgéniques pour tau, la 

tauopathie est exacerbée, mais pas les plaques ß-amyloïdes (Lewis et al., 2001; Terwel et al., 

2008). En outre, l’injection intracrânienne de fibrilles d’Aß42 dans des souris transgéniques 

Tau-P301L aggrave et accélère la formation d’agrégats neurofibrillaires de tau (Götz et al., 

2001). De plus, chez des souris triple transgéniques combinant les pathologies induites par tau 

et Aß, l’immunisation contre les plaques ß-amyloïdes réduit le niveau d’hyperphosphorylation 

de tau (Oddo et al., 2004). Il semble donc qu’Aß influence l’hyperphosphorylation des 

isoformes humaines de tau. Dans cette interaction entre Aß et la phosphorylation de tau, 

l’enzyme GSK3ß (Glycogène Synthase Kinase 3ß) peut jouer un rôle prépondérant (Muyllaert 

et al., 2006, 2008; Terwel et al., 2008). 

 

Gains de fonctions de la protéine tau 

Les tauopathies neurodégénératives sont caractérisées par la présence d’agrégats de 

protéines tau neurofibrillaires, en filaments droits ou pairés en hélices, en rubans torsadés ou 

toute autre conformation de tau phosphorylée de manière aberrante (Buée et al., 2000; 

Ballatore et al., 2007). En effet, en condition pathologique, l’équilibre de tau se liant aux 

microtubules est perturbé, résultant en une augmentation anormale du niveau de la fraction de 

tau libre dans le cytosole. Différentes kinases et phosphatases régulent le niveau de 

phosphorylation de tau, dont les principales sont GSK3" et ß (Glycogène Synthase Kinase 3), 

CDK5 (Cyclin-Dépendante Kinase 5) et MARK (Kinase Régulant l’Affinité des 

Microtubules) pour les kinases, et PP1 (Phosphatase Protéique 1), PP2A, PP2B et PP2C pour 

les phosphatases. L’activation ou l’inhibition de ces enzymes en condition pathologique 

participe au développement d’hyperphosphorylations de tau. En particulier, GSK3ß peut être 

activée par Aß, conduisant à un excès de phosphorylation de tau (Terwel et al., 2008). De 

manière surprenante, la surexpression de GSK3ß chez des souris transgéniques Tau-P301L 

conduit à une accélération et une aggravation de la tauopathie dans les structures supérieures 

du cerveau, alors que cela protège le tronc cérébral contre la tauopathie (Terwel et al., 2008). 

En effet, les souris Tau-P301L présentent normalement une tauopathie dense dans le tronc 

cérébral, qui pourrait expliquer la mortalité précoce de ces souris entre 9 et 11 mois, or la 

surexpression de GSK3ß chez ces souris leur redonne une durée de vie normale (Terwel et al., 

2005, 2008). Un autre phénomène conduisant à l’hyperphosphorylation de tau est 
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l’hypothermie. Notamment, une anesthésie non contrôlée en température induit une 

hyperphosphorylation de tau, qui ne revient pas à la normale a posteriori chez des souris Tau-

P301L, phosphorylation résultant principalement de l’inhibition de PP2A (Planel et al., 2007, 

2008, 2009). D’une manière générale, plus les concentrations cytosoliques en protéines tau 

sont élevées et donc plus les protéines tau sont phosphorylées, plus il y a de chances que ces 

protéines se conforment en mauvais repliements ("misfolding"), augmentant leur propension à 

l’agrégation (Kuret et al., 2005; Jeganathan et al., 2008). Ensuite, de petits dépôts non 

fibrillaires de tau sont formés, qui vont eux-même devenir des filaments pairés en hélice puis 

des agrégats neurofibrillaires (Kuret et al., 2005; Ballatore et al., 2007).  
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Cette cascade menant à la formation des agrégats neurofibrillaires de tau est la 

caractéristique invariable des tauopathies, dans lesquelles la répartition anatomique des 

agrégats neurofibrillaires de tau corrèle avec les altérations fonctionnelles retrouvées 

(notamment atteinte de l’hippocampe et troubles de la mémoire), suggérant l’importance de 

gains de fonctions toxiques de tau pour la progression de la maladie. La majorité des 

stratégies thérapeutiques envisagées pour lutter contre la tauopathie (et actuellement en essais 

cliniques) visent à empêcher l’excès de phosphorylation de tau, notamment en inhibant 

GSK3ß via le lithium (Noble et al., 2005; Ballatore et al., 2007; Morris et al., 2011). Un autre 

mécanisme encore peu étudié est la ß-N-acétylglucosamination O-liée (O-GlcNAcylation) de 

la protéine tau, qui comme pour la phosphorylation est régulée enzymatiquement et est en 

équilibre dynamique constant (cf. figure 24) (Yuzwa and Vocadlo, 2009). L’O-

GlcNAcylation de tau est en compétition avec la phosphorylation, et lorsque tau est 

hyperphosphorylée, elle est très peu O-GlcNAcylée (Liu et al., 2004; Yuzwa et al., 2008). 

Dans ce contexte, les agents pharmacologiques favorisant l’O-GlcNAcylation de tau, et en 

particulier les inhibiteurs de la O-GlcNAcase (l’enzyme clivant O-GlcNAc et protéine tau), 

représentent de futurs espoirs thérapeutiques (Yuzwa et al., 2008). 
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Il est possible que l’effet toxique des agrégats neurofibrillaires soit dû à leur taille 

relativement large, s’accumulant à l’intérieur des neurones, et pouvant causer une altération 

physique directe des fonctions cellulaires comme le transport axonal (Ballatore et al., 2007). 

De plus, les agrégats neurofibrillaires de tau peuvent aussi contribuer à la progression de la 

pathologie en séquestrant plus de protéines tau avec d’autres protéines, renforçant et 

amplifiant la perte de fonction physiologique de tau. Cependant, cette importance des agrégats 

neurofibrillaires de tau pour la toxicité neuronale est de plus en plus remise en question. Chez 

une souris transgénique tau-P301L régulable, l’inhibition de la production de tau après la 

formation d’inclusions filamenteuses abolit leurs déficits comportementaux dans la piscine de 

Morris, alors que la formation des inclusions persiste (Santacruz et al., 2005). Dans ce même 

modèle, la réduction aigue de tau avec un traitement au bleu de méthylène améliore les scores 

de mémoire en corrélation avec la réduction de protéine tau soluble dans le cerveau, mais sans 

altérer le nombre ou la longueur des fibrilles de tau ou la quantité de tau Sarkosyl-insoluble 

(O’Leary et al., 2010). Dans un autre modèle de souris, exprimant un transgène de tau pro-

agrégant et développant des pertes synaptiques, des déficits de mémoire et des altérations 

électrophysiologiques, on constate que l’arrêt expérimental d’expression du transgène réverse 

les déficits cités précédemment sans éliminer les agrégats insolubles de tau (Mocanu et al., 

2008; Sydow et al., 2011). Ces données suggèrent que la toxicité de tau passerait peut-être par 

les espèces intermédiaires, avant la formation des agrégats insolubles. Ceci est soutenu par 

des études réalisées in vivo avec de l’imagerie bi-photonique sur les souris Tau-P301L 

régulables, qui montrent qu’il y a une activation de caspases dans les neurones précédant la 

formation d’agrégats neurofibrillaires de tau, et que ce signal pro-apoptotique ne mène pas à 

la mort cellulaire une fois les agrégats de tau formés malgré des altérations membranaires (de 
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Calignon et al., 2009, 2010). Egalement, le fait de diminuer le niveau de tau soluble réduit 

l’activation des caspases dans les neurones contenant des inclusions de tau, sans affecter le 

nombre et la taille de ces inclusions (de Calignon et al., 2010). Chez des souris transgéniques 

exprimant la mutation P301S de tau, des pertes synaptiques et une activation microgliale 

précèdent la formation des agrégats neurofibrillaires de tau (Yoshiyama et al., 2007). De plus, 

des études menées chez la drosophile confirment la toxicité des espèces solubles de tau, 

potentiellement les dimères (Feuillette et al., 2010). Dans l’ensemble, ces études suggèrent 

que les espèces de tau solubles seraient les plus toxiques, notamment les oligomères, qui ont 

été identifiés in vitro et in vivo à la fois chez des modèles murins et dans des cerveaux de 

personnes atteintes de MA (Maeda et al., 2007; Berger et al., 2007; Sahara et al., 2008).  

 

La recherche sur la protéine tau a considérablement augmenté ces dernières années, 

principalement à cause de la progression alarmante de la MA. De nouveaux mécanismes sont 

découverts régulièrement, comme le fait que tau peut également avoir des effets toxiques 

depuis le milieu extracellulaire (Gómez-Ramos et al., 2006, 2008; Frost et al., 2009), ou 

encore que la tauopathie peut être transmise par l’injection d’extraits de cerveau pathologique 

dans un cerveau sain et se propager ensuite trans-synaptiquement (Clavaguera et al., 2009). 

On ne sait pas si la progression de la MA d’une région à une autre suit le même processus, 

même s’il est souvent admis que la mort neuronale induite par la tauopathie se fait de manière 

rétrograde (Braak and Braak, 1997). De plus, l’hyperphosphorylation de tau conduit à une 

inversion de la distribution cellulaire de la protéine tau, avec plus de protéine tau au niveau du 

soma et des dendrites du neurone atteint, ceci conduisant certainement aux effets délétères à 

la fois pré et post-synaptiques généralement observés (Hoover et al., 2010; Ittner and Götz, 

2011). On notera que la majorité des recherches sur la tauopathie associées à la MA se fait sur 

des modèles murins transgéniques exprimant des formes mutantes de protéine tau humaine, 

mutations qui sont responsables de la démence frontotemporale et des autres tauopathies 

primaires, mais pas de la MA. 

 

3.2.2 - La démence frontotemporale et les autres tauopathies 

 

Les souris transgéniques Tau-P301L, exprimant la mutation P301L dans une isoforme 

de protéine tau humaine, sont un modèle de tauopathie très répandu notamment pour la 

recherche expérimentale sur la MA. Cette mutation absente dans la MA est présente dans la 
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démence frontotemporale (DFT) (Hutton et al., 1998).  

Contrairement à la MA qui est principalement caractérisée par une perte de mémoire, 

la DFT débute avec des désordres comportementaux (comme la désinhibition, la perte de 

conscience de soi et des rapports sociaux), suivis par des symptômes affectifs, des troubles de 

la vocalisation et des problèmes de mémoire (comme pour la MA) (Götz et al., 2004). Un 

parkinsonisme tardif est commun, et une occurrence familiale est très fréquente (Groups 

TLaM, 1994; Neary et al., 1998). En général, une atrophie symétrique des lobes frontal et 

temporal est observée, avec fréquemment une altération dégénérative d’autres régions comme 

la substance noire (Wszolek et al., 1992). Il existe une forme familiale de DFT liée à des 

mutations du gène MAPT sur le chromosome 17, appelée DFTP-17 car entraînant 

systématiquement un parkinsonisme tardif (Froelich et al., 1997; Hutton et al., 1998; 

Spillantini et al., 1998).  

La maladie de Pick est une forme extrême de DFT, mais difficile à différencier en 

clinique, car présentant les mêmes symptômes que la DFT classique. Toutefois, des lésions 

neuronales contenant de grandes densités de protéines tau dégénérées, appelées corps de Pick, 

sont retrouvées dans de nombreuses régions du cerveau (Brion et al., 1991; Hof et al., 1994). 

Une autre tauopathie, la paralysie supranucléaire progressive, nommée ainsi à cause de 

l’ophtalmoplégie supranucléaire qui la caractérise, affecte progressivement l’équilibre, la vue, 

la déglutition ou encore la parole, et cause des troubles du système autonome pour la 

régulation cardiovasculaire (Gutrecht, 1992; Litvan et al., 1996). Enfin, la dégénérescence 

corticobasale est une tauopathie qui touche principalement les régions sous-corticales puis 

corticales, avec un dysfonctionnement moteur asymétrique des membres supérieurs, une perte 

sensorielle corticale, une apraxie, des troubles du langage de type dysarthrie, des dysphagies 

etc. (Rebeiz et al., 1968; Rinne et al., 1994).  

Dans l’ensemble, il n’existe pas de traitements autres que symptomatiques pour les 

tauopathies (comme pour la MA). Même si la tauopathie ne s’exprime pas de la même 

manière que dans la MA, on peut noter qu’il existe de nombreux symptômes similaires, les 

différences pouvant être dues pour la MA à la présence supplémentaire de plaques ß-

amyloïdes. S’il est bien une caractéristique qui revient systématiquement dans les tauopathies, 

c’est l’atteinte fonctionnelle des VAS, notamment pour la déglutition et la vocalisation, qui 

est certainement la conséquence de l’atteinte du tronc cérébral par la tauopathie. Cependant, 

ces pistes n’ont été que très peu étudiées, malgré leur importance pour le développement de la 

pathologie, le handicap qu’elles induisent, et leur rôle prépondérant pour la mortalité. 
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3.3 - Structures et fonctions neurovégétatives dans la tauopathie 

 

Dans les tauopathies en général, et surtout dans la MA, l’attention des médecins et des 

chercheurs se focalise principalement sur les altérations morphofonctionnelles des structures 

supérieures du cerveau, notamment l’hippocampe pour son rôle dans les processus mnésiques. 

Cependant, l’intégralité du SNC est atteinte par la tauopathie, le tronc cérébral ne faisant pas 

exception, cette atteinte variant tout de même en fonction du type de tauopathie. 

Une étude longitudinale de grande envergure a montré qu’il existe une corrélation 

négative entre la qualité de la fonction respiratoire vers 50 ans et le risque de développer la 

MA (Guo et al., 2007). Egalement, lorsque des troubles nocturnes de la respiration sont 

présents chez des personnes atteintes de MA, l’appareillage imposant une pression positive 

d’air en continu réduit les apnées obstructives du sommeil et les altérations cognitives des 

patients (Ancoli-Israel et al., 2008; Cooke et al., 2009). Chez des personnes en période initiale 

de MA, une augmentation de la capacité cardiorespiratoire d’apport en oxygène est associée à 

une réduction de l’atrophie cérébrale (Burns et al., 2008). Enfin, la présence de la variante %4 

du gène codant pour l’Alipoprotéine E (APOE4), qui est le facteur de risque génétique le plus 

connu et répandu pour la MA, est associée aux troubles nocturnes de la respiration (Kadotani 

et al., 2001; Bliwise, 2002). Ces études montrent dans l’ensemble qu’il existe un lien entre 

fonction respiratoire et MA, ou notamment qu’un défaut de fonction respiratoire peut 

aggraver la MA. Ceci est d’autant plus important qu’il est très probable que des hypoxies 

prolongées puissent provoquer la MA (Peers et al., 2007; Zhang et al., 2008). Comme pour les 

tauopathies citées ci-dessus, la principale cause de mortalité chez les personnes atteintes de 

MA est la dysphagie avec pneumonie d’aspiration (Kalia, 2003). De plus, les tauopathies sont 

souvent accompagnées par des troubles moteurs du langage (Hillert, 1999; Tolnay and Probst, 

2002). Il est par conséquent très probable qu’il y ait une altération centrale des structures 

générant la commande de ces actes moteurs, affectant certainement la commande respiratoire.  
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Le tronc cérébral est atteint par la tauopathie, notamment les noyaux bioaminergiques. 

En particulier, les recherches en cours dans le domaine identifient le locus cœruleus (LC) 

comme un noyau d’une grande importance pour la MA : Le LC est atteint dans la MA, il 

dégénère et subit une perte neuronale, associée à une réduction de la densité de transporteurs 

de la noradrénaline (Mann et al., 1980; Bondareff et al., 1982; Haglund et al., 2006; Gulyás et 

al., 2010). Chez l’Homme atteint de MA, le LC est touché par la tauopathie dès les stades 

initiaux de la maladie (Grudzien et al., 2007) et il semblerait que le LC soit le premier noyau 

atteint par la tauopathie. En effet, le LC de jeunes garçons de 11 et 14 ans présente déjà des 

protéines tau hyperphosphorylées, dans la conformation précédant l’agrégation, marquées par 

l’anticorps AT8 (cf. figure 25) (Braak and Del Tredici, 2011a, 2011b). L’investigateur 

principal de ces études, M. Heiko Braak, dont l’échelle d’évaluation de la MA est une 
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référence, propose même que la MA débute dans le LC puis se propage par transmission 

transneuronale notamment de la tauopathie, ce qui est soutenu par de nombreuses autres 

études (German et al., 1992; Parvizi et al., 2001; Lyness et al., 2003; Zarow et al., 2003; 

Haglund et al., 2006; Grudzien et al., 2007; Sara, 2009; Grinberg et al., 2009; Simic et al., 

2009; Braak and Del Tredici, 2011a, 2011b). Les projections très larges du LC permettraient 

la dissémination de la pathologie aux différentes régions du cerveau. Le système 

sérotoninergique est également touché dans la MA et les autres tauopathies, en particulier les 

raphés pontiques, présentant des pertes cellulaires dues à la pathologie et dans les phases 

initiales de la maladie, avec également des altérations des récepteurs et des transporteurs de la 

5-HT (Halliday et al., 1992; Aletrino et al., 1992; Mössner et al., 2000; Rüb et al., 2000; 

Parvizi et al., 2001; Yang and Schmitt, 2001; Kovacs et al., 2003; Hendricksen et al., 2004; 

Kepe et al., 2006; Thomas et al., 2006; Grinberg et al., 2009; Simic et al., 2009). Comme pour 

le LC, l’atteinte du système sérotoninergique par la MA est très précoce, pourrait même être 

initiale avec le LC, et les projections très larges des neurones sérotoninergiques propageraient 

la pathologie et en particulier la tauopathie dans tout le système nerveux central. D’autres 

zones du tronc cérébral sont atteintes par la tauopathie, et notamment la substance grise 

périaqueducale (PAG), le complexe parabrachial (PB) et le noyau de Kölliker-Fuse (KF) 

(Parvizi et al., 1998, 2000; Rüb et al., 2001, 2002). A notre connaissance, rien n’indique dans 

la bibliographie que les noyaux respiratoires de la surface ventrale du bulbe rachidien soient 

touchés par la tauopathie et il semble que la tauopathie concerne principalement les noyaux 

respiratoires pontiques, ce qui peut avoir des conséquences graves notamment pour la gestion 

de la post-inspiration et des VAS, ce dernier point ayant été le sujet principal de cette thèse. 

En effet, jusqu’à présent et malgré les évidences d’interactions entre le système respiratoire et 

la tauopathie citées précédemment, l’effet de la tauopathie sur la genèse de la commande 

centrale respiratoire n’avait encore jamais été étudié. De plus, les souris Tau-P301L, modèle 

murin reconnu de tauopathie, meurent de façon prématurée et présentent une tauopathie dense 

mais régionalisée dans le tronc cérébral.  

Nota Bene : nous avons eu la chance dans cette thèse de pouvoir analyser la 

commande respiratoire des souris Tau-P301L. En chapitre 3 de la partie résultats, nous 

montrons 1) que les souris Tau-P301L présentent un dysfonctionnement des VAS conduisant à 

une altération de la respiration et de la vocalisation, 2) que ce dysfonctionnement est 

certainement lié à l’atteinte par la tauopathie des noyaux pontiques respiratoires et 

notamment du KF mais aussi potentiellement du système 5-HT, et 3) que ce 

dysfonctionnement peut être déclenché précocement par une anesthésie hypothermiante.
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Résultats 
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 I - Syndrome de Rett et troubles respiratoires, 
études chez la souris Mecp2-/y 

 

 

 

 

 

 

 

 

Dans ce chapitre sont présentées les études que nous avons réalisées sur l’altération 

respiratoire présente chez les souris Mecp2
-/y, un modèle murin du Syndrome de Rett. Nous 

montrons tout d’abord que des altérations respiratoires peuvent survenir en période pré-

symptomatique chez les souris Mecp2
-/y après une hypoxie ou une hypercapnie modérée (1). 

Ensuite, nous montrons que la respiration post-soupir est également altérée durant la période 

pré-symptomatique chez les souris Mecp2
-/y, et que ces anomalies s’aggravent avec l’âge (2). 

Enfin, nous montrons qu’environ 40% des apnées des souris Mecp2
-/y en période 

symptomatique sont des apnées obstructives, où les muscles de la cage thoracique forcent 

contre les voies aériennes supérieures qui sont obstruées (3).  
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1 - Défauts respiratoires précoces après une hypoxie ou une 
hypercapnie modérée chez un modèle murin du Syndrome de 
Rett 
 

Voituron N., Zanella S., Menuet C., Dutschmann M. & Hilaire G. 
Publié dans Respiratory Physiology & Neurobiology, en 2009. 

 

 

 

Résumé en français : 

 

Le Syndrome de Rett (SR) est une maladie rare neurodéveloppementale causée par des 

mutations dans le gène du répresseur transcriptionnel methyl-CpG-binding protein 2 (MeCP2) 

et accompagnée par des symptômes complexes, incluant une respiration erratique et des 

apnées dramatiques. Chez des souris mâles dont le gène Mecp2 a été muté (souris Mecp2
-/y), 

la respiration est normale à la naissance, mais elle devient altérée après le 30e jour postnatal 

(P30), avec un rythme erratique et des apnées qui s’aggravent jusqu’à la mort aux alentours de 

P60. Utilisant la pléthysmographie, nous avons analysé la respiration de souris sauvages et 

Mecp2
-/y non restreintes à P15, P25, et P30 en conditions d’air ambiant et d’expositions de 

courte durée à une hypoxie ou une hypercapnie modérée. Nous montrons que les souris 

Mecp2
-/y qui ont une ventilation de repos normale présentent une réponse respiratoire à 

l’hypoxie exacerbée à P30, ainsi que des apnées et un rythme respiratoire erratique 

transitoires après une hypoxie et après une hypercapnie à P30, P25 et occasionnellement à 

P15. Des facteurs environnementaux peuvent donc induire des défauts respiratoires bien avant 

ceux attendus chez les souris Mecp2
-/y et potentiellement chez les patientes RTT. Par 

conséquent, nous suggérons d’éviter l’exposition des jeunes patientes RTT à des situations 

environnementales où elles pourraient rencontrer une hypoxie ou une hypercapnie modérée. 
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a b s t r a c t

Rett syndrome (RTT) is a rare neurodevelopmental disease caused by mutations in the transcriptional
repressor methyl-CpG-binding protein 2 (MeCP2) and accompanied by complex symptoms, including
erratic breathing and life-threatening apnoeas. In Mecp2-deficient male mice (Mecp2−/y), breathing is
normal at birth but becomes altered after postnatal day 30 (P30), with erratic rhythm and apnoeas aggra-
vating until death at around P60. Using plethysmography, we analyzed breathing of unrestrained wild
type mice and Mecp2−/y at P15, P25 and P30 under air and under short-lasting exposure to moderate
hypoxia or hypercapnia. In Mecp2−/y with normal resting ventilation, we report exacerbated respiratory
responses to hypoxia at P30 and transient apnoeas with erratic rhythm after hypoxia and hypercapnia
at P30, P25 and occasionally P15. Then environmental factors may induce breathing defects well before
than expected in Mecp2−/y and possibly in RTT patients. We therefore suggest avoiding exposure of young
RTT patients to environmental situations where they may encounter moderate hypoxia or hypercapnia.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Rett syndrome (RTT) is a severe neurodevelopmental disease
and the leading cause for genetic mental retardation in girls. After
normal first postnatal months, RTT girls develop regression of
acquisitions and different behavioural symptoms, including breath-
ing defects with erratic rhythm and life-threatening apnoeas (Katz
et al., 2009). RTT is caused by mutations in the X-linked gene
that encodes methyl-CpG-binding protein 2 (MeCP2) and there-
fore MeCP2-deficient mice have been generated (Guy et al., 2001).
After normal first postnatal weeks, males of Mecp2-deficient mice
(Mecp2−/y) develop symptoms reminiscent of RTT, with stiff, unco-
ordinated gait, reduced body movements and breathing defects
(Guy et al., 2001; Viemari et al., 2005; Ogier et al., 2007; Katz et al.,
2009). Although breathing of Mecp2−/y is normal at birth, rhythm
irregularities and apnoeas develop after postnatal day 30 (P30).
Then breathing becomes erratic, interrupted by severe apnoeas,
leading to respiratory distress and premature death at around P60.
Evidence exists that Mecp2−/y breathing defects are central in origin,

∗ Corresponding author. Tel.: +33 491 28 81 72; fax: +33 491 28 83 97.
E-mail address: gerard.hilaire@univ-cezanne.fr (G. Hilaire).

1 These two authors participate equally to the work.
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& University of Washington, Neurosurgery Department, Seattle, WA 98101, USA.
3 Present address: Institute of Membrane and Systems Biology, Garstang Building,

University of Leeds, Leeds LS2 9JT, UK.

reflecting dysfunctions of several systems implicated in the modu-
lation and/or the production of the central respiratory drive such as
the norepinephrine, serotonin, GABA, glutamate and BDNF systems
(Katz et al., 2009).

From birth, the central respiratory drive must be permanently
adapted to physiological needs. This means that the respiratory
rhythm generator (RRG), possibly including the pre-Bötzinger Com-
plex and the RTN/pFRG groups, and the central pattern generator,
including neurons of the medullary ventral respiratory group (VRG)
and pontine nuclei (Smith et al., 1991; Monteau and Hilaire, 1991;
Bianchi et al., 1995; Hilaire and Duron, 1999) must permanently
adjust their activity to environmental and behavioural changes to
adequately secure rhythmic contractions of the respiratory mus-
cles, normal air flow into/out of the lungs and correct blood
oxygenation. This is achieved thanks to afferent inputs imping-
ing on the respiratory network, such as those from the carotid
body chemoceptors detecting peripheral blood hypoxia, those
from brainstem neurons detecting central hypercapnia (Corcoran
et al., 2009; Guyenet et al., 2009; Onimaru et al., 2009), those
from vagal pulmonary receptors detecting lung inflations (Burnet
and Hilaire, 1999), etc. MeCP2 loss may impair these respira-
tory reflexes, possibly inducing inadequate changes in respiratory
frequency and/or amplitude in response to hypoxia and lung
inflations. Indeed adult Mecp2−/y at P45 which already exhibit
breathing defects, abnormally respond to hypoxia and vagal inputs
(Bissonnette and Hilaire, 2008; Stettner et al., 2007; Roux et al.,
2008).

1569-9048/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.resp.2009.05.013
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Here, we wondered whether the respiratory responses to
hypoxia and hypercapnia were normal in young Mecp2−/y before
the appearance of abnormal resting ventilation. We show exagger-
ated respiratory responses to hypoxia in Mecp2−/y at P30, an age
when their breathing is still normal at rest. In addition for the first
time, we show that imposing moderate hypoxia or hypercapnia to
young Mecp2−/y transiently induces erratic breathing and apnoeas
as early as at P30, P25 and even P15. Such early abnormal respiratory
responses to moderate environmental challenges may contribute to
the evolution of the disease in Mecp2−/y, and eventually RTT girls.

2. Methods

Experiments were carried out in accordance with the Euro-
pean guidelines for the care and use of laboratory animals (Council
Directive 86/6009/EEC) in mouse model for Rett Syndrome [strain
B6.129P2(C)-Mecp2tm1–1Bird] (The Jackson Laboratory, Bar Har-
bor, ME). As reported previously (Viemari et al., 2005; Zanella et
al., 2008), hemizygous mutant Mecp2 males (Mecp2−/y) were gen-
erated by crossing heterozygous knock-out females with wild type
(WT) C57BL/6 males (Guy et al., 2001) and genotyped by routine
PCR technique after the experiments.

In non-anesthetized, unrestrained and non-genotyped mice at
postnatal day 15 (P15), P25, P30 and eventually P60, breathing
was recorded using a constant flow whole-body plethysmograph
(EMKA Technologies, Paris, France), with 200 ml animal cham-
bers maintained 25 ± 0.5 ◦C and ventilated with air (600 ml min−1).
Twenty-five mice were studied (13 WT and 12 Mecp2−/y). Before
weaning, pups were housed together with their mother and eight
males were first analyzed at P15. After weaning at P21, male litter-
mates were housed together in identical cages where they had free
access to food and water (three to four mice per cage). The mice pre-
viously analyzed at P15 were again analyzed at P25 and thereafter
sacrificed for other purposes. Seventeen mice were not analyzed at
P15 and P25 but were analyzed first at P30 and eventually at P60
when they survived. Two or three days before plethysmographic
recordings, mice were habituated to stay in the plethysmograph
chamber to reduce stress effect on breathing. Only periods of
breathing without body movements were analyzed. To check the
respiratory responses to hypoxia and hypercapnia, air was replaced
by hypoxic (O2, 10%) or hypercapnic (CO2, 4%) gas mixture for
short-lasting periods (5 min). Routinely, WT and Mecp2−/y were
simultaneously recorded and subjected to the same environmen-
tal challenges. We measured the respiratory frequency (fR, in cycle
per min, c min−1), the tidal volume (VT, !l) normalized as the ratio
VT divided by the body weight (VT, !l g−1), the minute ventilation
(VE, ml g−1 min−1), the number of apnoeas per min > two normal
respiratory cycles (apnoeas > 2Ttot) expressed as the Apnoea Index
(AI) and the irregularity score (IS, variability in duration of respira-
tory cycles, see Viemari et al., 2005) during five successive periods.
Measurements were performed during: (1) control period under
air, prior to the challenge, (2 and 3) the 3rd min and the 5th min
periods of the challenge, (4) the post-challenge period (after the
end of the challenge when normoxia or normocapnia was restored
in the plethysmographic chamber for 2 min), and (5) 10–15 min
later.

Values are presented as mean ± standard error of the mean
(S.E.M.). For all statistics, differences were considered significant
when p < 0.05. The significance of difference between WT and
Mecp2−/y values was determined by analysis of variance (ANOVA)
followed by Fisher’s PLSD (Post Hoc Least Squares Difference) cor-
rection. The significance of difference between control values and
challenge values was determined by paired Student’s t-test. The
strength and significance of the linear relationship between two
variables (AI vs. VT and AI vs. fR) were analyzed using Pearson’s
correlation coefficient and R2 values were given.

3. Results

We used plethysmography to record the breathing pattern
of non-anesthetized, freely behaving WT and Mecp2−/y at P15,
P25 and P30, either under air or hypoxic or hypercapnic mix-
tures. Young Mecp2−/y with a normal resting ventilation under air
had altered respiratory responses to hypoxia and transiently had
breathing defects after hypoxia and hypercapnia, well before than
expected.

3.1. Mecp2−/y have a normal breathing pattern at P15, P25 and
P30

As shown in Table 1, comparing the breathing pattern of young
WT and Mecp2−/y did not reveal significant differences between WT
and Mecp2−/y at P15, P25 and P30. Neither the respiratory frequency
(fR), nor the Tidal Volume (VT), nor the minute ventilation (VE), nor
the number of apnoeas > 2 mean respiratory cycles, i.e. the apnoea
index (AI), nor the variability of the cycle duration expressed as
the irregularity score (IS) were significantly different between WT
and Mecp2−/y of matched ages. From P30 to P60 however half of
Mecp2−/y developed respiratory distress and died. The breathing
of five Mecp2−/y which survived at P60 and which was previously
recorded at P30 is illustrated in Fig. 1A and B. The breathing pat-
tern of Mecp2−/y drastically changed between P30 and P60. At P60,
the cycle duration was highly irregular (IS = 46.0 ± 6.5), the fR sig-
nificantly reduced (173 ± 9 c min−1) and the number of apnoeas
per min significantly elevated (AI = 9.5 ± 1.8). These five Mecp2−/y

did not survive long and died few days later. All the above results
were fully consistent with those previously published (Viemari et
al., 2005; Zanella et al., 2008).

3.2. Young Mecp2−/y have abnormal respiratory responses to
hypoxia

WT and Mecp2−/y at P30, P25 and P15 received a hypoxic mix-
ture to breath for a short period (O2 10%, 5 min). We compared the
fR, VT, VE, AI and IS mean values during and just after the hypoxic
challenges to control values prior to hypoxia.

At P30, WT (n = 8) and Mecp2−/y (n = 9) were subjected to
hypoxia. VE was increased in both genotypes but significant dif-
ferences were observed between WT and Mecp2−/y, with an
exaggerated facilitation of VE and occurrence of apnoeas after the
hypoxic challenge in Mecp2−/y (see Table 2; Figs. 1C and 2). In WT,
hypoxia classically induced the dual response already described
(Vizek et al., 1987), with a significant VE facilitation at the 3rd min
of hypoxia and a reduced facilitation at the 5th min. At the 3rd
min, VE increased via significant increases in VT and non-significant
increases in fR. At the 5th min, the VE facilitation ceased and VT
returned to control despite the persistence of hypoxia in the record-
ing chamber. As already reported (Stettner et al., 2008), WT had a
stable duration of respiratory cycles (weak IS), with a very few tran-
sient apnoeas (weak AI), when breathing air. During the 3rd and 5th
min of hypoxia, IS was not significantly affected and AI was even sig-
nificantly reduced. Finally, all the breathing parameters were in the
control ranges during the post-hypoxic period.

In Mecp2−/y however hypoxia induced different changes in
breathing parameters during the three studied periods, with larger
increases of VE, VT and fR at the 3rd min than in WT, persisting facil-
itations of VE, VT and fR at the 5th min, and frequent apnoeas during
the 2 min post-hypoxic period (Table 2; Figs. 1C, 2 and 3A). At the 3rd
min, the VE increase was significantly larger in Mecp2−/y than WT
(1.9 ± 0.3 and 0.3 ± 0.1 ml g−1 min−1 above control VE for Mecp2−/y

and WT, respectively) via significantly larger increases of VT and
fR in Mecp2−/y than WT. At the 5th min, VE remained significantly
increased in Mecp2−/y (1.5 ± 0.2 ml g−1 min−1 above control VE) via
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Table 1
WT and Mecp2−/y have similar breathing parameters at P15, P25 and P30. In a given class of age (P15 or P25 or P30), no significant genotypic differences existed in respiratory
frequency (fR), tidal volume (VT), minute ventilation (VE), apnoea index (AI) and irregularity score (IS) of WT and Mecp2−/y breathing air. Values were mean ± S.E.M. and
statistical significance was set at p < 0.05.

Genotype P15 (4 WT and 4 Mecp2−/y) P25 (4 WT and 4 Mecp2−/y) P30 (10 WT and 9 Mecp2−/y)

fR (c min−1) WT 250 ± 12 231 ± 14 254 ± 17
Mecp2−/y 243 ± 3 198 ± 9 254 ± 9

VT (!l g−1) WT 4.5 ± 0.5 3.4 ± 0.7 10.0 ± 1.2
Mecp2−/y 4.0 ± 0.5 4.8 ± 0.4 11.4 ± 1.6

VE (ml g−1 min−1) WT 1.1 ± 0.1 0.8 ± 0.1 2.7 ± 0.5
Mecp2−/y 1.0 ± 0.1 1.0 ± 0.1 3.0 ± 0.5

AI (apnoea min−1) WT 0.7 ± 0.2 0.6 ± 0.4 0.2 ± 0.1
Mecp2−/y 0.6 ± 0.2 1.5 ± 0.4 1.1 ± 0.7

IS WT 14.4 ± 0.6 13.0 ± 1.8 11.7 ± 2.7
Mecp2−/y 17.0 ± 1.3 19.2 ± 3.0 13.6 ± 2.0

significant increases of VT and fR (normal VE, VT and fR in WT).
During the 2 min post-hypoxic period, fR was restored in Mecp2−/y

but VE remained significantly increased (1.9 ± 0.3 ml g−1 min−1

above control VE) via increased VT despite the restoration of nor-
moxia within the plethysmographic recording chamber (Table 2
and Fig. 3A). In addition, all the tested Mecp2−/y had transient
breathing defects during and after the hypoxic challenge (Table 2;
Figs. 1C1–C2 and 2). Prior to hypoxia, Mecp2−/y had a stable dura-
tion of respiratory cycles (weak IS), with rare apnoeas (weak AI),
similarly to WT. Whereas hypoxia did not affect IS and reduced AI
in WT, hypoxia significantly increased IS and significantly increased
AI in Mecp2−/y at the 3rd and 5th min. Surprisingly, IS and AI fur-
ther increased after the end of the hypoxic challenge. During the
2 min post-hypoxic period, Mecp2−/y had a 3-fold increase of IS and
a 10-fold increase of AI (>16 apnoeas per min) when compared to
control prior to hypoxia. A full recovery of all breathing parameters
occurred however 10–15 min later. Thus, despite normal resting

ventilation, Mecp2−/y at P30 had an exaggerated facilitation of
VE under hypoxia and thereafter had breathing defects resem-
bling to those they will produce at P60, a few days before death
(Figs. 1B–C2 and 2B3).

At P25, WT (n = 4) and Mecp2−/y (n = 4) were subjected to sim-
ilar hypoxic challenges (see Table S1 in Supplementary Material).
No significant differences were observed during the 3rd and 5th
min of hypoxia. In both genotypes, hypoxia significantly increased
VE, with a weaker facilitation of VE at the 5th than the 3rd min.
VT was significantly increased by about 100% (Fig. 3A) whereas
fR was non-significantly increased (<20%). During the 2 min post-
hypoxic period however, differences were observed between WT
and Mecp2−/y, with a recovery of VE in WT but not in Mecp2−/y.
At P25, as observed at P30, VE of Mecp2−/y remained significantly
larger than control during the post-hypoxic period, due to large VT,
till recovery 10–15 min later (Fig. 3A). In addition, hypoxia totally
abolished apnoeas at the 5th min in WT whereas it increased AI and

Fig. 1. Plethysmographic recordings of breathing in Mecp2−/y . (A and B) Traces from the same three Mecp2−/y recorded under air at P30 (A) and P60 (B). Note the mice had
a normal breathing at P30 but an erratic breathing at P60, with life-threatening apnoeas (traces are shown in the same order in (A) and (B)). (C) Traces from a Mecp2−/y at
P30 recorded before (C1) and 2 min after (C2) hypoxic exposure (10% O2, 5 min); note the occurrence of apnoeas (arrows) during the 2 min post-hypoxic period. (D) as in
(C), but for another Mecp2−/y at P15 before (D1) and after (D2) hypoxic exposure; note the apnoeas (arrows). Calibration bar: 10 !l g−1 for (A), (C1), (C2), (D1) and (D2) ((B)
non-calibrated).
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Table 2
Effects of hypoxia on breathing parameters of WT and Mecp2−/y at P30. Comparison of respiratory frequency (fR), tidal volume (VT), minute ventilation (VE), apnoea index (AI)
and irregularity score (IS) of WT and Mecp2−/y (n = 8 and 9, respectively) exposed to hypoxic challenge (O2 10%, 5 min) at P30. Mean ± S.E.M. were calculated during control
period under air prior to hypoxia, at the 3rd and 5th min of hypoxia, and under air at 2 min and 10–15 min after the end of the hypoxic challenge.

Age P30 Control (air) Hypoxic challenge (O2 10%, 5 min) Post-challenge (air)

3rd min 5th min 2nd min 10–15 min

fR (c min−1)
WT 220 ± 10 235 ± 8 213 ± 8 200 ± 10 223 ± 13
Mecp2−/y 254 ± 12 293 ± 11* 291 ± 9* 269 ± 13 251 ± 10

VT (!l g−1)
WT 7.8 ± 0.5 8.7 ± 0.8* 8.2 ± 1.0 9.1 ± 1.5 7.9 ± 0.6
Mecp2−/y 10.7 ± 1.2 16.3 ± 1.7* 13.9 ± 1.2* 17.5 ± 1.8* 9.3 ± 0.9

VE (ml g−1 min−1)
WT 1.7 ± 0.2 2.0 ± 0.2* 1.7 ± 0.2 1.9 ± 0.4 1.8 ± 0.2
Mecp2−/y 2.8 ± 0.4 4.6 ± 0.4* 4.0 ± 0.3* 4.7 ± 0.5* 2.4 ± 0.3

AI (apnoea min−1)
WT 1.0 ± 0.6 0.2 ± 0.2* 0.3 ± 0.3* 3.4 ± 2.8 0.0 ± 0.0
Mecp2−/y 1.3 ± 0.7 2.7 ± 1.0* 5.6 ± 2.2* 16.4 ± 2.4* 1.4 ± 0.6

IS
WT 11.7 ± 2.3 11.5 ± 0.9 12.3 ± 0.6 25.0 ± 9.1 6.2 ± 0.8*

Mecp2−/y 15.2 ± 2.3 25.7 ± 1.6* 28.2 ± 3.1* 43.5 ± 4.9* 15.7 ± 2.3

* Indicate significant changes (p < 0.05) between the mean value at a given period when compared to control mean value prior to hypoxia.

Fig. 2. Hypoxia induced apnoeas in young Mecp2−/y mice at P30. (A) Sequential plot of total respiratory cycle length (Ttot) values (in s) of consecutive respiratory cycles
recorded in a Mecp2−/y mouse at P30 breathing air (control; about 1850 cycles), hypoxic mixture (3rd–5th min) and air (2nd–5th min and >10 min after the end of the hypoxic
challenge), from the left to the right. White and black dotted lines indicate the mean-Ttot level and the 2× mean-Ttot level defined under control conditions, respectively.
Apnoeas were considered to occur when expiratory duration >2 mean-Ttot. During control conditions, apnoeas are rare, with stable Ttot values, whereas they become frequent,
with variable Ttot values, after hypoxia. (B) Plethysmographic traces from the same Mecp2−/y as in (A) when breathing air (B1, control), hypoxic mixture (B2, 3rd min) and air
(B3, 2 min and B4, >10 min after the end of the hypoxic challenge). Note the apnoeas (arrow). Calibration bar: 10 !l g−1 for (B1), (B2), (B3) and (B4).
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Fig. 3. VT changes induced by hypoxic and hypercapnic challenges. Columns in histograms show VT changes (mean ± S.E.M. expressed as % of control, 100%) in WT and
Mecp2−/y (white and black columns, respectively) when exposed to hypoxia (O2 10%, for 5 min) and hypercapnia (CO2 4% for 5 min) at P30, P25 and P15. From the left to the
right: control, 3rd min and 5th min of hypoxia, 2 min and 10–15 min after the challenge. * Indicate significant difference between WT and Mecp2−/y; # indicate significant
difference from control (p < 0.05).

IS by 3-fold in Mecp2−/y. Full recovery of all breathing parameters
was observed 10–15 min later.

At P15, exposure of WT (n = 4) and Mecp2−/y (n = 4) to hypoxia
increased VE at the 3rd and 5th min, with a weaker VE facilitation at
the 5th than the 3rd min (see Table S1 in supplementary data). The
VE changes were mainly due to marked increases in VT (60–80%,
Fig. 3A) and weak increases in fR (10–20%; not shown). No sig-
nificant differences between WT and Mecp2−/y were observed in
fR, VT, VE values during and after the hypoxic challenge. However,
hypoxia did not affect IS in WT but significantly increased it at
the 3rd, 5th min and 2 min post-challenge periods in Mecp2−/y. In
addition, hypoxia totally abolished apnoeas in all WT but induced
frequent apnoeas in one out of four Mecp2−/y (AI = 6.6) during the
post-hypoxic period (Fig. 1D1–D2).

3.3. Effects of imposed hypercapnia to young WT and Mecp2−/y

We exposed WT and Mecp2−/y to moderate, short-lasting hyper-
capnic challenges (CO2 4%, 5 min) at P30, P25 and P15 and analyzed
the respiratory changes induced at the 3rd min, 5th min and 2 min
post-hypercapnic periods.

At P30, hypercapnic challenges applied to WT (n = 5) and
Mecp2−/y (n = 4) significantly increased VE at the 3rd min and VE
further increased at the 5th min via both VT and fR increases but
no significant changes in IS and AI (Table 3). No significant differ-
ences between WT and Mecp2−/y were observed under hypercapnia
(Fig. 3B) but significant differences occurred during the 2 min post-
hypercapnic period. In WT, all the breathing parameters were in
the control range but, in Mecp2−/y, VE and VT remained significantly
increased (normal fR was restored) despite the restoration of nor-
mocapnic conditions in the recording chamber (Fig. 3B). In addition,
AI and IS were not significantly affected in WT whereas Mecp2−/y

had frequent apnoeas (Table 3; Fig. 4) with significant increases
of AI and IS (about 30-fold and 4-fold, respectively). Mecp2−/y

recovered normal breathing parameters within 10–15 min. Thus,
although the short-term responses to hypercapnia were similar in
WT and Mecp2−/y at P30, significantly different post-effects were
observed, with large VT, erratic breathing and frequent apnoeas in
Mecp2−/y.

Mecp2−/y (n = 4) and WT (n = 4) mice were also studied at P25 and
P15 (see Table S2 in supplementary data and Fig. 3). At P25, simi-
larly to P30, hypercapnia significantly increased VE in both WT and
Mecp2−/y (5–6-fold increases), via increases of fR and VT at the 3rd
and 5th min. No significant differences between WT and Mecp2−/y

were observed. During the 2 min post-hypercapnic period, VT, fR
and VE fully recovered in both WT and Mecp2−/y. Hypercapnia did
not significantly affect AI and IS in WT but significantly increased
AI by 10-fold in Mecp2−/y. At P15, no significant differences were
observed between WT and Mecp2−/y: VE increased during hyper-
capnia and recovered during the post-hypercapnic periods, and the
numbed of apnoeas was not increased (surprisingly it was even sig-
nificantly reduced during all periods in Mecp2−/y and during the 5th
min in WT).

3.4. Hypoxia and hypercapnia induced transient apnoeas in
young Mecp2−/y

During the 2 min periods following the hypoxic and hypercap-
nic challenges, Mecp2−/y, but not WT, transiently had breathing
defects, with frequent apnoeas, variable duration of respiratory
cycles and large VT but normal fR. This was observed in all the
studied Mecp2−/y at P30, all but one Mecp2−/y at P25 and in one
Mecp2−/y at P15. It is worthy to note that both hypoxia and hyper-
capnia similarly induced apnoeas. Fig. 5A gathers individual AI
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Table 3
Effects of hypercapnia on breathing parameters of WT and Mecp2−/y at P30. As for Table 2 but WT and Mecp2−/y (n = 5 and 4, respectively) were exposed to hypercapnic
challenge (CO2 4%, 5 min).

Age P30 Control (air) Hypercapnic challenge (CO2 4%, 5 min) Post-challenge (Air)

3rd min 5th min 2nd min 10 min

fR (c min−1)
WT 251 ± 29 324 ± 32* 333 ± 27* 238 ± 13 229 ± 5
Mecp2−/y 253 ± 15 302 ± 24* 320 ± 33* 296 ± 17 264 ± 22

VT (!l g−1)
WT 11.5 ± 2.2 17.3 ± 2.1* 18.1 ± 3.3* 13.5 ± 2.2 10.2 ± 1.6
Mecp2−/y 8.7 ± 2.2 15.6 ± 3.9* 17.4 ± 4.7* 18.5 ± 4.1* 10.9 ± 2.5

VE (ml g−1 min−1)
WT 3.1 ± 1.0 5.8 ± 1.2* 6.4 ± 1.6* 3.3 ± 0.7 2.3 ± 0.4
Mecp2−/y 2.3 ± 0.6 4.9 ± 1.4* 6.0 ± 1.9* 5.5 ± 1.3* 3.0 ± 0.8

AI (apnoea min−1)
WT 0.0 ± 0.0 1.7 ± 1.7 0.0 ± 0.0 0.3 ± 0.3 1.1 ± 0.9
Mecp2−/y 0.4 ± 0.2 1.8 ± 1.2 1.0 ± 1.0 12.1 ± 3.5* 1.6 ± 1.5

IS
WT 10.9 ± 3.5 14.6 ± 3.8 10.2 ± 2.6 19.0 ± 4.8 10.3 ± 2.7
Mecp2−/y 11.0 ± 2.1 17.3 ± 1.9 12.1 ± 2.1 40.7 ± 7.4* 16.6 ± 4.6

* Indicate significant changes (p < 0.05) between the mean value at a given period when compared to control mean value prior to hypercapnia.

and VT data measured during the 2 min post-challenge periods
(both hypoxia and hypercapnia) from all the studied Mecp2−/y

at all ages (P15, P25 and P30). Indeed, weak AI occurred when
VT was only slightly increased (VT < 150% of control) whereas
large AI occurred when VT was markedly increased (VT > 150%
of control). A significant relationship was found between AI val-
ues and VT increases when VT increases were expressed as the
difference between the post-challenge VT and the control VT,

DiffVT (AI = 1.421 × DiffVT + 3.355; R2 = 0.464; p < 0.0001). A signifi-
cant relationship was also found when VT increases were expressed
as % of control VT (AI = 0.069 × VT% − 1.579; R2 = 0.227; p < 0.02). On
the other hand, AI values were neither dependent on VT increases
during the 5th min of challenges (R2 = 0.051; Fig. 5B), nor depen-
dent on fR changes during either the 2 min post-challenge period
(R2 = 0.032; Fig. 5C) or the 5th min of challenges (R2 = 0.08; not
shown).

Fig. 4. Hypercapnia induced apnoeas in Mecp2−/y mice at P30. (A) Sequential plot of total respiratory cycle length (Ttot) values (in s) of consecutive respiratory cycles recorded
in a Mecp2−/y mouse at P30 breathing air (control; about 1850 cycles), hypercapnic mixture (3rd–5th min) and air (2nd–5th min and >10 min after the end of the challenge),
from the left to the right. White and black dotted lines indicate the mean-Ttot level and the 2× mean-Ttot level defined under control conditions, respectively. Ttot values are
regular during control conditions. Note apnoeas after hypercapnia. (B) Plethysmographic traces from the same Mecp2−/y as in (A) when breathing air (B1, control), hypercapnic
mixture (B2, 3rd min) and air (B3, 2 min and B4, >10 min after the end of the hypoxic challenge). Note the apnoeas (arrow). Calibration bar: 10 !l g−1 for (B1), (B2), (B3) and
(B4).
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Fig. 5. The number of apnoeas is related to the VT increase during the post-challenge
periods in Mecp2−/y mice. X–Y plot showing the relationship between AI vs. VT or AI
vs. fR in different Mecp2−/y mice subjected to hypoxia or hypercapnia challenges at
P15, P25 and P30. Analyzed variables were AI and VT values measured during the
2 min post-challenge period (A), AI values during the 2 min post-challenge period
and VT values measured during the 5th min of challenges (B) and AI and fR values
measured during the 2 min post-challenge period (C). Values are expressed in % of
control. Note the significant relationship between AI and VT values measured during
the 2 min post-challenge period (A).

4. Discussion

As recently reviewed (Katz et al., 2009; Bissonnette and Hilaire,
2008; Ogier and Katz, 2008), MeCP2 loss in mice and humans
induces breathing defects which develop with age and which likely
originate from altered modulations of the brainstem respiratory
network caused by earlier deficits of glutamate, GABA, BDNF and
monoaminergic systems. Here for the first time, we report early
anomalies in respiratory responses to hypoxia in young Mecp2−/y at
an age when their resting ventilation is still normal. In addition, we

reported occurrence of apnoeas after moderate hypoxia and hyper-
capnia in Mecp2−/y well before than expected. In mammals, survival
requires not only a functional RRG to produce a robust respiratory
rhythm but also adequate respiratory regulations to permanently
adapt the RRG frequency and the strength of the VRG motor out-
put to physiological needs. If respiratory regulations are altered,
inadequate adaptation of the frequency and strength of the respi-
ratory drive may alter blood oxygenation, and the resulting central
hypoxia may affect the postnatal maturation and function of all the
central neural networks, including the respiratory network. Then,
our mouse results might help for understanding the mechanisms
through which MeCP2 loss alters the functions of several central
networks in young mice and RTT girls.

4.1. The short-term respiratory responses to hypoxia are
abnormal in young Mecp2−/y

The respiratory responses to hypoxia implicate first carotid body
chemoceptors that rapidly detect peripheral blood hypoxia and
activate relay neurons in the nucleus tractus solitarius (nTS), these
latter in turn activate the central respiratory network to adapt the
frequency and amplitude of respiratory movements and restore
normoxia. If the restoration of normoxia is impaired then central
hypoxia develops, that counterbalances the carotid body facilita-
tion and reduces the respiratory facilitation (Vizek et al., 1987). The
reduction of the respiratory facilitation may be viewed as a mean
of sparing oxygen since over-activation of respiratory muscles is
oxygen-consuming. Under our experimental conditions, hypoxia
was imposed to mice and then persisted during the whole 5 min
challenge despite the mouse respiratory efforts to compensate it.
The dual facilitatory and depressing effects of hypoxia occurred at
the 3rd and 5th min, respectively, in both WT and Mecp2−/y and
at all ages but significant differences between WT and Mecp2−/y

were observed at P30. At P30, the VE increase at the 3rd min was
larger in Mecp2−/y than WT and remained larger at the 5th min
in Mecp2−/y than WT. It is worthy to note that the VE facilitation
mainly implicated VT increases. In Mecp2−/y, the large VT at the
5th min is an inadequate response to hypoxia since it reflects a
useless, intense work of respiratory muscles which aggravates the
pre-existing central hypoxia.

In Mecp2−/y at P30, the exaggerated VT responses to hypoxia may
be due to increased responsiveness of carotid body, altered integra-
tive processes within the nTS and/or altered responsiveness of the
VRG neurons. GABA contributes to the hypoxic respiratory depres-
sion (Melton et al., 1990), and GABA receptors are expressed in the
nTS and the VRG to modulate the effects of chemoceptor afferent
inputs and the responsiveness of respiratory neurons, respectively
(Pierrefiche et al., 1993; Suzuki et al., 1999). The reduced expres-
sion of GABA receptor subunits in the VRG area of Mecp2−/y mice at
P7 (Medrihan et al., 2008) may contribute to their exaggerated VT
response at P30. NE is expressed within the carotid body (Joseph
et al., 2002), modulates the transmission of carotid bodies inputs
to nTS relay neurons (Zhang and Mifflin, 2007) and modulates the
activity of the respiratory network (Hilaire et al., 2004; Viemari and
Ramirez, 2006). NE endogenous levels in the brainstem of Mecp2−/y

are reduced at P30 and even P14 (Viemari et al., 2005; Ide et al.,
2005) as revealed by HPLC, and the NE reduction could have begun
well before being detectable by HPLC. In addition, NE biosynthesis
might be reduced within the carotid body of adult Mecp2−/y (Roux
et al., 2008). Then the NE deficits of Mecp2−/y could also contribute
to their exaggerated VT responses to hypoxia. BDNF modulates the
activity of nTS relay neurons by inhibiting postsynaptic glutamater-
gic AMPA receptors (Balkowiec et al., 2000). Mecp2−/y mice exhibit
marked deficits in brain content of BDNF mRNA and protein after
birth (Wang et al., 2006; Ogier et al., 2007; Chang et al., 2006), with
marked deficits in the nTS. Finally, the exaggerated VT responses to
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hypoxia in Mecp2−/y at P30 may be due to early defects of BDNF,
GABA and NE systems.

At P30, the exaggerated VT facilitation by hypoxia of Mecp2−/y

probably reflects a neurodevelopmental process since it was
already present, although non-significant, at P25, and absent at P15.
At P25 and P15, it is likely that the defects of BDNF, GABA and NE
systems of Mecp2−/y are not severe enough to significantly affect
the VT responses to hypoxia. However hypoxia triggered apnoeas
in all but one Mecp2−/y at P25 and in one Mecp2−/y at P15 (see
below).

The respiratory responses to hypercapnia mainly implicate
medullary neurons which detect CO2/pH changes and in turn mod-
ulate the activity of the respiratory network. The central CO2
chemoceptors are Phox2b expressing neurons of the RTN/pFRG
and 5HT neurons of the raphe, which probably interact (Guyenet
et al., 2008, 2009; Onimaru et al., 2009; Corcoran et al., 2009).
Hypercapnia at P15, P25 and P30 increased VE via both fR and VT
marked increases, without differences between WT and Mecp2−/y.
Since the VE responses to hypercapnia are normal in Mecp2−/y at
all tested ages, this means that the CO2/pH chemosensitivity of the
RTN/pFRG and raphe neurons is not significantly altered as well as
the RRG and VRG responsiveness to these afferent central inputs.
Even if levels of endogenous 5HT levels decrease in Mecp2, the
decrease occurs lately, at P42 and P60, without 5HT neuron loss
(Ide et al., 2005; Viemari et al., 2005, respectively). In addition
it is worthy to note that the fR changes during hypercapnia are
similar in WT and Mecp2−/y at all ages, confirming that the RRG
function in Mecp2−/y is not drastically altered at these early ages,
neither at rest (normal resting fR) nor under hypercapnia (normal
fR increases).

4.2. Early occurrence of apnoeas in Mecp2−/y after hypoxic and
hypercapnic challenges

After the end of environmental challenges, when mice were
breathing air for 2 min, young Mecp2−/y produced an abnormal
breathing pattern, with frequent apnoeas in all Mecp2−/y at P30,
in all but one at P25, and in one at P15. Apnoeas were not expected
to occur as early in Mecp2−/y where they were only reported after
P30 (Viemari et al., 2005; Roux et al., 2007; Zanella et al., 2008).

The occurrence of apnoeas after both hypoxia and hypercap-
nia suggests that apnoeas do not specifically reflect nTS alterations
since the nTS plays a crucial role in hypoxic but not hypercapnic
responses. Post-challenge apnoeas do not reflect a marked, perma-
nent dysfunction of the RRG since the RRG correctly functions at
rest (same resting fR in WT and Mecp2−/y) and correctly responds
to hypercapnia (same fR increases in WT and Mecp2−/y). In addi-
tion, post-challenge apnoeas followed periods of either normal
fR (hypoxic challenges) or increased fR (hypercapnic challenges).
The post-hypoxic and post-hypercapnic apnoeas share however
one point in common: they occur during periods when the VT is
markedly increased (>150%). The significant relationship between
AI values and VT increases suggests that large VT facilitate the
occurrence of apnoeas. A simple explanation could be that large
VT over-activates the pulmonary stretch receptors, which in turn
inhibit the RRG via the Hering–Breuer reflex, prolong the duration
of expirations and facilitate the occurrence of apnoeas. This may
fit well with the possible alteration of vagal regulation of breath-
ing as reported in Mecp2−/y at P45 (Stettner et al., 2007). However
a permanently reinforced Hering–Breuer inhibition in Mecp2−/y at
P25 and P30 should have led to a significant reduction of the mean
fR at rest or during the post-challenge period and this was not
observed. In addition, this could hardly fit with the erratic occur-
rence of apnoeas. To be produced, a large VT requires a sustained
activation of phrenic and intercostal inspiratory motoneurons, i.e. a
sustained activity of the VRG neurons driving them. During hypoxic

periods imposed to induce a sustained activity of phrenic motoneu-
rons, the level of glutamate within the VRG increases well above the
control level (Richter et al., 1999). Glial cells play a major role in the
elimination of glutamate excess to prevent synaptopathy and exci-
totoxic neuronal damage (Tilleux and Hermans, 2007; Schousboe et
al., 2004; Danbolt, 2001). In RTT patients, the loss of MeCP2 occurs
not only in neurons but also in glial cells (Ballas et al., 2009). In
RTT mouse models, it has been shown that astrocytes dysfunc-
tion (Ballas et al., 2009) and that glutamine/glutamate ratios are
abnormal, suggesting altered neurotransmitter recycling (Viola et
al., 2007). Therefore, the loss of MeCP2 function in glial cells of
Mecp2−/y might impair the elimination of glutamate excess in the
VGR. Accumulation of glutamate within the VRG during and after
the challenges may alter the elaboration of the respiratory motor
output by the VRG as well as the synaptic pathways linking the
VRG, RRG and RTN/pFRG, therefore contributing to large VT, IS and
AI. Indeed, local applications of glutamate receptors agonists in
the VRG induces various, complex effects on frequency and ampli-
tude of breathing, from silencing to enlarged phrenic discharges
(Monnier et al., 2003; Chitravanshi and Sapru, 1999). An irreversible
alteration of rhythmogenic mechanisms by glutamate excess can-
not be definitively excluded but seems unlikely since the breathing
defects of RTT patients weaken during sleep (Weese-Mayer et al.,
2006, 2008) and those of Mecp2−/y are reduced by slight anaesthesia
(Viemari et al., 2005), pharmacologic elevation of BDNF expres-
sion (Ogier et al., 2007) and pharmacological treatments targeting
the NE system (Roux et al., 2007; Zanella et al., 2008). Neverthe-
less, drastic effects of glutamate excess, with synaptopathy and
cytolytic neuronal damages within the central respiratory network,
might develop during the late phase of the disease since treat-
ments of Mecp2−/y improving breathing and prolonging life span
cannot prevent premature death (Roux et al., 2007; Zanella et al.,
2008).

As recently reviewed (Katz et al., 2009), loss of MeCP2 alters mul-
tiple neurochemical signaling mechanisms. Progressive deficits in
BDNF, NE and 5-HT systems, eventually coupled with an altered
elimination of glutamate excess by glial cells within the VRG may
contribute to the early occurrence of apnoeas after occasional envi-
ronmental challenges (P25), alteration of respiratory responses
to hypoxia (P25–P30), alteration of respiratory rhythmogenesis
(after P30), and finally in respiratory distress and death (around
P60).

4.3. Repeated hypoxic challenges and evolution of the disease

Here we report that young Mecp2−/y retaining a normal rest-
ing ventilation have abnormal respiratory responses to hypoxia
and transiently produce erratic breathing and apnoeas after only
one hypoxic or hypercapnic environmental challenge. The envi-
ronmental challenges we imposed on Mecp2−/y were moderate,
short-lasting, and in the physiological range, but they transiently
induced erratic rhythm and apnoeas for at least 2 min, and often
more, in young Mecp2−/y which previously had a normal rest-
ing ventilation. These environmental challenges had no obvious
deleterious effects on the evolution of the disease and Mecp2−/y

recovered a normal breathing pattern within 10–15 min. That the
environmental challenges may have significantly hastened and/or
worsened the evolution of breathing defects when they were repet-
itively applied to Mecp2−/y cannot be excluded but requires further
experiments for confirmation. In previous studies, the breathing
of Mecp2−/y has been mainly studied after P30 (see Katz et al.,
2009). Little is known yet about the breathing of young Mecp2−/y

between P15 and P25, an intermediate developmental period
between neonatal and adult ages when the vulnerability of the
CNS to hypoxia is rapidly changing. During this crucial develop-
mental period, inadequate adaptation to moderate environmental
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challenges by the Mecp2−/y respiratory drive may alter blood oxy-
genation, leading to repeated intermittent central hypoxia, which
may have drastic effects on the postnatal maturation and function
of all the central neural networks, including the respiratory net-
work. Thus, the abnormal respiratory responses to hypoxia reported
herein may contribute to the evolution of the disease in Mecp2−/y

and possibly RTT girls.
For RTT girls, no pharmacological treatments are available yet

and approximately 25% of RTT patients may die prematurely of
cardio-respiratory failure (Kerr et al., 1997; Laurvick et al., 2006;
Katz et al., 2009). Based on our mouse results, we would recom-
mend not subjecting young RTT girls to situations where they might
repetitively experience moderate hypoxic challenges. Exposure to
cigarette smoke could be an example, since inhalation of small
amounts of CO may induce transient hypoxia. Rapid imposed alti-
tude changes could be another, with fast transitions from seaside
to mountain cities, where oxygen partial pressure in inspired air
is significantly reduced. In addition, only partial compensation of
the reduced atmospheric pressure is provided during most high
altitude flights. Under such situations, RTT girls may be exposed
to moderate hypoxia which might facilitate the early occurrence of
apnoeas and accelerate the evolution of the disease.
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Résumé en français : 

 

Le Syndrome de Rett est une maladie neurodéveloppementale accompagnée par des 

symptômes complexes et très invalidants, incluant des altérations respiratoires. Parce que le 

Syndrome de Rett est causé par des mutations dans le gène du répresseur transcriptionnel 

methyl-CpG-binding protein 2 (MeCP2), des souris mutées pour ce gène (souris Mecp2
-/y) ont 

été générées comme modèle expérimental. Les souris mâles Mecp2
-/y respirent normalement à 

la naissance mais montrent des réponses respiratoires à l’hypoxie et à l’hypercapnie 

anormales à partir du 25e jour postnatal (P25). Après P30, les souris Mecp2
-/y développent des 

symptômes respiratoires rappelant le Syndrome de Rett, qui s’aggravent jusqu’à la mort 

prématurée aux alentours de P60. Utilisant la pléthysmographie, nous avons analysé les 

soupirs et l’activité respiratoire post-soupir de souris mâles sauvages et Mecp2
-/y non 

restreintes à partir de P15 et jusqu’à P60. Les soupirs sont de larges inspirations spontanées 

connus pour prévenir l’atelectasie pulmonaire et pour améliorer l’oxygénation alvéolaire. 

Toutefois, les souris Mecp2
-/y montrent des anormalités précoces de la respiration post-soupir 

qui se développent dès P15, avec de longues apnées post-soupirs, un volume courant réduit 

quand l’eupnée reprend et un manque de bradypnée post-soupir, anormalités qui s’aggravent 

avec l’âge et qui contribuent potentiellement aux symptômes respiratoires successifs. 
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a b s t r a c t

Rett syndrome is a neurodevelopmental disease accompanied by complex, disabling symptoms, includ-
ing breathing symptoms. Because Rett syndrome is caused by mutations in the transcriptional repressor
methyl-CpG-binding protein 2 (MeCP2), Mecp2-deficient mice have been generated as experimental
model. Males of Mecp2-deficient mice (Mecp2−/y) breathe normally at birth but show abnormal res-
piratory responses to hypoxia and hypercapnia from postnatal day 25 (P25). After P30, Mecp2−/y mice
develop breathing symptoms reminiscent of Rett syndrome, aggravating until premature death at around
P60. Using plethysmography, we analyzed the sighs and the post-sigh breathing pattern of unrestrained
wild type male mice (WT) and Mecp2−/y mice from P15 to P60. Sighs are spontaneous large inspirations
known to prevent lung atelectasis and to improve alveolar oxygenation. However, Mecp2−/y mice show
early abnormalities of post-sigh breathing, with long-lasting post-sigh apnoeas, reduced tidal volume
when eupnoea resumes and lack of post-sigh bradypnoea which develop from P15, aggravate with age
and possibly contribute to breathing symptoms to come.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Rett syndrome (RTT) is a severe neurodevelopmental dis-
ease in which, after normal first postnatal months, affected girls
develop complex symptoms including erratic breathing and life-
threatening apnoeas (Katz et al., 2009). RTT is caused by mutations
in the X-linked gene encoding methyl-CpG-binding protein 2
(MeCP2), and Mecp2-deficient mice have been generated as RTT
model (Guy et al., 2001). Males of Mecp2-deficient mice (Mecp2−/y)
rapidly develop symptoms reminiscent of RTT, including breathing
symptoms (Viemari et al., 2005). Mecp2−/y mice breathe normally
at birth but display an erratic breathing pattern interrupted by
severe apnoeas after postnatal day 30 (P30), aggravating with age
to respiratory distress and premature death at around P60. The
development of Mecp2−/y breathing symptoms reflects progres-
sive dysfunction of the central respiratory network caused by early
alterations of several neurochemical signalling systems including
BDNF, norepinephrine (NE), serotonin (5HT), glutamate and GABA
systems, known to contribute to the production or modulation of
eupnoea (Katz et al., 2009). However, it has recently been reported
(Voituron et al., 2009) that, before the appearance of permanent
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breathing symptoms, Mecp2−/y mice develop exacerbated respi-
ratory responses to hypoxia and produce transient apnoeas with
erratic rhythm after moderate hypoxic and hypercapnic challenges,
which also may originate from earlier alterations of signalling sys-
tems.

In mammals, the central respiratory network not only gener-
ates eupnoea, the normal breathing activity, but also sighs, which
are spontaneous, large inspirations which occur at a low frequency
(about 0.5 sigh per min) and are followed by a brief apnoea (<1 s)
and a long-lasting bradypnoea (about 10 s) (see Fig. 8 from Popa et
al., 2005). In vivo, sighs play a crucial role in preventing lung atelec-
tasis, maintaining lung compliance, restoring functional residual
capacity and improving alveolar oxygenation (Poets et al., 1997;
Patroniti et al., 2002; Qureshi et al., 2009). In vitro, the isolated res-
piratory network continues to produce fictive sighs and eupnoea
which are primarily generated by the same set of medullary neu-
rons in the Pre-Bötzinger Complex, with fictive sighs being followed
by a brief post-sigh apnoea (Tryba et al., 2008). In Mecp2−/y mice,
fictive sighs produced in P15–P21 slices appear normal but actual
sighs produced in P45–P60 mice are often, but not always, followed
by severe, long-lasting apnoeas (Viemari et al., 2005). Therefore, we
used the non-invasive plethysmographic approach to analyze and
compare the sighs and the post-sigh breathing patterns of matur-
ing, unrestrained wild type male mice (WT) and Mecp2−/y mice. For
the first time, we report early abnormalities of post-sigh breath-
ing of Mecp2−/y mice, with sighs inducing long-lasting apnoeas
and tidal volume reductions which develop at an age when their
eupnoeic breathing is still normal. We suggest that the early abnor-
malities of post-sigh breathing observed in this recognized mouse

1569-9048/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.resp.2009.12.009
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model of RTT might be viewed as forerunner signs of breathing
symptoms to come. We propose that the early abnormalities of
post-sigh breathing pattern of Mecp2−/y mice might be caused by
earlier GABA deficits which occur in the medulla of Mecp2−/y mice
as early as P7 (Medrihan et al., 2008).

2. Methods

Experiments were carried out in accordance with the Euro-
pean guidelines for the care and use of laboratory animals (Council
Directive 86/609/EEC) in mouse model for RTT [strain B6.129P2(C)-
Mecp2tm1–1Bird] (The Jackson Laboratory, Bar Harbor, ME).

As reported previously (Viemari et al., 2005; Zanella et al.,
2008; Voituron et al., 2009), hemizygous mutant Mecp2 male mice
(Mecp2−/y) were generated by crossing heterozygous knock-out
females with C57BL/6 male mice (Guy et al., 2001) and geno-
typed by routine PCR technique. Pups were housed with their
mothers till weaning at P21 when male littermates were housed
together in identical cages where they had free access to food
and water (3–4 mice per cage). The breathing of non-anesthetized,
unrestrained male mice was recorded using a constant flow whole-
body plethysmograph (EMKA Technologies, Paris, France), with
200 ml animal chambers maintained 25 ± 0.5 ◦C and ventilated
with air (600 ml/min). Two or three days before plethysmo-
graphic recordings, the mice were habituated to stay in the
plethysmograph chamber to reduce stress effect on breathing.
Routinely, the breathing of pairs of WT and Mecp2−/y mice of
matched ages was simultaneously recorded. Data originated from
25 different mice (11 WT and 14 Mecp2−/y) which were not
systematically recorded at the different maturational ages, mice
being occasionally used for other purposes. Recordings were per-
formed during the pre-symptomatic period at P15 (n = 5 WT and
4 Mecp2−/y), P25 (n = 4 WT and 4 Mecp2−/y), and P30 (n = 4 WT
and 4 Mecp2−/y), and during the symptomatic period when breath-
ing symptoms permanently occur in Mecp2−/y, from P45 to P60
(n = 4 WT and 5 Mecp2−/y). At least 10 sighs produced during a
recording session by a given mouse at a given age were routinely
analyzed.

In addition, we developed a home-made double-chamber
plethysmograph to simultaneously record the respiratory chest
movements and the resulting airflow in four other non-
anesthetized Mecp2−/y mice during the symptomatic period at
P55–P60. The double-chamber plethysmograph was built from
two syringes, with the rubber piston separating the body cham-
ber (50 ml) from the head chamber (20 ml). The piston was cut to
make an adjustable neck collar, especially adapted to each mouse.
Air-tightness between body and head chambers was verified by
imposing small pressure changes in one chamber and checking
the lack of pressure change in the other. The head chamber was
connected to a constant flow pump to ensure proper and con-
tinuous flow of fresh air (200 ml/min). Body and head chambers
were maintained at 25 ± 0.5 ◦C, connected to respective refer-
ence chambers and pressure recorders (EMKA Technologies, Paris,
France). As for simple plethysmograph, the mice were habituated
to stay in the double-chamber plethysmograph before recording
sessions.

For plethysmographic experiments, spirograms were fed to
an analog-to-digital converter (sampling frequency, 0.5 or 1 kHz),
stored on a personal computer disk and analyzed via the Spike
2 interface and software (Cambridge Electronic Design, Cam-
bridge, UK). Only periods of breathing without body movements
were studied, during which the mean respiratory frequency (fR,
expressed in respiratory cycles per minute), apnoea index (number
of apnoeas > two respiratory cycles per minute) and tidal volume
(VT) were measured (Viemari et al., 2005; Zanella et al., 2008;
Voituron et al., 2009). Because whole-body plethysmography did

Fig. 1. Sigh patterns in maturing WT and Mecp2−/y mice. (A–C) Plethysmographic
recordings in unrestrained maturing mice showing simple sighs (A) produced by
WT (A1, at P60) and Mecp2−/y mice (A2, at P25), complex sighs (B) produced by
WT (B1, at P60; same WT as in A1) and Mecp2−/y mice (B2, at P30) and multiple
sighs (C) produced by Mecp2−/y mouse (at P25; same mouse in C1 and C2). In all
figures, inspiration is shown upward. In Mecp2−/y mice, note that the three types of
sighs induced long-lasting apnoeas followed by inspirations of reduced amplitude
(oblique arrows). (D) Columns of the histogram show the partition in % of simple
(black), complex (white) and multiple (hatched area) sighs in WT and Mecp2−/y mice
(left and right columns, respectively) at the indicated developmental ages (100% = all
types of sighs).

not allow suitable measurement of the actual VT, VT values were not
expressed in absolute values but in relative values as the ratio of
mean VT produced after the sigh vs. mean VT produced prior to the
sigh. Thanks to Spike 2 software facilities, we averaged the inspira-
tions produced during the 10 s pre-sigh period (control VT = 100%)
and those produced during the post-sigh period (expressed in %
of control VT). Three different types of sighs were distinguished in
maturing WT and Mecp2−/y (see Fig. 1) and we used Chi-square test
to compare the distribution of sigh types in the different age and
genotype groups. To analyze the effect of sigh occurrence on the fR,
we measured the fR every second during 30 s, the 10 s period pre-
ceding the sigh and the 20 s period following the sigh. For a given
mouse, at least 10 peri-sigh periods were analyzed and data were
averaged to obtain an individual Post-Sigh Time Histogram (PSTH)
representative of mean fR changes (in Hz every second) prior to
and after sigh occurrence for this mouse (Fig. 2). Mice of a given
genotype (WT or Mecp2−/y) and a given developmental age (P15,
P25, P30, etc.) were grouped and their individual PSTH were pooled
to built an averaged PSTH representative of the mean fR changes
(expressed as % of control every second) prior to and after sigh for a
given group of mice (Fig. 3). The significance of fR changes after the
sigh was determined by the analysis of variance (ANOVA) followed
by Fisher’s PLSD correction to compare the mean fR in the second
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Fig. 2. Post-sigh breathing in WT and Mecp2−/y mice at P30. (A) WT at P30. The
two plethysmographic traces (A1 and A2) show sighs recorded in the same WT
mouse at P30. After the sighs, note the brief apnoea followed by the long-lasting
bradypnoea with inspirations of increased amplitude (doted line: mean amplitude
level prior to the sigh). (A3) Individual Post-Sigh Triggered Histogram (PSTH) built
from 12 sighs recorded in the same mouse as above. Columns (and bars) of the
histogram show the mean (and S.E.M.) respiratory frequency (fR, expressed in Hz)
every second for a period extending from 10 s prior to the sigh (vertical arrow) to
20 s after the sigh (dotted line: mean fR during the 10 s pre-sigh period). (B), as in
(A) but for a Mecp2−/y mouse at P30. The two plethysmographic traces (B1 and B2)
and the individual PSTH (B3) show a marked post-sigh apnoea and a 1–2 s period
of reduced fR after the sigh (vertical arrow). During the post-sigh period, note the
lack of long-lasting bradypnoea and the reduced amplitude of inspirations when
eupnoea resumed (oblique arrows). C-WT: averaging of inspirations produced by
the WT mouse illustrated in A during 10 s periods either preceding the sigh (thin
line, Pre-Sigh Insp) or following the sigh (large line, Post-Sigh Insp). Note that the
Post-Sigh Insp trace peaks at higher values than the Pre-Sigh Insp trace. D-Mecp2:
as in (C), but for the Mecp2−/y mouse illustrated in (B). The large line (Post-Sigh Insp)
shows averaging of the first five inspirations produced after the sighs. Note that the
Post-Sigh Insp trace is smaller than the Pre-Sigh Insp trace.

preceding the sigh (fR−1 s), in the second following the sigh (fR1 s)
and in the 10 s period following the sigh (fR1–10 s) to the control fR
measured during the 10 s period prior to the sigh. The durations of
expirations preceding and following the sigh were measured and
expressed in ms. During the sigh, the peak amplitudes reached by
the spirogram during inspiration (Pk Insp; upward in figures) and
expiration (Pk Exp; downward in figures) were measured for >10
sighs per mouse, averaged and Pk Exp was expressed as % of total
sigh amplitude (Pk Insp + Pk Exp) for a given genotype at a given
age. All data about the peri-sigh changes in fR (fR−1 s, fR1 s, fR1–10 s),
post-sigh VT changes, post-sigh apnoea duration, Pk Exp. vs. devel-
opmental ages were presented as mean ± standard error of the
mean (S.E.M.) in Fig. 4 and differences were considered significant
when p < 0.05.

For double-chamber plethysmographic experiments, chest res-
piratory movements and airflow were recorded and stored as
reported above but no quantitative analysis were performed since

these experiments were only programmed to qualitatively check
the post-sigh breathing pattern in Mecp2−/y at P55–P60.

3. Results

Using plethysmography, we recorded the breathing of non-
anesthetized WT and Mecp2−/y mice. As reported previously
(Viemari et al., 2005; Zanella et al., 2008, Voituron et al., 2009),
the breathing pattern of young Mecp2−/y was normal but became
erratic, interrupted by frequent apnoeas at a few days after post-
natal day 30 (P30), until respiratory distress and premature death
at around P60. Here, we analyzed the pattern of sighs and the
post-sigh changes in fR and VT at different developmental stages,
during the pre-symptomatic period from P15 to P30, and after-
wards when breathing symptoms were permanently expressed in
Mecp2−/y mice, from P45 to P60.

3.1. Pattern of sighs in maturing WT and Mecp2−/y mice

As illustrated in Fig. 1, sighs are large inspirations mobiliz-
ing a VT twice of the control and occurring at a low frequency
of approximately one sigh every 2 min. We distinguished three
types of sighs: simple, complex and multiple sighs. Simple sighs
appeared as augmented inspirations, with an extra-inspiration
superimposed onto a normal, eupnoeic inspiration (Fig. 1A). Both
normal and extra-inspirations were merged, forming a single inspi-
ratory event. Complex sighs were characterized as a sigh on which
a supplementary inspiration was grafted, either during the upward
or the downward phase of the spirogram (Fig. 1B). Multiple sighs
appeared as at least two subsequent sighs (Fig. 1C).

About 400 sighs were analyzed in 34 recordings from 25 mice
aged from P15 to P60. The distribution of the three types of
sighs was age- and genotype-dependent (Fig. 1D) as revealed by
Chi-square analysis showing a significant difference in sigh types
distribution between WT and Mecp2−/y mice at P30 and P60. At
P15, the large majority of sighs were complex in both WT and
Mecp2−/y (89% and 96%, respectively) whereas simple and multiple
sighs were rare. At P25, complex sighs were still the most frequent
form, but the occurrence of simple sighs increased. In WT mice,
simple sigh were 2-fold more frequent than in Mecp2−/y mice (34%
and 17%, respectively) whereas multiple sighs were 2-fold less fre-
quent in WT than in Mecp2−/y mice (13% and 26%, respectively).
However, these differences were not statistically significant at P25.
At P30, simple sighs became significantly more frequent in WT
than Mecp2−/y mice (92% and 19%, respectively) whereas complex
sighs were significantly less frequent in WT than Mecp2−/y mice (5%
and 51%, respectively). At P60, the difference in the distribution of
sigh types persisted, with simple sighs significantly predominat-
ing in WT compared to Mecp2−/y mice (82% and 43%, respectively),
whereas complex and multiple sigh forms were significantly less
frequent in WT than Mecp2−/y mice (complex sighs: 15% and 32%;
multiple sighs: 3% and 25%; for WT and Mecp2−/y, respectively).
Thus, during the postnatal development, the distribution of differ-
ent sigh forms in Mecp2−/y mice was significantly affected prior to
the appearance of breathing instability at rest. Statistical analysis of
the breathing pattern (see below) following simple, complex and
multiple sighs failed to reveal a significant relationship between
the type of sigh and the resulting changes in breathing, i.e. simple,
complex, and multiple sighs induced similar post-sigh breathing
patterns at a given age and in a given genotype.

3.2. Post-sigh breathing pattern in WT and Mecp2−/y at P30

At P30, sighs occurred at a low frequency in four WT and four
Mecp2−/y mice (0.37 ± 0.02 and 0.35 ± 0.02 sigh per min, respec-
tively; ns). As shown in Fig. 2A for a given WT mouse, sighs
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Fig. 3. Averaged PSTH showing the changes in respiratory frequency during the post-sigh period in WT and Mecp2−/y mice at different developmental ages. Each averaged
PTSH was built from several individual PSTH obtained from mice of a given genotype (WT and Mecp2−/y) and a given age (from P15 to P60). Genotype, age, and number of
individual PSTH as indicated. Columns (and bars) in the averaged PTSH show the mean (and S.E.M.) changes in respiratory frequency (fR, expressed in % of the control fR
measured during the 10 s pre-sigh period; 100%) every second for a period extending from 10 s prior to the sigh to 20 s after the sigh. After the sigh (vertical arrow), note the
long-lasting bradypnoea in WT mice and the brief period of reduced fR in Mecp2−/y mice. The dotted lines indicate the fR control level (100%). Asterisks indicate a significant
difference between fR1 s and control fR. Thin lines with either centred asterisk or ns indicate a significant or non-significant difference, respectively, between fR1–10 s and
control fR. At P30 and P60, # indicates a significant difference between fR1 s in WT and Mecp2−/y .

affected the eupnoeic pattern. First, sighs induced an immediate,
brief apnoea (444 ± 30 ms), reflecting a 2-fold increase in the expi-
ratory duration, compared to baseline (196 ± 13 ms). Second, when
breathing resumed after the brief post-sigh apnoea, the fR was
reduced for about 10 s (Fig. 2A1). However in non-anesthetized,
freely behaving mice, the post-sigh bradypnoea was not stereo-
typed but slightly fluctuated from sigh to sigh (compare traces in
Fig. 2A1–A2). Therefore, we measured the fR during the peri-sigh
period for at least 10 sighs to build an individual Post-Sigh Triggered
Histogram (PSTH), which was representative for the fR changes in a
given mouse. In the selected mouse, the individual PTSH confirmed
a significant post-sigh bradypnoea of 10 s (Fig. 2A3). We similarly
analyzed four WT at P30 and pooled individual PSTH to build a
PSTH representative of the P30 WT group (Fig. 3E). The pooled
PSTH confirmed that the mean fR was significantly reduced 1 s after

the sigh (fR1 s = 78 ± 2% of control fR) and remained significantly
reduced for another 10 s (fR1–10 s = 78 ± 1% of control). Third, when
breathing resumed, inspirations were of larger amplitude during
the post-sigh bradypnoea, with increased VT compared to baseline
VT before the sigh (+23 ± 9%), as shown by individual plethysmo-
graphic traces (Fig. 2A1–A2) and averaged traces (Fig. 2C).

The four Mecp2−/y mice studied at P30 retained a normal breath-
ing pattern at rest, but produced sighs with a different pattern than
WT mice at P30. In WT mice, as shown in Fig. 2A for simple sighs and
Fig. 4A for a complex sigh, the peak amplitudes of sighs during inspi-
ration (Pk Insp) and expiration (Pk Exp) ranged the same values
when expressed in % of total sigh amplitude (51 ± 3% and 49 ± 3%
of total sigh amplitude for Pk Insp and Pk Exp, respectively; ns).
In Mecp2−/y mice, sighs reached significant larger peak amplitudes
during inspiration (Pk Insp = 71 ± 3% of total sigh amplitude) than
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Fig. 4. Abnormalities in sighs and post-sigh breathing in WT and Mecp2−/y maturing mice. (A) Plethysmographic recording in WT mouse at P30 illustrating the different
analyzed parameters: the control VT and fR measured during the 10 s preceding the sigh, peak amplitudes of the inspiratory and expiratory components of the sigh (Pk Insp
and Pk Exp, respectively), fR measured during the second preceding and following the sigh (fR−1 s and fR1 s, respectively) and the 10 s period following the sigh (fR1–10 s),
duration of the post-sigh apnoea and post-sigh VT. (B) Columns (and bars) in the histogram show the mean (and S.E.M.) changes in fR (expressed in % of the control fR)
during the second preceding the sigh in WT and Mecp2−/y mice (white and black columns, respectively) at the different developmental ages. Asterisks indicated a significant
difference between genotypes. (C and D), as in (B) but for fR1 s and fR1–10 s. (E–G) as in (B) but for the duration of post-sigh apnoea (expressed in second), the amplitude of
post-sigh VT (expressed in % of the control VT) and the peak amplitude of the expiratory component of the sigh (Pk Exp, expressed in % of the total sigh amplitude).

during expiration (Pk Exp = 29 ± 2% of total sigh amplitude), weak
Pk Exp values occurring after simple (Fig. 2B2), complex (Fig. 1B2
and Fig. 2B1) or multiple sighs (not shown). In addition, Mecp2−/y

mice displayed an abnormal post-sigh breathing pattern. As shown
in Fig. 2B1 and B2 for a given Mecp2−/y mouse, sighs induced
marked post-sigh apnoeas but were not followed by long-lasting
bradypnoeas with increased VT. The mean duration of post-sigh
apnoeas in four Mecp2−/y mice was 689 ± 83 ms, i.e. about 4-fold
the baseline duration of expiration (176 ± 11 ms). Consequently,
the mean fR was markedly reduced during the second follow-
ing the sigh (fR1 s = 46 ± 9% of control fR), a reduction significantly
larger than that observed in WT (Fig. 4C). Second, when breath-
ing resumed, baseline fR was restored within 1–3 s as illustrated
by individual PSTH (Fig. 2B3) and averaged PSTH (Fig. 3F). Dur-
ing the 10 s post-sigh period, no significant bradypnoea occurred
in Mecp2−/y mice (fR1–10 s = 94 ± 4% of control), contrarily to WT
(Fig. 4D). Interestingly, the mean fR during the second preceding
the sigh was slightly but significantly decreased in Mecp2−/y mice
(fR−1 s = 83 ± 2% of control fR), a reduction not observed in WT at P30
(Fig. 4B). The fR−1 s reduction was not caused by the occurrence of
apnoea before the sigh but by a slowing of the rhythm. The mean VT
of inspirations produced during the 10 s post-sigh period was not
significantly increased (−5 ± 11% of control). However, the first five
post-sigh inspirations were of weaker amplitude than control pre-
sigh inspirations, as illustrated by individual traces (Fig. 2B1 and
B2) and confirmed by averaging (Fig. 2D), with a significant reduc-
tion of the mean VT in the four studied Mecp2−/y mice (−25 ± 9%
of control) (Fig. 4F). Thus, although Mecp2−/y mice did not dis-
play erratic breathing and frequent apnoeas at P30, their post-sigh
breathing was already abnormal when compared to age matched
WT mice, with a longer post-sigh apnoea followed by weakened
inspirations.

3.3. Post-sigh breathing pattern in WT and Mecp2−/y younger
than P30

In four WT and four Mecp2−/y mice at P25, sighs similarly
occurred at a low frequency (0.38 ± 0.04 and 0.36 ± 0.04 sigh per
min, respectively; ns). However, Pk Exp values were significantly
larger in WT than Mecp2−/y (Pk Exp = 56 ± 3% and 42 ± 2% of total
sigh amplitude, respectively) (Fig. 4G). Mecp2−/y mice already dis-
played an abnormal post-sigh breathing pattern as confirmed by
individual traces (Fig. 5A and B) and pooled PSTH (Fig. 3C and D). A
significant long-lasting bradypnoea occurred in WT mice (fR1–10 s=
72 ± 2% of control) but not in Mecp2−/y mice (fR1–10 s = 86 ± 7% of
control) (Fig. 4D) and the mean VT of post-sigh inspirations was sig-
nificantly increased in WT (17 ± 4% of increase) but not in Mecp2−/y

mice (+7 ± 12% of increase) where the mean amplitude of the first
five inspirations was decreased by 12 ± 5% (Fig. 4F). There were no
significant differences in the mean duration of post-sigh apnoeas
of WT and Mecp2−/y mice (316 ± 64 and 407 ± 61 ms, respectively),
nor in the reduction of the mean fR during the 1 s post-sigh
period (fR1 s = 78 ± 4 and 66 ± 8% of control, respectively), nor in
the mean fR during the second preceding the sigh (fR−1 s = 101 ± 1
and 104 ± 3% of control, respectively).

At P15, a comparison of sighs produced by four WT and five
Mecp2−/y mice did not reveal significant differences in the fre-
quency of sigh occurrence (0.35 ± 0.03 and 0.36 ± 0.04 sigh per
min), the Pk Exp values (61 ± 3% and 63 ± 3% of total sigh ampli-
tude), the mean duration of post-sigh apnoeas (396 ± 58 ms and
437 ± 52 ms, respectively), the mean VT changes of post-sigh inspi-
rations (14 ± 7% and 8 ± 9%). As illustrated in PSTH of Fig. 3A and
B, the mean fR was reduced during the second following the sigh
in both WT and Mecp2−/y mice (fR1 s = 78 ± 2 and 79 ± 2% of control
fR; ns). However, as shown in Figs. 3A, B and 4D, a slight but sig-
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Fig. 5. Post-sigh breathing in WT and Mecp2−/y mice at P25. Plethysmographic traces and individual PSTH obtained from a given WT (A) and a given Mecp2−/y (B) at P25
(same organization than in Fig. 2). After the sigh (vertical arrow), note the long-lasting bradypnoea with inspirations of increased amplitude in WT (A) but not in Mecp2−/y

mice (B).

nificant post-sigh bradypnoea occurred in WT but not in Mecp2−/y

mice (fR1–10 s = 91 ± 2 and 99 ± 3% of control, respectively).

3.4. Post-sigh breathing pattern in WT and Mecp2−/y older than
P30

We studied the sigh and the post-sigh breathing pattern of
five WT and eight Mecp2−/y mice at P45–P60 which all displayed
obvious breathing symptoms with an erratic rhythm and severe
apnoeas (Fig. 6). Sighs had significantly lower Pk Exp in Mecp2−/y

than WT mice (29 ± 2 and 42 ± 1% of total sigh amplitude) (Fig. 4G).
The frequency of sigh occurrence at P45–P60 compared to P30 was
unchanged in WT mice (0.33 ± 0.02 sigh per min) but was signifi-
cantly increased in Mecp2−/y mice (0.48 ± 0.07 sigh per min). Most
apnoeas spontaneously occurred in Mecp2−/y mice, without being
preceded by a sigh. We counted 577 spontaneous apnoeas and
45 sigh-induced apnoeas during 10 min periods in eight Mecp2−/y

mice, revealing that post-sigh apnoeas corresponded to only 7% of
the total number of apnoeas.

Because of the erratic breathing of Mecp2−/y at P45–P60,
the post-sigh breathing pattern appeared variable. Sighs induced
either long post-sigh apnoeas (Fig. 6A) or short post-sigh apnoeas
(Fig. 6B–D) or occasionally had no obvious immediate effects
(Fig. 6E). Nevertheless, the mean duration of post-sigh apnoeas
was 2-fold increased in Mecp2−/y than WT mice (881 ± 97 and
428 ± 34 ms, respectively). As illustrated in Figs. 3E, F and 4B, the
mean fR during the second preceding the sigh was significantly
reduced in Mecp2−/y mice (fR−1 s = 73 ± 6% of control fR) but not
in WT mice (fR−1 s = 95 ± 3% of control fR). The fR−1 s reduction in
Mecp2−/y mice reflected both the occurrence of pre-sigh apnoeas
and slowing of the rhythm before the sigh. The mean fR during

the second following the sigh was also significantly more reduced
in Mecp2−/y than WT mice (fR1 s = 58 ± 7% and 75 ± 2% of control,
respectively), and thereafter no significant bradypnoea occurred in
Mecp2−/y mice (fR1–10 s = 89 ± 6%) whereas a bradypnoea persisted
for 10 s in WT mice (fR1–10 s = 70 ± 3%). The mean VT during the
10 s post-sigh period was not significantly changed in Mecp2−/y

(12 ± 27%) but was increased in WT mice (22 ± 7% of increase).
However, the first five post-sigh inspirations in Mecp2−/y mice
mobilized a significantly reduced VT (46 ± 12% of control VT; see
Fig. 4F and arrows in Fig. 6B–D).

Because the function of upper airways is affected in Mecp2−/y

mice at P45 (Stettner et al., 2007), we developed a double plethys-
mographic approach to simultaneously record chest respiratory
movements and upper airway flow in aged Mecp2−/y mice and to
further check the decrease in VT during the post-sigh period. In
four Mecp2−/y mice at P55–P60, we commonly observed marked
reductions of both chest respiratory movements and airflow after
the sigh (Fig. 7A–D). Interestingly, the weakest chest respiratory
movements after the sigh failed to induce discernable upper air-
way flow during a post-sigh period, which lasted for 1–2 s (Fig. 7B
and C) and occasionally longer (Fig. 7D). Thus, both simple and dou-
ble plethysmographic approaches in Mecp2−/y mice older than P30
revealed that sighs severely disrupted the post-sigh breathing pat-
tern, inducing long-lasting post-sigh apnoeas prolonged by a period
of weak chest respiratory movements and reduced airflow, with the
weakest chest movements failing to induce detectable airflow.

4. Discussion

Mecp2−/y mice display normal breathing at birth but show exac-
erbated respiratory responses to hypoxia and transient apnoeas
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Fig. 6. Post-sigh breathing in Mecp2−/y mice at P60. (A–E) The five plethysmographic
traces were recorded from a given Mecp2−/y mouse at P60. They show the variabil-
ity of the post-sigh breathing pattern, with sighs inducing long apnoea (A), short
apnoeas (B–D) and no obvious immediate effects on the erratic breathing rhythm
(E). In (A), (C) and (E), note the erratic breathing pattern, with frequent spontaneous
apnoeas occurring prior to the sighs and in (B), (C) and (D) the post-sigh inspirations
of halved amplitude (oblique arrows).

after moderate respiratory challenges from P25 (Voituron et al.,
2009) and develop breathing symptoms reminiscent of RTT after
P30 (Viemari et al., 2005), with possible upper airway dysfunc-
tions at P45 (Stettner et al., 2007) and death around P60. Herein, we
describe early abnormalities of the post-sigh breathing pattern of
Mecp2−/y mice which develop from P15–P25 and aggravate there-
after. Although the early abnormalities of the post-sigh breathing
(present study) and respiratory regulations (Voituron et al., 2009)
of young Mecp2−/y mice are subtle and not sufficiently marked to
significantly alter ventilation at rest, they might be viewed as indi-
cators of later breathing symptoms. Thus, non-invasive recordings
of breathing might permit earlier diagnosis of breathing symp-
toms in Mecp2−/y mice, and eventually in RTT patients. Below,
we discuss the functional significance and the possible origin of
early abnormalities of post-sigh breathing patterns in Mecp2−/y

mice, suggesting they might be caused by earlier GABAergic deficits
(Medrihan et al., 2008).

4.1. Functional significance of the abnormal post-sigh breathing
of Mecp2−/y mice

Sighs are deep inspirations mobilizing a large VT, which pre-
vents lung atelectasis, restores functional residual capacity and
improves alveolar oxygenation (Glogowska et al., 1972; Cherniack
et al., 1981; Alvarez et al., 1993; Poets et al., 1997; Patroniti et al.,
2002; Popa et al., 2005; Yamauchi et al., 2008). The sigh amplitude
was twice normal inspirations in Mecp2−/y and WT mice but the
peak expiratory component of the sigh was significantly weaker in
Mecp2−/y than WT mice from P25. The reduction of sigh expiratory
flow in Mecp2−/y mice probably originates from dysfunction of the
upper airways already reported in Mecp2−/y mice at P45 (Stettner

Fig. 7. Double-chamber plethysmographic approach reveals post-sigh reduction of
airflow in Mecp2−/y mice at P55–P60. A double-chamber plethysmographic approach
was used to simultaneously record chest respiratory movements and resulting air-
flow (lower and upper traces, respectively) in Mecp2−/y at P55 (A–C, same mouse)
and P60 (D, other mouse; sigh truncated) which displayed severe breathing symp-
toms (not illustrated here). When eupnoea resumed after the sigh, the first chest
respiratory movements and airflow produced by the Mecp2−/y mice were of reduced
amplitude (oblique arrows). Note that the weakest chest respiratory movements
failed to induce detectable airflow signal (black squares).

et al., 2007) and may be reminiscent of the breath-holding pattern
of RTT patients (Katz et al., 2009).

In WT mice, sighs are followed by an immediate, brief post-sigh
apnoea and a long-lasting bradypnoea (Popa et al., 2005). During
the post-sigh bradypnoea, we show a previously undocumented VT
increase (but see Fig. 8 in Popa et al., 2005) which may contribute
to maintain the minute ventilation during the post-sigh period,
despite the bradypnoea. In Mecp2−/y mice, we report a longer post-
sigh apnoea, a lack of bradypnoea with an increase in VT, but a
reduction in VT when eupnoea resumes. These abnormalities of
post-sigh breathing develop from P15, are marked at P25, dur-
ing the pre-symptomatic period when Mecp2−/y still have a normal
breathing at rest, and aggravate thereafter during the symptomatic
period after P30. In Mecp2−/y mice, the reduction in VT during the
post-sigh period was first observed with simple plethysmography
at P25, P30 and P60, and was confirmed with double-chamber
plethysmography at P45–P60, showing that both chest respiratory
movements and upper airway airflow were severely reduced dur-
ing the post-sigh period. In addition, the weakest chest movements
failed to induce detectable airflow, a result fully in agreement with
upper airways dysfunction in Mecp2−/y mice at P45 (Stettner et al.,
2007). When Mecp2−/y mice permanently express breathing symp-
toms, the frequency of sighs is increased. This increase may be
the consequence of hypoxia and hypercapnia which are known
to facilitate sigh occurrence (Glogowska et al., 1972; Cherniack
et al., 1981). Thus, in Mecp2−/y mice, long-lasting post-sigh
apnoeas followed by periods of reduced VT may have deleteri-
ous effects on breathing, transiently and repetitively impairing
blood oxygenation and possibly accelerating the progression of the
disease.
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4.2. Mechanisms underlying the post-sigh breathing pattern of
WT

In WT mice, the brief post-sigh apnoea and the long-lasting
bradypnoea with increased VT originate from central and periph-
eral mechanisms, respectively. Eupnoea and sigh rhythms are
primarily produced by the same set of respiratory neurons of the
Pre-Bötzinger Complex, the isolated Pre-Bötzinger Complex gener-
ating the two rhythms (Smith et al., 1991; Lieske et al., 2000; Tryba
et al., 2008). The fictive sighs produced in vitro are followed by a
brief apnoea (<3 respiratory-like cycles), which likely corresponds
to the brief post-sigh apnoea observed in vivo. The long-lasting
bradypnoea observed in vivo (>30 respiratory cycles) has not been
reported in vitro and probably implicates sensory afferent mediated
mechanisms. In vivo, sighs are affected by peripheral afferent inputs
from lungs and carotid bodies (Glogowska et al., 1972; Cherniack
et al., 1981). The large VT mobilized by the sigh activates the pul-
monary stretch receptors, which in turn shortens inspiration via
the Hering-Breuer reflex. In addition, the large VT mobilized by
the sigh improves blood oxygenation, which in turn reduces the
stimulating drive from the carotid body chemoceptors. The cumu-
lative effects of activation of lung inhibitory inputs and reduction
of carotid body facilitatory inputs are highly likely the cause of the
long-lasting changes in fR and VT seen during the post-sigh period
in vivo, but not in vitro.

Lung and carotid body afferent inputs synaptically target relay
neurons within the nucleus tractus solitarius (nTS). The nTS has
an important role in integrating respiratory afferent inputs, modu-
lating breathing, and sending projections to medullary respiratory
groups and pontine Kolliker-Fuse (KF) group (Yokota et al., 2008).
The KF which also projects to the whole respiratory network mod-
ulates the Hering-Breuer reflex, upper airway function, coupling
between breathing and sleep/wake states, cardiovascular regula-
tions, swallowing, etc. (Siniaia et al., 2000; Stettner et al., 2007;
Verner et al., 2008; Dutschmann and Herbert, 2006; Yokota et al.,
2008; Kuna and Remmers, 1999; Núñez-Abades et al., 1990). Nei-
ther the nTS nor the KF are mature at birth (Vincent et al., 1996;
Ohtake et al., 2000; Grabauskas and Bradley, 2001; Dutschmann
et al., 2008; Kron et al., 2007, 2008; Tashiro et al., 2009), and
their postnatal maturation may contribute to the development of
the long-lasting bradypnoea in WT, from weak at P15 to well-
established at P25. The nTS and KF postnatal maturation may also
contribute to the changes in sigh pattern observed in maturing WT,
from mostly multiple or complex sighs in young mice to simple
sighs in adults. In humans, the sigh pattern similarly changes with
age, from biphasic sighs in infants to simple sighs in adults (Qureshi
et al., 2009). In Mecp2−/y mice however, multiple or complex sighs
remain frequent in adults, and as discussed below, this might reflect
alterations of nTS and KF functions although other explanations
cannot be totally excluded.

4.3. Mechanisms underlying the abnormalities of the post-sigh
breathing of Mecp2−/y mice

No obvious differences have been observed in fictive sighs pro-
duced in WT and Mecp2−/y slices at P14–P21 (Viemari et al., 2005).
No significant differences have been observed in the sigh pattern
and the post-sigh apnoea duration produced in vivo in WT and
Mecp2−/y mice at P15 (present study). These two observations sug-
gest that no major defects exist in the sigh generating mechanisms
of young Mecp2−/y mice. However, in Mecp2−/y mice, the post-sigh
bradypnoea is absent from P15, the post-sigh VT is decreased from
P25, and the post-sigh apnoea is prolonged from P30. As discussed
above, the post-sigh bradypnoea with increased VT of WT mice is
caused by peripheral inputs to the brainstem respiratory network.
In Mecp2−/y mice, the lack of bradypnoea and the reduced VT may

therefore reflect alterations of the central processes integrating
peripheral inputs. Mecp2−/y mice display exacerbated respiratory
responses to moderate hypoxia because of nTS defects (Voituron
et al., 2009) and to lung afferents because of KF defects (Stettner
et al., 2007). Altered responses of nTS and KF to afferent inputs
in Mecp2−/y mice may therefore affect their post-sigh breathing
pattern. For example, the large VT mobilized during the sigh may
induce a stronger inhibitory Hering-Breuer reflex in Mecp2−/y than
WT mice (Stettner et al., 2007), which could explain both the long
post-sigh apnoea and the VT reduction when eupnoea resumes in
Mecp2−/y mice. After the sigh, the long apnoea and the VT reduction
may lead to a transient, moderate hypoxia in Mecp2−/y mice, which
could induce an exacerbated increase in fR (Voituron et al., 2009)
impairing the bradypnoea.

In Mecp2−/y mice, dysfunctions of NE, 5HT, GABA, glutamate and
BDNF signalling systems contribute to their exacerbated responses
to hypoxia and the occurrence of transient apnoeas after moderate
respiratory challenges at P25 and their severe breathing symptoms
after P30 (Katz et al., 2009; Voituron et al., 2009). They could also
affect post-sigh breathing but most systems are altered too late
to initiate post-sigh breathing anomalies. The 5HT system affects
the sigh pattern (Yamauchi et al., 2008; Saponjic et al., 2007; Popa
et al., 2005) but dysfunctions late in Mecp2−/y, after P30 (Viemari
et al., 2005). BDNF deficits also occur too late in the medulla of
Mecp2−/y, by five weeks after birth (Ogier and Katz, 2008; Wang
et al., 2006). NE deficits exist in the Mecp2−/y brain at P14 (Ide et
al., 2005) but are significant in the Mecp2−/y medulla only at a later
stage, at around P30 (Viemari et al., 2005). Glutamate exerts com-
plex effects on sighs (Radulovacki et al., 2001; Lieske and Ramirez,
2006) and glutamatergic deficits occur in hippocampal neurons of
P7–P14 Mecp2−/y (Chao et al., 2007). However, glutamate deficits
in the medulla of Mecp2−/y mice have not been demonstrated.

The GABAergic transmission is specifically decreased in the
medulla of Mecp2−/y mice as early as P7 (Medrihan et al., 2008)
and insufficient GABA inhibition might underlie periodic and irreg-
ular breathing of old Mecp2-deficient female mice (Bissonnette
and Knopp, 2008). GABA is the major inhibitory neurotransmitter
in the CNS (Wong et al., 2003) and contributes to the modula-
tion of both respiratory rhythm and upper airway flow (Melton
et al., 1990; Pierrefiche et al., 1993; Suzuki et al., 1999; Ezure and
Tanaka, 2004; Gallos et al., 2009; Sanchez et al., 2009). GABA recep-
tors are expressed in the nTS where they modulate the respiratory
responses to hypoxia (Suzuki et al., 1999, 2003, 2004) and lung
inflation (Ezure and Tanaka, 2004). GABA nTS neurons project to
the KF (Yokota et al., 2008) which modulates upper airway func-
tions (Dutschmann and Herbert, 1998, 2006). KF dysfunctions in
Mecp2−/y may result in upper airway problems (Stettner et al.,
2007). Thus the early GABA deficits of Mecp2−/y mice at P7 may have
a primary role in initiating abnormalities of post-sigh breathing
from P15, while the other signalling systems which interact with
the GABA system (Ciranna, 2006; Spedding and Gressens, 2008;
Mora et al., 2008) possibly contribute to the evolution, but not the
initiation, of post-sigh abnormalities.

However the abnormalities of the post-sigh breathing of
Mecp2−/y mice may also have other origins. First, the respon-
siveness of carotid body chemoceptors and pulmonary stretch
receptors might be altered in Mecp2−/y mice, but this has not been
demonstrated yet. Second, the reduction of the peak expiratory
flow of the sigh in Mecp2−/y mice may prolong the discharge of pul-
monary stretch receptors during the post-sigh period, which may
contribute to lengthen the post-sigh apnoea and to reduce the VT
when eupnoea resumes. Finally, the sigh and the brief post-sigh
apnoea are centrally generated within the Pre-Bötzinger Complex
(Tryba et al., 2008) and the GABA deficits of Mecp2−/y mice may
directly alter the sigh generating system by unbalancing the ratio
of excitatory vs. inhibitory synaptic transmission. Indeed, this may
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happen in Mecp2−/y mice at P45–P60 where the eupneic rhythm
is erratic and marked changes occur in sigh generation, with a fR
reduction prior to the sigh. However in younger Mecp2−/y mice
where eupneic rhythm and sigh generation are unaltered in vitro
and in vivo (Viemari et al., 2005, and present study), the early GABA
deficits unlikely alter the Pre-Bötzinger Complex whereas they may
affect the KF and nTS regulation of post-sigh breathing.

4.4. The Rett syndrome and the neuro-archaeology theory

To conclude, analysing the breathing of unrestrained mice from
P15 to P60 with non-invasive plethysmographic approaches has
revealed early, subtle abnormalities of the post-sigh breathing
of Mecp2−/y mice which develop from P15, during the pre-
symptomatic period. The early abnormalities of post-sigh breathing
in Mecp2−/y mice, a mouse model of RTT, may be indicators of
more pronounced breathing symptoms later in development and
might be caused by earlier GABA deficits, significant in the Mecp2−/y

medulla as early as P7 (Medrihan et al., 2008).
The neuro-archaeology theory (Ben-Ari, 2008) proposes that

“early- and late-onset neurological disorders as diverse as infantile
epilepsies, mental retardation, dyslexia or, in certain conditions,
even Huntington’s and Alzheimer’s disease might be, in part, born
at early developmental stages before symptoms appear” and that
“non-invasive recordings might unravel signatures of disorders to
come, thereby permitting earlier diagnosis and potential treatment
of neurological disorders”. RTT girls, as Mecp2−/y, develop breathing
symptoms with age (Katz et al., 2009), have GABA defects in basal
ganglia and frontal cortex (Blue et al., 1999a,b), and treatment with
topiramate, a broad-spectrum drug with GABAergic effects, allevi-
ates their breathing symptoms (Goyal et al., 2004). We do not know
yet whether the RTT girls develop early abnormalities of their post-
sigh breathing, but the non-invasive recording of their breathing
could reveal it, which would permit earlier diagnosis and potential
treatment of breathing symptoms, possibly via GABAergic agents.
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Résumé en français : 

 

Le Syndrome de Rett est une maladie neurodéveloppementale accompagnée de 

symptômes respiratoires incluant des événements de blocages de la respiration, et est causé 

par des mutations dans le gène du répresseur transcriptionnel methyl-CpG-binding protein 2 

(MeCP2). Les souris mâles dont le gène Mecp2 a été muté (souris Mecp2
-/y) développent 

également des symptômes respiratoires, avec un rythme respiratoire erratique et des apnées 

dramatiques à partir du 30e jour postnatal (P30), menant à une détresse respiratoire et à une 

mort prématurée aux alentours de P60. Nous avons investigué la fonction respiratoire de 

souris Mecp2
-/y conscientes à P40-P60 en utilisant la pléthysmographie corps entier 

conventionnelle, la pléthysmographie double chambre et des enregistrements 

électromyographiques (EMG) thoraciques. La pléthysmographie double chambre a révélé une 

augmentation persistente de la charge de travail respiratoire avec des mouvements thoraciques 

augmentés, mais sans augmentation consécutive du volume courant, révélant ainsi un 

déséquilibre entre flux aérien et travail des muscles respiratoires. Des apnées avaient lieu avec 

une cessation des mouvements thoraciques et de la ventilation, mais certaines (40%) se 

développaient avec des décharges rythmiques persistant sur l’EMG thoracique ou des 

mouvements thoraciques sans flux aérien respiratoire, suggérant un effort respiratoire contre 

des voies aériennes obstruées. L’obstruction des voies aériennes était maintenue même quand 

le tonus excitateur respiratoire augmentait significativement, déclenchant d’importantes 

décharges sur l’EMG thoracique et de grands mouvements thoraciques. La pléthysmographie 

corps entier des souris Mecp2
-/y a révélé des augmentations significatives des spirogrammes 

respiratoires, reflétant les mouvements thoraciques forcés contre les voies aériennes 

supérieures partiellement obstruées. Les décharges persistant sur l’EMG thoracique et les 

mouvements thoraciques rythmiques sans flux aérien respiratoire suggèrent que l’inactivation 

de la protéine MeCP2 altère les circuits neuronaux qui contrôlent les muscles abducteurs des 
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voies aériennes supérieures. Les blocages de la respiration observés chez les souris Mecp2
-/y 

pourraient impliquer des troubles des circuits neuronaux du contrôle volontaire de la 

respiration.
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a b s t r a c t

Rett syndrome is a neuro-developmental disease accompanied by breathing symptoms including breath-
hold events, and is caused by mutation of the transcriptional repressor methyl-CpG-binding protein
2 (MeCP2). Males of Mecp2-deficient mice (Mecp2−/y) also develop breathing symptoms, with erratic
rhythm and life-threatening apnoeas from postnatal day 30 (P30), leading to respiratory distress and
premature death at around P60. We investigated the respiratory function of conscious Mecp2−/y mice
at P40–P60 using conventional whole-body plethysmography, double-chamber plethysmography and
chest EMG recordings. Double-chamber plethysmography revealed a persistent increase in respiratory
work-load with enlarged chest movements, but no subsequent increase of tidal volume thus revealing a
mismatch between airflow and muscle work-load. Apnoeas occurred with cessation of both chest move-
ments and ventilation, but some (40%) developed with persisting rhythmic chest EMG discharges or chest
movements without respiratory airflow, suggesting respiratory efforts against obstructed airways. Air-
way obstruction was maintained even when the respiratory drive increased significantly, triggering large
chest EMG discharges and movements. Whole-body plethysmography of Mecp2−/y mice revealed signif-
icant increases of spirograms, reflecting forced chest movements against partially obstructed airways.
The persisting chest EMG discharges and rhythmic chest movements without respiratory airflow suggest
that Mecp2 inactivation alters neural circuits controlling the upper airway dilator muscles. The observed
breath-hold events in Mecp2−/y mice might imply disturbance of neural circuits attached to voluntary
control of breathing.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Breathing is a complex motor activity essential to lung venti-
lation and blood oxygenation. For survival, three different neural
subsystems must function appropriately: (1) the medullary res-
piratory rhythm generator (RRG) (Feldman and Del Negro, 2006;
Onimaru and Homma, 2003; Onimaru et al., 2009; Thoby-Brisson
et al., 2009) producing inspiration and expiration, (2) the ponto-
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medullary central pattern generator (CPG) controlling the chest and
upper airway motoneurons (Abdala et al., 2009; Dutschmann and
Paton, 2002a; Smith et al., 2007) and, (3) the central and periph-
eral regulatory loops adapting the RRG and CPG drives to varying
metabolic demands and behaviour. Prior to or at birth the main
respiratory circuits are functional (Hilaire and Duron, 1999), but
prominent postnatal maturational processes take place only until
adolescence (Dutschmann et al., 2008, 2009).

Molecular genetic approaches have identified several genes cru-
cial for RRG prenatal maturation and neonatal function in mice
(Amiel et al., 2009; Baekey et al., 2009; Gaultier and Gallego, 2008;
Gray, 2008; Onimaru et al., 2009). The role of methyl-CpG-binding
protein 2 gene (MeCP2) is however different: MeCP2 does not con-
tribute to the perinatal maturation of the RRG but contributes to its
function in adults. MeCP2 mutations in girls with Rett syndrome
(RTT) cause severe neuro-developmental disorder accompanied by
breathing symptoms (Amir et al., 1999). After a seemingly nor-
mal period of postnatal development, RTT girls start to develop
neurologic symptoms, including erratic respiratory rhythm, life-
threatening apnoeas and breath-holdings (Katz et al., 2009). MeCP2
inactivation in mice also induces breathing symptoms (Katz et al.,
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Fig. 1. Breathing of a Mecp2−/y mouse recorded with whole-body plethysmography. Raw plethysmographic traces (inspiration upward in this and all following figures)
recorded in the same Mecp2−/y mouse at postnatal day 30 (P30) and P60. Note the stable and regular breathing of the young Mecp2−/y mouse at P30 (A) and the erratic
breathing at P60 (B), with four successive apnoeas, the three first labelled B1, B2 and B3 being displayed at larger time scale in B1, B2 and B3. Vertical arrows in B2 and B3
indicate small rhythmic events occurring during the apnoeic periods, suggesting the RRG was still driving the CPG which failed to induce normal breathing movements.
Calibration bars for wbVT: 10 !L g−1.

2009; Viemari et al., 2005). Mecp2-deficient male (Mecp2−/y) mice
breathe normally from birth to P30 although they show subtle
abnormalities of post-sigh breathing (Voituron et al., 2010) and
respiratory responses to environmental challenges (Voituron et al.,
2009). After P30, Mecp2−/y develop marked breathing symptoms,
with an erratic respiratory rhythm and life-threatening apnoeas
aggravating with age until respiratory distress and death occurs
at around P60 (Viemari et al., 2005). The breathing symptoms of
Mecp2−/y mice are thought to reflect RRG dysfunction caused by
alterations of several neurochemical systems (Ide et al., 2005; Katz
et al., 2009; Medrihan et al., 2008; Viemari et al., 2005). However,
in situ studies in Mecp2−/y mice at P45 have revealed untimely
discharges of laryngeal adductor (constrictor) muscles (Stettner
et al., 2007). Since laryngeal motor dysfunction can cause patho-
logical changes in upper airways resistance, we investigated the
breathing pattern of Mecp2−/y mice from P40 to P60 via simulta-
neous examination of chest respiratory movements, airflow and
chest electromyogram (EMG). We show that Mecp2 deficiency in
mice leads to upper airway obstructions potentially involving CPG
dysfunction.

2. Methods

Experiments were carried out in wild type (WT) and mouse
model for RTT [strain B6.129P2(C)-Mecp2tm1–1Bird] (The Jack-

son Laboratory, Bar Harbor, ME) in accordance with the European
guidelines for the care and use of laboratory animals (Council Direc-
tive 86/609/EEC). Hemizygous mutant Mecp2 male mice (Mecp2−/y)
(Viemari et al., 2005; Voituron et al., 2009, 2010; Zanella et al., 2008)
were generated by crossing heterozygous knock-out females with
C57BL/6 male mice (Guy et al., 2001) and genotyped by routine PCR
technique.

The breathing of unanesthetized, unrestrained male mice was
recorded using a constant flow whole-body plethysmograph
(EMKA Technologies, Paris, France), with 200 ml animal chambers
ventilated with air (600 ml/min). Also the breathing of pairs of WT
and Mecp2−/y mice of matched ages was simultaneously recorded.
Recordings were performed during the P40–P60 period when
breathing symptoms in Mecp2−/y persistently occur (n = 7 WT and 7
Mecp2−/y mice). We also used a double-chamber plethysmograph
to simultaneously record the chest movement and lung ventilation
in restrained, unanesthetized mice during P40 to P60 period (n = 7
WT and 8 Mecp2−/y). As previously reported (Dutschmann et al.,
2010; Voituron et al., 2010), the double-chamber plethysmograph
was built from two syringes, with a rubber piston separating the
body chamber (50 ml) from the head chamber (20 ml). The piston
was cut to make an adjustable neck collar, individually adapted
to each mouse. The head chamber was connected to a constant
flow pump for continuous flow of fresh air (200 ml/min). Double-
chamber plethysmography was used to simultaneously record the
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Fig. 2. Main breathing parameters recorded with whole-body plethysmography and double-plethysmography in Mecp2−/y and WT mice at P40–P60. Columns (and bars)
show mean (and SEM) values for respiratory frequency (fR, in c min−1), tidal volume (VT, in !L g−1) and apnoea index (AI, in apnoea min−1) for WT (white columns) and
Mecp2−/y mice (black columns) aged P40–P60. (A) Values obtained with whole-body plethysmography show larger wbVT and AI in Mecp2−/y than WT mice. (B) Values
obtained with double-plethysmography confirm larger AI in Mecp2−/y than WT mice (B3; apnoeas counted from chestVT signals) but gives larger fR values than whole-body
plethysmography (B1). B2 shows mean values of headVT (two left hand columns) and chestVT (right hand columns). Mean headVT did not differ between Mecp2−/y and
WT mice but mean chestVT was twice larger in Mecp2−/y than WT mice. Thus, large chest movements of Mecp2−/y mice induced an overestimate of wbVT with whole-body
plethysmography. Asterisks indicate a significant difference between Mecp2−/y and WT mice.

respiratory pressure changes generated by the chest movements
in the chest chamber and the resulting airflow in the head cham-
ber. This enabled the identification of partial and/or total airway
obstructions when the chest respiratory movement induced abnor-
mally weak airflow and/or no airflow.

For whole-body and double-chamber plethysmography, cham-
bers were maintained at 25 ± 0.5 ◦C, connected to reference
chambers and pressure recorders (EMKA Technologies, Paris,
France). Two or three days before recordings, the mice were habit-
uated to stay in the plethysmograph chamber to reduce any stress.
Spirograms were fed to an analog-to-digital converter (sampling
frequency, 0.5 or 2.5 kHz), stored on a personal computer disk and
analyzed via the Spike 2 interface and software (Cambridge Elec-
tronic Design, Cambridge, UK). Only periods of breathing without
body movements were studied and mean respiratory frequency
(fR, expressed in respiratory cycles per minute, c min−1), total res-
piratory cycle duration (Ttot) and apnoea index (AI, number of
apnoeas > two respiratory cycles per minute) were measured. The
fR was measured exclusively during regular breathing periods.
Apnoeas occurred during both regular and erratic breathing peri-
ods, but AI measurements were mainly undertaken during periods
of erratic breathing when apnoeas were most frequent. Volume cal-
ibrations were performed (see Viemari et al., 2005; Voituron et al.,
2009, 2010; Zanella et al., 2008) by injecting small amounts of air
in the recording chambers (50–100 !L), enabling measurements of
tidal volume (VT; expressed in microliter per gram, !L g−1) from

spirograms of whole-body plethysmographic experiments (wbVT)
and from pressure changes in the chest chamber of double-chamber
plethysmography experiments (chestVT). Actual VT was measured
from pressure changes in the head chamber of the double-chamber
plethysmography experiments (headVT). Large number of respira-
tory cycles (>100) was averaged (Spike 2 software) by using the
peak of chestVT signal as trigger to build averaged curves showing
the mean changes of headVT and chestVT vs. time. After averag-
ing, the lags between chestVT and headVT averaged traces were
measured at the beginning of inspiration estimated from chestVT
increase and at the end of inspiration when chestVT reached
its peak value. Averaged curves were expressed either as abso-
lute values (!L g−1) or as % changes of the peak to peak values
(maximum–minimum). During periods of quiet breathing, the peak
amplitudes of chestVT and headVT were measured on n > 60 respira-
tory cycles and Bravais–Pearson tests were performed to calculate
the correlation coefficients between variables. All data (fR, Ttot,
wbVT, chestVT, headVT, etc.) were presented as mean ± standard
error of the mean (SEM) and differences were considered significant
when p < 0.05.

Six Mecp2−/y mice were deeply sedated with intraperitoneal
injection of midazolam (5 mg kg−1), a benzodiazepine of common
clinical use for inducing sedation for short periods of time (Reves
et al., 1985). Thin insulated cooper wires (100 !m diameter) were
inserted in the external intercostals muscles (9th–10th spaces) and
abdominal muscles (rectus abdominis). EMG signals were fed to
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Fig. 3. Double-chamber plethysmography recordings of headVT and chestVT signals of WT mouse at P45. (A) Raw traces of headVT and chestVT signals (upper and lower
traces, respectively) recorded with double-plethysmography in a P45 WT mouse (calibration bars for headVT and chest VT: 5 !L g−1). (B) Averaged traces of head and chest
signals triggered from the peak chestVT signal; note the double head arrow indicating the mean time lag between the two peaks. Amplitudes are expressed in % of peak
signals. (C) Distribution (in %) of respiratory cycle duration (Ttot) in 10 ms bins; note the tight Ttot partition. (D) Highly significant correlation between peak amplitudes
expressed in arbitrary units (a.u.) of headVT and chestVT signals (the two open circles correspond to two sighs); the doted line indicates the line of identity for headVT and
chestVT. (E) Frequency of occurrence (in %) of the lag (5 ms bins) measured between the peak values of head signal and chest signal (time zero in (B)); note the stability of
the time lag between head vs. chest signal peaks.

filter, amplifier (Neurolog System) and integrated (time constant
100 ms). Thereafter the mice were placed in the plethysmograph
and allowed to recover from sedation for about 30 min before start-
ing the recording session.

3. Results

3.1. Breathing pattern of WT and Mecp2−/y mice recorded using
whole-body (wb) plethysmography

Whole-body (wb) plethysmography was used to record breath-
ing of conscious, unrestrained WT and Mecp2−/y mice aged from
P40 to P60 (n = 14). Occasionally the same Mecp2−/y mouse was
recorded twice, before (Fig. 1A) and during (Fig. 1B) the symp-
tomatic period.

The breathing pattern of Mecp2−/y (n = 7) mice was significantly
altered post-P40 when compared to seven WT mice (Fig. 2A).
Although the mean respiratory frequency (fR) was not differ-
ent between Mecp2−/y and WT mice (174 ± 7 and 197 ± 5 c min−1,
respectively), total cycle duration Ttot was more variable in
Mecp2−/y than WT mice. As well, the apnoea index (AI, number

of apnoeas per min) was significantly higher in Mecp2−/y than
WT mice (7.7 ± 1.8 and 0.5 ± 0.2). In a given Mecp2−/y mouse, the
tidal volume measured with whole-body plethysmography (wbVT)
was variable between individual inspirations, but the mean wbVT
was significantly larger in Mecp2−/y than WT mice (11.0 ± 1.3 and
5.4 ± 0.7 !L g−1). This suggested that the CPG was generating a
stronger respiratory drive in Mecp2−/y than WT mice. Most apnoeas
in Mecp2−/y mice occurred with a total cessation of the respira-
tory signal (Fig. 1B1), suggesting RRG dysfunction. However, small
and rhythmic events were occasionally observed during apnoeas
(Fig. 1B2 and B3). Although rare (1–5 per 15 min), these events were
found mostly in Mecp2−/y mice and revealing that weak respiratory
movements could persist during some apnoeas.

3.2. Baseline breathing of WT and Mecp2−/y mice recorded with
double-chamber plethysmography

In Mecp2−/y mice, the persistence of weak respiratory move-
ments during some apnoeas and the large mean wbVT were
evident. We therefore used a double-plethysmography approach
to simultaneously record the pressure changes induced by the
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Fig. 4. Double-chamber plethysmography recordings of head and chest signals during a regular breathing period in Mecp2−/y mouse at P45. Same arrangement as in Fig. 3
but for a Mecp2−/y mouse at P45. (A) Raw traces of headVT and chestVT signals (upper and lower traces, respectively) recorded with double-plethysmography during a period
of regular breathing in a Mecp2−/y mouse at P45 (calibration bars: 5 !L g−1 for head and chest signals). (B) Averaged traces of headVT and chestVT signals triggered from the
peak chestVT signal; note the double head arrow indicating the mean time lag between the two peaks. Amplitudes are expressed in % of signal peaks. (C) Distribution (in %)
of respiratory cycle duration (Ttot) in 10 ms bins; note the variability of Ttot. (D) Correlation between peak amplitudes of headVT and chestVT signals (expressed in arbitrary
units, a.u.; open circles, sighs); the doted line indicates the line of identity for headVT and chestVT. (E) Frequency of occurrence (in %) of the lag (5 ms bins) measured between
the peak values of head signal and chest signal (time zero in (B)); note the variability of the lag, with a 50 ms precession of airflow peak vs. chest peak but lags could be short
(10–15 ms) or long (80–90 ms).

chest respiratory movements in the chest chamber (chestVT) and
the pressure changes induced by ventilation in the head chamber
(headVT) (Dutschmann et al., 2010; Voituron et al., 2010).

With double-plethysmography (Fig. 2B), the mean fR measured
in seven WT mice was significantly higher (247 ± 15 c min−1) than
that measured with whole-body plethysmography. Despite a 25%
increase of the mean fR, WT mice retained a stable breathing pat-
tern (Fig. 3A), a weak AI (0.3 ± 0.1) and a narrow distribution of Ttot
values (Fig. 3C).

Analysis of raw (Fig. 3A) and averaged signals (Fig. 3B) showed
synchronised changes in chestVT and headVT signals. At the begin-
ning of inspiration, the chest inspiratory movement (detected
from chestVT) induced air inflow (detected from headVT) with a
21 ± 4 ms delay, the chestVT signal preceding the headVT signal.
While both signals increased during inspiration, the headVT sig-
nal reached its maximum 46 ± 13 ms prior to the chestVT signal
(Fig. 3E). The mean values of chestVT and headVT peaks were not
statistically different (6.1 ± 1.8 and 5.9 ± 0.9 !L g−1, respectively)
and thus yield a mean ratio of headVT/chestVT close to a value of
one (1.12 ± 0.22).

With double-chamber plethysmography, Mecp2−/y mice (n = 8)
showed periods of regular breathing (Fig. 4) intermingled with peri-

ods of erratic breathing with frequent apnoeas (Fig. 5). This led
to a large mean value of AI (AI = 4.4 ± 0.5), not significantly differ-
ent from that observed with whole-body plethysmography. During
periods of regular breathing (Fig. 4A), Ttot was highly variable in
Mecp2−/y mice (Fig. 4C) whereas it was stable in WT mice. The
mean fR in Mecp2−/y mice (265 ± 19 c min−1) was increased by 52%
compared to the mean fR measured with whole-body plethysmog-
raphy, an increase significantly larger than that observed in WT.
No obvious differences in the shape and the time-course of headVT
and chestVT signals between Mecp2−/y (Fig. 4B) and WT mice were
seen from signal averaging. At the beginning of inspiration, chest
movement induced air inflow with a 13 ± 5 ms delay. Subsequently,
both signals increased, the headVT signal reaching its maximum
21 ± 13 ms prior to the chestVT signal (Fig. 4E). The lag between
peaks of chestVT and headVT signals displayed a large breath to
breath variability in Mecp2−/y mice (Fig. 4E) whereas it was stable
in WT. However, the mean lags at the beginning of inspiration and at
peak values were not significantly different between Mecp2−/y and
WT mice. The major difference between Mecp2−/y and WT mice was
a larger mean value of chestVT peak in Mecp2−/y (10.5 ± 1.9 !L g−1)
than WT mice. Since the headVT peak was not significantly larger
in Mecp2−/y (5.9 ± 1.1 !L g−1) than WT mice, the increased work of
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Fig. 5. Breathing and apnoeas in Mecp2−/y mice recorded with double-plethysmography. Raw traces of headVT and chestVT signals (upper and lower traces, respectively)
recorded with double-plethysmography during periods of erratic breathing in Mecp2−/y mice (calibrations bars: 5 and 10 !L g−1 for headVT and chestVT signals, respectively).
(A) Note the occurrence of two central apnoeas (horizontal line). (B and C) Show occurrence of obstructive apnoeas as attested by the lack of significant changes in headVT

signal meanwhile chest movements persisted as attested by chestVT signals (vertical arrows). In (B), note the central apnoea that develops (no chest and head signals during
>400 ms) prior to the appearance of the obstructive apnoea (no headVT signal but persisting chest movements).

the chest pump in Mecp2−/y mice failed to produce a physiologi-
cal increase in airflow. Indeed, the mean value of headVT/chestVT
ratio was significantly lower in Mecp2−/y mice (0.57 ± 0.10) than
WT mice.

3.3. Apnoeas of Mecp2−/y mice recorded with double-chamber
plethysmography

During periods of erratic breathing, double-chamber plethys-
mography showed that Mecp2−/y mice produced two types of
breathing arrest: (1) classic central apnoeas with no detectable
headVT and chestVT signals suggesting total arrest of the RRG
(Fig. 5A) and (2) possible centrally-mediated obstructive apnoeas
(c-OA) with no headVT signal but persisting rhythmic chestVT sig-
nal (Fig. 5B and C). Central apnoeas were more frequent and shorter
(about 60% and <1 s duration) than c-OA events (about 40% and >1 s
duration). The c-OA with no headVT signal but persisting rhythmic
chestVT signal were often followed by subsequent hyperventilation
for a 1–2 s period, with increased fR, chestVT and headVT, possi-
bly to compensate the hypoxia from the preceding apnoeic period.
However, it has to be mentioned that the distinction between
the two types of apnoeas was not always possible. Mixed types
apnoeas were frequently observed in Mecp2−/y mice, with either
central apnoeas leading to c-OA (Fig. 5B) or c-OA leading to cen-
tral apnoeas (Fig. 6C). WT mice also occasionally produced a few
transient apnoeas (also see Stettner et al., 2008) but these apnoeas
were rare (Fig. 2B3) and of the central type, without chestVT and
headVT signals (data not shown).

Differences in post-sigh apnoea and breathing in WT and
Mecp2−/y mice were previously reported (Voituron et al., 2010). In
this study we confirm that sighs were followed by short-lasting
post-sigh apnoeas (<1 s) in WT mice, with normal chestVT and
headVT after breathing resumed (Fig. 6A). However in Mecp2−/y

mice, sighs were followed by longer lasting post-sigh apnoeas (>1 s)
and headVT and chestVT were of reduced amplitude when breath-
ing resumed (triangles in Fig. 6B). In addition, post-sigh breathing

activity occasionally showed c-OA, with hardly detectable headVT
despite the presence of clear chestVT (arrows in Fig. 6C). These
post-sigh c-OA were followed by a marked hyperventilation when
breathing resumed.

3.4. Mecp2−/y mice exhibit chest EMG discharge during apnoeas

In order to investigate the mechanisms through which weak
chestVT were produced during c-OA periods (as attested by
zeroed headVT), six other symptomatic Mecp2−/y mice were
deeply sedated with intraperitoneal injections of midazolam
and were instrumented with EMG electrode implantation. As
in the case of pentobarbiturates (Viemari et al., 2005), mida-
zolam sedation transiently abolished breathing symptoms for
one to 2 h, as attested by double-chamber recordings show-
ing reduced fR (177 ± 24 c min−1), stabilized Ttot and abolished
apnoeas (AI = 0.6 ± 0.3). However 2–3 h after sedation, breath-
ing symptoms reappeared and four Mecp2−/y mice placed in
the double-chamber plethysmography displayed a significant AI
(3.3 ± 0.9). Chest EMG faithfully reflected chestVT and headVT sig-
nals during periods of normal breathing (Fig. 7A). However during
erratic breathing periods, c-OA occurred with reduced chestVT,
hardly detectable headVT, but persisting chest EMG with normal
scope and amplitude (Fig. 7B). The same was observed during post-
sigh apnoeas (Fig. 7C). During progression of c-OA, amplitude and
frequency of chest EMG increased until they successfully initiated
large chestVT and significant headVT. Thus, during c-OA periods
attested by the lack of headVT, the chest motoneurons continued
to receive a central respiratory drive in Mecp2−/y mice.

Additionally, two other Mecp2−/y mice were instrumented for
recording of both chest and abdominal EMGs to determine whether
contractions of abdominal muscles contribute to c-OA. In these
mice, the abdominal muscles remained quiescent during eup-
noea as well as during short-lasting apnoeas (Fig. 8A). However,
when long-lasting apnoeas developed with reduced chestVT, no
headVT but with persisting chest EMG, the abdominal muscles
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Fig. 6. Sighs recorded with double-plethysmography in Mecp2−/y and WT mice. Double-plethysmography traces show headVT and chestVT signals (upper and lower traces,
respectively) and sighs produced by a WT mouse at P60 (A) and two Mecp2−/y mice at P55 and P60 (B and C, respectively). (A) Note the short-lasting (0.5 s) post-sigh apnoea
and the normal amplitude of headVT and chest VT signals when breathing resumes. (B) Note the long-lasting (1.5 s) post-sigh apnoeas and the reduced headVT and chestVT

during the first three inspirations when breathing resumes (triangles). (C) Note the long post-sigh apnoea (around 6 s) that occurred with persisting weak chestVT signals
(vertical arrows) without significant headVT signals, the transient central apnoea (no vertical arrows) and the marked hyperventilation when breathing resumes. Calibration
bars: headVT 5 !L g−1 for A–C; chestVT 5 !L g−1 for (A), 10 !L g−1 for (B and C).

were recruited at the end of the c-OA period (Fig. 8B and C).
The abdominals fired tonically with reinforced discharges during
expiration. Occasionally, the abdominal muscles were recruited
when breathing resumed, firing during expiration (Fig. 8D). There-
fore, the expiratory abdominal muscles do not initiate the c-OA
period but could contribute to restore headVT and ventilation.
Lastly, we recorded chest EMG in two Mecp2−/y mice sedated
with midazolam and placed in the whole-body plethysmograph
in order to determine whether persistence of chest EMG without
headVT could be caused or facilitated by the neck collar and/or
immobilization stress in the double-chamber plethysmography.
With whole-body plethysmography, c-OA recordings were also
obtained. This showed persistence of chest EMG during c-OA indi-
cated by absence of wbVT signals (data not shown).

4. Discussion

In Mecp2−/y mice which is a standardised mouse model for
the study of RTT (Katz et al., 2009; Viemari et al., 2005), we
report transient ventilatory arrests with persisting chest EMG dis-
charge, revealing inspiratory efforts against obstructed airways.
Our present in vivo data extend the previous in situ study (Stettner
et al., 2007) showing that apnoeas of Mecp2−/y mice are linked to
the tonic drive of laryngeal (constrictor) muscles. The occurrence
of centrally-mediated obstructive apnoeas (c-OA) in symptomatic
Mecp2−/y mice is fully consistent with breath-holding and frequent

laryngeal and oropharyngeal problems in RTT patients (Budden et
al., 1990; Morton et al., 1997a,b; Motil et al., 1999). Because c-OA
and breath-holds significantly alter brain oxygenation and upper
neural networks function, understanding their origin in Mecp2−/y

mice is a critical step for RTT research.

4.1. Persisting airway dysfunction and transient
centrally-mediated obstructive apnoeas (c-OA) in Mecp2−/y mice

During the symptomatic period, Mecp2−/y mice display regular
breathing intermingled with periods of erratic breathing (Viemari
et al., 2005; Voituron et al., 2009, 2010; Katz et al., 2009). During
regular breathing periods, the ratio headVT/chestVT is halved in
Mecp2−/y compared to WT mice. Large but inefficient chest move-
ments in Mecp2−/y mice support the possibility of dysfunctional
upper airways causing increased respiratory work during venti-
lation. The work-load and metabolic demands of such abnormal
breathing is high, which might contribute to the weight loss of
Mecp2−/y mice seen during ageing. During erratic breathing peri-
ods, double-chamber plethysmography shows transient arrest of
ventilation with persisting chest EMG discharges, revealing c-OA
in symptomatic Mecp2−/y mice. With whole-body plethysmogra-
phy, such c-OA also occurred (Fig. 1B2 and B3 in the present report
and Fig. 1 in Ogier and Katz, 2008) but could be classified as cen-
tral apnoeas caused by RRG arrest. The c-OA commonly ends with a
period of hyperventilation, increased fR and VT, suggesting that res-
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Fig. 7. Chest EMG discharges persisted during apnoeas in Mecp2−/y mouse at P55. Traces show head signal, chest signal, integrated and raw chest EMG discharges (from top
to bottom) in a Mecp2−/y mouse at P55 during periods of stable (A) and erratic (B and C) breathing. (B and C) Long-lasting apnoeas during periods of erratic breathing occurred
without significant headVT signal (no ventilation) but weak chestVT signals and maintained EMG discharges (note the amplitude of the integrated EMG). Apnoeas occurred
without (B) and with (C) preceding sigh, respectively. In both (A) and (B), note the amplitudes of EMG discharges increased during apnoea until they became strong enough
to restore ventilation.

piratory compensation for c-OA contributes to the highly variable
breathing of Mecp2−/y mice. With whole-body plethysmography,
such hyperventilations could also be attributed to RRG dysfunc-
tion. Compared to central apnoeas caused by RRG arrests, c-OAs
are more damaging since the oxygen-consuming contractions of
respiratory muscles trigger a rapid onset of asphyxia. In Mecp2−/y

mice, c-OA occurred after normal breaths and after sighs. We have
previously reported that the post-sigh apnoeas of Mecp2−/y mice
are of long duration and followed by marked reduction of VT when
breathing resumes (Voituron et al., 2010). We now show strong
chest EMG discharges during the post-sigh period occurring prior
to the start of ventilation when breathing resumes. Thus it is clear
that the long-lasting post-sigh apnoeas of Mecp2−/y mice are not
caused by long-lasting arrests of the RRG but are due to CPG
dysfunction.

4.2. Origins of centrally-mediated obstructive apnoeas in
Mecp2−/y mice

To understand the origins of c-OA it is important to understand
that breathing requires the co-ordinated contractions of two func-
tionally different motor systems. Spinal motoneurons innervate
the diaphragm and the chest wall muscles and the combined con-
tractions of these muscles during inspiration produce airflow into
the lungs while cranial motor neurons innervate the laryngeal and
pharyngeal systems to control and adjust airflow. During inspi-

ration, the co-activation of laryngeal and pharyngeal abductors
(dilators) decreases upper airway resistance to support inhalation.
During post-inspiration, the antagonistic laryngeal and pharyngeal
adductors (constrictors) are activated and counteract recoil of the
inflated lung, controlling strength and duration of expiratory air-
flow (Morschel and Dutschmann, 2009). The laryngo-pharyngeal
motoneurons are multi-functional neurons contributing to eup-
noeic breathing (expiratory airflow breaking), coughing, sneezing
and respiratory-related upper airway behaviours underlying vocal-
ization or swallowing (see Bianchi and Gestreau, 2009; Shiba et al.,
1999). The pontine Kolliker-Fuse (KF) nucleus controls and gates
the post-inspiratory laryngeal and pharyngeal adductor activity
and plays a crucial role in coordinating the activity of motoneurons
innervating the upper airway valve and chest wall. Importantly,
a hyperexcitablility of KF neurons was detected in Mecp2−/y mice
after the onset of severe breathing disorders (Stettner et al.,
2007).

In previous studies, we discussed potential deficits or synaptic
instability of the RRG of Mecp2−/y mice causing erratic respiratory
rhythm (Viemari et al., 2005; Voituron et al., 2009, 2010). How-
ever, our current results provide a different picture suggesting that
a large proportion of the apnoeas are not central apnoeas associated
with arrest of the RRG. The occurrence of c-OAs shows the dysfunc-
tion of the CPG to co-ordinate and to modulate the diaphragm/chest
wall and upper airway circuits in the Mecp2−/y mice. This fully sup-
ports the hypothesis of potential hyper-excitability within sensory
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Fig. 8. Abdominal EMG discharges did not contribute to apnoeas in Mecp2−/y mouse at P45. Traces show abdominal EMG, chest EMG, headVT and chestVT (from top to
bottom) in a Mecp2−/y mouse at P45. (A) Traces show two short-lasting apnoeas (1.3 and 1 s) with total arrest of ventilation (no headVT signal), weak chestVT signals but
sustained EMG discharges. Note the silence of the abdominal muscle while the intercostal muscle was active during inspiration. (B–D) Show three long-lasting apnoeas (3, 5
and 12 s, respectively) without headVT signal, but weak chestVT signals and sustained EMG discharges. During apnoeas, the intercostal inspiratory discharges progressively
increased until they became potent to restore significant headVT signal with subsequent hyperventilation. Note that abdominal expiratory discharges were recruited either
after (B and C) or at the end (D) of apnoeas.

relays and the KF (Stettner et al., 2007). The observed chest EMG
discharge against obstructed airways is similar to what occurs dur-
ing breath-hold diving (Angell-James et al., 1981; Dutschmann and
Paton, 2002b). The diving apnoea is mediated within the KF and is
modified by emotions (e.g. fear) or anticipation (Butler and Jones,
1997; McCulloch et al., 2010). This also raises the possibility of
conscious control upper airway protective reflexes. The marked
increase of fR in immobilized Mecp2−/y mice within the double-
chamber plethysmography supports the view of strong emotional
component impinging on breathing disorders in RTT. Since the CPGs
are under permanent influence from the limbic system (Holstege et
al., 1996), disturbances of these synaptic inputs may substantially
contribute to breathing disorders.

4.3. Alteration of neurotransmitter systems linked to apnoeas in
Mecp2−/y mice

Several neurochemical systems are altered in Mecp2 knock-out
mice and RTT patients (Adachi et al., 2009; Ogier and Katz, 2008;
Roux et al., 2009; Taneja et al., 2009; Viemari et al., 2005; Wu and
Camarena, 2009). The GABAergic neurotransmission is amongst the
first to be altered (Katz et al., 2009; Medrihan et al., 2008). As GABA
inhibition contributes to the generation of the respiratory rhythm
(Smith et al., 2009) and also shapes expiratory laryngeal discharge
(Sun et al., 2008), GABA deficits in Mecp2−/y mice could affect
both the RRG and CPG (Voituron et al., 2010). GABAergic neuro-
transmission is enhanced by benzodiazepine. Thus benzodiazepine

treatment (present results) or GABA re-uptake inhibition (Abdala
et al., 2010) could alleviate breathing symptoms and abolish c-OA
of Mecp2−/y mice as evidenced by the case report of 6-year-old RTT
patient treated with benzodiazepine (Kurihara et al., 2001).

4.4. Technical limitations

The use of whole-body plethysmography and double-chamber
plethysmography both confirmed highly variable Ttot and frequent
apnoeas in symptomatic Mecp2−/y mice. However, we measured
abnormally large wbVT in whole-body plethysmography. Whole-
body plethysmography is a convenient method to measure the fR
but not to measure the actual VT since it measures the respiratory
pressure changes caused by both airflow and chest movements.
When airways and lung mechanics function correctly, whole-body
plethysmography retrieves valid VT values. However, as demon-
strated in the present study in the case of airways obstruction, the
animals increase their chest movements to compensate the high
resistance of airway and whole-body plethysmography indicates a
VT increase but this increase in wbVT only reflects increase of chest
movements as confirmed by measurements of chestVT and headVT
with double-chamber plethysmography.

Double-chamber plethysmography requires mouse immobi-
lization and the stressful situation arising out of immobilization
affects breathing behaviour. This leads to higher fR in immobilized
mice in the double-chamber plethysmograph as compared to freely
moving mice in the whole-body plethysmograph (Dutschmann et
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al., 2010). The fR increase is two-fold higher in Mecp2−/y than WT
immobilized mice, suggesting a generally high susceptibility to
stress of Mecp2−/y mice (Fyffe et al., 2008; McGill et al., 2006; Perry
et al., 1992). However, the immobilization stress is not the prime
trigger for c-OA in Mecp2−/y mice. Firstly, c-OAs were recorded
with whole-body plethysmography in freely moving mice. Sec-
ondly, rhythmic chest EMG discharges persisting during periods
without ventilation were recorded in sedated Mecp2−/y mice placed
either in whole-body or double-chamber plethysmographs. Thus,
we have used whole-body plethysmography and double-chamber
plethysmography as complementary approaches in order to lower
methodological limitations. We have also used chest EMG record-
ings in combination with plethysmography to provide a satisfactory
phenotyping of breathing activity of transgenic mice which are
suspicious of respiratory disorders.

To conclude, the present study in symptomatic Mecp2−/y mice
shows the occurrence centrally–mediated obstructive apnoeas,
revealing that MeCP2 inactivation in mice alters not only the RRG
but also the CPG. Indeed, the understanding of the complex breath-
ing symptoms of RTT requires a strong integrative and collaborative
research implicating different and complementary approaches.
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II - Etudes des régulations respiratoires induites par 
le CO2 et la sérotonine  

 

 

 

 

 

 

Dans ce chapitre sont présentées des études dans lesquelles nous nous sommes 

intéressés aux régulations respiratoires, et en particulier au principal tonus excitateur de la 

respiration, le CO2, aux composés pharmacologiques qui modifient la réponse ventilatoire à 

l’hypercapnie (RVHC) comme la sérotonine et l’érythropoïétine (EPO), et au rôle de la 

sérotonine pour la fonction et la dysfonction respiratoires, notamment au cours du 

vieillissement. Nous montrons que deux souches de souris sauvages très utilisées pour la 

transgénèse, les souris C57Bl/6J et les souris FVB/N, présentent des différences respiratoires 

tout au long de la vie avec une fragilité respiratoire chez les souris C57Bl/6J et à l’inverse une 

robustesse respiratoire chez les souris FVB/N, et que ces différences phénotypiques peuvent 

être expliquées par des différences du métabolisme sérotoninergique (1). Ensuite, nous avons 

effectué une revue de questions concernant le rôle de la sérotonine pour la fonction 

respiratoire et pour les pathologies qui y sont associées (2). Dans l’article suivant, nous 

présentons des résultats obtenus chez la souris nouveau-née in vitro, chez qui la fluoxétine, un 

inhibiteur de la recapture de la sérotonine présent dans les antidépresseurs comme le Prozac, 

annule la réponse respiratoire à l’acidose (3). Enfin, nous montrons chez des souris 

transgéniques et sauvages que la surexpression d’EPO diminue la RVHC par une action 

directe à la fois au niveau périphérique et au niveau central, et par une action indirecte via 

l’érythropoïèse (4). 
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1 - Les différences de métabolisme sérotoninergique 
contribuent potentiellement aux différences de phénotype 
respiratoire des souris FVB/N et C57Bl/6J 
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Résumé en français : 

 

La propension des souris pour la manipulation génétique a permis la production de 

souris mutantes avec des défauts respiratoires similaires à ceux provoqués par divers 

syndromes respiratoires. Comme les souches de souris C57Bl/6J et FVB/N sont souvent 

utilisées comme fonds génétiques pour la production de souris transgéniques, nous avons 

comparé leurs activités respiratoires à partir de la naissance. A la naissance, des approches in 

vivo et in vitro ont révélé un rythme respiratoire robuste chez les souris FVB/N, mais pas chez 

les souris C57Bl/6J. Avec l’âge, cette différence de robustesse du rythme respiratoire a 

persisté, et des différences ont été observées entre les souches de souris en volume courant, 

débit ventilatoire, régulations respiratoires, et paramètres des gaz du sang. Comme la 

sérotonine affecte la maturation et la fonction du réseau respiratoire dans le tronc cérébral, 

nous avons examiné le métabolisme sérotoninergique dans le tronc cérébral des souris 

nouveau-nées et âgées C57Bl/6J et FVB/N. Des différences du métabolisme sérotoninergique 

entre ces deux souches de souris ont été observées aux deux âges testés. Nous en concluons 

que des différences de métabolisme sérotoninergique peuvent potentiellement contribuer aux 

différences de phénotype respiratoire des souris FVB/N et C57Bl/6J. 
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Menuet C, Kourdougli N, Hilaire G, Voituron N. Differences
in serotoninergic metabolism possibly contribute to differences in
breathing phenotype of FVB/N and C57BL/6J mice. J Appl Phys-
iol 110: 1572–1581, 2011. First published March 17, 2011;
doi:10.1152/japplphysiol.00117.2011.—Mouse readiness for gene
manipulation allowed the production of mutants with breathing de-
fects reminiscent of breathing syndromes. As C57BL/6J and FVB/N
inbred strains were often used as background strains for producing
mutants, we compared their breathing pattern from birth onwards. At
birth, in vivo and in vitro approaches revealed robust respiratory
rhythm in FVB/N, but not C57BL/6J, neonates. With aging, rhythm
robustness difference persisted, and interstrain differences in tidal
volume, minute ventilation, breathing regulations, and blood-gas
parameters were observed. As serotonin affected maturation and
function of the medullary respiratory network, we examined the
serotoninergic metabolism in the medulla of C57BL/6J and FVB/N
neonates and aged mice. Interstrain differences in serotoninergic
metabolism were observed at both ages. We conclude that differences
in serotoninergic metabolism possibly contribute to differences in
breathing phenotype of FVB/N and C57BL/6J mice.

maturation; background strain; transgenic mice; respiratory rhythmo-
genesis; respiratory regulations

FROM BIRTH ONWARDS, THE NEONATAL mammal must be able to
breath and adapt its breathing to behavior and environment,
which requires correct function and regulations of the medul-
lary respiratory rhythm generator (RRG). In infants, RRG
dysfunctions contribute to distinct syndromes, such as congen-
ital central hypoventilation syndrome (2), sudden infant death
syndrome (38), Prader-Willi syndrome (63), and Rett syn-
drome (30). In aged persons, sleep-disordered breathing and
upper airway dysfunctions develop, emerging as risk factors
for cardiovascular morbidity (32) and Alzheimer disease (6,
12, 15, 23). RRG dysfunctions remain poorly understood in
humans, but mouse readiness for genetic manipulation has
allowed the identification of crucial genes for RRG (5) and the
production of mutant models for congenital central hypoven-
tilation syndrome, Prader-Willi syndrome and Rett syndrome
(1, 2, 55, 58, 59, 64), sleep-disordered breathing (45), and
Alzheimer disease (18).

The C57BL/6J and FVB/N inbred strains are often used as
background strains to produce mutant models, and the mutant
phenotype may be, at least partly, affected by the background

strain phenotype. The breathing phenotype of young adults of
the C57BL/6J strain has been studied and compared with that
of other strains (26, 43, 48–52, 62). However, the breathing
phenotype of FVB/N mice has not been extensively docu-
mented. In addition, the breathing phenotype of FVB/N and
C57BL/6J mice has never been compared at distinct develop-
mental ages. Here, we examined their breathing phenotype
from birth up to 1 yr. Using in vitro electrophysiology and in
vivo plethysmography, we found interstrain differences in
respiratory rhythm robustness, breathing parameters, and
breathing regulations. As the neuromodulator/neurotransmitter
serotonin (5-HT) is known to affect maturation and function of
all central networks, including the RRG (7, 9, 10, 21, 27, 39,
54), we have examined the 5-HT metabolism in the medulla of
FVB/N and C57BL/6J neonates and aged mice. For the first
time, we found interstrain differences in 5-HT metabolism that
could contribute to interstrain differences in breathing. Those
interstrain differences in 5-HT and breathing systems have to
be taken into account when analyzing the phenotype of mutants
produced from FVB/N or C57BL/6J strains.

METHODS

Experiments were performed on 169 mice aged from embryonic
day 18 to postnatal (P) day 360 (P360) from FVB/N (n ! 82) and
C57BL/6J (n ! 87) strains (Charles River laboratories, France), in
accordance with national legislation (JO 87–848) and European
Communities Council Directive of 22 September 2010 (2010/63/EU).
Permit numbers A13–505 and 13–426 for C. Menuet and N. Voitu-
ron, respectively were approved by Direction Départementale de la
Protection des Populations, Préfecture des Bouches du Rhône, France.
No follow-up study was performed, and different mice were studied at
different ages. All methods and analyses have already been reported
in detail elsewhere (14, 18, 55–59).

In Vitro Recordings

In vitro experiments were performed in en bloc preparations at
either P1 or embryonic day 18.5 (14, 57). After cold anesthesia, the
medulla and cervical spinal cord were dissected out, placed ventral
side upward in a 2-ml recording chamber, and superfused with
artificial cerebrospinal fluid bubbled with carbogen (in mM: 129.0
NaCl, 3.35 KCl, 1.26 CaCl2, 1.15 MgCl2, 21.0 NaHCO3, 0.58
NaH2PO4, and 30.00 glucose; pH 7.4; 4 ml/min, 27°C). The activity
of phrenic motoneuron axons of the C4 ventral root was recorded and
integrated, and the phrenic burst (PB) frequency was used to define
the activity of the RRG. We analyzed the PB frequency [expressed in
cycles per minute (c/min)], the apnea index (AI) (expressed in number
of PB cycles/min " 2 mean PB cycles), and the irregularity score (IS)
of the PB cycle period (55).

Address for reprint requests and other correspondence: N. Voituron,
Laboratoire Réponses Cellulaires et Fonctionnelles à l’Hypoxie, EA 2363,
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In Vivo Recordings

From birth up to P360, the breathing activity of conscious mice was
recorded using noninvasive plethysmographic approaches at 32°C for
neonates and 25°C for adults. Before recordings, the mice were
habituated to stay in the plethysmograph chamber to reduce stress.
Only periods of breathing without body movements were studied. We
used a home-made plethysmograph built from a 20-ml syringe,
ventilated with air (200 ml/min) at P1, and a constant-flow plethys-
mograph (EMKA Technologies, Paris, France) with 200-ml animal
chamber ventilated with air (600 ml/min) at older ages. A double-
chamber plethysmograph was also used in aged mice to simultane-
ously record the respiratory pressure changes generated by the chest
movements in the chest chamber and the resulting airflow in the head
chamber (18, 56, 59).

Spirograms were stored and analyzed (Spike 2; Cambridge Elec-
tronic Design, Cambridge, UK) to calculate the mean respiratory
frequency (Rf; expressed in respiratory c/min), tidal volume normal-
ized by the body weight (VT, #l/g), minute ventilation normalized by
the body weight (V̇E, ml·g$1·min$1, with V̇E ! Rf % VT/1,000), the
AI defined as the number of apneas per minute " 2 normal respiratory
cycles, and the IS. For VT measurements, volume calibrations were
performed by injecting small amounts of air in the recording chambers
(50–100 #l). As previously reported and discussed (18, 56), whole
body plethysmography may lead to relative uncertainty of VT mea-
surements, especially during upper airway dysfunction, with produc-
tion of enlarged chest respiratory movements to compensate airway
narrowing. Therefore, we also used double-chamber plethysmography
to examine possible upper airway dysfunction in adult mice. We
simultaneously recorded the spirograms generated by the chest move-
ments in the chest chamber (chest VT) and the resulting airflow in the
head chamber (head VT) and calculated the ratio of head VT to chest
VT (head VT/chest VT), with a ratio significantly & 1 being indicative
of upper airway dysfunction (18, 56).

We analyzed the effect of imposed hypoxic and hypercapnic
challenges by first recording breathing under normal air for 20 min
and thereafter under hypoxic (O2, 10%) or hypercapnic (CO2, 4%) gas
mixture for a 5-min period (58). Changes in Rf, VT, and V̇E induced
by hypoxia or hypercapnia were expressed as increment of control
values measured before challenges. We analyzed the effect of sigh on
the Rf by measuring the Rf every second during the 10-s period
preceding the sigh (control period) and the 20-s period following the
sigh, and expressing Rf every second in percentage of the mean Rf
during the control period (59). For a given mouse, at least seven
perisigh periods were analyzed, and data were averaged to obtain an
individual postsigh time histogram representative of mean Rf changes
before and after the sigh. The individual postsigh time histograms of
different C57BL/6J and FVB/N mice were pooled to build an aver-
aged histogram representative of a given strain.

Biochemical Analysis of Blood-Gas Parameters

Values of pH, PO2, and PCO2 levels (Torr) and hematocrit (%) were
measured in venous mixed-blood samples of nonanesthetized
C57BL/6J and FVB/N aged mice. After tail blood vessel dilatation
with water at 40–42°C and small incision at the tip of the tail, 100-#l
blood samples were collected in plastic capillaries with electrolyte-
balanced heparin (Radiometer, 70 IU heparin/ml) and analyzed with
ABL 80 Flex analyzer (Radiometer). Due to blood sample volumes,
measurements could not be performed in neonates.

Biochemical Analysis of Brain Stem Serotoninergic System

As previously reported (55), the medulla was quickly removed after
decapitation and kept at $80°C until measurements. Medullary con-
tents in 5-HT, its precursor L-tryptophan (L-Trp), and its main 5-HT
metabolite 5-hydroxy-indol acid acetic (5-HIAA) from the mono-
amine oxydase A (MAOA) degradation pathway were measured with

high-pressure liquid chromatography separation and electrochemical
detection (Waters System: pump P510, electrochemical detector
EC2465; Atlantis column DC18; mobile phase: citric acid, 50 mM;
orthophosphoric acid, 50 mM; sodium octane sulfonic acid, 0.112
mM; EDTA, 0.06 mM; methanol, 5%; NaCl, 2 mM; pH 2.95).
Contents were expressed in nanograms per medulla.

Statistical Analysis

Values are given as means ' SE. Statistical comparisons were
performed using Student’s unpaired t-test (C57BL/6J VS. FVB/N
mice) or Student’s paired t-test (double-chamber plethysmography).
Differences were regarded as significant if P & 0.05. In Table 1,
significant and nonsignificant differences are indicated as *P & 0.05,
**P & 0.01, ***P & 0.001, and nonsignificant (NS), respectively.

RESULTS

Distinct Breathing and Serotoninergic Phenotypes in FVB/N
and C57BL/6J Neonates

In vivo study of breathing. At P1, whole body plethysmog-
raphy revealed obvious interstrain differences in the breathing
phenotype of conscious, unrestrained FVB/N (n ! 8) and
C57BL/6J (n ! 8) neonates (Table 1), with robust respiratory
rhythm in FVB/N vs. unstable in C57BL/6J neonates (Fig. 1A).
The duration of consecutive respiratory cycles was stable in
FVB/N, but highly variable in C57BL/6J neonates, with sig-
nificant fivefold lower IS in FVB/N than C57BL/6J neonates
(Fig. 2A). In addition, transient apneas were rare in FVB/N, but
highly frequent in C57BL/6J neonates, with significant 14-fold
lower AI in FVB/N than C57BL/6J neonates. Neonates from
both strains had similar VT, but the Rf was significantly
twofold higher in FVB/N than C57BL/6J neonates, leading to
significantly higher V̇E in FVB/N than C57BL/6J neonates.
Then C57BL/6J compared with FVB/N neonates had lower Rf,
lower V̇E, and unstable breathing pattern at P1.

In vitro study of respiratory-like activity. To examine the
origins of the interstrain differences in breathing pattern, in
vitro experiments were conducted at P1 using medullary prep-
arations, where the neonatal RRG continued to produce rhyth-
mic PB after total isolation from upper structures and periphery
(Fig. 3A). No obvious interstrain difference was observed in
the PB amplitude, and the PB frequency was found slightly but
nonsignificantly higher in FVB/N (n ! 8) than C57BL/6J (n !
14) preparations (10.1 ' 0.8 and 8.8 ' 0.8 c/min, respectively,
NS). However, the PB rhythm was robust in FVB/N, but highly
unstable in C57BL/6J preparations, with significantly lower IS
in FVB/N than C57BL/6J preparations (39 ' 7 and 73 ' 6,
respectively, P & 0.01) and AI (0.02 ' 0.01 and 0.38 ' 0.15,
respectively, P & 0.05). This revealed an inherent instability of
the RRG of C57BL/6J neonates. We then examined whether
the RRG instability of C57BL/6J neonates was prenatal in
origin by conducting in vitro experiments at gestational day
18.5, 1 day before birth (data not shown). The isolated RRG of
C57BL/6J embryos (n ! 5) produced rhythmic PB with high
IS (69 ' 20) and AI (7.2 ' 0.3). Thus the breathing instability
observed in vivo in C57BL/6J neonates originated, at least in
part, from a prenatal instability of their RRG.

Different 5-HT Metabolisms in C57BL/6J and FVB/N
Neonatal Medullas

Given that endogenous 5-HT affected the RRG maturation
and function (7, 27), we analyzed the 5-HT metabolism in the
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medulla of C57BL/6J (n ! 10) and FVB/N (n ! 10) neonates
by measuring contents of 5-HT, its main catabolite 5-HIAA,
and its precursor L-Trp. At P1, we found similar 5-HT contents
in both strains (0.19 ' 0.03 and 0.18 ' 0.03 ng/medulla, NS)
but twofold higher L-Trp contents in FVB/N than C57BL/6J
neonates (33 ' 4 and 18 ' 2 ng/medulla, P & 0.001), and
threefold weaker 5-HIAA contents in FVB/N than C57BL/6J
neonates (0.15 ' 0.02 and 0.57 ' 0.05 ng/medulla, P &
0.001), leading to a significantly threefold higher 5-HT-to-5-
HIAA ratio (5-HT/5-HIAA) in FVB/N than C57BL/6J neo-
nates (1.28 ' 0.22 and 0.35 ' 0.06, P & 0.001). We then
examined whether the 5-HT/5-HIAA of C57BL/6J mice was
already weak before birth. In C57BL/6J embryos at gestational
day 16.5, we found a 5-HT/5-HIAA not significantly different
(0.32 ' 0.01) from that of neonates. Then the faster turnover
of the neuromodulator/neurotransmitter 5-HT in C57BL/6J
than FVB/N medullas could differently affect the prenatal
maturation and neonatal function of the RRG.

Alleviated Breathing Phenotypic Differences in C57BL/6J
and FVB/N Young Adults

To examine whether the differences in robustness of the
neonatal RRG persisted with aging, plethysmographic record-
ings were performed in young and aged adult mice (this and
next paragraphs, respectively). In young adults, the marked
difference in breathing parameters was alleviated (Table 1). At
P30, the Rf of FVB/N young adults (n ! 8) was slightly
reduced compared with that of FVB/N neonates, whereas the
Rf of C57BL/6J young adults (n ! 10) was significantly
increased compared with that of C57BL/6J neonates. This
reduced the interstrain difference in Rf, although the mean Rf
was slightly but significantly lower in FVB/N than C57BL/6J
mice. Neither VT nor V̇E differed between strains, and the
rhythm robustness was improved in C57BL/6J mice, with
similar weak IS and AI in C57BL/6J and FVB/N mice. Three
months later (P120), Rf, VT, and V̇E were decreased in both
strains, and no interstrain differences in breathing pattern were
obvious, even if Rf, AI, and IS were slightly but significantly
lower in FVB/N (n ! 10) than C57BL/6J (n ! 9) mice. Then

the breathing phenotypic differences between C57BL/6J and
FVB/N mice were alleviated during the P30–P120 period.

Marked Breathing Phenotypic Differences in C57BL/6J
and FVB/N Aged Mice

We thereafter analyzed the breathing pattern of aged
C57BL/6J and FVB/N mice at P240 and P360 (Table 1). At
P240 (Figs. 1B and 2B), the Rf was similarly reduced in both
strains, but the respiratory rhythm remained robust in
FVB/N (n ! 14), but not in C57BL/6J (n ! 8) mice.
C57BL/6J compared with FVB/N mice had significantly
higher IS and AI, and their VT was drastically reduced,
leading to a significant reduction of V̇E. At P360, the same
significant interstrain differences in rhythm robustness, VT,
and V̇E were observed.

As C57BL/6J compared with FVB/N mice had significantly
reduced VT and V̇E at P240, we examined whether this differ-
ently affected their blood parameters. Although less indicative
than arterial blood samples, venous mixed-blood samples ob-
tained via a relatively noninvasive way from tails of C57BL/6J
(n ! 6) and FVB/N (n ! 8) conscious mice at P240 revealed
interstrain differences. The mixed-venous blood PO2 was sim-
ilar in both strains (50 ' 6 and 61 ' 5 Torr, NS), but the
mixed-venous blood pH was significantly higher in FVB/N
than C57BL/6J mice (7.19 ' 0.03 and 7.10 ' 0.04, respec-
tively, P & 0.05), and, correspondingly, the mixed-venous
blood PCO2 was significantly lower in FVB/N than C57BL/6J
mice (54 ' 5 and 69 ' 6 Torr, respectively, P & 0.05).
Hematocrit was significantly lower in FVB/N than C57BL/6J
mice (44 ' 2 and 49 ' 1%, respectively, P & 0.05).

Possible Origins of VT Reduction in C57BL/6J vs. FVB/N
Aged Mice

From birth up to 1 yr, the V̇E developmental changes were
fairly different in FVB/N and C57BL/6J mice, with a monot-
onous decrease of V̇E in FVB/N mice (maximal V̇E at birth and
progressive decrease with age) vs. bell-shaped changes of V̇E

in C57BL/6J mice (weak at birth, marked but transient increase

Table 1. Breathing parameters of neonatal, young and aged C57BL/6J and FVB/N mice

Age/Strain N Rf, c/min VT, #l/g V̇E, ml ! g$1 ! min$1 AI, apneas/min IS

P1 *** NS *** *** **
C57Bl6 8 94 ' 8 10.0 ' 0.6 0.96 ' 0.11 5.62 ' 0.59 54.5 ' 9.1
FVBN 8 213 ' 15 10.0 ' 0.4 2.11 ' 0.14 0.44 ' 0.19 11.1 ' 0.8

P30 ** NS NS NS NS
C57Bl6 10 245 ' 17 10.0 ' 1.2 2.68 ' 0.54 0.20 ' 0.10 11.7 ' 2.7
FVBN 8 184 ' 11 9.8 ' 0.9 1.65 ' 0.15 0.30 ' 0.11 8.0 ' 0.7

P120 ** NS NS *** *
C57Bl6 9 192 ' 4 6.7 ' 0.8 1.30 ' 0.17 0.48 ' 0.08 11.7 ' 0.8
FVBN 10 171 ' 6 6.4 ' 0.5 1.10 ' 0.11 0.01 ' 0.01 8.3 ' 1.2

P240 NS *** * * **
C57Bl6 8 146 ' 18 2.7 ' 0.6 0.45 ' 0.15 0.83 ' 0.31 18.3 ' 3.3
FVBN 14 148 ' 5 5.6 ' 0.4 0.85 ' 0.08 0.04 ' 0.03 8.5 ' 1.2

P360 NS *** *** * NS
C57Bl6 10 128 ' 8 2.6 ' 0.2 0.33 ' 0.03 0.23 ' 0.07 10.3 ' 1.4
FVBN 9 139 ' 3 5.4 ' 0.5 0.75 ' 0.08 0.05 ' 0.03 7.6 ' 0.6

Values are means ' SE of respiratory frequency [Rf; cycles/min (c/min)], tidal volume (VT; #l/g), minute ventilation (V̇E; ml ·g$1 ·min$1), apnea index (AI;
apneas/min), and irregularity score (IS) of conscious, unrestrained FVB/N and C57Bl/6J mice at a given class of age, from postnatal day 1 (P1) up to P360, with
N indicating the number of studied animals. Significant differences between mean values at a given class of age (unpaired Student’s t-test) are indicated by
*P & 0.05, **P & 0.01, and ***P & 0.001 (NS, nonsignificant). Note the significant interstrain difference in breathing phenotype of C57BL/6J and FVB/N
neonates (P1) and aged mice (P240 and P360).
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at P30–P120, and decrease at P240–P360) mainly caused by a
stepped, drastic decrease of VT between P120 and P240. Such
VT decrease deserved further examination, and we, therefore,
analyzed upper airway function, breathing regulations, and
5-HT metabolism in FVB/N and C57BL/6J mice at P240.

Lack of Upper Airway Dysfunction in C57BL/6J and FVB/N
Aged Mice

Whole body plethysmography may detect false VT values in
case of airways dysfunction (18, 56). To examine whether the

VT reduction at P240 observed with whole body plethysmog-
raphy in C57BL/6J mice was actual or reflected airway dys-
function, we used double-chamber plethysmography. This al-
lowed the simultaneous recordings of chest breathing move-
ments (chest VT) and resulting airflow (head VT) and
calculation of the head VT/chest VT. A reduced head VT/chest
VT was reported to be the sign of upper airway dysfunction,
with mouse producing enlarged chest movements to ventilate
against partly obstructed airways. Double-chamber plethys-
mography in C57BL/6J mice did not reveal significant de-
creases in the head VT/chest VT from P30 to P240 (1.12 '
0.22, n ! 7, and 0.90 ' 0.15, n ! 7, respectively, NS). As no
upper airway dysfunction developed with age in C57BL/6J
mice, then an actual reduction of VT occurred at P240. Double-
chamber plethysmography in FVB/N mice at P30 (n ! 8) and
P240 (n ! 6) similarly showed no reduction of the head
VT/chest VT between P30 and P240.

Differences in VT Responses to O2 and CO2 Drive in C57BL/
6J and FVB/N Aged Mice

To examine whether the VT reduction of C57BL/6J mice at
P240 reflected a weak sensitivity of their respiratory centers to
O2 and CO2 chemosensory drives, FVB/N and C57BL/6J mice
were subjected to identical hypoxic (10% O2, 5 min) or
hypercapnic (4% CO2, 5 min) challenges at P240. As illus-
trated in Fig. 4, hypoxia or hypercapnia significantly increased
Rf, VT, and V̇E in both strains, but the responses were larger in
FVB/N than C57BL/6J mice. Hypoxia induced a nonsignifi-
cant larger increment of Rf in FVB/N (n ! 10) than C57BL/6J
(n ! 8) mice (56 ' 22 and 28 ' 13 c/min, respectively, NS),
a significant fourfold larger increment of VT in FVB/N than
C57BL/6J mice (9.2 ' 1.9 and 2.2 ' 0.9 #l/g, respectively,
P & 0.01), and, therefore, a significant sixfold larger increment
of V̇E in FVB/N than C57BL/6J mice (2.5 ' 0.5 and 0.4 ' 0.2
ml·g$1·min$1, respectively, P & 0.01). Hypercapnia similarly
increased Rf in FVB/N (n ! 10) and C57BL/6J (n ! 8) mice
(94 ' 8 and 89 ' 25 c/min, respectively, NS), but induced a
significant threefold larger increment of VT in FVB/N than
C57BL/6J mice (14.1 ' 1.5 and 4.0 ' 1.1 #l/g, respectively,
P & 0.001), and, therefore, of V̇E in FVB/N than C57BL/6J
mice (3.9 ' 0.4 and 1.3 ' 0.4 ml·g$1·min$1, respectively, P &
0.001). Then C57BL/6J aged mice were less sensitive to
chemical drives than FVB/N aged mice, and the weak sensi-
tivity to chemical drives of C57BL/6J mice was highly likely
contributing to their reduced VT under basal conditions.

Different Postsigh Pattern in C57BL/6J vs. FVB/N
Aged Mice

As previously reported (59), sighs are deep inspirations that
spontaneously occur at a low frequency (about 0.5 sigh/min)
and overinflate the lungs, which prevents lung atelectasis,
restores functional residual capacity, and transiently improves
alveolar oxygenation. The sigh-induced overinflation of the
lungs first induces a brief Rf reduction, reflecting the overac-
tivation of pulmonary stretch receptors (Hering-Breuer reflex)
and, second, induces a long-lasting bradypnea, reflecting the
improvement of alveolar oxygenation (chemosensory reflex).
Then the Rf changes during the post-sigh period reflected the
Hering-Breuer and chemosensory regulations in conscious,
unrestrained mice (59). In FVB/N (n ! 14) and C57BL/6J

Fig. 1. Plethysmographic recordings of in vivo breathing in C57BL/6J and
FVB/N mice. A: at postnatal day 1 (P1), whole body plethysmography revealed
unstable vs. robust respiratory rhythm in C57BL/6J (top trace) and FVB/N
(bottom trace) neonates, respectively. Note the long-lasting apnea in the
C57BL/6J neonate (horizontal dotted line). B: at postnatal day 240 (P240),
whole body plethysmography revealed the persistence of apneas in C57BL/6J
(top trace; horizontal dotted line: apnea) vs. robust rhythm in FVB/N aged
mice (bottom trace). In addition, the tidal volume (VT) was weaker in
C57BL/6J than FVB/N mice. C: double-chamber plethysmography recordings
were performed in C57BL/6J (top dual traces) and FVB/N (bottom dual traces)
mice at P240 to simultaneously record the chest respiratory movements (chest
VT) and the resulting airflow changes (head VT); recordings did not reveal
upper airway dysfunction in both strains. Horizontal bars, time scale as
indicated. Vertical bars, VT calibrations: A for P1 neonates, 10 #l/g; B for P240
mice, 5 #l/g; C for P240 mice, arbitrary units.
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(n ! 8) mice at P240, we compared the postsigh Rf to the
control Rf before the sigh (100%). The Rf was first depressed
during the second following the sigh in both strains (Fig. 5),
but significantly less in FVB/N (79 ' 3% of the control) than
C57BL/6J mice (58 ' 5% of the control), suggesting a stron-
ger Hering-Breuer inhibitory reflex in C57BL/6J than FVB/N
mice. Thereafter, a long-lasting post-sigh bradypnea developed
in both strains, but the mean Rf during the following 5 s was
significantly more reduced in FVB/N (57 ' 2% of the control)
than C57BL/6J mice (72 ' 3% of the control), suggesting a
weaker responsiveness to sigh-induced improvement of O2 in
C57BL/6J than FVB/N mice. Then differences in lung and
chemosensory regulations of breathing existed between FVB/N
and C57BL/6J mice.

Differences in Brain Stem 5-HT Metabolism of C57BL/6J vs.
FVB/N Aged Mice

As 5-HT was shown to contribute to respiratory function and
dysfunctions in adult mice (14, 27), we analyzed the 5-HT
metabolism of C57BL/6J (n ! 7) and FVB/N (n ! 7) mice at
P240. No significant differences were observed in medullary
contents of the L-Trp precursor (10 ' 1 and 12 ' 3 ng/medulla,
NS) and the 5-HIAA catabolite (1.39 ' 0.09 and 1.79 ' 0.26
ng/medulla, NS), but the 5-HT contents were significantly
higher in the medulla of FVB/N than C57BL/6J mice (3.26 '
0.22 and 2.19 ' 0.18 ng/medulla, respectively, P & 0.01).
Therefore, the 5-HT/5-HIAA was significantly higher in the
medulla of FVB/N than C57BL/6J mice (2.36 ' 0.13 and

1.35 ' 0.19, respectively, P & 0.001), revealing again
differences in 5-HT metabolism that possibly contributed to
breathing differences.

DISCUSSION

For the first time, we report phenotypic differences in 5-HT
and breathing systems of FVB/N and C57BL/6J mice from
birth onwards. Given that 5-HT affects maturation and function
of all central networks (21), including the respiratory network
(7, 9, 27, 54), then interstrain differences in 5-HT metabolism
may contribute to interstrain differences in breathing. As
FVB/N and C57BL/6J strains are often used as background
strain for producing mutants, and as the background phenotype
may affect the mutant phenotype, the 5-HT and breathing
differences between FVB/N and C57BL/6J strains should be
taken into account for analyzing the mutant phenotype.

RRG Robustness vs. RRG Instability: Possible Role of 5-HT

From birth onwards, robustness vs. instability characterizes
the RRG of FVB/N and C57BL/6J mice, respectively. The
RRG instability of C57BL/6J mice is, at least partly, central
and prenatal in origins, as the isolated RRG of C57BL/6J
embryos produces an unstable rhythm. The RRG is composed
of two coupled, interacting networks that form and are active
before birth: the pre-Bötzinger complex and the retrotrapezoid
nucleus/parafacial respiratory group (53). The RRG function
relies on pacemaker and synaptic properties (60) and on several

Fig. 2. Interstrain differences in breathing of C57BL/6J and FVB/N mice. Bars in histograms indicate mean (and SE) values of respiratory frequency [Rf; in
cycle/min (c/min)], VT normalized by body weight (VT/B; in #l/g), minute ventilation (V̇E; in ml·g$1·min$1), irregularity score (IS), and apnea index (AI; in
apneas/min) for C57BL/6J (solid bars) and FVB/N (open bars) mice from whole body plethysmography recordings performed at P1 (A) and at P240 (B).
Significant difference between mean values: *P & 0.05, **P & 0.01, and ***P & 0.001. Both at P1 and P240, note that AI and IS were significantly larger in
C57BL/6J than FVB/N mice, attesting for a more unstable breathing, and that V̇E was significantly weaker in C57BL/6J than FVB/N mice, revealing
hypoventilation of C57BL/6J mice caused by low Rf in neonates and low VT in old adults.
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genes whose expression is crucial for neonatal survival (2, 4, 8,
14). It also relies on 5-HT afferent inputs from raphe neurons
(27), affecting the RRG perinatal maturation and neonatal
function (7, 9, 17, 21, 27, 64). The different 5-HT/5HIAA in
C57BL/6J and FVB/N neonates reveal differences in 5-HT
metabolism, which may differentially affect RRG maturation
and function at birth, but also induce long-lasting sequels in
adults. Although differences in 5-HT metabolism have not
been previously documented in FVB/N and C57BL/6J mice,
they have already been described in C57BL/6J and BALBc
adults, with lower 5-HT levels in C57BL/6J (16).

RRG instability has been commonly reported in mutant mice
where genetic manipulations have altered 5-HT systems. In
MAOA-null mice, the lack of 5-HT degradation by MAOA
induces excess of 5-HT, altered wiring of the respiratory
network, unstable breathing in neonates, and frequent apneas in
adults (7, 9, 31, 46). In Necdin-null mice, the 5-HT and RRG
systems dysfunction at birth, and unstable respiratory rhythm
with frequent apneas persists in adults, despite 5-HT metabo-
lism restoration (64). In Mecp2-null mice, the 5-HT and RRG
systems correctly function in neonates, but dysfunction in
adults, leading to erratic rhythm, severe apneas, and premature

Fig. 3. Interstrain differences in respiratory-like activity of
C57BL/6J and FVB/N in vitro preparations. A: schematic
view of in vitro medullary preparations used to study the
respiratory-like activity produced by the isolated respiratory
rhythm generator (RRG) of neonatal mice. aCSF, artificial
cerebrospinal fluid. B: raw and integrated phrenic bursts
(bottom and top traces, respectively) recorded on C4 ventral
roots of FVB/N and C57BL/6J (bottom and top paired traces,
respectively) neonatal preparations at P1. Note the rhythm
instability in the C57BL/6J vs. FVB/N preparations. C: bars in
histograms indicate mean (and SE) values of phrenic burst
frequency (PBf; in c/min), IS, and AI (in apneas/min) for
C57BL/6J (solid bars) and FVB/N (open bars) neonatal prep-
arations. Significant difference between mean values of IS and
AI: *P & 0.05, and **P & 0.01.

Fig. 4. Breathing responses to hypoxic or hypercapnic challenges in C57BL/6J and FVB/N aged mice at P240. Traces show plethymographic recordings obtained
in C57BL/6J (A and B) and FVB/N (C and D) mice at P240 when breathing normal air (Control; top traces) or gas mixtures (bottom traces) containing low
concentration of O2 (10%; Hypoxia) or high concentration of CO2 (4%; Hypercapnia) for 5 min. Horizontal dotted lines indicate apneas in C57BL/6J mice under
air. Note the marked VT increases in FVB/N mice compared with C57BL/6J mice.
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death (55). In mutant mice lacking 5-HT2A receptors, a role of
5-HT in sleep apneas has been suggested (42). In mutant mice
with 5-HT defects and also in C57BL/6J mice, the RRG
instability is affected by 5-HT treatments (1, 7, 46, 48, 49, 64).
Indeed, differences in 5-HT metabolism of FVB/N and
C57BL/6J mice may contribute to differences in RRG robust-
ness from birth onwards.

Differences in Breathing Regulations: Possible Role of 5-HT

Aged C57BL/6J mice compared with aged FVB/N mice
show reduced VT and V̇E, with reduced pH and increased PCO2

in mixed-venous blood. Double-chamber plethysmography re-
veals that the weak VT of C57BL/6J mice is not due to upper
airway dysfunctions (18, 56). The weak VT of C57BL/6J mice
might reflect age-related alteration of respiratory effectors.
Lung parenchyma and diaphragm contractile properties de-
grade with age in rodents, but during the senescent period (28,
29), not as early as P240. The weak VT of C57BL/6J mice
more likely reflects altered breathing regulations that impair
correct adjustments of the central respiratory drive to physio-
logical needs. In C57BL/6J mice, the marked reduction of Rf
just after the sigh suggests a potent respiratory inhibition from
pulmonary stretch receptors, whereas their weak postsigh bra-
dypnea confirms weak sensitivity/responsiveness to chemical
inputs (59), consistently with weak VT increments during
respiratory challenges. Interstrain differences in sensitivity of
pulmonary stretch receptors to lung inflation have already been
reported between OF1 and C3H/J adults (11), as well as
interstrain differences in carotid body size and breathing re-
sponses to hypoxia between DBA/2J and A/J mice (61).

Both retrotrapezoid nucleus/parafacial respiratory group
and 5-HT systems contribute to breathing regulations (20,
24, 25, 27, 36, 37, 39, 47, 65). In C57BL/6J neonates,
fluoxetine-induced alteration of the 5-HT metabolism abol-
ishes the RRG response to acidosis (57). In C57BL/6J but
not A/J mice, a periodic breathing occurs after hypoxic
challenges (26), persists after pretreatment with nitric oxide
agent (43), but is abolished by pretreatment with the 5-HT1A

receptor agonist buspirone (62). In MAOA-null adults, the
genetically induced alteration of 5-HT metabolism reduces
the resting VT, the response to hypoxia, and the response to
lung inflations, these defects being alleviated after 5-HT
treatments (10). In Necdin-null neonates, the altered 5-HT
metabolism blunts their breathing responses to hypercapnia
and hypoxia (64). In addition, maternal dietary tryptophan
deficiency affects the 5-HT system of rat pups and, in turn,
alters their breathing pattern and ventilatory responses to
hypercapnia (40). Then differences in 5-HT metabolism
between FVB/N and C57BL/6J mice may differently affect
not only RRG robustness, but also resting ventilation and
breathing regulations.

The P30–P120 Intermediate Period

The 5-HT/5-HIAA at P1 and P240 is lower in C57BL/6J
than FVB/N medulla. At P1, the low precursor and the high
catabolite contents in C57BL/6J medulla are consistent with a
faster turnover of 5-HT in C57BL/6J than FVB/N neonates. At
P240, although the precursor content is similar in the two
strains, the low 5-HT and the high catabolite contents in
C57BL/6J medulla also support a fast turnover of 5-HT.

Fig. 5. Postsigh changes in Rf in C57BL/6J and FVB/N aged mice at P240. A: traces show plethymographic recordings during a sigh (arrow) in a given C57BL/6J
mouse. B: bars in histogram show the mean (and SE) changes in Rf every second (expressed in %control Rf during the 10-s period before the sigh; horizontal
dotted line indicates 100% of control Rf) from 5 s before the sigh up to 10 s after the sigh. The histogram shown in B was averaged from individual histograms
built from 8 distinct C57BL/6J mice aged P240 (at least 7 sighs for each mouse). Note that the sigh induced, first, a brief, marked reduction of Rf in the first
postsigh second, and, second, a long-lasting bradypnea that developed during the following seconds. C and D: as above, but for FVB/N mice (n ! 14). In B and
D averaged histograms, *significant difference between postsigh Rf changes compared with control Rf before the sigh. Note that the Rf was more reduced during
the first second following the sigh in C57BL/6J than FVB/N mice, but that the long-lasting bradypnea was less pronounced in C57BL/6J than FVB/N mice.
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However, further experiments are required to examine the
genetic and molecular origins of the interstrain difference in
5-HT metabolism at P1 and P240. From P30 to P120, after the
postnatal maturational period during which pups learn to
breathe and to manage with peripheral and upper brain inputs
(19), FVB/N and C57BL/6J mice display a rather similar
breathing pattern, even if slight, but significant, differences
persist in Rf, AI, and IS. During this period, the breathing
improvement in C57BL/6J mice may be related to postnatal
changes in 5-HT metabolism, as those reported in multiple
nuclei of rats (34). In C57BL/6J mice, our laboratory previ-
ously reported, but did not comment on, weak 5-HT/5HIAA
(0.27) at P2, but large 5-HT/5HIAA (1.98) at P30 (64). Such
increase in 5-HT/5-HIAA from P2 to P30 reveals changes in
the 5-HT metabolism of C57BL/6J mice, which correlates well
with their breathing improvement at P30–P120. Interestingly,
the inactivation of the 5-HT transporter has age-related effects
on the V̇E of mutant mice: no effect at P8, reduction at P15, and
increase at 5–6 mo (33, 41), which further suggests a complex
link between 5-HT and respiratory systems. However, besides
5-HT inputs, the mature RRG receives a plethora of inputs,
including those from upper structures, to adapt its activity to
mood, motor activity, temperature, etc. FVB/N mice are more
anxious, more active, and have a slightly higher central tem-
perature than C57BL/6J mice (44), and this may also contrib-
ute to breathing differences, although the 5-HT system affects
anxiety, motor activity, and thermoregulation.

As the distinct brain stem raphe nuclei differ in terms of
rostrocaudal projections, targeted structures, and modulated
functions, it may be important to further examine which
mechanisms and raphe nuclei sustain the 5-HT and breathing
differences between FVB/N and C57BL/6 mice.

Selecting the Background Strain for Producing Mutant
Models

Both FVB/N and C57BL/6J strains are suitable for pro-
ducing mutants, but their distinct 5-HT and breathing phe-
notypes may affect the mutant phenotype. On the one hand,
the inherent RRG instability of the C57BL/6J background
may worsen the mutant breathing phenotype. Teashirt3
inactivation on the C57BL/6J background is 100% lethal for
heterozygous neonates (13), whereas Teashirt3 inactivation
on the CD1 background allows survival of 50% of heterozy-
gotes (14). Necdin inactivation induces breathing defects,
with more severe neonatal lethality on C57BL/6J than
129/SvEv backgrounds (22, 35). Hoxa5 inactivation induces
more severe respiratory distress and lethality in C57BL/6J
than 129/SvEv backgrounds (3). On the other hand, the RRG
robustness of the FVB/N background may mitigate geneti-
cally induced breathing defects, facilitate mutant survival
over the postnatal period, and allow the study of breathing
defects with late onset. Tau-P301L mice, a possible mutant
model for Alzheimer disease produced on FVB/N back-
ground, develop upper airway dysfunctions only late, after 8
mo of age (18); the breathing defect could have been sooner
and more severe on C57BL/6J background. Mecp2-null
mice, a mutant model for Rett syndrome produced on
C57BL/6J background, develop early and lethal apneas (55);
the breathing defect could have been later and less severe on
an FVB/N background. As reviewed, 5-HT may affect

central network maturation (21), respiratory function and
dysfunction (27), postnatal body growth, vegetative control,
and adult behaviors (54). Although FVB/N and C57BL/6J
strains are frequently used for producing mutants, other
strains are also used. Whatever the used strains are, 5-HT
and breathing phenotypic differences must be taken into
account for studying mutants, as they could affect mutant
phenotype, exaggerating or masking breathing symptoms, as
well as other defects.
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Résumé en français : 

 

La sérotonine (5-HT) est un neuromodulateur-transmetteur qui influence la fonction 

globale du cerveau. Des découvertes passées et présentes illustrent un rôle proéminent de la 5-

HT pour la modulation des circuits autonomes ponto-bulbaires. La 5-HT est également 

impliquée dans le contrôle de processus neurotrophiques pendant le développement pré- et 

postnatal des circuits neuronaux. Les implications fonctionnelles de la 5-HT sont 

particulièrement illustrées par les altérations du système sérotoninergique, vues dans une 

grande variété de désordres neurologiques. Cet article est une revue du rôle de la 5-HT dans le 

développement et le contrôle du réseau respiratoire dans le tronc cérébral ponto-bulbaire. 

Cette revue examine de manière approfondie le rôle de la 5-HT dans des désordres 

respiratoires qui se produisent à différentes étapes de la vie, et en particulier, les maladies 

neurodéveloppementales néonatales comme le Syndrome de Rett, la Mort Subite du 

Nourrisson et le Syndrome de Prader-Willi, ainsi que les maladies de l’adulte comme les 

apnées du sommeil et les désordres mentaux liés à la neurodégénérescence. 
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a b s t r a c t

Serotonin (5-HT) is a neuromodulator–transmitter influencing global brain function. Past and present
findings illustrate a prominent role for 5-HT in the modulation of ponto-medullary autonomic circuits.
5-HT is also involved in the control of neurotrophic processes during pre- and postnatal development of
neural circuits. The functional implications of 5-HT are particularly illustrated in the alterations to the
serotonergic system, as seen in a wide range of neurological disorders. This article reviews the role of
5-HT in the development and control of respiratory networks in the ponto-medullary brainstem. The
review further examines the role of 5-HT in breathing disorders occurring at different stages of life, in
particular, the neonatal neurodevelopmental diseases such as Rett, sudden infant death and Prader–Willi
syndromes, adult diseases such as sleep apnoea and mental illness linked to neurodegeneration.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

In the 1930s, the Italian pharmacologist Vitorio Erspamer
became interested in the amine substances that are involved in
smooth muscle constriction in the intestinal tracts of a variety of
species including rabbits, frogs and mollusks. While studying the
enterochromaffin cells of the gut, Erspamer discovered an unknown
indole and named it enteramine (Erspamer and Vialli, 1937). The
structure of the same indole via investigation of the blood serum
was determined to be 5-hydroxytryptamine (Rapport et al., 1948).
However, at a time when the theory of ‘neurotransmitters’ itself
was controversial, it was Twarog working with Page at the Cleve-
land Clinic, who showed that the same substance which they
named as serotonin or 5-hydroxytryptamine (5-HT) was actually
found in the brain (Twarog and Page, 1953; Twarog, 1954). Finally,
the emergence of 5-HT as an important chemical constituent of
the central nervous system (CNS) was demonstrated by Woolley
(1963), who made the best case for the participation of 5-HT in
brain development, function and mental illness. In this review, we
describe the role of 5-HT on breathing control in mammals. It is
presently thought that the serotonergic neurons and receptors play
a powerful role in setting the ‘gain’ of motor systems. This review
will focus on the serotonergic neuronal network in the brainstem

! This paper is part of a special issue entitled “Central cardiorespiratory regulation:
physiology and pathology”, guest-edited by Thomas E. Dick and Paul M. Pilowsky.

∗ Corresponding author. Tel.: +44 113 3432593; fax: +44 113 3434228.
E-mail address: M.dutschmann@leeds.ac.uk (M. Dutschmann).

and the various pre and post-synaptic 5-HT receptors (5-HTR) that
are implicated in both respiratory motor function as well as dys-
function. While it is not possible to isolate the respiratory system
from the cardiovascular system (particularly when discussing the
effect of 5-HT), owing to limitations of space, this review will focus
mainly on breathing control. Regarding the role of 5-HT on cardio-
vascular function, we recommend the readers to see recent reviews
by Ramage and Villalón (2008), Nalivaiko and Sgoifo (2009) and
Minson et al. (1990).

2. 5-HT synthesis and neurotransmission mechanisms

5-HT is a ubiquitous neurotransmitter that is synthesized from
l-tryptophan by l-tryptophan hydroxylase (Tph), a marker of 5-HT
neurons, first into 5-hydroxy-tryptophan (5-HTP) and then into 5-
HT (by aromatic l-amino acid decarboxylase (AaDc, see Fig. 1)) (see
Gaspar, 2004; Gaspar et al., 2003). After its release, 5-HT acts on a
plethora of 5-HTR and is degraded into 5-hydroxyindolacetic acid
(5-HIAA) by monoamine oxydase A (MAOA) in the synaptic cleft.
In addition, 5-HT is also recaptured by the 5-HT membrane trans-
porter (SERT) and stored in vesicles by the vesicular monoamine
transporter (Vmat2). Tph, the initial and rate-limiting enzyme
in 5-HT biosynthesis, is irreversibly inactivated by nitric oxide
(Kuhn and Arthur, 1996, 1997) and inhibited by hypoxia (Rahman
and Thomas, 2009; Poncet et al., 1997; Hedner et al., 1978). This
deserves to be noted as a reduction of 5-HT biosynthesis may con-
tribute, at least in part, to the complex effects of nitric oxide or
hypoxia.

1569-9048/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.resp.2010.08.017
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Fig. 1. Schematic illustration of 5-HT biosynthesis and neurotransmission.
l-tryptophan (l-Trp) is transformed in 5-hydroxytryptophan (5-HTP) by the enzyme
tryptophan hydroxylase (Tph) and subsequently into serotonin (5-HT) by the
enzyme aromatic l-amino acid decarboxylase (Aadc). In normal conditions, the
rate-limiting step of the 5-HT biosynthesis is Tph and not Aadc. After 5-HT
release re-uptake is mediated via the serotonin transporter (SERT) and is degraded
in 5-hydroxy-indol acetic acid (5-HIAA) by the enzyme monoamine oxydase A
(MAOA). Common pharmacological tools used to alter the 5-HT biosynthesis such
as p-chlorophenylalanine (pcpa) which blocks 5-HT synthesis, MAOA inhibitors (I-
MAOA) which block the degradation and the antidepressant fluoxetine which blocks
5-HT re-uptake are also illustrated.

Gaddum and Picarelli (1957) proposed first the existence of two
types of 5-HTR subtypes, which they termed M and D. Since then,
it has become evident from the pharmacological, electrophysio-
logical and DNA-cloning experiments that the serotonergic system
comprises of multiple 5-HTRs. In fact, the 5-HTR subtypes cloned to
date represent the largest known neurotransmitter receptor fami-
lies. These subtypes are expressed in distinct, but often overlapping
patterns (Palacios et al., 1990), coupled to different transmembrane
signaling mechanisms (Table 1). The currently accepted classifica-
tion scheme (Hoyer et al., 1994) proposes seven sub-families of
5-HTR: the 5-HT1AR coupled to Gi proteins, the 5-HT2R coupled
to GQ proteins, the gated ion channel 5-HT3R, and the heteroge-
neous groups of 5-HT4R–5-HT7R. In particular, the 5HT1AR are also
known to be located at pre-synapses to provide auto-inhibition and
fine tuning of serotonergic activity. Moreover, 5-HT may act via
non-synaptic mechanisms via 5-HT “en passant” release from vari-
cosities. Varicose axonal arborizations are found in almost every
5-HT immunoreactive fibers in the CNS (Leger et al., 2001) indi-
cating possible non-synaptic action of 5-HT in almost every brain
area. Serotonergic neurotransmission via hitherto identified 5-
HTRs modulate the activity of brainstem cardio-respiratory circuits
(Table 1).

2.1. Location of serotonergic neurons in the brain

5-HT content was first related to specific neuronal elements in
the brain based on lesion and sub-cellular fractionation studies
(see Cooper et al., 1991). The direct examination of 5-HT con-
taining cellular processes became possible via the application of
formaldehyde-induced fluorescence histochemistry (known as the
Falck and Hillarp method; Falck, 1962; Falck et al., 1962). Despite
this application, the mapping of 5-HT cells was slow (as com-
pared to say, the mapping of catecholamine) because the 5-HT
fluorophore develops less efficiently and also fades rapidly under
fluorescent microscopy (see Cooper et al., 1991). In the recent
years, the mapping of 5-HT in the brain has greatly improved
through combined application of immunohistochemistry (via both
direct purification of tryptophan hydroxylase as well as 5-HT),
of orthograde axoplasmic transport of radiolabelled amino acids
microinjected into identified 5-HT cells via fluorescence histo-
chemistry and via retrograde isolation of 5-HT neurons from
suspected terminal fields. It should be specially mentioned here
that the basic organization of 5-HT cells originally described by
Dahlström and Fuxe (1964) stands to this day. As a result of
subsequent extensive studies in the last decade, a good map of 5-
HT neurons in the brain has been developed (Steinbusch, 1981;
Steinbusch et al., 1981; Steinbusch and Mulder, 1984; Tork and
Hornung, 1990; Jacobs and Azmitia, 1992; Hornung, 2003). 5-HT
cells are found exclusively in the brainstem in distinct cell groups
classified as the raphe (Fig. 2). The dorsal raphe nuclei and supe-
rior central nucleus are located in the midbrain, the pontine raphe
nuclei and inferior central nucleus in the pons, while the caudal
raphe, namely the raphe pallidus, raphe magnus and raphe obscu-
rus are located in the medulla. Immunocytochemical localization of
5-HT has also identified 5-HT reactive neurons in the area postrema,
in the caudal locus coeruleus, around the interpeduncular nucleus
and in the parapyramidal region of the ventral medulla (Steinbusch
and Mulder, 1984).

2.2. Afferent inputs and projections of serotonergic neurons in the
brain

The brainstem raphe nuclei receive afferents from a large num-
ber of brain structures (Hermann et al., 1996, 1997). Significantly,
these projections include inputs to the nucleus raphe magnus,

Table 1
Serotonin receptors found in the brainstem cardio-respiratory networks.

Subtype Signalling
cascades

Physiological effects Localization Cardiorespiratory sites Central function

5HT1A Gi/o proteins Increase K+ conductance Pre- and post-synaptic Raphe nuclei hypoglossal
nuclei ponto-medullary
networks

Inhibit cell firing depresses
excitability of respiratory
neurons

5HT1B Gi/o proteins Increase K+ conductance Pre- and post-synaptic Raphe nuclei Inhibit cell firing
neurotransmitter release
control

5HT1D Gi/o proteins Increase K+ conductance Axon terminals of both
5HT and non-5HT neurons

Dorsal raphe midbrain PAG Behavioral breathing
control?

5HT1E/1F Gi/o proteins Unknown Unidentified Unidentified Not known
5HT2A/2B/2C Gq/11 proteins Decrease K+ conductance Unidentified Ponto-medullary networks

(2A/2B)
Neuronal excitation

5HT3 Ionotropic Gating of K+, Na+ Somato-dendritic/sub-
cellular?

NTS area prostrema dorsal
motor nucleus of vagus

Neuronal excitation
vomitting reflex

5HT4 Gs proteins Decrease K+ conductance Post-synaptic Pre-Botzinger complex Neuronal excitation
neurotransmitter release
control

5HT5 Gi/o or Gs

proteins
Unknown Unidentified Unidentified Not known

5HT6 Gs proteins Unknown Post-synaptic in higher
brains

Unidentified Not known

5HT7 Gs proteins Decrease K+ conductance Unidentified Dorsal raphe pre-Botzinger
complex

Neuronal excitation
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Fig. 2. Distribution and connectivity of serotonin neurons in the brainstem.
Neurons synthesizing 5-HT are found in distinct cell groups called as the raphe in
the brainstem. These cells form a column along the midline extending from the
caudal medulla to the midbrain. The raphé neurons project to virtually all regions of
the neuraxis. The hashed line is intended to elucidate the columnar structure of the
raphe system along the midline. The red regions indicate the respiratory columns.
Rob: raphe obscurus; RMg: raphe magnus; RPa: raphe pallidus; PnR: pontine raphe
nuclei; DRc: caudal dorsal raphe; DR: dorsal raphe; VRC: ventral respiratory column;
NTS: nucleus tractus solitari; PRC: pontine respiratory column; KF: Kölliker-Fuse;
XII: hypoglossal motor nuclei; PAG: periaqueductal gray.

nucleus raphe pallidus and the dorsal raphe from the prelimbic,
infralimbic and precentral cortices, dorsal hypothalamic area, the
midbrain periaqueductal gray, pre-optic area, bed nucleus of the
stria terminalis, amygdala, parabrachial nucleus, Kölliker-Fuse and
the subcoerulus area in the pons. The caudal raphe receives a small
number of projections from the insular and perirhinal cortices, the
periaqueductal gray and the pontine reticular nuclei. The brain-
stem 5-HT cell groups project virtually to all areas of the brain
(Steinbusch and Mulder, 1984). The caudal raphe projects mainly
to the medulla and the spinal cord, the pontine raphe projects both
to the medulla along the ventral and dorsal tegmental field, the
pontine respiratory column and the Kölliker-Fuse nucleus (KF),
as well as to the midbrain and cerebellar areas, while the dor-
sal raphe in the midbrain provides extensive 5-HT innervation of
the telencephalon and the diencephalon. In particular, the cau-
dal raphe (raphe pallidus, raphe magnus and raphe obscurus) cell
projections have been well identified (and are of special inter-
est as they modulate brainstem cardio-respiratory output). They
project extensively to the pontine and ventral respiratory columns

(PRC and VRC), in particular to the parabrachial area, KF, nucleus
ambiguous (NA), retrotrapezoid nucleus (RTN), Botzinger (BotC)
and preBotzinger (PreBotC) regions, hypoglossal motor nucleus
in the medulla and phrenic nucleus in the cervical spinal cord
(Steinbusch, 1981; Steinbusch et al., 1981; Steinbusch and Mulder,
1984; Holtman et al., 1986, 1987; Holtman, 1988; Connely et al.,
1989; Smith et al., 1989; Zhan et al., 1989; Pilowsky et al., 1990;
Voss et al., 1990; Jacobs and Azmitia, 1992; Manaker and Tischler,
1993). In general, the serotonergic termination fields tend to over-
lap, this may be because many investigations used electrolytic or
chemical lesions to study cell projections. This can also interrupt
fibers of passage. Also, in the past, attempts to localize 5-HT ter-
minals relied mainly on the 5-HT analogue uptakes, 5-HT selective
toxins or radiolabelling of 5-HT. These techniques depend heav-
ily on the specificity of the uptake processes. Hence, for discrete
mapping of the 5-HT neuronal terminations more orthograde and
retrograde studies are required. The main projections of the sero-
tonergic cell groups to the brainstem cardio-respiratory nuclei are
summarized in Fig. 2.

2.3. Role of 5-HT in the modulation of respiratory rhythm and
motor pattern

Reid and Rand (1951) were perhaps the first to note the direct
involvement of 5-HT in the central regulation of breathing. They
reported that intravenous injection of 5-HT causes apnea in the
cat. A follow-up study extended these findings showing that small
amounts of 5-HT injected into the carotid sinus region induced
a brief apnea followed by respiratory stimulation and a fall in
blood pressure (Ginzel and Kottegoda, 1954). Similar experiments
attempted in dogs (Douglan and Toh, 1953) reported the contrary.
In dogs, intravenous injection of 5-HT caused stimulation of breath-
ing. Interestingly, in their experiments (Douglan and Toh, 1953)
while intra-arterial injection of 5-HT did not cause any respiratory
effect, direct injections into the heart (either into the right auricle
or left ventricle) or into the carotid body region caused a respira-
tory increase. Vagotomy, however, did not influence the respiratory
increase caused by intravenous 5-HT injection. Combined, these
two studies showed that there could be a species difference in the
respiratory responses to 5-HT (Page, 1952; Page and McCubbin,
1953; Schneider and Yonkman, 1954). However, denervation of
carotid sinus abolished the respiratory (and cardiovascular) effects
originally induced via intravenous injection. Hence, a general con-
sensus evolved that 5-HT acts either on the chemo or baroreceptors
and that they may not be centrally mediated. This was corroborated
by evidence obtained in humans at that time (Page and McCubbin,
1953; Michelson et al., 1958; Parks et al., 1960) that respiratory
changes due to intravenous injection of 5-HT were due to a direct
action of the drug on the receptors located on the arterial side of
systemic circulation.

Subsequently, several studies (Olsen et al., 1979; McCrimmon
and Lalley, 1982; Dempsey et al., 1987; Morin et al., 1990; Monteau
and Hillaire, 1991; Lindsay and Feldman, 1993) established that
5-HT is an important neuromodulator of breathing. Perhaps a
definitive role for the direct action of 5-HT on the CNS was
demonstrated by Fallert et al. (1979) where microelectrophoretic
application of 5-HT directly on the medullary respiratory neurons
changed the neuronal activity pattern. They showed that while neu-
rons showing inspiratory–expiratory phase spanning (IE cells) were
excited following 5-HT microinjection, other inspiratory neurons
became inhibited. Lalley et al. (1994a) reported that the 5-HT ago-
nists 5-MeODMT had a differential action on the respiratory system
depending upon the dose and route of administration. For example,
small dosage of 5-MeODMT intravenously injected increased the
discharge frequency of inspiratory and expiratory neurons while
larger dosage iontophoretically administered onto respiratory neu-
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rons caused acute hyperpolarization and reduced action potential
discharges. Another study (Lalley et al., 1995) reported that ion-
tophoresis of !-Me-5-HT a 5-HT2R agonist depolarized membrane
potential and increased the frequency of action potentials in most
of the ventrolateral medullary respiratory neurons and in particu-
lar the E2 and postinspiratory neurons. Later investigations showed
that depression of expiratory neural discharges arising from stim-
ulation of the raphe obscurus involved both pre-and post-synaptic
5-HT1AR (Lalley et al., 1997). Recent studies from Richter’s lab-
oratory has revealed that the inhibitory or excitatory effects of
systemic 5-HT administration strongly depend on the expression
profile of 5-HTR on specific populations of respiratory neurons
(Manzke et al., 2008, 2009). In particular, the expression of Gi
coupled 5-HT1AR on glycinergic interneurones within the ventral
respiratory column (VRC) could explain the paradoxical excita-
tory effect of the putative inhibitory 5-HTR subtype (Manzke et
al., 2009).

Despite in vivo investigations generalizing the excitatory or
inhibitory effects of 5-HT on medullary respiratory neurons, the
precise pre-synaptic action which induces either excitation or inhi-
bition as well as the selective post-synaptic modulation that fine
tunes the responses of respiratory neurons to various neurotrans-
mitters are yet to be elucidated. Owing to the highly diversified
effect of the 5-HT system on respiratory neurons, its direct impact
on the medullary respiratory rhythm generator has still not been
fully defined. In this regard investigations undertaken on highly
reduced in vitro preparations have started to provide emerging
principles of 5-HT action. Of significance are investigations con-
ducted using in vitro models by Morin et al. (1990, 1992) and
Lindsay and Feldman (1993). Morin et al. (1990) used an in vitro
brainstem-spinal cord preparation of the newborn rat to study
the central effects of 5-HT. They reported that 5-HT facilitates
the respiratory rhythm generating networks in the medulla via 5-
HT1R and the motoneurons through 5-HT2R. In a follow-up study
Di Pasquale et al. (1992) reported a landmark finding that 5-HT
acts at the medullary level and its effect is due to its specificity
on the rostral VRC areas and not due to any diffuse action on all
medullary respiratory centers, although the A5 area in the caudal
pons may also contribute. In addition, spinal 5-HT1BR located at the
pre-synaptic level modulates the transmission of the central drive
to phrenic motoneurons (Di Pasquale et al., 1997). Further stud-
ies examined the effect of 5-HT on both hypoglossal and phrenic
motoneurons (Morin et al., 1992; Lindsay and Feldman, 1993).
While 5-HT depressed hypoglossal activity (Morin et al., 1992), its
influence increased phrenic motoneuronal activity (Morin et al.,
1992; Lindsay and Feldman, 1993) with several cells firing tonically
even during expiration. The in vitro studies also allowed for a selec-
tive analysis of the influence of 5-HT on central respiratory activity
during pre- and postnatal development (for details see below). For
example, three different effects of 5-HT via medullary 5-HT1AR,
spinal 5-HT2AR and spinal 5-HT1BR modulating the frequency and
amplitude of the phrenic motoneuron discharge in neonatal rats
(Fig. 3) have been confirmed in neonatal mice (Bou-Flores et al.,
2000).

Intrinsic ionic mechanisms (for example calcium activated
potassium conductance) regulate the firing of serotonergic neu-
rons (Burlhis and Aghajanian, 1987; see Aghajanian et al., 1990).
A recent study (Rockhill et al., 2009) has found that that sponta-
neous activity propagation in the mouse midbrain originates from
the midline serotonergic cell bodies during early embroyonic stage.
These findings suggest that 5-HT cells may possess tonic pacemaker
properties, which may in turn be modulated by two neurotransmit-
ters: (1) norepinephrine acting through adrenergic receptors and
(2) 5-HT acting through somatodendritic 5-HT1A autoreceptors.
While norepinephrine action excites the pacemaker, 5-HT action is
inhibitory (see Aghajanian et al., 1990). Thus, the coupling of raphe

nuclei serotonergic pacemakers to medullary respiratory rhythm
generators should be explored in the future.

2.4. Serotonergic neurotransmission in the control of blood gas
homeostasis, body temperature and circulation

Besides the neuromodulatory role of 5-HT in shaping and mod-
ulating central respiratory function (for details see Section 2.4),
5-HT also plays a prominent role in other autonomic circuits linked
to breathing. Of particular interest is the 5-HT control of CO2/pH
homeostasis. Although it is commonly admitted that the RTN/pFRG
neurons have a crucial role in mediating ventilatory responses to
CO2/pH changes (Guyenet et al., 2009; Onimaru et al., 2009), 5-HT
neurons also contribute to the central chemosensitivity (Corcoran
et al., 2009; Richerson, 2004; Hodges and Richerson, 2010). 5-HT
neurons located in close proximity to arteries entering the brain-
stem, may detect changes in arterial CO2 and thus contribute to
the adaptation of the central respiratory drive to environmental
changes. In in vitro preparations 5-HT neurons have been shown to
be intrinsically chemosensitive. 5-HT cells increase their firing rate
in response to hypercapnia and focal acidosis of the raphe nuclei in
vivo (Bernard et al., 1996; Nattie and Li, 2001; Feldman et al., 2003)
while specific lesions of raphe 5-HT neurons reduce the respiratory
response to hypercapnia (Nattie et al., 2004; Dias et al., 2007). In the
chemosensitive RTN/pFRG area, SERT and 5-HTR expressions have
been reported, revealing a dense 5-HT innervation that possibly
constitutes the anatomical substrate for 5-HT-dependent control
of RTN/pFRG chemoceptors (Liu and Wong-Riley, 2010; Mulkey
et al., 2007; Rosin et al., 2006). Further, the ventilatory response
to hypercapnia is reduced in SERT knock-out mice, especially in
males (Li and Nattie, 2008). As well, lmx1b and Pet-1 knock-out
mice causing near-complete deletion of serotonergic neurons in
the brain have altered respiratory responses to CO2/pH (Erickson
et al., 2007; Hodges et al., 2008). CO2/pH related changes in trans-
genic mice are potentially also due to compensatory mechanisms
occurring during ontogeny and thus may not relate solely to the
absence of 5-HT.

5-HT also plays an important role in arterial oxygen sensing of
carotid body chemoceptors (see Prabhakar et al., 2006). In MAOA-
KO mice, the excess of 5-HT decreases the ventilatory responses
to hypoxia (Burnet et al., 2001), suggesting that the excessive 5-
HT affects the responsiveness of the central respiratory network to
hypoxia. However, microdialysis of the 5-HT1AR agonist 8-OHDPAT
in the medullary raphe does not affect the ventilatory responses
to hypoxia (Taylor et al., 2005). Perhaps the impaired ventilatory
responses to hypoxia of MAOA-KO mice originates from an effect of
the excessive 5-HT on the responsiveness of carotid bodies chemo-
ceptors to hypoxia and/or on the central relay of peripheral hypoxic
inputs. The latter possibility is more likely as hypoxia induces a
release of 5-HT in the NTS area, possibly contributing to the early
ventilatory response to hypoxia (Kanamaru and Homma, 2009).
Nevertheless, it was also shown that 5-HT is dynamically released
within the medullary VRC during the hypoxic respiratory depres-
sion (Richter et al., 1999).

The raphé nuclei play a major role in thermoregulation (Blessing
and Nalivaiko, 2000; Morrison et al., 2008; McAllen et al., 2010)
which is also substantiated via the use of transgenic mouse line
Lmx1b, lacking almost all central 5-HT neurons. The Lmx1b mice
become rapidly hypothermic when exposed to cold environment
because of impaired shivering and non-shivering thermogenesis,
although they retain normal thermosensory perception and heat
conservation (Hodges et al., 2008). In these mice, mild cold stress
compromises ventilatory control as a result of defective thermoge-
nesis (Hodges and Richerson, 2008, 2010). In the dorsolateral pons,
the lateral parabrachial nucleus may be pivotal in processing cen-
tral chemoreceptor inputs and cutaneous thermoreceptor inputs,
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Fig. 3. 5-HT modulation of neonatal respiratory activity.
A) Traces showing in vitro phrenic bursts recorded from en bloc preparations of neonatal mice and changes evoked following bath application of 25 "M 5-HT (horizontal bar).
Note that 5-HT application induced complex effects characterized by an increase in phrenic burst frequency (due to activation of medullary 5-HT1AR), a tonic discharge of
motoneurons (due to activation of spinal 5-HT2AR) and a reduction in phrenic burst amplitude (due to a possible pre-synaptic activation of spinal 5-HT1BR). Scale bar: 1 min
(see Bou-Flores et al., 2000).
B) 5-HT2AR activation depolarizes phrenic motoneurons. Intracellular recording of a phrenic motoneuron before (B1) and after 5-HT application (B2). 5-HT induced a 20 mV
depolarization and a tonic firing of the motoneuron (time scale: 1 s; spikes truncated). B3: Immunohistochemistry reveals that neonatal phrenic motoneurons (retrogradely
labelled with rhodamine) widely express 5-HT2AR (white dots). Calibration bar: 20 "m. (see also Bras et al., 2008).
C) 5-HT neurons synaptically coupled with respiratory neurons. Schematic drawing illustrates medullary neurons that project to phrenic motoneurons in neonatal mice after
rabies virus (RV) inoculated in the diaphragm at P1. After RV inoculation in the diaphragm, RV progressively infected neurons controlling phrenic motoneuronal output. Thirty
hours after inoculation phrenic motoneurons were labeled. After 36 h neurons in the VRC revealed labeling and after 42 h infected neurons were observed in histochemically
identified 5-HT neurons of the raphe nuclei obscurus (1–2) and pallidus (3–4). These experiments illustrate the synaptic connectivity of raphe 5-HT neurons with phrenic
premotor neurons in the VRC. Calibration bars: 100 "m. (also see Zanella et al., 2008).

with 5-HT inputs contributing to gate the spino-parabrachial ther-
moafferent pathway for an optimal interaction of respiratory and
thermal regulation (Poon, 2009).

3. 5-HT and respiratory disorders

To understand respiratory dysfunction connected with 5-HT it
is important to examine the role of 5-HT during prenatal devel-
opment of neuronal circuits because many respiratory disorders
are of neurodevelopmental origin (see Section 3.2). 5-HT neurons
are amongst the earliest to be expressed during embryogenesis.
They develop from embryonic days 10–12 (E10–12) in mice and
ring the first month of gestation in primates (Gaspar et al., 2003;
Gaspar, 2004). They are generated in rhombomeres r1–r3 and r5–r7
caudal to the midbrain–hindbrain organizer under the control of
the fibroblast growth factors 4 and 8 (Fgf4 and Fgf8) and sonic
hedgehog (Shh) from precursors in the ventricular zone (Fig. 4). The
combined action of the secreted positional markers Shh, Fgf4 and

Fgf8 defines the dorso–ventral positioning of 5-HT somata within
the CNS. Nkx2.2, downstream of Shh, could be implicated in the
specification of the caudal 5-HT neurons, probably in conjunction
with Gata3.

In post-mitotic neurons, the 5-HT phenotype is determined by
a sequence of genes such as Pet1, Lmx1b, Nkx2.2, Mash1, Gata2,
Gata3, and Phox2b forming a transcriptional network (Fig. 4) spec-
ifying the differentiation of 5-HT neurons (Alenina et al., 2006). It is
interesting to note that Phox2b, a crucial gene for the production of
enzymes for catecholamine biosynthesis, also plays a pivotal role
in the selection between a motoneuron and a 5-HT neuronal fate
(Pattyn et al., 2003).

During development, expression of Lmx1b precedes Pet1.
Lmx1b knock-out mice lack all central 5-HT neurons (Ding et
al., 2003) whereas Pet1 knock-out mice have a loss of 70–80%
of central 5-HT neurons (Hendricks et al., 1999, 2003). In Lmx1b
conditional knock-out mice in which Lmx1b was only deleted in
Pet1-expressing 5-HT neurons, the initial generation of central 5-
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Fig. 4. Genetic determination and genesis of 5-HT neurons.
During the early embryogenesis 5-HT neurons are generated from ventricular zone
precursors controlled by fibroblast growth factors 4 and 8 (Fgf4 and Fgf8) and sonic
hedgehog (Shh). In post-mitotic neurons, a complex network of genes such as Pet1,
Lmx1b, Nkx2.2, Mash1, Gata2, Gata3, and Phox2b will determine the important
proteins for 5-HT biosynthesis and neurotransmission such as Tph, Aadc, SERT (for
details see Fig. 1).

HT neurons is normal and the mice survive, although they lack
almost all central 5-HT neurons at later stages of development
(Zhao et al., 2006). Thus, Lmx1 and Pet1 contribute to establish-
ing the enzymatic machinery required for the production of 5-HT
(Zhao et al., 2006). Two isoforms of Tph exist that produce 5-HT in
the periphery (Tph1) and CNS (Tph2) (Nakamura and Hasegawa,
2007). Pet1 expression is strictly limited to the raphe nuclei and
appears 1 day before the 5-HT neurons can be identified as it con-
tributes to the formation of Tph and SERT. SERT and Vmat2 may
be expressed in glutamatergic neuronal subpopulations which may
take-up and store 5-HT released from neighbouring 5-HT terminals,
even though they do not express Tph and do not synthesize 5-HT
(Lebrand et al., 1996, 1998). This is mostly the case in developing
thalamic neurons of neonatal rodents (Lebrand et al., 1996, 1998)
and in the locus coeruleus, the medial and lateral parabrachial, and
KF of adult cats where 5-HT containing neurons have been reported
(Léger et al., 1979).

As discussed previously (see Gaspar et al., 2003; Gaspar, 2004;
Nakamura and Hasegawa, 2007; Kinney et al., 2007), the early
expressed 5-HT neurons affect via 5-HT release, several develop-
mental processes such as cell division, migration, differentiation
and synaptogenesis. From this view-point it is possible to sug-
gest that 5-HT contributes to the formation and function of all
the central networks. As early as E11.5 when rhombomeric seg-
mentation disappears in mice, 5-HT neurons of the developing
midline raphe system and 5-HT2AR already play a role in initiating
and propagating spontaneous, rhythmic and synchronous activity
throughout the hindbrain (Hunt et al., 2005). It cannot be excluded
that these early (E11.5) 5-HT-related rhythmic events which occur
at a slow rate (about two cycles per minute) contribute to the
emergence of the embryonic respiratory rhythm a few days later;
first at the level of the embryonic parafacial group (E14.5) and one
day later at the Pre-Bötzinger complex level (Thoby-Brisson et al.,
2009; Fortin and Thoby-Brisson, 2009). Hence, 5-HT may play a
role in the maturation of central networks, including the brain-
stem respiratory network and the respiratory rhythm generator. In
MAOA-deficient mice (Cases, 1996), the lack of MAOA degradation
of 5-HT results in excess of endogenous 5-HT, with levels of 5-HT
during the foetal and neonatal periods 5–10-fold higher than in
control mice (Lajard et al., 1999). This perinatal excess of 5-HT is not
lethal, but alters behaviour of MAOA-deficient mice (Cases, 1996)
and the formation of several neuronal networks. The excess of 5-
HT in MAOA-deficient mice affects the formation of somatosensory
maps (Cases et al., 1996), retinal projections to the dorsal lateral
geniculate nucleus (Upton et al., 1999), spinal locomotor network
(Cazalets et al., 2000) and brainstem respiratory network (Bou-
Flores et al., 2000). Excessive 5-HT in MAOA-deficient mice alters
the organization of the distal dendritic tree of phrenic motoneu-
rons, the expression of 5-HT1AR and 5-HT1BR and the synaptic

organization of the medullary respiratory neurons (Bou-Flores et
al., 2000; Lanoir et al., 2006; Bras et al., 2008). Indeed, transient
alterations in 5-HT homeostasis during development may mod-
ify the wiring of network connections and may permanently affect
behaviours (Nakamura and Hasegawa, 2007) and as well, the 5-HTR
expression. 5-HTRs are expressed early in embryonic life and are
dynamically regulated during the perinatal development by 5-HT
availability, the latter being regulated via SERT. SERT is the primary
target for widely used antidepressants.

3.1. Neurodevelopmental disorders linked to 5-HT system
alterations

Identified alterations of the 5-HT system play a major role in
dysfunctions of the central respiratory network associated with
neurodevelopmental disorders. This review is focused on the Rett
Syndrome (RTT; Katz et al., 2009) and the Prader–Willi Syndrome
(PWS; Zanella et al., 2008, 2009) as prime examples for neu-
rodevelopmental diseases while others such as congenital central
hypoventilation syndrome are reviewed elsewhere (see Amiel et al.,
2009). Finally, despite the lack of an understanding of gene muta-
tion(s) underlying sudden infant death syndrome (SIDS) we review
it under the section of neurodevelopmental disorders concerning
breathing as 5-HT may play a critical role in the onset of SIDS.

3.1.1. Rett syndrome
Rett syndrome (RTT) (OMIM312750) is a neurodevelopmen-

tal disease with low prevalence (see Katz et al., 2009) where
infants, after an apparently normal perinatal period, enter a
stage of regression and develop neurologic symptoms involv-
ing respiratory deficits. This includes erratic respiratory rhythm
and life-threatening apnoeas. RTT mainly concerns girls and
approximately 25% of RTT patients may die prematurely from
cardio-respiratory failure. RTT results from mutations in the gene
encoding methyl-CpG-binding protein 2 (Mecp2), one of many of
methyl-binding proteins that regulate gene expression by repress-
ing transcription at methylated promoters.

Breathing abnormalities are amongst the essential criteria pre-
scribed for the diagnosis of RTT. The respiratory symptoms are
more severe during wakefulness than sleep (Weese-Mayer et al.,
2006, 2008) and are exacerbated by emotions and behavioural
arousal. As mutations in MECP2 are responsible for most cases
of RTT, mouse models have been generated in which Mecp2 is
either deleted, mutated or overexpressed. Several mouse models
for RTT are now available, presenting breathing defects reminis-
cent of RTT. In Mecp2−/y mice, with extended exonic deletion of
the Mecp2 gene, breathing pattern is normal from birth to P30
although they show subtle abnormalities of post-sigh breathing
(Voituron et al., 2010a) and respiratory responses to environmen-
tal challenges (Voituron et al., 2009). After P30 Mecp2−/y develops
breathing symptoms, with an erratic rhythm and life-threatening
apnoeas aggravating with age until respiratory distress and death
occurs at about P60 (Viemari et al., 2005). In situ studies using a per-
fused brainstem preparation revealed that apnoeas at P45 correlate
with discharges of laryngeal adductor motor output causing upper
airway closure (Stettner et al., 2007). These findings indicated that
apnoeas in Mecp2−/y could be interpreted as breath-hold. Recent
data from our labs have now confirmed the occurrence of active
breath-holds in Mecp2−/y in vivo (Voituron et al., 2010b).

The breathing symptoms of Mecp2−/y mice are thought to reflect
respiratory dysfunction caused by alterations in several neuro-
chemical systems, including the 5-HT system (Katz et al., 2009).
In Mecp2−/y mice, the number of 5-HT neurons is normal but HPLC
measurements have revealed reduced levels of 5-HT in the brain
and the medulla. In addition, comparison of mRNAs encoding 5-HT
metabolic enzymes, 5-HTR subtypes and the 5-HT transporter in
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respiratory-related areas of WT and Mecp2−/y mice has revealed
significant decreases in mutant mice by P40 (Manzke et al., 2008).
As the alterations of the 5-HT system are detected at a rather
late developmental stage, they are unlikely linked to initiating the
breathing deficits but they may still contribute to the expression of
breathing instability.

3.1.2. Prader–Willi syndrome
Prader–Willi syndrome (PWS) (OMIM 176270) is a rarely occur-

ring (prevalence 1/25000) multi-genetic and neurodevelopmental
disorder (Zanella et al., 2009). PWS patients develop complex neu-
rologic deficits that advance with age. Amongst the first deficit
is a marked neonatal hypotonia leading to feeding problems
followed by hyperphagia at later stages leading to obesity dur-
ing childhood. In addition, hypothalamic dysfunction results in
growth hormone deficiency, hypogonadism, dysautonomy, learn-
ing disabilities, behavioral and psychiatric problems. PWS patients
also display breathing disorders, including frequent sleep apnoeas
and attenuated ventilatory response to hypoxia and hypercap-
nia (Nixon and Brouillette, 2002; Festen et al., 2006). Since these
breathing disorders appear well before obesity, and it is hypo-
thetised that the deficits are present at birth (Zanella et al., 2008).

PWS is caused by the loss of the paternal expression of several
genes of the 15q11-q13 family. Among several mutant mice gen-
erated as model for PWS, Necdin deficient mice (Ndn-KO) display
respiratory disorders similar to that seen in PWS (but not obesity)
(Zanella et al., 2008). This suggests that the human Necdin gene may
be responsible for the breathing symptoms associated with PWS.

In vivo and in vitro approaches revealed dysfunctions of the cen-
tral respiratory network of Ndn-KO. First, in vivo plethysmography
at P2 reveals that Ndn-ko neonates (compared to WT littermates)
have a highly variable respiratory rhythm, frequent apnoeas and
attenuated responses to hypoxia and hypercapnia. Secondly, the
isolated respiratory network of Ndn-ko neonates (compared to
WT littermates) produce a variable respiratory rhythm, frequent
apnoeas, weak response to hypoxia and a paradoxical reduction of
the respiratory rhythm under 5-HT application. The central respi-
ratory network of neonatal Ndn-KO mice does not seem to work
appropriately at birth, consistent with results obtained in Ndn-ko
foetuses (Ren et al., 2003). In mice, the Necdin allele is expressed
in the maturing CNS as early as E10.5, with a peak expression
between P0 and P4. Ndn mRNA is expressed in the cortex, the
hypothalamus and several brainstem respiratory networks, such
as the NTS, the hypoglossal motor nucleus and the VRC, but not
in the pre-Bötzinger complex or the RTN/pFRG areas. Interestingly,
high levels of Ndn mRNA (Lee et al., 2003) and proteins have been
detected in most 5-HT neurons examined in the medulla (Zanella
et al., 2008). Using Rabies Virus to retrogradely label the respira-
tory network after inoculation into the diaphragm revealed that
5-HT neurons expressing Necdin were synaptically connected to
the medullary respiratory network controlling the diaphragm. The
number of 5-HT neurons in WT and Ndn-KO neonates does not
reveal a significant difference, revealing that Ndn is not crucial for
5-HT neurons maturation and survival. However, 5-HT concentra-
tions in the medulla of WT and Necdin-KO neonates are more than
50% increased in Ndn-KO compared to WT (Zanella et al., 2008).
These findings suggest that excess in endogenous 5-HT in Ndn-
KO mice alters the maturation of the central respiratory network,
leading to persistent anomalies in respiratory rhythmogenesis and
regulation. The same may occur in PWS patients and is supported
by evidence of abnormal levels of 5-HT metabolites in the cere-
brospinal fluid and abnormal MAOA activity in platelets (Akefeldt
et al., 1998). In addition, treatments targeting 5-HT systems have
been used in PWS patients and have shown significant alleviation
of some symptoms but nothing is known about the effects of 5-

HT treatment on breathing symptoms of PWS patients (Goldstone,
2004).

3.1.3. Sudden infant death syndrome (SIDS)
SIDS is defined as the sudden and unexpected death of an

infant (<12 months) that remains unexplained despite a complete
autopsy and post-mortem examination. SIDS is the leading cause
of infant death in industrialized countries, with twice as many
boys than girls and the peak incidence occurring at 2–4 months.
SIDS is of multi-origin and its actual neurogenic cause remains
unknown. However, a recent review (see Paterson et al., 2009)
proposes that prenatal alterations of the maturing 5-HT system
weaken the robustness of the neonatal respiratory system, which
increases the risk of SIDS. The commonly accepted hypothesis is
that SIDS occurs when three factors simultaneously impinge on
the infant: (1) an underlying vulnerability, (2) a developmental
window (the 2–4 months critical period), and (3) several environ-
mental factors heightening the infant vulnerability (e.g. face-down
sleeping position, bed sharing, warm environment, prenatal expo-
sure to drugs, nicotine, alcohol). A consensus has been reached that
infant vulnerability may be related to an altered respiratory control
during sleep, possibly including reduced chemoreceptor sensitiv-
ity, abnormal rhythmogenesis causing failure to initiate inspiration
and/or gasping. A common scenario is that SIDS is facilitated by
hypercapnia/hypoxia from re-breathing exhaled air as a result of
sleeping in the face-down position in a warm bedroom. However,
the precise nature of the trigger(s) for SIDS remains unknown.

Post-mortem examination have revealed that an important sub-
set of SIDS infants (approximately 70% of studied cases) have
abnormalities of different 5-HT markers in the brainstem (Paterson
et al., 2006, 2009; Duncan et al., 2010). As the 5-HT system
affects maturation and function of the respiratory network, as
well as sleep and thermoregulation, such 5-HT anomalies may
induce alterations/dysfunctions of the respiratory system, which
may contribute to SIDS during the critical developmental window
in conjunction with environmental stressors. A pioneering study
reported abnormal levels of 5-HT metabolites found in the cere-
brospinal fluids of SIDS infants (Caroff et al., 1992). Since then
multiple abnormalities of the 5-HT system have been observed in
SIDS victims, such as an increased number of 5-HT neurons, reduced
expression of 5-HT1AR and 5-HT2AR, reduced 5-HT binding, abnor-
mal Tph expression, reduced brain 5-HT levels and altered 5-HT
turnover (Paterson et al., 2009). As in rodents, 5-HT neurons in
humans are expressed early in embryogenesis, as early as the 7th
gestational week (Kinney et al., 2007). Post-mortem tract-tracing
reveal that human 5-HT neurons send axonal projections to brain-
stem respiratory-related areas such as the NTS and the hypoglossal
motor nucleus, where the presence of SERT, 5-HT1AR, and 5-HT2AR
binding sites have been demonstrated. In addition, NK1-positive
neurons in the putative PreBötzC area of infants express 5-HT1AR
and 5-HT2AR (see Fig. 3 in Paterson et al., 2009). Consistent with the
developmental role of 5-HT in central respiratory networks, SIDS
can be linked to mal-development of 5-HT circuits during the early
foetal life, which may become fatal later after birth.

Recent studies have screened for the genetic basis of 5-HT
anomalies that may play a role in SIDS. First, significant differ-
ences in genotype distribution and allele frequency of the SERT
promoter gene were found in a Japanese SIDS and control infants
groups, with more frequent L and XL alleles in SIDS infants (Narita
et al., 2001). As the L allele induces a more efficient 5-HT re-uptake
than the S allele, 5-HT availability at the synaptic cleft and 5-HT
modulation of the respiratory network might be reduced in SIDS
victims. SERT gene anomalies in SIDS cases are also observed in
other ethnic groups (Weese-Mayer et al., 2003a,b). PHOX2B is an
important gene for the production of essential enzymes for cate-
cholamine biosynthesis and for the selection between motoneuron
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and 5-HT neuronal fate in the embryonic CNS. A study (Rand et al.,
2006) suggests a potential relationship between the 5HT system,
PHOX2B, and SIDS. However, genetic variations of genes for the
5-HT1AR and 5-HT2AR were reported unlikely to be responsible for
the 5-HT system alterations observed in SIDS victims (Morley et al.,
2008; Rand et al., 2009). Thus, significant changes in 5-HT1AR and
5-HT2AR expression observed in SIDS victims could be a secondary
effect in a global autonomic circuit instability. On the other hand,
genetically induced over-expression of 5-HT1AR in mice induce
sporadic bradycardia and hypothermia, frequently progressing to
death, suggesting that excessive 5-HT auto-inhibition and altered
5-HT homeostasis are risk factors for SIDS (Audero et al., 2008).
In addition, besides 5-HT deficits, catecholaminergic deficits may
occur, altering the noradrenergic modulation of the respiratory net-
work and therefore increasing SIDS risks (Hilaire, 2006).

3.2. Respiratory dysfunction connected to alteration of 5-HT
system with unclear genetic background

Here we summarize the implication of 5-HT in breathing dis-
orders which are not explicitly linked to a genetic cause and show
onset during different stages of life. Examples of these disease types
include breathing abnormalities linked to neurodegenerative dis-
eases (e.g. dementia), sleep apnoea syndromes and panic disorders.
Importantly, all these diseases may have a genetic pre-disposition
and with the disease onset and expression influenced by epige-
netics. However these genetic/epigenetic factors are not yet well
understood.

3.2.1. Sleep apnoea syndrome (SAS)
As already outlined the 5-HT system is a potent modulator of

neuronal circuits that control breathing. However, 5-HT has also
strong implication in the regulation of the sleep-wake cycle (Popa et
al., 2005). Alterations of the 5-HT system that affect both respiration
and sleep may contribute to SAS. In fact compelling experimental
evidence has accumulated supporting a crucial role of the 5-HT
system in the generation of apnoeic events.

First, subjecting anaesthetized neonatal rats to intraperitoneal
injection of l-tryptophan, which activates the 5-HT biosynthesis,
increases 5-HT levels and induces transient apnoeas. Some of these
apnoeas showed airways obstructions (Hilaire et al., 1993). Appli-
cation of 5-HT or other serotonergic drugs to the IVth ventricle in
decerebrated kittens also induces apnoeas (Khater-Boidin et al.,
1996). Also, transgenic mice lacking 5-HT2AR showed increased
incidence for SAS (Popa et al., 2005). Finally, increasing 5-HT levels
in WT mice by pharmacological blockade of the 5-HT degrada-
tion also increased the number of sleep apnoeas (Real et al., 2007).
MAOA-KO mice linked to excess of 5-HT display frequent apnoeas
and their numbers can be reduced by treatment to block 5-HT
biosynthesis (Real et al., 2007) or by enhancing 5-HT (Real et
al., 2009). C57/BL6 mice spontaneously produce transient breath-
holds characterized by glottal closure (Stettner et al., 2008a) and
the incidence of these active breath-holds could be decreased with
application of the 5-HT1AR agonist 8-OH DPAT (Stettner et al.,
2008b).

In humans most of the sleep apnoeas are considered to be
obstructive sleep apneas (OSA). This specific type of sleep apnoea
is caused by a decreased tone of the upper airway muscles during
sleep. In connection with predisposing factors such as unfavourable
upper airway anatomy and obesity, upper airway atonia can cause
physical obstruction to respiratory airflow thus leading to repet-
itive apnoeas during sleep. OSA is now recognized as a major
disorder and an important cause of medical morbidity and mor-
tality affecting millions of people worldwide. For example OSA is
considered to be the most common respiratory disorder in adults
and concerns >20 million people in the USA alone (Lavie and Lavie,

2008). OSAs have pre-dispositions to hypertension, cardiovascu-
lar disease, stroke, and even sexual dysfunction. Pharmacological
management of sleep apnoea remains a major problem (see Abad
and Guilleminault, 2006) and modulation and stabilization of the
5-HT system is a prime target. Studies of control subjects and medi-
cally healthy recreational users of “ecstasy” (a popular recreational
drug and a selective brain 5-HT neurotoxin) suggest that brain 5-HT
dysfunction may play a causal role in the pathophysiology of sleep
apnoeas (McCann et al., 2009). Another clinical study involving SAS
patients and healthy controls in Chinese Han population has sug-
gested that SERT gene may be involved in susceptibility to SAS (Yue
et al., 2008).

3.2.2. Neurodegenerative disease
Neurodegenerative diseases and dementia are characterized by

cognitive, behavioural and emotional deficits. However, despite
breathing dysfunction being a major problem in these neurode-
generative diseases and dementia, respiratory deficits receive less
attention compared to the loss of memory. In fact Subramanian et
al. (2008) have suggested that the elimination of the midbrain peri-
aqueductal gray (PAG) control of brainstem respiratory networks
may contribute to the animals (and humans) inability to express
emotions as seen in very many neurodegenerative behavioural
disorders. Thus, it could well be that breathing dysfunction may
play a major role in cognitive, behavioural and emotional impair-
ments.

In fact dementia patients suffer from sleep-disordered breath-
ing, with the common cascade of repeated transient apnoea and
hypoxemia, disrupted sleep, day-time fatigue along with decreased
cognitive abilities (Bliwise, 2002, 2004; Cooke et al., 2006). Pos-
sible links between sleep-disordered breathing and dementia are
supported by the advent of mental impairment in persons suf-
fering from sleep-disordered breathing and subsequent cognitive
improvement with continuous positive airway pressure treatment
(Cooke et al., 2009a,b). The development of dementia in persons
retaining a good respiratory function at midlife has been found to be
low (Guo et al., 2007). The correlation between cardio-respiratory
fitness and reduced brain atrophy in dementia patients has also
been reported (Burns et al., 2008). These findings reveal that res-
piratory disorders may not be a secondary factor as commonly
assumed in dementia.

More direct evidence for neurodegeneration of brainstem res-
piratory networks is provided by the finding of tauopathy in
monoaminergic nuclei (Parvizi et al., 2001), raphe nuclei (Rüb et
al., 2000; Grinberg et al., 2009), pontine parabrachial nuclei (Rüb et
al., 2001) and medullary reticular formation (Attems et al., 2007).
A recent study from our laboratories showed for the first time that
tauopathy in the above mentioned brain-areas is also found in the
transgenic mouse line Tau-P301L (Dutschmann et al., 2010). In this
specific mouse line, tauopathy was most prevalent in the pontine
respiratory group (e.g. parabrachial nuclei) and midbrain periaque-
ductal grey, which are involved in supra-medullary respiratory
control and specifically in upper airway patency and upper airway
related behaviours (Dutschmann et al., 2004; Gestreau et al., 2005;
Subramanian et al., 2008). Dense tauopathy was also observed in
the medullary raphe nuclei providing the main source of 5-HT
mediated modulation of central breathing circuits, while the pri-
mary pattern and rhythm generating nuclei of the VRC were largely
devoid of tauopathy (Dutschmann et al., 2010). This selective pat-
tern of tauopathy is also reflected in the breathing phenotype of
the animals. Upper airway dysfunction affects the laryngeal airflow
control particularly during increased chemical drive in the respira-
tory network in response to hypercapnia (Dutschmann et al., 2010).
The identified activation of the laryngeal adductors during the
inspiratory phase may not only impair airflow and oxygen uptake
but also other important upper airway behaviours such as vocal-
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isation or swallowing which were not tested in the study. Upper
airway disorders are common features in various forms of demen-
tias. For instance, progressive aphasia is a frontotemporal dementia
associated with downstream motor speech deficits (Hillert, 1999).
In addition, laryngeal adductors are essential for laryngeal closure
during swallowing preventing aspiration of food or fluids into the
lungs. Dysphagia and aspiration pneumonia belong to the most
serious and common complications in dementia patients (Kalia,
2003).

Amongst neurodegenerative diseases multiple systems atrophy
(MSA) is most closely linked to cardio-respiratory function. MSA is
linked to severe autonomic failure leading to sudden death. Hall-
marks of MSA amongst endocrine and cardiovascular disturbances
are OSA and laryngeal stridor (Benarroch, 2002, 2007). Autopsy of
MSA victims show changes in the various catchelomaniergic cell
groups and brainstem raphe nuclei (Benarroch et al., 2004, 2007).
These changes in the serotonergic system could directly relate to
the upper airway phenotype, since experimental evidence shows
that serotonergic inputs from the medullary raphe facilitate activ-
ity of inspiratory laryngeal abductor motoneurons (Berkowitz et al.,
2005; Sun et al., 2002). Thus, loss of serotonergic inputs to laryn-
geal motorneurones of nucleus ambiguus could explain the sleep
related upper airway disorders not only in MSA but also dementia
patients.

Disease related alteration of the 5-HT system may also con-
tribute to behavioural symptoms (Rüb et al., 2000; Grinberg et al.,
2009) in dementia. Autopsy of dementia patients reveals normal
numbers of 5-HT neurons in the dorsal raphe nuclei (Hendricksen et
al., 2004) but abnormal density of 5-HT1A and 5-HT2AR (Yeung et al.,
in press) in pons and medulla. In the cortex of AD patients 5-HT1AR
alteration was found in correlation with aggressive behaviours (Lai
et al., 2003) and a reduced density of 5-HT4R expression con-
nected to hyperphagia (Tsang et al., 2010). The reduced density
of 5-HT2AR found post-mortem in patients was confirmed in the
anterior cingulate cortex of a small sample of living patients with
Alzheimer’s disease (AD), although 5-HT2AR binding was found
normal (Santhosh et al., 2009). Also, a reduction of SERT binding
was observed in the cortex of dementia patients by PET, consis-
tently with a 5-HT dysfunction affecting higher centers of cognition
and emotion (Ouchi et al., 2009).

Certain SERT inhibitors and drugs targeting 5-HTR have been
tested in neurodegenerative diseases (Lauterbach et al., 2010;
Neugroschl and Sano, 2010). However, no conclusive data on effec-
tive treatment of behavioural symptoms in dementia are published
and potential effects of SERT inhibitors on upper airway dysfunc-
tion or sleep apnoea are not tested as yet.

3.2.3. Mental disorders linked to disturbed breathing: a role for
5-HT

Amongst a variety of mental disorders the panic disorder is
considered most directly to be linked to an aberration in the con-
trol of respiration (Klein, 1993; Nardi et al., 2009). Contrary to
other anxiety related disorders panic disorder is often charac-
terized by respiratory symptoms, such as hyperventilation and
shortness of breath (Nardi et al., 2009). Moreover, patients with
panic disorder were reported to show increased respiratory vari-
ability between panic attacks (Gorman et al., 1988; Martinez et al.,
2001) even during sleep (Stein et al., 1995). Interestingly, patients
also display hypersensitivity to CO2 (Papp et al., 1993). Whether
the breathing abnormalities are causal to specific changes in neu-
ronal circuits sensitive to CO2 (potentially including the medullary
raphe) remains undetermined. Evidence that changes in the 5-HT
system may be indirectly implicated in the breathing abnormality
arise from the established finding that long-term treatment with 5-
HT reuptake inhibitors can alleviate panic attacks. However, direct
evidence of pathological changes in 5-HT system from autopsy is

not yet available and to our knowledge an animal model for panic
disorder is not currently established.

4. Therapeutic use of serotonergic drugs in central
respiratory dysfunction

The targeted use of serotonergic drugs to treat centrally medi-
ated respiratory disorders is sparse. The use of the 5-HT1AR agonist
buspirone was successful in the treatment of severe apneusis occur-
ring in a child after ponto-medullary surgery (Wilken et al., 1997).
Further, it has been shown that breathing stabilizes in a RTT
patient after buspirone administration (Andaku et al., 2005). The
use of 5-HT2/3R antagonist significantly reduces the apnoea index in
sleep apnoea patients but also reveals sedation and weight-gain as
unwarranted side effects (Carley et al., 2007). A recent placebo con-
trolled clinical trial completely failed to show effective treatment
of respiratory abnormality in panic disorder (Coryell and Rickels,
2009).

Besides the largely unsatisfactory results in clinical trials, exper-
imental evidence proposes interesting future avenues for the use
of serotonergic drugs in central respiratory disturbance and fail-
ure. For example, 5-HT4R and 5-HT1AR agonists have been shown
to compensate central respiratory disturbances including apneusis
or apnoeic periods in the experimental settings (El-Khatib et al.,
2003; Lalley et al., 1994a,b; Manzke et al., 2003, 2009; Sahibzada et
al., 2000; Stettner et al., 2008a,b; Wilken et al., 1997; Yamauchi et
al., 2008; Guenther et al., 2009). Specifically 5-HT4R and 5-HT1AR
agonists may have a broader applicability in the treatment of opioid
mediated respiratory arrest. Opioids are currently the most power-
ful analgesics available to treat pain but their use is limited by side
effects including the risk of fatal apnoea. Recent evidence provided
by Diethelm Richter’s group suggest that 5-HT4R or 5-HT1AR medi-
ated recovery of "-opioid receptor evoked respiratory depression
or even total arrest (Manzke et al., 2003, 2009). The use of a 5-HT1AR
agonist has been shown to evoke breathing recovery following opi-
oid induced respiratory depression in awake rodents (Dutschmann
et al., 2009). However it needs to be mentioned that preliminary
test in humans failed to produce similar beneficial effect on opi-
oid evoked respiratory depression (Lötsch et al., 2005; Oertel et al.,
2007).

In summary, the discrepancies between promising effect of
serotonergic drugs on various central breathing instabilities as seen
in animal models and the comparable results as seen in human tri-
als remain. One reason for the unpredictability of serotonergic drug
treatment is related to pronounced pre-synaptic autoinhibitory
mechanism, which fine tunes afferent synaptic inputs to 5-HT neu-
rons. For instance the block of 5-HT re-uptake can lead to increased
activation of pre-synaptic 5HT1AR of the raphe nuclei by endoge-
nous 5-HT. This in turn suppresses synaptic drive to 5HT neurons
consequently reducing 5-HT release in central nervous system.
Therefore a drug aiming to potentiate the action the 5-HT sys-
tem does not produce the warranted net-effect in the brain. Future
breakthroughs in drug design may help to tailor serotonergic drugs
to specifically target respiratory disorder with minimal impact on
other physiological systems.

5. Conclusion

Compelling experimental evidence shows that the 5-HT plays
a crucial role in the central control of breathing. Disease-related
alterations of 5-HT system (linked to genetic and/or environmen-
tal factors) induce severe breathing disorders occurring at different
stages in life, ranging form the early postnatal period with SIDS,
neurodevelopmental disorders and to neurodegenerative disease
in the elderly and ageing. The wide range of neurologic diseases
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correlate to several differential mechanisms through which 5-HT
may affect the respiratory system. There is much to be deciphered
on the precise mechanism through which 5HT mediates respiratory
function (and dysfunction) and the future is bright and forthcom-
ing.
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Résumé en français : 

 

Pour maintenir l’homéostasie du pH, le réseau respiratoire central doit en permanence 

ajuster son activité rythmique motrice à l’environnement et aux comportements de 

l’organisme. Chez les nouveau-nés, il est généralement admis que les groupes de neurones du 

noyau rétrotrapézoïde/groupe respiratoire parafacial de la surface ventrale du bulbe rachidien 

jouent un rôle primordial dans la réponse respiratoire à l’acidose, même si le système 

sérotoninergique pourrait également contribuer à cette réponse. Utilisant la préparation de 

bulbe rachidien en bloc de souris nouveau-nées, nous avons montré pour la première fois que 

la réponse respiratoire à l’acidose est abolie après un pré-traitement avec la fluoxétine (25-50 

&M, 20 min), un bloqueur du transporteur de la sérotonine communément utilisé comme 

antidépresseur. Utilisant de l’hybridation in situ des mRNA, et de l’immunohistologie, nous 

avons également montré que les expressions du mRNA du transporteur de la sérotonine, et 

des neurones contenant de la sérotonine, se font dans la zone contenant le RTN/pFRG des 

souris nouveau-nées. Ces résultats révèlent que le système sérotoninergique joue un rôle 

essentiel pour l’homéostasie du pH. Même s’ils ont été obtenus sur de la souris nouveau-née 

in vitro, ces résultats suggèrent que des drogues ciblant le système sérotoninergique devraient 

être utilisées avec prudence chez les enfants, chez les femmes enceintes et chez les mères qui 

allaitent. 
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Abstract

Background: To secure pH homeostasis, the central respiratory network must permanently adapt its rhythmic motor drive
to environment and behaviour. In neonates, it is commonly admitted that the retrotrapezoid/parafacial respiratory group of
neurons of the ventral medulla plays the primary role in the respiratory response to acidosis, although the serotonergic
system may also contribute to this response.

Methodology/Principal Findings: Using en bloc medullary preparations from neonatal mice, we have shown for the first
time that the respiratory response to acidosis is abolished after pre-treatment with the serotonin-transporter blocker
fluoxetine (25–50 mM, 20 min), a commonly used antidepressant. Using mRNA in situ hybridization and immunohistology,
we have also shown the expression of the serotonin transporter mRNA and serotonin-containing neurons in the vicinity of
the RTN/pFRG of neonatal mice.

Conclusions: These results reveal that the serotonergic system plays a pivotal role in pH homeostasis. Although obtained in
vitro in neonatal mice, they suggest that drugs targeting the serotonergic system should be used with caution in infants,
pregnant women and breastfeeding mothers.
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Introduction

From birth onwards, the neonatal mammal must be able to
breathe and adapt its breathing activity to environmental changes
and behaviors. Therefore a correct function of the ponto-
medullary respiratory network is required at birth, not only for
the elaboration of the respiratory rhythm but also for its
adaptation to physiological needs. In neonates, the respiratory
rhythm generator (RRG) is composed of two coupled, interacting
networks: the preBötzinger complex (preBötC) which contains the
primary rhythm generating neurons in brainstem slices [1,2] and
the parafacial respiratory group (pFRG). The pFRG neurons
express the transcription factor Phox2b, display a pre-inspiratory
discharge and play a major role in detecting CO2/pH changes
and adjusting the RRG activity in neonatal and juvenile animals
[3,4]. In embryos, organized rhythmic activities emerge in the
preBötC and pFRG as early as at embryonic day 15.5 and 14.5,
respectively [5–7]. After birth, the embryonic pFRG forms the
retrotrapezoid nucleus (RTN) with Phox2b glutamatergic neurons
detecting changes in CO2/pH, receiving peripheral inputs from
carotid bodies chemoreceptors, and controlling the respiratory

network [8–10]. The RTN/pFRG neurons are severely depleted
in transgenic mouse model of the Central Congenital Hypoven-
tilation Syndrome, a rare disease defined by the lack of CO2/pH
responsiveness and RRG automaticity during sleep [11].
Although the RTN/pFRG neurons have a crucial role in

ventilatory responses to CO2/pH changes in neonates, the serotonin
(5-HT) neurons also contribute to the maintenance of blood gas
homeostasis [12–14]. As recently reviewed, the 5-HT neurons are
involved in respiratory function and dysfunction [14], they
synaptically contact the RRG [15], modulate the activity of the
maturing RRG [16], are intrinsically chemosensitive in vitro, are
stimulated by hypercapnia in vivo, and their disruption alters the
ventilatory response to CO2/pH changes [12,17,18]. In a transgenic
mouse model of Prader-Willi syndrome, a rare disease with complex
symptoms including frequent apnoeas during sleep and blunted
ventilatory responses to CO2/pH, the medullary 5-HT levels are
abnormally increased at birth and the ventilatory responses to CO2/
pH reduced [15]. In addition, an altered 5HT system and insufficient
ventilatory responses to CO2/pH and/or hypoxia during sleep might
contribute to sudden infant death syndrome (SIDS), the main cause
of death in infants in industrialized countries [14,18–21].
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The present work aimed at a further elucidation of the role of
endogenous 5-HT in the RRG response to CO2/pH in neonatal
mice. Using en bloc medullary preparations where the isolated
RRG still functions in vitro and responds to CO2/pH changes, we
show that a pre-treatment with fluoxetine, a blocker of the
serotonin transporter (SERT) and 5-HT re-uptake, abolishes the
RRG responses to CO2/pH. Using mRNA hybridization and
immunohistology, we also report SERT mRNA expression and a
few 5-HT neurons in the vicinity of the RTN/pFRG area. As
fluoxetine is a commonly used antidepressant known to increase
endogenous levels of 5-HT [22], we suggest a cautious use of
pharmacological treatments targeting the 5HT system in infants,
pregnant women and breastfeeding mothers.

Materials and Methods

Ethics Statement
The experiments were performed on neonatal mice (n = 48)

born from C57BL6 mice (Charles River Laboratories; l’Arbresle,
France) housed with food and water ad libitum and were
conducted in agreement with the European Communities Council
Directive (86/609/EEC) (permit number 13–426 to Nicolas
Voituron; approved by Direction Départementale des Services
Vétérinaires - Préfecture des Bouches du Rhône, France).

Surgery and electrophysiology
The medulla and cervical cord of neonatal mice (n = 42;

postnatal days 1–3) were dissected, placed in a 2 ml in vitro
recording chamber and superfused (.2 ml per min) with artificial
cerebro-spinal fluid (aCSF), as reported previously [15]. Under
these conditions, the isolated RRG continued to function,
producing rhythmic bursts on phrenic roots for long periods of
time. The 4th cervical ventral root containing the axons of phrenic
motoneurons was sucked in a glass micropipette. Its electrical
activity was filtered (100–3000 Hz), amplified (65000), integrated
(time constant 100 ms), digitized and stored (1 Khz; Spike 2 data
system; Cambridge Electronic Design, UK).
As reported previously [7,23], two different aCSF, bubbled with

carbogene and maintained at 27uC, were used: a normal aCSF
(pH=7.4) and an acidified aCSF (pH=7.1), and pH values were
regularly measured (pHmeter P107, Consort, Bioblock Scientific).
The composition of the normal aCSF, also termed below
aCSF(7.4), was (in mM): 129.0 NaCl, 3.35 KCl, 21.0 NaHCO3,
1.26 CaCl2, 1.15 MgCl2, 0.58 NaH2PO4, and 30.0 D-glucose.
The composition of the acidified aCSF, also termed below
aCSF(7.1), was similar but NaHCO3 was reduced to 10.0 mM
[7,23]. This protocol already used by us [7] and others [23] to
impose reproducible acidosis to en bloc medullary preparations
without bubbling gases containing higher levels of CO2 and lower
levels of O2 in the superfusate, was used to examine the direct
effects of acidosis on the activity produced by the isolated
respiratory network. In a first set of experiments, the RRG
response to acidosis was analyzed by subjecting preparations to 5
or 10 min application of aCSF(7.1). In a second set of
experiments, the effect of pre-treating the preparations with
aCSF(7.4) containing fluoxetine (10 mM or 50 mM; 20 min) was
investigated on the RRG response to acidosis. Fluoxetine is a well-
known antidepressant of common clinical use that blocks the
serotonin transporter (SERT), the blockade of the 5-HT reuptake
increasing the 5-HT endogenous levels and potentiating the 5-HT
effects at the synaptic cleft [22]. After fluoxetine pre-treatment, the
RRG response to acidosis was investigated by subjecting the
preparations to aCSF(7.1) containing the same amount of
fluoxetine for 5 min. In a third set of experiments, the RRG

response to acidosis was investigated after pre-treatment with
aCSF(7.4) containing 5-HT (1 mM or 5 mM; 20 min) to mimic the
effect of fluoxetine by increasing the extracellular level of 5-HT.
After 5-HT pre-treatment, the RRG response to acidosis was
analyzed by subjecting the preparations to aCSF(7.1) containing
the same amount of 5-HT for 5 min. All drugs were purchased
from Sigma (Sigma-Aldrich, Saint-Quentin Fallavier, France) and
dissolved in aCSF.
For each individual experiment (n = 42), the phrenic burst

frequency (PBf) was measured every min. The 5 min period under
aCSF(7.4) prior to any drug application was used to define the
control PBf (100%) and the changes in PBf induced by application
of the modified aCSF were expressed in % of control PBf.
Standardized experiments were repeated on different preparations
from different litters and only one trial was performed per
preparation. The mean changes in PBf were averaged min after
min from different preparations and the results were given as
mean 6 SEM. As in previous reports [15,16,24,25], the figures
present the mean PBf changes as % of the control PBf, whereas the
statistical analysis of the changes in PBf was performed on absolute
values (cycle per min, c.min21) using a student’s paired t-test to
compare the PBf during acidosis to the mean PBf calculated
during the five min prior to the acidosis tests. The level of
statistical significance was set at p,0.05.

SERT mRNA expression and 5-HT neurons analysis
To analyze SERT mRNA expression in neonatal mice (n = 3),

brains were dissected at postnatal day 6 and frozen in isopentane
at 230uC. Sections (10 mm) were prepared with a cryostat at
220uC, thaw-mounted on glass slides and stored at 280uC until
usage. Regional mRNA hybridization in situ for the SERT
sequences (Mus musculus, accession numbers: NM_010484.2) was
performed as already described [26] with the following antisens
oligonucleotide:
59- GGAGGAGATGAGGTAGTAGAGCGCCCAGGCTA-

TG-39,
59- GAACAGGAGAAACAGAGGGCTGATGGCCACCC-

AG-39,
59-CTCAGCAGGTGACGTGGAATGGAGTGTCCAGG-

TG-39,
59- AGAACCAAGACACGACGACGGCCTCGATGAGA-

GC -39
and 59- CCCACACCCCTGTCTCCAAGAGTTTCTGCCA-
GTTGG-39, using Helios oligo design software (http://www.
heliosbioscience.com, Helios Biosciences, France) [26]. Negative
controls were performed using labeled sense oligonucleotides. In
brief, oligonucleotides were labeled with [35S]-dATP, using
terminal transferase (Amersham Biosciences, UK), to a specific
activity of 56108 dpm/mg. Sections were covered with 100 ml of
an hybridization of Helios medium [26] and 3–56105 dpm of
each labeled oligonucleotide. Samples were incubated overnight at
42uC, washed and exposed to BAS-TR Fuji Imaging screens (Fuji
Film Photo Co., Tokyo, Japan) for 4–5 days. Screens were then
scanned with a Fuji Bioimaging Analyzer BAS-5000 (Fuji Film
Photo Co., Tokyo, Japan).
To analyze 5-HT neurons expression, brainstems were

dissected at postnatal day 3 (n = 3) and fixed in 4% paraformal-
dehyde dissolved in phosphate-buffered saline (PBS; 0.1 M
phosphate buffer at pH 7.4+0.15 M NaCl). Free-floating serial
coronal sections (70 mm thickness; vibroslicer Campden Instru-
ments, Longhborough, UK) were first incubated for 30 min at
room temperature in a blocking solution (BS) containing 1%
normal goat serum and 0.3% w/v Triton X-100 in PBS, followed
by overnight incubation at 4uC in an anti-5HT antibody (Sigma),
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diluted 1:1,000 in BS. After rinsing in PBS, the sections were
incubated for 4 hours at room temperature in a goat anti-mouse
IgG Rhodamine-conjugated (Jackson ImmunoResearch, West
Grove, PA), diluted 1:200 in PBS containing 1% normal goat
serum, rinsed again, and incubated overnight at 4uC in a mouse
PAP complex (Sigma), diluted 1:100 in PBS. On the following
day, the sections were first rinsed and pre-treated for 20 min in a
cobalt (0.5%) solution and rinsed; then the PAP complex was
developed with 3, 39-diaminobenzidine (DAB 0.04%) and
hydrogen peroxide (0.01%). After rinsing in cold PBS, the
sections were mounted on gelatin-chromalin coated slides, dried
overnight, stained with neutral red (1% in H2O), dehydrated in a
graded series of ethanol (70%, 80%, 95%, and 100%), cleared in
xylene, coverslipped with DPX, investigated in transmitted light,
and photographed.

Results

The isolated RRG generated rhythmic phrenic bursts with
stable amplitude and frequency (Fig. 1A) and the mean PBf under
aCSF(7.4) containing no drugs (10.060.7 c.min21; n = 42) was
fully consistent with previously reported values [15].

Acidosis increases the PBf of en bloc medullary
preparations
To analyze the PBf changes induced by acidosis, we measured

the control PBf every min in twelve preparations superfused with
aCSF(7.4) for at least 20 min followed by superfusion with
aCSF(7.1) for five min. As shown in Fig. 1B, the mean PBF did
not change in the first two min of acidosis, after which it
significantly increased to reach 13368% of the control PBf during

Figure 1. Acidosis increases the phrenic burst frequency of en bloc medullary preparations. A – Schematic presentation of the en bloc
preparation of neonatal mice (A1) and example of raw and integrated phrenic bursts (bottom and top traces, respectively) produced by the isolated
respiratory rhythm generator (RRG) on the C4 ventral roots of en bloc preparations (A2). B – Columns of the histogram show the mean (and SEM)
phrenic burst frequency (PBf; expressed as % of the control PBf) measured every min (one column =1 min) in 12 en bloc preparations when the
control aCSF(7.4) (white columns) superfusing the preparations was replaced by aCSF(7.1) for 5 min (black columns). Note that acidosis significantly
increased the PBf (asterisks indicate a p,0.05 statistical difference). C- As in B but aCSF(7.1) application for 10 min to 6 other preparations. Note that
the PBf reached a plateau from the 5th to the 10th min of aCSF(7.1) application.
doi:10.1371/journal.pone.0013644.g001
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the last min of acidosis. When superfusion with aCSF(7.4) was
resumed, the PBf recovered control values within two min. In a
second set of experiments, six other preparations were also
subjected to aCSF(7.1) but the application was maintained for ten
min instead of five min to know whether longer period of acidosis
induced more marked changes in the PBf (Fig. 1C). The PBf did
not significantly change in the first min of acidosis, slightly but
significantly increased at the 2nd min, reached 142610% at the 5th

min and thereafter remained at a plateau until the 10th min of
acidosis (132613% of control) when superfusion with aCSF(7.4)
was resumed, the PBf returning to control values.
Neither five nor ten min of acidosis significantly affected the

mean amplitude of the integrated PB (data not shown). As five and
ten min of acidosis similarly increased the PBf, data corresponding
to the PBf changes induced by the first five min of acidosis in the
two types of experiments (five and ten min of acidosis) were pooled
together. On the whole sample of 18 preparations, acidosis always
increased the PBf. It had no significant effects on the mean PBf
during the first min, weakly but significantly increased it from the
second min (11264%) and raised the PBf up to 13766% of the
control at the 5th min. No significant relationship was found
between the PBf increment induced by acidosis at the 5th min and
the control PBf prior to acidosis (r = 0.312; df = 16; p.0.1). In
addition, no significant difference was observed between the mean

PBf increment induced by acidosis at the 5th min in preparations
displaying the highest (13.160.6 c.min21, n = 5) vs. the lowest
(5.960.2 c.min21, n = 5) control PBf (mean PBf increment:
3.761.4 c.min21 and 2.360.7 c.min21, respectively; P.0.2).
Therefore, acidosis increased the PBf in all the preparations, even
when the control PBf was high. Because the five-min application of
acidified aCSF was more likely to reflect the physiological
breathing responses to transient blood acidosis than the ten-min
application, we only tested below the PBf changes induced by five
min of acidosis.

Excess of 5HT abolishes the PBf response to acidosis
In a second set of experiments, preparations were subjected to

pre-treatment with aCSF containing fluoxetine, a well-known
SERT blocker known to increase 5-HT endogenous levels [22],
prior to investigating the PBf responses to acidosis. As applications
of fluoxetine at large concentration (100 mM) were reported to
double the mean PBf [16], we used weaker concentrations to avoid
marked increases of the resting PBf. Indeed, pre-treatments with
fluoxetine at 10 mM (n= 6) and 50 mM (n=4) did not significantly
affect the resting PBf at either concentrations and therefore data
were pooled (n = 10). As shown in Fig. 2A, subjecting the
preparations to aCSF(7.4) containing fluoxetine for 20 min did
not significantly increase the mean PBf during the last five min of

Figure 2. Fluoxetine and serotonin pre-treatments abolish the increase of phrenic burst frequency induced by acidosis. A - Columns
of the histogram show the mean (and SEM) PBf (expressed as % of the control PBf) measured every min (one column =1 min) in 10 preparations
when the control aCSF(7.4) (white columns) superfusing the preparations was first replaced by aCSF(7.4) containing fluoxetine (10–25 mM) for 20 min
to block the serotonin transporter SERT (grey columns) and thereafter by aCSF(7.1) containing the same amount of fluoxetine for 5 min (black
columns). Note that pre-treatment with fluoxetine did not significantly increase the PBf but abolished the PBf increase under acidosis. B - PBf changes
(expressed as % of control) every min (one column) but for 14 preparations superfused with control aCSF(7.4) (white columns), aCSF(7.4) containing
serotonin, 5-HT (1–5 mM) for 20 min (grey columns) and thereafter aCSF(7.1) containing the same amount of 5-HT for 5 min (black columns). Note
that pre-treatment with 5-HT significantly increased the PBf by about 50% and, similarly to fluoxetine treatment, abolished the PBf increase under
acidosis.
doi:10.1371/journal.pone.0013644.g002
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fluoxetine (11366% of the control; p.0.1). Then, to investigate
the effect of fluoxetine pre-treatment on the PBf response to
acidosis, the aCSF(7.4) containing fluoxetine was replaced by
aCSF(7.1) containing the same amount of fluoxetine for 5 min.
Acidosis slightly but non-significantly decreased the PBf, the PBf
being similar to control at the 5th min. Thus, pre-treating en bloc
medullary preparations with the SERT blocker fluoxetine
abolished the PBf response to acidosis.
To mimic the fluoxetine-induced increase of 5-HT levels,

fourteen other preparations were subjected to aCSF(7.4) containing
weak concentrations of exogenous 5-HT for 20 min. Two different
concentrations of 5-HT were used, 1 mM (n=7) and 5 mM (n=7).
After 20 min of application, they both slowly and significantly
increased the PBf by around 50% and similarly altered the PBf
response to acidosis; therefore data were pooled (n= 14). As shown
in Figure 2B, aCSF(7.4) containing 5-HT slowly and significantly
increased the PBf up to a plateau at 15166% of the control during
the five last min of 5-HT pre-treatment. Thereafter, applying
aCSF(7.1) containing the same amount of 5-HT for 5 min to 14
preparations either reduced the PBf (8367% of control; n = 6) or
increased it (130610% of control; n = 8). On the whole sample
(n= 14), acidosis after 5-HT pre-treatment did not significantly
affect the PBf at the 5th min (11269% of control; p.0.1). No
significant relationship was found between the PBf responses to
acidosis and the control PBf either prior to (r =20.174; df = 12;
p.0.1) or after 5-HT pre-treatment (r =20.346; df = 12; p.0.1).
In addition, no significant difference was observed between the PBf
response to acidosis in preparations displaying the highest
(22.762.4 c.min21; n = 5) vs. the lowest (12.260.7 c.min21;
n = 6) PBf under 5-HT (mean PBf response: 0.260.9 c.min21 and
1.461.6 c.min21, respectively; P.0.2).Then, exposure of prepara-
tions to exogenous 5-HT abolished the PBf response to acidosis,
even when the PBf was moderately increased by 5-HT exposure.

SERT mRNA expression and 5-HT neurons in the RTN/
pFRG area
To decipher the mechanisms through which the SERT blocker

fluoxetine abolished the PBf response to acidosis, we examined
possible fluoxetine targets with in situ hybridization for SERT
mRNA in 10 mm medullary sections of three neonatal mice. We
identified the brainstem section level from observation of adjacent
sections stained with Cresyl Violet. As previously [7], we defined
the RTN/pFRG area as located below the caudal part of the facial
motor nucleus (n7), rostral to the appearance of the nucleus
ambiguous. SERT mRNA was constantly found expressed in three
distinct ventral spots of medullary sections cut at the RTN/pFRG
level (Fig. 3A). First, SERT mRNA expression formed a median,
large and heavily stained triangle, possibly delimiting the raphe
magnus (Rm in Fig. 3). Second, SERT mRNA expression was also
found at a more lateral spot, about 500 mm from the midline, just
lateral to the pyramidal tract (py), in an area possibly
corresponding to the para-pyramidal subgroup of 5-HT neurons
(ppy in Fig. 3). Third, a distinct and small spot of SERT mRNA
was observed 200–300 mm laterals from the ppy, ventral to the
medial part of the facial nucleus (n7). This small lateral spot was
observed in the three studied neonatal mice (arrows in Fig. 3).
The SERT mRNA spot in the vicinity of the RTN/pFRG of

neonatal mice was consistent with the dense 5-HT innervation to
the RTN/pFRG described in rats [27–29]. However, as SERT
mRNA expression could only originate from 5-HT somata and
not 5-HT terminals, we used antibody against 5-HT to seek for 5-
HT-containing neurons in sections passing at the RTN/pFRG
level. We clearly identified three distinct groups of 5-HT neurons
(Fig. 3B1) forming the medial raphe magnus, the lateral ppy

column and a lateral group of a few scattered 5-HT neurons. The
latter 5-HT-containing neurons were located very close to the
ventral surface and medial to the n7 (Fig. 3B2, B3) and were highly
likely at the origin of the most lateral SERT mRNA spot found in
the vicinity of the RTN/pFRG area.
Asides from the RTN/pFRG area, our in situ hybridization

studies revealed a very dense expression of SERT mRNA in all the
median raphe nuclei and all along the ppy column of 5-HT
neurons. At the caudal medullary level, SERT mRNA expression
was also found in the respiratory-related areas of the ventro-lateral
medulla, below the nucleus ambiguous, but not in the dorsal
medulla (data not shown).

Discussion

In neonatal mice, we report that the PBf response to acidosis is
abolished by pre-treatment with the SERT blocker fluoxetine and
that SERT mRNA and 5-HT neurons are found in the vicinity of
the RTN/pFRG area. These new results are of main importance
since they argue for a pivotal role of the 5-HT system in the PBf
response to acidosis and suggest that altered 5-HT metabolism in
infants may affect the breathing response to acidosis.

Basic aspects of the PBf responses to acidosis
In medullary preparations of neonatal mice, acidosis increases

the PBf by about 40% without affecting the phrenic burst
amplitude, in agreement with previous reports in neonatal rats
[30] and foetal mice [7]. Compelling evidence exist that the
neonatal RTN/pFRG plays a main role in the PBf response to
acidosis [3,4,8–10]. However, the one min latency of the PBf
response appears to be long since the RTN/pFRG chemorecep-
tors are close to the ventral surface and rapidly detect CO2/pH
changes [28]. The RRG responds in a few seconds when the
RTN/pFRG neurons are stimulated by direct photo-activation in
vivo [31] or direct CO2/pH stimulation in vitro [32]. The kinetics of
the PBf responses to acidified aCSF applications have not been
previously documented in details but latencies in a min range are
commonly illustrated [30,33,34]. Aside the superficial RTN/
pFRG chemoreceptors, several groups of chemoreceptors are
described in discrete brainstem areas, such as the pontine
catecholaminergic A5 and A6 areas, the ventrolateral medulla
and the raphe areas [33,35]. Indeed, the 5-HT neurons play a
crucial role in respiratory function and dysfunction [14]: they are
intrinsically chemosensitive [12], synaptically contact the respira-
tory neurons [15] and exert a facilitatory modulation on the RRG
via a release of endogenous 5HT and activation of 5-HT1A
receptors [16,36]. Although some 5-HT neurons are very close to
the ventral surface of the medulla, most are located deeper in the
brainstem than the superficial RTN/pFRG chemoreceptors and
may require a longer latency to detect acidosis. As five and ten min
acidosis applications similarly affect the PBf, we speculate that the
PBf response to acidosis we have analyzed reflects the integrated
response of the whole medullary chemosensitive system rather
than the solely response of superficial RTN/pFRG chemorecep-
tors.

Basic aspects of the fluoxetine abolition of the PBf
response to acidosis
Fluoxetine blocks SERT and increases the 5-HT endogenous

level and the 5-HT availability at the synaptic cleft [22,37].
Correlatively, fluoxetine potentiates the facilitation of the RRG by
endogenous 5-HT, doubling the resting PBf when applied at
100 mM [16]. Herein applying fluoxetine at weaker concentrations
did not significantly increase the PBf but totally abolished the PBf
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response to acidosis. Mimicking the fluoxetine-induced increase in
5-HT levels with exogenous 5-HT application significantly
increased the PBf and also totally abolished the PBf response.
The abolition of the PBf response by 5-HT applications was
unlikely caused by the increased resting PBf since no significant
relationship was found between the resting PBf and the magnitude
of the PBf response to acidosis under normal aCSF as well as
under aCSF containing 5-HT.
Our histological results in neonatal mice show SERT mRNA

expression in all areas known to contain 5-HT neurons as well as
in the vicinity of the RTN/pFRG area where we also report 5-
HT-containing neurons. In the RTN/pFRG of neonatal rats,
SERT immunoreactivity and 5-HT receptors expression has been
reported, such a dense 5-HT innervation forming a possible
anatomical substrate for 5HT-dependent control of RTN/pFRG
chemoreceptors [27–29]. In neonatal mice, the neurons expressing
the SERT mRNA and containing 5-HT in the vicinity of the
RTN/pFRG area may be viewed as a lateral subcluster of 5-HT
neurons from the ppy column but it cannot be excluded that they
are not actual 5-HT neurons. During development, SERT
expression can transiently occur in some glutamatergic non-5-
HT neurons allowing them to take up and store 5-HT released

from neighbouring terminals [38]. Further experiments are
required to examine whether the SERT-expressing and 5-HT-
containing neurons in the vicinity of the RTN/pFRG area are
actual 5-HT neurons able to synthesize 5-HT or glutamatergic
RTN/pFRG neurons expressing SERT and up-taking 5-HT.
Nevertheless, fluoxetine blockade of 5-HT uptake may affect the
5-HT levels, the pH response of brainstem chemoreceptors and
the RRG activity and responsiveness. Application of 5-HT to
RTN/pFRG chemoreceptors increases their baseline level but not
the magnitude of their response to pH [28]. Thus, the abolition of
the PBf responses to acidosis by fluoxetine cannot be simply
explained by a decreased chemosensitivity of RTN/pFRG
neurons and it possibly reflects more complex, 5-HT dependent
mechanisms affecting the whole chemosensitive system.
Within the maturing CNS, endogenous 5-HT acts through a

plethora of receptors subtypes to modulate maturational processes,
synaptic mechanisms and neuronal excitability [14,38]. Similarly
5-HT exerts multiple effects on the neonatal respiratory network,
facilitating the RRG via 5-HT1A receptors, depolarizing and
firing the phrenic motoneurons via 5-HT2A receptors and
reducing the transmission of the respiratory drive to motoneurons
via 5-HT1B receptors [14,16,24,25,36,39]. An excess of endog-

Figure 3. SERT mRNA and 5-HT-containing neurons in the vicinity of the RTN/pFRG of neonatal mice. A: Two serial coronal sections
passing through the RTN/PFRG area of a neonatal mouse show SERT mRNA expression (A1) and Cresyl Violet staining (A2). Anatomical limits drawn
from A2 Cresyl Violet section have been superimposed on A1 section (dotted line). Note SERT mRNA is expressed in three areas, the median Raphe
Magnus (Rm), the para-pyramidal group (ppy) lateral to the pyramid tract (py) and a lateral spot (arrow) located in a medio-ventral position from the
facial motor nucleus (n7), as defined from Cresyl Violet staining (in A2). B- 5-HT neurons in the RTN/pFRG area of a neonatal mouse. Note 5-HT
neurons in the median raphe magnus (Rm), the parapyramidal group (ppy, doted circle) lateral to the pyramidal tract (py) and the lateral spot (arrow
in B1) in the medio-ventral location of the facial nucleus (n7). In B2 and B3, note the superficial location of some 5-HT neurons (arrows). B3 is an
enlargement of B1.
doi:10.1371/journal.pone.0013644.g003

Fluoxetine and Acidosis

PLoS ONE | www.plosone.org 6 October 2010 | Volume 5 | Issue 10 | e13644

185



enous 5-HT affects the expression of 5-HT1A receptors, the RRG
modulation by 5-HT [36,40] and may also affect non-5HT
systems known to modulate the RRG such as the catecholamin-
ergic system [41,42]. In addition, 5-HT may affect the gap
junction coupling. Gap junction coupling occurs between cultured
chemoreceptors [43] as well as between chemoreceptors of discrete
brainstem areas such as the locus coeruleus [44], the raphe [45]
and the RTN/pFRG [46]. Frequent gap junctions contribute to
the synchronous firing of raphe neurons [45] and may lead the
brainstem chemoreceptors to behave as a syncytium [47].
Blockade of gap junctions reduces the in vivo RTN/pFRG
chemosensitivity [48] and the in vitro resting PBf [49]. Interestingly,
the gap junction coupling is reduced by excess of 5-HT [50,51].
We therefore speculate that the fluoxetine-induced excess of 5-HT
reduces the gap junction coupling between brainstem chemore-
ceptors and that a disorganized chemoreceptor drive to the RRG
during acidosis may affect the PBf response.
Thus, the fluoxetine-induced excess of 5-HT may directly (via

the 5-HT system) and indirectly (via other neurotransmitter
systems) affect the RRG responsiveness to acidosis as well as the
elaboration of the chemoreceptor drive. Although further
experiments are required to decipher these different, non-exclusive
mechanisms, data from several lines of transgenic mice further
support a link between 5-HT and RRG response to CO2/pH.
Indeed, genetically-induced alterations of the 5-HT system in mice
affect the RRG responses to CO2/pH, as reported in SERT
knockout mice [37,52] and lmx1b and Pet-1 knockout mice
[53,54]. In mouse model for Prader-Willi syndrome, a rare disease
with blunted breathing responses to CO2/pH, neonates have
excess of 5-HT in the medulla and reduced breathing response to
CO2/pH [15]. In mouse model for the Central Congenital
Hypoventilation Syndrome, the respiratory responses to pH are

abolished, the number of 5-HT neurons is normal but nothing has
been reported about 5-HT metabolism yet [11].

Translational aspects of 5-HT and breathing responses to
acidosis in infants
SIDS, the main cause of infant death in industrialized countries,

might result from developmental abnormality of the 5-HT system
leading to altered breathing responses to CO2/pH during sleep
[18–21]. Alterations of 5-HT metabolism, number of 5-HT
neurons, SERT expression and 5-HT receptors expression have
been reported in SIDS and a subset of SIDS infants has genetic
polymorphisms impacting the 5-HT system [14,18–20]. Although
our results have been obtained in vitro and in neonatal mice, they
may be of some values for infants. Indeed, they are fully consistent
with 5-HT metabolism anomalies altering breathing response to
CO2/pH and increasing SIDS risks.
SERT is the primary target for widely used antidepressants.

Depression concerns up to 2–3% of the pregnant women
population and mothers are often subjected to treatment with
SERT inhibitors, which may indirectly affect the foetuses via
placental transfer and the infants via breastfeeding, resulting to
clinical manifestations in 30% of the neonates, including breathing
symptoms [55]. As it cannot be excluded that fluoxetine treatment
of the mother depresses the infant breathing response to CO2/pH,
we suggest that antidepressants targeting the 5-HT system are used
with caution during pregnancy and breastfeeding period, with
careful follow-up of infants exposed to these agents.
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4 - L’érythrocytose excessive et des hauts niveaux 
d’érythropoïétine dans le sang et dans le cerveau diminuent la 
réponse ventilatoire à l’hypercapnie chez la souris 

!
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Résumé en français : 

 

L’érythropoïétine (EPO), sécrétée dans le plasma et dans le cerveau, interagit avec les 

structures périphériques et centrales pour augmenter la réponse ventilatoire à l’hypoxie. Cet 

effet a été attribué à la présence des récepteurs à l’EPO dans les centres respiratoires du tronc 

cérébral et dans les corps carotidiens. Comme les chémorécepteurs centraux et périphériques 

sont sensibles aux changements de PCO2, nous avons testé l’hypothèse selon laquelle l’EPO 

modulerait la réponse ventilatoire à l’hypercapnie (RVHC). La ventilation de base et la 

RVHC ont été évaluées en pléthysmographie et en électrophysiologie in vivo chez deux 

souches de souris transgéniques surexprimant constitutivement l’EPO humaine dans le 

cerveau seulement (Tg21) ou dans le cerveau et dans le plasma (Tg6), et ont été comparées à 

celles de souris sauvages (WT). De plus, l’hématocrite (Htc) des souris WT ou Tg6 a été 

augmenté de manière aiguë par l’injection d’une protéine récente stimulant l’érythropoïèse 

(NESP ; WT-NESP) ou baissé par application de phénylhydrazine (un agent pharmacologique 

qui induit une hémolyse, PHZ ; Tg6-PHZ), respectivement. Les résultats ont montré que les 

souris Tg6 et Tg21 présentent une RVHC plus faible que les souris WT. Egalement, la RVHC 

était réduite chez les souris WT-NESP alors qu’elle était augmentée chez les souris Tg6-PHZ. 

Nous concluons que l’augmentation des niveaux d’EPO dans le plasma et dans le cerveau, 

mais aussi l’érythrocytose excessive, diminuent la RVHC. Ces résultats pourraient être 

importants pour mieux comprendre les désordres respiratoires se produisant en altitude. 
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Abstract 

Erythopoietin (Epo), secreted in plasma and brain, interacts with central and 

peripheral structures to increase the ventilatory response to hypoxia. This 

effect has been attributed to the presence of Epo receptors in both brainstem 

respiratory centres and carotid bodies. Since central as well as peripheral 

chemoreceptors also sense changes in PCO2, we tested the hypothesis that 

Epo modulates the hypercapnic ventilatory response (HCVR). Baseline 

ventilation and HCVR were evaluated by plethysmography and in vivo 

electrophysiology in two transgenic mouse lines constitutively overexpressing 

human Epo in brain only (Tg21) or in brain and plasma (Tg6), and compared 

to those of wild type (WT) mice. Further, the haematocrit (Htc) levels of WT or 

Tg6 mice were acutely elevated by injection of the novel erythropoiesis-

stimulating protein (NESP; WT-NESP) or reduced by application of the 

haemolysis-inducing compound phenylhydrazine (PHZ; Tg6-PHZ), 

respectively. The results showed that Tg6 and Tg21 mice had a lower HCVR 

than WT mice. Also, HCVR was reduced in WT-NESP whereas it was 

increased in Tg6-PHZ. We conclude that increased levels of Epo in plasma 

and brain, as well as excessive erythrocytosis blunt the HCVR. These findings 

may be relevant to better understand respiratory disorders such as those 

occurring at high altitude.  

 
(200 words) 
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Abbreviations AUC, area under the curve; CMS, chronic mountain sickness; 

EMGEIC, external intercostal muscles electromyogram; Epo, erythropoietin; 

EpoR, erythropoietin receptor; Hct, haematocrit; Hb, haemoglobin; HCVR, 

hypercapnic ventilatory response; NESP, aranesp; PHZ, phenylhydrazine 

hydrochloride; Rf, respiratory frequency; Tg6-PHZ, Tg6 mice spleenectomized 

and treated with PHZ; Tg6-SHAM, sham operated Tg6 mice; VE, minute 

ventilation; VNA, vagus nerve activity; VT, tidal volume; WT, wild type; WT-

NESP, WT mice treated with NESP; WT-Tg6, WT controls for Tg6 mice; WT-

Tg21, WT controls for Tg21 mice. 
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Introduction 

Erythropoietin (Epo) is a glycoprotein hormone that plays an essential role in 

erythropoiesis (Maurer et al. 2002; Kilic et al. 2005a and 2005b). It is also a 

cytokine characterized by low expression and activity under normal conditions 

but one that is rapidly up-regulated during such stressful conditions as 

hypoxia (Haroon et al. 2003; Muller-Ehmsen et al. 2005), tumor growth 

(Farrell & Lee, 2004) and trauma (Jelkmann, 2005). Epo is produced by the 

peritubular capillary endothelial cells in the kidney and liver, and its basal level 

is upregulated when the arterial PO2 (PaO2) decreases below normal levels, 

as occurs at sufficiently high altitudes.  

 

The erythropoietic function of Epo was recognized more than 100 years ago 

(Jelkmann, 2007), and is the basis for its extensive use in clinics for the 

treatment of patients after chemotherapy (Kassem & Yassin, 2010) or in need 

of repeated blood transfusions as a result of such anemia-related illnesses as 

chronic kidney disease (Leon-Velarde et al. 1998; Kato, 2010).  

 

During the last decade, however, Epo and its receptor (EpoR) have been 

detected in many tissues, including brain, heart, lungs and testis, suggesting 

that EPO has a much broader field of action than previously recognized. In 

particular, Epo in brain plays an important role in the response to stroke (Marti 

et al. 2000), multiple sclerosis (Sattler et al. 2004), schizophrenia (Ehrenreich 

et al. 2004), trauma (Grasso et al. 2007), epilepsy (Kondo et al. 2009) and 

retinopathy (Romagnoli et al. 2000).  
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Several studies from our laboratory have helped to characterize the effects of 

Epo on breathing. In mice, Epo increases the ventilatory response to hypoxia 

by activating brainstem respiratory neurons and cells of the carotid body 

(Soliz et al. 2005 and 2007a). Indeed, by using transgenic mice specifically 

overexpressing Epo in the nervous system, we demonstrated that Epo 

enhances the ventilatory response and acclimatization to acute and chronic 

hypoxia (Soliz et al. 2005). Epo also increases the hypoxic ventilatory 

response in humans (Gassmann & Soliz, 2009). Immunohistochemical 

analysis revealed that EpoR is expressed in mice brainstem nuclei involved in 

respiratory control (pre-Bötzinger complex, nucleus tractus solitarii and 

medullary catecholaminergic nuclei), as well as in carotid bodies (Soliz et al. 

2005). Although these results demonstrate that Epo contributes significantly to 

oxygen homeostasis, the potential role of Epo in modulating the ventilatory 

response to changes in PaCO2 has never been explored. Assessing this role 

may be relevant because hypoxia-mediated hyperventilation increases the 

elimination of CO2 that per se exerts a powerful drive to breathe (Feldman et 

al. 2003; Guyenet et al. 2010). Knowing that carotid bodies as well as multiple 

sites in the brainstem detect changes in PaCO2 (Mulkey et al. 2004; 

Richerson, 2004; Trapp et al. 2008; Nattie & Li, 2009; Gestreau et al. 2010; 

Gourine et al. 2010; Guyenet et al. 2010), and that EpoR are present in both 

peripheral and central chemosensitive structures (see above), we reasoned 

that increased Epo levels may influence the activity of chemoreceptors during 

hypercapnia and modulate the hypercapnic ventilatory response (HCVR). To 

test this hypothesis, we studied two transgenic mouse lines showing 

enhanced level of Epo in brain only (Tg21) and in brain and plasma (Tg6), 
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and compared their baseline ventilations and responses to CO2 inhalation to 

those of wildtype (WT) mice. The HCVR of Tg6 and Tg21 was decreased, 

suggesting that both plasma and brain overexpression of Epo, as well as 

excessive erythrocythosis, blunt the HCVR. We discuss potential mechanisms 

consistent with our findings and their relevance in understanding respiratory 

disorders at low and high altitude, such as obstructive sleep apnoea and 

chronic mountain sickness. 
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Methods 

Experiments were performed in accordance with French national legislation 

(JO 87-848) and European Communities Council Directive (22 September 

2010, 2010/63/EU, 74). Permit numbers A13-505 and 13-227 for C. Menuet 

and C. Gestreau, respectively, were delivered by Direction Départementale de 

la Protection des Populations, Préfecture des Bouches du Rhône, France. 

This study also conformed to the standards required by The Journal of 

Physiology (Drummond, 2009).  

 

Transgenic animals 

Transgenic mouse lines overexpressing Epo were generated by 

microinjection of human Epo cDNA driven by the human platelet-derived 

growth factor (PDGF) !-chain promoter into the pronuclei of fertilized oocytes 

derived from B6C3 hybrid mice (Ruschitzka et al. 2000). One resulting 

transgenic mouse line TgN(PDGFBEPO)321ZbZ (Tg6) showed increased 

Epo levels in plasma (12 fold vs WT control animals) and brain (26 fold vs 

WT), accompanied by a doubled haematocrit (Hct) (Wagner et al. 2001; 

Heinicke et al. 2006) and increased (25.3 ± 0.7 g dl-1) haemoglobin (Hb) 

concentration. This erythrocytotic line was backcrossed to C57Bl/6 mice for 

more than 12 generations by mating hemizygous males to WT C57Bl/6 

females. Half of the offspring were hemizygous for the transgene while the 

other half were WT and thus used as controls (WT-Tg6). The second 

transgenic mouse line termed TgN(PDGFBEPO)322ZbZ (Tg21) was 

generated as Tg6 and was bred to homozygosity in a C57Bl/6 background 

and showed increased Epo levels in brain only (4 fold vs WT) (Wiessner et al. 
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2001). Both WT (WT-Tg21) and Tg21 animals presented normal Hct and Hb 

concentration (15.4 ± 0.5 g dl-1). Knowing that aged Tg6 mice display organ 

degeneration (Heinicke et al. 2006), we used exclusively transgenic (18 Tg6 

and 13 Tg21) and WT (17 WT-Tg6 and 14 WT-Tg21) male mice of 2-3 

months of age in our experiments.  

 

Determination of ventilation by plethysmography 

Ventilation of conscious mice was recorded using non-invasive whole-body 

plethysmography as previously described (Soliz et al. 2005; Menuet et al. 

2011). Before recordings, the mice were habituated to the plethysmograph 

chamber to reduce stress. Only periods of breathing without body movements 

were studied. We used a constant flow plethysmograph (EMKA Technologies, 

Paris, France) with 200 ml animal chamber ventilated with air (600 ml min-1). 

Spirograms were stored and analyzed (Spike 2; Cambridge Electronic Design, 

Cambridge, UK) to calculate the mean respiratory frequency (Rf, expressed in 

cycles per minute), the tidal volume normalized by the body weight (VT, !l g-1), 

and the minute ventilation normalized by the body weight (VE, ml g-1 min-1, 

with VE = Rf x VT / 1000). For VT measurements, calibrations were performed 

by injecting a small volume (100 !l) of air into the recording chamber. We 

analyzed the effect of imposed hypercapnic challenge by first recording 

ventilation during inhalation of room air for 20 min and then during inhalation 

of a hypercapnic mixture (4% CO2, 21% O2, balance N2) for 5 min period 

(Menuet et al. 2011). Since hypercapnia usually induces transient agitation, 

only recordings during the last 3 minutes of the hypercapnic challenge were 

analyzed. 
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Analysis of respiratory parameters by in vivo electrophysiology  

To further assess the HCVR of WT and transgenic animals, 

electrophysiological recordings were obtained from anaesthetised animals. 

Anaesthesia. Mice were put in an induction chamber flushed with 3% 

isoflurane in air. Volatile anaesthesia was maintained via a face mask by 

reducing the inspired isoflurane concentration to 1.5-2.0 %. Body temperature 

was maintained at 37°C using a temperature-controlled heating pad. 

Surgery and electrophysiological recordings. A pair of copper 

electrodes was implanted in an external intercostal muscle to record 

electromyographic inspiratory activity (EMGEIC). The cervical vagus nerve was 

dissected free from surrounding tissue and mounted on coiled bipolar silver 

electrodes to record vagal nerve activity (VNA). The raw respiratory activities!

(EMGEIC and VNA) were amplified (gain 5-20 K), filtered (band pass 0.1-3 

kHz), and moving averages obtained (leaky integrator with 100 ms time 

constant). Both raw and integrated signals were digitized (sampling frequency 

6 kHz) and stored on computer for off-line analyses (Spike 2; Cambridge 

Electronic Design, Cambridge, UK).  

Experimental paradigm. Fifteen minutes after completion of surgery, 

all mice had stable heart rate and Rf. Signals were then recorded for 3 

minutes under basal condition (control period). Subsequently, mice were 

exposed for 3 minutes to a normoxic hypercapnic gas mixture (7% CO2, 21% 

O2, balance N2). Immediately after this first hypercapnic challenge, signals 

were then recorded for 5 min (recovery period). Once cardiorespiratory 

activity returned to basal values, signals were again recorded for 3 minutes 
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(control period) before exposure of mice for 3 minutes to a second 

hypercapnic challenge with a second more hypercapnic gas mixture (12% 

CO2, 21% O2, balance N2). Once room air was re-established, respiratory 

signals were recorded for additional 5 minutes (recovery period). This protocol 

was chosen based on preliminary data showing dose-dependent increases in 

ventilatory responses of anaesthetised mice. 

Data Analysis. Duration (expressed in seconds), peak amplitude and 

area under the curve (AUC, expressed in arbitrary units) of respiratory bursts 

were measured from the integrated signals. For each animal, the values were 

first measured during control periods and compared with data obtained during 

the 3 minutes of the hypercapnic challenges. Changes in peak amplitude and 

AUC of integrated EMGEIC and VNA were expressed as percentage of control 

values. We did not measure Rf in this set of experiments since it is depressed 

under anaesthesia and was already measured in awake mice using 

plethysmography. At the end of the experiments, blood samples were 

collected from the heart to measure Epo levels in plasma. Rats were killed by 

injection (0.5 ml, intracardiac) of a euthanizing agent (T-61, Intervet S.A., 

Beaucouzé, France). 

 

Pharmacological experiments 

We used pharmacological treatments in WT and transgenic mice in order to 

assess the different factors contributing to the reduction of the HCVR. We 

followed the same protocol as previously described by Schuler and 

colleagues (Schuler et al. 2010). Each pharmacological protocol was followed 

by plethysmographic assessment of the HCVR of the mice. 
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Aranesp-treatment of WT-Tg6 mice (WT-NESP). To examine the 

effect of excessive erythrocytosis on the HCVR, the Hct of WT-Tg6 mice was 

increased using s.c. injections of Aranesp (darbopoietin alfa, Amgen; 12.5 !g 

kg-1) twice a week. At least 10 days of treatment were necessary to reach a 

high level of Hct, as observed from blood samples taken from the tail vein of 

the animals and Hct measurements after centrifugation.  

Splenectomy and phenylhydrazine-treatment of Tg6 mice (Tg6-

PHZ). Massive erythropoiesis occurs in the spleen of Tg6 animals (Ruschitzka 

et al. 2000). In order to decrease the Hct level, splenectomy of 6 week old 

Tg6 mice was first performed using a left side abdominal laparatomy (Vogel et 

al. 2003; Gassmann et al., 2003; Schuler et al. 2010). Once Tg6 mice were 10 

weeks old, their Hct was reduced to normal range levels (40-45%) by s.c. 

administration of freshly prepared phenylhydrazine hydrochloride (PHZ; 

Sigma, P6926, Switzerland) that causes chemical haemolysis (Lim et al. 

1998; Vannucchi et al. 2001). Animals received one PHZ injection (1.2 mg 10 

g-1 body weight) every 2 days for 6 days. Blood samples were taken from the 

tail veins of the animals, and Hct was measured by centrifugation. A group of 

sham-operated Tg6 animals (Tg6-SHAM) was used as controls. 

 

Quantification of plasma Epo 

Blood samples were drawn by cardiac puncture into heparinized Ependorff 

tubes and plasma was collected after centrifugation at 18,000 g. Protein 

concentrations of plasma were determined by the Bradford protein assay (Bio-

Rad, Hercules, CA, USA). Subsequently, Epo levels were quantified using an 

125I-Epo-based radioimmunoassay (RIA) (Amersham, Zurich, Switzerland), 
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according to previously published protocols (Kilic et al. 2005a). The lower 

detection limit of our RIA was 4 U.l!1, and the intra-assay/inter-assay 

variances were < 2% and < 6%, respectively. 

 

Statistical analysis  

Analysis was performed using Statview software (Abacus Concepts, Berkeley, 

CA), and values expressed as means ± SD. A one-way ANOVA followed by a 

post-hoc PLSD (Protected Least Significant Difference of Fisher) test was 

used to analyse data from plethysmography and plasma Epo measurements 

when comparisons were done between more than two groups. Repeated 

measures ANOVA were used to compare data obtained with 

electrophysiology. Student t-tests were used to analyse data from 

plethysmography and Hct measurements in which only two groups were 

compared. Regression analyses were also performed to analyse correlation 

between VE and Hct or plasma Epo concentration. Differences were 

considered significant when p<0.05.  
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4. RESULTS 

 

Decreased HCVR in awake Tg6 mice  

Minute ventilation (VE), tidal volume (VT) and respiratory frequency (Rf) were 

evaluated in unrestrained WT-Tg6 (n=8) and Tg6 mice (n=11), the latter 

showing constitutive overexpression of Epo (in brain and plasma) and 

excessive erythrocythosis. The Tg6 group consisted of both Tg6-SHAM (n=5) 

and Tg6 (n=6) mice, since their ventilatory parameters were similar under 

both normocapnic (VT, Rf and VE, p=0.73, 0.36, and 0.49 respectively) and 

hypercapnic (VT, Rf and VE, p=0.3, 0.24 and 0.75 respectively) conditions. 

Neither VE nor ventilatory pattern (Rf and VT) differed between WT-Tg6 and 

Tg6 mice exposed to normoxic normocapnic environment (room air) (Fig. 1). 

Exposure to normoxic hypercapnia (21% O2, 4% CO2 for 5 minutes) triggered 

a strong ventilatory response in both groups. However, compared to control 

values, VE was greater (p<0.001) in WT-Tg6 than in Tg6 mice (12.8 ± 1.7 vs 

5.0 ± 0.7, respectively) (Fig. 1A). Overall, the HCVR of Tg6 mice was blunted 

by 60% due to a significant decrease in both Rf (p<0.01; Fig. 1B) and VT 

(p<0.001; Fig.1C). 

 

Decreased intercostal and vagal respiratory activities in anaesthetised 

Tg6 mice exposed to hypercapnia 

Respiratory drive to both laryngeal and thoracic muscles was evaluated from 

vagal nerve activity (VNA) and external intercostal muscle discharge (EMGEIC) 

in isoflurane-anethetized mice. Mean duration, peak amplitude and AUC of 

integrated signals were measured in Tg6 (n=7) and WT-Tg6 mice (n=9) (Fig. 
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2). When mice were exposed to 7% CO2, there was no difference between 

strains in duration of EMGEIC or VNA (Fig. 2A). However, the AUC of both 

respiratory signals measured during the HCVR was significantly greater in 

WT-Tg6 compared to Tg6 mice (p<0.05 and p<0.01 for EMGEIC and VNA, 

respectively) (Fig. 2A). This difference was mainly attributable to changes in 

peak amplitude of the respiratory signals (p<0.01 for EMGEIC and VNA) (Fig. 

2A). The mean amplitude and AUC of VNA measured during recovery in Tg6 

mice remained significantly elevated (p<0.05 for both parameters). Similar 

results were obtained when animals were exposed to 12% CO2 except that 

the evoked HCVR in the two groups were greater than those observed with 

7% CO2 (Fig. 2B). These data demonstrate that Tg6 mice harbouring 

increased Epo (in brain and plasma) and a nearly double Hct have a 

decreased HCVR at high and even very high percentages of CO2 inhalation. 

 

Excessive erythrocytosis contributes to the decreased HCVR 

The novel erythropoiesis stimulating agent Aranesp (NESP) and treatment 

with the haemolytic agent phenylhydrazine (PHZ) were used to manipulate 

Hct values in WT and Tg mice (Schuler et al., 2010). NESP significantly 

increased the Hct of WT-Tg6 mice (WT-NESP, n=6) and PHZ effectively 

reduced the Hct of Tg6 mice (Tg6-PHZ, n=7) to normal values (Fig. 3A). 

Subsequent evaluation of ventilatory parameters showed that WT-NESP mice 

with increased Hct (Fig. 3A) had a significantly reduced HCVR (Fig. 3B-C). In 

contrast, The HCVR of Tg6-PHZ animals with reduced Hct (Fig. 3A) did not 

increase compared to Tg6 mice (Fig. 3B-C). There was a significant linear 

correlation (r2=0.987; p<0.001) between HCVR and Hct in WT-Tg6, WT-NESP 
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and Tg6 mice (Fig. 3B), suggesting that decreases in the HCVR are 

associated with increases in Hct. 

 

Increased plasma Epo blunts the HCVR 

Treatments with either NESP or PHZ altered not only the Hct but also the 

levels of plasma Epo. Indeed, both WT-Tg6 animals injected with NESP (WT-

NESP) and Tg6 mice injected with PHZ (Tg6-PHZ) had significant increases 

in plasma Epo concentrations (Fig. 4A). We interpret the increased levels of 

plasma Epo in Tg6-PHZ mice as a probable consequence of hypoxemia due 

to the haemolytic action of PHZ. The correlation observed between the HCVR 

and plasma Epo concentration was analysed using data from WT-Tg6, WT-

NESP, Tg6 and Tg6-PHZ mice (Fig. 4B); a highly significant logarithmic 

correlation (r2=0.923, p<0.001) was found (Fig. 4B), suggesting that an 

increase in plasma Epo contributes to decrease the HCVR. 

 

Increased level of cerebral Epo decreases the HCVR 

Next, a second strain of transgenic mice (Tg21) was used to analyse the 

effect of cerebral Epo on the HCVR. Tg21 mice overexpress Epo in brain only 

and show normal levels of plasma Epo and Hct (Wiessner et al. 2001). 

Compared to WT-Tg21 mice, the TG21 mice had a significantly (p<0.05) 

reduced VE in response to CO2 (Fig. 5A). This reduction was mainly 

attributable to a significant reduction in Rf (Fig. 5B) since the two strains had 

similar VT values (Fig. 5C). In agreement with these data, our 

electrophysiological measurements revealed significant decreases in vagal 

and intercostal respiratory activities in Tg21 mice exposed to 7% (Fig. 6A) and 
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12% CO2 (Fig. 6B), compared with the gradual increase in HCVR in WT-Tg21 

mice (Fig. 6A-B). The lower HCVR of Tg21 mice was mainly due to significant 

decreases in peak amplitude and AUC of both vagal and intercostal 

discharges (Fig. 6A-B). The duration of VNA differed significantly (p<0.05) 

between WT-Tg21 and Tg21 mice exposed to 12% CO2 (Fig. 6B). The 

amplitude, duration and/or AUC of the respiratory signals did not recover 

similarly between the two groups of animals (Fig. 6A-B), probably due to 

changes in magnitude of the HCVR. 
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DISCUSSION 

In the present study, we examined the effects of high Epo levels and 

excessive erythrocythosis on the respiratory responses to hypercapnia in a 

transgenic mouse line (Tg6) showing constitutive high levels of Epo in brain 

(26 fold vs WT) and plasma (12 fold vs WT) and high Hct (Wiessner et al. 

2001). Our results show for the first time strong evidence that overexpression 

of Epo decreases the HCVR. In addition, data obtained after treatment of WT-

Tg6 mice with NESP as well as injection of PHZ in transgenic Tg6 mice, 

suggest also that at the peripheral level both excessive erythrocythosis  and 

increased Epo concentration in plasma reduce the HCVR. In addition, the use 

of a second strain of transgenic mice (Tg21) that overexpress Epo exclusively 

in brain (4 fold vs WT) allowed us to discriminate central vs peripheral effects 

of Epo on HCVR. Our data indicate that Epo overexpression in brain 

decreases the HCVR. This central effect of Epo could be mediated by a 

decreased sensitivity to CO2 of brainstem chemoreceptors. 

 

Decreased HCVR due to excessive erythrocytosis 

In this study, we observed that excessive erythrocytosis blunted the HCVR. It 

is now clear that this desensitization is due to both direct and indirect effects 

of Epo. Our data show that there is a strong, inverse linear relationship 

between the Hct and the HCVR of WT-Tg6, WT-Tg6 with increased Hct level 

(WT-NESP) and Tg6 mice. Elevation of red blood cells increases the level of 

carbonic anhydrase, the enzyme catalyzing the reversible hydration of CO2 

into bicarbonate and protons (Lindskog et al. 1993). Since inhibition of 

carbonic anhydrase, for instance with acetazolamide, induces tissue acidosis 
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and increases ventilation (Maren, 1977; Coates et al. 1991), we suggest that 

an elevation of carbonic anhydrase increases the buffering capacity of blood, 

thus lowering the CO2/pH chemical drive on respiratory centres. In addition, a 

higher Hct would confer a higher capacity to form carboxy-haemoglobin, 

increasing CO2 elimination by pulmonary gas exchange and lowering plasma 

CO2. This may decrease the peripheral and/or central chemosensitivity to 

CO2. 

The contributions of these indirect mechanisms related to excessive 

erythrocytosis are further supported by the decreased basal ventilation of WT-

NESP mice. However, data from Tg6 mice with Hct values restored to a 

normal level (Tg6-PHZ) are below the linear correlation between Hct and 

HCVR, suggesting the contribution of additional parameters.   

 

Decreased HCVR due to increased plasma [Epo] 

Spleenectomy and phenylhydrazine treatment in Tg6 mice (Tg6-PHZ) 

restored Hct to normal but not the HCVR. Interestingly, Tg6-PHZ as well as 

WT-NESP mice had increased levels of plasma Epo, indeed a significant 

negative correlation was observed between the ventilatory responses to CO2 

and plasma [Epo] measured in all mice. These results strongly suggest that 

high plasma [Epo] blunts the HCVR. The mechanisms remain speculative. 

Under physiological conditions, an intact blood-brain-barrier excludes large 

glycosylated molecules such as Epo (Marti et al., 1997; Buemi et al., 2000). 

Moreover, when high doses of Epo (5000 U/l or higher) are administered 

systemically, only about 1% of the Epo crosses the blood-brain-barrier (Banks 

et al., 2004; Marti, 2004; Xenocostas et al., 2005; Statler et al., 2007). Thus, 
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high plasma Epo concentration may not be able to affect central 

chemoreceptors. By contrast, the impact of plasma Epo on carotid bodies 

cannot be ignored. Indeed, Epo receptors are expressed in glomus cells 

(Soliz et al., 2005; Lam et al., 2009), and plasma Epo modulates the 

ventilatory response to hypoxia by interacting with carotid chemoreceptors 

(Soliz et al. 2005 and 2007b; Gassmann et al. 2010). Further studies are 

needed to determine how Epo in carotid bodies interacts with O2 and CO2 

sensitive channels and/or neurotransmitters.  

 

Decreased HCVR due to increased brain [Epo] 

Centrally-produced Epo also acts directly on brainstem respiratory centers to 

modulate the ventilatory response to hypoxia and Epo receptors are present 

in medullary structures that control breathing (Soliz et al. 2005, 2007b and 

2009; Gassmann et al. 2010). These data suggest that in addition to the 

peripheral effects of Epo discussed above, Epo may also blunt the HCVR via 

a central action. 

 

Comparisons of data from Tg6 and Tg21 mice 

Tg21 mice overexpress Epo only in brain and show normal haematological 

parameters (Wiessner et al. 2001). Our plethysmography and 

electrophysiology results revealed that these mice display a decreased 

HCVR, consistent with the idea that Epo directly modulates the central 

respiratory drive during hypercapnia. Moreover, the decrease of ventilation in 

response to hypercapnia found in Tg21 mice was less pronounced than that 

observed in Tg6 mice. This difference may be explained by additive peripheral 
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and central effects of Epo in Tg6 mice, or by the fact that Tg6 mice show a 

higher overexpression of central Epo (26 fold vs WT) compared to Tg21 

animals (4 fold vs WT) (Wiessner et al. 2001). 

In our experiments, two different in vivo strategies were used to assess the 

HCVR in Tg6 and Tg21 mice. Plethysmography enables recording of 

ventilation in unrestrained, non-anaesthetised mice. This useful technique, 

however, provides only a global measure of ventilation and sometimes 

detects artifactual increases in VT (Dutschmann et al. 2010; Voituron et al. 

2010). Effective ventilation requires the coordinated activity of upper airway 

muscles (regulation of resistance) and pump muscles (flow generation) 

(Bianchi & Gestreau, 2009). Therefore, we further assessed the ventilatory 

response of mice using electrophysiological approaches under anaesthesia to 

describe the effects of Epo on cranial and spinal respiratory motor outputs. 

Our results revealed that the decreased HCVR of Tg6 and Tg21 mice is 

associated with a lower drive to both ventilatory “pump” (external intercostal 

muscle electromyogram) and  “valve” (vagal nerve activity) muscles. 

 

Putative mechanism of Epo-induced central desensitization to 

hypercapnia 

Our results suggest that Epo acts directly on brainstem respiratory centres to 

modulate the HCVR. Therefore, Epo may target one or more central 

chemosensitive structures that are widely distributed throughout the brainstem 

(Richerson, 2004; Nattie & Li, 2009; Guyenet et al. 2010). Among them, the 

retrotrapezoid nucleus (RTN) is thought to be a key component of CO2/pH 

chemosensitivity (Mulkey et al. 2004; Guyenet et al. 2010). Interestingly, a 
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recent study showed that RTN neurons express TASK2 channels responsible 

for an acid-sensitive background K+ current, and that mutant Task2-/- mice 

have an increased ventilatory response to hypoxia as well as decreased 

sensitivity to hypercapnia (Gestreau et al. 2010). The similarity between 

respiratory phenotypes of Tg6/Tg21 and Task2-/- mice suggests that RTN 

neurons may be a direct target of Epo. In addition, Epo modulation of the 

ventilatory response to hypoxia is correlated with a lower and higher 

catecholamine turnover in the medulla and pons, respectively (Soliz et al. 

2005). As catecholaminergic groups also represent CO2/pH chemosensitive 

areas (Haxhiu et al. 1996; Li et al. 2008; Kanbar et al. 2011), these nuclei 

represent other putative mediators of the Epo-induced hypercapnic 

desensitization. 

Alternatively, astrocytes also mediate a CO2/pH chemosensitive drive to 

respiration (Gourine et al. 2010). Astrocytes are the main sources of Epo in 

the brain (Masuda et al. 1994; Marti et al. 1996; Weidemann et al. 2009) and 

express Epo receptors (Nagai et al. 2001; Buemi et al. 2003). Central Epo 

could thus act in an autocrine/paracrine manner in chemosensitive areas on 

both astrocytes and neurons. In addition, high numbers of Epo receptors are 

found in astrocytic endfeet around brain capillaries that could be bound by 

circulating Epo (Marti, 2004). The latter mechanisms may explain the greater 

blunting of the HCVR in Tg6 compared to Tg21 mice. 

 

Conclusions and perspectives 

Our results show for the first time that Epo decreases the HCVR via both 

peripheral and central effects. We are convinced that this has major 
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implications for a better understanding of the pathophysiology of chronic 

mountain sickness (CMS), a condition in which high altitude residents affected 

by this disease develop a blunted ventilatory response to hypoxia, inducing 

severe and persistent hypoxemia leading to increased Epo production, 

excessive erythrocytosis, pulmonary hypertension, right heart failure and 

death (Monge & Whittembury, 1976; Leon-Velarde et al. 2010). Patients with 

CMS have greater end-tidal PaCO2s and lower pHs compared to control high 

altitude dwellers (Fatemian et al. 2003; Leon-Velarde et al. 2010), and 

hypoventilation in CMS patients is associated to reduced central 

chemosensitivity to CO2 (Hurtado, 1960; Fatemian et al. 2003; Leon-Velarde 

& Richalet, 2006). We propose that Epo plays a crucial role in the 

development of CMS, not only by inducing a pathological level of Hct, but also 

by reducing the respiratory drive due to blunted CO2/pH chemosensitivity, 

contributing to hypoventilation and thus hypoxemia. 
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9. FIGURES AND LEGENDS 

 

 

 

Figure 1. Minute ventilation (VE, A), mean respiratory frequency (Rf, B) 

and tidal volume (VT, C) for eucapnic (room air or basal) and 

hypercapnic (4% CO2) breathing in awake control (WT-Tg6) and mutant 

(Tg6) mice. 

**P<0.01, ***P<0.001: difference compared within hypercapnic breathing. 
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Figure 2. Changes in intercostal muscle and vagal nerve discharges in 

anaesthetized control (WT-Tg6) and mutant (Tg6) mice during breathing 
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under basal, hypercapnic (7% CO2, A; 12% CO2, B) and recovery 

conditions. 

*P<0.05, **P<0.01: difference comparison within hypercapnic breathing or 

recovery period. 

 

 

Figure 3. Levels of haematocrit (A), relation between changes in 

hypercapnic ventilatory responses (HCVR) and changes in haematocrit 

(Hct, B), and comparison of minute ventilation (VE), respiratory 

frequency (Rf) and tidal volume (VT) during basal breathing and 
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hypercapnia (CO2 4%) in control (WT-Tg6), control treated with aranesp 

(WT-NESP), Tg6 and Tg6 mice after splenectomy and phenylhydrazine 

(Tg6-PHZ). 

***P<0.001 in A: difference comparison between two groups. 

*P<0.05 in C: difference comparison within basal condition (room air) denoting 

lower VE of WT-NESP mice vs the other three groups of mice, and lower Rf of 

WT-NESP vs WT-Tg6 group. 

*P<0.05, **P<0.01, ***P<0.001: difference comparison within hypercapnic 

breathing between two groups. 

 

 

Figure 4. Concentration of erythropoietin in plasma (Plasma Epo, A) and 

relation between changes in hypercapnic ventilatory responses (HCVR) 

and changes in concentration of Epo in plasma (Epo, B) in control (WT-

Tg6), control treated with aranesp (WT-NESP), Tg6 and Tg6 mice after 

splenectomy and phenylhydrazine (Tg6-PHZ). 

***P<0.001: difference comparison between two groups. 
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Figure 5. Minute ventilation (VE, A), mean respiratory frequency (Rf, B) 

and tidal volume (VT, C) for eucapnic (room air or basal) and 

hypercapnic (4% CO2) breathing in awake control (WT-Tg21) and mutant 

(Tg21) mice. 

*P<0.05: difference comparison within hypercapnic breathing. 
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Figure 6. Changes in intercostal muscle and vagal nerve discharges in 

anaesthetized control (WT-Tg21) and mutant (Tg21) mice during 
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breathing under basal, hypercapnic (7% CO2, A; 12% CO2, B) and 

recovery conditions. 

*P<0.05, **P<0.01, ***P<0.001: difference comparison within hypercapnic 

breathing or recovery period between groups. 
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III - Tauopathie et troubles respiratoires, études chez 
les souris Tau-P301L 

 

 

 

 

Dans ce chapitre sont présentées des études réalisées sur un modèle murin de 

tauopathie, les souris Tau-P301L. Nous montrons tout d’abord que ces souris présentent une 

altération du fonctionnement des voies aériennes supérieures en période symptomatique (7-8 

mois), qui est corrélée à la tauopathie présente dans certains noyaux du tronc cérébral et 

notamment dans le noyau de Kölliker-Fuse (3.1). Ensuite, nous montrons que les souris Tau-

P301L en période terminale de la pathologie, quelques semaines avant leur mort prématurée, 

subissent une aggravation de leurs symptômes respiratoires avec l’apparition d’une altération 

du rythme et des régulations respiratoires, qui peuvent être causées par la progression de la 

tauopathie dans les raphés et l’altération du métabolisme sérotoninergique, en plus de 

l’aggravation des troubles des voies aériennes supérieures déjà existants (3.2). Dans le 

troisième article présent dans ce chapitre, nous montrons que les souris Tau-P301L âgées, 

contrairement aux souris Tau-P301L jeunes, présentent une altération de la vocalisation 

ultrasonore, qui est corrélée à une baisse de leur flux expiratoire et à la présence de tauopathie 

marquée dans les noyaux qui contrôlent la vocalisation et son couplage avec la respiration 

(substance grise périaqueducale, noyau de Kölliker-Fuse, noyau rétroambigu) (3.3). Enfin, 

nous avons réalisé une étude qui met en exergue les risques liés à l’anesthésie à l’isoflurane, 

cette dernière déclenchant en période pré-symptomatique chez les souris Tau-P301L la 

tauopathie du tronc cérébral et l’altération du fonctionnement des voies aériennes supérieure, 

et ce certainement via des mécanismes impliquant les récepteurs NMDA. Toutefois, nous 

montrons que certains protocoles d’anesthésie permettent d’empêcher la survenue de ces 

altérations (3.4). 
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1 - La dysfonction des voies aériennes supérieures des souris 
Tau-P301L corrèle avec la tauopathie dans les noyaux 
mésencéphaliques et ponto-bulbaires du tronc cérébral 

!

Dutschmann M.*, Menuet C.*, Stettner G.M.*, Gestreau C., Borghgraef P., 
Devijver H., Gielis L., Hilaire G. & Van Leuven F.  

*Ces auteurs ont contribué de manière égale au travail. 
Publié dans The Journal of Neuroscience, en 2010. 

 
 

Résumé en français : 

 

La tauopathie est caractérisée par l’hyperphosphorylation de la protéine tau, une 

protéine associée aux microtubules, hyperphosphorylation qui mène à la formation et à 

l’accumulation d’agrégats intracellulaires neurofibrillaires  et de filaments du neuropile. 

Quelques tauopathies primaires sont liées à des mutations dans le gène MAPT qui code pour 

la protéine tau, mais la plupart sont sporadiques et de causes inconnues. Ainsi, dans la 

maladie d’Alzheimer, la tauopathie secondaire la plus fréquente, ni la cause ni les 

mécanismes pathologiques et leurs répercutions ne sont compris. Des souris transgéniques 

exprimant la forme mutante de tau Tau-P301L souffrent de déficits cognitifs et moteurs et 

meurent prématurément de cause inconnue. Ici, l’électrophysiologie in situ chez des souris 

Tau-P301L symptomatiques (âgées de 7-8 mois) a révélé une réduction de la décharge post-

inspiratoire qui contrôle les muscles constricteurs du larynx. Sous un tonus excitateur élevé 

(hypercapnie), la décharge post-inspiratoire était presque abolie, alors que la décharge 

inspiratoire laryngée était augmentée de manière disproportionnée. Ce dernier résultat suggère 

un passage de l’activité constrictrice post-inspiratoire laryngée en inspiration. La 

pléthysmographie double chambre in vivo des souris Tau-P301L a montré une réduction 

significative du flux aérien respiratoire et une augmentation significative des mouvements 

thoraciques au cours de la respiration de base, phénomènes amplifiés en hypercapnie, 

confirmant une augmentation significative des résistances à l’inspiration. Une analyse 

histologique a démontré la présence de protéine tau hyperphosphorylée dans des noyaux du 

tronc cérébral, directement ou indirectement impliqués dans le contrôle moteur des voies 

aériennes supérieures (i.e., le noyau de Kölliker-Fuse, la substance grise périaqueducale, et les 

noyaux réticulaires intermédiaires). A l’inverse, les souris jeunes Tau-P301L n’ont pas 

présenté de désordres de la respiration ou de tauopathie dans le tronc cérébral. Par 
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conséquent, chez les souris Tau-P301L vieillissantes, la dysfonction progressive des voies 

aériennes supérieures est liée à la tauopathie progressive retrouvée dans des circuits 

neuronaux bien identifiés. Comme les patients atteints de tauopathie souffrent de dysfonctions 

des voies aériennes supérieures, les souris Tau-P301L peuvent servir de modèle expérimental 

pour étudier les dysfonctions synaptiques spécifiques de cette maladie dans des circuits 

neuronaux fonctionnels bien définis. 
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Neurobiology of Disease

Upper Airway Dysfunction of Tau-P301L Mice Correlates
with Tauopathy in Midbrain and Ponto-Medullary
Brainstem Nuclei

Mathias Dutschmann,1,2* Clement Menuet,3* Georg M. Stettner,4* Christian Gestreau,3 Peter Borghgraef,5

Herman Devijver,5 Lies Gielis,5 Gerard Hilaire,3 and Fred Van Leuven5

1Institute of Membrane and Systems Biology, University of Leeds, Leeds LS2 9JT, United Kingdom, 2Bernstein Center for Computational Neurosciences,
D-37073 Göttingen, Germany, 3MP3–Respiration, Centre de Recherche de Neurobiologie–Neurophysiologie de Marseille, Unité Mixte de Recherche Centre
National de la Recherche Scientifique 6231, Faculté Saint Jérôme, 13397 Marseille, France, 4Department of Pediatrics and Pediatric Neurology, University
Medicine Göttingen, Georg August University, D-37075 Göttingen, Germany, and 5Experimental Genetics Group, Department of Human Genetics,
Katholieke Universiteit Leuven, B-3000 Leuven, Belgium

Tauopathy comprises hyperphosphorylation of the microtubule-associated protein tau, causing intracellular aggregation and accumu-
lation as neurofibrillary tangles and neuropil treads. Some primary tauopathies are linked to mutations in the MAPT gene coding for
protein tau, but most are sporadic with unknown causes. Also, in Alzheimer’s disease, the most frequent secondary tauopathy, neither the
cause nor the pathological mechanisms and repercussions are understood. Transgenic mice expressing mutant Tau-P301L suffer cogni-
tive and motor defects and die prematurely from unknown causes. Here, in situ electrophysiology in symptomatic Tau-P301L mice (7– 8
months of age) revealed reduced postinspiratory discharges of laryngeal motor outputs that control laryngeal constrictor muscles. Under
high chemical drive (hypercapnia), postinspiratory discharge was nearly abolished, whereas laryngeal inspiratory discharge was in-
creased disproportionally. The latter may suggest a shift of postinspiratory laryngeal constrictor activity into inspiration. In vivo double-
chamber plethysmography of Tau-P301L mice showed significantly reduced respiratory airflow but significantly increased chest
movements during baseline breathing, but particularly in hypercapnia, confirming a significant increase in inspiratory resistive load.
Histological analysis demonstrated hyperphosphorylated tau in brainstem nuclei, directly or indirectly involved in upper airway motor
control (i.e., the Kölliker–Fuse, periaqueductal gray, and intermediate reticular nuclei). In contrast, young Tau-P301L mice did not show
breathing disorders or brainstem tauopathy. Consequently, in aging Tau-P301L mice, progressive upper airway dysfunction is linked to
progressive tauopathy in identified neural circuits. Because patients with tauopathy suffer from upper airway dysfunction, the Tau-
P301L mice can serve as an experimental model to study disease-specific synaptic dysfunction in well defined functional neural circuits.

Introduction
Neurodegenerative diseases, with Alzheimer’s disease (AD) as a
prime example, are inherently associated with tauopathy, patho-
logically demonstrated postmortem as neurofibrillary tangles
(NFTs) and neuropil treads. In AD, the mainstream hypothesis
holds amyloid peptides, cleaved from the amyloid precursor pro-
tein, as the primary pathological cause. Neither the connection to
phosphorylation of protein tau nor the contributions of tauopa-
thy to the clinical symptoms are understood in molecular and
pathological detail (Terwel et al., 2002; Janus, 2008; Takashima,

2008; Denk and Wade-Martins, 2009). Because amyloid pathology
is not observed as a separate entity, the associated tauopathy in AD
should contribute to the neurodegeneration and clinical problems.
In this context, we developed an experimental model for tauopathy
(i.e., Tau-P301L transgenic mice) (Terwel et al., 2005, 2008) that we
have studied here specifically for autonomic functions that become
compromised by the developing tauopathy with aging.

Protein tau functions in the assembly and stabilization of mi-
crotubuli in neurons, a process regulated mainly by phosphory-
lation in adult brain (Andorfer and Davies, 2000; Buée et al.,
2000; Goedert and Jakes, 2005). In frontotemporal dementia with
parkinsonism, mutations in the tau gene on chromosome 17 are
closely associated with disease and with accumulation of hyper-
phosphorylated tau as NFTs, diagnostic for all tauopathies,
including AD (Goedert and Jakes, 2005). In patients and
transgenic mice, tauopathy correlates well with memory im-
pairment (Tatebayashi et al., 2002). Conversely, hyperphospho-
rylation of tau at later stages was often associated with premature
death in transgenic animals (Lewis et al., 2001; Oddo et al., 2003;
Götz et al., 2004; Terwel et al., 2005, 2008).
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Tau-P301L transgenic mice progressively develop severe neu-
ronal tauopathy in midbrain and brainstem, and neurological
symptoms start around age 6 –7 months (Terwel et al., 2005). The
mice become progressively lethargic and motor impaired, lose
weight, and die of unknown causes, most at age 9 –10 months
(Terwel et al., 2005, 2008).

Because of these well known motor defects of Tau-P301L mice
(Terwel et al., 2005, 2008), we investigated the impact of the
brainstem tauopathy on breathing as a vital motor function at 3
and 7– 8 months of age (i.e., before and at symptomatic ages,
respectively). Analysis of the respiratory motor pattern using in
situ approaches (Paton, 1996; Stettner et al., 2007) and in vivo
plethysmography revealed increased inspiratory resistive load in
Tau-P301L mice potentially because of laryngeal constrictor ac-
tivation during inspiration. The observed dysregulation of upper
airway resistance during the breathing cycle correlates with the
expression of hyperphosphorylated protein tau in brainstem up-
per airway premotor populations [i.e., Kölliker–Fuse (KF) and
intermediate reticular nuclei]. At 3 months of age, Tau-P301L
mice neither showed alteration in the breathing pattern nor
tauopathy in vital brainstem circuits. The identified tau-laden
neuron clusters in various midbrain and brainstem areas are an-
atomically linked directly to the observed upper airway dysfunc-
tion. They further suggest disturbances in other autonomic
functions, ranging from the regulation of the sleep–wake cycle to
the mediation of defensive behavior, all to be explored in detail.

Materials and Methods
The experimental procedures were performed in accordance with Euro-
pean and national guidelines for care and use of laboratory animals and
were approved by the local ethical committees.

Animals. Unless indicated otherwise, male Tau-P301L transgenic mice
in the FVB/N genetic background (3 and 7– 8 months of age) were stud-
ied and compared with age- and sex-matched FVB/N nontransgenic
mice (Terwel et al., 2005, 2008). In these transgenic mice, the longest
human tau isoform bearing the P301L mutation (tau-4R/2N-P301L) is
expressed under control of the mouse thy1 gene promoter aiming for
neuron-specific expression starting in the third postnatal week (Terwel et
al., 2005).

Transgenic mice used were homozygous for the Tau-P301L transgene
and were genotyped by PCR with forward primer specific for the mouse
thy1 gene promoter and reversed primer specific for human tau cDNA
(Terwel et al., 2005).

In vivo single- and double-chamber plethysmography. The breathing
pattern of 64 mice has been studied in vivo thanks to two different non-
invasive plethysmographic approaches. As reported previously (Viemari
et al., 2005; Zanella et al., 2008), breathing was recorded from 40 unre-
strained, conscious mice [n ! 16 wild type (WT) and n ! 12 Tau-P301L,
7– 8 months of age; mean weight, 29.5 " 0.9 g; n ! 6 WT and n ! 6
Tau-P301L, 3 months of age; mean weight, 28.1 " 0.7 g] using a standard
whole-body flow plethysmograph (EMKA Technologies) in which a con-
stant flow pump connected to the animal chamber ensures proper and
continuous inflow of fresh air (600 ml/min) or of a hypercapnic gas
mixture (CO2, 4%). The animal and reference chambers (volume, 200
ml) were maintained at 25 " 0.5°C (temperature sensor Checktemp 1;
Hanna Instruments). The spirogram, reflecting the strength of the mouse
respiratory movement, was obtained by recording the pressure difference
between the two chambers. The signal was amplified, filtered (DC, 50
Hz), fed to an analog-to-digital converter (sampling frequency, 1 kHz),
and stored on a PC disk via the Spike 2 interface and software (Cam-
bridge Electronic Design). To avoid stress, the mice were habituated to
the plethysmograph by putting them in the chamber 2 d before the re-
cording during 2 h. The next day, only those recording periods were
analyzed during which the animals were quiet (i.e., without major limb,
body, and head movements). Routinely, breathing of four mice was si-
multaneously recorded in the four-chamber plethysmograph, allowing

comparison between WT and Tau-P301L mice placed in identical con-
ditions. The mouse temperature was monitored before and after record-
ing sessions (Infrared thermosensor S 01500; Technimed). Temperature
did not change during the recording session, and no significant differ-
ences were observed in WT versus Tau-P301L mice. The mean respira-
tory frequency (fR) [expressed in cycle per minute (c min #1)], durations
of inspiratory (TI) and expiratory (TE) periods (expressed in millisec-
onds), and spirogram amplitude (SA) were measured during 10 –20 min
baseline and during 5 min hypercapnic challenges. Because plethysmo-
graphic recordings do not provide absolute information about actual
tidal volumes, SA values were expressed in arbitrary units (a.u.). In ad-
dition, the apnea index (AI) [i.e., the number of long-lasting apneas ($2
respiratory cycles) per minute] and the irregularity score (IS) of suc-
cessive respiratory cycles ($200 cycles) were calculated as reported
previously (Zanella et al., 2008) to check whether the respiratory rhyth-
mogenic mechanisms were altered in Tau-P301L mice.

A double-chamber plethysmograph was developed to separately
record the respiratory chest movements and respiratory airflow in 24
other conscious mice (n ! 6 WT, n ! 6 Tau-P301L, 7– 8 months of age;
n ! 6 WT, n ! 6 Tau-P301L, 3 months of age). The double-chamber
plethysmograph was built from two 50 ml syringes, with a rubber collar
separating the body chamber (50 ml) from the head chamber (20 ml). Air
tightness between body and head chambers was verified by imposing
small pressure changes in one chamber and checking the lack of pressure
changes in the other. The head chamber was connected to a constant flow
pump to ensure proper and continuous flow of either fresh air (200
ml/min) or hypercapnic gas mixture (CO2, 4% in air). Body and head
chambers were connected to respective reference chambers, all main-
tained at 25 " 0.5°C, and pressure changes were recorded by pressure
gauges (EMKA Technologies) to measure spirogram amplitude from
the chest and the airflow (chest SA and airflow SA). In contrast to
single-chamber analysis, double-chamber recordings are more stressful,
and the mice were habituated to the double-chamber plethysmograph
before actual recordings were made, according the same protocol de-
scribed above.

In situ working heart– brainstem preparation. Experiments were per-
formed using the arterially perfused working heart– brainstem prepara-
tion (Paton, 1996). Mice (n ! 4 WT; n ! 6 Tau-P301L; 8 months of age)
were anesthetized deeply in a saturated atmosphere of isoflurane (1-
chloro-2,2,2-trifluoroethyl-difluoromethylether) (Abbott). Once the
animal failed to respond to noxious pinch to the tail or a hindpaw, it was
transected below the diaphragm, transferred into ice-cooled (5°C) arti-
ficial CSF (aCSF) gassed with carbogen (95% O2 and 5% CO2), decere-
brated at the precollicular level, and cerebellectomized. The lungs were
removed. The left phrenic nerve was separated and cut at the level of the
diaphragm. The descending aorta was isolated from the ventral surface of
the spinal column. The right vagal nerve was also dissected and prepared
for recording.

These initial procedures took %15 min. The preparation was then
transferred to a recording chamber. The descending aorta was cannu-
lated and perfused using a peristaltic pump (Watson-Marlow) with
carbogen-gassed aCSF at 31°C containing Ficoll (1.25%; Sigma-Aldrich)
to maintain colloid-osmotic pressure. The perfusate contained the fol-
lowing (in mM): 125 NaCl, 3 KCl, 1.25 KH2PO4, 2.5 CaCl2, 1.25 MgSO4,
25 NaHCO3, 10 D-glucose, and 1.25% Ficoll. The osmolarity of the per-
fusate was 300 " 10 mosmol L #1, and the pH was 7.35 " 0.05 by gassing
with carbogen. The perfusate was filtered and passed through bubble
traps to remove gas bubbles. The perfusate leaking from the prepara-
tion was collected and recirculated after reoxygenation. Cardiac
activity returned within seconds, and rhythmic contractions of respi-
ratory muscles within a few minutes after onset of reperfusion.
Respiratory-related movements were abolished by vecuronium bro-
mide (0.3 !g ml #1; Inresa).

After paralysis, phrenic nerve activity (PNA) was primarily used to
fine-tune the preparations by adjusting the flow rate (10 –22 ml min #1)
and perfusion pressure (40 –70 mmHg). For measurement of aorta per-
fusion pressure, a double lumen catheter was used and connected to a
pressure transducer. During the tuning, the flow rates were individually
adjusted to fulfill the following criteria: reappearance of a clearly identi-
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fiable respiratory pattern, rhythmic respiratory motor discharges of at
least 40 bursts/min, and maintenance of the respiratory pattern for at
least 30 min before starting any experiments or data analysis. To test the
respiratory response to hypercapnia, the perfusate was gassed with car-
bogen containing 12% CO2 for 1 min.

Nerve recordings. Respiratory motor nerve activities were recorded si-
multaneously from the phrenic and central vagus nerve in all prepara-
tions. The suction electrodes were connected to differential amplifiers
(Neurolog 100). Nerve activity was amplified and filtered (8 Hz to 3 kHz;
Neurolog modules 104 and 125). All data were digitized using a MacLab
8s interface and stored on a computer using Chart software (version 5.2;
ADInstruments). Respiratory motor nerve activity was integrated (time
constant, 100 ms). The electrocardiogram was recorded simultaneously
with the PNA but not analyzed in present study.

Data analysis. Using the PNA and central vagal nerve activity (cVNA)
recordings, we analyzed the duration of the following respiratory param-
eters: total respiratory cycle length (Ttot), time of inspiration (Ti), postin-
spiration (T"), and late expiration (Te2). In contrast to cat in vivo
investigations, PNA recording does not display a clearly identifiable
postinspiratory activity in mice. Therefore, we classified the entire expi-
ratory interval as Te (including T" and Te2). T" and Te2 were identified
and measured from the cVNA. The inspiratory cVNA coincided with the
PNA. The duration of the expiratory cVNA was defined as T" and the
phase with absent cVNA in the late expiration as Te2. To quantify changes
in the discharge strength inspiratory and postinspiratory cVNA (I-VNA
and PI-VNA, respectively), we measured the surface area of the inte-
grated signals. Since the cVNA showed prominent changes in its dis-
charge pattern, a more detailed analysis was performed on the timing of
the peak amplitude of the integrated cVNA. Peak cVNA amplitude was
demonstrated in numerous publications to coincide with the activation
of laryngeal adductor muscles (for review, see Dutschmann and Paton,
2002a). We determined the inspiratory off-switch from the abrupt ces-
sation of PNA and used it as reference point (T ! 0) to comparatively
analyze the occurrence of VNA peak amplitude in inspiration or early
expiration. A negative latency of cVNA peak thereby reflects its occur-
rence in expiration, and a positive latency, its occurrence during inspira-
tion (see Fig. 3).

Finally, we focused the present study on respiratory dysfunctions in
Tau-P301L mice; thus, cardiovascular parameters such as ECG or perfu-
sion pressure were not analyzed.

Statistics. Data analysis was performed with the Statistica 7.1 software
package (StatSoft). All results are presented as mean " SEM. Respiratory
parameters of WT and Tau-P301L preparations were compared using
the two-sided unpaired (differences between WT and Tau-P301L) or
paired (differences between normocapnia and hypercapnia) Student t test
in the case of normally distributed data and using the Mann–WhitneyU test
in the case of non-normally distributed data. A value of p & 0.05 was con-
sidered to be significant.

Mouse brain immunohistochemistry. Mice were anesthetized (Nembu-
tal; 120 mg/kg, i.p.) for transcardiac perfusion with ice-cold saline (2
ml/min, 2 min). Brain and spinal cord were removed, fixed overnight in
4% paraformaldehyde in PBS at 4°C, and stored in 0.1% sodium azide in
PBS at 4°C until sectioning. Coronal vibratome sections of 40 !m were
cut from brain, brainstem, and spinal cord. Immunohistochemistry was
performed essentially as described previously (Terwel et al., 2005, 2008).
After rinsing in PBS, sections were treated for 15 min with 1.5% H2O2 in
50% methanol/PBS to eliminate endogenous peroxidase activity. Non-
specific binding sites were blocked by incubation in 10% fetal calf serum,
0.1% Triton X-100 in PBS (blocking buffer). The sections were incubated
with primary monoclonal antibodies AT8 (mouse anti-AT8, 0.2 !g/ml)
(Terwel et al., 2005) or PG5 (mouse anti-PG5, 1/5000) (Andorfer and
Davies, 2000) in blocking buffer at 4°C overnight. After rinsing in block-
ing buffer, sections were incubated for 1 h with the secondary goat anti-
mouse IgG antiserum (1:500 in blocking buffer) (Dako). Sections were
rinsed in PBS and incubated in 50 mM Tris!HCl, pH 7.6, for 5 min, before
enzymatic staining with 3,3'-diaminobenzidine (0.5 mg/ml), 0.3% H2O2

in 50 mM Tris!HCl, pH 7.6. Sections were counterstained with hematox-
ylin, before dehydration by passage through a graded series of ethanol

solutions. After delipidation in xylol, the sections were mounted for
microscopic analysis.

We analyzed continuous series of between 90 and 100 sections (20 !m;
WT, n ! 3; Tau-P301L, n ! 7) from the caudal medulla oblongata to
rostral end of the superior colliculus in the midbrain. In addition, sec-
tions of cervical and thoracic spinal cord segments containing respiratory
motor neurons were analyzed (Tau-P301L, n ! 2; WT, n ! 1).

The expression of phospho-epitopes of protein tau, defined by mono-
clonal antibodies AT8 and PG5, was analyzed in brainstem and midbrain
(n ! 7; n ! 5, respectively) series of adjacent sections from Tau-P301L
mice at symptomatic age (8 months) and compared with young mice (3
months of age). The tauopathy pattern in brainstem and midbrain nuclei
is expressed on a relative score (i.e., Ø, no expression; and scores ( to
((( refer to 1–5, 5–20, and 20 –50 positive neurons per 10 4 !m 2). It is
important to note that brainstem and midbrain from young Tau-P301L
mice (3 months of age) and from WT mice at ages 3 and 8 months did not
show any accumulation of hyperphosphorylated Tau into tau aggregates,
let alone NFTs. Faint staining for AT8 but not PG5 could be observed in
some midbrain and brainstem areas (e.g., reticular formation). Conse-
quently, statistical analysis of NFT expression in Tau-P301L versus WT
mice or during development is per se highly significant and therefore not
reported.

Results
Abnormal breathing pattern of 7- to 8-month-old Tau-P301L
mice (in vivo approach)
The premature death of Tau-P301L mice at age 9 –10 months is
preceded by generalized motor deficiency starting around age
7– 8 months. Here, we analyzed Tau-P301L mice for breathing
disorders as potential cause of the premature death in this trans-
genic mouse line, extensively characterized previously for fore-
brain tauopathy and cognition (Terwel et al., 2005, 2008;
Boekhoorn et al., 2006).

First, we used a standard whole-body plethysmograph to
record breathing in unrestrained, conscious WT and Tau-P301L
mice (Fig. 1A) under normocapnic conditions (air breathing)
and during moderate hypercapnic challenges (5 min; 4% CO2 in
air). Analyzing breathing parameters under normocapnia during
periods when mice were quiet, not moving revealed no significant
differences between young WT and Tau-P301L mice (3 months
of age) but significant abnormalities in 7- to 8-month-old Tau-
P301L mice (Fig. 1).

In young WT (n ! 6) and Tau-P301L (n ! 6) mice under
normocapnia, the mean respiratory frequency (fR ! 174 " 9 vs
179 " 10 c min#1; NS) and mean durations of inspiratory (TI !
144 " 20 vs 130 " 10 ms; NS) and expiratory (TE ! 207 " 10 vs
207 " 10 ms; NS) periods did not significantly differ. In addition,
the spirogram amplitudes were not statistically different (SA !
6.6 " 0.9 vs 6.6 " 0.5 a.u.; NS) (Fig. 1D1), as well as the mean
apnea index (AI ! 0.1 " 0.1 vs 0.1 " 0.2; NS) and the mean
irregularity score (IS ! 10.3 " 1.5 vs 6.7 " 0.8; NS). When
subjected to moderate hypercapnia, similar breathing changes
were observed in WT and Tau-P301L mice: both types of mice
significantly increased fR and SA to reach similar mean values
(fR ! 254 " 10 vs 246 " 8 c min#1; NS; SA ! 18.5 " 0.9 vs
17.4 " 0.9 a.u.; NS) (Fig. 1D1).

In 7- to 8-month-old WT (n ! 16) and Tau-P301L (n ! 12)
mice under normocapnia, no differences were observed in the
mean fR (150 " 4 vs 155 " 4 c min#1; NS), TI (148 " 5 vs 139 "
9 ms; NS), TE (258 " 10 vs 251 " 8 ms; NS), AI (0.1 " 0.1 and
0.1 " 0.1; NS), and IS (8.6 " 1.1 and 10.6 " 1.1; NS). However,
the mean SA was significantly higher in Tau-P301L than WT
mice (9.5 " 0.9 vs 5.6 " 0.3 a.u.; p & 0.005) (Fig. 1B1,C1,D2).
When subjected to moderate hypercapnia, old WT (n ! 10) and
Tau-P301L (n ! 12) mice increased their fR by %50% to reach
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similar mean fR values (240 " 10 vs 252 " 4 c min#1; NS), but
Tau-P301L mice had a significantly shorter TI than WT (91 " 2 vs
105"5 ms, respectively;p&0.05) and retained a significantly larger SA
than WT (30.7 " 3.6 vs 20.9 " 1.7 a.u.; p & 0.05) (Fig. 1B2,C2,D2).

We developed a double-plethysmographic approach to simul-
taneously record the chest respiratory movements and the re-
sulting airflow in conscious old mice at 7– 8 months of age
(Fig. 2 A) because SA gained from simple plethysmographic re-
cordings does not provide absolute information about actual
tidal volumes. Consequently, the increased SA observed in old
Tau-P301L mice could be related to an increase of respiratory
movements potentially caused by increase of upper airway resis-
tance. Indeed, compared with old WT mice (n ! 6), old Tau-
P301L mice (n ! 6) showed significantly weaker airflow SA
(123 " 12 vs 84 " 11 a.u.; p & 0.05) but significantly larger chest
SA (42 " 5 vs 99 " 5 a.u.; p & 0.001) (Fig. 2B–D). Therefore, the
ratio of airflow/chest SA was more than threefold larger in WT
than Tau-P301L mice (3.1 " 0.4 vs 0.9 " 0.1, respectively; p &
0.01) (Fig. 2D3). Neither fR (252 " 13 vs 247 " 7 c min#1; NS)
nor TI (123 " 6 vs 112 " 2 ms; NS) nor TE (115 " 7 vs 132 " 7 ms;
NS) differed significantly between WT versus Tau-P301L mice.

In both strains, the baseline fR measured
with double plethysmography was signif-
icantly higher than that previously mea-
sured with simple plethysmography. The
increase of fR probably reflected the im-
mobilization stress caused by the restrained
double-chamber plethysmography. The fR
appeared elevated close to the physiological
maximum, because hypercapnia did not
further increase the fR in both genotypes.
However, hypercapnia differently affected
the chest and airflow SA of old WT and Tau-
P301L mice (Fig. 2D1,D2). In old WT mice,
hypercapnia increased both airflow and
chest SA by %50%, and the ratio airflow/
chest SA under hypercapnia (3.2" 0.5) was
not statistically different from the ratio un-
der normocapnia (Fig. 2D3). In old Tau-
P301L mice, hypercapnia had opposite
effects on airflow and chest SA, further de-
pressing the airflow SA by 27% (61 "
10 a.u.; p & 0.001) and further increasing
the chest SA by 31% (130 " 9 a.u.; p &
0.001). Therefore, the ratio airflow/chest SA
of old Tau-P301L mice, which was already
weak under normocapnia, was further re-
duced under hypercapnia (0.5 " 0.1 a.u.;
p & 0.01) (Fig. 2D3). The observed mis-
match between airflow and chest SA in old
Tau-P301L during both normocapnia and
hypercapnia provides strong evidence for an
increased work load of inspiratory pump
muscles (e.g., diaphragm) against a poten-
tially constricted upper airway, resulting in a
significantly reduced airflow.

In young WT (n ! 6) and Tau-P301L
(n ! 6) mice, double-chamber plethys-
mographic approach revealed identical
ratio airflow/chest SA during normocap-
nia (1.1 " 0.2 vs 1.1 " 0.1 a.u.; NS) and
during hypercapnia (1.1 " 0.1 vs 1.1 "
0.1 a.u.; NS). However, under the experi-

mental condition of restrained double plethysmography, the
mean fR was found significantly higher in Tau-P301L than WT
mice (256 " 11 vs 204 " 8 c min#1, respectively; p & 0.05), a
result possibly suggesting a greater sensitivity to immobilization
stress in Tau-P301L than WT mice.

Pathophysiological changes of respiratory-related upper
airway activity in 7- to 8-month-old Tau-P301L mice
(in situ approach)
We analyzed the three-phase motor pattern (inspiration, I;
postinspiration, PI; late expiration, l-E) of breathing in WT (n !
4) and Tau-P301L mice (n ! 6) to reveal significant differences in
the respiratory motor pattern determined from PNA and cVNA
(Fig. 3). Experimental baseline condition (5% CO2) revealed a
significant shortening of the expiratory interval (TE, postinspira-
tion plus late expiration) because of a significant reduction of
postinspiratory phase duration (TPI, 383 " 177 vs 141 " 39 ms;
p & 0.05) and integrated PI-cVNA in Tau-P301L mice (33.5 "
16.5 vs 3.5 " 1.5 !V * 100 ms; p & 0.05). No significant differ-
ences in inspiratory duration (TI, 357 " 93 vs 479 " 87 ms; NS)
and integrated I-VNA (16.7 " 8.0 vs 8.4 " 2.6 !V * 100 ms; NS),

Figure 1. Whole-body plethysmographic recordings in unrestrained, conscious WT and Tau-P301L mice. A, Schematic repre-
sentation of the experimental setup used to record breathing in unrestrained, conscious mouse placed in a 200 ml recording
chamber (to be compared with the experimental setup illustrated in Fig. 2 A, in which the mouse is restrained). B, C, Individual
traces show spirograms (inspiration upward) recorded from 8-month-old WT (B) and Tau-P301L (C) mice placed under control
(B1, C1) (air; room air, 0.03% CO2) and hypercapnic (B2, C2) (CO2; 4% CO2 in air, 5 min) breathing conditions. SA values are
expressed in arbitrary units (vertical calibration bars: 5 a.u. for B1 and C1; 10 a.u. for B2 and C2); note the increased SA under
hypercapnic conditions in B2 and C2. D, The bars in the histograms show the mean SA (and SEM) from 6 WT and 6 Tau-P301L mice
at 3 months of age (D1) and from 16 WT and 12 Tau-P301L mice at 7– 8 months of age (D2). Note that the mean SA did not
significantly differ in young WT versus Tau-P301L mice placed under identical breathing conditions (in D1; either air or CO2),
whereas the mean SA was significantly larger in Tau-P301L versus WT old mice under air (D2; *p &0.01) and CO2 (D2; **p &0.05)
breathing conditions. In all groups, hypercapnia significantly increased mean SA when compared with air.
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late expiratory phase duration (359 " 77
vs 485 " 145 ms; NS) were observed be-
tween WT and Tau-P301L mice. The
phrenic burst frequency was also the same
in Tau-P301L and WT mice (54.6 " 11 vs
54.6 " 18 c min#1; NS). The significantly
reduced postinspiratory motor discharge
in Tau-P301L mice was further depressed
when excitatory drive and arousal in the
ponto-medullary respiratory network was
enhanced with hypercapnic challenge
evoked by gassing the perfusate with 12%
CO2 (Fig. 3C,D). In WT mice, an en-
hanced integrated I-VNA (16.7 " 8.0 to
29.1 " 18.5 !V * 100 ms) was observed,
whereas PI-VNA remained constant com-
pared with baseline (33.5 " 16.5 vs 28.4 "
14.4 !V * 100 ms). In contrast, in mutant
Tau-P301L mice, a massive increase in in-
tegrated I-VNA (8.4 " 2.6 to 40.0 " 11.3
!V * 100 ms; p & 0.05) compared with
baseline was observed, whereas integrated
PI-VNA was almost abolished (3.5 " 1.5
vs 0.6 " 0.15 !V * 100 ms; p & 0.05).

The peak discharge of cVNA occurs
physiologically in the transition from in-
spiration to expiration and is tightly
linked to the activation of laryngeal ad-
ductor muscles, which breaks the expira-
tory airflow and counteracts elastic lung
recoil after lung inflation (for review, see
Dutschmann and Paton, 2002a). To fur-
ther classify the changes in cVNA, we an-
alyzed the occurrence of peak cVNA in
relation to the inspiratory off-switch de-
termined from the abrupt cessation of
PNA (Fig. 3E). The cVNA peak discharge
in WT always occurred with the termina-
tion of the inspiratory PNA discharge in
normocapnia (5% CO2) and hypercapnia
(12% CO2), thus matching the physiolog-
ical role of expiratory airflow breaking. In
contrast, in Tau-P301L mice, cVNA peak
discharge occurred during the late in-
spiratory phase in normocapnia and was
shifted deeper into the inspiratory phase
during hypercapnia (Fig. 3E). The shift of
the peak discharge of cVNA in Tau-P301L
mice suggested paradoxical laryngeal
constrictor activation during inspiration
causing pathological inspiratory flow
obstruction (Dutschmann and Paton
2002a,b). Therefore, in situ preparations
of 7- to 8-month-old Tau-P301L mice revealed a paradoxical
discharge pattern in laryngeal motor nerves, which could explain
the upper airway dysfunction and breathing abnormalities sug-
gested by the plethysmographic approaches.

Another difference between WT and Tau-P301L mice was
observed in the response to hypercapnia. WT mice showed a
physiological response with a subtle increase in PNA burst fre-
quency from 55.1 " 3.5 to 61.8 " 7.4 c min#1 (NS) and signifi-
cant increase in PNA peak discharge from 124 " 19 to 184 " 34
!V ( p & 0.05). In contrast, Tau-P301L mice responded with a

significant decrease in PNA burst frequency from 56.1 " 4.8 to
37.9 " 4.8 c min#1 ( p & 0.05) (Fig. 3) accompanied by an
increase in PNA peak discharge from 75 " 19 to 139 " 34 !V
( p & 0.05).

Expression pattern of phosphorylated Tau in brainstem
Tau-P301L mice develop a clinical phenotype around age 7– 8
months involving a progressive motor deficiency, most easily
identified by hindlimb and later forelimb clasping. The mice die
prematurely around age 9 –10 months and none survive for $12

Figure 2. Double-chamber plethysmographic recordings in conscious WT and Tau-P301L mice. A, Schematic representation of
the experimental setup used for simultaneous recordings of chest and airflow spirograms in conscious but restrained mouse placed
in a 50 ml recording chamber (to be compared with the experimental setup illustrated in Fig. 1 A, in which the mouse is not
restrained). B, C, Individual traces show chest and airflow spirograms (inspiration upward) recorded from 8-month-old WT (B) and
Tau-P301L (C) mice placed under control (B1, C1) (air; room air, 0.03% CO2) and hypercapnic (B2, C2) (CO2; 4% CO2 in air, 5 min)
breathing conditions. SA values are expressed in arbitrary units (vertical calibration bars, 50 a.u.). Note that hypercapnia increased
both chest SA and airflow SA in the WT mouse (B), whereas hypercapnia increased chest SA but reduced airflow SA in the
Tau-P301L mouse (C). D, The bars in the histograms show the mean (and SEM) values of chest SA (D1), airflow SA (D2), and ratio
airflow versus chest SA (D3) obtained from double-plethysmographic recordings in 7- to 8-month-old WT (n ! 6) and Tau-P301L
(n ! 6) mice placed under control (air, white bars) and hypercapnic (CO2, black bars) breathing conditions. The asterisk (*)
indicated a significant difference between WT and Tau-P301L mice placed under identical breathing conditions (either air or CO2)
(*p & 0.05; **p & 0.01; ***p & 0.001). The dagger (†) indicated a significant difference in control versus hypercapnic conditions
between either paired WT or paired Tau-P301L mice ( †p & 0.05; ††p & 0.01). Note chest SA was significantly larger in Tau-P301L
than WT mice under both breathing conditions (D1), whereas airflow SA was significantly smaller in Tau-P301L than WT mice
under both breathing conditions (D2). D3 shows that the ratio airflow/chest SA was significantly lower in Tau-P301L than WT mice
under air and was further lowered by hypercapnia.
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months of age (supplemental Fig. 1A, available at www.jneurosci.
org as supplemental material) (Terwel et al., 2005, 2008). The
lethality correlates with significant brainstem tauopathy, exem-
plified by the number of MC1-positive neurons (supplemental
Fig. 1B, available at www.jneurosci.org as supplemental mate-
rial). MC1 is a monoclonal antibody that defines a conforma-
tional form of Tau that is typical for tauopathy, including AD

(Weaver et al., 2000). Although the initial
analysis suggested that the premature
death of Tau-P301L mice relates to brain-
stem tauopathy, neither the precise loca-
tion of Tau aggregates in the brainstem
nor their physiological consequences have
been investigated previously.

In the present study, we performed
detailed histochemical analysis of the ex-
pression of protein Tau phospho-epitopes
AT8 and PG5, widely accepted as pretangle
and pathological epitopes, respectively
(Figs. 4–7). Accumulated hyperphospho-
rylated Tau and tau aggregates were re-
vealed in very distinct patterns in the
brainstem and midbrain substructures
of mutant Tau-P301L mice at age 7– 8
months (summarized in Table 1, Fig. 4).
Immunohistochemistry revealed typically
stained somata in specific brain nuclei,
whereas in some brain nuclei also label-
ing of putative nerve terminals was de-
tected (for details, see below). Staining for
epitope AT8 was more pronounced in all
analyzed brain areas compared with PG5
and MC1 epitopes, which fits the defini-
tion of the AT8 epitope as “pretangle”
(i.e., on the borderline between physiol-
ogy and pathology) (Terwel et al., 2005,
2008, and references therein). Tauopathy
was completely absent in the CNS of non-
transgenic mice at any age (data not
shown) and in brain of young Tau-P301L
mice, analyzed here and previously
(Terwel et al., 2005, 2008; Boekhoorn et
al., 2006).

Tauopathy in the pontine
Kölliker–Fuse nucleus
Closely correlating with the upper air-
way phenotype of Tau-P301L mice was
the accumulation of hyperphosphory-
lated tau and tau aggregates in the KF of
Tau-P301L mice at age 7– 8 months
(Fig. 4 A, B). The KF nucleus is known to
specifically gate postinspiratory laryn-
geal adductor activity in the respiratory
motor pattern of rodents (Dutschmann
and Herbert, 2006). In addition, at age 3
months, no indications for tauopathy
were observed in the KF of Tau-P301L
mice (Fig. 4C,D). Because of the com-
plete absence of tauopathy in WT mice,
quantification of tauopathy-positive
neurons was performed only on the in-
termediate part of the KF in Tau-P301L

mice at age 8 months. For the analysis, the presence of the
external and internal lateral subnuclei of the lateral parabra-
chial complex was used as landmark. In Tau-P301L mice (8
months of age; n ! 5), we found an average of 24 " 5 KF
neurons per 10 4 !m 2 that expressed Tau phospho-epitope
AT8, whereas the density of neuronal expression of the PG5
epitope was lower (20 " 7 per 10 4 !m 2).

Figure 3. In situ recordings of the respiratory motor pattern from WT and Tau-P301L mice. A–D, Recordings of inspira-
tory phrenic and inspiratory/postinspiratory vagal nerve activity (PNA; cVNA) of WT (A) and Tau-P301L mice (B) under
control condition, 5% CO2 in perfusate and hypercapnic conditions 12% CO2 in perfusate (C, D). The gray-shaded areas
highlight the reduced postinspiratory activity in Tau-P301L mice. Postinspiratory activity was virtually absent, whereas
inspiratory-related cVNA discharge was disproportionally increased. For additional details and statistical analysis, see text.
The double arrowheads in the integrated signals (A–D) illustrate cVNA peak discharge in coincidence with inspiratory PNA.
Group data for the occurrence of cVNA peak discharge during the respiratory cycle are illustrated in E (*p & 0.05, ***p & 0.001).
IOS, Inspiratory off-switch.
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Tauopathy in midbrain and ponto-medullary nuclei in old
Tau-P301L mice
Both phospho-epitopes on protein tau defined by Mab AT8 and
PG5 showed a strongly overlapping expression pattern in the
midbrain, ponto-medullary brainstem (Fig. 5). In contrast, these
and other Tau phospho-epitopes were completely absent in CNS
of WT mice (Terwel et al., 2005, 2008). The intensity of the
tauopathy in Tau-P301L mice was scored on a relative scale,
based on the counted number of neurons expressing the indi-
cated tau phospho-epitopes (for details, see Materials and
Methods).

Figure 4. Tauopathy in the Kölliker–Fuse nucleus. The photomicrographs in A–D illustrate
staining for phospho-epitopes AT8 and PG5 in the KF nucleus at 8 and 3 months of age. Scale
bars: low magnification, 300 !m; high magnification, 50 !m. Abbreviations: LPB, Lateral
parabrachial nuclei; MPB, medial parabrachial nucleus; PnO, pontine reticular nucleus, oral part;
scp, superior cerebellar peduncle.

Table 1. Summary of the relative density of tauopathy, based on phospho-tau
epitopes AT8 and PG5, within neurons of brainstem and midbrain nuclei

Brain nuclei
Wild type
AT8/PG5

Tau-P301L

AT8 PG5

Nuclei of the medullary and pontine
reticular formation

LRt Ø ( ((
CVLM Ø Ø Ø
Gi Ø (((
RVLM Ø Ø Ø
C1 Ø Ø/( Ø
Pre-BötC Ø Ø Ø
BötC Ø Ø/( Ø/(
pFRG/RTN Ø Ø Ø
A5 Ø ( (
PnC Ø ((( (((
ITR Ø ( Ø/(
KF Ø (( ((
LPB Ø Ø/( Ø/(
MPB Ø Ø/( Ø/(
PnO Ø ((( (((
IRt Ø ((( (((
NRA Ø Ø/( Ø/(

Nuclei of the arousal system
RPa Ø ( (
ROb Ø ((( (((
RMg Ø (( ((
Dorsal raphe Ø Ø Ø
LC Ø (( (

Cranial motor nuclei
Amb Ø Ø/( Ø/(
Mo5 Ø Ø/( Ø/(
7N Ø Ø/( (
10N Ø Ø/( Ø
12N Ø ( (

Cerebellum
Deep Ø ((( ((
Other cerebellar nuclei Ø Ø Ø

Midbrain nuclei
PAG Ø ((( (((

Visceral and somatic sensory relay nuclei
Sp5C Ø Ø Ø
Sp5O Ø Ø Ø
Sp5I Ø Ø/(
SolVL Ø ( (only terminals) (
SolM Ø ( Ø/(
SolC Ø Ø/( Ø/(
Cu Ø (( (
IO Ø Ø/( Ø/(
LSO Ø Ø/( Ø
IC Ø Ø Ø
NC Ø Ø Ø
Ve Ø (( (

Cervical and thoracic spinal cord
Dorsal horn Ø Ø Ø
Ventral horn Ø (((/(( ((

(((, Very dense; ((, dense; (, moderate; Ø, no tauopathy. For details, see Materials and Methods. Abbre-
viations (Paxinos and Franklin, 2001) in alphabetical order are as follows: 7N, facial nucleus; 10N, dorsal motor
nucleus of vagus; 12N, hypoglossal nucleus; A5, A5 noradrenaline cells; Amb, ambiguus nucleus; BötC, Bötzinger
complex; C1, C1 adrenaline cells; Cu, cuneate nucleus; CVLM, caudal ventrolateral medulla oblongata; Deep, lateral
and interposed cerebellar nucleus; Gi, gigantocellular reticular nucleus; IC, inferior colliculus; IO, inferior olive; IRt,
intermediate reticular nucleus; ITR, intertrigeminal region; KF, Kölliker–Fuse nucleus; LC, locus ceruleus; LPB, lateral
parabrachial nuclei; LRt, spinal trigeminal nucleus, caudal part; LSO, lateral superior olive; Mo5, motor trigeminal
nucleus; MPB, medial parabrachial nucleus; NC, cochlear nucleus; NRA, nucleus retroambiguus; PAG, periaqueductal
gray; pFRG/RTN, parafacial respiratory group/retro trapezoid nucleus; PnC, pontine reticular nucleus, caudal part;
PnO, pontine reticular nucleus, oral part; pre-BötC, pre-Bötzinger complex; RMg, raphe magnus nucleus; Rob, raphe
obscurus nucleus; RPa, raphe pallidus nucleus; RVLM, rostral ventrolateral medulla oblongata; SolC, nucleus of the
solitary tract, commissural part; SolM, nucleus of the solitary tract, medial part; SolVL, nucleus of the solitary tract,
ventrolateral part; Sp5C, spinal trigeminal nucleus, caudal part; Sp5I, spinal trigeminal nucleus, interpolar part;
Sp5O, spinal trigeminal nucleus, oral part; Ve, vestibular nuclei.

1816 • J. Neurosci., February 3, 2010 • 30(5):1810 –1821 Dutschmann et al. • Tauopathy and Breathing Pattern
243



Midbrain
Tauopathy was most prominently present in the midbrain inter-
mediate and caudal periaqueductal gray (PAG). Dense clusters of
neurons containing tau aggregates were observed within the dor-

sal, dorsolateral, lateral, and ventrolateral
columns of the PAG (Figs. 5H, I, 6A,B).

Ponto-medullary reticular formation
Tauopathy was dense in the oral and cau-
dal parts of pontine reticular nucleus
(PnO; PnC). Whereas expression in the
PnO was more dorsal (Figs. 5H, I, 7A,B),
staining in the PnC was predominantly in
the ventral aspects involving reticular gi-
ant neurons (Fig. 5F). Heavily attained
were the posterodorsal tegmental nucleus
(PDTg) (Fig. 5F), the Kölliker–Fuse nu-
clei (KF) (Figs. 4, 5G,H) of the parabra-
chial complex (PB), whereas staining in
the lateral or medial nuclei (LBP; MPB)
was rare (Table 1). Some cells were labeled
in the intertrigeminal region (ITR) and at
the level of the A5 noradrenergic cell group
(Fig. 5F). At the medullary level, AT8 and
PG5 stained neurons predominantly in the
mediolateral reticular formation, involving
strongly the gigantocellular reticular nu-
cleus (Gi) (Fig. 5C,D). Another particular
dense cluster of tauopathy was observed in
the dorsal intermediate reticular nucleus
(IRt) (Figs. 5A,B, 6C,D). Finally, some so-
mata were labeled in the lateral reticular nu-
cleus, whereas moderate-to-dense labeling
was evident in putative nerve terminals in
this nucleus (Fig. 5A). Tauopathy was rare
in the “classical” cardiorespiratory auto-
nomic centers of the medulla oblongata
[i.e., the caudal and rostral ventro-lateral
medulla oblongata (CVLM; RVLM) in-
cluding the parafacial respiratory group/
retro trapezoid nucleus (pFRG/RTN), pre-
Bötzinger (pre-BötC), Bötzinger complex
(BötC), or nucleus retroambiguus (NRA)
tauopathy was sparse] (Fig. 5B–D, Table 1).

Ponto-medullary arousal system
Dense tauopathy-laden neurons were evi-
dent in key nuclei of the ponto-medullary
reticular arousal system. In the pons, a dense
cluster of AT8- and PG5-positive neurons
was located in the locus ceruleus (Figs. 5F,
7C,D), whereas the dorsal raphe nuclei were
devoid of staining. In the medullary raphe
nuclei, AT8- and PG5-labeled cells were
most dominant in the raphe obscurus (Rob)
(Figs. 5C–E, 7E,F) and raphe magnus
(RMg), whereas in the raphe pallidus (RPa)
fewer neurons were stained.

Cranial motor nuclei
In cranial motor nuclei such as the nucleus
ambiguus (Amb), trigeminal motor nucleus
(Mo5), facial vagal and hypoglossal motor
nuclei (7N, 10N, 12N), tauopathy was gen-
erally sparse, although moderate labeling of

putative nerve terminals was observed in the Mo5, 7N, and 12N (Fig.
5, Table 1). In only one Tau-P301L animal, dense staining for PG5
was observed in the 7N and 12N nuclei.

Figure 5. Relative intensity of tauopathy in brainstem and midbrain nuclei by immunohistochemistry with phospho-tau
epitopes AT8 and PG5. Schematic rendering of the location of tauopathy [i.e., neurons containing NFTs within the caudal midbrain
and ponto-medullary brainstem]. A–I, Sections from the caudal medulla oblongata to the caudal midbrain. The gray-shaded areas
with black diamonds (NFTs) and points (AT8- and PG-5-IR staining of terminal-like structures) symbolize dense staining. 7, Facial
nerve; 7N, facial nucleus; XII, hypoglossal nucleus; A5, A5 noradrenaline cells; Aq, aqueduct; C1, C1 adrenaline cells; Cu, cuneate
nucleus; Dll, dorsal nucleus of the lateral lemniscus; PDTg, posterodorsal tegmental nucleus; DR, dorsal raphe nucleus; Gi, gigan-
tocellular reticular nucleus; IC, inferior colliculus; IRt, intermediate reticular nucleus; KF, Kölliker–Fuse nucleus; LC, locus ceruleus;
LPB, lateral parabrachial nuclei, LRt, spinal trigeminal nucleus, caudal part; LSO, lateral superior olive; Mo5, motor trigeminal
nucleus; MPB, medial parabrachial nucleus; PAG, periaqueductal gray; PnC, pontine reticular nucleus, caudal part; PnO, pontine
reticular nucleus, oral part; Pr5, principal trigeminal nucleus; RMg, raphe magnus nucleus; ROb, raphe obscurus nucleus; RPa, raphe
pallidus nucleus; RVLM, rostral ventrolateral medulla oblongata; scp, superior cerebellar peduncle; SolC, nucleus of the solitary
tract, commissural part; SolM, nucleus of the solitary tract, medial part; SolVL, nucleus of the solitary tract, ventrolateral part; Sp5C,
spinal trigeminal nucleus, caudal part; Sp5I, spinal trigeminal nucleus, interpolar part; Sp5O, spinal trigeminal nucleus, oral part;
LVe, lateral vestibular nucleus.

Dutschmann et al. • Tauopathy and Breathing Pattern J. Neurosci., February 3, 2010 • 30(5):1810 –1821 • 1817
244



Visceral and somatic relay nuclei
In the caudal, interpolar, and oral part of
the spinal trigeminal nucleus (Sp5C, Sp5I,
Sp5O), tauopathy was absent, only occa-
sionally evident in Sp5l (Fig. 5B,C). In the
commissural, medial, and ventrolateral
parts of the nucleus of the solitary tract
(SolC, SolM, SolVL), moderate staining
was observed in the SolM, whereas labeled
terminal-like structures were observed in
the SolVL (Fig. 5A,B). Medullary and
pontine nuclei of the auditory system such
as the cochlear nucleus (NC), lateral supe-
rior olive (LSO), and inferior colliculus
(IC) were devoid of tauopathy. In con-
trast, tauopathy was dense in the vestibu-
lar and cuneate nuclei, whereas it was
absent in the inferior olive (Table 1).

Cerebellum and spinal cord
The cerebellum of Tau-P301L mice was
completely devoid of tauopathy, as de-
scribed previously (Terwel et al., 2005,
2008). A dense cluster of tau-laden neurons
was identified in deep cerebellar nuclei such
as the lateral and interposed cerebellar nu-
cleus (Table 1). At the level of the cervical
and thoracic spinal cord, dense tauopathy,
defined by AT8 or PG5 staining, was ob-
served in the ventral horn (Table 1). It is
important to note that the spinal cord at
these levels contains crucial populations of
respiratory motor neurons innervating the
diaphragm and intercostal muscles. In con-
trast, the sensory relays in the dorsal horn
showed no obvious tauopathy (Table 1).

Discussion
Postmortem analysis of AD patients reveals
tauopathy, not only in limbic regions but
also in midbrain and hindbrain regions
(Parvizi et al., 1998; Rüb et al., 2001, 2002; Thai, 2002). The genera-
tion of transgenic mice that express mutant protein tau associated
with frontotemporal dementia allows detailed investigation into the
pathophysiological changes in brain functions in mouse models for
tauopathy (Lewis et al., 2001; Oddo et al., 2003; Götz et al., 2004;
Terwel et al., 2005, 2008). Here, we analyzed the transgenic mouse
strain with neuron-specific, postnatal expression at near-
physiological levels of mutant human Tau-P301L (Terwel et al.,
2005, 2008; Boekhoorn et al., 2006). In old Tau-P301L mice, our
study reveals a consistent pattern of expression Tau protein
phospho-epitopes AT8 and PG5 in defined nuclei of midbrain pons
and brainstem that are closely linked to the observed airway dysfunc-
tion and breathing deficits in vivo and in situ. In the many clinical
types of primary and secondary tauopathies, vast regional differ-
ences are observed in the CNS structures that are affected. However,
neither analyses of human patient nor animal models has so far
yielded satisfactory explanations for the vast differential susceptibil-
ity of brain circuits for tau pathology.

Tauopathy in neural circuits associated with upper
airway control
The breathing phenotype we detected in Tau-P301L mice
strongly points toward a dysfunction in the laryngeal valve that

dynamically controls upper airway resistance and respiratory air-
flow across the respiratory cycle and during various oropharyn-
geal behaviors. The data obtained from in situ preparations
showed reduced postinspiratory activity recorded from the vagal
nerve, which drives laryngeal adductor (constrictor) muscles un-
der physiological conditions. The laryngeal adductors are im-
portant to break expiratory airflow, counteract elastic lung
recoil after lung inflation, and regulate expiratory airflow, and
are crucially involved in vocal–respiratory coupling (Dut-
schmann and Paton, 2002a; Dutschmann et al., 2004, 2008).
The potential shift of postinspiratory laryngeal activity into in-
spiration and the reduced airflow accompanying increased chest
movements fully support a paradoxical increase of airway resis-
tance during inhalation in old Tau-P301L mice. The potential
laryngeal dysfunction in old Tau-301L mice can be well corre-
lated with tauopathy in specific brain circuits. The KF was re-
ported to gate the postinspiratory motor output to laryngeal
adductor (constrictor) muscles in the upper airways (Dut-
schmann and Herbert, 2006) and has also important functions in
the mediation of inspiratory– expiratory phase switch, in the con-
trol of respiratory phase durations, and in vocal–respiratory cou-
pling (Chamberlin and Saper, 1994; Dick et al., 1994; Lara et al.,
2002; Alheid et al., 2004; Dutschmann et al., 2004; Dutschmann

Figure 6. Tauopathy in lateral periaqueductal gray and intermediate reticular nucleus. The photomicrographs in A and B
illustrate staining for phospho-epitopes AT8 and PG5 in the lateral periaqueductal gray (PAG) of Tau-P301L mouse. The photomi-
crographs in C and D illustrate staining in a Tau-P301L mouse for phospho-epitopes AT8 and PG5 in the intermediate reticular
nucleus (IRt), which is located ventrolateral to the nucleus of the solitary tract (NTS) and lateral to hypoglossal nucleus (XII). Scale
bars: low magnification, 300 !m; high magnification, 50 !m. Aq, Aqueduct.
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and Herbert, 2006; Ezure and Tanaka, 2006; Smotherman et al.,
2006). Tauopathy is particularly observed in KF neurons and
correlates well with the observed breathing phenotype in Tau-
P301L mice, but the effects of tauopathy on synaptic function of
KF neurons remain unknown. In addition, it has to be considered
that the respiratory motor pattern in situ is generated in absence
of relevant afferent inputs from the periphery. Under in vivo
conditions, strength and duration of postinspiratory activity may
be modulated by upper brain structures and by sensory feedback
arising from pulmonary stretch receptors (Kubin et al., 2006).

Interestingly, the terminal field of stretch receptor afferents
within the ventrolateral nucleus of the solitary tract (NTS) revealed
tauopathy in terminal-like structures. Thus, the observation of de-
creased postinspiratory activityin situand airflow reduction in vivo is
linked to tauopathy within NTS/KF axis, which has an essential role
in the regulation of postinspiratory motor activity (for review, see
Dutschmann et al., 2008).

Importantly, autopsy of brains from patients with AD re-
vealed strong tauopathy in the medial parabrachial and KF nuclei
(Figs. 2, 3) (Rüb et al., 2001) (note that the anatomical position of
the KF overlaps with subpeduncular pigmented nucleus in this
study). However, tauopathy in the NTS of AD patients is not
reported yet. Our mouse data may connect the described brain-
stem tauopathy of AD patients to upper airway disorder, which is
a common feature in various forms of dementias. For instance,
progressive aphasia in frontotemporal dementia associated with
downstream motor speech deficits (Hillert, 1999; Tolnay and
Probst, 2002). In addition, postinspiratory activity is essential for
laryngeal closure during swallowing to prevent aspiration of food
into the airways (Gestreau et al., 2005). Indeed, dysphagia and
aspiration pneumonia belong to the most serious complications,
and eventual cause of death, in AD patients (Kalia, 2003).

Nevertheless, tauopathy in old Tau-P301L mice was wide-
spread in midbrain, pons, and brainstem, and was also observed
in respiratory motor neurons in cervical and thoracic spinal cord.
Therefore, various other nuclei may also contribute to the upper
airway phenotype observed in Tau-P301L mice. Of main interest
here are the PAG, which strongly modulates breathing during
behavioral tasks associated with emotion and particularly during
vocalization (Davis et al., 1996; Jürgens, 2002; Subramanian et al.,
2008), and the intermediate reticular nucleus in the medulla ob-
longata. The latter brain region contains a large population of
hypoglossal premotor neurons involved in the control of tongue
movements during oropharyngeal behaviors such as swallowing
and vocalization (Gestreau et al., 2005). Thus, overlapping and
closely interacting neural circuits for upper airway control are
stressed by the tauopathy in old Tau-P301L mice.

In old Tau-P301L mice, in vivo and in situ studies did not show
altered respiratory rhythmogenesis, and immunohistochemistry
revealed that primary medullary respiratory centers such as the en-
tire ventral respiratory column including the primary rhythm gen-
erating areas (e.g., parafacial respiratory group and pre-Bötzinger
complex) were mostly devoid of tauopathy. We propose two expla-
nations for these observations. First, dementia is not lethal per se and
thus unaltered rhythmogenic circuits would make sense. Second, it
was reported that Thy1 promoter used for the generation of Tau-
P301L mice has limitations in targeting neurons in the ventral me-
dulla (Winter et al., 2007), and therefore tauopathy did not develop
in the ventral respiratory group for technical reasons.

Enhanced upper airway dysfunction during hypercapnia
Tauopathy was detected in brainstem areas such as the serotoner-
gic medullary raphe nuclei, the noradrenergic locus ceruleus, and
the A5 region, which principally belong to the arousal system (for
discussion, see below), but have also major implications in cen-
tral chemosensitivity and the state-dependent modulation of
breathing (Bou-Flores et al., 2000; Nattie, 2001; Richter et al.,
2003; Ballantyne et al., 2004; Hilaire et al., 2004; Richerson, 2004;
Viemari et al., 2005; Zanella et al., 2008; Besnard et al., 2009). The
tauopathy in these nuclei may contribute to the enhanced upper
airway phenotype during exposure to hypercapnia in situ and in
vivo. Our data provide evidence that activation of the respiratory
network and associated arousal/chemosensitive systems during

Figure 7. Tauopathy in pontine reticular nucleus, locus ceruleus, and raphe obscurus. A and
B show AT8 and PG5 immunoreactivity (IR) in the dorsal aspect of the oral part of pontine
reticular nucleus (PnO). Scale bars: low magnification, 300 !m; high magnification, 100 !m.
The photomicrographs in C and D illustrate staining for phospho-epitopes AT8 and PG5 in the
locus ceruleus (LC) of Tau-P301L mouse. E and F show the same immunoreactivity (IR) in
the raphe obscurus nucleus (ROb), mediolateral to the facial nucleus (7N). Scale bars: low
magnification, 300 !m; high magnification, 100 !m. scp, Superior cerebellar peduncle;
py, pyramidal tract.
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hypercapnia contribute to evoke paradoxical activation of laryn-
geal adductor muscles during the inspiratory phase, leading to
inspiratory airflow limitation. This phenomenon was reported to
occur specifically after blockade of brainstem glycinergic neuro-
transmission (Dutschmann and Paton, 2002a,b) and during se-
vere hypoxia (Dutschmann and Paton, 2005). However, the
verification of potentially reduced glycinergic inhibition within
the ponto-medullary brainstem of Tau-P301L mice requires fu-
ture experimental analysis.

Finally, the described upper airway dysfunction with reduced
respiratory airflow versus enlarged chest muscular work could
trigger spells of systemic hypoxia. In turn, hypoxia is considered
to contribute (Zhang et al., 2008) or even trigger AD (Peers et al.,
2007). Therefore, the onset of breathing disorders most likely
aggravates neurodegenerative processes in the brains of Tau-
P301L mice, causing spread of tauopathy to forebrain structures,
as previously reported (Terwel et al., 2005, 2008).

Summary
Aged Tau-P301L mice show defined patterns of tauopathy in vital
brain circuits in midbrain, pons, brainstem, and spinal cord. The
present study identified breathing deficits in older Tau-P301L
mice, which strongly connect to tauopathy in defined neural cir-
cuits controlling upper airway function and to reported upper
airway dysfunction in dementia patients. The observed tauopa-
thy in other brain regions of Tau-P301L mice also correlates well
with other dysfunctions of the autonomic nervous system de-
scribed in dementia patients, which begs for additional experi-
mental analysis.
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Rüb U, Del Tredici K, Schultz C, de Vos RA, Jansen Steur EN, Arai K, Braak H
(2002) Progressive supranuclear palsy: neuronal and glial cytoskeletal
pathology in the higher order processing autonomic nuclei of the lower
brainstem. Neuropathol Appl Neurobiol 28:12–22.

Smotherman M, Kobayasi K, Ma J, Zhang S, Metzner W (2006) A mecha-

1820 • J. Neurosci., February 3, 2010 • 30(5):1810 –1821 Dutschmann et al. • Tauopathy and Breathing Pattern
247



nism for vocal-respiratory coupling in the mammalian parabrachial nu-
cleus. J Neurosci 26:4860 – 4869.

Stettner GM, Huppke P, Brendel C, Richter DW, Gärtner J, Dutschmann M
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Résumé en français : 

 

Les tauopathies, incluant la maladie d’Alzheimer, sont les maladies 

neurodégénératives les plus fréquentes chez les personnes âgées. Les patients développent des 

troubles cognitifs et comportementaux induits par la tauopathie dans le prosencéphale, même 

si la plupart présentent également de la tauopathie dans le tronc cérébral, avec des troubles 

oro-pharyngés et sérotoninergiques (5-HT). Nous avons étudié ces aspects chez les souris 

Tau-P301L, qui expriment une forme mutante de protéine tau humaine et développent une 

tauopathie en premier dans le rhombencéphale, avec des troubles cognitifs, moteurs et des 

voies aériennes supérieures à partir de 7-8 mois, jusqu’à la mort prématurée avant l’âge de 12 

mois. Utilisant la pléthysmographie, l’immunohistochimie et la biochimie, nous avons 

examiné les sytèmes respiratoires et 5-HT de souris Tau-P301L âgées et de souris contrôles. 

A 8 mois, les souris Tau-P301L développent une dysfonction des voies aériennes supérieures 

mais conservent un rythme et des régulations respiratoires normaux. Dans les semaines qui 

ont suivies, les souris Tau-P301L sont entrées dans le stade terminal de la maladie avec une 

perte de poids corporel, des fermetures des membres ("clasping") induisant progressivement 

une léthargie. Comparées à l’âge de 8 mois, les souris Tau-P301L terminales présentaient une 

dysfonction des voies aériennes supérieures aggravée, un rythme et des régulations 

respiratoires anormaux. En plus, elles étaient atteintes par une tauopathie sévère dans le noyau 

de Kölliker-Fuse, dans le raphé obscurus et dans le raphé magnus, mais pas dans les noyaux 

du bulbe rachidien liés à la respiration. Même si la tauopathie des raphés concerne 

principalement des neurones non 5-HT, le métabolisme de la 5-HT des souris Tau-P301L 

terminales était altéré. Nous proposons que la tauopathie progressive dans les raphés affecte le 

métabolisme de la 5-HT, qui affecte à son tour la modulation 5-HT du réseau respiratoire et 

ainsi le patron moteur respiratoire. Par conséquent, les altérations 5-HT contribuent au 
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phénotype moribond des souris Tau-P301L, et potentiellement à celui des patients souffrant 

de tauopathies, incluant la maladie d’Alzheimer. 
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a  b  s  t  r  a  c  t

Tauopathies,  including  Alzheimer’s  disease  are  the  most  frequent  neurodegenerative  disorders  in elderly
people. Patients  develop  cognitive  and  behaviour  defects  induced  by  the  tauopathy  in the  forebrain,  but
most also  display  early  brainstem  tauopathy,  with  oro-pharyngeal  and  serotoninergic  (5-HT)  defects.  We
studied  these  aspects  in  Tau.P301L  mice,  that  express  human  mutant  tau  protein  and  develop  tauopathy
first  in  hindbrain,  with  cognitive,  motor  and  upper  airway  defects  from  7 to  8  months  onwards,  until
premature  death  before  age  12 months.  Using  plethysmography,  immunohistochemistry  and  biochem-
istry,  we  examined  the  respiratory  and  5-HT  systems  of  aging  Tau.P301L  and  control  mice.  At  8 months,
Tau.P301L  mice  developed  upper  airway  dysfunction  but retained  normal  respiratory  rhythm  and  normal
respiratory  regulations.  In the following  weeks,  Tau.P301L  mice  entered  terminal  stages  with  reduced
body  weight,  progressive  limb  clasping  and  lethargy.  Compared  to  age  8  months,  terminal  Tau.P301L
mice  showed  aggravated  upper  airway  dysfunction,  abnormal  respiratory  rhythm  and  abnormal  respira-
tory regulations.  In  addition,  they  showed  severe  tauopathy  in Kolliker-Fuse,  raphé  obscurus  and  raphé
magnus nuclei  but  not  in  medullary  respiratory-related  areas.  Although  the  raphé  tauopathy  concerned
mainly  non-5-HT  neurons,  the  5-HT  metabolism  of  terminal  Tau.P301L  mice  was  altered.  We  propose
that  the  progressive  raphé  tauopathy  affects  the  5-HT  metabolism,  which  affects  the  5-HT  modulation
of  the  respiratory  network  and  therefore  the  breathing  pattern.  Then,  5-HT  deficits  contribute  to the
moribund  phenotype  of  Tau.P301L  mice,  and  possibly  in patients  suffering  from  tauopathies,  including
Alzheimer’s  disease.

© 2011 Elsevier B.V. All rights reserved.

Abbreviations: AD, Alzheimer disease; ASp, airflow spirogram; CSp, chest
spirogram; g7, genu of the facial nerve; KF, kolliker-fuse nucleus; LPB, lateral
parabrachial nucleus; mcp, middle cerebellar peduncle; nA, nucleus ambiguus; n7,
facial motor nucleus; nTS, nucleus tractus solitarius; PnO, pontine reticular nucleus;
PnR, raphé pontis nucleus; pr5DM, principal trigeminal sensory nucleus dorso-
median; Rf, respiratory frequency; RMg, raphé magnus; ROb, raphé obscurus; RPa,
raphé pallidus; scp, superior cerebella peduncle; SubC, subcoeruelus nucleus; Ti,
duration of inspiration; Te, duration of expiration; Ttot, total respiratory cycle dura-
tion; VT, tidal volume; 5-HT, serotonin; 5-HIAA, 5-hydroxy-indol acid acetic; 12r,
intra-medullary rootlet of hypoglossal nerve.
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1. Introduction

Alzheimer’s disease (AD), the most prevalent neurodegenera-
tive disorder in elderly people, is characterized by memory loss,
cognitive defects and behavioural abnormalities. AD is a secondary
tauopathy, i.e. extracellular amyloid deposits in brain are combined
with intraneuronal neurofibrillary tangles and dendritic neuropil
threads of abnormally phosphorylated tau protein. The associated
synaptic defects cause cognitive problems and altered functions
in major brain networks. Patients with primary tauopathies also
suffer brainstem tauopathy, sleep-disordered breathing and oro-
pharyngeal problems. At early stages, patients show swallowing
impairment, which eventually leads to aspiration pneumonia at
later stages, a recognized cause of death in AD (Humbert et al., 2010;
Suh et al., 2009; Attems et al., 2005; Priefer and Robbins, 1997).
Up to 48% of AD patients also suffer obstructive sleep apnoeas and
the related hypoxic spells possibly affect brain networks function
(Onen and Onen, 2010). Links between breathing defects and AD are
supported by mental impairment accompanying sleep obstructive

1569-9048/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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apnoeas, low risk to develop AD in persons with good respiratory
function at midlife (Guo et al., 2007), reduced brain atrophy in AD
patients retaining cardiorespiratory fitness (Burns et al., 2008) and
improved behaviours in AD patients treated with continuous pos-
itive airway pressure (Daulatzai, 2010; Cooke et al., 2006, 2009;
Ancoli-Israel et al., 2008; Chong et al., 2006). Neurodegeneration in
AD could even originate in the brainstem (Simic et al., 2009), and
associated anomalies of the serotonin (5-HT) system causing sleep-
disordered breathing contribute to AD progression (Kovacs et al.,
2003; Mössner et al., 2000; Parvizi et al., 2001; Rüb et al., 2000;
Storga et al., 1996; Gottfries, 1990).

As the respiratory rhythm generator (RRG) spontaneously
produces easily recordable motor output, an interesting experi-
mental model for examining onset and progression of networks
dysfunction is offered by mutant mouse models of neurodevel-
opmental and neurodegenerative diseases (Viemari et al., 2005;
Katz et al., 2009; Voituron et al., 2009, 2010a,b; Dutschmann
et al., 2010). Here, we examined the RRG function in Tau.P301L
mice, a mutant mouse model for tauopathy and AD (Terwel et al.,
2005; Muyllaert et al., 2006). Tau.P301L mice were produced on
the FVB/N background to express the longest human tau iso-
form bearing the P301L mutation specifically in neurons (Terwel
et al., 2005). With age, Tau.P301L mice develop brain tauopa-
thy, cognitive and motor defects, until premature death before
age 10–12 months. From 8 months onwards, tauopathy affects
the kolliker-fuse (KF) nucleus, which alters the KF control of the
laryngeal motoneuron activity and induces upper airway dysfunc-
tion: Tau.P301L mice show a paradoxical tendency to upper airway
narrowing during inspiration that they compensate by produc-
ing enlarged chest respiratory movements (Dutschmann et al.,
2010).

Using plethysmography, biochemistry and immunohistochem-
istry in Tau.P301L and age-matched FVB/N wild-type mice, we
report that despite upper airway dysfunction, Tau.P301L mice
retained normal RRG function and regulations at 8 months, but
showed aggravated upper airway dysfunction, altered RRG function
and regulations at 9–10 months when entering the terminal stage of
the disease. In addition, terminal Tau.P301L mice developed severe
tauopathy in the raphé areas and abnormal 5-HT metabolism.
The resulting breathing defects likely contribute essentially to
the moribund phenotype of Tau.P301L mice, and by extension in
tauopathies and AD patients.

2. Materials and methods

The experimental procedures were performed in accordance
with European and national guidelines for care and use of
laboratory animals (Council Directive 2010/63/EU). They were pre-
viously reported in details elsewhere (Terwel et al., 2005, 2008;
Dutschmann et al., 2010; Voituron et al., 2009, 2010a,b; Menuet
et al., 2011).

2.1. Animals

Transgenic Tau.P301L mice, produced in the FVB/N genetic
background, expressed the longest human tau isoform bear-
ing the P301L mutation (Tau.4R/2N-P301L) under control of the
mouse thy1 gene promoter aiming for neuron-specific expres-
sion starting in the third postnatal week (Terwel et al., 2005,
2008). Tau.P301L mice (n = 28), genotyped by PCR, were com-
pared with age- and sex-matched control FVB/N mice (n = 23) at
three different ages (different mice were studied at different ages):
4–5 months (n = 7 Tau.P301L and n = 7 FVB/N), 8 months (n = 7
Tau.P301L and n = 8 FVB/N) and 9–11 months (n = 14 Tau.P301L and
n = 8 FVB/N).

2.2. Plethysmography and RRG function at rest

As reported previously (Dutschmann et al., 2010; Voituron et al.,
2009, 2010a,b; Menuet et al., 2011), we used constant flow whole-
body plethysmography and double-chamber plethysmography in
conscious mice. To avoid stress, the mice were habituated to the
plethysmograph before the recording sessions. Spirograms were
stored on disk and analyzed afterwards, selecting recording periods
without artefacts and body movements. Whole body plethys-
mography was used to measure the respiratory frequency (Rf;
expressed in respiratory cycles per minute, c min−1), the duration
of the inspiratory and expiratory periods (Ti and Te, respectively;
expressed in ms), the distribution of total respiratory cycle duration
(Ttot), and the production of transient apnoeas > two Ttot. Because
of unreliability of measurements of tidal volume (VT) with plethys-
mography, VT was not studied.

Double-chamber plethysmography was used to simultaneously
record the chest respiratory movement produced in the body cham-
ber (Chest Spirogram, CSp) and the resulting airflow in the head
chamber (airflow spirogram, ASp). This enabled the detection of
upper airway defects when the ratio ASp/CSp drops to a value <1
(for details see Dutschmann et al., 2010). In addition, this enabled
the identification of total obstructive apnoeas when rhythmic CSp
signal persisted in the absence of phasic ASp signals as reported in
other transgenic mice (Voituron et al., 2010b).  The peak amplitudes
of paired CSp and ASp values during quiet breathing were mea-
sured on consecutive respiratory cycles, normalized and expressed
as increments of the difference between min and max amplitudes.
Bravais–Pearson tests were performed to calculate the correlation
coefficient between variables and the slope of the linear regres-
sion.

2.3. Plethysmography and RRG regulations

We examined the Rf changes during hypoxia, hypercapnia and
peri-sigh periods (Voituron et al., 2009, 2010a; Menuet et al., 2011).
Tau.P301L and FVB/N mice of matched age were subjected to short
lasting (5 min) moderate hypoxic (10% O2) or hypercapnic (4% CO2)
challenges. Rf was measured prior to respiratory challenges (con-
trol Rf) and during the last 3–5 min period of respiratory challenges,
with changes expressed in increments (c min−1) vs. control Rf. The
effect of sigh occurrence on the Rf was studied by measuring the Rf
every second during 30 s (from the 10 s period preceding the sigh
to the 20 s period following the sigh). For a given mouse, at least
7 peri-sigh periods were analyzed and data averaged to obtain an
individual Post-Sigh Time Histogram (PSTH) representative of Rf
changes (in Hz every second) prior to and after sigh occurrence.
Mice of a given genotype (Tau.P301L or FVB/N mice) were grouped
and the individual PSTH were pooled to built an averaged PSTH
representative of the mean Rf changes (expressed as % of control
every second) prior to and after sigh for a given group of mice.

2.4. Immunohistochemistry, optic and confocal microscopy

Methods for immunohistochemistry were reported in details
elsewhere (Terwel et al., 2005, 2008; Dutschmann et al., 2010).
First, mice were anaesthetized (Nembutal; 120 mg/kg, i.p.),
transcardiacally perfused (ice-cold saline, 2 ml/min, 2 min) and
brainstems were removed, fixed (4% paraformaldehyde, 24 h),
and stored (0.1% sodium azide in PBS at 4 ◦C) until section-
ing (40 !m coronal vibratome sections). Thereafter, procedures
were as follows: rinsing (PBS; 15 min with 1.5% H2O2 in 50%
methanol/PBS), blocking of non-specific binding sites (10% fetal
calf serum, 0.1% Triton X-100 in PBS), incubation with pri-
mary monoclonal antibodies AT8 (mouse anti-AT8, 1/2500) or
AT100 (mouse anti-AT100, 1/1400), washing, 1 h incubation
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with the secondary goat antimouse IgG antiserum coupled to
horseradish peroxidase (1/500 in blocking buffer; Dako, Denmark),
5 min incubation in 50 mM Tris HCl, pH 7.6, enzymatic stain-
ing with 3,3′-diaminobenzidine (0.5 mg/ml), 0.3%H2O2 in 50 mM
Tris HCl, pH 7.6. Sections were counterstained with hema-
toxylin, ethanol dehydrated, delipidated in xylol and mounted
for microscopic analysis of AT8 and AT100 immunoreactiv-
ity.

AT8 and AT100 are monoclonal antibodies specifically directed
against phosphorylated human protein Tau, respectively at epi-
topes pS198/pS202pS/pS205 and pT231/pS235 (Innogenetics,
Gent, Belgium). AT8 is to be considered a marker on the bor-
der between physiology and pathology because AT8 may be
observed during brain development of young adults and children
(Braak and Del Tredici, 2011; Duyckaerts, 2011). Even in human
pathology, AT8 is a “pre-tangle” marker, i.e. the phoshorylation pre-
cedes the hyper-phosphorylation of protein Tau that is typically
observed post-mortem in the final, pathological neurofibrillary
tangles. AT100 however is a recognized pathological phospho-
epitope, typical for AD and primary tauopathies (Terwel et al.,
2005).

We examined AT8 and AT100 expression profile in the brain-
stem of 4–5 months (n = 7) and terminal (n = 5) Tau.P301L mice.
We specifically analyzed distinct brainstem areas, including the
medullary respiratory-related areas (Feldman, 2011; Onimaru
et al., 2009; Fortin and Thoby-Brisson, 2009; Wittmeier et al.,
2008), the midline raphé nuclei (raphé pallidus, RPa, raphé mag-
nus, RMg, raphé obscurus, ROb, raphé pontis, RPn) and the pontine
KF nucleus (Dutschmann et al., 2010). These areas were defined
from neuroanatomical reference points in mouse atlas (Paxinos
and Franklin, 2001). For a given mouse, about 120 consecutive
coronal sections of 40 !m were cut, from the pyramidal decus-
sation to about 4800 !m more rostral. One section every three
sections was stained with either AT8 (first section) or AT100 (sec-
ond section) or retained for other studies (third section). Then,
about forty AT8 and forty AT100 stained sections were analyzed
per mouse (120 !m between two consecutive AT8 stained sec-
tions or AT100 stained sections). As the AT8 and AT100 staining
was obviously different between young (almost no staining) and
terminal (marked staining) Tau.P301L mice, we performed no sta-
tistical quantitative comparisons between the two age groups. We
measured the AT8 staining in the raphé and KF nuclei of termi-
nal Tau.P301L mice with two different protocols. For the raphé
nuclei where AT8 positively stained (AT8+) neurons were easily dis-
cernible, we counted the AT8+ neurons in medial areas extending
200 !m bilaterally from the midline (400 !m) of 2–3 consecu-
tive sections per mouse. Data from different mice were averaged
to obtain the mean number of AT8+ neurons in a given raphé
nucleus. As previously (Dutschmann et al., 2010), AT8+ neurons
were defined as neurons with visible nucleus, well-defined soma,
and high staining intensity. For the KF nucleus, extending on both
left and right sides of the pons is 6–8 consecutive sections (about
720–960 !m rostro-caudal extension for a given mouse) and con-
taining frequent and intermingled AT8+ neurons, counting of AT8+
neurons was rather difficult. We therefore used dedicated soft-
ware to quantify the mean optical density of AT8 staining in the
whole KF nucleus (ImageJ created by Wayne Rasband, NIH, USA).
For each KF section, we defined a 500 !m × 500 !m square area
centred on the KF nucleus, i.e. positioned ventral to the lateral
parabrachial nucleus (LPB), lateral to the superior cerebella pedun-
cle (scp), medial to the middle cerebellar peduncle (mcp), and
dorsal to the principal trigeminal sensory nucleus dorso-median
(pr5DM). Digital camera and light microscope (Olympus BX50)
were used to take pictures of the KF area in different slices and mice.
To minimize variations in the KF square positioning and the inten-
sity of the AT8 staining between different sections and between

different mice, the analysis was performed by the same person
(CM) using standardized protocols (homogenisation for position-
ing, brightness and contrast adjustments; colour threshold set to
remove 3/4 of the blue spectrum). For each given rostro-caudal
KF section, the AT8 optical density was measured and the mean
AT8 optical density of the whole KF sections for a given mouse
was obtained by averaging values of individual sections. The mean
value representative of the AT8 optical density of the KF of ter-
minal Tau.P301L mice was obtained by averaging mean values
from different mice. Although this protocol did not totally abolish
individual variations between different sections and mice, it signif-
icantly weakened it as attested by weak standard error of the mean
(about 10%).

For confocal study of AT8 and 5-HT expressions in raphé neu-
rons, coronal cryo-sections of 40 !m were cut. Following two rinses
in 0.1 M PBS, sections were positioned on glass slides and perme-
abilized using 0.1 M PBS containing 0.2% Triton X-100 for 30 min.
Thereafter, sections were pre-incubated for 1 h in 0.1 M PBS con-
taining 4% of goat serum and incubated overnight at 4 ◦C with the
corresponding primary antibody: rabbit anti-serotonin (1/2000,
Sigma, USA); mouse anti-AT8 (1/2000) (Terwel et al., 2005). Fol-
lowing primary antibody incubation, sections were washed twice
in 0.1 M PBS and incubated 1 h at room temperature with the
appropriate secondary antibody: goat anti-mouse Alexa 488, goat
anti-rabbit Alexa 594 (1/400; Invitrogen, France). Z-stacks confo-
cal images were captured with a Carl Zeiss LSM 700 confocal laser
scanning system on an Axio Observer.Z1 inverted microscope stand
(Carl Zeiss, Germany), equipped with a 488 nm and 555 nm laser
lines and monitored with Zen 2009 image acquisition software (Carl
Zeiss, Germany).

2.5. Biochemistry

Values of pH, pO2 and pCO2 (mm of Hg) were measured in
venous mixed blood samples of non-anaesthetized mice as pre-
viously reported (Menuet et al., 2011). After tail blood vessels
dilatation with water at 40–42 ◦C and small incision at the tip of
the tail, 100 !L blood samples were collected in plastic capillaries
with electrolyte-balanced heparin (Radiometer, 70 IU heparin per
ml) and analyzed with ABL 80 Flex analyser (Radiometer, France).

To analyze the 5-HT metabolism (Menuet et al., 2011), first
the mouse brainstem was quickly removed after decapitation,
stored at −80 ◦C and thereafter, the brainstem contents of 5-HT
and its main catabolite 5-hydroxy-indol acid acetic (5-HIAA) from
the monoamine oxydase A (MAOA) degradation pathway were
measured by high pressure liquid chromatography (HPLC) and
electrochemical detection (Waters System: pump P510, electro-
chemical detector EC2465; Atlantis column DC18; mobile phase:
citric acid, 50 mM; orthophosphoric acid, 50 mM; sodium octane
sulfonic acid, 0.112 mM; EDTA, 0.06 mM; methanol, 5%; NaCl,
2 mM; pH 2.95). Contents were expressed in ng per structure. Ter-
minal Tau.P301L mice, identified by low body weight, limb clasping,
lethargy and immobility, were sacrificed for HPLC study 1–3 days
after plethysmographic measurements of their breathing parame-
ters.

2.6. Statistics

Values are expressed as mean ± standard error of the mean
(SEM). Statistical comparisons between age-matched Tau.P301L
and FVB/N mice were performed using Student’s unpaired t-
test. To compare coefficient of correlations between CSp and ASp
amplitudes in 8 month old and terminal Tau.P301L mice, Fisher
transformation was used before performing Student’s t-test. Sta-
tistical differences were regarded as significant if p < 0.05.
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3. Results

3.1. Normal breathing in 8 month old Tau.P301L mice

Young Tau.P301L mice (4–5 months) had normal RRG activity
and upper airway function (Dutschmann et al., 2010). To examine
the effects of aging on RRG function in conscious Tau.P301L and
control FVB/N mice, we used non-invasive plethysmography and
compared their Rf, Ti, Te, Ti/Te ratio and Ttot (whole-body plethys-
mography) as well as the ratio between airflow spirogram (ASp)
and chest spirogram (CSp) (double-chamber plethysmography).

3.1.1. Normal baseline activity of the RRG of 8 month old
Tau.P301L mice

At age 8 months, whole-body plethysmography did not reveal
significant differences in RRG function of Tau.P301L (n = 7) and
FVB/N (n = 8) mice when breathing room air (Fig. 1A1 and B1).
Tau.P301L and FVB/N mice had similar Rf, Ti, Te and Ti/Te ratio
(Table 1). The RRG activity of Tau.P301L and FVB/N mice was robust
as attested by narrow distribution of Ttot (Fig. 1A2 and B2), and
rareness of transient apnoeas (0.07 ± 0.05 and 0.11 ± 0.07 per min,
respectively; p = 0.363).

Whole-body plethysmography showed spirograms of larger
amplitude in Tau.P301L than FVB/N mice, suggesting 2-fold larger
VT. As demonstrated previously (Dutschmann et al., 2010), the
enlarged spirograms of aged Tau.P301L mice did not reflect an
actual increase of VT but reflected the enhanced chest movements
to compensate for the constricted upper airways. This was further
confirmed here using double-chamber plethysmography to simul-
taneously record CSp and ASp (Fig. 2A).Young Tau.P301L (n = 4) and
FVB/N (n = 4) mice produced similar ASp and CSp, leading to similar
ASp/CSp ratio (1.58 ± 0.46 and 1.37 ± 0.06, respectively; p = 0.375).
In contrast, 8 month old Tau.P301L mice (n = 7) had enlarged CSp,
reduced ASp, and consequently weaker ASp/CSp ratio than FVB/N
(n = 8) mice (0.85 ± 0.17 and 2.67 ± 0.40, respectively; p = 0.001)
(Fig. 2B). Furthermore, we analyzed CSp and ASp during transient
apnoeas (Fig. 2C). Both CSp and ASp signals remained at baseline
during apnoea in Tau.P301L and FVB/N mice. Centrally mediated
breath-hold as identified in Mecp2-deficient mice (see Voituron
et al., 2010a,b,c)  were never observed in Tau.P301L and FVB/N mice.
Recording during quiet breathing revealed synchronized changes
in amplitude of ASp and CSp signals (Fig. 2E). Plotting of paired ASp
and CSp variables from consecutive respiratory cycles revealed a
significant linear relationship in Tau.P301L (n = 3) and FVB/N (n = 3)
(Fig. 2D and F), with similar although marginally weaker coeffi-
cient of correlations in Tau.P301L than FVB/N mice (0.592 ± 0.184
and 0.792 ± 0.118, respectively; p = 0.076). The slope of the lin-
ear relationship did not differ between strains (0.804 ± 0.078 and
0.902 ± 0.072, respectively; p = 0.215).

3.1.2. Normal respiratory regulations in 8 month old Tau.P301L
mice

In a next series of experiments, we examined whether the RRG
of 8 month old Tau.P301L mice was normally regulated. When
subjected to a short moderate hypercapnic challenge (CO2 4%),
Tau.P301L (n = 7) and FVB/N (n = 8) mice significantly increased
their Rf (Fig. 3A1 and A2, B1 and B2). They reached similar mean Rf
during the last 3–5 min period of hypercapnia (Table 1 and Fig. 3C),
and similar mean Rf increments were measured in Tau.P301L and
FVB/N mice (91 ± 9 and 98 ± 8 c min−1, respectively; p = 0.285). Rf
was increased via shortenings of both Ti and Te (Table 1): Ti became
significantly shorter in Tau.P301L than FVB/N mice but Te was sim-
ilar in both groups, which induced a marginally lower Ti/Te ratio
during hypercapnia in Tau.P301L than FVB/N mice.

When subjected to a short moderate hypoxic challenge (O2 10%),
Tau.P301L (n = 7) and FVB/N (n = 8) mice also significantly increased

their Rf (Fig. 3A3 and B3) and reached similar mean Rf during
the last 3–5 min period of hypoxia (Table 1 and Fig. 3C). Rf was
increased by shortening Ti and Te in both groups with a trend for
shorter Ti and prolonged Te in Tau.P301L compared to FVB/N mice.
This induced a significantly lower Ti/Te ratio during hypoxia in
Tau.P301L than FVB/N mice. Spirogram amplitudes were increased
by 3–4 folds under either hypoxia or hypercapnia in both strains
(Fig. 3A and B).

Spontaneous sighs are augmented inspirations that mobilize VT
that is twice baseline VT. Sighs improve alveolar oxygenation, acti-
vate pulmonary stretch receptors, and reduce the Rf during the
post-sigh period via chemosensitive feedback and Hering-Breuer
regulations (Menuet et al., 2011; Voituron et al., 2009). Sighs were
observed at a low frequency (1 sigh/2 min) in both genotypes and
commonly reduced Rf in 8 month old Tau.P301L (Fig. 1A3 and A4)
and FVB/N (Fig. 1B3 and B4) mice. However the changes in post-sigh
Rf were not stereotyped in freely behaving mice. To allow com-
parison of post-sigh breathing in Tau.P301L and FVB/N mice, we
measured Rf during the peri-sigh period for at least 7 sighs and illus-
trate representative Rf changes in a given mouse using Post-Sigh
Triggered Histogram (PSTH). Pooled PSTH of Tau.P301L (n = 7) and
FVB/N (n = 8) revealed similar changes in the post-sigh Rf in both
strains: the Rf initially dropped by about 20% in the first second fol-
lowing the sigh, transiently increased but then remained decreased
by 30–40% of the control Rf for 3–6 s after the sigh (Fig. 1A5 and B5).

To summarize, we confirmed the previously reported upper
airway dysfunction of 8 month old Tau.P301L mice (Dutschmann
et al., 2010) and showed that despite upper airway dysfunction,
their RRG retained unimpaired baseline activity and unimpaired
regulations.

3.2. Altered breathing in terminal Tau.P301L mice

Tau.P301L mice progress into the terminal stages after 8 months
on average. The terminal phenotype includes dramatically reduced
body weight (females <16 g), lordosis, lethargy with reduced loco-
motor activity and severe clasping. Thereafter, Tau.P301L mice do
not survive more than a week with death before 10–12 months
(Terwel et al., 2005, 2008).

3.2.1. Altered baseline activity of the RRG of terminal Tau.P301L
mice

Using whole-body plethysmography, we successfully recorded
the breathing of terminal Tau.P301L mice (n = 8) and compared it
to that of age-matched FVB/N mice (9–11 months; n = 6). As shown
in Table 1, terminal Tau.P301L mice showed a drastic, significant
reduction of Rf when compared to age-matched FVB/N mice. The Rf
reduction in terminal Tau.P301L was characterized by an increase
of both Ti and Te, but the Ti/Te ratio remained similar in termi-
nal Tau.P301L and age-matched FVB/N mice. Although terminal
Tau.P301L mice did hardly move in the plethysmograph cham-
ber, they showed unstable breathing patterns, with increased Ttot
variability (Fig. 4A1, A2, B1, and B2).

Double-chamber plethysmography revealed persisting upper
airway dysfunction in terminal Tau.P301L mice and a drastically
reduced ASp/CSp ratio (0.51 ± 0.13) when compared to that of
young Tau.P301L, young FVB/N mice and old FVB/N mice (all >1).
However, the ratio reduction did not reach the significance when
comparing terminal Tau.P301L mice to 8 month old Tau.P301L mice
(p = 0.129). In three terminal Tau.P301L mice, ASp and CSp values
were significantly coupled (Fig. 2G and H) but the mean coeffi-
cient of correlation (0.41 ± 0.09; p = 0.030) and slope (0.61 ± 0.07;
p = 0.017) were significantly weaker than in 8 month old Tau.P301L
mice. These data revealed a further reduction in efficiency of
chest movements to induce adequate ventilation in the terminal
Tau.P301L mice. No obstructive apnoeas were observed in terminal
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Fig. 1. Conscious, unrestrained Tau.P301L and FVB/N mice had similar breathing pattern at 8 months of age. (A and B) Spirograms recorded with whole-body plethysmography
in  two given conscious, unrestrained mice at 8 months, a Tau.P301L (A1, A3, A4) and a FVB/N mice (B1, B3, B4). Note the bradypnoea occurring after the sigh production
(triangles) in Tau.P301L (A3 and A4) and FVB/N (B3 and B4) mice. (A2 and B2) Histograms show the distribution of the duration of total respiratory cycle (Ttot) for the two
illustrated Tau.P301L and FVB/N mice (black and white columns, respectively); N is the % of count in a given time class (25 ms bins) for 4–5 min recording. Note the narrow
distribution of Ttot in both Tau.P301L and FVB/N mice. (A5 and B5) Averaged PSTH show the mean (and SEM) changes in respiratory frequency (Rf, expressed in % of control
Rf  measured prior to the sigh, 100%) every second from 10 s prior to the sigh to 20 s after the sigh in Tau.P301L (n = 7) and FVB/N (n = 8) mice. Note the similar time-course of
Rf  changes in both types of mice, with the weak pre-sigh tachypnoea and the marked post-sigh bradypnoea.

Tau.P301L mice and transient apnoeas as described above occurred
at the same rate as in 8 month old Tau.P301L mice. Sleep/wake
stages were not analyzed, so no data are available about eventual
sleep-disordered breathing in terminal Tau.P301L mice, an aspect
that deserves further exploration.

3.2.2. Altered respiratory regulations in terminal Tau.P301L mice
To avoid premature death of terminal Tau.P301L mice by

the experiment, they were not subjected to hypoxic challenges.
However, five Tau.P301L mice were subjected to a hypercapnic
challenge to which they responded by moderate increases of Rf
(Table 1). During the last 3–5 min of hypercapnia, the Rf increment

was 2-fold weaker in terminal than 8 month old Tau.P301L mice
(Fig. 4D). The Rf was increased via shortenings of both Ti and Te,
with a trend of the Ti/Te ratio under hypercapnia to be lower in
terminal than 8 month old Tau.P301L mice (p = 0.060). Effects on
Rf of sigh occurrence were analyzed in four terminal Tau.P301L
mice. When sighs occurred (triangles in Fig. 4), they were fol-
lowed by either bradypnoea (Fig. 4A2) or no Rf change (Fig. 4A1)
or transient tachypnoea (Fig. 4B2). Post-sigh bradypnoea failed to
reproducibly occur even during periods with rather stable Ttot and
neither individual PSTH nor averaged PSTH revealed significant Rf
changes during the post-sigh period in terminal Tau.P301L mice
(Fig. 4C).
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Table 1
Breathing parameters of conscious, unrestrained Tau.P301L and FVB/N mice.

Strains Age (months) Breathing mixture Rf (c min−1) Ti (ms) Te (ms) Ti/Te ratio

Tau.P301L 161 ± 4 125 ± 11 249 ± 10 0.51 ± 0.06
vs. 8 Air p = 0.114 p = 0.176 p = 0.122 p = 0. 421
FVB/N 150 ± 7 136 ± 4 274 ± 17 0.50 ± 0.02

Tau.P301L 251 ± 6 89 ± 2 151 ± 5 0.60 ± 0.03
vs.  8 CO2 4% p = 0.273 p = 0.017 p = 0.325 p = 0.071
FVB/N  245 ± 9 102 ± 5 146 ± 9 0.72 ± 0.08

Tau.P301L 211 ± 7 95 ± 4 193 ± 8 0.49 ± 0.02
vs. 8 O2 10% p = 0.231 p = 0.070 p = 0.062 p = 0.001
FVB/N 221 ± 12 108 ± 7 172 ± 10 0.63 ± 0.02

TerminalTau.P301L 99 ± 7 242 ± 40 645 ± 19 0.44 ± 0.09
vs.  9–11 Air p < 0.001 p < 0.001 p < 0.001 p = 0.212
FVB/N  138 ± 4 148 ± 13 285 ± 21 0.52 ± 0.03

TerminalTau.P301L 129 ± 15 191 ± 10 377 ± 9 0.51 ± 0.03
vs. 9–11 CO2 4% p < 0.001 p < 0.001 p < 0.001 p = 0.142
FVB/N  235 ± 19 102 ± 15 153 ± 16 0.67 ± 0.15

Values are mean ± SEM. Student’s unpaired t-test between breathing parameters of age-matched Tau.P301L and FVB/N mice (whole body plethysmography) breathing air,
hypercapnic (CO2 4%) or hypoxic mixtures (O2 10%).

The reduced Rf, the variable Ttot and the lack of post-
sigh bradypnoea of terminal Tau.P301L mice did not reflect
the normal characteristics of physiological aging. Three age-
matched Tau.P301L mice that did not yet enter the terminal
stage (body-weight near normal, no limb clasping, no lethargy)
retained a normal breathing pattern (Fig. 4E1), with normal Rf
(131 ± 7 c min−1), rather robust drive although an increased vari-
ability of Ttot was observed (Fig. 4E3) and normal post-sigh
bradypnoea (Fig. 4E2). Rf responses to hypercapnia were not tested
in these old, non terminal Tau.P301L mice.

As aggravated upper airway dysfunction, impaired baseline
activity of the RRG and impaired respiratory regulations might
affect blood oxygenation, we measured pH, pCO2 and pO2 lev-
els in mixed blood samples taken from the tail vein of a terminal
Tau.P301L mouse. Although these are anecdotic values, pH, pCO2
and pO2 of the terminal Tau.P301L mouse deviated from those of
young healthy Tau.P301L mice at 4 months (n = 4), suggesting aci-
dosis (7.12 vs. 7.16 ± 0.02), hypercapnia (85 mm of Hg vs. 69 ± 8 mm
of Hg) and hypoxemia (46 mm of Hg vs. 52 ± 5 mm of Hg) during
the terminal phase of Tau.P301L mice.

3.3. Tauopathy in brainstem of terminal Tau.P301L mice

Aging Tau.P301L mice develop brain and brainstem tauopathy
(Terwel et al., 2005; Dutschmann et al., 2010). In coronal brainstem
sections of young (4–5 months) and terminal Tau.P301L mice, we
analyzed the expression of the phospho-epitope of human protein
Tau using two different monoclonal antibodies, AT8 and AT100.
AT8 is a marker on the border between physiology and pathology
(Braak and Del Tredici, 2011; Duyckaerts, 2011) whereas AT100 is a
recognized pathological marker (Terwel et al., 2005). In brainstem
sections, AT8 and AT100 staining was absent in FVB/N mice, weak
and almost absent in young Tau.P301L mice but obvious in termi-
nal Tau.P301L mice where AT8 positive (AT8+) and AT100 positive
(AT100+) neurons were scattered in the whole brainstem, from the
caudal retro ambiguus nucleus to the rostral peri aqueductal gray.
Herein, we specifically examined the medullary respiratory-related
areas (Fig. 5A), the pontine KF area (Fig. 5B and C) and the midline
raphé area (Figs. 6 and 7).

3.3.1. Lack of tauopathy in medullary respiratory-related areas of
terminal Tau.P301L mice

In the medulla of Tau.P301L mice, we analyzed three dis-
tinct respiratory-related areas (Feldman, 2011; Onimaru et al.,
2009; Fortin and Thoby-Brisson, 2009; Wittmeier et al., 2008):

first, the Pre-Bötzinger Complex (Pre-BötzC) area extending in the
ventro-lateral medulla below the nucleus ambiguous (nA) and
involved in respiratory rhythmogenesis, second the retro-trapezoid
nucleus/para-facial group (RTN/pFRG) laying close to the ven-
tral surface below the facial nucleus (n7) and involved in central
chemosensitivity, and third the nucleus tractus solitarius (nTS)
know to integrate the peripheral regulatory inputs entering the
dorsal medulla. In young Tau.P301L mice, almost no AT8+ neu-
rons were found in the areas of the Pre-BötzC (Fig. 5A1), RTN/pFRG
(Fig. 5A2) and nTS (Fig. 5A3). In terminal Tau.P301L mice, AT8+ neu-
rons were more frequent and well stained but they were not more
frequent in the PreBötzC (Fig. 5A4), RTN/pFRG (Fig. 5A5) and nTS
(Fig. 5A6) areas than in surrounding tissues. Similar results were
obtained with the pathological marker AT100 that revealed scat-
tered AT100+ neurons in the brainstem but not specifically in the
PreBötzC, nTS and RTN/pFRG areas of terminal Tau.P301L mice.
Then, the altered breathing pattern and altered respiratory regu-
lations of terminal Tau.P301L mice could hardly be explained by a
severe tauopathy in the medullary respiratory-related areas.

3.3.2. KF tauopathy in terminal Tau.P301L mice (Fig. 6)
The pontine KF contributes to the regulation of upper airway

patency (Dutschmann and Herbert, 2006). It has been previously
reported that tauopathy develops with age in the KF of Tau.P301L
mice, which alters upper airway function (Dutschmann et al., 2010).
AT8 staining of the KF of Tau.P301L mice was weak, almost absent
at 4–5 months (Fig. 5B1) but marked at terminal stages (Fig. 5B2).
In the KF area of terminal Tau.P301L mice, the AT8 staining well
delimitated an easily identifiable group of AT8+ neurons extending
between the lateral parabrachial nucleus (LPB), the superior cere-
bella peduncle (scp), the middle cerebellar peduncle (mcp), and
the principal trigeminal sensory nucleus dorso-median (pr5DM)
(Fig. 5B2). In TauP.301L mice, we measured the mean optical den-
sity of the AT8 signal in this KF area on 6–8 consecutive sections
per mouse, averaged individual data from a given mouse and
finally averaged data from different mice. We found no significant
AT8 optical signal in the KF at 4-5 months (1 ± 0) but large AT8
optical signals at terminal stages (23 ± 2). In addition, we found
frequent AT100+ neurons in the KF of terminal mice (Fig. 5C). Then,
the tauopathy that developed with age in the KF of 8 month old
Tau.P301L mice (Dutschmann et al., 2010) persisted at terminal
stages of the disease, the AT100 pathologic marker confirming a
severe KF tauopathy that highly likely contributed to upper airway
dysfunction.
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Fig. 2. Upper airway defects in conscious 8 month old and terminal Tau.P301L mice. (A) Schematic presentation of the double-chamber plethysmographic set-up allowing
the  simultaneous recordings of chest spirogram (CSp; in the body chamber) and airflow spirogram (ASp; in the head chamber) in conscious mice. (B) Histograms show the
ASp/CSp ratio measured in 8 month old Tau.P301L and FVB/N mice (black and white columns, respectively) and terminal Tau.P301L mice. * indicates significant differences
between ASp/CSp ratios of Tau.P301L and FVB/N mice. (C, E and G) ASp and CSp spirograms recorded with double-chamber plethysmography in 8 month old FVB/N (C), 8
month old Tau.P301L (E) and terminal Tau.P301L (D) mice. In C, note the transient apnoea (horizontal black bar); they were rare in Tau.P301L and FVB/N mice but when
they  occurred, both CSp and ASp were simultaneously zeroed. (D, F and H) XY plotting of normalized CSp and ASp changes in amplitude (min = 0; max = 100) measured from
consecutive respiratory cycles of 8 month old FVB/N (D), Tau.P301L (F) and terminal (H) mice. Note the significant linear relationship between CSp and ASp (Bravais–Pearson
coefficients of correlation: 0.865, 0.734 and 0.469; for D, F and H, respectively).

3.3.3. Raphé tauopathy in terminal Tau.P301L mice
It is well established that the 5-HT system contributes to

respiratory function and dysfunction in various neurological
diseases (Hilaire et al., 2010). Therefore we investigated potential
alterations in the raphé system of young (n = 7) and terminal (n = 5)
Tau.P301L mice. In midline raphé areas, we observed only few,
weakly stained AT8+ neurons in young Tau.P301L mice (Fig. 6A)
but frequent, heavily stained AT8+ neurons in terminal Tau.P301L
mice (Fig. 6B). Counting AT8+ raphé neurons in terminal mice
revealed that they were few in the caudal raphé pallidus, RPa (3 ± 1
neurons/section), frequent in the raphé obscurus, ROb (12 ± 3

neurons/section; Fig. 6B1 and B2) and raphé magnus, RMg (33 ± 5
neurons/section; Fig. 6B3, B4, and B5) and almost absent in the
rostral raphé pontis and dorsalis. The aspects of the immune
reaction in terminal Tau.P301L mice were consistent with the
presence protein tau as hyper-phosphorylated fibrillar aggregates,
typical for tauopathy. Second, we examined the expression profile
of AT100 in raphé areas. AT100+ raphé neurons were absent in
young Tau.P301L mice (data not shown) but obvious and fre-
quent in terminal stages in the ROb (Fig. 6C1 and C2), and RMg
(Fig. 6C3–C5). They were rare in the RPa, nearly absent in the
raphé pontis (Fig. 5C1) and dorsalis nuclei (data not shown). Third,
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Fig. 3. Conscious, unrestrained Tau.P301L and FVB/N mice similarly responded to hypoxia and hypercapnia at 8 months of age. (A and B) Spirograms from 8 month old
Tau.P301L (A) and FVB/N (B) mice under air (A1 and B1), hypercapnia (A2 and B2) and hypoxia (A3 and B3). (C) Histograms show the mean Rf (and SEM) in 8 month
old  Tau.P301L (n = 7) and FVB/N (n = 8) mice (black and white columns, respectively) when mice breathed either air, hypercapnic or hypoxic mixtures as indicated. Values
(expressed in c min−1) were measured during the 3–5 min period of the respiratory challenges. Note the similar Rf responses in both groups of mice (ns and *, non-significant
and  significant changes at P < 0.05).

given that the raphé nuclei contained not only 5-HT neurons but
also non-5-HT neurons (Monti, 2010a,b; Holmes et al., 1994), we
used immunofluorescence coupled with confocal microscopy to
examine whether the AT8+ raphé neurons were actually 5-HT
neurons. In two terminal Tau.P301L mice, almost no 5-HT neurons
were AT8+ in the RPa (Fig. 7A) and only a few (5–10%) co-expressed
AT8 and 5-HT in the ROb (Fig. 7B) and RMg (Fig. 7C).

3.4. Abnormal 5-HT metabolism in terminal Tau.P301L mice

Finally, we examined whether tauopathy in the raphé nuclei
of terminal mice affected the 5-HT metabolism. We used HPLC
and electrochemical detection to measure the content of 5-
HT and its catabolite 5-HIAA. At 4 months, no differences
were observed in the medulla of Tau.P301L (n = 4) and FVB/N
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Fig. 4. Conscious, unrestrained terminal Tau.P301L mice had abnormal respiratory rhythm and regulations. (A and B) Spirograms were from two different terminal Tau.P301L
mice  (triangles in A1, A2 and B2 indicated sighs). Histograms in A3 and B3 show a wide distribution of Ttot for the two terminal mice; N is the % of count in a given time
class  (25 ms bins) for 4–5 min recording. Aside the wide Ttot distribution, note the reduced Rf and the lack of post-sigh bradypnoea in terminal Tau.P301L mice. (C) Averaged
PSTH  build from 4 terminal Tau.P301L mice shows the lack of post-sigh bradypnoea. (D) Columns in histogram show the mean (and SEM) Rf of terminal Tau.P301L mice
when  breathing air or hypercpanic mixture. Note the low Rf under air and the significant (*) but weak increment of Rf under hypercapnic mixture. (E) As in A and B, but for
an  old, non-terminal Tau.P301L mouse; spirograms and histograms show normal Rf with stable rhythm (E1), post-sigh bradypnoea (E2, sigh at triangle) and intermediate
Ttot  distribution (E3).

(n = 4) mice, with similar contents of 5-HT (3.35 ± 0.15 and
3.09 ± 0.19 ng/medulla, respectively; p = 0.172) and 5-HIAA
(1.90 ± 0.10 and 1.81 ± 0.31 ng/medulla, respectively; p = 0.391),
leading to similar 5-HT/5-HIAA ratio (1.76 ± 0.08 and 1.83 ± 0.25,
respectively; p = 0.463). However significant differences were
observed in the medulla of terminal Tau.P301L (n = 6) and age-
matched FVB/N (n = 8) mice (Fig. 7D1). We observed similar 5-HT
contents in both groups (3.25 ± 0.23 and 3.26 ± 0.20 ng/medulla,
respectively; p = 0.488) but a significantly higher 5-HIAA content in
Tau.P301L mice than in FVB/N mice (1.99 ± 0.07 and 1.39 ± 0.09 ng
per medulla, respectively; p = 0.001). Consequently the 5-HT/5-
HIAA ratio was significantly lower in Tau.P301L than FVB/N mice
(1.63 ± 0.09 and 2.36 ± 0.12; p = 0.001). In the pons (Fig. 7D2),
we also found similar 5-HT contents in both groups (3.22 ± 0.63
and 3.40 ± 0.26 ng per pons; p = 0.499), marginally larger 5HIAA

contents in terminal mice (2.94 ± 0.46 and 2.29 ± 0.17 ng per pons;
p = 0.07), and significantly lower 5-HT/5-HIAA ratio in terminal
Tau.P301L than FVB/N mice (1.06 ± 0.06 and 1.49 ± 0.07 ng per
pons, respectively; p = 0.007).

Then, terminal Tau.P301L mice showed severe raphé tauopathy
that mainly concerned non-5-HT neurons, but altered their 5-HT
metabolism and subsequently RRG function and RRG regulations
(Hilaire et al., 2010).

4. Discussion

In Tau.P301L mice, we confirm upper airway dysfunction at 8
months (Dutschmann et al., 2010), show normal RRG function and
regulations at this age and report, at terminal stages, aggravated
upper airway dysfunction, altered RRG function and regulations,
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Fig. 5. AT8 expression in medullary respiratory-related areas and KF of young and terminal Tau.P301L mice. Brainstem coronal sections (40 !m) are shown with dorsal and
ventral sides upward and downward, respectively, in all histological figures except Fig. 6C5. Abbreviations in Figs. 5 and 6 (from Paxinos and Franklin, 2001): g7, genu of
the  facial nerve; KF, kolliker-fuse nucleus; LPB, lateral parabrachial nucleus; mcp, middle cerebellar peduncle; nA, nucleus ambiguus; n7, facial motor nucleus; nTS, nucleus
tractus  solitarius; PnO, pontine reticular nucleus; PnR, raphé pontis nucleus; pr5DM, principal trigeminal sensory nucleus dorso-median; RMg, raphé magnus; ROb, raphé
obscurus; scp, superior cerebella peduncle; SubC, subcoeruelus nucleus; 12r, intra-medullary rootlet of hypoglossal nerve. (A) AT8 immunoreactivity in the medulla of 5
month old Tau.P301L mice shows only a very few, weakly stained AT8+ neurons in the ventral Pre-BotzC area below the nA (A1), the ventral RTN/pFRG area below the n7
(A2),  and the dorsal nTS area (A3). In terminal Tau.P301L mice; dark-brown stained AT8+ medullary neurons were frequent but not in the Pre-BotzC (A4), RTN/pFRG (A5),
and  nTS (A6) areas. Indeed, medullary respiratory-related area did not develop thauopathy in terminal Tau.P301L mice. B–AT8 immunoreactivity in the KF area shows almost
no  AT8+ neurons in 5 month old Tau.P301L mice (B1) but highly frequent, dark-brown stained AT8+ neurons in terminal Tau.P301L mice (A2). The dotted boxes in B1 and B2
show  the 500 !m × 500 !m square area analyzed for measuring the AT8 optical density in the KF area, positioned ventral to the LPB, lateral to the scp, medial to the mcp,
and  dorsal to the pr5DM. (C) AT100 immunoreactivity in sections from terminal Tau.P301L mice reveals AT100+ neurons in pontine areas, especially the KF area (C2 is an
enlargement of the dotted box in C1). Indeed, KF developed thauopathy in terminal Tau.P301L mice. AT100+ neurons were also found in the SubC, the PnO and the RMg but
not  the PnR. Scale bars: 200 !m in A1–A6 and B1 and B2; 500 !m in C1; 40 !m in C2.

altered 5-HT metabolism, and tauopathy in KF and raphé areas but
not medullary respiratory-related areas. Breathing is strictly con-
trolled by complex brainstem neural networks including at least
three functional entities: (1) the RRG producing the rhythmic drive,
(2) the central pattern generator (CPG) controlling the motor drive
towards chest and upper airway muscles, and (3) the regulatory
loops adapting the RRG and CPG drives to metabolic demands and
behaviour. Given that the 5-HT system modulates the RRG, CPG
and regulatory loops (Hilaire et al., 2010), we propose a causal
link between raphé tauopathy, altered 5-HT metabolism, altered
breathing and subsequently altered brain oxygenation in terminal
Tau.P301L mice, and possibly in tauopathy and AD patients.

4.1. Raphé tauopathy, breathing and 5-HT defects in terminal
Tau.P301L mice

AT8 is a pre-tangle marker of tauopathy, while AT100 is a
typical pathological marker (Terwel et al., 2005, 2008; Braak
and Del Tredici, 2011; Duyckaerts, 2011). AT8 immunoreac-
tion in the brainstem of Tau.P301L mice is very weak at 4–5
months, but marked at 8 months, revealing diffuse brainstem
tauopathy that specifically delineates specified structures such
as the KF and the raphé nuclei (Dutschmann et al., 2010).
At terminal stage, AT8 and AT100 are expressed in the same
brainstem structures but do not specifically label the medullary
respiratory-related areas. Consequently, the breathing defects
of terminal Tau.P301L mice are unlikely to originate from
direct tauopathy-associated alterations of intrinsic rhythmogenic
mechanisms of the RRG, consistently with their normal Ti/Te
ratio.

The raphé tauopathy concerned mainly non-5-HT neurons and
some rare 5-HT neurons. Compelling evidence demonstrates that

the raphé contains besides 5-HT neurons, numerous non-5-HT neu-
rons that express distinct neurotransmitters, including dopamine,
GABA and glutamate, modulating the activity of 5-HT raphé neu-
rons (Monti, 2010a,b; Rice et al., 2009; Holmes et al., 1994). Both
5-HT and non-5-HT raphé neurons send axonal projections to the
respiratory network and control breathing (Zanella et al., 2008;
Rice et al., 2009). Tauopathy in non-5-HT raphé neurons therefore
can indirectly affect the 5-HT system and breathing. In addi-
tion, tauopathy in GABAergic raphé neurons can directly affect
gain modulation of respiratory neurons (Zuperku and McCrimmon,
2002). In Tau.P301L mice, biochemical and histological data cor-
relate well with plethysmographic data, showing normal raphé,
5-HT metabolism and breathing at 4 months but altered raphé, 5-
HT metabolism and breathing at terminal stages. Identifying the
neurotransmitter phenotype of the numerous AT8+ but non-5-HT
raphé neurons requires further experiments.

4.2. 5-HT defects and RRG activity in terminal Tau.P301L mice

The RRG is composed of two coupled, interacting networks, the
pre-BötzC and the RTN/pFRG, and is modulated by endogenous 5-
HT (Hilaire et al., 2010; Doi and Ramirez, 2010; Viemari and Tryba,
2009; Bou-Flores et al., 2000). Pharmacological reduction of the
5-HT facilitation of the RRG slows down its activity in neonates
and almost stops it in fetuses (Di Pasquale et al., 1994). The RRG
of mutant mice with genetically induced alterations of the 5-HT
system produces an instable rhythmic drive (Bou-Flores et al., 2000;
Zanella et al., 2008; Viemari et al., 2005). Finally, subjecting mice to
5-HT agents affects the RRG activity (Abdala et al., 2010; Real et al.,
2009; Stettner et al., 2008; Burnet et al., 2001).

The transgenic Tau.P301L mice were produced on the FVB/N
genetic background (Terwel et al., 2005, 2008). The genetic back-
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Fig. 6. AT8 and AT100 expression in midline raphé areas of young and terminal Tau.P301L mice. Medullary coronal sections in young (A) and terminal (B and C) Tau.P301L
mice  stained with AT8 (A and B) and AT100 (C). (A) AT8 immunoreactivity in sections passing through the rostral end of the n12 (A1) and the g7 (A3) of 5 month old Tau.P301L
mice  shows few, weakly stained AT8+ neurons in the ROb (A1) and RMg (A3) areas. A2 and A4 are enlargements of dotted boxes in A1 and A3, respectively. In A4 and A5
(double magnification of A4), note the arrow pointing to the same faintly stained neuron. (B) As above but for terminal Tau.P301L mice; note the frequent, dark-brown AT8+
neurons in the ROb (B1) and RMg (B3) areas. B2 and B4 are enlargements of dotted boxes in B1 and B3, respectively. In B4 and B5 (double magnification of B4), the arrow
is  pointing to the same dark-brown stained AT8+ neuron. In B5, note the numerous AT8 stained somata and arborisations. (C) AT100 immunoreactivity in sections passing
through  the rostral end of the n12 (C1) and the g7 (C3) of a terminal Tau.P301L mouse shows AT100+ neurons in the ROb (C1), RMg and RPa (C3) areas; note the lack of
AT100+ neurons in the dorsal nTS area (C1) and the ventral medullary surface below n7 (C3). C2 and C4 are enlargements of dotted boxes in C1 and C3, respectively. (C5)
AT100+ neurons in the ROb area of another terminal Tau.P301L mouse (ventral and dorsal sides at left- and right-hand, respectively). Scale bars, 500 !m for A1, A3, B1, B3,
C1  and C3; 100 !m for A2, A4, B2, B4, C2 and C4; 50 !m for A5, B5 and C5 (double-head arrow).

ground can significantly affect the breathing phenotype and it
is important to emphasize that the RRG of FVB/N mice pro-
duces a very robust drive (Menuet et al., 2011). Here, we
report that the RRG of 8 month old Tau.P301L mice gener-
ates a fast and stable rhythm, similar to that of age-matched
FVB/N mice. In contrast, a slow and instable rhythm becomes
evident in terminal Tau.P301L mice, correlating with progres-
sively increased phosphorylation of protein tau (Terwel et al.,
2005, 2008). Given that AT8/AT100 immunoreactions remain
weak in pre-BötzC and RTN/pFRG areas, the slow and insta-
ble rhythm of terminal mice is proposed not to originate from
direct, tauopathy-induced RRG dysfunction but more likely from
tauopathy-induced alteration of the 5-HT modulation of the
RRG.

4.3. 5-HT defects and altered RRG regulations in terminal
Tau.P301L mice

Regulatory loops adapt the RRG activity to CO2/pH, O2 and
lung inflation levels. CO2/pH changes are centrally detected
by RTN/pFRG neurons (Onimaru et al., 2009; Guyenet et al.,
2009). Lung inflation and hypoxemia are peripherally detected
by pulmonary stretch receptors and carotid body chemoceptors,

respectively, which synaptically target nTS relay neurons. The nTS
integrates these regulatory inputs and adapts the activity of the RRG
and the whole ventral respiratory column (Hayashi et al., 1996).
The nTS contributes to the post-sigh bradypnoea: the sigh over-
activates the pulmonary stretch receptors and improves alveolar
oxygenation, which in turn induces bradypnoea via Hering-Breuer
and chemosensory reflexes (Voituron et al., 2010a,b,c; Menuet
et al., 2011).

All these respiratory regulations are modulated by 5-HT which
affects the RRG responses to lung inflations (Burnet et al., 2001)
and to CO2/pH changes (Depuy et al., 2011; Corcoran et al., 2009;
Bouyer et al., 2004; Voituron et al., 2010a,b,c; Penatti et al., 2011;
Zanella et al., 2008). Given that tauopathy remains weak in the nTS
and RTN/pFRG areas of terminal mice, direct tauopathy-induced
dysfunctions of nTS and RTN/pFRG networks cannot explain the
altered responses to hypercapnia and sighing whereas an altered
5-HT metabolism may contribute to these defects.

4.4. 5-HT defects and altered CPG function in terminal Tau.P301L
mice

The respiratory CPG is a complex network extending within the
whole brainstem that adjusts and co-ordinates the activity of chest
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Fig. 7. Raphé AT8 expression and 5-HT system of terminal Tau.P301L mice. (A–C) Confocal analysis of RPa (A) and RMg (B and C) nuclei of terminal Tau.P301L mice reveal
that  most of the numerous AT8+ raphé neurons are non-5-HT neurons. White arrows indicate a few raphé neurons that contain 5-HT (red), are AT8+ (green) and appear
yellow  when colours are merged. Scale bars: 20 !m. (D) Histograms show mean (and SEM) contents of 5-HT and 5-HIAA and the ratio 5-HT/5-HIAA (measured by HPLC and
electrochemical detection and expressed in ng per structure) in medulla (D1) and pons (D2) of terminal Tau.P301L (n = 7) and age-matched FVB/N (n = 8) mice (black and
white  columns, respectively). Note that the 5-HT contents are similar in both groups whereas the 5-HIAA contents are higher in terminal Tau.P301L than FVB/N mice, leading
to  significantly (*) different 5-HT/5-HIAA ratio. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of the article.)
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and upper airway motoneurons. Within the CPG, the KF is essen-
tially involved in the control of laryngeal adductor activity as the
major determinant of upper airway patency and airflow resistance
(Dutschmann and Herbert, 2006). The laryngeal adductor activity
controlled by the KF is also crucially linking breathing and swal-
lowing (Bianchi and Gestreau, 2009; Rybak et al., 2007; Gestreau
et al., 2005; Bonis et al., 2011). The severe KF tauopathy correlates
well with upper airway dysfunction in 8 month old (Dutschmann
et al., 2010) and terminal Tau.P301L mice (present results). As aging
Tau.P301L mice must produce ever larger respiratory chest move-
ments to ventilate, the increased respiratory work-load and the
high metabolic demands of such abnormal breathing may con-
tribute to their severe and rapid wasting and body-weight loss
(Dutschmann et al., 2010). In terminal Tau.P301L mice, the upper
airway dysfunction is aggravated, with weaker ASp/CSp ratio and
weaker correlation between CSp and ASp. The further reduced
efficiency of chest respiratory movements to induce adequate ven-
tilation may be associated with altered 5-HT metabolism. Indeed,
the KF and raphé nuclei are interconnected and 5-HT differentially
affects the chest and upper airway motor systems (Besnard et al.,
in press). It is noteworthy that old Tau.P301L mice despite upper
airway dysfunction do not produce total obstructive apnoeas as
those reported in Mecp2-deficient mice, which produce persisting
chest movements against totally closed upper airways (Voituron
et al., 2010a,b,c).  This may reflect differences in the 5-HT system of
FVB/N and C57BL/6 genetic backgrounds used for producing these
two mutants (Menuet et al., 2011).

4.5. 5-HT anomalies in terminal Tau.P301L mice and AD patients

Terminal Tau.P301L mice suffer upper airway and breathing
dysfunctions that originate, at least in part, from altered 5-HT
metabolism. Tauopathy and AD patients, besides their cognitive
problems, suffer severe functional problems including, but not lim-
ited to swallowing impairment, sleep-disordered breathing and
typical 5-HT dependent defects. In AD patients, post-mortem stud-
ies show increased AT8 expression and cytoskeletal pathology in
raphé areas (Rüb et al., 2000), abnormal 5HT and 5HIAA brain con-
tent (Storga et al., 1996; Gottfries, 1990), altered expression of 5-HT
synthesizing enzymes (Sawada et al., 1987) and altered 5HT/5HIAA
ratio (Arai et al., 1984). Abnormal density of 5-HT receptor positive
cells (Yeung et al., 2010), decreased number of neurons synthesiz-
ing 5HT (Kovacs et al., 2003) and loss of 5HT transporter (Mössner
et al., 2000) have been also reported. Genetically, AD psychotic
symptoms may be associated with polymorphisms in the 5-HT2A
receptor (Ramanathan and Glatt, 2009; Rocchi et al., 2003). Finally,
among the plethora of candidate drugs for AD, several 5-HT recep-
tor antagonists and agonists have been suggested (Geldenhuys and
Van der Schyf, 2009; Tabira, 2010; Martorana et al., 2010), which
is consistent with the 5-HT role in mood, cognition, sleep (Monti,
2010a), sleep apnoeas (Real et al., 2009), upper airway patency
(Besnard et al., in press) and swallowing (Sessle and Henry, 1989;
Hashim and Bieger, 1987).

We conclude that oro-pharyngeal and breathing dysfunctions
correlate well with raphé tauopathy and altered 5-HT system.
Tauopathy in the raphé nuclei of AD patients is well documented
and therefore the present results in Tau.P301L mice may translate
to further understanding of human pathology in neurodegenera-
tion.
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Résumé en français : 

 

Les tauopathies, incluant la maladie d’Alzheimer, sont les maladies neurodégénératives les 

plus fréquentes chez les personnes âgées, et causent des déficits cognitifs, comportementaux 

et moteurs variés, mais également des troubles progressifs du langage. Pour la communication 

et les interactions sociales, les souris produisent des vocalisations ultrasonores (USV) via leur 

flux aérien expiratoire à travers le larynx. Nous avons examiné les USV des souris Tau-

P301L, un modèle murin de tauopathie qui exprime une isoforme humaine de protéine tau 

mutée et développe des déficits cognitifs, moteurs et des voies aériennes supérieures. A l’âge 

de 4-5 mois, les souris Tau-P301L présentaient des USV et un flux expiratoire normaux, et 

pas de tauopathie dans le tronc cérébral. A l’âge de 8-10 mois, les souris Tau-P301L 

présentaient une altération des USV, un flux expiratoire réduit et une tauopathie sévère dans 

la substance grise périaqueducale, dans le noyau de Kölliker-Fuse et dans le noyau 

rétroambigu. La tauopathie dans ces noyaux qui contrôlent les voies aériennes supérieures et 

la vocalisation corrèle avec l’altération des USV chez les souris Tau-P301L âgées. Cette 

altération liée à l’âge de la vocalisation des souris Tau-P301L pourrait rappeler les troubles 

progressifs du langage des personnes âgées souffrant de tauopathie, et pourrait nous aider 

dans la compréhension de l’impact des maladies neurodégénératives sur cette faculté propre à 

l’Homme qu’est le langage. 

!
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Abstract 

 

Background: Tauopathies, including Alzheimer Disease are the most frequent neurodegenerative 

diseases in elderly people and cause various cognitive, behavioural and motor defects, but also 

progressive language disorders. For communication and social interactions, mice produce ultrasonic 

vocalization (USV) via expiratory airflow through the larynx. We examined USV of Tau.P301L 

mice, a mouse model for tauopathy expressing human mutant tau protein and developing cognitive, 

motor and upper airway defects.  

Methodology/Principal Findings: At age 4-5 months, Tau.P301L mice had normal USV, normal 

expiratory airflow and no brainstem tauopathy. At age 8-10 months, Tau.P301L mice presented 

impaired USV, reduced expiratory airflow and severe tauopathy in the periaqueductal gray, 

Kolliker-Fuse and retroambiguus nuclei. Tauopathy in these nuclei that control upper airway 

function and vocalization correlates well with the USV impairment of old Tau.P301L mice. 

Conclusions: The age-related vocalization impairment of Tau.P301L mice could be reminiscent of 

progressive language disorders of elderly suffering tauopathy, and might help us to understand the 

impact of neurodegenerative diseases on the most human faculty of speech and language. 
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Introduction 

 

Tauopathies, including Alzheimer’s disease (AD), are the most prevalent neurodegenerative 

disorders in elderly people and are characterized by defective learning and memory, besides other 

cognitive and behavioural symptoms. Tauopathies are accompanied by problems with swallowing, 

breathing and language. Swallowing disorders, with aspiration of foreign objects often result in 

pneumonia, a major cause of death in AD [1-3]. Sleep-disordered breathing, with obstructive 

apnoeas and subsequent hypoxic events possibly contributes to altered brain oxygenation and 

function in AD [4-8]. Problems with speech and language also develop during AD and in many 

other neurodegenerative diseases [9-13]. Although clinical and neuroanatomical correlates of 

progressive language disorders are not well understood, they are often associated with tauopathy-

induced alterations of synaptic processes in forebrain networks [10,11,13-16].  

Herein we examined vocalization in transgenic Tau.P301L mice, a validated mouse model 

of tauopathy, produced in the FVB/N genetic background and with specific expression of the 

human mutant Tau.P301L protein in neurons [17]. From 7-8 months onwards, Tau.P301L mice 

develop brain tauopathy, cognitive and motor disorders, but also upper airway dysfunction and 

thereafter breathing defects leading to premature death at 10-12 months [17-20]. For 

communication and social interactions, mice use ultrasonic vocalization (USV) produced by 

expiratory airflow through the larynx [21-23]. Different USV patterns, possibly representing 

different lexicons, behaviours or innate variations in vocal repertoires have been reported in 

genetically distinct mouse strains [21-26]. We report here for the first time a drastic age-related 

impairment of USV in transgenic Tau.P301L mice that correlates well with their upper airway 

dysfunction, reduced expiratory airflow and tauopathy in midbrain and brainstem areas controlling 

vocalization. Tau.P301L mice present as a promising mouse model for progressive language 

disorders in patients suffering tauopathies. 
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M ethods 

 

Ethics Statement: 

 The experiments were performed on adult mice housed with food and water ad libitum, and in 

accordance with French national legislation (JO 87-848) and European Communities Council 

Directive (22 September 2010, 2010/63/EU, 74). Permit numbers A13-505, 13-47 and 13-227 were 

delivered to C. Menuet, Y. Cazals and C. Gestreau, respectively, by the Direction Départementale 

de la Protection des Populations, Préfecture des Bouches du Rhône, France. The procedures for 

genetic analysis, plethysmography and histology were already reported in detail [17-20].  

 

Animals 

Transgenic Tau.P301L mice were produced in the FVB/N genetic background [17,18]. They 

expressed the longest human tau isoform bearing the P301L mutation (Tau.4R/2N-P301L) under 

control of the mouse thy1 gene promoter aiming for neuron-specific expression starting in the third 

postnatal week. Homozygous Tau.P301L mice, genotyped by PCR and qPCR, were compared with 

age- and sex-matched wild-type FVB/N mice as controls. Mice were studied at two different ages: 

at 4-5 months because that is pathologically pre-symptomatic and at age 8-10 months, which is in 

the pathological phase with progressive motor defects, clasping, brain tauopathy, loss of body-

weight and breathing defects [17,19].  

 

USV recordings  

USV recordings were performed in a custom-build, double-walled concrete acoustic chamber. 

Conscious, unrestrained mice were placed in clean rectangular polyethylene cages (29x18x12.5 cm) 

covered by a metal wire lid. A free field microphone (type 4191, Bruel & Kjaer, Denmark) was 

placed 2 cm above the metal lid, in the centre of the cage. The microphone signal was sampled 

through audio chip (SoundMax Integrated HD) and dedicated software ( Adobe Audition 1.5) at a 

rate of 192 kHz allowing the recording of the frequency range 10 to 90 kHz, corresponding to the 

USV range of adult mice [22,27]. 
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The experimental paradigm consisted in placing three mice of the same age and genotype into the 

recording cage. Each group of three mice consisted of one male and two females that had no 

interactions prior to the recording session, and was considered as n=1 (Table 1). Recordings lasted 6 

minutes and data were stored and analysed off line in a blind manner. The detection of USV was 

performed visually using a custom program (MATLAB based) with a spectrographic display and 

plotting USV as frequencies (kHz) vs. time (Fig. 1A1). Using a graphic pointer on the 

spectrograms, each USV emission was tagged at its beginning and its end, and also at each slope 

change to mark its different frequency glide segments (Fig. 1A2). Based on these coordinates 

(Time/Frequency), different USV parameters were calculated: 1) the duration of USV (Dur(USV), 

expressed in ms), 2) the number of USV produced per second of recording (Nb(USV)), 3) the mean 

frequency at all tags within the USV (Freq(USV), expressed in kHz), 4) the Freq(USV) range within the 

USV (RangeFreq, expressed in kHz), i.e. the difference between max Freq(USV) and min Freq(USV) 

between tags, and 5) the complexity, i.e., the number of segments composing the USV (ranging 

from 1 to 5 for low and high complexity, respectively). The total time of USV emission (totT(USV), 

expressed in s per minute of recording) was obtained by summation of individual Dur(USV) and the 

distribution of totT(USV) vs. Freq(USV) was analyzed. Visual observations of behavioural responses of 

Tau.P301L mice to noise and odours did not reveal any obvious alterations in hearing and smelling 

compared to wild-type FVB/N mice.  

 

Double-chamber plethysmography 

We used constant flow, double-chamber plethysmography to examine breathing parameters and 

upper airway function of young (4-5 months) and old (8-10 months) conscious mice [19,20]. We 

simultaneously recorded the chest respiratory movements in the body chamber (Chest Spirogram, 

CSp) and the resulting airflow in the head chamber (Airflow Spirogram, ASp) (Fig. 3A). Small air 

volumes were injected within the head chamber and body chamber for checking proper sealing of 

chambers and for calibration purposes. To minimize stress, the mice were habituated to the 

plethysmograph chamber before the recording sessions. Spirograms were recorded, stored and 

analyzed afterwards, using only periods with stable breathing frequency. We calculated the 

ASp/CSp ratio; a reduced ASp vs. an increased CSp resulting in ratio < 1 was considered as 
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indicative of upper airway dysfunction impairing the chest respiratory movement to produce 

adequate airflow [19,20]. After averaging of about 100 respiratory cycles, we measured the mean 

expiratory airflow (expressed in µl per g per second, µL/g/s). We also measured the mean 

respiratory frequency (expressed in cycles per min) and the duration of inspiratory and expiratory 

periods (expressed in ms). 

  

Immunohistochemistry 

After anaesthesia (Nembutal; 120 mg/kg, i.p.) and transcardiac perfusion (ice-cold saline 5 ml/min, 

8 min; paraformaldehyde 2 ml/min, 10 min), brain and brainstems were removed, post fixed 

overnight (4% paraformaldehyde), and stored (0.1% sodium azide in PBS at 4°C) until sectioning 

(40 µm coronal vibratome sections). Briefly, the following procedures were performed [17-20]: 

rinsing (PBS; 15 min with 1.5% H2O2 in 50% methanol/PBS), blockade of non-specific binding 

sites (10% fetal calf serum, 0.1% Triton X-100 in PBS), incubation with primary monoclonal 

antibodies AT8 (mouse anti-AT8, 1/2500) or AT100 (mouse anti-AT100, 1/1400), 1h incubation 

with the secondary goat antimouse IgG antiserum coupled to PAP (1:500 in blocking buffer; Dako), 

5 min incubation in 50mM Tris HCl, pH 7.6, enzymatic staining with 3,3’ -diaminobenzidine (0.5 

mg/ml), 0.3%H2O2 in 50 mM Tris HCl, pH 7.6. Sections were counterstained with hematoxylin, 

ethanol dehydrated, delipidated in xylol and mounted for microscopic analysis of AT8 and AT100 

immunoreactivity.  

AT8 and AT100 are monoclonal antibodies specifically directed against phosphorylated human 

protein tau at epitopes pS198/pS202pS/pS205 and pT231/pS235, respectively (Innogenetics, Gent, 

Belgium). AT8 is observed in brain of young adults and children and is a marker on the border 

between physiology and pathology whereas AT100 is a recognized pathological phospho-epitope, 

typical for AD and primary tauopathies [17,28,29]. AT8 and AT100 expression profiles in 

brainstem sections were examined using neuroanatomical reference points from mouse atlas [30]. 

For a given mouse, about 140-150 consecutive coronal sections were cut, from about 0.5 mm caudal 

to the pyramidal decussation to about 5 mm more rostral. Sections were stained in groups of three 

with AT8 (first section), AT100 (second section) or saved (third section). In sections from old 

Tau.P301L mice, we counted the AT100 positively stained (AT100+) neurons, defined as neurons 
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with visible nucleus, well-marked soma, and high staining intensity. Counting neurons twice was 

not possible because AT100 stained sections are at least 80 µm apart. 

 

Statistics 

Statistical analysis of USV and breathing parameters in young and old FVB/N and Tau.P301L mice 

was performed using ANOVA with post-hoc Newman-Keuls test in the case of normally distributed 

data, or Kruskal-Wallis with post-hoc Dunn test in the case of non-normally distributed data (Igor 

Pro software; WaveMetrics, Oregon, USA). Values are given as mean ± standard error of the mean 

(S.E.M.). Statistical differences were regarded as significant if p < 0.05. 

 

Results 

 

Ultrasonic Vocalisation (USV) disorders in old Tau.P301L mice 

We analyzed USV parameters (Fig. 1A1, A2) of conscious, unrestrained and age-matched 

Tau.P301L and FVB/N mice. USV parameters were similar for both genotypes in young mice (4-5 

months) but differed substantially in old mice (8-10 months) (Table 1). 

In young mice, no differences were observed in either the duration of individual USV 

(Dur(USV); Fig. 1B), or the number of USV produced per min (Nb(USV); Fig.1C), or the total amount 

of time spent in producing USV (totT(USV); Fig. 1D). Tau.P301L and FVB/N mice used the same 

frequency of about 65 kHz, although slightly lower in Tau.P301L than in FVB/N mice (Freq(USV); 

Fig. 2A). Within the USV, the range of Freq(USV) (RangeFreq = max Freq(USV) - min Freq(USV) ) was 

similar in Tau.P301L and FVB/N mice (Fig. 2B) as well as the distribution of totT(USV) within the 

different classes of Freq(USV) (Fig. 2C). To produce USV young Tau.P301L and FVB/N mice 

preferentially used high 50-70 kHz Freq(USV), and occasionally the low 30-40 kHz Freq(USV). We 

also analyzed the USV complexity by counting the number of segments within USV (tags in Fig. 

1A2). In both strains (Fig. 2E), most USV had low complexity (1 or 2 segments) with only some of 

higher complexity (>2 segments). 

In the old mice, significant differences were observed, with shorter, more rare and much 

simpler USV in transgenic Tau.P301L mice than in wild-type FVB/N mice (Table 1). In Tau.P301L 
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mice, the duration of USV decreased with age and Dur(USV) became significantly 2-fold shorter in 

old relative to young Tau.P301L mice (Fig. 1B). In FVB/N mice, Dur(USV) did not significantly 

decrease with age, in contrast to the significant 2-fold reduction in old Tau.P301L mice . The 

number of USV Nb(USV) decreased with age in both strains (Fig. 1C), but the Nb(USV) reduction was 

dramatic in Tau.P301L mice (20-fold reduction) versus modest in wild-type FVB/N mice (2-fold 

reduction). Not surprisingly, the substantial reductions of both Dur(USV) and Nb(USV) in old 

Tau.P301L mice dramatically reduced totT(USV) (Fig. 1D): i.e. 30-fold weaker in old than in young 

Tau.P301L mice and 15-fold weaker in old Tau.P301L than in old FVB/N mice. In addition, the 

USV pattern became simpler and more monotonous in old Tau.P301L than in old FVB/N mice, 

while the preferential 65 kHz Freq(USV) remained nearly unchanged (Fig. 2A). In old Tau.P301L 

mice, the RangeFreq was significantly reduced compared to young Tau.P301L mice and to old 

FVB/N mice (Fig. 1B). Plotting totT(USV) vs. Freq(USV) revealed that old Tau.P301L mice never used 

the low 30-40 kHz Freq(USV) they occasionally used at younger age, whereas old FVB/N mice still 

used both high and low Freq(USV) (Fig. 2D). In addition, the USV complexity became significantly 

reduced in old Tau.P301L mice (Fig. 2F), with a doubling of the number of the simplest USV (only 

one segment) versus only half the number of the more complex USV (2 and 3 segments). In 

contrast, the USV complexity did not change in aged FVB/N mice. 

In summary, although young Tau.P301L and FVB/N mice produced similar USV, old 

Tau.P301L mice developed a drastic impairment of USV meanwhile wild-type FVB/N mice only 

showed a modest reduction in the number of USV with aging. 

  

Upper Airway dysfunction reduces expiratory airflow in old Tau.P301L mice 

USV are produced by expiratory airflow through the larynx [31-34]. From 7-8 months 

onwards, Tau.P301L mice develop upper airway dysfunction and abnormal expiratory laryngeal 

activity [19], which may significantly affect their USV. 

We therefore measured the expiratory airflow of conscious, young and old transgenic 

Tau.P301L mice and wild-type FVB/N mice (Table 2). We used double-chamber plethysmography 

(Fig. 3A) to record the chest spirogram (CSp) produced by the chest respiratory movements in the 

body chamber and the resulting airflow spirogram (ASp) in the head chamber. We calculated the 
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ASp/CSp ratio, an index of upper airway function [19]. Young Tau.P301L and FVB/N mice had 

similar ASp/CSp ratio >1, indicative of correct upper airway function (Fig. 3B, 3D). Measuring the 

expiratory airflow revealed similar values in young Tau.P301L and FVB/N mice (Fig. 3E). In old 

mice however, significant differences were observed with reduced ASp and increased CSp in old 

Tau.P301L mice (Fig. 3C) but not in old FVB/N mice. Moreover, the ASp/CSp ratio was 

significantly reduced in old Tau.P301L mice (Fig. 3D) but not in old FVB/N mice. The ASp/CSp 

ratio <1 in old Tau.P301L mice corroborated their upper airway dysfunction [19,20]. The expiratory 

airflow was significantly reduced in old Tau.P301L mice but not in old FVB/N mice (Fig. 3E): it 

became 2-fold weaker in old Tau.P301L mice relative to young Tau.P301L mice, and to young and 

old FVB/N mice. Despite their upper airway dysfunction, old Tau.P301L mice retained normal 

respiratory frequency, duration of inspiratory period and duration of expiratory period when 

compared to the other three groups of mice (Table 2).  

 

Tauopathy develops in brainstem areas of old Tau.P301L mice 

From 7-8 months onwards, Tau.P301L mice progressively develop brainstem tauopathy 

[17,19,20], which may affect central networks controlling upper airways and vocalization.  

We therefore examined by immunohistochemistry sections of midbrain and brainstem of 

young and old mice using two distinct antibodies against phosphorylated tau epitopes, AT8 and 

AT100. AT100, a recognized marker of tauopathy, was not expressed in any of the young or old 

FVB/N mice (n=3), and very weakly or practically absent in young Tau.P301L mice (n=3), while 

markedly expressed in old Tau.P301L mice (n=3), as reported previously [17]. The AT100 signal 

was particularly expressed in midbrain and brainstem sections of old Tau.P301L mice with most 

dramatic tauopathy in the midbrain periaqueductal gray (PAG), containing the highest density of 

AT100 positive (AT100+) neurons in the brainstem (Fig. 4). We counted around 100 well-stained 

AT100+ neurons per PAG section in the three studied old Tau.P301L mice. Numerous AT100+ 

neurons were observed at all rostro-caudal levels of the PAG and in all the PAG sub-regions, i.e. the 

ventro-lateral part (Fig. 4A2), the dorso-median part (Fig. 4B2) and the dorso-lateral part (Fig. 

4B3). Secondly, we observed a high density of AT100+ neurons in the nucleus retroambiguus 

(NRA) in the caudal medulla (Fig. 5A) and in the Kolliker-Fuse (KF) nucleus in the dorso-lateral 
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pons (Fig. 5B). AT100+ neurons delimitated well the KF area, extending between the middle and 

superior cerebellar peduncles, below the lateral parabrachial nucleus and above the principal 

sensory trigeminal nucleus (scp, LPB and sp5, respectively, in Fig. 5B). We counted around 25-50 

well-stained AT100+ neurons per sections all along the whole rostro-caudal extension of the KF 

(about 700-1000 µm). In the caudal medulla, frequent AT100+ neurons were also found in the NRA 

area, previously defined in mouse brainstem [35]. We consistently counted around 10 well-stained, 

packed AT100+ neurons per studied section from about 500 µm caudal to 500 µm rostral to the 

pyramidal decussation. Asides the PAG, KF and NRA areas, AT100+ neurons were observed 

scattered in the whole brainstem, but were especially dense in the raphé obscurus, raphé magnus, 

locus coeruleus (data not shown), oral pontine reticular nucleus and subcoeruleus (PnO and SubC, 

respectively, in Fig. 5C).  

Conversely, some other areas appeared markedly spared by tauopathy. We found almost no 

AT100+ neurons in the nucleus ambiguus and the nucleus tractus solitarius (nA and nTS, 

respectively in Fig. 5B), the raphé dorsalis (RD in Fig. 5C) and most of the cranial motor nuclei 

(data not shown). The hypoglossal motor nucleus was also generally spared by tauopathy but some 

AT100+ neurons were observed in the caudal part of the hypoglossal nucleus of one of the three 

studied Tau.P301L mice (n12, in Fig. 5A). In addition, as previously reported in Tau.P301L mice at 

the terminal stages [20], the respiratory-related areas implicated in respiratory rhythmogenesis (in 

the ventral medulla below the nA) and in central chemosensitivity (in the very ventral medulla 

below the facial motor nucleus) did not contain significant amount of AT100+ neurons.  

 The epitope defined by AT8 is a marker on the border between physiology and pathology, 

and we confirmed its previously reported expression profile in the brainstem of old Tau.P301L mice 

[19,20]. Dense AT8 expression was evident in the PAG, KF and NRA areas, and more scattered in 

the whole reticular formation, with increased density in the raphé obscurus and magnus, locus 

coeruleus (data not shown). Only rare AT8+ neurons were in the nA, the nTS, the n12 (some in one 

mouse), the other motor cranial nuclei and the respiratory-related areas of the ventral medulla (data 

not shown).  
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To summarize, both AT100 and AT8 revealed severe tauopathy in old Tau.P301L mice, 

especially affecting the midbrain PAG, pontine KF and medullary NRA areas, known to control 

upper airway and vocalization. 

 

 

Discussion  

 

Compelling evidence exists that mice produce USV for communications and social interactions [21-

23] and that mouse models of Angelman Syndrome [24], autism [25] or AD [26] produce specific 

USV. However, these aspects have been studied mainly in young dams and pups, not in aging mice. 

In the aging Tau.P301L mouse model of tauopathy [17,18], we report for the first time a dramatic 

age-related impairment of USV which may be reminiscent of progressive language disorders of 

elderly people suffering tauopathy and neurodegenerative diseases. 

 

USV impairment of Tau.P301L mice is linked to upper airway dysfunction 

Respiration and vocalization are two tightly linked motor acts that implicate the same groups of 

chest, abdominal and upper airway muscles. USV emission originates from expiratory airflow 

through the larynx as demonstrated by larynx excision, tracheotomy and motor nerve transection 

[31-34]. The motor neurons controlling the laryngeal muscles belong to the nA, with intermingled 

dilatator and constrictor motor neurons. They are multi-functional neurons driven by several central 

pattern generators, including those for respiration, vocalization and swallowing [36]. During USV, 

the inspiratory dilatator nA neurons become silent meanwhile the expiratory constrictor nA neurons 

are activated, mostly prior to USV [37,38].  

From 7-8 months onwards, Tau.P301L mice develop upper airway dysfunction [19]: an inspiratory 

shift of the period of activity of expiratory laryngeal motor neurons induces a paradoxical tendency 

to laryngeal closure during inspiration, which subsequently reduces air entry within the lungs. 

Consistent with these previous results, we report here that the expiratory airflow is halved in old 

Tau.P301L mice. Thus the abnormal laryngeal motor activity and the expiratory airflow reduction 

highly likely contribute to reduce ability of old Tau.P301L mice to produce frequent, long-lasting 
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and complex USV. Conversely, old wild-type FVB/N mice retain normal expiratory laryngeal 

discharge [19], normal expiratory airflow and rather spared USV, with only a modest reduction of 

USV number. As discussed below with AT100 expression, the impairments of laryngeal discharge, 

expiratory airflow and USV production in old Tau.P301L mice do not originate from a direct 

alteration of laryngeal motor neurons but result from alteration of their central drivers. 

  

USV impairment of Tau.P301L mice originates from PAG, KF and NRA tauopathy 

We previously reported that Tau.P301L mice develop brainstem tauopathy from 7-8 months 

onwards, with frequent AT8+ neurons in the KF revealing an altered control of upper airway 

function [17,19]. Here, we used the late tau pathological marker AT100 to confirm the KF alteration 

in old Tau.P301L mice and reported numerous AT100+ neurons in the pontine KF but also the 

midbrain PAG and medullary NRA nuclei. These three structures are crucial in control of upper 

airway function and vocalization. The PAG is the main descending relay of the emotional motor 

system which converts higher emotional and cognitive commands into motor activity for complex 

behaviours, including respiration, vocalization and copulation [39-42]. The PAG projects to both 

the KF [43] and the NRA [40,42,44]. It also targets many other structures such as the locus 

coeruleus [45,46], the rostro ventromedial medulla [47] and the raphé magnus [48,49]. The PAG 

does not directly control the chest, abdominal and upper airway motor neurons but uses the NRA as 

a relay [50] and the NRA in turn projects to the PAG [51]. The NRA contains multifunctional pre-

motoneurons that target the laryngeal nA motor neurons and the thoraco-abdominal motor neurons 

[35,44,50,52,53] and controls their activity during respiration [54], vocalization [42,50,55], 

coughing, sneezing [56,57] and copulation [42,58]. The KF modulates the activity of laryngeal and 

tongue motor neurons [59-61], controlling the upper airway function [19], the expression of learned 

upper airway behaviours [62] and the vocal patterning [63]. 

In conclusion, we propose that tauopathy-induced alterations of the crucial PAG, KF and NRA 

networks play a major role in the USV impairment of old Tau.P301L mice, while not excluding the 

implication of additional networks. Old Tau.P301L mice develop tauopathy in cortical and thalamic 

areas [17], which may impact on their social interactions, emotional status and subsequently USV, 

possibly via the PAG, KF and NRA relays. Old Tau.P301L mice also develop tauopathy in the 
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locus coeruleus and some raphe nuclei, which may affect the monoaminergic modulations. USV are 

affected by the serotoninergic system [64] and the serotonin metabolism of Tau.P301L mice 

becomes abnormal at terminal stages of the disease [20]. On the other hand, AT100+ neurons are 

rare, almost absent in the nA, which excludes a direct alteration of nA motor neurons and reinforces 

the concept of indirect effects via alterations of PAG, KF and NRA networks. Similarly, AT100+ 

neurons are rare in the nTS where the peripheral respiratory inputs are integrated and in the ventral 

medulla where the respiratory rhythm is, at least in part, generated. Consistently, old Tau.P301L 

retain normal respiratory frequency, duration of inspiration and duration of expiration (present 

results) and develop marked breathing defects only at terminal stages of the disease [20]. 

 

Translational aspects of mouse USV impairment to progressive language disorders 

In mice, the different strain-specific USV patterns are viewed as different lexicons or innate 

variations in vocal repertoires [21-26]. USV are proposed as models for speech and socio-cognitive 

disorders [65] and for drugs and genes effects on social motivation, affect regulation and 

communication [21]. It is outside the scope of this study to define or speculate on the USV 

impairment in old Tau.P301L mice in terms of social interactions, lexicon or semantic defects. 

However, the possible link between the USV impairment in Tau.P301L mouse and the progressive 

language disorders in patients is worth noticing.  

Aging from 4-5 to 8-10 months has only minor effects on USV of wild-type FVB/N mice, only 

reducing the USV number, in contrast to the major effects on USV of old Tau.P301L mice, 

dramatically reducing their duration, number, and complexity. In healthy humans, aging affects 

respiration and vocalization, reducing the ability to generate the required air pressure for speech 

production [66,67]. Old persons initiate speech at a higher lung volume and produce fewer syllables 

per breath than young adults [68,69]. These age-related reductions of speech performance are 

negligible compared to pathological language disorders. Progressive language disorders concern a 

group of clinically, genetically and pathologically heterogeneous neurodegenerative disorders, with 

different variants based on motor speech, linguistic and cognitive features [9,15,70,71]. However, 

neither language disorder phenotyping nor brain imaging alone appears a reliable predictor of 

pathology [72]. A few case reports suggest possible links between language disorder, swallowing 
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impairment, respiratory difficulties and brainstem alterations [73-77]. In addition, PAG 

abnormalities have been reported in some cases of mutism [78], in AD [79] and possibly in 

frontotemporal dementia [80] and Parkinson disease [81]. But these reports are rare and atypical 

when compared to the plethora of reports about forebrain imaging and language disorders. From our 

data, the USV impairment of old Tau.P301L mice correlates well with tauopathy-induced alteration 

of PAG, KF and NRA networks. It has been suggested in recent reviews that mouse USV may be 

used as models for communication, motivation and socio-cognitive disorders [21,65]. Similarly, we 

propose Tau.P301L mice as mouse model for neurodegenerative language disorders. 
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F I G UR E L E G E ND 

 

F ig. 1: altered USV production in old Tau.P301L mice 

A1- Rough USV spectrographic display with frequency and time scales in kHz and ms, 

respectively. 

A2 – As above but showing the tags (Tg, white dots) placed at slope changes in frequency on the 

rough USV and the analyzed USV parameters: duration of USV (Dur(USV)), frequency at tags 

(Freq(USV)), max and min Freq(USV) (RangeFreq), complexity (number of segments delimited by 

tags), and number of USV produced per minute of recording (Nb(USV)). The total time of USV per 

minute (totT(USV)) was obtained by summation of individual Dur(USV).  

B – Columns in histograms show Dur(USV) (expressed in ms) in Tau.P301L (black columns) and 

FVB/N (white columns) mice at age 4-5 months and 8-10 months (young and old mice, 

respectively). Note the significant reduction of Dur(USV) in old Tau.P301L mice. 

C – As in B but for Nb(USV) (expressed in events per s). Note the drastic reduction of Nb(USV) in old 

Tau.P301L mice. 

D – As in B but totT(USV) (expressed in s per min of recording). Note the significant and drastic 

reduction of totT(USV) in old Tau.P301L mice. 

* indicates a significant inter-strain difference at a given class of age and $ a significant age-related 

difference for a given strain; ns, non significant inter-strain difference. 

 

F ig. 2: altered USV pattern in old Tau.P301L mice 

A – Columns in histograms show Freq(USV) (expressed in kHz) used to produce USV in Tau.P301L 

(black columns) and FVB/N (white columns) mice at age 4-5 and 8-10 months. Note Freq(USV) was 

similar in old Tau.P301L and FVB/N mice. 

B – As in A, but for RangeFreq (= max Freq(USV) – min Freq(USV), see Fig. 1A2). Note RangeFreq of 

old Tau.P301L mice was significantly reduced when compared to that of old FVB/N and young 

Tau.P301L mice. 

C - Columns in histograms show the distribution of totT(USV) (in %) vs. frequency (Freq), expressed 

in class of 10 kHz from 30 to 80 kHz in young Tau.P301L (black columns) and FVB/N (white 
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columns) mice. Note 1) that most USV used high 50-70 kHz frequency but some used low 30-40 

kHz frequency, and 2) that totT(USV) was similar distributed in Tau.P301L (black columns) and 

FVB/N (white columns) mice at age 4-5 months. 

D – As in C, but for 8-10 months old mice. Note that old Tau.P301L mice never used the low 30-40 

kHz frequency whereas old FVB/N mice still used both low and high frequency, and that totT(USV) 

was differently distributed between old mice.  

E - Columns in histograms show the occurrence (%) of USV of different complexity level as 

defined by the number of segments (see tags in Fig. 1A2) within the USV. Complexity ranged from 

low (1) to high (5). Note the similar distribution of complexity in Tau.P301L (black columns) and 

FVB/N (white columns) young mice. 

F – As in E but for old mice. Note the increased occurrence of USV of low complexity and the 

reduced occurrence of USV of higher complexity (>1) in old Tau.P301L mice compared to old 

FVB/N and young Tau.P301L mice. Complexity of old FVB/N mice did not change when 

compared to that of young FVB/N mice. 

* indicates a significant inter-strain difference at a given class of age and $ a significant age-related 

difference for a given strain; ns, non significant inter-strain difference. 

 

F ig. 3: Reduced expiratory ai rflow in old Tau.P301L mice 

A - Schematic presentation of the double-chamber plethysmographic set-up allowing the 

simultaneous recordings of chest spirogram (CSp; in the body chamber) and airflow spirogram 

(ASp; in the head chamber) in conscious mice. 

B, C – Averaging of about 100 successive respiratory cycles during quiet period of breathing in 

young (B) and old (C) mice allowed the measurements of mean ASp and CSp, the calculation of the 

ASp/CSp ratio and the measurement of expiratory airflow during lung emptying period (gray areas). 

D - Columns in histograms show the ASp/CSp ratio in Tau.P301L (black columns) and FVB/N 

(white columns) young and old mice. Note 1) the ratio was similar in young Tau.P301L and FVB/N 

mice, and 2) the ratio was significantly reduced and increased in old Tau.P301L and FVB/N mice, 

respectively. 
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E – As in D but for the expiratory airflow. Note the expiratory airflow was similar in young 

Tau.P301L and FVB/N mice, significantly halved in old Tau.P301L mice and unchanged in old 

FVB/N mice. 

* indicates a significant inter-strain difference at a given class of age and $ a significant age-related 

difference for a given strain; ns, non significant inter-strain difference. 

 

F ig. 4: Tauopathy in the PA G of old Tau.P301L mice 

Immunohistochemistry with AT100 as tauopathy marker on midbrain coronal sections of old 

Tau.P301L mice reveals dramatic tauopathy in the whole PAG, affecting both its caudal (A) and 

rostral (B) parts. A2, B2 and B3 are enlargements of the dotted line boxes drawn in A1 and B1, and 

show high density of AT100+ neurons in the caudal, ventro-lateral PAG (A2), the rostral, dorso-

median PAG (B2) and the rostral dorso-lateral PAG (B3) of the same old Tau.P301L mouse. B4 

shows frequent AT100+ neurons in the rostral, dorso-lateral PAG of another old Tau.P301L mice. 

Calibration bars: 500 µm for A1, B1; 100 µm for A2, B2-B4. 

 

F ig. 5: Tauopathy in the NR A and K F areas of old Tau.P301L mice 

Immunohistochemistry with AT100 as tauopathy marker on brainstem coronal sections of a given 

Tau.P301L mouse (as in Fig. 4). Right hand pictures are enlargements of the dotted line boxes 

drawn in left hand pictures. Sections show that AT100+ neurons are frequent in the NRA (A) and 

the KF (B) but lacking in the nucleus tractus solitarius and nucleus ambiguus (C). Calibration bars: 

500 and 100 µm for left and right hand pictures, respectively. 

Abbreviations: KF, Kolliker-Fuse nucleus; LPB, lateral parabrachial nucleus; nA, nucleus 

ambiguus; nTS, nucleus tractus solitarius; n12: hypoglossal motor nucleus; PnO, oral pontine 

reticular nucleus; Pr5, principal trigeminal sensory nucleus; Py, pyramidal tract; Pyx, pyramidal 

decussation; scp, superior cerebella peduncle; RD, raphé dorsalis; subC, subcoeruelus nucleus; 12r, 

intra-medullary rootlet of hypoglossal nerve.  
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Table 1: Main USV parameters of young and old Tau.P301L and FVB/N mice 
 
Mouse strain Age n Dur(USV) Nb(USV) totT(USV) F req(USV) Range F req 
Tau.P301L  Young 18 51 ± 2 2.2 ± 0.4 6.7 ± 1.1 63 ± 2 11.2 ± 0.4 
P(inter-strain diff.) 0.186 0.375 0.174 0.044 0.277 
FVB/N Young 21 66 ± 14 2.6 ± 0.4 9.1 ± 1.2 67 ± 1 10.2 ±  0.4 
Tau.P301L  Old 18 25 ± 2 0.1 ± 0.0 0.2 ± 0.1 66 ± 1 5.9 ± 0.9 
P(inter-strain diff.) 0.047 0.041 0.047 0.499 0.002 
FVB/N Old 24 48 ±  5 1.1 ±  0.3 3.5 ±  1.5 64 ±  1 9.0 ±  0.7 
P(inter-age diff.)Tau.P301L 0.037 <0.001 0.002 0.181 <0.001 
P(inter-age diff.)FVB/N 0.088 0.002 0.002 0.157 0.182 
Mean ± SEM values expressed in ms for Dur(USV), number USV per s for Nb(USV), s per 
min of recording for totT(USV), kHz for Freq(USV) and RangeFreq; p values for inter-strain 
(Tau.P301L vs. FVB/N) and inter-age (young vs. old) comparisons are considered 
significant when p<0.05. 
 
 

Table 1
!"#$%&'()(&*+&,+-."+/,&?/@"(4&?/@"(&>;,+$

290



 
 
Table 2: Main breathing parameters of young and old Tau.P301L and FVB/N mice  
 
Mouse strain Age n ASp/CSp Exp A i rflow  Rf  T i  Te 
Tau.P301L  Young 8 1.39 ± 0.24 1.72 ± 0.11 207 ± 9 155 ± 14 149 ± 11 
P(inter-strain diff.) 0.356 0.274 0.259 0.266 0.168 
FVB/N  Young 6 1.53 ± 0.11 1.85 ± 0.16 201 ± 12 169 ± 26 172 ± 36 
Tau.P301L  Old 15 0.63 ± 0.4 0.97 ± 0.09 193 ± 10 176 ± 13 142 ± 7 
P(inter-strain diff.) <0.001 <0.001 0.207 0.405 0.233 
FVB/N  Old 20 2.71 ± 0.22 2.10 ± 0.16 208 ± 13 177 ± 16 134 ± 16 
P(inter-age diff.)Tau.P301L <0.001 <0.001 0.221 0.194 0.266 
P(inter-age diff.)FVB/N 0.004 0.202 0.482 0.477 0.085 
Mean ± SEM values expressed in mL/g/s for expiratory airflow (Exp Airflow), cycle per 
min for respiratory frequency (Rf), and ms for duration of inspiratory (Ti) and expiratory 
(Te) periods; p values for inter-strain (Tau.P301L vs. FVB/N) and inter-age (young vs. old) 
comparisons are considered significant when p<0.05. 
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4 - L’anesthésie à l’isoflurane précipite la tauopathie et les 
dysfonctions des voies aériennes supérieures chez les souris 
Tau-P301L pré-symptomatiques 

!

Menuet C., Borghgraef P., Voituron N., Gestreau C., Gielis L., Devijver H., 
Dutschmann M., Van Leuven F. & Hilaire G. 

Soumis à The Journal of Neuroscience. 
 

 

Résumé en français : 

 

Le déclin cognitif postopératoire résultant de l’anesthésie volatile est de plus en plus 

considéré comme un problème de santé majeur. Il est suspecté que l’isoflurane, un 

anesthésique couramment utilisé, précipiterait la neurodégénérescence dans la maladie 

d’Alzheimer par des mécanismes inconnus. Nous avons précédemment montré que les souris 

Tau-P301L âgées souffrent d’altérations des voies aériennes supérieures, qui sont liées à la 

tauopathie dans le noyau de Kölliker-Fuse qui les contrôle. Nous montrons ici que 

l’anesthésie à l’isoflurane chez des souris Tau-P301L jeunes et pré-symptomatiques a 

déclenché des altérations précoces des voies aériennes supérieures et de la tauopathie dans 

plusieurs noyaux du tronc cérébral, incluant le noyau ambigu qui contient les motoneurones 

des voies aériennes supérieures et dans le noyau de Kölliker-Fuse. L’administration de la 

drogue mémantine, un antagoniste des récepteurs NMDA, a empêché l’apparition des 

dysfonctions post-anesthésiques des voies aériennes supérieures et de la tauopathie du noyau 

ambigu et du noyau de Kölliker-Fuse. Egalement, nous avons identifié des protocoles 

d’anesthésie chez les souris Tau-P301L jeunes qui réduisent les effets négatifs de l’anesthésie 

à l’isoflurane. Ainsi, nos données expérimentales chez un modèle murin validé de tauopathie 

renforcent le lien entre anesthésie à l’isoflurane, tauopathie et troubles fonctionnels précoces, 

soulignent l’implication des récepteurs NMDA dans les mécanismes qui induisent les effets 

négatifs de l’isoflurane, et potentiellement identifient des protocoles plus prudents pour 

l’anesthésie des patients atteints de tauopathie. 
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Abstract 

 

The postoperative cognitive decline resulting from volatile anesthesia is gaining acceptance as a 

major health problem. The common anesthetic isoflurane is suspected to precipitate 

neurodegeneration in Alzheimer disease by unknown mechanisms. We previously validated that old 

Tau.P301L mice suffer upper airways defects related to tauopathy within the Kolliker-Fuse nucleus 

that controls upper airways function. We now report that isoflurane anesthesia in young, pre-

symptomatic Tau.P301L mice triggered precocious upper airways defects and tauopathy in several 

brainstem nuclei, including the nucleus ambiguous that contains upper airways motor neurons and 

the Kolliker-Fuse. The prescription drug memantine, identified as a NMDA receptor antagonist, 

prevented the post-anesthesia upper airways dysfunction and alleviated tauopathy in the nucleus 

ambiguus and Kolliker-Fuse. We further identified protocols of anesthesia in young Tau.P301L 

mice that mitigated adverse effects of isoflurane anesthesia. Thus, our experimental findings in a 

validated mouse model for tauopathy strengthen the link between isoflurane anesthesia, earlier 

tauopathy and earlier onset of functional defects, highlight the implication of NMDA-receptors in 

the mechanisms mediating the adverse effects of isoflurane, and potentially identify safer protocols 

for anesthesia in patients with tauopathy. 
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Introduction  

Postoperative cognitive decline is a common phenomenon after anesthesia with volatile anaesthetics 

such as isoflurane (ISO). The problem is gaining additional importance as a secondary health 

concern in tauopathy patients, including Alzheimer's Disease (AD) with a possible link between 

anesthesia and disease onset and progression (1-3). AD is characterized by the formation of 

extraneuronal plaques of aggregated !-amyloid protein and intraneuronal tangles of fibrillar 

aggregates of the microtubule-associated Tau protein that are thought to alter the functioning of 

neural networks, resulting in cognitive, motor and mental dysfunctions. Tau phosphorylation is 

reduced by memantine, a partial NMDA-receptor antagonist, approved for treatment of AD (4-6). 

In transgenic Tau.P301L mice, a mouse model of tauopathy, we previously reported development of 

cognitive defects (age 4-6 months, mo), motor and upper airways (UA) dysfunction (age 7-9 mo) 

and breathing defects leading to premature death (age 9-12 mo) (7-9). From 8 mo onwards, 

Tau.P301L mice develop a paradoxical tendency to UA closure during inspiration that they 

compensate by producing enlarged respiratory movements of the chest (8). In the same time-frame, 

they develop tauopathy within the pontine Kolliker-Fuse nucleus (KF) (8), a multifunctional 

network, contributing to the off-switch of inspiration (10-13), the control of UA (10) and the 

coupling of respiration with swallowing (14-17), vocalization (10), thermoregulation (18) and 

cardiovascular regulations (19-21). Thus, the KF tauopathy of old Tau.P301L mice correlates well 

with their UA dysfunction that may be reminiscent of the well-known oro-pharyngeal problems in 

tauopathy and AD patients (22-26). 

ISO anesthesia of Tau.P301L mice, especially coupled with hypothermia, precipitates tau hyper-

phosphorylation via poorly understood mechanisms (27). Here, we examined the effects of ISO 

anesthesia in young, pre-symptomatic Tau.P301L mice on UA dysfunction and brainstem 

tauopathy. First, we defined that subjecting young Tau.P301L mice to ISO anesthesia provoked 

precocious onset of UA dysfunction, correlating with precocious onset of tauopathy in the KF but 

also the nucleus ambiguus (nA) that contains UA motor neurons. Secondly, we obtained evidence 

that the adverse effects of ISO on UA function, nA and KF tauopathy were alleviated by distinct 

protocols of anesthesia, including memantine pre-treatment, which highlights implication of 

NMDA-R in these pathological mechanisms. Thus, our results strengthen the link between ISO 

anesthesia, tauopathy and disease onset, at least in Tau.P301L mice, and identify possible safer 

protocols for anesthesia in patients suffering tauopathy. 

 

Manuscript Text 

Results  
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Tau.P301L mice had normal breathing and UA function at age 4 mo 

Because we aimed to define the eventual negative effects of ISO anesthesia in young, pre-

symptomatic Tau.P301L mice, we first established that they breathed normally, like WT mice, at 

age 4 mo and that they developed UA defect only later in life, at age 8 mo (8).  

In conscious Tau.P301L and WT mice, we used whole-body plethysmography to examine 

respiratory frequency (Rf), biochemical analysis of tail blood samples to measure pH, pCO2 and 

pO2 and double-chamber plethysmography to record chest spirograms (CSp) and airflow spirograms 

(ASp) and calculate the ASp/CSp ratio, a sensitive index of UA function. At age 4 mo, young 

Tau.P301L and WT mice had similar Rf, pH, pCO2 and pO2 values (Table S1) and ASp/CSp >1 

(Fig. 1a-c). At age 8 mo, Rf was still similar in both genotypes but ASp/CSp was significantly 

reduced in old Tau.P301L compared to old WT mice (Fig. 1 c).  

We conclude that the brainstem respiratory network produces normal Rf and motor drives to chest 

and UA muscles in young Tau.P301L mice, and normal Rf but altered motor drives at age 8 mo, 

consistent with UA defect (8). 

 

Isoflurane anesthesia of young Tau.P301L mice precipitated UA defect 

Having demonstrated that young Tau.P301L mice had normal UA function, we went on to analyse 

the effects of ISO anesthesia at age 4 mo.  

Young Tau.P301L and WT mice were anaesthetized for 4 h by exposure to ISO (1.3% in 30% O2). 

ISO anesthesia progressively lowered body temperature, hear rate and Rf, resulting in similar 

hypothermia, bradycardia and bradypnoea in Tau.P301L and WT mice (Fig. 1d-f), which however 

did not significantly alter pH, pCO2 and pO2 values at the end of ISO session (Table S1). 

In both genotypes, bradypnoea developed with an abnormal pattern of discharge of chest inspiratory 

muscles (chest EMG). Initially during anesthesia, chest EMG showed a classical ramp-pattern with 

a progressive increase in amplitude during inspiration until maximum, and a rapid decline at the 

inspiratory off-switch (Fig. 1g, upper traces). After 4 h of ISO, the chest EMG normally increased 

at the beginning of inspiration to reach the maximum, but remained at the plateau level for about 

100 ms (Fig. 1g, lower trace), leading to a significant lengthening of the duration of the chest EMG.  

All mice recovered well from the 4 h ISO session. When analyzed again 7 d later, they showed 

normal Rf, pH, pO2 and pCO2 (SI Table 1). Unexpectedly, double-chamber plethysmography 

revealed UA defect in the young Tau.P301L mice, which was never observed in WT mice (Fig. 1h). 

Post-ISO session, Tau.P301L mice produced enlarged chest respiratory movements (large CSp) but 

weak airflow (weak ASp), which resulted in ASp/CSp <1. The ASp/CSp of ISO-exposed 

Tau.P301L mice was significantly reduced (0.50 ± 0.06) compared to either ISO-exposed WT mice 
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(1.40 ± 0.21; p=0.011) or age-matched Tau.P301L mice never subjected to ISO (1.45 ± 0.37; 

p=0.014). The ASp/CSp of ISO-exposed Tau.P301L mice at 4 mo was similar to that of 

symptomatic Tau.P301L mice at 8 mo (p=0.242). Thus, subjecting young Tau.P301L mice to ISO 

anesthesia precipitated the UA defect they normally developed 4 mo later. 

We went on to define whether the UA defect of young Tau.P301L mice post- ISO was either 

permanent or only transient. Tau.P301L mice were subjected to the identical ISO session, but were 

analyzed at 15 d post-ISO. Their ASp/CSp was still significantly reduced (0.59 ± 0.09; p=0.013) 

compared to that of control mice (Fig. 1k).  

We concluded that young Tau.P301L mice exhibited a severe UA defect after 4 h ISO and that this 

functional deficit lasted for a prolonged period following termination of anesthesia.  

 

Isoflurane anesthesia protocols and onset of UA defect 

We therefore went on to examine the eventual contributions of hypothermia, bradypnoea and 

bradycardia in the precocious onset of UA defect. We defined first whether counteracting the 

hypothermia accompanying ISO anesthesia counteracted the onset of UA defect. We used the same 

4 h ISO protocol as before, but the body temperature of the mice was controlled by external heating.  

After 4 h ISO anesthesia with controlled body-temperature, Tau.P301L mice had normal 

temperature, less severe bradycardia and bradypnoea (Fig. 2a-c, Warm) and normal pattern of chest 

EMG (Fig. 2d1). All Tau.P301L mice recovered well from the ISO session with controlled body-

temperature and their ASp/CSp recorded 7 d post-ISO was not significantly reduced compared to 

control (Fig. 2e, ISO+Warm).  

We conclude that maintaining normothermia during ISO anesthesia of Tau.P301L mice prevented 

the abnormal breathing pattern during anesthesia and the UA sequel subsequent to the ISO.  

We went on to examine whether the abnormal functioning of the respiratory network during ISO 

contributed to the UA defect. To prevent the abnormal functioning of the respiratory network under 

ISO, we subjected Tau.P301L mice to ISO by forced artificial ventilation, with mice breathing the 

same O2 enriched air mixture as before. The ventilator rhythm was set at the Rf of warmed/ISO-

exposed mice (100 cycle per min, c/min) and the volume adjusted to 0.4 ml to silent the respiratory 

network and abolish chest EMG (Fig. 2d2). After 4 h ISO, the Tau.P301L mice were hypothermic 

and bradycardic (Fig. 2a-c, Vent). All mice recovered from ISO and showed no UA defect at 7d 

post-ISO, with ASp/CSp not different from control (Fig. 2e, ISO+Vent).  

To exclude any extraneous effects exerted by intubation and mechanical ventilation, we subjected 

Tau.P301L mice to the same ISO session with forced ventilation and no body-temperature control 

but mice were ventilated with either hypoxic (10% O2, 90% N2) or hyperoxic/hypercapnic (7% 

CO2, 30% O2, 63% N2) gas mixtures. Forced ventilation with these gas mixtures maintained activity 
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of the respiratory network and chest EMG during ISO session. After 4 h ISO, the hypoxic- or 

hyperoxic/hypercapnic-ventilated mice again displayed hypothermia, bradycardia and bradypnoea 

with prolonged chest EMG. At 7d post-ISO, their ASp/CSp was significantly depressed (0.61 ± 

0.11 and 0.60 ± 0.04) relative to control.  

We conclude that silencing the respiratory network by forced ventilation prevented the UA defect in 

young Tau.P301L mice imposed by the ISO anesthesia. These data imply that besides hypothermia 

and hypoxia, other factors contribute to the precocious onset of UA defect by ISO. 

 

The NMDA-R antagonist memantine prevented ISO-induced UA defect  

The claims that the NMDA-R antagonist memantine reduced tauopathy in cell-cultures (5, 6) and 

transgenic mice (4) incited us to examine whether memantine affected the ISO-induced UA defect 

of Tau.P301L mice. Young Tau.P301L mice were administered the compound memantine (20 

mg.kg-1) 1 h prior to ISO session without forced-ventilation and body-temperature correction.  

Memantine pre-treatment did not affect the acute hypothermia, bradycardia, bradypnoea (Fig. 2a-c, 

Mem) and lengthening of chest EMG (Fig. 2d3) during the 4 h ISO, as observed in young 

Tau.P301L mice analyzed in the foregoing sections. All the memantine-treated mice recovered well 

from ISO. At 7d post-ISO, their ASp/CSp was high (1.79 ± 0.17) (Fig. 2e, ISO+Mem), not 

significantly different from that of non-anaesthetised Tau.P301L mice.  

Consequently, we conclude that although memantine pre-treatment did not prevent the acute 

hypothermia, bradypnoea and bradycardia inflicted by 4 h ISO, it did prevent the post-hoc UA 

defect, revealing the implication of NMDA-R in mediating ISO-induced UA defect. 

 

Isoflurane anesthesia of young Tau.P301L mice precipitated tauopathy in brainstem areas  

Because older Tau.P301L mice at age 8 mo developed both UA defect and tauopathy in the KF 

nucleus controlling UA function (8), we tested the hypothesis that ISO anesthesia of Tau.P301L 

mice at 4 mo precipitated not only UA defect but also tauopathy in the KF.  

First in 4 mo old Tau.P301L mice that were not subjected to ISO (n=3), we performed a detailed 

immunohistochemical analysis of the expression of human mutant protein Tau.P301L 

phosphorylated at epitope AT8, the classical method to "stage" tauopathy in human brain (28). 

Consistently with our previous report (8), we found a diffuse, weak AT8 staining without clear 

tauopathy in the brainstem and midbrain of young Tau.P301L mice. 

Conversely, in ISO-exposed young Tau.P301L mice (no warming, no forced ventilation) sacrificed 

7d post-hoc (n=3), marked AT8 signal and tauopathy were evident in several brainstem areas, 

frequently with a typical pattern of stained somata and processes similar to the tauopathy previously 

reported in symptomatic Tau.P301L mice at age 8 mo (8). The Tau.P301L mice post-ISO already 
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showed frequent AT8 positively stained (AT8+) neurons at age 4 mo. Well stained AT8+ neurons 

were scattered in the reticular formation (arrows in Fig. 3a) but their density was high in the KF 

(Fig. 3c, c1), raphe obscurus (Rob; Fig. 3b, b2), A6 (Fig. 3c,c2), periaqueductal gray (PAG) (Fig. 

3d, d2) and nucleus retroambiguus (NRA) (Fig. 4c). As previously reported in old and terminal 

Tau.P301L mice (8, 9), the nucleus tractus solitarius (nTS) and the respiratory-related areas of the 

ventral medulla of post-ISO Tau.P301L mice did not show frequent AT8+ neurons, which was 

consistent with their normal Rf, pH, pCO2 and pO2. However, highly frequent, well stained AT8+ 

neurons were found in hypoglossal (n12; Fig. 3a, a1, a2), facial, trigeminal (Mo5; Fig. 3c, 3d1) and 

ambiguous (nA; Fig. 3b, b1) nuclei, an AT8 expression profile not observed previously in old 

Tau.P301L mice (8, 9). Because the UA muscles are innervated by nA motor neurons and because 

nA motor neurons are controlled by NRA, KF and PAG interneurons, the tauopathy in the nA, 

NRA, KF and PAG network of post-ISO Tau.P301L mice correlated well with the precocious onset 

of UA defects.  

In the three groups of Tau.P301L mice that retained normal UA function at 7d post-ISO, a similar 

AT8 expression was observed in most brainstem and midbrain areas but not in the nA and KF. 

Frequent, well-stained AT8+ neurons were similarly found in the NRA, n12, Mo5, Rob, A6 and 

PAG nuclei of temperature-controlled Tau.P301L mice (n=3), air-ventilated Tau.P301L mice (n=3; 

Fig. S1 and Legend S1) and memantine pre-treated Tau.P301L mice (n=3; Fig. S2 and Legend S2). 

However only a weak AT8 staining was observed in the nA and KF of these mice, especially in the 

memantine group. To ascertain the reduction of tauopathy in the nA and KF, we counted the 

number of AT8+ neurons per section in the nA that contained large, tightly packed and easily 

discernable motor neurons (Fig. 4a) and measured the optical density of the AT8 signal in the KF 

that contained small, intermingled interneurons in a rather extended area (Fig. 4b). We confirmed a 

significant reduction of both number of AT8+ neurons in the nA and AT8 optical density in the KF 

in mice that retained normal UA function post-ISO when compared to mice with UA defect post-

ISO. No significant reduction of AT8+ neurons was observed in other areas with tauopathy, 

including the n12, Mo5, Rob, A6, PAG and NRA nuclei (Fig. S1, Legend S1, and Fig. S2, Legend 

S2). Because the NRA pre-motor neurons project to and control the KF and nA motor neurons (29), 

we further counted AT8+ neurons in the NRA of mice with and without UA defect post-ISO and 

found no significant intergroup differences (Fig. 4c).  

We conclude first that our combined data from plethysmography and AT8 immunohistochemistry 

considerably strengthen the hypothesis of a deleterious effect of ISO anesthesia on the onset of the 

disease in the Tau.P301L mouse model of tauopathy, second that UA defect in Tau.P301L mice is 

closely linked to nA and KF tauopathy, and third that NMDA-R contribute to the deleterious effects 

of ISO. 
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Discussion 

In the Tau.P301L mouse model of tauopathy with brainstem tauopathy and UA defect from 8 mo 

onwards (8, 9), we show that ISO anesthesia during the pre-symptomatic period prematurely 

induces brainstem tauopathy and UA defect at age 4 mo. Our mouse results fully support a link 

between ISO anesthesia and onset of AD (3), argue for implication of NMDA-R in the ISO adverse 

effects and identify safer protocols for anesthesia of patients at AD risks.  

 

Pathological consequences of ISO-induced upper airways dysfunction 

AD, the most prevalent neurodegenerative disorder in elderly people, is characterized by memory, 

cognition and behavioral defects. AD is also accompanied with breathing, swallowing and language 

disorders, which suggests UA defects. At 4 mo, Tau.P301L mice have normal UA function and no 

brainstem tauopathy but show UA defect and brainstem tauopathy post-ISO, especially in the KF, 

NRA and monoaminergic areas, resembling those previously reported in older Tau.P301L mice (8, 

9). Post-ISO, young Tau.P301L mice retain normal Rf, which is consistent with the lack of 

tauopathy in the ventro-lateral medulla areas that contribute to respiratory rhythm generation and in 

the nTS areas that integrate peripheral regulatory inputs, as reported in older Tau.P301L mice (8). 

Conversely to older Tau.P301L mice, young Tau.P301L mice post-ISO show tauopathy in all 

cranial motor nuclei, including the nA. The nA motor neurons innervate UA muscles, are driven by 

inputs from the brainstem respiratory network, the medullary NRA pre-motor neurons, the pontine 

KF interneurons, and further upstream, the PAG that controls the KF and NRA (29). As a whole, 

the nA, NRA, KF and PAG constitute a multifunctional network that contributes to respiration (10), 

swallowing (14, 15), vocalization (29). Thus, the precocious onset of tauopathy within this network 

correlates well with UA defect of Tau.P301L mice and possibly with oro-pharyngeal symptoms of 

AD. Tau.P301L mice post-ISO must enhance their chest respiratory movements to compensate 

airflow reduction caused by paradoxical UA narrowing during inspiration (8, 9). This breathing 

strategy efficiently secures pH, pCO2 and pO2 but requires an increased respiratory work-load, 

which may contribute to their weight loss with aging (7), a predictor of mortality in AD (34). Post-

ISO, UA defect possibly alters swallowing and therefore food intake, which may also contribute to 

weight loss and facilitate aspiration, a recognized cause of death in AD (22-24). In addition, 

tauopathy in n12, facial, Mo5 motor neurons highly likely alters mastication, swallowing and food 

intake (15). Upper airways defect may facilitate sleep obstructive apnoeas, which alters brain 

oxygenation during sleep, a process possibly contributing to AD evolution (35, 36). Finally, UA 

defect may affect vocalization, which may be reminiscent of progressive language disorders of AD 

patients (37). Our mouse results fully support the consensus reached about deleterious effects of 
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ISO anesthesia in AD onset and evolution (3). Indeed, ISO by precipitating tauopathy in the 

network controlling UA may induce distinct deleterious effects in pre-symptomatic Tau.P301L 

mice, and possibly AD patients.  

 

NMDA mechanisms and ISO-induced tauopathy  

AD is characterized by extraneuronal plaques and tauopathy. In young Tau.P301L mice, we 

confirm that ISO precipitates tau phosphorylation (27) and identify tauopathy in the network 

controlling UA. The mechanisms through which ISO induces tauopathy are poorly understood. 

First, hypothermia coupled with ISO has been reported to induce tauopathy (27). Indeed, we show 

that preventing hypothermia during anesthesia of Tau.P301L mice prevents UA defect. However, 

hyperventilating hypothermic Tau.P301L mice during anesthesia also prevents UA defect, revealing 

that hypothermia is not the single, main factor. Hypoxia during anesthesia has been proposed to be 

crucial too: ISO exposure of cell-cultures enhanced hypoxia-induced caspase-3 activation and !-

Amyloid protein (A!) accumulation, while caspase activation and hypoxia-induced neurotoxicity 

may contribute to AD (1). We show that imposing hypoxia during anesthesia of forced-ventilated 

Tau.P301L mice induces UA defect. However, preventing hypoxia during anesthesia of forced-

ventilated Tau.P301L mice with a hyperoxic / hypercapnic mixture does not prevent UA defect. In 

addition, spontaneously breathing Tau.P301L mice exposed to 4 h ISO did not develop hypoxia, as 

attested by normal pO2 levels in blood samples, but did develop UA defect. Then, neither 

hypothermia nor hypoxia coupled with ISO is the single, main factor. On the other hand, we show 

that pre-treatment with the NMDA-R antagonist memantine efficiently alleviates tauopathy and 

prevents UA defect in Tau.P301L mice, which fully supports NMDA-R implication.  

The nA motor neurons and their KF drivers both express NMDA-R, with an especial high density in 

the KF where most neurons express NMDA-R (31, 38). The KF controls the off-switch of 

inspiration via NMDA-R and their blockade prolongs inspiration (11, 12, 36). Anesthesia depresses 

or leaves unchanged the activity of most respiratory neurons, but specifically activates the KF 

neurons (39). Anesthesia (40), hypothermia (18), cardio-respiratory changes (19-21, 39) induce c-

fos expression in KF neurons, with c-fos and NMDA-R co-expression (19, 34, 40). Thus, during the 

4 h ISO session, anesthesia, hypothermia, bradypnoea and bradycardia cumulatively over-activated 

the KF neurons. On the short term (4 h ISO), the massive activation of KF neurons induced 

excessive calcium influx, free radical formation (42, 43), and subsequent KF alteration, which 

delayed inspiratory off-switch and prolonged chest EMG in WT and Tau.P301L mice. On the long 

term (7d post-ISO), this induced no sequels in WT mice but KF tauopathy and UA defect in 

Tau.P301L mice, that were both prevented by blockade of NMDA-R with memantine pre-

treatment. Memantine is a partial NMDA-R antagonist that preferentially blocks excessive NMDA-
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R activity (44). Memantine did not abolish the acute hypothermia, bradycardia, bradypnoea induced 

by the 4 h ISO but possibly reduced the over-activation of KF neurons by the cumulative actions of 

anesthesia, hypothermia and cardio-vascular changes, therefore alleviating both KF tauopathy and 

UA defect. That memantine specifically alleviates tauopathy in the nA and KF but not in n12, Mo5, 

Rob and A6 is possibly related to different expression profiles of NMDA-R sub-types, density 

levels and cellular sites of expression, which deserves further investigations. Suppressing only one 

of the factors over-activating KF neurons during ISO (with warming or forced ventilation) 

significantly reduces, but does not abolish, the KF tauopathy. Nevertheless, the reduction of the KF 

tauopathy is sufficient to prevent UA defect, which suggests that tauopathy must pass beyond a 

threshold level in the KF to induce functional pathology of UA. In the nA, where neurons also 

express NMDA-R (38), the tauopathy profile is fairly different from that observed in the KF, with a 

kind of “all or none” response of the nA: tauopathy affects almost all nA motor neurons after the 

simplest ISO protocol (no warming, forced-ventilation, and memantine) but almost none of the nA 

motor neurons after ISO with forced-ventilation or ISO with memantine pre-treatment. This may be 

explained by weak, non-detectable reduction of tauopathy by forced-ventilation or memantine pre-

treatment in the network upstream the nA. Minor reduction of tauopathy in the PAG, NRA, raphe, 

and A6, coupled to the marked reduction of KF tauopathy, may significantly protect the nA.  

In conclusion, using the respiratory network of young, conscious Tau.P301L mice as model for 

examining the onset and progression of neural defects during neurodegenerative disease, we show 

normal UA function prior to, but not after ISO. Indeed, ISO anesthesia of young Tau.P301L mice 

precociously induced tauopathy in the network controlling UA, a pathological process implicating 

NMDA-R and inducing UA dysfunction and its cohort of deleterious effects. The efficiency of 

memantine pre-treatment and distinct protocols of anesthesia to alleviate tauopathy and UA 

dysfunction in Tau.P301L mice offers new, promising issues for safer anesthesia of AD patients. 

 

Material and Methods 

All methods are detailed in SI Methods. Briefly, AT8 immunohistochemistry and plethysmography 

were used in conscious FVB/N and transgenic Tau.P301L mice as previously reported (8, 9, 7). 

Tau.P301L mice, produced in the FVB/N genetic background, express the longest human tau 

isoform bearing the P301L mutation in neurons (7). Consistently with previous reports on onset of 

tauopathy by ISO anesthesia of Tau-P301L mice (27), 4 mo old mice were subjected to 4 h 

exposure to ISO at 1 MAC (Minimum Alveolar Concentration, 1.3% ISO) with hyperoxic gas 

mixture (30% O2 in air). Mice were either kept freely breathing during ISO session (with or without 

control of body temperature) or intubated and ventilated with hyperoxic (30% O2 in air) or hypoxic 

(10% O2, 90% N2) or hyperoxic / hypercapnic gas mixture (7% CO2, 30 % O2, 63% N2). After 
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mouse lethal anesthesia (Nembutal), the brain was removed, fixed and sectioned (40 µm coronal 

vibratome sections). Sections were stained with AT8, a monoclonal antibody specifically directed 

against phosphorylated human protein tau at epitopes pS198/pS202pS/pS205, a marker on the 

border between physiology and pathology (9). Brainstem structures were defined from 

neuroanatomical points in mouse atlas (45). Values are given as mean ± standard error of the mean 

(S.E.M.) and considered statistically different at P < 0.05. 
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Figure Legends 

Figure 1: Isoflurane anesthesia precipitates UA dysfunction in young Tau.P301L mice 

a-b: Representation of the double plethysmography setup (a) to record chest and airways spirograms 

(ASp and CSp, respectively) in conscious mice. c: histogram shows mean and SEM of ASp/CSp in 

WT and Tau.P301L mice (white and black columns, respectively) at age 4 mo (n=7 WT and n=6 

Tau.P301L mice) and 8 mo (n= 8 WT and n=8 Tau.P301L mice). ASp/CSp was similar (ns) in both 

strains at 4 mo but significantly different (*, p<0.05) at 8 mo. d-f: Curves show similar development 

of hypothermia (d, temp in °C), bradypnoea (e, respiratory frequency, Rf, in c/min) and bradycardia 

(f, Heart Rate, HR, in c/min) vs. time ( in hour, h) during isoflurane anesthesia of 4 mo old WT 

(n=7) and Tau.P301L (n=6) mice. g: Chest EMG recording at the beginning (1h) and end (4h) of 

isoflurane session show EMG lengthening at 4 h. h: mean and SEM of ASp/CSp in WT and 

Tau.P301L mice prior to isoflurane anesthesia (con, no ISO; n= 7 WT and n= 6 Tau.P301L mice), 7 

d (7d post-ISO; n= 7 WT and n= 6 Tau.P301L mice) and 15 d after isoflurane anesthesia (15d post-

ISO; n= 3 Tau.P301L mice). Isoflurane significantly reduced the ASp/CSp in Tau.P301L but not 

WT mice (ns and * for non-significant and significant changes, respectively, vs. control at p<0.05). 

 

Figure 2: Effect of temperature, forced-ventilation and memantine pre-treatment on the 

isoflurane-induced alteration of UA function in young Tau.P301L mice 

a-c: as in Fig.1 d-f, curves show development of hypothermia (a), bradypnoea (b) and bradycardia 

(c) vs. duration of isoflurane anesthesia in 4 mo old Tau.P301L mice that were either warmed to 

prevent hypothermia (+Warm; n=6), hyperventilated to silent the respiratory network (+Vent; n=6) 

or pre-treated with memantine (Mem; n=8). d: Chest EMG at the end of the isoflurane session in 

warmed (d1, ISO+Warm), hyperventilated (d2, ISO+Vent) and memantine pre-treated (d3, 
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ISO+Mem) Tau.P301L mice; note the normal EMG in dl, its lack in d2 (hyperventilated, non-

breathing mice) and its lengthening in d3 (vertical traces in d1 and d2 were electrocardiogram). 

e: mean and SEM of ASp/CSp in 4 mo old Tau.P301L mice prior to (con, no ISO; n=6) and 7 d 

after isoflurane anesthesia in mice simply exposed to isoflurane (ISO; n=6) or warmed (ISO+Warm; 

n=6) or hyperventilated (ISO+Vent; n=6) or pre-treated with memantine (ISO+Mem; n=8). All 

treatments prevented the isoflurane-induced reduction of ASp/CSp (ns and * for non-significant and 

significant changes, respectively, vs. control at p<0.05). 

 

Figure 3: AT8 expression in brainstem of Tau.P301L mice 7 d post-isoflurane. 

Successive 40 µm coronal sections stained with AT8 in a given Tau.P301L mice sacrificed 7 d after 

isoflurane anesthesia; right-hand pictures are enlargements of the doted black box drawn in the 

corresponding left-hand pictures; arrows indicate some AT8+ neurons. (Fig. 3 is to be compared 

with Fig. S1 and Fig. S2). a: caudal medulla; AT8+ neurons were present in the reticular formation 

(arrows) and external cuneatus (Cun) and hypoglossal motor nucleus (n12; enlargement in a1) but 

almost absent in the nucleus tractus solitarius (nTS); a2: n12 at a more caudal level. b: rostral 

medulla, note the high density of AT8+ neurons in the nucleus ambiguus (nA) (enlargement in b1), 

the raphe obscurus (Rob; enlargement in b2), prepositus (pp) and catecholaminergic C2 group (c2). 

c: pontine level; the KF (enlargement in c1), A6 (A6; enlargement in c2) and trigeminal motor 

nucleus (Mo5; enlargement in d1) contained high density of AT8+ neurons; note the KF location 

between the superior cerebellar peduncle (scp) and the principal sensory trigeminal nucleus (Pr5). 

d: midbrain; the periaqueductal gray (PAG) contained weakly stained AT8+ neurons in the 

ventrolateral part (enlargement in d2). Calibration bars: 400 and 200 µm for left- and right-hand 

pictures, respectively; 100 µm for the KF enlargement in c1. 

 

Figure 4: Effects of forced-ventilation and memantine pre-treatment on AT8 expression in the 

brainstem of Tau.P301L mice 7 d post-isoflurane 

a: AT8+ neurons in the nA of Tau.P301L mice 7 d post- isoflurane without other treatments (ISO) 

or with forced-ventilation (ISO+Vent) or with memantine pre-treatment (ISO+Mem). Histogram 

show mean and SEM of number of AT8+ neurons in the nA of ISO (n=3), ISO+Vent (n=3) and 

ISO+Mem (n=3) mice. Ventilation or memantine pre-treatment almost zeroed the number of AT8+ 

neurons in the nA (*, p<0.05). b: AT8+ neurons and AT8 optical density in the KF. Ventilation or 

memantine pre-treatment significantly reduced (*, p<0.05), but not zeroed, the AT8 optical density 

in the KF. c: as in a but for the NRA. Ventilation or memantine pre-treatment did not significantly 

reduce (ns, p>0.05) the number of AT8+ neurons. Calibration bars: 100 µm. 

Table Legends 
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Supplementary information (SI): 
!

!

Material and Methods 

 

We already reported in details methods for genetics, immunohistochemistry and breathing 

analysis (7, 8, 9). Isoflurane anesthesia protocols, consistent with those previously reported to 

precociously onset tauopathy in Tau-P301L mice (27), were adapted for special purposes. 

 

Animals:  

Experiments were performed in wild type (WT) FVB/N and transgenic Tau.P301L mice at 

age 4 and 8 mo. Tau.P301L mice were produced in the FVB/N genetic background to express 

the longest human tau isoform bearing the P301L mutation (Tau.4R/2N-P301L) under control 

of the mouse thy1 gene promoter aiming for neuron-specific expression starting in the third 

postnatal week (7). Tau.P301L mice, genotyped by PCR, were compared with age- and sex-

matched control FVB/N mice. 

 

Isoflurane anesthesia protocols:  

Consistently with previous reports on precocious onset of tauopathy by isoflurane anesthesia 

of Tau-P301L mice (27), young mice at age 4 mo were subjected to 4 h exposure to isoflurane 

(1-chloro-2,2,2-trifluoroethyl difluoromethyl ether; AErrane; Baxter S.A., Belgium) at 1 

MAC (Minimum Alveolar Concentration, 1.3% isoflurane) with hyperoxic gas mixture (30% 

O2 in air instead of 21% O2). At onset of anesthesia and every following h, we recorded rectal 

temperature (type T Thermocouple model 5005, Bioblock Scientific, France), respiratory 

frequency (home made constraint gauges), electromyogram (EMG) of chest respiratory 

muscles and electrocardiogram (epidermal electrodes inserted within the rib cage). Mice were 

either kept freely breathing during isoflurane exposure (with or without control of body 

temperature via external heater) or were intubated and ventilated. Forced ventilation was 

adjusted at 100 cycle per min (c/min) with 0.4 ml per cycle (SAR-830 ventilator, Bioseb, 

U.S.A.) and mice breathed either the same hyperoxic gas mixture as above (30% O2 in air) or 

hypoxic gas mixture (10% O2, 90% N2) or hyperoxic / hypercapnic gas mixture (7% CO2, 30 

% O2, 63% N2).   
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Plethysmographic analysis of breathing parameters: 

As previously reported (8, 9), whole-body plethysmography was used to measure respiratory 

frequency (Rf, expressed in c/min) in conscious, unrestrained mice and double-chamber 

plethysmography to record the chest respiratory movements in the body chamber (Chest 

Spirogram, CSp) and the resulting airflow in the head chamber (Airflow Spirogram, ASp) 

(Fig. 1a). A reduced ASp vs. an increased CSp resulting in ASp/CSp ratio < 1 was indicative 

of upper airways dysfunction impairing the chest respiratory movement to produce adequate 

airflow. To minimize stress, the mice were habituated to the plethysmograph chamber before 

the recording sessions.  

 

Biochemical analysis of blood parameters: 

Values of pH, pO2 and pCO2 levels (mm of Hg) were measured in venous mixed blood 

samples of WT and Tau-P301L mice at age 4 mo (9). After tail blood vessels dilatation with 

hot water (40 – 42 °C°C) and small incision at the tip of the tail, 100 !L blood samples were 

collected in plastic capillaries with electrolyte-balanced heparin (Radiometer, 70 IU heparin 

per mL) and analysed with ABL 80 Flex analyser (Radiometer). Measurements were 

performed in different mice either prior to (control) or after 4 h isoflurane anesthesia or at 7 d 

post-isoflurane. 

 

AT8 immunohistochemistry: 

After mouse anesthesia (Nembutal; 120 mg/kg, i.p.) and transcardiac perfusion (ice-cold 

saline, 2 ml/min, 2 min), brainstems were removed, fixed (4% paraformaldehyde), and stored 

(0.1% sodium azide in PBS at 4°C) until sectioning (40 !m coronal vibratome sections). 

Briefly, the following procedures were performed (7, 8, 9): rinsing (PBS; 15 min with 1.5% 

H2O2 in 50% methanol/PBS), blockade of non-specific binding sites (10% fetal calf serum, 

0.1% Triton X-100 in PBS), incubation with primary monoclonal antibodies AT8 (mouse 

anti-AT8, 1/2500) and AT100 (mouse anti-AT100, 1/1400), 1h incubation with the secondary 

goat antimouse IgG antiserum coupled to PAP (1:500 in blocking buffer; Dako), 5 min 

incubation in 50mM Tris HCl, pH 7.6, enzymatic staining with 3,3’ -diaminobenzidine (0.5 

mg/ml), 0.3%H2O2 in 50 mM Tris HCl, pH 7.6.  

Sections were counterstained with hematoxylin, ethanol dehydrated, delipidated in xylol and 

mounted for microscopic analysis of AT8 immunoreactivity. AT8 is a monoclonal antibody 

specifically directed against phosphorylated human protein tau at epitopes 

pS198/pS202pS/pS205 (Innogenetics, Gent, Belgium), possibly on the border between 
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physiology and pathology (7, 8, 9). AT8 immunoreactivity is the classical method to "stage" 

tauopathy in human brain (28). 

 

Histological analysis: 

For a given mouse, about 140-150 consecutive coronal sections were cut (from about 0.5 mm 

caudal to the pyramidal decussation to about 5 mm more rostral) and one section every three 

was stained with AT8. As previously in terminal Tau.P301L mice (9), we either counted AT8 

positively stained (AT8+) neurons or measured the AT8 optical density to quantify AT8 

staining in different structures defined from neuroanatomical points in mouse atlas (44). Mean 

values were obtained by averaging data from at least three different mice subjected to a given 

protocol of isoflurane anesthesia (either isoflurane alone, or isoflurane + warming, or 

isoflurane + ventilation, or isoflurane + memantine pre-treatment). In the nucleus ambiguus 

(nA) that contained large, easily discernible, AT8+ neurons on 3-4 sections (about 360-480 

!m rostro-caudal extension), we counted the number of AT8+ neurons per section in a given 

mouse and averaged data from different mice to obtain the mean number of AT8+ neurons 

per nA. The same procedure was used for the nucleus retroambiguus (NRA). For the Kölliker-

Fuse (KF) nucleus that extended on 6-8 consecutive sections (about 720-960 !m rostro-

caudal extension) and contained small, intermingled AT8+ neurons, counting was rather 

difficult. Therefore, we used dedicated software to quantify the mean optical density of AT8 

staining in the whole KF area of a given mouse (ImageJ created by Wayne Rasband, NIH, 

USA). For each KF section, pictures were taken of a 500x500 !m square area centered on the 

KF (ventral to the lateral parabrachial nucleus, lateral to the superior cerebella peduncle, 

medial to the middle cerebellar peduncle, and dorsal to the principal trigeminal sensory 

nucleus). To minimize variations in the square positioning and the intensity of the AT8 

staining between different sections and different mice, the analysis was performed by the 

same person (CM) using standardized protocols (homogenisation for positioning, brightness 

and contrast adjustments; colour threshold set to remove " of the blue spectrum). In a given 

mouse, the AT8 optical density was measured for each section containing the KF and 

individual values were averaged to obtain the mean AT8 optical density of the KF of this 

mouse. Data from different mice were averaged to obtain the mean value of the AT8 optical 

density in the KF.  
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Statistics: 

Values are given as mean ± standard error of the mean (S.E.M.). First, normal distribution of 

values was assessed prior to statistical tests. Intra-group statistics were performed using 

paired Student t test, inter-group statistics were performed using Student t test (2 groups) or 

one-way analysis of variance (ANOVA) with post-hoc Newman-Keuls (>2 groups) (Igor Pro 

software; WaveMetrics, Oregon, USA). Statistical differences were regarded as significant if 

P < 0.05. 

 

 

 

 
Table 1: Mean and SEM of blood parameters and respiratory frequency (Rf) of young 

Tau.P301L (Tau) and WT mice prior to, during (4
th

 hour) and 7 days after isoflurane 

exposure (ns and * indicate non significant and significant differences, respectively). 

!

Conditions Strain pH pCO2 

(mm Hg) 

pO2 

(mm Hg) 

Rf 

(c/min) 

WT (n=8) 7.18 ± 0.02 60.37 ± 4.46 44.88 ± 6.22 175 ± 4 

Tau vs. WT ns ns ns ns 

Prior to 

ISO 

exposure Tau (n=8) 7.20 ± 0.02 60.63 ± 5.30 51.50 ± 3.54 173 ± 6 

      

WT (n=4) 7.28 ± 0.03 44.50 ± 3.48 43.75 ± 4.59 20 ± 1 

Tau vs. WT ns ns ns ns 

4
th

 h 

of ISO 

exposure Tau (n=4) 7.24 ± 0.02 43.75 ± 4.25 42.50 ± 1.49 21 ± 1 

 WT (prior vs. 4h) ns ns ns * 

 Tau (prior vs. 4h) ns ns ns * 

      

WT (n=4) 7.20 ± 0.04 62.67 ± 2.19 46.33 ± 3.71 177 ± 8 

Tau vs. WT ns ns ns ns 

7 d after 

ISO 

exposure Tau (n=4) 7.22 ± 0.01 55.00 ± 2.48 58.25 ± 7.06 183 ± 9 

 WT (7 d  vs. 4 h) ns ns ns * 

 Tau (7d  vs. 4 h) ns ns ns * 

 WT (7d  vs. prior) ns ns ns ns 

 Tau (7d vs. prior) ns ns ns ns 
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Figure S1 
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Figure S1: Effect of forced-ventilation during isoflurane anesthesia on AT8 expression 

in brainstem of Tau.P301L mice 7 d post-isoflurane. 

To be compared with Fig. 3 (isoflurane anesthesia without ventilation). Successive coronal 

brainstem sections (thickness 40 !m) stained with AT8 in a given Tau.P301L mice (age 4 

mo), sacrificed 7 d after isoflurane anesthesia with forced ventilation; right-hand pictures are 

enlargements of the doted black box drawn in the corresponding left-hand pictures. Arrows 

show some AT8+ neurons. 

a: caudal medulla; AT8+ neurons were observed in the reticular formation, especially in the 

external cuneatus (Cun) and hypoglossal motor nucleus (n12; enlargement in a1) but were 

almost absent in the nucleus tractus solitarius (nTS); b2 shows AT8+ neurons in the n12 of 

the same mouse but at a more caudal level.   

b: rostral medulla, note the faint labeling of the nA (enlargement in b1) and the frequent, well 

stained AT8+ neurons in the raphe obscurus (Rob; enlargement in b2), reticular formation 

(arrows), prepositus (pp) and catecholaminergic C2 group (c2). 

c: pontine level; note the weak AT8 labeling of the KF (enlargement in c1) but the frequent, 

well stained AT8+ neurons in the locus coeruleus (A6; enlargement in c2), the oral pontine 

reticular nucleus (Pno; arrows show some AT8+ neurons) and trigeminal motor nucleus 

(Mo5; enlargement in d1). 

d: midbrain; the periaqueductal gray (PAG) contained some weakly stained AT8+ neurons in 

its ventrolateral part (enlargement in d2). 

Calibration bars: 400 and 200 !m for left- and right-hand pictures, respectively; 100 !m for 

the KF enlargement in c1. 
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Figure S2 
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Figure S2: Effect of memantine treatment prior to isoflurane anesthesia on AT8 

expression in brainstem of Tau.P301L mice 7 d post-isoflurane. 

To be compared with Fig. 3 (isoflurane anesthesia without memantine pre-treatment). 

Successive coronal brainstem sections (thickness 40 !m) stained with AT8 in a given 

Tau.P301L mice (age 4 mo), sacrificed 7 d after isoflurane anesthesia preceded by memantine 

pre-treatment. right-hand pictures are enlargements of the doted black box drawn in the 

corresponding left-hand pictures. Arrows show some AT8+ neurons. 

a: caudal medulla; AT8+ neurons were observed in the reticular formation, especially in the 

external cuneatus (Cun) and hypoglossal motor nucleus (n12; enlargement in a1) but were 

almost absent in the nucleus tractus solitarius (nTS); b2 shows AT8+ neurons in the n12 of 

the same mouse but at a more caudal level.   

b: rostral medulla, note the faint labeling of the nA (enlargement in b1) and the frequent, well 

stained AT8+ neurons in the raphe obscurus (Rob; enlargement in b2), reticular formation 

(arrows), prepositus (pp) and catecholaminergic C2 group (c2). 

c: pontine level; note the weak AT8 labeling of the KF (enlargement in c1) but the frequent, 

well stained AT8+ neurons in the locus coeruleus (A6; enlargement in c2), the oral pontine 

reticular nucleus (Pno; arrows show some AT8+ neurons) and trigeminal motor nucleus 

(Mo5; enlargement in d1). 

d: midbrain; the periaqueductal gray (PAG) contained some weakly stained AT8+ neurons in 

its ventrolateral part (enlargement in d2). 

Calibration bars: 400 and 200 !m for left- and right-hand pictures, respectively; 100 !m for 

the KF enlargement in c1. 

!
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I - Synthèse des résultats présentés dans cette thèse 
 

 

Tout au long de la vie d’un organisme, le système respiratoire doit équilibrer l’apport 

en O2 avec sa consommation. Chez les mammifères, les voies aériennes supérieures (VAS) 

leur confèrent un avantage évolutif, leur permettant de dissocier respiration et mastication, et 

de vocaliser. Mais cet avantage a un coût, celui d’une grande complexité dans le contrôle 

nerveux de la commande respiratoire et des actes moteurs associés, notamment pour la 

coordination entre les VAS et la pompe respiratoire thoracique. Deux périodes sont 

particulièrement perméables à une altération de cette coordination : la maturation et la 

sénescence. L’enjeu principal de la respiration étant le maintien de l’homéostasie gazeuse 

sanguine, toute incapacité, totale ou partielle, de régulation de la respiration en réponse à des 

variations de pressions partielles sanguines en O2, CO2 et/ou pH entraîne souvent une 

situation pathologique, dont la gravité diffère en fonction de l’âge. Dans cette thèse, nous 

nous sommes intéressés à l’altération du système respiratoire et en particulier des VAS dans 

deux modèles murins de pathologies humaines, une neurodéveloppementale (souris Mecp2
-/y) 

et une neurodégénérative (souris Tau.P301L). Nous avons également étudié différents 

mécanismes induisant des défauts respiratoires chez la souris, sauvage ou transgénique, et en 

particulier en réponse à l’hypercapnie. 

 

Les souris Mecp2
-/y sont un modèle murin reconnu du Syndrome de Rett (SR), une 

maladie rare causée par la mutation du gène codant pour la protéine 2 liée au méthyl-CpG 

(protéine MeCP2), un répresseur transcriptionnel. Les souris Mecp2
-/y, comme les patientes 

atteintes par le Syndrome de Rett, respirent normalement à la naissance mais développent 

pendant la période postnatale des troubles respiratoires graves, souvent associés à leur 

mortalité précoce. Chez les souris Mecp2
-/y, ces troubles respiratoires apparaissent vers le 30e 

jour post-natal (P30), sous la forme d’un rythme respiratoire erratique interrompu d’apnées 

longues et fréquentes. Dans cette thèse, nous montrons que les anomalies de la rythmogenèse 

respiratoire des souris Mecp2
-/y sont précédées par des anomalies des régulations respiratoires. 

En effet, pendant la période pré-symptomatique (avant P30), l’exposition des souris Mecp2
-/y

 

à une hypoxie ou à une hypercapnie modérée provoque l’apparition prématurée d’altérations 

du rythme, semblables à celles observées plus tard en période symptomatique (après P30). De 

plus, pendant la période pré-symptomatique (avant P30), les souris Mecp2
-/y présentent une 
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respiration anormale après un soupir spontané, ce qui confirme des anomalies précoces des 

régulations respiratoires par l’état d’inflation pulmonaire et le niveau d’oxygénation sanguine. 

Avec l’âge, les anomalies des régulations respiratoires des souris Mecp2
-/y s’aggravent : à 

P30, la réponse ventilatoire à l’hypoxie (RVH) est exacerbée, la respiration après un soupir 

est erratique et la fréquence des apnées est considérablement accrue. La moitié des apnées 

sont désormais de type obstructif, révélant un défaut de coordination des VAS chez les souris 

Mecp2
-/y en période pathologique, avec des muscles respiratoires thoraciques qui luttent 

contre la fermeture des VAS. Ces résultats suggèrent que l’altération de la rythmogenèse 

respiratoire chez les souris Mecp2
-/y est postérieure à l’altération de la coordination de 

l’activité des VAS pendant les différentes phases du cycle respiratoire. Cette altération de la 

commande des VAS qui n’est discernable que pendant la période tardive de maturation du 

réseau respiratoire, est potentiellement induite sinon aggravée par des hypoxies et 

hypercapnies modérées. 

 

Chez les souris, il existe de nombreux fonds génétiques traditionnellement utilisés 

dans la recherche scientifique. Les souris C57Bl/6J et FVB/N sont deux fonds génétiques très 

répandus pour la transgénèse, or le génotype de fond peut avoir un effet en soi sur le 

phénotype de ces souris, et notamment sur le phénotype respiratoire. Dans cette thèse, nous 

montrons que dès la naissance, la respiration des souris C57Bl/6J est irrégulière, parsemée 

d’apnées d’origine centrale, contrairement aux souris FVB/N chez qui la respiration est 

robuste. Nous montrons que cette différence persiste avec l’âge et ce au moins jusqu’à l’âge 

de 1 an. Les souris C57Bl/6J ont une RVH et une réponse ventilatoire à l’hypercapnie 

(RVHC) plus faibles et une diminution de la ventilation liée à l’âge plus forte que les souris 

FVB/N. Egalement, les gaz du sang et le métabolisme de la sérotonine (5-HT) sont différents 

entre les souris C57Bl/6J et FVB/N. Or les neurones 5-HT jouent un rôle prépondérant dans la 

chémosensibilité centrale et donc dans la RVHC. Nous montrons sur le réseau respiratoire 

isolé in vitro du nouveau-né que des manipulations pharmacologiques du système 5-HT (et en 

particulier via la fluoxétine, un inhibiteur de la recapture de la sérotonine engendrant une 

augmentation des taux endogènes de 5-HT) altèrent la réponse respiratoire à l’acidose 

(mimant in vitro l’hypercapnie), ce qui pourrait être le signe d’une altération du dialogue 

synaptique entre les neurones 5-HT et les neurones chémosensibles du noyau rétrotrapézoïde. 

Ce travail s’inscrit également dans le cadre d’une revue de la littérature traitant de 

l’implication de la 5-HT dans la physiologie et les pathologies respiratoires. De plus, nous 

nous sommes intéressés à un autre mécanisme déprimant la RVHC chez la souris adulte, 
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impliquant l’érythropoïétine (EPO). L’EPO, une cytokine connue pour son effet stimulateur 

de l’érythropoïèse, possède de nombreuses autres actions notamment centrales, et contribue à 

l’acclimatation respiratoire à l’hypoxie chronique. Nous montrons dans cette thèse que l’EPO 

diminue la RVHC par une action directe à la fois au niveau périphérique (corps carotidiens) et 

central (réseau respiratoire du tronc cérébral), mais aussi par une action indirecte via la 

polyglobulie. Cette désensibilisation de la RVHC pourrait jouer un rôle majeur dans la 

survenue du mal chronique des montagnes. 

 

Les tauopathies, dont fait partie la maladie d’Alzheimer (MA), sont des pathologies 

neurodégénératives caractérisées par la formation d’agrégats neurofibrillaires de protéines tau 

hyperphosphorylées. La protéine tau est une protéine associée aux microtubules, dont le 

niveau de phosphorylation détermine si elle est sous la forme liée aux microtubules (peu 

phosphorylée) ou libre dans le cytosole (hyperphosphorylée). Les recherches scientifiques et 

médicales se sont quasiment toutes focalisées sur les structures supérieures du cerveau 

atteintes par la tauopathie, et ont négligé l’atteinte du tronc cérébral et ses répercutions. Dans 

cette thèse, nous avons utilisé un modèle murin de tauopathie, les souris Tau-P301L, qui 

expriment une isoforme humaine mutée de la protéine tau dans les neurones. Chez ces souris 

Tau-P301L qui meurent précocement vers l’âge de 10 mois, nous avons montré pour la 

première fois une altération précoce de la commande post-inspiratoire des VAS : dès l’âge de 

8 mois, la commande post-inspiratoire des VAS induit paradoxalement une fermeture partielle 

des VAS pendant l’inspiration. Les souris Tau-P301L doivent donc fournir un effort 

respiratoire accru pour inspirer un faible volume d’air. Cette altération de la commande post-

inspiratoire des VAS est liée à une atteinte par la tauopathie de certains noyaux respiratoires, 

et en particulier du noyau de Kölliker-Fuse (KF). Egalement, l’hypercapnie aggrave les 

déficits respiratoires des souris Tau-P301L. Nous avons ensuite montré que l’altération de la 

commande des VAS affecte avec l’âge une autre activité : la vocalisation. En effet, la 

vocalisation ultrasonore des souris Tau-P301L âgées de 8 mois est très altérée comparée à 

celle des souris Tau-P301L jeunes (4 mois) ou des souris contrôles âgées de 8 mois. Cette 

altération qui se caractérise par une forte diminution qualitative et quantitative des 

vocalisations, est certainement liée à la tauopathie du KF (intervenant dans la coordination 

entre respiration et vocalisation), mais aussi et surtout à la tauopathie affectant la substance 

grise périaqueducale (PAG) et le noyau rétro-ambigu (NRA). L’altération de la vocalisation 

des souris Tau-P301L âgées peut rappeler dans une certaine mesure l’altération du langage 

des patients âgés souffrant de la MA. En stade terminal de la pathologie, nous avons montré 
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que les troubles respiratoires des souris Tau-P301L s’aggravent, induisant même des 

anomalies du rythme et des régulations respiratoires. A cet âge avancé, les régions 5-HT étant 

atteintes anatomiquement par la tauopathie, le métabolisme de la 5-HT est altéré, ce qui peut 

contribuer à l’aggravation des troubles respiratoires. L’altération 5-HT et l’aggravation des 

troubles respiratoires des souris Tau-P301L âgées peut rappeler dans une certaine mesure les 

désordres respiratoires au cours du sommeil des patients âgés souffrant de la MA. Enfin, nous 

montrons qu’une anesthésie de type clinique (mais sans chirurgie associée) des souris Tau-

P301L jeunes (4 mois, donc en période pré-symptomatique) induit prématurément une 

hyperphosphorylation de tau dans le KF, le NRA et la PAG, ainsi qu’une altération marquée 

de la commande post-inspiratoire des VAS, ces altérations persistant après l’anesthésie. 

L’anesthésie des souris Tau-P301L jeunes induisant précocement les symptômes des souris 

âgées, nos résultats sont en parfait accord avec le bilan dressé par un consensus scientifique 

sur les dangers potentiels liés à l’anesthésie des patients à risque de MA. Dans un contexte 

appliqué, nous montrons chez la souris Tau-P301L que la ventilation artificielle pendant 

l’anesthésie ou un prétraitement à la mémantine, un antagoniste des récepteurs NMDA, 

empêche l’apparition des symptômes prématurés. Il se pourrait ainsi qu’un mécanisme 

d’excitotoxicité impliquant les récepteurs NMDA des centres respiratoires puisse conduire au 

déclenchement de la tauopathie et aux altérations respiratoires consécutives. 

 

Dans cette discussion, nous allons montrer les interactions qui existent entre les 

différentes études réalisées au cours de cette thèse, afin d’en dégager les fils conducteurs, et 

en particulier la maturation / vieillissement du contrôle central respiratoire et de la RVHC. De 

plus, nous allons développer certaines avancées permises par ces études en les situant dans 

leur contexte scientifique, abordant certains points précis non discutés dans les articles 

présents dans cette thèse. Nous terminerons en évoquant des travaux encore en cours de 

réalisation, et les perspectives qu’ils offrent. 
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II - Influence du génotype sur le contrôle central 
respiratoire et en particulier sur la commande des 

VAS 
 

 

Dans cette thèse, nous nous sommes particulièrement intéressés à l’atteinte du système 

respiratoire lors de deux pathologies, le Syndrome de Rett qui est une neuropathologie 

neurodéveloppementale, et la tauopathie au sens large, une maladie neurodégénérative. Nous 

avons étudié ces pathologies chez des modèles murins transgéniques, les souris Mecp2
-/y pour 

le Syndrome de Rett et les souris Tau-P301L pour la tauopathie. Or les souris de laboratoire 

ont été sélectionnées génétiquement, certaines comme les C57Bl6 depuis plus d’un siècle 

(The Jackson Laboratory, n.d.). Des accouplements consanguins successifs ont permis la 

stabilisation de certains génotypes, afin de réduire la variabilité phénotypique au sein d’une 

même lignée. Grâce à cela, il est possible de connaître par exemple l’effet d’une drogue ou 

d’une mutation génétique en n’ayant recours qu’à de petits échantillons d’animaux, ce qui 

entre dans la logique éthique de réduction du nombre d’animaux utilisés lors des 

expérimentations scientifiques. Cependant, le lissage génétique par la consanguinité réduit le 

spectre phénotypique des souris étudiées, réduisant par conséquent les interactions 

potentielles de l’objet des recherches avec l’organisme murin. Pour essayer de pallier ce 

problème et d’offrir une diversité génétique permettant l’étude comparée de différents 

phénotypes, plusieurs souches consanguines de souris ont été créées. Parmi les plus utilisées 

se trouvent les souris C57Bl/6J et les souris FVB/N, notamment car elles sont 

particulièrement permissives à la transgénèse (Taketo et al., 1991; Montagutelli, 2000; 

Giménez and Montoliu, 2001).  

 

Les souris Mecp2
-/y que nous avons étudiées sont de fond C57Bl/6J, et les souris Tau-

P301L sont de fond FVB/N. Or nous avons montré que ces deux fonds génétiques influencent 

de manière significative le contrôle central respiratoire, les souris C57Bl/6J présentant une 

respiration beaucoup plus irrégulière et beaucoup plus d’apnées que les souris FVB/N. Ces 

résultats sont en accord avec des travaux antérieurs de notre équipe de recherche, qui ont 

montré que les apnées spontanées des souris C57Bl/6J sont dues à un prolongement 

anormalement long de la phase post-inspiratoire générant la fermeture des VAS (Stettner et 

al., 2008b). Egalement, chez des souris déficientes pour la protéine Teashirt 3, une altération 
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des motoneurones laryngés cause la mort postnatale de ces souris, et ce de manière plus 

précoce et dramatique quand la mutation est exprimée sur le fond C57Bl/6J que sur le fond 

CD1 (des souris blanches issus du fond Swiss, comme les FVB/N) (Caubit et al., 2008, 2010). 

Il se pourrait donc que le fond C57Bl/6J soit particulièrement propice aux altérations des 

VAS, ce qui peut être un facteur aggravant pour les troubles des VAS observés chez les souris 

Mecp2
-/y. En effet, nous avons montré que la respiration erratique des souris Mecp2

-/y est 

composée in vivo d’une proportion importante (' 40%) d’apnées obstructives d’origine 

centrale, induisant une fermeture prolongée des VAS contre laquelle lutte la pompe 

respiratoire thoracique. Ces résultats complètent ceux de Stettner et collaborateurs, qui 

avaient montré précédemment in situ que les pauses respiratoires des souris Mecp2
-/y sont 

dues à un prolongement de la phase post-inspiratoire (Stettner et al., 2007). Ainsi, il est 

troublant de remarquer que les caractéristiques des apnées des souris Mecp2
-/y ressemblent à 

celles des souris C57Bl/6J. Toutefois, il faut garder à l’esprit que les apnées des souris Mecp2
-

/y sont nettement plus fréquentes, en particulier après P40, que celles des souris C57Bl/6J 

(Viemari et al., 2005; Stettner et al., 2007).  

 

A l’inverse, la stabilité respiratoire des souris FVB/N peut représenter un facteur 

atténuant la sévérité des altérations respiratoires liées à une mutation. Les souris FVB/N 

présentent un ratio flux aérien / mouvements thoraciques respiratoires (ASp/CSp, pour 

Airflow Spirogram/Chest Spirogram) mesuré en pléthysmographie double chambre largement 

supérieur à 1, signe d’une bonne efficacité ventilatoire entre la pompe ventilatoire thoracique 

et les VAS. Ce ratio passe même à 3 chez les souris FVB/N âgées de 8 mois, ce qui traduirait 

une amélioration de l’efficacité ventilatoire avec l’âge, amélioration absente chez les souris 

C57Bl/6J. Cela n’empêche pas la survenue des altérations respiratoires chez les souris Tau-

P301L à 8 mois, avec un déclenchement de la phase post-inspiratoire pendant l’inspiration, 

engendrant ainsi un effort ventilatoire accru pour un flux aérien diminué (ratio ASp/CSp 

largement < à 1). On peut postuler que l’altération respiratoire des souris Tau-P301L est 

sévère, car s’exprimant sur un fond génétique peu enclin à exprimer ce type de déficit et que 

l’altération respiratoire aurait été extrêmement plus marquée si la mutation avait été réalisée 

sur un autre fond génétique, comme le fond C57Bl/6J. Toutefois, ce postulat n’est pas 

vérifiable car il n’existe pas de souris Tau-P301L créée sur fond pur C57Bl/6J, toutes les 

autres transgénèses de ce type ayant été réalisées sur des fonds mixtes C57Bl/6J / DBA / SW 

etc. (Lewis et al., 2000; Götz et al., 2001; Alzforum, 2010). Egalement, le principe même de 

la transgénèse est variable, en fonction du promoteur utilisé, de son site d’insertion dans 
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l’ADN etc., ce qui peut influencer grandement le phénotype respiratoire. De manière contre-

intuitive, lorsque la même mutation du gène Mecp2 (une délétion exonique étendue) est 

effectuée sur un fond pur 129 ou sur un fond mixte 129 / C57Bl/6J, les premières ont une 

espérance de vie moitié moindre par rapport aux deuxièmes (Pelka et al., 2006). D’autres 

auteurs ont réalisé cette délétion exonique dans le gène Mecp2 sur un fond mixte 129 / 

C57Bl/6J / BALB/c, résultant en une survenue des atteintes respiratoires et de la mortalité 

dans les mêmes délais que ceux que l’on a retrouvés sur fond pur C57Bl/6J (Chen et al., 

2001). Il est par conséquent difficile d’anticiper l’interaction entre un fond génétique et une 

mutation, mais au regard de la variabilité inter-génotypes qui existe au niveau de la 

commande respiratoire, il est important de ne pas négliger le fond génétique utilisé et de 

prendre en compte l’influence qu’il peut engendrer sur les résultats obtenus. 

 

Un soupir est une inspiration très ample, qui est considérée comme servant à lutter 

contre l’atélectasie pulmonaire, maintenir la compliance pulmonaire, et améliorer 

transitoirement l’oxygénation alvéolaire (Poets et al., 1997; Patroniti et al., 2002; Qureshi et 

al., 2009). Le soupir est normalement suivi d’une bradypnée en deux phases, la première 

imputée au réflexe de Hering-Breuer, la seconde à l’hyperoxygénation sanguine induite par le 

soupir. Stettner et collaborateurs ont montré que lors de stimulations vagales successives in 

situ visant à reproduire artificiellement un réflexe de Hering-Breuer, les souris C56Bl/6J 

présentent un échappement respiratoire après plusieurs stimulations (Stettner et al., 2007). Cet 

échappement respiratoire est en fait une désensibilisation du réseau respiratoire à la 

stimulation vagale, avec un arrêt de l’apnée et un retour des décharges respiratoires alors que 

la stimulation vagale continue. Non seulement les souris Mecp2
-/y ne présentent pas 

d’échappement respiratoire, mais elles produisent même une apnée de plusieurs secondes 

après l’arrêt de la stimulation vagale. Ces résultats sont concordants avec nos données qui 

montrent que les souris Mecp2
-/y présentent in vivo une altération de la respiration post-soupir, 

avec une apnée de longue durée due à une fermeture des VAS. Cette atteinte spécifique post-

soupir ne se retrouve pas sur les souris contrôles fond C57Bl/6J, et constitue donc 

certainement une altération propre à la mutation du gène Mecp2. Nous avons vérifié la 

régulation respiratoire post-soupir sur les souris FVB/N et les souris Tau-P301L, aucune 

différence inter-spécifique n’a été décelée. Il est possible que le niveau de maturation du 

système respiratoire ait une importance cruciale dans cette différence, comme nous le verrons 

dans le chapitre suivant. 
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III - Le vieillissement du contrôle respiratoire et en 
particulier des VAS, de la maturation à la 

sénescence 
 

 

La maturation et la sénescence du contrôle nerveux respiratoire sont deux périodes 

particulièrement permissives aux pathologies, en particulier celles affectant les VAS. Au 

cours de la maturation, la transition de phase dans le cycle respiratoire entre inspiration et 

post-inspiration passe d’une activité réflexe sous-tendue par les afférences pulmonaires, à une 

activité codée centralement modulée par les afférences pulmonaires. Cette maturation 

implique tout particulièrement les VAS, car elles sont l’effecteur principal de la post-

inspiration. Egalement, Dutschmann et collaborateurs ont montré chez la souris, que P15 est 

un âge critique autour duquel se fait la maturation de la phase post-inspiratoire (Dutschmann 

et al., 2009). Chez les souris Mecp2
-/y, les altérations respiratoires sont traditionnellement 

décrites comme apparaissant après P30, s’aggravant progressivement jusqu’à la mort de 

l’animal vers P60-80 (Viemari et al., 2005; Katz et al., 2009). Dans cette thèse nous montrons 

que des stimuli périphériques respiratoires comme une hypoxie ou une hypercapnie modérée, 

et les afférences sensorielles post-soupir, démasquent dès P15 des altérations du contrôle 

central respiratoire chez les souris Mecp2
-/y. Cette concordance temporelle avec la maturation 

de la post-inspiration est intéressante, et peut contribuer à expliquer l’impression de 

régression maturationnelle qui ressort des analyses respiratoires des souris Mecp2
-/y. Il semble 

notamment que la post-inspiration ne devient jamais une phase codée centralement et 

demeure une activité réflexe dépendante des afférences pulmonaires, comme suggéré par la 

non-apparition d’un échappement respiratoire lors de stimulations électriques vagales et les 

apnées suivant ces stimulations vagales (Stettner et al., 2007). Cette régression 

maturationnelle pourrait expliquer la déstabilisation du réseau respiratoire qui s’ensuit, avec 

l’apparition et l’augmentation croissante d’apnées centrales obstructives et non-obstructives, 

et d’irrégularités du rythme respiratoire. En effet, la phase post-inspiratoire est la plus 

modulable de toutes les phases du cycle respiratoire, permettant l’intégration d’activités 

complexes comme la vocalisation et la déglutition. Le Syndrome de Rett est une maladie 

épigénétique, car liée à l’absence d’un répresseur transcriptionnel (la protéine 2 liée au 

méthyl-CpG) (Amir et al., 1999; Shahbazian et al., 2002). Si le développement et la 

maturation de la phase post-inspiratoire sont compromis, cela peut entraîner une altération de 
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la plasticité du contrôle respiratoire central, notamment face à des stimuli variés d’origines 

périphériques et d’afférences sensorielles, favorisant un cercle vicieux potentiel de 

perturbations supplémentaires épigénétiques. Ces hypothèses sont par exemple confortées par 

le décours du Syndrome de Rett chez les patientes, qui présentent un développement normal 

jusqu’à environ 1 an, certaines ayant acquis la marche et commençant à parler, pour ensuite 

régresser et perdre les acquis potentiels comme le langage (Chahrour and Zoghbi, 2007). Des 

données présentes dans cette thèse tendent à confirmer l’importance de la coordination entre 

les noyaux KF, PAG et NRA pour la genèse de la vocalisation et son insertion dans la phase 

post-inspiratoire du cycle respiratoire. Ainsi il est troublant de remarquer que parmi les 

premiers déficits fonctionnels présents chez les patientes Rett se trouvent l’arrêt de 

l’acquisition du langage et sa perte, ce qui pourrait probablement se passer dans la période de 

transition entre phase post-inspiratoire générée par les afférences pulmonaires et phase post-

inspiratoire codée centralement. Toutefois, Guy et collaborateurs ont montré que la 

restauration de l’expression du gène Mecp2 chez la souris modèle de Syndrome de Rett 

environ 4 semaines après la naissance réverse les altérations phénotypiques de ces souris et 

tend à rétablir une espérance de vie normale (Guy et al., 2007). Egalement, McGraw et 

collaborateurs ont montré que la délétion du gène Mecp2 chez la souris adulte induit 

rapidement des altérations phénotypiques similaires à celles que développent les souris 

Mecp2
-/y dont l’invalidation génétique n’est pas retardée (McGraw et al., 2011). Ces données 

tendent à montrer la dissociation entre effets pathologiques de la mutation du gène Mecp2 et 

période maturationnelle, même si les altérations respiratoires n’ont été quasiment pas 

abordées, ce qui ne permet pas de conclure sur ce point précis. Il serait donc tentant de 

considérer le Syndrome de Rett comme une maladie neurodégénérative, et non pas 

développementale, avec d’abord l’arrêt de la maturation tardive du contrôle central 

respiratoire, puis sa neurodégénérescence. 

 

Traditionnellement, les maladies neurodégénératives sont dues à une perte de fonction 

puis à la mort neuronale. Le principal facteur de risque de ces maladies lorsqu’elles sont 

d’origine non génétique est l’âge, comme par exemple pour les maladies d’Alzheimer ou de 

Parkinson. L’apparition de ces maladies est considérée comme un vieillissement 

pathologique, à l’inverse d’un vieillissement dit sain ou "réussi" lorsqu’aucune pathologie 

invalidante sur le long terme ne se développe. Il existe de nombreuses hypothèses sur le 

vieillissement, où comment il conduit à la sénescence cellulaire et la perte progressive de 

certaines fonctions. On peut regrouper un bon nombre de ces hypothèses sous le postulat 
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d’une accumulation de déchets intra et extracellulaires, via de multiples mécanismes comme 

la peroxydation lipidique, le "cross-link" et l’agrégation spontanée de protéines etc. Une des 

hypothèses historiques de la tauopathie est fondée sur les théories d’accumulations de déchets 

et en particulier de protéines tau hyperphosphorylées s’agrégeant et formant des espèces 

toxiques. Tous les individus accumulent au cours de leur vie des agrégats de protéines tau, la 

différence entre un sujet âgé sain et un malade étant un surplus d’agrégats de protéines tau 

chez le sujet malade. Dans ce contexte, nous avons montré sur un modèle murin de 

tauopathie, les souris Tau-P301L, que le contrôle central respiratoire est altéré par la 

tauopathie. Toutefois, cette atteinte est très spécifique, tant en terme de régionalisation 

anatomique des agrégats de protéines tau que d’altération fonctionnelle de la commande 

respiratoire. Il en ressort une question importante : pourquoi l’atteinte neuronale par la 

tauopathie n’est-elle pas ubiquitaire ? En d’autres termes, comment cela se fait-il que certains 

noyaux soient protégés ? Chez les souris Tau-P301L, la rythmogenèse respiratoire n’est pas 

affectée, elle n’est que légèrement déstabilisée en toute fin de vie comme le montre une 

augmentation de l’irrégularité de la fréquence respiratoire. Cette propriété de rythmogenèse 

intrinsèque, au cœur du réseau respiratoire, semble d’ailleurs particulièrement robuste dans 

l’ensemble des maladies neurodégénératives et en particulier celles qui affectent la 

respiration. Chez les patients Alzheimer, la maladie neurodégénérative la plus répandue, 

l’atteinte du tronc cérébral affecte principalement les groupes bioaminergiques, et quelques 

noyaux respiratoires pontiques comme le noyau pigmenté subpédonculaire qui chevauche le 

KF chez l’Homme (Rüb et al., 2000, 2001; Simic et al., 2009; Braak and Del Tredici, 2011a, 

2011b). De plus, comme pour toutes les tauopathies, la principale cause de mortalité chez les 

personnes atteintes de MA est la dysphagie avec pneumonie d’aspiration (Kalia, 2003). Il 

semble évident que les personnes atteintes de MA souffrent d’altération des VAS, et nos 

données expérimentales supportent ce point en l’étendant à la fonction respiratoire. Dans la 

MA, ce serait la coordination des VAS et son implication pour la mécanique ventilatoire 

plutôt qu’un défaut de rythmogenèse respiratoire qui conduirait à des déficits respiratoires. 

Dans d’autres pathologies neurodégénératives, comme l’atrophie systémique multiple ou le 

syndrome Shy-Drager, l’origine de la mortalité par défaillance respiratoire est avérée et 

établie (Chester et al., 1988; Benarroch, 2007). Ces deux maladies sont des neuropathologies 

complexes, constituées notamment de parkinsonisme mais aussi d’autres atteintes 

neurodégénératives. Dans ces deux pathologies, la défaillance respiratoire pourrait être liée à 

des altérations des afférences respiratoires, et s’exprimerait finalement comme une atteinte 

des VAS. En particulier, dans l’atrophie systémique multiple, les muscles adducteurs des 
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cordes vocales présentent des activités toniques de longue durée, générant des apnées 

obstructives d’origine centrale (Benarroch, 2007). Les patients atteints d’atrophie systémique 

multiple présentent également un défaut de réponse ventilatoire à l’hypoxie, avec des périodes 

de respiration de type Cheyne-Stokes etc. Le syndrome de Perry est une autre pathologie 

neurodégénérative, celle-ci très rare (environ 50 patients dans le monde) et vraisemblablement 

d’origine génétique, caractérisée par des troubles parkinsoniens, des altérations 

psychiatriques, une perte de poids et une hypoventilation centrale (Wider and Wszolek, 2008; 

Tsuboi et al., 2008). Les personnes atteintes par cette pathologie décèdent de défaillance 

respiratoire quelques années après la déclaration de la maladie, et présentent dans la région 

ventrolatérale du bulbe une diminution des neurones possédant le récepteur à la neurokinine 1 

(NK1) (fortement exprimé dans le complexe de PréBötzinger, PréBötC) et des neurones 

exprimant la tyrosine hydroxylase (TH, un marqueur des neurones catécholaminergiques), 

mais aussi une perte de neurones 5-HT dans les raphés bulbaires et une perte de neurones 

dans la substance noire (Tsuboi et al., 2008). Dans cette maladie rare, l’altération respiratoire 

présente d’abord dyspnées et tachypnées, puis des apnées importantes et une insuffisance 

respiratoire. Il est possible qu’une altération de la rythmogenèse respiratoire soit présente 

dans cette maladie particulière, même si cette hypothèse n’a pas encore été analysée. 

 

Il est ainsi intéressant de remarquer que d’une manière générale, la coordination des 

VAS dans l’acte moteur respiratoire et les activités associées comme la vocalisation, est 

particulièrement altérée dans les maladies neurodégénératives, et à l’inverse la genèse du 

rythme respiratoire semble peu touchée. Or toutes les pathologies neurodégénératives citées 

ci-dessus présentent une prédominance des altérations respiratoires nocturnes sur les diurnes, 

ce qui est corrélé à l’atteinte systématique des systèmes régulateurs bioaminergiques. Il est 

d’ailleurs très probable que les défaillances respiratoires dans ces maladies proviennent de 

dysfonctionnements des régulations respiratoires. 
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IV - L’influence des régulations respiratoires 
 

1 - Sérotonine et tauopathie 

 

Les bioamines sont très impliquées dans la régulation des rythmes veille/sommeil, et 

leur atteinte lors des maladies neurodégénératives peut être corrélée avec l’altération de la 

respiration pendant la nuit. Dans cette thèse, nous avons montré chez les souris Tau-P301L 

une atteinte par la tauopathie des raphés, ce qui est en adéquation avec les données obtenues 

chez les patients Alzheimer (Simic et al., 2009). De plus, nous avons montré une altération du 

métabolisme de la 5-HT chez les souris Tau-P301L, en mesurant par chromatographie liquide 

à haute pression (HPLC) une quantité d’acide 5-hydroxyindole acétique (5-HIAA ; le 

métabolite final de la voie de dégradation de la sérotonine) plus élevée chez les souris Tau-

P301L que chez les souris contrôles. D’ailleurs, un autre modèle de souris transgénique 

exprimant une isoforme humaine mutante de protéine tau (THY-Tau22) présente un déficit de 

5-HT et de 5-HIAA dans l’hippocampe, donc une altération plus marquée  du métabolisme de 

la 5-HT que celle trouvée dans le tronc cérébral des souris Tau-P301L (Van der Jeugd et al., 

2011). Ces résultats sont cohérents, notamment parce que les raphés pontiques, qui 

contiennent les neurones 5-HT qui projettent dans les structures supérieures du cerveau, sont 

ceux qui anatomiquement sont les plus atteints par la tauopathie. A l’inverse, les raphés 

bulbaires, bien moins touchés par la tauopathie, contiennent les neurones 5-HT qui projettent 

dans le tronc cérébral, et sont impliqués dans la régulation respiratoire. De plus, il semblerait 

que la biosynthèse de la 5-HT se déroule dans les corps cellulaires, la 5-HT étant ensuite 

transportée le long des axones dans des vésicules, d’où elle peut être libérée "en passant", ou 

être finalement mise en attente au niveau des terminaisons pour une potentielle exocytose 

synaptique (Goldman and Schwartz, 1974; Goldman et al., 1976; Leger et al., 2001; Moss et 

al., 2005). Vu que tous les corps cellulaires des neurones 5-HT sont dans le tronc cérébral, et 

considérant l’hypothèse historique d’altération du transport axonal par la tauopathie, il est 

probable que la biosynthèse de la 5-HT soit correcte chez les souris THY-Tau22, mais que 

moins de 5-HT ne parvienne dans l’hippocampe à cause d’un transport axonal perturbé. A 

l’inverse, comme la mesure HPLC de la quantité de sérotonine dans le tronc cérébral ne 

permet pas de différencier la 5-HT présente dans les corps cellulaires de la 5-HT présente 

dans les terminaisons synaptiques, il se peut que chez les souris Tau-P301L, les neurones 5-
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HT projetant dans le tronc cérébral contiennent moins de 5-HT à destination des terminaisons 

synaptiques. Dans ce cas, un excès de 5-HIAA, le produit de dégradation terminal de la 5-HT, 

peut s’expliquer, car l’enzyme de dégradation de la 5-HT, la monoamine oxydase A 

(MAOA), est une enzyme mitochondriale et les mitochondries sont également transportées le 

long des axones, transport une fois de plus altéré par la tauopathie (Zhu et al., 2006; Ballatore 

et al., 2007). Ainsi, une stagnation de la 5-HT et des mitochondries dans le corps cellulaire 

des neurones sérotoninergiques peut conduire à une accélération du catabolisme de la 5-HT. 

Ces hypothèses mériteraient d’être testées expérimentalement, au regard de l’importance 

d’une atteinte du système 5-HT qui est « virtuellement impliqué dans tout », et qui peut donc 

« tout » altérer (Jacobs and Fornal, 2000).  

 

D’une manière générale, les troubles 5-HT sont très fréquents dans les pathologies qui 

induisent des altérations respiratoires, comme le SR, le syndrome de Prader-Willi, ou encore 

les pathologies neurodégénératives citées ci-dessus (Zanella et al., 2008; Katz et al., 2009; 

Abdala et al., 2010). Dans la MA, les neurones 5-HT semblent même être parmi les premiers 

neurones atteints par la tauopathie, et pourraient servir de vecteur de transmission trans-

synaptique de la pathologie dans tout le système nerveux central (Simic et al., 2009; Braak 

and Del Tredici, 2011b). La MA est une maladie typique du vieillissement, dont la cause la 

plus probable est l’accumulation tout au long de la vie d’agrégats de protéines tau et de 

plaques ß-amyloïdes. Un des enjeux importants est de comprendre pourquoi et comment 

certaines de ces espèces deviennent toxiques. Egalement, la MA est généralement 

diagnostiquée tardivement, car ses symptômes initiaux sont similaires à ceux du 

vieillissement physiologique. Dans ce contexte, il n’est pas étonnant que des troubles 5-HT 

soient présents à la fois dans la MA et dans le processus de vieillissement en soi. Nous avons 

montré que les altérations 5-HT chez les souris Tau-P301L peuvent participer à l’aggravation 

de leur phénotype respiratoire en période terminale. Cette aggravation passe par une 

déstabilisation du rythme respiratoire, mais aussi par une intensification de la dysfonction des 

VAS. Behan et collaborateurs ont montré chez le rat âgé que la facilitation à long terme (LTF) 

du nerf hypoglosse induite par des hypoxies intermittentes est altérée, voire annulée, et ce, de 

façon concomitante à une réduction du nombre de terminaisons 5-HT et une altération de la 

morphologie des boutons synaptiques projetant sur l’hypoglosse (Behan and Brownfield, 

1999; Zabka et al., 2001a, 2001b, 2003, 2005; Behan et al., 2003; Behan and Wenninger, 

2008). De plus, ces auteurs ont montré que ce sont surtout les rats mâles âgés chez qui la LTF 

de l’hypoglosse est annulée avec l’âge, résultats qui pourraient expliquer la proportion très 
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majoritaire chez les hommes par rapport aux femmes d’augmentation d’apnées du sommeil 

avec l’âge (Young et al., 1993; Hla et al., 1994; Bixler et al., 1998, 2001; Ware et al., 2000). 

Comme la LTF est dépendante de la 5-HT et que les souris Tau-P301L présentent des 

altérations 5-HT, il serait intéressant de vérifier si la LTF de l’hypoglosse est altérée chez les 

souris Tau-P301L, et si le sexe est également un facteur déterminant. Cela pourrait trouver 

une résonance particulière avec des données montrant que la MA pourrait être provoquée / 

facilitée par des hypoxies, ce qui pourrait alors participer à l’altération du fonctionnement des 

VAS et contribuer à expliquer les troubles moteurs du langage, de déglutition etc. retrouvés 

chez le patient Alzheimer (Hillert, 1999; Tolnay and Probst, 2002; Kalia, 2003; Peers et al., 

2007; Zhang et al., 2008).  

 

2 - Implications du tonus excitateur hypercapnique 
 

Dans cette thèse, nous nous sommes particulièrement intéressés à l’influence du tonus 

excitateur hypercapnique sur le contrôle central respiratoire. L’hypercapnie et/ou la baisse de 

pH sanguin qui y est associée active(nt) de manière plus importante les centres respiratoires 

que l’hypoxie. L’hypercapnie peut ainsi servir de stress révélant des déficits sous-liminaires 

ou latents, ce qui est le cas pour les souris Mecp2+/- et les souris Tau-P301L. L’hypercapnie 

cause une aggravation in situ et in vivo du phénotype respiratoire pathologique des souris 

Tau-P301L de 8 mois. On remarquera que chez les souris Tau-P301L à 8 mois, la RVHC 

n’est pas altérée en terme d’efficacité de la chémosensibilité, de réponse en fréquence, seule 

la dysfonction des VAS est aggravée. Il serait toutefois intéressant de vérifier si un stress 

hypoxique produit le même effet, sachant que les souris Tau-P301L de 8 mois ont une RVH 

également correcte. Par contre, chez les souris Tau-P301L en stade terminal, la RVHC est 

diminuée par rapport aux souris contrôles. Les raphés contiennent des neurones 

chémosensibles, et sont avec le noyau rétrotrapézoïde (RTN) un des sites principaux 

responsables de la RVHC (Severson et al., 2003; Richerson, 2004; Guyenet et al., 2010; 

Hodges and Richerson, 2010). Or ce sont les raphés bulbaires qui projettent dans le tronc 

cérébral, qui sont responsables de l’excitation des centres respiratoires, les raphés pontiques 

intervenant plutôt dans les voies menant à l’excitation d’éveil. Chez les souris Tau-P301L, les 

raphés pontiques sont dans l’ensemble plus atteints par la tauopathie que les raphés bulbaires, 

ce qui est montré principalement par des marquages AT100, un marqueur pathologique 

reconnu. Il est donc possible que les raphés bulbaires des souris Tau-P301L de 8 mois ne 
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soient pas encore suffisamment atteints par la tauopathie pour engendrer des déficits de 

RVHC. Par contre, en stade terminal lorsque la tauopathie arrive à son paroxysme, l’atteinte 

des raphés bulbaires serait suffisante pour provoquer une altération de la RVHC. En effet, le 

RTN et les noyaux respiratoires de la surface ventrale du bulbe rachidien ne sont pas touchés 

par la tauopathie, même au stade terminal de la maladie. Enfin, l’atteinte des structures 

catécholaminergiques, et en particulier celle du locus cœruleus, est très marquée chez les 

souris Tau-P301L, or ces structures sont également chémosensibles, ce qui peut avoir un rôle 

dans l’altération de la RVHC des souris terminales.  

 

Dans cette thèse, nous avons également étudié plusieurs mécanismes contribuant à ou 

altérant la RVHC. En particulier, nous avons montré que l’érythropoïétine (EPO) 

désensibilise la RVHC par une action directe périphérique (certainement sur les corps 

carotidiens, CC) et centrale, certainement sur les groupes respiratoires du tronc cérébral. 

Egalement, l’EPO désensibilise la RVH de manière indirecte, via la polyglobulie qu’elle 

induit. Dans cette étude deux modèles murins transgéniques ont été utilisés, tous deux créés 

sur le fond C57Bl/6J. Cependant, les souris contrôles de ces modèles étaient de souches 

légèrement différentes, l’une sur fond pur C57Bl/6J, l’autre sur fond C57Bl/6J mais issu des 

portées d’une des souches mutantes. Cette très légère différence a tout de même conduit à une 

RVHC plus ample chez les C57Bl/6J issues des portées de souris mutantes que chez les 

C57Bl/6J de fond pur. Dans un autre article de cette thèse, nous montrons que les souris 

C57Bl/6J ont une RVH et une RVHC moins amples que les souris FVB/N. Il semblerait donc 

que le fond pur C57Bl/6J soit particulièrement peu sensible aux variations de concentrations 

en O2 et CO2, et qu’une petite dérive génétique puisse augmenter cette sensibilité. Ces 

données confirment l’impression générale que les souris du fond C57Bl/6J sont peu robustes 

au niveau de leurs paramètres physiologiques. En outre, Stettner et collaborateurs ont montré 

que les souris C57Bl/6J présentent naturellement des apnées d’origine centrale, ce qui 

pourrait conduire à des hypoxies intermittentes (Stettner et al., 2008b, 2008a). Or nous avons 

montré que les souris C57Bl/6J ont un hématocrite et une pression partielle artério-veineuse 

en CO2 plus élevés, et un pH plus faible que les souris FVB/N. Au regard de ces paramètres, 

il est très probable que les souris C57Bl/6J aient un taux élevé d’EPO, ce qui expliquerait 

l’hématocrite élevé, la RVHC plus faible que chez les souris FVB/N et les souris C57Bl/6J de 

souche non pure (par rapport à nos travaux sur la désensibilisation de la RVHC par l’EPO). 

Ceci expliquerait aussi le pH plus faible et la pression partielle artério-veineuse en CO2 plus 

élevée car le tonus excitateur qu’ils exercent sur la respiration est diminué par l’EPO. Dans 
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cette même ligne de pensée, nos résultats sur l’EPO et la RVHC peuvent participer à la 

compréhension du mal chronique des montagnes (MCM), une pathologie qui touche les 

personnes habitant en haute altitude et qui développent pour une raison inconnue une baisse 

de la ventilation d’altitude, qui entraîne une hypoxémie, une surproduction d’EPO, une 

polyglobulie majeure, puis en conséquence une hypertension artérielle pulmonaire et une 

hypertrophie du ventricule droit qui mènent à la mort du sujet (Monge and Whittembury, 

1976; León-Velarde et al., 2010). Egalement, les sujets atteints de MCM ont une pression 

partielle de CO2 dans l’air expiré plus élevée et un pH sanguin plus faible que les sujets sains 

vivant à la même altitude ; la diminution de ventilation d’altitude des sujets atteints de MCM 

pourrait être corrélée avec une réduction de leur chémosensibilité centrale au CO2 (Hurtado, 

1960; Fatemian et al., 2003; León-Velarde and Richalet, 2006; León-Velarde et al., 2010). On 

remarquera les similitudes entre les sujets atteints de MCM et les souris C57Bl/6J : dans les 

deux cas, une concentration élevée d’EPO peut entraîner un cercle vicieux de 

désensibilisation de la RVHC et donc de diminution du tonus excitateur du CO2 sur la 

respiration, résultant en une baisse générale des paramètres respiratoires qui peut selon les 

circonstances (par exemple la haute altitude) devenir pathologique. 

 

La théorie de la neuro-archéologie propose que des désordres neurologiques comme 

l’épilepsie infantile, le retard mental, et même dans certaines conditions les maladies de 

Huntington et d’Alzheimer, pourraient être en partie causés par des troubles précoces du 

développement (Ben-Ari, 2008). Cette théorie a été démontrée comme vraie dans d’autres 

systèmes biologiques, le plus connu étant certainement le système endocrinien. En particulier, 

l’exposition d’une mère enceinte à des perturbateurs endocriniens comme les phthalates ou le 

bisphénol A (présents dans la majorité des produits industriels : plastiques, vêtements, jouets 

etc.), peut causer chez l’enfant de nombreux troubles comme une diminution de la fertilité et 

une atrophie des organes génitaux, mais aussi plus tard des risques élevés d’obésité et de 

cancers (Soto and Sonnenschein, 2010; Walker and Gore, 2011; Goodman et al., 2011; Weiss, 

2011). D’ailleurs, l’explosion du nombre de cancers du sein au cours des dernières années est 

de plus en plus imputée à l’exposition notamment intra-utérine aux perturbateurs 

endocriniens. Dans cette thèse, nous nous sommes penchés sur ce paradigme du 

développement de la pathologie en période pré-symptomatique, chez les souris Mecp2
-/y et 

Tau-P301L. Chez les souris Mecp2
-/y, nous avons montré qu’une hypoxie ou une hypercapnie 

modérée déclenche de façon anticipée (dès P15) des troubles respiratoires similaires à ceux 

présents en période symptomatique (après P30), et que ces troubles sont transitoires, la 
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respiration revenant ensuite à la normale. De même, les souris Mecp2
-/y présentent dès P15 

des altérations de la respiration post-soupir. Ces altérations précoces pourraient représenter les 

prémices de la pathologie Rett sur le système respiratoire, et pourraient permettre un 

diagnostic plus précoce. Egalement, ces altérations montrent toute l’importance des 

régulations respiratoires, même pour la rythmogenèse, des variations modestes de pressions 

partielles sanguines en O2 ou CO2 perturbant a posteriori la stabilité du rythme respiratoire et 

entraînant même des apnées. L’hypothèse réseau de la rythmogenèse respiratoire considère le 

réseau respiratoire comme étant en permanence sous une forte pression inhibitrice notamment 

GABAergique. Ceci pourrait expliquer le succès de l’augmentation pharmacologique du 

GABA chez les souris Mecp2
-/y restaurant leur stabilité respiratoire, en adéquation avec les 

démonstrations récentes de l’importance de l’altération du système GABAergique pour le 

développement des troubles liés à la mutation du gène Mecp2 (Medrihan et al., 2008; Katz et 

al., 2009; Abdala et al., 2010; Chao et al., 2010; Voituron and Hilaire, 2011). Chez les souris 

Tau-P301L, nous avons montré qu’une anesthésie à l’isoflurane en période pré-

symptomatique, c’est-à-dire à l’âge de 4 mois, déclenche prématurément 

l’hyperphosphorylation de tau dans certaines régions du tronc cérébral et des troubles 

respiratoires similaires à ceux des souris Tau-P301L de 8 mois. De plus, ces troubles 

respiratoires perdurent jusqu’à deux semaines post-anesthésie. Ces données démontrent que 

l’anesthésie peut précipiter le déclenchement d’une pathologie encore non déclarée mais 

latente, et ce certainement via des mécanismes d’excitotoxicité à travers les récepteurs au 

NMDA, comme suggéré par l’effet protecteur d’un traitement avec la mémantine, un 

antagoniste des récepteurs au NMDA, avant l’anesthésie. De plus, nous montrons que le tonus 

excitateur hypoxique ou hypercapnique sur le réseau respiratoire pendant l’anesthésie 

participe au déclenchement des altérations respiratoires post-anesthésie. Ces données 

montrent une fois de plus le rôle crucial des régulations respiratoires dans l’apparition 

d’altérations respiratoires. Dans cette étude, nous avons utilisé l’anticorps AT8 pour marquer 

l’hyperphosphorylation de tau ; les troubles respiratoires étaient corrélés à la présence et à 

l’intensité du marquage AT8. Cependant, cet anticorps est généralement décrit comme étant à 

la frontière entre la physiologie et la pathologie. Notre étude montre que dans certains cas, la 

présence d’AT8 peut être reliée à la pathologie, ce qui pourrait coïncider avec l’hypothèse de 

plus en plus prégnante de la toxicité des espèces intermédiaires des protéines tau 

hyperphosphorylées comme les oligomères, par rapport au rôle certainement non néfaste des 

agrégats neurofibrillaires de tau. 
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V - Conclusion et perspectives 
 

 

Dans cette thèse nous avons développé plusieurs axes de recherche, avec deux fils 

conducteurs principaux : 1) l’étude du vieillissement du contrôle nerveux de la respiration, de 

sa maturation à sa sénescence, et en particulier au cours de deux neuropathologies 

caractérisant chacune de ces périodes ; 2) l’étude de l’impact du CO2 sur la commande 

centrale respiratoire, des facteurs modulant la réponse ventilatoire à l’hypercapnie à 

l’influence du CO2 dans les pathologies de la maturation et de la sénescence étudiées.  

L’objet principal et l’originalité de cette thèse reposent essentiellement sur l’étude de 

l’altération respiratoire des souris Tau-P301L, modèle reconnu de tauopathie, et donc de la 

maladie d’Alzheimer (MA).  

La MA, maladie neurodégénérative actuellement la plus répandue, est devenue ces 

dernières années un enjeu sociétal majeur. L’effort de recherche sur la MA au niveau 

international est monumental, la communauté de scientifiques s’y consacrant intensément et 

les subventions tant publiques que privées étant très importantes. Cependant, aucune thérapie 

n’a encore été découverte ; les rares outils thérapeutiques existant actuellement amoindrissent 

les symptômes de la MA, ralentissent le développement de la MA, mais sans pour autant 

l’arrêter ni bloquer son aggravation. La plus grande partie des recherches et essais cliniques 

thérapeutiques se sont concentrés sur les plaques ß-amyloïdes, en raison de l’hypothèse 

principale sur l’étiologie MA, la "cascade amyloïde", qui place la pathologie liée au peptide 

amyloïde (Aß) comme initiale. Les échecs successifs des essais cliniques sur des traitements 

liés à Aß, faisant pourtant suite à des résultats quasi-miraculeux sur les modèles murins, ont 

notamment contribué ces dernières années à un regain d’attention sur la tauopathie.  

Toutes les expérimentations effectuées au cours de cette thèse ne sont pas présentées 

dans ce manuscrit, comme l’étude réalisée en collaboration avec le Docteur Françoise 

Muscatelli et son équipe (INMED, Marseille) sur les souris Necdin
+/-p, un modèle murin du 

syndrome de Prader-Willi, et l’étude réalisée en collaboration avec le Professeur Giuseppe 

Testa et son équipe (IFOM-IEO, Milan) sur l’importance épigénétique de JMJD3 pour le 

développement du réseau respiratoire. Mais, grâce à notre collaboration avec le Professeur 

Fred Van Leuven (LEGTEGG, Leuven), nous avons également pu étudier de manière 

approfondie le rôle de la phosphorylation de tau pour la pathologie respiratoire des souris 

Tau-P301L, avec des pistes thérapeutiques.  
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Tout d’abord, en utilisant des souris transgéniques Tau-P301L qui surexpriment 

l’enzyme GSK3ß (Glycogène Synthase kinase 3ß), la principale kinase phosphorylant la 

protéine tau, nous avons noté de manière surprenante que l’excès de GSK3ß annule les 

altérations respiratoires des souris Tau-P301L à 8 mois et double leur durée de vie. A 

l’inverse, les souris Tau-P301L qui n’expriment plus GSK3ß ont une durée de vie réduite de 

moitié, et des altérations respiratoires encore plus sévères que les souris Tau-P301L à 8 mois. 

Ces résultats sont inattendus, car on aurait supposé que l’excès de GSK3ß aurait aggravé la 

tauopathie dans le tronc cérébral et donc les altérations respiratoires, et inversement avec la 

délétion de GSK3ß. Ceci est d’autant plus surprenant que la surexpression de GSK3ß chez les 

souris Tau-P301L aggrave la tauopathie dans le télencéphale, ainsi que les atteintes cognitives 

et comportementales. La compréhension du ou des mécanismes responsable(s) de cette 

dichotomie dans l’action de GSK3ß sur tau entre le tronc cérébral et le télencéphale 

représente un enjeu majeur, permettant d’offrir des perspectives thérapeutiques. 

Enfin, la protéine tau peut être modifiée post-translationnellement de diverses 

manières, et notamment par l’O-GlcNAcylation. L’O-GlcNAcylation de la protéine tau est 

d’ailleurs supposée antagoniser sa phosphorylation. Nous avons pu tester l’effet d’un 

inhibiteur de l’O-GlcNAcase (l’enzyme clivant O-GlcNAc et protéine tau) chez les souris 

Tau-P301L à 6 mois et à 8 mois. Dans les deux cas, la respiration des souris était très 

significativement améliorée, et la survie des animaux considérablement prolongée. Cette 

étude est encore en cours, notamment pour la partie biochimique, mais elle permet déjà 

d’envisager l’inhibition de l’O-GlcNAcase comme une piste potentielle thérapeutique pour les 

tauopathies et la MA. 
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Vieillissement physiologique et pathologique  

du contrôle nerveux de la respiration :  

Etude chez des souris sauvages et transgéniques 

 

Résumé 

De nouveaux enjeux émergent dans le domaine de la Santé en raison du vieillissement 

de la population et du développement inquiétant de la Maladie d’Alzheimer (MA). Chez le 

sujet sain ou pathologique, peu d’études ont porté sur le vieillissement du contrôle nerveux de 

la respiration, en dépit de son rôle crucial pour l’oxygénation du cerveau. Cette thèse présente 

des recherches translationnelles, réalisées chez la souris, pour étudier le vieillissement 

physiologique et pathologique du contrôle nerveux de la respiration. Chez des souris 

transgéniques, modèles reconnus de la MA et du syndrome de Rett, nous décrivons le 

développement de neuropathologies respiratoires graves, conduisant à un décès prématuré. 

Nous montrons pour la première fois qu’une tauopathie du tronc cérébral altère le 

fonctionnement des voies aériennes supérieures, la vocalisation et la respiration. De plus, nos 

travaux suggèrent un rôle délétère de l’anesthésie pour la MA et identifient des pistes 

thérapeutiques nouvelles. En conclusion, nos travaux chez la souris peuvent avoir des 

retombées particulièrement intéressantes notamment pour la MA. 

 

Summary 

New issues are emerging in the field of Health care due to ageing of the population 

and the alarming development of Alzheimer’s Disease (AD). In healthy or pathological living 

being, very few studies are dealing with the ageing of the respiratory nervous control, in spite 

of the crucial role of respiration for brain oxygenation. This thesis presents translational 

research performed in mice to examine the physiological and pathological ageing of the 

respiratory nervous control. In mice from two transgenic strains, recognized models for AD 

and Rett syndrome, we describe the development of drastic respiratory neuropathologies 

leading to premature death. In the AD mouse model, we show for the first time that brainstem 

tauopathy triggers dysfunctions of the upper airways, impairs vocalization and alters 

respiration and respiratory control. In addition, our work suggests a deleterious effect of 

anaesthesia for AD and identifies new therapeutic strategies. This mouse research could well 

contribute to significant improvements in AD care.!


