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L’axe intestin cerveau dans la régulation de la prise alimentaire
     Nerf vague

The ARC is adjacent to the median eminence, a ‘circum-
ventricular organ’ with fenestrated capillaries and hence an
incomplete bloodebrain barrier (Peruzzo et al., 2000). Circulating
hormones can therefore influence the activity of the arcuate nucleus
neurons directly, after passing across the median eminence. Gut
hormones, released from the gastrointestinal tract on ameal tomeal
basis, signal short-term nutrient availability to the ARC. Other
circulating factors such as insulin and leptin (a circulating peptide
released fromadipose tissue) relay information regarding long-term
energy stores (Porte et al., 2002).

Gastrointestinal vagal afferents are activated by mechanore-
ceptors and chemoreceptors, and converge in the nucleus of the
tractus solitarius (NTS) of the brainstem. Neuronal projections from
the NTS, in turn, carry signals to the hypothalamus. Circulating
factors such as gut hormones may influence the NTS neurons
through the adjacent circumventricular organ, the ‘area postrema’
(AP). Ablation of both the AP and another circumventricular organ,
the sub fornical organ (SFO), has been shown to influence the action
of the gut hormone Peptide tyrosine tyrosine (PYY) (Baraboi et al.,
2010). Gut hormones also alter the activity of the ascending vagal
pathways from the gut to the brainstem (Jobst et al., 2004).

Hence, the hypothalamic ARC orexigenic and anorexigenic
neurons are influenced by numerous neural and hormonal inputs.
TheseARCneurons in turnproject to a number of extra-hypothalamic
and intra-hypothalamic regions, including in particular the hypo-
thalamic paraventricular nucleus (PVN), where some of the impor-
tant efferent pathways regulating energy expenditure arise.

3. Enteroendocrine cells of the gastrointestinal tract

There are at least 15 different types of enteroendocrine cells
diffusely distributed throughout the gastrointestinal epithelium
(Sjolund et al., 1983). These cells produce and release a variety of
hormones and signalling molecules, which together constitute the
largest endocrine organ in the body (Cheng and Leblond, 1974;
Sjolund et al., 1983). The enteroendocrine cells are derived from
multipotent stem cells, located towards the base of the intestinal
crypts. The different enteroendocrine cell subpopulations are
constantly re-established by the differentiation of enteroendocrine
cells arising from these stem cells. The majority of enteroendocrine

cells undergo terminal differentiation as they migrate up from the
crypts to the epithelial surface (Tsubouchi and Leblond, 1979).

Immunohistochemical studies have shown that enter-
oendocrine cells frequently express two or more products. PYY has
been shown to co-localise with glucagon-like peptide-1 (GLP-1),
neurotensin (NT), and cholecystokinin (CCK) in enteroendocrine
cells in the colon (Roth et al., 1992). Approximately 50% of CCK, and
NT cells co express PYY (Roth et al., 1992). Substance P/serotonin
cells are commonly found in the same crypts as PYY/GLP-1/CCK/NT
cells and most of the substance P cells also contain serotonin.
However, co-expression of substance P/serotonin in the same cells
as PYY/GLP-1/CCK/NT is only rarely observed (Roth et al., 1992).
This suggests the existence of two separate branches of enter-
oendocrine L-cell differentiation, with one branch resulting in cells
producing substance P and serotonin, and the other resulting in
GLP-1, PYY, NT, and CCK-producing cells (Roth et al., 1992).

Chemosensing of gut luminal contents by the enteroendocrine
GI cells plays a critical role in the control of functions such as
digestion, pancreatic secretion, food intake, and metabolic regula-
tion. Evidence that endocrine cells can directly sense luminal
contents has been demonstrated in PYY and GLP-1 expressing L
cells. It has been shown that both human and rodent intestinal L
cells express receptors previously identified in the oral epithelium
for detecting sweet (T1R2 and T1R3) and bitter sensation (T2R), as
well as amino acids (T1R1 and T1R3) (Jang et al., 2007; Rozengurt
et al., 2006). The gustducin G protein associated with these taste
receptors has also been identified in L cells of the gut (Jang et al.,
2007; Rozengurt et al., 2006). The activation of these receptors
leads to an increase in intracellular calcium levels and release of
gastrointestinal peptides from enteroendocrine cells (Rozengurt
et al., 2006). The presence of the sweet taste receptor subunit
T1R3 and gustducin may also underlie a luminal glucose sensing
mechanism, since activation of these receptors mediates the post-
prandial release of GLP-1 from intestinal L cells (Jang et al., 2007).

Fatty acids derived from digestion of dietary fats appear to be
sensed via separate mechanisms. The short-chain fatty acid
receptors GPR43 and GPR41 are expressed in PYY-containing
enteroendocrine L cells (Karaki et al., 2006; Tazoe et al., 2009).
Short-chain fatty acids have been shown to increase PYY secretion
in rats when delivered directly into the colon (Cherbut et al., 1998;

Fig. 1. Gut-brain axis: regulation of food intake. Nutrients created by the digestion of food are proposed to activate G protein coupled receptors on the luminal side of ene-
troendocrine cells e.g. the L-cell. This stimulates the release of gut hormones which may influence food intake at three sites: the vagus nerve, brainstem and hypothalamus. Within
the arcuate nucleus of the hypothalamus two neuronal populations are thought to be critical conduits through which peripheral signals are integrated to alter the drive to eat, the
orexigenic NPY/AgRP neurons and the anorexigenic POMC neurons. Further connections between hypothalamic nuclei and higher brain centres may exist which control the hedonic
aspects of food ingestion. ARC (arcuate nucleus), AgRP (agouti related peptide), GLP-1 (glucagon like peptide-1), NPY (neuropeptide Y), POMC (propiomelanocortin), PVN (para-
ventricular nucleus), PYY (peptide YY).
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circulating factors such as insulin and leptin (a circulating peptide
released fromadipose tissue) relay information regarding long-term
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tractus solitarius (NTS) of the brainstem. Neuronal projections from
the NTS, in turn, carry signals to the hypothalamus. Circulating
factors such as gut hormones may influence the NTS neurons
through the adjacent circumventricular organ, the ‘area postrema’
(AP). Ablation of both the AP and another circumventricular organ,
the sub fornical organ (SFO), has been shown to influence the action
of the gut hormone Peptide tyrosine tyrosine (PYY) (Baraboi et al.,
2010). Gut hormones also alter the activity of the ascending vagal
pathways from the gut to the brainstem (Jobst et al., 2004).

Hence, the hypothalamic ARC orexigenic and anorexigenic
neurons are influenced by numerous neural and hormonal inputs.
TheseARCneurons in turnproject to a number of extra-hypothalamic
and intra-hypothalamic regions, including in particular the hypo-
thalamic paraventricular nucleus (PVN), where some of the impor-
tant efferent pathways regulating energy expenditure arise.
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hormones and signalling molecules, which together constitute the
largest endocrine organ in the body (Cheng and Leblond, 1974;
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multipotent stem cells, located towards the base of the intestinal
crypts. The different enteroendocrine cell subpopulations are
constantly re-established by the differentiation of enteroendocrine
cells arising from these stem cells. The majority of enteroendocrine

cells undergo terminal differentiation as they migrate up from the
crypts to the epithelial surface (Tsubouchi and Leblond, 1979).

Immunohistochemical studies have shown that enter-
oendocrine cells frequently express two or more products. PYY has
been shown to co-localise with glucagon-like peptide-1 (GLP-1),
neurotensin (NT), and cholecystokinin (CCK) in enteroendocrine
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cells are commonly found in the same crypts as PYY/GLP-1/CCK/NT
cells and most of the substance P cells also contain serotonin.
However, co-expression of substance P/serotonin in the same cells
as PYY/GLP-1/CCK/NT is only rarely observed (Roth et al., 1992).
This suggests the existence of two separate branches of enter-
oendocrine L-cell differentiation, with one branch resulting in cells
producing substance P and serotonin, and the other resulting in
GLP-1, PYY, NT, and CCK-producing cells (Roth et al., 1992).

Chemosensing of gut luminal contents by the enteroendocrine
GI cells plays a critical role in the control of functions such as
digestion, pancreatic secretion, food intake, and metabolic regula-
tion. Evidence that endocrine cells can directly sense luminal
contents has been demonstrated in PYY and GLP-1 expressing L
cells. It has been shown that both human and rodent intestinal L
cells express receptors previously identified in the oral epithelium
for detecting sweet (T1R2 and T1R3) and bitter sensation (T2R), as
well as amino acids (T1R1 and T1R3) (Jang et al., 2007; Rozengurt
et al., 2006). The gustducin G protein associated with these taste
receptors has also been identified in L cells of the gut (Jang et al.,
2007; Rozengurt et al., 2006). The activation of these receptors
leads to an increase in intracellular calcium levels and release of
gastrointestinal peptides from enteroendocrine cells (Rozengurt
et al., 2006). The presence of the sweet taste receptor subunit
T1R3 and gustducin may also underlie a luminal glucose sensing
mechanism, since activation of these receptors mediates the post-
prandial release of GLP-1 from intestinal L cells (Jang et al., 2007).

Fatty acids derived from digestion of dietary fats appear to be
sensed via separate mechanisms. The short-chain fatty acid
receptors GPR43 and GPR41 are expressed in PYY-containing
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Short-chain fatty acids have been shown to increase PYY secretion
in rats when delivered directly into the colon (Cherbut et al., 1998;
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troendocrine cells e.g. the L-cell. This stimulates the release of gut hormones which may influence food intake at three sites: the vagus nerve, brainstem and hypothalamus. Within
the arcuate nucleus of the hypothalamus two neuronal populations are thought to be critical conduits through which peripheral signals are integrated to alter the drive to eat, the
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Communication réciproque intestin/cerveau

Extrait de Badman et Flier, 2005

Infos sur la disponibilité en
 - aliments ingestibles
 - aliments digestibles
 - énergie/métabolites
 circulants
 - énergie stockée (TA, foie)

Régulation de la PA
 - court-terme
 - homéostasie E



Initiation de la Satiété 

- distension du tractus digestif 
- détection de nutriments absorbés
           libération de peptides gastro-
intestinaux

via afférences vagales 
vers le noyau du tractus solitaire

voie endocrine
directement au niveau 
hypothalamique

Extrait de Badman et Flier, 2005

Axe intestin/cerveau dans la régulation de la 
prise alimentaire

Taille du repas: quantité et qualité des aliments ingérés. Signaux en provenance du TD



Le nerf vague

10ème nerf crânien, le plus long
Trajectoire « errante » dans 
l’abdomen et le thorax



De quoi est fait le nerf vague?
- Fibres efférentes = motrices : env 20% des fibres
- Fibres afférentes = sensorielles:  80% des fibres

D’après Prescott & Liberles, Neuron 110, 2022

Corps cellulaires se regroupent dans ganglions : jugulaire (supérieur) et plexiforme (inférieur)
= ganglion noueux
= nodose gangia



Quels types de fibres?
Neurones moteurs efférents
 - cholinergiques (système nerveux parasympathique) localisés dans le 

noyau moteur  dorsal du tronc cérébral

Neurones sensoriels afférents
  - glutamatergiques, se projettent vers les neurones du noyau du tractus 
solitaire (tronc cérébral)
  - fibres C majoritaires dans les viscères: petites, à vitesse de conduction 
lente car non myélinisées 
  - fibres myélinisées
  - sensibles à la capsaïcine (alcaloïde du piment stimule les nocicepteurs)

axones périphériques : terminaisons sensorielles spécialisées dans la détection 
« chimique » (muqueuse intestinale, cryptes et villosités) ou dans la détection 
« mécanique » (IGLE: intraganglionic laminar endings) ou encore les IMA 
(intramuscular arrays)

Fibres hétérogènes 



Afférences vagales: détection des signaux intéroceptifs

D’après Prescott & Liberles, Neuron 110, 2022

Classification traditionnelle



Le nerf vague
Outils d’étude

- Vagotomie chirurgicale ou chimique (déafférenciation à 
la capsaïcine) ou stimulation du nerf : non spécifique

- CCK-SAP: hormone dont les récepteurs sont exprimés 
par le nerf vague couplé à de la saporine  qui inhibent les 
ribosomes (Diepenbroeck et al., 2017). Ablation des 
afférences de l’intestin proximal (pas le côlon)

- Marquage/traçage rétrograde (TrueBlue): colorant 
injecté dans les organes périphériques qui emprunte la 
voie afférente vers le ganglion plexiforme

- Souris transgénique: transporteur 
vésiculaire du glutamate, vGlut2
Ex souris ires-Cre : 99% des fibres 
sensorielles sont marquées dans le GP 

Chang et al., Cell 2015 (système Cre-Lox)



Profil transcriptomique des fibres des ganglions plexiformes et 
jugulaires

Single-cell RNA-seq de 1825 neurones dissociés  (Souris)
   atlas des sous-types moléculaires des fibres afférentes vagales
Ganglion jugulaire: 6 sous-types similaires aux neurones nociceptifs 
et somotasensoriels du ganglion racinaire dorsal 
(DRG du nerf spinal accessoire, le XI)

Ganglion plexiforme : 18 sous-types
Séparation des populations selon leur taux d’enrichissement sur 
l’expression de certains gènes
 - Scn1: canal voltage dépendant: 11 sous-types , barorécepteurs et 
méchanorécepteurs du poumon (myélinisés)

 

La plupart des sous-types expriment les récepteurs aux deux types de stimuli
    - mécaniques et chimiques -

Toutes les fibres sont polymodales

- Scn 10a (Nav1.8, sous-unité 10 du canal ): 7 sous-types nocicepteurs (plus 
importants numériquement), mécanorécepteurs de l’intestin et 
chémorécepteur de la muqueuse intestinale

Kupari et al., Cell 2019



Les neurones sensitifs dans la muqueuse gastrointestinale

P. Holzer et al. 2001

Neurones sensoriels du vague: 
partie proximale du TD 
(oesophage, estomac, intestin 
(grêle) vers GP (NG, nodose 
ganglia)

Neurones sensoriels spinaux : 
partie distale de l’intestin, 
rectum (corps cellulaires dans 
le DRG, ganglion racinaire 
dorsal)

….avant l’ére du single-cell

Muqueuse: détection chimique via 
chémorécepteurs (hormones)

Musculeuse: détection mécanique 
via des mécanorécepteurs 
(étirement)



Les neurones sensitifs dans la muqueuse gastrointestinale
….aujourd’hui

Kupari et al., Cell 2019



- Afférences de la muqueuse intestinale enrichies en récepteurs déjà connus
 5HT3: récepteurs à la sérotonine
 NTSR1: récepteurs à la neurotensine

Inattendus
 GPR65: proton sensing recepteur 
 Piezo: méchanorécepteurs

- Afférences de la musculeuse: CCK1R, NPY2R, récepteurs à des peptides 
gastrointestinaux satiétogènes 

Résultats de l’étude sc-RNAseq

Régulation de la prise alimentaire par le nerf vague?



- voie hormonale: cholécystokinine, PYY, GLP-
1, sécrétées par les cellules entéro-endocrines
en réponse à l’arrivée des nutriments dans la 
lumière intestinale

Signaux hormonaux et mécaniques relayés par 
les afférences vagales= mise en place du
 rassasiement et de la satiété

Quels neurones du nerf vague sont impliqués spécifiquement?

Bohorquez et al, 2015

Régulation de la prise alimentaire par le nerf vague

- distension gastrique: stimulations des IGLE 
qui innervent les couches musculaires de 
l’estomac

Actions directes? Paracrines? Synaptic-like?



Exemple de traçage rétrograde des afférences vagales

Fed ad lib

Fasting

TrueBlue Y2R CCK1R overlay

ESTOMAC
Raybould et al, 2012

Quelles observations?

Identification des récepteurs par immunofluorescences



Effet d’une hormone sur l’expression d’un récepteur: Hybridation in situ

Burdyga et al., 2008

A: 48h à jeun
B: nourris ad libitum 
E: refeeding rats after 48h fasting
F: E + antago des CCK1R

CCK8S (10nmol ip)                  vehicle 

Etude dans un contexte de dérégulation de la prise alimentaire: obésité

Raybould et al. 2012



Williams et al., Cell 2016

Imagerie calcique in vivo du ganglion plexiforme (souris Tg pour GCaMP3)

D’où viennent les fibres afférentes dans le GP?

VGlut2-ires-Cre exprimant GCaMP3
Toutes les afférences sont GFP

Exposition chirurgicale du ganglion plexiforme, connexions maintenues avec 
organes périphériques 

Analyse neurones par microscopie confocale, durée 6h (viabilité?)

Stimulation des organes innervés 
 - distension gastrique (ballon azote)
 - bolus nutriment au niveau duodénal (perfusion)
 - distension intestinale 



Quelles observations?

Imagerie calcique in vivo du ganglion plexiforme (souris Tg pour GCaMP3)



Quels neurones sensoriels du nerf vague sont impliqués 
dans la régulation de la prise alimentaire?

Bai et al, Cell 2019 

Test sur 4 types de fibres afférentes (4 lignées murines Tg différentes): 2 innervant la 
muqueuse et 2 innervant les muscles de l’estomac et de l’intestin (IGLE)
- Activation optogénétique (ChR2) ou chemogénétique (CNO) de ces fibres
- Mesure de la prise alimentaire après 24h de jeune

Régulation de la satiété implique des mécanorécepteurs localisés dans les 
muscles du TD 
Et non les chémorécepteurs localisés dans la muqueuse  

GPR65: sensible aux nutriments (cf Wiliams et al, 2016)
Fibres Vip, GPR65, GLP-1R et Oxtr: expriment CCKaR (CCK=cholécystokinine, 
hormone de la satiété)



Intégration dans le SNC
Neurones AgRP dans l’hypothalamus

The ARC is adjacent to the median eminence, a ‘circum-
ventricular organ’ with fenestrated capillaries and hence an
incomplete bloodebrain barrier (Peruzzo et al., 2000). Circulating
hormones can therefore influence the activity of the arcuate nucleus
neurons directly, after passing across the median eminence. Gut
hormones, released from the gastrointestinal tract on ameal tomeal
basis, signal short-term nutrient availability to the ARC. Other
circulating factors such as insulin and leptin (a circulating peptide
released fromadipose tissue) relay information regarding long-term
energy stores (Porte et al., 2002).

Gastrointestinal vagal afferents are activated by mechanore-
ceptors and chemoreceptors, and converge in the nucleus of the
tractus solitarius (NTS) of the brainstem. Neuronal projections from
the NTS, in turn, carry signals to the hypothalamus. Circulating
factors such as gut hormones may influence the NTS neurons
through the adjacent circumventricular organ, the ‘area postrema’
(AP). Ablation of both the AP and another circumventricular organ,
the sub fornical organ (SFO), has been shown to influence the action
of the gut hormone Peptide tyrosine tyrosine (PYY) (Baraboi et al.,
2010). Gut hormones also alter the activity of the ascending vagal
pathways from the gut to the brainstem (Jobst et al., 2004).

Hence, the hypothalamic ARC orexigenic and anorexigenic
neurons are influenced by numerous neural and hormonal inputs.
TheseARCneurons in turnproject to a number of extra-hypothalamic
and intra-hypothalamic regions, including in particular the hypo-
thalamic paraventricular nucleus (PVN), where some of the impor-
tant efferent pathways regulating energy expenditure arise.

3. Enteroendocrine cells of the gastrointestinal tract

There are at least 15 different types of enteroendocrine cells
diffusely distributed throughout the gastrointestinal epithelium
(Sjolund et al., 1983). These cells produce and release a variety of
hormones and signalling molecules, which together constitute the
largest endocrine organ in the body (Cheng and Leblond, 1974;
Sjolund et al., 1983). The enteroendocrine cells are derived from
multipotent stem cells, located towards the base of the intestinal
crypts. The different enteroendocrine cell subpopulations are
constantly re-established by the differentiation of enteroendocrine
cells arising from these stem cells. The majority of enteroendocrine

cells undergo terminal differentiation as they migrate up from the
crypts to the epithelial surface (Tsubouchi and Leblond, 1979).

Immunohistochemical studies have shown that enter-
oendocrine cells frequently express two or more products. PYY has
been shown to co-localise with glucagon-like peptide-1 (GLP-1),
neurotensin (NT), and cholecystokinin (CCK) in enteroendocrine
cells in the colon (Roth et al., 1992). Approximately 50% of CCK, and
NT cells co express PYY (Roth et al., 1992). Substance P/serotonin
cells are commonly found in the same crypts as PYY/GLP-1/CCK/NT
cells and most of the substance P cells also contain serotonin.
However, co-expression of substance P/serotonin in the same cells
as PYY/GLP-1/CCK/NT is only rarely observed (Roth et al., 1992).
This suggests the existence of two separate branches of enter-
oendocrine L-cell differentiation, with one branch resulting in cells
producing substance P and serotonin, and the other resulting in
GLP-1, PYY, NT, and CCK-producing cells (Roth et al., 1992).

Chemosensing of gut luminal contents by the enteroendocrine
GI cells plays a critical role in the control of functions such as
digestion, pancreatic secretion, food intake, and metabolic regula-
tion. Evidence that endocrine cells can directly sense luminal
contents has been demonstrated in PYY and GLP-1 expressing L
cells. It has been shown that both human and rodent intestinal L
cells express receptors previously identified in the oral epithelium
for detecting sweet (T1R2 and T1R3) and bitter sensation (T2R), as
well as amino acids (T1R1 and T1R3) (Jang et al., 2007; Rozengurt
et al., 2006). The gustducin G protein associated with these taste
receptors has also been identified in L cells of the gut (Jang et al.,
2007; Rozengurt et al., 2006). The activation of these receptors
leads to an increase in intracellular calcium levels and release of
gastrointestinal peptides from enteroendocrine cells (Rozengurt
et al., 2006). The presence of the sweet taste receptor subunit
T1R3 and gustducin may also underlie a luminal glucose sensing
mechanism, since activation of these receptors mediates the post-
prandial release of GLP-1 from intestinal L cells (Jang et al., 2007).

Fatty acids derived from digestion of dietary fats appear to be
sensed via separate mechanisms. The short-chain fatty acid
receptors GPR43 and GPR41 are expressed in PYY-containing
enteroendocrine L cells (Karaki et al., 2006; Tazoe et al., 2009).
Short-chain fatty acids have been shown to increase PYY secretion
in rats when delivered directly into the colon (Cherbut et al., 1998;

Fig. 1. Gut-brain axis: regulation of food intake. Nutrients created by the digestion of food are proposed to activate G protein coupled receptors on the luminal side of ene-
troendocrine cells e.g. the L-cell. This stimulates the release of gut hormones which may influence food intake at three sites: the vagus nerve, brainstem and hypothalamus. Within
the arcuate nucleus of the hypothalamus two neuronal populations are thought to be critical conduits through which peripheral signals are integrated to alter the drive to eat, the
orexigenic NPY/AgRP neurons and the anorexigenic POMC neurons. Further connections between hypothalamic nuclei and higher brain centres may exist which control the hedonic
aspects of food ingestion. ARC (arcuate nucleus), AgRP (agouti related peptide), GLP-1 (glucagon like peptide-1), NPY (neuropeptide Y), POMC (propiomelanocortin), PVN (para-
ventricular nucleus), PYY (peptide YY).
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Détection des nutriments par les neurones AgRP de l’hypothalamus

Neurones AgRP activés pour stimuler la prise alimentaire (à jeun)

Inhibés par l’arrivée des nutriments lors du repas pour mise en place satiété

Mesure de leur activité électrique (imagerie calcique in vivo, GCaMP3))
Selon stimulation par du gras ou du sucre avec ou sans vagotomie complète

Observations?



Goldstein et al., Cell metabolism, 2021

Voies nerveuses utilisées différentes (et inattendues)



Cell 2016 166209-221DOI: (10.1016/j.cell.2016.05.011) 

Détection étirement vs nutriments : nouvelles données

Williams et al.,2016

Les fibres GLP-1r proviennent de 
l’estomac
Les fibres GPR65 innervent les 
villosités intestinales

Nutriments activent neurones GPR65 
(sensibles à a sérotonine)
Etirement active neurones GLP-1R 

Activation optogénétique de GPR65 
bloque les contractions gastriques


