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•  Des situations pathologiques: 

•  Lésions supra pontiques. 
•  Lésions médullaires 
•  Obstruction sous vésicale. 
•  HV idiopathique.  

•  Des situations «physiologiques»? 
•  Immaturité vésicale de l�enfant 
•  Vieillissement.  

 
  

Physiologie: Préalable à une compréhension de la 
physiopathologie 

Exemple de l�hyperactivité vésicale 



Introduction 
Miction/Comportement mictionnel 

•  Le cycle continence/miction 
–  Système binaire diastole/systole ou une succession d�états  
–  Est une exception dans l�organisation végétative: 

•  Etat de continence ( inconscient/ phase d�état/ 98%/ ) correspond à la phase d�actiivation 
sympathique ( arousal:eveil) 

•  La phase de miction est une phase de relaxation parasympathique. 

•  Des invariants universels du comportement mictionnel: 
–  Fonctionnement végétatif organisé pour maintenir l�homéostasie. 
–  Besoin de sécurité 
–  Besoin d�intimité 

•  Les apports de l�éthologie: 
–  Le comportement mictionnel est un comportement moteur orienté vers un but. 
–  Sous dépendance hormonale 
–  Complexification de l�élaboration du besoin avec l�avancée dans l�échelle phylogénique 

•  Depuis le maintien de l�homéostasie 
•  Jusqu�au service des ressources cognitives 
 



Système binaire diastole/systole ou une succession d’états ? 

( De Wachter et al,2011) 



Sur la nature du besoin d’uriner 
•  15 sujets féminins volontaires sans TVS ( moy A 21 ans) 

avec tenue d’un catalogue des mictions et des besoins  
•  Construction de l’échelle du besoin sur catalogue: 

–  0 pas de besoin 
–  1 première sensation de besoin. La miction peut être différée 

de plus d’une heure 
–  2 Première sensation d’uriner, la miction peut être différée au 

maximum d’une demi heure 
–  3 Forte envie d’uriner, la miction ne peut être différée de plus 

d’un quart d’heure 
–  4 Besoin urgent, la miction ne peut être différée de plus de 5 

mn 

 

De Watcher S et al, Neurourol Urodyn 2003 



La sensation de besoin, de plénitude vésicale et la 
nécessité d’uriner sont trois grandeurs distinctes  

–  Dans 65% des mictions , la miction 
a lieu sans être accompagnée d’un 
besoin. 

–  Seulement 9,5% des mictions avait 
lieu dans un contexte de besoin 
constant. 

–  Pas de corrélation entre le volume 
uriné et le besoin aux différents stades 
de sensation/perception 

–  Pas de corrélation entre une 
évaluatation psychométrique continue 
( EVA) et le volume 

–  Quels biais?: 
•  La définition d’un seuil subjectif 

s’apparente à une prise de décision 
( Clark, 1994) 

•  La tenue d’un catalogue mictionnel est 
une méthode démontrée  de réeducation 
comportementtale  

( De Wachter et al,2011) 



Variabilité des paramètres de sensation de besoin, de 
plenitude vésicale et de miction programmée  

–  Variation des données du catalogue 
mictionnel suivant les conditions de 
l’environnement  

–  Catalogue mictonnel réalisé chez 
des sujets sains  

Mictions sur besoins 
Miction par convenance ( CV) 

 

( Heeinga R et al, J Urol 2012 ( Daring R et al,J Urol 2005, Honjo H et al, 2010,  

•  30 % de mictions par convenance sans besoin 
•  Le différentiel de capacité vésicale moyenne par 

miction entre CM / CM accompagné de besoin 
correspond au gain de capacité obtenu sous 
anticholinergiques chez les patients HV traités / 
non traités!!! 

•  Variabilité inter individuelle  
•  Pas de corrélation au volume uriné 
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Les données physiologiques 

•  Le besoin dans ses différentes modalités relève:  
–  d�une organisation sensorielle périphérique. 
–  intégration centrale. 

•  La miction est un ensemble coordonné par 
commutation d�un réflexe spino bulbo spinal à partir 
des structures supra pontiques 

•  Il existe une activité musculaire lisse permanente 
non liée à la miction. 
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Les données physiologiques 

•  Le besoin relève   
–  d�une organisation sensorielle périphérique. 
–  intégration centrale. 

•  Il existe une activité musculaire lisse 
permanente non liée à la miction 

•  La miction est un ensemble coordonné par 
commutation d�un réflexe spino bulbo spinal 
à partir des structures supra pontiques. 
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Unité réceptrice 
 

Stimulus adéquat 
Seuil de décharge 

Potentiel membranaire 

Codage en fréquence 



12 

Classification histophysiologique des fibres 
nerveuses 

Lloyd et 
Chang 

Erlander et 
Gasser 

Diamètre 
(µm) 

Vitesse de 
conduction 

(m/s) 

Fonction 

I Aα 12-20 70-120 sensorielle ou 
motrice 

II Aβ 5-12 30-70 sensorielle ou 
motrice 

II Aγ 2-8 7-45 motrice 

III Aδ 2-5 7-30 sensorielle 

IV C <1-2 2-5 sensorielle 

 

 

Unité réceptrice 
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Systématisation sensorielle 
métamérique 

S2- S4 

Ortho Σ 
 

D10 

N Hypogastrique 

N Pelvien 
N Pudendal 

Médiation de la sensation  
de besoin par N Hypogastrique 
 

 Afférences pelviennes 
 nécéssaires pour la mise  
en jeu du réflexe mictionnel 
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Sensations  Afférents  

 Nerf 
pelvien 

Nerf 
Hypogastrique 

Nerf 
Pudendal 

Premier besoin oui probable non 

Sensation de plénitude oui probable non 

Besoin douloureux oui oui non 

Besoin imminent possible non oui 

Douleur urétrale probable non oui 

 
 

Systématisation sensorielle 
tronculaire 

(Morrison et al, 1987) 
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Distribution topographique 
(Eldabawi,1982, Jânig,1986) 

> 78 % terminaisons libres 
  base vésicale, 

 col,  
 jonction urétéro-vésicale. 

> gradient inverse NHG/NP 
N.Hypogastrique 

N. Pelvien 
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Afférents ParaΣ Pelviens 

(Häbler, J Physiol,1990) 

10 cm H2O 

Distension passive 

Contraction 
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Afférents OrthoΣ Hypogastriques 

•  Propriétés réceptrices similaires                     
(courbe stimulus réponse, champ récepteur) 
•  Terminaisons dans les ligaments 
périvésicaux 
•  Décharge résiduelle ( 50%) chez le 
chat 

Distension passive 

Contraction 
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Conditions physiologiques 

Seuil de décharge 

30 mm Hg 
•  Groupe homogène de récepteurs 
à bas seuil , de type Aδ 

• Issus des nerfs pelviens et 
hypogastriques 
•  Auto-entretien du réflexe 
mictionnel par les afférences 
pelviennes 
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Conditions de remplissage supra-physiologique 
( Jänig et al, J Aut Nerv Syst) 

Fibres Aδ  

Fibres C  

Fibres C  
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En première synthèse 
•  L �innervation sensorielle de la vessie est assurée par des 

mécanorécepteurs sensibles à la distension passive et 
contraction du détrusor ( sans codage distinctif) 

•  La plupart ont leur seuil d �activation dans une gamme de 
pressions qui génèrent le premier besoin chez l �homme. 

•  Ils sont issus des nerfs pelviens et à une moindre densité par 
les nerfs hypogastriques. 

•  Les unités de type Aδ sont recrutées dans la gamme des 
pressions générant un besoin non douloureux. 

•  Dans la gamme des pressions générant une douleur, 
recrutement exclusif de fibres C  

•  90% de « récepteurs silencieux » de type C.   
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Un système trop simple... 
•  Si le codage périphérique afférent ne différencie 

pas une distension passive d �une contraction 
vésicale:  
–  Comment le cerveau peut dissocier la sensation de 

plénitude vésicale d �une contraction? 
–  Pourquoi les pressions générées lors d �une miction 

sont elles indolores et le deviennent lors d �une 
distension passive à niveau de décharge identique des 
afférents périphériques? 
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( Shea et al, J. Neurophsiol. 2000) 

Première notion: Certains récepteurs déchargent 
indépendamment d�une contraction ou d�une distension 

•  Mécanorécepteurs sensibles au volume « en parallèle ». 
•  « Volorécepteurs » à haut et bas seuil. 
•  Distribution équivalente Aδ /C 
•  Dissociation persiste après section des raçines antérieures  
   (Mos et al, 1997)  

Volume 

P
ression 

Aδ /C 

Aδ /C 

Aδ /C 

Aδ /C 

volume 

pression 
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sensory database like system in the brain and acts like

a trigger as soon as its threshold is reached to let go a

sensory warning that requires action. Studies with sen-

sation-related voiding diaries have shown that in con-

secutive days, the pattern and sensation/volume

relations are stable (Naoemova et al. 2008). Studies

on fake cystometry have also given interesting data.

When an individual is told that a cystometry, fully

installed, is starting while no fluid is given, there is

still a minority that will report some of previously

described filling sensations in the next 15 min (De

Wachter et al. 2008). One can hypothesize that these

individuals might have the ‘sensory scenario’, painted

in their unconsciousness, played off automatically and

report back some sensations that should develop in

the scenario out of memory and without proper new

changes in afferent information at the time. It is

remarkable that in such individuals, the time and con-

secutive sensation ratios are as normal. It is easy to

imagine that with sensory events that occur daily,

every day, for years, the stored information must be

solid and the impact of memory is important.

Afferent information from the bladder would seem

to get a favoured handling in the central nervous sys-

tem. In coma patients, with the exception of the low-

est Oxford scale, bladder filling will elicit strong body

movements as of unease before ending in a reflex, syn-

ergic voiding (Wyndaele 1986). Bladder filling will

lower rectal filling sensation (De Wachter & Wynda-

ele 2003c). When volunteers go to the toilet with the

desire to empty the bowel, most will empty the blad-

der first (De Wachter et al. 2007).
The question remains how, from an almost continu-

ous inflow of afferent potentials, with increasing

intensity the further the bladder fills, distinct signs of

warning develop. Probably, many different mecha-

nisms will play, including modulation in sensory path-

ways, memory and emotion, attention and more.

Sensation is by definition always subjective, and thus,

special for every single individual Figure 3.

This has to be taken into account and standardizing

sensory information will always need to accept large

ranges and different expressions between people, a

concept also developed as the ‘cognitive voiding’ by

J. Gillespie in the State of the art David Rowen lecture

during the Annual International Continence Society

meeting in Glasgow, UK, August 30 to September 2,

2011.

Another item that needs further developing is the

afferent and sensory interaction between pelvic

organs. The different pelvic functions are carried out

in a coordinated way through complex integrative

pathways that may converge peripherally and/or cen-

trally. If pathology occurs, traumatic, irritative or

infectious, the shared afferent pathways may produce

generalized pelvic sensitization or cross-sensitization

to both chemical and mechanical stimuli, dependent

on both intact bladder sensory innervation and neuro-

peptide content as shown bidirectionally for the blad-

der and bowel in animal models (Ustinova et al.
2010). There are many examples of mutual sensory

influences between bladder and bowel, in health and

in sickness [Malykhina A, Wyndaele JJ, k Andersson

KE, De Wachter S, Dmochowski R.Do the urinary

bladder and large bowel interact, in sickness or in

health? Accepted for publication NUU 2011].

Sensation can be pathological, either that there is

not enough sensory warning either that it becomes too

strong and interferes with daily life and quality of life.

In such last case, urgency can be experienced or pain

and frequency can develop. How in these circum-

stances the normal handling of afferent potentials gets

Figure 3 Typical single afferent activity traces. Recorded afferent activity was averaged at 5-cm H2O interval of pressure or at

five equal divisions (0–20, 20–40, 40–60, 60–80 and 80–100%) of volume in the filling phase. Average total unitary activity

was also calculated in function of intravesical pressure or volume. Afferent nerve activity is expressed as impulses per second or

Hz, which is based on pressure or volume respectively (Aizawa, Wyndaele University Antwerp 2011).

© 2012 The Authors
Acta Physiologica © 2012 Scandinavian Physiological Society, doi: 10.1111/apha.12011 37
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afferent potential rate related to increasing bladder

volume. When voiding occurs, this nerve activity

diminishes again to baseline. It has also become clear

that different types of afferent fibres exist, and that in

every type, there are subtypes more or less responsive

to chemical actions Figure 1.

This creates the overall image of almost continuous

upward flow of large quantities of different bladder

nerve potentials elicited by bladder filling and reaching

the brain. When these afferent stimuli arrive in the

perception areas of the brain, the interpretation and

translating of the stimuli into a sensation is carried

out through different coding mechanisms: for stimulus

type, which relates to the receptors triggered and/or

the interpretation by the brain of a combination of

potentials if they derive from stimuli for which no

specific receptors exist; for stimulus intensity, which

depends on number of receptors activated and the fre-

quency of action potentials; for stimulus location. To

try and objectivate this afferent inflow, central ner-

vous imaging has been used (Griffiths 2011).

Clinical experience clearly shows that afferent

potentials will most of the time not result in conscious

sensations but will be hidden unconsciously until

certain thresholds are reached. Observations have

shown that most of the bladder filling is not felt. In

investigation circumstances as with cystometry, indi-

viduals, when focussed on the bladder filling and

reminded by an investigator or an equipment to try

and keep this concentration going for mean 10–
20 min, most will report similar sensory events which

have been put into a fitting terminology by several

investigators over the last decades (Wyndaele 2010).

The ICS has then endorsed these results into their ter-

minology report (Abrams et al. 2003), and now often

urodynamic equipment and urodynamic evaluation

sheets will indicate first sensation of filling, first desire

to void and strong desire to void, eventually urgency

or pain. Much attention has gone into these semantics

and discussions of what is thought correct and what

not. It remains semantics, and at the best, a good

approach of what human physiology could have as

expressions for the individual in such investigating cir-

cumstances Figure 2.

In daily life, the sensory information received from

bladder filling, which will on average take 3–4 h dur-

ing the working day, could be different from sensory

data gathered during a focused period of 20-min-uro-

dynamic testing during which filling is performed at

an unphysiological speed. However, data from a sen-

sation-related voiding diary, where every void and

leakage is reported with the desire that was experi-

enced at the same time, show a correlation with data

from urodynamic tests (De Wachter & Wyndaele

2003b, Naoemova et al. 2009). It indicates that first

desire to void during cystometry can correspond with

bladder sensation in daily life, experienced as that

some activities still can be ended before going to

empty the bladder. A strong desire to void on cystom-

etry corresponds with a sensation on voiding diary

that the individual needs to void and has the impres-

sion that he/she can no longer postpone then at the

most for 5 min. Activities have to be interrupted.

These sensory descriptions relate to events that are

most easily recognized by individuals. One can

hypothesize that such information is then stored in a

Figure 1 Diagram of the technical operation procedure

(Aizawa, Wyndaele University Antwerp 2011).

Figure 2 Diagram of the experimental

summary (Aizawa, Wyndaele University

Antwerp 2011).

© 2012 The Authors
Acta Physiologica © 2012 Scandinavian Physiological Society, doi: 10.1111/apha.1201136
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Deuxième notion: Sensibilisation des afférents 

Def : Modifications des conditions de décharge en 
réponse à un même stimulus 
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Dans des circonstances physiologiques: 
 
•  Composition de l �urine  

»  PH (4-5 )  (Jiang et al,1994) 
»  Osmolarité K+ (> 300 mM) ( Morrison et al, 1995) 
»  Osmolalité  ( 2000 moosmol/kg) ( Deshydratation) 

•  Variations de la diurèse? 
•  Stimulations répétitives , remplissages répétés? 

Deuxième notion: Sensibilisation des afférents 

Mais aussi en condition pathologique: 
 

• Inflammation 
• Acido cétose diabétique 
• Lésion neurologique 
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« A psychophysical study of discomfort produced by repeated filling of the urinary 

bladder » (Ness et al, Pain 1998) 

•  10 femmes sans signes 
fonctionnels urinaires 

1- Amplification du message afférent  

Sensibilisation des afférents: Deux conséquences… 
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2)  Induit une réponse efférente des afférents viscéraux 

•  Stimulus nociceptif   ⇒ Fibres C à haut 
seuil 

»  vasodilatation 
»  extravasation plasmatique       
»  production de mastocytes 

Récepteur  Médiateur 

SP 
Neurok A 
CGRP 

Sensibilisation des afférents: Deux conséquences… 

• Mécanisme supposé d �un réflexe d �axone 

Inflammation neurogène 
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En synthèse: 
•  L �organisation sensorielle périphérique vésicale est sous-tendue par trois populations 

de nerfs afférents fonctionnellement distincts: 
 

–  Un contingent Aδ à bas seuil rapidement adaptable composée de 2 groupes présentant des 
voies de projection centrale distinctes:  

•  récepteurs « en série » à haute sensibilité distension/contraction 
•  récepteurs « en parallèle » à haute sensibilité  volume  
 

–  Un contingent C à haut seuil impliqué dans la douleur à la distension 
  

–  Un contingent C silencieux « sensitisé » dans les conditions  
pathologiques(inflammation,obstruction) 

 
•  Il existe une fonction autonome « décentralisée » des afférences par la mise en jeu de 

« réflexes périphériques » (Sensibilisation) 

Le mécanisme de codage du volume par les nerfs afférents 
n�est cependant pas identifié? 
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Le message sensoriel périphérique ne peut être 
exclusivement codé par le système nerveux 

Troisième notion: Le rôle de l�urothélium 

Cellules en  
ombrelle 

Couche de cellules 
 intermédiaires 

Cellules basales 
Turn over:150 js 

Plaques d’uroplakine  Glyco-amino-
glycanes 

Fibres nerveuses afférentes 

Jonctions serrées 

Vésicules 
discoïdes 

Andersson KE, 2004 
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•   Barrière.  
•  Fonction sensorielle 

(réception-
transduction-
modulation). 

 

 

Troisième notion: Le rôle de l�urothélium 

L’urothélium : 
prévient l’entrée d’agents pathogènes,  
contrôle sélectivement le passage de l’eau, des 
ions, des solutés et des macromolécules. 
 
 

Birder L , and Andersson K Physiol Rev 2013;93:653-680 

Cellules en  
ombrelle 

Couche de cellules 
 intermédiaires 

Plaques d’uroplakine  Glyco-amino-
glycanes 

Jonctions serrées 

Vésicules 
discoïdes 
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L�urothélium relargue de l�ATP en réponse à une 
modification de la pression hydrostatique chez le lapin 

(Ferguson, J Physiol 1997) 



Urothélium : toutes les caractéristiques 
d’un épithélium 

•  Composé exclusivement de cellules 
( épithéliales) liées par des 
jonctions communicantes 

•  Polarité d’action ( apical/basal) 
•  Attachées à une membrane basale 
•  Avasculaire 
•  Régénération par cellules couches 
•  Fonction: 

–  Protection du milieu 
–  Contrôle perméabilité cellulaire 
–  Rôle sensoriel 
–  Rôle secrétaire ou glandulaire 

32 
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Connexon1 Ions 
Acides 
aminés 
Sucres  
Nucléotides 

Connexon2 

Cytoplasme 
Espace inter cellulaire 

Jonctions inter cellulaires 

•  Jonctions étroites 
•  Jonctions intermédiaires 
•  Desmosomes 
•  Jonctions 

communicantes  (Gap 
junction) 
•  Solution de continuité inter 

cellulaire ( < 1500 Da) 
•  Mécanisme actif de 

fermeture ouverture en 
réponse à ≠ signaux. 
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Réponse de l�urothélium aux variations du volume intra-
vésical au cours du cycle mictionnel. 

L’urothélium s’accomode aux variations de volume par deux 
mécanismes: 

! Déploiement passif de la surface muqueuse 
qui présente un aspect plissé à vessie vide. 
(Apodaca et al, 2004) 

   

Aspect plissé de la surface muqueuse de 
vessie de lapin en microscopie électronique  

L’ATP relargué par l’urothélium est un 
médiateur du traffic membranaire par un 
mécanisme autocrine en se fixant sur les 
récepteurs des cellules en ombrelle. 

   

 The Journal of Clinical Investigation   http://www.jci.org   Volume 115   Number 9   September 2005

added mucosally, while ADP again showed small effects (∼18%) 
on capacitance (Table 1). Adenosine also caused a sizable increase 
in capacitance when added to the serosal surface (∼43%; Table 1) 
but smaller changes when added mucosally (∼18%). AMP stimu-
lated a significant increase in capacitance when added to either 
uroepithelial surface (serosal, ∼35%; mucosal, ∼38%). Taken 
together, these data suggest that multiple P2X, P2Y, and adenos-
ine receptors may be involved in regulating changes in urothelial 
membrane capacitance and exocytosis. These data also suggest 
a unique spatial localization of purinergic receptor subtypes 
capable of mediating changes in capacitance through serosa or 
mucosa-dependent signaling events.

In addition to exocytosis, increased hydrostatic pressure stim-
ulates apical endocytosis in umbrella cells (26), and the rates of 
endocytosis and exocytosis during bladder filling are such that the 
net effect is to add membrane. We previously reported that there is 
little endocytosis in the absence of stimulus (26). To test whether 
ATP affects endocytosis, we measured the internalization of bioti-
nylated plasma membrane proteins upon addition of ATPγS to the 
serosal surface of the uroepithelium. ATPγS caused a significant 
stimulation of apical endocytosis, with 72% of biotinylated pro-
teins internalized after a 2-hour treatment with agonist (Figure 4). 
These data indicate that in addition to exocytosis, ATP may also 
modulate endocytosis in umbrella cells.

Receptors containing P2X2 and P2X3 subunits modulate pressure-
induced exocytosis in umbrella cells. Previous data indicate that ATP 
activation of P2X3-containing receptors on subepithelial sensory 
nerve fibers controls bladder volume reflexes (21). However, the 
localization of P2X2 and P2X3 immunoreactivity within the uro-
epithelium (15–17, 23, 25) suggests an additional sensory role for 
these receptors in regulating uroepithelial function. The pharma-
cological data presented above support the involvement of P2X 
receptors in regulating membrane exocytosis but are complicat-
ed by a lack of specific agonists/antagonists for individual P2X 
receptor subunits. In the present study, we observed P2X3 local-
ization along focal regions of the basolateral surface of rabbit 
umbrella cells and the plasma membrane of underlying cell layers 
(Figure 5, A and B), which is consistent with previous reports of 

P2X3 expression in the uroepithelium (16, 25). No staining was 
observed when antigenic peptide was included in the reactions 
(data not shown). Intriguingly, P2X3 staining was also observed 
below the apical plasma membrane and appeared to concentrate 
at the apicolateral region of the cell (Figure 5, A and B). We con-
firmed in whole-mounted tissue that P2X3 circumscribed the api-
colateral junction of the umbrella cell layer at or near the tight 
junction (Figure 5C); however, the significance of this localiza-
tion is unknown. Unfortunately, we were unable to find antibod-
ies that reliably stained for P2X3 in mouse uroepithelial tissues or 
P2X2 in mouse and rabbit uroepithelial tissues.

To test whether P2X2 and/or P2X3 receptors were involved in 
pressure-induced exocytosis, we monitored membrane capacitance 
changes in bladders exposed to hydrostatic pressure from P2X2-, 
P2X3-, and P2X2/P2X3-knockout mice and appropriate wild-type 
controls (Figure 5D). Increased pressure resulted in a significant 
increase in capacitance in bladders from C57BL/6J wild-type mice 
but had no effect on bladders from P2X3

–/– mice (Figure 5D). P2X2
–/–  

mice showed a more complicated response to pressure, charac-
terized by an initial rise in capacitance that decreased to approxi-
mately 20% less than the start value by 300 minutes (Figure 5D). In 
P2X2

–/–P2X3
–/– mice, lacking both P2X2 and P2X3 receptor subunits, 

pressure-induced changes in capacitance were completely absent, 
despite pressure-induced capacitance changes in wild-type control 
P2X2

+/+P2X3
+/+ mice. Consistent with previously reported findings 

(20), bladders from P2X2
–/–, P2X3

–/–, P2X2
–/–P2X3

–/–, and appropriate 
control mice released comparable levels of ATP when exposed to 
increased hydrostatic pressure (data not shown), which ruled out 
the trivial explanation that the defects observed in these mice were 
the consequence of failure to release ATP. In addition, bladders 
from both wild-type and P2X-knockout mice appeared by gross 
inspection to be similar in size, and scanning electron microscopy 
analysis of the surface of the umbrella cells showed similar-sized 
cells, with obvious tight junctions, and surfaces covered by plaques 
and hinges (data not shown).

We previously observed that increased hydrostatic pressure causes 
a decrease in the abundance of discoidal/fusiform vesicles found 
in the umbrella cell apical cytoplasm (26). Consistent with these 
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Réponse de l�urothélium aux variations du volume intra-
vésical au cours du cycle mictionel. 

L’urothélium s’accomode aux variations de volume par deux 
mécanismes: 

! Déploiement passif de la surface muqueuse 
qui présente un aspect plissé à vessie vide. 
(Apodaca et al, 2004) 

   

Aspect plissé de la surface muqueuse de 
vessie de lapin en microscopie électronique  

! ⇑ de la surface apicale des cellules ombrelles 
associée à l’exocytose / endocytose des 
vésicules sous-membranaires en réponse à 
l’augmentation de la pression ou à l’étirement 
⇑ Uroplakine III , role de l’AMPc 

  (Truschel et al, 2002�Wang et al, 2005) 
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In addition to stimulating exocytosis, increased hydrostatic 
pressure also stimulates endocytosis in the umbrella cells (26), but 
the signaling pathways regulating endocytosis under these condi-
tions are unknown. The data from this study indicate that ATP 
released into the extracellular milieu may signal internalization of 
apical membrane proteins in umbrella cells. This is consistent with 
findings of recent studies in which ATP agonists resulted in the 
internalization of biotinylated P2X1 receptors (59) and activation 
of a P2X7-like receptor in thymocytes stimulated exocytosis and 
endocytosis (60). Similarly, endocytosis of P2Y receptors is stimu-
lated by addition of uridine (61), and activation of P2Y receptors 

may lead to endocytosis in prostate neuroendocrine cells (43). 
Although it is preliminary, we believe this to be the first evidence 
demonstrating that ATP signaling may be involved in regulation 
of pressure-induced endocytosis in bladder umbrella cells.

P2X and P2Y receptors modulate pressure-induced exocytosis in umbrel-
la cells. Immunoreactivity for all 7 P2X receptor subtypes has now 
been identified in the bladder uroepithelium of human, rat, and 
cat (15–17, 23, 25). However, the role that ionotropic ATP recep-
tors such as P2X3 might play in nonexcitable tissues such as the 
urothelium is not known. Our results indicate that 1 potential 
function of P2X3-containing receptors is to modulate membrane 
dynamics at the apical pole of umbrella cells. Significantly, we 
observed that bladders from P2X2

–/–, P2X3
–/–, and P2X2

–/–P2X3
–/–  

mice failed to show increases in membrane capacitance when 
exposed to hydrostatic pressure, despite pressure-induced capaci-
tance changes in the appropriate wild-type controls. These data 
also provide what we believe to be the first evidence of a non-
neuronal function for P2X3 receptor subunits.

It was previously reported that P2X3
–/– mice have an increased 

volume threshold before increased pressure and nerve firing is 
detected, which possibly indicates an increased bladder capacity 
(20, 21). If pressure-induced increases in umbrella cell surface area 
allow the bladder to hold increased volume, then one would pre-
dict that the knockout mice would have decreased bladder capac-
ity. However, bladder capacity is a complex function of muscle 
tone, innervation, and mucosal surface area and is unlikely to 
simply reflect membrane dynamics in the umbrella cell layer. It is 
also possible that the membrane trafficking events we observe are 
important for maintaining the integrity of the apical surface and 
its function, but they may only play a minor role in modulating 
the storage capacity of the bladder. It is also worth noting that a 
lack of capacitance change in the P2X3

–/– and P2X2
–/–P2X3

–/– mice 
does not mean there is no exocytosis in the umbrella cells of these 
animals. Increases in capacitance are only observed if the rate of 
exocytosis is faster than the rate of endocytosis. If the rates of 
endocytosis/exocytosis were similar in the knockout animals, this 
could explain the apparently normal surface architecture of the 
mucosal surface of the knockout mice bladders.

Based on the data from our rabbit and mouse studies, the 
nature of the functional P2X receptor involved in apical mem-
brane trafficking is not entirely clear. α,β-meATP, a potent ago-
nist of homomeric P2X3 and heteromeric P2X2/3 receptors (14), 
had only modest effect in stimulating capacitance changes in rab-
bit uroepithelial tissue, which indicates that homomeric P2X3 or 
heteromeric P2X2/3 receptors may not play a major role in pres-
sure-stimulated membrane traffic in this tissue. Alternatively, 
the modest effect of α,β-meATP may have been the consequence 
of α,β-meATP–induced desensitization of the fast-inactivating 
homomeric P2X3 channels (62). This rapid desensitization could 
prevent long-term capacitance responses. An alternative possibil-
ity is that P2X3 subunits are forming heteromultimeric channels 
with P2X1 or P2X5 subunits (63), poorly characterized channels 
that are likely to have properties distinct from those of P2X3 and 
P2X2/3 receptors. A role for homomeric P2X2 receptors within the 
uroepithelium is consistent with the data from experiments on 
the effects of various agonists in rabbit uroepithelium (significant 
stimulation by ATPγS, ATP, and 2MeSATP but not α,β-meATP) 
and with our findings that P2X2

–/– mice had a decrease in apical 
membrane capacitance. Our observation that agonist-induced 
changes in capacitance occurred over a long period of time and 
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Réponse de l�urothélium aux variations du volume intra-
vésical au cours du cycle mictionnel. 

(Wang et al, 2005) 
 

1.  La pression hydrostatique stimule le 
relarguage d’ATP par plusieurs 
mécanismes possibles ( gap junction, 
canal ionique, relarguage vésiculaire?) 

2.  L’ATP stimule les terminaisons nerveuses  
du sous urothélium via des récepteurs 
P2X3  et augmenter la décharge afférente 

3.  La réponse est médiée vers les centres 
d’integration médullaire  

4.  L’ATP sous muqueux se fixe également 
sur des récepteurs purinergiques des 
cellules urothéliales ( surface baso 
latérale des cellules en ombrelle) 

5.  La fixation au ligand génère une 
augmentation du Ca intracellulaire à 
partir des stocks intra et extra cellulaires 
et activation d’une exocytose via 
activation de PKA 

6.  D’autres cibles cellulaires au niveau des 
couches intermédiaires et basales pour 
intervenir sur l’éxocytose apicale, via des 
agents non identifiés. 
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added mucosally, while ADP again showed small effects (∼18%) 
on capacitance (Table 1). Adenosine also caused a sizable increase 
in capacitance when added to the serosal surface (∼43%; Table 1) 
but smaller changes when added mucosally (∼18%). AMP stimu-
lated a significant increase in capacitance when added to either 
uroepithelial surface (serosal, ∼35%; mucosal, ∼38%). Taken 
together, these data suggest that multiple P2X, P2Y, and adenos-
ine receptors may be involved in regulating changes in urothelial 
membrane capacitance and exocytosis. These data also suggest 
a unique spatial localization of purinergic receptor subtypes 
capable of mediating changes in capacitance through serosa or 
mucosa-dependent signaling events.

In addition to exocytosis, increased hydrostatic pressure stim-
ulates apical endocytosis in umbrella cells (26), and the rates of 
endocytosis and exocytosis during bladder filling are such that the 
net effect is to add membrane. We previously reported that there is 
little endocytosis in the absence of stimulus (26). To test whether 
ATP affects endocytosis, we measured the internalization of bioti-
nylated plasma membrane proteins upon addition of ATPγS to the 
serosal surface of the uroepithelium. ATPγS caused a significant 
stimulation of apical endocytosis, with 72% of biotinylated pro-
teins internalized after a 2-hour treatment with agonist (Figure 4). 
These data indicate that in addition to exocytosis, ATP may also 
modulate endocytosis in umbrella cells.

Receptors containing P2X2 and P2X3 subunits modulate pressure-
induced exocytosis in umbrella cells. Previous data indicate that ATP 
activation of P2X3-containing receptors on subepithelial sensory 
nerve fibers controls bladder volume reflexes (21). However, the 
localization of P2X2 and P2X3 immunoreactivity within the uro-
epithelium (15–17, 23, 25) suggests an additional sensory role for 
these receptors in regulating uroepithelial function. The pharma-
cological data presented above support the involvement of P2X 
receptors in regulating membrane exocytosis but are complicat-
ed by a lack of specific agonists/antagonists for individual P2X 
receptor subunits. In the present study, we observed P2X3 local-
ization along focal regions of the basolateral surface of rabbit 
umbrella cells and the plasma membrane of underlying cell layers 
(Figure 5, A and B), which is consistent with previous reports of 

P2X3 expression in the uroepithelium (16, 25). No staining was 
observed when antigenic peptide was included in the reactions 
(data not shown). Intriguingly, P2X3 staining was also observed 
below the apical plasma membrane and appeared to concentrate 
at the apicolateral region of the cell (Figure 5, A and B). We con-
firmed in whole-mounted tissue that P2X3 circumscribed the api-
colateral junction of the umbrella cell layer at or near the tight 
junction (Figure 5C); however, the significance of this localiza-
tion is unknown. Unfortunately, we were unable to find antibod-
ies that reliably stained for P2X3 in mouse uroepithelial tissues or 
P2X2 in mouse and rabbit uroepithelial tissues.

To test whether P2X2 and/or P2X3 receptors were involved in 
pressure-induced exocytosis, we monitored membrane capacitance 
changes in bladders exposed to hydrostatic pressure from P2X2-, 
P2X3-, and P2X2/P2X3-knockout mice and appropriate wild-type 
controls (Figure 5D). Increased pressure resulted in a significant 
increase in capacitance in bladders from C57BL/6J wild-type mice 
but had no effect on bladders from P2X3

–/– mice (Figure 5D). P2X2
–/–  

mice showed a more complicated response to pressure, charac-
terized by an initial rise in capacitance that decreased to approxi-
mately 20% less than the start value by 300 minutes (Figure 5D). In 
P2X2

–/–P2X3
–/– mice, lacking both P2X2 and P2X3 receptor subunits, 

pressure-induced changes in capacitance were completely absent, 
despite pressure-induced capacitance changes in wild-type control 
P2X2

+/+P2X3
+/+ mice. Consistent with previously reported findings 

(20), bladders from P2X2
–/–, P2X3

–/–, P2X2
–/–P2X3

–/–, and appropriate 
control mice released comparable levels of ATP when exposed to 
increased hydrostatic pressure (data not shown), which ruled out 
the trivial explanation that the defects observed in these mice were 
the consequence of failure to release ATP. In addition, bladders 
from both wild-type and P2X-knockout mice appeared by gross 
inspection to be similar in size, and scanning electron microscopy 
analysis of the surface of the umbrella cells showed similar-sized 
cells, with obvious tight junctions, and surfaces covered by plaques 
and hinges (data not shown).

We previously observed that increased hydrostatic pressure causes 
a decrease in the abundance of discoidal/fusiform vesicles found 
in the umbrella cell apical cytoplasm (26). Consistent with these 
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Aspects méthodologiques(2) 
Cultures cellulaires déprivées en récepteurs?? 

40 
( Ochodnikcy P et al, BJUI 2012) 
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M 2  and, to a lesser extent, M 3  subtypes 
were reliably detected. Furthermore, 
native urothelium expressed angiotensin 
II AT 1  receptor, serotonin 5-HT 2A  receptor 
and all subtypes of bradykinin, endothelin, 
cannabinoid, tachykinin and S1P 
receptors. 

 Finally, native urothelium also expressed 
sphingosine kinases. Minimal expression of 
NGF and its high-affi nity receptor trkA were 
detected, while low-affi nity neurotrophin 
receptor p75 NTR  was rather abundant, 
indicating that urothelium could produce or 
respond to neurotrophins.  

  GPCR EXPRESSION PATTERN IN HUMAN 
UROTHELIAL CELL LINES 

 As shown in  Table   2  and  Fig.   1 , all three cell 
lines displayed marked downregulation of 
the majority of the GCPR transcripts with 
only a few genes remaining unchanged or 
elevated compared with native urothelium. 
Virtually no  α  adrenoceptor subtypes were 
detected in the cell lines. While the  β  
adrenoceptor expression pattern was largely 
maintained in UROtsa cells, the other cell 
lines TERT-NHUC and J82 only expressed 
the  β  2  receptor subtype out of all 
adrenoceptors. UROtsa cells retained the 
expression of M 3  muscarinic receptors but 
expression of all other muscarinic subtypes 
(including M 2 , the most abundant in native 
urothelium) was markedly downregulated, 
whereas TERT-NHUC and J82 cells expressed 
all muscarinic receptor subtypes minimally 
or not at all. No or minimal expression of 
angiotensin II, cannabinoid, serotonin or 
tachykinin receptors was observed in all 
studied cell lines, with the exception of a 
prominent cannabinoid CB 1  receptor 
expression in J82 cells. Interestingly, 
expression of bradykinin receptors and 
endothelin-1 ET A  receptor was maintained 
in all cell lines, although often at a lower 
level than in native urothelium, while ET B  
receptor was only expressed by J82 cells. All 
cell lines were characterized by a marked 
change in S1P receptor expression pattern, 
including a notable upregulation of S1P 5  
(the only upregulated GPCR in all cell lines) 
along with S1P 1 , S1P 2  and S1P 3  
downregulation. Also, both sphingosine 
kinase isoforms were heavily upregulated. 
The cell lines differed in their expression of 
NGF and its receptors: while UROtsa cell line 
retained a minimal NGF and trkA expression 
with an upregulation of p75 NTR , in 

TERT-NHUC all components were 
downregulated or missing, whereas J82 
seemed to overexpress NGF.   

  DISCUSSION 

 Our study shows that native human 
urothelium expresses a wide variety of 
GPCRs at the mRNA level, consistent with 
the idea of GPCRs being prominent 
regulators of urothelial function. Thus, 
human urothelium expressed all  β  
adrenoceptor subtypes. While this is in line 
with mRNA and immunohistochemistry data 
of other investigators   [ 13,14 ]  , the specifi c 
quantitative role of each subtype (especially 
 β  3 ) remains to be established. Importantly, 
stimulation of urothelial  β  adrenoceptors 
was shown to lead to formation of nitric 
oxide in experimental animals   [ 15 ]   and 
thus represents a potential mechanism 
contributing to the benefi cial effects of  β  
adrenoceptor agonists in the treatment of 
bladder overactivity   [ 9 ]  . 

 Although mRNA for all muscarinic receptor 
subtypes has been reported in human 
urothelium by other authors   [ 16,17 ]  , only M 2  
and M 3  were reliably detected in the present 
study. The prominence of these two 
subtypes is in agreement with the 
muscarinic expression pattern observed 
when the whole bladder tissue is studied. 
Enhancement of urothelial ATP release upon 
stimulation of muscarinic receptors is well 
established   [ 4,17 ]  , but the relative role of 
each receptor subtype remains to be 
determined. 

 For several urothelial GPCRs included in the 
current study, such as bradykinin receptors 
  [ 18 ]   and NK 1  substance P receptor   [ 7 ]  , a role 
in regulation of urothelial function has been 
described, whereas for others including 
cannabinoid   [ 19 ]   and endothelin-1 receptors 
  [ 20 ]   urothelial expression was reported 
without exploration of a functional 
relevance. In addition, we also detected a 
prominent expression of angiotensin II AT 1 , 
serotonin 5-HT 2A  and tachykinin substance K 
and neuromedin K receptors that had not 
been described in urothelium before. 

 Finally, it has recently been proposed that 
urothelium could serve as an important 
source of neurotrophins including NGF   [ 6 ]  . 
Our fi nding of low level expression of NGF 
and its high-affi nity receptor trkA along 
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    FIG.   1.  Scatter plot showing the relation between 
relative mRNA expression of the individual 
transcripts (as log 10  of 2  −  ∆ Ct ) in native tissue and in 
( A ) the UROtsa cell line, ( B ) the TERT-NHUC cell line 
and ( C ) the J82 cell line. Genes downregulated or 
upregulated more than twofold (grey diagonals) 
are shown in green and red, respectively, whereas 
those without any change are given as black dots.   

with a stronger expression of low-affi nity 
p75 NTR  neurotrophin receptor support the 
existence of the urothelial NGF system 
but require future functional analysis. 
Interestingly, urothelial p75 NTR  could play a 
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M 2  and, to a lesser extent, M 3  subtypes 
were reliably detected. Furthermore, 
native urothelium expressed angiotensin 
II AT 1  receptor, serotonin 5-HT 2A  receptor 
and all subtypes of bradykinin, endothelin, 
cannabinoid, tachykinin and S1P 
receptors. 

 Finally, native urothelium also expressed 
sphingosine kinases. Minimal expression of 
NGF and its high-affi nity receptor trkA were 
detected, while low-affi nity neurotrophin 
receptor p75 NTR  was rather abundant, 
indicating that urothelium could produce or 
respond to neurotrophins.  

  GPCR EXPRESSION PATTERN IN HUMAN 
UROTHELIAL CELL LINES 

 As shown in  Table   2  and  Fig.   1 , all three cell 
lines displayed marked downregulation of 
the majority of the GCPR transcripts with 
only a few genes remaining unchanged or 
elevated compared with native urothelium. 
Virtually no  α  adrenoceptor subtypes were 
detected in the cell lines. While the  β  
adrenoceptor expression pattern was largely 
maintained in UROtsa cells, the other cell 
lines TERT-NHUC and J82 only expressed 
the  β  2  receptor subtype out of all 
adrenoceptors. UROtsa cells retained the 
expression of M 3  muscarinic receptors but 
expression of all other muscarinic subtypes 
(including M 2 , the most abundant in native 
urothelium) was markedly downregulated, 
whereas TERT-NHUC and J82 cells expressed 
all muscarinic receptor subtypes minimally 
or not at all. No or minimal expression of 
angiotensin II, cannabinoid, serotonin or 
tachykinin receptors was observed in all 
studied cell lines, with the exception of a 
prominent cannabinoid CB 1  receptor 
expression in J82 cells. Interestingly, 
expression of bradykinin receptors and 
endothelin-1 ET A  receptor was maintained 
in all cell lines, although often at a lower 
level than in native urothelium, while ET B  
receptor was only expressed by J82 cells. All 
cell lines were characterized by a marked 
change in S1P receptor expression pattern, 
including a notable upregulation of S1P 5  
(the only upregulated GPCR in all cell lines) 
along with S1P 1 , S1P 2  and S1P 3  
downregulation. Also, both sphingosine 
kinase isoforms were heavily upregulated. 
The cell lines differed in their expression of 
NGF and its receptors: while UROtsa cell line 
retained a minimal NGF and trkA expression 
with an upregulation of p75 NTR , in 

TERT-NHUC all components were 
downregulated or missing, whereas J82 
seemed to overexpress NGF.   

  DISCUSSION 

 Our study shows that native human 
urothelium expresses a wide variety of 
GPCRs at the mRNA level, consistent with 
the idea of GPCRs being prominent 
regulators of urothelial function. Thus, 
human urothelium expressed all  β  
adrenoceptor subtypes. While this is in line 
with mRNA and immunohistochemistry data 
of other investigators   [ 13,14 ]  , the specifi c 
quantitative role of each subtype (especially 
 β  3 ) remains to be established. Importantly, 
stimulation of urothelial  β  adrenoceptors 
was shown to lead to formation of nitric 
oxide in experimental animals   [ 15 ]   and 
thus represents a potential mechanism 
contributing to the benefi cial effects of  β  
adrenoceptor agonists in the treatment of 
bladder overactivity   [ 9 ]  . 

 Although mRNA for all muscarinic receptor 
subtypes has been reported in human 
urothelium by other authors   [ 16,17 ]  , only M 2  
and M 3  were reliably detected in the present 
study. The prominence of these two 
subtypes is in agreement with the 
muscarinic expression pattern observed 
when the whole bladder tissue is studied. 
Enhancement of urothelial ATP release upon 
stimulation of muscarinic receptors is well 
established   [ 4,17 ]  , but the relative role of 
each receptor subtype remains to be 
determined. 

 For several urothelial GPCRs included in the 
current study, such as bradykinin receptors 
  [ 18 ]   and NK 1  substance P receptor   [ 7 ]  , a role 
in regulation of urothelial function has been 
described, whereas for others including 
cannabinoid   [ 19 ]   and endothelin-1 receptors 
  [ 20 ]   urothelial expression was reported 
without exploration of a functional 
relevance. In addition, we also detected a 
prominent expression of angiotensin II AT 1 , 
serotonin 5-HT 2A  and tachykinin substance K 
and neuromedin K receptors that had not 
been described in urothelium before. 

 Finally, it has recently been proposed that 
urothelium could serve as an important 
source of neurotrophins including NGF   [ 6 ]  . 
Our fi nding of low level expression of NGF 
and its high-affi nity receptor trkA along 
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    FIG.   1.  Scatter plot showing the relation between 
relative mRNA expression of the individual 
transcripts (as log 10  of 2  −  ∆ Ct ) in native tissue and in 
( A ) the UROtsa cell line, ( B ) the TERT-NHUC cell line 
and ( C ) the J82 cell line. Genes downregulated or 
upregulated more than twofold (grey diagonals) 
are shown in green and red, respectively, whereas 
those without any change are given as black dots.   

with a stronger expression of low-affi nity 
p75 NTR  neurotrophin receptor support the 
existence of the urothelial NGF system 
but require future functional analysis. 
Interestingly, urothelial p75 NTR  could play a 
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M 2  and, to a lesser extent, M 3  subtypes 
were reliably detected. Furthermore, 
native urothelium expressed angiotensin 
II AT 1  receptor, serotonin 5-HT 2A  receptor 
and all subtypes of bradykinin, endothelin, 
cannabinoid, tachykinin and S1P 
receptors. 

 Finally, native urothelium also expressed 
sphingosine kinases. Minimal expression of 
NGF and its high-affi nity receptor trkA were 
detected, while low-affi nity neurotrophin 
receptor p75 NTR  was rather abundant, 
indicating that urothelium could produce or 
respond to neurotrophins.  

  GPCR EXPRESSION PATTERN IN HUMAN 
UROTHELIAL CELL LINES 

 As shown in  Table   2  and  Fig.   1 , all three cell 
lines displayed marked downregulation of 
the majority of the GCPR transcripts with 
only a few genes remaining unchanged or 
elevated compared with native urothelium. 
Virtually no  α  adrenoceptor subtypes were 
detected in the cell lines. While the  β  
adrenoceptor expression pattern was largely 
maintained in UROtsa cells, the other cell 
lines TERT-NHUC and J82 only expressed 
the  β  2  receptor subtype out of all 
adrenoceptors. UROtsa cells retained the 
expression of M 3  muscarinic receptors but 
expression of all other muscarinic subtypes 
(including M 2 , the most abundant in native 
urothelium) was markedly downregulated, 
whereas TERT-NHUC and J82 cells expressed 
all muscarinic receptor subtypes minimally 
or not at all. No or minimal expression of 
angiotensin II, cannabinoid, serotonin or 
tachykinin receptors was observed in all 
studied cell lines, with the exception of a 
prominent cannabinoid CB 1  receptor 
expression in J82 cells. Interestingly, 
expression of bradykinin receptors and 
endothelin-1 ET A  receptor was maintained 
in all cell lines, although often at a lower 
level than in native urothelium, while ET B  
receptor was only expressed by J82 cells. All 
cell lines were characterized by a marked 
change in S1P receptor expression pattern, 
including a notable upregulation of S1P 5  
(the only upregulated GPCR in all cell lines) 
along with S1P 1 , S1P 2  and S1P 3  
downregulation. Also, both sphingosine 
kinase isoforms were heavily upregulated. 
The cell lines differed in their expression of 
NGF and its receptors: while UROtsa cell line 
retained a minimal NGF and trkA expression 
with an upregulation of p75 NTR , in 

TERT-NHUC all components were 
downregulated or missing, whereas J82 
seemed to overexpress NGF.   

  DISCUSSION 

 Our study shows that native human 
urothelium expresses a wide variety of 
GPCRs at the mRNA level, consistent with 
the idea of GPCRs being prominent 
regulators of urothelial function. Thus, 
human urothelium expressed all  β  
adrenoceptor subtypes. While this is in line 
with mRNA and immunohistochemistry data 
of other investigators   [ 13,14 ]  , the specifi c 
quantitative role of each subtype (especially 
 β  3 ) remains to be established. Importantly, 
stimulation of urothelial  β  adrenoceptors 
was shown to lead to formation of nitric 
oxide in experimental animals   [ 15 ]   and 
thus represents a potential mechanism 
contributing to the benefi cial effects of  β  
adrenoceptor agonists in the treatment of 
bladder overactivity   [ 9 ]  . 

 Although mRNA for all muscarinic receptor 
subtypes has been reported in human 
urothelium by other authors   [ 16,17 ]  , only M 2  
and M 3  were reliably detected in the present 
study. The prominence of these two 
subtypes is in agreement with the 
muscarinic expression pattern observed 
when the whole bladder tissue is studied. 
Enhancement of urothelial ATP release upon 
stimulation of muscarinic receptors is well 
established   [ 4,17 ]  , but the relative role of 
each receptor subtype remains to be 
determined. 

 For several urothelial GPCRs included in the 
current study, such as bradykinin receptors 
  [ 18 ]   and NK 1  substance P receptor   [ 7 ]  , a role 
in regulation of urothelial function has been 
described, whereas for others including 
cannabinoid   [ 19 ]   and endothelin-1 receptors 
  [ 20 ]   urothelial expression was reported 
without exploration of a functional 
relevance. In addition, we also detected a 
prominent expression of angiotensin II AT 1 , 
serotonin 5-HT 2A  and tachykinin substance K 
and neuromedin K receptors that had not 
been described in urothelium before. 

 Finally, it has recently been proposed that 
urothelium could serve as an important 
source of neurotrophins including NGF   [ 6 ]  . 
Our fi nding of low level expression of NGF 
and its high-affi nity receptor trkA along 
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    FIG.   1.  Scatter plot showing the relation between 
relative mRNA expression of the individual 
transcripts (as log 10  of 2  −  ∆ Ct ) in native tissue and in 
( A ) the UROtsa cell line, ( B ) the TERT-NHUC cell line 
and ( C ) the J82 cell line. Genes downregulated or 
upregulated more than twofold (grey diagonals) 
are shown in green and red, respectively, whereas 
those without any change are given as black dots.   

with a stronger expression of low-affi nity 
p75 NTR  neurotrophin receptor support the 
existence of the urothelial NGF system 
but require future functional analysis. 
Interestingly, urothelial p75 NTR  could play a 

Sous Expression Sur Expression 

Immunomarquage mRNA 

En dépit d’un marquage CK 7 , il existe une dédifférentiation pour les cellules  
en ombrelle, intermédiaires et de la couche basale par rapport aux cellules natives 
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Un exemple d’analyse des mécanismes de détection/transduction 
épithéliale: 

la muqueuse olfactive 

( Brunet LJ et al, Neuron,1996)  

Transduction? 
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IP3 Molécule  
Olfactive 2 

R… 

Détection? 

CNG Molécule  
Olfactive 1 

(CNG=Cyclic Nucleotid-Gated Channel) 
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682

Figure 1. Targeted Disruption in the Olfactory CNG Channel a Subunit Gene

(A) Schematic of proposed transmembrane topology of the CNG channel a subunit. The portion of the channel subunit containing the pore-
forming region (H5), the sixth membrane-spanning domain (S6), and part of the carboxyl terminus removed by homologous recombination is
highlighted in bold.
(B) Homologous recombination of the wild-type olfactory CNG channel gene (top line) with the targeting vector (middle line) results in a
disrupted CNG channel gene (bottom line).
(C) Southern blot analysis with the CNG channel probe shown in (B) indicates that the 4 kb wild-type BamHI fragment (lane 1) is present in
a cell line in which there was a nonhomologous insertion (lane 2) and is replaced with the diagnostic 3 kb BamHI fragment (indicative of
homologous recombination) in a bona fide knockout ES cell clone (lane 3).
(D) Genomic PCR analysis of offspring from one mouse chimera using primers for the neomycin resistance gene demonstrates that the
targeted gene transmits through the germline to female (F), but not male (M) offspring.

Liman and Buck, 1994; Korschen et al., 1995). We there- (S5), the putative pore-forming region (H5), the sixth
membrane-spanning region (S6), and a portion of thefore chose to mutate the olfactory CNG channel a sub-

unit gene to ablate channel function. We designed a intracellular carboxy-terminal tail (Figures 1A and 1B;
see also Gouldinget al., 1992). Thus, any protein producttargeting vector that, upon homologous recombination

within the olfactory CNG channel a subunit gene, would derived from this disrupted gene would not be expected
to form a functional channel subunit.delete a portionof the channel that includes theextracel-

lular loop following the fifth membrane-spanning region Embryonic stem (ES) cells derived from the 129/Sv

Modèle de souris KO “CNG” 
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Un exemple d’analyse des mécanismes de détection/transduction 
épithéliale: 

la muqueuse olfactive 

( Brunet LJ et al, Neuron,1996)  
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(CNG=Cyclic Nucleotid-Gated Channel) 
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Figure 6. EOG Recordings from Olfactory Epithelium of Wild-Type and Hemizygous Mutant Pups

EOG responses to 13 odorants from a wild-type female and a hemizygous male, both from the same F2 litter which was derived on the FVB
background. Each panel includes the wild-type (wt) and hemizygous (ko) responses to odorant, as indicated. Odorants were delivered in the
vapor phase by passing an air stream over evaporation tubes containing odorant solutions (see Experimental Procedures). The following
odorants were diluted in mineral oil (fold-dilutions from pure liquid stocks are indicated in parentheses): 2-hexylpyridine (1023), isomenthone
(1023), citralva (1023), geraniol (1023), lilial (1022), triethylamine (1023). Pyrazine (a solid) was dissolved to a final concentration of 1022 M in mineral
oil. Isovaleric acid (final concentration: 0.02 M) and ethylvanillin (final concentration: 0.2 M) were each diluted in water. Urine from C57BL/6
male mice, coyote urine (from meat-fed animals), and peanut butter were not diluted. In all cases, odorants were applied 1 s after the beginning
of each trace for a duration of 1 s. The stimulus trace beneath the mineral oil response shows an example of the time course of the computer-
controlled stimulus pulse. The small initial negative deflection in each EOG trace (most easily visible in each of the knockout traces) is a
mechanical artifact caused by actuation of the valve used to switch air streams; a similar positive artifact occurs when the stimulus is switched
back to clean air. The knockout trace in response to pyrazine is also shown at 10-fold higher gain (103 ko) to demonstrate the absence of
a detectable negative EOG. The positive EOG of the mutant in response to triehylamine is of non-neuronal origin (Okano and Takagi, 1974;
see the text) and superimposes with the initial transient positive response of the wild-type trace (see inset with expanded time scale).

litters of inbred F2 pups derived from crosses between amplitudes from heterozygous mutant females, how-
ever, were not significantly different than those from129/Sv F1 heterozygous females (1/2) and 129/Sv wild-

type males (1/o) (Figure 7). The negative EOG was al- wild-type preparations (e.g., p 5 0.28 for pyrazine re-
sponses). Our inability to discern this difference may beways detected in wild-type and heterozygous mice (20

pups), but was never detected in mice bearing the (2/o) due to the steps we employed to minimize recording
noise; these methods introduced some variability in thegenotype (12 pups). Although a negative EOG was not

observed in hemizygous mutant mice, we cannot rule EOG recordings, possibly obscuring any small quantita-
tive differences (see Experimental Procedures).out a response smaller than the noise of our recordings.

Thus, in Figure 7, the values for hemizygous mutant To rule out the possibility that the severity of the
knockout phenotype is influenced by genetic back-responses are each expressed as an upper limit esti-

mated as twice the magnitude of the peak-to-peak noise ground or due to a second, unlinked mutation, we per-
formed EOG recordings on F2 and F3 generation miceof the recording (peak-to-peak noise was typically <0.01

mV). For all odorants tested, mean EOG responses of derived from successive back-crosses onto the FVB
inbred background (see Experimental Procedures).wild-type and heterozygous mutant pups were highly

significantly different from those of hemizygous mutant From a total of 72 F2 generation mice, 14 displayed
aberrant EOG responses typical of hemizygousmutants;males (see legend to Figure 7). One might predict that

heterozygous female mutants would exhibit EOG re- all 14 of these animals were subsequently determined
to have the (2/o) genotype (data not shown). Similarly,sponses that are z50% smaller than those found in wild-

type animals due to random X inactivation. Response analysis of 25 F3 offspring revealed 4 pups that failed

Neuron
684

Figure 2. OMP and CNG Channel Expression in Wild-Type and Mutant Olfactory Epithelium
In situ hybridizations were performed on tissue sections from 1-day-old neonatal mice using digoxigenin-labeled antisense RNA probes.
Digoxigenin-labeled probes were localized with an alkaline phosphatase–conjugated anti-digoxigenin antibody followed by a colorimetric
reaction with BCIP/NBT. In situ hybridizations were carried out on noses from wild-type (1/o) males (wt) (A, C, and E) or hemizygous mutant
(2/o) males (ko) (B, D, and F).
(A and B) Coronal sections hybridized with a digoxigenin-labeled OMP probe. Expression of OMP mRNA delineates the extent of the sensory
neuroepithelium lining the medial septum, dorsal recesses, and lateral turbinates.
(C and D) High power differential interference contrast (DIC) views of septal olfactory epithelium from sections hybridized with the OMP probe.
OMP reactivity is localized to the medially disposed olfactory neuron cell bodies in both the wild-type and mutant olfactory epithelium.
(E and F) High power DIC views of septal olfactory epithelium from sections hybridized with a digoxygenin-labeled CNG channel probe. (C)
and (E) show adjacent sections from the same wild-type pup. Similarly, (D) and (F) show adjacent sections from the same hemizygous mutant
pup. Reactivity is found in the olfactory neuron cell body layer in the wild-type, but not the mutant olfactory epithelium.

Scale bar in (F) indicates 1 mm for (A) and (B) and 100 mm for (C)–(F).
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Un exemple d’analyse des mécanismes de détection/transduction 
épithéliale: 

la muqueuse olfactive 

( Brunet LJ et al, Neuron,1996)  

Transduction 

cAMP 

Molécule  
Olfactive 2 

Détection 

CNG 

Molécule  
Olfactive 1 

(CNG=Cyclic Nucleotid-Gated Channel) 

Chez la souris, la transduction sensorielle du message olfactif est médiée par un 
unique récepteur CNG et le cAMP en est le seul second messager   
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Fonction sensorielle multi modale de l�urothélium 
(Birder et al ,Exp Brain Res,2006) 

 
Stimulus! Urothélium! Neurones sensitif!

Physico/chimique Récepteurs exprimés 
Etirement! Canaux Na amiloride- sensibles Canaux Na amiloride- sensibles 

Chaud TRPV1 ; TRPV2 ; TRPV4 TRPV1 ; TRPV2 ; TRPV4 
Froid TRPM8 ; TRPA1 TRPM8 ; TRPA1 
H+ TRPV1 TRPV1 ; ASIC ; DRASIC 

Osmolarité TRPV4 TRPV4 
Neurotransmetteurs+ Récepteurs exprimés 

ATP! P2X/P2Y P2X/P2Y 
Ach Muscariniques  Muscariniques  

Substance P NK1 ; NK2 NK1 ; NK2 ; NK3 
CGRP CGRP CGRP 

Bradykinine! B1 ;B2 B1 ;B2 
Norepinephrine! Sous Unités α/β! Sous Unités α/β!

NGF! P75/trk A! P75/trk A!
Neurotoxines+ C ible+exprimée+

Capsaicine / RTX TRPV1 TRPV1 
Toxine!Botulique-A! SNAP-25! SNAP-25!

!
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Substances libérées par l’urothélium en réponse à la 
distension ou l’inflammation 

"  ATP 

"  NO 

" Acetylcholine 

(de Groat et al  2004) 
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L�ACh est synthétisée et libérée par l�urothelium chez 
l�homme (Yoshida M, et al Urology. 2004)  

Urothélium  Détrusor 
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  L�urothélium exprime des récepteurs cholinergiques 
  

1.  L�instillation endo vésicale 
d�urine humaine après 
administration orale 
d�anticholinergiques , n�a 
pas d�effet sur les 
paramètres manométriques 
du rat à l�état basal. 

2.  Après induction d�une 
hyperactivité détrusorienne 
par instillation préalable de 
carbacholine, il existe une 
augmentation de l�IIC et de 
la capacité vésicale 
exclusivement sous 
Trospium. 

 

(Kim SH et al, BJU International . 2006) 

Oxybutinine 
Toltérodine 
Trospium 

Carbacholine 
+ 

Oxybutinine 
Toltérodine 

Carbacholine 
+ 

Trospium 
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Signification 
Trospium: 

  -Excrétion urinaire 
  -Pas de passage de la barrière 
hémato encéphalique 
  - Egale sélectivité M1-M5 
  - Action uniquement sur le délai 
intercontractile et pas sur 
l�amplitude de la contraction 
mictionnnelle ( muscle lisse) 
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(Park RW et al. Curr Urol Rep 2003   

1 Le blocage sélectif des récepteurs muscariniques non musculaires ( urothelium, 
sous urothélium, nerfs afférents) supprime l�activité détrusorienne non liée à la 
miction sans modifier les paramètres mictionnels.  

Kim SH et al. BJU International 2006)  

2 Le relarguage d�ACh par l�urothélium est une cause possible de l�activité 
phasique non mictionnelle induite chez le rat  
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En synthèse: 
•  L �innervation sensorielle périphérique vésicale est sous-tendue par 

trois populations de nerfs fonctionnellement distincts: 
–  Un contingent Aδ à bas seuil rapidement adaptable composée de 2 groupes 

présentant des voies de projection centrale distinctes:  
•  récepteurs « en série » à haute sensibilité distension/contraction 
•  récepteurs « en parallèle » à haute sensibilité  volume  

–  Un contingent C à haut seuil impliqué dans la douleur à la 
distension( sommation temporelle) 

–  Un contingent C silencieux « sensitisé » dans les conditions 
pathologiques(inflammation,obstruction) (sommation spatiale) 

•  Fonction autonome « décentralisée » des afférences par la mise en jeu 
de « réflexes périphériques » 

•  L�urothélium représente une extension du système nerveux afférent: 
–  est en mesure de détecter un stimulus 
–  d�exprimer différent neurotransmetteurs et peptides (fonction efférente) 
–  d�exprimer les différents récepteurs pour ces transmetteurs et moduler sa 

réponse  
 
 

L�ensemble de ces mécanismes physiologiques assurés par 
l�innervation afférente et l�urothélium rend bien compte d�une 
modulation de la décharge afférente dans sa  modalité temporelle. 
Existe-t-il un substrat pour une synchronisation spatiale de la 
décharge afférente?  



Récepteurs de Neurones Sensoriels 
Spécifiques (SNRS) 
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( Honda M et al, BJUI 2012) 

Anesthésie Urethane Anesthésie Urethane +Capsaicine 

BAM 8-22 ( Bovine Adrenal Medulla)= agoniste rSNRS1 (nociception?) 

Effet inhibiteur dose dépendant sur le réflexe mictionnel 
•  Effet distinct de la capsaicine, opioides 
•  Neurones localisés Ggs Post (homme) 
•  50% fixent les TRPV1 



Une fonction pace maker de l’urothélium? 
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Mesure de la concentration de Ca intracellulaire par un indicateur 
fluorescent (fura-2) 

•  Le Ca++ agit comme un 
messager intra et 
intercellulaire de 
plusieurs réponses 
cellulaireset tissulaires 

•  Rôle central du Ca++  

dans la réponse aux 
agressions tissulaires et 
les processus  de 
mécano transduction 



Une fonction pace maker de l’urothélium? 
Calcium intra cellulaire comme second messager coordonnant la réponse de 

l’urothélium à une stimulation 
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Calcium signalling in normal human urothelial cell monolayers 455

Figure 1 Cells were scratched with a sterile plastic pipette to create a 500 !m wound in the cell monolayer. Time-lapse images
were recorded every 10 min over a 24-h period, with the cells maintained at 37 ◦C in 5% CO2. (A) Shows representative images
captured every 150 min showing cells moving into the denuded area. ImageJ software was used to track individual cells close
to the wound edge (3—4 cells away from the wound edge) and cells further back from the wound (rows 15—20). (B) Shows the
averaged distance moved by four cells at the wound edge and four further back. Cells near the wound edge were seen to move
5.59 ± 0.4 arbitrary units (a.u.) compared to 3.4 ± 0.18 a.u. by cells further back from the wound edge.

wound edge experienced a brief calcium transient before
fluorescence returned to basal levels.

Role of extracellular calcium influx

In the absence of extracellular calcium, the response to
wounding showed that a calcium signal was initiated one
to two cells back from the wound edge and spread through
the rest of cells in a wave-like fashion away from the injury
site (Fig. 3A). Cells adjacent to the edge of wound and
which exhibited a sustained calcium signal in the presence

of extracellular calcium were not activated in a calcium-
free environment indicating that calcium influx from the
extracellular environment was involved in the mechanism
of calcium increase in these cells.

By contrast, cells that were more distal to the wound
edge still exhibited a calcium response, even in the absence
of extracellular calcium, suggesting that release from inter-
nal stores was responsible for the elevation in calcium. To
confirm if this release was from the ER, cells were pre-
treated with 0.1 !M of thapsigargin, an inhibitor of the ER
ATPase, which causes emptying of the ER and prevents cal-
cium release. In the absence of extracellular calcium and

Figure 2 Cells were loaded with fluo4-AM and fura-red-AM for 20 min and washed in HBS prior to a 250 !m wound being created
with a glass pipette. Calcium responses were measured by laser scanning confocal microscopy. (A) The representative example
shows images of the same field of cells at sequential time points following mechanical wounding with a glass pipette. The time after
stimulation is indicated at the bottom of each image and an increase in intracellular calcium is represented by an increase in the
green fluorescence. Cells at the wound edge (e.g. cell A, top right panel) showed a sustained elevation in [Ca2+]i, which remained high
for at least 40 min, while cells distance from the wound edge (e.g. cell B, bottom right panel) showed a transient increase in [Ca2+]i.

•  Mesure de la concentration intra 
cellulaire de Ca par indicateur 
fluorescent fluo4-AM 

•  Monocouche cellulaire 
d’urothélium, blessure 
mécanique 

•  Gradient spatiat et temporel de 
mobilisation du Ca IC 

•  Cette mobilisation est aussi 
activée en réponse à une 
pression ou étirement 

•  Elle est sous tendue par des 
facteurs diffusibles 

•  l’ATP est un des facteurs 
diffusibles identifiés via 
l’activation de récepteurs IP3 

(Shabir S et al, Cell Calcium 2008) 
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were recorded every 10 min over a 24-h period, with the cells maintained at 37 ◦C in 5% CO2. (A) Shows representative images
captured every 150 min showing cells moving into the denuded area. ImageJ software was used to track individual cells close
to the wound edge (3—4 cells away from the wound edge) and cells further back from the wound (rows 15—20). (B) Shows the
averaged distance moved by four cells at the wound edge and four further back. Cells near the wound edge were seen to move
5.59 ± 0.4 arbitrary units (a.u.) compared to 3.4 ± 0.18 a.u. by cells further back from the wound edge.

wound edge experienced a brief calcium transient before
fluorescence returned to basal levels.

Role of extracellular calcium influx

In the absence of extracellular calcium, the response to
wounding showed that a calcium signal was initiated one
to two cells back from the wound edge and spread through
the rest of cells in a wave-like fashion away from the injury
site (Fig. 3A). Cells adjacent to the edge of wound and
which exhibited a sustained calcium signal in the presence

of extracellular calcium were not activated in a calcium-
free environment indicating that calcium influx from the
extracellular environment was involved in the mechanism
of calcium increase in these cells.

By contrast, cells that were more distal to the wound
edge still exhibited a calcium response, even in the absence
of extracellular calcium, suggesting that release from inter-
nal stores was responsible for the elevation in calcium. To
confirm if this release was from the ER, cells were pre-
treated with 0.1 !M of thapsigargin, an inhibitor of the ER
ATPase, which causes emptying of the ER and prevents cal-
cium release. In the absence of extracellular calcium and

Figure 2 Cells were loaded with fluo4-AM and fura-red-AM for 20 min and washed in HBS prior to a 250 !m wound being created
with a glass pipette. Calcium responses were measured by laser scanning confocal microscopy. (A) The representative example
shows images of the same field of cells at sequential time points following mechanical wounding with a glass pipette. The time after
stimulation is indicated at the bottom of each image and an increase in intracellular calcium is represented by an increase in the
green fluorescence. Cells at the wound edge (e.g. cell A, top right panel) showed a sustained elevation in [Ca2+]i, which remained high
for at least 40 min, while cells distance from the wound edge (e.g. cell B, bottom right panel) showed a transient increase in [Ca2+]i.
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Figure 4 Confluent fluo-4/fura-red loaded cells were wounded to create a gap in the monolayer. After the propagated calcium
transient had returned to basal levels (approximately 2 min) to leave only cells at the wound edge showing a sustained calcium signal,
a second wound was created 1 mm distant to the first. The second calcium wave propagated across the break in the monolayer,
indicating that cell—cell contact is not required for the propagation of the calcium wave.

The mechanism by which the calcium wave was prop-
agated was also investigated by exposing the cells to a
unidirectional fluid flow during wounding. The distance trav-
elled by the calcium wave in the same direction of the fluid
flow was seen to be in the order of many hundreds of !m
(limited by the field of view), while the wave traversed only
50—100 !m (5—10 cells) against the direction of the fluid
flow (n = 3). This experiment again suggested that one or
more diffusible factors were necessary in the propagation
of the calcium wave (Fig. 3A).

A number of factors, including ATP, have been implicated
as diffusible signalling molecules which, when released
from damaged cells, mediate the propagation of a calcium
wave. To investigate the nature of the diffusible factor,
wound-conditioned medium containing 100 !M ARY-67156
to prevent the degradation of ATP, was added directly,
within 30 s, onto unwounded cell cultures. The conditioned
medium produced an elevation in [Ca2+]i in a subpopulation
of cells (Fig. 5). However, in comparison to the intensity
of the calcium wave seen when wounding a monolayer,

Figure 5 The effect of wound-conditioned medium on the activation of a calcium signal in resting cells was investigated. The
representative example (n = 2) shows sequential images of the same field of cells following the application of 1 ml of wound-
conditioned medium containing 100 !M ARY-67156. The conditioned medium produced a weak transient calcium response in a small
number (approximately) 5% of cells.

(Shabir S et al, Cell Calcium 2008) 

•  Mesure de la concentration intra 
cellulaire de Ca par indicateur 
fluorescent fluo4-AM 

•  Monocouche cellulaire 
d’urothélium, blessure 
mécanique 

•  Gradient spatiat et temporel de 
mobilisation du Ca IC 

•  Cette mobilisation est aussi 
activée en réponse à une 
pression ou étirement 

•  Elle est sous tendue par des 
facteurs diffusibles 

•  l’ATP est un des facteurs 
diffusibles identifiés via 
l’activation de récepteurs IP3 
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a second wound was created 1 mm distant to the first. The second calcium wave propagated across the break in the monolayer,
indicating that cell—cell contact is not required for the propagation of the calcium wave.

The mechanism by which the calcium wave was prop-
agated was also investigated by exposing the cells to a
unidirectional fluid flow during wounding. The distance trav-
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flow was seen to be in the order of many hundreds of !m
(limited by the field of view), while the wave traversed only
50—100 !m (5—10 cells) against the direction of the fluid
flow (n = 3). This experiment again suggested that one or
more diffusible factors were necessary in the propagation
of the calcium wave (Fig. 3A).

A number of factors, including ATP, have been implicated
as diffusible signalling molecules which, when released
from damaged cells, mediate the propagation of a calcium
wave. To investigate the nature of the diffusible factor,
wound-conditioned medium containing 100 !M ARY-67156
to prevent the degradation of ATP, was added directly,
within 30 s, onto unwounded cell cultures. The conditioned
medium produced an elevation in [Ca2+]i in a subpopulation
of cells (Fig. 5). However, in comparison to the intensity
of the calcium wave seen when wounding a monolayer,

Figure 5 The effect of wound-conditioned medium on the activation of a calcium signal in resting cells was investigated. The
representative example (n = 2) shows sequential images of the same field of cells following the application of 1 ml of wound-
conditioned medium containing 100 !M ARY-67156. The conditioned medium produced a weak transient calcium response in a small
number (approximately) 5% of cells.
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Quatrième notion: Le rôle des myofibroblastes 

•  Cellules sub-urothéliales de 
forme fuselée, positives à la 
vimentine 

•  Contacts étroits avec les 
terminaisons nerveuses  

•  Connectées en réseau via 
les jonctions communicantes 
( Gap Junctions) composées 
de Connexine 43. 

•  Un rôle afférent: 
–  Transmission chimique 

pour les terminaisons 
–  Action mécanique sur les 

terminaisons libres  

(Wiseman et al,BJU Int 2003 ; Sui et al, J Urol 2004; Gillespie JI,Cell Tissue Res. 2006 ) 
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Corps cellulaire triangulaire 
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Prolongements contractiles  
vers les cellules musculaires lisses 
et les autres myofibroblastes 
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Etirement Etirement 

ATP ACh 

P2Y 

MR 
MR 

Moelle 
ACh 

Nerf  
Afférent 

Myofibroblaste 
Communication 
Electro-chimique 

(Gillespie JI, et al J.Cell Tissue Res. 2006)  

Nerf  
Efférent 

Quatrième et dernière notion: Le rôle des myofibroblastes 

•  Candidats pour moduler le signal afférent: 
- Modulation temporelle ( chimique) 
- Modulation spatiale ( réseau inter-cellulaire) 
•  Population cellulaire hétérogène  
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Les données physiologiques 

•  Le besoin relève   
–  d�une organisation sensorielle périphérique ( 4 notions) 

•  Codage distinct volume/pression des afférents 
•  Sensibilisation des afférents nerveux 
•  Rôle de l�urothélium  
•  Rôle du sous urothélium 

–  intégration centrale. 
 



Intégration centrale segmentaire du besoin 
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Sacral parasympathetic pathways

The sacral parasympathetic outflow provides the

major excitatory input to the urinary bladder. Cholin-

ergic preganglionic neurons located in the intermedio-

lateral region of the sacral spinal cord (de Groat &

Ryall 1968a, Nadelhaft et al. 1980) send axons via

the pelvic nerves to ganglion cells in the pelvic plexus

and in the wall of the bladder. The ganglion cells in

turn excite bladder smooth muscle via the release of

cholinergic (acetylcholine) and non-adrenergic, non-

cholinergic transmitters and also inhibit urethral

smooth muscle via the release of nitric oxide (Fry

et al. 2009).

Thoracolumbar sympathetic and sacral somatic efferent
pathways

Sympathetic pathways to the lower urinary tract that

originate in the lumbosacral sympathetic chain ganglia

as well as in the prevertebral inferior mesenteric gan-

glia pass to the bladder via the hypogastric (Morgan

et al. 1986) and pelvic nerves (Kuo et al. 1984). Sym-

pathetic efferent pathways elicit various effects includ-

ing: (1) inhibition of detrusor muscle, (2) excitation of

the bladder base and urethra (Fry et al. 2009) and (3)

inhibition and facilitation in bladder parasympathetic

ganglia (de Groat & Saum 1972, Saum & de Groat

1972, de Groat & Theobald 1976, Keast et al. 1990).
The efferent innervation of the urethral striated mus-

cles originates from cells in a circumscribed region of

the lateral ventral horn that is termed ‘Onuf’s nucleus’.

Sphincter motoneurons send their axons through the

pudendal nerves and excite sphincter muscles via the

release of acetylcholine (Thor & de Groat 2010).

Afferent pathways

Afferent axons innervating the urinary tract are pres-

ent in the three sets of nerves (de Groat & Yoshimura

2009). The most important afferents for initiating

micturition are those passing in the pelvic nerve to the

sacral spinal cord. These afferents are small myelin-

ated (Ad) and unmyelinated (C) fibres, which convey

information from receptors in the bladder wall

(Habler et al. 1993, Sengupta & Gebhart 1994, Shea

et al. 2000, Gillespie et al. 2009, Kanai et al. 2011)

to second-order neurons in the spinal cord (Fig. 1). Ad

Figure 1 Diagram summarizing the reflex pathways that reg-

ulate urine storage and voiding in a decerebrate cat. The

major focus of the diagram is the organization of spinal cir-

cuitry. During the urine storage, distention of the bladder

produces a low level of firing in vesical afferent axons in the

pelvic nerve, which induces firing in lumbar sympathetic

nerves innervating the bladder, bladder ganglia and urethra.

This activity is mediated by an intersegmental sacral-lumbar

reflex pathway (shown in purple) and produces inhibition of

the bladder and contraction of the urethral smooth muscle.

Bladder afferent firing also elicits reflex activation of moto-

neurons innervating the external urethral sphincter (EUS)

(shown in red) which induces a EUS contraction (the guard-

ing reflex). The EUS contraction in turn induces firing in EUS

afferents (shown in red) which activate inhibitory interneu-

rons in the spinal cord leading to inhibition of bladder pre-

ganglionic neurons (PGN) and excitatory interneurons on the

ascending and descending limbs of the spinobulbospinal mic-

turition reflex pathway. The bladder-sympathetic and blad-

der-EUS reflex pathways are very likely multisynaptic but are

shown as monosynaptic to simplify the diagram. A third

spinal inhibitory mechanism (recurrent inhibition) is medi-

ated by axon collaterals of the PGN which activate inhibitory

interneurons (shown in blue) that in turn suppress the firing

of excitatory interneurons on the ascending and descending

limbs of the spinobulbospinal micturition reflex pathway.

Reflex voiding in the decerebrate cat is triggered by bladder

distension and afferent firing that activates spinal tract

neurons (shown in light blue) in the sacral cord that send

information to an excitatory circuit in the periaqueductal

gray that in turn activates direct (D) neurons in the pontine

micturition centre (PMC) that send excitatory signals back

down the spinal cord to bladder PGN and/or excitatory

interneurons that synapse with PGN (shown in green). PGN

in turn excite peripheral ganglion cells that activate the blad-

der smooth muscle. Descending activity in the PMC direct

neurons also suppresses sympathetic and EUS storage reflexes

as well as recurrent inhibition by activating segmental inhibi-

tory interneurons (shown in green). This suppression of

spinal inhibitory mechanisms by the PMC enhances voiding

efficiency.

© 2012 The Authors
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( De Groat et al, Acta Physiol 2013, 207, 66–84)  
 



Imagerie fonctionnelle 

•   Compréhension de l �intégration supra-spinale des sensations viscérales: 
–  Etudes en SPECT: paradigmes soustractifs vessie pleine/vide , miction/vessie 

pleine  
–  IRMf , séquence d�activations/désactivations de zones cérébrales au cours 

d�une séquence physiologique ( continence /miction) 
•  Première corrélation anatomo physiologique du besoin (Athwal et al, Brain 

2001) 

•   Etude des variations de l’activité cérébrale (# ou $) en réponse 
•   à une variation du volume de 0 à CVF 
•  aux différents stades du besoin % besoin impérieux 

 

Structure Fonction 



Les structures de la continence 
(Méta analyse des études PET/IRMf) 

 ( Kavia RJ et al, 2005) 



77 (Athwal et al, Brain 2001)  

Certaines zones cérébrales augmentent leur 
activation avec le remplissage 

•  1 Subst grise périaqueductale (PAG) 

•  2 Region médiane du pont 

•  3 Gyrus Cingulaire Moyen 

•  4 Lobes frontaux 
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D’autres zones topographiquement distinctes 
se désactivent avec l’emergence d’un besoin urgent. 

Cortex prémoteur Hypothalamus 

 
 
SPM t, p<0.05 non corrigé 

(Athwal et al., Brain 2001) 
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•  La sensation de plénitude vésicale et le besoin urgent mettent en jeu des 
zones cérébrales distinctes. 

•  Contribution remarquable du Gyrus cingulaire dans 2 situations: 
–  besoin impérieux ( Athwall et al, Brain 2001) 
–  initiation de la miction volontaire ( Nour et al, Brain 2000) 

•  Gyrus cingulaire et le cortex prémoteur impliqués dans le contröle de 
l’attention sélective dans des situations de tâches conflictuelles  
 ( Cohen et al, 2000) 

•  Mais aussi modulent l’intensité du message douloureux en fonction du 
niveau d’attention. 

Gyrus Cingulaire Cortex prémoteur 
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VERT 
ROUGE 

BLEU 
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(a) (b) (c) 

STROOP 

Emotion,Sensations viscérales 
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S2-S4 

Afférences 
-Pelviennes 
-Hypogastriques 

PAG 
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Kavia et Fowler 04 

Programmation d’une miction en 
condition appropriée / suppression 
en condition inapropriée 

Etat vessie pleine/vessie vide 



Représentation corticale des muscles périnéaux 

( Schrum A et al, J Urol,2011) 

orteils 

périnée 

• a: AMS (Aire Motrice Suppl) 
• b: Lobule para central 
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Le réflexe mictionnel est mis en jeu par commutation 
de l�activité depuis le PAG vers les centres pontiques 

activateurs de la miction 

   Tegmentum pontique: 
–  Région dorso médiale ou 

région « M ». Stimulation 
détermine une miction 
complète et coordonnée 
chez le chat 

–  Région plus latérale ou 
centre « L »  impliqué 
dans la continence et 
contrôle tonique du 
sphincter. 

 

M 
L 

Miction appropriée Miction inappropriée 

(Griffiths et al ,2002) 



VOIES ASCENDANTES 

PMC 

SSU 

Vessie 

PAG 

CPF 

Les fibres ascendantes 
sensitives provenant de 
la paroi vésicale et du 
plancher pelvien relayent 
la sensation de plénitude 
vésicale 
 
Les voies ascendantes 
spinales relaient 
l’information à la région 
du PAG 



VOIES DESCENDANTES 

Les voies nerveuses descendantes 
cortico spinales en provenance de 
la région pontique projettent vers la 
moelle sacrée sur les motoneurones 
parasympathiques sacrés (PMN) et 
le Noyau d’Onuf 

PMC 

PMN 
Noyau 
Onuf 

SSU 

•  Lors de la phase de continence, 
elles activent le Noyau d’Onuf et 
ihnibent le PMN 

•  Lors de la miction, 
elles inhibent le 
Noyau d’Onuf et 
activent le PMT 



assumed that during bladder filling bladder pressure

remains low but bladder afferent firing slowly

increases as bladder wall tension increases. Bladder

efferent firing that represents activity in the spinobul-

bospinal micturition reflex pathway remains low

during the filling because the PAG-PMC switching

circuit is in the off mode. At a critical bladder volume

threshold the PAG-PMC switch is turned on and effer-

ent firing markedly increases inducing a prominent

increase in bladder pressure followed by an increase in

bladder afferent firing, a relaxation of the urethral

outlet (not shown) and then voiding evident as a

decrease in bladder volume. The model generates an

all-or-none reflex response reflected as maximal effer-

ent discharge throughout voiding even as bladder vol-

ume decreases. The model generates efficient voiding

resulting in complete bladder emptying. Reducing the

strength of the inhibitory input from the PMC toni-

cally active independent neuron to the direct neuron

reduces bladder capacity, while increasing the strength

of the inhibition increases bladder capacity. The fact

that the computer simulation replicates the storage-

voiding cycle corroborates the validity of the neural

circuitry theorized in this paper.

Conclusions

The neural control of micturition is organized as a

hierarchical system in which spinal storage mecha-

nisms are regulated by complex switching mechanisms

in the rostral brain stem that initiate reflex micturi-

tion. The circuitry controlling reflex micturition is in

turn modulated by input from the forebrain that

underlies voluntary micturition.

Because reflex bladder activity can recover after

complete transection of the thoracic spinal cord, it

might be argued that all of the switching mechanisms

required for control of the lower urinary tract are resi-

dent in the spinal cord. However, spinal circuits do

not generate efficient storage or voiding and bladder

reflexes appear to emerge after spinal cord injury due

to the formation of new synaptic connections rather

than the recovery of normal, pre-existing connections.

Thus, it is reasonable to conclude the micturition

switch is located in the brain stem.

The initiation of reflex micturition is driven by affer-

ent signals arising in the bladder during bladder filling.

These signals activate a spinobulbospinal reflex consist-

ing of an ascending afferent limb that projects through

the lateral funiculus of the spinal cord to sites in the

mesencephalon (the PAG) and/or the rostral pons (the

PMC). The descending limb of the reflex originates in

the pons (PMC direct neurons) and carries signals back

to the parasympathetic, sympathetic and sphincter

motor nuclei in the lumbosacral spinal cord to coordi-

nate the activity of the bladder and urethral outlet. It is

assumed that output from the PMC is excitatory but

can be converted to inhibitory inputs to sympathetic

and sphincter pathways by activation of segmental

inhibitory neurons in the spinal cord.

Figure 5 Simulated bladder volume (top tracing) and pressure (2nd tracing), bladder afferent firing (3rd tracing) and bladder

efferent firing (bottom tracing) during bladder filling (30 mL min!1) and during reflex voiding using our computer model of

spinal, PAG and PMC neural pathways and the myocybernetic model of Bastiaanssen et al. 1996 to predict the properties of the

bladder, urethra and the afferent firing arising in these structures. Note that as bladder volume increases, bladder pressure

remains low, bladder efferent firing is absent, but bladder afferent firing gradually increases eventually reaching a threshold for

inducing a micturition reflex as evidenced by an abrupt increase in efferent firing, which induces an increase in bladder pressure

and afferent firing and bladder emptying. Bladder efferent firing peaks early during micturition and is maintained until the blad-

der is empty. The voiding phase is shown on an expanded time scale in the tracings on the right side.

© 2012 The Authors
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assumed that during bladder filling bladder pressure

remains low but bladder afferent firing slowly

increases as bladder wall tension increases. Bladder

efferent firing that represents activity in the spinobul-

bospinal micturition reflex pathway remains low

during the filling because the PAG-PMC switching

circuit is in the off mode. At a critical bladder volume

threshold the PAG-PMC switch is turned on and effer-

ent firing markedly increases inducing a prominent

increase in bladder pressure followed by an increase in

bladder afferent firing, a relaxation of the urethral

outlet (not shown) and then voiding evident as a

decrease in bladder volume. The model generates an

all-or-none reflex response reflected as maximal effer-

ent discharge throughout voiding even as bladder vol-

ume decreases. The model generates efficient voiding

resulting in complete bladder emptying. Reducing the

strength of the inhibitory input from the PMC toni-

cally active independent neuron to the direct neuron

reduces bladder capacity, while increasing the strength

of the inhibition increases bladder capacity. The fact

that the computer simulation replicates the storage-

voiding cycle corroborates the validity of the neural

circuitry theorized in this paper.

Conclusions

The neural control of micturition is organized as a

hierarchical system in which spinal storage mecha-

nisms are regulated by complex switching mechanisms

in the rostral brain stem that initiate reflex micturi-

tion. The circuitry controlling reflex micturition is in

turn modulated by input from the forebrain that

underlies voluntary micturition.

Because reflex bladder activity can recover after

complete transection of the thoracic spinal cord, it

might be argued that all of the switching mechanisms

required for control of the lower urinary tract are resi-

dent in the spinal cord. However, spinal circuits do

not generate efficient storage or voiding and bladder

reflexes appear to emerge after spinal cord injury due

to the formation of new synaptic connections rather

than the recovery of normal, pre-existing connections.

Thus, it is reasonable to conclude the micturition

switch is located in the brain stem.

The initiation of reflex micturition is driven by affer-

ent signals arising in the bladder during bladder filling.

These signals activate a spinobulbospinal reflex consist-

ing of an ascending afferent limb that projects through

the lateral funiculus of the spinal cord to sites in the

mesencephalon (the PAG) and/or the rostral pons (the

PMC). The descending limb of the reflex originates in

the pons (PMC direct neurons) and carries signals back

to the parasympathetic, sympathetic and sphincter

motor nuclei in the lumbosacral spinal cord to coordi-

nate the activity of the bladder and urethral outlet. It is

assumed that output from the PMC is excitatory but

can be converted to inhibitory inputs to sympathetic

and sphincter pathways by activation of segmental

inhibitory neurons in the spinal cord.

Figure 5 Simulated bladder volume (top tracing) and pressure (2nd tracing), bladder afferent firing (3rd tracing) and bladder

efferent firing (bottom tracing) during bladder filling (30 mL min!1) and during reflex voiding using our computer model of

spinal, PAG and PMC neural pathways and the myocybernetic model of Bastiaanssen et al. 1996 to predict the properties of the

bladder, urethra and the afferent firing arising in these structures. Note that as bladder volume increases, bladder pressure

remains low, bladder efferent firing is absent, but bladder afferent firing gradually increases eventually reaching a threshold for

inducing a micturition reflex as evidenced by an abrupt increase in efferent firing, which induces an increase in bladder pressure

and afferent firing and bladder emptying. Bladder efferent firing peaks early during micturition and is maintained until the blad-

der is empty. The voiding phase is shown on an expanded time scale in the tracings on the right side.
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the PMC that in turn generate feed-forward inhibition

of the micturition reflex. Conversely excitatory neu-

rons in the PAG that relay bladder afferent informa-

tion to PMC direct neurons are likely to be ‘phasic

micturition neurons’ identified by Sakakibara et al.
(Sakakibara et al. 2002a). It is known that a GABAer-

gic inhibitory mechanism in the PAG tonically

controls the bladder volume set point for initiating

micturition (Stone et al. 2011). In the hypothetical

circuit in Figure 4, this mechanism is represented by

an independent inhibitory neuron synapsing with the

PAG relay neuron. Similarly, GABAergic or enkepha-

linergic independent inhibitory neurons in the PMC

are likely to control the set point for micturition by

tonically inhibiting the type 1 direct neurons.

In summary, GABAergic or enkephalinergic inhibi-

tory control of the micturition switching circuit may

occur at several sites on the spinobulbospinal pathway

including (1) the ascending limb in the spinal cord, (2)

relay centres in the PAG, (3) synapses on type 1 direct

neurons in the PMC. However, it is presumed that the

switch from storage to voiding occurs at the level of the

Figure 4 Diagram illustrating the putative pathways in the periaqueductal gray (PAG) and pontine micturition centre (PMC)

that contribute to urine storage and voiding. This circuitry shows the neuronal elements and connections used in our computer

model. The right side illustrates the ascending afferent limb of the spinobulbospinal micturition reflex that projects to the PAG,

and the left side shows the descending limb that connects the PMC direct neuron to the bladder efferent neuron in the sacral

spinal cord. During urine storage as the bladder slowly fills low level of afferent activity activates an excitatory neuron (E) in

the PAG which relays information (pathway A) to an inverse neuron (I) in the PMC that in turn provides inhibitory input to the

type 1 direct neuron (D) to maintain continence. Bladder afferent input is also received by a second neuron in the PAG (E) that

is on the excitatory pathway (pathway B) to the PMC type 1 direct neuron (D) and to a transiently active PMC neuron (T) that

fires at the beginning of micturition. However, the PAG excitatory relay neuron (E) is not activated during the early stages of

bladder filling because it is inhibited by a tonically active independent neuron (I). The PMC type 1 direct neuron is also inhib-

ited by a tonically active independent neuron (I) located in the PMC. Bladder afferent firing gradually increases during bladder

filling which increases feed-forward inhibition of the direct neuron via the PAG–PMC inverse neuron pathway. However, at a

critical level of afferent firing, excitatory input to the PAG excitatory relay neuron surpasses the tonic inhibition of the indepen-

dent neuron and sends signals to the PMC transient neuron which briefly inhibits the inverse neuron reducing inhibitory input

to the direct neuron allowing it to overcome tonic inhibition and fire action potentials which activate by an axon collateral

(pathway C) a reciprocal inhibitory neuron (R) that suppresses the inverse neuron (I) and further reduces inhibition of the direct

neuron (D). The direct neuron then switches into maximal firing mode and sends excitatory input to the spinal efferent pathway

to the bladder inducing a large bladder contraction and more afferent firing which further enhances synaptic transmission in the

PAG-PMC micturition reflex pathways. The reflex circuitry returns to storage mode as the bladder empties and afferent firing

declines. Excitatory neurons are green and inhibitory neurons are red.
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the PMC that in turn generate feed-forward inhibition

of the micturition reflex. Conversely excitatory neu-

rons in the PAG that relay bladder afferent informa-

tion to PMC direct neurons are likely to be ‘phasic

micturition neurons’ identified by Sakakibara et al.
(Sakakibara et al. 2002a). It is known that a GABAer-

gic inhibitory mechanism in the PAG tonically

controls the bladder volume set point for initiating

micturition (Stone et al. 2011). In the hypothetical

circuit in Figure 4, this mechanism is represented by

an independent inhibitory neuron synapsing with the

PAG relay neuron. Similarly, GABAergic or enkepha-

linergic independent inhibitory neurons in the PMC

are likely to control the set point for micturition by

tonically inhibiting the type 1 direct neurons.

In summary, GABAergic or enkephalinergic inhibi-

tory control of the micturition switching circuit may

occur at several sites on the spinobulbospinal pathway

including (1) the ascending limb in the spinal cord, (2)

relay centres in the PAG, (3) synapses on type 1 direct

neurons in the PMC. However, it is presumed that the

switch from storage to voiding occurs at the level of the

Figure 4 Diagram illustrating the putative pathways in the periaqueductal gray (PAG) and pontine micturition centre (PMC)

that contribute to urine storage and voiding. This circuitry shows the neuronal elements and connections used in our computer

model. The right side illustrates the ascending afferent limb of the spinobulbospinal micturition reflex that projects to the PAG,

and the left side shows the descending limb that connects the PMC direct neuron to the bladder efferent neuron in the sacral

spinal cord. During urine storage as the bladder slowly fills low level of afferent activity activates an excitatory neuron (E) in

the PAG which relays information (pathway A) to an inverse neuron (I) in the PMC that in turn provides inhibitory input to the

type 1 direct neuron (D) to maintain continence. Bladder afferent input is also received by a second neuron in the PAG (E) that

is on the excitatory pathway (pathway B) to the PMC type 1 direct neuron (D) and to a transiently active PMC neuron (T) that

fires at the beginning of micturition. However, the PAG excitatory relay neuron (E) is not activated during the early stages of

bladder filling because it is inhibited by a tonically active independent neuron (I). The PMC type 1 direct neuron is also inhib-

ited by a tonically active independent neuron (I) located in the PMC. Bladder afferent firing gradually increases during bladder

filling which increases feed-forward inhibition of the direct neuron via the PAG–PMC inverse neuron pathway. However, at a

critical level of afferent firing, excitatory input to the PAG excitatory relay neuron surpasses the tonic inhibition of the indepen-

dent neuron and sends signals to the PMC transient neuron which briefly inhibits the inverse neuron reducing inhibitory input

to the direct neuron allowing it to overcome tonic inhibition and fire action potentials which activate by an axon collateral

(pathway C) a reciprocal inhibitory neuron (R) that suppresses the inverse neuron (I) and further reduces inhibition of the direct

neuron (D). The direct neuron then switches into maximal firing mode and sends excitatory input to the spinal efferent pathway

to the bladder inducing a large bladder contraction and more afferent firing which further enhances synaptic transmission in the

PAG-PMC micturition reflex pathways. The reflex circuitry returns to storage mode as the bladder empties and afferent firing

declines. Excitatory neurons are green and inhibitory neurons are red.
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threshold, it seems reasonable to conclude that PAG

input to the PMC switching circuit also regulates the

set point for the micturition switch. Thus, the micturi-

tion switching function might not be dependent on the

properties of a select population of neurons at one site

but rather be dependent on a more complex circuitry

consisting of a network of neurons located at several

sites in the brain stem.

The pontine-mesencephalic network is in turn influ-

enced by inputs from many other brain regions

because lesions, electrical stimulation or application of

drugs to the brain rostral to the mesencephalon can

markedly alter the set point of the micturition reflex

(Langworthy et al. 1940, Kuru 1965, Gjone 1966, de

Groat et al. 1993, Birder et al. 2009). Thus, the mic-

turition switching circuitry is organized as a hierarchi-

cal system in which spinal pathways are modulated by

pathways in the brainstem which are in turn modu-

lated by pathways in the forebrain that control reflex

voiding and initiate voluntary voiding (see companion

paper by Griffiths & Fowler 2012 for more detailed

description of forebrain mechanisms). Because the

PMC receives relatively few inputs from other sites in

the brain (Kuipers et al. 2006), while the PAG receives

inputs from many sites (Beckel & Holstege 2011), it

has been speculated that the forebrain control of the

PMC and the micturition switch is mediated at the

level of the PAG (Beckel & Holstege 2011).

Properties of neurons in the PMC

Single unit recording in the PMC of the cat (Bradley &

Conway 1966, Koshino 1970, de Groat et al. 1998,

Sasaki 2002, 2005a,b, Sugaya et al. 2003, 2005,

Tanaka et al. 2003) and rat (Elam et al. 1986, Willette

et al. 1988) with the bladder distended under isovolu-

metric conditions revealed several populations of neu-

rons exhibiting firing correlated with reflex bladder

contractions including: (1) neurons that are silent in the

absence of bladder activity but fire prior to and during

reflex bladder contractions (direct neurons, 21%), (2)

neurons that are active during the period between blad-

der contractions and are inhibited during contractions

(inverse neurons, 51%) and (3) neurons that fire tran-

siently at the beginning of bladder contractions (on–off
neurons, 4%) (Fig. 3). Tonic firing that was not corre-

lated with bladder activity was also identified in a large

percentage (25%) of PMC neurons (termed ‘indepen-

dent neurons’) (Fig. 3). These neurons are localized

primarily in the region of the locus coeruleus complex.

Subpopulations of direct and inverse neurons in the

cat have also been identified based on slow changes in

(a) (b) (c)

Figure 3 Relationship between single unit activity in the PMC of a decerebrate, unanesthetized cat and reflex contractions of

the urinary bladder. Top tracings are blood pressure, middle tracings are ratemeter recordings of unit activity in spikes per sec-

ond and the bottom tracings are bladder pressure in cm H2O. Three types of neuronal activity are illustrated: (a) a direct neuron

that only fired during a bladder contraction, (b) an inverse neuron that fired between bladder contractions and was inhibited

during contractions and (c) an independent neuron that exhibited continuous firing unrelated to bladder contractions. Small

increases in blood pressure occurred during bladder contractions. The bladder was distended with saline and maintained under

isovolumetric conditions. Horizontal calibration represents 1 min. The three neurons were studied at different times in the same

animal.
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Trois types de neurones PMC :  
•  Direct (D)  
•  Inverse (I)  
•  Indépendant ( Ind) d’activité tonique 

permanente 
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Etat miction/vessie pleine 
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PMC 

S2-S4  

  



Les structures cérébrales de la continence et de la miction 

•  Insula: Dès le début du remplissage, 
activation initiale dans le PAG et 
l�Insula. L�Insula est la structure de 
l�interoception et des sensations 
subjectives de l�organisme. 

•  CAA: Avec le remplissage, activation 
dans le PAG et apparition d�une 
activation plus antérieure danl le CAA. 
Zone d�intégration des émotions et des 
sensations déplaisantes, douleur. 

•  Cortex Préfrontal: Activation avec 
l�accès à une conscience du besoin 
d�uriner. 

•  Pons: Centre activateur de la 
miction.Le réflexe mictionnel est 
engagé selon une cascade de réflexes 
coordonnés.  

( Kavia Rj et al, 2005) 



Interoception 
•  Définition jusqu�alors limitée à la sensation 

viscérale 
•  Composants sensoriels ou afférents de l�activité 

homéostatique: 
–  Douleur ( intiale/brulure secondaire) 
–  Température 
–  Prurit 
–  Chaleur musculaire 
–  Sensibilité viscérale ( plénitude viscérale) 
–  Flush 
–  Nausée 
–  Malaise 
–  Faim 
–  Soif 
–  Gout 
–  Sensation érogène 

•  Arguments neuroanatomiques et 
neurophysiologiques pour un traitement 
commun de l�ensemble des informations du 
corps   

•  Représente l�organisation afférente pour 
l�activité efférente sympathique et 
parasympathique. 

•  Les projections s�effectuent par l�intermédiaire 
d�une voie unique  thalamo corticale vers le 
cortex insulaire. 

( Craig AD et al, Trends Cog Sciences,2004) 



Organisation somatotopique de 
l’interoception et de la douleur  

•  Permet des corrélations topographiques 
d’identification et de localisation du 
stimulus 

•  Localisation dans la partie dorso 
postérieure de l’insula selon un gradient 
post/ant ( Pied/Bouche) 

•  Prérequis pour une discrimination topo 
graphique de la sensation viscérale. 

•  Hypothèse d’une organisation 
somatotopique similaire pour les autres 
modalités interoceptives ( plenitude 
viscérale, etc…) 

•  Base théorique pour des neurones ne 
codant spécifiquement que pour le 
besoin? 

 
( Craig et al, 2001, Brooks et al 2005) 



Organisation somatotopique de l’interoception 
Cerveau interoceptif   

•  Activation distincte dans le 
cortex insulaire de 
l’application de froid à des 
gradients croissants et de la 
perception subjective du 
degré de changement de 
température. 

•  Il existe des zones d’activation 
distinctes de l’activation d’une 
modalité sensorielle et de son 
évaluation subjective 

•  La zone insulaire médiane est 
une zone intégrative de 
l’ensemble des informations  
pour une représentation 
subjective d’un stimulus  

 ( Craig et al, 2000) 

Sensibilité objective 

Sensibilité subjective 



Les structures cérébrales de la continence et de la miction 

•  Insula: Dès le début du remplissage, 
activation initiale dans le PAG et 
l�Insula. L�Insula est la structure de 
l�interoception et des sensations 
subjectives de l�organisme. 

•  CAA: Avec le remplissage, activation 
dans le PAG et apparition d�une 
activation plus antérieure danl le CAA. 
Zone d�intégration des émotions et des 
sensations déplaisantes, douleur. 

•  Cortex Préfrontal: Activation avec 
l�accès à une conscience du besoin 
d�uriner. 

•  Pons: Centre activateur de la 
miction.Le réflexe mictionnel est 
engagé selon une cascade de réflexes 
coordonnés.  

( Kavia Rj et al, 2005) 



Circuits présumés chez l’homme 
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PMC inputs

Extensive retrograde and anterograde neurone trac-

ing studies in the cat showed that five main cell

groups had direct inputs to the PMC (Kuipers et al.
2006): the ventrolateral and dorsomedial PAG, the

medial preoptic area of the hypothalamus, the pos-

terior hypothalamus and the ventromedial pontome-

dullary tegmental field. This latter region is a diffuse

projection which, it has been suggested, might have

a ‘level-setting’ role that may underpin the threshold

beyond which micturition occurs (Drake et al.
2010).

Although Holstege maintains that in cats bladder

afferent activity does not reach the PMC directly

(Holstege 2005), this contention has been questioned

(Takasaki et al. 2010) and in rats direct afferent con-

nections to the PMC have been demonstrated (Ding

et al. 1998). The situation in man is not known, but

some functional imaging experiments have shown acti-

vation of the PMC during bladder filling without

bladder contraction, particularly if there is strong

MEDIAL
PFC

PFC
INSULA

ORBITAL

Inhibitory pathways

GPe

Afferent pathways Efferent pathways(a) (b)

Figure 1 (a) Afferent pathways. Afferent information from the bladder (shown in orange) is thought to project primarily to the

PAG. Afferent bladder signals also travel to the hypothalamus (including the medial preoptic area) and according to some

groups, directly to the PMC (shown in dotted lines, with likely involvement of the locus coeruleus which then targets cortical

sites). From the PAG, information is distributed via multiple complex ascending pathways. Key targets are thought to include

the hypothalamus, thalamus and cerebral cortex, including insular cortex, which is responsible for processing sensory informa-

tion. Afferent information can be modulated at various points along its route. An example of modulatory influence includes

basal ganglia nuclei such as the GPi and the STN (dotted line). The contribution of the limbic system pathways involving the

amygdala, hypothalamus and anterior cingulate cortex may be considered to have a potential interaction with both the afferent

and efferent limbs of the micturition pathway (shown in dotted pink line). (b) Efferent pathways. The major neural outflow to

the bladder and sphincter leaves the brain via the PMC. Separate areas may regulate micturition (M-region, excitatory, drawn

in blue) and continence (L-region, inhibitory, drawn in red). The micturition reflex is under voluntary control, shown by

descending inhibitory projections from cortical areas. Some groups suggest that different regions of the cortex project to distinct

functional columns within the PAG as illustrated with the orbital cortex projecting to the VL PAG and the medial PFC project-

ing to the DL PAG. Diagram modified by H. Sitsapesan from: PAG stimulation and micturition pathways in the human brain.

Sitsapesan HA, Turney B, Aziz TZ, Hyam JA, Green AL. Society for Neuroscience Annual Meeting 2011, Poster ref 716.01/

WW8. ACC, anterior cingulate cortex; Cd, caudate nucleus; LC, locus coeruleus; GPe, globus pallidus externa; GPi, globus pal-

lidus interna; MPOA, medial preoptic area of the hypothalamus; PAG, periaqueductal grey area (containing VL, ventrolateral;

DM, dorsomedial; L, lateral; DL, dorsolateral columns); PMC, pontine micturition centre (containing L-region and M-region);

PFC, prefrontal cortex; Put, Putamen; STN, subthalamic nucleus; Th, thalamus.

© 2012 The Authors
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En synthèse 
Hypothèses actuelles d’un circuit  fonctionnellement modulable des structures 

de la continence et miction 
-  Le circuit mictionnel à besoin normal 

( ou sans besoin?) impliquant les 
centres de la décision, du jugement 
et de la motivation. 

lat/med PFC: Cortex Pré Frontal DL/Med 
THAL: Thalamus 
INS: Insula 

-  Le circuit mictionnel de sauvegarde 
( besoin urgent ) impliquant  les 
centres de l’attention ,du contrôle 
volontaire et de l’activation 
sympathique (alerte tonique) 

ACC: Cortex Cingulaire Ant 
ASM: Aire Motrice Supplémentaire 
L: PMC 

-  Le circuit limbique impliqué dans la 
miction de sécurité  ou des 
altérations de la conscience 

HIP:Complexe paraHippocampe( Amygdale,etc) 
HYP: Hypothalamus 
 

of particular forebrain areas in continence. The

fMRI results come predominantly from a single Pitts-

burgh laboratory where the majority of subjects were

older women, many with urgency incontinence, and

so still require confirmation by other centres in other

populations. Nevertheless, it is clear that many fore-

brain structures alter their activity during bladder

filling/distension (Table 1), as well as during voiding.

Most such changes are activations, but PET measure-

ments (Blok et al. 1997a, Athwal et al. 2001)

showed some deactivations in medial frontal regions

on bladder filling, and fMRI data confirm them (see

Table 1).

Provided there is some bladder sensation, the most

consistent activations are in the insula and adjoining

LFC. The insula is believed to register bladder filling

and desire to void, a normal sensation. The homo-

logue of the insula responds to bladder filling in the

rat (Tai et al. 2009), although it is also activated dur-

ing voiding.

As we have seen above, the PFC is believed to be

concerned with executive control, decision making,

including presumably the conscious decision to void,

and social matters, such as appropriateness. The med-

ial part (mPFC) has direct and indirect connections

with the PAG which may enable it to provide output

to the brainstem switch. Since throughout the majority

of life (99.8% in health) the bladder exists in the stor-

age phase, influences from the mPFC on the control of

micturition are likely to be predominantly inhibitory.

Intriguingly fMRI shows that the mPFC, especially the

ventromedial part, is consistently deactivated by blad-

der filling (Table 1), although the NIRS observations

of (Sakakibara et al. 2010) do not confirm this. PET

observations show that the mPFC is more active dur-

ing voiding than during withholding of urine (Blok

et al. 1997a). In anesthetized rats, lesioning of the

mPFC inhibits reflex micturition, affecting the timing

but not the amplitude of bladder contractions (Mat-

sumoto et al. 2006). All these observations confirm

the importance of the mPFC in the control of voiding,

but how it is achieved and where precisely the deci-

sion to void is made is not yet clear.

These cortical regions together with the thalamus

seem to form a neural circuit which, when there is a

normal sensation of bladder filling, helps to maintain

the brainstem switch in the ‘off’ position, so ensuring

continence (Fig. 4). During normal daily life, however,

there is typically no conscious awareness of bladder

filling at all. The nature of the circuit that maintains

continence in this situation requires further research

(see Fig. 4 for one possibility).

A backup continence mechanism that bypasses the
brainstem switch

A prominent activation in response to bladder filling

occurs in the dorsal ACC (dACC) and nearby sensorimo-

tor areas, including the supplementary motor area

(SMA) (see Table 1). The SMA is also activated during

contraction of the pelvic floor muscles and striated ure-

thral sphincter (Blok et al. 1997c, Zhang et al. 2005,
Seseke et al. 2006, Kuhtz-Buschbeck et al. 2007, Sch-
rum et al. 2011), and thus may provide protection

against incontinence by tightening the striated urethral

sphincter via the somatic nervous system, perhaps acting

via a brainstem nucleus called variously the L-region

(see Fig. 4; Holstege et al. 1986), the pontine continence

Figure 4 Working model of forebrain control of micturition,

showing neural circuits mediating two possible continence

mechanisms. The normal mechanism (red) operates when

there is a normal sensation of bladder filling. It depends on

tonic inhibition of the brainstem switch via a long return

pathway from the medial PFC to the brainstem (probably via

the anterior thalamic radiation, but shown for simplicity as a

direct connection to the PAG). The inhibition is switched off

for voiding. A backup mechanism (yellow) corresponds to

the abnormal sensation of urgency. It may operate via brain-

stem nuclei such as the L-region (pontine storage centre) and/

or by modulating the sympathetic input to bladder and ure-

thra. The dashed blue arrows show a possible ‘limbic’ circuit

concerned with monitoring safety or maintaining continence

when there is no conscious bladder sensation. PMC, pontine

micturition centre; PAG, periaqueductal grey; L-reg, L-

region; THAL, thalamus; INS, insula; lat PFC, lateral pre-

frontal cortex; med PFC, medial prefrontal cortex; dACC,

dorsal anterior cingulate cortex; SMA, supplementary motor

area; HYP, hypothalamus; HIP, (para)hippocampal complex

(may include amygdala and inferior and posterior parts of

cortex).
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En synthèse 
 

•  Comportement mictionnel  relève: 
–  Système élaboré et flexible ( programme moteur orienté vers un but) 
–  Dépendant du vécu et de l’environnement de l’individu  
–  De l’intégrité des ressources cognitives de haut niveau( Attention , Fonctions 

executives) 
•  La miction ne constitue que la partie « pré-câblée » du programme 
•  En condition pathologiques , comportement mictionnel peu adaptatif  
•  Les émotions modulent la prise de décision et le comportement 

( mictionnel?) 
•  Le cortex insulaire droit et le cortex cingulaire ( Moy  Ant) sont les structures 

d’intégration des influences viscérales, subjectives, motivationnelles et de 
relai pour une réponse végétative adaptée. 
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Les données physiologiques 

•  Le besoin relève   
–  d�une organisation sensorielle périphérique ( quatre notions) 
–  intégration centrale. 

•  La miction est un ensemble coordonné par 
commutation d�un réflexe spino bulbo spinal à partir 
des structures supra pontiques. 

•  Il existe une activité musculaire lisse permanente non 
liée à la miction 
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Activité musculaire lisse spontanée à l�état de repos 

Détrusor Col 
Lapin 

Cochon 

Homme 

(Sibley GNA J Physiol 1984)  

•  C�est une activité myogénique classique: 
–  Elle est spontanée 
–  Elle persiste sous antagonistes des 

récepteurs de la neurotransmission 
 ( ACh, ATP) 

–  Elle résiste à la TTX 
•  Elle a des spécificités: 

–  Pas de fusion tétanique 
–  Fréquence de battement unitaire < fréquence 

de contraction 

mmHg 

sec 
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(Drake MJ et al . Exp Physiol, 2003) 

Activité phasique autonome chez le cochon d�Inde 

Pressions intra vésicales 

Micromouvements asynchrones 
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Pourquoi l�activité spontanée contractile n�a-t-
elle pas d�expression manométrique ? 

•  Deux notions: 
– Faible couplage inter cellulaire au sein des 

faisceaux musculaires  
 ⇒ absence de fusion tétanique. 
 
– Faible couplage entre faisceaux musculaires 
 ⇒ pas d�activation pariétale synchrone 
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Neuhaus et al BJU International 2005 

Pourquoi l�activité spontanée contractile  
n�a-t-elle pas d�expression manométrique? 

Hashitani et al, Br J Pharmacol 2003 

Pas de couplage électrique de continuité Faible solution de continuité inter cellulaire 
par les jonctions communicantes 



Rapport de la pression à la tension pariétale 

Définition d’une tension active 
La contraction musculaire de la paroi vésicale génère une 

pression intra vésicale 

T!

P!

La contraction du muscle 
vésical génère une pression 
hydrostatique au sein de 
l’enceinte 
 
L’amplitude de la variation 
de pression est fonction des 
dimensions de l’enceinte 
  
Loi de Laplace Expulsion de fluide 



   Dans sa forme la plus simple 
 
 
         P  =  

2T 
r 

T!

r!

P!

Rapport de la pression à la tension pariétale 
La loi de Laplace 
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Pressure changes during a diminution of volume  
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Les facteurs qui déterminent la force contractile  
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M3 P2X 

     Terminaison nerveuse 

Ca2+ 

Ca2+ 
IP3 

L-type, T-type 
      Canaux 

Acetylcholine                                ATP 
ATPase 

Activation contractile des cellules musculaires lisses du  
détrusor. 

Depoln 

AChesterase 

Réserves de Ca 



Comment la concentration Ca2+ augmente - ACh?c 

M3 

Réserve Ca  

IP3 

ACh 
0.15 

0.30 

0.45 

Vm, mV 
-50 

-70 2 min 

V m 

10 µM 
carbachol [Ca2+], µM 

[Ca2+]i 
• Ach fixe un récepteur M3 

• Le récepteur M3  active une G-
proteine  pour provôquer le relarguage 
de l’ IP3 

• IP3 fixe un recepteur des réserves 
de  Ca2+ intra cellulaire. 
• La fixation au récepteur  conduit à 
un relarguage du Ca2+ au sein du 
sarcoplasme 

1 

2 



V m 

10µM ATP 

20s 

-20 

-40 

-60 
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250 
[Ca2+]i Vm (mV) 

[Ca2+], µM 

P2X 

ATP 

ATPase 

Depoln 

• La depolarisation membranaire 
ouvre les canaux Ca2+. 
• L’influx de Ca2+ augmente la 
concentration intra cellulaire 

Ca2+ Na+ 

• ATP fixe un récepteur P2X1 

• Le   P2X1 est un récepteur ligand 
couplé à un canal Sodium qui génère la 
dépolarisation membranaire 

Comment la concentration Ca2+ augmente – ATP? 
1 

2 
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En synthèse 
Données physiologiques 

•  Versant afférent 
–  Les récepteurs sensoriels impliqués dans l�élaboration du besoin codent pour 

la pression ET le volume 
–  La décharge des afférents sensoriels est modulée par: 

•  des processus de sensitization des terminaisons nerveuses 
•  l�urothélium qui est une extension de l�innervation afférente et exprime des 

transmetteurs 
•  un réseau cellulaire inter connecté au niveau du sous urothélium 

•  Versant efférent 
–  Il existe une activité phasique musculaire lisse indépendante de l�activité 

mictionnelle contractile  
–  Cette activité est modulée: 

•  par les propriétés de la celllule musculaire lisse ( activité myogène) 
•  Le réflexe mictionnel spino bulbo spinal est sous contrôle tonique 

inhibiteur des structures cortico diencéphaliques. La miction est engagée 
par un phénomène de commutation au niveau du pons. 

 



En synthèse  
•  La miction est une activité motrice programmée s’intégrant dans le cadre générique d’un 

comportement moteur orienté vers un but. 
•  La mise en jeu du réflexe mictionnel n’est qu’un des aspects ultimes ( partie pré câblée 

du programme) 
•  Etapes prélminaires: 

–  Transformation d’une sensation inconsciente en une sensation consciente? 
–  Prise en compte de l’ensemble des paramètres maintenant l’homéostasie. 
–  Prise en compte de l’environnement 
–   Place d’autres paramètres individuels dans l’interface perception / prise de décision.  

•  Le cortex insulaire et le cortex cingulaire ( Moy  Ant) sont les structures d’intégration des 
influences viscérales  affectives, motivationnelles et de relai pour une réponse végétative 
inconsciente. 

•  Des arguments théoriques pour une programmation de la miction sans besoin: 
–  La théoorie du codage prédictif  du  cerveau 
–  La théorie des marqueurs somatiques 

L’équilibre vésico sphinctérien repose autant sur les processus qui 
modulent la prise de décision ( Système executif) que ceux qui 
régulent la perception consciente.des sensations viscérales. 


