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Mon parcours scientifique, commencé en 1988 à Bordeaux dans l'unité de Neurophysiologie 

CNRS URA1200 dirigée à l'époque par le Dr Bernard Dufy, se caractérise par des fils conducteurs 

que l'on peut suivre tout au long de ces années. Ces fils d'Ariane sont: calcium, sécrétion et cellule 

neuroendocrine. Quand on regarde de plus près, on s'aperçoit que ces fils sont interrompus à chaque 

fin de cycle, et de cycles il y en eut quatre jusqu'à présent. Si lors des études doctorales effectuées à 

Bordeaux, les trois mot-clés étaient réunis, deux se sont perdus en chemin (calcium et cellule 

neuroendocrine) lors de mon premier stage post-doctoral à University College London. Je 

m'intéressais alors à l'exocytose non calcium-dépendante de cellules non-neuroendocrines 

possédant toutefois une voie de sécrétion régulée : les mastocytes. Le second stage post-doctoral 

effectué à 1 'Université Catholique de Louvain fut caractérisé par un retour aux origines ; le calcium 

dans le couplage stimulation-sécrétion dans les cellules ~ du pancréas. Enfin, mon arrivée à Lille fut 

marquée par la disparition des cellules neuroendocrines reconverties pour des raisons thématiques 

en cellules épithéliales prostatiques exocrines. Finalement, par un coup du sort «différenciateur», 

ces cellules prostatiques banalement épithéliales se sont mises à exprimer lors de leur cancérisation 

des marqueurs neuroendocrines beaucoup plus nobles que de simples cytokératines! Le calcium, 

lui, est resté fidèle à son poste, ou à ses postes, puisqu'il a eu la prétention avec l'évolution de 

vouloir tout contrôler dans la cellule, de leur vie et leur mort, et qu'ainsi je l'ai retrouvé au coin de 

la paillasse donnant le feu vert à l'apoptose, à la prolifération ou à la différenciation cellulaire. 

Comme ces fils conducteurs ne sont pas constants dans toutes les études intégrées dans ce 

manuscrit, bien qu'ils soient toujours présents en filigrane, j'ai préféré présenter ces travaux de 

manière linéaire, c'est à dire illustrer un parcours plutôt qu'une thématique. Pour cette raison, j'ai 

délibérément écarté l'idée d'écrire une introduction détaillée et d'une conclusion générale, qui 

n'auraient pas de sens au vu des différences de thématiques le long de mon parcours. En guise 

d'introduction, je ferai une description rapide des mécanismes d'homéostasie calcique et du rôle du 

calcium dans certains aspects de la physiologie cellulaire. De plus, j'ai essayé quand cela était 

possible, de remettre des données anciennes dans le contexte d'aujourd'hui et de discuter certains de 

mes résultats d'alors au vu de la littérature actuelle et notamment des découvertes des processus 

moléculaires impliqués. 



14 

Introduction 



15 

Afin de situer de manière générale mon parcours dans une thématique, je rappellerai brièvement 

dans ce chapitre les mécanismes de régulation de la concentration calcique dans les cellules 

eucaryotes, et je présenterai le rôle du calcium dans le couplage stimulation-sécrétion et dans la 

régulation de la croissance cellulaire. 

1. Les mécanismes de transport de calcium dans la cellule eucaryote 

La cellule eucaryote utilise le calcium comme second messager central dans la quasi-totalité de 

ses fonctions (Berridge et al 1998). Le rôle du calcium dans la physiologie est connu depuis environ 

120 ans grâce aux expériences initiatrices de S.Ringer qui ont permis de montrer que la contraction 

cardiaque nécessitait du calcium (Ringer 1883). Le calcium a été montré par la suite indispensable 

au couplage excitation-contraction, non seulement du muscle cardiaque mais également du muscle 

lisse (Stiles 1903 ). Il faut préciser que, lors d'expériences fondatrices, Ringer remarqua que le 

muscle squelettique, au contraire du muscle cardiaque, était capable de se contracter pendant 

plusieurs heures en absence de calcium extracellulaire (Ringer and Buxton 1887). En dépit de cette 

relative et apparente indépendance vis-à-vis du calcium, des études ultérieures ont montré que 

l'injection de calcium dans des fibres squelettiques entraînait de manière réversible la contraction de 

la fibre musculaire (Keil and Sichel, 1936). 

On sait aujourd'hui que les cellules eucaryotes, d'une manière générale, peuvent puiser dans 

deux sources différentes de calcium en fonction de leurs besoins : 1) le milieu extracellulaire 

fortement concentré en calcium (ordre du mM) et d'un volume quasiment infini en regard du 

volume cellulaire, et 2) les organites intracellulaires plus limités mais également capables 

d'accumuler de grandes quantités de calcium (calcium total de l'ordre du mM, calcium libre de 

l'ordre de 100 J..tM). La concentration en calcium libre (qui est le paramètre important car c'est le 

calcium libre qui est immédiatement disponible et utilisable par les protéines calcium-dépendantes) 

dépend de la concentration en calcium total, des tampons calciques cellulaires et des mécanismes de 

transport de part et d'autre des différents compartiments. Grâce à ces différents mécanismes, la 

concentration en calcium libre cytosolique est maintenue dans une limite très étroite au repos 

(environ 100 nM), qui est susceptible d'augmenter fortement lors d'une stimulation (plusieurs 

centaines de nM dans 1' ensemble du cytosol, voire plusieurs dizaines de micromolaires très 

localement). 

En ce qui concerne les mécanismes de transports, on peut les sub-diviser en deux grandes 

catégories, les mécanismes ON participant à une augmentation de calcium cytosolique et les 
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mécanismes OFF ramenant le calcium libre cytosolique à des concentrations de repos (Berridge et al 

2000). 

1.1. Les mécanismes participant à l'augmentation du calcium cytosolique 

Comme indiqué préalablement, la cellule peut puiser dans deux grandes sources de calcium, le 

milieu ambiant et le milieu contenu dans les organites intracellulaires. Ceci est possible grâce à des 

transports membranaires de la membrane plasmique et de la membrane des organites. 

A) Canaux calciques de la membrane plasmique 

Les canaux calciques de la membrane plasmique sont subdivisés en plusieurs sous-familles 

notamment en fonction du stimulus qui déclenche leur ouverture, de leurs propriétés cinétiques, et 

de leurs spécificités ioniques et pharmacologiques. On distingue ainsi des canaux VOC ou VDCC 

(pour Voltage-Operated Calcium Channel ou Voltage-Dependent Calcium Channel), des canaux 

ROC (pour Receptor-Operated Channel), des canaux SMOC (pour Second Messenger-Operated 

Channel) et des canaux SOC (pour Store-Operated Channel). Ces familles sont distinguées à partir 

de données électrophysiologiques sur des principes biophysiques et pharmacologiques. Depuis une 

quinzaine d'années, les progrès de la biologie moléculaire ont permis de cloner, d'exprimer et de 

caractériser de nombreuses familles de canaux calciques. Ceci a abouti à d'autres classifications de 

canaux calciques, qui, si elles sont concordantes dans certains cas avec les classifications bio

physico-pharmacologiques, peuvent être dans d'autres cas plus difficiles à accorder avec les 

données de 1' électrophysiologie. Ceci est certainement dû à la méconnaissance actuelle des 

structures quaternaires que prennent les sous-unités formant le pore des canaux (homo ou hétéro

tétramérisation par exemple) et des sous-unités régulatrices potentielles des sous-unités pores. 

1) Les canaux calciques voltage-dépendants (VDCC) 

Les canaux calciques voltage-dépendants ont été identifiés pour la première fois par Fatt et Katz 

en 1953 sur le muscle squelettique de crustacé. 

Les canaux VDCC furent initialement distingués en canaux à haut seuil et canaux à bas seuil, 

c'est à dire s'activant pour de fortes dépolarisations (haut seuil) ou de faibles dépolarisations (bas 

seuil). Il est vite apparu que le courant dû à 1 'activité de ces mêmes canaux était maintenu pour les 
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canaux à haut seuil, le courant ne s'inactivant que lentement dans le temps, alors que les canaux à 

bas seuil présentaient une inactivation rapide dans le temps et une faible conductance. Cette 

classification haut seuil/bas seuil se superposa donc à une distinction entre canaux (ou courants) L 

(pour Long-Lasting) et T (pour Transient ou Tiny en référence à la conductance). Telle était la 

situation vers le milieu des années 80 (Carbone et Lux 1984, Armstrong et Matteson 1985). A partir 

de cette date commença d'une part un travail de caractérisation électrophysiologique approfondi de 

ces canaux qui permit, sur la base de propriétés pharmacologiques, d'identifier un canal à haut seuil 

(comme les canaux L) mais qui s'inactive à des potentiels très négatifs (comme les canaux T) 

(Nowicky et al, 1985), canal qui fut classé de type N (pour Neuronal ou Neither, ni T ni L). La 

famille des canaux VDCC s'allongea encore par la suite pour aboutir à la classification actuelle 

comprenant 6 membres, L, N, P (pour cellules de Purkinje où il a été découvert initialement, Llinas 

et al 1989), Q (produit d'épissage du même gène que P et donc appelé Q, la lettre après P, Zhang et 

al 1993), R (pour Resistant (aux bloquants) Randall et Tsien 1995) et T le seul canal LV A (pour 

revue voir Randall et Benham 1999), (voir table 1 ). 

A partir de la fin des années 80, un travail de clonage important aboutit au séquençage des sous

unités formant le canal calcique du muscle squelettique, le canal calcique de type L sensible aux 

dihydropyridines. La première sous-unité identifiée fut la sous-unité formant le pore, la sous-unité 

alpha1 de 165 kD (Tanabe et al 1987) puis des sous-unités accessoires (ou régulatrices), de type 

beta (55 kD), alpha2 (130 kD) liée à la sous-unité delta (28 kD), et gamma (32 kD), furent clonées 

(Ruth et al 1989, Ellis et al 1988, Jay et al 1990). Ces travaux ont abouti à une représentation 

schématique idéalisée du canal calcique voltage-dépendant telle qu'elle est illustrée dans la figure 1. 

La sous-unité al formant le pore est constituée de 4 domaines (deI à IV) constitués chacun de 6 

segments transmembranaires (de S 1 à S6) et une boucle P délimitant la bouche interne du canal 

entre les segments S5 et S6 de chaque domaine. Les propriétés principales de canal perméant au 

calcium, de sensibilité au voltage, d'activation et d'inactivation, de cinétique et de dépendance 

pharmacologique notamment aux dihydropyridines, aux benzodiazépines et aux phenylalkylamines, 

sont dépendantes en grande partie (mais pas exclusivement) de la sous-unité alpha1 (voir Shorofsky 

et Balke 2001 pour revue). 
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Canaux L CanauxN Canaux P CanauxQ CanauxR Canaux T 
Propriété Biophysiques 

Activation HVA HVA HVA HVA HVA LVA 

Inactivation ( t à -100 rn V) Lente Interm. (1 00 ms) Lente Intermédiaire Rapide (30 ms«) Rapide (20 msec) 

Inactivation V0.5 -25mV -60mV -25mV -60mV -75mV -60 à-80 mV 

Inactivation ea>+-dpte oui oui Non ND ND Non 

Déactivation (t à -80 rn V) rapide ( < 200 J15) rapide(< 200 JIS) rapide(< 200 JIS) rapide(< 200 JIS) rapide(< 200 JIS) Iente(-2msec) 

PerméabWté 

PBa2+1Pca2+ -2 -2 -2 ND -1.3 -1 

sensibilité au Cd2+ (IC50) forte ( 1 JlM) forte (1 JlM) forte (1 JlM) forte forte ( 1 JlM) faible (> 50 JLM) 
blocage par Ni2+ (IC50) faible (- 230 JLM) faible (- 270 JLM) lnterm. (90 JLM) ND forte (- 50 JLM) Var. (1-100 JLM) 

Pharmacologie 

agonistes DHP PotentialiJation 0 0 0 0 0 

antagonistes DHP Inhibition 0 0 0 0 0 

w-CTx-GVIA 0 Inhibition 0 0 0 0 

w-Aga-IV A (IC50) 0 0 Inhibition (1 nM) Jnhibit. (100 nM) 0 0 

w-Aga·IIIA (IC50) Inhibition (1 nM) Inhibition (1 nM) parlieUe (0.5 nM) Inhibition partielle (3 nM) 0 

sensibilité au mibcftadil faible faible faible faible faible forte (0.5-5 JLM) 
(ICso) 

Table 1 : propriétés biophysiques et pharmacologiques des canaux calciques 
voltage-dépendants 
D'après Randall1998 
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Figure 1 : Structure quaternaire 
des canaux calciques voltage
dépendants. Les canaux VDCC 
possèdent une sous-unité pore (al) 
susceptible d'être régulée par trois 
sous-unités accessoires 
(p, y,a2-ô). 
D'après Randall et Benham (1999) 
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A l'heure actuelle, 10 sous-unités al (C, D, S, F, A, B, E, G, H, I) (Starr et all991, Joutel et al 

1993, Soong et al 1993, Williams et al 1992, Strom et al 1998, Hogan et al 1994, Mori et al 1991, 

Schultz et al 1993, Cribbs et al 1998, Lee et al 1999, Klockner et al 1999) 4 sous-unités 

p (1-4) (voir Arikkath et Campbell 2003) , 8 sous-unités y (1-8) (Powers et al 1993, Letts et al 

1998, Chu et al 2001, Burgess et al 2001, et 4 sous-unités a.2o (1-4) (Klugbauer et al 1999, Gao et al 

2000, Qin et al 2002) ont été clonées, sans compter les isoformes résultant de produits d'épissage 

(voir Arikkath et Campbell 2003). L'expression des sous-unités al dans des ovocytes ou des 

cellules de mammifères a permis de rapprocher la classification biophysique avec la classification 

moléculaire. Les sous-unités al C, D, S, et F, lorsqu'elles sont étudiées dans des systèmes 

d'expression, possèdent les propriétés électrophysiologiques des canaux de type L, les sous-unités 

al B, A etE possèderaient les propriétés des canaux N, P/Q (les canaux P et Q étant des produits 

d'épissage du même gène al A) et R, respectivement. Enfin, les sous-unités al G, H et I formeraient 

le canal T fonctionnel. 

Evidemment, s'il existe actuellement une certaine unanimité pour accorder les classifications 

moléculaires avec les classifications biophysiques, concernant la sous-unité a 1, les propriétés du 

canal calcique sont modulées par la présence de sous-unités régulatrices (voir Arikkath et Campbell 

2003). Cependant, si on commence à entrevoir comment les sous-unités régulatrices modulent 

l'activité du canal dans des systèmes d'expression ou grâce aux souris mutantes, la composition des 

canaux natifs de différents types (L, N, P/Q, Ret T) dans les différents tissus est en revanche mal 

connue. Le modèle le mieux connu est certainement le canal calcique sensible aux dihydropyridines 

(canal DHP-R pour récepteur aux dihydropyridines) constitué des sous-unités al S, pl, y1 et a2ol. 

La sous-unité p est la seule sous-unité totalement cytosolique du canal et s'associe grâce à un 

segment peptidique appelé BID (beta interaction domain) avec la sous-unité al au niveau d'un 

segment AID (pour alpha interaction domain) (Pragnell et al 1994). Les différentes sous-unités 

régulatrices interviennent pour leur part dans le trafic rnernbranaire et l'adressage correct de al 

(pour a2o 1, p 1-4 ), augmentent 1 'amplitude du courant calcique ( a2o 1-4, p 1-4 ), modulent les 

propriétés cinétiques d'activation et/ou d'inactivation (a.2o1, p 1-4, y1-3), ou jouent un rôle 

inhibiteur entraînant une réduction du courant (y 1, 2, 6, 7) (Arikkath et Campbell 2003). 

Actuellement, bien que la sous-unité al soit capable à elle seule d'exprimer une activité de canal 

calcique, il est généralement considéré que celle-ci s'associe avec des sous-unités régulatrices pour 

former un canal fonctionnel, au moins pour les canaux L, N, P/Q et R. En revanche, en ce qui 

concerne les canaux T, il est généralement admis que le canal T natif est constitué uniquement de la 

sous-unité al (Randall et Benham 1999) bien que certains travaux montrent que les sous-unités a2o 
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et J31 b augmentent le courant calcique porté par la sous-unité al G, sans doute en facilitant 

l'incorporation de l'expression de la sous-unité pore dans la membrane (Dolphin et al1999). 

Certains de ces canaux peuvent s'associer à d'autres protéines (Walker et De Ward 1998), 

notamment des protéines membranaires (protéines GJ3y, syntaxine, canal RyR, triadine) et ainsi 

créer des micro ou nano-domaines calciques au sein desquels le calcium peut augmenter de manière 

très importante et très localisée et permettre ainsi d'activer des mécanismes dans des compartiments 

très précis de la cellule. 

Les canaux calciques voltage-dépendants jouent des rôles fondamentaux dans de multiples 

aspects de la physiologie cellulaire, dans le couplage excitation-contraction (canal calcique de type 

L), le couplage excitation-sécrétion et la neurotransmission (canal L, N, P/Q), le contrôle de 

l'activité pacemaker (canal T) ou le cycle cellulaire. Nous préciserons certains de ces aspects plus 

loin dans le manuscrit. 

2) Les canaux calciques non voltage-dépendants 

Cette famille très large de canaux regroupe des canaux activés par d'autres stimuli que les 

variations de potentiels membranaires avec d'une part les canaux chimio-dépendants qui 

comprennent les ROC (activés par un ligand) et les SMOC (activés par un second messager) et 

d'autre part les canaux SOC (activés par la déplétion des stocks intracellulaires). Ces canaux, d'une 

manière générale, ont une plus faible sélectivité pour le calcium par rapport aux autres cations (K+, 

Na+) que les canaux VOC, et sont donc classés par commodité dans une seule catégorie. 

2.1. Les canaux chimio-dépendants 

Les canaux ROC comprennent notamment les récepteurs à l'acétylcholine (nicotinique), à la 

sérotonine (SHT3), au GABA (GABAA), à la glycine (GlyR), au glutamate (NMDA, AMPA, 

kainate) et les récepteurs purinergiques P2x (voir Hille 2001). Tous ces ROC ne sont pas 

spécifiques aux cations puisque les canaux GABAA, et GlyR sont des canaux anioniques. La 

topologie (nombre de sous-unités impliquées et nombre de segments transmembranaires) de ces 

récepteurs n'est pas toujours connue dans le détail et diffère selon le ligand. Les récepteurs 

nicotinique, 5HT3, GABAA et GlyR sont supposés former des pentamères à partir de sous-unités 

possédant chacunes 4 segments transmembranaires. Le récepteur à l' ATP (P2X) semble posséder 2 
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segments transmembranaires et une région P. Les récepteurs AMP A et NMDA possèdent 4 sous

unités. Les ROC forment donc un groupe hétérogène de canaux qui peuvent laisser passer le 

calcium dans certaines circonstances (notamment les récepteurs-canaux au glutamate et à l' ATP) et 

qui jouent notamment un rôle important dans les phénomènes de transmissions synaptiques rapides 

en contribuant par exemple, en ce qui concerne les récepteurs au glutamate, aux mécanismes de 

plasticité synaptique impliqués dans l'apprentissage et la mémoire (Madden 2002). 

Les SMOC sont exprimés aussi bien dans les cellules excitables que dans les cellules non

excitables et sont activés par différents second messagers (inositol 1,4,5 trisphosphate (IP3), inositol 

1,3,4,5 tétrakisphosphate (IP4), GMP cyclique, et calcium) et vont être recrutés lors de l'action d'un 

agoniste sur un récepteur couplé à une protéine G (voir Clementi et Meldolesi 1996). 

2. 2. Les canaux SOC 

Le SOC ou entrée capacitative de calcium, dont 1' existence fut proposée par Putney en 1986, est 

un mécanisme d'influx calcique observé dans la quasi-totalité des cellules non-excitables et dans 

une moindre mesure dans certaines cellules excitables qui permet à la cellule de faire entrer du 

calcium de l'extérieur suite à la vidange de calcium des réserves intracellulaires (voir Putney et al 

2001). La déplétion des stocks calciques intracellulaires peut-être induite de différentes manières, 

activation des récepteurs à l'inositol 1,4,5 trisphophate (IP3R) (Putney 1986), des récepteurs à la 

ryanodine (RyR) (Bennett et al 1998) ou grâce par exemple à un blocage pharmacologique des 

Ca2+ATPases du réticulum endoplasmique (RE) (thapsigargine ou acide cyclopiazonique) ou encore 

en utilisant une perfusion intracellulaire de chélateurs calciques (BAPT A). Un courant membranaire 

activé par la déplétion du calcium du RE a été mesuré pour la première fois par Hoth et Penner 

(1992) dans des mastocytes en réponse à la dialyse cellulaire avec de l'IP3, de l'EGTA ou du 

BAPTA (des chélateurs calciques). Ce courant fut nommé CRAC pour calcium-release-activated 

calcium channel (Hoth et Penner 1992). 

La nature moléculaire des SOC est actuellement une question très débattue et la situation est 

beaucoup moins claire qu'elle ne l'est pour les canaux VOC par exemple. Il semblerait fortement . 
que les SOC soient constitués de canaux TRP (pour Transient Receptor Potential) qui forment une 

superfamille de canaux identifiés grâce au clonage moléculaire. Il n'est pas question ici de donner 

une classification précise ainsi que les propriétés de chacun des TRP. Je rappellerai brièvement que 

le premier gène codant pour un TRP fut initialement caractérisé chez la drosophile comme un gène 

impliqué dans la transduction du message visuel (Hardie et Mincke 1992). Les drosophiles mutantes 
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pour TRP montraient une altération de 1' entrée calcique induite par la lumière et d'autre part la 

structure prédite des protéines TRP était proche des canaux calciques connus alors (pour revue voir 

Monteil et al 2002). La superfarnille des TRP comprend plus de 20 canaux répartis en trois sous

familles: les TRPV (pour vanilloid), TRPC (pour canonical) et TRPM (pour melastatin), TRPN 

(qui comprennent des domaines ankyrine en N-terrninal) et TRPP (pour PDK: polycystin kidney 

disease) (Monteil 2003, Bimbaumer et al 2003). Ces canaux sont caractérisés par des sélectivités 

ioniques et des mécanismes d'activation différents. Un des enjeux des études portant sur les TRP est 

d'accorder une classification biophysique ou pharmacologique (SOC) avec une classification 

moléculaire (TRP) et notamment de déterminer quel TRP, si c'est un TRP, est responsable du SOC. 

L'autre enjeu important dans l'étude des SOC réside dans leur mécanisme d'activation qui est 

encore controversé et plusieurs hypothèses semblent plausibles (figure 2): 

1) l'hypothèse de l'intervention d'un facteur diffusible de couplage entre les réserves 

calciques et les canaux membranaires a été émise par Putney (1990). Ce CIF (pour Calcium 

influx factor) a été ensuite mis en évidence expérimentalement par Randriamampita et Tsien 

(1993) en utilisant des extraits cellulaires de cellules Jurkat préalablement stimulées. Des 

extraits de levures pmr 1 génétiquement déficientes en SERCA et par conséquent déplétées en 

calcium au niveau de leur organelles intracellulaires, ont permis de montrer la présence d'un 

CIF dans ces extraits qui provoquaient une entrée capacitative dans des Ovocytes de Xénope, 

des cellules Jurkat ou des cellules vasculaires musculaires (Csutora et al 1999, Trepakova et al 

2003). Différentes tentatives de caractérisation du CIF furent menées et à l'heure actuelle, 

plusieurs molécules de couplage ont été proposées : l'acide 5,6-epoxyeicosatrienoique un 

métabolite de l'acide arachidonique produit via la voie de la cytochrome P450 

monooxygénase (Rzigalinksi et al 1999), la sphingosine }-phosphate (Itagaki et Hauser 2003 ), 

voire un produit du métabolisme de l'IP3, l'IP4 (Luckoff et Clapham 1992). 

2) l'hypothèse d'une insertion vésiculaire par exocytose de nouveaux canaux SOC a été 

également proposée. Les arguments les plus convaincants pour un tel mécanisme sont 

l'inhibition du SOC par la toxine botulique A (qui inhibe l'exocytose) ou par l'expression de 

mutants inactifs d'une protéine SNARE impliquée dans l'exocytose, SNAP-25 (Yao et al 

1999) et par la stabilisation du cytosquelette grâce à des agents polymérisants de l'actine-F 

tels que la jasplakinolide (Patterson et al 1999) ou l'expression de protéines G monomériques 

RhoA, connue pour promouvoir la polymérisation du cytosquelette (Yao et al 1999). 
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Cependant, d'autres études ont montré que l'inhibition des protéines SNARE ou de la fusion 

vésiculaire n'entraînait pas de modifications de l'activité SOC (Scott et al 2003). Dans le 

cadre de ce modèle reste le problème de la transduction du signal entre la vidange des réserves 

intracellulaires et l'exocytose. Selon Yao et al (1999), un messager diffusible n'est pas 

impliqué dans le couplage entre vidange calcique et exocytose. 

3) l'hypothèse d'un couplage conformationnel entre des protéines de la membrane du RE et la 

membrane plasmique est sans doute la plus en vogue à l'heure actuelle. Un des premiers à 

proposer une interaction protéine-protéine entre le RE et la membrane plasmique fut Irvine 

(1990). Depuis, il a été montré qu'un mécanisme possible consistait en l'interaction de 

récepteurs IP3 et de canaux de la membrane plasmique de la famille de TRP. Les candidats 

TRP les plus sérieux du SOC sont actuellement les TRPC et notamment TRPC 1 et TRPC3 

(voir Putney et al 2001 pour revue). TRPCI semble être un bon candidat du SOC mais il est 

probable qu'il nécessite une hétéromultimérisation avec d'autres canaux TRP ou polycystine2 

(également un membre de la superfamille des TRP) pour former un SOC fonctionnel (Beech 

et al 2003). D'autre part, TRPC3 peut être activé de manière IP3 et IP3-R dépendante 

(Kiselyov et al 1998, 1999). De plus, il a été montré que les récepteurs de type RyR pouvaient 

activer, via un couplage conformationnel, les canaux TRP3 (Kiselyov et al 2000). 

4) Enfin, l'hypothèse d'une régulation négative des SOC par le calcium a été émise. Dans 

cette hypothèse, une diminution de calcium dans les réserves intracellulaires provoquerait une 

diminution locale de la concentration en calcium sous la membrane plasmique, ce qui 

permettrait l'activation des canaux SOC (Barritt 1998). 

Ces différentes hypothèses ne sont pas exclusives et il est probable d'une part que les 

mécanismes d'activation du SOC soient différents d'un type cellulaire à un autre et d'autre part 

intègrent en fait plusieurs de ces possibles voies de transduction. Par exemple, il a été proposé par 

Xie et al (2002) un modèle de fonctionnement intégrant à la fois l'hypothèse d'un CIF et 

l'hypothèse de sécrétion. Dans cette hypothèse, l'acide arachidonique produit par la phospholipase 

A2 suite à la déplétion des réserves calciques serait métabolisé par la cytochrome P450 et 

transformé en CIF (l'acide 5,6-epoxyeicosatrienoique). La déplétion des réserves calcique 

provoquerait de plus un déplacement du RE, et donc un rapprochement de la cytochrome P450 

(protéine membranaire du RE), vers la membrane plasmique. Les CIF, dont la demi-vie est très 
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éphémère, produits par la cytochrome P450 seraient ainsi libérés à proximité de leur cible, i.e., les 

SOC (Xie et al2002). 

B) Canaux calciques intracellulaires 

De tous les compartiments intracellulaires, le réticulum endoplasmique (ou sarcoplasmique) est 

le plus dynamique. Le calcium peut être libéré de sa lumière vers le cytosol grâce à deux familles 

importantes de récepteurs-canaux: les récepteurs à l'inositol 1, 4, 5 trisphosphate ou IP3-R et les 

récepteurs à la ryanodine ou RyR. Ces deux familles de canaux possèdent une structure similaire, 

constituée de 4 sous-unités, un domaine C-terminal où se situent les segments transmembranaires et 

une boucle cytosolique N -terminale de très grande taille qui forme un vestibule notamment pour la 

fixation des drogues et les effets régulateurs du calcium (figure 3). 

1) Les récepteurs à 1'1, 4, 5 IP3 

Les récepteurs à l'IP3 sont activés physiologiquement par l'IP3 formé au niveau de la membrane 

plasmique par ]es phospholipases C. Ces récepteurs à l'IP3 purifiés forment des canaux calciques 

fonctionnels lorsqu'ils sont incorporés dans des bicouches et leur activité est effectivement stimulée 

par 1 'IP3 (Ferris et al 1989). 

Les IP3-R ont été purifiés à partir de différentes sources de tissus tels que muscle lisse, foie, 

plante ... (Suppattapone et al, 1988, Chadwick et a] 1990, Maryleitner et al 1995, Dasgupta et al 

1997) et clonés initialement à partir du cervelet (Furuichi et al 1989). Ces récepteurs sont trouvés 

majoritairement dans le réticulum endoplasmique (Bush et al 1994, Pozzan et al 1994) mais 

également dans d'autres membranes cellulaires tels que les membranes plasmiques (Kuno and 

Gardner 1987), Golgiennes (Pinton et al 1998), nucléaires (Nicotera et al 1990) ou des vésicules de 

sécrétion (Yoo 2000). 

Au moins trois gènes distincts codant pour des IP3-R ont été clonés (pour revue voir Patel et al 

1999). Ces gènes codant pour ces récepteurs partagent une homologie de séquence considérable 

comprise entre 60 et 70%. Chacun de ces gènes code pour une protéine de 300 kDa environ, 

protéines qui s'associent entre elles pour former un tétramère. Chacune des sous-unités contient 3 

domaines fonctionnellement distincts : un domaine de liaison pour 1 'IP3 en région N-Terminale, un 

domaine formant le pore en région C-Terminale et un large domaine de régulation séparant les deux 

autres. 
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Figure 3 : Récepteur IP3 type 1. 
D'après Thrower et al (2001). 
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Le domaine régulateur comprend plusieurs sites potentiels de régulation, des sites de 

phosphorylations, de fixation de 1 'A TP, de fixation du calcium. De plus, le récepteur de type I subit 

un épissage au niveau de plusieurs sites appelés SI, SII, et SHI. Une hétérogénéité supplémentaire 

est apportée par l'association probable entre les différentes sous-unités sous forme d'hétéro

tétramère. Cette hétérogénéité peut s'observer au niveau tissulaire avec différentes isoformes plus 

spécifiquement exprimées dans un tissu que dans un autre, comme par exemple le type I au niveau 

du système nerveux central (pour revue voir Thrower et al 2001 ). Au niveau sub-cellulaire, il 

semblerait également que les récepteurs IP3 ne soient pas répartis de manière homogène. Par 

exemple, dans les cellules acineuses pancréatiques, les récepteurs IP3 sont localisés au niveau 

apical, là où le signal calcique est initié (Lee et al 1997). Plus précisément, au niveau même du 

réticulum endoplasmique, il existe une répartition hétérogène des récepteurs (Golovina and 

Blaustein 1997). 

Ces récepteurs possèdent une sensibilité différente à la fois vis-à-vis du ligand principal, l'IP3 

mais également vis-à-vis du calcium, qui est un régulateur important du récepteur. Le récepteur de 

type II est environ 20 fois plus sensible à 1 'IP3 que le récepteur de type 1 (ECso=28 nM pour IP3-RII 

vs 500 nM pour IP3-RI) et 100 fois plus que le récepteur de type III (EC50=3200 nM) (voir Thrower 

et al2001). Le récepteur de type 1 possède pour sa part une propriété spécifique vis-à-vis du calcium 

par rapport aux autres isoformes car il subit à la fois une activation pour des concentrations 

relativement faibles de calcium ( <300 nM) et une inhibition pour des concentrations de calcium 

cytoplasmique supérieure à cette valeur. Les autres isoformes sont uniquement activées par des 

concentrations micromolaires de calcium. Il semblerait que l'inhibition du IP3-RI ne soit pas une 

propriété intrinsèque de ce canal mais soit due à une inhibition par la calmoduline (Missiaen et al 

1999). 

Au ruveau fonctionnel, les propriétés différentes de ces isoformes en terme de régulation 

permettent de penser que le type 1 par exemple, du fait notamment de ses propriétés d'activation et 

d'inactivation par le calcium est un candidat intéressant pour entretenir les oscillations de calcium 

répétitives dans des cellules. Le type II, en raison de sa forte sensibilité et de son absence 

d'inactivation par le calcium, permettrait d'initier un signal calcique rapide et de longue durée pour 

de faibles concentrations d'IP3. Le type III pour sa part, pourrait engendrer un signal calcique pour 

de fortes concentrations d'IP3. 
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Le récepteur à l'IP3 est d'autre part susceptible de s'associer physiquement avec différentes 

protéines (voir Patel 1999, pour revue). Outre une association avec la protéine accessoire FKBP12, 

les récepteurs à l'IP3 peuvent se lier avec la calcineurine (peut-être via FKBP12), la calmoduline, 

des protéines du cytosquelette et de manière tout à fait intéressante avec des canaux calciques 

membranaires de type trp (voir Trebak et al 2003 pour revue). Comme cela a déjà été précisé plus 

haut, certaines de ces protéines, supposées être à 1' origine de 1' entrée capacitative ou du SOC (store

operated calcium channel) des cellules non-excitables et notamment TRPC3 (Kielsyov et al 1998) 

pourraient interagir avec les récepteurs à l'IP3. 

2) Les récepteurs à la ryanodine 

Ces récepteurs-canaux intracellulaires sont appelés ainsi en raison de leur affinité nanomolaire 

pour une toxine végétale, la ryanodine. Ces canaux ont été décrits dans les tissus musculaires 

squelettiques et cardiaques où ils sont particulièrement abondants (Pessah et al 1985, Fleischer et al 

1985). Ce sont les plus gros canaux décrits jusqu'à présent. Les extensions cytoplasmiques de ces 

canaux peuvent être visualisées facilement en microscopie électronique sous forme de pied (foot) 

s'allongeant entre la membrane du réticulum sarcoplasrnique et le membrane plasmique. Il existe 

actuellement 3 isoformes clonées du récepteur à la ryanodine (RyR1, RyR2, RyR3) (pour revue voir 

Rossi et Sorrentino 2002). L'isoforme 1 du muscle squelettique est une des protéines clonées les 

plus volumineuses, chaque monomère possédant plus de 5000 acides aminés. Les deux autres 

isoformes sont plus spécifiques du cœur (RyR2) et du cerveau et du muscle lisse (RyR3) 

(McPherson et Campbell, 1993). Ces récepteurs furent initialement considérés comme 

caractéristiques des cellules excitables puis, avec le clonage de RyR3, il fut établi que les cellules 

non excitables, épithéliales et endothéliales notamment, exprimaient ce canal et particulièrement 

l'isoforme 3 (McPherson et Campbell, 1993, Bennett et al1996). 

Les canaux RyR sont les acteurs centraux du couplage excitation-contraction des muscles 

squelettiques et cardiaques. En fonction du type musculaire, leur mode d'implication est légèrement 

différent. Dans le muscle squelettique, RyRl est activé directement lors de l'ouverture du canal 

calcique DHP-R par un mécanisme de couplage conformationnel sans qu'il y ait nécessairement 

entrée de calcium par le canal DHP-R (aiS, Lu et Meissner 1994, Leong et McLennan 1998). Dans 

le tissu musculaire cardiaque, le canal RyR2 est activé par l'entrée de calcium qui a lieu lors de 

l'ouverture des canaux calciques (alC) pendant le potentiel d'action. Comme les canaux IP3-R, les 

RyR sont donc également calcium-dépendants, et leur activation par le calcium permet notamment 
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le mécanisme de calcium-induced calcium release (Fabiato 1983, Stem 1992), notamment au niveau 

cardiaque, le récepteur cardiaque (Ryr2) étant plus sensible au calcium que le récepteur squelettique 

RyR1 (Zimanyi et Pessah 1991 ). 

Contrairement aux IP3-R, le ligand naturel de ces RyR n'est pas connu avec certitude. Un 

faisceau d'argument met en avant 1 'AD P ribose cyclique ( cAD Pr) un dérivé cyclique du NAD+ 

synthétisé par 1 'ADP-ribosyl cyclase (Lee et al 1989) comme agoni ste naturel des RyR (voir Ouse 

1999 pour revue). Le cADPr est capable de libérer le calcium des réserves intracellulaires sensibles 

à la pharmacologie caractéristique des RyR (inhibée par la ryanodine à faible concentration, par le 

rouge de ruthénium ou la procaine et potentialisée par la caféine et la calcium) ceci dans de 

nombreux types cellulaires, tels que cellules neuronales ou neuroendocrines, cellules musculaires, 

cellules exocrines et endocrines pancréatiques, lymphocytes, hépatocytes et cellules végétales (voir 

Lee 1997 pour revue). En revanche, la production de cADPr en réponse à une activation par un 

récepteur n'a été montrée que dans peu de systèmes, ce qui limite pour l'instant son rôle éventuel de 

second messager à un agent modulateur. La formation de cADP à partir de 1 'ADP-ribosyl cyclase 

cytosolique peut être stimulée notamment par le monoxyde d'azote (NO) dans des œufs d'oursin ou 

des cellules donal es médullosurénaliennes PC 12 ( Gallione et al 1993, Clementi et al 1996). La 

modulation de 1 'ADP-ribosyl cyclase membranaire a été rapportée pour la première fois en 1997 

(Higashida et al 1997). Il a été montré que la stimulation des récepteurs muscariniques ml ou m3 

permettait l'activation de l' ADP-ribosyl cyclase membranaire alors que celle-ci était inhibée par les 

récepteurs m2 ou m4. Ces effets étant respectivement sensibles aux toxines cholériques et 

pertussiques, il a été supposé que des voies de transduction différentes via des protéines G 

différentes pouvaient moduler la production de cADPr (Higashida et al 1997). Les récepteurs RyR 

(mais aussi les IP3-R) pourraient eux-mêmes être sensibilisés par un autre second messager 

potentiel également produit par l' ADP-ribosyl cyclase membranaire, le NAADP dont l'existence de 

récepteurs spécifiques est également proposée (nicotinic acid adenine dinucleotide phosphate) 

(Cancela et al 2003). 

Enfin, d'autres protéines intracellulaires possédant des activités de canaux ont été montrées 

participer à une libération de calcium des réserves intracellulaires de manière similaire aux canaux 

IP3-R et RyR, des canaux de la famille des TRP, TRPVl (Turner et al 2003) et polycystine 2 

(Koulen et al 2002). 
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1.11. Les mécanismes participant à maintenir l'état de repos 

Les mécanismes contribuant à maintenir la concentration de calcium dans le cytosol à des 

valeurs de repos (de 1' ordre de 1 00 nM) sont de plusieurs types ~ des transporteurs de la membrane 

plasmique permettant l'expulsion du calcium vers le milieu ambiant (Ci+ATPases de la membrane 

plasmique et échangeur Na/Ca) et des transporteurs intégrés dans les membranes des organites 

intracellulaires et notamment le réticulum endoplasmique (Ca2+ ATPases), permettant 

l'accumulation de calcium dans ces organites. D'autre part, le RE est supposé posséder des canaux 

de fuite dont la nature reste toujours élusive (Camello et al 2002) et les mitochondries participent, 

en capturant le calcium libéré par le RE, au maintien du niveau de calcium cytosolique (Tine) et al 

1999). Enfin, les différentes calcium-binding protéines du cytosol (calbindine D28K, parvalbumine 

ou calretinine, Chard et al 1993, Edmonds et al 2000) et du RE (calréticuline, calnexine, Michalak 

et al 2002) jouent un rôle important dans la régulation des signaux calciques (amplitude, forme, 

durée, diffusion, propagation) dans les différents compartiments cellulaires. 

Les Ca2+ ATPases de la membrane plasmique (PMCA pour plasma membrane Ca2+ ATPases) 

et du réticulum endoplasmique (SERCA pour sarco-endoplasmic reticulum Ca2+ A TPases) sont des 

Ca2+ A TPases de type P qui nécessitent un intermédiaire phosphorylé dans la réaction qui transfère 

le calcium d'un compartiment à une autre. Les PMCA furent mises en évidence pour la première 

fois dans les érythrocytes (Schatzmann, 1966). Ces pompes qui transfère un ion Ca2+ pour 

l'hydrolyse d'une molécule d'A TP sont ubiquitaires (pour revue voir Carafoli et Brini, 2000). Ces 

enzymes sont codées par au moins 4 gènes différents (PMCAI-4) et à cause des mécanismes 

d'épissage, il existe au moins 20 isoformes différentes. Les SERCA permettent le remplissage du 

RE en transférant 2 ions calcium grâce à l'hydrolyse d'une molécule d'ATP. Trois gènes différents 

(ATP2Al-A3) au moins codent pour les SERCA (SERCAI-3) chez les vertébrés. Chacune de ces 

SERCA est susceptible de subir un épissage, la forme la plus ubiquitaire des SERCA étant 

SERCA2b (Pour revue voir Wuytack et al 2002). Sur un plan pharmacologique, il est possible de 

distinguer les PMCA des SERCA par l'utilisation d'inhibiteurs sélectifs des SERCA, la 

thapsigargine, 1' acide cyclopiazinique et le 2,5-di-(tert-butyl)-1 ,4-benzohydroquinone. Les SERCA 

(1 et 2) sont notamment régulées par la phospholambane (PLB), qui diminue l'affinité des SERCA 

pour le Ca2+ cytosolique, cette inhibition étant levée lors de la phosphorylation de PLB par la 

protéine kinase A (PKA) ou la calcium-calmoduline dependent kinase II (CaMKII) (pour revue voir 

Wuytack et al 2002). 
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D'autres Ca2+ATPases appelées pmr1 (plasma membrane related ci+ATPases) ont été 

identifiées dans les levures Saccharomyces Cerevisiae (Rudolph et al 1989) et leurs homologues 

mammaliens ont été clonés (Gunteski-Hamblin et al, 1992). Chez les mammifères, ces protéines 

également appelées SPCA (pour secretory pathway Ca2+ ATPases) sont distribuées au niveau des 

différents compartiments du Golgi et du réseau trans-golgien (Van Baelen et al 2001, Ton et al 

2002), un compartiment acide lui-même en étroite relation avec les autres compartiments acides, 

lysosomes, endosomes et vésicules de sécrétion. Ces pompes pourraient être responsables de la 

capture de calcium indépendante de la thapsigargine et donc des SERCA par le Golgi (Pinton et al 

1998). Il est à noter que non seulement le Golgi possède des propriétés de stockage de calcium mais 

qu'il serait également apte à libérer le calcium dans le cytosol de manière IP3-dépendante (Pinton et 

al 1998), ce qui en ferait un organite de stockage intracellulaire de calcium potentiellement impliqué 

dans les réponses calciques dynamiques. 

1.111. Codage du signal calcique 

Le fonctionnement coordonné de ces différents canaux et pompes va donner lieu, selon les 

cellules et les régions subcellulaires, à des signaux calciques soit généralisés soit localisés, soit 

transitoires soit maintenus, soit rythmiques soit phasiques. Ainsi, une large classification de ces 

signaux, comprenant les « spikes » (pics), « transients » (transitoires calciques), les « blips » 

(«spot» ou point lumineux), les« quarks» (par référence aux quarks de la physique), les« puffs » 

(bouffées), les« sparks »(étincelles), ou les« waves »(vagues) a-t-elle été progressivement avancée 

(Berridge et al 2000). 

Pour résumer, un signal peut-être extrêmement localisé à la bouche d'un canal, et on considère 

ce genre de signaux comme un blip ou un quark, selon que le canal soit un IP3-R (blip) ou un RyR 

(quark). Ces signaux <<Unitaires» localisés à la bouche des canaux calciques (microdomaines) vont 

permettre d'activer des cibles spécifiques avant que le signal ne diffuse loin de sa source ou que des 

mécanismes régénératifs qui propagent le signal à la cellule entière ne soient mis en place. Dans le 

cas des signaux IP3-R dépendants, la sommation spatio-temporelle de« blips »dus à l'activation de 

canaux IP3 regroupés par foyers va engendrer des « puffs », signaux d'une durée de l'ordre de la 

seconde et de plusieurs centaines de nM d'amplitude qui peuvent donner lieu à une vague calcique 

généralisée à la cellule ou des oscillations rythmiques lors de stimulations neurohormonales 

(Bootman et al 2001 ). Certains signaux se limitent à un pôle de la cellule, comme par exemple dans 

le cas de cellules exocrines pancréatiques où on observe des « spikes » calciques, fortement 
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sensibles à 1 'IP3, au niveau du pôle apical (Petersen et al 1999). Dans le cas de cellules excitables 

musculaires, ont été observés des signaux fortement dépendants de l'activation de récepteurs RyR 

qui lors de leur activation par les canaux Ca2+ sensibles aux dihydropyridines engendrent localement 

des« quarks (nM) »qui peuvent se sommer en« sparks (J..I.M) »lors de l'activation concomitante de 

quelques RyR également regroupés par foyers (Niggli 1999). Les « sparks », comme les « puffs » 

peuvent générer dans la cellule entière une vague calcique généralisée notamment en fonction des 

concentrations en agonistes et donc en second messagers (IP3, cADPr, NAADP ... ) et d'autre part 

en fonction de la nature des seconds messagers impliqués (Cancela et al2002). 

Les cellules excitables émettent généralement des potentiels d'actions spontanées ou déclenchés. 

Si ces potentiels d'action sont associés à l'ouverture de canaux calciques voltage-dépendants, 

l'entrée de calcium lors du PA peut entraîner une augmentation rapide de la [Ca2+]i provoquant 

ainsi un « spike » (pic) ou « transient » (transitoire). Ces transitoires calciques peuvent également 

permettre l'activation d'une libération de calcium par les canaux IP3-R ou RyR et entraîner ainsi 

une amplification locale de l'augmentation de calcium par ce mécanisme de « calcium-induced 

calcium release ». Ce phénomène, s'il est particulièrement important dans l'augmentation de 

calcium lors des potentiels d'action cardiaques et lors de l'activation des canaux L, n'en est pas 

moins efficace dans les neurones pour amplifier les signaux calciques intervenant par les canaux N, 

P/Q. 

II. Rôle du calcium dans la physiologie cellulaire 

Afin d'illustrer le rôle central du calcium dans la physiologie cellulaire, je donnerai deux 

exemples principaux de son intervention, 1) dans la neurotransmission ou le couplage 

stimulation/sécrétion d'une manière générale, 2) dans la régulation génique et notamment les 

phénomènes de prolifération cellulaire. 

11.1. Le couplage stimulation-sécrétion et la notion de calcium-dépendance et de calcium

indépendance 

La sécrétion régulée est le mécanisme par lequel les cellules sont capables de libérer, à la 

demande, des molécules, protéines, amines, acides aminés ou autres, dans le milieu extracellulaire. 

Ce mécanisme, qui est une des caractéristiques des cellules neuronales (transmission synaptique) et 

neuroendocrines (libération hormonale) ne leur est pas spécifique puisque les cellules exocrines 

sécrètent les enzymes digestives ou que des cellules myéloïdes (mastocytes) libèrent des médiateurs 

de l'inflammation selon ce procédé. 
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S'il existe des spécificités fonctionnelles et moléculaires de chacun de ces types cellulaires, on 

peut cependant décrire le mécanisme de libération d'une manière générale selon un schéma assez 

simple comprenant quelques étapes telles qu'elles sont illustrées sur la figure 4. En commençant par 

la fin, le mécanisme de libération procède par fusion membranaire lipidique autrement dit par 

exocytose. Ce mécanisme est réellement le point commun entre tous ces modes de libération, si on 

excepte la sécrétion des hormones lipidiques (stéroïdes par exemple). 

L'exocytose régulée concerne généralement deux populations différentes de compartiments 

membranaires distingués par leur propriétés morphologiques et fonctionnelles, les vésicules 

synaptiques, petits compartiments membranaires d'environ 50 nm de diamètre qui fusionnent 

rapidement avec la membrane plasmique, et les granules de sécrétion, de taille plus importante 

(supérieure à 100 nm de diamètre), généralement pourvus d'une structure opaque aux électrons en 

microscopie électronique, le cœur dense, et dont la fusion est plus lente. Ces vésicules et granules, 

en fusionnant avec la membrane plasmique, vont permettre la libération de neuromédiateurs et 

neurohormones, respectivement. Un même type cellulaire, par exemple, les cellules B du pancréas, 

peut posséder ces deux compartiments vésiculaires, l'un servant à la sécrétion régulée d'insuline, 

l'autre à la libération de GABA (voir figure 4). 

La fusion lipidique est la dernière étape du processus sécrétoire. Cette étape est précédée de 

nombreuses autres étapes depuis la formation des vésicules ou granules au niveau des endosomes ou 

du Golgi. Toutes ces étapes peuvent être stimulées par différents messagers et entraîner la transition 

de la vésicule ou du granule d'un stade à un autre. Ces différents stades se répartissent de la manière 

suivante (voir figure 5) (pour revues voir Südhof 2000, Jahn et al 2003, Augustine 2001, Klenchin 

et Martin 2000): 

1) Une première réserve importante de granules est généralement présente dans le cytoplasme 

en profondeur de la cellule, mêlée à un réseau de cytosquelette. Ces granules peuvent être 

recrutés lors de l'étape de translocation ou migration vers la membrane. Cette étape semble 

nécessiter un remaniement du cytosquelette. 

2) Ces granules vont se retrouver ancrés dans la membrane à l'aide d'interactions 

moléculaires complexes. C'est l'étape de docking ou ancrage (ou encore arrimage). Ainsi, une 



deuxième réserve de granules va se retrouver localisée au niveau sous-membranaire et donc 

plus facilement mobilisable lors d'une stimulation que la première réserve. 

3) Ces granules (ou vésicules) ancrés vont ensuite subir une série de modifications 

biochimiques, caractérisées par des phosphorylations, qui vont rendre les granules compétents 

pour la dernière étape fusionnelle. Cette étape, nommée « priming » ou amorçage, aboutit à un 

rapprochement des bicouches entres elles et à une hémifusion des membranes vésiculaires et 

plasmiques. 

4) La dernière étape, la fusion ou l'exocytose proprement dite, va être stimulée par l'arrivée 

d'un signal calcique, et va entraîner la formation d'un pore de fusion lipidique qui va 

permettre la libération du contenu vésiculaire vers l'extérieur de la cellule. Cette étape, si elle 

procède par une fusion des bicouches entre elles, nécessite probablement des structures 

protéiques qui vont 1) assurer la sensibilité au calcium 2) initier la formation du pore de 

fusion. 

L'étape d'exocytose est suivie par un retraitement membranaire, l'endocytose, que l'on 

subdivise en deux catégories, l'endocytose via les endosomes, mode de retraitement membranaire 

lent, et le « kiss and run « (voir figure 4 et 5) mode de retraitement excessivement rapide, les 

vésicules n'ayant pas besoin dans ce cas de repasser par une étape de maturation par les endosomes 

mais peuvent être directement réemplies avec le neÙrotransmetteur. 

Toutes ces étapes peuvent être la cible de régulations biochimiques qui vont faciliter (ou 

inhiber) le passage d'un stade à un autre. Le régulateur principal du couplage excitation/sécrétion 

reste l'ion calcium. Celui est capable dans la quasi-totalité des types cellulaires de stimuler la 

sécrétion. Comme montré par différentes études, une augmentation de calcium dans des cellules 

sécrétrices entraîne une sécrétion qui comprend plusieurs phases apparaissant avec des délais et des 

vitesses différentes. La plupart des études montrent l'existence d'au moins trois phases de sécrétion 

successives à la suite d'un stimulus calcique, ceci reflétant la stimulation par le calcium de 

processus biochimiques au niveau des différentes étapes décrites ci-dessus (Neher et Zucker 1993, 

Kits et Mansvelder 2000). 

Un des enjeux majeurs de 1 'étude du couplage stimulation-sécrétion de ces 1 0 dernières années 

fut d'élucider les mécanismes protéiques impliqués dans ces différentes étapes, depuis la 

translocation des granules depuis le Golgi, jusqu'à la fusion lipidique et notamment les protéines 
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calcium-dépendantes qui pourraient être les calcium-senseurs de l'exocytose. Une des découvertes 

majeures fut la caractérisation des protéines participant à la formation du complexe SNARE par 

l'équipe de J. Rothman (Sollner et al 1993). Les travaux de ce laboratoire ont permis d'identifier les 

composants majeurs de ce complexe et des protéines qui s'y associent, une ATPase cytosolique : la 

NSF (N-ethylmaleimide-sensitive fusion protein), les protéines adaptatrices permettant l'association 

de NSF avec les composants membranaires du complexe: les SNAP (soluble NSF adaptor proteins, 

comprenant les a, p, et y SNAP), et enfin les SNAREs eux-mêmes (SNARE pour SNAP receptors). 

Les SNAREs, que l'on distingue en v-SNARE et t-SNARE en fonction de leur localisation (v pour 

vésicule et t pour target, c.a.d la membrane plasmique dans le cas de 1 'exocytose), sont des protéines 

membranaires qui comprennent trois familles principales : les synaptobrévines (ou V AMP2 pour 

vesicle-associated membrane protein 2) dans les vésicules et la syntaxine 1 et SNAP25, deux 

protéines de la membrane plasmique. Au début des années 90, la découverte de ces protéines, de 

leur association lors du processus d'exocytose a abouti, grâce à la découverte des cibles 

moléculaires des toxines tétaniques et botuliques (les composants du complexe eux-mêmes) par 

l'équipe de Montecucco (Schiavo et al 1992), à l'hypothèse SNARE, hypothèse selon laquelle le 

complexe jouerait le rôle d'échafaudage moléculaire entraînant le rapprochement des deux 

membranes (vésicule et membrane plasmique). Cette hypothèse SNARe est d'autant plus 

intéressante que les mécanismes moléculaires impliqués sont peu ou prou conservés dans le régne 

du vivant (Bennett et Scheller 1993) et ne sont pas spécifiques de 1' exocytose mais participent aux 

différentes étapes du trafic intracellulaire membranaire (Galli et al2002). 

Le signal déclenchant le processus final de fusion est l'augmentation de calcium sous

membranaire, pouvant atteindre plus de 100 J..LM. Cette augmentation a lieu dans les synapses grâce 

à une entrée de calcium par des canaux calciques voltage-dépendants, notamment de type N, P!Q 

qui ont été montrés comme étant associés à un complexe moléculaire appelé excisome (voir figure 

6) par l'intermédiaire de liaisons avec la syntaxine, la synaptotagmine et SNAP-25 (Atlas 2001). 

Ces microdomaines ou nanodomaines permettent une stimulation de 1 'exocytose extrêmement 

rapide, avec un délai compris entre 0.1 et 1 msec. Le calcium est donc à lui seul capable de 

déclencher la fusion de granules prêts à fusionner, i.e, ayant préalablement subi tous les processus 

d'amorçage (priming). Le calcium-senseur le plus probable actuellement est la synaptotagmine 

(Brose et al 1992, Augustine 2001, Jahn et al 2003), une protéine calcium-dépendante qui possède 

des domaines C2 (A et B) qui lui permettent de lier le calcium et les phospholipides et ainsi 

d'interagir avec la membrane de manière calcium-dépendante. Des expériences sur des souris 

knock-out ont notamment permis de montrer que la liaison du calcium sur la synaptotagmine 1 

déclenchait la libération synaptique rapide (Femandez-Chacon et al 2001). Cette protéine a une 
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calcium-dépendance similaire à celle de l'exocytose (EC50 de l'ordre de 20 f.!M). Cependant, il ne 

faut pas négliger dans ce concept de calcium-dépendance de 1' exocytose que le calcium va pouvoir 

agir au niveau des étapes préalables. Par exemple, 1' étape de translocation au cours de laquelle 

s'effectuent des remaniements du cytosquelette est calcium-dépendante. Ceci serait entre autre dû à 

la phosphorylation de la synapsine, une protéine qui s'associe de manière réversible avec les 

granules de sécrétion, par la CaMKinase II (Doussau and Augustine 2000). Ceci favoriserait la 

translocation des granules de sécrétion vers la membrane plasmique. Si les étapes d'amorçage 

requièrent l'hydrolyse de l' ATP, elles sont également dans une moindre mesure dépendantes du 

calcium en raison des mécanismes de phosphorylations faisant intervenir des kinases Ca2+

dépendantes (Klenchin et Martin 2000). Ainsi, la PKC qui stimule la sécrétion des cellules PC 12 

pourrait exercer cette action via une phosphorylation de SNAP25 (Nishiszaki et al 1992, Shimazaki 

et al 1996). 

Dans les cellules neuroendocrines, les canaux calciques impliqués dans le couplage stimulation

sécrétion (canaux de type L) ne sont pas nécessairement associés physiquement au complexe 

moléculaire SNARE mais sont concentrés et co-localisés avec les granules de sécrétion dans des 

domaines similaires sur le plan fonctionnel à la zone active de la synapse. On peut ainsi de manière 

arbitraire distinguer des nanodomaines (association physique) et des microdomaines calciques 

( colocalisation) qui vont définir des vitesses de fusion plus ou moins rapides. 

L'exocytose ou la sécrétion d'une manière plus générale est considérée généralement comme 

calcium-dépendante. Cependant, ce quasi-dogme souffre de quelques exceptions. En effet, certains 

types cellulaires sont capables, en absence de toute trace de calcium extracellulaire ou cytosolique 

([Ca2+]i < 10 nM), de sécréter en réponse à un sécrétagogue. C'est notamment le cas des cellules 

myéloïdes, qui en réponse à une activation pharmacologique des protéines G par exemple du GTP 

non hydrolysable (GTPyS) dégranulent massivement, même en absence de calcium (Fernandez et al 

1984, Gomperts 1990). D'autres types cellulaires et notamment des cellules neuroendocrines telles 

que des cellules hypophysaires mélanotropes (Okano et al1993), des cellules chromaffines (Carroll 

et al 1990) ou des cellules P pancréatiques (Proks et al 1996) sont capables de sécréter en réponse à 

ce type de stimulus. Ainsi, l'identification des protéines G est-elle devenue un enjeu important dans 

l'élucidation des mécanismes moléculaires de l'exocytose. Différentes protéines G mono ou 

multimériques, sur lesquelles nous reviendrons plus tard, ont été postulées comme actrices centrales 

de la libération neurohormonale. 
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Figure 4: Voies de sécrétion régulées. Un 
mécanisme rapide relatif à la fusion des 
vésicules synaptiques (SV) et à la libération 
de neurotransmetteurs est illustré sur la partie 
gauche . Une voie plus lente relative à 
1' exocytose des granules à cœur dense (LDCV 
ou SG) et à la libération de neurhormones est 
schématisé sur la droite. 
1 : bourgeonnement du Golgi 
2 : maturation des granules 
3 : migration 
4: ancrage 
5: amorçage 
6: fusion 
7-9: kiss and run et endocytose 

D'après Lang (1999) 

Riceptlurs postsyn•plqu.s 

1 Fi!!!!re 5: Le cycle SJCDaJ!tique 
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11.11. Ca2
+, régulation génique, prolifération et a po ptose 

Il est connu depuis relativement longtemps qu'une augmentation de calcium cytosolique, en 

utilisant par exemple des ionophores calciques, est capable de stimuler la synthèse de certaines 

protéines (Wu et al, 1981 ), et notamment de certaines hormones, via une augmentation de la 

production en ARNm (ainsi, pour compléter le paragraphe précédent, le calcium joue son rôle dans 

le couplage stimulation-sécrétion jusque dans la stimulation de la transcription). De la même façon, 

des travaux déjà anciens ont montré que d'une part les cellules tumorales ont une dépendance plus 

faible au calcium extracellulaire pour leur croissance (Boynton et al 1977) et que d'autre part les 

ionophores calciques sont capables de stimuler leur prolifération (Jensen et al 1977). Les 

mécanismes par lesquels le calcium pouvait réguler une expression génique étaient jusqu'à 

récemment non élucidés. Ces dix dernières années ont permis de lever un peu le voile sur ces 

mécanismes. 

C 
2+ • , • A) a et expression gemgue 

Les gènes régulés en réponse à un stimulus peuvent être classés en « immediate early gene IEG» 

(gène précoce) et « late gene » (gène tardif), selon la cinétique (rapide ou lente) et la dépendance 

vis-à-vis de la synthèse protéique, l'induction de gènes précoces ne nécessitant pas de synthèse 

protéique. 

L'influence du calcium sur l'expression génique a été particulièrement étudiée et il a été montré 

dans de très élégantes études (Li et al 1998, Dolmetsch et al 1998) que des oscillations de calcium 

étaient plus efficaces pour stimuler l'expression génique qu'une augmentation soutenue de calcium 

(pour une variation moyenne identique). D'autre part, ces études ont montré que les facteurs de 

transcription (NF-AT, NF-KB, et Oct/OAP) n'étaient pas sensibles de la même manière aux 

oscillations de calcium, les trois étant sensibles à de fortes fréquences alors que seul NF-KB était 

sensible à de faibles fréquences (Dolmetsch et al 1998). La calcineurine, une phosphatase calcium

dépendante, semble être à 1 'origine de ces effets. En effet, celle-ci, activée par le calcium, favorise la 

déphosphorylation de ces facteurs de transcription cytoplasmiques, et entraîne ainsi leur 

translocation à 1 'état de complexe avec la calcineurine vers le noyau (Timmerman et al , 1996, 

Shibasaki et a11996). 
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Le calcium, en plus d'activer l'expression génique via une phosphatase-Ca2+ dépendante, va 

promouvoir l'expression génique via une voie kinase-dépendante, la voie de CRE-CREB (cAMP

responsive element -(binding protein)). CREB est un facteur de transcription nucléaire calcium

dépendant qui peut-être phosphorylé par différentes kinases, cAMP dependent kinases (PKA), 

calmoduline-dependent kinases (CaM kinases) et la voie des Ras/MAPkinases (voir West et al2001 

pour revue). Son activation par le calcium nécessite sa phosphorylation sur une sérine 133 (Sheng et 

al 1991). Après sa phosphorylation, CREB recrute une CREB binding protéine (CBP) qui est un 

coactivateur transcriptionnel. Il a été montré que l'activité de CBP était contrôlée par le calcium 

nucléaire et impliquait la CamKIV (Chawla et al 1998). Si les CaMK I, II et IV peuvent 

phosphoryler CREB, la plus importante physiologiquement est ainsi certainement la CaMkinase IV 

qui est localisée dans le noyau (voir West et al 2001). La concentration en calcium libre dans le 

noyau jouerait ainsi un rôle important, et différente de celle dans le cytosol, dans les mécanismes 

d'expression génique, une augmentation de calcium nucléaire permettant l'activation de la voie 

CRE-CREB alors qu'une augmentation de la concentration en calcium cytosolique entraîne une 

activation de la voie SRE (serum responsive element) (Hardingham et al 1997). Le Ca2
+ est de plus 

capable d'agir directement sur un effecteur nucléaire appelé DREAM (pour downstream regulatory 

element-antagonist modulator), une protéine possédant 4 domaines liant le calcium de type EF

hand. Ce répresseur transcriptionnel se fixe spécifiquement sur un site DRE (pour Downstream 

Regulatory Element) jouant le rôle de gène silencer. Lors de l'activation de DREAM par le Ca2+, 

DREAM ne peut plus se lier à DRE et l'inhibition de la transcription est levée (Carri6n et al 1999). 

Ainsi, l'élucidation des mécanismes d'homéostasie calcique dans le noyau revêt une importance 

considérable. A l'heure actuelle, il est toujours débattu comment, et si, le calcium est régulé dans le 

noyau, certaines études montrant que la concentration calcique dans le noyau suit passivement la 

concentration cytosolique, le calcium diffusant librement par les pores nucléaires (Lipp et al 1997) 

alors que d'autres montrent que le noyau possèdent ses propres moyens de régulations 

(Gerasimenko et al 1995), grâce notamment aux réserves contenues dans l'enveloppe nucléaire et 

mobilisables par le cADPr ou l'IP3. II a été montré récemment que les stocks calciques nucléaires 

possédaient une plus grande sensibilité à 1 'IP3 que le RE, certainement due à une expression 

enrichie en IP3-RII dans le noyau par rapport au RE (Leite et al2003). De plus, des travaux récents 

montrent qu'il existe une continuité entre le réticulum endoplasmique et l'enveloppe nucléaire sous 

la forme d'un réseau (réticulum nucléoplasmique). Ce réseau qui s'étend à l'intérieur du noyau, est 

capable 1) de stocker le calcium, 2) d'exprimer les récepteurs IP3 (type II) et 3) d'initier un signal 
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calcique nucléaire (avant le signal cytosolique) sous l'action de l'IP3 ou d'un facteur de croissance 

dans les cellules SKHep1, signal calcique lui-même capable d'induire la translocation de PKCy de 

l'espace nucléaire vers l'enveloppe nucléaire (Echevarria et al 2003). Ainsi, ce réseau réticulaire 

nucléoplasmique pourrait être considéré comme la réserve calcique fonctionnelle du noyau. 

B) Ca2
+ et prolifération cellulaire 

La fonction principale du calcium dans le cadre du contrôle de la prolifération cellulaire est 

d'activer les facteurs de transcription préalablement cités, cytosoliques (NF-AT, NF-kB) ou 

nucléaires (CREB). D'autres voies de régulation existent néanmoins et notamment au niveau du 

cycle cellulaire (voir Santella 1998 pour revue). Grâce aux travaux effectués sur les ovocytes ou les 

oeufs d'oursins, il a été montré que des variations transitoires du calcium cytosolique accompagnent 

les transitions d'une phase du cycle cellulaire à une autre et plus particulièrement 1) entre la fin la 

phase Gl et la phase S 2) en G2 avant l'entrée en M 3) pendant la mitose entre la métaphase et 

l'anaphase et 4) pendant la cytodiérèse (Santella 1998), le passage d'une phase du cycle à une autre 

étant bloquée par l'injection de chélateur calcique dans les cellules. Il a donc été supposé que les 

transitoires calciques déclenchaient le passage d'un stade du cycle à un autre (Whitaker et Patel 

1990). Ceci doit cependant être minoré par le fait que ce n'est pas nécessairement vrai pour tous les 

types cellulaires et notamment les cellules de mammifères où par exemple le calcium peut-être 

impliqué dans la scission de 1' enveloppe nucléaire mais pas dans la transition métaphase-anaphase 

(Kao et al 1990). Les cibles moléculaires du calcium pourraient être les nombreuses protéines 

impliquées dans la progression du cycle, cyclines ou cycline-dependent kinases. Ainsi, il a été 

montré que l'activation de la CamKII par une augmentation de calcium aboutit à la phosphorylation 

de protéines impliquées dans le cycle cellulaire. La CamKII peut ainsi phosphoryler et ainsi activer 

une tyrosine phosphatase p54cdczs-c qui va à son tour déphosphoryler et activer la kinase p34cdcz , 

qui associée à la cycline B, est nécessaire au passage de G2 vers M (Patel et al 1999). La CamKII 

peut également phosphoryler pRB (Retinoblastoma Protein, le produit du gène suppresseur de 

tumeur Rbl) qui contrôle, au point de restriction, le passage Gl/S (Takuwa et al 1993). 

Une autre cible pour le calcium dans un rôle régulateur de la prolifération et du cycle cellulaire 

est constituée par les protéases de type calpaine. Ces protéases sont activées par le calcium, et en 

présence de calcium permettent la progression dans le cycle (Schollmeyer 1988). D'autre part, leur 

inhibition arrête la progression du cycle cellulaire. La calpaine serait notamment impliquée dans 

l'assemblage et le désassemblage des microtubules et la dégradation de la cycline Dl (voir Santella 

1998). 
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Comme le calcium semble jouer un rôle central dans la prolifération, les études destinées à 

illustrer comment différents mécanismes d'homéostasie calcique sont impliqués dans la croissance 

cellulaire sont pléthores. En effet, comme le calcium est un ion multifonctionnel, il est nécessaire de 

comprendre comment il va intervenir sur la prolifération plutôt que sur la différenciation ou la mort 

cellulaire (voir ci-dessous) par exemple. Un des mécanismes auquel il est le plus souvent fait 

référence afin d'expliquer cette pluripotentialité du calcium est, un peu pompeusement, appelé le 

codage spatiotemporel des signaux calciques. En effet, comme cela a déjà été mentionné 

précédemment, il existe des microdomaines calciques au sein desquels se trouvent les mécanismes 

d'homéostasie (canaux, pompes, Ca2+-binding protéines) et les cibles calciques. Ces microdomaines 

vont être évidemment de nature différentes selon l'espace sub-cellulaire et être mis en jeu lors de 

variations de calcium dans un espace bien précis de la cellule. Le noyau, la membrane plasmique, le 

réticulum, tous les organites possèdent leurs propres mécanismes d'homéostasie calcique et les 

variations de calcium dans ces espaces ou même dans des régions plus localisées de ces espaces 

vont avoir un retentissement bien spécifique sur la physiologie de la cellule. L'exemple des 

microdomaines synaptiques impliqués dans l'exocytose a déjà été cité mais il est possible de citer 

également le rôle de microdomaines dans la régulation de l'expression génique. Par exemple, dans 

les neurones, la transcription de BDNF (brain-derived neurotrophic factor) est activée de manière 

beaucoup plus efficace par des entrées de calcium par les canaux voltage-dépendants plutôt que par 

des récepteurs-canaux NMDA (pour des variations de calcium cytosoliques et nucléaires identiques 

en amplitude et cinétique) (Hardingham et al 1999). Cet effet est du à un recrutement différentiel de 

CBP sur CREB en fonction du mode d'entrée de calcium dans la cellule. Comme il a été dit plus 

haut que CREB était activé par des variations de calcium nucléaires, il reste à déterminer comment 

l'information apportée par les canaux de la membrane plasmique est transmise au niveau nucléaire. 

Ceci pourrait être due soit à une aptitude différentielle des canaux calciques membranaires à 

provoquer des variations locales de calcium dans le noyau ou à une association fonctionnelle de 

molécules de signalisation avec les canaux membranaires (voir West et al2001 pour revue). 

D'autre part, le codage spatio-temporel des signaux calciques, souvent comme précisé plus haut 

dans le texte, sous forme de variations cycliques (plus efficaces qu'un signal soutenu pour entraîner 

une réponse physiologique, que ce soit exocytose ou expression génique), nécessite des enzymes 

capables de décoder des signaux alternatifs. Une enzyme communément citée qui possède ces 

propriétés de sensibilité temporelle est la CamKinase II. (De Koninck et Schulman 1998). 
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C) Ca2
+ et apoptose 

Une dérégulation des mécanismes d'homéostasie calcique, et notamment un dépassement de la 

capacité de la cellule à prendre en charge le calcium ( overload), est également impliquée dans les 

processus de mort cellulaire par nécrose ou apoptose. Historiquement, on sait depuis 25 ans qu'une 

augmentation de calcium soutenue dans les cellules est délétère (Schanne et al 1979). De plus, une 

augmentation de calcium stimulée par le ionophore A23187 provoquait une condensation de la 

chromatine et une fragmentation de l'ADN (Wyllie et al 1981), des indices aujourd'hui acceptés 

comme marqueurs de l'apoptose. L'apoptose est un mécanisme particulièrement intéressant 

puisque, contrairement à la nécrose, il n'est ni accidentel ni passif. En effet, la cellule participe 

activement à sa propre mort en synthétisant ou activant les enzymes nécessaires en réponse à un 

stimulus spécifique. D'autre part, l'apoptose est impliquée dans le maintien de l'équilibre tissulaire 

au même titre que la division ou la différenciation, que ce soit lors du développement embryonnaire 

d'un organe (tissu nerveux par exemple), de son remaniement permanent au cours de la vie de 

l'individu, ou lors de pathologies (cancer, maladie d'Alzheimer). Les flux calciques capables 

d'induire l'apoptose sont de différentes natures. Suite aux travaux montrant que l'apoptose était 

stimulée par des ionophores calciques (Wyllie et al 1981 ), que 1' apoptose induite par les 

glucocorticoïdes des thymocytes nécessitait une entrée de calcium depuis 1' extérieur, et que la 

fragmentation de l'ADN s'effectuait grâce à une endonucléase dépendante du calcium et du 

magnésium (Cohen et Duke 1984), il fut proposé que cette endonucléase était un effecteur universel 

de l'apoptose stimulé par une augmentation de la concentration calcique cytosolique. Il fut ensuite 

montré que cette étape de dégradation de l'ADN pouvait quelquefois être très tardive voire absente 

dans le processus apoptotique et que des effecteurs primordiaux de 1 'apoptose (et notamment de 

1' apoptose calcium-dépendante) étaient les cal pain es (calcium-dépendantes) et les caspases, toutes 

les deux des cystine-protéases (voir Kass et Orrenius 1999 pour revue, Cohen 1997). Les deux 

familles existent normalement à l'état de proenzymes qui peuvent être activées grâce à un 

recrutement dans un complexe moléculaire ou par clivage direct par une autre caspase. Les 

procaspases, au contraire des calpaines qui sont cytosoliques, existent dans différents compartiments 

cellulaires, cytosol, mitochondrie et RE (Nakagawa et Yuan 2000). 

Ainsi, puisque 1' apoptose possède une composante calcium-dépendante, les flux calciques et les 

compartiments cellulaires impliqués dans l'apoptose sont abondamment étudiés. L'apoptose peut 

également être stimulée par la libération de calcium du RE via l'activation de récepteurs IP3 ou RyR 

(voir Hajn6csky et al 2000). Il a été montré par exemple que l'apoptose de lymphocytes était 
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accompagnée d'une augmentation de l'expression de récepteurs IP3R3, et que l'apoptose induite par 

des stimuli augmentant la production d'IP3 était inhibée par des antisens contre les récepteurs IP3 

ou par l'introduction de délétion dans les récepteurs IP3 (Blackshaw et al 2000, Jarayaman et Marks 

1997, Sugarawa et al1997). 

Une libération de calcium des réserves IP3/RyR-dépendantes est donc capable d'induire 

l'apoptose. Une des questions réitérée par la littérature est de déterminer si cet effet est du: à une 

augmentation de la concentration calcique dans le cytosol, à la diminution de calcium dans les 

réserves du RE, ou à la saturation des capacités de capture de calcium des mitochondries (capture du 

calcium libéré par le RE). Ces différentes hypothèses ont été suggérées et ne sont certainement pas 

exclusives et laissent supposer l'existence d'effecteurs à ces différents niveaux. 

Ces effecteurs agiraient (entre autres) au niveau des protéines de la famille Bcl-2. Ces protéines 

jouent un rôle central dans l'intégration des signaux pro- et anti-apoptotiques, Bcl-2 et Bel-xl jouant 

un rôle anti-apoptotique alors que Bax, Bak, Bid et Bad sont des protéines pro-apoptotiques. Les 

protéines de cette famille contrôlent les propriétés de perméabilité des membranes intracellulaires et 

en particulier les flux calciques et vont se transloquer, s'associer ou se dissocier lors de stimuli pro 

ou anti-apoptotiques (voir Hajnocsky et al 2000). Comme exemple de cibles des signaux calciques 

cytosoliques, des effecteurs possibles seraient la calcineurine et la calpaine. La calcineurine pourrait 

provoquer la déphosphorylation et la translocation de Bad vers la mitochondrie, entraînant à ce 

niveau l'association de Bad avec Bel-xl, induisant ainsi l'apoptose (Wang et al 1999). La calpaine, 

une protéase ubiquitaire, été également proposée comme une cible cytosolique du calcium qui est 

impliquée dans la dégradation de Bid ou de Bax, dont les sous-produits présentent une aptitude 

importante à stimuler l'apoptose, les sous-produits de Bid par exemple en provoquant une 

perméabilisation de la membrane mitochondriale externe et la libération de cytochrome C de la 

mitochondrie (voir Hajn6csky et al 2000). 

La déplétion en calcium du RE est potentiellement capable d'induire l'apoptose 

indépendamment de l'augmentation du calcium cytosolique. Les cibles moléculaires du RE sont les 

calréticulines ou les calnexines, des protéines chaperons calcium-dépendantes, possiblement 

impliquées dans le contrôle des processus de synthèse et de maturation protéique. La déplétion des 

stocks calciques réticulaires pourrait être également détectée par les récepteurs IP3 et RyR (voir 

Hajnocsky et al 2000). Une caspase du RE (caspase 12) peut être également activée par un stress au 

niveau du RE, y compris une perturbation de 1 'homéostasie calcique par des ionophores ou de la 

thapsigargine et engager ainsi l'apoptose indépendamment de la voie mitochondriale (Nakagawa et 
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al 2000). Cette caspase 12 pourrait d'autre part être activée par la calpaine et ainsi être sensible aux 

perturbations de l'homéostasie calcique cytosolique (Nakagawa et Yuan 2000). 

La surcharge calcique mitochondriale pourrait être également à l'origine de l'apoptose. La 

capture de calcium dans la mitochondrie est due au transport de calcium le long de son gradient 

électrochimique par un uniport mitochondrial à faible affinité. Les mitochondries seraient capables 

de détecter des variations importantes (1 0-20 J.!M) de calcium libéré par des récepteurs IP3 ou RyR 

situés au niveau de zones de contact très étroites existant entre les mitochondries et le RE. La 

transmission du signal calcique ici a été assimilée à une transmission quasi-synaptique (du fait de la 

rapidité, de la directionnalité et de la spécificité de la transmission du signal) (Rizzuto et al 1998, 

Csôrdas et al 1999). La mitochondrie participe donc aux mécanismes d'homéostasie calcique 

contribuant à rétablir l'état de repos (voir plus haut). Celle-ci peut être dépassée par l'ampleur de la 

tâche et lorsque la concentration mitochondriale de calcium augmente de manière excessive, le 

calcium active le PTP mitochondrial, un pore de transition de perméabilité, qui va alors expulser de 

la mitochondrie vers le cytosol de nombreux facteurs pro-apoptotiques (apotosis-inducing factor 

(AIF), Smac/Diablo, procaspases, cytochrome C ... ), (Crompton 1999) et va provoquer une 

dépolarisation mitochondriale. Le PTP est un pore non spécifique formé d'un complexe hétéro

multimérique assemblé au contact des membranes internes et externes mitochondriales constitué 

d'au moins un canal anionique voltage-dépendant (VDAC) dans la membrane externe, une adénine 

nucléotide translocase (ANT) et la cyclophiline D (CyD) ainsi que d'autres protéines associées; 

hexokinase (HK), créatine kinase (CK) et le récepteur aux benzodiazépines périphérique (PBR) 

(voir figure 7). Le PTP est notamment régulé par les protéines de la famille Bcl-2, Bcl-2 étant 

capable d'inhiber le pore de transition et ainsi l'expulsion de facteurs pro-apoptotiques (voir 

Hajnôcsky et al 2003). Enfin, le PTP est capable de laisser passer le calcium qui va diffuser selon 

son gradient électrochimique (surtout selon son gradient de concentration puisque le gradient 

électrique est considérablement réduit) et quitter la mitochondrie. Une vague calcique peut alors être 

initiée et être transmise à des mitochondries voisines (Pacher et Hajnôcsky, 2000) qui vont pouvoir 

à leur tour libérer des facteurs pro-apoptotiques. 

III. Présentation du travail 

Nous avons vu ainsi que le calcium joue un rôle central dans les fonctions physiologiques de la 

cellule et dans ses altérations. Dans les chapitres qui suivent, j'illustrerai certaines des notions 

présentées dans l'introduction et, notamment, grâce à des travaux publiés au cours de mes stages 
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post-doctoraux et depuis mon recrutement à Lille comme A TER pms comme maître de 

conférences : 

1) L'exocytose non-calcium dépendante (article 1) 

2) La sécrétion calcium-dépendante et le rôle des canaux calciques voltage-dépendants 

(articles 2 et 3) 

3) Le calcium et la croissance cellulaire (article 4, 5 et 6) 

4) Le calcium et la différenciation cellulaire (articles 7 et 8) 



Chapitre 1 

Le couplage stimulation-sécrétion dans les mastocytes 

Travail post-doctoral: 1993-1996 

46 
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Stage post-doctoral à "University Co liege London, department of Physiology", octobre 

1993-septembre 1996 

A l'obtention de ma thèse, je suis parti effectuer un stage post-doctoral au département de 

Physiologie de University College London. Je souhaitais continuer à étudier la régulation de la 

sécrétion, à laquelle j'avais commencé à m'intéresser pendant la thèse (axée sur le couplage 

stimulation-sécrétion des cellules hypophysaires), et plus particulièrement son étape ultime, 

l'exocytose, i.e. la régulation du processus de fusion membranaire entre la membrane plasmique et 

la membrane vésiculaire. J'ai donc décidé d'intégrer le groupe dirigé par le Professeur Bastien 

Gomperts qui travaillait depuis une dizaine d'année sur le rôle des protéines G dans l'exocytose 

chez les mastocytes, modèle cellulaire très différent des cellules hypophysaires car non excitable et 

impliqué dans des réactions allergiques. 

Le projet avait pour but de déterminer les protéines impliquées dans les dernières étapes de 

l'exocytose. Notre stratégie fut d'introduire des protéines dans le cytosol des mastocytes, et 

d'observer et caractériser leurs effets sur la fusion membranaire grâce à la mesure de la capacité 

membranaire. La difficulté résidait dans l'introduction des protéines d'intérêt dans le cytosol, de 

leur laisser le temps d'agir puis de stimuler la sécrétion avec un agent stimulant tel que le GTPyS, 

analogue non hydrolysable du GTP, qui stimule de façon irréversible les protéines G et l'exocytose 

dans les mastocytes, comme B.Gomperts l'avait montré antérieurement. Différentes techniques 

furent envisagées afin de faire pénétrer les protéines exogènes dans les cellules, telles que 

microinjection, perméabilisation réversible à l' ATP ou double patch. Ces techniques se sont 

révélées traumatisantes et empêchaient par la suite de pouvoir enregistrer par patch-clamp les 

cellules microinjectées ou perméabilisées. J'ai mis en place au laboratoire, afin de remédier à ceci, 

l'utilisation de composés piégés photoactivables (GTPyS piégé) qui sont inactifs et peuvent être 

activés par un flash ultra-violet (UV). Il fut dans ces conditions possible de faire pénétrer les 

protéines par patch-clamp dans le cytosol des mastocytes, de laisser les protéines agir pendant 

plusieurs dizaines de minutes et ensuite d'activer le GTPyS contenu dans les pipettes 

d'enregistrement (avec la protéine d'intérêt), et de mesurer le processus d'exocytose par mesure 

électrophysiologique de la capacité membranaire. 
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Article 1. 

RhoGDI inhibits exocytosis in mast cells. 

Mariot P, O'Sullivan AJ, Brown AM, Tatham PER. (1996) EMBO-Journal. 15 : 6476-6482 

1. Position du problème et résultats 

Les mastocytes sont un modèle tout à fait intéressant et original pour l'étude de l'exocytose. Ces 

cellules, qui contiennent dans le cytoplasme environ 900 granules, dégranulent en masse suite à un 

stimulus. Ces stimuli peuvent être subdivisés en deux catégories. Physiologiquement, celui procède 

notamment par la fixation du complexe Antigène-IgE sur un récepteur membranaire. L'antigène est 

généralement un allergène qui peut se fixer sur les IgE qui sont eux-mêmes liés étroitement à des 

récepteurs membranaires aux immunoglobulines de type lgERl. En fait, tout ligand étant capable 

d'induire une oligomérisation des récepteurs lgERl va agir comme stimulus de l'exocytose et 

entraîner une dégranulation des mastocytes ou des basophiles. L' oligomérisation va entraîner une 

cascade d'évènements comprenant une phosphorylation des résidus tyrosine kinase, suivie d'un 

recrutement de phospholipase C-y et une production d'IP3 et de DAG, provoquant une 

augmentation de calcium cytosolique et une activation de la PKC. Pharmacologiquement, il est 

possible d'induire une dégranulation massive et rapide de ces cellules uniquement en activant la voie 

des GTP-binding protéines à l'aide par exemple de toxine de guêpes (mastoparan), ou en 

introduisant des activateurs de ces protéines (GTPyS par exemple) à l'intérieur des cellules (par 

patch-clamp par exemple). Ces activateurs (des sécrétagogues) activent directement la 

dé granulation. De plus, il est possible d'induire 1' exocytose par une activation des protéines G en 

absence totale de calcium intracellulaire en utilisant des tampons calciques très puissants. Il a ainsi 

été supposé l'existence d'une classe de protéines G impliquée de manière directe dans le processus 

de fusion membranaire: la protéine GE (Gomperts 1990, Pinxteren et al, 2000, pour revue). Hormis 

un premier candidat possible identifié comme une potentielle GE; la sous-unité Gia3 (Aridor et al 

1993), la nature (et la réalité) de ces GE restait largement élusive. Je me suis ainsi impliqué dans 

leur caractérisation et me suis notamment intéressé aux petites GTP-binding protéines 

monomériques de la superfamille des RasGTPases qui comprend plus de 60 membres différents 

répartis en 5 groupes majeurs : Ras, Rho, Rab, Arf et Ran. Je me suis plus particulièrement intéressé 

aux GTPases de la famille des RhoGTPases qui comprend les différentes Rac, Rho et CdC42. 

D'une manière générale, les GTPases fonctionnent comme des interrupteurs régissant, à l'aide d'une 



49 

réaction biochimique simple (l'hydrolyse du GTP), des processus biologiques complexes et variés. 

Ces protéines alternent donc entre deux états dans la cellule: un état actif lié au GTP et un état 

inactif lié au GDP (voir figure 8). La transition entre ces états est régulée par différentes protéines 

dont les GDI (Guanine Dissociation Inhibitor qui permettent, en s'associant avec le groupement 

hydrophobe de la RhoGTPase (groupement prenyl) l'échange entre le cytosol et la membrane des 

RhoGTPases), les GEF (Guanine nucleotide Exchange Factors qui échange le GDP pour le GTP) et 

les GAP (GTPase Activating Proteins qui hydrolysent le GTP en GDP) (Etienne-Manneville and 

Hall, 2002 pour revue). 

J'ai démontré qu'une protéine nommée RhoGDI (pour Rho-Guanine Nucleotide Dissociation 

Inhibitor), qui est une protéine d'environ 23 kD se fixant aux protéines monomériques liant k GTP 

("small GTP binding proteins ")de la famille Rho (qui comprend les Rho, Rac et Cdc42), entraînait 

une inhibition de l'exocytose et de la sécrétion d'hexaminidase, une enzyme sécrétée par les 

mastocytes. RhoGDI a pour fonction principale de faire alterner les membres de la famille Rho entre 

l'état soluble cytosolique (lié au RhoGDI, car ces petites protéines G sont très hydrophobes) et 

membranaire (Rho se lie à la membrane en se dissociant de RhoGDI). 

Il a été montré par la suite dans le même modèle cellulaire que les GTPases Racl, Rac2 et 

CdC42/G25K étaient capables d'induire la dégranulation des mastocytes (Brown et al, 1998) ou de 

faciliter la sécrétion calcium-dépendante de cellules neuroendocrines ou la neurotransmission 

(Doussau et al2000, Li et al2003). Les protéines Rho elle-mêmes ne semblent pas impliquées dans 

l'activation de l'exocytose puisque leur inactivation par ADP-rybosylation par la toxine botulinique 

C3 n'inhibait pas l'exocytose (Prepens et al, 1996, Mariot et al, observations personnelles). 

II. Discussion 

Ces résultats montraient l'importance d'un membre de la famille Rho dans la régulation de 

l'exocytose. Avant d'avancer plusieurs hypothèses pouvant être formulées quant au rôle des 

protéines de la famille Rho, Rac et CdC42, il faut rappeler l'immense complexité au centre de 

laquelle se trouve les RhoGTPases. En effet, ces RhoGTPases (au nombre de 20 au moins chez 

l'homme) sont régulées par pas moins de 60 activateurs (GEF) et 70 inactivateurs (GAP) et 

possèdent plus de 60 cibles connues ne possédant aucun site consensus. Cette complexité est sans 

égale pour une GTPase et montre leur importance centrale des régulations cellulaires. Avant de 

passer au rôle qui nous intéresse en rapport avec le traffic membranaire, il faut préciser que les 

RhoGTPases sont impliquées dans le contrôle transcriptionnel, la différenciation cellulaire, le cycle 

cellulaire et l'adhésion cellulaire. 
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Figure 8 : Cycle des Rho GTPases. 
D'après Etienne-Manneville et Hall (2002) 
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Plasma membrane 

Effectors 

Figure 9 : Mécanismes potentiels 
d'implication du cytosguelette dans le 
processus d'exocytose. 
Le cytosquelette pourrait jouer un rôle 
dynamique (A et B) dans lequel ses 
mouvements (A), ou la phosphorylation 
(B) de la myosine par la kinase des 
chaines légères de la myosine (MLCK), 
pourraient provoquer le déplacement 
des vésicules. 
Dans les modèles C et D, le 
cytosquelette jouerait un rôle de 
barrière. Sa dépolymérisation (C), ou le 
détachement des vésicules des filaments 
d'actine grâce à la phosphorylation de 
la synapsine par la CaMkinaseii (D), 
entraînerait la migration des vésicules 
vers la membrane plasmique. 
D'après Doussau et Augustine (2000). 
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A. Rôle dans la polymérisation du cytosquelette 

Tout d'abord, il est intéressant de noter que les protéines cette famille interviennent dans la 

régulation de la polymérisation des filaments d'actine. Il est ainsi possible que l'action de RhoGDI 

sur 1 'exocytose passe par une action inhibitrice sur le cytosquelette. Il reste évidemment que le rôle 

du cytosquelette dans l'exocytose, s'il est certain, n'en reste pas moins confus. 

D'après des figures de microscopie électronique, il a été montré qu'un réseau subapical d'actine 

était présent notamment dans les cellules polarisées tells que cellules exocrines. Ces évidences 

morphologiques laissaient à penser que ce réseau d'actine jouait un rôle de barrière passive aux 

granules de sécrétion. D'autres hypothèses ont été avancées, notamment un rôle moteur de la 

contraction des complexes acto-myosine dans le mouvement des vésicules, une facilitation de 

l'expulsion du contenu granulaire suite à la fusion, ou un rôle de maintien de la structure 

membranaire au cours de la fusion. Les discordances proviennent notamment de l'inefficacité de la 

cytochalasine D (un agent dépolymérisant de l'actine F) à bloquer l'exocytose, y compris dans les 

mastocytes (Norman et al 1994). En revanche, les agents inhibiteurs de la dépolymérisation 

(jasplakinolide) ou les agents stabilisants (phalloidine) bloquent généralement la sécrétion. Ceci 

permet de penser que 1' exocytose nécessite un remaniement local du cytosquelette. Ce remaniement 

local pourrait s'accompagner de la formation d'un manteau d'actine à la surface des granules de 

sécrétion accompagné de la perte d'un marqueur granulaire impliqué dans les étapes de la fusion 

dépendante du complexe SNARE: la protéine G monomérique Rab3D (Valentijn et al 2000). Un 

autre argument convaincant concernant le rôle du cytosquelette dans 1 'exocytose repose sur 

1' expression sur la membrane vésiculaire de protéines s'associant de manière réversible aux 

protéines du cytosquelette, la synapsine (Doussau and Augustine 2000), dont la phosphorylation par 

la CaMKinase II favoriserait la translocation des granules de sécrétion vers la membrane plasmique 

(voir figure 9). 

Les RhoGTPases sont connues pour réguler l'état de polymérisation du cytosquelette (pour 

revue voir Etienne-Manneville and Hall, 2002). Dans le contexte de la régulation du cytosquelette, 

les RHoA et B, Racl et 2 ainsi que CdC42 ont été les plus étudiées de la famille RhoGTPase. 

Depuis ]es premiers travaux axés sur l'étude du rôle des RhoGTPases, datant de 1992, il a été 

montré que Rho(RhoA) permettait l'assemblage de filaments contractiles d'actine/myosine encore 

appelés fibres de stress (stress fibers), et que Rac et CdC42 stimulaient la polymérisation de 

filaments d'actine entraînant la formation de larges protrusions membranaires riches en actine 

(lamellipodia) pour Rac, et la formation de protrusions cellulaires en forme de doigt (filopodia) 
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riche en actine pour CdC42. (pour revue voir Etienne-Manneville and Hall, 2002; Ridley 2001). 

L'action des RhoGTPases sur l'actine n'est pas directe mais est médiée par des membres des la 

famille des protéines W ASp/W AVE (Wiskott-Aldrich syndrom protein) qui stimulent le complexe 

Arp2-3 (actin-related protein) permettant la formation de nouveau filaments d'actine (Machesky and 

Insall 1999). 

Les RhoGTPases, en intervenant notamment sur la polymérisation du cytosquelette, pourraient 

ainsi participer au traffic membranaire intracellulaire et notamment aux mécanismes d'endo- et 

d'exocytose (Ridley 2001 ). 

B. Rôle dans la formation de l'exocyste 

L'exocyste est un complexe moléculaire impliqué dans une des étapes du traffic membranaire et 

plus particulièrement de l'exocytose. Vraisemblablement, ce complexe participe aux étapes de 

targetting ( ciblage) et doc king (ancrage) au cours de ce processus. Ce complexe est constitué de 8 

sous-unités (6 sec protéines et deux sous-unités additionnelles Exo70p et Exo84p, Terbush et al 

1996). Les homologues mammaliens de ces 8 sous unités ont été identifiés (Hsu et al 1996). 

L'exocyste est soumis à une régulation par les RhoGTPases chez la levure (voir Lipschutz and 

Mostov 2002 pour revue). A l'heure actuelle, s'il n'existe pas de données démontrant une 

interaction entre l'exocyste mammalien et des RhoGTPases, il n'est cependant possible d'exclure 

une telle possibilité. 

C. Activation de la voie de transduction IP3/calcium 

Comme cela a été montré sur des mastocytes, CdC42/Rac pourrait en fait intervenir beaucoup 

plus tôt dans la chaîne de transduction et, en interagissant avec une PLCy 1, favoriser la production 

d'IP3 et ainsi augmenter la mobilisation de calcium, ceci entraînant une sécrétion accrue (Hong

GeBer and Cerione 2000). Cependant, cet effet ne devrait pas intervenir dans l'action de RhoGDI 

que nous avons observée dans la mesure où nos expériences étaient menées en présence de fortes 

concentrations de tampons calciques (10 mM EGTA). 

D. Relation avec le complexe SNARE/protéines synaptiques 

Il reste une hypothèse intéressante, à savoir que les RhoGTPases pourraient intervenir au niveau 

du complexe SNARE, complexe moléculaire universellement impliqué dans le processus fusionne} 

des membranes lipidiques, et des protéines synaptiques associées, hypothèse avancée par certains 

(Pinxteren et al 2000). 
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Figure 10 : Rôle des Rho-GTPases 
dans les mouvements du 
cytosguelette. 
D'après Takai et al (2001). 
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Figure 11 : Structure de l'exocyste. 
D'après Lipschutz et Mostov (2002). 
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Les complexes fusionnels relatifs au processus d'exocytose comprennent de façon minimale la 

vésicule et les protéines membranaires participant à la formation du complexe SNARE selon 

l'arrangement minimal décrit dans la figure 6 (et un canal calcique VOC pour les cellules 

neuronales ou neuroendocrines ). De nombreuses autres protéines cytosoliques ou membranaires, 

dont certaines ont été citées plus haut, participent au processus d'exocytose. 

La régulation du complexe SNARE par les RhoGTPases pourrait être directe (association 

moléculaire avec une des sous-unités du complexe moléculaire) ou indirecte (régulation d'une 

protéine régulatrice du complexe SNARE). Il a été démontré par exemple que la stimulation de la 

sécrétion d'insuline des cellules f) du pancréas par le mastoparan était médiée, notamment, par une 

stimulation de l'association de CdC42 avec la syntaxine, une protéine SNARE (Daniel et al, 2002). 

Une régulation indirecte pourrait illustrée par le fait que Rac active, parmi la longue liste de ses 

effecteurs, des phosphatidylinositol-phosphate kinase (PB kinase, PI-4 5 kinase), et que différentes 

étapes des processus d'exocytose sont stimulés par les protéines synaptiques qui se lient aux 

phosphoinositides. Ainsi, la synaptotagmine, possible calcium senseur de l'exocytose, s'associe 

t'elle avec les phospholipides membranaires de manière calcium-dépendante par l'intermédiaire de 

ses domaine C2A et C2B ; ou encore la protéine kinase C, potentiellement impliquée dans le 

processus de priming est-elle dépendante de son association avec les phospholipides membranaires. 

Pour résumer, les modes d'action des RhoGTPases peuvent être illustrées selon la figure 12. 

Pour terminer ce chapitre, il convient de préciser que, hormis les Rho-GTPases et Gia3 citées 

plus haut, d'autres candidats potentiels sérieux de GE ont été identifiés : 

1. les sous-unités f)y natives ou recombinantes de protéines G ont été démontrées 

comme des potentialisateurs de 1' exocytose, sinon comme des activateurs (Pinxteren et al 

1998) 

2. Rab3A et Rab3D ont été supposées jouer un rôle important dans l'exocytose des 

mastocytes, mais leur rôle semble plutôt se situer en amont de GE puisqu'il est possible 

d'activer la dégranulation mastocytaire avec du GTPyS dans des mastocytes exprimant le 

dominant négatif de Rab3A (Smith et al 1997). 

3. Enfin, une autre GTPase a été démontrée comme activatrice de l'exocytose: l' ARF 

(ADP-rybosylation factor). Cependant, ceci a été démontré dans les lymphocytes (HL60) 

mais pas dans les mastocytes, mettant en doute son implication « universelle » dans le 

processus d'exocytose. 
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Figure 12 : Modes d'action possibles des 
Rho-GTPases au cours de l'exocytose. 
D'après Hong-Geller and Cerione (2000) 
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Introducing non-hydrolysable analogues of GTP into 
the cytosolic compartment of mast cells results in 
exocytotic secretion through the activation of GTP 
binding pro teins. The identity and mechanism of action 
of these proteins are not established. We have investi
gated the effects of Rho GDP dissociation inhibitor 
(RhoGDI) on exocytosis induced by guanosine 5'-
0-(3-thiotriphosphate) (GTP-y-S) in rat mast cells, 
introducing the protein into cells by means of a patch 
pipette and recording the progress of exocytosis by 
monitoring cell capacitance. To allow time for the 
protein to enter the cells and find its correct location, 
stimulation was provided 5-10 min after patch rupture 
by photolysing caged GTP-y-S included in the pipette 
solution. When bovine RhoGDI was introduced into 
mast cells, exocytosis was inhibited at concentrations 
of 200-400 nM for native protein and 800 nM to 8 !J.M 
for the recombinant form. Protein denatured by heat 
or N-ethylmaleimide treatment did not inhibit. In 
permeabilized cells, recombinant RhoGDI increased 
the rate at which cells !ose their ability to respond to 
GTP-y-S. These data demonstrate that one or more 
small GTP binding proteins of the Rho family has a 
central role in the exocytotic mechanism in mast cells. 
Keywords: exocytosis/GTP binding proteins/patch-clamp 
capacitance 

Introduction 

Non-hydrolysable analogues of GTP can activate 
exocytosis when delivered directly to the cytoplasmic 
compartment of rat peritoneal mast cells (Lillie and 
Gomperts, 1992) and guinea pig eosinophils (Nüsse et al., 
1990) either by membrane permeabilization or through a 
patch pipette. Under these conditions, there is neither an 
absolute requirement for the elevation of Ca2+, nor is the 
presence of ATP essential at the time of stimulation. This 
is in contrast to other types of regulated secretory cells, 
such as neurones and many hormone-secreting cells, in 
which Ca2+ is an essential trigger of exocytosis. The 
mechanism of action and the identity of the GTP binding 
proteins that are involved in the final steps of the secretory 
mechanism in mast cells and eosinophils are not yet 
established, although sorne evidence exists for the in volve
ment of Ga i3 (Aridor et al., 1993). 

Rat peritoneal mast cells permeabilized by strepto-
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lysin 0 (SL-0) in the presence of guanosine 5' -0-(3-
thiotriphosphate) (GTP-y-S) and Ca2 _,. buffered in the 
micromolar range, can release approaching 100% of the ir 
stored products (Howell et al .. 1987). However. if this 
stimulus is provided subsequent to permeabilization, the 
response is reduced, declining progressively as the cells 
lose cytosol proteins (Howell et al., 1989). This 'run
down · of secretion has been used as the basis of an assay 
to test the ability of factors isolated from brain cytosol to 
support secretion (O'Sullivan et al., 1996). One such 
factor was identified as the protein Rac 1, a GTP binding 
protein of the Rho family. Rac was shown to support 
secretion by retarding the run-down of SL-0-permeabil
ized mast cells, but only when it was provided as a 
complex with RhoGDI (Rho GDP dissociation inhibitor). 
In similar experiments, purified RhoGDI provided alone 
accelerated the run-down of the secretory response after 
permeabilization (0' Sullivan et al., 1996). RhoGDI inter
acts with ail members of the Rho family and can inhibit 
GDP release from, and GTP-y-S binding to, post-transla
tionally processed Racl and Rac2 (Ando et al., 1992). 

Exocytosis is characterized by the fusion of secretory 
granule membranes with the cell plasma membrane. 
Measuring the release of secretory products from perme
abilized cells provides, at best. an indirect means of 
assessing its progress. There is also the risk that, under 
some conditions, damaged or leaky granules might give 
rise to release that is not exocytotic. Additionally, perme
abilizing agents such as SL-0 and digitonin may them
selves interf~re with the protein and membrane interactions 
that mediate and characterize exocytosis. A direct method 
of monitoring exocytosis that provides intracellular access 
but requires no permeabilizing agent is provided by 
the whole cell patch-clamp capacitance technique. The 
progress of exocytosis is followed by monitoring the 
increase in cell capacitance that occurs as secretory 
granules fuse with the plasma membrane (Lindau and 
Neher, 1988; Lindau, 1991 ). This method a1so has the 
advantage that, in contrast to permeabilized cells, the 
disruption to the plasma membrane caused by a patch 
pipette is localized to a small region. [For example. a 
pipette with an outer diameter as large as 4 11m in contact 
with a mast cell of diameter 13 11m (Helander and Bloom, 
1974) will perturb <5% of the total surface.] 

When GTP-y-S is provided through a patch pipette in the 
whole cell configuration, rat mast cells undergo complete 
exocytosis, in common with permeabilized cells, and 
measurements of membrane capacitance (and conduct
ance) have provided evidence of the individual fusion 
events showing that the release is truly exocytotic 
(Femandez et al., 1984). However, in contrast to the 
permeabilized cells, the response of patched clamped rat 
mast cells does not decline when the stimulus is provided 
15-20 min after achieving the whole cell configuration 
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:i.e. after patch rupture) (Oberhauser et al., 1992). Under 
mch conditions, thorough dialysis of the cell interior 
:hrough the single lesion will have taken place (Penner 
?t al., 1987). The persistence of the exocytotic response 
m rat mast cells in the whole cel! configuration provides 
m opportunity to test the ability of specifie proteins to 
mhibit membrane fusion. Since GTP binding proteins of 
:he Rho family have been implicated in exocytosis (Priee 
~t al., 1995; O'Sullivan et al., 1996), we have investigated 
the effect of RhoGDI by introducing it into rat mast cells 
lhrough a patch pipette, prior to stimulation with GTP-y-S, 
monitoring changes in membrane capacitance as a measure 
::Jf exocytosis. 

Results 

Effect of native RhoGDI 
We have tested the effect of both the native and recombin
ant forms of RhoGDI on GTP-y-S-induced exocytosis in 
rat mast cells, by including these proteins in the patch 
pipette solution. To allow time for exogenous proteins to 
enter the cell and to locate before stimulation. caged 
GTP-y-S { guanosine-5 '-0-(3-thiotriphosphate ), 3-S-[ 1-
(4,5-dimethoxy-2-nitrophenyl)ethyl]thio ester} was pro
vided in the pipette solution. Cel1s were then maintained 
in the whole cel! configuration for either 5 or 10 min 
bef ore brief irradiation with UV light to release the active, 
non-hydrolysable nucleotide. When no proteins were pre
sent in the patch pipette, exocytosis, measured as an 
increase in cell capacitance (,~Cm), was always complete 
within -lü min of photolysis (completion time = 511 ::!: 
80 s; ~Cm = 13.2 ::!: 1.0 pF; mean ::!: SE, 12 cells). An 
example is shown in Figure lA. 

RhoGDI protein was isolated from bovine brain as 
described previously (O'Sullivan et al., 1996). Purification 
was achieved by a series of chromatographie steps using 
the run-down bioassay. The final preparation gave a single 
band, visualized by silver staining, on analysis by SDS
polyacrylamide gel electrophoresis (O'Sullivan et al., 
1996). When the purified protein was included in the 
pipette solution, inhibitory effects were detected when the 
light pulse was given at either 5 or 10 min after patch 
rupture. In 6 out of 7 cells stimulated at 5 min, exocytosis 
was completely inhibited by 10 Jlg/ml purified RhoGDI. 
A typical record is shown in Figure 1 A. When, un der the 
same conditions, RhoGDI was provided at only 1 Jlg/ml, 
it failed to prevent exocytosis in any of the 8 cells studied. 
An example is shown in Figure lA (note that although 
this particular response appears slower and !css extensive 
than the protein-free control, these differences are not 
statistically significant). To minimize the possibility that 
the failure of the lower concentration of RhoGDI to inhibit 
secretion was due to its incomplete diffusion into the cel!, 
the light pulse was delivered at 10 min in ail the subsequent 
experiments. Even so, under these conditions, with 
RhoGDI present in the pipette at 1 Jlg/ml, exocytosis still 
occurred (2 cells). However, at 5-10 Jlg/ml, a strong 
inhibition of exocytosis was again observed. A typical 
record is shown in Figure lB and the data from Il cells 
treated in this way are summarized in Figure 3A ('native 
RhoGDI'). Of these cells, 10 completely failed to secrete 
and one cel! underwent delayed exocytosis. Boiled 
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Fig. 1. Exocytosis in mast cells induced by photolysis of caged 
GTP-y-S and its inhibition by RhoGDI purilled from brain. Mast cells 
were maintained in the whole cel! conllguration for either 5 or 10 min. 
at which lime they were exposed to UV illumination for l min. The 
pipette solution (see !Vlaterials and methods) included caged GTP-y-S. 
(Al Examples of relative capacitance changes following stimulation at 
5 min. The pipette' solution contained no prote in or included native 
RhoGDI at l or 10 J.lg/ml. (8) The effect of photoreleasing GTP-y-S 
within the patch pipette before patch rupture (left-hand trace) and 
10 min after patch rupture when native RhoGDI (5-10 J.lg/ml) was 
included in the pipette solution. The effect of heat-denatured protein 
(20 J.lg/ml. 'Boiled') upon exocytosis triggered at 10 minis also 
shown. (C) A portion of a capacitance record (cel! loaded with 
1 J.lg/ml RhoGDI), plotted at high resolution to show the stepwise 
increase in capacitance. A simultaneous record of access conductance 
is shown below. 

RhoGDI (20 11g/ml) did not inhibit exocytosis (Figures 
lB and 3A). 

Alternatively, when 5-10 Jlg/ml RhoGDI was present 
in the pipette solution, but the pulse of UV light was 
applied just before patch rupture (in the cell-attached 
configuration), secretion commenced immediately. This is 
illustrated by the trace on the left in Figure lB. GTP-y-S 
was released within the pipette and, since it diffuses 
rapidly (Pusch and Neher, 1988), it initiated exocytosis 
before appreciable amounts of protein had entered the 
cel!. This confirms that the cells were secretion competent 
before protein entry, that the light pulse did not damage 
them and that the inhibition observed was not caused by 
any rapidly diffusing substance in the pipette solution. 
Confirmation that the observed capacitance increases were 
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Fig. 2. Purity of recombinant RhoGD!-GST fusion protein. rRhoGD! 
was prepared as described in Materials and methods and analysed by 
SOS-PAGE by extraction into standard Laemmli sample butler 
(Laemmli, 1970) under denaturing conditions and separation on a 12% 
gel. Visualization was by silver staining. The protein load was 1.6 /-!g. 
The figures indicate relative molecular mass in kDa. 

due to exocytosis is provided by examining the capacitance 
records at high resolution. Part of a record from cells 
loaded with 1 !lg/ml RhoGDI is reproduced in Figure 
lC using an expanded scale, revealing the sequence of 
capacitance steps that indicate individual secretory 
granules fusing with the plasma membrane. These changes 
in capacitance are not accompanied by any significant 
changes in access conductance. 

Effects of recombinant RhoGD/ 
Recombinant bovine RhoGDI-GST fusion protein 
(rRhoGDI) was expressed in transformed Escherichia coli 
(Hancock and Hall. 1993) and purified. Analysis by SOS
PAGE revealed a single band (Figure 2). Introduction of 
rRhoGDI into cells revealed inhibitory effects that were 
not as marked as those of the native protein. Mast cells 
were loaded with either rRhoGDI, boiled rRhoGDI or 
N-ethylmaleimide (NEM)-treated rRhoGDI and stimulated 
by photolysis of caged GTP-y-S as described above. White 
exocytosis was completely inhibited in sorne cells, in 
others reduced or slowed responses were observed. The 
data summarized in Figures 3 and 4A reflect these three 
phenomena. In Figure 3A, inhibition manifest as the 
complete absence of exocytosis is depicted by showing 
the proportion of cells that responded with an increase in 
capacitance, however small. In Figures 3B and C and 4A, 
the characteristics of exocytosis in the responding cells, 
i.e. those in which exocytosis had not been completely 
suppressed, are summarized. Figure 3B shows the extents 
of the capacitance increases and Figure 3C shows the 
times taken (after stimulation) to reach completion. The 
inhibitory effect of the native prote in (5-1 0 !lglml) is 
much greater than that of the recombinant protein at higher 
concentrations (Figure 3A). At lOO llg/ml rRhoGDI, 
exocytosis was prevented in only two out of nine cells. 
However, the extent of secretion of the seven responding 
ce Ils was about a half of th at of the controls (Figure 3B) 
and the completion time was 80% longer (Figure 3C). At 
200 !lglml, exocytosis was prevented in 4 out of 7 
cells and the secretion time of the three that underwent 
exocytosis was extended by 74%. 

The control experiments are also summarized in Figure 
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Fig. 3. Inhibition of ex.ocytosis by both native and recombinant 
RhoGDI. These data sumrnarize the inhibition of exocytosis in three 
ways. In (Al complete suppression of ex.ocytosis is recorded by 
showing the proportion of cells that responded with any increase in 
capacitance. The figures above each column indicatc the number of 
cells examined in each category. (BJ and (C) describe the responses of 
cells in which ex.ocytosis was not completely suppressed. 
(B) summarizes the extents of the capacitance increases and (Cl the 
lime taken to complete exocytosis after stimulation of the responding 
cel!s. Data in (B) and (C) are mean :±: SE. Numbers of cells are 
indicated above each column in (B ). Significant differences betwecn 
each set of data and the boiled control are indicated by asterisks. 
* indicates P <0.05 and ** indicates P <0.01 (Mann-Whitney 
U test). 

3 (hatched bars). When the recombinant protein had been 
boiled, it failed to inhibit or slow secretion when included 
at up to 200 !lglml in the pipette solution. NEM-treated 
RhoGDI (200 !lglml) also failed either to reduce or slow 
secretion. 

When rRhoGDI was provided at 20 llg/ml, only one 
cell out of 10 failed to secrete. However, the progress of 
exocytosis in the 9 responding cells was quite different 
from that of the controls. The extent of secretion 
(Figure 3B) was reduced and, although the time to 
completion was not different from the controls, the rate 
of exocytosis was lower especially in the early stages. 
This is illustrated in Figure 4A where the derivative of 
averaged capacitance traces during the 200 s following 
stimulation is shown. 

Effect of rRhoGDI on capacitance steps 
The slowing effect of rRhoGDI on the progress of 
exocytosis is also demonstrated by analysis of the step 
increases in capacitance that characterize individual 
granule fusions. The distribution of step sizes for cells 
loaded with rRhoGDI and boiled rRhoGDI do not differ 
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Fig. 4. Effect of rRhoGDI on the progress of exocytosis in responding 
cells. ln (A) the rate of exocytosis (the de1ivative of averaged 
capacitance records) is plotted aguinst ti me for ce lis loaded with either 
20 ).lg/ml (10 cells) or 100 ).lg/ml (9 ceils) rRhoGDI. or with 
200 ).lg/ml NEM-treated rRhoGDI (9 cells) or 200 ).lg/ml boiled 
rRhoGDI (5 cells). (B) The et'fect of rRhoGDI upon the timing of 
capacitance steps. Histograms of the interval between successive steps 
during the first 30% of each capacitance increase are shown. The 
curves are single exponential fits (see Materials and methods). For 
rRhoGDI at 100 ).lg/ml the time constant of the fitted curve is 
2020 ms; for boiled RhoGDI the time constant is 674 ms. Further 
details are given in Table 1. 

significantly (data not shown). However. the distribution 
of interstep times (time between successive events) is 
quite different for cells loaded with rRhoGDI compared 
with either of its inactivated forms. Examples of these 
distributions are shown in Figure 4B. Each histogram was 
titted to a single exponential curve and the characteristic 
time constant was calculated. The results are shawn in 
Table L The time constant for cells loaded with rRhoGDl 
at 20 !Jg/ml was 54% longer than that of the controls. and 

Inhibition of exocytosis by RhoGDI 

for ce Ils loaded with rRhoGDI at 100 !Jg/ml it was longer 
by a factor of 2. 

rRhoGDI accelerates run-down in permeabilized 
ce lis 
An indication that RhoGDI might be inhibitory to 
exocytosis was first obtained in experiments with partially 
res pons ive mast cells permeabilized by SL-0 (0' Sullivan 
et al.. 1996). Acceleration of run-down by the purified 
protein was observed, beginning as early as 5 min after 
permeabilization, but the extent of this effect was difficult 
to assess. This is because the rate at which permeabilized 
cells run down varies widely from batch to batch and 
because of the steepness of the run-down curves. Because 
of its variability and in view of the concern that the run
down phenomenon might be an artefact of the permeabiliz
ing agent SL-0, we have compared the effects of rRhoGDI 
in patched and SL-0-permeabilized ce lis. Figure SA shows 
the effect of different protein preparations upon mast ce lis 
that were permeabilized at time zero and challenged at 
subsequent times with GTP-y-S ( 100 !lM) and Ca2.,. 

(pCa 5). In the presence of rRhoGDI, the run-down of 
the response is more rapid. The concentration dependence 
of the effect on run-down is shown in Figure 58. The 
relative cell responsiveness is expressed as the ratio of 
secretion stimulated by GTP-y-S 10 min after permeabiliz
ation in the presence of boiled rRhoGDI to that with intact 
protein. The EC 50 for the acceleration of run-down is in 
the region of 7 !Jglml. At 20 !Jglml. the concentration at 
which the effects of the recombinant protein become 
apparent in patch-clamped cells. the relative responsive
ness of the permeabilized cells is at its lowest. 

Discussion 

To test the effect of an exogenous prote in on the mechanism 
of exocytosis requires its introduction into the cell by a 
method that does not compromise its ability to undergo 
membrane fusion. To perfuse the cell interior effectively 
with a macromolecular solute requires the creation of 
substantial holes in the plasma membrane. These may be 
created by permeabilization or by a patch pipette. Because 
macromolecules diffuse slowly, severa] minutes may be 
required for them to accumulate within the cel!. During 
this period, leakage of both low molecular mass solutes 
and cytosolic proteins occurs from the cell and. in con
sequence. its ability to respond to a stimulus may diminish 
with time. For example, rat mast cells permeabilized by 
SL-0 gradually !ose their ability to respond to GTP-y-S 
over a 20 min period (Howell et al., 1989) (Figure SA). 
Patch-clamped rat mast cells, however. do not mn dawn 
appreciably in the 20 min following patch rupture. The 
requirements of the patch-clamp technique impose 
working conditions quite different from those of the 
permeabilized cell experiments and these may account 
for the difference in responsiveness. For example, the 
intrace!Iular solution has different ionie composition and 
pH (see Materials and methods). Also the electrophysio
logical experiments were performed at room temperature 
rather than at 30°C. In addition. the patch-clamped cells 
were attached to glass coverslips and this may have 
activated adhesion molecules that interact with intracellu
lar systems such as the cytoskeleton. Finally. the lesions 
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Table 1. Analysis of the distribution of intervals between successive capacitance steps for cells loaded with rRhoGDI 

Prote in Concentration No. of steps No. of cells Time constant SE x2 11 

(1-!g/ml) (ms) 

rRhoGDI 100 515 6 2020 llO !.72 20 
rRhoGDl 20 419 5 lO-tO 57 OA8 t3 
Boiled-rRhoGDI 200 4-+6 5 674 41 3.7 10 
NEM-treated rRhoGDI 200 382 5 671 38 0.74 12 

x2 values refer to goodness of fit and 11 is the number of data points fitteJ (histogram class intervals. see Materials and methods). The two time 
constants for ce lis loaded with rRhoGDI were each significantly different (t test. P <0.0005) from either of those observed with cells loaded with 
inactivated protein. 

generated by SL-0 are distributed over the whole plasma 
membrane in contrast to a single hole made by the 
patch pipette, possibly allowing more leakage from the 
permeabilized cells. All in all it is clear that there are 
substantial differences between these two experimental 
systems. [Note, incidentally, that patch-clamped mast cells 
from mutant beige mice do run-down, i.e. their ability to 
respond to (photoreleased) GTP-y-S is tost within -5 min; 
P.Mariot and P.E.R.Tatham, unpublished.] We have taken 
advantage of the persistence of the exocytotic response in 
rat mast cells to enable us to load them with exogenous 
protein, in particular RhoGDL through a patch pipette. 
detecting exocytosis by monitoring capacitance. The effect 
of the loaded protein upon exocytosis was tested by 
applying a stimulus (photoreleased GTP-y-S) at up to 
10 min after breaking into the cell. In control experiments, 
the pipette solution contained either inactivated proteins 
or no protein at all, and uncaging GTP-y-S resulted in 
large, rapid capacitance increases. characteristic of full 
exocytosis. This confirmed that the exocytotic machinery 
remained intact throughout the loading period. Full 
exocytosis also occurred promptly when inhibitory protein 
was not given sufficient time to diffuse into the cell 
(Figure lB). 

The introduction of bovine RhoGDI, either purified 
from brain or a recombinant form, has an inhibitory effect 
upon exocytosis in mast cells. RhoGDI purified from brain 
is a potent inhibitor (Figure 3A), almost completely 
suppressing exocytosis at 5-10 ~-tg/ml or 200--400 nM 
(calculated Mr = 23 421; Fukumoto et al.. 1990). The 
inhibitory effects of this protein are detectable as early as 
5 min after patch rupture (Figure lA). rRhoGDI is also 
inhibitory, but it is not as effective as the native protein 
even when provided at a 20-fold higher concentration (up 
to 200 ~-tg/ml or 8 ~-tM, Figure 3A). The lower efficacy of 
the recombinant protein compared with its native form 
may be due to the fact that one or more domains are 
incorrectly folded. Alternatively, it may Jack a post
translational modification, such as a phosphorylation, that 
is required for its full activity. It has been reported 
that dephosphorylation of purified RhoGDI reduces the 
stability of the Rho A-RhoGDI complex (Bourmeyster 
and Yignais. 1996). 

Following previous work, in which native RhoGDI was 
shown to accelerate run-down in permeabilized mast cells 
(Ü'Sullivan et al., 1996), we now show that recombinant 
RhoGDI has a similar effect and demonstrate its concentra
tion dependence (Figure 5). Detailed concentration
response data are difficult to obtain from patch-clamp 
experiments. The EC50 for inhibition is 7 !lg/ml or -300 nM 
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Fig. 5. Effect of rRhoGDI on the run-down of SL-0-permeabilized 
mast cells. (A) Data from cells that were exposed to SL-0 at O'C for 
5 min. washed and then brought to 30'C to bring about 
permeabilization. This was in the presence of 40 1-1g/ml rRhoGDI. 
After the indicated times, a stimulus (pCa 5 with GTP-y-S. lOO !lM) 
was applied and the incubation continued for a further lO min, at 
which time the cells were centrifuged and the supematants assayed for 
secrcted hexosaminidase. Similar data were obtained on three 
occasions. 'No stimulus' indicates that no GTP-y-S was provided and 
the permeabilized cells were maintained at pCa 8 throughout. (B) The 
concentration dependence of the effect of rRhoGDI on the run-down 
of exocytosis in SL-0-penneabilized mast cells. The data were 
obtained from cells stimulated lO min after permeabilization. The 
ordinale is a measure of cell responsiveness to GTP-y-S. lt is the ratio 
of the extent of secretion from cells loaded with boiled rRhoGDI to 
that from cells loaded with intact protein (mean :: SE. n = 3). 

(Figure 5B). The lowest concentration at which we have 
observed consistent effects of this protein in patch
clamped cells is 20 ~-tg/ml. Bearing in mind the consider
able dissimilarities between the two experimental systems. 
these values are comparable and we conclude that the 
permeabilized cell data provide additional evidence of 
inhibition by the recombinant protein. 

When the capacitance records are examined in more 
detail to reveal the individual granule fusions that comprise 
exocytosis, it becomes clear that the slowing of secretion 
caused by rRhoGDl is due to extended intervals between 
successive capacitance steps (Figure 4B and Table 1). The 
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distributions of the extended interstep times retain an 
exponential shape, characteristic of random events occurr
ing with probabilities determined by a Poisson distribution. 
As expected, the heights of the steps (measures of granule 
size) and the ir ri se times are not affected by the presence 
of the protein. 

Permeabilized mast cells stimulated by GTP-y-S and 
Ca2+ at the time of permeabilization undergo an ail-or
none response (Hide et al., 1993), and a similar process 
may occur in patch-clamped mast cells, although we have 
not attempted to determine this. rRhoGDI decreases not 
only the rate of exocytosis in our experiments, but also 
the extent of secretion in individual cells and they cannot 
therefore be responding in an ali-or-none fashion. Whether 
this is because rRhoGDI removes or inhibits a factor that 
determines the binary response at the cellular leve! or is 
due to the leakage of sorne other factor remains to be 
determined. 

Since RhoGDI is known to bind to ali members of the 
Rho family (Rho. Rac and Cdc42), it should compete with 
endogenous binding sites within the cel! for ail these 
GTPases. Norma1ized diffusion rates for the entry of 
macromolecules through a patch pipette into cells of 
similar size to rat mast cells have been estimated by Pusch 
and Neher (1988). Using their equation 18 with an average 
access conductance of 100 nS. we estimate a ti me constant 
for entry of RhoGDI of -200 s. Severa! assumptions are 
made in this calculation, and the actual time constant may 
lie between 100 and 300 s but, sin ce the stimulus was 
applied at 600 s in most of our experiments. the RhoGDI 
concentration in the cytosol should have been close to 
that in the patch pipette. Within intact cells Rho, Rac and 
Cdc42 proteins are either attached to membranes where 
nucleotide exchange can take place only with the assistance 
of a guanine nucleotide exchange factor or they exist as 
soluble complexes with endogenous RhoGDL Since the 
complexes leak from permeabilized cells (O'Sullivan et al., 
1996). they will also wash out from the cells after patch 
rupture. At the same time, the virtually infinite reservoir 
of exogenous RhoGDI that is available from the pipette 
should bind to the membrane-associated Rho proteins 
effectively extracting them from the cell. Altematively, 
the exogenous RhoGDI may compete with the guanine 
nucleotide exchange factors for these GTPases. Both 
mechanisms would have consequences not only for secre
tion, but also for the organization of the cytoskeleton. In 
summary, these results demonstrate that small GTP binding 
proteins of the Rho family are essential for exocytosis in 
mast cells. 

Materials and methods 

Ce/ls 
Rat mast cells wcre prepared by peritoneal lavage of male Sprague
Dawley rats (30()-;!00 g). For patch-clamp studies, the cells were washed 
once in a buffer containing 137 mM NaCI, 2.7 mM KCI, l mM MgCI2, 

1.8 mM CaCl2- 10 mM HEPES pH 7.'2 and placed on glass coverslips 
mounted in plastic Petri dishes. For permeabilized cel! experiments, 
mast cel!s were purified to >99% purity by centrifugation through a 
Percoll step as described previously (Tatham and Gomperts. 1990) and 
suspended in buffer containing 137 mM NaCI, '2.7 mM KCl, 1 mM 
MgCJ2, ?.0 mM HEPES pH 6.8 and 3 mM Ca.EGTA to maintain pCa 5 
or pCa 8 as appropriate. 

Inhibition of exocytosis by RhoGDI 

Capacitance measurements 
Membrane capacitance was monitored by the patch-clamp technique 
using the whole cell configuration and a digital phase detcctor (Joshi 
and Fernandez. 1988: Monck et al., l 990; Fidler and Fernandez. 1989 ). 
A sinusoidal voltage (830 Hz, 50 mV peak-peak) was applied to the 
command input of an EPC-7 patch-clamp ampli ti er at a holding potential 
of 0 mV Current amplitude was recorded at two orthogonal phase angles 
to provide signais proportional to the real and imaginary parts of the 
admittance. The phase alignment was determinee! periodically by the 
phase trac king technique (fi dier and Fernandez, l 996). The real and 
imaginary components rcflected changes in access resistance and capacit
ance respectively. The pipette solution conwined 140 mM potassium 
glutamate, 10 mM HEPES. 7 11ù\'l MgC!2 and 50 J..!M ATP Mg buffered 
to pH 7.2 with KOH. K.EGTA and Ca.EGTA were also present to give 
a total EGTA concentration of 10 mM and pCa 6.7 to pCa 6.3. To 
stimulate exocytosis, 110 J..!M caged GTP-y-S was included in this 
solution. Pipettes were coated with Sylgard and had resistances of 1-
3 MQ. The mean initial access conductance was l 14 ::':: 3 nS and the 
mean final access conductance was 84 ::': 4.5 nS <SEM, 11 = 60). The 
cell membrane resistance (d.c. current) did not change appreciably 
during capacitance measuremcnts. When proteins were present in the 
intracellular solution. the tip of the pipette was dipped in protein-frce 
solution for a few seconds before back-tilling. For calculations of the 
extents of the capacitance increases and of the completion times of 
exocytosis, the end-point was taken as the appearance of a plateau in 
the capacitance trace or the achievement of a leve! within 95% of the 
maximal change. AIL patch-clamp experiments were carried out at room 
temperature (20-?.SOC). Histograms of capacitance step intervals were 
constructed from data obtained from the initial 30% of the capacitance 
increase for each cell analysed. Curve tltting to these histograms was 
performed using 'Origin · (Microcal Software !ne.). Single exponential 
fits, yielding values of lime constant. x2 and SE, were obtained by the 
Levenberg-Marquardt method, weighting each data value statistically 
(1/y). 

Photo/ysis 
GTP-y-S was rclcased by exposing cells loaded with caged GTP-y-S to 
a 60 s pulse of light from a high pressure mercury arc lamp (200 W. 
À ~ 360 nm), This light pulse was filtered through water to remove 
infrared radiation and its intensity was reduced by a neutra! density filter 
(absorbance 0.1 ). The light was dclivered through a fibre optic directed 
at a region including bath the ccli and the pipette tip. Caged GTP-y-S 
was obtained from Molecular Probes. 

Secretion measurements 
Cells were permeabilized by SL-0 (Murex diagnostics, Dartford Kent) 
applied to mast cells at ice temperature (1.6 lU/ml). After 5 min. the 
cells were diluted into buffer containing 137 mM NaCL 2.7 mM KCL 
1 mM MgC12, 20 mM PIPES pH 6.8 and 0.1 mM EGTA. and then 
washed to remove unbound SL-0 by centrifugation and resuspension at 
ice temperature. Permeabilization was started by warming the cclls to 
30°C. After set periods of lime, the cells were stimulated to secrete by 
transferring '20 ~-tl aliquots to 40 ~-tl of buffer inclucling GTP-y-S ( 100 ~lM 
final concentration) and Ca.EGTA (3 mM final concentration) to maintain 
pC a 5 or pC a 8 as appropriate. After a further 10 min incubation at 
30'C. the cells were centtifuged and the supernatants assayed for 
secretion of hexosaminidase as previously described (Gompcrts and 
Tatham, 1992). 

Recombinant pro teins 
RhoGDI-GST fusion protein was expressed in transformed E.coli 
(Hancock and Hall, 1993) obtained from Alan Hall (Laboratory of 
Molecular Cell Biology. UCL). Bacterial cultures were grown to satur
ation and challenged with isopropyl-~-thiogalactopyranoside to induce 
expression. The pelletted bacteria were then resuspended and washcd in 
phosphate-buffered saline (PBS), sonicated on ice and. after centrifug
ation. the supernatant was removed and mixed with glutathione-agarose 
beads. These were washcd with PBS and then incubalèd with '20 U/ml 
of human thrombin at room temperature for 2 h. The supernatant was 
incubated with p-aminobenzamidine agarose beads to remove free 
thrombin and then dialysed overnight against 10 mM Na-HEPES pH 7.'2. 
150 mM NaCL The recombinant protein was quantitied using the 
Bradford assay. 

lnactivated proteins 
Proteins were heat-denatured by maintaining them at 9SOC for 15 min. 
Recombinant RhoGDI was also inactivated by exposure to NEM ( 1 mM. 

6481 



P.Mariot et al. 

37°C. 30 min). The residual NEM was then ncutralized by incubation 
with dithiothreitol 1 OTT, 2 mM, 30 min) and the moditied protein was 
passed through a gel filtration column (NAP5) to remove DTT. The 
final preparation was homogeneous as assessed by anion-exchange 
chromatography. gel filtration and SOS-PAGE. Inactivation of rRhoGOI 
was tested by using it to extract GTP binding Rho-related proteins from 
permeabilized mast cells. Btietly, mast cells were penneabilized by 
SL-0 in the presence of rRhoGOI that had been pre-treated with (or 
without) NEM. After 25 min. the cells were centrifuged (14000 g) and 
an acetone precipitate of the supernate was prepared. The precipitate 
was dispersed in standard sample buffer (Laemrnli, 1970), subjected to 
SOS-PAGE. blotted on to nitrocellulose and overlaid with la-32P]GTP. 
Autoradiography of the blot then revealed the GTP binding proteins 
extracted from the cells by both NEM-treated and unmodified RhoGDI. 
The leve] of GTP binding obtained using NEM-treated RhoGOI was 
28% of the control. 
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Chapitre 2 

Le couplage stimulation-sécrétion dans les cellules 

neuroendocrines pancréatiques 

Travail post-doctoral: 1996-1997 

56 



57 

Stage post-doctoral à l'Université Catholique de Louvain, département de Physiologie et 

Pharmacologie, Unité d'endocrinologie et métabolisme, 1996-1997 

J'ai ensuite effectué un second stage post-doctoral à l'Université Catholique de Louvain (et 

financé par l'Université) au département de Physiologie et Pharmacologie, dans l'Unité 

d'endocrinologie et métabolisme dirigée par le Professeur J-C Henquin qui travaille depuis 

plusieurs années sur le couplage stimulation-sécrétion dans les cellules p du pancréas qui sécrètent 

l'insuline. Dans le cadre de ces travaux, j'ai étudié le rôle des phosphatases dans le couplage 

stimulation-sécrétion (article 2) et le mécanisme d'action des sulfonylurées sur les cellules p 
(article 3). 
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Article 2. 

Inhibitors of protein phosphatase 1 and 2A inhibit insulin secretion by decreasing the 

magnitude and the efficacy of the Ca2
+ signal in pancreatic f3 cells. 

Sato Y, Mariot P, Detimary P, Gilon P, Henquin J-C (1998) Brit.J.Pharmacol. 123 : 97-105 

1. Position du problème et résultats 

La sécrétion d'insuline est étroitement dépendante des phénomènes de phosphorylations et 

déphosphorylations cellulaires. Il est généralement admis que la sécrétion hormonale par les cellules 

f3 du pancréas est stimulée par les phénomènes de phosphorylations, provoqués par exemple par une 

activation des kinases (PKA ou PKC ou autres) ou par une inhibition des phosphatases. Cependant, 

les études concernant le rôle de ces phosphorylations sur le mécanisme sécrétoire sont relativement 

contradictoires puisque tandis que certains travaux démontrent une action stimulatrice des 

phosphorylations sur l'exocytose alors que d'autres prouvent le contraire (pour revue voir Jones and 

Persaud, 1998). 

Nous avons étudié l'action des inhibiteurs des phosphatases 1 et 2A, l'acide okadaique et la 

calyculine A, sur la sécrétion d'insuline des cellules f3 du pancréas. Nous avons montré que 

l'inhibition des phosphatases entraînait: 

1) une diminution du calcium intracellulaire, diminution due en partie à une réduction 

des courants calciques membranaires 

2) une inhibition de la sécrétion d'insuline induite par différents agents stimulants des 

ilôts de Langerhans : le glucose, les sulfonylurées, une dépolarisation potassique ou le 

kétoisocaproate, inhibition due partiellement à une réduction des courants calciques, ; 

3) mais également une diminution de la sécrétion d'insuline liée à une action 

indépendante de 1 'entrée de calcium et probablement due à une action à un niveau distal des 

voies de transduction des différents sécrétagogues. 

II. Discussion 

Ces résultats, ainsi que d'autres (Ammon et al 1996, Zhang and Kim 1995), montrent que des 

protéines phosphorylées peuvent exercer une action inhibitrice sur la sécrétion et qu'une 

déphosphorylation peut être aussi importante dans le processus sécrétoire que les processus de 
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phosphorylations, qui sont eux notamment impliqués dans l'étape de« priming » ou amorçage des 

granules de sécrétion, c'est-à-dire l'étape où ils acquièrent la compétence « fusionnelle ». 

L'identification de ces phosphorylations inhibitrices du processus sécrétoire reste à déterminer. 

Cependant, certaines pistes existent : 

1. La mobilité des vésicules synaptiques est réduite par un traitement à 1 'acide 

okadaique (Guatimosim et al 2002). Ceci pourrait se traduire par une diminution de la 

vitesse d'exocyto~e des granules d'insuline. 

2. Un mécanisme similaire a été montré récemment pour la phosphatase 2B: en effet, la 

déphosphorylation calcium-dépendante des chaînes lourdes de la kinésine, qui permet 

l'attachement des granules aux microtubules, par les phosphatases 2B (calcineurines), assure 

le transport des granules le long des microtubules et un réemplissage des réserves de 

granules sous-membranaires. Ainsi, une inhibition de la PP2B dans ces cellules ~ du 

pancréas, entraîne également une diminution de la sécrétion d'insuline glucose-dépendante. 

Il est à signaler que ce travail montrait que deux autres protéines étaient déphosphorylées de 

manière calcium-dépendante dans ces cellules (Donelan et al, 2002). 

3. Il a été montré que la phosphatase PP2A subissait une translocation du cytosol vers 

les fractions membranaires lors de la dégranulation mastocytaire et que cette translocation, 

ainsi que la dégranulation, étaient inhibées par l'acide okadaique (Ludowyke et al 2000). 

D'autre part, une étude ultérieure a précisé que PPl et 2A s'associaient transitoirement avec 

la myosine lors de la dégranulation des mastocytes et que l'inhibition de PP2A inhibait cette 

dégranulation en provoquant une augmentation de la phosphorylation des chaînes légères et 

lourdes de la myosine (Holst et al2001). 
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Okadaic acid-induced decrease in the magnitude and efficacy of the 
Ca2 + signal in pancreatic {3 cells and inhibition of insulin secretion 

Yoshihiko Sato, Pascal Mariot, Philippe Detimary, Patrick Gilon & 1Jean-Claude Henquin 

Unité d'Endocrinologie et Métabolisme, University of Louvain Faculty of Medicine, UCL 55.30, Avenue Hippocrate 55, B-1200 
Brussels. Belgium 

Phosphorylation by kinases and dephosphorylation by phosphatases markedly affect the biological 
activity of proteins involved in stimulus-response coupling. In this study, we have characterized the 
effects of okadaic acid, an inhibitor of protein phosphatases .J and 2A. on insulin secretion. Mouse 
pancreatic islets were preincubated for 60 min in the presence of okadaic acid before their function was 
studied. 
2 Okadaic acid dose-dependently OCso ~ 200 nM) inhibited insulin secretion induced by 15 mM glucose. 
At 0.5 f1M, okadaic acid also inhibited insulin secretion induced by tolbutamide. ketoisocaproate and 
high K , and its elfects were not reversed by activation of protein kinases A or C. 
3 The inhibition of insulin secretion did not result from an alteration of glucose metabolism (estimated 
by the fluorescence of endogenous pyridine nucleotides) or a 1owering of the ATP; ADP ratio in the 
islets. 
4 Okadaic ac id treatmenl slightly inhibited voltage-dependent Caè- currents in f3 ce lis (perforated patch 
technique). which diminished the rise in cytoplasmic Ca2 + (fura-2 method) that glucose and high K
produce in islets. However, this decrease (25%), was insufficient to explain the corresponding inhibition 
of insulin secretion (90%). Mot-eover. mobilization of intracellular Ca2 ~ by acetylcholine was barely 
alfected by okadaic acid, whereas the concomitant insulin response was decreased by 85%. 
5 Calyculin A, another inhibitor of protein phosphatases 1 and 2A largely mimicked the effects of 
okadaic acid. whereas 1-norokadaone. an inactive analogue of okadaic acid on phosphatases. did not 
alter {J cell function. 
6 In conclusion. okadaic acid inhibits insulin secretion by decreasing the magnitude of the Ca2

- signal 
in f3 cells and its efficacy on exocytosis. The results suggest that, contrary to CUITent concepts. both 
phosphorylation and dephosphorylation of certain f3 cell proteins may be involved in the regulation of 
insulin secretion. 

Keywords: Pancreatic islets; insulin secretion; okadaic acid; calyculin A; protein phosphatase inhibitors; cytoplasmic Ca2 
"; 

Ca2 + channels 

Introduction 

Reversible protein phosphorylation is a major mechanism in 
stimu1us-response coupling (Cohen. 1989, Shenolikar, 1994). 
In many cell types, phosphorylation and dephosphorylation of 
ionie channels or regulatory intracellular proteins by kinases 
and phosphatases, respectively. underlie the induction of 
specifie rcsponses by extraccllular messengers. 

Insulin secretion is primarily stimulated by increases m 
the plasma concentration of nutrients, in particular glucose. 
which must be metabolized by pancreatic fJ cells to promote 
release of the hormone. This metabo1ism activates two 
regulatory pathways. The major one involves dosure of 
adenosine triphosphate (A TP)-sensitivc K ~ channels (K '
ATP channels). membrane depolarization, opening of 
voltage-dependent Ca2 

+ channels, influx of Ca2 + and ri sc 
in cytoplasmic Ca2 ~ ([Ca2 

"];) which is a triggering signal for 
exocytosis (Ashcroft & Rorsman, 1989; Henq uin. 1994). The 
second pathway does not involve further changes in [Ca2 +]; 
but an increase in the efficacy of Ca2 

• on exocytosis. 
through an as yet unidentified mechanism (Gembal et al .. 
1992; 1993; Sato et al .• 1992). Insulin secretion is also under 
strong hormonal and neural control. Acetylcholine, catecho
lamines. gastro-intestinal hormones are physiological, im
portant modulators of fJ cells in which they exert their 
effects by activating membrane receptors coup1ed to classical 

1 Aulhor for correspondcnœ. 

transduction path\Yays (Henquin. 1994; Liang & Matschins
ky, 199--i). 

The rise in [Ca2 
-], with subsequent activation of Ca2

+ 

calmodulin-dependent kinases and the receptor-mediated 
acti\·;\tion of protein kinases A and C 1ead to phosphorylation 
of a numher of still largely unidentified proteins in islet cells 
(for rc:\·ie\\S see Ashcroft. 1994; Howell c'l u! .. 199--i). It has 
generally been held that increased pr,1tein-phosphorylation 
favours exocytosis. As the phosphoryla til1n sw te is determined 
by the balance between the phosphorylatil111 and depho
sphorylation rates. protein phosphatases might also serve a 
regulatory role, and their inhibition could be expected to 
increase insulin secretion. This question has previously been 
addressed by using okadaic acid (OKA). a membrane 
permeant inhibitor of protein phosphatases 1 and 2A (PP l 
and PP2A) (Bialojan & Takai, 1988; Hardie et al., 1991). but 
the results are controversial. In (J celllines, OKA was found to 
increase insulin release slightly and transiently (Haby et al., 
1994; Mayer et al .• 1994) orto inhibit it (Zhang & Kim, 1995; 
Ammon et al., 1996). In rat islets, glucose-induced insulin 
release was strong1y impaired by OKA (Tamagawa ct al., 1992; 
Murphy & Jones, 1996). In the present study, we have explored 
the influence of OKA on various aspects of f3 ce li function and 
compared its elfects to those of 1-norokadaonc (NOK) an 
inactive analogue (Nishiwaki et al., 1990). and calyculin A 
(CLA), a structurally unrelated inhibitor of PP! and PP2A 
(Ishihara et al .. 1989). The results showed that OKA inhibits 
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insulin secretion by decreasing the magnitude of the Ca2 + 

signal and its eflicacy on exocytosis. 

Methods 

Preparation and solutions 

Ali procedures have been approved by the University animal 
care committee. Islets were isolated by collagenase digestion of 
the pancreas of fed female NM RI mi ce (25- 30 g), followed by 
hand-picking. In sorne experiments the islets were preincu
bated and then incubated immediately after isolation. In other 
experiments the islets were prepared aseptically and cultured 
for 1-2 da ys in RPMI 1640 medium (Gibco BRL, Paisley, 
Scotland) containing 10 mM glucose. 10% heat-inactivated 
foetal calf serum. 100 iu ml- 1 penicillin and 100 11g ml- 1 

streptomycin. For patch-clamp experiments, the islets were 
dispersed into single cells with Ca2

- free buffer containing 
lOO J1M EGTA and 100 Jlg ml- 1 trypsin. The cells were then 
cultured for 1 -2 da ys. 

The medium used for islet isolation and testing was a 
bicarbonate-buffered solution that contained 120 mM NaCI, 
4.8 mM KCI, 2.5 mM CaCI2 , 1.2 mM MgCiz and 24 mM 
NaHC03. It was gassed with 0 2 : C02 (94: 6) to maintain 
pH 7.4 and was supplemented with bovine serum albumin 
( 1 mg ml- 1

). Ca2 "-free solutions were prepared by replacing 
CaC!z with MgClz. When the concentration of KCI was 
increased to 30 mM. that ofNaCI was decreased accordingly to 
main tain isoosmolarity. With the exception of the patch-clamp 
recordings. which were performed at room temperature. al! 
experiments were carried out at 37°C. 

Measurement of insu/in secretion 

In the first type of experiment (static incubations), freshly 
isolated islets were preincubated for 60 min in a control 
medium containing 3 mM glucose before being distributed into 
batches of three. When the A TP and ADP contents were to be 
measured simultaneously, the islets were distributed into 
batches of five. Each batch of islets was then incubated for 
60 min in 1 ml of medium containing varions concentrations of 
glucose and test substances. A portion of the medium was 
withdrawn at the end of the incubation and appropriately 
diluted for insulin assay. Insulin was measured by a double
antibody radioimmunoassay with rat insulin as the standard 
(Novo Research Institute, Bagsvaerd. Denmark). In one series. 
the islets were cultured for 45 h with or without 200 ng ml- 1 

pertussis toxin before their function was tested during 
incubations. 

In another type of experiment (dynamic perifusions). 
cultured islets were preincubated for 60 min in a control 
medium containing 10 mM glucose before being placed, in 
batches of 20- 25. in parallel perifusion chambers and 
perifused at a flow rate of 1.25 ml min- 1 (Henquin, 1978). 
Effluent fractions were collected at 1 -2 min intervals and 
insulin was measured as above. 

Measurement of islet ATP and ADP 

These determinations were made at the end of incubations th at 
also served to study insulin secretion (see above). After the 
aliquot (0.625 ml) for insulin measurement was taken, the 
islets were incubated for another 5 min. The tubes were kept at 
3TC during the whole procedure. The incubation was then 
stopped by addition of 0.125 ml of trichloroacetic acid to a 
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final concentration of 5%. The tubes were then treated, and 
A TP and ADP contents of the islets were measured, as 
published recently (Detimary et al., 1995). 

Measurement of cytoplasmic Ca2 + 

Cultured islets were loaded with 2 fLM fura PE3/AM (Mobitec. 
Gottingen. German y) during 120 min of incubation at 37cC in 
a bicarbonate-buffered solution containing 3 or l 0 mM 
glucose. The islets were then transferred into a temperature
controlled perifusion chamber (lntracelL Royston. Herts, UK) 
with a bot tom made of a coverslip and mounted on the stage of 
an inverted microscope. The islets were held in place by gentle 
suction with a glass micropipette. The preparation was 
perifused at a flow rate of 1.3 ml min- 1

• The dead space of 
the system (2 min) has been corrected for in figures and 
calculations. Perifusion solutions were kept at 3lf C in a water 
bath and the temperature controller ensured a temperature of 
3TC ( ± 0.3''C) in the chamber as monitored by a thermistor 
placed near the tissue. 

The measurements of [Ca2 ~]i were performed with the 
system MagiCal (Applied Imaging. Sunderland. U.K.) as 
described in detail (Gilon & Henquin, 1992). The tissue was 
excited at 340 nm and 380 nm. The fluorescence emitted at 
5!0 nm was captured by a CCD video camera (Photonic 
Science Ltd, Tunbridge Wells. U.K.). From the ratio of the 
fluorescence at 340 and 380 nm, the concentration of [Ca2 +]i 
was calculated by comparison with a calibration curve (Gilon 
& Henquin, 1992). 

lvfeasurement of reduced pyridine nucleotide fluorescence 

Cultured islets were first preincubated for 60 min at 3TC in 
control medium containing 3 mM glucose. They were then 
transferred to the same experimental set-up as for [Ca2 +], 
measurements. The reduced forms of NAD and NADP. 
referred to as NAD(P)H, were excited at 360 nm, and the 
fluorescence emitted was filtered at 470 mn (Gilon & Henquin. 
1992). The changes in fluorescence were expressed as a 
percentage of basal values by dividing the integrated gray 
levels at a given time by those obtained during the last min 
preceding stimulation with 15 mM glucose. 

Measurement of Ca2
+ currents 

After culture, dispersed fJ cells were preincubated for 60 min at 
3TC in control medium containing 10 mM glucose without or 
with 0.5 fLM OKA or NOK. Voltage-clamp experiments were 
performed in the perforated-patch configuration (Horn & 
Marty. 1988) with an EPC-9 patch-clamp amplifier (HEKA 
Electronics, Lambrecht/Pfalz, Germany). Membrane currents 
were recorded with the Pulse 8.05 software (HEKA Electro
nics). Before storage at a sampling rate of 10 kHz. they were 
filtered at 3 kHz with a Bessel filter. Voltage-dependent Ca2

' 

currents were corrected for leak currents with a P;'n protocol 
(P/n pulses = 16). Depolarizations of 50 ms duration were 
applied from a holding potential of -80 mV. 

Recordings were carried out at 2TC in an extracellular 
medium containing (mM) Na Cl 125. KCl 4.8. Ca Ch 2.5. MgCb 
1.2, HEP ES 5, glucose i 5, tetraethylammonium chloride 10 and 
tetrodotoxin 0.1 J1M. pH and osmolarity were adjusted to 7.4 
and 310 mOsmol 1- 1

, respectively. The pipette solution for 
recording Ca2

' currcnts contained (in mM) CS2S0-1 76. 
NaCl 10, KCl 10. MgCl2 1, HEPES 5 and amphotericin 
B 0.25 mg mt· 1

• Osmolarity was adjusted to 290 mOsmol 1- 1 

with mannitol (1 g lOO mi- 1
) and pH was adjusted to 7.25. 
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1\1aterials 

Diazoxide was from Schering-Plough Avondale (Rathdrum, 
freland); okadaic acid (OKA) and calyculin A (CLA) were 
from Biomol (Hamburg, Germany); 1-norokadaone (NOK) 
was from Calbiochem (San Diego, CA); ATP, ADP, and ail 
reagents for their measurements were from Boehringer
Mannheim (Mannheim, Germany); dibutyryl (db)-cyclicAMP 
and ::x-ketoisocaproate (KIC) were from Aldrich Chemie 
(Steinheim, Germany); phorbol 12-myristrate 13-acetate 
(PMA), tolbutamide. tetraethylammonium chloride. acetyl
choline chloride (ACh). amphotericin B and pertussis toxin 
were from Sigma Chemical Co. (St. Louis, MO); tetrodotoxin 
was from RBl (Natick, MA). 

Presentation of results 

Results are presented as means ±s.e. for the indicated 
number of batches of islets. The statistical significance of 
differences between means was assessed by Student's t test for 
unpaired data when only two groups were compared. or by 
analysis of variance followed by Dunnett's test for multiple 
comparisons. Differences were considered significant at 
P<0.05. 

Results 

Time-dependence of the ejfects of okadaic acid on insu/in 
secretion 

The islets were incubated in a control medium containing 
15 mM glucose, i.e. under conditions where the primary 
mechanism of glucose regulation (at the K + -ATP channel 
leve!) plays the predominant role. They were also incubated in 
a medium containing 250 .uM diazoxide to keep K--A TP 
channels open (Sturgess et al., 1988) and 30 mM K-+ to 
depolarize the membrane, i.e. under conditions where the 
second mechanism of glucose regulation can be studied 
(Gembal et al., 1992). Addition of 0.5 .uM OKA to the 
incubation medium did not significantly affect insulin secretion 
induced by 15 mM glucose (88 ± Il% of con trois. n = 15) and 
only slightly inhibited the secretion induced by the combina
tian of 20 mM glucose and high K + (75 ± 5% of con trois, 
n=26; P<0.05). We then observed that the inhibition was 
larger when the islets were preincubated for 60 min with OKA 
(Figure 1 ), and that this inhibition was unaffected by the 
persistence or omission of OKA during the subsequent 
incubation. This may be due to a relatively slow permeation 
of OKA and reflect the time needed to reach an intracellular 
concentration that completely inhibits phosphatases. Similar 
observations have been made by others (Ashizawa et al.. 1989; 
Yanagihara et al., 1991; Zhang & Kim, 1995). In al! 
subsequent experiments. therefore. OKA was added to the 
preincubation medium only. 

Concentration-dependence of the effects of okadaic acid 
on insu/in secret ion 

Preincubation of the islets for 60 min in the presence of various 
concentrations of OKA resulted in a concentration-dependent 
inhibition ofinsulin secretion induced by either 15 mM glucose 
or the combination of 20 mM glucose and 30 mM K ~ in the 
presence of diazoxide (Figure 1). The concentration-response 
curve was similar for both stimuli, with a first significant effect 
at 50 nM OKA (P<0.05), an estimated EC50 around 200 nM, 
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Figure l Concentration-dependence of the etTects of okadaic a cid on 
insulin release by incubated mouse islets. After isolation the islch were 
preincubated for 60 min in a medium containing 3 mM glucose and !he 
indicated concentration of okadaic acid. They were then washed and 
distributed in batches of three in 1 ml of medium containing 1 ~ rn \1 

glucose (GIS) or 20 mM glucose, 30 mM K + and 250 pM diazoxick 
(G20 K30 Dz). After 60 min of incubation. an aliquot of the mcdnnn 
was taken for insulin assay. Values are means for 20 batches of hkh 

from four separate experiments: vertical !ines show s.e.mean. Tc,t 
values obtained aftcr okadaic acid treatment were expressed "' ,, 
percentage of control values without okadaic acid in each experiment 
Absolu te values for these con trois were: 3.3 ± 0.4 ng/islet 60 min· 1 

(GIS mM) and 12.9± 1.1 ng/islet 60 min- 1 (G20 K30 Dz). 

and abrogation of secretion by 1 pM OKA (Figure 1 ). On the 
basis of these results 0.5 .uM OKA was selected for the 
subsequent experiments. 

Comparison of the ejfects o{ okadaic acid to those v[ 
1-norokadaone and calyculin A 

As shown in Figure 2 (a.c), OKA did not affect basal insulin 
secretion (3 mM glucose) but inhibited the response to 15 mM 
glucose or to high K + in absence or presence of glucose. In 
contrast. NOK, an inactive analogue of OKA. was consistent! y 
ineffective. CLA, another type of protein phosphatase 
inhibitor was tested at the single concentration of 10 nM, and 
was fou nd to inhibit glucose- and high K "-induced insulin 
secretion by about 50'Y~ (Figure 2a,c). 

Influence of okadaic acid on the energy state of the islets 

Glucose metabolism and the subsequent changes in fJ cel! 
energy state are critical events for the stimulation of insulin 
release by both control pathways (Ashcroft, 1980; Gembal et 
al., 1993; Henquin, 1994). We, therefore, tested whether they 
were altered by the protein phosphatase inhibitors. Raising the 
concentration of glucose from 3 to 15 mM accelerated fJ cel! 
metabolism, as shown by the marked increase in NAD(P)H 
fluorescence in the islets (Figure 3). This increase was not 
impaired when the islets had been treated by OKA or CLA 
(Figure 3 - inset). 

A TP and ADP concentrations were measured in batches of 
islets from which insulin secretion was also studied (Figure 2. 
b,d). ln a control medium, raising the glucose concentration 
from 3 to 15 mM increased the ATP/ADP ratio from 2.5±0.1 
to 4.0±0.2 (P<O.Ol). In the presence of 30 mM K·- and 
diazoxide, the ATP/ADP ratio increased from 2.0±0.1 in the 
absence of glucose to 3.7±0.1 in the presence of 20 mM 
glucose (P < 0.01 ). These changes are smaller th an th ose we 
obtained recently because the present measurements were done 
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Figure 2 Elfects of ok:ldaic acid (OKA). 1-norokadaone (NOK) and calyculin A (CLA) on insulin release (a and c) and the ATP;ADP ratio (b 
and d) in incubated mouse islets. After isolation the islets were preincubated for 60 min in a medium containing 3 mM glucose alonc or with 
0.5 11M OKA. 0.5 ,LiYl NOK or 10 nM CLA. They were then incubated in the presence of 3(G3) or !5(Gl5) mM glucose alone. or in a medium 
with 30 m\t K-. 250 pM diazoxide and 0 or 20 mM glucose. (GOK30Dz and G20K30Dz. rcspectively). lslet ATP and ADP contents were not 
mcasured in all experiments. For insulin release values are means ± s.e.mean for 20 or 30 batelles of islets (4-· 6 separate experiments). For the 
ATP/ADP ratio. values are means±s.e.mean for !5 batelles of islets (3 separate experiments). 

in freshly isolated. weil granulated islets (Detimary et al .. 
1995). The important observation is that neither OKA nor 
CLA affected the ATP/ ADP ratio although they inhibited 
insulin secretion from the same islets (Figure 2). 

Effects of okadaic acid and calyculin A on insu/in 
secretion induced b y various agents 

The next series of experiments was performed to evaluate 
whether the inhibition of insulin secretion by OKA and CLA 
could be prevented by agents acting at different sleps of 
stimulus-secretion coupling. Pharmacological closure of K-
A TP channels by tolbutamide (Sturgess et al., 1988) 
potentiated glucose-induced insulin release but did not prevent 
the inhibition by OKA or CLA (Table 1). Both drugs also 
inhibited insulin secretion induced by ketoisocaproate which is 
exclusively metabolized in mitochondria. Glucose- and high 
K + -induced insulin secretion was potentiated by activation of 
protein kinase A with dibutyryl cyclicAMP or protein kinase C 
with PMA (Table 1). However. this activation of the kinases 
failed to reverse the inhibition by the phosphatase inhibitors. 
NOK was also tested in some of these experiments and 
consistently found to be without etfect (data not shown). 

Taken together the above results indicate that OKA and 
CLA inhibit the secretory response to agents acting differently. 
This suggests that the inhibitors ofprotein phosphatases might 
affect a common key step of stimulus-secretion coupling. The 
possible intervention of a G,-mediated mechanism (Sharp, 
1996) was tested hy cul turing the islets for 45 h with 200 ng 
ml- 1 pertussis toxin. This rcduced the inhibition of glucose-
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Figure 3 EfTects of okadaic acid (OKA) and calyculin A (CLA) on 
the NAD(P)H tluorescence of glucose-stimulated mouse islets. After 
isolation the 1slets were cultured for l- 2 da ys bef ore being 
preincubated for 60 min in a medium containing 3 mM glucose and 
either 0.5 pyt OKA or JO nM CLA. They were then perifused wilh a 
medium containing 3 or 15 mM glucose as indicated. CLA was also 
present in the perifusion medium. The results are expressed as a 
percentage of the fluorescence recorded in each islet in the presence 
of 3 mM glucos~. The trace shows the response of control islets. The 
inset shows the mean responses between 15 and 20 min in the 3 
groups of islets. Values are mcans ± s.e.mean for 17- 19 islets from 4 
different cultures. 

induced insulin release by 0.1 J1M adrenaline from 87 ± 1 o_,;, to 
23±4'Yo. but did not influence the inhibitory etfect of 0.5 {tM 

OKA (S3±2 and 80±2%; n= JJ). The possible int1ucnce of 
OKA on [Ca 2 ~], was next evaluated. 
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Table 1 EIIects of okadaic acid and calyculin A on insulin release induced by various agents 

Insu/in release (ng.'islet 60 min 1) 
Une Test agents Contro/.1· Okudaic acid Culrcu/in A 

K 4.8 m:vt 
Gl5 m:vt 3.3±0.5 0.7±0.2 (21%) 1.5 ±0.2 (45'Yo) 

2 Gl5-' DbcAMP 0.5 m~t 9 5 ± 1.0 2.3±0.4 (24'~(,) 64±0.7 (67°io) 
3 G 15 + PMA 25 n~t 17.9± 1.2 37±05 (21%) 10.8 ± 1.0 (60~·o) 

4 G 15 ~ Tolbutamide 1 ()() l'~' 10-1± 1.1 1.3 ± 0.2 (13%) 5.3±0.8 (51 °io) 
5 G3 -t· Ketoisocaproate ]OmM 10.5 ± 1.0 1.5±0.2 (14%) 7.1 ±0.9 (68%) 

K 30 m~t .J_ diazoxidc 
6 G20 mM 150±1.5 1.8±0.2 (12%) 9.9±1.3 (66°·o) 
7 G20 + DbcAMP 0.5 m1-1 22.2±2.0 3.6±0.4 (16%) 16.4±2 2 (74°/(,) 
8 G20+PMA 25 11\1 26 7 ± ]g 5.2±0.7 ( 19°•o) 19.1±!.7 (72"/o) 

Freshly isolated islets were preincubated for 60 min in a control medium containing 3 m:\t glucose (G) alone or with 0.5 flM okadaic 
acid or 10 nM calyculin A. Thèy were then distributed in batches of three and incubated for 60 min in the presence of the indicated test 
agents. Values are means±s.c. for 15 batchcs of islets from at !east 3 separate experiments. Ali values in the presence of okadaic acid or 
calyculin A are significanlly smalkr than control values. 

Effècts of' okadaic acùl on {3 cel/ cytoplasmic Ca2
" and 

C a2 
" curren ts 

Stimulation of perifused islets by a rise in the glucose 
concentration from 3 to 15 mM evoked a biphasic release of 
insulin (Figure 4a). Both phases were strongly inhibited 
( ~ 85'Y.,) after preincubation of the islets with 0.5 pM OKA. 
The changes in {3 cel! [Ca2 

'], were measured in individual 
islets, but the responses were averaged to facilitate comparison 
with secretion changes. The rise in [Ca2 

"], induced by 15 mM 
glucose was slightly slower and ~25~io smaller (P<O.OI) in 
OKA-treated than control islets (Figure 4b). During steady 
state stimulation with glucose, oscillations of [Ca2 ~]i were 
observed in 83~1c, of control islets and only 59°/o of OKA
treated islets, and these oscillations were smaller than control 
ones (Figure 4c). In contrast NOK affected neither the 
proportion of islets showing [Ca2 +]i oscillations nor the 
average [Ca2 +]i rise (Figure 4c). 

Glucose-induced changes in [Ca2 ']i result from membrane 
depolarization secondary to clos ure of K--A TP channels. This 
indirect mechanism can be short-circuited by raising extra
cellular K ' in the presence of diazoxide. which holds K "-ATP 
channels open (Sturgess et al., 1988; Gembal el al., 1992). In 
the absence of glucose. this combination induced a marked rise 
in [Ca2 +]i that was partially inhibited ( ~25%) by OKA and 
CLA, and unaffected by NOK (Figure 5). Similar results were 
obtained when the experiments were carried out in the 
presence of 20 mM instead of 0 glucose or at 22"C instead of 
37T (data not shown). 

As these results suggested that OKA and CLA inhibit 
depolarization-induced Ca2 + influx in fi cells, voltage-depen
dent Ca2

- currents were directly measured (at 2TC) by the 
perforated patch technique, in the presence of 2.5 mM 
extracellular Ca2

·'. Depolarization from a holding potential of 
-80 rn V elicited in ward Ca2

' currents which became detecta ble 
at -40 mY, were maximal at 0 mY and then declined at more 
positive voltages (Figure 6). Pretreatment of the cells with 
0.5 pM OKA inhibited Ca2 • currents by ~ 30%, whereas NOK 
was without effect. For unknown reasons it proved impossible to 
form adequate seals with cells.pi:ctreated with CLA. 

lnhibitory eflècts of okadaic acid heyond the [Ct/' }1 

rise 

The above results show that OKA inhibits Ca1 ~ entry in {3 cells 
to a much lesser extent than insulin secretion. which raises the 

possibility that the action of Ca2
' is also impaired. This was 

tested in two ways. 
Islets perifused with a medium containing 15 mM glucose 

and 250 Jllvl diazoxide were stimulated by 30 mM K- in the 
presence of 0.8 mM CaCh (Figure 7). This resulted in a rapid 
increase followed by a stable elevation of [Ca2 'li· A subsequent 
rise in extracellular Ca1 + from 0.8 to 2.5 mM in the presence of 
high K ~ caused a further increase in [Ca2

·' ],. These changes 
were parallel in control and OKA-treated islets. but [Ca2 +li 
consistently remained lower in the latter. Insulin secretion 
occurring under these conditions is shown in Figure 7a. The 
secretion rate increased stepwise in control islets, but was 
barely accelerated by high K + when the islets had been treated 
with OKA. It is striking that insulin release was much lower in 
OKA-treated islets stimulated by 30 mM K · and 2.5 mM Ca2

' 

than in control islets stimulated by 30 mM K + and 0.8 mM 
Ca2

' although [Ca2 +], was slightly higher (218± 10 nM and 
197 ± 8 nM, respectively). 

ln the absence of extracellular Ca2 
•• mobilization of 

intracellular Ca2
- by !00 .uM acetylcholine evoked a large 

peak of [Ca2 +L followed by a small plateau. and triggered a 
peak of insulin secretion in control islets (Figure 8). Similar 
changes in [Ca2

' ], were observed in islets pretreated with 
OKA, but ali values were slightly lower than in contrais. 
However, the rise between basal and peak [Ca1 ']i was only 
15% smaller in test islets (l50 vs 177 nM). On the other hand, 
the maximum secretion rate was only 2.8 fold the basal rate in 
OKA-treated islets, as compared with almost 10 fold in control 
islets (Figure 8). 

Discussion 

Okadaic acid was found to inhibit insulin secretion from 
mouse islets in a concentration-dependent manner (ICso 
~ 200 nM). An inhibition of glttcose-induced insulin secre
tion by OKA has also been observed in rat islets 
(Tamagawa et al., 1992; M urphy & Jones, 1996). The 
apparently lower sensitivity (- 5 fold) of rat islets to OKA 
inhibition can probably be explained by the fact that the 
drug was present during incubation only. and not during 
preincubation as in our study. ln the glucose-sensitive INS 
cell line, an inhibition of glucose-induced insulin release was 
also observed after preincubation with 1 {!M OKA (Zhang & 
Kim. 1995). The results obtained with the glucose
unresponsive RINmSF cell line are Jess coherent. OKA was 
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found to cause a small and transient increase in basal 
[Ca2 

-], and insulin secretion (Haby et al.. 1994; Mayer et a! .. 
1994) or to inhibit K' induced [Ca 2 ~]i rise and insulin 
secretion (Ammon et al.. 1996). These discrepancies may 
reflect differences between subclones of tumour cells. 
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Figure 4 Etfects of okadaic acid (OKA) on (a) insu lin release and (b 
and c) [Ca2 •li in glucose stimulated mouse islets. After isolation. the 
islets were cultured for l day before being preincubated for 60 min in 
a medium containing 10 mM glucose in the absence of presence of 
0.5 {tM OKA. When [Ca2 

'], was to be measured, the islets were also 
loaded with fura PE3 for 120 min. 0.5 pM OKA or 0.5 pM NOK 
being added during the last 60 min of this preincubation period. The 
measurements of insu lin secretion (batches of 20 islets) and (Ca2 

_,_ ], 

(single islets) were performed in different perifusion systems. The 
glucose concentration of the medium was raised from 3 to 15 mM as 
indicated. (a) Shows mean values and s.e.mean (vertical lines) for 6 
separa te experiments. (b) The time course of the changes in [Ca2

" ]i 
measured in 30 control and OKA-treated islets. (c) On the left are 
shown representative oscillations in [Ca2 'L th at were record cd in 
individual control or test islets. The average [Ca2 'li between 5 -· 
7 min of stimulation with 15 mM glucose is shown on the right 
(means ±s.e. mean for 30 islets from 4 different cultures). 
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OKA is widely used as a selective inhibitor of PP! and 
PP2A (Bialojan & Takai, 19~8: Hardie et al., 1991 ). In cell-free 
systems, it is more patent on PP2A than PP1 activity (IC50 0.1 
and 10 nM, respectively). However. in intact cells concentra
tions approaching l ttM must be used because both 
phosphatases are present at high concentrations (Hardie et 
al., 1991). and selective inhibition of PP! and PP2A is not 
possible (Hardie et al.. 1991 ). PP! and PP2A are both present 
in mouse and rat islets (Âmmülü et al.. 1994: Murphy & Jones. 
1996) together with PP2B (Gagliardino et al., 1991; Murphy & 
Jones. 1996). which is much less sensitive to OKA (Bialojan & 
Takai, 1988). PP3. which is also inhibited by OKA. has not 
been detected in insulin-secreting cells (Sjoholm et al., 1993). In 
islet and RINm5F cel! ex tracts, PP l/2A activity was inhibited 
by OKA over the concentration range 0.1 nM- l 111\1 (Sjoholm 
et al., 1993; Ammon et al .. 1996; Murphy & Jones. 1996). By 
contrast. higher concentrations of OKA had to be uscJ to 
demonstrate increases in the phosphorylation of specifie 
proteins in intact islet cells: 10 pM OKA during incubation 
only (Persaud et al .. 1996) or 1 11M OKA during preincubation 
(Zhang & Kim. 1995). Our results obtained after preincubation 
with 0.5 /-lM OKA can thus reasonably be explained by a slow 
permeation of the drug and slow inhibition of protein 
phosphatase activity in intact cells. The lack of eflèct of 1-
norokadaone, a classical inactive control of OKA (Nishiwaki 
et al .. !990) and the qualitatively similar efTects produced by 
calyculin A, which is structurally unrelated to OKA but also 
inhibits PPI and PP2A (Ishihara et al., 1989), also support this 
proposai. Admittedly, direct measurements of protein phos-
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Figure 5 EfTects of okadaic acid (OKA). 1-norokadaone (NOK) and 
calyculin A (CLA) on K "-induced changes in [Ca2 -L in perifused 
mo use islets. After isolation the islets were CLtltured for 1-2 da ys 
bcfore being loaded with fura PE3 for 120 min. The medium 
contained 3 mM glucose and. for test islets, was supplemcnted with 
0.5 !lM OKA. 0.5 pM NOK or 10 nM CLA during the last 60 min. 
The islets were thcn perifusecl with a medium containing no glucose 
and 250 pM diazoxide. Between 5 and 25 min the K + concentration 
was raised from 4.8 to 30 mM. CLA was also present during the 
pcrifusion. Values are means and s.e.mc:an (vertical !ines) for 10 islets 
from two separate cultures. 
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Figure 6 Effecls of okadaic acid (OKA) and 1-norokadaone (NOK) 
on voltage-dependent Ca2

- currents in mo use jJ cells. After isolation 
the islets were dispersed into single cells which were then cultured for 
l-2 da ys. bef ore being preincubated for 60 min in a medium 
containing 10 mY! glucose and. for lest islets, 0.5 pM OKA or 0.5 pM 
NOK. Ca2

" currenls were then studied us described in the Methods. 
Values are means for Il- 16 cells from 4 separate cultures: vertical 
!ines show s.e.mean. * P < 0.05. 

phatase activity and protein phosphorylation in intact islets 
would be necessary to prove it. 

In the normal f3 cell. the response to glucose involves an 
acceleration of metabolism, an increase in the ATP/ADP ratio. 
closure of K ·c -ATP channels. depolarization of the plasma 
membrane, activation of voltage-dependent ca> channels, 
influx of ca> and a rise in [Ca2 +], (Ashcroft & Rorsman, 
1989; Henquin. 1994). Glucose metabolism, which is exqui
sitely sensitive to noxious agents, was not impaired in OKA- or 
CLA-treated islets, as shown by the normal increase in 
NAD(P)H fluorescence and rise in A TPj ADP ratio. A mere 
toxic action of the two drugs can th us be excluded. Defects in 
the closure of K +-A TP channels and depolarization of the 
membrane are also unlikely to be involved, because neither 
direct blockade of the channels with tolbutamide nor 
depolarization of the membrane with high K- in the presence 
of diazoxide reversed the inhibition of insulin secretion by 
OKA or CLA. 

The first defective step of stimulus-secretion coupling 
appears to be the influx of Ca2 ~. Thus, both glucose- and 
K ~ -induced rises in [Ca>], were attenuated in OKA and CLA
treated islets. As Ca2

.,.. currents were similarly inhibited after 
OKA (CLA could not be tested), we suggest that inhibition of 
PP! and PP2A eventually impairs Cah entry through voltage
dependent Ca2

' channels. This is surprising because phos
phorylation is generally thought to facilitate ca> channel 
activation (Hescheler et al., 1988; Groschner et al., 1996), 
including in (1 cells (Ashcroft & Rorsman, !989). ln agreement 
with this concept, brief (1--2 min) treatment of mouse /) cells 
with 0.1 pM OKA has been shawn to increase Ca2 ~ currents 
marginally (Âmmüla et al., 1994). However. the same group 
did not find any acute effects of 1 pM OKA on [Ca 2 "],in intact 
islets (Zaitsev et al., 1995). It is possible that the difference 
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Figure 7 Effccts of okadaic acid (OKA) on (a) insulin relcase and 
(b) [Ca2 ~], in K.,.. stimulated mouse islets. After isolation the islets 
were cultured for l day before being preincubated for 60 min in a 
medium containing lü mM glucose without or with 0.5 pM OKA. 
When [Ca2 +], was to be measured, the islets were also loaded with 
fura PE3 for 120 min. OKA being added during the last 60 min of 
this preincubation period. The measurements of insulin secretion 
(batches of 20 islets) and [Ca2 +]; (single islets) were performed in 
different perifusion systems. The perifusion medium contained 15 mM 
glucose and 250 pM diazoxide throughout, whereas the concentra
tions of Ca"- and K + were changed as indicated. Values are means 
for 5 ex_periments of release and for 12 islets from 3 separate cultures 
for [Ca-"],; vertical !ines show s.e.mean. 

between these and the present results is explained by the 
dura ti on of the treatment (short vs long) with OKA. Neither in 
our experiments (P. Mariot, unpublished results) nor in other 
studies (Hescheler et al., 1988; Âmmiila et al., 1994) was there 
any evidence that OKA might be a direct Ca2 ~ channel 
blocker. It should also be noted th at a slight inhibition of Ca2

.,.. 

currents by OKA treatment of intact cells has been observed 
previously in certain other cel! types (Lang et al., 1991; Ward et 
al., 1991: Groschner et al., 1995). 

The 20-25% inhibition of the [Ca2 
"], ri se caused by OKA 

certainly contributes to but cannot entirely explain the almost 
complete suppression of insulin release. Even when [Caè "], was 
higher in OKA-treated than control islets (during stimulation 
with high K +and different extracellular Ca2

+ concentrations), 
the secretory rate was much lower. Moreover, the peak of 
insulin release evoked by acetylcholine in the absence of 
extracellular Ca2 

+ was almost abolished by OKA, although 
intracellular Ca2

" mobilization was only marginally decreased. 
From these observations we conclude that the efficacy of Ca>" 
on secretion is decreased after treatment of the islets with 
OKA. 
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Figure 8 Effects of okadaic acid (OKA) on insulin release and 
[Ca 2 

']; in acetylcholine (ACh)-stimulated mouse islets. After 
isolation the islets were cultured for l day before being preincubated 
for 60 min in a medium containing 10, mM glucose in the absence or 
presence of 0.5 11M OKA. When [Ca-•]; was to be measured, the 
islets were also loaded with fura PE3 for 120 min, OKA being added 
during the last 60 min of this prcincubation period. The measure
ments of insulin secretion (batches of 25 islets) and [Ca2 + ]; (single 
islets) were performed in different perifusion systems. The perifusion 
medium contained 15 m'>l glucose and was devoie! of ca>. A Ch 
(100 ,u'>t) was added as indicated. Values are means for 6 experiments 
of release and for 12 islets from 3 separate cultures for [Ca2 +];; 
vertical !ines show s.e.mean. 

Two approaches have previously been used to study the 
effect of OKA on exocytosis of insulin granules. fn electrically 
permeabilized islets, acute application of OKA increased 
insulin release, but this effect was paradoxical in being 
observed only in the presence of a non-stimula ting concentra
tion of Ca2 ~ (50 nM) while being larger than that of 10 pM free 
Ca2

' (Ratcliff & Jones, 1993). lt is unclear whether the 
proteins whose phosphorylation might be affected by OKA in 
intact cells are still operative in the mode! of permeabilized 
cells. Exocytosis has also been estimated by measuring changes 
in membrane capacitance in voltage-clamped depolarized fJ 
cells. Application of OKA for a few minutes was now found to 
have no effect on basal exocytosis but to increase the response 
to Caè ~ influx (À.mmiilii et al., 1994). However, it should be 
kept in mind that capacitance measurements evaluate 
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exocytosis of large amounts of insulin granules over a few 
seconds at the mosL. whereas direct measurements, like those 
used here, study release of physiological amounts of insulin 
over many minutes. 

Activation of protein kinases A and C potentiates insulin 
release at ]east parti y by increasing the efficacy of cytoplasmic 
Caè- on the secretory machinery (À.mmiilü et al., 1994: 
Henquin, 1994; Howell et al., 1994). The inhibition of secretion 
brought about by OKA and CLA could theoretically result 
from a lesser production of adenosine 3': 5' -cyclic monopho
sphate (cyclicAMP) or diacylglycerol. This is unlikely becausc 
the potentiation of insulin secretion by exogenous cyclicAMP 
and by a phorbol ester was also impaired by the protcin 
phosphatase inhibitors. OKA exerts a broad spectrum 
inhibition of insulin secretion that is reminiscent of that of 
catecholamines, galanin and somatostatin, which act through a 
pertussis toxin-sensitive G1 protein (Sharp, 1996). However, 
pertussis toxin treatment of the islets antagonized the 
inhibition by adrenaline but did not prevent that by OKA. 

Glucose and other nutrients increase the effi.cacy ofCa2
"- on 

insulin secretion (Gembal et al., 1992: 1993; Sato et al_, 1992), 
but the underlying mechanism is still unknown. It does not 
depend on activation of protein kinases A or C but is 
correlated with the ATP:ADP ratio (Gembal et al., 1993). 
The present study suggests that changes in protein phospha
tase activity could con tri bute to this K ~-A TP channel
independent regulation of insulin secretion. Glucose has 
recently been fou nd to cause a transient increase in PP l-PP2A 
activity in rat islets (Murphy & Jones, 1996), an eft"ect that 
could explain the acute increase in acetyi-CoA carboxylase 
that the sugar produces (Zhang & Kim. 1995). Thus, by 
preventing dephosphorylation of the enzyme, OKA inhihited 
its activity in a /) cell line (Zhang & Kim. 1995). This may be 
expected to decrease the leve! of malonyl-CoA and, therefore, 
to prevent any rise in cytoplasmic long-chain acyl-CoA esters, 
which are potential positive modula tors of the effect of [Ca2 +-], 
on insulin secretion (Prentki et al., 1992). 

In conclusion, OKA inhibits insulin release by decreasing 
both the magnitude and the efficacy of the Ca2 signal in (J 
cells. We are not aware of other drugs producing similar 
effects. If one accepts that the effects of OKA are mediated by 
an inhibition of protein phosphatases, it appears that the 
concept of a positive regulation of insulin secretion by protein 
phosphorylation is an oversimplification. The present study 
indicates that some phosphorylated proteins might exert an 
inhibitory action in j) cells. Dephosphorylation of certain 
proteins may be as important as phosphorylation of others to 
promote optimal Ca2 ~ entry and action. Whether these 
pro teins are distal elfector pro teins (e.g. Ca2

' channels, 
proteins involved in exocytosis) or enzymes of an upstream 
cascade of phosphorylations/dephosphorylations remains to 
be established. Activation of protein kinases certainly plays a 
positive role but activation of certain phosphatases might also 
be important at certain steps of stimulus-secretion coupling. 

We thank M. Nenquin for e<.litorial assistance. Y. S. is a 
postdoctoral fellow from Shinshu University and is supported by 
the Yokoyama Foundation for Clinical Pharmacology. Nagoya. 
P.G. is Chercheur Qualitié of the Fonds National de la Recherche 
Scientifiqtte, Brussels. This work was supported by grants 3.4525.94 
and LN 9.4592.95 from the Fonds de la Recherche Scientifique 
Médicale, Brussels, hy grant ARC 95 100-18g from the General 
Direction of Scientific Research of the French CommLtnity of 
Belgium; and by the Fonds S. and J. Pirart from the Belgian 
Diabètes Association. 



Y. Sato et al 

References 

.-\Mt.!i\U\. C. ELI..\SSON. L., BOK VIST. K .. BERGGREK P.O. 
HONKANEN. R.L SJOHOLM. A. & RORSMAN, P (1994). 
Activation of protein kinases and inhibition of protein 
phosphatases play a central role in the regulation of exocytosis 
in the pancrcatic B-ee ils. Proc. Narl. Accu/. Sei. U.S.A., 91,4343-
4347. 

AMMON, H.P L IIEURICH. R 0. KOLB. H.A .. LA:-<G, F, SCHAlCH, 
R .. DREWS. G. & LEIERS. T. ( 1996). The phosphatasc inhibitor 
okadaic ac id blocks KC:I-depolarization-induced rise of cytosolic 
calcium of rat insulinoma ce Ils ( R!Nm5F). Nazmyn-Sclmziedc
berg 's Arch. Pharmacol., 354, 95-- 10 l. 

ASHCROFT. S.J.H. ( 1980). Glucoreceptor mechanisms and the 
control of insulin release and biosynthesis. Diahetologia. 18, 5 -
15. 

ASHCROFT. S.J.H. (1994) Protein phosphorylation and bcta-cell 
function. Diabew/ogia, 37, (SuppL 2). S11- S29. 

ASHCROFT, F.M. & RORSMAN. P. ( 1989). Electrophysiology of the 
pancreatic P-cell. Prog. Biophys. Mol. Biol .. 54, 87- 143. 

ASHIZAWA, N .. KOBAYASHL F. TANAKA. Y & NAKAYAMA. K. 
( 1989). Relaxing action of okadaic acid, a black spong:e tox in on 
the arterial smooth muscle. Biochem. Biophvs. Res. Commun., 
162, 971 -976. 

BIALOJAN. C. & TAKAL A ( 1988). lnhibitory effect of a marine
sponge toxin. okadaic acid. on protein phosphatases. Biochem. 
J.. 256, 283 -290. 

COHEN. P. ( 1989). The structure and regulation of prolein 
phosphatases. Annu. Rev. Biochem., 58, 453 508. 

DETIMARY, P, JONAS. J.C. & HENQUIN, J.C ( 1995). Possible links 
between glucose-induced changes in the energy state of 
pancreatic B-cells and insulin release: unmasking by decreasing 
a stable pool of adenine nucleotides in mouse islets. J. Clin. 
lnvest., 96, 1738-17453. 

GAGLIARDINO, J.J., KR!NKS, M.H. & GAGLIARDINO. E.E. (199!). 
Identification of the calmodulin-regulated protein phosphatase, 
calcineurin, in rat pancreatic islets. Biochim. Bio ph ys. Acta, 1091, 
370-373. 

GEMBAL, M., DETIMARY. P, GILON, P. GAO. Z Y & HENQUIN, J C. 
( 1993). Mechanisms by which glucose can control insu! in release 
independently from its action on A TP-sensitive K ' channels in 
mouse B-cells. J. Clin. !nrest., 91, 871--880. 

GEMBAL, M., GILON. P & HENQUIN. J.C. (1992). Evidence thal 
glucose can control insu lin release independently from its action 
on ATP-sensitive K ' channels in mouse B-cells. J. Clin. lnvest., 
89, 1288-- 129 5. 

GROSCHNER. K., SCHUHMANN. K., BAUMGARTNER, W. PAS
TUSHENKO. V. SCHINDLER, H. & ROMANIN, C (1995). Basal 
dephosphorylation controls slow ga ting of L-type Ca2

' channels 
in hu man vascular smooth muscle. FEBS Le tt., 373, 30-34. 

GROSCHNER. K .. SCHUHMANN, K, MIESKES, G., BAUMGART
NER. W. & ROMANIN. C ( 1996). A tvpe 2A phosphatase-sensitive 
phosphorylation site controls modal gating of L-type Ca2

' 

channels in human vascular smooth-musclè cells. Biochem. J.. 
318,513-517. 

GILON, P. & HENQUIN. J.C. ( 1992). lnlluence of membrane potential 
changes on cytoplasmic C:a 2 

• concentration in an electrically 
excitable cell, the insulin-secreting pancreatic B-ce!L J. Biol. 
Chem., 267,20713-20720. 

HABY. C .. LARSSON. 0, ISLA~1. M .S., AUNIS. 0 .. BERGGREN, P 0 & 
ZWILLER. J. (1994). Inhibition of serine,threonine protein 
phosphatases promotes opening of voltage-activated L-type 
C:a 2

" channels in insulin secreting cells. Biochem. J., 298, 341-
346. 

HARDIE. D.G., HAYSTEAD. TA.J. & SIM. A.T.R. (1991) Use of 
okadaic acid to inhibit protein phosphatases in intact cells. 
Methods En~vmol.. 201,469-476. 

HENQUIN. J.C (1978). D-glucose inhibits potassium etllux from 
pancreatic islet cells. Nature. 271, 271 -273. 

HENQUIN. J.C. (1994). The cel\ biology of insulin secretion. ln 
Joslin's Diabetes Melliws. ed. Khan, C:.R. & Weir. G.C:. !3th ed. 
pp. 56-80. Philadelphia: Lea and Febiger. 

HESCHELER. J, MIESKES. G .. RÜEGG. J.C. TAKAI, i\. & TRAUT
WEIN, W. ( 1988). Effects of a protcin phosphatase inhibitor, 
okadaic acid, on membrane currents of isolated guinea-pig 
cardiac myocytes. Pflùgcrs Arch., 412, 248- 252. 

HORN. R & MARTY. A. ( 19X~). Muscari nic activation of ionie 
currcnts measured by a new whole-cell recording method. I Gcn. 
Phvsiol., 92, 145- !59. 

Protein phosphatase inhibitors and insulin release 105 

HOWELL, S.L JONES, PM & PERSALD, S.J. ( !994). Regulation of 
insu lin secretion: the role of second messengers. Diaherologia, 37, 
(SuppL 2). S30- S35. 

ISHlHARA. H, MARTIN. B L BRAUTIGAN. D.L K.-\RAKI, H, 
OZAKI, 1-1. KATO. Y.. FUSETANI. N, WATABE, S .. HASHlMOTO, 
K, UEMCRA. D. & HARTSHOR)JE. D.J. ( 1989) C:alyculin A and 
okadaic acid: inhibitors of protein phosphatase activity. 
Biocl~t:m. Biophrs. Res. Commun .. 159, X71 -877. 

LANG. R.L OZOLINS. I.Z. & PAl!L. R.J. ( 1991 ). Effects of okadaic 
acid and ATP·;S on cell length and C:a2 '-channel currents 
recorded in single smooth muscle cel!> of the guinea-pig taenia 
cacci. Br. J. Pharnzacol .. 104, 331 -336. 

UANG, Y. & MATSCHINSKY. F.M. (1994). Mechanisms of action of 
nonglucosc insulin secretagogues. A mw. Re v. ;\iutr .. 14, 59-81. 

MAYER. P .. JOCHUM. C.. SCHATZ. H. & PFEIFFER. A (1994). 
Okadaic acid indicates a major function for protein phosphatases 
in stimulus-response coupling of RINmSF rat insulinoma cells. 
Exp. Clin. Ednocrinol., 102,313-319. 

MüRPHY, L.l. & JONES. P.M. ( 1996). Phospho-scrine thrennine 
phosphatases in rat islets of Langerhans: identificatH'Il ,tnd dl'cct 
on insulin secretion. 1\,fo/. Cel/. Endocrinol., ll7, 195 2112 

NISHIWAKI. S., FliJIKL H .. SUGANLiMA. M, FURUYA-SI ,,1 RI. 1\. 
MATSUSHIMA.R.LIDA.Y .. OJIKA,M.,YAMADA.K.II\It R\. 
D. YASUMOTO. T., SCHMITZ F. & SUGIMURA. 1 1\'lliU) 

Structure-activity relationship within a series of okadak ,,,·id 
derivatives. Carcinog~nesis. tl, 1837-- 1841. 

PERSAUD, S.L WHEELER-JONES. CP.D. & JONES. PM ( !9% 1 î he 
mitogen-activated protein kinase pathway in rat ''kt' ,,r 
Langerhans: studies on the regulation of insulin secrcll•HI. 
Biochem. J., 313, 119-124. 

PRENTKI, M., VISCHER. S., GLENNON, M.C, REGAZZI. R . 
DEENEY. J.T. & CORKEY. B.E. (1992). Malonyl-CoA and long 
chain acyl-CoA esters as metabolic coupling factors in nutrienz
induced insulin secretion . .1. Biol. Chem., 267,5802-5810. 

RATCLIFF. H. & JONES. PM (1993). Effects of okadaic acid on 
insu lin secretion from rat islets of Langerhans. Biuchim. Biophys. 
Aera, 1175,188-191. 

SATO. Y. AIZAWA, T, KOMATSU. M, OKADA, N. & Y . .\MADA. T. 
(1992). Dual functional role of membrane depolarization:Ca 2

' 

intlux in rat pancreatic B-celL Diabetes, 41.438-443. 
SHARP. G.W.G. ( 1996). Mechanisrns of inhibition of insulin release. 

Anz. J. Phvsiol., 271, Cl781 -C:l799. 
SHENOLIKAR. s. (1994). Protcin serine/threonine phosphatases. 

New Avenues for cel! regulation. Annu. Rev. Cel/. Biol.. 10, 55-
86. 

SJOHOLM. A .. HONKANEN. R.E & BERGGREN. P.O. (1993). 
Characterization of serine• threonine protein phosphatases in 
RINm5F insu lino ma ce lis. Bioscience Reports, 13, 349-358. 

STURGESS, N.C, KOZLOWSKI. R.Z .. CARRINGTON, CA. HALES. 
C.N. & ASHFORD. M.L.J. ( 19R8). Effects of suphonylureas and 
diazoxide on insulin secretion and nucleotide-sensitive channels 
in an insulin-secreting ce il li ne. Br. J. Pharnwco/.. 95, 83-94. 

TAMAGAWA, T., IGUCHL A .. UEMURA, K. MIURA. H, NONOGA
KI, K., ISHIGURO, T. & SAKAMOTO. N. (1992). Effects of the 
protein phosphatêbe inhihitors okadaic acid and calyculin A on 
insulin release from rat pancreatic islets. Endocrùwl. Jap .. 39, 
325-329. 

WARD. SM., VOGALIS. F .. BLONDFIELD, D.P .. OZAKI, H, f'L'SE
TANI. N .. UEMURA. D. PUBLICOYER. N.G. & SANDERS. K.M. 
( 1991 ). Inhibition of electrical slow waves and Ca'+ currents of 
gastric and colonie smooth muscle by phosphatas.:: inhibitors. 
Am. J. Phrsiol .. 261, C64- C70. 

YANAGIHARA. N .. TOYOHIRA, Y .. KODA. Y. WADA. A. & IZCMI. F 
( 1991 ). lnhibitory effect of okadaic acid on carbachol-evokcd 
secretion of catecholamines in cultured bovine ad renal medullary 
cells. Biochem. Biophys. Res. Commun .. 174, 77-83. 

ZAITSEV, S Y., EFENDIC S .. ARKHAMMAR, P., BERTORELLO. A.M. 
& BERGGREN, P.O (1995). Dissociation between changes in 
cytoplasmic free Ca2 

,. concentration and insulin secretion as 
evidenced from measurcments in mouse single pancrcatic islets. 
Proc. Nail. Acad. Sei. C.S .. L 92,9712 -9716. 

ZHANG. S. & KlM, K.H. ( \995). Glucose activation of acetyl-CoA 
carboxylase in association with insulin secretJ<ln in a pancrcatic 
(1-ccllline. J. Endocrinol, 147, 33- 41. 

! Receit·ed Juh 21. /')97 
Rcvisi!d Sepremhcr 22, J<J()ï 

Accepted Seprember 2Y. /<)<)7; 



60 

Article 3. 

Tolbutamide and Diazoxide influence insulin secretion by changing the concentration not the 

action of cytoplasmic Ca2+ in 13 cells. 

Mariot P, Gilon P, Nenquin M, Henquin J-C (1998) Diabetes. 47 : 365-373 

1. Position du problème 

Dans le cadre de l'étude du couplage stimulation-sécrétion dans les cellules 13 du pancréas, j'ai 

travaillé sur l'action des composés sulfonylurées sur l'exocytose. Il est connu maintenant que ces 

molécules, du type tolbutamide, agissent en bloquant les courants potassiques sensibles à 1 'ATP 

(courant KATP) en se fixant notamment sur des sites de haute affinité au niveau des sous-unités 

SURI du canal, et permettent ainsi une dépolarisation membranaire entraînant une entrée de 

calcium dans la cellule et une stimulation de la sécrétion d'insuline. Ces composés sont ainsi 

couramment utilisés dans la lutte contre le diabète non insulino-dépendant et permettent, en 

augmentant le taux d'insuline dans le sang, de contrecarrer une hyperglycémie. 

Des résultats avaient préalablement montré que le tolbutamide et ses analogues pouvaient 

stimuler directement la sécrétion d'insuline par une action en aval des canaux KATP, probablement 

par une action via la protéine kinase C (Eliasson et al 1996). Ces résultats étaient pourtant soumis à 

controverse puisque des résultats opposés avaient été obtenus par ailleurs (Garcia-Barrado et al, 

1996). 

II. Résultats et discussion 

Le travail que j'ai mené fut d'étudier cet effet distal potentiel des sulfonylurées à l'aide de la 

mesure de la capacité membranaire sur cellule unique. Mes résultats obtenus sur cellule isolée à 

l'aide de la mesure de la capacité membranaire, sur ilôts de Langerhans par des mesures de 

microfluorimétrie du calcium cytosolique et des mesures de sécrétion d'insuline, ont montré que les 

sulfonylurées n'étaient pas capables de stimuler la sécrétion d'insuline lorsque toute augmentation 

de calcium cytosolique était bloquée. Ces résultats montraient que les sulfonylurées régulent la 

sécrétion d'insuline par un effet sur les conductances potassiques seules, et non par un effet distal 

sur des cibles intracellulaires. 
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D'après Renstrôm et al (2002) 

61 

ADP 



62 

Aujourd'hui, il semblerait que des récepteurs intracellulaires de haute affinité aux sulfonylurées 

soient probablement démontrés, notamment au niveau des granules de sécrétion (Geng et al. 2003), 

et qu'une action stimulatrice des sulfonylurées, indépendamment du canal KATP membranaire, 

s'effectue via ces récepteurs ainsi que via des récepteurs mdr-like granulaires (Barg et al 1999, 

Renstrom et al 2002 pour revue) ou par une action via des récepteurs mitochondriaux (Smith et al 

1999). 

Les rmsons de ces différences de résultats résident probablement dans des différences 

expérimentales et notamment dans des concentrations en glucose extracellulaire variables entre les 

différentes études. Ainsi, dans nos études au laboratoire d'endocrinologie dirigé par le professeur J

e Henquin, les ilôts de Langherans ou les cellules p isolées étaient toujours préincubées dans une 

concentration stimulante de glucose alors que dans d'autres laboratoires (PO Berggren, P. 

Rorsman), les cellules étaient incubées dans des concentrations non stimulantes de glucose (5 mM). 

Une étude menée par ces laboratoires (Barg et al 1999) a permis de montrer qu'en passant d'une 

concentration stimulante de glucose à une concentration non stimulante, le mode d'action 

intracellulaire des sulfonylurées était révélé certainement à cause des concentrations d' ADP 

intracellulaires induites par ces traitements. Une concentration importante de glucose diminue les 

concentrations d' ADP cytosoliques des cellules ·p et il semblerait que le tolbutamide antagonise 

l'action inhibitrice de l' ADP sur l'exocytose calcium-dépendante (Renstrom et al 2002). Le 

récepteur aux sulfonylurées vésiculaire (g-SUR ou mdr-like de 65 kd) pourrait stimuler la sécrétion 

d'insuline selon le modèle présenté sur la figure suivante. L'activation d'un canal chlore ClC3 par 

g-SUR permettrait de stimuler une v-H+ -ATPase vésiculaire, entraînant une acidification granulaire. 

Cette v-ATPase jouerait le rôle d'enzyme clé dans le processus de priming lors de l'exocytose, 

l'acidification granulaire entraînant l'acquisition par les granules de la compétence fusionnelle. 

D'autre part, ce travail a permis de montrer que l'acétylcholine (Ach), sécrétagogue 

physiologique important des cellules p, était capable de stimuler la sécrétion d'insuline 

indépendamment de l'augmentation de calcium cytosolique qu'elle provoque par l'activation de la 

voie PLC/IP3 puisque l'exocytose (mesurée par mesure de capacitance membranaire) était induite 

par l' Ach lorsque la [Ca2+]i était maintenue à des concentrations élevées (1 J.!M) avec des 

concentrations de taiTipons calciques (10 mM EGTA) telles que toute variation de calcium était 

abolie. Ainsi, l' Ach est capable de stimuler la sécrétion d'insuline en augmentant la concentration 

calcique cytosolique mais également en augmentant l'affinité des cibles cytosoliques. 



Tolbutamide and Diazoxide Influence Insulin 
Secretion by Changing the Concentration but Not 
the Action of Cytoplasmic Ca2

+ in fl-Cells 
Pascal Mariot, Patrick Gilon, Myriam Nenquin, and Jean-Claude Henquin 

Sulfonylureas stimulate insulin secretion by blocking 
ATP-sensitive K• channels (K•-ATP channels) of the 13-
cell membrane, thereby causing depolarization, Ca2

• 

influx, and rise in cytoplasmic Ca2
• concentration 

([Ca2
•]), whereas diazoxide inhibits insulin secretion by 

opening K•-ATP channels. It has been suggested 
recently that the se drugs also respectively increase and 
decrease the efficacy of Ca2

• on exocytosis. This 
hypothesis was tested here with intact islets or single 
13-cells from normal mice. Depolarizing islet cells by 
raising extracellular K• from 4.8 to 15, 30, and 60 
mmolll progressively raised [Ca2•ji and stimulated 
insulin secretion. The magnitude of the [ Ca2 •h rise pro
duced by a subsequent addition of lOO pmolll tolbu
tamide decreased as the concentration of K• was 
increased. The effect on insulin secretion paralleled 
that on [Ca2•t. Similarly, the magnitudes of the [Ca2•]i 
drop and of the inhibition of insulin secretion produced 
by 250 pmol/1 diazoxide were iilversely related to the 
concentration of K•. Either drug was effective on secre
tion only when it increased or decreased [Ca2•t. Exo
cytosis of insulin granules from single, voltage-clamped 
13-cells was also studied by measuring cell capacitance 
changes. In the perforated patch configuration, exocy
tosis was evoked by depolarizing pulses. Addition of 
tolbutamide to the extracellular medium did not affect 
the Ca2

• current and the resulting change in cell capac
itance. In the whole-cell conÏiguration, cell capacitance 
increased with the concentration of free Ca2

• in the 
solution diffusing from the pipette into the cell. It was 
markedly potentiated by cAMP, was inhibited by acti
vation of a 2-adrenoceptors with clonidine, and was 
strongly augmented by acetylcholine. In contrast, 
tolbutamide was ineffective whether applied intra- or 
e Jt nee lular y, at low or high free Ca2

•, and with or 
without cAMP. Diazoxide also failed to interfere 
directly with exocytosis. These results indicate that 
tolbutamide and diazoxide affect insulin secretion by 
changing the concentration, not the action, ofCa2 •in 13-
cells. Di alE ës 47:365-373, 1998 
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G lucose stimulates insulin secretion by two mech
anisms that are respectively dependent and inde
pendent of ATP-sensitive K• channels (K+ -ATP 
channels). By closing these channels in the 

plasma membrane of l3-cells, glucose initiates the following 
sequence of events: membrane depolarization, opening of 
voltage-dependent Ca2

T channels, Ca2• i nfux, and rise in 
cytoplasrnic Ca2

• ([Ca2•]J, which constitutes the triggering sig
nal for exocytosis of insulin granules (1--4). The second 
mechanism does not involve further changes in [ Ca2•]i but an 
increase in the efficacy of Ca2• on exocytosis, through as-yet
unidentified pathways (5-7). 

Hypoglycemie sulfonylureas remain the only useful drugs 
to increase a deficient insulin secretion and, therefore, are a 
cornerstone of the pharmacological treatment of type 2 dia
betes (8). They largely rnirnic the effects of glucose in the gen
eration of the triggering signal (9-11). However, a major dif
ference between both secretagogues is that the closure of K•
ATP channels by sulfonylureas does not result from changes 
in 13-cell metabolism but from a direct interaction with the 
sulfonylurea receptor (12,13), which is a subunit of the K+ -A'IP 
channel (14,15). Activation of a Cl- channel and inhibition of 
the Na• pump might also contribute to the depolarization
mediated rise in [Ca2•t brought about by sulfonylureas (10). 
R ecently it has been suggested that sulfonylureas also 
increase insulin release by a second, very different, rnecha
nism which, like that of glucose, does not involve a rise in 
[Ca2•]i butanincrease in Ca2• efficacyon exocytosis (16,17). 

Diazoxide has long been used to inhibit inappropriate 
insulin secretion causing hypoglycernia (18). Its major mode 
of action is the opening of K+ -ATP channels in the 13-cell 
membrane, with repolarization, closure of voltage-depen
dent Ca2

• channels, and lowering of [Ca2•]i (19-21). How
ever, it has been proposed that diazoxide also decreases the 
efficacy of Ca2

• on exocytosis (16,22). 
These proposais that sulfonylureas and diazoxide can 

i nfuence insulin secretion without necessarily changing 
[Ca2•]i in !3-cells are based on two types of experiments. First, 
tolbutamide and glibenclamide were found to increase, 
whereas diazoxide was found to decrease, insulin release 
from permeabilized RINm5F or islet cells in which the mem
brane potential was dissipated and the composition of the 
intracellular milieu, including [Ca2•]i, was clamped (16). Sec
ond, tolbutamide was found to increase and diazoxide to 
decrease exocytosis ofinsulin granules estimated by changes 
in membrane capacitance ofvoltage-clamped 13-cells (17,22). 
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In contrast with these resruts, we previously failed to confinn 
that tolbutamide and glibenclamide are effective secreta
gogues in perrneabilized islet cells and to fmd evidence that 
they can increase insulin secretion from intact islets when 
they do not increase [Ca2+t (23). 

In this study, we have pursued the investigation of the ques
tion for severa! reasons. First, it is not known whether the 
newly proposed mechanism of inhibition of inslliin secretion 
by diazoxide also exists in intact cells. Second, it is crucial to 
lmow wh ether sulfonylureas have one or two modes of action 
and, therefore, whether they may be expected to partially or 
completely correct defects in glucose reglliation of inslliin 
release. Third, identification of a K+ -ATP channel-independent 
mode of action of sulfonylureas and diazoxide would con
siderably help in elucidatingthe second pathway of regulation 
by glucose. The experiments were perforrned with normal 
mouse islets in which the effects oftolbutamide and diazox
ide on [Ca2+L and inslliin secretion were compared. The 
effects of the drugs on exocytosis were also estimated by 
recording capacitance changes in single f3-cells, the electro
physiological technique that was previously used to identify 
their novel mode of action (17,22). 

RESEARCH DESIGN AND METHODS 
Preparation. Islets were isolated by collagenase digestion of the pancreas offed 
female NMRI mice (2&-30 g), followed by hand-picking. They were then cultured 
in RPMI 1640 medium (Gibco BRL, Paisley, Scotland, U.K) containing 10 mmolll 
glucose, 10% heat-inactivated fetal calf serum, 100 lU/ml penicillin, and 100 llg/rnl 
streptomycin. For patch-clamp experiments, the islets were dispersed into single 
cells with a Ca2

' -free buffer containing 100 llmolll EG TA and 100 11g/ml trypsin. 
The cells were then cultured in the same medium as ab ove. 13-Cells make up about 
800Ai ofislet cells in nonnal mice (24) and have a larger diameter (11-14lllU) th an 
do Œ-cells (8-ll lllU) (25). The cells used for the electrophysiological experi
ments were seleded for their large size. From their basal capacitance (- 6pF) and 
a specifie membrane capacitance of 10 fFilllU', one can recalculate that these cells 
had adiameter of about 13-l4l1Itl. 
Solutions. The medium used for islet isolation was a bicarbonate-buffered solu
tion that contained 120 nunolll NaCI, 4.8 mmolll KCI, 2.5 mmol/1 CaCI2, 1.2 mmol!l 
MgCl2, and 24 mmolll NaHC03• It was gassed with 0 2:C02 (94:6) to maintain pH 7.4 
and was supplemented with bovine serum alburnin (1 mg/ml). A similar medium 
was used for rneasurements of [Ca2•J. and insulin secretion. When the concentra
tion ofKCI was increasedto 15,30, or60 mmolll, thatofNaCI wasdecreasedaccord
ingly to maintain iso-osmolarity. Wh en the concentration of CaCI2 was decreased 
to 0.5 mmolll, that of MgCl, was increased from 1.2 to 3.2 mmol!l. Tolbutanùde 
(Sigma, St Louis, MO) and diawxide (Schering-PloughAvondale, Rathdrum, Ire
land) were added to the medium from stock solutions in NaOH. 

For electrophysiological experiments, different types of solutions were used 
depending on the mode ofrecording. For whole-cell recordings, the exiracellu
lar medium (pH 7.4) contained 145 mmol/l NaCl, 4.8 rnmolll KCl, 3.7 mmolll 
MgCl2, 0.1 mmol!l EGTA, 10 mmolll HEPES, and 20 mmolll glucose (5 mmolll in 
the experiments without cAMP shown in Fig. 4). Un der these conditions, orùy the 
Ca2

• buffer present in the pipette solution can activate secretion; and ifthere were 
even a slight in ward current, it could not be carried by Ca2

•. The pipette solution 
(pH 7.2) contained 135 mmolll K-gluconate; 10 rnmol/l EGTA; 4 mmolll MgCl,; 5 
mmoi/IHEPES; 3 mmoi!IATP; 0 or 0.1 mmolll GTP; 0, 0.1, or 1 mmolll cAMP; and 
6 or 9 mmolll CaCL2 (to give 0.2 and 1.25llmolll free Ca2

', respectively, as calcu
lated bythe software Cale, version 2.2). For perforated-patch recordings, the extra
cellular medium contained 125 mmol!l N aC!, 20 mmol!l TEA-Cl, 5 mmolll CaCI2, 

1.2 mmolll MgCl2 , 10 mmolll HEPES, 20 mmol/1 glucose, and 2 llitlOIII forskolin. 
The pipette solution contained 76 mmol!l Cs2S04, 35 mmol/l CsCl, 10 mmolll 
NaCl, 10 mmol!l KCI, 1 mmolll MgCl2, and 5 mmol!l HEPES. 
Measurements of [ Ca2 ')1• Islets were cultured on glass coverslips to which 
they readily attached. After 1-2 days, the coverslip was placed into a bicar
bonate medium contairùng 10 mrnolll glucose and supplernented with 2 llmol/1 
fura PE3/AM (Teflabs, Austin, TX) for 120 min of incubation at 37°C. Islets 
loaded with the Ca2 • dye were th en transferred into a ternperature-controlled 
perifusion ch amber (Intracell, Royston, Herts, U .K.) of which the coverslip 
formed the bottom. The preparation was then perifused at a flow rate of 1.3 
ml/min The solutions were kept at 38°C in a water bath, and a temperature con
troUer ensured a temperature of 37°C (±0.3°C) in the chamber as morùtored by 
a thermistor. 
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The measurements of [Ca2
'], were performed with the MagiCal system 

(Applied Imaging, Sunderland, U.K.) as described in detail (21). The tissue was 
excited at 340 nm and 380 nm. The fluorescence emitted at 510 nm was captured 
by a CCD video camera (Photonic Science, Tunbridge Wells, U.K). From the ratio 
of the fluorescence at 340 and 380 nm, the concentration of [Ca2'], was calculated 
by comparison with a calibration curve (21 ). 
Measurements ofinsulin secretion. After 1 day of culture, the islets were pre
incubated for 60 min at 37°C in a bicarbonate medium containing 10 rnmolll glu· 
cose. Batches of 20 islets were then placed in parallel perifusion chambers and 
perifused at a flow rate of 1.2 ml/min (26). Effluent fractions colleded at 2-min 
intervals were chilled until their insulin content was rneasured by a double-anti· 
body radioimmunoassay with rat insulin as the standard (Novo Research Institute, 
Bagsvaerd, Denmark). 
Measurements of Jl-cell membrane capacitance. Patch-clamp experiments 
were perfonned at 33°C, in the conventional whole-cell recording configuration or 
in perforated mode, using an EPC9 patch-clamp amplifier (HEKA Electronics, 
Lambrecht!Pfalz, Gennany). Cultured ce lis were first preincubatedfor 30 min in the 
presence of 10 llitlOIII forskolin and th en perifused at a rate of 1 ml/min The bath 
and pipette solutions were as described above. Patch pipettes were pulled from glass 
capillaries (Clark Eledromedical Instruments, Reading, U.K.) to give a resistance 
of2-3 Mfl after coating with Sylgard (Dow Coming, Wiesbaden, Gennany) and fire
polishing. For recordings in perforated patch-configuration, pipettes were dipped 
for afew seconds in the pipette solution free of amphotericin Band then back-filled 
with the same solution containing 250 ~ amphotericin B/ml. Perforation usually 
occurred progressively, in less tl1an 5 min. The access conductance was considered 
large enough to begin capacitance measurernents when exceeding 30 nS. 

To assay exocytosis, membrane capacitance was measured with a techrùque 
derived from the phase-sensitive rnethod (27). A 830-Hz sinewave with a peak-to
peak amplitude of 30 m V was applied to the cell under voltage-clamp conditions 
( -70 rn V), and the resulting membrane current was fùtered at 3 kHz with a 4-pole 
Bessel fùter. The membrane capacitance (Cn.) and conductance (Gm) and tl1e 
access conductance (G,.) were derived from analysis ofthe sinusoïdal membrane 
eurre nt at two orthogonal phase angles. This was done with the Loc kin extension 
of the Pulse 8.09 software (HEKA Electronics) using the "sine + de" protocol 
derived from the rnethod referred to as "computer-aided reconstruction of passive 
cell parameters" by Lindau and Neher(28,29). The reversa] pot.ential of the DC cur
rent was assurned to be O. Protocols of 8 cycles (9.6 ms in total) were applied to 
the cell every 100 ms. A single value of each membrane parameter (C,., G,., and 
G ,) was computed each cycle; an average value was calculated from the 8 values 
and eventually sent to the XChart Software (HEKA Electrorùcs). From an initial 
sampling frequency of 50 kHz for the sinusoïdal membrane current, tllis gave a final 
frequency acquisition of 10 Hz for capacitance measurements using XChart. 

In the perforated mode, exocytosis was triggered by applying voltage steps. 
Every 2 min, the XChart trace was temporarily interrupted to apply a voltage 
pulse from Pulse 8.09. This protocol was composed of a control period of 50 ms 
duringwhich Cm, Gm, and G, were measuredevery cycle, a voltage step to 0 mV 
for 500 ms, and a 1-s period during which Cm, Gm, and G, were measured every cycle 
again. This gave a high temporal resolution of Cm, 833Hz against 10kHz for the 
membrane current during ti1e whole protocol. Membrane capacitance increases 
after depolarization were calculated 1 s after the end of the voltage pulse to avoid 
contanünation by gating charge movements or tai! currents. Then measurements 
with XChart. at a low temporal resolution (10Hz) were automatically resumed Only 
traces analyzed from XC hart at a low temporal resolution are shown in this study. 

In standard whole-cell recording, exocytosis was stimulated by the high con
centration of free Ca2' (0.2 or 1.25 llitlOIII) in the medium diffusing from the 
pipette into the cell interior. Measurements of Cm were performed with the above 
protocol as long as the cell secreted and until Cm reached a plateau. 

The exocytotic responses were estimated as maximum changes in cell capac
itance (L\Cm) and, for whole-cell recordings, as rates of capacitance changes 
(dCjdt) calculated during the first min or between 20 and 80% of the Cm varia
tion induced by the stimulus. 
Statistical analysis. Results are usually presented as rneans ±SE. For [Ca2

'), 

measurements, recordings were obtained with live or six individual islets from 
each preparation The same experiment was repeated with three or four distinct 
islet preparations. For insulin release, each protocol was tested with islets from 
sixto tune different preparations. For electrophysiological recordings, experimenl~ 
were repeated on two to four different batches of cells. Results were compared 
with a paired or unpaired t test, according to the type of experimenl 

RESULTS 

E fects of tolbutamide on islet [Ca2+]i and insulin 
secretion. The experiments were carried out in the presence 
of variable concentrations of KCl to produce different 
degrees of f3-cell depolarization (30) before stimulation with 
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FIG. 1. Effects of tolbutamide on cytoplasmic Ca2
• and insulin secretion by perifused monse islets. The medium contained 15 mmolll glucose, 

the indicated concentration ofK+, and 2.5 mmolll CaCl2 (except in one experimental series of the lower panels). Tolbutamide (lOO IUDOlll) was 
added as indicated. Measurements started after an initial equilibration period of 10 ([Ca2•],) or 30 (insulin) min. Values are means :t SE for 
10-22 individual islets ([Ca2

•];) or 6-9 experiments with batches of 20 islets (insulin). 

tolbutamide. In a control medium containing 4.8 mmol/1 K•, 
15 mmol/1 glucose induced oscillations of [Ca2•L in the islets 
(21), which cannat be seen in Fig. 1 (upper left panel) 
because recordings from different islets have been averaged. 
Addition of 100 llllülll tolbutamide caused a rapid and sus
tained rise in [Ca2•]; that was completely reversible upon 
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removal of the sulfonylurea. Under these conditions, tolbu
tamide reversibly doubled glucose-induced insulin secretion 
(Fig. 1, upper right panel). 

When the medium contained 15 instead of 4.8 mmolll K+, 
[Ca2

•]; and insulin secretion were elevated, but tolbutamide 
remained effective on both [Ca2•]; and secretion (Fig. 1, mid-
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die panels). In contrast, tolbutanùde orùy produced a small 
and transient further rise in [Ca2•]; and no change in insulin 
secretion in the presence of 30 mmol/1 K+, and it was com
pletely ineffective in the presence of 60 mmol/1 K• (Fig. 1, 
lower panels). 

To determine whether this lack of effect is due to mem
brane depolarization or to high [Ca2

•];, the effects of tolbu
tanùde were also tested in a medium containing 60 mmol/1 K+ 
and 0.5 instead of 2.5 mmol/1 CaC~ (Fig. 1, lower panels). 
Underthese conditions, both [Ca2•L and the insulin secretion 
rate were between those recorded in the presence of 4.8 and 
15 mmol/1 K•, but tolbutanùde was again without effect. Sim
ilar experiments ( n = 7) were also performed in the presence 
of 0.5 mmol/1 dibutyryl cAMP. Control [Ca2

•]; was not 
affected, but control insulin secretion was increased by -800/o 
(293 ± 39 vs. 162 ± 16 pg. isleC1 

• min-1
). This, however, did 

not disclose any effect of tolbutamide (not shown). 
Effects oftolbutamide in the presence ofmeglitinide. 
Meglitinide, also known as compound HB 699, is the non
sulfonylurea moiety of glibenclamide. It increases insulin 
secretion by binding to the sulfonylurea receptor and block
ing K+ -ATP charmels as do tolbutanùde and glibenclamide 
(13,31,32). Repaglinide, a parent compound ofmeglitinide, has 
been reported not to possess the second effect of sulfonyl
ureas (33). This means that by virtue of its action on the Ca2

• 

efficacy, tolbutanùde should be able to increase insulin secre
tion in the presence of maximally effective concentrations of 
meglitinide or repaglinide. In the presence of 15 mmol/1 glu
cose and 4.8 mmol/1 K•, 100 llffiol/1 meglitinide raised [Ca2

•]; 
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to 306 ± 18 nmol/1 (n = 18) and the insulin secretion rate to 
294 ± 27 pg · isleC1

• min-1 (n = 7). Subsequent addition of 100 
pmol/1 tolbutanùde had no effect on [Ca2•]; and insulin secre
tion (not shown). 
Effects of tolbutamide on 13-cell capacitance changes 
studied in intact 13-cells. Whole-cell Ca2

+ current and cell 
capacitance were measured using the perforated-patch, 
whole-cell configuration. The mean basal cell capacitance 
averaged 6.89 ± 0.31 pF. Under control conditions, 500-ms 
depolarizations from -70 ta 0 rn V evoked Ca2

• currents of 
about 200 pA at the peak and capacitance increases that aver
aged about 80 fF (Fig. 2A). When the stimulation was 
repeated eve:ry 2 min up to 10 min after the addition of 100 
JlffiOl/1 tolbutanùde to the bath, the amplitude of the Ca2

• cur
rent remained fairly stable, and the evoked capacitance 
change was not significantly affected (Fig. 2B). In contrast, the 
increase in capacitance was tripled after 6 min of treatment 
with 25 nmol/1 phorbol 12-myristate 13-acetate to activate 
protein kinase C (not shown). 
Validation of the whole-cell configuration to study exo
cytosis by cell capacitance. The mean initial cell capaci
tance (Cm) recorded upon rupture of the !3-cell membrane 
averaged 6.52 ± 0.13 pF. A progressive increase in Cm followed 
diffusion into the cell of the pipette solution containing 1.25 
JlffiOl/1 free Ca2

• (Fig. 3A). Both the magnitude and the rate of 
the changes were markedly increased by cAMP (Fig. 3A). The 
nucleotide was therefore present in most of the following 
experiments. The change in capacitance was clearly smaller 
when the concentration offree Ca2• was orùy 0.2 JlffiOl/1, but 
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FIG. 3. Influence of cAMP, acetylcholine, and clonidine on the changes in cell capacitance evoked by dialysis of !l·cells with 0.2 or 1.25 pmolll 
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both its extent and rate were augmented by the presence of 
100 ).Unolll acetylcholine (ACh) in the extracellular solution 
(Fig. 3B). In contrast, the response evoked by 1.25 prnol!l free 
Ca2

+ was strongly inhibited by clonidine (Fig. 3C). These 
results th us show that exocytosis studied with this technique 
is Ca2

+ dependent, increased by cAMP, and sensitive to poten
tiation and inhibition by activation of muscarinic and Œ:J
adrenergic receptors, respectively. 
Effects of tolbutamide on cell capacitance in the pres
ence of 0.2 pmol/1 intracellular Ca2+. When j3-cells were 
dialysed with a pipette solution containing 0.2 prnol!l Ca2+ and 
1 mmolll cAMP, an increase in cell capacitance averaging 
about 1 pF was recorded (Fig. 4A). The presence of 100 
pmol/l tolbutamide in the pipette solution or in the bath solu
tion ( which was devoid of CaCl2) had no effect on the maxi
mum change in cell capacitance. The rate of change in cell 
capacitance ( dCJdt) was also unaffected by tolbutainide, 
wh ether it was calculated between 20 and 80% of the changes 
(Fig. 4A, bottom) or during the 1st min of change: 6.6 ± 1.2, 
7.5 ± 1.6, and 6.0 ± 1. 6 fF/s for con trois, Tolb;, or Thlb0, respec
tively. Unlike ACh, tolbutamide was also ineffective when 
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added to the bath after the increase in cell capacitance had 
developed in response to Ca2

+ and cAMP (Fig. 4B, bottom). 
Wh en the experiments were carried out in the presence of 0.2 
prnol!l Ca2

+ and the absence of cAMP, cell capacitance did not 
significantly change in the absence or presence of tolbu
tamide in the pipette (Fig. 4B). 
Effects of tolbutamide on cell capacitance in the pres
ence of 1.25 pmo1/l intracellular Ca2

+. In control cells, the 
maximum increase and the rate of change in cell capacitance 
evoked by 1.25 ).Unolll Ca2

+ augmented with the concentration 
of cAMP, but they were not significantly affected by the pres
ence of 100 ).Unolll tolbutamide in the pipette solution (Figs. 
5A and B). Addition of tolbutainide to the bath solution was 
also in effective un der these conditions (data not shown). 
Effects of diazoxide on [Ca2+]; in islet cells and insulin 
secretion. In the presence of 4.8 mmolll K+ and 15 mmolll glu
cose, 250 ).UnOlll diazoxide lowered [Ca2+L and the insulin 
secretion rate to basal levels (Fig. 6, upper panels). 
Decreases in [Ca2+]; and insulin secretion were also observed 
when diazoxide was added to a medium containing 15 or 30 
mmol/l K+. Diazoxide is known to repolarize the !3-cell mem-
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brane partially under these conditions (5). In contrast, neither 
[Ca2

•]; nor insulin secretion was affected by diazoxide in the 
presence of 60 mmolll K+, irrespective of the Ca2

+ concen
tration in the medium and, hence, of the degree of 13-cell 
stimulation (Fig. 6, lower panels). 
Effects of diazoxide on cell capacitance in the presence 
of 1.25 JllllOIII intracellular Ca2

•. The presence of 250 
JlffiOl!l diazoxide in the pipette solution was without effect on 
the maximum change (,1CnJ in cell capacitance evoked by 
1.25 JllllOl/l Ca2+ in the presence of 1 mmolll cAMP (Flg. 5C). 
The rate of change in cell capacitance ( dC.jdt) was also 
unaffected by diazoxide, whether it was calculated between 
20 and 800.-1! of the changes (Fig. 5C, bottom) or during the 1st 
min of change: 12.9 ± 2.7 and 11.9 ± 1.7 fF/s without and 
with diazoxide, respectively. 

DISCUSSION 

The reis no dispute that K+ -ATP channels are the primary site 
of action of tolbutamide and diazoxide in 13-cells. Their do
sure and opening eventually increase and decrease [Ca2+L, 
leading to stimulation and inhibition of insulin secretion, 
r espectively The question addressed in this study was 
whether these drugs also affect secretion by modulating the 
action of Ca2+ on the exocytotic pro cess. 

To test the hypothesis, it is essential that [Ca2+]; remains sta
ble because any change might account for an accompanying 
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change in secretion. This is not easy in intact islets, the use 
of which is, however, essential to ascertain the physiolog
ical relevance of observations made with indirect 
approaches. When islets are studied in a control medium 
(4.8 mmolll K+, 15 mmolll glucose), the blockade of K+
ATP channels by tolbutamide causes depolarization, rise in 
[ Ca 1 i> and stimulation of insulin release (9-12). The latter 
two events were measured in this study. Raising the con
centration of K+ in the medium to depolarize the 13-cell 
membrane (30) increased control [ Ca2+]; and insulin 
release, but it caused a parallel attenuation of the effects of 
tolbutarnide on bath [Ca2+]; and secretion. That the eventual 
abrogation of tolbutamide action on secretion results from 
an inability to raise [Ca2 +]; was demonstrated by the exper
iments performed in 60 mmolll K+ and 0.5 mmolll CaCl2. 

Tolbutarnide was inactive in these strongly depolarized 
islets, although [Ca2+]; was similar to that of islets that 
were only partially depolarized by 15 mmolll K+ (in the 
presence of 2.5 mmol/l CaCl2) and in which the drug still 
raised [Ca2 +];and secretion . 

Exocytosis can be studied at the single-celllevel by mon
itoring changes in cell capacitance (27-29). Because cell 
capacitance is proportional to cell surface area, and 
because the latter increases after fusion with secretory 
vesicles during exocytosis, secretion is detected by 
increases in cell capacitance. Conversely, endocytosis is fol
lowed by decreases in cell capacitance, and the measured 
changes are the net result of bath processes. The tech
nique has already been successfully applied to studies of 
insulin secretion from single 13-cells (34--38). 

With the perforated-patch technique, the cell remains 
intact and exocytosis is triggered by depolarizing pulses that 
activate Ca2 +i nfux through voltage-dependent Ca2 +chan
nels. These experiments were carried out in the presence 
of forskolin because the capacitance changes evoked by 
Ca2 

+ i nfux are small if cAMP levels are low in 13-cells (35,36; 
P.M., unpublished observations). Under these conditions, 
depolarizations for 500 ms to 0 mV evoked increases in cell 
capacitance similar to those reported by others (17,35,36). 
However, tolbutamide failed to increase the response, which 
contrasts with the doubling of the response that a similar con
centration of the sulfonylurea produced in another study 
using similar tissue and conditions (17). 

Cell capacitance changes can also be measured in the 
standard whol~ell configuration (37,38). After rupture of the 
plasma membrane at the tip of the recording pipette, the solu
tion contained in the pipette diffuses within the cell and, if 
appropriate, stimulates exocytosis. Our results show that cell 
capacitance increased with the concentration of free Ca2+ 
(38), was markedly potentiated by cAMP, was inhibited by 
activation of ~-adrenoceptors with clonidine (39), and was 
strongly augmented by acetylcholine. In spite of this evi
dence that our experimental madel functions adequately, 
being able to detect receptor-mediated changes in exocyto
sis, tolbutamide was again found to be without effect. In a 
recent study, as yet reported in abstract form only (22), 
intracellular application of 100 JlffiOl!l tolbutamide did not 
influence the strong stimulation of exocytosis evoked by 2 
JlffiOl!l Ca2

+ in the presence of cAMP. Our experiments with 
1.25 JlffiOlll Ca2+, two concentrations of cAMP, and intra- or 
extracellular tolbutamide confirm this lack of effect. How
ever, neither the maximum change in capacitance nor the rate 
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of change was significantly affected by tolbutamide when we 
tested the drug in the presence of 200 runol/l Ca2+, without 
or with cAMP. This contrasts with the report (22) that tolbu
tamide augmented the initial ( -60 s) rate of exocytosis in the 
presence of 170 runol/l Ca2+, with or without cAMP. Whether 
the drug had a net effect on exocytosis (total change in 
capacitance) was not reported in the abstract (22). 

Like those of tolbutamide, the effects of diazoxide on 
insulin secretion from intact islets have been studied during 
perifusions with solutions containing various K+ concentra
tions. The drug was found to inhibit secretion as long as it 
also decreased [Ca2+t in islet cells. lf diazoxide were able to 
interfere with the action of Ca2

+ on exocytosis, it should 
have inhibited insulin secretion in the presence of 60 mmol/l 
K+ even when it failed to lower the moderately (0.5 mmol/l 
extracellular CaC~ or markedly (2.5 mmol/l extracellular 
CaCl0 elevated [Ca +li· Our measurements of cell capacitance 
also failed to disclose any direct inhibition of the exocytotic 
process by diazoxide applied intracellularly. Thus, they dis
agree with a previous study reporting that diazoxide 
strongly reduces the rate of capacitance change induced by 
tolbutamide or Ca2

+ (22). It should also be borne in mind that 
many laboratories have reported that, provided glucose is 
present, high K+ stimulates a sustained release of insulin 
from intact islets in the presence of diazoxide (7,40-42). 
This would not be so if diazoxide had any strong inhibitory 
action on exocytosis. 

What can be the reason for the disparity between the pres
ent and previous results (1 7,22) based on capacitance meas
urements? With the reseiVation that few technical details are 
given in an abstract (22), comparison of both approaches 
shows the following important similarities and potentially 
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significant differences. The animal species, the recording 
temperature, and the concentrations of tolbutamide and 
forskolin were identical, and the concentration of diazoxide 
was only slightly different (250 vs. 400 Jlmol/l). Our solutions 
contained 20 or 5 mmol/l glucose as compared with 5 or 0 
mmol/l glucose (17), but this was not found to make any dif
ference in either study. Finally, two different algorithms 
were used for capacitance measurements. The technique of 
Eliasson et al. (17) is based on the classic phase-sensitive 
method ( 43), whereas ours is based on a modification of 
this method (28) that has recently proved to be very reliable 
with the "Pulse-lockin" EPC-9 software that we used (44). 
Discussion of the respective advantages and limitations of 
each technique is beyond the scope of this paper, in partic
ular because both approaches have usually been found to 
yield qualitatively similar results in other systems. We thus 
have no explanation for the disparity between our results and 
those of others, but we insist on the fact that our conclusions 
rely on data obtained with severa! methodologies. 

By using three approaches to study insulin secretion, 
direct measurements from intact islets perifused for several 
minutes or from incubated permeabilized islet cells (23) and 
indirect estimations of exocytosis by recording cell capaci
tance changes during a few seconds or minutes, we conclude 
that tolbutamide and diazoxide affect secretion by changing 
the concentration, not the action, of Ca2

+ in 13-cells. lf the lat
ter effect exists, as suggested by others (16,17,22), it must be 
short-lived and small enough to escape our detection, and it 
is unlikely to be therapeutically relevant. There is no evi
dence that sulfonylureas mimic the second mechanism by 
which glucose stimulates insulin secretion (5-7). This jus
tifies ongoing searches for new drugs acting on 13- cd ls 
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Chapitre 3 

Homéostasie calcique et cellules prostatiques. 

Travaux de recherche actuels: 1997-2003 
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ATER puis Maître de Conférences, laboratoire de Physiologie Cellulaire, Université des 

Sciences et Technologies de Lille, 1997-1999 

J'ai été recruté en 1997 comme ATER à l'USTL puis comme Maître de Conférences en 1999. Je 

me suis intégré dans le laboratoire de Physiologie Cellulaire, dirigé par le Professeur N.Prevarskaya. 

Le projet sur lequel j'ai été recruté concernait l'étude du rôle des mécanismes d'homéostasie 

calcique dans la physiopathologie de la prostate. 

Il est établi que la croissance et le développement de la prostate sont sous contrôle 

androgénique. Les thérapies actuelles se limitent à diminuer les taux d'androgènes circulants. 

Malgré leur efficacité temporaire sur les tumeurs, ces traitements se révèlent inopérants à long terme 

sur 1 'évolution des carcinomes prostatiques. En effet, à un stade avancé, le cancer de la prostate 

devient androgéno-indépendant et échappe aux traitements hormonaux. Il est ainsi évident que 

d'autres facteurs, tels que les facteurs de croissance et les neuropeptides interviennent dans la 

cancérogenèse de la prostate. Dans d'autres modèles cellulaires, les étapes précoces de la 

transduction de neuropeptides ou de facteurs de croissance sont caractérisées par l'activation de 

canaux ioniques. Des études récentes ont montré que ces canaux membranaires et le calcium 

intracellulaire sont des éléments importants des cascades d'événements conduisant à la 

prolifération, la différenciation, et l'apoptose. Cependant, il existait peu de données sur 

1 'expression, le fonctionnement, la régulation et le rôle des canaux ioniques dans la prostate 

humaine lors de la création du laboratoire de Physiologie cellulaire par le Professeur Prevarskaya en 

1996. 

Ainsi, le projet de recherche du laboratoire s'est orienté particulièrement vers l'étude, d'une 

part, des mécanismes contrôlant l'homéostasie calcique et le fonctionnement des canaux ioniques au 

cours du développement des tumeurs de la prostate et d'autre part, de leur régulation par les 

neuropeptides et les facteurs de croissance. 

Dans le cadre de l'étude de la régulation du métabolisme calcique dans les cellules de la prostate 

humaine, et de son rôle dans les phénomènes de prolifération et d'apoptose, j'ai participé à la 

caractérisation des mécanismes d'homéostasie calcique et de leur rôle dans la régulation de la 

croissance (articles 4, 5, 6), et de la différenciation neuroendocrine (articles 7, 8) des cellules 

prostatiques. 
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Calcium et croissance cellulaire 
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Article 4. 

Store depletion and store-operated calcium current in human prostate cancer cells LNCaP : 

involvement in apoptosis. 

Skryma R, Mariot P, Van Coppenolle F, Le Bourrus X, Boilly B, Schuba Y, Chernevskaya N, 

Prevarskaya N (2000) J. Physiol. 527 : 71-83. 

Article 5. 

Evidence of functional ryanodine receptors involved in apoptosis of prostate cancer (LN CaP) 

cells involved in apoptosis. 

Mariot P, Prevarskaya N, Roudbaraki MM, Le Bourhis X, Van Coppenolle F, Skryma R (2000) 

Prostate 43 : 205-214. 

1. Position du problème et résultats 

Afin de déterminer le rôle du calcium dans les processus apoptotiques des cellules cancéreuses 

androgéno-dépendantes, nous avons tout d'abord caractérisé certains mécanismes d'homéostasie 

calcique de ces cellules. Nous avons recherché tout d'abord l'existence d'un stock calcique 

intracellulaire, dans les cellules LN CaP, en utilisant la thapsigargine (TG) qui inhibe sélectivement 

les Ca2+-ATPases du réticulum endoplasmique (article 4). Nous avons ainsi observé que la 

thapsigargine induit une augmentation du [Ca2+]i grâce à une vidange des réserves de calcium 

contenu dans le réticulum et à un influx consécutif de Ca2+. En effet, cet influx est inhibé en absence 

de calcium dans le milieu extracellulaire ou en présence d'inhibiteurs de l'influx du Ca2+: Nickel 

(Ni2+) et Lanthane (La3+). Comme cette entrée d'ions Ca2+ est dépendante du contenu en calcium 

dans les réserves intracellulaires, elle est dénommée "entrée capacitative" dans d'autres systèmes. 

Nous avons étudié le rôle de cette entrée capacitative dans l'apoptose de la prostate. Nos résultats 

montrent que la TG stimule l'apoptose des cellules LNCaP. En revanche, le Ni2+ n'inhibe pas 

l'apoptose induite par un traitement à long terme avec la TG alors qu'il bloque l'augmentation de 

calcium dans le cytosol. Au contraire, le Ni2+, sans effet par lui-même sur l'apoptose, potentialise 

l'effet de la TG sur l'apoptose. Ceci montre que ce n'est pas l'augmentation de calcium libre dans le 

cytosol conséquente à l'entrée capacitative de calcium qui stimule l'apoptose. 

Dans l'article 5, nous avons étudié l'expression de récepteurs-canaux calciques du RE sensibles 

à la ryanodine (récepteurs RyR) et leur implication potentielle dans le processus d'apoptose. Nous 



67 

avons montré que 1 'activation de ces récepteurs entraînait une mobilisation de calcium des réserves 

intracellulaires contenues dans le réticulum endoplasmique et était de plus capable de provoquer 

une entrée capacitative de calcium dans les cellules LNCaP. Cette étude a permis de démontrer 

l'existence d'un canal calcique intracellulaire sensible à la ryanodine et fonctionnel dans les cellules 

non-excitables prostatiques cancéreuses. Nous avons montré par RT-PCR que des récepteurs de 

type RyRl (muscle squelettique) et RyR2 (cardiaque) étaient exprimés de manière fonctionnelle 

dans les cellules LNCaP. D'autre part, nous avons montré que l'activation de ce canal pouvait 

stimuler le processus de mort cellulaire programmée. 

II. Discussion 

La libération de calcium des réserves intracellulaires contenues dans le RE a été démontrée 

comme stimulant l'apoptose dans différents modèles cellulaires. 

Deux hypothèses différentes ont été avancées pour expliquer cet effet : 

1) 1' augmentation de calcium cytosolique (McConkey et al 1988, Martikainen et al 1991, Jiang 

et al1994, Furuya et al1994, Wang et al1999) 

2) la diminution de la concentration en calcium dans le RE (Lam et al 1993, He et al 1997, 

Bian et al1997, Soboloff et Berger 2002) 

Le rôle d'une entrée capacitative a été démontré dans les cellules non androgéno-dépendantes 

de la prostate (DU145) par l'équipe d'Isaacs (Furuya et al 1994). Ces derniers ont émis comme 

hypothèse que le paramètre important dans la stimulation de l' apoptose était la concentration en 

calcium dans le cytosol. Nos résultats montrent que le mode d'induction de l'apoptose est différent 

dans les cellules androgéno-dépendantes. Ainsi, la mort cellulaire programmée n'est pas 

directement dépendante de la concentration en calcium dans le cytosol mais très probablement de la 

concentration en calcium dans les différentes zones de réserves intracellulaires de la cellule et plus 

particulièrement le RE. Il est possible que l'état de remplissage des réserves intracellulaires de 

calcium soit également un facteur important dans la régulation de l'apoptose et qu'une vidange de 

ces réserves soit un facteur favorisant ou déclenchant la mort cellulaire programmée. Ceci est 

d'autre part corroboré par le fait que la déplétion des réserves calciques (stimulée par la TG) du RE 

est beaucoup moins importante dans les cellules transfectées avec la protéine anti-apoptotique bcl-2 

(He et al, 1997, Foyouzi-Youssefi et al 2000), ce qui suggère que la protéine bcl-2 joue son rôle 

protecteur en contrôlant le niveau de calcium dans le RE. D'autre part, nous nous avons montré 

dans ce travail que 1' entrée capacitative SOC, certainement en permettant le remplissage du RE, 
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permet de contrecarrer l'apoptose induite par la vidange du RE. Nous avons montré ultérieurement 

(Vanden Abeele et al 2003) que la nature du SOC impliqué est très probablement dépendante de 

l'expression de deux isoformes de TRP: TRPV6 et TRPCl. 

Plusieurs hypothèses peuvent expliquer le rôle de l'état de remplissage du RE dans l'induction 

de 1 'a po ptose : 

1) Le calcium dans la lumière du RE étant nécessaire à la synthèse et à la maturation 

protéique, la vidange des stocks calciques du RE pourrait provoquer un arrêt de la synthèse, de la 

maturation, et du transport intracellulaire de certaines protéines. 

2) La vidange des réserves calciques du RE pourrait déstabiliser le gel protéine-Ca2
+ 

associé à la membrane du RE et provoquer une formation de vésicules et la formation de figures 

apoptotiques caractéristiques ( « blebs » ), 

3) La vidange du RE provoquerait la libération d'une endonucléase vers le noyau qui 

serait responsable de la fragmentation de l'ADN, 

4) Les contacts quasi-synaptiques entre membrane du RE et membrane mitochondriale. 

qui permettent à la mitochondrie de capturer très rapidement le calcium libéré par le RE. 

suggèrent également que la vidange du RE conduit à une surcharge calcique mitochondriale, qui 

serait responsable de la mort cellulaire (Rizzuto et al 1998, Cs6rdas et al 1999). 

Ces mécanismes ne sont pas nécessairement contradictoires et peuvent être dépendants du type 

cellulaire impliqué. Ainsi, Soboloff et Berger (2002) montrent qu'une déplétion massive des 

réserves intracellulaires de calcium induit l'apoptose de mastocytes par des mécanismes différents 

en fonction du mode d'activation de la vidange. Dans ce modèle cellulaire, la TG induit l'apoptose 

via une surchage calcique mitochondriale et 1 'econazole via une inhibition de la synthèse protéique, 

les deux provoquant une vidange calcique du RE. 

Nous avons également montré que l'activation de récepteurs-canaux calciques intracellulaires, 

ici des RyR, provoque également la mort cellulaire, dans des proportions moins importantes que 

celle induite par la TG (4% vs 70% au bout de 84 heures de traitement). Les récepteurs RyR ont 

été également démontrés par d'autres auteurs comme des acteurs majeurs du signal apoptotique. 

Ainsi, des cellules CHO transfectées avec RyRl sont sensibles aux agents stimulants des RyR 

(caffeine, ryanodine) et voient leur mort cellulaire apoptotique induite par ces mêmes agents (Pan et 

al 2000). La stimulation des récepteurs ryanodine dans des cellules CHO surexprimant RyR2 

entraîne également la mort cellulaire (George et al 2003). L'activation de récepteurs IP3 a été 

également démontrée comme stimulatrice de l'apoptose. Ainsi, la déficience en récepteurs IP3-Rl 
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chez les thymocytes leur confère une résistance à 1' apoptose induite par différents stimulis 

(dexamethasone, rayons ionisants ... ) (Jayaraman et Marks 1997). De plus, les récepteurs IP3-R3 

voient leur expression (protéine et mRNA) augmentée lors de processus apoptotiques, à la fois lors 

du développement, ou lors de stimulis (activation de récepteurs glutamate de type kainate) dans de 

multiples modèles cellulaires (neurones, cellules intestinales, et cellules folliculaires) (Blackshaw 

et al 2000). Il a été également montré, grâce à l'utilisation de cellules déficientes en IP3R1 

exprimant une calcineurine A constitutive, que la calcineurine restaurait la sensibilité aux agents 

proapoptotiques. Ceci suggère que la calcineurine est en aval de la chaine de transduction dans 

laquelle sont impliqués les récepteurs IP3, et que celle-ci permet la translocation de facteurs de 

transcription NF-AT vers le noyau et la déphosphorylation de Bad (Jayaraman et al 2000), un 

facteur pro-apoptotique lorsqu'il est déphosphorylé et associé à Bcl-2 ou Bel-Xl et antiapoptotique 

lorsqu'il est phosphorylé (par la kinase Akt notamment) et libéré de Bcl-2/Bcl-Xl (Zha et al 1996). 

De plus, il a été montré que la stimulation des récepteurs purinergiques, couplés à la voie 

phospholipase C/IP3 induisait l'apoptose via l'activation de récepteurs RyR, ce qui suggère que les 

récepteurs IP3 et RyR seraient couplés au niveau fonctionnel et participeraient conjointement à 

l'induction de l'apoptose (George et al 2003). Les récepteurs IP3 ou RyR pourraient de plus jouer 

le rôle de détecteurs et être sensibles aux concentrations de calcium dans la lumière du RE et ainsi à 

une déplétion des réserves calciques (Hajn6csky et al 2000). 

Nos résultats, en accord avec ceux de Wertz et al (2000), montrent également que la 

dépendance de l'apoptose vis-à-vis du calcium est différente entre cellules cancéreuses androgéno

dépendantes et androgéno-indépendantes (Furuya et al 1994). La voie de la caspase 9 (une caspase 

initiatrice), qui peut activer les caspases 7 et 3 (effecteurs) et amplifier le processus de protéolyse, 

semble être impliquée dans l'action pro-apoptotique de la TG dans les cellules LNCaP (Wertz et 

Dixit, 2000). Cependant, il a été montré dans d'autres modèles cellulaires qu'une déplétion des 

réserves intracellulaires provoque un stress au niveau du RE qui entraîne l'activation de la voie de 

la caspase 12 (une caspase initiatrice) (Nakagawa et al 2000). La voie de la caspase 12 semble être 

ainsi au centre de la détection d'une vidange calcique du RE alors que la voie de la caspase 9 

semble être stimulée par la surcharge calcique mitochondriale. Cependant, comme la caspase 12 

peut être activée par les caspases 9 et 7, il est possible que les voie des caspases 9 et 12 soient 

toutes les deux impliquées dans l'action de la TG (voir figure 15). 

Dans les cellules androgéno-indépendantes, l'apoptose est activée par l'entrée de calcium via un 

SOC (Furuya et al 1994). Une des raisons possibles de cette différence réside dans l'expression de 

la protéine anti-apoptotique Bcl-2. Les cellules prostatiques androgéno-indépendantes cancéreuses 

(DU145) sont plus résistantes à l'apoptose que les cellules androgéno-dépendantes (LNCaP). 
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D'autre part, la surexexpression de BCl-2 induit un phénotype androgéno-indépendant (Raffo et al 

1995). Il a été montré de plus par notre laboratoire (Vanden Abeele et al2002) et d'autres (Pinton 

et al 2000, Foyouzi-Y oussefi et al 2000) que la surexpression de BCl-2 induit une diminution des 

réserves calciques intracellulaires, une diminution de la vidange des réserves en réponse à la TG et 

une dimunition du SOC. D'autre part, en augmentant l'entrée de calcium, il est possible d'induire 

l'apoptose dans les cellules LNCaP surexprimant Bcl-2 (Vanden Abeele et al 2002), au contraire 

des cellules LNCaP androgéno-dépendantes (Sk:ryma et al 2000). Ainsi, Bcl-2, se comportant 

possiblement comme un canal de fuite au niveau du RE, pourrait protéger les cellules contre un 

stress du RE, i.e. une vidange calcique. Cependant, s'il a été montré que Bcl-2 pouvait se 

comporter comme un canal ionique dans le RE (Minn et al 1997, Schendel et al 1997), il n'est pas 

démontré qu'il puisse conduire le calcium. 
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Store depletion and store-operated Ca2+ current in human 
prostate cancer LNCaP cells: involvement in apoptosis 

Roman Skryma, Pascal Mariot, Xuefen Le Bourhis *, Fabien Van Coppenolle, 
Yaroslav Shuba, Fabien Vanden Abeele, Guillaume Legrand, Sandrine Humez, 

Benoni Boilly * and Natalia Prevarskaya 

Laboratoire de Physiologie Cellulaire, INSERM EPI-9938 and *Laboratoire de Biologie du 
Développement, USTL, Villeneuve d'Ascq, France 

(Rcccivcd 31 .Januar·y 2000; accepted aftcr revision 18 May 2000) 

l. Tn the present study, wc investigated the mechanisms involved in the induction of apoptosis 
by the Ca2+-ATPase inhibitor thapsigargin (TG), in androgen-sensitive human prostate 
cancer LN CaP cells. 

2. Exposure of fura-2-loaded LNCaP cells to TG in the presence of extracellular calcium 
produced an increase in intracellular Ca2+, the first phase of which was associated with 
depletion of intracellular stores and the second one with consecutive extracellular Ca2+ entry 
through plasma membrane, store-operated Ca2+ channels (SOCs). 

3. For the first time we have identified and charaeterized the SOC-mediated membrane emTent 
(Jstorcl in prostate cells using whole-cell, cell-attached, and perforated patch-clamp techniques, 
combined with fura-2 microspectrofluorimetric and Ca2+ -imaging measurements. 

4. !store in LNCaP cells lacked voltage-dependent gating and displayed an inwardly rectifying 
current-voltage relationship. The unitary conductance of SOCs with 80 mM Ca2+ as a charge 
carrier was estimated at 3·2 ± 0·4 pS. The channel has a high selectivity for Ca2+ over 
monovalent cations and is inhibited by Ni2+ (0·5-:1 mM) and La3+ (1 pM). 

5. Treatment of LN CaP cells with TG (0·1 pM) induced apoptosis as judged from morphological 
changes. Decreasing extracellular free Ca2+ to 200 nM or adding 0·5 mM Ni 2+ enhanced TG
induced apoptosis. 

6. The ability of TG to in duce apoptosis was not reduced by loading the cells with intraeellular 
Ca2+ chelator (BAPTA-AM). 

7. These results indicate that in androgen-sensitive prostate cancer cells the depletion of intra
cellular Ca2+ stores may trigger apoptosis but that there is no requirement for the activation 
of store-aetivated Ca2+ eurrent and sustained Ca2+ entry in induction and development of 
programmed cel] death. 
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Prostate cancer is the second highest cause of cancer death 
in men (Woolf et al. 1995; Parker et al. 1997). Androgen 
withdrawal therapy is commonly used to delay the 
progression of the disease (Montironi et al. L994). However, 
prostate cancer under hormonal ablation therapy will in 
most cases exhibit anclrogen-independent characteristics and 
the tumours will continue to progress. The androgen
insensitive prostate cancer cells are characterized by a very 
low proliferation rate that renders the typical chemotherapy 
agents ineftèctive. For this reason, targeting programmed 
cell death, or apoptosis, may be particularly relevant for 
prostate cancer therapy. 

Tt has now been established that Ca2+ ions are major players 
in an intracellular signalling system that translates 
extracellular stimuli into the regulation and control of 

cellular events leading to programmed cell death (for a 
review see McConkey & Orrenius, 1997; see also Dowcl, 
1995; Berridge et al. l998). Increases in intracellular Ca2+ 
concentration ([Ca2+]1} have been shown to trigger apoptosis 
(Martikainen et al. 1991; Juin et al. 1998) and numerous 
apoptosis inducers increase [Ca2+]1 (McConkey et al. 1989; 
Spielberg et al.199l). However, the precise mechanism(s) by 
which Ca2+ ions trigger apoptosis remain poorly understood. 
Ca2+ stores are intracellular compartments characterized by 
their high intraluminal Ca2+ content and their participation 
in the regulation of [Ca2+]1 through rapid Ca2+ accumulation 
and release (Gill et al. 1996; Berridge, 1997). The depletion 
of Ca2+ stores induces a 'Ca2+ -refilling mechanism', a plasma 
membrane Ca2+ entry initially called capacitative Ca2+ influx 
by Putney (1986, 1990) or store-operated C~+ current (lstorcl· 
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This mechanism has been demonstrated in a variety of non
excitable cells (for review see Parekh & Penner, 1997). Store· 
operated Ca2+ channels (SOCs) have been shown to be 
involved in controlling many important physiological and 
physiopathological functions: secretion, gene transcription, 
cell cycle, proliferation and also apoptosis (Parekh & Penner, 
1995; Fanger et al. 1995; Berridge, 1995a; McConkey & 
Orrenius, 1997; Santella, 1998). While the implication of 
Ca2+ ions in the induction of apoptosis is now generally 
accepted, the data concerning the role of store-operated 
CUITent in this process are rather contradictory and 
confusing. Two hypotheses have been proposee!. The first 
assumes that apoptosis may be triggered by endoplasmic 
reticulum (ER) calcium pool depletion without any 
requirement for the cytosolic Ca2+ elevation due to store
operated Ca2+ entry (He et al. 1 9fl7; Bian et al. 1997). 
Moreover, according to this hypothesis the capacitative Ca2+ 
CUITent may be important for optimal ER pool filling and 
apoptosis inhibition. The second hypothesis, on the contrary, 
assumes that a sustained elevation in cytosolic Ca2+ to a 
critical leve] is the initiator of apoptosis (Dowd et al. 1992; 
Furuya et al. 1994; Wang et al.1999). 

This last hypothesis is basee! on experiments where 
apoptosis was induced by the sarco-endoplasmic reticulum 
Ca2+·ATPase (SERCA pump) inhibitor thapsigargin (TG) in 
androgen-insensitive human prostate cancer cells from the 
TSU-Prl, DU-145 and PC-3 cel] lines (Furuya et al. 1994; 
Wang et al. 1999). However, nothing is known about 
apoptosis-inducing Ca2+ signalling in androgen-sensitive 
prostate cancer cells, where the androgen receptor plays a 
critical role in regulating growth and differentiation. The 
study of Ca2+-regulating mechanisms involved in apoptosis 
in androgen-dependent human prostate cancer cells could be 
of great importance as it was shown by Gong et al. (1995) 
that, in such cells, intracellular calcium is a potent regula.tor 
of androgen receptor gene expression. It has been found in 
this work that the calcium ionophore A23187 and 
thapsigargin down-regulate steady-state androgen receptor 
mRNA levels. On the other hanc!, androgen depletion is 
known to induce apoptosis in androgen-sensitive cancer cells 
and this mechanism involves Ca2+ signais (Isaacs et al. 1992). 
The transition of prostate cancer cells from androgen 
sensitivity to androgen insensitivity may also involve 
modifications in Ca2+ homeostasis and, probably, in the 
functioning of store-operated channels. Membrane current 
initiated by these channels, assumee! to play an essentiaJ 
role in cancer cel] apoptosis, has never been characterized 
using patch-clamp techniques in both androgen-sensitive 
and -insensitive prostate cells. In view of the fact that 
abnormalities in this current may give rise to human 
disorders, it is important to unclerstand how this current is 
regulated and how it affects prostate cell behaviour. 

In this work we identify the mechanism by which 
thapsigargin induces apoptosis in androgen-sensitive human 
prostate cancer LNCaP cells. VIe characterize for the first 
time the store-operated Ca2+ current in prostate cancer cells, 

using patch-clamp and fluorimetric (fura-2) single-cell 
techniques. We also show that the depletion of intracellular 
Ca2

+ stores in androgen-sensitive prostate cancer cells may 
trigger apoptosis without the activation of a store-activated 
Ca2+ current or sustained Ca2+ entry. Our results pmvide 
new information on the link between Ca2+ pools and 
apoptosis of cancer cells, suggesting evidence for a 
potentially important signalling pathway involved in the 
transition from hormone-sensitive to hormone-insensitive 
prostate cancer. 

METHODS 
Celllines 

LNCaP cells from the American Type Culture Collection were 
grown in RPj\JJ J MO (Biowhittaker, Fontenay sous Bois, France) 
supplemented with 5 mM L-glutamine (Sigma, L'Isle d'A beau, 
France) and 10% fetal bovine serum (Seromed, Poly-Labo, 
Strasbourg, France). The culture medium also contained 
50 000 TU l-' penicillin and 50 mg l-1 streptomycin. Cells were 
routinely grown in 50 ml flasks (Nunc) and lœpt at 37 oc in a 
humidified incubator in an air-C02 (95 %-5 %) atmosphere. For 
electrophysiological experiments, the cells were subcultured in Petri 
dishes (Nunc) coated with polyornithine (5 mg l-1

, Sigma) and used 
after 4-6 days. 

Recording solutions 

Bath Ringer solution contained (mM): 140 NaCJ, 5 KCJ, 2 CaCl 2 , 

2 MgCl2 , 0·3 Na2HP04 , 0·4 KH2P04 , 4 NaHC03 , 5 glucose and 
10 Hepes (pH 7·3 ± 0·01 with NaOH). In perforated-patch 
experiments, the recording pipette was filled with an artificial 
intracellular saline containing (mM): 55 CsCl, 70 Cs2S04 , 7 l\1gCJ 2 , 

1 CaCI2 , 5 D-glucose and 10 Hepes (pH 7·2 with CsOH) with 
nystatin (200 Jl.g ml-1

). In wbole-cell experîments, the recordîng 
pipette was filled with an artîficial intracellular saline containing 
(m:M): 140 CsCl, 2 MgCl2, l CaCl2, 10 EGTA and 5 Hepes 
(pH 7·3 ± 0·01 with CsOH); osmolarity 290 mosmol l-1

• In cell
attached experiments, the pipette solution contained 80 mM CaCI 2 

as a charge carrier plus (mM): TEA-CI 30, glucose 5, Hepes 10 and 
4,4'-diisothiocyanostilbene-2,2'-disulphouic acid (DIDS) O·J (pH 7·3 
with TEA-OH). The presence in the pipette of the K+ channel 
blocker TEA and the Cl- channel blocker DIDS ensured maximal 
suppression of potentially contamînating K+ and Cl- single-channel 
activities. All experiments were performed at room temperature 
(20-22 °C). 

Electrophysiological recording 

The electrodes were pulled on a PIP 5 {HEKA, Germany) puller in 
two stages from borosilicate glass capillaries (1·5 mm in diameter; 
BBL, WPT, USA) to a tip diameter of 1·5-2·0 Jl.m. The cultures 
were viewed under phase contrast with an Axiovert 135 (Zeiss, 
Gennany) inverted microscope. Electrodes were positioned with 
List-Medical (Germany) micromanipulators. Grounding was 
achieved through a silver cbloride-coated silver wire inserted into 
an agar bridge. 

Perforated·patch recordings were performed with 200 Jl.g ml-' 
nystatin in the pipette, which was first back-filled with nm·mal 
Ringer solution to allow reliable seal formation. Series resistance 
bad a steady value of 20-1 00 MD. Perforated-patch and whole-cell 
recordings were carried out using an Axopatch-200B amplifier 
{Axon Instruments). Stimulus control, as well as data acquisition 
and processing were carried out with a PC computer (IBJ\1), fitted 
with a Digidata 1200 series interface, using pCLAMP 6 software 
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(Axon Instruments, interface and software). The activity of single, 
store-dependent, plasma membrane Ca2+ channels was recorded in 
the cell-attached conJiguration using a REKA PC-9 amplifier. The 
currents in response to voltage-clamp pulses were low-pass filtered 
at 1·5 kHz and digitized at 10kHz. Under such filtering conditions 
the root mean square noise, cr, was 0·09 pA. The single-channel 
data were analysed using Pulse Fit and Origin 5 softwa1·e. The 
techniques have previously been described in detail (Skryma et al. 
1994; Prevarskaya et a/.1995). 

Data and statistical analysis 

Results were exp1·essed as means ± standard deviation where 
appropriate. Each experiment was repeated severa] times. Student's 
t test was used for statistical comparison among means and 
diilèrences, with P< 0·05 considered significant. 

Fluorescence measurements of [Ca2+l with fura-2 

For fura-2 measurements, cells were excited alternately at 340 and 
380 mn. Emitted fluorescence was long-pass filtered at 510 mn, 
captured and analysed by a photomultiplier-based system (Photon 
Technologies International Ltd, Princeton, NJ, USA). [Ca2

' Ji was 
calculated fi·01n the ratio of the emitted fluorescence, excited by 340 
and 380 nm light, using the Grynkiewicz, Poenie & Tsien equation 
(Grynkiewicz el al. 1985). For microfluorimetric measurements, 
cells were grown on glass coverslips for at ]east 3 days before the 
experiment, loaded for 30 min with the acetoxymethyl ester 
derivative of the dye (5/lM fura-2 AM), and subsequently washed 
three times with a dye-free solution. 

Determination of apoptosis 

Cells were seeded in 8-chamber culture slides (Lab-Tek) in RPMT 
medium containing 10% fetal calf serum. After 24 h, cells were 
tl"eated with Ni2

' or thapsigargin for varying periods of ti me. For 
morphological analysis, at the end of the treatment, cells were fixed 
with ice-colcl methanol for 10 min and washed twice with 
phosphate-bulfered saline (PBS). Cells were then stained with 
5/lg ml-1 Hoescht 33258 for 10 min at room temperature and 
mounted in glycergel (DAKO). Nuclear morphology was displayed 
on an Olympus RH-2 fluorescence microscope (405-435 nm). The 
percentage of apoptotic cells was determined by counting at ]east 
500 cells in random fields. Apoptosis was also detected by the 
TUNEL technique (terminal deoxynucleotide transferase-mediated 
dUTP-biotin nick-end labelling) using an apoptosis detection kit 
(Boehringer Mannheim). Following the TUNEL reaction, which 
detects strand breaks, cells were counterstained with 0·1 % Methyl 
Green for 10 min. The fi·ee calcium concentration was assayed in 
solutions used fiw apoptosis experiments using the fura-2 
flu01·escence equipment described ahove. The fluorescence of culture 
medium containing no added calcium was measurecl, as was that of 
chelated serum with EGTA at various concentrations (0·1 and 1 mM) 
with 5/lM fura-2 pentapotassium salt. Free calcium concentration 
was found to be 200 and 20 nM in the presence of 0·1 and 1 mM 
EGTA, respectively. Using seJ-ial dilutions, we assumed that the 
free calcium contamination in the culture medium containing no 
added calcium and chelated serum was around 5-10 /lM. The fi·ee 
calcium concentration of the Ringer solution usecl for calcium 
measurements was l!lM with no added CaC1 2 and no EGTA. 

Tt should be noted that the incubation with the high doses (more 
than 1 mM) of Ni2+ was toxic for LNCaP cells (the percentage of 
cells incorporating Trypan Blue was enhanced by 20 ± 5% after 
incubation with 1 mM Ni2+ for 24 h). As 0·5 m111 Ni2+ inhibited 
!store but was not toxic in long-term experiments this concentration 
was selected as a standa1·d dose for ali studies of apoptosis. 

Chemicals 

All chemicals were bought from Sigma except for fura-2 AM, fura-2 
penta potassium salt, SK&F 96365 and tbapsigargin, which were 
purchased from Calbiochem. 

RESULTS 
SERCA pump inhibitors induce a biphasic Ca2+ rise in 
LNCaPcells 
The [Ca2+]1 resting leve] of LNCaP cells in a solution 
containing 2 mM CaCI2 was about 81 ± ï nM (n= 10:3) and 
remained stable du ring the recording for up to 60 min. 

A common means of clischarging the Ca2+ stores is to inhibit 
SERCA pump activity (Premack el al. 1994; Parekh & 
Penner, 1996). Potent, selective Ca2

+ pump inhibitors such 
as thapsigargin (Thastrup el al. 1990) or cyclopiazonic acicl 
(CPA; Mason el al. 1991) de pl ete intracellular Ca2+ pools and 
concomitantly promote a sustained capacitative Ca2

+ entry 
(Huang & Putney, 1998). This makes cl+ pump inhibitors 
useful tools for studying controllecl intracellular calcium 
changes and their consequences in cell physiology. 

Exposure of fura-2-loadecl LNCaP cells to 0·1 JlM 
thapsigargin in the presence of 2 mM extracellular calcium 
procluced a large initial increase in intracellular Ca2+ as a 
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Figure 1. Stimulation of Ca2+ influx by thapsigargin in 
LNCaPcells 

A, thapsigargin (0·1#111) induces an increase in CaH in 
LN CaP cells and stimulates Ca2+ release with consecutive 
CaH entry. B, the action of thapsigargin (0·1 !lM) in 
Ca2+ -containing medium in the presence of Ni2

+ (3 mM). 
C, dependence of thapsigargin-induced Ca2+ influx on 
extracellular Ca2+ Removing Ca2+ from the external medium 
(measured fi·ee Ca2

+ in these conditions was l!lM) hlocks 
thapsigargin-stimulated Ca2

+ entry. Thapsigargin (0·1/lM) 
was added at the ti me inclicated hy arrows. Testing solutions 
were applied from a puffing pipette during the periods 
indicated by bars. 
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result of the depletion of intracellular stores (Fig. 1 A). This 
was followed by a sustained plateau, corresponding to a 
Ca2+ influx. This depletion-activatecl c.f+ entry was 
confirmed by the fact that 3 mM Nr (Fig.1B) and 1 fiM 

La3+ (data not shown) blocked the sustained Ca2+ rise. 
Decreasing extracellular free Ca2+ concentration to 1 /i]xf by 
removing CaC1 2 from the bath also suppressed Ca2

+ entry 
wh ile reintroducing extracellular Ca2+ restored Ca2+ (Fig. 1 C). 

To ensure that the effects of thapsigargin resulted from its 
action on intracellular Ca2+ -ATPase, we also examined the 
eftècts of CPA, a structurally unrelated agent that similarly 
inhibits the SERCA pump. CPA (10 p,M) produced similar 
eifects on [Ca2+]1 to those of thapsigargin, also inducing an 
initial ci+ mobilization followed by Ca2+ entry (not shown, 
n= 11). 

Depletion of intracellular Ca2+ stores activa tes a Ca2+ 

current through store-operated channels 

We used the perforated-patch recorcling technique combined 
with [Ca2+]1 measurement to compare the kinetics of the 
[Ca2+]1 increase inclucecl by TG, and the development of the 
]store Ca2

+ current. As illustrated in Fig. 2, within 15 ± 6 s, 
TG stimulated an initial [Ca2+]1 increase due to the 
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mobilization of Ca2+ from intracellular stores. An inward 
current appeared within 25 ± 5 s after TG application 
(n = 11). Decreasing extracellular free Ca2+ concentration to 
1 j(M by removing CaCl2 from the bath inhibited the second 
phase of the [Ca2+]1 increasc induced by TG and the 
corresponcling inward current (Fig. 2A, n = 7). When Ca2+ 

was added again the sustained plateau was restored and the 
Ca2

+ current was induced. ]store was also blocked by Ni2+ in 
the range of 0·5-3 mM. However, the rate of blockade was 
concentration dependent; 3 mM Ni2+ completely inhibited 
the current within 1-2min whereas 10-15min were 
required to completely inhibit the cm-rent with 0·5 nm J\'i 2

+ 

Figure 2H demonstrates the effect of TG on [Ca2+]1 and /oton· 

in cells incubated in 0·5 mM Ni 2+ during 15 min where onl_1· 
Ca2

+ mobilization from intracellular stores was obsPrn·d 
without any stimulation of store-operatecl current. More< >l"t·r, 
wh en Ni2+ was present in the extracellular solution, Tt; 
only induced an initial Ca2+ ri se clue to cl+ mobilizat ion. 

but ]store was not stimulatecl (n = 9, Fig. 2B). Likewise, TC; 
inducecl a monophasic increase in [Ca2+]1 under conditions 
when extracellular Ca2+ was removed from the bath solution 
(not shown, n = 7). 
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Figure 2. Patch-clamp recordings of store-operated Ca2+ current in LNCaP cells 
A and B, combined pe1·forated-patch and microspectrofluorimetric single-cel] recordings of the thapsigargin
activated store-operated Ca2

+ current at a holding potential of -80 mV. A, reversible hlockade of Ca2
+ 

current hy removing Ca2+ fi·om external medium (measured fi·ee Ca2+, 1 fl::\!). B, thapsigargin induces cl+ 
mohilization hut does not induce store-operated Ca2

"' current in the presence of 0·5 mM Ni 2
+. C, current

voltage relationship of the store-operated Ca2+ current (current is inwardly recti(ying and not activated hy 
depolarization). D, whole-cell patch-clamp recordings of store-operated Ca2

+ current at different holding 
membrane potentials. The horizontal filled bars indicate the episodes of 22 mM CaCl2 application. 
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We used the whole-cell patch-clamp technique to study the 
voltage dependence of !store in LN CaP cells. Ca2+ stores were 
emptied by incubating cells with O·l JiM TG for 15 min in 
the low free Ci+ (1 JiM) bath solution while dialysing the 
in teri or of the eell with a strongly buflèred Ca2+ solution (see 
lVIethods). ]store was elicited by adding 22 mM CaCl 2 to the 
bath at diiferent holding membrane potentials. An example 
of such an experiment and its current-voltage (l-V) 
relationship are shawn in Fig. 2C and D. The store-operated 
calcium channels in LNCaP cells were non-conducting at 
very depolarized potentials. ln contrast, the CUITent 
amplitude increased following membrane hyperpolarization 
and the l-V relationship displayed an inward rectification 
(Fig.2C). 

Changing external Na+ (replaced by choline) had no 
significant eftèct on !store in bath whole-cell (n = 5) and 
perforated-patch experiments (n= 3). In all cells studied 
(n = 7, perforated-patch combined with fura-2 experiments) 
]store was also insensitive to one of the suggested 
capacitative ci+ CUITent inhibitors, SK&F 96365 (1 00 JiM). 

The activity of single store-operated Ca2+ channels 

The cell-attached patch-clamp configuration was used to 
study the unitary SOC activity in LNCaP cells. Tn the 
presence of 0·1 JiM TG in the ci+ -free bath solution and 
80 mM CaCl2 in the pipette, under conditions that ensured 

A 

~ ~': .. ······~==· ::· ~ .... ······················· 
' ' 

.. ' '··- ··'··--------
·-·· . --- -------------···--· 

= ~~~ 
-·----•••••• 1 

200 ms 

inhibition of all membrane currents except those of Ca2+, we 
recorded a unitary activity in an inward direction that had 
a resolvable amplitude only at potentials more negative than 
the resting potential of the cell. In arder to examine this 
type of activity at a broad range of membrane potentials 
and at the same time measure its I-V relationship, we 
employed a complex pulse protocol consisting of two steady 
levels of hyper- and depolarizing potentials connected to 
each other with a voltage ramp Wrl· The pulse protocol 
together with the single-channel traces are shawn in Fig. 3A. 
In order to construct the I-V relationship, we thoroughly 
inspected each trace and used the cursor procedure to select 
those portions of the traces in response to voltage ramps 
that contained openings of only one channel (overlapping 
openings and closed states were discarded). Single-channel 
amplitudes corresponding to each mmp voltage were 
averaged, then the resulting curve was smoothed and placed 
in the I-V coordinates (Fig. 3B). The resultant I-V plot 
showed strong rectification in the inward direction. The 
currents at potentials close to and more positive than the 
resting potential were beyond the resolution limit, therefore 
the slope conductance was determined by the linear fit of 
the T-V plot at potentials of -40 to -120 mV (relative to 
Fr) where unitary amplitudes could be acleguately resolved. 
This linear fit produced a slope conductance value of 
3·2 ± 0·4 pS (n = 5). 
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Figure 3. The activity of single store-dependent Ca2+ channels 
A, single-channel recordings obtained in response to the consecutive application of voltage-clamp pulses 
(shown in the upper panel, 10 s interpulse interval) to the cell-attached patch in TG-treated LN CaP cells; 
superimposed continuons Ji nes indicate zem current levels; downward deilection corresponds to the inward 
current. The recordings presented probably reflect the activity of two store-dependent Ca2+ channels. 
Dotted Ji nes indicate two levels of single-channel amplitudes of -0·:35 and -0·7 pA. B, the I-V relationship 
of the single store-dependent Ca2+ channel; the T-V plot was constructed fi·om the mmp portions of single
channel J'ecordings by selecting the parts corresponding to the opening of one channel (overlapping openings 
and closed states were discarded) with subsequent averaging and digital smoothing of the resulting curve to 
reduce noise; superimposed linear fit provides the value of the slope conductance (g0 ) of :3·2 pS. 
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Figure 4. Temporal changes in apoptosis and in the cytosolic ca>+ concentration of the LNCaP 
cells under physiological conditions of 2 mM extracellular free Ca2+ 

A, temporal changes in apoptosis of the LN CaP cells (estimated by the number of apoptotic cells) treated 
with 0·1 ftM TG, 0·5 mM Ni 2+ or 0·1 p,M TG combined with 0·5 mM Ni 2+ B, temporal changes in cytosolic 
Ca24 concentration of the LN CaP cells treated with 0·1 P,M TG, 0·5 mM Ni2

+ or 0·1 JlM TG combined with 
0·5mMNi24
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The following ]ines of evidence support our notion that the 
unitary activity described thus far is associatecl with the 
activation of single store-dependent, plasma membrane Ca2+ 
channels. (i) This activity was only observed in TG-treated 
cells; no similar activity was found in the cells under normal 
conditions. (ii) The activity shows strong inward rectification, 
typical of Ca2+ -selective channels. (iii) Neither K+ (Skryma 
et al. 1997, 1999) nor Cl- (Y. M. Shuba, unpublishecl 
observation) channels known to be present in LNCaP cells 
would be capable of proclucing a similar type of activity 
under these experimental conditions used. (iv) SOC bas no 
similarity to the TG-independent Ca2

+ -permeable 23 pS 
cation channel recently reported by Gutiérrez et al. ( 1 999) in 
LN CaP cells. 

Thapsigargin induces apoptosis in LNCaP cells 

Hoescht staining was used to determine apoptosis induced 
by TG treatment. Under control conditions, in the absence 
of TG, the percentage of apoptotic cells was Jess thau l %. 
Typical apoptotic features induced by treatment with 
0·1 JlM TG for 24 h are shown in Fig. 6C. TG-induced 
apoptosis was also cletected by the TUNEL technique 
(Fig. 7 C). TG induced apoptosis in a ti me-dependent 
mann er (Fig. 4A ), with 7, 24 and 77% of cells reaching 
apoptosis at 24-, 30 and 48 h, respectively. 

Figure 5. Temporal changes in the apoptosis of LNCaP 
cells under conditions of low extracellular free Ca2+ 

Cells were treated with 0·1 p,M TG in 2 mM free Ca24
, with 

0·1 p,~! TG in 200 nM free Ca2
+ or with 200 nM fi·ee Ca2

+ 

medium. 

Sustained elevation of cytosolie Ca2+ due to SOC 
activation is not required for induction of apoptosis by 
thapsigargin 

As it has previously been reported th at !store activation, 
leading to a sustained increase in cytosolic Ca2

+, is required 
for TG-induced apoptosis in androgen-insensitive prostate 
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cancer cells (Furuya el al. 1994), we testecl this hypothesis 
in androgen-sensitive prostate cancer LN CaP cells. 

To determine whether the ]store in LN CaP cells is important 
in apoptosis induction by TG, we examined the ability of 
TG to induce apoptosis under different experimental 
conditions. In patch-clamp experiments, ]store was 
completely abolished by 0·5 mM Ni 2

+ (Fig. 2B). According 
to the hypothesis stated above, TG-induced apoptosis 
should decrease in cells treated with 0·5 mM Ni 2+. 

Unexpectedly, TG-incluced apoptosis was significantly 
potentiatecl by treatment with 0·5 mM Ni2+ (Fig. 4A) 
whereas cell treatment with 0·5 mM Ni2+ alone clic! not 
induce apoptosis in LN CaP cells (Figs 4A, 6B and 7 B). This 
enhancement of cell cleath was mostly visible after 24 and 
30 h (25 vs. 7% and 41 vs. 24% of apoptotic cells for 
TG+ Nr and TG at 24 and 30 h, respectively). It 
therefore seems that Ni 2

+ cloes not enhance cell death any 
further after 48 h treatment (84 vs. 77% of apoptotic cells 
for TG+ Nl+ and TG, respectively). Apparently, blocking 
the store-operated Ca2+ cmTent facilitates and accelerates 
TG-induced apoptosis. Figure 6D shows the apoptotic 
features of LN CaP cells after combinecl treatment with TG 
and Nr Jor 24 h. These results were also confirmee! by the 
TUNEL technique. Figure 7 shows the apoptosis detection 

in LN CaP cells treated with TG (Fig. 7 C) and with TG 
comhined with Nr (Fig. 7 D) for 24 h. To assess how [Ca2+]1 

is affectee] by these apoptosis-inducing conditions, we 
compared cytoplasmic Ca2+ levels in LNCaP cells after 24, 
30 and 48 h treatment with TG, Ni2

+ and TG combined 
with Ni2+. [Ca2+]1 remainecl at high levels throughout the 
48 h, and even longer wh en cells were treatecl with TG 
alone, while the [Ca2+] 1 leve] in cells treatecl with Ni2+ or TG 
comhined with N?+ was almost the same as that of the 
control (Fig. 4B). This indicates th at a sustainecl high leve] 
of [Ca2+]1 is not required for induction of apoptosis hy TG 
and its subsequent development. 

To confirm that blocking Ca2
+ influx potentiates rather than 

inhibits TG-incluced apoptosis, we then assessecl the 
influence of clecreasing the extracellular Ca2+ concentration. 
The Ca2+ -cleprived medium contained no added Ca2+ and 
dialysed serum was usecl to remove Ca2

+ contaminants (as 
well as other low molecular weight species) in addition to 
0·1 mM EGTA to buffer the free calcium concentration in 
the extracellular solution (see Methods). This gave a Ca2

+ 

concentration of 200 nM. As shown in Fig. 5, the Ca2
+

cleprivecl medium potentiated the apoptosis induccd by TG 
in a timo-dependent manner without having any action on 
its own. The potentiation of TG-incluced apoptosis clue to 

Figure 6. LNCaP prostate cells (staining with 5 pg ml-1 Hoescht) undergoing apoptosis due to 
treatment with thapsigargin 

A, control cells; B, cells treated with 0·5 mM N?+ (24 h); C, cells treated with 0·1 pM TG (24 h); D, cells 
treated with 0·1 p.M TG+ 0·5 mM Ni2+ (24 h). 
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decreasing the extracellular calcium was similar to that 
caused by nickel. Jndeed, we observed that TG-induced 
apoptosis was enhanced by 340% (34 h) and 170% (30 h) by 
a Ca2+-deprived solution compared with 310% (24 h) and 
160% (30 h) by nickel. Reduction to even lower Ca2+ levels 
with 1 mM EGTA (giving 20 nM free Ca2+) in the external 
medium also led to an enhanccment of TG-inducecl 
apoptosis. However, in this condition, the Ca2+ -deprived 
medium hacl an apoptotic action on its own (20, 28 and 88% 
of apoptotic cells at 24, 30 and 48 h, respectively; data not 
shawn). The eifects of Ni2+ and low extracellular Ca2+ were 
really due to enhancement of TG-induced cell apoptosis and 
not due to necrosis. This was confirmee] by an increase in 
the morphological inclicators of apoptosis, i.e. the extent of 
internucleosomal degradation and DNA ladder Jormation 
(data not shown). Furthermore, the percentage of cells 
exclucling Trypan Blue was not aifected by incubation with 
0·5 mM Ni 2+ or 200 nM fi·ee Ca2+ medium for more than 72 h. 

Transient [Ca2+]i increase due to depletion of Ca2+ 
stores is not responsible for apoptosis induction by 
thapsigargin 

As thapsigargin is stiJl capable of inducing a rise in [Ca2+]1 

in the absence of extracellular c~+, due to a passive leak of 

Ca2+ through the ER membrane, we checked whether this 
initial transient increase in [Ca2+]1 was involved in apoptosis 
induction. To eliminate the transient rise in [Ca2+]1, LNCaP 
cells were incubated for 20 min in the presence of 50 JlM 
BAPTA-AM, an intracellular Ca2+ chelator, and in the 
200 nM free Ca2+ medium (with 0·1 mM EG'T'A). This 
procedure resulted in sufficient intracellular Ca2+ buifering 
to completely eliminate the transient rise in [Ca2+]1 that 
occurred wh en thapsigargin was aclded to a Ca2+ -free 
medium (not shown). In BAPTA-loadecl cells, [Ca2+]1 was 
69 ± 9 nl\1. [C:r]1 was 65 ± 7 nM 150 s after TG addition, a 
concentration not different from that before TG addition. 
BAPTA-AM treatment for 20 min without 'T'G did not 
induce apoptosis in LN CaP cells (< 0· 1% of apoptotic cells 
in control after 48 h and < 0·1 % of apoptotic cells after 
48 h following 20 min incubation with BAPTA-Al\f). The 
cells were then treatecl with 0·1 JlM TG for 48 h and the 
percentage of apoptotic cells was comparee! with that of cells 
not loadecl with BAPTA. The ability of TG to incluce 
apoptosis in LNCaP cells was not reducecl by BAP'TA 
loading in these conditions (70 ± 5% apoptotic cells in 
BAPTA-loaded, TG-treated cells, as compared with 
71 ± 8% in TG-treatecl cells in the 200 nM free Ca2+ 

medium). 

Figure 7. Thapsigargin-induced apoptosis detection in LN CaP prostate cells using the TUNEL 
technique 
A, control cells; B, cells treated with 0·5 mM Ni"' (24 h); C, cells treated with 0·1 Jl-M TG (24 h); D, cells 
tl"eated with 0·1 Jl-M TG+ 0·5 mM Ni2

+ (24 h). 
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DISCUSSION 
The present study demonstrates that emptying intracellular 
Ca2+ stores by SERCA pump inhibitors stimulates a Ca2+ 
current, /store• thmugh specifie store-operated channels 
(SOCs), in androgen-sensitive human prostate cancer 
LNCaP cells. These channels are activated by intracellular 
store depletion, and had not previously been identifiee! and 
characterized in prostate cells. 

The presence of store-operated Ca2+ entry has been 
documentee! in a large variety of cells, mainly on the basis 
of measurements of intracellular Ca2+ levels after store 
depletion by thapsigargin. The first electrophysiological 
demonstration of a store-operated Ca2+ current was carried 
out in mast cells by Roth & Penner (1992), who called it Ca2+ 
release-activated CUITent (JcRAd· lcRAC is now the best
characterized store-operated Ca2+ current. It is known to be 
activated by depleting intracellular Ca2+ stm·es and has the 
highest selectivity for Ca2+ over other cations (Hoth & 
Penner, 1992; Zweifach & Lewis, 1993; Berridge, 1995b). 
Recent studies using patch-clamp techniques have now 
clearly established the existence of a number of store
operated Ca2+ currents in severa] non-excitable cell types, 
differentiated by their unitary conductance, selectivity and 
pharmacology (for review see Parekh & Penner, 1997). 
Regardless of sorne differences in channel properties, stm·e
operated channels form a family of channels characterized 
by seve1al specitic, common features. The first of these 
properties consists of current activation by emptying the 
intracellular calcium stores, using a variety of procedures. 
In our experiments, /store was identifiee! by emptying intra
cellular stores using TG. As in basophilie leukaemia (RBL) 
cells, or Jurkat T cells, /store in LNCaP cells appears to be 
the critical Ca2

+ influx pathway as LNCaP cells do not have 
voltage-activated Ca2+ channels (Skryma et al. 1997, 1999). 
The second important property of /store is its characteristic 
voltage dependence. /store could be consideree! as a voltage
independent Ca2+ current, as it is not gated by membrane 
voltage changes (Zweitàch & Lewis, 1993; Roth & Penner, 
1993). However, once it has been activa tee! by store depletion, 
/store increases when the membrane potential shifts toward 
negative values. The current-voltage relationship also 
shows a pronounced inward rectification at negative voltages 
(Zweitàch & Lewis, 1993; Hoth & Penner, 1993). The f.tore 

reversa] potential was above +50 mV, as expected for 
selective Ca2+ currents. Changing external Na+ bad no 
significant effect on /store in LNCaP cells, demonstrating 
that Na+ does not permeate the channel in the presence of 
external Ca2+. /store was inhibited by Ni 2+ and La3+, thus 
corresponding to the typical pharmacological profile of 
store-operated currents in other cells (Schlegel et al. 1993; 
Grudt et al. 1996). SK&F 96365, one of the proposee! 
inhibitors of capacitative Ca2+ current did not inhibit J ' store 
in LNCaP cells. However, blocking the Ca2

+ current with 
this inhibitor is not evidence for capacitative current as it 
cau also block other channels in similar concentrations 
(Franzius et al. 1994). 

The unitary conductance of the /store channel was identified 
as approximately 3·2 pS, which is rather large in comparison 
with classical !cRAC single-channel conductance, which is 
usually under 1 pS (Zweifach & Lewis, 1993; Parekh & 
Penner, 1997). Large single-channel conductances of 2 and 
11 pS were also observed for store-operated currents in 
A431 epidermal cells (Lückhoff & Clapham, 1994) and 
endothelial cells (Vaca & Kunze, 1995), respectively. However, 
in our experiments, as in other cell models (Lückhoff & 
Clapham, 1994), the l-V relationship for store-operated 
channels is non-linear. For a non-linear l-V relationship, 
the slope conductance is a function of potential. When 
comparing values obtained in different cells it is, therefore, 
necessary to consider not only specifie ionie conditions but 
also the range of membrane potentials at which they were 
detennined. This makes separating store-operated channels 
by their single-channel conductance quite a challenging 
task. Thus the properties of SOC in human cancer prostate 
LNCaP cells suggest that it belongs to the 'store-operated' 
channel family, but it may be not the same as classical CRAC. 

Our study provides the first direct demonstration and 
characterization of a store-opemted CUITent in prostate cells. 
SOC characterization coulcl be of great interest in prostate 
cancer studies as these channels were suggested to be the 
target of a cl+-influx inhibitor, which has been founcl in 
clin ica] trials, to slow clown the growth of certain aggres~ive 
cancer cells (Kohn et al. 1996). We studied the role of SOCs 
in TG-induced apoptosis in androgen-sensitive prostate 
cancer LNCaP cells. TG induces apoptosis in many cel] 
types (Furuya et al. 1994; Gill et al. 1996; He et al. 1997; 
Bian et al. 1997). Basecl on the changes in Ca2+ homeostasis 
induced by TG, three hypotheses can be proposed to explain 
the apoptosis induction mechanism. Apoptosis is induced 
by: (i) a transient increase in [Ca2+]1 due to a passive ]eak of 
Ca2+ through the ER membrane, (ii) Ca2+ pool depletion, or 
(iii) a sustained rise in cytosolic Ca2+ secondary to Ca2+ 
entry through f.torc channels. In this report we show that 
neither the transient nor the sustained increase in [Ca2+)1 is 
required for induction of apoptosis by TG. Our results show 
first that a sustained increase in [Ca2+]1 via f.torc activation 
is not required for TG to induce apoptosis in LNCaP cells 
because /store inhibition by the 200 nM free Ca2+ medium or 
0·5 mM Ni 2+ did not abolish TG-inducecl apoptosis whereas 
the TG-increased cytosolic Ca2+ concentration was reduced 
to control values by the incubation in 200 nM free Ca2+ or 
0·5 mM N?+-cont;ining medium. Under these conditions, 
however, a transient rise in [Ca2+)1 cau stiJl occur due to 
calcium mobilization from interna] stores. We strongly 
buffered [Ca2+]1 by preincubating cells with the Ca2+ chelator 
BAPTA-AM to eliminate the transient rise in [Ca2+]1, while 
the sustained rise was abolished by the absence of external 
calcium. This did not inhibit apoptosis induced by TG, 
suggesting that the transient increase in [Ca2+)1 is not 
responsible for apoptosis induction. These results, where 
cytosolic Ca2+ is strongly buffered using BAPTA-AM, also 
exclude another possible consequence of ER depletion that 
might induce apoptosis: mitochondrial calcium overloading 
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(Berridge et al. 1998; Green & Reed, 1998). These data are 
consistent with the findings of others on lymphoid cells 
(Berridge, 1995a; Bian el al. 1997) and murine hypothalamic 
celllines (Wei et a1.1998). However, surprisingly, they are in 
contrast with those described in androgen-insensitive 
prostate cancer cells (Furuya et al. 1994). ln these cells, as 
in thymocytes (Jiang el al.l998), TG-induced apoptosis was 
inhibited by preincubating cells with BAPTA-AM, or by 
overexpressing the cytosolic Ca2+ -bincling prote in calbindin. 
On the basis of these results, a sustained increase in 
cytosolic Ca2 +, mediated by a store-operated Ca2+ current, 
was considered to play a role in apoptosis induction by TG 
(Furuya et al. 1 994). 

Our results therefore suggest that Ca2+ pool clepletion, and 
not an increase in cytosolic Ca2+, induces apoptotic cell 
death in androgen-sensitive human prostate cancer cells. In 
addition, our data show that TG-induced apoptosis was 
enhanced (see Figs 4A and 5) by 0·5 mM Nï 2+ and a low 
external free Ca2+ concentration (200 nM free Ca2+). 
Therefore, blocking capacitative Ca2+ entry potentiates 
apoptosis induced by TG. This reinforces the hypothesis that 
Ca2+ pool clepletion is involvecl in apoptosis, since an 
increase in cytosolic Ca2+ clue to capacitative Ca2+ entry 
(inhibited by Ni2+) would be requirecl for optimal ER pool 
filling and apoptosis inhibition. 1t should be noted that 
decreasing external calcium to very low levels using 1 mM 
EGTA (20 nM free Ca2+) led to apoptosis on its own. This is 
certainly due to the inversion of the Ca2+ concentration 
gradient in comparison to physiological conditions (the 
intracellular Ca2+ concentration of LNCaP cells is usually 
about 100 nM). The intracellular Ca2+ stores are depleted i~ 
response to the decrease in cytosolic Ca2+ concentration (in 
tu rn induced by stimulation of the Ca2+ pump of the plasma 
membrane by low extracellular Ca2+). This calcium gradient 
hypothesis may also be confirmed by the fact that, under 
low external calcium conditions (200 nM), where values are, 
however, higher than the intracellular Ca2+ concentration 
(JOO mvr), apoptosis was not observed in the absence of TG 
{< 1% of apoptotic cells at 48 h). Similarly, this cloes not 
occm· with Ni 2+ because the Ca2+ gradient is not perturbed. 

Our data are in agreement with those of Distelhorst and 
colleagues (He el al. 1997) on WEHl7 .2 lymphoma cells. 
These authors suggested that ER calcium pool depletion by 
TG could trigger apoptosis and that overexpression of the 
Bcl-2 anti-apoptotic protein, which anchors to intracellular 
membranes, maintains Ca2+ homeostasis within the ER, 
thereby inhibiting apoptosis induction by TG. 

The exact mechanism by which calcium pool depletion 
induces apoptosis is not known. The high levels of Ca2+ 
within the lumen of the ER are essential not only for Ca~+ 
signal transduction, but also for protein synthesis and 
processing, and cell division (Sambrook, 1990; Koch, 1990; 
Kuznetsov et al. 1992; Gill et al. 1996; .Jiang el al. 1998). 
Three potential mechanisms by which ER depletion might 

contribute to a po ptosis have been proposed (He et al. 1997): 
(i) depletion of the ER Ca2+ pool might destabilize the 
Ca2+ -protein gel and its associated membrane, leading to 
vesiculation and the formation of apoptotic blebs; 
(ii) disruption of protein processing and transport within 
the ER may contribute to TG-induced apoptosis; (iii) TG
incluced ER Ca2+ pool depletion releases an endonuclease 
into the nucleus responsible for DNA fragmentation. Thus 
the decline in ER calcium levels leads to the activation of 
stress signals that switch on the genes associated with death. 
Although the importance of intraluminal ER Ci+ storage in 
apoptosis appears to be evident, other mechanisms 
depending on extracellular, cytosolic, mitochondrial or 
nuclear cl+ have been shown to contribute to apoptosis in a 
variety of cell models (Dowd, 1995; Marin et al. l!IHti: 

McConkey & Orrenius, 1997). Therefore, the gent" ra 1 
applicability of the store-depletion hypothesis is douht ru 1 
and the relationship between intracellular Ca2+ stores, Hel-:! 
and apoptosis may be cell specifie. 

The reasons why the differences between androgen
dependent and androgen-independent prostate cancer cell,; 
are associated with changes in Ca2+ store-dependent 
mechanisms involved in apoptosis remain intriguing. It is 
known that such progression is also associated with 
expression of the intracellular membrane protein Bcl-2 
(RaJfo et al. 1995; Chaudhary et al. 1999). Bcl-2 expression 
modulates intracellular signal ling and preserves the integrity 
of the ER Ca2+ pool in cells exposed to varions apoptosis
inducing stimuli, including cytotoxic Ca2+ ionophores, TG 
and reactive oxygen species (Disthelhorst et al. 1996; He et 
al. 1997). Moreover, it has been shown that Bcl-2 preserves 
the ER Ca2+ store via an upregulation of calcium pump 
SERCA gene expression. Bcl-2 may possibly interact with 
this pump as well (Kuo el al. 1998). Interestingly, the 
anclrogen-insensitive DU-145 cells do not express Bcl-2, but 
rather Bcl-X{L) (Shirahama et al. 1997), which is poorly 
expressed in LNCaP cells. Wang et aL (1999) have shown 
that apoptosis induction by TG in DU-145 cells requires an 
increase in cytoplasmic Ca2+ since it activates the ci+
activated protein phosphatase calcineurin that was found to 
dephosphorylate BAD {proapoptotic member of Bcl-2 
family), thus enhancing BAD heterodimerization with 
Bcl-X(L) (but not with Bcl-2) and promoting apoptosis. 
Another Ci+ -regulating protein, calreticulin (Krause & 
Michalak, 1997), has been identifiee! in prostate cells (Zhu & 
Wang, 1999). The expression of this highly conservee! intra
cellular Ca2+ -binding protein in the lumen of the 
endoplasmic reticulum is regulated by androgen {Zhu et al. 
1998). The downregulation of calreticulin by androgen 
ablation correlates with apoptosis and the upregulation of 
calreticulin by androgen replacement in castrated rats 
correlates with proliferation and diiferentiation of epithelial 
cells in the prostate (Zhu et al. 1998; Zhu & Wang, 1999). 
The induction of calreticulin by androgen in prostate organ 
culture partially resists protein synthesis inhibition, 
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suggesting that calreticulin is a direct androgen-response 
gene (Zhu el al. 1998). Furthermore, Mery el al. (1996) have 
shown in a mouse L fibroblast cell line that overexpression 
of calreticulin increases intracellular Ca2+ storage and 
decreases store-operated Ca2+ curTent suggesting an active 
involvement of calreticulin in intracellular Ca2+ pool 
refilling regulation. Thus, as calreticulin is a major intra
cellular Ca2+ -binding protein involved in Ca2+ homeostasis 
and is regulated b_y androgens, it could be a promising 
candidate for mediating androgen regulation of intracellular 
calcium levcls in prostate cells. Thus the differences in Ca2+

dependent apoptosis induction between androgen-dependent 
and androgen-independent prostate cancer cells may be 
explained by the differentiai expression of apoptosis
regulating proteins (Bcl-2, Bcl-X(L), calreticulin). 

ln summary, we have characterized the Ca2+-regulated 
mechanisms involved in thapsigargin-induced apoptosis in 
androgen-sensitive human prostate cancer LN CaP cells. \Ve 
suggest that a decrease in ER calcium is the major factor in 
apoptosis induction in these cells; however, direct 
measurement of the Ca2+ concentration in ER lumen would 
be required to confirm this statement. In contrast to the 
situation in androgen-insensitive prostate cancer cells, the 
activation of [store• responsible for ER refilling, and 
increasing cytosolic Ca2+ are not required for TG-induced 
apoptosis. Further studies are needed to identify the precise 
Ca2

+ -regulated mechanisms involved in the progression of 
prostate cancer cells from androgen dependence to androgen 
independence. 
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BACKGROUND. Very little is known about the functional expression and the physiological 
role of ryanodine receptors in nonexcitable cells, and in prostate cancer cells in particular. 
Nonetheless, different studies have demonstrated that calcium is a major factor involved in 
apoptosis. Therefore, the calcium-regulatory mechanisms, such as ryanodine-mediated cal
cium release, may play a substantial role in the regulation of apoptosis. 
METHODS. We assessed the presence of such functional receptors in LNCaP prostate cancer 
cells, using fluorimetric measurements of intracellular calcium and expression assays of 
mRNA encoding ryanodine receptors. 
RESUL TS. W e show here that LN CaP cells responded to caffeine, a ryanodine receptor 
agonist, by mobilizing calcium. Another ryanodine receptor agonist, 4-chloro-m-cresol, had a 
similar effect and promoted calcium release. These effects were inhibited by pretreatment 
with ryanodine or thapsigargin. In addition to a calcium release, caffeine was able to produce 
a calcium entry blocked by nickel. We used a reverse transcription-polymerase chain reaction 
assay to investigate the expression of ryanodine receptors in LNCaP cells. Two types of 
ryanodine receptor mRNAs were expressed in LNCaP cells: RyRl and RyR2 mRNAs. Finally, 
we show that ryanodine receptor activation by caffeine slightly stimulates apoptosis of pros
tate cancer cells, and that the inhibition of these receptors by ryanodine protects the cells 
against apoptosis. 
CONCLUSIONS. The combination of results showed that LNCaP cells, derived from a hu
man prostate cancer, express functional RyRs able to mobilize Ca2+ from intracellular stores 
and which might control apoptosis. Prostate 43:205-214, 2000. © 2000 Wiley-Liss, Inc. 

KEYWORDS: intracellular calcium; ryanodine receptor; apoptosis; prostate 

INTRODUCTION 

Ryanodine receptors are a family of intracellular 
Ca2+ channels playing important roles in cellular Ca2+ 

homeostasis. The ryanodine receptor (RyR) and the 
functional ryanodine-sensitive calcium pool were first 
described in skeletal and cardiac muscles [1,2], and for 
sorne time the expression of these Ca2 + channels was 
believed to be strictly muscle-specifie, controlling the 
excitation-contraction coupling: RyRl in skeletal and 
RyR2 in cardiac muscles [3,4]. Ryanodine receptors 
were then shown to be expressed in other types of 
excitable cells, including neurons [5,6], neuroendo-
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erine cells [7,8], and smooth muscle [5,6]. To date, 
three members of this ryanodine receptor family have 
been identified (RyR1, RyR2 and RyR3), initially de
scribed in the skeletal muscle, the cardiac muscle, and 
the brain, respectively. 

Ryanodine receptors were thought to be rather spe
cifie to excitable cells, where they represented the 
counterpart of IP3 receptors [9]. However, recent stud
ies showed that some types of nonexcitable cells, 
where voltage-dependent Ca2 + channels are lacking, 
may also express ryanodine receptors [10]. The results 
concerning the expression and functional evidence of 
RyRs in nonexcitable cells are rather contradictory. In 
hepatocytes, for example, the effects of ryanodine on 
agonist-induced calcium signais have been demon
strated [11], but RyR mRNA expression has not been 
detected [5,12]. Larini et al. [13] suggested a ryano
dine-like Ca2+ channel expression in nonexcitable 
cells; however, their Western blot analysis of total cell 
extracts failed to demonstrate the presence of an RYR
band in many cell types except for fibroblasts. A recent 
study [10] also showed that, while RyR mRNA was 
very occasionally present in a few nonexcitable cell 
types, the function of these receptors was not clear, as 
the agonists of RyRs, such as caffeine and ryanodine, 
were unable to release Ca2+. 

Furthermore, and more importantly, if some role 
has been ascribed to ryanodine receptors in excitable 
cells, e.g., its involvement in calcium-induced calcium 
release and excitation-contraction coupling [14], none 
has been demonstrated in nonexcitable cells and pros
tate cancer cells in particular. Nonetheless, different 
studies have shown that calcium is a major factor in
volved in apoptosis [15-17]. Therefore, the calcium 
regulatory mechanisms, such as IP3- or ryanodine
mediated calcium release, may play a substantial part 
in the regulation of apoptosis. Apoptosis is of prime 
importance for cancer cells and mostly for prostate 
cancer cells that proliferate very slowly. Calcium
stores depletion with thapsigargin induces apoptosis 
in many cell types, and among them, prostate cancer 
cells [18]. However, which of the intracellular calcium 
channels is implicated in apoptosis is still not known. 
Then, the identification of the existence of functional 
ryanodine receptors in prostate cancer cells would be 
of great consequence in an understanding of how ap
optosis can be regulated. 

In this work, using RT-PCR and Fura 2 fluorimetry 
and imaging, we show evidence of functional RyR in 
LNCaP prostate cancer cells. mRNAs of RyR1 and 
RyR2, but not RyR3, were identified in LNCaP cells. 
These cells do not possess the properties of excitable 
cells, as they do not express voltage-dependent in
ward currents, i.e., calcium and/ or sodium currents 
[19]. However, in our experiments, LNCaP cells re-

sponded to severa! ryanodine receptor agonists: caf
feine, 4 chloro-m-cresol, and ryanodine itself. More
over, caffeine was able not only to mobilize calcium 
from a ryanodine-sensitive pool but also to promote 
calcium entry. We then show that apoptosis is en
hanced by the activation of ryanodine receptors in 
prostate cancer cells and that inhibition of these recep
tors could protect the cancer cells against apoptosis. 

MATERIALS AND METHODS 

Chemicals 

All chemicals were bought from Sigma Chemical 
Co. (St. Louis, MO) except for Fura 2/ AM, ryanodine, 
and thapsigargin, which were purchased from Calbio
chem France Biochem (Meudon, France). 

Cell Culture 

LNCaP prostate cancer cells were maintained in 
culture in RPMI-1640 medium supplemented with 
10% fetal calf serum, penicillin (50 lU/ml), and strep
tomycin (50 J..Lg/ml). Cells were grown in a humidified 
atmosphere containing 5% C02 . Prior to fluorescence 
measurements, they were trypsinized and transferred 
to glass coverslips. They were used 1-4 days after 
trypsinization. 

Calcium Measurements 

The culture medium was replaced by an HBSS 
(Hank's Balanced Salt Solution) solution containing 
142 mM NaCl, 5.6 mM KCl, 1 mM MgC12, 2 mM CaCl2, 

0.34 mM Na2HP04, 0.44 mM KH2P04, 10 mM HEPES, 
and 5.6 mM glucose. The osmolarity and pH of this 
solution were adjusted to 310 mOsm and 7.4, respec
tively. When a calcium-free medium was required, 
CaCl2 was omitted and replaced by equimolar MgCl2, 

and 0.1 mM EGT A was used to chelate calcium. Dye 
loading was achieved by transferring the cells into a 
standard HBSS solution containing 1 J..LM Fura 2/ AM 
for 40 min at 37°C, and then rinsing them three times 
with the same dye-free solution. lntracellular calcium 
was measured by a photometrie system (Photon Tech
nology International, Monmouth Junction, NJ) or an 
imaging system (Quanticell 900, Applied Imaging, 
Sunderland, UK). In bath cases, the glass coverslip 
was mounted in a chamber on a Nikon microscope 
equipped for fluorescence. Fura 2 fluorescence was 
excited at 340 nm and 380 nm, and the emitted fluo
rescence was measured above 510 nm using a long
pass filter. The intracellular calcium concentration 
[Ca2+t was derived from the ratio of the fluorescence 
intensities for each of the excitation wavelengths 
(F340/F380), and from the equation of Grienkewicz et 
al. [20]. Ail recordings were carried out at room tem-

•, 
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perature. The cells were continuously perfused with 
the HBSS solution, and chemicals were added via the 
perfusion system. Two different perfusion systems 
were used in these experiments: first, a local applica
tion system using a glass pipette placed nearby the 
recorded cell (about 100-200 J.LID); and second, a 
whole-chamber perfusion. Kinetics of the calcium 
changes could be affected by these differences, since a 
whole-chamber perfusion only gradually modifies the 
solution surrounding the recorded cells. The flow rate 
of the whole-chamber perfusion was set to 1 ml/min 
and the chamber volume was 500 J.LL However, even 
with differences in kinetics, caffeine raised intracellu
lar calcium to the same level using both procedures. 
U nless specified in the figure legends, traces shown in 
this article were recorded using whole-chamber per
fusion. 

As previously shown by Islam et al. (21], we ob
served that application of caffeine led to small parallel 
increases of fluorescence at both excitation wave
lengths, 340 and 380 nm, giving sometimes a slight 
decrease of the fluorescence ratio F340/F380. This has 
been demonstrated to be due to interference of caf
feine with Fura 2 (21]. However, these variations at 
both wavelengths were not significant and did not 
impede calcium measurements. 

RNA Isolation and RT -PCR Analysis 

Total RNA from LNCaP cells was isolated by the 
guanidium thiocyanate-phenol-chloroform extraction 
procedure (22]. Five micrograms of total RNA were 
reverse-transcribed into complemen tary DN A 
(eDNA) at 42°C, using random hexamer primers (Fer
kin Elmer, Foster City, CA) and MuLV reverse tran
scriptase (Perkin Elmer) in a final volume of 20 J . .d. 
Then, a 1-J.Ll aliquot was used for the PCR reaction, 
with RyR primers based on the sequences of the hu
man RyRs. For RyR mRNA detection by RT-PCR, 
three oligonucleotide primers were synthesized by 
aligning the previously published RyR1, RyR2, and 
RyR3 sequences (23-25]. To detect each isoform of 
RyR mRNA, a reverse primer (RyR1-, RyR2-, and 
RyR3-specific) (hRyRB) complementary to the corn
mon transmembrane domain coding region ( 5 '
TACATCTTCCAGACATAAGA-3') was combined 
with either an RyR2-RyR3-specific sense primer 
(hRyRF1) (5'-GT AACTCACAATGGCAAACAG-3') 
or an RyR1-RyR3-specific primer (hRyRF2) (5'
TCAACTTCTTCCGCAAGTTCT ACAA-3') corre
sponding to the same transmembrane domains. The 
predicted sizes of the PCR-amplified products were 
554 base pairs (bp) and 476 bp, using hRyRF1/hRyRB 
and hRyRF2/hRyRB, respectively. RNA samples were 
assayed for DNA contamination by PCR prior reverse 

transcription. Each sample was amplified by Ampli
Taq Gold DNA Polymerase (Perkin Elmer) in an au
tomated thermal cycler (Perkin Elmer GeneAmp PCR 
System 2400). DNA amplification conditions were the 
same for both pairs of primers and included an initial 
denah1ration step of 10 min at 95°C (which, at the 
same time, activated the gold variant of the Taq Poly
merase) and 40 cycles of 30 sec at 95°C, 30 sec at 56°C, 
and 30 sec at 72°C. The RT-PCR samples were electro
phoresed on a 2% agarose gel and stained with ethid
ium bromide (0.5 f.Lg/ml). One microgram of 1 kb Plus 
DNA ladder (Life Technologies, Merelbeke, Belgium) 
was also run on agarose gel as a DNA size marker. 

Restriction Enzyme Analysis of RT-PCR Products 

In order to study the isoform expression of RyRs in 
LNCaP cells, the RT-PCR products were subjected to 
restriction enzyme analysis. PCR products prccipi
tated by ethanol, suspended in water, and aliquots 
were digested by Haeiii, Bg!II, or Sacl (Boehringer 
Mannheim, Brussels, Belgium). For hRyRFl/hRyRB
amplified PCR product, Haeiii was expected to eut 
RyR1 (if amplified) into 225-, 168-, 85-, and 38-bp frag
ments, RyR2 into 301- and 253-bp fragments, and 
RyR3 into 255-, 253-, and 46-bp fragments. Sad was 
expected to eut RyR1 only (if amplified), to produce 
fragments of approximately 295, 213, and 96 bp. Bg!II 
was expected to eut RyR2 only, producing 312- and 
242-bp fragments. For RT-PCR products obtained us
ing hRyRF2/hRyRB primers, Sad was expected to eut 
RyR1 only, producing fragments of 167, 213 and 96 bp. 
Bglii was expected to eut RyR2 only, into 312- and 
164-bp fragments. Digested products were analyzed 
by electrophoresis on ethidium bromide-stained 2% 
agarose gel, and 1 kb Plus DNA ladder (Life Technolo
gies, Merelbeke, Belgium) was used as the DNA size 
marker. 

Apoptosis Assay 

Cells were fixed in cold methanol (-20°C) for 10 
min and washed twice with PBS before staining with 
4 J.Lg/ml Hoechst 33258 for 30 min at room tempera
ture in the dark. Cells were then washed with PBS and 
mounted with coverslips, using glycergel. Apoptotic 
cells exhibiting condensed and fragmented nuclei 
were counted under an Olympus-BH2 fluorescent mi
croscope. A minimum of 500-1,000 adherent cells was 
examined for each case, and the results were ex
pressed as a number of apoptotic cells over the total 
number of cells counted. 

Data Analysis 

Results were expressed as mean ± SEM. Plots were 
produced using Origin 5.0 (Microcal Software, Inc., 
Northampton, MA). 
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Fig. 1. Fluorescence measurements indicate that ryanodine receptor agonists increase [Ca2+]i in LNCaP cells. Microfluorimetric mea
surements of calcium Ca2+i (A-C) and calcium imaging (D) show that the activation of ryanodine sensitive pools using 20 mM caffeine (A, 
B, D) or 100 !JM 4-chloro-m-cresol (cresol, in C) induces a calcium increase. 

RESULTS 

When LNCaP cells were bathed in a solution con
taining 2 mM CaCI2, their intracellular calcium was 
about 76 ± 6 nM (n = 91) and remained stable during 
the recording (15-60 min). In arder to investigate the 
existence of a ryanodine-sensitive store in LNCaP 
cells, we first studied how caffeine affected the cyto
solic calcium concentration. Figme lA shows that caf
feine induced arise in [Ca2+]i when applied at 20 mM. 
Most cells tested (87%, n = 54) responded in a similar 
pattern. The calcium increased from 87 ± 6 nM to 406 
± 79 nM. This increase could be reproduced several 
times on the same cel!, with a slight decrease in the 
calcium peak in most cases (Fig. lB). A similar calcium 
rise could be mimicked by 100 J..tM 4-chloro-m-cresol 
(n = 7, Fig. lC), a potent ryanodine receptor activator 
[26]. Fura 2 imaging confirmed the increase in intra
cellular calcium after application of caffeine (Fig. 10). 
Calcium imaging showed that the calcium increase 
kinetics differed from one cell to another, with sorne 
cells responding earlier than the others (e.g., the three 
cells left of b, in Fig. 10). 

We assessed the target of caffeine by pretreating 
LNCaP cells with ryanodine, which blocks calcium 
release from ryanodine-sensitive stores when used at 
high concentrations [27,28] . When ryanodine (10 J..tM) 

A Ryanodine (10 J..lM) 

Caffeine Caffeine Caffeine Caffeine 

::[ 
100 

8 Ryanodine (10 J..tM) 25 sec 

Caffeine Caffeine Caffeine 

200[ 
nM 

50 

5 min 

Fig. 2. Caffeine-induced [Ca2+]i increase is inhibited by ryano
dine. A: Inhibition of caffeine-induced calcium increase by ryano
dine ( 10 !JM). Solutions are applied in this experiment using a local 
application pipette. B: Effect of caffeine recovered following the 
removal of ryanodine. Recordings were interrupted for 3 min in 
bothA and B. 
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Fig. 3. Caffeine-induced [Ca2•]i increase is gradually abolished 
by thapsigargin, an inhibitor of endoplasmic reticulum ATPases. 
Thapsigargin (0.1 11M) induced an increase in [Ca2•]i, followed by 
a graduai return to initial values. Thapsigargin was perfused for 
different lengths of ti me before caffeine was applied. Caffeine was 
applied (A) during the calcium increase induced by thapsigargin, 
(B) during the recovery phase, or (C) after a complete return to 
the basal calcium level. ln A, solutions were applied with a local 
application pipette. 

was applied before caffeine, the response to caffeine 
was almost completely abolished (n = 15, Fig. 2A,B). 
The inhibitory effect of ryanodine was reversible and 
the response to caffeine recovered (n = 3, Fig. 2B) after 
5-min washing in a ryanodine-free medium, indicat
ing that caffeine response was mediated by ryanodine
sensitive receptors. 

We used thapsigargin (0.1 f.LM), a Ca2+ ATPase 
blocker [29], to check whether caffeine mobilized Ca2+ 

ions from intracellular stores. Emptying intracellular 
calcium stores led to a graduai inhibition of the re
sponse to caffeine, indicating a calcium mobilization 
from internai stores (n = 45). The application of thap
sigargin induced a calcium increase up to 800 ± 20 nM, 
followed by a slow recovery (Fig. 3). Caffeine was still 
able to induce a rise in [Ca2+ ]i when a pp lied during 
the increase in intracellular calcium due to thapsigar
gin (Fig. 3A). This effect no longer occurred when caf
feine was perfused after the calcium peak (Fig. 3B). If 
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nM nM 

0 - 25 -
1 min 1 min 

Fig. 4. Caffeine-induced [Ca2.]i increase occurs via a calcium 
mobilization and a calcium entry. A: Manganese quenching experi
ments under calcium-free conditions showed that caffeine first 
induced an increase in Fura 2 fluorescence at 340 nm and a de
crease at 380 nm, thus indicating a calcium mobilization from 
internai stores. A rapid decrease in Fura 2 fluorescence was then 
observed at both wavelengths, showing a quenching of the Fu ra 2 
fluorescence by manganese and indicating manganese entry into 
the cell. B: The calcium rise induced by caffeine was counteracted 
by an application of calcium-free medium, or (C) by 3 mM NiCI 2• 

thapsigargin was allowed to perfuse the cells long 
enough, i.e., more than 15 min, the cytosolic calcium 
concentration eventually returned to resting values, 
but caffeine was still unable to produce a calcium rise 
(Fig. 3C). 

A calcium-free medium containing 1 mM MnC12 

was used to further determine the origin of the cal
cium. Under these conditions, a calcium mobilization 
from internai stores should induce opposite variations 
on the two wavelengths: an increase in fluorescence 
intensity at 340 nm and a decrease at 380 nm. On the 
contrary, if caffeine led to calcium entry, these experi
mental conditions should produce a manganese entry 
and the quenching of Fura 2 fluorescence [30]. We 
observed that caffeine first induced a calcium increase, 
with opposite variations on the two wavelengths (Fig. 
4A). This shows that in the absence of extracellular 
calcium, caffeine is able to produce a calcium mobili
zation from internai stores. After this initial phase, a 
rapid decrease in fluorescence intensity was observed 
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Fig. S. Expression of RyRs in LNCaP cells. A: RT-PCR detection of RyRs in LNCaP cells. RT-PCR was performed with either of the 
following pairs of primers: hRyRF 1/hRyRB or hRyRF2/hRyRB. PCR products of either 554 bp or 476 bp were detected in LN CaP eDNA 
but not in control reactions containing H20 (Jane H 20) or LNCaP RNA without reverse transcription (Jane -RT). 8: Restriction enzyme 
digest of RyR RT-PCR products obtained using hRyRFI/hRyRB. C: Restriction enzyme digest of RyR RT-PCR products obtained using 
hRyRF2/hRyRB. Lane M, size markers. 

at both wavelengths, indicating a quenching of Fura 2 
fluorescence by manganese entering through plasma 
membrane channels. This indicated that caffeine was 
capable of increasing intracellular calcium concentra
tions via two pathways: calcium mobilization from 
internai stores, followed by calcium entry. This cal
cium entry was confirmed by applying a calcium-free 
medium during the response to caffeine (Fig. 4B). This 
led to a decrease in [Ca2 +]i down to resting levels. 
Perfusion of NiCl2 (3 mM), shown to inhibit capacitive 
calcium entry [31], produced a similar effect (Fig. 4C). 

We used an RT-PCR assay to study RyR mRNA 
expression in LNCaP cells. By aligning the previously 
published RyR sequences, we designed primers to am
plify either RyR2 and RyR3 (hRyRF1/hRyRB) or RyR1 
and RyR3 (hRyRF2/hRyRB). The pairs of primers gen
erated fragments of the expected sizes of 554 and 476 
bp, respectively (Fig. SA). To determine the isoforms 
expressed, we performed restriction digests on these 
PCR products, using specifie enzymes for each iso
form. The hRyRF1/hRyRB PCR product was com
pletely eut by Bglll (RyR2-specific), giving fragments 
of 312 and 242 bp, and also by Haeiii, generating frag
ments of 301 and 253 bp, corresponding to the restric
tion profile of RyR2 (Fig. SB). These observations show 
the expression of RyR2 but not RyR3 mRNA in LN CaP 
cells. In order to study the expression of RyR1 mRNA 

in these cells, we studied the enzyme restriction of the 
hRyRF2/hRyRB PCR product (amplifying RyR1 and 
RyR3). The PCR product was completely eut by Sad 
(RyRl-specific) into 167-, 213-, and 96-bp products 
(Fig. SC), showing that RyRl mRNA was also ex
pressed in these cells. Taken together, these results 
showed the e'xpression of mRNAs of RyR1 and RyR2, 
but not RyR3, isoforms in LNCaP cells. 

To study the physiological role of RyRs in LNCaP 
cells, we next assessed the effects of ryanodine recep
tor activation on apoptosis. Cells were treated with S 
mM caffeine for 48 hr in the presence or absence of 1S 
!-lM ryanodine. Figure 6 demonstrates that both un
treated and ryanodine-treated cells exhibited a very 
low apoptotic index (less than 0.1%). By contrast, 
when the cells were treated with caffeine, about 3.5% 
of adherent cells were induced into apoptosis. Ryano
dine partially inhibited the caffeine-induced apopto
sis. These observations suggest that ryanodine
sensitive calcium stores mediate the induction of 
apoptosis by caffeine. 

DISCUSSION 

We conclude from these findings that LNCaP pros
tate cells express functional ryanodine receptors. We 
showed that caffeine was able to release calcium from 

't 
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Fig. 6. Effect of ryanodine on induction of apoptosis by caffeine. 
Ce lis were seeded in RPMI-1640 medium containing 1 0% fetal calf 
serum. Two days later, cells were treated with 5 mM caffeine in 
the presence or absence of 15 1-1M ryanodine for 48 hr. Apoptosis 
was determined as described in Materials and Methods. Shown 
here are results of a triplicate assay in one experiment, which is 
representative of two independent experiments. A: Histogram 
showing percent of apoptotic cells in the presence or absence of 
caffeine and ryanodine. 8: Fluorescence photographs of cells in the 
presence of caffeine (top). and in the presence of caffeine and 
ryanodine (bottom). Arrowheads indicate apoptotic nuclei. 

ryanodine-sensitive intracellular stores in LNCaP 
cells. Caffeine has also been shown to elevate intracel
lular calcium in many cell types by other means such 
as inhibition of KATP channels, leading to a depolar
ization and then a calcium influx, or by increasing 
cAMP through its action on phosphodiesterase or by 
stimulating a ryanodine receptor-independent cal
cium influx [21,32]. We show here that the action of 
caffeine occurs through ryanodine receptors, since a 
similar calcium rise was reproduced using 4 chloro
m-cresol, another ryanodine receptor agonist [26]. Fur
thermore, this effect was inhibited by ryanodine, an 
inhibitor of calcium-induced calcium release. In addi
tion, unlike in systems where caffeine produces a cal
cium entry [21], thapsigargin, a calcium ATPase in
hibitor which depletes intracellular calcium stores 
[29], completely inhibited the calcium rise induced by 
caffeine in our experiments. Also, in the absence of 
external calcium (quench experiment, Fig. 4A), caf
feine still produced antiparallel variations of the Fura 
2 fluorescence, indicating that there is not a strict re
quirement for extracellular calcium for the initial cy
tosolic calcium increase. We thus conclude that LN-

CaP cells, which are nonexcitable, possess intracellular 
ryanodine-sensitive calcium stores, and that caffeine is 
able to mobilize these calcium stores. 

A recent study showed that ryanodine receptor 
mRNA could be detected in only 2 of 12 different non
excitable cell types [10]. However, the function of 
RyRs in these cells could not be determined, as they 
did not respond to caffeine. The fact that the response 
to an IP3 agonist was attenuated by ryanodine led the 
authors to suggest that stimulation of ryanodine re
ceptors would promote an amplification of the 1,4,5-
IP3-induced calcium release. As nonexcitable cells 
where ryanodine receptors are expressed are usually 
nonresponsive to caffeine, LNCaP cells appear to be 
an original cell model. Using an RT-PCR assay, we 
showed that RyR1 and RyR2 mRNAs were expressed 
in LNCaP cells. This is rather surprising as, in the few 
nonexcitable models where RyRs have been detected 
by RT-PCR, only RyR3 and RyR2 have been identified 
in epithelial gut cells [33], T lymphocytes [34], HeLa 
cervix carcinoma [10], and epithelial kidney cells [35]. 
To our knowledge, the only nonexcitable cells where 
RyR1 has been shown to be expressed are parotid cells 
[36]. 

In excitable cells, besicles the well-known role of 
RyRs in excitation-contraction coupling in muscles 
[37-39], other functions have been suggested for these 
receptors, including an involvement in synaptic plas
ticity [40], as well as regulation of cell proliferation 
[34]. When present in nonexcitable cells, the function 
of ryanodine receptors is not clear, as opposed to ex
citable cells, where they are closely linked to dihydro
pyridine receptors and respond to plasma membrane 
depolarization [37] or calcium entry during depolar
ization [38] by releasing intraluminal calcium into the 
cytosol. It is nonetheless possible that ryanodine re
ceptors are also implicated in calcium-induced cal
cium release in nonexcitable cells through a coupling 
to voltage-independent or ligand-gated Ca2+ channels. 

In order to define the role of ryanodine receptors in 
calcium homeostasis in prostate cancer cells, we inves
tigated the relationship between ryanodine receptor 
activation and another source of calcium, calcium en
try through plasma membrane channels. We show 
here that ryanodine receptor activation by caffeine is 
closely associated with calcium influx. As there are no 
voltage-dependent calcium channels in these cells 
[19], this may be due to a capacitive calcium entry, a 
"calcium-refilling mechanism" induced by the deple
tion of calcium stores [41]. This type of calcium entry 
was first described in mast cells [42] and then in vari
ous cell models. It is now considered a typical re
sponse of nonexcitable cells to the agents that stimu
late the phospholipase C/IP3 pathway, mobilizing 
Ca2+ from internai stores [41]. Capacitive calcium en-
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try has also been described in excitable cells [43,44] 
and has been reported to be activated following rya
nodine receptor activation in PC12 cells [45] and 
muscle cells [46,47]. In our experiments, the calcium 
influx was able to permeate manganese and was in
hibited by nickel (one of the most patent capacitive 
calcium entry inhibitors) [31]. Our results show that 
calcium entry, and thus refilling of internai calcium 
stores, was promoted by the activation of ryanodine
sensitive calcium stores in nonexcitable prostate can
cer cells. 

W e then investigated the role of ryanodine recep
tors in apoptosis. Calcium has been shawn to be in
volved in apoptosis [15-17], but it is not clear which of 
the calcium levels in the cytosol and the filling state of 
the intracellular stores is the important factor impli
cated. In hormone-independent prostate cancer cells, 
thapsigargin stimulates apoptosis by a Ca2+ mobiliza
tion from intracellular pools and a following sustained 
Ca2+ entry [18]. We have also observed in hormone
dependent prostate cancer cells that apoptosis can be 
triggered by thapsigargin but independently of the 
capacitative calcium entry (R. Skryma, unpublished 
findings). We have shawn in our experiments that ac
tivation of RyRs with caffeine slightly stimulated ap
optosis and that this effect was inhibited by ryano
dine. By this way, RyRs could modulate apoptosis in 
prostate cancer cells by regulating the calcium levels 
in the cytosol or in intracellular stores. In nonexcitable 
cells, and in cancer cells in particular, growth factors 
and hormones trigger Ca2+ entry through voltage
independent Ca2+ channels stimulated by tyrosine or 
serine/threonine kinase phosphorylation, or stimulate 
calcium release from IP3-sensitive stores [9,48,49]. 
This calcium entry or release could in tum activate 
RyRs by a CICR, Calcium-Induced Calcium Release 
mechanism and by this way induce apoptosis. The 
connection between ryanodine-sensitive stores and 
apoptosis has not yet been demonstrated. If sorne re
ports show that caffeine can enhance the cytotoxicity 
of other drugs, its action was not shawn to be depen
dent on ryanodine receptors [50,51]. On the contrary, 
the role of IP3 receptors in apoptosis has been better 
documented [52], and it has been demonstrated that T 
cells devoid of type 1 IP3 receptors are resistant to the 
apoptosis induced by various treatments [53]. We 
show in our experiments that the stimulation of apop
tosis by caffeine is relatively low (3.5% of apoptotic 
cells with caffeine vs. 0.1% in the absence of caffeine). 
However, one might expect this effect to be large 
enough to lead to a reduction in cell growth rate. In 
addition, it must be pointed out that the amount of 
apoptosis due to caffeine treatment is similar to the 
percentage of cell death observed in sorne studies, 
where cell death was induced by androgen depletion 

in human prostate cancer cells [54]. We therefore sug
gest that activation of the other major intracellular cal
cium receptor, the ryanodine receptor, can also regu
late apoptosis in prostate cancer cells. 

These results could be of fundamental importance, 
since the development of prostate tumors can be 
slowed by inducing apoptosis. Apoptosis may be in
duced in prostate cells by androgen depletion [55], 
which is a commonly used therapy. It remains to be 
determined at that stage if androgen depletion
induced apoptosis involves changes in calcium ho
meostasis. Furthermore, since the development of 
prostate cancer is always accompanied in the later 
stages by the loss of androgen ablation sensitivity due 
to the presence of androgen-independent cells in the 
prostate tumor [56], an important issue would be to 
characterize regulatory mechanisms of ryanodine re
ceptors, and their role in the activation of apoptosis in 
such androgen-independent cells. 
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Article 6. 

Mechanisms of ATP-induced calcium signaling and growth arrest in human prostate cancer 

cells 

Vanoverberghe K, Mariot P, Vanden Abeele F, Delcourt P, Parys JB, Prevarskaya N.(2003) Cell 

Calcium. 34: 75-85. 

1. Position du problème et résultats 

Le but de ces travaux était de déterminer le rôle des variations de concentration en calcium dans 

les cellules prostatiques dans l'inhibition de croissance induite par la stimulation des récepteurs 

purinergiques par l'ATP. Il avait été montré d'une part que l'action d'agonistes purinergiques (via 

des récepteurs P2Y) sur des cellules prostatiques cancéreuses androgéno-indépendantes induisait un 

arrêt de prolifération (Fang et al 1992). Il était particulièrement important de comprendre le 

mécanisme d'action de ces agonistes purinergiques car, à ce stade androgéno-indépendant, les 

cellules cancéreuses prostatiques sont particulièrement agressives et ne sont sensibles à aucun 

traitement hormonal ou chimiothérapique. D'autre part, nous avions montré dans un travail 

préalable (Legrand et al2001) sur des cellules prostatiques cancéreuses que l'action proliférative de 

facteurs de croissance (type EGF, epidermal growth factor) était dépendante de l'état de remplissage 

des réserves calciques. Nous avons donc étudié particulièrement le rôle des niveaux de calcium dans 

le cytosol et le RE dans les processus d'inhibition de prolifération. 

La première partie de cet article a consisté à caractériser le mécanisme de transduction impliqué 

dans la réponse purinergique des cellules prostatiques androgéno-indépendantes DU145. Nous 

avons ainsi montré que l'action inhibitrice de l' ATP sur la croissance cellulaire était médiée par la 

voie de la phospholipase C/IP3/PKC. Les récepteurs IP3 impliqués dans la réponse à 1' A TP dans les 

cellules DU145 sont principalement de type 3. D'autre part, nous montrons que l'entrée capacitative 

induite par 1 'A TP dépendait de 1' activation de la protéine kinase C. 

Dans la seconde partie de 1' article, nous avons étudié le rôle respectif des variations de calcium 

dans l'inhibition de croissance des cellules DU145 induite par l'ATP Nous montrons ici que 

1' augmentation de calcium induite par 1' ATP, due à la fois à une mobilisation des réserves 

intracellulaires et une entrée capacitative, n'est pas nécessaire dans la réponse anti-proliférative. En 

revanche, nos résultats suggèrent que l' ATP entraîne une diminution de la concentration en calcium 

libre dans les réserves intracellulaires et que cette vidange pourrait être impliquée dans l'inhibition 

de la prolifération. 
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II. Dicussion 

Nos résultats montrent que la concentration en calcium libre dans les réserves intracellulaires 

sensibles à la TG (RE) est impliquée dans le contrôle de la prolifération cellulaire. Comme précisé 

dans l'introduction, le rôle du calcium dans la prolifération est connu depuis environ 25 ans 

(Boynton et al 1977, Jensen et al 1977). Certains travaux, incluant les nôtres (Legrand et al 2001 ), 

ont montré que l'état de remplissage des réserves du RE était un élément clé de contrôle de la 

croissance cellulaire (Ghosh et al 1991, Short et al 1993, Waldron, et al1994). Il a été montré que 

des traitements à la TG induisait une vidange calcique, une inhibition de la synthèse d'ADN et 

protéique et une inhibition de la croissance cellulaire dans des lignées de cellules musculaires lisses 

en culture (Gosh et al 1991). Cet effet était indépendant d'une action sur les transports 

mitochondriaux. D'autre part, cette action de la TG est antagonisée par un traitement avec de fortes 

quantités de sérum qui induit un remplissage des stocks calciques du RE, une néo-expression de 

SERCA2 dans le RE et rétabli un niveau de croissance cellulaire initial (Waldron et al 1994). Nous 

avons également montré dans les cellules LNCaP que l'action proliférative de facteurs de croissance 

(EGF) s'exerce notamment via une surexpression de SERCA2b et un remplissage des réserves 

calciques du RE plus important (Legrand et al 2001). Nous montrons ici qu'une stimulation 

physiologique (purinergique) de récepteurs-canaux intracellulaires provoque une inhibition de la 

prolifération par une vidange des réserves calciques intracellulaires. 

La thapsigargine par elle-même n'induit pas d'inhibition de la prolifération cellulaire dans les 

cellules DU-145, contrairement aux cellules LNCaP, ce qui laisse suposer des mécanismes 

différents quant aux rôle du calcium du RE dans le contrôle de la prolifération de ces cellules. Ceci 

suggère que : 

• La vidange des réserves calciques à elle-seule n'est pas suffisante dans les cellules 

androgéno-indépendantes DU145 pour induire un arrêt de prolifération, 

• Que cette vidange est néanmoins un élément indispensable activée par les récepteurs 

purinergiques dans la chaîne de transduction menant à 1' arrêt de prolifération, 

• Que la vidange nécessite, pour induire un arrêt de croissance cellulaire, une 

activation de systèmes de transduction qui ne sont pas stimulés par la TG dans ces cellules, 

Une des hypothèses permettant d'expliquer ceci est que la vidange calcique provoquée par 

1' ATP agit conjointement avec des seconds messagers impliqués dans la réponse ATP, par exemple 

l'IP3 ou la voie de la protéine kinase Cou les MAP kinases qui sont activés dans d'autres systèmes 

cellulaires par les récepteurs purinergiques (Soltoff et al 1998, Wilden et al 1998). Il est possible 

qu'une concomittence temporelle et spatiale de ces signaux (par exemple vidange des réserves 

calciques et activation des récepteurs IP3) soit nécessaire pour induire un arrêt de prolifération. 
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Il existe deux hypothèses principales pouvant expliquer l'inhibition de prolifération par une 

vidange des réserves calciques intracellulaires : 

1) les niveaux de calcium dans le RE sont nécessaires à une synthèse et une maturation 

protéique correcte et une altération des niveaux de calcium dans la lumière du RE va entraîner 

une altération de ces processus. 

2) le calcium dans la lumière du RE contrôle des signaux de transduction impliqués 

dans la régulation génique. 

La deuxième hypothèse est certainement la plus intéressante et plusieurs possibilités peuvent 

rendre compte d'une action des niveaux de calcium dans le RE sur la transcription de gènes (voir 

figure 16). 

L'induction de l'arrêt de prolifération cellulaire par la vidange des réserves calciques induite par 

une activation des récepteurs IP3-R pourrait être notamment médiée par une protéine appellée 

CHERP (pour Calcium Homeostasis Endoplasmic Reticulum Protein). Cette protéine est une 

protéine intégrale à la membrane du RE et est colocalisée avec les récepteurs IP3 notamment au 

niveau des régions périnucléaires. Il a été montré que son inhibition, grâce à une stratégie antisens, 

aboutit à une diminution de la quantité de calcium libéré par des agonistes des récepteurs IP3, à une 

diminution de la prolifération et à une inhibition de la translocation du facteur de transcription NF

AT du cytosol vers le noyau. CHERP pourrait ainsi être le relais entre la détection du niveau de 

remplissage des réserves calciques du RE (par les récepteurs IP3 par exemple) et l'activation des 

facteurs de transcription NF-AT (Laplante et al2000, O'Rourke et al2003). 

Le niveau de calcium dans le RE peut également affecter les fonctions de calcium-binding 

protéines, telles que la calréticuline ou les calnexines (pour revue voir Michalak et al 2002). La 

calréticuline est connue pour jouer un rôle considérable comme protéine tampon de la concentration 

calcique du RE, capable de réagir à des variations de la concentration de calcium dans la lumière du 

RE et de moduler l'homéostasie calcique. Cependant, la liaison du calcium sur la calréticuline va 

également moduler son activité et influencer son interaction avec d'autres protéines calcium

dépendantes. Ainsi, la calréticuline peut jouer un rôle important dans le contrôle de la mort 

cellulaire et de la prolifération en contrôlant par exemple la disponibilité des ions calcium pour la 

translocation de NF-AT vers le noyau ou en contrôlant l'activité de la calcineurine, une phosphatase 

calcium-dépendante impliquée dans le contrôle de l'activité transcriptionnelle (Michalak et al 2002, 

Guo et al 2002). 

Enfin, l'existence d'un réseau réticulaire nucléoplasmique (Echevarria et al 2003) laisse 

supposer qu'une vidange calcique du RE pourrait être transmise vers les réserves calciques 

nucléaires et engendrer un signal transcriptionnel grâce à un facteur de transcription nucléaire. 
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Abstract 

This study investi ga tes the calcium mechanisms involved in growth arrest induced by extracellular ATP in DU-145 androgen-independent 
humanprostate cancercells. Exposure ofDU-145 cells to 100 fLM ATP produced an increase in cytoplasmic calcium concentration ([Ca2+];), 
due to a mobilization of calcium from the endoplasmic reticulum stores and to subsequent capacitative calcium entry (CCE). 

We have shown that this [Ca2+]; increase occurs after stimulation by ATP of the phospholipase C (PLC) pathway. For the first time, we 
have identified the inositol 1 ,4,5-trisphosphate receptor (IP3R) isoforms expressed in this cellline and have demonstrated a participation 
of protein kinase C in CCE. Using fluorescence imaging, we have shown that a long-term treatment with ATP leads to a decrease in 
the intraluminal endoplasmic reticulum calcium concentration as weil as in the amount of releasable Ca2+. Modulating extracellular free 
calcium concentrations indicated that variations in [Ca2+]; did not affect the ATP-induced growth arrest ofDU-145 cells. However, treating 
cells with 1 nM thapsigargin (TG) to deplete intracellular calcium pools prevented the growth arrest induced by ATP. Altogether, these 
results indicate that growth arrest induced in DU-145 cells by extracellular ATP is not correlated with an increase in [Ca2+]; but rather 
with a decrease in intracellular calcium pool content. 
© 2003 Elsevier Science Ltd. AU rights reserved. 

Keywords: Calcium signa ling; ATP; Growth arrest 

1. Introduction 

Due to the constant increase in human life expectancy, 
prostate cancer is the second leading cause of cancer death 
in men (1]. Although it has been clearly established that the 
growth of prostate cells is regulated by androgens [2], an
tiandrogen therapies in combination with medical or surgi cal 
castration (3] are only temporari1y effective in most cases. 
Tumors eventually exhibit androgen-independent character
istics and resume theîr progression. For this reason, a thor
ough knowledge of the mechanisms înhibiting the prolif
eration of human androgen-independent prostate carcinoma 
cells is particularly useful for prostate cancer therapy. 

Indeed, little is known about the factors regulating the 
growth of androgen-independent prostate cancer cells. In 

* Corresponding author. Tel.: +33-3-20-43-40-77; 
fax: +33-3-20-43-40-66. 

E-mail address: Natacha.Prevarskaya@univ-lillel.fr (N. Prevarskaya). 
1 Both of them contributed equally to this work. 

this context, extracellular ATP is considered to be one of 
the physiological agents that inhibit the growth of sev
era! transformed cel! !ines through interactions with phar
macologically distinct P2 purinergic receptors [4]. The 
concept that ATP may also function as a direct regula
tor of cell viability through the activation of P2Y puri
noreceptors in the human androgen-independent prostate 
carcinoma cell !ines such as PC3, PC3-M or DU-145, 
was first suggested by Fang et al. [5] and recently further 
explored by Janssens and Boeynaems (6]. However, the 
mechanisms by which ATP acts on androgen-independent 
prostate carcinoma cell !ines have not yet been eluci
dated. 

Calcium ions play a central role in the regulation of many 
aspects of cell physiology. Control of muscle contraction or 
neurotransmitter release are obvious examples but calcium 
homeostasis has been also demonstrated to be implicated 
in processes such as cancer growth, cell cycle progression 
[7,8), cell migration (9], angiogenesis [10], apoptosis (11) 
and proliferation [12). 

0143-4160/03/$- see front matter© 2003 Elsevier Science Ltd. AU rights reserved. 
doi: 10.10 16/SO 143-4160(03)00024-1 
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In order to accommodate so many functions, the mech
anisms responsible for generating calcium signais are very 
diverse. The cell has access to two sources of calcium ions: 
an infinite supply of external calcium and a more finite in
ternai store sequestered in the endoplasmic reticulum (ER) 
[13]. Maintenance of a sufficient leve! of calcium within 
the ER ([Ca2+]ER) is critical for normal cell function. Sev
era! studies, including our own, have shown that [Ca2+]ER 
exerts a profound control over cell growth and progres
sion through the cell cycle [14]. Depletion of the ER Ca2+ 
stores induces growth arrest [8] and may trigger apoptosis 
[15, 16). On the other hand, calcium release from intracel
lular stores can produce an influx of extracellular calcium 
through store-operated ca2+ channels in the plasma mem
brane, a process named capacitative calcium entry (CCE) 
[17]. CCE is a major pathway involved in refilling ER Ca2+ 
stores and may play a role in the control of cell cycle pro
gression and apoptosis [ 16, 18]. 

The importance of calcium homeostasis for malignant 
cells has been demonstrated by studies showing that an
tagonists of the phosphoinositide pathway [19) or calcium 
influx [20) arrest the growth of a variety of tumor cells 
in culture. Nevertheless, the involvement of calcium in the 
growth-inhibitory effect of ATP is unclear and no significant 
links have been established between calcium pools, extra
cellular calcium, and the ability of cells to progress through 
the cell cycle under ATP control. The aim of this work 
was to identify which calcium homeostasis mechanisms al
tered by extracellular ATP interfere with the proliferation of 
androgen-insensitive human prostate cancer DU-145 cells. 
The data presented here show that DU-145 cells predomi
nantly express type 3 inositol 1 ,4,5-trisphosphate receptors 
(IP3Rs) and confirm that the application of extracellular ATP 
on these cells leads to activation ofphosphatidylinositol (Pt
clins) turnover and increases in cytosolic calcium concentra
tions due to calcium release from the endoplasmic reticu
lum (ER) and the consecutive opening of plasma membrane 
calcium channels. 

Our results illustrate a new mechanism by which ATP 
inhibits prostate cancer cell growth, correlated to a decrease 
in intracellular Ca2+ -pool content but not with a calcium 
influx or eventual changes in cytosolic Ca2+ concentration 
[Ca2+];. These results suggest that intracellular Ca2+ store 
content may play a pivotai role in the control of prostate 
cancer cell growth by extracellular ATP. 

2. Materials and methods 

2.1. Cel! culture 

The human prostatic carcinoma cell line DU-145 was 
obtained from the American Type Culture Collection 
(Rockville, MD, USA). Cells were grown in RPMI 1640 
with 5% fetal bovine serum (FBS, Deutcher, Brumath, 
France) at 37°C in a humidified atmosphere containing 

5% COz. The media was supplemented with 300 j..l.g/ml 
L-glutamine, 100 U/ml penicillin and 100 f.Lg/ml strepto
mycin. Tissue culture media and supplements were obtained 
from Life Technologies (Life Technologies, Cergy Pontoise, 
France). Cells were seeded in 75 cm2 flasks and the growth 
medium was renewed every other day. 

Prior to fluorescence measurements, the cells were re
moved from the culture flasks with 0.05% trypsin (Li fe Tech
nologies) and cultured on glass coverslips in the same culture 
medium. Cells were then used 2-5 da ys after trypsinization. 

2.2. Intracellular calcium irnaging 

Before each imaging experiment, the culture medium was 
replaced by a Hank's Balanced Salt Solution (HBSS) con
taining (in mM): NaCl, 142; KCl, 5.6; MgCJz, 1; CaC!], 
2; NazHP04, 0.34; KHzP04, 0.44; HEPES, 10; glucose, 
5.6; and buffered to pH 7.4 with NaOH. Cells were loadcd 
with fura-2 by exposure to 2 f.LM fura-2 acetoxymethyl ester 
(fura-2/ AM) in HBSS for 45 min at 37 °C. After incubation, 
cells were washed three times in the same dye-free solution. 
Glass coverslips bearing loaded cells were placed in a per
fusion chamber on an Olympus IX70 microscope equipped 
for fluorescence. 

Fura-2 fluorescence was altemately excited at 340 and 
380 nm using a polychrome II monochromator (TILL Pho
tonics, German y) and the emitted fluorescence was measured 
at 510 nm (long-pass fil ter) using a CCD camera Micro Max 
5 MHz (Princeton Instruments, Evry, France). Fluorescence 
signais were recorded and analyzed using Metafluor soft
ware (Universal Imaging). [Ca2+]; was calculated on-line 
from the fluorescence ratio (F340!F380 ) according to the for
mula derived from Grynkiewicz et al. [21]. Ail recordings 
were carried out at 33 °C. Cells were continuously per
fused with the HBSS solution (1 ml/min) and chemicals were 
added via the chamber perfusion system. 

2.3. Microinjection 

Ce Ils were microinjected using microelectrodes (of about 
50 Mn resistance) fi lied with either 100 iJ.M fura-2 or fura-2 
plus heparin diluted in a saline solution containing (in mM): 
KCl, 140; MgCh, 1; HEPES, 5. After impaling the cell, a 
slight positive pressure (0.1 ml of air) was applied to the mi
croelectrode to eject its content. During microinjection, the 
cell slightly swelled. The microelectrode was then immedi
ately removed from the cell. Microinjection was controlled 
un der a fluorescent microscope (magnification = 400 x). 
Fura-2 fluorescence was excited at 340 nm and the diffusion 
of the dye into the cell from injection point was considered 
as indicative of microinjection success. The quality of the 
microinjection was assessed by fura-2 imaging performed 
after a period of rest of 15 min following microinjection. 
Injected ce lis were qualified for further experiment if their 
basal intracellular Ca2+ concentration was Jess than 150 nM 
(about 50% of the cells). 
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2.4. Western-blot analysis 

DU-145 and control microsomal preparations from RBL-
2H3 mucosal mast cells were performed according to car
lier published procedures [22]. Microsomes were boiled for 
2 min in sample buffer, analyzed on 3-12% Laemmli-type 
linear gradient gels, transferred to Immobilon-P and probed 
with isoform-specific antibodies against IP3Rl (Rbt03), 
IP3R2 (Rbt02 and Rbt226) or IP3R3 (MMAtype3, !31220, 
Transduction Laboratories, KY, USA, 111000) [23]. To an
alyze simultaneously the different IP3R isoforms, we used 
Rbt475, a new developed antibody directed against amino 
acids 127-141 (KSNKYLTVNKRLPAL) of human IP3Rl. 
Its epitope is completely conserved between the three 
mammalian IP3R isoforms and it recognizes the various 
IP3R isoforms with equal affinity [24]. To allow a precise 
quantification of the immuno-reactive bands, Rbt475 was 
affinity purified against the peptide. Quantification of the 
immuno-reactive bands was performed after incubation with 
secondary antibodies coupled to alkaline phosphatase, de
tection using Vistra TM ECF (Amersham Pharmacia Bio tech, 
UK) and fluorimaging as described before [22]. After quan
tification, the relative levels of the various IP3R isoforms 
were assessed either by comparison [25] with the levels 
observed in RBL-2H3 microsomes [26], or directly by 
comparison of the signais obtained with the affinity-purified 
Rbt475 antibody for the different molecular weight bands. 

2.5. Measurement of in vitro cel/ growth 

Ce lis were seeded at an initial density of 1 x 103 cells/well 
in 96-well plates (Pol y Labo, Strasbourg, France). After 48 h 
incubation, cells were cultured in treatment media, as de
scribed in Section 3 (day 0). From day 0, the treatment 
medium was then changed every day for each condition. 
Cells were harvested on day 4 and cell number was de
termined by a colorimetrie method (CellTiter 96 Aqueous 
Non-Radioactive Cell Proliferation Assay). 

2. 6. Direct quantification of [Ca2+] ER 

DU-145 cells were loaded with 2 J.LM of the AM-ester 
derivative of Mag-fura-2 (Mag-fura-2/ AM) for 45 min at 
37 °C. This compartmentalized fluorescent dye has been suc
cessfully used to monitor changes in free ca2+ within the 
endoplasmic reticulum lumen [27]. After incubation with 
Mag-fura-2/AM, cells were briefly rinsed in a high K+ so
lution (in mM): KCI, 125; NaCI, 25; HEPES, 10; MgCiz, 
0.1; pH 7.2. They were then exposed to 5 J.Lg/ml digitonin 
diluted in the high K+ solution supplemented with 0.2 mM 
MgATP for 2 min, with free [Ca2+] clamped to 170 nM using 
CaC12/EGTA buffers (0.5 mM CaClz, 1 mM EGTA; Win
Maxe 1.7 software). Following digitonin permeabilization, 
Mag-fura-2 was localized in the subcellular compartments. 
Mag-fura-2 fluorescence was measured by ratio imaging, 
using a Princeton imaging system as described earlier. 

2. 7. Rea gents and chemicals 

Ali chemicals were purchased from Sigma (l'Isle 
d'Abeau, France) except fura-2/AM (France Biochem, 
Meudon, France). 

2.8. Data analysis and statistics 

Results were expressed as mean± S.E.M. Plots were pro
duced using Origin 5.0 (Microcal Software Inc., Northamp
ton, MA, USA). Statistical analysis was performed using 
ANOVA tests followed by Tukey-Kramer post-tests. 

3. Results 

3.1. Basal calcium leve1s 

The cytosolic calcium concentration ([Ca2+];) in fura-2 
loaded DU-145 cells averaged 95 ± 2 nM (n = 448) in 
the presence of 2 mM extemal calcium. When calcium was 
removed from the extemal saline, [Ca2+]; slightly decreased 
to 81 ± 1 nM (n = 446). 

3.2. ATP induced an increase in [Ca2+ ]; in DU-145 cells 

A typical effect of extracellular ATP on [Ca2+]i in 
DU-145 cells is illustrated in Fig. lA. In the presence 
of extemal calcium, ATP triggered a calcium increase 
(~[Ca2+] = 593 ± 36 nM, n = 22) in most cells, which 
declined after about 15 min to a new basal [Ca2+]; leve!. 
In the absence of extracellular free calcium, the addition of 
100 J.LM ATP induced a single rapid transient increase in 
[Ca2+]; (ô.[Ca2+] = 528 ± 54nM, n = 42 (Fig. lB)). Un
der the same conditions, the caZ+ release evoked by ATP 
(! 00 J.LM) was followed by a series of [Ca2+]; oscillations 
in 7% of ce lis (Fig. 1 C). This shows that, in the absence 
of extracellular calcium, ATP was still able to produce a 
calcium increase, originating from internai stores. 

3.3. Activation ofpurinergic receptors triggers bath Ca2+ 
release from intracellular stores and store-operated entry 

A standard experimental protocol [28] was used to study 
the ATP-induced calcium entry in DU-145 cells. The cells 
were first bathed with a Ca2+ -free buffer and after a period 
of observation to ensure that the baseline [Ca2+]; was sta
ble, the cells were then exposed to thapsigargin (TG), a spe
cifie irreversible inhibitor of ATP-dependent Ca2+ pumps 
(SERCA) localized in the endoplasmic reticulum (ER) [29]. 
As a consequence of SERCA pump inhibition, Ca2+ was 
released from ER Ca2+ stores into the cytosol via ER Ca2+ 
leak channels, leading to a transient increase in [Ca2+];. 
This ER Ca2+ store depletion then activated a CCE pathway, 
leading to a sustained increase in [Ca2+]; when calcium was 
readmitted into the extemal medium. Fig. 2 shows that expo-
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Fig. l. ATP induces a [Ca2+]i increase in human prostate cancer DU-145 cells. (A) A typical biphasic [Ca2+]i transient induced by an extracellular 
application of ATP ( 100 iJ.M) was recorded in fura-2-loaded ce lis in a medium containing 2 mM CaCI2 . ln a Ca2+ -free medium, ATP could still induce 
either a single Ca2+ peak (B) or a series of Ca2+ oscillations (C). 
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Fig. 2. ATP causes a capacitative calcium entry subsequently to the mobilization of Ca2+ from internai stores. (A) Changing the external calcium 
concentration from 0 to 2mM does not induce any [Ca2+]i increase. (B) Thapsigargin (0.1 iJ.M) stimulates a Ca2+ release in Ca2+ -free HBSS with a 
consecutive Ca2+ entry wh en Ca2+ is readmitted. (C) An application of 100 iJ.M ATP causes a mobilization of Ca2+ from internai stores in Ca2+ -free 
HBSS medium, followed by a capacitative Ca2+ entry when Ca2+ is readmitted. (D) In a medium containing 100 iJ.M 2-APB, the capacitative Ca2+ 
entry induced by the application of ATP ( 100 ,...M) is aboli shed. 

sure of celts to 0.1 J.LM TG in a calcium-free buffer initially 
produced a transient calcium peak (~[Ca2+] = 233±15 nM, 
n = 192). When calcium was readmitted to the bathing so
lution, a calcium plateau (~[Ca2+] = 1045 ± 35 nM, n = 
192) was observed. In the absence of TG, changing the ex-

tracellular calcium concentration did not affect the [Ca2+]; 
(Fig. 2A). This demonstrates the existence of a CCE mech
anism in DU-145 cells. 

In order to assess whether Ca2+ -store depletion induced 
by ATP caused CCE, the same protocol was used. In this 
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Fig. 3. Involvement of the endoplasmic reticulum Ca2+ store in the 
ATP-induced Ca2+ release. ln Ca2+ -free HBSS, the Ca2+ response of 
fura-2-loaded cells to ATP (100 JJ-M) is abolished when the endoplasmic 
reticulum Ca2+ content is previously depleted by thapsigargin (0.1 JJ-M). 

case, exposing cells to 100 j.LM ATP first led to a transient 
calcium peak followed by a reversible calcium rise with a 
mean [CaZ+]i increment of1230±28 nM, n = 127 (Fig. 2C) 
when calcium was added to the extemal buffer. 

We also studied the effect of diphenylboric a cid 2-amino
ethyl ester (2-APB), commonly used as CCE inhibitor, on 
calcium entry. Fig. 2D shows that, in the presence of 100 j.LM 
2-APB (n = 65), the Ca2+ release induced by ATP was not 
followed by CCE. In DU-145 cells, CCE was not inhibited 
by econazole, which inhibits CCE in other cell models (data 
not shown). 

3.4. Nature of the second messengers involved in 
ATP-induced calcium signaling 

We next examined whether the ATP-induced calcium 
increase was mediated by a caZ+ release from the ER. To 
investigate the involvement of ER stores in the ATP-induced 
calcium peak, we exposed DU-145 cells to TG ina Ca2+ -free 
buffer, which induces the depletion of calcium stores con
tained in the ER [30]. Fig. 3 shows that applying TG to 
DU-145 cells in the absence of extemal calcium caused a 
transient calcium increase. However, when ATP was applied 
to the cells few minutes later, no ATP-induced calcium 
signal was evoked (n = 25). The ability of TG to in
hibit the ATP-induced [CaZ+]i response indicates that 
ER Ca2+ stores are effectively involved in the effect of 
ATP. 

We have shown above that the initial rapid rise in [CaZ+]i 
is due to Ca2+ release from the ER, while the sustained in
crease in [Ca2+]i requires a Ca2+ influx. lt has also been 
shown that DU-145 express P2Y receptors, which are usu
ally coupled to phospholipase C (PLC) [5]. Therefore, we 
suggested that extracellular ATP activates PLC, thus lead
ing to the generation of IP3. To test for this possibility, we 
examined IP3Rs expression. 

(A) 1· '. "'""" I-IP3R1 

(B) ._IP3R2 

cc' 1 . , . ·I-IP3R3 

(D) 
~ IP3R1 

~ :==IP3R2and/or3 

DU-145 RBL-2H3 

Fig. 4. IP3R isoforms ana1ysis. Antibody detection of IP3R1 (A), IP3R2 
(B), IP3RJ (C) and simultaneous detection of IP3R1 and IP3R2/IP3R3 
(D) in DU-145 (left lanes) and RBL-2H3 cells (right lanes). Antibodies 
used were Rbt031/2000 (A), Rbt2261/250 (B), MMAtype31/1000 (C), 
and Rbt475 (112000). Each Jane was loaded with 20 JJ-g (DU-145) or 
50 1'-g proteins (RBL-2H3). Only the relevant parts of the gels are shown. 
Arrows indicate the position of the various IP3R isoforms. Typica1 for 
four to seven experiments. 

The use of isoform-specific antibodies indicated that mi
crosomal preparations ofDU-145 cells contained both IP3R1 
and IP3R3 (Fig. 4A and C). Despite the use oftwo different 
antibodies against IP3R2, no specifie signal was resolved 
above background, indicating that IP3R2, if any, would in 
any case only be present at very low density (Fig. 4B). To 
quantitatively analyze the amount of each IP3R isoform, 
values were compared to those measured in microsomes of 
RBL-2H3 cells, which contain the three IP3R isoforms at a 
ratio of 10:70:20% [26]. In comparison with RBL-2H3 cells, 
DU-145 cells contained only 0.8 ± 0.1 (n = 7) times the 
amount ofiP3R1 but 4.8±0.4 (n = 4) the amount ofiP3R3. 
These results indicate that the IP3R1 :IP3R3 ratio in DU-145 
cells is 8:92%. This value was verified independently by us
ing the Rbt475 antibody, that recognizes all three IP3R iso
forms with equal affinity (Fig. 4D). Direct comparison of the 
high molecular weight band, corresponding to IP3RI, and 
the low mo1ecular weight band, corresponding exclusively to 
IP3R3, showed a nearly exclusive expression of IP3R3. Af
ter quantification ofboth bands, it appeared that the strength 
of the IP3R1 signal was only 0.12 ± 0.01 of the value ob
served for IP3R3 (n = 5) indicating an IP3R1 :IP3R3 ratio 
of 11:89%. In conclusion, DU-145 cells con tain about 10% 
IP3RI and 90% IP3R3. 

We next inhibited the PLC pathway by pre-incubating 
the cells for 1 h with U73122 (20 !-LM), a PLC inhibitor, 
before applying ATP. U73122 abolished both the calcium 
mobilization and calcium influx (n = 30, Fig. 5A) whereas 



80 K Vanoverberghe et a/./Ce/1 Calcium 34 (2003) 75-85 

(A) ocaz· 2rrMca2
• 

(8) 200 T 
800 

i' ATP .s 600 
r 
?l 400 [\ 200 

0 -5nin 

(C) 800 50 jJIIIIP3 

i' 600 .s 
r 400 
~ 

200 

0 
5nin 

f\:: 
U73122 

150 

100 T 

50 

0 control injected 

o ca2+ + 10 J.M Rya 2 rrt.11 Ca2++ 10 IA'I Rya 
(D) 1200-ç=::=::=::JI _____ _ 

i'1000 
saoo 
~600 
{2.400 

200 
0 -5nin 

Fig. 5. Involvement of the PLC pathway in ATP-induced intracellular calcium increase. (A) The effect of extracellular ATP (lOO 11M) is abolished in 
presence of the PLC inhibitor U73122 (20 11M) and is maintained in presence of the inactive analogue U73343 (20 11M). (B) The ATP-induced Ca2+ 
response is reduced in cells previously microinjected with heparin ( 1 mg/ml) (D, Cal+ peak (ATP, 0 Ca2+); D, Cal+ plateau (2 mM CaZ+)), inset: typical 
Cal+ responses to ATP in both control and heparin-injected cells. (C) Cytosolic microinjection of IP3 (50 11M) in fura-2-loaded cells produces an increase 
in [Ca2+]i. (D) DU-145 cell response to ATP (lOO 11Ml is not modified when cells are incubated with ryanodine (10 11Ml during the time of the experiment. 

the same concentration of the inactive analogue, U73343, 
did not alter the ATP-induced calcium signais (n = 30). 

The involvement ofiP3Rs in ATP-induced Ca2+ signaling 
was confirmed using heparin which inhibits the IP3Rs of 
the ER. Heparin was microinjected into DU-145 cells to 
reach its target receptors before applying ATP. In order to 
localize heparin-injected cells, 100 j.LM fura-2 free acid was 
co-injected. Control cells were only injected with 100 !LM 
fura-2 free acid. As shown in Fig. SB, ATP was still able to 
in duce both calcium mobilization and calcium influx, though 
with a lesser magnitude (calcium peak: ~[Ca2+] = 179 ± 
22 nM, calcium plateau: ~[Ca2+] = 99 ± 21 nM, n = 34) 
than in non-injected fura-2-loaded cells (see Fig. 2C for 
comparison). In injected cells (n = 29), heparin (1 mg/ml) 
significantly reduced the amplitude of both calcium peak 
(~[ca2+] = 106±21 nM) and calcium plateau (MCa2+] = 
55± 13 nM, Fig. SB), showing that IP3Rs are involved in 
ATP signaling. We also studied the functionality of IP3Rs 
in DU-145 cells. As demonstrated in Fig. 5C, 50 j.LM of 
IP3 introduced into the cytosol via a patch-pipette induced 
a transient calcium mobilization ( 506 ± 108 nM, n = 6) in 
the absence of extemal calcium, confirming that IP3Rs are 
functional in DU-145 cells. 

We also investigated the potential role of ryanodine re
ceptors (RyRs) in ATP-induced Ca2+ release from the ER. 
For this, ryanodine, which at a concentration higher than 

10 !LM inhibits RyRs [31] was used. We show (Fig. 5D) that 
20 !LM ryanodine had no effect on either Ca2+ mobilization 
from intracellular stores or Ca2+ influx. The mean increase 
in [Ca2+]i during calcium mobilization was D.[Ca2+] = 
569±67 nM,n = 15, compared to D.[Ca2+] = 528±54 nM, 
n = 42 in control cells (Fig. 2C). 

Activation of the PLC pathway results in the generation 
of IP3, which releases Ca2+ from internai stores, and the 
production of diacylglycerol, the natural activator of pro
tein kinase C (PKC). The possible involvement of PKC in 
ATP-induced CCE in DU-145 cells was therefore exam
ined. Two experimental approaches were used to determine 
whether PKC was involved in the enhancement of[Ca2+]i by 
extracellular ATP. First, cells were exposed to PMA (1 j.LM), 
a direct activator of PKC. Second, ce lis were pre-incubated 
with 006976 (50 nM) or sphingosine (1 0 !LM), two PKC 
inhibitors. PMA had no effect on calcium entry in the ab
sence of ATP (see inset Fig. 6A). ln the presence of PMA, 
calcium entry induced by extracellular application of ATP 
was 36% higher than in control cells. Inhibition of PKC by 
G06976 and sphingosine (n = 116) decreased the calcium 
influx as measured during the Ca2+ plateau phase by 74 and 
41%, respectively, compared to control (Fig. 6B). As shown 
in Fig. 6B, none of these phannaco1ogical agents had any 
significant effect on ATP-induced Ca2+ release from the ER, 
induced by extracellular ATP, showing that they did not alter 
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the initial transduction events, such as ATP binding to its re
ceptor or G-protein coupling. The fact that PMA increased 
the calcium influx wh ile G06976 and sphingosine decreased 
it suggests that PKC is involved in regulating ATP-induced 
CCE in DU-145 cells. 

3.5. Long-term ATP treatment decreases the ER 
intraluminal Ca2+ concentration [Ca2+] ER 

We further studied the long-term effects of ATP on 
[Ca2+]i and [Ca2+]ER· For this, cells were cultured for 2 
days in the presence of 100 !J.M extracellular ATP. After 
2 days of culture, ER Ca2+ content was first estimated in 
fura-2 loaded cells by measuring the difference between 
the basal [Ca2+]i and the Ca2+ peak induced by 0.1 !J.M 
TG in a Ca2+ -free medium, since TG only induces release 
from the ER under these conditions. The [Ca2+]i itself was 
123 ± 3.3 nM, n = 73. The amplitude of the TG-induced 
Ca2+ release from the endoplasmic reticulum was re
duced by 68% in DU-145 cells treated with 100 !J.M ATP 

(268 ± 18 nM, n = 283 versus 86 ± 4 nM, n = 290). This 
observation was confirmed using the fluorescent Ca2+ indi
cator Mag-fura-2/AM. In this condition, luminal [Ca2+]ER 
was significantly lower ([Ca2+] = 249 ± 6 !J.M, n = 28) in 
ATP-treated DU-145 cells than in control cells ([Ca2+] 
770 ± 30 !J.M, n = 25) (Fig. 7B). 

3. 6. Raie of the sustained increase in [Ca2+ }i in the 
growth arrest of DU-145 cells by ATP 

To study the relationship between sustained elevated 
[Ca2+]i and ATP-induced growth arrest in DU-145 cells, 
the cells were cultured in RPMI-1640 media containing 
varying Ca2+ concentrations for 4 days. 

Fig. 7 shows that extracellular calcium did not modity the 
ATP-dependent growth inhibition ofDU-145 ce Ils since ATP 
provoked 83% growth inhibition in OmM CaCh (Fig. 7A) 
and 75% in 2 mM CaC]z (Fig. 7B) compared with control 
(67% in 0.4mM CaCiz, Fig. 7C). This growth-rate inhibi
tion cannot be explained by an increase in apoptosis, since 
no stimulation of apoptosis was observed in our experiments 
as determined by Hoechst staining (data not shown). In ad
dition, the decrease in CCE after treatment with G06976 did 
not influence the growth inhibitory effect of ATP on DU-145 
cells (inhibition of 67%, Fig. 7D). It is important, however, 
to note that the ca2+ -free medium by itself decreased the 
growth of DU-145 cell by 40%. This is not surprising since 
a similar effect was previously observed in a large variety of 
cell models [32,33]. We checked if the Ca2+ -free medium 
could modify the [Ca2+]i. Our results show that after 4 da ys 
of treatment in a Ca2+ -free medium, the [Ca2+]i was not 
significantly changed (data not shown). Altogether, these re
sults suggest that a variation in [Ca2+]i seems not to be a 
major factor involved in the effect of ATP on cellular pro
liferation. 

3. 7. A decrease in DU-145 cel! growth rate is correlated 
with a decrease in Ca2+ pool content 

As maintenance of luminal Ca2+ within the ER has been 
demonstrated to be essential for cell growth in sorne cell 
!ines [8,34] including prostate cancer cells [14] and since 
we observed that long treatments with ATP reduced the in
tracellular calcium store content, we investigated whether 
the growth inhibitory effect of ATP could be related to a 
decrease in the ER Ca2+ -pool content. 

We first determined a concentration of TG which did not 
induce apoptosis (verified by Hoechst staining) but sufficient 
to deplete the ER Ca2+ -pool content. The depletion of ER 
ca2+ -pool content was confirmed using the fluorescent Ca2+ 
indicator Mag-fura-2. We observed (Fig. 8A) that culture 
with 1 nM TG for 2 da ys reduced the ER Ca2+ -pool content 
to 309± 16 !J.M (n = 30), compared to control ([Ca2+]ER = 
728 ± 28 !J.M, n = 24), and decreased the growth rate by 
6% without inducing apoptosis. We th en treated the cultures 
with 1 nM TG 15 min bef ore ATP application to deplete 
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ER Ca2+ -pool content. Cells were cultured for 2 days in 
four conditions: control, 1 nM TG, 100 J..LM ATP, 1 nM TG 
plus100 J..LM ATP. The media was changed every day. Under 
these conditions, whatever the concentration of calcium was 
in the culture media (0.4 mM CaClz and Ca2+ -deprived), no 
significant effect of ATP on the growth rate was detectable 
after TG pretreatment (Fig. 8B). 

4. Discussion 

In this study, we have identified and characterized the 
intracellular Ca2+ homeostasis mechanisms involved in 
ATP-induced inhibition of androgen-independent human 
prostate carcinoma cell growth. We have demonstrated that 
extracellular ATP exerts an inhibitory action on the growth 
of DU-145 cells. We have also shown that ATP-induced 
cell growth inhibition is partly due to a reduction in ER 
calcium-store content. 

The extracellular effects of nucleotides like ATP are me
diated by P2 receptors, subdivided into Iigand-gated P2X 
and G-protein-coupled P2Y families [35]. The ATP-induced 
[Ca2+]i response is mainly mediated by P2Y purinergic re
ceptors via the formation ofiP3 and the subsequent release of 
Ca2+ from intracellular stores [6]. The [Ca2+]i response of 

DU-145 cells induced by extracellular ATP was first evoked 
by Fang et al. [5]. These authors showed that P2 purinergic 
receptor agonists, including ATP, induced a rapid and tran
sient increase in cytoplasmic free Ca2+. 

It has also been demonstrated in a variety of other non
excitable cells like parotid acinar cells [36], normal human 
airway epithelial cells [37], and human breast tumor cells 
MCF7 [38], that ATP induces a biphasic increase in [Ca2+];. 
This type ofresponse is due to the depletion ofintemal Ca2+ 
stores, which activates CCE, leading to an influx of Ca2+ 
from the extracellular space [18]. The initial rise in [Ca2+]; 
occurs as a direct effect of IP3 binding to IP3Rs in the ER. 
In our study, we show the presence of IP3R3 in DU-145 
cells for the first time. The fact that IP3R3 is expressed at 
90% compared to the 10% ofiP3R1 suggests that the type 
3 receptor plays a key role in Ca2+ signaling in these cells. 
As shawn by many authors, type 1 IP3R might be capable 
of generating oscillatory Ca2+ release (39,40] whereas the 
type 3 IP3R is implicated in Ca2+ -store release followed by 
CCE and may even operate as a CCE channel in sorne cell 
types [41]. Here, the type 1/type 3 ratio may explain why 
we infrequently observe an oscillatory calcium response to 
ATP. Since the use of inhibitors of the ryanodine receptors 
did not affect the calcium release from the ER, while it was 
abolished when PLC was inhibited by U73122, we suggest 
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that the PLC/IP3 pathway is certainly the main intracellular 
transduction pathway involved in ATP signaling in DU-145 
cells. 

PLC stimulation results in the production of diacylglyc
erol, a natural activator of PKC. ATP-induced [Ca2+]i in
crease was attenuated by inhibiting PKC with sphingosine 
or G06976. These results suggest that the ATP-induced 
[Ca2+]i increase (and especially the CCE mechanism) is a 
PKC-regulated event. The relation between PKC and CCE 
seems to be dependent on the cell mode! since in rabbit air
way ciliated cells, the ATP-induced CCE was not altered 
when PKC was inhibited by chelerythrine [42]. These op
posite modulations of CCE are most probably related to the 
fact that regulatory and pharmacological properties of the 
endogenous channels responsible for CCE depend on the 
cell type [43,44]. Indeed, it is now clearly demonstrated that 
the expression of the transient receptor potential (TRP) pro
teins, the most likely candidates for store-operated calcium 
channels, varies quantitatively and qualitatively in different 
cell types. PKC activation could have multiple actions on the 

calcium storage capacity, and on the calcium signaling func
tion by its participation in the modulation of CCE. On the 
one hand, depending on the cell type and on the exact con
ditions, PKC activation can potentiate [45] or inhibit CCE 
[46]. On the other hand, as in both NIH3T3 and HEK293 
cells, PKC reduces intracellular Ca2+ -storage capacity and 
can protect the ER against the detrimental effects of high 
(Ca2+]i on ER structure [45,46]. These actions indicate a 
complex and potentially important role for the PKC system 
in calcium homeostasis. 

The last aspect of this paper was to study the source of 
Ca2+ involved in growth arrest induced by extracellular ATP. 
Indeed, extracellular ATP has be en reported to stimula te [ 4 7] 
orto inhibit [48] cell growth, depending on the cell type and 
the composition of the culture medium. It is now known that 
ATP inhibits the growth of androgen-independent prostate 
cancer cells such as DU-145 and PC3 [5,6]. Furthermore, it 
is well-documented that Ca2+ controls numerous cell func
tions, including protein synthesis and cell proliferation [49]. 
Alterations in cytoplasmic free Ca2+ are important for cell 
proliferation and sorne groups reported that a sustained in
crease in cytoplasmic free Ca2+ was necessary for growth 
arrest and cell death (12]. Nevertheless, no relation has been 
established between the calcium response and cell growth 
arrest induced by ATP. Therefore, our aim was to demon
strate the role of calcium in the modulation of proliferation 
by extracellular ATP. Increases in [Ca2+]i have been sug
gested, but not demonstrated, to play a role in extracellular 
ATP-induced growth inhibition [5,6,50]. Our results provide 
the first direct demonstration that the (Ca2+]i increase is 
not implicated in the physiological role of ATP. Indeed, we 
show that whatever the extracellular concentrations of Ca2+ 
are, no modulation in ATP-induced growth arrest was ob
served. Moreover, cell growth arrest was not due to reduced 
cytosolic Ca2+ concentration since no significant variation 
in basal ca2+ levels was observed after long-term treatment 
with ATP. Therefore, our findings suggest that a decrease in 
Ca2+ pool content participates in the ATP-induced growth 
arrest in the DU-145 cells. This hypothesis was confirmed 
by the experiment where a decrease in the Ca2+ pool con
tent using 1 nM TG prevented the growth inhibitory effect 
of ATP. Here, we observed that although 1 nM TG induced 
a fall in Ca2+ pool content similar to that induced by ATP, 
no significant inhibitory effect on cell growth was observed. 

ATP and TG are two agents that cause depletion of ER 
calcium-store content by clearly distinct mechanisms: IP3R 
activation and inhibition of SERCA pumps that accumulate 
Ca2+ in the ER, respectively. Moreover, it has been sug
gested that IP3R and SERCA pumps are differently localized 
on the ER [51]. The nature and location of the channels are 
supposed to be implicated in the spatio-temporal profile of 
the Ca2+ release [52,53]. As suggested by these studies, the 
spatio-temporal profile could be deterrnined by the flux of 
calcium ions across the ER as weil as the diffusion mobility 
ofCa2+ and Ca2+ buffers in the cel!. This could exp lain how 
agents which seem to have identical action on ca2+ signal, 
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have distinct biological effects. Indeed, Huang and Putney 
[54] show that on rat basophilie leukemia cells, the kinetics 
of calcium release from the ER differs between IP3 agonist 
and TG, suggesting that a specifie subfraction of the ER was 
more slowly depleted by IP3 agonists than the majority of 
the ER by TG. Other authors noticed that signaling systems 
with distinct biological effects and operating within different 
temporal and spatial domains, can depend on Ca2+ -free con
centration within the lumen of the ER [55]. Consequently, 
we conclude that a decrease in Ca2+ pool content by ATP 
is necessary but not sufficient to induce growth arrest. This 
suggests that the acceleration of Ca2+ recycling process 
by ATP mediated IP3 function may be responsible for the 
inhibitory effect of ATP on prostate cancer cel! growth. 
TG, on its own, only induces an irreversible emptying of 
ER Ca2+ store. In addition, ATP may involve other sig
naling mechanisms which are independent on calcium and 
interfere with cell growth. These Ca2+ -independent trans
duction pathways are probably different or not activated 
byTG. 

In summary, our work establishes a link between Ptdins 
turnover, Ca2+ mobilization and growth inhibition. For the 
first time, we have characterized sorne of the Ca2+ -regulated 
mechanisms involved in ATP-induced growth arrest in 
androgen-insensitive human prostate cancer DU-145 cel!s. 
We suggest that [Ca2+]ER exerts a profound control over 
cell growth and progression through the cell cycle and that 
a decrease in the leve! of the ER Ca2+ stores pla ys a central 
role in the growth control of androgen-independent human 
prostate cancer cells. 
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Article 7. 

Overexpression of an alpha lH (Cav3.2) T-type calcium channel during neuroendocrine 

differentiation of human prostate cancer cells. 

Mariot P, Vanoverberghe K, Lalevée N, Rossier MF, Prevarskaya N (2002) J. Biol. Chem. 277 : 

10824-10833 

Article 8. 

Ca2
+ homeostasis and apoptotic resistance of neuroendocrine-differentiated prostate cancer 

cells. 

Vanoverberghe K,Vanden-Abeele F, Mariot P, Lepage G, Roudbaraki M, Bonnal JL, Mauroy B, 

Shuba Y, Skryma R, Prevarskaya N (2003) En révision pour Cell. Death and Differentiation 

1. Position du problème 

La prostate saine exprime différents types cellulaires dont les cellules épithéliales luminales et 

basales, ces dernières pouvant servir de cellules souches, ainsi que des cellules neuroendocrines 

dispersées dans 1' organe provenant soit de la crête neurale au cours de l' embryogénèse soit de la 

différenciation des cellule souches basales. Le cancer de la prostate, généralement dans les stades 

avancés, présente des foyers de cellules neuroendocrines, d'où la terminologie de "différenciation 

neuroendocrine". La différenciation neuroendocrine pourrait regrouper plusieurs phénomènes dont : 

une transformation maligne d'une cellule souche prostatique, une transformation d'une cellule 

neuroendocrine, ou une dédifférenciation d'une cellule épithéliale accompagnée d'un nouveau 

programme d'expression de gènes. 

Les cellules de la prostate expriment des récepteurs à des hormones peptidiques comme la 

prolactine et aux neuropeptides tels que le GnRH, le VIP, la somatostatine ou la calcitonine, qui ont 

une importance fondamentale puisque leur stimulation peut activer ou bloquer la prolifération ou le 

caractère invasif des tumeurs (Wasilenko et al 1997, Limonta et al 1992, Hoosein et al 1993, Shah 

et al 1994). De plus, on sait maintenant que les cellules de la prostate sécrétent de la prolactine et de 

nombreux neuropeptides (TSH, calcitonine, somatostatine, GRP ... ). La présence de récepteurs à 

des hormones et des neuropeptides émis localement a permis l'émergence du concept selon 

lequel le fonctionnement physiologique et pathologique des cellules de la prostate pourrait 
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être régulé par des boucles autocrines/paracrines. 

Un intérêt considérable s'est porté depuis plusieurs années sur la différenciation 

neuroendocrine dans le cancer de la prostate car celle-ci semble être associée à un pronostic 

clinique très défavorable. Cette terminologie est déterminée par les caractéristiques histologiques 

(immunoréactivité aux marqueurs neuronaux (Neuron Specifie Enolase (NSE), chromogranine A, 

synaptophysine)) et regroupe aussi bien les carcinomes neuroendocrines, tels que carcinomes à 

petites cellules et tumeurs carcinoïdes ou apparentées, que les adénocarcinomes classiques avec 

différenciation neuroendocrine focalisée. Cette terminologie inclut également les carcinomes 

prostatiques avec présence de sécrétion ectopique (par exemple, ACTH, ~-endorphine, PTH, 

glucagon, a- and ~-HCG) ou eutopique de neurohormone (sérotonine, TSH-like peptides, 

somatostatine, calcitonine, bombesine-like peptides) et/ou la présence d'un marqueur 

neuroendocrinien (chromogranine A) dans le sérum, les urines ou la tumeur. La pathologie la plus 

commune reste l'adénocarcinome avec différenciation neuroendocrine focalisée. La différenciation 

neuroendocrine focalisée est caractérisée par la présence de foyers d'amas de cellules 

neuroendocrines dans un environnement de cellules non neuroendocrines en division (Bonkhoff 

1998). Les méthodes de détection s'affinant de plus en plus, il est devenu évident qu'une 

différenciation neuroendocrine dans des adénomes prostatiques conventionnels était certainement 

très fréquente (diSant' Agnese and de Mesy Jensen 1987, Abrahamsson et al 1986). Le pronostic 

clinique semble être influencé par la différenciation neuroendocrine de la tumeur. Les carcinomes 

neuroendocrines à petites cellules, poursuivent une progression rapide et sont insensibles à une 

thérapie hormonale. Les tumeurs carcinoïdes, ou apparentées, sont également très agressives 

lorsqu'elles surviennent dans la prostate. Les carcinomes prostatiques avec différenciation 

neuroendocrine, enfin, ont également un mauvais pronostic clinique et sont associés à une survie 

considérablement réduite à 6 ans (Cohen et al1990, Glezerson and Cohen 1991). 

Plusieurs hypothèses sont avancées pour tenter d'expliquer pourquoi les cancers prostatiques 

présentant une différenciation neuroendocrine ont un mauvais pronostic clinique. D'une part, les 

cellules neuroendocrines sont réfractaires aux traitements anti-androgéniques car elles n'expriment 

généralement pas le récepteur aux androgènes. Ceci est cohérent avec le fait que les tumeurs 

présentant une différenciation neuroendocrine sont androgéno-indépendantes. Les tumeurs 

deviennent alors hormona-indépendantes lors d'une thérapie antiandrogénique, les cellules 

neuroendocriniennes tumorales remplaçant les cellules tumorales androgéno-dépendantes au fur et à 

mesure du traitement. D'autre part, les cellules neuroendocrines ne prolifèrent pas (Bonkhoff 1998) 

mais pourraient être impliquées dans le cancer de la prostate en sécrétant des facteurs 

paracrines/autocrines à activité mitogénique tels que la bombésine, la calcitonine ou les peptides 
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apparentés à l'hormone parathyroidienne. Ceci pourrait entraîner ou faciliter la prolifération des 

cellules épithéliales avoisinantes ou leur différenciation vers un phénotype neuroendocrine 

(Abrahamsson 1999). Ces actions paracrines pourraient aboutir à une croissance non controlée de la 

prostate. Ainsi, un dysfonctionnement de sécrétion de neuropeptides (défaut ou hypersécrétion), 

ainsi qu'un défaut d'expression de récepteurs à des neuropeptides et/ou une altération de la 

transduction intracellulaire par exemple, pourraient être responsables d'une croissance tumorale. 

Les mécanismes impliqués dans la différenciation neuroendocrine des cellules de la prostate ne 

sont pas pour l'instant élucidés mais grâce aux modèles de lignées de cellules tumorales humaines 

(LNCaP et DU145), il semblerait que les cellules épithéliales pourraient se différencier en cellules 

neuroendocrines notamment sous l'effet de cytokines (interleukines 1 et 6) (Diaz et al 1998) ou de 

second messagers tels que l'AMPc (Bang et al 1994, Cox et al 2000) et les voies impliquant les 

p38MAP kinases (Kim et al 2002), la phosphatidylinositol 3 '-kinase et les tyrosines kinases de type 

Btk (Qiu et al 1998). 

II. But du travail 

Le but de ces travaux était de déterminer les altérations des mécanismes d'homéostasie calcique 

lors du processus de différenciation neuroendocrine dans les cellules prostatiques. 

Nous avons voulu déterminer dans un premier temps (article 7) si le processus de 

différenciation neuroendocrine était associé à une expression de canaux calciques voltage

dépendants. En effet, d'une manière générale, les cellules neuronales ou neuroendocrines (cellules 

hypophysaires, pancréatiques ou médullosurrénaliennes par exemple) sont associées à l'expression 

de ce type de canaux. D'autre part, dans certains modèles cellulaires, neurones ou cellules 

neuroendocrines (PC12), la différenciation est associée à une expression différentielle des canaux 

calciques voltage-dépendants. 

Dans un second temps (article 8), nous avons poursuivi le travail précédent en ce qui concerne 

les altérations de l'homéostasie calcique lors du phénomène de différenciation neuroendocrine et 

avons voulu détérminé si ces altérations concernaient d'autres canaux que les canaux voltage

dépendants et si ces altérations jouaient un rôle dans la résistance à l'apoptose des cellules 

différenciées. 

III.Résultats et discussion 

Notre travail a montré, par des mesures électrophysiologiques et des approches de biologie 

moléculaire, que la différenciation neuroendocrine des cellules cancéreuses prostatiques LNCaP, 
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induite soit par la stimulation de la voie de l'adénylate cyclase, soit par une déplétion en stéroïdes, 

provoquait une surexpression d'un seul type de canal calcique voltage-dépendant, un canal calcique 

de type T, la sous-unité surexprimée étant la sous-unité pore alH. Ce travail a été notamment 

possible grâce à une collaboration avec les Drs. M. Rossi er et N. Lalevée, qui ont effectué les 

mesures de RT-PCR quantitative par Sybergreen. Nous avons de plus montré dans ce travail que ce 

canal était probablement impliqué dans le processus d'élongation neuritique, soit directement en 

augmentant le calcium cytosolique via une entrée à un potentiel membranaire de fenêtre, soit 

indirectement en stimulant la sécrétion de facteurs paracrines à activité neurotrophique (article 7). 

Nous montrons d'autre part dans l'article 8 que la différenciation neuroendocrine est associée à 

une diminution de la concentration calcique du réticulum endoplasmique et à une diminution de 

l'entrée capacitative et du courant SOC. La diminution de la concentration calcique des réserves 

intracellulaire est corrélée à une diminution du taux d'expression des SERCA2B, qui sont des 

isoformes ubiquitaires des pompes calciques ATPases responsables du remplissage du réticulum 

endoplasmique, et de la calréticuline, protéine chaperone de liaison au calcium. 

D'autre part, nous montrons dans l'article 8 que les cellules différenciées acquièrent une 

résistance à l'apoptose induite par la thapsigargine ou le TNFa. Les modifications d'homéostasie 

calcique étant similaires dans les cellules différenciées et dans les cellules transfectées avec bcl-2, 

nous suggérons que ces modifications pourraient être impliquées dans le processus de résistance à 

l'apoptose. Cependant, cette résistance à l'apoptose ne semble pas impliquer bcl-2 car celle-ci est 

sous-exprimée lors du processus de différenciation. 

Ainsi, la différenciation neuroendocrine des cellules prostatiques est associée à une expression 

différentielle de mécanismes d'homéostasie calcique correspondant effectivement à ceux de cellules 

neuroendocrines : 

• Expression plus importante de canaux calciques voltage-dépendants 

• Expression plus faible d'une entrée de type SOC 

Un des enjeux importants consiste à déterminer quel peut être l'influence sur la 

physiopathologie cellulaire de cette expression différentielle de canaux calciques dans les cellules 

cancéreuses. 
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Neuroendocrine differentiation of prostate epithelial 
cells is usually associated with an increased aggressiv
ity and invasiveness of prostate tumors and a poor prog
nosis. However, the molecular mechanisms involved in 
this process remain poorly understood. We have inves
tigated the possible expression of voltage-gated calcium 
channels in human prostate cancer epithelial LNCaP 
cells and their modulation during neuroendocrine dif
ferentiation. A small proportion of undifferentiated 
LN CaP cells displayed a voltage-dependent calcium cur
rent. This proportion and the calcium current density 
were significantly increased during neuroendocrine dif
ferentiation induced by long-term treatments with cy
clic AMP permeant analogs or with a steroid-reduced 
culture medium. Biophysical and pharmacological 
properties of this calcium current suggest that it is car
ried by low-voltage activated T-type calcium channels. 
Reverse transcriptase-PCR experiments demonstrated 
that only a single type of LVA calcium channel mRNA, 
an alH calcium channel mRNA, is expressed in LNCaP 
cells. Quantitative real-time reverse transcriptase-PCR 
revealed that a 1H mRNA was overexpressed during neu
roendocrine differentiation. Finally, we show that this 
calcium channel promotes basal calcium entry at rest
ing membrane potential and may facilitate neurite 
lengthening. This voltage-dependent calcium channel 
could be involved in the stimulation of mitogenic factor 
secretion and could therefore be a target for future ther
apeutic strategies. 

Prostate cancer is a slowly evolutive cancer which, in the 
first stages, is dependent on androgens. Treatments designed 
to kill the tumors, based on androgen depletion, become even
tually ineffective, this being probably due to the selection of 
resistant cells. One hypothesis is that androgen-insensitive 
cells resistant to anti-androgen therapies would be neuroendo
crine cells lacking the androgen receptor (1). Extensive and 
focal neuroendocrine features, determined by cell immunore-
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activity to different neuronal markers (neuron-specific enolase 
(NSE),l chromogranin A, synaptophysin), are evidenced in 
most prostate carcinoma in their late stages (for review, see 
Refs. 2 and 3). This focal neuroendocrine differentiation is 
characterized by the presence of dispersed clusters of neuroen
docrine cells in a neighboring of non-neuroendocrine dividing 
cells (1) and is usually associated with an increased aggressiv
ity and invasiveness of the tumors and a poor prognosis (4). 
Neuroendocrine cells do not proliferate (1) but could be in
volved in prostate cancer relapse by secreting mitogenic auto
crine/paracrine factors like bombesin, calcitonin, and parathy
roid hormone-related peptides in theirvicinity(3). This could in 
turn promote either the proliferation of adjacent epithelial cells 
or their differentia tian toward a neuroendocrine phenotype (2). 
Altogether, these autocrine/paracrine actions could lead to the 
uncontrolled growth of the prostate. 

Sorne of the signais involved in neuroendocrine differentia
tian of the prostatic epithelium have been unraveled. Activa
tion of membrane receptors coupled to adenylyl cyclase which 
leads to an increase in cytosolic cyclic AMP, as well as inter
leukins 1 and 6 induce the expression ofneuroendocrine mark
ers like NSE, secretory granules, and neurite extension (5-9). 
The stimulation of neuroendocrine differentiation by interleu
kin 6 has been shown to involve the induction of cyclin-depend
ent kinase inhibitor p27Kipl (7), as weil as the tyrosine phos
phorylation of epithelial and endothelial tyrosine kinase Etk! 
Bmx through the activation of phosphatidylinositol 3' -kinase 
(6). Steroid removal from the culture medium was also shown 
to induce neuroendocrine differentiation (10, 11). 

Calcium entry through voltage-gated calcium channels is 
reported to be involved in differentiation and neurite out
growth in other cells (12-15). It has been shawn, for example, 
in the pheochromocytoma cell line (PC12 cells) that neuroen
docrine differentia tian is accompanied by an increased expres
sion of voltage-dependent channels like law-voltage activated 
(LVA) (12) and high-voltage activated (HVA) calcium channels 
(14, 16). To our knowledge no functional voltage-dependent 
calcium channels have been clearly demonstrated in prostate 
cancer cells. We have investigated in this study the possible 
expression of voltage-gated calcium channels in human pros
tate cancer LN CaP cells and their modulation during neuroen
docrine differentiation induced by increasing cytosolic cAMP or 
by reducing steroids in the culture medium. We show that a 

1 The abbreviations used are: NSE, neuron-specific enolase; LVA, 
low-voltage activated; HVA, high-voltage activated; RT, reverse tran
scriptase; IBMX, isobutylmethylxanthine; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; [Ca2+],, intracellular Ca2+; Bt2cAMP, dibu
tyryl cAMP. 
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small proportion of LNCaP cells displays an inward calcium 
current of weak amplitude and that this proportion and the 
calcium current density are increased during neuroendocrine 
differentiation. Biophysical and pharmacological properties of 
this calcium current show that it is carried by a LVA T-type 
calcium channel. RT-PCR experiments demonstrate that only 
an am voltage-dependent calcium channel mRNA is expressed 
in LNCaP cells. Quantitative real-time RT-PCR reveals that 
"'m mRNA is overexpressed during neuroendocrine differenti
ation induced by various stimuli increasing cytosolic cAMP. 
Finally, our results suggest that although they are not involved 
in triggering neurite elongation, T-type calcium channels par
ticipate to a "window" calcium current active at resting mem
brane potential and may be implicated in facilitating the ex
tension of neuritic processes. In addition, we propose that this 
voltage-dependent calcium channel could participate to the 
stimulation of mitogenic factors secretion by neuroendocrine 
prostate cells and could therefore be a target for future thera
peutic strategies. 

EXPERIMENTAL PROCEDURES 

Cell Culture and Treatments 

LNCaP cells were purchased from the American Type Culture Col
lection and grown as recommended in RPMI 1640 (Biowhittaker, Fon
tenay sous Bois, France) supplemented with 10% fetal bovine serum 
(Seromed, Poly-Labo, Strasbourg, France) and 5 mM L-glutamine (Sig
ma, L'Isle d'Abeau, France). Cells were routinely grown in 50-ml flasks 
(Nunc, Poly-Labo) in a humidified atmosphere at 37 ·c (95% air, 5% 
C02). To study the role of steroids in the expression of voltage-depend
ent calcium channels, cells were grown in phenol red-free RPMI 1640 
supplemented with 10% charcoal-stripped fetal bovine serum (culture 
medium thereafter referred to as steroid-reduced medium). For electro
physiological studies, cells were subcultured in Petri dishes (Nunc) 
using trypsin. The culture medium was then changed every 3 da ys. Five 
days after trypsinization, the treatment was initiated and the culture 
medium containing the treatments (Bt2cAMP, IBMXJ was changed 
every day. Cells were then tested within 8 da ys. 

Western Blot Analysis 

Following treatments, LN CaP cells were lyzed in an ice-cold homog
enizing buffer (pH 7.4) containing 20 mM HEPES, 50 mM NaCl, 0.5% 
Nonidet P-40 (v/v), 1 mM EGTA, 10 mM EDTA, 1 mM phenylmethane
sulfonyl fluoride, 2 J.Lg/ml aprotinin, 2 J.Lg/ml pepstatin A, and 10 Jl.g/ml 
leupeptin. The homogenates were cleared by a centrifugation at 900 x 
g for 10 min and the protein content in the supernatants was deter
mined using a Bradford assay. 50 J.Lg of total proteins of each sample 
were analyzed on a 10% SDS-polyacrylamide gel electrophoresis. After 
transfer, the blots were blocked in 5% non-fat dry milk in TBST (15 mM 
Tris buffer (pH 8), 140 mM NaCl, 0.05% Tween 20) before the mouse 
anti-NSE monoclonal antibody (1/100, M0873 DAKO) was added in 
TBST-3% non-fat dry milk for 1 hat room temperature. After washing, 
blots were incubated for 1 h with an horseradish peroxydase-linked 
secondary antibody (1/5000, Zymed Laboratories Inc., San Francisco, 
CA) and processed for chemiluminescent detection using Supersignal 
West Pico chemiluminescent substrate (Pierce, Chemical Co., Rockford, 
IL) according to the manufacturer's instructions. The blots were then 
exposed to X-Omat AR films (Eastman Kodak Co., Rochester, NY). 

Qualitative and Quantitative RT-PCR 

RNA Extraction-Total RNA isolation from 5 million cells in culture 
was performed using the RNeasy™ Total RNA isolation System kit 
(Quiagen AG, Base!, Switzerland), as indicated in the manufacturer's 
instructions. Dry RNA pellets were dissolved in nuclease-free water and 
stored frozen at a concentration of 500 ngl J.Ll. 

RT·PCR Procedure-Conventional RT-PCR was performed usingthe 
"GeneAmp™ Gold RNA PCR Reagent Kit" from PE-Biosystems follow
ing manufacturer's instructions. Briefly, first strand eDNA was gener
ated by loading 300 ng of extracted RNA in the master mixture (50 J.Lll 
containing 500 nM specifie primers for calcium channels (see Table I) 
and other reagents, as specified by the manufacturer. GAPDH (glycer
aldehyde-3-phosphate dehydrogenase) transcripts were reverse tran
scribed and analyzed in parallel to evaluate RNA integrity. Reverse 
transcription was achieved by incubation at 42 •c for 12 min. A 10-min 
denaturation step at 95 •c then preceded 32 PCR cycles according to 

the following protocol: denaturation at 94 •c (20 s), annealinglelonga
tion at 62 •c (1 min), and a final elongation step at 72 •c (7 min). 
Amplified fragments were then resolved on a 2% agarose gel. 

Quantification by Real-time RT-PCR on LightCycler-rM_A one-step 
conventional RT-PCR protocol has been adapted for the LightCycler 
(Roche Molecular Diagnostics AG, Rotkreuz, Switzerland). Individual 
glass capillaries were filled with a solution containing 18 JLl ofRT-PCR 
mixture and 2 J.Ll of total RNA template (250 ng). The reaction mixture 
was composed of primer oligonucleotides (250 nM), Mn(0Ac)2 (3.5 mM), 
and LightCycler RNA Master SYBR Green I, itself containing reaction 
buffer, dNTP, Tth DNA polymerase, and SYBR Green I dye at concen
trations optimized by the manufacturer. The reverse transcription of 
the RNA template lasted 20 min at 61 ·c and was followed by a 2-min 
denaturation of cDN A at 95 •c. The amplification of target eDNA was 
then performed for 45 cycles according to the following steps: denatur
ation, 95 ·c (5 s); annealing, 54 •c (5 s); and elongation, 72 •c (8 s). The 
SYBR Green fluorescence was measured after each elongation step. At 
the end of the PCR, a melting curve analysis was performed by gradu
ally increasing temperature from 60 to 95 •c (0.1 •c!s). Moreover, at the 
end of experiments, RT-PCR products were removed from capillaries 
and analyzed by gel electrophoresis to confirm the presence and assess 
the purity of the ampli cons of interest. 

After PCR was completed, the SYBR Green fluorescent signal was 
analyzed and converted into a relative number of copies of target 
molecules. For this purpose, the results of a series of standards pre
pared by successive dilutions and plotted against the logarithm of the 
concentration were used to estimate the relative amount of specifie 
mRNA initially present in the various samples. Each sample was ana
lyzed in triplicate. 

Recording Solutions 

Bath medium used for calcium imaging or current-clamp experi
ments consisted in Hank's balanced salt solution containing 142 mM 
NaCl, 5.6 mM KCl, 1 mM MgC12 , 2 mM CaCl2 , 0.34 mM Na2HP04 , 0.44 
mM KH2 P04 , 10 mM HEPES, and 5.6 mM glucose. For measuring 
calcium currents in patch-clamp experiments, the external buffer con
tained 142 mM NaC!, 1 mM MgCI2 , 10 mM HEPES, 5.6 mM glucose, 10 
mM TEA-Cl (tetra-ethyl ammonium chloride), and 10 mM CaCl2 or 
BaC12 • Ail the data shown in this study were obtained with a bath 
medium containing 10 mM BaCl2 • The osmolarity and pH of external 
buffers were adjusted to 310 müsm liter- 1 and 7.4, respectively. 

For current-clamp experiments, the pipette solution contained 140 
mM K-glutamate, 1 mM EGTA, 1 mM MgCI2 , 5 mM HEPES. For voltage
dependent calcium current studies, recording pipettes were filled with 
a solution containing 140 mM n-methylglucamine, 110 mM L-glutamic 
acid, 30 mM HCl, 5 mM HEPES, 1 mM MgCl2 , 1 mM EGTA Osmolarity 
and pH were adjusted to 290 müsm liter .. ' and 7.2, respectively. 

Electrophysiological Recordings 

Patch-clamp recordings were performed in the whole cel! configura
tion (17) using a RK-300 patch-clamp amplifier (Biologie, Grenoble, 
France). The patch-clamp amplifier was driven by Pulse 8.30 software 
(HEKA Elektronik, Lambrecht, Germany). Membrane currents were 
digitized at 20kHz using a ITC16 computer interface (Instrutech Corp., 
Long Island, NY, low-pass filtered at 3 kHz and stored on-line on the 
hard-drive of the computer. Electrodes were pulled on a PIP5 puller 
(HEKA, Germany) in two stages from borosilicate glass capillaries 
(PG52151, World Precision Instruments, Aston, UK) to a tip diameter 
giving a pipette resistance of 5 Mn. For each cell, the membrane 
potential was clamped initially at -80 mV and the passive membrane 
components (membrane resistance and capacitance) were determined 
immediately after the establishment of the who le cell configuration. A 
protocol to assess the current/voltage (I/V) relationship was then initi
ated. For such experiments, a p/n protocol (8 negative prepulses a 1110'" 
of the pulse magnitude) was used to correct for the background leak and 
capacitive membrane currents. 

Calcium Imaging 

LNCaP cells were grown on glass coverslips to carry out calcium 
imaging experiments. Cytosolic calcium concentration was measured 
using Fura-2-loaded cells (18). LNCaP cells were loaded for 45 min at 
room temperature with 2 J.LM Fura-2/AM prepared in Hank's balanced 
salt solution and subsequently washed three times with the same 
dye-free solution. The coverslip was then transferred onto a perfusion 
chamber on a Olympus IX70 microscope equipped for fluorescence. 
Fluorescence was alternatively excited at 340 and 380 nm with a 
monochromator (Polychrome IV, TILL Photonics GmBh, Planegg, Ger-
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FIG. 1. Treatments for 3 days with Bt2cAMP or IBMX induce 
neuroendocrine differentiation of LN CaP cells. A, untreated cells. 
B, cells treated with 1 mM Bt,cAMP. C, cells treated with 100 JLM IBMX. 
D, Western blot analysis ofneuron-specific enolase expression. Lane 1, 
control cells. Lane 2, Bt2cAMP. Lane 3, IBMX 

many) and was captured after filtration through a long-pass filter (510 
nm) by a MicroMax 5MHz CCD camera (Princeton Instruments, Evry, 
France). Acquisition and analysis was performed with the Metafluor 4.5 
software (Universal Imaging Corp., West Chester, PA). The intracellu
lar calcium concentration was derived from the ratio of the fluorescence 
intensities for each of the excitation wavelengths (F340/F380) and from 
the equation of Grynkiewicz et al. (18). Ail recordings were carried out 
at room temperature. The cells were continuously perfused with the 
Hank's balanced salt solution and chemicals were added via the perfu
sion system. The flow rate of the who le cham ber perfusion system was 
set to 1 ml/min and the chamber volume was 500 JLL 

Morphometric Analysis 

Pictures of cultured LNCaP cells were recorded with a MicroMax 5 
MHz CCD camera (Princeton Instruments, Evry, France). For each 
condition, at !east 10 fields of cells were analyzed from two different 
batches of culture (total number of cells between 345 and 826). Images 
(1380 x 1030 pixels) were then analyzed and neurite processes were 
measured using an imaging software. 

Chemicals 

Ail chemicals were purchased from Sigma except for Fura-2 which 
was bought from Calbiochem (France Biochem, Meudon, France). 

Statistical Analysis 

Plots were produced using Origin 5.0 (Microcal Software, Inc., North
ampton, MA). Results are expressed as mean ± S.E. Statistical analysis 
were performed using unpaired t tests or ANOVA tests followed 
by either Dunnett (for multiple control versus test comparisons) or 
Student-Newman-Keuls post-tests (for multiple comparisons). 

RESULTS 

Neuroendocrine Differentiation Induced by cAMP Permeant 
Analogs Is Associated with an lncreased Inward Current-We 
first assessed by morphometric assays and Western blotting that 
cul turing LN CaP cells for 3-5 da ys with cAMP permeant analogs 
(dibutyryl cAMP (Bt2cAMP), 8-bromo-cAMP (8-Br-cAMP), 1 mM) 

or a phosphodiesterase inhibitor (isobutylmethylxanthine, 
IBMX, 100 J.LM) induced neuroendocrine differentiation. Treat
ment with B~cAMP or IBMX (Fig. 1, A-C) or 8-Br-cAMP (not 
shown) led to neurite extension. In addition, treatments with 
Bt2cAMP or IBMX enhanced the expression of a neuroendocrine 
marker, neuron-specific enolase (Fig. lD). Morphological differ
entiation assessed by the presence of neurite extension was ini
tiated as soon as 2 h after the onset of the treatment with 
Bt2cAMP, 8-Br-cAMP, or IBMX. 

Voltage-dependent calcium currents were then investigated 

in non-treated (control) and treated LNCaP cells in conditions 
where voltage-dependent potassium channels were eliminated 
(see "Experimental Procedures"). Fig. 2A represents a typical 
experiment performed on a control cell. No significant voltage
dependent inward current was observed on this control cell. On 
the opposite, a cell treated with Bt2cAMP for 3 days displayed 
an inward current activating at membrane potentials positive 
to -40 rn V and peaking around -10 rn V (Fig. 2B). The in ward 
current reached its peak value 15 ms after the beginning of the 
voltage step to -10 rn V and then exponentially decayed with a 
time constant of 20.3 ms (Fig. 2C). On average, the transient 
inward current activated and inactivated with exponential 
time constants of 11.6 ± 0.9 and 23.9 ± 1.5 ms, respectively. 

After normalization of the peak inward current to the mem
brane capacitance (indicative of the cell surface area) for each 
cell, we observed that after 3-5 days oftreatment, the average 
current density was significantly increased in cells treated with 
Bt2cAMP at all membrane potentials between -40 and +20 
rn V (Fig. 2D, control cells: n = 96; 9 batches of cells, Bt2cAMP
treated cells: n = 119; 11 batches of cells). The maximum 
current density was -0.81 :!: 0.07 pNpF at -10 mV for 
Bt2cAMP-treated cells versus -0.35 :!: 0.05 pNpF for control 
cells, this corresponding to a 2.3-fold increase. The voltage-de
pendent transient current was only occasionally present in 
control cells (22 :!: 6%), this proportion being enhanced (Fig. 
2E) after treatment with Bt2cAMP (62 :!: 8%). Fig. 2F shows 
that the distribution of the current amplitude (at -10 rn V) in 
control cells follows a normal curve but that there is a multi
peak distribution following treatment with Bt2cAMP during 
3-5 days with the emergence of a cell population with larger 
current densities (19% of treated cells with a current density 
larger than 1.5 pNpF versus 3% for control cells). 

The enhancement of this voltage-dependent transient in
ward current followed a slow kinetics. A 5-min application of 
Bt2cAMP (1 mM) did not induce or increase such a current on 
control LN CaP cells (Fig. 2G, n = 9). Whereas a 1-day Bt2cAMP 
treatment was ineffective, a 3-day treatment led to a signifi
cant and almost maximal increase in the transient current 
density (Fig. 2H). A 3-day treatment with another cAMP per
meant analog, 8-Br-cAMP (1 mM), also raised the transient 
current density ( -0.7 :!: 0.08 pNpF, n = 26, Fig. 2n. In addi
tion, B~cAMP action was potentiated by about 35% (Fig. 2/) by 
inhibiting the degradation of cAMP using IBMX (transient 
current density after B~cAMP + IBMX (100 JLM) = -1.09 :!: 

0.11 (n = 29)). 
Biophysical and Pharmacological Characterization of the In

ward Current Stimulated during Neuroendocrine Differentia
tion-We then investigated the ionie nature of this transient 
current observed in Bt2cAMP-treated cells. As shown in Fig. 3, 
A and B, changing the external Na-containing solution to a 
Na-deprived solution (sodium being replaced by choline) did 
not significantly affect, whereas eliminating external calcium 
(calcium free solution and 0.1 mM EGTA) completely abrogated 
the transient inward current (n = 8). This shows that the ion 
channel evidenced in our studies belongs to the family of volt
age-gated calcium channels which can be further distinguished 
by their kinetics and voltage dependence of activation, inacti
vation and deactivation in LVA and HVA calcium channels 
(19). 

As shown above (Fig. 2), the inward current inactivated 
rapidly after the beginning of the depolarization. Since kinetics 
and voltage dependence may be indicative of the calcium chan
nel nature, we have investigated its voltage-dependent inacti
vation (Fig. 3, C and D). This showed that the current during 
the test pulse followed a voltage-dependent inactivation. The 
inactivation began to occur for a membrane potential of -60 
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examples of membrane currents in an untreated cel! (A, CTL: control) and in a cell treated with Bt2cAMP (db·cAMP) (B-C, 1 mM) for 3 days. 
Membrane potential was depolarized for 100 ms from -80 rn V to different values shown next to the respective current recordings. The voltage pulse 
protocol is shown inA (inset). C, membrane current elicited by a depolarization from -80 to -10 mVin a Bt,cAMP-treated cell (same as inB). For 
clarity, only one membrane current value (open circle) out of 10 was plotted. The current was fitted to an exponential function and displayed a 
time-dependent inactivation following a single exponential time constant (20.3 ms). D, average currentJvoltage (lN) relationships for control (open 
circle) and Bt2cAMP-treated cells (solid circles). E, proportion of cells displaying an inward current <Lr, T standing for transient) following an IN 
curve similar to the one shown in D. F, membrane current density histogram showing that Bt2cAMP treatments induced the emergence of a cel! 
population with larger current densities. G, a 5-min bath application of 1 mM Bt2cAMP did not alter the inward transient current observed in a 
control cell. H, whereas a 1-day treatment with Bt2cAMP (1 mM) was ineffective, a 3-5-day treatment increased the transient current density. I, 
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p < 0.01; ***, p < 0.001. Comparisons were performed using an unpaired t test (panel E) or an ANOVA followed by a Dunnett post-test (panels 
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rn V during the pre pulse and was complete at -10 rn V. Fig. 3D 
(inset) shows that the transient inward current was not com
pletely abolished at -40 rn V. To determine precisely the nature 
of the channel involved in the transient calcium current, we 
measured the deactivation kinetics of the calcium current. A 
characteristic feature of the T-type calcium channel is its slow 
deactivation: these channels deactivate with an exponential 
time constant of about 2 ms at -80 rn V when compared with 
other voltage-dependent calcium channels (19, 20) which deac
tivate more than 10 times faster. The kinetics of deactivation 
during the tai! current measured after a test pulse (Fig. 3E) 
was fitted to a single exponential and a time constant T was 
computed and plotted as a function of the membrane potential 
during repolarization (Fig. 3FJ. As illustrated by the Fig. 3F, 
the time constant T varied with the repolarization potential and 
was comprised between 2 :±: 0.16 and 10.8 :±: 1 ms for -120 and 
-40 rn V, respectively. 

The overall biophysical characteristics of the calcium current 
expressed in differentiated LNCaP cells suggest that this cur
rent belongs to the LVA-T type family of calcium currents. This 
was confirmed by an absence of action of HV A calcium channel 

antagonists (nifedipine (0.5 J.l.M) for L-type, w-conotoxine GVIA 
(50 nM) for N-type, <o-agatoxine (20 nM) for P/Q type calcium 
channels (not shown). We then assessed the sensitivities of the 
inward current to both nickel and cadmium since they vary 
according to the nature of the calcium channel, T-type calcium 
channels being more sensitive to nickel than to cadmium, on 
the contrary to HVA calcium channels (19, 21). Fig. 4 shows 
that NiCI2 dose dependently inhibited the transient calcium 
current with an IC50 of 2.4 :±: 0.4 J.l.M and a maximal inhibition 
of 90.8 :±: 3.4%, whereas CdC12 dose dependently abolished the 
calcium current with an IC50 of 58.8 :±: 8.9 J.l.M. We then used 
mibefradil (Ro 40-5967), the most selective antagonist tovoltage
dependent T-type calcium channels (22, 23). As shawn on Fig. 
4, mibefradil (20 J.l.M) induced a reversible and dose-dependent 
reduction of the transient calcium current at ail membrane 
potentials. At -10 rn V, mibefradil reduced the transient cal
cium current by 74 :±: 4% (n = 8). The IC50 was found to be 
around 5 J.l.M. Our experiments demonstrate that 5 J.l.M flunari
zin (a piperazine derivative previously shown to inhibit T-type 
calcium channels (24)) reversibly decreased by 62 :±: 3% the 
transient calcium current (n = 3). 
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The above results suggest that treatments with cAMP analogs 
increase the number of calcium channels in the plasma mem
brane. To study whether the T-type calcium current could be 
regulated in another way than an overexpression, we checked 
whether cAMP analogs induced a change in the characteristics of 
the T-type calcium current. Membrane currents obtained after a 
3-5-day treatment with Bt2cAMP, or Bt2cAMP + IBMX, in ad
dition to membrane currents recorded in control cells, were nor
malized to the maximum current. The treatments induced no 
shift in the voltage sensitivity of the calcium current as evidenced 
by the similarity of ali the normalized IN curves (Fig. 5A). A 
similar IN curve was obtained for 8-Br-cAMP-treated cells (not 
shawn). Activation and inactivation curves (Fig. 5, Band C) were 
computed for control cells (n = 5), Bt2cAMP (n = 6, not shawn), 
and Bt2cAMP + IBMX-treated cells (n = 10). Data from each 
condition were fitted to a Boltzmann equation. These curves 
showed no significant differences in the mid-point of voltage 
dependence (V0.5 ) nor in the slope factor (k). In bath untreated 
and treated cells, the V0.5 were close to -17 rn V and -39 rn V and 
the slope factors were close to 7 rn V and -7 rn V, for activation 
and inactivation, respectively. In addition, the kinetics of time
dependent activation and inactivation were not altered. Time 
constants of activation were 8. 7 ::':: 0.8 versus 11.6 ::':: 0.9 ms and 
time constants of inactivation were 24.8 :!: 2.4 versus 23.9 :!: 1.5 
ms, for control and treated cells, respectively. 

Overexpression of an am T-type Calcium Channel after 
Treatment by cAMP Permeant Analogs-To determine which 
subtypes of calcium channels are expressed in LN CaP cells, we 
elaborated one-step RT-PCR, using seven distinct sets of prim
ers (Table l) designed according to the human sequence of 

-120mV(+)O 
Postpulse -120 -80 Postpulse -40 

(mV) 

specifie regions (corresponding to the second large intracellular 
loop linking domains II and III, Lu.ml of the corresponding a 1 

channel subunits. The three T-type channel isoforms (a1G, a 1H, 

and au) and the four L-type channel isoforms (a1c, am, a 1s, 
and a 1p) were tested. Analysis of RT-PCR products revealed 
the presence of one single fragment corresponding to the am 
amplicon in control cells (Fig. 6A) while other channel isoforms 
were not detected. In LNCaP cells treated with Bt2cAMP (1 
111M, 1 or 3 days) and with IBMX (100 JLM) + Bt2cAMP (3 days), 
only the alH isoform was detected, as in control cells (figure not 
shawn). Similarly, mRNA coding for the GAPDH, a housekeep
ing gene used for normalizing the initial amount of RNA, was 
reverse transcribed and amplified with specifie primers in the 
same experiment. 

To compare the mRNA coding for am in control and treated 
cells, we used a real-time RT-PCR approach that combines the 
high sensitivity of the PCR technique with the accuracy sup
plied by a continuous monitoring of a fluorescent signal pro
portional ta the accumulated PCR product, as previously de
scribed in detail by Lesouhaitier et al. (25). This analysis has 
been performed on a LightCycler system (Roche Molecular 
Diagnostics) with online detection of the fluorescent dye SYBR 
Green I, that is excitable only when inserted in double stranded 
DNA. The variation of mRNA coding for am channel was 
studied in cells submitted to various treatments known to 
increase cytosolic cAMP concentration in prostate LN CaP cells, 
Bt2cAMP (1111M), 8-Br-cAMP (1 mM), or a combination of both 
Bt2cAMP and IBMX (lOO JLM). Treatments were applied for 1 or 
3 days. To minimize errors due to variations occurring during 
RNA extraction and quantification, the results were normal-
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FIG. 4. Pharmacological properties of the transient inward 
current (IT) expressed in differentiated LNCaP cells. A, increas
ing concentrations of NiCl2 dose dependently inhibited Lr in a differen
tiated LNCaP cell. lnset, membrane currents for 3 concentrations of 
NiCl2 (0, 1, and 4 /LM). B, plot of the % of Ir inhibition as a function of 
NiCI2 and CdCI2 concentrations (n = 3 to 8 for each concentration). The 
curves were fitted to logistic dose-response functions, giving an IC50 of 
2.4 ILM for NiC12 inhibition and 58.8 !LM for CdCI2 inhibition. C, kinetics 
of mibefradil (mib)- and flunarizin (jlu)-induced IT inhibition. On the 
top of the panel is shown the membrane current at different times of the 
experiment (a-e). D, JJV curves in the absence (solid circles) and pres
ence (open triangles) of 20 ILM mibefradil. E, increasing concentrations 
of mibefradil dose-dependently inhibited Ir. F, bar chart summary of 
mibefradil- and flunarizin-induced Ir inhibitions (mibefradil1 f.LM: n = 
3; 5 /LM: n = 16; 20 /LM: n = 8; flunarizin: n = 3). 

ized to the amount of mRNA coding in the same sample for 
GAPDH, the expression of which was unaffected by treat
ments. Analysis of GAPDH was also useful as quality control 
for the RNA extraction procedure. Ail the treatments led to an 
enhanced expression of the Œm messenger after 3 days. A 
treatment for 3 days with Bt2cAMP increased by 2.6-fold the 
ratio am/GAPDH. The most efficient treatment was the com
bination ofboth Bt2cAMP and IBMX which increased by 5-fold 
the Œm mRNA expression. This increased expression of Œm 
mRNA was time-dependent since no significant increase could 
be obtained after 1 day of treatment (Fig. 6B). 

The Œm T-type Calcium Channel Is Involved in a Window 
Calcium Current Promoting Calcium Entry at Resting Poten
tials-We then studied the involvement of the Œm calcium 
channel in calcium homeostasis ofLNCaP cells. T-type calcium 
channels generate transient inward currents which rapidly 
inactivate (exponential time constant 20 ms in our experi
ments). It was previously shown in other cell models that there 
may be a range of membrane potentials at which T-type cal
cium channels are activated, even partially, and at which in-

activation is not complete (26). There should thus exist a win
dow of potential allowing a sustained calcium current. From 
the inactivation curves and the current voltage relationship 
(Fig. 3), we computed the relative activation and inactivation 
conductance and fitted them to a Boltzmann equation. The 
window current was calculated by multiplying the normalized 
inactivation curve (Fig. 7A) by the non-normalized activation 
curve. As shown in Fig. 7B, the maximum predicted window 
current is significant from -40 to -20 mV with a peak at -30 
mV. Therefore, there should be a sustained calcium entry at 
these membrane potentials occurring through T-type calcium 
channels. We measured the resting membrane potential of 
LNCaP cells and found it to be very close to -30 mV. Control 
cells had a resting membrane potential of-29.9 ::!: 1.4 m V (n = 

10), whereas Bt2cAMP-treated cells and Bt2cAMP + IBMX
treated cells had a resting membrane potential of -35.3 ::!: 3.8 
mV (n = 10) and -34::!: 4 mV (n = 5), respectively. These data 
show that T-type calcium channels may be open at resting 
potential in LNCaP cells. We carried out experiments to assess 
whether this putative window calcium current could lead to a 
basal sustained calcium entry and thus to higher cytosolic 
calcium levels in differentiated cells. Cells were loaded with 2 
p.M Fura-2/AM to measure cytosolic free calcium concentration. 
As shown in Fig. SA, the basal calcium concentration of LN CaP 
cells was altered by a 3-day pretreatment with Bt2cAMP, 8-Br
cAMP (Br-cAMP), or IBMX. In ali cases, the average basal 
calcium concentration (n = 100 to 200 cells) was significantly 
higher in treated cells than in non-treated cells (46.2 ::!: 0.9, 
61.4 ::!: 2.1, 55.7 :!:: 1.6, and 61.8::!: l.S nM for CTL, Bt2cAMP, 
S-Br-cAMP, and IBMX-treated cells, respectively). Differences 
were small (10-15 nM) but were significant and reproduced 
with 5 different batches of cells. We investigated the ability of 
NiC12 to decrease the basal-free calcium concentration in both 
control and treated cells. Mibefradil was not used in these 
experiments since it appeared to have side effects and in addi
tion to block calcium entry, was also able to produce a calcium 
rise in sorne cells (not shown). Fig. S, B and C, show the relative 
variation of [Ca2 +]; after the application of different concentra
tions of NiCl2. As shown in Fig. SB, NiCl2 (20 p.M) was much 
more effective to reduce [Ca2+l; in cells treated 3-4 days with 
Bt2cAMP or IBMX (Ll[Ca2 +]; = -2S.S ::!: 2.9 and -21.6 ::!: 2.5 
nM, respectively) than in control cells (tl[Ca2 +]; = -4 :!:: 0.9 nM). 
Cells treated with S-Br-cAMP (1 mM) were also more sensitive 
to NiC12 than control cells (maximal Ll[Ca2 +l; = -12.7 :!:: 2.3 
nM). As shown in Fig. SC, the reduction of [Ca2 +]; by NiCl2 was 
dose-dependent with a concentration of 5 p.M being only half 
effective as 20 p.M in decreasing the basal cytosolic calcium 
concentration in Bt2cAMP-treated cells. In addition, we ob
served that the basal calcium entry was inhibited by potassium 
depolarization (KCl, 100 mM) and that an application of NiCl2 

(20 p.M) during depolarization, which should lead to full inac
tivation of T-type calcium channels, was not anymore able to 
reduce the cytosolic calcium concentration (not shown). 

Physiological Implication of Voltage-dependent Calcium 
Channels-To identify the putative involvement ofT-type cal
cium channels in prostate cell physiology, we first studied the 
influence, on voltage-dependent calcium currents, of steroid 
reduction, previously reported to induce neuroendocrine differ
entiation (10, 11). Indeed, LNCaP cells cultured in steroid
reduced conditions displayed a morphological differentiation as 
shown on Fig. 9 by the extension ofneurites. In steroid-reduced 
conditions, most LN CaP cells (59.6::!: 7.7%, n = 44) displayed a 
voltage-dependent inward current similar to the Bt2cAMP
induced current. Steroid reduction induced both an increase in 
the fraction of cells expressing the voltage-dependent current 
and the average current density (O.S9:!:: 0.1 pNpF). However, 
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TABLE I 
Sequence of selected oligonucleotides used as RT-PCR primers 

Target 

"'tG 
a,H 

"" a,c 

"w 
ais 
"tF 
GAPDH 

A G H 

-
8 a1~ 

3 

2 

0 

Forward 

5' -GAGCCCGATTTCTTCTCACC 
5' -TCGAGGAGGACTTCCACAAG 
5' -AGGATGAGCTATGACCAGCG 
5' -CAAGAGTTGGTGGAGAAGCC 
5' -AGCCAACAGTGACAACAAGG 
5' -GATGACGAGGAAGATGAGCC 
5' -GAGCAGACATGGAGGAGGAG 
5' -GAAGGTGAAGGTCGGAGTC 
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FIG. 6. T-type "m calcium channel mRNA is overexpressed in 
LNCaP cells during neuroendocrine differentiation. A, RT-PCR 
analysis reveals the presence of "m mRNA in control cells while other 
channel isoforms were not detected. mRNA coding for the GAPDH was 
present and amplified with specifie primers in the same experiment. B, 
real-time SYBR Green RT-PCR reveals that aU the treatments inducing 
neuroendocrine differentiation led to an enhanced expression of the a 1H 

messenger after 3 days (Dl andD3, 1 or 3 days treatment, respectively). 
Results were normalized to the amount of mRNA coding in the same 
sample for GAPDH, a housekeeping gene, the expression of which was 
unaffected by treatments. db-cAMP, Bt2cAMP. 

the kinetics of both steroid-induced differentiation and the 
voltage-dependent calcium current induction were much 
slower than with cAMP permeant analog treatments since 

Reverse 

5' -CGGTGACTTCATCTCGTGG 
5' -TGCATCCAGGAATGGTGAG 
5' -CAGAGAGCAGGGACTCATGC 
5' -TGAAGCTCAGAGAGTGGTCG 
5' -TTCAACTCCGAGATCCTTCG 
5' -AAGATGAAGAAGGAGCTGGC 
5' -TGGCTGAGGCAGAAGAAGG 
5' -GAAGATGGTGATGGGATTTC 
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OmV 
FIG. 7. T-type calcium channels may carry a window calcium 

current in differentiated LNCaP cells. A, normalized activation 
(open circles) and inactivation (solid circles) conductance curves (hold
ing potential between steps was -100 mV). B, predicted window cal
cium current computed by multiplying the normalized inactivation 
conductance (A) by the activation conductance (not normalized). 

neurite extensions were evident after more than 3 days in the 
absence of steroids and since the calcium current was recorded 
only after a treatment period of 1 week (only 16.3 :!: 3.8% of 
cells expressed the T-type calcium current after 3 days oftreat
ment, n = 18, Fig. 9). As shawn on Fig. 9A (inset), this calcium 
current displayed a slow deactivation. 

We then investigated the implication of voltage-dependent 
calcium channels in neurite elongation. Neurite lengths were 
measured from digital pictures of LN CaP cells (see Fig. 10A) 
cultured for 1 or 5 days in either control or stimulated (1 mM 
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Fm. 8. Calcium homeostasis is altered during neuroendocrine 
differentiation induced by increasing cytosolic cAMP concen
trations. A, resting calcium concentration ([Ca2+],) in LNCaP cells 
after 3 days oftreatment (1 mM 8-Br-cAMP, 1 mM Bt2cAMP (db-cAMP), 
or 100 ~-tM IBMX). B and C, dynamic [Ca2 •1; recording in Fura 2-loaded 
LN CaP cells. B, a bath application of 20 1-tM NiCI2 decreases cytosolic 
resting calcium levels in LNCaP cells, this decrease being more pro
nounced in differentiated cells. Each trace represents the mean ± S.E. 
of 100-200 cells for each condition. Ali the traces were set to the same 
initial value at the beginning of the plot to compare the variation of 
[Ca2•J,. C, progressively increasing the bath concentration of NiCI2 
from 1 to 20 1-tM induces a staircase decrease in [Ca2

•], in differentiated 
cells (the plot represents the mean of 150 cells). Comparisons were 
performed using an ANOVA followed by a Dunnett post-test. 

Bt2cAMP and 100 J.LM IBMX) conditions in the absence or 
presence of NiCl2 (20 fLM, 100 fLM). cAMP-induced neurite 
lengthening was not statistically affected by the presence of 
20-100 fLM NiCl2 if the treatment lasted only 1 day (not shown) 
but was reduced by 30-37% after a 5-day treatment (Fig. lOB). 
However, the increased expression ofNSE induced by a treat
ment with both Bt2cAMP and IBMX for 5 days was not modi
fied by the presence of NiCl2 (20 fLM, not shown). 

DISCUSSION 

Neuroendocrine differentiation is a common feature of hu
man prostate carcinoma (2, 3) and is considered to be associ
ated with poor prognosis and reduced long-term survival (4). 
However, the molecular mechanisms linked to neuroendocrine 
differentiation development in the prostate epithelium are not 
fully understood. Therefore, their description are particularly 
relevant for the future development oftherapeutical targets. To 
this end, different prostatic cell models have been developed, 
the most widely used being LN CaP prostate cells (5-9) express
mg specifie markers for neuroendocrine cells like NSE follow
ing treatment with cAMP permeant analogs (5, 8, 9). Neuroen-

docrine cells are generally characterized by the presence of 
voltage-gated calcium channels. We therefore carried out a 
study of the expression of such channels in LN CaP cells and 
followed their evolution during neuroendocrine differentiation. 
We report here for the first time the evidence of a basal expres
sion of voltage-sensitive calcium channels in prostate cancer 
cells. Furthermore, and more importantly, we have demon
strated an up-regulation of voltage-gated calcium channels in 
prostate cancer cells during a treatment inducing a neuroen
docrine differentiation as evidenced by a neurite extension and 
the overexpression of neuron-specific enolase. 

The voltage-dependent current recorded in our study inacti
vates with time and potential and slowly deactivates. These 
properties are characteristic of T-type calcium currents since 
high-voltage activated L-, N-, P/Q-, and R-type calcium cur
rents deactivate more rapidly (in less than 200 fLS (19, 20)). The 
voltage-dependent calcium current we observed is certainly 
carried by a single type of voltage-dependent calcium channel 
expressed in LNCaP cells since we never observed a tail cur
rent deactivating with two exponential time constants. Fur
thermore, RT-PCR experiments showed the expression of only 
one subtype belonging to the a 1 subunit family which consti
tutes the pore subunit. To date, 10 different a 1 subunits have 
been cloned, among which three (a1c, am, and au) have the 
biophysical and pharmacological properties of the native T
type calcium channels when overexpressed in Xenopus oocytes 
or HEK-293 cells (27-30). Our results indicate that prostate 
cancer cells only express the am subunit. This is in good 
agreement with studies showing that the a 1H subunit is most! y 
distributed in peripheral tissues (28), on the contrary to aw 
and au subunits expressed in the brain (29, 30). As recently 
shown (21), tlle am subunit is highly sensitive to NiC12 (IC50 

around 5 J.LM) and this sensitivity provides an assay for the 
expression of am subunits (21, 29). Indeed, we observed that 
T-type calcium currents in LNCaP cells have a greater sensi
tivity to NiCl2 (IC50 = 2.5 J.LM) over CdCl2 (IC50 = 60 fLM). 

Furthermore, in our study, the calcium current was inhibited 
by mibefradil, the best T-type calcium channel antagonist to 
date (22, 23, 31). 

Our results clearly show that an am T-type calcium channel 
is overexpressed during neuroendocrine differentiation of 
LNCaP cells. This was demonstrated by an increase in the 
average membrane current density paralleled by the overex
pression of mRNA coding for the am calcium channel isoform. 
The increase in membrane current was most unlikely due to a 
protein kinase A-dependent serine-threonine phosphorylation 
of the channels since changes in the calcium current density 
were not accompanied by any changes in the current charac
teristics, i.e. time and voltage-dependent activation and inac
tivation and since short-term applications of Bt2cAMP were 
unable to increase the membrane current. 

As previously demonstrated (10, 11), we confirm that steroid 
removal from the culture medium led to a morphological neu
roendocrine differentiation with the appearance of neurite ex
tensions after 3 days of culture, a delay much longer than with 
cAMP permeant analogs. This implies that neuroendocrine 
differentiation probably occurs through distinct intracellular 
pathways, as previously hypothesized (11), even if there are 
few evidences that depletion in androgens can increase intra
cellular cAMP (32) in prostate LN CaP cells. In addition, andro
gen removal increased tlle proportion of cells expressing the 
T -type calcium current and the overall calcium current density. 

Recent studies have demonstrated that the am subunit is 
involved in differentiation of myoblasts in myotubes (33) and 
that the aw subunit is differentially expressed during devel
opment (30). It seems unlikely that am calcium channels are 
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FIG. 9. Steroid reduction promotes 
the overexpression of a T-type cal
cium current. A, examples of membrane 
currents in a LNCaP cell treated with 
steroid-reduced medium for 7 days. Mem
brane potential was depolarized for 100 
ms from -80 mV ta different values 
shawn next ta the respective current re
cordings (protocol shawn in Fig. 2A, in
set). Inset, deactivation tai! currents 
measured after a 10-ms prepulse for a 
repolarization potentiel (postpulse) of 
-40 mV (*) or -100 mV (+) (protocol 
shown in Fig. 3E, inset). B, average IN 
relationship for LNCaP cells cultured in 
steroid-reduced medium. C, proportion of 
cells displaying an inward current follow
ing an IN curve similar to the one shawn 
in B after 3 days ( -ST D3) and 7 days 
( -ST D7) of treatment. Comparisons 
were performed using an ANOVA fol
lowed by a Dunnett post-test. D, pictures 
of LN CaP cells after 2 (left panel), 4 (mid
dle panel), or 8 (right panel) days of 
treatment. 
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FIG. 10. T-type calcium channel inhibition reduces the neurite 
elongation triggered by cAMP permeant analogs. A, pictures of 
LN CaP cells without (top panels) or with 1 mM Bt2cAMP (db-cAMP) and 
100 JlM IBMX (bottom panels). The action of different concentrations of 
NiCI2 (20 /LM, middle panels, and 100 !LM, right panels) was compared 
with the control situation Ueft panels). Scale bar, 50 /Lm. B, bar chart 
summary of neurite lengths. Comparisons were performed using an 
ANOVA followed by a Student-Newman-Keuls post-test. 

involved in triggering the neuroendocrine differentiation proc
ess itself since the morphological differentiation, induced by 
different stimuli, al ways preceded the overexpression of voltage
dependent calcium channels. Indeed, we have shown in this 
study that blocking T-type calcium currents with low concen
trations of NiCl2 (20-100 tLM) did not impede the extension of 
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neuritic processes triggered by cAMP permeant analogs. How
ever, T-type calcium channels may have a potential role in 
maintaining neurite growth since long-term treatments (5 
days) with NiC12 decreased cAMP-induced neurite lengthening 
by 30%. Further studies, using antisense and transfection 
strategies, will be necessary to delineate the involvement of 
Œm calcium channels in prostate cancer cell physiopathology. 
Neuroendocrine differentiation is also associated with synchro
nization in phase G1 of the cell cycle, cell growth arrest, and 
increased neuropeptide and prostate-specifie antigen secretion 
in LNCaP cells (5, 8). Therefore, it will be ofparticular interest 
to assess am calcium channels' role in cell growth and secre
tion. Indeed, T-type calcium channels have been suspected to 
be critical for cell cycle progression (34, 35) and were reported 
to be overexpressed in proliferating cells (36, 37). However, 
since transfection with different a 1 subunits corresponding to 
the LVA channel (Gand H) does not modulate the proliferation 
HEK-293 cells, the evidence for a role ofT-type calcium chan
nels in cell proliferation are still very weak and remain debat
able (38) and has to be determined in prostate cells. If this is 
the case, our data, when compared with the literature, would 
tend to attribute an inhibitory role for LVA calcium channels in 
cel! growth. 

We have shown that the T-type calcium channel continuous 
opening at resting membrane potential allows calcium entry, 
via a so-called calcium window current. We thus demonstrate 
that this am calcium channel is involved in calcium homeosta
sis and that cytosolic calcium concentrations are modified dur
ing neuroendocrine differentiation, due to the overexpression of 
am calcium channels, induced by permeant analogs of cAMP or 
IBMX. Such window currents occurring through T-type cal
cium channels have been reported in other cells (26, 29, 38). 
This slight increase in cytosolic calcium concentration may 
serve in facilitating neurite growth, as proposed in nerve cells 
(15). Furthermore, it is now weil established that calcium ho
meostasis mechanisms are involved in the control of cel! death 
(39). In prostate cancer cells, we have previously shown that 
altering intracellular calcium concentration may lead to apo
ptosis (40). It is therefore possible that calcium entry through 
am calcium channels may be implicated in prostate cel! death 
as it was described for T-type calcium channels in cytokine
induced cell death of pancreatic {3 cells (41) and in neuronal 
cells expressing expanded androgen receptors (42). 

The role of T-type calcium channels may also be of great 
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importance in the control neuropeptide secretion by neuroen
docrine prostate cells. Indeed, it was shown that secretion of 
mitogenic peptides by LNCaP cells is enhanced during neu
roendocrine differentiation (5). Furthermore, it is known that 
calcium is the main ion involved in the control of exocytosis in 
many cell models and a fundamental role has been shown for 
L-type and N- and P/Q-type calcium channels in neuroendo
crine cells (43). Few studies have demonstrated a direct role of 
T-type calcium channels in exocytosis (44). Since neuroendo
crine differentiation of prostate cancer cells is associated with 
an increase in secretory granule number in the cytoplasm (8), 
an increase in serotonin immunofluorescence, in secretion of 
neurotensin and PTH-related peptides (5), it is conceivable that 
overexpression of am T-type calcium channels would partici
pate in triggering secretion in these cells. In relation to the role 
of am T-type calcium channels in secretion, we cannot exclude 
that the reduction of neurite lengthening by NiCl2 we have 
observed in our study may be due to the inhibition of secretion 
of paracrine factors having a growthlneurotrophic activity. 

In summary, this study demonstrates for the first time the 
overexpression of voltage-gated T-type calcium channels in 
prostate cancer cells during neuroendocrine differentiation. 
Since neuroendocrine differentiation is a common feature of 
prostate cancer, the functional expression of these calcium 
channels could have fundamental consequences in understand
ing the etiology of prostate cancer. Future studies performed on 
prostate tissue obtained from surgery will be necessary to 
assess the expression ofthese channels, and particularly in the 
late stages of the disease when neuroendocrine differentiation 
develops. 
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Abstract 

Neuroendocrine (NE) differentiation is a hallmark of advanced, androgen-independent prostate 

cancer, for which there is no successful therapy. NE tumor cells are non-proliferating and escape 

apoptotic cell death, therefore an understanding of the apoptotic status of the NE phenotype is 

imperative for the development of new therapies for prostate cancer. Here, we report for the first 

time on alterations in intracellular Ca2
+ homeostasis, whch is a key factor in apoptosis, caused by 

NE differentiation of androgen-dependent prostate cancer epithelial cells. NE-differentiating 

regimens, either cAMP elevation or androgen deprivation - resulted in a reduced endoplasmic 

reticulum Ca2+ -store content due both to SERCA 2b ci+ ATPase and luminal Ca2
+ 

binding/storage chaperone calreticulin underexpression, and to a downregulated store-operated 

Ca2
+ current. NE-differentiated cells showed enhanced resistance to thapsigargin- and TNF-a

induced apoptosis, unrelated to anti-apoptotic Bcl-2 protein overexpression. Our results suggest 

that targeting the key players determining Ca2
+ homeostasis in an attempt to enhance the pro

apoptotic potential of malignant cells, may prove to be a useful strategy in the treatment of 

advanced prostate cancer. 
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Introduction 

Neuroendocrine differentiation (NE) has been demonstrated in a variety of carcinomas 

arising in various tissues. Prostatic carcinoma, non-small-cell lung cancer, breast cancer, gastric 

carcinoma, and colorectal carcinoma are sorne of the tumors in which neuroendocrine 

differentiation has been described and suggested as an indicator of poor prognosis. However, the 

molecular and cellular mechanisms controlling NE differentiation are only partially understood. 

Prostate cancer, one of the leading threats to men's health, is dependent on the androgens 

in the early stages. Consequently, androgen ablation therapies may, at this time, cause a tumor to 

regress. Nevertheless, these treatments do not prevent evolution to an androgen-independent 

stage, for which there is currently no successful therapy (1 ). Therefore, an understanding of what 

drives the progression to androgen independence is critical. It is well established that androgen

independence is associated with tumor enrichment in cell phenotypes, for which apoptosis 

inhibition rather than enhanced proliferation is the main feature (2, 3). Malignant neuroendocrine 

(NE) cells represent one of such phenotypes ( 4 ). 

NE cells are fully differentiated cells that share structural, functional and metabolic 

properties with neurons (5). They are a normal component ofboth the developing and the mature 

prostate epithelium ( 4-6), although their origin and functional role is as yet, poorly elucidated. 

According to the existing hypotheses, NE cells are either derived from undifferentiated basal cells 

of the prostatic epithelium (7), or have a neurogenic origin (8). It is suggested that by releasing a 

variety of neurosecretory products, such as parathyroid hormone related peptides, neurotensin, 

serotonin, calcitonin and bombesin-related peptides (4-6), these cells participate in the regulation 

of normal development and secretory activity of the prostate in the endocrine/paracrine fashion. 

NE cells lack nuclear androgen receptors (9-1 0) and th us represent an androgen 
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insensitive cell phenotype in the prostate. Expanding their population beyond normal proportions 

as a result of malignant transformation of epithelial/basal cells developing dormant NE features, 

is a common characteristic of prostate cancer progression (4). Tumor enrichment in NE cells and 

the consequent increase in neurosecretory products with growth-promoting properties, contribute 

to increases in malignancy and reduce responsiveness to androgen ablation therapy ( 4-6; 11). 

An additional factor that greatly enhances the malignant potential associated with NE 

differentiation, is that of non-proliferating NE tumor cells escaping apoptotic cell death (3). The 

mechanisms of NE cells' apoptotis-resistance are still obscure, although existing evidence 

suggests that they are not associated with the common anti-apoptotic oncoprotein Bcl-2 (12), but 

are rather triggered by recently discovered survival proteins, such as survivin (13) and clusterin 

( 14). It is obvious that further studies of all aspects of NE cells' apoptotis-resistance are 

imperative for the development of new therapeutic options in the treatment of advanced prostate 

cancer. 

In a recent study ( 15) we demonstrated that the apoptotis-resistance of androgen

dependent LN CaP (Lymph Node Carcinoma of the Prostate (16)) prostate cancer epithelial cells, 

associated with Bcl-2 overexpression, results in a complex rearrangement of the whole 

intracellular Ca2+ homeostasis. The characteristics of this rearrangement are reduced filling of the 

endoplasmic reticulum (ER) Ca2+ store, a decreased expression of key ER Ca2
+ handling proteins 

and a substantial clown-regulation of store-operated Ca2
+ current (Isoc). Bcl-2 overexpression is 

known to transform androgen-dependent LNCaP cells into an androgen-independent phenotype 

(2). Since LNCaP cells can be differentiated into NE cells (e.g., 17-19)- which are qualitatively 

different from the Bcl-2-mediated mechanisms of apoptosis-resistance and androgen 

independence and as it is also known that Ca2
+ signaling plays a key role in proliferation and 
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apoptosis (20, 21 ), we therefore sought in the present study, to examine the type and mann er of 

NE differentiation-induced alterations in Ca2+ homeostasis. Our results show for the first time 

that NE differentiation of prostate cancer epithelial cells causes significant modifications in Ca2+ 

homeostasis, which in their major hallmark features (i.e. the reduced filling of the ER Ca2+ store, 

the decreased expression of both endolemmal SERCA 2b Ca2+ A TPase and the luminal Ca2+ 

binding/storage chaperone calreticulin, as well as a substantial Isoc dawn-regulation) mimicked 

those associated with Bcl-2 overexpression. This would suggest the existence of common sites 

for Ca2+-dependent triggering of various anti-apoptotic pathways in androgen-independent 

prostate cancer. We also show that NE-differentiated LNCaP cells become resistant to 

thapsigargin- (TG) and TNF-a-induced apoptosis. 
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Results 

LNCaP cells rapidly acquire NE characteristics including the cessation of mitotic activity, the 

development of neuritic processes and an increased expression of neuron-specific enolase (NSE), 

under either pharmacological stimulation increasing intracellular cAMP levels, or under 

physiological stimulations using interleukines or long-term androgen deprivation (17-19; 22). In a 

previous work (23) we presented evidence of LNCaP cells' NE differentiation in response to 

interventions that increase intracellular cAMP ([ cAMP]in) levels. In the present study, we have 

used both [ cAMP]in elevation and long-term androgen deprivation by means of charcoal strippcd 

culture medium, in order to induce NE differentiation of LNCaP cells. The functional results 

obtained on NE-differentiated LNCaP cells were compared with regular androgen-dependent 

LN CaP cells, which served as a control. 

Neuroendocrine differentiation decreases both ER free Ca2
+ concentration and store

operated calcium entry. In terms of basic morphological NE characteristics, the two NE

differentiated cell types were similar to those described previously (23). Culturing LNCaP cells 

for 4 days with a cAMP permeant analog (dibutyryl cAMP, Bt2cAMP 1 mM) plus a 

phosphodiesterase inhibitor (isobutylmethylxanthine, IBMX 100 ~-tM) or with an androgen

deprived culture medium, induced NE differentiation. In order to comprehend the possible 

alterations in overall Ca2+ homeostasis induced by NE differentiation of LN CaP cells, we used a 

widely used experimental protocol, which allows the dissection of intracellular Ca2+ release from 

ci+ entry in a single cell fluorometric measurement of cytosolic free Ca2+ concentration 

([Ca2+]c). This protocol consisted in Fura-2-loaded cell exposure to a SERCA pump inhibitor, 

thapsigargin (TG), in nominally Ca2+-free extracellular saline, which should thus reveal the 
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liberation of only intracellularly stored Ca2+, with the subsequent re-addition of extracellular Ca2+ 

to initiate the influx via activated store-operated Ca2+ entry (SOCE). Fig. lA compares the results 

of such an experiment in a representative control in LNCaP cell (ctrl-LNCaP) and LNCaP cells 

differentiated into NE phenotype by either [cAMP]in elevation (NE-cAMP-LNCaP, pre-treatment 

for 96 hours with 1 mM Bt2cAMP plus 100 JlM IBMX), or by androgen deprivation (NE-Andr(-)

LNCaP). An inspection of [Ca2+]c traces in Fig. lA suggests that NE differentiation, 

irrespectively of how it was achieved, did not affect basal [Ca2+]c level ([Ca2+]c, basal), but 

decreases both the amounts of liberated Ca2+ ([Ca2+]c, lib) and of Ca2+ influx ([Ca2+]c, socE). The 

quantification of basal [Ca2+]c and its rise due to store-operated Ca2+ influx, in up to 240 cells of 

each type (Fig. lB), confirmed this conclusion and provided numerical values for [Ca2+]c, basal of 

52±1.7 nM, 49±1.5 nM and 45±1.6 nM and for [Ca2+]c, socE of 757±22 nM, 462±34 nM and 

509±21 nM in the ctrl-LNCaP, NE-cAMP-LNCaP and NE-Andr(-)-LNCaP cells, respectively. 

The reductions in [Ca2+]c, socE were insignificant after 24 hours of initial NE differentiating 

treatment (irrespective of the nature of the treatment), and became maximal after 96 hours when 

NE morphological features were fully acquired (e.g., 23). 

As [Ca2+]c, lib apparently becomes notably lower in NE-differentiated cells too (Fig. lA), 

this suggests that their ER Ca2+ store content ([Ca2+]ER) is lower than that of the control. 

However, the magnitude of the apparent [Ca2+]c, lib signal may not directly reflect [Ca2+]ER, as it 

can be substantially affected by ER-independent Ca2+ uptake mechanisms, of the mitochondrial 

type in particular, which may undergo upregulation during NE differentiation. In order to obtain 

more direct evidence on the filling status of ER Ca2+ store, we performed two additional series of 

experiments. In the first, we used cell exposure to ionomycin (IM, 1 !lM) - a Ca2+ ionophore that 

causes complete ER ci+ store depletion when incorporated into membranes (24). This was 
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carried out in nominally ci+-free extracellular saline, supplemented with the mitochondrial 

inhibitors, oligomycin ( 40 MM) and rotenon (20 MM) (15), in order to provide conditions un der 

which IM-induced [Ca2+]c, lib would more fully reflect the actual [Ca2+]ER· In the second series, we 

directly monitored [Ca2+]ER in digitonin-permeabilized cells by means of the compartmentalized 

fluorescent dye, Mag-fura 2-AM (15). 

The summaries of the experiments on the effects of NE differentiation on ER Ca2+ store 

content are presented in Fig. 2. As is evident from individual traces (Fig. 2A), the IM-induced 

[Ca2+]c, lib under inhibited mitochondrial uptake, is about 50% lower in NE-differentiated LNCaP 

cells than in control cells (i.e., 200±9 nM, n= 176 vs. 413±29 nM, n= 197). This suggests that their 

ER Ca2+ store content would also be lower by approximately the same percentage. This 

conclusion was generally confirmed by direct Mag-fura 2-AM [Ca2+]ER measurements, although 

they provided a somewhat lower [Ca2+]ER decrease (- 35%) following 96 hours of NE 

differentiation (from 540±35 !lM, n=25 to 350±40 !lM, n=29, Fig. 2C), whereas 24 hours 

appeared to be insufficient to produce a statistically significant [Ca2+]ER decrease (Fig. 2B). 

NE differentiation reduces a store-operated current. To determine whether or not the 

reduction in SOCE following NE differentiation, detected in fluorometric experiments, is indeed 

associated with a decrease in the store-operated membrane Ca2+ current (Isoc), we proceeded to 

record the whole cell-patch clamp of this current both in the control and in the NE-differentiated 

LNCaP cells. In this series of experiments, we dialyzed cells with a high concentration of 

BAPTA, a highly potent Ca2+ chelator, which rapidly binds Ca2+ passively leaking from the ER, 

thereby causing its depletion, thereby activating lsoc ( e.g., 25). 
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Fig. 3A shows that progresswn of the dialysis with 10 mM BAPT A containing 

intracellular solution, caused the development of inward lsoc in ali three LNCaP cell types : 

control and NE-differentiated both by means of [ cAMP]in elevation or androgen deprivation. The 

development of these currents followed comparable time courses, but the maximal densities, 

reached in about 4 min following the establishment of a whole-cell configuration, were different 

(Fig. 3A). The 1-Vs of full y developed currents in ail cell types showed a strong in ward 

rectification and reversai potential at around +40 rn V, which is typical of lsoc (Fig. 3B). The 

quantification of maximal current density at 100 rn V and 10 mM Ca2+ as a charge carrier, showed 

that it is the largest of the control LNCaP cells (1.4±0.2 pAJpF, n=12), which however decreases 

to 0.8±0.1 pAJpF and 0.6±0.1 pAJpF (n=8-9) following 96 hours of NE differentiation by 

[ cAMP]in elevation or androgen deprivation, respectively (Fig. 3C). 24 hours of differentiation 

were insufficient to reveal statistically significant differences in current densities. 

Thus, the data on direct lsoc recordings indicate that the reduction in SOCE observed in 

NE-differentiated LN CaP cells by fluorometric means, is associated with a decrease in the density 

of store-operated current. 

NE differentiation decreases SERCA 2b and calreticulin expression. One of the 

mechanisms by which NE differentiation may decrease the Ca2+ filling status of the ER, is by 

affecting the expression of ER-specifie Ca2+-handling proteins, such as the endolemmal SERCA 

pump and/or the luminal ci+ binding/storage chaperone, calreticulin. We therefore compared the 

expression ofthese proteins in both control and NE-differentiated cells, using a semi-quantitative 

Western blot analysis. We analyzed the expression pattern ofthree proteins, NSE, Bcl-2 and Bel

xl. NSE, a neuroendocrine marker, is important in the appreciation of NE differentiation, whereas 
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the assessment of common anti-apoptotic oncoproteins Bcl-2 and Bel-xl, may provide a clue 

about the mechanisms ofNE cells' apoptotis-resistance. 

Fig. 4A shows that androgen deprivation as well as the [cAMP] in elevation, increase NSE 

expression (1.84 vs. 1.74-fold respectively). This was also accompanied by a greater decrease in 

levels of SERCA 2b (0.52 vs. 0.69-fold) and calreticulin (0.48 vs. 0.61-fold). Such expression 

patterns pointed strongly to the fact that a reduction in both proteins, SERCA pump and 

calreticulin, constitute a major factor determining decreased ER Ca2
+ filling status during NE 

differentiation. Surprisingly, androgen deprivation and [ cAMP]in elevation resulted in a notable 

decrease in Bcl-2levels (to 0.65 and 0.49 of the control value respectively) and in the Bcl-xllevel 

(to 0.8 and 0.6, figure 4B), suggesting that an anti-apoptotic oncoprotein-independent mechanism 

contributes to NE cells' apoptotis-resistance. 

Androgen deprivation confers resistance to thapsigargin and TNF-a.-induced apoptosis. 

Possible alterations in the NE-differentiated LN CaP cells' potential to resist pro-apoptotic stimuli 

were assessed using thapsigargin (TG), which has was previously been shown to be an effective 

experimental inductor of apoptosis in LNCaP cells, through an ER depletion mechanism (26), as 

well as by using a physiological pro-apoptotic factor, namely TNF-a, acting via a surface 

membrane death receptor (27). These experiments were conducted on NE-differentiated LNCaP 

cells by androgen deprivation, as this regimen is more physiological and more relevant from a 

clinical perspective. 

Fig. 5A shows that, in control LNCaP cells, treatment with TG for 48 h induced apoptosis 

in a dose dependent manner, with a maximal percentage of apoptotic cells observed for 1 )lM TG 

(26±2.1 %). Following NE differentiation, the fraction of apoptotic cells was reduced 
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approximately 2-fold both in the absence of TG, as well as for each TG dose (Fig. 5A), thereby 

suggesting enhanced apoptotis resistance. The treatment of NE differentiated cells with TG for 72 

h did not increase the fraction of apoptotic cells (data not shown), consequently suggesting that 

the apoptosis in differentiated cells was not delayed. 

Qualitatively similar results were obtained with TNF-a (10 ng). This pro-apoptotic factor 

increased control LNCaP ce11s' apoptosis nearly 10-fold (from 0.5±0.1% to 5.1±1.4%), but 

appeared to be completely ineffective in inducing apoptosis of NE-differentiated LNCaP cells 

(Fig. 5B). The typical apoptotic features induced by treatment with TG or TNF-a are shown in 

fig. 5C. Apoptosis resistance was also detected by the TUNEL technique (Fig. 6A), thus 

demonstrating the decrease in LNCaP differentiated cells' apoptosis. Moreover, our results are 

confirmed by the DNA ladder technique (Fig.6B). 
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Discussion 

In the present study, we report two major findings characterizing NE differentiation in 

prostate cancer. Firstly, we describe the effect on Ca2+ homeostasis manifested through reduced 

filling of ER Ca2+ store, due to the under-expression of major Ca2+ -handling proteins, SERCA 2b 

and calreticulin and the downregulation of store-operated Ca2+ entry. Secondly, we demonstrate 

an enhanced resistance to apoptosis, which is not related to Bcl-2 and Bel-xl, but, we believe, is a 

consequence of altered Ca2+ homeostasis. 

Ca2
+ homeostasis and apoptosis. The involvement of Ca2+-dependent mechanisms in the 

induction and regulation of apoptosis is now generally accepted. Although interrelated, depending 

on the site of action, these mechanisms can be roughly subdivided into mitochondrial, 

cytoplasmic and ER-dependent types. Mitochondria may respond to high-matrix Ca2+. This might 

be accumulated as a result of enhanced sequestration, either through a transition in permeability 

allowing the release of the following : Ca2+, sorne matrix components as well as an apoptogenic 

factor, cytochrome c, or perhaps through an enhanced production of reactive oxygen species (28). 

A rise in cytosolic free Ca2+, which bas long been considered as a primary death signal, leads to 

the activation of the cal pain family of Ca2+ -dependent proteases participating in apoptosis ( e.g., 

29), and to the increase in the activity of sorne caspases (30). Ca2+ homeostasis normally plays a 

pivotai role in the fol ding and processing of newly synthesized proteins as weil as in maintaining 

the overall physiological state of the cell. When this decreases due to the depletion of ER Ca2+ 

stores, a stress response is activated, leading to growth arrest and cell death (31 ). It is therefore 

possible, that disrupting intracellular calcium homeostasis, by the alteration of the way in which 
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proteins regulating calcium homeostasis are expressed and function, will affect the cell's 

sensitivity to apoptosis. For example, it was shown that the over-expression of the intraluminal 

ER protein, calreticulin, increased cell sensitivity to TG- and staurosporine-induced apoptosis 

and, conversely, that cells lacking calreticulin showed considerable resistance to drug-induced 

apoptosis (32). 

Androgen ablation therapy in prostatic adenocarcinoma induces an involution of prostate 

tissue mainly through the enhancement of cellular apoptosis (33), which necessarily involves a 

pro-apoptotic decrease in the ER Ca2
+ filling status. A fraction of malignant cells withstanding 

such therapy, would emerge as new populations of apoptotis-resistant cells, for which underfilled 

ER represents another naturallevel of functional equilibrium. The enrichment of the prostate with 

such cell phenotypes eventually causes virtually ali tumors to relapse into an androgen

independent, more aggressively growing type. 

Apoptotis-resistance in prostate cancer following androgen ablation therapy may evolve 

through two major pathways: the over-expression of the anti-apoptotic Bcl-2 protein (2) or Bcl-2-

independent NE differentiation (3). In a recent study we characterized Ca2
+ homeostasis in a 

model system of LN CaP prostate cancer epithelial cells transfected with Bcl-2 (15), and showed 

that the Bcl-2-conferred apoptotis-resistance on these cells is associated with reduced ER Ca2
+ 

content and the substantial downregulation oflsoc. We also showed that reduced ER filling was a 

consequence of enhanced leakage and the lower expression of the key ER Ca2
+ -handling pro teins, 

SERCA 2b and calreticulin, whereas diminished Isoc most probably reflected an adaptive 

decrease in the number of functional channels to the long-term reduction in the ER Ca2+ content 

(15). 

The results of our present work show that alterations in Ca2
+ homeostasis induced by the 
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NE differentiation of LN CaP cells, which are schematically represented in Fig. 7, basically mimic 

those of Bcl-2-overexpressing LN CaP cells, in terms of such hallmark features as an underfilled 

ER Ca2
+ store, lower levels of ER SERCA 2b and calreticulin and reduced Isoc. 

Mechanisms of NE cells apoptotis-resistance. Apoptosis is an extremely rare event in 

prostate cancer cells with neuroendocrine features in primary, metastatic and recurrent disease 

(3). Recent studies suggest that the apoptotis-resistance of NE cells may be related to over

expression ofnew survival proteins, survivin (13) and/or clusterin (34, 14). The first ofthese is a 

member of the IAP (inhibitor of apoptosis) family with direct caspase-3 and caspase-7 inhibitory 

functions (35), whereas the second represents multifunctional glycoprotein, commonly involved 

in the transport of lipoproteins, the inhibition of complement-mediated cell lysis and the 

modulation of cell-cell interactions (36). The anti-apoptotic mechanisms of the latter remain to 

be clarified. Survivin is highly expressed in various common human cancers (e.g., 37-39), but not 

in normal tissues, and clusterin expression is strongly enhanced in tissues undergoing apoptosis 

(e.g., 40). 

The fact that LNCaP cells undergo similar alterations in Ca2
+ homeostasis, irrespective of 

whether their apoptotis-resistance was enhanced by Bcl-2 overexpression or as a result of NE 

differentiation, suggests that these alterations create a generally favorable environment for the 

functioning of mechanisms counteracting apoptosis. These alterations are therefore a necessary 

prerequisite for the cell's ability to successfully withstand pro-apoptotic stimuli. Our previous 

work showed that NE differentiation of LNCaP cells is also characterized by a strong over

expression of voltage-gated T-type Ca2
+ channels (23), which seem to be involved in the 

formation of neuronal-like morphological features (i.e., neurite outgrowth). Whether or not these 

channels contribute to the enhanced anti-apoptotic potential of NE cells is not yet clear. 
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Implications for androgen-independent prostate cancer. Apoptosis is essential in 

maintaining tissue homeostasis. The acquisition of a resistance to apoptosis plays a pivotai role in 

tumor genesis by disrupting the balance between cell proliferation and cell destruction and also by 

allowing cancer cells to escape radiation and chemotherapy. Androgen-independent prostate 

cancer is characterized by tumor enrichment in apoptosis resistant cell phenotypes, which, 

although differing in specifie anti-apoptotic mechanisms, nevertheless shares the same basic 

changes in intracellular Ca2
+ homeostasis. It would therefore seem that targeting the key players 

involved in its maintenance, in an attempt to enhance the pro-apoptotic potential of malignant 

cells, may prove to be a useful strate gy in the treatment of advanced prostate cancer. 

In the present work we identify three molecular entities, the expression of which 

undergoes significant changes (reduction) during the NE differentiation of prostate cancer 

epithelial cells - calreticulin, SERCA 2b and store-operated channel (SOC). The molecular migin 

of SOCs is still unknown, but there is strong evidence that the most likely candidate proteins 

belong to the transient receptor potential (TRP) channel family (e.g., 41-43). Thus, the 

identification of the specifie TRPs involved in endogenous Isoc in prostate cancer cells acquires 

potentially great practical importance, as they may represent appropriate targets for influencing 

the apoptotic status of NE cells in advanced, androgen-independent prostate cancer. 
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Materials and Methods 

Cell culture. The human prostatic carcinoma cellline, LNCaP, was obtained from the American 

Type Culture Collection (Rockville, MD, USA). Cells were grown in RPMI 1640 with 10% 

decomplemented fetal bovine serum (FBS, Deutcher, Brumath, France) at 37°C in a humidified 

atmosphere containing 5% C02• The medium was supplemented with 300 J..Lg/ml L-glutamine, 

100 U/ml penicillin and 100 J..Lglml streptomycin. Tissue culture media and supplements were 

obtained from Life Technologies (Life Technologies, Cergy Pontoise, France). Cells were seeded 

in 75 cm2 flasks and the growth medium was renewed every other day. 

Prior to fluorescence measurements, the cells were removed from the culture flasks with 0.05% 

trypsin (Life Technologies, Cergy Pontoise, France), and cultured on glass cover slips in the same 

culture medium. Cells were then used 2 days after trypsinization. 

Charcoal stripped medium. The tube containing charcoal 10% (w/v) and FBS was agitated for 

16 hours at 4°C. Following 1 hour's centrifugation at 10000 g and 4°C, the supernatant was 

collected and centrifuged again for 30 min at 27000 g. The resultant supematant was filtrated 

through 0.22 J..Lm filters. Before use, the charcoal stripped FBS was decomplemented for 30 min 

at 56° C. 

Fluorescence [Ca2
+]c measurements and Fluorescence [Ca2

+]ER measurements. For both 

the cytoplasmic and the ER Ca2
+ imaging, the detailed procedure has been described previously 

(15, 23). 
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Electrophysiology and solutions. Membrane currents in LNCaP cells were recorded in the 

whole-cell configuration of the patch-clamp technique, using a computer controlled EPC-9 

amplifier (HEKA Electronic, Germany) as described previously (44). Patch pipettes were made 

on a PIP- 5 puller (HEKA Electronic, Germany) from borosilicate glass capillaries (WPI, USA). 

The resistance of the pipettes filled with the basic intracellular pipette solution (in mM): CsCl -

120, MgCh- 3, BAPTA- 10, HEPES- 10, pH -7.3 (adjusted with Cs(OH)) varied between 4-6 

Mn. 

The composition of the regular extracellular bath solution was (in mM): Na Cl -120, KCl 

-5, CaCh- 2, MgCh- 2, glucose- 5, HEPES- 10, pH -7.3 (adjusted with Na(OH)). The high

Ca2\ Na+-free extracellular solution used for store-operated Ca2+ current recordings contained (in 

mM): TEA-Cl- 120, CaCh- 10, glucose- 5, HEPES- 10, pH -7.3 (adjusted with TEA(OH)). 

External solutions were changed using a multibarrel puffing micropipette with common outflow, 

positioned in close proximity to the cell under investigation. During the experiment, the cell was 

continuously superfused with the solution via a puffing pipette to reduce possible artifacts related 

to the switch from static to moving solution and vice versa. Complete extemal solution exchange 

was achieved in less than 1 s. 

Western-blot analysis. Cells were lysed in an ice-cold buffer (pH 7.4) containing (in mM) 20 

HEPES, 50 NaCl, 10 EDTA, 1 EGTA, 1 PMSF, 1% NP40 and a mixture ofprotease inhibitors. 

After one hour on ice, the lysates were homogenized and centrifuged at 1500 rpm for 10 min at 

4 o C. The resulting supernatants were stored at -80°C un til use. Samples were fractionated in a 

Laemmli-type SDS-PAGE (16%). The proteins were then transferred onto a nitrocellulose 

membrane using a semi-dry electroblotter (Bio-Rad). After transfer, the membrane was eut into 
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thin strips that were further processed for immunodetection. The strips were blocked in TNT ( 15 

mM Tris buffer (pH 8), 140 mM NaCl, 0.05% Tween 20, 3% skimrned dry milk for 30 min at 

room temperature), washed in TNT 3 times, then incubated with mouse monoclonal antibodies 

for 1 h at room temperature. After 3 washes in TNT, the strips were treated with the 

corresponding horseradish peroxydase-linked secondary antibodies (Zymed Laboratoires Inc., San 

Francisco, CA), for 1 h. After washes in TNT without milk, the strips were processed for 

chemiluminescent detection using Supersignal West Pico chemiluminescent substrate (Pierce 

chemical Co., Rockfortd, IL) according to the manufacturer's instructions. Blots were then 

exposed to X-Omat AR films (Eastman KodakCo., Rochester, NY). Blot intensity was quantified 

by scanning densitometry (Bio-Rad). 

Determination of apoptosis. 

The Hoechst technique : The level of apoptosis was estimated from the number of apoptotic 

bodies visualized by Hoechst staining. The percentage of apoptotic cells was determined by 

counting at least 500 cells in random fields (the detailed procedure has been described previously 

(26). 

The TUNEL technique : apoptosis was also detected by the TUNEL technique (terminal 

deoxynucleotide transferase-mediated dUTP-biotin nick-end labelling) usmg an apoptosis 

detection kit (Borhringer Mannheim). 

DNA fragmentation analysis : Cells (2xl06 cells per sample) were lysed in an extraction buffer 

(50 mM Tris pH 7.5, 10 mM EDTA, 1% sodium dodecyl sulfate (SDS) and 200 j.lg/ml proteinase 

K, 50 j.lg/ml RNase A ) and incubated at 37°C for 6h. DNA was subsequently extracted with 

phenol/chloroform/isoamyl alcohol (25:24: 1) and then precipitated with isopropyl alcohol, 

18 



pelleted and resuspended in TE with 20)lg/ml Rnase. The DNA was quantitated 

spectroscopically, and 10 )lg of DNA were analyzed for fragmentation on a 1.5 % agarose gel. 

The gel was stained with ethidium bromide and visualized using a UV light source. 

Reagents and chemicals. All chemicals were from Sigma (l'Isle d' Abeau, France) except for 

fura-2/ AM and thapsigargin which were purchased from France Biochem (Meudon, France). 

Data analysis and statistics. Each experiment was repeated severa! times. The data were 

analyzed using PulseFit (HEKA Electrinics, Germany) and Origin 5.0 (Microcal Software Inc., 

Northampton, MA, USA). Results were expressed as mean± standard error of the mean (s.e.m.). 

Statistical analysis was performed using the student's t test and ANOVA tests, followed by 

Tukey-Kramer post-tests (P<0.05 considered significant). 
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Figure Legends 

Figure 1. NE differentiation of LNCaP cells reduces thapsigargin-induced Ca2+ influx, but 

does not affect basal Ca2+. (A) Representative experiments on thapsigargin- (TG, 1 JlM) induced 

changes in cytoplasmic Ca2+ concentration ([Ca2+]c, measured using fura-2 fluorescence) in 

LNCaP control cells (ctrl-LNCaP) and NE-differentiated LNCaP cells by [cAMP]in elevation 

(NE-cAMP-LNCaP) or androgen deprivation (NE-Andr(-)-LNCaP); periods of TG application 

and extracellular Ca2+ elevation from 0 mM (0/Ca) to 2 mM (2/Ca) are marked by horizontal 

bars; see text for details. (B) Quantification of basal cytoplasmic Ca2+ concentration ([Ci+]c,basai) 

and store-operated Ca2+ entry ([Ca2+]c,socE) in the control LNCaP cells (ctrl-LNCaP) and two 

types of NE-differentiated LNCaP cells (NE-cAMP-LNCaP and NE-Andr(-)-LNCaP); 

mean±s.e.m., n=173-239. 

Figure 2. NE differentiation of LNCaP cells reduces ER Ca2+ content. (A) Representative 

experiments on ionomycin (1 ~-tM) induced Ca2+ liberation ([Ca2+]c, which was measured using 

fura-2 fluorescence) from the ER in the LNCaP control cells (ctrl-LNCaP) and NE-differentiated 

LN CaP cells (NE-cAMP-LNCaP) bathed in nominally Ca2+ -free extracellular saline (0/Ca) 

supplemented with the mitochondrial inhibitors, oligomycin (40 JlM) and rotenon (20 ~-tM); 

mean±s.e.m., n=197-176; see text for details. (B) The quantification of the ER intraluminal Ca2+ 

concentration ([Ca2+]ER, measured in digitonin-permeabilized cells based on Mag-fura 2AM 

fluorescence) in the LNCaP control cells (ctrl-LNCaP) and LNCaP cells subjected to NE

differentiating treatment (NE-cAMP-LNCaP) with Bt2cAMP (1 mM) plus IBMX (100 J.!M) 1 and 
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4 days after treatment initiation; mean±s.e.m., n=25-29; see text for details. 

Figure 3. NE differentiation of LNCaP cells reduces store-operated Ca2
+ current. (A) 

Representative time-courses of store-operated Ca2
+ current development Osoc, normalized to 

membrane capacitance to yield current density) in response to 10 mM BAPT A infusion in the 

control LNCaP cells (ctrl-LNCaP) and NE-differentiated LNCaP cells by [cAMP]u1 elevation 

(NE-cAMP-LNCaP) or androgen deprivation (NE-Andr(-)-LNCaP) at 10 mM [Ca2
+]out and Vm=-

100 rn V; Inset shows example of original baseline (1) and fully developed (2) currents together 

with voltage-clamp protocol. (B) Representative I-V relationships of lsoc in control ( ctrl-LNCaP) 

and NE-differentiated (NE-cAMP-LNCaP and NE-Andr(-)-LNCaP) cells derived from currents in 

response to voltage ramps. (C) The quantification of maximal lsoc density at -100 rn V in the 

control LNCaP cells (ctrl-LNCaP) and LNCaP cells subjected to NE-differentiating treatments by 

[cAMP]in elevation (NE-cAMP-LNCaP) or androgen deprivation (NE-Andr(-)-LNCaP) 1 and 4 

days after treatment initiation; mean±s.e.m., n=l2-8-9 respectively; see text for details. 

Figure 4. NE differentiation of LNCaP cells alters the expression of the ER Ca2+-handling 

proteins. Semi-quantitative Western blots (after 30 !lg per weil of total protein extraction for 

Bt2cAMP + IBMX treatment and 50 !lg per weil of total protein extraction for androgen 

deprivation) showing (A) increased expression of the NE marker neuron-specific enolase (NSE) 

and under-expression of the endolemmal SERCA 2b Ca2
+ pump, the luminal Ca2

+ 

binding/storage chaperone calreticulin, and the anti-apoptotic Bcl-2 and (B) Bel-xl proteins in 

LN CaP ceils subjected to 96 hours of NE-differentiating treatments by [ cAMP]in elevation (NE

cAMP-LNCaP) or androgen deprivation (NE-Andr(-)-LNCaP) compared to the controls (ctrl-
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LNCaP). Actin expression was assessed to ensure identical experimental conditions. Ali stains in 

Fig 4A were performed on a single membrane at the same time, except in the case of the Bel-xl 

protein, where we have added the corresponding actin control (Fig 4B). 

Figure 5. NE differentiation of LNCaP cells enhances their anti-apoptotic potential. (A) Bar 

graph showing the muchlower percentage of apoptotic NE-differentiated LNCaP cells (after 96 

hours of androgen deprivation, NE-Andr(-)-LN CaP) in response to two concentrations of 

thapsigargin (TG, 0.1 f.!M and 1 f.!M) for 48 hours compared to the control LNCaP cells (ctrl

LNCaP); "***"denotes P<O.Ol. (B) Same as in (A), but for 10 ng/ml TNF-a. (C) Illustration of 

the typical apoptotic features with the hoechst technique in each condition, (a, b, c) are ctrl

LNCaP cells (a), LNCaP cells with TG 1 !lM (b) or TNF-a 10 ng/ml (c) ; (d, e, f) represent NE

Andr(-)-LNCaP cells (d), NE-Andr(-)-LNCaP cells with TG 1 J.!M (e) or TNF-a 10 ng/ml (f). 

Figure 6. Apoptosis detection in control and differentiated LNCaP prostate cells using the 

TUNEL and the DNA ladder techniques. (A) the TUNEL technique, a and d showing 

undifferentiated control cells and differentiated LN CaP cells respective! y; (b, c) represent 

undifferentiated cells treated for 48 h with TG 1 J.!M or TNF-a lOng/ml respectively ; (e, f) 

represent the same as in (b and c) but with differentiated cells. The DNA ladder technique (B) 

shows a reduction in the DNA fragmentation of differentiated LNCaP cells under TNF-a 10 

ng/m1 treatment for 48 hours. 

Figure 7. Schematic dia gram showing the major effects of prostate cancer cells 

neuroendocrine differentiation on Ca2
+ homeostasis. The left-hand panel presents the control 
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conditions characterized by basal expression of the ER leak channels, the SERCA pump, the 

intraluminal calreticulin (CRT) and the plasma membrane SOCs, which when taken together, 

result in the background ER Ca2
+ concentration and store-operated Ca2

+ entry (lsoc, see upper left 

graph) typical of control, androgen-dependent prostate cancer epithelial cells. Neuroendocrine 

differentiation (right-hand panel) results in an ER intraluminal Ca2
+ concentration which had 

been lowered through the downregulated expression of SERCA pump and CR T, and decreased 

store-operated Ca2+ entry, which was most probably associated with the diminished density of 

functional SOCs. 
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Nous avons montré préalablement que les mécanismes d'homéostasie calcique ont un 

retentissement fondamental sur les processus physio-pathologiques cellulaires, apoptose, 

prolifération et différenciation cellulaire. Ainsi, non seulement les niveaux de calcium dans le 

cytosol sont importants à ce titre mais également la concentration en calcium dans le RE. Il est 

nécessaire de déterminer quel peut être le rôle d'une altération de l'expression des canaux 

calciques membranaires dans ces processus. Je m'intéresserai plus particulièrement au rôle et 

à la régulation des canaux calciques voltage-dépendants de type T. 

1. Expression et régulation de canaux calciques voltage-dépendants 

Comme nous l'avons montré dans ce manuscrit, nous avons commencé l'étude de la régulation 

du métabolisme calcique dans les cellules épithéliales prostatiques et son rôle dans les mécanismes 

de prolifération et mort cellulaire. Nous poursuivrons cette étude sur les cellules neuroendocrines 

prostatiques. Ce travail a déjà débuté et, à l'aide de la technique de patch-clamp, nous avons montré 

que des traitements induisant une différenciation neuroendocrine, entraînent dans les cellules 

LNCaP une surexpression de canaux calciques voltage-dépendants de type T (Mariot et al 2002). 

Les canaux calciques voltage-dépendants sont constitués de différentes sous-unités, al pour le pore 

et a2-o, y et J3 pour les sous-unités régulatrices. Pour chacune de ces sous-unités, il existe plusieurs 

isoformes et des produits d'épissage variable. Nous avons mis en évidence à l'aide de techniques de 

RT-PCR quantitative (SYBRGreen) que la sous-unité alH d'un canal calcique de type T était 

surexprimée au cours de la différenciation neuroendocrine de la prostate. 

Nous possédons ici un modèle unique pour étudier la régulation physiologique d'un canal 

calcique voltage-dépendant de type T. En effet, on sait actuellement que ces canaux sont formés 

d'une sous-unité constituant le pore (al) et qu'il en existe de trois types (alG, Hou I), codés par 3 

gènes différents (CACNAlG, CACNAlH, CACNAII), qui possèdent les propriétés 

électrophysiologiques des canaux de type T. D'autre part, dans les différents tissus de l'organisme et 

dans les lignées cellulaires tumorales, les canaux T sont toujours coexprimés avec d'autres types de 

canaux calciques voltage-dépendants (canaux L, N, Pet Q). Chacun de ces autres types de canaux 

peut être codé par 7 autres sous-unités al (alA, B, E, C, D, Set F) dont l'activité peut être modulée 

par des sous-unités J3, y, et a2-o (Randall and Benham 1999). On réalise ici le problème posé par 
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l'étude de canaux T qui ne sont jamais exprimés seuls dans les cellules. Pour cette raison, 

différentes équipes ont utilisé des modèles de surexpression de sous-unités alG,H ou I 

conjointement à celle de sous-unités y ou a2-ô. Cependant, ces situations ne reflètent pas 

1 'expression naturelle de ces protéines dans les cellules. De plus, il est difficile de savoir dans ces 

conditions si les protéines sont co-adressées correctement. 

Nous nous proposons ici d'étudier la régulation de l'expression et de l'activité d'un canal T 

(am) dans un modèle cellulaire original (LNCaP différenciées) n'exprimant que ce canal calcique 

voltage-dépendant. 

1) Régulation de l'expression de la sous-unité am 

Nous avons vu que la sous-unité a 1H est surexprimée au cours de la différenciation 

neuroendocrine. Nous savons actuellement que la surexpression de ce canal a lieu lors d'un 

traitement avec des analogues perméants de l'AMPc, ainsi que lors d'une réduction des taux 

d'androgènes dans le milieu de culture (Mariot et al, 2002). Il reste à déterminer si l'activation 

physiologique de l'adénylate cyclase par les neuropeptides (VIP et calcitonine) et neuromédiateur 

(nor-adrénaline), ou l'activation de la voie des tyrosines kinases Btk et de la PB kinase par des 

interleukines (IL6) induit également la surexpression de canaux calciques de type T. En d'autres 

termes, la surexpression de la sous-unité alH est-elle un marqueur obligé de différenciation 

neuroendocrine terminale? D'autre part, l'activation d'une voie de transduction telle que la voie 

adénylate cyclase entraîne une divergence d'informations cellulaires et une activation résultante de 

nombreuses autres voies de transduction telles que la voie des MAP kinase, connue pour être 

impliquée dans les processus de différenciation. Il est ainsi fondamental de déterminer de manière 

précise la chaîne de transduction aboutissant à la surexpression des canaux de type T. 

Pour aborder cette étude, nous utiliserons des moyens physiologiques et pharmacologiques 

existant afin d'activer ou de bloquer les différentes voies de transduction menant à la différenciation 

neuroendocrine. Nous utiliserons également d'autres modèles cellulaires prostatiques androgéno

dépendants et indépendants ainsi que des tissus prostatiques humains obtenus par prélèvement 

chirurgical à différents stades de la maladie. Ceci nous permettra de déterminer si ce canal est 

toujours surexprimé dans les pathologies cancéreuses prostatiques et s'il existe une corrélation entre 

expression de la sous-unité alH des canaux Tet facteur pronostic. 

Si ces hypothèses (le canal T est un marqueur obligatoire de la différenciation neuroendocrine et 

sa surexpression est associée avec un pronostic clinique défavorable) sont vérifiées, cela pourrait 

avoir des implications fondamentales en terme de diagnostic et possibilité thérapeutique. 
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2) Régulation de l'activité du canal T 

La régulation des canaux de type T par les seconds messagers est pour l'instant très mal connue, 

ceci d'une part car ces canaux sont toujours co-exprimés avec d'autres types de canaux calciques et 

car les sous-unités alG,H ouI, qui forment le pore, n'ont été clonées que récemment. 

a) Régulation par les seconds messagers intracellulaires 

La régulation des canaux de type T par des signaux intracellulaires est très mal connue. Bon 

nombre de travaux semblent contradictoires dans la mesure où des systèmes régulateurs, par 

exemple la protéine kinase C ou les sous-unités f3y des protéines G, peuvent être stimulateurs ou 

inhibiteurs selon le modèle cellulaire (pour revue voir Perez-Reyes 2002). En fait, ceci est 

probablement dû à la diversité moléculaire des canaux T, puisqu'ils sont codés par trois sous-unités 

al différentes. D'autre part, l'association des sous-unités al avec les sous-unités auxilliaires étant 

mal connue également, les diversités de régulation peuvent être dues à la présence de complexes 

moléculaires différents selon les tissous ou les cellules. Ainsi, il a été montré récemment que la 

sous-unité alH, mais pas alG, était inhibée spécifiquement par les sous-unités f32y2 des protéines 

G (Wolfe et al 2003). 

Il a été montré que l'activation de la CaM Kinase 2 potentialise l'activité des canaux T alH 

(Wolfe et al 2002). Il a été également montré que les canaux T sont inhibés par une activité de type 

tyrosine kinase (Arnoult et al 1997). Nous tirerons partie de notre modèle unique qui nous permet 

d'étudier spécifiquement l'activité de ce canal dans des conditions "physiologiques". Il est possible 

que des facteurs modulant la croissance cellulaire tels que facteurs de croissance (EGF, IGF ou 

FGF), cytokines (interleukine 1 f3 ou 6) ou des neuropeptides, tels que VIP ou calcitonine, modulent 

l'activité de ce canal. Ceci nous permettra de déterminer les mécanismes de transductions 

intracellulaires impliqués dans la régulation des canaux T alH. 

b) Régulation par les autres sous-unités 

Il est pour l'instant supposé que l'activité des canaux de typeT est exclusivement dépendante de 

la sous-unité qui forme le pore (al G,H et I). Nous étudierons le rôle potentiel des sous-unités 

régulatrices dans le fonctionnement du canal. Nous avons observé que les sous-unités y4 et a282 

sont exprimées dans les cellules prostatiques (figure 17). 

D'autre part, des résultats préliminaires nous permettent de postuler un rôle fonctionnel de la 

sous-unité a282 dans la régulation de la sous-unité alH car l'inhibiteur pharmacologique des sous

unités a28, la gabapentine (utilisée comme thérapie anticonvulsivante dans les épilepsies), inhibe 

l'activité du courant T observé dans les cellules LNCaP différenciées (figure 18). 
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Nous étudierons leur rôle fonctionnel à l'aide de la stratégie anti-sens qui nous permettra d'abolir 

ou de diminuer l'expression de ces protéines. Nous avons déjà utilisé avec succès cette stratégie 

pour l'étude du rôle du canal calcique CaTI et nous pensons ainsi que cette stratégie est applicable à 

cette étude. 

D'autre part, en utilisant des anticorps contre les sous-unités y4, a282 et alH, nous étudierons la 

colocalisation de ces sous-unités et la formation d'un complexe fonctionnel entre ces sous-unités 

par immunoprécipitation. Nous développerons également des modèles de cellules transfectées avec 

les sous-unités alH, y4 et a282 couplées à des protéines reporteuses fluorescentes (GFP, BFP ... ) 

afin d'étudier leur interaction moléculaire fonctionnelle en microscopie confocale. 

II. Etude du rôle des canaux calciques voltage-dépendants dans la physiopathologie de la 

prostate 

Nous avons mis en évidence qu'un canal calcique de type T alH était surexprimé au cours de la 

différenciation neuroendocrine de la prostate. Nos résultats montrent également que la 

différenciation neuroendocrine est associée à une modulation de l'expression des canaux calciques 

non voltage-dépendants. Nous étudierons le rôle des canaux T dans la physiopathologie de la 

prostate et nous nous intéresserons plus particulièrement : 

-à leur implication fonctionnelle dans la régulation de l'homéostasie calcique. 

Le rôle des canaux de type T est notamment à préciser en ce qui concerne la régulation du 

calcium intracellulaire. Son activité étant transitoire, il est réputé peu important dans le contrôle de 

1 'homéostasie calcique. Nos travaux actuels montrent que son activité, même transitoire, est 

associée à une augmentation du calcium cytosolique (figure 20). Nous nous intéresserons 

particulièrement à son implication potentielle dans des mécanismes de « tunelling » entre différents 

compartiments et notamment entre le compartiment extracellulaire et réticulaire grâce à des 

associations moléculaires avec des canaux calciques du réticulum endoplasmique, comme cela a été 

montré pour les canaux calciques de types Let les récepteurs canaux RyR. 

-à leur rôle dans la sécrétion de facteurs paracrines 

Les cellules neuroendocrines de la prostate possèdent des granules de sécrétion contenant 

notamment de la sérotonine et plusieurs peptides. Bien que les fonctions de ces cellules ne soient 

pas encore bien établies, il est probable qu'elles aient un rôle important dans les phénomènes de 

croissance, de différenciation cellulaire et de sécrétion de la prostate. Il sera intéressant d'étudier 
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dans les tissus humains, pathologiques ou sains, prélevés par chirurgie, les propriétés des cellules 

neuroendocrines de la prostate. Afin de déterminer si lors de la différenciation neuroendocrine, il se 

produit une altération de la sécrétion de neuropeptides, entraînant par exemple une potentialisation 

de la sécrétion de prolactine par les cellules différenciées, ce qui pourrait par exemple expliquer un 

emballement du processus de croissance cellulaire, nous étudierons les altérations du processus de 

sécrétion lors de la différenciation neuroendocrine des cellules LNCaP induite par une augmentation 

des taux d' AMPc intracellulaire ou induite par des interleukines (IL 1 et 6). D'autre part, nous 

étudierons l'implication relative des différents mécanismes d'homéostasie calcique dans le processus 

d'exocytose et notamment le rôle des canaux de type T. 

Nous aborderons cette problématique à l'aide des mesures électrophysiologiques de la capacité 

membranaire combinée à ]a mesure voltamétrique de sérotonine ainsi que grâce aux mesures de 

fluorescence utilisant un marqueur membranaire, le FMl-43, qui est une sonde capable de s'intégrer 

dans la membrane plasmique lors du processus d'exocytose, entraînant ainsi une augmentation de 

fluorescence lors de la sécrétion. Cette technique est mise au point au laboratoire. Des résultats 

préliminaires nous ont permis de montrer que les cellules LNCaP, différenciées ou non, possèdent 

une voie de sécrétion régulée, typique des cellules neuroendocrines, qui peut être activée par une 

augmentation de calcium cytosolique (Figure 19). 

Nous avons pu également montrer par des expériences de mesures combinées des courants 

membranaires et de la sécrétion (FM 1-43) que la sécrétion était stimulée par une activation du canal 

Tam (Figure 20). 

Nous déterminerons d'autre part si les cellules différenciées sécrètent des facteurs à activité 

neurotrophique. En effet, le blocage de l'entrée de calcium par des moyens pharmacologiques se 

traduit par un ralentissement de l'extension des neurites. Cet effet pourrait être dû, soit à un rôle 

direct du calcium intracellulaire dans le processus d'extension neuritique, soit à une inhibition de la 

sécrétion de facteurs trophiques. Nous déterminerons par des études utilisant des milieux 

conditionnés si ces milieux provoquent une différenciation neuroendocrine. 
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-à leur rôle dans le processus de différenciation lui-même. 

Il a en effet été montré dans d'autres modèles cellulaires (phéochromocytomes PC12) que la 

différenciation neuroendocrine était associée à une surexpression de canaux calciques voltage

dépendant et que l'activité de ces canaux participait au processus de différenciation. Nous avons 

observé qu'une diminution du calcium extracellulaire et que des inhibiteurs des canaux calciques 

ralentissaient le processus de différenciation neuroendocrine. Il reste à déterminer la nature des 

canaux mis en jeu. Le rôle des canaux T, outre notre travail, a été suggéré dans différentes études. 

Ainsi, la sous-unité a 1 H est particulièrement impliquée dans la différenciation des myoblastes en 

myotubes (Bijlenga et al 2000). La contribution des canaux T a été de plus démontrée dans les 

cellules d'une lignée de neuroblastome NG108-15 dont la différenciation neuroendocrine, 

caractérisée par une apparition de neurites et l'augmentation d'un courant calcique HVA, requiert 

l'activité fonctionnelle de la sous-unité alH (Chemin et al2002). 

-à leur rôle dans la régulation du cycle cellulaire, de la prolifération cellulaire et de l'apoptose. 

Pour ces études, nous mettrons au point des lignées cellulaires prostatiques surexprimant ces 

canaux calciques voltage-dépendants. Le rôle des différentes sous-unités sera envisagé. 

III.Conclusion et perspectives 

Par cette étude, nous espérons contribuer à une meilleure compréhension du rôle des canaux 

calciques dans la prostate. Nous espérons mieux comprendre notamment la régulation de la 

sécrétion des cellules neuroendocrines prostatiques et ses altérations éventuelles lors de la 

tumorisation. Si des boucles autocrines/paracrines existent au sein même du tissu, il est possible que 

lors de la tumorisation 1 'organe fonctionne en circuit fermé. Ainsi, des altérations de la sécrétion 

hormonale, notamment dues à une altération du fonctionnement des canaux calciques des cellules 

neuroendocrines de la prostate, auraient une importance fonctionnelle considérable. D'autre part, ce 

projet pourrait ouvrir des possibilités thérapeutiques. En effet, il faut souligner que les possibilités 

d'interventions pharmacologiques sur les canaux T existent et que différents médicaments ayant 

comme cibles ces canaux ont été (mibefradil, POSICOR, utilisé comme antihypertenseur, arrêt de 

commercialisation en 1998) ou sont sur le marché (gabapentine ). Il reste évidemment à démontrer 

1' importance de ces canaux dans le développement, notamment à long terme, des tumeurs 

prostatiques. 
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B: un train de stimulation de -80 à -10 rn V (0.5 Hz) provoque une augmentation de 
la [Ca2+]i par les courants T. 
C: un train de stimulation de -80 à -10 rn V (0.5 Hz) provoque une augmentation de 
la fluorescence du FM1-43. 
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