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RESUMO

Foi realizado estudo do efeitoc da tetracaina sobre o efluxo de “Ca, a
concentracéo de Ca® citoplasmatico, [Ca®"}, e a secregdo de insulina em ilhotas .
pancredticas e células B isoladas. Na auséncia de Ca®* externo, tetracaina (0,1-
2,0 mM) aumentou, de maneira dose-dependente, o efluxo de ®Ca de ilhotas
isoladas. Tetracaina néo afetou o aumento do efluxe de ®Ca causado por 50
mM de K" ou pela associagio de carbacol (Cch — 0,2 mM) e 50 mM de K*.
Tetracaina aumentou permanentemente a [Ca**}, em células B isoladas em meio
livre de Ca™ e acrescido de 28 mM de glicose e 25 uM D-600
(metoxiveparamil). Este efeito também foi observado na presenca de 10 mM de
cafeina ou 1 pM de tapsigargina. Em presenga de 16,7 mM de glicose,
tetracaina aumentou de maneira transitéria a secrec@o de insulina das ithotas
perfundidas, tanto na auséncia quanto na presenca de Ca*' externo. Estes
dados indicam que tetracaina mobiliza Ca®** de um estoque insensivel &
tapsigargina e estimula a secrecdo de insulina na auséncia de Ca”* extracelular.
O aumento do efluxo de ®Ca causado pelas altas concentragbes de K e pelo
Cch indica que tetracaina n&o interfere nos estoques sensiveis a céations ou ao

IPs.
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ABSTRACT

The effect of tetracaine on *Ca efflux, cytoplasmic Ca* concentration [Ca?} and
insulin secretion in isolated pancreatic islets and B-celis was studied. In the
absence of external Ca®* tetracaine (0.1-2.0 mM) dose-dependently increased
the ®Ca efflux from isolated islets. Tetracaine did not affect the increase in ®Ca
efflux caused by 50 mM K" or by the association of carbachol (Cch - 0.2 mM)
and 50 mM K*. Tetracaine permanently increased the [Ca®* in isolated B-cells in
Ca*-free medium enriched with 2.8 mM giucose and 25 uM  D-800
{methoxiverapamil). This effect was aiso observed in the presence of 10 mM
caffeine or 1 uM thapsigargin. In the presence of 16.7 mM glucose, tetracaine
transiently increased the insulin secretion from islets perifused in the absence
and presence of external Ca*". These data indicate that tetracaine mobilises Ca2*
from a thapsigargin-insensitive store and stimulates insulin secretion in the
absence of extraceliular Ca®. The increase in *Ca efflux caused by high

concentrations of K" and by Cch indicates that tetracaine did not interfere with a

cation or IPz-sensitive Ca** pool in B-cells.
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1. Mecanismo de secrecio de insulina

A secrec@o de insulina pelas células B pancreéticas apresenta um
controie multifatorial, bem como uma regulagio momento-a-momento, que visa o
ajuste das concentragbes plasmaticas de glicose dentro de estreitos limites de
normalidade. Este controle da secrecéo tem a participacdo de nutrientes,
horménios e neurotransmissores. Dos nutrientes capazes de estimular a
secrecdo de insulina, sem ddvida o mais importante é a glicose (Malaisse e
cols., 1979). De acordo com as inlimeras evidéncias experimentais obtidas até
hoje, pode-se formar um quadro complexo que explica, ao menos em parte, o
mecanismo de secregdo de insulina, uma vez que tal mecanismo apresenta-se

como uma integracéo entre evenios metabdlicos e ibnicos.

O primeiro passo para a secrecdo de insulina estimulado pela glicose
€ o transporte da hexose para o interior da célula B pancredtica, que ocorre, nos

roedores, por um carregador especifico, o GLUTZ2, membro de uma familia de
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transportadores com pelo menos 5 subtipos (Johnson & Newgard, 1996). A
seguir, a glicose é fosforilada & glicose-6-fosfato por duas enzimas: uma
glicoquinase (hexoquinase V) de baixa afinidade (K, alto) e uma hexoquinase
de alta afinidade (K., baixo) (Megiasson & Matschinsky, 1984). Em células B
normais, 0 aumento nas concentragcdes de glicose leva a uma estimulacéo
preferencial de eventos oxidativos mitocondriais, acarretando aumento das

concentracdes citoplasmaticas de ATP (Sener & Malaisse, 1987).

A descoberta da presenca de canais para K sensiveis ao ATP {Katp)
foi fundamental na determinac@o do agente ou mecanismo acoplador entre os
eventos metabdlicos e secretérios nas células B pancredticas (Ashcroft e cols.,
1984; Cook & Hales, 1984). Assim, a elevagdo da concentracao intracelular de
ATP causa o fechamento destes canais. Na verdade, postula-se que o fator
determinante para o fechamento de tais canais seja a elevacio da relagdo de
concentragbes ATP/ADP, uma vez que, segundo Kakey e cols. (1986), o ADP
provoca abertura do_s canais Kate. De fato, o0 controle da abertura e fechamento
destes canais € bastante complexo, uma vez que experimentos in vifro
mostraram que concentragbes micromolares de ATP (10 a 20 uM) séo
suficientes para fecha-los. Contudo, a concentragdo de ATP registrada em
celulas B, mesmo em concentragbes sublimiares de glicose (por ex. 2,8 mM), é
da ordem de 3 mM. Como o potencial de membrana da célula B deve-se
principaimente & saida do K' por esses canais, seu fechamento leva &
despolarizacdc da membrana celular. Outros canais estdo presentes na

membrana celular, entre eles os canais para Ca”™ do tipo L, dependentes de
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voltagem. Desta forma, a despolarizacgdo celular leva & abertura de tais canais e,
por diferenca de potencial eletroquimico, os ions Ca® penetram na célula B,
causando aumentoc da concentracdo intracelular do jon. Esse aumenio é
fundamental para a extrusdo dos granulos de insulina, através de mecanismos
envolvendo a calmodulina, uma proteina reguladora que se liga ao Ca® e
regula a atividade de varias enzimas, incluindo adenilato ciclase, AMPc
fosfodiesterase e algumas quinases protéicas, como a quinase da miosina de

cadeia leve (Valverde & Malaisse, 1984, Wilson e cols,, 1998).

2. Calcio e secrecéo de insulina

O ion célcio tem funcdo essencial no controle de uma série de
processos celulares, tais como secregdo, contracdo, ativacdo de enzimas e
regulacdo do ciclo celular (Berridge, 1997). Para exercer tais funcbes, é
necessario que sua distribuico pelos compartimentos intra e extracelulares seja
regulada por mecanismos rapidos e precisos, e gue possam ocorrer rapidas
flutuagbes na concentracéo do ion gragas a processos de transporte através das

membranas.

A concentracdo de Ca®* livre no citoplasma (cerca de 107 M), e
mantida aproximadamente 10.000 vezes abaixo da concentracdo extracelular

(em torno de 10° M). Este alto gradiente eletroquimico é essencial para a fungdo
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do ion como sinalizador bioquimico no interior celular, pois permite que a
abertura de canais especificos na membrana seja acompanhada de rapida
entrada de Ca*, levando a mensagem ao interior da célula (Berridge, 1997:

Carafoli, 1987).

A membrana plasmatica possui mecanismos de entrada de Ca®* na
celula mediados por canais voltagem-dependentes ou regulados por segundos
mensageiros (Berridge, 1997), enquanto que o efluxo ativo do ion é promovido
por uma Ca®"-ATPase, que hidrolisa um ATP por Ca®* translocade (Carafoli
1994; Clark & Carafoli, 1983), ou por um sistema de trocador Na*/Ca?", que troca
um Ca®" internc por trés Na' externos, utilizando energia do gradiente de
potencial eletroguimico de Na®. Na célula B pancrestica, este trocador parece
estar envolvido também com a entrada de Ca® na célula quando de uma
despolarizacao, além de representar cerca de 70% da saida do Ca>* apés a

repolarizagao celular (Van Eylen e cols., 1998).

Como dito anteriormente, o mecanismo de secrecdo de insulina
estimulado pela glicose em células B pancresticas, envolve a abertura de canais
voltagem-dependentes para Ca®**, com consequente elevacdo das
concentragbes citosdlicas do fon. Sabe-se, desde o final da década de 1960, que
o influxo de Ca*' desempenha pape! preponderante no mecanismo de secrecéo
de insulina, visto que a retirada do fon do compartimento extracelular resulta em
inibicdo da secregcdo do hormdnio (Grodsky & Bennett 1966; Miiner & Hales,
1967). Evidéncias posteriores, indicando que a glicose induz aumento na

captacdo de *Ca pelas ilhotas, comprovam a importéncia do influxo do ion para



José Roberto Bosaweirg Introducio 5

0 processo secretorio estimuiado pela hexose (Hellman e cols., 1971: Malaisse-

Lagae & Malaisse, 1971).

Com o aumento dos niveis de glicose no meio, ocorre inicialmente
uma reduca@o, pequena e passageira dos niveis de Ca® citoplasmaticos, que se
deve a ativacdo do transporte ativo (Ca-ATPases) para o reticulo
endoplasmatico pois, em baixas concentragdes de glicose, o reservatério de
Ca®" estd diminuido nesse compartimento. Concomitante a reducdo dos niveis
de Ca®*, que dura de 2 & 5 minutos, ocorre também inibicéo da secrecdo basal
de insulina (Gylfe, 1989). A seguir, @ concentracdo de Ca®* é aumentada em
cerca de 5 a 10 vezes e a secregéo tem inicio. Os niveis de Ca®* e a secrecéo
de insulina permanecem elevados, enquanto o nutriente estiver presente em

concentracdes estimulatérias no meio.

Eletrofisiologicamente, foi demonstrado que a entrada do Ca®* por
esta via coincide com a atividade elétrica periddica (potencias de acéo em pico)
observada quando de uma elevag@io das concentragdes de glicose (Dean &
Matthews, 1970; Gilon e cols., 1993; Meissner & Schmeltz, 1974: Santos e cols.,
1991). De fato, observa-se que, em presencga de concentracdes estimulatérias
de glicose, ocorrem oscilagbes das concentragbes intracelulares de Ca®', que
refletem variacOes ciclicas na permeabilidade da membrana plasmatica ao ion, e
coincidem com a secrecdo pulsatil de insulina, ambos relacionados ac fluxo
glicolitico, de natureza oscilatéria (Bergstron e cols., 1989: Heliman e cols.,

1992). Este padréo oscilatorio da secrego de insulina pode ser vantajosc na
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medida em que impede a “down regulation” do receptor de insulina nos érgéos

alvo.

Apesar da importdncia que o0s mecanismos descritos acima
representam para o processo secretorio, a fisiologia da célula B pancreatica com
respeito & possivel participagio de outros mecanismos, bem como da interagio
entre eles permanece obscura. Sabe-se que a glicose e oufros nutrientes
secretagogos aumentam a produc&o de AMP ciclico (AMPc) nas células B
(Malaisse & Malaisse-Lagae, 1984; Prentki & Matschinsky, 1987), o que
potencializa os efeitos de outros iniciadores da secregdo de insulina (Hellman e
cols., 1992), num mecanismo aparentemente dependente do Ca®*, visto que ©
aumento dos niveis de AMPc estimulado pela glicose é comprometido pela
retirada do Ca** do meio extracelular (Valverde e cols., 1983). Este aumento
dos niveis de AMPc deve-se & ativacio da adenilato ciclase via calmodulina
(Valverde e cols., 1979). Evidéncias experimentais sugerem que o AMPc, por
meios dependentes da proteina quinase A (PKA) age sensibilizando a
maquinaria secretoria ao Ca®* (Prentki & Matschinsky, 1987), provocando
mobilizagdo de estoques intracelulares do ion (Graspengiesser e cols., 1989,
Sussman e cols, 1987) e favorecendo o infiuxo do ion nas células B

pancreaticas (Eddlestone e cols., 1985; Henquin & Meissner, 1984).

A estimulacdo pela glicose também induz hidrolise do &cido
araquiddnico a partir de fosfolipidecs de membrana na ilhota. Apesar dos
mecanismos naoc serem conhecidos, dados apontam para uma participagdo dos

estoques intracelulares de Ca® no processo (Nowatzke e cols., 1998). Nas
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células B pancreaticas, demonstrou-se recentemente que 0s maiores estoques
de Ca* intracelulares situam-se em regides sensiveis a IP; e tapsigargina, uma
droga que bloqueia seletivamente o transporte ativo para o interior do reticulo
endoplasmatico através de uma Ca?-ATPase. Este estudo confirmou a
existéncia de dois reservatérios de Ca*’ | proposta por Nilsson e cols. (1887),
dependentes da Ca*-ATPase, sendo que somente um deles € sensivel ao P
(Tenghoim e cols,, 1998). Em células BTC3, obtidas de insulinoma de
camundongos transgénicos e secretoras de insulina, as alteracées de voltagem
e concentracéic de Ca® intracelulares induzidas por glicose mostraram-se

importantes no contfrole da producé@o de IP3, e, consequentemente, na liberacdo

de Ca*' a partir de organelas intracelulares (Gromada e cols., 1996).

A presenga da fosfolipase C (PLC) acoplada 4 membrana da célula B
pancreatica, ativada por nutrientes (Montague e cols, 1985 Prentki &
Matschinsky, 1987; Turk e cols., 1987), origina uma série de eventos, presentes
em diversos tipos celulares. A hidrdlise do fosfatidilinositol 4,5-bifosfato da
origem a duas moléculas: o inositol 1,4,5-trifosfato (IPs) e o diacilglicerol (DAG)
(Best & Malaisse, 1984). O IP; € hidrossoliivel e tem como acéo a liberacdo de
Ca* de estogues intracelulares, predominantemente do reticulo
endoplasmatico. Ja o DAG permanece ancorado @ membrana e ativa a proteina
quinase C (PKC), dependente do Ca®*. Como consequéncia da acdo da PKC, a

fosforilagdo de proteinas poderia sensibilizar a maquinaria secretéria ao Ca*’.

A liberagdo de Ca* dos estoques intracelulares também parece ser

importante no controle do influxo do fon. A pequena queda nas concentracdes
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do ion, subsequente ao estimulo pela glicose, é seguida pela liberacdo do Ca®*
das suas organelas de reserva (Kikuchi e cols., 1979; Roe e cols., 1993, 1995;
Rojas e cols., 1994), o que causaria a ativacdo de uma corrente catidnica (lcrac
— calcium release activated current, ou, corrente de calcio ativada por liberacdo
de calcio) para o interior da célula (Berridge, 1997; Putney Jr., 1997: Roe e cols.,
1998, Worley e cols., 1994a, b). O fator acoplador difusivel seria liberado
juntamente corm o calcio a partir do reticulo endoplasmatico (CIF — calcium influx

factor) (Randriamampita & Tsien, 1993).

Além desta interagio entre liberaggo e influxo de Ca®', foi sugerido
em ilhotas a existéncia de um mecanismo descrito primeiramente em células
musculares e presente em varios tipos de células excitaveis (Coronado e cols.,
1994). Assim, a entrada de Ca® pela membrana plasmatica levaria a liberagao
de célcio a partir de organelas intracelulares (CICR = Calcium Induced Calcium
Release). Este mecanismo envolve a participagéo de canais operados por
receptores sensiveis & rianodina (receptor de rianodina) que, por elevacdo da
concentragdo de Ca”™, permitem a saida do ion a partir do reticulo
endoplasmatico (Islam e cols., 1992). A importancia de tal mecanismo depende
da determinac&o da existéncia em guantidade significativa dos receptores, e da
caracterizag&o de sua modulacdo por substancias presentes nas células. Como
em outros tipos celulares, a ago da molécula de ADP ribose ciclica tem gerado
controvérsia (Islam & Berggren, 1997; Okamoto e cols., 1997). A compreenséo

completa dos eventos intracelulares que acoplam a membrana citoplasmatica,
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local de influxo do Ca®, e o reticulo endoplasmatico, local de liberacio de Ca?*

via IP3 efou receptor de rianoding, esté longe de ser alcangada (Mackrill, 1999).

A participacdo destes estoques intracelulares no processo de
secrecéo de insulina estimulada pela glicose aguarda futuras investigagdes, uma

vez que tal mecanismo ndo encontra aceitagdo total nos meios cientificos.

Finalizando esta segc@o, h& que se registrar trabalhos publicados
desde o inicio da década de 90, onde identificaram-se mecanismos diferentes de
secregdo de insulina. Um deles diz respeito a um processo independente da
ativacéo dos Kare (Gembal e cols., 1992; Sato e cols., 1992). Nestes trabalhos, a
glicose aumentou a secrecéio de insulina mesmo com a abertura dos Katp
(utilizando-se diazoxida) e despolarizagdo com altas concentragSes de KCI.
Entretanto, esta via é dependente do aumento das concentractes intracelulares
de Ca™ e atua para aumentar o efeito estimulatéric do aumento de Ca®* na

secrecao.

Em outro grupo de experimentos, modo diverso de agao da glicose
sobre a célula B pancreatica foi indicado (Komatsu e cols., 1995). Neste
tfrabalho, a glicose estimulou a secrec&o de insulina na auséncia de Ca®
extracelular e de qualquer aumento da concentragdo de Ca®* no citosol,
mediante ativacdo simultdnea da PKA e PKC, num processo dependente de
GTP (Komatsu e cols., 1998). Dlvidas a respeito da importancia fisiologica deste

mecanismo tambeém encontram suporte na fiteratura (Sato e cols., 1998).
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3. Anestésicos locais e secrecio de insulina

Existem varias informagdes na literatura cientifica a respeito da acéo
dos anestésicos locais sobre a secregso de insulina e outros parametros da
fisiologia das ilhotas pancredticas. Por exemplo, a incubagédo de porcdes de
pancreas de coelhos com lidocaina e procaina (Tjalve e cols., 1974) e de
pancreas de ratos com mepivacaina, lidocaina (Bressler & Brendel, 1971) e
tetracaina (Camu, 1973), resultaram em inibicdo da secrecBo de insulina
estimulada por glicose. Esta inibigdo também ocorreu em preparacbes utilizando
ithotas isoladas (Brisson e cols., 1971; Freinkel e cols., 1975). Entretanto, em
preparagbes de ilhotas de camundongos obesos (ob/ob), tetracaina
potencializou a secrecio de insulina induzida por glicose, manose, leucina e
gliburida (Norlund & Sehlin, 1983). Efeitos variados também foram descritos
quando os anestésicos foram utilizados em diferentes concentragbes. Assim,
procaina e lidocaina, na concentragéc de 1mM inibiram a secrecic de insulina
estimulada por glicose, enquanto concentragbes menores potencializaram o
efeito secretdrio da glicose (Tjalve e cols., 1974). Por outro lado, a secrecio de
insulina foi inibida por baixas concentracdes de lidocaina e mepivacaina e

estimulada por altas concentragfes dos anestésicos (Bressler & Brendel, 1971 ).

Mais recentemente, novos trabalhos utilizando-se tetracaina
demonstraram efeitos varidveis na secrecdo de insulina em funcdo das

concentragdes de calcio e glicose presentes no meio extracelular (Bordin e cols.,
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1997, El Motal e cols., 1987). Bolaffi e cois. (1993} registraram inibicdo ou
estimulacdo da secrecdo de insulina por tetracaina dependendo da fase

secretoria em que o anestésico foi aplicado.

Outros parametros da fisiologia da ilhota sd@c alterados pelos
anestesicos locais, como o metabolismo dos fosfolipideos de membrana
(Freinkel e cols., 1975), resultando em inibicdo tanto da sintese quanto do

catabolismo do fosfatidilinositol.

Outro dado interessante quanto & acio da tetracaina em ilhotas
pancreaticas € sua habilidade em alterar o manejo do Ca**. Assim, a captacéo
do ®Ca”™ ¢é inibida pelo anestésico enquanto o efluxo é estimulado (Brisson e
cols., 1971, El Motal e cols, 1987; Norlund & Sehlin, 1985). Experimentos
recentes demonstram que a tetracaina € capaz de mobilizar Ca** de estoques
intracelulares, aumentandoc a concentracio do ion no citosol das células B
pancreaticas e, conseqlentemente, estimulando a secrecéo de insulina (Bordin

e cols., 1997; Mears e cols., 1989).

Neste trabalho procuramos investigar melhor o modo de aco do
anestésico local tetracaina bem como analisar o estoque intraceiular alvo de sua

acao.
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Tetracaine stimulates insulin secretion through the mobilisation of Ca®" from
thapsigargin- and IPs-insensitive Cg?* reservoir in pancreatic B-cells

ABSTRACT

The effect of tetracaine on “Ca efflux, cytoplasmic Ca®* concentration [Ca*} and
insulin secretion in isolated pancreatic islets and B-cells was studied. In the
absence of external Ca® tetracaine (0.1-2.0 mM) dose-dependently increased the
“Ca efflux from isolated islets. Tetracaine did not affect the increase in ®Ca efflux
caused by SO mM K or by the association of carbachol (Cch - 0.2 mM) and 50
mM K*. Tetracaine permanently increased the [Ca}, in isolated B-cells in Ca®-
free medium enriched with 2 8 mM glucose and 25 pM D-600 (methoxiverapamil).
This effect was also observed in the presence of 10 mM caffeine or 1 uM
thapsigargin. In the presence of 16.7 mM glucose, tetracaine transiently increased
the insulin secretion from islets perifused in the absence and presence of external
Ca®. These data indicate that tetracaine mobilises Ca® from g thapsigargin-
insensitive store and stimulates insulin secretion in the absence of extracellular
Ca*. The increase in “Ca efflux Caused by high concentrations of K" and by Cch
indicates that tetracaine dig not interfere with a cation or IPs-sensitive Ca® pool in

B-ceils.

Key words: Tetracaine, B-cells, insulin secretion, Ca*
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INTRODUCTION

Calcium ions play a pivotal role in cellular processes, including muscle
contraction, neurotransmitter release, enzyme activation, regulation of the cell
cycle and, instulin secretion (Prentki and Matschinsky 1987: Berridge 1997). In the
latter process, an increase in [Ca”'} is generally considered the major triggering
event that induces insulin secretion stimulated by glucose (Wollheim and Pozzan
1984). Quantitatively, the most important source of Ca® for insulin secretion is the
extracellular compartment. Cytosolic Ca’* levels may be increased by mechanisms
involving glucose metabolism, followed by an increase in the intraceliular
ATP/ADP ratio, closure of K'are-channels with consequent depolarisation of the
cell membrane and the opening of voltage-dependent calcium channels {Heliman
et al.1992).

In certain situations, insulin secretion can occur in the absence of
extracellular Ca*", perhaps through the mobilisation of internal Ca®* and
consequent increase in the cytoplasmic levels of Ca** (Aizawa et al. 1994; Mears
et al. 1999). Insulin secretion may also occur in the absence of an apparent
increase in cytosolic Ca®* concentrations through the activation of PKC or PKA
involving GTP (Boschero et al. 1995; Komatsu et al. 1995, 19973, 1997b, 1998a).
Free fatty acids such as palmitate and myristate also stimulate insulin release in

the absence of extracellular Ca** (Komatsu et al. 1998b).
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We have reported that tetracaine can stimulate insulin secretion even in the
absence of extraceliular Ca*'. Tetracaine can also alter the Ca** handling in
isolated islets, leading to an augmentation of the efflux of the cation in the
presence as well in the absence of external Ca** and at high (22 mM) or low (2.8
mM) glucose (Bordin et al. 1997).

Although the physiclogical effects of local anaesthetics are well kKnown,
their mechanism of action is not yet fully understood. In this work, we have
characterised further the effects of tetracaine on insulin secretion and Ca**
mobilisation in isolated islets and B-cells. We demonstrated here that tetracaine
stimulates insulin secretion through the mobilisation of Ca** from thapsigargin- and

IPs-insensitive Ca®* stock in pancreatic B-cells.

MATERIAL AND METHODS

islet and B-celi isolation

All experiments were performed with islets isolated from the pancreas of fed
adult female Wistar rats using the collagenase technique Lacy and Kostianovsky
1967). Isolated B-cells were obtained by dispersing isolated islets in Ca**-free
saline in the presence of 0.5 mM EGTA after a preincubation of 30 min in the
same medium. The cells were then incubated for 2 to 4 days in RPMI-1640
medium supplemented with 10% foetal calf serum, 10 mM glucose, 100 iU
penicillin/mL, and 100 ug streptomycin/mL in an atmosphere of 5% CO,. The

medium was replaced every 48 h.
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Medium

The media used for incubating, washing or perifusing the islets and B-cells
consisted of a Krebs-Ringer bicarbonate-puffered solution (pH 7.4, 37°C) having
the following composition (in mM): NaCi 115, KCI 5, CaCl, 2.6, MgCl» 1, NaHCO:
24 and glucose 2.8, supplemented with 0.3% aibumin (w/v) and aerated with a
mixture of 95%02/5%CO0O.. In some cases, nominally Ca** free media was
supplemented with 0.5 mM EGTA [ethylene glycol-bis-(-aminoethyl ether)- N,N-
tetraacetic acid]. The media also contained glucose, tetracaine, and thapsigargin
when necessary.

Tetracaine, EGTA, carbachol and D-600 were from Sigma Chem. Co., St.
Louis, USA; RPMI, penicillin and streptomycin from Gibco, BRL: Fura 2 from
Molecular Probes, Eugene, USA; radioactive (*Ca) from NEN Life Sciences,
Boston, USA.
Dynamic insulin secretion

Insulin secretion in dynamic conditions was determined as described
elsewhere (Helchuelz and Malaisse 1980). Briefly, groups of 20 islets were
transferred to chambers and perifused with the desired solutions after an
adaptation period of 30 min. The effluent was collected every 2 min and the insulin
content measured by radioimmunocassay (Scott et al. 1981) using rat insulin as a

standard.
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“Ca efflux measurements

The method for measurement of “°Ca efflux from perifused islets has been
described (Helchuelz and Malaisse 1980). Briefly, groups of 100-120 islets were
labelled with “*CaCl, (20 pCi/mL) for 90 min and then washed four times with
radioisotope-free medium and transferred to a chamber in which they were
perifused for 80 min with the desired solution (see Results). “*Ca efflux was
considered to be the fractional outflow rate (i.e. as a percentage of the islet

content/min).

[Ca®'], measurements

Isolated B-cells cuitured in RPMI-1640 medium for 2-4 days on round glass
coverslips were incubated with fura-2/AM (2uM) for 60 min at 37° C in Krebs-
Ringer bicarbonate buffered solution. The coverslips were transferred to a
chamber mounted on an inverted fluorescence microscope (Diaphot TDM, Nikon,
Tokyo, Japan) for epifluorescence. Fura-2 fluorescence of single cells was
measured by dual-excitation fluorimetry using a camera-based image analysis
system (Magical of Applied Imaging Ltd, U.K.). The excitation and emissions
wavelengths used were respectively 340/380 and 510 nm, and a pair of ratioable
images (at the excitations of 340 and 380 nm, 30 msec interval) were taken every
2.5 s. The cytosalic free Ca®* concentration ([Ca®']i} was calculated from the ratios
of the 340 and 380 nm signals using the equation:

(R ~ Rmin) St

[Ca®li = Kd x X
{Rmax - R) Sb,
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were Kd is the dissociation constant for the Fura 2- Ca®* compiex (224 nM at
37°C), R is the ratio of fluorescence at 340 over 380 nm, $f, is the fluorescence of
free dye measusred at 380 nm and Sbs is the fluorescence of bound dye measured
at 380 nm. Rmax, Rmin and S$f,/Sb, were determined in separate experiments by
recording the fluorescence of fura 2 (free form) in the absence of extracellular Ca2*

or in the preserce of saturating Ca®* concentration (Van Eylen et al. 1998).

Data analysis

Except for the [Ca™} measurements, the results are expressed as the
mean + S.E. of # experiments. The statistical significance of the differences
between data was
assessed by using Student’s t-test. Differences were considered significant at P <

0.05.

RESULTS

Dynamic insulin secretion measurements showed that glucose (16.7 mM)
increased insulin secretion only in the presence of external Ca** (Fig.1, filled
circles). In contrast, tetracaine (2 mM) induced a transient monophasic insulin
secretion in the absence or presence of external Ca®*. Maximal release was
achieved 18 min after the addition of tetracaine to the perifusion medium in the

absence or presence of external Ca®* . The calculated area under the curves was
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64.33 £ 5.31 {n = 4} in the presence and 95.13 * 1.54 (n = 4) in the absence of
extracellular Ca* (p<0.05 compared 1o the respective control values before the
addition of tetracaine).

Tetracaine (2 mM) significantly increased the [Ca®"}; in isolated B-cells
perifused with Ca”"-free medium containing 25 pM D-800. This effect was
sustained and partially reversible (Fig. 2A). Tetracaine (2 mM) also significantly
increased the [Ca®'}iin Ca®-free medium containing either 10 mM caffeine (Fig.
2B) or 1 uM thapsigargin (Fig. 2C).

In another series of experiments, we used “Ca as a tracer to analyse the
velocity of tetraxcaine action and also the Ca* pool affected by this anaesthetic.
Figure 3 (A, B) shows that tetracaine (2 mM) increased *Ca efflux from perifused
islets in the absence or presence of external Ca**. Tetracaine was present from
the onset of the perifusion and the maximal effluxes were observed after 16 min
and 18 min of perifusion in the absence and presence of external Ca*".
respectively. The integrated area under the curve in the presence of external Ca®*
was significantly greater than that obtained in the absence of the cation. Figure 4
(A-D) shows the effect of increasing concentrations of tetracaine on the **Ca efflux
from perifused islets. Concentrations of tetracaine as low as 0.1-0.2 mM increased
the *Ca efflux rate from perifused islets.

Increasing the K* concentration from 5 mM to 50 mM in the presence of
tetracaine (2 mM) in Ca**-free medium, produced a significant and transient

increase in the “°Ca efflux from perifused islets. The addition of 0.2 mM Cch in the
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presence of 50 mM K', provoked an additional increase in the “*Ca efflux rate (Fig.

5).

DISCUSSION

Insulin secretion induced by nutrients depends on a rise in [Ca®*}. Most of
this Ca®* comes from the extraceliular medium and enters B-celis through L-type
channels following membrane depolarisation (Prentki and Matschinsky 1987). A
smali fraction of the Ca®" involved in the insulin secretion mechanism come from
IPs-sensitive stores (Liu et al. 1998). Although the main insulinotropic effect of 1P
is related to cholinergic activation (Boschero et al. 1995: Bordin et al. 1995),
glucose may also have a stimulatory effect on IP; generation in pancreatic B-celis
(Rasmussen et al. 1995). IP;-dependent Ca®* mobilisation accounts for about 30%
to 50% of the total Ca®* sequestered into internal stores (Nilsson et al. 1987
Tengholm et al. 1998), indicating that B-cells possess both IPs-sensitive and IPs-
insensitive Ca®" poois. Interestingly, a Ca*"-independent pathway for insulin
release has been reported when protein kinase C and protein kinase A, which
modulate B-celi function, are stimulated (Komatsu et al. 1995, 19973, 1897b,
1998a). This mechanism seems to play a minor role in the physiological regulation
of insulin secretion (Sato et al. 1898).

In the present work, we used the local anaesthstic tetracaine to further
explore the participation of intracellular Ca®* in the mechanism of insulin secretion.

The findings regarding the effect of tetracaine on insulin secretion are
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controversial (Freinkel et al. 1875; El Motal et al. 1987, Norlund and Sehlin 1983:
Bolaffi et al. 1993), partly because of the different methodologies used in various
studies. Thus, insulin secretion was inhibited in islets incubated for tong periods of
time (Freinke! et al. 1975) or during the stimulation of secretion in dynamic studies
(El Motal et al. 1987; Norlund and Sehlin 1983). In static incubations (60 min) and
in the presence of 22 mM glucose, tetracaine inhibits insulin secretion in the
presence of external Ca*" but stimulates secretion in the absence of this cation
(Bordin et al. 1997). In dynamic studies, in which the insulin content in the
perifusate was measured every 2 min, tetracaine transiently enhanced the insulin
secretion induced by 16.7 mM glucose in the absence and presence of
physiological [Ca*"]., thus confirming earlier studies (EI Motal et al. 1987; Norlund
and Sehlin 1983). Since the total insulin secretion induced by tetracaine in the
absence of [Ca®’], was significantly higher than that observed in the presence of
the cation (p < 0.05), some desensitisation of the secretory process provoked by
the higher concentration of [Caz“]i may occur, as already proposed for parathyroid
(Nygren et al. 1987) and B-cells (Hellman et al. 1994).

Tetracaine (0.1-2.0 mM) dose-dependently increased the “*Ca efflux from
prelabelled islets, even in Ca*-free medium, indicating that the anaesthetic
mobilises Ca”* from internal stores. This effect was observed at concentrations of
tetracaine as low as 0.1-0.2 mM (Figs. 3, 4). The *Ca effiux results were
confirmed by the analysis of cytoplasmic Ca®* concentrations using the specific
Ca*" tracer Fura-2. Tetracaine (2 mM) significantly and permanently increased the

[Ca®'} in isolated B-cells, even in Ca**-free medium containing D-600, an L-type
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Ca”* channel blocker. This effect was rapidly reverted when tetracaine was
withdrawn frorm the perifusion medium, showing that at the concentration used the
anaesthetic was not harmful to B-cells. Recent observation that tetracaine blocks L
type Ca** channels in pancreatic B-cell (Mears et al. 1999) lend support that
augmentation of “*Ca efflux and [Ca®™} are consequence of mobilization of internal
Ca”* pool.

To determine the Ca*” pool mobilised by tetracaine we examined the effect
of tetracaine on cytoplasmic Ca®" concentrations in the presence of drugs that
deplete the endoplasmic reticulum (ER) Ca* store. ER is functionally the most
important Ca** store in B-cells (Nilsson et al. 1987). Thapsigargin removes more
than 90% of the Ca** that can be mobilised by ionophore A23187 (Tengholm et al.
1998). Fig. 2 (B,C) shows that tetracaine increased the [Ca®] in the presence of
10 mM caffeine or 1 uM thapsigargin, but did not block the increase in *Ca efflux
by agents such as Cch that generate IP; (Fig. 5). We can conclude that tetracaine
mobilises Ca** from a thapsigargin- and IPs-insensitive compartment. Since
tetracaine competes with Ca® and other cations for different sites on biological
membranes (Low ef al. 1979) it is possible that the anaesthetic increases [Ca™};
by mobilising Ca®* from internal membranes. Tetracaine did not block the increase
of *Ca efflux provoked by 50 mM K*. This effect was observed in the absence of
external Ca** (Fig. 5), and suggests the existence of a tetracaine-insensitive Ca**
pool in islet cells.

In conclusion, tetracaine induced insulin secretion in the absence of

external Ca®* by mobilising sufficient Ca** from thapsigargin- IPs-, and, possibly,
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cation-insensitive stores. The possibility that tetracaine increases [Ca®} by
competing withy Ca*" by specific sites at internal membranes, including insulin-

containing granules, deserves further investigation.
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FIGURE LEGENDS

Fig. 1. Effect of tetracaine on insulin secretion.

Groups of 25 islets were transferred to a chamber and perifused with Krebs-
bicarbonate solution containing 2.8 mM glucose for the initial 40 min, which was
replaced with & solution containing 16.7 mM glucose for the remainder of the
experiment. Tetracaine (2 mM) was added to the perifusing solution as indicated.
Insulin secretion was evaluated in the absence (open cycles) or presence (closed
circles) of extraceliular Ca**. Each point represents the mean = SE of 4

experiments.

Fig. 2. Effect of tetracaine on [Ca®"].

Isolated B-cells cultured for 2-4 days were labelled with fura2/AM for 1 h after
which the cells were washed extensively. Cells were perifused with medium
containing 2.8 mM glucose and D600 (25 uM) in DMSO. Tetracaine (2 mM) alone
(panel A), in the presence of 10 mM caffeine (panel B), or in the presence of 1 uM
thapsigargin (panel C) was added as indicated. The graphics represents the

means of 3 experiments (fotal of 20-24 cells).

Fig. 3. Effect of tetracaine on the “Ca fractional outflow rate.
Groups of 100 islets were prelabelled with “*CaCl, for 90 min and then washed
four times with mon-radioactive medium, transferred to a chamber and perifused

for 60 min with medium containing 2.8 mM giucose in the absence (panel A) or
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presence (pariel B) of 2,56 mM Ca*'. The effluent was collected from the
beginning of the perifusion in the absence (open circles) or presence (closed
circles) of 2 miM tetracaine added from the onset of the experiment. Each point is

the mean + SE of 4 experiments.

Fig. 4. Effect of increasing concentrations of tetracaine on the **Ca fractional
outflow rate.

Groups of 100 islets were prelabelled with “®CaCl, for 90 min and then washed
four times with non-radioactive medium, transferred to a chamber and perifused
for 20 min to permit the necessary equilibration for a more stable basal FOR.
Then, the islets were perifused for 90 min with a Ca**-free medium containing 2.8
mM glucose. T etracaine was added as indicated and maintained until the end of

the experiment. Each point is the mean + SE of 4 experiments.

Fig. 5. Effect of K" and carbachol (Cch) on the **Ca fractional outflow rate.
Groups of 100 islets were prelabelled with “CaCl, for 90 min and then washed
four times with non-radicactive medium, transferred to a chamber and perifused
for 20 min to permit the necessary equilibration for a more stable basal FOR.
Then, the islets were perifused with a solution containing 2.8 mM glucose and 2
mM tetracaine in the absence of external Ca®*. The increase in K* concentration
from 5 mM to 5O mM and the inclusion of Cch (0.2 mM) in the perifusion medium

are indicated. E=ach point is the mean + SE of 4 experiments.
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CONCLUSQOES

Nossos resultados indicam que:

- 0 anestesico local tetracaina estimula a secrecdo de insulina mesmo na

auséncia de calcio extracelular;

- o caicio responsavel pela ativagdc da secrecdo, induzida por tetracaina, é
oriundo de estoques intracelulares n&o mobilizados (insensiveis a) pelo IP3,
tapsigargina e cétions. E provéavel que o aumento das concentractes
citoplasmaticas de célcio seja consequéncia do deslocamento do céation de

sitios de membrana, provocado pelo anestésico.
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Canais de K+ Sensiveis no ATP e a Secvecio de
Insulina: Aspectos Fisiopatoligicos da
Hiperinsulineniia Familiar

revisqo

RESUMO

Glicose provoca g secrecdo de insuling através do gumento da
relacdo ATP/ADP no citeplasma das ceélutas B. Isto leva ao bloqueio
de canais de K+ sensiveis go AP (Kgip). reducdo da saida deste
cation do céluia, despolarizagdo celular, gtivacdo da
permeacbiidade ao Ca?* sensivel & voltagem, entrada & actmulo
deste cdtion nas células e consequente secregdc de insulina. O
canal Karpe parece ser composio por duas unidades distintas; uma
delas, dencminada Kiréd2, constitul o canal propriamente dito, por
onde fluem as correntes de K+, A outra & o recepior de sulfonituréias
(SURD. que é provida de sitios de ligagdo para o referido farmaco,
para ATP, MgADP e diazoxida, atuando como unidade regulatdria.
Neste arfigo, fozemos uma breve revisGo da fisiclogia dos canais
KATP, considerando também sua import@ncia na fisiopatologia do
processo secreidrio. (Arq Bras Endocrinol Metab 1998;42/1: 29-35).

Unitermos: Secrecdc de insulina: Células B Cancis Kagp: Glicose:
Sulfoniluréias; Hiperinsulinemia familiar.

ABSTRACT

Glucose Induces insulin secretion in pancreatic B -cells by increasing
the intracellular ATP/ADP ratia. This increase provokes the closure of the
ATP-sensitive K* channels (Kap) and depolarises the -cell membrane,
opening the voltage-sensitive Ca?*-channels, and raising the
intracelluiar Ca?t concenirations fo frigger exocytosis of the insulin
containing granuies. The Kayp channet consists of o complex of an
inward rectifier K+ channel (Kird.2) and the sulphonylurea receptor
protein (SURY). Potassium currents flow through Kird 2. whereas SUR]
acis as a regulatory subunit, SURT is equipped with binding sites for ATP,
MgADP, sulfenylureas and diazoxide. We have shortly reviewed here
the physiclogy of the Kap channel also considering s possible role in
the physiopathology o©f ihe insulin secrefion mechanism. {(Arq Bras
Endocrinol Metab 1998:42/1: 29-35).

Keywerds: Insulin secretion:  G.cell: Kgp chonnels;  Glucoss:
Sulpheonyiureas; Familial hyperinsulinemia.

a MANUTENCAO DE NIVESS adecuados de nutrientes circulantes, em espe-

ial da glicose, ¢ fundamental para a sobrevivéncia do homem. Em
individuos normais, o nivel de glicose ¢ continuamente ajustado entre 4 ¢
5 mM, evitando-se, dessa maneira, grandes flutuagdes, sabidamente preju-
dicias ao organismo. Essa regulacio perfeita depende, durante o jejum, da
acio de virios horménios contra-regulatdrios e, no estado alimentado, da
insulina. Falhas que provocam redugio da secregdo de insulina, associadas
2 alteracdes da sensibilidade 2 insulina nos érgios-alvo, podem induzir o
aparecimento do diabetes mellitus (1). Por outro lado, 2 secregio aumen-
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tada de insulina, tal como ocorre na biperinsulinemia
familiar, pode provocar hipoghicenias indesciadas (23,
Nesta revisio, focalizamos 2 participagio dos canais
Katp no mecanisimo de secrecio de insulina bem como
sua possivel fung3o na fisiopatologia do processo
secretério.

SECRECAO DE INSULINA ESTIMULADA POR
GLICOSE

A figura 1 mostra as principais etapas da secrecio de
insulina induzida por glicose nas células R pancreaticas,
com destaque para a fungdo dos canais idbnicos no referi-
do processo. Nessas células, o potencial de repouso (-60
2 -70 mV) ¢ manrido quase que exclusivamente pelo
efluxo de K+ através de milhares de canais Kprp- Com a
entrada de glicose nas células, e sua subsequente meta-
bolizagio, ocorre aumento intracelular de ATP e
redugio do ADP. O aumento de ATP, a redugio do
ADP, ou ainda 0 aumento da relacio ATP/ADP, induz
o fechamento dos canais Ky pp, provocando despolariza-
¢do da membrana das células &, pelo aumento intracely-
lar de K+ Esta despolarizacio provoca abertura de
canais de Ca?+ sensiveis 4 voltagem (canais L}, resultan-
do na entrada e conseqiiente acimulo deste cétion no
citoplasma das células £, finalizando com a extrusio dos

GLICOSE

!
v "o

METABDLISMO

SECRECAC

Figura 1 - Esquema sirnplificado de uma calula paoncredh-
co. Na membrong esido identificados os eanais iGnicos
mais importantes para o processo de secrecdo de insuling.
Ossingis + e - que acomparham as setas indicam que as su-
bsténcias em questac promavem abertura ou fechomento
dos canais, respectivaamente. Abrevicgdes: Kap' Cangl de
K* regulade por ATP: KDR: Cangl de K+ refificador tardio;
KCa2+: Candl de K+ ativado por Ca2+; Canal L Candl de
Ca2+ sensivel & voltagrem; SURL: Receptor de sulfoniluréia
{(Aduptado de Boschero AC, fef. 3.
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grinulos que contém insulina (sccrecdo). Com g
redugio da glicose no meio extracelular, o processo se
inverte. Ocorre abertura dos canais Karp ¢ fechamento
dos canais de Ca? (tipo L). Assim, parte substancial do
K+, acumulado durante o periodo de estimulo, sai das
células, pela ativagio temporaria de pelo menos mais
dois tipos de canais de K+ um sensivel & voltagem e
outro sensivel ao Ca?+ (3).

E muito relevante o fato de 05 canais Kypp seremn
fechados por sulfoniluréias, tais como tolbutamida e
glibenclamida, usadas comumente para tratamento do
diabetes tipo 2 e, pelo anestésico tiopental (4-6). Por
outro lado, podem ser abertos por derivados das benzo-
tiazinas, como a diazoxida ou, ainda, por um grupo sig-
nificativo de drogas vasodilaradoras (Cromocalina, SR
44866, SDZ PCO-400, Nicorandil, Pinacidil e RP
49356), o que indica que sua presenga nio € exclusiva
das células pancreaticas (7).

Diante da importancia da atzac3o dos canais
Karp em varios processos fisioldgicos, especiaimente na
secreqdo de insuling, € justificavel o interesse de muitos
pesquisadores por conhecer detalhes do seu funciona-
mento. Alids, 2 menor secrecio de insulina, provocada
pela glicose {ou outros putrientes), em fetos e recém-
nascidos, quando comparado com aguela em adultos, &
conseqliéncia de um nimero reduzido de canais de
Karr ou da insensibilidade dos mesmos quando do
aumento dos niveis de ATD proveniente da metaboliza-
¢30 do nutriente (8,9). A figura 2 ilustra as diferencas de
efeito da glicose (fig 2A} ¢ da tolbutamida e diazoxida
(fig 2B) sobre o efluxo do 86Rb (usado como substitu-
to do 42K) entre ilhotas de ratos adultos e de recém-
nascidos. O processo de maturagdo da resposta
secretdria & glicose pode ser acelerado, submetendo-se
ilhotas fetais ou neonatais ao rratemento crénico com
prolactina in vitro (fig 2C) {10).

O CANAL K,pp

O canal Kypp foi primeiramente identificado em mibcitos
(11). Sua importincia como faror essencial de ligacio
entre o metabolismo celular & o controle do potencial de
memorana esti amplamente caracterizada, n3o & no
misculo cardiaco, como também no musculo liso e
esquelétco, neurbnios e, logicamente, em ilhotas de
Langerhans. (7,11-13). Disseminados amplamente pelos
varios tipos de tecidos, os canais Katr ttm como carac-
teristica comum a modulagio por nucleotideos e por
vasta gama de firmacos, alguns ja citados. Contudo, a
a¢o desses agentes varia amplamente de tecido para teci-
do, apresentando inquestiondvel seietividade, Assim,
drogas vasodilatadoras, como cromocalina, nicorandil e
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pinacidil, sio muito potentes em alterar o funcionamen-
to dos canais Kyrp no musculo liso, mas pouco efetivas
no misculo cardfaco. Diazoxida, por sua vez, hiperpo-
lariza a membrana das células f (mantendo os canais
Kyrp abertos por mais tempo), enquanto que nos mis-
citos funciona como blogueador dos canais Korp (7).
Recentemente identificou-se uma proteina de
mermbrana, em linhagiens de células f§ de hamsters e
camundongos, com alta afinidade para a sulfoniluréia
glibenclamida, a qual recebeu inicialmente a denomi-
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Figura 2 - Efeito do gicose sobre o efiuxo do ®Rb de ihotas
de rafos recém-nascidos ou aduttos. Apds isolamenfo, as
finotas (grupos de 190 a 150) foram mareadas com o 8ib
(usado como substituto de %2K) por 90 min, lavadas 2 vezes
corm meio sem o rodicisdtope e perfundidas pelo tempo
indicado nas figuras. A) Diferenga do efeffe da gicose
sabre o efluxe do 88b de iihotas de ratos recém-nascicios e
adultos {Adaptado de Boschero et ai, ref, 8. B) Diferenca
do efeito da tolbutemido e diazoxida sobre o efluxo do
BRb de fihotas de ratos recém-nascidos e adultos
(Adaptade de Boschero ef al., ref. ). ) Efeite do trata-
mente crdnico com prolacting sobre o capacidads da gii-
Cose para reduzii © efiuxo do BRb em ihotas de raros
recém nascidos (Adaptado de Boschero et al., ref. 100,

nagao SUR (sulphonylurea recepror) (14,15) e, mais
recentemente SURIL (16). Esta proteina, de peso mo-
lecular 145 kDa, apresenta 13 segmentos hidrofébicos
quc atravessam a membrana plasmatica, além de pos-
suir dois sitios intracelulares com alta afinidade por
nucleotideos. Sua seqiiéncia de aminoicidos indica
que, juntamente com as proteinas da fibrose cistica
(CFTR) ¢ da resisténcia 2 multidrogas (MDR), faz
parte de uma superfamilia de ATPascs, denominadas
proteinas de trifego,



A membrana de odcitos transfecrados com a
referida proteina revelou a presenca de sitios com alea
afinidade pela gli benclamida. Conrudo, esrudos
cictrofisioldgicos nessas células nio demonstraram
correntes idnicas sermelhantes aquelas registradas em
cutras células norrmalmente cquipadas com canais
Katp- Especulou-se, entdo, que o sistema completo
deva ser composto pelo SURI ¢ por outra proteina.

Nesse sentido €, em paralelo, uma nova protes-
na da superfamilia de canais de K¥, a Kir6,2 (porassizom
inward rectifier), foi clonada usando-se a biblioteca do
genoma humano e de uma linhagem de células de
camundongos (17,1 8). A co-express3o da Kir6.,2 e da
SURIL, em células indiferenciadas COS-1 e COSmS§,
reconstituiu correntes de Kt semelhantes aqguelas re-
gistradas em canais Kspp de células B(fig. 3). Nessas
células transfectadas, glibenclamida inibiy e diazoxida
estimulou as correntes idnicas 3 semelhanca do obser-
vado em células R pancreaticas. Contudo, quando
expressas individualmente, nenhuma das preparactes
celulares apresentou corrente elétrics, indicando clara-
mente a necessidade da concorréncia dos dois tipos de
proteinas, para o funcionamento do canal. Comeo
Kir6,2 nio apresenta sitios de ligagio para
nucleotideos, ¢ muito provivel que essa proteina re-
presente o canal por onde fluem as correntes de K*,
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Figura 3 - Modelo hipotético do canal Kate- que maostic o
conal Kirg,2 ccoplado & unidade regulatdrio SUR1
(Adoptucde baseoda mas refs, 15.4041). Notar que g
unidade regulaidria possul os sifios DLN-1 e DIN-2, onde se
igam ATP e MgADP, respectivamente. A regido dos sitios
de ligogdo poro sulfoniluréics esta indicada. Nas célulgs
pancredticas, AP e suifuniluréias blogueiam, snquanto
MOADP e diczoxida abrem os Canais Kam. SURT possui
oindg 20 sttios potenciais para acdo da proteing quinase ©
€ trés sitios parc o proteina quinase A. No rmodelo, (. De
3 indicam mutogdes observadas em individuos com MF,
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enguanto que o SURI, com dois sitios internos de alra
afinidade por nucleotideos, constitui a unidade regu-
latéria {17). No homem, essas duas proteinas estio
codificadas no cromossono 11, mais precisammente na
posicao 11p15.1 (19).

Digno de nota é que 90% dos sitios de ligacio
para as sulfoniluréias se encontrem na membrana das
vesiculas que contém os granulos de insulina (20,215,
Isso deixa em aberto vérias questoes sobre a fungio
dos SURI localizados nessas vesiculas, Seriam apenas
receptores de reserva (spare receptors), ou teriam algu-
ma fun¢do durante o processo da exocitose? Se esta
Gitima colocagio for verdadeira, qual a funcio dos fons
K* no processo de fusio das membranas vesiculares
com 2 membrana plasmérica’ Finalmente, qual a
importincia dessas proteinas parsa o processo
secretdrio, em individuos que apresentam mutagdes
nos genes que expressam SUR] ¢ Kir6,2 (22

CONTROLE DOS CANAIS Kare

Ainda existern controvérsias sobre 2 maneira pela quat os
nucleotideos afetam a abertura e o fechamento dos K, rp.
Primeiro, porque 2 atividade desses canais € alterada por
vérios componentes intracelulares, tais como: 4cidos
graxos n3o-esterificados, fosfolipides, ésteres da Acil-
CoA ¢ nucleotideos de piridina, cujas concentracses vari-
am com a metabolizagio da glicose {23,24). Segundo,
porque ha evidéncias de que os niveis citoplasmaticos de
ATP das célules §§ praticamente nio variam, em concen-
Tragbes de glicose acima de 5 mM, quando efetivarnente
ocorre secrecdo de insulina (25). Contudo, ¢é inques-
tondvel que a aplicagio de ATP do lado interno da
membrana de células  provoca fechamento dos canais
Kyrp (12,13) . E provavel que variacdes locais de ATP,
ou da relagio ATP/ADP ocorram sem que os métodos
bioguimicos atuais sejam capazes de detecta-lag (26). A
hipotese de que variacdes dos niveis de MgADP sejam
mais importantes que variagbes do ATP, para as aite-
ra¢Ges da atividade dos canais Katp, ¢ bastante atrativa.
Isto porque as concentrages intracelulares de ATP nas
células insulares estio proximas de 3 pmoles/1, enquan-
to as de ADP estio em tomo de 30 pmoles/1, sendo,
portanto, cem vezes menores que as primeiras (26).
Como esses dois nucleotideos exercem agdes antagdni-
cas sobre o comportamento dos referidos canais, ¢ licito
esperar-se que variacdes nas concentraghes de MgADP
sejam mais facilmente detectadas {27).

J& citamos anteriormente que a unidade regu-
latéria SURI possui dois sitios com alta afinidade para
nucleotideos. E interessante o fato do primeiro sitio ter
maior afinidade pelo ATP e o segundo pelo MgADP.
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Este Gldmo funciona em antagonisme com o primeiro
sitio, uma vez que a probabilidade de abertura dos canais
Kyrp diminui com o decréscimo da concentracio
intracelular de ADP (28). Finalmente, além dos
nuclectdeos, discute-se ainda a possibilidade dos canais
Karp serem regulados por equivalentes reduzidos, em
especial pelo NAD(P)H, embora evidéncias concretas
sobre o assunto ainda n3o tenham sido obtidas (26).
Quanto aos fArmacos que atuam sobre os canais
Katp, sabe-se que as sulfoniluréias (ex. tolbutamida e
glibenclamida), ou seus anilogos (como a meglitinida)
induzem fechamento desses canais, € apmento da
secrecio de insulina. Aliis, existe estreita correlagzo entre
a capacidade de ligag3o destas drogas e a respectiva potén-
cla secrerdria. Em experimentos com patch clamp, a
ordem de poténcia para o fechamento dos canais é-
glibenclamida > glipizida > meglitnida > rolbutamida
(29). A mesma ordem de poténeia é obedecida guanto 3
capacidade destas drogas para inibirem o efluxo do 86Rb
de células de insulinoma (30), e quanto 2 capacidade de
ligacdo em membrana de células secretoras de insulina
(30,31). O local de ligagio das suifoniluréias nio é o]
mesmo dos nucleotdeos (ATP ou MgADP) (32), sendo
também diferente das substincias que promovem a aber-
tura dos referidos canais {ex. diazoxida) (33). Tanto as
sulfoniluréias quanto a diazoxida sio efetivas em alterar o
comportarmnento dos canais Kyrp, quando aplicadas fora
ou dentro das ¢élulas. Inclusive, podem atingir seus sidos
de ligagio atavés de difusio lateral na fase lipidica da
membrana (34). Isso indica que seus respectivos sitios de
ligagao poderiam estar localizados na parte hidrofébica da
molécula. Concluindo, os canais Katp $Z0 controlados
por, pelo menos, quatro diferentes sitios de ligagdo, quais
sejam: um sito para © ATP (e outros nucleotdeos que
fecham os canais), um para os complexos MgADP (e ou-
tros nucleotideos que abrem os canais), outro para sul-
foniluréias ¢, finalmente, um sito para a diazoxida (35).

ANOMALIAS DOS CANALS KATP

Diante da grande importincia dos canais Karp para a
secre¢do de insulina, bem como da existéncia de firma-
cos hipoglicemiantes que atuam nesses canais ¢ ainda, da
possibilidade de mutagdes no gene que expressa SUR]
¢ Kir6,2 induzirem alreragBes no processo secretbrio,
varios pesquisadores tém-se dedicado ac seu estudo.
Uma das anomalias, felizmente rara, relacionada com
disfungio dos canais Kapp ¢ 2 hiperinsulinemia familiar
(HF), também conhecida por nesidioblastase ou, zinda,
hipoglicemia hiperinsulinémica permanente da infincia
(Online Mendelian Inberitance in Man-: 256450)
{2,3,36). Em individuos portadores de HF, os sintomas
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da hipoglicemia podem ser aliviados por ingestdo de car-
boidratos, associada ac uso de drogas inibidoras da
secregdo de insulina, tais como diazoxida e somatostati-
nz. Contudo, o quadro invariavelmente evoluj para a
necessidade de pancreatectomia parcial ou mesmo total
(para revisio ver refs. 2 e 36).

A andlise de correntes idnicas em células 8 de
pacientes com HF identificon potenciais de agio espon-
tineos e dependentes de Ca?+, contrariamente ao que
ocorre em células £ de individuos normais, onde se
detectaram apenas correntes de saida de K+. Essas
observagBes claramente indicarmn que, nas células de
individuos com HF, os canais de Karp permanecem
fechados por mais tempo provocando despolarizacio
permanente das células §. Isto, invariavelmente, leva 3
ativagio dos canais de Ca2+ (tipo L), acdmulo desse
cation no citosol e conseqiiente aumento da secregio
de insulina (37). Anilise na posicio 11pl5.1, em
familias portadoras da anomalia, detectou mutacdes
localizadas proximas 4 seqiiéncia que expressa o sitio de
ligagdo de nucleotideos na subunidade SURI, mais
precisamente na dobra de ligagio do MgADP, indi-
cadas na figura 3 através dos némeros entre parénteses
(38). E sugestiva a observacio de que, em células 8 de
um individuo portador de HF, os canais Karp respon-
deram adequadamente ao ATP mas ndo 20 ADP, cuja
agdo antagdnica (fungdo de abrir os canais) estava sig-
nificativamente alterada (39). Variaches no gene que
expressa SURI e Kir6,2 em caucasianos portadores de
diabetes tipo 2, também foram observadas, indicando
que mutagoes no referido gene poderiam estar associ-
adas nio s6 3 HF, como também 20 diabetes tpo 2
{40). Essas mutaces ndo se restringem 2 regido que
expressa SUR, pois alteragdes na seqiiéncia que expres-
sa a subunidade Kir6,2 também foram detectadas (41,
Como virios resultados experimentais sio ainda con-
traditérios, é necessario cautela quanto a associago das
muragdes, observadas na regizo 11p15.1, com as alte-
ragGes das permeabilidades ibnicas. Assim, ndo significa
que as referidas mutagdes sejam responsaveis diretas
pelas alterac@es dos fluxos 1bnicos, registradas em célyu-
fas 8 de individuos com HF. Contudo, ¢ provavel gue
¢ssas mutagbes, mesmo nio sendo diretamente respon-
saveis pela alteragio da funcio dos canais Karp, con-
tribuam de alguma forma para tal anomalia,

Concluindo, evidéncias recentes indicam que o
canal Katp, de fundamental importincia para o proces-
so de secregdo de insulina, estd relacionado com a
fisiopatologia da hiperinsulinemia familiar ¢, provave-
mente, com o diabetes tipo 2. Assim, do ponto de vista
clinico, justifica-se o estudo aprofundado do fun-
cionameto do referido canal, especialmente com vistas
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a0 descnvolviment o de firmacos mais especificos pars o
tratamento das varias patologias com el relacionadas.
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Abstract

The effect of the local anesthetic. tetracaine, on * Ca effiux. cyvtoplasmic Ca®® concentration {Caz*]E and insulin secretion in
pancreatic B-cells was studied. At a physiological level of [Ca®* ], tetracaine (0.1~5 mM) dose-dependently inhibited insulin secretion
induced by 22 mM glucose. Paradoxically, at the same glucose concentration but in the absence of external Ca®", tetracaine
dose-dependenily increased insulin secretion. At a low glucese tevel (2.8 mM) tetracaine failed 10 affect secretion, either in the presence
or absence of external Ca~ . At high (72 mM} or low (2.8 mM) glucose, [Ca®” |, was increased by tetracaine in a dose- -dependent manner.
Tetracaine (2 mM) also increased the “*Ca efflux from jsolated rs}ezq This effect was of the same maommde at both low and high glucose
concenirations. and was irsdependent of the presence of extracellular Ca®™. Final ly. tetracaine increased *"Ca efflux from islets perifused
in the presence of thapsigargin. In conclusion. our data indicate that tetracaine releases Cal* from a thapswamm -insensitive store in
pancreztic B-cells. Under suitable experimental conditions, insulin release can be elicited by a {Ca’" ] -independemt pathway. The
existence of a ryanodine-1ike Ca®” channel in pancreatic B-cells is proposed. '

Rewwords: Pancreatic B-celi- Inculin secretion: {Ca® 1.: Tetracaine

1. Intreduction A. which modulaie B-cell function. are stmulated
(Komatsu et al., 299’3)

The release of Ca™* from intracellular stores seems 1o
play a minor role in B-cell stimulation. Although glucose
has a stimulating effect on phosphoinositide {(PI) hydroly-
sis (Rasmussen et al.. 1995). the main insulinotropic effect
of IP; generation is related to cholinergic activation (Wol-
lheim and Biden. 1986; Bordin et al.. 1995: Boschero et

. 1995). However. in mouse pancreatic B-cells. IP,-de-
pendem Ca’™ mobilization accounts for about 30% of the
total Ca*~ sequestered into intracellular stores {(Nilsson et
al.. 1987). indicating that B-cells possess both IP,-sensitive
and IP;-insensitive intracetlular Ca®* pools.

In most excitable ceils. the main mechanisms of Ca”
signaling are mediated by the activation of a specific
intracellular channel. namely the ryvanodine receptor (RyR)
(Clapham. 1995: Pozzan et al.. 1994). A variety of phar-

The nature of pancreatic B-cell glucose-sensing is based
on two well-defined but not exclusive pathways that cou-
ple biochemical and electrical events to insulin release.
The first pathway involves the inhibition of K* efflux
through K ,;p channels, which is modulated by glucose
metabolism and leads to cell membrane depolarization.
The second involves a rise in intracellular Ca®” concentra-
tion. as a consequence of membrane depolarization and
Ca’™ influx through L-type Ca** chanmels (Prentki and
Maischinsky. 1987). However, in some experimental con-
ditions. these two events can not account for the triggering
of insulin secretion. When the membrane potential of
B-cells 1s voliage-clamped with depolarizing agents. e.g..
combining glibenclamide or diazoxide with a high [K™],
(Gembal et al.. 1992: Sato et al. 1992), glucose is still

able 1o stimulate exocvtosis, A K -inde undf:m hypothe-
. N ATP P P macoelogical agents that interact wuh RyR have been used
sis has therefore been proposed o explain the increased = = ;

insulin release when the membrane potential is not altered E)ait_Udy }bzoch?gncai a:d f;m(i‘tw?;;j)wfcés 0{; mtradce;hjiar
by the presence of gluacose (Aizawa et al.. 1994). A reiease tloronade et al., - -hdeed. moduiators

3o, . . of R¥R such as caffeine and local anesthetics are known to
Ca " -independemt pathway for insulin secretion has also N s o e o
_ . S induce Ca*” mobilization and insulin secretion.
been observed when protein kinase C and protein kinase .
In the present study, we used the local anesthetic tetra-
caine ic explore the participation of intracellular Ca®™
" Corresponding author, Ted.w (55-19) 236-7351; Fax: {35-19) 239-3124. release in the stimulus-secretion coupling. We observed
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that tetracaine produces a marked increase in the [Ca®™ 7},
as a result of Ca”" mobilization from an IP,-insensitive,
non-ritochondrial Ca*™ store. Furthermore, we found that
a tetracaine-sensitive Ca® *  pool modulates glucose-in-
duced msulin secretion,

2. Materials and methods
2.1 Islets und B-cell isolaricon

Islets frem fed aduit fernale Wistar rats were isolated by
collagenase digestion. To prepare B-cells. islets were dis-
persed into celis in Ca* *-free saline in the presence of 0.5
mM EGTA followed by preincubation for 30 min in the
sume medium. Cell viability as assessed by Trypan blue
exclusion was about 95%. The ceil culture was maintained
at 37°C for 2 to 4 days in RPMI-1640 medium with 2 mM
glutamine, 10% fetal calf serum. 10 mM glucose. peni-
cillin (100 TU /ml) and strepiomycin (100 wg/mb in an
atmoesphere of 3% CQO,. The medium was renewed every
48 h. After 2 days the cells were firmly attached to glass
coverlips.

2.2 Medim

The medium used in all experiments was a Hepes-bi-
carbonate buffer containing (in mMj: 100 NaCl. 5 KCl.
2.56 CaCl,. 20 Na-Hepes (pH 7.4), 0.5% bovine albumin
and different concentrations ©f glucose and tetracaine (see
Results). Ca®"-deprived medium. used in some perifusion
experiments. contained 0.5 mM EGTA. The medium was
equilibrated with a mixture of 95%0, and 3%CO,.

2.3. Insudin secretion

For insulin secretion, groups of five islets were first
preincubated at 37°C in 0.75 ml of the Hepes-butfer
containing 5.6 mM glucose. This medium was then re-
placed with fresh buffer and the islets further incubated for
I h under various experimental conditions. The insulin
content in the supernatant of each sample and the insulin
extracted from the islets at the end of the incubation
period, were measured by radioimmunoassay as previousiy
described (Scott et al.. 1981 ) using rat insulin as a stan-
dard. Insulin release was expressed as a percentage of the
total islet insulin content.

24 0Cw T measurements

[Ca”7], measurements were performed as described
elsewhere (Rojas et al., 1994) using indo-1 as a ¢ytoplas-
mic Ca*” indicator. Brietly, isclated B-cells attached to
elass coverslips were loaded with indo-1 /AM by incubai-
ing them for 1-2 h at room: temperature in a Na-Hepes
hicarbonate medium containiag 2 pM indo-1/AM and

pluronic acid {0.02%). The coverslips were then trans-
ferred to a perifusion chamber and the cells were continu-
ously perifused with identical medium free of indo-1 and
pluronic acid. Different concentrations of tetracaine were
applied using the same perifusion system. Changes in
cytosolic Ca’™ were measured by a micro-fluonimetric
technigue using an excitation wavelength of 355 nm. The
resulting fluorescence {F) at 410 and 485 nm was mea-
sured continuously. A computer program calculated the
fluorescence ratic (R = F,,,/F..). which was converted

-+

to {Ca®~ ] using a calibration curve for Cal™.
Y
2.5, 7" Ca measurements

“Ca efflux from perifused islets was performed as
previously described (Herchueiz and Mazlaisse. 1980).
Briefly, groups of 100 islets were labeled with i’CaClz (20
wCi/ml) for 90 min. The islets were then washed four
times with a radioisotope-free medium and transferred to a
smail chamber in which they were perifused for 80 min
with medium containing different concentrations of glu-
cose. Ca’”, and tetracaine. ~Ca efflux was expressed as
the fractional cutflow rate {percentage of islet content per
min).

2.6. Data analvsis

The data are presented as the means = S.E. of n experi-
ments. The statistical significance of the differences be-
tween means was assessed by analysis of vanance fol-
lowed by Dunnett's test when several experimental groups
were compared with the control group. When only two
groups were involved. Students™ f-test was used. Differ-
ences were considered significant at P < §.03.

3. Results

In the presence of physiclogical [Ca’~ ], and 22 mM
glucose. insulin release was dose dependertly reduced by
tetracaine (0.1~5 mM: solid bars in Fig. 1A). The secre-
tory response was completely blocked at 5 mM of the
anesthetic (P < 0.01} whereas 50% inhibition was ob-
served at 0.5 mM tetracaine (P < 0.01), as previously
observed {Freinkel et al., 1975). In contrast, at the same
glucose concentration but in the absence of extracellular
Ca®", tetracaine evoked a dose-dependent increase in in-
sulin release (Fig. 1B, solid bars). A two-fold increase
above basal was observed at 1 mM tetracaine ( P < 0.05),
Maximal insulin secretion was achieved at 5 mM tetra-
caine, and was approx. 9-times greater than the basal
secretion (4.44 + 0.68% and 0.48 £ 0.03% of islet insulin
content, respectively; P <0.01}). No alterations in the se-
cretory response were observed whea the medium con-
tained a low glucese concentration (2.8 mM), either in the
presence or in the absence of extracellular Ca** {open bars
in Fig. 1}
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Fig. 1, Effect of wetracaine on insulin secretion. Prior o the appiication of
tetracaing. groups of five islets each were preincubated for 45 min at
X°C in a Hepes-bicarhonate thedium containing 5.6 mM glucose. This
preincubation medium was then replaced with Hepes-bicarbonate contain-
ing 2.8 mM ar 27 mM glucose and incressing concentrations (6—5 mM)
of tetracaine. {A) Experiments carried oul in the presence of 2.6 mM
Ca’*. (B) Experimen:s performed in the absence of Ca®* {o Cal” ),
Columns represent the cumulative (1 h) insulin secretion. expressed zs g
percentage of the total islet contenl. Values are means = S.E. of 7-19
sxperiments. © P < 00% 7 P <001

Previous observations tha: local anesthetics alter Cal™
permeability in different cell wypes. including B-cells
(Norlund and Sehlin. 1985). provided evidence that tetra-
caine could affect insulin secretion by altering Ca’” han-
diing in the islet. To verify this hypothesis. we performed
further experiments using two different techniques in order
to measure Ca’” movernenis under experimenial condi-
tions similar o those above. In the first. we used a
microfinorimetry technique to measyre changes in [Caz’}E
induced by tetracaine in isolated B-cells. Fig. 2 shows the
net increase in [Ca’" || relative to the baseline values in the
absence of tetracaine. The values attained before the addi-
tion of the anesthetic were 98.5 + 6.1 nM and 137.8 + 19
nM for low (Fig. 2A} and high (Fig. 2B) glucose concen-
rations, respectively. At both low and high glucose levels,
tetracaine elicited rapid elevations in [Ca®* ], which were
clearly not dependent on the glucose concentration. The
dose-dependent rises in [Ca’* ] were rapidiy reverted when
tetracaine was removed from the medium. The net in-
creases in [Ca’™ ], at both glucose concentrations were 30,

90, 180 and 880 nM, respectively. for 0.1, 0.5, 1 and 5
mM tetracaine,

We also studied the effects of tetracaine on *Ca fluxes
from perifused islets. In agreement with the [Ca®" 1. re-
sults. the pattern of **Ca efflux was identical ai both fevels
of glucose (2.8 mM and 22 mM: Fig. 3A). In Ca’*-de-
prived medium, tetracaine also increased the efflux of
Ca’* (Fig. 3B). Inspite of the difference in resting Y Ca
efflux rates. maximal efflux values in the presence of
tetracaine and with either 2.8 mM or 22 mM glucose were
essentially the same, Together, the [Caz’], and “Ca mea-
surements indicate that tetracaine mobilizes Ca’* from
intracellular stores(s) in a glucose-independent pathway.

To further understand the mechanism of action of tetra-
caine on Ca’* release, we performed ' Ca efflux measure-
ments in the presence of thapsigargin. This drug is a
specific blocker of the Ca’"-ATPase pump and is gener-
ally used fo promote depletion of the IP.-sensitive Ca®~
store in the endoplasmic reticulum (ER) {Thastrup et al.,
1990). Fig. 4 shows that thapsigargin did not alter the
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Fig. 2. Effect of 1etracaine on [Ca™" §. Isolated B-cells. cultured for 2-4
days. were prelabeled with the intracellutar Ca®* muarker indo-1 /AM for
Tk afier which the celis were extensively washed and treated with
increasing concemtrations (0-35 mM) of tetracaine. The experiments were
performed with medium containing 2.6 mM €3 and 2.8 mM clucose
{A} or 22 mM glucose (B). The arrows indicate either the addition (1) or
rernoval (1) of letracaine in order 1o achieve the concentration indicated
above the arrows. The traces are representative of at least three experi-
menis.
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Flﬂ - Effect of thapsigargin (3 M) on tetracuine- mdm.ed increase in

¥ erf'ﬁux Groups of 100 islets. prefabeled with *CaCl,. were peri-
fused for 80 rmin with a Ca’*-deprived medium LonmmmD 22 M
glucose. Tetracuine (2 mM) was introduced at the 45th min and main-
tained until the end of perifusion period (shaded arcal. either in the
presence {open triangles) or the absence (sofid triungles) of thupsigargin
(5 wM). The latter was introduced at min 30th and maintained entil the
end of the experiments. Each point is the meun£S.E, of four experie
ments.

amount of *Ca released by tetracaine. The initial increase

#Ca efflux (30th to 45th min) from thapsigargin-treated
;slets reflects the Ca’™ leak from ER (solid iriangles in
Fig. 4). When tetracame (2 mM) was added to the solution
(4Sth min), the ¥ Ca efflux increased significanty attaining
essentially the same level. imespective of whether the
thapsigargin-sensitive Ca®" reservoir had previously been
depleted or not. The small differences in the effluxes with
or without thapsigargin after the 45th min indicate differ-
ent time responses. Integrating the data to eliminate the
differences in time delays showed that the areas under the
curves. Jvere identical and corresponded to 25% of the
initial **Ca content. These results rule out the possibility of
tetracaine acting by the same mechanism as thapsigargin.

4. Discussion

Early studies reported opposite effects of tetracaine on
glucose-induced insulin secretion. Freinkel et al. (1975)
demonstrated that glucose-induced insulin secretion was
inhibited when isolated rat islets were incubated with
tetracaine. On the other hand, dynamic insulin secretion
experiments using rat (El Motal et al., 1987} or mouse
(Nortund and Sehlin, 1983) islets showed thar tetracaine
potentiated the secretory response induced by glucose. In
our hands. tetracaine inhibited the SECTeiory response at a
physiological [Ca”} . and stimulated insulin release when
islets were incubated in a Ca’”-deprived medium. One
possible explanation for these apparently paradoxical ef-
fects could be that B-cells regulate [Ca* ], within a very
narrow range (Rojas et al., 2994). Since tetracaine elicited
a very high increase in the [Ca’™ ], a rise in this cation
above a critical level could resuit in a decrease in the
effect of the sugar by collapsing the secretory machinery.
In parathyroid cells (Nygren et al., 1987) and pancreatic
B-cells (Hellman et al.. 1994), desensitization of the secre-
tory mechanism by continuous exposure of the cells 1o
high Ca’~ has been observed and is accompanied by a
reduction in protein phosphorylation (Jones et al., 1992).
However, we can not discard the possibility that, in addi-
tion to desensitization by exposure to high Ca**. the
inhibition of insulin secretion observed in the presence of
high glucose and a physiological {Ca®~ ], could be associ-
ated to an intra-islet regulatory mechanism involving the
participation of glucagon and somatostatin (for a review,
see Marks and Morgan, 1994). This could partially explain
the discrepancy between our results {obtained using static
incubations) and those based on dynamic anaiysis {El
Motal et al.. 1987, Norlund and Sehlin, 1983).
presant study, we have demonstrated that by stzmulatmc
intracellular Ca’" release with tetracaine, it is possibie to
induce insulin secretion in a {Ca’ "] -independent manner.
As reported for the K ,1p-independent pathway (Gembal et

1993), the stimulatory effect of tetracaine involves a
glucose-dependent mechanism, Considering that the effect
of the anesthetic in inducing insulin release was only
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observed in the presence of stimulatory glucose concentra-
tions we speculate that a tetracaine-sensitive Ca’® store
can play a role in the rmechanism of insulin secretion under
physiological conditions.

Local anesthetics may interact with muitiple cellular
sites. including membrane receptors and ionic channels
(reviewed by Butterworth and Strichartz. 1990). Our study
has shown that tetracaine evoked the release of Ca®® from
an [P;-insensitive intraceilular pool. This conclusion is
based on the observation that tetracaine increases [Ca®” ],
regardless of the presence or absence of extraceilular
Ca”", and that thapsigargin does not affect the mechanism
of intracellular Ca’* release stimulated by tetracaine. We
also observed that tetracaine-induced Ca’ ™ release was not
altered by addition of .the metabolic poison sodium azide
(data not shown), indicating that the [Ca®" ], increase is not
due to mitochondrial Ca®" leakage.

In most excitable cells. two well-defined mechanisms
for intemal Ca”~ release are present. The first of these is
represenied by the Py pathway and the second by the
Ca®~-induced Ca’" release (CICR) mechanism. CICR is a
well-known process, first described in skeletal muscle.
whereby an increase in [Ca’" ] causes further release of
Ca’™ by acting on a specific receptor-operated channel
known as the ryanodine receptor (RyR). Many drugs,
including ryanodine, caffeine, sulphydryl reagents, and
local anesthetics have been used 1o study the activity of
RyR (Coranado et al.. 1994). Although RyR has not vet
been identified in B- ceiL,. several lines of evidence suggest
that ryanodine-like charinels are linked to islet function.
The modulation of an IPs-insensitive intracellular Ca’*
store by thimerosal {(Islarm et al., 1992). as well as by the
combination of rvancdine and caffeine (Chen et al.. 1996)
is strong evidence for the existence of RyR in insulin-
secreting cells. The dernonstration of a voltage-sensitive
mechanism for Ca’” extrusion (Roe et al.. 1994) also
suggests the activation of ryanodine-like channe Is. In addi-
tion. the controversial endogenous RyR agonist cADP-
ribose was reported to cause Ca’” release and to stimulate
insulin secretion from pancreatic B-cells (Takasawa et al..
1993)

Perhaps the most intriguing observation made in the
present study is that tetracaine elicited a dose- ~dependent
increase in [Ca®" ], in all of experimental conditions used.
This seems to contradict recent observation showing that
the local anesthetic procaine inhibits caffeine-induced Ca®~
release (Chen et al, 1996). However. local anesthetics are
known to have complex effects on cellular function which
depend on experimental conditions such as pH, ATP and
Mg’" concentrations as well as the cell type. It is note-
worthy that tetracaine. bt not procaine. evoked a dose-de-
pendent Ca® release in rat myotubes (Jaimovich and
Rojas, 1994} In this context. our data clearly demonsirate
the presence of a tetracaine-sensitive mechanism for intra-
cellular Ca®” release in B-cells which may involve 3
channel functionally related to RyR.

In summary. we have demonstrated that insulin secre-
tion can be clicited by a [Ca®* ] -independent pathway
which triggers Ca®" release from a specific intracellular
Ca®™ store. Our results also suggest the partrcxpau{)n of a
ryarodine-like Ca’* channel in intracellular Ca’* han-
dhing during glucose-induced B-cell stimulation.
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Short Communication

Synergistic effect of glucose and
prolactin on GLUT2 expression in

cultured neonatal rat islets

Abstract

We studied the synergistic effect of glucose and prolactin (FRL) on
insulin secretion and GLUT2 expression in cultured neonatal rat islets.
A fter 7 days in culture, basal insulin secretion {2.8 mM glucose) was
sirmilar in control and PRL-treated islets (1.84 £ 0.06% and 2.08 =
0.07% of the islet insulin content, respectively). At 5.6 and 22 mM
glucose, insulin secretion was significantly higher in PRL-treated than
in control islets, achieving 1.38 £ 0.15% and 3.09 = 0.21% of the islet
insulin content in control and 2.43 + 0.16% and 4.31 = 0.24% of the
isletinsulin content in PRL-treated islets, respectively. The expression
of the glucose transporter GLUTZ in B-cell membranes was dose-
dependently increased by exposure of the islet to increasing glucose
concentrations. This effect was potentiated in islets cultured for 7 days
in the presence of 2 pg/ml PRL. At 5.6 and 10 mM glucose, the
increase in GLUT2 expression in PRL-treated islets was 75% and
150% higher than that registered in the respective control, The data
presented here indicate that insulin secretion, induced by different
concentratjons of glucose, correlates well with the expression of the
B-cell-specific glucose transporter GLUT2 in pancreatic islets,

Key words
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= Glucose transporter
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- Glucose

The first step in glucose-induced insulin
secretion is the entry of the sugar into the B-
cells, which is mediated by the glucose trans-
porter GLUT2, located on the B-cell plasma
membrane. Alteration in the expression of
GLUT2 has been implicated in the reduction
of the secretory response to glucose (1,2).
Since growth and differentiation of the en-
docrine pancreas are controlled by glucose
and the somatolactogenic hormones, growth
hormone (GH) and prolactin (PRL) (3), we
determined the effect of glucose on insulin

secretion and GLUT2 expression in neona-
tal rat islets cultured in the presence or ab-
sence of PRL.

We have used islets from neonatal rats (2
to 48 h old) obtained by collagenase diges-
tion and cultured for 7 days, as described
previously (4). After 7 days, the culture me-
dium was discarded and the islets were incu-
bated for 90 min at 37°C in a bicarbonate-
buffered solution containing different con-
centrations of glucose. The supernatant was
withdrawn for insulin measurements and the

Braz | Med Bicl Res 30{(3) 1997
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Figure 1 - Immunociocalization of
the glucose transporter GLUTZ
in ths plasma membrane of 8-
celis from cultured neonatal rat
islets, The presence of GLUTZ
was revealed in sections {10 pm)
of rat islets by indirect immuno-
fluorescence using a polyclonal
rabbit GLUTZ antiserum (dilution
1:1000}) and & fluorescein isothi-
ocyenats (FITCl-conjugated spe-
cific second antibody {dilution
1:100). Fluorescence was de-
tected by confocal laser scan-
ning microscopy. Note the bright
reaction at the cell membrane
level following GLUTZ immu-
nolocalization larrow).

Braz | Med Biol Res 30(3) 1997

insulin present in the islets was extracted
with 1 ml acid-ethanol. Insulin was meas-
ured by standard radicimmunoassay (3), and
is reported as percent of the total isiet con-
tent. For Western blot analysis, groups of
approximately 1000 islets (N = 4) were ho-
mogenized in Tris-HC] buffer containing 1
mM EDTA, 1-2 pg/ml antipain, 1 pg/ml
pepstatin, 1 mM benzamidine, 1-2 pg/ml
aprotinin, 100 pg/mi phenylmethylsuifonyl
fluoride, and 0.02% Tween 20. The protein
content of the homogenates was measured
by the BioRad protein assay (BioRad Lab.,
Melviile, NY). Aliquots containing 50 pg of
protein were submitted to electrophoresis on
a 1G% SDS-polyacrylamide gel and trans-
ferred onto nitrocellulose membranes
{BioRad). The membranes were blocked with
4% defatted dry milk, and 0.29 Tween 20 in
Tris-buffered saline, pH 7.4, for 2 h at 20°C.
These membranes were then incubated with
apolyclonal rabbit antiserum against GLUT2

washed with Tris-buffered saline and the
antibody-antigen complex was detected by

5.C. Crepaidi-Alves et al.

incubation witharabbit Ig!**I-labeled whole
antibody from denkey (Amersham, UK,
After 7 days in culture, basal insulin se-
cretion (2.8 mM glucose) was similar in
controland PRL-treated islets, achieving 1.84
£0.06% (N=213and 2.08 2 0.07% (N=21)
of the islet insulin content, respectively, in
90 min. At threshoid glucose concentrations
(5.6 mM), insulinsecretionwas 1.38%0.15%
(N=12)and 2.43 £ 0.16% (N = 12) of the
islet insulin content (P<0.05) in 90 min for
control and PRL-treated islets, respectively.
In the presence of 22 mM glucose, insulin
secretionwas3.09:0.21%and4.31=0.24%
of islet content for control and PRL-treated
islets, respectively (P<0.05). The presence
of GLUT2 inthe B-cell plasma membrane of
neonatal cultured islets (Figure 1) was dem-
onstrated by immunohistochemistry (6). In-
terestingly, a positive reaction to the GLUT2
antibody was also detected as bright dots
inside the B-cell cytoplasm, suggesting the
presence of glucose transporters in mem-
branes of internal organelles. At present we
have no explanation for this finding. Immu-
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dulation of GLUT2 expression in pancreatic islets
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blot analysis of neonatal islets with an
tibody specific for the liver B-cell glucose
nsporter GEUT2 is shown in Figure 2.
e antibody labeled a 53-kDa band corre-
nding to GLLUTZ in both control and
l-treated islets. PRL treatment increased
: GLUT2 content of the islets by approxi-
ttely 75% and 150% in the presence of 5.6
1 10 mM glucose, respectively (measure-
mts made by densitometry and by radicac-
ity analysis). A high concentration of glu-
se (22 mM) alone also increased the
AJT2 content of the islets by about 8 times
compared to control values (5.6 mM glu-
se).

These data confirm prior observations
t PRL treatment increases GLUTZ2 ex-

ferences
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pression in pancreatic B-cells (7,8). Expres-
sion of GLUT2 was further enhanced with
the combination of glucose and PRL. The
synergistic effect of glucose and PR treat-
ment on GLUT?2 expression correlates well
with the increased insulin secretion provoked
by glucose in PRL-treated islets compared to
control islets (9). These observations indi-
cate that GLUT2 may play an important role
int the process of maturation of the glucose-
sensing mechanism in neonatal islets,

Figure 2 - Effect of glucose and
profactin (PRL) treatment on
GLUTZ protein content meas-
ured by immunoblotting, Neo-
natal rat islets were cultured for
7 days In medium containing or
not 2 pg/ml PRL and glucose at
different concentrations. Nzo-
natal isiet protein (50 pgilane)
was anslyzed by immunoblot-
ting with antiserum to GLUTZ,
This is a representative blot of
Two,
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Abstract

We studied the development of the insulin secretion mechanism in the
pancreas of fetal (1- and 21-day-old), necnatal {3-day-oid), and adult
{990-day-old) rats in response to stimulation with 8.3 or 16.7 mM
giucose, 30 mM K, 5 mM theophylline {Theo) and 200 uM carbam-
vicheline (Cch). No effect of glucose or high K~ was observed on the
pancreas from 19-day-old fetuses, whereas Theo and Cch significantly
increased insulin secretion at this age (82 and 127% above basal
levels, respectively). High K also failed to alter the insulin secretion
in the pancreas from 21-day-old fetuses, whereas 8.3 mM and 16.7
mM glucose significantly stimulated insulin release by 41 and 54%
above basal levels, respectively. Similar results were obtained with
Theo and Cch. A more marked effect of glucose on insulin secretion
was observed in the pancreas of 3-day-old rats, reaching 84 and 179%
above basal levels with 8 3 mM and 16.7 mM glucose, respectively. At
thisage, both Theo and Cch increased insulin secretion to close to two-
tirmes basal levels. In islets from adult rats, 8.3 mM and 16.7 mM
glucose, Theo, and Ceh increased the insulin release by 104, 193, 318
and 396% above basal levels, respectively. These data indicate that
pancreatic B-cells from 19-day-old fetuses were already sensitive to
stimuli that use either cAMP or IP; and DAG as second messengers,
but insensitive to stimuli such as glucose and high K™ that induce
membrane depolarization. The greater effect of glucose on insulin
secretion during the neonatal period indicates that this period is crucial
for the maturation of the glucose-sensing mechanism in B-cells.
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introduction

Maturation of the insulin release mech-
anism in mammals occurs during the perina-
tal period of life. In rodents, the poor secre-
tory response 0 nutrient secretagogues dur-
ing the fetal period is rapidly converted to an
adult response within a few days after birth
(1). Despite some early controversial data, it
1s generally accepted that glucose starts to
stimulate insulin secretion in the late stages
of the gestational period (2-4); in rats, this
occurs at precisely 19.5 days of fetal life (5).
The insulin response at this age is monopha-
sic and is not blocked by Ca?* antagonists
{(4). A clear biphasic pattern of insulin secre-
tion in response to giucose is detected only
three days after birth, although atthis age the
insulin secretion is still well below the adult
response (5). : :

In adult B-cells, the molecular mech-
anism underlying glucose-induced insulin
secretion involves different steps. First the
inhibition of K* efflux through K*,1p chan-
nels, which is modulated by glucose metabo-
lism and leads to membrane depolarization.
This is followed by an increase in the cytoso-
lic Ca®* concentration as a result of mem-
brane depolarization and Ca?* influx through
L-type Ca** channels (6,7). Since K*srp is
aiready presentand operative in fetal B-cells
(8), it has been suggested that the reduced
insulin secretion in response to glucose re-
fiects the uncoupling between glucose me-
tabolism and membrane cell depolarization
in these cells (9). This aspect is still a matter
of debate (10-12). Glucose-stimulated ge-
cretion is also modulated by neurotransmit-
ters and hormones involving the phospholi-
pase C and adenylyleyclase pathways (6,7).

In the present study we have compared
the insulin secretion of fetal, neonatal and
adult rat B-cells in response to glucose, K~,
theophylline and carbamylicholine. Insulin
secretion in response to stimuli that involve
membrane cell depolarization (glucose and
high K*) occurred at the end of the fetal
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period, although the greatest increase in glu-
cose-induced insulin secretion occurred af-
ter birth. Theophylline and carbamylcho-
line, which increase the cAMP and the 1P,
and DAG content of pancreatic islet cells,
respectively, potentiated insulin secretion af-
ter 19 days of fetal life.

Material and Methods
Animals and pancreatic tissue

Fetal (19- and 21-day-old), neonatal (3-
day-old) and adult (90-day-old) rats were
used. The fetal ages were determined by
counting the days after the presence of sperm
was detected in vaginal smears following
overnight mating. The pancreas from fetal
and neonatal rats was reduced to approxi-
mately 0.5 mm® by slicing. Isolated isiets
from adult rats were obtained by collagenase
digestion. The rats were killed by decapita-
ton,

Insulin secretion

To study insulin secretion, pancreatic tis-
sue from fetal and neonatal rats (3-4 frag-
ments/group), and adultislets (3/group) were
first incubated for 45 min at 37°Cin 0.75 mi
of Krebs-bicarbonate buffer of the following
composition: 115 mM NaCl, 5 mM KCl,
2.56 mM CaCl, 1 mM MgCl, 24 mM
NaHCO;, 5.6 mM glucose, supplemented
with 3 mg of BSA/mland equilibrated witha
mixture of 95% 0,-3% CO,, pH 7.4. This
medium was then replaced with fresh buffer
and the fragments and islets were incubated
for 1 hin the presence of increasing concen-
trations of glucose (2.8-16.7 mM). In an-
other series of experiments, the fragments
and islets were incubated in the presence of
5.6 mM glucose with the medium also con-
taining 30 mM K*, 5 mM theophyliine, or
200 uM carbamylcholine. The insulin con-
tent in the supernatant of each sample and
the insulin extracted from the fragments and
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islets at the end of the incubation period
were measured by radioimmuinoassay as pre-
viously described {(13), using rat insulin as
standard. Since the amount o f endocrine pan-
creas varied considerably between the frag-
ments used, insulin release was expressed as
percent of the total fragment or islet insulin
content released during a 1 -h incubation pe-
riod.

Data analysis

Data are reporied as the maeans = SEM of
# experiments. The significance of the dif-
ferences between means was assessed by
analysis of vanance followed by Duanett’s
test when several experimental groups were
compared with the control group. The confi-
dence Himit for significance was 5%,

Resulis

Figure | shows insulin secretion induced
by different concentrations of glucose from
fragments of pancreas and from isolated is-
lets obtained at different ages. Basal secre-
tion (in the presence of 2.8 or 5.6 mM glu-
cose) was 0,66 £ 0.08% (N = 20), 0.82 =
0.09% (N =125),0.38 £0.04% (N=17) and
0.88 £ 0.21% (N = 14) of the total pancreas
{or islet} content for 19- and 21-day-old
fetuses, 3-day-old neonatal rats and 90-day-
old adult rats, respectively. Increasing the
glucose concentration to 8.3 and 16.7 mM
did not alter the basal release of insulin by
[9-day-old fetuses. In 2i-dayv-old fetuses,
8.3 mM glucose increased the insulin secre-
tion to 1.16 = 0.09% (N = 8). At this age,
insulin secretion reached 1.26 £0.13% (N=
13) of the total pancreas content in the pres-
ence of 16.7 mM ghicose (P<0.05). At 3
days of age, the insulin secretion induced by
83 and 16.7 mM glucose was 0.70=0.17%
(N = 17} and 1.06 & 0.23%% (N = 6) of
pancreas content, respectively (P<0.05). At
the same glucose concentrations, the insulin
secretion observed foradultisIets was 1.83%
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0.22% (N=6) and 2.62 £ 0.13% (N = 6) of
the islet content, respectively (P<(.05).

Insulin secretion induced by K~ (30 mM)
is illustrated in Figure 2. There was a pro-
gressive increase in insulin secretion with
age. However, no difference from basal se-
cretion (5.6 mM glucese) was noticed in the
fetal groups exposed to K*. In neonatal and
adult pancreas insulin secretion induced by
30mM K* was 1.4- and 2.0-fold greater than
basal secretion, respectively.

In the next series of experiments, we
analyzed the effect of the nonspecific phos-
phodiesterase inhibitor theophyliine, that
increases the intracellular cAMP content,
and carbamylcholine, an agonist that stimu-
Iates the formation of IP; and DAG in B-
cells. Both theophylline (5 mM) and car-
bamylcholine (200 pM) stimulated insulin
secretion at all ages, Insulin secretion in the
presence of theophylline was 1.7-fold higher
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Figure 1 -Effect of 83 and 16.7
mbi giucose on insulin secre-
tion. Prior to exposure to differ-
ent concertrations of glhucose,
fragments of fetal and neonatal
pencreas or adult rat islets were
preincubated for 45 min a1 37¢C
in a Krebs-bicarbonate medium
containing 5.6 mivi giucose. This
preincubation medium was then
replaced with Krebs-bicarbonate
contzining the desired concen-
tration of glucose (8.3 or 187
mMl. The calumns represent
the cumulative {1 h) insufin se-~
cretion, expressed as percens-
age of the total fragment orislet
content for each glucose con-
centration. The values are re-
norted as the mean = SEM of 8-
25 experimanis. *P<0.05 com-
pared o basai insulin secretion.

Figure 2 - Effect of 30 mM K* on
insulin secretion. Fragments of
fetal or neonatal pancreas or
adult rat islets were preincu-
bated for 45 min at 37°C in a
Krebs-bicarbonate medium cor-
wining 56 mM glucose. This
medium was then replaced with
Krebs-bicarbonate containing 30
mM Kt The osmolarity of the
medium was kept constant by
withdrawing an eguimolar
amount of Nall. The columns
represent the cumuiative {1 h)
insulin secretion, expressed as
percentage of the total fragment
o7 islet content, at each K* con-
centration. Values are reported
as the mean = SEM of 6-9 ex-
perimenis. *P<0.05 compared
10 insulin secretion with & mM
K+,
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Frgure 3 - Effect of 5 mM theo-
phyiling {Theo) and 200 ubM car-
bamyicholine {Ceh) on insulin se-
cretion. Fragments of fetal and
neonatal pancreas or slets from
adult rats were preincubated for
45 min a1 37°C in Krebs-bicar-
ponate meadium conteining 5.8
mM glucose. This medium was
then replaced with Krebs-bicar-
bongte containing 5 mM theo-
phyiling or 200 pM carbamylicho-
line, The columns represent the
cumulative {1 b} insulin secre-
tian, expressed as percentage of
the total fragment or islet con-
tent. The vaiues are reporied as
the mean = SEM of 6-14 experi-
ments. *P<0.05 compared to
bzsal insuiin secretion.

Braz ] Med Biol Res 31(6) 1998

in 19-and 21-day-old fetuses, 2.6-fold higher
m 3-day-old rats and 4-fold higher in adult
rats than each respective basal secretion (5.6
mM glucose). In the presence of carbamyl-
choline the increase in insulin secretion above
basal values was 2- and 1.7-fold in 19- and
21-day-old fetuses, 2.9-fold in 3-day-old rats,
and 5-fold in adult rats (Figure 3). As ob-
served for supraliminal glucose concentra-
tions and 30 mM K7, the increase in insulin
secretion in the presence of theophylline or
carbamylcheline was more marked in the
pancreas of 3- and 90-day-old rats.

Discussion

In the perinatal period of lifs, the mech-
anism of insulin secretion undergoes a deci-
sive phase of functional maturation (1). Dur-
ing this period, insulin secretion in response
to nutrient secretagogues is reduced com-
pared to adulthood {5). In addition, the insu-
lin response to glucose is monophasic and is
similar to the pattern observed for insulin
secretion during the onset of type 2 diabetes
in adult humans. Thus, analysis of the glu-
cose-sensing mechanism in fetal and neona-
tal islets may contribute to our understand-
ing of the loss of glucose sensitivity associ-
ated with type 2 diabetes.

Inadultislets, the reduction in K* perme-
ability and the consequent membrane depo-
larization are important steps in the mech-
anism of nutrient-induced insuiin secretion
(6,14-16). The poor secretory response to

A.C. Mendonga et al.

glucose in fetal and neonatal islets is as-
cribed to the uncoupling of glucose stimula-
tion and membrane depolarization which
results in the opening of an insufficient num-
ber of voltage-sensitive Ca®* channels and
only a marginal increase in cytosolic Ca*"
(9). In the present experiments glucose-in-
duced insulin secretion was observed only in
the pancreas of 21-day-old fetuses, thus sup-
porting the view that the coupling between
glucose metabolism and alterations in mem-
brane potential is not yet fully developed at
earlier ages (around 19 days). The observa-
tion that high concentraticns of K* failed to
stimulate insulin secretion in the pancreas of
19-day-old fetuses also indicates that the B-
cell plasma membrane is not vet mature
enough to undergo sufficient depolarization
to provoke the necessary accumulation of
cytosolic Ca** seen in neonatal B-cells (17).
Hence, there is no insulin secretion. In addi-
tion to the absence of an adequate signal
derived from glucose metabolism (9,12), the
poor secretory response to glucose during
fetal development may also be ascribed to a
reduced and/or altered behavior of K*,qp
channels (18} associated with unresponsive
Ca® L-type channels. The latter channels
are already present in fetal B-cells, but are
not yet sensitive to Ca’*-antagonists (4). We
measured the membrane potential of neona-
tal rat islet cells in the presence of depolariz-
ing concentrations of glucose (Boschero AC,
Carroll P and Atwater I, unpublished data).
Only 3 of 23 cells examined depolarized in
the presence of tolbutamide, while none de-
polarized in the presence of glucose. If one
assumes that at least the tolbutamide-sensi-
tive cells were B-cells, it becomes clear that
ghicose was unable to depolarize neonatal
B-cells. Thus, these data, together with those
discussed above, indicate that the lack of
insulin secretion in response to glucose and
high K~ concentrations probably reflects the
sum of different factors, including insuffi-
cient membrane depolarization, reduced en-
try of Ca®" inte B-cells, and hence reduced
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accumuiation of cytosolic Ca®".

Insulin secretion is modiilated by second
messengers, including cAMP, IP; and DAG.
In B-cells, the intracellalar levels of these
second messengers can be 1ncreased by the
stimulation of adenylyleyelase and phospho-
lipase C, respectively. It is well established
that both of these pathways are important
modulators of insulin secretion in fetal, neo-
natal, and adult islets {10,19-21). In 19-day-
old fetuses, theophylline stimulated insulin
secretion, thus confinning that this pathway
is already operative at this age and that it is
fundamental for insulin secretion during fe-
tal life. The phospholipase C-1P;-DAG path-
way was also found in 19-day-old fetuses as
judged by the increase in insulin secretion
mduced by carbamylcholine. However, the
rise in insulin secretion provoked by the
muscarinic agonist was more marked in neo-
natal and adult pancreas. The latter observa-
tion may be partly explained by the fact that
the o isoform of protein kinase C, which is
important for the second phase of insulin
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