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RESUME

L'influence des catécholamines sur ‘le pancréas insulaire
n'est pas un fait récent. Toutefois, pefsonne n’eét encore
parvenu a8 €lucider le mode d'action intime de 1'épinephri-
ne sur la cellule-B. Ce travail se veut une amorce & une
meilleure compréhension des mécanismes régissant l1l'inter-
action entre ce catécholamine et la cellule-B.

Au cours de travaux préliminaires, des rats regurent u-

ne injection d'antisérum anti-insulinique et d'albumine

humaine marquée i 1l'iodel!3®!. Le débit sécrétoire d'insuli-

ne endogéne fut déduit de la réduction progressive du pool ;
d'anticorps circulants nonneutralisés. Le débit sécrétoire H
fut nettement moindre chez les rats obligés & nager que
chez les animaux témoins. Cet effet inhibiteur de 1l'exer-
cice musculaire fut levé par injection préalable de phen-
tolamine. Ces données suggérérent que l'effet inhibiteur
de 1'effort sur la sécrétion d'insuline est secondaire & une
libération de catécholamines.

Utilisant des fragments de pancréas, 1l nous fut possible
de confirmer 1'inhibition du débit sécrétoire induite par
l'épinephrine. En effet, nous avons montré que la phentol-
amine ( et non le propranolol ) pouvaiﬁ contrer les effets
inhibiteurs de 1'épinephrine sur la sécrépion insulinique
lorsque stimulée par le glucose, ce qui nous permit dtaf-

firmer qu'une telle inhibition est probablement induite par
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une stimulation des récepteurs alpha de la cellule-g8. Il |
nous fut également possible de montrer que cette inhibi-
tion occasionnée par l1l'épinephrine-ne correspoﬂdait pas
nécessairement & un appauvrissement intracellulaire en
AMP-cyclique; en effet, des conditions expérimentales pro-
voquant - une accumulation intracellulaire de ce nucléotide
furent sans effet sur 1l'inhibition provoquée par 1'épi-
nephrine. | |

Par la suite, nous avons montré que le glucose ne cons-—
tituait pas le seul agent insulinotrope contre leguel 1'é- i
pinephrine exercait son effet inhibiteur. En effe%, nous i
avons remarqué que tous les agents réputés insulinotropes |
( acides aminés, sulfonylurées, fortes concentrations de
K+, AMP-cyclique, théophylline) subissailent cette inhibi-
tion.

Au cours de 1l'évaluation du rdle des catlons sur les pro-
cessus sécrétoires, nous avons remarqué une amplification
de l'effet stimulant du glucose sur la sécrétion insulinique
tant par la ouabalne que par de fortes concentrations de |

K+

(10 & 34 mEq/1). Par contre, un effet contraire se pro-
dulsit lorsque 1le Na+ fut partiellement remplacé par le Li+,‘
le Tris, ou par de fortes quantités de xt (87 & 115 mEq/1).
La substitution du sucrose au NaCl abaissa significative-
ment cette forte sécrétion observée lors d'un enrichisse-
ment en XK' (24 mEq/1). Ces données suggérérent que les ca-

tions alkalins pocurraient influencer les processus sécré-

tolres en modifiant le jeu des cations alkalino-terreux sur
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la cellule-B. L'absence de réponse au Ba™ 1ors de 1'échan- - g
ge du Nat contre du Li+, du Tris, ou de fortes quéntités de
kKt ravorise une telle interprététion. L'absence de Ca*tt
dans le milieu d'incubation offre un argument supplémentai-
re en faveur de cette interprétation; en effet, dans de
telles corditions, les taux sécrétoires €levés obtenus par
substitution du Nat paf la choline ( ou par des concentra-
tions moyennes de K') se sont affalssés trés significati-
vement. | |
Lteffet inhibiteur de 1l'acldose extracellulaire sur l'ef-

fet stimulant du glucose pourrait également &tre attribuable

++
4 une pénétration réduite du Ca dans la cellule.
L'effet stimulant du glucose sur le débit sécrétoire fut
levé tant en l'absence de Ca++ qu'en présence de fortes

quantités de Mg++

. Ces observations suggérérent que le Mg++
d'une part et que le Ca++ ou le Ba++ d'autre part pour-
raient agir comme antagonistes sur les processus sécrétoi-
res. L'inhibition engendrée par 1l'épinephrine sur les effets
stimulants du glucose ne fut en aucun temps modifilée ni
par le Ba++ ni par le Ca++. Nous avons conclu que 1'influx
de Ca++ dans la cellule-B pouvalt stimuler la décharge in-
sulinique et que 1'épinephrine pouvalt supprimer cette dé-
charge en empéchant cet influx calcique.

Afin de mieux comprendre les relations pouvant exister
entre le Ca++, le glucose, et 1l'épinephrine, nous avons mis
au point une technique permettant la mesure des efflux de

Ca++ de la cellule-B. Ayant préalablement préincubé les 1-




16ts de Langerhans en présence de calcium“® , nous avons re-
marqué un parallélisme entre le dé€bit d'insuline provoque
par le glucose et celul de calcium“® , probablement associé
aux granules sécrétoires. Lors de la suppression du débit
insulinique (absence ou presque de calcium extracellulaire,
présence d'eau lourde) le glucose imprimait une réduction
immédiate de l'efflux de calcium®® . Ces effets du glucose
€talent tous révefsibles. Ces données nous lalssérent éroi—
re que le gluéose aurait pu accroftre la teneur intracel-
lulaire en calcium en inhibant son transfert vers le milieu
extracellulaire. Il nous apparut €galement que l'effet in-
hibiteur de 1l'épinephrine ne correspondalt pas exactement

a l'inhibitidn Observée par un appauvrissement en glucose;
il semblerait plutét que 1l'épinephrine augmente l'affini-
t€é protoplasmique de la cellule-B pourile calcium,

Une série d'événements semble étre 4 1l'origine de la sé-
crétion insulinique provoquée par le glucose dans la cellu-
le-B; nous pourrions, chronologiquement, les établir comme
suit:

1) métabolisme glucidique conduisant & 1l'é€laboration
d'un signal métabolique;

2) captation de calcium par la cellule-f en réponge a
ce signal;

3) interaction entre le calcium et un réseau microtu-
bulaire-microfilamenteux responsable des mouvements

émiocytotiques des granules d'insuline.

On attribue au db-cAMP et & la théophylline la capacitélde
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potentialiser la réponse insulinique provoquée par le glu-
cose. S'appuyant sur les concepts ci-haut mentionnés, nous
avons tenté lors des experiendes subséquentes de situer
ltaction premiére de 1'AMP-cyclique. Trols hypothéses fu-
rent considérées:

1) une facilitation du métabolisme glucidique;

2) une modification de la distr;bution intracellulaire

du calcium; |
3) une interaction avec le réseau microtubulaire-mi-
crofilamenteux.

La premiére de ces trois hypothé&ses nous apparut peu vral-
semblable vu l'absence d'effets du db-cAMP et de la théo-
phylline sur la captation glucidique induite par le gluco-
se. La derniére de ces hypothéses fut également rejetée,
premiérement en raison de l'indifférence de la théophylli-
ne face aux effets délétéres de la colchicine sur le réseau
microtubulaire—microf1lamenteux, et, deuxiémement, vu que
les effets insulinotropes du glucose et de la théophylline
étaient indifféremment affectés par la vincristine et la
colchicine. Les données sulvantes nous ont suggéré un effet
de 1'AMP-cyclique sur la distribution intracellulaire du
calcium: contrairement au glucose qul demeura incapable
d'exercer ses effets insulinotropes en milleu pauvre en cal-
cium, le db-cAMP et la théophylline se révé€lérent capables
de restorer l'effet insullnotrope du giucose. De plus, sur
116ts perfusés, la théophylline occasionna une augmentation
trés sensible de l'efflux de calcium"® quelle que soit la

concentration en glucose du milieu. Nous avons donc conclu
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que 1l'effet insulinotrope de 1'AMP-cyclique pourrait &tre
occasionné par une redistribution du calcium intracellu~
laire, laquelle favoriserait un échange plus facile entre
le calcium intra- et extracellulaire.

Finalement, au moyen d'une technique impliquant la liga-
ture de canaux pancréatiques, nous avons montré un effet
glucagonotrope de 1'épinephrine. Cet effet pﬁ étre observé
& basse (0.3 mg/ml) et & haute (3.0 mg/ml) teneurs en glu-
cose, en présence de concentrations trés failbles d'épine-

phrine. (100 nM).
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- ABSTRACT

It haS’béen'knoWn for many years that, undér‘certain cir-
CUmstances, catecholamines induée cnanges.in'tne rate of
insulin release from the beta—cells; but nobody has yet
‘characterized the intimate effects of -epinephrine upon the
pancreas. This work was undertaken in an attempt to gain.
”.fnrﬁher understanding upon the mode of action of epinephri-
‘ne-induced inhibition of insulin release.

. In a pfeliminary series of experiments, rats were injec-
ted with guinea-pig anti-insulin serum and '?!I-labellied
human;albumin..Thé_amqunt of‘endcgénously secfetéd insulin
Wésiéstinated from‘the progressiﬁe reductidniin thebpool'of
circulating unneﬁtralized antibodies. In animals compelled
to‘swim, insulin secretion.oécured at a munh lower rate than
in control rats. Prior injection of phentolamine abolished
"the exercise—induced inhibition of insulin releése; These
findings supborted the concept that such an inhibition is
due to endogenously released Qatécholamines.

Using in vitro approaches, the adrenergid nature of the
‘insulin inhibition was confirned. Indeed,‘it‘Was fnund.that
phéntolamine (and.not proprénolol).preventedfthe.blocking
action of epinephrine upon glucose-induced insulin.éecretion,
suggesting an élpha receptof—mediated inhibition. It was

equally shown that the epinephrine—induced inhibition does



=iXe—

not necessarily correspond to a decrease in the intracel-
lular level Of cAMP since suitable eiogenous cAMP.additions,
or condltlons known to favor its 1ntrace11u1ar accumulatlon,
were unable to prevent an epinephrine-induced 1nh1b1tion of
insulin'release.

Experiments were then designed to.demonstrate that_epi-
nephrine did not exert a preferential_inhibitory”effect over
glucose—stimulated insulin release. Indeed, it was found
that all the insulinotropic*agents tested (amino acids, sul-
fonylureas, high K+ concentratiohs, cAMP, theophylline) we-
re eqﬁally affected-by the presence of epinephrine.

When evaluatlng the role of cations upon the 1nsu11n se-—
cretory process, 1t was fournd that glucose-lnduced insulin
secretion was enhanced at high kt concentrations (10 to 34
mEq/1), and in the presence of ouabain. It was reduced when
Na™t wasbparfially replaced by either tit, Tris, or larger
amounts of K+-(87 to 115 mEq/l). The elevated rate of se-
cretlon observed at high. K+ concentratioh (Zh mEq/1l) was
markedly reduced by replacement- of NaCl by sucrose. These
data suggested that Nat entry in the beta-cell favors insu-
1in release. However, the stimulant action ofvg1UCose was |
1ncreased when Na was replaced by choline and persisted in
4 Nat- free medium, indicating that the influx of Na® per
se was not -necessary for secretion to occur. It was suggest—
ed that alkali cations could influence 1nsu11n secretlon
through an altered handling of alkallne earth catlons by the
beta cell. In favor of this hypothe31s, it was shown that

* Agent inducing insulin release



+ when Na+ was re-

the beta-cell became unresponsive to Ba+
placed by Li+, Tris, or large amounts of K+ s Whereas, the
elevated rates of secretion, observed.when Na+ had been
replaced by choline or by moderate amounts of K+, were
markedly reduced by the omission of Ca++ from .the incuba-
tion medium. The inhibitory effect of extracellular acido-
sis upon glucose—ipduced secretion could also have been
attributed, at leaét in part, to a reduced entry of Ca++ in

+ » or high Mg++ concentra-

the beta-cell. Omission of Ca
tions, inhibited the stimulant action of glucose upon in-
sulin secretion. Addition of Ba't restored a normal rate
of secretion both in the absence of Ca++ and at high Mg++ i

+

concentrations. These data did suggest that Mg+ on the one |

hand, and Ca*? ++

or Ba on the other, might act as anta-
gonists upon the secretory process. Inhibition of glucose-
induced insulin secretion by epinephrine was not modified

by Batt nor catt. It was hypothesized that ca’’

influx

in the beta-cell might trigger the release of insulin, and
that epinephrine might suppress insulin secretion by block-
ing such an influx.

An attempt was then made to clarify the inter-relations
exlsting between Ca++, glucose, and epinephrine. Having
devised a technique' allowing for the measurement of calcium
jon effluxes from the beta-cell, isolated islets preincuba-
ted in the pfesence of "Scalcium were perifused and the

effluent radioactivity continuously measured. It was found

that glucose-induced insulin release was assoclated wilth a
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Cbncomiftant release of “scalciﬁm, possibly enclosed with-
in the secretory granuies. When insulin release was abo— 
lished; namély.ét lowvextracellular éalciumréoncenthation,”
or in the presénce of heavy water, gluéose provoked an im-
mediate reduction in “scalcium.__The‘effegt of glucose was
réVersiﬁle."These daﬁa“suggested that glucose might have’
increased the intracellular concentration of calcium by in-
‘hibiting the.Outward transport of calcium'acfoss the mem-
brahe of the‘beta-cell; It also appeared thét_tﬁeleffect

of epinephriné did not exactly correspond to the effect of‘
glucose suppfession. Indeed, it rather séemed that epinephri-
ne.céuld have increased the sequestering ability of the be- ' &
ta-cell for calcium.

GlUcbse—induced insulin release is;thought to result from - i

the following sequence of events in the beta-cell: Glucose :
metabolism leading to the production of'a.metabdlic signal, f
Net calcium uptake by the beta-cell in_responsé to the sig- o
hal, and interaction between caicium and a microtubular-
microfilamentous system leading to emiocytosis of the se-
cretory'granules. Dibutyryl-cAMP and theophylline aré kﬁown

fo potentiate glucose—induced insulin release. Based on the
above-mentioned concepts, it was considered in the fqllow—

ing séries of experiments that the ﬁrimarylsite'of’action

of cAMP in the beta-cell could correSpond toveither a faci-

litation of gluOOSe métabolism, a modification of calcium . ' j
distribution, or an interaction with the microtubular-

microfilamentous system. The first of these hypotheses ap-
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peared unlikely because db-cAMP and theophylline; in sharp
contrast with other agents known to affect glucose metabo-
lism 1n the beta-cell, did not modify glucose-induced cal-
cium uptake by isolated islets. The last hypothesis also
appeared unlikely since theophylline did not interfere with
the deleterious effect of colchicine on the microtubular-
microfilamentous system, and since vincristine or colchi-
cine did not differentially affect the respective insuli-
notropic action of glucose and theophylline. An effect of
cAMP upon calcium distribution in the beta-cell was suggest-
ed by the following findings. Whereas glucose was unable %
to promote insulin release in the absence of extracellular ﬂ
calcium, the addition of db-cAMP or theophylline to the L
calcium-depleted media restored the insulinotropic action i
of glucose. Moreover, theophylline caused a dramatic in-
crease in “%calcium efflux from perifused islets, whether
in the presence or absence of glucose. It 1s concluded that
the insulinotropic action of cAMP could be due to a gluco-
se-independent translocation of calcium within the beta-
cell, from an organelle-bound pool to a cytoplasmic pool of
ionized calcium readily available for transport across the
cell membrane.

Finally, using a duct-ligatlon technique, we were able to
demonstrate a glucagonotropic effect of eplnephrine detec-
table at both low (0.3 mg/ml) and high (3.0 mg/ml) glucose
levels, and observable in the presence of very low concen-

trations of this catecholamine (100 nM).
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»tlon of pieces of rabbit pancreas. The 1nh1b1tory effect of

et al., 1967), and rat (Malaisse et al., 1967a; Kansal et al.,’

1.1 Introduction

2.1 Introduction

Anderson and Long (1948) were the first to report an epi-
nephrlne-lnduced inhibition of the insulin release from per-
fused rat pancreas. From their observations, it was generally'
accepted that the inhibitory effect resulted from the vaso-
constrlctlve property of eplnephrlne. Many years later, Coore
and Randle (1964) reported a direct 1nh1b1tory actlon of ep1—

nephrlne upon glucose—lnduced insulin secretlon upon 1ncuba-

T AREFRIYH TS ANS Y AT L 1o T

eplnephrine on 1nsulin secretlon has . since been extensively

confirmed, using both in vivo.and in v1tro_approaches,'1n a

greet variety of species, including man (Karam et al., 1966;
Porte et al.,'1966a) monkey (Kris et al., 1966; Miller et al.,
1969) , dog (Campbell et al., 1966; Kosaka et al., 1964; Selt-
zer and Crout, 1966), pig (Hertelendy et al., 1966), sheep (

Hertelendy et al., 1969), rabbit (Coore and Randle, 1964; Wong

1967).

2,2 Problem

These observations raised questions about the physiological

significance of an epinephrine-induced 1nh1b1t10n of 1nsu11n

secretion and of its mode of action upon thevbeta—cell Varlous
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experimental and clinical observations already have suégested
a relation between adrenergic mechanisms and the regulation of
insulin secretion. Suffice to mention a) the observed termi- ‘ E
nal fibers of the sympathetic and parasympathetic nervous sys-
tem reaching into the islets of Langerhans and being in close
proximity with alpha- and beta-cells (Sergeyeva, 1946; Creutz-
feldt, 1949; Coupland, 1958; Heinzen, 1960; Esterhuizen, 1968;
Watari, 1968); b) that when compared to other organs, except
for the adrenals, relatively high amounts of extractable cate-
cholamines are found in pancreatic tissue (Falck and Heilman,
1963, 1964; Cegrell et al., 1964; Loubatiéres et al., 1964);

c) the well-documented frequent association of pheochromocy-
toma and glucose intolerance (Molinatti et al., 1964; Wilber

et al., 1966; Colwell, 1969; Porte, 1969; Vance et al., 1969). -

SO ALISUAIAANINM

Because the level of blood and urinary catecholamines is

increased by stress and physical exercise (Gray and Beetham,
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1957; Vendsalu, 1960; Goldfien et al., 1961; Klepping et al.,
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1964; Neal et al., 1968; Weil-Malherbe et al., 1968; DeSchaep-
dryver et al., 1969; Kotchen et al., 1971; Myles et.al., 1971),
these experimental conditions have been utilized to investigate
insulin secretion. Most reports indicate that the leVel‘Qf cir-
culating insulin is either unchanged or decreased in normal
subjects or animals exposed to stressful situations or obliged
to perform a physical work (Cochran et al., 1966; Rasio et al.,
1966; Schalch, 1967; Mason et al., 1968; Nikkila et al., 1968;
Federspil et al., 1969; Schwarz et al., 1969)., But yet the in-

volvement of an adrenergic factor in this phenomenon remains to




be éssessed.

Concerning the mode of action of epinephrine in the beta—
cell it has been suggested that the;inhibitlon in 1nsu11n v
reléase'reéulfsxfrom théléétivation df;élpha—adréhérgitfrér
ceptorsiby epinephrine (Kansal et al., l967; Malaisse et al.,
1967c; Porte, 19673). In favor of this concept, it,ﬁas shown
that epinephrine, a potent activator of these.recéptbrSj( |
Ahlquist, 1948) is a potent ihhibitor whilelnorépiﬁephrine
and isoproterenol, which are muéh weaker activators of alpha
receptors, are also much weaker inhibitors of insulin secre-
tion (Porte et al., 1966b; Malaisse et al., 196733, and that
the inhibition caused'by epinephrine iS'abolished by alpha4 |
adrenerglc blocking agents wh11e it persists in the presence"
of beta- receptor antagonists. The latter observations flrst
éstablishedﬂln vitro (Malaisse et al,, 1966, 1967a) have since
been confirmed.in vivo (Porte;.1967é; Hertelendy et'alm, 1969;
Turtle et al., 1967a). But little is knpwn_concerning the pro—
cess. by which activation of alpha-receptors influences the in-
sulin seéretory rate.

At least three hypotheses have been proposed to'explain the

relation between alpha-adrenergic receptors and insulin release.

A first one, from Turtle and Kipnis (1967b), Suggests-that'the
1nh1b1tory effect of eplnephrlne upon glucose-induced 1nsu11n
secretion might be due to a decreased cellular concentration
in cyclic adenosine monophosphate (cAMP). A second hypothe51s,
from Hellman and his coworkers (1969a), pdstulates that thé

“inhibitory effect of epinephrine is occasioned by changes oc- L
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curing in the glycolytic enzyme sequence "phosphoglyceraldehyde
dehydrogenase -~ phosphoglycerate kinase", leading to a block

in the beta-cell secretory activity. A third and lastvhypothe—
sis, from Milner and Hales (1969, 1970), assumes-thétvepinephri—
ne interferes with the cationic fluxes across the beta-cell
membrane, fluxés which are thought to be essential for secre-

tion to proceed.

2.3 Purpose of the work

~

The aim of the present contribution is to characterize the
inhibitory effect of epinephrine in terms of both its physio-
logical significance and its possible mode of action. In a
first study (chapter 1.2) we have re-examined the influeﬁce
of exercise upon insulin secretion in vivo by investigatihg

its adrenergic nature, combining the performance of a physical .
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task with the administration of an alpha—édrenergic blocking
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agent. The alpha-adrenergic nature of epinephrine—induced in-

VY

hibition of insulin release was then confirmed by in vitro‘
studies (chapter 1.3). Further studies (chapter 1.4). extended
the inhibitory action of epinephrine to a variety of’insﬁlino—
tropic agents. Knowing that the absence of extracellular iQn-
ized calcium also exerts a universal blocking effect comparable
to the one exerted by epinephrine, the interactions 6f epi-
nephrine and cations upon insulin secretory processes were
investigated (chapter 1.5). These studies lead us to postulate
that calcium ions might be of primary importance for the beta-

cell to secrete. In the meantime, Malaisse-Lagae and Malaisse
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(1971a) reported a series of experlmentS”Where'the release

of insulin appeared to be coupled with a necessary'accumulaf
tion of-calcium intc the beta—cell ‘conflrmlng the key—role
of” that alkaline earth cation upon “the secretory processes.
Since those data referred only to the ‘net movements. of the
cation across the beta—cell, an attempt was made to dissoci—
ate”inward from outward calcium movements across the beta-
cell membrane. To achieve this, a technique was devised al-
lowing fcr the measurements of calcium efflu#es from'adeqaa—
tely treated islets of Langerhans (chapter 1.6). The measu-
rement of thcse calcium efflUXes ﬁade possible a better cha-
racterization of the glucose and of tﬁe’epinephrine actions

upon the beta-cell ‘calcium metabolism.

SO ALISHI/IAINM

AMYMHEIITT MTAINA

Hav1ng 1nvest1gated and characterlzed the alpha—adrenerglc

nature of the eplnephrlne —~induced. inhibition upon the release

T D O ANG IWAMTLLIO

of insulln, the next chapter (1.7) was devoted to an analysis

by

of the beta-cellular changes induced by the stimulation of
beta-adrenergic receptors. Since it'isfwell established that

a stimulation of the latter induces an increase'in the intra-
cellular concentration of cyclic adenosine monophosphate, we
shall propose-a site of action for cAMP and itsbprcbable im-
pact upon the beta-cell calcium metaboliSm.'Finally, ah in-
Qursion'on the'ﬁeecond““pancreatic hcrmone was made where -
epinephrine effect upon glucagon sebretioh.was inVeetigated
(chapter 1.8). It is showed that in addition to its inhibi-
tory 1nfluence upon the release of 1nsulm", epinephrlne also

stimulates glucagon release from the pancreatic alpha-cells.
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The physiological significance of such a glucagonotropic

effect of epinephrine is emphasized.
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1.2 Effect of phentolamine admlnlstratlon upon 1nsulln

secretlon durlng physical exercise

2.1 Introductign

The influence of muscular exercise upon insulin sécretion
has been investigated on several occasions. In healthy sub-
Jects, the level of circulating insulin is elther unchanged
or decreased during exercise (Rasio et al., 1966; Cochran et
al., 1966; Schalch, 1967; Nikkila et al., 1968; Schwarz et
al., 1969; Sutton et al., 1969; Giffin, 1970). Insulin releé-
se inhibition in these subjects might be difficult to detecf
since the level of'circulating insulin under basal conditioﬁsb
1s usually at the 1dwer limit of sensitivity of most methods
of plasma-insulin assay (Wright, 1967).4M6reover, exefcise in
human subjects might be associated with a decreased metabolic
clearance of insulin, and this could mask inhibition of insu-
lin release if judged solely by the level of the circulating
hormone (Conard et al., 1969). A decreased concentration of
circulating insulin has also been documented in rats compelled
to swim (Federspil et al., 1969), monkeys exposed to a psy-
chological stress (Mason et al., 1968), and man submitted to
a surgical stress (Majid et al., 1971). Also the amoﬁnt of
insulin secreted during stress and muscular exercise has been
measured in rats injected with guinea-pig anti~insulin serum

(GPAIS); when these animals were forced to swim or were sub-
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mitted to repeated electricallshocks, the amount of'Secréted
insulin was dramatically redﬁced,‘despite the concomittant
hyperglycemia due to the induction of insulin~deficiency'(
Wright et al., 1968). From all these observations the inhibi-
tion of insulin secretion was ascribed to stress- or exercise-
induced endogenous release df catecholamines. |

The rising level of circulating‘and'urinary catecholamines
or catecholamine derivatives observed~during muscular éxefcise
or during stress (Gray and Beetham, 1957; Vendsalu, 1960;
Goldfien et al., 1961; Klepping et al., 196L; Neal et al.,
1968; Weil-Malherbe et al., 1968; DeSchaepdryver et al., 1969;
Kotchen et al., 1971; Myles et alu,‘1971),'poupled with the
in vitro observations of an effectivevinhiﬁitory effect of
epinephrine upon the beta-cell secretory activity (Malaisse
et al., 1967a; Porte, 1967a), provide good indications for
such an in vivo blocking action of'epinephrine upon in§ulin'
release. However; it remains to be demonstrated that the ré—
duction in insulin releasé during physical exercisefindeed
is due to an adrenergic mechanism.

To achiéve such a demonstration, the following experiment
was devised, in which use will be made of phentolémihe, an
alpha-adrenergic antagonist (Meier et al., 1949; Freis et al.,
1951; Gould et al., 1971) which wquld antagonize the effect

of catecholamines upon the beta-~cell secretory activity.

2.2 Materials and methods

3.1 Experimental procedure

Female albino rats (Rega, Heverlee, Belgium) were fed on

RO ALISTATANAINM
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a standard diet (Aliments Protector, Brussels, Belgiumj and

had free access to fqod and water up to the time of use. fhey
were alloted to three groups with comparable mean body weight ' -;
(157 + 3 g for group A; 158 + 2 g for group B; and 157 + 2 g
for group C). At zero time; all animals‘were injectéd’intra-
venously (tail vein) with a same volume (0.6 ml) of‘guinea-
pig anti-insulin serum (GPAIS, lot 513; prepared and;kindly
donated by Dr. P.H. Wright, Indiana University, Indianapolis,‘
Ind.) and a trace amount of !3®!I-labeled human albumin (appro-
ximately 12 uC ; CEA-CEN, Sorin Italy). The amount of GPAIS
injected was able to bind approximately 2.1 units of bovine
insulin. Blood (0.4 to 0.6 ml) was drawn from the severed end

of the tail 1mmed1ately before, and 2 and 50 minutes after

this injection. For at least 30 minutes before and 50 mlnutes

TEDITANY TN TNV AT AL O
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after the single intravenous injection, all the rats were kept

in warm cages with free access to water, and none were handled

L
N eae e e

except at times of bleeding or injection.

J
?:

After the bleeding at the 50th minute, the rats wére sub-
mitted to one of the following treatments. Group A : these
rats were replaced in the warm cages and were not handled ﬁn-
tilbthey were killed at 70 minute. Group B : these rats were
placed in a tank of deep (18 inchés) tepid (31 = 35°C) water,
and forced to swim for a period of 20 minutes. After swimming
for 20 minutes, none of these animals ‘showed any sign of.ex—
haustion. Grdup C : these rats were injected intrapefitoneally
at the 45th minute with phentolamine (0.5 mg ; Regitin, CIBA¥),

* see footnote next page.
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and subsequently submitted to the same treatment as for group
B. The impression was galned that the rats injected with phen-
tolamine were less able to perform exercise. Thus, out of 12
animals in group C, one rat died after 12 minutes of sw1mm1ng;
2 other rats had to be removed from the tank after 7 fo'l3
minutes of exercise, because of obvique signs of dispress.

A last sample of blood was'obtaihed from:the sevefedlneck
when each animal was killed by decapitatlon at the 70th minu-

te after the 1nject10n of GPAIS

3.2 Analytical methods

All samples of blood were collected in heparinized tubes.
The volume and hematocrit of each sample were measured and
the plasma immediately separated. The plasma sugar concentra-
tion was determined by an automated microtechnique baeed on
that described by Hoffman (1937). An aliquot (0.1 ml) of each
sample of plasma was examined for its content in !'3!'I-labeled
albumin, the volume of distribution of albumin being taken as
a measurement of the volume of distribution of the anti-insu-
lin antibodies (Wright et al., 1966b). Thereafter, the same
aliquot was assayed for unneutrallzed anti~insulin antibodies,
using the method of Wright et al., (1966a, 1967). The amount
of '25I_labeled bovine insulin used for this assay was selected
so that the interference of '3!I did not exceed 0.5 per cent

- em ew em em em em e

The commercial preparation of phentolamine also contalned
glucose, so that the rats in group C were injected intraperi-
toneally with 17.5 mg of glucose at the 45th min. This might
explain, in part at least, why the plasma sugar concentration ‘
noticed at the 70th min was sllghtly higher in group C than :
in group B.
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of the actual radioactivity of '?°I. From the volume of dis-

tribution of the labeled albumin and simultaneously measured

concentration of unneutralized antibodies in the plasma, the
total amount of unneéutralized antibodies in each ratvuas de-
termined at each time of bleeding Knowing the total amount of
antibodies injected and taking into account 1osses encountered
at each bleeding, the rate of neutralization of the injected
antibodies between success1ve bleedings was calculated and is
equated here to the rate of endogenous insulin secretion for

that period. This method has been previously described in

greater detail (Wright et al., 1966b). %c:
f >§

43

2.3 Results ba;

3m

3.1 Initial period §<”

| oc

As shown in Table 2-<I, the administration of guinea-pig §“§

' ' ‘ “lig

anti-insulin serum caused a rise in the plasma sugar concen~ Qj*

tration from 125 * 2 to 277 ¢ 7 mg / 100 ml. During the same il
P

period (0 to 50 minutes), the hematocrit fell and the volume
of distribution of labeled albumin rose. Between the 2nd and
the 50th minute, insulin secretion amounted to 252 * 27 mU.

All the values recorded during the initial period were of the
same order of magnitude as those found during the sane period

by Wright and his coworkers (1966b, 1968).

3.2 Experimental period

In the control rats of group A, the plasma sugar concen-

tration continued to rise between the 50th and 70th minute (
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paired difference : + 51 *# 9 mg'/.loo ml).’In thewswimﬁing
rats of group B, no further change in piasma sugar coﬁcen—
trétion occured during the éXperimentallperiod ( paired
difference : — 11 * 16 mg / 100 ml); so that their mean
plasma sugar level at the 70th minute»was significanﬁly ('
P < 0.02) lower than that of the cﬁnéfolhanimals. inﬁmost
of the rats of group c, the_plésma sugar concentratibn rbse_
during the experiméntal period; howevér, their mean plasma
sugar value at the 70th minute was not significantly dif=-
ferent (P > 0.2) from that of either the control (group A).
or swimming (group B) rats.

Differences were also found between the 3 groups of rats
in the behavior of the hematocrit and the distribution of
élbumin during the experimenfal periéd. Swimming breveﬁted
the further fall in hematocrit fouhd in control rats, and
caused a minor decrease in the albumin volume. Prior injec-
tion of phentolamine apparently minimized these hemodynamic
effects of exercise.

The rate of insulin secretion was much lower 1in fhe swim—
ming than in the controljrats (P < 0;001 ). Administfation
of phentolamine restored a normal secretory respopse. Thus,
the mean rate of insulin secretion in group C was not signi-
ficantly different ( P > 0.3.) from that of group A, and much
higher (P < 0.005) than that of group B. Even when a restric-
ted number of animals from group B (N=5) and C (N=6) were
selected in order to match their mean plasma sugar concentra-

tion at the 70th minute (279 % 25 vs 282 + 28 mg / 100 ml),
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the rate of insulin secretion durlng the experimental perlod
remained significantly lower ( P < 0.02 ) in the rats’ of group
B ( 66 £ 15 mU ) than in these of group C ( 199 * 37 mU ).

2.4 Discussion

The present findings confirm that exercise inhibits insulin
secretion, even when the beta-cell is exposed to a sustéined
hyperglycemia (Wright et al., 1968).:The role of endogenoué
catecholamines in this process was examined by combining the
performance of exercise with the administration of an alpha-
adrenergic blocking agent. In human subjects who perforh
exercise during an oral glucose tolerance test, the adminis-
tration of phentolamine does not prevent the insulin level
from decreasing during the imposed physical exercise (Rein-
heimer et al., 1968). However, the significance of these find-

ings 1is obscured by the fact that the observed insulin de-

crease occured concomittantly with a marked fall in the blood

sugar concentration. In the rats injected with GPAIS, phentol-

amine abolished the inhibition of insulin secretion otherwise
induced by exercise.

It is unlikely that the present changes in insulin secretion
induced by exercise and phentolémine are due to concomittant
variations in the plasma sugar cbncentration. First, in the
range of giucose concentration observed between the 50th and

the 70th minute (259 to 347 mg/100 ml), insulin secretion in

vitro occurs at a nearly maximal rate (Malaisse et al., 1967b).

Second, in rats injected with GPAIS and compelled to swim,
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. insulin secretion is markedly depressed even when‘thé'piasma

sugar concentration remains at the same level as that found

in control animals (Wright et al., 1968). Third, in the pre~ . o
sent experiments, a significant difference in the ‘amount of | i
secreted insulin by groups B and C‘was aléo recorded;when
animals from these groups were seledted oh_the basis‘ofia;
comparable degree of hyperglycemia. v

The most 1likely explanation for the pfesent findings is
that phentolamine abolished the exercise-induced inhibition
of insulin release by some direct effect upon the beta-cell.
This interpretation is consistent with the hypothesis that
exercise-induced inhibition of insulin secretion involves the
activation of the beté—cell's alpha-adrenergic receptors by

endogenously released catecholamines (Ashmore, 1970; Robert-
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1.3 The alpha-adrenergic nature of epinephrine-induced

inhibition of insulin secretion

2.1 Introduction

In 1905' Langley introduced the cohcept of s¢me hypotheti-
cal structures or systems located in, on or neat'effector |
cells, ‘to. explaln the act1on of curare on skeletal muscle
Almost half a century later Ahlqu15t (1948) suggested ‘the
existence of two distinct adrenergic respon51ve sites which
he named feepeetively alpha and beta adrenoceptive receptors.
The saﬁe concept was extended to'the-beta-cells when it was

found - that alpha- adrenergic blocklng agents:abolished the

H0O ALISYHIAINN
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1nh1b1tory effect of eplnephrlne upon the 1nsulln release, '
whereas beta- adrenerglc blocklng agents falled to do so.

‘These observations, flrst estab11shed in vitro (Malalsse et

. N M e i

al., 1966, 1967a), have since received 1n-v1v0'conf1rmat10n
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-in man (Porte, 1967a), sheep (Hertelendy'et al., 1969),
rat (Turtle et al., 1967a).

By means of in vitro approach to the pancreas, the next
serles of experlments want to achieve the followings:

1) to conflrm the epinephrine- ~induced 1nh1b1t1on of 1nsu11n_

release,v

2) to ascertain. the alpha- adrenerglc natUre of the receptors

1nvolved

- 3) to evaluate ‘the effect of an exogenous load of cycllc-

~ AMP upon the beta—cell secretory activity;
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4) to verify the hypothesis presented by Turtle and Kipﬁis

previously introduced in the first chapter.

2.2 Materials and methods

3.1 Rats

Female albino rats (150 to 200 g; Rega, Heverlee, Belgium)
were fed on a standard diet (Aliments Protector, Brussels, °
Belgium) and had free access to food and water up to the time'

of use,

3.2 Experimental procedure

Immediately after decapitation of'the rat, the pancreas
was carefully dissected out and placed in a Petri dish contai-
ning cold buffer (0°C).>The glandular portion was dissected
free of obvious lymph nodes and adipose tissue, and then-cut
up into small pieces, each weighiﬁg between 7 and 10 mg. In
all experiments, four such pieces were gently blotted and pla-
ced in small Erlenmeyer flasks (10 ml) containing the incuba-
tion medium (2.0 ml); pieces for each flask were choseﬁ at
random. The flasks were placed in an incubation water bath ( .
Dubnoff type), gassed (95% 62:5% CO,) for the first five mi-
nutes, and incubated at 36°C for a period of 60 or 90 minutes.
After incubation, the pieces of pancreatic tissue were quickly
removed from the flasks and weighed, and the antibody content

of all media were simultaneously examined.

3.3 Incubation media
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The pieces of pancreatic tissue were. incubated in é bi-
carbonate-buffered medium ( Nat, 139; Kf, 5; catt, 2; Mg++,
2; Cl1™, 124, HCO%, 24 mEq. per liter) containing added bovi-
ne serum albumin'(O.S per cent, w/v; Bovine albuﬁin, Fraction
v, Sigma Chemical Co., St.Louis. Mo.), and an excess. of gui-
nea-pig anti-insulin serum (GPAIS, lot 404). To this, és’re—
quired, was added glucose (C6H1206jH20‘; E. Merck A.G., Darm-
stadt, Germany), epinephrine (Adrénaiine gauche; Rhone-Pou-
lenc, Paris, Franée), theophylline (fheophylline-Y;acetic
acid; Fluka A.G., Buchs, Swiltzerland), dibutyryi-cAMP ( n6-
2'O—dibutyryl-adendsin—3',5'-monophosphate, cyclisch; Boeh;
ringer, Mannheim, Germany), ATP (Adenosine-5'-triphosphate;
Sigma Chemical Co.), phentplamine (Regitin; CIBA Pharmaceuti-
cal Co., Summit, N.J.), propanolol (Inderal; Ayerst Labora-
tories Inc., New York, N.Y.), or phenoxybenzamine (Dibenzy;
line; Smith, Kliné & French Laboratories, Philadelphia, Pen-
na). The medium was equilibrated against a mixture of oxygen
(95 per cent) and carbon dioxide (5 per cent). When glucose
was absent or present in high concentrations, iso-osmolarity

was maintained by an appropriate increase or reduction of the

sodium chloride concentration of the incubation medium,

3.4 Immunoassay of incubation medium

To equal volumes (1.0 ml) of incubation medium contain-
ing partially neutralized guinea-pig anti-insulin serum (
GPAIS) was added a constant volume (0.5 ml) of an albuminated

(1% bovine serum albumin), neutral (pH 7.0) phosphate buffer
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(Sorenson, OglnM), conteihihg a fixed ameunt 6f‘1ebe1ed (
1251-insulin§ CEA-CEN, Sorin,.Italy) and unlabeled (Pork—
Beef Insulih,iNOVO‘Co.,‘Copenhagen, Denmark) iﬁsﬁline;’

The resulting solution was incubated at room temperatu—
’re (20 to 25°C) for thirty minutes. Then a continuouely’stir-
redveuspehsion (1;0 ml; 10% w/v) of finely divided cellulose
(MN 30; Macherey, Nagel and Co., Duren, Germany), prepared
in phosphate buffer (0.1 M, pH 7.0) was added eﬁd weil mixed;
A further thirty minutes later, the cellulose4wes-depbsiﬁed
by centrifugation fer‘lo minutes in a elinical centrifuge.
Equal aliquots (O.S'ml) of the resuitihg clear supernatant
Solutionbwere removed frem eaeh tube end'exaﬁined fbr their

radioactive content.
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2.3 Results

sova

3.1 Effects of eplnephrlne and its alpha-adrenergic - g

mediation ' '

" The in vivo insulin inhibition previously observed in
rats compelled to swim was attributed to an endogenous relea—
se of catecholamlnes, since it was prevented by adminlstra—‘
tion of phentolamine (Brisson et al., 1971a).

The first series of experlments, summarlzed in Flgure 3 1,
1nd1cate that eplnephrlne is capable of blocking ‘the in vitro
release of insulin. Moreover, phenoxybenzamlne and not pro-
pranolol was able to antegonize that'epinephrine~induced,in—.

hibition of insulin release. It is also shown that phenoxy-
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Figure 3-1. Effects of glucose and adrenergic agents upon
insulin secretion in vitro. The control output induced by

glucose (1.5 mg/ml) is indicated by the column on the left.

The other columns represent the variations‘in output as
compared to the control output induced by the adrenergic
agents. Mean values * SEM.
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benzamine and propanolol dO»th exert any effect of their

own upon the release of insulin. .

3.2 Combined effects of epinephrine, db-cAMP and
theophylline

The inhibitory effect of epin?phrine_has been attributed
to a decrease in the intraéelluiér level of cAMP (Turtle et
al., 1967b). In o?der to test thisvhypotheéié, the éombined
effects of epinephrine and db;cAMP uﬁbn.insulin secretion
were investigated; | :

The data reported in Table 3-I indicate that db-cAMP,
even at a very high concéntration (1.0 mM) failed to affect
the basal rate of insulin secretion measured in the absence.
of glucose. In the presence of glucose, however, db-cAMP
significantly increased the secretion rate, the enhancing
effect of db-cAMP being most marked at the highest glucose
concentrations. In control experiments, ATP failed to.afféct
insulin secretion whatever the glucose concentration: the»
possible insulinotropic effect of other nucleotides (Levine
et al., 1970; Watkins et al., 1971) was not investigated.
The observed action of db-cAMP probably corresponded to its
maximal effect, since it was not decreased by lowering the
concentration of the nucleotide. ‘

In view of these findings, the combined effect of epi-
nephrine and db-cAMP was investigated in the presence of glu-
cose. As shown in Table 3-II, epinephrine markedly reduced
glucose-induced secretion, whether in the absence or presence

of db-cAMP. The enhancing action of db-cAMP upon glucose-
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Table 3-II. Effects of epinephrine, db-cAMP, theophylline,‘and
phentolamine upon glucose-induced insulin secretion¥

Duration of Other |
incubation Epinephrine drugs Insulin outpu£+
(min) (uM) 1 (mM) | (WU/mg per 66 or 90 min)
Control 60 ——— i 90.5 12.8‘ (26)
60  10.0 o 18.5 + - 7.8" (26) |
T — db~cAMP (0.5) 153.0 + 13.7¢ (26) : E
60  10.0 - db-cAMP (0.5) 45.2 = 7.0% (26) %fé’;
Control 90 ———— 157.9 £ 13.0 (22) g??g
E 90  10.0 35.6 + 6.3 (22) f;;%
5 90 10.0 phentolamine (1.0) 150.4 £ 14,5 (18) i ,
90  —-m- theophylline (1.4)  293.9 * 19.17 (22) 1
90 10.0 theophylline (1.4) 49.3 + 9,27 (22) é
90 10.0 theophylline (1.4) . :
£ 38.77 ( 9)

& phentolamine (1.0) 250.9

¥ Experimental conditions are shown in the left part of the table.

T Mean values (* SEM) for insulin secretion rate induced by glucose
(300 mg per 100 ml) are shown together with the number of obser-
vations (in parentheses) and the significance of difference bet- ‘
ween control (first line) and experimental values. B

-

==

P < 0.001

L3

P < 0.01 | BN
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induced secretion was significahtly ( P < 0.05 ) less marked
in the presence than in theiabsence oflepinephrine ( + 26.7
+ 6.2 ys + 62.5  17.3 uU per milligram per 60 minutes).

Comparable results were obtained when theophylline was
used in order to raise the intracellular concent#ation of
CAMP (Table 3-II). In these experiments, epinephfine abolish-
ed the potentiating effect of theophylline. Thus, the resi-
dual enhancing action df theophyllihe in the presence of epi-
nephrine ( + 13.7 # 10.8 uU per mg per 90 min) did not reach
statistical significance.

In contrast with the failure of db-cAMP or ﬁheophylline
to overcome the epinephrine-induced inhibition of insulin
secretion, phentolamine did restore rates of secretion com-
parable to those found in the absence of epinephrine (Table

3-I1).

2.4 Discussion

3.1 Inhibition of insulin secretion through activation

of alpha-adrenergic receptors

In a preceding chapter (1.2) it was. described that phy-
sical exercise induces a fall in the level of circulating
insulin. It was assumed that the decrease in insulin secre-
tion corresponded to an adrenergic inhibition exerted on the
beta~cell by endogenously released catecholamines since it
was overcome by phentolamine. The present findings bring in
vitro confirmation of the adrenergic nature of the inhibition

previously observed in vivo.
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" Malalsse and hlS coworkeérs (1966 1967a) and Porte (1967a)
had already observed that alpha adrenerglc blocklng agents (but
not beta- adrenerglc blocking. agents) could. prevent the eplne-
phrlne 1nduced 1nh1b1t10n of insulin secretlon provoked by
glucose. - That first series of experlments conflrm.the potent
'inhibitory;effeot’exerted by catecholamines upon'the.beta-cell.
secretory activity and its mediation throughfactivation of‘aipha-

adrenergic receptors.

3.2 Comblned effects of eplnephrlne and db CAMP

Turtle and KlpnlS (1967b) have ascribed the 1nh1b1t10n
of insulln'secretlon by eplnephrlne to a decrease 1n'the cell-.
ular content'of CAMP.- The present data 1nd1cate that ‘even .

in the presence of db cAMP, eplnephrlne exerted a marked

p
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1nh1b1tory_ef£ect upon insulin secretion. _Comparable results

. were obServed;when theophyllinegwas used:inStead of db-cAMP

RPN
o, .

in order to'raise the intracellular<1evei of cAMP.. The con-
~centrations of db-cAMP and of theophylline used in these _
.experiments were sufficient to potentiate markedly‘thevsti-"
mulant action of glucose (Table 3-1II). These resultsAindica-_“
-ted that flooding the beta-cell with exogenous db;cAMp .
didenotbprevent the inhibitory effect of epinephrine. In-
éidentally, db-cAMP also failed to‘eause_sustained”insuiin_"'"'
“secretion in the absence of glucose_(Table.S—I). This.
finding, which.indicates that intracellular accumulation of
cAMP (or db—cAM?) is not sufficient per se to initiate insu-

lin release, confirms previous observations on the role for
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the adenylcyclase system in insulin'secretidn~(Ma1aisse et
al., 1967c). Indeed, none of the agents which are fhought

to increase the cellular level of cAMP (isoprotefenol, glu-

cagon, entérogiucagon, ACTH, TSH,'theophyliine,vcaffeide, and

CAMP itself) are able to cause sustained'insﬁlin release in

the absence of a metabolic substrate; whereas, all of them

" enhané¢e the stimulant action of glucose, mannose, and certain .

amino acids (Malaisse et al., 1967c, 1968a,_1969;'1970a).
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1.4 The ubigquitous inhibitory effect of epinephrine

2.1 Introduction

For many years glucose has generally been considered_as
the main stimulant for insulin secretion. Evidence is now
being gained that there exists a variety of other agents
having insulinotropic properties. |

A few years ago, a phenomenon of hereditary sensiti#ity to
f-leucine was reported (Cochrane et al., 1956); that hyper-
sensitivity to leucine was reflected by a severe hypoglyce-
mia after ingestion of this amino acid or a leucine~rich meal.
More recently, further observétidns have confirmed and empha-
sized the role of amino acids in ﬁhe regulation of insulin
secretion (Cochrane, 1960; Yalow and Berson, 1960; Floyd et
al., 1966a, 1966b; Malaisse et al., 1968a; Hertelendy et al.,
1968; Lambert et al., 1969; Milner, 1969a, 1969b).

Apart from glucose and amino acids, a class of chemical
compounds derived from sulfanilic acid'and exhibiting potent
insulinotropic effects are the hypoglycemic sulfonylureas (
see Mﬂller—l969- for a review). Their widespread clinical use
has promoted extensive researéh in an attempt to elucidate
their mode of action but still, very little is known about
their exact effects upon the beta-cell intimate metabolism
(Loubatiéres, 1969; Brisson and Malaisse, 1971b).

Finally, the analogy reported by Douglas (1968) between
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. the biophysical event° of exc1tatlon—contract10n coupllng in

skeletal muscle and the Qnalogous events of stlmulation—se—'

cretlonvcoupl;ng occuring in endocrlne glands, has prompted

many workers to investigate the invleemeht of’ions in the -

insulin secretory processes. Oar study w1ll here be restrlct—‘

ed to pota551um ions, alteration of Wthh

medlum was reported to affect the release

'se et al., 1971a).

It.thus became interesting to verify if
preferentially its inhibitory effectvupon
insulin release, or if.it also alters the

above-mentionned insulinotropic agents.,

in the 1ncubat10n

of insulin (.Malais—

epinephrine exerts
glucose—stimulated

effects of the

In the preceeding chapter the concept of an adenylcyclase

system was introduced when discussing Turtle and Kipnis_hyﬁo—'"~'

‘thesis. Malaissé and his coworkers' (1967c) have presented a

possible physiological regulation of the insulin secretory

activity through that intracellular pathway. Such modulations

would be brought mainly by glucagon, ACTH,

or TSH. Since. those

contribute to an increase in the intracellular level.of cAMP,

dibutyryl- cAMP and theophylllne, achleving the same 1ntra—

cellular cAMP accumulation, will be included in that analys1s.

Since all the following information was

gathered from

1ncubat10n of pancreatlc tissue and of 1solated_islets of

Langerhans, and since the method for 1ncubat10n'of pancreatlc

fragments has already been presented.ln detail, the'method‘

for isolation of islets of Langerhane will here be described.

5
.g

R T TN )

~a

5 i
1




-29-

2.2 Materials and methods
3.1 Rats | |
Female albino fats (150 to 200 g; Rega, Heverlee,.Belgium)
were fed on a ‘standard dietv(Alimenfs Protector, Brussels,
Belgium) and had free'acce§$ to‘food and water up to the time
éf use, |

3.2 Experimental procedure

When pancreatic fragments were used, the procedure des-‘
cribed in the preceeding chapter was followed. When islets
of Langerhans were required, the method described by'Lady and
Kostianovsky (1967) was apblied with minor modifications.
Briefly, rats were killed by deéapitation and, through a can-
nula inserted in thé bile duct, previously clamped at its
distal end, 8.0 to 10.0 ml of Hanks solution (1949) were
forced to upstream the pancreatic ducts since the pancreas
drains directly into the common bile duct (Keen et al., 1965)
provoking an interstitial edema. The pancreas is then dissect-
ed out, placed in a Petri dish containing Hanks solution where
it is freed from obvious lymph nodes‘and adipose tissue. Cut
into small pieces with scissors, it is transferred into a

Test tube to which an appropriate amount of collagenase (

Worthington Biochemical. Corporation, Freehold, N.J.) is incor-

porated. The suspension is immediately‘and vigourously shéken
in a water bath (37°C) foq 6 to 8 minutes. After that diges-
tion period, the islets are washed by successive sedimenta-
tions using a clinical,centrifuge. The exocrine tissue-free

sediment is then ready for the transfer of islets into the
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incubation medium using a binocular dissecting microscope.

3.3 " Incubation media

The 1slets of Langerhans were lncubated in groups of eight
islets each in small flasks (2.0 ml) containing equal volu-
mes (1.0 ml) of a bicarbonate-buffered medium (Na+,:139;'K+,
53 Ca++, 23 Mg++, 2; C1™, 124; HCOZ, 24 mEq. per liter). The
incubation medium also contained bovine serum albumin (500
mg%, w/v; Bovine albumin, Fraction V, Sigma Chem.Co.) ahd,
as required, leucine (L-leucine; E. Merck A.G., Darmstadt,
Germany), BS-4231 ( Glisoxepide ; 4-{ U4~ [ B=( 5-methyl -
isoxazole - 3 -~ carboxamido ) -ethyl ] - benzolsulfonyl }- 1,
l-hexamethylene - semicarbazide; Bayer-Schering, Germany),
db-cAMP, theophylline, and epinephrine. When the potassium
ion concentration was increased, an appropriate amount of
sodium ions was removed to maintain a physlological osmotic

pressure 1in the incubatlon medium.

2.4 Immunoassay of incubation medium

To equal volumes (0.5 ml) of incubation medium, guinea-
pig anti-insulin serum was added. The solution is then shaken
and incubated at 37°C for a thirty minute equilibration period.
The aﬁtibody—insulin solution is then cooled down to room
temperature and a constant volume (0.5 ml) of an albuminated
(1% bovine serum albumin), neutral (ph 7.0) phosphate buffer
(Sorenson, 0.1 M), containing a fixed amount of labeled and
unlabeled insulin was incofporated.

The resulting solution was incgbated at room temperature
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(20 to 25°C) for thirty minutes. Then, a continuously stir-
red suspension (1.0 ml; 10% w/v) of finely divided cellulose
(MN 30; Macherey, Nagel & Co., Duren, Germ.) prepared in
phosphate buffer (0.1 M, pH 7.0) was added and well mixed. A
further thirty minutes later, the cellulose was sedimented by
centrifugation for 10 minutes in a clinical centrifuge. Equal
aliquots (0.5 ml) of the resulting cleaf supernatant solu-
tion were removed from each tube and examined for theiriradio—

active content.

2.3 Results

The data reported here summarize our studies of epinephrine-
induced inhibition of insulin release when stimulated by dif—
ferent insulinotropic agents. |

It is shown that:

a) 1in the absence of glucose, epinephrine abolishes the sti-
mﬁlant effect of leucine upon the insulin release by iso-
lated islets of Langerhans (Fig. 4-1);

b) at an intermediate (1.0 mg/ml) and at a high (3.0 mg/

ml) glucose concentration, epinephrine suppresses the
enhancing effect of a potent sulfonylurea, BS-4231, when
studied on fragments of pancreatic tissue (Fig. U4-2;
Fig. 4-3);

c¢) when, on fragments of pancreas, insulin release was
stimulated by increased concentrations of potassium ions,
epinephrine markedly reduced the insulin output in both
the absence (Fig. 4-4) and the presénce (Fig. 4-5) of

glucose.
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a) '1n ‘the presence of a hlgh glucosc level, the enhancing

éffect of dlbutyryl cAMP when observed on fragments of

pancreas (Flg Yo 6) or on 1solated 1slets of Langerhans
(Fig. 4-7), and the’ potentlatlng actlon of theophylllne‘
measured with pancreatic fragments (Fig. H 8), are abo-

.‘llshed by the addition of eplnephrlne into. tha incu-

bation medium.

2. h Dlscuss1on

We have in the precedlng chapters presented the role of

the blood glucose level upon the 1nsular functlon and the

]

IS

vantagonlzlng effect of catecholamlnes upon its secretory ac— 12
: S e
t1v1ty The just reported experiments were performed to 1n~ ,gg
: o g
Vestigate whether epinephrine: was exerting a preferentlal j<A
roc

""1}
1nh1b1t10n upon glucose-lnduced 1nsu11n release or if that 7&3%
. 3%x
;-

1nh1b1t10n could be extended to a variety of,agents,known.,

to promote the insulin secretion rate.. ' . B ' a7

3 l Epinephrine- 1nduced 1nh1b1t10n of leu01ne—1ndnced

insulin release

The amino. acid-induced increase in the blood lnsulin le—-

vel has been repeatedly descrlbed (Grumbach and Kaplan, 1960;

‘Mabry et al., 1960; Yalow and Berson, 19603 Marks and Kleln,

1961; Weisenfeld and Goldner, 1961; Samols and Marks, 1963, I

' Floyd et al. , 1964; Fajans et al.. 1967; Hellman et al., 1971).

The blood amino acid level has been postulated to play an

1mportant role in the regulatlon of 1nsu11n secretion (Cochrane,' -”g_
1960; Floyd et al., 1966b). It now appears that the physio-
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Figure 4-1. Effects of epinephrine upon leucine-induced
insulin secretion by isolated islets of Langerhans. Each
column represents the mean ( * SEM ) for 10 individual

observations.
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Figure 4-2. Effects of epinephrine upon insulin secretion
induced by a moderate glucose concentration in the absence
or the presence of BS-4231. Each column represents the mean
value ( * SEM ) for 13 individual observations.
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Figure 4-3., 'Effects of epinephrine upon insulin secretion
induced by a high glucose concentration in the presence or
the absence of BS-4231. Each column represents the mean
value ( # SEM ) for the stated number of observations.
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Figure 4-4, Effects of epinephrine upon insulin secretion
when the potassium ion concentration is increased from 5
to 20 mEq. per liter in the absence of glucose. Each column
represents the mean value ( * SEM ) for 13 observations.
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Figure U4-5. 1Insulin secretion in media of increasing
potassium ion concentration with ( open circles) and
without ( closed circles ) epinephrine ( 10 uM ). Each
point represents the mean value ( * SEM ) f?r 13 ob-
servations. All experiments were performed in presence
of glucose ( 3.0 mg/ml ).
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Figure 4-6. Effects of epinephrine upon glucose- and
db-cAMP- induced insulin secretion. Each column repre-
sents the mean value ( * SEM ) for 26 observatilons.
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Figure 4-8. Effects of epinephrine upon glucose- and
theophylline-induced insulin secretion. Each column
represents the mean value ( # SEM ) for 22 observations.
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logical implications of amino acid induction of insulin re-
lease are of greater importance in premature infant (Grasso
et al., 1968) and in lower animals‘(Cahill, 1965). Even in

obese subjects, where the plasmatic level of certain amino

acids is increased, it has been postulated that hyperamino-
acidemia coula provide the feedback signal to the beta-cell
through which insulin resistance in obesity is accompanied

by an appropriately augmented secrétory response ( Felig et
al., 1969). ‘

When, in vitro, epinephrine action is investigated upon
leucine-stimulated insulin release fro@ islets of Langerhans,
a complete blockade of the release is observed ( Fig. 4-1 ),
suggesting that any stressful situations encountered by the :
organism and provoking an increased streaming of catechol-
amines will probably suppress the effecﬁ of circulating amino

acids upon the insular secretory activity.

3.2 Epinephrine-induced inhibition of sulfonylurea-

induced insulin release

A few years ago, it was shown that sulfonylureas act with-
in the cell as uncoupling agents of the oxidative phosphory-
lation (Pentilla, 1966; DeBeer et al., 1967). Such effect
would upset the cellular "phosphate potential and increase
glycogenolysis and glycolysis in the béta—cell (Hellman,1970).

We have recently demonstrated that the action of a new
potent sulfonylurea, BS-4231, was compatible with that hypo-
thesis, and that the different responses of glgcose and of

BS-U4231 to mannoheptulose and diazoxide inhibitions did not
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rule out a common catabolic pathway for both insulinotropic
agents (Brisson et al., 1971a).’ -

Figures U4-2 and 4-3 show that epinephrine affects in a
similar manner the insulinotropic effect of BS—4é31 and of
glucose whether the latter is present in high (Fig. 4-3) or

moderate (Fig. 4-2) concentrations. .

3.3 Epinephrine-induced inhibition of enhanced insulin

release by potassium additions

The role of potassium in physiological procesées has
been known for many years (Fenn, 1940). More recently, the
number of hormones shown tovbé released by high potassium
concentrations in the extracellular fluid has steadily in-
creased: vasopressin (Douglas and Poisner, 1964), thyrotro-
phin and adrenocorticotrophic hormone (Vale and Guillemin,
1967), luteinizing hormone (Samli and Geschwind, 1968),
follicle-stimulating hormone (Jutisz and Paloﬁa de la Llosa,
1970), and growth hormone (MacLeod and Fontham, 1970). Ele-
vated potassium concentrations have also been shown to stimu-
late the release of insulin from both perfused (Grodsky and
Bennett, 1966) and cultured (Lambert et al.,.1969) rat pan-
creas, and from rabbit (Hales and Milner; 1968a) and rat(
Malaisse et al., 1971a) pancreas in vitro. Excess potassium
ions also were found to stimulate amylase secretion from both
exocrine pancreas (Argent et al., 1971) and parotid gland
(Bdolah et al., 1964), |

The marked depletion of total body potassiqm known to

occur in severe diabetes (Telfer, 1966) where secretion of
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1nsu11n 1is 1mpa1red or in temporary d1abet1c state produced
1by the th1a21de dluretlcs (Rapoport and Hurd 1964) could be
attrlbuted to a dlrect effect of potass1um on' pancreatlc in- -

sulln release. The recent observatlon of 1mpa1red 1nsu11n Te~

‘.lease after glucose in subJects W1th hypokalem1a in man and

the 1mprovement of the 1nsu11n release mechanlsm after potas-
.51um therapy (Conn 1965) 1s‘con51$tent with our obseryat1ons_
that potassium jon can also actbindependently of glucose: to
promote insulin release. In all cases, whether glucose is |
present (Fig..4-5) or not{(Flé. 4-4), the addition of eplne-
-phrlne to the media markedly reduced the enhanc1ng effects of

the added alkali metal 1ons.upon the release of insulin.

3.4 Ep1nephr1ne ~induced 1nh1b1t1on of db- cAMP— and of

- theophylllne induced insulin. release

- The 1nh1b;tory effect of epinephrine has been attribntedlnd
to a decrease in the intracellular level of cAMP (Turtle et
al., 1967b). ltris here shown that even when the incubation
| "medium is supplemented with db-cAMP (Fig. 4-6 and Fig. 4-7),
or when the accumulation of endogenous CAMP is_favored by a
blocking of the phosphodiesterase'enzyme activity by theo%.
phylline (Fig. 4-8); epinephrine abolishes the.stimulant ac-
tion upon:the release of insulin whether pieces of'pancreas

or isolated islets of Langerhans are'utllized.

2.5 Conclusion

The present data clearly demonstrate that epinephrine abo--
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llshes the stimulatory actlon of all 1nsu11notropic agents.
Because the prlmary s1te of actlon of these various 1nsu11—-
notropic agents is thought to be vastly dlfferent from
each other, the ublqultous 1nh1b1tory effect of eplnephrlne."
suggests that this agent acts upon a late step in the se-
quence of events leadlng to insulin release. It is assumed,
that this late event is common to all 1nsu11notroplc factors
For instance, it could correspond to an alteration of. the
cationic fluxes across the beta-cell membrane which are
thought to trigger the emiocytosis of the secretory granules.
This hypothesis is considered ih greater details-in the

following chapter.
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1.5 -Epinephrine and cations upon insulin Secretion'

2.1 Introductlon

From a study on incubated pieces of rabblt pancreas, Miiner
and Hales (1967&) and Hales and Mllner‘(1968a) have conclu-
ded that Na© is a prerequisite for the stimulation of,insulin
'secretion, and.that depolarization and/or influx of Na* across
the_beta—cell membrane might lead to insulin‘seoretion. There—v
after, the Saﬁe authors suggested that entry of Na+ in the
beta-cell-might be associated withAan increase in the intra-

cellular'conoentration of Ca++

which in turn might oause_inf
‘sulln release .(Hales et al., 1968b Milner et al 1970) |

| In the llght of these observatlons, thls chapter w111 exa—
mine the relative importance of the,catlons involved in ;nsu-‘

1in reiease and evaluate their respective influence on the

secretory apparatus.

2.2 Materlals and methods

The methods used to measure insulin secretlon in v1tro from
elther pleces of pancreatic tissue or 1solated islets of Lan-
- gerhans have been described in previous chapters. Rates of

lsecretlon 1nduced by glucose (2 0 'or 3.0 mg/ml except if
" otherwise stated) under a variety of experlmental condltlons
were compared to ‘those found within the same experlment in a -
medium of "normal" ionic comp031t10n (i.e., Na+, 139,AK 555 -

s

Ca++, 2; mgtt, 2; c17, 12U; and HCOJ, ‘24 mEq. per liter; pH

7.4 ).
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In those experiments designed to study the effects of Né*
upon insulin secretion, NaCl was replaced by équimolar amounts
of KC1, LiCl, or choline chloride. For complete replacement
of Nat by choline, both NaCl and NaHCO3 were replaced by equi-
molar amounts of the corresponding choline salt. For partial
replacement of Nat by tris-(hydroxymethyl) aminomethane (Tris),
NaCl was replaced by an equimolar amount of Tris dissolved
in water (Trisaminql; Roger Bellon, Neuilly, France). The pH
of the latter soluéion was adjuSted at 7.4 by addition of HC1l
(ca. 0.85 mole of HCl per mole of Tris), so that the final
pH, osmolarity, and Cl™ content of the incubation medium were
little or not affected under this experimental condition.

In another series of experiments performed with isolated
islets of Langerhans (8 islets / 1.0 ml), the replacement of
NaHCO3 (24 mM) by an equimolar amount of KHCO3, and that of
NaCl (115 mM) and KC1l (5 mM) by an equimolar amount of sucrose
(240 mM) enabled to prepare a Nat- free medium (Table 5-I).
For purpoce of comparison, the control medium contained the
same high concentration of x* (24 mEq. per liter; obtained
by partial replacement of NaCl by KC1l). In these experiments,
isolated islets were used instead of pieces of pancreatic
tissue, for the latter underwent obvious alterations and re-
leased proteolytic factors interfering with the insulin assay,
when incubated in the sodium-free medium. When the incubation
medium contained high concentrations of Ca++, the mixﬁure of
labeled and unlabeled insulins and the cellulose suspension
used during the assay procedure were prepared in a borate buf-

fer instead of the usual phosphate buffer, in order to avoid
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precipitation.
Also added to the media, as réquired, were_acetazolamide (
Diamox; Lederle, Brussels, Belgium), ouabain (Ouabafne Ar-

naud; Nativelle, France), and epinephrine.

2.3 Results

3.1 Effects of sodium

When sodium was replaced by K, a biphaéic pattern was
observed (Fig. 5-1). At decreasing Nat concentrations ffom
139 to 124 mEq. per liter and increasing K+ coﬁdentratiéns
from 5 to 20 mEq. per liter, a progressiﬁe enhéncément of
glucose-induced secretion occured, with a péak rate averaging
twice the control value. At lower Nat and higher xt concen-
trations, a progressive reduction of glucose-induced secre-
tion was observed. The lowest rate of secretion (at Na* 24
and Kt 120 mEq. per liter) averaged 25 per cent of the con-
trol value. | '

When Nat was replaéed by Li+, only the progressive reduc-
tion in the rate of insulin secretion>was noticed (Fig. 5-1).
A significant inhibition of glucose-induced secretion occured
when as little as 15 mEq. per liter of Nat were replaced by
Lit. Replacement of Nat by Tris also caused a progfessive
inhibition of the stimulant action of glucose (Fig. 5-1). The
lowest rate of secretion observed on replacement of Na+ by
either LiT or Tris were comparable to those found at high xt
concentration.

By contrast, when Nat was replaced by choline, a progres-

sive increase in the rate of secretion occured (Fig. 5-1).
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Figure 5-1. Mean values ( * SEM ) for insulin secretion
rate induced by glucose (300 mg/100 ml; 90 min incuba-
tion) in pieces of pancreas are shown as percent of the
control value (open circle) found in the same experiment,
in a medium of normal composition (Nat 139, and K% 5 mEq.
per liter; no Li%, Tris, or choline). The number of indi-
vidual observations (n) is indicated in each case.
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Evendwhen Na+'was completely replaced by choline, the rate
of 1nsu11n secretion induced by gluco e remalned signlflcan— N
tly hlgher than that observed in the control medlum

In medla of-"normal" ionv comp051tlon (1‘e., 'af 139
and K* 5 mEqr,per liter), the mean rate of 1nsu11n secretion
by isolated islets of Langerhans increases from 30 £ 8 fo-
289 = 6 uU/ islet per 90 min, as the glucose concentratlon of -
the 1ncubatlon medlum is ralsed Prom 0.3 to 3.0 mg/ml (Malals—
se et al., 1968b) ‘When Na't was partlally replaced by K+ ¢
i.e., Na+ 120, and Kt 24 mEq per llter), a much higher rate
of glucose—induced secretlon was recorded (478 + 11 uU / islet"
per 90 min; Table 5—1); At the same:nigh K+vconcentration (
24 mEq.‘per'liter), the omission?of Nat caused'a dramatic
‘decrease in the secretion rate (Table 5—lf;3However;dsucﬁllow"..
insulin'output (77 + 6 uU / islet'per 90 min)5still'represen—,‘
ted more than tWice the basal rate of insulin releasefoBSer-“
ved at identical ionic concentrations;'in the absence of glu—

cose (32 * U4 uU / islet per 90 .min).

. 3.2 Effect of ouabaln

The effect of ouabaln on insulin secretlon was. studled
because this. glyc051de had been shown to 1nh1b1t spe01flcally
a sodlum pump in a w1de varlety of cells (Schatzmann,-l953,_
Skou 1965) The effect of ouabaln (20 to 50 uM) upon insu-
lin secretlon was tested over a wide range of glucose con-—
centratlons (0 to 3.0 mg/ml Table 5~ II) Ouabaln had no

effect except at glucose concentratlons larger than 100 mg/
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Table 5-1.
Insulin secretion in a Nat-free medium
Nat Kt c1~ Sucrose Glucose Insulin output
(mEq./1) (mEq./1) (mEq./1) (mM) (mM) (uU/islet/90min)
120 2l 124 - 16.7 478 * 11 (18)
- 24 4 240.0 16.7 77 + 6 (18)
4 (18)

- - 24 4 256.7 - 32

R

The mean insulin output (* SEM) by isolated islets of
Langerhans (8 islets / 1.0 ml of incubation medium) is quo-
ted together with the number of individual observations (in
parenthesis). Also shown are the Nat, K*, C1~, sucrose and
glucose concentrations of the incubation media. All media
were "normal" in other respects (i.e., Catt, 2; Mgtt, 2;
HCO§, 24 mEq. per liter; pH 7.4; 310.7 mOsmole per liter).
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Table 5-I1I.

Effect of ouabain upon insulin secretion !

Glucose Control output ‘Effect of ouabain (+ uU/mg/60 min)
(mg/100 ml) (uU/mg per 60 min) 20 uM‘ 50 uM
6.5+ 1.4 (22) + 1.1 % 2.5 (9) + 2.1 % 4.5 (13)
100 6.9 £ 3.8 (13) 4+ 10.5 = 5.3 (13)
150 29.2 % 3.2 (34) + 5.1 + 2.5 (18) + 16.0 = 4.1%(16)
300 47.9 = 3.7 (34 + 4.2 % 7.2 (18) + 12.1 * 8.5 (16)

The mean secretion rate ( * SEM ) by pieces of pancreatic
tissue incubated in media contailning glucose alone (contro}
output) is quoted together with the mean changes in secretion
rate induced by ouabain and their statistical significance (
¥ = P < 0.01 ). The number of observations is shown in paren-
thesis. ,

‘0 ALISHIAINA .
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100 ml. -

3.3 Effects of alkaline earth cations

Om1381on of Ca f from the incubatlon medlum markedly re-.

~duced the rate of»insulin release evoked by glucose. As little
as 0.5 mEq. per litervof Ca+f was'sufficient to ensure a nor-
mal rate of insulin secretion. At hlgtha++'concentrations;v.'
_ the rate of insulin releaSe was the same as that observed'in
the control'medium (Fig. 5-24) .

Oomission of Mg't did not.signifioantly modified.the'stif3
mulant action‘ofvglucose upon insulin secretion. A progress—.
ive 1nh1b1t10n of glucose 1nduced 1nsu11n secretlon was ob-
served when the’ Mg++ concentratlon was ralsed up to 20 mEq.
per liter (Flg 5 2B),_these experlments were carrled out in
the presence of a normal Ca +'concentrat10n When a- subnor-
mal Ca++ éoncentratlon was used the 1nh1bit10n of - 1nsu11n”
secretion induced by raising the Mg++.concentrat10n from 2.0
to 12.0 mEq. per liter was ‘twice. that ‘observed in the presen-
ce of a normal Ca++ concentration (U48 per cent inh1b1t1on at
catt = 0.4 mEq. per liter vs 23 per cent inhibition at Ca
= 2.0 mEq. per liter). These findings suggest that catt ana

+ mlght act competltlvely upon 1nsu11n secretlon.

g
However, as shown in FJg 5-2C, the 1nh1b1tlon of glucose-'
induced insulin secretion observed at high Mg© concentratlon.
was not overcome in the presence of increasing Ca + concen—
trations. Since both Mg ‘7and cat? salts were added.tolan

otherwise normally composed medium, these experiments were

qg!g
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Figure 5-2. Mean values ( = SEM ) for insulin secretion
rate induced b¥ glucose (300 m§/100 ml; 90 min incubation)
at various Cat™, , and Batt levels (closed circles

and crosses) are shown as percent of the control value (
open circle) found in the same experiment in a medium of
normal composition (Catt 2, and Mg*t 2 mEq. per liter; no
Bat*). Each value represents the mean of 14 or more indivi-
dual observations.

|
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carried out inlhyperosmolar medium.’.b
'The normal medium contains no Ba**. Addition of Ba** did
not Significantly modify the stimulant.actiOn of gludose'(
Fig; 5-2D). The reduced rates of insulin secréfion bbserved‘
either in the absence of Cat*, or inbthe.preSence of excess

++

Mg were both restored to noérmal when Batt was also added

to the incubation medium (Fig. 5-2E; Fig. 5-2F).

3.4 Combined effects of sodium and alkaline earth cations

The data reported in Table 5-III deal with the possible
interaétion of Nat and alkaline earth catlons They ihdica—
te, firstly, that the addltion of Ba++ (4 to 8 mEq. per 1li-
ter) to the 1ncubat10n’med1um falled to 51gn1flcantly_enhan-
ce the low rates of secretion observéd when Na+ was partial-
ly replaced by either Kt, Li*, or Tris (Table 5-III, expt 1
to M) - : ‘ " :

Secondly, when Nat was parﬁialiy'ﬁgplacedAby either Lif
or Tris; an increase in the Mg't content of. the mediﬁm up to
8 mEq per liter failed to significantly affect the rate of
insulin secretlon {Table 5-III, expt 5 and 6); whereas, iﬁ_ B
the same experiments, fhe same Mg++ concentration (8_mEq5. 

-+

per liter) sllghtly but s1gn1ficant1y reduced ( —25 6 + 10.6
P < G.02 ) the rate of . insu-

Fa)

wU. / mg per 90 min; d.i. = 50;

1in secretion induced by glucose in media contalnlng Na in

a normal concentratlon (i.e., 139 mEq. per liter).

Thlrdly, a reductlon in the Ca ++ content of the medlum

from 2.0 to 0.5 mEq. per llter, a condltlon which - in the pre—

sent system is known not to modify 1nsu11n secretlon at a.
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normal Na‘t concentration (Fig. 542A); also failed to reduce
secretion when Na‘t was partially replaced by Lit (Table 5-

III, expts 7 and 8). Only by omitting Ca*t from the medium

could such secretion rate be further decreased (Table 5-IIT,

expt. 9). Omission of catt also markedly reduced the high
rate of secretion observed in media in which Na+ was partial- ' ;i?

ly replaced by choline or K (Table 5-III, expts 10 and 11).

3.5 Effect of pH | S
The stimulant effect of glucose upon insulin secretion

was reduced at low pH and increased at high pH (Table 5-IV,

expt. 1). These changes in insulin output are thought to re-

sult from changes in pH rather than from the corresponding

-

changes in the bilcarbonate concentration of the media. Thus,

0 ALISYIAINA

TR

at a pH of 7.4, glucose (1.5 mg/ml) induced the same rate of
insulin secretion in a 18 mM phosphate buffer (38.2 * 3.9 B §
uU / mg per 90 min, n=18) as in the usual bicarbonate-buf- j

fered medium (35.9 * 3.7 uwU / mg per 90 min, n=18). Moreover, -

the rate of insulin secretion (103.8 *# 6.1 wU / mg per 90 min,
n=34) induced by glﬁcose (3.0 mg / ml) was not significantly
affected (87.3 * 6.6 wU / mg per 90 min, n=34) iﬁ the presen-
ce of a very high concentration (20 mM) of acetazolamide, sug-
gesting that the beta-cell, like other endocrine glands (Maren,
1967) is devoid of carbonic anhydrase.

The addition of Batt (4 to 8 mEq. per liter) to the incu-
bation medium did not affect the low rate of insulin secretion

induced by glucose in acidic media (Table 5-IV, expt. 2). By
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Table 5-1IV.
Effect of pH upon insulin secretion

Expt pH catt Mgtt Batt Insulin output

N° mEq/1 mEq/1 mEq/1l (uU/mg/90 min)

1 6.3 2 2 - 2u.4 £ 2.9 (14)
6.9 2 2 - T4.8 £ 3.5 (14)
7.4 2 2 - 95.4 £ 5.4 (14)
8.0 2 2 - 103.1 * 6.9 (14)

2 6.1 2 -2 N 29.9 = 3.4 (32)
6.1 2 2 y 29.4 + 4.3 (16)
6.1 2 2 8 27.1 £ 5.4 . (16)

3 7.9 2 2 - 96.6 * 6.1 (32)
7.9 - 2 - 50.5 * 4.9 (32)

Mean insulin secretion rates ( * SEM ) by incubated
pleces of pancreatic tissue are quoted together with the
number of observations (in parenthesis). Experimental con-
ditions are shown in the left part of the table. All media
contained glucose in a concentration of 200 mg/100 ml.
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Table 5-V.

Effects of epinephrine, Ca++, and Ba++ upon glucose-

induced insulin secretion.

i

Epinephrine catt Ba++ Insulin output
(uM) (mEq/1) (mEq/1) (uU/mg per 90 min)
Control —-—- 2 - 106.5 = 6.1 (28)
2.0 2 - by 7 + 5,19 (28)
2.0 10 - 55.6 + 3.59 (28).
Control —-- 2 - 90.1 * 6.7 (18)
12.5 2 - 28.0 + 2.89 (18)
12.5 2 it 26.6 = 4,69 (18)

Mean values ( = SEM ) for insulin secretion rate
induced by glucose ( 300 mg per 100 ml ) are shown
together with the number of observations (in parenthe-
ses) and the significance of differences between con- |
trol (first 1line) and experimental values ( § = P < 0.001).
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contrast, the omission of ca*t caused a significant inhibition

(P < 0.001) of the much higher rate of,secretidn induced by

glucose in alkalotic media (Table 5-1V, éxpt. 3).

3.6 Combined effects of epinephrine and alkaline earth

cations
The data in Table 5-V indicate that neither a high Ca‘tt
concentration, nor the addition of Batt were able to modify the

inhibitory effect of epinephrine upon glucose-~induced secretion. §

2.4 Discussion

3.1 Sodium influx and insulin secretion -

The existence of a Na‘t pump in the beta-cell is_suggested

by its membrane potential (Malaisse, unpublished observations;
Dean et al., 1968). It has been postulated that depolarization

of the beta-cell and Nat influx might lead to insulin.secre—_ ' f

OF
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tion (Milner et al., 1967a; Hales et al., 1968b).’0ur-pre$ent
data also point to a role for Nat in the regulation Qf insu-
lin release.

Firstly, glucose-induced secretion was inbreased at high
Xt concentrations (10 to 34 mEq per liter; Fig. 5-1). A stimu-
lant effect of high Kt concentrations upon insulin secretion
has also been observed in the perfused rat pancreas (Grodsky
et al., 1966), and in incubated pieces of rabbit pancreas (
Hales et al., 1968b) or the foetal rat (Lambert et al., 1969).
As suggested by Baker (1968) k1 could increase the Na+ efflux
from the ouabain-insensitive, calcium-dependent sodium pump and
so favor influx of calcium. More likely, it seems that the in-

creased secretion induced by high Kt could here correspond to
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cell depolarization and concomittant entry of Né+’in the beta-
cell. Indeed, the abnormally high réte of secretioﬁ observed .
under this experimental condition dramatically fell when Na¥
was omitted from the incubation medium (Table 5-I). Hales et
al., (1968a) also reported that pieces of pancreas which had
been incubated in a Nat-free medium for three successive pe-
riods and from which all extracellular Na' had presumably been
removed could no longer be stimuléted by K+. Mdre support can
also be obtained frém Douglas et al. (1967) who reported ﬁhat
excess KT in the extracellular medium does in fact debolarize
the chromaffin cells. ‘ | v

Secondly, when Nat was partially replaced by gither K+, Lit
or Tris, the stimulant effect 6f glucose was deqreased.“Varif
able amounts of Na%t had to be replaced to provoke inhibition
of secretion (Fig. 5-1). When Nat was replaced by K*, more than
half of the usual amount of Na‘ had to be substituted. Smaller
amounts of Tris were required. This may seem surprising since
Tris has been reported to promote insulin secretion (Zaharko,
1969). However, recent observations suggest that such stimulant
effect of Tris might result from its alkalinizing property (
Broeckaert, 1970). When Nat was replaced by Li+, a substitution
of 15 mEq was sufficient to cause inhibition of glucose-induced
secretion. Hales et al. (1968b) also found that the inhibition
of insulin secretion due to Nat replacement by Lit was irrever-
sible, probably because Li* is slowly pumped out of the cell (
Maizels, 1954; Keynes et al., 1959).

Lastly, ouabain increased insulin output (Table5-II).

Stimulation of insulin secretion by ouabain has been previous-
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ly observed both in vivo (Triner et al., 1968), and in vitro

(Milner et al., 1967a; Lambert et al., 1969). The Concentra;_
tion of ouabain found to be effective in the present system
is comparable to that used by Milner and.Hales"in their ex-
periments with rabbit pancreatié tissue (1967a). In view of
the low concentration used, the stimulant action of ouabain
is likely to be due to its effect on Na+ and k' active traﬁs-
port, rather than to any effect of the sugar moiety of the
glycoside. Since the beta-cell is thought to be freely per-
meable to glucose (Malaisse et al., 1968c), the effect of
ouabain is also unlikely to result from an increase in the
membrane transport of glucose, as it occurs in cardiac or
skeletal muscle (Bihler, 1968). That ouabaln indeed inhibits
the beta-cell sodium pump is demonstrated by the data of |
Howell and Taylor (1968) who found that ouabain inhibits “2K%
uptake by isolated islets. To test the postulate that ouabain
stimulates insulin secretion by inhibiting.a sodium pump,
Hales and Milner (1968a) omitted potassium from incubation
media. They knew that active pumping of sodlum across the red
cell membrane is inhibited by the absence of extracellular K*
(Dunham et al., 1961; Whittam, 1962). They found that insu-
lin secretion was stimulated by incubation in a potassium-
free medium but the stimulation was not as great as that cau-
sed by ouabain. They assumed 1t was due to partial pump inhi-
bition caused by the presence of a low concentration of x*
still remaining in the incubation media. Also, the fallure of
omission of potassium to augment the stimulation caused by
ouabain suggested to them that both stimuli acted through a

common mechanism. The optimal action of ouabain upon insulin

SN LEICMTANA
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secretiOn in the’present system Was observed at a.glucose
concentration of'l 5 mg/ml, thus at a level whereISmall in-
orements in glucose concentration cause marked 1ncreases in
insulin output (Malaisse et al. : , 1967b).:

Malaisse and his colleagues(1967a, 1971d) have shown that
1nsulln secretion was stimulated from rat pancreas 1ncubated
in vitro by chollnergic drugs, and that thls stimulation was
blocked by atropine. Hales and Milner (l968a) demonstrated
that the pos31b111ty for some ohanges 1n insulin secretion to
be medlated by ionic fluxes in the autonomlc nervous system
appeared to be excluded by the fact that K and ouabain re-
mained effectlve stimuli in the presence of atroplne |

All these flndlngs suggest that the Na flux across ‘the

membrane of the beta—ccll might be a rate limltlng factor of

the stinmulant actlon of glucose upon 1nsu11n secrétion. There

" seems thus 11ttle doubt that entry of Na in the beta—cell

favors the release of insulin, as: flrst suggested by Hales .

and Milner.

3.2 Possible dissociation of Na influx and 1nsu11n

secretion
Our data indicate that Na® per se is not necessarily in-

volved in the seCretory process. Thus,ginSU11n-$e¢fet1°n‘ln,-

response to glucose occured at a hlgher than normal rate When

Na© was either partially or completely replaced by ChOllne-

This observation implies either that choline 1is anveffectlve

Substitute for Na+, or that a dissociation might occur,

ISYIAND
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certain experimental conditions, betweeﬁ'the entry of Na+
in the beta-cell and thé‘stimulaﬁion of insﬁlin secretion.

Indeed, many repofts"have suggeéted a diséddiation,bet—
ween sodium influx and cellﬁlar response. In different.sys-
tems, it appeared that calcium deprivation favofed'intéfnal
Nat accumulation (Frankenhaéuser and Hodgkin, 1957; Péton
et al., 1971) but yet the secretory activity was in~évéfy
case decreased, suggesting that.the internal sodium accumu-
lation per se was not responsible for the release.

Such dissopiation was also nbticed by Dduglas énd his
collegues when invesﬁigating the1chromaffin cell. They cph-
cluded fhat.depolarizétion in response to'acetylcholine seemed

to be due mainly to inward sodium current but that sodium
did not appear as the sole factor involved for acetylcholi-
ne retained some depolarizing acfion when all sodium was:re-
moved and replaced by sucrose (Douglas, ;968)} That residugl
effect seemed to be 1afgely dﬁe to inwardvmovement Qf calcium
since it increased with increasing extracellular concentra—
tion of ca‘t (Douglas'et al., 1967). Those findlngs were;har—
monizing with earlier evidence‘showing that acetylchoiine‘
increased “Scalcium uptake in the adrenal medulla (Douglas
et al., 1962). S

Such dissociation is aléo suggested by the effects of ph
upon insulin output (Table 5-IV). Thus, extracellular acido-
sis inhibited glucose-induced secretion, although this con-
dition is known to favor Na' influx in the cell, at least in

other tissues (Adler et al., 1965). Admittedly, the evidence
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is weak fOr aqidosis‘could also affect»theVsecrétoryApfécess
by inhibitlng a number of intracellulaf.reactions, e.g.,
glycolysis (Harris et al., 1969).

More convincingly, glucose was able to stimulate insulin.
secretion in the‘compléte absence of Na't (Table 5-1). In the .
Nat - free medium, the rate of insulin Sééretion induced by
glucose was more tpan twice that found in the absénce of glu-
cose, and it repreéented approximately‘one fourfh of that
found under normal ilonic conditiohs.v | |

These findings suggest that, although.Na+jinflux is usual-
ly an adequate stimulus for insulin réleéée, it mightkneither

be sufficient nof necessary for secretion to occur.

3.3 Combined effects of alkali and élkaline earth cations

A number of observations indicate that alperations in.
the flux of sodium ions across the cell mémbrané affecﬁ the
transmembrane flux and intracellular distribution of catt
(Birks, 1963; Palmer et al., 1967; Simpson, 1968; Birks and
Cohen, 1968; Glitsch et al., 1970). Moreover, the existepce
of a caléium-dependent sodium pump has been recently recogni-
zed (Baker, 1968). One should, therefore, consider whether
the inhibition of insulin secretion observed at low Na* con-
centrations might not be mediated through changes in the hand-
ling of'alkaline_earth cations by the beta-cell, as receptly
suggested by Hales and Milner (1968b) and supported by Glitsch
et al., (1970) and De Meis (1971). The data summarized in Ta-
ble 5-III indicate that the beta-cell is not more and may even

*
be less sensitive to Ba*t or Mg++iat low than at normal Na
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.concentrations. These apparently negatlve flndings do not

rule out our worklng hypothes1s Indeea, 1t remains possible

that the 1neffectiveness of Ba't and of Mg upon the redu-
ced rate of secretlon observed at low Na’ .concentrations cor-.
'responds~in fact to an 1nh1b1t10n in the 1nf1ux of alkallne
earth cations in the beta—cell,pas thought to occur in other
secreting cells (Douglas, 1968) The effect‘of'low-Na+‘con—
centrations. upon the beta-cell. secretory act1v1ty thus ap—
pears to be comparable to that 1nduced by eplnephrlne and |
reported in a previous- chapter |

Inversely, the abnormally hlgh rate of insulln secretlon
observed on replacement of Na¥t by either k¥ or. chollne could
correspond to an increased 1nflux of Ca++_in the beta—cell.

Two evidences can be'found in favor of thls hypothes1s. Flrsta,

O ALISYIANA.

N

ly, when Na® was partially replaced by elther K+ or chollne,

‘although the .omission of Ca++ caused a marked reduction of

1h 0t

‘the stlmulant action of glucose, the rate of 1nsu11n secre— j g
tlon remalned hlgher than the basal value (Table 5-III, .expts

10 and 11) Replacement of Na by either k" or choline might

++
thus have fac111tated the 1nflux of some extracellular Ca

Stlll present in the pieces of pancreas, “since these were

++
‘neither preincubated in ca’ - free media, nor exposed to any

chelatlng agent In. adrenal and fat tissue ACTH act1v1ty is.

dependent on the presence of ca101um in. the medlum, but there

seems to be enough calcium bound to membrane "sites 'in subcel—

lular partlcles from these tlssues to make addition of cal—

cium to the incubation mixtures unnecessary (Taunton et al

1969; Birnbaumer et al., 1969). In such-systems tlssuescal—
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cium must be carefully depleted with é'chélating agent to
demonstrate the calcium requirement for ACTH action (Birn-
baumer and Rodbell, 1969; Bar and Heéhter, 1969; Lefkowitz
et al., 1970). Secondly, epinephrine, which inhibits the Ca®™
uptake by the beta-cell (Malaisse-Lagae et al., 197la), abo-
lishes the enhancing action of Kt in high concéntrations upon
glucose-induced secretion (Fig.4-5) and even in glucose;ffee

medium (Fig. M—M),

3.4 Effects of pH

The influence of pH upon insulin secretion could also be
due, in part at least, to changes in the flux of ca*t across
the cell membrane. Thus, in other biological systems, paral-
lel influx of Ca‘t and effiux of H' have been reported (Har-
ris et al., 1969; Ebstein, 1968).. Such process could éccount
for the high rate of secretion induced by glucose in alkalo—
tic media, and its inhibition at low ca*t concentration (
Table 5-IV). Under the latter experimental condition, although
the omission of Catt caused a marked reduction of the sti-
mulant action of glucose, the rate of insulin secretion re-
mained higher than the basal value. Again, the high pH might
have facilitated the entry of residual extracellular Ca**
still present in the pileces of pancreas. Inversely, inhibi-
tion of alkaline earth cations influx at low pH would account

for both the low rate of insulin secretion and the uneffect-

iveness of Ba++ observed in acidic media.
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3.5 Effects of alkaline earth cations .

The results obtained with élkaiine earth cations ( Fig.
5-2) are in good agreement.with those-reported by Grodsky
et al. (1966), Curry et al. (1968a, 1968b), Bennett et al.
(1969), and by Milner and Hales (1967b). They indicate that
the presence of Ca++ is required in order for glucoée to‘
stimulate insulin secretion. Ba't can be substiﬁuted fpf catt,
Mg++ exerts an‘eff?ct opposite to that of Ca++;'Its presence
is apparently not required for the process of secretion to

+

occur, and high Mg+ concentrations inhibit the stimulant

action of glucose. This inhibitory effect of Mg++ was enhanced

at a subnormal Ca*t concentration, suggesting that Mg"'+ and

catt might compete for a common receptor. A parallel pheno- .

' ' ++
menon was observed with perfused adrenal glands. Indeed, Mg
depressed ACTH-evoked secretion in the presence of normal
calcium (Jaanus et al., 1970). In favor of this concept, Ma-

laisse et al. (1970b) have recently demonstrated that glucose-

induced cat?t uptake by isolated islets of Langerhans is inhi-

bited at high Mg++ concentrations. The inhibitory effect of
Mg++ was abolished in the presence of Ba++, bu§ not at high
catt concentrations. Thus, in media of comparable osmolarity
( 338 to 342 mOsm. per liter ), as little as 4.0 mEq. per

liter of Ba®t restored a normal secretion in the presence of
++ 14t £ Ca++
19 mEq. per liter of Mg ; whereas, 10 mEq. per liter o
' : ++
failed to do so in the presence of 12 mEq. per liter of Mg .

Thefefore, the failure of Ca++ to overcome the inhibitory

++
effect of Mg++ might be due to a lesser affinity of Ca ~ than

i

TNV
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Batt for the postuiated receptor. Taken as a whole, the pre-
sent data indicate that Ca*t and Ba®™ on the one hand, and

4+ . . . o
kg on the other act as antagonists upon the procéss of

insulin secretion. A similar alkaline earth cation inter- .
relationship has been noticed when studying the release of
norepinephrine from nerve endings (Keen and Bogdanski, 1970).
An equivalent -antagonist effect-of magnesium upon secretion
was also previously noticed by Douglag and Rubin (1963,

1964) . |

3.6 Combined effects of epinephrine and alkaline earth

ANNA

catlons
The inhibitory effect of epinephrine was not overcome at ;E‘
high Ca++ or Batt concentrations (Table 5-V). That cpuld_in- jgﬁi

CeD

[RYIRIE T

dicate an interference by epinephrine with the handling of

alkaline earth cations by the beta-cell. We have shown pre-

z

viously that epinephrine inhibitory effect upon insulin se-

cretion was mediated through an activation of alpha—adrener—
gic receptor system. The present experimental data are com-
patible with the hypothesis that catt plays an important role
in the stimulus-secretion ccupling of glucoée—induqed insu-
lin secretion (Malaisse et al., 1970a, 1970b), the influence
of alkalil cations and pH upon the secretory process being
eventually mediated, in part at least, through an altered
handling éf Ca++ by the beta-cell. Whether such an altered
ca®™t handling by epinephrine represents the primary events in
the activation of alpha-adrenergic receptors by this agent

remains to be investigated.
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1.6 Effects of glucose and. of - épinephrine upon *Scalcium

v

efflux from isolated islets .of Langerhans

2.1 .Introduction

It‘nas been estimated that the catt concentration in'the
sarcoplasm of relaxed muscles is about 0.5 uM and that the
ca*tt concentratlon requlred to set off a contractlon is es—'
timated to be about 5.0 pM. So, to couple ex01tat10ns from'.
motor neurons with muscle contractions, the muscle cell is
equipped with a sleevelike system of %résicles spec‘iaiized
-in Ca++ trapplng, the sarcoplasmic reticulum. - Upon exc1ta-'

tlon; Ca++ is released from these reticular formatlons and
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accumulates in the sarcoplasm. When the prOper ca101um con- .

centratlon is reached contraction occurs (Lehninger, 1971) - :

In a sequence of events that appear to be more‘and more

analogous to the excitation-contraction coupling, glucose

would induce.insulin to be released from the beta—cell. in-

deed, Malaisse-Lagae and her colleagues (l97la,'l97lb,.l97lc)

very recently reported that the 'ex01t1ng glucose induces

an accumulatlon of calcium in 1solated islets of Langerhans.

From these studles it now appears that, as for the muscle-~.

cell, the beta cell must built up. in its cytoplasm a certain

calcium concentratlon in order to provoke em10cytot1c move-

ments of insulin.
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Nobody,has‘e#er assigned'tb~the beta-cell's endoplasmic
reticulum a'function'siﬁilar to the one assumed by its sar-
coplasmic equivalent. Indeed, it seems that the muséie.re—
ticular‘caleium;hendling properties are, for theleetaecell,
restricted to the cell membrane ifself}

- We here present evidences'that the rate of calcium'efflux.
from the beta-cell cytoplasm could be of primary impdrtéﬁce
.in_favering the ihtracellular eccumulation,Of‘caleium neces-
'sary for the insulin exocytotic.movementé. We shall eiso re-
fute an epinephrine—induced inhibition.throughgthe.solevme—A

‘diation of transmembrane'alterations of caleium fluxes.

2.2 Materials and methods

3.1 Isolated islets

All experlments were performed on 1solated islets of Lan-.

gerhans removed from fed albino rats (150 to 200 g, Rega,

Heverlee, Belgium).

3.2 Perifusion media®*

A1l perlfuslons were carried out at 37°C in a bicarbona-v

te-buffered medium containing bov1ne serum albumln (0. 5 %),'

and equilibrated agalnst a mlxture of oxygen (95 %) and car- -

* Iﬁ'Table 6-I afe 1isted the composition of theuvarious

perifusates and the correspondlng symbols used in Fig. 6-1 -

to Fig. 6-15.
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Table 6-I

Explanations for symbols used in Fig. 6-1 to Fig. 6-15.

G3

aG

NCa

noCa :

aCa

Ba

EPI

medium containing glucose at a concentration of

3.0 mg / ml.

medium containing no glucose

medium containing calcium at a "normal" concentra-
tion (2.0 mEq. per liter)

medium into which no calcium i1s incorporated

medium into which no calcium is incorporated and en-
riched with EGTA (2.0 mM)

medium containing barium (4.0 mEq. per liter)
medium in which all H20 is replaced by D20

medium containing epinephrine ( 10 uM ).

&,}
"
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bon dioxide (5 %). This medium had the following ionic com-

position: Na%, 139; x*

, 55 catt, 2; mMgtt, 2; c1-, 124; and
HCOE, 24 mEq. per liter. Series of experiments'were perfor-‘
med where calcium ions from the incubation‘media were sim-
ply omitted or replaced by'barium chlbride (4;0 mEq; per 1i{
ter). Upon assay of such'medialthe total calciuﬁ content
averaged nevertheless 0.22 * 0,02 mEq. per liter; hencee
experiments were also carried out where the calcium-deple-
ted media were enriched with EGTA,(ethjleneglycol—bis~(é-
aminoethyl ether)-N,N'-tetraacetic acid; 2.0 mM; Sigma CheQ
mical Co.). Also added to the media, as required, were glu-
cose, epinephrine, “®calcium (50 uC/ml; “SCaClé ;s The Ra-
diochemical Center, Amersham, England). In one series of

experiments the incubation media were prepared in deuterium

oxide (D,0 ; E.G. Merck, Darmstadt, Germany).

3.3 Perifusion of islets

4.1 The perifusion apparatus

The islets were perifused in an apparatus iliﬁstrated
in Figure 6-1. The contfol (A) and experimental (B) media
used for perifusion were maintaine@ at 37°C in a water bath
(C), and continuously mixed with an incoming mixture (D) of
oxygen (95 %) and carbon dioxide (5 %). The reservoirs (A &
B) wefe connected to a small perifusion chamber (E ; volume
= 250 ul; kindly donated by Dr. I.A. Mirsky, University of’
Pittsburg, Pittsburg, Penna.) through a Y-shaped valve (F)

allowing rapid switching from one medium to the other. The
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G
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Fig. 6-1. The perifusion apparatus, where the control (A)
and experimental (B) media used for perifusion were main-
tained at 37 °C in a water bath (C), and continuously mixed
with an incoming mixture (D) of oxygen (95 %) and carbon
dioxide (5 %). The reservoirs (A & B) were connected to a
small perifusion chamber (E) through a Y-shaped valve (F)
allowing rapid switching from one medium to the other. The
perifusate was delivered at a constant rate by means of a
finger pump (G).
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perifusate was delivered at a constant rate (0.83 to 0.88
ml/min) by means of a finger pump ( G ; Sigmamotor pump ,

model T-8SH, Sigmamotor Iné., Middleport, N.Y.).

4.2 Insullin measurements

For measurement of insulin release, a grbup of 200

isolated islets were placed in the chamber and perifused at

37 °C for two hours. The control and experimental media con-

tained glucose, respectively at a concentration of 0.3 and
3.0 mg/ml. The effluent was continuously collected over pe-
riods of 1 to 4 min each, its insulin content being assayed
from 0.5 ml aliquot by the method of Wright et al. (1967)
previously described. The resultg are expressed in Fig. 6-2

as uU of secreted insulin / islet per minute.

4.3 *Scalcium measurements

For measurement of "“Scalcium efflux, groups of 200 is-
lets each were preincubated for 60 minutes at 37 °C in me-
dia (1.0 ml) containing glucose (3.0 mg/ml) and *®calcium (
50 uC/ml ; *SCaCl,). After preincubation, the islets were
submitted to repeated washes (XS) in order to remove extra-
cellular *®calcium, transferred to the perifusionichamber,
and perifused at 37 °C for 60 to 70 minutes. During the first
45 minutes, the perifusate came from the "control" reservolr.
At the 45th min, the perifusate was derived from the "expe-
rimental" reservoir which contained either the same medium

as that used during the first period (control experiments)
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or a modified medium whose effects are to be tested. As re-

quired, those media were glucose-rich or glucose-~free, and
contained normal concentrations (2.0 mEq. per liter) or no
calcium chloride. The effluent was continuously collected in
counting vials overAsuccessive periods of oﬁe.minute each.
To each vial, 10 ml of scintillation fluid (IﬁétaéGel; Péé-
kard Instrument Co. Inc., Downers Grove, Ill.) were added
before determining their radioactive content (Nuclear Chi-
cago "Mark II"™ liquid scintillation counter). In each expe-
riment, *Scalcium efflux (cpm/min) was expressed in per cent

of the value found at the 45th min of perifusion.

2.3 Results

3.1 Control experiments

=
=
—
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4,1 Insulin secretion

Figure 6-2 1llustrates the secretory response,of the
perifused islets to glucose. When the glucose ccncehtration L E{
of the perifusate was raised from 0.3 to_3.0 mg/ml; Ha rapid
increase in insulin output was noticed. This éarly résponse
was followed by a progreséive build-up of the secretory rate.
After exposure for 30 to 40 minutes to the high glucose con-
centration, insulin output reached a plateau corresponding to
a mean secretory rate of 2 uU / islet per min. This value 1s
of the same order of magnitude as that observedvon prolonged B _ ‘51
incubation of isolated islets (Brisson et al., 1972)}= A ra- '
pid and marked decrease in insulin output occured when the
glucose concentration of the perifusate was lowered. This

secretory pattern was taken as an indication of the functional
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Figure 6-2. Insulin output py perifused islets.

Mean values for respectively 6 (left part) and b (right part)
experiments. In each experiment, a group of 200 1islets

was placed in the perifusion chamber at -25 min. The glu-
cose concentration of the perifusate is shown in the upper

part of the figure.
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integrity of the perifused islets.

4,2 Calecium efflux in glucose-~free media

5.1 In the presence of a normal calcium concentration

When the islets, preincubated in the presence of
*Scalcium, were perifused with a solution freéd from gluco<"
se (Fig. 6-3), the efflux of *°calcium rapidly decreased du-
ring the first half-hour of perifusion (data not shown) .
Thereafter, the decrease in “°calcium efflux occured at a
slower rate, the mean value progressively decréasing between
the 31lst and the 70th minute from 119 * 3 to 74 *# 1 per cent

of the reference value observed at the U45th min.

5.2 In a calcium-free, EGTA-treated medium

Figure 6-4 illustrates the *®°calcium efflux when pre-
labeled islets were perifused in a»glucose-free,medium from
which no calcium chloride had been added and to which EGTA
(2.0 mM) had been supplemented. Taking the same reference
point (45th min) one observed a moderate change 1n the rate

+4

of “Scaleium efflux, being 148 * 12 at the 31st min and 98 *

4 at the 70th min.

3.2 The effect of glucose

At normal calcium concentration and when glucose (3.0

mg/ml) was added to the perifusate, a biphasic change in.

“scalcium efflux was observed (Fig. 6-5) . The efflux first

fell, In individual experiments, the lowest value was recor-
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Fig. 6-4. Efflux of “3calcium in the absence of
glucose (aG) and in Ca -free medium (aCa). Mean
values (¢SEM) are expressed in per cent of the

value found at the 45th minute of perifusion and
refer to 4 individual experiments. .
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ded at the 3rd or 4th min after ﬁhe switch and averaged 68 .
4 4, as distinct from 91 * 5 % in the control experiments (

P < 0.02 ; Fig. 6-3). This initial fall was followed by a
dramatic increase. In individual experiments, the highest
value was observed either 5 or 6 min after the switch ahd
averaged 231 * 9 %.

. In view of these results, it was considered that the ini-
tial fall might co?respond to an inhibitory effeqt of gluco-
se on calcium efflux from the beta-cell. By inhibiting the
outward transport of calcium across the cell membrane, glu-
cose might increase the level of calcium in the cytosol up
to a critical value which in turn might trigger insuliln re-
lease. The secondafy rise in the amount of “séalcium leaving
the islets might correspond to a release of l’scal‘cj.um assb-

ciated with the release of insulin. Further experiments were

designed to test these hypotheses. .

3.3 The effect of glucosé in the absence of insulin

release '

Glucose does not stimulate insulin release ih the absen-
ce of extracellular calcium (see Chapter 1.5 & 1.7). As shown
in Fig. 6-6, when glucose was added to a perifusate contain-
ing no calecium, the immediate fall in *®calcium efflux was
noticed, but no secondary rise occured. Four minutes after
the addition of glucose, the efflux of 45calcium averaged
67 + 4 %, as distinct from 95 1 % in the control experiments

( P < 0.001 ; Fig. 6-4). This finding is compatible with the

3
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hypotheses that (i) glucose inhibits the outward transport

of calcium across the cell membrane; and (ii) the seconda-

N

ry elevation in Scalcium release observed at normal calcium

concentration 1s concomittant to insulin release. However,

it is also plausible'that different pools of calcium afe>mo—
bilized by glucose respectively in the presence and absence
of extracellular calcium. In order to rule out the latter f?t
possibility, we decided to iﬁvestigaﬁe the effect of glﬁco— 2
se on *Scalcium efflux at normal calcium concentrétion but

in the absence of insulin release.

3.4 The inrluence of D,0

Most agents known to suppress glucose—induced insulin

ARG - L

release apparently do so by reducing the net uptake of cal-

cium by the beta-cell (Malaisse-lLagae and Malalsse, 1971a).

Therefore, they cannot be used as inhibitors of insulin re-
lease in experiments designed to study the unaltered.effect

of glucose on calcium movement in isolated 1slets.

To our knowledge, the only agents which are able to in-

hibit glucose-induced insulin release without affecting the

net uptake of calcium by the beta-cell are microtubules-

stabilizers and mitotic spindle-inhibitors. (Malalsse et al.,

1971b). For instance, D0 is known to inhibit the insulino-

tropic action of glucose, leucine and sulfonylureas (Malais=-

se et al., 1971b, 1971d; Malaisse-Lagae et al., 1971b), the

degree of inhibition expressed in per cent being almost iden-

tical to the relative concentration of D,0 also expressed in
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per cent. However, D20 fails to affect the stimulant action
of either glucose or sulfonylureas on “Scalcium accumula-
tion in the beta-cell (Malaisse et al., 1971b, i971d). These
results have been taken as an indication that D,0, a micro-
tubules~stabilizer, renders the microtubuiar system unres—
ponsive to the triggering.action ofvcalcium.

Heavy water thus represents a unique opportunity to stu-

45

dy the unaltered effect of .glucose on alcium efflux at

physiological calcilum concentration and in the absence of
insulin release. As shown in Fig. 6-7, invthe presence of
D,0 and at normal calcium concentration, glﬁcose pfovoked a
rapid and marked fall in “Scalcium efflux. Within 6 minutes,
the efflux averaged 66 * 7 % as distinet from 97 * 7 % in
the control experiments ( P = 0.025 ; Fig. 6-3 ). Almost
identical results were obtalned when the effect of glucose
was tested in the presence of D2O and absence of calcium
(Malaisse, personal communication). These findings indicate
that (1) the major effect of glucose 1s to inhibit *°calcium
efflux; (ii) a comparable inhibition is observed 1in the pre-
sence and absence of extracellular calcium; and (11i) no se-
curs when insulin secre-

condary peak of released ‘°calcium oc

tion is abolished.

3.5 The influence of barium

Barium is able to restore the insulinotropic action of

glucose in calcium-depleted media (see Chapter 1.5). There-

fore, we decided to investigate the effect of glucose on
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“scaicium efflux in the presence of'barium and'abSénéevof
calcium. In a preliminary seriles ofrexperiments, it was found
that the addition of barium to calcium-depleted media pro-
voked a marked increase in “*®calcium efflux (Fig. 6-8). Such
an increase might be due in part to a release of‘“scalc1um
assoclated with insulin release, since barium stimu1ates
insulin secretion even at low glucose concentration (Hales
and Milner, 1968b). It is also likely that the increase in
“Sgalcium efflux is due in part to a displacement of *Scal-
cium by barium from some cellular site(s).

When the islets had been exposed for 44 min to such a
medium containing barium énd no calcium, the addition of glu-
cose provoked a significant fall in *®calcium efflux. For
instance, at the 70th min, “Scalcium efflux averaged 39 + 3.%
as distinet from 74 £ 1 % in the control experiments carried
out at normal}calcium concentration (P < 0.001 ; Fig. 6f3)'
When the data obtained in the presence of ba:ium.(Fig. 6-9)
were compared to those obtained either in the absence of cal-
cium (Fig. 6-6) or in the presence of D50 (Fig;'6—7), it
became apparent that, 1n the presence of barium, the glucose-

induced decrease 1n b5ag51cium efflux was partially and tran-

siently masked by a minor secondary elevation. This compari-

son is illustrated in Table 6-II. At the 50th min of peri-

fusion (1.e. at a time corresponding to the peak value in

Fig. 6-5), the mean level of “Scalci

higher (P < 0.05 or less) in the presence of barium (Figf

6-9) than in the absence of calcium (Fig. 6-6) or presence

AT SIRCEACRE AT |3 RPN
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Table 6-II

Effect of glucose on *Scalcium efflux

Minute G3-aCa G3—NCa—D20 G3-noCa~-Ba
46 87 = 1 92 + 4 87 + 2
48 67 + 4 75 + 8 90 = 3
50 , 61 + 2 66 + 7 79 £ 2
70 hg + 5 37 £ 6 39 =3

Mean values ( * SEM ) for *°calcium efflux at varidus time

(min) are expressed in per cent (see Materials and Methods)

and refer to 4 individual experiments.
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of D20 (Fig. 6-7). In contrast,.no‘significant difference in

calcium efflux could be detected, under these_?arious expe~

rimental conditions, either 2 min after the addition of glu-

cose (46th min) or at a much later time (70th min).

These data once againvindicafe'that gluoose»signifiCan-
tly reduces calcium efflux. They élso Suggest~(i)vthetfthe
calcium which 1is released simultaneOusly with insulin oor—
responds to a pool%of calcium Which ﬂan be partlally displa- .
ced by barium; and (ii) that barium, by resforing insulin
release, tends also to partially restore the secondary peak

of “Scalcium release.

3.6 The effect of glucose suppression

Fig. 6-10 and Fig. 6-11 11lustrate the smooth curves ob-
tained in control experiments performed et high glucose con-
centration (3.0 mg/ml) respectivelyvih the presence and eb—
sence of calcium; In the presence of caloium, a sharp de-
crease in “*Scalcium release was observed a few;minotes after
the removal of glucose (Fig. 6-12). In view of the above-
mentioned hypothesis (see Results, section 3 2), this: fall
could be due to a suppression of both insulin release (see
Chapter 1.7; Brisson et al., 1972) and associated “Scalcium
release. | | '

In the absence of calecium, namely under a_condition'known
to suppress glucose-induced insulin secretion, the omission
of glucose provoked an immediate and sustained increase in

*Scalcium efflux. The difference between experimental (Fig. .
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6-13) and control values (Fig. 6~ ll) was already signifi-v_'v
cant at the end of the 47th min, i.e. within 2 minutes af-
ter the switch. This finding suggest that, when glucose is
removed from the perifusion medium, there is,an immediate
increase in the outward transport of calcium across the cell.
membrane. In other words, the inhibitory effect of glucbse
on calcium efflux from the beta-cell is rapidly_reversible.
As suggested by Hellman and his colleagues (1969a) epi-
nephrine inhibits insulin release by suppressing the utili-
zatidn of glucose in the beta-cell. Since such an effeet
could correspond to a glucese deprivation ef'the islet eells,'
it was decided to examine whether or not the calcium effiux‘
from the beta-cell when perifused with: epinephrine would
parallel the efflux previously observed upon giucose depri-

vation.

3.7 The influence of epinephrine

When a glucose-rich (3.0 mg/ml) otherwise nqrmal peri-
fusion solution was suddenly enriched with epinephrine (10
uM ; Fig. 6~14), the islet impregnation induced a l'5ca‘1cium
efflux rate similar to the one observed upon glucose with-
drawal from a similarly normal perifusate (Fig. 6-12). In-
deed, a marked and rapid fall in the ¥5c31cium efflux was
induced which was not significantly different than the one
observed upon glucose suppression (48 = 4 % vs 55 = 4 %
five minutes after the switch). On the other hand, when re-

peated in calcium-depleted perifusates, epinephrine (10 uM ;
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Fig. 6-15) did not induce *%calcium efflux changes parallel

to the ones observed upon glucose withdrawal under similar

ionic conditions (Fig. 6-13). Instead of a marked increase

followed by a sustalned “Scalcium efflux rate, epinephrine
was capable to provoke only a transient increase which was
resumed rapidly to assume a rate similér to the ones obser-

ved with control experiments (Fig. 6-11).

2.4 Discussion

The aim of the present study was to investigate.fhe_ef—
fect of glucose and epinephrine on “Scalcium efflux from the
beta-cell. The interpretation of these resulté relied on a
number of assumptions. Firstly, it was assumed that the mo—'
difications in *Scalcium efflux were representative of a
pure beta-cell population. Secondly, 1t was postulated that
the *®calcium which appeared in the perifusate corresponded :
to either calcium transported across the intact membrahe
of the beta-cell from the cytosol into the interstitial
fluid, or calcium released together withvinsulinAat the
time and site of emiocytosis. And thirdly, it was assumed
that the outward transport of *°calclum was indicative of
the movement of unlabelled calcium.

The first of these assumptions appeared to belregsonable

since islets of Langerhans are compdsed predominantly of be-

ta~-cells.

The second assumption was based mainly on the biphasic pat-

tern of “Scalcium release evoked by glucose at normal cal-
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cium concentration (Fig. 6-5). A secondary peak of “Scalcium
release was only seen under conditions known to préserveithe
insulinotropic action of glucose, namely at‘normal;calcium
concentration or in the presence of bsrium.fThis secondarj 4
peak was quite obvious at normal calcium condentratisn (Fig.
6-5) and much more modest when calcium had beén.replaced by
barium as the main alkaline earth datidn (Fig. 6-9). No se-
condary peak was observed under conditions known to abolish
the insulinotropic action of glucose, i.e. in the absence of
caleium (Fig. 6~6) or in the.presence of D,0 (Fig. 6-7) which
suppresses insulin secretlon by ovef-stabilizing the micro-
tubular system of the beta-cell (Malaisse et al., 1971b; Ma—-
laisse-Lagae et al., 1971b, 1971d). A

Recently, Malaisse (personal communication) hasireéovered,
from islets incubated with 95calcium, significant amounts of
“Scaleium assoclated with the subcellular fraction sald to |
contain most of the secretory granules. The presence of cal-
cium in secretory granules has been recognized 1n othsr‘se-_
cretory cells (Borowitz et al., 1965; Schumann, 1966; Wal- .
lach and Schramm, 1971). Ultrastructural studies also‘suggest
the presence of calcium in the insulin secretory granules of
the beta-cell (Orci, unpublished observations). It seemed

therefore reasonable to assume that the secondary peak cor-

responded to a release of ‘°calcium associated with or con-

comittant to the release of insulin. For instance, 1t might

have corresponded to "*®calcium enclosed within the membra-

nous sacs of secretory granules. Other possibilities could
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have been consideredt Whatever its natufe, thisgparticular ‘
pool of “Scalciumycould-apparently be'partially‘displaced
by barium. ’ ."_ | ’

When no secretion of insulin could occur, the “Scalcium
which appeared in the perifusate. was thouéht to‘represent
cations transported across the cell membrane from the cyto-
sol into the 1nterst1tial fluid Glucose: apparently inhi-
bited this outward transport of calcium (Fig. 6-6; Fig.6-7).
The inhibitory effect of glucose was rapidly reversible (
Fig. 6-12). R | |

It is important to notice that the pattern of glucose-
induced inhibition of “®calcium efflux was almost superim-
posable at normal 6altium concentration (Fig.6~7) and in
calcium-depleted media (Flg. 6-6). This‘fihding suggested
that the glucose-induced change in l‘scalciu.m efflux was not
dependent on the presence of extracellular calcium since it
was still observed after a prolonged exposure (45 min) of
the islets to media enriched with EGTA (Fig. 6- 6) It is
likely, therefore, that the glucose-induced change in *®cal-
cium efflux indeed corresponded to an inhibition of the out-
ward transport of calcium (third assumption) rather than to
a sudden decrease in the specific activity of the calcium
actually transported from the cytosol into the interstitial
fluid. These data, however, did not rule out the possibility
v e influx of calcium in the

for glucose to also increase th

beta-cell (Sehlin et al., 1972).

As suggested by Fig. 6-15, epinephrine mode of inhibition
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differed from the one induced by glucose depletipns; It seeméd

that epinephrine could affect the sequestering caléium abi-
lity of the beta-cell protoplasm. Indeed, it appeared that
epinephrine ﬁould deplete the intraceilular calcium pool By.
stabllizing or translocating the calcium ions in a manner .
that would be the opposite of the effects ofchMP and whiéH
are discussed in the next chapter. Evidences for such a diS-
soclation between glucose and epinephrine had previously
been obtained when we observed, in absence of substrate? a

marked epinephrine-induced inhibition upon potassium-stimu-

lated insulin release (see chapter 1.4, Fig. 4-14).
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1.7 A proposed role for the adenyl Cyc1ase-phosphod1esterase

system in the beta-cell

2.1 Introduction

It was recently postulated that glucose, when metabolized
in the beta-cell, stimulatés calcium uptake; and that cal-
cium in turn triggers the release of insuiin by'activating
a microtubular-microfilamentous system thought to control
the migration of secretory granules and their expulsion from
the cell in the process of emilocytosis ( Malalsse and Malaisf
se-Lagae, 1970c; Lacy, 1970). Thus, glucose—ihduced insulin -
release is dependent on at least 3 factors, nameiy the in-
tegrity of glucose metabolism in the beta-éell,‘the presence
of a sufficient amount of extracellular calecium, and the |
functional integrity of the microtubular system.'Other insu-
linotropic agents, such as amino acids_and_sulfonylureas,
also stimulate calcium uptake by the beta—cell and also re-
quire an intact microtubular system ih order to'promote in-r
sulin releasev(Malaisse—Lagae et al., 1971by Malaisse et al.,
19714). |

The initial aim of the present study was'to'exﬁend these
observations to another class of stimulétory agents, which
are thought to exert their insuiinotropic‘action by increa-

sing the level of adenosine-3',5'-cyclic monophosphate (cAMP)

in the beta-cell. Within the framework of the above-mentioned

model, it was considered that the primary site of action of
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cAMP could correspond toheither}a stimdlation of glucosef
metabolism, a modification of.caICidmrtransport‘and distri—p
bution in the beta-cell, or an effect”on the microtubular =

system. These three hypotheses are here explored;.'

2.2 Materials and metnods

3.1 Pancreatic tissue and isolated islets

All experiments were performed with either small pieces
of pancreatic tissue (approximately 8 to 10 mg each)vor iso-

lated islets of Langerhans removed from fed female albino

rats (150 - 200 g, Rega, Heverlee, Belgium) The method for :

both procedures was described in previous chapters.

3.2 Incubation and perifusion media

All incubations and perifusions were carried out at 37°C
in a bicarbonate-buffered medium containing albumin (0.5 per

cent, w/v; Fraction V, Sigma Chemicai»Co;,‘St,Louis,;Mo.),

and equilibrated against a mixture of Op (95 %) and CO, (5,%).

.o . . + .
This medium has the following ionic composition: Na', 139;
k*, 5; ca*t, 2; Mgtt, 2; c1~, 124; and HCOZ, 24 mEq. per 1li-

ter. A series of experiments was performed with media into

which no CaCl, had been incorporated. Also added to the me-

dium, as required, were glucose, galactose, 1eucine and py-

ruvate (E. Merck A.G., Darmstadt, Germany) ; theophylline;’

db~c AMP (N6—2'O—dibutyryl-adenosin—3',5'—monophosphate, cy-

clisch; Boehringer, Mannheim, Germany); vineristine sulfate

(Oncovin; Eli Lilly, Indianapolis, Ind. ); colchicine (Sigma

Chemical Co., St.Louis, Mo ); diazoxide (Schering, Berlin,

e A MNAIG Y ll;_-‘l!_', i
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Germany); epinephrine (Adfénaline gauche; Rhéné-Pbulenc,
Paris, France); d-mannoheptulose (Schéring, Beriin,;éermany);
2,4-dinitrophenol (E.Merck A.G., Darmstadt, Germany); and
tetracaine hydrochloride (Winthrop, New Ybrk,'N.Y.).

3.3 Insulin secretion

Insulin release by pancreatic‘tissué was measured on

incubation of small pieces of pancreas, in groubs of 4 pieces

each, in media (2.0 ml) containing guineafpig.anti-insulin
serum (kindiy donated by Dr. P.H. Wright, InQiana_Universi—
ty, Indianapolis). The rate of insnlin‘relea;e.was'deduCed
from the partial neutfaliéation of the‘antibodies, and.cal-
culated as pU secreted insulin per mg of tissue per 90 min f
incubation (Malaisse et al., 1967b).

Isolated islets were incubated in groups of 8 islets each
in media (1.0 ml) containing no anti-insulin serum. The in-
sulin content of these media was assayed by a method descri-
bed in a previous chapter and detaiied elsewhére'(Wnight et
al., 1967), rates of secretion beingfexpressednas'ﬁU secreted

insulin per islet per 90 min incubation.

3.4 Calcium uptake

The method used for measurement of *®calcium uptake by

isolated islets has been described in detall elsewhere (

Malaisse-Lagae et al., 1971a). Briefly, in each experiment,

2 groups of 150 to 200 islets each were incubated for 90 min

in media (1.0 ml) containing *°CaCl, (12.5 uc/ml; The Radlo-

chemical Center, London, England). After incubation, the

=t

=

MR Y
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islets were submitted to repeated washes in order to remove

extracellular *

Scalcium, and transferréd~in groups of 5 15— .
lets each in counting vials for meaéurement of their radio-
active content by liquid scintiilatidn. Célcium ﬁptake was
expressed either as pg/iélef ?er»90 min, or_intper.cent of

the control value found in paired group of islets.

3.5 Perifusion of islets

As previously explained (chapter 1,6) the control and
experimenﬁal'medialused for perifusibn were kept at 37°C and -
continuously‘mixed with 0, (95 %) and 002‘(5:%5. The reser-
voirs were connected ﬁo a small perifﬁsiph chamber (volume:
250 ul) through a Y-éhaped valve. The pefifusate was'delif
vered at a constant rate'(0.83 to.0.88 ml/min);by meah,of_a
finger pump (Fig. 6-1 of the previdus.chapter).'

For measurement of “5calcium efflux, groups of 200 islets
each were preincubated for 60 min at 37?C'in media (lfO ml)
containing glucose (16.7 mM) and l’s-t.':alcj.um (50 ﬂC/ml). After
preincubation; the isiets were submitted.to repeated washes
in order to remove extracellular_“scalcium, transferreq to
the perifusion chamber,band perifused at 37°C for‘SO min.
During the first 45 min, the perifusate was derivgd from a
iline. At the U5th

first reservoir and contained no theophy

minute, the perifusate was derived from a sepond reservolr

which contained either the same medium as that used during the

first period (control experiments) or a medium enriched with

theophylline (3.2 mM). In these experiments, all media used.

for perifusion were glucose-free. The effluent was continu-

7is CEY L. TE W T WY
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ously collected in counting vials,vover'successive periods

of 1 min each. To each vial, 10 ml of scintillation fluid

(Insta-Gel; Packard Instrument Company, Downers*Gro#e, I11.)

were added. In each experiment, “Scalcium efflux (epm/min)

was expressed in per cent of the value found .at the 45th min

of perifusion.

2.3 Results ' ' _ ;
3. l Effects of theophylline and db-cAMP on insulin se-

cretlion and calcium uptake by isolated islets

Table T7-I illustrates the effect of glucose, theophylli—

ne and db-cAMP on insulin secretion by isolated lslets. In-

sulin release increased as the glucose concentnation of the E§
incubation medium was raised fro@ 5.6 to 16.7 mM. Theophyl-. ?é
line and db-cAMP failed to affect insulin secretion in the =
absence of glucose or at low glucose levels, but markedly ' %g

enhanced glucose-induced insulin release at high glucose con-

centrations. Table 7-II illustrates the effect of the same

agents on calcium uptake by the isolated islets. Glucose sti- 4

mulated calcium uptake. Both theophylline and db—oAMP inhie T i

bited calcium uptake in the absence of glucose; slightly en-

hanced calcium uptake at a low glucose concentration (5.6 mM);

and failed to significantly affect calcium uptake at higher

8lucose levels. These data, jllustrated in Fig. 7-1, clearly

indicate that the insulinotropic action of theophylline and

db~cAMP observed at high glucose levels cannot be accounted

for by an additional increment in the net accumulation of

calcium induced by glucose.
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Fig. 7-1. Relationship between 450a]cium uptake and insulin o
output by isolated islets. _ S :
Each rectangle represents the mean (¥ SEM) for *°calcium up- . ’

take and insulin output, both parameters belng expressed in
t high glucose concentration (

fer to increasing glucose con -
16.7 mM) in the absence of
r to the same glucose con-

hylline (1.4 mM). _ %

16.7 mM). Open rectangles re
centrations (nil, 5.6, 8.3 and
theophylline; closed rectangles refe
centrations in the presence of theop

e e e o T




© =110~

3.2 Induction of insulin secretion»in‘calcium—deoleted
-mggig _ — »

When no calcium was incorporatedlinto the incubation
medium, both glucose and leucine failed to stimulate insulin
release from isolated islets of Langerhans_(Table.?-III)
lines 2 and 3)? Theophylline,idb-CAMP;'of the combinationl‘
of these two agents also failed to significantly affect-in—
sulin release in the calcium- depleted media (Table 7-IITI,
lines 4 to 6). However, in the simultaneous presence of glu-
cose and‘db-cAMP,va marked stimulation of insulin release
was noticed (Table 7-III, line 7). The secfetion rate was
even higher with the combination of glucose and theophylli-
ne (Table 7-III, line 8). The rate of insulin release obser-
ved under the latter experimental ¢ondition ( 85 ¢ 4 uu /
islet per 90 min) remained, however, much lower tnan that
induced by glucose alone at a normal calcium level ( 236 =
7 uU/islet per 90 min; see Table 7-I). The insulinotropic
action of the combination of glucose and theophylline was
abolished by mannoheptulose, dinitrophenol, epinephrine, di-
azoxide, or tetracaine (Table 7-III, lines 9 to 13). Other
metabolic substrates than glucose were also tested. A signi-
ficant enhancement of insulin release wWas induced by theo-
phylline in the presence of leucine (Table T7-III, line 15 Vs
3); whereas, nelther galactose nor'pyruvate in association
with theophylline were able to significantly enhance the low
rate of insulin release observed in the presence of theophyl-

line alone (Table 7-III, lines 14 and 16 vs 5).

‘
i
|
|
i
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The present experiments thus confirm'that glucose and

leucine are unable to stimulate insulin release in the absen-

ce of sufficlent extracellular calcium. They also suggest

that db-cAMP or theophylline modify the internal milleu of
the beta-cell in such a way that the normal supply of extraé
cellular calcium is no longer necessary_for glucose or leu?

cine to stimulate lnsulin secretion.

3.3 Calcium efflux from perlfused islets

In view of the preceding findings, a- possible effect of
theophylline on the intracellular distribution of calcium

was considered. In order to test this hypothesis, we decided

to examine the influence of theophylline upon “*°calcium ef- E§:
flux from perifused islets. é%

When the islets preincubated in the presence of 45cal- gg
cium were perifused with a glucose—free solution, the efflux %g

of *Scalcium rapidly decreased during the first half-hour of

perifusion (data not shown). Thereafter, the decrease in

450a1cium efflux occured at a slower rate, the mean value

progressively decreasing between the 32nd and 81st min from

119 + 3 to 70 * 3 per cent of the reference value observed at

the 45th min (Fig. 7-2). The addition of theophylline to the

) - I+ 5 -
perifusate provoked a marked and sustained increase in *‘cal

cium efflux. The rise in *°*calcium efflux was already detec—

table within the first minute of exposure to theophylline.

4¥5,597cium efflux in the presence of i;
n the

At its maximal value,

theophylline averaged twice the control value found 1

absence of methylxanthine ( P < 0.03).
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Figure 7-2. *Scalcium efflux from perifused islets.

In each exgeriment 200 islets were preincubated in the pre-
sence of “3calcium, and placed in the perifusion chamber at
time zero. The perifusate was a glucose-free bicarbonate -
buffered medium. Open circles refer to data obtalned in the
absence of theophylline, and closed circles to data obtained
in the presence of theophylline (3.2 mM). In each experiment,
“Scalecium efflux (cpm/min) was expressed in per cent of the
value found at the 45th min. Mean values ( % SEM ) refer to
7 experiments up to the 45th min; and, respectively, to
closed circles) and 3 (open circles) experiments thereafter.
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3.4 Effects of theophyiline, vineristine and colchicinev

upon insulinvrelease.

In the experiments summarized in Table 7-IV, pieces of

pancreatic tissue were preincubated for 90 min in media con-
taining glucose (5.6 mM) -and, as required,‘vincrisfine, col- f g
chicine‘and theopnylline. After this preincubation, theipie- E
ces were incubated for 90 min in e second medium'containing
a higher amount of glucose (16.7 mM) with or without theof ) i
phylline. Insulin secretion was measured oniy during the:fi-' ' |
nal incubation period | | |
When the pieces of pancreatic tissue were preincubated

in the presence of either vincristine or. colchicine and, there-

after, transferred to a new medium containing no inhibitor, 5;_
. their secretory response to glucose was significantly impair—‘ iﬁi

ed (Table 7-IV, lines 3 and 5 vs line 1). The addition of ggf%

theophylline to the final incubation medium significantly §§

enhanced glucose-induced insulin secretion, whether preincu-

bation had been carried out in the absence or presence of a

mitotic-spindle inhibitor Table 7-IV, lines 2 vs 1, 4 ¥s 3,
and 6 vs 5). However, after preincubation with either vin-

cristine or colchicine, the rate of insulin secretiOn induced

by the combination of glucose and theophylline was signifi- | ;
he same combination |

(Table

cantly lower than that observed with ©

after-preincubaﬁion in the absence of any inhibitor
7-IV, lines 4 and 6 vs line 2). Prior exposure to vineristine
inhibited to a comparable degree the secretory responses to
glucose alone (47.4 per cent inhibition) and to the combina-

tion of glucose and theophylline (#2.5 per: cent 1nh1blti°n)
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Prior exposure to colchicine also reduced to a same extent

the secretory responses to glucose alone (39.6 per cent in-

hibition) and to the combined stimuli (34.0 per cent inhibi-

tion). After preincubation in the simultaneous presence of
colchicine and theophylline, the Secretory rate induced by
glucose was not sighifidantly different from that observed
after exposure to colchicine alone (Table 7-IV, lines 5 & 7).
Thése data suggest that the alterétion of the microﬁu-
bular system induced by.colchicine or.vincristine does‘ﬁot
differentially affect the respective insulinotropic action é
of glucose and theophylline; and that theophylline itself

does not interfere with the deleterious effect of colchici-

ne on the microtubular system.

2.4 Discussion

L L i

It is now firmly established that the intracellular accu-
mulation of cAMP stimulates insulin release from the pancrea- ;?
tic beta-cell. Samols, Marri and Marks (1965) were the first =
to demonstrate that glucagon, an activator of adenyl cyclase,
promotes insulin secretion. Turtle and Kipnis (1967b) obser-
ved that glucagon indeed increases the level of cAMP in iso-
lated isléts. Numerous reports (Turner and McIntyre, 1966;
Vecchio et al., 1966; Grodsky et al., 1967; Lambert et al.{
1967; Porte, 1967b; Sussman and Vaughan, 1967; Turtle et al.,
1967a; Malaisse and Malaisse-Lagae, }970a) have glso docu-
mented the insulinotropic action of various agents thought
either to activate adenyl cyclase (isoproterenol, glucagon,

enteroglucagon, ACTH, TSH) or to inhibit phosphodiesterase
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(theophylline, caffeilne); cAMP and db-cAMP were élso shown
to cause insulin release (Sussman and Vaughén, 1967; Malaisse
et al., 1967c, 19704). |

The present study aims at locating the primar& site'of ac-
tion of cAMP in the beta-cell. Three hypotheses are‘consi-
dered, namely a stimuiation of glucose metabolism, an effect.
of cAMP upon calcium metabolism, and an interactlon between

the nucleotide and the microtubular grotein.

3.1 Cyeclic AMP as a modulator of glucose métabolism

Samols and his colleagues (1966) were also the first to
suggest that cAMP exerts its insulinotropic action by faci-
litating glucose metabolism in the beta-cell. This concept
appeared fo be substantiated when it was showh that all
agents thought to increase the cellular level of cAMP, and
even cAMP itself or db-cAMP, are only able to cause sustainéd
hypersecretion of insulin in vitro if the beta-cell is pro-
vided with a sufficient supply of elther extracellular or
intracellular glucose (Malaisse et al., 1967c, 1970a, 19704).
Moreover, whenever the metabolism of glﬁcoée in the beta-
cell is inhibited by such agents as mannoheptulose’and 2-

~deoxyglucose, the enhancing effect of glucagon or theophyl-

line upon glucose-induce

(Malaisse et al., 1967c, 1970a).
As soon as these data were published, 1t was observed

that glucagon and theophylline do not only. potentiate glucose-

induced insulin release, but also enhance the insulinotroplc

action of certain amino acids, such as leucine and'glycine (

Malaisse et al., 1968a. 1970a). Since the latter results were

BRI MTYiagies

d insulin release 1is also suppressed - -

TTATYTRTTIATE T AN n
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recorded in the absence of glucose, they did not support the

concept of a specific effect of cAMP on glucose metabolism

(Malaisse et al., 1970a).
The measurement of calcium uptake by isolated islets of- fﬁ
fered a new opportunity to test the posslble effect of cAMP
on glucose metabolism. Indeed, it was shoWn elsewherebthat-'
calcium uptake 1s regulatedvby the'amount of gluccSe availa— '
ble to and metabolized in the. beta-cell (Malaisse—Lagae et
1., 1971a). Thus,: glucose stimulates the accumulation of i
calcium by : inhibiting calcium efflux from the beta-cell | i
(chapter 1.6; Malaisse and Brisson, l97lc), and inhibitors | ﬁ

of glucose metabolism,_such as mannoheptulose and 2- deoxy-

glucose, inhibit the stimulant acticn of glucose upon calcium =
uptake (Malaisse-Lagae et al., 1971a). Therefore, 1f CcAMP . o ”%ﬁ
were to enhance gluccse—induced insulin secretion by accele-. _ %é
rating glucose metabolism in the beta-cell, it should theo- : %?f

retically also enhance glucose-induced calcium uptake.

In the present experiments, a modest but significant-po—

tentiation of glucose—induced calcium uptake by either theo-

phylline or db-cAMP was only observed at a'5,6 mM glucose
he threshold value for the

- (Malais- -

concentration which is close to t

stimulant action of glucose upon both calcium uptake

se-Lagae et al., 1971a) and insulin release (Turtle et al.,

1967a). It 1s, therefore, possible that, at this particular
cAMP indeed accelerate some rate-limiting step

glucose level,

of glucose metabolism, as suggested elsewhere (Malailsse et

al., 1967c). However, at higher glucose concentrations, no

significant effect of either theophylline or db-cAMP upon




-119- -

glucose—induced calc1um uptake could be detected (Table 7—

I1), suggesting that the marked lnsullnotropic action of these'“

agents at high glucose levels is not due to a facilitation
of glucose metabolism in the beta—cell |

The available biochemical data also do not suggest that
cAMP has any major: effect on glucose metabolism in the beta—‘
cell. Thus, Hellerstrom and Gunnarsson (1970) have shown that
whereas glucose (16.7 mM) increases by about 50 per'cent the
endogenous réspiration'of_isolated‘islets;.both'glucagonvand
‘db-cAMP SIightly depress the oXygen uptake of the,islets in—c
.cubated in the presence of glucose (11 1 mM) Ashcroft and |
Randle (1969) and Randle et al. (1970) reported that in
the presence‘of'glucose (7.4AmM), glucagon produces a slight
fall in the rate of gluCOSe oxidation hj mouse islets and
does not change their‘glucose—6—phosphate concentration.'Fi—v
nally, according to Hellman and Idahl (1969b), glucose in-
creases the ATP content of isolated 1slets, ‘whereas the 1eve1
of ATP remains unaltered when the beta—cell is stimulated by

db-cAMP.

3.2 Cycllc AMP as a modulator of ca1c1um metabolism

' Rasmussen and Tenenhouse (1968) have suggested that ‘the

effects of cAMP in a variety of systems are due mainly to a-

modification of calcium metabolism at the-Cellular jevel.

.Thus, the 1nsu11notropic action of cAMP could be due to an.

altered handling of ca1c1um by the pbeta-cell. If insulin se-

ar concentratlon of cal-

19713-) >

cretion is controlled by the cellul

-cium as suggested elsewhere (Malaisse—Lagae et al

CAMP could enhance 1nsulin release by provokingva'transloca-

tion of calcium within the beta—cell, from a pool stored in

L 11
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some organelles to a cytoplasmic pool.

Two arguments can be found in favor of‘the.latter hypo-

thesis. Firstly, theophylline causes a rapid and sustained .

increase in *®calcium efflux from prelabelled islets. This
finding illustrated in Fig. 7-2 is reminiscent of the rapid .

“Scalcium efflux induced by glucagcnborchMP in

increase in
the perfused liver (Friedmann and Park, 1968). It‘suggests a
sudden enrichment cf a pool of ionized calcium readily avaiQ
lable for transport across the cell membrane. Secondly, db-
cAMP and theophylline are.able to compensate, to a certain

extent, for a lack of extracellular calcium Thus,_in-cal-

cium-depleted media, the amount of extracellular calcium

available to the beta-cell is obviously insufficient to allow i§'
glucose or leucine to exert their normal insulinotropic ac- éﬁ
tion; whereas, in the presence of db-cAMP or theophylline, géj
the insulinotropic effect of these metabolic substrates 1is l | : g.i

partially restored (Table 7-III).

The concept of a cAMP-induced rediStribution of calcium

would be consistent with the effects of db-cAMP and methyl-

xanthines in adipose tissue Wwhere these agents are alSO'thought
to cause a shift of calcium from a bound to a free pool (
Efendic et al., 1970). The recent demonstratioh of adenyl
cyclase activ1ty in cardiac sarcoplasmic reticulum (Entman

et al., 1969) suggests that the well-known calcium—translo—
cating effect of caffeine in muscle might also be mediated
through cAMP accumulation. Dr. Malaisse-Lagae and her co-
workers (1971d) have recently underlined the analogy between
ncrea-

the processes of stimulus-secretion coupling in the pa

tic beta-cell and excitation-contraction coupling in muscle.
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The present data apparently extend this analogy to calcium—
translocating effect of cAMP which results respectively in '
-enhanced "insulin release_and miscular contracture (Rasmussen

and Tenenhouse, 1968)..

3.3 Glucose-indépendency of cAMP—inducedAcalcium'trans—»
~ location | | |

The increase in “Scalcium efflux induced by'theophylline
is apparently independent of glucose, since it was observedz
in a glucose—free medium. Such effect of theophylline con -
trasts w1th that of glucose which was recently shown to in—:
hibit l*scalc:l.um efflux from the 1solated 1slets (Malaisse |
and Brisson, l97lc) Because glucose and cAMP apparently in—
Hfluence ca101um metabolism 1n the beta—cell through diffe-..'

rent mechanisms,'it is unlikely that glucose exerts its own

e
el
o

=
o
3
5
3
2
10
<

1nsulinotropic effect solely by provoking an intracellular
accumulation of cAMP, as suggested by'some-authors (Cerasi
and Luft, 1970) Other arguments against such idea . are. the
unability of db- cAMP E_E se to mimic the sustained stlmulant
action of glucose on insulin. release (Malalsse et al., l970d),
¢ action of

the maintenance of a s1gn1f1cant insulinotropi

glucose desplte full actlvation of phosphodlesterase by 1mi-,
1968d), and the failure of glucose

ets (.

'dazole (Malaisse et al.,

to affect the cellular 1evel of cAMP in 1solated 1sl
Kipnis, 1970; Montague and Cook, 1971).

3 b Substrate—dependency of cAMP—lnduced'insulin'release.

ithin the beta—cell and

|
|
|
i

If cAMP translocates calcium w

increases the concentratlon of this cation in the cytosol,
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and furthermore‘if the level of‘caICium"in’the'cytosol re-
gulates insulin secretion, it is apparently surnrising that
the nucleotide is unable to. cause sustained insulin release
in the absence of glucose (Malalsse et al | 1967c 1970d)
,Thls glucose—dependency does probably not correspond to an
energy requirement of the beta—cell. Thus, pyruvate, which
is known to increase ATP level in the betaécell (Georg et
al., 1970), cannot replace glucose as a substrate for the in-
_sulinotropic action of c AMP (Table 7- III) Moreover leucine,
which is a sultable substrate for_such action, has apparen-
tly not to be metabolized in order to stimulate insulin re-
lease-(Knopf et al., 1963). _

It could be speculated that the cAMP-induced transloca_
tlbndof;calcium is only'able'tohpromote.Sustained‘secretionl
of.insulin‘when the beta-cell ls simultaneously exposed to
a suitable insulinotropic substrate (e;g.,glucose orwleuci—
ne) whlch 1tse1f favors calcium accumulation in the cytosol.
by 1nh1b1t1ng calcium efflux. That glucose indeed acts in
such a manner has been recently demonstrated (Malalsse and
Brlsson, 19710)

This hypothes1s would account for all avallable exper1—'
mental data. Flrstly, it would explain why the accumulatlon

of cAMP does not cause 1nsu11n secretlon 1n the absence‘of

either an extracellula

tropiclsubstrate (Malaisse et al., 1967c, 1970a). Actually,

in the absence of glucose, the cAMP~1nduced translocation of

calcium and subsequent efflux of ca1c1um from the beta—cell

should reduce the total joad of cellular calcium. That this

is indeed the case is suggested by the significant lowerlng

r or 1ntracellu1ar source of 1nsu11no—
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of calcium uptake induced by either theophylline or db-cAMP
in the absence of glucose (Table 7-II). Secondly,.the.proppe
sed model would explain why the enhancing actien'ef cAMP
upon insulin secretion is more marked at high than at low
glucose levels (Malaisse et al., 1967c). Indeed,‘the insuli-
nic response-evoked,by fhe translocation of a fixed amount
of calcium will depend on the actual balance between calcium
influx and efflux i.e., on the ability‘of the Beta-cell to
retain intracellularly part or all of the translocated cal-
cium. In support of this concept, we have observed (Brisson
and Malaisse, unpublished results) that‘ﬁhe'incfease'in “5
calcium efflux from lsolated islets induced by theophylline
is much less pronounced in the presence than in the absence
of glucose. Thirdly, the model implies that any agent which
suppresses the insulinotropic action ofyglucose also abolishes
the enhancing action of glucagon‘or theophylline.'That‘this
is indeed the case has already been decumented (Malaisse et
al., 1967c, 19f0a), and is here confifmed (Tab;e.7—III) with
mannoheptulose, dinitrophenol, diazoxide, epinephrine,_and
tetracaine.‘ | |

Teleologically, the proposed model offers certain advan-
tages. For instance, the substrate dependency of cAMP-induced
insulin release is likely to protect the organism against
excessive insulin secretion which could otherwise result from
the release of pancreatic glucagon in glucopenic situations

(Ohneda et al., 1969).
3.5 Cyclic AMP as a modulator of tubulin metabolism

Lacy and his colleagues (1968, 1970) have suggested that

the microtubular-microfilamentous system of the beta-cell

S AGVAST dFiNYA-




-12#—

plays a role in the insulin;secretery preeees;.Further in-
vestigations have confirmed that the integrity.of the micro- iy
tubular system is required in order for glucose and other
agents to exert their stimulant action upon’ insulin release
(Malaisse-Lagae et al., 1971d; Malaisse et ai.; 1971b).»Be-
cause the microtubularvprotein might'serve as a substrate
for a cAMP-dependent protein kinase (Goodman et al., 1970),
the ihsulinotropic.effect of the nucleotide could conceiva-
bly be due to such interaction between cAMP and the tubulin
molecule. Moreover, it has also.been}reported that cAMP in{
terferes with the binding of colchicine to the microtubular
protein (Gillespie and Levine, 1970). However, the data sum-
marized in Table 7-IV indicate that‘theophylline does not
interfere with the deleterious effeet of colehicine and that
the impairment of the microtubular system induced by mitotic-

spindle inhibitors does not'preferentially affeet the respec-

TUAGVGA T T @A

tive insulinotropic actions of either glucose or theophylli-
ne. These data do not suggest, although they do not entirely
rule out, a primary effect of cAMP on the microtubuiar sys—
tem. At least the present findings are compatible with the
concept that the participation of the microtubular-microfi-
ate event in. !

lamentous .system represents an obligatory and 1

the secretory sequenCe whatever agent is used to promote insu—_

1in release (Malaisse et al., 1971b).

3.6 Conclusions

The present experimental data were taken as an indication |

that cAMP provokes a redistribution of calcium 1in the beta-

cell. This effect of cAMP is apparently independent of the
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presence of glucose. It might thus répresént'a fundamental
action of cAMP likely to occur in other systems. As such, it
could account for the ubiquitous stimulatofy effect of cAMP

upon calcium-dependent secretory processes ( Sutherland and

Robison, 1969).
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1.8 Effect of epinephrine upon_alpha—cell secretory activity

2.1 Introduction

It is now well established that glucagon induces hyperglyf
cemia in animalé and man through its action on liver'glyco-
genolysié (Sutherland, 1950) and gluconeogenesis (Exton et
al., 1966). Epinephrine has similar metabolié effects on the
liver (Sutherland, 1950; Exton et al., 1966) and it is often
thought that both hormones play a physiological fole asvgly—
cogenolytic agents in blood glucose homeostasié.>Howevef,‘
several authors have reported that when epinephrine was di-
rectly infused,in the portal veln its effects on blood glu-
cbse and hepatic glycogenolysis were muqh less pronounced
than when the hormone was administered into the systemic cir-
culation (Baudouin et al., 1936; Sherlock, 1949; Ezdinli et
al., 1966). Moreover, Sokal and his coworkers demonstrated -
both in vitro and'in vivo that, in contrast to glucagon, do-
ses of‘epinephrine within the physiologic range had only small
and transient effects on liver gly60gen and phosphorylase

activity (Sokal et al., 1964; Weintraub et al., 1969). Accor-

ding to these observations, they'concluded that glucagon 1is

the only agent promoting glycogenolysis in the liver under

physiologic conditions, and suggested that the effect of mo-

derate doses of epinephrine might be indirect, possibly medl-

ated through a stimulation of glucagon secretion.
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In order to test this hypothesié; we decided to examine
the effect of epinephrine upon glucagon secretion in vitro.

Variable results.were obtained when glucagon secretion was
measured from either pleces of intact pancreatic ﬁissue or
isolated 1slets obtained by collagenase digestion 6f'the rat
pancreas. These erratic results could be due respéctively"tOE
the release of proteolytic factors from the acinar tissue in
case of the pancregtic fragments, and to damage of the perie
pherally-located aipha—cells in case Bf the isdlatedvisiets,
In view of these téchnical difficulties, we turned to the
pancreatic duct ligatioh:téchnique so as to induce atrophy of
the exocrine tissue without impairing endocrine islet.func—

tion (Mialhe and Meyer, 1961).

2.2 Materials and methods

Pancreatic tissue was removed from fed female albino rats
(125 to 150 g; Rega, Heverlee, Belgium) in which the pancre-
atic duct had been ligated 3 to 4 weeks previously. Sma;l
pieces (4 to 10 mg) were incubated in 2 ml bicarbonate-buf-
fered medium containing bovine albumin (5mg/ml), Trasylol
(833 KIU / ml; Bayer Co., Germany), and equilibrated agailnst.
a mixture of oxygen (95 %) and carbon dioxide (5 %). Glucose
(0.3 to 3.0 mg/ml) and epinephrine (0.1 to 10.0 uM) were ad-
ded as required. The glucagon content of the media was deter-

mined by immunoassay (Leclercq-Meyer et al., 1970) and the

rate of glucagon release (IRG) expressed as pg / mg tissue /
90 min incubation. The insulin content of the media was mea-

sured by the method of Wright et al.,(1967) previously out-
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lined, and the rate of insulin release (IRI) expressed as

WU / mg / 90 min of incubation.

2.3 Results

The results (Table 8-I) show that mean rate of IRG secre-
tion decreased as the glucose concentration of the incubation
media was raised from 0.3 to 3.0 mg / ml, a significant dif-'
ference ( P < 0.02 ) being observed when tested by pairgd
comparison. Concomﬁtantly, glucose iﬂduced the classicai in-
crease in IRI output, attesting,the functibnal integrity of
our preparation. Epinephrine ébolished the stimulant action
of glucose on IRI output, and significantly enhanced IRG
release. The glucagonotropic effects of eplinephrine were
observed both at low and high glucose levels and could stili

be detected in the presence of a very low concentration of

this catecholamine (0.1 uM).

Smevowr b GIINVA

2.4 Discussion

Our experiments clearly demonstrate that epinephrine and
glucose have opposite effects on glucagon and insulin secre-
tions in vitro. The.increase‘in IRG secretion observed at a

low glucose level confirms previous data from both in vitro

(Vance et al., 1968; Chesney et al., 1969) and in vivo (Oh-

neda et al., 1969; Buchanan et al., 1969; Aguilar-Parada et

al., 1969) experiments, though the relative changes in glu-

cagon output at various glucose concentations are often of

minor amplitude and sometimes of doubtful significance (Ed-

wards et al., 1969).
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A stimulant effect of epinephriné oﬁ pancreatic glucagon
release would be in agreement with the hypothesis of Sokal
who suggested that, in vivo, catecholamines induce hepatic
glycogenolysis through a stimulation of glucagon secretion.
Such a mechanism couid take place in statesvof glucopenia,
during'muscular.exercisé, or in any stressful situations whe-
re a rise in circulating catecholaminesvhas been documented
(Gray and Beetham,§l957; Vendsalu, 1960; Goldfien et alg,
1961; Klepping et al., 1964; Neal et al., 1968; Weil-Malher-
be et al., 1968; DeSchaepdryver et al., 1969; Kotchen et al.,
1971; Myles et al., 1971). It is noteworthy that such situ-
ations are accompanied by a fall in plasma IRI concentrations
which we have ascribed in previous chapters to an inhibitory
effect of endogenously released catecholamines on ingulin
secretion (Cochran et al., 1966; Schalch, 1967; Wright et
al., 1968; Federspil et al., 1969; Pruett, 1970). It is well
known that glucagon and insulin have opposite‘effects upon
both liver glycogenolysis and adipose tissue lipolysis. There-
fore, the simultaneous stimulation of glucagon and inhibitlon
of insulin release by endogenously released catecholamines
will ensure maximal mobilization of glucose from the liver and
free fatty acids from :adipocytes. The hormonal regulation
would then be optimally oriented for the supply of energetic

substrates to tissues such as the brain and the exercising

muscles.
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