
Diabetologia 12, 531-538 (1976) Diabetologia 
�9 by Springer-Verlag ] 976 

The Role of Calcium in Glucagon Release, 
Interactions between Glucose and Calcium 

V. Leclercq-Meyer, J. Marchand and W. J. Malaisse 

Laboratory of Experimental Medicine, Universit6 Libre de Bruxelles, BruxeUes, Belgium 

Summary. The interrelationships between glucose 
and calcium in glucagon release were investigated us- 
ing the dynamic system of the in vitro perfused rat 
pancreas. When calcium deprivation was induced in 
the presence of fixed concentrations of glucose pre- 
vailing throughout the experiments (3.3, 5.5, 8.3 and 
16.6 mM), an enhancement of glucagon release in- 
variably occurred, the shape and amplitude of such 
response differing in relation to the environmental 
glucose concentration. Such enhancement of glucagon 
release was readily reversible upon restoration of nor- 
mal calcium levels. By contrast, during the period of 
calcium deprivation itself, glucagon release was little 
influenced by either raised (from 3.3 to 16.6 mM) or 
decreased (from 16.6 to 3.3 mM) glucose concentra- 
tions. These results clearly indicate that calcium plays, 
at least; a dual role - both inhibitory and permissive - 
in glucagon secretion, but the intimate mechanisms by 
which calcium exerts such a dual action are at present 
unknown. 

Key words: Glucagon release, insulin release, per- 
fused rat pancreas, calcium, glucose. 

gon release [23]. Last, divalent cation ionophores, 
which supposedly transport calcium across biological 
membranes, have been observed to provoke a stimu- 
lation of glucagon release [1, 35]. 

The present investigation was undertaken in an 
attempt to gain a closer understanding of the role of 
calcium in glucagon release, using the dynamic system 
of the in vitro perfused rat pancreas. Two approaches 
were employed in order to study the relationships 
between calcium and glucose. In the first, calcium 
deprivation was induced 40 minutes after the start of 
the perfusion, in the presence of a fixed concentration 
of glucose prevailing throughout the experiment (3.3, 
5.5, 8.3 and 16.6 raM). In the second, acute changes in 
the concentration of glucose (from 3.3 to 16.6 mM, or 
the reverse) were performed either early (10 minutes) 
or late (40 minutes) during the period of calcium 
deprivation. The results of these investigations sug- 
gest that calcium plays a dual role in the secretory 
process of the A-cell. 

Materials and Methods 

The key role of calcium in the release of insulin is well 
recognized [9, 21, 28]. Such a role of calcium in the 
secretory process of the A-cell remains a matter of 
debate. Several investigators have shown that calcium 
deprivation resulted in an enhancement of glucagon 
release [4, 6, 14, 17, 34]; others have observed that 
calcium deprivation was without effect [22], or re- 
ported on the calcium dependency of glucagon secre- 
tion [8]. Further discrepancies exist concerning the 
effect of raised calcium levels, which have been re- 
ported not to affect [2, 3, 12, I4], or to inhibit gluca- 

Perfusion System 

The perfusion system has been detailed previously 
[13, 17, 29]. Fed female albino rats, mean body weight 
220 g, were employed in these studies. The pancreases 
were dissected under Pentobarbital anaesthesia (48 
mg/kg, I. P.), according to the procedure of Lou- 
batirres et al. [19], all the adjacent organs, including 
the duodenum being excluded, thus avoiding the in- 
terference of enteric glucagon-like immunoreactivity. 
They were perfused in situ, and the effluent was col- 
lected from the portal vein without recycling. The flow 
rate was set around 2 ml/minute and the perfusate 
entered the pancreas at a temperature of 37.5 ~ 



532 V. Leclercq-Meyer et al.: Role of Calcium in Glucagon Release 

C �9 - +1.5 
E 

e- 

§ 1.0 z 
0 
0 

0 +0.5 
. J  

I GLUCOSE 

lea  + 1.77mM Ca2+ 

-0 .3  

e- 

3.3mM i 

0.14 mM 
I 

H n=6 
O-O Controls 

n : 4  

I 

tj~ I I] I I II I 
l 

I 
I 
I 
I 
I E 

=~='1"~ = 5 ~ '~ --~ "" I I 

Z I I 
i - / / i  I I I  I I i l  I 

<~ -40 -10 0 10 20 30 40 
TIME IN MINUTES 

Fig. 1. The effect of calcium deprivation and restoration on gluca- 
gon and insulin release form the perfused rat pancreas, in the 
presence of a 3.3 mM concentration of glucose (e e). Mean 
changes in secretion (+_ SEM) are shown together with the number 
of individual experiments in each group (n). Control perfusions 
(o - - - o) were performed in the presence of normal calcium levels 
maintained throughout the experiments: 1.86 _+ 0.02 mM (n = 4). 
The mean glucagon and instflin output at the end of the control 
period (min - 2  to rain + 1, hatched area) averaged 294 + 63 and 
113 + 9 pg/min, respectively (n --- 10) 
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Fig. 2. The effect of calcium deprivation and restoration on gluca- 
gon and insulin release from the perfused rat pancreas, in the 
presence of a 5.5 mM concentration of glucose ( :  ~). Presenta- 
tion as in Fig. 1. In the control experiments (o- - - o), the calcium 
concentration was 1.88 -+ 0.05 mM (n = 4). The mean glucagon 
and insulin output at the end of the control period (min - 2 to min 
+ 1, hatched area) averaged 364 _+ 47 and 165 + 22 pg/min, 
respectively (n = 13) 

Samples of the effluent were taken at 1 minute inter- 
vals in chilled tubes containing 2000 KIU Trasylol 
(kindly donated by Dr. G. Wald, Bayer, Brussels), and 
frozen at - 2 5  ~ until time of assay. 

The perfusion medium was a modified Krebs 
Ringer bicarbonate buffer with the following 
composition: NaC1, 118.5 mM; KC1, 4.7 mM; 
KH2PO4, 1.2 mM; MgSO 4, 1.2 mM; NaHCO3, 25 
mM; CaC12, 2 mM. The medium was equilibrated 
against a mixture of 02 and CO 2 (95 : 5)with a result- 
ing pH of 7.4. In the earlier experiments (Figs. 1 to 5), 
the buffer was supplemented with bovine albumin 
(4%, W/V; fraction V, Pentex, Miles Laboratories, 
Kankakee, USA). In the more recent experiments 
(Figs. 6 and 7), the buffer was supplemented with 
dextran (4%, W/V; T70, Pharmacia, Uppsala, Swe- 
den) and a small amount of bovine albumin (0.5% 
W/V; fraction V, Sigma Chemical Co., St. Louis, 
USA). Because we had observed that the responsive- 
ness of the endocrine pancreas differed markedly ac- 

cording to the collbid composition of the perfusate 
[13], appropriate control perfusions were run with 
each type of perfusate. 

The secretagogues were administered through a 
side-arm syringe working at a flow rate of 0.075 ml/ 
minute (Braun infusion pump, Melsungen, Ger- 
many). During the control periods, an infusion of the 
basic medium was maintained at the same speed. In 
the experiments which included a change in the con- 
centration of calcium, the normal calcium concentra- 
tion was obtained by the side-arm infusion of CaCI 2 
dissolved in a perfusate in which NaHCO 3 was de- 
leted, in order to avoid precipitation of the calcium 
salts. Calcium deprivation was induced by stopping 
this calcium infusion, no calcium having been added to 
the basic medium. 

Analytical Methods 

Glucagon and insulin were estimated on 0.2 ml sam- 
ples, using a combined radioimmunoassay for these 
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Fig. 3. The  effect of calcium deprivation and restoration on gluca- 
gon and insulin release f rom the perfused rat pancreas,  in the 
presence of a 8.3 mM concentration of glucose (o o). Presenta- 
tion as in Fig. 1. In the contrOl experiments (o- - - o), the calcium 
concentration was 1.72 _+ 0.03 mM (n = 3). The mean glucagon 
and insulin output at the end of the control period (min - 2 to rain 
+ 1, hatched area) averaged 217 _+ 55 and 5,220 + 251 pg/min, 
respectively (n = 9) 

hormones [16]. The standards were purified beef- 
pork glucagon (Lot No. 258-234-B-161-1, a gift from 
Dr. M. A. Root, Eli Lilly Co., Indianapolis, USA) and 
rat insulin (Lot R170, mean biological activity of 21.4 
IU/mg, a gift from Dr. J. Schlichtkrull, Novo, Bags- 
vaerd, Denmark). Total calcium in the perfusates was 
kindly determined by Dr. R. Leclercq (I. M. C. An- 
derlecht, Department of Clinical Biology, chief: Dr. P. 
Mascart), with the cresolphtalein method using a 
SMA 12-60 Technicon. Glucose was titrated in the 
pancreatic effluent by a ferricyanide method using a 
first generation Technicon analyser. 

Calculations and Presentation of Results 

Because secretol:y rates varied to some extent among 
individual perfusions, the majority of the results were 
expressed on the graphs as the difference in hormonal 
secretion (A glucagon and A insulin), relative to the 
mean hormonal output recorded at the end of the 
equilibration period (Figs. 1 to 5, between min - 2  

and min + 1, hatched areas). The actual secretory 
rates corresponding to these hatched areas are re- 
ported in the legends of the figures. Statistical analy- 
ses were conducted using Student's paired or non- 
paired t tests [30]. 

Results 

1. The Effects of Calcium Deprivation and Restoration 
in the Presence of Fixed Concentrations of Glucose 

The results of these experiments are illustrated in Figs. 
1 to 3, and in Fig. 2 of a previous publication [17]. In 
the presence of the lowest (3.3 mM) glucose concen- 
tration, a sharp and elevated early peak in glucagon 
secretion was observed (Fig. 1, upper panel). This 
early glucagon response to calcium deprivation pro- 
gressively decreased in amplitude at the higher glu- 
cose levels (Figs. 2 and 3, upper panels). By contrast, 
the secretory rates observed during the late phase 
progressively increased in the presence of higher glu- 
cose levels (Figs. 1 to 3, upper panels). Total glucagon 
output during the late phase (min 10 to 29) was sig- 
nificantly higher (P < 0.05) at low than at normal 
calcium concentration, both at glucose 8.3 (Fig. 3) and 
16.6 mM (see Fig. 2 in ref. 17). 

The stimulation of glucagon release provoked by 
calcium depletion was, at all concentrations of glu- 
cose, totally reversed upon restoration of normal cal- 
cium levels (Figs. 1 to 3, and Fig. 2 in ref. 17). Such a 
return towards control secretory rates was invariably 
preceded by a short-lived "off-response". 

Insulin release followed the patterns expected 
from the current knowledge on the requirement of 
calcium in the secretory process of the B-cell [9, 21, 
28]. Thus, at the lower (3.3 and 5.5 mM) concentra- 
tions ot/glucose, the removal or restoration of calcium 
had no, or only a small, influence on insulin release 
(Figs. 1 and 2, lower panels). In the presence of the 
higher (8.3 and 16.6 raM) glucose concentrations, 
calcium deprivation provoked a definite inhibition of 
insulin release, followed by a strong outburst of insulin 
upon calcium restoration (Fig. 3, and Fig. 2 in ref. 17). 

2. The Effects of Acute Changes in the Concentration 
of Glucose Performed Early (10 minutes) during the 
Period of Calcium Deprivation 

In the first set of experiments the perfusion was 
started in the presence of a 3.3 mM concentration of 
glucose (Fig. 4). The reduction in the concentration of 
calcium 40 minutes after the start of the peffusion 
provoked the expected early sharp peak of giucagon 
release. When, 10 minutes later, the glucose concen- 
tration was increased from 3.3 to 16.6 raM, no obvious 
change in the rate of glucagon secretion could be 
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Fig. 4. The effect of an increase from 3.3 to 16.6 mM in the concen- 
tration of glucose, applied early (10 min) during the period of 
calcium deprivation, on the release of glucagon and insulin from the 
perfused rat pancreas (= ,). Presentation as in Fig. 1. The con- 
trol perfusions only included a change in the concentration of cal- 
cium (o - - - o). The mean glucagon and insulin output at the end of 
the control period (rnin - 2  to min + 1, hatched area) averaged 
252 + 61 and 153 • 32 pg/min, respectively (n = 11) 
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Pig. 5, The effect of a decrease from 16.6 to 3.3 mM in the concen- 
tration of glucose, applied early (10 min) during the period of 
calcium deprivation, on the release of glucagon and insulin from the 
perfused rat pancreas (e e). Presentation as in Fig. 1. The con- 
trol perfusions only included a change in the concentration of cal- 
cium (o - - - o). The mean glucagon and insulin output at the end of 
the control period (rain - 2  to rain + 1, hatched area) averaged 
238 -+ 71 and 8,794 • 1,360 pg/min, respectively (n = 7) 

detected (Fig. 4, upper panel, closed circles and solid 
lines). Thus, the glucagon secretory rates were, at no 
time, statistically different (non-paired t test) from 
those which were obtained in the appropriate control 
experiments exposed to the sole stimulus of calcium 
deprivation (Fig. 4, upper panel, open circles and 
dotted lines). Insulin release was low in the presence 
of the 3.3 raM, non-stimulatory, concentration of glu- 
cose and remained unaffected by either the decrease 
in the concentration of calcium or the subsequent 
increase in the concentration of glucose (Fig. 4, lower 
panel). 

In the second set of experiments the perfusion was 
started in the presence of a 16.6 mM concentration of 
glucose, which was thereafter decreased to 3.3 mM 
(Fig. 5). Such a decrease induced a slight inhibition of 
the secretory response of the A-cell to calcium depri- 
vation (Fig. 5, upper panel, closed circles and solid 
lines). By paired comparison with the glucagon output 
observed between 10 and 12 minutes (before the low- 

ering of glucose), the inhibition was significant for the 
period 14 to 16 minutes (p < 0.02). By non-paired 
comparison, the secretory rates observed from 24 to 
40 minutes were significantly lower (p < 0.05) than 
those obtained in the experiments Submitted to the 
sole stimulus of calcium deprivation (Fig. 5, upper 
panel, open circles and dotted lines). The decrease in 
the concentration of glucose did not further modify 
the rate of insulin release already inhibited upon cal- 
cium deprivation (Fig. 5, lower panel). 

3. The Effects of Acute Changes in the Concentration 
of Glucose Performed Late (40 minutes) during the 
Period of Calcium Deprivation 

These experiments were performed throughout using 
a perfusate to which no CaC12 had been added. 

In the first set of experiments, the perfusions were 
started in the presence of a low (3.3 mM) concentra- 
tion of glucose (Fig. 6). During the equilibration 
period, the output O f glucagon was comparably high, 
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Fig. 6. The effect of a rise from 3.3 to 16.6 mM in the concentration 
of glucose, applied late (40 min) during the period of calcium 
deprivation, on the release of glucagon and insulin from the per- 
fused rat pancreas (~----e). The mean secretory rates (+ SEM) are 
indicated together with the number of individual experiments in 
each group (n). The calcium concentration was 0.09 + 0.01 mM 
(n = 4). In the control experiments the calcium concentration 
amounted to 1.94 -+ 0.04 (n = 5) 
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Fig. 7. The effect of a decrease from 16.6 to 3.3 mM in the concen- 
tration of glucose, applied late (40 mill) during the period of calcium 
deprivation, on the release of glucagon and insulin from the per- 
fused rat pancreas (e e). Presentation as in Fig. 6. The calcium 
concentration was 0.09 + 0.01 (n = 4). In the control experiments 
the calcium concentration ,amounted to 1.93 _+ 0.03 (n = 4) 

whether the perfusions were performed in the absence 
of calcium or at normal calcium levels. Increasing the 
concentration of glucose after 40 minutes of calcium 
deprivation produced a small and short-lasting inhibi- 
tion of glucagon release. By paired comparison with 
the output of glucagon recorded between - 2 and + 1 
minutes, such inhibition was significant at 4 (p < 0.05) 
and 5 (p < 0.05) minutes, but was far from resembling 
the pronounced inhibition evoked by glucose in the 
control experiments, performed at normal calcium 
levels (Fig. 6, upper panel, open circles and dotted 
lines; p < 0.01 starting at +3  minutes). At low cal- 
cium concentration, the restoration of a low glucose 
concentration towards the end of the experiment was 
again followed by a slight inhibition of glucagon re- 
lease (Fig. 6, upper panel; p < 0.01 for 33 to 35 
minutes) by paired comparison with the output be- 
tween 29 and 30 minutes). At normal Ca 2+ level, the 
restoration of the low glucose concentration failed to 
cause any obvious immediate changes in glucagon 
release. 

During the equilibration period, in the presence of 
the 3.3 mM, non-stimulatory, concentration of glu- 
cose, the release of insulin was low, whether in the 
presence or absence of calcium (Fig. 6, lower panel). 
Upon the subsequent rise in the concentration of glu- 
cose, a delayed (5 to 6 minutes) and small increase in 
insulin release was detectable, reaching a maximum of 
2,240 pg/minute at the 7th minute and thereafter 
stabilizing at a mean value of 1,299 pg/minute. Such 
response was negligible when compared to that seen in 
the presence of normal calcium levels (Fig. 6, lower 
panel, open circles and dotted lines), but it neverthe- 
less represented a tenfold increase in output rate over 
that seen during the equilibration period at 3.3 mM 
glucose (84 + 13 pg/minute). 

In the second set of experiments, the perfusions 
were started in the presence of a high (16.6 mM) 
concentration of glucose (Fig. 7). The output of gluca- 
gon during the equilibration period was higher using 
the calcium-depleted peffusates than in the presence 
of normal calcium levels (Fig. 7, upper panel), but the 
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difference, was not significant. The subsequent de- 
crease in the concentration of glucose was accom- 
panied by a slight and short-lived inhibition of gluca- 
gon release, which was significant by paired compari- 
son with the output rates recorded between - 2  and 
+ 1 minutes (Fig. 7, upper panel, + 6  and + 8  min- 
utes: p < 0.01; + 7  minutes: p < 0.05). Thereafter, 
the rate of glucagon release resumed initial values. 
The foregoing behaviour of the A-cell was clearly in 
contrast with that seen in the experiments performed 
in the presence of normal calcium levels, in which the 
decrease in the concentration of glucose induced at 
first a small peak of secretion, followed by a progres- 
sive increase in glucagon release until the 30th minute 
(Fig. 7, upper panel, open circles and dotted lines; 
minutes +4:  p < 0.001; +6:  p < 0.05; + 1 2 t o  +30:  
p < 0.01 by paired comparison with the output rates 
between - 2 and + 1 minutes). Insulin release was, as 
expected, strongly inhibited using the calcium-dep- 
rived perfusates (Fig. 7, lower panel). Nevertheless, as 
previously noted for the experiments illustrated in 
Fig. 6, the rate of insulin release was significantly higher 
inthe presence of 16.6 than in that of 3.3 mM glucose, 
amounting to 1,212 + 221 pg/minute during the 
equilibration period, i.e. again a 10 times higher out- 
put rate than that of 75 pg/minute estimated near 
+ 30 minutes. Moreover, the increase in the concen- 
tration of glucose towards the end of the experiment 
induced an even higher, although delayed, response 
from the B-cell, the output rate reaching a maximum 
of 5,255 pg/minute at 34 minutes, and thereafter 
stabilizing around 2,341 pg/minute. 

D~cusdon 

1. Effect of  Glucose upon Glucagon Release at Normal 
Calcium Concentration 

In the presence of normal calcium levels, ghicagon 
release was increased at low and inhibited at high 
glucose concentration (Figs. 6 and 7), in good agree- 
ment with the classical negative feedback between 
glucose and glucagon secretion [31]. The glucose-in- 
duced inhibition of glucagon release was a rapid and 
abrupt phenomenon. By contrast, the reversibility of 
such a process upon lowering of glucose concentration 
occurred in a more progressive manner. Such delayed 
reversibility has been noted previously [7, 16, 26, 29, 
331. 

2. Effect of  Glucose upon Glucagon Release at Low 
Calcium Concentration 

In the presence of a low calcium concentration, the 
A-ceU was only little influenced by raised or decreased 
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glucose concentrations. This was noted after an ex- 
tended (40 minutes, Figs. 6 and 7) as well as a short 
period of calcium deprivation (10 minutes, Figs. 4 and 
5). The variations of glucagon release were indeed 
always slight, and even of doubtful significance to- 
wards the end of the experiments. Curiously, the de- 
crease in glucose concentration was now also accom- 
panied by a small decrease in glucagon release (Figs. 5 
and 7). Thus, in the presence of low calcium levels, the 
A-cell not only displays a reduced sensitivity to glu- 
cose, but also seems to lose its positive response to 
decreased glucose concentrations. 

3. The Dual Role of Calcium in Glucagon Secretion 

The foregoing results suggest that calcium plays a 
permissive role in allowing glucose to exert its normal 
effect upon glucagon release. Such a situation is re- 
miniscent of that seen when arginine is used as the 
glucagonotropic factor [8]. O n  the other hand, cal- 
cium also plays an inhibitory role in the A-cell. This is 
indicated by the enhancement of glucagon release 
which is observed upon calcium deprivation (Figs. 1 to 
5) [4, 6, 14, 17, 34]. It further is supported by the fact 
that such an enhancement is immediately and totally 
reversed upon restoration of normal calcium levels at 
all glucose concentrations studied (Figs. 1 to 3) [17], 
and the report of the inhibitory effect of calcium on 
glucagon release in the dog [23]. 

How calcium might exert its dual role on glucagon 
secretion is at present unknown. The permissive effect 
of calcium apparently supports the previous sugges- 
tion that glucagon secretion, [8] like that of insulin [9, 
21, 28], is a calcium-dependent process. However, it 
should be stressed that, in contrast to insulin, glucagon 
secretion is not inhibited by external calcium lack. 
Thus, even during prolonged calcium deprivation (40 
minutes), the rates of glucagon release never fell be- 
low the values found at normal calcium concentration, 
although they ultimately levelled off at nearly the 
same rates as those seen in control experiments per- 
formed at the same glucose level (Figs. 1 to 3, 6 and 7) 
[17]. This would suggest that the A-cell kept the mem- 
ory or was still somehow informed of the actual glu- 
cose concentration, despite the absence of extraceUu- 
lar calcium. 

Based on present knowledge on A-cell function, a 
few working hypotheses might be outlined concerning 
the possible mechanisms by which calcium exerts its 
dual effects on glucagon secretion, resulting in the 
observed complex relationships with glucose. These 
could include an interaction at the membrane level, 
calcium deprivation possibly altering the biophysical 
properties and stability of the membrane and of its yet 
hypothetical glucose receptor [271, or modifying the 
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electrical, structural and functional coupling between 
adjacent A- and B-cells [25], as already documented 
in other tissues [18] and by time-lapse cinema- 
tography of monolayer cultures of pancreatic endo- 
crine cells [24]. Secondly, calcium might interact with 
the metabolism of glucose [5, 20] and the cAMP sys- 
tem in the A-cell [10, 11]. In this line of thought, it 
seems most interesting that the effect of cAMP seems 
modulated by the extracellular calcium concentration, 
the nucleotide stimulating at low and inhibiting gluca- 
gon release at high calcium concentration [34]. Third, 
calcium might interact with the microtubular-mic- 
rofilamentous system [6, 15], which has been pos- 
tulated to be responsible for the migration and extru- 
sion of secretory granules in a calcium-dependent 
manner in the B-cell [32]. Last, there remains the 
possibility that calcium and glucose might alter the 
secretion of hormones (insulin, somatostatin) from 
adjacent islet ceils, these hormones possibly in turn 
influencing glucagon release. 

The mere enumeration of these various hypoth- 
eses dearly reflects our ignorance as to the intimate 
role of calcium in glucagon release. Any model deal- 
ing with this problem should be able to account for the 
dual role of calcium upon the secretory response of the 
A-cell, as revealed by the present work. In addition, a 
stimulatory effect of calcium might have to be inte- 
grated in such a model, in view of the stimulatory 
effect of calcium ionophores on glucagon release [1, 
351. 
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