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Summary. The present communication deals with the
possible effect of glucagon released from the alpha-cells
upon insulin secretion induced by glucose in the adjacent
beta-cells. First, it has been shown that neutral red, a sub-
stance which is thought to cause glucagon release from
the alpha-cells, did not modify the rate of insulin secre-
tion induced by glucose in pieces of rat pancreatic tissue.
Secondly, glucose stimulated insulin secretion under con-
ditions where imidazole, a substance known to activate
the phosphodiesterase, completely abolished the stimu-
lant effect of exogenous glucagon upon insulin secretion.
It is concluded that glucagon is not necessarily involved
in the stimulation of insulin secretion by glucose, and that
the effect of locally released glucagon, if any, is only to
enhance the stimulant action of glucose.

Effets du rouge neutre et de U'imidazole sur la sécrétion
de Uinsuline

Résumé. Les auteurs envisagent le rdle éventuel que
joue le glucagon libéré par les cellules alpha dans la séeré-
tion d’insuline induite par le glucose dans les cellules beta
voisines. Le rouge neutre, qui est supposé libérer le gluca-
gon des cellules alpha, ne modifie pas la sécrétion d’insu-
line provoquée par le glucose dans le tissu pancréatique
du rat. De plus, le glucose stimule la sécrétion d’insuline
en présence d’imidazole, un activateur de la phospho-
diestérase, utilisé en concentrations suffisantes pour abolir
Veffet du glucagon exogéne. Ces données suggérent que le

It is now firmly established that glucagon stimula-
tes insulin secretion both in vivo [9, 2] and n vitro [10,
12, 5]. In view of the proximity of alpha- and beta-cells
within the islets of Langerhans, it has been speculated
that glucagon may play a role in the normal rate of
insulin secretion evoked by glucose in pancreatic tissue
[4]. Further investigation of this hypothesis was ham-
pered by our meagre knowledge concerning factors
stimulating glucagon secretion by the alpha-cells and
concerning drugs specifically inhibiting the effects of
glucagon upon insulin secretion. It has been recently
demonstrated that neutral red causes, in the rat, glu-
cagon release from the alpha-cells [8]. It seemed there-
fore of interest to study the effect of neutral red upon
insulin secretion induced by glucose in incubated pieces
of rat pancreatic tissue. It has also been reported that
imidazole activates the phosphodiesterase in homo-
genized or perfused heart and liver [1, 3]. Since gluca-
gon is thought to stimulate insulin secretion by activa-
tion of the beta-cell’s adenylcyclase system [5], we
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glucagon n’est pas nécessairement impliqué dans la stimu-
lation de la séerétion d’insuline par le glucose, et qu'un
éventuel effet du glucagon libéré localement parles cellules
alpha se limite & potentialiser I'action stimulatrice du
glucose.

Einwirkung von Neutralrot und Imidazol auf die Insu-
linsekretion

Zusammenfassung. Die Autoren untersuchten die
Rolle, die das aus den «-Zellen freigesetzte Glucagon even-
tuell bei der durch Glucose stimulierten Insulinsekretion
aus den benachbarten §-Zellen spielt. Neutralrot soll zwar
Glucagon aus den «-Zellen freisetzen, fithrt aber zu keiner
Anderung der glucosestimulierfen Insulinsekretion des
Rattenpankreas. Ferner stimuliert Glucose die Insulin-
sekretion, auch wenn man Imidazol, einen Aktivator der
Phosphodiesterase in Mengen zusetzt, die ausreichen, um
den Effekt von exogenem Glucagon zu unterdriicken. Auf
Grund dieser Befunde kann man annehmen, daf3 Glucagon
nicht notwendigerweise in die durch Glucose stimulierte
Insulinsekretion eingreift und daB ein eventueller Effekt
von lokal aus den «-Zellen freigesetztern Glucagon sich
auf eine Verstidrkung der Stimulationswirkung von Glu-
cose beschrinkt.

Key-words: Insulin secretion, neutral red, imidazole,
glucagon, theophylline.

have also investigated, in pieces of pancreatic tissue,
the effect of imidazole upon insulin secretion induced
by glucose, glucagon, and theophylline. It is here
suggested that release of glucagon from the alpha-
cells is not necessarily involved in the stimulation by
glucose of insulin secretion from the adjacent beta-
cells.

Material and Methods

Experimental Procedure. Pancreatic tissue was re-
moved from normal, fed rats (ca. 250 g body weight),
and small pieces (4 X 10 mg) incubated for 60 min at
36°C in a bicarbonate buffered medium (2.0 ml) equili-
brated with a mixture O, (95%,) — CO, (5%), and con-
taining glucose (150 or 300 mg /100 ml), bovine serum
albumin (500 mg/100 ml), and guinea-pig anti-insulin
serum (GPAIS, lot 404, prepared and kindly donated
by Dr. P.H. WricHt, Indiana University, Indiana-
polis). For reasons given elsewhere [13], sufficient
GPAIS was added to bind at least twice the amount of
secreted insulin. Also added to the media, as required,
were theophylline (2.5 to 25 mg/100 ml), glucagon
(1.0 mg/100 ml; beef-pork crystalline glucagon, Eli
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Lilty and Co., Indianapolis), kalltkrein inhibitor (62500
KIU/100 ml; Trasylol, Bayer), neutral red (4.0 to 40
mg /100 ml; Allied Chemical Corporation, New York),
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Fig. 1. Effect of neutral red (closed circles; 100 mg/kg
body wt.; intraperitoneal administration at time zero)
and glucagon (open. circles; 1.0 mg/kg body wt.; intra-
venous injection at time zero) upon plasma sugar concen-
tration (mg/100 ml) in normal fed conscious rats. The
mean values (4 SEM, n = 3 to 5) correspond to the in-

creage in plasma sugar concentration above the pre-in-
jection level (138 £ 4 mg/100 ml, n = 8)

alone. Kallikrein inhibitor protects glucagon from a
lytic factor released into the medium by the acinar
tissue [5]; it does not modify the rate of insulin secre-
tion induced by glucose alone [5]. Before its addition
to the medium, the neutral red was purified according
to the method recommended by OrUDA et al. [8]. As
reported by these authors and as illustrated in Fig. 1,
this purified material, when injected in conscious, fed
rats, causes sustained hyperglycaemia comparable with
that observed after administration of exogenous glu-
cagon. :

From the fall in insulin antibody content of the
medium during incubation, the insulin secretion rate
was determined and is expressed in pU insulin secreted
per mg incubated tissue per 60 min. Full details of this
method are reported elsewhere [6].

Presentation of Resulis. Media containing neutral red
and control media containing glucose alone were com-
pared in the same experiments using equal numbers
(n) of flasks. The mean difference (d.f. =2 n — 2) in
secretion rates found under these conditions is quoted
here, together with the mean rate observed in the pre-
sence of glucose alone. In order to test the inhibitory
effect of imidazole, in each experiment 4 groups, each
of 14 flasks, were simultaneously incubated, the media

Table 1. Example of statistical analysis of the inhibitory effect of imidazole in a typical
experiment. Values quoted in Table 3 correspond to the residual insulin output (*), expressed

in per cent of the control value

Experimental conditions

Insulin output
(U /mg-60 min)

Inhibitory effect of
imidazole

A glucose (3 mg/ml) 52.34-2.9 (14)

B glucose (3 mg/ml) 22.04-1.8 (14) —30.34:3.3 (P<0.001)
imidazole (3.3 mg/ml)

c glucose (3 mg/ml) 86.71-4.2 (14)
theophylline (0.25 mg/ml)

D glucose (3 mg/ml) 27.9-1:2.6 (14)
theophylline (0.25 mg/ml)
imidazole (3.3 mg/ml)

C-A control effect of +34.41-5.0
theophylline 28.5:45.7 (P<0.001

DB residual effect of + 5.943.1 —2.5:£5T (P<0.001)
theophylline

Conclusions

i) Significant inhibition by imidazole of the stimulant effect of ghicose ; the residual
effect of glucose g = _2_2_722331_8 = 42.14 3.4 per cent*) is significantly different
from zero (P < 0.001).

(if) Significant inhibition by imidazole of the increase in secretion induced by theo-

phylline; the residual effect of theophylline(

D—B _ 59131
C—A 341

= I7.1+ 9.0

per cent*) is not significantly different from zero (P > 0.05)

and ¢midazole (40 to 333 mg /100 ml; Bastman Organic
Chemicals, Rochester). When glucagon was used, kalli-
krein inhibitor was added to both the media containing
glucagon and the control media containing glucose

containing one of the following combinations: glucose
alone (A); glucose and imidazole (B); glucose and
either theophylline or glucagon (C); glucose, imida-
zole, and either theophylline or glucagon (D). The
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differences in rates of insulin secretion (C—A) and (D—
B) represent the stimulant effect of either theophylline
or glueagon, in the absence and presence of imidazole.
In the presence of imidazole, the residual stimulant
effect of glucose was estimated by the ratio A/B, and
that of theophylline or glucagon by the ratio (D—B)/
(C—A). Table 1 illustrates this mode of calculation in
a typical experiment.

Results

As is shown in Table 2, in no experimental condi-
tion could a significant effect of neutral red upon insu-
lin secretion be detected. In most cases, the media
contained glucose in high concentration (300 mg/100
ml), because it was previously found that the stimu-
lation of insulin secretion by exogenous glucagon is
maximal under this condition [5]. It made no difference
whether kallikrein inhibitor was present or not in the
media (not shown in Table 2). Even when pancreatic
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1080.7 4.6 uU/mg. 60 min (n =42). Glucagon (1.0 mg/
100 ml) also caused an increase (ca. 50 per cent) of the
stimulant effect of glucose, from 53.6 4 2.9 (n = 84)
to 80.3 4- 3.0 pU/mg. 60 min (» = 84). In the presence
of low concentrations of imidazole (40 to 50 mg/100
ml), neither the stimulant effect of glucose alone, nor
the increase in secretion provoked by theophylline was
significantly modified. However, at the same concen-
tration of imidazole (50 mg/100 ml), the increase in
secretion caused by glucagon was reduced to less than
half its control value measured in the absence of imi-
dazole. At an intermediate imidazole concentration
(100 mg /100 ml), the enhancing effect of glucagon upon
insulin secretion was completely abolished, whereas
both the stimulant effect of glucose alone and the in-
crease in secretion due to theophylline were only par-
tially inhibited. Thus, under conditions where the effect
of glucagon was suppressed, glucose induced insulin
secretion at a mean rate of 34.6 +3.9 pU/mg.60 min
(n = 42), about 4 times the basal rate of insulin secre-

Table 2. Effect of neutral red upon insulin secretion. The mean change in insulin secretion
rate (+ or — pU[mg.60 min + SEM) induced by neutral red is quoted together with the
mean insulin output measured in media containing glucose alone. The number of observations
18 shown in parentheses. In most experiments, kallikrein inhibitor (626 KIU [ml)} was added
both to the control media containing glucose alone and to the media containing glucose and
neutral red. In one case (*), pancreatic tissue obtained from fed rats was first incubated for
15 min in the presence of glucose (3 mg[ml), kallikrein inhibitor (625 KIU [ml) and theophyl-
line (26 pg/ml), and then incubated for a further 60 min after the addition, except in the control
flasks, of neutral red to the media

Rats Glucose Control output Neutral red Effect of neutral red
(mg/100 ml) (uwU/mg - 60 min) (mg/100 ml) (+ pU/mg- 60 min)
Fed 150 29.2 1+ 3.5 (18) 15 — 0.9 4 4.3 (18)
Fed 300 46.9 + 3.0 (28) 4to 5 + 5.3 + 4.1 (28)
Fed 300 45.5 4- 3.1 (54) 15 to 20 + 6.4 + 3.6 (54)
Fed 300 52.7 4- 3.7 (23) 30 to 40 + 2.9 + 10.5 (23)
Fasted 300 39.9 4+ 3.4 (18) 15 + 1.6 £ 5.3 (18)
(v U/mg-75 min) (+ pU/mg-75 min)
Fed 300 (*) 94.3 4 5.3 (18) 15 — 204 7.6 (18)
-+ theophylline

tissue was first incubated for 15 min in the presence
of kallikrein inhibitor and a low concentration of theo-
phylline (2.5 mg/100 ml), and then further incubated
for 60 min after the addition of neutral red to the me-
dia, there was no stimulation of insulin secretion by
neutral red. Because it has been recently claimed that
isolated islets obtained from fasted rats release gluca-
gon at a subnormal rate [11], the pancreatic tissue in
one experiment was taken from rats fasted for 24 h;
but neutral red still failed to affect insulin secretion
in pancreatic tissue from these fasted animals,

Table 3 and Fig. 2 summarize the results concern-
ing the inhibitory effect of imidazole. The secretion
of ingulin induced by glucose alone (300 mg/100 ml)
averaged 51.2 + 2.2 pU/mg.60 min (» = 126). When
theophylline (25 mg/100 ml) was present in the incu-
bation media, the stimulant effect of glucose was in-
creased by about 75 per cent, from 46.2 4- 2.4 (n = 42)

tion observed in the complete absence of glucose (9.1 4-
1.9 pU/mg. 60 min, n=14). At a much higher concen-
tration of imidazole (333 mg/100 ml), no significant
residual effect of theophylline could be detected, but
the stimulant effect of glucose alone still represented
42 per cent of its control value found in the absence of
imidazole.

Discussion

It has been shown here that neutral red, which is
thought to provoke glucagon release from the alpha-
cells [8], does not increase the stimulant action of glu-
cose upon insulin secretion. This negative finding is
not conclusive. Indeed, it could be argued that, despite
the presence in the incubation medium of kallikrein
inhibitor and despite the proximity of the alpha- to
the beta-cells, the glucagon released from the alpha-
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cells was destroyed by lytic factors originating in the
acinar tissue [7]. In addition, the effect of neutral red
upon glucagon release has been demonstrated in vivo,
but not yet in wvitro. Finally, there is the possibility
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was not sufficient to reproduce the increase in insulin
secretion that is observed when exogenous glucagon
is added to the incubation media in concentrations
from 0.5 to 1.0 mg/100 ml [5].

Table 3. Effect of imidazole upon insulin secretion

a) Mean insulin output (£U/mg- 60 min - SEM) by tissue incubated in media con-
taining glucose alone; number of observations shown in parentheses.

b) Effects of drugs are shown as mean increases in insulin secretion rates (4 wU/mg -
60 min 4+ SEM); the number of observations is in parentheses.

¢) The mean residual effects (4- SEM) of either glucose alone or the added drugs, in
the presence of various concentrations of imidazole, are shown as per cent of their
respective mean control values measured in the absence of imidazole, during the
same experiment. Also shown are the number of observations (in parentheses) and
the statistical significance of differences between residual and control output (3P <

0.05; PP < 0.02; ¢P < 0.005)

Imidazole Glucose Theophylline  Glucagon
(mg/ml) (3 mg/ml) (0.25 mg/ml) (10 pg/ml)
Control output '
(vU/mg-60 min) NIL 51.2 & 2.2 +3434+ 45 4267 4+ 4.0
(a) (b) (b)
(126) (42) (84)
0.40 106.9 4 10.1 87.9 1+ 17,56
(14) (14)
0.50 94.5 4- 8.7 48.4 - 18.22
() (28) (28)
Residual output 0.75 70.8 + 6.0 32.1 4+ 19.92
(% of control) (28) (28)
1.00 61.5 = 4.5¢ 558 4 10.52 — 2.6 - 22.49
(42) (14) (28)
3.33 42.1 4+ 3.4¢ 17.1 + 9.0¢
(14) (14)
100 The results obtained with imidazole afford more
valuable information concerning the role of glucagon
5 in insulin secretion. First, it has been shown that imi-
E dazole inhibits the stimulant effects of glucose, gluca-
o gon, and theophylline. The range of concentrations in
Z 50t which imidazole exerted its inhibitory effects was com-
3 parable with that used by BurcrER and SUTHERLAND
T8 (272 mg /100 ml) for activation of purified phospho-
= diesterase [1]. Secondly, the increase of secretion in-
28 ol duced by glucagon appeared to be more sensitive to
& e R . imidazole than that induced by theophylline or glu-
0 0‘40‘5 075 333 cose. This might only apply to the specific concentra-

iMIDAZOLE CONCENTRATION (mg ‘ml)

Fig. 2. Effect of imidazole upon insulin secretion induced
by glucose (triangles), theophylline (circles), and glucagon
(crosses). The regression lines illustrate the progressive
decrease in insulin secretion rate for increasing concen-
trations of imidazole (ranged on a logarithmic secale). In
each case, the mean residual insulin output is shown, as
in Table 3, in per cent of the mean control value measured
in the absence of imidazole

that the stimulating effect of glucagon upon insulin
secretion was masked by some noxious effect of neutral
red upon the beta-cells. However, if one assumes that
glucagon was indeed released and reached normally
respongive beta-cells, the present observations would
suggest that the amount of locally released glucagon

tions used in the present experiments, for glucose (300
mg /100 ml), theophylline (25 mg /100 ml), and gluca-
gon (1.0 mg/100 mi). It should, however, be pointed
out that, under the conditions used here, each of these
3 substances exerts its maximal stimulant effect upon
insulin secretion in rat pancreatic tissue [5]. Glucagon
and imidazole do not act at the same enzymatic level;
the great sensitivity of the glucagon effect to imidazole
suggests that partial activation of the phosphodie-
sterase by small doses of imidazole was sufficient to
compensate for the increase of 3',5’ cyclic AMP due to
activation of adenylcyclase by glucagon. On the con-
trary, since theophylline and imidazole are supposed
to act upon the same enzyme, it is not surprising that
the sensitivity of theophylline-induced insulin secre-
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tion was different from that of glucagon-induced secre-
tion. The stimulant action of glucose appeared even
more resistant to the inhibitory effect of imidazole.

Under conditions where the effect of exogenous
glucagon was reduced by more than half its control
value, glucose still stimulated insulin secretion at a
normal rate. This finding could indicate that glucagon
is not involved in the stimulant action of glucose upon
insulin secretion. However, if one assumes that the
sole mode of action of imidazole is to activate the phos-
phodiesterase, then the fact that imidazole, in higher
concentrations, also inhibits the effect of glucose could
well point in favour of some role played by the beta-
cell’s adenyleyclase system in the normal rate of insulin
secretion evoked by glucose in pancreatic tissue.

We think therefore that the major finding emerging
from the present experiments is that glucose can stimu-
late insulin secretion under conditions where imidazole
completely abolished the effect of exogenous glucagon.
Moreover, at a much higher concentration of imida-
zole, which also suppressed the effect of theophylline,
the rate of insulin seeretion induced by glucose was
still more than twice the basal rate of secretion ob-
served in the complete absence of glucose. It is there-
fore concluded that glucose may stimulate insulin
secretion despite an apparently complete inactivation
of the beta-cell’s adenyleyclase system. This conclusion
is consistent with the hypothesis, recently put for-
ward [5], that 3',5’ cyeclic AMP enhances the effect of
glucose upon insulin secretion, probably by activating
glucose metabolism within the beta-cell, but that 3’5’
cyclic AMP itself cannot be considered as the signal
for secretion.
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