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Summary. Under normal conditions, glucose acutely influ-
ences pancreatic islet B, A and D cell secretion. In addition,
prior exposure to glucose modulates the secretory responsive-
ness of these cells (priming effect). We have tested whether al-
loxan diabetes influences priming effects of glucose on A and
D cell secretion. Rat pancreases were perfused 72 h after al-
loxan treatment. A 20 min infusion of 27.7 mmol/1 of glucose
failed to induce priming effects, i.e. it did not inhibit the glu-
cagon nor amplify the somatostatin response to a subsequent
(15 min later) infusion of 8 mmol/1 of arginine. Insulin treat-
ment in vivo for 48 h restored a priming effect of glucose on
glucagon secretion in the perfused pancreas, i.e. exposure to
27.7 mmol/1 of glucose now inhibited subsequent arginine-in-
duced glucagon secretion by 48% relative to a stimulation pe-
riod with arginine preceding the glucose pulse (from 5.0 = 0.7
to 2.6 + 0.5ng/min, p < 0.01). Conversely, insulin treatment
in vivo did not restore a priming effect of glucose on soma-

tostatin secretion. Other effects noted were failure of
27.7 mmol/1 glucose to stimulate, during its presence, the re-
lease of somatostatin from pancreases of the diabetic rats
whether untreated or insulin-treated. Furthermore, insulin
treatment abolished the arginine-induced somatostatin secre-
tion observed in pancreases from untreated rats. It is con-
cluded that short-term alloxan diabetes leads to loss of a prim-
ing effect of glucose on glucagon secretion and that this ab-
normality is secondary to direct or indirect effects of insulino-
penia. Concomittant abnormalities of glucose regulation of
somatostatin secretion may, in part, be secondary to a cytotox-
ic effect of alloxan on the D cell.
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Under normal conditions the prevailing concentration
of glucose participates in the regulation of insulin, glu-
cagon and somatostatin secretion [1, 2]. However, also
priming effects of glucose modulate the secretion of
these three hormones. Short-term previous exposure to
glucose thus profoundly amplifies the insulin response
not only to glucose [3-5] but also to subsequent stimula-
tion with other secretagogues [6]. Also the somatostatin
response to glucose [7] or arginine [8] is enhanced, albeit
moderately, by previous exposure to glucose. As for
glucagon secretion, priming with glucose inhibits subse-
quent arginine-induced glucagon secretion [§-10]. The
mechanisms behind the acute and priming effects of
glucose seem to be partly different since both require
the metabolism of glucose but only the former effect is
tightly coupled to alterations in calcium fluxes and cy-
clic AMP metabolism [5].

Diabetes mellitus is associated with defective regu-
lation by ambient glucose of glucagon [11] as well as
somatostatin secretion [2]. To our knowledge investiga-

tions on priming effects of glucose on secretory re-
sponses in diabetes are lacking. The aims of the present
study were (a) to investigate the influence of an insulin-
openic diabetic state on priming effects of glucose, and
(b) to test whether insulin treatment in vivo would influ-
ence priming. To this end the effects of previous admin-
istration of glucose on subsequent arginine-induced
glucagon and somatostatin secretion were compared in
perfused pancreas from untreated or insulin-treated al-
loxan diabetic rats.

Material and Methods

Animals

Male Sprague-Dawley rats were obtained from Anticimex, Stock-
holm, Sweden. They were fed ad libitum with a commercial pelleted
diet. For reasons outlined in the Discussion, only limited investiga-
tions (Table 1) were carried out in normal rats. In all others diabetes
mellitus was induced in the fed state by injection into a tail-vein of
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Table 1. Characteristics of normal and alloxan-diabetic rats with or without insulin treatment

Rats Weight (g) Pancreatic content
Before alloxan At sacrifice Plasma glucose Insulin Glucagon Somatostatin
(mmol/1) (mU/pancreas) (ug/pancreas)  (ng/pancreas)
Alloxan-diabetic 183.2x£5.8 177.0+£5.3 (18) 39.7+3.1(12) 413+ 19.3(15) 4.28+0.23 a5y 727£21(15)
Alloxan-diabetic, insulin- 179.6£4.5 198.6+5.7 (14) 7.5+1.1(13) 284+ 65(12) 3.71+025(12) 746+43(12)
treated
Normal rats - 2124+7.0 (7) 9509 (5) 2614 £310 (7) 3224033 (7) 812%25 (7)

Results expressed as mean + SEM, number of observations in parentheses

60 mg/kg body weight of alloxan monohydrate (Sigma, St Louis, Mis-
souri, USA). Alloxan was dissolved in ice-cold saline immediately be-
fore use to yield a concentration of 20 mg/ml. Injection time was 10s.
The animals were then placed in metabolic cages with free acess to
food and water. Diabetes was diagnosed by the appearance of glycos-
uria 12-24h after alloxan. None of the animals developed ketonuria
which was tested for in every case. Three days after alloxan, the pan-
creas was isolated as described below and the animals sacrificed.
These diabetic animals were designated the untreated group. Other
diabetic animals were started on insulin treatment with SC injections
of heat-treated Ultralente insulin on the morning following alloxan
administration. They were maintained on 4-8 IU/24 h distributed in
two daily injections. Relative to induction of diabetes, the day of sac-
rifice was identical in both groups.

Perfused Pancreas Preparation

The animals were anaesthetized by IP injection of 100 mg/kg body
weight of pentobarbital. The pancreas was isolated completely free
from adjacent organs according to the technique of Loubatiéres et al.
[12]. After isolation and removal of the pancreas and before sacrifice,
a blood sample was obtained through cardiac puncture for the deter-
mination of plasma glucose. The pancreas was perfused through the
abdominal aorta with a Krebs-Henseleit bicarbonate buffer contain-
ing 20 g/1 of bovine albumin (Sigma, St Louis, Missouri, USA) and -
when not otherwise indicated — 3.9 mmol/1 of glucose. Flow rates
were kept between 2.2 and 2.7 ml/min and were stable throughout the
experiments.

Experimental Protocols

A preperfusion period of 15 min (not indicated in figures or tables)
was allowed before the start of each experimental protocol; the latter
time-point was designated as min zero. Two different protocols were
employed. In both, two identical pulses of 8 mmol/] of arginine were
administered between min 0-5 and 50-55. The test protocol included
a pulse of 27.7mmol/I of glucose between min 15-35. In the other
protocol (control) the glucose concentration was kept at 3.9 mmol/]
throughout the experiment. Samples of perfusate were obtained be-
fore all changes in perfusate composition and at 1 min intervals dur-
ing arginine infusions. During the glucose infusion min (15-35) a
single sample was secured from the pooled perfusate. Samples were
collected in prechilled plastic tubes containing 0.1 ml of Trasylol, then
frozen and stored at -20°C.

Extraction of Pancreatic Hormones

After the completion of the perfusion protocol, the perfused organ
was rapidly frozen. It was kept then at 70 °C for 1-6 months. The ex-
traction procedure consisted of cutting the frozen pancreas in four to
five pieces, which were placed in 5 ml of ice-cold acid ethanol (75 eth-
anol: 25 H;O: 1.5 concentrated HCl, v/v). The organ pieces were
minced with the aid of a Polytron (Kinematica, Luzern, Switzerland,
20's, position 7). The resulting mixture was allowed to stand at 4 °C

for 16 h after which it was diluted with 25 ml H,O and centrifuged at
48000 x g for 20 min. The clear infranatant was then secured and as-
sayed in several dilutions (1/10 to 1/10000) for contents of insulin,
glucagon and somatostatin as described below.

Assays

Plasma glucose was measured by a glucose oxidase method [13]. The
presence of glucose or ketones (acetoacetate) in the urine was tested
for with reagent sticks from Ames Laboratory, UK. Insulin was assay-
ed radioimmunologically using charcoal addition to separate free and
bound antibody [14]. The sensitivity of this assay was 8 mU/1 and the
coefficient of variation + 10%. Glucagon was assayed as described
[15] using 30K antibodies obtained from Dr. Unger, Dallas, Texas.
The sensitivity was about 10 pg/ml and the coefficient of variation =+ -
7%. Somatostatin was assayed as described [16, 17] using own anti-
bodies (R141E) [17]. The sensitivity was about-2 pg/ml and the coeffi-
cient of variation £ 15%.

Presentation of Results

Results are presented as mean + SEM. Tests of significance were car-
ried out using Student’s t-test for paired or unpaired differences as
evident or indicated in text and tables.

Results

Weights, Plasma Glucose and Contents of Pancreatic
Hormones in Untreated and Insulin-Treated Diabetic
Rats

Normal weight gain was halted in the alloxan-injected
untreated group, while it was preserved in the insulin
treated group (Table 1). Also plasma glucose measure-
ments, obtained before sacrifice, demonstrated a
marked difference between the two groups of animals.
Hence insulin treatment was effective in influencing im-
portant metabolic parameters of the diabetic animals.

As expected the pancreatic insulin content was re-
duced by 98%-99% in the diabetic animals when com-
pared with pancreases of normal rats (Table 1). This ef-
fect of alloxan on the B cell was not modified by insulin
treatment. The contents of glucagon and somatostatin
were not significantly changed by alloxan diabetes or
the insulin treatment thereof and exceeded one hun-
dred-fold or more the amount released during perfu-
sions.
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Table 2. Effects of previous exposure to elevated glucose on arginine-induced insulin, glucagon and somatostatin secretion from untreated or insulin-
treated alloxan-diabetic rats

Alloxan diabetic rats Number of  Insulin (mU/5 min) Glucagon (ng/5 min) Somatostatin (pg/5 min)
CXperiments 'y ginine  Argimine  p  Arginine  Arginine  p Arginine  Arginine  p
1st pulse 2nd pulse 1st pulse 2nd pulse 1st pulse 2nd pulse
Untreated rats
Control (glucose 8 018007 0.15+£006 NS 79%15 66+£20 NS 86.5+31.7 50.6+254 NS
3.9 mmol/1, min 0-55)
Priming (glucose 8 0.06+0.04 013£010 NS 6.6+1.1 55+1.1 NS 703+29.3 559+193 NS
27.7 mmol/1, min 15-35)
Insulin-treated rats
Control (glucose 5 0.13+013 0.11+£011 NS 50%1.2 44+08 NS 46+21.8 39+£191 NS
3.9 mmol/1, min 0-55)
Priming (glucose 9 0.04+0.01 007003 NS 35007 26+0.5 <001 233+£201 -183+19.0 NS

27.7 mmol/1, min 15-35)

Results are expressed as mean = SEM of the integrated secretion during the presence of arginine from which basal secretion rates (as estimated from the
values obtained immediately before each stimulation period) have been subtracted. Secretion was measured in response to two 5 min pulses of 8 mmol/1
of arginine which were administered 45 min apart. In priming experiments, we tested the effect of a 20 min infusion of 27.7 mmol/] of glucose on the
secretory response to the second pulse of arginine. p-values indicate significance of difference between first and second pulse responses to arginine
(paired differences). NS = not significant
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Fig.2. Somatostatin secretion in response to glucose and arginine
o from perfused pancreases of alloxan-diabetic rats. Symbols
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Fig. 1. Glucagon secretion in response to glucose and arginine from
perfused pancreases of alloxan-diabetic rats. Five minute pulses of
8 mmol/1 of arginine were administered between min 0-5 and 50-55

Secretory Responses: Insulin

As expected, insulin secretory responses were insignifi-

with (@———®) or without (O — — — O) an intervening infusion of
27.7mmol/1 of glucose. Mean secretory rate during the period of glu-
cose infusion (min 15-35) is indicated by the unfilled boxes. Results
expressed as mean + SEM; number of experiments indicated in
Table 2

cant in response to arginine (Table2) and completely
absent in response to glucose (not shown) whether
measured from pancreases of untreated or insulin-
treated animals.
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Glucagon

In the untreated diabetic rats a 20min infusion of
27.7mmol/1 of glucose did not significantly inhibit
‘basal’ release rates (174 + 67 prior to infusion versus
50 & 20.5 pg/min during infusion, p <0.1). No priming
effect could be demonstrated on subsequent arginine-
induced glucagon secretion (Fig.1, Table 2).

Insulin treatment in vivo did not significantly alter
basal release rates of glucagon from the perfused pan-
creas, nor arginine-induced release. An infusion of
27.7mmol/1 of glucose significantly depressed gluca-
gon secretion (from 64 =+ 26 to 15 = 8pg/min,
p<0.05). Insulin treatment in vivo was effective in res-
toring a priming effect of glucose on glucagon secretion.
Thus, previous exposure to 27.7 mmol/1 of glucose sig-
nificantly inhibited subsequent arginine-induced gluca-
gon secretion by 48% compared with a stimulation with
arginine without a preceding glucose pulse (from 5.0 +
0.7t0 2.6 = 0.5ng/5min, p<0.01, Fig.1, Table 2).

Somatostatin

During its presence, elevated glucose failed to stimulate
somatostastin release from the perfused pancreases of
untreated diabetic rats (Fig.2). The pulse of elevated
glucose was also without effect on the subsequent secre-
tory response to arginine (Fig.2, Table 2). Insulin treat-
ment neither restored an acute nor a priming effect of
glucose. The only apparent effect of insulin treatment in
vivo on somatostatin secretion was to inhibit the moder-
ate arginine-induced response seen in pancreases from
untreated rats (from 784 + 209 (n=16) to 16.6 *+
14.8 pg/5 min (n=14), p<0.05, Student’s t-test un-
paired differences).

Discussion

The use of B-cytotoxic drugs, such as alloxan and strep-
tozotocin, have provided a convenient and much em-
ployed basis for the study of experimental diabetes mel-
litus. Several studies have however demonstrated the
potential noxious effects of such drugs on other cells in
the organism [18]. Also the A and D cells can be affected
by high concentrations of alloxan and streptozotocin
[19, 20]. In order to distinguish between such effects of
alloxan on the one hand and the effect of insulinopenia
on islet secretory responses on the other, we have in the
present study compared A and D cell secretion in un-
treated and insulin-treated alloxan-diabetic rats. Such
an approach obviously requires insulin treatment to be
effective enough to normalize substantially (though,
realistically, by no means completely) the manifesta-
tions of diabetes. The fact that insulin treatment did
lower plasma glucose and did restore weight gain in the
diabetic rats would attest to its desired efficacy.

The main finding of the present study is the demon-
stration of a hitherto unrecognized abnormality of A
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cell regulation by glucose, i.e. loss of a priming effect. A
priming effect has previously been demonstrated in
vitro in the rat both in the fasted and fed state [8, 9]. A
recent study employed protocols identical to the present
ones [8]. A priming effect, albeit moderate, on glucagon
secretion has also been observed in man [10]. These
findings indicate that a priming effect of glucose on glu-
cagon secretion may play a role in the normal homeo-
stasis of nutrients and consequently, that the loss of this
glucostatic mechanism could add to the derangements
of metabolism seen in diabetes.

Insulin treatment in diabetic states partly or wholly
corrects defective (absent or blunted) regulation by am-
bient glucose of glucagon secretion [11]. Our findings of
significant inhibition during glucose infusion only after
insulin is thus in line with previous findings [21]. The
restoration by insulin of an immediate effect of glucose
may, at least in part, be mediated by insulin per se since
in vitro high concentrations of exogenous insulin can
suppress glucagon secretion from diabetic pancreases
[22-24].

Insulinopenia also underlies the loss of a priming ef-
fect of glucose on glucagon secretion. However, we do
not know whether glucose-induced A cell priming is in-
fluenced by insulin directly or indirectly for example by
insulin effects on glucose homeostasis. Evidence indi-
cates that in normal rats the metabolism of glucose is es-
sential for induction of priming in A and B cells [9]. It
thus seems reasonable to suggest that a direct or indirect
role of insulin on A cell priming would be coupled to an
effect on metabolic events in the glucagon-producing
cells.

Our results on somatostatin release are partly in line
with those of other investigators. As in our experiments,
elevated glucose failed to stimulate the release of soma-
tostatin in short-term alloxan diabetic dogs in vivo [25],
in the perfused pancreas from short-term streptozoto-
cin-diabetic dogs in vitro [26] and in isolated islets from
long-term streptozotocin-diabetic rats {27]. These obser-
vations have now been extended by our observation of
a concomittant loss of a priming effect of glucose. Our
results differ from those of Trimble et al. [27] with re-
spect to the effects of insulin treatment since in the latter
study insulin in vivo restored a definite stimulatory re-
sponse to glucose. Although the effects of glucose on
somatostatin release are moderate [8, 16] we think it un-
likely that they were absent in the present study merely
because of problems of detection. Instead the fact that
our insulin treatment period was restricted to 48 h be-
fore sacrifice compared with 10-21 days [27] could be of
importance for the failure of insulin to restore glucose
effects in our experiments. However, a cytotoxic effect
of alloxan on the D cell must also be considered. It has
indeed been demonstrated that pretreatment in vitro of
pancreases of normal animals with alloxan severely
comprises the secretory potential of the D cell [20]. Fur-
thermore, the glibenclamide-induced somatostatin se-
cretion was reduced in proportion to the dose of allox-



V.Grill and S. Efendi¢.: A and D Cell Secretion in Diabetes

an when tested in pancreases 3 days after alloxan (Efen-
di¢, unpublished observations).

A toxic effect of alloxan on the D cell could possibly
explain our unexpected findings that insulin treatment
in vivo abolished the moderate somatostatin response
to arginine seen in the untreated diabetic animals. Since
insulinopenia of the diabetic state may enhance the
somatostatin response to different stimuli (excluding
glucose) by factors presently unknown [2], we tentative-
Iy suggest that, in our experiments, insulin treatment
could have unmasked a damage to the D cell secretory
machinery induced by alioxan. Further studies will
have to be carried out in order to verify this hypothesis.
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