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Immediate and Time-Dependent Effects of Glucose

on Insulin Release from Rat Pancreatic Tissue

EVIDENCE FOR DIFFERENT MECHANISMS OF ACTION

VALDEMAR GRILL, ULF ADAMSON, and EROL CERASI, Department of
Endocrinology, Karolinska Hospital, S-104 01 Stockholm 60, Sweden

ABSTRACT Glucose-induced insulin secretion is
enhanced by a preceeding glucose stimulus. The char-
acteristics of this action of glucose were investigated
in perfused pancreas and collagenase-isolated islets
of Langerhans. A 20- to 30-min pulse of 27.7 mM
glucose enhanced both the first and second phase of
insulin release in response to a second glucose stimulus
by 76-201%. This enhancement was apparent as an
augmented maximal insulin release response to glu-
cose. The effect of priming with glucose was seen
irrespective of whether the pancreatic tissue was ob-
tained from fed or fasted rats. Separating the two
pulses of hexose by a 60-min time interval of exposure
to 3.3 mM glucose did not abolish the potentiation of
the second pulse. Omission of Ca** as well as the
inclusion of somatostatin or mannoheptulose during
the first pulse abolished insulin secretion during this
time period; however, only the inclusion of manno-
heptulose deleted the potentiation of the second pulse.
D-Glyceraldehyde, but not pyruvate, D-galactose, or 3-
isobutyl-1-methylxanthine, could substitute for glu-
cose in inducing potentiation.

In islets labeled with [2-*H]adenine, the [*H]-
cyclic AMP response to glucose was increased by 35%
when measured after 1 min, but was increased only
marginally after 2-10 min of stimulation with a
second pulse of glucose. The production of 3*H,O
from glucose was not affected by glucose priming.

It is concluded that (a) the induction of the glucose-
induced, time-dependent potentiation described here
is dependent on glucose metabolism but not on
stimulation of cyclic AMP, calcium fluxes, or insulin
release per se; (b) the mechanisms that mediate the
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pancreatic “memory” for glucose are unknown but do
not seem to involve to a major extent an increased
activity of the adenylate cyclase-cyclic AMP system
of the beta-cell; (c¢) the evidence presented supports
the hypothesis of a dual role of glucose for insulin
release.

INTRODUCTION

Insulin release induced by glucose is a process of
considerable complexity. Exposing the pancreas to a
high concentration of glucose gives rise to a biphasic
pattern of insulin release in which a short-lived burst
of insulin output is later followed by a slowly in-
creasing secretion rate (1, 2). However, this acute
insulin response is also influenced by a “memory”
for glucose. It has thus been demonstrated both in
vitro (3) and in vivo (4) that a first pulse of glucose is
able to enhance the insulin response to a second one.

Although some characteristics of this glucose-
induced, time-dependent potentiation (TP)! of insulin
secretion have been described in man (4, 5), the
mechanisms that govern this phenomenon are com-
pletely unknown. The aims of the present investiga-
tion were (a) to characterize the time dimensions as
well as the glucose dose dependency of TP; (b) to
determine whether the demonstration of TP depends
on the nutritional state; (¢) to establish whether the
glucose stimulation which generates TP is coupled to a
glucose action on fluxes of Ca**, stimulation of cyclic
AMP, or the metabolism of the hexose; and (d) to
investigate whether TP is mediated by an increased
cyclic AMP response, by increased metabolism of glu-
cose, or by other factors. To this end the effects of
glucose in two in vitro systems, the perfused pancreas

1 Abbreviations used in this paper: IBMX, 3-isobutyl-1-
methylxanthine; KHB, Krebs-Henseleit-bicarbonate buffer;
TP, time-dependent potentiation.
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and collagenase-isolated islets of Langerhans from the
rat, were studied.

METHODS

Perfused pancreas

Male Sprague-Dawley rats weighing 160-200 g were either
fed ad lib. or fasted for 24 h before the experiments. They
were anesthetized by i.p. injection of 100 mg/kg of pento-
barbital, and the pancreas was isolated free from surrounding
tissue by a slight modification of the technique of Lou-
batiéres (6). The gland was perfused with a Krebs-Hen-
seleit-bicarbonate (KHB) solution which contained 20 g/liter
of albumin and, when not otherwise indicated, 3.9 mM of
glucose. The final solution was continuously gassed with a
mixture of 95% oxygen and 5% carbon dioxide. The buffer
solution was administered into the aorta and pumped
through the pancreas without recycling. The flow rate was
kept around 2.0 ml/min.

Isolated islets

Preparation of islets, labeling with [2-*Hladenine, and
incubation of islets. Male Sprague-Dawley rats weighing
100-150 g were either fed ad lib. or fasted for 48 h until
decapitation. Pancreatic islets were isolated by the col-
lagenase method of Lacy and Kostianovsky (7). The col-
lagenase employed was from Worthington Biochemical Corp.,
Freehold, N. ]J. KHB buffer with 2 g/l bovine serum albumin,
10 mM Hepes, and, when not otherwise indicated, 3.3 mM
glucose, was used throughout the experiments. Islets were
pulse-labeled with 100 uCi/ml of [2-*H]adenine (25 Ci/
mmol, New England Nuclear, Boston, Mass.) during a 60-
min preincubation period as previously described (8). Batches
of 15 islets were then transferred to “baskets.” These were
prepared by cutting small microcentrifugation plastic tubes
with an upper inner diameter of approximately 4 mm (Beck-
man Instruments, Inc., Fullerton, Calif.). The hollow
cylinders thus obtained were capped with nylon gauze (70
threads/cm? of gauze, 36% open space). The baskets with
the islets were placed in small incubation tubes in a final
volume of 0.5 ml. Incubations were carried out at 37°C
together with the agents to be tested, the baskets being
transferred to new incubation tubes according to the experi-
mental protocol. In the final incubations, 0.1 mM of 3-iso-
butyl-1-methylxanthine (IBMX) was always present unless
otherwise indicated.

Measurement of islet [*Hlcyclic AMP. After removal of
an aliquot of the incubation medium, 100 ug of cyclic AMP
was added and the samples kept in a boiling water bath for
5 min. [PH]cyclic AMP was extracted as previously de-
scribed (8, 9), and the radioactivity was counted by liquid
scintillation. Under all conditions, efflux of [*H]cyclic AMP
into the incubation media was less than 5% of the tissue
content of radioactive nucleotide; this was not corrected for.

Estimation of glucose utilization. The utilization of glu-
cose was determined from the production of tritiated water
formed from [5-*H]glucose during glycolysis. The technique
described by Ashcroft et al. (10) was followed with minor
modifications. Batches of 10 islets were incubated in 30 ul
of KHB containing 400,000-600,000 cpm of radioactive
glucose (The Radiochemical Centre, Amersham, England).
The reactions were stopped by the addition of 10 ul of 0.25
N HCIL. The recovery of the microdiffusion process was
measured in each experiment (range from 50% to 60%) and
corrected for.
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Insulin assay

Insulin was measured using a charcoal separation method
of radioimmunoassay (11). *'I-labeled pork insulin (obtained
from The Radiochemical Centre, Amersham, England) was
used. Purified rat insulin (kindly supplied by Dr. J. Schlicht-
krull, Novo Research Institute, Bagsvaerd, Denmark) served
as standard.

RESULTS

Time- and dose-dependent characteristics of
glucose-induced TP

Fig. 1 demonstrates glucose-induced TP in the
perfused pancreas. In these experiments, 27.7 mM glu-
cose was present for two 30-min periods interrupted
by a 30-min perfusion with 3.9 mM glucose. Whether
in pancreata from 24-h-fasted animals or from fully fed
animals, the insulin response to the second stimulus
was significantly greater than the first response (P
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FIGURE 1 Effect of two 30-min pulses of 27.7 mM glucose
on insulin secretion in perfused pancreas in fasted (O —~--0O)
or fed (@ —— @) animals. Mean=SEM of 10 and 5 experi-
ments, respectively.
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< 0.001 according to Student’s t test, paired differ-
ences). The total insulin response was enhanced by
201+27% in the fasted and by 131+21% in the fed
animals. Both first and second phases of insulin re-
lease were potentiated (148 and 218% for the first 10
min as compared to 90-112% for minutes 20-30 in
the fed and fasted animals, respectively).

When the time interval between two 20-min pulses
of glucose stimulation was prolonged from 10 to 60
min, no clear differences in the degree of TP were ob-
served (Table I). Thus a 60-min period of 3.9 mM
glucose was not sufficient to delete the potentiating
effect induced by the first glucose (27.7 mM) pulse.

The effects of glucose priming on subsequent stimu-
lation with a range of glucose concentrations were
tested in isolated islets (Fig. 2). Islets were incubated
for 30 min with 27.7 mM glucose, then for 20 min in
3.3 mM glucose, and finally for 10 min in media con-
taining various glucose concentrations. Glucose prim-
ing augmented the insulin response to all glucose
concentrations (0-27.7 mM) in the final incubation; the
priming effect, however, was more marked with in-
creasing glucose concentrations. This effect was ob-
served both in islets from 48-hr-fasted animals and
from fed animals, although the maximal insulin re-
sponse was lower in the fasted animals under all
circumstances. Since it is well established, also in
our hands (8), that 27.7 mM is a maximally effective
concentration of glucose for stimulating acute insulin
release in isolated rat islets, it would appear that
priming with glucose increased the maximal response
to glucose in the final incubations.

The effect of varying the glucose concentration
during the first pulse on the subsequent response to
glucose was studied in isolated islets (Table II). 27.7
mM glucose was a maximally effective concentration
for inducing an enhancing effect on the second pulse;
8.3 mM exerted a small effect.

TABLE I
Effect of Two 20-min Pulses of 27.7 mM Glucose on Insulin
Secretion from the Perfused Pancreas from Fasted Animals*

No. of Time intervals Percent
experi- between First pulse, Second pulse, increment
ments pulses IRI IRI of first pulse
min nU nU %

3 10 178+5 356+59 98

4 20 307+80 641+162 115

3 30 335+15 590+33 76

3 60 39035 710+98 81

* Between the two pulses the glucose concentration was kept
at a nonstimulatory level (3.9 mM) for 10, 20, 30, or 60 min.
The secretory response is expressed as mean=SEM of the
total amount of insulin released during the respective
stimulatory pulse.
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FIGURE 2 Effects of glucose priming on insulin and [*H]-
cyclic AMP responses to a subsequent glucose stimulus.
Islets from fed or 48-h fasted animals (n = 4) were preincu-
bated with 27.7 (@ — @) or 3.3 mM (O —--O) of hexose
for 30 min, then with 3.3 mM glucose for 20 min, and finally
with different glucose concentrations for 10 min. 0.1 mM
IBMX was included in the final incubations.

To determine whether a prolonged incubation of
the islets with a low glucose concentration could
affect the subsequent responsiveness to a stimulatory
glucose concentration, islets were incubated from 0 to
90 min in 3.3 mM glucose and then transferred to a
10-min incubation with 27.7 mM glucose (Fig. 3).
With prolonged time of exposure to 3.3 mM glucose,
increasing deterioration of the insulin response to
27.7 mM glucose was observed (at 60 min, 32%
inhibition, at 90 min, 54% inhibition).

Induction of TP: modification of the stimulus
for TP

In the perfused pancreas, as well as in isolated
islets, the insulin response to a first pulse of 27.7 mM
glucose was inhibited by two-thirds or more when
Ca** was omitted (Fig. 4, Tables II and III). In con-
trast, TP was not abolished, the insulin response of



TABLE II
Effects of Modifying Glucose Priming in Isolated Islets from Fed Animals*

First pulse
Percent increment Second pulse
No. of Glucose of the response to
experiments concen. Ca** Additions IRI 27.7 mM glucose IRI [*H]cAMP
mM mM uUlislet % wuUlislet dpm
5 3.3 2.56 — 3.3+x1.2 10.8+1.2 12.9+0.6
5 8.3 2.56 — 6.8+2.0 15.7+£2.5 14.1+0.7
5 27.7 2.56 — 37.7+3.3 23.4+3.1% 14.9+0.8
5 55.4 2.56 — 47.5+2.4 22.7+2.11 16.6x1.8
5 3.3§ 2.56 — 3.3x1.2 28=+1.1 76+x14
4 3.3 2.56 — 2.2+0.7 10.6x1.5 13.2+0.7
4 27.7 2.56 — 39.4+3.7 23.8+3.9 15.4+0.5
4 3.3 0 — 2.3+0.5 13.4+2.3 16.1+3.2
4 27.7 0 — 8.2+1.3 =79 21.6+3.3% 17.3+2.3
4 3.3 2.56  Mannoheptulose, 13.8 mM 2.2+0.7 11.8+2.1 14.0+1.7
4 27.7 2.56  Mannoheptulose, 13.8 mM 1.5+0.5 -96 12.2+1.9 16.2+1.4
4 3.3§ 2.56 — 2.2+0.7 3.5+x1.2 8.7x1.2
5 3.3 2.56 — 3.0+£1.0 94+1.7 12.1x1.2
5 27.7 2.56 —_ 38.6+3.0 22.3+3.41 13.9=x1.5
5 0 2.56  Glyceraldehyde, 10 mM 72+1.2 -81 19.8+2.6% 16.3+1.5
5 3.3§ 2.56 — 3.0x1.0 3.5+x1.2 74+1.6
4 3.3 2.56 — 3.7+1.7 11.4*1.5 12.7+0.7
4 27.7 2.56 — 35.2+1.4 21.4x0.7% 13.2+0.7
4 3.3 2.56  Pyruvate, 10 mM 3.2+1.7 12.5+1.4 14.2+1.2
4 3.3 2.56 Galactose, 27.7 mM 4.2+2.2 114=1.9 12.6+0.7
4 3.3§ 256 — 3.7+1.7 24=+1.1 7.6+0.9
4 3.3 2.56 — 3.4x1.7 12.2+2.2 12.9+0.7
4 3.3 2.56 IBMX, 1.0 mM 5.8+0.3 -84 11.9=+1.1 14.1x1.6
4 8.3 2.56 — 52+1.2 134=1.0 14.5+2.1
4 8.3 2.56 IBMX, 1.0 mM 38.9+4.4 5 13.9+1.7 11.9+0.6
4 27.7 2.56 — 36.9+2.9 23.2+1.7t 14.0x0.7
4 3.3§ 2.56 — 34=1.7 1.9+0.8 72+1.2

* Islets were stimulated by two pulses (first and second pulse, respectively). The first pulse was 30 min and the
second was 10 min of duration. Between these two pulses, islets were incubated with a nonstimulating glucose
concentration (3.3 mM) for 20 min. 27.7 mM glucose was present during the second pulse as well as 0.1 mM IBMX.
Mean=SEM of the insulin and [3H]cyclic AMP responses in the separate sets of experiments delineated by the

horizontal lines.

1 P < 0.05 or less, according to Student’s t test (paired differences) from the response obtained in islets preincubated

with 3.3 mM glucose and 2.56 mM Ca**.

§ 3.3 mM glucose was present throughout the first and second pulse.

the second pulse being enhanced by 74% in compari-
son to that of the first pulse, measured in control
incubations. Similarly, somatostatin (tested in the
perfused pancreas only) inhibited insulin response to
the first pulse by 82% but did not inhibit the TP
induced by the hexose. On the other hand, manno-
heptulose, a known inhibitor of glycolysis, totally
inhibited TP in addition to abolishing the insulin
response to the first pulse (Fig. 4, Tables II and III).

When glucose in the first pulse was replaced by the
glucose metabolite D-glyceraldehyde (Fig. 5, Tables II

Immediate vs. Time-Dependent Effects of Glucose in Rat Pancreatic Tissue

and III), the insulin response to 27.7 mM glucose
(second pulse) was potentiated to the same extent as
when preceeded by 27.7 mM glucose in the first pulse.
Another glucose metabolite, pyruvate, neither gener-
ated TP nor induced insulin release during the first
pulse (Tables II and III). Galactose could not substi-
tute for glucose during the priming period, nor could
the phosphodiesterase inhibitor IBMX (tested in
isolated islets only). It is noteworthy that IBMX,
when added to media containing 8.3 mM glucose,
enhanced the insulin secretion of the first pulse to a
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FiGURE 3 Effects of prolonged exposure to a low glucose
concentration on the subsequent glucose-induced insulin
and [*H]cyclic AMP responses. Islets from fed rats were
incubated from 0 to 90 min together with 3.3 mM glucose
and finally for 10 min in incubation media containing 3.3 or
27.7 mM of hexose. O+ O and @ — — - @ denote final incuba-
tions with 3.3 and 27.7 mM of glucose, respectively; 0.1 mM
IBMX was included in all final incubations. Mean+SEM of
seven experiments.

rate not different from that induced by 27.7 mM of
hexose (without further additions); yet the methylxan-
thine was completely ineffective in generating TP

(Table 1II).

Mediation of glucose-induced TP

Role of cyclic AMP. The possibility that the
adenylate cyclase-cyclic AMP system of the islet
would be involved in TP was tested in several ways
in islets prelabeled with [*H]adenine. First, it was
observed that basal [*H]cyclic AMP levels were not
significantly elevated by priming whether in the ab-
sence or presence of a high concentration of the
phosphodiesterase inhibitor IBMX (Table IV). Second,
when measured after 10 min of final incubation, the
stimulatory effect of 27.7 mM glucose on [*H]cyclic
AMP was only marginally affected by glucose priming.
Indeed a small augmentation of [*H]cyclic AMP
levels was observed only when results from several
experimental series were compiled (from Table II and
Fig. 2, 14.0 vs. 13.0 dpm; n = 15, P < 0.05 according
to Student’s t test, paired differences). In contrast,
the insulin response measured in the same incubations
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was invariably increased twofold or more by the prim-
ing procedure.

To investigate whether priming with glucose in-
fluenced preferentially an early component of the
cyclic AMP response, the time course of changes in
[*H]cyclic AMP during a 1- to 5-min-long second
pulse with 27.7 mM glucose was studied (Fig. 6). In
these experiments, glucose priming moderately aug-
mented only the 1-min [*H]cyclic AMP level (35%,
P <0.01 according to Student’s t test, paired differ-
ences), whereas the insulin responses were enhanced
by more than 150% after 2 and 5 min of incubation.

The markedly reduced insulin response to 27.7 mM
glucose after prolonged (90 min) incubation with 3.3
mM glucose (Fig. 3) was accompanied by a reduction
of the mean [*H]cyclic AMP response, which, how-
ever, was not significant (P < 0.1 according to Student’s
t test, paired differences).

Role of glucose metabolism. Since the potentiated
insulin response during the second pulse might be
the consequence of an enhancement of the metabolism
of glucose, glucose utilization was measured in islets
which had been incubated in 27.7 mM glucose for 30
min and then selected for a final 10-min incubation
in media containing 3.3 or 19.4 mM glucose. Produc-
tion of 3H,0 from [5-*H]glucose and—in parallel
incubations—insulin release were measured (Table
V). In line with the previous results, insulin release
was markedly enhanced by the glucose priming. No
significant effect on glucose utilization could be
registered, however.

DISCUSSION

The present results confirm and extend the observa-
tions that Grodsky et al. made several years ago (3) on
glucose-induced, time-dependent potentiation of in-
sulin secretion, where in the perfused pancreas of
fasted rats, preincubation with a high glucose con-
centration for 60 min greatly enhanced the insulin
response to a second glucose stimulus. In conjuction
with the present results, a broad time range would
appear to be established for the induction of TP
(from 20 to at least 60 min), for the memory of TP (at
least 60 min) as well as for its expression (at least 30
min). The definite time limits for any of the above
components of TP have not been determined, however.
Our data showing that TP can be induced in fed as
well as in fasted rats, as well as the finding that TP
can be demonstrated in man (4), further indicate the
role of glucose-induced TP as a basic physiological
phenomenon.

Which mechanisms are involved in the induction of
TP? Our results indicate that the metabolism of glucose
must be important in this respect. Thus, an inhibitor
of glycolysis, mannoheptulose, when given during the
first pulse, completely inhibited TP. Conversely, glu-
cose-induced TP was abolished by omission of Ca**, a
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FIGURE 4 Effects of modifying a first glucose pulse by omission of Ca** or by addition of
mannoheptulose or somatostatin. Representative experiments from the perfused pancreas
preparation (fased rats) are shown in comparison with the mean of experiments derived
from Fig. 1 (upper graph). The experimental conditions are given in Table III.
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TABLE III
Effects of Modifying Glucose Priming in the Perfused Pancreas from Fasted Animals*

Second pulse

First pulse
Percent increment of the
Percent increment response to 27.7 mM glu-
No. of Glucose of the response to cose and 2.56 mM Ca**
experiments concen. Cat* Additions IRI 27.7 mM glucose IRI during first pulse
mM mM rU % rU %
10 27.7 2.56 — 287+44 — 787+101% 201%
4 27.7 — — 103+32 -65 515+50¢ 74%
3 27.7 2.56 Mannoheptulose, 25+13 -92 21612 -27
13.8 mM
4 27.7 2.56  Somatostatin, 53+9 -82 596+75% 101¢
100 ng/ml
4 3.9 2.56 D-Glyceralde- 314+18 6 1,049+169% 253%
hyde, 14 mM
4 3.9 2.56 Pyruvate, 14 mM 14=1 -95 332+94 16

* The pancreata were stimulated by two 30-min pulses (first pulse and second pulse, respectively). Between these two
pulses, the pancreata were perfused with a nonstimulating glucose concentration (3.9 mM) for 30 min. 27.7 mM glucose
was present during the second pulse. The secretory responses are expressed as mean+SEM of the total amount of insulin

released during the respective stimulatory pulse.

1 P < 0.05 or less according to Student’s t test (unpaired differences) from the response to 27.7 mM glucose and 2.56 mM

Ca** during the first pulse.

condition which inhibits glucose-induced insulin re-
lease (12) while affecting glucose metabolism only
slightly (13). The finding that the glycolytic inter-
mediate D-glyceraldehyde, but not the nonmetaboliz-
able glucose isomer D-galactose, could substitute for
glucose as inducer of TP further indicates that glu-
cose metabolism is essential for TP. The failure of
pyruvate, which is metabolized in the beta-cell (14),
to induce TP may indicate that a product of glycolysis
is important in this respect.

Apart from a probable influence of glucose metab-
olism on TP, our studies have excluded but not re-
vealed other factors of importance in this context. It
seems clear that the insulin release process per se does
not induce TP. This is illustrated by the findings that
omission of Ca**, as well as the inclusion of somato-
statin, inhibited glucose-induced insulin release but
not TP. Conversely, IBMX greatly potentiated insulin
release during glucose priming, whereas TP was un-
affected. Since cyclic AMP is inhibited by somatostatin
(15) (which also may inhibit Ca** fluxes [16]) and
by omission of Ca** (17), and is increased by IBMX,
it seems clear that cyclic AMP is not the factor that
induces TP. In a similar manner, the maintenance of
TP in the absence of Ca** indicates that a glucose-
induced accumulation of this ion, which could be part
of the action by which glucose initiates insulin secre-
tion (18), is not a crucial factor in the induction of TP.
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Translocation of insulin granules from the interior
of the beta-cell to its periphery could be a mechanism
whereby glucose induces TP, the insulin granules
close to the cell membrane presumably being more
easily released than those located further away from
the site of exocytosis. However, such a mechanism is
unlikely to be operative in our system, because the
migration of the granules are dependent on the pres-
ence of calcium (19). Glucose promotes the synthesis
of tubulin (20) as well as its polymerization from pre-
existing soluble subunits (21). Such actions could lead
to an increased delivery of granules to the emiocytotic
sites in response to a repeated glucose stimulus. How-
ever, also cyclic AMP induces synthesis (20) as well as
polymerization of tubulin (22), while no effects on TP
were observed in the present experiments. Thus no
evidence favoring the involvement of the microtubular
system in TP is apparent.

Which mechanisms mediate the potentiating effect
of glucose? To study this question, isolated islets had
to be employed. This system has the disadvantage of
showing a time-dependent deterioration of the glu-
cose responsiveness after prolonged incubations with
low glucose. The possibility that the enhancing ef-
fect of a first pulse of 27.7 mM glucose was partly
due to correction of this deterioration cannot be ex-
cluded. However, the fact that our findings concern-
ing insulin release were qualitatively quite similar in
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FIGURE 5 Effect of priming with D-glyceraldehyde (14 mM) on the subsequent response to
glucose 27.7 mM. One representative experiment with the perfused pancreas from a fasted rat
is shown. The experimental conditions are given in Table III. Shaded areas represent mean
+SEM of experiments with two pulses of 27.7 mM glucose derived from Fig. 1.

both experimental systems used supports the validity of
the results obtained with isolated islets.

With the above reservation in mind, the islet data
show that priming with glucose increases the maximal
insulin release in response to glucose on insulin re-
lease during a subsequent stimulation with the hexose.
A concomitant change also in the sensitivity to glu-
cose is not apparent; our results, however, are insuf-
ficient to rule out this possibility. These findings are
analogous to results obtained in man (4).

One main purpose of the islet studies was to investigate
the role of cyclic AMP in mediating TP. A prelabeling
method for measuring changes in cyclic AMP levels
was used, the validity of which has recently been
evaluated (23). A moderate increase in the [*H]cyclic
AMP response due to glucose priming was found after
1 min of second pulse stimulation, while effects were
absent or marginal after longer times of incubations.
It seems difficult to envisage how the l-min cyclic
AMP response could directly influence the 5-min
insulin as seen in Fig. 6. Although the evidence is
not unambiguous, we thus favor the idea that an in-

Immediate vs. Time-Dependent Effects of Glucose in Rat Pancreatic Tissue

creased cyclic AMP response to glucose—the re-
sponse to other agents not being investigated here—
is at least not a major factor for the mediation of TP.
It should be emphasized, however, that the acute

TABLE IV
Lack of Effect of Glucose Priming on the Basal Islet
[3H]Cyclic AMP Levels and Insulin Release*

Glucose during IBMX,
preincubation 1.0 mM [*H]cyclic AMP IRI
mM dpmlislet uUlislet per 10 min
27.7 - 4.2+0.8 1.8+0.7
+ 22.9+1.7 3.8+x14
3.3 - 4.6x1.0 3.3+x1.7
+ 19.8+4.2 3.5+1.1

* Islets from fed rats were preincubated for 30 min either
in 27.7 or 3.3 mM glucose followed by 20 min together with
3.3 mM and finally for 10 min in the absence of hexose.
Insulin release and islet [3H]cyclic AMP were measured at
the end of the final incubation.
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FIGURE 6 Time course of the insulin and [*H]cyclic AMP
responses after glucose priming. Islets from fed rats were
incubated either in 27.7 or 3.3 mM glucose for 30 min,
then with 3.3 mM hexose for 20 min. In the final incubations
(where 0.1 mM IBMX was included), the response to 27.7
mM glucose was measured. ® —— @, first and finally incu-
bated in 27.7 mM glucose; O - —- O, first incubated in 3.3
mM, finally in 27.7 mM glucose; A, first incubated in 27.7
mM, finally in 3.3 mM glucose; A, first and finally incubated
in 3.3 mM glucose. Insulin release from the glucose-primed
islets vs. unprimed islets was significantly enhanced accord-
ing to Student’s t test (paired differences) after 2 min
(P <0.005) and 5 min (P < 0.001), and the islet [*H]cyclic
AMP level increased after 1 min (P < 0.01). Mean+SEM of
nine experiments.

action of glucose, which is necessary during both
the first and the second pulse, does involve stimula-
tion of cyclic AMP.

Howell et al. (24) have documented that the activity
of islet adenylate cyclase is increased by high glucose
after a stimulation period of 2 h. Although cyclic AMP
metabolism in the islet can thus be profoundly influ-
enced by glucose over a prolonged period of time,
this time scale does not seem to be equivalent to
that of TP as described here. Whether the mechanisms
that mediate TP are partly similar to those responsible
for the alterations of the islet responsiveness due to
prolonged exposure to glucose is unknown.

Our study does not give a positive answer as to which
factor(s) mediate TP. A gross change in the metabolism
of glucose does not seem to be associated with the
potentiated insulin response, but more subtle and
specific alterations in the metabolic handling of glu-
cose have not been excluded. In this context, it should
also be pointed out that our measurements of glucose
utilization were carried out in much smaller volumes
of incubation than those employed for the study of
insulin release; the possible importance of this differ-
ence has not been investigated.

Other possible mechanisms that may mediate TP and
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TABLE V
Effects of a Preincubation with 27.7 mM Glucose on *H,0
Production from [5-*H]Glucose*

Glucose in final incubation

Glucose in 3.3 mM 19.4 mM
preincu-
bation Glucose IRI Glucose IRI
utilized utilized
mM pmol uUllislet pmol nUlislet
islet per islet per
10 min 10 min
3.3 3204 1.7+x0.9 10.6+2.7 11.8+3.8
27.7 29404 4307  122+23 21.0%6.01

* Islets from fed rats were exposed immediately after isolation
for 30 min at 37°C to either glucose 3.3 or 27.7 mM, after
which they were selected in 3.3 mM glucose for final incu-
bations in 30 ul of buffer containing radioactive glucose. The
samples were incubated in sextuplicate for 10 min in either
3.3 mM or 19.4 mM glucose, the reactions being stopped by
the addition of HCI. Separate incubations where insulin
release was measured were carried out in 0.6 ml of KHB.
0.1 mM IBMX was included in all final incubations. Mean
+SEM of five experiments.

§ P <0.02 according to Student’s t test (paired differences)
from the response obtained in islets preincubated with 3.3
mM glucose.

which remain for further study include increased
energy stores in the beta-cell, changes in cell-mem-
brane structure and function, or an increased number of
protein molecules associated with the process of exo-
cytosis. The present studies, however, demonstrate
clearly that glucose exerts two distinct actions on
insulin release: one which is immediate and involves
Ca** ions and the cyclic AMP system of the islet, and
one which is delayed and seemingly independent of
these factors, the expression of which requires the
presence of the first, initiating action. Thus our results
offer experimental support for the hypothesis of a dual
role of glucose for insulin release (4, 25). It is tempting
to speculate that TP represents. a primitive function
in the beta-cell, while the acute glucose effect, in-
volving cyclic AMP, has evolved at a later stage for the
minute-to-minute regulation of glucose homeostasis
with high sensitivity.

ACKNOWLEDGMENTS

The skillful technical assistance of Miss Anita Nylén, Miss
Karin Lindstrom, and Mrs. Margareta Rundfeldt is grate-
fully acknowledged. Excellent secretarial help was provided
by Miss Britt-Marie Witasp.

This work was supported by the Swedish Medical Re-
search Council (grant B77-19X-04540-03A), the Swedish
Diabetes Association, and the Nordic Insulin Foundation.



10.

11.

12.

13.

REFERENCES

. Grodsky, G. M., L. L. Bennett, D. F. Smith, and K.

Nemecheck. 1967. The effect of tolbutamide and glucose
on the timed release of insulin from the isolated per-
fused pancreas. In Tolbutamide after Ten Years. Excerpta
Med. Int. Congr. Ser. 149: 11-21.

. Cerasi, E., and R. Luft. 1967. The plasma insulin

response to glucose infusion in healthy subjects and in
diabetes mellitus. Acta Endocrinol. 55: 278-304.

. Grodsky, G. M., D. Curry, H. Landahl, and L. L. Bennett.

1969. Further studies on the dynamic aspects of insulin
release in vitro with evidence for a two-compartmental
storage system. Acta Diabetol. Lat. 6(Suppl. 1): 554-579.

. Cerasi, E. 1975. Potentiation of insulin release by glu-

cose in man. I. Quantitative analysis of the enhance-
ment of glucose-induced insulin secretion by pretreat-
ment with glucose in normal subjects. Acta Endocrinol.
79: 483-501.

. Cerasi, E. 1975. Potentiation of insulin release by glu-

cose in man. II. Role of the insulin response and en-
hancement of stimuli other than glucose. Acta Endo-
crinol. 79: 502-510.

. Loubatiéres, A., M. M. Mariani, G. Ribes, and H. de

Malbosc. 1969. Etude expérimentale d’un nouveau sulfa-
mide hypoglycémiant particuliérement actif, le HB 419 ou
glibenclamide. I. Action bétacytotrope et insulinosécré-
trice. Diabetologia. 5: 1-10.

. Lacy, P. E., and M. Kostianovsky. 1967. Method for the

isolation of intact islets of Langerhans from the rat pan-
creas. Diabetes. 16: 35-39.

. Grill, V,, and E. Cerasi. 1974. Stimulation by D-glucose

of cyclic adenosine 3’:5’-monophosphate accumulation
and insulin release in isolated pancreatic islets of the
rat. J. Biol. Chem. 294: 4196-4201.

. Krishna, G., B. Weiss, and B. B. Brodie. 1968. A simple,

sensitive method for the assay of adenyl cyclase. J.
Pharmacol. Exp. Ther. 163: 379-385.

Ashcroft, S. J. H., L. C. C. Weerasinghe, J. M. Bassett, and
P.J. Randle. 1972. The pentose cycle and insulin release
in mouse pancreatic islets. Biochem. J. 126: 525-532.
Herbert, V., K-S. Lau, C. W. Gottlieb, and S. J. Bleicher.
1965. Coated charcoal immunoassay of insulin. J. Clin.
Endocrinol Metab. 25: 1375-1384.

Grodsky, G. M., and L. L. Bennett. 1966. Cation require-
ments for insulin secretion in the isolated perfused
pancreas. Diabetes. 15: 910-913.

Hellman, B., L-A. Idahl, A. Lernmark, J-O. Sehlin, and

Immediate vs. Time-Dependent Effects of Glucose in Rat Pancreatic Tissue

14.

15.

16.

17.

18.

19.

20.

21.

22.

25.

I-B. Tiljedal. 1974. The pancreatic B-cell recognition of
insulin secretagogues. Effects of calcium and sodium on
glucose metabolism and insulin release. Biochem. J. 138:
33-45.

Hellman, B., J. Sehlin, and I-B. Tiljedal. 1971. Effects of
glucose and other modifiers of insulin release on the oxi-
dative metabolism of amino acids in micro-dissected
pancreatic islets. Biochem. J. 123: 513-521.

Claro, A., V. Grill, S. Efendié, and R. Luft. 1977. Studies
on the mechanisms of somatostatin action on insulin
release. IV. Effect of somatostatin on cyclic AMP levels
and phosphodiesterase activity in isolated rat pancreatic
islets. Acta Endocrinol. 85: 379-388.

Curry, D. L., and L. L. Bennett. 1974. Reversal of
somatostatin inhibition of insulin secretion by calcium.
Biochem. Biophys. Res. Commun. 60: 1015-1019.
Charles, M. A., ]J. Lawecki, R. Pictet, and G. M. Grodsky.
1975. Insulin secretion. Interrelationships of glucose,
cyclic AMP and calcium. J. Biol. Chem. 250: 6134-6140.
Malaisse, W. J. 1973. Insulin secretion: multifactorial
regulation for a single process of release. Diabetologia.
9: 167-173.

Lacy, P. E.,, E. H. Finke, and R. C. Codilla. 1975.
Cinemicrographic studies on B-granule movement in
monolayer culture of islet cells. Lab. Invest. 33: 570-
576.

Pipeleers, D. G., M. A. Pipeleers-Marichal, and D. M.
Kipnis. 1976. Regulation of tubulin synthesis in islets of
Langerhans. Proc. Natl. Acad. Sci. U. S. A. 73: 3188-3191.
Pipeleers, D. G., M. A. Pipeleers-Marichal, and D. M.
Kipnis. 1976. Microtubule assembly and the intracellular
transport of secretory granules in pancreatic islets.
Science (Wash. D. C.). 191: 88-90.

Montague, W., S. L. Howell, and I. C. Green. 1976.
Insulin release and the microtubular system of the islets
of Langerhans: effects of insulin secretagogues on micro-
tubule subunit pool size. Horm. Metab. Res. 8: 166-169.

. Grill, V., E. Borglund, and E. Cerasi. 1977. Cyclic AMP

in rat pancreatic islets: evidence for uniform labelling of
precursor and product with 3H-adenine. Biochim.
Biophys. Acta. 499: 251-258.

. Howell, S. L., I. C. Green, and W. Montague. 1973. A

possible role of adenylate cyclase in the long-term dietary
regulation of insulin secretion from rat islets of Langer-
hans. Biochem. J. 134: 343-381.

Matschinsky, F. M., J. E. Ellerman, J. Krzanowski, J.
Kotler-Brajtburg, R. Landgraf, and R. Fertel. 1971. The
dual function of glucose in islets of Langerhans. J.
Biol. Chem. 246: 1007-1011.

1043



