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Abstract

We studied the development of the insulin secretion mechanism in the
pancreas of fetal (19- and 21-day-old), neonatal (3-day-old), and adult
(90-day-old) rats in response to stimulation with 8.3 or 16.7 mM
glucose, 30 mM K+, 5 mM theophylline (Theo) and 200 µM carbam-
ylcholine (Cch). No effect of glucose or high K+ was observed on the
pancreas from 19-day-old fetuses, whereas Theo and Cch significantly
increased insulin secretion at this age (82 and 127% above basal
levels, respectively). High K+ also failed to alter the insulin secretion
in the pancreas from 21-day-old fetuses, whereas 8.3 mM and 16.7
mM glucose significantly stimulated insulin release by 41 and 54%
above basal levels, respectively. Similar results were obtained with
Theo and Cch. A more marked effect of glucose on insulin secretion
was observed in the pancreas of 3-day-old rats, reaching 84 and 179%
above basal levels with 8.3 mM and 16.7 mM glucose, respectively. At
this age, both Theo and Cch increased insulin secretion to close to two-
times basal levels. In islets from adult rats, 8.3 mM and 16.7 mM
glucose, Theo, and Cch increased the insulin release by 104, 193, 318
and 396% above basal levels, respectively. These data indicate that
pancreatic B-cells from 19-day-old fetuses were already sensitive to
stimuli that use either cAMP or IP3 and DAG as second messengers,
but insensitive to stimuli such as glucose and high K+ that induce
membrane depolarization. The greater effect of glucose on insulin
secretion during the neonatal period indicates that this period is crucial
for the maturation of the glucose-sensing mechanism in B-cells.
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Introduction

Maturation of the insulin release mech-
anism in mammals occurs during the perina-
tal period of life. In rodents, the poor secre-
tory response to nutrient secretagogues dur-
ing the fetal period is rapidly converted to an
adult response within a few days after birth
(1). Despite some early controversial data, it
is generally accepted that glucose starts to
stimulate insulin secretion in the late stages
of the gestational period (2-4); in rats, this
occurs at precisely 19.5 days of fetal life (5).
The insulin response at this age is monopha-
sic and is not blocked by Ca2+ antagonists
(4). A clear biphasic pattern of insulin secre-
tion in response to glucose is detected only
three days after birth, although at this age the
insulin secretion is still well below the adult
response (5).

In adult B-cells, the molecular mech-
anism underlying glucose-induced insulin
secretion involves different steps. First the
inhibition of K+ efflux through K+

ATP chan-
nels, which is modulated by glucose metabo-
lism and leads to membrane depolarization.
This is followed by an increase in the cytoso-
lic Ca2+ concentration as a result of mem-
brane depolarization and Ca2+ influx through
L-type Ca2+ channels (6,7). Since K+ATP is
already present and operative in fetal B-cells
(8), it has been suggested that the reduced
insulin secretion in response to glucose re-
flects the uncoupling between glucose me-
tabolism and membrane cell depolarization
in these cells (9). This aspect is still a matter
of debate (10-12). Glucose-stimulated se-
cretion is also modulated by neurotransmit-
ters and hormones involving the phospholi-
pase C and adenylylcyclase pathways (6,7).

In the present study we have compared
the insulin secretion of fetal, neonatal and
adult rat B-cells in response to glucose, K+,
theophylline and carbamylcholine. Insulin
secretion in response to stimuli that involve
membrane cell depolarization (glucose and
high K+) occurred at the end of the fetal

period, although the greatest increase in glu-
cose-induced insulin secretion occurred af-
ter birth. Theophylline and carbamylcho-
line, which increase the cAMP and the IP3

and DAG content of pancreatic islet cells,
respectively, potentiated insulin secretion af-
ter 19 days of fetal life.

Material and Methods

Animals and pancreatic tissue

Fetal (19- and 21-day-old), neonatal (3-
day-old) and adult (90-day-old) rats were
used. The fetal ages were determined by
counting the days after the presence of sperm
was detected in vaginal smears following
overnight mating. The pancreas from fetal
and neonatal rats was reduced to approxi-
mately 0.5 mm3 by slicing. Isolated islets
from adult rats were obtained by collagenase
digestion. The rats were killed by decapita-
tion.

Insulin secretion

To study insulin secretion, pancreatic tis-
sue from fetal and neonatal rats (3-4 frag-
ments/group), and adult islets (5/group) were
first incubated for 45 min at 37oC in 0.75 ml
of Krebs-bicarbonate buffer of the following
composition: 115 mM NaCl, 5 mM KCl,
2.56 mM CaCl2, 1 mM MgCl2, 24 mM
NaHCO3, 5.6 mM glucose, supplemented
with 3 mg of BSA/ml and equilibrated with a
mixture of 95% O2-5% CO2, pH 7.4. This
medium was then replaced with fresh buffer
and the fragments and islets were incubated
for 1 h in the presence of increasing concen-
trations of glucose (2.8-16.7 mM). In an-
other series of experiments, the fragments
and islets were incubated in the presence of
5.6 mM glucose with the medium also con-
taining  30 mM K+, 5 mM theophylline, or
200 µM carbamylcholine. The insulin con-
tent in the supernatant of each sample and
the insulin extracted from the fragments and
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islets at the end of the incubation period
were measured by radioimmunoassay as pre-
viously described (13), using rat insulin as
standard. Since the amount of endocrine pan-
creas varied considerably between the frag-
ments used, insulin release was expressed as
percent of the total fragment or islet insulin
content released during a 1-h incubation pe-
riod.

Data analysis

Data are reported as the means ± SEM of
n experiments. The significance of the dif-
ferences between means was assessed by
analysis of variance followed by Dunnett’s
test when several experimental groups were
compared with the control group. The confi-
dence limit for significance was 5%.

Results

Figure 1 shows insulin secretion induced
by different concentrations of glucose from
fragments of pancreas and from isolated is-
lets obtained at different ages. Basal secre-
tion (in the presence of 2.8 or 5.6 mM glu-
cose) was 0.66 ± 0.08% (N = 20), 0.82 ±
0.09% (N = 25), 0.38 ± 0.04% (N = 17) and
0.88 ± 0.21% (N = 14) of the total pancreas
(or islet) content for 19- and 21-day-old
fetuses, 3-day-old neonatal rats and 90-day-
old adult rats, respectively. Increasing the
glucose concentration to 8.3 and 16.7 mM
did not alter the basal release of insulin by
19-day-old fetuses. In 21-day-old fetuses,
8.3 mM glucose increased the insulin secre-
tion to 1.16 ± 0.09% (N = 8). At this age,
insulin secretion reached 1.26 ± 0.13% (N =
13) of the total pancreas content in the pres-
ence of 16.7 mM glucose (P<0.05). At 3
days of age, the insulin secretion induced by
8.3 and 16.7 mM glucose was 0.70 ± 0.17%
(N = 17) and 1.06 ± 0.23% (N = 6) of
pancreas content, respectively (P<0.05). At
the same glucose concentrations, the insulin
secretion observed for adult islets was 1.83 ±

0.22% (N = 6) and 2.62 ± 0.15% (N = 6) of
the islet content, respectively (P<0.05).

Insulin secretion induced by K+ (30 mM)
is illustrated in Figure 2. There was a pro-
gressive increase in insulin secretion with
age. However, no difference from basal se-
cretion (5.6 mM glucose) was noticed in the
fetal groups exposed to K+. In neonatal and
adult pancreas insulin secretion induced by
30 mM K+ was 1.4- and 2.0-fold greater than
basal secretion, respectively.

In the next series of experiments, we
analyzed the effect of the nonspecific phos-
phodiesterase inhibitor theophylline, that
increases the intracellular cAMP content,
and carbamylcholine, an agonist that stimu-
lates the formation of IP3 and DAG in B-
cells. Both theophylline (5 mM) and car-
bamylcholine (200 µM) stimulated insulin
secretion at all ages. Insulin secretion in the
presence of theophylline was 1.7-fold higher
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Figure 1 - Effect of 8.3 and 16.7
mM glucose on insulin secre-
tion. Prior to exposure to differ-
ent concentrations of glucose,
fragments of fetal and neonatal
pancreas or adult rat islets were
preincubated for 45 min at 37oC
in a Krebs-bicarbonate medium
containing 5.6 mM glucose. This
preincubation medium was then
replaced with Krebs-bicarbonate
containing the desired concen-
tration of glucose (8.3 or 16.7
mM). The columns represent
the cumulative (1 h) insulin se-
cretion, expressed as percent-
age of the total fragment or islet
content for each glucose con-
centration. The values are re-
ported as the mean ± SEM of 6-
25 experiments. *P<0.05 com-
pared to basal insulin secretion.

Figure 2 - Effect of 30 mM K+ on
insulin secretion. Fragments of
fetal or neonatal pancreas or
adult rat islets were preincu-
bated for 45 min at 37oC in a
Krebs-bicarbonate medium con-
taining 5.6 mM glucose. This
medium was then replaced with
Krebs-bicarbonate containing 30
mM K+. The osmolarity of the
medium was kept constant by
withdrawing an equimolar
amount of NaCl. The columns
represent the cumulative (1 h)
insulin secretion, expressed as
percentage of the total fragment
or islet content, at each K+ con-
centration. Values are reported
as the mean ± SEM of 6-9 ex-
periments. *P<0.05 compared
to insulin secretion with 5 mM
K+.
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in 19- and 21-day-old fetuses, 2.6-fold higher
in 3-day-old rats and 4-fold higher in adult
rats than each respective basal secretion (5.6
mM glucose). In the presence of carbamyl-
choline the increase in insulin secretion above
basal values was 2- and 1.7-fold in 19- and
21-day-old fetuses, 2.9-fold in 3-day-old rats,
and 5-fold in adult rats (Figure 3). As ob-
served for supraliminal glucose concentra-
tions and 30 mM K+, the increase in insulin
secretion in the presence of theophylline or
carbamylcholine was more marked in the
pancreas of 3- and 90-day-old rats.

Discussion

In the perinatal period of life, the mech-
anism of insulin secretion undergoes a deci-
sive phase of functional maturation (1). Dur-
ing this period, insulin secretion in response
to nutrient secretagogues is reduced com-
pared to adulthood (5). In addition, the insu-
lin response to glucose is monophasic and is
similar to the pattern observed for insulin
secretion during the onset of type 2 diabetes
in adult humans. Thus, analysis of the glu-
cose-sensing mechanism in fetal and neona-
tal islets may contribute to our understand-
ing of the loss of glucose sensitivity associ-
ated with type 2 diabetes.

In adult islets, the reduction in K+ perme-
ability and the consequent membrane depo-
larization are important steps in the mech-
anism of nutrient-induced insulin secretion
(6,14-16). The poor secretory response to

glucose in fetal and neonatal islets is as-
cribed to the uncoupling of glucose stimula-
tion and membrane depolarization which
results in the opening of an insufficient num-
ber of voltage-sensitive Ca2+ channels and
only a marginal increase in cytosolic Ca2+

(9). In the present experiments glucose-in-
duced insulin secretion was observed only in
the pancreas of 21-day-old fetuses, thus sup-
porting the view that the coupling between
glucose metabolism and alterations in mem-
brane potential is not yet fully developed at
earlier ages (around 19 days). The observa-
tion that high concentrations of K+ failed to
stimulate insulin secretion in the pancreas of
19-day-old fetuses also indicates that the B-
cell plasma membrane is not yet mature
enough to undergo sufficient depolarization
to provoke the necessary accumulation of
cytosolic Ca2+ seen in neonatal B-cells (17).
Hence, there is no insulin secretion. In addi-
tion to the absence of an adequate signal
derived from glucose metabolism (9,12), the
poor secretory response to glucose during
fetal development may also be ascribed to a
reduced and/or altered behavior of K+

ATP

channels (18) associated with unresponsive
Ca2+ L-type channels. The latter channels
are already present in fetal B-cells, but are
not yet sensitive to Ca2+-antagonists (4). We
measured the membrane potential of neona-
tal rat islet cells in the presence of depolariz-
ing concentrations of glucose (Boschero AC,
Carroll P and Atwater I, unpublished data).
Only 3 of 23 cells examined depolarized in
the presence of tolbutamide, while none de-
polarized in the presence of glucose. If one
assumes that at least the tolbutamide-sensi-
tive cells were B-cells, it becomes clear that
glucose was unable to depolarize neonatal
B-cells. Thus, these data, together with those
discussed above, indicate that the lack of
insulin secretion in response to glucose and
high K+ concentrations probably reflects the
sum of different factors, including insuffi-
cient membrane depolarization, reduced en-
try of Ca2+ into B-cells, and hence reduced
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Figure 3 - Effect of 5 mM theo-
phylline (Theo) and 200 µM car-
bamylcholine (Cch) on insulin se-
cretion. Fragments of fetal and
neonatal pancreas or islets from
adult rats were preincubated for
45 min at 37oC in Krebs-bicar-
bonate medium containing 5.6
mM glucose. This medium was
then replaced with Krebs-bicar-
bonate containing 5 mM theo-
phylline or 200 µM carbamylcho-
line. The columns represent the
cumulative (1 h) insulin secre-
tion, expressed as percentage of
the total fragment or islet con-
tent. The values are reported as
the mean ± SEM of 6-14 experi-
ments. *P<0.05 compared to
basal insulin secretion.
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accumulation of cytosolic Ca2+.
Insulin secretion is modulated by second

messengers, including cAMP, IP3 and DAG.
In B-cells, the intracellular levels of these
second messengers can be increased by the
stimulation of adenylylcyclase and phospho-
lipase C, respectively. It is well established
that both of these pathways are important
modulators of insulin secretion in fetal, neo-
natal, and adult islets (10,19-21). In 19-day-
old fetuses, theophylline stimulated insulin
secretion, thus confirming that this pathway
is already operative at this age and that it is
fundamental for insulin secretion during fe-
tal life. The phospholipase C-IP3-DAG path-
way was also found in 19-day-old fetuses as
judged by the increase in insulin secretion
induced by carbamylcholine. However, the
rise in insulin secretion provoked by the
muscarinic agonist was more marked in neo-
natal and adult pancreas. The latter observa-
tion may be partly explained by the fact that
the α isoform of protein kinase C, which is
important for the second phase of insulin

secretion, is detected in islet B-cells only
after 3 days of life (22).

In conclusion, the perinatal period of life,
which extends from the 21st day of fetal life
to three days after birth, is crucial for the
maturation of the insulin-secreting mech-
anism. Initially, insulin secretion is more
dependent on the presence of cAMP and can
be potentiated by agents that stimulate IP3

and DAG formation. Subsequently, the adult
pattern of insulin secretion involving nutri-
ent metabolism and alterations in K+ and
Ca2+ permeabilities becomes established.
Finally, the mature biphasic insulin response
is completed with the development of ampli-
fication systems involving the participation
of several protein kinase isoforms, espe-
cially protein kinase Cα.
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