
ABBREVIATIONS: PACAP, pituitary adenylate cyclase-activating peptide; KATP channel, ATP-sensitive K4- channel; L-VDCC, L-type voltage-
dependent Ca24- channel; KRB, Krebs-Ringer bicarbonate; AM, acetoxymethyl ester; TPA, 1 2-O-tetradecanoylphorbol-1 3-acetate; HEPES,
4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid; EGTA, ethylene glycol bis-(J3-aminoethyl ether)-N,N,N’,N’-tetraacetic acid.

1047

0026-895XJ96/041047-08$3.OO/O
Copyright © by The American Society for Pharmacology and Experimental Therapeutics
All rights of reproduction in any form reserved.
MOLECULAR PHARMACOLOGY, 50:1047-1054 (1996).

Pituitary Adenylate Cyclase-Activating Peptide, Carbachol, and
Glucose Stimulate Insulin Release in the Absence of an
Increase in Intracellular Ca2�

MITSUHISA KOMATSU, THOMAS SCHERMERHORN, SUSANNE G. STRAUB, and GEOFFREY W. G. SHARP

Department of Pharmacology, College of Veterinary Medicine, Cornell University, Ithaca, New York 14853-6401

Received March 25, 1996; Accepted July 2, 1996

SUMMARY
Insulin secretion from the pancreatic f3 cell line HIT-Ti 5 was
examined under conditions in which the elevation of intracellu-
lar free Ca2� concentration ([Ca2�],) was inhibited by nitrendi-
pine or diazoxide or by severe Ca2� deprivation. Glucose-
induced insulin release was completely abolished under these
conditions. However, in the presence of 12-0-tetradecanoyl-
phorbol-i 3-acetate or forskolin, 1 0 mr�i glucose significantly
enhanced insulin release, even in the presence of 5 �M nitren-
dipine or 150 p.M diazoxide. The [Ca2�], was not increased
under these conditions. Even under Ca2�-deprived conditions,
achieved by 60-mm preincubation in Ca2�-free buffer contain-
ing 1 mM ethylene glycol bis-(f3-aminoethyl ether)-N,N,N’,N’-

tetraacetic acid (EGTA), glucose in the complete absence of
extracellular Ca2� significantly enhanced insulin release when
the cells were treated also with 1 2-O-tetradecanoylphorbol-i3-
acetate and forskolin. Because of these findings, additional

studies were performed with pituitary adenylate cyclase-acti-
vating peptide (PACAP) and carbachol to see whether physio-
logical stimulation via receptor activation could stimulate insulin
release in the absence of a rise in [Ca2�],. Under normal Ca24--
containing conditions, PACAP and carbachol stimulated insulin
release and markedly potentiated glucose-stimulated release.
In the presence of nitrendipine and thapsigargin, glucose failed
to stimulate insulin release. Also, neither glucose in combina-
tion with PACAP nor glucose with carbachol was able to stim-
ulate release. However, under the same conditions, the com-
bination of glucose, PACAP, and carbachol did stimulate
release while being unable to elevate [Ca24-],. Thus, simulta-
neous activation of the p cell by PACAP, carbachol, and glu-
cose can stimulate insulin release even when [Ca2�J is not
elevated.

It is well known that elevation of[Ca2�], has an important
role in stimulus-secretion coupling for hormone and neuro-

transmitter release. In the pancreatic j3 cell, an elevation of

[Ca2�]� in response to many secretagogues has been consid-

ered crucial for stimulus/secretion coupling (1). There is a
consensus that glucose, one of the most important physiolog-

ical secretagogues for the f3 cell, elevates [Ca24-]1 as follows

(2-6). An increase in the glucose concentration is followed by

a prompt equilibration across the cell membrane due to the
abundant glucose transporter GLUT 2. Intracellular glucose

is metabolized by glucokinase, and hexokinase to a lesser

extent, and cascades of subsequent reactions. The metabo-
lism of glucose increases the ATP/ADP ratio, and this is

thought to contribute to closure of the KATP channels and
membrane depolarization. Depolarization activates the L-

VDCCs, causing Ca2� influx and an elevation of [Ca2’i,. The
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elevated [Ca2�], triggers Ca2�-dependent insulin secretion

by mechanisms that are largely unknown but which almost

certainly involve Ca2�-binding proteins (7-10). In addition to
the insulinotropic effects of glucose via [Ca2�]1, glucose pow-

erfully augments Ca2�-induced secretion (11, 12). Thus,

there are at least two pathways of glucose signaling. These
have been termed the KATP channel-dependent and -indepen-

dent pathways (13-18). The mechanisms by which augmen-
tation is achieved are unknown. Nevertheless, when glucose

acts alone as a secretagogue, the elevation of [Ca2i� is man-

datory for secretion and for the augmentation (11, 12). We

demonstrated recently that glucose could stimulate, or aug-

ment, insulin secretion in rat pancreatic islets in the absence

of extracellular Ca2� under conditions of severe Ca24- deple-

tion and in the absence of any increase in [Ca2�i1 (19). This

Ca24--independent stimulation of secretion by glucose was

achieved by the simultaneous activation of protein kinases A
and C. The stimulation was concentration dependent. Glu-

cose metabolism was necessary, and the stimulated release
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could be inhibited completely by the physiological inhibitor

norepinephrine. Because of the importance of this finding in

understanding the mechanisms underlying the stimulation

of insulin release by glucose and because the simultaneous

activation of protein kinases A and C occurs physiologically

under combined stimu’ation by agents such as acetylcholine,

cholecystokinin, glucagon-like peptide-1, and PACAP, we

broadened the study to additional cell types. The purpose of

the current work was to determine whether the Ca2�-inde-
pendent effect ofglucose is a property ofthe /3 cell, as distinct

from the multicellular rat islets; to provide a homogeneous

population of j3 cells for studies on the underlying mecha-
nisms; and to study the effect of physiological stimulation by
agents that activate protein kinases A and C via receptor
occupancy. The data provide further evidence that the phys-

iological regulators ofinsulin secretion, glucose, PACAP (20),

and acetylcholine (21), are strongly involved at distal sites in
stimulus/secretion coupling and can stimulate insulin re-

lease without elevation in [Ca2�]�.

Experimental Procedures

HIT-T15 cells culture. HIT-T15 cells were maintained in mono-

layer culture in RPMI 1640 media supplemented with 10% fetal

bovine serum, 100 pg/ml streptomycin, and 100 units/ml penicillin at
370 in a 95% air/5% CO2 atmosphere. Cells at passages 72-78 were

used.
Insulin release. Insulin release was measured in static incuba-

tion and perifusion experiments as described previously (10, 22).
Briefly, in static incubation experiments, the cells were incubated at

370 for 60 mm in KRB buffer (129 mM NaCl, 5 mM NaHCO3, 4.8 m�
KC1, 1.2 mM KH2PO4, 1.0 mM CaCl2, 1.2 mM MgSO4, 0.2 mM glucose,

0.1% bovine serum albumin, 10 mM HEPES, pH 7.4; preincubation).

At the end of preincubation, the solutions were replaced with fresh

KRB buffer containing test agents and incubated for 30 or 60 mm. In
some experiments, nitrendipine, diazoxide, or nitrendipine plus

thapsigargin was present throughout. In Ca2�-depletion experi-

ments, KRB buffer devoid of Ca2� with 1 mM EGTA (Ca2�-free/

EGTA buffer) was used. To achieve the depletion of Ca2� , the cells
were washed and incubated with the Ca2�-freefEGTA buffer at 37#{176}

for 60 mm before the experimental incubations were started. The

preincubation solutions were replaced with Ca2�-free/EGTA KRB
buffer containing test agents, and the cells were incubated at 37#{176}for

an additional 60 mm. The supernatants were collected for radioim-
munoassay of insulin. In perifusion experiments, the cells, dispersed

in a Ca24--free solution with EDTA plus trypsin, were loaded in each
perifusion chamber (8 x 106 cells/0.7-ml chamber) and perifused

with the Ca24--freeIEGTA buffer containing 1 �iM thapsigargin at 37#{176}

at a flow rate of 1 mI/mm. The experiments were started after an

equilibration period of 60 mm of perifusion. Samples were collected
every 2 mm, and insulin in the perifusate was measured by radio-

immunoassay.

Measurement of [Ca24-11 concentration. [Ca24-], was measured
by two methods: in cell suspensions and in single cells. First, the

Ca2�-sensitive fluorescent dye Fura-2 was used. Details of the mea-
surement of [Ca211 have been described previously (10, 20, 22-24).

For Fura-2 loading, the cell suspension was centrifuged, resus-
pended in KRB buffer containing 0.25 mr� sulfinpyrazone with 1 �.tM

Fura-2/AM at 4 X 106 cells/ml, and incubated with continuous shak-
ing at 37#{176}for 30 mm. The Fura-2-loaded cells thus obtained were
washed and resuspended in KRB buffer containing 0.25 mM sulfin-

pyrazone at 1.5 x 106 cells/ml, and 3 ml of the cell suspension was

placed in each quartz cuvette. During experiments and in the spec-

trofluorometer (model LS-5, Perkin-Elmer Cetus, Norwalk, CT), the
cell suspensions were continuously stirred with small magnetic bars
within the cuvettes. The temperature of the cell suspension was

maintained at 36-37#{176}by circulation of warm water through the
cuvette holder. When needed, 5 �.tM nitrendipine, 150 jiM diazoxide,

or 5 .tM nitrendipine plus 2 j.tM thapsigargin was present throughout
the experiments except for the period of Fura-2 loading. An excita-

tion wavelength of 340 nm and an emission wavelength of 510 nm
were used, and [Ca24-11 was calculated using the following equation:

[Ca24-J� Kd(F - Fmm)/(Fm� � F), where Kd is the effective disso-
ciation constant for Ca24- binding to Fura-2 (224 nM), and F, F,,�0,

and Fm,,�, are the fluorescence values at a time of interest and at zero

and saturated [Ca2�]1, respectively, after correction for extracellular
Fura-2 and autofluorescence ofthe cells. In experiments under Ca2�-

deprived conditions, results are shown by representative tracings

from the dual excitation wavelengths of 340 and 380 nm rather than

by calculated values of[Ca2i�, because ofthe 1 m� EGTA in the cell

suspension buffer, which hampers calculation for the absolute value
of [Ca211.

Second, HIT cells were incubated on 35-mm glass coverslips in
RPMI cell culture medium and maintained at 37#{176}before use in

single-cell studies. Cells were loaded with 1 .tM Indo-1 AM in KRB
buffer containing 250 .tM sulfinpyrazone supplemented with 0.2 m�
glucose for 45-60 mm, washed, and placed in a 1-ml Teflon chamber.

The chamber was placed in a Narishige microincubation system

mounted on the stage of a Nikon Diaphot 200 inverted epifluores-

cence microscope. Cells were excited at 360 nm using a xenon lamp,

and emission was monitored at 405 and 485 nm using a photometer

(Photon Technology International, S. Brunswick, NJ). The ratio of

detected light (405 nm1485 nm) was calculated and displayed using
FELIX software (Photon Technology) and a Dell Optiplex 433/L

computer.

All cells were incubated under static conditions at 37#{176}in KRB

buffer with or without 2 �.tM thapsigargin and 5 �iM nitrendipine for
20 mm before data acquisition. Fluorescence was recorded at 405

and 485 nm for -10 mm before the addition of 10 pA of a stock

solution containing PACAP, carbachol, and glucose to give a final

chamber concentration of 10 nr�i PACAP, 0.5 mM carbachol, and 20

mM glucose.

Materials. Diazoxide, TPA, 4a-phorbol-12,13-didecanoate, fors-

kolin, 1,9-dideoxyforskolin, Fura-2/AM, sulfinpyrazone, and carba-

chol were obtained from Sigma Chemical (St. Louis, MO). Indo-1/AM
was purchased from Molecular Probes (Eugene, OR). Nitrendipine

and thapsigargin were obtained from Research Biochemicals
(Natick, MA). PACAP-27-NH2 was purchased from Peninsula Labo-

ratory (Belmont, CA). [‘251]Insulin (80-120 �.tCiJp.g) was purchased

from DuPont-New England Nuclear (Boston, MA).

Statistical analysis. Results are presented as mean ± standard

error. Statistical analysis was performed by one-way analysis of

variance with pairwise comparison with the Bonferroni method. A

value ofp < 0.05 was considered statistically significant

Results

Fig. 1 illustrates the results of insulin secretion studies

under static incubation conditions in normal Ca2�-contain-

ing KRB buffer. As shown in Fig. 1A, 10 mM glucose caused

a 4-fold increase in insulin release over basal values. Expo-
sure to 500 nM TPA, an activator of protein kinase C, and 30
,.�M forskolin, an activator of adenylyl cyclase, produced 2-

and 2.7-fold increases in basal insulin release, respectively.
Simultaneous stimulation with glucose and TPA or with glu-

cose and forskolin elicited large increases in insulin release

(Fig. 1A, bars 4 and 6). In assessing the influence of the

elevation of [Ca24]� under these conditions, similar secretion

experiments were performed in the presence of 5 j.tM nitren-
dipine, a blocker of L-VDCC, or in the presence of 150 �M

diazoxide, a KATP channel activator (Fig. 1, B and C). Under

both ofthese conditions, the stimulatory effect ofglucose was
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abolished. However, although TPA and forskolin increased

insulin release slightly (but without reaching statistical sig-

nificance), the combination of glucose and either TPA or

forskolin strongly augmented release. As neither 500 nr�t
4a-phorbol-12,13-didecanoate, an inactive analog ofTPA, nor
30 p.M 1,9-dideoxyforskolin, an inactive analog of forskolin,
increased the rates of insulin release (data not shown), it

seems unlikely that the effects observed with TPA or forsko-

lin were due to nonspecific actions.

To confirm that the presence of nitrendipine or diazoxide
did indeed prevent the secretagogue-stimulated elevations of

Ca2�-Independent Insulin Secretion I 049

[Ca2�]� under these conditions, changes in [Ca24-}� in the

absence and presence of nitrendipine and diazoxide were
monitored. The results are shown in Fig. 2. Nitrendipine at 5

j.�M and diazoxide at 150 p.M, both of which slightly reduced

the basal [Ca2�]1, completely inhibited the elevations of

[Ca2�J, induced by 10 mM glucose (Fig. 2A), 10 mM glucose

plus 500 nM TPA (Fig. 2B), and 10 m� glucose plus 30 p.M

forskolin (Fig. 2C). These data are in accord with the elimi-
nation of the insulin release response to glucose alone but

demonstrate that the release seen in the presence of glucose

0 and nitrendipine (Fig. 1B) or glucose and diazoxide (Fig. 1C)
Glucose(mM) is occurring in the absence of any rise in [Ca2�I�.

TPA (500 nM) To further investigate the nature of the insulinotropic ac-
Forskolin (30 riM) tions taking place without an elevation of [Ca2 � ]� we next

0.2 10 0.2 10 0.2 10

+ +

+ + ____
Fig. 1. Insulin release from the HIT-T15 cells performed under static
incubation conditions. Insulin release was measured as described in
Experimental Procedures. Incubation conditions are shown at the bot-
tom of each figure. A, Insulin release in 1 mr�i Ca2�-containing KRB
buffer. B, Insulin release in the presence of 5 p.M nitrendipine in the ______________________
Ca24--containing KRB buffer. C, Insulin release in the presence of 150
p.M diazoxide in the Ca24--containing KRB buffer. Values represent the 50�
mean ± standard error of four determinations.

0#{149} i i I I I I U

-5 0 5 10 15 20 25 30

Time (mm)

Fig. 2. Effects of nitrendipine or diazoxide on changes in [Ca2�], in the
HIT-T15 cells. [Ca2�], was monitored by Fura-2, and [Ca2�]1 was cal-
culated as described in Experimental Procedures. A, Effect of 10 m�
glucose on [Ca2�]� with or without 5 p.M nitrendipine or 1 50 �M diazox-
ide. B, Effect of 10 mM glucose and 500 nM TPA on [Ca2�]� with or

without 5 p.M nitrendipine or 150 .tM diazoxide. C, Effect of 10 mM
glucose and 30 �tM forskolin on [Ca2�]� with or without 5 �tM nitrendipine
or 1 50 p.M diazoxide. Values represent the mean ± standard error of

four determinations.
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examined insulin secretion after depletion ofthe cells of Ca2�
and under Ca2�-free conditions. To deprive the cells of Ca2�,
they were washed with Ca24--free/EGTA buffer (no added
Ca24- plus 1 mM EGTA) and then incubated with the Ca2�-

free/EGTA buffer at 37#{176}for 60 mm. Subsequently, insulin
secretion was measured during an additional 60-mm incuba-
tion in fresh Ca2�-free/.EGTA buffer containing various test

agents. Insulin secretion under these Ca2tdeprived condi-

tions is shown in Fig. 3. As expected, 10 mr� glucose had no

effect on the basal rate of insulin secretion. Neither the TPA-
nor the forskolin-evoked increases in insulin release reached

statistical significance. Glucose did not significantly aug-

ment secretion in the presence of TPA or forskolin. However,
simultaneous stimulation with TPA and forskolin produced a
4-fold increase in insulin secretion in the presence of 0.2 mist
glucose (Fig. 3, bar 7), and 10 m�i glucose in the presence of

TPA and forskolin caused a significant augmentation of this
release. Thus, as was shown in rat pancreatic islets (19), the

HIT-T15 13 cell responds to glucose in the absence of extra-
cellular Ca2� , after a long period of Ca2� deprivation, and in
the absence of a rise in [Ca24-]1.

Because of the novelty and potential importance of this
Ca2tindependent stimulation of insulin release by glucose,

we performed perifusion experiments to confirm the effect
and to determine its temporal profile. These experiments
were performed under even more stringent conditions of

Ca24- deprivation; i.e., the cells were placed in a perifusion
chamber and perifused with Ca2tfreefEGTA buffer contain-

ing 1 p.M thapsigargin, an inhibitor of microsomal Ca2�-

ATPase, which depletes the intracellular Ca2� stores (25). As

shown in Fig. 4, after a 60-mm period of Ca2� depletion, the
basal rates of insulin secretion were stable under the Ca2�-
free conditions. On the addition of 100 n�t TPA and 10 p.M

forskolin to both chambers at 10 mm, the rates of insulin
secretion increased slowly for -15 mm. Subsequently, the
elevated rates of insulin secretion remained at a plateau

until the TPA and forskolin were washed out at 60 mm. The

rate of secretion then declined to basal values. One set of

chambers received 10 nmi glucose at 30 mm, in addition to
the TPA and forskolin, while still under the Ca2�-depleted

<Calcium-free + 1 mM EGTA>

0.2 10 0.2 10 0.2 10 0.2 10

+ + + +

Forskolin (30 jiM) + + + +

Fig. 3. Insulin release from the HIT-Ti 5 cells in static incubation under
Ca24--depnved conditions. Insulin release was measured as described
in Experimental Procedures. The cells were washed with the Ca24--free
KRB buffer containing 1 mM EGTA and incubated with the same buffer
for 60 mm (preincubation). After the preincubation, experimental incu-
bations for 60 mm were performed in fresh Ca24--free KRB buffer
containing test substances (bottom). Values represent the mean ±

standard error of nine determinations.

Fig. 4. Time course of 100 n� TPA and 1 0 p.M forskolin-induced insulin

release and the effect of 10 mr�i glucose on the rates of insulin release
under Ca24--depleted conditions. Perifusion experiments were per-
formed as described in Experimental Procedures. The cells were pen-
fused with Ca2�-free buffer containing 1 mM EGTA and 1 p.M thapsi-
gangin throughout the experiments. The experiments began after 60
mm of penifusion. The basal glucose concentration was 0.2 m�i. Hori-
zontal bar, TPA (1 00 nM) and forskolin (1 0 p.M) were introduced. One set
of chambers (S) received 1 0 mM glucose from 30-60 mm (horizontal
bar). Values represent the mean ± standard error of five determina-
tions.

conditions. This increased the rate of insulin secretion even

further over the next 10 mm to a higher plateau, at which the

secretion rate remained until the secretagogues were washed
out. Again, the elevated secretion rate declined to basal val-

ues.

The [Ca2�]� was monitored under these conditions also. In

Fig. 5 are shown the Fura-2 fluorescence changes in response

to thapsigargin and the combination of TPA, forskolin, and

glucose under Ca24--free conditions. Thapsigargin (1 p.M) in-

creased {Ca24-]1, presumably by the release of Ca2� from
intracellular Ca2 � stores and subsequent depletion of Ca2 �.
In this particular experiment, thapsigargin was introduced

15 mm after the exposure of the cells to Ca2�-freefEGTA

conditions. The degree ofincrease in [Ca24-]1 induced by thap-
sigargin was diminished over time after exposure to the

Ca24--free/EGTA conditions. After 60 mm of exposure to

I H
5 mm

Fig. 5. Effect of thapsigargin and lack of effect of TPA and fonskolin
and subsequent addition of glucose on [Ca2�]� in the absence of
extracellular Ca24-. A pair of representative tracings from three similar

experimentsof Fura-2 fluorescences is shown. The fluorescence traces
were obtained as described in Experimental Procedures. An increase in
the fluorescence from an excitation wavelength of 340 nm accompa-
nied by a decrease in the fluorescence from an excitation wavelength of
380 nm indicates an elevation of [Ca2�].
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these conditions, thapsigargin failed to elevate [Ca2�]1 be-

cause long term exposure to the Ca2�-freefEGTA buffer also
caused depletion of Ca2� stores. Under these Ca2�-deprived

conditions, neither the combination of TPA and forskolin nor
a subsequent exposure to glucose elevated [Ca2�i1.

To extend the significance of these findings into physiolog-

ical relevance, we next examined insulinotropic effects of

physiological regulators of insulin secretion such as PACAP

and carbachol. As shown in Fig. 6, the simultaneous stimu-

lation with carbachol (0.5 mM) and PACAP (10 nrvt) dramat-

ically enhanced insulin release in a glucose-dependent man-
ner. One possible mechanism of this strong augmentation of
glucose-induced insulin release might be due to the enhance-
ment of glucose-induced elevation of [Ca24-1� because carba-

chol is known to stimulate Ca2� release from the intracellu-
lar Ca24- store via activation of phospholipase C (21) and
because PACAP has been reported to increase [Ca2�1� in a

glucose-dependent manner (20, 26). To test this possibility,

changes in [Ca2�11 in response to 20 mM glucose alone and

combined stimulation with 20 mr� glucose, 10 nM PACAP,

and 0.5 mM carbachol were examined. As shown in Fig. 7,

both stimulations produced almost identical patterns of in-

crease in [Ca2�]� except for the initial 2 mm of stimulation.
Glucose increased [Ca2�i� after a 1-mm latent period,
whereas the simultaneous stimulation with glucose, PACAP,

and carbachol elicited a rapid increase in [Ca24-]1 without a
measurable latent period. Similar rapid responses were ob-

served in the stimulation with glucose plus TPA or glucose

plus forskolin, as shown in Fig. 2, B and C. This finding

implies that the insulinotropic actions of PACAP plus carba-

chol occurred mainly through mechanisms that are indepen-

dent of an increase in [Ca2i� because glucose-induced insu-
un release was strongly enhanced by PACAP plus carbachol

with similar degrees of elevation of [Ca24-1�.
The simultaneous stimulation with PACAP and carbachol

would allow glucose to induce its concentration-dependent

insulin release, as is the case with TPA and forskolin, under
the conditions in which the rise in [Ca2�]1 is blocked provided

that the combined stimulation with PACAP and carbachol
enhances glucose-induced insulin release in a Ca24- rise-in-
dependent manner. We therefore examined insulin release

and changes in [Ca2�i� in the presence of nitrendipine and
thapsigargin. As shown in Fig. 8, glucose-induced, concentra-
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tion-dependent insulin release was completely abolished by

the presence of 5 p.M nitrendipine and 2 p.M thapsigargin as

expected. However, when glucose was added with 10 ni�i

PACAP and 0.5 mM carbachol simultaneously, glucose in-
duced concentration-dependent increases in insulin release

15 20 in the presence of 5 p.M nitrendipine and 2 p.M thapsigargin.

The amount of the released insulin exceeded the amount of
insulin release induced by glucose alone. To emphasize the

importance ofthe simultaneous activation ofthe PACAP and

carbachol pathways, studies were performed under the same

conditions of nitrendipine and thapsigargin treatment but
with PACAP and carbachol used separately with glucose.
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0 5 10

Glucose (mM)

Fig. 6. Insulin release from the HIT-Ti 5 cells in static incubation con-
ditions as a function of glucose concentration. Insulin release was
measured as described in Experimental Procedures. 0, Insulin release
induced by glucose alone. #{149},Insulin release induced by glucose stim-
ulation combined with I 0 nM PACAP and 0.5 m�i carbachol (Cch).
Values represent the mean ± standard error of four determinations.

Fig. 7. Comparison of the effect of 20 m� glucose alone and 20 mt�i
glucose combined with 10 nM PACAP and 0.5 mrvi carbachol on
changes in [Ca24-] of the HIT-Ti5 cells. [Ca2�]� was monitored and
calculated as described in Experimental Procedures. 0, Changes in
[Ca24-]1 in response to 20 mt�i glucose. #{149},Changes in [Ca2�]1 in re-
sponse to 20 mM glucose, 1 0 nM PACAP, and 0.5 mp�i carbachol (Cch).
Arrow, Time of stimulation. Values represent the mean ± standard error
of five determinations.

Fig. 8. Insulin release from the HIT-Ti5 cells in static incubation con-
ditions as a function of glucose concentration. Insulin release was
measured as described in Experimental Procedures. 0, Insulin release
induced by glucose alone. �, Insulin release in the presence of 5 p.M

nitrendipine (NTD) and 2 p.M thapsigargin (TG). #{149},Insulin release in-
duced by glucose stimulation combined with 10 nM PACAP and 0.5 m�
carbachol (Cch) in the presence of 5 p.M nitrendipine and 2 mr�i thap-
sigargin. Nitrendipine and thapsigargin were present throughout the
experiments. Values represent the mean ± standard error of four do-

terminations.
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Under these conditions, neither PACAP and glucose nor car-
bachol and glucose were able to stimulate insulin release at
any concentration of glucose, from 0.2 to 20 m’vi. These re-

sults are shown in Fig. 9.

The presence of nitrendipine and thapsigargin blocks two
major mechanisms for the elevation of [Ca2� ]�: Ca2� influx

through L-VDCCs and Ca2� release from the intracellular

Ca24--stores. Nevertheless, it was important to document

whether the combined secretagogues could be increasing

[Ca2�]1 by some other (unknown) mechanism. Consequently,

two types ofmeasurement of[Ca24-]1 were applied. In the first

(Fig. 10), in the presence of 5 p.M nitrendipine and 2 p.M

thapsigargin, the rise of[Ca2�]1 in response to 20 m�i glucose,

10 nM PACAP, and 0.5 mi� carbachol was shown to be com-

pletely inhibited. Subsequent studies were carried out using

Indo-1, and measurements of[Ca2�]� were made in 24 single

cells to ensure that the secretion was not coming from a small

subpopulation of cells that by some method increased the

[Ca2�]� under these conditions. In 12 cells studied in the

absence of nitrendipine and thapsigargin, 9 (75%) responded

to PACAP, carbachol, and glucose with a large increase in

[Ca2�]1. In stark contrast, in the 12 cells studied in the

presence of nitrendipine and thapsigargin, none of them re-

sponded. Representative experiments illustrating these re-

sults are presented in Fig. 11. These findings clearly show

that simultaneous stimulation with PACAP and carbachol,

as well as stimulation with TPA and forskolin, allows glucose

to stimulate insulin release in the absence ofa rise in [Ca2�]1.

Discussion

Intracellular Ca2� in the f3 cell plays an important role in

glucose-stimulated insulin release, and elevation of [Ca211

has been described as “critical” and “essential” for stimula-

tion. That this is true can be seen from the results of many
studies and from the current study, in which by blocking

glucose-stimulated Ca24- entry and preventing a rise in

5 10 15 20

Glucose (mM)

Fig. 9. Insulin release from HIT-Ti5 cells in static incubation condi-
tions in the presence of either 10 nM PACAP or 0.5 m� carbachol as a
function of glucose concentration in the presence of 5 p.M nitrendipine
and 2 p.M thapsigargin. 0, Insulin release in the presence of 10 nM
PACAP and the different glucose concentrations. #{149},Insulin release in
the presence of carbachol and the different glucose concentrations.
Nitrendipine and thapsigargin were present throughout the expeni-
ments. Values represent the mean and standard error of eight deter-
minations.

Fig. 10. Effects of nitrendipine and thapsigargin on changes in [Ca2�]�
in response to the combined stimulation with 20 m�i glucose, 10 nM
PACAP, and 0.5 mM carbachol in the HIT-Ti5 cells. [Ca24-}� was mon-
itored and calculated as described in Experimental Procedures. 0,
Control responses. #{149},Changes in [Ca2�], in the presence of 5 p.M

nitrendipine and 2 p.M thapsigargin. Nitrendipine and thapsigargin were
present throughout the experiments except for the periods of Fura-2
loading. Values represent the mean ± standard error of four determi-
nations.

[Ca24i�, nitrendipine and diazoxide also prevented the stim-

ulation ofinsulin secretion. However, these data only confirm

that elevation in [Ca2�]1 is necessary in glucose-induced in-

sulin release when glucose is the sole secretagogue. It does

not prove that glucose-stimulated insulin secretion requires

elevated [Ca24-]1 in all circumstances. It may be that other

stimuli and signal transduction pathways can provide a sig-

nal that substitutes for the rise in [Ca2�]�. It may be that the
rise in [Ca2�]1 can be bypassed. Furthermore, we and others

have reported that glucose can augment Ca24--induced insu-

un release from rat (11, 13, 15, 17, 18) and mouse (12, 14, 16)
pancreatic ;3 cells. In other words, glucose activates a signal-
ing pathway that stimulates insulin secretion by a mecha-
nism that does not increase [Ca2�], but does require in-

creased [Ca2�]� to be effective. This pathway in the action of

glucose has been called the augmentation pathway as well as

the KATp channel-independent pathway (11, 12). In studying
this pathway, we found that the phenomenon of glucose-

induced augmentation could be demonstrated under condi-

tions in which the �3 cells were depleted of Ca2� and in the

absence of an increase in [Ca24-]1 (19). In this sense, it could
be described as a Ca24--independent mechanism. We demon-

strated the Ca2�-independent augmentation by simulta-

neously exposing rat pancreatic islets to TPA, forskolin, and

glucose under Ca2�-free conditions. The purpose of the cur-

rent study was to see whether the phenomenon occurred in �3

cells other than the rat pancreatic islet to characterize any

such response in a cloned cell line to facilitate studies on the

underlying mechanisms and to see whether the response

could be induced by physiological stimulators that are

thought to act, at least in part, via protein kinases A and C.

From the data presented, it is clear that the HIT-T15 cell,
like the rat pancreatic islet, can respond to glucose in the

absence of extracellular Ca2� and in the absence of a rise in

intracellular Ca2�. The lack of a rise in [Ca24-]1 was demon-

strated in cell suspensions and by single-cell measurements,

in both the current and the first report on this phenomenon
(19). The single-cell determinations exclude the possibility
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dent pathway, by which [Ca2�I1 is elevated, and the KATP

channel-independent pathway, by which the Ca2�-stimu-
lated insulin secretion is augmented (11-18). With the dem-

onstration of an insulinotropic action of glucose separate

from its dependence on elevated [Ca24-]1 (19), the possibility

exists that a third pathway of glucose signaling is present in

the �3 cell. This would be a KATP channel-independent and

Ca2tindependent augmentation pathway of glucose signal-
ing. Alternatively, there may be only one augmentation path-

way for glucose, which requires either raised [Ca2�]1 or si-

multaneous activation of protein kinases A and C for

activation and stimulation of insulin release. It is interesting

to speculate that this glucose action may be the “permissive”

U I U action of glucose for the potentiating effects of protein ki-
0 5 10 15 20 25 30 35 nases A and C and that it might be correct to describe the

effects of protein kinases A and C as “permissive” for the
Tlme (mm) augmentation of insulin release by glucose.

In conclusion, protein kinases A and C have a synergistic

effect to stimulate exocytosis in the presence of glucose
<5 p.M Nitrendipine + 2 p.M Thapsigargin> which has a novel Ca24--independent insulinotropic action.

Both of these effects are exerted at a site distal to the eleva-

tion of [Ca2�], in stimulus/secretion coupling in the pancre-
atic /3 cell. Thus, the following components are involved in the

distal steps of stimulus/secretion coupling: 1) elevation of

[Ca2�]1, 2) activation of protein kinase A, 3) activation of
protein kinase C, 4) synergy of the protein kinase A and C

_____________________________ activations, and 5) Ca24--dependent and -independent aug-

mentation by glucose. Despite our lack of knowledge about

the mechanisms underlying the glucose-induced augmenta-

tion, it is obviously powerful and quantitatively important in

the control of insulin release.

0 5 10 15 20 25 30 35

Time (mm)

$-

Fig. I 1. Effect of 20 m� glucose, 10 mM PACAP, and 0.5 m� carba-
chol in the absence (A) and presence (B) of 5 p.M nitrendipine and 2 p.M

thapsigargin on [Ca24-]1 in single HIT cells. [Ca2�] was monitored by
lndo-i . Traces, representative examples of the 24 experiments per-
formed.

that a small subpopulation of Ca2�-responding j3 cells could

be responsible for the stimulation. Furthermore, the results

demonstrate that the response is not limited to the rat islet
and does not require the presence of other islet cells. An

additional finding was that activation of protein kinases A

and C, neither of which alone in the absence of extracellular

Ca2� caused a significant stimulation of insulin release with

glucose, was able to act together to cause secretion. This

implies that some point of convergence of the effects of pro-

tein kinases A and C allows the stimulus/secretion pathway

to proceed to the stimulation of exocytosis. This may be

viewed as substituting for a rise in [Ca2�]1 or bypassing the

point in stimulus/secretion coupling at which raised [Ca2�]1
is required. Finally, the simultaneous addition ofPACAP and

carbachol has a permissive effect that is similar to that of
TPA and forskolin with respect to glucose-augmentation.

This suggests that in vivo, where the pancreatic /3 cell is
exposed to multiple secretagogues and incretins, such as
PACAP and acetylcholine, this Ca24--independent mecha-

nism could be operating yet masked by the presence of the

normal Ca2tdependent mechanism.
Several questions arise from these data. Glucose signaling

has been conveniently divided into the KATP channel-depen-

Ca2�-Independent Insulin Secretion I 053

Glucose 20 mM
PACAP lOnM
Carbachol 0.5 mM
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