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Mechanisms of AVP-induced glucagon release in clonal «-cells

In-R1-G9: involvement of Ca*" -dependent and -independent
pathways
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1 The mechanisms underlying AVP-induced increase in [Ca®>"]; and glucagon release in clonal o-
cells In-R1-G9 were investigated.

2 AVP increased [Ca?*]; and glucagon release in a concentration-dependent manner. After the
administration of AVP, glucagon was released within 30 s, quickly reached the maximum within
2 min, and maintained a steady-state concentration for at least 15 min.

3 In Ca®"-containing medium, AVP increased [Ca®*]; in a biphasic pattern; a peak followed by a
sustained plateau. In Ca®"-free medium, the Ca>" response to AVP became monophasic with lower
amplitude and no plateau. Both the basal and AVP-induced glucagon releases were lower in the
absence than in the presence of extracellular Ca®". When [Ca’']; was stringently deprived by
BAPTA, a Ca®" chelator, AVP still significantly increased glucagon release.

4 Pretreatment with thapsigargin, a microsomal Ca>* ATPase inhibitor, abolished both the Ca
peak and sustained plateau.

5 AVP increased intracellular concentration of IP;.

6 U-73122 (8 uM), a phospholipase C inhibitor, abolished AVP-induced increases in [Ca®*];, but
only reduced AVP-induced glucagon release by 39%.

7 Pretreatment with nimodipine, an L-type Ca®" channel blocker failed to alter AVP-induced
glucagon release or increase in [Ca®*],.

8 The results suggest that AVP causes glucagon release through both Ca’"-dependent and
-independent pathways. For the Ca>*-dependent pathway, the G, protein activates phospholipase C,
which catalyzes the formation of IP;. IP; induces Ca®>" release from the endoplasmic reticulum,
which, in turn, triggers Ca?* influx. Both Ca?" release and Ca®" influx may contribute to AVP-

2+

induced glucagon release.
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dent Ca®" channel; WK-3-6, desGly’d(CH,)s[Tyr(Et)’]JAVP; zLYCK, carbobenzyloxy-leucine-tyrosine-chloro-
methylketone

Introduction

Arginine vasopressin (AVP), a neurohypophysial nonapeptide
hormone, is synthesized in supraoptic and paraventricular
nuclei of the hypothalamus. After being synthesized, it is stored
in neurosecretory granules and is released from the posterior
pituitary gland (Russel et al., 1990). AVP exerts a number of
physiological roles in mammals; it plays a major role in
regulating body fluid volume, osmolality and contributes to the
maintenance of blood pressure. In addition, AVP induces
glycogenolysis (Kirk et al., 1979), proliferation of the pituitary
gland (McNichol ez al., 1990) and vascular smooth muscle cells
(Sperti & Colucci, 1991), vasoconstriction (Fox et al., 1987) and
secretion of glucagon and insulin (Dunning et al., 1984).

AVP induces glucagon release from clonal a-cells (Yibchok-
anun & Hsu, 1998) and rat pancreas (Yibchok-anun et al.,
1999) through V,p receptors in a concentration-dependent
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manner. AVP at the concentrations existed in the plasma (3—
30 pM) increases glucagon release from perfused rat pancreas,
which suggests that AVP may physiologically regulate
glucagon release (Yibchok-anun et al., 1999). However, the
mechanisms underlying AVP-induced glucagon release remain
unknown. Typically, AVP activates V1 receptors, which
couple to G, and thus activates phospholipase C-f (PLC-p),
which in turn hydrolyzes phosphatidylinositol 4, 5-bispho-
sphate (PIP,) to DAG and IP; (Thibonnier, 1992). DAG
activates PKC, whereas IP; promotes Ca’* release from
endoplasmic reticulum (ER), leading to an increase in [Ca®*];.
The increase in [Ca®"]; induces Ca”" influx through voltage-
dependent (VDCC) and -independent Ca?" channels (VICC)
(Chen et al., 1994; Li et al., 1992; Thorn & Petersen, 1991).
In-R1-GY cells are clonal glucagon-secreting cells derived
from the hamster pancreatic islet (Takaki er al., 1986). The
synthesis and secretion of glucagon by In-R1-G9 cells share the
basic characteristics of a-cells of the endocrine pancreas
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(Rorsman et al., 1991); for instance, glucagon secretion from
these cells is stimulated by forskolin, arginine, and theophyl-
line and is inhibited by somatostatin (Fehmann et al., 1995).
We therefore used this cell line as a model for the a-cell of the
pancreatic islet to study the mechanisms underlying AVP-
induced glucagon release.

In this study, we found that AVP induced glucagon release via
both Ca?"-dependent and -independent pathways. For Ca>*-
dependent pathway, we used an aminosteroid 1-[6-[[17-3-
methoxyestra-1,3,5(10)-trien-17-ylJamino]hexyl]- 1H-pyrrole,
2,5-dione (U-73122), a PLC inhibitor, to determine whether
AVP induces glucagon release through a PLC-dependent
pathway. In addition, we determined if the VDCC mediated
AVP-induced Ca?* influx by pretreating the cells with
nimodipine, an L-type VDCC inhibitor.

Methods
Cell culture

The hamster glucagonoma In-R1-G9 cells were maintained in
RPMI 1640 with 10% foetal bovine serum and aerated with
5% CO,-95% air at 37°C. All experiments were performed
using cells from passages 23— 30.

Glucagon release

In-R1-GY cells were plated into Corning 24-well plates at
approximately 10° cells well~! and were grown for 3—4 days.
The culture medium was then removed and replaced with
modified Krebs-Ringer bicarbonate buffer (KRB) containing
(inmMm): NaCl 136, KC14.8, CaCl, 2.5, KH,PO, 1.2, MgSO, 1.2,
NaHCO; 5, HEPES 10, glucose 1.67 and 0.1% BSA, pH 7.4.
For determination of the dose response to AVP, cells were
incubated at 37°C with AVP for 15 min after preincubation with
KRB for 15 min. For Ca*" -free experiments, cells were washed
with Ca?*-free KRB containing 10 uM EGTA for 3 times, then
incubated at 37°C with AVP in Ca®"-free KRB containing
10 um EGTA for 15 min after preincubation with Ca?"-free
KRB containing 10 uM EGTA for 15 min. For time course
study of glucagon release in response to AVP, cells were treated
with AVP (100 nM) in 0.5 ml KRB after preincubation with
KRB for 15 min, the samples were collected at 0.5, 1, 2, 5, and
15 min after the administration of AVP. At the end of the
experiments, cells were disrupted using Sonifier Cell Disruptor
(Heat Systems Co., Melville, NY, U.S.A.), then glucagon
content of the cells was measured using radioimmunoassay
(RIA). The following drugs were used in the study: U-73122 or
U-73343, an inactive analogue of U-73122, was given 100 s;
nimodipine was given 5 min; carbobenzyloxy-leucine-tyrosine-
chloromethylketone (zLYCK), an inhibitor of PLD (Kusaka, et
al., 1996), was given 1 h prior to the administration of AVP. 1,2-
bis-(0-Aminophenoxy)-ethane-N,N,N’,N'-tetraacetic acid acet-
oxymethyl ester (BAPTA-AM), an intracelluar Ca®* chelator,
was given 30 min in Ca>*-free KRB containing 10 um EGTA
before the administration of AVP. The cells were then treated
with AVP in Ca’"-free KRB containing 10 uM EGTA and
BAPTA-AM. The concentration of glucagon in the media was
measured by RIA, following the procedures provided by Linco
Research Inc.

Measurement of [Ca’™" ]; in cell suspension

20 x 10° cells were loaded with 2 uM fura-2 acetoxymethyl ester
(fura-2AM) in KRB for 30 min at 37°C. The loaded cells were

centrifuged (300 x g, 2 min), then resuspended at a concentra-
tion of 2 x 10° cells/ml with KRB containing (in mM): NaCl
136, KCl1 4.8, CaCl, 1.5, KH,PO, 1.2, MgSO, 1.2, HEPES 10,
glucose 1.67 and 0.1% BSA and kept at 24°C until use. The
340/380 nm fluorescence ratios were monitored by a SLM-
8000 spectrofluorometer (SLM instruments, Urbana, IL,
U.S.A.). The Ca®"-free environment was created by centrifu-
gation (300 x g, 30 s) and the cells were resuspended in the
Ca**-free KRB. When needed, cells were pretreated with U-
73122, U-73343, 4-OH-phenacetyl-D-Tyr(Me)-Phe-Gln-Asn-
Arg-Pro-Arg-NH, (CL-4-84), an antagonist with potent Vg
blocking activity (Thibonnier et al., 1997), desGly’d(CH,)[-
Tyr(Et)’JAVP (WK-3-6), a V| ,/V, antagonist (Jard er al.,
1986), nimodipine for 100 s before the AVP application. The
cells were pretreated with thapsigargin (TG) for 30 min before
[Ca?"]; measurement. The [Ca®"]; was calibrated as previously
described (Hsu et al., 1991).

Measurement of IP;

Intracellular IP; was measured using a competitive radio-
receptor-binding assay kit purchased from Dupont Co.,
Boston, MA, U.S.A. 2 x 10° cells in 1 ml of KRB were placed
in polypropylene tubes and equilibrated in a shaking water
bath at 37°C for 15 min. Incubation with AVP was terminated
by adding ice-cold 20% (w v~ ') trichloroacetic acid in 15 s.
The concentration of IP; was determined by following the
instructions provided by the manufacturer. Briefly, after
removal of trichloroacetic acid from the extracts, 100 ul of
each sample or standard was added to minitubes, then 400 ul
of the working receptor or [*H]-IP; tracer solution was added
to all the tubes, then incubated for 1 h at 4°C. After
incubation, the tubes were centrifuged at 4°C for 10 min at
1000 x g. The supernatant was decanted and the membrane
pellets were solubilized in 50 ul of 0.15 M NaOH. The tubes
were subjected to scintillation counting. This assay is ~ 100
times more specific for IP; than other IP isoforms (Dupont
Co., Boston, MA, U.S.A.).

Cyclic AMP measurement

Cyclic AMP measurements were studied in the cultured cell
monolayer under conditions similar to the glucagon release
experiments. After treating the cells with AVP (1 um) for
15 min, the cells were scraped from the plates in 0.01 N HCI
and incubated in a water bath at 75°C for 20 min to inactivate
phosphodiesterase. After centrifugation, the cell extracts were
neutralized by 0.01 N NaOH and resuspended in the assay
buffer. The cyclic AMP levels were determined using RIA as
previously described (Richards et al., 1979).

Drugs

All reagents were from Sigma Chemical (St. Louis, MO,
U.S.A.), except the fura-2AM was from Molecular Probes
(Eugene, OR, U.S.A.), U-73122, U-73343, BAPTA-AM were
from Biomol Research Laboratory (Plymouth Meeting, PA,
U.S.A.), and '®I-glucagon was from Linco Research Inc. (St.
Charles, MO, U.S.A)).

Data and statistics

All values were presented as mean +s.e. Results from glucagon
release experiment were analysed using the SAS PROC
MIXED procedure and a randomized block design. There
were two factors, treatment and block. Individual mean
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comparisons were performed using the F test. The significance
level was set at P<0.05.

Results

Effect of AVP on glucagon release and [Ca’" ]; increase
in normal and Ca’* -deprived conditions

AVP (1-1000 nMm) increased glucagon release (Figure 1A) and
[Ca?"]; (Figure 1B) in a concentration-dependent manner.
Because AVP at 100 nM caused submaximal increases in
glucagon release and [Ca”"]; , we chose this concentration to
study the mechanisms underlying AVP-induced glucagon
release and increases in [Ca®"]. AVP (100 nM) significantly
increased glucagon release to ~3 times of the basal control
level in Ca®"-containing medium. The concentration of
glucagon release in the basal control group was 144417 pg
10° cells™ 15min~' (n=6 cultures with triplicates; cell
passages 23-26). The basal glucagon release was not
significantly lower in Ca®"-free medium (127433 pg 10°
cells™!, n=6 cultures with triplicates; cells passages 23—26)
than in Ca?*-containing medium. In Ca?>*-free medium, AVP
(100 nM) increased glucagon release to 2.1 times of the basal
control level (control=127+33 pg 10° cells™!; AVP=
268451 pg 10° cells~', n==6 cultures with triplicates; passage
23-26). In addition, although [Ca®"]; was deprived by
preincubating the cells in Ca" -free medium containing 50 um
BAPTA-AM for 30 min, AVP still increased glucagon release
to 1.6 times of the basal control level. BAPTA-AM alone did
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Figure 1 Effects of AVP on glucagon release (A) and [Ca®™];
increase (B) in In-RI1-G9 cells. In (A) static incubation was
performed for 15 min to determine glucagon release. The concentra-
tion of glucagon release in the basal control group was
235417 pg 10° cells™"; cell passages 25-29. In (B), the basal
[Ca?"]; was 9744 nM. Values are mean+s.e.mean (n=4). Values
are meants.e.mean (n=3 cultures with quadruplicates). *P<0.05,
compared with the control group.

not significantly change glucagon release (Figure 2).

To confirm whether the [Ca’']; was deprived after
pretreating the cells with 50 uyM BAPTA-AM in Ca’>"-free
medium for 30 min, we investigated its effect on AVP-,
bradykinin-, ionomycin- and TG-induced [Ca®"]; increases.
After the basal [Ca®>*]; was lowered by BAPTA to <25 nM,
none of the above agonists increased [Ca®*]; under this
condition (data not shown).

The basal [Ca?*];in In-R1-G9 cells was 97 +4 nM (n=20) in
the dose-dependent experiment. AVP (1-1000 nM) increased
[Ca?*]; in a concentration-dependent manner and in a biphasic
pattern; a peak followed by a sustained plateau (Figure 3A).
The peak usually reached within 30 s and gradually decreased
toward the baseline in 4 min (the sustained plateau). To
determine whether the Ca®* peak was due to the release of
Ca’" from the intracellular Ca®>* stores and the sustained
plateau was due to Ca>* influx, we measured [Ca®*]; in Ca®"-
free KRB supplemented with 10 uM EGTA. The basal [Ca®"];
in Ca®"-free/EGTA KRB (7543 nM, n=20) was lower than
that in Ca®"-containing KRB (9744 nM, n=20). In the
absence of extracellular Ca>*, AVP (1-1000 nm) evoked only
a Ca®" peak (without the sustained plateau) in a concentra-
tion-dependent manner as well; however the amplitude was
smaller than that induced by AVP in the presence of
extracellular Ca®* (Figure 3B).

The data in Figure 4 show that AVP increased glucagon
release within 30 s of the administration (control=100+ 19
pg 10° cells™'; AVP=2325440 pg 10° cells™!, n=4 cultures
with quadruplicates; passages 23—26), which reached the
maximum within 2 min (control=110+9 pg 10° cells™';
AVP=1572+52 pg 10° cells™'; passages 23—26), and main-
tained a steady-state at 15 min (control=96+10 pg 10°
cells™'; AVP=476450 pg 10° cells~'; passages 23—26).
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Figure 2 Effects of AVP (100 nM) on glucagon release in Ca®"-
containing, Ca®"-free media and 50 uMm BAPTA-AM in Ca>"-free
media. BAPTA-AM in Ca’"-free media was given 30 min before the
administration of AVP. Static incubation was performed for 15 min
to determine the glucagon release. The concentration of glucagon
release in the Ca®"-containing control was 144+ 17 pg 10° cells .
Values are mean+s.e.mean (n=6 cultures with quadruplicates).
*P<0.05, compared with the basal control group at the [Ca®"]; of
2.5 mM. The results of this experiment were obtained from the cells
of passage 23-26.
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Figure 3 Effects of AVP on [Ca®>']; in Ca®"-containing (A) and
Ca’*-free (B) media. Data shown are representative of four
experiments.
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Figure 4 Time course of glucagon release from In-R1-G9 cells in
response to AVP (100 nm). Values are mean +s.e.mean (n=4 cultures
with quadruplicates). Mean glucagon content of the cells;
basal=25+1.6 ng 10° cells™!, AVP=27+28 ng 10° cells™!. @
Basal control; W AVP 100 nMm. *P<0.05, compared with the basal
control group. The results of this experiment were obtained from the
cells of passage 23-26.

Effects of AV P receptor antagonists on [Ca’”" ]; increase

AVP increases glucagon release from In-R1-G9 cells (Yibchok-
anun & Hsu, 1998) and perfused rat pancreas (Yibchok-anun
et al., 1999) by activating V5 receptors. To study if AVP-
induced [Ca®"]; increase is also mediated by Vg receptors, we
pretreated the cells with different AVP receptor antagonists for
100 s before the application of AVP (100 nm). CL-4-84 (0.1—
100 nM), a V,,/V,p receptor antagonist (Thibonnier et al.,
1997), inhibited AVP-induced [Ca®"]; increase in a concentra-
tion-dependent manner (Figure 5). CL-4-84 at the highest
concentration studied (100 nM) abolished the AVP-induced
rise in [Ca® " ;. ICsy of CL-4-84 was 2+ 0.5 nM. WK-3-6 (1 um),
a potent V,,/V, receptor antagonist (Jard et al., 1986), failed to
block AVP-induced [Ca®*]; increase (data not shown). Neither
CL-4-84 nor WK-3-6 alone significantly changed basal [Ca®"];
(data not shown).

Effects of U-73122, U-73343, and zLYCK on
AV P-induced glucagon release and [Ca’" ]; increase

To determine whether AVP-induced increases in glucagon
release and [Ca®"]; are mediated through PLC pathway, U-
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Figure 5 Effects of CL-4-84 on AVP (100 nM)-induced maximal
increase in [Ca®"];. CL-4-84 was given 100 s before the administra-
tion of AVP. Values are mean+s.e.mean (n=4). *P<0.05, compared
with the AVP control group, which had a maximal [Ca®"]; increase
of 188+ 11 nM.

73122 were used to antagonize the effect of AVP. U-73122 (2, 4
and 8 uM) inhibited AVP-induced [Ca®"]; increase in a
concentration-dependent manner (Figure 6A). At highest
concentration studied (8 um), U-73122 abolished AVP-
induced the rise in [Ca®"];, but only reduced AVP-induced
glucagon release by 39% (Figure 6B). The lower concentra-
tions of U-73122 (2 and 4 uM) partially inhibited AVP-induced
[Ca?"]; increase, but did not reduce AVP-induced glucagon
release. U-73122 alone did not change [Ca®"]; until 8 um was
applied, which increased [Ca®"]; by ~15%, and then gradually
returned to the basal level within 100 s. To determine if U-
73122 was specific to AVP-induced [Ca"]; increase, ionomycin
(300 nm), a Ca’" ionophore, was used for this purpose.
Tonomycin elicited a biphasic rise in [Ca®>"]; with a pattern
similar to that induced by AVP (100 nm). U-73122 (8 um)
failed to inhibit ionomycin-induced rise in [Ca**]; (ionomy-
cin=244+41 nM; U73122 +ionomycin=300+34 nM, n=4;
P>0.05) (Figure 7A). In addition, U-73343 (8 uM), an inactive
analogue of U-73122, failed to inhibit the AVP-induced [Ca®"];
increase (AVP=266+52 nM; U-73343+ AVP= 278+59 nMm,
n=6; P>0.05) and glucagon release (basal=105+24 pg 10°
cells™'; AVP=497438 pg 10° cells™'; U-73343+ AVP=479
+47 pg 10° cells™!, n=3 cultures with quadruplicates ob-
tained from the cells of passage 25—27; P>0.05).

To determine whether the phospholipase D (PLD) pathway
is involved in AVP-induced glucagon release, zLYCK, a PLD
inhibitor, was used to antagonize the effect of AVP.
Pretreatment of the cells with 10 uM zLYCK for 1 h reduced
AVP-induced glucagon release by 60% (basal=184+38
pg 10° cells™'; AVP=11754263 pg 10° cells™!; zLYCK =
214+44 pg 10°  cells™'; zLYCK+AVP=551+244 pg 10°
cells™!, n=3 cultures with quadruplicates; passages 24—27;
P<0.05).

Effects of thapsigargin (TG) and nimodipine on
AV P-induced glucagon release and [Ca’" ]; increase

We next hypothesized that AVP increases [Ca®']; by
inducing Ca’" release from ER, which in turn increases
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Figure 6 Effects of U-73122 on AVP-induced maximal [Ca®"};
increase (A) and glucagon release (B) in In-R1-G9 cells. U-73122 was
given 100 s before AVP (100 nm). Values are mean +s.c.mean (n=4
for [Ca®"]; experiments and n=3 cultures with quadruplicates for
secretion). *P<0.05, compared with AVP (100 nm) alone as the
control group.

Ca®" influx. We depleted intracellular Ca** stores of In-R1-
GY9 cells by pretreating the cells with 1um TG, a
microsomal Ca®>"-ATPase inhibitor (Thastrup et al., 1990),
for 30 min, which abolished both AVP-induced Ca>* release
and influx (Figure 7B). The [Ca®"]; after TG treatment was
129+ 19 nM (n=4). To investigate if the AVP-induced Ca*>"
influx was attributable to the opening of VDCCs, we
pretreated In-R1-G9 cells with 1 uM nimodipine, an L-type
VDCC blocker, for 100s. Nimodipine failed to inhibit
AVP-induced [Ca’*]; increase (Figure 7C) and glucagon
release (basal =262+ 53 pg 10° cells'; AVP =594+
153 pg 10°  cells™!;  nimodipine=261+61 pg 10° cells™';
nimodipine + AVP =667 +230 pg 10° cells~!, n=3 cultures
with quadruplicates; passages 28 —30).

Effects of AVP on intracellular IP; and cyclic AMP
concentrations

To confirm whether AVP induces glucagon release and [Ca®*];
increase through the PLC-IP; system, but not the adenylyl
cyclase-cyclic AMP system, we measured the AVP-induced
changes in the intracellular concentration of IP; and cyclic-
AMP. AVP significantly increased intracellular IP; concentra-
tion by 147% (control=84+2 pmol 10° cells™!; AVP
(100 nM)=20+2 pmol 10° cells~', n=>5; P<0.05). AVP failed
to change intracellular cyclic-:AMP concentrations (con-
trol=3.64+0.2 pmol well™'; AVP (1 um)=3.8+0.2 pmol
well™!, n=4; P>0.05).

1 min

a

300

- Nimodipine

[Ca™),, nM

100 1 min

Figure 7 Effects of AVP and ionomycin on [Ca®"]; increase in In-
R1-G9 cells. (A) Effects of U-73122 on ionomycin-induced [Ca®"J;
increase. Curve a shows data of ionomycin (300 nMm) alone as a
control; curve b shows the effect of U-73122 (8 um) pretreatment for
100 s before ionomycin administration. (B) Effect of TG on AVP-
induced [Ca®"]; increase. Curve a shows data of AVP (100 nm) alone
as a control; curve b shows the effect of TG pretreatment (1 um) for
30 min before AVP administration. (C) Nimodipine did not affect
AVP-induced [Ca®"]; increase. Curve a shows data of AVP (100 nm)
alone as a control; curve b shows the effect of nimodipine
pretreatment (1 um) for 100 s before AVP administration. Arrow
indicates AVP or ionomycin administration. Data shown are
representative of four experiments.

Discussion

Results from the present study suggest that AVP induces
increases in [Ca®"]; in In-R1-G9 by activating V5 receptors,
because this effect of AVP was inhibited by CL-4-84, a VA/V s
receptor antagonist (Thibonnier et al., 1997), but not by WK
3-6, a highly potent V5 and V, receptor antagonist (Jard et al.,
1986). This finding is consistent with our previous ones in
which AVP induced glucagon release from In-RI1-G9
(Yibchok-anun & Hsu, 1998) and perfused rat pancrease
(Yibchok-anun ez al., 1999) by activating Vg receptors.
Unfortunately, no specific Vg receptor antagonists are
available yet for the characterization of these receptors. A
molecular biological approach is warranted to confirm the
characterization of V receptors in a-cells.

The Vg receptor has seven transmembrane-binding
domains, and is coupled to a PTX-insensitive G-protein,
probably G, (Thibonnier et al., 1993). The activation of PLC
via G is responsible for the hydrolysis of PIP, into DAG and
IP;, which causes Ca®" release from the ER. In this study,
since AVP increased IP; formation and it had no effect on
cyclic AMP production, the activation of PLC-f-IP; system
should be one of the signal transduction pathways through
which AVP induces glucagon release. In addition, we found
that 8 um U-73122, the specific PLC inhibitor, abolished AVP-
induced [Ca’']; increase, but only reduced AVP-induced
glucagon release by 39%. U-73343, an inactive analogue of
U-73122 failed to inhibit AVP-induced glucagon release and
[Ca2+]; increase. These findings confirm that AVP activates
PLC-f to increase IP; production, leading to the elevations of
[Ca?*); and glucagon release.

An increase of [Ca®"], frequently triggers exocytosis
(Wollheim & Pozzan, 1984; Li et al., 1992; Tse et al.,
1993; Gromada et al., 1997). Ca’?" oscillation is the
pacemaker of pulsatile glucagon release in a-cells (Bode et
al., 1994). Thus, Ca’?" is thought to be a major signal for
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glucagon release in In-R1-G9 cells. AVP induced [Ca’");
increase in In-R1-G9 cells in a biphasic pattern; a peak
followed by a sustained plateau. The Ca*>* increase induced
by AVP usually reached the maximum within 30 s, which
was consistent with the results of the time course study of
glucagon release, in which glucagon was released within 30 s
of the AVP administration. These results suggest that Ca**
is a signal for AVP to trigger glucagon release. In Ca>"-free
experiments, AVP only evoked a Ca®" peak without a
sustained phase. The Ca?" peak evoked by AVP in the
absence of extracellular Ca*>* was lower than in the presence
of extracellular Ca®>". These results suggest that the Ca**
peak evoked by AVP is partly due to the release from the
intracellular stores and partly due to the influx, whereas the
sustained plateau is attributed to an increase in Ca’>* influx.
When the intracellular Ca®" stores were depleted by TG, a
microsomal Ca?*-ATPase inhibitor, the AVP-induced
[Ca?"]; increase including the sustained phase was totally
abolished. This finding suggests that the AVP-induced Ca**
influx depends on AVP-induced Ca®" release. The involve-
ment of Ca®"-channels was further studied. Nimodipine did
not alter AVP-induced glucagon release or [Ca®"]; increase.
Thus, the AVP-induced Ca?' influx was not mediated
through L-type VDCCs. These results are consistent with
those of Bode et al. (1994) in which TG and U-73122
inhibited the spontaneous Ca’>" oscillation in single In-R1-
G9 cells, but the L-type VDCC antagonists verapamil and
nifedipine did not. In contrast to a-cells, AVP induces Ca*"*
influx in clonal f-cells RINmSF partly by the opening of L-
types VDCCs (Chen et al., 1994; Li et al., 1992).

The increase in [Ca®>"]; from both Ca®* release and influx
may contribute to glucagon release, because AVP was still able
to increase glucagon release in the absence of extracellular
Ca?*. However, both basal and AVP-induced glucagon
releases were lower in the absence than in the presence of
extracellular Ca®". More interestingly, AVP still increased
glucagon release under stringent Ca”>" deprivation, which was
obtained by the pretreatment of the cells with 50 uM BAPTA
in Ca?*-free KRB. These results suggest the existence of a
Ca?*-independent pathway of AVP-induced glucagon release.

U-73122 inhibits PLC-mediated events in a variety of cells,
including human neuroblastoma cells (Thompson et al., 1991),
erythroleukemia cells (Wu et al., 1992), human neutrophils and
platelets (Bleasdale er al., 1990), GH; rat pituitary cells
(Smallridge et al., 1992), rat gonadotropic cells (Hawes e? al.,
1992), rat hepatocytes (Kimura & Ogihara, 1997), porcine
kidney cells (Dibas et al., 1997), rat pancreatic acinar cells
(Yule & Williams, 1992), and clonal f-cells RINmSF (Chen et
al., 1994; Yang et al., 1997). In addition, U-73122 was used to
block the formation of IP; and DAG in many different cell
preparations (Bleasdale & Fisher, 1993). In In-R1-G9 cells, U-
73122 inhibited AVP-induced [Ca®*]; increase in a concentra-
tion-dependent manner, but had a much smaller impact on
AVP-induced glucagon release. For instance, U-73122 at 8 um
abolished the effect of AVP-induced [Ca®*]; increase, but only
reduced AVP-induced glucagon release by 39%. U-73122 at
4 uM inhibited AVP-induced [Ca®*]; increase by 50%, but had
no effect on AVP-induced glucagon release. This finding is
consistent with that of Chen et al. (1994) in which U-73122
inhibited AVP-induced increase in [Ca®"]; much greater than
that in insulin secretion. The effect of U-73122 was highly
specific to PLC because it failed to alter the ionomycin-induced
increase in [Ca®"'],. Tonomycin, a Ca®" ionophore, increases
[Ca®*]; by promoting Ca®" release from the intracellular stores
and Ca®" influx in HIT cells (Swope & Schonbrunn, 1988) and
oocytes of Xenopus laevis (Yoshida & Plant, 1992) without the

involvement of a G protein. In addition, a remarkable
phenomenon observed in the present study was that AVP still
stimulated glucagon release after AVP-induced [Ca®'];
increase was abolished. Together, these results strongly suggest
that AVP-induced glucagon release involves a mechanism that
is independent of an elevation of [Ca®"]; or an activation of
PLC-B. This may be due to multiple signal transduction
pathways involved the Vg receptor-mediated hormone
secretion (Thibonnier ez al., 1997).

In a smooth muscle cell line A;rs, V, receptors are coupled
to several signaling pathways including PLC, PLA, and PLD
(Thibonnier et al., 1991). AVP stimulates secretion of
endothelin-1 and prostanoids from human brain endothelial
cells by a receptor-mediated activation of PLC and PLA,
(Spatz et al., 1994). However, cPLA, seems to be present at
very low levels in rat islets, and clonal f-cells, RINmSF and
HIT-T15 (Loweth et al., 1995). These observations indicate
that PLA, may not be involved in AVP-induced insulin and
glucagon release in rodents.

AVP activates phospolipase D (PLD) in rat Leydig
(Vinggaard & Hansen, 1991) and glomerular mesangial cells
(Kusaka et al., 1996). Activation of PLD leads to phosphatidic
acid (PA) formation, thereby stimulating insulin release (Metz
& Dunlop, 1990). In the present study, we found that zLYCK,
an inhibitor of PLD, at the concentration used in the previous
study (Kusaka et al., 1996) inhibited AVP-induced glucagon
release by 60%, which suggested that PLD pathway may play
a role in the PLC-independent mechanism of AVP-induced
glucagon release. Activation of PLC requires Ca®>" (Chaudry
& Rubin, 1990; Gardner, 1989), thus PLC-independent
pathway may be one of the Ca®"-independent pathways. The
G protein-coupled PLD pathway in rat myocardium is both
Ca’"-dependent and -independent (Lindmar & Loffelholz,
1998). However, whether PLD plays a role in the PLC-
independent and/or Ca’"-independent pathway of AVP-
induced glucagon release remains to be determined.

Another possibility is that AVP acts independently of Ca®*
at a distal site to trigger exocytosis. This would be similar to
carbachol-induced insulin release in RINmSF cells, in which
carbachol may stimulate insulin release by acting at a distal site
beyond the point of increased [Ca’']; (Tang et al., 1995).
Although U-73122 (8 uM) abolished AVP-induced [Ca®"];
increase, the small increases in [Ca®"]; occurred at the level
close to the secretory granules might not have been detected by
our method. These small increases in [Ca2+]; might have
triggered glucagon release. Further work is needed to identify
the other pathways, particularly the Ca®"-independent ones,
which are coupled to AVP-induced glucagon release.

In the present study, there was an inconsistency of glucagon
release between experiments, particularly when compared the
data of the experiments where the cells of both low and high
passages had been used. Our experience with In-R1-G9 cells is
that the lower passage cells tend to yield lower levels of basal
glucagon release than the higher passage cells. For instance,
when the cells of passages 23—-26 were used (Figure 2), the
basal control group had 114417 pg 10° cells~'; when the cells
of passages 2830 were used (nimodipine experiments), the
basal control group had 262+ 53 pg 10° cells™'. As a result of
the high basal glucagon release in the high passage cells, AVP
tended to cause a smaller increase in glucagon release than the
lower passage cells.

Taken together, U-73122 inhibited AVP-induced [Ca®"];
increase in clonal a-cells In-R1-G9 in a concentration-
dependent manner, but only partially antagonized AVP-
induced glucagon release. In this cell line, AVP may induce
glucagon release through multiple signalling pathways that are

British Journal of Pharmacology, vol 129 (2)



S. Yibchok-anun et al

Mechanism of AVP-induced glucagon release 263

both Ca?*-dependent and -independent. For the Ca®*-
dependent pathway, G, activates PLC, which promotes the
formation of IP; and DAG. IP; stimulates Ca’" release from
the ER, which in turn triggers Ca®* influx via non-L-type Ca**
channels. Both Ca?* release and Ca®" influx may contribute to
AVP-induced glucagon release. The Ca®*-independent path-
way for AVP-induced glucagon release is not well-understood
and needs further investigations.
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