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generation  during  the  stimulation of insulin - 
secretion by arginine vasopressin (AVP) was  investi- 
gated in RINm5F cells. AVP (0.1 PM) caused a biphasic 
cytosolic Ca2+ ([Ca2+Ii) rise, namely a rapid  transient 
marked elevation after stimulation followed by a series 
of oscillations. In  the absence of extracellular Ca2+, the 
sustained oscillations were abolished, while the  initial 
[Ca2+Ii transient  was only partly decreased, indicating 
that  the former are due  to Ca2+ influx  and  the latter 
due mainly to mobilization from  internal Ca2+ stores. 
AVP also evoked a  transient  depolarization of the  av- 
erage membrane potential. AVP-induced Ca2+ influx 
during  the sustained phase, which was  strictly depend- 
ent on receptor occupancy, was  attenuated by  mem- 
brane hyperpolarization  with diazoxide. However, 
blockade of Ca2* channels of the L- or T-type  was 
ineffective. AVP stimulated production of diacylglyc- 
erol  and inositol phosphates; for  the  latter both [3H] 
inositol labeling and mass determinations  were  per- 
formed. A transient  increase in Ins(1,4,5)P3  was fol- 
lowed by a  marked enhancement of Ins(1,3,4,5)P4 (8- 
fold) peaking at 15 s and  gradually returning to  basal 
values. Ins(1,3,4,6)P4  and  Ins(3,4,5,6)P4  exhibited  the 
most long-lasting augmentation  (4-  and 1.7-fold, re- 
spectively),  and  therefore  correlated best with  the 
period of sustained [Ca2+Ii oscillations. InsP6  and InsPe 
were not elevated. The effects of AVP, including  the 
stimulation of insulin secretion  from perifused cells, 
were  obliterated by a VI receptor  antagonist.  In con- 
clusion, AVP induces protracted [Ca2+Ii elevation in 
RINm5F cells which is associated with  long-lasting 
increases  in InsP, isomers. The accumulation of InsP, 
isomers reflects  receptor occupancy and  accelerated 
metabolism of the inositol phosphates. Activation of 
second messenger-operated Ca2+ channels is not nec- 
essarily implicated because of the  attenuating effect of 
membrane hyperpolarization. 
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Ca2+ plays a  central role in  the stimulation of insulin 
secretion (1, 2). Glucose and  other  nutrient secretagogues 
raise cytosolic free Ca2+  concentration ([Ca2+’]J1 by the gating 
of voltage-sensitive Ca2+ channels secondary to membrane 
depolarization (3-6). Neurotransmitters  and hormones poten- 
tiate insulin secretion by binding to receptors which activate 
either adenylylcyclase or phospholipase C  (2),  the  latter caus- 
ing the generation of diacylglycerol (DAG) and inositol phos- 
phates (7-9). In addition to  the Ca2+ mobilizing Ins(1,4,5)P3, 
a number of other inositol polyphosphates have been impli- 
cated in various cellular functions (10,ll). Particular  interest 
has been focused on the inositol tetrakisphosphate isomer 
Ins(1,3,4,5)P4, suggested to be  involved in cellular Ca2+ sig- 
naling (12-15). It has been proposed that  the compound 
participates in the gating of second messenger-operated Ca2+ 
channels (16) and/or in Ca2+ mobilization initiated by 
Ins(1,4,5)P3  (17). The generation of Ins(1,3,4,5)P4 from 
Ins(1,4,5)P3 is catalyzed by Ins(1,4,5)P3 3-kinase. This  en- 
zyme is activated in a Ca2+-calmodulin dependent manner 
(18, 19). Dephosphorylation of Ins( 1,3,4,5)P4 produces 
Ins(1,3,4)P3 whose  biological function is unknown (10, 11). 
This compound is phosphorylated at position 6 to yield 
Ins(1,3,4,6)P4 (20, 21). In  a recent study,  Ins(1,3,4,6)P4, in 
contrast  to  its precursor and  its metabolite Ins(1,3,4,5,6)P5, 
caused Ca2+ mobilization and influx after injection into Xen- 
opus oocytes (22). Inositol phosphate metabolism, including 
the generation of the  other  InsP4 isomers, InsP5,  and  InsPC, 
has been described in detail elsewhere (10, 11). 

Arginine vasopressin (AVP), by binding to VI receptors, 
activates phospholipase C, e.g. in smooth muscle cells (23) 
and hepatocytes (24). With respect to insulin secretion, AVP 
was first  demonstrated to stimulate secretion in vivo in the 
dog (25). In uitro, various results have been reported. While 
AVP stimulated insulin secretion from the perfused rat  pan- 
creas (26),  there was either  stimulation of (27), no effect on 
(28), or even reduction of (29) insulin secretion from isolated 
islet preparations.  In the insulin-secreting clonal cell lines 
RINm5F  and HIT, AVP was found to elicit insulin release 
and promote phosphatidylinositol turnover (30-33). 

’ The abbreviations used are: [Ca2+]i, cytosolic free Caz+ concentra- 
tion; AVP, arginine vasopressin; bisoxonol, bis(l,3-diethyl  thiobar- 
biturate)trimethineoxonol; BSA,  bovine serum albumin; DAG, 1,2- 
diacylglycerol; d(CH&Tyr(Me)AVP, [l-(p-mercapto-p,p-cyclopen- 
tamethylenepropionic acid), 2-(O-methyl)tyrosine]arginine-vasopres- 
sin; EGTA, [ethylene bis(oxyethylenenitrilo)]-tetraacetic acid; 
Ins(1,3,4)P3, inositol 1,3,4-trisphosphate; Ins(1,4,5)P3, inositol 1,4,5- 
trisphosphate; Ins(1,3,4,5)P4, inositol 1,3,4,5-tetrakisphosphate; 
Inspa, InsP4,  InsP5 and  InsPG, myo-inositol tris-,  tetrakis-,  pentakis-, 
and hexakisphosphate, with positional isomerism of phosphoesters 
as indicated in parentheses; InsP(x), inositol polyphosphate(s); 
Hepes, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid; HPLC, 
high performance ion exchange chromatography; ROCs, receptor- 
operated channels; SMOCs, second messenger-operated channels. 
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AVP causes biphasic increase in [Ca2+]; seen both in 
RINm5F cell suspensions (31) and at  the single cell level (31, 
34). Removal of extracellular Ca2+ obliterated the sustained 
[Ca2+]; elevation while leaving the initial  transient largely 
unaltered (30, 34, 35), indicating that  this  transient  is due to 
Ins(l,4,5)P3-mediated  Ca2+ mobilization. To gain further  in- 
sight  into the role of the compounds generated in cascade 
following phospholipase C  activation by  AVP, we investigated 
the relationship between the kinetics of production of inositol 
polyphosphates, in particular the  InsP4 isomers, and  the long- 
lasting increase in [Caz+li. The  latter was measured both  in 
RINm5F cell suspensions and at  the single cell  level. Insulin 
release and the lipid messenger DAG, the endogenous acti- 
vator of protein kinase C  (36), were examined in parallel. 

EXPERIMENTAL  PROCEDURES 

RINm5F cells were cultured in RPMI 1640 containing 10% fetal 
calf serum as described in  detail previously (3). On the day of the 
experiment, the cells were detached with trypsin, then transferred 
and maintained in  spinner  culture for 3 h. 

For the measurement of [Ca2+Ii  in cell suspensions, 30 X lo6 cells 
were  loaded with 1 PM of fura-2/acetoxymethyl ester for 30 min at 
37 'C in  RPMI 1640 containing 1% fetal calf serum. The loaded cells 
were  washed and kept at 18 "C until use. About 1 X IO6 cells were 
resuspended in  a glass cuvette in 2 ml of the modified Krebs-Ringer 
bicarbonate buffer (KRB)  containing in millimolar: 136 NaCl, 4.8 
KCl, 1.0 CaCI2, 1.2 KH2P04, 1.2 MgSO., 5.0 NaHC03, 10 Hepes, and 
2.8 glucose, pH 7.4, which  was also used in the bisoxonol experiments. 
Fluorescence was recorded at  an excitation and emission wavelength 
of  340 and 505  nm at 37 "C. The [Ca2+Ii was calibrated after cell lysis 
as described previously (8, 37). 

The [Ca2+Ii changes in single RINm5F cells were examined in  a 
dual excitation wavelength microfluorometer system at 37 "C (Spex 
fluorolog 2 and Nikon fluorescence microscope). Cells were cultured 
on glass coverslips coated with polyornithine and loaded with fura-2/ 
acetoxymethyl ester (1 PM) for 20 min in the modified KRB buffer 
containing 0.4%  bovine serum albumin (BSA). The cells were super- 
fused with the same buffer except for the BSA concentration which 
was 0.07%. Fluorescence was recorded after excitation at 340/380  nm 
and  the ratio of the emitted light was used to calibrate [Ca2+], as 
reported previously (6, 38). 

For measurement of average membrane potential, 100 nM  of bisox- 
onol was added to about lo6 cells/ml. The fluorescence was measured 
a t  37 "C with excitation and emission wavelengths at 540 and 580 
nm, respectively (3). 

The production of tritiated inositol phosphates was measured by 
high performance ion exchange chromatography (HPLC) (8,  9, 14). 
Cells were labeled for 2 days in  standard  RPMI 1640 containing 10 
pCi/ml of ny0-[2-~H]inositol  and serum as above. After 10 min 
preincubation, the cells were incubated with or without AVP for 
various time periods in modified Krebs-Ringer bicarbonate buffer 
supplemented with 0.5% BSA. The inositol phosphates were extracted 
with trichloroacetic acid (lo%, w/v) and separated by HPLC using a 
Partisil 10-SAX column exactly as described previously (9). However, 
this method does not allow the separation of InsPl isomers. This was 
achieved by subjecting the radioactive samples to two sequential runs 
on the anion exchange HPLC column as described in detail elsewhere 
(14). This method yields adequate detection of [3H]Ins(3,4,5,6)P4, 
Ins(1,3,4,5)P4, and Ins(1,3,4,6)P4. 

For the mass measurement of inositol phosphates, anion exchange 
HPLC was combined with metal-dye detection analysis using the 
procedure described in detail previously (14, 39, 40). Approximately 
1-2 X los cells were stimulated for 15 s or  3 min with 1 pM AVP. The 
ether-washed extracts were subjected to a charcoal treatment  and 
solid phase extraction as described (39). Conditions for HPLC analy- 
sis on a 5 X 250-mm Mono-Q anion exchange column were performed 
as described previously (14,39,40).  The strongly acidic elution system 
(variant I) and the elution protocol I described in Ref. 39  were 
employed. The post-column reagent (reagent C) contained 200 PM 
PAR and 1.6 M triethanolamine, pH 9.0. In addition to [3H] 
Ins(1,4,5)P3 and [3H]Ins(1,3,4,5)P4, NMR characterized nonradioac- 
tive  standards were used for the identification of inositol phosphate 
isomers (40). The internal  standard Ins(1,2,3,4,5)P6 showed 95% 
recovery. 

For the measurement of diacylglycerol, cells were labeled with 15 

pCi/ml of [2-3H]glycerol in RPMI 1640  for 2 days. Approximately 3 
X lo6 cells were incubated with or without stimuli for various time 
periods. Neutral lipids were extracted and separated by thin-layer 
chromatography as described previously (7, 31). 

The dynamics of insulin secretion were measured by perifusion of 
the cells (3-4 X lo6 cells/chamber) with modified KRB containing 
0.07%  BSA at 37 "C, as described elsewhere (31, 41). Insulin release 
and acid ethanol-extracted cellular insulin content were measured by 
radioimmunoassay using rat insulin as standard (41). 

Pertussis  toxin pretreatment of cells was carried out overnight in 
RPMI 1640 containing 100 ng/ml of pertussis toxin. 

Results are given as mean & S.E. and statistical analyses were done 
by Student's t test for unpaired data. 

The sources of materials used were described previously (3, 31) 
except AVP,  which  was a generous gift from Dr. P. Melin, Ferring 
Pharmaceuticals, Malmo, Sweden; pertussis toxin from List Biolog- 
ical Laboratories Inc.; d(CH&Tyr(Me)AVP was a kind gift from Dr. 
M. Manning, Merck Sharp  and Dohme, Toledo, OH. The tritiated 
Ins(1,4,5)P3 and Ins(1,3,4,5)P4 were purchased from Amersham In- 
ternational. All other chemicals were of analytical grade. 

RESULTS 

The effects of AVP on [Ca2+Ii were first examined in single 
fura-2-loaded RINm5F cells. This approach offers the possi- 
bility of detailed analysis of the precise time kinetics of 
[Ca2+]i because of the single cell superfusion system employed. 
The experiment depicted in Fig. LA demonstrates that AVP 
(0.1 PM) elicited a biphasic response at  the single  cell  level. 
An initial spike in [Ca2+Ii representing an &fold increase over 
basal was  followed  by oscillations in [Ca2+]i lasting more than 
15 min (Fig. hi). These oscillations ceased immediately upon 
chelation of extracellular Ca2+ by 2 mM EGTA (Fig. 1B). 
When the cells were again exposed to 1 mM Ca2+, in  the 
continued presence of AVP, [Ca2+]; rose rapidly to a new 
plateau value with small superimposed oscillations. The rapid 
effect of EGTA suggests that  the [CaZ+]; oscillations were 
dependent on Ca2+ influx. This was further  tested by adding 
EGTA (2 mM) together with AVP. As expected, in this  situ- 
ation AVP only evoked a single large [Ca2+Ii transient (Fig. 
IC). Restoration of extracellular Ca2+ resulted in an instan- 
taneous increase in [CaZ+ji. That  this increase was caused by 
AVP and  not by the simple reintroduction of Ca2+ is demon- 
strated  in  the experiment shown in Fig.  1D. Here EGTA and 
0.2 PM of the VI receptor antagonist d(CHz),Tyr(Me)AVP 
(42) were added simultaneously. Reintroduction of extracel- 
lular Ca2+ was not followed  by a [Ca2+]; rise, as long as AVP 
had no access to  its receptors. However,  removal of the VI 
antagonist resulted in  a rapid increase in [Ca2+]i, thus being 
secondary to AVP receptor occupancy and  not to reintroduc- 
tion of Ca2+. Although it seems clear that AVP promotes Ca2+ 
influx, the absence of the [Ca2+Ii oscillations in Caz+-deprived 
medium could be due to rapid depletion of cellular Ca2+ stores. 
This  is unlikely, as shown by the experiment illustrated  in 
Fig. 1E. While EGTA abolished the [Ca2+]; oscillations elic- 
ited by AVP, the subsequent addition of the muscarinic ago- 
nist carbachol in  the continuous presence of EGTA resulted 
in  a  [CaZ+li  transient,  albeit of small amplitude. AVP was still 
able to raise [Ca2+Ii when added in the presence of Ca2+. 

Finally, we investigated whether AVP-stimulated Ca2+ in- 
flux occurred via voltage-dependent Ca2+ channels. Neither 5 
PM nifedipine (Fig. 2 A )  nor 20 PM verapamil (not shown), 
which block L-type Ca2+ channels, was able to prevent the 
oscillations in  [Ca2+Ii induced by AVP. In  this cell  (Fig. 2 A )  
AVP mainly caused oscillations which did not  return to basal 
levels.  100 PM Ni2+ which blocks high threshold activated T- 
type Ca2+ channels (43) also failed to suppress these pro- 
tracted [Ca2+]; oscillations (Fig. 2B). The hyperpolarizing 
agent diazoxide,  which opens ATP-sensitive K+ channels (44, 
45), antagonized the effects of AVP. In some cells diazoxide 
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FIG. 1. Effect of AVP on [Ca2+Ii in  single RINm6F cells. The 
cells were plated onto glass coverslips mounted in  a Petri dish which 
served as  the superfusion chamber. Fura-2-loaded cells were super- 
fused with KRB containing 1 mM Ca2+, supplemented with 2 mM 
EGTA where indicated. Under the  latter condition, the concentration 
of free Ca2+ in the medium  was determined to be around 0.1 PM with 
a Caz'-selective electrode. Bars indicate the duration of stimulation. 

A VP, d(CH2)aTyr(Me)AVP; cch, carbachol. 
These traces are representative of at least three experiments. Ant- 

(200 PM) attenuated  the sustained [Ca2+Ii rise and  the super- 
imposed oscillations. The effect was rapidly reversible (Fig. 
2C). In other cells demonstrating AVP-induced fast [Ca2+Ii 
spikes, diazoxide completely inhibited the spikes (Fig. 2 0 ) .  
Thus, although the [Ca2+Ii oscillations are sensitive to changes 
in membrane potential,  L-  and  T-type voltage-sensitive Ca2+ 
channels do not seem to be  involved. 

This conclusion was supported by  [Ca"], measurements 
performed in cell suspensions. Although the basal levels of 
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FIG. 2. Effect of nifedipine,  Ni2+, and diazoxide  on AVP- 
induced [Caz+]i rises in  single  RINm6F  cells. Bars indicate the 
duration of stimulation.  These  traces  are representative of at least 
three experiments. 

[Ca2+Ii were similar to those of the single cells, the AVP- 
induced biphasic [Ca2+]i increase (31) was smaller (Table I). 
Cell heterogeneity and asynchrony of the response could in 
part explain this difference. Fura-2 leakage from the sus- 
pended cells is also a  contributing factor (46). Nonetheless, 
in three  independent experiments the small protracted 
[Ca2+Ii rise was observed to  last up to 15 min (19 & 4 nM over 
basal). The effect of AVP  on [Ca2+Ii was dose-dependent with 
a  threshold  concentration at around  5 x ~ O - ' M .  Half-maximal 
and maximal effects were observed at and M, respec- 
tively. When extracellular Ca2+ was chelated by the addition 
of EGTA (2 mM)  2-3 min before exposure to AVP (1 PM), the 
initial [Ca2+], transient was reduced by  43% and the sustained 
[Ca2+li rise was abolished (not shown). The potent  L-channel 
blocker SR-7037 (47) at a  concentration of 0.5 PM, applied 2 
min before the addition of AVP (1 PM), only reduced the 
initial  transient marginally and failed to alter the sustained 
[Ca"], elevation (Table I). Under the same conditions, the 
[Ca2+]i rise due to 24 mM K+ depolarization was almost 
completely inhibited  (not shown). Neither 100 PM Ni2+ nor 
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TABLE I 
Effect of blockers of voltage-dependent Ca2+ channels and 

hyperpolarization on A VP-evoked [Ca"li rise in 
RINm5F cell suspensions 

Condition 
[Ca2+]; 

n 
Peak  Sustained" 

% of basal 
1 pM AVP 
1 p M  AVP + 0.5 p M  SR-7037 213 f 5.2 118f 1.7 6 

1 pM AVP + 100 pM NiC12 233 f 4.0 116 f 2.9 5 
196 f 1.2  117 f 0.9 5 

1 u M  AVP + 300 UM diazoxide 202 f 3.1  114 f 2.6 5 

and [Ca2+]; was calculated from changes  in fluorescence recorded at excitation 
Measured at 2 min after  addition of AVP. Cells were loaded with fura-2 

and emission wavelengths of 340 and 505 nm, respectively. Diazoxide, SR-7037, 
and NiClz were added 2 min before AVP stimulation.  These  agents did not 
change the basal levels of [Ca2*Ii which were 109 f 6.2 nM ( n  = 6). Values are 
mean f S.E. 

" f  

I min - 
FIG. 3. Effect of AVP on average membrane potential  in 

RINm5F cells. Average membrane potential was measured with the 
fluorescent probe bisoxonol at excitation and emission wavelengths 
of  540 and 580 nm, respectively. An increase in the fluorescence refers 
to depolarization (arrow). The traces are representative of three 
to  four experiments in each case. AVP, 1 PM; Ant-AVP, 
d(CH&Tyr(Me)AVP, 1 PM; KCl, 24  mM; EGTA, 2 mM;  CaC12, 2 mM. 

300 PM diazoxide affected significantly the [Ca2+Ii responses 
to AVP in cell suspensions (Table  I). However, at high con- 
centration (2 mM), Ni2+ abolished the sustained [Ca2+]i in- 
crease caused by AVP but still allowed the initial  transient  to 
occur (not shown). Taken together, these  results suggest that 
the initial  transient  [Ca2+Ii rise in response to AVP is mainly 
due to  Ca2+ mobilization and  the second phase, which can 
only be  resolved into [Ca2+Ii oscillations at  the single cell 
level,  is  due to Ca2+ influx. 

Next we examined whether AVP depolarizes the cells dur- 
ing  the period of sustained [Ca2+Ii oscillations. To this  end, 
average membrane potential was measured with the fluores- 
cent probe bisoxonol in  RINm5F cell suspensions. As illus- 
trated in Fig. 3A, addition of 1 KM of AVP transiently depo- 
larized the cells with a peak at approximately 20 s. The 
membrane potential  returned to prestimulatory levels after 1 
min. The extent of depolarization induced by 1 PM AVP  was 
about 25%  of that obtained by the addition of  24 mM KC1. 
The effect of AVP on average membrane potential was  dose 
dependent and could  be  blocked  by the VI receptor antagonist 
d(CH2)BTyr(Me)AVP  (data  not shown). In  the absence of 
extracellular Ca2+ (addition of 2 mM EGTA to  the buffer), 
AVP caused a more long-lasting depolarization of the mem- 
brane potential. However, displacement of AVP by the VI 
antagonist did not cause repolarization. Restoration of normal 
extracellular Ca2+ concentration by the addition of 2 mM Ca2+ 
resulted in a rapid repolarization of the cells both  in the 
presence (Fig. 3B) or absence (not shown) of the antagonist. 
Diazoxide inhibited the AVP-induced depolarization in a 
dose-dependent manner (Fig. 3, C and D). In  the presence of 

100 and 300 p~ diazoxide, the maximal depolarization by 1 
PM AVP  was inhibited by  40 and 60%, respectively. Note that 
both  concentrations of diazoxide elicited a dose-dependent 
sustained hyperpolarization of the average membrane poten- 
tial. 

In order to correlate the changes in [Ca2+Ii to  the changes 
in specific isomers of inositol tris-  and  tetrakisphosphates, 
the generation of these compounds in response to AVP was 
measured after  steady-state labeling of RINm5F cells with 
my~-[~H]inositol. First the time course of the production of 
the two isomers of inositol trisphosphate, Ins(1,4,5)P3 and 
Ins(1,3,4)P3, was established. The corresponding values for 
total  InsP4 levels are given, as  this  HPLC system does not 
allow the separation of InsP4 isomers (14). As illustrated  in 
Fig. 4A, Ins(1,4,5)P3 (the immediate product of phospholipase 
C mediated breakdown of phosphatidylinositol 4,5-bisphos- 
phate) was enhanced by AVP (1 p ~ )  with peak values reached 
at 1-5 s. Thereafter the levels of this Ca2+ mobilizing InsP3 
isomer declined, reaching values not significantly different 
from basal at 3 min. The dephosphorylation product of 
Ins(1,3,4,5)P4, Ins(1,3,4)P3, rose gradually, being significant 
at 15 s and remaining elevated until  3 min. The levels of total 
InsP4 were increased by about 70%, an effect significant at 5 
s. By contrast,  as shown in Fig.  4B, the separation of the 
three isomers of InsP4 by a more accurate HPLC system (14) 
provides information on the kinetics of generation of the 
individual compounds. AVP (1 PM) promoted an 8-fold in- 
crease in the level of Ins(1,3,4,5)P4, the product of Ins(1,4,5)P3 
3-kinase (10,18) at 15 s. Thereafter the concentrations of this 
isomer decreased to a level still above basal after  3 min and 

0 1 2 3  15 

Time (min) 

FIG. 4. Time course of the  generation of radioactivity in 
Ins(1,3,4)PS,  Ins(1,4,5)Ps,  and InsP, isomers in AVP-stimu- 
lated RINm5F cells. Cells were labeled for 2 days with my0-[2-~H] 
inositol. After incubation of cells with or without AVP (1 pM), the 
inositol phosphates were extracted and analyzed by HPLC  on a single 
Partisil 10-SAX anion exchange column (A) or using two sequential 
anion exchange columns ( B ) .  Radioactivity was quantified by liquid 
scintillation spectrometry. Each point represents the mean f S.E. of 
3-30 observations. *, p < 0.05 and **p < 0.01 compared to basal. 
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returned to prestimulatory values at 15 min. Ins(1,3,4,6)P4, 
generated from Ins(1,3,4)P3 (20, 21), was augmented almost 
4-fold by AVP at 3 min and remained elevated after  15 min. 
Finally, Ins(3,4,5,6)P4, whose origin is unknown (48), rose 
gradually up  to 15 min. However, the levels of this  InsP, 
isomer were already high before stimulation  and increased 
only by 70% after addition of AVP. These  results  demonstrate 
that AVP generates both the Ca2+-mobilizing Ins(1,4,5)P3  and 
the products generated subsequently by phosphorylation-de- 
phosphorylation reactions (10, 11). 

These results assessing tritiated inositol phosphates were 
extended to mass measurements by the metal-dye detection 
technique. The separation conditions were selected to yield 
most sensitivity for the detection of inositol tetrakisphosphate 
isomers (14,40). Under basal conditions (Fig. 5A), there were 
two InsPs peaks, the more prominent one representing 
Ins(1,4,5)P3 ( b ) ;  whereas three  InsP4 peaks were present, i.e. 
Ins(1,2,5,6)P4 ( g ) ,  Ins(2,4,5,6)P4 (h) ,  and Ins(3,4,5,6)P4 (i). In 

30 4 0  50 60 

Elution  volume ( ml 1 

FIG. 5. Metal-dye detection of highly phosphorylated ino- 
sitol phosphates in RINmSF cells. About 1.6 X lo9 cells were 
stimulated with 1 pM AVP for 15 s ( B )  or  3 min ( C ) .  Control cells 
were not stimulated ( A ) .  Extracts were analyzed by anion exchange 
HPLC combined with metal-dye detection technique as described 
under “Experimental Procedures.” Shown are chromatograms ob- 
tained from extracts with preceding charcoal absorption treatment. 
Inositol phosphate isomers were identified as indicated in the figure 
(a-m)  by coelution with standards characterized by NMR as previ- 
ously described (39) and under “Experimental Procedures.” a, 
Ins(1,3,4)P3; b, Ins(1,4,5)P3; c, Ins(1,5,6)P3; d, Ins(1,3,4,6)P4; e, 
Ins(1,2,4,6)P4 ahead of Ins(1,2,4,5)P4; f ,  Ins(1,3,4,5)P4; g, 
Ins(1,2,5,6)P,; h, Ins(2,4,5,6)P4; i, Ins(3,4,5,6)P4; j ,  Ins(1,2,3,4,5)P6, 
internal standard added; k, Ins(1,2,4,5,6)P~; 1, Ins(1,3,4,5,6)P6; and m, 
Imp6. Chromatograms are typical of a t  least 2 similar measurements 
obtained at each different time point  in three separate experiments. 
The acidic extraction and sample processing precedures were found 
to lead to a  certain degree of phosphate migration toward position 2 
of the inositol ring if this position was initially free (40). Thus,  in all 
experiments, the concentrations of isomers related to each other 
through phosphate migration were  pooled; explicitly, these were the 
isomers Ins(1,2,4,5)P4 and Ins(2,3,4,5)P4 originating from 
Ins(1,3,4,5)P4, Ins(1,2,4,6)P4 from Ins(1,3,4,6)P4, and Ins(2,4,5,6)P4 
from Ins(3,4,5,6)P4, respectively. Similarly, Ins(1,2,4,5,6)P5 was 
pooled with Ins(1,3,4,5,6)P5. 

addition, the extracts of nonstimulated cells contained two 
InsP5 isomers ( k  and 1 )  and  InsPs (m).  The major peaks 
ranged from 1 to 44 nmol/lOg cells. Stimulation with 1 pM 
AVP for 15 s, chosen from the time course experiments 
illustrated in Fig. 4.4, caused the appearance of 1.3 nmol/lOg 
cells of Ins(1,3,4)P3 ( a )  and of the  InsP4 isomers, 
Ins(1,3,4,6)P4 ( d ) ,  Ins(1,2,4,6)P4 ahead of Ins(1,2,4,5)P4 (dou- 
ble peak e ) ,  and Ins(1,3,4,5)P4 ( f  in Fig. 523). A marked rise 
(6-fold) was observed for Ins(1,3,4,5)P4. Ins(1,4,5)P3 only 
increased marginally from 5.9 to 6.5  nmol/lOg cells which can 
be explained by the choice of the time  point  and the method 
(see “Discussion”). After 3 min of stimulation, the level of 
Ins(1,3,4)P3 decreased by  35% and  that of Ins(1,3,4,5)P4 by 
47% relative to 15 s (Fig. 5C). Thus,  the mass changes of 
Ins(1,3,4,5)P4  in  terms of time course and  quantity correspond 
well to those of the labeling experiments (Fig. 4B).  The levels 
of Ins(1,3,4,6)P4 and Ins(3,4,5,6)P4 continuously increased by 
104 and 37% relative to prestimulatory levels. In contrast,  the 
contents of Ins(1,3,4,5,6)P5 and  InsPs remained essentially 
unchanged over 3 min at levels of  49 and 44 nmol/lOg cells, 
respectively. Taking the value of 1 pl of H20/106 RINm5F 
cells (49), the prestimulatory  concentrations of Ins(1,3,4,5)P4 
was 0.8 p~ and that of Ins(1,3,4,6)P4 1.1 p ~ .  These Imp4 
isomers increased maximally to 4.8 and 2.2 p ~ ,  respectively, 
after AVP stimulation. Ins(3,4,5,6)P4 increased from a high 
prestimulatory level of 6.3 to 8.7 pM. 

AVP also generated DAG secondary to  the activation of 
phospholipase C. As shown in Table 11, AVP (1 p ~ )  enhanced 
the level of  DAG already at 5 s. DAG was maximally increased 
by 23% at 2 min and  the values remained elevated for 15 min. 
The effect  was due to activation of VI receptors, since it 
was abolished by 1 p~ V1 receptor antagonist  d(CH2)5- 
Tyr(Me)AVP  (Table 11). Moreover, the addition of 2 mM 
EGTA did not  alter the stimulant action of AVP on DAG 
generation over 2 min (Table 11). These results indicate that 
AVP activates phospholipase C in a  Ca2+ independent manner 
after binding to V1 receptors. 

To investigate whether the GTP-binding  protein mediating 
the effect of AVP on phospholipase C is a  substrate for 
pertussis toxin, we examined the effect of the toxin (100  ng/ 
ml) by pretreating the cells for 20 h. This  treatment did not 
alter  the action of AVP (1 p ~ )  on average membrane potential 

TABLE I1 
Effect  of A VP on diacylglycerol formation  in RINm5F cells 

Cells  were  labeled in culture medium containing 15 pCi/ml of 
[2-3H]glycerol for 2 days. About 3.5 X lo6 cells were preincubated at 
37 “C for 10 min and  then incubated with or without stimuli for the 
indicated time intervals. Radioactivity in DAG was determined 
after  extraction and separation by thin-layer chromatography. 
Where appropriate, EGTA and the VI receptor antagonist 
d(CH2)5Tyr(Me)AVP were added, respectively, 10 and  5 min  before 
stimulation with AVP. Values are mean f S.E. AVP, 1 p ~ ;  
d(CH2IKTyr(Me)AVP, 1 pM; EGTA, 2 mM. Results are from two to 
four independent experiments. 

Condition Diacvlglvcerol n o 

Basal 
AVP, 5 s 
AVP,  30 s 
AVP, 2 min 
AVP, 5 min 
AVP, 10 min 

% of basal 
100.0 f 1.0” 8 
104.2 f 0.8 8 <0.01 
107.4 f 2.8 8 <0.05 
124.8 & 3.4 7 <0.01 
118.1 & 1.8 8 <0.01 
110.4 f 2.3 8 CO.01 

AVP, 15 min 111.9 f 1.1 4 CO.01 
d(CHB)KTyr(Me)AVP + AVP, 2 min 102.1 f 1.7 8 >0.05 
AVP + EGTA, 2 min 120.8 A 5.3 7 >0.05* 

The basal DAG level  was  159 f 2 cpm/106 cells. 
* Compared to  the stimulation with AVP at 1 mM Ca2+ for 2 min. 
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and [Ca2+]i elevation in three independent experiments (data 
not shown). 

Finally, insulin secretion was examined by perifusion of 
RINm5F cells  in suspension. After perifusion of the cells for 
45 min, addition of 1 p~ AVP caused a  transient 3-fold 
increase in insulin secretion. The peak in insulin release was 
reached after 5 min and  the release rate  returned to basal 
levels before AVP was stopped. In  the presence of 1 p~ V1 
receptor antagonist d(CH2)5Tyr(Me)AVP, AVP-stimulated 
insulin release  was completely inhibited (Fig. 6). 

DISCUSSION 

AVP,  by binding to V1 receptors, elicits insulin secretion 
from RINm5F cells. The mechanism of signal transduction 
in many respects resembles that reported previously for the 
activation of muscarinic receptors by carbachol (8). Thus, 
AVP generates Ins(1,4,5)P3 and DAG, raises [Ca'+], and 
promotes a monophasic insulin secretion. However,  while 
carbachol only causes a monophasic [CaZ+li rise, the response 
to AVP was biphasic and long-lasting. In addition, AVP 
transiently depolarizes the cells, an effect not observed with 
carbachol (8). The sustained [Ca2+]i elevation, but not the 
initial [Ca2+Ii rise, was dependent on extracellular Ca'+.  By 
monitoring [Ca2+Ii at  the single cell level it was  possible to 
resolve the sustained phase into [Ca'+]i oscillations. These 
oscillations ceased immediately upon lowering external Ca'+ 
to around 0.1 pM. This is similar to observations in the 
pancreatic exocrine cell line AR47J (50) and REF52 fibro- 
blasts  (51),  but differs from other cells (10, 52), including 
neutrophils (53), native pancreatic acinar cells (54), insulin 
secreting HIT cells (55),  and chromaffin cells (56),  in which 
agonist-induced [Ca'+], oscillations gradually faded upon re- 
moval of extracellular Ca2+, indicating only moderate depend- 
ence on external Ca'+ in  the  latter cell types. 

The dependence of [Ca2+Ii oscillations on extracellular Ca'+ 
is similar to  that observed for glucose-stimulated islet B-cells 
(6). However,  while blockers of voltage-dependent Ca2+ chan- 
nels of the L-type abolish glucose-induced [Ca"], rises, such 
agents only slightly decrease the initial [Ca2++Ii transient  but 
do not affect AVP-induced sustained [Ca2+]i increases in cell 
suspensions or oscillations at  the single cell  level. This sug- 
gests that  the protracted [Ca'+Ii oscillations are  not due to 
the firing of action potentials, in which case they should have 
been obliterated by the Ca2+ channel blockers (38). Average 
membrane potential in cell suspensions was  only transiently 

AVP 1 UM 

1 

A 
35 45 55 65 75 

Time of  perifusion  (min) 

FIG. 6. Inhibition of AVP-stimulated insulin secretion by a 
VI receptor antagonist in perifused RINmSF cells. Approxi- 
mately 3 X lo6 cells in a chamber  of 700 pl volume were  perifused 
with KRB buffer at 37 "C. After  45 min preperifusion, cells were 
stimulated by the addition of 1 p~ AVP for 15 min. Each point 
represents the mean & S.E. of six to eight observations. Filled circles 
denote the presence of 1 p~ V, receptor antagonist, 
d(CH&,Tyr(Me)AVP, between 40 and 60 min. 

depolarized by  AVP without changes detectable with the 
fluorescent probe bisoxonol during the second phase (Fig. 3). 
A similar short-lived depolarization associated with the gen- 
eration of spike potentials which is followed  by a smaller 
sustained membrane depolarization has been documented in 
RINm5F cells with AVP using the patch-clamp technique in 
its whole cell configuration (34). The  latter approach provides 
a more sensitive assessment of membrane potential compared 
to  the method used here. In contrast to our study, Martin et 
al. (34) did not observe AVP-evoked [Ca2+]i oscillations on 
single non-patched  RINm5F cells, perhaps due to  the high 
concentration of fura-2 employed. 

Several models have been put  forth to explain agonist- 
induced [Ca2+Ii oscillations in nonexcitable cells (17, 43,  52, 
57), all implicating inositol phosphates. It is possible that 
Ca2+ influx either via a capacitative Ca2+ store close to  the 
plasma membrane (58) or by modulation of the sensitivity of 
the Ca2+ store to Ins(1,4,5)P3  (thereby promoting its refilling) 
(17, 50, 59) generates [Ca2+Ii oscillations. Both  alternatives 
could explain the immediate arrest of AVP-induced [Ca2+]i 
oscillations upon Ca2+ removal in  RINm5F cells. The small 
Ca2+ mobilization by carbachol under these conditions could, 
in fact, indicate partial depletion of Ins( 1,4,5)P3-sensitive 
Caz+ stores sufficient to impair the generation of [Ca2+Ii 
spikes. However, the AVP-evoked [Ca2+Ii spikes were atten- 
uated by membrane hyperpolarization with diazoxide  (Fig. 2, 
C and D), suggesting that  at least  part of the second phase 
[Ca"]i rise involves a voltage-dependent Ca2+ conductance 
pathway. 

Since the oscillations were resistant to blockade of L- 
channels, Ca2+ influx through the low voltage-activated chan- 
nels of T-type, receptor-operated channels (ROCs), or second 
messenger-operated channels (SMOCs) (16,43) could under- 
lie the sustained  [Ca2+Ii oscillations. It is unlikely that  T-type 
Ca'+ channels were activated by AVP since Ni" (100 p ~ )  was 
ineffective. The voltage-sensitive Ca'+ conductance pathway 
activated by AVP remains to be defined but could  be similar 
to  the one stimulated by extracellular ATP (35). The diazox- 
ide-resistant component of the protracted [Ca'+]i response to 
AVP could implicate ROCs or SMOCs (Fig. 2C and Table I). 
There is additional experimental evidence indicating that 
membrane potential  and [Ca'+]i can vary independently from 
one another. Displacement of AVP from its receptors in the 
absence of extracellular Ca'+ did not cause membrane repo- 
larization until Ca'+ was reintroduced (Fig. 3B). Under the 
latter conditions, normalization of extracellular Ca2+ failed to 
evoke [Ca2+Ii rise (Fig. ID), clearly demonstrating that  the 
Ca'+ influx can only occur when AVP receptors are occupied 
and does not merely depend on the degree of filling of hypo- 
thetical capacitative stores (58). Moreover, under voltage- 
clamp conditions using the whole  cell patch-clamp approach, 
AVP also appears to increase Ca2+ currents by sensitizing L- 
type  channels to large depolarizing voltage jumps (60). 

It has been suggested that Ins(k,3,4,5)P4 regulates Ca2+ 
influx following stimulation with Ca2+ mobilizing agonists 
(12-15). In chemotactic peptide stimulated HL-60 cells, Ca2+ 
influx correlated best with this  InsP4 isomer (14). In our 
experiments the AVP-induced [Ca2+Ii  transient was associ- 
ated with a brief increase in Ins(1,4,5)P3. There was a long- 
lasting elevation of Ins(1,3,4,5)P4, Ins(1,3,4,6)P4, and 
Ins(3,4,5,6)P4, the first one showing the most dramatic rise. 
This increase was severalfold greater than  the relatively mod- 
est increase in total Imp4, clearly demonstrating the necessity 
to analyze the changes in individual inositol phosphate deriv- 
atives during cell activation. A limited number of determina- 
tions of InsP4,  InsP5,  and  InsPs mass were also performed 
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and, in general, corroborated the results of the labeling ex- 
periments. Higher relative changes in some isomers observed 
after inositol labeling may  be due to  the fact that these inositol 
phosphates, or an “inert” fraction thereof,  had  not been 
labeled to equilibrium during the 48-h period. It is of interest 
to note that AVP did not significantly alter  the levels of InsPs 
and InsP6. Since Ins(1,3,4,5)P4 was no longer elevated at 15 
min, Ins(1,3,4,6)P4 and Ins(3,4,5,6)P4 (despite its high resting 
concentrations) could play a role in  the gating of SMOCs. 
Injection of Ins(1,3,4,6)P4, like Ins(1,4,5)P3, into oocytes pro- 
motes Caz+ mobilization and influx (22). 

In excitable cells, in  particular in smooth muscle, agents 
such  as ATP and AVP have been suggested to act directly on 
Ca2+ conductance channels (ROCs) (61,62). At present,  there 
is no direct evidence demonstrating such an action of AVP in 
RINm5F cells.  However, AVP-stimulated Cap+ influx depends 
on receptor occupancy, as demonstrated by removal of exter- 
nal Ca2+ in  the presence or absence of a VI receptor antagonist 
(Fig. IC).  This concurs with findings in muscarinic stimula- 
tion of AR47J cells (50) and  parotid cells (63), but  is at 
variance with another study of parotid cells (58) and one 
employing histamine-stimulated endothelial cells (64). The 
need for receptor occupancy does not distinguish between a 
mechanism implying ROCs or SMOCs. 

Another conductance pathway in  RINm5F cells is under 
the direct influence of AVP. It has  thus been shown that AVP 
depolarizes the cells by closing ATP-sensitive K’ channels. 
This effect seems to occur independently of second messen- 
gers, as  it was also observed in outside-out membrane patches 
(34). The AVP action may be mediated by a  GTP-binding 
protein (65). Neither  this  protein nor the one coupling the 
AVP receptor to phospholipase C  is affected by pertussis 
toxin  treatment. It is noteworthy that AVP does not close 
ATP-sensitive K+ channels  in isolated mouse islet B-cells 
despite its activation of phospholipase C and potentiation of 
glucose-stimulated insulin secretion (27). 

AVP also caused a long-lasting increase in cellular DAG 
levels and promoted activation of protein-kinase  C  (Table I1 
and Ref. 31). Although this enzyme can trigger insulin release 
(46, 66), its activation may also be inhibitory to secretion 
(31). The rapid desensitization of AVP-stimulated insulin 
secretion (Fig. 6) could  be mediated in part by protein kinase 
C ,  as cells deficient in this enzyme  showed enhanced and 
prolonged secretory responses (31). AVP-stimulated insulin 
secretion both in RINm5F cells and mouse islets is not due 
to  activation of adenylylcyclase, since cyclic AMP levels  were 
not augmented (27, 31). These  results suggest involvement of 
VI rather than V p  receptors, a conclusion also borne out by 
the complete inhibition of AVP-induced insulin secretion by 
a VI receptor antagonist (Fig. 6). Surprisingly, the same VI 
receptor antagonist had only marginal effects on AVP-stim- 
ulated insulin secretion from HIT cells (33). 

In summary, AVP activates phospholipase C  and promotes 
long-lasting generation of  DAG and inositol phosphates,  a 
biphasic [Ca2+]i rise, and membrane depolarization in 
RINm5F cells. The sustained  [Ca2+Ii increase is due to Cap+ 
influx which is resistant to L- and  T-type Ca2+ channel 
blockers, requires receptor occupancy, and is attenuated by 
membrane hyperpolarization. Although inositol tetrakisphos- 
phate isomers are elevated during the protracted  [Ca2+Ii  in- 
crease, their direct participation remains to be established. 
The  transient insulin secretory response provides a good 
model for further investigation into the mechanisms under- 
lying the desensitization of receptor agonist-induced hormone 
secretion. 
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