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1 This study was designed to address the controversy related to the involvement of phospholipase
C in the signalling pathway linked to CCKA receptor stimulation by the cholecystokinin analogue
JMV-180, a full agonist for amylase release, in rat pancreatic acini.

2 JMV-180 was shown to stimulate phospholipase C by measuring the incorporation of [32P]-
orthophosphoric acid ([32P]-Pi) into phosphatidic acid (PtdOH) and phosphatidylinositol (PtdIns).
Both responses elicited by JMV-180 were time and concentration dependent. Maximal e�ects elicited
by JMV-180 were 39.08+0.72 and 8.02+0.40% for the labelling of [32P]-PtdIns and [32P]-PtdOH,
respectively, as compared to the maximal e�ects of CCK-8, a full agonist of the CCKA receptor.

3 [32P]-Pi incorporation into PtdOH and PtdIns was sensitive to lithium, demonstrating that both
responses are a consequence of phospholipase C activation. However, since lithium blocks the
phosphoinositide cycle by an uncompetitive mechanism, its e�ect was only apparent at high
concentrations of CCK-8 (410 pM), which elicited stimuli above 20 and 60% of the maximal
[32P]-PtdOH and [32P]-PtdIns labelling, respectively.

4 JMV-180 inhibited the incorporation of [32P]-Pi into PtdOH and PtdIns as stimulated by CCK-8,
down to its own maximal e�ect. The estimated IC50 values for the inhibition curves were not
signi®cantly di�erent from those calculated assuming the same single binding site for both agonists.
These results indicated that the well established role of JMV-180 as a partial agonist for CCKA

receptor-linked signalling responses, also applies for the stimulation of phospholipase C.

5 The comparison of CCK-8 and JMV-180 dose-response curves of amylase release to those of
PtdIns and PtdOH labelling with [32P]-Pi showed the existence of an ampli®cation mechanism
between phospholipase C and amylase release for both agonists.

6 In conclusion, we show that JMV-180, as well as CCK-8, stimulate phospholipase C upon
interaction with the same binding site at the CCKA receptor in rat pancreatic acini.
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Introduction

Cholecystokinin (CCK) acts as hormone and neuropeptide to
regulate secretion and motility in the gastrointestinal tract.

Two cloned receptors, CCKA and CCKB, mediate the actions
of this peptide (Wank, 1998; Alexander & Peters, 1999).
In rat pancreatic acini, CCK regulates amylase secretion.

Studies using the CCK analogue CCK-8, have established
that this e�ect takes place through CCKA receptor (Jensen,
1994), showing an intriguing bell-shaped concentration-e�ect
curve. Binding experiments have established two di�erent

a�nity states (high and low) of the CCKA receptor for CCK-
8, and it has been proposed that the high and low a�nity

states are responsible for the stimulation and inhibition of
amylase release, respectively (Jensen, 1994).

CCKA receptor is coupled to a Gq/ll protein (Williams,
1997; Piiper et al., 1997). Consistent with this, phosphoinosi-
tide phospholipase C (PLC) stimulation by CCK-8 has been

widely characterized (Yule & Williams, 1994; Wank, 1998;
Bianchi et al., 1994). The activation of PLC is considered to
be responsible for the stimulation of amylase secretion by low
doses of CCK-8 in rat pancreatic acini (Jensen, 1994; Wank,

1998), and also for its inhibition with high doses of the
agonist (Matozaki et al., 1990; Bianchi et al., 1994), which
may take place after PKC activation and a subsequent

receptor desensitization (Ozcelebi et al., 1996).
JMV-180, another CCK analogue, stimulates fully amylase

secretion in a saturable fashion through the CCKA receptor
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in rat pancreatic acini (Stark et al., 1989; Matozaki et al.,
1990; Tsunoda et al., 1996). However, JMV-180 e�ects on
PLC have been a matter of controversy. Some authors have

reported an enhancement of 3H-inositol phosphates (3H-
InsPs) production by JMV-180 (Bianchi et al., 1994; Gaisano
et al., 1994), but this observation was not con®rmed by
others using a similar approach (Matozaki et al., 1990; Saluja

et al., 1992; Tsunoda et al., 1996) or measuring inositol 1,4,5-
trisphosphate (Ins1,4,5P3) mass (Talkad et al., 1994). More-
over, since JMV-180 clearly stimulates PLC in mouse

pancreatic acini (Bianchi et al., 1994) or in CHO cells (Yule
et al., 1993), it has been suggested that signal transduction
events triggered by JMV-180 may be a matter of species or

tissue. On the other hand, some inhibitory e�ects of JMV-180
on CCK-8 elicited responses have also been described: JMV-
180 inhibited Ins(1,4,5)P3 production in rat pancreatic acini

(Matozaki et al., 1990), intracellular Ca2+ increase in guinea-
pig pancreatic acinar cells (SjoÈ din et al., 1997), and inhibition
of amylase secretion by high CCK-8 concentrations in rat
pancreatic acini (Pad®eld & Panesar, 1998). Provided that

both cholecystokinin analogues CCK-8 and JMV-180 bind to
the same sites at CCKA receptor (Stark et al., 1989), one of
the current interpretations for the di�erent biochemical and

physiological pro®les of CCK-8 and JMV-180 assumes that
the latter behaves as an agonist for the high a�nity state, and
as an antagonist for the low a�nity state (Tsunoda et al.,

1996). It has been suggested, however, that the lack of ability
of JMV-180 to inhibit amylase secretion may be due to its
low e�cacy in stimulating PLC (Bianchi et al., 1994).

As mentioned, PLC stimulation can be monitored using
di�erent strategies. In addition to quantifying the rapid and
transient increase of Ins(1,4,5)P3 (Berridge, 1983), a common
approach measures the 3H-InsPs that accumulate in the

presence of lithium, which inhibits inositol monophospha-
tases allowing the ampli®cation of the signal (Berridge et al.,
1982; Jope & Williams, 1994). However, the use of lithium

can be particularly misleading when PLC stimulation is very
weak. Lithium inhibits inositol monophosphatases through
an uncompetitive mechanism, which results in a reduction of

both apparent kinetic parameters, Km
app and Vmax

app, of the
enzymes (Nahorski et al., 1991). Therefore, the inhibitory
strength of lithium depends on substrate concentration,
which in turn is directly related to the robustness of PLC

stimuli. Another approach to evaluate PLC activation relies
on the concomitant acceleration of the phosphoinositide cycle
(Michell, 1975; Abdel-Latif, 1986; Claro et al., 1993), where

an increase of labelling in the phosphate moiety of
phosphatidylinositol (Ptdlns), in the absence of lithium,
re¯ects the recycling of the PLC-catalyzed reaction products.

Diacylglycerol (DAG) is ®rst phosphorylated to phosphatidic
acid (PtdOH), and then PtdOH is activated by CTP to form
CDP-DAG, which in turn condenses with inositol, derived

from the Ins(1,4,5)P3 dephosphorylation to form PtdIns.
In this work we have measured the increase of [32P]-

orthophosphoric acid ([32P]-Pi) labelling of PtdIns and
PtdOH in rat pancreatic acini, as stimulated by CCK-8 and

JMV-180, showing that both CCK analogues stimulate PLC
through CCKA receptor activation. The two responses are
sensitive to lithium, although this sensitivity is only apparent

at values of the response above a certain threshold due to the
uncompetitive inhibition mechanism of lithium. CCK-8 and
JMV-180 interact with the same single binding site to fully

and partially stimulate PLC, respectively. For both agonists it
is shown an ampli®cation mechanism between phospholipase
C activation and amylase release. We conclude that, as

previously described for CCK-8, phospholipase C may be
involved in JMV-180-stimulated amylase release in rat
pancreatic acini.

Methods

Materials

We purchased CCK-8 from Peninsula Laboratories, Inc.

(Belmont, CA, U.S.A.), JMV-180 from Research Plus, Inc.
(Bayonne, NJ, U.S.A.), [32P]-orthophosphoric acid (carrier
free) from DuPont New England Nuclear (ITISA, Madrid,

Spain), and puri®ed collagenase (type CLSPA) from
Worthington Biochemical Corporation (Lakewood, NJ,
U.S.A.). Soybean trypsin inhibitor (type II-S), BME Amino
Acids solution, BME Vitamins solution, carbamoylcholine

(Cch), quinacrine and phospholipid standards were from
Sigma (St. Louis, MO, U.S.A.), silica gel-60 TLC plates from
Merck (Barcelona, Spain); and Phadebas1 Amylase Test

from Pharmacia AB (Uppsala, Sweden). All other chemicals
used were of analytical grade.

Tissue preparation

Wistar rats (200 ± 250 g) were killed by cervical dislocation

and dispersed pancreatic acini were isolated by collagenase
digestion according to the modi®cations (Jensen et al., 1982)
of the procedure published previously (Peikin et al., 1978).

Unless otherwise indicated, the standard incubation

solution contained (in mM): HEPES, 25 (pH adjusted to
7.45 with concentrated NaOH; Na Cl 98; KCl 6; sodium
pyruvate 5; sodium fumarate 6; sodium L-glutamate 5;

glucose 11.5; KH2PO4 2; MgCl2 1.2; CaCl2 0.5; L-glutamine
2; Soybean trypsin inhibitor 1% (w v71); amino acid mixture
1% (w v71); vitamins mixture 1% (v v71); and bovine serum

albumin 1% (w v71). The incubation solution was equili-
brated with 100% O2, which consisted of the gas phase in all
the incubations performed.

[32P]-Pi incorporation into PtdIns and PtdOH

Prior to stimulation, pancreatic acini from one rat were

suspended in 4 ml of the HEPES-bu�ered incubation
solution detailed above without added phosphate, in a ¯at-
bottomed ¯ask. 100 mCi ml71 of [32P]-Pi were added to the

acini suspension and it was incubated for 2 h at 378C. This
allowed acini to reestablish energy charge and [32P]-Pi-label to
reach a pre-equilibrium state. Then, acini were washed by

centrifugation and resuspended with the same fresh incuba-
tion solution in a ®nal volume of 6 ml. Aliquots of the acini
suspension (100 ml) were pipetted into tubes containing
agonists and other additions, when indicated, to a ®nal

volume of 250 ml and incubated for 1 h at 378C, unless
otherwise stated. At the end of incubation 1.2 ml of
chloroform/methanol (1 : 2, v v71) were added to stop the

reaction. After 30 min on ice, 0.5 ml each of chloroform and
water were added, and the tubes were shaken vigorously.
After a 5-min centrifugation at 2000 6 g, the upper

British Journal of Pharmacology vol 133 (8)

JMV-180 activates phospholipase C in rat pancreatic aciniE. Sarri et al1228



(aqueous) phases were removed, and the lower (organic)
phases containing 32P-lipids were washed with 1.55 ml
methanol/water (1 : 1 v v71). Aliquots (0.6 ml) of the washed

organic phases were centrifuged under vacuum to evaporate
the solvent. To separate 32P-lipids, these were resuspended in
15 ml chloroform/methanol (4 : 1, v v71) and spotted onto
silica gel-60 TLC plates that were developed with chloroform/

methanol/acetone/acetic acid/water (50 : 10 : 20 : 10 : 5, by
vol.). Areas corresponding to PtdIns and PtdOH were
identi®ed with authentic standards after staining with I2
vapor, and 32P radioactivity was quanti®ed using a Packard
Instant Imager system.

Amylase release

Prior to stimulation, pancreatic acini from one rat were

resuspended in approximately 25 ml of standard incubation
solution and incubated for 2 h at 378C. Then acini were
washed by centrifugation and resuspended with fresh
standard incubation solution in a total volume of 300 ml.

Amylase release was measured using the procedure described
previously (Jensen et al., 1982; Peikin et al., 1978). Amylase
activity released into the extracellular medium was routinely

determined after 30 min incubation using the Phadebas1

reagent as substrate and was expressed as per cent of total
cellular amylase activity.

Data analysis

Concentration-response and inhibition curves were analysed
by non-linear regression with the program GRAPHPAD
PRISM (GraphPad Software Inc). Each concentration-
response curve was ®tted to a logistic function of the form:

E=Emax[A]n/([A]n+EC50
n), where [A] is the agonist concen-

tration, E the agonist e�ect, Emax the maximal response, n
the Hill coe�cient, and EC50 the agonist concentration giving

half-maximal response. Similarly, individual inhibition curves
were ®tted to a function of the form: Per cent inhibi-
tion=100[B]/([B]+IC50) where [B] is the antagonist concen-

tration and IC50 that causing 50% of the maximal inhibition
e�ect. Both EC50 and IC50 values were actually estimated as
logarithms. The computed parameter estimates for each
group of n-replicated experiments were expressed as mean+
s.e.mean and, for display purposes, they were used to
generate a logistic curve that was drawn through the
experimental data.

The expected IC50 value for the antagonistic action of a
partial agonist when it is challenged in front of a full agonist
was calculated by using the equation: IC50=EC50(pa) (1+([L]/

EC50(fa))), where [L] is the full agonist concentration, EC50(pa)

is the estimated EC50 for the partial agonist, and EC50(fa) is
that for the full agonist (Cheng & Pruso�, 1973).

Results

The ®rst set of experiments, shown in Figure 1, determined
the time-course of [32P]-Pi incorporation into PtdIns and
PtdOH, after stimulation of rat pancreatic acini with the

cholecystokinin analogues, CCK-8 and JMV-180, which are
full agonists for amylase release. [32P]-PtdIns increase (a)
elicited by 1 nM CCK-8 was approximately linear for the ®rst

30 min, and declined slowly thereafter. However, this same
response as stimulated by 1 mM JMV-180 was linear during

the ®rst 60 min, being at this point 30 ± 40% of that elicited
by CCK-8. On the other hand, the stimulation of [32P]-Pi
incorporation into PtdOH (b) was rapid for CCK-8 and

JMV-180, and reached a plateau after 10 min that remained
constant for the following 50 min. In contrast to the PtdIns
e�ect, this PtdOH e�ect as stimulated by JMV-180 was only
about 10% of that stimulated by CCK-8. [32P]-Pi labelling of

PtdIns and PtdOH as stimulated by both agonists was not
modi®ed by the presence of 100 mM quinacrine, a non-speci®c
inhibitor of phospholipase A2 activity, which is able to block

intracellular arachidonic acid release in pancreas (How et al.,
1996; 1997) (not shown). Also, inclusion of 200 mM ethanol,
which might switch part of [32P]-PtdOH formation to [32P]-

Figure 1 Time course of [32P]-PtdIns (a) and [32P]-PtdOH (b)
increase in rat pancreatic acini. [32P]-Pi-prelabelled rat pancreatic
acini were incubated for the times indicated with 1 nM CCK-8, 1 mM
JMV-180, or under basal conditions. Results are mean+s.e.mean of
three experiments in triplicate.
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phosphatidylethanol accumulation, due to the transphos-
phatidylation reaction catalyzed by phospholipase D (Exton,
1997) had no e�ect (results not shown). These latter results

suggest that neither phospholipase A2 nor phospholipase D
are involved in the responses.
Shown in Figure 2 are the dose-response curves in the

absence of lithium (®lled symbols) for [32P]-Pi labelling of

PtdIns (Figure 2a) and of PtdOH (Figure 2b) after 60-min
stimulation with CCK-8 and JMV-180. By ®tting the
concentration e�ect curves for the [32P]-Pi incorporation into

PtdIns for both agonists to a sigmoid curve, as stated in
methods, we estimated the EC50 values (17.5+3.3 pM and
29.4+8.3 nM for CCK-8 and JMV-180, respectively), the

Emax values, which for JMV-180 was 39.08+0.72% of that
elicited by CCK-8, and the Hill slope values, which were not
signi®cantly di�erent (P40.05) from the unit (0.92+0.10 and
0.90+0.08 for CCK-8 and JMV-180, respectively). Regarding

[32P]-Pi incorporation into PtdOH, the estimated EC50 values
were 216+53 pM and 23.8+7.4 nM for CCK-8 and JMV-
180, respectively, the Emax obtained with JMV-180 was only

8.2+0.4% of that obtained with CCK-8, and again, the
estimated Hill slope values were not signi®cantly di�erent
(P40.05) from the unit (0.85+0.11 and 1.09+0.32 for CCK-

8 and JMV-180, respectively). At this point, it should be
stressed that JMV-180 did not elicit a full response of [32P]-Pi
incorporation into PtdIns or into PtdOH, and that the

concentration-e�ect curves for the two responses elicited by
JMV-180 and CCK-8 were best ®tted to a one binding site
model.

Lithium inhibits the phosphoinositide cycle at the inositol

monophosphatases step, leading to a depletion of free
inositol and therefore to the blockade of PtdIns resynthesis
(Berridge et al., 1982; Jope & Williams, 1994), which most

likely would be mirrored by the accumulation of PtdOH.
We therefore investigated the e�ect of lithium on both the
increase of [32P]-PtdIns and [32P]-PtdOH. These results are

also depicted in Figure 2 (open symbols). Shown in Figure
2a, the dose-response curve elicited by CCK-8 in the
presence of 10 mM lithium indicated that [32P]-Pi labelling

of PtdIns was sensitive to the ion, although the expected
e�ect of lithium, i.e. a decrease in [32P]-PtdIns, was only
apparent at high concentrations (410 pM) of CCK-8, when
the response reached a value that exceeded 60% of the

maximal e�ect. In accordance with the results obtained
with CCK-8, the e�ect of 10 mM lithium was not apparent
on the [32P]-PtdIns labelling evoked by JMV-180, since the

response to this agonist did not reach 60% of the maximal
e�ect of CCK-8. In Figure 2b it is shown that [32P]-Pi
labelling of PtdOH is also sensitive to lithium. In this case,

the stimulus threshold for the appearance of the expected
lithium e�ect, i.e. an increase in [32P]-PtdOH, was
aproximately above 20% of the maximal e�ect of CCK-8,
which again was not reached by JMV-180, and therefore

the response elicited by JMV-180 was apparently non-
sensitive to 10 mM lithium. It is worth mentioning here that
amylase release, which was fully stimulated by either CCK-

8 or JMV-180, was not a�ected by the presence of lithium
(results not shown).

The lack of e�ect of lithium on the PtdIns and PtdOH

responses to JMV-180 might not depend on a threshold of
stimulation, inherent to its uncompetitive inhibitory mechan-
ism. Rather, it might simply re¯ect that the PtdIns and

PtdOH responses to JMV-180 are not due to the stimulation
of phosphoinositide-PLC. This possibility seems unlikely, but
in order to rule it out we evaluated the e�ect of lithium on
[32P]-Pi incorporation into PtdIns (Figure 3a) and PtdOH

(Figure 3b) after stimulation of the muscarinic acetylcholine
receptor by the agonist carbamoylcholine (Cch), which is also
coupled to phosphoinositide hydrolysis in rat pancreatic acini

(Jensen, 1994). We chose the muscarinic acetylcholine
receptor, as it was previously shown that JMV-180 does
not interact with Cch-induced responses, such as Ins1,4,5P3

Figure 2 Dose-response curves for [32P]-Pi incorporation into
PtdIns (a) and PtdOH (b) in the absence and in the presence of
lithium. [32P]-Pi-prelabelled rat pancreatic acini were incubated for
60 min with the indicated concentrations of CCK-8 or JMV-180 in
the absence or presence of 10 mM LiCl. Values are mean+s.e.mean
of at least three experiments performed in triplicate and are
represented as percentages of maximal e�ect of CCK-8 in the
absence of LiCl.
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or intracellular calcium release, in rat pancreatic acini

(Matozaki et al., 1990; SjoÈ din et al., 1997). Moreover, in
our hands JMV-180 did not inhibit the e�ects on [32P]-PtdIns
and [32P]-PtdOH labelling triggered by Cch, and consistently,
the responses of JMV-180 and submaximal concentrations of

Cch were additive (not shown). The responses obtained with
Cch, expressed as percentage of the maximal e�ect of CCK-8
indicated that, again, the e�ect of lithium was apparent only

when the stimulatory e�ect of Cch was above the thresholds
de®ned before, 60 and 20% for [32P]-PtdIns (a) and [32P]-
PtdOH labelling (b), respectively.

The results obtained with lithium up to this point
clearly suggest that the measured e�ects on PtdIns and
PtdOH [32P]-Pi-labelling were actually mirroring phospho-

inositide-PLC stimulation. Further, our results shed some
light into the controversy around JMV-180 and PLC
measurement, as the absence of lithium e�ects on JMV-
180 responses may well arise from its weak stimulation

of PLC, which prevents lithium either to deplete free
inositol and amplify the accumulation of inositol
phosphates.

We performed further experiments to investigate the JMV-
180 binding site linked to its responses, and for that purpose
we evaluated the interaction of both CCKA receptor

agonists. Figure 4 shows inhibition curves obtained after
stimulation of pancreatic acini with CCK-8 in the presence
of increasing concentrations of JMV-180. Regarding [32P]-

PtdIns labelling (Figure 4a), we show that the e�ect of all
concentrations of CCK-8 tested was inhibited by JMV-180
down to a level that was approximately coincident with the

Figure 3 E�ect of lithium on the dose-response curves of [32P]-
PtdIns (a) and [32P]-PtdOH (b) increase stimulated by Cch. [32P]-Pi-
prelabelled rat pancreatic acini were incubated for 60 min with the
indicated concentrations of Cch in the absence or presence of 10 mM

LiCl. Values are mean+s.e.mean of three experiments performed in
triplicate, and are represented as a percentage of the maximal e�ect
of CCK-8 in the absence of LiCl (Figure 2).

Figure 4 Competition curves for [32P]-Pi incorporation into PtdIns
(a) and PtdOH (b) [32P]-Pi-prelabelled rat pancreatic acini were
incubated for 60 min with increasing concentrations of JMV-180 in
the presence of an indicated concentration of CCK-8. Values are
mean+s.e.mean of at least three experiments performed in triplicate
and are represented as percentages of maximal e�ect of CCK-8.
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Emax elicited by JMV-180 alone (35.07+6.34, 44.99+6.46,
39.23+2.87, and 34.50+4.51% for 1, 0.3, 0.1, and 0.03 nM
CCK-8, respectively). Table 1 shows, for each inhibition

curve, the values of IC50 estimated after ®tting the
experimental data to the equation indicated in Methods,
and also the expected IC50 values, calculated from estimated
EC50 values for CCK-8 and JMV-180, by using the equation

detailed in Methods, which assumes a single binding site for
both agonists. There were no signi®cant di�erences between
the pairs of values shown in both columns of the table. The

interaction of both agonists was also evaluated for the
PtdOH response (Figure 4b), and again JMV-180 inhibited
[32P]-Pi incorporation into PtdOH as stimulated by the two

concentrations of CCK-8 tested to a level similar to the
estimated Emax value for JMV-180 alone (11.46+5.46 and
8.34+1.76%, for 1 and 0.1 nM CCK-8, respectively). In

analogy with Table 1, Table 2 shows the comparison of
estimated and expected IC50 values for the inhibition of the
PtdOH response by JMV-180. Just as with the PtdIns
response, estimated and expected IC50 values, corresponding

to each CCK-8 concentration used, were not signi®cantly
di�erent (P40.05).
We represent in Figure 5, for each agonist, the concen-

tration-e�ect curves for the two responses described above

together with that for the stimulation of amylase release
(CCK-8 in (a) and JMV-180 in (b)). As it is apparent from
the ®gure, in the case of CCK-8 the EC50 values for the three
responses follow the rank order: [32P]-PtdOH4[32P]-PtdIns

4amylase release. In contrast, EC50 values for the three
responses triggered by JMV-180 were all similar. Moreover,
the Emax values of the three responses to JMV-180, expressed

as percentage of the maximal CCK-8 e�ect of each response,
were clearly di�erent, in the rank order: amylase release
4[32P]-PtdIns4[32P]-PtdOH.

Table 1 Estimated and expected IC50 values corresponding
to JMV-180 inhibition of CCK-8-stimulated [32P]-PtdIns
labelling

Estimated IC50 Expected IC50

[CCK-8] (mM) (mM)

1 nM 3.70+1.19* 1.74+1.51
0.3 nM 0.70+0.37* 0.54+0.32
0.1 nM 0.52+0.14* 0.25+0.16
0.03 nM 0.14+0.10* 0.08+0.11

*P40.05, compared to the expected values (two-tailed t-
test). Data presented in the left column, estimated IC50, were
obtained after ®tting the experimental data on JMV-180
inhibition curves (Figure 4a) of CCK-8-stimulated [32P]-
PtdIns labelling to the logistic equation detailed in Methods.
Data presented in the right column, expected IC50, were
calculated by using the estimated EC50 of JMV-180 and
CCK-8 for [32P]-PtdIns labelling (Figure 2a) in the Cheng-
Pruso� equation detailed in Methods.

Table 2 Estimated and expected IC50 values corresponding
to JMV-180 inhibition of CCK-8-stimulated [32P]-PtdOH
labelling

Estimated IC50 Expected IC50

[CCK-8] (nM) (nM)

1 nM 398.2+132.2* 174.3+98.2
0.1 nM 79.4+24.2* 34.8+21.1

*P40.05, compared to the expected values (two-tailed t-
test). Data presented in the left column, estimated IC50, were
obtained after ®tting the experimental data on JMV-180
inhibition curves of CCK-8-stimulated [32P]-PtdOH labelling
(Figure 4b) to the logistic formula detailed in Methods. Data
presented in the right column, expected IC50, were calculated
by using the estimated EC50 of JMV-180 and CCK-8 for
[32P]-PtdOH labelling (Figure 2b) in the Cheng-Pruso�
equation detailed in Methods.

Figure 5 Dose-response curves for [32P]-Pi incorporation into
PtdOH and PtdIns, and amylase release stimulated by CCK-8 (a)
and JMV-180 (b) [32P]-Pi-prelabelled, except for the amylase release
experiments, rat pancreatic acini were incubated for 60 min with the
indicated concentrations of CCK-8 or JMV-180. Values are mean+
s.e.mean of at least three experiments performed in triplicate, and are
represented as a percentage of the maximal e�ect of CCK-8 for each
response.
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Discussion

The results presented in this work show that JMV-180 acts

through CCKA receptor to stimulate PLC, which may take
part in the signalling mechanism involved in its full
stimulation of amylase secretion in rat pancreatic acini.
At ®rst, we clearly observed an increase of [32P]-PtdIns and

[32P]-PtdOH labelling, which was time (Figure 1) and
concentration (Figure 2) dependent, after stimulation with
either CCK-8 and JMV-180. This e�ect was documented for

the ®rst time in pancreas by Hokin & Hokin (1953), and
constituted the initial clue to unravel the role of phospho-
inositide PLC as a general signal transducing system. In our

preparation, we did not observe any e�ect on [32P]-Pi
incorporation into PtdIns or PtdOH stimulated by CCK-8
or JMV-180, after a treatment with quinacrine, a non-speci®c

inhibitor of phospholipase A2. Quinacrine was previously
shown to inhibit arachidonic acid release in pancreas (How et
al., 1996; 1997), a response that may well be elicited by the
cytosolic isoform of phospholipase A2, since it is speci®c for

the cleavage of arachidonic acid, rather than other ester-
linked fatty acids in the position 2 of glycerol in glycerophos-
pholipids (Leslie, 1997). On the other hand, we have shown

previously that PLD in rat pancreatic acini is not stimulated
by CCK-8 (Sarri et al., 2000). Consistent with this, inclusion
of 200 mM ethanol, which would reduce some [32P]-PtdOH

formed by the action of phospholipase D, did not a�ect
PtdIns and PtdOH responses. These results, although not
absolutely conclusive, pointed toward the only involvement

of PLC in the responses we measured.
The expected results from the experiments with lithium

were an increase of [32P]-PtdOH and a decrease in [32P]-
PtdIns, due to the depletion of free inositol after the

inhibition of inositol monophosphatases (Berridge et al.,
1982; Jope & Williams, 1994), and the subsequent blockade
at the PtdIns synthase step of the phosphoinositide cycle.

However, the e�ect of lithium, as shown in Figures 2 and 3,
was only patent at a certain level of the [32P]-PtdIns and [32P]-
PtdOH after stimulation of either CCKA or muscarinic

acetylcholine receptors, by CCK-8 and Cch, respectively,
indicating that the e�ect of lithium was related to the
robustness of PLC response, rather than to the type of
receptor. That threshold of stimulation was not reached when

JMV-180 was the agonist, which interacts with CCKA, but
not with muscarinic acetylcholine receptors. These results
suggest that the absence of [3H]-InsPs accumulation after

stimulation of rat pancreatic acini by JMV-180, described in
several studies (Matozaki et al., 1990; Saluja et al., 1992;
Tsunoda et al., 1996), might be due to the uncompetitive

mechanism of lithium: the low PLC stimulation triggered by
JMV-180 is likely not enough for the InsPs formed to reach
the necessary level to allow lithium to block their recycling to

inositol. Moreover, the fact that the lithium-sensitive level of
PLC activity, either measured as [32P]-Pi labelling of PtdIns
or PtdOH, is higher than that necessary to fully stimulate
amylase release (Figure 5) seems a likely explanation for the

absence of lithium e�ect on amylase release promoted by any
of the two agonists, as this response is already saturated
when the metabolism of PLC-derived InsPs became sensitive

to inhibition by lithium.
The experimental approach used in this work, i.e. [32P]-Pi-

labelling of PtdOH and PtdIns, therefore, re¯ects unambigu-
ously PLC activity in dispersed rat pancreatic acini, and it

turned out to be a method with higher sensitivity than the
measurement of [3H]-InsPs accumulation or Ins1,4,5P3 mass
increase for weak PLC stimulations.

JMV-180 displayed a clear partial agonist pro®le for PLC
stimulation through CCKA receptor, either measured as
PtdIns or PtdOH labelling with [32P]-Pi (Figures 2 and 4):

®rst, its maximal e�ects estimated from the dose-response
curves were lower than those of CCK-8, and second, it acted
as an antagonist when incubated together with CCK-8,

inhibiting the CCK-8 responses to a level coincident with its
own maximal e�ect level. Moreover, the estimated IC50

values of these inhibition-curves were substantially coincident
with those calculated by using the estimated EC50 values of

each agonist and assuming that JMV-180 is a partial agonist
acting at the CCK-8 binding site (Tables 1 and 2) (Cheng &
Pruso�, 1973). At this point, it is important to note that the

dose-response curves of both [32P]-Pi incorporation into
PtdIns and PtdOH for CCK-8 and JMV-180 ®tted to a one
site model. Taken together, the data show that JMV-180 and

CCK-8 interact with the same binding site of the CCKA

receptor to stimulate PLC. This conclusion is strengthened
after examining the results shown in Figure 5: the potency of

CCK-8 to trigger three di�erent responses increased clearly as
the measured response was more distant to the initial event of
receptor activation of PLC, but in contrast, the potency of
JMV-180 was not changed and its maximal e�ect increased

likewise. These results illustrate that only a very small
fraction of the maximally stimulatable PLC activity is needed
to stimulate amylase release fully, in agreement with other

authors who have previously postulated an ampli®cation
mechanism between phosphoinositide breakdown and amy-
lase release after cholecystokinin receptor stimulation (Lin et

al., 1986).
In conclusion, we demonstrate that JMV-180 stimulates

PLC through its interaction with the CCKA receptor at the
same binding site for CCK-8, which is likely the one coupled

to amylase release. Furthermore, as high levels of PLC
stimulation have been related to amylase release inhibition
(Matozaki et al., 1990; Bianchi et al., 1994), the same binding

site may be the responsible for both responses to CCK-8.
However, JMV-180 may not elicit the inhibitory e�ect on
amylase release, in contrast to CCK-8, just due to its partial

agonist e�ect in stimulating PLC.

This work was supported by DGESIC grant PB97-0370. BeleÂ n
Ramos is recipient of a doctoral fellowship from the Spanish
Ministry of Science and Technology.
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