Biochemical Pharmacology 65 (2003) 283-292

Cooperative enhancement of insulinotropic action of GLP-1 by
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Abstract

The cooperative effect of glucagon-like peptide 1 (GLP-1) and acetylcholine (ACh) was evaluated in a beta cell line model (BRIN
BDI11). GLP-1 (20 nM) and ACh (100 pM) increased insulin secretion by 24—47%, whereas in combination there was a further 89%
enhancement of insulin release. Overnight culture with 100 ng/mL pertussis toxin (PTX) or 10 nM PMA significantly reduced the
combined insulinotropic action (P < 0.05 and P < 0.001, respectively) and the sole stimulatory effects of GLP-1 (PTX treatment;
P < 0.01) or ACh (PMA treatment; P < 0.05). Under control conditions, ACh (50 nM-1 mM) concentration-dependently inhibited by up
to 40% (P < 0.001) the 10-fold (P < 0.001) elevation of cyclic 3’,5'-adenosine monophosphate (cAMP) induced by 20 nM GLP-1. The
paradoxical inhibitory action of ACh was abolished by PTX pre-treatment, suggesting involvement of G; and/or G, G protein alpha
subunit. Effects of selective muscarinic receptor antagonists on the concentration-dependent insulinotropic actions of ACh (50 nM—
1 mM) on 20 nM GLP-1 induced insulin secretion revealed inhibition by p-FHHSiD (M3 antagonist, P < 0.05), stimulation with
pirenzepine (M1 antagonist, P < 0.001) and no significant effects of either methoctramine (M2 antagonist) or MT-3 (M4 antagonist).
Antagonism of M2, M3 and M4 muscarinic receptor effects with methoctramine (3—100 nM), p-FHHSiD (3-30 nM) or MT-3 (10—
300 nM) did not significantly affect the inhibitory action of ACh on GLP-1 stimulated cAMP production. In contrast, M1 receptor
antagonism with pirenzepine (3-300 nM) resulted in a concentration-dependent decrease in the inhibitory action of ACh on GLP-1
stimulated cAMP production (P < 0.001). These data indicate an important functional cooperation between the cholinergic neuro-
transmitter ACh and the incretin hormone GLP-1 on insulin secretion mediated through the M3 muscarinic receptor subtype. However, the
insulinotropic action of ACh was associated with a paradoxical inhibitory effect on GLP-1 stimulated cAMP production, achieved through
anovel PTX- and pirenzepine-sensitive M1 muscarinic receptor activated pathway. An imbalance between these pathways may contribute
to dysfunctional insulin secretion.
© 2002 Elsevier Science Inc. All rights reserved.
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changes in circulating concentrations of glucose and other
metabolic fuels, stimuli such as neurotransmitters and
gastrointestinal hormones make an important contribution
to the overall regulation of pancreatic beta cell function. A
clear example of non-metabolic regulation comes from the
early enhancement of insulin secretion during feeding
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behaviour, which precedes any increase in blood glucose.
This “cephalic phase” insulin response is largely mediated
by cholinergic stimulation and the release of ACh from
nerve terminals innervating the pancreatic islets [1-9].

Gut hormones play an important role in the regulation of
endocrine pancreatic function, following meal ingestion.
Postprandial release of incretin hormones from endocrine
cells in the small intestine stimulates insulin secretion
through the enteroinsular axis. For example, glucose-
dependent insulinotropic polypeptide (GIP) and gluca-
gon-like-peptide-1 (7-36) amide (GLP-1) are potent phy-
siological insulin-releasing incretin hormones [1,3,10-12].

A recent study in humans indicated coordinated and
sequential actions of cholinergic neurotransmitters and
incretin hormones on meal-induced glucose-stimulated
insulin secretion [8]. Furthermore, it is well established
in normal subjects that the insulin response to oral glucose
is much greater than that to a similar intravenous glucose
load [13,14]. This difference has been ascribed to an
increase of insulin secretion and a decrease of insulin
clearance. In addition, it seems that at least in rodents,
cholinergic stimulation has a priming effect on glucose,
GIP and GLP-1 induced insulin secretion [15,16].

The cholinergic effects of ACh on insulin secretion are
mediated through muscarinic receptors, located on the beta
cell plasma membrane [4,17-20]. The clonal pancreatic
beta cell line BRIN BD11 expresses at least four (M1-M4)
of the five known muscarinic receptors, sharing a similar
profile to isolated pancreatic rat beta cells and other beta
cell lines [21-24]. The odd numbered muscarinic recep-
tors, M1 and M3, are preferentially coupled to phosphoi-
nositide hydrolysis and the generation of inositol 1,4,5
triphosphate and diacylglycerol [25-28]. A recent study
indicates that an atypical protein kinase C (PKC), subtype
zeta, is involved [29]. Studies in pancreatic beta cells
indicate that the M3 muscarinic receptor is the major
subtype coupled to stimulation of insulin secretion [20—
24]. Interestingly, recent observations have indicated a
novel role of ACh to inhibit insulin secretion through
the even numbered M2 and/or M4 receptors [24]. In other
cell types, those receptors are thought to be preferentially
coupled to inhibition of adenylate cyclase [30,31].

Recently, GLP-1 has been the focus of great research
interest as a possible pharmacological agent for the treat-
ment of type 2 diabetes [32-36]. Thus, unlike established
sulphonylurea drugs, GLP-1 stimulation of insulin secre-
tion is strictly glucose dependent, thereby reducing the risk
of hypoglycaemia. GLP-1 receptor activation stimulates
adenylate cyclase and elevates both cAMP and intracel-
lular Ca“, with both distal and proximal effects on the
insulin secretory machinery [37]. In addition, GLP-1 is
involved in key steps of insulin biosynthesis as well as in
restoring glucose sensitivity of diabetic beta cells [35,38—
42]. The present study was undertaken to determine the
interactions between ACh and GLP-1 in the stimulation of
insulin secretion. The effects of both physiological agents

on cAMP production were evaluated together with the
diversity of the signal pathways triggered by the various
muscarinic receptor subtypes.

2. Methods
2.1. Materials

Reagents of analytical grade and deionised water (Pur-
ite) were used. RPMI 1640 tissue culture medium, foetal
calf serum, penicillin and streptomycin were purchased
from Gibco Life Technologies. Na'?1 (IMS30, 100 mCi/
mL) for iodination of insulin and [2-3H]adenine (TRK311,
1 mCi/mL) were from Amersham Pharmacia Biotech. Rat
insulin standard was obtained from Novo Industri. Human
glucagon-like peptide 1 (7-36) amide (GLP-1) was pur-
chased from the American Peptide Company. Methoctra-
mine tetrahydrochloride, hexahydro-sila-difenidol p-fluoro
hydrochloride (p-FHHSID), pirenzepine dihydrochloride,
muscarinic toxin-3 (MT-3), ACh, PTX, phorbol-12-myris-
tate-13-acetate (PMA) and all other reagents were obtained
from Sigma Chemical Co. Ltd.

2.2. Culture of insulin-secreting cells

BRIN BDI11 cells (passage 18-27) were cultured in
RPMI 1640 tissue culture medium containing 10% (v/v)
foetal calf serum, 1% (v/v) antibiotics (100 U/mL peni-
cillin, 0.1 mg/mL streptomycin) and 11.1 mM glucose.
The production and characterisation of BRIN BD11 cells
are described elsewhere [43]. Cells were maintained in
sterile tissue culture flasks (Corning) at 37° in an atmo-
sphere of 5% CO, and 95% air using an LEEC incubator
(Laboratory Technical Engineering).

2.3. Acute tests for insulin secretion

Insulin release was determined using monolayers of
BRIN BD11 cells. The cells were harvested with the aid
of trypsin/EDTA (Gibco Life Technologies), seeded into
24-well plates (Nunc) at a density of 2 x 103 cells per well
and allowed to attach during overnight culture. Acute
studies of insulin release were preceded by 40-min pre-
incubation at 37° in 1.0 mL Krebs—Ringer bicarbonate
buffer (115 mM NaCl, 4.7mM KCl, 1.28 mM CaCl,,
1.2 mM KH,POy,, 1.2 mM MgSO,, 10 mM NaHCOj; and
0.1% (w/v) BSA, pH 7.4) supplemented with 1.1 mM of
glucose. Test incubations were performed at 37° using the
same buffer supplemented with 5.6 mM of glucose, 20 uM
of the cholinesterase inhibitor neostigmine, 100 puM of
isobutylmethylxanthine (IBMX), different concentrations
of ACh and the muscarinic antagonists as indicated in the
respective figures. Similar data could be obtained using
carbamylcholine rather than the naturally occuring neuro-
transmitter ACh. After 20-min incubation, the buffer was
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removed from each well and aliquots were stored at —20°
for subsequent measurement of insulin by radioimmunoas-
say [44].

2.4. Measurement of cAMP

The cAMP was determined in extracts of BRIN BD11
cells labelled with [2-*H]adenine. The cells were seeded
into 24-well plates (Nunc) at a density of 3 x 10° cells per
well with 25 pCi/mL of [2-3H]adenine and incubated in
RPMI media for 24 hr at 37°, 5% CO,. Following incuba-
tion, the cells were washed with ice-cold HEPES-balanced
saline buffer (130 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl,,
0.9 mM NaH,PO,, 0.8 mM MgSO,, 20 mM HEPES,
0.25 mM phenol red, 5.6 mM glucose, pH 7.4). Test incu-
bations were then performed at 37°, for 20 min, using
200 pL of the same buffer, supplemented with 20 uM of
neostigmine, 1 mM of IBMX, in absence (basal) and
presence of 20 nM of GLP-1. Different concentrations
of ACh and the muscarinic antagonists were also tested.
The incubations were terminated by removal of test solu-
tion and addition of 300 pL per well of ice-cold stop
solution (306 mM trichloroacetic acid, 104 mM sodium
dodecyl sulphate, 5mM 5-adenosine triphosphate,
210 pM cAMP). Addition of the stop solution also dis-
rupted the cells. Samples were stored at —20° for subse-
quent separation by liquid chromatography achieved using
sequential elution through cation-exchange (Dowex
50WX8), affinity (aluminium oxide) and anion-exchange
(Dowex 1X8) columns [45—47]. In brief, samples were
loaded into 2 mL bed volume Dowex SOWXS resin, packed
in Poly-Prep chromatography columns (BioRad Labora-
tories), washed with 4 mL of H,O and eluted into 1 mL bed
volume aluminium oxide columns, with 20 mL of H,O.
Samples were then transferred to 1 mL bed volume Dowex
1X8 resin with 10 mL 600 mM imidazole. The remaining
adenine was washed from the Dowex 1X8 columns with
20 mL of 3.16 mM HCI. Formed cAMP was eluted with
3mL of 1M HCI and measured by liquid scintillation
counting. Results were expressed as a percentage of the
stimulatory effect of GLP-1 alone (20 nM) or as a percen-
tage of the total inhibitory effect of ACh on GLP-1 induced
cAMP generation.

2.5. Statistical methods

Groups of data are presented as means + SEM.
One-way ANOVA with Bonferroni post-test and Student’s
t-test were performed using GraphPad Prism version
3.02 for Windows (GraphPad Software). Concentration—
response curves were fitted with a sigmoidal concentra-
tion—response equation (Response = Min + (Max — Min)/
(l + 10((log ECso—Concentration) x Hill slope)))7 using the same soft-
ware package. Response was calculated as stated in the
respective figures. Differences were considered to be sig-
nificant if P < 0.05.

3. Results
3.1. Effects of ACh and GLP-1 on insulin secretion

In preliminary experiments, we found that the addition of
neostigmine and IBMX during the acute test enhanced
acetylcholine-induced insulin response by inhibiting respec-
tively acetylcholinesterase and phosphodiesterase activities
(data not shown). ACh (100 pM) and GLP-1 (20 nM) sti-
mulated insulin secretion in control experiments (Fig. la and
b, left panel). In addition, when both secretagogues were
added during the acute test, a combined effect could be
observed. ACh alone increased insulin response by 24%
whereas GLP-1 increased secretion by 47% (P < 0.05 and
P < 0.001, respectively). The combined insulinotropic
effect of both secretagogues was 89% greater than the
control (P < 0.001, Fig. 1a and b, left panel).

Overnight culture (18 hr) of BRIN BD11 cells with PTX
(100 ng/mL) modestly decreased both the stimulatory
effect of GLP-1 (P < 0.01) and the combined effect of
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Fig. 1. Effects of ACh and GLP-1 on insulin secretion from BRIN BD11
cells at 5.6 mM glucose. Results are mean (SEM) of 12 independent
observations. (a) Cells were cultured overnight under normal conditions
(white bars) or in the presence of 100 ng/mL of PTX (black bars). (b) Cells
were cultured overnight under normal conditions (white bars) or in the
presence of 10 nM of PMA (black bars). (A) P < 0.05, (AA) P < 0.01,
(AA/A) P <0.001 compared with control. (1) P < 0.01, (1)
P < 0.001 compared with ACh alone. ({{f) P < 0.0l compared with
GLP-1 alone. (x) P < 0.05, (xx) P <0.01, (x*x) P <0.001 compared
with respective group without pre-incubation.
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Fig. 2. Effects of ACh and GLP-1 on cAMP production by BRIN BD11 cells at 5.6 mM glucose. Results are mean (SEM) of six independent observations.
Cells were cultured overnight under normal conditions (white bars) or in the presence of 100 ng/mL of PTX (black bars). (AAA) P < 0.001 compared with
control and ACh alone. (111) P < 0.001 compared with GLP-1 alone. (x) P < 0.05, (x**) P < 0.001 compared with respective group without pre-incubation.

ACh and GLP-1 (P < 0.05). There was no significant
reduction in the stimulatory effect of ACh (Fig. 1a, right
panel). Conversely, 18-hr incubation culture of BRIN
BDI11 cells with 10 nM of PMA significantly reduced
the stimulatory effect of ACh (P < 0.05) as well as the
combined effect of ACh and GLP-1 (P < 0.001), while the
stimulatory effect of GLP-1 alone was unchanged (Fig. 1b,
right panel).

3.2. Effect of ACh on GLP-1 induced cAMP production

The stimulatory effect of GLP-1 on cAMP production is
clearly observed in Fig. 2. ACh alone had no effect on
cAMP production (Fig. 2, right and left panels). However,
under normal incubation, ACh inhibited the stimulatory
effect of GLP-1 by 49% (Fig. 2, left panel). Overnight pre-
incubation of BRIN BD11 cells with 100 ng/mL of PTX
completely abolished the inhibitory effect of ACh on GLP-1
stimulated cAMP production (Fig. 2, right panel). Atropine
(100 nM) also completely abolished the inhibitory effect of
ACh on GLP-1 stimulated cAMP production, indicating
that the effect is mediated by muscarinic receptors (data not
shown). Overnight pre-incubation with PTX significantly
reduced the action of GLP-1 (Fig. 2, right panel).

3.3. GLP-1 stimulated insulin secretion and muscarinic
receptor subtypes

The combined insulinotropic action of ACh and GLP-
1 was further investigated through a series of experi-
ments evaluating the effect of different concentrations of
ACh on GLP-1 stimulated insulin secretion. Muscarinic
receptor antagonists [25-28] were used to identify the

involvement of different muscarinic receptor subtypes in
the overall insulinotropic effect (Fig. 3). Basal insulin
release under these conditions was approximately 3.07
(+0.29) ng/lO6 cells/20 min. Addition of ACh to 20 nM
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Fig. 3. Effects of different muscarinic antagonists on GLP-1 induced
insulin secretion from BRIN BDI11 cells. Cells were incubated with
5.6 mM of glucose and 20 nM of GLP-1, at different ACh concentrations
without muscarinic antagonists (control, white squares), and with
pirenzepine (100 nM, black triangles), p-FHHSiD (300 nM, black inverted
triangles), methoctramine (300 nM, black circles) or MT-3 (100 nM, black
diamonds). Results are mean of 12 independent observations. Standard
error bars are omitted for clarity. Dose-response curves were fitted as
described in the text. Inset shows the resulting log(Ecsy) with respective
SEM. Basal insulin release from BRIN BDI1 cells under GLP-1
stimulation was approximately 3.07 (£0.29) ng/10° cells/20 min.
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GLP-1 resulted in a concentration-dependent stepwise
increase in insulin secretion. In the presence of pirenze-
pine, a preferentially selective M1 antagonist, the insuli-
notropic effect of ACh with GLP-1 was modest at lower
concentrations of ACh but shifted abruptly to a more potent
insulinotropic action at concentrations above 1 uM (Fig. 3).
The overall concentration-response curve for pirenzepine
had a Hill coefficient of 3.3 (£1.4), which was significantly
different from 1 (P < 0.05, Fig. 3). The preferential M3
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Fig. 4. Effects of ACh and the M1 antagonist pirenzepine on GLP-1
induced cAMP production by BRIN BDI1 cells at 5.6 mM glucose. (a)
Cells were incubated with GLP-1 (20 nM) and different concentrations of
pirenzepine with (black triangles) or without (white squares) 100 uM of
ACh. (b) Cells were incubated with GLP-1 (20nM) and different
concentrations of ACh without pirenzepine (control, white squares) or
with increasing concentrations of the antagonist (black symbols). Results
are expressed as percentage of the maximal inhibitory effect. Inset is the
resulting Schild plot from the calculated dose ratios. Results are mean of
four independent observations. Standard error bars are omitted for clarity.

antagonist, p-FHHSID, inhibited the combined insulino-
tropic action of ACh and GLP-1 (P < 0.01, Fig. 3).
p-FHHSID, like pirenzepine, also tended to decrease the
combined insulinotropic effect of ACh and GLP-1 at lower
concentrations of the neurotransmitter. Methoctramine, a
preferential M2 antagonist and the M4 muscarinic antago-
nist MT-3 had no significant effect on the combined insu-
linotropic action of ACh and GLP-1 (Fig. 3, P > 0.05).
None of the antagonists tested affected insulin secretion at

250+
0
200
g
b -+ Control A
2 150+ .
§ ~&- ACh (100 uM) ,
[}
e
& 4
s 100 y
S p
2%
_____ Y U WS
50 & K
0 . ‘ . | |
10° 107 10 10 10 10
@ p-FHHSID (M)
o o Y
e
g 80
bt
&
£ 60
ol
2
2 40
€ e /
= -~ Control
20 -¢-10 nM
-¥-30 nM
04
Py | ' I
108 107 106 105 10+ 04
() ACh (M)

Fig. 5. Effects of ACh and the M3 antagonist p-FHHSiD on GLP-1
induced cAMP production by BRIN BD11 cells at 5.6 mM glucose. (a)
Cells were incubated with GLP-1 (20 nM) and different concentrations of
p-FHHSIiD with (black triangles) or without (white squares) 100 uM of
ACh. (b) Cells were incubated with GLP-1 (20nM) and different
concentrations of ACh without p-FHHSIiD (control, white squares) or
with increasing concentrations of the antagonist (black symbols). Results
are expressed as percentage of the maximal inhibitory effect. Results are
mean of four independent observations. Standard error bars are omitted for
clarity.
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5.6 mM glucose in the absence of ACh or GLP-1, indicating
freedom from non-specific effects (data not shown).

3.4. GLP-I stimulated cAMP production and muscarinic
receptor subtypes

ACh consistently antagonised the stimulatory effect of
GLP-1 on cAMP production, in a concentration-dependent
manner (Figs. 4-7). Analyses of the concentration—response
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Fig. 6. Effect of ACh and the M2 antagonist methoctramine on GLP-1
induced cAMP production by BRIN BD11 cells at 5.6 mM glucose. (a) Cells
were incubated with GLP-1 (20nM) and different concentrations of
methoctramine with (black triangles) or without (white squares) 100 M
of ACh. (b) Cells were incubated with GLP-1 (20 nM) and different
concentrations of ACh without methoctramine (control, white squares) or
with increasing concentrations of the antagonist (black symbols). Results are
expressed as percentage of the maximal inhibitory effect. Results are mean of
four independent observations. Standard error bars are omitted for clarity.
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Fig. 7. Effect of ACh and the M4 antagonist MT-3 on GLP-1 induced
cAMP production by BRIN BD11 cells at 5.6 mM glucose. (a) Cells were
incubated with GLP-1 (20 nM) and different concentrations of MT-3 with
(black triangles) or without (white squares) 100 pM of ACh. (b) Cells were
incubated with GLP-1 (20 nM) and different concentrations of ACh
without MT-3 (control, white squares) or with increasing concentrations of
the antagonist (black symbols). Results are expressed as percentage of the
maximal inhibitory effect. Results are mean of four independent
observations. Standard error bars are omitted for clarity.

curves indicated an overall Ecsgof 1.1 4+ 0.2 pM and a slope
not divergent from 1 (P > 0.05).

Pirenzepine, a preferential M1 muscarinic antagonist,
counteracted the inhibitory effect of ACh on GLP-1 sti-
mulated cAMP production (P < 0.001, Fig. 4a and b). The
antagonic action was concentration dependent with a
calculated K; of 3 nM (Fig. 4b, inset graph). Pirenzepine
alone had no effect on GLP-1 stimulated cAMP production
(Fig. 4a).

Conversely, p-FHHSID, a preferential antagonist of M3
muscarinic subtype receptors, stimulated cAMP produc-
tion even in absence of ACh (P < 0.001, Fig. 5a). Low
concentrations of p-FHHSID failed to significantly alter
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the inhibitory action of ACh on GLP-1 stimulated cAMP
production (Fig. 5b).

Methoctramine, a preferential antagonist of the M2
muscarinic receptor subtype, also failed to modify the
inhibitory effect of ACh on GLP-1 stimulated cAMP
production (Fig. 6a and b). Methoctramine alone had no
effect on GLP-1 stimulated cAMP production (Fig. 6a).

The preferential antagonist of M4 muscarinic subtype
receptors, MT-3 stimulated cAMP production even in
absence of ACh (P < 0.001, Fig. 7a). MT-3 failed to alter
the inhibitory action of ACh on GLP-1 stimulated cAMP
production at concentrations up to 30 nM (Fig. 7b). How-
ever, at concentrations of 100 and 300 nM, MT-3 markedly
increased the inhibitory effect of ACh on GLP-1 stimulated
cAMP production (P < 0.001, Fig. 7b).

4. Discussion

The present study was undertaken to explore interactions
between ACh and GLP-1 in the stimulation of insulin
secretion, as well as to examine the second messenger
pathways involved. The neurotransmitter ACh alone
increased insulin secretion by 24% at 5.6 mM glucose,
which is in agreement with a previous study [24]. The
incretin hormone GLP-1 also increased insulin secretion by
47%. Our results clearly indicate a cooperative insulino-
tropic effect of ACh and GLP-1 on the beta cell, corre-
sponding to an 89% increase of insulin secretion when both
agents were present. Such a synergistic action has been
previously shown in perifused rat islets [15,48,49].

ACh released from nerve terminals upon cholinergic
stimulation is thought to be one of the key elements
responsible for the pre-absorptive insulin response initiated
by meal ingestion [4,8]. The insulinotropic hormones
GLP-1 and GIP are secreted as well, although these
incretin peptides are not thought to participate to any great
extent in the early pre-absorptive cephalic phase insulin
response [8]. However, under physiological conditions
when blood glucose rises following feeding the islet beta
cells are subjected to simultaneous stimulation by both
ACh and GLP-1.

Our results confirm a recent study [50] and indicate the
involvement of PTX-sensitive G alpha subunits in GLP-1
stimulated insulin secretion; conversely, those PTX-sensi-
tive G protein subtypes do not seem to be involved in the
insulinotropic action of ACh. However, the cooperative
effect of ACh and GLP-1 was reduced under PTX pre-
treatment. The insulinotropic effect of ACh, as previously
shown, was dependent on PKC [20,51-55], and pre-treat-
ment with PMA greatly reduced both the individual effect
of ACh and the cooperative response to ACh and GLP-1.
The effect of GLP-1 alone was not affected by prior
exposure to PMA, indicating that the PKC pathway plays
little role in the insulinotropic action of this incretin
hormone.

In a series of experiments, we explored the participation
of different muscarinic receptor subtypes in the coopera-
tive actions of GLP-1 and ACh, using selective muscarinic
receptor antagonists. Our results indicate that the stimu-
latory effect of ACh on insulin secretion in the presence of
GLP-1 was concentration dependent, attaining near max-
imal values at 100 uM. Pirenzepine, a selective M1 mus-
carinic receptor antagonist increased the Hill coefficient of
the insulin concentration—response curve; corresponding to
a further significant concentration-dependent enhancement
of the stimulatory effect of ACh on GLP-1 induced insulin
release. This suggests that the M1 receptor counteracts the
cooperative interactions between ACh and GLP-1 and that
other muscarinic receptor subtypes normally mediate the
overall stimulatory effects on insulin secretion. Antagon-
ism of M2 and M4 with methoctramine and MT-3, respec-
tively, did not significantly affect cooperative ACh and
GLP-1 stimulated insulin secretion. However, blockade of
the M3 receptor with p-FHHSID inhibited the combined
secretory response, suggesting that the M3 receptor is the
main muscarinic subtype involved in the cooperative
actions of ACh and GLP-1. This is in agreement with
previous studies, showing the involvement of the M3
receptor on the insulinotropic action of ACh [21-24,56].

As previously suggested, the adenylate cyclase-cAMP
system is an important second messenger involved in GLP-
1 induced insulin secretion [37,47,57]. Our results indicate
that ACh alone does not affect cAMP production, adding to
conflicting reports in the literature that ACh may stimulate
cAMP production indirectly, via Ca?t and PKC [58-60].
More importantly, we have shown that ACh greatly reduces
GLP-1 stimulated cAMP production. This inhibitory effect
of ACh is mediated through a PTX-sensitive pathway,
suggesting the involvement of a G; and/or G, G protein
alpha subunit. The fact that combination of ACh with GLP-
1 greatly potentiates insulin release despite lower cAMP
production indicates an important synergy at other sites in
the secretory pathway, possibly arising from activation at
or downstream to phospholipase C [25,26,29,51,61,62].
Partial involvement of PKC is supported by the inhibitory
effect of prior exposure to PMA on the cooperative actions
of ACh and GLP-1.

Experiments on the inhibitory effects of ACh on GLP-1
induced cAMP production using different antagonists of
muscarinic subtypes surprisingly indicated the involve-
ment of M1. This is supported by direct observation that
M1 receptor blockage with pirenzepine counteracted
ACh-induced inhibition of GLP-1 stimulated cAMP pro-
duction. Further, M4 antagonism with MT-3 at concentra-
tions of 100 nM or above increased the inhibitory action of
ACh on cAMP. However, since MT-3 toxin has an intrinsic
inhibitory action on cAMP, albeit at much higher concen-
trations, the involvement of the M4 receptor in cAMP
production remains to be established. The M2 and M3
receptor antagonists (methoctramine and p-FHHSID,
respectively) had no significant effect on cAMP production.
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The involvement of M1 receptors in mediating inhibi-
tory effects of ACh on GLP-1 stimulated cAMP production
contrasts with observations in other cellular systems. Thus
the muscarinic receptor subtypes usually involved with Gy,
G protein alpha subunits are M2 and M4, whereas the M1
and M3 receptor subtypes increase cAMP production via G
protein beta/gamma subunits [63-65]. To our knowledge,
this is the first study demonstrating an inhibitory effect of
M1 on cAMP production in beta cells. Interestingly,
interactions between M1 receptors and G; G protein alpha
subunits have been shown in isolated prostate cells [66]. It
could be argued that the inhibitory effect of M1 receptors
on cAMP could be through stimulation of intracellular
Ca** [67-69], but our results clearly ruled out this possi-
bility since a PTX-sensitive pathway is involved.

Summarising, our results indicate an important func-
tional cooperation between the cholinergic stimulatory
effect of ACh and the incretin GLP-1 on insulin secretion,
mostly mediated by M3 muscarinic receptors. We have
demonstrated also that ACh is capable of inducing a
paradoxical inhibitory effect on GLP-1 stimulated cAMP
production and insulin secretion, mediated through a novel
PTX- and pirenzepine-sensitive M1 receptor activated
pathway. The mechanisms underlying the cooperative
effects of ACh and GLP-1 are likely to involve interactions
between multiple signal transduction pathways. Since
neural and hormonal components of the enteroinsular axis
are key to the regulation of insulin secretion and metabolic
response to feeding, ACh- and GLP-1-mediated pathways
are of great importance for the control of the beta cell
function. The intricate details of the underlying signalling
systems remain to be established but the present study
clearly demonstrates the importance of muscarinic recep-
tor subtypes not only in the physiological control of beta
cells, but also as a possible cause of dysfunctional insulin
secretion.
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