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Abstract Parasympathetic system plays an important

role in insulin secretion from the pancreas. Cholinergic

effect on pancreatic beta cells exerts primarily through

muscarinic receptors. In the present study we investigated

the specific role of muscarinic M1 and M3 receptors in

glucose induced insulin secretion from rat pancreatic islets

in vitro. The involvement of muscarinic receptors was

studied using the antagonist atropine. The role of musca-

rinic MI and M3 receptor subtypes was studied using

subtype specific antagonists. Acetylcholine agonist, car-

bachol, stimulated glucose induced insulin secretion at low

concentrations (10-8-10-5 M) with a maximum stimula-

tion at 10-7 M concentration. Carbachol-stimulated insulin

secretion was inhibited by atropine confirming the role of

muscarinic receptors in cholinergic induced insulin secre-

tion. Both M1 and M3 receptor antagonists blocked insulin

secretion induced by carbachol. The results show that M3

receptors are functionally more prominent at 20 mM glu-

cose concentration when compared to MI receptors. Our

studies suggest that muscarinic M1 and M3 receptors

function differentially regulate glucose induced insulin

secretion, which has clinical significance in glucose

homeostasis.
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Introduction

Parasympathetic activity plays an important role in

insulin secretion. The pancreatic islets are innervated by

the post-ganglionic cholinergic nerves emanating from

the nerve cell bodies in the pancreatic ganglia [1].

Activation of the vagus nerves stimulates insulin secre-

tion from pancreatic islets [2]. Anatomical studies sug-

gest that the origins of these vagal efferent fibres are,

nucleus ambiguus and dorsal motor nucleus directly

innervating pancreas. Nucleus ambiguus stimulation re-

ported to increase plasma insulin levels in rats [3]. Vagal

stimulation is involved in the sensitization of islets to

physiological elevated levels of glucose concentrations

[4]. Earlier studies from our laboratory have established

the central neurotransmitter receptor subtypes functional

regulation during pancreatic regeneration, diabetes and

cell proliferation [5-12].

Acetylcholine (ACh) the major parasympathetic neuro-

transmitter stimulates the glucose induced insulin secretion

[13]. It has been demonstrated that the cholinergically in-

duced insulinotropic action is mediated by the muscarinic

receptors [14, 15]. Radio receptor binding studies revealed

the presence of muscarinic receptors in the pancreatic islets

[16]. Studies by Lismaa et al. [17] demonstrated that both

MI and M3 muscarinic receptors are abundant in the rat

pancreatic islets. Muscarinic M1 and M3 receptor subtypes

potentially couple to the phospholipase C/inositol triphos-

phate pathway through a G protein of the Gq subtype (18).

Cholinergic agonist carbachol is reported to prime the beta

cells to the insulin stimulatory effect of the glucose [4].

Carbachol potentiates glucose induced insulin secretion

from ob/ob mice islets [19]. In the present work we studied

the role of muscarinic M1 and M3 receptors in glucose

induced insulin secretion.
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Experimental procedure

Chemicals

All biochemicals used were of analytical grade. RPMI-

1640 medium, fetal calf serum (FCS), carbachol, atropine,

pirenzepine and 4-DAMP mustard were obtained from

Sigma Chemical Co., USA and radioimmunoassay kits

were purchased from BARC, Mumbai, India.

Animals

Male Wistar weanling rats of 80-100 g body weights were

purchased from Central Institute of Fisheries Technology,

Cochin and used for all experiments. They were housed in

separate cages under 12 h light and 12 h dark periods and

were maintained on standard food pellets and water ad

libitum. Animal care and procedures were done according

to the National Institutes of Health Guide.

Insulin secretion studies with carbachol and muscarinic

antagonists in vitro

Isolation of pancreatic islets

Pancreatic islets were isolated from male weanling Wistar

rats by standard collagenase digestion procedures using

aseptic techniques [20]. The islets were isolated in HEPES-

buffered sodium free Hanks Balanced Salt Solution (HBSS)

[21] with the following composition: 137 mM choline

chloride, 5.4 mM KCI, 1.8 mM CaCl2, 0.8 mM MgSO4,

1 mM KH2PO4, 14.3 mM KHCO3 and 10 mM HEPES. The

pancreas was aseptically dissected out into a sterile Petridish

containing ice cold HBSS and excess fat and blood vessels

were removed. The pancreas was minced and transferred to

a sterile glass vial containing 2 ml collagenase type XI

solution (1.5 mg/ml in HBSS), pH 7.4. The collagenase

digestion was carried out for 15 min at 37°C in an envi-

ronmental shaker with vigorous shaking (300 rpm/min).

The tissue digest was filtered through 500 µm nylon screen

and the filtrate was washed with three successive centrifu-

gations and resuspensions in cold HBSS. The pancreatic

islet preparation having a viability of >90% as assessed

by Trypan Blue exclusion was chosen for cell culture

studies.

1-h insulin secretion study

The islets were resuspended in Krebs Ringer Bicarbonate

buffer, pH 7.3 (KRB), of following composition:

115 mM NaCl, 4 mM KCI, 2.56 mM CaC12, 1.2 mM

KH2PO4, 1.2 mM MgSO4 and 20 mM NaHCO3. The

isolated islets (300 islets/ml medium ) were incubated for
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1 h at 37°C with 10-8-10-4 M concentrations of carba-

chol and two different concentrations of glucose, 4 and

20 mM glucose (4 and 20 mM glucose in the incubation

medium considered equivalent to normal and diabetic

states respectively). To study the effect of different

muscarinic receptor subtypes, islets were incubated with

combinations of carbachol and subtype specific antago-

nists. After incubation cells were centrifuged at 1,500 x g

for 10 min at 4°C and the supernatant were transferred to

fresh tubes for insulin assay. Insulin assay was done

according to the procedure of BARC radioimmunoassay

kit. Insulin concentration in the samples was determined

from the standard curve plotted using MultiCalcTM soft-

ware (Wallac, Finland). Protein was measured by the

method of Lowry et al. [22] using bovine serum albumin

as standard.

24-h insulin secretion study

The islets were harvested after removing the fibroblasts

and cultured for 24 h in RPMI-1640 medium. Insulin

secretion study was carried out by preincubating the cells

(300 islets/ml medium) in 4 and 20 mM glucose concen-

trations with different concentrations of carbachol (10-8-

10-4 M) and 10-4 M muscarinic antagonists-atropine,

pirenzepine, 4-DAMP mustard [23]. The cells were then

harvested and washed with fresh KRB and then incubated

for another 1 h in the presence of same concentrations of

glucose, carbachol and muscarinic antagonists. At the end

of incubation period the medium was collected and insulin

content was measured according to the procedure of

BARC radioimmunoassay kit. Protein was measured by

the method of Lowry et al. [22] using bovine serum

albumin as standard.

Statistical analysis

Statistical evaluations were done by ANOVA using InStat

(Ver.2.04a) computer programme.

Results

Effect of cholinergic agonist carbachol on glucose

induced insulin secretion in 1-h islet cultures

The isolated islets incubated for 1 h with 10-8-10-4 M

concentrations of carbachol and two different concentra-

tions of glucose, 4 and 20 mM showed that it significantly

increased, [10-7 M (P<0.001) and 10_6 M (P<0.01)1,

glucose induced insulin secretion. Carbachol at 10-8 M

concentration induced insulin secretion (P<0.01) stimu-

lated by 20 mM glucose whereas there was no effect on
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4 mM glucose concentration. Carbachol at 10-5 M

concentration increased the insulin secretion significantly

(P<0.01) only in 4 mM glucose. But at high concentra-

tion, i.e., at 10-4 M it was found to decrease (P<0.01)

the glucose induced insulin secretion (Fig. 1 a, b).

Effect of muscarinic receptor antagonists on insulin

secretion in 1-h islet cultures

Atropine, the general muscarinic receptor antagonist,

inhibited carbachol (10-8 and 10-' M) induced insulin

secretion at both 4 and 20 mM glucose concentrations

significantly (P<0.001) (Fig. 2a, b). Pirenzepine, the M1

receptor antagonist, inhibited (P<0.001) glucose induced

insulin secretion at both concentrations (10-8 and 10-' M)

of carbachol (Fig. 3a, b). The M3 receptor antagonist,

4-DAMP mustard, was found to be inhibitory (P<0.001) to

carbachol stimulated glucose induced insulin secretion.

The inhibitory effect is more prominent at 20 mM glucose

concentration (Fig. 4 a, b).

Effect of cholinergic agonist carbachol and glucose

on insulin secretion in 24-h islet cultures

The islets were incubated with 10-8-10-4 M concentra-

tions of carbachol and two different concentrations of

glucose, 4 and 20 mM, in 24 h in vitro culture. Carbachol

increased insulin secretion significantly at 10-8 M, 10-' M

(P<0.001), and 10-6 M (P<0.01) concentration with

4 mM glucose (Fig. 5a, b). Carbachol at 10-8 and 10-' M

concentrations induced significantly (P<0.001) insulin

secretion stimulated by 20 mM glucose. Carbachol at

concentrations 10-5 and 10-4 M had no effect on glucose

induced insulin secretion. High concentration of carbachol,

10-4 M, was found to be inhibitory (P<0.01) to glucose

induced insulin secretion.

Effect of muscarinic receptor antagonists on insulin

secretion in 24 h islet cultures

In the 24 h incubation studies also muscarinic receptor

antagonist atropine significantly (P<0.001) blocked

glucose induced insulin secretion at 10-8 and 10-' M

carbachol concentrations (Fig. 6a, b). Pirenzepine signif-

icantly decreased (P < 0.001) the glucose stimulated

insulin secretion at lower concentration of carbachol (10-8

and 10-' M) (Fig. 7a, b). The inhibitory effect of

4-DAMP mustard was more prominent in 24 h culture

and it blocked the 4 and 20 mM glucose induced insulin

secretion (P<0.001) at all concentrations of carbachol

(Fig. 8a, b).
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Fig. 1 Effect of acetylcholine agonist carbachol on insulin secretion

from rat pancreatic islets in 1 h in vitro culture. Values are

mean f SEM of 4-6 separate experiments. ***P<0.001 when

compared to control (medium only); **P<0.01 when compared to

control (medium only). Islets were incubated in KRB buffer with

different concentrations of (10-8-10-4 M) carbachol and 4/20 mM

glucose for I h
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Discussion

Cholinergic stimulation of pancreatic fl-cells increases

insulin secretion [24]. This effect is mediated by muscarinic

receptors [16, 25] and is dependent on extracellular glu-

cose concentration [15]. Acetylcholine is released from
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cholinergic synapses on #-cells during the cephalic phase

of digestion causing a transient increase in insulin

secretion. It has been proposed that ACh activates phos-

pholipid turn over and thereby increases the intracellular

without Pirenzepine

4 mM Glucose with Pirenzepine (10-4 M)
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Fig. 2 Effect of general muscarinic receptor antagonist atropine on

carbachol induced insulin secretion from rat pancreatic islets in I h

in vitro culture. Values are mean ± SEM of 4-6 separate experi-

ments. ***P<0.001 when compared to the respective control. Islets

were incubated in KRB buffer with different concentrations of

carbachol, 4/20 mM glucose and with and without atropine for 1 h

Fig. 3 Effect of muscarinic M1 receptor antagonist pirenzepine on

carbachol induced insulin secretion from rat pancreatic islets in 1 h

in vitro culture. Values are mean + SEM of 4-6 separate experi-

ments. ***P<0.001 when compared to the respective control. Islets

were incubated in KRB buffer with different concentrations of

carbachol, 4/20 mM glucose and with and without pirenzepine for 1 h

***
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calcium levels. Cholinergic stimulation of phosphatidyl

inositol phosphates synthesis is blocked by muscarinic

antagonist atropine [26]. Inositol triphosphates (IP3)

4 mM Glucose
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mediate Ca2+ mobilization from intracellular Ca2+ stores

and play an important role in insulin secretion from

pancreatic (f-cells [27]. IP3 exerts its action through

4 mM Glucose

500

400

300

200

100

0

(a)

p p -
U

ccdd Cd M0

U U U

20 mM Glucose

500

400

300

200

b

0

Ca

7p
7..^

cd

U

0

aCO
r -o

U

0

Ca

U

Fig. 4 Effect of muscarinic M3 receptor antagonist 4-DAMP

mustard on carbachol induced insulin secretion from rat pancreatic

islets in 1 It in vitro culture. Values are mean ± SEM of 4-6 separate

experiments. ***P<0.001 when compared to the respective control.

Islets were incubated in KRB buffer with different concentrations of

carbachol, 4/20 mM glucose and with and without 4-DAMP mustard

for 1 h
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Fig. 5 Effect of acetylcholine agonist carbachol on insulin secretion
from rat pancreatic islets in 24 h in vitro culture. Values are mean t
SEM of 4-6 separate experiments. ***P<0.001 when compared to

control (medium only); **P<0.01 when compared to control (medium

only). Islets were incubated in RPMI-1640 medium with different

concentrations (10-8-10-4 M) carbachol and 4/20 mM glucose for 24 h.

Later 1 h incubation was carried out in KRB instead of RPMI-1640
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receptors that are ligand-activated Ca 2+ selective channels.

IP3 receptors have been localized to the endoplasmic

reticulum, nucleus and insulin granules [281.

Acetylcholine agonist, carbachol, at low concentration

(10-v M) stimulated insulin secretion at 4 and 20 mM

concentrations of glucose. Carbachol increased glucose
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induced insulin secretion in ob/ob mice islets [191.

Carbachol at high concentration (10-4 M) inhibited the

insulin secretion from pancreatic islets. Carbachol stimu-

lated insulin secretion is inhibited by atropine, a general

muscarinic antagonist, confirming the role of muscarinic

receptors in cholinergic induced insulin secretion. Reverse
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Fig. 6 Effect of general muscarinic receptor antagonist atropine on

carbachol induced insulin secretion from rat pancreatic islets in 24 h

in vitro culture. Values are mean ± SEM of 4-6 separate experi-

ments. ***P<0.001 when compared to the respective control. Islets

were incubated in RPMI-1640 medium with different concentrations

of carbachol, 4/20 mM glucose and with and without atropine for

24 h. Later I h incubation was carried out in KRB instead of RPMI-

1640
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Fig. 7 Effect of muscarinic M1 receptor antagonist pirenzepine on

carbachol induced insulin secretion from rat pancreatic islets in 24 h
in vitro culture . Values are mean + SEM of 4-6 separate experiments.
***P<0.001 when compared to the respective control; * *P<0.01
when compared to the respective control . Islets were incubated in
RPMI-1640 medium with different concentrations of carbachol,

4/20 mM glucose and with and without pirenzepine for 24 h. Later
1 h incubation was carried out in KRB instead of RPMI-1640
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transcription analysis of rat pancreatic islets indicated that

muscarinic M1 and M3 are predominant receptors in the

islets [17]. Muscarinic M1 and M3 receptor subtypes

potentially couple to the phospholipase C/inositol triphos-

phate pathway through a G protein of the Gq subtype

[13]. Activation of muscarinic receptors stimulates
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Fig. 8 Effect of muscarinic M3 receptor antagonist 4-DAMP

mustard on carbachol induced insulin secretion from rat pancreatic
islets in 24 h in vitro culture. Values are mean ± SEM of 4-6

separate experiments. ***P<0.001 when compared to the respective

control. Islets were incubated in RPMI-1640 medium with different

concentrations of carbachol, 4/20 mM glucose and with and without

4-DAMP mustard for 24 h. Later 1 h incubation was carried out in
KRB instead of RPMI-1640
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phospholipase C, which in turn hydrolyses phosphatidyl

bisphosphate and produce 1P3 and diacylglycerol. Pire-

nzepine blocked the cholinergic induced insulin secretion

from pancreatic islets at 4 and 20 mM glucose concentra-

tions. In INS-cells transfected with M1 and M3 receptor

cDNA, phosphatidyl inositol bisphosphate hydrolysis was

two-fold greater in M1 transfectants [17]. Muscarinic M3

receptor antagonist blocked carbachol induced insulin

secretion indicating that M3 receptors are involved in the

insulinotropic action of carbachol.

Twenty-four hours islet cell culture was done to study

the long-term effect of acetylcholine and muscarinic M1

and M3 receptors on insulin synthesis and release from

the isolated islets. It showed similar changes as in the 1 h

cell culture studies. Cholinergic agonist showed stimula-

tory effect in the 24 h islet culture studies also. Musca-

rinic M1 and M3 receptor subtype antagonists,

pirenzepine and 4-DAMP mustard blocked cholinergic

mediated insulin secretion confirming the role of these

two subtypes of receptors [17] in insulin synthesis and

secretion.

Studies from our laboratory reported that NE levels as

well as the adrenergic receptors function increased in

STZ-diabetic rats [7]. The increased sympathetic stimu-

lation leads to hypertension in pyridoxine deficient rats

[5], which in turn lead to diabetes [8]. The decreased

binding of the 5-HTIA and 5-HT2C receptors in the

cerebral cortex and brain stem during pancreatic regen-

eration suggests the stimulatory role of insulin secretion

mediated through the sympathetic system 111, 12]. The

muscarinic M1 receptor in the brain stem decreased at

72 h after partial pancreatectomy and M3 receptors in-

creased at the time of pancreatic regeneration. The central

muscarinic Ml and M3 receptor subtypes functional bal-

ance regulate sympathetic and parasympathetic systems

which in turn control the islet cell proliferation and

glucose homeostasis [101.

The stimulatory role of acetylcholine in the insulin

secretion from pancreatic islets was substantiated by our

in vitro studies. The muscarinic M1 and M3 receptor

mediates the carbachol induced insulin secretion from

pancreatic islets in vitro. The role of M3 receptors is

more prominent at the higher 20 mM concentration of

glucose when compared to Ml receptors. Thus our results

suggest that muscarinic M1 and M3 receptors have dif-

ferential regulatory role at concentration dependent glu-

cose induced insulin secretion. This will have immense

clinical significance in glucose homeostasis and insulin

function.
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