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Abstract
Impaired function of pancreatic β-cells is one of the hallmarks of type 2 diabetes. β-cell function is
regulated by the activity of many hormones and neurotransmitters which bind to specific cell
surface receptors. The M3 muscarinic acetylcholine receptor (M3R) belongs to the superfamily of
G protein-coupled receptors and, following ligand-dependent activation, selectively activates G
proteins of the Gq/11 family. Recent studies with M3R mutant mice strongly suggest that β-cell
M3Rs play a central role in promoting insulin release and maintaining proper glucose
homeostasis. In this review, we highlight recent studies indicating that β-cell M3Rs and
components of downstream signaling pathways may represent promising new targets for the
treatment of type 2 diabetes.

Modulation of β-cell function by G protein-coupled receptors
A key feature of type 2 diabetes (T2D) is the failure of pancreatic β-cells to secrete
sufficient amounts of insulin to maintain normal blood glucose levels [1]. Glucose-
stimulated insulin secretion (GSIS) is modulated by various neurotransmitters and hormones
that bind to specific receptors present on the surface of pancreatic β-cells. The majority of
these receptors are members of the superfamily of G protein-coupled receptors (GPCRs) [2].
Based on their G protein coupling properties, GPCRs can subdivided into different
functional classes, primarily Gq/11-, Gi-, or Gs-coupled receptors (Figure 1). G proteins are
linked to specific signaling pathways which have multiple effects on β-cell function
inducing the regulation of insulin release (Figure 1). Whereas Gi-coupled receptors exert an
inhibitory effect on insulin release, Gs- and Gq/11- coupled receptors promote insulin release
and may have several other beneficial effects on β-cell function [2]. For example, during the
past decade, the glucagon-like peptide 1 (GLP-1) receptor, a Gs-coupled GPCR that is
preferentially expressed by pancreatic β-cells, has attracted attention as a novel drug target.
GLP-1 receptor agonists (e.g. exenatide) or dipeptidyl peptidase 4 (DPP-4) inhibitors (e.g.
sitagliptin), which interfere with the breakdown of endogenous GLP-1, can facilitate GSIS
and improve whole body glucose homeostasis [3,4]. As a result, several agents that act by
promoting signaling through GLP-1 receptors have been approved recently by the FDA for
the treatment of T2D [2].

Pancreatic β-cells also express several Gq/11-coupled receptors [2,5] including the M3
muscarinic acetylcholine (ACh) receptor (M3R), a prototypic class I (rhodopsin-like)
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GPCR. ACh, the major neurotransmitter of peripheral parasympathetic nerves, exerts a
pronounced stimulatory effect on pancreatic insulin release [6,7]. It is well known that this
effect is of particular importance during the preabsorptive phase of feeding which is
accompanied by an increase in the activity of efferent vagal nerves [6,7]. Studies with
isolated islets derived from M3R knockout (KO) mice clearly demonstrated that the
stimulatory effect of ACh on insulin release is mediated by the M3R subtype [8,9],
consistent with the outcome of classical pharmacological studies [10]. Following ACh
binding, the M3R is able to preferentially activate G proteins of the Gq/11 family [11].

Recent studies with M3R mutant mice have clearly established a role for β-cell M3Rs in
maintaining proper blood glucose homeostasis [12]. These studies also suggested that
strategies aimed at enhancing signaling through β-cell M3Rs may prove useful for the
treatment of T2D. Herein, we summarize the major findings from the recent phenotypic
analysis of M3R mutant mice and other mouse models, focusing on proteins critical for β-
cell M3R function.

M3R-mediated signaling pathways in pancreatic β-cells
ACh binding to β-cell M3Rs triggers a sequence of biochemical events that are typically
seen after activation of Gq/11-type G proteins (for a comprehensive review, see [7]). One key
event is the Gαq/11-induced stimulation of distinct isoforms of phospholipase Cβ (PLCβ),
which catalyze the hydrolytic breakdown of phosphatidylinositol (PI) 4,5-bisphosphate,
resulting in the generation of two second messengers, diacylglycerol (DAG) and inositol
1,4,5-trisphosphate (IP3). Whereas DAG plays a key role in the activation of various protein
kinase C (PKC) isoforms, IP3 promotes the release of Ca2+ from endoplasmic reticulum
(ER) stores via binding to specific IP3 receptors (Figure 2). The M3R-receptor mediated
increase in intracellular calcium levels and the ability of activated PKC to increase the
efficiency of calcium on insulin exocytosis are of key importance for M3R-dependent
augmentation of GSIS [7]. In addition, β-cell muscarinic receptors also modulate other
cellular activities, including the activation of an inward Na+ current ([13,14]; Figure 2),
which is predicted to facilitate insulin release by augmenting membrane depolarization and
subsequent Ca2+ influx.

β-cell M3Rs play a critical role in maintaining blood glucose homeostasis
To assess the physiological relevance of β-cell M3Rs, Gautam et al. [12] generated mutant
mice that lack M3Rs in pancreatic β-cells only (β-M3R KO mice) as well as transgenic mice
that selectively overexpress M3Rs in pancreatic β-cells (β-M3R Tg mice). β-M3R KO mice
displayed impaired glucose tolerance with significantly reduced insulin release. In contrast,
β-M3R Tg mice showed greatly improved glucose tolerance, increased insulin release, and
were resistant to diet-induced glucose intolerance and hyperglycemia [12]. Taken together,
these findings clearly indicated that β-cell M3Rs play a central role in maintaining normal
glucose homeostasis and insulin release in vivo (Figure 3). Moreover, the beneficial
metabolic changes displayed by β-M3R Tg mice suggested that strategies aimed at
enhancing signaling through β-cell M3Rs might prove useful for the treatment of T2D.

Interestingly, the opposing changes in glucose tolerance observed with the two M3R mutant
mouse strains discussed above were observed independent of the route of glucose
administration (intragastric or i.p.) [12]. This finding strongly suggests that glucose-induced
activation of pancreatic efferent parasympathetic nerves is not only a transient phenomenon
associated with the vagus-mediated preabsorptive phase of feeding [6,7], but also persists
throughout the absorptive phase of feeding (Figure 3).
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Beneficial metabolic effects of persistent activation of β-cell M3Rs
At present, muscarinic agonists that can selectively activate the M3R subtype are not
available (note that the muscarinic receptor family consists of five molecularly distinct
subtypes, M1-M5; [11]). Thus, to mimic the effects of a drug that chronically stimulates β-
cell M3Rs, Gautam et al. [15] generated a transgenic mouse line that expressed a mutant
version of the M3R in pancreatic β-cells only. This mutant receptor contained the
Gln490Leu point mutation which renders the M3R constitutively active (i.e. this mutant
receptor can activate Gq/11 even in the absence of agonist ligands; [16]).

In vitro insulin release experiments carried out with perifused islets from wild-type (WT)
and β-M3R-Q490L Tg mice confirmed that the Q490L mutant M3R was indeed
constitutively active in mouse β-cells [15]. Strikingly, in vivo studies demonstrated that the
β-M3R-Q490L Tg mice showed elevated serum insulin levels (despite unchanged peripheral
insulin sensitivity), significantly decreased blood glucose levels (under both fed and fasting
conditions), and greatly improved glucose tolerance. Moreover, β-M3R-Q490L Tg mice
were protected against diet-induced hyperglycemia and glucose intolerance, most likely due
to enhanced insulin release [15]. Persistent muscarinic stimulation of β-cells may sensitize
β-cells to the stimulatory effects of glucose (see, for example, ref. [17]) or other nutrients
such as fatty acids or amino acids, providing a possible explanation for the observation that
β-M3R-Q490L Tg mice displayed reduced blood glucose levels even under fasting
conditions.

To confirm that the changes in blood glucose and insulin levels displayed by the β-M3R-
Q490L Tg mice were indeed due to persistent signaling through the mutant M3R, rather than
a consequence of secondary changes in β-cell metabolism, Gautam et al. [15] injected freely
fed β-M3R-Q490L Tg mice and WT littermates with an acute dose of the inverse agonist,
atropine (10 mg/kg i.p.). In WT mice, atropine treatment had little or no effect on blood
glucose and insulin levels. In contrast, atropine administration restored WT-like blood
glucose and insulin levels in the mutant animals (these mice exhibited reduced blood
glucose and increased serum insulin levels prior to atropine injection). This observation
strongly supported the concept that sustained signaling through β-cell Q490L mutant M3Rs
was responsible for the metabolic changes displayed by the β-M3R-Q490L Tg mice.

Importantly, these findings strongly suggest that chronic, continuous activation of β-cell
M3Rs does not lead to a loss or significant reduction in M3R activity caused by receptor
desensitization or counter-regulatory cellular events. Clearly, this observation is of
considerable therapeutic relevance.

RGS4 selectively impairs signaling through β-cell M3Rs
Given the major breakthroughs that have been achieved in the development of muscarinic
receptor subtype-selective ligands recently [18], it is likely that M3R-selective agonists will
become available soon. However, the potential clinical use of such agents for the treatment
of T2D may be complicated by unwanted side effects, since M3Rs also play an important
role in mediating several other peripheral actions of ACh including stimulation of smooth
muscle activity [19,20].

To overcome this potential obstacle, Ruiz de Azua et al. [21] recently initiated work in
MIN6 insulinoma cells to identify proteins that modulate signaling through β-cell M3Rs
and, hopefully, are endowed with a more favorable pattern of expression. MIN6 cells almost
exclusively express the M3R subtype, and treatment of these cells with muscarinic agonists
leads to robust increases in intracellular calcium levels and GSIS [21].
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As is the case with other GPCRs, agonist activation of the M3R triggers a number of cellular
events, such as phosphorylation of the M3R by various kinases, which dampens M3R
signaling [22]. In addition, the lifetime of the receptor-activated G proteins is greatly
reduced by the action of RGS proteins (Regulators of G protein Signaling), which catalyze
the hydrolysis of GTP that is bound to activated Gα subunits [23].

RGS proteins represent a rather large protein family consisting of more than 30 different
members in mammals [23]. Real-time qRT-PCR studies demonstrated that RGS4 mRNA
was the most abundant RGS transcript detectable in MIN6 cells [21]. RGS4 mRNA was also
found to be highly expressed in mouse pancreatic islets [21]. Interestingly, siRNA-mediated
knockdown of RGS4 expression in MIN6 cells led to significant increases in muscarinic
agonist-induced elevations in intracellular calcium levels and GSIS [21]. In agreement with
these observations, in vitro studies with pancreatic islets prepared from RGS4-deficient mice
and control littermates showed that muscarinic agonist-induced enhancement of GSIS was
significantly enhanced in islets lacking RGS4 [21]. Taken together, these findings clearly
indicated that RGS4 represents a potent negative regulator of M3R function in pancreatic β-
cells.

Interestingly, RGS4 deficiency had little or no effect on the ability of ADP, arginine
vasopressin (AVP), and GLP-1 to enhance GSIS in MIN6 cells or mouse pancreatic islets
[21]. ADP and AVP exert their stimulatory effects on insulin release via activation of β-cell
Gq/11-coupled receptors (P2Y1/6 and V1b vasopressin receptors, respectively), whereas
GLP-1 acts on the Gs-coupled GLP-1 receptor [2]. These findings suggest that RGS4
selectively interferes with M3R function in insulin-containing cells. Consistent with this
observation, several studies have shown that certain RGS proteins can exert selective
inhibitory actions on specific receptor/G protein combinations (for recent reviews, see refs.
[24–26]). Indeed, several laboratories have demonstrated that RGS proteins can directly
interact with specific GPCRs, most likely within the context of GPCR/RGS signaling
complexes containing additional signaling or scaffolding proteins [24–26]. It is therefore
likely that the ability of RGS4 to selectivity regulate M3R signaling in pancreatic β-cells
may be due to the existence of M3R/RGS4 signaling complexes. In agreement with this
notion, M3Rs can be co-immunoprecipitated in a complex with RGS4 in co-transfected
mammalian cells [21].

Finally, to examine the potential physiological role of RGS4 in regulating β-cell function in
vivo, Ruiz de Azua et al. [21] generated mutant mice that lacked RGS4 in pancreatic β-cells
only (β-RGS4 KO mice). Under basal conditions, the β-RGS4 KO mutant mice did not show
any obvious metabolic phenotype. However, WT and β-RGS4 KO mutant showed
significantly different responses when challenged with bethanechol (2 μg/g, s.c.), a
peripherally acting muscarinic agonist [21]. In WT control mice, bethanechol induced a
transient increase in serum insulin levels, which was associated with a moderate decrease in
blood glucose levels. These effects were absent in β-M3R KO mice, indicating that they
were mediated by β-cell M3Rs. Strikingly, in β-RGS4 KO mice, bethanechol-induced
insulin secretion remained very high throughout the entire 1 hr observation period,
associated with more robust decreases in blood glucose levels (compared to bethanechol-
injected WT littermates; [21]). It remains to be determined whether β-RGS4 KO mice also
show enhanced insulin and glucose responses after oral administration of glucose.

Taken together, these observations indicate that RGS4 acts as a potent negative regulator of
M3R-mediated insulin secretion in vitro and in vivo. Recent studies have shown that RGS4
also modulates other peripheral functions including heart rate [27], renal blood flow [28],
secretion of catecholamines from adrenal glands [29], and breast cancer migration [30].
Most importantly, RGS4 is abundantly expressed in the brain [31], and various reports have
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linked changes in RGS4 expression to several major CNS disorders [32–34]. In order to
reduce the incidence of unwanted central side effects, efforts to develop RGS4 inhibitors for
the treatment of T2D should therefore focus on agents that are unable to penetrate the blood-
brain barrier.

A novel chemical-genetic strategy to study G protein regulation of β-cell
function in vivo

Several years ago, Armbruster et al. [35] reported that a mutant version of the human M3R
containing the Y149C and A239G point mutations (referred to from now on as R-q [36]) lost
the ability to bind the endogenous ligand, ACh. However, when incubated with clozapine-N-
oxide (CNO), a pharmacologically inert metabolite of the antipsychotic drug, clozapine, this
mutant receptor was able to efficiently and selectively activate G proteins of the Gq/11
family ([35]; Figure 4a).

On the basis of these findings, Guettier et al. [36] generated transgenic mice that selectively
expressed the R-q receptor in pancreatic β-cells (β-CNO-R-q Tg mice). In these mutant
mice, β-cell Gq/11 signaling can be initiated in vivo in a conditional, drug-dependent fashion
by simply treating the β-CNO-R-q mutant animals with CNO. Acute CNO injection in freely
fed β-CNO-R-q Tg mice led to dose-dependent increases in serum insulin levels,
accompanied by dose-dependent decreases in blood glucose concentrations. Guettier et al.
[36] also demonstrated that selective activation of β-cell Gq/11 signaling in β-CNO-R-q Tg
mice caused a significant increase in both first- and second-phase insulin release. Since a
reduction in first-phase insulin is usually indicative of β-cell dysfunction in the early stages
of T2D[37,38], the observed enhancement of first-phase insulin release following activation
of β-cell Gq/11 signaling is of considerable clinical interest.

To examine the effect of prolonged activation of β-cell Gq/11 signaling on β-cell mass,
Guettier et al. [36] treated β-CNO-R-q Tg mice and WT littermates for two weeks with
CNO (1 mg/kg/day i.p.) or saline (controls) and then subjected islets prepared from these
animals to morphological studies. This analysis demonstrated that prolonged activation of β-
cell Gq/11 signaling resulted in a significant elevation in β-cell mass, associated with an
increase in mean islet size and β-cell hypertrophy. Since T2D is characterized by a
progressive reduction in β-cell mass[39], strategies aimed at promoting signaling through β-
cell Gq/11 may prove beneficial in treating T2D by increasing β-cell mass.

Interestingly, CNO treatment of islets derived from β-CNO-R-q Tg mice led to enhanced
expression of several genes critical for β-cell function including a robust increase in IRS-2
mRNA expression[36], probably due to Gq/11-mediated increases in intracellular Ca2+ levels
[40]. Since IRS-2 plays a key role in maintaining β-cell function and mass[41,42], it is likely
that elevated β-cell IRS-2 expression is intimately involved in the observed Gq/11-dependent
increases in β-cell mass.

To compare the in vivo effects of activating β-cell Gq/11 versus β-cell Gs signaling pathways,
Guettier et al. [36] generated a CNO-sensitive mutant M3R which was no longer able to
couple to Gq/11 but gained the ability to efficiently activate Gs (R-s; Figure 4a). The R-s
receptor was then selectively expressed in β-cells of transgenic mice (β-CNO-R-s Tg mice)
at levels similar to those of R-q in β-CNO-R-q Tg mice. Phenotypic analysis of the β-CNO-
β-R-s Tg mice yielded results that were largely consistent with findings of previous studies,
suggesting that activation of β-cell Gs improves β-cell function, including an increase in β-
cell mass[3,4]. Interestingly, β-CNO-R-q Tg mice showed generally more robust metabolic
phenotypes than β-CNO-R-s Tg mice[36]. However, the proper interpretation of this finding
was complicated by the fact that the R-s receptor showed some degree of agonist-
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independent signaling which may have triggered counter-regulatory responses in the β-
CNO-R-s Tg mice.

Clearly, the novel chemical-genetic approach employed by Guettier et al. [36] yielded
important new insights into the roles of Gq/11-dependent signaling pathways in regulating β-
cell function in vivo (Figure 4b). Importantly, these findings strongly support the concept
that agents that promote signaling through β-cell Gq/11 proteins have considerable
therapeutic potential.

New mutant mouse models provide novel insights into β-cell M3R function
Studies with mutant mice selectively lacking Gαq and Gα11 in pancreatic β-cells

Recently, Sassmann et al. [43] generated mutant mice that lacked both Gαq and Gα11, the
two key members of the Gq protein family, selectively in pancreatic β-cells (β-Gαq/Gα11
double KO mice). Muscarinic agonist-induced stimulation of PI hydrolysis and intracellular
calcium mobilization was absent in isolated islets prepared from these mutant mice.
Moreover, muscarinic agonist-mediated augmentation of GSIS was essentially abolished in
Gαq/Gα11-deficient islets. These observations are in agreement with the notion that M3R-
mediated biochemical and physiological effects on β-cell function require the activation of
Gq/11-type G proteins (Figure 2).

Somewhat surprisingly, Sassmann et al. [43] also found that GSIS was reduced in Gαq/Gα11
double KO mice. Consistent with this observation, glucose-induced membrane
depolarization was also impaired in β-cells lacking both Gαq and Gα11. Evidence suggested
that these deficits were due to loss of β-cell–autonomous potentiation of insulin secretion
through factors co-secreted with insulin, such as uridine diphosphate (UDP) and calcium
ions. Specifically, UDP, via acting on β-cell P2Y6 receptors, and calcium, by stimulating β-
cell calcium-sensing receptors, require the presence of Gq/11 to promote GSIS in an
autocrine fashion. These findings further highlight the key role of Gq/11-mediated signaling
pathways in maintaining proper β-cell function.

Critical role of ankyrin-B in modulating M3R activity in pancreatic β-cells
The magnitude of M3R-mediated enhancement of GSIS is critically dependent on proper β-
cell IP3 receptor levels [44]. Ankyrin-B, an IP3 receptor-associated adaptor protein that is
enriched in β-cells, plays a role in stabilizing β-cell IP3 receptors (Figure 2). Strikingly,
muscarinic agonist-induced GSIS was significantly reduced in pancreatic islets prepared
from heterozygous ankyrin-B mutant mice (ankB+/− mice) or in rat islets following acute
knockdown of ankyrin-B expression [44]. Finally, an ankyrin-B point mutation (R1788W)
failed to rescue muscarinic-agonist-induced augmentation of GSIS in ankyrin-B-deficient
islets. This point mutation was found to be associated with T2D [44]. These findings
indicate that β-cell IP3 receptor expression levels represent a critical factor determining the
efficiency of M3R signaling in pancreatic β-cells.

PKD1 as a novel regulator of glucose- and M3R-induced insulin release
Carbachol, a muscarinic agonist, strongly stimulates the activity of protein kinase D1
(PKD1), a novel serine/threonine protein kinase, in pancreatic β-cells [45]. PKD1 activation
occurs via binding to the membrane-bound second messenger, DAG [46]. Interestingly,
deletion of PKD1 in INS1 insulinoma cells completely abolished glucose- and carbachol-
induced insulin release, indicating that PKD1 is essential for insulin secretion from β-cells.
Activated PKD1 is likely to promote membrane fission events required at different steps
during insulin exocytosis [45] (Figure 2). Studies with mutant mice and cultured insulinoma
cells also showed that the p38δ mitogen-activated protein kinase (MAPK) suppresses
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PKD1-mediated insulin secretion by an inhibitory phosphorylation of PKD1 [45].
Additional in vivo studies clearly support the novel concept that the p38δ-PKD1 pathway
plays a critical role in modulating β-cell function including β-cell survival. Taken together,
these new findings highlight that M3R-mediated facilitation of GSIS requires the
coordinated activity and proper regulation of many different β-cell proteins (Figure 2).

Role of β-cell M3Rs in humans—Studies with human subjects have shown that the
early phase of insulin release, occuring during the first few minutes after food ingestion –
the so-called preabsorptive phase of insulin secretion, is triggered by increased activity of
parasympathetic nerves innervating the endocrine pancreas, resulting in M3R-mediated
insulin release [6,7]. This early phase of insulin release is thought to play an important role
in maintaining optimum glucose homeostasis (reviewed in [7]). Emerging evidence also
suggests that the parasympathetic stimulation of pancreatic β-cells persists during the
absorptive phase of insulin release [7], consistent with the metabolic phenotypes displayed
by the β-cell-selective M3R mutant mice. So far, polymorphisms in the M3R gene that are
associated with T2D or impaired glucose tolerance in humans have not been identified.
However, Johnson et al. [47] recently demonstrated that olanzapine and clozapine, two
atypical antipsychotic drugs, impair M3R-mediated augmentation of GSIS by blocking
M3Rs with high affinity, suggesting the possibility that this effect contributes to the
increased risk of hyperglycemia and T2D associated with the clinical use of these agents.
Since the physiological role of β-cell M3Rs appears to be conserved among species, β-cell
M3Rs and/or downstream signaling components represent attractive targets for human drug
therapy.

Future research and concluding remarks
This review discusses the role of β-cell M3Rs and β-cell Gq/11-dependent signaling
pathways in modulating β-cell function, including the facilitation of insulin secretion.
Clearly, however, more detailed studies are needed to obtain a complete picture of the
factors regulating the signaling cascades that mediate the beneficial effects of M3R (Gq/11)
activation on β-cell function. Such knowledge may pave the way towards the development
of new anti-diabetic drugs, with reduced side effects. An interesting new finding that
emerged from the analysis of β-CNO-R-q Tg mice was that chronic activation of β-cell
Gq/11 signaling leads to an increase in β-cell mass [36]. Thus, elucidation of the biochemical
pathways involved in mediating this response also represents an important avenue for future
research.

Recently, several GPCR-mediated physiological effects have been described that do not
seem to require G protein activation but are mediated by different isoforms of β-arrestin
(arrestin 2 and 3) which bind with high affinity to phosphorylated GPCRs [48]. Members of
the arrestin protein family were originally identified as mediators of GPCR desensitization.
However, arrestin 2 and 3 are now recognized as adaptor proteins that can initiate various
intracellular signaling cascades independent of G protein activation [48]. In fact, a recent
study using M3R knockin mice expressing a phosphorylation-deficient version of the M3R
strongly suggests that M3R-mediated learning and memory depends, at least partially, on
M3R phosphorylation/arrestin signaling [49]. It remains to be explored whether β-cell M3Rs
or other β-cell GPCRs also use arrestin-dependent signaling networks to modulate β-cell
function.

From a therapeutic point of view, the most important goal is the development of novel
pharmacological agents that can target β-cell M3Rs or downstream signaling proteins with
high potency and selectivity. The most direct approach would involve the development of
peripherally acting, selective M3R agonists (note that such agents are not available at
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present). However, since M3Rs are also involved in mediating several other functions of the
peripheral parasympathetic nervous system [19,20], the clinical use of selective M3R
agonists may be limited by peripheral side effects. One may speculate that such side effects
could be avoided or ameliorated by the judicious use of so-called ‘allosteric enhancers’ of
M3R function which increase the affinity and/or efficacy of ACh at M3Rs without directly
activating these receptors (note that such compounds remain to be identified). It should be
noted in this context that positive allosteric enhancers have been developed recently for
other (non-M3R) muscarinic receptor subtypes and that the potential clinical usefulness of
such agents has been demonstrated [18].

Besides M3Rs, pancreatic β-cells express many other Gq/11-coupled receptors – several of
which are known to stimulate insulin secretion [2]. These receptors include, for example,
receptors for fatty acids (e.g. GPR40), cholecystokinin (CCKA), arginine vasopressin (V1b),
or extracellular nucleotides (P2Y1, P2Y6). In most cases, it remains unclear to which extent
activation of these receptors contributes to the maintenance of proper insulin release and
glucose homeostasis in vivo. The development of new mutant mouse models will be
necessary to shed light on this question. Given the beneficial metabolic effects mediated by
activation of β-cell M3Rs and β-cell Gq/11-dependent signaling pathways, it is likely that
other Gq/11-coupled GPCRs will emerge as important new targets for the treatment of T2D.
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Figure 1.
GPCR-dependent signaling pathways involved in regulating insulin release from pancreatic
β-cells. Like essentially all other cell types, pancreatic β-cells express many different
GPCRs [2,5] which are linked to different functional classes of heteromeric G proteins,
primarily (a) Gq/11-, (b) Gs-, and (c) Gi -type G proteins. The different classes of G proteins
activate or inhibit specific signaling pathways or networks that play important roles in
modulating glucose-dependent insulin release. Please note that only the major effectors
known to be critical for G protein-regulated insulin secretion are shown in this figure. In
general, activation of Gs- and Gq/11- coupled receptors enhances insulin release, whereas
activation of Gi-coupled receptors usually leads to inhibition of insulin secretion [2]. This
figure shows only a few representative GPCRs found on the surface of pancreatic β-cells.
The M3 muscarinic receptor (M3R), the main focus of this review, is shown boxed. AC,
adenylyl cyclase; ACh, acetylcholine; GLP-1, glucagon-like peptide 1; CCK,
cholecystokinin; NPY, neuropeptide Y; CGRP, calcitonin gene-related peptide; GIP,
glucose-dependent insulinotropic peptide i; M3R, M3 muscarinic receptor; PACAP, pituitary
adenylate cyclase-activating polypeptide; VIP, vasoactive intestinal polypeptide; VDCC,
voltage-dependent Ca2+ channel; DAG, diacylglycerol; IP3, inositol 1,4,5-trisphosphate;
PKA, protein kinase A; PKC, protein kinase C; ER, endoplasmic reticulum; Epac, exchange
protein activated by cAMP; K-ATP, ATP-sensitive K+ channel.
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Figure 2.
Scheme highlighting several key components involved in M3R-mediated facilitation of
insulin release from pancreatic β-cells. Recent studies suggest that RGS4 is a potent
negative regulator of M3R signaling in pancreatic β-cells [21] and that ankyrin-B and
protein kinase D1 (PKD1) are required for M3R-mediated augmentation of insulin release
(note that RGS4, like ankyrin-B and PKD1, is located in the cytoplasm). Whereas ankyrin-B
plays a role in stabilizing IP3 receptors present in the ER (IP3R; [44]), PKD1 is thought to
promote membrane fission events necessary for insulin exocytosis [45].
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Figure 3.
Central role of β-cell M3Rs in maintaining proper blood glucose homeostasis. Food intake
results in the activation of glucoreceptors in the gut, liver, and brain, leading to enhanced
central parasympathetic outflow [7]. Acetylcholine (ACh) released from pancreatic
parasympathetic nerve terminals promotes insulin release via stimulation of β-cell M3Rs,
due to an increase in intracellular calcium levels and the enhanced formation of several other
second messengers [7]. Disruption of this pathway in mice lacking β-cell M3Rs leads to
reduced insulin release and impaired glucose tolerance, whereas overexpression of M3Rs in
β-cells of transgenic mice results in enhanced insulin secretion and greatly improved glucose
tolerance [12].
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Figure 4.
Studies with clozapine-N-oxide (CNO)-responsive mutant M3Rs endowed with distinct G
protein-coupling properties. (a) Structure of the M3R-based R-q and R-s designer receptors
that can be selectively activated by CNO. The Y148C and A238G point mutations (rat M3R
sequence) prevent acetylcholine binding to the M3R [35,36]. Note that the Y148C and
A238G point mutations (rat M3R sequence) correspond to the Y149C and A239G
substitutions in the human M3R [35]. Both designer receptors can be efficiently activated by
CNO, a pharmacologically inert compound. CNO binding to R-q leads to the selective
activation of G proteins of the Gq/11 family [35,36]. On the other hand, binding of CNO to
R-s results in the selective activation of Gs [36]. (b) Phenotypic features of transgenic mice
that express the R-q designer receptor selectively in pancreatic β-cells (β-CNO-R-q Tg
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mice). This short summary lists the key phenotypes that were observed after acute or chronic
treatment of β-CNO-R-q Tg mice with CNO [36].
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