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m3 Muscarinic Acetylcholine Receptor Regulation in the Airway
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The m3 muscarinic acetylcholine receptor (m3 mAChR)
plays an important role in airway function by mediating
the effects of acetylcholine on multiple airway cell types.
m3 mAChRs expressed in airway smooth muscle (ASM)
cells promote increased ASM tension, and, therefore, air-
way narrowing, in response to acetylcholine release from
postganglionic parasympathetic nerves innervating the air-
way (1). In addition, m3 mAChRs have been implicated in
the regulation of mucous secretion in submucosal glands
(2) and in chemotactic mediator release in alveolar macro-
phages (3). Thus, multiple cellular functions that impact
resistance to airflow are under the control of m3 mAChRs.
Accordingly, insight into the mechanisms by which m3
mAChRs are activated and regulated in the airway are of
potential value in understanding obstructive airway dis-
eases and their effective management.

In 1987 two groups, working independently, cloned the
c¢DNA encoding the m3 mAChR (4, 5). As was the case with
the cloning of other G protein—coupled receptors (GPCRs),
this facilitated extensive investigation into the pharmacol-
ogy, signaling, and regulation of the receptor by enabling
its heterologous expression in various cell culture systems.
Although the m3 mAChR has the capacity to activate
multiple signaling pathways in various cell types (6-9), ac-
tivation of phospholipase C (PLC) via the intermediary
heterotrimeric G protein Gq is the predominant pathway
through which the m3 mAChR regulates important airway
cell functions such as ASM contraction (10, 11) (Figure 1).
PLC activation induces protein kinase C (PKC) activation
and inositol 1,4,5- trisphosphate (IP;) generation, which serve
to increase intracellular Ca?* and sensitize and activate
the cell’s contractile machinery (12, 13). This basic signal-
ing paradigm is also common to other GPCRs (e.g., the H1
histamine and cysteinyl leukotriene-1 receptors) whose
stimulation also induces ASM contraction.

m3 mAChR-mediated transmembrane signaling has been
shown to be a highly regulated progress. Regulation of the
activities of Gq and PLC, via either their phosphorylation,
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subcellular localization, or changes in expression levels,
has been shown to affect signaling via the m3 mAChR and
other Gg-coupled receptors (9, 14). Similar mechanisms
are employed at the receptor locus to modulate m3
mACHhHR signaling (Figure 2). Rapid desensitization of the
m3 mAChR, defined as a loss of agonist-stimulated G pro-
tein activation or phosphoinositide generation, has been
observed in various cell types (15-17).

As is the case with many GPCRs, the m3 mAChR is sub-
ject to phosphorylation by GPCR kinases (GRKs) upon
binding agonist (17-19). Phosphorylation by GRKs pro-
motes receptor desensitization by partially uncoupling the
receptor from G protein (reviewed in Refs. 20, 21). Interest-
ingly, the m3 mAChR does not appear to be phosphory-
lated or regulated by protein kinase A or PKC (as are many
other GPCRs), although a role for casein kinase la in regu-
lation of agonist-dependent m3 mAChR phosphorylation
and desensitization has been demonstrated (22). Phosphor-
ylation by GRKs promotes binding of arrestin molecules to
the receptor, which more effectively uncouples the receptor
from G protein by sterically inhibiting the receptor-G pro-
tein interaction. For numerous GPCRs, GRK-mediated ar-
restin binding also initiates receptor endocytosis/internal-
ization or “sequestration” (from G protein), which occurs
via the association of the receptor/arrestin complex with
components of clathrin-coated pits (23). m3 mAChRs have
been shown to undergo agonist-dependent sequestration in
multiple cell types, although conflicting data exist regarding
the role of arrestins in this process, with some studies sug-
gesting that an arrestin-independent mechanism of m3
mAChHR sequestration may exist (24, 25).

Sequestration is typically not a requirement for GPCR
desensitization (sequestration can be blocked, yet recep-
tors are desensitized by GRK-mediated phosphorylation
and arrestin binding), but subjects the internalized recep-
tor to potential fates that influence the magnitude of de-
sensitization. Depending on the intensity and duration of
agonist exposure, internalized receptors traffick primarily
to two sorting pathways (26). One pathway involves recep-
tor accumulation into lysosomes, which degrade receptor
protein and thus reduce whole cell receptor density (down-
regulation). Alternatively, receptors in early endosomes can
be dephosphorlyated and shunted to a pathway that pro-
motes their return to the plasma membrane, where they
can once again be activated (recycling contributing to re-
sensitization). Therefore, the extent of receptor recycling
and receptor degradation helps establish the level of cell
surface receptors responsive to agonist. The m3 mAChR
has been shown to undergo recycling (25) and downregu-
lation (14, 27-29) in multiple cell types.
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Figure 1. m3 mAChR-mediated signaling in ASM.
Acetylcholine released from postganglionic para-
sympathetic nerves binds m3 mAChRs on ASM
and initiates a conformational change in the recep-
tor that promotes its association with and activa-
tion of the heterotrimeric G protein Gq. The acti-
vated o subunit of Gq in turn activates membrane-
bound phospholipase C (PLC), which hydrolizes
phosphoinositol 4,5- bisphosphate (PIP,) into 1,2-
diacylglycerol (DAG) and inositol 1,4,5- trisphos-
phate (IP;). IP; promotes Ca’" release from special-
ized intracellular compartments. Flux from voltage-
dependent Ca?* channels (regulated by m3 mAChR
activation in an ill-defined manner [44]) also mod-
ulates intracellular Ca?* ([Ca?*];) levels. DAG pro-
motes the activation of protein kinase C (PKC) iso-
forms that phosphorylate numerous cellular enzymes
that regulate diverse signaling events and cell func-
tions, including altered [Ca®*]; and contraction. In
ASM, PKC-mediated phosphorylation of actin-bind-
ing proteins such as calponin facilitates cross-bridge
cycling. Increased [Ca?*]; induces the formation of
Ca?"/calmodulin (CaM) complexes capable of ac-
tivating myosin light chain kinase (MLCK). The
subsequent phosphorylation of myosin light chain
allows actin activation of myosin ATPase, cross-

bridge cycling and the generation of force. Although other signaling pathways (e.g., involving activation of Rho, phospholipase D, and
mitogen-activated protein kinases) have been shown to be mediated by the m3 mAChR in various cell types, m3 mAChR-Gq-mediated
PLC activation is the principal pathway regulating contraction in smooth muscle cells and secretion in most secretory cells. In ASM, a
direct relationship between m3 mAChR agonist-mediated phosphoinositide production and muscle contraction has been shown to exist
(11). m3 mAChR signaling can be regulated by either the degree of agonist presentation (altered cholinergic acetylcholine release, com-
petition with antagonists) or by changes in the responsiveness of the transmembrane signaling proteins (see text and Figure 2).

Except in cases in which a reserve of “spare” receptors
exists, alterations in cell surface GPCR density can signifi-
cantly influence receptor signaling capacity. Cell surface
GPCR density is, of course, determined in part by the rate
of receptor protein synthesis, and thus the regulation of
this synthesis by either transcriptional or post-transcrip-
tional mechanisms represent a potentially important means
of regulating receptor signaling. For the m3 mAChR, such
mechanisms regulating receptor synthesis are poorly un-
derstood.

In this month’s issue, Forsythe and coworkers report
the structural organization of the m3 mAChR gene and ef-
fectively jump-start investigation into the transcriptional
regulation of the m3 mAChR and its relevance to airway
physiology (30). The > 285 kb gene contains 8 exons inter-
rupted by 7 introns. Typical of most GPCRs cloned to
date, the open reading frame is intronless. As in most
other muscarinic receptor genes, the 5’ untranslated re-
gion contains no consensus TATA or CAAT boxes proxi-
mal to a cluster of transcriptional start sites. A luciferase
reporter construct containing 1,240 bp of the 5’ untrans-
lated sequence upstream of exon 1 exhibits considerable
transcriptional activity when transfected in canine tracheal
smooth muscle cells, and 5" deletion analysis of this con-
struct reveals positive regulatory elements in the region
between —526 and 269 (relative to the most 5’ transcrip-
tion start site). Interestingly, this region contains 3 AP-2
consensus binding motifs, and serum deprivation, previ-
ously shown to increase nuclear AP-2 levels in canine tra-
cheal myocytes (31), results in a selective increase in tran-

scriptional activity. The role of AP-2 as an important
positive regulator of m3 mAChR gene transcription in
ASM is further supported by experiments demonstrating
that heterologous expression of AP-2a also selectively in-
creases transcriptional activity. A concurrent increase in
m3 mAChR protein with serum deprivation and AP-2 in-
duction suggests m3 mAChR expression is regulated pre-
dominantly by a transcriptional mechanism under these
conditions. Conversely, in these cells, serum deprivation
also increases SM22 and smooth muscle myosin heavy
chain expression (32, 33), yet inhibits the transcriptional
activity of their genes (31), establishing the importance of
post-transcriptional mechanisms in regulating the expres-
sion of these proteins under these conditions.

The cloning of the m3 mAChR gene is significant in
that it provides a reductionist tool for determining whether
any agents relevant to obstructive airway disease patho-
genesis or its management have the capacity to influence
m3 mAChR expression (and therefore possibly resistance)
in the airway. Indeed, some studies have suggested that
changes in m3 mAChR expression in the airway can influ-
ence disease severity or the efficacy of therapeutic agents,
and that the impact of therapies on m3 mAChR expres-
sion may be an important consideration in their design or
application. Chronic infusion of the nonselective mAChR
antagonist atropine into guinea pigs results in increased
airway m3 mAChR density with a concomitant increase in
maximal methacholine-induced force generation in bron-
chial smooth muscle rings ex vivo (34), suggesting that up-
regulation of m3 mAChRs is the mechanism underlying
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Figure 2. Regulation of the m3 mAChR.
Regulation of m3 mAChR responsive-
ness upon receptor activation occurs via
(i) receptor modification via phosphory-
lation by GPCR kinases (GRKs); (if)
changes in receptor localization that de-
termine receptor-G protein compartmen-
talization as well as the kinetics of recep-
tor recycling/degradation that establish
levels of cell surface expression; and (iii)
transcriptional and post-transcriptional
mechanisms of receptor synthesis. Ago-
nist binding induces a conformational
change of the receptor promoting activa-
tion of the G-protein Gq and signaling but
desensitization of transmembrane signal-
ing is rapidly initiated by phosphoryla-
tion of the m3 mAChR 3rd intracellular
loop by GRKs (17-19). Binding of arres-
tin to the phosphorylated receptor prevents
further interaction between the receptor
and Gq and promotes clathrin-mediated
endocytosis. Internalized receptors traf-
fick primarily to two sorting pathways.
In the continued presence of agonist, re-
ceptors may enter into a lysosome-medi-
ated degradation pathway. Alternatively,
receptors in early endosomes can be de-
phosphorylated and recycle to the cell
membrane. New receptor synthesis, reg-

ulated by various factors influencing the rate of gene transcription, mRNA stability, and translation, also determines the level of cell

surface receptors responsive to agonist (see text for details).

increased bronchial hyperresponsiveness observed in pa-
tients with asthma treated chronically with ipratropium
bromide (35, 36). Chronic mAChR antagonist treatment
has also been shown to upregulate m3 mAChRs in rat hip-
pocampus in vivo (37) and in cerebellar granule cells in
vitro, the latter being associated with an increase in both
m3 mAChR mRNA stability and gene transcription rate
(38). Emala and colleagues (39) have demonstrated that
chronic treatment of Basenji-greyhound dogs with gluco-
corticoids decreases m2 and m3 mAChR density in ASM.
However, in vitro treatment of ASM cells with glucocorti-
coids has no effect on mAChR density, suggesting that the
in vivo effect of glucocorticoids on ASM mAChR density
requires a coregulatory molecule or is mediated by actions
on a different cell type. Collectively, these studies suggest
that m3 mAChR density can be dynamically regulated up
or down by widely-administered therapies, and that such
changes in expression may affect airway contractile state.
The role of altered m3 mAChR expression or respon-
siveness in obstructive airway disease pathogenesis is pres-
ently unestablished. Studies to date have tended to discount
any role of m3 mAChR dysfunction per se in the develop-
ment of hyperreactive airway disease (reviewed in Refs.
13, 40), and an initial screen suggests that any polymor-
phisms of the m3 mAChR coding sequence are rare (41).
Instead, a convincing series of studies from the laboratories
of Jacoby and Fryer suggests that exaggerated cholinergic
discharge of acetylcholine, caused by a viral- or inflammation-
driven inhibition of autoinhibitory m2 mAChRs expressed
on postganglionic cholinergic nerves, contributes to in-

creased airway resistance in animal models (reviewed in
Ref. 42) and most likely in certain populations of individu-
als with asthma (43). Yet it is important to note that obvi-
ous experimental limitations exist in accurately assessing
features of airway receptor regulation in vivo in relevant
human models (the jury has been out for over 25 years now
as to whether B, adrenergic receptor hyporesponsiveness
contributes to asthma), such that current assessments of the
role of m3 mAChR regulation in airway disease may be
premature. The relatively poor selectivity of ligands and an-
tibodies for mA ChR subtypes renders such studies of the m3
mAChR particularly problematic. Ultimately, insight gained
from in vitro analyses of the regulation of m3 mAChR
gene expression and transmembrane signaling should in-
spire more integrative research that helps clarify how m3
mAChR activation and regulation influence obstructive
airway diseases and their management.
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