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■ Abstract Muscarinic acetylcholine receptors (mAChRs; M1–M5) play key roles
in regulating the activity of many important functions of the central and peripheral
nervous system. Because of the lack of ligands endowed with a high degree of receptor
subtype selectivity and the fact that most tissues or cell types express two or more
mAChR subtypes, identification of the physiological and pathophysiological roles of
the individual mAChR subtypes has proven a difficult task. To circumvent these diffi-
culties, several laboratories recently employed gene-targeting techniques to generate
mutant mouse strains deficient in each of the five mAChR subtypes. Phenotyping
studies showed that each mutant mouse line displayed characteristic physiological,
pharmacological, behavioral, biochemical, or neurochemical deficits. The novel in-
sights gained from these studies should prove instrumental for the development of
novel classes of muscarinic drugs.

INTRODUCTION

Acetylcholine (ACh) is a major neurotransmitter in the central and peripheral
nervous systems (1, 2). The many important physiological actions of ACh are
initiated by its binding to two distinct classes of plasma membrane receptors:
the nicotinic (nAChRs) and muscarinic ACh receptors (mAChRs). Whereas the
nAChRs function as ACh-gated cation channels, the mAChRs are prototypical
members of the superfamily of G protein-coupled receptors (2–4). The muscarinic
actions of ACh are mediated by five molecularly distinct mAChR subtypes (M1–
M5) (2–4).

∗The U.S. Government has the right to retain a nonexclusive, royalty-free license in and to
any copyright covering this paper.

423



30 Nov 2003 15:21 AR AR204-PA44-18.tex AR204-PA44-18.sgm LaTeX2e(2002/01/18)P1: GCE

424 WESS

Based on their ability to activate different classes of heterotrimeric G proteins,
the five mAChR subtypes can be subdivided into two major functional classes. The
M2 and M4 receptors show selectivity for G proteins of the Gi family, whereas the
M1, M3, and M5 receptors selectively couple to G proteins of the Gq class (2–4).

Different experimental approaches, including immunohistochemical and
mRNA hybridization studies, have shown that mAChRs are present in virtually all
organs, tissues, or cell types (2, 5–7). Peripheral mAChRs mediate the classical
muscarinic actions of ACh on organs or tissues that are innervated by parasym-
pathetic nerves (1, 2). The most prominent actions mediated by these peripheral
mAChRs include reduction of heart rate and stimulation of glandular secretion and
smooth muscle contraction (1, 2).

Central mAChRs are involved in regulating an extraordinarily large number of
cognitive, behavioral, sensory, motor, and autonomic functions (1, 8–11). Reduced
or increased signaling through distinct mAChR subtypes has been implicated in
the pathophysiology of several major diseases of the CNS, including Alzheimer’s
and Parkinson’s disease, depression, schizophrenia, and epilepsy (1, 8–11).

During the past two decades, numerous studies have explored the roles of
specific mAChR subtypes (M1–M5) in mediating the diverse physiological actions
of ACh. Such knowledge is considered essential for the development of novel
therapeutic approaches aimed at inhibiting or enhancing signaling through specific
mAChR subtypes. However, the task of assigning specific physiological functions
to distinct mAChR subtypes has proven very challenging, primarily owing to the
lack of muscarinic agonists and antagonists that show a high degree of subtype
selectivity for the individual mAChR subtypes (2–4, 11). Another complicating
factor is that most organs, tissues, or cell types express multiple mAChRs (2, 5–7).
These factors have led to conflicting reports regarding the potential physiological
and pathophysiological roles of specific mAChR subtypes, particularly as far as
the central muscarinic actions of ACh are concerned.

To circumvent these difficulties, several laboratories recently applied gene tar-
geting techniques to generate mutant mouse lines deficient in each of the five
mAChR genes (12–22). In all of these studies, individual mAChR genes were dis-
rupted in mouse embryonic stem (ES) cells using specifically designed targeting
vectors. Subsequently, standard transgenic and mouse breeding techniques were
applied to obtain homozygous mAChR mutant mice (12–22).

Mutant mice lacking M1, M2, M3, M4, or M5 mAChRs were viable, fertile, and
appeared generally healthy (12–22). Moreover, none of the mutant mouse strains
displayed any gross behavioral or morphological abnormalities. However, recent
studies employing different physiological, pharmacological, behavioral, biochem-
ical, and neurochemical techniques have revealed that each of the five mAChR
mutant mouse lines displays characteristic phenotypical deficits or changes.

Several studies indicate that disruption of one specific mAChR gene does not
seem to have major effects on the expression levels of the remaining four mAChRs
(12–14, 16, 17, 20), at least not in the limited number of tissues that have been
studied so far. This observation suggests that it is unlikely that compensatory
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changes in mAChR expression levels have a major impact on the outcome of
mouse phenotyping studies.

In this review, I summarize the key findings that have emerged from recent
studies carried out with the newly generated M1–M5 mAChR mutant mice. In
many cases, I also briefly discuss the potential clinical implications of the observed
phenotypes. A table summarizing the major results of these studies can be found
at the end of this chapter (Table 1).

M1 MACHR-DEFICIENT MICE (M1R−/− MICE)

M1 mAChRs are abundantly expressed in all major regions of the forebrain, in-
cluding cerebral cortex, hippocampus, and striatum (5–7, 23). It is therefore likely
that M1 mAChRs play a role in the many central actions of ACh that involve the
activity of forebrain mAChRs. Pharmacological evidence suggests, for example,
that M1 receptors are involved in mediating higher cognitive processes, such as
learning and memory (24–26).

Lack of Pilocarpine-Induced Seizure Activity in M1R−/− Mice

The M1 receptor gene was the first mAChR gene to be inactivated in mice (12).
In this initial study, Hamilton et al. (12) examined the ability of pilocarpine, a
nonsubtype-selective muscarinic agonist, to induce epileptic seizures in wild-type
(WT) and M1 receptor-deficient (M1R−/−) mice. Whereas pilocarpine consistently
elicited seizures in WT mice, it was completely devoid of seizure activity in
M1R−/− mice. The lack of M2, M3, M4, or M5 receptors did not interfere with
pilocarpine-induced seizure responses (27). These results raise the possibility that
increased signaling through central M1 receptors may play a role in the pathophys-
iology of at least certain forms of epileptic seizures (12).

Increased Locomotor Activity in M1R−/− Mice

In behavioral studies, M1R−/− mice did not display any significant deficits in
sensory-motor gating, nociception, motor coordination, and anxiety-related be-
haviors (17). However, M1R−/− mice showed a pronounced increase in locomotor
activity that was consistently observed in all tests that included locomotor activity
measurements (17). Gerber et al. (18) recently reported that the hyperactivity phe-
notype of the M1R−/− mice is associated with a significant increase (approximately
twofold) in extracellular dopamine concentrations in the striatum, most probably
owing to an increase in dopamine release. These authors proposed that the lack
of stimulatory M1 receptors present on a subset of inhibitory striatal (striosomal)
neurons projecting to the dopamine-containing neurons of the substantia nigra
pars compacta may be responsible for the observed increase in striatal dopamine
outflow. However, it is also possible that the M1 receptors mediating inhibition of
striatal dopamine release in WT mice are located on extrastriatal (e.g., cortical)
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neurons and exert their inhibitory effects through a more complex neuronal
network.

Independent of the precise mechanism by which the lack of M1 receptors leads
to an increase in locomotor activity and striatal dopamine release, the findings by
Miyakawa et al. (17) and Gerber et al. (18) suggest that centrally active, selec-
tive M1 mAChR antagonists are potentially useful in the treatment of Parkinson’s
disease, a brain disorder characterized by drastically reduced striatal dopamine
levels. Because many studies have shown that schizophrenia is associated with in-
creased dopaminergic transmission in various forebrain areas, improper signaling
through M1 receptors may also contribute to the pathophysiology of certain forms
of schizophrenia (18).

Performance of M1R−/− Mice in Learning and Memory Tasks

To study the potential role of M1 receptors in cognition, Miyakawa et al. (17)
subjected M1R−/− mice to several hippocampus-dependent learning and memory
tasks. M1R−/− mice performed equally well as their WT littermates in the Morris
water maze, a test that is frequently used to assess spatial reference memory in
rodents (17). Moreover, M1R−/− mice displayed normal freezing levels during
context testing carried out 24 h after fear conditioning, and they did not show any
significant cognitive deficits in the eight-arm radial maze test during training with
a 30–120 s delay time between individual trials (17). Conversely, M1R−/− mice
showed performance deficits in the eight-arm radial maze test during trials without
delay and during auditory-cued and context testing carried out 48 h and 4 weeks,
respectively, after fear conditioning (17). However, the extent of these behavioral
deficits showed a very good correlation with the degree of hyperactivity displayed
by the tested M1R−/− mice (17), which suggests that the hyperactivity phenotype
exhibited by the M1R−/− mice makes a major contribution to the observed per-
formance deficits. Interestingly, the behavioral pattern displayed by the M1R−/−

mice is somewhat reminiscent of human attention deficit/hyperactivity disorder in
which hyperactivity is often accompanied by cognitive deficits (28).

In a related study, Anagnostaras et al. (29) recently reported that M1R−/− mice
showed a phenotype that included both enhancements as well as impairments
of distinct cognitive functions. M1R−/− mice also exhibited a mild reduction in
hippocampal long-term potentiation (LTP) in response to theta burst stimulation
(Schaffer-CA1 synapse) (29). M1R−/− mice showed normal or enhanced memory
for tasks that involved matching-to-sample problems (contextual fear conditioning
and Morris water maze). On the other hand, M1R−/− mice displayed significant
impairments in nonmatching-to-sample working memory and consolidation (win-
shift radial arm and social discrimination learning). Anagnostaras et al. (29) there-
fore concluded that M1 receptors are not essential for memory formation or initial
stability of memory in the hippocampus, but are most likely involved in processes
requiring interactions between cerebral cortex and hippocampus. However, the
relationship between the hyperactivity phenotype displayed by the M1R−/− mice
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(17, 18) and the observed behavioral deficits needs to be studied more rigorously
in the future.

The relatively mild and selective cognitive impairments exhibited by the
M1R−/− mice, combined with the observation that scopolamine treatment resulted
in comparable cognitive deficits in WT and M1R−/− mice in the Morris water
maze test (29), clearly indicate that non-M1 mAChRs must play critical roles in
learning and memory. Because impaired central muscarinic signaling is associated
with Alzheimer’s disease and normal aging processes (30, 31), identification of
these non-M1 mAChRs contributing to the cognition-enhancing effects of ACh is
of considerable therapeutic relevance.

Electrophysiological Deficits of M1R−/− Mice

Electrophysiological studies demonstrated that muscarinic agonist-mediated in-
hibition of the M current (Im), a tonically active voltage-dependent K+ channel
(2), was abolished in sympathetic ganglion neurons derived from M1R−/− mice
(12). However, mAChR-mediated inhibition of Im in mouse hippocampal CA1
(32) and CA3 (20) pyramidal cells remained unaffected by the lack of M1 recep-
tors. Because mAChR-mediated suppression of Im is known to increase neuronal
firing rate, the lack of this activity in M1R−/− mice is predicted to reduce neuronal
excitability in response to preganglionic stimulation. In keeping with this notion,
systemic administration of McN-A-343, a muscarinic agonist that can activate M1

mAChRs located on postsynaptic sympathetic ganglion neurons with high efficacy
(33), caused stimulatory cardiovascular effects in WT mice but failed to do so in
M1R−/− mice (34).

Shapiro et al. (35) demonstrated that the slow, voltage-independent muscarinic
inhibition of N- and P/Q-type Ca2+ channels was also absent in sympathetic gan-
glion neurons from M1R−/− mice (35). It should be noted in this context that the
fast, voltage-dependent muscarinic inhibition of N- and P/Q-type Ca2+ channels
remained intact in M1R−/− mice but was lacking in M2R−/− mice (35).

Activation of hippocampal mAChRs triggers oscillatory network activity atγ

frequencies (20–80 Hz) in hippocampal preparations from WT mice (20). Such
γ oscillations are characterized by the synchronized firing of large ensembles of
neurons and can occur in different areas of the brain under various behavioral
conditions, including the performance of certain cognitive tasks [see (20) and ref-
erences cited therein]. Strikingly, muscarine-inducedγ oscillations were absent in
hippocampi (CA3 area) from M1R−/− mice (20). However, this activity remained
unaffected by the lack of M2–M5 receptors (20). More detailed electrophysiolog-
ical studies showed that the muscarine-induced hippocampalγ oscillations were
dependent on M1 receptor-mediated depolarization of hippocampal CA3 pyrami-
dal neurons, involving the activation of the mixed Na+/K+ current, Ih, and the
Ca2+-dependent nonspecific cation current, Icat(20). The potential cognitive or be-
havioral deficits, if any, caused by the lack of M1 mAChR-mediated hippocampal
γ oscillations remain to be investigated.
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Biochemical Deficits of M1R−/− Mice

Biochemical studies showed that M1R−/− mice also displayed specific signaling
defects. Hamilton & Nathanson (36) demonstrated that muscarinic agonist-induced
activation of the mitogen-activated protein kinase (MAPK) pathway was virtually
abolished in primary cortical cultures from newborn M1R−/− mice. In a related
study, Berkeley et al. (37) showed that muscarinic agonist-mediated MAPK activa-
tion was also absent in CA1 hippocampal pyramidal neurons from M1R−/− mice.
In contrast, this activity remained unaffected by the lack of M2–M4 mAChRs (37).
In agreement with the results of the MAPK assays, muscarinic agonist-mediated
stimulation of phosphatidyl inositol (PI) hydrolysis was reduced by>60% in
primary cortical cultures from newborn M1R−/− mice (36). Moreover, in vitro
[35S]-GTPγ S binding assays showed that muscarinic agonist-induced activation
of G proteins of the Gq family was virtually abolished in hippocampal and cortical
preparations from M1R−/− mice (38). In contrast, this activity remained essen-
tially intact in the corresponding tissues from M3R−/− mice (38). In agreement
with these in vitro studies, pilocarpine-induced in vivo PI hydrolysis was absent
in cortical and hippocampal tissues from M1R−/− mice (27). These findings are
consistent with the observation that the M1 receptor is by far the most abundant
Gq/G11-coupled mAChR subtype expressed in the forebrain (5, 7).

The PI and MAPK signaling cascades regulate many important neuronal func-
tions, including neuronal plasticity, differentiation, and survival. It therefore re-
mains to be studied whether the biochemical deficits displayed by the M1R−/− mice
can be linked to specific developmental, physiological, or behavioral deficits.

M2 AND M4 MACHR-DEFICIENT MICE
(M2R−/− AND M4R−/− MICE)

The M2 and M4 mAChRs are both linked to G proteins of the Gi family and
share similar ligand binding properties, which makes it difficult to distinguish
between those two receptor subtypes by classical pharmacological tools (2–4). As
outlined below, recent studies with M2R−/− and M4R−/− mice have shown that
several physiological or pharmacological functions are mediated by a mixture of
M2 and M4 mAChRs. For this reason, the phenotypes displayed by the M2R−/−

and M4R−/− mice are discussed in the same subchapter.
M2 receptors are widely expressed in the CNS (5–7) and in the body periphery,

particularly in the heart and in smooth muscle tissues (2, 39, 40). In contrast, M4

receptors are preferentially expressed in the CNS, particularly in different areas of
the forebrain (5–7).

Role of M2 Receptors in Cardiac and Smooth Muscle Function

Several recent studies have employed M2R−/− mice to explore the physiological
roles of cardiac and smooth muscle M2 receptors.
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HEART Following stimulation of the parasympathetic nervous system, ACh re-
leased from cardiac vagal nerve endings interacts with mAChRs located in the
sinoatrial node to trigger a reduction in heart beating frequency (2, 40). In vitro
studies showed that carbachol-mediated bradycardic responses were completely
abolished in isolated spontaneously beating atria prepared from M2R−/− mice
(41). Moreover, recent in vivo studies demonstrated that vagally or muscarinic ag-
onist (methacholine)-induced reductions in heart rate were also absent in M2R−/−

mice (J.T. Fisher, S.G. Vincent, J. Gomeza, M. Yamada & J. Wess, unpublished
observations). These findings indicate, consistent with the observation that the
M2 mAChR is by far the most abundant mAChR subtype expressed in the heart
(2, 13, 40), that the negative chronotropic effects following vagal stimulation
or administration of muscarinic agonists are exclusively mediated by M2 re-
ceptors. This conclusion is also in agreement with a large body of pharmaco-
logical evidence derived from the use of subtype-preferring muscarinic antag-
onists (1–4). Several laboratories have shown that non-M2 mAChRs, including
the M1, M3, M4, and M5 receptor subtypes, are also expressed in cardiac tis-
sues (40, 42, 43). However, the data reviewed above indicate that these non-M2

mAChRs are unlikely to make significant contributions to the regulation of heart
rate.

SMOOTH MUSCLE The M2receptor is the predominant mAChR subtype expressed
by smooth muscle tissues, where it is coexpressed with a smaller population of M3

receptors (39). Stengel et al. (41) first showed that carbachol was approximately
twofold less potent in contracting isolated smooth muscle preparations from stom-
ach fundus, urinary bladder, and trachea from M2R−/− mice (compared to the
corresponding preparations from WT mice). In contrast to these relatively mild
deficits, carbachol-mediated contractile responses were greatly reduced, but not
abolished, in smooth muscle preparations from M3R−/− mice [(15, 44, 45) for
additional details, see the section below entitled Role of M3 Receptors in Smooth
Muscle Function). Strikingly, carbachol-mediated contractions were found to be
almost completely abolished in ileal and urinary bladder preparations from mice
deficient in both M2 and M3 mAChRs (M2R−/−/M3R−/− mice) (46). Similar results
were obtained with tracheal and stomach fundus smooth muscle strips prepared
from M2R−/−/M3R−/− mice (P.W. Stengel, M. Yamada, J. Wess & M.L. Cohen,
unpublished observations).

Matsui et al. (47) recently reported that the relaxant effects of forskolin were
enhanced in different smooth muscle tissues from M2R−/− mice stimulated with the
muscarinic agonist, oxotremorine-M. This observation suggests that stimulation
of smooth muscle M2 receptors can counteract the relaxant effects of agents that
increase cAMP levels, probably via M2receptor-induced activation of G proteins of
the Gi family, which mediate inhibition of adenylyl cyclase. Taken together, these
data indicate that M2 receptors facilitate smooth muscle contractility through both
direct and indirect mechanisms.
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Role of M2 Receptors in Muscarinic Agonist-Mediated
Tremor, Hypothermia, and Corticosterone Release

The potential involvement of M2 receptors in muscarinic agonist-mediated tremor,
hypothermia, and corticosterone release has also been studied by the use of M2R−/−

mice (13, 53).

MUSCARINIC AGONIST-INDUCED TREMOR Systemic administration of oxotremo-
rine or other centrally active muscarinic agonists causes akinesia and whole-body
tremor (48, 49), two of the key symptoms of Parkinson’s disease. Although the pre-
cise mechanisms underlying this syndrome remain unclear, several studies suggest
the involvement of striatal mAChRs [see (13) and references therein]. Strikingly,
Gomeza et al. (13) found that oxotremorine-mediated akinesia and tremor re-
sponses were totally abolished in M2R−/− mice. On the other hand, oxotremorine
retained full tremorogenic activity in mice deficient in M1, M3, M4, or M5 mAChRs
(12, 27). In the past, pharmacological antagonism of oxotremorine-induced tremor
activity has been used as a model system for identifying new anti-Parkinson drugs.
The lack of muscarinic agonist-induced tremor in M2R−/− mice therefore suggests
that drugs originating from such screens were selected based on their ability to
block central M2 receptors.

MUSCARINIC AGONIST-MEDIATED HYPOTHERMIA A considerable body of evid-
ence indicates that mAChRs located in thermoregulatory centers of the hypotha-
lamus contribute to the regulation of body temperature (50). Consistent with this
concept, systemic administration of oxotremorine or other centrally muscarinic ag-
onists causes pronounced reductions in body temperature (13, 50). Gomeza et al.
(13) showed that oxotremorine-induced hypothermic responses were significantly
reduced, but not abolished, in M2R−/− mice. This observation suggests that both
M2 and non-M2 mAChRs may play a role in the regulation of body temperature.
The molecular nature of the non-M2 mAChRs involved in this activity remains to
be identified.

MUSCARINIC AGONIST-INDUCED CORTICOSTERONE RELEASE Centrally active mu-
scarinic agonists can stimulate the hypothalamic-pituitary-adrenocortical axis via
release of corticotropin-releasing hormone (CRH) (51, 52). In agreement with
this observation, a recent study showed that systemic administration of the par-
tial muscarinic agonist, BuTAC ([5R-(exo)]-6-[4-butylthio-1,2,5-thiadiazol-3-yl]-
1-azabicyclo-[3.2.1]-octane), led to robust increases in serum corticosterone lev-
els in WT mice (53). Strikingly, this response was abolished in M2R−/− mice
(53), which suggests the involvement of M2 receptors. However, because ACTH
(adrenocorticotropic hormone) and CRH levels were not measured in this study,
the precise localization of the M2 receptors involved in mediating BuTAC-induced
corticosterone release remains to be determined.
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Role of M2 Receptors in Learning and Memory

Pharmacological evidence suggests that central M2 receptors play a role in mod-
ulating learning and memory processes (24, 54–57). However, behavioral studies
using different M2 receptor-preferring antagonists have led to contradictory results.
Whereas some studies suggest that blockade of central M2 receptors enhances
learning and memory (55, 56), other investigators have arrived at the opposite
conclusion (54, 57). In agreement with this latter set of studies, Tzavara et al.
(58) recently reported that M2R−/− mice showed significant performance deficits
in a passive avoidance test. This behavioral deficit was associated with signifi-
cant changes in pharmacologically and physiologically evoked ACh release in the
hippocampus (58), most probably owing to the absence of presynaptic M2 au-
toreceptors mediating inhibition of ACh release (see below). M2R−/− mice also
displayed significant deficits in behavioral flexibility and working memory in the
Barnes circular maze and the T-maze delayed alternation test, respectively (I. Fe-
dorova, T. Seeger, T. Miyakawa, E. Koustova, J. Gomeza, A.S. Basile, C. Alzheimer
& J. Wess, unpublished observations). Electrophysiological studies demonstrated
that hippocampal LTP (Schaffer-CA1 synapse) was drastically reduced following
high-frequency stimulation of hippocampal slices from M2R−/− mice (I. Fedorova,
T. Seeger, T. Miyakawa, E. Koustova, J. Gomeza, A.S. Basile, C. Alzheimer &
J. Wess, unpublished observations). Gene disruption studies have established a
good correlation between certain forms of learning and memory and reduced LTP
at the Schaffer-CA1 synapse [for reviews, see (60, 61)]. It is therefore likely that
the observed deficits in hippocampal synaptic plasticity contribute to the cognitive
deficits displayed by the M2R−/− mice. Because impaired central muscarinic sig-
naling is linked to the cognitive decline associated with Alzheimer’s disease and
old age (30, 31), these findings should be of considerable clinical relevance.

M2 and M4 Receptors Mediate Muscarinic
Agonist-Induced Analgesia

Administration of centrally active muscarinic agonists induces robust analgesic
effects that are dependent on both spinal and supraspinal mechanisms (62–64).
Because the potential use of muscarinic agonists as analgesic drugs may be less
likely to lead to tolerance and addiction associated with the use of classical opioid
analgesics (64, 65), identification of the mAChR subtype(s) involved in this activity
is of considerable therapeutic interest.

Because the M2 and M4 receptor subtypes couple to similar G proteins (Gi

class) as the opioid receptors that are known to mediate potent analgesic effects,
Gomeza et al. (13, 14) first examined whether muscarinic agonist-mediated anal-
gesic responses were altered in M2R−/− and M4R−/− mice. Tail-flick and hot-plate
analgesia tests showed that the analgesic potency of oxotremorine, administered
systemically (s.c.), was markedly reduced (but not abolished) in M2R−/− mice
(13) but remained nearly unchanged in M4R−/− mice (14). A similar pattern was
observed after intrathecal (i.t.) or intracerebroventricular (i.c.v.) administration
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of oxotremorine (66). Strikingly, oxotremorine was virtually devoid of analgesic
activity in mutant mice that lacked both M2 and M4 receptors (M2R−/−/M4R−/−

mice) (66), independent of the route of application (s.c., i.t., or i.c.v.). Taken
together, these data indicate that both M2 and M4 receptors are involved in me-
diating the analgesic effects of muscarinic agonists at the spinal and supraspinal
level. However, M2 receptors clearly play a predominant role in this activity. Most
likely, the antinociceptive activity mediated by M4 receptors remained undetected
in M4R−/− mice (14) because of the presence of the predominant M2 receptor
pathway.

Radioligand binding studies carried out with spinal cord tissue from WT and
mAChR mutant mice indicated that∼90% of all mAChRs in the spinal cord rep-
resent M2 receptors (66), providing a possible explanation for the predominant
role of the M2 receptor subtype in inhibiting pain impulses at the spinal level.
Several lines of evidence suggest that both presynaptic and postsynaptic mecha-
nisms contribute to the mAChR-mediated analgesic responses at the spinal level
[discussed in (66)]. However, the mechanisms underlying the analgesic effects
mediated by activation of supraspinal (brain) M2 and M4 receptors remain to be
determined.

Interestingly, Duttaroy et al. (66) recently reported that two novel muscarinic
agonists chemically derived from epibatidine, CMI-936 and CMI-1145 (67), dis-
played reduced analgesic activity in both M2R−/− and M4R−/− mice, independent
of the route of application. Radioligand binding studies showed that the two epi-
batidine derivatives, in contrast to oxotremorine, exhibited significantly higher
affinity (∼ 6–16-fold) for M4 than for M2 receptors, providing a molecular basis
for the observed differences in agonist activity profiles. Because M4 receptors,
unlike M2 receptors, do not seem to mediate important peripheral functions, the
development of selective M4 receptor agonists as novel analgesic agents represents
an attractive goal.

Recent studies suggest that activation of mAChRs present on peripheral no-
ciceptors of the skin can also suppress the transmission of pain impulses (68,
69). Electrophysiological and neurochemical studies with skin and skin-saphenous
nerve preparations demonstrated that muscarine-induced peripheral antinocicep-
tion was abolished in M2R−/− mice but not significantly affected in M4R−/− mice
(70). Activation of these peripheral M2 receptors may contribute to the analgesic
effects observed after systemic administration of muscarinic agonists (see above).
Stimulation of these peripheral M2 mAChRs is thought to occur by ACh synthe-
sized and released by different cell types of the skin (71, 72).

M2 and M4 Receptors Act as Muscarinic Autoreceptors
and Heteroreceptors

Several recent studies have used M2R−/− and M4R−/− mutant mice as novel ex-
perimental tools to examine the potential roles of the M2 and M4 receptor subtypes
as muscarinic autoreceptors and heteroreceptors.
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MUSCARINIC AUTORECEPTORS ACh, like many other neurotransmitters, can in-
hibit its own release via stimulation of so-called inhibitory autoreceptors present
on cholinergic nerve endings (73). Because autoinhibition of neurotransmitter re-
lease is most frequently mediated by receptors coupled to G proteins of the Gi

family, Zhang et al. (74) recently examined whether autoinhibition of ACh re-
lease was altered in different central tissues (hippocampus, cerebral cortex, and
striatum) from M2R−/− and M4R−/− mice. Specifically, these authors measured
oxotremorine-mediated inhibition of potassium-stimulated [3H]ACh release using
superfused hippocampal, cortical, and striatal slices that had been preincubated
with [3H]choline to label cellular ACh pools. These studies showed that autoin-
hibition of ACh release is mediated predominantly by M2 receptors in the mouse
hippocampus and cerebral cortex, but primarily by M4 receptors in the mouse
striatum (74). Because the proper regulation of ACh release in the hippocampus,
cerebral cortex, and striatum is thought to be critically involved in numerous fun-
damental functions of the CNS, including cognition and locomotor control, these
findings should be of high clinical relevance.

By using a similar approach, Zhou et al. (75) recently demonstrated that the
mAChRs mediating autoinhibition of ACh release in mouse heart atria represent a
mixture of M4 and non-M4 (probably M2) receptors. In the mouse urinary bladder,
autoinhibition of ACh release was found to be mediated predominantly by M4

receptors (75). However, a recent study examining neurotransmitter release from
phrenic diaphragm preparations of WT and M2R−/− mice showed that the in-
hibitory muscarinic autoreceptors present on peripheral cholinergic motor nerves
represent M2 receptors (76).

MUSCARINIC HETERORECEPTORS Activation of mAChRs located on peripheral
sympathetic nerve terminals (so-called muscarinic heteroreceptors) results in the
inhibition of norepinephrine release (77). Trendelenburg et al. (78) recently used
various peripheral preparations from WT and mAChR mutant mice to study the
molecular identity of these muscarinic heteroreceptors. Specifically, these inves-
tigators determined electrically evoked [3H]norepinephrine release using cardiac
(atrial), urinary bladder, and vas deferens tissues from WT, M2R−/−, and M4R−/−

mice. This analysis showed that the release-inhibitory muscarinic heteroreceptors
represent mixtures of M2 and non-M2 receptors in all three tissues studied (78).
Whereas the non-M2 heteroreceptors present in the vas deferens are likely to repre-
sent primarily M4 receptors (78), the identity of the non-M2 heteroreceptors present
in heart atria and urinary bladder remains uncertain.

Role of M4 Receptors in Facilitating Striatal Dopamine Release

A proper balance between striatal muscarinic cholinergic and dopaminergic neu-
rotransmission is required for coordinated locomotor control (79). Several studies
have shown that activation of striatal mAChRs can facilitate dopamine release in
the striatum (80, 81). Zhang et al. (82) recently showed that oxotremorine-mediated
potentiation of potassium-stimulated [3H]dopamine release was absent in striatal
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slice preparations from M4R−/− mice. In striatal preparations from WT mice, the
oxotremorine-mediated facilitation of dopamine release could be prevented by
treatment with tetrodotoxin (82). This observation, together with the known sub-
cellular localization of the M4 receptor subtype in the striatum (83, 84), suggests
that the M4 receptors regulating striatal dopamine release are probably located on
the cell bodies of striatal GABAergic projection neurons (82).

Behavioral Phenotypes Displayed by M4R−/− Mice

In behavioral studies, M4R−/− mice displayed a small but statistically significant
increase in basal locomotor activity (14). Moreover, the locomotor stimulation ob-
served after administration of a centrally active D1 dopamine receptor agonist was
greatly enhanced in M4R−/− mice (14). In the striatum, M4 mAChRs are preferen-
tially expressed by striatal projection neurons that express D1 dopamine receptors
(79, 85, 86). These neurons give rise to the so-called direct striato-nigral path-
way activation of which is predicted to facilitate locomotion (79). The findings by
Gomeza et al. (14) therefore support the concept that striatal M4 receptors exert an
inhibitory effect on D1 receptor-stimulated locomotor activity. Because functional
interactions between cholinergic and dopaminergic pathways play critical roles in
proper striatal function (79), these findings should be of considerable interest for
the treatment of Parkinison’s disease and related movement disorders.

In a related study, Karasawa et al. (22) assessed the ability of the muscarinic
antagonist scopolamine to suppress the cataleptic responses observed after ad-
ministration of the D2-type dopamine receptor antagonist haloperidol to WT
and M4R−/− mice. While scopolamine treatment abolished haloperidol-induced
catalepsy in WT mice, it had little effect on haloperidol-mediated cataleptic re-
sponses in M4R−/− mice (22). Haloperidol-induced catalepsy is often used as an
animal model to mimic the extrapyramidal motor side effects caused by antipsy-
chotic drugs. The findings by Karasawa et al. (22) therefore suggest that selective
M4receptor antagonists may be of therapeutic benefit in treating the extrapyramidal
symptoms in Parkinson’s disease and drug-induced parkinsonism.

Behavioral studies with M4R−/− mice also suggest that central M4 receptors
play a role in modulating prepulse inhibition (PPI) of the startle reflex, a measure
of attention (87). Specifically, Felder et al. (87) showed that M4R−/− mice dis-
played a significant increase in sensitivity to the PPI-disrupting effect of the psy-
chomimetic phencyclidine, a noncompetitive NMDA receptor antagonist. Because
phencyclidine-mediated disruption of PPI is often used as an animal model of psy-
chosis, central M4 receptors may represent a novel drug target for the treatment of
schizophrenia and related neurological disorders.

M3 MACHR-DEFICIENT MICE (M3R−/− MICE)

Like the M2 receptor, the M3 mAChR subtype is widely expressed in differ-
ent regions of the brain (88) and in peripheral organs and tissues innervated by



30 Nov 2003 15:21 AR AR204-PA44-18.tex AR204-PA44-18.sgm LaTeX2e(2002/01/18)P1: GCE

MUSCARINIC RECEPTOR KNOCKOUT MICE 435

parasympathetic nerves (2, 39). At present, little is known about the physiologi-
cal roles of the central M3 receptors. In the periphery, M3 receptors are predicted
to play key roles in ACh-mediated regulation of smooth muscle contractility and
glandular function (1–4, 39).

M3R−/− Mice are Hypophagic and Lean

Yamada et al. (16) reported that M3R−/− mice showed a pronounced reduction
in body weight (by∼25%) that was associated with a significant decrease (by
∼50%) in the mass of peripheral fat pads. The lack of M3 receptors also led to
striking reductions (∼5–10-fold) in serum leptin and insulin levels (16), probably
primarily owing to the reduction in total body fat mass (89). M3R−/− mice showed
normal linear growth (16), indicating that the lack of M3 receptors did not lead to
a generalized growth retardation. Food intake studies indicated that M3R−/− mice
consumed considerably less food than their WT littermates (16). M3R−/− mice did
not display any abnormalities in several other behavioral tests and showed normal
locomotor activity and metabolic rate (16). It is therefore likely that the observed
reduction in food intake is the primary cause of the lean phenotype exhibited by
the M3R−/− mice.

Yamada et al. (16) also demonstrated that M3 receptors are expressed at rela-
tively high levels in the hypothalamus, the key control center for the regulation
of appetite. Several additional observations suggested that the lack of hypothala-
mic M3 receptors may be responsible, at least partially, for the observed reduc-
tion of food intake displayed by the M3R−/− mice. First, M3R−/− mice showed
greatly reduced expression levels of melanin-concentrating hormone (MCH) (16),
an appetite-stimulating peptide synthesized almost exclusively in so-called second-
order neurons of the lateral hypothalamus (89). This was a surprising finding be-
cause MCH levels are normally increased in fasted mice or under conditions of
leptin deficiency (89). Second, i.c.v. administration of the appetite-stimulating pep-
tide agouti-related peptide (AGRP) failed to stimulate food intake in M3R−/− mice
(16). AGRP, which is synthesized in so-called first-order hypothalamic neurons
of the arcuate nucleus, normally stimulates food intake by modulating the activity
of the MCH-containing hypothalamic neurons and other secondary hypothalamic
feeding centers (89). MCH-containing neurons express M3receptors (16), and mus-
carinic stimulation increases hypothalamic MCH expression (90). Taken together,
these observations suggest that hypothalamic M3 receptors play a role in stimulat-
ing MCH expression and modulating the proper responsiveness of MCH neurons
to input from first-order hypothalamic feeding centers (e.g., AGRP-containing
neurons). Inactivation of this pathway is likely to be responsible, at least partially,
for the hypophagia phenotype of the M3R−/− mice. Pharmacological manipulation
of this hypothalamic cholinergic pathway may therefore represent a novel strategy
for the control of food intake.

Several studies have shown that mAChR-mediated stimulation of smooth mus-
cle contractility (15, 44, 45) and salivary secretion (15, 16, 27) are reduced in
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M3R−/− mice (see below for more details). Thus, an important question is to what
extent these peripheral deficits contribute to the reduced body weight and food in-
take displayed by the M3R−/− mice. In vivo studies indicated that gastrointestinal
function, including food transit time, is normal in M3R−/− mice (15, 16), suggest-
ing that potential gastrointestinal complications are unlikely to have a major impact
on food intake and weight gain in these mutant animals. Because M3R−/− mice
showed improved weight gain when offered a wet paste diet rather than standard
dry pellet food, Matsui et al. (15) proposed that impaired salivation may be a major
factor responsible for the hypophagia phenotype of the M3R−/− mice. However,
these authors did not measure food intake and did not show any growth curves
for WT control mice fed with the wet paste diet, making these data difficult to
interpret. On the other hand, Yamada et al. (16) demonstrated that M3R−/− mice
consumed less food independent of whether they were offered standard dry pellet
food or a wet mash diet, suggesting that impaired salivation does not play a major
role in causing reduced food intake in the M3R−/− mice. In any case, the rela-
tive contribution of central versus peripheral deficits to the hypophagia phenotype
displayed by the M3R−/− mice remains to be analyzed in more detail in future
studies.

Role of M3 Receptors in Smooth Muscle Function

Pharmacological studies with subtype-preferring muscarinic antagonists have
shown that M3 receptors play a key role in mediating muscarinic agonist (Ach)-
induced smooth muscle contractions (2, 39). In agreement with this concept, in
vitro studies demonstrated that smooth muscle tissues (urinary bladder, ileum,
stomach fundus, trachea, and gallbladder preparations) derived from M3R−/− mice
exhibited significantly reduced maximum contractile responses (Emax) following
addition of the cholinergic agonist carbachol (15, 44, 45). However, the degree
of reduction in Emax values differed significantly from tissue to tissue, ranging
from only∼40% in tracheal smooth muscle (44) to>90% in urinary bladder (15).
As discussed above (see Role of M2 Receptors in Cardiac and Smooth Muscle
Function), studies with mutant mice deficient in both M2 and M3 mAChRs con-
vincingly demonstrated that the non-M3 mAChRs responsible for the contractile
responses remaining in smooth muscle preparations from M3R−/− mice are M2

receptors (46).
In vivo studies showed that M3R−/− mice had enlarged pupils (15), confirming

previous findings that the tone of the pupillary sphincter muscle is maintained by
tonic activation of M3 receptors. However, M3R−/− mice retained a weak light
reflex, and atropine was able to further increase pupil size in M3R−/− mice (15),
indicating that non-M3 mAChRs also contribute to modulating ocular smooth
muscle contractility. Male M3R−/− mice also exhibited severely distended urinary
bladders (15), consistent with the in vitro studies indicating an important role of
M3 receptors in bladder smooth muscle contractility. However, for reasons that
are unclear at present, the degree of bladder distension was much less severe in
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female M3R−/− mice (15). Recent in vivo studies also demonstrated that vagally
or muscarinic agonist (methacholine)-induced bronchoconstrictor responses were
abolished in M3R−/− mice (J.T. Fisher, S.G. Vincent, J. Gomeza, M. Yamada &
J. Wess, unpublished observations). This observation is in agreement with the
outcome of previous pharmacological studies indicating that the M3 receptor sub-
type plays a key role in ACh-mediated increases in airway smooth muscle tone
(39, 91).

Role of M3 Receptors in Salivary Secretion

Pharmacological evidence suggests that the M3receptor subtype plays an important
role in mAChR-mediated salivation (2). Interestingly, the oral cavity of M3R−/−

mice was found to be moist, suggesting that M3 receptor activity is not essential for
basal salivary flow (15, 16). Matusi et al. (15) reported that injection of a single low
dose of pilocarpine (1 mg/kg, s.c.) induced salivation in WT mice but failed to do
so in M3R−/− mice. In a related study, Yamada et al. (16) injected WT and M3R−/−

mice with three different doses of pilocarpine (1, 5, and 15 mg/kg, s.c.). These
authors reported (16), in contrast to the findings by Matsui et al. (15), that M3R−/−

mice showed a reduction in agonist-induced salivation (by∼50%) only at one of
the three pilocarpine doses used (5 mg/kg), suggesting that both M3 and non-M3

mAChRs (M1 receptors?) participate in mAChR-mediated stimulation of salivary
secretion. One possible explanation for these discrepant results is that Matsui et al.
(15) only examined one single low dose of pilocarpine using an experimental setup
that was different from that employed by Yamada et al. (16). In agreement with
the concept that both M3 and non-M3 mAChRs play a role in muscarinic agonist-
induced increases in saliva output, Bymaster et al. (27) recently reported that the
salivation responses following administration of two other muscarinic agonists,
oxotremorine and oxotremorine-M (each 0.3 mg/kg, s.c.), were significantly re-
duced, but clearly not abolished, in M3R−/− mice. Additional studies using other
mAChR mutant mouse strains suggested that multiple non-M3 mAChR subtypes,
including the M1 (27), M4 (27), and M5 (21) receptors, may contribute to mAChR-
mediated salivation. More detailed studies are needed to confirm that all of these
receptors are indeed expressed in salivary gland tissues and, if so, to what ex-
tent the individual receptors contribute to salivary flow under more physiological
conditions.

M5 MACHR-DEFICIENT MICE (M5R−/− MICE)

Until recently, little was known about the physiological functions of the M5 re-
ceptor, which was the last mAChR subtype to be cloned (92, 93). M5 receptors
are expressed at rather low levels in both neuronal and nonneuronal cells (93).
Interestingly, M5 receptor mRNA represents the only mAChR mRNA that can
be detected in dopaminergic neurons of the midbrain (94, 95). Pharmacological
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studies indicate that the M5 receptor shares very similar functional and ligand
binding properties with the M3 receptor (93), making it very difficult to distin-
guish between these two receptor subtypes by classical pharmacological means.

M5 Receptors Mediate ACh-Induced Dilation of
Cerebral Arteries and Arterioles

It is well known that ACh, by interacting with mAChRs located on the vascular
endothelium, is able to dilate most vascular beds (96, 97). Recently, M5 receptor
mRNA has been identified in various peripheral and cerebral blood vessels (98),
including human brain microvessels (99). To test the hypothesis that vascular M5

receptors participate in mediating the vasorelaxing effects of ACh, Yamada et al.
(19) examined the effects of ACh on a series of vascular preparations from WT
and M5R−/− mice. This analysis showed that the absence of M5 receptors had
no significant effect on ACh-induced relaxation of extracerebral arteries (carotid
and coronary arteries). In contrast, ACh virtually lost the ability to dilate cerebral
arteries and arterioles prepared from M5R−/− mice, as studied with the basilar
artery and pial arterioles as model systems (19). These findings support the concept
that the vasorelaxing effects of ACh on cerebral arteries and arterioles are mediated
by endothelial M5 receptors. Preliminary data suggest that ACh-induced relaxation
of extracranial arteries is mediated predominantly by the M3 receptor subtype
(K.G. Lamping, J. Wess & F.M. Faraci, unpublished observations).

Neuronally released ACh is known to play a role in the regulation of cerebral
vascular resistance and regional blood flow (100, 101). It has also been suggested
that deficits in cortical cholinergic vasodilation may play a role in the patho-
physiology of Alzheimer’s disease (102, 103) and that activation of cholinergic
vasodilator fibers can reduce neuronal damage during certain forms of focal cere-
bral ischemia (101, 104). Vascular M5 mAChRs may therefore represent an at-
tractive novel therapeutic target for the treatment of a variety of cerebrovascular
disorders.

M5 Receptors Facilitate Dopamine Release in the
Striatum and Nucleus Accumbens

Several recent studies have used M5R−/− mice as tools to study the potential role
of M5 receptors in modulating dopamine release from dopaminergic neurons of
the midbrain (substantia nigra pars compacta and nucleus accumbens).

DOPAMINE RELEASE IN THE STRIATUM In situ mRNA hybridization studies have
shown that the dopamine-containing neurons of the substantia nigra pars com-
pacta exclusively express M5 receptors (94, 95). Because these neurons provide
the major dopaminergic innervation of the striatum and muscarinic agonists can
facilitate striatal dopamine release (80, 81), it has been proposed that M5 receptor
activity may play a role in modulating striatal dopamine release (95). To test this
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hypothesis, two recent studies (19, 82) examined in vitro [3H]dopamine release
in striatal slices prepared from WT and mAChR-deficient mice. Yamada et al.
(19) showed that the potency of oxotremorine in enhancing potassium-stimulated
striatal [3H]dopamine release was significantly reduced (by∼5–10-fold) in tis-
sues from M5R−/− mice (Emax values, however, remained unaffected), suggesting
that both M5and non-M5mAChRs participate in facilitating oxotremorine-mediated
striatal dopamine release. The M5 receptors involved in mediating this effect prob-
ably represent muscarinic heteroreceptors located on the terminals of the dopamin-
ergic neurons innervating the striatum (82). As discussed earlier in this review (see
Role of M4 Receptors in Facilitating Striatal Dopamine Release, above), the non-
M5 mAChRs capable of mediating muscarinic agonist-induced increases in striatal
dopamine release probably represent M4 receptors located on the cell bodies of
GABA-containing striatal projection neurons (82). It should also be mentioned
in this context that activation of striatal M3 receptors is predicted to inhibit stri-
atal dopamine release, as studied with striatal slices from M3R−/− mice (82).
The precise neuronal pathways through which the individual mAChRs exert their
modulatory effects on striatal dopamine release remain to be elucidated.

DOPAMINE RELEASE IN THE NUCLEUS ACCUMBENS In situ mRNA hybridization
studies (94) have also shown that the M5 receptor is the predominant mAChR sub-
type expressed by the dopamine-containing neurons of the ventral tegmental area
(VTA). This midbrain region is known to provide the major dopaminergic inner-
vation of the nucleus accumbens (Nac) and other limbic areas (105, 106). A large
body of evidence indicates that the activity of this mesolimbic dopaminergic path-
way plays an important role in mediating the rewarding effects of opioids and other
drugs of abuse (105, 106). Forster et al. (107) recently demonstrated that electrical
stimulation of the laterodorsal tegmental nucleus (LDT), a mesopontine nucleus
that provides the major source of cholinergic input to the dopamine-containing
neurons of the VTA (108), triggers a three-phasic pattern of changes in dopamine
efflux in the Nac of WT mice. Strikingly, the long-lasting increase in dopamine
levels in the Nac (phase III) was selectively abolished in M5R−/− mice (107). It
is likely that this neurochemical deficit is caused by the absence of excitatory M5

receptors expressed by the dopamine-containing VTA neurons.

M5R−/− Mice Show Reduced Sensitivity to the Rewarding
Effects of Morphine and Cocaine

Because activation of mesolimbic M5 receptors facilitates dopamine release in
the Nac (107), Basile et al. (109) recently tested the hypothesis that M5R−/− mice
might exhibit changes in drug-seeking behavior. Behavioral studies showed that the
rewarding effects of morphine, the prototypical opioid analgesic, were significantly
reduced in M5R−/− mice, as studied in the conditioned place preference test (109).
This behavioral deficit was associated with distinct biochemical deficits in the
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Nac, including a reduction in morphine-stimulated dopamine efflux and Fos-B
expression (109). In addition, when morphine-dependent mice were treated with
the opioid receptor antagonist, naloxone, the resulting withdrawal symptoms were
significantly less severe in M5R−/− than in WT control mice (109). On the other
hand, the analgesic efficacy of morphine and the degree of tolerance that mice
developed to the analgesic effects of morphine were similar in WT and M5R−/−

mice (109). Behavioral studies with M5R−/− mice also suggest that M5 receptor
activity can modulate cocaine-associated reinforcement and withdrawal (110).
These findings suggest that centrally active M5 receptor antagonists may become
therapeutically useful for the treatment of drug addiction.

Other Phenotypes Displayed by M5R−/− Mice

Following the administration of pilocarpine (1 mg/kg, s.c.), M5R−/− mice secreted
slightly less saliva than WT control mice, specifically during the late phase of
the salivation response [(21); for a more detailed discussion of mAChR-mediated
salivation, see Role of M3Receptors in Salivary Secretion, above]. This observation
raises the possibility that activation of glandular M5 receptors may contribute to
ACh-mediated salivary secretion. Takeuchi et al. (21) also reported that the M5R−/−

mice drank more than twice as much water as the WT mice following an extended
period (18 h) of food and water deprivation. The physiological basis underlying
this behavioral phenotype remains to be elucidated.

CONCLUSIONS

In conclusion, the phenotypical analysis of M1-M5 mAChR-deficient mice has led
to a wealth of new information about the physiological roles of the individual
mAChR subtypes. It is likely that the development of mutant mouse lines that
lack two or more mAChR subtypes or in which specific mAChR subtypes can
be inactivated in a conditional fashion will provide even more powerful research
tools. Precise knowledge of the physiological and potential pathophysiological
roles of the individual mAChR subtypes should pave the way for the develop-
ment of novel muscarinic drugs useful in a large variety of pathophysiological
conditions.
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TABLE 1 Summary of major phenotypes displayed by M1–M5 mAChR-deficient mice

Disrupted mAChR
gene Phenotype References

M1 Lack of pilocarpine-mediated seizure (12)
activity and loss of muscarinic
agonist-mediated M current (Im)
inhibition in sympathetic ganglion
neurons

Absence of slow, voltage-independent (35)
muscarinic inhibition of N- and
P/Q- type Ca2+ channels in
sympathetic ganglion neurons

Increased locomotor activity (17, 18)
Increased extracellular dopamine (18)
levels in the striatum

Loss of muscarinic agonist-induced (36)
MAPK activation and pronounced
reduction of muscarinic
agonist-mediated PI hydrolysis in
primary cortical cultures

Lack of carbachol-mediated MAPK (37)
activation in CA1 hippocampal
pyramidal neurons

Absence of muscarinic agonist-induced (38)
GTPγ S binding to G proteins of the
Gq family in hippocampus and
cerebral cortex

Lack of muscarine-mediatedγ (20)
oscillations in area CA3 of the
hippocampus

Absence of cardiovascular stimulation (34)
following systemic administration of
McN-A-343

Lack of pilocarpine-stimulated in vivo (27)
PI hydrolysis in hippocampus and
cerebral cortex

Selective impairment in (29)
nonmatching-to-sample working
memory and consolidation

M2 Absence of oxotremorine-mediated tremor (13)
and reduced oxotremorine-mediated
hypothermia

Reduced muscarinic agonist-mediated (13, 66)
analgesic responses

(Continued)
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TABLE 1 (Continued)

Disrupted mAChR
gene Phenotype References

Loss of fast, voltage-dependent (35)
muscarinic inhibition of N- and
P/Q-type Ca2+ channels in
sympathetic ganglion neurons

Lack of carbachol-mediated bradycardia in (41)
isolated heart atria

Slight reduction in the potency of (41, 46)
carbachol in mediating contractions of
different smooth preparations (in vitro)

Lack of oxotremorine-mediated (74)
inhibition of [3H]ACh release from
K+-depolarized hippocampal
and cortical slices

Failure of a partial muscarinic agonist (53)
(BuTAC) to trigger increases in serum
corticosterone levels

Absence of muscarine-mediated (70)
desensitization of peripheral nociceptors

Impairment in carbachol-mediated (78)
inhibition of electrically stimulated
[3H]norepinephrine release from heart
atria, urinary bladder, and vas deferens

Increased relaxant effects of forskolin and (47)
isoproterenol on oxotremorine-M-mediated
contractions of different smooth muscle
tissues

Altered time course of evoked ACh (76)
release at the neuromuscular junction

Lack of carbachol-mediated contractions (46)
of ileal and bladder smooth muscle
preparations in mice lacking both
M2 and M3 mAChRs (in vitro)

Impaired performance in the passive (60)
avoidance test and enhanced ACh
efflux in the hippocampus (in vivo)

M3 Increase in pupil size and urinary (15)
bladder distension (in vivo)

Pronounced impairments in (15, 44, 45)
carbachol-mediated contractions
of different smooth muscle
preparations (in vitro)

(Continued)
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TABLE 1 (Continued)

Disrupted mAChR
gene Phenotype References

Reductions in body weight, mass of (16)
peripheral fat deposits, and food intake

Impairments in muscarinic (15, 16, 27)
agonist-induced salivation

Increased oxotremorine-stimulated (82)
[3H]dopamine outflow from
K+-depolarized striatal slices

M4 Increased locomotor activity under (14)
basal conditions and after
administration of a D1 dopamine
receptor agonist

Increased sensitivity to (87)
phencyclidine-mediated disruptions
in prepulse inhibition

Lack of oxotremorine-mediated (74)
inhibition of [3H]ACh release from
K+-depolarized striatal slices

Absence of oxotremorine-stimulated (82)
[3H]dopamine outflow from
K+-depolarized striatal slices

Reduced carbachol-mediated inhibition (78)
of electrically stimulated
[3H]norepinephrine release from
vas deferens

Reduced autoinhibiton of [3H]ACh (75)
release in heart atria and urinary
bladder

Lack of muscarinic agonist-mediated (66)
analgesic responses in mice lacking
both M2 and M4 mAChRs

Failure of scopolamine to antagonize (22)
haloperidol-mediated cataleptic effects

Impaired migration of epidermal (111)
keratinocytes

Increased basal ACh efflux in the (58)
hippocampus (in vivo)

M5 Lack of ACh-mediated dilation of cerebral (19)
arteries and arterioles

Reduced oxotremorine-stimulated (19)
[3H]dopamine outflow from
K+-depolarized striatal slices

(Continued)
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TABLE 1 (Continued)

Disrupted mAChR
gene Phenotype References

Lack of sustained increase in dopamine (107)
levels in the nucleus accumbens triggered
by electrical stimulation of the laterodorsal
tegmental nucleus

Reduced sensitivity to the rewarding (109, 110)
effects of morphine and cocaine and
reduced severity of drug withdrawal
symptoms

Slightly impaired pilocarpine-induced (21)
salivation and increased water intake
after an extended period of food and
water deprivation

The Annual Review of Pharmacology and Toxicologyis online at
http://pharmtox.annualreviews.org

LITERATURE CITED

1. Wess J, Buhl T, Lambrecht G, Mutschler
E. 1990. Cholinergic receptors. InCom-
prehensive Medicinal Chemistry, ed. EC
Emmett, 3:423–91. Oxford: Pergamon

2. Caulfield MP. 1993. Muscarinic recep-
tors—characterization, coupling and fun-
ction.Pharmacol. Ther.58:319–79

3. Wess J. 1996. Molecular biology of mus-
carinic acetylcholine receptors.Crit. Rev.
Neurobiol.10:69–99

4. Caulfield MP, Birdsall NJM. 1998. Inter-
national Union of Pharmacology. XVII.
Classification of muscarinic acetylcholine
receptors.Pharmacol. Rev.50:279–90

5. Levey AI. 1993. Immunological localiza-
tion of M1–M5 muscarinic acetylcholine
receptors in peripheral tissues and brain.
Life Sci.52:441–48

6. Vilaro MT, Mengod G, Palacios JM. 1993.
Advances and limitations of the molec-
ular neuroanatomy of cholinergic recep-
tors: the example of multiple muscarinic
receptors.Prog. Brain Res.98:95–101

7. Wolfe BB, Yasuda RP. 1995. Develop-

ment of selective antisera for muscarinic
cholinergic receptor subtypes.Ann. NY
Acad. Sci.757:186–93

8. Levine RR, Birdsall NJM, Nathanson
NM, eds. 1999. Proceedings of the eighth
International Symposium on Subtypes of
Muscarinic Receptors.Life Sci.64:355–
593

9. Levine RR, Birdsall NJM, Nathanson
NM, eds. 2001. Proceedings of the ninth
International Symposium on Subtypes of
Muscarinic Receptors.Life Sci.68:2449–
642

10. Eglen RM, Choppin A, Dillon MP, Hegde
S. 1999. Muscarinic receptor ligands and
their therapeutic potential.Curr. Opin.
Chem. Biol.3:426–32

11. Felder CC, Bymaster FP, Ward J, De-
Lapp N. 2000. Therapeutic opportunities
for muscarinic receptors in the central ner-
vous system.J. Med. Chem.43:4333–
53

12. Hamilton SE, Loose MD, Qi M, Levey
AI, Hille B, et al. 1997. Disruption of



30 Nov 2003 15:21 AR AR204-PA44-18.tex AR204-PA44-18.sgm LaTeX2e(2002/01/18)P1: GCE

MUSCARINIC RECEPTOR KNOCKOUT MICE 445

the M1 receptor gene ablates muscarinic
receptor-dependent M current regulation
and seizure activity in mice.Proc. Natl.
Acad. Sci. USA94:13311–16

13. Gomeza J, Shannon H, Kostenis E, Felder
C, Zhang L, et al. 1999. Pronounced
pharmacologic deficits in M2 muscarinic
acetylcholine receptor knockout mice.
Proc. Natl. Acad. Sci. USA96:1692–97

14. Gomeza J, Zhang L, Kostenis E, Felder C,
Bymaster F, et al. 1999. Enhancement of
D1 dopamine receptor-mediated locomo-
tor stimulation in M4 muscarinic acetyl-
choline receptor knockout mice.Proc.
Natl. Acad. Sci. USA96:10483–88

15. Matsui M, Motomura D, Karasawa H,
Fujikawa T, Jiang J, et al. 2000. Multi-
ple functional defects in peripheral au-
tonomic organs in mice lacking mus-
carinic acetylcholine receptor gene for the
M3 subtype.Proc. Natl. Acad. Sci. USA
97:9579–84

16. Yamada M, Miyakawa T, Duttaroy A, Ya-
manaka A, Moriguchi T, et al. 2001. Mice
lacking the M3 muscarinic acetylcholine
receptor are hypophagic and lean.Nature
410:207–12

17. Miyakawa T, Yamada M, Duttaroy A,
Wess J. 2001. Hyperactivity and intact
hippocampus-dependent learning in mice
lacking the M1 muscarinic acetylcholine
receptor.J. Neurosci.21:5239–50

18. Gerber DJ, Sotnikova TD, Gainetdinov
RR, Huang SY, Caron MG, Tonegawa S.
2001. Hyperactivity, elevated dopamin-
ergic transmission, and response to am-
phetamine in M1muscarinic acetylcholine
receptor-deficient mice.Proc. Natl. Acad.
Sci. USA98:15312–17

19. Yamada M, Lamping KG, Duttaroy A,
Zhang W, Cui Y, et al. 2001. Choliner-
gic dilation of cerebral blood vessels is
abolished in M5 muscarinic acetylcholine
receptor knockout mice.Proc. Natl. Acad.
Sci. USA98:14096–101

20. Fisahn A, Yamada M, Duttaroy A, Gan
JW, Deng CX, et al. 2002. Muscarinic
induction of hippocampal gamma oscil-

lations requires coupling of the M1 recep-
tor to two mixed cation channels.Neuron
33:615–24

21. Takeuchi J, Fulton J, Jia Z, Abramov-
Newerly W, Jamot L, et al. 2002. In-
creased drinking in mutant mice with trun-
cated M5 muscarinic receptor genes.
Pharmacol. Biochem. Behav.72:117–
23

22. Karasawa H, Taketo MM, Matsui M.
2003. Loss of anti-cataleptic effect of sco-
polamine in mice lacking muscarinic ace-
tylcholine receptor subtype 4.Eur. J.
Pharmacol.468:15–19

23. Levey AI, Kitt CA, Simonds WF, Price
DL, Brann MR. 1991. Identification and
localization of muscarinic acetylcholine
receptor proteins in brain with subtype-
specific antibodies.J. Neurosci.11:3218–
26

24. Quirion R, Aubert I, Lapchak PA,
Schaum RP, Teolis S, et al. 1989. Mus-
carinic receptor subtypes in human
neurodegenerative disorders: focus on
Alzheimer’s disease.Trends Pharmacol.
Sci.10(Suppl.):80–84

25. Fisher A, Heldman E, Gurwitz D, Har-
ing R, Karton Y, et al. 1996. M1 agonists
for the treatment of Alzheimer’s disease.
Novel properties and clinical update.Ann.
NY Acad. Sci.777:189–96

26. Iversen SD. 1997. Behavioural evaluation
of cholinergic drugs.Life Sci.60:1145–52

27. Bymaster FP, Carter PA, Yamada M,
Gomeza J, Wess J, et al. 2003. Role
of specific muscarinic receptor subtypes
in cholinergic parasympathomimetic re-
sponses, in vivo phosphoinositide hydrol-
ysis, and pilocarpine-induced seizure ac-
tivity. Eur. J. Neurosci.17:1403–10

28. Paule MG, Rowland AS, Ferguson SA,
Chelonis JJ, Tannock R, et al. 2000.
Attention deficit/hyperactivity disorder:
characteristics, interventions and models.
Neurotoxicol. Teratol.22:631–51

29. Anagnostaras SG, Murphy GG, Hamil-
ton SE, Mitchell SL, Rahnama NP, et al.
2003. Selective cognitive dysfunction in



30 Nov 2003 15:21 AR AR204-PA44-18.tex AR204-PA44-18.sgm LaTeX2e(2002/01/18)P1: GCE

446 WESS

acetylcholine M1 muscarinic receptor mu-
tant mice.Nat. Neurosci.6:51–58

30. Bartus RT, Dean RL 3rd, Beer B, Lippa
AS. 1982. The cholinergic hypothesis of
geriatric memory dysfunction.Science
217:408–14

31. Coyle JT, Price DL, DeLong MR. 1983.
Alzheimer’s disease: a disorder of corti-
cal cholinergic innervation.Science219:
1184–90

32. Rouse ST, Hamilton SE, Potter LT,
Nathanson NM, Conn PJ. 2000. Musca-
rinic-induced modulation of potassium
conductances is unchanged in mouse hip-
pocampal pyramidal cells that lack func-
tional M1 receptors.Neurosci. Lett.278:
61–64

33. Hammer R, Giachetti A. 1982. Mus-
carinic receptor subtypes: M1 and M2 bio-
chemical and functional characterization.
Life Sci.31:2991–98

34. Hardouin SN, Richmond KN, Zimmer-
man A, Hamilton SE, Feigl EO, Nathan-
son NM. 2002. Altered cardiovascular
responses in mice lacking the M1 mus-
carinic acetylcholine receptor.J. Pharma-
col. Exp. Ther.301:129–37

35. Shapiro MS, Loose MD, Hamilton SE,
Nathanson NM, Gomeza J, et al. 1999.
Assignment of muscarinic receptor sub-
types mediating G-protein modulation of
Ca2+ channels by using knockout mice.
Proc. Natl. Acad Sci. USA96:10899–904

36. Hamilton SE, Nathanson NM. 2001. The
M1 receptor is required for muscarinic
activation of mitogen-activated protein
(MAP) kinase in murine cerebral cortical
neurons.J. Biol. Chem.276:15850–53

37. Berkeley JL, Gomeza J, Wess J, Hamil-
ton SE, Nathanson NM, Levey AI. 2001.
M1 muscarinic acetylcholine receptors
activate extracellular signal-regulated ki-
nase in CA1 pyramidal neurons in mouse
hippocampal slices.Mol. Cell. Neurosci.
18:512–24

38. Porter AC, Bymaster FP, DeLapp NW,
Yamada M, Wess J, et al. 2002. M1 mus-
carinic receptor signaling in mouse hip-

pocampus and cortex.Brain Res.944:82–
89

39. Eglen RM, Hegde SS, Watson N. 1996.
Muscarinic receptor subtypes and smooth
muscle function.Pharmacol. Rev.48:
531–65

40. Brodde OE, Michel MC. 1999. Adrener-
gic and muscarinic receptors in the human
heart.Pharmacol. Rev.51:651–90

41. Stengel PW, Gomeza J, Wess J, Cohen
ML. 2000. M2 and M4 receptor knockout
mice: muscarinic receptor function in car-
diac and smooth muscle in vitro.J. Phar-
macol. Exp. Ther.292:877–85

42. Wang H, Han H, Zhang L, Shi H, Schram
G, et al. 2001. Expression of multiple sub-
types of muscarinic receptors and cellu-
lar distribution in the human heart.Mol.
Pharmacol.59:1029–36

43. Krejci A, Tucek S. 2002. Quantitation of
mRNAs for M1 to M5 subtypes of mus-
carinic receptors in rat heart and brain cor-
tex.Mol. Pharmacol.61:1267–72

44. Stengel PW, Yamada M, Wess J, Cohen
ML. 2002. M3-receptor knockout mice:
muscarinic receptor function in atria,
stomach fundus, urinary bladder, and tra-
chea.Am. J. Physiol. Regul. Integr. Comp.
Physiol.282:R1443–49

45. Stengel PW, Cohen ML. 2002. Muscarinic
receptor knockout mice: role of mus-
carinic acetylcholine receptors M2, M3,
and M4 in carbamylcholine-induced gall-
bladder contractility.J. Pharmacol. Exp.
Ther.301:643–50

46. Matsui M, Motomura D, Fujikawa T,
Jiang J, Takahashi S, et al. 2002. Mice
lacking M2 and M3 muscarinic acetyl-
choline receptors are devoid of choliner-
gic smooth muscle contractions but still
viable.J. Neurosci.22:10627–132

47. Matsui M, Griffin MT, Shehnaz D, Taketo
MM, Ehlert FJ. 2003. Increased relax-
ant action of forskolin and isoproterenol
against muscarinic agonist-induced con-
tractions in smooth muscle from M2 re-
ceptor knockout mice.J. Pharmacol. Exp.
Ther.305:106–13



30 Nov 2003 15:21 AR AR204-PA44-18.tex AR204-PA44-18.sgm LaTeX2e(2002/01/18)P1: GCE

MUSCARINIC RECEPTOR KNOCKOUT MICE 447

48. Ringdahl B, Roch M, Jenden DJ. 1988.
Tertiary 3- and 4-haloalkylamine ana-
logues of oxotremorine as prodrugs of po-
tent muscarinic agonists.J. Med. Chem.
31:160–64

49. Sanchez C, Meier E. 1993. Central and pe-
ripheral mediation of hypothermia, tremor
and salivation induced by muscarinic ag-
onists in mice.Pharmacol. Toxicol.72:
262–67

50. Myers RD. 1980. Hypothalamic control of
thermoregulation: neurochemical mecha-
nisms. InHandbook of the Hypothalamus,
Part A, ed. PJ Morgane, J Panksepp, 3:83–
210. New York: Marcel Dekker

51. Calogero AE, Kamilaris TC, Gomez
MT, Johnson EO, Tartaglia ME, et al.
1989. The muscarinic cholinergic agonist
arecoline stimulates the rat hypothalamic-
pituitary-adrenal axis through a cen-
trally-mediated corticotropin-releasing
hormone-dependent mechanism.Endo-
crinology125:2445–53

52. Bugajski J, Borycz J, Gadek-Michalska
A. 1998. Involvement of the central no-
radrenergic system in cholinergic stimu-
lation of the pituitary-adrenal response.J.
Physiol. Pharmacol.49:285–92

53. Hemrick-Luecke SK, Bymaster FP, Evans
DC, Wess J, Felder CC. 2002. Muscarinic
agonist-mediated increases in serum
corticosterone levels are abolished in M2

muscarinic acetylcholine receptor knock-
out mice.J. Pharmacol. Exp. Ther.303:
99–103

54. Messer WS Jr, Miller MD. 1988. Intrahip-
pocampal injections of gallamine impair
learning of a memory task.Neurosci. Lett.
89:367–72

55. Quirion R, Wilson A, Rowe W, Aubert
I, Richard J, et al. 1995. Facilitation of
acetylcholine release and cognitive per-
formance by an M2-muscarinic receptor
antagonist in aged memory-impaired rats.
J. Neurosci.15:1455–62

56. Carey GJ, Billard W, Binch H 3rd, Cohen-
Williams M, Crosby G, et al. 2001. SCH
57790, a selective muscarinic M2 re-

ceptor antagonist, releases acetylcholine
and produces cognitive enhancement in
laboratory animals.Eur. J. Pharmacol.
16:189–200

57. Daniel JM, Dohanich GP. 2001. Acetyl-
choline mediates the estrogen-induced in-
crease in NMDA receptor binding in CA1
of the hippocampus and the associated im-
provement in working memory.J. Neu-
rosci.21:6949–56

58. Tzavara ET, Bymaster FP, Felder CC,
Wade M, Gomeza J, et al. 2003. Dys-
regulated hippocampal acetylcholine neu-
rotransmission and impaired cognition in
M2, M4 and M2/M4 muscarinic receptor
knock-out mice.Mol. Psychiat.8:673–79

59. Deleted in proof
60. Chen C, Tonegawa S. 1997. Molecular

genetic analysis of synaptic plasticity,
activity-dependent neural development,
learning, and memory in the mammalian
brain.Annu. Rev. Neurosci.20:157–84

61. Silva AJ, Smith AM, Giese KP. 1997.
Gene targeting and the biology of learning
and memory.Annu. Rev. Genet.31:527–
46

62. Hartvig P, Gillberg PG, Gordh T Jr, Post
C. 1989. Cholinergic mechanisms in pain
and analgesia.Trends Pharmacol. Sci.
10(Suppl.):75–79

63. Iwamoto ET, Marion L. 1993. Characteri-
zation of the antinociception produced by
intrathecally administered muscarinic ag-
onists in rats.J. Pharmacol. Exp. Ther.
266:329–38

64. Swedberg MD, Sheardown MJ, Sauer-
berg P, Olesen PH, Suzdak PD, et al.
1997. Butylthio[2.2.2] (NNC 11-1053/
LY297802): an orally active muscarinic
agonist analgesic.J. Pharmacol. Exp.
Ther.281:876–83

65. Widman M, Tucker S, Brase DA, Dewey
WL. 1985. Cholinergic agents: antinoci-
ception without morphine type depen-
dence in rats.Life Sci.36:2007–15

66. Duttaroy A, Gomeza J, Gan JW, Siddiqui
N, Basile AS, et al. 2002. Evaluation of
muscarinic agonist-induced analgesia in



30 Nov 2003 15:21 AR AR204-PA44-18.tex AR204-PA44-18.sgm LaTeX2e(2002/01/18)P1: GCE

448 WESS

muscarinic acetylcholine receptor knock-
out mice.Mol. Pharmacol.62:1084–93

67. Ellis JL, Harman D, Gonzalez J, Spera
ML, Liu R, et al. 1999. Development of
muscarinic analgesics derived from epi-
batidine: role of the M4 receptor subtype.
J. Pharmacol. Exp. Ther.288:1143–50

68. Bernardini N, Sauer SK, Haberberger R,
Fischer MJM, Reeh PW. 2001. Exci-
tatory nicotinic and desensitizing mus-
carinic (M2) effects on C-nociceptors in
isolated rat skin.J. Neurosci.21:3295–
302

69. Bernardini N, Reeh PW, Sauer SK. 2001.
Muscarinic M2 receptors inhibit heat-
induced CGRP release from isolated rat
skin.Neuroreport12:2457–60

70. Bernardini N, Roza C, Sauer SK, Gomeza
J, Wess J, Reeh PW. 2002. Muscarinic M2

receptors on peripheral nerve endings: a
molecular target of nociception.J. Neu-
rosci.22:RC229, 1–5

71. Grando SA, Kist DA, Qi M, Dahl MV.
1993. Human keratinocytes synthesize,
secrete and degrade acetylcholine.J. In-
vest. Dermatol.101:32–36

72. Buchly R, Ndoye A, Rodriguez JG, Zia
S, Webber RJ, Grando SA. 1999. Human
skin fibroblasts express M2, M4, and M5

subtypes of muscarinic acetylcholine re-
ceptors.J. Cell. Biochem.74:264–77

73. Starke K, Gothert M, Kilbinger H. 1989.
Modulation of neurotransmitter release
by presynaptic autoreceptors.Pharmacol.
Rev.69:864–989

74. Zhang W, Basile AS, Gomeza J, Volpi-
celli LA, Levey AI, Wess J. 2002. Charac-
terization of central inhibitory muscarinic
autoreceptors by the use of muscarinic
acetylcholine receptor knock-out mice.J.
Neurosci.22:1709–17

75. Zhou H, Meyer A, Starke K, Gomeza J,
Wess J, Trendelenburg AU. 2002. Hetero-
geneity of release-inhibiting muscarinic
autoreceptors in heart atria and urinary
bladder: a study with M2- and M4-rece-
ptor-deficient mice.Naunyn Schmiede-
bergs Arch. Pharmacol.365:112–22

76. Slutsky I, Wess J, Gomeza J, Dudel J,
Parnas I, Parnas H. 2003. Use of knock-
out mice reveals involvement of M2-
muscarinic receptors in control of the
kinetics of acetylcholine release.J. Neu-
rophysiol.89:1954–67

77. Fuder H, Muscholl E. 1995. Hetero-
receptor-mediated modulation of nora-
drenaline and acetylcholine release from
peripheral nerves.Rev. Physiol. Biochem.
Pharmacol.126:265–412

78. Trendelenburg AU, Gomeza J, Klebroff
W, Zhou H, Wess J. 2002. Heterogene-
ity of presynaptic muscarinic receptors
mediating inhibition of sympathetic trans-
mitter release: a study with M2- and M4-
receptor-deficient mice.Br. J. Pharmacol.
138:469–80

79. Di Chiara G, Morelli M, Consolo S. 1994.
Modulatory functions of neurotransmitt-
ers in the striatum: ACh/dopamine/
NMDA interactions. Trends Neurosci.
17:228–33

80. Lehmann J, Langer SZ. 1982. Muscarinic
receptors on dopamine terminals in the
cat caudate nucleus: neuromodulation of
[3H]dopamine release in vitro by endoge-
nous acetylcholine.Brain Res.248:61–
69

81. Raiteri M, Leardi R, Marchi M. 1984.
Heterogeneity of presynaptic muscarinic
receptors regulating neurotransmitter re-
lease in the rat brain.J. Pharmacol. Exp.
Ther.228:209–14

82. Zhang W, Yamada M, Gomeza J, Basile
AS, Wess J. 2002. Multiple muscarinic
acetylcholine receptor subtypes modu-
late striatal dopamine release, as stud-
ied with M1-M5 muscarinic receptor
knock-out mice.J. Neurosci.22:6347–
52

83. Hersch SM, Gutekunst CA, Rees HD,
Heilman CJ, Levey AI. 1994. Distribu-
tion of M1–M4 muscarinic receptor pro-
teins in the rat striatum: light and electron
microscopic immunocytochemistry using
subtype-specific antibodies.J. Neurosci.
14:3351–63



30 Nov 2003 15:21 AR AR204-PA44-18.tex AR204-PA44-18.sgm LaTeX2e(2002/01/18)P1: GCE

MUSCARINIC RECEPTOR KNOCKOUT MICE 449

84. Bernard V, Levey AI, Bloch B. 1999. Reg-
ulation of the subcellular distribution of
M4 muscarinic acetylcholine receptors in
striatal neurons in vivo by the choliner-
gic environment: evidence for regulation
of cell surface receptors by endogenous
and exogenous stimulation.J. Neurosci.
19:10237–49

85. Bernard V, Normand E, Bloch B. 1992.
Phenotypical characterization of the rat
striatal neurons expressing muscarinic
receptor genes.J. Neurosci. 12:3591–
600

86. Ince E, Ciliax BJ, Levey AI. 1997. Differ-
ential expression of D1 and D2 dopamine
and M4 muscarinic acetylcholine recep-
tor proteins in identified striatonigral neu-
rons.Synapse27:357–66

87. Felder CC, Porter AC, Skillman TL,
Zhang L, Bymaster FP, et al. 2001. Eluci-
dating the role of muscarinic receptors in
psychosis.Life Sci.68:2605–13

88. Levey AI, Edmunds SM, Heilman CJ,
Desmond TJ, Frey KA. 1994. Localiza-
tion of muscarinic m3 receptor protein and
M3 receptor binding in rat brain.Neuro-
science63:207–21

89. Schwartz MW, Woods SC, Porte D Jr,
Seeley RJ, Baskin DG. 2000. Central ner-
vous system control of food intake.Nature
404:661–71

90. Bayer L, Risold PY, Griffoond B, Fell-
mann D. 1999. Rat diencephalic neurons
producing melanin-concentrating hor-
mone are influenced by ascending cholin-
ergic projections.Neuroscience91:1087–
101

91. Fryer AD, Jacoby DB. 1998. Muscarinic
receptors and control of airway smooth
muscle.Am. J. Respir. Crit. Care Med.
158:S154–60

92. Bonner TI, Young AC, Brann MR, Buck-
ley NJ. 1988. Cloning and expression of
the human and rat M5 muscarinic acetyl-
choline receptor genes.Neuron 1:403–
10

93. Eglen RM, Nahorski SR. 2000. The mus-
carinic M5 receptor: a silent or emerg-

ing subtype?Br. J. Pharmacol. 130:
13–21

94. Vilaro MT, Palacios JM, Mengod G. 1990.
Localization of M5 muscarinic receptor
mRNA in rat brain examined by in situ hy-
bridization histochemistry.Neurosci. Lett.
114:154–59

95. Weiner DM, Levey AI, Brann MR. 1990.
Expression of muscarinic acetylcholine
and dopamine receptor mRNAs in rat
basal ganglia.Proc. Natl. Acad. Sci. USA
87:7050–54

96. Furchgott RF, Zawadzki JV. 1980. The
obligatory role of endothelial cells in
the relaxation of arterial smooth mus-
cle by acetylcholine.Nature 288:373–
76

97. Faraci FM, Sigmund CD. 1999. Vascu-
lar biology in genetically altered mice:
smaller vessels, bigger insight.Circ. Res.
85:1214–25

98. Phillips JK, Vidovic M, Hill CE. 1997.
Variation in mRNA expression of alpha-
adrenergic, neurokinin and muscarinic re-
ceptors amongst four arteries of the rat.J.
Auton. Nerv. Syst.62:85–93

99. Elhusseiny A, Cohen Z, Olivier A, Sta-
nimirovic DB, Hamel E. 1999. Func-
tional acetylcholine muscarinic receptor
subtypes in human brain microcircula-
tion: identification and cellular localiza-
tion.J. Cereb. Blood Flow Metab.19:794–
802

100. Sato A, Sato Y. 1995. Cholinergic neu-
ral regulation of regional cerebral blood
flow. Alzheimer Dis. Assoc. Disord.9:28–
38

101. Scremin OU, Jenden DJ. 1996. Cholin-
ergic control of cerebral blood flow in
stroke, trauma and aging.Life Sci. 5:
2011–18

102. Geaney D, Soper N, Shepstone BJ,
Cowen PJ. 1990. Effect of central cholin-
ergic stimulation on regional cerebral
blood flow in Alzheimer disease.Lancet
335:1484–87

103. Tong XK, Hamel E. 1999. Regional
cholinergic denervation of cortical



30 Nov 2003 15:21 AR AR204-PA44-18.tex AR204-PA44-18.sgm LaTeX2e(2002/01/18)P1: GCE

450 WESS

microvessels and nitric oxide synthase-
containing neurons in Alzheimer’s
disease.Neuroscience92:163–75

104. Kano M, Moskowitz MA, Yokota M.
1991. Parasympathetic denervation of rat
pial vessels significantly increases infarc-
tion volume following middle cerebral
artery occlusion.J. Cereb. Blood Flow
Metab.11:628–37

105. Wise RA. 1996. Neurobiology of addic-
tion. Curr. Opin. Neurobiol.6:243–51

106. Koob GF, Sanna PP, Bloom FE. 1998.
Neuroscience of addiction.Neuron 21:
467–76

107. Forster GL, Yeomans JS, Takeuchi J,
Blaha CD. 2002. M5 muscarinic recep-
tors are required for prolonged accumbal
dopamine release after electrical stimu-
lation of the pons in mice.J. Neurosci.
22:RC190, 1–6

108. Oakman SA, Faris PL, Kerr PE, Coz-
zari C, Hartman BK. 1995. Distribution

of pontomesencephalic cholinergic neu-
rons projecting to substantia nigra differs
significantly from those projecting to ven-
tral tegmental area.J. Neurosci.15:5859–
69

109. Basile AS, Fedorova I, Zapata A, Liu
X, Shippenberg T, et al. 2002. Dele-
tion of the M5 muscarinic acetylcholine
receptor attenuates morphine reinforce-
ment and withdrawal but not morphine
analgesia.Proc. Natl. Acad. Sci. USA
99:11452–57

110. Fink-Jensen A, Fedorova I, W¨ortwein G,
Woldby DPD, Rasmussen T, et al. 2003.
A role for M5 muscarinic acetylcholine re-
ceptors in cocaine addiction.J. Neurosci.
Res.In press

111. Chernyavsky AI, Nguyen VT, Arredondo
J, Ndoye A, Zia S, et al. 2003. The
M4 muscarinic receptor-selective effects
on keratinocyte crawling locomotion.Life
Sci.72:2069–73


