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ABSTRACT Cholinergic transmission at muscarinic ace-
tylcholine receptors (mAChR) has been implicated in higher
brain functions such as learning and memory, and loss of
synapses may contribute to the symptoms of Alzheimer dis-
ease. A heterogeneous family of five genetically distinct
mAChR subtypes differentially modulate a variety of intra-
cellular signaling systems as well as the processing of key
molecules involved in the pathology of the disease. Although
many muscarinic effects have been identified in memory
circuits, including a diversity of pre- and post-synaptic actions
in hippocampus, the identities of the molecular subtypes
responsible for any given function remain elusive. All five
mAChR genes are expressed in hippocampus, and subtype-
specific antibodies have enabled identification, quantification,
and localization of the encoded proteins. The m1, m2, and m4
mACHhR proteins are most abundant in forebrain regions and
they have distinct cellular and subcellular localizations sug-
gestive of various pre- and postsynaptic functions in cholin-
ergic circuits. The subtypes are also differentially altered in
postmortem brain samples from Alzheimer disease cases.
Further understanding of the molecular pharmacology of
failing synapses in Alzheimer disease, together with the de-
velopment of new subtype-selective drugs, may provide more
specific and effective treatments for the disease.

Alzheimer disease (AD) is the most common cause of memory
loss and dementia. Retarding or arresting disease progression
is an important therapeutic goal, which at present is not
possible because of limited understanding of the cause(s) of
the disease. An alternative therapeutic goal of ameliorating
some of the cognitive and behavioral problems may be closer
to realization. Many recent advances in understanding the
molecular pharmacology of the vulnerable transmitter systems
in AD have provided the opportunity to develop improved
pharmacological agents. Loss of synapses appears to be one of
the most critical aspects of the final common pathway that
leads to the dementia (1, 2), and neurochemical studies suggest
that synapses containing acetylcholine (ACh), glutamate, and
serotonin in neocortex and hippocampus are predominantly
affected (3, 4). This brief review focuses on the cholinergic
system and, in particular, the muscarinic ACh receptor
(mAChR) molecules involved in modulation of memory-
related synapses in the basal forebrain and hippocampus, and
the therapeutic implications for AD.

Cholinergic Memory Circuits and AD
The basal forebrain contains a well characterized group of

magnocellular cholinergic neurons extending from the medial
septal region through the nucleus basalis of Meynert, Ch1-Ch4
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(5), which provide the majority of cholinergic innervation to
the hippocampus and neocortex. The septo-hippocampal com-
ponent of this system is the best studied and derives from
observations of the crucial role of the hippocampus in learning
and memory, the early and pervasive loss of memory in AD,
as well as the early and extensive hippocampal pathology in the
disease (6). In fact, synapse loss in hippocampus and pathology
of cholinergic basal forebrain neurons are the best predictors
of memory impairment in AD (2, 7).

Several lines of evidence implicate impaired cholinergic
neurotransmission at mAChR as contributing to the dementia
symptoms in AD, including: (i) consistent depletion of choline
acetyltransferase in neocortex and hippocampus in patients (3,
8), including both early and late onset forms of AD (e.g., see
ref. 9); (ii) basal forebrain neurons, which provide the majority
of cholinergic innervation of neocortex and hippocampus, are
reduced in number in AD (10, 11); (iii) correlation of choline
acetyltransferase levels (3, 8) and numbers of basal forebrain
neurons (12, 13) with the severity of dementia; and (iv) lesions
of basal forebrain neurons and pharmacological blockade of
mAChHR impair cognition in animals (14, 15) and humans (16,
17). That ACh plays a necessary role in learning and memory
and that it is sufficient to restore these functions in lesioned
animals has been recently demonstrated using cholinergic-
specific lesioning methods and genetically modified grafts (15,
18). Moreover, the hypothesis has been further tested in
humans by recent clinical therapeutic trials with cholinomi-
metics. Tacrine, an acetylcholinesterase inhibitor, yields dose-
related significant improvements in several measures of cog-
nitive performance and quality of life (19, 20), substantiating
a cholinergic role in the pathophysiology of the disease. Yet
the overall clinical benefits of this drug are disappointing and
may be related to its indirect mechanism of action, which
depends on the synthesis, storage, and release of ACh by
surviving cholinergic neurons. In addition, side effects result-
ing from the non-specific activation of cholinergic synapses
throughout the body limit the tolerability of the drug and may
prevent optimum drug levels from reaching the failing syn-
apses subserving memory and other higher brain functions.
However, new insights into the molecular basis for cholinergic
neurotransmission, including differential expression of
mAChR subtypes at various synapses in memory circuits and
surprising findings about how some of these molecules are
altered in the disease, together with the development of more
specific drugs targeted to receptor subtypes, offer the possi-
bility of improved therapeutic strategies for AD.

The Molecular Diversity of Muscarinic Receptors

Cholinergic neurotransmission is mediated by two classes of
receptors, the G-protein coupled muscarinic family and the

Abbreviations: ACh, acetylcholine; AD, Alzheimer disease; mAChR,
muscarinic acetylcholine receptors.
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ligand-gated ion channel nicotinic family. Most studies have
focused on mAChR subtypes because this family has more
established roles in central cholinergic transmission and func-
tions such as learning and memory (3, 21). The molecular
diversity of mAChRs became evident with cloning of a family
of five genes, m1-m5, encoding highly related but distinct
receptor subtypes (22, 23). The lowercase letters “m1-m5” are
used to designate the five genes and their products (mRNA
and protein), whereas uppercase letters “M1-M4” refer to
mAChR subtypes identified in tissues using conventional
pharmacological methods, such as differences in binding af-
finities for various compounds. Each mAChR consists of a
single protein, which when stimulated by agonists such as ACh,
activate GTP-binding proteins (G-protein) and evoke typically
slow, modulatory second messenger responses (24, 25). In
transfected cell lines individually expressing each gene, the
subtypes differentially couple to intracellular G-proteins and
modulate various signaling systems, including phospholipase
C, phospholipase D, adenylyl cyclase, nitric oxide, and many
ion channels (25, 26). Interestingly, the ml, m3, and mS5
receptors also selectively influence the processing of the
amyloid precursor protein, such that receptor activation in-
creases the secretion of non-amyloidogenic peptides (27). In
addition, m1 stimulation dephosphorylates tau in PC12 cells,
suggesting that receptor subtypes could potentially alter the
hyperphosphorylation of tau proteins and neurofibrillary pa-
thology in AD (28). The heterogeneity of receptors and
effectors suggests that the responsiveness of any cell or tissue
to ACh will in part be dictated by the subtype(s) expressed.
While a great diversity of behavioral, physiological, and
biochemical effects mediated by mAChR have been identified
in brain, the identities of the molecular subtypes responsible
for any given neural function remain elusive. The complex
pharmacology of the mAChR subtypes, together with the lack
of drugs having molecular specificity, has made it difficult, if
not impossible, to determine the individual roles of m1-m5
receptors in brain. For example, pirenzepine is used to oper-
ationally define pharmacological “M1” receptors, although
this antagonist has less than a 10-fold difference in affinity
between ml and m4 receptor proteins (29). Similarly, the
“M2” pharmacological class is usually defined by AF-DX 384
or related antagonists, compounds that have virtually identical
affinities for m2 and m4 receptor proteins (29). In addition,
multiple subtypes are undoubtedly involved in various cholin-
ergic responses, whether at a behavioral or cellular level. For
example, performance on memory tests in animals is sensitive
to a variety of drugs with preference for either M1 (30-34) or
M2 receptors (35), suggesting that multiple subtypes are
involved. Furthermore, the diversity of muscarinic effects and
the presence of each of the molecular subtypes in hippocampus
alone suggests that each of the receptors play special roles in
memory and other functions involving this structure.

Table 1. Localization of mAChR subtypes in brain
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A Diversity of Muscarinic Receptor Actions
in Hippocampus

The mAChR subtypes mediate a diversity of pre- and post-
synaptic actions in hippocampus. Presynaptic mAChRs de-
press inhibitory and excitatory responses in hippocampus
(36-38), with some evidence that different subtypes inhibit
release of glutamate, aspartate, y-aminobutyric acid, and ACh
(39, 40). Autoreceptors that inhibit ACh release in hippocam-
pus have been described variously as M2 (39, 41), M2-cardiac
like (42), M2-noncardiac like (43), and as M4 (44). The identity
of this subtype could be important therapeutically in AD, since
antagonists at this site might enhance ACh release from
surviving cholinergic terminals (41, 45). Physiological studies
also suggest that mAChR are precisely localized at distinct
excitatory synapses in hippocampus, where they profoundly
influence neurotransmission. Glutamatergic systems are re-
sponsible for the majority of excitatory transmission in brain,
including the excitatory feed-forward synapses that are the
backbone of hippocampal circuitry, i.e., the “tri-synaptic path-
way,” and are critical for memory and other hippocampal
functions. ACh depresses evoked responses at each excitatory
synapse. For instance, stimulation of a presynaptic mAChR
depresses excitatory transmission at Schaffer collateral syn-
apses in CA1 and at mossy fiber synapses in CA3 (36, 37, 46,
47). Postsynaptic mAChR subtypes also modulate excitatory
synaptic neurotransmission in hippocampus (37). An example
of this modulation in the CA1 region is enhanced responsive-
ness of N-methyl-D-aspartate receptors by activation of M1
receptors (48). The perforant pathway is also modulated by an
mAChR selectively localized in the middle third of the dentate
gyrus (49). Thus, although a diversity of pre- and postsynaptic
ACh actions in memory-related circuits have been described,
which exhibit a high degree of spatial- and subtype-selectivity,
determination of the precise identities of the molecular sub-
types has not been possible using conventional pharmacolog-
ical approaches. To gain further insights into the roles of
mAChR family, molecular and immunological approaches
have been used to study the expression and regulation of the
ml-m5 subtypes.

Localization of mAChR Gene Products in Brain

Identification of the mAChR subtypes in brain has been
accomplished using in situ hybridization to localize the
mRNAs (50, 51) and highly selective antibodies to directly
quantify (52, 53) and localize the proteins (52). Surprisingly, all
of the subtypes appear to be present in brain, albeit in different
distributions and relative abundance, as summarized in Table
1. Quantitative immunoprecipitation studies performed by
independent laboratories using different antibodies have
shown close agreement in the composition of subtypes in

Molecular subtype Regional abundance

Cellular localization Synaptic localization

ml Abundant in forebrain (neocortex,
hippocampus neostriatum)

m?2 Moderately abundant throughout brain
m3 Low levels throughout brain
mé4 Abundant in neostriatum, moderate levels

in hippocampus and cortex

m5 Low levels in hippocampus, substantia nigra

Pyramidal neurons
Striatal spiny neurons

Post- >=> Presynaptic

Cholinergic neurons,
nonpyramidal neurons in
cortex and hippocampus

Pre- >> Postsynaptic

Neuronal ?

Striatal spiny neurons
Associational and commissural
hippocampal projections

Pre- and postsynaptic

Pyramidal neurons, substantia ?
nigra pars compacta, microglia

?, Unknown.
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various regions of rat (52, 53) and human brain (54). In the
forebrain regions of interest for AD, the ml, m2, and m4
proteins are the most abundant subtypes. For example, in
hippocampus and several regions of neocortex in human brain,
m1 ranges from 35-60% of all mAChR binding sites, whereas
m?2 and m4 each account for about 15-25% of receptors in the
same areas (54). In contrast, m2 is the predominant subtype in
the basal forebrain, and m4 is the most abundant mAChR in
the caudate and putamen. These findings suggest that m2 may
play a role as autoreceptor on cholinergic neurons (see below),
whereas m4 may play an important role in motor control and
perhaps motor learning. The m3 and mS5 receptors are ex-
pressed only at very low levels in brain.
Immunocytochemical methods have enabled high resolution
localization of the mAChR family of proteins. Light micro-
scopic mapping studies reveal that the proteins (52, 55-57),
like the mRNAs (50, 51), are differentially expressed in brain.

gt
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In fact, all five receptor mRNAs and at least four of the
encoded proteins are present in different populations of
forebrain neurons in the rat. As shown in Fig. 1, m1-m4
receptors are all expressed in medial temporal lobe structures
in non-human primates, with substantial differences in the
regional and laminar patterns of immunoreactivity for each
subtype. This finding suggests that the receptor proteins are
differentially expressed by various neuronal populations
and/or differentially transported to pre- and post-synaptic
locations. However, as yet there is only limited information
available about the precise synaptic distributions of the subtypes.

In neocortical regions and hippocampus, m1 receptor is
expressed in virtually all pyramidal neurons, where it is
localized in somatodendritic regions. By immunoelectron mi-
croscopy, m1 immunoreactivity has been found to be primarily
postsynaptic, and quite specifically enriched at certain syn-
apses (Fig. 2). Although ACh is likely to be released at some

Fic. 1. Immunocytochemical localization of m1-m4 mAChR subtypes in the medial temporal lobe of a non-human primate. Adjacent sections
processed for Nissl stain to show the cytoarchitecture and acetylcholinesterase (AChE) histochemistry are shown for comparison. Note the regional
and laminar differences in the distributions of the receptors, as well as the highly complementary patterns of expression. (Bar = 1.0 mm.) CA1
and CA3, fields of Ammon’s horn; DG, dentate gyrus; PrS, presubiculum; S, subiculum.
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of these synapses, no studies have identified the cholinergic
terminals directly together with the receptor subtypes. How-
ever, many ml-positive synapses appear to receive additional
innervation from terminals containing excitatory amino acids
(58). As described above, cholinergic modulation of glutama-
tergic synapses is well established and m1 at such synapses may
provide part of the anatomical and molecular basis for this
interaction, e.g., as the postsynaptic M1-like receptor under-
lying the cholinergic potentiation of glutamate N-methyl-D-
aspartate receptor-mediated neurotransmission (48). Given
the failure of glutamatergic synapses in AD, drugs acting at
these postsynaptic m1 receptors might augment these crucial
memory circuits in the disease as well. The m1 receptor has a
similar postsynaptic distribution at excitatory synapses in
striatum (59), suggesting that this subtype may play a general
role in cholinergic modulation of glutamatergic transmission.

The m2 mAChR subtype has also been of considerable
interest for AD, with the assumption that this molecular
subtype is a presynaptic autoreceptor that inhibits ACh release
(45). For drug development in AD, an antagonist acting at such
a receptor would be predicted to increase ACh release from
surviving cholinergic terminals. In addition, the effectiveness
of subtype-nonselective agonists or cholinomimetics such as
tacrine and other cholinesterase inhibitors might be dimin-
ished if the presynaptic autoreceptors are stimulated. While
some pharmacological evidence has accumulated for the role
of m2 as the cholinergic autoreceptor in cortex and hippocam-
pus (45), this issue has been controversial. Recent molecular
and immunocytochemical approaches have provided the first
direct assessment of the cellular and synaptic localization of m2
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in animal and human brain. In the basal forebrain, the m2
subtype is expressed at high levels in the cholinergic neurons,
but it is also present in the admixed populations of neurons that
are noncholinergic and which also project to cortex and
hippocampus (56). In fact, lesions of the cholinergic neurons
that spare the noncholinergic neurons have little apparent
effect on m2 receptor expression, indicating that most m2
receptors in this region are located on noncholinergic struc-
tures (56). In neocortex and hippocampus, m2 receptors are
found in discrete lamina in the neuropil, as well as in certain
populations of nonpyramidal neurons (52, 57). As shown in
Fig. 2, electron microscopic analysis reveals that many m2
receptors in the hippocampus are present in axons and axon
terminals. The m2 receptor is also presynaptic in other regions
of the brain, including neocortex (58), basal forebrain (56), and
striatum (59). Although ACh may be contained within some of
these terminals, many terminals have morphological features
suggesting that other transmitters may be contained within. In
neocortex and hippocampus most of the presynaptic m2 re-
ceptors are probably derived from noncholinergic neurons
intrinsic to the cortex and hippocampus (57), because virtually
complete lesions of the cholinergic projection neurons have
little effect on the abundance or distribution of m2 receptors
in the terminal fields. However, the m2 positive terminals in
striatum (59), and perhaps a minority of those in cortex and
hippocampus, are cholinergic, where this subtype is believed to
be an autoreceptor.

Much less is known about the precise localization of the
other mAChR in forebrain circuits relevant to memory and
cognition. The m3 receptors are present in various neuronal

F1G. 2. Light and electron microscopic localization of m1 and m2 immunoreactivity in rat hippocampus. (Upper Left) A light photomicrograph
showing m1 immunoreactivity in pyramidal neurons in CAl. There is also abundant immunoreactivity in the neuropil in the stratum oriens (so)
and stratum radiatum (sr). (Upper Right) The stratum radiatum at the electron microscopic level, with m1 immunoreactivity primarily at postsynaptic
sites (arrows) along the membrane of a dendrite (den*) of a pyramidal neuron, and with much of the neuropil consisting of immunoreactive dendritic
spines (s). In contrast, m2 is primarily localized in nonpyramidal neurons in hippocampus (Lower Left). An isolated neuron with several dendrites
is seen in stratum lucidum (sl). Also note the dense neuropil immunoreactivity surrounding neurons in the stratum pyramidale (sp). At the electron
microscopic level (Lower Right), much of the m2 immunoreactivity is presynaptically located within axon terminals (t*).
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populations throughout the brain (55). The m4 subtype is fairly
abundant in cortex and hippocampus, although it is most
enriched in striatum. At the light microscopic level m4 recep-
tors, like m2, appear mostly in the neuropil (57). Although no
ultrastructural information has been reported for m4, this
subtype is present in several key pathways, including the corpus
callosum, hippocampal commissure, and fimbria—fornix. This
pattern of localization, together with the laminar distribution
of m4, suggests that these receptors may be presynaptically
located on associational and commissural projection pathways
of the hippocampus. If so, this receptor might be important in
the regulation of glutamate release. Finally, m5 is the only
receptor protein that has yet to be localized by immunocyto-
chemistry, although the mRNA has been reported in hip-
pocampal pyramidal neurons, dopamine-containing neurons
in the substantia nigra, and few other regions (51, 60).

Muscarinic Receptor Subtypes in AD

The ultimate application of basic advances in the molecular
neurobiology of mAChR to human conditions, such as AD,
depends on knowledge about the expression of the mAChR
family in human brain and possible alterations in the receptors
by the disease process. Pharmacologically defined binding sites
have been analyzed in detail in control and in AD postmortem
brain (for review see ref. 61). It has been suggested that
“postsynaptic” receptors are largely unchanged in number in
AD (45, 57) but may not be functional (62). There has been less
consensus regarding “presynaptic” receptors, but some studies
have found these are reduced in AD (45). However, because
the ligands used in these studies do not have the specificity
necessary to distinguish among the individual mAChR pro-
teins or to spatially resolve their pre- and postsynaptic loca-
tions, it is difficult to interpret these earlier findings vis a vis
the molecular subtypes.

Only recently has any information been obtained regarding
the molecular subtypes in AD. A solution hybridization study
revealed a significant decrease of m1 mRNA in temporal
cortex of six AD patients, with no change in the levels of m2,
m3, or m4 (63). No changes in any subtypes were found in other
brain regions tested. This finding is at odds with one other
study of the mAChR mRNAs, which described an almost
3-fold increase in m1 mRNA in temporal cortex using in situ
hybridization (64). A recent immunoprecipitation study has
provided the first direct analysis of the family of receptor
proteins in AD, with assay of several brain regions from 13 AD
cases and 11 age-matched controls (54). The results yielded
several surprising findings. First, the m1 protein was decreased
throughout cortex and hippocampus despite unchanged levels
of the M1 binding sites in the same tissues. This finding is in
conflict with current dogma, since it suggests that ml, the
predominant postsynaptic receptor in cholinergic terminal
fields, may be reduced in diseased brain, perhaps as a result of
shrinkage or degeneration of pyramidal neurons and their
dendrites and spines. Alternatively, the receptor may lose the
epitopes recognized by antibodies yet retain ligand binding
ability. In addition, there were marked increases in m4 recep-
tors in AD, which occurred only in cortical regions and
hippocampus and not in putamen. Because the ligand binding
preferences of m1 and m4 overlap (both are “M1”-like), the
opposing directions of change in the levels of these two
receptors could also reasonably account for the findings of
previous studies in which “M1” receptor binding sites were
unchanged. Although the cellular basis for the increase in m4
is presently unknown, this subtype might be an interesting
target for novel cholinergic therapies. Other subtype changes
of note in AD brain include a decrease in the levels of m2
receptor protein. As discussed above, because only a minority
of the m2 receptors are present in cholinergic terminals, the
reduced levels of this subtype probably reflect changes in other
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neuron populations, which are intrinsic to the neocortex and
hippocampus.

Conclusions

Impaired neurotransmission at muscarinic cholinergic syn-
apses may contribute to the devastating loss of memory and
other cognitive abilities in AD. Identification of a family of five
mAChR genes encoding highly related receptor subtypes with
markedly different cellular and synaptic distributions in brain,
raises the exciting possibility that individual receptors may be
targets for improved therapies. Presently used cholinergic
compounds suffer from a lack of subtype-selectivity and
potency, which favor negative peripheral side effects and may
limit cognitive effects because of weak and/or opposing ac-
tions in brain. In contrast, the high levels and selective
expression of several of the molecular subtypes, including m1,
m2, and m4, in memory-related forebrain circuits, provides an
opportunity for “magic bullet” therapies to be targeted to
precise pre- and postsynaptic sites. However, the complexity of
cholinergic transmission, together with alterations in these
receptors in AD brain, makes predictions about the behavioral
and therapeutic relevance of these receptors uncertain.
Progress in the development of many selective compounds will
likely clarify the ultimate therapeutic implications of the
mAChHR family for AD in the near future.
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