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ABSTRACT Evidence suggests that cholinergic input to
the hippocampus plays an important role in learning and
memory and that degeneration of cholinergic terminals in the
hippocampus may contribute to the memory loss associated
with Alzheimer’s disease. One of the more prominent effects
of cholinergic agonists on hippocampal physiology is the
potentiation of N-methyl-D-aspartate (NMDA)-receptor cur-
rents by muscarinic agonists. Here, we employ traditional
pharmacological reagents as well as m1-toxin, an m1 antag-
onist with unprecedented selectivity, to demonstrate that this
potentiation of NMDA-receptor currents in hippocampal CA1
pyramidal cells is mediated by the genetically defined m1
muscarinic receptor. Furthermore, we demonstrate the colo-
calization of the m1 muscarinic receptor and the NR1a NMDA
receptor subunit at the electron microscopic level, indicating
a spatial relationship that would allow for physiological
interactions between these two receptors. This work demon-
strates that the m1-muscarinic receptor gene product modu-
lates excitatory synaptic transmission, and it has important
implications in the study of learning and memory as well as
the design of drugs to treat neurodegenerative diseases such
as Alzheimer’s.

One of the major neuromodulatory inputs to the hippocampus
is a large cholinergic projection from the medial septum and
the diagonal band of Broca (1). Both animal and human studies
indicate that cholinergic modulation of hippocampal and
cortical function plays an important role in memory and
attention (2–7). Furthermore, abundant evidence suggests that
the clinical syndrome associated with Alzheimer’s disease
results, at least in part, from the degeneration of basal fore-
brain cholinergic neurons and the resulting depletion of cho-
linergic markers in neocortex and hippocampus (8–12). Be-
cause of this, a great deal of effort has been focused on
determining the cellular mechanisms involved in cholinergic
modulation of hippocampal function and the specific acetyl-
choline (ACh) receptor subtypes that mediate these responses.

One of the predominant effects of cholinergic agonists on
hippocampal CA1 neurons is potentiation of currents through
the N-methyl-D-aspartate (NMDA) subtype of glutamate re-
ceptor (NMDAR) (13–16). The NMDAR plays a pivotal role
in long-lasting forms of synaptic plasticity thought to underlie
learning and memory (17). Thus, potentiation of NMDAR
currents (INMDA) could provide a crucial mechanism by which
cholinergic input to the hippocampus modulates memory and
attention. In addition, the cholinergic receptor that mediates
this potentiation could provide a target for the development of
drugs to treat memory disorders (e.g., Alzheimer’s disease).

Evidence suggests that ACh-induced potentiation of NMDAR
currents is mediated by muscarinic ACh receptors (mAChRs)
(14). However, the specific mAChR subtype that mediates this
response is not known. The mAChRs have been classified into
m1–m5 subtypes based on molecular analysis of genes that
encode five highly related but structurally distinct mAChR
subtypes (18–20). Using a panel of highly specific antibodies
for each of the mAChR subtypes, we detected three of the five
mAChRs (m1, m3, and m4) in CA1 pyramidal cells where they
could mediate mAChR-induced potentiation of NMDAR
currents (21). Of these subtypes, m1 is by far the most
abundant in the hippocampal formation, and this receptor is
especially enriched in hippocampal area CA1 (21, 22). Fur-
thermore, ultrastructural analysis of m1 immunoreactivity
reveals that this receptor is heavily localized in spines and
dendrites of asymmetric (putative glutamatergic) synapses in
the cerebral cortex (23) and hippocampus (24). Finally,
Markram and Segal (15) provided evidence that the potenti-
ation of NMDAR currents by mAChR agonists requires
activation of phosphoinositide hydrolysis. Of the three candi-
date receptors, only m1 and m3 couple to this effector system
(19). Based on these previous studies, we postulate that
mAChR-induced potentiation of NMDAR currents in CA1
pyramidal cells is mediated by m1.

In the present studies, we employ a combination of com-
petitive mAChR antagonists and m1-toxin, a highly specific
and irreversible m1 antagonist (25–28) to demonstrate that the
carbachol (CCh)-induced potentiation of NMDAR currents is
mediated by an m1-like receptor. We also utilize receptor
subtype and subunit-specific antibodies for double-labeling
immunocytochemistry to demonstrate that m1 and the NR1a
NMDAR subunit are colocalized at specific postsynaptic sites.
This reveals a spatial relationship that would allow for specific
physiological interactions between these two receptor sub-
types. These studies provide conclusive evidence that the
m1-muscarinic receptor gene product mediates the modula-
tion of NMDAR-mediated excitatory synaptic transmission
and provide a possible mechanism by which m1 agonists may
be effective in ameliorating the cognitive deficits associated
with Alzheimer’s disease.

MATERIALS AND METHODS

Materials. Male Sprague–Dawley rats were used for all
experiments. In rats, the adult expression profile of the m1
receptor is fully developed by 3 weeks postnatal (29), and the
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NR1 receptor is expressed at high levels throughout the brain
beginning at birth (30). Therefore, we used rats that were at
least 3 weeks old for all experiments. PD 102807 was a gift from
Roy Schwarz (Parke-Davis). m1-toxin was previously purified
and characterized in the laboratory of L.T.P. (25). 1S,3R-
ACPD and NMDA were obtained from (Tocris Neuramin,
Bristol, U.K.). All other materials were obtained from Sigma.

Electrophysiology. For patch-clamp studies, hippocampi
from 3- to 6-week-old (101–125 g) male Sprague–Dawley rats
were dissected on ice. Thick (400-mm) transverse hippocampal
slices were prepared and maintained as described previously
(31). Slices were maintained fully submerged on the stage of
a brain slice chamber and perfused continuously with artificial
cerebrospinal f luid (ACSF) (1 mlymin, equilibrated with 95%
O2y5% CO2). Patch electrodes were pulled from borosilicate
glass on a Narashige vertical patch-pipette puller and filled
with 40 mM Hepesy100 mM gluconic acidy0.6 mM EGTAy0.3
mM GTPy2 mM ATPy5 mM MgCl2; pH was adjusted to 7.4
with 50% CsOH. Electrode resistance was 3–7 MV. The patch
electrode was advanced through the airyACSF interface and
into the pyramidal cell layer of area CA1 while maintaining
slight positive pressure, and recordings from CA1 pyramidal
cells were made by using the ‘‘blind’’ patchyslice technique.
For measurement of NMDA-evoked currents NMDA was
pressure-ejected into the slice from a low-resistance pipette.
NMDA-evoked currents were recorded from a holding poten-
tial of 260 mV, and slices were bathed in ACSF containing 1
mM tetrodotoxin (Sigma). Percent potentiation was defined by
using the ratio of maximum current amplitude during carba-
chol application (Imax) to average current amplitude of three
trials immediately preceding drug application (Ibase) in the
equation: percent potentiation 5 {[(ImaxyIbase) 2 1] 3 100}.
For measurement of stimulus-evoked postsynaptic currents in
area CA1, bipolar tungsten electrodes were used to apply
stimuli to the Schaffer collateral–commissural pathway. In
these studies, the bathing ACSF contained 50 mM picrotoxin,
and the Schaffer collateral pathway was cut at the CA1yCA3
border to eliminate excitatory input from area CA3. Drugs
were applied through the perfusion medium. An IBM Pentium
clone and PCLAMP data acquisition and analysis system (Axon
Instruments) were used to acquire and analyze the data. All
data are presented as means 6 SEM.

Immunocytochemistry. Sprague–Dawley rats (250–300 g)
were deeply anesthetized with 4% chloral hydrate, then per-
fused transcardially with a phosphate-buffered solution of 3%
paraformaldehyde and 0.15 or 0.2% glutaraldehyde for 12–13
min (260–290 ml). The rats then were refrigerated for 1–2 hr,
after which their brains were removed and 40- to 50-mm
sections of the dorsal hippocampus were obtained on a vi-
bratome (Oxford). Sections subsequently were preblocked
with 4% normal goat serum (NGS) in Tris-buffered saline
(TBS) (50 mM Trisy1.5% NaCl, pH 7.2) and then incubated in
primary NMDA mAb (1:200) (mAb 54.1, PharMingen) and m1
rabbit polyclonal affinity-purified antibody (1 mgyml) in TBS
containing 2% normal goat serum for at least 48 hr. The
generation and detailed characterization of the specificity of
these antibodies have been described previously (22–34). Con-
trol sections were treated identically, except they received only
one of the two primary antibodies or no primary antibody.
After several rinses in TBS, the sections were incubated in the
following secondary antibodies for 24 hr: goat anti-mouse (for
monoclonal NMDA) and gold-conjugated goat anti-rabbit (for
polyclonal m1). The NMDAR monoclonal immunoreactivity
was amplified with mouse peroxidase antiperoxidase (PAP)
and developed in diaminobenzidine (DAB, Sigma) containing
0.5% hydrogen peroxide, rinsed in TBS followed by a phos-
phate buffer rinse, and then postfixed overnight in 4% glu-
taraldehyde in phosphate buffer. Sections were then rinsed
thoroughly in 0.1 M phosphate buffer (pH 7.6), processed with
a silver enhancement protocol as described in Burry et al. (35),

and postfixed in 1% osmium tetroxide in phosphate buffer for
1 hr. Sections then were dehydrated through a graded ethanol
series, followed by propylene oxide, infiltrated, and embedded
in Eponate 12 (Ted Pella, Redding, CA) between glass slides
coated with releasing agent. Silver and silver-gold sections
were obtained by using a diamond knife on a Reichert Ultracut
S (Leica) ultramicrotome. Sections were retrieved on 200 mesh
hexagonal grids, viewed, and photographed on a JEOL 100 C
electron microscope. Profiles were considered immunoreac-
tive if they contained the diffuse electron-dense DAB reaction
product (marking NR1a immunoreactivity) andyor three or
more gold particles (marking m1 immunoreactivity), within
the membrane boundaries of that profile.

RESULTS

Bath Application of Carbachol Induces a Rapidly Desensi-
tizing Potentiation of NMDA Receptor Currents in CA1
Pyramidal Cells. NMDA (1 mM) applied to stratum radiatum
at 1-min intervals by pressure ejection produced a stable
inward current (30–100 pA) in CA1 pyramidal cells held at
260 mV (INMDA). Bath application of 10 mM CCh produced
an approximate 2-fold increase in INMDA amplitude (Fig. 1A

FIG. 1. Activation of muscarinic receptors potentiates NMDA-
receptor currents in CA1 pyramidal cells. Bath application of 10 mM
CCh induces a marked potentiation of currents evoked by NMDA
application. (A) Single traces obtained before CCh application (Pre-
Drug), at the peak of CCh-induced potentiation (10 mM CCh), and
after a 5-min washout. (B) The time course of CCh-induced poten-
tiation of NMDAR currents demonstrates that this effect quickly
desensitizes. Data represent mean 6 SEM of five cells. (C) The
potentiating effect of CCh is dose-dependent in the range of 1–100
mM. Data represent mean 6 SEM of peak potentiation with three cells
for each data point.
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and B). This potentiation peaked within 2–3 min of the start
of CCh infusion and was followed by a decay to baseline (Fig.
1A). After 5 min of washing, there was no significant differ-
ence between the pre and postdrug currents. In a few exper-
iments CCh was reapplied after a 5- to 10-min washout period.
In these cases, the potentiating effect of CCh was diminished
greatly, indicating that desensitization had occurred. There-
fore, we limited all experiments to a single drug application.
The effect exhibited a dose dependency with an approximate
EC50 of 10 mM (Fig. 1C). This is consistent with the EC50 for
carbachol-induced stimulation of phosphoinositide hydrolysis
in brain slices (36–38).

The Effect of mAChR Antagonists on CCh-Induced Poten-
tiation of NMDA-Receptor Currents Is Consistent with Me-
diation by m1. We employed the nonselective antagonist
atropine to verify that the effect of CCh was mediated by
mAChR activation. Atropine (1 mM) reduced CCh-induced
potentiation of INMDA by 78.4% compared with control cells
(Fig. 2), indicating that this effect is mediated by mAChRs. We
next determined the effect of pirenzepine, an mAChR antag-
onist with selectivity for m1 relative to other mAChR subtypes.
Pirenzepine (75 nM) significantly reduced the CCh induced
potentiation of INMDA at a concentration approximately 10
times its IC50 at m1 receptors (Fig. 2). However, while piren-
zepine exhibits more than 20-fold selectivity for m1 relative to
m2 or m3, this compound is only about 5-fold selective for m1
over m4 (39). Thus, an effect of this concentration of piren-
zepine is consistent with mediation by either m1 or the m4
receptor. To determine whether m4 might mediate this re-
sponse to CCh, we employed the m4-selective antagonist
PD102807 (40, 41). PD102807 is 100-fold more potent at m4
than at m1 receptors. Cells pretreated with 250 nM PD102807,
a concentration approximately 10 times its IC50 at m4 recep-
tors, exhibited no significant difference in response to CCh
(Fig. 2). Thus, the inhibitory effect of pirenzepine is unlikely
to be mediated by m4.

The Carbachol-Induced Potentiation of NMDA Currents in
CA1 Pyramidal Cells Is Blocked by m1-Toxin. While the
studies described above suggest a role for m1 in mediating
CCh-induced potentiation of INMDA, the degree of selectivity
of the compounds used in these studies does not allow com-
plete confidence in this conclusion. Thus, to further test the
hypothesis that the m1 mAChR mediates the muscarinic-
induced potentiation of INMDA, we employed the highly spe-

cific m1-toxin (25–28). m1-Toxin is an irreversible antagonist
of the m1 mAChR, but has no effects on m2, m3, or m5
mAChR subtypes. High concentrations of m1-toxin can inhibit
m4. However, the potency of this toxin at m4 is approximately
100-fold lower than its potency at m1. Furthermore, in contrast
to its effects at m1, binding of m1-toxin to m4 is fully reversible.
Because of this, effects of m1-toxin on mAChR-mediated
responses that persist after thorough washing of the toxin from
the tissue can be attributed definitively to m1. We incubated
hippocampal slices in 1 unityml of m1-toxin for at least 1 hr.
This is a minimal concentration of m1-toxin needed for
inhibition of m1 and is below the concentration needed to
inhibit binding to m4. After the initial incubation, slices were
washed in the recording chamber for at least 30 min. These
conditions were designed to allow complete block of m1 and
eliminate any possibility of binding to m4 (27). Control slices
were treated identically, but without m1-toxin. As shown in
Fig. 3, this treatment inhibited the CCh-induced potentiation
of INMDA in cells obtained from m1-toxin-treated slices (con-
trol, 193 6 46% potentiation, n 5 5; m1-toxin, 26 6 6%
potentiation, n 5 6).

To ensure that m1-toxin did not exert a nonselective effect
on potentiation of INMDA, we determined the effect of m1-
toxin treatment on potentiation of INMDA by the metabotropic
glutamate receptor agonist 1S,3R-ACPD (42, 43). m1-Toxin
produced no significant effect on 1S,3R-ACPD-induced po-
tentiation of INMDA (control, 59 6 12% potentiation, n 5 4;

FIG. 2. The effect of mAChR antagonists on the CCh-induced
potentiation of NMDA-receptor currents. Data presented show the
effect of CCh (10 mM) on peak NMDAR currents in the absence of
antagonists (Control) or in the presence of the nonspecific mAChR
antagonist atropine (1 mM), the m1-selective antagonist pirenzepine
(75nM), or the m4-selective antagonist PD 102807 (250 nM). Data are
presented as percentage of potentiation (mean 6 SEM) of NMDAR
current (p, P , 0.05; n 5 5 for each condition).

FIG. 3. m1-Toxin specifically inhibits the CCh-induced potentiation of
NMDA-receptor currents. (A) Time course of CCh-induced potentiation
of NMDAR current in a representative cell pretreated with m1-toxin (E)
and a control cell treated in the same fashion but without m1-toxin (F).
(B) Mean (6SEM) data demonstrating that m1-toxin specifically blocks
the potentiating effect of CCh but has no effect on the response to
1S,3R-ACPD. (p, P , 0.05; n 5 4–5 for each condition).
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m1-toxin, 79 6 26% potentiation, n 5 4) (Fig. 4). To ensure
that m1-toxin did not exert nonselective actions on multiple
mAChR-mediated responses, we also tested for effects of
m1-toxin treatment on CCh-induced inhibition of evoked
excitatory postsynaptic currents (EPSCs) at the Schaffer col-
lateral–CA1 synapse. The muscarinic receptor that mediates
this effect is unknown; however, it is hypothesized to be a
receptor presynaptically localized on the Schaffer collateral
terminals that inhibits glutamate release (44). The m1 mus-
carinic receptor is not highly localized presynaptically (21), and
pharmacological characterization of muscarinic inhibition of
glutamate release in the hippocampus suggests that either m2
or m4 mediates this effect (45, 46). Thus, it is highly unlikely
that this effect is mediated by the m1 receptor. m1-Toxin
treatment produced no change in the effect of CCh on evoked
EPSCs at this synapse (control inhibition, 70.3 6 5.7%, n 5 5;
m1-toxin inhibition, 67.4 6 7.1%, n 5 5) (Fig. 4). Taken
together, these data demonstrate that the m1-toxin is selec-
tively inhibiting the CCh-induced potentiation of INMDA and
provide strong evidence that this effect is mediated by m1.

The m1-Muscarinic Receptor Is Colocalized with the
NMDA Receptor. Another prediction of the hypothesis that
mAChR-induced potentiation of INMDA is mediated by m1 is
that m1 and NMDA receptor subunits should be colocalized in
close proximity at glutamatergic synapses. To test for this, we
employed double-labeling immunocytochemistry with anti-
bodies that specifically react with m1 and the NR1a subunit of
the NMDAR. Immunogold labeling was used for detection of
m1 immunoreactivity whereas DAB was used for detection of
NR1. Analysis at the electron-microscopy level revealed im-
munoreactivity for both m1 and NR1 in CA1 pyramidal cell
bodies, proximal dendrites, and distal dendrites (Fig. 5). The
gold particles that were labeling the m1 protein were seen
along the cell membrane of pyramidal cell bodies and proximal
and distal dendrites. The DAB reaction product, a diffuse
electron-dense precipitant, labeling NR1, was seen inside the
same profiles (Fig. 5). Virtually all of the profiles that con-
tained immunogold particles (m1) also contained DAB im-

munoreactivity (NMDAR), suggesting that all sites containing
m1 also contain NMDARs. However, definitive quantification
of the extent of colocalization of these two proteins was
precluded by the poor penetration of the gold secondary
antibodies. Control experiments in which one of the primary
antibodies (NR1 or m1) was omitted verified that no crossre-
activity was seen. For example, no DAB reaction product was
seen when the NR1a antibody was omitted, and the distribu-
tion of gold particles labeling m1 was identical to that seen in
the double-labeled condition. These anatomical experiments
indicate that pyramidal cells express both the m1 receptor and
the NMDARs and transport them to dendrites, where they
coexist in the same postsynaptic structures.

DISCUSSION

The present studies provide converging lines of evidence that
suggest that activation of the m1 mAChR subtype results in
potentiation of INMDA in hippocampal CA1 pyramidal cells.
The pharmacological profile of mAChR-induced potentiation
of INMDA is consistent with mediation by m1, and this response
is irreversibly blocked by the highly specific m1-toxin. Fur-
thermore, double-labeling immunocytochemistry reveals that
the m1 and NMDARs colocalize at putative glutamatergic
synapses.

The mechanism by which m1 mAChR activation potentiates
INMDA currently is unknown. Receptors of the m1 subtype are
known to couple to activation of phosphoinositide hydrolysis
(19), and Markram and Segal (15) have suggested that the
potentiating effect of CCh on INMDA is mediated by activation
of this signaling pathway. These findings, along with the
demonstration that protein kinase C (PKC) can potentiate
INMDA in some systems (47–49), suggest that PKC could
underlie this phenomenon. In fact, metabotropic glutamate
receptor agonists have been shown to potentiate NMDAR
current in hippocampal neurons in a PKC-dependent manner
(42, 43). However, pharmacological blockade of PKC does not
inhibit the muscarinic-induced potentiation of INMDA in CA1
pyramidal cells (15, 16). Furthermore, direct activation of PKC
in these cells inhibits, rather than potentiates, NMDA-evoked
currents (50).

Another potential mechanism by which m1 activation could
potentiate INMDA is through the activation of tyrosine kinase
cascades. Recent studies reveal that the src family of tyrosine
kinases can potentiate INMDA and that this may be mediated by
phosphorylation of tyrosine in the C-terminal domain of the
NR2A subunit (51–54). Interestingly, activation of muscarinic
receptors can activate tyrosine kinases in hippocampal slices
(60, 61), suggesting that m1-induced activation of tyrosine
kinase could mediate the m1-induced potentiation of INMDA.
However, future studies will be needed to rigorously test this
hypothesis.

At present, the physiological role of m1 mAChR potentia-
tion of NMDAR current and the physiological circumstances
under which this response might occur are not entirely clear.
The stratum radiatum of area CA1 receives a prominent, yet
diffuse innervation of ChAT-positive terminals that rarely
make defined synaptic junctions (55). This finding has led some
researchers to postulate that modulation by ACh occurs
through a diffuse transmission that relies on nonsynaptic
changes in ambient ACh levels (55, 56). While it is not known
whether ambient levels of ACh are sufficient to effect the
Schaffer collateral–CA1 glutamatergic terminals, several stud-
ies have shown that stimulation of cholinergic afferents evokes
marked increases in CA1 pyramidal neuron excitability
through activation of mAChRs (57–59). A definitive statement
as to the physiological role of this phenomenon must await
further study.

One of the more interesting aspects of the current findings
is the possible implications of these studies for development of

FIG. 4. Pretreatment with m1-toxin does not inhibit the CCh-
induced reduction of evoked EPSCs. (A) Single traces demonstrating
that 1 mM CCh inhibits evoked EPSCs in both control and m1-toxin-
treated slices. (B) Mean (6SEM) data showing that CCh produces a
significant inhibition of evoked EPSCs in both control and m1-toxin-
treated slices (p, P , 0.05; n 5 4 for each condition). P, pre-drug; C,
1 mM CCh; W, washout.
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novel strategies for the treatment of memory loss and other
disorders involving hippocampal circuits. Unfortunately, the
clinical use of cholinesterase inhibitors such as tacrine is
limited because of poor efficacy or side effects associated with
their nonselective mechanism of action. Inhibition of acetyl-
cholinesterase results in activation of virtually all ACh recep-
tors, both in the central nervous system and in the periphery.
However, m1 plays a relatively minor role in mediating the
peripheral effects of ACh and is responsible for only a portion
of the effects of ACh in the brain. Thus, development of potent
and selective m1 agonists might provide agents with fewer side
effects and greater efficacy than currently available com-
pounds.

There are also implications of these studies for treatment of
other neurological and psychiatric disorders. For instance,
NMDAR-mediated excitotoxicity has been implicated in a
number of pathologies, including stroke, head injury, and
certain neurodegenerative disorders. It is possible that antag-
onists of m1 or other receptors involved in potentiation of
NMDAR function could be used for reducing NMDAR-
mediated excitotoxicity in some conditions. Potentially more
promising are the possible implications of these findings in the

development of novel treatments for psychiatric disorders such
as schizophrenia. Recent clinical and basic studies have led to
wide acceptance of the hypothesis that a reduction in trans-
mission at glutamatergic synapses and, especially, reduced
NMDAR function underlie some of the pathological changes
associated with schizophrenia (see refs. 62 and 63 for reviews).
Based on these findings, there has been a major focus on the
development of compounds that potentiate NMDAR function
in hippocampal and cortical circuits that may alleviate the
symptoms of schizophrenia without causing serious side ef-
fects. Interestingly, clinical trials of the mAChR agonist
xanomeline in Alzheimer’s disease patients revealed a striking
reduction in psychotic behaviors such as hallucinations and
delusions (64). These findings, coupled with the present data,
suggest that the m1 mAChR could provide an excellent target
for the development of antipsychotic agents that enhance the
NMDA component of glutamatergic synaptic transmission.

The present study shows that the m1 mAChR mediates the
muscarinic-induced potentiation of NMDAR currents in hip-
pocampal CA1 pyramidal cells. However, this is not the only
mechanism by which ACh could potentiate glutamatergic
transmission in the central nervous system. For example, in

FIG. 5. The m1-muscarinic receptor colocalizes with the NMDA NR1 subunit. Double-labeling electron microscopic immunocytochemistry was
used to identify immunoreactivity for the m1 mAChR (visualized with silver-enhanced immunogold, electron-dense round particles) and the NR1
subunit of the NMDAR protein (visualized with DAB; a diffuse floccular reaction product). (A) A pyramidal cell soma (pc**) that contains
immunoreactivity for m1 and NR1. Note the presence of DAB (dark diffuse-reaction product filling cytoplasm, and immunogold particles present
in the cytoplasm and lining the membrane highlighted with small arrows in A–C). Also pictured is a large proximal dendrite (d**) double-labeled
with both m1 and NMDAR immunoreactivity. n, nucleus. (B) A large proximal dendrite (d**) that contains immunoreactivity for both the m1
and NMDARs. A dendritic spine (s*) containing NMDA immunoreactivity is seen extending off the proximal dendrite that is receiving an
asymmetric (excitatory) synapse (arrowhead) from an unlabeled synaptic terminal (t). An unlabeled dendrite (d) is also pictured. (C) Several
proximal and distal dendrites that are double-labeled for m1 and NMDAR proteins (d**) are shown. The two dendrites at the top of the panel
are smaller distal dendrites, while the one at the bottom is a larger proximal dendrite. The distal dendrite on the top left can be seen receiving
an asymmetric synapse (arrowhead) from an unlabeled terminal (t). Additionally, a dendritic spine (s*) containing immunoreactivity for the m1
receptor is shown extending off of the proximal dendrite. [Bar 5 1.2 mm (A); 465 nm (B); 440 nm (C).]
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cortical pyramidal neurons, the m2 mAChR is localized in
dendritic spines in close proximity to glutamatergic terminals,
raising the possibility that m2 could mediate a potentiation of
NMDAR currents at these synapses (65). Furthermore, recent
studies have shown that activation of presynaptic nicotinic
ACh receptors can enhance glutamatergic transmission by
directly increasing presynaptic intracellular calcium concen-
trations (66). Therefore, ACh could potentially act on presyn-
aptic nicotinic receptors to increase release while potentiating
the effects of glutamate postsynaptically by modulation of the
NMDAR.
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