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Acetylcholine (ACh) plays important roles for higher brain functions, including arousal, attention, and cognition. These effects are
mediated largely by muscarinic acetylcholine receptors (mAChRs). However, it remains inconclusive whether the mode of ACh-mAChR
signaling is synaptic, so-called “wired,” transmission mediated by ACh released into the synaptic cleft, or nonsynaptic, so-called “vol-
ume,” transmission by ambient ACh. To address this issue, we examined cellular and subcellular distribution of M1 , the most predom-
inant mAChR subtype in the cerebral cortex and hippocampus, and pursued its anatomical relationship with cholinergic varicosities in
these regions of adult mice. M1 was highly expressed in glutamatergic pyramidal neurons, whereas it was low or undetectable in various
GABAergic interneuron subtypes. M1 was preferentially distributed on the extrasynaptic membrane of pyramidal cell dendrites and
spines. Cholinergic varicosities often made direct contact to pyramidal cell dendrites and synapses. At such contact sites, however,
synapse-like specialization was infrequent, and no particular accumulation was found at around contact sites for both M1 and presyn-
patic active zone protein Bassoon. These features contrasted with those of the glutamatergic system, in which AMPA receptor GluA2 and
metabotropic receptor mGluR5 were recruited to the synaptic or perisynaptic membrane, respectively, and Bassoon was highly accumu-
lated in the presynaptic terminals. These results suggest that M1 is so positioned to sense ambient ACh released from cholinergic
varicosities at variable distances, and to enhance the synaptic efficacy and excitability of pyramidal cells. These molecular–anatomical
arrangements will provide the evidence for volume transmission, at least in M1-mediated cortical cholinergic signaling.

Introduction
The cerebral cortex and hippocampus receive prominent cholin-
ergic inputs from the basal forebrain (Mesulam et al., 1983), and
acetylcholine (ACh) plays important roles for arousal, attention,
and cognitive processes (Hasselmo, 2006; Briand et al., 2007).
These functions are mediated largely by muscarinic acetylcholine
receptors (mAChRs) (Bartus et al., 1982; Iversen et al., 1997).
Five subtypes of mAChRs have been identified and classified into
two subfamilies: the M1-like subfamily (M1, M3, and M5) is cou-
pled to G�q/11 protein, leading to activation of phospholipase C,
whereas the M2-like subfamily (M2 and M4) is coupled to Gi/o,
which inhibits adenylate cyclase (Matsui et al., 2004). In general,
mAChR activation modulates multiple ionic conductances and
depolarizes cortical pyramidal cells, thereby enhancing the gen-
eration and backpropagation of action potential (Krnjevic et al.,
1971; McCormick and Prince, 1985; Tsubokawa and Ross, 1997;

Gulledge and Stuart, 2005; Gulledge et al., 2009; Yan et al., 2009).
Furthermore, mAChR activation induces network oscillations
(Fisahn et al., 1998, 2002; Traub et al., 2004), and modulates the
induction and amplitude of long-term potentiation (LTP) at hip-
pocampal synapses (Huerta and Lisman, 1993; Shinoe et al.,
2005).

However, it remains inconclusive whether the major mode of
cholinergic signaling is synaptic, so-called “wired,” transmission
mediated by ACh released into the synaptic cleft, or nonsynaptic,
so-called “volume,” transmission by ambient ACh (Zoli and Ag-
nati, 1996; Descarries et al., 1997; Vizi, 2000; Sarter et al., 2009).
Volume transmission is inferred from observations that cholin-
ergic fibers are diffuse and rough in topographical organization
(Zaborszky et al., 1999), are distributed at much lower densities
than ACh receptor binding sites (reviewed by Herkenham, 1987),
and make synaptic specialization only infrequently (Chedotal et
al., 1994; Umbriaco et al., 1994, 1995; Vaucher and Hamel, 1995;
Mechawar et al., 2000, 2002; for review, see Descarries and
Mechawar, 2000). On the other hand, the possibility that the
signaling mode is more specific than volume transmission is also
suggested from phasic ACh rise in the prefrontal cortex of task-
performing rats (Parikh et al., 2007), transient mAChR-mediated
modulation of cortical pyramidal cells (Gulledge and Stuart, 2005;
Gulledge et al., 2009), and formation of “conventional” synapses

Received Nov. 18, 2009; revised Jan. 20, 2010; accepted Feb. 7, 2010.
This study was supported through Special Coordination Funds for Promoting Science and Technology, Grants-in-

Aid for Scientific Research (S) (19100005 to M.W.), and Grants-in-Aid for Scientific Research on Priority Area
(17023001 to M.W.) provided by the Ministry of Education, Culture, Sports, Science and Technology of Japan.

Correspondence should be addressed to Masahiko Watanabe, Department of Anatomy, Hokkaido University
Graduate School of Medicine, Sapporo 060-8638, Japan. E-mail: watamasa@med.hokudai.ac.jp.

DOI:10.1523/JNEUROSCI.5719-09.2010
Copyright © 2010 the authors 0270-6474/10/304408-11$15.00/0

4408 • The Journal of Neuroscience, March 24, 2010 • 30(12):4408 – 4418



by cholinergic fibers (Frotscher and Leranth, 1985; Smiley et al.,
1997; Turrini et al., 2001).

To answer this question, we examined the molecular–ana-
tomical relationship between cholinergic varicosities and M1,
the most predominant subtype in the cerebral cortex and hip-
pocampus (Levey et al., 1991, 1995). M1 was preferentially ex-
pressed in pyramidal cells and enriched on the extrasynaptic
membrane of their dendrites and spines. Pyramidal cell dendrites
and spines were often contacted by cholinergic fibers and vari-
cosities. However, M1 clusters far more outnumbered cholinergic

varicosities, and showed no particular ac-
cumulation toward cholinergic varicosi-
ties or at their contact sites. Moreover,
synapse-like specializations were infre-
quently observed at such contact sites.
These results suggest that M1 is so placed
to modulate the synaptic efficacy and ex-
citability of pyramidal cells by sensing am-
bient ACh, and thus support the concept
of volume transmission, at least, for M1-
mediated cholinergic transmission in the
cortex and hippocampus.

Materials and Methods
Animal and section preparation. All experiments
were performed according to the guidelines laid
down by the animal welfare committees of
Hokkaido University. Adult C57BL/6 mice
and M1 knock-out mice were used. The gener-
ation and characterization of M1 knock-out
mice have been described previously (Ohno-
Shosaku et al., 2003). Under deep pentobarbi-
tal anesthesia (100 mg/kg of body weight, i.p.),
mice were fixed transcardially with 4% para-
formaldehyde in 0.1 M sodium phosphate
buffer (PB, pH 7.2) for light microscopy or 4%
paraformaldehyde/0.1% glutaraldehyde in PB
for electron microscopy. Sections of fixed
brains (50 �m in thickness) were prepared by
microslicer (VT1000S, Leica Microsystems)
and subjected to free-floating immunohisto-
chemistry. Ultrathin cryosections (150 nm) were
also prepared by ultracryomicrotome (EM-FCS;
Leica Microsystems). For in situ hybridization,
brains were freshly obtained under deep pento-
barbital anesthesia and immediately frozen in
powdered dry ice. Fresh frozen sections (20 �m)
were cut on a cryostat (CM1900; Leica Microsys-
tems). All sections were mounted on silane-
coated glass slides.

In situ hybridization. Digoxigenin (DIG)- or
fluorescein-labeled cRNA probes were pre-
pared to detect multiple mRNAs simulta-
neously. Complementary DNA fragments
of mouse mAChR M1 cDNA (nucleotides
1217-2009; GenBank accession number,
NM_001112697), mouse mAChR M3 cDNA
(1662-2524; NM_033269), mouse 67 kDa-
glutamic acid decarboxylase (GAD67) cDNA
(1036-2015; NM_008077), mouse type 1 ve-
sicular glutamate transporter (VGluT1)
cDNA (301-1680; BC054462), and rat soma-
tostatin cDNA (133-408, NM_012659) were
subcloned into the Bluescript II plasmid vec-
tor. Preparation of cRNA probes was per-
formed as previously described (Yamasaki et
al., 2001). Overall hybridization pattern in
the brain with use of each probe is shown in

supplemental Figure S1, available at www.jneurosci.org as supple-
mental material.

Sections were treated with the following incubation steps: fixation
with 4% paraformaldehyde–PB, pH 7.2, for 10 min; washing in PBS, pH
7.2, for 10 min; acetylation with 0.25% acetic anhydride in 0.1 M

triethanolamine-HCl, pH 8.0, for 10 min; and prehybridization for 1 h in
a hybridization buffer (50% formamide, 50 mM Tris-HCl, pH 7.5, 0.02%
Ficoll, 0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin, 0.6 M

NaCl, 200 �g/ml of tRNA, 1 mM EDTA, and 10% dextran sulfate). Hy-
bridization was performed at 63.5°C for 12 h in the hybridization buffer

Figure 1. M1 mRNA is preferentially expressed in cortical pyramidal cells. A, C, D, Double-fluorescent in situ hybridization for M1 (red)
and VGluT1 (green) in the cortex (A, C) and hippocampus (A, D). Signals for M1 and VGluT1 mRNAs extensively overlap with each other.
B,E,F,Double-fluorescent insituhybridizationforM1 (red)andGAD67(green)inthecortex(B,E)andhippocampus(B,F ).M1 mRNAisfaint
ornegativeinGAD67mRNA-expressingcells(E,F,arrows).G,H, ImmunofluorescenceforM1 proteininwild-type(G)andM1 knock-out(H )
brains. Ctx, Cerebral cortex; I–VI, layer I–VI of the cerebral cortex; Hi, hippocampus; CA1 and CA3, CA1 and CA3 region of the Ammon’s horn;
DG, dentate gyrus; Or, stratum oriens; Py, pyramidal cell layer; Ra, stratum radiatum; lm, stratum lacunosum-moleculare; Mo, molecular
layer; Gr, granule cell layer. Scale bars, 200 �m (A, B, G, and H ); 10 �m (C–F ).
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supplemented with cRNA probes at a dilution of 1:1000. Posthybridiza-
tion washing was done at 61°C successively with 5� SSC for 30 min, 4�
SSC containing 50% formamide for 40 min, 2� SSC containing 50%
formamide for 40 min, and 0.1� SSC for 30 min. Sections were dipped at
room temperature in NTE buffer (0.5 M NaCl, 0.01 M Tris-HCl [pH7.5], and
5 mM EDTA) for 20 min, 20 mM iodoacetamide in NTE buffer for 20 min,
and TNT buffer (0.1 M Tris-HCl [pH 7.5] and 0.15 M NaCl) for 20 min.

For immunohistochemical detection, sections were blocked with 0.6%
H2O2 in TNT buffer for 10 min, DIG blocking solution (1% blocking
reagent [Roche Diagnostics], 10% normal sheep serum in TNT buffer)
for 30 min, and 0.5% TSA blocking reagent (PerkinElmer) in TNT buffer
for 30 min. Sections were first subjected to detection of fluorescein-
labeled cRNA probe (M1 or M3) using peroxidase-conjugated anti-
fluorescein antibody in DIG blocking solution (Roche Diagnostics,
1:500) for 1 h and the FITC-TSA plus amplification kit (PerkinElmer).
After inactivation of residual peroxidase activity by 0.6% H2O2 in TNT
buffer for 30 min, sections were subjected to the second detection of
DIG-labeled cRNA probe (GAD67, VGluT1, or somatostatin) using
peroxidase-conjugated anti-DIG antibody (Roche Diagnostics, 1:500)

and the Cy3-TSA plus amplification kit (PerkinElmer). All of the wash-
ing and incubation solutions contained 0.0005% Tween 20.

For in situ hybridization combined with immunofluorescence, micro-
slicer sections were first processed for the former incubation and detec-
tion and then subjected to the latter.

Antibodies. We used the following primary antibodies; mouse anti-
Bassoon (Assay Designs), guinea pig anti-cannabinoid receptor CB1
(Fukudome et al., 2004), rabbit anti-mouse M1 (Narushima et al., 2007),
goat or guinea-pig anti-high affinity choline transporter-1 (CHT1;
Miura et al., 2006), rabbit anti-calretinin (Swant), rabbit anti-GluA2
subunit of AMPA receptors (Fukaya et al., 2006), guinea-pig anti-pan-
AMPA receptor (Fukaya et al., 2006), rabbit anti-GluN1 subunit of NMDA
receptors (NR1; Abe et al., 2004), goat anti-microtubule-associated
protein-2 (MAP2; Miura et al., 2006), guinea pig anti-metabotropic
glutamate receptor mGluR1� (Uchigashima et al., 2007), rabbit anti-
mGluR5 (Uchigashima et al., 2007), sheep anti-neuropeptide Y
(NPY; Millipore Bioscience Research Reagents), guinea pig anti-
neuronal nitric oxide synthase (Narushima et al., 2007), goat anti-
parvalbumin (Miura et al., 2006), rabbit anti-VGluT1 (Miura et al.,

Figure 2. M1 is preferentially distributed in pyramidal cell perikarya and neuropils of the cerebral cortex and hippocampus. A, C, Double immunofluorescence for M1 (red) and MAP2 (green) in
layer II/III of the cerebral cortex (A) and hippocampal CA1 (C). In addition to punctuate labeling in neuropils, intense M1 labeling was observed in pyramidal cell perikarya labeled strongly for MAP2
(asterisk). Note low or negative M1 labeling in perikarya weakly labeled for MAP2 (arrows in A and C). B, D, Immunofluorescence for M1 (red) and MAP2 (green) combined with fluorescent in situ
hybridization for GAD67 mRNA (blue) in the cerebral cortex (B) and hippocampal CA1 (D). Compared with GAD67 mRNA-negative perikarya (asterisks), GAD67 mRNA-positive perikarya (arrows) are low or
negative for M1. E–G, Double immunofluorescence for M1 (red) and interneuron markers (green), including mGluR1a (E ), cannabinoid receptor CB1 (F), and calretinin (CR, G ). Scale bars, 10 �m.
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2006), and rabbit anti-vesicular acetylcholine transporter (VAChT;
Uchigashima et al., 2007).

Immunofluorescence. All immunohistochemical incubations were
done at room temperature. Microslicer sections and ultrathin cryosec-
tions were incubated successively with 10% normal donkey serum for 20
min, mixture of primary antibodies overnight (1 �g/ml), and mixture of
Alexa 488-, Cy3-, or Cy5-labeled species-specific secondary antibodies
for 2 h at a dilution of 1:200 (Invitrogen; Jackson ImmunoResearch).
Images were taken with a confocal laser scanning microscope FV1000
(Olympus).

Immunoelectron microscopy. For preembedding immunogold electron
microscopy, microslicer sections were incubated in 5% bovine serum
albumin (BSA)/0.02% saponin/PBS for 30 min and then in primary an-
tibodies diluted with 1% BSA/0.004% saponin/PBS overnight. Second-
ary antibodies linked to 1.4 nm gold particles (Nanogold; Nanoprobes)
were then incubated for 2 h, and immunogold particles were intensified
with a silver enhancement kit (HQ silver; Nanoprobes). For double im-
munoelectron microscopy, specimens were incubated with mixture of
primary antibodies, followed by intensification with silver enhancement kit
and then by immunoperoxidase reaction. Sections were further treated
with 1% osmium tetroxide for 15 min, stained with 2% uranyl acetate for
30 min, dehydrated, and embedded in Epon 812.

For postembedding immunogold, slices were cryoprotected with
30% glycerol in PB, and frozen rapidly with liquid propane in the EM
CPC unit (Leica Microsystems). Frozen sections were immersed in 0.5%
uranyl acetate in methanol at �90°C in the AFS freeze-substitution unit
(Leica Microsystems), infiltrated at �45°C with Lowicryl HM-20 resin
(Chemische Werke Lowi), and polymerized with UV light. After etching

with saturated sodium ethanolate solution for
1–5 s, ultrathin sections on nickel grids were
treated successively with blocking solution
containing 2% normal goat serum (Nichirei)
in incubation solution (0.03% Triton X-100 in
Tris-buffered saline, pH 7.4) for 20 min, pri-
mary antibodies (20 �g/ml for each) in incuba-
tion solution overnight, and colloidal gold (10
nm)-conjugated anti-rabbit, anti-guinea-pig,
or anti-mouse IgG (1:100, British BioCell In-
ternational) in blocking solution for 2 h. Fi-
nally, grids were fixed with 2% glutaraldehyde
in PB for 15 min and 1% OsO4 for 20 min and
the stained with 2% uranyl acetate for 10 min
and Reynold’s lead citrate solution for 1 min.
Photographs were taken with an H-7100 elec-
tron microscope (Hitachi).

For quantitative analysis, plasma membrane-
attached immunogold particles, being defined as
those apart �35 nm from the cell membrane,
were counted on electron micrographs and ana-
lyzed using MetaMorph software (Molecular
Devices). The mean number of membrane-
attached gold particles per 1 �m of the plasma
membrane was counted for each neuronal
compartment (dendritic spine, dendritic shaft,
soma, and presynaptic terminal). Measure-
ments were made from two animals and
pooled together, because there was no signif-
icant difference in the labeling density be-
tween the two animals. In each neuronal
compartment, labeling density was calcu-
lated on individual profiles, and compared
with background immunogold labeling,
which was defined as labeling density of py-
ramidal cell dendrites in M1 knock-out mice
(smaller than 1 �m in diameter, n � 22 den-
drites). Statistical significance of labeling
density was evaluated by Mann–Whitney U
test. Statistical significance of cumulative
frequency was assessed by Kolmogorov–
Smirnov test.

Results
M1 is preferentially expressed in pyramidal cells
We first examined cellular expression of M1 mRNA by fluores-
cent in situ hybridization (Fig. 1). Consistent with previous in situ
hybridization studies using radiolabeled probes (Buckley et
al., 1988; Narushima et al., 2007), antisense riboprobe reveled
that M1 mRNA was preferentially expressed in the telenceph-
alon (supplemental Fig. S1 A, B, available at www.jneurosci.
org as supplemental material). M1 mRNA-expressing cells
were densely distributed in the cortex and hippocampus with
the highest level in the pyramidal cell and granule cell layers
of the hippocampus (Fig. 1 A–F, red). Hybridization signals
for M1 mRNA showed distribution patterns similar to those
for VGluT1 mRNA (Fig. 1A, green), but distinct from those for
GAD67 mRNA (Fig. 1 B, green). At a high magnification, M1

mRNA was coexpressed in almost all neurons expressing
VGluT1 mRNA (n � 1130 neurons in the cerebral cortex; n �
400 in hippocampal CA1 region) (Fig. 1C,D), whereas it was
low or below the detection threshold in neurons expressing
GAD67 mRNA (n � 314 in the cerebral cortex; n � 117 in
hippocampal CA1 region) (Fig. 1 E, F ). When using the sense
probes, no significant signals were yielded (data not shown).
These results indicate that M1 mRNA is preferentially ex-

Figure 3. Preembedding immunogold electron microscopy showing abundant localization of M1 on pyramidal cell dendrites
and spines in the cortical layer II/III–IV. A, Immunoparticles for M1 are distributed on the surface of dendritic shafts of pyramidal
cells (Dn). Note that M1 labeling is almost absent from dendrites of putative inhibitory interneurons (Dn[int]). B, Preferential
surface expression of M1 in small-caliber dendrites (Dn) and dendritic spines (Sp) forming asymmetrical synapses (arrowheads).
C, In pyramidal cell perikarya, immunoparticles for M1 are heavily deposited around membranous organelles, but very rare on the
plasma membrane (arrowheads). D, The mean number of immunoparticles for M1 per 1 �m of the plasma membrane of spines
(the total measured length, 438.9 �m), thin pyramidal cell dendrites (smaller than 0.66 �m in caliber) (270.7 �m), thick
pyramidal cell dendrites (larger than 0.66 �m in caliber) (204.0 �m), pyramidal cell somata (96.0 �m), interneuron dendrites
(113.3 �m), presynaptic terminals (519.3 �m), and thin pyramidal cell dendrites from M1 knock-out mice (163.44 �m). The
mean diameter of sampled pyramidal cell dendrites in the cortical layer II/III was 0.66 �m. Nu, Nucleus of pyramidal cell. Scale bars:
A–C, 500 nm.

Yamasaki et al. • Volume Transmission of M1-Mediated ACh Signaling J. Neurosci., March 24, 2010 • 30(12):4408 – 4418 • 4411



pressed in glutamatergic or pyramidal cells in the cortex and
hippocampus.

We next examined cellular and subcellular distribution of M1

protein using specific antibody against mouse M1 receptor (Figs.
1G, 2). Consistent with previous reports (Levey et al., 1991,
1995), immunofluorescence revealed that M1 was abundant
throughout the cortex and hippocampus with higher levels in
layer II/III of the cerebral cortex and in the CA1 and dentate gyrus
of the hippocampus (Fig. 1G). Control immunofluorescence in

the brain of M1 knock-out mice gave no significant staining (Fig.
1H), verifying the specificity of M1 immunostaining. In both the
cerebral cortex (Fig. 2A) and hippocampal CA1 (Fig. 2C), double
immunofluorescence revealed that M1 (red) was densely distrib-

Figure 4. Preembedding immunogold electron microscopy showing abundant localization
of M1 on pyramidal cell dendrites and spines in CA1 stratum radiatum. A, B, Preferential M1

localization is observed on dendritic shafts (Dn) and spines (Sp) of pyramidal cells. C, The mean
number of metal particles for M1 per 1 �m of the plasma membrane of spines (the total
measured length, 786.8 �m), thin pyramidal cell dendrites (smaller than 0.84 �m in caliber)
(166.4 �m), thick pyramidal cell dendrites (larger than 0.84 �m in caliber) (278.5 �m), pyra-
midal cell somata (96.0 �m), interneuron dendrites (77.0 �m), presynaptic terminals (825.8
�m), and thin pyramidal cell dendrites from M1 knock-out mice (84.47 �m). The mean diam-
eter of sampled CA1 pyramidal cell dendrites was 0.84 �m. Scale bars, 500 nm.

Figure 5. mGluR5 is widely distributed in somatodendritic compartments of pyramidal cells
and interneurons in the hippocampal CA1. A–C, Dense distribution of mGluR5 on the plasma
membrane of pyramidal cell dendrites (Dn), spines (Sp), and somata (arrowheads, B) as well as
interneuron dendrites (Dn[int]). D, The mean number of immunoparticles for M1 per 1 �m of
the plasma membrane of spines (the total measured length, 572.4 �m), thin pyramidal cell
dendrites (smaller than 0.60 �m in caliber) (145.3 �m), thick pyramidal cell dendrites (larger
than 0.60 �m in caliber) (129.4 �m), pyramidal cell somata (120.5 �m), interneuron den-
drites (67.0 �m), and presynaptic terminals (80.6 �m). The mean diameter of sampled pyra-
midal cell dendrites was 0.60 �m. Nu, Nucleus of pyramidal cell. Scale bars, 500 nm.
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uted in perikarya of MAP2 (green)-positive pyramidal cells (as-
terisk). In addition, M1 was detected in the neuropil as tiny
puncta on the surface of MAP2-positive dendrites. Occasionally,
we encountered a few neurons, whose perikarya were faint or

negative for M1, dispersed among heavily
labeled pyramidal cells (Fig. 2A,C, ar-
rows). These neurons were likely to be
GABAergic interneurons, because GAD67
mRNA-positive perikarya displayed quite
low or negative immunoreactivity for M1

(29 of 29 cells in the cerebral cortex; 16 of
16 in the hippocampal CA1 region) (Fig.
2B,D, arrows), in contrast to marked M1

labeling in GAD67-negative ones (152 of
152 in the cerebral cortex; 355 of 355 in
the hippocampal CA1 region) (Fig. 2B,D,
asterisks). The scarcity of M1 in GABAer-
gic interneurons was further confirmed in
the hippocampal CA1 by double immu-
nofluorescence for interneuron markers,
including parvalbumin (data not shown),
mGluR1a (Fig. 2E), cannabinoid receptor
CB1 (Fig. 2F), calretinin (Fig. 2G), nNOS
(data not shown), and NPY (data not
shown). We found that all interneurons
examined were faint or below the detec-
tion threshold for M1 in interneurons ex-
pressing parvalbumin (n � 31 neurons),
mGluR1a (n � 14), CB1 (n � 15), calreti-
nin (n � 8), nNOS (n � 27), and NPY
(n � 27). These results clearly demon-

strate that in both the cerebral cortex and hippocampus, M1

mRNA and protein are preferentially expressed in glutamatergic
pyramidal neurons, but quite low or negative in various subtypes
of GABAergic interneurons.

M1 is distributed on the surface of pyramidal cell dendrites
and spines
Next, we investigated subcellular distribution of M1 by immuno-
electron microscopy. Since the postembedding immunogold
method yielded no significant labeling in any sites of synaptic and
extrasynaptic membranes (supplemental Fig. S2A,B, available at
www.jneurosci.org as supplemental material), we used the
preembedding silver-enhanced immunogold method.

In layer II/III of the cerebral cortex, numerous metal particles
for M1 were observed in somata, dendritic shafts, and spines of
pyramidal cells, whereas they were rarely observed in somata and
dendrites of putative inhibitory interneurons, as being identified
from dense formation of asymmetric synapses along dendritic
shafts (Fig. 3A). In pyramidal cell dendritic shafts and spines, the
majority of metal particles were attached to the plasma mem-
branes: the membrane-associated particles amounted to 65.3%
in dendritic shaft (318 of 487 metal particles) and 90.5% (210
of 232) in dendritic spines, and the rest were found in the cyto-
plasm in both compartments (Fig. 3A,B). Plasma membrane-
associated immunoparticles were exclusively extrasynaptic,
being rarely attached to the synaptic membrane (Fig. 3A,B). In
pyramidal cell somata, in contrast, a vast majority were found in
the cytoplasm (90.2%, 591 of 655), in which they were associated
with the Golgi apparatus and endoplasmic reticulum (Fig. 3C).
To quantitatively compare the cell surface labeling in various
subcellular compartments, we measured the density of plasma
membrane-associated immunoparticles per 1 �m of the extra-
synaptic plasma membrane. We used labeling density in pyrami-
dal cell dendrites (smaller than 1 �m in diameter, n � 22
dendrites) of M1 knock-out mice as the background immuno-
gold labeling. Labeling densities in pyramidal cell dendrites and

Figure 6. A–D, Spatial relationship between M1 and CHT1-labeled cholinergic varicosities (A, B) and between mGluR5- and
VGluT1-labeled glutamatergic terminals (C, D) in CA1 stratum radiatum. A, B, Double immunofluorescence for CHT1 (green) and
M1 (red). Note that M1 clusters are densely distributed with no particular accumulation around sparsely running CHT1-positive
cholinergic varicosities. C, D, Double immunofluorescence for VGluT1 (green) and mGluR5 (red). Note that mGluR5 clusters and
VGluT1-positive glutamatergic terminals show tight apposition to each other. Scale bars: A and C, 10 �m; B and D, 5 �m.

Figure 7. Immunoelectron microscopy showing loose spatial relationship between M1 and
cholinergic varicosities compared with the glutamatergic system. A, Double-labeling preem-
bedding immunoelectron microscopy for M1 (metal particles) and CHT1 (diffuse precipitates).
Accumulation of M1 immunoparticles is not observed even at contact sites (double arrow-
heads). B, Double-labeling preembedding immunoelectron microscopy for mGluR5 (metal par-
ticles) and VGluT1 (diffuse precipitates) showing preferential distribution on the perisynaptic
membrane. Arrowheads indicate the edge of postsynaptic density. C, Postembedding immu-
nogold showing selective accumulation of GluA2 on the postsynaptic membrane (arrowheads)
of asymmetrical synapse. Small arrows indicate synaptic labeling. D, Cumulative frequency
plots showing the distance from the center of the nearest terminals or varicosities to immuno-
particles for M1, mGluR5, and GluA2. Note differential spatial relationship between presynaptic
boutons and relevant receptors. Measurements were made on postembedding immunogold for
GluA2, and preembedding double-labeling immunogold for M1-CHT1 and mGluR5-VGluT1. The
number of analyzed immunoparticles: 320 particles from 54 images for GluA2; 940 from 70
images for mGluR5; 420 from 49 images for M1. Scale bars: A and B, 500 nm; C, 200 nm.

Yamasaki et al. • Volume Transmission of M1-Mediated ACh Signaling J. Neurosci., March 24, 2010 • 30(12):4408 – 4418 • 4413



spines were by far higher than the back-
ground (n � 76 dendrites; n � 588 spines;
p � 0.0001 for each comparison), whereas
those in inhibitory interneurons and pre-
synaptic terminals were almost equivalent
to the background level (n � 8 dendrites
of inhibitory interneurons; n � 588 ter-
minals; p � 0.98 and 0.21, respectively) (Fig.
3D). Of the labeled somatodendritic elements
in pyramidal cells, M1 was distributed in the
order of thin dendrites (smaller than 0.66 �m
in diameter) � thick dendrites (larger than
0.66 �m) � spines �� somata; 0.66 �m was
the mean diameter of pyramidal cell dendrites
sampled from the cortex (Fig. 3D).

Similar labeling patterns were ob-
served in the pyramidal cell layer and stra-
tum radiatum of hippocampal CA1 (Fig.
4). Strong M1 immunoreactivity was ob-
served on the extrasynaptic surface of den-
dritic shafts and spines (Fig. 4A) and inside
pyramidal cell perikarya, whereas it was al-
most absent from putative inhibitory inter-
neurons (Fig. 4B). Quantitative analysis
further confirmed preferential distribution
on the surface of pyramidal cell dendrites
and spines with the highest density in thin
dendrites (smaller than 0.84 �m in diame-
ter); 0.84 �m was the mean diameter of py-
ramidal cell dendrites sampled from the CA1
(Fig. 4C). Thus, M1 is preferentially distrib-
uted on the extrasynaptic surface of dendrites
and spines in cortical pyramidal cells.

Metabotropic glutamate receptor mGluR5 is another Gq-coupled
receptor enriched in cortical pyramidal neurons (Lujan et al., 1996;
Tanaka et al., 2000). We then examined immunohistochemical
distribution of mGluR5 in the hippocampal CA1 to compare
with that of M1. Consistent with a previous study (Lujan et al.,
1996), mGluR5 was abundant in somatodendritic compartments
of pyramidal cells (Fig. 5A,B). Quantification of plasma
membrane-associated metal particles revealed that the density of
labeling was uniformly high in various somatodendritic compart-
ments of pyramidal cells, including somata (Fig. 5D). Moreover, such a
high surface labeling was also true in dendrites of inhibitory interneu-
rons (Fig. 5C,D). Thus, compared with mGluR5, M1 is unique in that it
is highly concentrated on the surface of pyramidal cell dendrites and
spines.

Loose spatial relationship between M1 and
cholinergic varicosities
To assess the mode of M1-mediated cholinergic signaling, we inves-
tigated the spatial relationship between cholinergic varicosities (i.e.,
transmitter release site) and M1 (receptor site) in the CA1 stratum
radiatum, and compared it with that in the glutamatergic system.
Double immunofluorescence for M1 (red) and high-affinity choline
transporter CHT1 (green), a marker of cholinergic varicosities,
showed that punctate M1 clusters far more outnumbered cholin-
ergic varicosities, having variable distances to the nearest varicosities
(Fig. 6A,B). In contrast, punctate mGluR5 clusters (red) were as
dense as VGluT1-positive glutamatergic terminals (green) (Fig.
6C,D). Importantly, M1 clusters were distributed with no particular
accumulation or gradient toward CHT1-positive cholinergic varicos-

ities (Fig. 6B), whereas mGluR5 clusters and VGluT1-positive glu-
tamatergic terminals were apposed closely to each other (Fig. 6D).

Double immunoelectron microscopy confirmed and further
substantiated their difference (Fig. 7). The vast majority of M1 im-
munoparticles were distributed widely on the extrasyanptic mem-
brane of pyramidal cell dendrites and spines, showing no particular
accumulation toward their contact sites with CHT1-positive vari-
cosities (Fig. 7A). This was also true for synapse-like contact sites
having some membrane thickening or specialization on the side of
pyramidal cell dendrites, although such specialized contact was en-
countered infrequently (32 of 1000 CHT1-positive varicosities; sup-
plemental Fig. S3, available at www.jneurosci.org as supplemental
material). In contrast, a number of mGluR5 immunoparticles were
found on the perisynaptic plasma membrane of spines and dendrites
that formed synaptic contacts with VGluT1-positive glutamatergic
terminals (Fig. 7B). This was far more marked for AMPA receptor
subunit GluA2, which, as detected by postembedding immunogold,
was exclusively concentrated on the synaptic membrane facing pu-
tative glutamatergic terminals (Fig. 7C). Their different anatomical
allocations between transmitter release site and receptor site were
evaluated by measuring the distance from the center of the nearest
terminal profiles to the center of receptor immunoparticles distrib-
uted within a 1.0-�m-radius circle from the terminals. As a func-
tion of the distance, the cumulative frequency of GluA2 particles
rose most abruptly, whereas that of M1 did most slowly (Fig. 7D),
showing significant differences between mGluR5 and M1 ( p �
0.05) and between mGluR5 and GluA2 ( p � 0.0001, Kolmogor-
ov–Smirnov test). Therefore, M1 far less accumulates toward
transmitter release sites compared with the ionotropic and
metabotropic glutamate receptors.

Figure 8. Cholinergic varicosities rarely make classical synapses. Consecutive images from preembedding silver-enhanced
immunogold for VAChT. B shows enlarged images of A. Of 30 varicosities examined, only 1 varicosity made symmetrical synapse-
like contact (arrowheads) with a thin dendrite (A, B, asterisk). Although the rest had direct contact sites with dendritic spines (C,
asterisk) and shafts, they did not show any synaptic specializations, including parallel membrane apposition, uniform cleft width
between apposed membranes, and thickening of the cytoplasmic side of apposed membranes (C). Scale bars, 200 nm.
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Cholinergic varicosities rarely make “classical” synapses
Some studies reported that the significant part of cholinergic
varicosities form conventional synapses with dendritic shafts and
spines (Frotscher and Leranth, 1985; Smiley et al., 1997; Turrini
et al., 2001), while others described the low incidence of synaptic
specializations (Aoki and Kabak, 1992; Chedotal et al., 1994; Um-
briaco et al., 1994, 1995; Vaucher and Hamel, 1995; Mechawar et
al., 2000, 2002). We revisited this issue by investigating the presence or
absence of synapse-like specializations, including parallel mem-
brane apposition of cholinergic varicosities and other neuronal
elements, uniform cleft width between the apposed membranes,
and thickening of the apposed membranes. To this end, we used
serial electron microscopy for CA1 stratum radiatum, which had
been subjected to preembedding immunogold microscopy for
CHT1 or vesicular ACh transporter VAChT, anothermarkerforcho-
linergic varicosities. Immunoparticles for VAChT were observed as
dense aggregates at vesicle-accumulating varicosities of unmy-
elinated fibers. We prepared 10 serial sections for each of 30
VAChT-positive varicosities. Of these, only a single varicosity
made synapse-like contact on to a thin dendrite (3.3%) (Fig.
8A,B). The rest of cholinergic varicosities also contacted den-
drites and asymmetrical axo-spinous synapses (i.e., putative glu-
tamatergic synapses) directly but did not show any kinds of
synapse-like specializations at such contact sites (Fig. 8C). Sim-
ilar results were obtained from CHT1-positive varicosities; only 1

of 35 varicosities made synapse-like
contact with a dendritic shaft (2.9%,
data not shown). Therefore, these re-
sults support the notion that cholinergic
varicosities rarely make classical or conven-
tional synapses.

Finally, we asked whether and how ac-
tive zone protein Bassoon accumulated in
cholinergic varicosities. For this purpose,
ultrathin cryosections (150 nm in thick-
ness) were prepared to increase the spatial
resolution, and subjected to double im-
munofluorescence for terminal or vari-
cosity markers (Fig. 9). Many puncta
labeled for Bassoon (green) were tightly
apposed to VGluT1-positive glutamater-
gic terminals (red), and the two fluores-
cences overlapped at their interface (Fig.
9A). In contrast, Bassoon (green) was
below the detection threshold in most
CHT- or VAChT-positive cholinergic
varicosities (red) (Fig. 9B,C). This was
confirmed and further quantified by
double-labeling postembedding immu-
noelectron microscopy. Immunogold
particles for Bassoon (smaller diameter,
� � 10 nm) were consistently found
around the active zone of VGluT1-
positive terminals (larger diameter, � �
15 nm) (Fig. 10A). Of 153 profiles
of VGluT1-positive terminals forming
asymmetrical synapses, 116 terminals
(75.8%) had more than two immunogold
particles for Bassoon (2.8 particles per
varicosity) (Fig. 10A). In contrast, only
12.8% CHT1-positive varicosities (5 of
39; 0.49 particles per varicosity) (Fig.
10B), and 14.7% of VAChT-positive var-

icosities (5 of 34 varicosities; 0.57 particles per varicosity) (Fig.
10C) had more than two immunogold particles for Bassoon.
Where more than two particles for Bassoon fell in cholinergic
varicosities, none of synapse-like specializations were found at
Bassoon-labeled sites (data not shown). Together, these results
suggest that cholinergic varicosities are different from glutama-
tergic terminals in terms of low probability of making classical
synapses both structurally and molecularly.

Discussion
The extracellular ACh level is in the low nanomolar to micromo-
lar range in the brain (Moor et al., 1995; Vinson and Justice,
1997). Its phasic transmission on the scale of seconds and tonic
transmission on the scale of minutes modulate neuronal excit-
ability variously (Gulledge and Stuart, 2005; Gulledge et al.,
2009), and are thought to mediate precisely defined cognitive
functions (Parikh et al., 2007). However, it still remains incon-
clusive whether cholinergic signaling in the brain takes the
mode of wired or volume transmission (Zoli and Agnati, 1996; Des-
carries et al., 1997; Vizi, 2000; Sarter et al., 2009). To address this
issue, we examined the cellular expression and subcellular localiza-
tion of M1 mAChR in the cortex and hippocampus, and further
pursued its molecular–anatomical relationship with cholinergic
varicosities.

Figure 9. Bassoon is much less accumulated in cholinergic varicosities than glutamatergic terminals in the hippocampal CA1.
A–C, Ultrathin cryosections subjected to double immunofluorescence for active zone protein Bassoon (green) and terminal mark-
ers (red; VGluT1 in A, CHT1 in B, and VAChT in C). The majority of VGluT1-positive glutamatergic terminals have Bassoon at one side
of terminals (arrows, A). In contrast, Bassoon is poorly accumulated in CHT-positive (B, arrowheads) or VAChT-positive cholinergic
varicosities (C, arrowheads). Scale bar, A–C (in C), 1 �m.
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M1 is enriched on oblique dendrites of cortical
pyramidal cells
The present observation that M1 is prominently expressed in the
hippocampal CA1 region and cortical layer II/III is essentially
consistent with previous studies by immunohistochemistry
(Levey et al., 1991, 1995) and in situ hybridization (Buckley et al.,
1988). We have further disclosed that M1 is preferentially ex-
pressed in glutamatergic pyramidal cells, and differentially dis-
tributed among their subcellular compartments. In both the
cortex and hippocampus, a vast majority of somatic M1 was
found intracellularly and associated with the Golgi apparatus and
endoplasmic reticulum, suggesting active translation and/or rich
intracellular pool of M1 in cortical pyramidal cells. Previous stud-
ies by immunoperoxidase electron microscopy showed that M1

was abundant in postsynaptic compartments of asymmetrical
synapses (Mrzljak et al., 1996; Marino et al., 1998; Rouse et al.,
1998). To determine the precise subcellular localization, we con-
ducted preembedding silver-enhanced immunogold and found
that M1 was mainly expressed on the extrasynaptic membrane of
pyramidal cell dendrites and spines, rather than their synaptic
membranes. The highest density of M1 immunoparticles was ob-
served in small-caliber dendrites (smaller than 0.84 and 0.66 �m
in diameter, in the hippocampus and the cerebral cortex, respec-

tively). In CA1 pyramidal cells, the major postsynaptic target of
Schaffer collaterals is spiny dendrites �1 �m in caliber (Bannister
and Larkman, 1995a,b; Megias et al., 2001). These thin dendrites
are often referred to as oblique dendrites, and considered to func-
tion as single integrative compartments (Losonczy and Magee,
2006; Losonczy et al., 2008). In CA1 pyramidal cells, LTP induc-
tion leads to local changes to a given oblique dendrite, including
enhancement of membrane excitability, amplitude of back-
propagating action potential, and associated Ca 2� influx, thereby
modulating future spike generation (Frick et al., 2004). Interest-
ingly, similar effects are also induced by mAChR activation
(Tsubokawa and Ross, 1997). Therefore, dense localization of M1

on oblique dendrites could synergistically modulate the efficacy
of Schaffer collateral-CA1 pyramidal cell synapses. Indeed, ad-
ministration of a low concentration of carbachol (50 nM) or phys-
iological stimulation of cholinergic fibers enhances LTP through
M1 activation (Shinoe et al., 2005). Together, M1 enrichment in
oblique dendrites will be important molecular–anatomical basis
for fine-tuning of synaptic transmission and plasticity in cortical
pyramidal cells.

M1 is scarce in cortical GABAergic interneurons
Cholinergic projections from the basal forebrain target both hip-
pocampal pyramidal cells and interneurons (Frotscher and Leranth,
1985), and augment hippocampal oscillations (reviewed by
Traub et al., 2004). Furthermore, accumulating evidence that
different classes of GABAergic interneurons fire preferentially at
distinct time points during a given oscillation and that interneu-
rons of a given class exhibit similar firing patterns, strongly sug-
gests that specific interneuron subtypes have distinctive roles in
shaping the activity of pyramidal cells (Klausberger and Somogyi,
2008). Thus, it is important to know which subtype of AChR is
expressed in interneurons and contributes to modulation of cor-
tical activities. The present results indicate that M1 is expressed
little, if any, in various types of cortical interneurons, including
those expressing parvalbumin, CB1, mGluR1a, nNOS, NPY, or
calretinin.

It has recently been shown that a specific interneuron sub-
class, called the O-LM cell, shows exceptionally high responsive-
ness to mAChR activation, including enhanced firing frequency
and afterdepolarization (Lawrence et al., 2006). These effects are
mediated by M1/M3 receptors, and associated with inhibition of
an M-current and activation of a Ca 2�-dependent nonselective
cation current (Lawrence et al., 2006). The O-LM cell places its
horizontally oriented soma and dendrites in the CA1 stratum
oriens, projects its axon to the lacunosum-moleculare, and ex-
presses mGluR1a, somatostatin, and parvalbumin (Klausberger
and Somogyi, 2008). However, M1 expression in putative O-LM
cells, i.e., mGluR1a-expressing interneurons, was as low as that in
other interneurons, and not so prominent as that in pyramidal
cells (Fig. 2F). To solve this discrepancy, we further pursued two
possibilities that M1 was accumulated in dendrites of O-LM cells,
even if its perikaryal contents were below the detection threshold,
and that M3, instead of M1, was abundantly expressed in O-LM
cells. By confocal laser-scanning microscopy and immunoelec-
tron microscopy, we found that M1 expression in dendrites of
putative O-LM cells, which expressed mGluR1a or bore horizontal
dendrites, was around or below the detection threshold (supple-
mental Fig. S4, available at www.jneurosci.org as supplemental
material), and that M1 mRNA (red) was almost negative in inter-
neurons expressing somatostatin mRNA (supplemental Fig. S5,
available at www.jneurosci.org as supplemental material, green)
in the CA1 stratum oriens (supplemental Fig. S5A,C, available at

Figure 10. Cholinergic terminals are poorly equipped with Bassoon and presynaptic special-
ization. A–C, Double-labeling postembedding immunogold for Bassoon (� � 10 nm gold
particles) and terminal markers (� � 15 nm; VGluT1 in A, CHT1 in B, and VAChT in C). Immu-
nogold particles for Bassoon (small arrows) are consistently found in the cytoplasm of VGluT1-
positive presynaptic terminals (NT[Glu], A) or presynaptic terminals forming asymmetrical
synapses onto dendritic spines (NT, B, C). Note that particles for Bassoon are distributed close to
presynaptic membrane of asymmetrical synapses. In contrast, CHT1-positve (B) and VAChT-
positive (C) cholinergic varicosities (NT[ACh]) are rarely labeled for Bassoon. Scale bars, A, B (in
B), and C, 200 nm.
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www.jneurosci.org as supplemental material). Thus, the scarcity
of M1 is a general property across various types of cortical inter-
neurons, including the O-LM cells. On the other hand, soma-
tostatin mRNA-positive interneurons (green) expressed low but
detectable levels of M3 mRNA (red) (supplemental Fig. S5B,D,
available at www.jneurosci.org as supplemental material), sug-
gesting that the high responsiveness of O-LM cells to mAChR
activation is largely mediated by M3 rather than M1. Recently, it
has been shown in cortical pyramidal cells that transient receptor
potential canonical (TRPC) is the molecular basis of mAChR-
induced G�q/11/phospholipase C�1-mediated afterdepolariza-
tion (Yan et al., 2009). Therefore, although it remains to be tested
whether this is also the case in the O-LM cells, it is also possible to
assume that O-LM cells may particularly develop mechanisms
that could facilitate or magnify functional linkage between
mAChR and downstream effectors compared with other classes
of cortical interneurons.

Volume transmission is the major mode of
M1-mediated signaling
As to the wired versus volume transmission controversy (Sarter et
al., 2009), one of the central question is how transmitter release
site and receptor site are spatially organized. Previous autoradio-
graphic studies have pointed that binding sites of either nicotinic
or muscarinic ACh receptors show a much denser and broader
distribution pattern than cholinergic varicosities (reviewed by
Herkenham, 1987). Consistent with this observation, we found
that M1 was far more densely distributed than cholinergic vari-
cosities without showing any tendency to accumulate toward, or
appose to, cholinergic varicosities. Ultrastructurally, M1 was lo-
calized widely on the extrasynaptic membrane, being apart from
cholinergic varicosities at variable distances. These anatomical
features sharply contrasted to those of the glutamatergic system;
GluA2 subunit and mGluR5 were accumulated to the synaptic or
perisynaptic membrane, respectively, facing glutamatergic ter-
minals. Furthermore, prominent accumulation of Bassoon, one
of the cytomatrix active zone (CAZ) proteins considered to act as
a platform for active zone vesicles (Richter et al., 1999), was observed
near the presynaptic membrane in glutamatergic terminals, whereas
no such accumulation was discernible in cholinergic varicosities.
This finding implies that the molecular machinery for ACh release is
not integrated into a specific site of given varicosities, unlike the
active zone at glutamatergic synapses. Rather, ACh may be released
to the extracellular space from various sites of varicosities. Thus, the
anatomical and molecular architecture of the cholinergic system dif-
fers strikingly from that of the glutamatergic system, in that trans-
mitter release site and receptor site are organized much more loosely
in the former.

Another important clue is to understand to which extents
presynaptic terminals construct synaptic contact to postsynaptic
targets. Some electron microscopic studies reported that cholin-
ergic varicosities commonly make synaptic contact in the cere-
bral cortex (66% in rat, Turrini et al., 2001; 67% in human,
Smiley et al., 1997), while other studies reported much lower
incidence [6 –14% in rat hippocampus and cerebral cortex
(Chedotal et al., 1994; Umbriaco et al., 1994, 1995; Vaucher and
Hamel, 1995; Mechawar et al., 2000, 2002) 21% in cat visual
cortex (Aoki and Kabak, 1992)]. This large difference could be
attributable to differences in animal species, cortical regions, and
the criteria of synaptic contact. By adopting three hallmarks of
synapse-like specializations, i.e., parallel membrane apposition,
uniform cleft width, and thickening of apposed membranes, our
estimation in the mouse hippocampal CA1 scored extremely low

rates (�3%). Beside the physical contact, one must take into
consideration how relevant receptors are distributed at and
around the contact sites. If we add this to our judging criteria for
synaptic specializations, our low rates would be further lowered,
because we observed no particular accumulation of M1 immuno-
particles at such synapse-like contact sites (supplemental Fig. S3,
available at www.jneurosci.org as supplemental material). There-
fore, M1-mediated cholinergic signaling is far from typical wired
transmission in many respects, and fits with the concept of vol-
ume transmission, at least, in the cortex and hippocampus.

In conclusion, M1 is so positioned in the cortex as to sense
ambient ACh released from cholinergic terminals at variable dis-
tances and to enhance the synaptic efficacy and excitability of
pyramidal cells.
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