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The muscarinic acetylcholine receptor (mAChR) has been considered one of the neurotransmitter receptors regulating hippocampal
synaptic plasticity, which likely plays a critical role in learning and memory. In previous studies, however, muscarinic agonists were used
at relatively high concentrations, and the subtype selectivity of muscarinic antagonists was not satisfactory. Thus, it remains to be
answered whether physiological levels of ACh are involved in the regulation of synaptic plasticity and which mAChR subtypes are
responsible for such effects. We found in this study that a low concentration (50 nM) of carbachol enhanced long-term potentiation (LTP)
of excitatory synaptic transmission in mouse hippocampal slices. Notably, this enhancing effect was abolished in M1 mAChR knock-out
(KO) but not in M3 mAChR KO mice, although LTP itself was intact in both mutant mice. Furthermore, we found that repetitive
stimulation in the stratum oriens, which presumably triggered the release of endogenous ACh from cholinergic terminals, could enhance
LTP in wild-type mice but not in M1 mAChR KO mice. These results suggest that physiologically released ACh from cholinergic fibers
modulates hippocampal synaptic plasticity through the postsynaptic M1 mAChR activation.
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Introduction
The cholinergic system is involved in higher brain functions, in-
cluding learning and memory (for review, see Blokland, 1996) in
which the hippocampus is implicated (for review, see Milner et
al., 1998). The hippocampus is extensively innervated by cholin-
ergic fibers mainly originating from the septal nucleus (for re-
view, see Nicoll, 1985), and the action of ACh on learning and
memory is mostly mediated by muscarinic acetylcholine recep-
tors (mAChRs) (Blokland, 1996). Five distinct subtypes of
mAChRs (M1–M5 subtypes) have been genetically identified by
gene cloning studies (for review, see Caulfield and Birdsall, 1998).
Among them, M1, M3, and M5 mAChRs are coupled with Gq/11,

activating phospholipase C, whereas M2 and M4 mAChRs are
coupled with Gi/o, inhibiting adenylate cyclase. The hippocampus
expresses all five mAChR subtypes (Levey et al., 1995; Fisahn et
al., 2002), in which they modulate various ionic channels and
regulate excitability of neurons (for review, see Nicoll et al.,
1990). Application of mAChR agonists to hippocampal slices
produces network oscillations (Huerta and Lisman, 1993; Fisahn
et al., 1998, 2002), which modulate the induction of hippocampal
long-term potentiation (LTP) (Williams and Johnston, 1988;
Huerta and Lisman, 1993; Shimoshige et al., 1997), a cellular
model for learning and memory in the vertebrate CNS (for re-
view, see Lynch, 2004), and oscillations in the whole animal are
considered to reflect learning processes (Winson, 1978). In fact,
malfunction of the cholinergic system in some mental disorders
causes memory impairment (Blokland, 1996). In Alzheimer’s
disease, it has been reported that cholinergic terminals are lost
and mAChR densities decrease in the brain, including the hip-
pocampus (Rodrı́guez-Puertas et al., 1997). Furthermore, an
aging-related decrease in the M1 mAChR density has been found
in the hippocampal CA1 region (Tayebati et al., 2002).

Relatively high concentrations of mAChR agonists were used
in previous studies (Huerta and Lisman, 1993; Auerbach and
Segal, 1996; Shimoshige et al., 1997); however, neural activities in
physiological conditions would never raise local ACh concentra-
tions to such a high level in the intact brain, partly because there
exist cholinesterase enzymes and ACh is markedly susceptible to
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hydrolysis by the enzymes. Conversely, most of the cholinergic ago-
nists used in previous studies, such as carbachol [carbamoylcholine
(CCh)] or bethanechol (carbamoyl-�-methylcholine), are com-
pletely resistant to hydrolysis by cholinesterase and have far longer
duration of actions than ACh. Thus, it still remains unclear whether
physiological levels of ACh are involved in the regulation of synaptic
plasticity and learning. To address this issue, we performed electro-
physiological experiments. We found that a low concentration of
CCh, a nonselective cholinergic agonist, as well as endogenous ACh
released by repetitive stimulation of cholinergic fibers, enhanced
LTP in the CA1 region of the hippocampus. This priming effect was
absent in mutant mice lacking M1 mAChRs but not in mutant mice
lacking M3 mAChRs.

Materials and Methods
All experiments were performed according to the guidelines laid down by
the Animal Care and Experimentation Committee of Kobe University
and University of Tokyo.

M1 (Ohno-Shosaku et al., 2003) and M3 (Matsui et al., 2000) knock-
out (KO) mice and KO mice lacking both M1 and M3 mAChRs (M1/M3)
(Ohno-Shosaku et al., 2003) were generated in a mixed background be-

tween 129/SvJ and C57BL/6J mice as described
previously. These hybrid lines were back-
crossed to C57BL/6J mice to yield an N4 gener-
ation of M1 mAChR KO mice, an N10 genera-
tion of M3 mAChR KO mice, and an N3 or N4
generation of M1/M3 mAChR KO mice. For
electrophysiology, male C57BL/6J mice and
wild-type and mutant mice (6 –17 weeks old)
were decapitated under deep halothane anes-
thesia, and hippocampi were quickly removed
(Shimuta et al., 2001). Transverse hippocampal
slices (400 �m thick) were cut with a vibratome
tissue slicer and placed in an interface-type
holding chamber for at least 1 h. During the
experiments, a single slice was transferred to
the recording chamber and submerged beneath
a continuously superfusing medium that had
been saturated with 95% O2 and 5% CO2. The
composition of the medium was as follows (in
mM): 119 NaCl, 2.5 KCl, 1 NaH2PO4, 26.2
NaHCO3, 1.3 MgSO4, 2.5 CaCl2, and 11 glu-
cose. The field potential recordings were made
with a glass electrode (3 M NaCl) placed in the
stratum radiatum of the CA1 region. In whole-
cell patch-clamp recordings, the pipette solu-
tion contained the following (in mM): 140 po-
tassium methansulfonate, 10 HEPES, 8 NaCl, 2
Mg-ATP, and 0.3 Na3-GTP, pH 7.2 adjusted
with KOH (290 –300 mOsm). An Axopatch 1D
amplifier (Axon Instruments, Foster City, CA)
was used, and the signal was filtered at 1 kHz,
digitized at 10 kHz, and stored on a personal
computer. For evoking synaptic responses, a
bipolar tungsten stimulating electrode was
placed in the stratum radiatum, and Schaffer
collateral/commissural fibers were stimulated
at 0.1 Hz. The stimulus strength was adjusted so
that it gave rise to the slope value of EPSPs be-
tween 0.10 and 0.15 mV/ms. Maximal slope
values of the initial rising phase of EPSPs were
measured to avoid contamination of voltage-
dependent components as much as possible.
All of the data were accepted except when the
baseline responses were unstable and/or the
presynaptic fiber volley was changed during
the experiment. The magnitude of LTP was cal-
culated as percentage of the averaged EPSP

slope value from 50 – 60 min after the conditioning relative to the base-
line EPSP slope value. All experiments were done at 25 � 0.1°C. The data
are expressed as the means � SEMs. Student’s t test (paired or unpaired)
and ANOVA were used to determine whether there was a significant
difference ( p � 0.05) in the mean. In most sets of experiments, the
number of slices was the same as the number of animals, but, in some
pharmacological experiments, the number of slices or neurons (n) ex-
ceeded the number of animals ( N). The majority of electrophysiological
experiments in which KO mice were used were performed in a blind
manner, and the results were essentially identical to those of the nonblind
experiments, and thus all the data were pooled. Even if we excluded the
nonblind data, the result of statistical analyses was not affected in any set
of experiments. Carbachol, atropine sulfate, and eserine hemisulfate
were purchased from Sigma (St. Louis, MO).

Results
Muscarinic regulation of hippocampal synaptic transmission
and plasticity
In the CA1 region of hippocampal slices of the C57BL/6J mouse,
CCh at concentrations �500 nM caused dose-dependent inhibi-
tion of the field EPSPs evoked by stimulation of Schaffer collat-

Figure 1. Low concentrations of CCh enhance LTP with little effect on basal synaptic transmission. A, CCh inhibited EPSPs in a
dose-dependent manner. B, Representative traces of EPSPs at each concentration of CCh. C, Dose–response curve of the CCh-
induced synaptic inhibition (5 nM, 88.5 � 3.0% of baseline, n � 5, N � 3; 50 nM, 95.4 � 4.0% of baseline, n � 8, N � 7; 500 nM,
83.7 � 2.2% of baseline, n � 4, N � 4; 5 �M, 50.2 � 4.0% of baseline, n � 4, N � 4; 50 �M, 27.3 � 2.3% of baseline, n � 5,
N � 4). CCh was applied to the slice from 20 to 40 min. Averaged EPSP slope values from 38 to 39 min were plotted against CCh
concentrations. D, LTP induced by high-frequency stimulation (100 Hz, 1 s at time 0) in the presence (F) and absence (E) of 50 nM

CCh. Washing out CCh was started just after the conditioning. Sample traces in the inset represent EPSPs recorded at the times
indicated by the numbers. E, Summary of all experiments. The data points in the slices obtained from the same mouse are
connected by thin lines. Horizontal bars indicate the mean values. *p �0.003 (paired t test). Calibration: 10 ms, 0.2 mV. (The same
applies also to the following figures unless otherwise noted.)

Shinoe et al. • Muscarinic Modulation of Hippocampal LTP J. Neurosci., November 30, 2005 • 25(48):11194 –11200 • 11195



erals (Auerbach and Segal, 1996) (Fig. 1A–C). The inhibition was
completely blocked by atropine (1 �M), a nonselective mAChR
antagonist (data not shown), indicating that it was mediated
solely by mAChRs. In contrast, 50 nM CCh had only a little effect
on EPSPs (Fig. 1A–C) and never induced network oscillation in
our conditions (data not shown). CCh at 50 nM exhibited no
long-lasting effects on EPSPs (Fig. 1A), although it caused only a
slight but insignificant ( p � 0.5, unpaired t test) change in EPSP
slopes during and shortly after the drug application. Thus, we
used 50 nM CCh to activate mAChRs in the following experi-
ments. It is very important to use such a low concentration of
CCh, because LTP induction is influenced by the change in basal
synaptic transmission by itself, unrelated to mAChR activation.
High-frequency stimulation (100 Hz, 1 s) of Schaffer collaterals in-
duced normal LTP in control slices (158.3 � 6.4% of baseline;
n � 13; N � 13) (Fig. 1D,E). In contrast, LTP was enhanced
(206.3 � 12.2% of baseline; n � 13; N � 13; p � 0.003, paired t test)
in the slices from the same animals to which 50 nM CCh had been
applied for 20 min before the same tetanic stimulation (Fig. 1D,E).

Priming effect of endogenous ACh on the induction of LTP
Repetitive stimulation in the stratum oriens (Fig. 2A) induced
the release of ACh in the stratum radiatum from cholinergic ter-
minals originating mainly from the septal nucleus (Cole and
Nicoll, 1984): a short train of repetitive stimulation (40 Hz, 0.5 s)

in the stratum oriens caused depolarization of the pyramidal cell
(the peak of depolarization excluding spikes, 2.7 � 0.4 mV; n �
22; N � 19), which was significantly increased ( p � 0.0002,
one-way ANOVA, Fisher’s PLSD test) by eserine (5.7 � 0.7 mV;
n � 26; N � 19), a cholinesterase inhibitor, and was at the peak
�30 s after the train (Fig. 2B,C). This slow depolarization was
completely blocked by atropine (0.01 � 0.2 mV; n � 17; N � 14;
p � 0.002, one-way ANOVA, Fisher’s PLSD test) (Fig. 2B,C).
During the slow depolarization, some neurons generated spikes
(Fig. 2B, inset) in the absence (3 of 22 neurons examined) and
presence (11 of 26 neurons examined) of eserine. In the presence
of atropine, no neurons showed firing (17 neurons examined).

When a short train of repetitive stimulation (40 Hz, 0.5 s) in the
stratum oriens was applied 30 s before the LTP-inducing tetanic
stimulation (100 Hz, 1 s) in the stratum radiatum (Fig. 3A), resulting
LTP was significantly enhanced (193.1 � 7.1% of baseline; n � 16;
N � 16) compared with LTP in control slices (159.9 � 5.2% of
baseline; n � 16; N � 16; p � 0.0003, paired t test) from the same
mice (Fig. 3B,C). This enhancement (enhancement ratio, 121.9 �
4.5% of control; n � 16; N � 16), which was comparable with that
observed in the presence of 50 nM CCh (Fig. 1D,E), was completely
abolished by atropine (enhancement ratio, 93.9 � 5.2% of control;
p � 0.003, unpaired t test) (Fig. 3C), indicating that it was mediated
by mAChRs activated by endogenous ACh.

Muscarinic regulation of synaptic transmission is mediated
by M1 mAChRs
Because LTP in the CA1 region is induced and expressed postsyn-
aptically (Malinow and Malenka, 2002), the enhancement of LTP

Figure 2. Endogenous ACh increases the excitability of pyramidal cells. A, The arrangement
of electrodes in the hippocampal slice. Stim Radiatum, Stimulation electrode in the stratum
radiatum; Stim Oriens, stimulation electrode in the stratum oriens; Rec, recording electrode. B,
Summary of slow EPSPs in the presence (F) and absence (E) of eserine, a cholinesterase
inhibitor, and in the presence of atropine (�), a nonselective mAChR antagonist. Numbers
indicate the following: 1, a peak point of hyperpolarization; 2, a point returning to the baseline
level; 3, a peak point of depolarization excluding spike components; and 4, a point returning to
the baseline level. Because the slow depolarization was absent in the presence of atropine, the
membrane potential at the time of the peak point of depolarization in control conditions was
measured as the peak point (3). Inset, A representative trace of the slow EPSP induced by a short
train of stimulation (40 Hz, 0.5 s) in the stratum oriens. C, Representative traces of slow EPSPs in
the absence (Control) and presence (Atropine) of atropine. Whole-cell patch-clamp recordings
were made in pyramidal cells, and membrane potential was held at �60 mV in the current-
clamp mode. Calibration: 10 s, 5 mV. *p � 0.0002; **p � 0.002 (one-way ANOVA, Fisher’s
PLSD test).

Figure 3. Enhancement of LTP by endogenous ACh released from cholinergic fibers. A, The
experimental protocol for examining the effect of stimulation in the stratum oriens on LTP. Stim
Radiatum, Stimulation in the stratum radiatum; Stim Oriens, stimulation in the stratum oriens.
B, LTP was enhanced by endogenous ACh released by stimulation in the stratum oriens (F)
compared with LTP in control slices without the stimulation (E). C, Summary of the LTP en-
hancement induced by stratum oriens (Ori) stimulation in the absence and presence (Atropine,
191.8 � 11.1% of baseline, n � 7, N � 7; Ori � Atropine, 178.5 � 10.6% of baseline, n � 7,
N � 7) of atropine. The magnitude of LTP (50 – 60 min after the tetanus) with stratum oriens
stimulation was divided by that without the stimulation in each pair of slices from the same
mouse, and the ratio was averaged for each condition (Ori, 121.9 � 4.5% of control; Ori �
Atropine, 93.9 � 5.2% of atropine alone). *p � 0.003 (unpaired t test); #p � 0.0003 (paired t
test); N.S., not significant.
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by mAChR activation is likely mediated by
the postsynaptic mAChRs. In the hip-
pocampus, M1 and M3 receptors are abun-
dantly expressed in the postsynaptic site,
and the M1 receptor shows the strongest
expression in the CA1 region among all of
the subtypes (Levey et al., 1995; Fisahn et
al., 2002). Because pharmacological iden-
tification of mAChR subtypes involved in
physiological phenomena used to be a dif-
ficult task, which is primarily attributable
to the lack of subtype selectivity of
mAChR ligands, we used KO mice lacking
a subtype(s) of mAChRs in the following
experiments.

We found that synaptic inhibition in-
duced by higher concentrations of CCh (5
�M) was partially but significantly ( p �
0.007, one-way ANOVA, Fisher’s PLSD
test) reduced in mice lacking M1 mAChRs
(wild type, to 55.8 � 4.5% of baseline, n �
7, N � 4; mutant, to 72.7 � 2.5% of base-
line, n � 10, N � 6) (Fig. 4A,D), whereas
it was intact ( p � 0.2, one-way ANOVA,
Fisher’s PLSD test) in mice lacking M3

mAChRs (wild type, to 59.7 � 8.0% of
baseline, n � 3, N � 3; mutant, to 50.0 �
6.4% of baseline, n � 5, N � 5) (Fig.
4B,D). A similar degree of synaptic inhi-
bition to that in mice lacking M1 mAChRs

( p � 0.7, one-way ANOVA, Fisher’s PLSD test) was observed in
mice lacking M1/M3 mAChRs (wild type, to 46.4 � 4.6% of base-
line, n � 5, N � 4; mutant, to 74.3 � 3.2% of baseline, n � 6, N �
3; p � 0.0005, one-way ANOVA, Fisher’s PLSD test) (Fig. 4C,D).
The synaptic inhibition in M1/M3 mutant mice was significantly
smaller ( p � 0.002, one-way ANOVA, Fisher’s PLSD test) than
that in M3 mutant mice. These results rule out the possibility that
the residual M1 mAChRs in mice lacking M3 mAChRs function-
ally compensated the missing M3 mAChRs and indicate that M3

mAChRs are not involved in synaptic inhibition evoked by CCh
(Fig. 4C,D). Thus, it is strongly suggested that M1 mAChRs play a
major role in the CA1 region, contrary to the previous report
(Auerbach and Segal, 1996) showing pharmacologically that M3

mAChRs are exclusively involved in this inhibition.

Mediation of the LTP enhancement by M1 mAChRs
As had been reported previously (Anagnostaras et al., 2003), LTP
in the hippocampal CA1 region was indistinguishable ( p � 0.1,
unpaired t test) between wild-type (159.2 � 4.0% of baseline; n �
7; N � 7) and M1 mutant (172.2 � 8.0% of baseline; n � 6; N �
6) mice (Fig. 5A). However, cholinergic fibers are severed in slice
preparations, and ACh may not be released by tetanic stimulation
of Schaffer collaterals, likely explaining the lack of differences in
LTP between the genotypes. Thus, we compared the priming
effect of mAChR activation on LTP induction between wild-type
and mutant mice. As already shown in C57BL/6J mice (Fig. 1),
LTP was enhanced ( p � 0.0002, paired t test) in the presence of
50 nM CCh in wild-type mice (control, 159.2 � 4.0% of baseline;
CCh, 213.8 � 7.7% of baseline; n � 7; N � 7) (Fig. 6A,C,D);
however, the enhancing effect of CCh on LTP was absent (en-
hancement ratio: wild type, 134.4 � 3.8% of control; mutant,
106.4 � 7.3% of control; p � 0.008, unpaired t test) in M1 mutant
mice (control, 172.2 � 8.0% of baseline; CCh, 180.8 � 9.4% of

Figure 5. LTP is not impaired in either M1 or M3 mutant mice. A, B, LTP induced by 100 Hz, 1 s
stimulation was intact in both M1 (A) and M3 (B) mutant mice.

Figure 4. M1 mAChRs are associated with synaptic inhibition by a higher concentration of CCh. A–C, A relatively high concen-
tration of CCh (5 �M) caused depression of EPSPs, which was partially diminished in M1 (A) and M1/M3 (C) mutant mice but intact
in M3 mutant mice (B). CCh was applied to the slice from 20 to 40 min. D, Summary of the synaptic inhibition caused by 5 �M CCh
in wild-type (WT), M1 (M1 KO), M3 (M3 KO), and M1/M3 (M1/M3 KO) mutant mice. Averaged EPSP slope values from 38 to 39 min
were used for the statistical analysis. #p � 0.007; ##p � 0.0005; ###p � 0.002 (one-way ANOVA, Fisher’s PLSD test); N.S., not
significant.
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baseline; n � 6; N � 6; p � 0.7, paired t
test) (Fig. 6B–D). The magnitude of LTP
in M1 mutant mice in the presence of CCh
was not significantly different ( p � 0.06,
unpaired t test) from that in wild-type
mice in the absence of CCh. In contrast,
LTP was unaltered in M3 mutant mice
(wild type, 159.2 � 6.3% of baseline, n �
9, N � 9; mutant, 166.0 � 7.6% of base-
line, n � 9, N � 9; p � 0.5, unpaired t test)
(Fig. 5B), but a significant priming effect
(control, 166.0 � 7.6% of baseline, n � 9,
N � 9; CCh, 195.3 � 10.3% of baseline,
n � 9, N � 9; p � 0.05, paired t test) was
observed, which was statistically indistin-
guishable (enhancement ratio: wild type,
134.3 � 9.4% of control; mutant, 119.8 �
8.2% of control; p � 0.2, unpaired t test)
from that in wild-type mice (Fig. 6D).
These results suggest that the priming ef-
fect of CCh on LTP was mediated primar-
ily by M1 mAChRs.

Finally, we conducted the experiments
using M1 mutant mice to investigate
whether the priming effect induced by en-
dogenous ACh is mediated by M1

mAChRs. When a short train of repetitive
stimulation (40 Hz, 0.5 s) in the stratum
oriens was applied 30 s before the tetanic
stimulation (100 Hz, 1 s) in the stratum radiatum in the same way
as applied in the experiments of Figure 3, LTP was enhanced in
wild-type mice (control, 145.0 � 9.2% of baseline; oriens,
193.1 � 7.5% of baseline; n � 9; N � 9; p � 0.002, paired t test)
(Fig. 7A,C), whereas the enhancing effect on LTP was absent in
M1 mutant mice (control, 169.3 � 9.3% of baseline; oriens,
161.9 � 8.8% of baseline; n � 8; N � 8; p � 0.3, paired t test) (Fig.
7B,C). Thus, the LTP enhancement induced by the stratum
oriens stimulation was completely abolished in M1 mutant mice
(enhancement ratio: wild type, 136.9 � 8.1% of control, n � 9,
N � 9; mutant, 96.4 � 4.6% of control, n � 8, N � 8; p � 0.002,
unpaired t test) (Fig. 7D). The involvement of M1 mAChRs in the
LTP enhancement by the stratum oriens stimulation was further
confirmed by the absence of the slow depolarization in M1 mu-
tant mice (wild type, 2.4 � 0.2 mV, n � 5, N � 4; mutant, 0.02 �
0.2 mV, n � 7, N � 5; p � 0.0001, unpaired t test) (Fig. 7E,F).
These results strongly suggest that the priming effect of endoge-
nous ACh on LTP was mediated by M1 mAChRs.

Discussion
We have demonstrated in this study that endogenous ACh re-
leased from cholinergic terminals by physiological stimulation in
hippocampal slices can modify synaptic plasticity. It has been
shown that activation of the septohippocampal cholinergic path-
way raises the excitability of hippocampal pyramidal neurons
(for review, see Nicoll, 1985) and that this pathway plays a critical
role in memory functions (for review, see Blokland, 1996). Fur-
thermore, sensory stimuli such as visual, auditory, and tactile
ones can increase the release of ACh in the hippocampus in
freely-behaving rats (Inglis and Fibiger, 1995), and these stimuli
produce arousal and attention, which play a critical role in mem-
ory formation. It has also been reported that ACh release in the
hippocampus correlates with spatial learning performance in
freely-moving rats (Fadda et al., 2000). Thus, the physiological

modulation of LTP by ACh discovered in this study is likely to
underlie the facilitation of memory formation in the hippocam-
pus by the cholinergic activity, and the M1 mAChR is a key player
in this process. Identification of the responsible mAChR subtype
for the enhancement of synaptic plasticity should facilitate the
development of new drugs improving memory disorders.

Our previous studies have shown that hippocampal LTP is
closely associated with the ability of hippocampus-dependent
learning (Kiyama et al., 1998; Manabe et al., 1998). As for M1

mutant mice, there are a few papers reporting different results. In
one report, M1 mutant mice show an increased locomotor activ-
ity as well as elevated dopaminergic transmission in the striatum
(Gerber et al., 2001). Another study also reports an increased
locomotor activity but almost intact hippocampus-dependent
learning in M1 mutant mice (Miyakawa et al., 2001). Recently,
another group has found that LTP induced by 100 Hz stimulation
is intact in M1 mutant mice, but they exhibit impairment in non-
matching-to-sample working memory, suggesting that the M1

mAChR is involved in memory formation during which the cor-
tex and hippocampus interact (Anagnostaras et al., 2003). These
apparently inconsistent results on behavioral analyses were ob-
tained in rather complicated tasks (Miyakawa et al., 2001; Anag-
nostaras et al., 2003). A variety of behavioral phenotypes may
result from variable degrees of contribution of ACh in compli-
cated tasks used in those studies.

Higher concentrations of cholinergic agonists have been used
in previous studies to examine the effects of mAChR activation
on synaptic transmission (Huerta and Lisman, 1993; Auerbach
and Segal, 1996; Shimoshige et al., 1997). We also observed in the
present study that a high concentration of CCh (5 �M) causes
large depression of excitatory synaptic transmission in the hip-
pocampus, which is partially but significantly reduced in M1 and
M1/M3 mutant mice (Fig. 4). Although we do not know which
subtypes of mAChRs are responsible for the residual depression

Figure 6. CCh-induced enhancement of LTP is mediated by M1 , but not M3 , mAChRs. A–C, LTP was enhanced by a low
concentration of CCh (50 nM) in wild-type mice (A, C), but the enhancement was absent in M1 mutant mice (B, C). Washing out CCh
was started just after the conditioning. D, Summary of the LTP enhancement in wild-type, M1, and M3 mutant mice. The magni-
tude of LTP (50 – 60 min after the tetanus) in the presence of CCh was divided by that in the absence of CCh in each pair of slices
from the same mouse, and the ratio was averaged for each genotype. *p � 0.008 (unpaired t test); #p � 0.05; ##p � 0.002;
###p � 0.0002 (paired t test); N.S., not significant.
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in M1 and M1/M3 mutant mice at present, it might be caused by
presynaptic mechanisms through M2 and/or M4 mAChRs, as
shown in our previous paper (Fukudome et al., 2004) reporting
the involvement of M2 mAChRs in the inhibition at the hip-
pocampal inhibitory synapse. However, because CCh is resistant
to hydrolysis by cholinesterase enzymes and ACh is far more
susceptible to the enzymes, it is unclear whether this possible
presynaptic inhibition occurs physiologically in the hippocam-
pus. Additional studies are necessary to clarify the mechanism of
synaptic depression caused by the mAChR activation.

One of the critical findings in this study is that LTP enhance-
ment is induced by physiological activation of mAChRs. The
hippocampus is heavily innervated by cholinergic inputs origi-
nating from neurons in the septal nucleus, which have been re-
ported to fire at �50 Hz or less frequently in freely-moving ani-
mals (Petsche et al., 1962), suggesting that the stimulus frequency
(40 Hz) used in this study is similar to that observed in the intact
septum of living animals. Furthermore, in slice preparations,
stimulation of cholinergic fibers in the stratum oriens at 20 –50
Hz for 0.5 s has been shown to be optimal for evoking slow EPSPs
(Cole and Nicoll, 1984). Thus, the phenomenon discovered in
this research is likely to occur in living animals, and activation of

this process may improve memory im-
pairment observed in some mental
disorders.

A previous study has reported that the
threshold of LTP induction in the CA1 re-
gion of hippocampal slices is lowered by a
relatively low concentration (100 nM) of
CCh (Auerbach and Segal, 1994), which
seems to be mediated by mAChRs. Al-
though the molecular mechanism is un-
clear, this phenomenon may also be medi-
ated by M1 mAChRs. However, in in vivo
experiments, there are contradictory re-
ports concerning the involvement of
mAChRs in the modulation of LTP in the
hippocampal CA1 region. One study has
shown that the threshold for LTP induc-
tion is reduced by the preconditioning
medial septum tetanus (Ovsepian et al.,
2004), although another study has re-
ported that LTP is suppressed by high-
frequency stimulation of the medial sep-
tum (Newlon et al., 1991). In addition to
the reports concerning the role of M1

mAChRs in LTP modulation, the involve-
ment of M2 mAChRs has also been re-
ported. Shimoshige et al. (1997) have re-
ported the involvement of M2 mAChRs in
the enhancement of LTP in the CA1 re-
gion of guinea pig hippocampal slices in
pharmacological experiments in vitro. Us-
ing knock-out mice, Seeger et al. (2004)
have shown that LTP in the CA1 region of
hippocampal slices is suppressed in M2

mutant mice, which is restored by a
GABAA receptor antagonist. Thus, in
some conditions, M2 mAChRs are associ-
ated with the modulation of LTP induc-
tion through GABAergic inhibitory syn-
aptic transmission. Although we cannot
exclude the involvement of M2 mAChRs

in the modulation of LTP in our present study, the contribution
of inhibitory interneurons to the modulation may not be suffi-
ciently large in our conditions. Therefore, it still remains to be
elucidated more precisely how mAChR activation regulates the
mechanism of LTP induction.

In the present study, using hippocampal slice preparations, we
have demonstrated that endogenous ACh released from cholin-
ergic terminals can enhance synaptic plasticity and that this en-
hancement can be induced even �30 s after the stratum oriens
stimulation. Although we have not performed systematic analy-
ses on the time course of LTP enhancement by endogenous ACh,
we have selected the time lag of 30 s, based on the results shown in
Figure 2, and, in fact, we can observe significant enhancement of
LTP with this time lag. These results suggest that the release of
ACh from cholinergic fibers in the hippocampus before LTP-
inducing conditioning is critical for the modulation of LTP and
presumably for better memory formation.
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