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Abstract

Cholinergic hypothesis and amyloid cascade hypothesis are mainly proposed for Alzheimer’s disease; however, the relationship between these
hypotheses is poorly understood. To address the question of whether amyloid B-peptide pathology affects cholinergic neurotransmission, we
examined the effect of a cholinesterase inhibitor, physostigmine, on field excitatory postsynaptic potentials (EPSPs) evoked by single-pulse
stimulation in the CA1 region of the hippocampus of various APPswe/PS1dE9 transgenic mice with different degrees of amyloid 3-peptide
pathology. Reduced field EPSPs by physostigmine in transgenic mice at 3 months of age, when the mice had negligible amyloid p-peptide levels
and no amyloid B-peptide deposits, were indistinguishable from those in age-matched wild-type mice. In contrast, reduced field EPSPs by
physostigmine in transgenic mice at 5 months of age, when the mice had low amyloid B-peptide levels and subtle amyloid B-peptide deposits,
were significantly lower than those in age-matched wild-type mice. Next, we characterized acetylcholine receptors, which play important roles in
cholinergic neurotransmission, because physostigmine resulted in increased acetylcholine levels in the synaptic cleft. Different reductions of field
EPSPs by physostigmine between transgenic and wild-type mice at 5 months of age were not affected by a nicotinic receptor antagonist,
mecamylamine; however, reduced field EPSPs by physostigmine in both transgenic and wild-type mice were restored to basal levels by a
muscarinic receptor antagonist, atropine. These results indicate that cholinergic modulation of glutamatergic transmission is already impaired at
the onset of the formation of amyloid B-peptide deposits, and muscarinic receptor dysfunction is one of the causes of this impairment.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Cholinergic neurotransmission in the brain is involved in
learning and memory (Parent and Baxter, 2004). Clinical and
post mortem studies have revealed that the cognitive impair-
ment observed in patients with Alzheimer’s disease is partly
caused by the progressive loss of basal forebrain cholinergic
neurons, leading to the cholinergic hypothesis of Alzheimer’s
disease (Bartus et al., 1982). This neuronal loss is correlated
by reductions in acetylcholine levels, the number of acetylcho-
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line receptors, and the activity of choline acetyltransferase
which is an enzyme responsible for the synthesis of acetylcho-
line (Araujo et al., 1988). In particular, the activity of choline
acetyltransferase is highly correlated with clinical dementia
ratings across the neocortex of patients with Alzheimer’s
disease (Bierer et al., 1995). The cholinergic hypothesis is also
supported by the fact that several cholinesterase inhibitors
(donepezil, rivastigmine and galantamine) are currently mar-
keted for the treatment of Alzheimer’s disease (Ibach and Haen,
2004). Besides the cholinergic hypothesis, it is now generally
accepted that the accumulation of amyloid B-peptide is closely
related to the pathogenesis of Alzheimer’s disease (the amyloid
cascade hypothesis). Amyloid P-peptide, which is a 39-43-
amino-acid peptide, is a product of the cleavage of amyloid
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precursor protein by - and +y-secretase (Selkoe, 2000). Pre-
vious studies have revealed that (i) point mutations of amyloid
precursor protein, which are linked to familiar Alzheimer’s
disease, increase the relative production of amyloid 3-peptide
42 (Price and Sisodia, 1998), (ii) administration of amyloid -
peptide is neurotoxic in vitro and in vivo (Kowall et al.,
1991; Pike et al., 1991), and (iii) administration of anti-amyloid
R-peptide antibody decreased senile plaques and cognitive im-
pairment in an animal model of Alzheimer’s disease (Schenk
et al., 1999). It was demonstrated that amyloid B-peptide in
nanomolar concentrations inhibits various cholinergic neuro-
transmitter functions (e.g., acetylcholine release and choline
acetyltransferase activity) independently of its apparent neuro-
toxicity (Auld et al., 1998), suggesting that the impairment
of cholinergic neurotransmission observed in the patients with
Alzheimer’s disease is partly caused by the inhibition of cho-
linergic markers by amyloid B-peptide. It was also demon-
strated that stimulation of muscarinic acetylcholine receptors
leads to non-amyloidogenic cleavage of amyloid precursor pro-
tein (Buxbaum et al., 1992; Nitsch et al., 1992), suggesting that
the accelerated progression of amyloid B-peptide accumulation
observed in patients with Alzheimer’s disease is partly caused
by the impairment of cholinergic neurotransmission. Thus, the
precise relationship between amyloid 3-peptide pathology and
cholinergic neurotransmission is poorly understood.
Transgenic mice overexpressing familial Alzheimer’s dis-
ease mutation forms of amyloid precursor protein provide a
unique opportunity to characterize the time course of amyloid
R-peptide pathology. Transgenic mice overexpressing amyloid
precursor protein with Swedish mutation and presenilin-1 with
deletion of exon 9 (APPswe/PS1dE9) at 3 months of age have
negligible amyloid B-peptide levels and no amyloid B-peptide
deposits (Goto et al., unpublished data). APPswe/PS1dE9
transgenic mice at 5 months of age have low amyloid B-peptide
levels and subtle amyloid B-peptide deposits, whereas APPswe/
PS1dE9 transgenic mice at 9 months of age have high amyloid
B-peptide levels and numerous amyloid B-peptide deposits
(Taniuchi et al., 2007). Previous studies have demonstrated that
both choline uptake and acetylcholine receptors binding were
reduced in Tg2576 transgenic mice overexpressing amyloid
precursor protein with Swedish mutation (Apelt et al., 2002;
Klingneretal., 2003), and both choline acetyltransferase activity
and muscarinic receptor binding were reduced in APPswe/
PS1dE9 transgenic mice (Machova et al., in press). However, no
publication has focused on the electrophysiological properties
of cholinergic neurotransmission. Therefore, in order to address
the question of whether amyloid B-peptide pathology affects
cholinergic neurotransmission, we first examined the effect of
a cholinesterase inhibitor, physostigmine, on field excitatory
postsynaptic potentials (EPSPs) evoked by single-pulse sti-
mulation in the CAl region of the hippocampus of various
APPswe/PS1dE9 transgenic mice at 3, 5 and 9 months of age
with different degrees of amyloid P-peptide pathology. In-
terestingly, physostigmine reduced field EPSPs in APPswe/
PS1dE9 transgenic mice in an age-related manner, and the
change in cholinergic modulation of glutamatergic transmission
between APPswe/PS1dE9 transgenic mice and age-matched

wild-type mice had already occurred at the onset of the for-
mation of amyloid B-peptide deposits. We also examined the
effects of nicotinic and muscarinic receptor antagonists on
reduced field EPSPs by physostigmine in order to elucidate the
cellular mechanism causing different cholinergic modulation
of glutamatergic transmission between APPswe/PS1dE9 trans-
genic mice and age-matched wild-type mice.

2. Materials and methods
2.1. APPswe/PS1dE9 transgenic mice

APPswe/PS1dE9 transgenic mice (Jankowsky et al., 2001)
were obtained from Jackson Laboratory (Bar Harbor, ME) and
maintained by crossing transgenic mice with B6C3F1 mice. The
genotyping for APPswe/PS1dE9 transgenic mice was performed
by the PCR method recommended by the Jackson Laboratory.
All animals were housed in an air-conditioned room which
was kept at a constant ambient temperature of 24+2 °C under a
12-h light/12-h dark cycle with free access to food and water.
The use of experimental animals in this study was conducted in
accordance with the ethical guidelines of the Kyoto University
Animal Experimentation Committee, and the guidelines of the
Japanese Pharmacological Society.

2.2. Preparation of hippocampal slices

Mice were sacrificed by decapitation after anesthesia with
diethyl ether, and the whole brain was removed. The brain from
transgenic or wild-type littermate mice was immediately soaked
for 3 min in ice-cold artificial cerebrospinal fluid containing (in
mM) 124 NaCl, 3 KCI, 26 NaHCO;, 2 CaCl,/2H,0, 1 MgSO,/
7H,0, 1.25 KH,PO,, 10 D-glucose. Appropriate portions of the
brain were trimmed and placed on the ice-cold stage of a
vibrating tissue slicer (VT-1000S; Leica, Nussloch, Germany).
The thickness of each tissue slice was 300 um. Hippocampal
formation was incubated at 27.5 °C for 1 h in oxygenated
artificial cerebrospinal fluid. A slice was then placed on the
center of a 10% poly-L-lysine-coated multi-electrode dish
(MED probe; Alpha MED Science, Osaka, Japan). This device
has an array of 64 planar microelectrodes, each having a size of
50 x50 pm, arranged in an 8 X 8 pattern with interpolar spacing
of 150 um.

2.3. Electrophysiological recordings

During electrophysiological recordings, the slices on the
MED probe were placed in a small CO, incubator at 32 °C.
Oxygenated and fresh artificial cerebrospinal fluid was infused
at 1.0 ml/min. Evoked field potentials at all 64 sites were
recorded with a multichannel recording system (MED64 sys-
tem; Alpha MED Science) at a 20 kHz sampling rate and
simultaneously filtered through a 100 Hz band pass filter. One
of the planar microelectrodes of the 64 available was used
as a stimulating cathode. To collect typical responses in field
CA1l, one of the electrodes in the Schaffer collateral/
commissural fibers was selected as a stimulating electrode,
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while another in the stratum radiatum (dendritic region) was
selected as a recording electrode. In each experiment, maximal
field potential was first determined by gradually increasing
stimulus intensity until the saturation level was reached.
Stimulus intensity was then decreased to evoke a test response
that was approximately 30% of the maximal signal amplitude.
The recorded field potentials were confirmed to be field EPSPs
by paired-pulse facilitation. Control field EPSPs were recorded
for 20 min before drug treatment. An acetylcholinesterase in-
hibitor, physostigmine (Sigma, St. Louis, MO), muscarinic
acetylcholine receptor antagonist, atropine (Sigma), and nico-
tinic acetylcholine receptor antagonist, mecamylamine (Sigma),
were dissolved in artificial cerebrospinal fluid. The concen-
trations of physostigmine, atropine and mecamylamine in this
study are determined by the potency of these drugs against
cholinergic neurotransmission as reported previously (Misgeld
et al., 1989; Zhang and Warren, 2002).

2.4. Western blot analysis

Mice hippocampal tissues were homogenized in 10 mM
HEPES buffer (pH 7.9) containing 10 mM KCI, 1 mM EDTA,
1 mM EGTA, protease inhibitor cocktail (Nacalai Tesque,
Inc., Kyoto, Japan), phosphatase inhibitor cocktail (Sigma),
followed by the addition of sodium dodecyl sulfate (SDS)-
containing buffer with 5% mercaptoethanol at a volume ratio
of 1:1 and subsequent boiling at 95 °C for 5 min. An aliquot
of 10 pg protein was loaded on a 5-20% gradient SDS-
polyacrylamide gel (Daiichi Pure Chemicals Co., Ltd., Tokyo,
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Japan) containing 0.1% SDS for electrophoresis at a con-
stant current of 40 mA/plate for 1 h at room temperature,
and subsequently blotted onto a nitrocellulose polyvinylidene
difluoride membrane (Bio-Rad Laboratories, Hercules, CA)
treated previously with 100% methanol. After blocking with
5% skim milk dissolved in 20 mM Tris—HCI buffer (pH 7.5)
containing 137 mM NaCl and 0.1% Tween 20, the membrane
was reacted with antibodies against nicotinic receptor subunit
a4 (1:1000, Santa Cruz), nicotinic receptor subunit a7 (1:500,
Santa Cruz), muscarinic receptor subunit M; (1:1000, Santa
Cruz), muscarinic receptor subunit M3 (1:500, Santa Cruz)
and glyceraldehyde-3 phosphate dehydrogenase (GAPDH)
(1:10,000, Ambion, Austin, TX), adequately diluted with buffer
containing 5% skim milk, followed by horseradish peroxidase-
conjugated anti-mouse IgG sheep antibody (1:2000; Amersham
Biosciences, Buckinghamshire, UK), and horseradish perox-
idase-conjugated anti-goat IgG donkey antibody (1:2000; Santa
Cruz). Bands were visualized by enhanced chemiluminescence
(ECL detection kit; Amersham Biosciences) on X-Omat Blue
films (Kodak, Tokyo, Japan). Densitometric analysis was carried
out using NIH image and normalized to the GAPDH internal
control.

2.5. Statistical analysis

Data are shown as the mean+S.E.M. Statistical comparisons
were made using Student’s #-test or Aspin—Welch’s #-test using
SPSS version 12.0 (SPSS Inc., Chicago, IL, USA). Results were
considered significant at P<0.05.

140
Physostigmine
—~ 120 | TR -
&2
S L7y
o 100 -M g
=3
S 80| -
[
] - .
2 60
=
S 40T o : Wild-type 9
@ 55 | ¢ :Transgenic i
0 'l L 'l L 'l 'l 1
20 10 0 10 20 30 40
D Time (min)
=
° 120
E ek
o 100 | NS . 4
(5]
° 80} = 1
& T —
Py 60 -
&
@ 40 P b
]
E 20 F -
X
Q0
o Wt Tg Wt Tg Wt Tg

3-month 5-month 9-month

Fig. 1. Effect of physostigmine on field EPSPs in APPswe/PS1dE9 transgenic and wild-type mice. Field EPSPs evoked by stimulation of the Schaffer collateral/
commissural fibers in the CA1 stratum radiatum in slices from transgenic and wild-type mice at 3 (A), 5 (B) and 9 (C) months of age were recorded. Cholinesterase
inhibitor, physostigmine, at 10 pM was added to hippocampal slices for 20 min. (D) Summary of reduced field EPSPs by physostigmine. Averaged EPSP slope values
from 18 to 20 min were used for statistical analysis. Control shows the averaged EPSP slope values from —2 to 0 min. Each value represents the mean+S.E.M. (n=7-14
slices from 4—7 animals). ***P<0.001. NS: not significant. Wt: wild-type. Tg: transgenic.
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3. Results

3.1. Age-related changes of cholinergic modulation of
glutamatergic transmission

In order to determine whether amyloid p-peptide pathology
affects cholinergic neurotransmission, we first examined the
effects of a cholinesterase inhibitor, physostigmine, on field
EPSPs in female transgenic and wild-type mice at 3, 5 and
9 months of age. Female mice were used as they showed
faster development of amyloid R-peptide pathology than male
mice (Taniuchi et al., 2007). Field EPSPs were evoked by
single-pulse stimulations in Schaffer collateral/commissural
fibers in the stratum radiatum of CAl. Baseline field EPSPs
were recorded for 20 min before the addition of 10 pM
physostigmine, which showed a similar inhibitory effect on
field EPSPs among wild-type mice at 3, 5 and 9 months of
age (Fig. 1). In contrast, physostigmine reduced field EPSPs to
54.4+4.7,43.6+4.1 and 31.4£5.1% in transgenic mice at 3, 5
and 9 months of age, respectively. Thus, physostigmine sig-
nificantly reduced field EPSPs in transgenic mice at 5 months of
age compared to those in wild-type mice (Fig. 1D), indicating
that the change in cholinergic modulation of glutamatergic
transmission had already occurred at the onset of the formation
of amyloid R-peptide deposits. Next, we examined the effects
of physostigmine on paired-pulse facilitation in order to elu-
cidate the primary site of action of physostigmine. Paired-pulse
facilitation is a form of presynaptic short-term plasticity of
excitatory synapses of the hippocampus that is related to neu-
rotransmitter release processes (Zucker, 1989). Following two
stimulations in rapid succession, the amplitude of the second
field EPSPs elicited by the pair of stimuli is increased with
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Fig. 2. Effect of physostigmine on paired-pulse facilitation in APPswe/PS1dE9
transgenic and wild-type mice. Cholinesterase inhibitor, physostigmine, at 10 pM
was added to hippocampal slices for 20 min and paired-pulse stimulations were
delivered to Schaffer collateral/commissural fibers with an interpulse interval of
50 ms. (A) Traces showing typical paired-pulse facilitation in wild-type mice
(upper) and transgenic mice (lower) at 5 months of age. Traces were recorded in the
absence (control) or presence of physostigmine. (B) The ratio of second field
EPSPs/first field EPSPs of paired-pulse facilitation. Each value represents the
mean=+S.EM. (n=3-4 slices from 68 animals). **P<0.01 and ***P<0.001.
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Fig. 3. Expression of nicotinic and muscarinic acetylcholine receptors in
APPswe/PS1dE9 transgenic and wild-type mice. Hippocampal tissues from
transgenic and wild-type mice were excised and subjected to Western blot
analysis using an antibody against ay-nicotinic receptor (A), as-nicotinic
receptor (B), muscarinic M; receptor (C) or muscarinic M; receptor (D).
GAPDH was used as an internal control (data not shown). Typical immunoblots
are shown in the upper panel. The intensity of the bands was quantified and
expressed as a percentage of the intensity of the bands from wild-type mice (the
lower panel). Each value represents the mean+S.E.M. from 4 independent
experiments. Wt: wild-type. Tg: transgenic.

respect to the first field EPSPs at a short interpulse interval
in the CA1 region of the hippocampus. In both transgenic
and wild-type mice at 5 months of age, paired-pulse facilitation
was observed for stimuli applied at 50 ms intervals (Fig. 2A).
Physostigmine significantly increased the paired-pulse ratio
(slope of second response/slope of first response) in wild-
type mice from 136.7+3.2 to 161.3+3.7%, and also signifi-
cantly increased the paired-pulse ratio in transgenic mice from
145.9+3.6 to 162.7+4.8% (Fig. 2B). Thus, paired-pulse faci-
litation in the presence of physostigmine in transgenic mice is
indistinguishable from that in wild-type mice, suggesting that at
least presynaptic events contribute to reduce field EPSPs by
physostigmine.

3.2. Expression levels of nicotinic and muscarinic acetylcholine
receptors

Next, we characterized acetylcholine receptors which play
important roles in cholinergic neurotransmission, because phy-
sostigmine resulted in an increase of acetylcholine levels in the
synaptic cleft. Acetylcholine receptors are classified as nicotinic
and muscarinic acetylcholine receptors. Nicotinic receptors
are composed of an assembly between eight a (a,—a9) and
three 3 (B>—P4) subunits as pentameric structures, and oy- and
az-nicotinic receptors are expressed abundantly in the brain (Gotti
et al.,, 1997; Weiland et al., 2000). Muscarinic receptors are
composed of five distinct subtypes (M;—Ms), and M; and M3
receptors are expressed abundantly in the hippocampus of the
brain (Levey, 1993). Therefore, we examined the expression
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Fig. 4. Effect of nicotinic acetylcholine receptor antagonist on reduced field
EPSPs by physostigmine in APPswe/PS1dE9 transgenic and wild-type mice.
Stimulation and recording condition like in Fig. 1. Nicotinic acetylcholine
receptor antagonist, mecamylamine, at 10 uM was added to hippocampal slices
in the presence (A) or absence (B) of physostigmine. Each value represents the
mean=S.E.M. (n=6—10 slices from 3—4 animals). (C) Summary of reduced
field EPSPs by physostigmine. Averaged EPSP slope values from —2 to 0 min
(control), from 18 to 20 min (physostigmine) and from 38 to 40 min
(physostigmine plus mecamylamine) were used for statistical analysis. Each
value represents the mean+S.EM. (n=6-14 slices from 3-7 animals).
*¥%P<0.001. P: physostigmine. P+M: physostigmine plus mecamylamine.

levels of two nicotinic receptors (a4 and ;) and two muscarinic
receptors (M; and M3) in the hippocampus of transgenic and wild-
type mice at 3, 5 and 9 months of age. Unexpectedly, Western blot
analyses revealed no significant change in the expression levels of
ag-nicotinic receptor, as-nicotinic receptor, muscarinic M;
receptor and muscarinic M3 receptor in transgenic mice at 3, 5
and 9 months of age, compared to age-matched wild-type mice
(Fig. 3). These results suggest that the expression level of
acetylcholine receptors is not a cause of the different reduction of
field EPSPs by physostigmine between transgenic and wild-type
mice.

3.3. Mechanism causing the change in cholinergic modulation
of glutamatergic transmission

Although expression levels of nicotinic and muscarinic ace-
tylcholine receptor were normal in transgenic mice at 5 and

9 months of age when the mice showed different cholinergic
modulation of glutamatergic transmission compared to age-
matched wild-type mice, it is possible that functional impair-
ment of acetylcholine receptor reduces field EPSPs by phy-
sostigmine. Therefore, we examined the effects of a nicotinic
receptor antagonist, mecamylamine, or a muscarinic receptor
antagonist, atropine, on the different reduction of field EPSPs
by physostigmine between transgenic and wild-type mice. Field
EPSPs in transgenic and wild-type mice at 5 months of age
were recorded from —20 min to 40 min after the addition of
physostigmine. Mecamylamine or atropine was added at 20 min
after the addition of physostigmine. Mecamylamine at 10 pM
did not affect the different reduction of field EPSPs by phy-
sostigmine between transgenic and wild-type mice (Fig. 4).
Interestingly, atropine at 10 pM restored the reduced field
EPSPs by physostigmine to the basal level in both transgenic
and wild-type mice (Fig. 5A, C). Neither mecamylamine nor
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Fig. 5. Effect of muscarinic acetylcholine receptor antagonist on reduced field
EPSPs by physostigmine in APPswe/PS1dE9 transgenic and wild-type mice.
Stimulation and recording condition like in Fig. 1. Muscarinic acetylcholine
receptor antagonist, atropine, at 10 uM was added to hippocampal slices in the
presence (A) or absence (B) of physostigmine. Each value represents the mean+
S.EM. (n=6-10 slices from 3—4 animals). (C) Summary of reduced field
EPSPs by physostigmine. Averaged EPSP slope values from —2 to 0 min
(control), from 18 to 20 min (physostigmine) and from 38 to 40 min
(physostigmine plus atropine) were used for statistical analysis. Each value
represents the mean=+S.E.M. (n=6-14 slices from 3—7 animals). ***P<0.001.
NS: not significant. P: physostigmine. P+ A: physostigmine plus atropine.
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atropine at 10 pM affected field EPSPs (Figs. 4B and 5B).
These results suggest that the functional impairment of mus-
carinic acetylcholine receptors is one of causes of the different
reduction of field EPSPs by physostigmine between transgenic
and wild-type mice.

4. Discussion

In this study, we explored the relationship between two
hypotheses of Alzheimer’s disease: the cholinergic hypothe-
sis and the amyloid cascade hypothesis. First, we found that
reduced field EPSPs by physostigmine were indistinguishable
between transgenic and wild-type mice at 3 months of age;
however, they were different at 5 and 9 months of age. Sec-
ond, we found that paired-pulse facilitation in the presence
of physostigmine was indistinguishable between transgenic
and wild-type mice at 5 months of age. Third, we found no
significant change in the expression levels of ay-nicotinic
receptor, as-nicotinic receptor, muscarinic M; receptor and
muscarinic Mj receptor in transgenic mice at 3, 5 and 9 months
of age, compared to age-matched wild-type mice. Finally, we
found that the different reduction of field EPSPs by physos-
tigmine between transgenic and wild-type mice at 5 months
of age was not affected by a nicotinic receptor antagonist,
mecamylamine; however, reduced field EPSPs by physostig-
mine in both transgenic and wild-type mice were restored to
basal levels by a muscarinic receptor antagonist, atropine. Con-
sidering the different degrees of amyloid 3-peptide pathology of
APPswe/PS1dE9 transgenic mice at 3, 5 and 9 months of age, we
report here for the first time that the impairment of cholinergic
modulation of glutamatergic transmission observed by electro-
physiological recording techniques had already occurred at
the onset of the formation of amyloid B-peptide deposits, and
muscarinic receptor dysfunction is one of the causes of this
impairment.

The hippocampus receives a moderately dense cholinergic
projection from the medial septum and basal forebrain (Lewis
and Shute, 1967; Mosko et al., 1973; Woolf et al., 1984), and
has both nicotinic and muscarinic acetylcholine receptors in its
target zones (Levey et al., 1995; Albuquerque et al., 1997). A
non-selective cholinergic agonist, carbachol, at 5 pM signifi-
cantly reduced the slope of field EPSPs evoked by single-pulse
stimulations in the CA1 region of the hippocampus from both
transgenic and wild-type mice (data not shown). Cholinesterase
inhibitor, physostigmine, also significantly reduced the slope of
field EPSPs, and thereby reduced field EPSPs are deemed to be
a consequence of the enhancement of cholinergic neurotrans-
mission. Reduced field EPSPs in transgenic mice at 3 months of
age, when the mice had negligible amyloid B-peptide levels and
no amyloid B-peptide deposits, were indistinguishable from
those in age-matched wild-type mice; however, reduced field
EPSPs in transgenic mice at 5 months of age, when the mice had
low amyloid B-peptide levels and subtle amyloid pB-peptide
deposits, were already evident compared to those in age-matched
wild-type mice. These results indicate that the impairment of
cholinergic modulation of glutamatergic transmission observed
in APPswe/PS1dE9 transgenic mice is associated with amyloid

p-peptide pathology. It is possible that low concentrations of
soluble amyloid 3-peptide impair cholinergic neurotransmission
as reported previously (Auld et al., 1998). In addition, it would be
interesting to compare the accumulation of intraneuronal amyloid
B-peptide and/or amyloid B-peptide oligomers in addition to
the tissue distribution of amyloid B-peptide deposits between
transgenic mice at 3 and 5 months of age.

A previous study demonstrated that reduced field EPSPs
were mainly due to the activation of presynaptic muscarinic
acetylcholine receptors in the presence of carbachol in mi-
cromolar concentrations (Auerbach and Segal, 1996). This
is consistent with our results that paired-pulse facilitation in
both transgenic and wild-type mice was enhanced by physo-
stigmine, indicating that reduced field EPSPs are likely due
to the inhibition of presynaptic glutamate release as a change
in paired-pulse facilitation has been suggested to indicate a
presynaptic mechanism (Zucker, 1989). Next, in order to elu-
cidate the cellular mechanisms causing different reductions
of field EPSPs between transgenic and wild-type mice, we
characterized acetylcholine receptors, because physostigmine
increased in acetylcholine levels in the synaptic cleft. There
are two principal classes of acetylcholine receptors, nicotinic
receptors and muscarinic receptors. Nicotinic receptors are
ligand-gated ion channels, whereas muscarinic receptors are
G protein-coupled receptors. Nicotine has been reported to
modulate glutamatergic synaptic transmission in the CA3
region of the hippocampus (Gray et al., 1996; Giocomo and
Hasselmo, 2005). There is a significant loss of high-affinity
nicotinic receptors in the brain of patients with Alzheimer’s
disease (Whitehouse and Au, 1986), and the administration
of nicotine patches improves impaired learning and attention
in patients with Alzheimer’s disease (Grigoryan et al., 1994;
Newhouse et al., 1997). Muscarinic receptors have been re-
ported to modulate glutamatergic synaptic transmission in
the CA1 region of the hippocampus (Kremin et al., 2006).
The administration of muscarinic receptor agonist rescued the
cognitive deficits of a spatial task in a transgenic animal model
of Alzheimer’s diseases (Caccamo et al., 2006). A nicotinic
receptor antagonist, mecamylamine, did not affect the different
reduction of field EPSPs by physostigmine between transgenic
and wild-type mice (Fig. 4); however, a muscarinic recep-
tor antagonist, atropine, rescued the reduced field EPSPs by
physostigmine to basal levels in both transgenic and wild-
type mice (Fig. 5), suggesting that the different reduction of
field EPSPs by physostigmine between transgenic and wild-
type mice is due to the impairment of presynaptic muscarinic
receptors. It was reported that the inhibition of glutamatergic
transmission through presynaptic muscarinic receptors plays
a vital role in preventing interference from old memories during
the encoding of new information in models of hippocam-
pal circuits (Hasselmo et al., 1995; Hasselmo, 1999); however,
excess inhibition of glutamate release may induce the im-
pairment of memory and learning. There are several possible
cellular mechanisms of reduced field EPSPs by muscarinic
receptors. First, the activation of muscarinic receptors on glu-
tamatergic terminals directly inhibits glutamatergic transmis-
sion by decreasing glutamate release (Hamam et al., 2007).
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Second, the activation of muscarinic receptors indirectly inhibits
glutamatergic transmission by increasing GABA release from
interneurons (Caillard et al., 1998; Molyneaux and Hasselmo,
2002). Alternatively, the inhibition of postsynaptic muscarinic
receptors which potentiate NMDA currents results in a decrease
of glutamatergic transmission (Marino et al., 1998). Recently,
Machova et al. reported that the coupling of muscarinic receptors
with G-proteins estimated by carbachol-stimulated GTP-y*>S
binding was reduced in APPswe/PS1dE9 transgenic mice at
7 months of age compared to age-matched wild-type mice,
indicating the impairment of muscarinic transmission (Machova
et al., in press). Thus, it is possible that both the suppression of
postsynaptic muscarinic receptors and enhancement of pre-
synaptic receptors mediate the impairment of glutamatergic
transmission at the onset of the formation of amyloid B-peptide
deposits. Our results do not rule out other possibilities that
reductions in acetylcholine release, acetylcholine levels and
choline acetyltransferase activity are causes of the impairment of
cholinergic neurotransmission as reported previously (Auld
et al., 1998; Ikarashi et al., 2004; Hartmann et al., 2004).

In conclusion, we demonstrated here that a change in
cholinergic modulation of glutamatergic transmission between
APPswe/PS1dE9 transgenic mice and wild-type mice already
occurs at the onset of the formation of amyloid B-peptide
deposits by electrophysiological recording. Our results provide
fundamental insights useful for therapeutic interventions for
Alzheimer’s disease.
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