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Amyloid � Protein Modulates Glutamate-Mediated
Neurotransmission in the Rat Basal Forebrain: Involvement
of Presynaptic Neuronal Nicotinic Acetylcholine and
Metabotropic Glutamate Receptors
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Amyloid � (A�) protein, a 39 – 43 amino acid peptide deposited in brains of individuals with Alzheimer’s disease (AD), has been shown
to interact directly with a number of receptor targets including neuronal nicotinic acetylcholine receptors (nAChRs) and glutamate
receptors. In this study, we investigated the synaptic effects of A�1– 42 on glutamate-mediated neurotransmission in the diagonal band of
Broca (DBB), a cholinergic basal forebrain nucleus. Glutamatergic miniature EPSCs (mEPSCs) were recorded using whole-cell patch-
clamp recordings from identified cholinergic DBB neurons in rat forebrain slices. In 54% of DBB neurons, bath application of A�1– 42 (100
nM), but not A�42–1 (inverse fragment), significantly increased the frequency of mEPSCs without affecting amplitude or kinetic param-
eters (rise or decay time). In 32% of DBB neurons, bath application of A�1– 42 significantly decreased only the frequency but not amplitude
of mEPSCs. Application of dihydro-�-erythroidine (DH�E) (an antagonist for the �4�2 subtype of nAChRs) but not �-bungarotoxin (an
antagonist for the �7 subtype of nAChRs) blocked A�1– 42-mediated increases in mEPSC frequency. The A�1– 42-mediated increase in
glutamatergic transmission is thus presynaptic and mediated via non-�7 AChRs. In contrast, A�1– 42-mediated decreases in mEPSC
frequency could not be antagonized by either DH�E or �-bungarotoxin. However, the A�1– 42 -evoked depression in mEPSC frequency
was antagonized by (RS)-�-methyl-4-carboxyphenyglycine, a nonselective group I/II metabotropic glutamate receptor antagonist. These
observations provide further insight into the mechanisms whereby A� affects synaptic function in the brain and may be relevant in the
context of synaptic failure observed in AD.
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Introduction
Alzheimer’s disease (AD), a condition that afflicts the elderly, is
characterized by a progressive decline in memory and other cog-
nitive functions such as language and perception (McKhann et
al., 1984). Key neuropathological findings in individuals with AD
include a selective loss of acetylcholine-synthesizing (cholin-
ergic) neurons of the basal forebrain and the presence of extra-
cellular and intracellular plaques composed of amyloid � (A�)
protein (Whitehouse et al., 1982). The loss of cholinergic neurons
has been linked to memory and cognitive impairment seen in AD
(Price, 1986). The diagonal band of Broca (DBB), a cholinergic
basal forebrain nucleus, is one of the major sources of cholinergic
innervation to the hippocampus and cerebral cortex in rats and
humans (Mesulam et al., 1983). Within the DBB, immunohisto-

chemical methods for detecting choline acetyltransferase reveal
that between 34 and 45% of neurons are cholinergic (Eckenstein
and Sofroniew, 1983).

A�, a 39 – 43 amino acid peptide, is a critical pathological
mediator of the synaptic dysfunction, synaptic loss, and neuronal
death observed in AD (Small et al., 2001; Selkoe, 2002). Before the
development of A� plaques, deficits in basal synaptic transmis-
sion and long-term potentiation (LTP), a form a synaptic plastic-
ity, have been observed in transgenic mice that overexpress A�
(Larson et al., 1999; Moechars et al., 1999). Furthermore, in vitro
and also in vivo experiments have shown that soluble oligomers
of A� are capable of inhibiting LTP (Lambert et al., 1998; Walsh
et al., 2002). Together, these data demonstrate the importance of
soluble forms of A� in mediating synaptic dysfunction and cor-
relate with neuropathological observations in brains of patients
with mild cognitive impairment and AD, where synaptic disrup-
tion and loss are early pathological features (Davies et al., 1987;
Hamos et al., 1989; Masliah et al., 1991). However, there is pres-
ently little information on how A� may influence normal synap-
tic transmission in the brain, particularly in structures such as the
cholinergic basal forebrain that are at the epicenter of the chem-
ical pathology seen in AD.

Currently, no receptor has been definitively identified to me-
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diate A� actions on synaptic function, although several target
receptors have been proposed. However, binding studies using
postmortem human brain tissue and �7SK-N-MC cell mem-
branes indicate that A� shows a high affinity for neuronal nico-
tinic acetylcholine receptors (nAChRs) (Wang et al., 2000a,b).
Furthermore, electrophysiological studies in Xenopus oocytes
(Dineley et al., 2002) and rat neurons (Pettit et al., 2001; Fu and
Jhamandas, 2003) demonstrate that effects of A� are expressed
through a variety of subtypes of nAChRs. Although there are very
few examples of primary nicotinic-mediated excitatory synaptic
transmission in the CNS (Phelan and Gallagher, 1992; Zhang et
al., 1993; Frazier et al., 1998), nAChRs have been demonstrated to
be involved as neuromodulators of glutamate-mediated excita-
tory synaptic transmission (Vidal and Changeux, 1993; McGehee
et al., 1995; Alkondon et al., 1996; Radcliffe and Dani, 1998;
Lambe et al., 2003). In addition to nAChRs, metabotropic gluta-
mate receptors (mGluRs) have also been shown to modulate glu-
tamatergic neurotransmission in the DBB and other brain re-
gions (Easaw and Jhamandas, 1994; Anwyl, 1999). However, the
nature of interactions of A� with mGluRs are primarily un-
known. In this study, we examined whether the effects of A�1– 42

on glutamate-mediated EPSCs in the cholinergic rat basal fore-
brain nucleus, DBB, are mediated by specific subtypes of nAChRs
or mGluRs.

Materials and Methods
Cy3-192 IgG neuronal labeling. The majority of neurons used in this study
(55 of 62) were identified with Cy3-192 IgG (Advanced Targeting Sys-
tems, San Diego, CA), an inert fluorescent dye conjugated to an antibody
that binds to the p75 neurotrophin receptor expressed only in cholinergic
neurons of the basal forebrain. After intracerebroventricular injection,
Cy3-192 IgG retrogradely labels only cholinergic neurons of the basal
forebrain that project to the hippocampus (Hartig et al., 1998a; Wu et al.,
2000). Injection of Cy3-192 IgG was performed based on a previously
described protocol (Wu et al., 2000). Postnatal day 22–27 Sprague Daw-
ley rats (50 –70 g) were anesthetized with an intraperitoneal injection of
sodium pentobarbital (50 mg/kg; 0.05% Somnotol; MTC Pharmaceuti-
cals, Hamilton, Ontario, Canada) and were given a subcutaneous injec-
tion of 0.02% of atropine. The rats were then placed in a stereotaxic frame
(Narishige, Tokyo, Japan), and 5 �l of 1:1 diluted Cy3-192 IgG was
injected into the left and right ventricles (1.1 mm posterior to bregma, 1.2
mm lateral from the midline, and 2.6 –3.7 mm below the dura). All
procedures were approved by the University of Alberta Health Sciences
Animal Policy Welfare Committee (Protocol number 154/04/05).

DBB slice preparation. Brain slices were prepared from Sprague Dawley
rats that had received intracerebroventricular injections of Cy3-192 IgG
3–5 d before (Wu et al., 2000). Briefly, animals were anesthetized with
halothane and decapitated. The brain was quickly removed and placed in
a 3–5°C bicarbonate buffered solution that contained (in mM) 140 NaCl,
2.5 KCl, 12 MgCl2, 1.2 NaH2PO4, 2.4 CaCl2, 25 HCO3, and 11 D-glucose,
pH 7.4. All solutions were oxygenated by bubbling with a mixture of 95%
O2 and 5% CO2. Longitudinal brain slices (300 �M thick) containing the
DBB were cut with a Vibratome (Slicer HR2; Sigmann Elektronik,
Hüffenhardt, Germany) and incubated for 1 h at 32°C in artificial CSF
(ACSF) before recording (in mM; 126 NaCl, 2.5 KCl, 1.2 MgCl2, 1.2
NaH2PO4, 2.4 CaCl2, 25 NaHCO3 and 11 mM D-glucose; pH 7.4).

Recordings from DBB neurons. DBB slices were bath perfused with
ACSF (23–25°C) at a rate of 1.5 ml/min and visualized under an Axio-
scope 2 Fs microscope (Zeiss, Oberkochen, Germany) at 60� magnifi-
cation. Cy3-192 IgG-labeled neurons (cholinergic neurons) were se-
lected using the appropriate filter for Cy3 (546 nm excitation and 575–
640 nm emission). Individual neurons were then visualized under 60�
magnification using differential infrared contrast optics. DBB cells were
recorded using the whole-cell patch-clamp technique (Easaw et al.,
1997). The internal pipette solution was composed of (in mM) 140 K �-
gluconate, 2 KCl, 5 HEPES, 5 MgATP, 0.5 NaGTP, and 10 EGTA, and the

pH was raised to between 7.2 and 7.3 with potassium hydroxide. The
internal solution had an osmolarity of 280 mM. Patch-clamp electrodes
(thin wall with filament, 1.5 mm; World Precision Instruments, Sarasota,
FL) were pulled with a Narishige (PP-83) puller to yield electrodes with
resistances of 2–5 M�. Cells recorded with serial resistance higher than
10 M� in whole-cell configuration were discarded. The relatively low
access resistance (average, 6.6 M�) and small amplitude of currents
(usually �100 pA) resulted in a �1 mV voltage drop under our experi-
mental condition, and hence no access resistance compensation was ap-
plied. Signals were acquired at a bandwidth of 10 kHz and filtered with a
2 kHz low-pass Bessel filter using an Axopatch 200B amplifier (Molecular
Devices, Sunnyvale CA). Miniature EPSCs (mEPSCs) were isolated in
voltage-clamp mode at a holding potential of �60 mV in the presence of
1 �M tetrodotoxin (TTX) and either 10 �M bicuculline or 50 �M picro-
toxin, GABAA receptor antagonists (see Fig. 1 F). Both antagonists at the
given concentration are capable of completely abolishing GABAA IPSCs.
In some experiments, previously described electrophysiological criteria
were used to identify cholinergic neurons such as a lack of a hyperpolar-
izing sag and the presence of burst firing on depolarization (Wu et al.,
2000). mEPSCs were recorded using pClamp 9.0 for at least 5 min in
control conditions, during the presence of treatment and in washout.
Washout of any treatment usually takes 10 min before recordings for
mEPSCs.

Statistical analysis. The data were analyzed with Clampfit 9.2 (Molec-
ular Devices) using a template search (Clements and Bekkers, 1997). A
template was created based on the average of at least 10 mEPSCs. Average
values were expressed as mean � SE, and statistical significance was
evaluated by means of the two-tailed Student’s paired and unpaired t test.
The significance level for the t tests was set at p � 0.05. Kolmogorov–
Smirnov (K-S) testing was also used to examine differences, and the
significance level of this test was set at p � 0.0005. The mEPSC parame-
ters included the following: peak amplitude, the baseline to the peak
value; rise time, the amount of time on the rising phase of mEPSC be-
tween 10 and 90% of the peak; decay time, the amount of time on the
falling phase of the mEPSC between 90 and 10% of the peak; area, an
integral of the mEPSCs (measured in units of nA * ms).

Immunohistochemistry. Rats that received previous injections of Cy3-
192 IgG were anesthetized with halothane, and intraperitoneal urethane
was administered. Animals were then sequentially perfused with PBS and
4% formaldehyde in 0.1% PBS that was kept at 3–5°C. The brains were
removed and incubated for 1 h in 4% formaldehyde in PBS. Afterward,
the brains were stored in 10% sucrose solution. Fifty micrometer coronal
DBB brain slices were cut using a cryostat and blocked with 1% bovine
serum albumin for 1 h. Slices were then incubated overnight with pri-
mary rabbit antibodies for vesicular choline acetyltransferase (vChAT) at
3–5°C (1:2500 dilution; Santa Cruz Biotechnology, Santa Cruz, CA).
Slices were washed three times in PBS, incubated with Alexa 488 chicken
anti-rabbit antibodies for 1.5 h to yield green fluorescence (1:400 dilu-
tion), and washed three times in PBS. Slides were air dried and dehy-
drated with ethanol and xylene before being coverslipped with Cytoseal
(Canada Wide Scientific, Ottawa, Ontario, Canada). Slides were viewed
on a Zeiss Axioplan 2, and images were captured with a Zeiss Axiocam
MRc camera and saved with MGrab software. In 14 randomly selected
sections through the DBB, Cy3-192 IgG-positive neurons and those that
were also vChAT positive were counted

Drugs. A�1– 42 and A�42–1 were purchased from American Peptide
(Sunnyvale, CA). Stock solution of A� was prepared by dissolving the
peptides at 1 mM in deionized water and stored in aliquots at �70°C. On
the day of the experiment, A� peptides were diluted in external perfusion
medium (ACSF) just before the time of application. All voltage-clamp
experiments were conducted in the presence of 1 �M TTX and either 10
�M bicuculline or 50 �M picrotoxin. All chemicals were purchased from
Sigma (St. Louis, MO), except for TTX (purchased from Alamone Labs,
Jerusalem, Israel) and (RS)-�-methyl-4-carboxyphenyglycine (MCPG;
purchased from Tocris (Ellisville, MO), a nonselective group I/II mGluR
antagonist. All drugs were bath applied (perfusion rate of 1.5–3 ml/min)
through a four-way valve system, which allowed complete exchange of
perfusate in less then half a minute. The nAChR and mGluR antagonists
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were applied by continual bath application for 10 min before A�1– 42

application.

Results
Cy3-192 IgG labeling colocalizes with vChAT labeling in
DBB neurons
Immunohistochemical experiments demonstrated colocaliza-
tion of Cy3-192 IgG labeling with vChAT labeling (Fig. 1A–C).
Of the Cy3-192 IgG-positive cells, 80.4% also showed vChAT
labeling, confirming previous studies reporting most Cy3-192
IgG-labeled cells are indeed cholinergic (Hartig et al., 1998; Wu et
al., 2000). Figure 1D shows a Cy3-192 IgG-labeled cell viewed
under a water-immersion lens at 60� magnification, and Figure
1E shows the same neuron being patched under differential in-
frared contrast imaging. The average capacitance of Cy3-192
IgG-labeled neurons was 18.9 � 0.5 pF, and the average access
resistance was 6.6 � 0.2 M� (n � 50). The average conductance
of the cells was 2.85 � 0.25 nS (n � 50).

CNQX abolishes mEPSCs in DBB neurons
Identity of the neurotransmitter mediating mEPSCs was exam-
ined with the AMPA/kainate receptor antagonist 6-cyano-7-
nitroquinoxaline-2, 3-dione (CNQX). In the presence of 1 �M

TTX and 50 �M picrotoxin, mEPSC recordings were obtained
from Cy3-192 IgG-labeled neurons, whereas the cells were held at
a membrane potential of �60 mV (Fig. 1F). Bath application of 2
�M CNQX completely abolished all mEPSC events (Fig. 1F). The
CNQX-induced abolition of mEPSCs recovered after 15–20 min
of washout of the drug under our experimental conditions (Fig.
1F). CNQX-induced abolition of mEPSCs was observed in a total
of five identified cholinergic neurons. These data demonstrate
that the recorded mEPSCs were glutamatergic and mediated by
AMPA and kainate receptors.

A�1– 42 increases mEPSC frequency but not amplitude in
DBB neurons
In 15 of 28 (54%) identified cholinergic neurons, bath applica-
tion of 100 nM A�1– 42 significantly increased mEPSC frequency.

Figure 2A demonstrates sample traces of mEPSCs recorded from
an identified cholinergic neuron under control conditions with
application of 100 nM A�1– 42 and after washout of the peptide.
An obvious increase in mEPSC frequency in response to applica-
tion of A�1– 42 is observed. The response is time independent
because subsequent application of A�1– 42 15 min after washout
reproduces the increase in mEPSC frequency (data not shown).
Figure 2B shows the cumulative frequency histogram of an
mEPSC interevent interval (top panel) and amplitude (bottom
panel) in the same cell. Application of the K-S statistical test to
this and other individual cells demonstrated the interevent inter-
val to be significantly decreased during application of A�1– 42,
whereas there was no change in amplitude. In a total of 15 neu-
rons, the average increase in frequency of mEPSCs (29.6 � 5.4%)
in response to application of A�1– 42 exhibited a significant
change, because the average frequency was 0.89 � 0.16 Hz under
control conditions increased to 1.21 � 0.28 Hz in the presence of
100 nM A�1– 42 and recovered to 0.92 � 0.28 Hz during washout
(Fig. 2C, top) ( p � 0.05). However, the peak amplitude of mEP-
SCs did not change significantly in these neurons because the
control peak amplitude was �37.1 � 1.7 pA and the peak ampli-
tude in the presence of 100 nM A�1– 42 and during the washout
period was �36.8 � 1.9 and �35.9 � 1.7 pA, respectively (Fig.
2C, bottom) ( p � 0.05). Examination of other kinetic parameters
of the mEPSCs revealed that there were no significant differences
in rise time, decay time, and area between control conditions and
100 nM A�1– 42 treatment (Table 1).

Reverse peptide A�42–1 does not alter frequency or amplitude
of mEPSCs
To confirm the specificity of the A�1– 42-evoked alteration in
mEPSC frequency, we applied 100 nM A�42–1 to identified cholin-
ergic neurons that had previously demonstrated an A�1–42-
mediated increase in frequency. As observed in sample traces of
mEPSCs (Fig. 2D), no obvious change in frequency was observed.
Figure 2E shows cumulative frequency histograms of an mEPSC
interevent interval (top panel) and amplitude (bottom panel) in the

Figure 1. Identification of cholinergic neurons and mEPSCs in the DBB. A, B, Horizontal slice of the rat forebrain containing the DBB viewed under a filter for Cy3-192 IgG (red) and a filter for Alexa
488 (green; vChAT). C, The overlay of images A and B shows that Cy3-192 IgG labels cells that are also vChAT positive (arrowheads in A, B). The calibration bar in A is the same for B and C. D, A Cy3-192
IgG-labeled cell in a slice viewed under a 60� water-immersion lens before recording (arrowhead). E, Differential infrared contrast image of the same cell viewed in C being recorded (arrowhead).
The calibration bar in D is the same for E. F, mEPSC activity in neurons of DBB is reversibly abolished by CNQX, an AMPA/kainate receptor antagonist.
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same cell. In four neurons exhibiting previ-
ous A�1–42-mediated increase in frequency,
applications of A�42–1 did not affect the fre-
quency of mEPSCs (0.69 � 0.27 Hz under
control conditions, 0.71 � 0.29 Hz in the
presence of 100 nM A�42–1, and 0.72 � 0.24
Hz after washout; p � 0.05) (Fig. 2F, top).
The average peak amplitude under control
conditions was �41.1 � 3.9 pA, whereas in
the presence of A�-42–1 and after washout,
the peak amplitude was �40.0 � 5.6 and
�39.8 � 3.9 pA, respectively (Fig. 2F, bot-
tom) ( p � 0.05). No significant differences
in other kinetic parameters were observed
between control conditions and application
of 100 nM A�42–1 (data not shown).

A�1– 42 decreases mEPSC frequency but
not amplitude in DBB neurons
In 9 of 28 (32%) identified cholinergic
neurons, bath application of 100 nM

A�1– 42 significantly reduced mEPSC fre-
quency. Figure 3A shows sample traces of
the change in mEPSCs recorded from an
identified cholinergic neuron in response
to application of 100 nM A�1– 42. An obvi-
ous decrease in EPSC frequency was ob-
served in the presence of A�1– 42. This de-
crease was reproducible with subsequent
applications of A�1– 42 (data not shown).
Figure 3B shows the cumulative frequency
histogram of an mEPSC interevent inter-
val (top panel) and amplitude (bottom
panel) in the same cell. Application of the
K-S test to this cell demonstrated the inter-
event interval was significantly increased,
whereas there was no significant change in
amplitude. In nine neurons, application of
A�1– 42 decreased the frequency of mEP-
SCs by 31.8 � 4.8%. The frequency de-
creased from 0.97 � 0.21 Hz under control
condition to 0.68 � 0.18 Hz in the pres-
ence of 100 nM A�1– 42. After washout, the
frequency recovered to 0.92 � 0.23 Hz
(Fig. 3C, top) ( p � 0.05). In a similar
manner to neurons exhibiting an A�1– 42-
mediated increase in mEPSC frequency,
no significant change in peak amplitude
was observed for cells showing a decrease
in mEPSC frequency. Under control con-
ditions, the peak amplitude was �34.7 �
2.7 pA, whereas in the presence of 100 nM

A�1– 42 and during the washout, the peak
amplitude was �31.4 � 2.3 and �33.3 �
2.7 pA, respectively (Fig. 3C, bottom)
( p � 0.05). Examination of other kinetic
parameters of the mEPSCs also revealed
that there were no significant changes in
rise time, decay time, and area between
control conditions and 100 nM A�1– 42

treatment of cholinergic neurons (Table
2). In 4 of 28 (14%) identified cholinergic
neurons, bath application of 100 nM

Figure 2. A�1– 42, but not the reverse peptide A�42–1, increases mEPSC frequency but not amplitude in DBB neurons. A,
Sample traces of mEPSCs under control conditions, during application of A�1– 42, and during washout from a cholinergic DBB
neuron. Insets beside each trace show averaged mEPSCs from 100 consecutive events under the three recording conditions. B,
Cumulative probability analysis of mEPSCs of the same neuron as in A showing the distribution of the interevent interval (top) and
peak amplitude (bottom) during control conditions (square), during application of 100 nM A�1– 42 (triangle), and during washout
(circle). A�1– 42 caused a significant decrease in the interevent interval of mEPSCs without changing the distribution of the
amplitude ( p � 0.0005). C, Average frequency of mEPSCs (top) and average amplitude of mEPSCs (bottom) under control
conditions, during application of A�1– 42, and during washout (n � 15; *p � 0.05, significant difference from control). D, Sample
traces of mEPSCs under control conditions, during application of A�42–1, and during washout from another cholinergic DBB
neuron. Insets beside each trace show averaged mEPSCs from 100 consecutive events under the three recording conditions. E, The
cumulative frequency histogram of an mEPSC interevent interval (top) and amplitude (bottom) from the same cell as in D
demonstrates no significant change between control conditions (square) and during application of 100 nM A�42–1 (triangle).
Washout is denoted by a circle. F, Average frequency of mEPSCs (top) and average amplitude of mEPSCs (bottom) during appli-
cation of A�42–1 showing no significant difference between the peptide application and control or washout (n � 4; p � 0.05).
Error bars indicate SEM.

Table 1. Kinetic parameters of cholinergic neurons that demonstrate an increase in mEPSC frequency in the
presence of 100 nM A�1– 42

Statistic Controla 100 nM A�1– 42
a Recoverya

Peak amplitude (pA) �37.1 � 1.7 �36.8 � 1.9 �35.9 � 1.7
10 –90% rise time (ms) 0.73 � 0.09 0.80 � 0.10 0.81 � 0.10
90 –10% decay time (ms) 2.84 � 0.80 2.88 � 0.31 2.86 � 0.32
Area (nA * ms) �0.068 � 0.007 �0.068 � 0.007 �0.068 � 0.007
aNo significant differences were observed between the three groups. Values are mean � SEM (n � 15; p � 0.05).
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A�1– 42 led to no significant change in fre-
quency and peak amplitude of mEPSCs
(data not shown).

The A�1– 42-mediated increase in
mEPSC frequency is antagonized by the
nAChR antagonist dihydro-�-
erythroidine but not �-bungarotoxin
Because A�1– 42 has been found to have
high affinity to nAChRs and to be capable
of influencing the function of these recep-
tors (Wang et al., 2000a; Pettit et al., 2001;
Fu and Jhamandas, 2003), we used
dihydro-�-erythroidine (DH�E) (a selec-
tive �4�2 nAChR antagonist) and
�-bungarotoxin (a selective non-�7
nAChR antagonist) to investigate the pos-
sible receptor subtypes involved in the
A�1– 42-mediated change in mEPSC fre-
quency. We first tested the effect of DH�E
on the A�1– 42-mediated increase in mEP-
SCs in identified cholinergic neurons.
Bath application of 100 nM A�1– 42 to a
neuron increased mEPSC frequency (Fig.
4A, left). However, in the presence of 10
�M DH�E, subsequent application of 100
nM A�1– 42 to the same neuron did not
elicit a similar increase in frequency (Fig.
4A, left). In five neurons, the A�1– 42-
mediated increase in mEPSC frequency
was 25.4 � 7.9% under control conditions
and 2.4 � 5.6% in the presence of 10 �M

DH�E (Fig. 4A, right) ( p � 0.05).
We also tested the effect of

�-bungarotoxin on the A�1– 42-mediated
increase in mEPSCs in identified cholin-
ergic neurons. Bath application of 100 nM

A�1– 42 to a neuron that demonstrated an A�1– 42-mediated in-
crease in mEPSCs continued to reveal a persistent increase in
mEPSC frequency in the presence of 100 nM �-bungarotoxin, an
�7 nAChR antagonist (Fig. 4B, left). In eight neurons, the A�1–

42-mediated average increase in mEPSC frequency was 34.5 �
6.9% under control conditions and 36.3 � 8.4% in the presence
of 100 nM �-bungarotoxin (Fig. 4B, right) ( p � 0.05). As we
expected, no significant change in average peak amplitude or
other kinetic parameters of mEPSCs was observed in the presence
of 100 nM A�1– 42 alone or with coapplication of 100 nM A�1– 42

and either of the two nAChR antagonists (data not shown). Ad-
ditionally, bath application of 10 �M DH�E or �-bungarotoxin
alone to two identified cholinergic neurons did not significantly
change frequency and peak amplitude of mEPSCs (data were
shown).

A�1– 42-mediated decrease in mEPSC frequency is not
antagonized by nAChR antagonist but by nonselective
mGluR antagonist
We also examined whether the A�1– 42-mediated decrease in
mEPSC frequency in identified cholinergic neurons was medi-
ated by nAChRs. The left panel of Figure 5A shows a neuron that
had a decrease in mEPSC in response to 100 nM A�1– 42. Subse-
quent application of 100 nM A�1– 42 to the same neuron in the
presence of 10 �M DH�E did not inhibit the decrease in fre-
quency (Fig. 5A, left). In five neurons, the A�1– 42-mediated de-

crease in mEPSC frequency was 27.5 � 3.7% under control con-
ditions and 24.5 � 2.8% in the presence of 10 �M DH�E (Fig. 5A,
right) ( p � 0.05). In contrast, subsequent bath application of
A�1– 42 in the presence of 100 nM �-bungarotoxin to neurons
exhibiting an A�1– 42-mediated decrease in mEPSC frequency
also did not affect the decrease in mEPSC frequency (Fig. 5B,
left). In four neurons, the A�1– 42-mediated decrease in mEPSC
frequency was 24.1 � 3.4% under control conditions and 22.9 �
6.5% in the presence of 100 nM �-bungarotoxin, respectively
(Fig. 5B, right) ( p � 0.05).

Because presynaptic inhibition of synaptic transmission via
activation of mGluRs occurs very widely in the brain, including
within the DBB (Easaw and Jhamandas, 1994; Anwyl, 1999), we
used MCPG (a nonselective group I/II mGluR antagonist) to
investigate whether activation of such receptors is involved in an
A�1– 42-mediated decrease in mEPSC frequency. The mGluR an-
tagonist was delivered by continual bath application at least 10
min before A�1– 42 application. Application of MCPG alone did
not affect the frequency of mEPSCs, indicating presynaptic inhi-
bition via activation of mGluRs is not likely to occur through
tonic glutamate release. In an identified cholinergic neuron that
demonstrated an A�1– 42-mediated decrease in mEPSC fre-
quency, subsequent application of 100 nM A�1– 42 in the presence
of 250 �M MCPG did not elicit a similar decrease in frequency
(Fig. 5C, left). In four neurons, the A�1– 42-mediated decrease in
mEPSC frequency was 19.8 � 5.02% under control conditions

Figure 3. A�1– 42 also decreases mEPSC frequency but not amplitude in some DBB neurons. A, Sample traces of mEPSCs under
control conditions, during application of A�1– 42 and during washout from a cholinergic DBB neuron. Insets beside each trace
show averaged mEPSCs from 100 consecutive events under the three recording conditions. B, Cumulative probability analysis of
mEPSCs of the same neuron as in A showing the distribution of the interevent interval (top) and peak amplitude (bottom) during
control conditions (square), during application of 100 nM A�1– 42 (triangle), and during washout (circle). A�1– 42 caused a
significant increase in the interevent interval of mEPSCs without changing the distribution of the amplitude ( p � 0.0005). C,
Average frequency of mEPSCs (top) and average amplitude of mEPSCs (bottom) under control conditions, during application of
A�1– 42, and during washout (n � 9; *p � 0.05, significant difference from control). Error bars indicate SEM.

Table 2. Kinetic parameters of cholinergic neurons that demonstrate a decrease in mEPSC frequency in the
presence of 100 nM A�1– 42

Statistic Controla 100 nM A�1– 42
a Recoverya

Peak amplitude (pA) �35.0 � 2.9 �31.4 � 2.3 �33.3 � 2.7
10 –90% rise time (ms) 0.65 � 0.04 0.64 � 0.06 0.63 � 0.06
90 –10% decay time (ms) 2.56 � 0.34 2.53 � 0.34 2.51 � 0.31
Area (nA * ms) �0.063 � 0.006 �0.056 � 0.006 �0.058 � 0.006
aNo significant differences were observed between the three groups. Values are mean � SEM (n � 9; p � 0.05).
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and 1.3 � 2.9% in the presence of 250 �M MCPG (Fig. 5C, right)
( p � 0.05). However, 250 �M MCPG did not show a significant
effect on the A�1– 42-mediated increase in mEPSC frequency
(data not shown).

Discussion
In this study, the effects of A�1– 42 on excitatory synaptic events in
identified cholinergic DBB neurons were examined. mEPSCs re-
corded from the neurons, held at a membrane potential of �60
mV, were mediated by the AMPA and kainate subtypes of gluta-
mate receptors because application of CNQX, an AMPA/kainate
receptor antagonist, completely abolished such events. Although
evoked glutamatergic EPSCs have been recorded in the DBB,
such reports are infrequent (Easaw et al., 1997; Momiyama and
Fukazawa, 2007). In part, this is related to geometrical consider-
ations in coronal and horizontal forebrain slices, which do not
optimally preserve glutamate afferents (originating from pre-
frontal cortex and other sources) to the DBB and thus make
electrical stimulation-evoked EPSCs difficult (Jhamandas and
Bourque, 2000). We therefore focused our studies on glutamate-
mediated mEPSCs in the DBB. In a majority of cholinergic neu-

Figure 4. A�1– 42-mediated increase in mEPSC frequency is antagonized by non-�7 but not
�7 nAChR antagonists. A, Left, Sample traces of mEPSCs from a cholinergic DBB neuron in
response to A�1– 42 and a combination of A�1– 42 and DH�E (a non-�7 nAChR antagonist),
respectively. Right, Histograms depicting the average effect of 10 �M DH�E on the A�1– 42-
mediated increase in mEPSC frequency (n � 5; *p � 0.05, significant difference from control).
B, Left, Sample traces of mEPSCs from another cholinergic DBB neuron in response to A�1– 42

and a combination of A�1– 42 and �-bungarotoxin (�7 nAChR antagonist), respectively. Right,
Histograms depicting the average effect of 100 nM �-bungarotoxin on the A�1– 42-mediated
increase in mEPSC frequency (n � 8; p � 0.05). Error bars indicate SEM.

Figure 5. A�1– 42-mediated decrease in mEPSC frequency is not antagonized by nAChR
antagonists but by mGluR antagonists. A, Left, Sample traces of mEPSCs from a cholinergic DBB
neuron in response to A�1– 42 and a combination of A�1– 42 and DH�E (non-�7 nAChR antag-
onist), respectively. Right, Histograms depicting the average effect of DH�E on the A�1– 42-
mediated decrease in mEPSC frequency (n � 5; p � 0.05). B, Left, Sample traces of mEPSCs
from another cholinergic DBB neuron in response to A�1– 42 and a combination of A�1– 42 and
�-bungarotoxin (�7 nAChR antagonist), respectively. Right, Histograms depicting the average
effect of �-bungarotoxin on the A�1– 42-mediated decrease in mEPSC frequency (n � 4; p �
0.05). C, Left, Sample traces of mEPSCs from another cholinergic DBB neuron in response to
A�1– 42 and a combination of A�1– 42 and MCPG (nonselective group I/group II mGluR antag-
onist), respectively. Right, Histograms depicting the average effect of DH�E on the A�1– 42-
mediated decrease in mEPSC frequency (n � 4; *p � 0.05, significant difference from control).
Error bars indicate SEM.
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rons, bath applications of A�1– 42 significantly increased the fre-
quency of mEPSCs without any significant change in amplitude
or kinetic parameters of mEPSCs. This effect of A�1– 42 could be
blocked by the non-�7, �4�2-selective nAChR antagonist DH�E
but not by the �7-selective nAChR antagonist �-bungarotoxin,
suggesting that soluble A�1– 42 is able to modulate presynaptic
glutamatergic neurotransmission via activation of �4�2
nAChRs. In another subset of cholinergic neurons, A�1– 42 de-
creased the frequency of mEPSCs without significant change in
amplitude or kinetic parameters. The A�1– 42-mediated decrease
in frequency was not antagonized by either DH�E or
�-bungarotoxin but by the nonselective (group I/II) mGluR an-
tagonist MCPG, suggesting that A�1– 42 mediates such presynap-
tic effects through activation of mGluRs. We found no differ-
ences in kinetic parameters of the two populations of neurons
that responded to A�1– 42 in an opposite manner. The A�1– 42

modulation of mEPSC frequency is a specific effect because the
inverse sequence peptide (A�42–1) failed to produce an effect.

Initial binding studies demonstrated that A�1– 42 binds to �7
nAChRs with picomolar affinity and to �4�2 nAChRs with nano-
molar affinity (Wang et al., 2000a,b). A number of electrophysi-
ological studies, in a variety of in vitro preparations, have dem-
onstrated that A�1– 42 can exert its effects through both �7 and
�4�2 nAChRs (Pettit et al., 2001; Dineley et al., 2002; Fu and
Jhamandas, 2003; Wu et al., 2004; Lamb et al., 2005). However,
the precise nature of A�1– 42 interactions with nAChRs is contro-
versial because some studies have reported that A�1– 42 activates
nAChRs (Dineley et al., 2002; Fu and Jhamandas, 2003), whereas
other studies suggested that A�1– 42 inhibits nAChRs (Pettit et al.,
2001; Wu et al., 2004; Lamb et al., 2005). Both �7 and non-�7
subtypes of nAChRs were reported to be involved in such A�-
mediated interactions. In our study, A�1– 42 mediated an increase
in the frequency of spontaneous glutamatergic mEPSCs in a sub-
set of cholinergic DBB neurons via activation of non-�7 nAChRs,
likely the �4�2 nAChR subtype. This A�1– 42 activation of �4�2
nAChRs is in agreement with single-channel recordings from
DBB neurons that demonstrated that A�1– 42 was able to act as an
agonist at �4�2 nAChRs in DBB neurons (Fu and Jhamandas,
2003). Although the actions of A�1– 42 on nAChRs observed by Fu
and Jhamandas (2003) and other authors were at a postsynaptic
locus, increasing anatomical and functional evidence suggests
that nAChRs are preferentially located at the presynaptic termi-
nals, which regulate neurotransmitter release in the brain (Won-
nacott, 1997). However, little is known about the interaction of
A� with presynaptic nAChRs. A study performed in synapto-
somes showed that low concentrations of A� are capable of evok-
ing a sustained increase in presynaptic Ca 2� via activation of
both non-�7 and �7 nAChRs (Dougherty et al., 2003). Thus, the
present electrophysiological study is the first to report A� mod-
ulation of synaptic transmission through nAChRs at a presynap-
tic level.

Studies performed in a variety of brain regions have demon-
strated that activation of nAChRs can modulate presynaptic
glutamate-mediated synaptic transmission or glutamate release
via either �7 or �4�2 nAChRs (Vidal and Changeux, 1993;
McGehee et al., 1995; Alkondon et al., 1996; Radcliffe and Dani,
1998; Lambe et al., 2003; Rousseau et al., 2005). In keeping with
such studies, we have observed that in most basal forebrain cho-
linergic neurons, nicotine-induced activation of nAChRs was
able to increase, in a dose-dependent manner, the frequency of
spontaneous mEPSCs (data not shown). The increase in mEPSC
frequency evoked by nicotine without any change in peak ampli-
tude or other kinetic parameters of mEPSC is a similar effect to

that which we report for A�1– 42 in the present study and consis-
tent with a presynaptic locus of action.

In another subset of cholinergic neurons, A�1– 42 was shown
to mediate a decrease in the frequency of spontaneous glutama-
tergic mEPSCs without any significant change in amplitude or
kinetic parameters of mEPSCs. This response was not affected by
nAChR antagonists but rather is antagonized by the nonselective
group I/II mGluR antagonist MCPG. Thus, the present data sup-
port a novel notion that an A�1– 42-mediated decrease in mEPSC
in the cholinergic basal forebrain occurs via an activation of pre-
synaptic mGluRs. At a number of excitatory synapses in the CNS,
activation of group II/III mGluRs has been shown to suppress
glutamate release (Anwyl, 1999). Indeed, we have previously re-
ported that in the DBB, electrical stimulus-evoked glutamate EP-
SCs can be suppressed by applications of an mGluR agonist and
that the locus of such an effect is presynaptic (Easaw and Jhaman-
das, 1994). However, less is known concerning potential interac-
tions of A�1– 42 with mGluRs. A�1– 42 has been shown to cause
membrane depolarization in human hNT neuronal cells and
PC12 cells via activation of mGluRs in keeping with a direct
postsynaptic effect (Blanchard, 2002). Most data support the
view that group II mGluRs are localized to preterminal axons of
glutamate neurons, whereas group III mGluRs are primarily
present postsynaptically (Schoepp, 2001). In addition, an A�1–

42-mediated decrease in mEPSC was found to be antagonized by
MCPG (a nonselective group I/II mGluR antagonist) in our ex-
periments. Therefore, we postulate that the A�1– 42-mediated de-
crease in mEPSC in DBB likely involves an activation of presyn-
aptic mGluRs of group II type. Three possible mechanisms have
been proposed to account for the mGluR-mediated inhibition of
excitatory transmitter release: suppression of a presynaptic Ca 2�

conductance, activation of presynaptic K� channels, or direct
inhibition via transmitter release proteins (Anwyl, 1999). Inter-
estingly, A� has been shown to depress evoked excitatory synap-
tic transmission via modulation of presynaptic L-type calcium
channels in rat basolateral amygdala (Ashenafi et al., 2005). This
report of A�-induced suppression of glutamate transmission was
shown to be independent of �7 nAChR activation, an observa-
tion that is consistent with our findings. However, these authors
did not test whether activation of mGluRs are involved in the A�
modulation of L-type calcium channels and consequently in the
suppression of glutamate-mediated neurotransmission.

Functional implications
This study demonstrates that soluble A�1–42 is capable of modulat-
ing synaptic transmission via �4�2 nAChRs in septo-hippocampal
neurons of the basal forebrain, an important pathway for learning
and memory. Thus, the implications of this research are threefold.
First, this study suggests that modulation of synaptic transmission by
soluble forms of A�1–42 may be a potential pathological mechanism
for the cognitive decline observed early on in AD. A�1–42 augmen-
tation of glutamate neurotransmission could lead to deleterious ef-
fects over the long term, whereas A�1–42 reduction in glutamate
neurotransmission would weaken cholinergic tone and lead to im-
paired cognition. Second, the nAChR system could serve as a poten-
tial avenue for the treatment of AD. In fact, of the current crop of
acetylcholinesterase inhibitors routinely used in the treatment of
mild to moderate AD, one agent (galantamine) has been identified
to have activity at the nicotinic receptors in the brain (Smulders et al.,
2005). Finally, because the depressant effects of A�1–42 on cholin-
ergic cells are expressed through presynaptic mGluRs, the latter re-
ceptors may represent novel therapeutic targets for AD therapies.
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