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�-Amyloid-Mediated Inhibition of NMDA Receptor-
Dependent Long-Term Potentiation Induction Involves
Activation of Microglia and Stimulation of Inducible Nitric
Oxide Synthase and Superoxide
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The mechanisms underlying the inhibition of long-term potentiation (LTP) induction by amyloid �-peptide (A�) were investigated in the
medial perforant path of the rat and mouse dentate gyrus in vitro. Evidence is presented in this study that the A�-mediated inhibition of
LTP induction involves activation of microglia and production of reactive oxygen and nitrogen species. In control slices, A� strongly
inhibited induction of NMDA receptor-dependent (NMDAR-dependent) LTP, although not induction of NMDAR-independent LTP or
long-term depression (LTD). The inhibition of NMDAR-dependent LTP was prevented by minocycline, an agent that prevents activation
of microglia. The involvement of inducible nitric oxide synthase (iNOS) was shown by the inability of A� to inhibit LTP induction in iNOS
knock-out mice and also by the ability of two iNOS inhibitors, aminoguanidine and 1400W, to prevent the A�-mediated inhibition of LTP
induction. The A�-mediated inhibition of LTP induction also was prevented by the superoxide scavenger superoxide dismutase applied
together with catalase. Evidence for involvement of superoxide in the action of A� on LTP induction was shown by the ability of an
inhibitor of NADPH oxidase to prevent the A�-mediated inhibition of LTP induction. The study thus provides evidence that the A�-
mediated inhibition of LTP induction involves an inflammatory-type reaction in which activation of microglia results in the production
of nitric oxide and superoxide and thence possibly peroxynitrite, a highly reactive oxidant.
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Introduction
Alzheimer’s disease (AD) is characterized by the presence of se-
nile plaques composed of deposits of amyloid �-peptide (A�), a
cleavage product of �-amyloid precursor protein (APP). A� has
been strongly implicated as a causal factor in AD, with evidence
that A�-induced dysfunction of synaptic plasticity contributes to
the early memory loss that precedes neuronal degeneration
(Small et al., 2001; Selkoe, 2002). We have shown previously that
synthetic A� inhibits one form of synaptic plasticity, long-term
potentiation (LTP), in studies in the hippocampus in vivo (Cullen
et al., 1997) and also that soluble cell-derived naturally secreted
human A� acutely inhibits the induction of LTP in vivo and in
vitro in the hippocampus (Walsh et al., 2002; Wang et al., 2004).
The A�-mediated block of LTP has been confirmed now in other
investigations (Lambert et al., 1998; Itoh et al., 1999; Chen et al.,
2000; Stephan et al., 2001; Vitolo et al., 2002; Raymond et al.,
2003). Little is known about the mechanisms involved in A�-
mediated inhibition of LTP, although in a recent study we have
demonstrated a necessity for the activation of certain kinases

including c-Jun N-terminal kinase (JNK), p38 MAP kinase (p38
MAPK), and cyclin-dependent kinase 5 (Cdk5) in the A�-
mediated inhibition of LTP (Wang et al., 2004). In addition,
A�-mediated inhibition of LTP was found to be reversed by ro-
lipram and forskolin, agents that enhance cAMP signaling (Vi-
tolo et al., 2002).

In the present studies, we have explored further the mecha-
nisms underlying the inhibition of LTP induction by A�. Strong
evidence indicates that oxidative stress plays an important role in
the pathophysiology of AD, involving the production of free rad-
icals and inflammatory agents (Akiyama et al., 2000). This in-
flammation in the brain involves mainly the activity of microglial
and astroglial cells that secrete a host of factors including cyto-
kines, nitric oxide, and reactive oxygen species that impact on
neurons to induce degeneration (Akiyama et al., 2000). We in-
vestigated the involvement of microglia and reactive nitrogen
and oxygen species in the A�-mediated inhibition of LTP induc-
tion. Our studies show that the A�-mediated inhibition of LTP
induction involves activation of microglia and also inducible ni-
tric oxide synthase (iNOS) and superoxide, with toxicity pro-
duced possibly via peroxynitrite production.

Materials and Methods
Preparation of slices. All experiments were performed on transverse slices
of the rat hippocampus (males, age 3– 4 weeks, weight 40 – 80 gm) or
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mice aged 3– 4 months. Male wild-type and
iNOS knock-out C57 black mice (18 –28 gm)
were obtained from Jackson Laboratories (Bar
Harbor, ME). The brains were removed rapidly
after decapitation and placed in cold, oxygen-
ated (95% O2/5% CO2) medium. Slices were
cut at a thickness of 350 �m, using a Campden
Vibroslice, and placed in a storage container
containing oxygenated medium at room tem-
perature (20�22°C) for 1 hr. Then the slices
were transferred to a recording chamber for
submerged slices and superfused continuously
at a rate of 5– 6 ml/min at 30 –32°C. The control
medium contained (in mM): 120 NaCl, 2.5 KCl,
1.25 NaH2P04, 26 NaHC03, 2.0 MgS04, 2.0
CaCl2, 10 D-glucose. For experiments on the
dentate gyrus all solutions contained 100 �M

picrotoxin (Sigma, St. Louis, MO) to block
GABAA-mediated activity.

Agents. Drugs used were A� (Bachem, Tor-
rance, CA), minocycline, aminoguanidine, super-
oxide dismutase, diphenyleneiodonium (DPI),
catalase, D (�)-2-amino-5-phosphonopentanoic
acid (D-AP-5) (all from Sigma), and 1400W
(Calbiochem, La Jolla, CA). Synthetic A�1-42

was prepared as a stock solution of 50 �M in
ammonium hydroxide (0.1%), stored at �20°C,
and then added to physiological medium imme-
diately before each experiment. A� was perfused
for 40 min before high-frequency stimulation
(HFS)-induced LTP. The other agents were pre-
pared in distilled water. Perfusion of drugs was
started 60 min before HFS.

Electrophysiological techniques. Standard
electrophysiological techniques were used to
record field potentials. All experiments investi-
gating NMDA receptor-dependent (NMDAR-
dependent) LTP and long-term depression
(LTD) were performed in the dentate gyrus,
with presynaptic stimulation applied to the me-
dial perforant pathway of the dentate gyrus by
using a bipolar insulated tungsten wire elec-
trode; field EPSPs were recorded at a control
test frequency of 0.033 Hz from the middle one-
third of the molecular layer of the dentate gyrus
with a glass microelectrode. In each experi-
ment, an input– output curve (afferent stimu-
lus intensity vs EPSP amplitude) was plotted at
the test frequency. For all experiments the amplitude of the test EPSP was
adjusted to one-third of maximum (�1.2 mV). LTP was evoked by HFSs
consisting of eight trains, each of eight stimuli at 200 Hz, and an inter-
train interval of 2 sec, with the stimulation voltage increased during the
HFS so as to elicit an initial EPSP of the train of double the normal test
EPSP amplitude. The experiments investigating NMDAR-independent
LTP were performed in the CA1 region, with NMDAR-independent LTP
induced by three spaced HFSs at 10 min intervals, each HFS as above.
Measurements of resting potential and input resistance were performed
with whole-cell patch-clamp recordings from CA1 pyramidal cells by
using the Axopatch 1D amplifier (3 kHz low-pass Bessel filter). Series
resistance varied from 15 to 30 M�.

In experiments involving the application of A�, A� was perfused for
40 min before HFS. In experiments involving additional other agents, the
agents were perfused over the slices for 60 min before HFS. Control
(vehicle alone) and experimental levels of LTP were measured on slices
prepared from the same hippocampus. In experiments involving kinase
inhibitors, the effect of kinase inhibitor alone and the effects of the kinase
inhibitor applied together with A� also were performed on slices from
the same hippocampus.

Recordings were analyzed with pClamp (Axon Instruments, Foster

City, CA). Values are the means � SEM for n slices. Two-tailed Student’s
t test and two-way ANOVA with repeated measures were used for statis-
tical comparison.

Results
A� inhibits induction of NMDAR-dependent LTP
In rat hippocampal slices, HFS induced NMDAR-dependent LTP
under control conditions that reached a peak amplitude of
�100% above baseline immediately after HFS and then slowly
declined over the next hour to 50 – 80% above baseline. The av-
eraged LTP measured 213 � 16 and 162 � 4% at peak and 60 min
post-HFS, respectively ( p � 0.005; n � 15) (Fig. 1A).

In a recent study, we showed that synthetic A� inhibited the
induction of NMDAR-dependent LTP in vitro, with a threshold
concentration of A� of 100 –200 nM and a strong inhibition by
500 nM A� (Wang et al., 2004). In the present study, we have used
a concentration of 500 nM A� for all experiments on NMDAR-
dependent LTP. Perfusion of A� (500 nM) did not alter the mem-
brane potential nor input resistance measured under whole-cell
current-clamp conditions. The mean resting potential and input

Figure 1. A� inhibits induction of NMDAR-dependent LTP, but not induction of NMDAR-independent LTP or LTD, in the rat
hippocampus in vitro. A, NMDAR-dependent LTP induced by a single brief HFS in the medial perforant path of the dentate gyrus in
control (filled circles) and in the presence of synthetic A� (500 nM), applied 40 min before HFS (open circles), reduced significantly
from control. B, NMDAR-independent LTP induced by a single brief HFS in CA1 in control (filled circles) and in the presence of
synthetic A� (1 �M), applied 40 min before HFS (open circles), not reduced significantly from control. C, LTD induced by LFS (1 Hz,
15 min) in the dentate gyrus in control (filled circles) and in the presence of A� (500 nM), not reduced significantly from control.
The traces above the graphs, labeled a– c in A and a, b in B and C, show field EPSPs at the times indicated. All data shown are the
means � SEM.
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resistance were –71 � 8 mV and 239 � 14 M� in control and
– 69 � 4 mV and 234 � 8 M� after perfusion of A� for 60 min
( p � 0.05; n � 4). Moreover, A� (500 nM) did not affect baseline
excitatory synaptic transmission, EPSPs measuring 99 � 3% of
control after 40 min of perfusion ( p � 0.05; n � 6). However, A�
(500 nM) perfused for 40 min before HFS strongly inhibited the
induction of LTP. In an initial series of experiments, LTP mea-
sured 153 � 14 and 107 � 5% at peak and 60 min post-HFS,
respectively ( p � 0.005; n � 6) (Fig. 1A). A two-way ANOVA
comparing LTP in control and in A� also showed significant
inhibition (F � 48.2; p � 0.001). Additional experiments were
performed on the effects of 500 nM A� on LTP induction
throughout the course of the study, with three to four interleaved
control experiments on the effect of A� on LTP induction being
performed during the investigation of the effect of each agent on
the A�-mediated block of LTP induction. These experiments
showed a very similar inhibitory effect of A� on LTP induction to
the initial set of experiments, LTP measuring 153 � 10 and 102 �
7% at peak and 60 min post-HFS, respectively, in the presence of
A�, significantly less than control LTP in the absence of A� ( p �
0.005; n � 23) (data not shown).

A� does not inhibit induction of NMDAR-independent LTP
or LTD
To determine whether the inhibitory action of A� was confined
to NMDAR-dependent LTP or affected other types of plasticity,
we investigated the effect of A� on NMDAR-independent LTP
and LTD. Although NMDAR-independent LTP can be induced
by strong stimulation in the dentate gyrus (Wu et al., 2004), such
stimulation commonly results in induction of a group I mGluR-
dependent LTD (Wu et al., 2004). In the present study, we there-
fore chose to study NMDAR-independent LTP in CA1, a region
in which NMDAR-independent LTP has been studied intensively
and found to be dependent on the activation of mGluR and
voltage-gated Ca channels (Grover and Teyler, 1990; Cavus and
Teyler, 1996; Grover, 1998; Wu et al., 2004). Previously, A� has
been shown to block induction of NMDAR-dependent LTP in
CA1 in a manner identical to that in the dentate gyrus (Cullen et
al., 1997; Itoh et al., 1999; Chen et al., 2000; Vitolo et al., 2002;
Walsh et al., 2002).

A� (1 �M) did not inhibit NMDAR-independent LTP, re-
corded in the presence of 100 �M D-AP-5 to prevent NMDAR
activation. In control, HFS induced NMDAR-independent LTP,
measuring 158 � 16 and 136 � 7% at peak and at 60 min post-
HFS, respectively, values showing significant LTP ( p � 0.005;
n � 15) (Fig. 1B). In the presence of A�, perfused for 40 min
before HFS, LTP measured 144 � 15 and 129 � 3% at peak and
60 min post-HFS, respectively, values not significantly reduced
from control ( p � 0.05; n � 5). A two-way ANOVA also showed
no significant inhibition (F � 4.6; p � 0.076).

We also investigated the effect of A� on an additional form of
plasticity, that of LTD. Induction of LTD by LFS (900 stimuli at 1
Hz) was not affected by A�, with LTD at 60 min post-LFS mea-
suring 23 � 3% in control and 21 � 2% after A� perfusion for 40
min ( p � 0.05; n � 5) (Fig. 1C). A two-way ANOVA also showed
no significant inhibition (F � 4.3; p � 0.071).

Inhibition of microglia activation prevents A� inhibition
of LTP
Several neurochemical studies have reported that the neurotoxic
effects of A� are mediated via activation of microglia (McDonald
et al., 1997; Minghetti and Levi, 1998; Tan et al., 1999). Minocy-
cline is a tetracycline derivative that has powerful anti-

inflammatory effects that are not attributable to its antimicrobial
action but, rather, are attributable to inhibition of microglial
activation (Yrjanheikki et al., 1998; Tikka et al., 2001; Zhu et al.,
2002). To determine whether the A�-mediated inhibition of LTP
induction involves activation of microglia, we have determined
whether minocycline prevents such A�-mediated LTP
inhibition.

Minocycline was perfused for 60 min before HFS. Minocy-
cline (20 �M) perfused alone did not alter LTP induction, which
measured 204 � 19 and 149 � 11% at peak and 60 min post-HFS,
respectively ( p � 0.05; n � 5) (Fig. 2). A two-way ANOVA
showed no significant difference between LTP in control and in
minocycline (F � 0.9; p � 0.37). However, minocycline reversed
the A� inhibition of LTP induction, LTP measuring 186 � 23 and
145 � 1% at peak and 60 min post-HFS, respectively, in mino-
cycline plus A�. These values were not significantly different
from control values ( p � 0.05; n � 5) (Fig. 2). A two-way
ANOVA comparing LTP in control and in A� also showed no
significant difference between LTP in minocycline and in mino-
cycline plus A� (F � 13.6; p � 0.05). A significant reversal of
A�-mediated block of LTP also was obtained by using a lower
concentration of minocycline (10 �M), LTP measuring 177 � 5
and 126 � 5% at peak and 60 min post-HFS, respectively, in
minocycline plus A�, values significantly increased from those in
A� alone ( p � 0.005; n � 5) (data not shown).

A� does not inhibit LTP induction in iNOS knock-out mice
Microglia are known to produce NO during inflammation by
activation of the enzyme iNOS (Akama and Van Eldik, 2000), and

Figure 2. Minocycline, an inhibitor of microglial activation, prevents the A�-mediated in-
hibition of LTP induction in the medial perforant path of the rat dentate gyrus in vitro. The graph
shows the induction of LTP in the presence of minocycline (filled circles), not significantly dif-
ferent from control LTP, and in the presence of minocycline plus A� (open circles). Minocycline
prevented the A�-mediated inhibition of LTP induction. All data shown are the means � SEM.
The traces a– c are the field EPSPs at the times indicated on the graph, with the top traces
showing controls and the bottom traces showing the effect of A�.
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increased levels of iNOS occur in cells sur-
rounding amyloid plaques in the AD brain
(Smith et al., 1997). Moreover, A� causes
iNOS production in glia cells (Akama and
Van Eldik, 2000). In the present study, we
investigated the role of iNOS in the A�-
mediated inhibition of LTP induction by
examining the effects of A� on LTP induc-
tion in iNOS mutant mice.

The effects of A� on LTP induction was
investigated first in wild-type mice. Con-
trol LTP induction in wild-type mice was
similar to that in juvenile rats, measuring
216 � 21 and 165 � 13% at peak and 60
min post-HFS, respectively (significant
LTP; p � 0.005; n � 15) (Fig. 3A). More-
over, A�, perfused 45 min before HFS, in-
hibited LTP induction in a similar way to
that observed in rats, with LTP measuring
163 � 7 and 110 � 16% at peak and 60 min
post-HFS, respectively ( p � 0.005; n �
15) (Fig. 3A). A two-way ANOVA com-
paring LTP in control and in A� also
showed significant inhibition of LTP by
A� (F � 43.1; p � 0.001).

Control LTP in iNOS mutant mice was
not significantly different from that in
wild-type mice, measuring 222 � 13 and
171 � 9% at peak and 60 min post-HFS,
respectively ( p � 0.05; n � 5; F � 1.5; p �
0.26) (Fig. 3B). However, in contrast to
wild-type mice, LTP induction was not in-
hibited by A� (500 nM), LTP measuring
216 � 18 and 152 � 11% at peak and 60
min post-HFS, respectively ( p � 0.05; n �
5) (Fig. 3B). A two-way ANOVA compar-
ing LTP in the presence of A� in wild-type
mice and iNOS mutant mice showed sig-
nificant difference (F � 40.7; p � 0.001).

These experiments demonstrate a role
for iNOS in the A�-mediated inhibition of
LTP induction.

A�-mediated inhibition of LTP
induction is prevented by
iNOS inhibitors
To investigate further the role of iNOS in
the A�-mediated inhibition of LTP induc-
tion, we investigated the effect of NOS in-
hibitors on the A�-mediated inhibition of
LTP in rat dentate gyrus. We first investigated the effects of ami-
noguanidine, which is known to inhibit both constitutive and
inducible NOS isoforms (Laszlo et al., 1995). In control slices,
aminoguanidine (100 �M) did not alter control LTP induction,
which measured 221 � 14 and 170 � 3% at peak and 60 min
post-HFS, respectively ( p � 0.05; n � 5; F � 0.1; p � 0.76) (Fig.
4A). However, the A�-mediated inhibition of LTP induction was
prevented by aminoguanidine, LTP measuring 203 � 12 and
143 � 11% at peak and 60 min post-HFS, respectively, in the
presence of A� and aminoguanidine. These values were not sig-
nificantly different from control values ( p � 0.05; n � 5) (Fig.
4A) but were increased significantly from the values in A� alone
( p � 0.005; n � 5; F � 67.4; p � 0.001).

We then investigated the effects of the selective iNOS inhibitor
1400W. 1400W is a selective iNOS inhibitor, KD � 7 nM, with a
5000- and 200-fold greater potency against iNOS relative to en-
dothelial NOS and neuronal NOS (Garvey et al., 1997). In control
slices, 1400W (2 �M) did not alter control LTP induction, which
measured 223 � 17 and 167 � 5% at peak and 60 min post-HFS,
respectively (significant LTP; p � 0.001; n � 5) (Fig. 4B). A
two-way ANOVA showed no significant difference between LTP
in control and in 1400W, F value � 1.4 ( p � 0.246). However,
the A�-mediated inhibition of LTP induction was prevented by
1400W, LTP measuring 199 � 8 and 150 � 8% at peak and 60
min post-HFS in the presence of A� and 1400W, respectively.
These values were not significantly different from control values

Figure 3. A� does not inhibit LTP in iNOS knock-out mice. A, Induction of LTP in the medial perforant path of the dentate gyrus
of wild-type mice (filled circles) and in wild-type mice plus A� (open circles). A� inhibited LTP induction in the mouse dentate
gyrus to an extent similar to that in the rat dentate gyrus. B, Induction of LTP in iNOS knock-out mice (filled circles), not signifi-
cantly different from wild-type mice, and induction of LTP in the presence of A� in iNOS knock-out mice (open circles), not
significantly different from control. All data shown are the means � SEM. The traces a– c are the field EPSPs at the times indicated
on the graph, with the top traces showing controls and the bottom traces showing the effect of A�.

Figure 4. The A�-evoked inhibition of LTP induction is prevented by the iNOS inhibitors aminoguanidine and 1400W in the
medial perforant path of the rat dentate gyrus. A, Induction of LTP in the presence of aminoguanidine (filled circles), not signifi-
cantly reduced from control, and in the presence of aminoguanidine plus A� (open circles). Aminoguanidine prevented the
A�-mediated inhibition of LTP induction. B, Induction of LTP in the presence of 1400W (filled circles), not significantly reduced
from control, and in the presence of 1400W plus A� (open circles). 1400W prevented the A�-mediated inhibition of LTP induc-
tion. All data shown are the means � SEM. The traces a– c are the field EPSPs at the times indicated on the graph, with the top
traces showing controls and the bottom traces showing the effect of A�.
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( p � 0.05; n � 5) (Fig. 4B) but were increased significantly from
the values in A� alone ( p � 0.005; n � 5; F � 21.6; p � 0.002).
The results of these experiments with aminoguanidine and
1400W further support a role for iNOS in A�-mediated inhibi-
tion of LTP induction.

A�-mediated inhibition of LTP induction is prevented by a
combination of superoxide dismutase and catalase
To investigate the role of the reactive oxygen species (ROS) su-
peroxide, we examined the effect of the superoxide scavenger
superoxide dismutase (SOD) on A�-mediated inhibition of LTP
induction. SOD is a specific enzyme that catalyzes only the re-
moval of superoxide (Klann et al., 1998). In confirmation of pre-
vious studies (Klann et al., 1998), SOD applied alone inhibited
LTP induction. Thus in the presence of SOD (100 U/ml) LTP
measured 160 � 17 and 116 � 5% at peak and 60 min post-HFS,
respectively ( p � 0.005; n � 5; F � 80.6; p � 0.001) (Fig. 5A).
Such inhibition of LTP induction by SOD is most likely to be
caused by hydrogen peroxide production, because SOD converts
superoxide to oxygen and hydrogen peroxide, and the latter spe-
cies is known to inhibit LTP induction (Kamsler and Segal, 2003).
To overcome these effects of hydrogen peroxide on LTP induc-
tion, we examined the effects of A� on LTP induction in the
presence of SOD plus catalase. Catalase is a scavenger of hydro-
gen peroxide, catalyzing its conversion to oxygen and water.
Catalase alone (260 U/ml) did not alter LTP induction, which
measured 203 � 11 and 169 � 7% at peak and at 20 and 60 min
post-HFS, respectively ( p � 0.05; n � 5) (Fig. 5B). However,
catalase prevented the inhibitory effects of SOD on LTP induc-
tion, LTP measuring 197 � 12 and 142 � 6% at peak and 60 min
post-HFS in catalase plus SOD, respectively, values significantly
increased from those in SOD alone ( p � 0.005; n � 5), although
lower than control ( p � 0.005; n � 5).

The combination of SOD plus catalase
was found to prevent the A�-mediated in-
hibition of LTP induction, LTP measuring
194 � 20 and 131 � 10% at peak and 60
min post-HFS, respectively, in the pres-
ence of A� plus SOD plus catalase. These
values were increased significantly from
the values in A� alone ( p � 0.005; n � 5;
F � 59.4; p � 0.001) (Fig. 5B), although
lower than control values ( p � 0.005; n �
5). These experiments demonstrate a role
for superoxide in the A�-mediated inhibi-
tion of LTP induction.

A�-mediated inhibition of LTP
induction is prevented by an inhibitor
of NADPH oxidase
NADPH oxidase is a common source of
superoxide in cells, with activated NADPH
catalyzing the transfer of one electron
from NADPH to oxygen, giving rise to su-
peroxide. DPI is an inhibitor that has been
used in many studies to prevent the pro-
duction of superoxide by NADPH oxidase
(Qin et al., 2002). DPI (50 �M) did not
inhibit LTP induction, which measured
212 � 17 and 167 � 6% at peak and 60 min
post-HFS, respectively ( p � 0.05; n � 5;
F � 0.13; p � 0.73) (Fig. 6). However, DPI
partially prevented the A�-mediated block

of LTP induction, LTP measuring 180 � 15 and 146 � 7% at peak
and 60 min post-HFS, respectively, in the presence of DPI plus
A�. These values were not significantly different from control
values ( p � 0.05; n � 5) (Fig. 6) but were increased significantly
from the values in A� alone ( p � 0.005; F � 26.1; p � 0.001).

Discussion
This study demonstrates that a low concentration of A� inhibits
NMDAR-dependent LTP induction, confirming previous stud-
ies from our laboratory in CA1 in vivo and dentate gyrus in vitro
(Cullen et al., 1997; Wang et al., 2004) and several other studies in
CA1 and dentate gyrus in vitro (Lambert et al., 1998; Itoh et al.,
1999; Chen et al., 2000; Stephan et al., 2001; Vitolo et al., 2002;
Raymond et al., 2003). The lack of effect of A� on membrane
potential, input resistance, and baseline EPSPs demonstrates that
A� does not cause a general deleterious effect on cell viability or
on inhibition of AMPA receptors contributing to baseline EPSPs.
The inhibitory effect of A� was found to be confined to a specific
plasticity, that of the induction of NMDAR-dependent LTP.
Thus A� did not inhibit the induction of NMDAR-independent
LTP or of LTD, the latter observations in agreement with Wang et
al. (2002) and Raymond et al. (2003). Such a selective action of
A� on induction of plasticity suggests that A� inhibits a specific
process essential to induction of NMDAR-dependent LTP. It is
unlikely that A� results in inhibition of LTP via a block of acti-
vation of NMDAR, because A� produces only a very small inhi-
bition of NMDAR-mediated EPSPs, which is insufficient to re-
duce the induction of LTP (Raymond et al., 2003). However,
NMDAR-dependent LTP is well known to involve activation of
calcium/calmodulin kinase II (CaMKII) (for review, see Lisman
et al., 2002) in contrast to that of NMDAR-independent LTP,
which is independent of the activation of CaMKII (Cavus and

Figure 5. The A�-evoked inhibition of LTP induction is prevented by the superoxide scavenger SOD in rat slices. A, Induction of
LTP in the presence of SOD (open circles), significantly reduced from control; in the presence of catalase (filled circles), not
significantly reduced from control; and in the presence of SOD plus catalase, partially reduced from control. B, LTP induction in the
presence of SOD plus catalase plus A�. The combination of SOD plus catalase prevented the A�-mediated inhibition of LTP
induction. All data shown are the means � SEM. The traces a– c are the field EPSPs at the times indicated on the graph, with the
traces in A showing controls (catalase, SOD, and catalase plus SOD from top to bottom) and the traces in B showing catalase plus
SOD plus A�.
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Teyler, 1996). This suggests the possibility that receptor binding
of A� may result in a block of the activation of CaMKII.

Accumulating experimental evidence suggests a causal link
among A�, oxidative stress, and AD. The present studies provide
similar links among A�, oxidative stress, and the inhibition of
LTP. We provide evidence that the A�-mediated inhibition of
LTP induction involves activation of microglia, the principle im-
mune effector cell in the brain. This conclusion is based on the
results of our studies with minocycline, a tetracycline inhibitor of
microglial activation, which was found to prevent the action of
A� in blocking induction of LTP. Although minocycline has not
been reported previously to prevent the microglial activation
produced by A�, it has marked in vivo neuroprotective properties
in experimental models of neurodegeneration, including cerebral
ischemia, traumatic brain injury, Huntington’s disease, Parkin-
son’s disease and amyotrophic lateral sclerosis (Yrjanheikki et al.,
1998; Chen et al., 2000; Du et al., 2001; Sanchez Mejia et al., 2001;
Zhu et al., 2002). Minocycline also has been found to be neuro-
protective in a variety of in vitro models of cell death, with a rapid
action similar to that observed in the present studies on LTP. For
example, 30 min preapplication of minocycline to spinal cord
cultures inhibited the rapid (10 min) excitotoxin-induced effects
of excitatory amino acids (Tikka et al., 2001). Zhu et al. (2002)
also showed a rapid protective effect of minocycline against
NMDAR-mediated cell death in acute studies in primary cortical
neurons. The mechanisms of action of minocycline underlying
its neuroprotective effect include inhibition of cytochrome c re-
lease, caspases, and p38 MAPK (Yrjanheikki et al., 1998; Tikka et
al., 2001; Zhu et al., 2002). Interestingly, in a recent study we
showed that activation of p38 MAPK is required for A�-mediated
inhibition of LTP induction (Wang et al., 2004).

The finding of an involvement of microglia in A�-mediated
inhibition of LTP supports previous evidence for an involvement
of microglia in AD. The pathology of AD has been well docu-
mented to involve a chronic inflammatory reaction driven by
activated microglia (Griffin et al., 1998; Akiyama et al., 2000);
abundant reactive microglia surround �-amyloid plaques in the
AD brain (McGeer and McGeer, 1995; Cotman and Su, 1996),
and treatment with anti-inflammatory agents has been correlated
with a large reduction in plaque-associated reactive microglia and
a decrease in severity of AD (MacKenzie and Munoz, 1998). In
addition, A� causes activation of microglia cells in culture (Tan et
al., 1999; Akiyama et al., 2000; Combs et al., 2000; Bamberger et
al., 2003), and activated microglial cells have been shown to be
the link between A� deposition and neuronal death (Eikelen-
boom et al., 1994; McGeer and McGeer, 1995).

Evidence for a requirement for activation of iNOS in the A�-
mediated inhibition of LTP induction was found in the present
study via the use of iNOS mutant mice and two selective inhibi-
tors of iNOS, aminoguanidine and 1400W. Increased levels of
iNOS have been found in cells surrounding amyloid plaques
(Wallace et al., 1997), and A� can stimulate iNOS in microglia in
vitro and in vivo (Akama et al., 1998; Akama and Van Eldik,
2000). Stimulation of iNOS catalyzes the oxidation of L-arginine
to L-citrulline and nitric oxide. Although nitric oxide is a free
radical, the main cytotoxic action of NO is most likely attribut-
able to production of peroxynitrite (see below).

Evidence was presented in the present study for the involve-
ment of superoxide in the A�-mediated inhibition of LTP induc-
tion. Thus a combination of the superoxide scavenger SOD and
the hydrogen peroxide scavenger catalase prevented the A�-
mediated inhibition of LTP induction. Moreover, inhibition of
NADPH oxidase by DPI was found to prevent the A�-mediated
inhibition of LTP induction. Activation of NADPH oxidase has
been shown previously to be a major source of superoxide pro-
duction involved in A�-induced toxicity (Bianca et al., 1999),
and the A�-induced production of superoxide was blocked by
the NADPH oxidase inhibitor DPI (Qin et al., 2002). We postu-
late that the active cytotoxic species responsible for the A�-
mediated block of LTP is most likely to be peroxynitrite, formed
by the combination of NO and superoxide (Lipton et al., 1993).
The reaction between superoxide and nitric oxide to produce
peroxynitrite is very rapid and out-competes the major scaveng-
ing pathways for nitric oxide and superoxide. Peroxynitrite is a
highly reactive strong oxidant and nitrating agent and is known
to cause neuronal death in cultured cells (Lin et al., 1998).

The data presented in this paper and that of Wang et al. (2004)
demonstrate that A� causes inhibition of LTP induction by a
series of events. We suggest that A� initially activates a receptor,
which could be a scavenger receptor (El Khoury et al., 1996), a
receptor for advanced glycation end products (Yan et al., 1996), a
receptor complex including a scavenger and integrin proteins
(Bamberger et al., 2003), or the tumor necrosis factor type I re-
ceptor (TNFRI) (Li et al., 2004). The latter possibility is particu-
larly intriguing because soluble A�, the species known to be ac-
tive in inhibiting LTP, has been found to bind potently to TNFRI
(Li et al., 2004). We show that microglial activation leads to pro-
duction of NO and superoxide, which then react to form per-
oxynitrite. Peroxynitrite probably results in the inhibition of LTP
via oxidation/tyrosine nitration of a particular protein necessary
for LTP induction. We recently demonstrated an essential role
for p38 and JNK activation in the A�-mediated inhibition of LTP
(Wang et al., 2004). Activated p38 MAPK and JNK have been
immunolocalized to microglia associated with amyloid plaques

Figure 6. The A�-evoked inhibition of LTP induction is prevented by the NADPH oxidase
inhibitor diphenyleneiodonium (DPI) in rat slices. The graph shows that DPI partially prevents
the A�-mediated inhibition of LTP induction (filled circles). All data shown are the means �
SEM. The traces a– c are the field EPSPs at the times indicated on the graph, with the top traces
showing controls and the bottom traces showing the effect of A�.
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in the AD brain (Hensley et al., 1999), and they are well known to
be activated by oxidative stress (Cobb, 1999) and to be linked to
production of iNOS and superoxide. For example, it has been
reported that p38 MAPK is involved in iNOS and peroxynitrite
activation in glial cells (Da Silva et al., 1997). It is particularly
interesting that inflammatory factors and reactive oxygen/nitro-
gen species that have been associated in previous studies with
A�-mediated neuronal degeneration have been shown in the
present study to be associated with A�-mediated inhibition of
LTP induction after a very short exposure (�30 min) to A�. Thus
the presence of excess levels of A� in humans may result in a very
rapid inhibition of LTP and thence cognitive defects.

How might an oxidative/inflammatory-like block of LTP by
A� help explain the pathophysiology and symptoms of AD? Sev-
eral theories of AD have implicated A�-triggered oxidative/
inflammatory-like effects in the development of the disease (for
review, see McGeer and McGeer, 2003). Moreover, previous
studies have presented strong evidence that synapses are the ini-
tial target in AD (for review, see Selkoe, 2002). The hippocampus
is especially vulnerable in AD, and early debilitating symptoms
usually include significant deficits in the performance of
hippocampus-dependent cognitive tasks. Given the evidence that
LTP underlies hippocampus-dependent learning and memory
(Martin and Morris, 2002), the present findings of a block of LTP
by A� provide a plausible mechanism for the impairment of cog-
nitive functions in AD, especially early in the disease process. In
addition, because plasticity at synapses is important for their sur-
vival (Toni et al., 1999; Hering and Sheng, 2001), any persistent
disruption of LTP induction mechanisms may provide a very
sensitive predictor of synaptic vulnerability to degeneration.
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