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Abstract
Soluble amyloid-␤ protein (A␤) may cause cognitive impairment in Alzheimer’s disease in the absence of significant neurodegeneration.
Here, the ability of the NMDA receptor (NMDAR) antagonist memantine to prevent synthetic A␤-mediated rapid functional deficits in learned
behavior and synaptic plasticity was assessed in the rat. In vitro, pretreatment with a clinically relevant, NMDAR blocking concentration of
memantine partially inhibited the induction of long-term potentiation (LTP) in the dentate gyrus and prevented further inhibition caused by
exposure to A␤1–42 . Whereas systemic injection with memantine alone inhibited LTP in the CA1 area in vivo, a subthreshold dose partially
abrogated the inhibition of LTP by intracerebroventricular soluble A␤1–42 . Similarly, systemic treatment with memantine alone impaired
performance of an operant learning task and a subthreshold dose prevented the A␤1–42 -mediated increase in perseveration errors. The acute
protection afforded by memantine, albeit in a narrow dose range, against the rapid disruptive effects of soluble A␤1–42 on synaptic plasticity and
learned behavior strongly implicate NMDAR-dependent reversible dysfunction of synaptic mechanisms in A␤-mediated cognitive impairment.
© 2009 Elsevier Inc. All rights reserved.
Keywords: Amyloid-␤ protein; Memantine; NMDA receptor; Long-term potentiation; Excitatory synaptic transmission; Learning; Memory; Alzheimer’s
disease

1. Introduction
Initial research on the involvement of amyloid-␤ protein
(A␤) in the dementia of Alzheimer’s disease laid particular
emphasis on investigating the putative neurotoxicity of the
fibrillar form of A␤, large quantities of which accumulate
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as insoluble plaques in the brain as the disease progresses
(Lorenzo and Yankner, 1996). Consistent with this hypothesis, pre-aggregated A␤ containing fibrils can cause delayed
cognitive effects that are associated with neurodegeneration
(Maurice et al., 1996; McDonald et al., 1994; Nitta et al.,
1994; Stephan et al., 2001). However, there is a poor correlation between the brain’s load of fibrillar A␤ and cognitive status at the time of death for patients with clinical Alzheimer’s
disease (Roth et al., 1966; Terry, 1996). A much stronger
relationship exists between dementia severity and the concentration of soluble A␤ species (Lue et al., 1999; McLean et al.,
1999; Wang et al., 1999). Growing evidence strongly suggests
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that soluble oligomers of A␤ may cause cognitive impairment, especially during early stages of the disease when there
is little evidence of neurodegeneration (Haass and Selkoe,
2007). In animal studies, A␤ oligomers have been found
to cause rapid disruption of learning (Cleary et al., 2005;
Lesne et al., 2006) and the synaptic mechanisms underlying
memory, including synaptic plasticity (Cullen et al., 1997;
Lambert et al., 1998). Indeed, oligomeric A␤ derived from
chemical synthesis and derived from human cerebrospinal
fluid or brain, or amyloid precursor protein-transfected cells,
rapidly and potently inhibit long-term potentiation (LTP) of
glutamatergic transmission in brain areas involved in memory formation, including the hippocampus (Hu et al., 2008;
Klyubin et al., 2008; Lambert et al., 1998; Shankar et al.,
2008; Walsh et al., 2002). The disruption of LTP mechanisms
by soluble oligomers of A␤ may underly their rapid cognitive
impairing effects (Cleary et al., 2005; Lesne et al., 2006).
Glutamatergic mechanisms have been extensively investigated in Alzheimer’s disease (Greenamyre and Young, 1989;
Hynd et al., 2004; Lawlor and Davis, 1992). Early research
focused on the role of A␤ enhancement of glutamatergic
excitotoxicity, including that mediated through N-methyl-daspartate glutamate receptors (NMDARs) (Koh et al., 1990;
Mattson et al., 1992). Consistent with this, A␤ enhances
NMDAR agonist-induced delayed cognitive dysfunction
(Dornan et al., 1993; Nakamura et al., 2006). Indeed, A␤ can
directly inhibit glutamate uptake by cultured astrocytes and
neurons (Fernandez-Tome et al., 2004; Harkany et al., 2000;
Harris et al., 1995; Matos et al., 2008), and synaptosomes
(Keller et al., 1997), albeit at relatively high concentrations.
A␤ has also been found to enhance glutamate release from
microglia (Noda et al., 1999), isolated brain nerve terminals
(Bobich et al., 2004) and brain slices (Arias et al., 1995; Chin
et al., 2007; Kabogo et al., 2008; Puzzo et al., 2008). Recently,
soluble oligomers of A␤ were found to rapidly and potently
trigger Ca2+ influx and oxidative stress in cultured hippocampal neurons that was prevented by NMDAR antagonists (De
Felice et al., 2007; Kelly and Ferreira, 2006). Intriguingly,
Lacor et al. (2007), De Felice et al. (2007) and Dewachter
et al. (2009) provided evidence that NMDARs were closely
associated with A␤ oligomer binding sites on these neurons.
Support for an involvement of NMDARs in the cognitive deficits of Alzheimer’s disease is provided by the
current clinical use of memantine (Raina et al., 2008),
which has been found to act as a low-to-moderate affinity open channel uncompetitive inhibitor of NMDARs at
therapeutic concentrations (Lipton, 2007; Parsons et al.,
2007). Although consistent with the putative involvement of
excitotoxic mechanisms, the use of memantine to enhance
cognition is somewhat paradoxical, given the requirement for
NMDAR-mediated transmission in many forms of learning
and synaptic plasticity (Riedel et al., 2003). Clinical doses of
memantine are generally well tolerated (Raina et al., 2008)
(but see Rammsayer, 2001; Sang et al., 2002; Villoslada et
al., 2008) but controversy has arisen as to whether or not
neuroprotection against excitotoxicity can be achieved with-
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out impairing cognition (Creeley et al., 2006; More et al.,
2008). It has been proposed that memantine, unlike many
high affinity antagonists (Ikonomidou and Turski, 2002), may
prevent excessive or inappropriate activation of NMDARs
while leaving physiological NMDAR-mediated transmission
unaffected (Lipton, 2007; Parsons et al., 2007). Support for
this proposal was obtained in in vitro experiments where
inhibition of LTP caused by lowering extracellular Mg2+ concentration (Frankiewicz and Parsons, 1999) or by exogenous
application of NMDA (Zajaczkowski et al., 1997) was prevented by therapeutic concentrations of memantine that did
not significantly affect NMDAR-dependent LTP under control conditions (Coan et al., 1989; Frankiewicz et al., 1996;
Zorumski and Izumi, 1998).
The present study directly tested the proposal that
NMDAR-blocking doses of memantine could prevent the
rapid disruption of cognitive mechanisms caused by A␤
at three levels, LTP induction at medial perforant pathway
synapses in the dentate gyrus in vitro, LTP induction at CA3to-CA1 synapses in vivo, and learned behavior, under the
Alternating Lever Cyclic Ratio (ALCR) cognitive test. We
also examined the effect of acute treatment with memantine
alone over a similar concentration range on LTP and behavior.

2. Materials and methods
2.1. In vitro electrophysiology
Transverse slices of the hippocampus were prepared from
male Wistar rats (age 3–4 weeks, weight 40–80 g). The brains
were rapidly removed after decapitation and placed in cold
oxygenated (95% O2 /5% CO2 ) physiological media. Slices
(350 m thick) were cut using an Intracell Plus 1000 and
placed in a storage container containing oxygenated medium
at room temperature (20–22 ◦ C) for 1 h. The slices were then
transferred to a recording chamber for submerged slices and
continuously superfused at a rate of 5–6 mL/min at 30–32 ◦ C.
The control media contained: (mM) NaCl, 120; KCl, 2.5;
NaH2 PO4 , 1.25; NaHCO3 , 26; MgSO4 , 2.0; CaCl2 , 2.0;
d-glucose, 10. All solutions contained 100 M picrotoxin
(Sigma) to block GABAA -mediated activity.
Presynaptic stimulation was applied to the medial perforant pathway of the dentate gyrus using a bipolar insulated
tungsten wire electrode, and field excitatory postsynaptic
potentials (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. The
inner blade of the dentate gyrus was used in all studies. In
each experiment, an input–output curve (afferent stimulus
intensity versus 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 high frequency stimulation (HFS) consisting of
8 trains, each of 8 stimuli at 200 Hz, inter-train interval 2 s,
with the stimulation voltage increased during the HFS so as
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to evoke an initial EPSP of the train of double the normal test
EPSP amplitude. Recordings were analysed using p-CLAMP
(Axon Instruments, CA, USA).
2.2. In vivo electrophysiology
In vivo experiments were carried out on urethane
(1.5 gm/kg i.p.) anaesthetized male Wistar rats (250–300 g).
Body temperature was maintained at 37–37.3 ◦ C. The animal care and experimental protocol was approved by the
Department of Health, Republic of Ireland.
Electrodes were made and implanted as described previously (Klyubin et al., 2004). Briefly, twisted-wire bipolar
electrodes were constructed from Teflon-coated tungsten
wires (62.5 m inner core diameter, 75 m external diameter). Single pathway recordings of field EPSPs were made
from the stratum radiatum in the CA1 area of the right
hippocampal hemisphere in response to stimulation of the
ipsilateral Schaffer collateral—commissural pathway. Electrode implantation sites were identified using stereotaxic
coordinates relative to bregma, with the recording site located
3.4 mm posterior to bregma and 2.5 mm right of midline, and
the stimulating electrode located 4.2 mm posterior to bregma
and 3.8 right of midline. The optimal depth of the wire electrodes in the stratum radiatum of the CA1 region of the dorsal
hippocampus was determined using electrophysiological criteria and verified post-mortem. Test EPSPs were evoked at a
frequency of 0.033 Hz and at a stimulation intensity adjusted
to give an EPSP amplitude of 50% of maximum. The HFS
protocol for inducing LTP consisted of 10 trains of 20 stimuli, inter-stimulus interval 5 ms (200 Hz), inter-train interval
2 s. The intensity was increased to give an EPSP of 75% of
maximum amplitude during the HFS.
To inject samples, a stainless-steel guide cannula (22
gauge, 0.7 mm outer diameter, 13 mm length) was implanted
above the right lateral ventricle (1 mm lateral to the midline and 4 mm below the surface of the dura) just prior to
electrode implantation. Intracerebroventricular (i.c.v.) injections of 5 L were made via an internal cannula (28 gauge,
0.36 mm outer diameter). Verification of the placement of the
cannula was performed post-mortem by checking the spread
of ink dye after i.c.v. injection.
2.3. Behavioral testing
Forty-one male Sprague–Dawley, approximately 120 days
old and weighing 300–350 g at the beginning of the experiment, were used. All rats were housed individually with free
access to water. Rats were maintained at 90–95% of their
free-feeding weights. All experiments were done in accordance with guidelines of the Institutional Animal Care and
Use Committee of the Minneapolis Veterans Affairs Medical
Center.
Behavioral training and testing was carried out in a twolever rat test chamber (model E10, Coulbourn Instruments,
Inc.) enclosed within a sound-attenuating compartment. Each

station has a house light, two levers, a feeding aperture for
pellet delivery situated midway between levers, and stimulus
signaling lights above each lever. Food reinforcement consisted of a 45-mg sucrose pellet. An audible pellet-dispenser
click signaled food delivery. Experimental sessions were
computer controlled, and data were collected automatically
(MED PC; Med Associates).
For training, behavioral sessions were conducted five days
a week. Rats were first trained to press both levers for
food reinforcement. Over approximately 20–30 sessions, the
ALCR procedure was introduced and required responsesper-reinforcer criteria were slowly increased toward the final
requirements (see below).
The ALCR test has been described in detail previously
(Cleary et al., 2005; Richardson et al., 2002). Briefly, under
this assay rats must learn a complex sequence of leverpressing demands in a two-lever experimental chamber.
Subjects must alternate to the other lever after pressing one
lever enough to satisfy the pressing requirement and getting
food reward. The exact number of presses required for each
food reward changes, increasing from 2 responses per food
pellet up to 56 presses per food pellet, then decreasing back to
2 responses per pellet. Intermediate values are based on the
quadratic function, x2 – x. One cycle is an entire ascending
and descending sequence of lever press requirements (e.g.,
2, 6, 12, 20, 30, 42, 56, 56, 42, 30, 20, 12, 6, and 2 presses per
food reward). Six cycles are presented during each daily session. Errors can be of two types. Approach errors are counted
when a subject fails to alternate levers after being rewarded
or switches from the correct lever to the incorrect lever before
completing enough responses to get a reward on the correct
lever. Perseveration errors occur when the subject ‘perseveres’ on the incorrect lever after making an initial approach
error. The session ended after 6 cycles were completed or
after 2 h. Behavioral sessions were conducted seven days per
week during compound testing. Rats received approximately
40 sessions prior to surgery.
2.3.1. Surgery and lateral ventricle cannula
implantation
Rats were anesthetized with 60 mg/kg of ketamine and
20 mg/kg xylazine while a 26-gauge cannula was implanted
unilaterally in the lateral ventricle. Cannulae were capped
with stylets that extended the length of the cannula. Half
of the rats received left lateral ventricle cannulae implants
and the other half received right ventricle cannulae implants.
Rats were allowed to recover for five days following surgery
at which point baseline error rates were re-established under
ALCR.
2.3.2. Injection schedule, injectates and vehicles
Behavioral sessions were conducted five days per week
with all rats receiving all injectates in the same order. Injectates were given approximately every four days. All i.c.v.
injections were 10 L, given to awake freely moving rats,
over at least a 3 min period. Under this within-subject design,
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all subjects received all injectates. Following i.c.v. A␤ injection, the cannula was capped with a stylet, and the rat was
placed in a holding cage for 2 h prior to behavioral assessment
under ALCR (30 min for scopolamine). Following surgery,
rats were initially injected i.c.v. with saline (0.9%) and
saline injections continued periodically throughout the experiment. On non-injection days, rats were subjected to “sham”
injections during which the entire injection procedure was
performed, but no injectate was administered.
Rats were injected i.c.v. with saline (0.9%), scopolamine
hydrobromide (2.0 g, as the salt), and synthetic A␤42
(32 M stock) in 10 L.
Memantine (1–10 mg/kg) was dissolved in saline and
administered i.p. in a 1 mL/kg volume. Memantine was
administered 45 min prior to the behavioral assessment under
ALCR during which time the rat was placed in a holding cage.
2.4. Agents
For the in vitro experiments, synthetic A␤1–42 (amyloid-␤
protein1–42 ) (Bachem) was prepared as a stock solution of
50 M in ammonium hydroxide (0.1%), stored at −20 ◦ C,
and then added to physiological medium immediately prior
to each experiment. For the in vivo experiments, synthetic
A␤1–42 (Biopolymer Laboratory, UCLA Medical School)
was re-suspended in ice-cold MilliQ water. An aliquot was
removed and centrifuged at 100,000 × g for 3 h, conditions known to pellet fibrils and protofibrils (Klyubin et
al., 2004). After centrifugation the supernatant, which had
a final concentration of soluble A␤ as determined using
the microBCA protein assay (Thermo-Fisher Scientific Life
Science Research Products) of 64 M was stored in small
aliquots at −80 ◦ C.
Memantine hydrochloride and scopolamine hydrobromide were purchased from Sigma.
2.5. Statistics
Data are presented as the mean ± S.E.M. For the electrophysiology statistical comparisons were first made using
ANOVA followed by two-tailed paired or unpaired Student’s
t-tests. For the behavioral experiments, all rats served as their
own control in a within-subject design. Errors for each subject under test injections were compared to the subject’s mean
error rate derived from 3 contiguous sessions. Paired twotailed Student’s t-tests were used to infer differences in errors
under test substances, vehicle or sham injections.

3. Results
3.1. The acute inhibitory effect of Aβ on LTP in vitro is
attenuated by memantine at a concentration that
partially inhibits LTP
Consistent with our previous studies (Wang et al.,
2008), acute superfusion of hippocampal slices with A␤1–42

Fig. 1. Protective effect of bath-applied memantine on A␤-mediated inhibition of LTP in the rat hippocampal slice. (A) In the dentate gyrus of control
slices (open circles), high frequency stimulation (HFS, arrow) induced LTP
whereas continuous perfusion with synthetic A␤1–42 (500 nM, closed circles), starting 45 min prior to HFS, strongly inhibited induction of LTP. (B)
Continuous perfusion with an NMDAR blocking concentration of memantine alone (mem, 1 M, open circles), starting 2 h prior to HFS, partially
inhibited LTP. Pretreatment of slices for 2 h with the same concentration
of memantine prevented any further inhibition of LTP by perfusion with
500 nM A␤1–42 (closed circles). Values are the mean ± S.E.M. Insets show
typical traces of the field EPSP at the times indicated. Vertical bar 1 mV,
horizontal bar 20 ms.

(500 nM) for 45 min strongly inhibited LTP induction by HFS
at medial perforant pathway synapses in the dentate gyrus
in vitro (109 ± 3% pre-HFS baseline at 50 min post-HFS,
n = 4; P < 0.05 compared to baseline and compared to control LTP, 154 ± 4%, n = 5) (Fig. 1A). In order to study the
effect of memantine on the inhibitory effect of A␤, we chose
a concentration of memantine that is reported (Lipton, 2007;
Parsons et al., 2007) to be in the NMDAR-blocking and therapeutic range (1 M). Memantine was pre-applied for 2 h
before HFS and was continuously present for the remainder of the experiment. Under these conditions application
of memantine alone partially inhibited the induction of LTP
(130 ± 6%, n = 5; P < 0.05 compared to baseline), the magnitude of LTP being significantly less than in controls (P < 0.05)
(Fig. 1B). Remarkably, in slices pretreated with this concentration of memantine, superfusion with A␤1–42 did not
cause any significant further inhibition of LTP (133 ± 3%,
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n = 4; P < 0.05 compared to baseline; P > 0.05 compared to
memantine alone).
3.2. Partial prevention of the acute inhibitory effect of
soluble Aβ on LTP in vivo by systemic treatment with a
dose of memantine that does not inhibit LTP alone
In order to study the effect of memantine on the acute
inhibitory effect of A␤ in vivo, we systemically injected
a dose (10 mg/kg, i.p.) that has been reported to produce
NMDAR-blocking and clinically relevant brain concentrations (Hesselink et al., 1999b; Parsons et al., 2007). When
injected alone 40 min prior to HFS, this dose of memantine did not significantly affect LTP at CA3-to-CA1 synapses
(145 ± 5% baseline, n = 5; P < 0.05 compared to baseline;
P > 0.05 compared to control LTP, 145 ± 8%, n = 5) whereas
injection of twice this dose (20 mg/kg) completely inhibited LTP (98 ± 4%, n = 5; P > 0.05 compared to baseline;
P < 0.05 compared to control) (Fig. 2A). Acute injection of
soluble A␤1–42 (40 pmol in 5 L, i.c.v.) alone 10 min before
HFS inhibited LTP (103 ± 3% pre-HFS baseline at 2 h postHFS, n = 4; P > 0.05 compared to baseline; P < 0.05 compared
to control LTP, 154 ± 8%, n = 4) (Fig. 2B), confirming our
previous reports (Klyubin et al., 2004; Wang et al., 2008).
However, when 10 mg/kg memantine was injected 30 min
before A␤1–42 , the inhibitory effect of A␤1–42 was partially
prevented (120 ± 6%, n = 5; P < 0.05 compared to baseline
and compared to control LTP). Increasing the delay between
the administration of A␤1–42 and the injection of this dose of
memantine to 2 h, similar to the protocol used in the in vitro
experiments, gave a similar partial protection (123 ± 5%,
n = 3, data not shown).
3.3. Prevention of the acute disruptive effect of soluble
Aβ on learned behavior by systemic treatment with a
dose of memantine that does not impair control
performance
The Alternating Lever Cyclic Ratio cognitive test was
used to study the ability of memantine to alter the acute
behavioral effects of A␤ because this test is very sensitive to a rapid disruptive effect of naturally secreted A␤
(Cleary et al., 2005). In animals pre-trained to criterion
on the ALCR task, systemic administration of memantine
alone, starting 45 min prior to commencing the session,
caused a dose-dependent increase in both perseveration and
approach errors, with a threshold dose of approximately
3 mg/kg, i.p. (approach errors, 342 ± 61%; perseveration
errors, 301 ± 35%, P < 0.05 compared to baseline rate;
n = 41) (Fig. 3A). The lower dose of 1 mg/kg did not significantly affect the number of errors (approach errors,
116 ± 12%; perseveration errors, 125 ± 17%, P > 0.05 compared to baseline rate). Injection of soluble A␤1–42 alone i.c.v.
(60 pmol in 10 L) 2 h before commencing testing nearly
doubled the number of perseveration errors whereas there
was a non-significant increase in the number of approach

Fig. 2. Protective effect of acute systemic injection of memantine on A␤mediated inhibition of LTP in vivo. (A) In vehicle-injected control animals
HFS induced LTP in the CA1 area of the anesthetized rat hippocampus (open
circles). Whereas pre-injection with a dose of 20 mg/kg, i.p. memantine
(mem, asterisk, open squares) completely inhibited the induction of LTP
by HFS, a dose of 10 mg/kg memantine (asterisk, closed circles) did not
significantly affect the magnitude of LTP. (B) Intracerebroventricular (i.c.v.)
injection of soluble synthetic A␤1–42 (40 pmol, hash, open squares) 10 min
prior to HFS completely inhibited LTP compared to vehicle-injected controls
(open circles). In animals pretreated for 30 min with 10 mg/kg memantine
(asterisk, closed circles) the injection of A␤1–42 (40 pmol, i.c.v., hash, closed
circles) now only partially inhibited LTP. Values are the mean ± S.E.M.
Insets show typical traces of field EPSPs recorded at the times indicated.
Vertical bar 0.5 mV, horizontal bar 10 ms.

errors (approach errors, 128 ± 20%, P > 0.05; perseveration errors, 198 ± 46%, P < 0.05) (Fig. 3B). This profile of
impairment contrasts with that caused by i.c.v. injection of
scopolamine (4 nmol in 10 L; approach errors, 273 ± 53%,
P < 0.05; perseveration errors, 384 ± 76%, P < 0.05, not
shown). Importantly, A␤1–42 failed to significantly increase
perseveration errors when the animals also received an
injection of the subthreshold dose of memantine (1 mg/kg)
(approach errors, 121 ± 12%, P > 0.05; perseveration errors,
124 ± 17%, P > 0.05).
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Fig. 3. Protective effect of acute systemic injection of memantine on A␤mediated disruption of learned behavior in an operant task. (A) Injection of
memantine alone 45 min before commencing the session, dose-dependently
increased both approach (grey bars) and perseveration (black bars) errors
on the Alternating Lever Cycle Ratio task in the range of 3–10 mg/kg i.p.
(B) Injection with soluble synthetic A␤1–42 (60 pmol, i.c.v.) 2 h before commencing the session, significantly increased perseveration errors, but not
approach errors, compared to saline, whereas injection with memantine alone
(1 mg/kg, i.p.) or memanine + A␤1–42 was not significantly different from
saline. *P < 0.05. Error bars indicate one S.E.M.

4. Discussion
Memantine, at NMDAR blocking and therapeutically relevant doses, reduced the rapid disruptive effects of soluble
A␤1–42 on synaptic plasticity and learned behavior. Thus,
it attenuated the acute inhibitory effects of A␤1–42 on LTP
induction in the hippocampus both in vitro and in vivo, and
the increase in perseveration errors caused by acute treatment with A␤1–42 in an operant learning task. These findings
indicate that the disruptive effects of soluble A␤ on memory
mechanisms are NMDAR-dependent. However, memantine
also had clear disruptive effects on its own over a similar doserange. It dose-dependently inhibited LTP and increased both
the number of perseveration and approach errors. These acute
disruptive effects of memantine on synaptic plasticity and
behavior are also consistent with its known ability to block
NMDARs. The potentially beneficial effects of memantine
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against A␤-mediated disruption of LTP and learned behavior
combined with its potential disruptive effects over a similar
dose range, support the search for agents that more selectively
target NMDAR involvement in pathophysiological mechanisms.
The ability of an NMDAR antagonist to attenuate the
inhibitory effect of A␤ on LTP at CA3-to-CA1 pyramidal
cell and medial perforant path-to-granule cell synapses may
appear paradoxical, given the requirement of LTP induction at
these synapses for NMDAR activation (Hu et al., 2008; Wu et
al., 2001). However, it is known that excessive or inappropriate activation of NMDARs can block LTP (Coan et al., 1989;
Zorumski and Izumi, 1998). The protective effect of memantine against inhibition of NMDAR-dependent LTP by A␤1–42
found in the present study both in vivo and in vitro appears
analogous to the reported ability of memantine to prevent the
inhibition of LTP due to overactivation of NMDARs caused
by lowering extracellular Mg2+ concentration (Frankiewicz
and Parsons, 1999) or by exogenous application of NMDA
(Zajaczkowski et al., 1997) in the CA1 area of hippocampal
slices. Since memantine acts as an uncompetitive voltagedependent inhibitor of NMDARs in the dose range used here
(Lipton, 2007; Parsons et al., 2007), the present findings
indicate that the rapid disruptive effects of soluble A␤ on
LTP involve NMDAR activation. We found evidence that the
concentration required to provide protection against A␤ inhibition of LTP was at or near the concentration of memantine
that caused partial inhibition of LTP on its own. Although
we did not carry out detailed analysis of the dose–response
relationship, it appears that memantine may have a stronger
inhibitory effect on the induction of LTP in the dentate gyrus
than that previously reported for the CA1 area, where a concentration of 1 M was reported not to affect control LTP
(Frankiewicz et al., 1996). In the present in vivo studies the
memantine concentration in the brain extracellular fluid at
the time of the tetanus, based on the findings of Hesselink
et al. (1999b), would be expected to be approximately 1 M
after administration of 10 mg/kg, a dose that did not significantly affect control LTP in the CA1 area, consistent with the
previous in vitro findings of Frankiewicz et al. (1996). A concentration of 1 M memantine has been reported to occupy
approximately 33% of brain NMDAR channels measured by
radioligand binding in vivo (More et al., 2008) and there is
in vivo evidence that LTP induction in the dentate gyrus may
be more sensitive to inhibition by NMDAR channel blockers
than in the CA1 area (Leung and Shen, 1999; Gilbert and
Mack, 1990). The ability of memantine to selectively reduce
an NMDAR-mediated inhibition of LTP at concentrations
that do not affect control LTP may be due to a rapid unblocking of the channel with strong activation, as occurs during
high frequency stimulation (Parsons et al., 2007).
An alternative explanation, that memantine may act
through non-NMDAR mechanisms, in particular by blocking ␣7 nicotinic acetylcholine receptors (Aracava et al., 2005;
Maskell et al., 2003) but see Parsons et al. (2007), is unlikely.
Although A␤1–42 is known to potently bind ␣7 nicotinic
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receptors (Wang et al., 2000), the rapid inhibition of LTP
by A␤1–42 was not affected by pharmacological antagonism of ␣7 nicotinic acetylcholine receptors (Wang et al.,
2004).
What might underlie the apparent NMDAR-dependence
of the disruptive effects of soluble A␤ on synaptic plasticity? A␤ oligomers may bind to NMDARs or adjacent
sites at synapses and thereby promote receptor activation
(Cowburn et al., 1997; De Felice et al., 2007; Lacor et al.,
2007). Indeed under certain conditions A␤ can selectively
enhance NMDAR-mediated currents and synaptic transmission both in vitro and in vivo (Domingues et al., 2007; Kelly
and Ferreira, 2006; Molnar et al., 2004; Szegedi et al., 2005;
Wu et al., 1995) but see, for example, Snyder et al. (2005).
Alternatively, or in addition, A␤ may increase endogenous
glutamate concentration at NMDARs by inhibiting glutamate
uptake or promoting the release of glutamate (Harris et al.,
1995; Noda et al., 1999). Extrasynaptic NMDARs may preferentially mediate toxic effects of glutamate (Lau and Zukin,
2007; Soriano and Hardingham, 1997; Zhang et al., 2007),
and recent evidence indicates that memantine can preferentially block extrasynaptic over synaptic NMDARs (Léveillé
et al., 2008; Kotermanski and Johnson, 2009). Interestingly,
bath-applied glutamate, which has been reported to preferentially activate extrasynaptic NMDARs (Léveillé et al., 2008),
can potentiate A␤ inhibition of LTP (Nakagami and Oda,
2002).
There was a similar narrow separation of the protective
and adverse effects of acute memantine treatment in the
behavioral studies. Soluble synthetic A␤1–42 had a rapid disruptive effects on learned behavior causing an increase in
perseveration errors in the ALCR task, which is consistent
with our previous studies with cell-derived A␤ (Cleary et al.,
2005; Townsend et al., 2006). However, unlike cell-derived
A␤, synthetic A␤1–42 increased the number of perseveration
errors without eliciting a significant increase in approach
errors in the ALCR task. The lack of change in approach
errors may be a dose-related phenomenon due to the reduced
sensitivity typically observed under this type of alternation
test.
The ALCR task appeared somewhat less sensitive than
in vivo hippocampal LTP to disruption by synthetic A␤1–42
since, at the doses tested, synthetic A␤1–42 caused complete
inhibition of LTP whereas the deficit under the ALCR task
was well below the upper limits of sensitivity for this procedure. We previously found that cell-derived oligomers of A␤
were highly disruptive in both of these tests at much lower
concentrations (Cleary et al., 2005; Townsend et al., 2006;
Walsh et al., 2002). It is not known whether or not performance of the ALCR task is dependent on the hippocampus
but we have recently found that spatial working memory in
a radial maze, thought to be hippocampal-dependent, is also
highly sensitive to the rapid disruptive effects of cell-derived
A␤ oligomers (Poling et al., 2008). Because performance
of the ALCR task is likely to be dependent on more than
one brain area and A␤1–42 disruption of the ALCR task may

be caused by an action at extra-hippocampal sites, it is possible that a lower concentration was reached at these sites
after the i.c.v. injection. Interestingly, the relatively low dose
of 1 mg/kg memantine prevented the increase in behavioral
errors caused by A␤1–42 , but a dose ten times higher only had
a partial protective effect against A␤1–42 -mediated inhibition
of LTP. The relatively high potency of memantine against
the A␤1–42 -elicited increase in perseveration errors may be
due to the relatively weak nature of the deficit. In contrast
to A␤1–42 , cognitive performance under the ALCR task was
severely disrupted under doses of memantine that did not
appear to affect in vivo LTP. Whereas the memantine dose
of 10 mg/kg had no significant effect on hippocampal LTP, it
caused a marked increase in both perseveration and approach
errors in the ALCR task. Acute treatment with memantine
alone can impair other types of learning over a somewhat
higher dose range to that found here for the ALCR task
(Hesselink et al., 1999a; More et al., 2008; Zajaczkowski
et al., 1997; Zoladz et al., 2006). It should be noted that
the disruptive effect of memantine alone on the ALCR task
performance was limited to the day of injection, with no carryover effects on the following days. However, rather than
being solely attributable to a direct effect on cognition, deleterious effect of the higher doses of memantine alone may
have been influenced by sensorimotor impairment since acute
treatment with NMDAR antagonists (Bannerman et al., 2006;
Cain et al., 1997; Riedel et al., 2003), including memantine
(Hesselink et al., 1999a; Wenk et al., 1995; Zoladz et al.,
2006), dose-dependently cause such generalized deficits. In
clinical practice patients treated with memantine usually have
their oral dosage adjusted gradually upwards over a number
of days. Although the final extracellular brain concentration achieved in patients may be similar to that achieved
after an acute i.p. injection of 10 mg/kg in rats (approximately 1 M) many potential unwanted side effects may be
minimised. Currently memantine is only approved for the
treatment of Moderate-to-Severe AD with ongoing evaluation of studies examining its therapeutic utility at earlier
stages of AD.
Overall, the present findings suggest that acute treatment
with clinically relevant NMDAR blocking doses of memantine can attenuate the rapid disruption of hippocampal LTP in
vitro and in vivo, and learned behavior deficits under an operant task, caused by exogenous soluble synthetic A␤. However
a similar range of doses of memantine alone caused significant functional impairment, supporting the search for more
pathophysiologically selective NMDAR antagonists.
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