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Memantine, an uncompetitive NMDA receptor antagonist used for the treatment of Alzheimer’s disease (AD), has been hypothesized to

have neuroprotective properties. However, the similarity of its mechanism of action to other NMDA receptor antagonists has led to

concerns that it may also have neurotoxic effects. To assess both the neuroprotective and neurotoxic potential of memantine in a mouse

model of AD (Tg2576 mice), we used quantitative light and electron microscopy to investigate the effects of long-term (6 months)

administration of memantine (5, 10 and 20mg/kg) on plaque deposition and neuronal morphology in the hippocampus and overlying

cortex. A fear-conditioning paradigm was used to evaluate the behavioral consequences of any observed changes in structure.

Administration of the two higher doses of memantine (10 and 20mg/kg) was associated with a significant decrease in b-amyloid (Ab)
plaque deposition, increases in synaptic density and the appearance of degenerating axons; the latter two effects were independent of

genotype. Administration of the lowest dose of memantine (5mg/kg) was associated with a significant decrease in Ab plaque deposition

and a significant increase in synaptic density, but not a significant increase in degenerating axons. However, memantine did not significantly

improve behavioral deficits associated with genotype in a fear-conditioning paradigm at any dose. These results suggest that chronic

memantine administration may have both neuroprotective and neurotoxic effects in a mouse model of AD.

Neuropsychopharmacology (2008) 33, 3226–3236; doi:10.1038/npp.2008.53; published online 16 April 2008
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INTRODUCTION

Memantine, an uncompetitive antagonist at NMDA recep-
tors (Kornhuber et al, 1989; Chen et al, 1992), is now widely
prescribed for the treatment of moderate-to-severe Alzhei-
mer’s disease (AD). Memantine is rapidly displaced from
the NMDA receptor, which may avoid prolonged receptor
blockade and the detrimental effects on learning and
memory associated with prolonged blockade of the NMDA
receptor (Lipton, 2006). Further, memantine acts as an
antagonist at nicotinic acetylcholine receptors and at 5-HT
receptors (Buisson and Bertrand, 1998; Aracava et al, 2005).
The rationale for using memantine in AD patients is based
on the hypothesis that blockade of NMDA receptor-
mediated excitotoxicity can help preserve neuronal struc-
ture and function (Lipton, 2006, 2007; Wenk et al, 2006).
The ability of memantine to protect neurons against
NMDA- or glutamate-induced excitotoxicity has been
shown in vitro (Erdö and Schäfer, 1991; Chen et al, 1992;

Weller et al, 1993), and in animal models of neurodegen-
erative disease (Wenk et al, 1995, 1997, 2006; Miguel-
Hidalgo et al, 2002). Therefore, it has been proposed that
memantine can improve cognition in AD and perhaps even
slow disease progression by blocking NMDA receptor-
mediated excitotoxicity (Ditzler, 1991; Frankiewicz et al,
2000; Reisberg et al, 2003; Lipton, 2006). However, concerns
have also been raised about the potential for memantine to
damage neurons given that other NMDA receptor antago-
nists, such as phencyclidine and MK-801, have been shown
to trigger neuronal degeneration in rodents (Li et al, 2002;
Creeley et al, 2006). At present, there are no published
postmortem data that can be used to assess the potential for
memantine to either slow or induce neuronal degeneration
in patients with AD. Thus, whether long-term memantine
treatment can reverse or prevent damage to areas of the
brain resulting from AD pathology remains unclear.
In the current study, we used quantitative light and

electron microscopic studies of the hippocampus and
overlying cortex, and contextual memory as assessed in a
conditioned fear paradigm, to assess the effects of chronic
administration of memantine on neuronal structure and
function in the Tg2576 mouse model of AD. We focused our
structural assessments on the hippocampal formation
because these structures play a major role in learning and
memory (Knowles, 1992; Bannerman et al, 2001) and is also
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a site for Ab deposition in AD patients (Probst et al, 1983;
West et al, 2004) and in several transgenic mouse models of
AD (Su and Ni, 1998; Reilly et al, 2003). Synapse loss
induced by Ab remains a likely basis for the behavioral
deficits observed in Tg2576 mice (Stern et al, 2004).
Previously, we demonstrated spatial and temporal relation-
ships between synapse loss and Ab deposition in the dentate
gyrus of Tg2576 mice at 6–9 months of age (Dong et al,
2007). In this study, the effects of memantine on Ab
deposition and neuronal structure in the hippocampus and
overlying cortex and contextual memory were assessed in
transgenic Tg2576 mice at 9–10 months of age, following
6 months of memantine or vehicle administration. In
addition, we evaluated plaque deposition in the cortex
overlying the hippocampus and looked for evidence of
memantine-induced neuronal vacuolization in the posterior
cingulate and retrosplenial cortices under light microscopy.

MATERIALS AND METHODS

Animals

The Tg2576 mouse strain, created by Hsiao et al (1996), was
used for these experiments. Tg2576 mice were derived from
C57B6/SJL�C57B6 crosses, and contained the double
mutation Lys670-Asn, Met671-Leu (K670N, M 671L). This
mutation is driven by a hamster prion protein gene
promoter in C57B6j� SJL. Brain levels of APP are more
than four times higher, and Ab levels are 5–14 times higher,
in transgenic mice than in control mice. The presence of the
human APP gene was demonstrated by post-weaning tail
biopsy and DNA genotyping using primers as previously
described (Hsiao et al, 1996). The breeding and main-
tenance of the Tg2576 mouse colony were conducted in
consultation with the veterinary staff in the Department of
Comparative Medicine at Washington University School of
Medicine. All animal procedures were done in accordance
with the National Institutes of Health and Institutional
Guidelines.
Transgenic mice that express the human APP gene (Tg + )

and their non-transgenic (Tg�) littermates were randomly
assigned to various groups for memantine administration.
A total of 89 animals of both genders (Tg + ¼ 42; Tg�¼ 47)
were used for this study. Eighty-four animals were used for
behavioral tests (5mg/kg (Tg+ ¼ 12, Tg�¼ 10); 10mg/kg
(Tg + ¼ 17, Tg�¼ 10); 20mg/kg (Tg + ¼ 9; Tg�¼ 12) and
vehicle (Tg + ¼ 8, Tg�¼ 6)). After behavioral testing, 38 of
these animals were used to assess neuronal density and
ultra-structure changes (5mg/kg (Tg+ ¼ 4, Tg�¼ 4);
10mg/kg (Tg+ ¼ 4, Tg�¼ 4); 20mg/kg (Tg+ ¼ 6, Tg�¼ 4)
and vehicle (Tg+ ¼ 6, Tg�¼ 6)), and 22 Tg+ mice were
used to measure amyloid plaques (5mg/kg (Tg+ ¼ 4),
10mg/kg (Tg + ¼ 8), 20mg/kg (Tg+ ¼ 5), and vehicle
(Tg + ¼ 5)).

Drug Treatment

Approximately equal groups of Tg + and Tg� mice
received one of three daily doses of memantine or vehicle
for 6 months beginning at 3 months of age. Three doses of
memantine (equivalent to 5, 10, and 20mg/kg/day) were
dissolved in drinking water that was prepared fresh weekly.

To ensure the consistency of drug dosing and that the
presence of memantine did not influence daily water
consumption, we measured the amount of water consumed
in individual mice weekly and calculated total and mean
volume of drinking water with and without drug. The
volume of consumption within individual mice was
significantly different (F(250,9)¼ 8.55, po0.0001), but the
mean amount of consumption between groups was not
significantly different (F(38,1)¼ 0.195, p¼ 0.66).

Conditioned Fear Testing

The assessment of contextual and cued memory within a
fear-conditioning paradigm was performed using methods
previously described (Bardgett et al, 2003; Dong et al, 2005).
Animals were trained and tested in two Plexiglas condition-
ing chambers (26� 18� 18 cm) (Med Associates Inc.,
Georgia, VT), with a metal grid floor, within a larger
sound-attenuating chamber. On day 1, training took place
in the first chamber which contained a cup containing mint
extract placed beneath the grid floor. Freezing behavior,
defined as no movement (ambulation, sniffing or stereo-
typy) other than respiration, was recorded every 10 s for
5min. After the first 2min, a 20 s, 80 dB, a 2800Hz tone was
presented, and during the last 2 s of the tone, the animals
received a 1.0mA continuous footshock. This procedure
was repeated two more times at 1min intervals. On day 2,
animals were returned to the chamber and the amount of
freezing behavior in response to context (ie memory for
context) was recorded every 10 s for 8min. On day 3, the
animals were placed in a second chamber (scented with
coconut with the grid floor covered with polyurethane).
Freezing behavior was again recorded for 2min. Then, the
80 dB, 2800Hz tone was represented continuously for 8min,
and freezing behavior in response to the cue was recorded.
Sensitivity to the footshock was tested on the day

following completion of the cued conditioning evaluation.
The animals were returned to the first conditioning
chamber for 2min and exposed to a series of 2 s shocks,
beginning with an intensity of 0.05mA. The shock intensity
was increased by 0.05mA every 20–30 s until a jumping
response was evoked.

Tissue Preparation

For Ab plaque evaluation, animals were deeply anesthetized
and perfused transcardially with 1% heparinized 0.01M
phosphate-buffered saline (PBS) for 2min and then 4%
paraformaldehyde for 25–30min. Brains were removed and
post-fixed overnight at 41C using the same fixative with 30%
sucrose. The brains were cut into 35 mm thick serial sections
in the coronal plane using a cryostat (Leica CM 1850 UV,
Nussloch, Germany). Of the six series of sections (15–20
sections each), we used one series for Thioflavine S staining
to assess compact (fibrillar) Ab plaques and plaque burden.
Floating sections in a 1% Thioflavine S aqueous solution for
5min then differentiated in 70% alcohol for 3–5min
(Guntern et al, 1992).
For studies of neuronal density and ultra-structure,

animals were deeply anesthetized and perfused transcar-
dially with 0.01M PBS-containing heparin sodium for
2min, followed by a 30min perfusion with 2% paraformal-
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dehyde, 2% glutaraldehyde and 4% sucrose in 0.1M PBS.
Sections 250 mm thick were cut in the coronal plane using a
vibratome. Fifteen sections encompassing the whole hippo-
campus were selected from each brain and were rinsed in
cold 0.1M PBS, treated with 2% OsO4 in 0.1M PBS for
90min at 41C and rinsed again in 0.1M PBS at room
temperature. The sections were then dehydrated in a graded
series of ethanol solutions, followed by propylene oxide,
and left overnight in a 1 : 1 mixture of propylene oxide-
Polybed 812 (Electron Microscopy Sciences, Hatfield, PA).
Finally, the sections were flat embedded in Polybed 812 in
an oven at 601C for 48–72 h. From the 15 embedded
sections, three were selected for semi- and ultra-thin
sectioning. Representative sections included the dorsal,
medial and ventral hippocampus and underlying cortex.
Selected embedded sections (250 mm thick) were trimmed

and sectioned again using a Reichert Ultracut E Ultra-
microtome (Austria). Semi-thin (1 mm) sections that in-
cluded hippocampus and underlying cortex were cut and
stained with toluidine blue for studying overall histopatho-
logical changes in the posterior cingulate and retrasplenial
cortices and the hippocampus. The semi-thin sections were
also served as reference sections for ultra-thin cutting. The
sections were then continued to be trimmed and ultra-cut
the thin (75–90 nm) sections containing the outer molecular
layer of the dentate gyrus (dorsal blade), which were
mounted on 400-mesh grids (every mesh grid is
62� 62 mm2, Electron Microscopy Sciences, Hatfield, PA).
The sections were stained using 3% uranyl acetate for
20min followed by lead citrate for 5min and then were
examined using a JEOL 100 CX electron microscope
(Japan).

Quantitative Evaluation of b-Amyloid Plaque
Deposition

Ab plaques were measured in the hippocampus and
overlying cortex using non-biased stereological methods,
as described previously (Dong et al, 2004, 2007). The
stereological system program (Olympus, Albertslund,
Denmark) was used to measure Ab plaque number and
burden (total Ab plaque area/brain area in coronal section).
The numbers calculated from one series of sections were
multiplied by six to obtain an estimate of total Ab plaque
number and burden per brain.

Quantitative Evaluation of Neuronal Morphology

Two to three semi-sections from each brain were selected to
look for evidence of memantine-induced changes in
neuronal morphology, and in particular vacuolization, in
the hippocampus and in the posterior cingulate and
retrosplenial cortices. The selected coronal sections were
cut at the level of the decussation of the corpus callosum
(approximately �5.30 to �5.60mm caudal to bregma) to
ensure sampling each brain at the same rostrocaudal level.
Also, the brain regions selected using this sampling scheme
have been reported to be particularly vulnerable to
vacuolization induced by the administration of NMDA
antagonists (Fix et al, 1993, 1994; Creeley et al, 2008). A
total of 10 neurons in each section of the posterior cingulate
and retrosplenial cortices and the hippocampus were

detected (under � 100 objective lens) and evaluated for
the presence and severity of interacytoplasmic vacuoles and
other features of neuronal damage. Neuronal number in the
retrosplenial cortex was also counted using stereological
methods. Only neurons with a visible nucleolus were
counted (under � 40 objective lens). The unbiased counting
frame was 185 000 mm� 147 000 mm¼ 2.72� 1010 mm2, the
dissector height was 1 mm, and the dissector volume was
2.72� 1010mm3. The latter value was used to calculate the
density of neurons as the quotient of the mean number of
neuron counted per dissector and the mean volume of
dissectors.

Quantitative Evaluation of Synapse Density and Axon
Morphology

At low magnification under the electron microscope, the
boundaries of the outer molecular layer of the dentate gyrus
were identified according to their characteristic cellular
structures (Figure 1a). Then, 8–15 photographs from each
electron microscope section were taken systematically
at � 800 magnification using alternate grid squares
(Figure 1b). Three sections from each animal, including
the dorsal, medial and ventral dentate gyrus, were assessed.
A total of 1140 photographs were taken for analysis.
Synapses were identified under electron micrographs that
were enlarged photographically to a final magnification of
� 29 000. A magnification standard (grating replica) was
used for each series of electron micrographs. Synapses in
the molecular layer of dentate gyrus were identified on
photographs by the presence of synaptic vesicles and
postsynaptic densities (Figure 1c). Asymmetrical (ie
excitatory glutamatergic synapses) and symmetrical
synapses (ie inhibitory GABAergic synapses) (Watson,
1988; Kennedy, 2000; Lund et al, 2001) were counted
separately. Degenerating axons were identified on photo-
graphs by the presence of vesicular and lamellar debris
within the atrophic axon. A stereological dissector techni-
que was used to measure the density of synapses and
degenerating axons (West and Gundersen, 1990; Geinisman
et al, 2000; Dong et al, 2007). Each dissector consisted of
micrographs of two adjacent ultrathin sections, a reference
section and a look-up section immediately above it. Only
synapses or axons that occurred in the reference, but not in
the look-up section, were counted. The area of the unbiased
counting frame was 247 mm2, the dissector height was
0.085mm, and the dissector volume is 20.99 mm3. The latter
value was used to calculate the density of synapses or
degenerating axons (synapses or axons per unit volume) as
the quotient of the mean number of synapses or axons
counted per dissector and the mean volume of dissectors.

Statistical Analysis

Anatomic variables were compared across groups using a
two-way analysis of variance (ANOVA). Freezing behavior
was analyzed using repeated measures ANOVA with minute
as the repeated measure, and shock sensitivity was analyzed
with factorial ANOVA. Statistical significance was accepted
for p-values less than 0.05. When significant genotype
effects (ie (Tg + ) mice vs (Tg�)controls), drug effects, or
genotype� drug interactions were found, post-hoc analyses
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were performed using a Fisher’s Protected Least Squares
Design tests.

RESULTS

Plaque Density in the Hippocampus and Overlying
Cortex

In Tg+ mice at 9 months of age, small Ab plaques (o50 mm
in diameter) were observed in the hippocampus and
overlying cortex, in keeping with previous findings

(Figure 2). No Ab plaques were observed in Tg� animals,
and therefore Tg� mice were not included in further
analyses for this variable. Memantine administration was
associated with decreases in amyloid deposition in Tg+
mice (Figure 2b–d). A significant effect of memantine
administration was found on total plaque number
(F(3,19)¼ 8.13, p¼ 0.001) (Figure 3a) and plaque burden
(F(3,16)¼ 5.58, p¼ 0.008)) (Figure 3b). Post hoc tests
showed that all three doses of memantine significantly
reduced plaque number and burden as compared to vehicle
(po0.02). Further, the 5mg/kg treatment group showed
fewer plaques than the 10mg/kg-treated group (po0.03),
while the difference between 10 and 20mg/kg-treated
groups was not significant (Figure 3a and b).

Neuronal Morphology in the Posterior Cingulate,
Retrosplenial Cortices and the Hippocampus

Following long-term administration of memantine at all
doses to both Tg+ and Tg� mice, the hippocampus and
selected regions of the cortex had a generally normal
appearance under light microscopy. In particular, we did
not observe aberrant vacuolization in the cytoplasm of
pyramidal neurons in the hippocampus, or in the posterior
cingulate, retrosplenial cortices (Figure 4). However, a
number of cells appeared to be darkly stained in these areas.
Some of the dark cells showed features of neurodegenera-
tion (Figure 4a, arrow indicated) but whether these cells
were undergoing cell death could not be confirmed. The
density of dark cells in the posterior cingulate and
retrosplenial cortices was not significantly affected by either
genotype drug administration (data not shown). However,
there was a trend towards a drug effect (F(1,24)¼ 2.91;
p¼ 0.055), but not a genotype effect (F(1,24)¼ 0.11,
p¼ 0.74), nor a drug� genotype interaction (F(1,24)¼ 1,93;
p¼ 0.15), on neuronal density in the retrosplenial cortex.

Synapse Density

Increased synapse density was observed after memantine
administration in the molecular layer of the dentate gyrus in
both Tg+ and Tg� mice (Figure 5). There was a significant
effect of memantine administration on synapse density
(F(3,30)¼ 4.86, p¼ 0.007), but no overall effect of genotype
(F(3,30)¼ 0.38, p¼ 0.54), nor a drug� genotype interaction
(Figure 6). Post hoc tests indicated that all three doses of
memantine significantly increased synapse density as
compared to vehicle (po0.02), with no significant differ-
ences between doses. Further, a significant decrease in
synapse density was found post hoc in vehicle-treated
transgenic animals (Tg + ) as compared to vehicle-treated
non-transgenic animals (Tg�) (F(1,10)¼ 9.04, p¼ 0.013)
(Figure 6a).
The changes in synapse density related to both genotype

and memantine treatment were largely confined to asym-
metric synapses. In the molecular layer of the dentate gyrus,
92.5% of total synapses in Tg+ mice and 90.3% of total
synapses in Tg� mice were asymmetrical (ie glutamatergic
synapses), and 4.8% of total synapses in Tg+ mice and
5.6% of total synapses in Tg� mice were symmetrical
(ie GABAergic synapses). The remaining (2.7–4.1%)
synapses were labeled as unidentified because it was

Figure 1 (Panel a) A section through the hippocampus. The rectangle
indicates the ultrasection that was trimmed and cut, which included the
stratum radiatum of CA1 and molecular layer of dentate gyrus. (Panel b)
Semi-section through the hippocampus adjacent to the ultrasection. The
section and grid schematically indicates the samplings made under electron
microscopy. One photograph from each grid mesh (Red dots indicated)
that covered the SR and ML of dentate gyrus was taken systematically. For
this study, only ML of dentate gyrus was counted for analysis. (Panel c) EM
photographs used to examine the neuronal structure and synapses. The
red dots indicate the synapses that were counted. Synapses were identified
by the presence of synaptic vesicles and postsynaptic densities (see high
magnification inset).
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difficult to classify them as either asymmetrical or
symmetrical synapses. In the vehicle-treated group, there
was a significant genotype effect (F(1,10)¼ 10.96; p¼ 0.008)
on density of asymmetrical synapses, but not on the density
of symmetrical synapses (F(1,10)¼ 1.87; p¼ 0.202). In the
memantine-treated groups, there was also a significant drug
effect on the density of asymmetrical synapses (F(3,30)¼ 4.40;
p¼ 0.01), but not the density of symmetrical synapses
(F(3,30)¼ 2.225; p¼ 0.106).

Degenerating Axons

In animals treated with memantine, but not vehicle, we
noted the presence of a marked increase in degenerating
axon terminals or degenerated debris. Degenerating axons
were identified by a variety of pathologic features including
myelin degradation products, disorganization of the axo-
plasm, and disintegration of the internal part of the myelin,
along with various vesicular and lamellar debris within the
atrophic axon (Figure 5, arrows indicated). There was a
significant effect of memantine administration on the
density of degenerating axons (F(3,30)¼ 10.7, po0.001)
(Figure 6b), but no effect of genotype (F(3,30)¼ 0.384, p¼
0.54), nor a genotype�memantine interaction (F(3,30)¼ 1.62,
p¼ 0.206). Post hoc tests showed that treatment with the two
higher doses of memantine (10 and 20mg/kg) were
associated with significant increases in the density of
degenerating axons as compared to vehicle (p’so0.001),
and the lowest dose of memantine treatment (5mg/kg)
(p’so0.02) in both Tg+ and Tg� mice.

Conditioned Fear

There was no significant effect of genotype (F(1,76)¼ 1.01,
p¼ 0.32), memantine administration (F(3,76)¼ 2.43, p¼ 0.07)
nor a genotype�memantine interaction (F(3,76)¼ 0.48,
p¼ 0.69) on baseline freezing behavior, which suggested
no differences between groups in activity level in response
to the test chamber. There was a significant genoty-
pe�memantine�minute interaction (F(3,76)¼ 2.85,
p¼ 0.04), and post hoc tests indicated that the Tg� 5mg/
kg memantine group froze significantly more than the
Tg� 10mg/kg memantine and the Tg+ 20mg/kg meman-
tine groups during the second min (p’so0.05). Assessment
of freezing behavior during the tone-shock presentation
on day 1 revealed a significant effect of genotype
(F(1,76)¼ 26.33, p¼ 0.00002), but no significant effect
of memantine administration (F(3,76)¼ 0.89, p¼ 0.45),
nor a genotype�memantine interaction (F(3,76)¼ 0.85,
p¼ 0.47). Post hoc tests indicate that the Tg� animals froze
more in response to the tone-shock pairings than the
Tg+ animals (po0.01). Assessment of contextual memory
on day 2 indicated a significant effect of genotype
(F(1,76)¼ 14.99, p¼ 0.0002) but no effect of memantine
(F(3,76)¼ 0.02, p¼ 0.99), nor a genotype�memantine
interaction (F(3,76)¼ 0.33, p¼ 0.80). Evaluation of freezing
behavior in response to the altered context on day 3
revealed a significant effect of genotype (F(1,76)¼ 8.32,
p¼ 0.005), but no effect of memantine administration
(F(3,76)¼ 0.71, p¼ 0.55), nor a genotype�memantine
interaction (F(3,76)¼ 0.99, p¼ 0.40). Post hoc tests
indicated that the Tg� mice froze significantly more than

Figure 2 b-Amyloid plaque stained by Thioflavine S in the brain of 9–10 months old Tg+ mice treated with 5, 10 and 20mg/kg of memantine and vehicle.
Memantine administration for 6 months decreased b-amyloid plaque deposition in the entorhinal cortex (Tg+ mice with 5mg/kg (panel b), 10mg/kg (panel c),
and 20mg/kg (panel d) as compared to vehicle Tg+ mouse (panel a). Arrow heads indicate the plaques. Bar in panel d also applies to a, b and c.
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Tg+ mice (p¼ 0.01). Analysis of freezing behavior during
presentation of the tone on day 3 indicated a significant
effect of genotype (F(1,76)¼ 12.82, p¼ 0.0006), with post
hoc tests showing that Tg + mice froze less than Tg� mice
(p¼ 0.001). The effect of memantine administration
(F(3,76)¼ 1.31, p¼ 0.28) was not significant, but there was
a significant genotype�memantine interaction (F(3,76)¼ 2.76,
p¼ 0.048). Post hoc tests showed that the Tg + 10mg/kg
memantine group froze significantly less than both the
Tg� 5 and 10mg/kg memantine groups (p’so0.02)
(Figure 7).
The observed power for the results of contextual fear

conditioning was high for the genotype effect (0.99), but low
(0.06) for the drug effect (calculated by SPSS). Although the
sample sizes for our study were relative to those used in
similar designs (Van Dam and De Deyn, 2006), it is possible
that due to the variability in our sample sizes at each dose,
our group numbers were too low to detect statistical
significance.
Factorial ANOVA across groups revealed no significant

differences in shock sensitivity due to genotype
(F(1,76)¼ 0.12, p¼ 0.73), memantine administration

(F(3,76)¼ 0.27, p¼ 0.85), nor a genotype�memantine
interaction (F(3,76)¼ 1.37, p¼ 0.26).

DISCUSSION

In this study, we evaluated the effects of chronic memantine
administration on amyloid plaque deposition and neuronal
morphology using quantitative light and electron micro-
scopy in Tg2576 mice, a commonly used animal model of
AD. In addition, we sought to evaluate the behavioral
consequences of any observed changes in structure by
assessing contextual memory using a fear-conditioning
paradigm. We found that chronic memantine administra-
tion decreased Ab plaque burden in the brain, increased
synapse density and increased degenerating axon density in
the molecular layer of the dentate gyrus. While we didn’t
observe neuronal vacuolization following memantine
administration, the appearance of degenerating axons after
memantine administration was dose-dependent and con-
sistent with some of the neurotoxic changes previously
observed following administration of NMDA antagonists.
However, despite these changes in amyloid deposition
and neuronal structure, we did not find an effect of
memantine on hippocampal-dependent contextual memory
in Tg+ mice.
Our results are consistent with previous studies which

found decreases in cortical APP levels in Tg2576 mice after
10 days of memantine treatment (Unger et al, 2006).
However, the mechanism by which memantine regulates
amyloid metabolism is not clear. It has been shown that
increased neuronal activity leads to increased APP produc-
tion, a likely precursor to Ab plaque formation (Cirrito
et al, 2005). Thus, blockade of NMDA receptors by
memantine could reduce neuronal activity and subse-
quently lower APP production. In support of this hypo-
thesis, we noticed that the lower dose of memantine (5mg/
kg) exerted stronger effects in reducing Ab plaque number
and burden than the two higher doses (10mg, and 20mg/
kg) (Figure 3). Thus, it is possible that lower memantine
doses may block just enough neuronal activity to lower
amyloid production, while higher doses block so much
neuronal activity that APP degradation and clearance
mechanisms are also decreased. Our experimental design
was such that the animals began treatment before the
appearance of plaques would be expected to occur in
the brain. Thus, our results cannot address the question
whether memantine has the capacity to prevent the
formation of new plaques or to reduce the number of Ab
plaques already formed.
In our study, we found that memantine administration

increased synaptic density in the molecular layer of the
dentate gyrus in both Tg+ and Tg� mice; in fact,
memantine-treated Tg+ mice tended to have a greater
quantity of synapses than vehicle-treated Tg� mice. The
molecular layer of the dentate gyrus is one of the first
regions to show amyloid deposition and synapse loss in the
Tg2576 mouse model of AD (Su and Ni, 1998; Reilly et al,
2003; Dong et al, 2007). However, it is difficult to know the
implications of increases in synapse density after meman-
tine administration in Tg2576 mice. While this could
represent a neuroprotective effect, it could also be
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Figure 3 b-Amyloid plaque number and burden in the brain of Tg +
mice treated with 5, 10 and 20mg/kg of memantine. A significant drug
effect was found on the total number of amyloid plaques in the brain
(panel a) and the percentage of brain occupied by b-amyloid plaque
(panel b).
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compensatory to memantine-induced axonal degeneration.
Since too many as well as too few synapses could adversely
impact neuronal function, caution should be used in
interpreting the observed changes in synapse density after
memantine treatment.
We observed no neuronal vacuolization or other

histopathological changes in the hippocampus, posterior
cingulate and retrosplenial cortices at the light microscopy
level after memantine administration as previously reported
after the administration of NMDA antagonists (Fix et al,
1993, 1994; Creeley et al, 2008). However, our observation
that chronic memantine administration was associated with
axonal degeneration in the hippocampus may relate to other
reported neurotoxic effects of NMDA antagonists (eg PCP,
MK-801) (Low and Roland, 2004). The use of NMDA
antagonists as therapeutic agents for neuropsychiatric
disorders thought to include a component of neurode-
generation has been investigated for many years. However,
their use for this purpose has been hampered by observa-
tions of adverse behavioral effects such as hallucinations
and memory disturbances in humans, and reports of
neuronal vacuolization, neuronal and axonal degeneration,
and induction of heat-shock protein in rodents (Olney et al,
1989, 1991; Sharp et al, 1992). Memantine, at doses
somewhat higher than the doses used in this study
(50mg/kg), has been shown to produce neurodegenerative
effects in the rat (Creeley et al, 2006). While the axonal
degeneration induced by high doses of memantine may
occur because of direct effects on neurons, indirect effects
on oligodendrocytes may also be possible. Notably, NMDA
receptors are ubiquitous within the CNS and are expressed

not only on neurons, but also on glial cells (for review see
Verkhratsky and Kirchhoff, 2007). Oligodendrocytes are
important for the survival as well as function of neurons
(Lappe-Siefke et al, 2003; Popko, 2003), and thus, blockade
of NMDA receptors on oligodendrocytes could eventually
result in axonal degeneration. Our data lend preliminary
support for this hypothesis in that we observed occasional
degenerated oligodendrocyte somas in memantine-treated
animals (Figure 5e and f).
We were surprised to find no effect of memantine on

contextual memory in a fear conditioning paradigm given
that we used doses similar to those previously been reported
to have beneficial behavioral effects in other transgenic
mouse models of AD (Minkeviciene et al, 2004; Van Dam
et al, 2005; Van Dam and De Deyn, 2006). The behavior
deficits we observed in Tg+ mice replicated earlier findings
using Tg2576 mice (Hsiao et al, 1996; Corcoran et al, 2002;
Arendash et al, 2004; Barnes and Good, 2005; Dong et al,
2005) and thus imply validity of the behavioral test
employed here. At present, the effects of memantine on
behavior in transgenic mouse models of AD (Minkeviciene
et al, 2004; Van Dam et al, 2005; Van Dam and De Deyn,
2006), as well as other models (Barnes et al, 1996; Miguel-
Hidalgo et al, 2002; Lang et al, 2004; Woodruff-Pak et al,
2007; for review see Yuede et al, 2007) are inconsistent.
Minkeviciene et al (2004) reported improved acquisition in
water maze using APP/PS1 transgenic mice treated with
30mg/kg memantine in drinking water for 3 weeks, whereas
no effect was observed on retention. Conversely, Van Dam
et al (2005) reported beneficial effects of a much lower dose
(2.0mg/kg) of memantine while higher doses (10mg/kg)

Figure 4 Neurons in the retrosplenial cortex and CA1 subregion of the hippocampus of Tg + mice following chronic administration with 20mg/kg
(panel a and b) and 5mg/kg (panel c and d). The neurons have a normal morphological appearance without cytoplasmic vacuoles in both the retrosplenial
cortex (panel a and c) and CA1 of the hippocampus (panel b and d). However, a few dark stained cells in the retrosplenial cortex showed the
feature of degeneration (panel a, arrows indicated). Bar in panel d also applies to a, b and c.
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Figure 5 Electron microscope photographs taken in the molecular layer of the dentate gyrus following 6 months of memantine administration. (panel a)
Tg + mice treated with vehicle showed decreased synapse density, but no degenerating axonal terminals. (panel b) Tg+ mice with 5mg/kg memantine
demonstrated an increased synaptic density as compared to Tg + mice treated with vehicle (a), but no remarkable degenerating axons were observed.
(Panel c and d) Tg + mice treated with 10mg/kg (c) and 20mg/kg (d) of memantine show increased degenerating axonal terminals (arrows indicated).
Degenerating glial cells showing cell shrinkage with irregular space between perikarya and around neuropil (panel e and f, asterisks indicated). Bar in b applies
to a; Bar in d applies to c; Bar in f applies to e.
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demonstrated detrimental effects in the water maze. As
compared with these studies, we found that a 5mg/kg dose
was associated with better performance than a 10mg/kg
dose, even though we did not detect a significant overall
effect of memantine in Tg2576 mice. Explanations for these
inconsistencies include the selection of the particular mouse
model, the drug doses, or the duration and route of drug
dosing.
The inconsistency between our morphological and

behavioral results highlights the difficulty of defining the
structural basis of behavioral deficits in AD mouse models.
Previous studies showed little or no correlation between the
quantity of Ab deposition and behavioral deficits (Terry
et al, 1991; Arriagada et al, 1992; Berg et al, 1993;
Westerman et al, 2002; Van Dam et al, 2003) in both
humans with AD and animal models of AD. Increasing
evidence has indicated that soluble amyloid oligomers may
be directly toxic to neuronal structure and function (Gong
et al, 2003; Watson et al, 2005; Lacor et al, 2007; Shankar
et al, 2007). Another explanation of the inconsistency
between structure and behavior observed in this study is
that the animals may have developed adaptive or compen-
satory responses to memantine over the extended admin-
istration period. In such a scenario, the benefits of
memantine on plaque burden and synapse density might
have been insufficient to produce persistent behavioral
changes. Finally, it is also possible that the conditioned fear
paradigm used in this study was not sensitive enough, or
our sample sizes were too low to detect small behavioral
changes with memantine administration.
If memantine has the potential to produce both beneficial

and detrimental effects in the mammalian brain, the task is
to find a dose of memantine with the former but not the
latter properties. We selected three doses (5, 10, and 20mg/
kg) for this study in an attempt to approach the therapeutic
doses typically used in humans (Danysz and Parsons, 2003,
Wenk et al, 2006). Previous studies in mice have reported
that a 30mg/kg oral dose of memantine in drinking water
produces a steady-state plasma drug level of around 1mM,
which is thought to be therapeutic based on clinical studies

(Kornhuber and Quack, 1995; Minkeviciene et al, 2004).
However, it is difficult to select drug doses in animal studies
that are equivalent to clinical doses because the composi-
tion and responses observed in the brains of rodents and
humans differ (Wenk et al, 2006). Thus, our results should
not be used to predict a dose of memantine in human
subjects that is both safe and effective. Rather, our results
suggest that in vivo neuroimaging should be combined with
clinical and cognitive assessments in an effort to determine
the effects of such drugs on brain structure and function as
well as symptomatology. More effective treatments are
greatly needed for neurodegenerative disorders, such as AD,
and the NMDA receptor remains a viable pharmacological
target in these efforts. However, drugs that act on the
NMDA receptor have the potential to damage neurons as
well as to protect them, and investigations of such drugs
should be performed with appropriate attention to this
possibility.
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Erdö SL, Schäfer M (1991). Memantine is highly potent in
protecting cortical cultures against excitotoxic cell death evoked
by glutamate and N-methyl-D-aspartate. Eur J Pharmacol 198:
215–217.

Fix AS, Horn JW, Truex LL, Smith R, Gomez E (1994). Neuronal
vacuole formation in the rat posterior cingulate/retrosplenial
cortex after treatment with the N-methyl-d-aspartate (NMDA)
antagonist MK-801 (dizocilpine maleate). Acta Neuropathol 88:
519–551.

Fix AS, Horn JW, Wightman KA, Johnson CA, Long GG, Storts RW
et al (1993). Neuronal vacuolization and necrosis induced by the
noncompetitive N-methyl-d-aspartate (NMDA) antagonist
MK(+)801 (dizocilpine maleate): a light and electronmicroscopic
evaluation of the rat retrosplenial cortex. Exp Neurol 123:
204–215.

Frankiewicz T, Pilc A, Parsons CG (2000). Differential effects of
NMDA-receptor antagonists on long-term potentiation and
hypoxic/hypoglycaemic excitotoxicity in hippocampal slices.
Neuropharmacology 39: 631–642.

Geinisman Y, Disterhoft JF, Gundersen HJ, McEchron MD, Persina
IS, Power JM et al (2000). Remodeling of hippocampal synapses
after hippocampus-dependent associative learning. J Comp
Neurol 417: 49–59.

Gong Y, Chang L, Viola KL, Lacor PN, Lambert MP, Finch CE et al
(2003). Alzheimer’s disease-affected brain: presence of oligo-
meric A beta ligands (ADDLs) suggests a molecular basis
for reversible memory loss. Proc Natl Acad Sci USA 100:
10417–10422.

Guntern R, Bouras C, Hof PR, Vallet PG (1992). An improved
thioflavine S method for staining neurofibrillary tangles and
senile plaques in Alzheimer’s disease. Experientia 48: 8–10.

Hsiao K, Chapman P, Nilsen S, Eckman C, Harigaya Y, Younkin S
et al (1996). Correlative memory deficits, A elevation and
amyloid plaques in transgenic mice. Science 274: 99–102.

Kennedy MB (2000). Signal-processing machines at the post-
synaptic density. Science 290: 750–754.

Knowles WD (1992). Normal anatomy and neurophysiology of the
hippocampal formation. J Clin Neurophysiol 9: 252–263.

Kornhuber J, Bormann J, Retz W, Hübers M, Riederer P (1989).
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