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Memantine, an N-methyl-D-aspartate (NMDA) receptor
antagonist, has been shown to improve learning and
memory in several preclinical models of Alzheimer’s
disease (AD). Memantine has also been shown to
reduce the levels of amyloid B (AB) peptides in human
neuroblastoma cells as well as to inhibit AR oligomer-
induced synaptic loss. In this study, we assessed
whether NMDA receptor inhibition by memantine in
transgenic mice expressing human amyloid-beta pre-
cursor protein (APP) and presenilin 1 (PS1) is associ-
ated with cognitive benefit and amyloid burden reduc-
tion by using object recognition, micromagnetic reso-
nance imaging (uMRI), and histology. APP/PS1 Tg
mice were treated either with memantine or with vehi-
cle for a period of 4 months starting at 3 months of
age. After treatment, the mice were subjected to an
object recognition test and analyzed by ex vivo uMRlI,
and histological examination of amyloid burden. uMRI
was performed following injection with gadolinium-
DTPA-AB1_40. We found that memantine-treated Tg
mice performed the same as wild-type control mice,
whereas the performance of vehicle-treated Tg mice
was significantly impaired (P = 0.0081, one-way
ANOVA). Compared with vehicle-treated animals,
memantine-treated Tg mice had a reduced plaque
burden, as determined both histologically and by
UMRI. This reduction in amyloid burden correlates with
an improvement in cognitive performance. Thus, our
findings provide further evidence of the potential role
of NMDA receptor antagonists in ameliorating AD-
related pathology. In addition, our study shows, for
the first time, the utility of uMRI in conjunction with
gadolinium-labeled AR labeling agents to monitor the
therapeutic response to amyloid-reducing agents.
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Alzheimer’s disease (AD), a chronic neurodegener-
ative disorder characterized clinically by progressive loss
of cognitive and behavioral function, is the most com-
mon form of dementia in the world (Sadowski and Wis-
niewski, 2007). The underlying pathogenesis of AD is
caused by neuronal loss related to the abnormal extracel-
lular accumulation of amyloid-beta (AB) peptide in oli-
gomeric form and in neuritic plaques, as well as the
intraneuronal aggregation of hyperphosphorylated tau in
the form of neurofibrillary tangles (Blennow et al.,
2006). There are several other factors that contribute to
neuronal degeneration, including inflammation, oxida-
tive stress, and glutamatergic dysfunction.

The pathogenesis of AD is multifactorial. It has
been proposed that inappropriate activation of glutamate
N-methyl-D-aspartate (NMDA) receptors is responsible
for part of the neuronal toxicity and memory and learn-
ing impairment observed in AD (Hynd et al., 2004;
Chohan and Igbal, 2006). Abnormalities in glutamatergic
signaling associated with AD have been linked to excito-
toxicity caused by the excessive influx of Ca through
the NMDA receptor calcium channel during sustained
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low-level stimulation of glutamatergic neurons (Parsons
et al., 1999). Cumulative evidence indicates that gluta-
mate-related alteration in AD can be corrected to some
extent by NMDA receptor antagonists such as meman-
tine (Banerjee et al., 2005; Robinson and Keating,
2006).

Memantine efficacy is believed to be related to its
low to moderate level of affinity for the NMDA recep-
tor calcium channel, strong voltage dependence, and
rapid blocking/unblocking kinetics (Parsons et al., 1999;
Robinson and Keating, 2006). Because of these pharma-
cological characteristics, memantine can preferentially in-
hibit pathological stimulation of the receptor without
disrupting physiological NMDA receptor functioning,
which is critical for learning and memory (Parsons et al.,
1999). Hence, memantine does not disrupt normal gluta-
minergic transmission or affect glutamate levels at thera-
peutically relevant doses (Lipton et al., 2007).

The present study was undertaken to assess whether
memantine’s role as an NMDA antagonist is associated
with therapeutic effects on behavior and amyloid plaque
burden in APP/PS1 transgenic mice, by using object
recognition and stereological assessments of plaque bur-
den. In addition, we sought to determine whether our
previously reported pMRI method for detecting amyloid
plaques (Wadghiri et al., 2003; Sigurdsson et al., 2008)
could be used to document a therapeutic response of
amyloid burden reduction.

MATERIALS AND METHODS
Animals and Treatment

The studies were performed in a transgenic mouse
model (Tg; APP/PS1-21) with overexpression of mutated
amyloid precursor protein (APP; KN670/671NL) and preseni-
lin 1 (PS-1; L166P) under the control of a postnatal, neuron-
specific Thy-1 promoter (Radde et al., 2006). The back-
ground strain of these mice is C57BL/6]. Progressive cerebral
amyloidosis and associated pathology in these animals begin at
approximately 6—8 weeks of age. The animals used in this
study were maintained on a 12-hr light-dark cycle. All mouse
care and experimental procedures were approved by the Insti-
tutional Animal Care and Use Committee at the New York
University School of Medicine. Two groups (7 mice/group)
of 3-month-old APP/PS1 mice were treated either with
memantine (10 mg/kg/day; i.p.) or with vehicle (water) for a
period of 4 months. At the end of this period, mice were sub-
jected to object recognition testing.

Behavioral Testing: Novel-Object Recognition Test

The object recognition test is based on the natural tend-
ency of rodents to investigate a novel object instead of a fa-
miliar one (Frick and Gresack, 2003). The choice to explore
the novel object reflects the use of learning and recognition
memory processes. This test does not require food or water
deprivation. The object recognition test was conducted in a
square open-field box (48 cm square, with 18 c¢cm high walls
constructed from black Plexiglas). The light intensity was set
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to 30lx. The test consists of a familiarization session (day 1, 15
min) in which mice explored the open-field arena containing
two identical, symmetrically placed objects (object A). Mice
were trained (day 2, 15 min) with two novel, identically
placed objects (object B). Novel-object recognition was tested
3 hr after the training session, when mice were exposed to
object B and a novel object C for 6 min. The animals were
monitored using an automatic tracking system (San Diego
Instruments, San Diego, CA), which records time (in seconds)
spent in a zone containing object B or C. The data are pre-
sented as percentage differences, calculated by subtracting the
percentage time spent by mice exploring the novel object
from the percentage time spent exploring the familiar object.
The behavioral study was performed in seven memantine-
treated Tg animals. Seven age-matched vehicle-treated Tg
mice and seven non-Tg age-matched littermates were used as
controls.

Magnetic Resonance Imaging

Contrast agents and injection. Magnetically labeled
peptides were produced by chelating gadolinium (Gd) to syn-
thetic AB_40 containing a chelating arm (DTPA) attached to
the amino terminus, as previously described (Wadghiri et al.,
2003; Sigurdsson et al., 2008). Gd-DTPA-AB_4o peptide was
HPLC purified, lyophilized, and dissolved in water (4 mg/pl).
Immediately before administration of the peptide, the solution
was mixed with 15% mannitol (w/v in PBS, total volume 600
pl) to open the blood-brain barrier (BBB) transiently (Wad-
ghiri et al.,, 2003; Danysz and Parsons, 2003). The Gd-
DTPA-AB_4 peptide was injected under anesthesia into the
right common carotid artery (CCA), using a PHD2000
syringe pump (Harvard Apparatus, Hollison, MA), at a rate of
0.25 ml/kg/sec. These studies were performed in both the
memantine-treated and the nonmemantine-treated mice at the
age of 7 months, when Tg APP/PS1-21 mice have a substan-
tial AB plaque burden (Radde et al., 2006). An additional
control group included age-matched wild-type (WT) mice,
which also received the Gd-DTPA-AB; 4, peptide in manni-
tol injection.

Ex vivo pMRI. Six hours after intracarotid injection,
the mice were anesthetized with sodium pentobarbital (150
mg/kg, i.p.) and perfused transaortically with 0.1 M PBS, pH
7.4, followed by 4% paraformaldehyde in PBS. All experi-
ments were assessed with a 7T SMIS/Magnex system (gradient
250 mT/m, 200 psec rise time). The system was enabled to
scan up to four brains at a time by using a litz coil (Doty Sci-
entific; ID = 25 mm, length = 22 mm) and a 30 cc syringe
(OD = 24 mm, ID = 20.5 mm); one brain was glued into
place in each quadrant of the syringe plunger and immersed
in Fomblin (Solvay Solexis Inc., Thorofare, NJ). Fomblin pro-
vides a completely dark background on an MRI image,
because it does not contain hydrogen protons; hence it was
used to provide good, dark contrast around the brains being
imaged (Magnitsky et al., 2005). A 3D gradient echo (GE)
sequence sensitized to the presence of either iron or Gd-AB_
40 peptide labeling plaques was used to provide 3D T2*-
weighted data sets for plaque visualization [50 pm isotropic
spatial resolution TR = 50 msec, TE = 5 msec, flip angle
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(FA) = 18°, matrix = 512, imaging time = 14 hr 35 min].
The brain data sets were analyzed with the highest detail
through virtual resectioning using Analyze software (Lexena,
KS). To assess an absolute quantification of the effect of the
plaques on the MRI signal, a 2D multigradient echo sequence
was acquired as well [four echoes, TR = 1.5 sec, TE = 7.24
msec, echo spacing (ES) = 7.5 msec, FA = 55°, 100 um X
100 pm X 250 pm, 1 hr). The corresponding apparent trans-
verse relaxation time T2* was derived from several brain
regions defined by region of interest.

Histological Studies

After pMRUI, the brains were placed in 2% DMSO/20%
glycerol in PBS overnight or until sectioning. Serial coronal
brain sections (40 pm) were cut and five series of sections at
0.2-mm intervals saved for histological analysis using 1) 6E10/
4G8-, 2) thioflavin-S-, 3) GFAP-, and 4) CD45-stained sec-
tions, as we have previously described (Sadowski et al., 2006).
AP deposits were stained with a mixture of monoclonal anti-
bodies 6E10/4G8 or thioflavin-S for fibrillar amyloid. GFAP
is a component of the glial intermediate filaments; it forms
part of the cytoskeleton and is found predominantly in astro-
cytes. CD45, a protein-thyrosine phosphatase, is normally
moderately expressed on microglia and is a commonly used
marker for microglial activation (Sadowski et al., 2006). Both
astrocytes and microglia are associated with amyloid deposits.
The series were placed in cryoprotectant (30% sucrose/30%
ethylene glycol in 0.1 mol/liter phosphate buffer) and stored
at —20°C until used. Immunostaining of 6E10/4G8, GFAP,
and CD45 was performed as previously described (Sadowski
et al., 20006). Briefly, free-floating sections were incubated in
6E10/4G8, both monoclonal anti-A antibodies (Signet, Ded-
ham, MA), at a 1:1,000 dilution for 3 hr. A mouse-on-mouse
immunodetection kit (Vector, Bulingame, CA) was used with
the biotinylated anti-mouse IgG secondary antibody reacted
for 1 hr at a 1:1,000 dilution. Antibody staining was revealed
with 3,3'-diaminobenzidine (DAB; Sigma-Aldrich, St. Louis,
MO) with nickel ammonium sulfate intensification. GFAP
(polyclonal; 1:500; 3 hr; Dako, Glostrup, Denmark) was per-
formed with the primary antibody diluent composed of 2%
Triton X-100, 0.1% sodium azide, 0.01% bacitracin, 2% bo-
vine serum albumin, and 10% normal goat serum in PBS, and
the secondary biotinylated goat anti-rabbit antibody (Vector)
was reacted for 1 hr at 1:1,000 dilution. CD45 (rat anti-
mouse; 1:1,000; 3 hr; Serotec, Bicester, United Kingdom)
staining was performed similarly to GFAP staining except that
the secondary antibody was goat anti-rat (Vector) diluted
1:1,000. Thioflavin-S staining was performed on mounted
sections, as published previously (Sadowski et al., 2006).

Image Analysis

Immunostained tissue sections were quantified with a
Bioquant stereology image analysis system (R&M Biometrics
Inc., Nashville, TN) using random unbiased sampling, as pub-
lished previously (Sadowski et al., 2006). All procedures were
performed by an individual blinded to the experimental con-
dition of the study. AP burden (defined as the percentage of
test area occupied by AP) was quantified in the neocortex and
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Fig. 1. Memantine significantly improved short-term memory in
APP/PS1 mice. At 7 months of age (posttreatment), memantine-
treated APP/PS1 mice performed as well as wild-type mice and sig-
nificantly better than vehicle-treated APP/PS1 mice in a novel-object
recognition test (**P = 0.008 compared with vehicle-APP/PS1
mice; one-way ANOVA). The exploration difference (%) was calcu-
lated by subtracting the percentage time spent by mice exploring the
novel object from the percentage time spent exploring the familiar
object (Bars indicate mean * standard error of the mean).

Exploration Difference (%)

in the hippocampus on coronal plane sections stained with the
mAb 6E10/4G8. Intensification with nickel ammonium sul-
fate resulted in black AP with minimal background staining
that facilitated threshold detection. The cortical area was dor-
somedial from the cingulate cortex and extended ventrolater-
ally to the rhinal fissure within the left hemisphere. Test areas
(640 pm X 480 pm) were randomly selected by applying a
grid (800 pm X 800 pm) over the traced contour. Hippocam-
pal measurements (600 pm X 600 pm) were performed in a
manner similar to the cortical analysis (Sadowski et al., 2006).
Quantitative analysis of CD45 microglia and GFAP astrocytes
was performed as described above.

Statistical Analysis

Data from the object recognition test was analyzed by
one-way ANOVA (GraphPad Prism 4.0). Differences between
groups in AP burden, CD45-activated microglia and GFAP
astrogliosis within the brain were analyzed by using unpaired
two-tailed f-tests, whereas the T2* assessment was analyzed by
using a one-tailed f-test.

RESULTS

Behavioral Studies

After the treatment, mice were subjected to behav-
ioral testing using a novel-object recognition test, which
assesses the short-term memory deficits based on an ani-
mal’s exploratory behavior. Rodents generally exhibit a
preference for the novel (or displaced) object, whereas
animals with cognitive deficits will not exhibit any ex-
ploratory preference. The performance of APP/PS1-21
mice was compared with that of age-matched WT
littermates. The treatment with memantine prevented
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Ex vivo uMRI

Fig. 2. Memantine decreased amyloid plaque burden in APP/PS1 mice. Micro-MRUI scans of vehi-
cle-treated APP/PS1 mice (A), memantine-treated APP/PS1 mice (B), and age-matched wild-type
mice (C) at 7 months revealed fewer amyloid plaques (red arrows) in memantine-treated APP/PS1
mice compared with vehicle-treated APP/PS1 mice. AR plaques were detected with ex vivo
UMRI after intracarotid injection of Gd-DTPA-AB;_4o peptide with manitol.

memory deficits in APP/PS1-2 mice. We found that
memantine-treated Tg mice performed similarly to wild-
type control mice, whereas the performance of vehicle-
treated Tg mice was significantly impaired (P = 0.0081,
one-way ANOVA; Fig. 1).

MRI Studies

To assess further whether memantine’s memory-
enhancing effect correlated with its effect on amyloid
plaques, the mice were subjected to pMRI image analy-
sis. Our group has previously successfully used gadolin-
ium-diethylenetriaminepentaacetic acid (Gd-DTPA) to
label AP peptides to target amyloid plaques in transgenic
AD-model mice (Wadghiri et al., 2003, 2005; Sigurds-
son et al.,, 2008). Intracarotid injection of Gd-DTPA-
ABi_40, with mannitol to open the BBB transiently,
allowed AP plaque detection in the APP/PS1-21 Tg
animals. pPMRI scans demonstrated a lower amyloid bur-
den in our memantine-treated Tg mice compared with
vehicle-treated Tg mice and WT controls (Fig. 2).

Subsequently, T2* absolute value quantification
was performed. The absolute T2* values were deter-
mined in the cortex and hippocampus. A higher T2*
value reflects on average a brighter region with fewer
dark spots, which correlates with a lower number of
amyloid plaques (Sigurdsson et al., 2008). The cortical
T2* measurements in treated vs. nontreated Tg mice
was significantly higher, correlating with the reduced
amyloid burden determined histologically (P = 0.04, t-
test; Fig. 3).
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Fig. 3. Average cortical T2* values in treated vs. control APP/PSI
Tg mice. Quantification of cortical absolute T2* values also demon-
strated a memantine amyloid burden-lowering effect (*P = 0.04; t-
test) (Bars indicate mean * standard error of the mean).

Amyloid Burden and Associated Histopathology

The mice were sacrificed at 7 months of age after
4 months of treatment, and their brains were processed
for histology following the WMRI studies, as described
elsewhere (Sadowski et al., 2006; Asuni et al., 2006).
Histological observation in APP/PS1-21 Tg mice indi-
cated that memantine-treated mice appeared to have
tewer plaques compared with vehicle-Tg mice as visual-
ized by thioflavin-S staining and immunostaining (6E10/
4G8; Fig. 4).

Quantitative analysis of the amyloid burden,
defined as the percentage of area in the measurement
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Fig. 4. Memantine decreased hippocampal and cortical plaque bur-
den in APP/PS1 mice. Histological analysis of APP/PS1-21 Tg mice
showed the difterence in AR burden. Thioflavin-S staining revealed
more amyloid plaques in hippocampal sections of vehicle-treated
APP/PS1 mice (A) compared with memantine-treated APP/PS1
mice (B). Similarly, Af immunostaining showed greater A accumu-

field occupied by reaction product, was determined on
the immunostained sections by stereological techniques.
After 4 months of memantine administration, the A
load in the neocortex and in the hippocampus of treated
animals was 25% (P = 0.047) and 28% (P = 0.021)
lower compared with age-matched control Tg animals,
which received vehicle (Fig. 5).

In addition to the analysis of AR burden in the pa-
renchyma, we evaluated the treatment effect of meman-

APP/PS1
memantine

lation in hippocampal sections of vehicle-treated APP/PS1 mice (C)
compared with sections from memantine-treated APP/PS1 mice (D).
Cortical AP immunoreactivity also revealed differences between
vehicle-treated (E) and memantine-treated (F) APP/PS1 mice. Scale
bars = 200 pm.

tine on inflammatory responses. Subsequent staining for
CD45 microglia and for GFAP astrocytes was performed.
There was a trend for a reduction of CD45-immuoreac-
tive microglia in memantine-treated Tg animals, but the
difference lacked statistical significance (Fig. 6). Quantita-
tive analysis of astroglial staining with GFAP also indicated
a trend for reduced astroglial activation in the memantine-
treated mice compared with their Tg controls, but the
differences were not statistically significant (Fig. 7).
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Fig. 5. Memantine reduced amyloid burden in APP/PS1 mice. Significant reduction in the area
covered by AP (AR load) was observed in APP/PS1-Tg mice treated with memantine compared
with age-matched Tg contol mice treated with vehicle. There was a 25% reduction in cortical
amyloid burden (*P = 0.047, two-tailed t-test) and a 28% reduction in hippocampal amyloid bur-
den (*P = 0.021) as quantified by using an unbiased random sampling scheme and semiautomated
image analysis system (Bars indicate mean * standard error of the mean).
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Fig. 6. Memantine reduced cortical and hippocampal CD45 microglia in APP/PS1 mice. CD45
immunostaining followed by stereological analysis revealed fewer activated microglia in meman-
tine-treated Tg animals compared with vehicle-treated animals, but the difference was not statisti-
cally significant (Bars indicate mean = standard error of the mean).

DISCUSSION
One of the major targets of current treatment strat-
egies under development is to lower levels of toxic A
species (Wisniewski and Sigurdsson, 2007; Sadowski and
Wisniewski, 2007). It is postulated that NMDA recep-
tors are also involved in A-induced neurotoxicity
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(Hynd et al., 2004; Banerjee et al., 2005; Chohan and
Igbal, 2006; De Felice at al., 2007). Memantine, a mod-
erate-affinity noncompetitive NMDA receptor antagonist
has been shown to improve learning and memory in
several preclinical models of AD and is widely used clin-
ically to treat AD (Parsons et al., 1999; Danysz and Par-
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Fig. 7. Memantine reduced cortical and hippocampal GFAP in APP/PS1 mice. GFAP immunostain-
ing followed by stereological analysis revealed fewer activated astrocytes in memantine-treated Tg ani-
mals compared with vehicle-treated animals, but the difference was not statistically significant (Bars

indicate mean * standard error of the mean).

sons, 2003; Robinson and Keating, 2006). Several studies
have suggested a relationship between anomalous glutama-
tergic activity and the amyloidogenic pathway. For exam-
ple, it has been observed that chronic NMDAR activation
promotes neuronal AP production (Lesne et al., 2005).
Neurotoxicity produced by AR oligomers has been shown
to be associated with glutamate excitotoxicity (Lacor
et al., 2007; Shankar et al., 2007; De Felice et al., 2007).
Earlier reports point to a direct role of memantine in
diminishing the production and toxicity of AR peptide.
For instance, memantine has been shown to reduce the
levels of APP, ABi 40, and AP;_4 peptides in human
neuroblastoma cells and in rat primary cortical neurons
and to provide neuroprotection against A} neurotoxicity
(Miguel-Hidalgo et al., 2002; Lahiri et al., 2003a,b).
Memantine treatment for as little as 10 days has been
show to reduce the cortical levels of APP in AD Tg mice
by 45-55% (Unger et al., 2006). More recent studies using
cultured neuronal cells revealed a correlation between the
amyloid-reducing effects of memantine and changes in
the activity of secretases. In addition, memantine has been
found to reduce B-secretase activity (Lahiri et al., 2006).
The behavioral treatment effect of memantine seemed to
translate into improvements in cognition in various mod-
els of impaired memory and learning (Barnes et al., 1996;
Parsons et al., 1999; Danysz and Parsons, 2003). Meman-
tine had the ability to ameliorate learning in transgenic
AD mice with high brain levels of AR 4 and AR 4
(Minkeviciene et al., 2004) and delayed the decline of
cognitive functions in moderate to severe AD patients
(Reisberg et al., 2003; Robinson and Keating, 2006). In
addition, in AD patients, memantine has been recently
shown to reduce cerebrospinal fluid (CSF) levels of phos-
phorylated tau protein, a relatively specific marker of AD
pathology, which has been linked to amyloid deposition-
induced neurotoxicity (Degerman et al., 2007).

In this study, we assessed whether memantine’s
memory-enhancing effects were correlated with its
effects on amyloid plaque levels in APP/PS1 transgenic
mice using object discrimination and MRI imaging.
Transgenic mice expressing human APP and PS1 de-
velop amyloid deposits from the age of about 2 months
(Radde et al., 2006). Fourteen APP/PS1 Tg mice (7/
group) were treated either with memantine (10 mg/kg;
1.p.) or with vehicle for a period of 4 months starting at
3 months of age. After treatment, the mice were sub-
jected to an object discrimination test and analyzed by
ex vivo UMRI and histological examination of amyloid
burden. PMRI was performed following intracarotid
injection with gadolinium-DTPA-AB 4, (Wadghir
et al., 2003). Coronal brain sections were then stained
with thioflavin-S or processed for A immunostaining.
We found that memantine-treated Tg mice performed
the same as wild-type control mice, whereas the per-
formance of vehicle-treated Tg mice was significantly
impaired (P = 0.0081, one-way ANOVA). Compared
with vehicle-treated animals, memantine-treated Tg
mice had fewer AR plaque lesions, reduced plaque bur-
den, and reduced AP immunostaining in the hippocam-
pus and cortex. Memantine treatment in this AD model
reduces amyloid burden as assessed by both histological
and PMRI studies. The unbiased PMRI studies were
able to detect the difference in amyloid burden, even
though the difference between the control and the
treated groups is relatively modest. This represents the
first demonstration that pMRI can be used to follow a
therapeutic response in targeting amyloid deposition and
opens the possibility of using this method for longitudi-
nal studies. This will allow the evaluation of different
types of interventions in a single model animal and per-
mit the more optimal use of nonhuman primates for AD
therapeutic drug studies, where histological evaluation

Journal of Neuroscience Research



may not be practical. We also showed that the reduction
in amyloid burden concurs with an improvement in
cognitive performance. Our studies provide further data
supporting the hypothesis that NMDA antagonists such
as memantine can affect the pathogenesis of AD and
potentially provide more than symptomatic relief. Our
study also demonstrates, for the first time, the potential
of using UMRI in conjunction with gadolinium-labeled
ligands to follow therapeutic amyloid-reducing interven-
tions in model animals.
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