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Abstract
Memantine is a partial NMDA receptor antagonist that has been shown to improve learning and
memory in several animal models, and is approved for the treatment of Alzheimer’s disease.
Chronic treatments using memantine in animal models of Alzheimer’s disease show disease-
modifying effects and suggest a potential neuroprotective function. The present study assessed the
effects of both short- and long-term memantine treatment in a mouse model of Down syndrome,
the Ts65Dn mouse. The Ts65Dn mouse contains a partial trisomy of murine chromosome 16, and
exhibits hippocampal-dependent memory deficits, as well as progressive degeneration of basal
forebrain cholinergic neurons. Ts65Dn mice were treated with memantine for a period of six
months, beginning at four months of age. At the end of treatment the mice underwent memory
testing using novel object recognition and water radial arm maze tasks, and then histologically
analyzed for markers of neurodegeneration. Memantine treatment improved spatial and
recognition memory performance in the Ts65Dn mice, though not to the level of normosomic
littermate controls. Despite these memory improvements, histological analysis found no
morphological signs of neuroprotection of basal forebrain cholinergic or locus coeruleus neurons
in memantine-treated Ts65Dn mice. However, memantine treatment of Ts65Dn mice gave rise to
elevated brain-derived neurotrophic factor expression in the hippocampus and frontal cortex,
suggesting a mechanism of behavioral modification. Thus, our findings provide further evidence
for memory facilitation of memantine, but suggest pharmacological rather than neuroprotective
effects of memantine both after acute and chronic treatment in this mouse model.
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Introduction
Down syndrome (DS) is the most common genetic cause of mental retardation, resulting
from a trisomy of chromosome 21. In addition to developmental disabilities and learning
impairments, DS individuals acquire the symptoms of dementia in the 4th and 5th decades of
life at high rates and show neuropathology consistent with Alzheimer’s disease (AD) with
near uniformity [17]. While the early-onset dementia and neuropathology that develops in
DS has much in common with that seen in AD, it is not clear whether cognitive decline in
DS individuals arises through similar biological mechanisms.

Currently the most complete animal model for DS is the Ts65Dn mouse, which contains a
partial trisomy of murine chromosome 16 confined to the region homologous to human
chromosome 21. Ts65Dn mice exhibit characteristic age-related pathology associated with
both AD and DS: degeneration of basal forebrain cholinergic neurons (BCFNs) [40],
impaired hippocampal long-term potentiation [71], as well as increases in inflammation and
oxidative stress [42,52]. In addition, these mice exhibit memory deficits on both spatial and
non-spatial cognitive tasks [33,44,64]. Triplication of the amyloid precursor protein (APP)
gene is required for a number of these pathologies [66], suggesting that elevated levels of
APP or its toxic cleavage products, such as β-amyloid, may contribute to these deficits. In
addition to its inflammatory potential, β-amyloid, has also been implicated in contributing to
neuronal death by triggering excessive calcium signaling through NMDA receptors [22].

Other candidate genes for DS phenotype that may modulate NMDA receptor function,
Dyrk1A and DSCR1, are also triplicated in Ts65Dn mice. Dyrk1A, a dual specificity kinase,
prolongs calcium uptake after NMDA receptor stimulation when over-expressed [4], while
DSCR1, which encodes calcipressin, can similarly facilitate Ca2+ influx by increasing
NMDA receptor activity through the inhibition of calcineurin [49]. Ts65Dn mice exhibit an
age-dependent reduction in Calbindin D-28k, a Ca2+ binding protein and important regulator
of Ca2+ intracellularly, in the CA1 of the hippocampus [42]. The loss of Calbindin D-28k
may further sensitize these neurons to excitotoxicity, since they would be less able to handle
the elevated calcium load. Taken together, these studies provide strong evidence for altered
NMDA receptor function, and consequent disrupted calcium signaling, increasing the
potential for excitotoxic damage in DS, but chronic studies using neuroprotective therapies
targeting calcium regulation or NMDA receptors have not been performed in Ts65Dn mice
to date.

Conventional therapies for AD for many years have focused on cholinesterase inhibitors,
which function by blocking acetyl-cholinesterase enzymatic activity resulting in increased
levels of acetylcholine at the synapse, and have been used as the conventional therapy for
AD for many years [for review: [37]]. More recently NMDA receptor antagonists, such as
memantine, have shown promise in their ability to not only facilitate cognitive function, but
also to potentially halt or reduce the progression of the disease [For review: [50]].
Glutamatergic NMDA receptors are required for several forms of synaptic plasticity and
memory formation [6,20], but over-activation of these channels can disrupt these processes
and lead to intracellular calcium toxicity. NMDA receptors, due to their high permeability to
Ca2+ and their slow-gating kinetics, are also implicated in excitotoxic neuronal damage that
has been implicated in several neurodegenerative disorders, including AD [50].
Cerebrospinal fluid levels of glutamate are elevated in AD patients [63], and impaired
glutamate transporter function in these individuals may result in excessive glutamate at the
synaptic cleft [54]. The potential efficacy of memantine lies in its low affinity,
noncompetitive antagonism for the NMDA receptor, which paradoxically acts as a stronger
inhibitor under increasing glutamate levels [60], thus allowing memantine to preferentially
reduce pathological NMDA receptor activity without impairing physiologic functioning
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necessary for learning and memory [59,67]. Importantly, several preclinical animal studies
have found that memantine improves hippocampal-dependent memory function [57,84] and
human clinical trials have found that memantine improves cognition and global mental
status significantly in individuals with mild or moderate dementia after 28 weeks of
treatment [29]. In addition, preclinical studies show that memantine attenuates
neuropathological hallmarks, such as reducing amyloid plaque burden and
neuroinflammation in AD mouse models [56,68], but the neuroprotective effects of this
compound in animal models for DS have not been investigated.

In the present study, we first examined whether long-term oral memantine treatment in
Ts65Dn mice would improve performance in measures of hippocampal- as well as frontal
cortex-dependent learning and memory tasks. An oral dosage of 20 mg/kg memantine was
implemented, as this route is consistent with clinical administration. We hypothesized that
since Ts65Dn mice share similar cognitive and neuropathological hallmarks to those
observed in murine models of AD-like pathology, memantine treatment could have
significant behavioral and morphological benefits in the Ts65Dn mouse such as facilitation
of learning and memory function, neuroprotection of BFCNs and calbindin D-28k-positive
cells in the hippocampus, and reduction of microglial activation observed in Ts65Dn mice
[38,42,52]. Therefore in addition to evaluating Ts65Dn mice via water radial arm maze
(WRAM) and novel object recognition (NOR) testing, we also assessed markers of
cholinergic and noradrenergic degeneration, neuroinflammation, and hippocampal
morphology after a six-month chronic memantine administration. In a second study, we also
evaluated the cognitive effects of acute administration of memantine in a separate set of
Ts65Dn mice. We found that memantine facilitated performance in the WRAM and NOR
tasks in Ts65Dn but not in normosomic mice in both chronic and acute settings, but did not
alter markers of neurodegeneration in Ts65Dn mice.

Methods
Study 1: Long-term memantine treatment

Subjects—Mice partially trisomic for a segment of murine chromosome 16 just proximal
to the gene for App and extending to the gene for myxovirus resistance (Mx) were developed
by M. Davisson at Jackson Laboratories [21]. Controls for this experiment were
normosomic littermates (NS) to the Ts65Dn mice with the same genetic background
(B6C3HF1). As the C3H mouse strain carries the retinal degeneration allele (rd), the
Ts65Dn and NS were screened and found free of retinal degeneration at Jackson
Laboratories before shipment to MUSC. The trisomy is maintained by mating female
carriers (the males are sterile) to C57Bl/6Jeicher × C3H/HeSnJ F1 males on a segregated
genetic background [21].

Subjects consisted of male Ts65Dn mice and their NS littermates which were acquired from
Jackson Laboratories (Bar Harbor, ME) and housed in our animal facility for 1 to 2 months
before testing. All mice were singly housed, received food and water ad libitum, and were
maintained on a 12-hour light/dark cycle. Due to the subtle nature of the Ts65Dn phenotype,
behavioral testing was conducted blind to the genotype of the animals. All experimental
procedures were approved by the institutional animal care and use committee (IACUC) of
the Medical University of South Carolina.

Treatment—Long-term memantine treatment in study 1 was initiated at 4 months-of-age
(Fig. 1 schematically depicts the experimental timeline). Memantine hydrochloride (Tocris,
Bristol, UK) was administered orally (via drinking water) at doses of 20 mg/kg/day on
average for a period of six months, and was maintained during behavioral testing (see Fig.
1). This method of administration has proven successful previously in prolonged studies,
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producing steady state plasma levels within the therapeutic range [57]. Concentrations of 20
mg/kg have previously shown neuroprotective effects as well as memory facilitation in
models of AD and stroke [12,19,23,82]. Water consumption was measured weekly
throughout treatment to confirm average daily memantine intake over the course of each
week. Controls received drinking water, and were also measured for water consumption.
There were no differences in liquid consumption between groups (NS Control = 4.8±0.7 ml/
day; NS Mem = 5.1±0.06 ml/day; Ts65Dn Control = 5.5±0.3 ml/day; Ts65Dn Mem =
5.2±0.5 ml/day; p>0.2). During novel object recognition testing, a subset of mice were taken
off oral memantine prior to the third session and switched to normal drinking water for one
week, in order to determine whether memantine treatment had sustained effects (see Fig. 1,
Oral Memantine). Following this session of recognition testing, mice were returned to oral
memantine treatment of 20 mg/kg/day for a final session of recognition testing and until
sacrifice.

Spontaneous Activity—Ts65Dn and NS mice were tested to evaluate the effects of
memantine-treatment on motor activity. Spontaneous activity (total distance traveled) was
assessed in a Digiscan Animal Activity Monitor system for 1 h (Omnitech Electronics
Columbus, OH), as described previously (Boger et al. 2006). Each activity unit contains 16-
photo beams positioned 5 cm apart, 8 on the x-axis, and 8 on the y-axis. The Digiscan
analyzer is interfaced with an IBM XT computer using ILAM software (Coulbourn
Instruments, Lehigh Valley, PA). Total activity is recorded as total centimeters traveled over
the testing intervals described for each experiment. Center time measures the proportion of
time spent in the center of the arena (a percentage of total time). On the day of testing, the
mice were transferred from the animal colony into the laboratory in groups of six and tested
in a darkened environment.

Win-stay water radial arm maze (WRAM) testing procedure: assessment of
spatial reference memory—Testing of mice from study 1 began 4.5 months following
initiation of treatment, at 8.5 months of age (12 NS Control; 6 NS Mem; 9 Ts65Dn Control;
8 Ts65Dn Mem). This is a win-stay spatial reference memory task that minimizes
thigmotactic behavior, which has been documented in Ts65Dn mice [16,28]. The 3 d win-
stay WRAM has been modified from a procedure described previously [79], on an eight-arm
maze apparatus. Briefly, on day 1, 12 trials were run on two blocks of six trials, with mice
run in cohorts of six, permitting a short rest between each trial and a longer rest while the
other cohort of mice were run. This testing procedure was established in order to facilitate
rapid testing with less fatigue than other water maze paradigms. The goal arm containing the
platform was kept consistent through all trials of testing, while the start arm was varied for
each trial (win-stay). Day 1 of the WRAM is a training day, in which the visible and hidden
platforms were alternated to shape mice into identifying platform location, a technique
shown to be effective by Alamed et al. as a way to reduce acquisition time [2]. In the final
three trials of Day 1 the platform remained hidden. On days 2 and 3, the two days of testing,
all trials were run using the hidden platform. The maximum trial time for all trials was 60 s.
Incorrect arm entries were counted as errors. Consistent with previous studies [2], inactive
mice were assigned one error for every 20 s a mouse failed to make an arm selection. Mouse
inactivity was only seen during the first few trials of testing, and no errors caused by
inactivity were therefore assigned in days 2 or 3 for either of the groups. For statistical
measurements, errors were averaged into three trial blocks, with four blocks per day. These
trial blocks were analyzed statistically by ANOVA using Statview (SAS Institute, Cary,
NC).

Novel Object Recognition—One week following WRAM testing, mice from Study 1
began habituation for the novel object recognition (NOR) task. This cognitive task is non-
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aversive and can be repeatedly used to measure memory across treatment regimens, and has
been described previously [33]. Briefly, Ts65Dn and NS mice were submitted to daily
handling sessions and allowed to habituate to a black, acrylic, open field arena (40 cm × 40
cm wide × 30 cm high) for 5 min the day before testing. During a 15 min training phase, the
mice were exposed to either two identical objects (simple protocol) or two different objects
(complex protocol) positioned in two opposite corners of the apparatus. These objects varied
in material composition (plastic, metal, and glass), color scheme, and shape, though they all
maintained a similar size and volume and were attached to a flat washer for stability.
Twenty-four h after training, a 15 min testing phase occurred, in which the mice were
presented with one object explored previously during the training phase (familiar), and a
new object. Both phases were recorded, and the time spent exploring each object was
measured by two blinded observers. Exploration was defined as any investigative behavior,
such as head orientation or sniffing within 1.0 cm, or deliberate contact with the object.
Mice that did not explore the objects for at least 30 s during the training phase were
excluded from analysis. This resulted in the exclusion of one normosomic mouse throughout
testing. The proportion of time spent investigating the novel object relative to the familiar
one, i.e. the discrimination index, was used to quantify recognition memory [Discrimination
Index = (novel object exploration time / total exploration time) – (familiar object exploration
time / total object exploration time) × 100] according to previous studies in this mouse
model [33]. Between each mouse, the objects and apparatus were cleaned with 70% ethanol
and allowed to dry before the next mouse was tested. Mice were subjected to multiple
sessions of recognition testing, with each session separated by one-week intervals, and each
separate session using new object sets. This paradigm treats each mouse as a naïve subject,
and each session is considered an independent observation [32]. The long-term memantine
study was conducted with the complex protocol (two different objects during the training
session), while the acute memantine study utilized the simple protocol (two identical
objects).

Tissue Preparation—All Study 1 mice were used for histochemical analysis and were
anesthetized with isoflurane and sacrificed by decapitation. After removal from the skull, the
brain was blocked sagittally, with the entire frontal lobe and the remaining right hemisphere
of the brain post-fixed in 4% paraformaldehyde, while the hippocampus was immediately
dissected from the left hemisphere, frozen in dry ice and kept at −80°C. Post-fixed brain
regions were kept in paraformaldehyde for 48 h, after which they were transferred to 30%
sucrose in 0.1 M phosphate buffer for at least 48 h before sectioning. All sections were
generated at a thickness of 45 µm on a Microm cryostat.

Quantitative real-time PCR—Total RNA was extracted from hippocampal tissue using 1
ml Trizol (Invitrogen, Carlsbad, CA). After vigorous mixing in chloroform (0.2 ml), the
samples were centrifuged for 15 minutes at 14,000 × g. The aqueous phase was transferred
to a fresh tube and mixed with an equal volume of isopropyl alcohol. RNA was then isolated
using RNeasy Lipid Tissue Mini Kit (Qiagen, Valencia, CA). First-strand cDNA was
synthesized by reverse transcription of 1 µg RNA using high-capacity RNA-to-cDNA kit
(Applied Biosystems, Foster City, CA). Realtime quantitative RT-PCR was performed on an
ABI 7000 (Applied Biosystems) by monitoring the increase in FAM reporter dye
fluorescence resulting from Taqman probe binding to DNA. For a 20 µl PCR reaction, 100
ng DNA was added to Gene Expression Master Mix and BDNF Taqman Gene Expression
Assay (Applied Biosystems, Assay ID: Mm01334042_m1). The reaction was run using the
default setting profile (95°C, 15 s; 60°C, 1 m; 40 cycles). All PCR reactions were performed
in duplicate (n=3 per group). Gene expression changes were quantified by the ΔΔCt method,
which calculates relative fold changes normalized to the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, Assay ID: Mm99999915_g1).
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BDNF ELISA—BDNF was assessed on frontal cortex tissue (the most medial 1.5–2 mm
anterior pole) using a commercially available assay kit from R&D (R&D Systems,
Minneapolis, MN) according to our standard protocol [8]. In brief, flat-bottom plates were
coated with the BDNF capture antibody, which binds the soluble, captured neurotrophin.
Tissue homogenate was then incubated for 2 hours. The captured BDNF was bound by a
second specific antibody, which was detected using a species-specific antibody conjugated
to horseradish peroxidase as a tertiary reactant. All unbound conjugates were removed by
subsequent wash steps according to the R&D protocol. After an incubation period with
chromagenic substrate, color change was measured in an ELISA plate reader at 450 nm.
Using these kits, BDNF can be quantified in the range of 7.8–500 pg/ml. For each assay kit,
cross-reactivity with other trophic proteins is <2–3%. Quantification was normalized via
weight (mg tissue), and group differences for BDNF levels were analyzed by ANOVA.

Immunohistochemistry—Immunohistochemistry for the high-affinity NGF receptor
TrkA, a reliable marker for cholinergic neurons [72], tyrosine hydroxylase (TH), and the
pan-microglial marker CD45 in the basal forebrain, locus coeruleus, and hippocampus were
conducted as previously reported utilizing the avidin-biotin method followed by nickel-
enhanced diaminobenzidine (DAB) development [38]. Briefly, free-floating sections were
rinsed with 0.01 M tris buffered saline (TBS), incubated in a solution containing 0.3%
hydrogen peroxide and 20% methanol in TBS to inhibit residual endogenous peroxidase,
and blocked for 1 h in 10% normal goat serum (NGS) and 0.3% Triton X-100. Sections
were incubated for 48 h at 4 °C in a primary antibody solution (rabbit anti-TrkA, 1:10,000,
generously provided by Dr. L. Reichardt; rabbit anti-TH, 1:2000, Pel-Freeze; rat anti-CD45,
1:1000, Serotec) containing 3% NGS and 0.3% Triton X-100. Next, sections were incubated
for 1 h secondary antibody (TrkA and TH: biotinylated anti-rabbit secondary antibody,
1:200; CD45: biotinylated anti-rat secondary antibody, 1:200; Vector Laboratories,
Burlingame, CA) followed by incubation in an avidin–biotin complex (ABC Elite; Vector)
before development in (DAB). Immunohistochemistry for Calbindin D-28k (Cal 28k) in the
hippocampus used the peroxidase antiperoxidase method described previously [42], using
primary rabbit anti- Cal 28k (1:1000, Chemicon), biotinylated goat anti-rabbit secondary
(1:200, Covance), and incubation with rabbit peroxidase-antiperoxidase (1;200, Covance)
before DAB development. Sections were mounted on subbed slides, dehydrated with
increasing gradients of ethanol, cleared with two incubations of xylene, and coverslipped
with Permount. To control for antibody specificity, we incubated one section without
primary antibody and one section without secondary antibody for each different type of
staining. No immunostaining was observed in any of these sections. All sections for each
different antibody used were processed together under the same conditions to avoid batch-
to-batch differences. Antibody penetration throughout the full section depth was determined
by stepwise focusing through the z-plane of several sections.

Stereology and image analysis
Stereology of LC: Quantitative estimates of the total number of TH-positive neurons in the
locus coeruleus (LC) were performed using the optical fractionator method
(StereoInvestigator software; MicroBrightfield, Colchester, VT). This is an unbiased,
stereological cell counting method that is not affected by the volume of reference (LC) or
size of the counted elements (TH-positive neurons) that has been used frequently in our
laboratory [9,42]. The software performed a system of systemic random sampling of the
region of interest. As a result, all objects within the defined region had the same chance of
being counted. The landmarks outlining the area of interest were determined by using a
Mouse Brain stereotaxic atlas [35]. After randomly selecting the initial section, every 3rd
subsequent section was stained for TH (resulting in 7–8 sections for counting), providing for
a systematic random design. The tissue was measured at 24 µm thick, and a 3 µm guard
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zone was employed to prevent the counting of artifacts in the tissue section. Disector
counting frames of 75 × 75 µm were used (with a sampling grid of 125 × 125 µm, resulting
in a sampling frame area of 0.36), and neurons were counted using a 60X objective lens (1.4
numerical aperture).

BFCN cell size: Cell size measurements for TrkA-positive neurons were performed on
every 3rd serial section stained for TrkA (yielding 8–9 sections), using the nucleator probe
within StereoInvestigator [39]. The nucleator uses a series of six rays that extend out from a
point marked at the nucleus. Each intersection of the rays with the cell boundary is located
and marked, and together they provide an estimation of cell size. Neurons were randomly
selected via the optical fractionator program, with at least 10 neurons sampled per section
and at least 60 neurons sampled per brain by an independent and blinded investigator, with
neurons measured using a 60× objective lens (1.4 numerical aperture). Cal 28k and CD45
density: Staining intensity of Cal 28k and CD45 immunoreactivity in the cornu ammonis 1
and 2 regions of the hippocampus (CA1/CA2) was performed as described previously [42].
In brief, staining intensity was determined using NIH Image software which measures a gray
scale value within the range of 0 to 256, where 0 represents white and 256 black. Images
were captured with a Nikon Eclipse E-600 microscope. Staining density was obtained when
background staining was subtracted from mean staining intensities on every 6th section
through the hippocampus using the same systemic random design described above for cell
counts.

STUDY 2: Acute Memantine Treatment
Treatment—Acute memantine was administered to a separate, naïve group of Ts65Dn
mice at 8–10 mo of age, an age at which Ts65Dn mice have been shown to display
behavioral impairments. Memantine (10 mg/kg) was dissolved in sterile 0.9% sodium
chloride, filtered, and delivered via intraperitoneal (i.p.) injections (in a volume of 5.0 ml/
kg) on two occasions 24 hours apart (see Fig. 1). The dose was reduced from 20 to 10 mg/kg
in Study 2, as i.p. administration raises plasma levels more sharply than oral administration,
and acute injections of 10 mg/kg are sufficient to produce plasma levels at or above the
therapeutic dose [84]. These injections were given 30 minutes prior to both the training and
testing phases of the NOR task (see methods above). Control animals received i.p. injections
of saline at equivalent volumes, generating the following groups: NS Sal, n=9; Ts65Dn Sal,
n=5; Ts65Dn Mem, n=7.

Statistics—All data were analyzed by one-way analysis of variance (ANOVA) unless
otherwise noted. When the main effects of one-way ANOVA showed overall group
differences, Fisher's post hoc analysis was used to assess differences between individual
groups. Two-way ANOVAs (treatment × genotype) were also implemented to establish
treatment and genotype effects and assess possible treatment × genotype interactions. The
WRAM was analyzed using a 1-between (group) × 1-within (days) repeated-measures
ANOVA (Statview Version 4.0). A paired t-test was used to determine error reduction
within each group between Day 1 (the training day) and Day 2 (the first testing day) on the
WRAM. A one-way t-test was used to determine discrimination in the novel object
recognition task, with the hypothesized mean set to “0”. Significance was set at a p value
less than 0.05 for all statistical analyses.

Results
Study 1: Long-term memantine administration

In order to investigate whether modulating glutamatergic signaling attenuates declarative
memory deficits and neuropathology in Ts65Dn mice, we orally administered the partial
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NDMA receptor antagonist, memantine hydrochloride, (20 mg/kg/day) for a period of 6
months beginning when the mice were 4 months of age (Fig. 1). Age-matched, untreated
Ts65Dn mice and normosomic (NS) littermates were maintained on regular drinking water.
Oral administration of memantine did not alter fluid consumption, body weight, or general
well-being of the animals studied (data not presented).

Memantine did not alter spontaneous activity in Ts65Dn mice—Ts65Dn and NS
mice were tested for general activity to measure genotypic and drug effects on locomotor
activity and exploration prior to the WRAM testing. A two-way ANOVA showed a
genotype effect on total distance [Fig. 2A, Genotype Effect: F(1,32)=8.685, p<0.01], where
Ts65Dn mice had greater activity during one hour of testing as measured by total distance
travelled regardless of treatment. Long-term memantine treatment did not significantly
elevate activity in either NS or Ts65Dn mice [Treatment Effect: F(1,32)=0.107]. Similarly,
an analysis of the amount of time spent in the center of the apparatus during the first 20
minutes of testing revealed a genotypic effect [two-way ANOVA: F(1,32)=7.905; p=0.008],
as Ts65Dn mice, regardless of genotype, spent less time in the center than NS mice. When
confronted with a new location, mice typically develop a “home base” in one of the corners.
Thus the time spent traveling through the center of the apparatus is often indicative of
“exploratory activity”. Thus, the heightened exploratory activity combined with reduced
center time in Ts65Dn mice suggests thigmotactic behavior (remaining close to the walls as
a protective measure) and a heightened state of anxiety. Memantine had no significant
effects on this behavior.

Improved spatial reference memory in memantine-treated Ts65Dn mice—At
8.5 months of age, mice were tested on the win-stay WRAM, which assessed hippocampal-
dependent spatial learning and memory function over three days of testing. Under this
testing paradigm, revealed that NS Control (n=12) and NS Mem (n=6) mice exhibited a
significant decrease in errors between Day 1, the training day, and Day 2, the first day of
testing (Fig. 2B), indicating that these groups were able to learn the task rapidly (Paired t-
test between Day 1 and 2: NS Control t11=4.343, p<0.001; NS Mem t5=2.841, p<0.05).
While Ts65Dn Controls (n=9) did not improve during the second day of testing (t8=0.898,
p=0.4), Ts65Dn Mem mice (n=8) did show a significant error reduction (t7=3.974, p<0.01).
A one-way ANOVA of errors collapsed across the final two days of testing [Days 2–3:
F(3,31)=8.456, p<0.001] revealed a significant group-wise effect. Further analysis using
Fisher’s post-hoc tests revealed that NS Controls made significantly fewer errors than
Ts65Dn Control (p<0.0001) and Ts65Dn Mem (p<0.05) mice. While memantine treatment
showed no effect in NS (NS Mem) mice at any time point, Ts65Dn mice receiving
memantine treatment made fewer errors relative to their untreated counterparts on days 2
and 3 of behavioral testing (p<0.05 collapsed across days). This improved performance over
the final two days of testing suggests that memantine treatment partially reduces spatial
learning and memory deficits in Ts65Dn mice, though not to the level of performance
observed with NS mice. The inability of memantine-treated Ts65Dn mice to reduce their
error rate to NS levels in this spatial task suggests that memantine exerted only moderate
effects on performance in the WRAM in Ts65Dn mice, and no beneficial effects for spatial
reference memory in NS mice. In order to assess the effects of memantine on a non-spatial
task, we therefore tested these mice using a novel object recognition task.

Memantine recovered object discrimination ability In Ts65Dn mice—The novel
object recognition (NOR) task utilizes the innate tendency of mice to differentially explore
novel objects relative to favorable ones [26], and has been used previously to demonstrate
deficits in recognition memory in the Ts65Dn mouse at longer time intervals [33].
Following habituation to the apparatus, Ts65Dn and NS mice began two weekly sessions of
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NOR testing using the “complex” protocol (yielding NS Control, n=14; NS Mem, n=12;
Ts65Dn Control, n=12; Ts65Dn Mem, n=10 independent observations). At a delay between
training and testing phases of 24 hours, commonly used to evaluate long-term memory in
rodents [10], a one-group t-test revealed that NS Control and NS Mem mice were able to
effectively discriminating the novel object, as measured by the Discrimination Index (DI)
(Fig. 3A, DI>0, NS Control: t13=6.314, p<0.001; NS Mem: t11=3.095, p<0.05). On the other
hand, Ts65Dn control mice showed no preference for the novel object during the testing
phase (t11=0.913, p>0.3), and had a DI significantly lower [one-way ANOVA:
F(3,44)=4.267, p=0.01] than both NS control and memantine groups (post-hoc analyses:
p=0.001, p=0.04, respectively). Memantine treatment of Ts65Dn mice enabled this group to
detect object novelty (t9=2.664, p<0.05), indicating a significant improvement with
treatment in performance on this task. Improvement in object discrimination was not based
on altered exploratory behavior, as there were no group differences between the groups for
total exploration time during the testing phase (Fig. 3B, p>0.8). In order to determine
whether the improved NOR memory function in Ts65Dn Mem mice could be maintained
following a drug washout period, mice formerly receiving oral memantine solution were
switched to water for one week, during which they underwent an additional exploration
session. Removal of the memantine treatment during the 3rd session of testing resulted in
deficits in ability to detect the novel object in the Ts65Dn Mem group (t4=1.277) – this
group no longer performed statistically different from the null hypothesis (DI = 0) – and a
significant difference in DI between NS and Ts65Dn mice [Fig. 3C, washout,
F(1,8)=18.459, p<0.01]. A 4th exploration session, carried out one week after the
reinstatement of memantine-treatment at the same dose, recovered the discriminatory
function of these Ts65Dn mice, such that they detected the novel object as well as NS Mem
mice (p>0.6). Thus, when receiving memantine treatment, these Ts65Dn mice discriminated
the objects (trials 1 and 3: t13 = 0.01), while when memantine was removed Ts65Dn mice
did not distinguish between objects. In addition, a genotype by treatment interaction
[F(1,36)=7.759, p<0.01] during this partial cross-over study indicated that memantine
selectively improved performance in this task in Ts65Dn mice, but not in NS mice, and that
memantine treatment did not result in long-lasting memory improvements in Ts65Dn mice.

Effects of memantine treatment on basal forebrain cholinergic neurons—In
order to determine whether memantine exerted neuroprotective effects on the progressive
cholinergic degeneration observed in Ts65Dn mice with aging, we performed
immunohistochemistry for the high-affinity nerve growth factor receptor TrkA in the medial
septal nucleus following long-term memantine treatment. No statistical differences between
treatments in NS mice were observed in any morphologic analysis, thus NS Control and NS
Mem groups were combined for statistical measurements. As illustrated in Figure 4, TrkA-
positive neurons in the medial septal nucleus of NS mice (Fig. 4A) appeared larger and more
darkly stained with increased processes than BFCNs of both untreated (Fig. 4B) and
memantine-treated Ts65Dn (Fig. 4C) mice. A reliable indicator of cholinergic neuron
function, cell size correlates strongly with memory loss [47], and progressive cell atrophy
has been documented in both DS [3] and Ts65Dn mice [38] with aging. Cell measurements
using the Nucleator method confirmed reductions in TrkA-positive cell sizes of nearly 15%
in Ts65Dn mice regardless of treatment [Fig. 4D, ANOVA: F(2,20)=15.858, p<0.001],
indicating that memantine treatment was not sufficient to attenuate BFCN atrophy in
Ts65Dn mice.

Neuronal loss in the LC of Ts65Dn mice not alleviated following memantine—
Though less studied than cholinergic pathology, Locus Coeruleus (LC) degenerates in both
AD and DS, and cell loss appears to correlate with a decline in memory function [83]. Our
laboratory has recently documented a reduction in TH-positive neurons in the LC of Ts65Dn
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mice with age [51]. To determine if memantine may have neuroprotective effects on LC
neuron degeneration, we performed stereological cell counts and overall fiber density
measurements of TH-positive neurons in all groups after chronic memantine treatment.
Reductions in TH-immunoreactive (TH-IR) fiber density and neuron number were apparent
in Ts65Dn mice, regardless of treatment (Ts65Dn Control, Fig. 5B; Ts65Dn Mem, Fig. 5C)
compared with the robust TH-IR visible in NS mice (Fig. 5A). Stereologic cell counts
verified a reduction in TH-positive neurons in Ts65Dn Control and Ts65Dn Mem groups
[ANOVA: Fig. 5D; F(2,24)=7.832; p<0.01]. Thus, chronic memantine treatment was not
able to preserve TH expression in LC neurons in Ts65Dn mice.

Memantine does not alter hippocampal Cal 28k morphology—Since memantine
had moderate effects on performance in WRAM, a hippocampal-dependent memory task in
Ts65Dn mice, we also assessed markers of hippocampal morphology in this model.
Calbindin D-28k (Cal 28k) is a calcium binding protein that plays an important role in
modulating Ca2+ levels in several neuron populations affected in AD [76], and previous
studies in our laboratory have shown that reduced Cal 28k-immunoreactivity occurs with
aging in the Ts65Dn hippocampus [42]. As seen in Figure 6, Ts65Dn mice (Fig. 6B) exhibit
weaker immunoreactivity in Cal 28k-positive neurons in the pyramidal and oriens layers of
CA1, as well as in apical dendrites of pyramidal neurons compared with NS mice (Fig. 6A).
Reduced immunostaining of Cal 28k in these areas of the hippocampus were also observed
in Ts65Dn Mem mice (Fig. 6C). Densitometric analysis of the CA1 confirmed these
reductions in Cal 28k-immunoreactivity [ANOVA: Fig 6D, F(2,23)=9.870, p<0.001], and
suggested that memantine did not exert neuroprotective effects on Cal 28k expression in the
hippocampus of Ts65Dn mice.

Microglial activation in Ts65Dn mice—Previous studies have indicated that
memantine can reduce inflammatory pathology in the brain of Alzheimer mouse models
[56,68]. In order to determine whether memantine might affect microglial activation in
Ts65Dn mice, we analyzed microglial activation in the hippocampus. Using the pan-
microglial marker CD45, we found an overall increase in CD45 immunostaining in Ts65Dn
mice relative to the NS mice, suggesting increased microglial activation (Fig. 7A) in both
the Ts65Dn Control (Fig. 7B) and Ts65Dn Mem mice (Fig. 7C), as well as an increased
number of enlarged, reactive microglia (Fig. 7C insert). Densitometric analysis of CD45-
immunoreactivity in the CA1 region revealed increased microglial density in this region in
Ts65Dn Control and Ts65Dn Mem groups when compared to NS mice [ANOVA: Fig. 7D;
F(2,19)=7.893; p<0.01], suggesting that neuroinflammation was not relieved in response to
chronic memantine treatment.

Memantine upregulates BDNF levels in forebrain—Previous studies have indicated
that memantine may facilitate memory function by upregulating BDNF expression [53]. As
growth factor delivery is altered in Ts65Dn mice, we investigated whether memantine
treatment increased BDNF expression in Ts65Dn mice. Bdnf expression in the hippocampus
of Ts65Dn and NS mice was detected using quantitative RT-PCR (Fig. 8A). While no
significant differences existed between untreated Ts65Dn and NS mice, there was a
significant treatment by genotype effect on BDNF expression [F(1,8)=8.405, p<0.05].
Further analysis by one-way ANOVA revealed that Ts65Dn mice treated with chronic
memantine (20 mg/kg) demonstrated 30% higher Bdnf mRNA levels in the hippocampus
when compared with Ts65Dn Control mice [ANOVA: F(3,8)=4.698, p<0.05; Ts65Dn
Control vs. Ts65Dn Mem, p<0.05]. Importantly, this increase in Bdnf mRNA levels was not
observed in NS mice, as NS Mem mice showed no relative increase in Bdnf mRNA, thus
indicating that memantine treatment affected BDNF expression in the genotypes differently.
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Analysis of BDNF protein levels in the frontal cortex by ELISA (Fig. 8B) also showed that
memantine influences BDNF production in Ts65Dn mice [F(3,19)=3.444; p<0.05]. While
Ts65Dn Control mice were not statistically different from NS Control mice, Ts65Dn Mem
mice exhibited an increase in BDNF levels (p<0.01) relative to Ts65Dn controls. This effect
of memantine was only seen in Ts65Dn mice, as memantine-treated NS mice showed no
difference from NS Controls. Thus, we here provide evidence that memantine increased
both Bdnf mRNA and BDNF protein levels in the hippocampus and frontal cortex,
respectively, in Ts65Dn mice. Increased BDNF expression following memantine treatment
suggests a possible mechanism for the behavioral improvements seen in Ts65Dn mice.

Study 2: Acute memantine
Performance on the NOR is enhanced in Ts65Dn mice following acute
memantine—To determine if the improvements in performance on the WRAM and NOR
tasks observed following chronic memantine treatment in Ts65Dn mice could be replicated
in the acute treatment setting, a separate group of naïve, 8–10 mo Ts65Dn (Ts65Dn Sal n=5;
Ts65Dn Mem n=7) and NS mice (NS Sal n=9) were subjected to the simple version (two
identical objects during the training session) of the NOR task immediately following
memantine (10 mg/kg, i.p., 30 minutes prior to training and testing sessions; see Fig. 1) or
saline administration. Acute memantine treatment improved performance significantly on
the NOR 24-h task in Ts65Dn mice (Fig. 3D, t6=3.741, p<0.01), demonstrating that the
performance in this task in Ts65Dn Mem mice was significantly greater than that seen in the
saline-treated Ts65Dn mice [F(2,18)=3.976, p=0.037; post-hoc: p=0.05]. The recovery of
object discrimination following acute memantine treatment suggests that altered NMDA
receptor function in Ts65Dn mice contributes to observed frontal- and hippocampal-
dependent memory deficits, and that even in the acute setting memantine is able to restore
normal memory function.

Discussion
There are several lines of evidence that suggest that altered NMDA receptor activity
contributes to the memory impairment and neurodegeneration that occurs in DS. Therefore,
we sought to determine whether a clinically relevant dose of memantine, a partial NMDA
receptor antagonist currently used as pharmacotherapy of AD patients, would alleviate
memory loss and prevent changes in neuronal phenotype in the Ts65Dn mouse, a mouse
model of DS. Ts65Dn mice treated with 20 mg/kg memantine daily for six months exhibited
enhanced cognitive performance in both spatial and non-spatial tasks: the WRAM and NOR,
respectively. While these studies showed that memantine facilitated cognitive performance
in Ts65Dn mice, we found that cholinergic and LC neuronal markers that decline with age
in Ts65Dn mice [40,51] were not altered following memantine treatment. On the other hand,
memantine treatment elevated BDNF levels in the frontal cortex and hippocampus,
indicating one potential mechanism for memory facilitation. In fact, acute injections of
memantine prior to NOR testing also resulted in improved memory performance in Ts65Dn
mice. This supports our conclusion that memantine may provide therapeutic benefits for the
cognitive symptoms seen in AD and DS, but does not function via neuroprotection of
cholinergic or noradrenergic neuronal integrity.

We assessed hippocampal-dependent memory in a 3-day “win-stay” version of the WRAM.
We found that memantine showed moderate benefits in spatial learning in Ts65Dn mice but
not in NS controls, as Ts65Dn Mem mice made fewer errors than Ts65Dn Controls on days
2 and 3, the latter portion of testing (Fig. 2B). Despite this improvement, they did not reach
the level of performance seen in NS mice on the third day, suggesting that memantine only
partially improved hippocampal-dependent function in Ts65Dn mice. This improvement
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was consistent with several studies in aging and AD rodent models that have found that
memantine improves reference memory function on similar spatial tasks [5,57]. Other
studies have shown memantine to have detrimental effects on spatial learning [18]. These
studies often detail hyperactivity or disrupted motor function following acute memantine
treatment [15,18]. While increased activity was shown in naive Ts65Dn mice (Fig. 2A),
memantine did not have observable effects on this behavior in either genotype in the current
study. Ts65Dn mice, despite their elevated activity, did not exhibit increased exploration
time in the NOR task (Fig. 3B). The lack of negative side effects of memantine on
spontaneous locomotion in our study may be due in part to using an oral dosing regimen
which leads to more stable plasma levels, and may explain why we did not observe
detrimental performances in spatial memory function in either Ts65Dn or NS mice. This is
contrary to previous studies, which have utilized subcutaneous injections of memantine,
leading to greater "spikes" in dosing during short intervals [84].

While memantine treatment led to moderate improvements in spatial memory function in
Ts65Dn mice, more profound treatment effects were seen in a task evaluating non-spatial
visual recognition memory, the NOR task. Specifically, we found that memantine
administration allowed recovery of long-term recognition memory (Fig. 3A). These findings
are consistent with data showing that memantine facilitates NOR performance in healthy
and impaired rodents [62,68]. But while memantine has been shown to elicit beneficial
effects in disease models [57,68], its effects on healthy young rodents have been more
equivocal, with other studies finding detrimental effects in young rats [65]. Previous work
has shown that comparable doses of memantine can maintain its effects on NOR in aged rats
days after removal of the drug, indicating a level of sustained neuroprotection [61]. When
we tested neuroprotective potential on behavioral performance in the Ts65Dn mouse by
performing a washout period prior to testing (Fig. 3C), we found a substantial decrease in
Ts65Dn performance on the NOR. This deficit was recovered by reinstating the memantine
treatment in Ts65Dn mice. This NOR washout study indicated a lack of sustained
neuroprotection, and suggested that the behavioral improvements in cognitive performance
observed in Ts65Dn mice in the present study did not require long-term memantine
treatment before effects are seen. Memantine had no observable effects on behavioral
components in the NS mice.

The failure of Ts65Dn mice to maintain performance following memantine removal led us
to test whether acute memantine delivery was sufficient to recover normal discrimination on
the NOR in Ts65Dn mice. We found that memantine treatment (10 mg/kg, i.p.) delivered
immediately prior to both training and testing sessions fully recovered recognition memory
in the NOR task in Ts65Dn mice to the level of performance seen in the normosomic mice
(Study 2, Fig. 9). Acute memantine delivery has been shown to improve performance in the
object recognition task in normal adult rats [62], but most studies in memory impaired mice
have been focused on chronic or sub-chronic treatment paradigms [68]. It is not clear why
we found no beneficial effects of acute memantine administration in NS mice in the current
study, though it lends support to previous studies which suggest that even moderate doses of
memantine may impair normal functioning of NMDA receptors and alter learning in healthy
individuals [18]. Variations in dosing as well as administration routes may be responsible
for the differing results seen in normal rodents across studies. Species-specific effects may
also be involved, since some of the previous work was performed in rats in contrast to the
mouse studies performed here. A recent study in the Ts65Dn mouse detailed improved fear
conditioning following acute memantine [15], suggesting that memantine may also be
effective with non-declarative forms of memory. The current study provides even stronger
support for memantine as a facilitator of memory in the Ts65Dn mouse, but based on the
studies contained herein this effect is most likely a pharmacological rather than a
neuroprotective mechanism.
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Interestingly, memantine appeared to have more robust effects on recognition memory than
on spatial memory in Ts65Dn mice. Spatial reference memory has consistently been shown
to be hippocampal-dependent, and to rely on cholinergic projections from the basal forebrain
[48,70]. The literature on object recognition memory is more conflicted, as several studies
have found that rodents exhibit no performance deficits after fornix or hippocampal ablation
[25,27], while others do show impairment [10,13]. These discrepancies may in part be due
to the delay interval, as longer delay intervals (such as 24 h) appear to result in greater
hippocampal dependency [74]. Importantly, Ts65Dn mice appear to exhibit normal object
recognition function at short intervals (less than 1 hour) [31], suggesting that deficits in
hippocampal function may account for the more pronounced impairments observed in over-
night object recognition in the present study. The more robust improvement of Ts65Dn mice
on the NOR task compared to the WRAM task may be due to the fact that object recognition
memory, which also is dependent on the frontal cortex, appears to be maintained even with
higher levels of hippocampal damage [10]. An alternate explanation as to why memantine
elicited more mild improvements in the WRAM task would be the effects of stress on the
Ts65Dn mice. Water serves as an aversive stimulus to mice, and therefore functions as a
negative motivator and stressor. Ts65Dn mice appear more sensitive to aversive stimuli,
leading to performance deficits that also involve amygdala and are dependent on multiple
factors including attention, motivation, and stress-response abilities [75]. As NOR takes
advantage of rodents’ innate behaviors, there is no positive or negative stimulus, and as a
result does not introduce any potential effects of stress handling.

A possible biological mechanism by which memantine may be exerting its effects on
memory function in Ts65Dn mice is by modulating calcium ion signaling. Hippocampal DS
neurons exhibit prolonged calcium influx following NMDA receptor activation in vitro [69].
Synaptic increases to calcium has been theorized to disrupt normal neuronal signaling, and
contribute to learning and memory decline. This is supported by work in mice transgenic for
DYRK1A. This gene is triplicated in DS, and not only is this prolonged decay rate of NMDA
receptor activation recapitulated in TgDYRK1A mice [4], these mice also exhibited deficits
in spatial learning and memory [1]. Therefore memantine, which is thought to prevent
calcium influx during overactive neuronal firing, may be functioning to correct this aberrant
calcium flow in the NMDA receptors of DS models. Since regulation of calcium influx is an
acute phenomenon, this would be concurrent with our observed acute effects of memantine
in the present model. Yet an effective regulation of aberrant calcium signaling would,
potentially, also lead to reduced neurodegeneration [see e.g. [80]] - a phenomenon that was
not observed in the present study. Memantine exerts effects on transmitter systems other
than NMDA-related signaling as well. A recent study demonstrated that administration of
memantine to the hippocampal slice gave rise to enhanced cholinergic signaling via
muscarinic receptors [24]. The investigators concluded that cholinergic effects of memantine
are likely to be involved in it's memory-enhancing effects, since the cholinergic system
plays a major role in both learning and memory processes. Dopaminergic and serotonergic
neurotransmission are also affected by memantine [58], and we cannot discount the role of
these systems in the observed memory effects in the present study. Even though we did not
see morphological evidence of memantine effects on cholinergic or noradrenergic neurons in
the current study, it is possible that receptor-mediated neurotransmission of these nuclei was
enhanced by memantine treatment. This will be closely examined in continued studies.

In addition to calcium irregularities, Ts65Dn mice also exhibit alterations in calcineurin
[36]. This is consistent with the elevated gene load of DSCR1, which encodes calcipressin, a
calcineurin inhibitor. Alterations in synaptic protein levels may contribute to the deficits in
long-term potentiation (LTP) [71], alterations in synaptic spines [7], and neurotrophic
signaling [14] in Ts65Dn mice. BDNF is an important neurotrophic factor for several
neuronal subtypes in the forebrain, including cholinergic neurons [55], and its expression is
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regulated in an activity dependent manner [81]. Our laboratory has previously shown that
BDNF protein levels in the frontal cortex of Ts65Dn mice correlate with performance of
cognitive tasks [8]. In the present study, we found that hippocampal levels of Bdnf mRNA
and frontal cortex BDNF protein levels were elevated in Ts65Dn mice following memantine
treatment (Fig. 9). While enhanced BDNF expression has not been documented under
chronic treatment conditions of memantine, it is consistent with acute studies, which show
that memantine administration leads to an up-regulation of Bdnf mRNA after 4 hours in
cortical and hippocampal regions in the rat [53]. The increase in hippocampal and frontal
cortex BDNF levels following memantine treatment seen here is contrasted with studies
showing that BDNF is reduced following administration of the high affinity NMDA receptor
blocker MK-801 in normal rodents [11,41], and suggests that memantine is acting in
Ts65Dn mice by an alternate mechanism: preventing prolonged NMDA receptor activity
without disrupting normal signaling. Exacerbated glutamate release and/or NMDA receptor
signaling in Ts65Dn mice may explain why memantine had a far more exaggerated effect on
both behavior and BDNF levels in this mouse model compared to effects seen in
normosomic littermate controls. Improved memory function along with enhanced BDNF
production suggest improved signaling in Ts65Dn mice, and future studies should evaluate
whether memantine strengthens long-term potentiation in Ts65Dn mice, as it has in other
models of neurodegeneration [34]. While increases in BDNF may contribute to the reported
cognitive improvement in Ts65Dn mice treated with memantine, it is not known at the
present time how rapidly BDNF levels are elevated after acute administration of memantine
in Ts65Dn mice, nor is it known whether the mechanisms by which memantine affects
memory in the chronic and acute paradigms studied here are similar. We also examined
BDNF protein levels in the frontal cortex, and found that memantine-treatment increased
BDNF in Ts65Dn mice in both hippocampus and frontal cortex, demonstrating memantine-
mediated effects on biological substrates in both of these brain regions, and therefore
providing a possible mechanism for its effects on both of the tasks employed here. Future
studies will investigate whether memantine alleviates synaptic alterations and LTP deficits
in the hippocampus and frontal cortex of Ts65Dn mice, and also further explore whether
BDNF is involved in observed effects on these two behavioral components.

In addition to BDNF levels, we also assessed a number of morphological markers that
decline with age in Ts65Dn mice. Memantine has been shown to protect cholinergic neurons
following excitotoxic insults [78], but no studies, to our knowledge, have evaluated the
efficacy of memantine in vivo in models of progressive neuronal degeneration. We measured
cholinergic atrophy in the medial septal nucleus (Fig. 4F) and loss of noradrenergic
phenotype in the LC (Fig. 5D), and found no beneficial effects of memantine treatment in
either of these two neuronal populations. Cal 28k histology (Fig. 6D), which shows
reductions in the CA1 in Ts65Dn mice, did not improve following treatment, either. In fact,
we were unable to uncover any structural correlates of memantine neuroprotection in our
model, contrary to findings in amyloid transgenic models described below. Since previous
studies have shown that BFCNs, noradrenergic LC neurons, and Cal 28k neurons all respond
to neurotrophic support from BDNF [30,46,73], it is surprising that increases in BDNF
levels in the frontal cortex and hippocampus in this study provided no neuroprotection to
these brain regions, at least not in the markers examined here. Impairments in retrograde
transport of NGF have been well documented in Ts65Dn mice [14,66]. The lack of
neuroprotection seen here may indicate that enhanced BDNF does not compensate for NGF
transport deficits in Ts65Dn mice, or alternatively, that these transport deficits may also
involve BDNF signaling. Both the BFCNs and noradrenergic neurons of the LC rely on
retrograde transport of BDNF [73], and these elevations in the cortex and hippocampus may
not reach the target regions, and would thus be unable to exert the needed trophic effects in
specific neuronal populations. Future studies will include sub-cellular signaling effects of
memantine treatment, to fully understand the biological substrates involved in its effects
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reported here for NOR and WRAM performance. Since more substantial effects were
observed for NOR, rather than WRAM, in our model, it is possible that future studies should
focus on frontal cortex-related mechanisms rather than hippocampal effects.

Despite the great interest in memantine as a clinical treatment paradigm for AD patients,
chronic studies assessing the neuroprotective effects of memantine in animal models have
thus far been inconclusive. Researchers have primarily focused on murine models of
amyloid accumulation, showing modest amyloid plaque reductions and behavioral
improvements [23,57,68]. These reductions in plaque load may be due to altered APP
expression, as memantine reduces APP levels in Tg2576 mice [77]. Reducing amyloid may
lead to a dampening of the inflammatory cascade and therefore lower excitotoxic damage, at
least in the Alzheimer models examined to date. Triplication of APP appears necessary for
many of the pathologies seen in Ts65Dn mice [66], though these mice do not develop
amyloid plaques. As cholinergic and inflammatory changes have been linked to APP gene
alterations [45,66], and are often more robust than protein levels of amyloid, our
experiments did not include β-amyloid measurements. Our laboratory has previously shown
that an anti-inflammatory drug, minocycline, reduced microglial activation and attenuated
neuronal loss in Ts65Dn mice [42]. Contrary to our earlier findings with minocycline,
inflammatory morphology, as measured by CD45-immunoreactivity, was not reduced in
memantine-treated Ts65Dn mice (Fig. 7D), suggesting that this compound does not exert its
effects via microglial de-activation or signaling in our hands. It is possible that memantine
may have effects on neuronal signaling via altered translation or cleavage of APP into
different peptides, even though this notion is not supported by earlier studies. Rather, the
rapid improvements and lack of neuroprotective effects following memantine treatment in
this study suggest that memantine more likely provides its beneficial mechanism through a
partial antagonism of the NMDA receptors, which are hyper-active in DS due to elevated
glutamate levels, is involved in behavior-modifying effects of the drug.

In conclusion, we showed that memantine treatment significantly improved cognitive
performance on the NOR and moderate effects on the WRAM task in Ts65Dn mice, but not
normosomic mice, thereby suggesting that memantine provides some cognitive benefit to
DS individuals. Notably, the dosage and regimen of memantine used in this study did not
alter the progression of neuropathology found in this mouse model; thus, the behavioral
effects noted here are likely related to other mechanisms, possibly including, but not limited
to, neurotrophic factors such as BDNF, as well as direct glutamatergic signaling effects
mediated via a partial NMDA antagonism or via other transmitter systems, as discussed
above. Combined with previous evidence that chronic memantine treatment (10 and 20 mg/
kg for six-months) can lead to increased axonal degeneration in normal adult mice [23], our
findings suggest that further study is required to better understand the nature of memantine’s
memory-enhancing benefits, and whether behavioral efficacy can be achieved with minimal
neuronal toxicity.
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Figure 1.
Study timelines. Study 1 consisted of a long-term oral memantine treatment in which
Ts65Dn mice and normosomic controls (NS) received memantine (20 mg/kg) for 6 months,
beginning at 4 months of age. Mice from Study 1 were first tested on a 3-day win-stay RA
maze at 8.5 months of age. Following spatial memory testing, the mice underwent a series of
four weekly NOR testing sessions. Prior to the 3rd NOR testing session, mice that had
previously received memantine were switched to control fluids, such that the 3rd session
occurred with mice “off” treatment. Following this session, mice were returned to their
treatments for session 4. Study 2 evaluated the effects of acute memantine administration on
recognition memory in Ts65Dn mice, as naïve Ts65Dn mice received acute memantine
injections (10 mg/kg, i.p.) immediately prior to NOR training and testing periods.
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Figure 2.
Spatial memory deficits were attenuated following memantine treatment in Ts65Dn mice. A,
Activity was measured over a one-hour session (distance traveled, cm). Ts65Dn Control and
Ts65Dn Mem mice show greater spontaneous activity than NS Control and Mem mice.
Memantine treatment did not significantly affect either genotype (Genotype effect:
**p<0.01). B, Performance in a win-stay RA maze task is indicated by errors per trial across
days. NS Control mice show reduced errors across days. While Ts65Dn Control mice
performed significantly more errors on days 2 and 3 than NS Controls, Ts65Dn Mem mice
show a reduction in errors relative to Ts65Dn Controls. Memantine treatment had no effect
on NS mice (Days 2–3: *p<0.05 compared with NS mice, ^p<0.05 between Ts65Dn Mem
and Ts65Dn control groups; mean ± SEM).
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Figure 3.
Memantine-treatment recovered novel object recognition in Ts65Dn mice following both
chronic and acute delivery. A, Novel object recognition performance, as shown by
discrimination indices (DI), indicate Ts65Dn did not discriminate object novelty, showing
no preference for novel objects and a reduced DI compared to NS control mice. Ts65Dn
Mem mice, in contrast, were able to discriminate object novelty. B, Total exploration time
was not altered by memantine-treatment (n = 10–14). C, A cross-over trial was carried out in
the memantine-treated mice to determine whether memantine-treatment would sustain
performance following removal of the drug. Following memantine removal of one week,
these Ts65Dn mice were no longer able to discriminate object novelty, while reinstatement
of memantine recovered their preference for novel objects (*p<0.05 compared with NS
mice; mean ± SEM).
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Figure 4.
Memantine-treatment did not prevent cholinergic neuron atrophy in basal forebrain. A–C
show TrkA-positive cholinergic neurons in the medial septal nucleus in NS control (A),
Ts65Dn control (B), and Ts65Dn Mem (C). Arrows show normal BFCN phenotype, while
arrowheads indicate smaller neurons exhibiting less robust TrkA-immunoreactivity (40x
magnification, scale bar = 40 µm). D, Cell size measurements depict significant reductions
in cell area in control and memantine-treated Ts65Dn mice relative to NS (*p<0.05).
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Figure 5.
Locus Coeruleus degeneration in Ts65Dn mice was not altered following memantine
administration. A–C, TH immunostaining of the rostral pons illustrates reduced fiber density
and neuron number in Ts65Dn control (B) and Ts65Dn memantine (C; scale bar = 100 µm)
compared to NS mice (A). D, Stereologic measurements of TH-positive cells in the Locus
Coeruleus confirm a reduction in LC neurons in both Ts65Dn control and memantine mice
(**p<0.01).
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Figure 6.
Cal 28k, a calcium binding protein lost early in Ts65Dn mice, was not altered following
memantine-treatment. A–C, Immunohistochemical analysis of hippocampal neurons in the
CA1 reveals Cal 28k immunoreacivity in the cell bodies and apical dendrites of pyramidal
cells in NS mice (A). Hippocampal neurons of Ts65Dn control (B) and memantine (C) mice
show fewer immunoreactive pyramidal neurons and dendrites (scale bar = 100 µm). D,
Densitometry revealed that NS mice demonstrate significantly higher Cal 28k-
immunoreactivity than Ts65Dn groups (**p<0.01; Immunoreactivity normalized to
background; mean ± SEM).
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Figure 7.
Microglial activity was not reduced in the hippocampus of Ts65Dn mice following
memantine treatment. A–C, CD45-positive microglia in the CA1 of the hippocampus exhibit
lower immunoreactivity indicative of a “resting” state in NS Control mice (A). Ts65Dn
control (B) and memantine-treated (C) mice show larger microglia with greater staining
density, consistent with an increased microglial activity (scale bars = 100 µm, 20 µm for
inset). D, Microglial immunoreactivity in the hippocampus is elevated in Ts65Dn mice, and
is not affected by memantine-treatment (*p<0.05; Immunoreactivity normalized to
background; mean ± SEM).
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Figure 8.
Memantine increased BDNF gene expression in the hippocampus of Ts65Dn mice. A,
Ts65Dn Mem mice exhibited higher BDNF mRNA levels in the hippocampus compared to
normosomic controls (p<0.05), while NS Mem mice did not differ from NS control mice. B,
Protein measurements in frontal cortex tissue showed a significant increase in BDNF levels
in Ts65Dn Mem mice relative to NS controls. This increase in BDNF was not observed in
NS Mem mice (*p<0.05; Mean ± SEM).
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Figure 9.
Acute memantine restored object discrimination in Ts65Dn mice. In study 2, a separate
group of mice underwent acute memantine injections immediately prior to training and
testing phases. Acute memantine treatment effectively recovered novel object preference in
Ts65Dn mice. *p<0.05 compared to NS control (Mean ± SEM).
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