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Abstract

Currently there is no treatment for juvenile Batten disease, a fatal childhood neurodegenerative
disorder caused by mutations in the CLN3gene. The C/n3-knockout (C/n34€¥1-6) mouse model
recapitulates several features of the human disorder. C/n34¢2-6 mice, similarly to juvenile Batten
disease patients, have a motor coordination deficit detectable as early as postnatal day 14.
Previous studies demonstrated that acute attenuation of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA)-type glutamate receptor activity by the non-competitive AMPA
antagonist, EGIS-8332, in both 1- and 6-7-month-old C/n34€X1-6 mice results in improvement in
motor coordination. Here we show that acute inhibition of N-methyl-D-aspartate (NMDA)-type
glutamate receptors by memantine (1 and 5 mg/kg i.p.) had no effect on the impaired motor
coordination of one-month-old C/n34€X1-6 mice. At a later stage of the disease, in 6-7-month-old
CIn34ex1-6 mice, memantine induced a delayed but extended (8 days) improvement of motor skills
similarly to that observed previously with EGIS-8332 treatment. An age-dependent therapeutic
effect of memantine implies that the pathomechanism in juvenile Batten disease changes during
disease progression. In contrast to acute treatment, repeated administration of memantine or
EGIS-8332 (1 mg/kg, once a week for 4 weeks) to 6-month-old C/n34€¥1-6 mice had no beneficial
effect on motor coordination. Moreover, repeated treatments did not impact microglial activation
or the survival of vulnerable neuron populations. Memantine did not affect astrocytosis in the

© 2012 Elsevier Ltd. All rights reserved.

Corresponding author: David A. Pearce, PhD, Sanford Children’s Health Research Center, 2301 E. GOth Street, Sioux Falls, South
Eakota, 57014, Tel: 1-(605)312-6004, Fax: 1-(605)328-0401, David.Pearce@sanfordhealth.org.

Current affiliation: Sanford Children’s Health Research Center, Sanford Research/USD, Sioux Falls, South Dakota, 57104, USA
Conflict of interest
None of the authors of this paper has any conflict of interest relating to the publication.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kovacs et al.

Page 2

cortex. EGIS-8332, however, decreased astrocytic activation in the somatosensory barrelfield

cortex.

Acute inhibition of NMDA receptors can induce a prolonged therapeutic effect, identifying
NMDA receptors as a new therapeutic target for juvenile Batten disease.
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rotarod

1. Introduction

Neuronal Ceroid Lipofuscinoses (NCLSs) are a group of rare, recessively inherited lysosomal
storage disorders characterized by progressive neurodegeneration (Goebel, 1995). Mutations
in one of ten genes, CLNI-10, cause the different forms of NCL that vary in age of onset
and speed of disease progression (Jalanko and Braulke, 2009). Mutations in the CLA/3 gene
are responsible for the development of the most common, juvenile onset form of NCL, also
known as juvenile Batten disease (Consortium, 1995). CLN3encodes a lysosomal
membrane protein with unknown function (Getty and Pearce, 2011) and accordingly, the
mechanism of the selective neurodegeneration induced by CLA/3mutations remains elusive.
Juvenile Batten disease begins between five and eight years of age with visual impairment
and seizures. As the disease progresses, visual impairment leads to blindness and the
seizures become more frequent and intense. The disease also causes loss of motor skills and
progressive cognitive decline. Juvenile Batten disease patients die in their late teens or early
20s (Goebel and Wisniewski, 2004). No specific therapy is currently available that could
stop or slow down the progression of the disease.

The CIn3-knockout (CIn34eX1-6) mouse model of juvenile Batten disease has been studied
extensively and provided important information about the neuropathological changes
occurring during disease progression (Benedict et al., 2007; Chan et al., 2009; Kovacs et al.,
2006; Lim et al., 2007; Mitchison et al., 1999; Pears et al., 2005; Pontikis et al., 2004;
Weimer et al., 2007; Weimer et al., 2009; Weimer et al., 2006). C/n34eX1-6 mice, similarly
to juvenile Batten disease patients, have a deficit in motor coordination that can be detected
as early as 14 days of age (Kovacs et al., 2006; Mitchison et al., 1999; Weimer et al., 2009).

Recent studies indicate that glutamate neurotransmission is dysregulated in several fatal,
neurodegenerative lysosomal storage disorders such as infantile, late infantile and juvenile
Batten diseases (Ahtiainen et al., 2007; Finn et al., 2012; Kovacs et al., 2006; Macauley et
al., 2009; Pears et al., 2005; Pears et al., 2007; Seitz et al., 1998; Sitter et al., 2004),
Niemann-Pick disease (Byun et al., 2006; Chiulli et al., 2007; D’Arcangelo et al., 2011;
Yadid et al., 1998) and Gaucher disease (Korkotian et al., 1999). The aberrant glutamate
neurotransmission may cause the neurological deficits and progressive neurodegeneration
observed in these lysosomal storage disorders. In fact, our recent results demonstrated that
an abnormally increased AMPA-type glutamate receptor activity largely contributes to the
motor coordination deficit in the C/n34€X2-6 mouse model of juvenile Batten disease: acute
attenuation of AMPA receptor activity by the non-competitive AMPA antagonist,
EGIS-8332, in both 1- and 6-7-month-old C/n34€x2-6 mice resulted in a significant
improvement in motor coordination (Kovacs and Pearce, 2008; Kovacs et al., 2011). In the
present study we tested if attenuation of NMDA-type glutamate receptors can improve the
motor coordination of C/n34€X1-6 mice. Our results show that in 6-7-month-old C/n346x1-6
mice, acute inhibition of NMDA receptors can induce a prolonged (8 days) therapeutic
effect, identifying NMDA receptors as a new therapeutic target for juvenile Batten disease.
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2. Materials and methods

2.1. Animals

2.2. Drugs

2.3. Rotarod

In this study 129S6/SvEv wild type (WT) and homozygous C/n3-knockout (C/n34ex1-6)
mice (Mitchison et al., 1999) inbred on a 129S6/SvEv background were used. One-month-
old male and female mice and 6-7-month-old female mice were used in the experiments.
Female patients with Batten disease have a more severe disease course (Cialone et al.,
2012). Although, this gender-specific difference has not been shown in the C/n34ex1-6
mouse model of Batten disease, we used female 6-7-month-old C/n34€X1-6 and WT mice in
our study.

Mice were genotyped as described by Mitchison et al. (1999). All procedures were carried
out according to the guidelines of the Animal Welfare Act, NIH policies and the University
of Rochester Animal Care and Use Committee.

Memantine was purchased from Tocris Bioscience (Bristol, UK), EGIS-8332 was a
generous gift of EGIS Pharmaceuticals Plc (Budapest, Hungary). The stock solution of
memantine was prepared in ultrapure water. To achieve the appropriate drug concentration
for injection, the memantine stock solution was diluted in 0.9% NaCl. EGIS-8332 was
dissolved in 20 mM HCI containing 10% DMSO for injection. Mice were injected with
sterile solutions of the drugs in an injection volume of 10 ml/kg.

test and drug administration

An accelerating rotarod (0-24 rpm in 240 s; AccuScan Instruments, Inc., Columbus, OH)
was used to measure the motor skills of mice. The rotarod measures the ability of the mouse
to maintain balance on a motor-driven, rotating rod. Thus, the fore- and hind limb motor
coordination and balance can be analyzed (Karl et al., 2003). Due to the repeated, multiple
test trials used in our rotarod protocol, motor learning also contributed to the rotarod
performance of mice.

2.3.1. Acute treatment with memantine—Mice were trained on the rotarod in three
consecutive runs. Following training, mice rested for 1 h and then were tested on the rotarod
in three Pre-treatment test trials each consisting of three consecutive runs, with 15 min of
rest between the trials. Two hours and thirty minutes afte.r the end of the Pre-treatment test,
mice were intraperitoneally injected with memantine (1 or 5 mg/kg; injection volume: 10
ml/kg) or with the vehicle of memantine (sterile 0.9% NaCl). Thirty minutes after the
injection (1-month-old mice) or 30 minutes, 1, 4, 6 and 8 days after the injection (6-7-
month-old mice), animals were tested on the rotarod in three test trials each consisting of
three consecutive runs, with 15 min of rest between the trials. The latencies to fall from the
rotating rod during the testing periods were calculated for each mouse.

2.3.2. Repeated treatment—Six-month-old C/n34€X2-6 mice were intraperitoneally
injected with memantine (1 mg/kg), EGIS-8332 (1 mg/kg), or sterile 0.9% NaCl (injection
volume: 10 ml/kg) once a week for 4 weeks. One day after the last injection, mice were
trained on the rotarod in three consecutive runs. Following training, mice rested for 1 h and
then were tested on the rotarod in three test trials each consisting of three consecutive runs,
with 15 min of rest between the trials. Three and 7 days after the last injection mice were
also tested on the rotarod. The latencies to fall from the rotating rod during the testing
periods were calculated for each mouse.

Neuropharmacology. Author manuscript; available in PMC 2013 October 01.
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2.4. Histological processing

Acute treatment groups. Six-month-old C/n34€X1-6 mice acutely treated with memantine
(1 or 5 mg/kg) or the vehicle of memantine (sterile 0.9% NaCl) were perfusion-fixed with
4% paraformaldehyde (in DPBS, pH 7.4) 8 days after the treatment (4 mice from each
treatment group). Four 6-month-old, untreated WT mice were also perfusion-fixed.

Repeated treatment groups. Six-month-old C/n34éX1-6 mice were treated with the NMDA
receptor antagonist, memantine (1 mg/kg), the AMPA receptor antagonist, EGIS-8332, or
sterile 0.9% NaCl (Vehicle) once a week for 4 weeks. Motor coordination of the mice was
tested 1, 3 and 7 days after the last injection. Two days after the last rotarod test, four
vehicle-injected, four memantine-treated and four EGIS-8332-treated C/n34€X1-6 mice were
perfusion-fixed with 4% paraformaldehyde. Four 7-month-old, untreated WT mice were
also perfusion-fixed.

The brains were post-fixed for 2 h at room temperature and cryoprotected at 4°C in a
solution of 30% sucrose in DPBS containing 0.05% sodium azide. Brains were bisected
along the midline, and 40.m coronal sections were cut from the left hemisphere on a
microtome (Leitz 1321 freezing microtome) and stored in 96 well plates that contained a
cryoprotectant solution (30% ethylene glycol, 15% sucrose and 0.05% sodium azide in Tris
buffered saline (TBS: 50 mM Tris, 150 mM NacCl, pH 7.6)).

2.5. Nissl staining and stereological estimation of neuron number

To visualize neuronal cytoarchitecture every sixth section of each brain (4 mice from each
treatment group) was mounted on gelatine/chrome alum-coated Superfrost microscope slides
(VWR, Poole, UK), air dried overnight and stained for 30 min at 60°C with cresyl fast violet
solution (0.05% solution with 0.5 ml of 10% acetic acid per 100 ml of solution were mixed
and preheated to 56°C directly before use). Slides were next rinsed in distilled water and
differentiated through a graded series of IMS. Finally sections were cleared in xylene and
coverslipped with DPX (VWR) (Pontikis et al., 2004).

To survey the survival of neuron populations that are vulnerable in C/n34€X2-6 mice, counts
of the large projection neurons in the thalamus (dorsal lateral geniculate nucleus) and in the
medial deep cerebellar nucleus were made. These counts were obtained using
Stereolnvestigator software (Microbright Field, Williston, VT) as previously described
(Bible et al., 2004). The boundaries of nuclei were defined by reference to landmarks in a
mouse brain atlas (Paxinos and Franklin, 2001). The mean coefficient of error (CE) for all
individual optical fractionator and nucleator estimates was calculated according to the
method of Gundersen (Gundersen and Jensen, 1987) and was less than 0.09 in all these
analyses. Images for neuronal cell counts were taken with a 100X oil objective on a Zeiss
Axioskop2 MOT microscope (Carl Zeiss Ltd, Welwyn, Garden City, UK), as described
previously (Weimer et al., 2009).

2.6. Quantification of GFAP and F4/80 immunoreactivity

To assess the degree of astrocytic and microglial activation every sixth section of each brain
(4 mice from each treatment group) was immunohistochemically stained for the astrocytic
marker glial fibrillary acidic protein (GFAP) and the microglia marker F4/80 as described
previously (Weimer et al., 2009). Briefly, sections were first treated with 1% H,O» in Tris-
buffered saline (TBS: 50mM Tris, pH 7.6) for 30 min to block endogenous peroxidase
activity and subsequently rinsed three times for 5 min in TBS. To minimize non-specific
protein binding the sections were incubated with 15% normal serum (serum from the host
species of the secondary antibody) in TBS-T (TBS containing 0.3% w/v Triton X-100) for
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30 min. Sections were then labeled overnight at 4°C with either a rabbit anti-GFAP (Dako,
1:5000) or a rat anti-F4/80 (Serotec, 1:100) antibody diluted in TBS-T containing 10%
normal serum (normal swine serum for GFAP, normal rabbit serum for F4/80). After
washing in TBS (3 times, 5 min each), sections were incubated for 2 hours at room
temperature with the appropriate biotinylated secondary antibody (for GFAP: swine anti-
rabbit, 1:1000, Vector Laboratories; for F4/80: rabbit anti-rat, 1:200, Vector Laboratories)
diluted in TBS-T containing 10% normal serum. After washing in TBS (3 times, 5 min
each), sections were incubated for 2 h at room temperature in ABC reagent (avidin-
biotinylated enzyme complex) diluted 1:1000 in TBS (Vectastatin Elite ABC kit, VVector
Laboratories). After washing in TBS 3 times (5 min each), a standard diaminobenzidine
reaction was used to visualize immunoreactivity. Afterwards sections were mounted on
Superfrost microscope slides, air dried overnight, cleared in xylene and coverslipped with
DPX (VWR).

All photomicrographs were taken with Zeiss Axiocam HR digital camera and Axiovision 4.6
software (Carl Zeiss UK Ltd, Welwyn Garden City, UK). All following analyses were
performed with no previous knowledge of treatment. Assessment of GFAP and F4/80
staining was done with a semi-automated thresholding image analysis (Bible et al., 2004;
Pontikis et al., 2004). Accordingly, forty non-overlapping pictures from the region of
interest were captured from four sequential stained sections. Images were captured under
constant conditions (lamp intensity, video camera set up and calibration). Thresholding
analysis was then performed using Image Pro Plus image analysis software (Media
Cybernatics, Chicago, IL). An appropriate threshold was determined to discriminate specific
immunoreactivity from background staining, and was applied subsequently for all analysis.

2.7. Statistical analysis

3. Results

Statistical analysis was performed using GraphPad Prism 5. The data from the rotarod test
passed the normality test and therefore, repeated measures two-way ANOVA with
Bonferroni’s post-test was applied to compare rotarod performances. Histological data were
analyzed by one-way ANOVA with Bonferroni’s post-test.

3.1. Acute inhibition of NMDA receptors has no effect on the impaired motor coordination
of 1-month-old CIn32ex1-6 mice

CIn3AexI-6 mice, similarly to patients with juvenile Batten disease, have a deficit in motor
coordination as measured by the rotarod test (Kovacs and Pearce, 2008). This motor
coordination deficit can be detected as early as postnatal day 14 (Weimer et al., 2009). We
have previously shown that a single intraperitoneal injection of the selective, non-
competitive AMPA receptor antagonist, EGIS-8332, significantly improves the motor
coordination of 1-month-old C/n34€¥1-6 mice (Kovacs and Pearce, 2008).

A recent study demonstrated increased glutamate levels in cerebellar and cerebral extracts of
1-, 2-, 3- and 6-month-old C/n34€X1-6 mice by NMR spectroscopy (Pears et al., 2005)
suggesting that C/n34€X1-6 neurons may release more glutamate and extracellular glutamate
level may abnormally be increased in the C/n34¥1-6 prain. An increased extracellular
glutamate level would abnormally enhance both AMPA and NMDA receptor activity, and
therefore, administration of an NMDA receptor antagonist should also improve the motor
coordination of C/n34€x¥1-6 mice. We tested this possibility using the uncompetitive NMDA
receptor antagonist, memantine, which is an FDA approved drug used to treat the symptoms
of moderate to severe Alzheimer’s disease (Lipton, 2007). Memantine, injected
intraperitoneally in doses of 1 and 5 mg/kg had no effect on the impaired motor coordination
of one-month-old C/n34€X1-6 mice (Fig. 1.). We chose the higher dose based on a recent

Neuropharmacology. Author manuscript; available in PMC 2013 October 01.
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study in which attenuation of NMDA receptor activity by acute intraperitoneal injection of 5
mg/kg memantine rescued the learning and memory deficit in a mouse model of Down
syndrome (Costa et al., 2008).

3.2. Acute inhibition of NMDA receptors by memantine induces a delayed but prolonged
improvement of motor coordination in 6-7-month-old CIn32€x1-6 mjce

In neurodegenerative disorders the pathomechanism may change during disease progression
(Graham et al., 2009). Therefore, we examined the effect of a single administration of
memantine on the motor coordination of 6-7-month-old C/n34€XX-6 mice to see if an acute
treatment with the drug can be beneficial at a later stage of the disease. Memantine injected
intraperitoneally in doses of 1 and 5 mg/kg did not improve the motor coordination 30
minutes after the treatment. The lower dose of memantine (1 mg/kg), however, induced a
significant improvement 1 day after its injection, whereas the higher dose (5 mg/kg) resulted
in an enhancement of motor skills days later (Fig. 2.). Memantine restored the motor
coordination of C/n34x2-6 mice to the WT level, and its therapeutic effect could be
observed even eight days after the treatment (Fig. 2). The memantine-induced delayed but
prolonged improvement is very similar to that we observed previously when 6-7-month-old
CIn34exI-6 mice were acutely treated with the AMPA receptor antagonist, EGIS-8332
(Kovacs et al., 2011). In that study, though EGIS-8332 induced an improvement in the
motor coordination, it did not prevent the localized neuronal loss or the astrocytic and
microglial activation (Kovacs et al., 2011). To examine if the acute treatment with
memantine affects the previously described neuropathological changes in C/n34eX1-6 mice
(Pontikis et al., 2004; Weimer et al., 2009; Weimer et al., 2006), histological analysis was
performed 8 days after the memantine injection. Acute memantine treatment (1 or 5 mg/kg)
did not affect the loss of large projection neurons in the dorsal lateral geniculate nucleus of
the thalamus or in the medial deep cerebellar nucleus (Fig. 3A). The acute treatment with
memantine had no effect on astrocytic and microglial activation in the cortex (Fig. 3B-C)
and cerebellum (data not shown).

3.3. Effects of repeated administration of memantine and EGIS-8332 on the motor
coordination and neuropathology of 7-month-old Cln3Aex1-6

Next we tested the effect of repeated administration of memantine and the AMPA receptor
antagonist, EGIS-8332, in 6-month-old C/n34€X1-6 mice. Since the beneficial effect of an
acute treatment with memantine or EGIS-8332 lasted at least for a week (Fig. 2.; Kovacs et
al., 2011), 6-month-old C/n34€x1-6 mice were intraperitoneally injected with the drugs once
a week for 4 weeks. A group of mice were injected with sterile 0.9% NaCl solution
(Vehicle). Motor coordination of the mice was tested 1, 3 and 7 days after the last injection.
Repeated administration of EGIS-8332 did not result in a statistically significant
improvement (Fig. 4.). Although, the repeated treatment with memantine seemingly
impaired the motor coordination, the difference between vehicle-injected and memantine-
treated mice was not statistically significant at any time points (Fig. 4). In comparison to
EGIS-8332-treated mice, however, memantine-treated mice performed significantly worse
on the rotarod three days after the last drug injection. The difference became statistically
insignificant four days later (Fig. 4).

Two days after the last rotarod test, mice treated with 0.9% NaCl (Vehicle), memantine or
EGI1S-8332 were perfusion-fixed and their brain was histologically analyzed in comparison
to 7-month-old WT mice. Optical fractionator counts of neuron number revealed that the
repeated treatment with memantine or EGIS-8332 did not prevent the previously described
loss of large projection neurons either in the dorsal lateral geniculate nucleus of the thalamus
or in the medial deep cerebellar nucleus (Fig. 5). Treatment with memantine had no effect
on astrocytosis in the cortex (Fig. 6A). EGIS-8332 significantly decreased astroglial
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activation in the somatosensory barrelfield cortex but it did not affect astrocytosis in the
primary visual cortex (Fig. 6A). Neither memantine nor EGIS-8332 affected astroglial
activation in the cerebellum (data not shown). The levels of microglial activation in the
cerebellum and cortex of C/n34€xI-6 mice were unaffected by memantine or EGIS-8332
(Fig. 6B; data are not shown for the cortex).

4. Discussion

In the present study we showed that NMDA receptors play an age-dependent role in the
neurological deficit in the C/n34€x2-6 mouse model of juvenile Batten disease. Acute
inhibition of NMDA receptors by memantine (1 and 5 mg/kg i.p.) had no effect on the
impaired motor coordination of one-month-old C/n34€X2-6 mice, which is in striking
contrast with the recently described therapeutic effect of AMPA receptor inhibition at this
age (Kovacs and Pearce, 2008). These findings indicate that in one-month-old C/n34éx1-6
mice only AMPA, but not NMDA, receptor function is abnormally enhanced. Our previous
results, showing that C/n34€x2-6 neurons in dissociated cultures and in organotypic slice
cultures are significantly more sensitive to AMPA, but not NMDA, receptor-mediated
toxicity than their wild type counterparts (Kovacs et al., 2006), also suggested that at early
ages only AMPA receptor function is abnormally enhanced in C/n34éx2-6 mice.

At a later stage of the disease, in 6-7-month-old C/n34¢2-6 mice, memantine induced a
delayed but prolonged (8 days) improvement of motor skills, restoring motor coordination to
the WT level for several days (Fig. 2). Similar restoration of motor coordination was
observed previously when C/n34¢2-6 mice were acutely treated with the AMPA receptor
antagonist, EG1S-8332 (Kovacs et al., 2011). Since memantine has a relatively short half-
life in rodents (Parsons et al., 1999), it cannot provide effective NMDA receptor inhibition
for several days. The most likely explanation for the prolonged (8 days) therapeutic effect of
an acute memantine treatment is that temporal inhibition of NMDA receptors in the
CIn34exI-6 prain initiates long-lasting beneficial changes in glutamatergic neurotransmission
and synaptic plasticity. This concept is supported by recent reports that showed that a single
administration of the NMDA receptor blocker, MK-801 (5 mg/kg), in rats induced changes
in synaptic plasticity lasting for four weeks (Manahan-Vaughan et al., 2008; Wohrl et al.,
2007).

While 6—7-month-old WT mice displayed effective motor learning clearly improving their
motor performance with each rotarod testing, C/n34€¥2-6 mice showed only limited
improvements during the repeated rotarod tests (Fig. 2), indicative of a motor learning
deficit. Memantine primarily inhibits extrasynaptic NMDA receptors (Milnerwood et al.,
2010; Xia et al., 2010) and enhances learning and memory(Beracochea et al., 2008;
Minkeviciene et al., 2008; Rammes et al., 2008; Zoladz et al., 2006). Therefore it is likely
that the acute treatment with memantine corrected the learning defect of C/n34éX1-6 mice

(Fig. 2).

The age-dependent therapeutic effect of memantine in the C/n34€¥2-6 mouse model of
juvenile Batten disease implies that the pathomechanism in juvenile Batten disease changes
during disease progression. It is now recognized that the disease causing mechanism in
neurodegenerative disorders may remarkably change as the disease progresses. A recent
study using the YAC128 mouse model of Huntington’s disease, €.g., revealed that while
striatal neurons had high NMDA receptor activity and were very vulnerable to NMDA
receptor-mediated toxicity in young, pre-symptomatic mice, striatal neurons in old,
symptomatic mice displayed low NMDA receptor activity and became resistant to NMDA
receptor-mediated cell death (Graham et al., 2009).

Neuropharmacology. Author manuscript; available in PMC 2013 October 01.
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In contrast to the acute treatment with memantine (Fig. 2) or EG1S-8332 (Kovacs et al.,
2011), repeated administration of the two drugs to 6-month-old C/n34€¥1-6 mice, once a
week for 4 weeks, did not improve the motor coordination (Fig. 4) and did not prevent the
well-characterized neuropathological changes (Fig. 5-6). These results indicate that the
prolonged beneficial effect of the first drug injection was interfered and quenched by the
further drug injections repeated weekly.

Activation of astrocytes and microglial cells is a fairly common event in neurodegenerative
disorders including Batten disease (Danton and Dietrich, 2003; Farfara et al., 2008; Venneti
et al., 2009). However, differently from many other neurodegenerative diseases, activation
of glial cells in Batten disease occurs before the loss of neurons (Bible et al., 2004; Kielar et
al., 2007; Pontikis et al., 2004). Recent studies revealed that chronic inhibition of AMPA or
NMDA receptor can prevent neuroinflammation manifested as astrocytic and microglial
activation (Greene et al., 2008). The repeated treatment with memantine and EGIS-8332 we
applied once a week for 4 weeks had no effect on glial activation in the brain of C/n34ex1-6
mice with the only exception of EGIS-8332 selectively decreasing astrocytic activation in
the somatosensory barrelfield cortex (Fig. 6). Memantine and EG1S-8332 have relatively
short half-lives in rodents (Gigler et al., 2007; Parsons et al., 1999), and as our results show
the temporary, brief inhibition of NMDA or AMPA receptors achieved by the weekly,
repeated treatments is not sufficient to inhibit the glial activation in C/n34X2-6 mice.
Currently it is unclear why the repeated treatment with EG1S-8332 reduced astrocytic
activation in the somatosensory barrelfield cortex but had no effect in the primary visual
cortex or in the cerebellum. If the expression level and functional properties of AMPA
receptors in the somatosensory barrelfield cortex markedly differ from that in the primary
visual cortex and cerebellum that could explain the observed, selective effect of EGIS-8332.
To our knowledge such a subregion-specific comparison of AMPA receptors has not been
carried out, yet.

In summary, we demonstrated an age-dependent therapeutic effect of the NMDA receptor
blocker, memantine, in the C/n34¢X1-6 mouse model of juvenile Batten disease. Our finding
that acute inhibition of NMDA receptors can induce a prolonged (8 days) improvement of
the neurological function in C/n34¢X2-6 mice identifies NMDA receptors as a new
therapeutic target for juvenile Batten disease.
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Abbreviations

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate
NMDA N-methyl-D-aspartate

WT wild type

DPBS Dulbecco’s phosphate-buffered saline

TBS Tris-buffered saline

S1BF somatosensory barrelfield cortex

GFAP glial fibrillary acidic protein
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Fig. 1. Acutetreatment with the NM DA receptor antagonist, memantine, has no effect on the
impaired motor coordination of one-month-old CIn34&16 mice

An accelerating rotarod (from 0 to 24 rpm in 240 s) was used to measure the motor
coordination of one-month-old wild type (WT) and C/n34€X2-6 mice. Two hours and thirty
minutes after the end of the Pre-treatment rotarod test, mice were intraperitoneally injected
with either the uncompetitive NMDA receptor antagonist, memantine (1 and 5 mg/kg), or
the vehicle of the drug (sterile 0.9% NaCl). The Post-treatment rotarod test began thirty
minutes after the treatment. Columns and bars represent mean + S.E.M. of the time (s) mice
were able to stay on the rotating rod (n=9-14). Repeated measures two-way ANOVA with
Bonferroni’s test for pairwise multiple comparison was applied to compare the different
treatment groups (*p<0.05, ***p <0.001 and ****p <0.0001 as compared to vehicle-injected
WT mice).
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Fig. 2. Acutetreatment with memantineinduces a delayed but extended improvement of motor
coordination in 6-7-month-old CIn34&X1-6 mice

An accelerating rotarod (from 0 to 24 rpm in 240 s) was used to measure the motor
coordination of 6-7-month-old C/n34X2-6 and WT mice. Mice were intraperitoneally
injected with either the uncompetitive NMDA receptor antagonist, memantine (1 and 5 mg/
kg) or the vehicle of the drug (sterile 0.9% NaCl). Data points represent mean + S.E.M. of
the time (s) mice were able to stay on the rotating rod (n=10-15). Repeated measures two-
way ANOVA with Bonferroni’s test for pairwise multiple comparison was applied to
compare the vehicle- and memantine-treated C/n34¢X2-6 mice (Vehicle vs. 1 mg/kg
memantine: *p<0.05, **p<0.01 and ***p <0.001; Vehicle vs. 5 mg/kg memantine: #p<0.05
and ###p <0.001).
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Fig. 3. Acutetreatment with memantine has no effect on the neuropathological changesin 6-

month-old CIn34€*1-6 mjce

Six-month-old C/n34exI-6 mice acutely treated with memantine (1 or 5 mg/kg) or the
vehicle of memantine (sterile 0.9% NaCl) were perfusion-fixed 8 days after the treatment (4
mice from each treatment group), and their brains were histologically analyzed. Four 6-
month-old, untreated WT mice were also perfusion-fixed, and their brains were
histologically analyzed, as well. (A) L ocalized neuronal lossin the thalamus and
cerebellum. To survey the survival of neuron populations that are vulnerable in C/n34ex1-6
mice, counts of the large projection neurons in the thalamus (dorsal lateral geniculate
nucleus) and in the medial deep cerebellar nucleus were made. These counts were obtained
using the Stereolnvestigator software. (B) Astrocytosisin the cortex. Quantitative
determination of astrocytosis in the somatosensory barrelfield cortex and the primary visual
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cortex was performed by thresholding image analysis following immunohistochemical
staining for the astrocytic marker, GFAP. (C) Microgliosisin the cerebellum. Quantitative
determination of microgliosis in the somatosensory barrelfield cortex and the primary visual
cortex was performed by thresholding image analysis following immunohistochemical
staining for the microglial marker F4/80.

Statistical significance was calculated by one-way ANOVA with Bonferroni’s post-test:
*p<0.05, **p<0.01 and ***p<0.001 as compared to WT.
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Fig. 4. Treatment of 6-month-old CIn34X1-6 mice once a week for four weeks with memantine
or EGIS-8332 does not improve the motor coor dination

Six-month-old C/n34exI-6 mice were intraperitoneally injected with the NMDA receptor
antagonist, memantine (1 mg/kg), the AMPA receptor antagonist, EGIS-8332 (1 mg/kg), or
sterile 0.9% NaCl (Vehicle) once a week for 4 weeks. Motor coordination of the mice was
tested 1, 3 and 7 days after the last injection using an accelerating rotarod (from 0 to 24 rpm
in 240 s). Data points represent mean *+ S.E.M. of the time (S) mice were able to stay on the
rotating rod (n=6). Repeated measures two-way ANOVA with Bonferroni’s test for pairwise
multiple comparison was applied to compare the rotarod performances of the three treatment
groups (1 mg/kg memantine vs. 1 mg/kg EGIS-8332: *p<0.05).
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Fig. 5. Treatment of 6-month-old CIn34€X1-6 mice once a week for four weeks with memantine
or EGIS-8332 does not prevent the selective, localized neuronal lossin the thalamus and
cerebellum

Six-month-old C/n34X1-6 mice were intraperitoneally injected with the NMDA receptor
antagonist, memantine (1 mg/kg), the AMPA receptor antagonist, EGIS-8332, or sterile
0.9% NaCl (Vehicle) once a week for 4 weeks. Motor coordination of the mice was tested 1,
3 and 7 days after the last injection. Two days after the last rotarod test, four vehicle-
injected, four EG1S-8332-treated and four memantine-treated C/n34€X2-6 mice were
perfusion-fixed, and their brains were histologically analyzed. Four 7-month-old WT mice
were also perfusion-fixed and their brains were histologically analyzed, as well. To survey
the survival of neuron populations that are vulnerable in C/n34€x2-6 mice, counts of the large
projection neurons in the thalamus (dorsal lateral geniculate nucleus) and in the medial deep
cerebellar nucleus were made. These counts were obtained using the Stereolnvestigator
software. Columns and bars represent mean + S.E.M. Statistical significance was calculated
by one-way ANOVA with Bonferroni’s post-test: ***p<0.001 as compared to WT.
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Fig. 6. Astrocytic and microglial activation in CIn34eX1-6 mice treated once a week for four
weeks with memantine or EGIS-8332

Six-month-old C/n34€x1-6 mice were intraperitoneally injected with the NMDA receptor
antagonist, memantine (1 mg/kg), the AMPA receptor antagonist, EGIS-8332, or sterile
0.9% NaCl (Vehicle) once a week for 4 weeks. Motor coordination of the mice was tested 1,
3 and 7 days after the last injection. Two days after the last rotarod test, four vehicle-
injected, four EGIS-8332-treated and four memantine-treated C/n34¢%-6 mice were
perfusion-fixed, and the astrocytic and microglial activation in their brains were analyzed by
immunohistological staining. Four 7-month-old WT mice were also perfusion-fixed and
their brains were analyzed by immunohistological staining, as well. (A) Effect of repeated
treatment with memantine or EGI S-8332 on astrocytosisin the cortex. Quantitative
determination of astrocytosis in the somatosensory barrelfield cortex and the primary visual
cortex was performed by thresholding image analysis following immunohistochemical
staining for the astrocytic marker, GFAP. The representative photomicrographs show
sections of the somatosensory barrelfield cortex immunohistochemically stained for the
astrocytic marker, GFAP. Note that the repeated treatment with EGIS-8332 markedly
reduced astrocytosis. (B) Effect of repeated treatment with memantine or EGI S-8332 on
microgliosisin the cer ebellum. Quantitative determination of microgliosis in the granular
layer of the cerebellar vermis was performed by thresholding image analysis following
immunohistochemical staining for the microglial marker, F4/80. The representative
photomicrographs show the granular layer of the cerebellar vermis immunohistochemically
stained for the microglial marker, F4/80. The inserts show single microglial cells at higher
magnification.
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Statistical significance was calculated by one-way ANOVA with Bonferroni’s post-test:

*p<0.05, **p<0.01 and ***p<0.001 as compared to WT; #p<0.05 as compared to vehicle-
injected C/n34exI-6 mice.
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