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Abstract

Huntington’s disease (HD) is a fatal, neurodegenerative movement disorder that has no cure and
few treatment options. In these preclinical studies, we tested the effects of chronic treatment of
glatiramer acetate (GA; Copaxone®), an FDA-approved drug used as first-line therapy for MS, in
two different HD mouse models, and explored potential mechanisms of action of drug efficacy.
Groups of CAG140 knock-in and N171-82Q transgenic mice were treated with GA for up to 1
year of age (CAG140 knock-in mice) or 20 weeks (N171-82Q mice). Various behavioral assays
were measured over the course of drug treatment whereby GA treatment delayed the onset and
reduced the severity of HD behavioral symptoms in both mouse models. The beneficial actions of
GA were associated with elevated levels of promoter I- and I\VV-driven brain-derived neurotrophic
factor (Bdnf expression and reduced levels of cytokines, in particular, interleukins 1L4 and 1L12,
in the brains of HD mice. In addition, the GA-induced effects on BDNF, IL4 and IL12 levels were
detected in plasma from drug-treated mice and rats, suggesting utility as a peripheral biomarker of
treatment effectiveness. These preclinical studies support the use of GA as a relevant clinical
therapy for HD patients.

Introduction

Huntington’s disease (HD) is caused by a CAG repeat expansion mutation in the Huntingtin
(HTT) gene, which leads to progressive movement dysfunction, cognitive impairment and
behavioral abnormalities (Group 1993). Clinical signs of HD typically emerge in adult ages
(30-40s), but juvenile-onset and late-onset cases are also observed, with death following
approximately 15 years after disease onset. Since the identification of the A/77 gene in 1993,
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HD has been the focus of extensive preclinical and clinical research in efforts to find a
treatment for this devastating disorder, and although there are many promising candidates on
the horizon, few are clinically available.

Glatiramer acetate (GA; copolymer 1; Copaxone®) is an FDA-approved drug used as first-
line treatment for relapsing-remitting multiple sclerosis (MS). It is a random polymer
composed of four amino acids that are found in myelin basic protein, namely glutamic acid,
lysine, alanine, and tyrosine. The mechanisms of action of GA in MS are not fully
understood, but are thought to involve immunomodulatory effects, via a downregulation of
proinflammatory cytokines (Neuhaus et al. 2001; Blanco et al. 2006) and/or neuroprotective
effects, via increased release of brain-derived neurotrophic factor (BDNF) from immune
cells (Aharoni et al. 2005; Chen, Valenzuela, and Dhib-Jalbut 2003; Ziemssen et al. 2002).
Neuroprotective and immunomodulatory mechanisms have relevance not only for the
treatment of MS, but have also been implicated as target pathways for HD. For example,
reduced BDNF expression is thought to play a crucial role in HD pathogenesis, whereby
decreased expression and transport of BDNF has been observed in brain tissue from human
HD patients (Ferrer et al. 2000; Zuccato et al. 2001) and in several different mouse models
transgenic for mutant huntingtin, including R6/2, YAC72 and N171-82Q transgenic mice
(Duan et al. 2003; Zhang et al. 2003; Zuccato et al. 2001). Accordingly, restoring striatal
BDNF levels has been shown to have therapeutic effects in HD mouse models (Gharami et
al. 2008; Giampa et al. 2013) (Xie, Hayden, and Xu 2010).

Additionally, data are emerging to implicate inflammation and immune dysfunction as
playing an important role in the pathogenic mechanisms of cell death in HD (Ellrichmann et
al. 2013; Silvestroni et al. 2009). Although inflammation is not an initiating factor in the
pathology of HD, growing evidence indicates that inflammatory responses involving
astrocytes, microglia, as well as the peripheral immune system contributes to disease
progression (Dalrymple et al. 2007; Bjorkqvist et al. 2008; Silvestroni et al. 2009). For
example, specific increases in proinflammatory cytokines, including interleukin 6 (IL-6),
interleukin 8 (IL-8), and tumor necrosis factor alpha (TNFa), have been found in post-
mortem striatum from HD patients and mouse models (Dalrymple et al. 2007; Bjorkqvist et
al. 2008; Silvestroni et al. 2009), as well as in plasma from human HD patients (Dalrymple
et al. 2007; Chang et al. 2015). Given these overlapping disease mechanisms between MS
and HD, we have investigated whether GA might be a relevant treatment option for HD.

In our early studies, we demonstrated that GA can increase BDNF levels in cultured striatal
cells and in striatal tissue after short-term (5-day) /n vivo administration (Corey-Bloom et al.
2014). In the current study, we further carried out preclinical studies to assess the efficacy of
chronic GA administration in two different HD mouse models, CAG140 knock-in (KI) mice
and N171-82Q transgenic mice, and to explore potential mechanisms of action for GA’s
beneficial effects. Our results demonstrate that GA treatment improved disease phenotypes
in both HD mouse models. The beneficial effects of GA were associated with modifying
levels of BDNF and interleukins, not only in brain tissue, but also in plasma. These findings
strongly suggest that GA might represent a relevant clinical therapy for HD patients and the
blood measurements of BDNF and IL4/1L12 might serve as markers for drug effectiveness.
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Materials and Methods

Animals and drug treatments

All animals were housed n=3-4 per cage, and maintained on a reverse 12-h light/dark cycle
with lights on at 9:00 p.m. and free access to food (normal rodent chow) and water. CAG140
KI mice contain a chimeric mouse/human exon 1 with 140 CAG repeats inserted into the
mouse gene by homologous targeting (Menalled et al. 2003), and were maintained by
breeding of heterozygote pairs. CAG140 KI mice were genotyped at 4 weeks of age to
determine homozygosity for the CAG140 mutation. The CAG repeat lengths in these mice
has been verified by commercial genotyping (Laragen Inc, Culver City, CA) and found to be
130 + 3 CAGs (reduced from the original description of 140 CAGs) (Menalled et al. 2003).
Previous studies on these mice have reported climbing deficits in these mice as early as 6
weeks of age and rotarod deficits by 4 months of age (Hickey et al. 2008; Hickey et al.
2012). Transgenic N171-82Q HD mice were maintained by breeding heterozygous
N171-82Q males with C3B6F1 females (Jackson Laboratories). At the age of 4 weeks, mice
were genotyped according to the Jackson Laboratories protocols. The CAG repeat length in
these mice is 82 = 1 CAGs (Laragen, Los Angeles, CA). The lifespan of the N171-82Q mice
is ~20 weeks in our colony, with HD-like symptoms beginning at ~8 weeks of age. Litters of
these mice were assigned randomly to the various experimental groups to achieve a
minimum of n=8 per group for behavioral testing. To avoid litter effects, mice from the same
litter were evenly split into vehicle- and drug-treated groups. Power calculations show that
groups of 8 mice are sufficient to have a 90% chance of detecting a 25% improvement in
rotarod behavior, which is a minimal expected level of improvement [n=log(0.1)/
1og(0.75)=8]. All other tests are expected to reveal >25% improvement as a result of drug
treatment.

Groups of CAG140 KI mice (n=17-20 per genotype and drug condition; 50:50, M:F) were
injected s.c. with GA (0.625 mg/mouse) or an equal amount of vehicle (40% mannitol) once
a day, 3x per week, beginning at 3 months of age. One half of the mice were sacrificed at 7
months of age, with the remaining mice (n=8-10 per group) sacrificed at 1 year of age. Mice
were sacrificed using isofluarane overdose in a bell jar. For the N171-82Q transgenic line,
groups of mice (n=8-10 per genotype and drug treatment; 50:50, M:F) were injected with 1
mg/mouse GA, 5x/week, beginning at 8 weeks of age until 20 weeks of age. Body weight
was recorded at each injection. The doses used for injection were based on previous studies
in mice where ranges of 0.15 to 2 mg/mouse have been used (Moore et al. 2014; Poittevin et
al. 2013; Smirnov, Walsh, and Kipnis 2013; Teitelbaum et al. 2004). Further, extrapolation
of the dose from animals to humans requires consideration of body surface area, which is
related to metabolic rate of an animal (Nair and Jacob 2016). Considering body surface, our
mouse dose correlates to 75 mg/m?2, which is ~3-fold higher than a typical human dose of
23.8 mg/m? (Nair and Jacob 2016). Mice were sacrificed 4 hours after the final injection,
brains rapidly removed and trunk blood collected into heparin-coated tubes. For rat studies,
Sprague-Dawley rats (Charles River) were used. At the age of 6 weeks, four groups of rats
(n=4 per group) received daily injections of GA (i.p.) for 5 days. Rats were sacrificed 4
hours after the final injection by isofluorane overdose, brains rapidly removed and trunk
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blood collected into heparin-coated tubes. All procedures were in strict accordance with the
National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.

Behavioral tests

All mice were tested in the following behavioral paradigms at the time points indicated:
Open field activity (OFA) test: OFA was measured in a square plexiglass chamber (27.3 cm
x 27.3 cm) (Med Associates INC). The test chamber is divided into 16 squares (12 outer and
4 inner) of equal areas and includes three 16 photobeam I/R arrays to automatically record
movement. Eight behavioral parameters (ambulatory counts, ambulatory time, stereotypic
counts, stereotypic time, vertical counts, vertical time, resting time and jumping time) were
automatically recorded during a 10 minute observation period. Mice were tested in the open
field at 18 weeks of age (N171-82Q transgenic mice) or 6 and 8.5 months (CAG140 Kl
mice). Rotarod test. Animals were tested on an AccuRotor rotarod (AccuScan Instruments)
during the dark phase of the 12h light-dark cycle using an accelerating rotation paradigm (4—
40 rpm over 10 min). The time of fall was recorded. During the course of the experiment,
mice were tested in a set of four trials each day for four consecutive days. Mice were tested
at 15 weeks (N171-82Q transgenic mice) or 6, 9 and 12 months (CAG140 KI mice).
Climbing test: To assess climbing activity, mice were placed on the floor of a wire cylinder
(8” heightx4” diameter) for 5 min. Climbing was recorded when two or four paws of the
mouse are off the floor of the testing bench. Mice were tested in climbing at 11 and 17
weeks (N171-82Q transgenic mice) or 5.5 and 7 months (CAG140 Kl mice). Alternating T-
maze. The alternating T-maze test was performed as described previously (Jia et al. 2015) at
8 months of age. The T-maze is made of transparent Plexiglas with a central arm (75 cm
long x 12 cm wide x 20 cm high) and two lateral arms (32 cm long x 12 cm wide x 20 cm
high) positioned at a 90° angle relative to the central arm. Forced alternation was used for
the T-maze training. For T-maze testing, mice were provided an initial free choice for either
arm of the maze, and the percentage of alternation over the next nine trials was determined.
Grip strength. Grip strength was determined at 1 year of age using a Grip Strength Meter
consisting of a baseplate, a stainless-steel grip, and a portable force sensor (Bioseb). Mice
were lifted over the baseplate by the tail so that their forepaws were allowed to grasp onto
the steel grip. The mouse was gently pulled backward by the tail until the grip released. Five
trials were performed for each mouse with a 1-minute resting period between trials and the
best trial used for statistical analysis. All behavioral tests were conducted between 10 am
and 2 pm, by individuals blind to genotype and treatment. At the end of the drug treatments,
trunk blood was collected, brains were removed, and striata and cortex dissected out and
immediately frozen.

Statistical analyses for OFA and rotarod tests were performed using Two-way analysis of
variance (ANOVA) (GraphPad Prism, San Diego, CA), testing the effects of genotype and
drug treatment on each behavior measured. For climbing, T-maze and grip strength data,
One-way ANOVA was utilized to determine significant differences among groups, followed
by Dunnett’s post-test comparing all groups vs. the vehicle-treated CAG140 Kl group
(GraphPad Prism, San Diego, CA). Significance was accepted at P<0.05. We did not observe
significant differences between males and females in (GraphPad Prism, San Diego, CA), any
of these tests, with the exception of rotarod for the N171-82Q mice, as reported previously
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(Jia et al. 2015). Hence, data from male and females were combined for all graphs and
statistical analyses). For rotarod data on N171-82Q mice, only male mice are shown.

Real-Time PCR Analysis

Real-time PCR experiments were performed using the ABI StepOne Detection System
(Applied Biosystems, Foster City, CA) as described previously (Jia et al. 2016).
Amplification was performed on a cDNA amount equivalent to 25 ng total RNA with 1 x
SYBR® Green universal PCR Master mix (Applied Biosystems) containing
deoxyribonucleotide triphosphates, MgCl2, AmpliTag Gold DNA polymerase, and forward
and reverse primers designed against exons I, IV and IX of the Banfgene as used in our
previous studies (Tang et al. 2011). Sequences for these primers are shown in Supplementary
Table 1. Efficiencies for these primers sets were 96—104%. The amount of cDNA in each
sample was calculated using SDS2.1 software by the comparative threshold cycle (Ct)
method and expressed as 2exp(Ct) using hypoxanthine guanine phosphoribosyl transferase
(Hprd as an internal control. One-way ANOVA with Dunnett’s post-test was used to
determined significant effects GA on Badnfexpression levels in WT and HD mice. Statistical
tests were performed using GraphPad software (GraphPad Prism). Significance was
accepted at P<0.05.

ELISA Assays

Results

Striatal and cortical samples were homogenized in lysis buffer at a 1:10 (mg tissue:ml
buffer) ratio. Serum samples were used at a 1:25 dilution. For the BDNF ELISA, tissue and
rat plasma levels of BDNF were determined by ELISA using an adaptation from a method
reported previously (Mandel, Ozdener, and Utermohlen 2011). For the Cytokine ELISA,
The Mouse Inflammatory Cytokines & Chemokines Multi-Analyte ELISArray Kit was used
(Qiagen) and assayed according to the manufacturers’ protocols. The cytokines &
chemokines represented by this array were IL1A, IL1B, IL2, IL4, IL6, IL10, IL12, IL17A,
IFNy, TNFa, G-CSF, and GM-CSF. Individual BDNF and cytokine levels were normalized
by the total protein in each sample, determined by the BCA protein assay reagent
(ThermoScientific). One-way ANOVA with Dunnett’s post-test was used to determined
significant difference in levels of each protein among the different groups. Due to low
sample availability to evenly match sexes, only male mice were used for the cytokines
analysis. Statistical tests were performed using GraphPad software (GraphPad Prism), with
significance accepted at P<0.05.

Behavioral effects of GA administration

The CAG140 KI mouse line shows a prolonged disease time course with a near-normal
lifespan (Menalled et al. 2003)(Hickey et al. 2008). These mice were treated with GA (0.625
mg/mouse; s.c.; 3x per week) for up to 1 year of age, beginning at 3 months of age, and the
effects of GA administration on several disease phenotypes, including body weight, rotarod
performance, climbing, and open field exploratory behavior, were measured. GA
administration resulted in a small, but significant increase in the body weight of CAG140 KI
female mice, but no effects in male CAG140 KI mice or WT mice of either sex (Fig. S1). In
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the rotarod test, vehicle-treated CAG140 Kl mice showed a progressive decline in rotarod
function at 9 and 12 months of age (Fig. 1A). In contrast, CAG140 KI mice treated with GA
showed improved motor performance at 9 and 12 months of age (Fig. 1A), with GA-treated
mice performing nearly at the same level at WT mice (Fig. 1A). GA showed no significant
effects on rotarod performance of WT mice (Fig. 1A).

In the climbing test, CAG140 KI mice showed significantly reduced climbing time at 7
months of age and increased latency to climb when compared to WT littermates (Fig. 1B).
GA significantly reduced climbing latency and improved climbing time of CAG140 KI mice
while having no significant effects on WT mice (Fig 1B). In the open field activity test,
CAG140 KI mice showed significantly worse performance compared to WT mice at 8.5
months of age in four open field measures: stereotypic time, stereotypic counts, jumping
time and resting time (data not shown). GA-treated CAG140 KI mice showed significantly
improved performance in each of these four measures compared to vehicle-treated CAG140
KI mice (Fig. 1C). Similarly, in the alternating T-maze test, CAG140 KI mice showed fewer
correct choices for a food reward compared to WT mice at 8 months of age (Fig. S2).
However, this deficit was prevented by treatment with GA (Fig. S2). There was no
significant difference between CAG140 Kl and WT mice in grip strength, tested at 1 year of
age, and there were no significant effects of GA treatment on grip strength performance in
either WT or CAG140 KI mice (data not shown).

We also tested the effects of GA treatment in a second HD mouse model, the N171-82Q
transgenic mouse line, which exhibits a more rapidly progressing disease course. We treated
groups of mice with GA (1 mg/mouse; s.c.; 5 x week) beginning at 8 weeks of age and
continuing until 20 weeks of age, which is near the age of death due to the disease. GA
treatment elicited improved performance on several motor function measures. GA treatment
significantly improved the performance of N171-82Q transgenic mice at 15 weeks of age in
the rotarod test measured over the course of 4 days (Fig. 2A). In other measures of motor
function, GA-treated N171-82Q mice showed improved climbing behavior at 18 weeks of
age. Specifically, the GA-treated N171-82Q mice showed a reduced latency to begin
climbing compared to vehicle-treated N171-82Q mice (Fig. 2B). GA treatment also had an
effect to improve climbing time of WT mice, although did not show significant effects in
HD mice (Fig. 2B. Also at 18 weeks of age, N171-82Q transgenic mice showed a significant
deficit in vertical activity measured in the open field compared to WT mice (Fig. 2C). GA-
treated N171-82Q transgenic mice showed a significant increase in this measure compared
to vehicle-treated N171-82Q mice (Fig. 2C).

Effects of GA on Bdnf gene expression

Our previous studies implicated have implicated BDNF as a potential target for GA therapy
in HD (Corey-Bloom et al. 2014). Therefore, in this study, we measured expression of Banf
mRNA in response to chronic GA treatment. Multiple promoters control Badnftranscription,
leading to the existence of distinct mMRNA species, however Banf-/and Badnf-1V/ promoter-
driven species are most widely studied in relation to brain function. Hence, we used primer
sets recognizing the Banf-1, Banf-1V species and primers directed at the 3” exon IX to
recognize all forms of Badnfin order to assess the effects of GA on Bdnfexpression in the
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cortex of 1 year old CAG140 KI mice. We found that GA treatment elicited significant
increases in promoter | and I'V-driven BanfmRNA forms compared to vehicle-treated mice,
but had no significant effect on Badnf /X expression (Fig. 3A). Interestingly, all three forms
of BanfmRNA were found to be significantly decreased in 1 year-old vehicle-treated
CAG140 KI mice compared to age-matched WT mice (Fig. 3A). Similar effects of GA were
observed in the cortex of N171-82Q transgenic mice, assessed at 20 weeks of age, where
GA treatment elicited increases only in Bdnfl and Bdnfl1V mRNA species, but not exon 1X
Banf (Fig. 3B).

We then tested whether GA-elicited changes in BDNF expression could be assessed in
blood, which could have relevance for biomarker identification. Consistent with other
reports on mouse blood (Klein et al. 2011), we found that levels of BDNF protein in mouse
serum were undetectable using our BDNF ELISA assay. Therefore, we treated groups of
normal Sprague-Dawley rats with different doses of GA (25-100 mg/kg; s.c.) for 5 days,
followed by measurements of BDNF protein in plasma and striatum. Our results showed that
GA treatment resulted in significantly elevated levels of serum BDNF at 25 and 100 mg/kg
doses (p<0.05, Student’s t test) (Fig. 3C). Striatal levels of BDNF were also elevated by GA
treatment in normal rats, and, interestingly, the striatal levels of BDNF were found to be
significantly positively correlated with plasma levels from the same animals (Spearman
r=0.626; P=0.006) (Fig. 3D).

Effects of GA on cytokines

Because GA has previously been shown to downregulate proinflammatory cytokines in the
context of MS (Neuhaus et al. 2001; Blanco et al. 2006), we tested whether GA treated
targets cytokine levels in WT and CAG140 K1 HD mice using a multianalyte ELISA, which
measures the protein expression levels of 12 cytokines: IL1A, IL1B, IL2, IL4, IL6, IL10,
IL12, IL17A, IFNy, TNFa, G-CSF, and GM-CSF, several of which have been previously
implicated in HD. Comparing CAG140 KI mice to WT controls, we found that nearly all of
the cytokines tested were found to be significantly elevated in the HD mouse brains,
including IL1A, IL1B, IL4, IL6 and 1L17A (Fig. 4A; Table 1). GA treatment did not exhibit
any significant effects on cytokine levels in WT mice, however, GA treatment reduced the
levels of IL1A, IL4 and 1L12 in the cortex of CAG140 KI mice (Fig. 4B; Table 1). Given
previous studies reporting effects of GA on IL4 and IL12 in MS, we further focused on
measuring levels of these two cytokines in plasma samples from drug-treated CAG140 K
and N171-82Q transgenic mice using ELISA. We found remarkably similar patterns of
regulation of these cytokines in the plasma compared to the cortex. Levels of both IL4 and
IL12 were higher in plasma from CAG140 KI mice compared to WT mice, and GA
treatment caused significant reductions of these interleukins in this mouse model (Fig. 4C).
In N171-82Q transgenic mice, levels of IL12 showed the same pattern of regulation due to
GA treatment as CAG140 KI mice (Fig. 4C). However, GA did not elicit changes in the
levels of IL4 in the plasma of N171-82Q transgenic mice (Fig. 4C).
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Discussion

In this study, we carried out chronic drug treatment paradigms with GA using two different
HD mouse models: N171-82Q transgenic and CAG140 KI mice. The CAG140 KI mice have
a prolonged disease course, which allows for capturing truly chronic effects of drug
treatment. We treated this line of mice from 3 months until 1 year of age, which, to our
knowledge, is the longest duration of drug treatment tested in any HD mouse model. We
found that chronic GA treatment improved several disease phenotypes, including rotarod,
climbing behavior and locomotor effects, in both CAG140 KI and N171-82Q transgenic
mice. These findings are consistent with recent studies demonstrating beneficial effects of
GA immunization on motor function and survival in other HD transgenic mouse lines
(YAC128 and R6/2 transgenic mice) (Reick et al. 2016).

GA has been hypothesized to act via neuroprotective and immune-related pathways in MS.
With regards to neuroprotective pathways, one study found reduced levels of BDNF in the
serum and CSF of relapsing-remitting MS patients, which were reversed by treatment with
GA (Azoulay et al. 2005). Similar findings were shown in immune cells where GA
treatment increased BDNF levels in cultured peripheral blood mononuclear cells (Blanco et
al. 2006) and other studies that demonstrated GA-reactive T cells can release brain-derived
neurotrophic factor (BDNF) (Aharoni et al. 2003; Ziemssen et al. 2002; Chen, Valenzuela,
and Dhib-Jalbut 2003). We have previously shown similar findings in tissues relevant to HD,
where we demonstrated that GA increased BDNF protein levels in cultured ST Hah striatal
cells and in striatal tissue after short-term (5-day) /in vivo administration in N171-82Q mice
(Corey-Bloom et al. 2014). Consistent with this finding, in the current study, we detected
increases in striatal BDNF in rats treated with GA for 5 days. Although ST Hdh striatal cells
are of neuronal origin, striatal tissue contains a mixture of cell types, any of which might be
contributing to BDNF production. A recent study demonstrated that GA increased the
expression of BDNF in astrocyte cultures and in astrocytes of GA treated HD mice (Reick et
al. 2016). Hence, it is possible that multiple cell types are contributing to the elevated levels
of BDNF elicited by GA.

A major question remains as to the mechanism by which GA alters BDNF levels. To address
this question, we tested whether GA-elicited regulation of BDNF expression occurred at the
level of gene transcription by measuring Banf mRNA species using real-time PCR analysis.
There are as many as nine differentially regulated 5° promoters that control spatial and
temporal transcription of the Banfgene (Aid et al. 2007). Bdnfforms | and IV are the most
widely studied, with the latter being strongly induced in response to neuronal activity. We
showed that chronic treatment with GA elicited highly significant increases in Banfl and IV
gene expression in the cortex of both HD mouse models, with the biggest changes, i.e. >3-
fold increases, induced by GA, in N171-82Q mice. However, whether GA exerts direct or
indirect effects on Banftranscription remains to be determined. Previous high-throughput
transcriptome studies have identified several transcription factors, such as Forkhead box P3
and Transcription factor 8, as gene targets for GA (Achiron, Feldman, and Gurevich 2009;
Bakshi et al. 2013). Alterations in these factors could provide a possible mechanism for the
effect of GA on Bdnftranscriptional changes.
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Whether BDNF levels are also altered in peripheral tissues is an important question.
Previous studies comparing BDNF levels in brain and blood support the view that measures
of plasma BDNF levels can reflect those in brain tissue (Klein et al. 2011). Although we
could not detect blood levels of BDNF in mouse, consistent with previous studies (Klein et
al. 2011), BDNF could readily be measured in rat serum and brain tissue, where we
observed that GA treatment could modulate BDNF levels and further, that serum levels
correlated with those levels detected in the striatum. This finding is consistent with previous
studies showing positive correlations between whole-blood BDNF levels and hippocampal
BDNF levels in rats, and between plasma BDNF and hippocampal BDNF in pigs (Klein et
al. 2011). These data support the view that blood and plasma BDNF levels reflect brain
BDNF levels, suggesting that serum BDNF levels may represent a peripheral biomarker for
GA effectiveness in the brain, although additional studies on larger numbers of animals
would be needed to confirm this idea.

In the context of MS, GA is also thought to exhibit beneficial effects via immunomodulatory
mechanisms. GA has been shown to induce a shift from a “pro-inflammatory” Thl state in T
cells, to an “anti-inflammatory” Th2 state, both /n vitroand in vivo (Tselis, Khan, and Lisak
2007). This conversion is accompanied by a change in the expression of different cytokines
(Begum-Haque et al. 2010). In particular, GA treatment was found to reverse the up-
regulation of IL-6 and IL-12 levels in the experimental autoimmune encephalomyelitis
(EAE) mouse model of MS and in plasma from MS patients (Begum-Haque et al. 2010)
(Begum-Haque, 2008)(Losy J, 2002). Another study showed that IL4 levels were elevated in
untreated MS patients, an effect that was reversed with GA treatment (Dressel A, 2006).
Additionally, GA has been shown to decrease IL4 levels in serum from a hepatic
fibrogenesis mouse model (Horani A, 2007). Consistent with these studies, we found that
levels of 1L4 and I1L12 were elevated in both the cortex and plasma of HD mice compared to
WT controls and that GA treatment significantly reversed the observed increases in these
cytokines. Importantly, the similar effects observed in brain and plasma suggest that HD and
its potential treatments affect the whole body, and supports the existence of relevant
communication or crosstalk between central and peripheral tissues. Additionally, we found
significant increases in the levels of other cytokines, including IL-1A, IL-6, IL-17 and TNF-
alpha in the cortex of CAG140 KI mice compared to WT littermate controls, indicative of an
increased immune activation/inflammation state. These results are consistent with growing
evidence suggesting that inflammation plays an important role in the ongoing brain
pathology associated with HD (Ellrichmann et al. 2013; Silvestroni et al. 2009; Dalrymple et
al. 2007; Bjorkqvist, Wild, and Tabrizi 2009).

Finally, we must consider the dose used in this study, as compared to the current human dose
used for MS. We based our doses (0.625 or 1.0 mg/mouse) on previous studies in mice,
where ranges of 0.15 to 2 mg/mouse were used (Moore et al. 2014; Poittevin et al. 2013;
Smirnov, Walsh, and Kipnis 2013; Teitelbaum et al. 2004). Extrapolation of our dose from
mice to humans requires consideration of body surface area, which is related to metabolic
rate of the mouse (Nair and Jacob 2016). Hence, our extrapolated mouse dose correlates to
75 mg/m2, which is approximately 3-fold higher than dose typically used in humans with
MS (23.8 mg/m?). This represents a limitation of our study, in that typical human dose was

Brain Res. Author manuscript; available in PMC 2018 October 15.
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not used. However, we did not observe any toxicity of the higher doses, which testifies to the
safety and tolerability of GA as a therapeutic.

Overall, we show that GA treatment improves HD disease phenotypes in two different
mouse models, suggesting that GA could be a useful therapeutic for HD patients. The
beneficial actions of GA likely include a dual mechanism that includes both an elevation of
Banfexpression (variants /and /V), and a reduction of proinflammatory cytokines.
Glatiramer acetate received FDA approval in 1996 and numerous studies over the last 10-15
years have characterized the clinical efficacy and safety of GA (Johnson 2012). This
excellent safety and tolerability record of GA makes it an ideal candidate for drug
repurposing efforts for HD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

GA improves disease phenotypes in N171-82Q transgenic and CAG140
knock-in mice.

Beneficial effects of GA were associated with elevated Banf-/ and Banf-1V
expression and reduced IL4 and 1L.12 levels in the brains of HD mice.

The effects of GA on BDNF and cytokine levels was also detected in plasma
from drug treated animals.

These findings support the existence of relevant communication between
central and peripheral tissues.
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Fig. 1. The effects of GA treatment on motor behavior in CAG140 KI mice
Panel A shows the effects of GA on mean rotarod performance at 6 months (n=17-20 per

group), 9 months (n=8-10 per group) and 12 months of age (n=8-10 per group). Values
depict the mean initial performance of the test at the time point indicated. *, P=0.011; (Two-
way ANOVA,; F(1,126)=23.5). Panel B shows climbing behavior, assessed at 8 months of
age, in vehicle- and drug-treated WT mice (n=8) and CAG140 KI mice (n=10). Data show
mean +/— S.E.M. time for the indicated measure for each group. Significant differences
among groups were determined by One-way ANOVA, followed by Dunnett’s post-test to
compare against the vehicle-treated CAG140 KI group, and are indicated by asterisks. *,
P<0.05. Panel C shows significant differences between GA-treated CAG140 KI mice vs.
vehicle-treated CAG140 KI mice on jump time (*, P=0.029; F(1,150)=4.8), stereotypic time
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(****, P<0.0001; F(1,150)=16.5), stereotypic counts (****, P<0.0001; F(1,150)=17.1) and
resting time (**, P=0.003; F(1,150)=9.0) at 8.5 months of age, measured over a 10 minute
time frame. Open symbols represent mean +/— S.E.M. performance of vehicle-treated
CAG140 KI mice (n=8), while closed circles depict mean +/- S.E.M. performance of GA-
treated CAG140 KI mice (n=9). Significant effects of GA were determined by Two-way
ANOVA.
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Fig. 2. The effects of GA treatment on motor behavior in N171-82Q transgenic mice
A). Rotarod was measured over four days at 15 weeks of age using an accelerating

paradigm. The mean + S.E.M. level of performance for each group of WT and N171-82Q
transgenic mice (n=5-6 per group, males only) on each day is shown. Panel B shows the

effects of GA treatment on climbing activity of WT and N171-82Q transgenic mice 17
weeks of age. Bar graphs depict mean +/- S.E.M. performance from n=8-10 mice per

group. Panel C depicts the effects of GA on vertical activity of WT and N171-82Q
transgenic mice (n=8-10 per group) at 18 weeks of age. Bar graphs depict mean +/- S.E.M.
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performance from n=8-10 mice per group. Significant differences were determined by One-
way ANOVA, followed by Dunnett’s post-test. *, P<0.05; **, P<0.01; ***, P<0.001.
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Fig. 3. The effects of GA treatment on Bdnf expression in CAG140 Kl and N171-82Q transgenic
mice

Real-time gPCR analysis showing the effects of GA on the expression of promoter |
(“BanF1"), promoter IV (“Bdnf-4") and exon IX (“BdnF1X”) forms of Banfexpression in
the cortex of CAG140 KI mice at 12 months of age (Panel A), and N171-82Q transgenic
mice at 20 weeks of age (Panel B). Values shown are the mean = S.E.M. expression values
(n=6 mice per group). Significant differences were determined by Student’s t-tests for the
indicated genes. *, p<0.05; **, p<0.01; ***, p<0.001. Panel C show the effects of GA on
BDNF protein levels measured in rat plasma at the indicated doses of GA. Bars show the
mean + S.E.M. BDNF level (n=6 mice per group). Significant differences were determined
by Oneway ANOVA, followed by Dunnett’s post-test. *, P<0.05; **, P<0.0. Panel D shows
the positive correlation observed between BDNF levels measured in rat plasma and striatum
levels of BDNF as determined by Pearson Correlation analysis (r=0.626, **, P=0.0078).
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Fig. 4. Measures of cytokine levels in the cortex of vehicle- and GA-treated CAG140 KI mice
Panel A shows a heatmap depiction to summarize the expression changes of all 12 cytokines

in the cortex of male WT and CAG140 KI (“HD”) mice. Cytokine levels were determined
by multianalyte ELISA, with yellow indicating decreased expression and blue indicating
increased expression as shown by the color key. Panel B shows the significant effects of GA
on cortical levels of IL4 and IL12 in a bar graph format depicting mean +/- S.E.M. level
from n=4 mice per group. Panel C shows the effects of GA on IL4 and IL12 levels in plasma
from CAG140 KI and N171-82Q transgenic mice. Levels depict mean +/- S.E.M. level of
the indicated cytokine from n=8 mice per group. Significant differences were determined by
Student’s t-tests for the indicated genes. #, p<0.08; *, p<0.05; **, p<0.01.
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