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Abstract

Background—Deficiencies in brain-derived-neurotrophic-factor have been implicated in the
pathogenesis of Huntington's disease (HD).

Objective—Glatiramer acetate, an FDA- approved drug used for the treatment of multiple
sclerosis, has been shown to increase brain-derived-neurotrophic-factor levels in immune cells;
hence, we investigated whether it could have similar effects in striatal cells.

Methods—Wild-type and HD striatal cells were treated with glatiramer acetate for 48 hrs. HD
transgenic and wild-type mice were injected with glatiramer acetate (1.5 to1.7 mg/mouse) for five
days. These treatments were followed by protein measurements for brain-derived-neurotrophic-
factor.

Results—Glatiramer acetate elicited concentration-dependent increases in brain-derived-
neurotrophic-factor protein levels in wild-type and HD striatal cells and in striatal tissue from
N171-82Q transgenic mice. Glatiramer acetate also improved metabolic activity of HD striatal
cells, and significantly reduced the early hyperactivity phenotype exhibited by N171-82Q
transgenic mice.

Conclusions—These findings suggest that glatiramer acetate may represent a useful therapeutic
approach for HD. The excellent safety and tolerability record of this compound makes it an ideal
candidate for drug repurposing efforts.
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Introduction

HD is an inherited, progressive neurodegenerative disorder characterized by chorea,
movement dysfunction, cognitive impairment, and behavioral disturbances [1]. The
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prevalence rate in the US is approximately 5 per 100,000 people. Since the identification of
the HD gene in 1993, there have been enormous advancements in the diagnosis and
understanding of the molecular and pathophysiological features of the disorder [1].
Nonetheless, there is currently no satisfactory treatment or cure for this disease. HD has
been the focus of a considerable amount of pre-clinical and clinical research, however, there
is only one U.S. FDA- approved agent for the symptomatic management of HD,
tetrabenazine [2].

Brain-derived neurotrophic factor (BDNF) plays an important role in survival, growth,
differentiation, and death of neurons [3, [4], and is one of the most widely-studied
neuroprotective factors. BDNF exerts its functions in the striatum by binding to the tyrosine
kinase receptor (TrkB), as well as the p75 neurotrophin receptor [5]. Although BDNF
protein in the striatum is thought to be provided primarily by anterograde transport from the
cortex [6], recent studies using newer quantitative analyses of protein and mRNA levels in
striatal cells revealed similar expression levels of BDNF in striatum compared to cortex [7].
Further, several studies have shown that Bdnf mMRNA is widely expressed in striatal tissue
[8, [9, [10]. BDNF is also expressed in immune cells and is thought to represent a potent
neuroprotective factor in neuroinflammatory disease [11].

Many CNS disorders are associated with low levels of BDNF, in particular, HD in which
reduced striatal BDNF is thought to play a crucial role in pathogenesis [12, [13, [14, [15].
Loss of huntingtin-mediated BDNF gene transcription is associated with the striatal
degeneration observed in mouse models of HD and in HD patients [13, [16]. Accordingly,
BDNF is decreased in brain tissue from human HD patients [13, [17] and in HD transgenic
mice [13, [18, [19]. Notably, BDNF administration to the forebrain has shown to be
protective in the R6/1 and R6/2 mouse models [12, [20] and BDNF overexpression in vivo
was found to rescue HD phenotypes in YAC128 mice [14]. Moreover, BDNF knockout
mice display several symptoms reminiscent of HD [21]. These studies have suggested that
restoring striatal BDNF levels may have therapeutic effects in this disease. Several strategies
to increase BDNF levels in brain have been developed. These include drugs, such as mixed
lineage kinase inhibitors [22], engineered cells that overexpress BDNF [23], and gene
therapy, which has been tested in clinical trials for Alzheimer’s disease [24, [25, [26, [27].
Finding safe and tolerable drugs that increase BDNF in the brain would be a major
breakthrough for HD treatment.

Glatiramer acetate (GA; Copaxone®) is an FDA- approved drug used as first-line treatment
for relapsing-remitting multiple sclerosis. The mechanisms of action of GA are not fully
understood, but are thought to involve immunomodulatory effects [28]. Additionally, GA
has been shown to release neuroprotective factors from immune cells, suggesting possible
direct neuroprotective properties, which could have relevance not only for the treatment of
multiple sclerosis, but also other neurological conditions. In particular, studies have shown
that GA-reactive T cells can release brain-derived neurotrophic factor (BDNF) [29, [30,
[31], and that GA can increase BDNF levels in cultured peripheral blood mononuclear cells
[32] and in the brains of an experimental autoimmune encephalomyelitis mouse model
treated with GA [33]. In light of these studies, we tested whether GA could increase BDNF
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levels in striatal cells, in both in vitro and in vivo assays, as a first step in assessing its
potential as a therapy for HD.

Conditionally immortalized wild-type STHdhQstriatal neuronal progenitor cells expressing
endogenous normal huntingtin, with 7 glutamines, and homozygous mutant STHdhQ111 cell
lines, expressing endogenous mutant huntingtin with 111-glutamines, were generated from
striatal tissue of Hdh knock-in mice [34] and were a kind donation from Dr. Marcy
MacDonald. Cells were plated at 3x10° cells per well in six-well plates containing DMEM
media supplemented with 10% FBS, grown at 33°C/5% CO», and treated with GA at
concentrations of 3-300 uM or vehicle (40% mannitol) for 24 hrs. At the end of treatment,
the culture medium was collected and BDNF levels measured by ELISA.

The metabolic activity of STHdhQ” and STHdh®Q11L cells was determined by using the XTT
assay. This assay is based on the conversion of the water-soluble XTT (2,3-bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) reagent to an orange
formazan product, which requires an intact metabolism and respiratory chain. Cells were
plated in 96-well tissue culture plates and XTT assays were performed 24 hrs after shifting
the cells to 39°C by adding the XTT reagent (Sigma Aldrich), followed by absorbance
readings at 490 nm on a multiwell spectrophotometer.

Mice and treatment

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). Groups of mice (n=6-7 per genotype and
drug condition) were injected s.c. with GA (75 mg/kg/day, equaling 1. 5 to 1.7 mg per
mouse) or an equivalent amount of vehicle (40% mannitol) once a day for 5 days, at 10
weeks of age. This dose is similar to that used in previous mouse studies [33, [35]. Mice
were sacrificed 5-6 hr after final injection. All procedures were in strict accordance with the
National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.

Open field exploration

Open field exploration was measured in a square plexiglass chamber (Med Associates INC)
3-4 hrs after the final injection. Several behavioral parameters (ambulatory time, ambulatory
distance, average velocity, rearing and jumping) were recorded for each mouse during a 10
minute observation period. The behavioral data were analyzed by two-factor analysis of
variance using GraphPad Prism Software (San Diego, CA), with significance accepted at the
95% probability level.
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At the end of the drug treatments, brains were removed, and striata and cortex dissected out
and immediately frozen on dry ice. Striatal and cortical samples were homogenized in lysis
buffer and sonicated. Tissue and cell samples were diluted 1:1 in Block & Sample buffer
(1x/Promega). BDNF protein levels were determined by ELISA using BDNF Epax™
ImmunoAssay System (Promega) according to the manufacturers’ protocols. BDNF levels
were normalized by total protein in each sample (BCA protein assay reagent;
ThermoScientific).

Given the ability of GA to elevate BDNF in immune cells, we tested whether GA could
elicit elevation of BDNF levels in striatal cells both in vitro and in vivo. In vitro, GA
exposure resulted in concentration-dependent increases in BDNF protein levels in WT
STHdhQ’ and mutant STHdhQ11! striatal cells compared to vehicle-treated cells (Figure
1A). Consistent with studies from HD transgenic mice and human HD patients, BDNF
levels were lower in the mutant STHdhQ™1 striatal cells compared to WT STHdhQ? cells
(Figure 1A).

The effects of GA on striatal BDNF levels were next tested in vivo, in the N171-82Q
transgenic mouse model of HD. GA treatment resulted in significantly elevated BDNF
protein levels in the striatum of N171-82Q transgenic mice (2.48 pg/mg protein vs. 0.90
pg/mg protein; Two-tailed Student’s t test; p=0.003) (Figure 1B). GA-induced increases in
BDNF protein were also observed in the cortex, without a concomitant change in cortical
BDNF mRNA levels (data not shown).

We next tested whether GA could alter HD phenotypes in vitro and in vivo. GA treatment of
HD STHdhQ!1 striatal cells caused a significant improvement in the metabolic deficit
exhibited by these cells, while having no effect on WT STHdhQ? cells (Figure 2A). In open
field activity measurements, there were no statistically significant effects of GA on general
locomotion parameters, including ambulatory time, distance or velocity in N171-82Q
transgenic mice (data not shown). Although motor deficits between wt and HD mice were
minimal at this age (10 weeks), consistent with previous studies in the literature [36, [37,
[38], N171-82Q mice did show increased hyperactivity, including erratic jumping activity
and stereotypic behavior (Figure 2B), consistent with previous reports [39, [40, [41]. GA
treatment results in significant decreases in this activity in N171-82Q mice: jumping counts
(F(1,110)=8.81; p=0.001) and stereotypic counts (F(1,68)=7.24; p=0.009) in N171-82Q
transgenic mice (Figure 2B).

Discussion

Discoveries about the molecular basis of HD have provided opportunities to identify novel
therapeutic targets. However, developing a novel drug takes an enormous amount of time,
money and effort, largely due to bottlenecks in the therapeutic development process [42]. In
contrast, the repurposing of an FDA- approved drug into a new indication would facilitate a
rapid path into a critical unmet medical need. Historically, drug repurposing was an
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unintentional, serendipitous process; in this case, however, the recent studies demonstrating
that GA could elevate BDNF levels in immune cells [32] led us to hypothesize that a similar
effect of GA in neurons could be beneficial to neurological disorders associated with BDNF
deficiency, such as HD. Accordingly, we demonstrated that GA can increase BDNF levels
in cultured striatal cells and in striatal tissue after in vivo administration.

Our automated, high-resolution behavioral analyses allows the measure of complex mouse
activity, such as jumping and grooming, which have been linked to stress-like behaviors
[43], although these specific features are often not reported in HD mice. Previous studies
have reported increased stereotypic behavior at early stages of illness in different HD mouse
models, including YAC128 and R6/1 mice [39, [40]. An additional study has reported
increased erratic jumping activity in the R6/2 HD mouse model, prior to the onset of overt
motor deficits [41]; In this study, we report similar phenotypes in the N171-82Q mouse
model, prior to the onset of motor deficits and that GA treatment could prevent these
behaviors. Increased jumping and stereotypic activity might represent a stress-like
phenotype or an uncontrolled, chorea-like movement dysfunction that occurs early in illness.
Hence, we suggest that GA might be particularly effective early in the course of illness.

One limitation of testing the N171-82Q mice at an early stage of illness is that we cannot
clearly correlate increased BDNF levels to increased motor performance, given that these
mice did not show overt motor dysfunction at 10 weeks of age. Previous studies have shown
improvement in motor deficits in HD transgenic mice upon BDNF administration [12, [14,
[20]. Hence, we expect that longer treatment with GA in this mouse model will improve the
motor deficits observed at later stages of illness. Another limitation is that the dose of GA
used in this study, and other mouse studies [33, [35], is higher than the human equivalent of
20 mg/day. Hence, the effect of GA on BDNF must be measured at lower doses in order to
fully translate these findings into human therapeutics. These studies are the subject of
ongoing work by the authors.

The mechanism of how GA elevates BDNF levels is not clear at this time. Given the lack of
change in Bdnf mRNA after GA administration, it is possible that the mechanism involves
enhancing BDNF protein stability. Nonetheless, in these proof-of-principle studies, we
suggest that GA could be a useful therapeutic for HD patients. Over the last 10-15 years,
abundant research has characterized the clinical efficacy and safety of GA [44]. GA does not
generate neutralizing antibodies and has no known drug interactions. More than 1 million
patient-years of experience attest to the safety and tolerability of this compound. The
excellent safety and tolerability record of GA makes it an ideal candidate for drug
repurposing efforts for HD.
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Figure 1. The effects of GA exposure on striatal cells (A) and striatal tissue (B)
A). Striatal cells were treated with GA for 24 hrs at the indicated concentrations. BDNF

levels were measured by ELISA. Data are from two independent experiments performed in
duplicate and shown means +/— SEM. Statistically significant differences in BDNF levels
were determined by One-way ANOVA, comparing all drug treatment values to the control
value. Asterisks denote significant difference between GA-treated and vehicle-treated; *,
P<0.05. Hatched mark denotes significant difference between HD vehicle compared to WT
vehicle; #, P=0.019. B). Effect of GA treatment (75 mg/kg) on BDNF protein levels in the
striatum of wt and N171-82Q transgenic (HD) mice. BDNF levels were measured in striatal
samples homogenates from n= 6-7 mice per group. Statistically significant differences in
BDNF levels were determined by Student’s t test (unpaired; two-tailed): *, P<0.05; **,
P<0.01.

J Huntingtons Dis. Author manuscript; available in PMC 2015 June 25.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Corey-Bloom et al.

Page 10

A. In vitro
0.5 Q111 . a7

STHdh HD cells STHdh=" WT cells

04

0.3

0.2

Metabolic activity
(relative aborbance)
Metabolic activity
(relative aborbance)

0.1

I T I O R
Amount GA (M) Amount GA (uM)
B. In vivo
; B WT-Veh
157 Jumping counts 8 WT-Veh Stereotypic counts o TGVeh

-~ TG-Veh

N
=1
=3

*** p=0.0004,
TG vs. WT

-
@
S

100

Jumping Counts
Stereotypic counts

T = p=0.009,
TG-GAvs.
TG-Veh

5
R S 012 3 4567 8 9 10
Time (min) Time (min)

Figure 2. Effects of GA treatment on in vitro (STHdh striatal cells) and in vivo (N171-82Q
transgenic mice) HD phenotypes

A). STHdh HD (Q111) and WT (Q7) striatal cells were treated with GA at the indicated
concentrations and XTT assays performed after 24 hrs. Significant differences were
determined by one-way ANOVA, followed by Dunnett’s post-test. **, P<0.001, ***,
P<0.0001. B). Groups of mice were tested in an open field activity chamber over a 10
minute period and jumping activity and stereotypic behavior is shown. Two-way ANOVA
revealed significant differences between WT-vehicle and N171-82Q-vehicle mice, as well as
GA-treated vs. vehicle-treated N171-82Q transgenic mice in jumping counts (left) (**,
P=0.001 and **P=0.001 for transgenic and drug effect, respectively) and stereotypic
behavior (right) (**, p=0.0004 and **, P=0.009 for transgenic and drug effect, respectively).
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