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Introduction

SUMMARY

Aims: To evaluate the effectiveness of a new VMAT-2 inhibitor NBI-641449 in controlling
hyperkinetic movements of Huntington disease (HD) and to investigate its possible thera-
peutic effects. Methods: We applied three different doses of NBI-641449 (1, 10, 100 mg/
kg/day) for 2 weeks in 4-month-old YAC128 mice and wild-type (WT) mice. Rotarod per-
formance and locomotive activities were tested during the administration of the drug. The
concentration of dopamine (DA) and its metabolites was quantified in the striatal tissues by
high-performance liquid chromatography (HPLC). Neuron survival in striatum and hun-
tingtin protein aggregates were assessed with immunostaining. Expression levels of endo-
plasmic reticulum (ER) stress proteins were detected by immunoblotting. Results: Rotarod
performance was significantly improved after treatment with low or middle dose of NBI-
641449 in YAC128 mice. Open field test showed that NBI-641449 treatment could attenu-
ate the increased horizontal activity (HACTV), total vertical movement, moving time, and
moving distance in YAC128 mice. High dose of NBI-641449 might cause sedative effects in
WT and YAC128 mice. HPLC showed that NBI-641449 caused a dose-dependent decrease
of DA, 3,4-dihydroxyphenylacetic acid, and homovanillic acid levels in the striatum. NeuN
and DARPP-32 immunostaining revealed that NBI-641449 had no significant effect on the
neuron survival in the striatum. However, NBI-641449 treatment reduced the huntingtin
protein aggregates in the cortex of YAC128 mice. In addition, the levels of ER stress proteins
were increased in YAC128 mice, which can be suppressed by NBI-641449. Conclusions:
These findings suggest that this new VMAT-2 inhibitor NBI-641449 may have therapeutic
potential for the treatment of HD.

cause depletion of DA content in the presynaptic vesicles and
reduction in the dopaminergic tone. In previous clinical trials, TBZ

Huntington’s disease (HD) is an autosomal dominant inherited
neurodegenerative disorder caused by expansion of CAG triplet
repeats in the huntingtin (H7T) gene and characterized by selec-
tive and progressive neuronal loss in the affected tissues, mostly in
the striatum [1-3]. HD is typically diagnosed based on clinical fea-
tures of movement symptoms, cognitive impairments, and psy-
chological abnormality in the setting of a family history and can
be confirmed by genetic testing [4,5]. There is currently no effec-
tive treatment to delay the onset of disease or slow the disease
progression. A number of previous studies suggested that dopa-
mine (DA) signaling pathway plays an important role in HD path-
ogenesis [6,7]. It is known that vesicular monoamine transporter-
2 (VMAT-2) is a vital molecule in catecholamine storage and
defect of it may cause neurodegeneration [8]. Several studies
also reported that VMAT-2 inhibitor may benefit to HD treatment
[9-11]. Tetrabenazine (TBZ) is a VMAT-2 inhibitor, which can
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showed some efficacy in relieving hyperkinetic movement in
patients with HD [12-16]. Furthermore, it was demonstrated that
long-term feeding with TBZ can alleviate the motor symptoms in
YAC128 mouse model of HD and reduce the striatal neuron loss,
which indicate its potential therapeutic effect for HD [17]. How-
ever, the underlying mechanisms of the therapeutic effects of TBZ
on HD are largely unknown. Recently, Fuentes et al. [18] reported
that inhibition of VMAT-2 can induce cell death in a substantia ni-
gra (SN)-derived cell line, suggesting its potential neurotoxicity.
This result poses question of safety for clinical use of VMAT-2 inhib-
itor. Recently, Neurocrine Inc. (San Diego, CA, USA) developed a
new generation of VMAT?2 inhibitor called NBI-641449, an analog
of NBI-98854, which is undergoing a phase 3 clinical study for the
treatment of hyperkinetic movement disorders. NBI-641449 can
effectively regulate DA release but has minimal impact on the other
monoamines (provided by Neurocrine Inc., unpublished data). The
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selectivity may reduce the likelihood of “off target” side effects.
Additionally, this novel agent has low, sustained, plasma and brain
concentrations, which may minimize the potential side effects asso-
ciated with excessive DA depletion (provided by Neurocrine Inc.,
unpublished data). This study is to evaluate the effectiveness of this
drug in controlling abnormal motor symptoms of HD and to investi-
gate whether it has neurotoxicity to neurons in nigro-striatal path-
way. In addition, we attempt to test the biological effects of this
new VMAT2 inhibitor in the brain of YAC128 mice, a transgenic
animal model of HD [19].

The YAC128 mice express the full-length human HTT gene with
128 CAG repeats, whose phenotypes are similar to the patients
with HD, which makes the transgenic mice as a unique model for
the screening of novel therapeutic approaches for the treatment of
HD [19-22]. In the YAC128 mice, hyperkinetic movement begins
at 3 months of age with progressive motor impairment appearing
at 6 months of age [21]. Significant decrease in striatal neuron
survival usually starts from 12 months of age in the YAC128 mice
[19]. Furthermore, the transgenic mice exhibit decreased brain
weight and reduced striatal and cortical volumes at 9 months of
age [19]. For the first step, we evaluate the antihyperkinetic effect
and antineuron loss effect of NBI-641449 at early stage of the dis-
ease.

Although the mechanisms of HD remain unclear, endoplasmic
reticulum stress (ER stress) may play an important role in this pro-
cess [23]. Accumulation of intracellular protein aggregates may
trigger ER stress as well as apoptosis, which can lead to cell death
[23-25]. C/EBP homologous protein (CHOP), a key signaling pro-
tein of ER-stress-induced apoptosis, plays an essential role in ER
stress [26]. Upregulating CHOP can trigger caspase 12 activation
as well as inhibit Bcl-2 expression, which may induce apoptosis
[27]. However, whether these factors are involved in HD neurode-
generation process remains largely unknown. In this study, we
observed the possible anti-ER stress effects through inhibition of
CHOP signal pathway. These experimental studies may provide
more evidence for understanding mechanisms of VMAT-2 inhibi-
tor in the treatment of HD.

Materials and Methods
Drug Delivery in Mice

YAC128 mice (FVBN/NJ background strain, No 004938) were
obtained from Jackson Labs (Bar Harbor, ME, USA). Female
YAC128 hemizygotous mice and age-matched wild-type (WT) lit-
termates were used in all our experiments. NBI-641449 was
obtained from Neurocrine Inc. prepared as low dose (1 mg/kg/
day, NBI-1), middle dose (10 mg/kg/day, NBI-10), and high dose
(100 mg/kg/day, NBI-100) in 50 uL of pure water. NBI-641449
was delivered to 4-month-old mice by oral feeding needle two
times a day for two continuous weeks. WT mice were divided into
four groups: WT control, WT-1 (treated with NBI-1), WT-2 (trea-
ted with NBI-10), and WT-3 (treated with NBI-100). YAC128
mice also were divided into four groups: YAC control, YAC-1
(treated with NBI-1), YAC-2 (treated with NBI-10), and YAC-3
(treated with NBI-100). All animal studies were approved by the
Animal Ethics Committee of Baylor College of medicine and car-
ried out in accordance with the Guidelines laid down by the NIH
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in the United States regarding the care and use of animals for
experimental procedures (animal protocol 0014125).

Behavior Tests
Rotarod Performance

Rotarod performance was trained 1 day prior and tested in
2 weeks (2, 6, 10, 14 days) after the oral administration of NBI-
641449. All the mice were trained on the rotarod rod for 120 sec-
ond with three trials to get a baseline of performance. The rotarod
assessments were performed using an accelerating rotarod tread-
mill (Columbus Instruments, Columbus, OH, USA) as previously
described [6]. At each test point, mice were required to perch on
the stationary rod for 30 second to adapt to the environment.
Then the animals were trained at a constant speed of 5 rpm for
90 second. After this pretraining, mice were tested three times at
1-h intervals. During each test, the rotarod was set at a starting
speed of 5 rpm for 30 second, and the speed was increased by
0.1 rpm/second. All animals were tested three times for each
experiment, and the mean latency to fall off the rotarod recorded
in the three trials was subjected to statistical analysis.

Open Field Analysis

Open field test, monitored by the AccuScan Digiscan system
(AccuScan Instruments Inc., Columbus, OH, USA), was started
1 day prior and 2, 6, 10, and 14 days after the oral administra-
tion of NBI-641449. Four parameters collected by computer
included: (1) horizontal activity (HACTV): the total number of
beam interruptions in the horizontal sensor each 60 min; (2)
vertical movement number: the total number of beam interrup-
tions of the vertical sensors each 60 min; (3) total distance trav-
eled: the distance traveled around the entire home cage in a
continuous path (cm/60 min); and (4) total moving time: the
total moving time in the entire home cage horizontally and ver-
tically (second/60 min). The measurements were taken during
the period between 9 AM and 11 AM in a dark room. Each
mouse was placed in the testing chamber for 30 min for adapta-
tion, followed by a 60 min recording by the computer-gener-
ated automatic analysis system.

Determination of Striatal DA, 3,4-
Dihydroxyphenylacetic Acid, and Homovanillic
Acid Levels

The concentration of DA was quantified in striatal tissues by
HPLC, which is preformed as previously described [28,29]. Briefly,
striatal tissues were homogenized (10% w/v) by sonication in ice-
cold 0.1 M perchloric acid. Homogenates were centrifuged at
10,000 g for 10 min at 4°C, and the supernatants were collected
and filtered through acro-disk filters (0.25 mL; Fisher Scientific,
Pittsburgh, PA, USA) and subjected to HPLC (HTEC-500; Eicom,
Kyoto, Japan) with the column (EICOMPAK SC-30DS; Eicom)
and detected by an electrochemical detector (AD Instruments Pty
Ltd., Castle Hill, NSW, Australia). The mobile phase consisted of
0.1 mM citric acid, 0.1 M sodium acetate, 220 mg/L octane sul-
fate sodium, 5 mg/L EDTA, and 20% methanol, pH 3.5.
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Immunoblotting Analysis

Total proteins were isolated from the tissues with RIPA lysis buffer
containing 50 mM Tris-HCI (pH 7.4), 150 mM NacCl, 1% Nonidet
P-40, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and
proteasome inhibitor cocktail. The protein concentrations were
assayed from the resulting supernatants by the bicinchoninic acid
assay (BCA) kit (Thermo Scientific, Waltham, MA, USA). Forty
micrograms of proteins was loaded and separated on 8%, 10%, or
12% SDS-polyacrylamide gel electrophoresis (PAGE) gel. Proteins
were transferred onto 0.45 or 0.22 ym PVDF membranes. Mem-
branes were incubated in the presence of respective primary anti-
bodies: CHOP (1:500; Cellsignal, Danvers, MA, USA), Bip (1:500;
Cellsignal), and cleaved caspase-12 (1:500; Cellsignal). f-actin
antibody (1:6000; Sigma, St. Louis, MO, USA) was used to equal
protein loading. Peroxidase-conjugated secondary antibodies were
used, and then protein bands were visualized using chemilumi-
nescent horseradish peroxidase substrate (ECL; Pierce, Waltham,
MA, USA) and quantified with an image analyzer (Image lab 4.1;
Bio-Rad, Hercules, CA, USA).

Immunohistochemistry Staining for SN

The mice were terminally anesthetized and perfused transcardially
with phosphate-buffered saline (PBS) and fixed with 4% parafor-
maldehyde. The brains were removed and postfixed in 4% parafor-
maldehyde at 4°C overnight and equilibrated in 15%/30% sucrose
in PBS. The brains were sliced to 30-um-thick coronal sections
using a Leica sliding microtome (Leica 3050s, Wetzlar, Germany).

Serial frozen sections of the entire midbrain were systematically
picked at 150-um intervals and subjected to free-floating immuno-
histochemistry with rabbit antityrosine hydroxylase (TH, 1:1000;
Millipore, Billerica, MA, USA) at 4°C overnight. The sections were
washed in PBS and then incubated in the secondary antibody for
2 h at room temperature. For avidin-biotin—peroxidase method of
TH-immunostaining, the secondary antibodies were biotinylated
anti-rabbit IgG (1:200; Vector Laboratories, Burlingame, CA, USA),
followed by avidin/biotin complex (ABC kit; Vector Laboratories)
and 3, 3'-diaminobenzidine tetrachloride (DAB; Sigma) chromo-
gen. For quantitative evaluation, the dissector technique was used
to estimate the number of nigral neurons immunoreacted with TH
antibody in animal midbrain. The number of neurons in a specific
region was estimated by multiplying the total number of neurons
counted in all section pairs by 5 to reflect the total number of sec-
tions from which the section pairs were chosen.

Assessment of Neuron Survival and Huntingtin
Protein Aggregates in the Brain

The frozen brains were sliced to 30-um-thick coronal sections
spaced 360 pm. Slices of striatum were stained with NeuN mono-
clonal antibody (1:1000; Millipore) at 4°C overnight, which is
present in most neurons, and DARPP-32 antibody (1:200; Protein-
tech, Chicago, IL, USA), which is a specific marker for medium
spiny neurons in the striatum [30]. The second antibody was incu-
bated for 2 h at room temperature. Quantitative analysis was pre-
formed blindly to genotype and drug feeding. The grid size was set
t0 450 x 450 um, and the counting frame was set to 50 x 50 um.
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The neuropathological assessments were preformed as described
previously [19].

For the detection of huntingtin aggregates, we used monoclonal
EMA48 antibody (1:100; Millipore) to stain the brain slices, which is
specific for huntingtin aggregates [31]. Fluorescent dye Cy3-conju-
gated goat anti-mouse (Jackson ImmunoResearch, West Grove,
PA, USA) was used as secondary antibody. Antifade reagent with
4/,6-diamidino-2-phenylindole (DAPI) was used to antifade the flu-
orescence and nuclear stain (Lifetechnologies, Waltham, MA,
USA). Slices were visualized at 400x magnifications under a fluo-
rescent microscope (Olympus, IX81, Tokyo, Japan).

Statistical Data Analysis

The data were analyzed using SPSS 17.0 (Chicago, IL, USA). The
rotarod performance and open field test were analyzed using
three-way analysis of variance (ANOVA) with repeated measures
accounting for genotype, drug treatment, and time point. The data
of EM48 aggregation were analyzed using one-way ANOVA fol-
lowed by Tukey post hoc test. The other data were analyzed using
two-way ANOVA followed by Tukey post hoc test. Significant dif-
ferences were defined as P < 0.05. All values were presented as
mean £ SEM.

Results

NBI-641449 Improves Rotarod Performance of
YAC128 HD Mice

Basal rotarod performance for all groups was determined before
initiation of drug feeding when the mice were 4 months of age
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Figure 1 Rotarod performance of wild-type (WT) and YAC128 mice. An
average latency to fall from the accelerating rotarod is shown for the WT
mice and YAC128 mice in 4.5 months of age. The latency was significantly
improved after NBI-641449 treatment with 1 and 10 mg/kg/day from 2 to
14 days. A total of 100 mg/kg/day group did not show significant
improvement. A total of 1 and 10 mg/kg/day NBI-641449 treatment to WT
mice had no apparent effects on the rotarod performance, while 100 mg/
kg/day caused significant reduction compared to WT control mice at 2, 6,
10, and 14 days. N =12 in each group. Values were shown as
mean + SEM. The results were analyzed using three-way ANOVA with
repeated measures. *P < 0.05 when compared with YAC control;
*P < 0.05 when compared with WT control.
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as described. The latency to fall from a rotating rod was used as a
measurement of rotarod performance. Based on the results, we
found all the WT mice performed better in rotarod assay than all
the YAC128 mice (Figure 1). Feeding NBI-1 and NBI-10 to WT
mice has no apparent effects on their rotarod performance from
2 to 14 days. However, NBI-100 treatment caused significant
reduction of rotarod performance in 2, 6, 10, and 14 days when
compared to WT control mice (P < 0.05) (Figure 1), which may
be caused by the sedative effect of high dose of the agent. Fur-
thermore, feeding NBI-1 and NBI-10 to YAC128 mice signifi-
cantly improved their rotarod performance in 2, 6, 10, and
14 days when compared to YAC128 control mice (P < 0.05) (Fig-
ure 1). However, NBI-100 treatment had no apparent improve-
ment in the period of 14 days rotarod test in YACI128 mice
(Figure 1).

NBI-641449 Attenuates Abnormal Locomotor
Activities of YAC128 HD Mice

As previously reported, YAC128 mice exhibit a hyperkinetic phe-
notype started from 3 months of age when compared with WT
mice [19]. In our study, we found that when compared to
YAC128 control mice, NBI-1-treated YAC128 mice showed signifi-
cant decreased HACTV, total vertical movement, total distance
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traveled, and total moving time in 6, 10, and 14 days (P < 0.05)
(Figure 2A-D). Feeding NBI-10 and NBI-100 to YAC128 mice sig-
nificantly improved open field performance (reduced HACTV,
total movement, total distance traveled, and total moving time) in
2, 6, 10, and 14 days when compared to YAC128 control mice
(P <0.01) (Figure 2A-D), which indicate that NBI-641449 can
improve open field performance in a dose-dependent manner in
YAC128 mice. Furthermore, NBI-1 and NBI-10 to WT mice did
not show apparent difference in open field test, while NBI-100 to
WT mice showed significant reduction in 6, 10, and 14 days when
compared with WT control mice (P < 0.05, Figure 2A-D). These
results further indicate possible sedative effect when treated with
high dose of NBI-641449 in WT mice.

NBI-641449 Downregulates DA and its
Metabolites in the Striatum

We used HPLC-electro-chemical detector to determine the con-
centrations of DA and its metabolites in the striatum of different
groups of experimental mice. In the WT control mice, the mean
levels of DA, 3,4-Dihydroxyphenylacetic Acid (DOPAC), and
homovanillic acid (HVA) in the striatum were 82.0 £ 4.9,
28.0 £ 2.8, and 27.4 £ 3.3 ng/mg tissues (Figure 3A-C). The
levels of DA and DOPAC in NBI-1-treated mice had no apparent
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Figure 2 Open field test results of wild-type (WT) and YAC128 mice in 4.5 months of age. (A) horizontal activity (HACTV) = the total number of beam
interruptions in the horizontal sensor each 60 min; (B) total vertical movement number = the total number of beam interruptions of the vertical sensors
each 60 min; (C) total distance traveled = the distance traveled around the entire home cage in a continuous path (cm/60 min); and (D) total moving
time = the total moving time in the entire home cage horizontally and vertically (second/60 min). The data for the WT mice were shown as full lines, while
YAC128 mice as dotted lines. A total of 100 mg/kg/day NBI-641449 treatment significantly altered the open field performance in WT mice. A total of 10 and
100 mg/kg/day NBI-641449 treatment significantly improved the open field performance from 2 to 14 days when compared to YAC control mice. Feeding
with 1 mg/kg/day NBI-641449 showed significant improvement of open field performance in 6, 10, and 14 days in YAC128 mice. N = 12 in each group.
Values were shown as mean + SEM. The results were analyzed using three-way ANOVA with repeated measures. *P < 0.05 and **P < 0.01 when
compared with YAC control; *P < 0.05 when compared with WT control.
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difference when compared to WT control mice (Figure 3A,B), but
the level of HVA in NBI-1-treated mice was reduced to 67.8% of
WT control mice (P < 0.05) (Figure 3C). Furthermore, levels of
DA, DOPAC, and HVA in NBI-10 and NBI-100-treated mice were
significantly reduced when compared to WT control mice
(P <0.01) (Figure 3A—C). Similar to the effects of NBI-641449 in
WT mice, we further found that NBI-641449 treatment at three
doses resulted in downregulation of DA and its metabolites in the
striatum in a dose-dependent manner (70.0 + 7.9, 19.8 + 4.9,
19.4 + 3.2 ng/mg tissue for YAC-1 mice [NBI-1]; 41.4 £+ 7.8,
14 £+ 2.6, and 8.8 &+ 3.7 ng/mg tissue for the YAC-2 [NBI-10]
mice; and 19.1 £ 5.8, 7.0 £ 3.5, and 6.4 £ 2.3 ng/mg tissue for
the YAC-3 mice [NBI-100]) (Figure 3A—C). These results suggest
that inhibition of DA synthesis and metabolism by NBI-641449
may contribute to this anti-HD hyperkinetic effect in YAC128
mice.

NBI-641449 does not Alter the Number of
TH-Positive Neurons in the SN of YAC128 Mice

To determine whether the DA neurons in the SN were affected in
the YAC128 mice by NBI-641449 treatment, we used immuno-
chemistry staining to detect TH-positive neurons in the SN in eight
group mice. We found that there was no significant difference in
the TH-positive neurons between all eight group mice (Fig-
ure S1A). Statistical analysis further suggested that there was no
significant difference in TH-positive neurons between WT and
YAC128 mice or NBI-641449-treated and untreated mice, which
indicate that NBI-641449 may have no toxicity to DA neurons
(Figure S1B).

S. Chen et al.

NBI-641449 does not Significantly Affect the
Neuron Survival in the Striatum of YAC128 Mice

Striatal cell loss is a defining neuropathological characteristic of
HD [19]. To further assess the effect of NBI-641449 on the neuron
survival in the striatum, we used immunostaining to detect the
number of NeuN-positive cells in the striatum of ditferent experi-
mental mice. NeuN immunofluorescent staining revealed no obvi-
ous difference between eight groups of experimental mice
(Figure S2A), which is consistent with the previous reports [6,19].
Quantitative analysis showed a 4.8% but not significant decrease
in the number of striatal NeuN-positive neurons in YAC128
control mice as compared to WT control mice (Figure S2B,
P > 0.05). Moreover, NBI-1 and NBI-10 treatment showed slight
increase in the number of NeuN-positive neurons when compared
to YAC128 control mice (Figure S2B, P > 0.05). There was no dif-
ference in the number of NeuN-positive neurons between NBI-
100-treated YAC128 mice and YAC128 control mice (Figure S2B).

To further examine neuronal loss after the NBI-641449 treat-
ment, the number of medium spiny neurons (MSNs) was assessed
by immunostaining for DARPP-32, a protein specific to medium
spiny neurons (MSNs) [30]. MSNs are considered as the most
atfected neurons in HD and also the major neuron type in the stri-
atum [6]. Similar to the results of NeuN immunostaining, there
was no apparent difference in all the eight groups of experimental
mice (Figure 4A). Quantitative analysis indicated a 5.1% but not
significant reduction in the number of DARPP-32-positive neu-
rons in YAC128 control mice as compared to WT control mice
(Figure 4B, P > 0.05). There was no significant difference
between YAC control, YAC-1, YAC-2, and YAC-3 (Figure 4B,
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Figure 3 Levels of DA and its metabolites in
striatum of wild-type (WT) and YAC128 mice in
4.5 months of age. (A) Concentration of DA in
striatum area (ng/mg tissue); (B) concentration
of DOPAC (ng/mg tissue); (C) concentration of
HVA (ng/mg tissue). N = 4 in each group.
Values were shown as mean + SEM. The
results were analyzed using two-way ANOVA
followed by Tukey post hoc test. **P < 0.01
and *P < 0.05 when compared with WT
control; *P < 0.05 and **P < 0.01 when
compared with YAC control. HVA, homovanillic
acid.
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Figure 4 The survival of MSNs in wild-type (WT) and YAC128 mice. (A) Representative DARPP-32 staining of striatal sections from 4.5 months of age in
WT and YAC128 mice; (B) the mean number of DARPP-32-positive neurons in striatum in eight different groups of mice. Nucleuses were marked with DAPI
(blue). Statistical analysis showed that there was no significant difference in the numbers of DARPP-32-positive neurons in WT and YAC mice or NBI-
641449-treated or untreated mice. N = 3 in each group. Values were shown as mean £ SEM. The results were analyzed using two-way ANOVA followed

by Tukey post hoc test.

P > 0.05). These results indicate that NBI-641449 treatment has
slight but not significant effect on the neuron survival in the stria-
tum of YAC128 mice.

NBI-641449 Reduces Huntingtin Protein
Aggregates in the Brain of YAC128 Mice

Brain sections from YAC128 were immune stained with EM48, an
antibody that recognizes N-terminal huntingtin and is highly spe-
cific for aggregates [31]. Immunostaining revealed the obvious
EM48-positive aggregates in the cortex of four groups YAC128
mice (Figure 5A), while no apparent EM48-positive aggregate
was detected in the striatum of YAC128 mice (data not shown).
Also, there was no obvious EM48-positive aggregate in the stria-
tum or cortex in four groups of WT mice (Figure 5A). Further-
more, there was a significant reduction of EM48-positive
aggregates in the cortex of NBI-641449-treated groups (NBI-1,

© 2015 John Wiley & Sons Ltd

NBI-10, NBI-100) as compared with YACI28 control mice
(Figure 5A). Quantitative analysis showed that the density of
EM48 immunostaining in cortex of NBI-1 mice was reduced to
60.4% of that observed in YAC128 control mice, while NBI-10
and NBI-100 mice were reduced to 42.5% and 47.6% of YAC128
control mice, respectively (Figure 5B). These results indicate that
NBI-641449 can reduce the huntingtin protein aggregates in the
cortex of YAC128 mice, which might involve in the therapeutic
effects of NBI-641449 in HD mice.

NBI-641449 Reduces the Levels of ER Stress
Proteins

Using immunoblotting, we further detected the levels of
associated proteins in ER stress, including CHOP, Bip, and cleaved
caspase-12 in the brain of 4.5 months of age in WT and YAC128
mice. Based on the results of behavior tests, we chose the middle
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Figure 5 Huntingtin protein aggregates in cortex of wild-type (WT) and YAC128 mice. (A) Representative EM48-positive staining of cortical sections from
WT and YAC128 mice in 4.5 months of age. Scale bar: 50 um. Arrows indicate the huntingtin aggregates in cortex. Nucleuses were marked with DAPI
(blue). (B) Quantitative analysis of EM48 density in the cortex of YAC128 mice. N = 3 in each group. Values were shown as mean + SEM. The results were
analyzed using one-way ANOVA followed by Tukey post hoc test. **P < 0.01 when compared with YAC control.

dose of 10 mg/kg/day to represent the effect of NBI-641449 in the
ER stress in WT and YAC128 mice. The results of immunoblotting
showed that the YAC128 mice had significantly high levels of ER-
stress-associated proteins (CHOP, Bip, and cleaved caspase-12) as
compared with WT mice (Figure 6A), while 10 mg/kg/day NBI-
641449 treatment can significantly suppress the elevated levels of
ER-stress-associated proteins in the YAC128 mice (P < 0.01) (Fig-
ure 6A). Statistics analysis further indicate that the levels of
CHOP, Bip, and cleaved caspase-12 were reduced to 48.3%,
58.0%, and 51.5%, respectively, in NBI-10-treated YAC128 mice
as compared to YAC128 control mice (Figure 6B). This result sug-
gested that NBI-641449 has anti-ER stress effect in YAC128 mice.

Discussion

Although there is no effective therapy for HD, drugs aimed at con-
trolling hyperactivity symptoms and delaying disease progression
become research interests [1]. In our study, we found that NBI-
641449, a new generation of VMAT-2 inhibitor, improved the
behavior performance of YAC128 mice. Although NBI-641449 did
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not affect the number of DA neurons in SN area, application with
this compound decreased the levels of DA and its metabolites in
the striatum of the YAC128 mice. These findings suggest that ther-
apies aimed toward inhibition of VMAT-2 are likely to have thera-
peutic benefits for the treatment of HD.

Inhibition of DA pathway is considered to be related with anti-
hyperkinetic movement effect [6,19]. It has been reported that
YAC128 mice impaired balance and motor function as shown in
rotarod performance beginning at 3 months of age [17]. In our
study, after treated with low and middle doses of NBI-641449, the
latency to fall from the rod significantly prolonged, indicating that
this drug may improve balance as well as motor function in
YAC128 mice. However, the high dose NBI-641449 treatment in
YAC128 mice fails to show improvement in rotarod performance,
which might be explained by the drug’s sedative effect at high
dose. Rotarod performance of high dose NBI-641449 treatment in
WT mice further indicated the possible sedative effect of this
agent. Otherwise, we found that the hyperkinetic movements,
tested by open field, in the HD mice were attenuated after the
NBI-641449 treatment. These symptoms are similar with HD

© 2015 John Wiley & Sons Ltd
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Figure 6 Levels of ER-stress-associated proteins in wild-type (WT) and
YAC128 mice. (A) Western blot analysis of protein levels of CHOP, Bip,
and cleaved caspase-12 in the WT control, WT-2 (NBI-10), YAC control,
and YAC-2 (NBI-10) mice; (B) quantitative analysis of the ratio of CHOP,
Bip, and cleaved caspase-12 in the four mouse groups. N = 3 in each
group. Values were shown as mean + SEM. The results were analyzed
using two-way ANOVA followed by Tukey post hoc test. P < 0.01 when
compared with YAC control. ER, endoplasmic reticulum.

patients which are characterized by hyperactive chorea move-
ment and mood instability at early stage of disease [1]. The anti-
HD effects of NBI-641449 in the treatment of YAC128 mice may
indicate its effects in controlling hyperactive symptoms in real
patients with HD. In the future, more researches are needed to
investigate whether this NBI-641449 has same therapeutic effects
in the late stage of HD mice.

Tetrabenazine is the only FDA approved agent for the symp-
tomatic management of HD, which binds to VMAT-2 to deplete
monoamines and serotonin from presynaptic central nervous
system neurons [32]. Previous clinical trials demonstrated that
TBZ can efficiently reduce chorea symptoms in patients with
HD compared with placebo group [12-16]. However, TBZ is
not a specific DA depleting compound, other neurotransmitter
innervations such as serotoninergic and some noradrenergic,
which might lead to the side effects of depression, anxiety,
parkinsonism, and so on [14,15]. NBI-641449 is a potent,
highly selective VMAT-2 inhibitor which is designed to treat
hyperkinetic movement disorders, including HD, tardive dyski-
nesia, dystonia, and others. Compared to TBZ, NBI-641449 has
less impact on other monoamines, which might reduce the
possibility of side effects during the treatment of HD. In our
study, high dose of NBI-641449 to WT mice showed reduced
hyperkinetic movements in open field test and significant
reduction in rotarod test. These results further indicate the
effect of NBI-641449 on a possible sedative effect that might
occur at high dose but not at low and middle doses.

Striatal neuronal loss is one of the hallmarks of HD, and it was
reported that the motor deficit in YAC128 mice is highly corre-
lated with striatal neuronal loss [19]. MSNs are the major neuro-
nal cell type in striatum and also the most affected neurons in the
disease progression of HD [33]. Previous studies reported that the
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significant change of neuronal density in the striatum and the loss
of striatal volume usually started from 9 months of age in the
YAC128 mice [19]. In our study, we found about 4.8% and 5.1%
but not significant reduction of NeuN-positive and DARPP-2-posi-
tive neurons, respectively, in the striatum of 4.5 months old
YAC128 mice, which is consistent with the previous studies [19].
Furthermore, based on our results, we found the motor defects in
4 months of age in YAC128 mice, and low and middle doses of
NBI-641449 can improve the behavior performance in YAC128
mice. We speculate that the improvement of behavior perfor-
mance might not be caused by the change of neuron survival in
the striatum or SN, rather than the functional alteration of MSNs
or other neurons in YAC128 mice.

Intercellular aggregate of mutant huntingtin protein is consid-
ered as one of hallmarks for the pathological feature of HD [34].
Immunostaining revealed that the circular, densely stained in-
traneuronal aggregates were located in the striatum, cerebral cor-
tex, cerebellum, and the spinal cord in HD [35,36]. EM48, an
antibody against the N-terminal of huntingtin, appears to be more
sensitive for the huntingtin aggregates in the brain of HD mouse
model or patients [31]. Previous study demonstrated that EM48-
positive aggregates were more prone to locate in cortex than in
striatum. In patients with HD, cytoplasmic aggregates are much
more common than nuclear aggregates in presymptomatic stage
[31]. Further evidence supported that no apparent EM48-positive
inclusions were observed in striatal cells of YAC128 mice until 18-
month-olds [19]. In our study, consistent with previous studies,
we found EM48-positive aggregates appeared in the cytoplasm of
cortical neurons, not in the striatal cells of 4.5-month-old YAC128
mice. Indeed, there is controversy in the literature about the con-
nection between huntingtin aggregates in cerebral cortex and the
neuronal dysfunction in the striatum. One possibility is that the
majority of neurons in the striatum are projection neurons, and
striatal pathology could exist by the potential importance of gluta-
matergic corticostriatal projections in HD [37]. Besides, strategies
for reducing huntingtin aggregates have been proved beneficial in
HD mouse models, which further indicated the neurotoxicity from
the huntingtin aggregates [38]. In our study, three doses of NBI-
641449 can significantly reduce the EM48-positive aggregates in
cerebral cortex, which might be involved in its anti-HD effects in
YAC128 mice.

Accumulating evidence indicated that cytoplasmic/nuclear
hungtingtin aggregation may generate chronic ER stress which
leads to neuronal dysfunction in HD [39]. Further study reported
that N-terminal mutant huntingtin proteins activated cellular
pathways linked to ER stress causing cell death, and inhibition of
ER stress increased cell survival [40]. Prolonged ER stress can
activate CHOP expression, a key signaling protein of ER-stress-
induced apoptosis [23,41]. CHOP-induced apoptosis can be sup-
pressed by the pro-survival protein Bcl-2 that regulates cross talk
between the ER and mitochondria [41]. In addition, CHOP activa-
tion could also upregulate caspase 12, which is located in the ER
and is responsible for ER-stress-induced apoptosis [41,42]. In our
study, we found that after treatment of NBI-641449, the
expression levels of ER-stress-related proteins CHOP, Bip, and
cleaved caspase-12 were downregulated, which highly suggest
that NBI-641449 may have therapeutic effects mediated by anti-
ER stress in YAC128 mice.
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Until now, no treatment can alter the disease course of HD, and
numerous experiments in animal model and clinic trials in
patients are undergoing to lessen symptoms of movement and
rescue the neurons degeneration [43]. Besides TBZ, atypical anti-
psychotic, olanzapine, got encouraging responses from small
open-label studies [44]. A novel dopaminergic stabilizer, pridopi-
dine, acts as a modulator of D, receptor activity in central nervous
system, which has been recently developed for treatment of
movement and psychiatric disorders including HD [45]. Other
RNAI therapy targeting mutant huntingtin protein or stem cell
transplant therapy has been initiated in cell and animal models,
before conducting clinic trials in patients [1].

Conclusion

Despite advances have been made in understanding the pathology
of HD, there remains no specific therapeutic drugs for this devas-
tating disease. It is clear in the present study that a new VMAT-2
inhibitor, NBI-641449, has efficacy of controlling hyperkinetic
symptom of HD with little toxicity to neuron survival in striatum.

S. Chen et al.

In addition, feeding this agent significantly reduces the hungting-
tin protein aggregates in cerebral cortex in YAC128 mice and
shows anti-ER stress effect through its inhibition on CHOP, Bip,
and cleaved caspase-12 pathways. These results provide further
molecular evidence that NBI-641449 possesses potential anti-HD
property, which may warrant further clinical study in patients
with HD to determine whether the drug can slow down the dis-
ease progression.
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