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ABSTRACT
Huntington’s disease (HD) is characterized by progressive loss of
striatal medium spiny neurons (MSNs) that constitute direct and
indirect pathways: the indirect pathway MSNs is more vulnerable
than the direct pathway MSNs. Impairment of cAMP/cGMP
signaling by mutant huntingtin is hypothesized as the molecular
mechanismunderlyingdegenerationofMSNs.Phosphodiesterase
10A (PDE10A) is selectively expressed in MSNs and degrades
both cAMP and cGMP; thus, PDE10A inhibition can restore
impaired cAMP/cGMP signaling. Compared with other PDE10A
inhibitors, a novel PDE10A inhibitor 1-[2-fluoro-4-(1H-pyrazol-1-
yl)phenyl]-5-methoxy-3-(1-phenyl-1H-pyrazol-5-yl)pyridazin-4(1H)-
one (TAK-063) showed comparable activation of the indirect
pathway MSNs, whereas it produced partial activation of the direct
pathway MSNs by its faster off-rate property. In this study, we
report the effects of TAK-063 on striatal neurodegeneration and

behavioral deficits in the R6/2 mouse model of HD. TAK-063 at
0.5 or 5mg/kg/daywas orally administrated from4.5–5 to 12weeks
of age, and the effects of TAK-063 were characterized over this
period. Repeated treatment with TAK-063 suppressed the
reduction of brain-derived neurotrophic factor levels, prevented
striatal neurodegeneration, and suppressed increase in seizure
frequency, but did not prevent the suppression of body weight
gain. As for motor deficits, TAK-063 suppressed the develop-
ment of clasping behavior and motor dysfunctions, including
decreased motor activity in the open field, but did not improve
the impairment in motor coordination on the rotarod. Regarding
cognitive functions, TAK-063 improved deficits in procedural
learning, but was ineffective for deficits in contextual memory.
These results suggest that TAK-063 reduces striatal neuro-
degeneration and ameliorates behavioral deficits in R6/2 mice.

Introduction
Huntington’s disease (HD) is anautosomal dominant, inherited

neurodegenerative disease associated with progressive cognitive
impairment and motor symptoms such as chorea, akinesia, and
dystonia (Walker, 2007; Ross and Tabrizi, 2011). HD is caused by
a mutation that results in an abnormal expansion of cytosine-
adenine-guanine (CAG) trinucleotide repeats beyond about 35 re-
peats within exon 1 of the huntingtin gene, which encodes the
huntingtin protein (Walker, 2007; Frank, 2014; Ross et al., 2014).
Although mutant huntingtin is expressed throughout the brain,
the most prominent cell loss is of medium spiny neurons (MSNs)
in the striatum (Vonsattel and DiFiglia, 1998). The MSNs
constitute two distinct output pathways: the direct and indirect
pathways (Graybiel, 1990, 2000). Particularly, indirect pathway
MSNs appear to be more vulnerable to degeneration than direct
pathway MSNs in patients with HD (Reiner et al., 1988; Sapp
et al., 1995; Glass et al., 2000; Galvan et al., 2012). To date,

multiple animal models of HD have been established (Pouladi
et al., 2013). HDmodelmice, such asR6/2, CAG140, andYAC128
mice, are initially hyperactive and gradually become hypoactive
(Lüesse et al., 2001; Menalled et al., 2003; Slow et al., 2003),
suggesting the reduced output from both direct and indirect
pathway MSNs. Those phenotypes might reflect the higher
vulnerability of indirect pathway MSNs than direct pathway
MSNs at earlier phases, although the direct evidence is limited.
Interestingly, green fluorescent protein, selectively expressed
in indirect pathway MSNs under Drd2 promoter control, was
reduced from early stages of disease progression in R6/2, R6/1,
CAG140, andHdhQ111mice (Crook andHousman, 2012). Those
HDmodelmicemight not completely replicate theHDpathology;
however, these mice would be useful for preclinical evaluation of
potential therapeutics for the treatment of HD. Impairment in
cAMP signaling and its downstream cAMP response element-
bindingprotein (CREB) signalingpathwaybymutanthuntingtin
protein has been hypothesized to play a critical role in the
neurodegeneration in HD pathology (Nucifora et al., 2001;
Wyttenbach et al., 2001; Mantamadiotis et al., 2002; Gines
et al., 2003; Sugars and Rubinsztein, 2003; Choi et al., 2009).
Neuronal nitric oxide synthase mRNA is also decreased in
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the postmortem striatum of patients with HD (Norris et al.,
1996), suggesting the downregulation of cGMP signaling.
Thus, activation of cAMP and cGMP signaling pathways,
especially in indirect pathway MSNs, could be a potential
therapeutic approach for HD.
Phosphodiesterase 10A (PDE10A) is a dual-substrate PDE

that hydrolyzes both cAMP and cGMP, and is highly expressed
in both direct and indirect pathwayMSNs (Fujishige et al., 1999;
Seeger et al., 2003; Coskran et al., 2006). PDE10A inhibitors
activate both types of MSNs, and previous studies suggested the
indirect pathway preferential activation by PDE10A inhibitors
such as papaverine, 2-{4-[-pyridin-4-yl-1-(2,2,2-trifluoro-ethyl)-
1H-pyrazol-3-yl]-phenoxymethyl}-quinoline succinic acid (TP-10),
and 2-[4-(1-methyl-4-pyridin-4-yl-1H-pyrazol-3-yl)-phenoxymethyl]-
quinoline (MP-10) (Nishi et al., 2008; Threlfell et al., 2009;Wilson
et al., 2015). A selective PDE10A inhibitor TP-10 significantly
increased striatal cell survival and activated CREB in the
quinolinic rat model of HD (Giampà et al., 2009). TP-10 also
showed significant beneficial effects in R6/2 mice; it recovered
striatal and cortical levels of phosphorylated CREB and brain-
derived neurotrophic factor (BDNF), inhibited striatal atrophy,
and showed improvement in clasping behavior, performance in
rotarod, and locomotor activity (Giampà et al., 2010). TP-10 was
reported to increase the corticostriatal transmission via upregu-
lation of cGMP signaling (Padovan-Neto et al., 2015), which
might also contribute to its beneficial effects in the quinolinic rat
model andR6/2mice. Thus, restoring cAMPand cGMP signaling
by PDE10A inhibition may be a promising treatment approach
for HD. The 1-[2-fluoro-4-(1H-pyrazol-1-yl)phenyl]-5-methoxy-3-
(1-phenyl-1H-pyrazol-5-yl)-pyridazin-4(1H)-one (TAK-063) is a
selective and orally active PDE10A inhibitor (Kunitomo et al.,
2014). Interestingly, our previous study revealed that activation
pattern of MSNs by a faster off-rate PDE10A inhibitor TAK-063
was different from those by slower off-rate PDE10A inhibitors
such as MP-10 and compound 1; compared with MP-10 and
compound 1, TAK-063 equally activated indirect pathway
MSNs, whereas it partially activated direct pathway MSNs
(Suzuki et al., 2016). Considering the lower vulnerability
of direct pathway MSNs than that of indirect pathway
MSNs, thisMSN activation pattern by TAK-063 could protect
MSNs in both pathways from neurodegeneration by mutant
huntingtin without unbalanced activation of these pathways.
In this study,we investigated theeffects ofTAK-063on theR6/2

mouse model of HD. R6/2 mouse line is a widely used transgenic
(Tg) mouse model of HD with several phenotypes similar to that
seen inpatientswithHD, including striatal atrophy,motordeficits,
and cognitive impairments. In this work, we report preclinical
evidence that TAK-063 protects from striatal neurodegeneration
and ameliorates behavioral deficits in R6/2 mice.

Materials and Methods
Ethics Statement. All behavioral studies were conducted by

PsychoGenics Inc. (Tarrytown, NY), according to principles of the
Public Health Service Policy on Humane Care and Use of Laboratory
Animals, and procedures were approved by the Institutional Animal
Care and Use Committee of PsychoGenics Inc. (protocol number
179_0312). PsychoGenics Inc. achieved Association for Assessment
and Accreditation of Laboratory Animal Care International accredi-
tation (Unit 001213).

Animals. R6/2 Tgmice carrying the N-terminal region of a mutant
human huntingtin gene and wild-type (WT) mice were used in this
study (Mangiarini et al., 1996). Mice were bred in the colony of

PsychoGenics Inc. by crossing ovarian transplanted females on a
CBA�C57BL/6 background (The Jackson Laboratory, Bar Harbor,
ME) with male C57BL/6 mice. Mice were identified before weaning by
real-timepolymerase chain reaction of tail snips. CAG repeat length in
mutant mice was analyzed by ABI Prism 377 DNA Sequencer (Life
Technologies, Carlsbad, CA). AverageCAG repeat lengths for eachR6/2
mouse group were as follows: vehicle-treated group, 123.79 6 0.35;
0.5 mg/kg/day TAK-063–treated group, 123.34 6 0.48; 5 mg/kg/day
TAK-063–treated group, 123.66 6 0.49 (mean 6 S.E.M.; n 5 19–22).
Mice were given 1-minute handling habituation on 2 consecutive days
between 19 and 21 days of age, and were identified by tail tattoo at
20–21days of age andweaned at 21–22days of age.Micewerehoused in
a room with light control (12-hour light/12-hour dark cycle with lights
on at 7:00AM). Food andwaterwere provided ad libitum.Animalswere
checked for survival twice per day and body weighed once per week.
Mice from multiple littermates were used for each treatment group
(almost equally divided between sexes), and housed 4–5mice/cage. Two
WT mice of the same sex, but different littermates, were included in
each cage for providing normal social stimulation.

Chemicals. TAK-063 was synthesized by Takeda Pharmaceutical
Company Limited (Fujisawa, Japan). TAK-063 was suspended in
vehicle (0.5% methylcellulose in sterile water) using an ultrasonic
sonicator for 10minutes andwas thenmixed by pipetting and inverting
the tube to eliminate any precipitation. Dosing solutions were formu-
lated daily. All formulated dosing solutions were prepared in amber
glass vials. The formulated solutions were additionally stirred for at
least 10 minutes before dosing and were stirred throughout the dosing
session. Daily oral administration of vehicle or TAK-063 at 0.5mg/kg or
5 mg/kg with a dose volume of 10 mL/kg was started from 4.5–5 to
12 weeks of age. The drugs were administered after the completion of
behavioral tests each day. No mice were dead up to 12 weeks of age.

Biochemical Analysis. At12weeksof age (after 8weeksof repeated
dosing and behavioral studies), mice (n5 6 in each group) were sacrificed
and tissue collected 3 hours after the last administration. Plasma samples
of TAK-063–treatedgroupswerealso collectedat the same timepoint. The
plasma concentrations of TAK-063 at 0.5 and 5 mg/kg/day were 191.2 6
11.0 and 1123.5 6 32.5 ng/mL, respectively (mean 6 S.E.M., n 5 7).
Striatal PDE10A occupancies of TAK-063 at plasma concentrations of
191.2and1123.5ng/mLare estimatedas 58and89%, respectively, inmice
(Supplemental Fig. 1). The brains were rapidly removed and rinsed in ice-
cold saline. The striatum and cerebral cortex were then immediately
dissected and frozen ondry ice. Thedissected tissueswerehomogenizedby
ultrasonic sonication in 20 mL/g lysis buffer (137 mMNaCl, 20 mM Tris-
HCl, pH 8.0, 1% NP-40, 10% glycerol, and 1% proteinase inhibitor
cocktail). The homogenateswere centrifuged at 15,000 rpm for 20minutes
at 4°C, and the supernatantswere frozen at280°Cuntil use. BDNF levels
were determined using BDNF Emax ImmunoAssay System kit (Promega,
Madison, WI) following the manufacturer’s instructions. The 96-well
plates coated with anti-BDNF monoclonal antibody were incubated with
a blocking buffer at room temperature (RT) for 1 hour. The frozen samples
and BDNF standards were applied to the plates. The plates were
incubated with shaking for 2 hours at RT, followed by rinse with the
washing buffer. Then the plates were incubated with anti-BDNF poly-
clonal antibody for 2 hours atRTandwere rinsedwith thewashing buffer.
The plates were incubated with horseradish peroxidase–conjugated anti-
IgY antibody for 1 hour at RT. To produce a color reaction, the solution of
peroxidase substrate and tetramethylbenzidine was added to the plates.
The reaction was terminated by addition of 1 M hydrochloric acid, and
then the absorbancewasmeasured at 450 nmusing a plate readerWallac
ARVO SX 1420 (PerkinElmer, Waltham, MA).

Histochemical Analysis. At 12 weeks of age (after 8 weeks of
daily dosing and behavioral studies), mice (n 5 4 in each group,
2 males and 2 females) were randomly selected, anesthetized with
sodium pentobarbital, and transcardially perfused with saline, fol-
lowed by 4% paraformaldehyde in 0.1 M phosphate-buffered saline
(PBS) 3 hours after the last administration. The whole brain was
removed and fixed overnight in 4% paraformaldehyde in 0.1 M PBS at
4°C and then transferred to a solution of 30% sucrose in 0.1 M PBS
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at 4°C. The brains were embedded in 7.5% sucrose containing Tissue-
Tek OCT Compound (Sakura Finetek, Tokyo, Japan) and were stored
at280°C until use. Multiple coronal serial sections per animal (20 mm
thick) within the coordinates of 0.86–0.50 mm rostrocaudal from bregma
were cut on a cryostat. Two sections per animal were randomly selected
from the multiple sections for the following staining. Cresyl violet (MP
Biomedicals, Aurora, OH) was used to stain Nissl substance in the
cytoplasm of neurons. The sections were rehydrated through graded
alcohols and then stained with 0.07% acetic acid containing 0.25%
aqueous solution of cresyl violet for 30minutes. The sections were briefly
rinsed with water, followed by dehydration in graded alcohols. The
sections were cleared in xylene and were sealed by coverslips. Images of
stained sections were captured at original magnification 20� by a slide
scanner (NanoZoomer; Hamamatsu Photonics, Hamamatsu, Japan). To
assess striatal atrophy, the bilateral striata of the sectionsweremanually
delineated according to the stereotaxic atlas of the mouse brain (Paxinos
and Franklin, 2001) using NDP viewing software (Hamamatsu Photon-
ics) by an investigator blind to the treatment groups. The defined striatal
areas (mm2) were automatically calculated by the same software. The
bilateral striatal areas were averaged between two sections per animal
and further averaged over each treatment group (n 5 4).

Experimental Design of Behavioral Study. All testing and
assessments were performed during the animals’ light cycle phase.
Mice in their home cages were transferred from the rearing room to
the experimental rooms and were acclimated to the experimental
rooms for at least 1 hour before the beginning of any experiments. At
4 weeks of age, mice were tested for rotarod and open field behaviors
for validation of baseline phenotypes. Mice were balanced between
four treatment groups (vehicle-treated WT mice, vehicle-treated R6/2
mice, 0.5 mg/kg/day TAK-063–treated R6/2 mice, and 5 mg/kg/day
TAK-063–treated R6/2 mice) in terms of sex, body weight, CAG repeat
number, and past behavioral performance. Experimenters were blind
to both treatment and genotype at time of behavioral testing.

Body Weight. Mice were weighed once per week throughout the
study (4–12 weeks of age).

Clasping Behavior. Clasping behavior was weekly assessed at
the time body weights were measured. Mice were suspended by the
tail for 30 seconds and observed for hind limb clasping. The percentages
of mice showing full clasping behavior within 30 seconds were
calculated at 5–12 weeks of age.

Open Field Test. The open field test was conducted in a Plexiglas
square chamber (27.3 � 27.3 � 20.3 cm; Med Associates, St. Albans,
VT) surrounded by infrared photobeam sources. Horizontal activity
(distance traveled) and vertical activity (rearing) were measured by
infrared photobeam sources from consecutive beam breaks. Animals
were placed in the chambers for 30 minutes, and total ambulatory
distance and total rearing were measured. Mice were tested at
4 (baseline) and 12 weeks of age.

Rotarod Test. Rotarod test was performed over 3 consecutive
days at 4 (baseline), 6, and 12 weeks of age. Mice were placed on the
rotarod, and the speed of rotation was gradually and uniformly
increased 4 to 40 rpm over 300 seconds. The latency to fall off from
the rotarod was recorded up to 300 seconds.

Procedural Water T-Maze Test. To investigate procedural
learning and cognitive flexibility, procedural water T-maze test was
performed using a T-shaped water maze in mice at 9–10 weeks of age
(Tanimura et al., 2008; Menalled et al., 2014). T-maze test was
conducted in a room at approximately 15 lux. The black Plexiglas
T-maze with arms 33 cm high, 10 cm wide, and 49 cm long was filled
with 25 6 1°C water colored opaque with nontoxic white tempera
paint. A platform was submerged approximately 0.5 cm below the
water surface at one end of the left or right arm. In the acquisition
phase, mice were placed in the stem of the water-filled T-maze and
were allowed to swim to find the hidden escape platform in either the
right or left arm. The location of the platformwas fixed for eachmouse.
Once a mouse reached the hidden platform, the mouse was allowed
to stay there for 10 seconds. The mice underwent eight trials per
day with an approximately 15-minute intertrial interval. If a mouse

reached the platform in six or more of eight trials per day for
2 consecutive days, the mouse met the criteria and the number of
days required to meet the criteria was counted. Up to 7 days were
provided to achieve the criteria in the acquisition phase, andmice that
did not reach the criteriawithin 7 dayswere assigned a value of 7 (cutoff
value). Once the criteria were achieved within 7 days, each mouse was
advanced to the reversal phase. In the reversal phase, the platformwas
located in the opposite arm for each mouse. The performance in this
phase was assessed for 6 consecutive days (eight trials per day).

Seizure Susceptibility. Seizures were observed in R6/2 mice
during the first 3 days of the acquisition phase when we tried to
conduct water T-maze test. These seizures were probably caused by
water-immersion stress because R6/2 mice are known to have in-
creased susceptibility to seizures triggered by stress (Mangiarini
et al., 1996). The number of observed seizures during those days was
counted.

Contextual Fear Conditioning Test. To evaluate contextual
memory, we conducted a contextual fear conditioning (CFC) task in
mice at 11 weeks of age. Training was performed using an automated
software package (Coulbourn, Whitehall, PA). On the training day,
mice were acclimated to the testing chamber for 20 seconds before
receiving the first of five presentations of 2-second footshock (0.6 mA).
The baseline data were recorded during the first shock. The second
shock was presented 80 seconds later; the third and fourth shocks
were presented 120 seconds after the second and third shock, re-
spectively. The final shock was presented 140 seconds after the fourth
shock. Mice were then left in the chambers for 40 seconds and
subsequently returned to their home cages. On the test day, mice
were placed back in the original training context for a 3-minute period
24 hours later from the training. Contextual memory was assessed by
measuring a freezing behavior, defined as cessation of all movement,
with the exception of respiration. Freezing behavior was quantified
using software, FreezeFrame (Actimetrics, Wilmette, IL).

Statistical Analysis. The statistical significance of differences
between two groups was analyzed using Aspin–Welch test with an a

level of 0.05. For comparing dose-dependent effects ofmultiple doses of
TAK-063 with the control group, the homogeneity of variances was
assessed by Bartlett’s test, and then the statistical significance was
analyzed using two-tailed Williams’ test (Williams, 1971) (for para-
metric data,P. 0.05 byBartlett’s test) or two-tailed Shirley–Williams
test (Shirley, 1977) (for nonparametric data, P # 0.05 by Bartlett’s
test). Differences yielding P# 0.05 were considered significant. In the
clasping test, we scored 1 or 0 when eachmouse exhibited full clasping
behavior or not, respectively, and the statistical significance was
analyzed using two-tailed Shirley–Williams test. In the rotarod test,
differences between vehicle-treatedWTmice and vehicle-treated R6/2
mice at each week of age were analyzed using a repeated measures
analysis of variance with test day as the repeated factor.

Results
TAK-063 Suppressed BDNF Reduction in the Striatum

of R6/2 Mice. TAK-063 dose-dependently increased cAMP and
cGMP levels and upregulated phosphorylation of CREB in the
mouse striatum (Suzuki et al., 2015). TAK-063 at 0.5mg/kg (51%
striatal PDE10A occupancy) significantly increased cAMP and
cGMP levels in the mouse striatum after both single and
repeated administration (Suzuki et al., 2015, 2016). Thus,
0.5mg/kg andahigher dose (5mg/kg, 91%PDE10Aoccupancy in
mice) of TAK-063 were used in this study. Daily oral adminis-
tration of vehicle or TAK-063 at 0.5mg/kg or 5mg/kgwas started
from 4.5–5 to 12 weeks of age. Activation of cAMP signaling
cascades is known to upregulate BDNF expression via phos-
phorylation of CREB (Tardito et al., 2006). We evaluated BDNF
protein levels in the striatum and the cortex of mice at 12 weeks
of age. BDNF levels in the striatum of vehicle-treated R6/2 mice
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were significantly lower than that of vehicle-treated WT mice
(P# 0.01; Fig. 1A), and 8weeks of daily treatmentwithTAK-063
significantly and dose-dependently suppressed the reduction of
BDNF levels inR6/2mice (P# 0.05; Fig. 1A). BDNF levels in the
cortex of vehicle-treatedR6/2micewerenot statistically different
from those of vehicle-treated WT mice (P 5 0.15). Repeated
treatment with TAK-063 did not statistically change the BDNF
levels in the cortex of R6/2 mice (P 5 0.06; Fig. 1B).
TAK-063 Prevented Striatal Atrophy in R6/2 Mice.

Significant upregulation of BDNF levels in the striatum by
TAK-063 was expected to produce a neuroprotective effect
against mutant huntingtin-induced neurodegeneration in
R6/2 mice. Striatal atrophy in R6/2 mice was assessed by
measuring striatal areas in the Nissl-stained brain sections of
mice at 12 weeks of age (Fig. 2A). The area of the striatumwas
significantly reduced in brain sections from vehicle-treated
R6/2 mice compared with those from vehicle-treated WT mice
(P # 0.01; Fig. 2B). Repeated treatment with TAK-063 at
5 mg/kg/day significantly inhibited the decline of striatal area
in R6/2 mice (P # 0.05 at 5 mg/kg/day; Fig. 2B). This result
suggests that TAK-063 prevents striatal atrophy in R6/2 mice.
TAK-063 Reduced Seizure Frequency but Did Not

Prevent the Suppression of Body Weight Gain in R6/2
Mice. We assessed effects of repeated treatment with TAK-063
on general symptoms seen inR6/2mice, including the suppression
of body weight gain and increased susceptibility to seizures. The
body weight of vehicle-treatedWTmice increased gradually up to
11weeks of age,whereas that of vehicle-treatedR6/2mice reached
a plateau at 7 weeks of age (Fig. 3A). At 12 weeks of age, the body
weight of vehicle-treated R6/2 mice was significantly lower than
that of vehicle-treated WT mice (P # 0.01). Repeated treatment
with TAK-063 did not significantly prevent the suppression of
body weight gain in R6/2 mice. Seizures were observed in R6/2
mice during the first 3 days of the acquisition phasewhenwe tried
to conduct water T-maze test at 9 weeks of age. These seizures
were probably caused by water-immersion stress because R6/2
mice are known to have increased susceptibility to seizures
triggered by stress (Mangiarini et al., 1996). Repeated treatment
ofTAK-063dose-dependently and significantly suppressed seizure
frequency in R6/2 mice (P# 0.05 at 5 mg/kg/day; Fig. 3B).
TAK-063 Prevented Motor Deficits in R6/2 Mice. To

evaluate the effects of TAK-063 on motor functions in R6/2
mice, we assessed the development of a clasping behavior and

performed open field test and rotarod test. The foot clasping,
an abnormal posturing of the hind limb during the tail
suspension (Nguyen et al., 2005), is a cardinal phenotype in
R6/2 mice (Mangiarini et al., 1996). We assessed foot-clasping
behavior weekly from 5 to 12 weeks of age. Vehicle-treated
R6/2 mice, but not WT mice, exhibited clasping behavior after
8 weeks of age (Fig. 4A). TAK-063 at 5 mg/kg/day tended to
decrease the percentage of mice exhibiting clasping behavior
at 10 and 11 weeks of age (P 5 0.07 and 0.10, respectively),
although the difference did not reach statistical significance
(Fig. 4A). In open field test, vehicle-treated R6/2 mice showed
significant decreases of total distance traveled and rearing
frequency comparedwith vehicle-treatedWTmice at 12weeks
of age (Fig. 4, B and C). Repeated treatment with TAK-063
dose-dependently inhibited the decrease of total distance
traveled and rearing frequency (P # 0.05 at 5 mg/kg/day;
Fig. 4, B and C). In rotarod test, R6/2 mice exhibited decrease
of latency to fall off from the rotarod at 6 and 12 weeks of age,
indicating the deficit in motor coordination (Fig. 4D). Repeated
measures analysis of variance between WT and vehicle-treated
R6/2 mice at each week of age showed significant effects of ge-
notype at 6 and 12 weeks of age (P # 0.01). Repeated treatment
with TAK-063 did not prevent this deficit under these experi-
mental conditions (Fig. 4D). These results suggest that, in R6/2
mice, TAK-063 prevents the deficits in motor functions, including
the development of clasping behavior and the decreased activities
in open field, but not the deficits inmotor coordination on rotarod.
TAK-063 Prevented Procedural Learning Deficits in

Procedural Water T-Maze Test in R6/2 Mice. To assess
the efficacy of TAK-063 for cognitive impairments in R6/2 mice,
we conductedproceduralwaterT-maze test at 9–10weeks of age.
In this test, procedural learning and cognitive flexibility can be
evaluated in the acquisition and reversal phase, respectively
(Tanimura et al., 2008). This task is especially useful in assessing
cognitive function in animals with motor impairments because
the accuracy of their choices can be measured independently
of their latency of escape, which may be perturbed by poor
swimming performance (Melief et al., 2015). Vehicle-treated
R6/2 mice needed more days to reach the criteria than vehicle-
treated WT mice in the acquisition phase, indicating impaired
procedural learning in R6/2 mice (P # 0.01; Fig. 5A). Repeated
treatment with TAK-063 dose-dependently and significantly
reduced the numbers of days required to meet the criteria in
R6/2 mice, suggesting the partial improvement in procedural
learning by a high dose of TAK-063 (P# 0.05 at 5 mg/kg/day;
Fig. 5A).
Once the criteria were achieved within 7 days, the animals

progressed to the reversal phase on an individual basis to
characterize their cognitive flexibility. Eleven mice in each
R6/2 mice group did not reach the criteria even after 7 days of
acquisition phase and therefore were not evaluated in the
reversal phase. On day 1 in the reversal phase, starting
performance was different between groups. To assess the
improvement in performance during the reversal phase,
correct choice percentages on the latter half of this phase
(days 4–6) were averaged and normalized by those on day 1.
These values were represented as normalized correct choice
percentages. The normalized correct choice percentages were
significantly lower in R6/2 mice than WT mice in the reversal
phase, suggesting impaired cognitive flexibility in R6/2 mice
(P # 0.05; Fig. 5B). Repeated administration of TAK-063
tended to increase the normalized correct choice percentages,

Fig. 1. Effects of TAK-063 on BDNF levels in R6/2 mouse brain. BDNF
protein levels in the striatum (A) and the cortex (B) of WT and R6/2 mice
were measured by enzyme-linked immunosorbent assay at 12 weeks of
age. Data are shown as mean + S.E.M. (n = 6 in each group). Statistical
significance between WT and R6/2 mice was determined using Aspin–Welch
test (**P # 0.01; versus vehicle-treated WT mice). Dose-dependent effects
were statistically analyzed using two-tailedWilliams’ test (#P# 0.05; versus
vehicle-treated R6/2 mice).
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although the effect did not reach statistical significance (P 5
0.09 at 5 mg/kg/day; Fig. 5B). These results suggest that the
high dose of TAK-063 (5 mg/kg/day) partially prevents pro-
cedural learning deficits, whereas it does not have significant
effects on the impairments of cognitive flexibility in R6/2 mice.
TAK-063 Did Not Prevent Contextual Memory Deficits

in CFC Test in R6/2 Mice. To evaluate effects of TAK-063 on
contextualmemorydeficits inR6/2mice,weconductedCFCtest at
11 weeks of age. At the contextual phase 24 hours after condi-
tioning session, freezing behavior was significantly decreased in
vehicle-treatedR6/2mice comparedwithvehicle-treatedWTmice,
indicating severe impairment of associative learning in R6/2 mice
(P # 0.01; Fig. 6). Repeated administration of TAK-063 did not
increase the freezing time in R6/2 mice at the contextual phase.
This result suggests that TAK-063 does not prevent contextual
memory deficits in R6/2 mice at 11 weeks of age.

Discussion
Indirect pathway MSNs appear to be more vulnerable than

direct pathway MSNs in patients with HD (Galvan et al.,
2012). These differences in MSN vulnerability may provide
unique opportunities in the future treatment of HD. Compared
with other PDE10A inhibitors such as MP-10 and compound 1,

TAK-063 with a faster off-rate property activates the indirect
pathway MSNs to a similar extent, whereas it partially
activates the direct pathway MSNs (Suzuki et al., 2016).
This activation pattern of MSNs by TAK-063 may protect
MSNs in both pathways from neurotoxic effects of mutant
huntingtin without inducing unbalanced activation of these
neural pathways. We evaluated the effects of TAK-063 on
striatal neurodegeneration and behavioral deficits in the
R6/2 mouse model of HD. The results were summarized and
compared with the reported effects of TP-10 (Table 1).
BDNF plays a critical role in activity and survival of MSNs

(Choi et al., 2009). Striatal BDNF levels were decreased in R6/2
mice, and repeated treatment with TAK-063 at 5 mg/kg/day
almost completely prevented this reduction of BDNF levels at
12 weeks of age. Moreover, TAK-063 at 5 mg/kg/day signifi-
cantly prevented striatal atrophy in R6/2 mice at this age.
These results suggest that the indirect pathway MSN-biased
activation pattern by TAK-063 is neuroprotective in the
striatum of R6/2 mice. In addition, administration of TAK-
063 prevented the development of clasping behavior and
deficits in motor functions in the open field, suggesting the
prevention of disease progression in R6/2 mice. TAK-063 did
not prevent the progressive deficit in motor coordination in
rotarod test under these experimental conditions. Further

Fig. 2. Effects of TAK-063 on striatal atrophy in R6/2 mice.
(A) Representative Nissl-stained coronal sections from
mouse brains prepared at 12 weeks of age are shown. The
dotted lines outline the striatum. (B) Striatal areas (mm2) in
the sections were measured to evaluate striatal atrophy.
Data are represented as mean + S.E.M. (n = 4 in each group).
Statistical significance between WT and R6/2 mice was de-
termined using Aspin–Welch test (*P # 0.05; versus vehicle-
treated WT mice). Dose-dependent effects were statistically
analyzed using two-tailed Williams’ test (#P # 0.05; versus
vehicle-treated R6/2 mice).

Fig. 3. Effects of TAK-063 on body weight changes and seizure frequency in R6/2 mice. (A) Mice were weighed once per week throughout the study. Data
are represented as mean 6 S.E.M. (n = 20 in vehicle-treated WT mice, n = 19 vehicle-treated R6/2 mice, n = 22 in TAK-063-treated R6/2 mice). At
12 weeks of age, the body weight of vehicle-treated R6/2 mice was significantly lower than that of vehicle-treated WTmice (**P# 0.01). Daily treatment
with TAK-063 at 0.5 and 5 mg/kg/day for 8 weeks did not significantly prevent the suppression of body weight gain in R6/2 mice. Statistical significance
between WT and R6/2 mice at 12 weeks of age was determined using Aspin–Welch test (**P # 0.01; versus vehicle-treated WT mice), and dose-
dependent effects were statistically analyzed using two-tailed Williams’ test (versus vehicle-treated R6/2 mice). (B) The number of seizures observed
during the first 3 days of the acquisition phase in the procedural water T-maze test. All data are indicated asmean + S.E.M. (n = 20 in vehicle-treatedWT
mice, n = 19 in vehicle-treated R6/2 mice, n = 22 in TAK-063–treated R6/2 mice). Dose-dependent effects were statistically analyzed using two-tailed
Shirley–Williams test (#P # 0.05; versus vehicle-treated R6/2 mice).
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studies would be needed, but the impairment of motor co-
ordination may be due to some functional deficits of the
surviving MSNs, other brain regions, or peripheral regions.

The striatum and cortex are highly connected via neural
circuitry (Haber, 2003; Simpson et al., 2010), and this connec-
tivity of the corticostriatal circuit enables sensory inputs to be

Fig. 4. Effects of TAK-063 on motor deficits in R6/2 mice.
(A) Clasping behavior was evaluated once per week at
5–12 weeks of age. Data are represented as the percent-
ages of mice showing full clasping behavior within
30 seconds of tail suspension (n = 20 in vehicle-treated
WT mice, n = 19 in vehicle-treated R6/2 mice, n = 22 in
TAK-063–treated R6/2 mice). (B and C) An open field test
was performed at 12 weeks of age. Locomotor activities of
mice were measured by two distinct indicators, total
distance traveled (B) and rearing frequency (C). Data are
represented as mean + S.E.M. (n = 20 in vehicle-treated
WT mice, n = 19 in vehicle-treated R6/2 mice, n = 22 in
TAK-063–treated R6/2mice). Statistical significance between
WT and R6/2 mice was determined using Aspin–Welch test
(**P # 0.01; versus vehicle-treated WT mice), and dose-
dependent effects were statistically analyzed using two-tailed
Shirley–Williams test (#P# 0.05; versus vehicle-treated R6/2
mice). (D) Motor coordination was assessed as the latency to
fall off from a rotarod at 4, 6, and 12 weeks of age. Data are
represented as mean6 S.E.M. (n = 20 in vehicle-treated WT
mice, n = 19 in vehicle-treated R6/2 mice, n = 22 in TAK-
063–treated R6/2mice). Differences betweenWT and vehicle-
treated R6/2 mice at each week of age were analyzed using a
repeated measures analysis of variance. The repeated
measures analysis of variance showed a significant effect of
test day at 4 weeks of age, significant effects of genotype and
test day at 6 weeks of age, and significant effects of genotype
and test day, and a significant genotype� test day interaction
at 12weeks of age. xxP# 0.01, a significant effect of genotype.

Fig. 5. Effects of TAK-063 on impairment of procedural learning and cognitive flexibility in a procedural water T-maze task in R6/2mice at 9–10weeks of age. (A)
The number of days to reach criteria during the acquisition phase is shown. Repeated treatment with TAK-063 dose-dependently and significantly reduced the
number of days required to meet the criteria in R6/2 mice. Data are indicated as mean + S.E.M. (n = 20 in vehicle-treatedWTmice, n = 19 in vehicle-treated R6/2
mice, n = 22 in TAK-063–treated R6/2 mice). Statistical significance between WT and R6/2 mice was determined using Aspin–Welch test (**P # 0.01; versus
vehicle-treatedWTmice). Dose-dependent effectswere statistically analyzed using two-tailedWilliams’ test (#P# 0.05; versus vehicle-treatedR6/2mice). (B) Once
the criteriawere achievedwithin 7 days in the acquisition phase, the animals progressed to the reversal phase on an individual basis. Effects of repeated treatment
withTAK-063 on reversal learning inR6/2micewere evaluated.Data are expressed as the percentage of correct choices during days 4–6, normalized by the percent
correct on day 1, and presented as mean + S.E.M. (n = 20 in vehicle-treated WT mice, n = 8 in vehicle-treated R6/2 mice, n = 11 in TAK-063–treated R6/2 mice).
Statistical significance between WT and R6/2 mice was determined using Aspin–Welch (*P # 0.05; versus vehicle-treated WT mice).
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associated with the output functions such as motor and cognitive
responses, including procedural learning and cognitive flexibility
(Tanimura et al., 2008). Pharmacological magnetic resonance
imaging and electroencephalography studies suggest that TAK-
063 most likely modulates cortical activity through cortical-
striatal-thalamic circuits (Tomimatsu et al., 2016). Therefore, in
addition to neuroprotective effects of TAK-063, modulation of
cortical functions through the corticostriatal circuit may also
contribute to the improvement of cognitive function of R6/2 mice
in the proceduralwater T-maze test. TAK-063 did not prevent the
deficit in contextualmemory inR6/2mice inCFC test at 11weeks
of age. The hippocampus plays an important role in the formation
of contextual memory (Ramirez et al., 2014). Autoradiography
study using rat brain sections suggests that the PDE10A
expression level in the hippocampus is quite low: 40-fold lower
levels than that in the striatum (Harada et al., 2015). In
addition, acute treatment with TAK-063 did not increase cAMP
and pCREB levels in the mouse hippocampus (Suzuki et al.,
2015). Thus, TAK-063 does not show significant improvement
in contextual memory deficits in CFC test in R6/2 mice.
R6/2 mice are known to develop a tremor that worsens under

stress and increases susceptibility to seizures (Mangiarini et al.,

1996; Cepeda-Prado et al., 2012). The seizures observed in R6/2
mice during the procedural water T-maze test were probably
triggered by the stress of water immersion. Intriguingly, TAK-
063 dose-dependently decreased seizure frequency. HD patients
with more than 60 CAG repeats are afflicted by early and more
aggressive pathologies, including myoclonic seizures, which are
refractory to standardantiepilepticmedications (Naydenov et al.,
2014). TAK-063 could also have a potential therapeutic effect on
myoclonic seizures in severe HD patients.
TAK-063 did not prevent the suppression of body weight

gain in R6/2 mice. TP-10 also showed no effects on it in R6/2
mice (Giampà et al., 2010). Although the underlying mech-
anism of the suppression of body weight gain in mouse
models of HD and in patients with HD remains unclear,
peripheral effects of mutant huntingtin, including wasting of
skeletal muscle and adipose tissue, are hypothesized (van der
Burg et al., 2009). PDE10A is selectively expressed in MSNs
of the striatum; thus, if the suppression of body weight gain
were due to peripheral effects of mutant huntingtin, it would
be reasonable that selective inhibition of PDE10A would
have low impact on the suppression of body weight gain by
mutant huntingtin in R6/2 mice.
TAK-063 did not prevent the progressive deficit in motor

coordination in a rotarod test under the present experimen-
tal conditions, whereas TP-10 was reported to significantly
prevent the decline in rotarod performance in R6/2 mice
(Giampà et al., 2010). Although the precise reasons for this
discrepancy remain unclear, differences in experimental
conditions could possibly influence the pharmacological
effects of the two compounds: animal husbandry and the
acceleration and the maximum speed of rotarod are not
consistent with those in TP-10 study. In line with this
speculation, coenzyme Q10 and minocycline, potential drug
candidates for the treatment of HD, produced conflicting
results regarding their efficacy in rotarod test in R6/2 mice
at least partially due to animal husbandry and testing
protocols (Menalled et al., 2010). To further investigate the
differences of effects on impairment in motor coordination
between TAK-063 and TP-10, a direct comparison study
under same experimental conditions is needed.
Some current antipsychotics with dopamine D2 receptor

antagonistic activity, such as haloperidol and fluphenazine,
are commonly used to suppress chorea in HD by reducing

Fig. 6. Effects of TAK-063 on memory deficits in a CFC test in R6/2 mice
at 11 weeks of age. Data are represented as percent freezing time relative
to total measuring time (180 seconds) and indicated as mean + S.E.M. (n =
20 in vehicle-treated WT mice, n = 19 in vehicle-treated R6/2 mice, n =
22 in TAK-063–treated R6/2 mice). Statistical significance between WT
and R6/2mice was determined using Aspin–Welch test (**P# 0.01; versus
vehicle-treated WT mice).

TABLE 1
Comparison of the effects on the phenotypes of R6/2 mice between TAK-063 and TP-10
The results of TP-10 are reported by Giampà et al. (2010).

Effect of Test Compound

TAK-063 TP-10
Neural protection and

brain pathology
Reduction of BDNF levels Suppression (striatum) Suppression

(striatum and cortex)
Striatal atrophy Prevention Prevention
Formation of NIIs NT Reduction
Microglial activation NT Inhibition

General behavior Loss of righting reflex (survival) NT Inhibition
Suppression of body weight gain No effect No effect
Increase in seizure frequency Suppression NT

Motor function Development of a clasping behavior Prevention Prevention
Decrease in motor activity (open field test) Inhibition Inhibition
Deficit in motor coordination (rotarod test) No effect Improvement

Cognitive function Deficits in procedural learning and cognitive
flexibility (water T-maze test)

Improvement
(procedural learning)

NT

Deficit in contextual memory (CFC test) No effect NT

NIIs, neuronal intranuclear inclusions; NT, not tested.
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involuntary movements through the activation of the indirect
pathway (Giménez-Roldán and Mateo, 1989; Bonelli and
Wenning, 2006). PDE10A inhibitors would also be expected to
suppress chorea via PDE10A inhibition in the indirect pathway.
However, PDE10A inhibitors activate both direct and indirect
MSN pathways, and these pathways are considered to have
competing effects onmotor functions. In fact, a cataleptic response
induced by activation of the indirect pathway by haloperidol was
canceled by excessive activation of the direct pathway by a D1

receptor agonist SKF82958 in rats (Suzuki et al., 2015).Moreover,
several reports have suggested that excessive activation of the
direct pathway MSNs is involved in the production of dystonia,
one of the major clinical features of HD (Janavs and Aminoff,
1998; Louis et al., 1999; Burbaud, 2012). It is not known whether
the indirect pathwayMSN-biased activation pattern by TAK-063
would translate to therapeutic benefit in humans. Further pre-
clinical and clinical studies are worth conducting to investigate
pharmacological and tolerability profiles of TAK-063.
In this study, we used R6/2 mouse, a fragment Tg model, to

evaluate the potential of TAK-063 on HD. The R6/2 mouse is a
widely used mouse model of HD for a preclinical study, because
this fragment Tg model has a robust phenotype with an early
onset, rapidly progressive neurodegeneration, weight loss, and
motor and cognitive deficits (Pouladi et al., 2013). However,
there are also some caveats to the use of fragment Tg models to
determine the preclinical efficacy of potential therapeutic candi-
dates: widespread and relatively nonselective neuropathology,
and/or a too rapid disease progression thatmay reduce the ability
to detect the efficacy of a test compound (WilliamYang andGray,
2011). Knock-in mouse models, such as CAG140, are thought to
possess better face and construct validity compared with frag-
ment Tg models because knock-in mouse models have a slow
progression of phenotype, have a similar neuropathology to that
of HD, and are genetically more representative of the human
disease under the endogenous huntingtin promoter (Menalled
et al., 2003; Ferrante, 2009). Thus, knock-in mouse models are
considered to be a more faithful genetic model of the human
condition. Although apharmacological evaluation using knock-in
mouse models with a slower phenotype progression will require
longer study periods than fragment Tg models, further study
using knock-in mouse models may provide additional informa-
tion about the therapeutic potential of TAK-063 in HD.
In summary, these results suggest that TAK-063 with the

indirect pathway MSN-biased activation pattern protects stria-
tal neurons from degeneration and ameliorates behavioral
deficits in the R6/2 mouse model of HD. TAK-063 is currently
in clinical development for the treatment of schizophrenia
(ClinicalTrials.gov Identifier: NCT02477020).
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