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Abstract
Stroke is the leading cause of adult disability. Recovery of function after stroke involves signaling events that are mediated by
cAMP and cGMP pathways, such as axonal sprouting, neurogenesis, and synaptic plasticity. cAMP and cGMP are degraded by
phosphodiesterases (PDEs), which are differentially expressed in brain regions. PDE10A is highly expressed in the basal ganglia/
striatum. We tested a novel PDE10A inhibitor (TAK-063) for its effects on functional recovery. Stroke was produced in mice in
the cortex or the striatum. Behavioral recovery was measured to 9 weeks. Tissue outcome measures included analysis of growth
factor levels, angiogenesis, neurogenesis, gliogenesis, and inflammation. TAK-063 improved motor recovery after striatal stroke
in a dose-related manner, but not in cortical stroke. Recovery of motor function correlated with increases in striatal brain-derived
neurotrophic factor. TAK-063 treatment also increased motor system axonal connections. Stroke affects distinct brain regions,
with each comprising different cellular and molecular elements. Inhibition of PDE10A improved recovery of function after
striatal but not cortical stroke, consistent with its brain localization. This experiment is the first demonstration of brain region-
specific enhanced functional recovery after stroke, and indicates that differential molecular signaling between brain regions can
be exploited to improve recovery based on stroke subtype.
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Introduction

Stroke is one of the leading causes of adult disability in the
USA [1]. Neurorehabilitation after stroke leads to modest im-
provements in motor recovery [2], but there is currently no
drug regimen that enhances recovery after stroke. Cellular and
molecular mechanisms of recovery after brain injury involve
changes in glial cell activation [3], alterations in cellular

excitability [4, 5], and induction or delivery of a molecular
signaling cascade that results in elevated growth factors, such
as brain-derived neurotrophic factor (BDNF) [6, 7]. Recently,
it has been shown that the transcription factor CREB, which
induces BDNF, promotes recovery after stroke [8]. However,
CREB is present in all cells and directly modulating CREB
levels would be therapeutically difficult.

Phosphodiesterases (PDEs) degrade the intracellular sec-
ond messengers cAMP and/or cGMP and terminate intracel-
lular signaling that leads to CREB activation [9]. Clinically,
PDE inhibitors are currently used for the treatment of acute
heart failure [10] and erectile dysfunction [11]. Accumulating
preclinical evidence indicates that PDE inhibitors promote
learning and memory and attenuate disease progression in
several neurologic illnesses [12, 13]. To date, eleven isoforms
of PDEs have been identified [14]. Among these PDE fami-
lies, PDE10A is unique in its abundance in the basal ganglia/
striatum. Elevated levels of cAMP and/or cGMP in this brain
lead to increases in BDNF [13]. The use of a PDE10A inhib-
itor has not been examined in recovery after stroke. It is pos-
sible that selective induction of BDNF in the striatum may
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enhance recovery in subcortical or striatal stroke, a common
stroke subtype [15], but not have an effect in other stroke
subtypes, such as in cortex or other brain areas in which
PDE10A levels are low.

We hypothesized that a PDE10A inhibitor would promote
recovery in striatal but not cortical stroke based on the high
expression level of PDE10A in the striatum. We show that
mice given a novel PDE10A inhibitor, TAK-063 [16, 17],
have improved motor recovery after striatal stroke in a dose-
dependent manner, but not cortical stroke. Recovery of motor
function correlates with increases in striatal BDNF, down-
stream of the cAMP signaling cascade, and is associated with
preservation in motor system connections and angiogenesis.

Materials and Methods

Animals

The National Institute of Health (NIH) guidelines for the care
of laboratory animals were implemented. The study was ap-
proved by the IACUC (Institutional Animal Care and Use
Committee) of the University of California Los Angeles
(UCLA). Male 10-week-old C57BL/6 mice weighing approx-
imately 25 g were used (Jackson Laboratories, (Bar Harbor,
ME). Young adult male mice were used in these exploratory or
discovery experiments, with later follow-up planned on aged
and female mice. Animals were housed 4 per cage under
pathogen-free conditions. Mice observed to be aggressive
were separated as appropriate. Animals were housed in a
light-controlled environment with a reverse light cycle (lights
on from 12 AM to 12 PM) with free access to irradiated pellets
(LabDiet PicoLab, Rodent Diet 20) and sterilized and acidi-
fied water. Housing temperatures were maintained between 20
and 21 °C and standard humidity between 30 and 70%. For
treatment, mice were injected once daily intraperitoneally
(i.p.) with TAK-063 at 0.3 mg/kg, 3.0 mg/kg, and 10 mg/kg
doses. 0.5% methylcellulose (MC) in sterile saline was used as
the vehicle control. Full animal numbers and any animal ex-
clusions are in the Supplementary Methods.

5-Ethynyl-2′deoxyuridine

5-Ethynyl-2’deoxyuridine (EdU) was dissolved in PBS at
5 mg/mL, filter sterilized, and injected i.p. once daily at
25 mg/kg starting 2 days post-striatal stroke for 5 consecutive
days [18]. Two hundred micrograms/mL EdU + enrofloxacin
was further supplemented in rodent drinking water ad libitum
7 days post-striatal stroke. The water was changed every 48 h
and mice were exposed to EdU for 6 weeks. EdU was visual-
ized using ClickiT labeling kit (Life Technologies) as detailed
in the manufacturer’s protocol.

TAK-063 Preparation

TAK-063 (Takeda Pharmaceutical Company Limited,
Fujisawa, Japan) was prepared in 0.5% (w/v) methylcellulose
(MC) in sterile saline. Briefly, 5 g MC (METOLOSE® SM-
100, Shinetsu Chemical Co. Ltd., Japan) was dissolved in 1 L
of sterile saline. The solution was allowed to mix for several
hours at room temperature until completely dissolved.
Prepared MC saline was then placed at 4 °C. A stock solution
of 5 mg/mL TAK-063 was made fresh twice weekly by plac-
ing 5 mg of compound into 1 mL of MC saline. The solution
was then vortexed and sonicated for 20 min in an ultrasonic
bath. Dilutions for the above treatment groups of the 5 mg/mL
stock solution were done using 0.5%MC saline. Diluted com-
pound was sonicated for 10 min before daily drug injection.
The drugs were administered after the completion of behav-
ioral tests each day.

Stroke Production

Striatal Stroke

Ten-week-old adult male C57BL/6 mice (Jackson Labs) were
placed under 2.5% isoflurane anesthesia and their necks were
shaved and aseptically prepared. The left common carotid
artery was exposed through a ventral midline incision in the
neck, and the artery was gently separated from the carotid
sheath and vagus nerve and permanently occluded by cauter-
ization. Mice were subsequently placed on a stereotaxic appa-
ratus and their heads were shaved and swabbed with alcohol
and betadine. Their skulls were then exposed using a midline
incision and cleared of connective tissue. A single burr hole
was made in the skull (0.95 mm anterior, 2.3 mm lateral to
Bregma) and the skull was cooled using a cotton swab soaked
in saline. A needle was angled at 10° over the burr hole and
inserted 3.0 mm down from the surface of the brain. After
1 min, the needle was raised to 2.6 mm and 3 μL of L-NIO
solution (27 mg/mL) was infused at 0.3 μL/min using the
Hamilton automated injection apparatus. Five minutes after
infusion, the needle was raised to 2.2 mm from the brain
surface and then subsequently raised again to 0.2 mm. After
an additional minute, the needle was slowly retracted from the
brain, the skull was rinsed using sterile solution, and the inci-
sion closed. The temperature of all mice was monitored with a
rectal probe and maintained at 37 °C (± 5 °C) with a heating
pad. After surgery, the mice were allowed to recover and re-
gain consciousness and then returned to their home cage.Mice
that did not survive surgery were excluded from the study.

Cortical Stroke

Under isoflurane anesthesia (2–2.5% in a 70% N2O/30% O2

mixture), 10-week-old male C57BL/6 (Jackson Labs) mice
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were placed in a stereotactic apparatus; their skull was ex-
posed through a midline incision, cleared of connective tissue,
and dried. A cold light source (KL1500 LCD, Zeiss) attached
to a 40 × objective giving a 2-mm diameter illumination was
positioned 1.5 mm lateral from the bregma, and 0.2 mL of
Rose Bengal solution (Sigma; 10 g/L in normal saline, i.p.)
was administered. After 5 min, the brain was illuminated
through the intact skull for 15 min. Rose Bengal produces
oxygen radicals under light excitation, occluding vascular en-
dothelium, thus resulting in focal cortical stroke under the
region of illumination.

BDA Injections

Animals were injected with the neuroanatomical tracer 10%
biotinylated dextran amine (BDA) (10,000 MW; Invitrogen)
into the motor cortex ipsilateral to the site of stroke 9 weeks
post stroke. Briefly, mice were anesthetized and prepared in
the stereotaxic apparatus and a burr hole was made (1.75 mm
anterior, 1.5 mm lateral Bregma). A needle was placed at 90°
over the burr hole and inserted 1.2 mm from the surface of the
brain. The needle was raised to 1.0 mm after 1 min and 0.3 μL
of BDA was infused at 0.05 μL/min using the Hamilton auto-
mated injection apparatus. After 6 min, infusion was complete
and the needle was slowly raised to 0.2 mm from the surface
of the brain and an additional minute was allowed to prevent
the withdrawal of BDA through capillary action. The needle
was then removed and the incision was closed. As before,
body temperature of all mice was maintained and they were
allowed to recover and return to their home cage. One week
following BDA injections, mice were euthanized. Analysis of
BDA-positive fibers was performed using ImageJ 20 × mag-
nification; sections were imaged via a confocal microscope
(Nikon C2). The integrated density, corresponding to mean
gray value multiplied by area of the brain analyzed (such as
ipsilateral or contralateral striatum), was determined for each
animal. The mean integrated density across three sections was
calculated and reported by investigators blind to all treatment
groups. Normalization was performed to each animal’s site of
BDA injection. Background integrated densities were mea-
sured for each section at the site of BDA injection and
subtracted from integrated densities obtained for either ipsilat-
eral or contralateral striatum. Mice that did not survive BDA
surgery were excluded from the study. In addition, mice that
did not take up the BDA to label axons were excluded from
the BDA analysis studies.

Behavioral Testing

Grid-Walking Task

A baseline test was first conducted 7 days before surgery and
subsequently at 1, 3, 6, and 9 weeks post stroke. Each mouse

was tested once on each week’s testing day at approximately
the same time during the dark cycle. The grid-walking appa-
ratus was constructed using a box with a base made of metal
wire mesh with 1 cm by 1 cm square openings. The grid area
was 32 cm by 20 cm and the boxwas suspended 24 in. above a
mirror. A video camera was placed underneath the grid to
record the reflection of mice performing the task and to allow
assessment of stepping errors (foot faults). Each mouse was
placed on top of the grid and allowed a period of 5min to walk
freely as described by Clarkson et al. [4, 5]. The video footage
was subsequently analyzed offline for the total number of
steps taken and the total number of foot faults by the right
forelimb (contralateral to the stroke site); evaluators were
blinded to the treatment groups. A step was defined as the
forward movement of all 4 paws beginning with a forepaw
and ending with a hind paw, while a foot fault was defined as
the passage of an entire paw through the plane of the wire. To
assess deficit/recovery in gait and control after experimental
stroke, the percentage of foot faults was calculated using the
following equation: number of right forelimb foot faults/total
number of steps × 100. This percentage value was obtained at
baseline and for 1, 3, 6, and 9 weeks post-stroke. A normal-
ized value was then obtained by subtracting the % right faults
at baseline from the % right faults at each post-stroke evalua-
tion. This test has repeatedly correlated with treatments that
improve behavioral recovery after stroke, with low variance
animal-to-animal and high reproducibility in findings across
studies [4, 5, 8, 19, 20].

Forelimb Task (Cylinder Task)

This task allows the assessment of forelimb use during the
exploration of the vertical walls of a cylinder [21]. This cyl-
inder was high enough that rearing by the mouse would not
enable it to reach the top edge and wide enough to allow space
for exploratory behavior (height = 15 cm, diameter = 10 cm).
Similar to studies by Baskin et al. [22], animals were placed in
the cylinder and videotaped for 5 min. Two mirrors were
placed at angles vertically behind the cylinder to allow the
video camera to capture rears in the opposite plane of view.
Footage was subsequently quantitatively analyzed to deter-
mine forelimb preference during exploratory vertical move-
ment by investigators blind to all treatment groups. Using the
“contact placement”method described by Schallert et al. [21],
video footage was played in slow motion (1/5th real-time
speed) and the number of rears using the right forelimb (ipsi-
lateral to the lesion), the left forelimb (contralateral to the
lesion), or both forelimbs was determined. The placement of
a second forelimb within 3 frames of the first was counted as a
“both” rear and only rears in which both forelimbs were clear-
ly visible were counted. The number of right forelimb rears
was analyzed to establish the level of use of only the impaired
forelimb and was normalized to the animal’s baseline value.
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Statistics

Investigators blinded to the treatment groups performed be-
havioral analyses. All values in the figures are presented as
mean ± standard error of the mean (SEM). Behavioral data
were tested with general linear model (GLM) with Tukey’s
HSD (honest significant difference) using the software pack-
age R 3.1.3. Differences at P ≤ 0.05 were considered statisti-
cally significant. The sample sizes for each group were deter-
mined from power analysis from a study of a gamma-
aminobutyric acid (GABA) Aα receptor negative allosteric
modulator in stroke recovery [5]. Based on the assumptions
of alpha = 0.05 and power = 0.080, the estimated sample size
for a greater than 2 group comparison is 6.7 mice per group.
Animals were assigned to randomly to experimental groups
using True Random Number Generator software
(Randomness and Integrity Services Ltd.). A cube-root trans-
formation was performed on the dependent variable in each
dataset, due to either non-normality or non-heterogeneity of
the variance. After each transformation, a Levene’s test was
performed to assess the differences between the variances.
The transformed data was also visually inspected, confirming
that the data is approximately normally distributed, with a
peak in the middle and fairly symmetrical. Therefore, we con-
tinued with a parametric test for each dataset. Differences
between two means were assessed by unpaired two-tailed
Student’s t test for BDNF data, P values were corrected for
multiple comparisons, and differences among multiple means
for axonal sprouting, IHC tissue, and Nissl-stained sections
were assessed by one-way analysis of variance (ANOVA)
followed by Tukey-Kramer’s post hoc tests.

Tissue Fixation and Staining

Seven days after BDA injection, animals were euthanized
with 100% isoflurane and perfused through the left ventricle
with 0.1 mol/L phosphate-buffered saline (PBS) followed by
4% paraformaldehyde (PFA) at 4 °C. Brains were removed
and subsequently fixed in 4% PFA overnight at 4 °C. Brains
were then moved to a 20% sucrose solut ion for
cryoprotection. After 2 days, all tissue was removed and
brains were rapidly frozen using dry ice and then stored at −
80 °C. All brains were later cut at 50 μm using a cryostat and
four series of coronal sections, each spaced 300 μm apart,
were collected and placed in wells containing antifreeze solu-
tion. A single series was later removed from antifreeze, rinsed
in 1 × PBS and mounted on subbed glass slides.

Nissl Staining

Slides were then run through a series of solutions to stain for
cell bodies using the Nissl staining procedure: slides were first
run through ascending alcohol solution (50%, 75%, 95%, and

100%) and then placed in a 1:1 alcohol/chloroform solution
for 30 min to de-fat tissue sections. Sections were then
rehydrated in descending alcohols, rinsed in distilled water,
and stained in cresyl violet solution for 1 min. Slides were
removed from the solution after this period and rinsed in dis-
tilled water and then dehydrated in ascending alcohol solu-
tions. This de-staining step was carefully monitored to ensure
visibility of all structures. Finally, sections were cleared in
xylenes and cover slipped.

Infarct Analysis

Using StereoInvestigator quantification software (MBF
Bioscience), the total hemispheres ipsilateral and contralateral
to the infarct from cresyl violet-stained sections were traced
by investigators blind to all treatment groups and a value ob-
tained. Results were reported as a ratio of ipsilateral/contralat-
eral. For the striatal stroke, tracing was divided into four zones
(zones A–D), with zone A at 0.80 to 50 mm, zone B at 0.26 to
− 0.10 mm, zone C at − 0.22 to − 0.82 mm, and zone D − 1.22
to − 1.94 mm from Bregma. The cortical strokes were mea-
sured from 1.10 to − 2.06 mm from Bregma. Averages of the
traced sections were grouped and obtained. Animals with ab-
sence of infarct were excluded from the study.

Immunohistochemistry

Fluorescence immunohistochemistry with floating frozen sec-
tions was performed as previously described [23]. Briefly, pri-
mary antibodies were as follows: rat anti-GFAP (Invitrogen);
goat anti-IBA-1 (Abcam); rat anti-Glut-1 (Abcam); rabbit anti-
Olig2 (Millipore); rabbit anti-NeuN (Abcam); and rat anti-
CD31 (BD Biosciences). Secondary antibodies were conjugat-
ed to Alexa Fluor 594 Streptavidin, Alexa Fluor 647
Streptavidin, Alexa Fluor 647 donkey anti-rat, and Alexa
Fluor 488 donkey anti-rabbit (Jackson ImmunoResearch). For
the quantification of GFAP, Glut-1, and IBA-1 immunoreactive
areas, 3 fields (650 μm× 450 μm) within peri-infarct cortex
were precisely taken from 3 independent tangential sections
of each animal using a 40 × objective with confocal microscopy
(Nikon C2). The parameters for scanning were kept constant
across treatment conditions. Single images were analyzed using
ImageJ by investigators blind to all treatment groups. Average
percentage of the fluorescent staining area per image was cal-
culated for each condition.

ELISA

Tissue was collected 3 weeks post striatal stroke from tissue
ipsilateral and contralateral the stroke site from stroke plus
vehicle, stroke plus PDE10A (1.0 mg/kg and 3.0 mg/kg),
and control groups. Striatal tissue was dissected in a 1-mm
radius and flash frozen in liquid nitrogen. Equal volumes of
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tissue were homogenized in 100mL of homogenization buffer
(Complete Protease Inhibitor Tablet [Invitrogen]) dissolved
in radio immunoprecipitation assay (RIPA) buffer
(Sigma) and incubated on ice for 30 min, followed by
a 5-min spin at 14,000 rpm. The supernatant was col-
lected and total protein concentrations were determined
u s i n g t h e P i e r c e™ BCA P ro t e i n A s s a y k i t
(ThermoFisher Scientific). BDNF was measured using
the BDNF (mouse) enzyme-linked immunosorbent assay
(ELISA) kit (Abnova) according to the manufacturer’s
instructions. BDNF levels were determined relative to a
standard curve constructed from measures of kit-
supplied BDNF protein standards (0–1000 pg of
BDNF protein) that were assayed simultaneously with
the experimental samples. BDNF levels were expressed
as picograms of BDNF per milligram of sample protein.
To measure proBDNF, p75NTR, and pTrkB protein
levels, the following kits were used: BDNF (mouse)
ELISA kit (Abnova), proBDNF Rapid ELISA Kit
(Biosensis), Mouse NGF R/TNFRSF16 DuoSet ELISA
(R&D Systems), and PathScan® Phospho-TrkB (panTyr)
Sandwich ELISA (Cell Signaling Technologies). Protein
levels were assayed according to the manufacturer’s in-
structions provided with each kit. These results are pre-
sented in Supplementary Tables 2-4.

Results

PDE10A Inhibition Improves Motor Recovery After
Striatal Stroke with no Improvement in Motor
Recovery After Cortical Stroke

Mice were given a stroke in the striatum [24] or in the motor
cortex [4, 5, 19, 25] in separate cohorts (Supplemental
Fig. 1a–c). Behavioral testing of forelimb motor function
was performed to 9 weeks post stroke to measure motor con-
trol using exploratory gait in forelimb function.

A competitive inhibitor of PDE10A, TAK-063 [16, 17],
was administered i.p. beginning 5 days after stroke, a time
point at which brain sensitivity to damage-enhancing effects
of plasticity drugs is lost [4]. One week after surgery, theGrid-
Walking Task, a measure of limb use in gait, showed contra-
lateral forelimb deficits in stroke + vehicle, stroke + 0.3mg/kg,
stroke + 3.0 mg/kg, and stroke + 10 mg/kg groups compared
with sham + vehicle and sham + 3.0 mg/kg treatment controls
(Fig. 1a). In striatal stroke, a significant improvement was
observed at the individual 6-week (P = 0.04317) and 9-week
(P = 0.03387) time points in stroke + 3.0 mg/kg versus stroke
+ vehicle controls. TAK-063 showed significant improvement
in overall recovery, with a difference in stroke + 3.0 mg/kg
over the 9-week treatment compared with stroke + vehicle
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Fig. 1 Functional effect of TAK-063 on forelimb use and gait post-striatal
and cortical stroke. (a) In post-striatal stroke of the left hemisphere, the
Grid-Walking task revealed differences in gait observed for stroke +
vehicle versus stroke + 3.0 mg/kg at 6 weeks; *P = 0.04317 and at
9 weeks; *P = 0.03387 in post-striatal stroke. For overall differences
between stroke + vehicle versus stroke +3.0 mg/kg, P = 0.0129. (b) In

post-cortical stroke of the left hemisphere, the Grid-Walking task revealed
no differences in stroke + vehicle versus treatment groups. Error bars
represent mean ± SEM for n = 8–10 per group in striatal stroke model
and n = 8–11 in cortical stroke model. Data are reported as difference
from baseline. Data were analyzed by GLMs with Tukey’s HSD. In (a),
z = 2.901 at 6 weeks, z = 2.984 at 9 weeks
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controls (Fig. 1a, n = 8–10 for each treatment group, P =
0.0129). TAK-063 did not enhance recovery of motor func-
tion in cortical stroke (Fig. 1b, n = 8–11, P = 0.9934). Overall,
the results obtained from the Grid-Walking Task indicate that a
daily dose of TAK-063 leads to improvement in gait and fore-
limb motor control in striatal stroke but not in cortical stroke.
A separate behavioral test, the Cylinder Task, a measure of
forelimb use in exploratory rearing, was also performed for
both striatal and cortical stroke mice. The Cylinder test
showed great variability between animals in motor perfor-
mance and across time points. The stroke + 3.0 mg/kg dose
of TAK-063 produced a tendency toward recovery of function
in the affected forelimb in the striatal stroke over the 9-week
treatment compared with stroke + vehicle controls
(Supplementary Fig. 2A, P = 0.0558). No differences were
observed for the stroke + 0.3 mg/kg and 10 mg/kg treatment
groups in the striatal stroke model. There were no differences
between the groups in the Cylinder test in cortical stroke mice
(Supplementary Fig. 2B).

PDE10A Inhibition Leads to Increases in BDNF

Within striatum, PDE10A is predominantly expressed in
medium spiny neurons, the major integrative and output
source of the striatum [26, 27]. We next investigated if
treatment with TAK-063 leads to increases in BDNF

levels at 3 weeks following striatal stroke, a time point
where heightened levels of BDNF post-stroke have been
reported [6] and just before significant behavioral recov-
ery with this drug is observed (Fig. 1a; Supplemental
Fig. 3). There is a significant loss of BDNF levels in
the ipsilateral striatum with stroke (Fig. 2). Striatal
stroke + 3.0 mg/kg of TAK-063 significantly induced
BDNF in ipsilateral, but not contralateral striatum (Fig.
2; Supplemental Fig. 4). This low level of striatal
BDNF does not change significantly with TAK-063 de-
livered at a dose that is ineffective in promoting behav-
ioral recovery (i.e., at 1.0 mg/kg) (Fig. 2).

PDE10A Inhibition Alters Motor System Connections
After Stroke

Neural repair after cortical stroke involves axonal
sprouting within the ipsilateral peri-infarct cortex [19],
and tissue reorganization in other rodent models of ische-
mic brain lesions also includes axonal sprouting in corti-
cal projections to the contralateral striatum from the
stroke site [28]. Increases in BDNF promote axonal
sprouting after motor cortex and striatal lesions [29]. To
determine if the improvement in forelimb motor recovery
and induction of BDNF in the striatum following TAK-
063 were associated with axonal sprouting after striatal
stroke, the neuroanatomical tracer BDA was used to quan-
titatively map axonal projections from the forelimb motor
cortex 6 weeks after stroke, a time of improved motor
recovery (Fig. 1a). The pattern of axonal sprouting in
stroke and stroke +TAK-063 at the recovery-inducing
dose of 3.0 mg/kg was compared with sham + vehicle
and sham + 3.0 mg/kg TAK-063. Axonal connections
were assessed in the density of BDA-positive axons
projecting from primary motor cortex on the side of the
stroke. The mean integrated density of labeled axons lin-
early correlates with axon number [30]. Data was normal-
ized to the integrated density of the BDA injection site to
account for differences in injection size (Fig. 3a–d).
Striatal stroke causes a loss in the projections from the
motor cortex to the contralateral striatum (Fig. 3c).
Stroke + 3.0 mg/kg TAK-063 compared with stroke + ve-
hicle showed significant increases (Fig. 3c, n = 4–5 for
each treatment group, P = 0.0009) in density of BDA-
positive fibers in the contralateral striatum (Fig. 3c; data
representative of two independent experiments). Axonal
motor projections ipsilateral to stroke were mapped and
no differences were observed in ipsilateral striatum (Fig.
3d). These data suggest that TAK-063 either preserves the
normal pattern of corticostriatal connections or induces
axonal sprouting in the partially damaged corticostriatal
system and restores the absolute level of this system
through compensatory axonal sprouting responses.
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Fig. 2 TAK-063 treatment-mediated alterations in BDNF expression in
striatal tissue. BDNF expression levels measured with tissue ELISA
showed elevation at 3 weeks post-striatal stroke in striatal tissue,
ipsilateral to the infarct. Treatment with TAK-063 resulted in a
significant increase in BDNF levels in the stroke + 3.0 mg/kg versus
stroke + vehicle group in ipsilateral striatum; P = 0.005, corrected for
multiple comparisons (df = 18, t value = 5.982). Error bars represent
mean ± SEM for n = 10 per group
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PDE10A Inhibition Does Not Affect Astrocyte,
Microglia, and Vasculature Patterns in the Striatum
After Stroke

BDNF can promote astrocytosis, microglial activation,
and vascular remodeling both after stroke and in normal
brain tissue [6]. We measured TAK-063 effects in the
brain immediately adjacent to the stroke site at 9 weeks
post-stroke, a time point of functional motor recovery.
Stroke + 0.3 mg/kg, stroke + 3.0 mg/kg, and stroke +
10 mg/kg groups, when compared with stroke + vehicle,
had no effect on patterns of vascular, microglial, and
astrocyte staining (Fig. 4a–c). A similar lack of tissue
effect in these measures was seen in the cortical stroke
model (data not shown).

Effects of PDE10A Inhibition Post-striatal Stroke
on Angiogenesis

Angiogenesis plays a role in tissue reorganization in
stroke and has been linked to recovery in associational
studies in humans [31]. There was no change in vascular
structure with TAK-063 treatment (Fig. 4b). There may be
an induction of proliferative angiogenesis (endothelial cell
division) in the absence of changes in the overall mor-
phology of the vascular bed. To determine endothelial
proliferation in the tissue adjacent to the infarct, mice
were given a striatal stroke and were treated with a marker
of cell proliferation, EdU, for 6 weeks (Supplemental
Fig. 5A-C for overall study timeline and experimental
groups). Stroke + 3.0 mg/kg TAK-063 increased the total
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number of proliferative cells in the contralateral striatum
compared with stroke + vehicle and stroke + 0.3 mg/kg;
there was no significant difference between stroke + ve-
hicle and stroke + 0.3 mg/kg (Fig. 5a, upper panel). Co-
localization of the EdU nuclear signal with the endothelial
maker CD31 showed a significant increase in proliferating
endothelial cells with stroke + 3.0 mg/kg TAK-063 com-
pared with stroke + vehicle (Fig. 5a, lower and right
panels). Interestingly, in the non-stroke (control) condi-
tion, TAK-063 induced angiogenesis in the striatum
(Fig. 5a, lower and right panels) (n = 3–5 per treatment
group, P < 0.0001). No differences were observed in the
ipsilateral striatum after stroke.

Effects of PDE10A Inhibition on Post-striatal Stroke
Neurogenesis and Gliogenesis

Angiogenesis is associated with neurogenesis after stroke [32],
and during brain development, angiogenesis regulates oligoden-
drocyte precursor cell (OPC) differentiation and myelination
[33]. With the angiogenesis induced by TAK-063 after stroke,
we examined neurogenesis and OPC proliferation in the region
of significant angiogenesis (the contralateral striatum). There
were no differences in a maker of mature neurons, NeuN+ co-
localized with EdU+ cells, in TAK-063-treated mice compared
with controls in either striatal hemisphere (Fig. 5b, c). Olig2 is a
broad marker of cells throughout all but the last stages of OPC
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differentiation [34]. Quantification ofOlig2+/EdU+ cells indicates
that there is no significant effect of stroke or of TAK-063 treat-
ment on OPC proliferation (Fig. 5d).

Delayed PDE10A Inhibition Does Not Affect Infarct
Volume

Brain volume was assessed between TAK-063 treatment groups
as a determination of stroke size for both the striatal and cortical
stroke models at 9 weeks post-stroke. At this late stage after
stroke, the size of the stroke and of any secondary tissue loss
can be determined by comparing the ipsilateral cerebral striatum
to the contralateral cerebral striatum. No differences were found

in the area of infarct between the striatal stroke groups irrespec-
tive of treatment. However, a statistical significance was ob-
served as expected in stroke vs. sham groups: in both the stroke
+ 3.0mg/kg TAK-063 and stroke + vehicle compared with sham
+ vehicle controls (Fig. 6a–c). Nissl-stained brain tissue from the
cortical stroke model was also examined and similar results were
obtained (Supplementary Fig. 6).

Discussion

Inhibition of PDE10A is site-specific in its role of improving
recovery after stroke. The PDE10A inhibitor TAK-063
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promotes recovery of motor function after striatal stroke but
not cortical stroke. This improvement in motor function with
PDE10A inhibition is associated with elevated levels of
BDNF in the striatum that has the stroke, and in enhanced
angiogenesis and axonal connections in the striatum contra-
lateral to the stroke. This study is to our knowledge one of the
first reports of a pharmacological therapy for stroke recovery
that is brain region-specific. Stroke in the striatum or basal
ganglia is very common [15], damage in the striatum impairs
motor learning, and striatal stroke is associated with a poorer
response to neurorehabilitation [35–37].

There are several possible mechanisms of action for
PDE10A inhibition in striatal stroke. There is not an effect
of TAK-063 on infarct size, indicating the mechanism of ac-
tion is not through an effect on cell death or damage in stroke.

TAK-063 selectively enhances cAMP and cGMP signaling in
medium spiny neurons of the striatum and enhances cognitive
function, including declarative and working memory, atten-
tion, and measures of executive function [38]. In other models
of neuronal degeneration, such as the severe R6/2 Huntington
mouse, a relatively less-specific PDE10A inhibitor improves
memory function [39]. TAK-063 reduces neurodegeneration
in the striatum and induces BDNF in the R6/2 mouse [40]. In
striatal stroke, TAK-063 induces BDNF levels in the injured
striatum, such that they are boosted from the low post-stroke
state to that seen in control, non-injured striatum.

Stroke in the striatum leads to either no change in striatal
BDNF levels [6] or decreases in striatal BDNF (present data).
This difference in striatal BDNF protein levels with striatal
stroke may be due to differences in sampling the cortical
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projections to the striatum in the tissue blocks that are taken
for BDNFmeasurement. In [6], we took tissue blocks from the
striatummedial to the stroke, because the goal was to measure
diffusion of BDNF from the hydrogel/BDNF biomaterial that
was tested in that paper. There are few projections from sen-
sorimotor cortex, or cortex in general, to this medial striatal
area [38]. In the present study, we took tissue blocks for the
BDNFmeasurement lateral to the stroke, because the goal was
to determine if PDE10A inhibition activated BDNF in senso-
rimotor projections to the striatum. These projections termi-
nate predominantly in the dorsolateral striatum [38]. This dif-
ference in sampling site likely accounts for the differences in
BDNF measurements in the same striatal stroke model across
these two papers.

The effect of PDE10A inhibition on BDNF induction only
in the stroke striatum, and not the contralateral side in the
present data, likely is due to the damage from the stroke.
BDNF is largely present in the striatum in cortical projections
to this structure [39, 40]. The activity and structural integrity
of striatal neurons influences BDNF levels in cortex and in the
cortical projections to the striatum—striatal damage or inac-
tivity reduces BDNF levels, which are present in the cortical
afferents [41]. PDE10A inhibition increases medium spiny
neuron activity [42, 43]. These data suggest that stroke in
the striatum reduces BDNF expression in cortical neurons that
project to the striatum, and that by increasing the activity of
striatal neurons, PDE10A inhibition induces cortical BDNF
levels or transport of this protein to the striatum.

BDNF is strongly associated with improved recovery in
stroke as observed in many different studies and following
systemic or intraparenchymal delivery [24]. A TAK-063 im-
provement in recovery after stroke may occur through the
induction of BDNF in the partially damaged striatum.
Increases in axonal connections and angiogenesis provide
possible cellular mechanisms for enhanced recovery with
PDE10A inhibition.

TAK-063 either prevents secondary loss of corticostriatal
projections or enhances sprouting of preserved axons from the
motor cortex ipsilateral to the striatal stroke into the contralat-
eral striatum. These effects mean that the distributed connec-
tions of the motor cortex are closer to the control, non-stroke
brain in mice with striatal stroke that are treated with the dose
of TAK-063 that promotes recovery. However, there was no
effect of this drug onmotor system connections to the striatum
with the stroke, and this might be expected to be more directly
correlated with improved motor control. A similar contralat-
eral effect was seen in angiogenesis: TAK-063 treatment en-
hanced angiogenesis in the striatum contralateral to the stroke
but not in peri-infarct striatum.

In unilateral striatal damage, such as in Parkinson’s disease
models, the contralateral striatum responds with an induction
in plasticity-associated genes [44]. Motor projections to con-
tralateral striatum may be associated with bimanual motor

control of the limbs and integration of somatosensory and
motor inputs [45]. Axonal sprouting in this crossed or contra-
lateral corticostriatal system is seen in cortical ischemic le-
sions [28, 46]. It may be that enhanced motor system connec-
tivity to the contralateral striatum or changes in synaptic plas-
ticity are an important element in motor recovery in this
striatal stroke.

Brain PDEs catalyze the hydrolysis of cAMP and cGMP.
These two pathways are associated with induction of genes
that enhance synaptic plasticity, such as the transcription fac-
tor CREB, BDNF, and through modulation of nitric oxide
signaling [47]. Eleven families of mammalian PDEs are
encoded by 21 genes that may be modified to form an esti-
mated 100 different protein products [47]. PDE2A and PDE4
are localized within forebrain regions of the cortex and the
hippocampus. PDE4 is also found in the brainstem, which
accounts for vomiting, the major side effect of PDE4 inhibi-
tion. A PDE4 inhibitor, rolipram, has been used in stroke
models and may reduce early stroke damage and promote
tissue reorganization [48]. PDE10A inhibitors are being de-
veloped for psychiatric disease [49] and are considered possi-
ble therapeutics in Huntington’s disease [47, 50, 51].

The application of a PDE10A inhibitor in the subacute
phase of stroke, after cell death and secondary injury have
taken place, provides an opportunity for selective manip-
ulation of neuronal signaling systems associated with syn-
aptic plasticity particularly strong in the basal ganglia or
striatum. The present findings suggest the possibility of a
neural repair or recovery therapy in stroke that is distinct
based on stroke subtype, with subcortical-basal ganglionic
stroke receiving a different drug than cortical or possibly
white matter stroke [52].
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