C N S Neuroscience & Therapeutics

ORIGINAL ARTICLE

Neuroscience &
Therapeutics

CN

Cystamine Improves Functional Recovery via Axon Remodeling
and Neuroprotection after Stroke in Mice

Pei-Cheng Li," Yun Jiao," Jie Ding,' Yu-Chen Chen," Ying Cui," Cheng Qian,’ Xiang-Yu Yang,’
Sheng-Hong Ju," Hong-Hong Yao? & Gao-Jun Teng'

1 Jiangsu Key Laboratory of Molecular and Functional Imaging, Department of Radiology, Zhongda Hospital, Medical School of Southeast University,

Nanjing, China

2 Department of Pharmacology, Medical School of Southeast University, Nanjing, China

Keywords
Axonal remodeling; Cystamine;
Neuroprotection; Rehabilitation; Stroke.

Correspondence

G.-J. Teng

87 Dingjiagiao Road, Nanjing 210009, Jiangsu,
China.

Tel.: +86-25-8327-2121;

Fax: +86-25-8331-1083;

E-mail: gjteng@vip.sina.com

Received 25 April 2014; revision 28
September 2014; accepted 29 September
2014

doi: 10.1111/cns.12343

Introduction

Stroke is known to be one of the most devastating neurological
disorder leading to high rates of death, physical impairment, and
disability in adults [1]. Although several clinical trials were under-
taken to find effective therapies [2], there is no pharmacological
therapy available for promoting brain recovery. Thrombolytic
therapy of ischemic stroke is limited by a narrow time window
and by side effects of the thrombolytic recombinant tissue plas-
minogen activator (rt-PA) [3,4]. Therefore, novel approaches that
might overcome these side effects and extend the therapeutic time

window of the latter are urgently needed.

Cystamine, as an inhibitor of transglutaminases (TGs) through
formation of mixed disulfide [5], has been demonstrated to exert
neuroprotection in neurodegenerative diseases, such as Parkin-
son’s disease and Huntington'’s disease [6,7]. Based on the role of
cystamine in the neurodegenerative diseases and the increased
expression of tissue-type transglutaminase (tTG) in the hippocam-
pus after stroke [8], cystamine can be envisioned as a promising
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SUMMARY

Aims: Stroke is a leading cause of disability. However, there is no pharmacological
therapy available for promoting recovery. Although treatment of stroke with cystamine
has gained increasing interest, the detailed mechanisms underlying this process remain
elusive. Thus, our aim is to examine the effect of cystamine on the function recovery after
stroke and investigate further cystamine mechanisms. Methods: Adult male C57BL/6J
mice were subjected to photothrombotic model of focal stroke or sham operation. Cysta-
mine or saline was administered intraperitoneally at 24 h after stroke. Functional recovery
was analyzed using behavioral tests; axon remodeling was analyzed using magnetic reso-
nance diffusion tensor imaging (DTI) and histological assessment. ANA-12, an antagonist of
tropomyosin-related kinase B (TrkB), was administrated to examine the mechanisms
underlying the neuroprotection mediated by cystamine. Results: Treatment with cysta-
mine resulted in amelioration of impaired function with concomitant enhancement of axo-
nal remodeling. Cystamine treatment significantly increased brain-derived neurotrophic
factor (BDNF) levels and phosphorylation of TrkB in brain after stroke. Cystamine signifi-
cantly enhanced neuronal progenitor cell proliferation, neuronal survival, and plasticity
through BDNF/TrkB pathway. Conclusions: These data provide evidence to investigate the
promising utility of cystamine for therapy of stroke in a variety of ways, acting principally
through BDNF/TrkB pathway.

candidate for neuroprotection against stroke. While inhibition of
tTG for the treatment of stroke has gained increasing interest
[9-11], whether cystamine can improve functional recovery and
enhance axon remodeling in animal photothrombotic models of
focal stroke remains to be elucidated.

In addition to the role of as an inhibitor of TGs, cystamine also
functions though other alternative mechanisms. A previous study
indicated that cystamine exerted neuroprotection through upreg-
ulation of brain-derived neurotrophic factor (BDNF) expression
[12]. BDNF acts via two receptor tropomyosin-related kinase B
(TrkB) and the p75 receptor [13]. BDNF has been implicated as a
crucial factor in the developing postnatal rat brains and in revers-
ing neuronal toxicity [14]. However, whether BDNF and down-
stream TrkB activation is involved in cystamine-mediated
neuroprotection in stroke remains an enigma.

In this study, we show direct evidence that treatment with cys-
tamine starting at 24 h after stroke resulted in amelioration of
impaired behavior with concomitant enhancement of axon
remodeling and neuroprotection via the BDNF/TrkB pathway.
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Materials and Methods

Animals and Photothrombotic Model of Focal
Stroke

This study was approved by Institutional Animal Care and Use
Committee (IACUC) of Southeast University (approval ID:
SYXK-2010.4987). Adult male C57BL/6J mice (20.0-25.5¢
weight, 8-10 weeks age) were used in this study. Focal stroke
was induced by photothrombosis as described previously [15].
Briefly, mice were anesthetized by intraperitoneal administration
with pentobarbital (50 mg/kg, 1% in sterile saline) and placed in
a stereotactic apparatus. The skull was exposed through a mid-
line incision of the skin. Rose Bengal solution (100 mg/kg,
10 mg/mL in normal saline, Sigma-Aldrich, St. Louis, MO, USA)
was administered intraperitoneally 5 min before illumination.
For illumination, a cold light source (KL1500 LCD, Zeiss) giving
a 4 mm diameter illumination was positioned 2 mm lateral from
Bregma. The brain was illuminated through the intact skull for
15 min. Rose Bengal produced singlet oxygen under light excita-
tion resulting in activation of platelets with consequent damages
and occludes vascular endothelium, which mimicked the tradi-
tional ischemic stroke model. During the experiment, rectal tem-
perature was monitored and maintained between 36.5°C and
37.5°C with a self-regulating heating pad. The mice were to awa-
ken and returned to their home cage. Sham animals were sub-
jected to the same surgery as stroke animals without
administration of Rose Bengal.

In vivo Drug Administration and Experimental
Groups

Cystamine (cystamine dihydrochloride, Sigma, St. Louis, MO,
USA) was dissolved in 0.9% saline and administered intraperito-
neally 100 mg/kg daily 24 h after stroke. The experiment consists
of two sets:

1. For short-term (7 days) treatment, mice subjected to stroke
were randomly separated into three groups (n =8 per
group): vehicle, cystamine, ANA-12+ cystamine groups. For
vehicle group, equal volume of saline was administered
intraperitoneally. ANA-12 (specific antagonist of TrkB,
Sigma) was dissolved in dimethylsulphoxide (DMSO) and
then diluted 1:10 with 0.9% saline. For blocking TrkB, ANA-
12 (0.5 mg/kg) was injected intraperitoneally 1 h before cys-
tamine administration. For neurogenesis analysis, all mice
received daily injection of 5-Bromo-2’-deoxyuridine (BrdU,
50 mg/kg, Sigma) starting at 24 h after stroke and subse-
quently for seven consecutive days. Mice were killed 30 min
after the last cystamine administration at 7 days after stroke
and analyzed for BDNF/TrkB levels, cell proliferation, and
neuronal apoptosis.

2. For long-term (42 days) treatment, mice were divided ran-
domly into the following groups (n =8 per group):
sham + vehicle, stroke + vehicle, stroke + cystamine, and
stroke + ANA-12 + cystamine groups. Mice were adminis-
tered cystamine or vehicle (equal volume of saline) intraperi-
toneally starting at 24 h after stroke. For blocking TrkB,
ANA-12 (0.5 mg/kg) was injected intraperitoneally 1 h
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before cystamine administration. Mice underwent long-term
treatment were analyzed for functional recovery, axon
remodeling, BDNF level and neuroplasticity.

Behavioral Testing

Grid-walking and cylinder/rearing tasks were used to assess func-
tional recovery after stroke by measures of forelimb and hindlimb
motor control as previously described [15,16]. Behavioral testing
were performed at approximately the same time during the noc-
turnal period 1 day before stroke, 7, 14, 28 and 42 days after
stroke. Behavior videotape was analyzed by investigators blinded
to the experimental groups.

In grid-walking task, each mouse was placed individually on
top of the elevated wire grid which was 32 cm x 20 cm x 50 cm
(length x width x height) with 12 x 12 mm diameter openings
and allowed to freely walk for 5 min. Behavior was recorded using
a camera that was placed underneath the grid to assess the ani-
mals’ stepping errors. A step was considered a foot fault if it was
not providing support and the foot went through the grid hole.
Furthermore, if an animal was resting with the grid at the level of
the wrist, this was also considered a fault. The total number of foot
faults for each limb, along with the total number of non-foot-fault
steps, was counted. Percent foot faults in the grid-walking were
calculated by: number of foot faults/(foot faults + number of non-
foot fault steps) x100.

Cylinder/rearing task encourages the use of forelimbs for verti-
cal wall exploration in a cylinder (a Plexiglas transparent cylinder;
15 cm in height with a diameter of 10 cm). When placed in the
cylinder, the animal rears to a standing position on the cylinder
wall, supporting its weight with either one or both of its forelimbs.
Animals were videotaped for 5 min. While the videotape was
played in slow motion (1/5th real time speed), the total time (sec-
onds) each animal spent on the right forelimb, the left forelimb,
and simultaneous use of both forelimbs were calculated.
Only rears in which both forelimbs could be clearly seen were
timed. Asymmetry index in cylinder/rearing tasks was derived
as ([nonimpaired — impaired]/[nonimpaired + impaired + both
forepaws]) x100.

In vivo Magnetic Resonance Imaging (MRI)

MRI was carried out on a 7.0 Tesla small animal magnetic reso-
nance system (Bruker PharmaScan, Ettlingen, Germany) as
described previously [17].

In vivo T2-weighted images were performed at 24 h and 7 days
poststroke using a two-dimensional turbo spin-echo sequence
(repetition time/echo time = 2000/50 ms). Twelve axial slices
with a slice thickness of 1 mm, a field of view of 20 x 20 mm,
and a matrix of 256 x 256 were positioned over the brain exclud-
ing the olfactory bulb.

In vivo diffusion tensor imaging (DTI) was measured at 42 days
after stroke using the echo-planar imaging (EPI) sequence with
parameters of 30 different diffusion directions, five reference
image, 5000/32.2 ms of repetition time/echo time, 1000 s/mm? of
b-value, 20 slices, 0.6 mm slice thickness, 20 x 20 mm field of
view, 128 x 128 matrix.
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A computer-based analysis of infarct volumes was performed
using the software Image J (National Institutes of Health,
Bethesda, MD, USA) by subtracting the area of the nonlesioned
ipsilateral hemisphere from that of the contralateral side on T2-
weighted image. Infarct sizes were calculated by integration of the
lesion areas. Infarct sizes were presented as a volume percentage
of the lesion compared with the contralateral hemisphere.

Using Paravision 5.0 software (Bruker Biospin, Ettlingen,
Germany), fractional anisotropy (FA) and diffusivity values
(mean diffusivity [MD], radial diffusivity [A,], axial diffusivity
[A,/]) were derived from the tensor map. These diffusion parame-
ters were used to quantify microstructural axon abnormalities.
Regions of interest (ROI) were delimited on FA maps in the cor-
tex and corpus callosum at five image planes of the brain named
genu, body 1, body 2, body 3, or splenium by the anatomical
location of the corpus callosum, respectively. Fiber tracking was
performed using TrackVis (version 0.5.2.1) and Diffusion Toolkit
(version 0.6.2.1) software. Diffusion Toolkit was used to generate
FA color map. TrackVis, an interactive environment for fiber
tracking reconstruction, display, and analysis developed at the
Harvard Medical School Martinos Center for Biomedical Imaging
at Massachusetts General Hospital was used to generate the trac-
tography and draw ROI (www.trackvis.org). Tractography of the
motor cortex and internal capsule was performed by manually
drawing regions of interest on each individuals FA color map by
a single expert who was blinded to the study. The density of fiber
tracks was evaluated by the ratio of the number of fiber tracks to
the volume of ROL

Western Blot

Mice (n = 4/group) were killed 30 min after the last injection
with cystamine or vehicle and bilateral cerebral hemisphere was
rapidly dissected and homogenized respectively in ice-cold Noni-
det P-40 (Sigma) containing 1% Protease Inhibitor Cocktail
(Sigma) and centrifuged 16000 g for 15 min at 4°C. Supernatant
was collected as protein extract and stored at —80°C until further
use. For clarification, the ischemic hemisphere homogenate was
used for Western blot and ELISA. The expression of TrkB (full-
length) and the ratios of phospho-TrkB-Y817/TrkB (full-length)
were measured by Western blot as described previously [18]. The
following primary antibodies were used: rabbit monoclonal anti-
TrkB (phospho Y817) (1:1000, Abcam, San Francisco, CA, USA)
and rabbit polyclonal anti-TrkB (full-length) (1:800, Abcam).

Enzyme-Linked Immunosorbant Assay (ELISA)

The BDNF protein in ischemic brain homogenates was quantified
with a conventional sandwich ELISA using the BDNF Emax
immunoassay system (Promega) according to the protocol of the
manufacturer.

Histological and Immunohistochemical
Assessment

At 7 and 42 days after stroke, mice (n = 4 per group) brains were
fixed by transcardial perfusion with PBS followed by perfusion
and immersion in 4% paraformaldehyde. A standard paraffin
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block was obtained from the center of the lesion (Bregma 2.5 to
+2.5 mm). Every intervals of 1 mm, ten slices of 4 um thick sec-
tions were cut from the block.

BrdU immunostaining was performed as previously described
[19]. Briefly, the sections were deparaffinized and incubated
with 2N HCI at 37°C, washed and treated with 0.1M boric acid
(pH 8.5) followed by incubation with H,O, for 10 min. After
blocking sections were incubated with goat polyclonal anti-BrdU
(1:200, Abcam) for 2 h at 37°C, the sections were washed fol-
lowed by incubation with biotinylated rabbit anti-goat immuno-
globulin G (1:200, Abcam) in immunoblocking buffer at room
temperature for 1 h and incubated with an avidin-biotin-peroxi-
dase kit for 10 min. Horseradish peroxidase reaction product
was visualized with nickel-enhanced DAB peroxidase substrate
kit.

Myelin basic protein (MBP), BDNF, and NeuN immunostaining
were performed as previously described [20]. Briefly, deparaffi-
nized sections were blocked followed by incubation with mouse
monoclonal anti-MBP (1:200; Abcam), rabbit polyclonal anti-
BDNF (1:100, Abcam), or rabbit polyclonal anti-NeuN (1:700;
Abcam) for 2 h at 37°C. Then, sections were washed and followed
by incubation with biotinylated goat anti-rabbit or rabbit anti-
mouse immunoglobulin G (1:200, Abcam) in immunoblocking
buffer at room temperature for 1 h and incubated with an avidin-
biotin-peroxidase kit for 10 min. Horseradish peroxidase reaction
product was visualized with nickel-enhanced DAB peroxidase
substrate kit.

BrdU-positive cell numbers were counted in subventricular
zone (SVZ) and dentate gyrus (DG) area of the ischemic hemi-
sphere. Five sections per brain and eight views per section were
digitized using a x 40 objective (Olympus BX 53, Tokyo, Japan)
and counted per animal with the number of BrdU-positive cells
averaged. Data were analyzed in a blinded manner and pre-
sented as the number of the BrdU-positive cells per section. The
NeuN positive cells were counted five sections per brain, and
eight views per section at x40 objective measured in the
peri-infarct zone and expressed as the mean number of NeuN
positive cells/mm?.

For semi-quantification of MBP and BDNF immunoreactivity,
five immunostained coronal sections per brain and eight fields of
view in the peri-infarct of cortex per section were digitized
under a x 40 objective. The optical density was measured using
Image-Pro Plus software (vision 6.0, Media Cybernetics, Inc.,
Bethesda, MD, USA).

Double Immunofluorescent Staining

To specifically identify whether BrdU-positive cells were colocal-
ized with the neuronal progenitor cell marker, double immuno-
fluorescence staining was performed to detect the expression of
BrdU/doublecortin  (Dcx, neuronal progenitor marker). As
described in the above, sections were incubated with goat poly-
clonal anti-BrdU (1:200; Abcam), a polyclonal rabbit antibody
against Dcx (1:1000; Abcam) for 2 h at 37°C. Then, the sections
were incubated with the secondary antibodies donkey anti-goat
Alexa Fluor-488 (1:500; Invitrogen, Carlsbad, CA, USA) for BrdU
staining, mouse anti-rat Alexa Fluor-594 (1:500; Invitrogen) for
Dcx. Quantitative analysis was performed in the regions of SVZ
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and DG. Using double immunohistochemical staining, the num-
ber of BrdU-positive cells in the SVZ per animal was also counted
to obtain the percentage of BrdU-reactive cells colocalized with
Dcx.

Terminal Deoxynucleotidyl Transferase-
Mediated Fluorescein-dUTP Nick End Labeling
(TUNEL) Staining

Brain sections were stained with an in situ cell death detection kit,
fluorescein (Roche Inc, Mannheim, Germany) to assess apoptotic
cells in the peri-infarct zone of brain according to the procedures
provided by the manufacturer. The TUNEL-positive cells were
counted eight views in each section at x40 objective measured in
the peri-infarct zone of brain and expressed as the mean number
of TUNEL-positive cells/mm?.

Statistical Analysis

All values were expressed as mean =+ standard error of the mean
(SEM). For comparison between two groups, the Student’s r-test
was used. Behavioral testing was analyzed using two-way ANOVA
with repeated measures and Newman—Keuls” multiple pair-wise

P.-C. Li et al.

comparisons. Other multiple comparisons were made by one-way
ANOVA followed with Bonferroni post-tests. P < 0.05 was consid-
ered significant.

Results

Effect of Cystamine on Functional Recovery and
Infarct Size after Stroke

To examine whether cystamine promotes functional recovery
after stroke, the grid-walking task and cylinder/rearing task were
performed. There was an increase in the number of foot faults in
the grid-walking task and a decrease in forelimb symmetry in the
cylinder task from 7 days after stroke; these deficits were amelio-
rated beginning from at 7 days after stroke by chronic treatment
with cystamine starting 24 h after stroke (P < 0.001; Figure 1A—C).
To corroborate the role of cystamine in enhancing stroke
recovery via the BDNF/TrkB pathway, we tested mice with com-
bined ANA-12 + cystamine treatment. Pretreatment with TrkB
antagonist ANA-12 abolished functional recovery induced by
cystamine and showed similar motor function compared
to stroke + vehicle (P> 0.05; Figure 1A—C). MRI was used to
examine the effect of cystamine on the infarct size of ipsilesional
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Figure 1 Effect of cystamine on the functional recovery and infarct size after stroke. Cystamine treatment starting from 24 h after stroke resulted in a
time-dependent improvement in functional recovery after stroke. Functional recovery was assessed with the grid-walking task for forelimb foot faults (A)
and hindlimb foot faults (B), and the cylinder task for forelimb asymmetry (C). Data are shown as mean + SEM for n = 8 per group. #P < 0.001 for stroke
+ vehicle versus sham, *P < 0.05; **P < 0.01; ***P < 0.001 versus stroke + vehicle using two-way ANOVA with repeated measures and Newman—Keuls’
multiple pair-wise comparisons. Representative focal infarcts are shown on T2-weighted images at 24 h after photothrombotic focal stroke (D).
Quantification of the lesion volume (E) and representative focal infarcts on T2-weighted images (F) from the mice treated with or without cystamine
groups at 7 days after stroke. Data are shown as mean £ SEM for n = 8 per group. tys = 1.25, P = 0.229 versus stroke + vehicle group using Student’s
t-test. Preop = preoperation.

234 CNS Neuroscience & Therapeutics 21 (2015) 231-240 © 2014 John Wiley & Sons Ltd



P.-C. Li et al.

hemisphere. Animals displayed similarly sized infarcts in similar
locations on T2-weighted images 24 h after photothrombotic
stroke (Figure 1D). However, T2-weighted images indicated no
significant differences of infarction volumes between vehicle and

Therapeutic Role of Cystamine in Stroke

Effect of Cystamine on the Axon Remodeling in
the Cortex

As cystamine was able to contribute to functional recovery, we

cystamine-treated groups 7 days after stroke (t;;5 = 1.25, hypothesize that cystamine would exert an effect on axon remod-
P = 0.229; Figure 1E,F). eling. Therefore, in vivo DTI was used to further examine effects of
chronic cystamine treatment on axon remodeling 42 days after
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Figure 2 Effect of cystamine on the axon remodeling in the cortex. (A) Representative direction-encoded FA color maps of a typical brain from the sham
or stroke groups with or without cystamine treatment at five different image planes from the genu to the splenium of the corpus callosum. The directions
of fiber tracks were color-coded with red for left-right, blue for superior—inferior, and green for anterior—posterior. (B) FA values were measured in the
ipsilesional cortex delimited on photographs (A). (C) Diffusivity values were measured in the ipsilesional cortex delimited on photographs (A). (D) FA
values were measured in the contralesional cortex. (E) Representative images of MBP staining at five different image planes in the peri-infarct zone of the
motor cortex. (F) MBP intensity was measured in the peri-infarct zone of the motor cortex. Data are shown as mean + SEM of n = 8 mice per group for
DTl data, n =4 mice per group for histology data. Using one-way ANOVA followed with Bonferroni post-tests, *P < 0.05, **P < 0.01 versus
sham + vehicle; #P < 0.05 versus stroke + vehicle. A.U = absorbance units; A, = radial diffusivity; A, = axial diffusivity. Scale bars in (E) = 25 pum.
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stroke. In the ipsilesional motor cortex, cystamine treatment nor-
malized FA values to the levels seen in vehicle treated sham
group, whereas following stroke FA values increased at all levels
(P < 0.05; Figure 2A,B). Furthermore, cystamine treatment also
normalized A, in genu, body 1, and body 3 of the motor cortex,
which were decreased after stroke, to the levels seen in vehicle
treated sham group (P < 0.05; Figure 2C). In addition to the ip-
silesional motor cortex, we also examined the effect of cystamine
on the contralesional cortex. Cystamine treatment restored the
cortex FA values at level genu and body 1 to the level in the vehi-
cle treated sham group (P < 0.05; Figure 2D). These finding
encouraged us to further examine the myelination in the motor
cortex; therefore, the same set of mice were processed for the
expression of MBP in the peri-infarct zone of the motor cortex.
There is decreased MBP at all levels in the stroke group, which
was significantly ameliorated by cystamine treatment (P < 0.05;
Figure 2E,F).

Next, fiber tracking was used to examine the effect of cystamine
on the bilateral motor axons projection (Figure 3A). Compared
with the sham control, there was decreased density of fiber tracks
emanating from motor cortex at levels genu and body 1 and cross-
ing internal capsule at level body 3, which was recovered by treat-
ment with cystamine (P < 0.05; Figure 3B).

Effect of Cystamine on the BDNF Expression and
Activation of TrkB in the Ischemic Brain

We next wanted to dissect the detailed mechanisms in this process.
For short-term study, administration of cystamine increased the
BDNF expression in the ischemic brain compared with the vehicle
group. Pretreatment with TrkB antagonist ANA-12 showed no
effect on the increase of BDNF expression induced by cystamine
(Fz,0 = 9.12, P = 0.0068; Figure 4A). This finding was further con-
firmed by BDNF immunostaining (F,o = 8.76, P = 0.0077;
Figure 4B-D). Furthermore, cystamine treatment increased the
phosphorylation of TrkB at Y817 compared with the vehicle
group. ANA-12 pretreatment significantly decreased cystamine-
induced phosphorylation of TrkB in ischemic brain (P < 0.05;
Figure 4E-G). To test the effect of chronic administration of cysta-
mine on BDNF expression, administration of cystamine for
42 days still significantly increased the expression of BDNF com-
pared with vehicle group (F, 9 = 7.32, P = 0.0129; Figure 4H).

Effect of Cystamine on the Neurogenesis

To investigate whether cystamine affect neurogenesis, we first
detected the effect of cystamine on cell proliferation by assessment
of BrdU-positive cells in the SVZ and DG 7 days after stroke.
Cystamine treatment resulted in an increase of BrdU-positive
cells in the ipsilateral brain both SVZ (F, ¢ = 10.52, P = 0.0044;
Figure 5A,C) and DG (F,¢ =5.75; P = 0.0246; Figure 5B,D)
compared with the vehicle group. Intriguingly, pretreatment of
ANA-12 significantly inhibited the increased cell proliferation
induced by cystamine. Next, we verified that cystamine affects the
proliferation of neuronal progenitor cells by double immunostain-
ing with BrdU and Dcx (Figure 5E). Cystamine treatment
increased the percentage of Dcx-positive cell in BrdU-reactive cells
in the ipsilateral SVZ compared with vehicle group (F, o = 6.34,
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Figure 3 Effect of cystamine on the fiber tracking in motor cortex and
internal capsule. (A) Representative photographs of three-dimensional
fiber tracking in the ROI of motor cortex at levels genu and body 1 and
internal capsule at level body 3 from the mice treated with or without
cystamine 42 days after stroke compared with sham group. The radius of
ROl is 0.468 mm. The directions of fiber tracks were color-coded with red
for left-right, blue for superior—inferior, and green for anterior—posterior.
(B) Quantification of fiber tracking intensity as measured in ROl in panel
(A). Data are shown as mean + SEM for n = 8 per group. Using one-way
ANOVA followed with Bonferroni post-tests, *P < 0.05, **P < 0.01 versus
sham + vehicle; #P < 0.05, ##P < 0.01 versus stroke + vehicle.

P =0.0191; Figure 5F); this effect was significantly inhibited by
ANA-12 (Figure 5F).

Effect of Cystamine on Neuroprotection and
Neuroplasticity

Next, we examined apoptotic cells at 7 days after stroke and
neuronal density at 42 days after stroke in the peri-infarct zone.
Cystamine treatment decreased TUNEL-positive cells in the peri-
infarct zone at 7 day after stroke, which was significantly inhibited
by ANA-12 pretreatment (F, o = 11.27, P = 0.0034; Figure 6A,B).
To examine the effect of cystamine on the neuronal survival, neu-
ronal density was examined by NeuN immunohistochemistry on
days 42 poststroke (Figure 6C). Chronic cystamine treatment sig-
nificantly reduced stroke-induced loss of neuronal density in the
peri-infarct zone (F, o = 15.38, P = 0.0012; Figure 6D).

© 2014 John Wiley & Sons Ltd
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Figure 4 Effect of cystamine on the BDNF expression and activation of TrkB in the ischemic brain. (A) Quantification of the expression of BDNF in
ischemic brain homogenates 7 days after stroke from different groups of mice administrated with or without cystamine in the presence or absence of
ANA-12 pretreatment by ELISA. (B) Representative images of BDNF immunostaining in peri-infarct zone of brain 7 days after stroke from groups
administrated with or without cystamine in the presence or absence of ANA-12. (C) The delimited region indicates the peri-infarct zone of brain selected
for immunohistochemistry. (D) Quantification of the BDNF expression in the peri-infarct zone of brain. (E) Representative images of Western blot for
phosphorylated (pTrkB-Y817), full-length TrkB (TrkB-FL), and B-actin in ischemic brain homogenates 7 days after stroke from groups treated with or
without cystamine in the presence or absence of ANA-12. (F) Quantification of TrkB phosphorylation (pTrkB-Y817 relative to TrkB-FL). (G) Quantification of
p-TrkB-Y817/B-actin as well as TrkB-FL/B-actin. (H) Quantification of the expression of BDNF in ischemic brain homogenates 42 days after stroke from
different groups of mice treatment with or without cystamine by ELISA. Data are shown as mean + SEM for n = 4 per group; In panels (A), (D), (F) and (G),
*P < 0.05, **P < 0.01 versus vehicle, #P < 0.05 versus cystamine using one-way ANOVA followed with Bonferroni post-tests. In panel (H), *P < 0.05
versus sham + vehicle; #P < 0.05 versus stroke + vehicle using one-way ANOVA followed with Bonferroni post-tests. Scale bars in (B) = 50 pum.

Discussion

To the best of our knowledge, this is the first study exploring the
effect of cystamine on the functional recovery after stroke through
an in-depth analysis of functional recovery-related axon remodel-
ing. We demonstrate that cystamine treatment improves func-

© 2014 John Wiley & Sons Ltd

tional recovery with concomitant enhancement of axon
remodeling and neuroprotection. The detailed mechanisms in this
process involve the increases of BDNF expression in the brain con-
tributing to enhancement of neuronal progenitor cell prolifera-
tion, neuronal survival, and plasticity via the BDNF/TrkB

pathway.
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Cystamine treatment starting 24 h after stroke promoted func-
tional recovery. As the important element in stroke treatment is
the timing of drug delivery, cystamine administrated starting 24 h
after stroke was able to exert the functional recovery after stroke.
With this study, cystamine may join a short list of small molecules
that can promote recovery after stroke when given 24 h after
stroke, suggesting it is a promising medicine for stroke therapy. In
our study, treatment with cystamine for 7 days has a significant
effect on stroke recovery (Figure 1A—C). To assess the necessary of

238 CNS Neuroscience & Therapeutics 21 (2015) 231-240

long-term administration, cystamine treatment was discontinued
after 14 days; there is a decrease in functional gains (Figure S1).
Axonal remodeling is a critical aspect of brain repair and con-
tributes to spontaneous improvements in neurological deficits
after stroke [21]. Current histology of MBP staining was unable to
provide quantitative data to delineate the directionality of axonal
projection. Thus, using in vivo DTI, we performed an in-depth
analysis of remodeling of axonal in the brain after cystamine treat-
ment following stroke. In the present study, DTI analysis showed

© 2014 John Wiley & Sons Ltd
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Figure 6 Effect of cystamine on neuroprotection and neuroplasticity. (A) Representative TUNEL staining images 7 days after stroke from different groups
of mice administrated with or without cystamine in the presence or absence of ANA-12 treatment in the peri-infarct zone of brain. TUNEL-positive cell
(green), DAPI (blue) and merged image. (B) Quantification of TUNEL-positive cells was shown. (C) Representative NeuN staining images 42 days after
stroke from mice in sham or stroke treated with or without cystamine groups in the peri-infarct zone of brain. (D) Quantification of neuronal density in the
peri-infarct zone of brain was shown. Data are mean £ SEM for n = 4 per group; In panel (B), **P < 0.01 versus vehicle, #P < 0.05 versus cystamine
using one-way ANOVA followed with Bonferroni post-tests. In panel (D), *P < 0.05, **P < 0.01 versus sham + vehicle, #P < 0.05 versus stroke + vehicle

using one-way ANOVA followed with Bonferroni post-tests. Scale bars in (A) and (C) = 50 um.

increased FA values and decreased A, after stroke in motor cortex
restored by cystamine treatment, suggesting that the increased
cortical FA after stroke is due to altered white matter organization
rather than increased myelination. In the MBP staining, MBP
intensity at the same levels was decreased in the same set of mice
after stroke, which was significantly ameliorated by cystamine
treatment. The corticospinal tract is the primary transmission
route for voluntary forelimb movement from the motor cortex via
the internal capsule toward the spinal cord [22]. The fiber tracking
using DTI was applied to analyze the change of motor axons pro-
jection to internal capsule after stroke. DTI analysis showed that
fibers in both the ipsi- and contralesional internal capsule were
disorganized and decreased after stroke. Cystamine treatment
increased fiber tracks emitting from motor cortex and crossing
internal capsule and restored stroke-induced subtle white matter
abnormalities.

It is well known that BDNF and its receptor TrkB are widely dis-
tributed throughout the adult brain in almost all cortical areas, as
well as several subcortical and spinal cord regions [13,23]. Exoge-
nous administration of BDNF improves functional recovery and
induces widespread neuronal remodeling in the photothrombotic
stroke model [24]. Thus, agents that promote endogenous BDNF
secretion may promote neuroplasticity and functional recovery
after stroke. Our study demonstrated that cystamine treatment
resulted in an increase of BDNF expression. To examine the mech-
anisms for neuroprotection by cystamine, we injected ANA-12, an
antagonist of TrkB.ANA-12 failed to affect the increased expres-
sion of BDNF, but was able to decrease cystamine-mediated TrkB
phosphorylation, suggesting the specific effect of cystamine on the
TrkB phosphorylation. The effect of cystamine on treatment of

© 2014 John Wiley & Sons Ltd

stroke was significantly inhibited by pretreatment with ANA-12,
suggesting BDNF/TrkB pathway was involved in cystamine-medi-
ated therapy of stroke. Our findings are consistent with the previ-
ous studies showing that cystamine exerted its neuroprotection in
schizophrenia and Huntington’s disease by increasing BDNF
expression crucial for the neuronal survival [12,25].

Neural precursors in the SVZ and DG of hippocampal are a
potential replacement source for dead neurons after brain injury
[26,27]. Administered of BDNF intravenously significantly pro-
motes neurological long-term recovery in a photothrombotic
stroke model in the rat [24,28]. It was reported that cystamine
enhanced the BDNF release and TrkB activation, which results in
Akt activation and neuronal survival [29]. Consistent with our
findings, cystamine significantly increased the number of BrdU-
immunoreactive cells in the SVZ and DG with colocalization with
Dcx. Interestingly, this effect was significantly inhibited by pre-
treatment with ANA-12, suggesting that the BDNF/TrkB pathway
was involved in cystamine-mediated neuronal progenitor cell pro-
liferation. However, we have not demonstrated that the newly
produced cells differentiate into neurons or glia; thus, the data
associating neurogenesis with functional recovery should be inter-
preted with caution.

The expression of BDNF by surviving neurons in the ischemic
brain has been associated with an early autocrine neuroprotective
role that counteracts cell death [30,31]. Consistent with these
findings, our study demonstrated that cystamine treatment signif-
icantly decreased TUNEL-positive cells in the peri-infarct zone of
the brain, which was significantly abolished by pretreatment with
ANA-12, suggesting that cystamine-mediated decrease of neuro-
nal apoptosis contributes to the neuroprotection via the BDNF/

CNS Neuroscience & Therapeutics 21 (2015) 231-240 239
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TrkB pathway. Furthermore, our study also indicated that cysta-
mine increased neuronal density and plasticity contributing to
neuroprotection (Figure 6). This finding was consistent with pre-
vious reports showing that synaptic plasticity in the ischemic pen-
umbra region contributes to functional recovery after stroke
[32,33].

Conclusion

We demonstrate that treatment of experimental stroke with cysta-
mine significantly improves functional recovery. This functional
benefit may be due to enhancement of axon remodeling, neuro-
nal progenitor cell proliferation, neuronal survival, and plasticity

P.-C. Li et al.
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