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Abstract

Newborn striatal neurons induced by middle cerebral artery occlusion (MCAO) can form functional projections targeting
into the substantia nigra, which should be very important for the recovery of motor function. Exercise training post-stroke
improves motor recovery in clinic patients and increases striatal neurogenesis in experimental animals. This study aimed to
investigate the effects of exercise on axon regeneration of newborn projection neurons in adult rat brains following
ischemic stroke. Rats were subjected to a transient MCAO to induce focal cerebral ischemic injury, followed by 30 minutes of
exercise training daily from 5 to 28 days after MCAO. Motor function was tested using the rotarod test. We used fluorogold
(FG) nigral injection to trace striatonigral and corticonigral projection neurons, and green fluorescent protein (GFP)-
targeting retroviral vectors combined with FG double labeling (GFP™ -FG") to detect newborn projection neurons. The
results showed that exercise improved the recovery of motor function of rats after MCAO. Meanwhile, exercise also
increased the levels of BDNF and VEGF, and reduced Nogo-A in ischemic brain. On this condition, we further found that
exercise significantly increased the number of GFP* -FG" neurons in the striatum and frontal and parietal cortex ipsilateral to
MCAO, suggesting an increase of newborn striatonigral and corticonigral projection neurons by exercise post-stroke. In
addition, we found that exercise also increased NeuN" and FG" cells in the striatum and frontal and parietal cortex, the
ischemic territory, and tyrosine hydroxylase (TH) immunopositive staining cells in the substantia nigra, a region remote from
the ischemic territory. Our results provide the first evidence that exercise can effectively enhance the capacity for
regeneration of newborn projection neurons in ischemic injured mammalian brains while improving motor function. Our
results provide a very important cellular mechanism to illustrate the effectiveness of rehabilitative treatment post-stroke in
the clinic.
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Introduction

Stroke is the leading cause of disability and the third highest
cause of death in the world [1]. In the clinic, many surviving stroke
patients show morphological brain damage accompanied by
neuronal function deficits in the acute phase. Fortunately, some
patients recover after long-term rehabilitative treatment. There-
fore, many studies have focused on understanding the mechanism
of rehabilitative treatment for stroke patients in recent years [2,3].
Previous studies have demonstrated that treadmill training can
significantly reduce brain infarct volume and improve neurological
outcomes after focal cerebral ischemia [4]. However, the exact
molecular and cellular mechanisms are still unclear.

In the past decade, many studies have demonstrated that
ischemic stroke can induce neurogenesis in both neurogenic and
non-neurogenic brain regions of adult rodents [5-7], non-human
primates [8,9] and even humans [10-12]. Excitingly, researchers
have found that these newly generated striatal neurons can
become morphologically mature neurons [13,14] and functionally
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integrate into local neural networks as indicated by electron
microscopy, electrophysiological recording and FM dye imaging
[15,16]. These newborn striatal neurons also possess the capacity
to receive inputs and send projections into other brain regions such
as the substantia nigra (SN) [17]. It is well known that normal
activity of striatonigral pathways is pivotal for maintaining motor
function [18,19] and survival of DA neurons in the SN [20].
Recent researches have reported that MCAO stroke causes
degeneration of nigral dopaminergic neurons in the brains
following ischemic neuronal death in the striatum and cerebral
cortex, ischemic core [21,22]. Therefore, promotion of regener-
ation of newborn striatonigral projections is fundamentally
important for the recovery of motor function in mammalian
brains after ischemic injury.

Exercise can enhance neurogenesis in the dentate gyrus of
normal [23] and ischemic injured animals [24] via promoting
proliferation of neural progenitors and survival of newborn
neurons [25]. Traumatic and ischemic brain injury increases the
level of Nogo-A, an axon growth inhibitor, and reduces
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synaptophysin, a synaptic protein, in adult rat brains [26,27], and
exercise can counteract the effects of traumatic brain injury on
Nogo-A and synaptophysin [26]. Therefore, we asked if exercise
post-stroke could improve the axon-regenerative capacity of
newborn neurons in the ischemic brain.

In the present study, we used a transient MCAO to induce focal
cerebral ischemia in rats, followed by GFP-gene-bearing retrovirus
ventricle injection combined with FG nigral injection to trace
newborn projection neurons in the striatum and cerebral cortex.
Treadmill training was given to rats after MCAO. Double
immunostaining and rotarod test were used to investigate the
effects of exercise on newborn projection neurons and motor
function. We found that the treadmill training in rats with
ischemic stroke significantly increased the numbers of newborn
striatonigral and corticonigral projection neurons and improved
motor function recovery. Additionally, we found that exercise
post-stoke protected nigral dopaminergic neurons against ischemic
death. Our results suggest that rehabilitative therapy after stroke is
beneficial for regeneration of neural circuitry between the nuclei in
injured brains, thereby improving neural functional repair.

Materials and Methods

Ethics Statement

Adult male Sprague-Dawley rats with a body weight of 250 to
280 g n=25) from Shanghai Experimental Animal Center of
Chinese Academy of Sciences were used in our experiments. The
protocol was approved by the Ethics Committees of Experimental
Research of Shanghai Medical College of Fudan University
(Permit Number: 2011-128). This study was conducted in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. All efforts were made to
minimize animal suffering and reduce the number of animals used.

Transient Middle Cerebral Artery Occlusion

Rats were anesthetized with 10% chloral hydrate (360 mg/kg,
i.p.) and Arterial blood gases (pOy and pCOy) and pH were
measured with an AVL 990 Blood Gas Analyzer (AVL Co., Graz,
Austria). The rats with normal blood gases were subjected to left
MCAO for 30 minutes as described in detail previously [28].
During the process of ischemia, rectal temperature was monitored
and maintained at 37+0.5°C with a heat lamp. Cerebral blood
flow (CBF) was detected with a Laser Doppler perfusion monitor
(PF5010, Perimed AB, Jarfalla, Sweden) and rats of which CBF
dropped to <20% of the baseline were used for further research.

Treadmill Training

Prior to receiving the MCAO operation, all rats were given 10
minutes treadmill pre-training twice daily for 3 days at a speed of
5.5 m/min with an electric motor-driven treadmill machine (Five-
lane treadmill, JWFU, Shanghai, China) as previously described
[29]. Rats were randomly divided into MCAO (n=12) and
MCAO+Exercise  (MCAO+Ex) groups (nm=13). Rats in
MCAO+Ex group were further subjected to 30 minutes training
daily at a speed of 12 m/min from 5 to 28 days (5 days per week)
after MCAO operation. Rats in MCAO group were given
identical handled treatment except for the omission of forced
running-speed post-stroke.

Retrovirus and Fluorogold Injections

To label the proliferating cells in ischemic brains, pFB-hrGFP
(humanized recombinant green fluorescent protein, hrGFP)
retroviral supernatant (Stratagene, USA) was stereotaxically
delivered into the contralateral ventricle (AP, 0.8 mm; ML,
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1.4 mm; DV, 3.6 mm) at the volume of 3 ul containing 2x10°
infectious units on day 1 before MCAO [17]. To trace projection
neurons, rats received a stereotaxic injection of fluorogold (FG;
total volume: 0.3 ul of 2% FG solution in 0.9% saline; Biotium
Company, CA, USA) into the ipsilateral substantia nigra (AP
5.2 mm, ML 2.5 mm, DV 8.0 mm) at 12 weeks after MCAO as
described previously [17,30]. FG nigral injection was identified in
each rat using a fluorescent microscope (DM IRB, Leica,
Germany) at 7 days after FG injection. Only the rats with exact
nigral injection identified on brain coronal sections were selected
for further investigation.

Neurological Score Test

The neurological score of each rat was evaluated at 1, 3, 7 days
post-MCAO according to Longa’s scale [31]. Rats were assigned a
score between 0 and 4: 0, normal motor function; 1, flexion of
torso and the contralateral forelimb upon lifting of the animal by
the tail; 2, circling to the contralateral side, but normal posture at
rest; 3, leaning to contralateral side at rest; 4, no spontaneous
motor activity.

Motor Behavioral Test

The rotarod test was used to test motor function of rats pre-
MCAO and at 3, 7, 14, 21, 28, 35, 42, 49, 56 and 63 days post-
MCAO. Rats were placed on a rotarod (ENV-575MA, Med-
Associates, Georgia, USA) accelerating from 4 to 40 rpm over a 5-
minute period, with three repeated trials in an one-minute interval
time. The average of the three recorded times for which the rat
stayed on the rotarod was used to indicate motor function based
on previously reported [32].

Western Blotting

For immunoblotting analysis with various antibodies, the
protein lysates from the ipsilateral fresh striatum and cerebral
cortex tissues were prepared and separated on either 8% or 12%
SDS-polyacrylamide gels, and transferred onto polyvinyldifluor-
idine (PVDF) membranes (Bio-Rad). The membranes were then
blocked with 10% non-fat milk in Tris-HCI (10 mM, pH 7.4)
containing 150 mM NaCl, and 1% Nonidet P-40, and separately
incubated with the following specific antibodies at 4°C overnight:
rabbit polyclonal anti-brain-derived neurotrophic factor (BDNF,
Santa Cruz Biotechnology, Santa Cruz, CA, USA,1:500 dilution),
rabbit polyclonal anti-synapsin (SYN, Sigma, USA, 1:1000), rabbit
monoclonal anti-growth associated protein 43 (GAP43, Chemi-
con, Temecula, CA, USA, 1:1000), mouse polyclonal anti-neurite
growth inhibitor-A (Nogo-A, BD Transduction Laboratories,
1:1000), rabbit polyclonal anti-vascular endothelial growth factor
(VEGF, Santa Cruz 1:500), goat polyclonal anti-glial fibrillary
acidic protein (GFAP, Abcam, Cambridge, UK, 1:2000), mouse
monoclonal anti-tyrosine hydroxylase (TH, Sigma, 1:1000), or
mouse monoclonal anti-actin (Sigma, 1:1000). After washing, the
membranes were incubated with horseradish peroxidase-conju-
gated goat anti-rabbit IgG (1:3000), anti-mouse IgG (1:3000) or
donkey anti-goat IgG (1:3000) accordingly. The immunoreactivity
was visualized by ECL. Relative intensities of the protein bands
were quantified by scanning densitometry using image software
(Image J software, National Institutes of Health, USA). Actin levels
were used as internal standards.

Immunohistochemical Staining

Rats were deeply anesthetized, and perfused intracardially with
0.9% saline solution, and 4% paraformaldehyde (PA) dissolved in
0.1 M phosphate-buffer (pH 7.4). Brains were removed, postfixed
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for 6 h and immersed in 20% and 30% sucrose solution until
sinking [15]. Coronal brain sections were cut at a thickness of
30 um at the Bregma level from 1.60 mm to —6.30 mm using a
freezing microtome (Jung Histocut, Model 820-1I, Leica, Ger-
many) and stored at —20°C in a cryoprotectant solution for
histological analysis.

For single immunostaining, sections were incubated with
antibodies against mouse monoclonal anti-NeuN (1:1000, Abcam,
Cambridge, UK), rabbit polyclonal anti-FG (Chemicon, Teme-
cula, CA, USA, 1:4000) or mouse monoclonal anti-TH (1:1000)
overnight at 4°C.. The sections treated with FG and TH antibodies
were incubated with corresponding biotinylated secondary anti-
bodies (Vector Laboratories, 1:200) followed by avidin—biotin—
peroxidase (1:200), and the immunoreactivity was visualized with
0.05% diaminobenzidine (DAB, Sigma). The sections treated with
NeulN antibody were incubated with biotinylated anti-mouse IgG
(1:200) and avidin—biotin—alkaline phosphatase complex (1:200)
and the immunoreactivity was revealed with Vector Blue.
Negative controls received identical treatment except for the
omission of primary antibodies and showed no specific staining.

For double staining of GFP and FG, the sections were incubated
with rabbit polyclonal anti-FG antibody (1:4000) as described
above single staining, followed by biotinylated anti-rabbit IgG
(1:200), then with avidin-biotin—alkaline phosphatase complex
(1:200). FG immunoreactivity (FG") was visualized with Vector
Blue. After washing, the sections were incubated with a mouse
monoclonal anti-GFP antibody (1:1000), then with corresponding
biotinylated secondary antibody followed by avidin—biotin—perox-
idase complex (1:200). Immunoreactivity was visualized by 0.05%
DAB. Negative controls received the same process except for the
omission of primary antibodies and showed no specific staining.

Fluorescence Immunolabeling and Confocal Microscopy

FG fluorescence can be directly detected at excitation 380 nm
and emission 530 nm under fluorescent microscope. Therefore, to
detect triple fluorescent signals of GFP, NeulN and FG, we did
double immunofluorescent staining for GFP and NeuN. The
sections were simultaneously incubated with antibodies against
goat polyclonal anti-GFP (1:1000, Abcam, Cambridge, UK) and
mouse monoclonal anti-NeuN (1:1000) at 4°C overnight. The
signals of GFP and NeuN immunoreactivity were revealed by anti-
goat IgG-FITC (1:500) and anti-mouse IgG-rhodamine (1:50)
secondary antibodies, respectively. After washing, the sections
were mounted on glass slides and coverslipped using fluorescence
mounting media. The triple fluorescent signals were detected at
excitation 535 nm and emission 565 nm (rhodamine), 488 nm
and 525 nm (FITC), 380 nm and 530 nm (FG) by confocal laser
scanning microscopy (T'CS SP5, Leica, Germany).

Data Quantification and Statistical Analysis

The person who did functional test and cell counting were
blinded during the experiments.

Sections underwent the same fixation, sectioning, and immu-
nostaining procedures described above in preparation for unbiased
stereological cell counting using the optical fractionator method
assisted with Stereo Investigator 6.5 software (Micro Bright Field
Inc., Williston, VI, USA). Four coronal sections (30 um, every
12th section between 1.0 and —0.20 mm from the Bregma) of
each rat brain following NeuN, GFP, FG and double GFP-FG
immunostaining were taken for striatal and cortical stereological
quantification. Four coronal sections (30 um, every 10th section
between —4.80 and —5.80 mm from the Bregma) of each brain
were immunostained for TH and subjected to substantia nigral
stereological quantification as previously described [33]. The
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counting criteria included the presence of signal protein immu-
noreactivity in the cells with a clearly neuronal phenotype.

Areas of interest were outlined at 5 X magnification for volume
estimation. Counting was performed with a 20X object lens of
light microscopy (Q570IW, Leica, Germany) in which the
counting frame size was set at 200 umx200 pm in the striatum
and cortex or 50 pm x50 um in the substantia nigra and a height
of 10 um. Ten counting sites per section randomly chosen by
software were used for cell counting. The numbers of immune-
positive cells were counted in the areas as follows: TH" cells in the
SN, NeuN", FG*, FG*-GFP*, GFP" cells in the striatum and
frontal and parietal cortex, respectively. Total volumes of each
region for cell counting were automatically calculated by a
Computerized Stereo Investigator 6.5 software, and the numbers
of immune-positive cells were presented as cells/mm?® in each rat
brain.

Rotarod testing data and neuro-scores were analyzed with two-
way analysis of variance (ANOVA) test with least significant
difference (LSD) test, followed by Student-Newman-Keuls test.
Histological and Western blotting data were statistically analyzed
by Unpaired Student ttests and Mann-Whitney U-tests, respec-
tively. Linear regression analysis was performed to identify
correlation between Nogo-A and SYN protein levels. The data
were expressed as mean * S.E.M. Differences between groups
were considered significant when P<<0.05.

Results

Exercise Improved Brain Repair and Motor Function
Recovery in Rats after Transient Cerebral Ischemia

First, we investigated whether our exercise protocols (Fig. 1A)
would have long-term effects on neural repair in the brain after
ischemic injury. All rats were subjected to treadmill pre-training
for 3 days before MCAO and the rats in MCAO+Ex group were
given treadmill training daily from 5 to 28 days after MCAO. Both
MCAO+Ex and MCAO rats were subjected to rotarod tests on 3
and 7 days after the operation, and every other 7 days thereafter to
evaluate motor function. Besides, neurological score were also
measured at 1, 3 and 7 days post-MCAO. The results showed
mmpairment of neurological and motor function in both
MCAO+Ex and MCAO rats at the first 7 days after MCAO
(Fig. 1B and C). However, MCAO+Ex rats remained on the
rotating-rod longer than MCAO rats, even on 56 and 63 days
after ischemic injury (Fig. 1C, P<0.05).

With this model, we further detected that NeuN" cells were
significantly increased in the striatum and the frontal and parietal
cortex ipsilateral to ischemia (Fig. 2 B and C, P<0.05) in the
MCAO+Ex group compared with that in the MCAO group. To
observe corticonigral and striatonigral projection neurons, we
mjected FG, a retrograde tracer, into the SN (Iig. 2Aa—c). Based
on our present knowledge, the projection neurons in the cortex
typically have pyramidal shaped cell bodies and they mainly
located in the layers III, V and VI of the cortex [34]. In the
current study, FG fluorescent (FG") signals could be detected in
striatal neurons and cortical neurons with pyramidal shape within
the frontal and parietal cortex ipsilateral to nigral injection.
(Fig. 2Ad-g), which was consisted with previous reported
[17,35,36]. More interestingly,we found that the cortical and
striatal FG* cells were significantly increased in the MCAO+Ex
rats (Fig. 2B and C, P<<0.05) compared with the MCAO rats. The
results indicated that exercise post-stroke could enhance the
number of corticonigral and striatonigral projection neurons and
improve the recovery of motor function in rats after ischemic
mnjury induced by a transient middle cerebral artery occlusion.
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Figure 1. Design of animal experiments and neural function tests. A: Animals were injected with GFP-labeled retrovirus 1 day before
receiving MCAO, FG injection at 84 days and sacrificed at 91 days. All animals were given treadmill exercise before MCAO and the rats in MCAO+Ex
group were given treadmill exercise after MCAO. B: Neuro-score was tested at 1, 3, 7 days after MCAO. C: Motor function was assessed using the
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performance in rotarod test. Data are shown as mean = S.E.M. MCAO group (n =8); MCAO+Ex group (n=6). *P<<0.05 vs MCAO group.

doi:10.1371/journal.pone.0080139.g001

Exercise Improved Axon-regeneration of Newborn
Corticonigral and Striatonigral Projection Neurons in
Adult Rat Brains following a Transient Focal Ischemic
Injury

To study whether exercise could promote the capacity to form
projections of newborn neurons into their target regions in
ischemic injured brains, we used FG nigral injection to trace
corticonigral and striatonigral projection neurons as mentioned
above, and further combined ventricle injection of GFP-targeting
retroviral vectors with multiple-immunostaining to detect newborn
projection neurons in the ipsilateral hemisphere to ischemia.
Consistent with our previous reports [17], triple-labeled GFP*-
NeuN"-FG* cells were observed in ipsilateral striatum (Fig. 3A and
B) at 13 weeks after MCAO. Moreover, we also detected the
triple-labeled GFP*-NeuN*-FG" cells in the pyramidal layer of
ipsilateral cortex (Fig. 3C and D).

Then, we performed double immunohistochemical staining of
GFP and FG, and completed stereological counting of GFP" and
GFP*-FG" cells. Figure 4A showed presence of GFP*-FG* cells,
adjacent to single GFP* (brown) and FG* (blue) cells, in ischemic
striatum and cortex. Exercise could significantly increase the
number of striatal GFP™ newborn cells (Fig. 4B). Moreover, the
numbers of GFP*-FG* cells in MCAO+Ex rats were increased
2.52-fold and 1.78-fold of MCAO rats in the striatum and cortex,
respectively (Fig. 4B). The results suggested that exercise post-
stroke could enhance capability of axon-regeneration of newborn
neurons which could project into their target regions and showed
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their uptake and axonal retrograde transport signals from
terminals into neuronal cell bodies.

Exercise Up-regulated Expressions of Growth Factors and

Down-regulated Nogo-A in Rat Brain with Ischemic Injury

We detected changes in BDNF, VEGF, GFAP, Nogo-A and
synapsin expression in ischemic brains of rats using Western blot
analysis. The results showed that exercise post-stroke significantly
increased the expression of BDNF, VEGF and synapsin in cortical
and striatal tissues. In contrast, the exercise decreased Nogo-A
expression in both regions (Fig. 5A and B, P<<0.05). Interestingly,
the increase of synapsin in ischemic brains was negatively
correlated with the reduction of Nogo-A (Fig. 5C).

Exercise Increased Dopaminergic Neurons in the
Substantia Nigra of Rat Brains after Ischemic Stroke

Immunostaining with TH antibody was used to detect
dopamine (DA) neurons in the SN. The stereological counting
results showed that a transient MCAO reduced the TH staining
cells in the ipsilateral SN to the ischemia compared with that in the
contralaterals (data not shown). However, exercise could reduce
the loss of ipsilateral nigral dopaminergic neuron induced by a
transient MCAO (Fig. 6A and B, P<<0.05, MCAO+Ex group us
MCAO group). Furthermore, we detected the expressive levels of
TH protein in the ipsilateral striatal tissues with Western blot
analysis. The results showed that the exercise post-stroke did not
significantly change the TH levels although it slightly increased
(Fig. 6C and D).
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Figure 3. Newborn neurons formed projections to the substantia nigra in ischemic rat brain. A-D: Confocal microphotographs showed
GFP*-NeuN*-FG* triple-labeling cells (triple arrowheads) in the ipsilateral striatum (A and B) and parietal cortex (C and D) at 13 weeks after MCAO.
NeuN™ single-labeling cells, GFP"™-NeuN* and NeuN*-FG* double-labeling cells were indicated by single arrowhead, double arrows and double
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Discussion behavioral function. Our results provide a very important cellular
mechanism to illustrate the effectiveness of rehabilitative treatment

The present study revealed that exercise post-stroke could after ischemic stroke.

effectively enhance the capacity for axon-regeneration of newborn BDNF and VEGF can improve neural growth and plasticity in
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C and D: Western blot and quantitative data showed that exercise post-stroke had no significant effect on TH protein expression in the ipsilateral
striatum. Data are shown as mean = S.E.M. MCAO group (n=4); MCAO+Ex group (n=5). *P<0.05 vs MCAO group; Scale bar in A is 100 um.
doi:10.1371/journal.pone.0080139.9g006
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inhibits axonal growth [42,43]. As mentioned before, exercise can
modulate the changes of these factors in the traumatic or ischemic
injured brain [26,27]. Consistent with these reports, our results
also showed that exercise significantly up-regulated BDNI
expression and down-regulated Nogo-A in ischemic injured brains
(Fig. 5). Moreover, the decrease in Nogo-A was negatively
correlated to the increase in synapsin. In the present study, we
interestingly found that exercise could up-regulate VEGF expres-
sion in the ischemic injured brain (Fig. 5). VEGF expression
should be beneficial for the neuroprotection and brain repair since
numerous studies have demonstrated that exogenous administra-
tion of VEGF could significantly reduce neuronal death [44] and
increase neurogenesis, as well as anglogenesis in the ischemic
mjured brain [14,45,46] and modulate neural plasticity in normal
brains [47—49]. Present study did confirm that exercise post-stroke
could protect neurons against ischemic injury or increase neuron
ischemic tolerance in rat brains after stroke [50]. For example,
exercise post-stroke increased the number of (1) FG* striatonigral
and corticonigral projection neurons (Fig. 2B and C, right); (2)
striatal and cortical neurons (NeuN™ cells, Fig. 2B and C, left); and
(3) nigral DA neurons (TH" cells) in the ipsilateral hemispheres to
MCAO (Fig. 6A and B). Putting together, we found that exercise
post-stroke enhanced endogenous neuroprotective effects, which
should be associated with regulation of BDNF, VEGF and Nogo-A
expression in the ischemic injured brains. Under this experimental
condition, we further investigated effects of exercise post-stroke on
axon/neurite development of newborn projection neurons in
1schemic injured brains.

It is well known that stroke-induced neurogenesis exists in the
striatum and cortex of adult rat brains and can be enhanced by
several growth factors and anti-apoptotic factors [13,14,46,51].
Reestablishment of neural networks of newborn neurons is the
fundamental anatomic basis for functional repair in the damaged
brains. In past years, it has been demonstrated that new neurons
generated after ischemic injury can form synapses and locally
integrate with preexisting neurons in the injured mammalian brain
[15,16]. Moreover, newborn striatal neurons can develop long
axons to project into the SN, a target region, and form functional
striatonigral projections [17,30]. Present study confirmed our
previous reports (Fig. 3 and 4). We further found that newly
generated cortical neurons could also form projections targeting to
the SN as indicated by GFP*-NeuN*-FG* cells in the pyramidal
layer of cerebral cortex (Fig. 3C—D), suggesting that new cortical
neurons could become corticonigral projection neurons. Further-
more, these newborn corticonigral and striatonigral neurons
possessed functional axon/projections capable of presynaptic
uptake and retrogradely axonal transportation because FG after
nigral injections could be detected in the GFP" cortical and striatal
neurons. Previous study has demonstrated that the axon regen-
eration of new neurons can be increased by exogenous overex-
pression of Bcl-2 in ischemic injured brains [30]. In the present
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study, we revealed that the axon-regeneration of newborn
projection neurons could be promoted by exercise post-stroke
(Fig. 4). These phenomena suggest that physical rehabilitative
training post-stroke can accelerate the axon regeneration of
newborn projection neurons and/or reestablishment of their
axonal transporting function via activation of endogenous
mechanisms.

In addition, we found that exercise post-stroke could signifi-
cantly increase DA neurons in the ipsilateral SN (Fig. 6). Although
we have no way to directly identify whether the increase in nigral
DA neurons by exercise is the result of reorganization/recon-
struction of the corticonigral and striatonigral neural pathways,
present results strongly indicated that exercise post-stroke could
effectively enhance restoration of functional neural circuitry within
the basal ganglia. The evidences included that exercise post-stroke
increased (1) the number of newly formed striatonigral and
corticonigral projection neurons; (2) the uptake of newly formed
axon-terminals; (3) retrogradely transportation of newly formed
axon from terminals in the SN into neuronal cell body in the
cortex and striatum (Fig. 4); (4) the number of nigral DA neurons
(Fig. 6). Both the striatum and SN are important nuclei within the
basal ganglia and play critical roles in the maintenance of motor
function [52]. Theoretically, increases in the numbers of functional
striatal and cortical newborn projection neurons or nigral DA
neurons by exercise post-stroke should be beneficial for the
recovery of motor function. Supporting this point of view, our
results showed that exercise post-stroke significantly improved
motor behavior in rats after ischemic stroke (Fig. 1C). Taken
together, our data suggest that reconstruction of new neural
networks within the nuclei have important roles in function repair
of adult brain, and that exercise may be valuable for morpholog-
ical and functional repairs in the injured adult mammalian brains.

In summary, present study provided the first evidence that
passive exercise post-stroke could effectively improve axonal-
regeneration of newborn projection neurons and accelerate the
reestablishment of new neuronal circuitries within the basal
ganglia after ischemic injury, which should provide very important
anatomical foundation for the recovery of motor behavioral
function. Our results provided cellular mechanisms of passive
rehabilitative treatment following stroke in the clinic.
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