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Abstract

Constraint-induced movement therapy is an effective rehabilitative training technique used to improve the restoration of impaired
upper extremity movement after stroke. However, whether constraint-induced movement therapy is more effective than conventional
rehabilitation in acute or sub-acute stroke remains controversial. The aim of the present study was to identify the optimal time to start
constraint-induced movement therapy after ischemic stroke and to explore the mechanisms by which constraint-induced movement
therapy leads to post-stroke recovery. Sixty-four adult male Sprague-Dawley rats were randomly divided into four groups: sham-surgery
group, cerebral ischemia/reperfusion group, early constraint-induced movement therapy group, and late constraint-induced movement
therapy group. Rat models of left middle cerebral artery occlusion were established according to the Zea Longa line embolism method.
Constraint-induced movement therapy was conducted starting on day 1 or day 14 in the early constraint-induced movement therapy and
late constraint-induced movement therapy groups, respectively. To explore the effect of each intervention time on neuromotor function,
behavioral function was assessed using a balance beam walking test before surgery and at 8 and 21 days after surgery. The expression levels
of brain-derived neurotrophic factor, nerve growth factor and Nogo receptor were evaluated using real time-polymerase chain reaction
and western blot assay to assess the effect of each intervention time. The results showed that the behavioral score was significantly lower in
the early constraint-induced movement therapy group than in the cerebral ischemia/reperfusion and late constraint-induced movement
therapy groups at 8 days. At 21 days, the scores had significantly decreased in the early constraint-induced movement therapy and late
constraint-induced movement therapy groups. At 8 days, only mild pyknosis appeared in neurons of the ischemic penumbra in the early
constraint-induced movement therapy group, which was distinctly better than in the cerebral ischemia/reperfusion group. At 21 days,
only a few vacuolated cells were observed and no obvious inflammatory cells were visible in late constraint-induced movement therapy
group, which was much better than at 8 days. The mRNA and protein expression levels of brain-derived neurotrophic factor and nerve
growth factor were significantly higher, but expression levels of Nogo receptor were significantly lower in the early constraint-induced
movement therapy group compared with the cerebral ischemia/reperfusion and late constraint-induced movement therapy groups at 8
days. The changes in expression levels at 21 days were larger but similar in both the early constraint-induced movement therapy and late
constraint-induced movement therapy groups. Besides, the protein nerve growth factor level was higher in the late constraint-induced
movement therapy group than in the early constraint-induced movement therapy group at 21 days. These results suggest that both early
(1 day) and late (14 days) constraint-induced movement therapy induces molecular plasticity and facilitates functional recovery after
ischemic stroke, as illustrated by the histology. The mechanism may be associated with downregulation of Nogo receptor expression and
upregulation of brain-derived neurotrophic factor and nerve growth factor expression.
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Introduction
Stroke is a major cause of disability, primarily resulting in
hemiplegia that has a devastating effect on a person’s capabil-
ity to perform daily activities (Dobkin et al., 2005; Pang et al.,
2006; Feigin et al., 2010). This occurs even when most patients
show significant gains in motor function soon after stroke
onset (Langhorne et al., 2011). Approximately 85% of survi-
vors present with motor impairments in the upper extremity,
and as many as 75% of them continue to have problems for
the following 3-6 months (Kunkel et al., 1999; Mozaftarian et
al., 2016). It is accepted that rehabilitation can maximize the
recovery of functional disorders in stroke patients.
Constraint-induced movement therapy (CIMT), developed
by Taub et al. (1993), is a neuro-rehabilitation approach
characterized by restraint of the less affected upper limb and
the enforced use of the affected arm. A series of studies has
demonstrated that CIMT is an effective rehabilitative training
technique to improve restoration of impaired upper extrem-
ity movement after a stroke (DeBow et al., 2003; Liepert et
al., 2006; Gauthier et al., 2008; Langhorne et al,, 2011). CIMT
has produced more promising results in the rehabilitation of
patients after stroke compared with traditional rehabilitation
measures, especially in the chronic phase (> 6 months) after
stroke (Wolf et al., 2006). However, whether CIMT has a
higher efficacy than conventional rehabilitation in acute or
sub-acute stroke phases remains controversial. The stage at
which to start CIMT has become an important question.
Some scholars believe that, beginning CIMT at the acute
stage after a stroke is harmful, causing exaggeration of the
neural injury or local cortical hyperthermia (Humm et al,,
1999; DeBow et al., 2004; Dromerick et al., 2009). However,
other studies indicated that acute CIMT can promote func-
tional recovery after ischemic stroke or spinal hemisection
(Joo et al., 2012; Lang et al., 2013; Kwakkel et al., 2015).
The risk versus benefit of CIMT conducted immediately
after stroke has been inconclusive. Several previous studies
addressed CIMT effects on cerebral ischemia (Zhang et al.,
2015) and a few studies focused on CIMT effects after sub-
cortical hemorrhage (Ishida et al., 2015; Liu et al., 2016).
Previous studies indicated that cerebral ischemia affects
multiple factors, such as brain-derived neurotrophic factor
(BDNEF), nerve growth factor (NGF) and Nogo-receptor
(NgR) expression levels, which play an important role in the
recovery of stroke (Lee et al., 2008; Ochodnicky et al, 2011;
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Figure 1 Protocol of the present study.
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Luo et al., 2017; Zhang et al., 2018). It is possible that early
or late application of CIMT may have diverse effects in cere-
bral ischemia models.

The aim of the present study was to identify the optimal
time to begin CIMT after a middle cerebral artery occlusion
and to explore the mechanism by which CIMT leads to post-
stroke recovery. This study compared the effects on behav-
ior, histology, and the protein and gene expression of early
and late CIMT on an ischemic brain injury rat model.

Materials and Methods

Animals
A total of 64 specific-pathogen-free male Sprague-Dawley
rats weighing 250-280 g and aged 8 weeks old were provided
by the Experimental Animal Center of Shandong University,
China (Laboratory animal license number: 20130009). All
rats were housed under controlled temperatures (23°C) in a
12-hour light/dark cycle with free access to food and water
for 1 week before experiment. The study protocol was ap-
proved by the Animal Ethics Committee of Affiliated Hos-
pital of Shandong Traditional Chinese Medicine University,
China on February 23, 2017 (Approval number: 2017013).
The rats were divided into four groups (n = 16): sham-sur-
gery group, cerebral ischemia/reperfusion group (cerebral
ischemia and non-treated), early CIMT group (E-CIMT,
forced-limb use of the affected forelimb for 7 days, starting on
day 1 following cerebral ischemia/reperfusion), and late CIMT
group (L-CIMT, forced-limb use of the affected forelimb for
7 days, starting on day 14 following ischemic stroke). The
timeline of the experiments is shown in Figure 1. At each time
point, 8 and 21 days after ischemic insult, 8 rats from each
group were randomly selected for behavioral assessments, and
then decapitated. The brains from four rats in each group were
used for real time-polymerase chain reaction (RT-PCR) and
western blot assay and four for histological analysis.

Animal model establishment

The ischemic rat model was established according to the Zea
Longa line embolism method (Longa et al., 1989). Rats were
intraperitoneally anesthetized with 10% chloral hydrate
and fixed on the operating table. An incision was made in
the middle of the neck and superficial fascia, causing blunt
separation of the sternocleidomastoid muscle and the ster-
nal hyoid muscle. The left common carotid artery, external
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Cerebral infarction model rats were made according to the Zea Longa line embolism method, followed by 7 days CIMT from day 1 or day 14. Be-
havioral assessment by neurological score and balance beam walking test was carried out after CIMT (test 1 at day 8, and test 2 at day 21). Hema-
toxylin-eosin staining, real-time polymerase chain reaction and western blot assay for Nogo-receptor, brain-derived neurotrophic factor and nerve
growth factor were also performed after early and late CIMT. E-CIMT: Early CIMT, forced-limb use of the affected forelimb for 7 days, starting
on day 1 following ischemic stroke; L-CIMT: late CIMT, forced-limb use of the affected forelimb for 7 days, starting on day 14 following ischemic
stroke; MCAO: middle cerebral artery occlusion; CIMT: constraint-induced movement therapy; d: day(s).
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carotid artery, and internal carotid artery were separated to
avoid damage to the vagus nerve. The proximal end of the
common carotid artery was ligated and the external carotid
artery was temporarily clamped by an artery clamp. The far
end of the common carotid artery was then threaded. At
the upper part of common carotid artery bifurcation, a “V”-
shaped incision was made into the middle cerebral artery,
17-20 mm from the bifurcation of external carotid artery
and internal carotid artery. The surgical line was ligated and
fixed. Each rat was housed singly in a cage with access to
water and food. Rats with neurological scores of 1-3 were
enrolled in the present study.

Neurological function assessment

Neurological scores of rats in each group were evaluated ac-
cording to the Zea Longa criteria (Uluc et al., 2011; Li et al.,
2018) at 8 and 21 days after surgery. A 4-point scale was ad-
opted as follows: 0, no neurological deficit symptoms, nor-
mal activity; 1: inverted tails, unable to stretch contralateral
forepaws; 2: turn to the opposite side when crawling; 3: the
body inclined to the opposite side while walking; 4: cannot
walk, lacks consciousness.

Balance beam walking test

The neuro-behavioral outcome was evaluated using the bal-
ance beam walking test at 8 and 21 days after surgery. The
beam dimensions were 2.5 cm width and 150 cm length, at a
height of 70 cm above a sawdust cushion. A box was placed
at the end of the beam for rats to rest on between tests. Be-
fore the first test, rats were trained to walk on the beam from
one end to the other and then stayed in the box after walk-
ing. A 5-point scale was adopted as follows (Zausinger et al.,
2000): 0, the rat was able to balance and walk on the beam
using its forelimbs symmetrically; 1, the rat was able to bal-
ance and walk on the beam using its unaffected limb prefer-
entially; 2, the rat was able to balance and walk on the beam
mostly relying on the unaffected limb; 3, once it started to
move, the rat was not able to balance on the beam; 4, the rat
fell off the beam immediately. The test was conducted three
times for each rat by a blinded rater to the group division.
The average scores were calculated for statistical analysis.
The balance beam walking test was performed before sur-
gery and at 8 and 21 days after surgery.

Histological analysis

At 8 and 21 days after surgery, the tissues extracted from
the ipsilateral hemisphere were fixed in 10% neutral form-
aldehyde, paraffin-embedded, sectioned, and stained with
hematoxylin and eosin. A microimaging system (Olympus,
Tokyo, Japan) was used to observe the pathological changes
in the four groups at 200x magnification.

Real-time PCR

TRIzol reagent kit (Molecular Probes, Invitrogen, Eugene,
OR, USA) was used to extract total RNA from the ipsilateral
hemisphere according to the manufacturer’s protocol at 8
and 21 days after induction of ischemia. Real-time PCR was

performed using Exicycler™ 96 quantitative PCR Amplifi-
er (BIONEER, Daejeon, Korea). The primers for TGF-b1l
and Smad3 were purchased from the Applied Biosystems,
and the B-actin expression level was used as the internal
reference. The primer sequences are listed in Table 1. The
reaction condition was set at 95°C for 10 minutes, 40 cycles
at 95°C for 10 seconds, 60°C for 20 seconds, and 72°C for
30 seconds. The expression levels of target genes were nor-
malized to those of the housekeeping gene -actin and were
calculated using 22" method (Bachman et al., 2013).

Table 1 Oligonucleotide primers for real-time polymerase chain
reaction

Product
Name Sequence (5'-3") size (bp)
NgR  Forward: GTC CCT TCC AGA CCA ATC AGC 170
Reverse: GCC ATT GCC TGG TGG AGT GT
BDNF Forward: CAG TAT TAG CGA GTG GGT CA 213
Reverse: GAT TGG GTA GTT CGG CAT T
NGF Forward: GCG TAA TGT CCA TGT TGT TC 123

Reverse: GTT TAG TCC AGT GGG CTT CA
B-Actin Forward: GGA GAT TAC TGC CCT GGC TCC TAG C 155
Reverse: GGC CGG ACT CAT CGT ACT CCT GCT T

NgR: Nogo-receptor; BDNF: brain-derived neurotrophic factor; NGF:
nerve growth factor.

Western blot assay

Four rats from each group were sacrificed on day 8 and day
21 after middle cerebral artery occlusion. Tissues extracted
from the sensorimotor cortex of the ipsilateral hemisphere
were selected for western blot assay. Under deep anesthesia,
the brain tissue was rapidly removed, dissected and homog-
enized in a cell lysis buffer containing a complete protease
inhibitor cocktail. The lysates were incubated on ice for 5
minutes and centrifuged at 12,000 r/min for 10 minutes at
4°C. Protein levels of the supernatant lysates were measured
using Bio-Rad DC protein assay. Proteins were separated
by electrophoresis on 10% sodium dodecyl sulfate poly-
acrylamide gel and blotted for 1 hour at 15 V onto a polyvi-
nylidene fluoride membrane. The membranes were incubat-
ed at 4°C overnight with the following primary antibodies:
rabbit anti-mouse anti-NgR, rabbit anti-mouse anti-BDNF,
and rabbit anti-mouse anti-NGF (Beyotime, China). All
of the antibodies were used at 1:1000 final dilutions in 5%
skimmed milk in Tris-buffered saline/0.5% Tween. Equal
gel loading was confirmed using anti-actin (1:5000 in 5%
skimmed milk in Tris-buffered saline/0.5% Tween). The
membranes were washed with Tris-buffered saline/0.5%
Tween and incubated with horseradish peroxidase-conju-
gated secondary antibody (1:20,000 in 5% skimmed milk in
Tris-buffered saline/0.5% Tween) for 45 minutes. Immuno-
reactivity was visualized using the enhanced chemilumines-
cence method. Densitometry was performed using Digital
Gel Image Processing System (Liuyi, Beijing, China).

Statistical analysis
Data are presented as the mean + SEM. Statistical analysis
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was performed using SAS 9.3 software (SAS Institute, Cary,
NC, USA). All data were analyzed using one-way analysis of
variance followed by Student-Newman-Keuls post hoc test.
A P < 0.05 was considered statistically significant.

Results

E-CIMT effect on neurological function in rats with
ischemic brain injury

Neurological score

As shown in Table 2, the difference of neurological scores
among the four groups was statistically significant at 8 days
(P = 0.013), using analysis of variance. Further analysis
showed that the score in E-CIMT was significantly lower
than that of the cerebral ischemia/reperfusion group and the
L-CIMT group (P < 0.05), but there was no statistical differ-
ence between the cerebral ischemia/reperfusion group and
the L-CIMT group (P > 0.05). This would be expected since
L-CIMT had not begun by the day 8 point.

Table 2 Neurological scores at 8 and 21 days by Zea Longa criteria

Group 8 days 21 days t P
Sham-surgery 0 0 0.000 1.000
Cerebral ischemia/reperfusion 1.88+0.31  1.75+0.28 0.880 0.395
E-CIMT 1.38+0.22" 1.25+0.31" 0.970 0.352
L-CIMT 2.00+0.18  1.63+0.21" 3.780 0.002
F 5.320 3.580 - -
P 0.013 0.043 - -

Data are expressed as the mean + SEM (n = 8; one-way analysis of
variance followed by Student-Newman-Keuls post hoc test). *P < 0.05,
vs. cerebral ischemia/reperfusion group; #P < 0.05, vs. L-CIMT group.
E-CIMT: Early CIMT, forced-limb use of the affected forelimb for 7 days,
starting on day 1 following ischemic stroke; L-CIMT: late CIMT, forced-
limb use of the affected forelimb for 7 days, starting on day 14 following
ischemic stroke; CIMT: constraint-induced movement therapy.

The score was significantly lower at 21 days than that at 8
days in the L-CIMT group (P < 0.001). The analysis of vari-
ance showed that there was statistically significant difference
in neurological function scores among the four groups at 21
days (P = 0.043). The scores of the E-CIMT and the L-CIMT
groups were significantly lower than that of the cerebral
ischemia/reperfusion group (Qg.cir v, ischemia/reperfusion group —
3.14, P < 0.055 Q ciur . ischemiafreperusion group = 3-/ 7> P < 0.05),
but there was no significant difference between the E-CIMT
and the L-CIMT groups (P > 0.05).

When evaluating the scores resulting from the balance
beam walking test in the cerebral ischemia/reperfusion
group, scores for the E-CIMT group and L-CIMT group
were all significantly higher than the sham-surgery group at
8 days (P < 0.05). However, the score was significantly lower
in the E-CIMT group compared with the cerebral ischemia/
reperfusion and L-CIMT groups (P < 0.05). The difference
in the scores between the cerebral ischemia/reperfusion and
L-CIMT groups was not statistically significant (P > 0.05).

At 21 days after L-CIMT intervention, the scores in the
E-CIMT and L-CIMT groups were similar (P > 0.05) and
both significantly lower than each at 8 days (P < 0.05) and
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were both lower than that in the cerebral ischemia/reper-
fusion group (P < 0.05). The score was significantly higher
in the cerebral ischemia/reperfusion group than in the sh-
am-surgery group (P < 0.05; Table 3).

Table 3 Balance beam walking test scores at 8 and 21 days

Group 8 days 21 days t P
Sham-surgery 0 0 0.000 1.000
Cerebral ischemia/ 3.00+0.41 2.83+0.38 0.860  0.405
reperfusion

E-CIMT 2.33+0.22"  1.58+0.317 5580 < 0.001
L-CIMT 2.91+0.38 1.33+0.21% 10.290 < 0.001
F 8.79 40.43 - -

P 0.001 < 0.001 - -

Data are expressed as the mean + SEM (1 = 8; one-way analysis of variance
followed by Student-Newman-Keuls post hoc test). *P < 0.05, vs. cerebral
ischemia/reperfusion group; #P < 0.05, vs. L-CIMT group; 1P < 0.05, vs.
8 days. E-CIMT: Early CIMT, forced-limb use of the affected forelimb for
7 days, starting on day 1 following ischemic stroke; L-CIMT: late CIMT,
forced-limb use of the affected forelimb for 7 days, starting on day 14
following ischemic stroke; CIMT: constraint-induced movement therapy.

E-CIMT effect on histological changes in the ipsilateral
hemisphere of rats with ischemic brain injury

The results of hematoxylin-eosin staining in sham-surgery
group are shown in Figure 2A. The neurons in the cortex of
the sham-surgery group had no obvious lesions at 8 and 21
days. The nuclei were round, the nucleoli clear, and all the
intracellular morphology was clearly visible. The intercellu-
lar space was also normal.

As exhibited in Figure 2B, obvious pyknosis, cytoplasmic
vacuolization and vacuolar degeneration were apparent in
the cerebral ischemia/reperfusion group at 8 days. The total
neuronal number had also decreased and a corresponding
increase in intercellular space in the ischemic penumbra. At
21 days, further pathological changes had occurred; the neu-
ropil became very rarefacted and the number of glial cells
increased in the cerebral ischemia/reperfusion group.

Figure 2C shows the result of histological changes in the
E-CIMT group. At 8 days, only mild pyknosis appeared in
neurons of the ischemic penumbra in the E-CIMT group,
which was distinctly better than in the cerebral ischemia/
reperfusion group. By 21 days, the severity of the lesions
showed some further, slight improvement compared with
that at 8 days. However, this was not as great as the im-
provement shown in the L-CIMT group at 21 days.

As expected, there was no significant difference between
L-CIMT and cerebral ischemia/reperfusion groups at 8 days,
and they both exhibited more severe damage than in the
E-CIMT group (Figure 2D). At 21 days, there was much im-
provement in the L-CIMT group. Although there was some
obvious pyknosis, only a few vacuolated cells were observed
and no obvious inflammatory cells were visible.

E-CIMT effect on mRNA expression of BDNF, NGF and
NgR in rats with ischemic brain injury
The mRNA expression levels of BDNF, NGF and NgR were
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Figure 2 Effect of CIMT on histological changes in rats with
ischemic brain injury (hematoxylin-eosin staining).

(A) Histological changes of sham-surgery group at 8 and 21 days: No
obvious lesions at 8 and 21 days. The nucleus was rounded; the nucleolus
was clear; the intercellular space was normal. (B) Histological changes of
cerebral ischemia/reperfusion group at 8 and 21 days: At 8 days, obvious
pyknosis, cytoplasmic vacuolization and vacuolar degeneration were ob-
served. Neuronal number decreased and intercellular space increased. At
21 days, the neuropile became very rarefacted and glial cells increased in
addition to the pathological changes at 8 days. (C) Histological changes
of E-CIMT group at 8 and 21 days: At 8 days, the mild pyknosis of neu-
rons seen in the ischemic penumbra in E-CIMT group was significantly
less than in the cerebral ischemia/reperfusion group. By 21 days, the se-
verity of the lesions showed improvement compared with that at 8 days,
but much less than in the ischemia/reperfusion only group. (D) Histo-
logical changes of L-CIMT group at 8 and 21 days: At 8 days, the detri-
mental histological changes from both the L-CIMT and cerebral isch-
emia/reperfusion groups were more severe than in the E-CIMT group.
At 21 days, the severity in the L-CIMT group was slightly less than in the
E-CIMT group. Obvious pyknosis and few vacuolated cells were also ob-
served. Original magnification: 200x. Scale bars: 20 pm. E-CIMT: Early
CIMT, forced-limb use of the affected forelimb for 7 days, starting on day
1 following ischemic stroke; L-CIMT: late CIMT, forced-limb use of the
affected forelimb for 7 days, starting on day 14 following ischemic stroke;
CIMT: constraint-induced movement therapy; d: days.

calculated using real-time PCR. As shown in Figure 3, there
was a significant difference in the expression levels of these
transcripts among the four groups at 8 days (P < 0.05). Com-
pared with the sham-surgery group, the expressions levels
of BDNF, NGF and NgR were significantly increased in the
cerebral ischemia/reperfusion, E-CIMT, and L-CIMT groups.
At day 8, the mRNA expression levels of BDNF and NGF
were significantly higher in the E-CIMT group than in the
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Figure 3 CIMT effect on mRNA expression levels of BDNFE, NGF, and
NgR in rats with ischemic brain injury.

(A) At 8 days, mRNA expression levels of BDNF were higher in the
E-CIMT group than in the cerebral I/R and L-CIMT groups. The
expression levels of BDNF had significantly increased at 21 days com-
pared with those at 8 days in the L-CIMT group using 2**“" method.
The expression levels of BDNF were higher in the E-CIMT and L-CIMT
groups than in the cerebral I/R group. (B) Results of mRNA expression
of NGF were similar to those for BDNE (C) At 8 days, the E-CIMT
group exhibited remarkably lower mRNA expression of NgR compared
with the cerebral I/R and L-CIMT groups. The mRNA expression levels
of NgR had significantly decreased at 21 days compared with those at 8
days in the cerebral I/R, E-CIMT, and L-CIMT groups. The expression
levels in E-CIMT and L-CIMT groups were lower than that in the cere-
bral I/R group. Data are expressed as the mean = SEM (n = 8; one-way
analysis of variance followed by Student-Newman-Keuls post hoc test).
*P < 0.05, vs. cerebral I/R group; #P < 0.05, vs. L-CIMT group; P < 0.05,
vs. 8 days. E-CIMT: Early CIMT, forced-limb use of the affected fore-
limb for 7 days, starting on day 1 following ischemic stroke; L-CIMT:
late CIMT, forced-limb use of the affected forelimb for 7 days, starting
on day 14 following ischemic stroke. BDNF: Brain-derived neurotroph-
ic factor; NGF: nerve growth factor; NgR: Nogo-receptor; CIMT: con-
straint-induced movement therapy; I/R: ischemia/reperfusion; d: days.
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cerebral ischemia/reperfusion and L-CIMT groups (all P <
0.05). In addition, the E-CIMT group exhibited significantly
lower mRNA expression of NgR compared with the cerebral
ischemia/reperfusion and L-CIMT groups (P < 0.05).

The mRNA expression levels of NgR were significantly
lower at 21 days than those at 8 days in each of the cerebral
ischemia/reperfusion, E-CIMT, and L-CIMT groups (P <
0.05). In the L-CIMT group, the expression levels of BDNF
and NGF were significantly higher at 21 days than those at
8 days (P < 0.05). There were significant differences in the
expression levels of BDNF, NGF and NgR among the four
groups at 21 days (P < 0.05). The NgR expression levels in
the E-CIMT and L-CIMT groups were significantly lower
than in the cerebral ischemia/reperfusion group. However,
no significant difference in NgR expression level was iden-
tified between the E-CIMT and L-CIMT groups (P > 0.05).
The expression levels of NGF and BDNF were both higher
in the E-CIMT and L-CIMT groups than in the cerebral
ischemia/reperfusion group (P < 0.05).

E-CIMT effect on protein expression of BDNF, NGF and
NgR in rats with ischemic brain injury

The protein levels of BDNF, NGF and NgR were measured
by western blot assay at 8 and 21 days. Figure 4 shows that
at 8 days the BDNF, NGF and NgR levels were significant-
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ly higher in the cerebral ischemia/reperfusion, E-CIMT,
and L-CIMT groups than in the sham-surgery group (P <
0.05). BDNF and NGF levels were significantly higher in the
E-CIMT group than in the cerebral ischemia/reperfusion
and L-CIMT groups (P < 0.05). The NgR level was signifi-
cantly lower in the E-CIMT group than in the cerebral isch-
emia/reperfusion and L-CIMT groups (P < 0.05). No sig-
nificant difference was detected between cerebral ischemia/
reperfusion and L-CIMT groups (P > 0.05).

At 21 days, the relative expression levels of BDNF and
NFG in the E-CIMT and L-CIMT groups had significantly
increased compared with those in the cerebral ischemia/
reperfusion group and sham-surgery groups (P < 0.05). The
NgR expression levels in the cerebral ischemia/reperfusion,
E-CIMT and the L-CIMT groups were significantly lower
at 21 days than those at 8 days (P < 0.05). The NgR protein
expression had fallen significantly lower in the E-CIMT and
L-CIMT groups compared with the cerebral ischemia/reper-
fusion group (P < 0.05). There were no significant differences
in NgR and BDNF expression levels between the E-CIMT
and L-CIMT groups (P > 0.05). However, the NGF level was
higher in the L-CIMT group than in the E-CIMT group at 21
days. The NGF level was significantly higher in the cerebral
ischemia/reperfusion group than in the sham-surgery group
(P < 0.05).
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Figure 4 CIMT effect on protein expression levels of BDNF, NGF and NgR in rats with ischemic brain injury.

(A) Protein expression levels of BDNF, NGF and NgR in different groups with B-actin as the internal control. (B) Western blot assay for BDNF
protein expression at 8 and 21 days: BDNF expression was significantly higher in the E-CIMT group than in the cerebral I/R and L-CIMT groups
at day 8. The relative expression of BDNF was increased at 21 days compared with that at 8 days in the E-CIMT and L-CIMT groups. BDNF levels
in the E-CIMT and L-CIMT groups were significantly higher than in the cerebral I/R and sham-surgery groups (P < 0.05). (C) Protein expression
of NGF at 8 and 21 days: The changes in protein expression of NGF were similar to those of BDNF. (D) Protein expression of NgR at 8 and 21
days: At 8 days, the NgR level in the E-CIMT group was significantly lower than in the cerebral I/R and L-CIMT groups. At day 21 NgR expression
was significantly reduced compared with that at 8 days in the cerebral I/R, E-CIMT and L-CIMT groups. Expressions of NgR in the E-CIMT and
L-CIMT groups were lower than in the cerebral I/R group. Data are expressed as the mean + SEM (n = 8; one-way analysis of variance followed by
Student-Newman-Keuls post hoc test). *P < 0.05, vs. cerebral I/R group; #P < 0.05, vs. L-CIMT group; P < 0.05, vs. 8 days. E-CIMT: Early CIMT,
forced-limb use of the affected forelimb for 7 days, starting on day 1 following ischemic stroke; L-CIMT: late CIMT, forced-limb use of the affect-
ed forelimb for 7 days, starting on day 14 following ischemic stroke. BDNF: Brain-derived neurotrophic factor; NGF: nerve growth factor; NgR:
Nogo-receptor; CIMT: constraint-induced movement therapy; I/R: ischemia/reperfusion; d: days.
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Discussion

In our study, exploring an appropriate time to give CIMT
after stroke and its mechanism of action, we determined the
effects of E-CIMT and L-CIMT on motor function in the
affected upper limb through behavioral, histological, and
molecular analyses. Our results found that both E-CIMT
and L-CIMT induced significant functional improvement
after ischemic stroke. Both E-CIMT and L-CIMT caused
increased mRNA and protein expressions of neurotrophic
factors BDNF and NGF, and decreased NgR expression.

As previously reported (Ishida et al., 2015; Kwakkel et al.,
2016), our findings indicated that E-CIMT improved the
motor function of impaired forelimbs in the rat models of
ischemic stroke. The beneficial effects of E-CIMT have also
been reported in animal models of intracerebral hemorrhage
and other ischemic models (Maier et al., 2008; Ishida et al.,
2011). Somewhat contradictory, E-CIMT has been shown to
be detrimental to recovery because it causes neuronal damage
and motor dysfunction via excitotoxicity and hyperthermia
in ischemic models and after intracerebral hemorrhages (ICH)
(Kozlowski et al., 1996; Liu et al., 2016). The reason for these
contradictory results might lie in the different locations of the
lesions. Interestingly, our results were not consistent with a
previous study, which found that E-CIMT failed to enhance
recovery after ischemic cortical stroke (Diederich et al., 2012).
Our study demonstrated that L-CIMT also induces molecular
and morphological changes, leading to functional recovery of
the impaired limb, which was not consistent with the previ-
ous study using the ICH model. This suggests that recovery
may depend on the pathology of stroke.

BDNF and NGF are both essential factors for neuronal re-
modeling and synaptic plasticity, playing an important role in
the recovery of stroke (Ploughman et al., 2009; Livingston et
al., 2014). Several studies reported that CIMT promoted the
expressions of BDNF and NGF, which aid axonal growth and
nerve recovery (Routtenberg et al., 2000; Shen et al., 2002).
This is supported by our study. Furthermore, the Nogo-A
protein has a key role in constraining axonal regeneration
after the central nervous system is damaged (Schmandke et
al., 2014; Sui et al., 2015; Lu et al,, 2018), by retarding neurite
outgrowth. Neuronal expression of Nogo-A spreads from the
initial stroke lesion and becomes globally elevated by 28 days
(Cheatwood et al., 2008). Treatment with antibodies against
Nogo-A after injury improves functional recovery and neu-
roanatomical plasticity (Seymour et al., 2005; Tsai et al., 2011;
Lindau et al., 2014; Podraza et al., 2017). Our results have
shown that E-CIMT or L-CIMT enhanced the expression of
BDNF and NGF, and decreased the level of NgR. These events
suggest that they may be part of the mechanism by which
CIMT achieves functional recovery.

There are important caveats to be noted in the present
study. Our results indicate that the expression of neurotroph-
ic growth-related factors increased after model establishment.
However, the expression changes after ischemia/reperfusion
are only short-term and did not translate into behavioral ben-
efits. Besides, the results from this study indicated that CIMT
applied at either early or late stages stimulates morphological

and molecular changes, resulting in functional recovery of
the affected limb. However, the expression levels of BDNF
and NGF in the L-CIMT group were similar to or better than
that in the E-CIMT group at 21 days. This indicates that there
is no advantage in the early application of CIMT rather than
later. These results provide new insights into the possible
neural mechanisms of CIMT for limb function recovery.

This study has some limitations. First, to keep effects
comparable between E-CIMT and L-CIMT groups, rats in
both groups received 7 days of training, starting from day 1
and day 14, respectively. However, patients given E-CIMT
usually received a longer training time in clinical practice.
Second, our present findings only compared the short-term
effects of E-CIMT and L-CIMT on ischemic rat model. The
authors will explore the above issues in future studies.

In summary, both E-CIMT and L-CIMT induced mo-
lecular plasticity and improved functional recovery after
ischemic stroke. The recovery effect of L-CIMT was slightly
better than that of E-CIMT.
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