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Abstract: Objective: To investigate whether modified constraint-induced movement therapy (mCIMT) improves brain 
function after stroke by increasing the concentrations of exosomes and microRNA. Methods: Blood samples from 
16 stroke patients (mCIMT group N=8, control group N=8) were analyzed for cytokines and exosomal microRNAs. 
Data from electronic medical records and clinical outcomes were also correlated. For the animal model, SD rats un-
derwent middle cerebral artery occlusion (MCAO). The mCIMT group received 2 hours of daily intensive limb training 
for 14 days, starting 7 days post-MCAO, while the control group was untreated. Exosomes were extracted from brain 
tissue on day 21, followed by nanoparticle tracking and microRNA sequencing. Exosomes from both groups, as well 
as a vehicle, were injected into the lateral ventricles of MCAO rats, and they were named the Exo-mCIMT group, Exo-
control group and vehicle group. Behavioral tests and histopathological staining were performed on day 21 among 
the three groups. Results: mCIMT significantly increased exosome content in the plasma of stroke patients, with 
exosome size correlated with the Fugl-Meyer Motor Function Assessment (FMA-UE, R2=0.428). In rats, the mCIMT 
group had a higher concentration of exosomes in brain tissue (3.73e+10 particles/ml) compared to the control 
group (0.95e+10 particles/ml, P=0.0030). MicroRNA sequencing revealed distinct expression profiles between the 
groups. Furthermore, the exo-mCIMT group exhibited significantly higher levels of MAP2 and VEGF expression, along 
with notable improvements in neurobehavioral outcomes. Conclusion: These findings suggest that mCIMT promotes 
neural recovery through increased exosome and microRNA activity in the brain, which plays an important role in 
neuronal activity after brain injury.
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Introduction

Stroke is a leading cause of chronic disability in 
adults, and active rehabilitation can increase 
patients’ independence in daily life. Among the 
rehabilitation techniques used for stroke pa- 
tients, CIMT/mCIMT is recommended frequent-
ly and supported by substantial evidence, and 
it has demonstrated significant clinical value 
and experienced rapid clinical adoption world-
wide in recent years [1-3]. CIMT/mCIMT involves 
restricting the use of the nonaffected upper 
limb while the patient is awake and engag- 
ing the affected upper limb in task-intensive 
exercises. Traditional CIMT requires patients to 

wear a device such as a sling, splint, or glove to 
immobilize the nonaffected limb for 90% of 
their waking hours. To minimize the adverse 
effects of excessive restriction, a modified ver-
sion of this therapy, known as modified Con- 
straint-Induced Movement Therapy (mCIMT), 
has been introduced in recent years. mCIMT 
involves rational adjustments to the intensity 
and duration of both restriction and intensive 
training. Moreover, several meta-analyses have 
demonstrated that mCIMT is a feasible and 
effective technique for rehabilitation [4-6].

During the poststroke period, the two cerebral 
hemispheres exhibit different patterns of brain 
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activity; CIMT/mCIMT can alter these patterns, 
promoting neural plasticity accompanied by the 
upregulation of synaptic markers [7, 8]. Recent 
clinical studies have shown that CIMT/mCIMT-
can influence brain neural plasticity [9], poten-
tially through the expression of neurotrophic 
and repair-related factors secreted by various 
cells [10-18]. While neuronal plasticity is intrin-
sically linked to the complex structure and func-
tion of the CNS, little is known about the inter-
cellular communication changes induced by 
mCIMT following cerebral ischaemic injury.

Various cells within the CNS release extrace- 
llular vesicles (EVs) into the microenviron- 
ment under physiological or pathological condi-
tions. These vesicles, ranging from 50 to 150 
nm in diameter, contain proteins, glycopro- 
teins, lipids, and nucleic acids, including RNA, 
which serve as biological clues for EV targeting  
and cellular interactions [19-21]. RNAs, par- 
ticularly noncoding small RNA molecules such 
as microRNAs (miRNAs), act as negative regula-
tors by inducing mRNA degradation or inhibi- 
ting mRNA translation, thereby modulating ge- 
ne expression post-transcriptionally and influ-
encing crucial biological processes such as  
cell development, proliferation, differentiation,  
and apoptosis. The contents of EVs, including 
microRNAs, have been used for prognostic pre-
diction, diagnosis, monitoring, and treatment in 
patients with neurological injuries, with poten-
tial clinical applications as disease biomarkers 
[22-24]. Moreover, preclinical studies of stroke 
patients suggest that EVs derived from trans-
planted stem cells may contribute to neurore-
pair mechanisms [25-27].

Research has shown that during early cerebral 
ischaemia in rats subjected to MCAO, plasma 
levels of EVs increase, whereas EVs in brain tis-
sue do not exhibit a similar increase in concen-
tration [28]. Injection of EVs secreted by mes-
enchymal stem cells has been found to protect 
neuro-injury and functional recovery in rats’ 
post-stroke, demonstrating protective effects 
on neuronal injury [29-31]. Consequently, this 
study focuses on whether mCIMT influences 
brain neuroprotection through the upregula- 
tion of EVs, and on the characterization of the 
microRNAs contained within EVs. It further 
emphasizes the translation of crucial RNA find-
ings from basic science into clinical validation 
in stroke patients. The investigation aims to 

determine whether mCIMT modifies the con-
centration or molecular cargo of EVs, which act 
as mediators of intercellular communication, 
and to clarify the role of EVs in promoting neu-
roprotection during cerebral ischaemic injury.

Materials and methods

Patients

This analysis included 16 stroke patients, 8  
of whom received modified constraint-induced 
movement therapy (mCIMT), while 8 served as 
the control group. All patients were treated at 
the Rehabilitation Medicine Department of the 
China-Japan Friendship Hospital between 2020 
and 2023. The study was approved by the 
Ethics Committee in China (Approval No. 2023-
KY-067). The clinical trial registration number is 
ChiCTR2300074165, and the details can be 
accessed at [https://www.chictr.org.cn/show-
proj.html?proj=198903].

Patients were included if they: (1) met the diag-
nostic and classification criteria for stroke es- 
tablished by the Fourth National Cerebrova- 
scular Disease Conference; (2) had cerebral 
infarction or hemorrhage confirmed by CT or 
MRI; (3) were conscious with stable vital signs; 
(4) were within 2 weeks to 6 months post- 
onset; (5) were aged ≥18 years; (6) exhibited 
active wrist dorsiflexion of at least 10° on the 
affected side, with at least two other fingers 
(excluding the thumb) capable of 10° dorsiflex-
ion, and had a modified Ashworth score of ≤1+ 
in the upper extremity; and (7) were capable of 
independent walking.

Patients were excluded if they: (1) had unsta- 
ble medical conditions; (2) presented with mod-
erate to severe cognitive impairment (MMSE 
score ≤24); (3) had other neurological disor- 
ders affecting upper limb function; (4) exhibited 
severe upper limb spasticity (Ashworth score 
>2); or (5) reported severe pain (VAS score ≥7).

Participants were withdrawn from the study if: 
(1) they requested to revoke informed consent; 
or (2) the investigator determined that discon-
tinuation was medically necessary.

Patients in the mCIMT group wore inhibitory 
gloves to restrict the unaffected hand and per-
formed specific behavioral retraining and inten-
sive repetitive exercises with the affected hand. 



Exosomal miRNAs in stroke rehabilitation with mCIMT

250	 Am J Transl Res 2026;18(1):248-264

This was supplemented by targeted and selec-
tive motor imagery training. One-on-one train-
ing was provided under the guidance of an 
occupational therapist, including 2-3 selected 
shaping tasks for the patient with intensive 
training lasting 20 minutes, twice per week. 
Additionally, daily at-home restriction of the 
unaffected hand was implemented for 2 hours. 
Duration of therapy was 4 weeks. Patients in 
the control group did not wear inhibitory gloves, 
and their unaffected hand was not restricted. 
All other training components were identical to 
those of the intervention group. Clinical param-
eters, including demographic data, cytokine 
levels, and pre- and post-treatment FMA-UE 
scores and Barthel Index at admission, were 
recorded from the patients’ electronic medical 
records. 

Patients’ plasma

Plasma exosomes were analyzed in this study. 
Blood samples were collected after 4 weeks of 
mCIMT intervention and upon patient admis-
sion to the Rehabilitation Medicine Department. 
Processing was initiated within 1 hour. To iso-
late plasma, blood samples were centrifuged  
at 1,900 × g for 10 minutes at 4°C via a swing-
ing bucket rotor. The supernatant (plasma) was 
carefully collected and stored at -80°C. To iso-
late EVs, thawed plasma supernatant was se- 
quentially centrifuged at 300 × g for 10 min-
utes, 3,000 × g for 20 minutes, 10,000 × g for 
30 minutes, and 100,000 × g for 2 hours at 
4°C. The EVs were stored at -80°C to prevent 
degradation. 

Experimental animals

The animals were obtained from Shanghai 
SIPPR-BK LAB Animal Co., Ltd. (Licence No. 
SCXK (Hu) 2018-0006) and included male 
Sprague-Dawley rats weighing 250-300 g, ag- 
ed 7-9 weeks. This work remained in line with 
the ARRIVE 2.0 guidelines. The experimental 
animals were housed in a clean (specific patho-
gen-free-grade) animal facility in the Fudan 
University Laboratory Animal Science Depart- 
ment (national SPF level), with four rats per 
cage, having free access to food and water, 
while being maintained at a temperature of 
23±1°C with a 12-hour light-dark cycle (lights 
off at 8 PM and on at 8 AM). Eighteen rats were 
randomly assigned to the mCIMT group (N=9) 
or the control group (N=9). At 21 days post-

MCAO surgery, the brain tissues were collected 
from each rat. The animal experiments were 
approved by the Institutional Animal Care and 
Use Committee of Fudan University, under 
approval number 201802173S.

MCAO model

The rats were anaesthetized with 10% chloral 
hydrate and maintained at a rectal temperature 
of approximately 36.5°C. MCAO was induced in 
the MCAO group by inserting a poly-L-lysine-
coated suture into the left middle cerebral 
artery, which was withdrawn after 90 minutes 
to induce ischaemia. Laser Doppler flowmetry 
was used to monitor cerebral blood flow in the 
territory of the middle cerebral artery before 
and after suture insertion. Neurological deficits 
were assessed using a 0-4 point scale upon 
awakening from anaesthesia; rats scoring 0 or 
4 points were excluded from the study.

Modified constraint-induced movement thera-
py (mCIMT)

In mCIMT, the unaffected limb (left forelimb) 
was restrained against the chest using a ban-
dage for 2 hours daily. Starting from the 7th  
day post-MCAO, mCIMT was maintained for 2 
weeks. Training was conducted using a cus- 
tom-built wheel device (Chinese patent No. 
201008862247.8). On the first day, training 
involved continuous movement at 2 revolutions 
per minute (r/min) for 10 minutes, increasing to 
20 minutes at the same speed on the second 
day, and starting from the third day, training 
continued at 4 r/min for 20 minutes. Training 
was paused during behavioural testing. Before 
the first training session, the rats were acclima-
tized to the device for 20 minutes. The control 
group underwent a similar training regimen but 
without restriction of the unaffected limb.

Extraction of extracellular vesicles from brain 
tissues

We performed euthanasia by intraperitoneal 
injection of an overdose of sodium pentobarbi-
tal (150 mg/kg), followed by confirmation of 
death via absence of pedal reflex and cessa-
tion of heartbeat. This method complies with 
the AVMA Guidelines for the Euthanasia of 
Animals and was approved by our Institutional 
Animal Care and Use Committee. The brain tis-
sues were collected 21 days after MCAO. To 
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isolate EVs from brain tissue, fresh or frozen 
brain hemispheres were incubated in Hiber- 
nate-E solution containing 20 U/mL papain at 
37°C for 15 minutes. Digestion was terminat- 
ed by adding pre-chilled Hibernate-E. Exosome 
extraction followed previously described proto-
cols [32, 33]. Briefly, the tissue was gently ho- 
mogenized on ice, filtered sequentially through 
40-µm and 0.2-µm filters, and the filtrate was 
collected. The filtrate was centrifuged at 3,000 
g for 10 minutes at 4°C to remove debris, and 
the supernatant was further centrifuged at 
10,000 g for 20 minutes at 4°C to eliminate 
impurities. For EV precipitation, the superna-
tant was mixed with Exosome Concentration 
Solution (ECS) in a 1:5:1 ratio with PBS, vor-
texed, incubated at 2-8°C for 2 hours, and cen-
trifuged at 10,000 g for 60 minutes at 4°C to 
pellet exosomes. The pellet was resuspended 
in 100 µL PBS. In parallel, sequential ultracen-
trifugation steps were performed on thawed 
supernatant (300 × g for 10 min, 3,000 × g for 
20 min, 10,000 × g for 30 min, and 100,000 × 
g for 2 h at 4°C) to ensure EV enrichment. The 
final EV pellet was stored at -80°C to prevent 
degradation. To minimize variability across ani-
mals, all samples were processed under iden- 
tical experimental conditions, using the same 
isolation protocol, buffer system, and instru-
ment calibration settings. EV concentrations 
were expressed relative to initial sample vol-
ume and measured under standardized dilu-
tion, which allowed for consistent comparisons 
across groups.

Qualitative and quantitative analysis of EVs

Electron microscopy: EVs extracted from CSF 
and plasma were subjected to negative stain-
ing with uranyl acetate and lead citrate and 
applied onto copper grids. Excess liquid was 
blotted away with filter paper and air-dried at 
room temperature. Transmission electron micr- 
oscopy was used to visualize EV morphology.

Nanoparticle tracking analysis (NTA): NTA was 
employed to assess EV size distribution and 
concentration. This method tracks the Brownian 
motion of individual particles and calculates 
hydrodynamic diameter and particle concentra-
tion based on the Stokes-Einstein equation. 
The sample chambers were rinsed with deion-
ized water and calibrated with 110-nm polysty-
rene microspheres. EV samples isolated from 

CSF and plasma were diluted in 1× PBS 
(Biological Industries, Israel) and analyzed in 
triplicate for reproducibility.

Transcriptome sequencing

RNA extraction, microRNA-seq library construc-
tion, and high-throughput sequencing using Ill- 
umina HiSeq were performed by a second-gen-
eration sequencing company (Shanghai Major- 
bio Biopharm Technology Co., Ltd.). The reads 
were postprocessed via decoding indices to 
recover individual samples. Adapter sequences 
were trimmed, and sequences containing “N” 
or aligning with ribosomal DNA repeat units 
(GenBank accession number HSU13369) were 
excluded. The resulting products were purified, 
fragmented, and subjected to quality control to 
obtain the final libraries, followed by sequenc-
ing on the Illumina HiSeq platform. 

Stereotaxic coordinates for lateral ventricular 
injection 

Secure the rat in a stereotaxic frame, Disinfect 
the scalp, make a midline incision to expose 
the skull, and identify the bregma and lambda 
to confirm proper alignment. Using a magnify-
ing tool, locate the injection site based on the 
coordinates and drill a small hole through the 
skull. Stereotaxic injection into the lateral ven-
tricles of the rat brain is guided by standard 
brain atlases. The coordinates for targeting the 
lateral ventricles relative to the bregma, are: 
Anterior-Posterior (AP): -0.8 mm (posterior to 
bregma); Medial-Lateral (ML): ±1.5 mm (lateral 
to the midline); Dorsal-Ventral (DV): -3.5 mm 
(ventral from the skull surface). Insert the ham-
ilton syringe into the target site. Slowly inject 
the exosome solution (2 μL) at a controlled rate 
at 0.2 μL/min. Allow the needle or cannula to 
remain in place for 5 minutes to ensure proper 
diffusion of the exosomes. Carefully withdraw 
the needle and close the incision.

Catwalk gait analysis

Gait was evaluated via the CatWalk® 7.1 digital 
gait analysis system. This system consists of a 
130 cm long glass runway parallel to internally 
illuminated components. For each rat (N=6 per 
group), data were recorded only when all four 
paws completed at least three passes across 
the glass runway. CatWalk® 7.1 software was 
used to analyse gait-related parameters, such 
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as the contact intensity of the forelimbs and 
hindlimbs, which reflect the limb ground reac-
tion force and gait speed. The rats were allowed 
to acclimate to the apparatus three days prior 
to MCAO. The day of MCAO was considered day 
1, and gait analysis was performed on T1 (days 
14), and T2 (days 21) post-MCAO. The experi-
menter and data analyst were blinded to the 
group assignments.

Tissue extraction and immunofluorescence 
staining

Euthanize the rat following established ethical 
guidelines. Carefully dissect the brain and rinse 
it with cold PBS to remove blood and debris. Fix 
the brain in 4% paraformaldehyde (PFA) in PBS 
at 4°C for 4 hours. After fixation, transfer the 
brain to a cryoprotectant solution and store it 
at 4°C until sectioning. Embed the fixed brain in 
OCT compound, freeze it on dry ice, and section 
it into 20 µm coronal slices using a cryostat or 
microtome. Mount the sections on glass slides 
and store them at -80°C until further use. Be- 
fore staining, allow the sections to equilibrate 
to room temperature. Permeabilize the tissue 
with 0.1% Triton X-100 in PBS for 10 minutes, 
then block non-specific binding by incubating 
the sections in a blocking solution for 1 hour at 
room temperature. Apply the primary antibod-
ies diluted in blocking solution as follows: Anti-
VEGF (1:100), Anti-MAP2 (1:200), TUNEL reac-
tion mixture (according to kit instructions), and 
Anti-GFAP (1:300). Incubate the sections over-
night at 4°C. The next day, wash the sections 
three times with PBS for 5 minutes each to 
remove unbound primary antibodies. Add sec-
ondary antibodies (diluted 1:500 in blocking 
solution) and incubate for 1 hour at room  
temperature. Wash again three times with PBS 
for 5 minutes each to remove unbound second-
ary antibodies. Counterstain nuclei using DAPI-
containing mounting medium, then visualize 
the stained sections using a fluorescence or 
confocal microscope. Capture images and ana-
lyze fluorescence intensity to quantify VEGF, 
MAP2, TUNEL-positive cells, and GFAP expres-
sion levels.

Sample size

The sample size was theoretically estimated 
based on the between-group differences in the 
primary endpoints (relative expression of exo-
somal miRNAs/EV concentration), using a two-

independent-sample t-test formula, with a sig-
nificance level of α=0.05 (two-sided) and a tar-
get power of 80%. According to Cohen’s d, a 
large effect size (d=0.8) would require approxi-
mately 25 participants per group, while a medi-
um effect size (d=0.5) would require about 63 
participants per group. Given the exploratory 
nature of this study and the limited number of 
eligible participants, a total of 16 subjects were 
ultimately included (mCIMT group: n=8; control 
group: n=8), primarily to estimate effect sizes 
and variance for the design of subsequent con-
firmatory studies. 

Statistical analysis

All the experimental data were statistically ana-
lysed using GraphPad Prism 7.0 and SPSS 20.0 
software. In this study, the sample size was 
determined using statistical power analysis 
based on expected effect size, standard de- 
viation, significance level, and desired power. 
Continuous variables are presented as the 
means ± standard deviations (means ± SD). 
Randomization of the subjects into treatment 
groups was performed using a computer-based 
method accessible from GraphPad (Graph- 
Pad’s Randomization Calculator; https://www.
graphpad.com/quickcalcs/randomize1). Norma- 
lity testing of continuous variables was per-
formed using the Shapiro-Wilk test. For normal-
ly distributed data with equal variances, com-
parisons between two groups were conducted 
using the independent-samples t test. For non-
normally distributed data or data with une- 
qual variances, the Mann-Whitney U test was 
applied. Correlations between FMA-UE score 
changes and exosome diameters were evalu-
ated using Spearman’s rank correlation coeffi-
cient, which is appropriate for non-parametric 
correlation analysis. A P value of less than 0.05 
was considered to indicate statistical signifi-
cance. For microRNA sequencing data, differ-
ential expression analysis was performed using 
the DESeq2 package, which applies a negative 
binomial distribution model to estimate vari-
ance-mean dependence in count data. To con-
trol for multiple testing, the Bonferroni correc-
tion was applied, and adjusted P values <0.05 
were considered statistically significant.

Group allocation and blinding

Randomization and blinding were implemented 
at key stages of the experiment (group alloca-



Exosomal miRNAs in stroke rehabilitation with mCIMT

253	 Am J Transl Res 2026;18(1):248-264

Table 1. Clinical parameters of stroke patients in mCIMT group and 
control groups

mCIMT 
(N=8)

con 
(N=8)

χ2 
value

t  
value

P 
value

Male 75% 87.50% .410 0.522
Post Stroke Duration (days) 90±45 54±45 1.568 0.139
Age 63±9 59±13 0.45
HP 75% 75% .000 1
DM 50% 25% 1.067 0.302
CVD 12.50% 25% .410 0.522
Smoke 50% 62.50% .254 0.614
Barthel index-baseline 79±12 80±13 -.196 0.848
FMA-UE-baseline 49±7 49±4 -1.700 0.896
FMA-UE: Fugl-Meyer Motor Function Assessment Upper Extremity, DM: Type 2 diabe-
tes mellitus, CVD: cardiovascular disease, HP: hypertension.

Table 2. The inflammatory cytokines in serum of stroke patients 
between the mCIMT group and control group

mCIMT (N=8) con (N=8) t value P value
IL-6 45.123±58.606 29.953±36.003 0.624 0.543
IL-1 11.695±7.441 12.162±8.508 -0.117 0.909
IL-10 1.162±0.267 1.088±0.242 0.587 0.567
IL-4 2.104±0.422 2.077±0.632 0.101 0.921
TNF-a 16.222±10.997 16.628±13.496 -0.066 0.948

Table 3. Fugl-Meyer motor function assessment 
of stroke patients

mCIMT 
(N=8)

con 
(N=8)

T 
value

P 
value

FMA-UE-baseline 47 51 -1.700 0.111
FMA-UE-post therapy 55 55 0.204 0.842
FMA-UE-change 9 4 2.528 0.024

tion, treatment, and outcome assessment) to 
reduce bias and ensure the reliability and re- 
producibility of the findings. Blinding was main-
tained as long as possible, with unblinding only 
occurring after data collection and analysis 
were completed.

Results

Exosomal microRNA-126-3p of ischaemic 
stroke patients

The baseline characteristics of the mCIMT and 
control patient groups, including age, sex, 
smoking history, stroke complications, and 
other clinical data, showed no significant differ-
ences (Table 1). Similarly, there were no signifi-

cant differences in several 
key inflammatory cytokines  
in serum between the groups 
(Table 2). Our observation th- 
at the change in FMA-UE sco- 
res indicates mCIMT was mo- 
re effective than the control 
group aligns with the benefits 
often associated with mCIMT 
(P=0.024) (Table 3).

The concentration and diam-
eter of exosomes were anal-
ysed by nanoparticle track- 
ing analysis (NTA), which has 
been recognized as a method 
for characterizing exosomes. 
The principle of this method 
involves tracking and analys-
ing the Brownian motion of 
each particle and calculating 
the hydrodynamic diameter 
and concentration of the na- 
noparticles using the Stokes-
Einstein equation. A compari-
son of the exosome concen-
tration in the plasma between 
the two groups (measured in 

particles/ml) revealed that the relative concen-
tration was high in both patient groups (Figure 
1A and 1B). Moreover, the mCIMT group pre-
sented with a significantly greater concentra-
tion of exosomes than did the control group 
(P=0.0189). The mean values for the control 
and mCIMT groups were 2.57e+10 particles/ml 
and 6.13e+9 particles/ml, respectively (Figure 
1C). Importantly, the exosome diameters in  
the mCIMT group were significantly higher than 
those in the control group (P=0.0162, Figure 
1D). Additionally, the improvement in FMA-UE 
scores after treatment was significantly greater 
in the mCIMT group compared to the control 
group (P=0.0241, Figure 1E). Surprisingly, we 
also found that exosome diameter levels were 
correlated with upper limb motor function re- 
covery (R2=0.428, P=0.006. Figure 1F).

mCIMT increases the concentration of exo-
somes in the brain tissue of rats with cerebral 
ischaemic injury

Twenty-one days after MCAO, we collected the 
brain tissues, extracted exosomes and com-
pared the concentration of exosomes in the 



Exosomal miRNAs in stroke rehabilitation with mCIMT

254	 Am J Transl Res 2026;18(1):248-264

Figure 1. mCIMT increases the concentration of exosomes in the plasma of stroke patients. A. NTA reveals the peak 
size and peak area ratio. The size of exosomes is generally in the range of 30-200 nm. B. Ultrastructure of the 
exosomes observed via transmission electron microscopy (80000×). Scale bar=100 nm. C. Content of exosomes in 
the plasma of mCIMT and control groups. D. Diameter of exosomes in the plasma of mCIMT and control groups. E. 
Fugl-Meyer Assessment of Upper Extremity (FM-UE) change score of mCIMT and control groups after intervention. 
F. The correlation between FMA-UE change score and diameter of exosomes in the stroke patients. N=8 patients/
group, *P<0.05, **P<0.01. 

brain between the two groups (unit: particles/
ml) (Figure 2A and 2B). The results revealed 
that the relative concentration was high in both 
groups, and the content in the mCIMT group 
was significantly greater than that in the control 
group (P=0.0030). The relative values for the 
control and mCIMT groups were 0.95e+10 par-
ticles/ml and 3.73e+10 particles/ml, respec-
tively (Figure 2C). In mCIMT, the unaffected 

limb (left forelimb) was restrained against the 
chest, as shown in Figure 2D.

Brain exosomal microRNA Levels from the mC-
IMT group and control group

The levels of microRNAs in the brain tissue  
exosomes of both groups were evaluated by 
microRNAs sequencing identification (Table 4). 
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Figure 2. mCIMT increases the concentration of exosomes in brain tissues of MCAO model. A. NTA reveals the peak 
value of the particle size and the percentage of the peak area. The size of exosomes is generally in the range of 
30-200 nm. B. Ultrastructure of the exosomes observed via transmission electron microscopy (80000×). Scale 
bar=100 nm. C. Concentration of exosomes in the plasma of mCIMT and control groups. D. In the mCIMT group, the 
unaffected limb (left forelimb) was restrained against the chest using a bandage, while the control group underwent 
identical chest handling without limb restrain. N=4 animals/group, *P<0.05.

A heatmap illustrates the differences in microR-
NA expression between the two groups (Figure 
3A). It provides an overview of the microRNA 
sequencing results from four samples across 
the two groups: samples 1 and 2 belong to the 
control group, while samples 3 and 4 belong to 
the mCIMT group. Principal component analy-
sis (PCA) and degree distribution were used for 
dimensionality reduction, identifying key differ-
ential microRNAs that play a “hub” role in the 

dataset (Figure 3B). Subsequently, a visual  
representation was created to display the dis-
tribution of these key microRNAs between the 
two groups (Figure 3C). Using TargetScan, a 
tool for predicting miRNA target genes, the top 
30 miRNAs (ranked in descending order by 
degree) were shown in a bar chart (Figure 3D). 
Additionally, the top 30 target genes (also 
ranked in descending order by degree) were 
visualized (Figure 3E). The prediction of biologi-
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Table 4. Typical microRNAs in the brain tissue exosomes affected by mCIMT
miRNA Control group (n=4) mCIMT group (n=4) Fold change p-value Regulation
miR-7a-5p 204.26 1438.05 2.815635223 <0.001 Up ↑
miR-450a-5p 53.99 134.76 1.319628212 <0.001 Up ↑
miR-335-5p 153.32 367.88 1.262689342 <0.001 Up ↑
let-7a-5p 6329.98 13024.3 1.040932989 <0.001 Up ↑
miR-125a-3p 15.95 1.6 -3.31741261 <0.001 Down ↓
miR-7b-5p 495.68 0.001 -18.9190495 <0.001 Down ↓

cal targets was based on precise matches 
between the miRNA seed regions and their tar-
get 3’UTRs, prioritizing miRNA-target interac-
tions based on predicted targeting efficiency 
and conservation. In the pathways observed 
between two groups, several pathways were 
specific to the mCIMT group. For example, 
“MAPK signaling pathways” “G protein signal-
ing pathways” “TGF-b signaling pathways” from 
Wiki-pathways enrichment analysis (Figure 3F).

Histopathological changes were observed in 
brain tissue after stereotactic injection of exo-
somes

We administered exosomes and vehicle into 
the lateral ventricles of MCAO model rats us- 
ing stereotactic injection on the 7th day follow-
ing MCAO. The Exo-mCIMT group, Exo-control 
group, and vehicle group (N=4 per group) 
underwent histopathological staining of brain 
tissue on the 21st day post-MCAO. After immu-
nofluorescence staining, the region of interest 
was the primary motor cortex on the lesioned 
side of the brain (Figure 4A). We observed that 
the number of VEGF+ cells in the Exo-mCIMT 
group was significantly more than in the other 
two groups (P=0.0038 compared to Exo-con- 
trol, P<0.0001 compared to vehicle), and the 
VEGF+ cells in the Exo-control group was more 
than in the vehicle group (P=0.0061) (Figure 
4B). The MAP2+ in the Exo-mCIMT group was 
markedly more than in the Exo-control group 
(P<0.0001) and the vehicle group (P<0.0001) 
(Figure 4C). 

Characteristic behavioral gait changes were 
observed after stereotactic injection of exo-
somes in rats

We injected exosomes and vehicle into the lat-
eral ventricles of MCAO model rats via stereo-
tactic injection on the 7th day after MCAO. 
Figure 5A shows cartoons of various gait fea-
tures extracted from the plantar surface of the 

rats’ feet after walking using our equipment for 
analysis. The Exo-mCIMT group, Exo-control 
group, and vehicle group (N=9) underwent two 
behavioral tests on the T1 (14th day) and T2 
(21st day) post-MCAO. We found two of the char-
acteristics, max contact intensity and plantar 
width, were significantly different between the 
three groups (Figure 5B). Compared with T1, 
the Max contact intensity values of the affect-
ed forelimb in the Exo-mCIMT group were sig-
nificantly greater on T2 (P=0.0263), but not in 
other two groups (Figure 5C). Similarly, com-
pared with T1, the print width values of the 
affected forelimb in the Exo-mCIMT group 
(P=0.0135) were significantly greater on T2 
(Figure 5D).

Discussion and conclusion

The current landscape of stroke rehabilita- 
tion emphasizes the importance of innovative 
therapeutic approaches to enhance recovery. 
Traditional methods often fall short in promot-
ing significant neural regeneration and func-
tional recovery. Recent studies have begun to 
explore the role of exosomes and microRNAs in 
mediating neuroprotective effects and facilitat-
ing recovery post-stroke. The findings from this 
investigation reveal that modified constraint-
induced movement therapy (mCIMT) markedly 
elevates exosome concentrations in both the 
plasma of stroke patients and the brain tissue 
of MCAO model rats. This increase in exosome 
content correlates positively with improved 
motor function, as evidenced by the FMA-UE. 
Furthermore, the distinct microRNA expression 
profiles identified in the exosomes suggest that 
mCIMT not only enhances exosome release but 
also modulates the molecular signaling path-
ways involved in neuronal repair and regenera-
tion. These results underscore the potential of 
mCIMT as a transformative intervention in stro- 
ke rehabilitation, highlighting its role in promot-
ing neural recovery through the upregulation of 
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Figure 3. MicroRNA sequencing of exosomes derived from brain tissues in the mCIMT and control groups. A. Heat-
map showing the relative abundance of exosomal microRNAs (miRNAs) in brain tissue between the two groups after 
sequencing. B. Degree distribution P(k)P(k), where kk represents the degree. The log-log plot of P(k)P(k) (Y-axis) 
versus kk (X-axis) is presented. Using the least squares method, the best-fit curve was determined, yielding a re-
sidual sum of squares (R2R^2) of 0.811 and an estimated coefficient α\alpha of -1.15. C. Venn diagram illustrating 
the distribution of differentially expressed miRNAs between the mCIMT and control groups. D. Bar graph depicting 
the degree of miRNAs, with the X-axis showing the top 30 miRNAs ranked in descending order of degree (i.e., the 
number of their targets) and the Y-axis representing their degree. E. Bar graph of mRNA (messenger RNA) degrees, 
with the X-axis displaying the top 30 target genes ranked in descending order of degree (i.e., the number of miRNAs 
targeting them) and the Y-axis representing their degree. F. WikiPathways, Reactome, and KEGG pathway analyses 
of the differential target genes identified between the mCIMT and control groups. The Y-axis displays annotated 
pathway categories, while the X-axis indicates miRNA families with at least one annotated target, with the number 
of identified targets shown in parentheses. The color of the points represents the adjusted p-value (false discovery 
rate, FDR), and the size of the points indicates the gene ratio (i.e., the number of annotated miRNA targets in each 
category divided by the total number of identified targets shown in parentheses).
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Figure 4. Immunofluorescence results among Exo-mCIMT 
group, Exo-control group and vehicle. A. Immunofluorescence 
images at 40× magnification revealed differences in the ex-
pression levels of VEGF, MAP2 among the three groups. B. The 
number of VEGF-positive cells was presented in a bar graph 
between the three groups. C. The number of VEGF-positive 
cells was presented in a bar graph between the three groups. 
N=4/group. **P<0.01, P<0.0001.

exosomal and microRNA activity. The implica-
tions of this research extend beyond immediate 
clinical applications, paving the way for future 
studies aimed at elucidating the underlying 
mechanisms of exosome-mediated neuropro-
tection and their therapeutic potential in stroke 
recovery. 

Forced exercise, particularly CIMT and its mo- 
dified versions, is a rehabilitation approach 
aimed at promoting post-stroke functional re- 
covery. It primarily involves restricting the unaf-
fected limb’s activity to compel the affected 
limb to engage in motor training, thereby 
reshaping brain functional connectivity and 
improving motor performance. The increased 
exosomal activity may be directly linked to 
improved motor function as evidenced by the 
correlation with the Fugl-Meyer Motor Function 
Assessment Upper Extremity (FMA-UE) scores 
(R2=0.428). The increased exosomal diameter 

in the mCIMT group may reflect a higher loading 
of therapeutic microRNAs, which could be piv-
otal in enhancing synaptic plasticity and neuro-
genesis. Moreover, the distinct expression pro-
files of microRNAs identified through sequenc-
ing highlight the specificity of mCIMT in modu-
lating molecular pathways associated with 
neural recovery. 

Many studies have shown that CIMT significant-
ly enhances motor function in MCAO model 
rats, such as forelimb grip strength and gait 
analysis parameters [8, 34]. Research also 
indicates that CIMT facilitates motor recovery 
independently of cognitive improvements [12]. 
The efficacy of CIMT depends on the timing of 
intervention, with early treatment being consid-
ered optimal for maximizing neurological recov-
ery [35]. CIMT exerts its effects by increasing 
the number and strength of synaptic connec-
tions, thereby enhancing neural network inte-
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gration [7, 34, 36]. CIMT promotes neural  
stem cell proliferation and differentiation in 
ischemic brain regions, such as the hippocam-
pus and cortex, aiding the integration of newly 

brain tissue of rats subjected to mCIMT further 
support the notion that molecular changes 
induced by this therapy can lead to phenotypic 
improvements. The distinct microRNA expres-

Figure 5. Behavioural evaluation of rats in Exo-mCIMT group, Exo-control 
group and vehicle. A. Cartoon of various features of gait, extracted from the 
plantar surface of the foot after walking in rats using our equipment for 
analysis. B. Walking characteristics data extracted by the device and man-
aged by the upper limb function. Two of the characteristics, max contact 
intensity and plantar width, were significantly different between the three 
groups. C. A two-by-two analysis revealed that the characteristic indicator of 
max contact intensity, only in the mCIMT group, was significantly improved 
before and after the different time points. There was no difference between 
the other two groups. D. The characteristic indicator of plantar width, only 
the mCIMT group, was significantly improved before and after the different 
time points. There was no difference between the other two groups. N=9/
group, **P<0.01. ***P<0.001.

formed neurons [37-39]. CIMT 
likely modulates the neurovas-
cular unit, fostering vascular 
growth and blood flow restora-
tion in ischemic regions [10, 
38]. CIMT mitigates neuronal  
apoptosis and creates a fa- 
vorable environment for neu-
ronal survival1. Key molecules 
involved include BDNF (brain- 
derived neurotrophic factor) 
[10, 16-18], which enhances 
synaptic plasticity and neuro-
nal survival, and VEGF (vascu-
lar endothelial growth factor) 
[10, 38], which supports en- 
dothelial and vascular func-
tion. Pathways implicated in- 
clude the Nogo-A-RhoA-ROCK 
[37], P-JNK/JNK2 pathway [8], 
and ROCK signaling [35]. In 
this study We discovered that 
mCIMT promotes the release 
of exosomes, potentially con-
tributing to functional reco- 
very in stroke patients. To vali-
date this hypothesis, we esta- 
blished a stroke model using 
the MCAO method. Exosomes 
were extracted from brain tis-
sue and stereotactically in- 
jected into MCAO model rats, 
which subsequently demon-
strated improved neurobehav-
ioral outcomes and enhanced 
brain tissue repair. 

This study hypothesizes that 
CIMT promotes neural repair 
by increasing the concentra-
tion of exosomes in serum, 
particularly those carrying ne- 
uroprotective miRNAs. Throu- 
gh this research, we demon-
strated that CIMT modulates 
the expression of specific miR-
NAs, thereby influencing the 
neuro-environmental balance. 
Moreover, the elevated exo-
some concentrations in the 
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sion profiles identified in the exosomes from 
the mCIMT group suggest that these molecules 
may play a pivotal role in modulating neuronal 
activity and promoting recovery after ischemic 
injury. The KEGG enrichment analysis highlights 
specific signaling pathways that are likely influ-
enced by the microRNAs, providing insights into 
the molecular mechanisms underlying the 
observed phenotypic changes.

Exosomes play roles in central nervous system 
processes, including synaptic plasticity, neuro-
nal stress responses, intercellular communica-
tion, and neurogenesis. The biological func-
tions of exosomes are often related to their 
contents, such as microRNAs. MicroRNAs, sh- 
ort noncoding RNA molecules, are crucial for 
neuronal development. Their most common 
function is to target and negatively regulate 
mRNAs, thus mediating their degradation [40-
42]. Research has shown that the neuroprotec-
tive effect of cerebral ischaemic precondition-
ing may be related to astrocyte secretion of 
exosomes enriched with microRNA-92b [43]. 
Moderate exercise may provide protection ag- 
ainst the acute and chronic phases of cerebral 
ischaemic injury by inducing the release of cir-
culating endothelial progenitor cell-derived exo-
somes [44]. Plasma exosomes isolated from 
exercised rats have been shown to exert sig- 
nificant protective effects against myocardial 
ischaemia/reperfusion injury. Exercise training 
or laminar shear stress directly increases the 
synthesis of miR-342-5p in endothelial cells, 
which inhibits hypoxia/reoxygenation-induced 
apoptosis in cardiomyocytes by targeting the 
regulation of Caspase 9 and JNK2 [45]. The- 
refore, exosomes and their microRNA contents 
are integral to various physiological and patho-
logical processes in the central nervous sys-
tem, with potential therapeutic applications in 
conditions such as cerebral ischaemia and 
myocardial injury. Our data collectively sug-
gests that mCIMT not only enhances exosome 
release but also alters the microRNA land-
scape, which in turn contributes to improved 
motor function. This molecular-phenotype rela-
tionship emphasizes the importance of exo-
somes and their cargo in mediating the the- 
rapeutic effects of mCIMT, paving the way for 
future research aimed at harnessing these 
molecular entities for enhanced stroke recov-
ery strategies. Extensive studies have demon-
strated that exosome-enriched miRNAs can 

regulate apoptosis, inflammatory responses, 
and oxidative stress, promoting neuronal sur-
vival and functional recovery. For instance, 
miR-21 [46] and miR-124 [47] suppress the 
expression of apoptosis-related genes, protect-
ing neurons from ischemic injury. Additionally, 
exosomes can enhance neuronal ischemic tol-
erance by regulating the release of neuropro-
tective factors, improving prognosis in ischemic 
stroke [48]. miRNAs like miR-146a [49] pro-
mote neural stem cell proliferation and differ-
entiation, bolstering neuroregeneration. Exo- 
some-carried miRNAs suppress apoptotic sig-
naling pathways, safeguarding neurons from 
damage, facilitating functional recovery, there-
by offering novel therapeutic avenues for is- 
chemic stroke. miR-155 modulates microglial 
activation states, reducing excessive inflamma-
tion to protect neurons [50, 51]. Furthermore, 
miR-126 has been shown to promote endothe-
lial cell migration and angiogenesis, enhancing 
post-ischemic blood flow [52]. Exosomal miR-
NAs also influence immune cell function, regu-
late fibroblasts and other support cells, and 
promote tissue repair and regeneration [48, 
53].

Moreover, the distinct microRNA expression 
profiles highlighted by sequencing further rein-
force the mCIMT-neuroprotection paradigm, in- 
dicating that mCIMT not only alters exosome 
quantity but also influences the specific mi- 
croRNA content and associated pathways. The 
KEGG enrichment analysis revealed the activa-
tion of signaling pathways that play pivotal roles 
in neuronal repair and neuroprotection, thus 
delineating a clear mechanistic link between 
the therapeutic intervention and phenotypic 
recovery. This integrated understanding em- 
phasizes the significance of mCIMT in rewiring 
the molecular landscape following ischemic 
injury, thereby underscoring the treatment’s 
potential to improve functional outcomes via 
exosome-mediated molecular communication. 

The limitations of this investigation warrant 
careful consideration, it is recommended that 
future confirmatory studies appropriately incre- 
ase the sample size based on the above prin- 
ciples and include an additional 10-20% to 
account for loss to follow-up and sample qua- 
lity control failures. The relatively small sample 
size of human participants, with only 16 stroke 
patients, may restrict the generalizability of  
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the findings. Additionally, the lack of long-term 
follow-up for assessing sustained effects of 
mCIMT on functional recovery poses another 
challenge. Another limitation of this study is the 
absence of a healthy control group for compar-
ative analysis of serum inflammatory cytokines 
and exosome characteristics. While this design 
aligns with the primary objective of evaluating 
the relative changes induced by mCIMT within 
stroke subjects and animal models, rather than 
establishing population-based normative val-
ues, it restricts direct interpretation of how 
these parameters differ from non-stroke condi-
tions. Future studies would benefit from incor-
porating age- and sex-matched healthy controls 
to provide a foundational reference, allowing 
clearer discrimination between disease-specif-
ic alterations and therapy-associated modifica-
tions. Furthermore, the reliance on animal mo- 
dels may not fully replicate the complexities of 
human stroke recovery, necessitating further 
studies to validate these observations in diver- 
se populations and extended timelines.

To conclude, mCIMT enhances neural recovery 
post-stroke by elevating exosome concentra-
tions and microRNA profiles, as evidenced 
through significant evaluations of plasma and 
brain tissue samples from stroke patients and 
MCAO model rats. The correlation between 
increased exosome content and improved mo- 
tor function underscores mCIMT’s potential as 
an influential rehabilitation strategy. Further- 
more, distinct microRNA expression patterns 
and signaling pathways illuminate the mecha-
nistic role of exosomes in promoting neuronal 
activity and recovery after cerebral ischemic 
injury, establishing mCIMT as a promising ther-
apeutic approach in stroke rehabilitation.
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