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Constraint-induced movement therapy
combined with mesenchymal stem cell
transplantation promotes myelination

and functional recovery by inhibiting PRKCD/
MEK/ERK pathway in hemiplegic cerebral
palsy rats

Xiaolin Guo'?", Liru Liu'", Jie Luo'", Tingting Peng Jr.""®, You Wang', Shiya Huang', Xiaoli Zeng?, Tingting Peng Sr.'®,
Aihua Chen?, Mengru Zhong', Yage Zhang', Kaishou Xu'" and Lu He'"

Abstract

Background The core problem of hemiplegic cerebral palsy (HCP) is upper limb motor deficits with high rates of
disability. Given the shared goals of stem cell therapy and rehabilitation, this study investigated the synergistic effects
of constraint-induced movement therapy (CIMT) and human umbilical cord-derived mesenchymal stem cells (hUC-
MSCs) transplantation in promoting motor recovery and elucidates the underlying mechanisms in HCP.

Methods The rats were allocated to a control group and HCP groups receiving different interventions (CIMT, hUC-
MSCs or combination treatment), namely, the Control, HCP, HCP + CIMT, HCP +MSC, and HCP + CIMT + MSC groups.
Motor function was evaluated using rotarod duration, grip strength, and forelimb suspension time. Golgi-Cox
staining, transmission electron microscopy, immunofluorescence staining, Western blotting, quantitative real-time
PCR and label-free proteomic quantification technology were used to measure dendritic/axonal area, myelin integrity,
oligodendrocyte (OL)/oligodendrocyte precursor cell (OPC)-associated proteins and PRKCD/MEK/ERK expression in
the motor cortex.

Results Rats in the HCP + CIMT +MSC group exhibited improved motor function, increased dendritic spines
and branches, enhanced myelin integrity, higher numbers of Olig2*OL, CNPase*OL and MBP*OL, and reduced
NG2*OPC counts in the motor cortex compared to the HCP group (p < 0.05). Additionally, motor performance in the
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future interventions.

HCP + CIMT + MSC group was significantly superior to than those in the HCP + CIMT and HCP +MSC groups (p < 0.05).
Moreover, proteomic analysis identified that PRKCD, a key mediator of the synergistic effect, was expressed in OPC
and implicated in their physiological processes. Rats in the HCP +CIMT +MSC group also showed reduced PRKCD
protein and mRNA expression, fewer PRKCD*/NG2* cells, higher CNPase™/PRKCD™ area ratio and lower levels of
MEK1/2 and ERK1/2 phosphorylation relative to the HCP group (p <0.05).

Conclusions CIMT combined with hUC-MSCs transplantation synergistically promoted OPC differentiation into
immature OL, induced myelination, and restored motor function in HCP rats, potentially by inhibiting the PRKCD/
MEK/ERK pathway. This combined approach expands therapeutic options for HCP and identifies a promising target for

Keywords Combination therapy, Constraint-induced movement therapy, Mesenchymal stem cells, Motor function,
Oligodendrocyte progenitor cells differentiation, Myelination

Introduction

Cerebral palsy (CP) is a disorder of central motor and
postural development caused by non-progressive injury
to the developing fetal or infant brain [1], with a global
prevalence of 1.6—3.4 per 1000 births worldwide [2]. Indi-
viduals with CP require lifelong rehabilitation, contribut-
ing to significant economic and social burdens worldwide
[3, 4]. It is imperative to explore effective strategies that
maximize the brain’s developmental plasticity and incor-
porate evidence-based approaches [4].

Constraint-induced movement therapy (CIMT)
effectively improves limb dysfunction in children with
hemiplegic CP (HCP), which accounts for about 44%
of CP cases [4, 5]. CIMT enhances movement quality
and efficiency in the affected limb through experience-
dependent neuroplasticity, which is reflected in neuron,
dendrites/axon area, and myelin remodeling [6—8]. How-
ever, its effectiveness is constrained by prolonged train-
ing durations, intensive rehabilitation resource demands,
and limited efficacy in severe cases [9, 10].

Stem cell therapy offers significant potential to repair
brain tissue and enhance functionality in CP [11, 12],
acting via paracrine effects, immunomodulation, neuro-
protection, angiogenesis, and myelin regeneration [13].
Human umbilical cord-derived mesenchymal stem cells
(hUC-MSCs) isolated from Wharton’s jelly are particu-
larly advantageous due to their accessibility, low immu-
nogenicity, reduced tumorigenicity, high proliferative
rate and minimal ethical concerns [14—16], with clinical
studies further proving their efficacy in diverse thera-
peutic applications [17, 18]. Our previous findings dem-
onstrated that intrathecal injection of hUC-MSCs from
the Wharton zone induced oligodendrocyte (OL) differ-
entiation and myelination [19]. Importantly, intracere-
bral transplantation of hUC-MSCs in rodent models did
not elicit significant immune rejection or adverse effects,
positioning hUC-MSCs transplantation as a promising
CP treatment [20, 21].

Most HCP cases result from focal vascular brain injury
or unilaterally restricted periventricular white matter

lesions [22, 23]. These injuries are associated with dis-
rupted cerebral white matter integrity, prolonged OL
differentiation deficits, and reduced plasticity [24, 25].
Enhancing neural circuit functionality and promoting
neuronal remodeling and myelination represent promis-
ing therapeutic strategies. Integrating stem cell therapy
with rehabilitation could foster a supportive tissue envi-
ronment and drive functional neural circuit develop-
ment, facilitating brain repair and functional recovery
(26, 27].

Given the shared objectives of stem cell transplanta-
tion and rehabilitation [27], combining these approaches
may enhance the functional prognosis of CP. However,
the therapeutic efficacy and underlying mechanisms of
this combined treatment remain poorly understood.
Therefore, this study evaluates whether combining CIMT
with hUC-MSCs transplantation from the Wharton’s
jelly zone can synergistically improve motor recovery
and facilitate myelination while exploring the underlying
mechanisms in HCP.

Materials and methods

Animals and HCP rat model

The work has been reported in line with the ARRIVE
guidelines 2.0. The study was approved by the Institu-
tional Animal Care and Use Committee of Guangzhou
Women and Children’s Medical Center (Guangzhou,
China) (Protocol RSDW-2023-01402). All experimen-
tal procedures were performed in accordance with the
Guide for the Care and Use of Laboratory Animals by the
National Research Council [28]. Sample size calculation
using G*Power software (v3.1.9.7) determined that 80
rats (16 rats per group) would be required to achieve an
80% power level and a 5% significance level (two-sided)
[29]. To compensate for 20% anticipated mortality and
subsequent HCP screening, twelve pregnant Wistar rats
purchased from SPF biotechnology company (Beijing,
China) (n=12, license No. SCXK (Jing) 2019-0010) and
112 pups were born in 12 litters. All experimental rats
were housed in SPF-grade animal facilities and under
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standard conditions with free food and water, appropriate
humidity (40-70%), moderate temperature (22-25 °C)
and a 12-hour light/dark cycle. Animals were housed at
<5 rats per cage, with complete cage replacement and
disinfection performed every 3 days.

Hypoxic-ischemic (HI) rats were established using the
modified Rice-Vannucci method as previously described
[19]. Eighty-nine randomly selected neonatal rats under-
went left common carotid artery ligation under anes-
thesia with inhalation of isoflurane (R510-22, Ruiwode,
China) (5% for induction and 1%-1.5% for operation)
on postnatal day 5 (P5), followed by 3 h of hypoxia (8%
oxygen and 92% nitrogen). Three rats were randomly
selected for 2, 3, 4-triphenyltetrazolium chloride (TTC)
staining 24 h after surgery. Three surgical rats died
from excessive blood loss due to prolonged ligation sur-
gery. On P18, four rats were randomly selected for Nissl
staining to detect neurons and 79 rats were assessed for
motor function via rotarod, grip strength and forelimb
suspension tests. Seventy-three rats with motor impair-
ment were included. Cerebral infarction, the alterations

A
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in neuronal integrity and motor function confirmed the
successful establishment of the HCP model. Therapeutic
interventions were administered to HCP rats from P21
to P35. On P49, all rats were euthanized by phenobarbi-
tone sodium (100 mg/kg, intraperitoneally) after the final
behavioral tests. The time course and animal assignment
of the whole experiment are shown in Fig. 1.

Experimental design and intervention
Seventy-three HCP rats and 16 normal rats were finally
selected for the study. Nine HCP rats were randomly
selected for intracerebral hUC-MSCs tracking. Apart
from rats in the control group (n=16), a randomized
block allocation was taken to assign them to 4 experi-
mental groups: HCP group (n=16), HCP + CIMT group
(n=16), HCP + MSC group (n=16), HCP + CIMT + MSC
group (n=16). Specifically, HCP rats were numbered
sequentially, with every 4 consecutive numbers assigned
to one of the 4 groups.

On P21, rats in the CIMT group had their unaffected
forelimbs immobilized using soft adhesive tape for 8 h

P18 P21-P35
HCP CIMT
Birth screening intervention
® @ ® ® @ &2 O @ postnatal day
P5 P21 P49
HCP hUC-MSCs Behavioral tests
modeling Intervention Brain extraction
B
112 Wistar
rats
S| [E— P S
3 rats death during surgery.
23 normal 89 HCP rats | 6 rats were excluded from
rats model screening.
e — 3
[ [ | 1
4 normal Snormal 4 HCP rats 3 HCP rats
rats 16 normal rats
Niss! Eals — Nissl| 73 HCP rats TTC 9 HCP rats
staining staining staining ) staining PKH26 labeled-MSCs
| (at 24h, 72h and 7d
[ I I ] after injection)
Control HCP+CIMT HCP+MSC HCP+CIMT+
group HCP group group group MSC group
n=16 ki n=16 n=16 n=16
| —
Golgi-Cox Staining and Western blot and
Behavioral tests Transmission electron Quantitative real-time Immunofluorescence LC-MS analysis

n=16 per group

microscopy
n=4 and 1 per group

PCR

n=4 per group n=3 per group

n=4 per group

Fig. 1 The timeline and animal assignment of the whole experiment. (A) The timeline of this study. (B) Rats assignment of the whole experiment. HCP:
hemiplegic cerebral palsy; CIMT: constraint-induced movement therapy; hUC-MSCs: human umbilical cord-derived mesenchymal stem cells; TTC: 2, 3,
4-triphenyltetrazolium chloride; LC-MS: liquid chromatography-mass spectrometry
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daily (divided into 4-hour morning and afternoon ses-
sions), encouraging affected forelimb (i.e. right forelimb)
activity [8]. Researchers conducted continuous moni-
toring during restraint periods, immediately reapply-
ing restraints if detachment occurred. They were then
housed in standard cages with abundant toys and weekly-
repositioned feeding and playing devices to create a novel
and rich environments [30]. CIMT conducted 5 days a
week for 2 weeks [8]. In the MSC group, a bolus of the
cell suspension 1x10° hUC-MSCs in 20 pl saline was
slowly intrathecally injected into each rat under anesthe-
sia with inhalation of isoflurane (5% for induction and
1.5%-2% for operation) [19]. Prior to injection, the injec-
tion site was shaved and sterilized by povidone-iodine.
The L5 spinous process was palpated with the index fin-
ger of the left hand, while the thumb and middle finger
stretched the skin taut. A Hamilton syringe (20781, Ham-
ilton, USA) was then punctured at 70-80° angle into the
L5-L6 interspinous space using the right hand. Successful
intrathecal injection is confirmed by the presence of tail-
flicking action or hind limb twitching [31]. Post-infusion
rats were placed on a heating pad (37+1°C) until restor-
ing full ambulation prior to cage return. Throughout the
postoperative recovery period, all rats were continuously
monitored for injection-related pain behaviors (e.g.,
guarding posture, vocalization). If observed, isoflurane
inhalation was immediately administered for sedation
and analgesia. The combination therapy group received a
bolus of hUC-MSCs injection at the beginning of a two-
week CIMT protocol initiated on P21. On P49, all experi-
mental rats were humanely euthanized with sodium
phenobarbital (100 mg/kg, i.p.) after behavioral assess-
ments to harvest brain samples.

Tissue preparation

All rats were euthanized by phenobarbitone sodium
(100 mg/kg, i.p.) after the behavioral tests and transcar-
dially perfused with phosphate buffered saline (PBS)
(BL601A, Biosharp, China) followed by 4% paraformal-
dehyde (BL539A, Biosharp, China). The brain was rapidly
extracted by craniotomy. For histological examination
and immunofluorescence, brain tissues were fixed by car-
diac perfusion and immersion in 4% paraformaldehyde,
then dehydrated and embedded according to routine
sampling and fixation methods [32]. Whole brain tis-
sues were sliced into 10-pum-thick coronal frozen sections
on a microtome-cryostat (CM1860, Leica, Germany)
for counting PKH26-positive cells. The motor cortical
regions were sectioned into 6 um coronal paraffin slices
using a vibratome (VT1200S, Leica, Germany) for Nissl
staining and immunofluorescence. For Western blot anal-
ysis and quantitative real-time PCR, the primary motor
cortex (M1) of the left cerebral tissue were segmentation
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and then flash frozen in liquid nitrogen for subsequent
experiments.

HUC-MSCs culture, identification and tracking in the brain
The hUC-MSCs used in this study were all supplied by
Guangdong Xiangxue Stem Cell Regenerative Medi-
cine Technology Co., Ltd (Guangzhou, China). The
hUC-MSCs harvested from the Wharton zone in fresh
umbilical cord tissue were cultured in serum-free human
mesenchymal stem cell medium (G03010, Saliai, China)
under a humidified atmosphere at 37 °C with 5% CO,.
When cells reached 80-90% confluence, 1.5 mL 0.25%
trypsin-EDTA (25200056, ThermoFisher, USA) was
added to T75 flasks and incubated for 1-2 minutes.
The reaction was terminated by adding 4-5 mL of cell
medium. Cells were then seeded into new T75 flasks at
a density of 5.0 x 10° cells/cm?. The culture medium was
refreshed every 48—72 h, and hUC-MSCs at passages 3—5
were used for these experiments. Flow cytometric analy-
sis was employed to analyze the stem cell phenotype.
Passage 5 cells suspensions (100 pL aliquots containing
1x10° cells) were stained with the following fluores-
cence-conjugated anti-human antibodies: FITC-CD73
(344015, BioLegend, USA), APC-CY7-CD44 (103027,
BioLegend, USA), FITC-CD34 (343503, BioLegend,
USA), PE-CY7-CD45 (304015, BioLegend, USA). Anti-
body staining was performed at manufacturer-recom-
mended concentrations (5 uL antibody per 1 x 10° cells in
100 pL volume) for 30 min at 4°C protected from light
[33]. Stained hUC-MSCs were analyzed by a NovoCyte
flow cytometer (NovoCyte, Agilent, USA).

The hUC-MSCs were labeled with PKH26 fluorescent
cell linker kits (MINI26-1KT, Sigma, USA) according to
the manufacturer’s protocol and then injected intrathe-
cally on P21. Brain tissue was collected at 24 h, 72 h, and
7 days post injection, coronally sectioned into 10 pum
slices. Transplanted cells were counted in each hemi-
sphere in the five sections per brain corresponding to
Figures 10, 20, 30, 40 and 50 of Paxino’s rat brain atlas
[34] using a fluorescence microscope ((DMI3000B, Leica,
Germany). PKH26-positive cells with 49,69-diamidino-
2-phenylindole dihy drochloride hydrate (DAPI)-positive
nuclei in each hemisphere were counted using Image |
software (National Institutes of Health, USA). The total
number of hUC-MSCs per brain tissue was quantified by
counting positively labeled cells across five representative
tissue sections.

Behavioral tests

Rotarod test

The rotarod test was implemented to assess motor bal-
ance and coordination in rats. Prior to formal testing, all
rats underwent 3 training sessions at 30 rpm for 5 min
each. During testing, the speed of rotation was increased
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uniformly from 4 rpm to 40 rpm within 5 min. The test
was concluded when the rat fell off the rotarod (LE8305,
Panlab, Spain). Each rat was tested 3 times and the aver-
age duration on the rotarod was recorded on P18 and
P49.

Grip strength test

The forelimb grip strength in rats was measured using a
grip strength tester (ZL-010, INNOTEG, China). During
testing, only the forepaws of the rat was allowed to grasp
the grid. As the rat grasped the grille, the experimenter
pulled their tails horizontally until they completely
released the grip and recorded grip. Each rat underwent
tested 3 times on P18 and P49.

Front-limb suspension test

A 0.5 cm diameter horizontal wire was suspended 45 cm
above the operating platform to allow forelimb grasping,
and soft padding was placed underneath. The time until
the rat’s fall was recorded and the average of three fall
durations was analyzed on P18 and P49.

TTC staining

Brain tissues of rats (n=3) in the control and HCP groups
were rapidly removed 24 h after surgery under anesthe-
sia with inhalation of 5% isoflurane and then 5 consecu-
tive 2-mm coronal slices were prepared. Brain slices were
incubated in a 2% solution of TTC (G3005, Solarbio,
China) at 37 °C for 30 min and immersed in 4% para-
formaldehyde. The viable brain area was stained dark
red, reflecting intact mitochondrial function, while the
infarcted area remained unstained. The stained brain
sections were photographed with a digital camera and
the cerebral infarct area ratio was analyzed using Image
J software [35].

Nissl staining

Brain paraffin sections from P18 in the control and HCP
groups (n=4) were heated at 67°C for 1 h, then dewaxed
with xylene for 40 min. Sections were immersed in anhy-
drous ethanol for 10 min, 95% ethanol for 5 min, 75%
ethanol for 5 min and double distilled water (DDW)
for 5 min. Nissl staining of the above samples was per-
formed at 57°C for 30 min using toluidine blue (G3663,
Solarbio, China). Slides were washed with DDW until
colorless. Slides were fractionated with 95% ethanol
(40 s) and dehydrated in xylene (10 min). After stain-
ing, images were captured using an orthogonal micro-
scope (DMI3000B, Leica, Germany). Three regions per
section were selected for neuron counting using Image |
software.
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Golgi-cox staining

Brain tissues from rats in each group (n=4) were directly
removed and processed according to the instructions of
the commercially procurable FD Rapid Golgi Stain Kit
(PK401, FD Neurotechnologies, Colombia) [36]. The
coronal surfaces of the motor cortex tissues embedded
in agarose were then cut into 150 pm thick sections. The
sections were mounted, dehydrated and sealed. Imag-
ing was conducted using an microscope (Eclipse Ci-L,
Nikon, Japan). Reconstruction of individual neurons
was performed using Image-Pro Plus software (Media
Cybernetics, USA). The number of dendritic spines in
the 30-90 um length range of the 2nd or 3rd dendritic
branch on a single neuron was quantified. Neuronal
structure was mapped using the Neuron ] plug-in in
Image | software. The Sholl analysis plug-in created 10
concentric circles 10 um apart with the cytosol as the
center. The number of intersections of the dendrites with
the concentric circles was counted and the sum of the 10
intersections was calculated.

Transmission electron microscopy (TEM)

After inducing anesthesia, rats in each group (n=1)
received an intracardiac perfusion (methods as described
above). Then, brain tissue samples with a 1 mm? segment
of the motor cortex was fixed overnight at 4°C in a phos-
phate solution containing 4% paraformaldehyde and 2.5%
glutaraldehyde (BL910A, Biosharp, China). Following
routine dehydration and embedding, tissue blocks were
sectioned into 80-nm ultrathin slices using an ultrami-
crotome (EM-UC7, Leica, Germany), which were then
stained with uranyl acetate and lead citrate. Ultrathin
sections of stained tissues were examined by electron
microscopy. Myelin morphology and ultrastructure of
the motor cortex pyramidal cell layer were observed
using a 135,000x TEM (H-7500, Hitachi, Japan) [37].

Western blot analysis

Frozen cortical tissues from each group of rats (n=4)
were homogenized in 200 pL radio immunoprecipitation
assay (RIPA) buffer (P0013B, Beyotime, China) supple-
mented with 2 uL phenylmethylsulfonyl fluoride (PMSF)
(ST506, Beyotime, China) and 2 pL phosphatase inhibi-
tor (P1045, Beyotime, China) and then completely lysed
using a pre-chilled tissue grinder (KZ-II, Servicebio,
China). The protein concentration of each sample was
adjusted to 5 pg/pL using a BCA kit (PC0020, Solarbio,
China). Equal amounts (30 pg) of proteins were separated
by sodium dodecyl-polyacrylamide gel electrophoresis
(6%-12.5%) (PG112, EpiZyme, China) and transferred to a
polyvinylidene fluoride (ISEQ00010, Millipore, USA). The
membrane was then incubated with primary antibodies
against rabbit antibody to neuron-glial antigen 2 (NG2)
(Abcam, ab129051, 1:1000), rabbit antibody to 2;3’-cyclic
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nucleotide 3’-phosphodiesterase (CNPase) (Cell Signal-
ing Technology, 5664S, 1:1000), rabbit antibody to myelin
basic protein (MBP) (Cell Signaling Technology, 788965,
1: 1000), rabbit antibody to oligodendrocyte transcrip-
tion factor 2 (Olig2) (Abcam, ab109186, 1:1000), rabbit
anti-protein kinase C delta (PRKCD) (Abcam, ab182126,
1:1000), rabbit anti-p-MEK1/2 (Cell Signaling Technol-
ogy, 9154T, 1:1000), rabbit anti-p-ERK1/2 (Cell Signaling
Technology, 4370T, 1:1000). Membranes were then incu-
bated with Goat Anti-Rabbit IgG H&L (HRP) secondary
antibodies (Abcam, ab6721, 1:2000) at room temperature
for 1 h. The protein bands were detected by Enhanced
chemiluminescence imaging system (Alliance QO9,
UVITEC, UK). Mouse anti-HSP90 (Proteintech, 60318,
1:2000) and rabbit anti-pf-tubulin (Affinity, AF7011,
1:2000) were served as internal reference for quantitative
measurement of protein expression levels. Densitometric
and quantitative analysis of protein bands was performed
using Image | software [38].

Immunofluorescence

Brain paraffin sections from each group (n=4) were
heated at 67°C for 1 h, then dewaxed with xylene for
40 min. Sections were sequentially soaked in anhydrous
ethanol for 10 min, 95% ethanol for 5 min, 75% etha-
nol for 5 min and DDW for 15 min. Sections were per-
formed antigen repair with 20x citrate antigen retrieval
buffer (G1202, Servicebio, China) and permeabilized
with 0.5% Triton X-100 (ES-8090, EcoTopBio, China)
for 15 min at room temperature. Sections were blocked
with 10% fetal bovine serum for 1 h at room temperature
and then incubated overnight at 4°C with primary anti-
bodies rabbit anti-NG2 (Abcam, ab129051, 1:200), rabbit
anti-CNPase (Cell Signaling Technology, 5664S, 1: 200),
rabbit anti-MBP (Cell Signaling Technology, 78896S,
1:50), rabbit anti-Olig2 (Abcam, ab109186, 1:150), rab-
bit anti-PRKCD (Abcam, ab182126, 1:200). The sections
were then exposed to goat anti-rabbit antiserum (Alexa
Fluor 594/488, Abcam, ab150080, 1:200) for 1 h at room
temperature in the dark. The slides were incubated with
DAPI solution (MBDO0015, Sigma-Aldrich, Germany) for
8 min and then sealed with the anti-quenching fluores-
cent. Fluorescence images were captured using a fluo-
rescence microscope (DMI3000B, Leica, Germany) and
image data were analyzed using Image ] software [39].

Quantitative real-time polymerase chain reaction (qPCR)

Total RNA was extracted using TRIzol reagent
(15596018CN, Invitrogen, USA) according to the manu-
facturer’s instructions. Complementary DNA (cDNA)
production and Q-PCR were performed by using RT
First Strand Kit (K1671, Servicebio, China) and SYBR
Green qPCR Master Mix (G3323, Servicebio, China).
The primer sequences were as follows: PRKCD, forward,
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S5ACCTCTTCTTTGTGATGGAGTTCC3; reverse,
5AGCTTGAGGTCCCTGTAAATGATG3’; B-actin, for-
ward, 5AGCCATGTACGTAGCCATCCA3], reverse,
5TCTCCGGAGTCCATCACAATG3. PCR was per-
formed in triplicate using a real-time PCR detection
system (CFX96, Biorad, USA) and the threshold cycle
numbers of each sample were averaged, and the relative
fold change in PRKCD expression was compared using
the 2724CT method [40].

Liquid chromatography-mass spectrometry (LC-MS)
analysis

Briefly, brain tissue samples (n=3) were lysed and quan-
tified by BCA assay. The samples were then sequentially
subjected to acetone precipitation, tryptic digestion,
sodium deoxycholate cleanup, and peptide desalting. For
each sample, nearly 2 pg of peptide was separated and
analyzed using nano-UPLC (EASY-nLC1200, Thermo
Scientific, USA) coupled to mass spectrometry (Q Exac-
tive, Thermo Scientific, USA). Separation was performed
using a reversed-phase column (100 pm, IDx15 cm,
Reprosil-Pur 120C18-AQ, 1.9 um, Dr. Math). Data
dependent acquisition was performed in profile and
positive mode with Orbitrap analyzer at a resolution of
70,000 (@200 m/z) and m/z range of 350—-1600 for MS1.
For MS2, the resolution was set to 17,500 with a dynamic
first mass. The automatic gain control target for MS1 was
set to 3.0 E+6 with max IT 50ms, and 5.0 E +4 for MS2
with max IT 100ms. The top 20 most intense ions were
fragmented by high energy collision dissociation with
normalized collision energy of 27%, and isolation window
of 2 m/z. The dynamic exclusion time window was 30 s.

Bioinformatics analysis

The protein sequence database (Uniprot_organ-
ism_2016_09) was downloaded from UNIPROT. This
database and its reverse decoy were then searched against
by MaxQuant software (Cox Lab, Germany). The quan-
tification type was label-free quantification with match
between run and intensity-based absolute quantifica-
tion. Trypsin was set as specific enzyme with up to 3 miss
cleavage. Oxidation (M) and Acetyl (protein N-term)
were considered as variable modification (max number
of modifications per peptide is 3), and Carbamidomethyl
(C) was set as fixed modification. False discovery rate for
peptide and protein should be less than 0.01. The screen-
ing thresholds for differentially expressed proteins (DEPs)
were a fold-change more than 1.5 and a p-value less than
0.05, which was widely used in previous study [41].

Statistical analysis

Statistical analysis was performed using SPSS version
25.0 (IBM, USA) and plotted using Prism 8.0.1 (Graph-
Pad, USA). The Shapiro-Wilk test was used to assess the
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normality of the data. Comparisons between groups were
made using analysis of variance (ANOVA) or non-para-
metric rank-sum tests. For parametric data, ANOVA fol-
lowed by the least significant difference (LSD) post hoc
test was used, and for non-parametric data, the Kruskal-
Wallis test followed by the Bonferroni test was used as
a post hoc analysis. In addition, the analysis and experi-
mental group allocation were performed by an individual
who was not involved in the experiments and assess-
ments were conducted by evaluators blinded to group
assignments. Results are presented as mean *standard
error of the mean (SEM). Statistical significance was con-
sidered when p <0.05.

Results

Identification of hUC-MSCs in vitro and distribution in
brain tissue of HCP rats through the intrathecal route

The cultured hUC-MSCs grew adherently to the wall.
The cells were long, spindle-shaped with smooth cell
wall edges (Fig. 2A). After three passages, the cell surface
markers of hUC-MSCs were detected by flow cytometry.
The results showed that the MSC markers CD44 and
CD73 were positively expressed, whereas the hemato-
poietic lineage markers CD45 and CD34 were negatively
expressed, indicating that the cells were typically growing
hUC-MSC:s (Fig. 2B). HUC-MSCs were stained with the
red fluorescent marker PKH26, and the cell morphology
was similar to that of unlabeled cells, with a labelling rate
of approximately 100% (Fig. 2C). In the third generation
of hUC-MSCs stained with PKH26, fluorescence was still
detectable even after two passages (Fig. 2D-E).

We investigated the ability of hUC-MSCs migrate to
brain injured areas by intrathecally transplanting PKH26-
labelled hUC-MSCs. Twenty-four hours after transplan-
tation, a large number of PKH26-labelled hUC-MSCs
were observed in the cerebral cortex of the ipsilateral
hemisphere (i.e. left hemisphere) and in the corpus cal-
losum (ipsilesion vs. contralesion: p<0.001, Fig. 2F-H). A
small number of PKH26-positive cells were also found in
the cerebral cortex of the contralateral hemisphere, but
none were found in the corpus callosum, hippocampus or
thalamus (Fig. 2F and G). After 72 h, PKH26-positive cells
were predominantly located in the cerebral cortex and
corpus callosum of the hypoxic-ischemic side, although
their number had decreased (ipsilesion vs. contralesion:
p<0.001, 72 h vs. 24 h: p<0.01, Fig. 2H). In addition, a
small number of hUC-MSCs were detected 7 days after
transplantation in the cerebral cortex (ipsilesion vs. con-
tralesion: p<0.001, 7d vs. 24 h: p<0.001, Fig. 2H). These
results suggest that hUC-MSCs could engraft in the brain
via the intrathecal pathway and migrate to lesion sites.
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Pathological changes and motor dysfunction occurred
after hypoxia-ischemia and HCP rat model was successfully
established

To simulate brain white matter injury, we used 5-day-old
pups for hypoxia-ischemic. TTC staining was performed
24 h after surgery. The results showed that normal rats
exhibited no infarct areas and clear intracerebral struc-
tures. In contrast, the HCP rats showed obvious infarct
lesions concentrated in the cerebral cortex, with infarct
areas ranging from 20 to 30% (p<0.001, Fig. 3A). Thir-
teen days after surgery, the brain appearance of HCP
rats was bilaterally asymmetric compared to normal rats,
with the left hemisphere showing significant tissue atro-
phy (Fig. 3B). The results of Nissl staining showed that
neurons in the motor cortex of normal rats were neatly
arranged, with clearly Nissl bodies in the cytoplasm. In
contrast, the neurons in the HCP group were sparsely
and irregularly arranged, some Nissl bodies were reduced
or even absent, and the number of neurons was signifi-
cantly decreased (p<0.001, Fig. 3C). Behaviorally, HCP
rats showed a significant decrease in rotarod duration,
forelimb grip strength and suspension time compared to
normal rats (p <0.001, respectively, Fig. 3D-F). In conclu-
sion, HI could induce pathological injury and motor dys-
function, and the HCP rat model had been successfully
established.

Combination therapy of CIMT and hUC-MSCs
transplantation synergistically promoted motor recovery
in HCP rats

To assess the recovery of motor function in 49-day-
old rats after CIMT, MSC and CIMT + MSC interven-
tions, we measured rotarod duration, grip strength and
forelimb suspension time (Fig. 4A-C). The results indi-
cated that rotarod duration was significantly longer in
the CIMT + MSC, MSC, and CIMT groups than in the
HCP group (p<0.05, respectively, Fig. 4D). Notably, the
CIMT + MSC group performed better than both the MSC
and CIMT groups (p<0.05, respectively, Fig. 4D). Grip
strength and forelimb suspension time tests can be used
to visualize differences in forelimb function in rats. Grip
strength was significantly higher in the CIMT + MSC and
MSC groups than in the HCP group (p<0.05, respec-
tively, Fig. 3E). However, no significant difference was
found between the CIMT group and the HCP group,
although the CIMT group was significantly lower than
the CIMT + MSC group (p<0.01, Fig. 4E). In addition,
forelimb suspension time was significantly longer in the
CIMT + MSC, MSC, and CIMT groups compared to the
HCP group (p<0.05, respectively, Fig. 4F). In summary,
the combination of CIMT and hUC-MSCs in HCP rats
promoted better recovery of motor function compared to
either treatment alone, suggesting a synergistic therapeu-
tic effect.
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Fig. 2 HUC-MSCs morphology, identification, and distribution in the brain. (A) Cell morphology in PH mode of an inverted microscope, scale bar
=200 um; (B) Flow cytometry of stem cell surface markers CD44, CD73, CD45, and CD34; (C) Immediate fluorescence after digestion of PKH26-labelled
3rd generation hUC-MSCs; (D) PKH26-labelled 3rd generation hUC-MSCs after cultivation for 48 h; (E) PKH26-labelled hUC-MSCs after 2 passages; (F)
PKH26-labelled hUC-MSCs were distributed in the cerebral cortex and (G) corpus callosum, scale bar =200 um; (H) The number of surviving hUC-MSCs
in the contralesion and ipsilesion at 24 h, 72 h and 7d post-injection (n=3). The data are shown as the mean + SEM. hUC-MSCs: human umbilical cord-
derived mesenchymal stem cells. (** p<0.01, *** p<0.001 vs. 24 h; #i## p <0.001 vs. ipsilesion)

Combination therapy promoted dendrite and axon
remodeling in the motor cortex of HCP rats

To observe the regeneration of neuronal dendrites and
axons, we quantified dendritic spine density and neuro-
nal complexity in the motor cortex based on single neu-
ron reconstruction (Fig. 5A). The results showed that
dendritic spine density was significantly greater in the

CIMT + MSC, MSC, and CIMT groups compared to the
HCP group (p<0.05, respectively, Fig. 5B-C). We used
two-dimensional Sholl analysis to graphically represent
the total number of intersections is 10 concentric cir-
cles with a distance of 10 um around soma. The results
showed a significantly higher number of intersections
in the CIMT + MSC group compared to the HCP group
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Fig. 3 Identification and screening of HCP rat models. (A) TTC staining at 24 h after surgery and quantitative analysis of the percentage of cerebral
ischemic infarct area (n=3); (B) Brain appearance of P18 rats in control and HCP groups; (C) The motor cortex neurons after Nissl staining and the
number of neurons analysis (1=4*2, 2 sections from each rat), scale bar =100 um; (D) Comparison of duration on the rotarod, (E) forelimb grip strength
and (F) forelimb suspension time of rats in each group (n=16). The data are shown as the mean +SEM. HCP: hemiplegic cerebral palsy; CIMT: con-
straint-induced movement therapy; MSC: mesenchymal stem cell; TTC: 2, 3, 4-triphenyltetrazolium chloride. (*** p <0.001 vs. HCP group; #i## p < 0.001 vs.
HCP 4+ CIMT +MSC group)

(p<0.01, Fig. 5D-E). However, no statistically significant
differences were observed between the CIMT, MSC, and
HCP groups (p>0.05, Fig. 5E). Overall, the findings indi-
cated that the combined therapy could synergistically
enhance dendrite and axon remodeling.

Combination therapy enhanced OL differentiation and
myelination in the motor cortex of HCP rats

We performed qualitative and quantitative analyses of
oligodendrocyte precursor cells (OPC) marker NG2,
immature OL marker CNPase, mature OL marker MBP,
and OL transcription factor Olig2 during OL differenti-
ation to assess myelination in the motor cortex in each

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Front-Limb Suspension Test (s)

Fig. 4 Behavioral test results of rats between different groups. (A) Rotarod test (white arrows indicate rats dropped onto the rotarod); (B) Forelimb grip
strength test (white circle indicates the right forelimb grip of the rat); (C) Front-limb suspension test (white circle indicates the right forelimb grasping of
the rat and white arrows indicate rats dropped); (D) Comparisons of the duration on the rotarod in each group (n=16); (E) Comparison of the forelimb
grip strength in each group (n=16); (F) Comparisons of the front-limb suspension time in each group (n=16). The data are shown as the mean £ SEM.
HCP: hemiplegic cerebral palsy; CIMT: constraint-induced movement therapy; MSC: mesenchymal stem cell. (* p<0.05, ** p<0.01, *** p<0.001 vs. HCP

group; # p<0.05, ## p<0.01, ### p <0.001 vs. HCP + CIMT +MSC group)

group (Fig. 6A-B). Immunofluorescence results showed
that the number of NG2* OPC was significantly higher in
the HCP group compared to the control group (p<0.01,
Fig. 6A). The number of NG2* OPC was significantly
lower after CIMT + MSC intervention (p<0.05, Fig. 6A),
and there was no significant effect of CIMT or MSC
intervention alone on OPC activity (p >0.05, Fig. 6A). The
number of CNPase* OL, MBP* OL, and Olig2* OL was
significantly reduced in the HCP group compared to the
control group (p<0.05, respectively, Fig. 6A), whereas it
was significantly higher in the CIMT + MSC group than
in the HCP group (p<0.05, respectively, Fig. 6A). Addi-
tionally, western blot analysis of the NG2, CNPase, MBP,
and Olig2 proteins further confirmed the above results
(Fig. 6B).

The morphology of the myelin sheaths in the outer
layer of the axons was examined by TEM to visually com-
pare myelin regeneration (Fig. 5F). In the control group,
the myelin sheaths were well organized with clear bound-
aries. However, in the HCP group, myelin damage was
most severe, characterized by loose myelin sheaths, poor

continuity and a significant reduction in myelin sheath
thickness. After treatment with CIMT or MSC alone,
there was a marked improvement in the arrangement and
continuity of the myelin sheaths. The most significant
myelination occurred in the CIMT + MSC group, which
showed regular arrangement of myelin sheaths, improved
continuity, and significant thickening of the myelin
sheaths.

Overall, our findings suggested a massive accumulation
of OPC and blocked differentiation to OL after hypoxic-
ischemic brain injury in HCP rats. The combined treat-
ment appeared to promote OL differentiation and
myelination more effectively than either individual treat-
ment alone.

Combination therapy enhanced differentiation of OPC to
OL in the motor cortex of HCP rats

Protein expression levels in oligodendrocyte lineage
changed significantly after the combined interven-
tion. To further investigate the impact of the combined
intervention on OL differentiation, double fluorescence

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Fig.5 The dendrite/axon remodeling and myelin ultrastructure in the motor cortex. (A) Neurons in the pyramidal cell layer of the motor cortex of normal
rats under Golgi staining (the black box is the area of pyramidal cell layer); (B) Dendritic spine morphology of the motor cortex in each group, scale bar
=5 um; (C) Comparison of the density of dendritic spines in each group (n=4), the number of dendritic spines per 10 um as their density =number of
dendritic spines/dendritic length*10; (D) Reconstruction of individual neurons in the motor cortex in each group; (E) Total number of intersections of
individual neurons with concentric circles in each group (n=4), the total number of intersections is 10 concentric circles with a distance of 10 um around
soma; (F) Myelin ultrastructure in the motor cortex in each group, scale bar =200 nm. The data are shown as the mean+ SEM. HCP: hemiplegic cerebral
palsy; CIMT: constraint-induced movement therapy; MSC: mesenchymal stem cell. (* p <0.05, ** p <0.01, *** p<0.001 vs. HCP group)

staining was performed for NG2* OPC and CNPase* OL
(Fig. 7A). The results showed that the NG2* OPC and
CNPase* OL area ratio was significantly higher in the
HCP group compared to the control group (p<0.001,
Fig. 7A). Following the combined intervention, the
NG2 area decreased while the CNPase area increased
(p<0.001, Fig. 7A), suggesting that the combination ther-
apy effectively promoted the differentiation of OPC into
immature OL to induce myelination.

Combination therapy promoted OPC differentiation by
inhibiting PRKCD expression

To investigate the specific mechanism of the combined
treatment in myelination, proteomic sequencing was
employed to analyze the protein content in the motor
cortex. High-throughput protein sequencing identified
a total of 434 DEPs (fold change>1.5, p<0.05, Fig. 8A
and Additional file 1). By intersecting the four groups of
DEPs, we found eight co-expressed DEPs (RGD1566265,

DEK, PRKCD, EDC4, CHMP2A, TCEAL5, ESYT1 and
PTPRNZ2, Additional file 1). In addition, we searched the
DrugBank database for drug targets associated with ‘cere-
bral palsy, ‘cerebral hypoxia-ischemia’ and ‘white matter
injury, yielding a total of 102 drug targets (Additional file
1). When the CP drug targets were intersected with the
co-expressed DEPs, PRKCD was identified as a key factor
of the synergistic effects of combined therapy (Fig. 8B).
Qualitative and quantitative analysis of PRKCD revealed
that both protein and mRNA expression of PRKCD were
significantly increased in the HCP group compared to
the control group (p<0.01, Fig. 8C-E). However, the
protein and mRNA expression levels of PRKCD after
CIMT + MSC and MSC interventions were significantly
lower than those in the HCP group (p<0.05, Fig. 8C-D).
Notably, the protein expression of PRKCD was signifi-
cantly lower in the CIMT + MSC group than in the CIMT
group (p<0.05, Fig. 8D), suggesting that the combined
intervention could suppress the expression of PRKCD.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Fig. 7 Combined treatment promotes the differentiation of oligodendrocyte progenitors into immature oligodendrocytes. (A) Expressions of NG2 and
CNPase positive cells assessed by immunofluorescence staining and ratio of fluorescence area of NG2 and CNPase positive cells in each group (n=4*2, 2
sections from each rat), scale bar =100 um. The data are shown as the mean + SEM. HCP: hemiplegic cerebral palsy; CIMT: constraint-induced movement
therapy; MSC: mesenchymal stem cell. NG2: neuron-glial antigen 2; CNPase: 2,3"-cyclic nucleotide 3-phosphodiesterase. (*** p <0.001 vs. HCP group)

To further investigate the role of PRKCD in OL differ-
entiation, we performed fluorescent co-localization of
PRKCD with NG2, Olig2, CNPase, and MBP (Fig. 9A).
The results showed co-expression of PRKCD with a large
number of NG2* OPC, a smaller number of Olig2* OL
and no co-expression with CNPase* OL or MBP* OL.
This suggests that PRKCD is predominantly expressed
in OPC and may regulate their physiological processes.
We then observed that the number of PRKCD*/NG2*
OPC was higher and the CNPase* OL and PRKCD" area
ratio was lower in the HCP group than in the control
group (p<0.001, Fig. 9B). However, combination ther-
apy decreased PRKCD*/NG2* OPCs but increased the
CNPase* OL and PRKCD" area ratio (p<0.05, Fig. 9B),
indicating that co-intervention might facilitate the differ-
entiation of OPC into immature OL by inhibiting PRKCD
expression.

CIMT combined with hUC-MSCs transplantation promoted
OPC differentiation through Inhibition of the MEK/ERK
pathway

The mitogen activated protein kinase kinase (MEK)/
extracellular signal regulated kinase (ERK) pathway is
critical for regulating essential processes such as cell pro-
liferation, differentiation, and survival [42]. In investiga-
tion of the KEGG pathways associated with PRKCD, we
discovered that PRKCD could activate the MEK/ERK
signaling, either directly or indirectly (KEGG PATHWAY
Database: map04722). To assess whether CIMT com-
bined with hUC-MSCs activates the MEK/ERK pathway

in HCP rats, we performed western blot analysis to eval-
uate the levels of phosphorylated MEK1/2 (p-MEK1/2)
and phosphorylated ERK1/2 (p-ERK1/2) (Fig. 10A).
Our results showed that the levels of p-MEK1/2 and
p-ERK1/2 were significantly higher in the HCP group
compared to the control group (p<0.05, respectively,
Fig. 10B-C). However, after combined intervention, we
observed significantly lower levels of p-MEK1/2 and
p-ERK1/2 (p<0.05, respectively, Fig. 10B-C). These find-
ings suggested that CIMT combined with hUC-MSCs
might facilitate OPC differentiation and myelination by
inhibiting the activation of PRKCD/MEK/ERK signal
pathway in HCP rats.

Discussion

In this study, we used a model of immature brain injury
as delineated in a previous publication to recapitulate
the brain injury observed in children with HCP [19].
We demonstrated that CIMT combined with intrathe-
cal hUC-MSCs injection might synergistically promote
the differentiation of OPC into immature OL and induce
myelination by inhibiting the PRKCD/MEK/ERK sig-
naling, and suggesting that myelin structural remodel-
ing drove functional reorganization which substantially
improved motor function in HCP rats. In addition to
making it easier to guide the use of combination therapies
from a clinically relevant experimental design, the study
further proposed distinct insights into the mechanisms
by which PRKCD/MEK/ERK mediates combination

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Fig. 8 Proteomics analysis after intervention and screening and validation of differential proteins. (A) Clustering heatmap of all significant proteins in
each group; (B) Venn diagram of differential expressed proteins in each group and cerebral palsy drug targets; (C) Comparison of the mRNA expression
of PRKCD among the groups (n=4); (D) Comparison of the expression of PRKCD analyzed by Western blotting among the groups (n=4*3, repeated three
times per group); (E) Comparison of the expression of PRKCD in the motor cortex assessed by immunofluorescence staining among the groups (n=4%2, 2
sections from each rat), scale bar =100 um. The data are shown as the mean+ SEM. HCP: hemiplegic cerebral palsy; CIMT: constraint-induced movement
therapy; MSC: mesenchymal stem cell; PRKCD: protein kinase C delta. Full-length blots are presented in Additional file 2. (* p <0.05, ** p<0.01, *** p <0.001
vs. HCP group; # p <0.05 vs. HCP + CIMT + MSC group)
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Fig. 9 Combination therapy promotes OPC differentiation by inhibiting PRKCD expression. (A) Fluorescence co-localization of PRKCD with NG2, Olig2,
CNPase, and MBP, scale bar =50 um; (B) Comparison of the area of PRKCD/NG2 double positive cells and ratio of fluorescence area of CNPase/PRKCD
positive cells in each group (n=4*2, 2 sections from each rat), scale bar =100 um. The data are shown as the mean + SEM. HCP: hemiplegic cerebral palsy;
CIMT: constraint-induced movement therapy; MSC: mesenchymal stem cell; Olig2: oligodendrocyte transcription factor 2; NG2: neuron-glial antigen 2;
CNPase: 2;3-cyclic nucleotide 3"-phosphodiesterase; MBP: myelin basic protein; PRKCD: protein kinase C delta. (* p <0.05, *** p<0.001 vs. HCP group)

therapy-related neurobehavior from the viewpoint of
myelination.

Brain injury in HCP is predominantly characterized
by white matter damage, persistent myelin defects, and
reduced plasticity, usually accompanied by a decrease in
myelinated OL [25, 43, 44]. Optimizing motor cortical

circuits, promoting differentiation of OL, and induc-
ing myelination may hold the key to improving HCP
brain injury [45, 46]. We have established an HCP model
using 5-day-old rat pups to mimic 32-36-week-old
human immature brains, as the white matter vulnerabil-
ity of rodents at this time [47]. OPC is more sensitive to
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HI-induced injury at this stage, as evidenced by a multi-
fold expansion of the OPC pool, a persistent maturation
arrest and impaired differentiation into myelin-produc-
ing cells [43, 45]. At 24 h post-operation, the cerebral
infarction area reached 20-30% of total brain volume.
By P18, the left motor cortex showed approximately 50%
neuronal loss accompanied by significant tissue atrophy,
correlating with 50% impairment in motor function.
Until P49, motor deficits persisted at 40% of normal lev-
els with significant myelin disruption. This series of find-
ings demonstrates persistent hypoxic-ischemic injury
across developmental stages. Subsequently, rats at P20-21
were selected for CIMT and hUC-MSCs transplantation,
mimicking the clinical treatment timeline for 2-3-year-
old children diagnosed with HCP [47, 48].

Due to no cure currently exists for HCP, rehabilitation
such as CIMT are mainly used in clinical practice though
their efficacy remains suboptimal [9, 10]. Stem cell trans-
plantation, which directly targets potential brain injury to
reduce the severity, is a promising etiological treatment
for HCP [49]. However, as HCP is typically diagnosed
between 12 and 24 months, stem cell transplantation
often misses the narrow treatment window after brain
injury [1]. Certain cellular therapies can re-stimulate
plasticity mechanisms and promote rehabilitation-
induced stabilization of newly formed neural circuits
[26, 27]. Therefore, it is generally recommended to apply
stem cell transplantation combined with rehabilitation
strategies to achieve additional or synergistic therapeutic
effects [50].

As adult stem cells, MSC has extensive accessibility,
minimal tumorigenicity and significant paracrine effects
in comparison to neural stem/precursor cells [51]. Allo-
geneic hUC-MSCs are less costly and time-consuming
than the use of autologous bone marrow cells and is
usually more suitable for children and adolescents [52].

Furthermore, MSCs possess low immunogenicity due
to their lack of major histocompatibility complex class
II (MHC-II) molecule expression [53]. Notably, human-
derived MSCs have not been observed to induce signifi-
cant immune rejection in rodent models, which provides
substantial evidence supporting the safety of xenogeneic
stem cell application in this study [19-21]. Compared to
intracerebroventricular injections, intrathecal injections
minimize tissue trauma, enable repeat injections, and
are more suitable for clinical stem cell applications [12,
54, 55]. Our previous study indicated intrathecal injec-
tion of hUC-MSCs showed less trauma in HCP model,
and the motor improvement could last at least 4 weeks
after injection [19]. Therefore, we designed to conduct 2
weeks CIMT immediately after intrathecal hUC-MSCs
transplantation and evaluation 2 weeks later, in order to
observe the synergistic effects of combination therapy.
Our results showed that combining CIMT with hUC-
MSCs could achieve enhanced therapeutic outcomes
on the motor function improvement when compared to
monotherapies. In HCP rats, overall motor function and
fatigue resistance showed a superimposed effect after
combined treatment, whereas recovery of upper limb
grip and endurance was secondary to the overall func-
tional improvement. After intrathecal injection, hUC-
MSCs were mainly localized in the cortex of the damaged
side of the brain, peaking at 24 h after transplantation
and gradually diminishing over time. During this period,
CIMT was administered. The synergistic effect likely
arises from transplanted stem cells surrounding the dam-
aged cortex, enhancing CIMT-induced motor cortical
circuit remodeling by secreting bioactive molecules that
establish a favorable microenvironment [13, 27].
Functional recovery necessitates the formation of new
neural connections and circuits, while remodeling of
cortical neural circuits thrives on the integrity of myelin
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[56-58]. Our results showed that both combination
therapy and single CIMT or MSC treatment were effec-
tive in promoting myelination, which was consistent with
previous studies [8, 19, 59]. In our study, the combina-
tion treatment increased dendritic spines and branches,
suggesting enhanced neurogenesis and neuronal circuit
recovery, although the change was not statistically signifi-
cant compared to single treatment. At present, evidence
from the HI model of immature brain injury [59] and the
stroke model of mature brain injury [60, 61] has shown
that the combined treatment can synergistically promote
myelination and functional recovery after brain injury,
which is in line with our findings. However, our experi-
mental protocol, including stem cell type, injection tim-
ing, delivery route, and the restriction method of CIMT,
closely resembles clinical interventions, facilitating trans-
lational applications.

Myelination after hypoxic-ischemic brain injury
requires the involvement of oligodendrocyte lineage cells
and relies on the generation of new mature OL by OPC
[45, 62]. OPC migrate within tissues and extend multiple
cell membrane processes to differentiate into OL, which
eventually wrap around axons to form myelin sheaths
[63]. Back noted that impaired white matter myelina-
tion was associated with abnormal OPC differentiation,
which he attributed to the enlargement of OPC cell pools
resulting from OPC plasticity responses in subacute
lesions and the disruption of OPC differentiation into
myelinated OL [43]. Biname et al. [64] and Gaesser et al.
[65] expressed the same view, suggesting that promoting
OPC differentiation may be a potential regenerative strat-
egy for myelination in white matter lesions. Our study
observed impaired OPC differentiation, with large num-
bers of OPC remaining 45 days after brain injury and a
significant reduction in immature and mature OL. Com-
bination therapy significantly reduced numbers of NG2*
OPC and increased numbers of Olig2* OL, CNPase*
OL, and MBP* OL, potentially linked to enhanced OPC
differentiation. We then further confirmed by NG2*/
CNPase® fluorescence area analysis that combination
therapy promoted OPC differentiation into immature
OL induced myelin formation. The combined treatment
strategy focusing on the normal differentiation process of
OPC is proposed for the first time, which may make an
essential contribution to long-term myelination in HCP.
However, little was known about the role of combination
therapy in OPC differentiation.

In the study, we identified a key factor of the syner-
gistic effect of the combination therapy, PRKCD, which
was expressed in OPC and involved in physiological pro-
cess of OPC. PRKCD is a member of the novel calcium-
independent protein kinase C (PKC) family and regulates
cell proliferation, the cell cycle, and apoptosis, primarily
through mediating the phosphorylation of target proteins
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[66]. MEK/ERK is a downstream signaling pathway of
PRKCD in OL, regulating critical processes including cell
proliferation, differentiation and survival [42, 67]. Studies
have shown that ERK1/2 mediates early OPC differentia-
tion and that inhibition of the MEK/ERK pathway pro-
motes OL formation and recovery from demyelinating
diseases [65, 68]. Pharmacological or siRNA-mediated
inhibition of PKC signaling can induce OPC differen-
tiation [69]. Therefore, we hypothesized that PRKCD/
MEK/ERK pathway mediate the effects of CIMT com-
bined with hUC-MSCs transplantation in promoting
OPC differentiation in HCP rats. We then performed
relevant experiments to verify this hypothesis. In the
HCP group, both PRKCD protein and mRNA levels, as
well as the number of PRKCD*/NG2* double positive
cells were significantly higher, along with increased phos-
phorylation levels of MEK and ERK. Following combina-
tion treatment, there was a more than 1-fold decrease
in PRKCD protein and mRNA levels, as well as a reduc-
tion in PRKCD expression on NG2 glial cells. Addition-
ally, MEK and ERK phosphorylation levels decreased by
0.5- to 1-fold, alongside an approximate 0.5-fold increase
in CNPase and MBP levels. These results suggested that
CIMT combined with hUC-MSCs improved HCP motor
function, possibly by inhibiting the PRKCD/MEK/ERK
pathway to promote the differentiation of OPC into OL,
thereby inducing myelination.

Previous studies have shown that the effects of PKC on
OPC and OL differ significantly, with activation of PKC in
OPC appearing to be involved in increased proliferation
and decreased differentiation, whereas activation of PKC
in OL probably increases process extension and myelin
formation [67]. Our results confirmed this distinction,
demonstrating that PRKCD was specifically expressed on
NG2* OPC and promoted OPC differentiation by inhibit-
ing PRKCD activation. This may relate to Thr phosphory-
lation events within the cytoplasmic domain of the NG2
proteoglycan. ERK mediates the phosphorylation of NG2
at Thr', stimulating cell proliferation [70, 71]. When
combination therapy targeted the inhibition of PRKCD,
it suppressed the activation of MEK and ERK, allowing
OPC to exit the cell cycle and initiate a transcriptional
programme to induce differentiation into mature OL [72,
73]. Our study supports an intrinsic mechanism by which
PRKCD involves in OPC differentiation, and strategies
that directly alter PRKCD activity or modulate PRKCD
activation may be therapeutically useful. Therefore, the
development of therapies targeting PRKCD and other
PKC subtypes may have significant potential value in the
treatment of diseases associated with defective myelina-
tion [69].
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Limitations

There were several limitations to the present study. Firstly,
the etiology of HCP is complex and varied, and our HI
model cannot fully replicate brain injury in children with
HCP. Secondly, in our study, we focused on the syner-
gistic effect of the two therapies on myelination and did
not explore other mechanism of the interaction between
CIMT and hUC-MSCs. Further research is warranted
to determine the complex interactions and the optimal
timing and sequence of combination therapy. Thirdly, it
is essential to characterize the signaling cascades dur-
ing myelin regeneration. Finding only implied that com-
bined interventions might promote the differentiation
of OPC into immature OL by inhibiting the PRKCD/
MEK/ERK signaling. The mechanism of interaction
between PRKCD/ MEK/ERK pathways in OPC remains
unclear, and the role of PRKCD/MEK/ERK in OPC dif-
ferentiation and myelination requires further validation
through cellular and animal experiments, as well as clini-
cal verification in samples from individuals with upper
limb palsy. Finally, although the current neurobehavioral
assessments, myelin protein analyses, and neuronal mor-
phology examinations provide valuable insights, these
findings are insufficient to fully characterize neural cir-
cuit reorganization and functional remyelination. Future
investigations should incorporate electrophysiological
techniques to directly evaluate local and distal neural sig-
nal transmission, which would provide more comprehen-
sive evidence of functional recovery.

Conclusions

CIMT combined with hUC-MSCs intrathecal trans-
plantation synergistically promoted myelination and
restored motor function in HCP rats. The mechanisms
might be relevant to promote the differentiation of OPC
into immature OL and induce myelination by inhibiting
PRKCD/MEK/ERK signaling. These findings highlighted
a synergistic effect of CIMT combined with hUC-
MSCs, broadening the clinical treatment strategy for
HCP and identifying a promising target for therapeutic
intervention.
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