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demyelination mouse model
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Oligodendrocytes are the myelinating cells of 
the central nervous system. Brain injury and neurode‐
generative disease often lead to oligodendrocyte death 
and subsequent demyelination-related pathological 
changes, resulting in neurological defects and cogni‐
tive impairment (Spaas et al., 2021; Zhang J et al., 
2022). Multiple sclerosis (MS) is a major demyelinat‐
ing disease of the central nervous system. The pathol‐
ogy of MS is characterized by the loss of myelin, oli‐
godendrocytes, and axons in the brain, brain stem, 
and spinal cord, as well as by white matter lesions 
(Lassmann et al., 2007). Unfortunately, no defini‐
tive cure for MS has been developed. Immunomodu‐
latory and anti-inflammatory drugs are effective in the 
relapsing-remitting phase of MS because they reduce 
the frequency of relapses and the formation of inflam‐
matory lesions; however, they do not alter the course 
of progressive MS and are insufficient to cure chronic 
neurological dysfunction (Xiao et al., 2015; Zhang 
et al., 2021). The treatment outcome is even worse for 
MS patients with primary and secondary progressions. 
Mesenchymal stem cells (MSCs) are stromal cells 

that can self-renew and exhibit multilineage differenti‐
ation. MSCs are easy to expand in vitro and exhibit 
low immunogenicity, no tumorigenic risks, and ethical 
controversies, making them a promising candidate for 
regenerative medicine (Zhang L et al., 2022; Xu et al., 
2023). Many studies have confirmed the neural differ‐
entiation potential of MSCs under certain conditions, 
making them a prime candidate for treating neurode‐
generative diseases (Jang et al., 2010; Yan et al., 2013). 
The present study investigated the effects of cranial 
bone-marrow mesenchymal stem cells (cBMMSCs) and 
oligodendrocyte-specific protein 2-positive (Olig2+ ) 
single-colony-derived cBMMSC (sc-cBMMSC), iso‐
lated in our previous work (Yang et al., 2022), in a 
central nervous system demyelination mouse model.

First, we established the mouse model of central 
nervous system demyelination by feeding mice with 
0.2% (2 g/L) cuprizone (CPZ) for six weeks (see sup‐
plementary “Materials and methods” for the specific 
methods) (Hedayatpour et al., 2013), and the animals 
were randomly divided into a model group, vehicle 
group, cBMMSC group, and Olig2+ sc-cBMMSC group 
(n=7). The cBMMSCs and sc-cBMMSCs were isolat‐
ed from the mononuclear cell content of cranial bones 
by adherent culture and passaging. To establish an 
sc-cBMMSC isolate, individual colonies were iden‐
tified under a phase-contrast microscope and harvested 
using sterile cloning cylinders (see supplementary “Ma‐
terials and methods” for the specific methods). Cells at 
the 5th passage were used in the following treatments. 
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The mice were administered cell isolates via tail vein 
at 1×106 cells per 100 µL phosphate-buffered saline 
(PBS) once a week for two weeks. One week after 
the completion of treatment, mice in each group were 
evaluated for the relevant indicators. In the rod-rotating 
experiment, the rod-rotating time of CPZ model mice 
was significantly shorter than that of normal (P<0.01). 
Both cBMMSC and sc-cBMMSC transplantation sub‐
stantially improved rod-rotating time (P<0.05 and P<
0.01, respectively), and the effect was more signifi‐
cant in the sc-cBMMSC group (P<0.05) (Fig. 1a). 
The same change trend was observed in the suspen‐
sion experiment; the hanging time of animals in the 
CPZ model group was significantly shorter than that of 
those in the normal group (P<0.01). Administration 
of cBMMSC slightly expanded mouse hanging time, 
but the difference was not significant (P>0.05). The 
animals in the sc-cBMMSC transplantation group ex‐
hibited significantly improved hanging time compared 
to the model group (P<0.05; Fig. 1b). We also con‐
ducted a water-maze experiment. During Days 2‒5 of 
positioning and navigation training, the time it took 

for mice in each group to find the platform gradually 
shortened with the increasing number of training days. 
The results on Day 5 showed that compared with the 
model group, both the cBMMSC and sc-cBMMSC 
transplantation groups achieved significantly reduced 
time (P<0.01), and the effect was more significant 
in the sc-cBMMSC group (P<0.05) (Fig. 1c). The 
number of crossings for the CPZ model group was 
significantly lower than that for the normal group 
(P<0.01), and those for the cBMMSC and Olig2+ 
sc-cBMMSC transplantation groups were significantly 
higher than those for the model group (P<0.05 and P<
0.01, respectively) (Fig. 1d). These findings suggest 
that cranial-derived MSC transplantation improves 
the movement coordination, muscle strength, and 
learning and memory abilities of CPZ mice, and that 
the effect of sc-cBMMSC transplantation is more 
pronounced.

Next, we assessed the levels of peripheral and 
central inflammatory factors in each group of mice 
(Avşar et al., 2021). The enzyme-linked immunosor‐
bent assay (ELISA) results showed that the levels of 

Fig. 1  Assessment of mouse behavior. (a) Rotation time for each group of mice in the rotarod experiment; (b) Hanging 
time for each group of mice in the suspension experiment. (c) Positioning cruise training for the water-maze experiment, 
with the time it took for each group of animals to find the platform at different time points. (d) Number of times the 
animals in each group crossed the water maze on Day 6. Data are presented as mean±standard deviation (SD), n=5. * P<
0.05; ** P<0.01. cBMMSC: cranial bone-marrow mesenchymal stem cell; sc-cBMMSC: single-colony-derived cBMMSC.
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serum tumor necrosis factor-α (TNF-α), interleukin-
1β (IL-1β), IL-6, and other inflammatory factors in 
the peripheral blood of animals in the CPZ model 
group were significantly increased. MSC transplanta‐
tion significantly suppressed the levels of the above 
inflammatory factors (P<0.05; Fig. 2a). There was no 
significant difference between the cBMMSC and sc-
cBMMSC groups (P>0.05). The detection results for  
brain tissue protein were similar to those for peripheral 
blood (Fig. 2b). T-cell subpopulations that were sensi‐
tive to CPZ were further analyzed (Solti et al., 2015). 
Compared with the normal group, the proportions of 
cluster of differentiation 3-positive (CD3+ ) and CD4+ 
T cells in the peripheral blood of the CPZ model group 
were significantly higher, as determined by flow assays 
(P<0.05). In the MSC transplantation groups, the pro‐
portions of CD3+ and CD4+ T cells were significantly 
suppressed (P<0.05; Fig. 3), suggesting that these cells 
have excellent immune-regulatory capabilities.

Myelin basic protein (MBP), a marker of mature 
oligodendrocytes, is widely present in myelin sheaths 
(Kashani et al., 2015). MBP is essential for main‐
taining the stability of central nervous system (CNS) 
myelin-sheath structure and function (Vassall et al., 
2015). Western blotting showed that MBP expression in 
CPZ model mice was significantly reduced (P<0.01), 
while MSC transplantation significantly increased MBP 

expression (P<0.05), especially in the sc-cBMMSC 
group (Figs. 4a and 4b). Hematoxylin and eosin (H&E) 
staining and transmission electron microscopy were 
employed to observe the myelin-like structure in the 
corpus callosum of the brain tissue of experimental 
animals according to previous report (el Sharouny 
et al., 2022). The results showed that the myelin-like 
structure was largely diminished in CPZ model mice. 
We observed myelin-like structure in the MSC trans‐
plantation groups, among which recovery was more 
obvious in the sc-cBMMSC group (Figs. 4c and S1a). 
Immunohistochemistry staining of Olig2 and Synap‐
sin (Syn) was performed in the corpus callosum, 
showing that Olig2 and Syn signals were significantly 
decreased in CPZ model mice. The number of posi‐
tive signals was increased in both MSC transplan‐
tation groups, with more obvious recovery in the 
sc-cBMMSC group (Figs. 4d and S1b). These results 
suggest that Olig2+ cBMMSC transplantation can pro‐
mote the regeneration of oligodendrocyte progenitor 
cells and nerve cells, thereby promoting the repair of 
myelin structure, with a more significant effect of 
sc-cBMMSC.

The observed improvements in motor, strength, and 
cognitive functions following cBMMSC and sc-cBMMSC 
transplantation align with previous research demon‐
strating the potential of stem-cell therapy in various 

Fig. 2  Expression levels of inflammatory factors. (a) Enzyme-linked immunosorbent assay (ELISA) detection results for 
serum inflammatory factors. (b) ELISA detection results for brain tissue inflammatory factors. Data are presented as mean±
standard deviation (SD), n=5. * P<0.05. TNF-α: tumor necrosis factor-α; IL: interleukin; cBMMSC: cranial bone-marrow 
mesenchymal stem cell; sc-cBMMSC: single-colony-derived cBMMSC.
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Fig. 4  Analyses of demyelination and remyelination. (a, b) Western blotting and quantitative results of myelin basic protein 
(MBP) expression in brain tissue. Data are presented as mean±standard deviation (SD), n=5. * P<0.05; ** P<0.01. (c) Pathological 
examination of brain-tissue corpus callosum. The nuclei of oligodendrocytes appear darkly stained and arranged in parallel 
longitudinal rows, as bracketed by lines. H&E: hematoxylin and eosin (scale bar=50 μm); TEM: transmission electron 
microscopy (scale bar=2 μm). (d) Immunohistochemical detection of Olig2 and Syn. Scale bar=100 µm. GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase; cBMMSC: cranial bone-marrow mesenchymal stem cell; sc-cBMMSC: 
single-colony-derived cBMMSC; Olig2: odendrocyte-specific protein 2; Syn: synapsin.

Fig. 3  Detection of T-cell ratio in peripheral blood. (a) Flow cytometry showing the proportion of CD3+ and CD4+ cells. 
(b) Statistical results for the proportion of CD3+ and CD4+ T cells. Data are presented as mean±standard deviation (SD), 
n=5. * P<0.05. CD3+: cluster of differentiation 3-positive; FITC-A: fluorescein isothiocyanate-A; PE-A: phycoerythrin-A; 
cBMMSC: cranial bone-marrow mesenchymal stem cell; sc-cBMMSC: single-colony-derived cBMMSC.
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neurodegenerative diseases. For instance, studies ex‐
ploring stem-cell applications in pre-clinical models 
of neurodegenerative disorders, such as Parkinson’s 
disease and Huntington’s disease, have reported posi‐
tive effects on motor control, cognitive abilities, and 
neurofunctional outcomes (Biglari et al., 2023; Conner 
et al., 2023; Kandeel et al., 2023). These findings high‐
light the remarkable potential of stem-cell transplan‐
tation to promote functional recovery in the context of 
neurodegeneration.

The immunomodulatory effects of MSCs are 
increasingly recognized and have been studied ex‐
tensively. MSCs have been shown to secrete a wide 
range of bioactive molecules that can exert potent 
immunosuppressive effects, such as reducing pro-
inflammatory cytokines while promoting the release of 
anti-inflammatory factors (Eldaly et al., 2022; Lyamina 
et al., 2023). The reduction observed in TNF-α, IL-1β, 
and IL-6 levels in the peripheral and central nervous 
systems of the model mice in this study is in agree‐
ment with the known immunomodulatory capabilities 
of MSCs (Mo et al., 2022). By suppressing inflam‐
matory response, cBMMSC and sc-cBMMSC trans‐
plantation may attenuate immune-mediated damage 
and promote a suitable environment for tissue repair.

The potential of MSCs to facilitate myelin repair 
has been a significant area of interest. Studies have 
also underscored the critical role of MSCs in disease 
modification and myelin restoration beyond symptom‐
atic treatment in various demyelinating disorders, in‐
cluding MS (Allegretta et al., 2022; Islam et al., 2023; 
Zhang et al., 2023). The increase in MBP expression 
and the formation of myelin-like structures observed 
here further support the regenerative potential of 
cBMMSC and sc-cBMMSC transplantation. Our find‐
ings highlight the ability of these stem cells to promote 
the repair and formation of myelin sheaths, which 
are crucial for restoring normal neuronal communi‐
cation and function.

Furthermore, the added value of using Olig2+ sc-
cBMMSCs that became apparent in this study corre‐
sponds with emerging research emphasizing the import‑
ance of enhancing the purity and specificity of stem-
cell populations; recent studies have demonstrated that 
the enrichment or selection of specific cell subpopula‐
tions, such as Olig2+ cells, can enhance the therapeu-
tic efficacy of stem-cell-based therapies (Yang et al., 
2022). By focusing on specific stem-cell subtypes, 

researchers can potentiate the desired therapeutic ef‐
fects for improved outcomes (Kashani et al., 2023).

Overall, the findings of this study contribute to 
the growing body of evidence supporting the thera‐
peutic and immunomodulatory potential of stem cells, 
particularly cBMMSC and Olig2+ sc-cBMMSC, in the 
context of demyelinating diseases like MS. Our re‐
sults highlight the potential of this avenue for future 
clinical applications and underline the need for further 
research. This should include well-designed clinical 
trials to validate these findings and translate them into 
effective therapies for patients in need. The expand‐
ing knowledge in this field fosters optimism about 
harnessing the regenerative capabilities of stem cells 
to address the complex challenges posed by neurode‐
generative diseases.

Materials and methods
Detailed methods are provided in the electronic supple‐

mentary materials of this paper.
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