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Bone marrow mesenchymal stem cells repair
brachial plexus injury in rabbits through

ERK pathway
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Abstract. - OBJECTIVE: To investigate the
effect of bone marrow mesenchymal stem cells
(BMSCs) on repairing brachial plexus injury
in rabbits and their influence on expression of
the extracellular signal-regulated kinase (ERK)
pathway.

MATERIALS AND METHODS: With big-ear
rabbits as the objects, the BMSCs were first iso-
lated, and the cluster of differentiation (CD)45-
and CD90* BMSCs were sorted out via flow cy-
tometry. BMSCs were transfected with red
fluorescent protein (RFP), and the transfection
effect was detected. Then, the big-ear rabbits
were subjected to brachial plexus root avulsion
injury (BPAI) to establish injury Model group and
sham-operation group (Sham group). Later, the
BMSCs were transfected with RFP to construct
RFP-BMSCs. The RFP-BMSCs (5x10°, Treat
group) and normal saline (Model group) were in-
traperitoneally injected, and the recovery rate of
wet weight of the upper limb muscle was mea-
sured by weighing. The injured nerve tissues
were embedded for hematoxylin and eosin (HE)
staining and observation of pathological chang-
es. The electrophysiological measurement of
the compound muscle action potential (CMAP)
on the injured side was conducted for the rabbits
to be sacrificed immediately using an electro-
myogram instrument, and the CMAP amplitude
and latency were applied to evaluate the recov-
ery of upper limb muscle. Finally, the location of
RFP-BMSCs in the nerve tissues was traced by
a fluorescence microscope, and the protein ex-
pression levels of phosphorylated ERK (p-ERK)
and phosphorylated mitogen-activated protein
kinase (p-MAPK) in the injured nerve tissues
were determined by means of Western blotting.

RESULTS: Persistently expressed red fluores-
cence was observed in CD45- and CD90+ BMSCs
sorted via flow cytometry under the fluorescence
microscope, indicating that the RFP-BMSCs
were constructed successfully. Compared with
Sham group, Model group had a remarkably
decreased recovery rate of wet muscle weight
(p<0.05), while Treat group exhibited a notably
increased recovery rate of wet muscle weight in
comparison with Model group. The CMAP am-

plitude was reduced markedly (p<0.05), while
the CMAP latency was prolonged significantly
(p<0.05) in Model group compared with those in
Sham group. Moreover, Treat group had distinct-
ly higher CMAP amplitude and evidently shorter
CMAP latency than Model group (p<0.05). It was
discovered under the fluorescence microscope
that RFP-BMSCs were visibly arranged on both
sides of nerve fibers in Treat group. The expres-
sions of p-MAPK and p-ERK were raised promi-
nently in Model group in comparison with those
in Sham group (p<0.05), and they were lowered
apparently in Treat group compared with those
in Model group (p<0.05).

CONCLUSIONS: BMSCs can repair the im-
paired brachial plexus neurons and restore their
physiological functions, and the protective ef-
fect of the BMSCs on the neurons is associated
with the mediated MAPK/ERK pathway.
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Introduction

Recovering limb functions is the major task of
treating peripheral nerve injury. It has been reported
that nerve damage affects 2.8% of patients with trau-
ma'. The injury ranges from nerve compression to
complete nerve transection, and breakpoints appear
in the neural structure at the involved site, without
continuity. Under such circumstances, re-anastomo-
sis is the only reliable therapeutic method. Trauma
can influence the sciatic nerve, femoral nerve, facial
nerve, and other peripheral nerves, thus causing cor-
responding regional paralysis. The characteristics of
neural injury, a common peripheral neuropathy, are
muscle weakness, reflection change, and numbness.
Most patients will have persistent pain, dyskinesia,
and even long-term disability”. The biggest problem
of restoring the neurological function is the slow
growth of neurites, thereby delaying re-innervation
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of muscles®. In spite of progress in nerve fascicle or
fascicular suture, the outcome of tension-free nerve
repair is not the optimum, which may be attribut-
ed to internal and external factors of the nervous
system®*. Several alternative traditional therapeutic
methods are under investigation, among which stem
cell transplantation has attracted much attention®”.

Mesenchymal stem cells (MSCs) are able to re-
new themselves and differentiate into multiple lin-
eages, including neuronal cells (e.g., Schwann cells),
which can enhance neural regeneration through the
MSCs'®!!, The therapeutic benefit of MSCs in an-
imal models of such brain diseases as Parkinson’s
disease, multiple sclerosis, stroke, brain injury,
spinal cord injury, and peripheral nerve injury has
been displayed>’>. MSCs possess the potential of
inducing myogenesis and angiogenesis by releasing
different angiogenic, mitogenic, and anti-apoptotic
factors, including vascular endothelial growth fac-
tor (VEGF), IGF-1, HGF, and Bcl-2". In addition,
MSCs produce other paracrine factors, such as stem
cell factor and heat-shock protein 20, that participate
in remodeling, regeneration, and neovasculariza-
tion, thus improving organ functions'®. In the exis-
tence of paracrine factors VEGF, TGF-B1, and NO,
MSC:s are capable of ameliorating the blood flow in
rat model of hindlimb ischemia!’. Moreover, they
have the unique capacity to migrate to the regions
with hypoxia and tissue injury and strengthen tis-
sue repair'’®!?. MSCs can be administered locally
or systemically, in which local administration has
an advantage that MSCs can directly reach the le-
sion site (target organ), also known as non-systemic
homing®. In the case of intravenous administration,
however, MSCs are easy to be trapped in the lung,
liver or spleen because they are bigger, and the ex-
pression of adhesion molecules [such as integrins
cluster of differentiation (CD) 49 or CD49d] will re-
duce the number of cells delivered to the target site
(about 2%)*'. The effective homing and migration
toward the lesion site of MSCs play vital roles in the
treatment with MSCs. This study aims to determine
whether the treatment with MSCs can improve the
recovery of limb function to ameliorate peripheral
nerve injury, and to further explore the underlying
mechanism.

Materials and Methods

Materials

Big-ear rabbits (Laboratory Animal Research
Center of the Hospital), bicinchoninic acid assay
(BCA; Beyotime Biotechnology, Beijing, China),
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radio immunoprecipitation assay (RIPA; Apply-
gen, Beijing, China), Leitz 1516 tissue microtome
(Leica, Wetzlar, Germany), electromyogram in-
strument (Medtronic Keypoint, Minneapolis, MN,
USA), electronic balance (Eppendorf, Hamburg,
Germany), and primary antibodies of phosphory-
lated mitogen-activated protein kinase (p-MAP)
and phosphorylated extracellular signal-regulated
kinase (p-ERK; Abcam, Cambridge, MA, USA).

Objects and Grouping

Red fluorescent protein (RFP)-bone marrow
MSCs (BMSCs) were divided into RFP-vec-
tor-BMSCs group and RFP-BMSCs group during
construction based on varying transfection re-
agents. The objects big-ear rabbits were assigned
into sham-operation group (Sham group, n=15),
model + normal saline group (Model group,
n=15), and model + RFP-BMSCs group (Treat
group, n=15). This investigation was approved by
the Animal Ethics Committee of Zhengzhou Uni-
versity Animal Center.

Separation and Purification of Rabbit
BMSCs

The rabbits were anesthetized by midazolam
(0.2-2.0 mg/kg), and the knees were cleansed
using soap and scrubbed with povidone-iodine
(PVP-I). Then, 8.0 mL of bone marrow at the
proximal tibia was harvested by virtue of an aspi-
ration needle and a 12 mL syringe containing 2.0
mL of heparin sodium injection. The heparinized
bone marrow was washed with phosphate-buff-
ered saline (PBS) and then centrifuged at 1500
rpm and room temperature for 5 min. After that,
the layer of nucleated cells was resuspended in a
Dulbecco’s Modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS) and
1% antibiotics, and the cells were seeded in a 100
cm? plate, incubated under culture conditions of
adherent cells, and washed using PBS three days
later. Next, the medium was replaced, and the pu-
rified cells were digested with trypsin when the
cell fusion reached over 70%.

Rabbit Model of Brachial Plexus Root
Avulsion Injury (BPAI)

The BPAI model was established under the an-
esthesia by intraperitoneal injection of 10% chlo-
ral hydrate. For the convenience of operation, the
rabbits were placed in the prone position. An inci-
sion was made from the back of the neck along the
midline of the body under the sterile conditions.
The process of thoracic vertebra 2 was discov-
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ered, and the left muscles were separated to ex-
pose the facets of vertebraec C4-T1. Subsequently,
hemi-laminectomy was performed for left C4-T1
using micro-dissecting scissors, so as to expose
the dorsal roots of C5-T1. Thereafter, the dorsal
roots of C5-T1 were torn off from the spinal cord
to expose the ventral roots, which were avulsed
via the same methods. The operation was con-
ducted under an operating microscope. Sham
group received semi-blind resection of left C4-T1
and exposure of brachial plexuses (C5, C6, C7,
C8, and T1), and then the incision was closed,
without tearing the brachial plexuses.

Recovery Rate of Wet Weight of Upper
Limb Muscle

The upper limb muscle tissues of the rabbits
anesthetized and sacrificed 3 weeks later were
taken, and intact triceps muscle was dissected
from the origins and terminations of the upper
limb. Next, the tissues were cleaned with PBS to
remove the residual bloodstains and fragments on
the tissues, followed by natural drying. The tri-
ceps muscles of both arms were weighed using
the electronic balance, and the muscle recovery
rate was calculated according to the following
formula, so as to evaluate the changes in func-
tional restoration of impaired tissues.

Formula: recovery rate of wet weight = wet
weight of upper limb muscle on the operation side/
wet weight of upper limb muscle on the healthy
side x100%.

Hematoxylin and Eosin (HE) Staining for
Nerve Tissues

The aforementioned muscle tissues were taken,
a portion of which was quickly frozen in liquid
nitrogen to prepare frozen sections, and the other
portion was fixed for 24 h, embedded in paraffin
and sliced to 1.5 pm-thick sections through the
microtome, followed by HE staining. For the pur-
pose of more thorough deparaffinization, the sec-
tions were put in an oven at 65°C the day before
experiment, then deparaffinized and dehydrated
at the beginning of the experiment, stained with
hematoxylin for 4 min, flushed in running water
for 1 min and counterstained with eosin for 1 min,
followed by dehydration, clearing, mounting, and
observation of results.

Electrophysiological Examination
Electrophysiological examination was per-

formed on the injured side immediately before

killing the rabbits, where the dorsal roots of C5-

T1 were exposed after anesthesia of the rabbits.
Then stimulating electrodes were placed above
and below the injured segments, while recording
electrodes were put in the upper limb muscles,
and amplitude and latency of compound muscle
action potential (CMAP) were recorded by the
electromyogram instrument, which were mainly
used to evaluate the recovery of muscle function
after neural injury.

Transfection of RFP Label into BMSCs

The third-generation BMSCs obtained through
separation and purification were inoculated into a
12-well plate, RFP transfection reagent was taken
out and thawed on ice, and 100 puL of RFP reagent
and 400 pL of enhancing fluid were added into the
cells in accordance with the transfection instruc-
tions, which were replaced with a complete medi-
um 6 h later, followed by culture for 12 h. Final-
ly, the intensity of red fluorescence was observed
under a fluorescence microscope, and if it met the
requirements, the cells would be continuously cul-
tured to obtain the stably expressed RFP-BMSCs.

Western Blotting

After the rabbits were anesthetized and sac-
rificed, the nerve tissues were taken out and re-
suspended in a mixture of cold RIPA cell lysate
and protease inhibitor, followed by ultrasonica-
tion at 100 w for 5 s x 3 times. The absorbance
at 560 nm was detected to calculate the protein
concentration, and the samples were isolated via
polyacrylamide gel and then transferred to mem-
branes under constant current (300 mA) to block
non-specific sites for 1 h, followed by incubation
with primary antibodies for 16 h and with sec-
ondary antibodies for 1 h, image development and
preservation of experimental results.

Statistical Analysis

Statistical Product and Service Solutions
(SPSS) 17.0 (SPSS Inc., Chicago, IL, USA) soft-
ware was employed to record the experimental re-
sults obtained, and #-test and univariate analysis
were used as statistical methods, in which p<0.05
suggested statistically significant differences.

Results
Flow Cytometry Sorting of Purified BMSCs
The CD45- and CD90" BMSCs were sorted out

via flow cytometry based on markers (CD45- and
CD90%) on the surface of BMSCs (Figure 1).
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Figure 1. CD45 and CD90" BMSCs sorted out via flow cytometry. A, CD45", B, CD90".

Expression of Red Fluorescence
Observed in RFP-BMSCs

At 12 h after transfection, the expression inten-
sity of red fluorescence was observed under the
fluorescence microscope (Figure 2).

Recovery Rate of Wet Muscle Weight

Compared with Sham group, Model group had
a remarkably decreased recovery rate of wet mus-
cle weight (p<0.05), while Treat group exhibited
a notably increased recovery rate of wet muscle
weight in comparison with Model group (p<0.05;
Figure 3).

Pathological Changes in Impaired Nerve
Tissue Sections

In Sham group, there was massive close pack-
ing, large myelinated fibers, and endoneurial ves-
sels. In Model group, the characteristics of neural
injury were present, the axons and large myelin-
ated fibers were decreased, the density of nerve fi-
bers was reduced, the axonal degeneration was in-
creased, and the pathological phenomena such as
axonal atrophy occurred. Similar morphology to
that in Sham group was observed in Treat group,
the number of axons and myelinated fibers was
increased, the density of nerve fibers was raised,

RFP-vector-BMSCs

RFP-BMSCs

Figure 2. Expression intensity of red fluorescence at 12 h after transfection (Left: the transfection efficiency of empty plasmid
fluorescence is lower than 5%. Right: the fluorescence intensity of transfected RFP is greater than 70%) (magnification: 200x).
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Table I. Changes in CMAP.

Sham group Model group Treat group P (*) P (#)
Amplitude (mv) 32+40.54 15.50+2.1 28+1.25 0.046 0.035
Latency (ms) 1.32+0.56 3.54+0.31 2.07+0.24 0.004 0.045

and the number of axonal regeneration and the ax-
onal degeneration were decreased (Figure 4).

Electrophysiological Examination
of Impaired Nerves

The CMAP amplitude was reduced markedly
(p<0.05), while the CM AP latency was prolonged
significantly (p<0.05) in Model group compared
with those in Sham group. Moreover, Treat group
displayed distinctly higher CMAP amplitude
(p<0.05) and evidently shorter CMAP latency
(p<0.05) than Model group (Table I and Figure 5).

RFP-BMSCs Traced in Impaired Nerve
Tissues

The frozen sections were observed under the flu-
orescence microscope, and it was discovered that
RFP-BMSCs were distributed along the nerve fibers
in Treat group, indicating that RFP-BMSCs migrat-
ed to the site of nerve tissue injury (Figure 6).
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Figure 3. Statistical chart of recovery rate of wet muscle
weight. *: Compared with Sham group, Model group has a
remarkably decreased recovery rate of wet muscle weight,
#: Treat group exhibits a notably increased recovery rate
of wet muscle weight in comparison with Model group
(*p<0.05, #p<0.05).

Changes in the MAPK/ERK Pathway in
Impaired Nerve Tissues

The levels of p-MAPK and p-ERK were re-
markably elevated in Model group in comparison
with those in Sham group (p<0.05), while they
were clearly lowered in Treat group compared
with those in Model group (p<0.05; Figure 7).

Discussion

The problem of structural and functional re-
construction of peripheral nerve deficit has not
been solved in clinical practices yet, especially
the widespread injury of synaptic cleft’>. With
the development of nerve tissue engineering, the
micro-environment of regeneration can be opti-
mized by combining with biomaterial scaffolds,
seed cells, and growth-promoting factors"*2.
The transplantation of seed cells is the key strate-
gy of nerve tissue engineering, and it is believed
that the transplanted cells play positive roles in
improving the micro-environment of regenerated
axons. Schwann cells are structural and function-
al cells in peripheral nerves, which are crucial
players in neural regeneration and can promote
the neural regeneration as transplanted seed cells
in vivo. However, the limitation of Schwann cell
donors, excess incidence of donor nerves, and in-
effective cell proliferation attenuate the clinical
utility of those cells**. BMSCs are attractive
stem cells because they have such merits as easy
acquisition, rapid proliferation, persistent surviv-
al, and immune compatibility. Besides, BMSCs
can differentiate into various lineages and secret
neurotrophic factors that facilitate nerve cell re-
generation?’. BMSCs have been applied to repair
central and peripheral nerve injuries to some ex-
tent. Nerve scaffolds provide structural support
for sprouting neurites, and they have been utilized
to bridge peripheral nerve defects?®. In addition,
the anti-apoptotic factor and vascular endotheli-
al growth factor secreted by BMSC can protect
the nerve injury. After the central nervous sys-
tem injury, the apoptosis of the cells in the injured
site will be induced. Bcl-2 can regulate injury-in-
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Figure 4. Pathological changes in impaired nerve tissue sections. A, In Sham group, there is massive close packing, large
myelinated fibers and endoneurial vessels. B, In Model group, the axons and nerve fiber density are reduced, and the axonal
degeneration is increased. C, Compared with Model group, Treat group has increased number of axons and density of myelin-

ated fibers and nerve fibers (magnification: 400x).

duced apoptosis and effectively protects injured
local neurons. VEGF is widely known for its role
as an endothelial cell growth factor. Neurons also
express their receptors of VEGF. VEGF prolongs
the lifespan of cultured brain neurons and pro-
tects hippocampal and cortical neurons from se-
rum deficiency, hypoxia, and glutamate-induced
cell death®-°.

The present study primarily aims to investi-
gate the role of BMSCs in repairing the brachi-
al plexus injury and their correlation with the
MAPK/ERK pathway. In addition to behavioral
variations, neural injury more importantly affects
the movements of innervated muscles and the
changes in potential of nerve fibers. BMSCs were
extracted from the bone marrow fluid of big-ear
rabbits firstly, and then CD45- and CD90* BMSCs
were sorted out via flow cytometry, purified, and
cultured continuously to harvest the third-gener-
ation BMSCs. To facilitate the tracing of BMSCs,
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RFP was transfected into the BMSCs. RFP is sta-
bly expressed in almost all the cells, so it is widely
used to trace markers in research. RFP-BMSCs
were constructed by transfecting the RFP label
and detecting the intensity and efficiency of red
fluorescence at 12 h after transfection. Next, the
rabbit model of BPAI was established and treated
with intravenous injection of normal saline and
RFP-BMSCs. The degree of muscle atrophy is
usually closely associated with the recovery of
neurological function, so the recovery rate of wet
muscle weight was applied to reflect the degree
of muscle contraction. The determination of re-
covery rate of wet weight of upper limb muscle
in Sham group, Model group, and Treat group re-
vealed that the recovery rate of wet muscle weight
declined remarkably in Model group compared
with that in Sham group, while it rose evidently
in Treat group in comparison with that in Mod-
el group, suggesting that injecting BMSCs into
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Figure 5. Electrophysiological examination of impaired nerve tissues. A, CMAP amplitude is reduced markedly in Model
group compared with that in Sham group (p<0.05). #: The CM AP amplitude is raised distinctly in Treat group compared with
that in Model group (p<0.05). B, CMAP latency is also extended notably in Model group in comparison with that in Sham
group (p<0.05). #: The CMAP latency it is shortened significantly in Treat group in comparison with that in Model group

(p<0.05) (*p<0.05, #p<0.05).
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Figure 6. Distribution of RFP-BMSCs observed under flu-
orescence microscope (magnification: 200x).

rabbits can restore the contractibility of muscle
tissues on the operated side. According to the
HE staining of nerve tissue sections, Sham group
exhibited a large amount of close packing, large
myelinated fibers, and endoneurial vessels. The
characteristics of neural injury, decreased axons,
large myelinated fibers, and nerve fiber density,
increased axonal degeneration, atrophy of axon,
and other pathological phenomena were detect-
ed in Model group. In Treat group, similar mor-
phology to that in Sham group was observed, the
number of axons and the density of myelinated
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fibers and nerve fibers were raised remarkably,
and the number of axonal regenerations was re-
duced. The nerve fibers also have a vital function
of conducting excitation. It was observed through
the electromyogram instrument that compared
with those in Sham group, the CMAP amplitude
was decreased markedly and the latency was ex-
tended notably in Model group. In comparison
with Model group, Treat group had prominently
elevated CMAP amplitude and shortened latency.
Those experimental results manifested that the
excitation conduction function of the impaired
nerve fibers is recovered after the treatment with
BMSCs. To further observe whether the BMSCs
exert the nerve repairing effect, it was detected
that large quantities of RFP-BMSCs aggregated
at the injured nerves in the frozen pathological
nerve sections, illustrating that the RFP-BMSCs
injected intravenously migrate to the periphery of
the injured nerves to exert their repairing effect.
Many literature reports indicated that ERK is in-
volved in the repair of neural injury. The protein
expressions of p-ERK and p-MAPK in impaired
nerve tissues were examined via Western blotting
assay, so as to explore the correlation between the
repair process of stem cells in nerves and ERK.
The results showed that the expressions of p-ERK
and p-MAPK were distinctly higher in Model
group than those in Sham group, while they were
markedly lower in Treat group than those in Mod-
el group, demonstrating that the MAPK/ERK
pathway is implicated in the repairing of stem
cells in neural injury. After experimental studies
step by step, it was ultimately concluded that the
BMSCs can repair the impaired brachial plexus,

* El Sham
& = Model Group
4 = Treat
#
p-ERK/ERK  p-MAPK/MAPK

Figure 7. Changes in protein expressions of the MAPK/ERK pathway in impaired nerve tissues A, and B, Levels of p-MAPK
and p-ERK are elevated remarkably in Model group in comparison with those in Sham group (p<0.05), and #: they are lowered
clearly in Treat group in comparison with those in Model group (p<0.05) (*p<0.05, #p<0.05).
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and such a process is related to the MAPK/ERK
pathway. This research is of favorable guiding
significance for the treatment of brachial plexus
injury, but the demerits of low concentration of
BMSCs in vivo and great difficulty of purification
need to be solved in the future.

Conclusions

The present study showed that BMSCs can
repair the impaired brachial plexus neurons and
restore their physiological functions, and the pro-
tective effect of the BMSCs on the neurons is as-
sociated with the mediated MAPK/ERK pathway.
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