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Abstract

Introduction: Phrenic nerve transfer has been shown to achieve good nerve regen-
eration in brachial plexus avulsion. Acellular nerve allografts (ANAs) showed infe-
rior results to autografts, which is why its use with mesenchymal stem cells
(MSCs) is currently being studied. The aim is to study the effect of BM-MSCs
associated with ANAs in a rat model of phrenic nerve transfer to the
musculocutaneous nerve in a C5-Cé avulsion.

Material and methods: 42 Wistar-Lewis rats underwent a C5-Cé lesion in the right
forelimb by excising a 3 mm segment from both roots, followed by a phrenic nerve
transfer to the musculocutaneous nerve associated with the interposition of a three
types of nerve graft (randomly distributed): control (autograft) group (n = 12), ANAs
group (n = 12), and ANAs + BM-MSCs group (n = 18)

After 12 weeks, amplitude and latency of the NAP and the compound motor
action potential (CMAP) were measured. Biceps muscles were studied by histo-
logical analysis and nerve grafts by electron microscopy and fluorescence
analysis.

Results: Statistically significant reductions were found in latency of the CMAP
between groups control (2.48 +0.47 ms) and experimental (ANAs: 4.38 +
0.78 ms, ANAs + BM-MSCs: 4.08 £ 0.85 ms) and increases in the amplitude of
the CMAP between groups control (0.04388 + 0.02 V) and ANAs + BM-MSCs
(0.02275 £ 0.02 V), as well as in the thickness of the myelin sheath between
groups control (0.81 = 0.07 pm) and experimental (ANAs: 0.72 + 0.08 pm, ANAs +
BM-MSCs: 0.72 £ 0.07 pm) and in the area of the myelin sheath between groups
control (13.09 + 2.67 pm2) and ANAs (10.01 £ 2.97 pmz) (p < .05). No statistically
significant differences have been found between groups ANAs and ANAs +
BM-MSCs.

Conclusions: This study presents a model for the study of lesions of the upper trunk

and validates the autologous graft as the gold standard.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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1 | INTRODUCTION

Brachial plexus injury is a devastating chronic pathology for patients
and represents a surgical challenge due to complex anatomy and
lesion patterns. Selective lesions of C5 and Cé roots are extremely
limiting because they affect shoulder control due to the loss of
suprascapular and axillary nerves and elbow flexion, due to the loss of
the musculocutaneous nerve (Limthongthang et al, 2013). These
three nerves are critically important for proper upper limb function.

In cases of circumscribed nerve tissue loss, reconstruction with
interposition of nerve grafts is one of the most widely used therapeutic
options. However, increasing the length of required nerve grafts will
determine the viability of this technique. In those cases, the prognosis
for reinnervation by means of nerve grafts is very poor (Kolar &
Kingham, 2014), which makes it necessary to consider distal nerve trans-
fers (Tung & Mackinnon, 2010). Nerve transfers are the only remaining
technique, especially for preganglionic injuries (Vasudevan et al., 2013).

There are several options for performing neurotization, such as
the use of contralateral C7 or the spinal accessory nerve, but phrenic
nerve transfer has been shown to achieve good nerve regeneration
when used as a donor nerve in brachial plexus avulsion injuries, and
the procedure is associated with low morbidity (Zhang et al., 2004).

It is necessary to highlight the limiting factors posed by autolo-
gous nervous tissue used as a donor for nerve grafts, due to the lim-
ited number of donor nerves available and the morbidity associated
with the donor area. For this reason, there is a need to seek therapeu-
tic alternatives to repair the nerve defect, such as the use of acellular
nerve allografts (ANAs) or synthetic nerve conduits. ANAs offer sev-
eral advantages over synthetic nerve conduits because they maintain
their extracellular matrix and three-dimensional architecture
(Karabekmez et al., 2009) and do not possess the inconvenience of
immunogenicity presented by allografts. Despite this, its results are
inferior to autografts, which is why their use when enriched with mes-
enchymal stem cells (MSCs), is being studied, in order to achieve com-
parable results (Zhao et al., 2014).

Interest in the use of stem cells from mesenchymal tissue has
increased exponentially in recent years, with lines of research oriented
in this direction becoming more and more frequent. Studies in ani-
mals, especially in the murine model, are increasingly common. Prom-
ising results have been obtained in their use, but the mechanism by
which this benefit is obtained is not entirely clear (Fan et al., 2014a).

The goal of this study is to develop an experimental model of pre-
ganglionic lesions of the upper trunk and reconstruction based on a
transfer from the phrenic nerve to the musculocutaneous nerve.

Three different types of nerve grafts will be examined.

2 | MATERIAL AND METHODS
21 | Mesenchymal stem cells preparation

Cells were obtained from the long bones of the hind limbs (femur and

tibia) of 12 14-day-old female Wistar-Lewis rats. The process was

carried out under sterile conditions in laminar flow cabinets. The
extraction of the bone marrow was carried out by means of flushing
techniques with Roswell Park Memorial Institute (RPMI) medium with
10% fetal bovine serum and 1% penicillin and streptomycin antibiotic
solution. Once the sample was obtained, it was cultured in the same
medium on cell culture plates according to the usual protocols, using
0.25% trypsin to carry out cell passages and phosphate saline solution
(PBS). The incubation was carried out in ovens at 37°C.

When the MSCs reached 80% confluence in P2, they were
labeled with indocarbocyanine fluorescent lipophilic cationic dye (Dil).
A stock solution of Dil in dimethylsulfoxide (DMSQO) at a concentra-
tion of 2 mg/ml was used to obtain a dilution of Dil at 0.1 pM in
Hank's balanced salt solution (HBSS) from Gibco™ (Thermofisher,
Madrid, SP). The optimal concentration used was based on the results
obtained from the cytometric analysis of different cell samples previ-
ously labeled with different concentrations of solution, where a label-
ing of at least 90% of the cells analyzed was considered adequate.
Briefly, the labeling of the cells was carried out by adding the Dil solu-
tion to the culture plate, after having removed the RPMI medium.
Subsequently, the cells were incubated for 5 min at 37°C followed by
14 min at 4°C, after which the working solution was washed and the

cells were prepared according to the conventional technique.

2.2 | Acellular nerve tissue preparation

The peripheral nerve tissue was obtained by means of a surgical pro-
cedure in eight female animals between 8 and 10 weeks old. We
extracted 1.5 cm segments of mixed nerves from terminal branches of
the brachial plexus. The axillary, musculocutaneous, ulnar, median,
and long thoracic nerves were resected. For the decellularization pro-
cess, the protocol published by Sondell et al. was used (Sondell
et al., 1998). Eighteen of the decellularized nerves were cultured with
BM-MSCs. The process of inserting the stem cells into the nerve was
carried out inside a laminar flow cabinet, prior to the implantation of
the nervous tissue within the experimental animal. 3 x 10° cells per
graft were inserted sub-epineurally through small epineural perfora-
tions. This procedure required the use of a micropipette (Stripper®

Tip, 135 pum, Origio, Denmark).

23 |
design

Model establishment and experimental

The experimental design was carried out with 62 rats (Wistar-Lewis
[LEW] haplotype RT1l LEW/HanHsd line). The femurs of 12 14-day-
old female rats were used to obtain the stem cells and eight 10-week-
old female rats were used as nervous tissue donors The protocol was
evaluated and approved by the ethics committee for animal experi-
mentation (CEEA: 2015/R02, 07/01/2015).

The surgical procedure was carried out with 42 male rats with a
mean weight of 335.13 + 35.71 grams and 80 + 10 days old that were
divided randomly into three groups; 12 rats in the control group,
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12 rats in the ANAs group and 18 rats in the ANAs + BM-MSCs
group. All the animals underwent the same surgical procedure in order
to produce a lesion of the C5 and Cé roots in the right forelimb,
followed by an ipsilateral phrenic nerve transfer to the
musculocutaneous nerve, completed with the interposition of a nerve
graft.

Inhalation anesthetic induction was performed in an induction
chamber with 5% sevoflurane and 1.5 L/min oxygen and was
maintained with 2% sevoflurane and 1.5 L/min oxygen. Preoperative
analgesia with 0.05 mg/kg buprenorphine was administered
subcutaneously.

An L-shaped incision was made at the level of the cervical midline
up to the sternal fork, and prolonged following the clavicular ridge
toward the right forelimb. To achieve exposure of the roots, a dis-
section of the anterior scalene muscle, the sternohyoid muscle, and
the subclavian musculature was performed. The lateral brachial plexus
dissection was carried out in order to identify the origin of the
musculocutaneous nerve, which is located between the
coracobrachialis muscles and the short portion of the biceps brachii,
since the latter will be used as a receptor for nerve transfer (Figure 1).
Subsequently, it was necessary to dissect the ipsilateral phrenic nerve
down to the point where it enters the thoracic cavity, where it was
sectioned. Injury to the C5 and Cé nerve roots was performed at the
level of the intervertebral foramen by sectioning and excising a 3 mm
nerve segment from both roots.

The repair technique consisted of the transfer of axons from the
phrenic nerve to the distal portion of the musculocutaneous nerve via
a 0.5 cm graft by end-to-end technique. In the control group we used
an autologous nerve graft harvested from a segment of axillary nerve,
distal to the lesion, in ANAs group we interposed a heterologous acel-
lular graft and in ANAs + BM-MSCs group a heterologous acellular
graft enriched with BM-MSCs, labeled with the vital dye Dil. The graft

was sutured in a retrograde position using two simple epineural 10/0

FIGURE 1

Intraoperative image taken through the surgical
microscope. Note the orientation of the animal, which has the most
cephalic portion close to the surgeon. C6-C5 roots are indicated with
asterisks and musculocutaneous nerve with a star
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nylon stitches at each end, viewed through an Optomic OP-C12 surgi-
cal microscope with x16 lens and 200, 250, 300, and 400 mm magni-
fication, with a 150w cold light illumination system.

The follow-up time was 12 weeks, during which a daily clinical
evaluation was carried out to assess the appearance of muscle con-
traction in the biceps. After that time, an electrophysiological record
was performed to measure the amplitude and latency of the nerve
action potential (NAP) and the compound motor action potential
(CMAP). The distal portion of the nerve graft was processed for study
by electron microscopy, the biceps muscle by histological analysis and
proximal half of the nerve graft (ANAs + BM-MSCs group) by fluores-
cence analysis.

24 | Electrophysiological examination

The electrophysiological record was carried out at 12 weeks of
follow-up under general anesthesia after exposing the phrenic nerves,
the nerve graft segment and the musculocutaneous nerve, as well as
the biceps muscle. The stimulation electrode was placed on the
phrenic nerve and a monopolar electrode was used for recording,
located in contact with the musculocutaneous nerve, maintaining a
constant distance of 1 cm from the stimulation electrode with a
stereotaxis apparatus. With the animal in the same position, the elec-
tromyographic recording was carried out, transferring the recording
electrode to the biceps muscle, placing it at 1.5 cm.

The aim was to measure the amplitude and latency of the NAP
and the CMAP, for which an amplifier (AM Systems, Jaen, Spain) asso-
ciated with a Power 1401 interface (Cambridge Electronic Design
Limited, Cambridge, United Kingdom) was used. The data were
processed with the Spike 2 program (Center d'Estudis Demografics,
Barcelona, Spain).

2.5 | Histological analysis

The biceps muscle of all the animals were fixed in 10% formaldehyde
for 24 h, followed by subsequent dehydration in gradient alcohol and
inclusion in paraffin. Four-micrometer microtome cuts were made,
after which deparaffinization was carried out at 60°C with xylene and
its rehydration by immersion in 100° alcohol, 96° alcohol and water.
Harris hematoxylin staining was performed for 5 min, followed by a
water rinse and subsequent application of eosin for 1 min. It was com-
pleted with dehydration in 96° alcohol, 100° alcohol, and immersion
in xylene, allowing its study under light microscopy (Olympus).

The proximal half of the nerve graft from the animals belonging
to ANAs + BM-MSCs group was processed using a freezing tech-
nigue. Plates with O.C.T fixative were introduced after placing the
nerve segment in a vertical position in a 100% isopentane (C5H12)
solution previously cooled in liquid nitrogen, to achieve rapid freezing.
The samples were transported on dry ice to a freezer for storage at
—80°C until processing. For the immunofluorescence analysis, the

sample was permeabilized with 0.1% Triton in PBS for 10 min at room
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FIGURE 2 Differences in the amplitude and latency of CMAP. Despite not finding statistically significant differences between both
experimental groups, amplitude is significantly greater in the control group and latency time is less in the control group. Outliers are represented

as circles. *p < .05. CMAP, compound motor action potential

TABLE 1

Statistical analysis of the electrophysiological findings. No statistically significant differences have been found between groups

ANAs and ANAs + BM-MSCs in the amplitude and the latency of CMAPS. *p < .05 statistically significant

Amplitude (V) mean + SD

Control 0.04388 + 0.02
ANAs 0.02525 £ 0.01 p=.093
ANAs + BM-MSCs 0.02275 + 0.02 *p =.026

Abbreviations: ANAs, acellular nerve allografts; MSCs, mesenchymal stem cells.

temperature, after which a PBS wash was performed for 5 min.
Finally, Vectashield mounting medium with DAPI (4,6-diamidino-
2-phenylindole) was covered with 100 pl for analysis with a conven-

tional fluorescent microscope (Olympus).

2.6 | Electron microscopy

The distal portion of the nerve graft was processed for study by
electron microscopy. The samples were fixed with a PBS solution
of 1.5% glutaraldehyde, 1.5% paraformaldehyde, and 0.1% thamic
acid for 12 h at 4°C, followed by a post fixation in 1% osmium
tetroxide, dehydration in acetone in gradient and finally inclusion in
a low-viscosity epoxy resin SPURR. Sixty-nanometer sections were
made with an ultramicrotome, which were stained with
toluidine blue.

The parameters analyzed were the area and thickness of the mye-
lin layer, the area and diameter of the nerve fibers and the percentage
of myelin fibers, for which an analysis software (Soft Imaging System
GmbH, Olympus, Shinjuku, Japan) was used. They were quantified in
two random sections of each sample, with a magnification x2000,
using a JEM 1010 transmission electron microscope (Jeol, Akishima,

Japan). Images were taken with a Mega View Ill digital camera.

Comparison with control

Latency (ms) mean + SD Comparison with control

248 +0.47
4.38 £0.78 *p =.001
4.08 £ 0.85 *p =.002

2.7 | Statistical analysis

SPSS 24.0 software (IBM Inc, Armonk, New York) was used for the
statistical analysis. A descriptive analysis was carried out of all the var-
iables included in the study, which were expressed in terms of mean
+ SD. The acquired data were not normally distributed, therefore we
have used the nonparametric Kruskal-Wallis test for independent
samples, using the correction for multiple comparisons. We have con-

sidered p < .05 statistically significant.

3 | RESULTS

For the surgical protocol, 42 male rats were used. All animals showed
clinical reinnervation consisting of involuntary flexion of the elbow
synchronously with respiration between the third and fourth postop-
erative week, this being in the control group at 20.69 + 2.14 days of
average, in the ANAs group at 21.08 + 2.61 days and in the ANAs +
BM-MSCs group at 21.28 + 2.49 days. No differences were observed
in the time of appearance of the first contraction data between the
groups. The grooming test could not be used to monitor clinical motor
recovery because none of the animals achieved voluntary control for

elbow flexion due to the use of the phrenic nerve as a donor.
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ANAs + BM-MSCs

Hematoxylin-eosin stain from sections of the biceps muscle of the ANAs group, ANAs + BM-MSCs group and control group. The

similarities in the histomorphology in the three groups can be observed. (magnification x10). ANAs, acellular nerve allografts; MSCs,

mesenchymal stem cells

3.1 | Electrophysiological findings

Statistically significant differences was observed in the electromyog-
raphy, both in the amplitude of the CMAPs, which was significantly
higher in control group (0.04388 + 0.02 volts) compared with ANAs +
BM-MSCs group (0.02275 + 0.02 volts, p = .026) and in the latency
of the CMAPs, which was significantly lower in the control group
(2.48 £ 0.47 ms) compared with ANAs group (4.38 + 0.78 millisec-
onds, p = .001) and ANAs + BM-MSCs group (4.08 + 0.85 ms,
p = .002) (Figure 2), but not between the two experimental groups
(p > .05) (Table 1).

The differences found in the electroneurography between the
groups, when analyzing the NAPs, were not statistically significant,
but the drift of the data suggests action potentials with greater ampli-
tude and lower latency in the control group with respect to the exper-

imental groups.

3.2 | Histological findings

In the hematoxylin eosin preparations from the biceps muscle, no dif-

ferences were observed in the histomorphology between the groups,

FIGURE 4
ANAs + BM-MSCs group. Cell nuclei marked with DAPI (blue) and
MSCs marked with Dil (red). White arrows point to MSCs.
(magnification x20). ANAs, acellular nerve allografts; MSCs,
mesenchymal stem cells

Immunofluorescence of nerve graft sections from
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Differences in the thickness and the area of the myelin sheath between the groups. No statistically significant differences were

found between the experimental groups, but there were differences in the thickness between both and the control group. The control group
presents a larger area than the experimental groups, finding statistical significance in this difference with ANAs group. Outliers are represented as

circles. *p < .05. ANAs, acellular nerve allografts

TABLE 2  Statistical analysis of the electronic microscopy findings. No statistically significant differences have been found between groups
ANAs and ANAs + BM-MSCs in the thickness and the area of the myelin sheath. *p < .05 statistically significant

Amplitude (V) mean + SD

Control 0.81 +£0.07
ANAs 0.72 £ 0.08 *p=.04
ANAs + BM-MSCs 0.72 £ 0.07 *p =.007

Abbreviations: ANAs, acellular nerve allografts; MSCs, mesenchymal stem cells.

neither in the size of the cells nor the architecture of the tissue
(Figure 3).

Fluorescence was observed in ANAs + BM-MSCs group in rela-
tion to the presence of MSCs preoperatively marked with Dil dye,
which indicates their survival in the implanted tissue (Figure 4).

3.3 | Electron microscopy findings
The data analysis revealed a statistically significant difference
between the groups when analyzing the thickness of the myelin
sheath of the fibers, which was significantly greater in the control
group (0.81 + 0.07 um) compared with ANAs group (0.72 + 0.08 pm,
p = .04) and ANAs + BM-MSCs group (0.72 + 0.07 pm, p = .007), and
the area of the myelin sheath, which was significantly greater in con-
trol group (13.09 + 2.67 pmz) compared with ANAs group (10.01
+297 pmz, p = .034) (Figure 5), but not between the two experimen-
tal groups (Table 2).

No significant differences were observed between groups in fiber
diameter and fiber area. No significant differences were found either
in the percentage of myelinated and non-myelinated fibers. However,

there was a significant difference between groups in the total number

Comparison with control

Latency (ms) mean + SD Comparison with control

13.09 £ 2.67
10.01 £ 2.97 *p =.034
10.44 £ 2.61 p =.068

of fibers, this being statistically greater in control group (p <.01)
(Figure 6).

4 | DISCUSSION

Brachial plexus treatment is far from providing ideal results, requiring
in most cases that we assume added morbidity in nerve graft donor
areas and sacrifice the function of the transferred nerve. This study
aims to compare three types of nerve graft in an experimental model
for brachial plexus injuries that is simple, easily reproducible and also
offers versatility to generate new study models.

The literature supports the murine model for the pathology of the
brachial plexus (Angélica-Almeida et al., 2013). There are small anatomi-
cal variations in terms of the topography if we compare it with human.
The most significant is the contribution of the C7 roots to the
musculocutaneous nerve, as described by Bobkiewicz et al., since in
humans it consists of C5 and Cé (Bobkiewicz et al., 2017). This contribu-
tion does not interfere with the model, since, in order to carry out the
transfer, although the lesion is selective of the superior roots, the com-
plete section is made at the proximal level of the musculocutaneous

nerve, which avoids a possible reinnervation through C7.
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FIGURE 6 Transmission electron microscopy of nerve grafts from ANAs, ANAs + BM-MSCs and control groups. The preservation of the
basement membrane can be seen, as well as the greater diameter of the myelin sheath in the control group. (magnification x4000). ANAs,

acellular nerve allografts; MSCs, mesenchymal stem cells

Bertelli et al., contrary to Greene's proposal, showed that the
biceps muscle was only innervated by the musculocutaneous nerve,
but they found, 1 month after denervation, that rats which had only
the musculocutaneous nerve sectioned scored higher in the grooming
test than those which had both the musculocutaneous nerve and the
deep branch of the radial nerve sectioned (Bertelli et al., 1995). In our
study, the presence of elbow flexion synchronously with respiration
by the action of the phrenic nerve was evaluated, and therefore the
possible interference of the radial nerve function does not influence
our evaluation.

The main limitation of the model, apart from the anatomical dif-
ferences compared to the human plexus, is the possibility of sponta-
neous reinnervation as described by Mackinnon et al. in a sciatic
nerve model, where, after 5 months, they observed spontaneous rein-
nervation of a nerve section with resection of 1 cm of nerve tissue
(Mackinnon et al., 1985). It is true that this effect has not been dem-
onstrated in shorter postoperative times, but it is a factor to be taken
into consideration. This is why we resected 3 mm of nerve tissue to
minimize the risk of spontaneous reinnervation.

Although there are already studies such as those of Fang et al.,
which are oriented toward the treatment of preganglionic lesions,
addressing them at the avulsed roots level, exposure, especially of the

higher roots, is still very complex, and more research is required in this

regard (Fang et al., 2018), and therefore the use of nerve transfers
continues to be the most viable option. Bergmeister et al. have shown
that the use of nerve transfers without an interposition graft can
hyper innervate the target muscles, generating neurophysiological
changes in them, which allows a functional recovery in many cases
close to normal (Bergmeister et al., 2019).

Zhang et al. with the transfer of the phrenic nerve to the
musculocutaneous nerve, showed a good result in terms of survival of
motor neurons, as well as nerve regeneration and reinnervation of the
biceps (Zhang et al., 2004). With the exception of the study by Yang
et al., which presents a model using contralateral C7 (Yang et al., 2019),
our model is, as far as we know, the first time that an acellular nerve graft
associated with BM-MSCs has been presented as a bridge for a transfer
from the phrenic nerve to the musculocutaneous nerve.

The choice of the phrenic nerve as a donor has always been very
controversial, due to the possibility of generating respiratory disor-
ders. There are studies describing end-to-side transfers to minimize
possible sequelae (Jia et al., 2018), but at the moment they have not
been shown to achieve a result comparable to the use of end-to-end
suture. Since we wished to represent a model as close to reality as
possible, we decided to use the phrenic nerve, considering the rest of
the options available to restore shoulder stability. It is also true that,

due to its anatomical origin, the phrenic nerve can be damaged in
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upper trunk lesions, in this case, it would be necessary to consider
using other options such as the spinal accessory nerve (Chuang
et al., 1995).

As in the study by Zhang et al, we evidenced the first data of
biceps muscle contraction synchronously with breathing between the
third and fourth week after surgery (Zhang et al., 2004). None of the
animals achieved voluntary control for elbow flexion. The position of
the animal, with its cephalic portion oriented toward the researcher,
was key for the proper approach, which not only gave us easier access
to the structures, but also allowed us to perform the surgical tech-
nique more easily (Bobkiewicz et al., 2017).

Several studies in animal models show positive results in rein-
nervation by associating BM-MSCs (Goel et al, 2009; Kurwale
et al., 2015). Despite not having found statistically significant differ-
ences in our model when comparing the groups with and without
stem cells, as evidenced by other studies such as that of Zhao et al. or
Wang et al. (Zhao et al., 2014; Wang et al., 2012), we can affirm that
decellularized nervous tissue has functioned as a support structure for
them, as proposed by Tang et al. (Tang et al., 2013), since in fluores-
cence studies their survival 12 weeks post-implantation could be
observed. The studies by Fan et al. show a favorable effect of stem
cells in terms of immunomodulatory capacity, reducing pro-
inflammatory factors, in addition to a clear superiority of Schwann-like
cells compared to stem cells from bone marrow (Fan et al., 2014a; Fan
et al.,, 2014b). It should be noted that the study by Wang et al. did not
find statistically significant differences, as in our work, between acel-
lular grafts with and without stem cells when the thickness of the
myelin fibers was analyzed (Wang et al., 2012). It is possible that one
of the key factors was to create an optimal microenvironment that
facilitated their cellular differentiation into Schwann-like cells, maxi-
mizing their plasticity potential (Tohill & Terenghi, 2004).

In our study we once again confirmed that the results obtained
with the use of ANAs are far from being those obtained with auto-
grafts, and we found that the addition of BM-MSCs failed to provide
a sufficient improvement in the parameters of nerve regeneration
under study. However we found no differences between the two
experimental groups, we consider the model to be relevant, since
there are few studies of this type focused on brachial plexus repair,
showing the need to encourage the development of new alternatives.
We consider that the possible clinical application of ANAs enriched
with BM-MSCs should be based on new experimental studies that
optimize the creation of a microenvironment that facilitate cell
differentiation.

5 | CONCLUSIONS

This experimental study presents a new model for the study of selec-
tive lesions of the upper trunk and again validates the autologous
graft as the gold standard (Sayad-Fathi et al., 2019), finding statisti-
cally significant differences in the amplitude and latency of the CMAP,
as well as in the thickness of myelin sheath area, when compared with

acellular nerve grafts, when used alone or when associated with BM-

MSCs. The addition of BM-MSCs to the ANAs fails to provide statisti-

cally significant differences in the variables under study.

ACKNOWLEDGMENTS
Funding for open access charge: A Corufia University/CISUG.

DATA AVAILABILITY STATEMENT
The data that supports the findings of this study are available from

the corresponding author upon request.

ORCID
Alba Gonzdlez Rodriguez "' https://orcid.org/0000-0003-2618-2562
Maria C. Arufe "= https://orcid.org/0000-0003-3725-0743

REFERENCES

Angélica-Almeida, M., Casal, D., Mafra, M., Mascarenhas-Lemos, L.,
Martins-Ferreira, J., Ferraz-Oliveira, M., Amarante, J. M., & Goyri-
O'NEeill, J. E. (2013). Morfologia e Vascularizacao do Plexo Braquial no
Rato Wistar. Acta Médica Portuguesa, 26(3), 243-250.

Bergmeister, K. D., Aman, M., Muceli, S., Vujaklija, I., Manzano-Szalai, K.,
Unger, E., Byrne, R. A, Scheinecker, C. Riedl, O., Salminger, S.,
Frommlet, F., Borschel, G. H., Farina, D., & Aszmann, O. C. (2019).
Peripheral nerve transfers change target muscle structure and func-
tion. Science Advances, 5(1), eaau2956.

Bertelli, J. A., Taleb, M., Saadi, A., Mira, J.-C., & Pecot-Dechavassine, M.
(1995). The rat brachial plexus and its terminal branches: An experi-
mental model for the study of peripheral nerve regeneration. Microsur-
gery, 16(2), 77-85.

Bobkiewicz, A., Cwykiel, J., & Siemionow, M. (2017). Anatomic variations
of brachial and lumbosacral plexus models in different rat strains: Ana-
tomic variations of brachial and lumbosacral plexus models. Microsur-
gery, 37(4), 327-333.

Chuang, D. C,, Lee, G. W., Hashem, F., & Wei, F. C. (1995). Restoration of
shoulder abduction by nerve transfer in avulsed brachial plexus injury:
Evaluation of 99 patients with various nerve transfers. Plastic and
Reconstructive Surgery, 96(1), 122-128.

Fan, L., Yu, Z, Li, J,, Dang, X., & Wang, K. (2014a). Immunoregulation
effects of bone marrow-derived mesenchymal stem cells in xenoge-
neic acellular nerve grafts transplant. Cellular and Molecular Neurobiol-
ogy, 34(7), 999-1010.

Fan, L, Yu, Z, Li, J, Dang, X., & Wang, K. (2014b). Schwann-like cells
seeded in acellular nerve grafts improve nerve regeneration. BMC Mus-
culoskeletal Disorders, 15, 165.

Fang, J,, Yang, J,, Yang, Y., Li, L, Qin, B., He, W,, Yan, L., Chen, G,, Tu, Z,,
Liu, X., & Gu, L. (2018). A novel rat model of brachial plexus injury with
nerve root stumps. Journal of Neuroscience Methods, 295, 1-9.

Goel, R. K., Suri, V., Suri, A, Sarkar, C., Mohanty, S., Sharma, M. C,,
Yadav, P. K., & Srivastava, A. (2009). Effect of bone marrow-derived
mononuclear cells on nerve regeneration in the transection model of
the rat sciatic nerve. Journal of Clinical Neuroscience Official Journal of
the Neurosurgical Society Australas, 16(9), 1211-1217.

Jia, X,, Chen, C,, Yang, J., & Yu, C. (2018). End-to-side neurotization with
the phrenic nerve in restoring the function of toe extension: An exper-
imental study in a rat model. Journal of Plastic Surgery and Hand Sur-
gery, 52(3), 185-188.

Karabekmez, F. E., Duymaz, A., & Moran, S. L. (2009). Early clinical out-
comes with the use of decellularized nerve allograft for repair of sen-
sory defects within the hand. Hand (New York), 4(3), 245-249.

Kolar, M. K., & Kingham, P. J. (2014). Regenerative effects of adipose-tis-
sue-derived stem cells for treatment of peripheral nerve injuries. Bio-
chemical Society Transactions, 42(3), 697-701.

85UBD17 SUOLILLOD dAIIEBID) 3|ced!|dde au Ag pausenob afe sajo1e YO 8sN J0 SaINJ 10j Areiq 1 8uljuo A8 |1 UO (SUONIPLOD-pUE-SWLBIALD A IMARe1d 1 [BuIUO//:SdNY) SUONIPUOD PUe sWwd 13Ul 88S *[20Z/TT/8T] o Arigiauliuo )M ‘(ouleAnge ) sqnopesy Ag 6280€ 101LU/Z00T OT/10p/wod A 1M Areld 1jpuluoy/:sdiy WOy papeo|umod ‘T ‘2202 ‘2522860T


https://orcid.org/0000-0003-2618-2562
https://orcid.org/0000-0003-2618-2562
https://orcid.org/0000-0003-3725-0743
https://orcid.org/0000-0003-3725-0743

GONZALEZ RODRIGUEZ €T AL.

Kurwale, N. S., Suri, V., Srivastava, A. Suri, A, Mohanti, S., Yadav, P.,
Sharma, M. C,, & Sarkar, C. (2015). Role of bone marrow derived pluripo-
tent stem cells in peripheral nerve repair in adult rats: A morphometric
evaluation. Journal of Neuroscience in Rural Practice, 6(2), 152-159.

Limthongthang, R., Bachoura, A., Songcharoen, P., & Osterman, A. L.
(2013). Adult brachial plexus injury: Evaluation and management. The
Orthopedic Clinics of North America, 44(4), 591-603.

Mackinnon, S. E., Hudson, A. R., & Hunter, D. A. (1985). Histologic assess-
ment of nerve regeneration in the rat. Plastic and Reconstructive Sur-
gery, 75(3), 384-388.

Sayad-Fathi, S., Nasiri, E., & Zaminy, A. (2019). Advances in stem cell treat-
ment for sciatic nerve injury. Expert Opinion on Biological Therapy,
19(4), 301-311.

Sondell, M., Lundborg, G., & Kanje, M. (1998). Regeneration of the rat sci-
atic nerve into allografts made acellular through chemical extraction.
Brain Research, 795(1), 44-54.

Tang, P., Kilic, A., Konopka, G., Regalbuto, R., Akelina, Y., & Gardner, T.
(2013). Histologic and functional outcomes of nerve defects treated
with acellular allograft versus cabled autograft in a rat model. Microsur-
gery, 33(6), 460-467.

Tohill, M., & Terenghi, G. (2004). Stem-cell plasticity and therapy for inju-
ries of the peripheral nervous system. Biotechnology and Applied Bio-
chemistry, 40(1), 17-24.

Tung, T. H., & Mackinnon, S. E. (2010). Nerve transfers: Indications, tech-
niques, and outcomes. Journal of Hand Surgery, 35(2), 332-341.

Vasudevan, S., Yan, J. G, Zhang, L. L., Matloub, H. S., & Cheng, J. J. (2013).
A Rat Model for Long-Gap Peripheral Nerve Reconstruction. Plastic
and Reconstructive Surgery, 132(4), 871-876.

icrosuRcER IR

Wang, Y., Zhao, Z., Ren, Z., Zhao, B., Zhang, L., Chen, J., Xu, W. J, Lu, S.,
Zhao, Q., & Peng, J. (2012). Recellularized nerve allografts with differ-
entiated mesenchymal stem cells promote peripheral nerve regenera-
tion. Neuroscience Letters, 514(1), 96-101.

Yang, J. T., Fang, J. T., Li, L., Chen, G., Qin, B. G., & Gu, L. Q. (2019). Con-
tralateral C7 transfer combined with acellular nerve allografts seeded
with differentiated adipose stem cells for repairing upper brachial
plexus injury in rats. Neural Regeneration Research, 14(11), 1932-1940.

Zhang, C. G., Ma, J. J,, Terenghi, G., Mantovani, C., & Wiberg, M. (2004).
Phrenic nerve transfer in the treatment of brachial plexus avulsion: An
experimental study of nerve regeneration and muscle morphology in
rats. Microsurgery, 24(3), 232-240.

Zhao, Z., Wang, Y., Peng, J., Ren, Z,, Zhang, L., Guo, Q., Xu, W., & Lu, S.
(2014). Improvement in nerve regeneration through a decellularized
nerve graft by supplementation with bone marrow stromal cells in
fibrin. Cell Transplantation, 23(1), 97-110.

How to cite this article: Gonzélez Rodriguez, A., Gonzalez
Porto, S. A., Comellas Melero, N., & Arufe, M. C. (2022).
Acellular nerve graft enriched with mesenchymal stem cells in
the transfer of the phrenic nerve to the musculocutaneous
nerve in a C5-Cé brachial plexus avulsion in a rat model.
Microsurgery, 42(1), 57-65. https://doi.org/10.1002/micr.
30829

35U017 SUOWILLIOD A TR |ea! [ddle 3L Ag peuiianob a1 SSIL YO 88N 0 S3[NJ 10} ARIGIT BUIIUO A3IM UO (SUO1IPUOD-PUR-SLLLIBI W00 A3 | 1M ATRIq)[BuUO//STIY) SUORIPUOD PUR SWiS L 8L 89S *[1Z02/TT/8T] Uo AReiqi8u1uo AB]im ‘(‘oul eAnde ) 2gnopesy A 6280€ 101 /Z00T OT/I0p/LIc" 8| ARe.q1puIuo//SdNyY Woij pepeojumod ‘T ‘2202 ‘26228601


https://doi.org/10.1002/micr.30829
https://doi.org/10.1002/micr.30829

	Acellular nerve graft enriched with mesenchymal stem cells in the transfer of the phrenic nerve to the musculocutaneous ner...
	1  INTRODUCTION
	2  MATERIAL AND METHODS
	2.1  Mesenchymal stem cells preparation
	2.2  Acellular nerve tissue preparation
	2.3  Model establishment and experimental design
	2.4  Electrophysiological examination
	2.5  Histological analysis
	2.6  Electron microscopy
	2.7  Statistical analysis

	3  RESULTS
	3.1  Electrophysiological findings
	3.2  Histological findings
	3.3  Electron microscopy findings

	4  DISCUSSION
	5  CONCLUSIONS
	ACKNOWLEDGMENTS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


