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Rat mesenchymal stem cells differentiate to endothelial
cells after allotransplantation into the damaged nerve
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Abstract

At present, achievements in regenerative neurobiology have demonstrated that transplantation of different kinds of stem cells can have a stimulating effect on the
processes of reparative regeneration of the nervous system. The experimental elaboration of mesenchymal stem cells (MSCs) transplantation to stimulate nerve
regeneration is carried out actively. There is evidence that MSCs promote the growth of the recipient regenerating axons after transplantation into the damaged nerve
or a conduit. However, the fate of the transplanted cells and their differentiation is poorly studied. The aim of the present study was to investigate localization and
differentiation of rat bone marrow MSCs 1 and 7 days after transplantation into the injured sciatic nerve of adult rats. MSCs from Wistar-Kyoto rats were cultured
for 7 days and labeled with BrdU 3 days prior to usage. The sciatic nerve of adult Wistar-Kyoto rats was pinched and a suspension of BrdU-labeled cultured MSCs
was immediately transplanted into a damaged sciatic nerve. 1 day after surgery, the transplanted MSCs were found in the endoneurium. 7 days after transplantation,
the MSCs were found survive and were localized in the epineurium. A part of the transplanted MSCs differentiates to cells of the vessel wall; according to their
morphology, these were endothelial cells. Thus, the transplanted MSCs can contribute to regeneration of the transected nerve by involvement in vascularization of

the injured tissue.

Introduction

Current regenerative neurobiology have demonstrated that
transplantation of stem cells can have a stimulating effect on the
processes of reparative regeneration of the nervous system organs [1-
3]. The experimental elaboration of cellular technologies to stimulate
nerve regeneration is carried out actively [4-7]. There is evidence
that the mesenchymal stem cells (MSCs) promote the growth of the
recipient regenerating axons after transplantation into the damaged
nerve or a conduit [8-10].

Current research on nerve regeneration is generally performed
on mesenchymal stem cells derived from bone marrow, adipose
tissue, umbilical cord stroma, amniotic fluid and other tissues [10,
11]. The choice of bone marrow or fat tissue is guided by the fact
that they provide an easy access and are autologous sources of stem
cells for transplantation therapies. In addition, MSCs have the
capacity to modulate immune responses [12]. The possible adverse
effects of cell therapy have been discussed [9,13-15]. The negative
consequences include host immune response to non-self stem cells,
tumor development, inflammation, connective tissue scar formation,
etc. In this regard, the study of the fate of the transplanted cells and
their differentiation takes on particular relevance. The aim of the
present study was to investigate localization and differentiation of rat
bone marrow MSCs 7 days after transplantation into the injured sciatic
nerve of adult rats.

Material and methods
MSCs

MSCs derived from bone marrow of Wistar-Kyoto rats were
provided by-“Trans-Technologies” (Russia). The method of obtaining
and characteristics of MSCs were described in more detail earlier by
Zinkova et al. [3]. Cells were cultured for a week, using a culture flasks
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(NEST Scientific, USA) and culture medium MEM alpha (BioloT,
Russia) supplemented with bovine serum. Three days prior to usage of
culture, 5-bromo-2-deoxyuridine (BrdU) (Sigma, USA) was added to
the medium. The MSCs suspension was washed twice with the medium
without BrdU and centrifuged for 15 min (200 g). The precipitate was
resuspended in 1 ml of fresh medium, and viability of the cells was
tested using 0.2% trypan blue solution (BioloT, Russia) and by cell
calculation in a Goryaev chamber. The cell suspension was used for
transplantation if the viability of the latter was at least 90%.

Experimental procedures

Adult male Wistar-Kyoto rats were used (n = 20); their housing and
all experiments were carried out according to the rules for work with
experimental animals. The research was positively approved by the
local Ethics Committee of the Institute of Experimental Medicine, (St.
Petersburg, Russia). The sciatic nerves of recipient rats were lesioned
by application of a ligature for 40 s at the level of the upper third of the
thigh. A small section (1 mm long) of epineural and perineural sheaths
was made close to the site of the lesion. At this site, a cell suspension (5
x 10*in 5 pl medium) was infused under the perineurium of the nerve
trunk by a thin glass cannula (0.6 mm in diameter). The surgery was
conducted under an MBS-2 microscope (LOMO, Russia) under aseptic
conditions. The method of transplantation of MSCs were described
in more detail earlier [16]. Then, the animals were kept in standard
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conditions of vivarium and were killed after 1 and 7 days with overdose
of ethyl ether vapor. The nerve segments containing transplant were
fixed in a zinc-ethanol- formaldehyde solution [17]. After dehydration
of the material in alcohols of increasing concentration and pouring in
paraffin, the sections (5 pm in thickness) were cut using rotary (RM
2125RT Leica, Germany) and mounted on silane treated (HistoBondR,
Germany) glass slides. Histological preparations were stained with
toluidine blue.

Immunohistochemical reactions

The transplanted mesenchymal stem cells of the graft were
identified by immunohistochemical reaction to BrdU. Monoclonal
antibody to BrdU (Bu20a clone, Dako, Denmark, at a dilution 1: 100
were used. Reagents from the EnVision+System Labeled Polymer_
HRP AntiMouse (K4001) kit (Dako, Denmark) were used as secondary
reagents. The preparations were investigated in microscope «Leica»
(Leica, Germany) and photographed with Leica ICC 50 digital camera
(Leica) operated by LAS EZ software (ver. 1.8.0, Leica Microsystems,
Switzerland).

Results and discussion

Toluidine blue staining of the MSCs revealed their morphological
features (Figure 1a). We succeeded to obtain image in Figure 1a owing
to adhesiveness, a characteristic property of the MSCs in culture: the
MSCs were fixed and stained just in the cell culture flasks. These are
fibroblast-like cells with processes and rounded or oval nucleus. One or
two nucleoli are distinctly visible in the nucleus. These morphological
characteristics of the MSCs are in full accordance with those described
by other authors [3,8,10].

For transplantation, a suspension of the cultured cells was made.
To check the BrdU uptake into MSCs, smears were prepared from the
suspension and BrdU immunohistochemistry was carried out on the
smears. Analysis of immunohistochemical preparations showed BrdU
in most MSCs: the brown-colored nucleus indicated the BrdU uptake
into the cell (Figure 1b). Therefore, after transplantation of BrdU-
labeled MSCs beneath the perineurium of sciatic nerve, they can easily
be distinguished from the recipient cells 1 and 7 days later.

A day after ligation of the sciatic nerve and transplantation of MSCs, the
sciatic nerve of the recipient rats was almost unchanged. Light microscopy
showed only slight swelling of some nerve fibers and enlargement of some
blood vessels. Figure 1c demonstrates grafted BrdU-labeled cells scattered
among the nerve fibers in the endoneurium of the recipient. Generally,
they have oval nucleus containing BrdU. Accumulations of BrdU-
immunopositive cells were seen in the endoneurium near the site of injury
of the nerve and injection of the MSCs suspension. In the epineural sheath,
the BrdU-labeled cells were not found.
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Figure 1. MSCs in culture (a), BrdU-containing MSCs in a smear (b) and in the

sciatic nerve 1 day after transplantation (c¢) (a — toluidine blue staining, b, ¢ — BrdU-
immunohistochemistry x400).
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7 days after surgery, the injured nerve fibers of recipient showed
signs of Wallerian degeneration: an increased number of mononuclear
cells, dilatation of blood vessels, edema of nerve fibers, and thickening
of the nerve sheaths. The fragmentation of the axons and the myelin
debris could not be detected because of the applied fixation and
histological processing of the material. The BrdU-labeled MSCs were
found in the epineurium. The transplanted cells were revealed in the
wall of blood vessels and were looking like endothelial cells (Figure
2a), pericytes, or smooth muscle cells (Figure 2b). In histological
preparations at high magnification, the labeled cells were looking like
typical endothelial cells and were bordering the lumen of the vessel
containing blood cells (Figure 3).

The present study demonstrates that the BrdU-labeled MSCs
injected beneath the perineurium, a day later were found in
endoneurium, while 7 days after surgery were revealed in epineurium
as well. These results are the clear indication of migration of the MSCs
for a week after grafting into the epineural sheath of the recipient’s
nerve. MSCs are known to have a high migration potential. Their
migration has been described after MSCs transplantation into the brain
[3]. They affect axonal regeneration after transplantation into nerve or
nerve conduit (bridge nerve gap) or after intravenous administration
[18]. Migration potential of MSCs results in their detection in the
site of the sciatic nerve injury 7 days after the intravenous injection
to mice, which enhances functional recovery of the sciatic nerve [18].
The data obtained in our study suggest that the transplanted cells enter
the blood vessels of the ligated nerve through the injured vascular wall.
The permeability of the walls of vasa nervorum increases as a result of
processes accompanying Wallerian degeneration. It’s notorious that,
simultaneously with degeneration of axons and myelin sheaths, the
repair of the injured nerve occur [19]. During the angiogenesis, MSCs

Figure 2. BrdU-labeled transplanted cells in the in recipient epineurium 7 days
after transplantation in the rat sciatic nerve. V - cavity of a blood vessel (BrdU-
immunohistochemistry, toluidine blue counterstaining x400).
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Figure 3. BrdU-labeled endothelial cell in the vessel wall of the rat sciatic nerve. V - cavity
of a blood vessel (BrdU-immunohistochemistry x1000).

can be integrated into the blood vessel wall.

Bone marrow MSCs were discovered by Friedenstein et al. [20,
21]. These are mesoderm-derived cells that form connective tissue
throughout the body and form fibroblasts, osteoblasts, chondrocytes,
adipocytes, and endothelial cells [22]. Now, it has been found that
MSCs can be obtained from many adult tissues: bone marrow stromal
cells, adipose tissue, dental pulp, umbilical cord blood and other tissues
[10, 11]. MSCs isolated from bone marrow stroma of mammals and
humans have been shown to differentiate under certain conditions
in vitro into different cell types: cardiomyocytes, astrocytes, neurons,
and some other [11, 23]. It has been shown that MSCs synthesize and
secrete growth and trophic factors such as epidermal growth factor
(EGF), hepatocyte growth factor (HGF), fibroblast growth factor
(FGF), transforming growth factor p growth (TGFp), brain-derived
neurotrophic factor (BDNF), glial cell-derived neurotrophic factor
(GDNE), nerve growth factor (NGF), and proteins of the extracellular
matrix (collagen, fibronectin, laminin) [10, 24]. Furthermore, they are
immunomodulators [25], and produce anti-inflammatory cytokines
and anti-apoptotic molecules [26]. Due to these properties, MSCs are
often used for transplant experiments to stimulate the regeneration of
the damaged nerve.

The favorable influence of MSCs on the restoration of peripheral
nerves has been shown in experiments on different kinds of animals:
rodents, rabbits, dogs, and primates (for review see [4, 5, 27]).
Molecular and cellular mechanisms of the obtained effect require
further fundamental studies. It is assumed that as secreted biologically
active substances, the MSCs make a good microenvironment for
growth of the recipient’s axons. For example, it has been established
that MSCs produce BDNF and, thus, stimulate the growth of nerve
fibers [28]. Possibly, transplanted cells can differentiate into Schwann
and are involved in myelination of regenerating axons.

Given the fact that researchers use MSCs from different sources
for transplantation, and their administration is performed in different
ways (intravenously, directly into the nerve trunks, or in conduits
connecting the segments of the transected nerve and containing
various excipients), the problem of differentiation of these cells after
transplantation require special research in each case. In this regard, one
of the most important tasks is to study the fate of the transplanted cells,
their survival time and differentiation features.

The present study showed that some of the transplanted MSCs
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differentiate to the endothelial cells. As to differentiation to Schwann
cells, there is an ambiguity in literature. Potentiality of MSCs to
differentiate to Schwann cells has been demonstrated in some in vitro
studies. It has been shown that the directed differentiation of MSCs
to the Schwann cells can be accomplished by their co-cultivation
with spinal ganglia neurons [29], or by adding to the culture medium
the glial growth factor-2 [24]. However, the present study shows
that, no BrdU-labeled cells were found in recipient’s endoneurium 7
days following surgery. In view of this fact, it seems unlikely that the
transplanted MSCs differentiate to Schwann cells.

Therefore, it remains debatable whether Schwann-like cells can
derive from implanted stem cells. There is a hypothesis positing that
transplanted stem cells can directly differentiate to the Schwann cells
and facilitate axonal myelination [30, 31]. In contrast, most other
researchers believe that differentiation to the Schwann cells cannot take
place without prior in vitro transdifferentiation or predifferentiation
of stem cells [13, 14, 32]. Results of the present study are in agreement
with the second point of view.

Thus, the present study revealed that MSCs transplanted in the
injured nerve survive for at least 7 days and differentiate to cells of vessel
wall, in particular to endothelial cells of the blood vessels. Vascular
supply of the peripheral nerve is extensively involved in regeneration
and, thus, the transplanted MSCs can contribute to regeneration of
the transected nerve by involvement in vascularization of the injured
tissue.
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