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Abstract Traumatic brain injuries and degenerative
neurological disorders such as Alzheimer’s dementia,
Parkinson’s disease, amyotrophic lateral sclerosis and
many others are characterized by loss of brain cells and
supporting structures. Restoring microanatomy and func-
tion using stem cells is a promising therapeutic approach.
Among the many various sources, adipose-derived stem
cells (ADSCs) are one of the most easily harvested alter-
natives, they multiply rapidly, and they demonstrate low
immunogenicity with an ability to differentiate into several
cell types. The objective of this study was to evaluate the
effect of xenotransplanted human ADSCs on post-trau-
matic regeneration of rat sciatic nerve. Peripheral recon-
struction following complete sciatic transection and
autonerve grafting was complemented by intra-operative
injection of hADSCs into the proximal and distal stumps.
The injury caused gliosis and apoptosis of sensory neurons
in the lumbar 5 (LS5) ganglia in the control rodents; how-
ever, animals treated with hADSCs demonstrated a smaller
amount of cellular loss. Formation of amputation neuroma,
which hinders axonal repair, was less prominent in the
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experimental group, and immunohistochemical analysis of
myelin basic protein showed good myelination 65 days
after surgery. At this point, control groups still exhibited
high levels of microglia/macrophage-specific marker Iba-1
and proliferating cell nuclear antigen, the mark of an
ongoing inflammation and incomplete axonal growth
2 months after the injury. This report demonstrates that
hADSCs promote neuronal survival in the spinal ganglion,
fuel axonal repair and stimulate the regeneration of
peripheral nerves.

Keywords Autonerve graft - Human adipose-derived
stem cell (hADSC) - Xenotransplantation - Peripheral nerve
injury - Regenerative medicine - Repair

Introduction

Despite rapid development of neurosciences and major
advances in innovative pharmacological approaches,
slowly progressive degenerative brain diseases such as
Alzheimer’s dementia, Parkinson’s disease, multiple scle-
rosis, amyotrophic lateral sclerosis, among others, remain
incurable. These conditions are accompanied by a varying
degree of altered structure and function, in particular loss
of neurons or glia, demyelination, degeneration of nerve
fibers, dysfunction of the innervated target tissues and a
plethora of clinically relevant or more subtle cellular
changes. Current treatments are largely supportive and in
many cases only palliative in nature. To date, clinical
recovery following neurotrauma is also unsatisfactory and
requires the development and implementation of new
approaches.

Despite innovative methods in reconstructive neuro-
surgery, peripheral nerve injury still has a high risk of
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permanently losing functions in the affected extremities.
The gap between the proximal and distal nerve fragments is
often insufficient for end-to-end anastomosis, causing sig-
nificant tension. As such, autologous nerve grafts are often
used in clinical settings. This approach is also aimed at
activating the proliferation of Schwann cells and locally
producing neurotrophic factors and cytokines leading to
cell adhesion and axon regeneration [1]. Even though the
use of autologous nerve grafts for compensating the defects
in nerve injury requires an additional traumatization of
healthy nerve trunks, autonerve grafting is still the most
effective option in the daily surgical routine. However,
even high-tech microsurgical manipulations fail to offer
full functional restoration of damaged nerves, creating an
unmet need to explore new avenues in the treatment of
nerve injury. These include transplantation of Schwann
cells, mesenchymal adult precursor cells [2], olfactory
ensheathing cells [3] and adipose-derived stem cells [4],
and several others are also extensively studied.

Traumatic injuries of peripheral nerves are accompanied
by structural and functional disorders. Experimentally
induced chronic injury of the sciatic nerve causes a sig-
nificant level of cell death in the spinal ganglion and usu-
ally results in incomplete functional recovery [6-8].
Transection of sciatic nerve leads to sequential loss of
spinal ganglion neurons in adult rats [9]. Initially, small
neurons with dark perikaryotic and unmyelinated appen-
dage (B cells) succumb in a large volume, whereas large
neurons with light perikaryotic and myelinated processes
(A cells) die in a lesser degree [10]. Approximately 40 %
of sensory neurons diminish within 2 months after
peripheral axotomy. Similar phenomena are also observed
clinically following peripheral nerve injury [11]. Swelling
occurs following nerve damage in the proximal segment,
while the distal stump undergoes degeneration; however,
regenerating axons can be detected as early as 24 h fol-
lowing the injury. Initially, the regenerating units contain
only unmyelinated fibers, even if the axon originally was a
myelinated fiber, because myelin formation is slower. Over
time these unmyelinated fibers become myelinated. Re-
growth and myelination of axons per se are not signs of
successful regeneration, since the functional recovery is
only possible if the fiber reaches the distal nerve segment
and the respective distal receptors. If regenerating fibers
grow into the perineurium, neuroma will be formed, which
could potentially cause loss of function of the regenerating
units and may act as a barrier to nearby regenerating axons.

Schwann cells are involved in the formation of endo-
and perineurium. Fibroblasts take part in the formation of
the myelin sheath during axonal growth. Both of these cell
types play important roles in the regeneration of the
peripheral nervous system [12], but formation of blood
vessels is also key to a successful recovery [13]. As such,
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stimulating Schwann cells and blood vessels is essential for
the regeneration of the peripheral nerve.

Microglia play important roles in re-establishing
homeostasis during intra-thecal injury and various degen-
erative processes. They also bridge the immune system
with the brain [14]. However, their impact on traumatized
peripheral nerve is yet to be characterized. Mesenchymal
stem cells (MSCs) have the ability to differentiate into
various cell types and therefore might yield significant
regenerative capacity [15]. Several studies demonstrate
their positive effects in degenerative neuropsychiatric
conditions, but only limited data exist on their regenerative
properties in the peripheral nervous system. Among the
various MSC sources, adipose tissue has been recognized
as one of the most promising in regenerative medicine:
Adipose-derived stem cells (ADSCs) are easily harvested,
multiply rapidly, demonstrate low immunogenicity and
have the ability to differentiate into various cell types [5].
This work, therefore, evaluates the influence of xeno-
transplanted human ADSCs (hADSCs) on the regenerative
processes after sciatic nerve autografting, in particular
post-traumatic proliferation of Schwann cells, axonal
growth, myelination, microglial response, regeneration of
blood vessels, and the response of neurons and satellite
cells in the LS spinal ganglia.

Materials and methods

Adipose tissue was obtained from healthy human donors,
testing negative to hepatitis B and C viruses, and human
immunodeficiency virus. The collection of adipose tissue
was performed under sterile conditions in a hospital during
the planned liposuction. The cell isolation was performed
within 16 h after collecting the samples.

Isolation of stem cells from human adipose tissue was
performed according to previously published protocols
[16]. The adipose tissue was washed three times in DPBS
(Biolot, Russia) at 500 g for 5 min. After removal of the
lower aqueous phase, 0.4 % collagenase solution was
added in the equal volume. The incubation of the tissue
was carried out at 37 °C on a shaker, at 120 rpm/min for
1 h. Following the enzymatic digestion of the tissue, the
cells were washed three times by centrifugation at 500g for
5 min. The pellet was re-suspended in «MEM medium
[alpha minimum essential medium, Invitrogen) 4+ 10 %
FBS (fetal bovine serum, FBS) (Sigma, USA)] and then
filtered (100 um@) to remove the uncleaved fragments of
adipose tissue. The received cells were maintained in
oMEM medium, with the addition of 10 % FBS, 2 mM L-
glutamine (Sigma, USA), a mixture of antibiotics of
penicillin and streptomycin (100 U/ml, 100 pg/ml) (Sigma,
USA).
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Previous studies using the phase-contrast microscopy
have shown that obtained cells have a fibroblast-like
morphology, with highly proliferative properties and anti-
genic characteristics, typical for MSCs [16].

The experiment was performed on 29 white outbred rats
(weight 200-250 g each) obtained from Pushchino Labo-
ratory, Russia. The tests on animals were approved by the
physiological section of the Russian national committee on
bioethics and were carried out in accordance with the
international bioethical norms.

Animals were housed and bred pathogen-free under
controlled temperature and lighting (12:12-h light/dark
cycle) and fed with commercial animal feed and water. The
animals under chloralhydrate anesthesia (400 mg/kg in
6.4 % solution of NaCl) had the defect with the length of
10 mm formed in their left sciatic nerve and immediately
grafted the autonerve into the place. The nerve ends were
sutured without tension with 10.0 Prolene thread. In the
experimental group, during surgery the animals were
injected by Hamilton syringe intra-neurally at three points
(in the nerve autograft area, in the central and the distal
segments of the nerve) with 10 pl of solution (total of
30 pl) containing 1 million MSCs suspended in 0.09 %
NaCl. Similarly, the control group was injected with 10 pl
of sterile 0.09 % NaCl (total of 30 pl; see Fig. 1). In both
groups, after the grafting, the sciatic nerve was coated with
fibrin glue “Tissucol” (Baxter, Austria). The wound was
sutured in layers. On day 65 after the operation, in both the
experimental and control groups, the L5 spinal ganglion
was obtained on the operated side, as well as the peripheral
fragment of the sciatic nerve with the nerve autograft. The
material was fixed in 10 % neutral formalin and was frozen
at —80 °C.

Routine methylene blue staining on 7-pum-thick serial
sections was used for histological evaluation of the spinal
ganglion L5 and glial cells. Images were obtained with

Fig. 1 Sciatic nerve of the rat on 65th day after the autonerve
grafting. Dist—the distal segment of the nerve. White arrows—
insertion site of hADSCs

microscope (Olympus BX51WI) using a 20x objective
equipped with a digital camera (AxioCam MRm, Carl
Zeiss). Areas of the spinal ganglion were outlined and
measured with ImageJ 1.43.

On 7-um-thick methylene-blue-stained serial sections of
the L5 spinal ganglion, the efficiency of regeneration
estimated using caspase-9 goat polyclonal IgG (Santa
Cruz) and the number of caspase-9Jr cells were assessed, as
well as the number of neurons, of a large and, partly, of the
average diameter was evaluated using NF-m (H60) rabbit
polyclonal IgG (Santa Cruz).

In the longitudinal sections of the rat sciatic nerve, the
axonal sprouting was evaluated through two seam lines via
NF-m (H60) of rabbit polyclonal IgG (Santa Cruz),
myelination of fibers was assessed by MBP of goat poly-
clonal IgG (Santa Cruz), and migration and proliferation of
microglia/macrophages were assessed by double-fluores-
cent immunohistochemical markers Iba-1/PCNA [Iba-1
goat polyclonal IgG (AbCam)/PCNA rabbit polyclonal IgG
(Santa Cruz)]. The results were then processed using the
Student’s ¢ test method.

Results

The morphometric analysis of the spinal ganglion L5
indicates a significant visual reduction in size of the spinal
ganglion compared with that of the contralateral side in the
experimental and control groups. The distal fragment of the
sciatic nerve is thickened due to the formation of the
connective tissue on its surface. Furthermore, 65 days after
the surgery, the swelling of the central nerve segment was

Fig. 2 Serial section of the spinal ganglion L5 in the experimental
group on 65th day after the autonerve grafting and hADSC
xenotransplantation. The picture shows the cluster of satellite cells
(SC). We observe the presence of neurons containing two nucleoluses
in the nucleus (N) in the large-diameter neurons. The presence of
axons (A) and myelinated fibers (MF). Scale bar—50 pm
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observed. The central part of the spinal ganglion contains
well-expressed layers of the connective tissue. In neurons,
an uneven and sometimes total central chromate lysis is
developed. Part of the neurons appears as hyper-chromic
neurons with perikaryons of irregular angular shapes, as
well as the neurons containing two nucleoli are observed
(see Fig. 2).

Due to the death of a large number of small-diameter
neurons, using the method of immunohistochemistry we
have evaluated the number of the proprioceptive neurons of
large and partly tactile neurons of average diameter using
neurofilament-m (NF-m) staining. We counted the neurons
with double-fluorescent marking containing NF-m™ marker
in cytoplasm and the blue marker DAPI in the nucleus (see
Fig. 3). The number of NF-m™ neurons in the experimental
group has an increase of 35.8 % (P < 0.05) compared with
the similar cells in the control group (autonerve grafting

without hADSCs injection) (Fig. 4). In comparison with
the intact animals, the number of NF-m* neurons in the
spinal ganglions has reduced 65 days after the surgery in
the experimental group for 30.75 % (P < 0.05) and 55.5 %
(P < 0.05) in the control group.

In the light microscopy of the spinal ganglion L5, we
discovered high activity of the glial cells, the accumulation
of macrophages and the formation of glial scars. The
number of glial cells was determined by counting DAPI-
stained nuclei which morphologically does not belong to
neural cells (see Fig. 5). Thus, in L5 spinal ganglion the
amount of glial cells in the experimental group increase by
37.61 % (P < 0.05) compared with the control group. The
number of glial cells in the control group has decreased by
30.9 % (P < 0.05) compared with the intact animals.

Along with the proliferation of the glial cells after the
peripheral nerve injury in the spinal ganglions, the sensory

--

Fig. 3 Serial section of the spinal ganglion L5 in the experimental
group on 65th day after the autonerve grafting. NF-m* cells and the
glial cells in the cross section of the spinal ganglion L5. Sections of
adult rats of wild type (WT) were analyzed by confocal microscopy
after immunostaining using specific antibodies. Row a—the group of
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the intact animals. Row b—the group of animals with autonerve
grafting and hADSC xenotransplantation. Row c—the group of
animals with the autonerve grafting. Green fluorescence corresponds
to the immunopositive reaction with NF-m. Blue fluorescence is a
nuclear marker DAPI. Scale bars—50 pm (color figure online)
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Fig. 4 Number of NF-m™ cells (Y-axis) in the test groups on 65th day
after the operation. The black column represents the intact animals,
the gray column corresponds to the group of animals with the
autonerve grafting and hADSC xenotransplantation, the striped
column represents the group of animals with the autonerve grafting,
and asterisk represents significant difference between the groups
nerve autografting and administration of MSCs and the group of
animals with the nerve autografting and the group of intact animals

30000 *

25000

15000
10000

5000

0

Fig. 5 Number of the glial cells (Y-axis) in the test groups on 65th
day after the operation. The black column represents the intact
animals, the gray column represents the group of animals with
autonerve grafting and hADSC xenotransplantation, the striped
column represents the group of animals with the autonerve grafting,
and asterisk represents significant difference between the groups
nerve autografting and administration of MSCs and the group of
animals with the nerve autografting

neurons undergo apoptosis [17], in which the spinal gan-
glions were analyzed for tendency of the cells to apoptosis
after the autonerve grafting (Fig. 5).

In spinal ganglia, the number of caspase-9™ neurons was
evaluated, and it was shown that the number of positive-
stained neurons, the neurons prone to apoptosis, in the
group with hADSCs transplantation is 41.6 % (P < 0.05)
lower than in the group of animals with the autonerve graft
without the injection of the cells (Figs. 6, 7). It was also,
discovered that caspase-9 is localized in the cell cytoplasm
only.

The analysis of the longitudinal sections of the sciatic
nerve shows the presence of a large number of small- and
medium-sized intra-trunk neuromas in the area of the
autonerve graft in the sections of the proximal and distal
sutures. At randomly selected areas of the longitudinal sec-
tions of the sciatic nerve, we evaluated the number of the
neuromas. In the group with the cell stimulation, the regen-
erating fibers are arranged more directly. In the areas of scar
formation as well as in the nerve-suture area, the scar tissue is
less pronounced. Comparatively, in the control group the
scar appears with overgrown nerve fibers and fibrous tissue.
The number of neuromas in the experimental group was
significantly lower compared with the number of neuromas
in the control group. On the one hand, the presence of such
structures represents the inability of axons to regenerate;
however, it gave us an opportunity to determine the structure
of the myelin fibers in both longitudinal and transverse
sections. In the experimental group, in the area of the second
(distal) suture line, the immunohistochemical marker MBP,
we discovered the intra-trunk neuroma, in which the mor-
phology of the myelinated fibers is fully consistent with the
normal structure of the nervous tissue (see Fig. 8).

In the distal segment of the nerve, the neuromas were
not found in any of the groups, indicating the exceptional
obstacle for regenerating fibers in the form of scar tissue. In
the control group, the amputation neuromas occur more
frequently and in most cases their presence is accompanied
by cysts of the adjacent tissue (see Fig. 9). The peripheral
nerve fragment in the control group is presented by sepa-
rately located fibers, and the areas containing large longi-
tudinal cavities are discovered.

In the group of animals with cell stimulation the
peripheral fibers of the sciatic nerve are located more
specifically. In case of neuroma in the distal segment of the
autonerve graft, the axon growth takes place due to the
collateral axons, possibly via the regenerative sprouting.
With the double-staining immunohistochemical reaction
using a specific microglia/macrophage marker (ionized
calcium-binding adapter molecule 1, or Iba-1) and the
proliferating cell nuclear antigen (PCNA), we showed that
in the sciatic nerve of rats in the experimental group, there
were no Iba-1-positive cells, while the PCNA fluorescence
is not pronounced compared with the one of the control
group (Fig. 10). In the control group, we observed a large
number of proliferating microglia/macrophages, the axons
and myelin fibers (Fig. 11). These results suggest that
hADSCs implanted intra-operatively in the injured area of
the sciatic nerve prevented the appearance of micro-
glia/macrophages 2 months after the injury. As for the
results with the application of the fluorescent reaction with
PCNA, we can conclude that in the control group, on 65th
day following the surgery there are ongoing processes of
growth and regeneration, whereas in the experimental
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Fig. 6 Serial section of the spinal ganglion L5 in the experimental
group on 65th day after the operation. Caspase-9™ cells in the spinal
ganglion L5. Row a—the group of animals with autonerve graft. Row
b—the groups autonerve grafting and hADSC xenotransplantation.
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Fig. 7 Number of caspase-9" cells (Y-axis) in the experimental
group on 65th day after the operation. The black column represents
the intact animals, the gray column is the group of animals with
autonerve graft and hADSC xenotransplantation, the striped column
represents the group of animals with the autonerve graft, and asterisk
represents significant difference between the groups nerve autograft-
ing and administration of MSCs and the group of animals with the
nerve autografting

group, the bulk of the axons reached the distal nerve seg-
ment and the respective distal receptors, the process of
fibers myelination took place, and the processes of neu-
roma formation discontinued.

Discussion
Within the serious medical and social problem, a large

number of scientific papers were dedicated for search of
methods to reduce post-traumatic degeneration in the
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Red fluorescence corresponds to the positive reaction with caspase-9.
Blue fluorescence represents the nuclear marker DAPIL. Scale bars—
50 um (color figure online)

central and peripheral nervous system, and neurodegener-
ative diseases research (ALS and Alzheimer’s). Since the
first description of MSCs as a single cell type, a large
number of studies were carried out in both preclinical and
clinical animal models, for their application in various
fields of medicine, and a whole literature data on the pro-
spects for clinical application of MSCs look quite opti-
mistic. For example, in their review Chen et al. [18] discuss
the possibility of clinical application of MSCs in neu-
rodegenerative diseases and claim that transplanted MSCs
produce neurotrophic factors and promote the survival and
regeneration of neurons, leading to functional recovery:
This was confirmed in our work.

The nerve autografting continues to remain the golden
standard for restoring the integrity of the nerve in diastase.
The explanation can be given by the presence of the
autologous Schwann cells and the structural proteins of the
extracellular matrix supporting neuronal survival and the
stimulation of the axonal regeneration [19].

The recorded high rate of neuronal death in our experi-
mental groups is undoubtedly associated with serious
traumatization of the sciatic nerve and the two suture lines
create a serious obstacle for the regenerating axons [11];
however, the transplantation of the hADSCs considerably
contributes to the neuronal survival of the LS spinal gan-
glion after the autonerve grafting. We have found that it is
only in the group with the cell stimulation, and exclusively
in the neurons of a large diameter, that doubling of nucleoli
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Fig. 8 Sciatic nerve fragment on 65th day after operation in the
control group. The neuroma in the distal suture line in the group of
animals with autonerve grafting and hADSC xenotransplantation.

Fig. 9 Sciatic nerve fragment on 65th day after operation in the
control group. On the picture, cysts are labeled as (C) of the sciatic
nerve in nerve autograft area and intra-trunk neuroma is labeled as

in cells takes place. It has been shown that nucleoli are the
most elastic components of the cell nucleus, the organiza-
tion and the functional activity of which change in response
to many external influences [20]. Morphologically, the
pathology of the cell nucleus is shown by changes in the
structure and changes in the size, shape and number of
nuclei and nucleoli, in the presence of a variety of nuclear
inclusions as well as in the changes of the nuclear mem-
brane. The changes of the nucleoli are essential in mor-
phological and functional assessment of the cell condition,
since the processes of transformation and transcription of
ribosomal RNA (rRNA) are associated with the nucleoli.
The size and the structure of the nucleoli, in most cases,
correlate with the amount of the cellular protein synthesis,
detectable by biochemical methods. Increasing number of
nucleoli indicates an increase in their functional activity.
The newly formed ribosomal RNA in the nucleolus is
transported to the cytoplasm, and, possibly, through the
pores of the inner nuclear membrane. The intensive protein
synthesis in these cases is confirmed by the increased
amount of the endoplasmic reticulum ribosomes.

It has been observed that the neuronal death, at least
partially, is caused by the deficiency of the neurotrophic
factors [21]. The survival of the peripheral neurons, unlike

Green fluorescence corresponds to positive reaction with MBP. The
blue fluorescence is the nuclear marker DAPI. Scale bars—20 pm
(color figure online)

(N). Green fluorescence corresponds to the immunopositive reaction
with NF-m. Blue fluorescence is a nuclear marker DAPI. Scale bars—
50 pm (color figure online)

the central neurons, is less dependent on the neurotrophic
factors. Many types of the peripheral neurons, including
sensory and sympathetic neurons of the spinal ganglion,
can survive in the absence of the neurotrophic support of
the Schwann cells, their analogues or the innervated target
cells [22]. This is consistent with the data stating that the
peripheral neurons of a mature organism are capable to
produce neurotrophic factors that may be involved in their
autocrine stimulation [19].

The proliferation of glial cells, including the satellite
cells surrounding the perikaryons of the sensory neurons, is
phenotypically regarded as the Schwann cells analogues, as
often described in the literature. However, recently there
have been the results showing that the early satellite cell
proliferation improves the regeneration in the peripheral
nerve system [23]. Besides the recovery of the motor
function, the activation of microglia/macrophages plays an
important role in the pathogenesis of the neuropathic pain
[24].

In turn, apoptosis is genetically controlled and mor-
phologically defined by the type of the cell death, which
can be triggered by a variety of physiological and patho-
logical aspects. This important intracellular process is often
initiated during the normal life cycle of a cell to maintain

@ Springer



458

Clin Exp Med (2016) 16:451-461

Fig. 10 Sciatic nerve fragment
on 65th day after the operation
in the control group. Iba-1/
PCNA in the group with the
autonerve graft and hADSC
xenotransplantation (the
experimental group). Upper left
field is in accordance with
negative expression with Iba-1.
Red fluorescence (right top)
corresponds to the positive
reaction with PCNA. Blue
fluorescence (left bottom) stands
for the nuclear marker DAPIL.
Double immunostaining using
PCNA- and Iba-1-specific
antibodies (right bottom).
Confocal microscopy of adult
rat sections after double
immunostaining using Iba-1-
and PCNA-specific antibodies.
Scale bars—50 pm (color figure
online)

homeostasis in the body. However, apoptosis plays an
important role in various pathological conditions, particu-
larly in the neurodegenerative diseases.

The direct “performers” of apoptosis in a cell are pro-
teins, a special family of proteases, called caspases. Cas-
pases belong to the family of evolutionarily conserved
cysteine proteases that are specifically activated in apop-
totic cells and play a key role in the mechanisms of the
programmed cell death. Currently, several subfamilies of
caspases are being differentiated based on their structural
similarity, amino acid sequence and substrate specificity.

Apoptotic protease activating factor 1 (Apaf-1) and
cytochrome C are playing an important role in holoenzyme
formation (caspase-9). Apaf-1 is a protein with molecular
weight of 130 kDa, containing caspase activation N-end
and recruitment domain (CARD) and as well as 12 repe-
ated amino acid WD-40 sequences (WD—dipeptide con-
sisting of tryptophan and aspartic acid). Out of these
conformations, symmetrical structures may occur and
molecules of dATP can join their specific areas, which
favors the creation of a stable Y-shaped Apaf-1.

The released CARD domains of monomeric molecules
Apaf-1 associated with each other to form heptameric
structure (>700 kDa) are called apoptosome [25]. The
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formation of this complex leads to the conversion of pro-
caspase-9 to caspase-9 that triggers the apoptotic cascade.

We have also discovered that caspase 9 is localized in
the cell cytoplasm only, which correlates with Cheng and
Zochodne’s [26] data. In their paper, published in 2003
authors suggested that the increased level of caspase-9 in
the nucleus cannot be regarded as a sign of irreversible cell
entry into apoptosis.

This observation is consistent with our registered
decrease in the total number of neurons on 65th day after
the nerve injury. These data along with the dynamics of
caspase-9" expression prove that nerve transection is
induced by apoptosis of the sensory neurons in the spinal
ganglion [11] and allow to suggest that the hADSCs due to
their ability to release neurotrophic factors and their ret-
rograde transportation from the area of their administration
to the target cells support the survival of the sensory neu-
rons in the spinal ganglion, which is one of the factors
determining the efficiency of the peripheral axon regener-
ation and restoration of the sensory function.

Although the molecular mechanisms that are in the basis
of the neuronal cell death of the spinal ganglion in response
to the nerve axotomy are not fully clear, the role of the
exogenous trophic factors has been proved as well as the
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Fig. 11 Sciatic nerve fragment
on 65th day after the operation
in the control group. Iba-1/
PCNA in the control group.
Green fluorescence corresponds
to the positive reaction with Iba-
1 (upper left). Red fluorescence
corresponds to the positive
reaction with PCNA (upper
right). Blue fluorescence (left
bottom) stands for the nuclear
marker DAPI. Double
immunostaining using PCNA-
and Iba-1-specific antibodies
(right bottom). Confocal
microscopy of adult rat sections
after double immunostaining
using Iba-1- and PCNA-specific
antibodies. Scale bars—50 pm
(color figure online)

severity of the trauma in the neuronal apoptosis and the
possibility for axonal sprouting to the corresponding distal
receptors [27].

Presently, scientists pay a close attention to the study of
the immune system response, particularly the reaction of
microglia/macrophages to the traumatic peripheral nerve
injury. In early studies, it was shown that the sciatic nerve
is relatively impermeable for microglia/macrophages;
however, the access of the immune cells enhances after the
nerve injury [28]. In the last few years, it has been shown
that in response to an injury, it is not only microglia which
gets activated, but also in the periphery, in the injured area,
the reactive Schwann cells provide trophic support and
directional growth of the regenerating axons. In response to
injury, the reactive astrocytes and microglia play the key
role in synaptic cleaning as well as in the phagocytosis
processes of the destroyed myelin [29].

The microglial cells are resident macrophages in the
central nervous system. These are the cells of mesodermal/
mesenchymal origin, in trauma migrating to all areas of the
central nervous system through the spinal cord parenchyma
and acquiring their inherent branched morphological phe-
notype [30]. The recent studies have shown that even in
intact spinal cord, microglia is able to migrate, thus

scanning the territorial domains. It can interact with mac-
roglia, neurons and cells of the immune system. Further-
more, the microglial cells have neurotransmitters and
cytokines receptors. The microglial cells are considered to
be the most sensitive sensors of the nervous system
pathology. At the first signs of nervous system dysfunction,
the microglial cells go through a complex, multistep acti-
vation process, which converts them into the “activated
microglia”. This cell form has the ability to release a large
number of substances influencing the surrounding cells,
either in a pathological or in a stimulating way. The acti-
vated microglia is able to migrate to the traumatized area,
proliferate and phagocytize cells and cellular debris [31]. It
has been observed that the activated microglia migrates to
the area of an injured facial nerve already in 15 h after the
injury, with the phagocytosis activity peak observed during
the 2-3 weeks and lasting for 8 weeks [31].

The MSC application for regeneration and neuropro-
tection has been extensively studied. The recent work
describes the biological properties as well as the evaluation
of the MSCs quality and safety for clinical use [32] which,
in accordance with our received data, allows distinguishing
the regenerative potential of MSCs in enhancing post-
traumatic nerve regeneration.
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In conclusion, we can infer that the xenotransplantation
of hADSCs in the injured rat’s sciatic nerve supports the
neuronal survival in the spinal ganglion L5 and stimulates
the axonal growth and myelination.

One of the possible mechanisms for the neuroprotective
antiapoptotic properties of the xenotransplanted cells is the
production of growth factors, retrogradely transported to
neurons and stimulating their survival [33]. These data
allow us to suggest that ADSCs due to their ability to
release neurotrophic factors and their retrograde trans-
portation from the area of their administration to the target
cells support the survival of the sensory neurons in the
spinal ganglion, being a prerequisite for the successful
regeneration.

Our results as well previous studies show that ADSCs
represent a promising therapeutic approach in nerve tissue
engineering regeneration and that one of their ability to
migrate and release neurotrophic factors [34] can be con-
sidered as a promising cell type for treatment of neurode-
generative diseases.
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