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Abstract

Objectives: Schwann cell (SC) transplantation is a
promising therapy for peripheral nerve transaction,
however, clinical use of SCs is limited due to their
very limited availability. Adipose-derived stem cells
(ADSCs) have been identified as an alternative
source of adult stem cells in recent years. The aim of
this study was to evaluate the feasibility of using
ADSCs as a source of stem cells for differentiation
into Schwann-like cells by an indirect co-culture
approach, in vitro.

Materials and methods: Multilineage differentiation
potential of the obtained ADSCs was assayed by test-
ing their ability to differentiate into osteoblasts and
adipocytes. The ADSCs were co-cultured with SCs
to be induced into Schwann-like cells through prox-
imity, using a Millicell system. Expression of typical
SC markers S-100, GFAP and P75NTR of the treated
ADSCs was determined by immunocytochemical
staining, western blotting and RT-PCR. Myelination
capacity of the differentiated ADSCs (dADSCs) was
evaluated in dADSC/dorsal root ganglia neuron
(DRGN) co-cultures.

Results: The treated ADSCs adopted a spindle
shaped-like morphology after co-cultured with SCs
for 6 days. All results of immunocytochemical stain-
ing, western blotting and RT-PCR showed that the
treated cells expressed S-100, GFAP and P75NTR,
indications of differentiation. dADSCs could form
Schwann-like cell myelin in co-culture with DRGN:S.
Undifferentiated ADSCs (uADSCs) did not form
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myelin compared to DRGNs cultured alone, but
could produce neurite extension.

Conclusions: These results demonstrate that this
indirect co-culture microenvironment could induce
ADSCs to differentiate into Schwann-like cells
in vitro, which may be beneficial for treatment of
peripheral nerve injuries in the near future.

Introduction

Schwann cells (SCs) play a critical role in regeneration of
peripheral nerves and are thus, the most promising candi-
date cell type as healing treatment for transected periph-
eral nerves (1). In animal models, SCs transplanted into
nerve bridges in injured sciatic nerves have been shown to
promote re-growth of injured axons and of functional
recovery (2). However, it is difficult to obtain sufficiently
large numbers of functional SCs for in vitro work within
a short span of time, which greatly limits their clinical
application.

In the past few decades, bone marrow stromal cells
(BMSCs) have been considered as an alternative cell source
for tissue regeneration after peripheral nerve injury as
they are capable of selectively differentiating into SCs
and enhancing axonal regeneration (3). However, BMSC
procurement procedures are painful for the donor and
frequently require general or spinal anaesthesia and yet may
yield low numbers of BMSCs upon harvest (4). For these
reasons, alternative stem cell types need to be investigated.

The ideal transplantable source cell should be easily
accessible, proliferate rapidly in vitro, possess multipoten-
tal differentiation properties and successfully integrate
into host tissue, with non- or hypo-immunogenicity (5).
Cells isolated from adipose tissue, termed adipose-derived
stem cells (ADSCs), can satisfy the above requirements.
Both ADSCs and BMSCs are originally derived from
embryonic mesoderm, they have similar phenotype and
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gene expression profiles (6,7); both can differentiate into
several mesenchymal tissue lineages, including adipocytes
(8), osteoblasts (9), myocytes (10), chondrocytes (11),
endothelial cells (12) and cardiomyocytes (13). They can
also be induced into neural lineages in vitro (14-16). Sub-
cutaneous adipose tissue is abundant and possesses more
mesenchymal stem cells (MSCs; 2 in 100 cells) than does
the bone marrow (1 in 25 000 or 100 000 cells) (17-20).
ADSCs can be easily isolated by conventional liposuction
procedures, which overcome tissue morbidity compared
to bone marrow aspiration, and proliferate rapidly in cul-
ture. Thus, ADSCs may be an ideal alternative cell source
for SC transplantation in regeneration of peripheral nerve.

Previous studies have shown that ADSCs can be
induced into SC-like cells using a protocol similar to the
method used to induce BMSCs to differentiate into SC-
like cells (21,22). Reports have documented that SC-like
cells from ADSCs are spindle-like in shape and express
SC markers such as S-100. In our study, we have aimed to
investigate whether ADSCs could be induced into Schw-
ann-like cells by indirect co-culture with SCs in vitro, and
whether the differentiated ADSCs (dADSCs) would
exhibit Schwann-like cell behaviour when co-cultured
with dorsal root ganglia neurons (DRGNSs) in vitro, which
would provide a foundation for transplantation of dADS-
Cs in the vicinity of transected peripheral nerves.

Materials and methods

Materials

Trypsin and Dulbecco’s modified Eagle’s medium/F-12
Ham nutrient mixture (DMEM/F-12) were purchased
from Invitrogen, Carlsbad, CA, USA. Collagenase type o
was purchased from Merck. Recombinant human beta-
NGF was from Peprotech (Rocky Hill, Connecticut,
USA). Cytosine-B-arabinoside hydrochloride (Ara-C),
3-isobutyl-1-methylxanthine, ascorbate, dexamethasone,
B-glycerophosphate, insulin, penicillin and streptomycin
were purchased from Sigma, St. Louis, MO, USA. Human
heregulinl-B1 extracellular domain (HRG1-B1 ECD) was
from R&D (Minneapolis, USA). Foetal bovine serum
(FBS) was obtained from Hyclone, Logan, UT, USA. 12-
well Millicell cell culture dishes with inserted hanging
geometry (1.0 um PET transparent) were purchased from
Millipore (Boston, MA, USA). All culture plates were
from Costar (IL, USA). All other reagents were local
products of analytical grade.

Primary antibody employed for immunocytochemis-
try, rabbit anti-S-100 protein monoclonal antibody, was
from Sigma. Mouse anti-tubulin, beta isoform monoclonal
antibody, rabbit anti-P75 neurotrophin receptor polyclonal
antibody and rabbit anti-glial fibrillary acidic protein
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(GFAP) polyclonal antibody were from Millipore.
Secondary antibodies including FITC goat anti-rabbit IgG
(H+L), FITC goat anti-mouse IgG (H+L), TRITC goat
anti-rabbit IgG (H+L) and goat anti-rabbit [gG/HRP were
purchased from Invitrogen.

Neonatal Sprague—Dawley rats (1-3 days old) and
adult Sprague—Dawley rats (male, 6-8 weeks old) were
obtained from Beijing Haidian Experimental Animal Cen-
ter. All animal experiments were carried out in accordance
with the US National Institute of Health Guide for the
Care and Use of Laboratory Animals (NIH Publications
No. 80-23) revised 1996 and approved by the Beijing
Administration Committee for Experimental Animals.

Isolation and culture of ADSCs

Adult Sprague—Dawley rats were deeply anaesthetized
using chloral hydrate, and adipose tissue was obtained
from testicular fat pads. Isolation of ADSCs was accom-
plished using a modification of a previously published
method (22). Adipose tissue samples were washed in cold
DMEM/F-12 medium (containing 1% penicillin/strepto-
mycin) and were mechanically dissociated carefully after
digestion in collagenase type II for 40 min at 37 °C. Sus-
pensions were filtered through 80-um metal mesh and
centrifuged to separate floating adipocytes from the stro-
mal vascular fraction. Supernatant was discarded and cells
in the stromal vascular fraction were resuspended in
DMEM/F-12 medium (containing 1% penicillin/strepto-
mycin and 10% FBS) and seeded on culture plates.
Twenty-four hours later, culture medium was changed to
eliminate non-adherent cells. Cells used in our experi-
ments were passaged 3—5 times.

Isolation and culture of SC

Schwann cells were enriched from sciatic nerves of neona-
tal Sprague-Dawley rats as described in our previous
study (23). The protocol is based on different rates of cell
proliferation and attachment properties between cultured
fibroblasts and SCs in vitro. In brief, cells were first trea-
ted with Ara-C for 24 h. Then medium was replaced with
growth medium containing 20 ng/ml human heregulinl-
B1 extracellular domain (HRG1-f1 ECD). After 48 h fur-
ther incubation, cells were treated with 0.05% trypsin,
which resulted in detachment of SCs from the dishes but
not fibroblasts. In each category, suspended cells were col-
lected into conical tubes and centrifuged. After removal of
supernatant, pellets were resuspended in DMEM/F-12
medium (containing 1% penicillin/streptomycin, 20 ng/
ml HRG1-B1 ECD and 10% FBS) and plated on culture
plates at density of 5 x 10* cells/ml. Cells were grown to
confluence, and then passaged by splitting them 1:3.
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Proliferation assay of ADSCs

ADSCs at passages 3, 5 and 10, were seeded
1 x 10* cells/ml on 24-well plates to determine prolifera-
tion activity of the cells. After growing ADSCs for 1, 3, or
5 days, cell proliferation was determined by MTT assay,
which detects mitochondrial dehydrogenase activity of
viable cell, s spectrophotometrically. Briefly, cells were
cultured for 1, 3, and 5 days, and 100 pl of MTT (3-[4, 5-
dimethylthiazol-2-yl]-2, 5-diphenyl tetrasodium bromide,
5 mg/ml), was added to each well and incubated at 37 °C
for 4 h. Then, MTT solution was carefully removed and
insoluble blue formazan crystals were dissolved in 1 ml
dimethyl sulphoxide. One hundred microlitres of solution
was aspirated from each well and poured into 96-well
plates. Absorbance of each well was measured by ELISA
at 570 nm. In addition, MTT assay was performed on
directly counted SCs (0.5 x 10°, 1 x10°, 2x 10
4x10°, 8 x 10°, 1.6 x 10°, 3.2 x 10°), and absorbance
values were plotted against counted cell numbers to estab-
lish a standard calibration curve. Viable cell numbers were
then determined from the standard curve based on their
MTT absorbance values. Cell numbers are represented as
mean + standard deviation (SD).

Adipogenic and osteogenic differentiation of rat ADSCs

Multilineage differentiation potential was assayed by test-
ing ability of ADSCs to differentiate into osteoblasts and
adipocytes, as described previously (24). Briefly, osteo-
blast differentiation was achieved after cells were treated
with 50 pg/ml ascorbate, 0.1 um dexamethasone and
10 mm B-glycerophosphate for 3 weeks. For adipocyte
differentiation, cultures were treated with 1 um dexameth-
asone, 10 pg/ml insulin and 100 pg/ml 3-isobutyl-1-
methylxanthine for 3 weeks. von Kossa and oil red O
staining methods were employed to identify osteoblasts
and adipocytes respectively.

Differentiation of ADSCs by co-culture with SCs

For co-culture experiments, 5 x 10° ADSCs/well were
seeded on 12-well plates with DMEM/F-12 medium

containing 10% FBS overnight and replaced with fresh
medium to eliminate non-adherent cells. As shown in
Fig. 1 (IIT), SCs were seeded on Millicell and co-cultured
with ADSCs in 12-well plates with replacement of 1/2
volume co-culture medium every 3 days. Millicell plates
had porous polystyrene membranes with pore size of
1 um, allowing free exchange of proteins in the medium
while preventing cell migration between the two compart-
ments. ADSCs without co-culturing with SCs under iden-
tical conditions were negative controls and SCs alone
were positive controls.

Immunofluorescence staining

For immunophenotype characterization of dADSCs, SC
markers, including S-100, GFAP and P75NTR, were used.
Immunostaining was performed according to protocols
published previously (25). Briefly, cells cultured on cover-
slips were fixed in 4% paraformaldehyde (PFA) in phos-
phate-buffered saline (PBS) for 10 min, and then
permeabilized with 0.05% Triton X-100 for 10 min. Non-
specific binding sites were blocked using 5% goat serum
for 1 h. Cells were then incubated with primary monoclo-
nal antibody (1:200) at room temperature for 1 h. Cells
were washed three times in PBS and incubated with corre-
sponding secondary antibodies (1:200) for 2 h at room
temperature. After second rinsing in PBS, cells were incu-
bated in 4’, 6"-diamidino-2-phenylindole dihydrochloride
(DAPI, 1:1000) to counterstain cell nuclei, for 5 min at
room temperature. Finally, specimens were washed three
times in PBS, each for 5 min, and were then mounted with
antifade solution. Labelled cells were examined by fluo-
rescence microscopy. Images were digitally recorded and
processed using Image-Pro Plus (Media Cybernetics,
USA). Cultures of SCs and uADSCs were similarly
stained as positive and negative controls accordingly, with
antibodies above.

Cultures to be stained for B-tubulin were fixed in 4%
PFA for 30 min at room temperature. Cultures were per-
meabilized with 0.1% Triton X-100 for 10 min. Cultures
were then treated with ice-cold 50% acetone for 2 min,
ice-cold 100% acetone for 2 min and 50% acetone
for 2 min. They were then washed twice in PBS for
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Figure 1. Model of ADSCs co-cultured with SCs. (I) ADSCs cultured alone; (II) Schwann cells; (III) ADSCs co-cultured with Schwann cells.

A: DMEM/F-12 medium; B: ADSCs; C: SCs; D: Millicell.
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3 min each and incubated with mouse anti-tubulin beta 3
isoform, monoclonal antibody for 2 h at room tempera-
ture. Rinsing three times in PBS was followed by incuba-
tion with corresponding secondary antibodies (1:100) for
1 h at room temperature. After the second rinsing step
in PBS, cells were incubated in DAPI (1:1000) for
5 min at room temperature to counterstain cell nuclei.
Finally, specimens were washed three times in PBS,
each for 5 min, and then were mounted with antifade solu-
tion. Labelled cells were examined by fluorescence
microscopy.

Western blot analysis

Cells were washed three times in cold PBS, scraped into
ice-cold lysis buffer (20 mm Tris—HCI, pH 7.4, 2 mm
EDTA, 25 mm NaF, 1% Triton X-100 plus protease
inhibitors) and incubated at 4 °C for 30 min. After incu-
bation, cell lysates were sonicated for 15 s and then cen-
trifuged at 12 520 g at 4 °C for 15 min. Supernatants
were collected and their total protein concentration was
determined using BCA Protein Assay Kit (Pierce, Rock-
ford, USA). Protein samples were completely denatured
by boiling in bromophenol blue sample buffer for 5 min,
separated by SDS-PAGE (10%), and then transferred
electrophoretically on to  polyvinylidenedifluoride
(PVDF) membranes. Non-specific antibody binding was
blocked with 5% non-fat dry milk in Tris-buffered saline
containing 0.1% Tween 20 (TBST) for 2 h at room tem-
perature. Immunoblotting was performed with specific
primary antibody and secondary antibodies conjugated to
horseradish peroxidase. Protein blots were developed by
enhanced chemiluminescence method. B-actin was used
as loading control, and results were analysed as detected
protein/B-actin ratio.

RT-PCR analysis

RT-PCR was used to evaluate expression of genes encod-
ing S-100, GFAP and P75NTR in ADSCs co-cultured
with SCs. Total RNA was isolated using Trizol reagent
(Invitrogen) and genomic DNA was removed using
DNase (Takara, Japan). Two micrograms of RNA was
reverse transcribed at 42 °C for 45 min in 20 pl reaction

Table 1. Primers for RT-PCR
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mixture using Reverse Transcription System (Promega,
Madison, USA). Total RNA concentration was deter-
mined spectrophotometrically at 260 nm. Primers of
detected genes are listed in Table 1. The reaction system
and procession were employed as described previously
(26). GAPDH was used to normalize the amount of tem-
plate for each sample. ADSCs not co-cultured with SCs
under identical conditions were negative controls and SCs
alone were positive controls.

Functional assay in dADSC/DRGN co-cultures

DRGN culture was prepared according to a previous study
with minor modification (27). In brief, dorsal root ganglia
(DRG) neurons were removed from neonatal Sprague—
Dawley rats, cleaned of connective tissue and chemically
dissociated in trypsin. Trypsin activity was stopped by
addition of DMEM/F-12 medium containing foetal
bovine serum. Ganglia were then washed in DMEM/F-
12, before mechanical dissociation by gentle trituration
using a pipette. Dissociated neurons were passed though a
70 pm mesh to remove non-dissociated tissues and myelin
debris. Suspensions were centrifuged, and pellets were
resuspended in NLA negative (neurobasal medium plus
B27, supplemented with nerve growth factor at
10 ng/ml). Approximately 5000-7000 DRG cells were
plated per well (24-well plate). After seeding and over-
night incubation, cultures were flooded and subsequently
treated with NLA negative medium containing 5’-fluoro-
2’-deoxyuridine (FUDR) at 20 pg/ml and uridine at
10 pg/ml 2 days to kill any remaining non-neuronal cells.
After this antimitotic treatment, resulting DRGN cultures
were maintained on NLA™ medium for at least 1 week to
ensure that residual FUDR was removed when SCs or
dADSCs were added.

For myelination experiments, co-cultures were pre-
pared by addition of 50 000 dADSCs, SCs and uADSCs,
to purifited DRGN cultures. DRGN cultures and co-
cultures were fed every 2-3 days with NLA negative
medium for 2 weeks. For myelination induction, each
culture of DRGN, SC/DRGN, dADSC/DRGN and
uADSC/DRGN was switched to NLA" medium. NLA"
medium was the same as NLA™ medium but with addition
of 50 pg/ml ascorbic acid. All cultures were then

Gene Forward primer (5"-3") Reverse primer (5-3") PCR product (bp)
S-100 GAGAGAGGGTGACAAGCACAA GGCCATAAACTCCTGGAAGTC 169
P75NTR AGGGCACATACTCAGACGAA CAAGATGGAGCAATAGAGAG 327
GFAP CTTCCCGCAACGCAGAG GAGCCGTGGGCACTAAA 631
GAPDH GCCACCCAGAAGACTGTGGAT TGGTCCAGGGTTTCTTACTCC 500
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maintained for additional 2 weeks, with replacement of
appropriate medium every 2—3 days.

Sudan black staining and cell counting

Cultures were fixed for 10 min in 4% PFA, rinsed three
times in 0.1 M POy and further fixed in 0.1% OsOy4 for 1 h
at 4 °C. Cultures were then washed four times in 0.1 M
PO, followed by dehydration in 25%, 50% and 70% etha-
nol, each for 5 min; 0.5% Sudan black/70% ethanol solu-
tion was filtered before staining for 1 h. Cultures were
rinsed in 0.1 M PO, and mounted on glycerine jelly after
trimming the dish. Images of myelinated axons were cap-
tured using a CCD video camera (CCD colour camera;
Hitachi, Japan). All experiments were performed in tripli-
cate and repeated at least twice.

Statistical analysis

Data are expressed as mean + SD. For comparison of
quantitative measures, the values were subjected to statis-
tical analysis using Student’s f-test, considered significant
at P < 0.05.

Results

Characterization of rat ADSCs and SCs

Rat testicular adipose tissue was enzymatically digested
and then centrifuged to isolate the stromal cell fraction
from mature adipocytes. After two passages in culture,

cells from the stromal fraction morphologically exhibited
a homogenous population of fibroblast-like cells (Fig. 2a).
Cells were then trypsinized and plated for MTT pro-
liferation assay (Fig. 3). There was an apparent stationary
phase in population growth of cells during the first 24 h.
Rate of cell proliferation then expanded more rapidly.
Although overall cell population growth rate of ADSCs at
passages 5 and 10 decreased, they still proliferated very
rapidly. These rat ADSCs could be passaged at least 10
times, and did not spontaneously differentiate during
culture expansion (data not shown).

As Fig. 2d shows, SCs were typically spindle-shaped
and were either bipolar or occasionally multipolar, often
aligning in fascicles; purity of SCs was more than 99%.

To determine whether cells isolated from adipose tis-
sue exhibited multipotential properties of mesenchymal
stem cells, they were treated with agents known to induce
differentiation in cells originating from the mesoderm.
Adipocyte differentiation was confirmed by lipid droplets
with oil red O (Fig. 4a) and osteoblast differentiation was
assessed by production of calcium deposits detected by
staining with the von Kossa reagent (Fig. 4b).

Morphology of dADSCs

At co-culture days 6 and 21, ADSCs were visualized
using a phase-contrast microscope. As Fig. 2 shows,
ADSCs co-cultured with SCs exhibited striking morpho-
logical changes compared to controls. ADSCs cultured
alone appeared as a monolayer of large, fibroblast-like
flattened cells. When ADSCs were co-cultured with SCs

Figure 2. Morphology of ADSCs, dADSCs
and SCs by phase-contrast microscopy. (a)
ADSCs cultured alone showed flattened fibro-
blast-like morphology; (b) ADSCs co-cultured
with Schwann cells for 6 days differentiated to a
Schwann cell phenotype; (c) Morphology of
treated cells was exactly the same as SCs, when
co-cultured for 21 days; (d) Images of purified
Schwann cells (magnification: x100).
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Figure 3. Cell proliferation of ADSCs isolated from adipose tissue.
MTT assay was used to determine growth rate of cell populations
obtained from adipose tissue at passage 3(—-), 5(-m-) and 10(-a-). Values
represent mean + SEM, corresponding to five replicates.

for 21 days, cells showed spindle shaped morphology and
were bi- or tripolar, resembling the appearance of SCs
(Fig. 2c¢). Unfortunately, almost all control ADSCs
detached from the plates and died after 21 days of culture
without passage.

Expression of SC markers

dADSCs were assessed for expression of SC markers:
S-100, GFAP and P75NTR, to determine evidence of
phenotypic progression along an SC lineage. Control SC
cultures were immunoreactive for all three makers, S-100,
GFAP and P75NTR. The cells demonstrated typical bipo-
lar or tripolar morphology, had oval nuclei, and brightly
stained for the above three protein markers, as shown in
Fig. Sa—c respectively. Positive expression of S-100,
GFAP and P75NTR was observed in treated groups on
days 6 and 21 (Fig. 5d-i). ADSCs cultured alone were
negative for S-100, GFAP and P75NTR (Fig. 5j-1); how-
ever, if ADSCs were cultured up to passage 8—10, there
was occasional, faint expression of S-100, but not of
GFAP or P75NTR (Fig. 6).

Figure 4. ADSCs exhibit properties of stem
cells. Cultures were treated with agents to induce
differentiation to adipogenic and osteogenic
lineages. Cells were then stained with oil red
O (a) and von Kossa reagent (b) respectively
(magnification: x100).
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To confirm that results obtained by immunocytochem-
ical staining were not due to artefacts of cell shrinkage,
western blotting and RT-PCR were performed. Lysates of
the treated ADSCs but not ADSCs cultured alone showed
S-100, GFAP and P75NTR-immunoreactive bands corre-
sponding to a molecular weight of 12, 52 and 75 kDa
respectively. This was present in SC lysates as well
(Fig. 7). Results of RT-PCR of the treated ADSCs mRNA
probed with S-100, GFAP and P75NTR primers also sup-
ported the results found on immunocytochemical staining.
As shown in Fig. 8, S-100, GFAP and P75NTR gene
expressions were detected in dADSCs and SCs, but not in
uADSCs cultures. All the above results supported the
results found on immunocytochemical staining.

To investigate whether the cells could maintain their
differentiated state after removing SCs from the co-culture
system, dADSCs were transferred to normal medium.
Absence of SCs induced morphological changes in
dADSCs during the first 2 weeks, which though main-
tained expression of SC markers, thus suggesting an indi-
cation of long-lasting differentiation (data not shown).
After that, cells gradually regained basal morphology and
phenotype. However, if ADSCs was kept in co-culture
with SCs, their differentiated state could last for 21 days

(Fig. 5g—).

Functional assay of dADSC/DRGN co-cultures

To evaluate ability of dADSCs to produce myelin under
conditions that enabled SCs to produce myelin,
dADSC/DRGN, SC/DRGN and uADSC/DRGN co-cul-
tures were prepared as described previously (27). After
addition of dADSCs, SCs and uADSCs, cultures were
maintained for a 2-week period in NLA™ medium to allow
for cell proliferation. Cultures were then switched to
NLA" medium and incubated for an additional 2-week
period to allow myelination to occur. In both
dADSC/DRGN and SC/DRGN co-cultures, extensive
myelin was formed during the final weeks (Fig. 9a,b). No
myelin was formed in uADSC/DRGN co-cultures over
the same period (Fig. 9c¢); identical results were obtained
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GFAP P75NTR
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dADSCs-6 days

dADSCs-21 days

uADSCs

Figure 5. Immunofluorescence staining in Schwann cells, dADSCs and uADSC:s. (a, d, g, j) S-100; (b, e, h, k) GFAP and (c, f, i, 1) P7SNTR. Nuclei
labelled blue with DAPI. Morphology of dADSCs: purity of isolated Schwann cells was more than 99% (magnification: x100).
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Figure 6. S-100 immunostaining in ADSCs.
(a) DAPL; (b) S-100 and (c) merged. There
was occasional, faint expression of S-100 when
ADSCs were cultured up to passage 8-10
(magnification: x200).




dADSCs-21 days SCs

P75NTR
GFAP
Figure 7. Western blotting analysis of S-100,
GFAP and P75NTR in Schwann cells, dADSCs
and uADSCs. SCs, dADSCs and uADSCs $-100
lysates were blotted for S-100, GFAP and
P75NTR proteins. B-actin was used as a loading B-Actin

control.
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Figure 8. Detection of S-100, P7SNTR and GFAP expression in
Schwann cells, d/ADSCs and uADSCs. Lane 1: DNA markers; Lane 2:
Schwann cells; Lane 3: ADSCs cultured alone; Lane 4: ADSCs co-cul-
tured with Schwann cells for 6 days; Lane 5: ADSCs co-cultured with
Schwann cells for 21 days.

Figure 9. dADSCs could form myelin under
conditions that enabled SCs to produce myelin.
(a) SC/DRGN co-cultures; (b) dADSCs/DRGN
co-cultures; (¢) uADSCs/DRGN co-cultures; (d)
DRGN cultures. Myelin sheaths (arrows in a and
b) are found in both SC/DRGN and dADSCs/
DRGN co-cultures (magnification: x100).
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dADSCs-6 days

UADSCs

in repeat experiments. Myelin was not formed in control
DRGN cultures to which no exogenous cells were added
(Fig. 9d).

One week after addition of dADSCs, SC and uADSC,
cultures were further studied by immunocytochemical
staining to better characterize axon—glial relationships in
SC/DRGN, dADSC/DRGN and uADSC/DRGN co-cul-
tures. At termination of cultures for analysis, dADSCs
were demonstrated to have greatly enhanced neurite out-
growth (Fig. 10b), which was similar to the level achieved
by SCs (Fig. 10a). uADSCs produced neurite extensions
superior to those seen with DRGNs cultured alone
(Fig. 10c,d), but inferior to those seen with SCs and
dADSCs.

Discussion

After transaction of peripheral nerves, SCs play a crucial
part in functional recovery of injured peripheral nerves by
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forming Biingner bands, to help regrowing axons elon-
gate, secrete surface cell adhesion molecules, cell matrix
protein and neurotrophic factors, and remyelinating regen-
erative axons (28,29). Therefore, reduced time periods
between injury and SC transplantation would facilitate tis-
sue integration in clinical processes. This would enhance
probability of functional recovery after reconstruction sur-
gery, which depends definitely on a crucial time window
to obtain enough population of SCs, naive or differenti-
ated, from stem cells.

Schwann-like cell differentiation of ADSCs, induced
either with chemical factors or by co-culture with SCs —
by cell—cell contact or SC-conditioned medium, has been
obtained by several groups (21,30). In our study, we
aimed to evaluate the potential of ADSCs to differentiate
into Schwann-like cells by an indirect co-culture approach
through Millicell porous membranes. Millicell membranes
were placed in such a way that allowed molecules secreted
by SCs to permeate through the pores and reach the ADS-
Cs beneath. There was no direct contact between SCs and
ADSCs; ADSCs and SCs could communicate with each
other only via secreted proteins in the medium during the
co-culture process. Our purpose was to assess whether
such communication could induce Schwann-like cell
differentiation of ADSCs in vitro. Results showed that

Figure 10. DRGNs stained for B-tubulin to show
neurite outgrowth. (a) SC/DRGN co-cultures;
(b) dADSC/DRGN co-cultures; (¢) uADSC/
DRGN co-cultures; (d) DRGN cultures. Differ-
entiated ADSCs enhanced neurite outgrowth in
co-culture with neurons. Schwann cells evoked a
similar response, while undifferentiated ADSCs
had a definite effect compared to the neurons
cultured alone (magnification: x200).

morphological changes were induced in the treated ADS-
Cs co-cultured with SCs, which subsequently successfully
expressed SC markers, S-100, GFAP and P75NTR, both
at protein and mRNA levels, thus suggesting that some
molecules secreted by SCs might be responsible for the
Schwann-like cell differentiation of ADSCs.

We focused our attention on ADSCs as they can be
harvested by less invasive procedures than can BMSCs,
and cultured with higher proliferation rates. Similar to
BMSCs, ADSCs are non-haematopoietic progenitor cells
and possess multilineage differentiation potential into
tissues of mesenchymal origin, as well as tissues of endo-
dermal and ectodermal origin. Previous studies have
reported that a mixture of glial growth factors (containing
GGF/heregulin, FSK, PDGF and bFGF) can induce
ADSC:s to differentiate into cells that show spindle shapes
with bi- or tripolar orientation, morphology resembling
the appearance of SCs, and express S-100, GFAP and
P75NTR, similar to natural SCs (30). However, a further
study has reported that such chemical factors may be a
potent stimulus inducing initial, although poorly specific,
changes in neural differentiation of MSCs, and that SC
co-culture may provide additional, necessary conditions
to complete such a process (21). They also showed that
SC-conditioned medium could not induce morphological
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changes in MSCs, and their treated MSCs failed to
express any myelin protein. In our co-culture system,
ADSCs were used for culture with SCs in indirect
co-culture. After 6 days co-culture, the majority of
ADSCs changed shape from a fibroblast-like appearance
to bipolar and tripolar spindle shapes, a characteristic phe-
notype of SCs. Most excitingly, morphology of the treated
cells was exactly the same as SCs, when co-cultured for
21 days. Immunocytochemical staining revealed that
bipolar and tripolar cells were positive for S-100, GFAP
and P75NTR. To confirm that the results obtained by
immunocytochemical staining were not due to any arte-
fact of cell shrinkage, western blotting and RT-PCR were
performed. Lysates of treated ADSCs but not ADSCs
cultured alone, showed S-100, GFAP and P75NTR
-immunoreactive bands corresponding to molecular
weights of 12, 52 and 75 kDa respectively. Results of RT-
PCR of treated ADSC mRNA probed with S-100, GFAP
and P75NTR primers also supported the results found
by immunocytochemical staining. S-100, GFAP and
P75NTR gene expressions were detected in ADSCs co-
cultured with SCs and SCs cultured alone, but not in
ADSCs cultured alone, arguing against the notion that
staining was merely caused by disruption of the cytoskel-
eton (31). To investigate whether the cells could maintain
their differentiated state after removing SCs from the
co-culture system, dADSCs were transferred to normal
medium. Absence of SCs induced morphological changes
in dADSCs during the first 2 weeks, which retained the
ability to express SC markers, thus suggesting an indica-
tion for long-lasting differentiation. In our experiments,
we also found that SCs proliferated rapidly during the
co-culture process without adding any additional neuro-
trophic factors (data not shown), suggesting cell—cell
cross-talk between the two co-cultured cell types by solu-
ble secreted proteins, which has also been observed in
SC/BMSC co-culture systems in recent reports (32).

One defining property of SCs is their unique affinity
for axons. The manner in which SCs are associated with
axons is an easily recognizable feature of SC/DRGN cul-
tures. Thus, it is a well-established method to evaluate
myelinating capacity of dADSCs. When presented with
DRGN axons in vitro, extensive myelin was formed in
both dAADSC/DRGN and SC/DRGN co-cultures; also, no
myelin was formed in uUADSC/DRGN co-cultures during
the same period. Myelin was not formed in control DRGN
cultures. These results demonstrate that dADSCs demon-
strate the same property as SCs. Immunocytochemical
staining demonstrated that dADSCs produced neurite
extensions superior to those seen with uADSCs, and mod-
erate neurite growth caused with the latter would suggest
that some benefit can be conferred by stem cells, even
prior to their differentiation.
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Cell transplantation needs large numbers of cells, but
in vitro expansion potential of committed SCs is limited.
In vitro expansion of ADSCs is considered to be a power-
ful approach to overcome some practical and ethical con-
cerns of cell transplantation. In this study, ADSCs were
obtained from rat testicular adipose tissue. Primary cul-
tures of adipose tissue are heterogeneous, containing hae-
matopoietic cells, endothelial cells, smooth muscle cells
and pericytes (4). Numbers of these contaminating cells is
small though, and frequency of these cells diminishes
quickly through serial passaging (33). Purified rat ADSCs
exhibit typical mesenchymal stem cell characteristics:
fibroblast morphology and multipotential capability. We
used rat ADSCs at passages 3—5 for our experiments and
observed that they could undergo osteogenic and adipo-
genic differentiation. They can be expanded through at
least 10 passages and maintained in their undifferentiated
state, except for occasional, faint expression of S-100.
Compared to previous methods, our protocol is relatively
simple and easy to perform. It is similar to regular cell cul-
ture procedures, and does not require any special growth
factors. Furthermore, this method is of low cost and is
reproducible, which might become an alternative culture
system for Schwann-like cell differentiation of ADSCs.

In summary, our results demonstrate that ADSCs
can be easily obtained from a small amount of fat tissue
and expanded rapidly in culture. These ADSCs have the
ability to differentiate into osteoblasts and adipocytes.
They can be selectively induced to undergo morphologi-
cal and phenotypic changes consistent with Schwann-
like cell differentiation in an in vitro co-culture
approach. Furthermore, the dADSCs could form myelin
and enhance neurite outgrowth in a co-culture bioassay,
which clearly demonstrated functional potential of dif-
ferentiated stem cells. Although a broad spectrum of
phenotypic changes consistent with Schwann-like cell
differentiation was observed in treated ADSCs in vitro,
further studies are needed to detect which growth fac-
tors secreted by SCs play a key role in Schwann-like
cell differentiation of ADSCs and to confirm whether
dADSCs can enhance regeneration of injured peripheral
nerves after they are transplanted into experimental
nerve bridges.
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