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Abstract

We examined the availability of human bone marrow stromal cells (MSCs) as a source of transplantation therapy in nerve injury.
Human MSCs were subjected to a series of treatments with a reducing agent, retinoic acid and a combination of trophic factors. Mor-
phologically and immunocytochemically, such treated cells differentiated into Schwann cell characteristics in vitro. Cells were filled into a
transpermeable tube, transplanted into the gap made in the rat sciatic nerve of a rat and followed up to 3 weeks under the control of
immunosuppressant. In contrast to untreated human MSCs, differentiated human MSCs expressed Schwann cell markers in vivo and
supported regenerating axons. These results suggest that human MSCs can be induced to be a substitute for Schwann cells that may

be applied for nerve regeneration.
© 2007 Elsevier Inc. All rights reserved.
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Schwann cells are peripheral glial cells that ensheath
axons to form myelin in the peripheral nervous system
(PNS). Following nerve injury, Schwann cells lose myelin,
are activated, and proliferate within the distal nerve seg-
ment to produce a variety of neurotrophic factors, cyto-
kines, and cell adhesion molecules thereby providing the
pathway for regenerating axons. This process is collectively
called Wallerian degeneration [1-3]. Schwann cells also
play a crucial role in the endogenous repair of PNS by
reconstructing myelin which is indispensable for nerve
function. They are also known to support reconstruction
of the injured central nervous system (CNS) where success-
ful axonal regeneration and functional reconstruction do
not normally occur. Several experiments in the spinal cord
and some other areas in the CNS have shown that either
the injection or transplantation of the polymer tube filled
with cultured Schwann cells improved axonal growth
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across the site of injury [4-8]. For these reasons, they are
one of the most widely studied cell types for the axonal
regeneration both in PNS and CNS.

Even though cell-based therapy using Schwann cells
seems to be effective and promising for the treatment of
neurotraumatic injuries and neurodegenerative diseases,
another peripheral nerve must be sacrificed for the cultiva-
tion of Schwann cells. Furthermore, technical difficulties
exist in the harvesting and expansion of Schwann cells to
obtain sufficient amount of cells for cell-based therapy
within a reasonable time period. Therefore, it is desirable
to harvest the highly proliferative cells from easily accessi-
ble sources other than PNS to produce the cells with Schw-
ann cell characteristics.

Bone marrow stromal cells (MSCs) are mesenchymal
elements normally providing structural and functional sup-
port for hemopoiesis [9,10]. The great benefits of MSCs are
that they are easily accessible through aspiration of the
bone marrow from patients without serious ethical
problems, and can be readily expanded in large scale for
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autotransplantation. They are known to have the potential
to differentiate into other kinds of cells such as osteoblasts,
adipocytes, and chondrocytes [11].

The main purpose of this study is to verify the possibility
of human MSCs to transdifferentiate into cells with
Schwann cell property and to explore their function after
grafting. We show the induction of human MSCs into
Schwann-like cells in vitro and their involvement in the
axonal regeneration in vivo. Thus this induction system is
expected to serve human MSCs alternative to Schwann
cells that may be applied for auto-cell-transplantation
therapy in nerve injury.

Materials and methods

Cell culture. The usage of human MSCs for the experiment was
approved by Kyoto University Graduate School and Faculty of Medicine,
Ethics Committee. All animal experiments were approved by the Animal
Care and Experimentation Committee of Kyoto University Graduate
School of Medicine. Human MSCs were purchased from Cambrex (East
Rutherford, NJ) and were cultured in alpha-minimum essential medium
(e-MEM) (Sigma, St. Louis, MO) containing 10% fetal bovine serum
(FBS) and kanamycin at 37 °C, 5% CO,. Rat MSCs were harvested
according to the former study [12]. Primary rat MSCs were isolated from
the tibias and femurs of 12-week-old male Wistar rats. The marrow was
extruded in o-MEM with 15% FBS, 2 mM L-glutamine, and kanamycin,
and incubated at 37 °C, 5% CO,. After 48 h, the non-adherent cells were
removed by replacing the medium. MSCs were subcultured four times and
finally subjected to induction. Rat Schwann cell-line was commercially
obtained from American Type Culture Collection (ATCC; Manassas,
VA).

The induction of M-Schwann cells. After subculturing at the concen-
tration of 1.27 x 10? cells/cm?, MSCs were incubated in o-MEM con-
taining 1 mM beta-mercaptoethanol (B-ME) without serum for 24 h. The
culture media was then replaced with o-MEM containing 10% FBS and
35 ng/ml all-trans-retinoic acid (ATRA) (Sigma, St. Louis, MO). Three
days later, cells were finally transferred to o-MEM containing 10% FBS
and trophic factors of 5 uM forskolin (Calbiochem, La Jolla, CA), 10 ng/
ml recombinant human basic fibroblast growth factor (Peprotech, Lon-
don, UK), 5ng/ml platelet-derived growth factor-AA (Peprotech, Lon-
don, UK), and 200 ng/ml heregulin-B1-EGF-domain (R&D systems
Minneapolis, MN) and cultured for 4-5 days. These treated MSCs were
referred to as M-Schwann cells in the following text.

Evaluation of M-Schwann cells. M-Schwann cells were evaluated both
by phase-contrast microscopic observation and immunocytochemistry.
For immunocytochemistry, human MSCs and M-Schwann cells, and rat
Schwann cell-line were fixed with 4% paraformaldehyde in 0.01 M phos-
phate-buflered saline (PBS). Primary antibodies used for immunocyto-
chemistry were anti-S100 rabbit IgG (1:200, DAKO, Carpinteria, CA),
anti-PO rabbit IgG (1:300, kindly provided by Dr. J.J. Archelos, Karl-
Franzens Universitat, Graz, Austria), anti-p7SNGF receptor mouse 1gG
(1:500, Abcam Cambridge, UK), anti-Glial Fibrillary Acidic Protein
(GFAP) rabbit IgG (1:300, DAKO Carpinteria, CA), anti-L1 mouse IgG
(1:100, kindly provided by Dr. Fritz Rathejen, Zentrum fiir Molekulare
Neurobiologie, Hamburg), and anti-O4 mouse IgM (1:20, Boehringer
Ingelheim GmbH, Ingelheim, Germany) antibodies, and were detected by
Alexa568 conjugated anti-rabbit IgG, anti-mouse IgG or anti-mouse IgM
antibodies (Molecular Probes, Invitrogen, Eugene, OR). Samples were
incubated in 20% BlockAce (skim milk, Yukijirushi, Tokyo, Japan) in
0.005% saponin and 50 mM glycine in PBS (SaGlyPBS) for 10 min,
incubated with the primary antibody in 5% BlockAce in SaGlyPBS
overnight at 4 °C followed by the secondary antibody incubation in 5%
BlockAce in SaGlyPBS. Nuclei were counter-stained with 4’,6-diamidino-
2-phenylindole (DAPI). All images were taken by a confocal laser scan-
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ning microscope (CS-1, Nikon, Kawasaki, Japan) in the same laser
intensity and detection sensitivity.

Transplantation of cells into rat sciatic nerve injury. Prior to trans-
plantation, both human MSCs (untreated) and human M-Schwann cells
were infected with the lentivirus-green fluorescent protein (GFP) (pro-
vided by Dr. D. Trono) to label the cells as described [13], and confirmed
under fluorescence microscopy that more than 95% of MSCs or M-
Schwann cells expressed GFP.

Human MSCs or M-Schwann cells were suspended in matrigel (BD
Biosciences, Bedford, MA) at the concentration of 1-2 x 107 cells/ml, and
were filled into trans-permeable tubes (Hollow fibers, Amicon, Beverly,
MA) (10 mm length) to make an artificial graft. Under general anesthesia
with halothane, a 10-mm segment was completely removed from the left
side of the sciatic nerve of 8-week-old male Wistar rats at the middle of the
thigh. The artificial graft was anastomosed with proximal and distal nerve
tips using 10-0 nylon sutures at both ends. To avoid immunorejection,
intraperitoneal administration of FK506 (Fujisawa Pharmaceutical Co.
Ltd., Osaka, Japan) was performed at 0.05 mg/kg every day for the first
2 weeks and every other day for the third week.

Walking track analysis. Three weeks after transplantation, walking
track analysis, one of the behavioral analyses for estimation of functional
recovery from the sciatic nerve injury, was performed according to the
protocol reported in the past studies [14,15]. The rat’s hind feet were
dipped in China ink and animals were permitted to walk on a sheet of
paper along a tunnel. The lengths of the third toe to its heel (PL), the first
to the fifth toe (TS), and the second toe to the fourth toe (ITS) were
measured with their footprints of both MSCs- and M-Schwann cells-
transplanted groups. The Sciatic Function Index (SFI) in each animal was
calculated by the specific formula below:

SFI = —38.3 x(PLe — PLn)/PLn + 109.5 x (TSe — TSn)/TSn + 13.3 x
(ITSe—ITSn)/ITSn—8.8 (e, experimental side; n, normal side).

This index has been found to be both reproducible and of high sen-
sitivity for detecting nerve dysfunction [14,15].

Immunohistochemical analysis of transplanted grafts. After complet-
ing walking track analysis, animals (3 weeks after transplantation) were
sacrificed by an overdose of diethyl ether and perfused transcardially
with periodate-lysine—paraformaldehyde fixative. The left sciatic nerve
including the graft was dissected and incubated in the same fixative for
6h at 4C. Tissues were washed with 0.1 M PBS overnight at 4c,
immersed in 10%, 20%, and 30% sucrose-PBS for 3 h each at 4°C,
embedded in OCT, and cut into 10-pm-thick frozen sections by a
cryostat. Primary antibodies used for immunohistochemistry were anti-
neurofilament (NF) mouse IgG (1:50, Sigma, St. Louis, MO), anti-
myelin-associated glycoprotein (MAG) mouse IgG (1:50, Boehringer
Ingelheim), and anti-myelin basic protein (MBP) (1:500, Boehringer
Ingelheim). Secondary antibodies were anti-rabbit IgG goat, mouse IgG
goat or anti-mouse IgM goat antibodies conjugated to AlexaS68
(Molecular Probes). The ratio of GFP-positive-transplanted cells to cells
positive to MAG (including both host Schwann cells and transplanted
cells) with elongated morphology was counted in a high magnification
(400x) within the graft (n=4).

Results
Characterization of induced human M-Schwann cells

Phase-contrast microscopic observation showed the
morphological changes of human MSCs during the pro-
cess of induction (Fig. 1A-D). Untreated human MSCs
exhibited the fibroblast-like morphology (Fig. 1A), as
was similarly reported in MSCs of other species [16],
while after the trophic factor treatment, MSCs finally
changed into the spindle-shaped smaller cells (Fig. 1D).
We have previously reported in the rat MSCs that, after
treatment with the same induction protocol, differenti-
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Fig. 1. Phase-contrast microscopic observation showing morphological changes of human MSCs (A-D) and rat MSCs (E-H) during the induction. The
original MSCs presented the fibroblast-like morphology (A in human, E in rat). As the induction protocol proceeds, MSCs changed to spindle-shape (D in

human, H in rat). Scale bar, 250 pm.

ated MSCs were morphologically different from the origi-
nal MSCs but resembled to Schwann cells derived from
dorsal root ganglion and contributed to nerve regenera-
tion and myelin reconstruction when transplanted into
the injured PNS [17,18], spinal cord injury [19]. We
reproduced this rat MSC experiment in this study
(Fig. 1E and H) and confirmed that the rat M-Schwann
cells are similar to rat Schwann cells derived from dorsal
root ganglion as described (data not shown) [17]. We
also compared the human MSCs system to that of the
rat system, and recognized that even though the cell size
of rat MSCs were smaller than those of human MSCs,
the induction process was similar in both cell types
(Fig. 1A-H). Immunocytochemical analysis showed that
the untreated human MSCs were initially negative for
Schwann cell markers of PO, p75SNGF receptor, GFAP,
L1, and O4 but with slight positivity for S100
(Fig. 2A-F). After the induction, human M-Schwann
cells became positive for markers of PO, p7SNGF recep-
tor, GFAP, and L1 with the increased immuno-positivity
to S100 (Fig. 2G-L). Positive control experiments for all
these markers were performed in rat Schwann cell-line
(Fig. 2M-R).

Morphological assessment of the grafts

The grafts were well connected with the host peripheral
nerve tissue in both the human MSC-transplanted (MSC-
group) and the human M-Schwann cell-transplanted (M-
Schwann group) rat sciatic nerves. Anastomosis between
the graft and host sciatic nerve segments remained tight,
and the site of anastomosis in each graft was covered by
connective tissue. Within the graft, newly formed whitish
parenchymatous tissue was observed in both groups for
the entire length of the graft, but the tissue of the M-Schw-
ann group was thicker and more robust than that of the
MSC-group which was fragile and weaker against tension
(Fig. 3A and B).
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Immunohistochemistry to NF clearly showed that a
large number of regenerating axons elongated into the graft
in the M-Schwann group. Additionally, some of the regen-
erating nerve fibers successfully reached the distal nerve
segment (Fig. 3C). On the other hand, few regenerating
nerve fibers were observed to cross the proximal segment
that reached the graft in the MSC-group (Fig. 3D).

In the M-Schwann cell transplanted animals, nuclei of
the GFP-positive transplanted cells were in elliptical shape
similar to host Schwann cells, and green fluorescence of the
grafted cells was typically observed as elongated in both
sides, suggesting spindle-shaped morphology of the grafted
cells (Fig. 4). The ratio of GFP-positive cells was only as
much as 12.6 +2.98% among all MAG-positive cells
within the graft (m =4). 3D-constructed images revealed
that some transplanted cells covered the regenerating axons
(Fig. 4A), and expressed MAG (Fig. 4B-D) and MBP
(Fig. 4E-G) with the staining intensity that was equal to
or slightly weaker than that of endogenous Schwann cells.

In the case of the MSC-group, regeneration of nerve
fibers was scant as described above. Phagocytosed human
MSCs detected as GFP-positive-cell debris were frequently
observed throughout the grafts, and neither contact
between the nerve fiber and GFP-positive transplanted
cells nor expression of Schwann cell markers could be rec-
ognized (data not shown). In addition, regenerating axons
and endogenous Schwann cells were extremely limited
(data not shown).

Walking track analysis

SFI in the normal rat is of the range —1.9 + 6.3 [14]. The
number of SFI was —85.52 4+ 2.1 in the M-Schwann group
and —79.12 +£ 2.1 in the MSC-group, respectively. There
was statistical difference between these indices (p = 0.047),
indicating that the M-Schwann group exhibited if not out-
standing but better, functional improvement than the case
of MSC-group.
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Fig. 2. Immunocytochemistry of S100 (A,G,M), PO (B,H,N), p7SNGFR (C,1,0), GFAP (D,J,P), L1 (E,K,Q), O4 (F,L,R) in human MSCs (A-F), human
M-Schwann cells (G-L), and rat Schwann cell-line (M-R). The untreated human MSCs slightly expressed S100 (A) but were negative for other Schwann
cell markers (B-F). After the induction, M-Schwann cells became positive for PO (H), p7SNGFR (I), GFAP (J), L1 (K), O4 antigen (L) and the
immunoreactivity for S100 was upregulated (G). Rat Schwann cell-line was used as positive control for all these Schwann cell markers (M—R). Scale bar,
100 pm.
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Fig. 3. Macroscopic observation of the parenchymatous tissue within the graft of M-Schwann (A) and MSC (B) groups 3 weeks after transplantation. The
newly formed tissue was seen in both groups (arrowheads). The proximal segment (left) and the distal segment (right) of the sciatic nerve were indicated.
Neurofilament-positive nerve fibers (red color-coded) observed in MSC (C) and M-Schwann (D) groups. Many regenerating nerve fibers were observed to
enter into the graft from the proximal segment (left) and reached the distal nerve segment (right) in the M-Schwann cells-transplanted group (D). In
contrast, regenerating nerve fibers were scarcely observed around the proximal segment and within the graft (D). Arrowheads showed the proximal and the
distal edges of the grafts. Scale bar in C and D, 100 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this paper.)

Discussion factors was able to induce the differentiation of human
MSCs into cells with Schwann cell characteristics which
This study showed a series of treatments with B-ME fol- are able to support PNS regeneration in vivo. Notably, this

lowed by retinoic acid and a certain combination of trophic ~ induction system could be achieved without gene introduc-



