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Objective To study the transplantation efficacy of neural stem cells (NSCs) and Schwann cells (SC) in a rat model of
spinal cord contusion injury. Methods Multipotent neural stem cells (NSCs) and Schwann cells were harvested from the
spinal cords of embryonic rats at 16 days post coitus and sciatic nerves of newborn rats, respectively. The differential
characteristics of NSCs in vitro induced by either serum-based culture or co-culture with SC were analyzed by
immunofluorescence. NSCs and SCs were co-transplanted into adult rats having undergone spinal cord contusion at T9 level.
The animals were weekly monitored using the Basso-Beattie-Bresnahan locomotor rating system to evaluate functional
recovery from contusion-induced spinal cord injury. Migration and differentiation of transplanted NSCs were studied in tissue
sections using immunohistochemical staining. Results Embryonic spinal cord-derived NSCs differentiated into a large
number of oligodendrocytes in serum-based culture upon the withdrawal of mitogens. In cocultures with SCs, NSCs
differentiated into neuron more readily. Rats with spinal cord contusion injury which had undergone transplantation of NSCs
and SCs into the intraspinal cavity demonstrated a moderate improvement in motor functions. Conclusions SC may
contribute to neuronal differentiation of NSCs in vitro and in vivo. Transplantation of NSCs and SCs into the affected area may

be a feasible approach to promoting motor recovery in patients after spinal cord injury.
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INTRODUCTION

Traumatic spinal cord injury (SCI) accounts for a
large number of physical injuries to the central
nervous system (CNS). Patients with severe SCI may
lose their locomotor and sensory function completely
underneath the affected level. The natural repairing
of traumatic spinal cord injury is very limited and
there is currently no effective treatment for SCI.

Advances in experimental regeneration research
have led to several transplantation strategies that
promote axonal regrowth and partial functional recovery
in animal models of SCI'?. Schwann cells (SCs),
which provide an environment for permissive peripheral
nerve regeneration, have been proven to be an axonal
regeneration promoter in CNS™! A recent study has
shown that SC can induce neural stem cells (NSCs)
to differentiate into neurons more readily in vitro!*.

Taking spinal cord as a non-neurogenic tissue
where neuronal differentiation is impermissive[ﬁ], and
considering the fact that inflammatory cytokines
generated in situ in the traumatic site elicit negatively
regulatory effects on the survival, migration, and
neuronal differentiation of implanted NSCs, we
transplanted SCs along with NSCs into the injured
site of adult rat spinal cord. Our aim was to study
whether SCs negate the inhibitory regulators in situ
and enhance the survival, migration and
differentiation of implanted NSCs.

MATERIALS AND METHODS
Animals

Eighty-six female adult Sprague-Dawley rats
weighing 200-220 g were obtained from the
Laboratory Animal Center, The Chinese Academy of
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Medical Sciences. Animal treatments were carried
out to minimize pain or discomfort in accordance
with current protocols in compliance with the current
institutional guidelines and related laws.

Induction of Spinal Cord Injury

The protocol of spinal cord contusion described
by von Euler and his co-workers with slight
modification was used). Briefly, rats were
anesthetized with an intraperitoneal injection of
chloral hydrate (Beijing Chemical Reagents
Company, China) at 0.35 g per kg body weight. A
laminectomy was performed at the T9 level under
surgical microscope. The exposed spinal cord was
transiently compressed by a modified aneurysm clip
applied vertically with a closing pressure of 150 g for
five minutes. The force of the clip for spinal cord
compression was standardized in accordance with the
method of Eugen J Dolan'™. The body temperature of
animals was maintained at 37°C during the operation.
Thereafter the clip was released. The skin incision
was sutured and the rats were allowed to gain access
to food and water at adlibitum in isolated cages.
Bladders of animals were emptied manually twice a day.

Culture of Rat NSCs and SC

The techniques used in the study were described
previously” %!, Spinal cords of embryonic rats at 16
days post coitus were dissected and mechanically
dissociated into single cells in DMEM/F12 culture
medium (Gibco, Carlsbad, CA). The cell viability
was assessed by trypan blue dye exclusion. Viable
cells at 1x10°/mL DMEM/F12 (1:1) supplemented
with B27 (Gibco), 20 ng/mL each of basic fibroblast
growth factor (Promega, Madison, WI) and epidermal
growth factor (Promega) were seeded onto 25 mm?
culture flasks (Corning, Corning, NY) and kept at
37°C in a humidified incubator containing 5% CO,,
After the floating neurosphere was formed, cells were
subsequently passaged weekly.

The method described by Morrissey was used to
isolate SC'"\. Basically, sciatic nerves of new born
Sprague-Dawley rats were removed and placed into
Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) and divested of the epineurium and
connective tissues. They were then cut into 1 mm’
pieces and then plated onto 25 mm’ culture flasks
containing DMEM supplemented with 10% fetal
bovine serum (FBS, Gibco), 2 umol/L forskolin
(Gibco) and 20 pg/mL bovine pituitary extract
(Gibco). Upon 80% confluent growth, cultures were
rinsed twice with calcium- and magnesium-free
Hank’s balanced salt solution (HBSS; Gibco), and
briefly treated with 0.25% trypsin (GIBCO/BRL).

Reaction was stopped by adding and washing with
DMEM  containing 10% FBS. Cultures were
passaged in purification culture medium of
serum-free DMEM. Pure cultures up to 98 % of
SCs were obtained upon passages for four to six
weeks.

Co-culture of NSC and SC

The co-culture has been elsewhere".
Neurospheres derived from the third passage were
triturated into single cells and seeded onto SCs feeder
layer preestablished on 60-mm? culture dishes at 50%
confluence. The co-culture medium was DMEM/F12
supplemented with 1 XB27 supplement and 5% FBS.
Spent culture medium was demi-discarded and
supplemented with fresh medium every three days.
NSCs propagated without SCs feeder support were
taken as controls. Cultures having grown for a week
were fixed in 4% paraformaldehyde (Beijing
Chemical Reagents Company, China).

Characterization of NSC Culture

Cells in selected areas of in vitro cultures were
visualized by nuclear dye Hoechst 33342 (Sigma).
Cells expressing the specific antigens, nestin, neuron
specific enolase (NSE), microtubule-associated
protein 2 (Map-2), galactocerebroside (GalC) and
glial fibrillary acidic protein (GFAP) were counted in
10 randomly selected microscopical fields. The
proportion of differentiated progenies derived from
NSCs was enumerated.

Cell Preparation for Transplant

Neurospheres derived from the third passage and
SC were labeled with 5 pmol/L bromodeoxyuridine
(BrdU; Roche, Basel, Switzerland) in the
supplemented culture medium two days prior to
transplantation to the injured animals for in vivo study.
Cells were then washed three times with HBSS and
adjusted to 1x107 viable cells per mL HBSS.

Transplantation

NSCs and SCs were implanted into animals nine
days after spinal cord compression. Rats were
anesthetized with 0.35 g chloral hydrate per kg body
weight. Under a surgical microscope, the traumatic
site of the spinal cord was re-exposed. Five
microliters of BrdU-labelled cells (50% each of
NSCs and SCs) with a total amount of 5x10* cells
was injected into the intraspinal cavity of 33 rats
using a microsyringe. Thirty-three rats in another arm
were transplanted with 5 pL. BrdU-labeled NSCs,
whereas 20 rats of the control arm were injected with
5 uL of HBSS.
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Behavioral Analysis

Locomotor behavior of SCI rats transplanted
with both NSC and SC (n=33) and NSC (n=33) and
20 control rats were assessed weekly up to eight
weeks. The 21-point rating scale of Basso, Beattie,
Bresnahan (BBB) open field rating system was used
to evaluate the various degrees of locomotor function;
a score of 21 represents normal movement whereas 0

denotes complete paralysis of the hind limbs!'?!.

Immunofluorescent and Immunohistochemical Staining

Immunofluorescent stainings of nestin, NSE,
Map-2, GalC and GFAP were performed on NSCs
derived from serum-based medium and co-cultures
with SC. Basically monoclonal antibody against
nestin (1:400, Chemicon, Temecula, CA), polyclonal
anti-neuron specific enolase (NSE, 1:300, Chemicon),
polyclonal anti-microtubule associated protein-2
(Map-2, 1:800, Chemicon), polyclonal
anti-galactocerebroside (GalC, 1:1000, Chemicon)
and anti-glial fibrillary acidic protein (GFAP, 1:800,
Chemicon) were used. Cell cultures were rinsed with
HBSS, blocked in 10 % normal sheep serum and 0.2 %
Triton X-100 in PBS for 30 minutes before
incubation with the primary antibody overnight at
4°C. Specific cellular markers were detected by
incubation for 30 minutes with the pertinent
secondary antibodies, including FITC-conjugated
donkey anti-rabbit IgG, TRITC-conjugated donkey
anti-rabbit IgG, TRITC-conjugated goat anti-mouse
IgG (Zymed, London, UK) at 1:100 dilution.

Upon completion of the functional assessments
rats were anesthetized. Thoraxes were cut open and
animals were transcardially infused with physiologic
saline and 4% paraformaldehyde in 0.1 mol/L
phosphate buffer (PB, pH 7.35) solution. Spinal cords
of transplanted animals were removed and segmented.
Spinal cord segments containing the transplant were
fixed in 4% paraformaldehyde overnight, embedded
in paraffin and longitudinally sectioned at 5 um. After
deparaffinization, the spinal cord sections were
treated according to the protocol described
previously™. In brief, sections in citrate buffer (pH
6.0) were baked for 15 minutes in a microwave oven
at 98C and then immersed in 3% hydrogen
peroxide-methanol for another 15 minutes. Sections
were blocked in 1% normal sheep serum for 30
minutes before incubation with the primary antibody
overnight at 4°C. The primary antibodies used are
monoclonal anti-BrdU (1:800, SIGMA), monoclonal

anti-Nestin ~ (1:400, CHEMICON), polyclonal
anti-NSE  (1:300, CHEMICON), polyclonal
anti-GFAP  (1:800, CHEMICON), monoclonal

anti-CGRP (1:1500, CHEMICON). The subsequent

immunohistochemical double stain method was in
accordance with the manual provided by the producer
(ZYMED, Histostain-Plus kits) using LAB-SA
system except for BrdU detection in which the
TRITC-conjugated goat anti-mouse IgG (Zymed,
London, UK) was used. Tissue sections were
visualized with either diaminobenzidine (DAB),
BCIP/NBT or AEC according to the need.

Statistical Analysis

BBB open field locomotor rating scores were
reckoned and expressed as X=*S for each arm of
animals at different time points. Data derived from
the three arms of rodents in each week were
compared using one-way ANOV statistical analysis.
The survival rates of three arms of SCI rats receiving
NSC transplant, NSC and SC transplant and normal
saline were evaluated by Kaplan-Meier analysis. The
statistic software SPSS version 13.0 was used.
Differences between groups were regarded as
significant if P<<0.05.

RESULTS
In vitro Assays

Neurosphere-like cell clusters were noted in in
vitro cultures for five to seven days. The morphology
of free floating spheres resembled neurospheres
derived from the embryonic cortex. After cultured in
serum-based medium for seven days, they
differentiated into microglia-like cells accounting for
about 71% of the total cells (Fig. 1A).
Immunofluorescent staining demonstrated GalC
expression suggesting the presence of
oligodendrocytic progenies (Fig. 1B). In addition,
GFAP" and NSE' cells accounted for 20.2% and
14.8% (Fig. 1C), respectively. Nestin® cells
accounted for majority of the total cells (Fig. 1D),
and some of the cells exhibited typical neuron shape
with asymmetric appearance, multiple dendritic
processes, and a long single axonal projection, while
the others displayed astrocytic or oligodendrocytic
features (Fig. 1D).

In co-cultures for seven days, a comparatively
higher proportion of 20% of mature neurons was
noted (Fig. 2A). However, a large population of
progeny was still GalC-positive oligodendrocytes
(Fig. 2B).

In vivo Assays

The weighting force in opening the limbs of the
aneurysm clip was 150 g, while it was 136 g when the
two limbs of the clip opened to one degree. A total of
86 rats were subjected to spinal cord contusion injury.
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FIG. 1. E16 spinal cord derived NSCs induced in vitro by serum for 7 days: A: under the phase contrast
microscopy, most progenies were small glial cells with multiple thin process which was a typical microglia
morphology. B: Specific antigen GalC Immunofluorescent staining and double-stained by Hoechst 33342
illustrating about 71% of the total progenies were oligodendrocyes. C: NSE-expressing neurons were also
detected (accounting for 14.8%). D: The majority of the differentiated cells were also nestin-positive
which had typical morphology of neurons (A), astrocytes (=), and oligodendrocytes ().

FIG. 2. E16 spinal cord derived NSCs co-cultured with SC in vitro for 7 days: A: NSCs differenting into neurons
in a comparatively larger number of mature neurons (20%). B: a large population of progeny being still
GalC-positive oligodendrocytes, and arrowhead showing a schwann cell in a spindle-like shape and a

ellipse nuclear co-cultured with NSCs (B).

Upon completion of the induction of SCI, three rats
with BBB rating scores more than five points in the
first week of assessment were excluded. Thirty-five
rats survived until the 8th week. The overall survival
rate was 42.2% (35/83). The overall survival rate of
three arms of rodents was 46.9% (15/32,
co-transplantation group), 43.8% (14/32, NSCs group)

and 31.6% (6/19, control group), respectively. The
means and medians for survival time of the three arms
are displayed in Table 1. Survival curves for the three
arms of rats were evaluated with the Kaplan-Meier
method (Fig. 3A). A separate Kaplan-Meier statistic
was performed to evaluate if there were statistically
significant differences in the survival rates for the
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co-transplanted arm versus the NSCs transplanted
arm (Fig. 3B) (log-rank test, P=0.932; Tarone Ware
test, P=0.995; and Breslow test, P=0.949). Another
separate Kaplan-Meier evaluation for co-transplanted
arm versus the control arm (Fig. 3C) showed no
statistically significant differences in the survival rate

LIETAL.

(log-rank test, P=0.257; Tarone Ware test, P=0.260;
and Breslow test, P=0.269). A separate Kaplan-Meier
evaluation for NSCs transplanted arm versus the control
arm (Fig. 3D) also had no statistically significant
differences in the survival rate (log-rank test, P=0.290;
Tarone Ware test, P=0.263; and Breslow test, P=0.248).

TABLE 1

Means and Medians for Survival Time

Mean® Median
Treatment . 95% Confidence Interval . 95% Confidence Interval
Estimate  Std. Error Estimate  Std. Error
Lower Bound  Upper Bound Lower Bound  Upper Bound
Co-transplantation ~ 30.813 4.297 22.390 39.235 18.000 .
NSCs 30.969 4.164 22.807 39.130 23.000 19.092 0.000 60.420
Control 23.000 5.285 12.642 33.358 10.000 3.627 2.890 17.110
Overall 29.084 2.630 23.929 34.239 18.000 10.122 0.000 37.839
Note. “Estimation is limited to the largest survival time if it is censored.
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F1G. 3. Kaplan-Meier evaluation for the 3 arms of rats (A), co-transplanted arm versus NSCtransplanted arm (B),
co-tansplanted arm versus control arm (C), and NSC transplanted arm versus control arm (D).

Figure 4 shows the BBB rating scores of three
arms of rats over eight weeks. Data were in line with
the Gaussian distribution. The X +sof BBB scores
at the first week was 0 to 1, suggesting none to little
locomotor function of the hind limbs. An explicit
recovery was noted among the rodents during the
second to third week but the progress slowed down in

the fourth week. Scores beyond nine points were
generally not evident up to the end of eighth week. In
the 4th week, higher BBB scores were noted in two
arms of transplanted rats compared to the control
group (BBB scores: 8.4167+0.5149 of 16 rats
transplanted with NSC and SC vs. 5.7500+1.7321 of
6 control rats; P<<0.05, 7.8333+1.2247 of 16 rats



TRANSPLANTATION EFFICACY OF NSCs AND SC IN A RAT MODEL 247

transplanted with NSC vs. 5.7500+1.7321 of 6
control rats; P<C0.05). The recovery of locomotor
function in traumatized rats undergone NSC and SC
transplant was better than the counterparts
transplanted with NSC, but there was no statistically
significant difference (BBB scores: 8.5833+1.0814 of
16 rats transplanted with NSC and SC vs.
8.2222+1.0035 of 16 rats transplanted with NSC; P>
0.05). The same results were observed at the
following time points.
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FIG. 4. BBB open field locomotor rating scores
recorded postoperationally.

Immunoflurescent staining of BrdU in spinal
cord sections from the sacrificed animals having
undergone co-transplantation of NSC and SC for 56
days revealed that a significant number of BrdU"
cells migrated to the gray matter adjacent to the
injection site (Fig. 5A), while few scattered to the
white matter. The migration of BrdU" cells was also
evident in the rostral and caudal region 1 cm to the
injection site. In addition, nestin" cells were noted
localizing mainly at the central cannule and the
peripheral white matter, while GFAP" cells scattered
to the vicinity of the traumatic cavity. The closer to
the cavity, the stronger GFAP immmunoreactivity of
cells was. In contrast to the localization of BrdU"
GFAP" cells in the grey matter of the spinal cords in
both arms of rats undergone transplant, BrdU" NSE"
and BrdU" CGRP" cells were only detected in rats
receiving co-transplant of NSCs and SC (Figs. 5B
and 5C).

DISCUSSION

Patients may experience long-term or permanent
neurological deficits after SCI. Currently, no effective
treatment is available. Medical and scientific
professionals are poised to begin translating promising

FIG. 5. Immunoflurescent and immunohistochemical staining of spinal cord sections showing BrdU" cells (A),
BrdU" NSE" cells BrdU" NSE" cells (B) and BrdU" CGRP * cells BrdU" CGRP * cells (C) in gray matter

of rats.
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new experimental findings into treatments for
patients suffering from SCI. In this study, we
investigated the efficacy of transplantation of NSCs
and SCs into the intraspinal cavity in a rat spinal cord
contusion injury model. The novel modality
enhanced the recovery of locomotor function. It was
safe and had no adverse reactions. In addition, no
local tumor development was observed in the tissue
samples from the sacrificed animals. Our data are in
line with those derived from other animal studies,
suggesting that transplantation strategies are feasible
for partial recovery of locomotor functions.

A number of studies have illustrated that NSCs
derived from different anatomical sites or
developmental stages respond differently to growth
factors, in particular epidermal growth factor and
basic fibroblast growth factor''” suggesting that
NSCs may be intrinsically different in their biological
functions and characteristics. In this study, the
majority of NSCs derived from embryonic spinal
cord 16 days post coitus were able to differentiate in
vitro into oligodendrocytic progenies, which may be
due to the in vitro culturing condition and the
intrinsic potential for oligodendrocyte formation of
the E16 rodent embryonic spinal cord!"*. Fibroblast
growth factor-enriched culture medium may activate
Olig2 gene through MAP-dependent signal
transduction pathway and induce NSCs to
differentiate into oligodendrocytes'”.

Nestin is an intermediate filament protein and
has long been used as a marker of NSCs, and nestin
can also be expressed by other cell types including
reactive astrocytes!'®, immature oligodendrocytes
and neurons!'”. These data may explain why the
majority of the differentiated progenies in NSCs are
nestin positive. CGRP is the marker of inter-neurons
in the hind horn. BrdU" CGRP" cells were noted
adjacent to the intraspinal cavity, suggesting that the
implanted NSCs can differentiate into comparatively
mature neurons that may innervate in the spinal cord
network.

SCs are the peripheral nerve-ensheathing cells,
which can produce a variety of extracellular matrices
and adherent molecules including laminin and
collagen. They can also secrete a number of soluble
factors such as nerve growth factor (NGF) and brain
derived neurotrophic factor (BDNF), which have
been implicated in a series of normal and
pathological process related to neural development
and regeneration. In the culture of NSCs, growth
medium in vitro could provide an environment
vulnerable to autocrines and paracrines of NSCs,
suggesting that NSCs in cultures can modulate their
proliferation, differentiation and survival. In the
co-culture system, SCs may provide additional

benefits and favorable environments which may not
be readily available in the routine culture. In this
study, SC-derived biometabolites could elicit a
differentiating potential for NSC in situ.

It was recently reported that NSCs transplanted
into spinal cord are restricted to glial commitment
and NSC-derived neurons are only evident in the
brain parenchyma with active neurogenesis''™. In
contrast, this study showed that NSCs derived from
embryonic spinal cord were able to differentiate into
neurons after transplantation into the cavity of injured
spinal cord, which is in line with the reported
findings"”. The scenarios may be attributed to the
relatively high number of transplanted NSCs where
autocrines and paracrines affect the differentiation,
the timelines of transplantation after SCI at which the
concentration of inflammatory and toxic cytokines
may diminish dramatically and present a more
favorable environment for NSCs survival and
differentiation, and SC-derived cytokines and
extracellular matrices which may ameliorate the
adverse local environment and induce the neuronal
differentiation of implanted NSCs in vivo.

The transplanted cells are not a homogeneous
population of NSCs, but a heterogeneous population
of NSCs, neural progenitors and mature neurons.
Hence, methods for propagation and purification of
NSC should be adopted. In this study, the neuronal
differentiation was not evident in the arm of rats
receiving NSC transplant compared to the other arm
of rats transplanted with NSCs and SCs, which
excluded the likelihood of mature neurons in the
graft.

On the basis of Kaplan-Meier survival rate
evaluation, we did not find statistically significant
differences in the survival rates of three arms of
traumatized rats 56 days after spinal cord injury,
implying that the derived cell products have no
adverse or life-threatening risks for transplanted
rodents and host rats tolerate well with the
transplanted cells. The survival rate of the
transplanted arms was better than that of the control
arm, although no statistically significant difference
was observed, suggesting that cell transplantation
could prolong the survival of injured rats.

In the fourth week, there was a detectable
difference in locomotive function of the hind limbs,
in terms of the BBB scores between the control and
transplanted groups, which may be due to the
amelioration of the local toxic microenvironment by
soluble neurotrophins produced by the implanted
NSCs or SCs, and remyelination of the spared
processes and sprouting to reinnervate the circuitry
underneath the traumatic region of the spinal cord.
Conversely, it would be unlikely that neuronal



TRANSPLANTATION EFFICACY OF NSCs AND SC IN A RAT MODEL 249

differentiation of the implanted NSCs played an
important role in reconnecting the truncated nerve
fibers in such a short period of time, since the injured
intraspinal cavity disrupting the connection of rostral
to caudal stump of the spinal cord remained in the
eighth week. There was no significant difference in
BBB scores between the two arms of rats receiving
co-transplant of NSCs and SC and the arm of rats
transplanted with NSCs, which may be due to the
small cohort of animals available for analyses. The
relatively high mortality observed in this study is in
concordance with previous reports®”.

In conclusion, SCs can enhance neuronal
differentiation of NSCs in vitro and in vivo. The
novel therapeutic regimen may be used clinical
practice to tackle the long-term or permanent
locomotor impairments.
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