BM-MNC PROMOTE FUNCTIONAL RECOVERY FROM SCI

INTRODUCTION

INJURY TO THE CENTRAL NERVOUs SYSTEM (CNS)
causes permanent defects in neurologic function. A
number of animal experiments involving neural cell
transplantation after neural damage, including spinal
cord injury (SCI), have been conducted to investigate
the replacement of injured neural components and
functional recovery after injury to the CNS. Beneficial
effects have been reported with Schwann cells (Mar-
tin et al., 1996), olfactory ensheathing cells (Doucette,
1995), embryonic stem cells (McDonald et al., 1999),
neural stem cells (Ogawa et al., 2002), and choroid
plexus ependymal cells (Ide et al., 2001) for such trans-
plantation. However, the transplantation of expanded
and/or allogenic cells in human patients requires ad-
dressing such issues as immunologic reactivity to such
transplantation and the therapeutic time window dur-
ing which it is effective. Furthermore, clinical trials of
neural cell transplantation after stroke have revealed
that simple cell transplantation has only a mild thera-
peutic effect (Kondziolka et al., 2000), probably be-
cause of the absence of a favorable environment for
reconstitution of the neural system (Taguchi et al.,
2004).

Recently, a highly neovascularized environment after
injury to the CNS, obtained by hematopoietic stem cell
transplantation, was shown to accelerate recovery of neu-
rologic function in a model of stroke (Taguchi et al.,
2004). Additionally, clinical trials found that transplan-
tation of bone marrow—derived mononuclear cells (BM-
MNC) had beneficial effects on functional recovery af-
ter myocardial infarction (Assmus et al., 2002; Strauer et
al.,, 2002). BM-MNC are known to include immature cells
such as hematopoietic stem cells and endothelial prog-
enitor cells, and have also been shown to supply multi-
ple growth factors (Rehman et al., 2003) that may pro-
tect against secondary neural injury (Widenfalk et al.,
2003). We therefore investigated the effect of trans-
planting BM-MNC in a rat model of SCI, and found that
it had a neuroprotective effect that promoted functional
improvement.

METHODS

All procedures were performed in accordance with
the Guidelines for Animal Experiments of Kyoto Uni-
versity. Quantitative measurements and behavioral
tests were performed by investigators unaware of the
experimental protocol and the identity of the sec-
tions/animals under study.

Preparation of Bone Marrow—Derived
Mononuclear Cells

Bone marrow cells were obtained from 8-week-old
(adult) male Wistar rats weighing 200-220 g. Cells were
harvested after administration of 5—fluorouracil, as de-
scribed previously (Azizi et al., 1998). BM-MNC were
separated by density centrifugation with a commercially
available density solution (density, 1.077; Lympho-
prep™; Nycomed Pharma, Oslo, Norway; www.nyco-
med.com) (Tomita et al., 2002). These cells were as-
sessed on the basis of cell surface markers (PharMingen,
San Diego, CA), using a fluorescence-activated cell
sorter, and the following percentages were found to ex-
press the respective markers, which are markers of Thy-
1, leukocytes, B1-integrin, c-kit, hematopoietic stem
cells, endothelial cells, and macrophages, respectively:
43% CD90, 38% CD45, 74% CD29, 11% CD117, 10%
CD34, 24% CD31, and 19% CDI11b/c.

To trace cells, BM-MNC were labeled with the fluo-
rescent membrane-intercalating dye PKH67 (green fluo-
rescence; MINI-67; Sigma, St. Louis, MO) (Tomita et
al., 2002).

Spinal Cord Injury and Transplantation
of BM-MNC

Crush injury was produced in the spinal cords of 40
Wistar rats, all 4 weeks old, by impact with a weight-
drop device (NYU Spinal Cord Contusion System; New
York University, New York, NY) as previously described
(Bai et al., 2003). The rats were anesthetized with pen-
tobarbital 50 mg/kg i.p., laminectomy was done at the
level of Th8-9, and injury was achieved by dropping a
10-g weight 2.5 mm in diameter from a height of 12.5
mm (Bai et al., 2003). At 1 h after injury, a cell suspen-
sion of 5 X 10° viable BM-MNC, dissolved in 70 uL of
Hanks’ balanced salt solution (HBSS), was injected with
an insulin syringe and stereotaxic coordinates into the
fourth ventricles of 20 Wistar rats over a period of 5 min,
as previously described (Bai et al., 2003). A control pop-
ulation of 20 rats underwent the same crush injury pro-
cedure followed by injection of the same volume of
HBSS but without the cell suspension. A total of 18 rats
with SCI (n = 9 per group) were used for histologic ex-
amination and evaluation in the acute stage of injury.
Three rats per group were killed, on days 1, 3, and 7, re-
spectively. A total of six rats with SCI (n = 3 per group)
were killed on day 3 for the measurement of cytokines
in CSF by enzyme-linked immunosorbent assay
(ELISA). Sixteen rats with SCI (n = 8 per group) were
tested according to the Basso-Beattie-Bresnahan (BBB)
locomotor rating scale (Basso et al., 1995), to evaluate
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locomotor function of the hindlimbs before injury and
again on days 1, 7, 14, 21, 28, and 35. On day 35, these
rats were killed for histologic study.

Preparation of Tissues for Histologic Analysis

A fixative containing 4% paraformaldehyde in 0.1 M
phosphate buffer was perfused through the hearts of all
rats. Sections of spinal cord tissue 10—um-thick were sub-
sequently cut longitudinally with a cryostat and mounted
on glass slides for observation after staining with hema-
toxylin and eosin (H&E) or immunohistochemical stain-
ing. The following primary antibodies and dilutions were
used: mouse monoclonal antibody (Mab) against glial
fibrillary acidic protein (GFAP; Sigma) at 1:400; mouse
Mab against 8-tubulin type HI (Sigma) at 1:300; and rab-
bit polyclonal antibody against von Willebrand Factor
(vWF; DAKO, Glostrup, Denmark) at 1:10. A fragment-
conjugated goat antimouse antibody (Alexa Fluor; Mol-
ecular Probes, Eugene, OR) at a dilution of 1:1000, and
a fragment-conjugated goat antirabbit antibody (Alexa
Fluor; Molecular Probes) at a dilution of 1:500, were used
as second antibodies. To stain for cell nuclei, we used
the membrane-impermeant fluorescent DNA-binding dye
TO-PRO-3 (Invitrogen, Carlsbad, CA) at a dilution of
1:500.

Evaluation of Apoptotic Cells at the Site of SCI
in the Acute Stage of Injury

To quantitate apoptotic cells at the site of injury on
day 3 after SCI (n = 3 per group), we used a terminal
deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate (dUTP)-biotin nick-end labeling (TUNEL)
assay (DeadEnd™ Fluorometric TUNEL System;
Promega) according to the protocol recommended by the
manufacturer. We examined five parasagittal sections of
injured spinal cord, including the median sagittal section,
and compared the numbers of TUNEL-positive cells per
field (0.1 mm?) at high magnification (X40) among the
different groups of animals.

Quantification of Protected Axons in the Acute
Stage of Injury

To investigate the degree of protection of nerve fibers
provided by BM-MNC transplantation in the acute stage
of SCI, we used immunohistochemical staining of sec-
tions obtained at the injury site, with an anti-3-tubulin
type III antibody. We did this on six rats on day 3 after
SCI (n = 3 per group) and a further six animals on day
7 (n = 3 per group). We examined a total of 21 sagittal
sections obtained from each animal, consisting of one
median sagittal section and two sets of 10 consecutive
sections cut at intervals of 50 um from the median plane

laterally toward the left (one set) and right (the other set).
These sections covered two-thirds of the width of the
spinal cord, including whole degenerated nerve fibers.
We measured the density of nerve fibers that stained pos-
itively for B-tubulin type III at the site of injury within
2.5 mm in the cephalocaudal direction, using the image
processing and analysis software NIH Image 1.61. The
density of nerve fibers was reported as the percentage of
the B-tubulin type ITI-positive area relative to the entire
area of SCL

Blood Vessels at the Site of Injury in the Acute
Stage of Injury

Blood vessels were examined at the site of injury on
days 3 and 7. Five parasagittal sections, including the me-
dian sagittal section, obtained from the injury site in each
animal, were stained for vVWF and TO-PRO-3. vWF-pos-
itive cells were observed mainly around the center of the
injury site. Using NIH Image 1.61 software, we measured
the density of vWF-positive cells in sagittal sections cen-
tered around and within 2.5 mm of the injury site in the
cephalocaudal direction.

ELISA of Cytokines in Cerebrospinal Fluid

We sought to determine whether transplantation of
BM-MNC after SCI had an effect on neuroprotective or
angiogenic factors in CSF. CSF was obtained from six
rats (n = 3 per group) on day 3 after SCI and assayed via
ELISA for vascular endothelial growth factor (VEGF)
(Immuno-Biological Laboratories, Gunma, Japan), hepa-
tocyte growth factor (HGF) (Institute of Immunology,
Tokyo, Japan), and tumor necrosis factor-a (TNF-o)
(BioSource International, Camarillo, CA), following the
manufacturers’ recommended protocols in each assay.

Measurement of Injury-Cavity Volume

The volume of each cavity that developed after SCI
was quantified as described previously (Ohta et al., 2004)
at 35 days after injury (n = 8 per group). Briefly, hori-
zontal cryostat sections were stained with H&E and ex-
amined under a light microscope equipped with a charge-
coupled-device (CCD) camera (HC300; Fuji Photo Film
Co. Ltd., Tokyo, Japan) (Reyes and Verfaillie, 2001). We
used a total of 41 sagittal sections obtained from each an-
imal, consisting of one median sagittal section and two
sets of 20 consecutive sections cut at intervals of 50 um
from the median plane laterally toward the left (one set)
and right (the other set). These sections covered the en-
tire spinal cord. The area of cavitation in each spinal cord
section was measured, as shown in Figure 6G below, us-
ing NIH Image 1.61 software. The cavity volume was
then calculated by multiplying the average area of cavi-
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tation by the depth of the section examined (Takami et
al., 2002).

Quantification of Angiogenesis Around
the Injury Cavity

We counted the blood vessels around the injury cavity
in each rat at 35 days after injury. Vessel density was de-
fined as the number of blood vessels per injury area im-
mediately around the cavity. We investigated the number
of blood vessels that stained immunopositively for vWF
in the marginal zone extending to within 200 pm of the
inner margin of the injury cavity (see Fig. 61K below).

Behavioral Analysis

The animals’ locomotor activity was evaluated by
means of open-field BBB scoring, as described previ-
ously (Basso et al., 1995; Wu et al., 2003). Briefly, the
behavior of each animal in an open 75 X 120-cm field
was observed by two researchers. Scores ranging from 0
(complete paralysis) to 21 (normal gait) were recorded
every week after surgery.

Statistical Analysis

Differences in cavity formation and the density of
vWEF-positive cells on day 35 were analyzed by unpaired
Student’s t-tests. Differences in the concentration of cy-
tokines in CSF, the density of nerve fibers and vWF-pos-
itive cells in the acute stage of injury, and BBB score
were analyzed with the Mann-Whitney U-test. A value
of p < 0.05 was considered statistically significant.

RESULTS

Functional Recovery after Spinal Cord Injury

BBB locomotor scores are shown in Figure 1. The
maximum BBB score was 21 before SCI, while the ini-
tial BBB score for the spinal cord—injured rats was less
than 8. No significant functional improvement was ob-
served at 24 h after SCI in rats that underwent cell trans-
plantation as compared to control rats. However, contin-
uous functional recovery was observed at days 7-35 in
rats that underwent BM-MNC transplantation. In con-
trast, little, if any, functional recovery was observed in
control rats. The functional recovery seen in the rats that
underwent BM-MNC transplantation was significant.

Transplanted BM-MNC in the Fourth Ventricle
and around the Injured Spinal Cord

To trace transplanted BM-MNC labeled with PKH67
(green fluorescence), we examined the fourth ventricle
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FIG. 1. Administration of BM-MNC promotes rapid im-

provement of motor function after SCI. To evaluate motor func-
tion of the lower limbs, BBB locomotor scores were determined
on days 1. 7, 14, 21, 28, and 35 after SCI. Scores range from
0 (complete paralysis) to 21 (normal gait). On day 1 there was
no significant difference in the mean score between BM-MNC-
transplanted and control groups of animals. However, from day
7 to day 35, the mean scores of rats that underwent BM-MNC
transplantation were significantly higher than those of control
rats (n = 8 per group). *p < 0.05 versus control.

of the rat brain and the injured spinal cord. At 1 day af-
ter transplantation, PKH67-labeled cells were observed
very close to the choroid plexus in the ventricle (Fig.
2A,B), as well as on the surface of the pia mater of the
injured spinal cord (Fig. 2C-E). On day 3, these cells de-
creased in number, and a piece of transplanted cell was
sometimes seen in the ventricle (Fig. 2F), while some
transplanted cells were integrated into the pia mater of
the injured cord (Fig. 2G-I). On day 7, few, if any,
PKH67-labeled cells were observed in the ventricle (Fig.
2]) or around the injured spinal cord (Fig. 2K-M).

Protection of Axons at the Site of Injury
in the Acute Stage

To investigate whether BM-MNC have a protective ef-
fect on nerve fibers within 1 week after SCI, we per-
formed immunohistochemistry for B-tubulin type IIT on
sections of injured spinal cord on day 3 (Fig. 3A,B) and
day 7 (Fig. 3C,D) after injury. In control rats (Fig. 3A,C),
the area not stained had often spread to the dorsal side
of the spinal cord, where direct contusion injury had oc-
curred. In contrast, in BM-MNC-transplanted rats (Fig.
3B.,D), the unstained area was restricted and was smaller
than in control rats.

To investigate whether transplantation of BM-MNC
protects injured spinal cord from apoptosis, we performed
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FIG. 2. Transplanted BM-MNC (arrows) were observed in the fourth ventricle and around the site of spinal cord injury (sagit-
tal section). (A—E) On day 1 after transplantation, BM-MNC, labeled with PKH67 (green fluorescence), were observed very close
to the choroid plexus in the ventricle (B is a magnified view of the box in A). Some transplanted cells became attached to the
surface of the pia mater of the injured spinal cord (D and E are magnified views of the boxes in C). (F-I) On day 3, a few trans-
planted cells were seen in the ventricle (F), and some transplanted cells were integrated into the pia mater of the injured cord (H
and I are magnified views of the boxes in G). (J-M) On day 7, almost no PKH67-labeled cells were observed (L and M are mag-
nified views of the boxes in K). Nuclei were stained with TO-PRO-3 (blue). Scale bar = 100 um (A-D).
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FIG. 3. Administration of BM-MNC reduced the number of apoptotic cells at the site of injury in the acute stage. (A-D) Sagit-
tal sections obtained from the injury site on day 3 (A.B) and day 7 (C,D) were stained for B-tubulin type III. Axons stained for
B-tubulin type III were preserved at the site of injury in BM-MNC-transplanted (B,D) compared to control rats (A,C). (E,F)
TUNEL of fragmented DNA was performed on sagittal sections obtained on day 3 from the injury sites of control rats (E) and
BM-MNC-transplanted rats (F). TUNEL-positive nuclei (green) were merged with cell nuclei (blue) as indicated by arrows. (G)
The number of TUNEL-positive cells was significantly smaller in BM-MNC-transplanted than in control rats (n = 3 per group).
*p < 0.01 versus control. (H) The density of nerve fibers at the site of injury on day 7 was significantly higher in BM-MNC-
transplanted than in control rats (n = 3 per group). *p < 0.05 versus control. Scale bar = 1 mm (A), 50 pm (E).
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FIG. 4. Blood vessels stained for vWF at the site of SCI in the acute stage of injury. Immunohistochemical analysis of VWF
(red) was performed on sagiftal sections at the site of injury on day 3 (A-D) and day 7 (E-H) in animals treated with HBSS
(A,B.E.F) or BM-MNC (C,D,G,H). Nuclei were stained with TO-PRO-3 (blue). vWF-positive cells were identified mainly around
the center of the injured spinal cord (A-H). The figures in the right column (B,D,F,H) are magnified views of the boxes in A,

C, E, and G, respectively. Scale bar = 200 um (A,B).

TUNEL assays on sections obtained from the injury site
onday 3 (Fig. 3E,F) after injury. TUNEL-positive (green)
cells were observed mainly around the tissue not stained
for B-tubulin type III at the injury site. The number of
TUNEL-positive cells per high-power field (hpf) was sig-
nificantly lower in BM-MNC-transplanted rats than in
control rats (Fig. 3G). Consistent with these findings was
a significantly higher density of nerve fibers stained for
B-tubulin type III in BM-MNC-transplanted rats than in
control rats (Fig. 3H).

To evaluate distribution of blood vessels at the site of
injury, we performed immunohistochemistry for vVWF on
sections obtained on day 3 (Fig. 4A-D) and day 7 (Fig.
4E-H) after SCI. vWF-positive cells (red) were distrib-

uted mainly around the center of the injured spinal cord.
Quantitative analysis revealed no significant difference
between BM-MNC-transplanted rats and control rats in
the density of vWF-positive cells at the injury site on day
7 (9.84 = 0.83 vs. 10.8 = 1.64 cells/mm?, respectively;
p = 0.34).

Increase in Hepatocyte Growth
Factor Concentration in CSF
with BM-MNC Transplantation

On day 3 after SCI, we obtained CSF and measured
the concentrations in it of VEGF, HGF, and TNF-a by
ELISA. The concentration of VEGF, a well-known an-
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15 b

Iraml]
[ng'mL]

Control BM-MNC Contrel

B) HGF in CSF

C) TNF-@ in CSF

S

[pg/mL

BM-VNC Control BM-MNC

FIG. 5. Determination of concentrations of cytokines in CSF by ELISA. CSF was obtained from rats on day 3 after SCI. No signifi-
cant difference was found in the concentration of VEGF in BM-MNC-transplanted and control animals (A). However, the concentration
of HGF was remarkably higher in CSF from BM-MNC-transplanted rats than in that of control rats (B). A lower concentration of TNF-
a was observed in the CSF of BM-MNC-transplanted than in that of control rats (C) (n = 3 per group). *p < 0.05 versus control.
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FIG. 6. Injured spinal cord on day 35 after SCI. (A-H) Although clear cavity formation was observed at the site of injury in
control rats (A, H&E staining: B, staining for S-tubulin type III), only limited cavity formation was observed in BM-MNC-trans-
planted rats (C, H&E staining; D, staining for S-tubulin type III). Expression of B-tubulin type III (E) and GFAP (F) was con-
firmed in the tissue around the cavity. The area of the cavity was measured as indicated by yellow in G (H&E staining) in con-
secutive sagittal sections, and the volume of the cavity was calculated. A significant reduction in the cavity volume was found
in BM-MNC-transplanted rats as compared to control rats (H; n = 8 per group). *p = 0.01 versus control. (I-M) Blood vessels
stained for vWF (red) were observed in the marginal zone of the cavities of control rats (I.J) and BM-MNC-transplanted rats
(K,L). The density of vWF-positive cells in the marginal zone, indicated by blue (I,K), was significantly increased in BM-MNC-
transplanted as compared to control rats (M; n = 8). *p < 0.05 versus control. Scale bar = 1 mm (A,C), 100 um (B,D-FJ.L).
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giogenic factor (Carmeliet, 2003), did not show a signif-
icant increase with BM-MNC transplantation (Fig. 5A).
This result was consistent with our finding that, in the
acute stage of injury, there was no increase in the num-
ber of cells stained for vWF as a vascular marker. In con-
trast, we observed a remarkable increase in the concen-
tration of HGF, which is known to have neuroprotective
effects in vivo and in vitro (Tsuzuki et al., 2000; Zhang
et al., 2000), with BM-MNC transplantation (Fig. 5B).
These results may explain the decrease in concentration
of TNF-a with BM-MNC transplantation (Fig. 5C).

Prevention of Cavity Formation
in the Chronic Stage

To investigate whether BM-MNC have an inhibitory
effect on degeneration of the injured spinal cord in the
chronic stage of injury, we conducted a histologic study
on sections obtained from the injury site on day 35 after
SCI. SCI is known to cause secondary injury accompa-
nied by inflammation, followed by cavity formation
(Zhang and Guth, 1997). On day 35, clear cavity forma-
tion was observed in control rats (Fig. 6A, H&E stain-
ing; Fig. 6B, staining for B-tubulin type IIT). The cavity
wall was composed of loosely packed tissue surrounded
by numerous empty spaces, with cell nuclei sparsely dis-
persed throughout the wall. In contrast, limited cavity for-
mation was observed with administration of BM-MNC
_ (Fig. 6C, H&E staining; Fig. 6D, staining for B-tubulin

type II). The wall of the cavity, composed of well-packed
tissue as in the normal spinal cord, contained many cell
nuclei. Tissue around the cavity was stained for 8-tubu-
lin type III (Fig. 6E) and GFAP (Fig. 6F). We determined
the volume of the cavity at the site of injury by measur-
ing the cavity area in sagittal cross sections (Fig. 6G).
The volume of the cavity was significantly reduced in the
BM-MNC-transplanted rats as compared with that in the
control group (Fig. 6H). Moreover, many cells in the area
immediately around the cavity stained for vWF (red), a
marker of blood vessels (Fig. 6I-L). In the chronic stage
of injury, the density of vWF-positive cells just around
the cavity was significantly greater in BM-MNC-trans-
planted rats (Fig. 6K,L) than in control rats (Fig. 6L1J),
as shown in Figure 6M.

DISCUSSION

We found that transplantation of BM-MNC soon after
SCI had a neuroprotective effect in the acute stage of in-
jury, promoting functional improvement, which was fol-
lowed by the suppression of cavity formation.

In the acute stage of SCI, transplantation of BM-MNC
protected nerve fibers of the injured spinal cord. Although

the exact mechanism by which transplantation of BM-
MNC exerts a therapeutic effect is unclear, our results in-
dicate little contribution from VEGF; transplantation of
BM-MNC did not significantly increase the VEGF con-
centration in CSF or promote angiogenesis at the site of
injury in the acute stage. In contrast, a remarkable in-
crease in the concentration of HGF in CSF was observed
with BM-MNC transplantation. HGF is reported to be se-
creted by BM-MNC (Liu et al., 2004) and to have a strong
antiapoptotic effect in neural injury (Tsuzuki et al., 2000;
Zhang et al., 2000). These observations, in addition to
the secretion by BM-MNC of other neuroprotective cy-
tokines (Kamihata et al., 2001; Chen et al., 2002; Val-
able et al., 2003), at least partly explain the beneficial ef-
fects observed with BM-MNC transplantation. These
neuroprotective effects may also explain the decrease in
TNF-a concentration in CSF with transplantation of BM-
MNC.

Cavity formation is a characteristic of progressive tis-
sue necrosis, which follows the initial primary cell de-
struction in injury to the CNS (Zhang and Guth, 1997).
Regulating injury in the acute stage has been reported to
be the critical factor for controlling the progression of
secondary injury to the CNS in SCI (Fitch et al., 1999),
and in our study the neuroprotective effect of BM-MNC
in the acute stage of injury contributed mainly to sup-
pressing cavity formation in the chronic stage of SCL In
accord with these findings was the observed preservation
of blood vessels in the chronic stage of injury with trans-
plantation of BM-MNC. As previously reported, blood
vessel formation is essential for the repair of tissue after
CNS injury such as SCI (Imperato-Kalmar et al., 1997),
brain trauma (Giulian et al., 1989), and brain infarction
(Taguchi et al., 2004).

In the present study, no transplanted cells were ob-
served in the injured spinal cord on day 7 after BM-MNC
transplantation, indicating that the differentiation of
transplanted cells into neural cells made little contribu-
tion to the positive effect of transplantation, at least with
our protocol. Koshizuka et al. reported that immature
hematopoietic stem cells from bone marrow, transplanted
in the subacute stage of SCI (at 7 days after injury), dif-
ferentiate into neural precursor cells, which may result in
functional recovery partly through neurogenesis
(Koshizuka et al., 2004). It has been shown that stem cell
transplantation can improve neurologic function by sev-

" eral mechanisms, some of which are neuroprotective ef-

fects on host neurons from trophic factors secreted by
transplanted cells, and/or the reestablishment of func-
tional neural networks through the integration of trans-
planted cells (Lindvall and Kokaia, 2004). These obser-
vations suggest at least two critical mechanisms by which
BM-MNC transplantation may promote functional re-
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covery: neuroprotection, when the BM-MNC are trans-
planted in the hyperacute stage, and differentiation into
neural cells, when BM-MNC are transplanted in the sub-
acute stage.

Besides being studied in animal models of various dis-
eases (Kamihata et al., 2001; Shintani et al., 2001), trans-
plantation of BM-MNC has been investigated for effects
on acute tissue injury, with promising results (Assmus et
al., 2002; Tateishi-Yuyama et al., 2002). BM-MNC trans-
plantation via the CSF after SCI has several advantages
over other kinds of cell therapies, including those that use
neural stem cells or embryonic stem cells. Furthermore,
although transplantation of embryonic stem cells and
neural precursor cells is reported to induce recovery from
SCI (McDonald et al., 1999; Ogawa et al., 2002), some
unresolved critical issues (i.e., ethical concerns and im-
munosuppression) have prevented its clinical application.

Clinical transplantation of BM-MNC via the CSF
may be realized earlier than transplantation of these
other types of cells. BM-MNC are easily collected and
can be transplanted at the most appropriate time after
SCI without sacrificing the time window critical for a
therapeutic effect, and there is no need to expand BM-
MNC by culture to obtain a sufficient number of cells
for transplantation. Moreover, in the clinical setting,
BM-MNC can be transplanted via the CSF by means
of lumbar puncture rather than having to be given by
ventricular injection, thereby reducing the risk of
additional injury to intact spinal cord at the injury
site.

In conclusion, transplantation of BM-MNC after SCI
has a remarkable neuroprotective effect in the acute stage
of injury, suppresses cavity formation, and contributes to
functional recovery. Our observations provide evidence
that clinical administration of BM-MNC can play a crit-
ical role in neuroprotection and new vessel formation for
functional recovery after SCI, and we conclude that trans-
plantation of BM-MNC after SCI is a potentially effec-
tive means of enhancing functional recovery from such

injury.
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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 1s 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

* Corresponding author. Fax: +81 75 751 7286.
E-mail address: dezawa@anat2.med.kyoto-u.ac.jp (M. Dezawa).
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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
scems 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
(a-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 a-MEM with 15% FBS, 2 mM L-glutamine, and kanamycin,
and incubated at 37 °C, 5% CQ,. 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 1.27x 10° oells/cmz, MSCs were incubated in a-MEM con-
taining 1 mM beta-mercaptoethanol (B-ME) without serum for 24 h. The
culture media was then replaced with «-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 a-MEM containing 10% FBS
and trophic factors of 5 pM forskolin (Calbiochem, La Jolla, CA), 10 ng/
ml recombinant human basic fibroblast growth factor (Peprotech, Lon-
don, UK), 5 ng/ml platelet-derived growth factor-AA (Peprotech, Lon-
don, UK), and 200ng/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-buffered saline (PBS). Primary antibodies used for immunocyto-
chemistry were anti-S100 rabbit IgG (1:200, DAKO, Carpinteria, CA),
anti-PQ 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 1gG (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 I1gG, 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-

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 4 C,
immersed in 10%, 20%, and 30% sucrose-PBS for 3h each at 4C,
embedded in OCT, and cut into 10-um-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 1gG
goat or anti-mouse IgM goat antibodies conjugated to Alexa568
(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, p75NGF 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, p75NGF recep-
tor, GFAP, and LI 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 (n =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 £ 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 p-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-
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Fig. 4. Immunohistochemistry of the grafts 3 weeks after operation in the M-Schwann group. Transplanted cells were visualized by its expression of GFP
(green). (A) The GFP-positive transplanted cells were found to cover the regenerating nerve fiber in the 3D-constructed image as revealed by
immunostaining against NF (red). (B-G) The GFP-positive human M-Schwann cells (arrowheads) expressed MAG (red in B-D) and MBP (red in E G).
Endogenous host Schwann cells (arrows), also observed in the graft, expressed MAG (red in B-D) and MBP (red in E-G). Scale bar, 20 pm. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)

tion but simply by the administration of chemical reagents
and trophic factors. This is beneficial to the safety improve-
ment for cell-based therapy. The use of FBS during the cul-
ture and induction will be another problem for safety.
Therefore, we estimated whether human serum was avail-
able for this system, and confirmed that all data shown
in this study was reproducible (data not shown). This is
remarkable from the point of view that auto-cell transplan-
tation therapy in that patient’s own serum and MSCs could
be used for the induction of Schwann cell characteristics
that will be applied for cell-based therapy of nerve
regeneration.

It was noteworthy that the transplanted human GFP-
positive M-Schwann cells were in close contact with NF-
positive regenerating axons, and those M-Schwann cells
expressed myelin-associated markers of MAG and MBP.
These findings suggest that, not only in vitro, human M-
Schwann cells retained their characteristics similar to
Schwann cells even after transplantation, thereby also sup-
ported axonal regeneration if not strongly. However, there
remains the question whether these transplanted human
M-Schwann cells are able to reconstruct multilamellar
myelin within the graft. For further evaluation, we sub-
jected sections observed in immunohistochemistry to the
immunoelectronmicroscopic observation. Even though
the close contacts between anti-GFP-labeled transplanted
M-Schwann cells and the regenerating axons could be
observed, remyelination of the regenerating axons by those
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transplanted cells was not apparent (data not shown).
Actually, it is a well-known fact that remyelination requires
longer duration in the regeneration procedure, and 3 weeks
is the point when remyelination starts in the normal PNS
regeneration. This may be one of the reasons why remyeli-
nation by human M-Schwann cells could not be clearly rec-
ognized. In this study, immunorejection to human cells was
controlled by FK506. Thus, there was a limit for a longer
period of observation because the additional dose of
FK 506 would have lead to death or infectious diseases in
transplanted animals. The second possibility is that the
control of immunorejection by FK506 should not be per-
fect. In fact, GFP-positive cell-debris could occasionally
be recognized even in the M-Schwann group (data not
shown), so that remyelinating human M-Schwann cells
might have disappeared by phagocytosis to some extent.
In the MSC-group, in which phagocytosis of GFP-positive
cell was prominent, regenerating axons as well as endoge-
nous (host-derived) Schwann cells were observed far less
than those in the M-Schwann group. These findings suggest
that immunorejection caused the alteration of tissue envi-
ronment which is not permissive for the nerve regeneration.
Thirdly, another factor that may influence on the observa-
tion of remyelination would be the direct effect of FK506
on nerve regeneration [20,21]. We have previously reported
the improvement of motor function, electrophysiological
data, and myelin reconstruction in rat PNS regeneration
up to 6 months after transplantation of rat M-Schwann
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cells [18]. From the result obtained in this study, human M-
Schwann cells are expected to possess Schwann cell prop-
erty. However, the final answer could be obtained by the
precise analysis using primate experiments.

Walking track analysis was performed to estimate the
extent of functional recovery of the sciatic nerve to find sta-
tistical difference between M-Schwann cells- and MSCs-
transplanted groups. However, the SFI of the M-Schwann
cells-transplanted group was only —79.12 + 2.1. This data
correlate with the fact that the ratio of GFP-positive cells
among MAG-positive cells were not so high, suggesting that
the number (namely, the contribution) of transplanted
human M-Schwann cell was not large enough for supporting
the functional recovery. This may be partly because the
immunorejection of transplanted M-Schwann cells lowered
the efficiency of cell therapy for nerve regeneration. On the
other hand, we have previously shown that rat M-Schwann
cells supported significant recovery in walking track analysis
6 months after transplantation into PNS[18]. Again, appro-
priate methods to prevent immunological rejection will give
the best effect of human Schwann cells in clinical use.

There remain some points to be clarified or resolved for
the clinical application of M-Schwann cells as the source of
cell-based therapy. For example, as both MSCs and M-
Schwann cells are highly proliferative in vitro, the risk of
tumorigenesis has to be carefully evaluated in the longer
observations. The possibility has been reported that human
MSCs might undergo spontaneous transformation follow-
ing long-term in vitro culture [22,23)]. Biosafety studies of
MSC:s are required at least in these regards. Furthermore,
for the future clinical use, the graft should be carefully
designed and brushed up by combining the technology
developed in tissue engineering such as matrix and foot-
hold that may support survival and differentiation of trans-
planted cells in the host. We hope that our report will
contribute to bring one of the solutions to the cell therapy
designed for the regeneration of PNS and CNS.
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ABSTRACT

A new non-viral method of gene transfection was designed to enhance the level of gene expression for rat
mesenchymal stem cells (MSCs). Pullulan was cationized using chemical introduction of spermine to
prepare cationized pullulan of non-viral carrier (spermine-pullulan). The spermine-pullulan was com-
plexed with a plasmid deoxyribonucleic acid (DNA) of luciferase and coated on the surface of culture sub-
strate together with Pronectin of artificial cell adhesion protein. MSCs were cultured and transfected on
the complex-coated substrate (reverse transfection), and the level and duration of gene expression were com-
pared with those of MSCs transfected by culturing in the medium containing the plasmid DNA-spermine-
pullulan complex (conventional method). The reverse transfection method enhanced and prolonged gene
expression significantly more than did the conventional method. The reverse method permitted the trans-
fection culture of MSCs in the presence of serum, in contrast to the conventional method, which gave cells a
good culture condition to lower cytotoxicity. The reverse transfection was carried out for a non-woven
fabric of polyethylene terephthalate (PET) coated with the complex and Pronectin using agitation and
stirring culture methods. The two methods enhanced the level and duration of gene expression for MSCs
significantly more than did the static method. It is possible that medium circulation improves the culture
conditions of cells in terms of oxygen and nutrition supply and waste excretion, resulting in enhanced gene
expression.

-7

INTRODUCTION

THE RECENT ADVENT OF GENOME SCIENCES has elucidated
genetic sequences that are related to disease occur-
rence and the proliferation and differentiation of cells for
tissue repair. In addition, with the rapid development of cell
biology and medicine regarding tissue regeneration, it has
been possible to make use of various precursor and stem
cells with high potential for proliferation and differentia-
tion for cell therapy. However, because the cells are often
not powerful therapeutically, it is of prime importance for
successful cell therapy that a method of genetic cell engi-
neering aiming at efficient activation and manipulation of
cellular functions be developed. To achieve this genetic
engineering of cells, virus carriers have mostly been used

because of the high efficiency of gene transfection. '
However, there are several problems to be resolved for
clinical applications, such as the antigenicity and toxicity of
the virus itself or the possibility of disease transfection.
Therefore, efficient technology and methodology of gene
transfection without virus vectors are expected.

Several research trials using non-viral gene carriers of
cationized polymers and liposomes have been performed but
do not always achieve the expected results in terms of
transfection efficiency.>!! The level of gene expression is
not as high as that of viral carriers, and the expression time
period is generally short. As the conventional procedure of
gene transfection, the non-viral carrier is complexed with a
plasmid deoxyribonucleic acid (DNA) and then added to the
cell culture medium for transfection. In this case, serum
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cannot generally be added to the culture medium, although it
is essential to maintain the correct biological conditions for
cell culture. This is because the plasmid DNA carrier com-
plex often interacts with serum components, leading to sup-
pression of the ability of gene transfection.

In this study, a new transfection method is introduced to
enable cell culture under better conditions in the presence
of serum. Pullulan of polysaccharide was chemically catio-
nized using spermine to prepare a non-viral carrier for gene
transfection. It has been demonstrated that the cationized
spermine-pullulan enhanced in vitro gene expression for
various types of cells.'? The spermine-pullulan complex of a
plasmid DNA was coated onto a culture substrate together
with a cell-adhesion substance, and then cells were cultured
on the complex-coated substrate using different culture
methods for gene transfection. The level and duration of
gene expression using the new reverse transfection method
were evaluated and compared with those of the conven-
tional transfection method. We examine cytotoxicity after
the reverse transfection.

MATERIALS AND METHODS

Materials

Pullulan with an average molecular weight of 47,300 was
purchased from Hayashibara Biochemical Laboratories, Inc.
(Okayama, Japan). Spermine was purchased from Sigma
Chemical Co. (St. Louis, MO). Other chemicals were ob-
tained from Nacalai Tesque. Inc. (Kyoto, Japan) and used
without further purification.

Preparation of cationized pullulan derivative

Spermine was introduced to the hydroxyl groups of pull-
ulan using an N,N’-carbonyldiimidazole (CDI) activation
method.'? Spermine (1.87x 10 mg) and CDI (2.25x 10> mg)
were added to 50 mL of dehydrated dimethyl sulfoxide con-
taining 50 mg of pullulan. Following agitation at 35°C for
20h, the reaction mixture was dialyzed against ultra-pure
double-distilled water (DDW) for 2 days with a dialysis
membrane (cut-off molecular weight = 12,000-14,000, Vis-
kase Companies, Inc, Willowbrook, IL). Then, the dialyzed
solution was freeze-dried to obtain the spermine-introduced
pullulan (spermine-pullulan). When determined from the
conventional elemental analysis and expressed by the molar
extent of spermine introduced to the hydroxyl groups of
pullulan, the percentage of spermine introduced was 12.3
mole. '

Preparation of plasmid DNA

The plasmid DNA used was the pGL3 vector (5.26 kb)
coding for a firefly luciferase gene (Luciferase Reporter
Vectors-pGL3, Promega, Madison, WI). The plasmid DNA
- was propagated in E. coli (strain DH5a) and purified using
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QIAGEN plasmid Mega kit (Qiagen K.K., Tokyo, Japan)
according to the manufacturers’ instructions. The yield and
purity of the plasmid DNA were evaluated using ultraviolet
spectroscopy (Ultrospec 2000, Pharmacia Biotech, Cam-
bridge, England). The absorbance ratio at wavelengths of
260 to 280 nm for plasmid DNA solution was measured to be
between 1.8 and 2.0.

Preparation of polyion complexes

Polyion complexes were prepared by mixing an aqueous
solution of spermine-pullulan with that of plasmid DNA.
Briefly, various amounts of spermine-pullulan were dissolved
in 50y of DDW, mixed with 50 pL of phosphate-buffered
saline solution (PBS, 10mM, pH 7.4) containing 100 pL of
plasmid DNA, and left for 15 min at room temperature to ob-
tain various polyion complexes (PICs) of spermine-pullulan
and plasmid DNA. The PIC composition was calculated on
the basis of the nitrogen number of spermine-pullulan (N) per
the phosphorus number of plasmid DNA (P) and expressed
as the N/P ratio.

Preparation and culture of mesenchymal stem cells

Mesenchymal stem cells (MSCs) were isolated from the
bone shaft of femurs of 3-wk-old male Wister rats according
to the technique reported by Lennon et al.'* Briefly, both ends
of rat femurs were cut away from the epiphysis, and the bone
marrow was flushed out using a syringe (21 gauge needle)
with 1 mL of alpha minimum essential medium («MEM)
supplemented with 15 vol% fetal calf serum (FCS), penicillin
(50U/mL), and streptomycin (50 U/mL). The cell suspension
(5 mL) was placed into two 25 cm? flasks (Iwaki Glass, Fu-
nabashi, Chiba, Japan) and cultured at 37°C in a 95% air, 5%
carbon dioxide atmosphere. The medium was changed on day
4 of culture and every 3 days thereafter. When the cells of the
first passage became sub-confluent, usually 7 to 10 days after
seeding, the cells were detached from the flask using treat-
ment for 5 min at 37°C with PBS solution containing 0.25 wt%
trypsin and 0.02 wt% ethylenediaminetetraacetic acid. Cells
were normally subcultured at a density of 2x 10* cells/cm?.
Second-passage cells at sub-confluence were used for all ex-
periments.

Conventional 2-dimensional transfection
in the static method

Cells were seeded on each well of a 12 well multi-dish
culture plate (Corning, NY) at a density of 5x 10* cells/well
and cultured in 1mL of aMEM medium with 15 vol%
FCS for 24 h. PICs were formed by mixing 50 uL of DDW
containing spermine-pullulan and 50 pL. of PBS containing
2.5 pg of pGL3-luciferase plasmid DNA at different N/P
ratios. Immediately after the medium was exchanged using
FCS-free «MEM medium, 100 uL of the PIC solution was
added, and transfection culture was performed for 6 h (con-
ventional transfection). After the medium was changed to
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oMEM with FCS, cells were incubated further for 1, 3, 5,
and 7 days.

Two-dimension reverse transfection
in the static method

Succinic anhydride (90.1 mg) was added to 20 mL of 100
mg/mL gelatin solution in dimethyl sulfoxide, followed by
agitation at room temperature for 18 h to allow the carboxyl
groups to be introduced into the amino groups of gelatin for
anionization. When determined as the extent of amino groups
decreased using the tri-nitrobenzene sulfonic acid method, "’
the molar amount of carboxylic groups introduced was 100
mole%.

The aqueous solution of the anionized gelatin (100 pg/
mL) and different amounts of Pronectin was placed into each
well of a 12 well culture plate and left at 37°C for 1h for
coating. After PBS washing, the well was coated with the
plasmid DNA-spermine-pullulan complex containing 2.5 pg
of plasmid DNA. After 30 min incubation, the wells were
washed with PBS. Then MSCs (5x10* cells/well) were
seeded on the complex-coated well, followed by cell culture
in the XMEM medium with or without 15 vol% FCS for 1, 3,
5, and 7 days.

Cells were washed with PBS once, lysed in 100 uL of cell
culture lysis reagent (Promega Corp., Madison, WI), trans-
ferred into a micro reaction tube, and the cell debris separated
using centrifugation (14,000 rpm, 20 min). Then 100 pL. of
luciferase assay reagent (Promega Corp., Madison, WI) was
added to 20 pL of supernatant, and the relative light unit
(RLU) of the sample was determined using a luminometer
(MicroLumatPlus LB 96V, Berthold, Tokyo, Japan). The
total protein of each well was determined using a bicinchonic
acid (BCA) protein assay kit (Pierce, Rockford, IL) accord-
ing to the manufacturers’ instructions. The RLU was divided
by the protein amount to normalize the influence of variance
of number of cells on luciferase activity. Each experimental
group was carried out 3 times independently.

Three-dimensional reverse transfection
using different culture methods

Static, agitated, and stirring methods were used to culture
MSCs in a non-woven fabric of polyethylene terephthal-
ate (PET, fiber diameter 26 pm, 6 mm x3 mm) for their plas-
mid DNA transfection. A similar coating procedure with the
complex and Pronectin was performed for the PET non-
woven fabric. MSCs were seeded into the complex-coated 3-
dimensional PET fabric using the agitation method reported
previously.'® Briefly, the non-woven fabric was placed in
0.5mL of cell suspension (1x10°cells/mL), followed by
agitation with an orbital shaker (Bellco Glass, Vineland, NJ)
at 300 rpm for 6 hat 37°C. The cell-seeded non-woven fabric
was thoroughly washed with the medium to exclude non-
adherent cells. The MSC-attached PET fabric was incubated
for 2, 5, and 8 days under the conventional static condition
(static culture).
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For the agitated culture method, the prepared MSC-
attached PET fabric was placed in each well of a 6 well cul-
ture plate containing 6 mL of aMEM with 15 vol% FCS
while the culture plate was agitated using the orbital shaker
(Bellco Glass, Vineland, NJ) at 50 rpm for 2, 5, and 8 days.
In addition, the MSC-attached fabric was fixed with a needle
immobilized in the spinner flask, and 150 mL of medium
was stirred at 50 rpm for 2, 5, and 8 days (stirring culture). To
measure the level of gene expression for MSCs cultured
using the static, agitated, and stirring methods, the PET fab-
rics were collected, and gene expression was assessed using
a procedure similar to the one described above.

Cell viability

Cytotoxicity was assayed using a cell counting kit (Nacalai
tesque, Inc., Kyoto, Japan). MSCs were transfected with
0.50 pg of free plasmid DNA or lipofectamine 2000 (0.50 pg)
and the spermine-pullulan complexing 0.50 ug of plasmid
DNA using the conventional and reverse methods for 2 days.
Then the medium was changed to «MEM with FCS, and
100 pL. of 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2, 4-disulfophenyl)-2H- tetrazolium (WST-8) solution was
added and the cells incubated for another 3 h. The absorbance
of samples was measured at 450 nm using a VERSAmax
microplate reader (Molecular Devices, Sunnyvale CA). The
percentage cell viability was expressed as 100% for non-
transfected, control cells.

Statistical analysis

Data were expressed as means + standard deviations. Data
were analyzed using 2-way analysis of variance, and then
differences between means were analyzed using Fisher’s
protected least significant difference multiple comparison
test, and significance was accepted at p < 0.05.

RESULTS

Gene expression for MSC using the conventional
and reverse transfection methods

Table 1 and Fig. 1 show the level and duration period of
gene expression after the reverse transfection of MSCs to-
gether with those of the conventional transfection. For the
conventional method, in which the complex is added to the
culture medium, the presence of serum suppressed the level
of gene expression. Alternatively, a high expression level of
MSCs transfected using the reverse method was observed
even in the presence of serum. Moreover, the time period of
gene expression was longer than with the conventional
method. When reverse transfected in the absence of FCS,
MSCs were detached from the culture substrate during the
transfection culture (data not shown). Free plasmid DNA did
not enhance gene expression, irrespective of the presence of
serum. Fig. 2 shows the level of gene expression of MSCs
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TABLE 1. LucIFERASE ExPRESSION LEVEL OF MSC TRANSFECTED
BY THE CONVENTIONAL AND REVERSE METHODS IN THE PRESENCE
OR ABSENCE OF SERUM®

The level of gene expression
(RLU/mg protein)

Plasmid DNA-
Transfection Free plasmid spermine-pullulan
method DNA complex
Conventional FCS (—) (3.0+£0.02)x10*>  (4.2+0.62)x10°
FCS (+) (3.0+0.98)x10° (3.320.66)x10°
Reverse FCS (-) - ND*
FCS (+) - 6.2+ 1.4)x107

The level of gene expression for non-transfected, original MSC was
3.0x10* RLU/mg protein.

“The MSC were transfected in the static culture.

bThe level could not be measured because of cell death.

Mean £ S.D.

using the reverse transfection method at different coating
concentrations of Pronectin. Expression level was enhanced
with greater coating concentration of Pronectin of adhesion
substance.

Cell viability

Fig. 3 shows the cell viability of MSCs transfected using
the conventional and reverse methods. Vell viability de-
creased significantly using the conventional transfection
culture with the spermine-pullulan and Lipofectamine 2000

108 =k * *T

o
108

105 |

Luciferase activity (RLU/mg protein)

Culture period after cell seeding (day)

FIG. 1. Time course of luciferase expression level of mesen-
chymal stem cells (MSCs) transfected using the conventional (open
and light gray columns) and reverse methods (solid columns) in
static culture: (open columns) the plasmid DNA-spermine-pullulan
complex in the absence of fetal calf serum (FCS) (dark gray col-
umns), the plasmid DNA-spermine-pullulan complex in the pres-
ence of FCS, and (solid columns) the plasmid DNA-cationized
pullulan complex in the presence of FCS. The dotted line indicates
the level of non-transfected, original MSCs. *p < 0.05 versus the
level in the presence of FCS using the conventional method at the
corresponding time. p < 0.05 versus the level in the absence of
FCS using the conventional method at the corresponding time.
RLU, relative light unit.
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FIG. 2. Effect of Pronectin coating concentration on the luciferase
expression level of mesenchymal stem cells (MSCs) transfected
using the reverse method in the static culture. *p < 0.05 versus the
luciferase activity of MSCs in the coating concentration of O ug/mL.
RLU, relative light unit.

complexing plasmid DNA. On the contrary, the viability of
cells after reverse transfection culture was similar to that of
non-transfected, original cells.

Gene expression using 3-dimensional reverse
transfection in different culture methods

Fig. 4 shows the time profile of gene expression of MSCs
after reverse transfection using different culture methods.
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transfected  plasmid 2000
DNA
~ Reverse

Conventionl transfection transfection

FIG. 3. Cell viability of mesenchymal stem cells (MSCs) 2 days
after conventional and reverse transfection cultures. The cells were
transfected using the conventional method with free plasmid deoxy-
ribonucleic acid (DNA) or complexed with Lipofectamine 2000
and spermine-pullulan in the absence of serum. The cells were
transfected using the reverse method with plasmid DNA-spermine-
pullulan complex in the presence of serum. *p < 0.05 versus the
cell viability of non-transfected, original MSCs.
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