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The present study investigated whether plasma could be useful as a scaffold for cell transplantation in rats
with spinal cord injury (SCI). Transplantation of cells with plasma promoted the recovery of SCI-induced
motor dysfunction. Immunohistochemical analysis revealed that the grafted cells had differentiated into the
neural lineage. When dissociated neural precursor cells were cultured with plasma, extensive neurite out-
growth was observed along with increased expression of p35 and NF68. Neural markers were also expressed
by the cultured cells. Culture with plasma reduced thymidine incorporation, but promoted cell growth and
increased the RNA contents. These findings suggest that the cells underwent differentiation into neurons in
the presence of plasma. In conclusion, plasma could be a promising scaffold for cell transplantation therapy.
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INTRODUCTION

Neural cell transplantation is considered to be a
promising therapy for neurodegenerative diseases as
well as for trauma such as spinal cord injury (SCI)
(20,25). Because embryonic stem (ES) cells differentiate
preferentially into neural precursor cells under culture
conditions that favor neurogenesis, transplantation of
neural precursors derived from ES cells has been re-
ported to promote recovery from SCl-induced motor
dysfunction (18).

Scaffolds are considered important to maintain the
viability of grafted cells and to promote neural matura-
tion (10,12,24). Hurtado et al. (12) reported that a
freeze-dried poly(D,L-lactic acid) macroporous scaffold
combined with Schwann cells in a fibrin solution led to
production and secretion of brain-derived neurotrophic
factor (BDNF) and neurotrophin-3 (NT-3). Prang et al.
(21) showed that alginate-based hydrogel combined with
adult neural progenitor cells promoted cell contact-
mediated axonal regeneration. Scaffolds without any
cells have also been reported to induce axonal regenera-
tion (3,13,14,21,22).

Yamada et al. (26) found that platelet-rich plasma
(PRP) could enhance the formation of new bone and

that it is nontoxic, nonimmunoreactive, and accelerates
wound healing. They demonstrated that a combination of
PRP (as an autologous scaffold) and culture-expanded
mesenchymal stem cells could increase osteogenesis com-
pared with the scaffold alone or autogenous cancellous
bone chips and marrow. Yang et al. (27) reported that
plasma-treated, collagen-anchored polylactone facilitated
cell transplantation and showed improved cellular affinity.

Plasma has various advantages as a scaffold. It contains
growth factors that include neurotrophic factors (7,16), fi-
brinogen, and fibronectin, which are used for neural cell
culture. Because autologous plasma can be used, the prob-
lem of immune reactions can also be overcome.

We have been investigating cell transplantation ther-
apy after SCI (17,23). The present study was performed
to determine whether plasma was potentially useful as a
scaffold to promote the survival and differentiation of
transplanted neural precursor cells in rats with SCI.

MATERIALS AND METHODS

Differentiation of Embryonic Stem (ES) Cells
Into Neural Precursor Cells

Mouse ES cells (R-CMTI-1) were obtained from Dai-
nippon Pharmaceutical Co. (Osaka, Japan) and used
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after 12—18 passages. Undifferentiated ES cells were
propagated in the presence of leukemia inhibitory factor
(LIF, Chemicon Technologies, USA), and then differen-
tiation was induced as follows. Cells were cultured as
embryonic bodies (EB) in the absence of LIF for 4 days,
after which 1 uM all-trans retinoic acid (RA, Sigma
Chemical Co., St. Louis, MO, USA) was added on the
4th and 6th days. Treatment of ES cells with RA has
already been reported to induce neural differentiation
(1,2), and about 80% of RA-treated cells become posi-
tive for neural cell adhesion molecule (NCAM) (8). On
the 8th day, the cells were dissociated into a single-cell
suspension (neural precursor cells) and then were used
for the in vitro and in vivo studies. In some experiments,
GFP-expressing ES cells were used (19).

Spinal Cord Injury (SCI) and Cell Transplantation

Adult female SD rats weighing 222.7 + 17.8 g were
used to create the SCI model. Under anesthesia, dorsal
laminectomy was performed at the T9—10 level. Then a
10-g weight was dropped onto the spinal cord from a
height of 25 mm. The Basso/Beattie/Bresnahan (BBB)
score (4,5) was determined on the day before cell trans-
plantation. On the 9th day after SCI, neural precursor
cells (5 x 106 cells in 5 pl) were transplanted at the site
of injury using a Hamilton syringe. Before and after cell
transplantation, cyclosporine A (10 mg/kg/day) was in-
jected subcutaneously for 4 days. Blood was collected
from each rat on the day of cell transplantation. All ani-
mals were housed at a constant temperature (23 + 1°C)
and humidity (50-60%) with free access to a standard
diet and water in an animal room with a 12-h light/dark
cycle. The study protocol was approved by the Animal
Experimentation Committee of St. Marianna University.

Immunohistochemical Analysis

Rats were anesthetized and perfused with 4% para-
formaldehyde (pH 7.4) in PBS by intracardiac injection.
Then specimens of the spinal cord (1.5 cm long) con-
taining the site of injury were harvested. The following
primary antibodies were used for immunohistochemis-
try: mouse anti-neurofilament 200 (NF200) and mouse
anti-BIII tubulin for detection of neurons (Sigma Chemi-
cal Co.), mouse anti-glial fibrillary acidic protein
(GFAP) for identification of astrocytes (Santa Cruz Bio-
technology), and mouse anti-growth-associated protein
43 (GAP43, Zymed Laboratories Inc.). Incubation with
the biotin-conjugated secondary antibody was followed
by incubation with HRP-conjugated streptavidin, after
which visualization was performed with 3,3’-diaminno-
benzidine tetrahydrochloride and H,O, in Tris-HCI-
buffered saline (pH 7.5). A rhodamine-conjugated second-
ary antibody was used in some experiments. Fluorescent
images were acquired by employing a conventional mi-
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croscope equipped with a CCD camera (IX71/Cool
SNAP-HQ, Olympus, Melville, NY, USA).

Enzyme-Linked Immunoassay

Spinal cord lysates were used for this assay. The pri-
mary antibodies were rabbit anti-BDNF (Chemicon
Inc.), rabbit anti-glial cell-derived neurotrophic factor
(GDNF, Santa Cruz Biotechnology Inc.), and mouse
anti-ciliary neurotrophic factor (CNTF, R&D Systems
Inc.). Then incubation was done with a biotin-conju-
gated secondary antibody, followed by incubation with
HRP-conjugated streptavidin, after which 0.25% 2,2’-
azino bis(3-ethylbenzthiazoline-6-sulfonic acid) (Sigma)
was added to each well. The plates were incubated at
room temperature, and color development was assessed
from the absorbance at 415 nm. Results were expressed
as the absorbance per milligram of protein (23).

Morphology

Neural precursor cells were seeded at 1 x 10%/well in
DMEM containing N2 supplement and fibronectin, and
then were cultured at 37°C under a 5% CO,/95% atmo-
sphere. Subsequently, the cell morphology was observed
by phase-contrast microscopy.

Cell Proliferation

Neural precursor cells were seeded at 1 X 10° or 2 X
10°/well. After plasma or serum (10%) obtained from 6-
week-old C57BL/6 male mice was added to the cells,
incubation was done for 24 or 48 h. Then the uptake of
[*H]thymidine [methyl, 1’,2’-*H thymidine (1.40 TBq/
mmol)] was determined, and the MTT assay was also
performed.

RT-PCR Analysis

Quantitative real-time RT-PCR was performed to
assess changes in the expression of p35 and neuro-
filament 68 (NF68). Total RNA was isolated by using
ISOGENTM (Nippon Gene, Tokyo, Japan). cDNA was
synthesized by using a first-strand cDNA synthesis kit
for RT-PCR (AMV)* (Roche Applied Science) and was
labeled with Sybr Green 1 dye. PCR was done by using
a Light Cycler System (Roche Molecular Biochemicals)
and the following pairs of primers: p35 (PCR product of
923 bp), CGGCACGGTGCTGTCCCTGTCT (forward)
and TCACCGATCCAGGCCTAGGAG (reverse); NF68
(327 bp), TGGAGAATGAGCTGAGAAGC (forward)
and TTCGTAGCCTCAATGGTCTC (reverse); and G3PDH
(452 bp), ACCACAGTCCATGCCATCAC (forward)
and TCCACCACCCTGTTGCTGTA (reverse).

Statistical Analysis

Statistical analysis was performed by using the
Mann-Whitney U-test and p < 0.05 was taken to indicate
significance.
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RESULTS
Neural Precursor Cell Transplantation Into SCI Rats

Rats with neural precursor cell transplantation
showed improved movement of their hindlimbs and had
significantly higher BBB scores than the SCI control
group (Fig. 1), whereas the control group only showed
minimal functional recovery. The BBB value was 1.5 *+
0.7 in the SCI control group versus 3.20 + 0.7 in the cell
transplantation group on the 14th day (p < 0.05). Rats
that received cells plus plasma showed significantly bet-
ter motor function (6.0 £ 1.10) than SCI controls (p <
0.05) and rats with cell grafts alone (p < 0.05). Trans-
plantation of cells with serum also promoted functional
recovery with a BBB score of 3.5+ 1.08 on the 14th
day, which was significantly higher compared with that
of the SCI control group but lower than that of the cells
plus plasma group (p < 0.05).

Immunohistochemical Findings

Immunohistochemical examination showed that the
grafted cells had differentiated into neurons (NF200)
and astrocytes (GFAP) (Fig. 2). GAP43 has been used
as an index of cell growth status (6,15), and GAP43-
positive cells were extensively observed in the spinal
cord after grafting of cells plus plasma.

Determination of Neurotrophic Factor

When the levels of BDNF, GDNF, and CNTF in nor-
mal spinal cord tissue were set as 100%, SCI reduced
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these levels to 51.4 £ 5.6%, 59.0 = 4.0%, and 90.1 £ 5.1%,
respectively (Fig. 3). A significant reduction was observed
for BDNF and GDNF, but not CNTF. Cell transplantation
increased the levels of these neurotrophic factors to 67.1
5.6% for BDNF and 70.2 = 12.1% for CNTF, while trans-
plantation of cells plus plasma augmented the levels to
90.1 £ 6.6% and 92.2 + 7.1%, respectively.

Morphological Changes In Vitro

Cells cultured without additives showed slight neurite
outgrowth (Fig. 4) and the number of neurites per cell
was 1.25 £ 0.6. In contrast, neurite outgrowth in multiple
directions (5.25 *+ 1.2) was observed in cultures of plasma-
treated cells and a gel was formed. The number of neu-
rites was also increased by incubation with serum (5.32 +
1.3), but the culture medium did not become a gel.

Cell Proliferation

In order to examine whether incubation with plasma
affected the proliferation of neural precursor cells, the
[*H]thymidine incorporation assay was performed. As
shown in Table 1, there was significant suppression of
[*H]thymidine uptake by both plasma and serum. In par-
ticular, cells cultured with plasma had the lowest uptake
of [*H]thymidine and the radioactivity was about one
third of the control level after 24 h of incubation with
10% plasma. On the other hand, few apoptotic cells
were seen and the MTT assay revealed that there was
no adverse influence on cell viability. In fact, cell
growth was promoted to some extent. The total RNA

Days after spinal cord injury

Figure 1. Functional recovery from SCI-induced motor dysfunction following neural precursor
cell transplantation with plasma. On the 9th day after SCI (arrow), neural precursor cells (5 X 10°)
(5 wl) were transplanted at the center of the injured site. BBB scores were monitored before and
after cell transplantation (mean  SD, n =6). *p < 0.05 versus the SCI control group, #p < 0.05
versus the cell graft group, and fp < 0.05 versus the cells plus serum group.
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(b)

(c) GFAP merged

Figure 2. Immunohistochemical staining. The spinal cord from a rat grafted with cells plus plasma was removed at 7 days after
cell transplantation for immunohistochemical staining. (a) H&E staining. Scale bar: 100 um. (b) Cells expressing both NF200 and
GFAP. Scale bar: 50 um. (c) GAP43 expression is extensive. Scale bar: 100 wm.

content showed a slight, but significant increase as well that had differentiated from GFP-expressing ES were
(Table 2). cultured with plasma (Fig. 5a). Expression of p35 was
upregulated by 6.5-fold in the presence of plasma com-

Neural Gene and Marker Expression In Vitro pared with that in cells treated without RA (Fig. 5b).
Cells positive for BIII tubulin (neurons) and or GFAP Serum also promoted p35 gene expression by fivefold.

(astrocytes) were observed when neural precursor cells Expression of NF68 was upregulated by over 20-fold
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Figure 3. Neurotrophic factor. SCI reduced the levels of neurotrophic factors along with causing cell damage. Antibodies were
used for quantification and spinal cords were removed at 7 days after cell transplantation. Values are expressed as a percentage of

the control (mean = SD, n =4).

after addition of plasma to cultures and serum also in-
creased its expression by 19-fold (Fig. 5c).

DISCUSSION

When rats with SCI were monitored using the BBB
score, it was shown that cell transplantation promoted
functional recovery and this was associated with expres-
sion of the axonal growth marker GAP43. It should be
noted that transplantation of cells with plasma was more
effective than the other methods tested.

Plasma and serum both contain many factors in-
volved in the regulation of cell growth and survival.
Chiaretti et al. (7) showed that neurotrophic factors
(BDNF, GDNF, and NGF) exist in human plasma, al-
though the levels are lower than in cerebrospinal fluid.
Kim et al. (16) reported that the BDNF level in human
plasma was 1352.6 pg/ml. Fibronectin, which is used for
neural culture, is also found in plasma. In order to sur-
vive at the site of transplantation, grafted cells need vari-
ous cytokines and growth factors. Thus, certain factors
might have the potential to promote the cell survival,
growth, and differentiation at the graft site. In the pres-

ent study, plasma might have at least acted as a provider
of various factors in the early stage after cell transplanta-
tion, in addition to being a scaffold.

Neurotrophic factors, such as BDNF and GDNF,
showed an increase in the spinal cord after cell trans-
plantation. The levels of these factors were higher in the
cells plus plasma group, indicating that grafted cells had
differentiated into neurons after transplantation and then
started to secrete these factors. An increase of neuro-
trophic factors would promote regeneration further. The
actions of plasma as a scaffold and provider of neuro-
trophic factors would have already finished at an earlier
stage.

p35 is a neuron-specific activator of cyclin-dependent
kinase-5 (cdk5), to which it binds and then triggers neu-
rite sprouting and neurite differentiation in vivo (9).
Neurofilaments are the predominant structure in large
myelinated axons, where they are considered to function
by maintaining the axonal caliber (11). When the cells
were cultured with plasma, neurite outgrowth was ob-
served along with increased expression of neural genes
and neural markers. Although [*H]thymidine incorpora-
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Figure 4. Neurite outgrowth and gel formation. (a) Plasma and serum promoted extensively neurite outgrowth. Neural precursor
cells were incubated in the presence of plasma or serum (10%) for 24 h and then photographed. Scale bar: 100 um. (b) A cell
suspension with plasma (10%) forms a gel, while a suspension with serum (10%) does not. (c) Neural precursor cells were incubated
with plasma or serum for 24 h and the number of neurites more than 25 um long was counted from photographs taken under a
phase-contrast microscope as shown in (a). Five separate experiments were carried out per group, and the number of neurites per
cell was expressed as the mean = SD.

Table 1. Effect of Plasma and Serum on the Thymidine Uptake Assay and MTT Assay

Thymidine Uptake Assay (dpm) MTT Assay (ABS)
No. of Seeded Cells/
Treatment 24-h Incubation 48-h Incubation 24-h Incubation 48-h Incubation
1x10°
No additive 622.6+ 46.4 237.8 £120.6 0.5872 £ 0.0162 0.5036 = 0.0074
Plasma 176.3 £ 35.87*% 102.3 £ 58.06%% 0.6343 £0.0162* 0.7177 £ 0.0527*
Serum 236.8 £ 37.0* 223.7+ 60.6 0.6063 £ 0.0417 0.7166 = 0.054*
2% 10°
No additive 1134.3 £ 158.1 608.2 £319.1 0.9480 = 0.0276 0.9671 £ 0.0231
Plasma 302.8 £ 104.8* 803.8 £ 199.3% 1.0404 £0.1101§  0.9962 £ 0.0884
Serum 3073+ 89.4%* 1290.7 £ 179.03* 0.8916 £ 0.1003§ 0.9683 £0.1713

Cells were cultured in the presence or absence of serum or plasma (10%). Values are mean £ SD (n = 3).
*p <0.01 versus RA alone—pulsed control cells (no additive).

Tp <0.05 versus serum-treated cells.

ip <0.01 versus serum-treated cells.

§p < 0.05 versus RA alone—pulsed control cells (no additive).
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Table 2. Effect of Plasma and Serum on the Total
RNA Content

Incubation Time/Treatment RNA Content (mg/ml)

24 h
No additive 0.332 £ 0.005
Plasma 0.382 + 0.009*
Serum 0.412 £0.0045+
48 h
No additive 0.381 £0.007
Plasma 0.575 £0.021*
Serum 0.656 £ 0.05*

Values are mean+ SD (n=3). Cells (2 x 10%ml/well) were cultured
in the presence or absence of serum or plasma. Total RNA was ex-
tracted and suspended in the same volume of DPEC-DW.

*p < 0.05 versus control cells (no additive).

Fp <0.01 versus control cells (no additive).

tion was significantly reduced by culture with plasma, it
promoted cell growth and an increase of total RNA.
Taken together, these results suggest that plasma in-
creased cell growth slightly, but also promoted differen-
tiation.

Unlike serum, plasma contains fibrinogen and forms
a fibrin gel on exposure to air. Because culture was done
under aerobic conditions, plasma formed a gel as shown
in Figure 4. Although little air would be injected during
cell transplantation with plasma under our experimental
conditions, there is a possibility that fibrinogen would
form a scaffold for the cells even if a gel did not de-
velop. The superiority of plasma as a scaffold needs to
be confirmed by more detailed comparison with serum,
but plasma seems to be a good candidate scaffold for
neural cell transplantation.

Scaffolds without cells have been reported to induce
axonal regeneration, including substances such as algi-
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Figure 5. Promotion of neural marker and gene expression. Neural precursor cells derived from GFP-expressing ES were incubated
with plasma or serum (10%) for 24 h. (a) Immunohistochemical staining. Scale bar: 50 um. (b) Measurement of p35 and (c) 68kDa
neurofilament (NF68) gene expression by RT-PCR. Values are shown as the mean * SD (n = 3).
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nate-based anisotropic hydrogel (21), freeze-dried agar-
ose (22), and freeze-dried alginate cross-linked sponge
(14). Bakshi et al. (3) studied a nonbiodegradable hydro-
gel, poly(2-hydroxyethylmethacrylate) (PHEMA), and
they demonstrated that PHEMA combined with BDNF
achieved sustained drug delivery to promote axonal
growth and functional recovery after SCI. Jain et al. (13)
used agarose gel as both a scaffold and a carrier of
BDNF-releasing microtubules, and demonstrated that
BDNF encouraged neurite outgrowth into the scaffold.
Therefore, it might be important to combine cell therapy
with the controlled delivery of neurotrophic factors by
using a suitable scaffold.

Plasma is not only a scaffold but also provides the
controlled release of various growth factors. In the fu-
ture, the combination of plasma and other neurotrophic
factors might lead to successful in vivo neural regenera-
tion.
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