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[5] and HSV-1 [11], have been also used for retrograde gene
delivery designed for the treatment of injures of the central ner-
vous system, degenerative neural diseases, and motor neuron
diseases.

We designed experiments to test whether specific muscles
injected with an adenoviral vector could target specific spinal
cord segments by retrograde transport more efficiently. The
present study was set to answer this question. Specifically, we
evaluated the transduction efficacy of AdV-LacZ in cervical, tho-
racic and lumbar spinal cord segments of rats by immunostaining
following injection of the adenoviral vector into candidate target
muscles.

The present study was conducted in 63 adult male SD rats
(Clea, Tokyo, Japan), aged 8—10 weeks with an average body
weight of 264 + 28.3 g (mean = S.D.). All animals were housed
under a 12-h light:12-h dark cycle in a bacteria-free bio-clean
room with free access to food and water. The experimental pro-
tocol strictly followed the Fukui University Ethical Committee
Guidelines for Animal Experimentation.

The Adenovirus Expression Vector Kit (no. 6150; TAKARA
Biomedical, Shiga, Japan) was used to produce recom-
binant adenovirus. To prevent virus replication, bacterial
B-galactosidase was subcloned into a casseite cosmid pAx-
CAwt carrying an adenovirus type-5 genome lacking the E3,
El1A and E1B regions. The cosmid pAxCAwt contains a Swal
cloning site flanked by a cytomegalovirus enhancer-chicken [3-
actin hybrid (CAG) promoter on the 5’ end and a rabbit globin
poly (A) sequence on the 3’ end. The cosmid was cotrans-
fected into 293 cells with the appropriately cleaved adenovirus
DNA-terminal protein complex (COS-TPC method) [14]. The
recombinant adenovirus propagated and was later isolated from
293 cells and purified using two rounds of CsCl centrifuga-
tion. The final adenovirus titer was 5.0 x 108 plaque forming
units/ml. The virus vector protocol strictly followed the Fukui
University Safety Committee Guidelines for Recombinant Virus
Experimentation.

To assess retrograde gene delivery to the spinal cord, rats
were first anesthetized with intraperitoneal injection of sodium
pentobarbiturate (0.05 mg/g body weight), and the target mus-
cles, (i) sternomastoid, (i) clavotrapezius, (iii) spinotrapezius,
(iv) biceps, (v) triceps, (vi) latissimus dorsi, (vii) thoracoab-
dominal obligue, (viii) tibialis anterior, and (ix) gastrocnemius
were exposed under a surgical microscope. Using a microsy-
ringe, 100 pl AdV-LacZ was carefully injected into the middle
belly of the superficial layer of the each muscle. Five rats were
used for each transverse section (total 45 rats) and two rats were
used for each sagittal section (total 18 rats). These sections were
used to evaluate the transduction efficacy and the distribution
of X-gal-positively stained cells in the spinal cord. One week
after the muscle injection, the rats were anesthetized and the
right cardiac auricle was exposed, through anterior thoracotomy,
and perfused with 300 ml phosphate buffered saline (PBS; at
4 °C) followed by 200 ml of 2% paraformaldehyde in 0.1 MPBS
(pH 7.6). Immediately after perfusion, the spinal cord segment
extending between the pyramidal decussation and the S2 seg-
ment was removed en bloc and stored in 0.1 M PBS containing
20% sucrose at 4°C for 36 h. Tissue blocks were embedded

in Tissue-Tek (OCT Compound 4583, Sakura Finetechnical,
Tokyo) and stored frozen at —80°C. Using a cryostat, serial
50 wm-thick transverse and sagittal frozen sections were pre-
pared for each rat, serially mounted on glass slides and fixed
with 2% paraformaldehyde in 0.1 M PBS. The transverse sec-
tions were divided into two groups by collecting every second
section separately for X-gal staining and Nissl staining. The
transduction efficacy was calculated using the formula: number
of X-gal-stained cells/number of Nissl-stained cells x 100 (%).
On the other hand, to assess the expression of AdV-LacZ gene
in other body organs, we removed the lung, liver, kidney, and
diaphragm for similar analysis.

To detect B-galactosidase activity (X-gal staining) in the
spinal cord, fresh frozen sections stained with X-gal reagent
(2% 5-bromo-4-chloro-3-indolyl-pB-p-galactopyranoside; in
dimethylformamide, B-galactosidase Staining Kit, Mirus, Madi-
son, WI) were stored in a 37 °C thermostat container for 24 h to
produce a blue color in B-galactosidase-expressing cells, Using
a microscope, large multipolar cell bodies with excessive cyto-
plasm in the anterior horn were counted as viable motoneurons.
Cell counting was conducted by two independent observers.
The numbers of X-gal-positive cells per cross-section at each
segment were counted to quantify the level of expression. We
evaluated the surviving motoneurons using Nissl staining with
cresyl violet, in exactly the same manner as described previously
[2,18]. Nissl-positive cells were counted in a manner similar to
that described for X-gal staining. The transduction efficacy was
calculated in a manner similar to the procedure described above.
Data were expressed as mean=+ S.D.

Figs. 1-3 show the distribution of X-gal-stained neuronal
cells in the spinal cord following delivery of AdV-LacZ
through the indicated muscles. In the cervical spinal cord
(Fig. 1), the sternomastoid and clavotrapezius muscles were
the most appropriate target organs with high transduction effi-
cacy (77.4-93.1%) at each cervical segment. Although a high
transduction efficacy was also noted for the latissimus dorsi
and thoracoabdominal oblique muscles (69.6-89.6%), the repro-
ducibility was lower than that of the above two muscles.
Although X-gal-stained cells were identified in C5-7 follow-
ing AdV-LacZ injection into the spinotrapezius, biceps, and
triceps muscles, the transduction efficacy and activity were low
(<50.3%). Furthermore, only a few X-gal-stained cells were
noted following injection of AdV-LacZ into the tibialis anterior
and gastrocnemius muscles. In the thoracic spinal cord (Fig. 2),
fewer anterior horn motoneurons were X-gal-stained compared
with the cervical spinal cord. Although X-gal-stained cells were
identified following injection of AdV-LacZ into the latissimus
dorsi and thoracoabdominal oblique muscles with moderate
transduction efficacy (46.5-78.3%), reproducibility was uneven.
In the lumbar spinal cord (Fig. 3), the transduction efficacy was
highest through the tibialis anterior and gastrocnemius muscles
(56.6-78.3%), followed by all other muscles except the biceps
and triceps muscles (48.3—67.6%).

Fig. 4 shows LacZ gene expression in other organs. Although
X-gal-stained cells were noted in the dorsal root ganglion, the
number of positively stained cells in the posterior horn was
less than in the anterior horn (Fig. 4a and b). No X-gal-stained
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Fig. 1. (a) Number of X-gal-stained anterior horn cells per cross-section of cervical spinal cord segments according to delivery organ. Data are mean + S.D. (b—f)
Transverse sections of the spinal cord at C5 level; magnification x 100, Scale bar = 100 wm. (b) Nissl staining (c—h) X-gal staining, 1 week after injection through (c)
sternomastoid, (d) thoracoabdominal oblique, (e) latissimus dorsi, and (f) biceps muscles. (g) Parasagittal section of the cervical spinal cord, 1 week after injection
through the sternomastoid muscle; magnification x 10, Scale bar=1mm. (h) High-power photomicrograph of the box area in (g) (C5 area); magnification x 100,

Scale bar=100 wm.

cells were detected in the lungs, liver, kidneys and diaphragm
(Fig. 4c-f).

The location of corticospinal motoneurons can be visualized
in the spinal cord in relation to the muscles they innervate [ 1.12].
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In our study, gene expression was noted mainly around the area
of innervation in the spinal cord. Although X-gal-stained cells
were also found in other spinal cord levels but their distribution
showed no anatomical basis. These results suggest that the ade-
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Fig. 2. (a) Number of X-gal-stained anterior horn cells per cross-section of thoracic spinal cord segments according to delivery organ. Data are mean + S.D. (b—e)
Transverse sections of the spinal cord at T8 level; magnification x 100, Scale bar= 100 wm. (b) Nissl staining (c—g) X-gal staining, 1 week after injection through
(c) sternomastoid, (d) thoracoabdominal oblique, and (e) latissimus dorsi muscles. () Parasagittal section of the thoracic spinal cord, 1 week after injection through
the thoracoabdominal oblique muscle; magnification x 10, Scale bar = 1 mm. (g) High-power photomicrograph of the box area in (f) (T8 area); magnification x 100,

Scale bar=100 pm.
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Fig. 3. (a) Number of X-gal-stained anterior horn cells per cross-section of lumbar spinal cord segments according to delivery organ. Data are mean + S.D. (b—e)
Transverse sections of the spinal cord at L5 level; magnification x 100, Scale bar= 100 pum. (b) Nissl staining (c—g) X-gal staining, | week after injection through
(c) gastrocnemius, (d) latissimus dorsi, (e) and sternomastoid muscles. (f) Parasagittal section of the lumbar spinal cord, 1 week after injection through the tibialis
anterior muscle; magnification x 10, Scale bar = 1 mm. (g) High-power photomicrograph of the box area in (f) (LS area); magnification x 100, Scale bar =100 wm.

novirus vector is a strong retrograde tracer and could potentially
transduce spinal cord neurons with high efficacy.

The transduction efficacy of the tested muscles varied consid-
erably. While the reason for the variability was not investigated
in the present study, we postulate it could be due to dif-
ferences in (i) length of axons to the spinal cord (biceps
and triceps may a long distant from the spinal cord), (ii)
volume of the target organ (transduction efficacies of latis-
simus dorsi and thoracoabdominal oblique muscles were uneven
probably due to the sheet-like broad muscles), (iii) variation
in motoneuron innervation (presence of multiple innervating
motoneurons may be not appropriate for retrograde gene trans-
duction), (iv) differences in the density/compaction of motor
endplates in the belly of the muscles (such differences may
explain the lower efficacy via upper limb muscles compared
with lower limb muscles, and the uneven efficacy via the trunk
muscles).

Table 1

The efficiency of retrograde delivery of neuropeptide genes
could be influenced by various factors, such as [7]: local
secretion of proteins from AdV-infected muscles, uptake and ret-
rograde axonal transport of AdV in motoneurons, and secretion
of proteins in AdV-infected muscles into the systemic circula-
tion. Our results suggested that AdV-LacZ is transported via
retrograde axoplasmic flow through axons, but not through the
systemic circulation because no gene expression was noted in
the examined body organs. Retrograde gene delivery may be
potentially more advantageous than direct gene administration
into the spinal cord in terms of safety, repeated administration,
ease of use, and reduction of inflammatory response in the neural
tissue [4,16].

Table | shows the most appropriate target organs for cervical
and lumbar spinal cord gene delivery, based on the results of the
present study. In this regard, cervical and lumbar spinal cords
have intumescences around C5 and L5 [ 1], and only a small num-

Target organs and transduction efficacy for delivery of adenoviral vector to cervical and lumbar spinal cord segments by retrograde gene delivery

Spinal cord area

Target organ (transduction efficacy)

Upper-middle cervical spinal cord
Middle-lower cervical spinal cord

Thoracic spinal cord"

Lumbar spinal cord

Sternomastoid muscle (80.6-93.1%)
Clavotrapezius muscle (77.4-92.5%)
Latissimus dorsi muscle (67.1-78.3%)

Thoracoabdominal oblique muscle (46.5-74.1%)
Tibialis anterior muscle (56.6-70.2%)

Gastrocnemius muscle (67.9-78.3%)

4 Retrograde gene delivery to the thoracic spinal cord may be unsuitable compared with the cervical and lumbar spinal cord, probably due to the small number of

anterior horn neurons.
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Fig. 4. Immunostaining for LacZ gene (X-gal staining) in various organs. (a) Spinal cord and dorsal root ganglion (C5 level); magnification x 10, Scale bar =1 mm.
(b) High-power photomicrograph of the box area in (a) (dorsal root ganglion); magnification x 100, Scale bar= 100 wm. (c) Lung, (d) liver, (e) kidney, (f) diaphragm;

magnification x40, Scale bar= 100 pm.

ber of anterior horn neurons are present in the thoracic spinal
cord. Based on these anatomical features, retrograde gene deliv-
ery to the thoracic spinal cord may be unsuitable to produce the
desired neuroprotective effects.

In conclusion, retrograde delivery of B-galactosidase gene,
using adenoviral vector, to the cervical and lumbar spinal cord
segments seems feasible by injection into the appropriate target
organ. Adenovirus vector is an efficient retrograde tracer since
it can deliver the carried gene to a wide area of the spinal cord
and not to other body organs.
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Study Design. An experimental study to investigate
the in vitro gene expression of neurotrophic factors and
receptors in cultured rat spinal cord cells subjected to
cyclic mechanical stretch forces.

Objective. We evaluated in vitro expression of neuro-
trophic factors and receptors in cultured rat spinal cord
cells under cyclic tensile stress.

Summary of Background Data. Application of com-
pressive mechanical stress to the spinal cord results in
multiple changes making it difficult to examine the ex-
pression of neurotrophic factors and their receptors.
There are no in vitro studies that investigated the biologic
responses of cultured spinal cord cells to tensile stress.

Methods. Spinal cord cells were isolated for culture
from 15-day Sprague-Dawley rat embryos. We used the
FX3000 Flexercell Strain Unit to induce mechanical stress.
We analyzed the effects of mechanical stress on cell mor-
phology, mRNA expression levels of various neurotro-
phic factors, and theirimmunoreactivities at 0, 2, 6, 12, 24,
and 36 hours.

Results. Tensile stress for 6 hours resulted in reduc-
tion of spinal cord cells and loss of neurites. Cells that
survived 24-hours stress showed swollen irregular-
shaped soma, bleb formation, and fragmented neurites.
The cell survival rate decreased, whereas lactate dehydro-
genase release increased significantly at 6 hours. There
were significant increases in mRNA expression levels of
nerve growth factor, brain-derived neurotrophic factor,
trkB, p75 neurotrophin receptor (p75N™®), glial cell line-
derived neurotrophic factor, and caspase-9 during the
early period after application of tensile stress.

Conclusion. Our results suggest survival of spinal cord
neuronal cells under injurious tensile stress with increased
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synthesis and utilization of several neurotrophic factors,
receptors, and expression of proteins related to cell apo-
ptosis.

Key words: tensile stress, neurotrophic factor, cul-
tured cell, neuron, rat, spinal cord. Spine 2008;33:
2596-2604

The spinal cord and neurons are always subjected to
mechanical stress including tensile stresses, and during
spine movement, such stress may be applied to the spinal
cord in a very complex manner in association with sub-
sequent symptomatic manifestation.”? In addition, me-
chanical (tensile) stress to the spinal cord may ultimately
cause motoneuron dysfunction and axonal degenera-
tion.>* Longitudinal vertebral distraction and the phys-
iologic tension zone® of the spinal cord are closely cor-
related with each other when the spine is subjected to
flexural positioning®” and excessive kyphosis in the tho-
racic vertebrae.® Clinically, application of excessive
and/or repetitive longitudinal tensile stress to spinal cord
neurons may result in loss of biologic activities, as occurs
in tethered cord syndrome and acute and chronic spinal
cord injuries.’ Furthermore, a high-magnitude tensile
stress may result in damage of cervical motoneurons, in
association with compression, shearing, and distraction
damage to the cord.”® Tensile stress applied to the spinal
cord is thus potentially critical and linked to subsequent
neuronal damage, but it is extremely difficult to estimate
the isolated effect of tensile stress in the in vivo experi-
mental setting.

Interestingly, application of mechanical force to the
spinal cord results in loss of function in some neurons,
whereas others show increased metabolic activity to re-
sist injury. It is conceivable that mechanical stress of the
spinal cord induces both neuronal survival and repair, or
cell death. Recent studies of experimental spinal cord
damage in animals examined the function, source, and
dynamics of induction of endogenous neurotrophic fac-
tors, including brain-derived neurotrophic factor
(BDNF), neurotrophin (NT)-3, and their receptors,”~'*
that are essential for neuronal survival, repair, and neu-
rite outgrowth and arborization. However, in these ex-
periments, excess mechanical stress could have caused
tissue or cell reactions such as activation of glial cells or
invasion of foreign cells from the periphery. It could have
also induced various pathologic events and release of
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A pressure transducer and
solenoid valves

Figure 1. The FX3000 Flexercell
Strain Unit. Schematic drawing
of the apparatus used for cell
stimulation using cyclic tensile
strain (A). The flexible bottom of
the culture plates (BioFlex Base
plate) could be stretched under
vacuum (B).

inflammatory mediators that could have positively or
negatively influenced spinal cord function.'® The com-
plexity of the in vivo situation may result in a limited
accessibility to the tissue of interest, preventing real-time
and spatial measurement of biologic or mechanical pa-
rameters.'” Thus, to gain a better understanding of the
neuronal response to spinal movement and physiologic
state, in vitro models of spinal cord stress could perhaps
allow a better control of the extracellular environment,
easy and perhaps repeated access to the cells, and help
elucidate the mechanisms of response to mechanical
stimuli.

To our knowledge, there are no studies that examined
the biologic and immunohistochemical responses of spi-
nal cord cultured cells to mechanical tensile stress. Flex-
ercell Strain Unit (FX3000; Flexercell International, Hill-
sborough, NC) is a cell-stretching apparatus that allows
application of cyclic tensile force to cultured cells. The
system has been used to elucidate the mechanism of me-
chanical signal in various types of cells.'®~2° The present
study was designed to assess the effect of cyclic mechan-
ical tensile force on the expression and synthesis of neu-
rotrophic factors and their receptors in cultured spinal
cord cells with the use of this equipment.

B Materials and Methods

Cell Cultures
Primary cell cultures were established using the method de-
scribed previously.?’**? In brief, spinal cords of Sprague-
Dawley rat embryos were dissected out at postcoital day 15 and
stripped of the dorsal root ganglions and the meninges. Dis-
sected tissues were rinsed with cold Ca*?- and Mg"*-free
Hanks balanced salt solution (HBSS) supplemented with 4 g/L
glucose, and incubated at 37°C for 20 minutes with 0.03%
(w/v) trypsin solution in HBSS with mild shaking. They were
transferred into HBSS containing 0.1% (w/v) soybean trypsin
inhibitor (Sigma, St. Louis, MO) and 0.2% (w/v) bovine serum
albumin and triturated very mildly. The cell suspension was
filtered through nylon mesh (70 um, Cell Strainer; Becton
Dickinson, Bedford, MA). The culture medium consisted of
75-mL Leibovitz’s L-15 medium supplemented with glucose (4
g/L), 1.0 mL N2 supplement, 15-mL 0.15 M sodium bicarbon-
ate, 10-mL heat-inactivated horse serum, 1 mL of 100 mmol/L
L-cysteine, and 1-mL penicillin G 10* U/mL and neutralized
with CO,. After centrifugation at 400g for 15 minutes at 4°C,
the precipitated cells were gently resuspended in a fresh culture
medium and plated at a density of 4.0 X 10° cells/well onto a
6-well culture plate with a flexible-polystyrene bottom coated

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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with type IV collagen (BioFlex Baseplate, Flexercell Interna-
tional).

The experiment was carried out in the Orthopedic Spinal
Cord Laboratory of Fukui University. The experimental proto-
col strictly followed the Ethics Review Committee Guidelines
for Animal Experimentation of our University Medical Faculty.

Application of Tensile Stress to Cultured Spinal
Cord Cells

The cell stretching device used in this study was Flexercell
FX3000. The device consists of a computer-controlled vacuum
unit (Figure 1A), a culture plate with a flexible-polystyrene
well-bottom coated with type IV collagen (BioFlex Baseplate)
(Figure 1B), and another culture well plate with a nondeform-
able culture well bottom constructed of the same material. The
culture plates consisted of 6-well (35-mm diameter) flexible-
bottomed culture plate with a hydrophilic surface. Application
of vacuum provides a hemispherically downward deforming
force to the flexible bottom, resulting in a nonhomogenous
strain profile with a maximum at the periphery and a geometric
decline toward zero at the center of the culture well bottom.
The cells were placed in the culture well plates at an average
density of 4.0 X 10° cells/well. For these experiments, spinal
cord cells in the culture were subjected to cycles of 1 second of
a maximum 12% elongation (vacuum level, 10.3 kPa). Panjabi
and White® demonstrated that the elastic properties of the cer-
vical spinal cord are dramatically altered when it is subjected to
approximately 10% elongation. In our previous i vivo study,®
the amplitude of epidurally recorded spinal cord evoked poten-
tials began to diminish, especially the second component (N2
spike), when the longitudinal length of the cord shortened by
10% to 17%. Thus, in the present study, we set the tensile
stress at a maximum 12% elongation. The flexible-bottomed
culture plates including the control plates were then placed on
the vacuum baseplate in the incubator (37°Cin 5% CO,). After
3 days of cell seeding, cells were subjected to cyclic stretch
stress for 48 hours. Repeated examinations by phase micros-
copy (IX70, Olympus, Tokyo, Japan) showed that the cells
remained attached to the substratum during elongation. The
cells were observed morphologically after application of tensile
stress and various assays, quantification of mRNA expression
of neurotrophic factors, and immunoreactivity were conducted
at 0, 2, 6, 12, 24, and 36 hours after the application of tensile
stress.

Assessment of Cell Survival and Cell Damage
To determine possible cellular damage due to tensile stress, cell
survival was examined by manual cell counting and by mea-
surement of lactate dehydrogenase (LDH) release at 0, 2, 6, 12,
24, and 36 hours after the application of tensile stress. Calcein-
acetoxymethyl ester (calcein-acetoxymethyl: 3.00 pmol/L) was
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Table 1. Sequences of Primers Used for Real-Time PCR

Target Protein Forward Primer

Reverse Primer

PCR Product Size (bp) Sequence Accession No.

NGF 5H’-CCATGTGGTTCCTGATCCTGTTC-3'  5'-TCCAACAACCCGAGACTGGAC-3’ 83 NM031523
BONF 5'-TCCTGATAGTTCTGTCCATTCAGCA-3' 5'-GCCATTCATTCAGGCTTCCA-3' 3 NMO012513
NT-3 5'-CATGTCGACGTCCCTGGAAATAG-3'  5'-TGGACATCACCTTGTTCACCTGTAA-3’ 82 NM031073
NT-4/5 5'-GAGGTGGAGGTGCTGTTGAC-3’ 5’-TCCCACTCAGGAGCCAGAA-3’ 150 NM013184
trk A 5’-CAAGATGCTGGTGGCTGTCAA-3’ 5'-AGCAGCTCTGCCTCACGATG-3' 81 NM021589
trk B 5'-CCTTGACCGATCTGGCTTCTGTA-3 5'-TAGTTGTGGTGGGCAAACTGGA-3’ 107 NM012731
trk C 5’-CATGAAGCATGGAGACCTGAACA-3'  5'-ACCATGCCGGAGGCTATCTG-3' 147 NMO019248
p75NTR 5'-AGGGCTGGTCCATTGGTCTATTC-3 5'-TTAAGGGCCGTGTTGGCTTC-3’ 132 NM012610
GDNF 5'-CCGGACGGGACTCTAAGATGA-3’ 5'-GTCAGGATAATCTTCGGGCATATTG-3' 194 NM019139
GFRa-1 5'-GGGACGCTTTGGTGTCTGAA-3’ 5'-CCAGGTACACTTGGATGTTGGATG-3’ 132 NM012959
Caspase-3 5'-GCAGCAGCCTCAAATTGTTGACTA-3'  5'-TGCTCCGGCTCAAACCATC-3’ 144 NM012922
Caspase-9 5'-CTGAGCCAGATGCTGTCCCATA-3' 5'-CCAAGGTCTCGATGTACCAGGAA-3’ 168 NM031632
GAPDH 5’-GGCACAGTCAAGGCTGAGAATG-3’ 5'-ATGGTGGTGAAGACGCCAGTA-3’ 143 NMO017008

used to identify living cells (Live/Dead Assay; Molecular
Probes, Eugene, OR). Calcein-acetoxymethyl is a membrane-
permeable dye that is cleaved by intracellular esterase to pro-
duce an impermeant green-wavelength fluorophore in living
cells.>*2* The culture medium was removed, and the cells were
then washed twice with PBS and stained for 75 minutes at
32°C. The numbers of attached living (green) cells in at least 6
high-power fields (each containing at least 100 cells) were
counted using fluoromicroscopy (IX70; Olympus) and a color
image analyzer (MacSCOPE; Mitani, Fukui, Japan) in more
than 3 wells for each time point. The cell survival rate (%) was
calculated relative to the cell number at 0 hour. Because spinal
cord cells do not proliferate, the cell counts were almost uni-
form and at a density from 3.3 X 10° to 4.8 X 10° cells/well
during 3 days after dissemination on Bioflex Baseplate in the
absence of tensile stress.

LDH, a stable enzyme present in the cytoplasm of all cells, is
rapidly released into the culture medium after damage to the
plasma membrane. The culture medium was sampled at the
aforementioned time points after mechanical stimulation and
analyzed using the CytoTox-ONE kit (Promega, Madison,
WI). This assay has been used to discriminate between apopto-
tic and necrotic cell death.?>¢ After incubation of the cells
with the reagent, each reaction was stopped by stop solution
provided with the kit to prevent further generation of fluores-
cent product. LDH release was assessed using a chemilumines-
cence imaging analyzer (IS-8000-OH; Alpha Innotech, San Le-
andro, CA) in more than 3 wells for each time point. LDH
release was almost uniform in the absence of stress during 2
days after dissemination on Bioflex Baseplate. LDH release rate
(%) after mechanical stress was calculated per volume and
expressed relative to that at 0 hour.

Real-Time Reverse Transcription Polymerase

Chain Reaction
The gene expressions of nerve growth factor (NGF), BDNF,
NT-3, NT-4/5, trkA, trkB, trkC, p75 NT receptor (p75NTR),
glial cell line-derived neurotrophic factor (GDNF), GDNF fam-
ily receptor (GFR)-a1, caspase-3, and caspase-9 were exam-
ined by real-time polymerase chain reaction (RT-PCR) at each
time point after mechanical stimulation. Briefly, the cultured
cells on each well were disrupted in a lysis buffer containing
B-mercaptoethanol, and total RNA was purified using RNeasy
Mini Kit (Qiagen, Valencia, CA) and treated with DNase I
(Takara Biomedicals, Kyoto, Japan). Reverse transcription was
performed using 1 pg of total RNA, AMYV reverse transcriptase
XL (Takara Biomedicals, Ohtsu, Japan) and random primer.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Real-time PCR was performed on Prism 7000 (ABI) using 1 uL
of the synthesized cDNA and SYBR Green PCR master mix
(Applied Biosystems, Foster, CA). Table 1 lists the primer se-
quences used in this study. The target genes were amplified and
analyzed in triplicate using ABI Prism 7000 SDS Software (Ap-
plied Biosystems). The expression levels of target genes were
compared with that of glyceraldehyde-3-phosphate dehydroge-
nase at each time, and the expression levels of target genes were
calculated relative to that of glyceraldehyde-3-phosphate dehy-
drogenase.

Immunohistochemical Analysis
Neuronal survival under cyclic tensile stress was determined by
manual cell counting of NeuN-labeled cells using a fluores-
cence microscope. A round flexible bottom well (35 mm in
diameter) was divided into 6 sectors; the cutting bottom at-
tached cultured cells was used as a section during the immuno-
cytochemical procedure. After application of tensile stress, the
cultured spinal cord cells were washed twice with PBS and fixed
in 2% paraformaldehyde for 15 minutes and then incubated at
room temperature for 10 minutes in BlockAce (UK-B25, Snow-
Brand, Tokyo) to prevent nonspecific reactions. Cells were pro-
cessed for immunocytochemical detection of NeuN by incuba-
tion with mouse antibody to NeuN (1:400; Chemicon
International, Temecula, CA) for 20 hours at 4°C, followed by
incubation with goat antimouse Alexa Flour 488/fluorescein-
conjugated antibody (1:400; Molecular Probes, Eugene, OR)
for 1 hour at room temperature. Sections were counterstained
with nuclear marker 6-diamidino-2-phenylindole (DAPI) (Ab-
bott Molecular, Des Plaines, IL). The immunostained cells were
visualized under a fluorescence microscope (AX80, Olympus)
with U-MNIBA cube (BP460-490 nm excitation and BAS15-
550 nm emission) and U-MWU cube (BP330-385 nm excita-
tion and BA420 nm emission). DAPI-labeled and double-
labeled cells in at least 6 high-power fields (magnification,
X100), each containing at least 10 cells, were counted in more
than 3 wells at each time point. The ratio of DAPI-labeled cell
count and NeuN-labeled cell count was calculated automati-
cally, using a color image analyzer (Mitani), which represented
neuronal survival rate (%) at each time point.

For identification of immunoreactivity to neurotrophic fac-
tors and their receptors in neurons after incubation with mouse
NeuN antibody and goat antimouse Alexa 488, the cells were
incubated with rabbit antibody to NGF (1:400; Santa Cruz
Biotechnology, Santa Cruz, CA), or with rabbit antibody to
BDNF (Chemicon International), or with rabbit antibody to
p75N™® (1:400; Santa Cruz Biotechnology), or rabbit antibody
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Figure 2. Phase contrast photomicrographs showing morphologic changes in primary cultured spinal cord cells at 0 hour (A), 6 hours (B),
and 24 hours (C) after application of cyclic mechanical tensile stress. Decrease in the number of cells and loss of neurites are evident
6 hours after application of tensile stress (B) compared to controls (A). Cultured cells had irregularly shaped swollen somatic bodies (black
arrows) and blebs (white arrows) and showed fragmentations of neurites (arrow heads) 24 hours after stress application (C). Scale bar =
100 pm.

to GDNF (1:400; Santa Cruz Biotechnology). The cells were
subsequently incubated with goat antirabbit antibody Alexa
Flour 594/fluorescein-conjugated antibody (1:400; Molecular
Probes) and counted using a confocal microscope equipped
with a 15-mWatt krypton argon laser (TCS SP2; Leica Instru-
ments, Nusslosh, Germany). The 488- and 543-nm lines of an
argon/helium-neon laser were used for fluorescence excitation.

Statistical Analysis
All values are expressed as mean + SEM. Differences between
values at a particular time and those of the corresponding con-
trol were tested by 1-way ANOVA and Tukey post hoc test. A
P less than 0.05 denoted the presence of a statistically signifi-
cant difference. The above tests were conducted using SPSS
software version 11.0 (SPSS, Chicago, IL).

H Results

Effects of Cyclic Tensile Stress on Cell Morphology

and Cell Survival
Under phase contrast microscopy, the control spinal
cord cells (no application of tensile stress) had smooth
oval-shaped cell soma (Figure 2A). Application of tensile
stress for =6 hours decreased the number of spinal cord
cells and resulted in loss of neurites, compared to base-
line findings (Figure 2B). Application of tensile stress for
24 hours resulted in swelling of the remaining cells with
irregularly shaped cell soma and appearance of several
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blebs within the cells, together with fragmentation of
some neurites (Figure 2C).

The cell survival rate as assessed by manual counting
of the number of living cell decreased in a time-
dependent manner under cyclic tensile stress, from 74%
+ 22% at 2 hours to 53% = 16% at 6 hours, 48% =
11% at 12 hours, 40% * 12% at 24 hours, and 38% =
7% at 36 hours (Figure 3A). The decrease in the number
of living cells became significant after 6 hours. On the
other hand, LDH release in the culture medium increased
at 6 hours and reached a plateau over the subsequent 12
hours (Figure 3B). The time course of changes in LDH
release correlated with the morphologic changes seen in
mechanically stressed cells.

Effects of Cyclic Tensile Stress on Neuronal Survival
Among DAPI-labeled cells, 71% cells were positive for
NeuN before the application of tensile stress 3 days after
plating. Neuronal survival rate decreased in a time-
dependent manner when cells were under cyclic tensile
stress, from 71% = 10% at 0 hour (before application of
tensile stress), to 40% = 15% at 2 hours of application,
22% + 9% at 6 hours, 18% = 7% at 12 hours, 12% *
4% at 24 hours, and 10% = 3% at 36 hours, compared
to nonstress cells at each time point (Figure 4).

% x% kx —5—stress(+)

| | %] —o—stress (-)

E 3
G )
o 2 6 12 24 36(hr)

Figure 3. The survival rate (%) of living cells (A) and the rate of LDH release (%,B) after stress application. Survival rate (A) and LDH
release (B) of spinal cord cells under stress-free condition (control) and tensile stress. Data are expressed as mean = SEM (n = 6). *P <

0.05 and **P < 0.01, compared with baseline (0 hour).
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Figure 4. Number of DAPI-(blue) and NeuN-labeled cells (green) at 0 hour (A), 6 hours (B), and 24 hours (C) decreased with time under
cyclic tensile stress. NeuN-labeled cells were more abundant than DAPI-labeled cells. D, The ratio of the number of DAPI-labeled cells
to that of NeuN-labeled cells decreased gradually and significantly. Bar = 100 um. Values are expressed as mean = SEM (n = 6). *P <

0.05 and **P < 0.01, compared to nonstress cells at each time.

Effects of Cyclic Tensile Stress on mRNA
Expression Levels

Time-dependent changes in mRNA expression levels of
NGF, BDNF, NT-3, NT-4/5, trkA, trkB, trkC, p75™NTR,
GDNF, GFRa-1, caspase-3, and caspase-9 were exam-
ined in neuronal-rich cultures subjected to mechanical
stress (Figure 5). The mRNA expression levels of NGF,
BDNF, and GDNF significantly increased at an early
period of mechanical stress, whereas NT-3 and NT-4/5§
mRNA levels remained the same throughout the appli-
cation of the cyclical force. NGF and GDNF mRNA
levels started to increase 2 hours after the application of
stress, reached peak levels at 6 or 12 hours, and gradually
decreased until 36 hours. However, changes in BDNF
mRNA level were relatively small, though significant;
i.e.,anincrease was detected first at 6 hours and persisted
until 24 hours after mechanical stress. The mRNA ex-
pression levels of trkB and p75™T™®| but not those of
trkA, trkC, and GFR-al, were significantly up-
regulated, compared to the control. The p75N™ mRNA
level started to rise somewhat later, 6 hours after stress
application, attained maximum level at 12 hours after
stress, and gradually decreased until 36 hours. The
mRNA expression level of caspase-9 significantly in-
creased at 2 or 6 hours and decreased gradually until 24
hours, whereas that of caspase-3 increased in the early
period after stimulation but then decreased subsequently
and no difference with the control was noted at later time
intervals.

Effects of Cyclic Tensile Stress on NGF, BDNF, p75""™",

and GDNF Expression in Spinal Cord Neurons
Although the number of NeuN-labeled cells decreased
gradually in a time-dependent manner, NGF, BDNF,
p7SNT® and GDNF immunoreactivities increased soon
after the application of tensile stress on primary spinal
cord cells. Immunoreactivities to NGF, BDNEF, p75NTR|
and GDNF were increased at 6 hours under cyclic tensile
stress and colocalized with the majority of the diminish-
ing NeuN-positive cells (Figure 6). These results demon-
strate that surviving neurons subjected to mechanical
stress synthesized some NTs and their receptors.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited

H Discussion

Several researchers have used in vitro models of mechan-
ical trauma to the central nervous system, but studies on
neuronal cells seems to be limited to the usage of immor-
talized cell lines, such as NG108-15%7?% and P(C12.2%3°
These studies indicated that mechanical stretch disrupted
ionic homeostasis,”” increased cell membrane permeabil-
ity,>” and disrupted membrane integrity, followed by
neuronal loss or release of LDH. Pfister et al*® used gli-
oma cell line and reported that stretch injury resulted in
overexpression of Bcl-2 family (NG108-15) followed by
neuronal cell death. However, the use of neuronal cell
lines as an in vitro injury model has at least 1 major
disadvantage. Although some are derived from neuronal
cells, these cell lines consist of immortalized or cancerous
cells with the ability to divide uncontrollably, suggesting
that their pattern of gene and/or protein expression may
be significantly different from the finally differentiated,
functioning neurons. Hence, although limited to the im-
mature or developing spinal cord, we used primary cul-
tured cells, and the method requires no treatment and
retains the biomechanical and molecular fidelity of spinal
cord cells in vivo.

Previous studies showed that subjecting the cells to
relatively high nonphysiologic strain induced axonal in-
jury and neuronal cell death.>”~*” The effects of physio-
logic strain on neuronal cells also varied probably due to
the use of different equipments. However, recent studies
examining the effect of iz vitro mechanical stress on neu-
ronal cells indicated that mild neurotrauma induces sec-
ondary mechanisms that ultimately lead to differentia-
tion of neurons in mixed cortical cultures,*' and that the
effect of microtexture on neurite outgrowth is more
prominent under low than high mechanical stress.??
Based on the previous iz vivo studies on spinal cord ten-
sile stress,”® we selected the tensile stress most appropri-
ate to our culture system in a series of preliminary exper-
iments. However, our results showed morphologic
changes of vacuole formation within the cell soma and
shrinkage of neurite arborization and release of LDH
during the time course of tensile stress application. Un-
expectedly, our results also indicated a decrease in neu-
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Figure 5. Effects of cyclic tensile stress on mRNA expression levels using transcription polymerase chain reaction. There were significant
increases in mRNA expression levels of NGF, BDNF, trkB, p75 "%, GDNF, and caspase-9 at early time period after application of tensile
stress. Data are mean = SEM (n = 3). *P < 0.05 and **P < 0.01.
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Figure 6. Confocal laser scanning microscopy showing expression of NGF, BDNF, p75™™, and GDNF in spinal cord neurons under cyclic
tensile stress. At 6 hours after stress application, NeuN-positive cells were visualized with Alexa 488-conjugated antimouse IgG (A, E, I,
M), NGF (B), BDNF (F), p75"™ (J), or GDNF (N) then with Alexa 594-conjugated antirabbit IgG. A and B are merged in C, E, and F in G,
I, and J, in K, and M, and N, in 0. Merged photographs for the absence of tensile stress (control) or 0 hour are shown between NGF (D),
BDNF (H), p75™™ (L) or GDNF (P) and NeuN. Overlap in expression of NeuN protein and neurotrophic factors and receptor is shown in

yellow. Bar = 100 pm.

ronal survival rate from 71% at 0 hour to 12% at 36
hours, even under lower physiologic mechanical condi-
tion. In primary cultures, isolated neurons may be more
susceptible to mechanical damage than astrocytes or
other cells.!” Further studies are warranted on the con-
dition of culture cells (time, concentration, and others)
and material coating of the well bottom during stretch
injury necessary to maintain a higher survival rate of
spinal cord neurons.

Lippincott Williams & Wilkins. Unaut

NTs are required for neuronal survival and influence
neurite elongation during development.’® The expres-
sion of NGF family (NGF, BDNF, NT-3, and NT-4/5)
and their receptors (trkA, trkB, and trkC) under mechan-
ical compression may be essential for maintaining cell
survival mechanism and prevention of cell death. We
have been also interested in understanding the capacity
of mechanically injured spinal cord to restore its func-
tion. 313143436 1 the present study, NGF, BDNF, and
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trkB mRNA expression levels increased significantly at
an early time period after application of tensile stress, but
NT-3, NT-4/5, trkA, and trkC mRNA levels showed no
significant elevation throughout the experiment. Expres-
sion of NGF, BDNF, and trkB genes is dependent on
neuronal activity, and changes in intracellular Ca** ho-
meostasis activate these signaling pathways.>”** Disrup-
tion of intracellular Ca** homeostasis after mechanical
tensile stress>” may induce overexpression of NGF,
BDNF, and trkB mRNAs for survival and prevention of
cell death. Our results showed that NGF and GDNF gene
expression levels were similar to those reported previ-
ously.'®*? Although it has been shown that GDNF is a
neurotrophic factor for motoneurons and central ner-
vous system neurons,***! it is also expressed in glial cells
especially in activated microglia/macrophages of injured
neural tissue.*> Although neuronal-rich culture cells
(71% of NeuN-positive cells) were used in our experi-
ment, other cells including glial cells, with the exception
of neurons, could affect our results because this culture
contained a heterogeneous cell population. NT-3 is also
known to play a role in neurite elongation,'*** thus in
the present study, cultured neuronal cells required NGF,
BDNF, and GDNF but not NT-3 or, presumably, NT-
4/5 peptides.

Apoptotic and necrotic cell death after mechanical
injury occurs through several and different pathways in
neuronal tissue. The p75™™ is a NT receptor that can
bind to all NTs at equal affinity in most cells, but it binds
with a higher affinity to the proform NGF in neurons.*?
Although the function of p75N™ remains elusive, it is
known to promote cell survival either in association with
tyrosine kinase receptors or by itself.** Paradoxically, its
activation has also been shown to promote apoptotic cell
death in neurons and oligodendrocytes, and p75™'®-
induced cell death follows the intrinsic apoptotic death
pathway with release of cytochrome C from the mito-
chondria and activation of caspase-9.*° Our preliminary
results on p75™ "™ and caspase-9 gene expression profiles
are in agreement with these reports. On the other hand,
caspase-3 increased after stimulation but the difference
from the control was not significant. One possible expla-
nation for this finding is that because caspase-3 is acti-
vated by both the intrinsic and extrinsic pathways, it is
possible that upregulation of the intrinsic pathway may
reduce apoptosis through the extrinsic pathway. Further
studies are warranted to examine the roles of p75N™®
and caspase mRNAs or proteins in the apoptotic path-
ways activated by tensile stress in the spinal cord. At this
stage, however, there is virtually no information on the
roles of p75™N™ in spinal cord cells under tensile stress.

What is the clinical significance of our findings? The
present results may help enhance our understanding of
cervical myelopathy in patients with severe kyphotic
flexion deformity and those with film terminale and teth-
ered cord syndrome, or even acute central spinal cord
injury (particularly Schneider type I and II). The results
also suggest that treatment with certain neurotrophic

factors and receptors could promote the survival of spi-
nal cord neuronal and glial cells and rescue them against
apoptosis, even under repetitive and injurious tensile
stress. These results add further support to recent studies
in animals treated with viral vectors carrying NTs**~3¢
and suggest that such treatment could be potentially use-
ful clinically in patients with spinal cord cells damaged
by distraction injuries and even in decompressive surgery
for patients with spinal cord tensile stress.

In conclusion, our results suggest that spinal cord neu-
ronal cells survive by increasing the synthesis and utili-
zation of several neurotrophic factors and their receptors
under injurious tensile stress. Changes in the expression
of these genes at an early period after mechanical stress
suggest the readiness of spinal cord neurons to undergo
apoptosis or necrosis. A close examination of the effects
of mechanical stress on spinal cord cells i vitro may be
the key to elucidating the adaptation of spinal cord to
mechanical tensile stress.

H Key Points

e We investigated the in vitro effects of cyclic ten-
sile stress on cultured spinal cord cells, especially
the expressions of neurotrophins and their receptor
genes.

e Upregulation of NGF, BDNF, trkB, p75™NTR,
GDNF, and caspase-9 was evident at 6 hours after
application of tensile stress.

e Cyclic tensile stress increased mRNA expression
and immunoreactivities of several neurotrophic
factors and their receptors and induced morpho-
logically confirmed necrotic cell death and increase

in LDH release.
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Reduction of cystic cavity, promotion of axonal regeneration
and sparing, and functional recovery with transplanted bone
marrow stromal cell-derived Schwann cells after contusion
injury to the adult rat spinal cord

Laboratory investigation
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Object. The authors previously reported that Schwann cells (SCs) could be derived from bone marrow stromal
cells (BMSCs) in vitro and that they promoted axonal regeneration of completely transected rat spinal cords in vivo.
The aim of the present study is to evaluate the efficacy of transplanted BMSC-derived SCs (BMSC-SCs) in a rat
model of spinal cord contusion, which is relevant to clinical spinal cord injury.

Methods. Bone marrow stromal cells were cultured as plastic-adherent cells from the bone marrow of GFP-
transgenic rats. The BMSC-SCs were derived from BMSCs in vitro with sequential treatment using beta-mercap-
toethanol, all-trans-retinoic acid, forskolin, basic fibroblast growth factor, platelet derived-growth factor, and he-
regulin. Schwann cells were cultured from the sciatic nerve of neonatal, GFP-transgenic rats. Immunocytochemical
analysis and the reverse transcriptase—polymerase chain reaction were performed to characterize the BMSC-SCs.
For transplantation, contusions with the New York University impactor were delivered at T-9 in 10- to 11-week-old
male Wistar rats. Four groups of rats received injections at the injury site 7 days postinjury: the first received BMSC-
SCs and matrigel, a second received peripheral SCs and matrigel, a third group received BMSCs and matrigel, and
a fourth group received matrigel alone. Histological and immunohistochemical studies, electron microscopy, and
functional assessments were performed to evaluate the therapeutic effects of BMSC-SC transplantation.

Results. Immunohistochemical analysis and reverse transcriptase—polymerase chain reaction revealed that
BMSC-SCs have characteristics similar to SCs not only in their morphological characteristics but also in their im-
munocytochemical phenotype and genotype. Histological examination revealed that the area of the cystic cavity was
significantly reduced in the BMSC-SC and SC groups compared with the control rats. Immunohistochemical analysis
showed that transplanted BMSCs, BMSC-SCs, and SCs all maintained their original phenotypes. The BMSC-SC and
SC groups had a larger number of tyrosine hydroxilase—positive fibers than the control group, and the BMSC-SC
group had more serotonin-positive fibers than the BMSC or control group. The BMSC-SC group showed signifi-
cantly better hindlimb functional recovery than in the BMSC and control group. Electron microscopy revealed that
transplanted BMSC-SCs existed in association with the host axons.

Conclusions. Based on their findings, the authors concluded that BMSC-SC transplantation reduces the size of
the cystic cavity, promotes axonal regeneration and sparing, results in hindlimb functional recovery, and can be a
useful tool for spinal cord injury as a substitute for SCs. (DOI: 10.3171/SP1.2008.9.08135)

Key Wornps *  bone marrow stromal cell
hindlimb function ¢ Schwanncell -

cell transplantation ¢
spinal cord injury

malian spinal cord cannot regenerate. Recent ad-
vances in stem cell research have enabled us to repair
injured spinal cords by means of various kinds of cell
therapies, including the use of embryonic stem cells,®
fetal neural stem cells,* and adult neural stem cells.”
Major obstacles to the use of these cells in clinical trials

IT has been widely believed that a lesioned adult mam-
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Abbreviations used in this paper: ANOVA = analysis of variance;
BBB = Basso, Beattie, Bresnahan; BDA = biotinylated dextrin
amine; BMSC = bone marrow stromal cell; BMSC-SC = BMSC-
derived Schwann cell; FBS = fetal bovine serum; HSC =
hematopoietic stem cell; MEM = minimum essential medium;
PBS = phosphate-buffered saline; RT-PCR = reverse transcriptase—
polymerase chain reaction; SC = Schwann cell; SCI = spinal cord
injury; SEM = standard error of the mean.
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include the possibility of allograft rejection and the ethi-
cal problems raised by the use of fetal tissue; autologous
transplantation may resolve these problems.

Adult bone marrow contains several different stem
cell populations including HSCs and BMSCs, also called
mesenchymal stem cells. Both HSCs and BMSCs are can-
didates for use in cell therapy for neurological disorders
because they can be transplanted autologously. Indeed,
it has been reported that bone marrow cells have the po-
tential to restore injured spinal cord tissue and promote
functional recovery. In fact, transplantation of HSCs
promotes functional recovery after compression-induced
SCI in mice®? and transplantation of BMSCs signifi-
cantly improves hindlimb function after SCI in mice and
rats.'>?437% However, the therapeutic efficacy of BMSCs
for SCI is still controversial. Several researchers have
suggested that BMSC transplantation cannot promote
functional recovery."” In addition, transplantation of the
non—neural lineage cells has potential problems includ-
ing differentiation of transplanted cells and compatibil-
ity with the host spinal cord. Differentiation into neural
lineage cells prior to transplantation could enhance the
therapeutic effect of BMSCs and offer a solution to these
problems.

We recently reported that cells with SC properties
could be derived from BMSCs in vitro, and that they
effectively promoted regeneration of lesioned sciatic
nerves.'”* Moreover, we have previously reported that
transplantation of BMSC-SCs effectively promotes re-
generation of damaged axons and hindlimb functional
recovery in completely transacted adult rat spinal cord.”

The aim of the present study is to evaluate the thera-
peutic effects of BMSC-SC transplantation in adult rats
with contusive SCIs, a more clinically relevant model
than the spinal cord transection model. Additionally, we
compared BMSC-SC transplantation with transplantation
of untreated BMSCs and peripheral nerve-derived SCs,
which are widely known to promote recovery of the in-
jured spinal cord and aid in tissue restoration, survival of
transplanted cells, axonal regeneration/sparing, and pro-
motion of hindlimb functional recovery.

Methods
Cell Cultures and In Vitro Differentiation

Bone marrow stromal cells were cultured as previ-
ously described.?” Briefly, total bone marrow cells were
collected from the femurs of adult male GFP-transgenic
Wistar rats (provided by the YS Institute, Inc.) and plat-
ed onto plastic culture dishes. The cells adherent to the
dishes were cultured as BMSCs in alpha-MEM (Sigma)
supplemented with 20% FBS. The BMSCs were used for
transplantation and in vitro induction experiments be-
tween passages 4 to 6.

Peripheral SCs were cultured from dissected sciatic
nerves of 2-day-old GFP-transgenic Wistar rats.?3? The
dissected nerves were treated with 0.1% collagenase and
0.1% trypsin in PBS for 60 minutes at 37°C. Dissociated
cells were cultured in Dulbecco modified Eagle medium
containing 10% FBS and 1% antibiotics (100 U/m] peni-
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cillin and 100 pg/ml streptomycin). After 1 day of cultur-
ing, cells were exposed to 2 cycles of cytosine-arabino-
side treatment (10 uM) for 3 days to prevent proliferation
of fibroblasts. After 7 days of culturing, cells were plated
on dishes coated with poly-L-lysine (Sigma) in Dulbecco
modified Eagle medium containing 10% FBS, 1% anti-
biotics, and 10-uM forskolin (Sigma). Cells were main-
tained in a 37°C incubator containing 5% CO, and pas-
saged when confluent. The medium was changed every 3
days. Bone marrow stromal cells were derived from SCs
in vitro as previously described.”?” Briefly, the BMSCs
were incubated with alpha-MEM containing 1-mM beta-
mercaptoethanol for 24 hours. After washing the cells,
the medium was replaced with alpha-MEM containing
10% FBS and 35 ng/ml all-transretinoic acid (Sigma) for
3 days. Cells were then transferred to alpha-MEM con-
taining 10% FBS, 5-uM forskolin (Calbiochem), 10 ng/
ml recombinant human basic fibroblast growth factor
(Peprotech), 5 ng/ml platelet derived growth factor (Pep-
rotech), and 200 ng/ml heregulin Bl (R&D Systems) for
7 days.

Immunohistochemical analysis was performed to
characterize the BMSC-SCs in vitro. Mouse monoclo-
nal anti-vimentin antibody (1:200; Dako Cytomation)
and mouse monoclonal anti-fibronectin antibody (1:400;
Chemicon International) were used as markers for BM-
SCs. Mouse monoclonal anti—protein zero antibody (PO,
1:300; Astexx), rabbit polyclonal anti-S100 antibody
(1:100; Dako Cytomation), and rabbit polyclonal anti-
P7SNTR antibody (1:200; Chemicon) were used as mark-
ers for SCs. Cell nuclei were stained with 4'-6-diamidino-
2-phenylindole (Molecular Probes). A negative control
was performed by omitting the primary antibodies.

The RT-PCR Analysis

Total RNA from the cells was extracted with TRIzol
Reagent (Invitrogen) and purified according to the manu-
facturer’s instruction. From 5 g of RNA, the first cDNA
strand was generated using SuperScript II-RT (Invitrogen).
The PCR reactions were performed using Ex Taq DNA
polymerase (TaKaRa). The conditions for amplification
were as follows: 30 seconds at 94°C, 30 seconds at 60°C,
and 30 seconds at 72°C for 30 cycles (25 cycles for beta-
actin) and the final incubation at 72°C for an additional
4 minutes. We used the following primers specific to SC
genes, designed by Primer3 software, and beta-actin was
used as internal control. The Krox20 (Egr2) sense strand
was 5-CAGGAGTGACGAAAGGAAGC-3' and the anti-
sense was Y-ATCTCACGGTGTCCTGGTTC-3"; Krox24
(Egrl), sense: 5'-GACGAGTTATCCCAGCCAAA-3' and
antisense: 5-AGGCAGAGGAAGACGATGAA-3'; PO,
sense: 5'-GATGGGCAGTCTGCAGTGTA -3' and anti-
sense: 5“TTTGGCAGGTGTCAAGTGAG -3'; beta-actin,
sense: S“-TAAAGACCTCTATGCCAACAC-3' and anti-
sense: 5'-CTCCTGCTTGCTGATCCACAT-3".

Spinal Cord Injury and Transplantation

For experimental SCI, we used 48 male Wistar rats
10-11 weeks old (weight 225-250 g) divided into 3 ex-
perimental and 1 control group of 12 animals each. A
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laminectomy was performed at the T8-9 level. The mod-
erate contusion injury was created with a New York Uni-
versity impactor (10-g rod and 25-mm height).>3* After-
wards the rats’ muscles and skin were sutured in layers
and they were placed in warm cages overnight; food and
water were provided ad libitum. Manual bladder expres-
sion was performed twice daily until the rats recovered
bladder reflexes. All animals were given antibiotic medi-
cation in their drinking water (1.0-ml bactramin in 500-
ml acidified water) for 2 weeks after injury. ’

Seven days after injury, the injured site was reexposed
and transplantation was performed. The BMSC group
was injected with a mixture of matrigel and BMSCs (5 x
10%/5 ul), the BMSC-SC group received BMSC-SCs and
matrigel (5 x 10° cells/5 pl), the SC group received pe-
ripheral SCs and matrigel (5 x 105/5 pl), and the control
group received matrigel alone (5 pl). The injections were
delivered to the injured site with a glass micropipette at-
tached to a Hamilton microsyringe.

All animals received immunosuppressive treatment
with cyclosporine A (Novartis), because BMSC trans-
plantation may cause a host immunological reaction re-
sulting in rejection of transplanted cells.® Twenty-four
hours before transplantation, cyclosporine A (20 mg/kg)
was injected subcutaneously. After transplantation, cy-
closporine A was also injected for the entire experimen-
tal period (20 mg/kg on Monday and Wednesday, and 40
mg/kg on Friday).*® No animal showed abnormal behav-
ior. All the experimental procedures were performed in
compliance with the guidelines established by the Ani-
mal Care and Use Committee of Chiba University.

Tissue Preparation

Atthe end of the functional assessment period 6 weeks
after injury, animals were perfused transcardially with
4% paraformaldehyde in PBS (pH 7.4) after an overdose
of pentobarbital anesthesia. Three spinal cord segments
(T8-10) including the injury epicenter were removed and
postfixed in the same fixative overnight, stored in 20%
sucrose in PBS at 4°C, and embedded in Optimal Cutting
Temperature compound (Sakura Finetechnical). Sagittal
cryosections (12-pm thickness) were cut using a cryostat
and the sections were mounted onto poly-L-lysine—coated
slides (Matsunami). Every fifth section from the central
portion of the spinal cords was serially mounted. At least
4 samples from each animal, each 60-pum interval within
a 240-um width centered of the lesion site, were mounted
on slides and evaluated for histochemical characteristics
as described below.

Anterograde Tract Tracing

Four weeks postinjury, the cranial bone overlying the
motor cortex was removed and 10% BDA was injected
in 4 divided doses (1-3 mm posterior to the coronal su-
ture and 2.5-mm lateral to the coronal suture; 2 each side,
4 x 1 pl aliquots) bilaterally into the motor cortex using a
glass micropipette attached to a Hamilton microsyringe.
Two weeks after tracer injection, animals were perfused
as described, and the spinal cords were dissected for
staining of labeled corticospinal axons.
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Cystic Cavity Measurement

To measure the area of the cystic cavity, the sections
were stained with cresyl violet, dehydrated, and sealed
with Permount (Fisher Scientific). At least 4 samples,
each 60-pm apart, were chosen for cavity measurements;
the measurements therefore covered a 240-pum width in
the central portion of spinal cord including the lesion site.
We measured the area of the cystic cavity using Scion Im-
age computer analysis software (Scion Corp.). The aver-
age cystic cavity area was compared among the 4 groups
of rats.

Immunohistochemical and Electron Microscopy Studies

We performed immunohistochemical studies as pre-
viously described.?*? Briefly, the GFP-positive cells were
counted to compare with the number of surviving trans-
planted cells; goat polyclonal anti-GFP antibody (1:100;
SantaCruz) was used as the primary antibody. The aver-
age number of surviving GFP-positive cells in 4 samples
obtained from each animal was compared among the
BMSC, BMSC-SC, and SC groups. To evaluate the phe-
notypic changes of transplanted cells, a double immuno-
fluorescence study for GFP and cell-specific markers were
performed in the BMSC, BMSC-SC, and SC groups.

Immunohistochemical analysis for axonal markers
was performed to evaluate the extent of axonal regenera-
tion and sparing. The following primary antibodies were
used to detect various types of nerve fibers: rabbit poly-
clonal anti-Gap43 antibody (1:400; Santa-Cruz), mouse
monoclonal anti-Th antibody (1:400; Chemicon), and
rabbit polyclonal anti-serotonin antibody (1:5000; Sig-
ma). After incubation with primary antibodies, the sec-
tions were incubated with Alexa 594 dye—conjugated sec-
ondary antibodies (Molecular Probes) to detect positive
signals. We used Gap43 as a general marker for regener-
ating/sprouting nerve fibers. Tyrosine hydroxylase—posi-
tive nerve fibers are mainly cerulospinal adrenergic, and
serotonin-positive nerve fibers are mainly raphe spinal
serotonergic; both fiber types contribute to motor func-
tion. 164348 To evaluate regeneration/sparing of Gap43-,
Th- or serotonin-positive nerve fibers, the number of im-
munoreactive fibers that traversed the lines perpendicu-
lar to the central axis of the spinal cord at rostral (5-mm
rostral to the injury epicenter), epicenter, and caudal (5-
mm caudal to the epicenter) levels were counted and com-
pared between groups. For the BDA tracing study, sec-
tions were immunostained with streptavidin-conjugated
Alexa 594 (1:800; Molecular Probes) and examined under
laser scanning confocal microscopy. The negative control
was performed by omitting the primary antibodies.

The spinal cord tissue samples from the BMSC-
SC group rats were cut into 100-pwm-thick sections and
stained with rabbit polyclonal anti-GFP antibody (Molec-
ular Probes). Positive signals were detected with avidin-
biotin complex method using the Histofine kit (Nichirei).
The positive signals were visualized with diaminobenzi-
dine and hydrogen peroxide. The sections were then post-
fixed with 1% OsO, in PBS (pH 7.4) for 1-hour and then
block-stained with 1% uranyl acetate in acetate buffer,
dehydrated, and embedded in Epon 812 (Shell Chemi-
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cal).?® Ultrathin sections (90-nm thickness) were stained
with lead citrate. These sections were examined with
JEM 1200EX electron microscope (JEOL).

Assessment of Locomotor Activity

The hindlimb functioning of the animals in all
groups was assessed with the BBB locomotor scale* be-
fore injury and 1 day, 3 days, and each week (for 6 weeks)
after injury.

Statistical Analysis

Each statistical analysis was evaluated using multiple
comparisons between groups. For histological studies, the
1-way ANOVA was used, followed by Bonferroni-Dunn
post hoc test. For the locomotor scale scores, repeated-
measures ANOVA, and Fisher protected least significant
difference post hoc test was used. For fractional BBB
scores at 8 time points, the 1-way ANOVA and Bonferro-
ni-Dunn test was used. Statistical significance was set at
p <0.05 and p < 0.01, respectively.

Results
In Vitro Character of BMSC-SCs

Bone marrow stromal cells in primary culture show a

fibroblast-like morphology, and these characteristics were
kept for several passages (Fig. 1A). The BMSC-SCs were
successfully derived from BMSCs and appeared short and
spindle-shaped (Fig. 1B). The morphological characteris-
tics of these cells were similar to that observed in normal
peripheral SCs (Fig. 1C). The BMSCs stained positive for
vimentin and fibronectin (not shown), while the BMSC-
SCs were positive for PO, S100 protein, and p75SNTR (Fig.
1D and E), widely known markers for SCs.

Results of RT-PCR revealed that expression level of
PO—an important glycoprotein in peripheral myelina-
tion that is widely known as a specific marker for SCs—
increased in BMSC-SCs* compared with BMSCs (Fig.
1F). There was no significant difference between BMSCs
and BMSC-SCs in the expression level of Krox20 and
Krox24 (Fig. 1F). These data show that BMSC-SCs have
characteristics similar to SCs not only in their morpho-
logical characteristics, but also in their phenotype and
genotype.

To elucidate the efficacy of BMSC-SC for tissue spar-
ing after SCI, we measured the area of cystic cavity with
cresyl violet staining 5 weeks after transplantation (Fig.
2A-D). The average area of the cystic cavity was signifi-
cantly smaller in BMSC-SC and SC groups (p < 0.01 and
p < 0.05, respectively) than that in control group indicat-
ing that transplantation of BMSC-SCs or peripheral SCs

Krox 20

Krox 24

beta-actin

BMSC BMSC-SC SC

FiG. 1. Photomicrographs demonstrating the peripheral SC-like characteristics of BMSC-SCs.  A: Phase-contrast
microscopic image of BMSCs cultured from GFP-transgenic rats. B: Phase-contrast microscopic image of BMSC-
SCs. The BMSC-SCs are morphologically and phenotypically similar to SCs. C: Phase-contrast microscopic im-

age of peripheral SC cultured from a GFP-transgenic rat.

D and E: Immunofluorescence images of BMSC-SCs

stained for PO (D) and p75NTR (E). The BMSC-SCs were positive for PO, S100, and p7SNTR. Nuclei were stained
with 4'-6-diamidino-2-phenylindole. Bar = 50 pum. F: Results of RT-PCR analysis showing that PO mRNA was
upregulated in BMSC-SC-like peripheral SCs. The expression level of PO in BMSCs is shown in comparison to its
expression in BMSC-SCs and SCs. No significant statistical difference was shown between BMSCs and BMSC-SCs

in the expression of Krox20 and Krox24.
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Fi. 2. A-D: Cresyl-violet—stained BMSC-SCs and SCs in preserved spinal cord tissue samples from all 4 groups.
Representative image of cystic cavity in samples obtained in the control (A), BMSC (B), BMSC-SC (C), and SC (D)
groups. The area of cystic cavity of BMSC-SC and SC groups were significantly smaller than that of the control
group. Bar = 1 mm. E: Statistical analysis of area of cystic cavity (white column, control group; black column,
BMSC group; hatched column, BMSC-SC group; and gray column, SC group). The area of cystic cavity in the
BMSC-SC and SC groups was significantly smaller than that in the control group. Bars represent the means, and

whiskers the SEMs. *p < 0.05, **p < 0.01.

helps to preserve spinal cord tissue (Fig. 2E). There was
no significant difference in the average area of the cystic
cavity between the other groups.

Phenotype of BMSC-SCs in the Injured Spinal Cord

The number of GFP-positive transplanted cells in the
BMSC, BMSC-SC, and SC samples was 142.0 + 18.0,
386.3 + 28.6, and 1301.8 + 310.8 per section, respectively
(Fig. 3A—-C). Note that the number of GFP-positive trans-
planted cells in the SC group was significantly larger than
in the BMSC and BMSC-SC groups (p < 0.01; Fig. 3D).
In addition, the number of GFP-positive transplanted cells
in the BMSC-SC group was significantly larger than that
in the BMSC group (p < 0.05).

A double immunofluorescence study showed that
GFP-positive transplanted BMSCs were simultaneously
positive for vimentin and fibronectin (data not shown).
The BMSC-SCs and SCs were both positive for PO, S100,
and p75NTR (not shown), indicating that the transplanted
cells maintained the specific phenotypes observed in vit-
ro even after transplantation into the injured spinal cord.

604

Adrenergic and Serotonergic Fibers in the Injured Spinal
Cord

We next performed immunohistochemical analyses
for axonal markers and anterograde axonal tracing to
evaluate axonal the extent of regeneration and/or sparing.
The number of Gap43-positive nerve fibers at the rostral
level in the SC group was significantly larger than that in
the other groups (p < 0.01; Figs. 4A—C and 5A). The num-
ber of Gap43-positive nerve fibers at the injury epicenter
level in the BMSC-SC group (Fig. 4B) was significantly
larger than that in the control (p < 0.05; Fig. 5A), and
the number of Gap43-positive nerve fibers at the epicen-
ter level in the SC group was significantly larger than in
the control and BMSC groups (p < 0.01; Fig. 5A). There
was no significant statistical difference in the number of
Gap43-positive nerve fibers at the caudal level between
the groups.

To characterize the phenotype of regenerated or
spared axons, we performed immunohistochemical anal-
ysis for several nerve fiber markers. There were signifi-
cantly more Th-positive fibers at the injury epicenter and
caudal level in the BMSC-SC (p < 0.01, both locations;
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Fic. 3. Photomicrographs. Staining with GFP in the BMSC (A), BMSC-SC (B), and SC groups (C) 5 weeks after
cell transplantation. Bar = 1 mm. D: Graph of the statistical analysis of number of GFP-positive transplanted cells.
There were significantly more GFP-positive transplanted cells in the BMSC-SC group (hatched column) than in the
BMSC (black column) group (p < 0.05). There were also significantly more GFP-positive transplanted cells in the SC
group (gray column) than in the BMSC (black column) and BMSC-SC (hatched column) groups. Bars represent the

means, and whiskers the SEMs. *p < 0.05, **p < 0.01.

Figs. 4D-F and 5B) and SC (p < 0.05 and p < 0.01, re-
spectively) groups than in the control group. The num-
ber of serotonin-positive nerve fibers in the BMSC-SC
group was significantly larger than that in the control and
BMSC group at the caudal level (p < 0.05; Figs. 41 and
5C). Biotinylated dextrin amine—labeled corticospinal
tract fibers were found in the rostral and epicenter levels,
however there were no BDA-labeled fibers in caudal level
any groups (data not shown).

In the immunoelectron microscopic study of rats
from the BMSC-SC group, the GFP-positive transplanted
cells (Fig. 6 asterisks) had several thin processes, which
were immediate contact with host nerve tissues (Fig. 6
arrows).

Locomotor Recovery

Finally, we assessed the recovery of hindlimb func-
tioning in all groups on a weekly basis for 6 weeks (Fig.
7). The repeated-measures ANOVA and post hoc Fisher
protected least significant difference tests showed that
hindlimb function recovered significantly in the BMSC-
SC group compared with the control and BMSC group
(p = 0.024 and p = 0.047, respectively). The average
BBB recovery score in the BMSC-SC group 5 weeks
after transplantation was 10.3 + 0.8, indicating occa-
sional weight-supported plantar steps without forelimb—
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hindlimb coordination, and in the BMSC group was 7.9
+ 0.6, indicating that all 3 joints of hindlimbs showed
extensive movement. Five weeks after transplantation,
the average recovery score 5 weeks after transplantation
was 7.7 £ 0.6 in the control group, and 9.2 + 0.8 in the
SC group, indicating occasional plantar placement of the
paws with weight support. Comparison among the groups
at each time point revealed a statistically significant dif-
ference between the BMSC-SC and control and the BM-
SC-SC and BMSC groups in average BBB scores 3-5
weeks after transplantation (Fig. 7).

Discussion

In the present study, we derived SCs from BMSCs
and confirmed that BMSC-SCs have SC-like characteris-
tics in immunohistochemical analysis and RT-PCR study
of PO. We transplanted BMSC-SCs into the injured rat
spinal cord, and performed immunohistochemical studies
5 weeks after transplantation. Transplanted BMSC-SCs
maintained the spindle shape and immunohistochemical
characteristics of SCs (PO, S100, and p75NTR). In our
previous report, we showed that BMSC-SC not only has
phenotypic similarity with SCs, but also forms myelin in
peripheral nerve tissue.'** However, in the present study
no myelin was detected on electron microscopy. A pos-
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