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Abstract Mesenchymal stem cells have been intensively
studied for their potential use in reparative strategies for
neurodegenerative diseases and traumatic injuries. We used
mesenchymal stem cells (rtMSC) from rat bone marrow to
evaluate the therapeutic potential after spinal cord injury
(SCI). Immunohistochemistry confirmed a large number of
apoptotic neurons and oligodendrocytes in caudal segments
2 mm away from the lesion site. Expression of caspase-3 on
both neurons and oligodendrocytes after SCI was signifi-
cantly downregulated by rMSC. Caspase-3 downregulation
by rMSC involves increased expression of FLIP and XIAP
in the cytosol and inhibition of PARP cleavage in the nu-
cleus. Animals treated with rMSC had higher Basso, Beat-
tie, Bresnahan (BBB) locomotor scoring and better recovery
of hind limb sensitivity. Treatment with rMSC had a posi-
tive effect on behavioral outcome and histopathological
assessment after SCI. The ability of rMSC to incorporate
into the spinal cord, differentiate and to improve locomotor
recovery hold promise for a potential cure after SCI.
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Abbreviations
APC Adenomatous polyposis coli

BBB Basso Beattie Bresnahan locomotor scoring

BCA Bicinchoninic acid

BDNF  Brain derived neurotrophic factor

bFGF Basic fibroblast growth factor

BSA Bovine serum albumin

CHAPS 3-[(3-Cholamidopropyl) dimethylammonio]-1-
propanesulfonate

CNPase 2’,3’-cyclicnucleotide-3’-phosphodiesterase

DAB Diaminobenzidine

DAPI 4’ 6-Diamidino-2-phenylindole dihydrochloride

DPI Days post injury

DTT Dithiothreitol

FBS Fetal bovine serum

FITC Fluorescein isothiocyanate

FLIP FLICE-inhibitory protein

GFAP Glial fibrillary acidic protein

hEGF Human epidermal growth factor

HRP Horseradish peroxidase

p-NGF  Beta-nerve growth factor

NF-200 Neurofilament H-200 kD

NT-3 Neurotrophic hormone-3

PARP Poly[ADP-ribose] polymerase

PBS Phosphate buffered saline

PMSF Phenyl methane sulfonyl fluoride

RA Retinoic acid

rMSC Rat bone marrow mesenchymal stem cells

SCI Spinal cord injury

XIAP X-linked inhibitor of apoptosis protein
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Introduction

The use of stem cells as transplant tissue shows particular
promise since they may serve as a bridge to support
regeneration and also differentiate into neurons or glia,
thereby replacing endogenous cells destroyed by injury [1,
2]. Multipotential stem cells in adult bone marrow can
generate glial and neuronal-like cells with appropriate
treatment in culture and can differentiate into astrocytes,
oligodendrocyte-like cells and cells expressing markers of
immature neurons in vivo [1, 3, 4].

Spinal cord injury (SCI) is a destructive neurologic in-
jury resulting in functional deficits due to the loss of spinal
cord neurons and axons. In recent years, much attention has
been given to secondary injury since this appears to be
susceptible for therapeutic intervention. A cascade of
neurotoxic events signifies the secondary injury after pri-
mary insult in the spinal cord, which includes local
inflammatory response and apoptosis. Early apoptosis of
neural cells including neurons is followed by a delayed
wave of predominantly oligodendroglial apoptosis in
degenerating white matter tracts [5-9]. Apoptosis in white
matter after dorsal cordotomy or after transection suggest
that glial apoptosis occurs, at least in part, as a consequence
of axonal degeneration [10, 11]. Several studies have
implicated the apoptotic role of caspases in the injured
spinal cord [12-21]. Fas expression, activation of caspases
3 and 8, and apoptosis occur in a temporally similar fashion
after SCI [22]. Since the natural capacity of the central
nervous system to recover from injury is limited, current
SClI research focuses on the use of regenerative potential of
bone marrow-derived cells for the reduction of neuronal
degeneration by replacing the damaged neurons and oli-
godendrocytes, by downregulating the apoptotic pathways
especially by decreasing expression of Fas and caspases, or
to achieve functional recovery through enhanced neuronal
plasticity.

It is hypothesized that decreasing apoptosis in both ol-
igodendrocytes and neurons by decreasing the expression
of caspase-3-mediated apoptotic pathway may improve
neurological outcome after SCI. Therefore, we used a
combination of behavioral investigation and careful anal-

Table 1 Experimental design and description of groups

ysis of lesion histopathology to evaluate the effects of
rMSC transplantation following SCI in rats. In the present
study we cultivated a population of adherent non-hemato-
poietic bone marrow stromal cells, i.e., bone marrow
mesenchymal stem cells (rMSC), which have been suc-
cessfully differentiated into neurons, oligodendrocytes and
astrocytes both in vitro and in vivo in the injured spinal
cord. Further, we investigated whether rMSC could regu-
late caspase-3-mediated apoptotic pathway and thus im-
prove functional recovery in rats after SCI.

Methods
Spinal cord injury of rat

Moderate SCI was induced using the weight drop device
(NYU Impactor) as reported previously [8, 15]. Rats were
assigned to different groups as described in Table 1.
Briefly, adult male rats (Lewis; 250-300 g) were anesthe-
tized with ketamine (100 mg/kg; ip) and xylazine (5 mg/
kg; ip) (both from Med-Vet International, Mettawa, IL,
USA). A laminectomy was performed at the T9-T11 level
exposing the cord beneath without disrupting the dura, and
the exposed dorsal surface of the cord at T10 was subjected
to a weight drop impact using a 10 g rod (2.5 mm in
diameter) dropped at a height of 12.5 mm. After injury, the
muscles and skin were closed in layers, and the rats were
placed in a temperature and humidity-controlled chamber
overnight. Cefazolin (25 mg/kg) (Fisher, Hanover Park, IL,
USA) was given to prevent urinary tract infection for 3-7
days. Manual expression of the urinary bladder was per-
formed two times per day until reflex bladder emptying
was established. The Institutional Animal Care and Use
Committee of the University of Illinois College of Medi-
cine at Peoria approved all surgical interventions and post-
operative animal care.

Behavioral assessment after SCI

A behavioral test was performed to measure the functional
recovery of the rats’ hind limbs following the procedure

Group no. Group description Designation No. of animals studied
1 Control animals without laminectomy and spinal cord injury Control 10
2 Control animals with laminectomy and PBS injected Sham control 10
3. Spinal cord injured and untreated animals Injured 13
4 Spinal cord injured and rMSC transplantation rMSC treated 14

Total number of animals used in the study

47

Three animals died unexpectedly during the course of the experiment; two from group 3 (died of hematuria), and one from group 4 (post-surgical
complications). Early data from these animals were omitted from the analysis
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described in Basso et al. [23]. The scale used for measuring
hind limb function with these procedures ranges from a
score of 0, indicating no spontaneous movement, to a
maximum score of 21, with an increasing score indicating
the use of individual joints, coordinated joint movement,
coordinated limb movement, weight-bearing and other
functions. Rats were first gently adapted to the open field
used for the test. After a rat had walked continuously in the
open field, two investigators conducted 4-min testing ses-
sions on each leg. Two individuals ‘blinded’ to rat treat-
ment status performed the open-field test at least once a
week from day 1 post-SCI to 3 weeks post-laminectomy on
all animals in the study. Behavioral outcomes and exam-
ples of specific Basso, Beattie, Bresnahan (BBB) locomo-
tor scores were recorded using digital video.

Narrow-beam crossing

This paradigm evaluates the ability of the rats to balance on
30 cm elevated wooden beams with a length of 1 m. Dif-
ferent beam shapes were used to increase the level of dif-
ficulty: two beams with rectangular cross-sections
(2cm X2 cm; 1.2 cm X 1.2 cm) and a beam with a round
cross-section (2.5 cm in diameter) [24]. Crossing one beam
by properly placing both hind limbs was scored as 2 points;
a total of 1.5 points was assigned when an animal placed
only one paw plantar on the beam. Only 1 point was given
if the rat was able to cross the whole beam but was unable
to place the hind paws, and 0.5 points was given if the rat
could only traverse half of the beam. The score was 0 in
cases in which the rat was not able to cross at least half of
the beam. The scores of all three beams were added to a
maximum score of 6 points.

Culture and in vitro differentiation of stem cells

Rat primary mesenchymal stem cells isolated from the
bone marrow of adult female Fisher 344 rats with markers
integrin 17 and CD54" were obtained from Chemicon
(Temecula, CA, USA) and maintained per manufacturer’s
instructions in DMEM-low glucose (Invitrogen, Carlsbad,
CA, USA), supplemented with 10% heat-inactivated FBS
(Hyclone, Logan, UT, USA), 2 mM L-Glutamine and 1%
solution of Penicillin and Streptomycin (Invitrogen,
Carlsbad, CA, USA). When cells reached 70-80% con-
fluency, the cells were detached with TrypLE Express
(Invitrogen, Carlsbad, CA, USA) and centrifuged at 250g
for 3 min and replated and maintained at 37°C in an
incubator with a 5% CO, atmosphere. An acclimatization
step was carried out 24 h prior to neural induction by
replacing the growth medium with preinduction medium
consisting of Neurobasal A medium (Invitrogen, Carlsbad,
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CA, USA) supplemented with 10% FBS (Hyclone, Logan,
UT, USA), 1% Penicillin-Streptomycin (Invitrogen,
Carlsbad, CA, USA), 1% 200 mM L-Glutamine (Mediatech
Inc.-Fisher, Hanover Park, IL, USA), 2% B27 (Invitrogen,
Carlsbad, CA, USA), 1% N2 (Invitrogen, Carlsbad, CA,
USA), bFGF (10 ng/mL, Invitrogen, Carlsbad, CA, USA),
B-NGF (10 ng/mL, Sigma, St Louis, MO, USA), BDNF
(10 ng/mL, EMD Biosciences, San Diego, CA, USA), and
NT-3 (10 ng/mL, EMD Biosciences, San Diego, CA,
USA). Neural differentiation was then initiated the fol-
lowing day by incubating the cells in neurogenic medium
[preinduction medium with 0.5 uM retinoic acid (Sigma,
St Louis, MO, USA) and hEGF (10 ng/mL, Sigma, St
Louis, MO, USA)]. The cells were then observed for dif-
ferentiation from 6 to 10 days.

Intraspinal grafting of stem cells

Basso, Beattie, Bresnahan locomotor rating scores were
obtained before transplantation of stem cells and every
week after SCI. Animals were re-anesthetized as described
above, and the laminectomy site was re-exposed. Sham
control group animals were injected 7 days after laminec-
tomy with 5 pL of sterile PBS using a 10 pL. Hamilton
syringe. The rMSC-treated group was injected 7 days after
injury, with 5 pl. mononuclear cell layer of rMSC
(5x10* cells/uL) diluted in sterile PBS into the contusion
site. These cells were delivered at a rate of 0.5 pL/min
using a 10 pL. Hamilton syringe. Thus, a total of
2.5x10° cells were grafted into each injured spinal cord.

Immunocytochemistry

Cultured rMSC were characterized with antibodies against
neural and astroglial markers. For this, cultured cells were
plated in 2-well chamber slides and rinsed twice with PBS,
then fixed in 4% paraformaldehyde. After additional PBS
rinses, cells were blocked with 0.1 M PBS with 1% BSA
for 1 h. Primary antibodies specific for neurons, oligo-
dendrocytes and astrocytes were used to label the plated
cells. Primary antibodies (1:100 dilution) specific for stem
cells mouse anti-integrin 1 (BD Biosciences, Franklin
Lakes, NJ, USA) or rabbit anti-integrin 1 (Chemicon,
Temecula, CA, USA)], for neurons rabbit anti-NF200
(Chemicon, Temecula, CA, USA), for oligodendrocytes
[mouse anti-CNPase (Abcam, Cambridge, MA, USA)] and
for astrocytes [rabbit anti-GFAP (Dako, Carpinteria, CA,
USA)] were diluted in 0.1 M PBS containing 1% BSA and
applied overnight at 4°C. Appropriate fluorescence-tagged
goat anti-mouse or anti-rabbit secondary antibodies were
diluted 1:200 in 0.1 M PBS containing 1% BSA and ap-
plied individually for 1-2 h at room temperature. The cells
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were observed using a fluorescence microscope (Olympus
IX71, Olympus, Melville, NY, USA) and a confocal
microscope (Olympus Fluoview, Olympus, Melville, NY,
USA) and photographed.

Immunohistochemistry and colocalization studies

At 3 weeks or 6 weeks post injury, rats were deeply
anesthetized with ketamine/xylazine and intracardially
perfused with 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). The spinal cord was removed and fixed for
2 h. Serial sections (5 pm) were made from a 2 mm length
of spinal cord centered on the injury epicenter. Represen-
tative sections were stained with hematoxylin and eosin
and Luxol fast blue to assess tissue morphology and
determine the injury epicenter. Serial sections (1 section
every 200 um) obtained from 1 to 2 mm of tissue rostral
and caudal to the epicenter were used for immunohisto-
chemical analysis of apoptosis by in situ TUNEL or acti-
vated caspase-3-mediated apoptotic proteins.

For in vivo differentiation, neuronal or glial markers
were detected using fluorescent staining. We used the
following primary antibodies: mouse anti-integrin 1 (BD
Biosciences, Franklin Lakes, NJ, USA) or rabbit anti-in-
tegrin 1 (Chemicon, Temecula, CA, USA), rabbit anti-
GFAP (Dako, Carpinteria, CA, USA), rabbit anti-NF200
(Chemicon, Temecula, CA, USA) and mouse anti-APC
(EMD Biosciences, San Diego, CA, USA). Rabbit anti-
Caspase 8 (Biovision, Mountain View, CA, USA), rabbit
anti-Caspase-3 (Cell Signaling Technology Inc., Beverly,
MA, USA) and rabbit anti-Caspase 10 (Cell Signaling
Technology Inc., Beverly, MA, USA) were used for im-
munostaining of caspases. After staining with primary
antibodies (1:100 dilution), the sections were washed thrice
in PBS (10 min/wash) and incubated in goat anti-mouse or
anti-rabbit HRP-conjugated secondary antibodies (1:200
dilution). After 1 h, sections were washed thrice in PBS
(10 min/wash), and incubated in DAB solution (Sigma, St
Louis, MO, USA) until staining was evident microscopi-
cally. For immunofluorescence studies, the sections were
washed thrice in PBS (10 min/wash) and incubated in
Texas Red conjugated anti-mouse secondary antibody or
FITC-conjugated anti-rabbit secondary antibody (all at
1:200 dilution) for 1 h at room temperature. Sections were
then washed thrice in PBS (10 min/wash), counter stained
with DAPI and cover slipped using fluorescent mounting
medium (Dako, Carpinteria, CA, USA), and observed
using both a fluorescence microscope (Olympus IX71,
Olympus, Melville, NY, USA) and a confocal microscope
(Olympus Fluoview, Olympus, Melville, NY, USA).
Negative controls (without primary antibody or using iso-
type specific IgG) were maintained for all the samples.

Sections in which polymerase was omitted were used as
negative control (for TUNEL).

Cell counting

All morphological analyses were performed with tissue
identified by animal number. Sections representing 1 and
2 mm of tissue from the injury epicenter of animals at 21
DPI and controls were used to quantify immunoreactive
cells. Cell counting was carried out in ten sections (five
rostral and five caudal to the injury epicenter) per segment
per animal in a 1 mm? area of the lateral and dorsal white
matter and dorsal gray matter using Image-Pro Discovery
software (Media Cybernetics, Silver Spring, MD, USA).
Apoptotic cells in the white and gray matter regions were
counted in three randomly chosen sections per 1 mm
length of spinal cord, and the numbers were averaged.
These regions were chosen because of the spared tissue
even after SCIL.

Subcellular fractionation and Western blot analysis

Different protein levels in spinal cord tissue at 3 weeks
after SCI were compared with those in laminectomy con-
trols and treated samples. For Western blot analysis, rats
were euthanized, and 5 mm lengths of spinal cord centered
on T10 (the injury site) were rapidly removed, weighed,
and frozen at —70°C until necessary for further experi-
mentation. The tissues were resuspended in 0.2 mL of
homogenization buffer pH 7.4 [250 mM sucrose, 10 mM
HEPES, 10 mM Tris—HCI, 10 mM KCl, 1% NP-40, 1 mM
NaF, 1 mM Na;VO,, 1 mM EDTA, 1 mM DTT, 0.5 mM
PMSF + protease inhibitors: 1 pg/mL pepstatin, 10 pg /
mL leupeptin and 10 pg/mL aprotinin] and homogenized
in a Dounce homogenizer. Tissue homogenate was cen-
trifuged at 20,000xg for 15 min at 4°C and the protein
levels in the supernatant were determined using the BCA
assay (Pierce, Rockford, IL, USA). Samples (40 pg of total
protein per well) were subjected to 10-14% SDS-PAGE
[25] and transferred onto nitrocellulose filters, and the
reaction was detected with Hyperfilm-MP autoradiography
film (Amersham, Piscataway, NJ, USA). For Western blot
analysis, the following antibodies were used: mouse anti-
Fas (1:5000; BD Biosciences, Franklin Lakes, NJ, USA),
rabbit anti-Caspase 8 (1:500; Biovision, Mountain View,
CA, USA), rabbit anti-Caspase-3 (1:1000; Cell Signaling
Technology Inc., Beverly, MA, USA), rabbit anti-Caspase
10 (1:1000; Cell Signaling Technology Inc., Beverly, MA,
USA), rabbit anti-PARP (1:1000; Cell Signaling Technol-
ogy Inc., Beverly, MA, USA), rabbit anti-XIAP (1:1000;
Cell Signaling Technology Inc., Beverly, MA, USA) and
mouse anti-GAPDH (1:1000; Novus Biologicals, Littleton,
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CO, USA). The membranes were blocked with 5% nonfat
skim milk in TBS for 1 h at room temperature and then
incubated with primary antibodies overnight at 4°C. The
membranes were then processed with HRP-conjugated
secondary antibodies. Immunoreactive bands were visual-
ized using chemiluminescence ECL Western blotting
detection reagents (Amersham, Piscataway, NJ, USA).
Experiments were performed in triplicate to ensure repro-
ducibility. Values for injured, treated and control samples
(n > 3 each group) were compared using one-way ANO-
VA. A p value of <0.05 was considered significant.

In situ terminal-deoxy-transferase-mediated dUTP nick
end labeling (TUNEL) assay

A TUNEL apoptosis detection kit (Upstate Biotechnology
Inc, Lake Placid, NY, USA) was used for DNA fragmen-
tation fluorescence staining according to the manufac-
turer’s protocol. Briefly, injured, treated and sham control
rats (n = 4) were perfusion-fixed with 4% paraformalde-
hyde 0.1 M phosphate buffer (pH 7.4). Serial 5 pm paraffin
spinal cord sections at 500 pum intervals were stained with
hematoxylin, eosin and Luxol Fast Blue to identify the
injury epicenter. Tissue sections at the injury epicenter and
at 1,000, 1,500 and 2,000 pm rostral and caudal were
incubated for 60 min with a reaction mix containing biotin-
dUTP and terminal deoxynucleotidyl transferase. Fluores-
cein-conjugated avidin was applied to the sample, which
was then incubated in the dark for 30 min. Positively
stained fluorescein-labeled cells were visualized and pho-
tographed by fluorescence microscopy. TUNEL-positive
nuclei were counted through the dorsal white and gray
matter regions of each section.

Determination of caspase-3 activity

Caspase-3 activity of tissue samples was measured using
Caspase-3 assay kit (Sigma, St. Louis, MO, USA). The
Caspase-3 colorimetric assay is based on the hydrolysis of
acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-pNA)
by caspase-3, resulting in the release of the p-nitroaniline
(pNA) moiety. p-Nitroaniline is detected at 405 nm
(émm = 10.5). The concentration of the pNA released from
the substrate is calculated from either the absorbance val-
ues at 405 nm or from a calibration curve prepared with
pNA standards. Tissues between 1 and 2 mm from the
injury epicenter were homogenized in 1 X lysis buffer
(250 mM HEPES, pH 7.4, 25 mM CHAPS, 25 mM DTT).
Tissue homogenates were centrifuged at 20,000xg for
15 min at 4°C in a microcentrifuge, and the supernatant
was used for the measurement of caspase-3 activity using a
96-well plate micro assay method. In a final volume of
100 pL, supernatant (=50 pg) of each test sample was
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incubated for 30 min at room temperature in the working
solution containing synthetic caspase-3 substrate, Ac-
DEVD-AMC. The absorbance was read at 405 nm in an
ELISA plate reader for a period of 30 min. Ac-DEVD-
CHO inhibitor was used for inhibitor studies. Caspase-3
activity was calculated using a p-nitroaniline calibration
curve, as micromolar per gram of wet tissue. The data is
plotted as A4s versus time for each sample and activity is
calculated as pmol/min.

Statistical analysis

Quantitative data from cell counts, Western blot analysis and
open field locomotor scores were evaluated for statistical
significance by one-way Analysis of Variance (ANOVA)
with replications. Data for each group were represented as
mean + SEM and compared with other groups for signifi-
cance by one-way ANOVA followed by Bonferroni’s post
hoc test (multiple comparison tests) using a statistical soft-
ware package—Graph Pad Prism version 3.02. Results were
considered statistically significant at p < 0.05.

Results
In vitro differentiation of rMSC to neural phenotypes

To establish the trans-differentiation potential of rMSC to
neural lineages before intraspinal grafting, we used double
immunofluorescence techniques under in vitro conditions.
Rat mesenchymal stem cells can be induced to differentiate
and express neural-specific antigens in neurogenic medium.
When exposed to hREGF/RA, rMSC morphologically appear
to take on some of the features of neural cells in culture,
such as long bipolar extensions and branching ends. After
neural culture, cells from rMSC expressed the neural anti-
gens found in neurons (NF200) (Fig. 1A), oligodendrocytes
(CNPase) (Fig. 1B) and astrocytes (GFAP) (Fig. 1C).
Complete neural differentiation was observed after 5 days
in culture for tMSC in culture (Fig. 1D, E). After differ-
entiation, these cells were maintained up to 30 days to avoid
any artifacts. These results were further confirmed by
Western blot analysis using both undifferentiated and dif-
ferentiated rtMSC (Fig. 1F). For comparison of neural pro-
teins, we used rat whole brain extract as positive control.
Differentiated rMSC show significant amounts of NF-200
(neural marker) and CNPase (oligodendrocyte marker), as
confirmed by quantitative analysis (Fig. 1G). About 70-
75% of rMSC showed trans-differentiation to neural phe-
notypes. Of the total differentiated population of rMSC,
cells expressing neural marker, NF-200 constituted the
major proportion (44.20%) followed by oligodendrocyte
marker, CNPase (32.47%) and astrocytic marker, GFAP
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Integrin f1
NF-200

l Undifferentiated rMSC
Differentiated rMSC

Fatio (arbitrary nits)

Fig. 1 In vitro differentiation of rMSC into neural phenotypes.
Photomicrographs of rMSC in mixed culture demonstrating neural
proteins expressed by the cells before transplantation. Dual staining of
(A) Texas-red conjugated -Integrin f1 (for rMSC) with FITC-
conjugated-NF-200, (B) Texas-red conjugated CNPase (for oligoden-
drocytes) with FITC-conjugated Integrin f1(for rMSC) and (C)
Texas-red conjugated -Integrin 1 (for rMSC) with FITC-conjugated-
GFAP (for astrocytes) demonstrates that rMSC in neural induction
medium differentiate into respective neural phenotypes. (D) Phase-
contrast image of undifferentiated rMSC. (E) Phase-contrast image of
differentiating rMSC after 3 days showing mixed population of neural
phenotypes. (F) Western blot showing neural proteins in differenti-
ated population. Equal amounts of protein (40 pg) were loaded onto

(23.33%). The rMSC expressed these markers only after
culture in the neurogenic differentiation media.

Survival and in vivo differentiation of rMSC in the
injured spinal cord

Further, we addressed the survival and trans-differentiation
of rtMSC in vivo in the injured spinal cord. Two weeks after
transplantation, robust survival of transplanted rMSC was
observed in the spinal cords of treated rats, with cells dis-

— W, CNPase

SN S GFAP uz r

Merged DAPI

) .-.

DS
oDse

Positive control

. ;
NF-200 i =

GAPDH

WFRNGARH O AP SRR

10-14% gels and transferred onto nylon membranes, which were then
probed with respective antibodies. The blots were stripped and
reprobed with GAPDH to assess protein levels. (G) Quantitative
estimation of neural proteins in Fig. F. (U-rMSC undifferentiated
rMSC, D-rMSC differentiated rMSC, Positive control indicates whole
brain extract of rat). The results are from nine independent cultures
(three parallel experiments from three separate passages of rMSC). A
subpopulation of rMSC-derived cells growing in a monolayer before
clone formation was found to be negative for all investigated
antigens. Merged figures include co-localized markers. For panels
(A-C), Bar = 100 pm. For panels (D and E), Bar = 200 um. (Error
bars indicate SEM. *Significant at p < 0.05)

tributed around the cavities throughout the injury site. The
highest density of rIMSC was at the area of primary injury,
and was gradually reduced as the border with intact spinal
cord tissue was approached. No rMSC cells were found in
areas of intact spinal cord. No similarly fluorescent cells
were found in SCI only animals (injured group). The
transplanted cells migrated up to 2 mm rostrocaudally in the
white matter. The differentiation of these rMSC into several
neural phenotypes in the injured spinal cord was traced by
immunofluorescence studies. Surviving stem cells labeled
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with antibodies against markers specific for rMSC (integrin
p1) could be visualized up to 5 weeks after intra spinal
grafting. In treated rats, co-localization of rMSC with
neurons (stained by NF-200) (Fig. 2A), oligodendrocytes
(stained by mature oligodendrocyte marker APC) (Fig. 2B)
and astrocytes (stained by GFAP) (Fig. 2C) significantly
establishes the differentiation of these stem cells to specific
neural phenotypes. Of the total differentiated stem cells
in vivo, most surviving rMSC were oligodendrocytes
(52.82%) and neurons (28.36%), with some rMSC-derived
astrocytes (18.82% were GFAP-labeled). In the rMSC
treated group, rMSC-differentiated neurons, astrocytes and
oligodendrocytes were observed up to 5 weeks in the dorsal
region of the injury epicenter, up to 2 mm rostrocaudally.

Cellular apoptosis after SCI is reduced by rMSC

We hypothesized that rMSC must reduce apoptosis within
a few weeks in order to restore neurological functions. As a

prelude to investigations on caspase-3 activation, we first
confirmed the occurrence of apoptosis in the spinal cord
after SCI using Hoechst 33343 nuclear staining and the
TUNEL method (Fig. 3). Since we observed the differen-
tiation of stem cells up to 2 mm of the injury epicenter, we
confined our study to this region rostrocaudally. Nuclear
staining with Hoechst 33343 identified the presence of
apoptotic cells in the injured spinal cord tissue (Fig. 3A).
Quantitative estimation of apoptotic cells indicates that
sham control rats had an average of 6 = 1 apoptotic cells
per mm? section regardless of whether the section was at 1
or 2 mm rostral or caudal to T10. In SCI rats, the number
of apoptotic cells increased up to 40 + 2, within the dorsal
white matter, especially around the lesion epicenter.
Notably, we observed significant reduction in the number
of apoptotic cells in rMSC-treated sections (13 = 1)
(Fig. 3B). Spinal cord sections from injured and treated
groups were analyzed for TUNEL-positive cells. Sham
control rats showed an average of 3 + 1 TUNEL-positive

Fig. 2 Transplanted rMSC differentiate into neurons, oligodendro-
cytes and astrocytes in vivo after SCI. Confocal immunohistochem-
istry on longitudinal sections of the injured spinal cords of rats 5
weeks after transplantation is shown. Seven days after spinal cord
injury, the rMSC -transplanted group received a 5 pL. mononuclear
cell layer of rMSC cells (5 x 10* cells/uL). Immunofluorescence
analysis of cryo-sections indicates co-localization (yellow) of (A)
FITC-conjugated NF-200 (a marker of neurons) with rMSC (Texas-
red conjugated-Integrin 1) and DAPI, (B) tMSC (FITC conjugated-
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Integrin 1) with Texas-red conjugated-APC (a marker of mature
oligodendrocytes) and (C) FITC-conjugated GFAP (a marker of
astrocytes) with rtMSC (Texas-red conjugated Integrin 1) following
transplantation into the injured spinal cords, shown by (arrows). The
tissue sections represent dorsal regions 2 mm from the lesion
epicenter (n = 3). The results are from three independent sections
between 1 and 2 mm from the injury epicenter from treated rats in
each group (n = 3). Bar = 100 pm
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Fig. 3 Expression of apoptotic
and TUNEL cells in spinal cord
sections of rats. (A ) Cryo-
sections from injured rats after 3
weeks stained with Hoechst
33343 shows apoptotic cells
with bright fluorescence,
TUNEL stained sections
showing TUNEL-positive cells
and merged image showing

Hoechst 33343

Merged
- L4

TUNEL cells on apoptotic cells
(arrows). Bar = 100 pm. (B)
Quantitative estimation of
apoptotic and TUNEL cells.
(Error bars indicate SEM.
*Significant at p < 0.05).
Results are from three
independent sections between 1
and 2 mm from the injury
epicenter (n = 3)

Mean no. of cells/section
n
(3]

OApoptotic cells
B TUNEL cells
*
1 [ heem
0 T T
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cells per mm? section regardless of whether the section was
at 1 or 2 mm rostral or caudal to T10. In contrast, in SCI
rats, there was an increase in TUNEL-positive cells to an
average of 31 + 1 within the dorsal white matter, espe-
cially around the lesion epicenter, accompanied by tissue
loss. However, in rMSC-treated sections TUNEL positive
cells showed significant reduction (6 + 1) (Fig. 3B).

Subsequently, we focused the analysis of TUNEL po-
sitive cells in a 1 mm? area of the sections taken at 1 and
2 mm caudal to the epicenter. Comparison of TUNEL
counts showed much difference between injured and trea-
ted rats at 21 days. Injured spinal cord tissues showed
higher numbers of TUNEL-positive cells in the vicinity of
1 and 2 mm from the injury epicenter, which upon treat-
ment with stem cells decreased significantly (Fig. 4). When
compared to rostral region, caudal region showed higher
numbers of TUNEL-positive cells. Similarly, higher num-
bers of TUNEL-positive cells were observed in the dorsal
surface as compared to lateral surface. Based on these re-
sults, we confined our study to the dorsal surface of caudal
region to the injury epicenter.

Down-regulation of caspase-3 activated extrinsic
pathway by rtMSC

Further, we decided to examine whether rMSC would de-
crease caspase-3 activation in the treated rats, by analyzing
caspase-3-mediated extrinsic pathway in injured and
rMSC-treated groups. In order to ascertain the activation of
caspases during apoptosis after SCI, we examined the
expression of caspases-3, -8 and -10 in tissue sections using
immunostaining and Western blotting for activated

caspases. We found greater activation of these caspases in
injured sections when compared to sham control and stem
cell-treated sections (Fig. 5) suggesting that less activation
of caspase enzymes occurs in rMSC-treated rats after SCI.

Increased activity of the caspase family of proteases is
associated with apoptosis, and it has been reported that
caspase-3 plays a crucial role in SCI-mediated apoptotic
cell death in the white matter [13, 20]. To ascertain the
activation of caspase-3 during apoptosis after SCI, both
injured and rMSC-treated samples were analyzed. Immu-
nohistochemical analysis of spinal cord sections revealed
the presence of active caspase-3 in injured sections not
only at the lesion epicenter, but also distributed in the gray

35
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30 EInjured
mOrMSC treated
25 4

Mean no. of TUNEL+ve
cells/section

2000pum 1500 um 1000 um
Caudal

1000 im 1500um 2000 im

. . Rostral
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Fig. 4 Quantitative estimation of apoptotic and TUNEL-positive
cells in the tissue sections up to 2 mm rostral and caudal to the injury
epicenter. (Error bars indicate SEM. * Significant at p < 0.05).
Results are from three independent sections between 1 and 2 mm
from the injury epicenter (n = 3)
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Fig. 5 Expression of caspases

after spinal cord injury. To A
evaluate the expression of
caspases after SCI, we used
diamino benzidine (DAB)
immunostaining with antibodies
for caspases 8, 10 and 3. The
sections are counter stained with
hematoxylin for nuclear
localization. Notably, the
immunoreactivity is much
higher in the injured sections
than in the treated sections
(arrows). Results are from three
independent sections between 1
and 2 mm from the injury
epicenter (n = 3).

Bar = 100 pm
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Caspase-10 ;

Caspase-3

matter up to two segments away from the site of impact.
We analyzed the number of caspase-3-positive cells in the
white matter and gray matter in 1 mm? areas. In SCI rats,
caspase-3 positive cells are present at an average of 27 + 1
which is more than twofold compared to rMSC-treated rats
(10 = 1) (Fig. 6A). In SCI animals, the rostral portion
contained a lower number of caspase-3 positive cells than
the caudal portion (data not shown). This is consistent with
previous studies, which have reported that cells caudal to
the injury epicenter exhibit more apoptosis as compared to
the cells rostral to the epicenter [13].

Further, activity of caspase-3 enzyme in the tissues
shows higher activity in the injured lysates compared to
rMSC-treated tissues (Fig. 6B). In rMSC-treated rats, this
activity is almost comparable to that of sham control
uninjured rats, which confirms that some repair mecha-
nisms are implicated by the rMSC. To understand the
molecular mechanism of caspase-3 downregulation by
rMSC, caspase-3-mediated apoptotic pathway proteins
were analyzed by Western blot analysis (Fig. 7). Increase
in the death ligand Fas was observed in the injured tissues
as compared to rtMSC treated tissues (Fig. 7A, B). The
activation of Fas in the injured tissues triggered the acti-
vation of caspases-8, -10 and -3, which were efficiently
downregulated by rMSC. On the other hand, in rMSC
treatments upregulation of FLIP and XIAP was observed
(Fig. 7C, D); these proteins are believed to serve as
checkpoints of the apoptotic pathway in the cytosol. At the
nuclear level, rMSC inhibited the cleavage of PARP. These
data provide strong evidence that caspase-3 is implicated in
the apoptotic cascade after SCI, and that rMSC probably
inhibit apoptosis either by increasing the expression of
FLIP and XIAP at the cytosolic level or by inhibiting the

@ Springer

Sham control
b CRPE

breakdown of PARP at the level of nucleus. Increase in
caspase-3 and related apoptotic pathway proteins’ expres-
sion, the caspase-3 enzymatic assay results, and the nicking
of chromatin support the occurrence of Fas-triggered cas-
pase-3 activated apoptosis after traumatic SCI, which was
efficiently downregulated by rMSC treatments.

In order to demonstrate the type of neuronal cells par-
ticipating in the process of apoptosis, co-localization
experiments were performed using caspase-3 with APC
and NF-200 antibodies. Caspase-3 activity was found in
both neurons and oligodendrocytes (Fig. 8). The presence
of higher number of caspase-3-positive neurons (Fig. 8-
A, C) and oligodendrocytes (Fig. 8B, D) in injured sec-
tions establishes the role of caspase-3 on oligodendrocyte
and neurons after SCI, which showed a decreasing trend in
rMSC-treated sections. Quantitation of the number of
caspase-3-positive neurons and oligodendrocytes (Fig. 8E)
indicated that oligodendrocytes comprise a major popula-
tion of the cells that undergo caspase-3-mediated apoptosis.
However, in stem cell treatments, there was significant
reduction in the number of apoptotic cells. Twenty-one
days after injury, caspase-3-positive cells were observed at
both 1 and 2 mm regions supporting previous results that
SCI activates a caspase-3-dependent apoptotic pathway in
glial cells [13, 19].

Recovery of locomotor function by rMSC
BBB Scoring

Finally, we tested whether inhibition of apoptotic pathway
proteins by rMSC can be correlated with the functional
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Fig. 6 Caspase-3 activity in injured spinal cords. (A) Quantitative
estimation of the number of caspase-positive cells in each section.
Results are from three independent sections between 1 and 2 mm
caudal to the injury epicenter (n = 3). (B) Caspase-3 enzyme activity
was assayed in tissue lysates of spinal cord. Equal amounts of protein
(50 ng) were assayed for caspase-3 activity for 30 min in an ELISA
plate reader, measuring absorption at 405 nm. Purified caspase-3
enzyme was used as a positive control. The injured tissues show
maximum enzymatic activity when compared to the treated tissues,
which show activity similar to that of the control groups. Inh. = Ac-
DEVD-CHO inhibitor. (Error bars indicate SEM. *Significant at
p < 0.05). The experiment is repeated twice with triplicates (n = 3)

recovery of rats. The effect of rMSC on recovery of
locomotor function after SCI was evaluated according to
21-point locomotor BBB scale, which is widely used [23].
All injured rats receiving the experimental treatments
exhibited a severe locomotion deficit one day after surgery
(Fig. 9A). The mean BBB score in the injured group was
5.04 £ 0.2 compared to 4.23 + 0.5 in the rMSC-treated
group before transplantation (7 days after SCI). Recovery
of function improved slowly but steadily over the course of
the 3-week observation period in the rMSC-treated group.
Rats in the transplanted group showed a significant
improvement in the BBB scale relative to the injured
group. For instance, after 14 days post-transplantation,
some rMSC-treated rats were able to support their weight
on the dorsal part of the paws while stationary or stepping,
and others exhibited frequent to consistent steps with or
without coordination (average BBB score of 12.95 + 0.15).

In contrast, injured rats only displayed movement of all
three joints with occasional plantar placement, corre-
sponding to an average BBB score of 9.65 + 0.21. Our
results further indicate that the improved recovery of
function in the transplanted group was exclusive to the
beneficial effects of rtMSC transplantation, because there
was no significant difference in the performance of the
injured group.

Narrow-beam crossing

This test reflects the capability of the animals to maintain
balance while walking on beams with increasing degrees of
difficulty (smaller diameter, round versus square). Before
injury, all of the animals could cross the three differently
shaped beams without any balancing difficulties (6 points)
(Fig. 9B). Seven days after the injury, the average narrow-
beam score of the injured rats was severely reduced from 6
to 0.32 + 0.05 points, indicating that most rats lost balance
as soon as they were placed on the beams. After 1 week of
rMSC transplantation, treated rats showed an average score
of 1.25 + 0.12, reflecting their ability to cross the whole
length of the broadest beam. Over the next week, the
performance in this test recovered modestly, so that 14
days after the rMSC grafting, the average narrow-beam
score of the injured group was 0.82 + 0.17 and that of the
rMSC-treated was 1.62 + 0.21. One rMSC-treated rat was
able to cross all three beams. Statistically, rMSC treatment
led to a significant improvement 14 days after transplan-
tation (p < 0.05), which consistently increased during the
whole testing period when compared with the injured
group.

Discussion

In the present study, we demonstrated that rMSC improved
functional recovery in rats after SCI. They also reduced
the number of apoptotic neurons and oligodendrocytes,
and promoted the regeneration or sparing of axons in the
injured spinal cord. Degeneration of spinal cord white
matter after injury contributes substantially to the patho-
physiology of SCI. Even after severe contusive SCI, sur-
viving axons persist in the subpial rim of white matter but
exhibit demyelination, which occurs secondary to oligo-
dendroglial cell death, and limited myelin gene expression
as well as limited oligodendrocyte renewal after SCI [5,
22, 26]. Also, neurons and oligodendrocytes are highly
vulnerable to various insults, and their spontaneous
replacement occurs to only a limited extent after damage
in the adult spinal cord [27]. As treating SCI requires
repairing the initial injury of severed fiber tracts as well as
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Fig. 7 Immunoblot analysis of caspase-3-mediated apoptotic path-
way in spinal cord sections. Equal amounts of protein (40 pg) were
loaded onto 10-14% gels and transferred onto nylon membranes,
which were then probed with respective antibodies. The blots were
stripped and reprobed with GAPDH to assess protein levels. (A and
C) shows the Fas and caspase-3 mediated apoptotic pathway proteins
with respect to GAPDH; (B and D) are their quantitative estimations,

fighting widespread secondary damage, stem cell therapy
may provide new cells for the regeneration of damaged
tissue in the injured areas and new oligodendrocytes for
remyelination of injured fiber tracts. Also, through trophic
support and extracellular matrix changes, stem cells may
counteract factors in the lesioned environment that inhibit
axonal regeneration [28]. Apart from other types of stem
cells, bone marrow stem cells have been studied as can-
didates for cell replacement therapy as reported previously
[29-32]. Recently, Cizkova et al. [33] used human mes-
enchymal stem cells (hMSCs) derived from adult bone
marrow. They observed that the transplanted cells were
found to infiltrate mainly into the ventrolateral white
matter tracts, spreading also to adjacent segments located
rostro-caudal to the injury epicenter and further concluded
that hMSCs might facilitate recovery from SCI by re-
myelinating spared white matter tracts and/or by enhanc-
ing axonal growth.

In the present study, we showed transdifferentiation of
bone marrow stem cells to neural phenotypes. Since we used
the neurogenic medium that promotes differentiation of a
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o (arbitrary units)

mixed culture of neuronal population, trans-differentiation
of rMSC to neurons, oligodendrocytes and astrocytes was
observed in vitro, with neurons being the major population.
In contrast, in the injured spinal cord, rMSC differentiated
mostly to oligodendrocytes rather than neurons. Since the
injured spinal cord will have mostly demyelinated neurons,
rMSC probably are more involved in the remyelination of
injured fiber tracts. This finding supports the view that
transplanted stem cells would ideally replace injured neu-
rons and glial cells by generating new cells [30]. These
findings are consistent with the previous results [34-38]
reporting that stem cells could migrate and accumulate in the
injured areas, differentiate into neural cells and improve the
functional recovery of these animals. However, the molec-
ular mechanisms of trans-differentiation of rMSC and their
survival in vivo for longer periods are being studied.
Similar to our results, apoptotic cell death which pre-
dominantly affects oligodendrocytes [6, 8, 22, 26], has
been reported up to 3 weeks following SCI [8]. Decreased
apoptosis in rMSC treatments was evident by TUNEL and
caspase-3 activation assays. Apoptosis of neurons and ol-
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Fig. 8 Immunofluorescence analysis of caspase-3 expression in
neurons and oligodendrocytes. Photomicrographs illustrate co-local-
ization (yellow) of activated caspase-3 (FITC-conjugated) with (A)
NF-200 (Texas-red conjugated) and (B) with APC (Texas-red
conjugated) in the dorsal white matter and gray matter (arrows),
following spinal cord contusion. The tissue sections represent regions
between 1 and 2 mm caudal from the lesion epicenter. (A and B)
showing the injured area at low magnification. (C and D) showing
expression of caspase-3 on neurons and oligodendrocytes, respec-

igodendrocytes involves the activation of caspase-3 after
traumatic injury to the spinal cord. Our results show that
death of injured spinal cord cells in both gray and white
matter following moderate SCI involves processing of
caspases-8, -3 and -10 and cleavage of XIAP and PARP,
thus contributing probably to the apoptotic death of cells in
the spinal cord. In the present study, rMSC attenuates both
neuronal and oligodendroglial apoptosis after SCI by down
regulating the caspase-3-mediated apoptotic pathway. One
of the possible mechanisms by which rMSC downregulate
the caspase-3 activation is by inhibiting Fas at the level of
plasma membrane. Downregulation of Fas receptor and
caspase-3-mediated apoptotic proteins results in improved
neurological recovery after SCI, with improved axonal
survival and regeneration of neurons and oligodendrocytes.
These findings implicate the caspase-3 pathway in apop-
totic secondary mechanisms after SCI, particularly in
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tively, at higher magnification. For panels (A and B), Bar = 200 pm.
For panels (C and D), Bar = 100 pm. (E) Quantitation of apoptotic
neurons and oligodendrocytes in tissue sections. Values represent
mean = SEM values of at least three sections with duplicates from
each condition. *Significant at p < 0.05. A large number of caspase-3
positive cells are present in the injured sections, whereas the rMSC-
treated sections exhibit a decreasing trend of caspase-3 positive cells.
Results are from three independent sections between 1 and 2 mm
from the injury epicenter (n = 3)

neurons and oligodendrocytes. The effect of downregula-
tion of caspase-3 in preserving mostly oligodendrocytes is
consistent with the observation that post-traumatic apop-
tosis in the spinal cord occurs largely in oligodendrocytes
[5, 6, 14,22, 26]. In the present investigation, rMSC appear
to show the neuroprotective effects to attenuate apoptotic
processes by downregulating caspase-3 and other extrinsic
pathway proteins during secondary damage of SCI. The
anti-caspase-3 activity of rMSC is attributable to downre-
gulation of apoptotic proteins of the extrinsic pathway,
which altered the number of caspase-3-positive cells.
Similar to our studies, reduction of caspase activity by
synthetic peptide-based inhibitors has been demonstrated
to attenuate neuronal apoptosis and the spread of secondary
damage in animal models of CNS trauma [39, 40].
Further, tMSC promoted upregulation of inhibitors FLIP
and XIAP in the cytosol and inhibited PARP cleavage in the
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Fig. 9 Functional recovery of rats after rMSC treatments. (A) BBB
scores of rats with SCI before and after rMSC transplantation at 7
days post SCI indicate that rMSC transplantation significantly
improved hind limb performance in both hind legs. Repeated-
measures of ANOVA followed by Bonferroni’s post hoc tests showed
that BBB scores in rtMSC-grafted animals were significantly higher
than those in injured-untreated animals (*p < 0.05). Each point
represents the highest locomotor score achieved each day. (B) Time
course of the recovery in rMSC-treated rats in the narrow-beam test.
The ability of the rats to walk on differently shaped wooden beams is
scored from O to 6 (see Sect. ’’Methods’’). Downward arrow
indicates transplantation point. Error bars indicate SEM (n > 5 per
group)

nucleus. Inhibition of signal transduction by manipulation
of molecules such as FLICE (caspase 8) inhibitory protein
(FLIP) has not yet been explored. This study provides an
evidence that rMSC downregulate caspase-3 extrinsic
pathway by increasing the expression of FLIP and XIAP in
the cytosol. Activated caspase-3 enzyme contributes to the
execution of apoptosis via PARP. This study shows that an
up-regulation of PARP after SCI plays an important role in
the execution of apoptosis in the injured spinal cord and it
can be the potential site for therapeutic intervention after
SCI. This is consistent with the previous reports showing
that treatment with PARP inhibitors reduces the develop-
ment of inflammation and tissue injury events associated
with spinal cord trauma [41-43]. Taken together, rat mes-
enchymal stem cells used in the present study reduced Fas
and activated caspase-3 immunoreactivity in the white
matter and gray matter, indicating that these cells can be
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used to limit the spread of secondary injury. In addition, we
found evidence of enhanced neuronal and oligodendrocyte
preservation in rMSC-treated rats. There is a significant
effect of rMSC in increasing the number of surviving neu-
rons and oligodendrocytes at 14 days after grafting.

In our study, comparing the rMSC-treated animals to the
injured rats, we found significant functional recovery after 2
weeks of rMSC transplantation, improvement in the number
of intact axons across the injury site and a decrease in white
matter loss. The locomotor recovery of treated rats suggests
that the caspase-3 pathway cascade provides a potential
therapeutic target in the treatment of SCI. In conclusion,
grafted rMSC may contribute to the functional restoration
through a combination of regenerating neurons and provid-
ing oligodendrocytes for remyelination and inhibit neuronal
and oligodendroglial apoptosis through downregulation of
caspase-3 pathway cascade. However, successful develop-
ment of rtMSC therapy for SCI will require a better under-
standing of the intrinsic properties of these stem cells, the
microenvironment, host—graft interactions and subsequently
greater functional improvements. Ongoing behavioral and
biochemical assessments of the long-term positive effects of
rMSC will provide further insight regarding the therapeutic
potential of these stem cells for SCI.
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