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ABSTRACT
Background: Our previous studies showed that transfer of
hepatocyte growth factor (HGF) gene or transplantation of
marrow stromal cells (MSCs) remarkably attenuated neuro-
logic injuries after spinal cord ischemia. We sought to inves-
tigate a novel neuroprotective strategy of transplantation of
human HGF gene-modified MSCs on ischemic spinal cords.
Methods: Human HGF gene was transferred into MSCs in
vitro. The HGF gene-modified MSCs were transplanted by
means of intrathecal injection. Two days later, spinal cord isch-
emia was induced by occlusion of the infrarenal aorta with a
balloon catheter for 40 or 50 min. Hind-limb motor function
was assessed during a 14-day recovery period with Tarlov crite-
ria, and then histologic examination was performed.
Results: Human HGF was detected in the cerebrospinal fluid
from 2 to 16 days after transplantation of HGF gene-modified
MSCs. Compared with the controls, transplantation of HGF
gene-modified MSCs or MSCs alone significantly improved the
Tarlov scores 1, 2, 7, and 14 days after spinal cord ischemia of 40
or 50 min (P � 0.01, respectively) and increased the number of
intact motor neurons in the lumbar spinal cord (P � 0.01,
respectively). When the ischemic period was extended to 50

min, the Tarlov scores and the number of intact motor neurons
of rabbits transplanted with HGF gene-modified MSCs were
markedly higher than those of the rabbits transplanted with
MSCs only (P � 0.05, respectively).
Conclusions: Transplantation of HGF gene-modified MSCs
induces powerful neuroprotection on spinal cords against isch-
emia-reperfusion injury and is more therapeutically efficient
than transplantation of MSCs only.

PARAPLEGIA remains a major devastating and unpredict-
able complication after surgical repair of descending and

thoracoabdominal aortic aneurysms. This complication is at-
tributed primarily to temporary or permanent intervention of
the blood supply of spinal cords. Regardless of the progress with
surgical techniques and pharmacologic interventions, the inci-
dence of paraplegia is still high at 6.6–8.3% in patients with
extent II thoracoabdominal aortic aneurysms.1,2

Hepatocyte growth factor (HGF) was originally found
from plasma and serum as a molecule that could stimulate
DNA synthesis in rat and human hepatocytes.3 HGF has
been identified as a potential angiogenetic factor.4 Moreover,
HGF also plays a role as a neurotrophic and survival factor to
maintain the structure and function of the nervous system.5

HGF has been reported to induce versatile neuroprotective
effects both in vitro and in vivo.6 In our previous report,
transfer of human HGF gene has been shown to attenuate
the neurologic injury caused by spinal cord ischemia, as evi-
denced by the improvement of hind-limb motor function
and the protection of the motor neurons.7
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What We Already Know about This Topic

❖ Both growth factors and transplantation of marrow stromal
cells (MSCs) have the potential to attenuate neurologic injuries
after spinal cord ischemia.

What This Article Tells Us That Is New

❖ Transplantation of human growth factor gene-modified MSCs
can provide spinal cord neuroprotection in the setting of isch-
emia-reperfusion injury.
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Bone marrow contains the precursors of nonhematopoi-
etic tissues that are referred to as mesenchymal stem cells or
marrow stromal cells (MSCs). In different microenviron-
ments, MSCs can differentiate into multiple mesodermal
lineage cells as well as neuroectodermal cells.8,9 MSCs have
been considered to be a source for autoplastic therapies to
central nervous system injuries. Several research studies have
reported that transplantation of MSCs improved functional
recovery after stroke.10,11 We reported that, in a rabbit model
of spinal cord ischemia, prophylactic transplantation of
MSCs markedly protected spinal cords against ischemia-
reperfusion injury.12

Recent experiments indicated that the existing therapeu-
tic potential of MSCs could be enhanced by gene transduc-
tion. Brain-derived neurotrophic factor gene-modified
MSCs were shown to promote functional recovery and re-
duce infarct size in the rat cerebral artery occlusion model.13

Transplantation of angiopoietin-1 gene-modified human
MSCs showed enhanced regions of increased angiogenesis at
the lesion border and modest additional improvement in
functional outcome after cerebral ischemia.14 Furthermore,
transplantation of human MSCs transfected with both an-
giopoietin-1 gene and the vascular endothelial growth factor
gene showed a greater structural-functional recovery after
cerebral ischemia than transplantation of human MSCs
only.15 The HGF gene was also used to modify MSCs and
further enhanced the neuroprotective effects of MSCs in a
stroke model of rat.16

Collectively, these results led to the hypothesis that addi-
tional neuroprotection against ischemia-reperfusion injury
of spinal cords can be induced by transplantation of HGF
gene-modified MSCs. In the current study, the human HGF
gene was transferred into MSCs by using the hemagglutinat-
ing virus of Japan (HVJ)–envelope vector. We investigated
whether intrathecal injection of HGF gene-modified MSCs
could improve the neuroprotective effects in a well-charac-
terized rabbit model of spinal cord ischemia.

Materials and Methods

Animal Care and Surgical Procedure
Japanese white rabbits weighing 1.8–2.5 kg were used in the
study. The animal protocol was approved by the Ethics Review
Committee for Animal Experimentation of Hamamatsu Uni-
versity School of Medicine (Hamamatsu, Japan) and was in
accordance with the National Institutes of Health Guide for the
Use and Care of Laboratory Animals (National Institutes of
Health, Bethesda, MD).

Surgical preparation was conducted according to the
method described previously.17 The rabbits were anesthetized
with intravenous sodium pentobarbital (25 mg/kg). Core body
temperature was continuously monitored with a rectal probe
and was maintained at 38.5 � 0.5°C with the aid of a heating
lamp. A 4-French balloon-tipped catheter (Goodtec, Inc., Hun-
tington Beach, CA) was inserted through an arteriotomy in the
left femoral artery and advanced 15 cm forward into the abdom-

inal aorta. Preliminary investigations confirmed that the balloon
should be positioned 0.5–1.2 cm distal to the left renal artery.18

After systemic heparinization (200 mg/kg), spinal cord ischemia
was induced by inflation of the balloon. Complete aortic occlu-
sion was confirmed by reduction in distal aortic blood pressure
to less than 20 mmHg, which was measured through the side
hole of the balloon catheter. At the end of the operation, the
catheter was removed and the femoral artery was reconstructed.

Preparation of HVJ-envelope Vector
Human HGF complementary DNA (2.2 kilobases) was in-
serted between the EcoRI and NotI sites of the pUC-Sr ex-
pression vector plasmid to produce an HGF expression plas-
mid.19 HVJ-envelope vector was prepared according to the
procedures recommended by the manufacturer (Ishihara
Sangyo Kaisha, LTD., Osaka, Japan). In brief, HVJ-enve-
lope (20 Assay Units) was mixed with 200 �g plasmid DNA
and 0.3% Triton-X. After centrifugation, the mixture was
washed with 1 ml balanced salt solution to remove the deter-
gent and unincorporated DNA. Then the envelope vector
was suspended in phosphate-buffered saline, and the suspen-
sion was stored at 4°C until use.

MSCs Culture
MSCs were isolated and cultured as described previously.12 Bro-
modeoxyuridine (BrdU; 3 �g/ml [Sigma, St. Louis, MO]) was
added into the medium 72 h before transplantation.

Gene Delivery to MSCs In Vitro
The cultured MSCs from the fifth to seventh passages were
infected with the HVJ-envelope vector suspension by incuba-
tion for 1 h at a multiplicity of infection of 10. After infection,
the envelope suspension was changed to normal culture me-
dium for MSCs and the infected MSCs were continuously cul-
tured for the subsequent 24 h before transplantation.

Intrathecal Injection
After anesthesia with pentobarbital, the intervertebral space
between L5 and L6 was punctured with a 16-gauge needle,
and polyethylene-10 tubing was inserted through it into the
subarachnoid space. The desired position of the catheter was
confirmed by cautious aspiration of cerebrospinal fluid
(CSF). After intrathecal injection of either the MSCs or the
vehicle, the catheter was removed. Then, the animals were
placed head up for 60 min. The animals were included in the
study only if they had a normal hind-limb motor function 2
days after intrathecal injection.12

Measurement of Human HGF Concentration
In vitro, approximately 2 � 105 MSCs were cultured in each
well of a six-well dish. The MSCs were transferred with the
human HGF gene by incubation with the HVJ-envelope
vector at multiplicity of infection of 0, 1, 5, or 10 for 1 h.
Then, the MSCs were cultured with normal medium for
another 24 h. The culture supernatant was collected to mea-
sure the concentration of human HGF.
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CSF (100 �l) was collected by means of intrathecal punc-
ture before transplantation of MSCs and 2, 9, and 16 days
after transplantation to measure the concentration of human
HGF. The concentration of HGF was determined by means
of enzyme immunoassay with an antihuman HGF antibody
(Institute of Immunology, Tokyo, Japan) that reacts only
with human HGF and not with rabbit HGF.7,20

Experimental Protocol
Rabbits were assigned to seven groups randomly by means of
the random number table (n � 4 for the sham group; n � 8
for each of the other six groups), as shown in figure 1. Sham
rabbits received the same surgical procedure without spinal
cord ischemia. Two days before spinal cord ischemia, ap-
proximately 108 MSCs or human HGF gene-modified
MSCs (HGF-MSCs) in a total fluid volume of 0.2 ml were
intrathecally injected into each rabbit of groups of MSCs A,
MSCs B, HGF-MSCs A, or HGF-MSCs B, whereas the
vehicle alone of the same volume was injected into the two
corresponding control groups. Groups of control A, MSCs
A, and HGF-MSCs A were subjected to a 40-min spinal cord
ischemia, and the ischemic duration was extended to 50 min
in groups of control B, MSCs B, and HGF-MSCs B.

Neurologic Assessment
During a 14-day recovery after ischemia, hind-limb motor func-
tion was assessed by two blinded observers using the modified

Tarlov scale: 0, no movement; 1, slight movement; 2, sit with
assistance; 3, sit alone; 4, weak hop; and 5, normal hop.21

Histologic and Immunohistochemical Study
All animals were killed 14 days after the transient ischemia.
Paraffin-embedded sections (4 �m) of lumbar spinal cords
(L4–L6) were stained with hematoxylin and eosin. In cases in
which the cytoplasm was diffusely eosinophilic, the large motor
neuron cells were considered to be necrotic or dead. When the
cells demonstrated basophilic stippling (containing Nissl sub-
stance), the motor-neuron cells were considered to be viable or
alive.22 The intact motor neurons in the ventral gray matter
were counted by a blinded investigator in three sections for each
rabbit, and the results were then averaged.

Immunohistochemical staining with the monoclonal anti-
body against BrdU (Lab Vision, Fremont, CA) was used to
identify cells derived from MSCs as described previously.23 The
BrdU-positive cells in the ventral gray matter of the lumbar
spinal cords were counted and averaged in three slides.

Statistical Analysis
Values were expressed as mean � SD. Statistical analysis of
the neurologic scores and the number of intact large motor
neurons were performed with Kruskal-Wallis test. For para-
metric values, unpaired t test, a one- or a two-way repeated-
measures (time and group) analysis of variance, as appropri-

Fig. 1. Experimental groups and protocol. A � ischemia for 40 min; B � ischemia for 50 min; HGF � hepatocyte growth factor;
HGF-MSCs � HGF gene-modified marrow stromal cells; MSCs � marrow stromal cells.
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ate, followed by unpaired Student t tests with the Bonferroni
correction were used. All statistical analysis was performed
using SPSS version 11.5 (SPSS, Inc., Chicago, IL). A two-
sided P value of less than 0.05 was considered statistically
significant.

Results

Physiologic Parameters
Table 1 indicates the physiologic parameters from all the
groups. The mean blood pressure of distal aorta of all the

groups except the sham group was significantly decreased
during the aortic occlusion (P � 0.01 vs. baseline, respec-
tively). There were no significant differences in body weight
(F � 0.552, P � 0.766), blood pressure, or heart rate or
rectal temperature among the groups at any time point (P �
0.05, respectively).

Concentration of Human HGF
After MSCs were infected with HVJ-envelope containing
human HGF plasmid, human HGF was detected in the cul-
ture supernatant. The concentration of human HGF in-

Table 1. Physiologic Parameters

Parameter Sham

A B

Control MSCs HGF-MSCs Control MSCs HGF-MSCs

Body weight, kg 2.2 � 0.1 2.2 � 0.2 2.1 � 0.2 2.1 � 0.1 2.2 � 0.2 2.1 � 0.2 2.2 � 0.2
Proximal MAP,

mmHg
Baseline 89.5 � 3.9 91.1 � 2.5 89.3 � 3.3 89.4 � 3.5 92.0 � 2.5 87.1 � 1.2 92.5 � 2.6
Ischemia 10 min — 91.1 � 2.0 89.3 � 3.9 90.8 � 2.3 91.8 � 2.8 88.4 � 2.5 91.5 � 2.9
Ischemia 20 min — 89.8 � 1.3 91.8 � 2.4 90.9 � 2.9 91.0 � 2.3 90.4 � 1.8 91.5 � 1.9
Ischemia 30 min — 91.0 � 1.7 91.5 � 1.6 92.1 � 2.0 91.4 � 1.9 91.6 � 1.6 91.0 � 1.5
Ischemia 40 min — 89.3 � 1.3 91.3 � 1.2 90.6 � 1.9 90.0 � 1.5 91.3 � 1.5 90.8 � 2.4
Ischemia 50 min — — — — 89.9 � 1.1 90.6 � 1.5 88.5 � 2.3
Reperfusion 20

min
— 88.6 � 3.1 89.6 � 3.6 88.0 � 2.0 89.9 � 2.9 88.8 � 2.1 87.9 � 2.4

Distal MAP,
mmHg

Baseline 90.0 � 2.9 90.1 � 5.3 89.5 � 1.9 89.9 � 2.2 92.4 � 2.7 90.4 � 1.9 89.6 � 2.6
Ischemia 10 min — 14.8 � 1.8* 15.0 � 1.3* 15.3 � 1.7* 15.4 � 1.8* 15.3 � 1.8* 15.8 � 1.5*
Ischemia 20 min — 15.5 � 1.6* 14.8 � 1.5* 15.9 � 1.2* 15.1 � 1.5* 15.4 � 1.3* 15.0 � 1.3*
Ischemia 30 min — 15.3 � 1.0* 15.5 � 1.5* 15.0 � 1.6* 15.1 � 1.1* 15.3 � 1.0* 14.8 � 1.3*
Ischemia 40 min — 14.8 � 1.0* 15.0 � 1.3* 15.3 � 1.3* 15.8 � 1.3* 14.8 � 1.3* 15.1 � 1.2*
Ischemia 50 min — — — — 14.4 � 1.1* 15.4 � 1.1* 15.1 � 1.1*
Reperfusion 20

min
— 87.9 � 2.2 88.8 � 3.9 87.0 � 1.3 89.5 � 3.7 86.6 � 2.1 86.9 � 1.7

Heart rate,
beats/min

Baseline 246.3 � 5.6 248.9 � 8.7 242.9 � 7.9 246.8 � 4.7 247.6 � 13.8 243.3 � 9.7 243.4 � 9.1
Ischemia 10 min — 249.8 � 9.8 240.9 � 5.1 248.5 � 11.6 247.0 � 8.0 238.8 � 5.2 247.4 � 6.1
Ischemia 20 min — 243.6 � 10.3 249.4 � 7.7 251.3 � 12.3 251.0 � 15.0 252.4 � 8.7 248.1 � 10.6
Ischemia 30 min — 246.3 � 8.6 249.8 � 12.7 247.6 � 12.9 247.9 � 6.6 245.1 � 6.7 241.8 � 11.1
Ischemia 40 min — 246.4 � 12.4 253.6 � 6.7 242.9 � 6.0 245.9 � 10.0 240.6 � 8.7 250.0 � 15.1
Ischemia 50 min — — — — 244.5 � 10.3 241.4 � 6.3 249.8 � 11.0
Reperfusion 20

min
— 246.8 � 8.8 243.5 � 9.8 249.3 � 8.3 253.8 � 8.9 243.8 � 5.4 252.5 � 8.2

Rectal
temperature, °C

Baseline 38.4 � 0.3 38.4 � 0.2 38.6 � 0.5 38.6 � 0.3 38.7 � 0.1 38.7 � 0.2 38.4 � 0.5
Ischemia 10 min — 38.8 � 0.3 38.5 � 0.4 38.2 � 0.4 38.7 � 0.3 38.5 � 0.3 38.5 � 0.5
Ischemia 20 min — 38.6 � 0.2 38.5 � 0.2 38.7 � 0.2 38.7 � 0.3 38.6 � 0.2 38.5 � 0.2
Ischemia 30 min — 38.6 � 0.4 38.5 � 0.3 38.6 � 0.2 38.4 � 0.1 38.5 � 0.3 38.3 � 0.2
Ischemia 40 min — 38.6 � 0.4 38.3 � 0.3 38.6 � 0.2 38.4 � 0.4 38.2 � 0.4 38.4 � 0.3
Ischemia 50 min — — — — 38.4 � 0.2 38.6 � 0.3 38.6 � 0.2
Reperfusion 20

min
— 38.8 � 0.3 38.7 � 0.2 38.4 � 0.3 38.5 � 0.4 38.6 � 0.5 38.7 � 0.2

Values are given as mean � SD.
* P � 0.01 compared with baseline.
A � ischemia for 40 min; B � ischemia for 50 min; HGF � hepatocyte growth factor; HGF-MSCs � HGF gene-modified marrow stromal
cells; MAP � mean arterial pressure; MSCs � marrow stromal cells.
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creased with the increase of multiplicity of infection, as
shown in figure 2.

Human HGF protein was readily detected in CSF from 2
to 16 days after transplantation of HGF gene-modified
MSCs, but not before transplantation, as shown in figure 3.
No significant difference of the concentration of human
HGF was found between groups of HGF-MSCs A and
HGF-MSCs B at any observation time point (t � 0.155, P �
0.879; t � 0.576, P � 0.574; t � 0.882, P � 0.393; respec-
tively). However, no such expression could be detected in
control animals or animals that received transplantation of
MSCs only at any defined time point.

Migration of Transplanted Cells
In vitro, more than 90% of the cultured MSCs or HGF-
MSCs showed BrdU reactivity. Within the spinal cord,
transplanted MSCs or HGF-MSCs were identified by BrdU
immunoreactivity and characterized by round-to-oval dark
brown nuclei. Immunohistochemical staining at 14 days af-
ter transient ischemia revealed that many transplanted MSCs
or HGF-MSCs still survived and integrated into the host
gray matter in groups of MSCs A, MSCs B, HGF-MSCs A,

and HGF-MSCs B. No BrdU-positive cells were detected in
spinal cords of the rabbits in the two control groups. Repre-
sentative photographs of sections of immunohistochemical
staining are shown in figure 4A. There was no significant
difference in the BrdU-positive cell count among the groups
of MSCs A, HGF-MSCs A, MSCs B, and HGF-MSCs B
(chi-square � 1.335, P � 0.721), as shown in figure 4B.

Neurologic Assessment
The individual neurologic scores of the 7 groups 1, 2, 7, and
14 days after the transient spinal cord ischemia are shown in
figure 5. The sham animals retained normal motor function
of lower limbs (Tarlov score � 5) throughout the observa-
tion period. A 40-min aortic occlusion resulted in severe
lower extremity neurologic deficits in the rabbits of group
control A, whereas transplantation of MSCs or HGF-MSCs
remarkably enhanced the motor function of the lower limbs

Fig. 2. Human HGF concentration in the supernatant of cul-
tured MSCs 24 h after infection with HVJ-envelope contain-
ing human HGF plasmid. HGF � hepatocyte growth factor;
HVJ � hemagglutinating virus of Japan; MSCs � marrow
stromal cells.

Fig. 3. Concentration of human HGF protein in cerebrospinal
fluid before and after transplantation of MSCs or HGF gene-
modified MSCs. No significant difference of the concentra-
tion of human HGF was found between groups of HGF-MSCs
A and HGF-MSCs B at any observation time point (P � 0.879,
P � 0.574, and P � 0.393, respectively). A � ischemia for 40
min; B � ischemia for 50 min; HGF � hepatocyte growth
factor; HGF-MSCs � HGF gene-modified marrow stromal
cells; MSCs � marrow stromal cells.

Fig. 4. Micrographs of lumbar spinal cords 14 days after
spinal cord ischemia show morphologic characteristics of
transplanted MSCs or HGF gene-modified MSCs. (A) With
immunoperoxidase staining with diaminobenzidine and
counterstaining with hematoxylin, bromodeoxyuridine (BrdU)
reactivity is present in the nuclei of donor cells (brown, orig-
inal magnification, 200�). (B) Number of BrdU-positive cells
in the ventral gray matter. No BrdU-positive cells can be
detected in the spinal cords of sham and control animals.
There was no significant difference in the BrdU-positive cells
count among the groups of MSCs A, HGF-MSCs A, MSCs B,
and HGF-MSCs B (chi-square � 1.335, P � 0.721). A �
ischemia for 40 min; B � ischemia for 50 min; HGF � hepa-
tocyte growth factor; HGF-MSCs � HGF gene-modified mar-
row stromal cells; MSCs � marrow stromal cells.
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after spinal cord ischemia, as indicated by the significantly
higher Tarlov scores of groups of MSCs A (P � 0.0003, 0.0003,
0.0003, and 0.0003, vs. group control A, at the four time points,
respectively) and HGF-MSCs A (P � 0.0003, 0.0003,
0.0003, and 0.0003, vs. group control A, at the four time
points, respectively). No statistical significance of Tarlov
scores was observed between the MSCs A group and HGF-
MSCs A group at the four observation time points (P �
0.127, 0.154, 0.203, and 0.203, respectively). When the
ischemic time was extended to 50 min, significantly higher Tar-
lov scores were still found in rabbits receiving transplantation of
either MSCs (P � 0.01, 0.01, 0.01, and 0.01 vs. group control
B, at the four time points, respectively) or HGF-MSCs (P �
0.0003, 0.0003, 0.0003, and 0.0003 vs. group control B, at the
four time points, respectively). Compared with group MSCs B,
much better neurologic function was detected in rabbits of
group HGF-MSCs B at any defined time point (P � 0.015,
0.008, 0.013, and 0.01, respectively).

Histologic Assessment
Representative sections of lumbar spinal cords stained with
hematoxylin-eosin are shown in figure 6A, and the results of
counting viable motor neurons are summarized in figure 6B.
In the sham-operated animals, the spinal cord was intact, and

many large motor neurons were present in the anterior horn.
Severe neurologic damage was readily detected in animals of
both group control A and group control B 14 days after
spinal cord ischemia, as evidenced by vacuolization, frank
necrosis, and an almost total loss of motor neurons. There
was no significant difference in the intact motor neuron
count between the two control groups (P � 0.161). In con-
trast, slighter histologic changes were found in lumbar spinal
cords of animals in groups of MSCs A, HGF-MSCs A, MSCs
B, and HGF-MSCs B, and the intact motor neurons were
preserved to a much greater extent (P � 0.001, group MSCs
A vs. group control A; P � 0.001, group HGF-MSCs A vs.
group control A; P � 0.001, group MSCs B vs. group control
B and P � 0.001, group HGF-MSCs B vs. group control B).
Prolonged spinal cord ischemia of 50 min induced a signifi-
cant decrease of the intact motor neurons in group MSCs B
compared with MSCs A (P � 0.008), and a remarkable
difference of the intact motor neurons was found between
group MSCs B and group HGF-MSCs B (P � 0.02).

Discussion

The salient findings of the current study can be summarized
as follows: (1) HVJ-envelope vector successfully transferred

Fig. 5. Neurologic function assessed just before spinal cord ischemia and 1, 2, 7, and 14 days after ischemia. HGF � hepatocyte
growth factor; HGF-MSCs � HGF gene-modified marrow stromal cells; MSCs � marrow stromal cells. * P � 0.01, compared
with control group; # P � 0.05, compared with MSCs group.
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human HGF gene to the cultured MSCs with high efficiency
in vitro, and the transplanted gene-modified MSCs success-
fully functioned to express and maintain a high level of hu-
man HGF in vivo; (2) prophylactic intrathecal injection of
HGF gene-modified MSCs significantly attenuated the neu-
rologic injury after transient spinal cord ischemia; and (3)
transplantation of HGF gene-modified MSCs induced more
efficient neuroprotection than transplantation of MSCs only
in a prolonged ischemia model of spinal cords.

An efficient and minimally invasive vector system is the
“bottle neck” of gene transfer. Numerous viral and nonviral
(synthetic) delivery systems have been developed and im-
proved. HVJ envelope is a purified vesicle prepared from

HVJ, the replication activity and infectivity of which have
been completely inhibited, whereas the activities of the two
envelope proteins (hemagglutinating neuroaminidase and
fusion protein) are maintained almost at the same levels as
those of live HVJ.24 HVJ-envelope vector is a novel and
unique system that combined the advantages of viral and
nonviral vectors with the following features and advantages:
(1) Safe and easy as a “nonviral” transfection reagent; (2)
delivery of various molecules, including plasmid DNA, small
interfering RNA, protein, and antisense oligonucleotide; and
(3) wide usability from in vitro to in vivo.25 In the present
study, human HGF was readily detected in both the culture
medium of HGF gene-modified MSCs and the CSF from 2
to 16 days after intrathecal injection of HGF gene-modified
MSCs, which showed that HVJ-envelope vector had success-
fully transferred the gene of interest to the cultured MSCs
with high efficiency in vitro, and the gene-modified MSCs
had successfully functioned in vivo to express and maintain a
high level of the gene of interest.

To detect the neuroprotective efficiency of a combined
therapy, human HGF gene was transferred into MSCs in
vitro and the gene-modified MSCs were transplanted 2 days
before spinal cord ischemia in the current study. The results
demonstrated that transplantation of HGF gene-modified
MSCs significantly attenuated the neurologic injury induced
by spinal cord ischemia. In rabbits, irreversible neurologic
injury can be induced, even if the period of spinal cord isch-
emia is as short as 20 min.11,26 With the extension of isch-
emic time, more severe neurologic injuries will occur. In the
present study, prolonged ischemic periods of 40 and 50 min
were enrolled, and significant improvement of neurologic
deficits was still detected after transplantation of either
MSCs alone or HGF gene-modified MSCs. The most im-
portant finding was that transplantation of HGF gene-mod-
ified MSCs attenuated the neurologic injury to a much
greater extent compared with transplantation of MSCs alone
when the ischemic period was extended to 50 min. These
data indicate that transplantation of HGF gene-modified
MSCs may be a more effective strategy to protect spinal cords
than transplantation of MSCs only.

Transplantation of MSCs is presently believed to be an
effective way to repair central nervous system injuries and
is given more and more considerations. It has been dem-
onstrated that transplantation of MSCs into the brain
reduced functional deficits and lesion size associated with
cerebral ischemia.10,11 Improved functional recovery has
also been reported after transplantation of MSCs into spinal
cords affected by contusion and hemisection injury.27 In our
previous study, intrathecal injection of MSCs 2 days previ-
ously significantly attenuated neurologic injuries caused by
spinal cord ischemia.11 In the current study, the neuropro-
tective effects of MSCs on spinal cords were further con-
firmed, even when the ischemic time was extended to as long
as 50 min. The neuroprotective effects of MSCs may be
derived from the production of trophic factors and cytokines,

Fig. 6. Histologic assessment of the spinal cord 14 days after
transient ischemia. (A) Representative sections of lumbar
spinal cords stained with hematoxylin and eosin of low mag-
nification (40�, top) and high magnification (100�, bottom).
The specimen from a control animal exhibits severe neuronal
damage as evidenced by vacuolization and frank necrosis,
and almost all motor neurons are lost, whereas animals that
received MSCs or HGF-MSCs show minimal evidence of
cellular damage. (B) Number of large motor neurons in the
ventral gray matter. A � ischemia for 40 min; B � ischemia
for 50 min; HGF � hepatocyte growth factor; HGF-MSCs �
HGF gene-modified marrow stromal cells; MSCs � marrow
stromal cells. * P � 0.01, compared with control A; # P �
0.01, compared with control B; § P � 0.05, compared with
MSCs B; † P � 0.01, compared with MSCs A.
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rather than the replacement or integration of MSCs into the
spinal cord.

It has been demonstrated that HGF functions as a pow-
erful angiogenetic factor, as well as a potent neurotrophic
factor, and induces versatile neuroprotective effects both in
vivo and in vitro. In cerebral artery occlusion models, HGF
has been reported to induce therapeutic angiogenesis, im-
prove blood flow, reduce the infarct volume, and attenuate
neurologic injuries,20,28 which indicates that HGF possesses
a potential therapeutic value for central nervous system isch-
emia. Overexpression of HGF also reduced destruction of
the blood-brain barrier without exacerbating cerebral edema
in the ischemic brain.20 Our previous study showed that
transfer of the human HGF gene was a powerful neuropro-
tective method to attenuate ischemia-reperfusion injury of
spinal cords. Compared with the control animals, HGF gene
transfer significantly improved hind-limb motor function,
protected motor neurons, increased the capillary density in
the gray matter, and decreased the spinal cord edema.7

Therefore, it is plausible that the combined therapy of trans-
plantation of HGF gene-modified MSCs induced more
powerful neuroprotective effects on spinal cords against isch-
emia-reperfusion injury than transplantation of MSCs only
in the current study. HGF gene-transferred MSCs were in-
tracerebrally transplanted into the rats’ ischemic brains, and
that combined therapy was consistently shown to be more
therapeutically efficient than MSC therapy alone. The com-
bined therapy extended the therapeutic time window from
superacute to acute phase.16

In the current study, human HGF was detected in CSF
and the BrdU-positive cells were identified in spinal cords at
least 16 days after transplantation of HGF gene-modified
MSCs, indicating that the transplanted gene-modified
MSCs functioned and survived throughout the observation
period. Although MSCs have been found to survive and
express neuronal phenotypic proteins after transplantation
into the brain, the engrafted MSCs did not contribute to
reestablish normal tissue cytoarchitecture after cerebral isch-
emia. No clear evidence showed that MSCs differentiated
into neurons and developed contacts with other neurons.18

After ischemia, the nervous tissue reverts to an earlier stage of
development and thus becomes highly responsive to stimu-
lation by cytokines, trophins, and growth factors from the
invading MSCs.29 The MSCs may simply serve as the re-
sources of such cytokines, trophins, and growth factors to
protect the nervous tissue and stimulate its remodeling. A far
more reasonable explanation for the benefit is that MSCs
induce cerebral tissue to activate endogenous restorative ef-
fects of the brain. In the present study, HGF gene-modified
MSCs may also be the resources of not only the extended and
abundant exogenous HGF, but also an array of other cyto-
kines and trophic factors over an extended period, which
interacted with each other in an anatomically distributed,
tissue-sensitive, and temporally ongoing way. All these cyto-
kines and trophic factors may directly protect the neurons
against ischemia-reperfusion injury and directly involve pro-

moting plasticity of the ischemic-damaged neurons or stim-
ulating glial cells to secrete neurophins.

The primary limitation of the current study was that the
neuroprotective mechanisms of the HGF gene-modified
MSCs and the fate of the transplanted cells in the host were not
investigated in detail. Although paracrine of implanted MSCs
may be the important mechanism for its therapeutic effect, the
possible differences of paracrine function between MSCs and
HGF-MSCs need to be measured in the further study.

Spinal cord ischemia discussed in the present study is a
complication of surgical intervention, and the exact time of
its occurrence can be known. Therefore, precautionary mea-
sures to protect the spinal cord are necessary and feasible. We
have tried a novel prophylactic strategy to prevent spinal cord
injury in the current study, and the results demonstrate for
the first time that transplantation of HGF gene-modified
MSCs induces powerful neuroprotection on spinal cords
against ischemia-reperfusion injury and transplantation of
HGF gene-modified MSCs is more neuroprotectively effi-
cient than transplantation of MSCs alone. Compared with
embryonic stem cells and neural stem cells, MSCs can be readily
harvested and expanded ex vivo. Moreover, autologous trans-
plantation of MSCs would circumvent potential ethical and
immune rejection considerations. Intrathecal injection can be
readily performed as a promising way without severe invasion to
transplant MSCs into the spinal cord. In addition, transplanta-
tion of gene-modified MSCs may be safer than direct gene
transfer for in vivo treatment. We believe that prophylactic in-
trathecal injection of HGF gene-modified MSCs possesses a
potential clinical value in the prevention of neurologic injury
after thoracic aneurysm surgery.
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6. Korhonen L, Sjöholm U, Takei N, Kern MA, Schirmacher P,
Castrén E, Lindholm D: Expression of c-Met in developing
rat hippocampus: Evidence for HGF as a neurotrophic
factor for calbindin D-expressing neurons. Eur J Neurosci
2000; 12:3453– 61

7. Shi E, Jiang X, Kazui T, Washiyama N, Yamashita K, Terada
H, Bashar AH: Nonviral gene transfer of hepatocyte growth

PERIOPERATIVE MEDICINE

1116 Anesthesiology, V 113 • No 5 • November 2010 Shi et al.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/113/5/1109/252602/0000542-201011000-00025.pdf by guest on 13 M
arch 2024



factor attenuates neurologic injury after spinal cord isch-
emia in rabbits. J Thorac Cardiovasc Surg 2006; 132:941–7

8. Lennon DP, Haynesworth SE, Young RG, Dennis JE, Caplan
AI: A chemically defined medium supports in vitro prolif-
eration and maintains the osteochondral potential of rat
marrow-derived mesenchymal stem cells. Exp Cell Res
1995; 219:211–22

9. Honma T, Honmou O, Iihoshi S, Harada K, Houkin K,
Hamada H, Kocsis JD: Intravenous infusion of immortal-
ized human mesenchymal stem cells protects against in-
jury in a cerebral ischemia model in adult rat. Exp Neurol
2006; 199:56 – 66

10. Chen J, Li Y, Wang L, Lu M, Zhang X, Chopp M: Thera-
peutic benefit of intracerebral transplantation of bone
marrow stromal cells after cerebral ischemia in rats. J Neu-
rol Sci 2001; 189:49 –57

11. Chen J, Zhang ZG, Li Y, Wang L, Xu YX, Gautam SC, Lu M,
Zhu Z, Chopp M: Intravenous administration of human
bone marrow stromal cells induces angiogenesis in the
ischemic boundary zone after stroke in rats. Circ Res 2003;
92:692–9

12. Shi E, Kazui T, Jiang X, Washiyama N, Yamashita K, Terada
H, Bashar AH: Intrathecal injection of bone marrow stro-
mal cells attenuates neurologic injury after spinal cord
ischemia. Ann Thorac Surg 2006; 81:2227–33

13. Kurozumi K, Nakamura K, Tamiya T, Kawano Y, Kobune
M, Hirai S, Uchida H, Sasaki K, Ito Y, Kato K, Honmou O,
Houkin K, Date I, Hamada H: BDNF gene-modified mesen-
chymal stem cells promote functional recovery and reduce
infarct size in the rat middle cerebral artery occlusion
model. Mol Ther 2004; 9:189 –97

14. Onda T, Honmou O, Harada K, Houkin K, Hamada H,
Kocsis JD: Therapeutic benefits by human mesenchymal
stem cells (hMSCs) and Ang-1 gene-modified hMSCs after
cerebral ischemia. J Cereb Blood Flow Metab 2008; 28:
329 – 40

15. Toyama K, Honmou O, Harada K, Suzuki J, Houkin K,
Hamada H, Kocsis JD: Therapeutic benefits of angioge-
netic gene-modified human mesenchymal stem cells after
cerebral ischemia. Exp Neurol 2009; 216:47–55

16. Zhao MZ, Nonoguchi N, Ikeda N, Watanabe T, Furutama D,
Miyazawa D, Funakoshi H, Kajimoto Y, Nakamura T,
Dezawa M, Shibata MA, Otsuki Y, Coffin RS, Liu WD,
Kuroiwa T, Miyatake S: Novel therapeutic strategy for
stroke in rats by bone marrow stromal cells and ex vivo
HGF gene transfer with HSV-1 vector. J Cereb Blood Flow
Metab 2006; 26:1176 – 88

17. Shi E, Jiang X, Kazui T, Washiyama N, Yamashita K, Terada
H, Bashar AH: Controlled low-pressure perfusion at the
beginning of reperfusion attenuates neurologic injury after
spinal cord ischemia. J Thorac Cardiovasc Surg 2007; 133:
942– 8

18. Suzuki K, Kazui T, Terada H, Umemura K, Ikeda Y, Bashar
AH, Yamashita K, Washiyama N, Suzuki T, Ohkura K,
Yasuike J: Experimental study on the protective effects of
edaravone against ischemic spinal cord injury. J Thorac
Cardiovasc Surg 2005; 130:1586 –92

19. Kato N, Nemoto K, Nakanishi K, Morishita R, Kaneda Y,
Uenoyama M, Ikeda T, Fujikawa K: Nonviral HVJ (hemag-
glutinating virus of Japan) liposome-mediated retrograde
gene transfer of human hepatocyte growth factor into rat
nervous system promotes functional and histological re-
covery of the crushed nerve. Neurosci Res 2005; 52:299 –
310

20. Shimamura M, Sato N, Oshima K, Aoki M, Kurinami H,
Waguri S, Uchiyama Y, Ogihara T, Kaneda Y, Morishita R:
Novel therapeutic strategy to treat brain ischemia: Over-
expression of hepatocyte growth factor gene reduced
ischemic injury without cerebral edema in rat model.
Circulation 2004; 109:424 –31

21. Tarlov IM: Acute spinal cord compression paralysis. J Neu-
rosurg 1972; 36:10 –20

22. Mutch WA, Graham MR, Halliday WC, Thiessen DB, Girling
LG: Use of neuroanesthesia adjuncts (hyperventilation and
mannitol administration) improves neurological outcome
after thoracic aortic cross-clamping in dogs. Stroke 1993;
24:1204 –10

23. Shi E, Kazui T, Jiang X, Washiyama N, Yamashita K, Terada
H, Bashar AH: Therapeutic benefit of intrathecal injection
of marrow stromal cells on ischemia-injured spinal cord.
Ann Thorac Surg 2007; 83:1484 –90

24. Kaneda Y, Nakajima T, Nishikawa T, Yamamoto S, Ikegami
H, Suzuki N, Nakamura H, Morishita R, Kotani H: Hemag-
glutinating virus of Japan (HVJ) envelope vector as a ver-
satile gene delivery system. Mol Ther 2002; 6:219 –26

25. Zhang Q, Li Y, Shi Y, Zhang Y: HVJ envelope vector, a
versatile delivery system: Its development, application,
and perspectives. Biochem Biophys Res Commun 2008;
373:345–9

26. Shi E, Kazui T, Jiang X, Washiyama N, Suzuki K, Yamashita
K, Terada H: NS-7, a novel Na�/Ca2� channel blocker,
prevents neurologic injury after spinal cord ischemia in
rabbits. J Thorac Cardiovasc Surg 2005; 129:364 –71

27. Chopp M, Zhang XH, Li Y, Wang L, Chen J, Lu D, Lu M,
Rosenblum M: Spinal cord injury in rat: Treatment with
bone marrow stromal cell transplantation. Neuroreport
2000; 11:3001–5

28. Yoshimura S, Morishita R, Hayashi K, Kokuzawa J, Aoki M,
Matsumoto K, Nakamura T, Ogihara T, Sakai N, Kaneda Y:
Gene transfer of hepatocyte growth factor to subarach-
noid space in cerebral hypoperfusion model. Hyperten-
sion 2002; 39:1028 –34

29. Chopp M, Li Y: Treatment of neural injury with marrow
stromal cells. Lancet Neurol 2002; 1:92–100

HGF Gene-modified MSCs Attenuate Spinal Cord Injury

Shi et al. Anesthesiology, V 113 • No 5 • November 2010 1117

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/113/5/1109/252602/0000542-201011000-00025.pdf by guest on 13 M
arch 2024


