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Peripheral neuropathy is common and ultimately accounts for significant morbidity in diabetes. Recently,
several neurotrophic factors have been used to prevent
progression of diabetic neuropathy. In this study, we
gave repeated intramuscular injections of the human
hepatocyte growth factor (HGF) gene percutaneously,
using liposomes containing the hemagglutinating virus
of Japan (HVJ), to examine therapeutic efficacy of
nonviral gene transfer of HGF for experimental diabetic
sensorimotor neuropathy in rats. Experimental diabetes induced by intraperitoneal injection of streptozotocin resulted in a marked tactile allodynia (but not in a
thermal hyperalgesia), in a reduction of both the conduction velocity and the amplitude, and in a decreased
laser Doppler flux of the nerve and the muscle at 6
weeks after the induction. All these changes were significantly reversed by repeated gene transfer of HGF.
Furthermore, we analyzed the density of endoneurial
capillaries and morphometrical changes of the nerve.
The density of endoneurial capillaries, disclosing marked
reduction in diabetic rats, was also reversed significantly
by repeated gene transfer of HGF; however, no considerable differences were observed morphometrically in either myelinated or unmyelinated axons. These results
suggest that nonviral HVJ liposome-mediated gene transfer of human HGF has potential for the safe effective
treatment of diabetic sensorimotor neuropathy. Diabetes
54:846 – 854, 2005

From the 1Department of Orthopaedic Surgery, National Defense Medical
College, Tokorozawa, Saitama, Japan; the 2Department of Pathology, National
Defense Medical College, Tokorozawa, Saitama, Japan; the 3Division of Gene
Therapy Science, Osaka University Medical School, Suita, Osaka, Japan; and
the 4Division of Environmental Medicine, National Defense Medical College
Research Institute, Tokorozawa, Saitama, Japan.
Address correspondence and reprint requests to Naoki Kato, MD, Department of Orthopaedic Surgery, National Defense Medical College, 3-2 Namiki,
Tokorozawa, Saitama, Japan 359-8513. E-mail: grd1505@gr.ndmc.ac.jp.
Received for publication 11 August 2004 and accepted in revised form
6 December 2004.
CMAP, compound motor action potential; DRG, dorsal root ganglia; ELISA,
enzyme-linked immunosorbent assay; HGF, hepatocyte growth factor; HVJ,
hemagglutinating virus of Japan; MNCV, motor nerve conduction velocity;
STZ, streptozotocin.
© 2005 by the American Diabetes Association.
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

846

R

ecently, several studies have demonstrated that
systemic administration of various neurotrophins such as recombinant human nerve growth
factor (1–3), neurotrophin-3 (1), and IGF (4,5)
can be used effectively to reverse these symptoms of
diabetic neuropathy using animal models. These observations raised hopes that neurotrophins might be useful for
the clinical treatment of diabetic neuropathy. However, a
human trial of recombinant human nerve growth factor to
treat diabetic neuropathy failed to show a significant
difference in the outcome (6). A short serum half-life of the
recombinant protein or a blood-nerve barrier (analogous
to a blood-brain barrier in the central nervous system)
could be the explanation for this poor outcome to the
therapeutic use of such factors. The presence of these
obstacles has highlighted the need to develop innovative
therapeutic strategies for more efficient delivery into the
nervous system.
Gene transfer represents a novel means to express
indentified transgenes in targeted locations in the nervous
system. It appears to have advantages over the administration of single- or multiple-bolus doses of a recombinant
protein because gene transfer can achieve an optimally
high local concentration within the nervous system. Several studies have demonstrated that gene transfer of nerve
growth factor, neurotrophin-3, or vascular endothelial
growth factor could be potentially used as a treatment for
diabetic neuropathy (7–9), and most of these studies were
performed using viral vectors because of the high transfection efficiency.
In this study, we gave repeated intramuscular injections
of nonviral hemagglutinating virus of Japan (HVJ) liposomes, which contain the coding sequence of hepatocyte
growth factor (HGF), to streptozotocin (STZ)-induced
diabetic rats. We have recently shown that this nonviral
vector delivers DNA successfully into the nervous system
from the injected muscle and has some advantages over
conventional viral gene transfer (10). HGF was originally
identified from plasma and serum as a molecule that could
stimulate DNA synthesis in rat and human hepatocytes
(11). Although it was at first considered that HGF could
exert biological effects only on specific target cells, it has
since been demonstrated that HGF also functions as a
powerful neurotrophic factor (12,13) and as a powerful
angiogenetic factor (14,15). These observations raised
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hopes that the HGF protein might be useful for the clinical
treatment of diabetic neuropathy.
The purpose of this study was to test the hypothesis that
delivery and continuous expression of HGF within the
nervous system by nonviral HVJ liposome–mediated gene
transfer could improve experimental diabetic sensorimotor neuropathy.
RESEARCH DESIGN AND METHODS
A total of 146 male Wistar rats, ⬃4 weeks old, were assigned to this study. This
experimental study was carried out in accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals, published by the
National Institutes of Health, and the protocol was approved by the Committee on the Ethics of Animal Experiments in the National Defense Medical
College.
Diabetes was induced by a single intraperitoneal injection of 70 mg/kg STZ
(in 10 mmol/l citrate/0.9% saline buffer, pH 4.5) under sodium pentobarbital
anesthesia (30 –50 mg/kg i.p.). Plasma glucose level was measured 1 week
later using a blood glucose test meter (Sanwa Kagaku Kenkyusyo, Nagaya,
Japan), and all animals with ⬍400 mg/dl were excluded from these studies.
Body weight– and age-matched rats were used as nondiabetic control animals.
Three weeks after the induction of diabetes, HVJ liposomes (100 l),
containing either 100 g human HGF plasmid DNA or 100 g pcDNA 3.1 (⫺)
(as a control vector), were injected percutaneously into the proximal onethird of the tibialis cranialis of the right hindlimb via a 27-gauge needle. This
injection was repeated at the same site at 3, 4, and 5 weeks after the induction
of diabetes.
A total of 54 rats were used for electrophysiological studies and laser
Doppler flux studies. These were divided into three equal groups as follows:
diabetic ⫹ HGF gene transfer group (DM⫹HGF; n ⫽ 18), diabetic ⫹ control
vector group (DM⫹Control; n ⫽ 18), and nondiabetic group (n ⫽ 18). Fifty
rats from two groups (DM⫹HGF, DM⫹Control; n ⫽ 25 in each) were used to
assess the expressions of human HGF protein, endogenous rat HGF protein,
and human HGF mRNA. Specimens were taken from the injected muscle, the
ipsilateral sciatic nerve, the ipsilateral dorsal root ganglia (DRG), and the
spinal cord. Twenty-four rats from two groups (DM⫹HGF, DM⫹Control; n ⫽
12 in each) were used for analysis of the distribution of the human HGF
protein and mRNA expression. The remaining 18 were divided into three
groups (DM⫹HGF, DM⫹Control, nondiabetic; n ⫽ 6 in each) and used for
behavioral studies.
Construction of plasmid DNA. To produce an HGF expression vector,
human HGF cDNA (2.2 kb) was inserted between the EcoRI and NotI sites of
the pUC-Sr ␣ expression vector plasmid. In this plasmid, transcription of HGF
cDNA was under the control of the Sr ␣ promoter. As a control vector, we
used a pcDNA 3.1 (⫺) plasmid DNA vector.
Preparation of HVJ liposomes complex vector. The HVJ liposome
complex vector was prepared as described previously (16 –18). Briefly,
phosphatidylserine, phosphatidylcholine, and cholesterol were mixed in tetrahydrofuran. The lipid mixture was deposited on the sides of a flask by rotary
evaporator. HMG (high mobility group)-1 was mixed with plasmid DNA in
balanced salt solution, and the mixture was then added to the dried lipid. The
liposome–DNA–HMG-1 complex suspension was mixed by a sequence of
vortex, sonication. The purified HVJ (Z strain) was inactivated by ultraviolet
irradiation immediately before use. The liposome suspension containing lipid
was mixed with inactivated HVJ in balanced salt solution. Free HVJ was
removed from the HVJ liposomes by sucrose-gradient centrifugation. The top
layer containing the DNA-HVJ liposome complex was collected and used
immediately.
Analysis of HGF protein expression. The concentration of each HGF
protein was measured by enzyme-linked immunosorbent assays (ELISAs)
using either anti-human HGF monoclonal antibody or anti-rat HGF monoclonal antibody (Institute of Immunology, Tokyo, Japan). The human HGF ELISA
system specifically detected human HGF, not endogenous rat HGF, and the rat
HGF ELISA system specifically detected endogenous rat HGF, not human
HGF (19). In addition, the colorimetric assay of protein concentration was
performed using a DC Protein Assay System (Bio-Rad, Hercules, CA) and
Benchmark Microplate Reader (Bio-Rad). The value measured by ELISA, as
adjusted by the concentration of protein, was used as an expression of HGF
protein. The measurement of the DRG was performed using all specimens
collected at each defined time point due to the small volume of the specimen
obtained from a given individual.
RT-PCR. The expression of human HGF mRNA was measured by RT-PCR.
The total RNA was isolated using acid guanidinium isothiocyanate-phenolchloroform extraction and ethanol precipitation. RT-PCR was performed
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using an amplification reagent kit (TaqMan EZRT-PCR kit; Applied Biosystems, Alameda, CA) with a primer specific for human HGF. The primer was
synthesized using an automated DNA synthesizer. Sequence information and
the thermocycling condition was as follows: sense primer, 5⬘-CGACAGTGTT
TCCCTTCTCG-3⬘; anti-sense primer, 5⬘-ATTGAGAACCTGTTTGCGTTTCT-3⬘;
annealing temperature, 64°C; cycles, 40. PCR products (102 bp) were separated by electrophoresis in a 3% agarose gel and stained with ethidium bromide.
Immunohistochemistry. Specimens were embedded in an optimal cutting
temperature compound and frozen at ⫺80°C. Sagittal sections, 20 m thick,
cut serially on a cryostat were incubated overnight at 4°C with mouse
monoclonal antibody against human HGF (1:20; Institute of Immunology). The
sections were then incubated for 1 h in goat anti-mouse IgG biotinylated
secondary antibody (Chemicon, Temecula, CA) diluted 1:200 and were
immersed in fluorescein streptavidin (5 g/ml; Vector Laboratories, Burlingame, CA).
In situ hybridization. The full-length human HGF cDNA, which was inserted
between the EcoRI and NotI sites of the pUC-Sr ␣ expression vector plasmid,
was digested by the restriction enzymes of EcoRI, and the resulting fragment
of HGF cDNA (848 bp) was then ligated between the EcoRI cloning sites of
pGEM-7Zf (⫹) (Promega, Madison, WI). The antisense probe and the corresponding sense probe were labeled with biotin using SP6 and T7 polymerase,
respectively, by means of an RNA labeling kit (Boehringer Mannheim,
Postfach, Germany). Hybridization was performed in 50% (vol/vol) deionized
formaide, 5⫻ Denhardt’s solution, 5% (vol/vol) dextran sulfate, 2⫻ standard
saline citrate, 0.3 mg/ml salmon sperm DNA, 5 mmol/l EDTA, and 0.01 g/ml
biotin-labeled probes. After performing a final stringency wash, hybridization
was detected immunologically.
Behavioral studies. Tactile allodynia was determined by qualifying the
withdrawal threshold of the hindpaw in response to a Semmes-Weinstein
Monofilament Aesthesiometer (Kom Kare, Cincinnati, OH). A series of calibrated monofilaments were applied perpendicularly to the plantar surface of
the right hindpaw with sufficient force to bend the filament for 6 s. Brisk
withdrawal or paw flinching was considered a positive response. The mechanical stimulus producing a 50% likelihood of withdrawal response was calculated by the method described in detail previously (20). Each testing was
repeated several times, and the mean value was used.
Thermal hyperalgesia was measured using a focused heat source directed
onto the plantar surface of the right hindpaw. The thermal testing apparatus
(MK-350B; Muromachi Kikai, Tokyo, Japan) was used to give the stimulus heat
of 50 ⫾ 0.1°C continuously. The withdrawal latency was recorded several
times, and the mean value was calculated. A cutoff of 30 s was used to prevent
potential tissue damage.
Laser Doppler flux studies. The right sciatic nerve was exposed in the
mid-thigh region, and the injection site of the muscle was minimally exposed
under anesthesia. A laser Doppler flowmeter (ALF 21R; Advance, Tokyo,
Japan) was used for this study. Consecutive arbitrary flow units were recorded for 3 min, and the median of these values was used to represent
whole-nerve (epineurial and endoneurial) blood flow and local blood flow of
the muscle. The value measured by the laser Doppler flowmeter, as adjusted
by the blood flow at week 0, was used as a relative unit of the blood flow in
each tissue at each defined time point.
Electrophysiological studies. Immediately after the laser Doppler flux
studies, the nerve was stimulated at two points using a hook-up electrode. The
proximal stimulation point was the level of the sciatic notch, and the distal
stimulation point was 15 mm distal to the proximal point. A surface pick-up
electrode, specially designed for this study, was attached to the skin over the
injected muscle. Motor nerve conduction velocity (MNCV) and compound
motor action potential (CMAP) were measured with the aid of Neuropack
instrumentation (Nihon Koden, Tokyo, Japan), and the mean values were
calculated.
Histological studies. At 6 weeks after induction of diabetes, specimens were
taken from the sciatic nerve at mid-thigh level. They were postfixed with 2%
osmium tetroxide and then embedded in Epon resin (Quetol 512; Nisshin EM,
Tokyo, Japan). Semi-thin (1 m in thickness) transverse sections and ultrathin (70 nm) transverse sections were cut for examination under light
microscopy and electron microscopy, respectively. Light micrographs were
used to analyze the myelinated axons and the density of the endoneurial
capillaries. Electron micrographs were used to analyze the unmyelinated
axons. The computer system Toshiba Tospix (Toshiba, Tokyo, Japan) was
used for the analysis.
Statistical analysis. The Student’s t test or ANOVA for parametric values
and Kruskal Wallis for nonparametric values were used. Statistical significance was set at P ⬍ 0.05.
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FIG. 1. Human and rat HGF protein expression (ELISA). The DMⴙHGF group (f) showed expression of the human HGF protein at each defined
time point; however, the expression in the spinal cord was considerably lowered throughout the examination period. On the other hand, no
expression could be detected in the DMⴙControl group (A). Both the DMⴙHGF group (f) and the DMⴙControl group (䡺) showed high levels
of endogenous rat HGF protein in each tissue. The expression of the DMⴙHGF group was constantly higher than that of the DMⴙControl group,
and, especially, the sciatic nerve of the DMⴙHGF group showed significantly higher expression than that of the DMⴙControl group at both 8 and
10 days after transfection (B). ND, no detection; , gene transfection; **P < 0.01.

RESULTS

Analysis of HGF protein expression. In the DM⫹HGF
group, the expression level peaked on day 3 and dropped
off on day 7 after the first transfection. Subsequently, the
expression showed a considerable resurgence after the
second transfection, which was performed 7 days after the
first transfection. No deterioration of the expression could
be observed after the second transfection. On the other
hand, no such expression could be detected at any defined
time point in the DM⫹Control group (Fig. 1A).
Figure 1B shows the expression of endogenous rat HGF
protein. Both the DM⫹HGF group and the DM⫹Control
group showed high levels of rat HGF protein in all preparations at each defined time point. The expression in each
tissue of the DM⫹HGF group was constantly higher than
that of the DM⫹Control group, and, especially, the nerve
of the DM⫹HGF group showed significantly higher expression than that of the DM⫹Control group at both 8 and 10
days after transfection (P ⬍ 0.01). In DRG, the DM⫹HGF
group showed a consistent increase in the expression, and
the expression was approximately twice as high as that of
the DM⫹Control group on day 10 after the first transfection (day 3 after the second transfection).
RT-PCR. By RT-PCR, human HGF mRNA was specifically
detected in the human liver RNA extracted from human
liver tissues but not detected in the rat RNA extracted
from rat liver. Therefore, our RT-PCR using specific primers against human HGF mRNA did not cross-react with rat
HGF mRNA (Fig. 2A). The muscle and the nerve from the
DM⫹HGF group showed strong expression on day 1 after
848

the transfection and maintained its expression throughout
the experimental period. On the other hand, DRG and the
spinal cord from the DM⫹HGF group demonstrated moderate expression on day 1 but no expression on days 3 and
7 after the first transfection. Subsequently, the expression
in DRG showed considerable resurgence on day 10 after
the first transfection (day 3 after the second transfection)
(Fig. 2B). No expression of human HGF mRNA could be
detected in any tissue from the DM⫹Control group.
Immunohistochemistry. In the DM⫹HGF group, the
sensory neurons in the ipsilateral DRG showed immunoreactivity and the ipsilateral nerve showed a granular
coloration along the axon, and in the injected muscle,
there were many immunopositive muscle fibers. On the
other hand, in the DM⫹Control group, no immunopositive
findings were observed in any tissue stained immunohistochemically with the same primary antibody (Fig. 3A).
In situ hybridization. In the DM⫹HGF group, some
muscle fibers in the injected muscle showed strong expression of the human HGF mRNA, and the ipsilateral
nerve exhibited localization of the expression along the
axon. Strong expression of the human HGF mRNA was
also observed in many sensory neurons in the ipsilateral
DRG. On the other hand, all tissues harvested from the
DM⫹Control group showed very weak levels of background grains when they were treated with the sense
probe (Fig. 3B).
Behavioral studies. The thermal response latency and
the tactile response threshold were measured every week
after the induction of diabetes. Time-course change of the
DIABETES, VOL. 54, MARCH 2005
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FIG. 2. RT-PCR. Human HGF mRNA was specifically detected in the human liver RNA extracted from human liver tissues, but not detected in the
rat RNA extracted from rat liver (A). The muscle and the nerve from the DMⴙHGF group showed strong expression on day 1 after the transfection
and maintained its expression throughout the experimental period. On the other hand, DRG and the spinal cord from the DMⴙHGF group
demonstrated moderate expression on day 1 but no expression on days 3 and 7 after the first transfection. Subsequently, the expression in DRG
showed considerable resurgence on day 10 after the first transfection (day 3 after the second transfection) (B).

thermal response latency showed no statistical differences
between the three groups at any defined time points (Fig.
4A). On the other hand, diabetic rats (the DM⫹HGF and
DM⫹Control group) displayed a considerable reduction in
tactile response threshold at 1 week after the induction of
diabetes. This became more pronounced with time, reaching a 57% reduction in paw withdrawal threshold at 3
weeks after the induction. As shown in Fig. 4B, both the
DM⫹HGF group and the DM⫹Control group demonstrated significantly lower tactile nociceptive threshold
than the nondiabetic group throughout the examination
period (P ⬍ 0.01). However, this impaired tactile nociception was significantly improved in the DM⫹HGF group
compared with the DM⫹Control group and reached significant difference at 5 and 6 weeks after the induction
(P ⬍ 0.05 and P ⬍ 0.01, respectively) (Table 1).
Electrophysiological studies. At 3 weeks after the induction of diabetes, the mean MNCV of diabetic rats was
31.0 ⫾ 3.8 m/s, against 41.9 ⫾ 4.1 m/s for the nondiabetic
rats (P ⬍ 0.01). After repeated gene transfer, the DM⫹HGF
group demonstrated significant restoration of the mean
MNCV, whereas the DM⫹Control group showed a steady
decrease. There was a significant difference between the
DM⫹HGF group and the DM⫹Control group at 6 weeks
after the induction (35.1 ⫾ 3.4 and 28.2 ⫾ 3.1 m/s,
respectively). The mean CMAP of diabetic rats also demonstrated a significant decrease compared with that of the
nondiabetic rats at 3 weeks after the induction (P ⬍ 0.01).
After repeated gene transfer, the DM⫹HGF group showed
a considerable resurgence, whereas the DM⫹Control group
decreased steadily. There was a significant difference
DIABETES, VOL. 54, MARCH 2005

between the DM⫹HGF and DM⫹Control group at 6 weeks
after the induction (25.7 ⫾ 3.9 and 17.1 ⫾ 2.9 mV, respectively) (Fig. 5, Table 1).
The laser Doppler flux studies. Sciatic nerve of diabetic
rats in both the DM⫹HGF group and the DM⫹Control
group failed to show an increase in whole-nerve laser
Doppler flux compared with the nondiabetic group and
reached significant difference at 3 weeks after the induction of diabetes (P ⬍ 0.01). Subsequently, the whole-nerve
laser Doppler flux in the DM⫹HGF group considerably
increased and reached significance compared with the
DM⫹Control group at 6 weeks after the induction (P ⬍
0.01). There was no significant difference between the
DM⫹HGF group and the nondiabetic group. Local muscle
laser Doppler flux followed approximately the same pattern as that observed for the sciatic nerve, with the exception that there was still a significant difference between the
DM⫹HGF group and the nondiabetic group at 6 weeks
after the induction (P ⬍ 0.01) (Fig. 6, Table 1).
Histological studies of the nerve. The semi-thin transverse sections of sciatic nerve from the three groups are
shown in Fig. 7A. Size/frequency distributions of myelinated axons showed two peaks at around 2.00 and 4.00 m.
There was a trend toward a decrease in the DM⫹Control
group compared with the nondiabetic group, and this
trend was slightly reversed by HGF gene transfer. Representative electron microscopic findings of the sciatic nerve
from the three groups are shown in Fig. 7B. Size/frequency
distribution of unmyelinated axons showed a trend toward
an increase in both the DM⫹Control group and the DM⫹
849
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FIG. 3. Immunohistochemistry (fluorescein isothiocyanate) and in situ hybridization. A: In the DMⴙHGF group, the injected muscle, the
ipsilateral sciatic nerve, and the ipsilateral sensory neurons in the ipsilateral lumbar DRG showed immunoreactivity. On the other hand, in the
DMⴙControl group, no immunopositive findings were observed in any tissue stained immunohistochemically with the same primary antibody. B:
In the DMⴙHGF group, some muscle fibers in the injected muscle showed strong expression of the human HGF mRNA, and the ipsilateral nerve
exhibited localization of the expression along the axon. Strong expression of the human HGF mRNA was also observed in many sensory neurons
in the ipsilateral DRG. On the other hand, all tissues harvested from the DMⴙControl group showed very weak levels of background grains when
they were treated with the sense probe. Scale bar: 50 m.

HGF group, in comparison with that in the nondiabetic
group.
The mean diameter of myelinated axons in the nondiabetic group was 3.73 ⫾ 0.27 m, the DM⫹Control group
was 3.58 ⫾ 0.32 m, and the DM⫹HGF group was 3.68 ⫾
0.35 m. There were no significant differences in the mean
diameter of the axons between the three groups. The mean

diameter of unmyelinated axons in the nondiabetic group
was 0.65 ⫾ 0.03 m, the DM⫹Control group was 0.66 ⫾
0.04 m, and the DM⫹HGF group was 0.66 ⫾ 0.06 m.
There were no significant differences in the mean diameter of the axons among the three groups. The density of
the endoneurial capillaries in the nondiabetic group was
38.7 ⫾ 3.0 number/mm2, the DM⫹Control group was

FIG. 4. Behavioral tests for the thermal response latency and the tactile response threshold. Time-course change of the thermal response latency
(A) and the tactile response threshold (B) of the nondiabetic group (F), the DMⴙHGF group (f), and the DMⴙControl group (Œ) is shown. The
thermal response latency showed no statistical differences between the three groups. On the other hand, both the DMⴙHGF group and the
DMⴙControl group demonstrated significantly lower tactile response threshold than the nondiabetic group throughout the examination period
(P < 0.01). This impaired tactile nociception was significantly improved in the DMⴙHGF group compared with the DMⴙControl group and
reached significant difference at 5 and 6 weeks after the induction. *P < 0.05; **P < 0.01.
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TABLE 1
Effects of streptozotocin-induced diabetes and influence of human HGF gene therapy

Body weight (g)
Plasma glucose level (mg/dl)
Thermal response latency (s)
Tactile response threshold (g)
MNCV (m/s)
CMAP (mV)
Laser doppler flux (relative unit)
Muscle
Nerve
Myelinated axon diameter (m)
Unmyelinated axon diameter (m)
Density of endoneurial capillaries (number/mm2)

Nondiabetic

DM⫹HGF

DM⫹Control

P

315.0 ⫾ 17.9
103.2 ⫾ 12.2
17.2 ⫾ 3.98
14.5 ⫾ 1.3
42.2 ⫾ 3.3
31.1 ⫾ 2.5

158.7 ⫾ 36.7
568.7 ⫾ 40.1
18.0 ⫾ 5.9
8.1 ⫾ 1.3
35.1 ⫾ 3.4
25.7 ⫾ 3.9

158.3 ⫾ 16.0*
597.5 ⫾ 29.6*
16.7 ⫾ 4.2
4.9 ⫾ 1.0†
28.2 ⫾ 3.1†
17.1 ⫾ 2.9†

⬍0.01
⬍0.01
NS
⬍0.01
⬍0.01
⬍0.01

1.87 ⫾ 0.14
1.38 ⫾ 0.12
3.73 ⫾ 0.27
0.65 ⫾ 0.03
38.7 ⫾ 3.0

1.56 ⫾ 0.16
1.25 ⫾ 0.15
3.68 ⫾ 0.35
0.66 ⫾ 0.06
39.3 ⫾ 2.6

1.18 ⫾ 0.18†
0.86 ⫾ 0.17†
3.58 ⫾ 0.32
0.66 ⫾ 0.04
31.8 ⫾ 3.7†

⬍0.01
⬍0.01
NS
NS
⬍0.01

Data are means ⫾ SE at 6 weeks after induction of diabetes. *P ⬍ 0.05, nondiabetic vs. DM⫹HGF and DM⫹Control; †P ⬍ 0.05, DM⫹Control
vs. DM⫹HGF.

31.8 ⫾ 3.7 number/mm2, and the DM⫹HGF group was
39.3 ⫾ 2.6 number/mm2. The DM⫹Control group disclosed
a significant reduction in the density compared with the
nondiabetic group and the DM⫹HGF group (P ⬍ 0.01).
There was no significant difference between the DM⫹HGF
group and the nondiabetic group (Table 1).
DISCUSSION

We have now confirmed that delivery and continuous expression of human HGF within the nervous system significantly improved the experimental diabetic sensorimotor
neuropathy induced by STZ. In this study, diabetic rats
showed tactile allodynia, which was evident within 1 week
after the induction of diabetes and lasted for at least 6
weeks (the end of the study) but failed to show any
significant alterations in thermal response latency as
reported previously (21). It is considered that tactile
nociception is predominantly mediated by myelinated
afferents, whereas thermal nociception is mainly transmitted through unmyelinated c-fiber afferents (22). It would
therefore be possible that myelinated afferents mediating
tactile nociception are more vulnerable than c-fiber afferents mediating thermal nociception in these diabetic rats.
In addition, we observed a significant reduction of MNCV
and an overall reduction of whole-nerve blood flow at 3
weeks after the induction of diabetes. This result corroborates previous reports demonstrating that diabetic
neuropathy has been related to microangiopathy and
endoneurial ischemia (23,24) and also supports other re-

ports showing that reduced blood flow or ischemia directly affects nerve conduction velocity (25–27).
Furthermore, we have conducted detailed morphometric studies for both myelinated and unmyelinated axons to
determine the structural changes that may underlie these
functional abnormalities. In this study, there were no significant differences in the mean diameter of either myelinated
or unmyelinated axons between the three groups. This discrepancy between functional abnormalities and morphometrical abnormalities has been frequently observed in
diabetic rats (28,29). On the other hand, the size/frequency
distributions of both myelinated and unmyelinated axons
showed unique morphometrical changes. Malone et al.
(30) reported that morphometrical abnormalities were
confirmed only when diabetes had been induced in
immature rats and therefore suggested that hyperglycemia would impair growth and maturation of nerves rather
than degeneration of mature nerves. Considering that
diabetes was induced in 4-week-old rats in this study, we
suppose the impairment of growth and maturation of
specific axons might be one explanation for these unique
morphometrical changes.
It has been reported that HGF has a potential to exert
multifunctional biological effects. In the nervous system,
HGF plays an important role in the maturation and function of neurons (12) and also prevents neuronal death by
its antiapoptotic effect (13). Thus, it should function as a
powerful neurotrophic factor in this diabetic neuropathy
model. However, it is likely that it also functioned as a

FIG. 5. Electrophysiological studies. MNCV (A) and CMAP (B) of
the nondiabetic group (F), the
DMⴙHGF group (f), and the DMⴙ
Control group (Œ) are shown. Both
MNCV and CMAP showed marked
reduction in the DMⴙControl
group; however, this reduction was
prevented significantly in the DMⴙ
HGF group. **P < 0.01.
DIABETES, VOL. 54, MARCH 2005
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FIG. 6. The laser Doppler flux
studies. The laser Doppler flowmetry of the sciatic nerve (A) and
the injected muscle (B) of the
nondiabetic group (F), the DMⴙ
HGF group (f), and the DMⴙ
Control group (Œ) are shown.
Both the sciatic nerve and the injected muscle showed marked reduction in the DMⴙControl group;
however, this reduction was prevented significantly in the DMⴙ
HGF group. **P < 0.01.

powerful angiogenetic factor (14,15). Indeed, our laser
Doppler flux studies showed that whole-nerve blood flow
in diabetic rats was fully restored to the control level at 3
weeks after the first gene transfer, and the density of the
endoneurial capillaries that disclosed a reduction in diabetic rats was significantly reversed by repeated HGF gene
transfer. Considering that no remarkable expression of
human HGF protein could be observed in the spinal cord,
it seemed more plausible that the improvement of MNCV
was achieved mainly by virtue of the angiogenetic effect,
not the neurotrophic effect of HGF.
For repeated HGF gene therapy, we used a nonviral HVJ
liposome–mediated gene transfer method that had been
used successfully for in vivo gene transfer into various
tissues (14,31–35). HVJ contains two distinct glycoproteins
(hemagglutinating neuroaminidase and fusion protein) in
its envelope that are involved in cell fusion. HVJ liposomes

can fuse with plasma membrane, and DNA can be directly
introduced into cell cytoplasm without lysosomal degradation. It is considered that HVJ liposomes do not replicate or recombine to form an infectious agent and may not
evoke inflammatory or immune responses (33). Recently,
gene transfer into the nervous system has been performed
in experimental animals using viral vectors because of the
high transfection efficiency (36 – 42). However, these methods are potentially hazardous because of viral infection–
associated toxicity, immunological compromise (which
makes repeated in vivo gene transfer inefficient), and
most importantly, deleterious side effects (43). In this
respect, we believe this nonviral gene transfer method
could be considered suited to clinical applications.
In addition, there were three other notable findings in
this study. First of all, stable transfection efficiency could
be obtained in the nerve and DRG by repeated intramus-

FIG. 7. Histological studies of the nerve. A: Myelinated axons. The semi-thin transverse sections of sciatic nerve obtained at 6 weeks after
induction of the diabetes are shown. Large-diameter axons and small-diameter axons were found to coexist in each group. There was no
infiltration of inflammatory mononuclear cells into the nerve in either group. The size/frequency distributions of myelinated axons showed two
peaks at around 2.00 and 4.00 m. There was a trend toward a decrease in the DMⴙControl group compared with the nondiabetic group, and this
trend was slightly reversed by HGF gene transfer. B: Unmyelinated axons. Representative electron microscopic findings of the sciatic nerve
obtained at 6 weeks after the induction of the diabetes (*unmyelinated axons) are shown. The size/frequency distribution of unmyelinated axons
showed a trend toward an increase both in the DMⴙControl group and in the DMⴙHGF group, in comparison with that in the nondiabetic group.
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cular injections. In this study, the expression of the human
HGF mRNA was confirmed in the nerve and the DRG by
RT-PCR, and its distribution was identified using the in
situ hybridization technique. Therefore, it is evident that
gene transfer into the nervous system did occur via
retrograde axonal transport, and this transported exogenous HGF gene produced human HGF protein detected in
each tissue. This result demonstrates the practical feasibility of gene therapy for the diabetic sensorimotor neuropathy via retrograde axonal transport.
Second, it is notable to see that the present human HGF
gene transfer increased the production of endogenous rat
HGF, especially in the nerve and DRG. This result seems to
support the idea that transfection into the nervous system
with the human HGF gene has the potential to boost the
expression of endogenous rat HGF. It is possible that the
human HGF gene may serve as a positive regulator of the
production, secretion, and/or posttranslational modification of rat HGF. This phenomenon was also reported in
previous experimental studies (19,34).
Third, the concentration of endogenous rat HGF in each
tissue was at least 10-fold higher than that of human HGF
in this study. This considerable difference in the concentration between human HGF and rat HGF was also observed in previous reports where endothelial cells had
been transfected with a human HGF gene and the conditioned medium from these cells was measured by ELISA.
They revealed that the immunoreactive levels of human
and rat HGF were ⬃0.29 and 14 ng/ml higher, respectively,
than those from the control group and therefore suggested
that HGF might itself regulate local HGF production by an
autoloop-positive feedback mechanism and thus operate
in an autocrine-paracrine manner (44). Our data support
this hypothesis.
On the basis of our results, we believe that repeated
intramuscular injection of nonviral HGF-HVJ liposomes is
an efficient way of preventing functional nerve degeneration in a model of STZ-induced diabetic sensorimotor
neuropathy. We commend HGF gene transfer as a novel
therapeutic paradigm for the treatment of diabetic sensorimotor neuropathy.
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