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Powerful and Controllable Angiogenesis by

Using Gene-Modified Cells Expressing Human
Hepatocyte Growth Factor and Thymidine Kinase
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OBJECTIVES

BACKGROUND

METHODS

RESULTS

CONCLUSIONS

This study investigated the possibility of achieving angiogenesis by using gene-modified cells
as a vector,

Although gene therapy for peripheral circulation disorders has been studied intensively, the
plasmid or viral vectors have been associated with several disadvantages, including unreliable
transfection and uncontrollable gene expression.

Human hepatocyte growth factor (hHGF) and thymidine kinase (TK) expression plasmids
were serially transfected into NIH3T3 cells, and permanent transfectants were selected
{NIH3T3 + hHGF + TK). Unilateral hindlimb ischemia was surgically induced in BALB/c
nude mice, and cells were transplanted into the thigh muscles. All effects were assessed at four
weeks.

The messenger ribonucleic acid expression and protein production of hHGF were confirmed.
Assay of growth inhibition by gancicovir revealed that the 50% (median) inhibitory con-
centration of NIH3T3 + hHGF + TK was 1,000 times lower than that of NIH3T3 +
hHGF. The NIH3T3 + hHGF + TK group had a higher laser Doppler blood perfusion
index, higher microvessel density, wider microvessel diameter, and lower rate of hindlimb
necrosis, as compared with the plasmid- and adenovirus-mediated hHGF transfection groups
or the NIH3T3 group. The newly developed microvessels were accompanied by smooth
muscle cells, as well as endothelial cells, indicating that they were on the arteriolar or venular
level. Laser Doppler monitoring showed that the rate of blood perfusion could be controlled
by oral administration of ganciclovir. The transplanted cells completely disappeared in
response to ganciclovir administration for four weeks.

Gene-modified cell transplantation therapy induced strong angiogenesis and collateral vessel
formation that conld be controlled externally with ganciclovir.  (f Am Coll Cardicl 2004;43:

1915-22) © 2004 by the American College of Cardiology Foundation

Growth factors isolated recently, including vascular endo-
thelial cell growth factor, fibroblast growth factor, angio-
poietin, and hepatocyte growth factor (HGF), have been
found to induce strong angiogenesis (1-5). A number of
studies have reported induction of angiogenesis and collat-
eral vessel formaton by gene therapy with these factors in
both animal experiments and clinical trials. Plasmid or viral
vectors have been used in these therapies (2,6,7), but the
adenovirus vector entails some serious problems, such as
allergic reactions or difficulty with repeated treatment,
despite sufficiently high transfection efficiency. Moreover,
although plasmid vectors have recently been used in clinical
settings, have not been associated with allergic reactions,
and could be used repeatedly, their transfection efficiency
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has been low and has varied with the tissues injected or the
patient. These gene delivery methods have the common
drawbacks of not being able to choose the target cells and to
selectively eliminate the transfected cells once they acquire
the character of abnormal growth. Thus, new methods that
would provide ideal gene delivery systems have long been
awaited.

Regeneration therapy has recently been performed in
many tissues and organs. Various types of cells regenerate
from embryonic or adult stem cells, and these cells would be
transplanted into patients. Rapid and sufficient establish-
ment of angiogenesis and collateral vessel formation to
promote the survival and function of the transplanted cells
are especially important in terms of blood supply. We
investigated regeneration of cardiomyocytes from adult stem
cells and concluded that blood vessel formation into trans-

- planted cells is crucial to their survival (8). Because angio-

genic gene therapy with plasmid vectors has been insuffi-
cient to induce the rapid and powerful angiogenesis required
for transplantation of the regenerated cells, 2 new method
has been needed to address this problem.

In the present study, NIH3T3 cells were permanently
transfected with a novel angiogenic human HGF (hHGF)
and thymidine kinase (TK) of herpes simplex gene and then
used as a gene therapy vector. Their effect on blood flow,
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Abbreviations and Acronyms
DMEM = Dulbecco’s modified Eagle’s medium

EGFP = enhanced green fluorescent protein
ELISA = enzyme-linked immunosorbent assay
RHGF = human hepatocyte growth factor

IC,, = 50% (median)} inhibitory concentration
LDPI = laser Doppler perfusion image
RT-PCR = reverse transcription-polymerase chain

reaction
SMA = smooth muscle actin
TK = thymidine kinase
vWF = von Willebrand factor

angiogenesis, and collateral formation was investigated in a
murine ischemic hindlimb model (9—11). In this paper, we
report that gene-modified cells expressing hHGF and TK
induced strong angiogenesis and collateral vessel formation,
and that they were easily controlled externally with ganci-
clovir.

METHODS

Cell culture. The NIH3T3 cells were cultured in Dulbec-
co's modified Eagle’s medium (DMEM), supplemented
with 10% fetal bovine serum and penicillin (100 pg/ml),
streptomycin (250 ng/ml), and amphotericin B (85 pg/ml).
Stable transfection of hHGF and TK genes. The com-
plementary deoxyribonucleic acid (¢cDNA) of the hHGF
and TK genes was inserted into the pUC-5Ra and pGK
expression vector plasmids, respectively (10-13). pFUR and
pcDNA3.1/Hygro(+)} are selection plasmids that confer
puromycin resistance and hygromycin resistance, respec-
tively. After co-transfection of pUC-SRa/hHGF and
pPUR into the NIH3T3 cells, using the Effectene Reagent
(QIAGEN GmbH, Hilden, Germany), the puromycin-
nonresistant cells were removed with puromycin (3 pg/ml),
and the hHGF-producing cells were clonally selected
(NIH3T3 + hHGF). pGK/TK and pcDNA3.1/Hygro(+)
plasmids were then similarly co-transfected into the
NIH3T3 + hHGF cells; the hygromycin-nonresistant cells
were removed with hygromycin (200 pg/ml); and both
hHGF- and TK-producing cells were clonally selected
(NIH3T3 + hHGF + TK).

Reverse transcription-polymerase chain reaction (RT-
PCR). Expression of hHGF messenger ribonucleic acid
was analyzed by RT-PCR using the primers that specifically
detect human but not mouse HGF, as previously described
(14). : :
Enzyme-linked immunosorbent assay (ELISA) for
hHGF, Production of hHGF was determined by ELISA
with anti-human—specific HGF monoclonal antibodies (In-
stitute of Immunology, Tokyo, Japan) (6,15,16).
Ad.CA-hHGF, The adenoviral vector plasmid pAd.CA-
hHGF, which is composed of a cytomegalovirus immediate
carly enhancer, a modified chicken beta-actin promoter, and
hHGF cDNA, was constructed by the in vitro ligation
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method (17). The pAd.CA-hHGF plasmid was partially
cut with Pacl and then transfected into 293 cells, followed
by culture with 0.5% overlaid agarose-a-minimal essential
medium (MEM) containing 5% horse serum for 10 to 15
days. Viral plaques, which had been confirmed by restriction
enzyme analysis and ELISA for hHGF, were propagated in
293 cells, purified by CsCl, gradient ultracentrifugation
twice, and desalted with a desalting column (18). Viral
particles were calculated by means of optical density at 260
nm.

Murine model of hindlimb ischemia. All animal experi-
ments were approved by the Animal Care and Use Com-
mittee of Keio University. After anesthetizing male
BALB/c nude mice (eight weeks) with diethyl ether, the
femoral artery was gently isolated, and the proximal portion
was ligated with 7-0 silk ligatures (19,20).
Transplantation of continuously hHGF-producing
NIH3T3 cells. The hindlimb ischemic mice (n = 192)
were randomly classified into five groups. The control
groups received 0.2 ml saline only (n = 14), 500 pg
pUC-SRa/hHGF plasmids in 0.2 ml saline (n = 10), 10°
particles Ad.CA-hHGF in 0.2 ml phosphate-buffered sa-
Ene (n = 10), or NIH3T3 in 0.2 m]l DMEM (n = 14). The
experimental group received NIH3T3 + hHGF + TK in
0.2 ml DMEM (n = 144). All injections were given via a .
27-gauge needle (21). The numbers of cells transplanted
ranged from 10* to 107. They were injected into two
different sites in the ischemic thigh (adductor) skeletal
muscles on postoperative day 1. The direction of injection
was parallel to the muscle fibers. Angiogenesis and collateral
vessel formation were assessed at four weeks,

Laser Doppler blood perfusion analysis. The blood per-
fusion rate in the ischemic (left leg) and normal (right leg)
hindlimb was measured with a laser Doppler perfusion image
(LDPI) systemn (Moor Instruments), as described previously
(20,22).

Histopathology. Frozen sections (4 um) were cut from
tissue specimens (23). Immunohistochemical staining for
hHGF, endothelial cells, and alphz-smooth muscle actin
(SMA) was carried out with anti-human HGF (R&D
Systems Inc., Minneapolis, Minnesota), anti-human von
Willebrand factor (vWF)/horseradish peroxidase (HRP),
and anti-human SMA/HRP (Dakocytomation, Kyoto, Ja-
pan), respectively. Sections for staining and counterstaining
were incubated with 3,3"-diaminobenzidine tetrahydrochlo-
ride and Mayer’s hematoxylin solution, respectively. Elastica
van Gieson staining was carried out by the standard
method. Paraffin sections (3 pm) were cut from tissue
specimens, and hematoxylin-eosin staining was carried out
by the standard method.

Assay of growth inhibition by ganciclovir in vitro. After
seeding cells on six-well plates (1 0° cells/well) and culturing
for 24 h, they were exposed to ganciclovir in concentrations
ranging from 0 to 107> g/ml for 72 h (24,25).
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Figure 1. (A) Expression of human hepatocyte growth factor (hHGF)
messenger ribenucleic acid in the hRHGF-transfected NIH3T3 cells. The
primer set of reverse transcription-polymerase chain reaction specifically
detects RHGF but not mouse HGF. pUC-SRa/hHGF plasmid and mouse
liver were used as a positive and negative control, respectively. M = the
©X174-Haelll digest. (B) Production of hHGF protein. This ELISA
system specifically detects only hRHGF because of the lack of cross-
reactivity by the antibodies. Darta are expressed as hHGF concentradons
adjusted for cell number, Both NTH3T3 + hHGF and NIH3T3 + hHGF
+ thymidine kinase (TK) groups expressed hHGF messenger ribonucleic
acid and produced hHGF protein {n = 5),

Detection of ganciclovir-induced apoptosis with annexin
V. Annexin V is an early apoptotic marker. The NTH3T3
+ hHGF + TK group was exposed to 1077 g/ml ganci-
clovir for 48 h, and the apoptotic cells were detected with an
annexin V-enhanced green fluorescent protein (EGFP)
apoptosis detection kit (Medical & Biological Labs Co.
Ltd., Nagaya, Japan) (26).

Regulation of transplanted cell growth with ganciclovir
in vivo. We investigated the dose-response relationship of
growth inhibition by ganciclovir by transplanting NIH3T3
+ hHGF + TK (107 cells) and administering ganciclovir
two weeks later. The transplanted mice received different
doses (0, 1, 10, 50, or 80 mg/kg per day) of ganciclovir orally
once a day for four weeks.

Statistical analysis. The data were processed using Stat-
View J-4.5 software. Results are reported as the mean value
= SE. Comparisons of values among all groups were
performed by one-way analysis of variance. The Scheffe’s F
test was used to determine the level of significance. The
probability level accepted for significance was p < 0.05.
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Figure 2. (A) Influence of hHGF and/or TK genes on cell growth in vitro.
The growth rate of the hHGF-transfected NIH3T3 cells was slightly
higher than that of the nontransfected cells, but TK had no effect on cell
growth. (circles = NIH3T3; diamonds = NIH3T3 + hHGF; squares =
NIH3T3 + RHGF + TK) (n = 3). (B} Growth-inhibitory effect of
ganciclovir. The ICq, of ganddlovir for the NIH3T3 + hHGF + TK
group (solid bars) was ~1,000 times lower than that for the NIH3T3 +
hHGF group (open bars) (n = 5). (C) Apoptotic cells stained with
annexin V-EGFP at the cell membrane after exposure to ganciclovir.
Abbreviations as in Figure 1.

RESULTS

Permanently hHGF-transfected NIH3T3 cells produced
hHGF protein. The NIH3T3 + hHGF celis were ob-
tained after two weeks of exposure to puromycin, and
NIH3T3 + hHGF + TK cells were obtained after two
more weeks of exposure to hygromycin. We confirmed that
both the NIH3T3 + hHGF and NIH3T3 + hHGF + TK
groups expressed hHHGF mRNA and then produced hHGF
protein at a rate of 17.3 = 1.4 and 19.1 * 2.0 pg/10° cells
per 24 h, respectively (Fig. 1).

Ganciclovir-inhibited cell growth and induced apoptotic
cell death. It is well known that HGF regulates cell
growth. To determine whether transfection of hHGF af-
fects the growth of NIH3T?3 cells, we counted the numbers
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Figure 3. Frequency of necrosis in the ischemic hindlimbs. Severe hind-
limb necrosis was significantly reduced in the NIH3T3 + hHGF + TK
group. Open areas = negative necrosis; lined areas = necrosis on toes;
solid arcas = necrosis on foot, Abbreviations as in Figure 1.

of cells in vitro (Fig. 2A). The growth rate of the hHGF-
transfected NIH3T3 cells seemed to increase slightly, but
the increase was not significant on day 3. Transfection of
the TK gene had no effect on their growth rate.

Next, we investigated the growth-inhibitory effect of
ganciclovir on these cells (Fig. 2B). The ICq, of ganciclovir
for the NIH3T3 + hHGF + TK group was ~1,000 times
lower than that for the NIH3T3 + hHGF group. These
findings confirmed that the TK plasmid genes had been
effectively transfected, and that hardly any of the cells that
expressed the TK gene survived exposure to ganciclovir at a
concentration of 107° g/ml, which did not affect the control
cells. :

Enhanced green fluorescent protein fluorescence was

detected at the membranes of NIH3T3 + hHGF + TK
cells after ganciclovir exposure (Fig. 2C), indicating that cell
death was attributable to apoptosis.
Human HGF-producing cell therapy augmented angio-
genesis and collateral vessel formation. To evaluate
whether transplantation of hLHGF-producing cells improves
the perfusion of ischemic hindlimbs, we first determined the
rate of necrosis of the ischemic hindlimb. Necrosis was rated
on a three-grade scale. The rate of necrosis of the foot and
toes in the saline group was 35.7% and 42.9%, respectively.
The rates in the pUC-SRa/hHGF group were 20% and
40%, respectively, and in the Ad.CA-hHGF group 10% and
40%, respectively. These therapeutic approaches were effec-
tive in comparison with the saline group, but they were not
sufficient to fully prevent the necrosis. To further ameliorate
limb necrosis, we examined angiogenic gene-modified cell
transplantation therapy. The NTH3T3 (107 cells) group had
-rates of 14.3% and 35.7%, respectively, suggesting that the
vector cell transplantation itself might improve perfusion of
the ischemic imb to some extent. In contrast, the rates in
the NIH3T3 + hHGF + TK (107 cells) group were 5.8%
and 14.5%, respectively (Fig. 3). The rate of necrosis was
surprisingly reduced in the NIH3T3 + hHGF + TK
group, indicating that transplantation of hHGF-producing
cells might be one of the most effective methods of
improving limb ischemia.
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Figure 4. (A, panels a to d) Immunohistochemical staining for von
Willebrand factor in the triceps muscle of the left calf revealed the presence
of numerous vessels. Vessels were larger and more numerous in the
NIHST3 + hHGF + TK group (pancls c and d) than in the saline (panel
a) and NIH3T3 groups (panel b). Scale bars = 100 um. (B) The number
of vessels was determined by observation of 20 random fields from 10 mice
(2 fields per mouse; "p < 0.01). (C) Distribution of the minimum
diameters of the von Willebrand factor-positive vessels (n = 25; "p <
0.0001). Abbreviations as in Figure 1.

Vessel density and size. Immunostaining clearly revealed
the presence of numerous vessels in the NIH3T3 + hHGF
+ TK group (Fig. 4A, panel ¢) and a lower number of
vessels in the saline (Fig. 4A, panel a) and NIH3T3 (Fig.
4A, panel b) groups. Quantitative analysis revealed that the
vessel density in the ischemic region was significantly higher
(Fig. 4B), and the minimum diameter of the vWF-positive
vessels was significantly greater (Figs. 4A, panel d, and 4C)
in the NIH3T3 + hHGF + TK group.

Vessel maturation. Maturation of the vessels was investi-
gated by staining three consecutive frozen sections of
ischemic skeletal muscle. Amazingly, most of the vessels in
the NIH3T3 + hHGF -+ TK group were vWF/a-SMA-
double positive (Figs. 5A, panels 2 and b, and 5B), How-
ever, there was no increase in elastic fiber-positive cells, as
compared with the saline and NIH3T'3 groups (Figs. 5A,
panel ¢, and 5B). These findings showed that NJH3T3 +
hHGF + TK cell transplantation strongly induced angio-
genesis not only at the capillary level but also at the
microvessel (arteriole} level, and it caused angiogenesis at
the large blood vessel level.
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Figure 5. (A, panels a to ¢} Three consecutive frozen sections of NTH3T3 + hHGF + TK rransplanted muscle. {(panel a) Immunohistochemical staining
for vWF and (panel b) a-smooth muscle actin (SMA) and (panel ¢) elastica van Gieson staining. Scale bars = 100 pm. (B) Mawration of vessels was
compared by using three consecutive frozen sections. Most of the von Willebrand factor (YWTF)-positive vessels in NTH3T3 + hHGF + TK transplanted
mice also stained with a-SMA (n = 2(; *p < 0.05, tp < 0.001, ¥p < (.01). Abbreviations as in Figure 1.

Laser Doppler blood perfusion. The LDPI analysis was
performed to study subcutaneous blood perfusion. Represen-
tative images are shown in Figure 6A, and quantitative analysis
of blood perfusion is shown in Figure 6B. No blood perfusion
was observed in the hindlimb immediately after femoral artery
ligation (Fig. 6A, panel a). Perfusion of the proximal part of
the thigh had recovered at four weeks in the saline and
NIH3T3 groups, but perfusion distal to the heel joint had
markedly decreased (Fig. 6A, panels b and c). In the NIH3T3
+ hHGF + TK (10* cells) group, perfusion of the ischemic
limb almost recovered to the control {nonischemic) level, but
perfusion distal to the heel was slightly decreased compared
with the control level (Fig. 6A, panel d}. In the NIH3T3 +
hHGF + TK (107 cells) group, perfusion of the ischemic limb
was 118.1% (i.e., much greater than that in the control
hindlimb) (Figs. 6A and 6B, panel e). To adjust the recovery of
blood perfusion in the ischemic limb to the appropriate level,

we transplanted NIH3T3 + hHGF + TK (107 cells), mon--

itored the LDPI level, and began giving ganciclovir when
blood perfusion reached the control level (two weeks). This
method enabled us to adjust the blood perfusion rate in the
ischemic limb to the same level as in the control imb (Figs. 6A
and 6B, panel f).

When the NIH3T3 + hHGF + TK cells were trans-
planted into the normal nonischemic limb, the blood
perfusion increased more than that in the control limb. Up
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to six weeks after transplantation, no evidence of angiosar-
coma or hypervascular tumor was observed in the trans-
planted limb or other parts of the body (data not shown).

In vivo production of HGF protein. Immunochistochemical
staining demonstrated the production of hHGF protein in
transplanted NIH3T3 + hHGF + TK cells, but not in
transplanted NIH3T3 cells (Fig. 7A).

Cell regulation with ganciclovir and TK. Figure 7B
shows a quantitative analysis of the inhibitory effect of
ganciclovir on blood perfusion. At a concentration of 50
mg/kg/day of ganciclovir, the blood perfusion was adjusted
in the 1schemic limb to the same level as in the control limb,
and no significant side effects were produced. Histologic
examination revealed the natural history of the transplanted
cells (Fig. 7C, panels a to c). The transplanted cells formed
a mass between the skeletal muscles, which gradually
increased in size but did not infiloate into the skeletal
muscle. Two weeks after transplantation of the NIH3T3 +
hHGF + TK cells, we began giving ganciclovir orally every
day for two to four weeks and then examined tissue samples
(Fig. 7C, panels d to f). The NIH3T3 + hHGF + TK cells
gradually underwent apoptosis, and by four weeks, no
transplanted cells could be detected. The surrounding mus-
cle cells and the generated vessels were unaffected by
ganciclovir.
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Figure 6. (A) Representative laser Doppler perfusion images, (B) Quantitative znalysis of the rate of blood perfusion of the ischemie/nonischemic limb.
Panel a = Control mouse on postoperative day 1; panels b to f = four weeks after treatment (panel b = saline injection; panel ¢ = NIH3T3
transplantation {107 cells]); panet d = NIH3T3 + hHGF + TK transplantation [10° cells]; panel ¢ = NTH3T3 + hHGF + TK transplantation [107 cells];
panel f = beginning two weeks after transplanration of NIH3T3 + hHGF + TK (107 cells), ganciclovir (50 mg/kg/day) was administered orally for four
weeks. Oral ganciclovir administration adjusted the blood perfusion rate of the ischemic limb to the same level as that of the nonischemic limb (eight
mice/group). *p < 0.01, tp < 0.001 vs. saline, 3p < 0.05, Yp < 0.01 versus NIH3T3. Abbreviations as in Figure 1.

DISCUSSION

In this study, we assessed angiogenic gene-modified cell
transplantation therapy with fibroblasts permanently trans-
fected with hHGF and TK genes in a murine hindlimb
ischemia model. This therapy had the following merits: 1) it
induced angiogenesis and collateral vessel formation more
effectively than with plasmid and viral vectors. 2) The
combination of TK and ganciclovir allowed the angiogen-
esis to be adjusted by monitoring LDPIL. 3) This therapy
could be stopped at any time desired for any reason. 4)
There was no possibility of the hHGF gene being expressed
in nontarget organs or nontarget cells as a result of leakage
or dispersion of the vectors. If the plasmid vector was
inteprated into the genome and neoplastic transformation
occurred, it would be difficult to control cell growth. 5) The
angiogenic effect can be easily predicted, because the trans-

fection efficiency of the gene is always 100%. 6) The cell
vector will be much more effective in patients who require
rapid angiogenesis, because plasmid or viral vectors require
2 week for maximal expression, and the durztion of maximal
expression is short.

Angiogenic gene-modified cell transplantation therapy
has several drawbacks. One is that once the cells are
transplanted into patients, their growth cannot be con-
trolled. To solve this problem, we double-transfected the
cells with the TK gene, and the results confirmed that
permanently transfected cells could be killed with ganciclo-
vir after the establishment of angiogenesis and collateral
vessel formation. The finding that the IC,, of ganciclovir
for the TK-transfected cells was 1,000 times lower than that
in the nontransfected cells indicated that this system might
be capable of being used in clinical settings.
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Figure 7. (A) Immunohistochemical staining for hRHGF in transplanted NIH3T3 cclls (panel a) and NIH3T3 + hHGF + TK cells (panel b} in the
skeletal muscle. Scale bars = 50 um. (B} The NIH3T3 + hHGF + TK (107) cells were transplanted, and two weeks fater, various concentrations of
ganciclovir were administered for another four weeks, (C) Hematoxylin-eosin staining. (Pancls a to ¢} The natural history of the transplanted NIH3T3
+ hHGF + TK (107} cells is shown. (Panels d to f) Beginning two weeks after transplantation, ganciclovir (50 mg/kg/day) was administered orally for
two to four weeks. The cells had completely disappeared after four weeks of ganciclovir treatment. Arrows indicate the microvessels. Scalc bars = 100 um.

Abbreviations as in Figure 1.

We used NIH3T3, a fibroblast line derived from fetal
NIH/Swiss mice, for the following reasons: 1) the transfec-
tion efficiency of the plasmid is high; and 2) their growth
rate is relatively high in vitro, making it easy to expand the
cells. However, their growth rate in vivo is not as high as
that of carcinoma cell lines, probably because NTH3T?3 cells
have a mechanism of growth inhibition by cell-cell contact.
To apply this method in clinical medicine, the selection of
a human cell line will be requried. Considering the time and
cost for preparation of the cells, an autograft might require
a long time and be expensive. It took at least two months to
prepare the hHGF- and TK-double-transfected cells, and
a number of additional experiments were needed to confirm
their effectiveness and safety. We think that allograft cells
should be used to prepare gene-modified cells. In view of
the time, cost, effectiveness, and safety of the cells, allografts
would be much better than autografts.

Regenerative medicine has recently been the subject of
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investigations in many fields, and a number of regenerative
cells have been established. The authors have reported that
regencrative cardiomyocytes can be generated from marrow
mesenchymal stem cells, and transplantation of the regen-
erated cells will be examined in various organs. One of the
reasons why we are considering angiogenic gene-modified
cell transplantation therapy is the need for a rapid bloed
supply to the transplanted cells. To achieve that goal, we can
co-transplant target organs with these gene-modified cells
in combination with the regenerated cells. Once the blood
supply has become established, the angiogenic cells are no
longer needed, and they can be eliminated by ganciclovir.
Bone marrow mononuclear cells have recently been used
to induce angiogenesis as a means of treating arteriosclerosis
obliterans (27). Although bone marrow mononuclear cells
contain endothelial cells, the population of endothelial
progenitor cells is <<1%. The effectiveness of this therapy
may be explained not only by the presence of endothelial
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progenitor cells but also by the fact that bone marrow
mononuclear cells produce various cytokines and angiogenic
growth factors. The advantage of angiogenic therapy with
bone marrow mononuclear cell autografts is that the cells do
not undergo immunorejection. The drawback of this ther-
apy is that the cells may contain a variety of types of cells,
such as osteogenic or chondrogenic stem cells, or induce
inflammation by secreting cytokines. Using angiogenic
gene-modified cells avoids the problem of transplanting
different types of cells; however, the efficiency and safety of
this procedure needs to be fully investigated before clinical
application can become a reality.
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Endothelin-1 regulates cardiac sympathetic
innervation in the rodent heart by controlling
nerve growth factor expression
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The cardiac sympathetic nerve plays an important role in regulating cardiac function, and nerve growth fac-
tor (NGF) contributes to its development and maintenance. However, little is known about the molecular
mechanisms that regulate NGF expression and sympathetic innervation of the heart. In an effort to identify
regulators of NGF in cardiomyocytes, we found that endothelin-1 specifically upregulated NGF expression in
primary cultured cardiomyocytes. Endothelin-1-induced NGF augmentation was mediated by the endothe-
Lin-A receptor, Gifiy, PKC, the Src family, EGFR, extracellular signal-regulated kinase, p38MAPK, activator
protein-1, and the CCAAT/enhancer-binding protein 8 element. Either conditioned medivm or coculture with
endothelin-1-stimulated cardiomyocytes caused NGF-mediated PC12 cell differentiation. NGF expression,

cardiac sympathetic innervation, and norepinephrine concentration were specifically reduced in endothelin-1-

deficient mouse hearts, but not in angiotensinogen-deficient mice. In endothelin-1-deficient mice the sym-
pathetic stellate ganglia exhibited excess apoptosis and displayed loss of neurons at the late embryonic stage.
Furthermore, cardiac-specific overexpression of NGF in endothelin-1-deficient mice overcame the reduced
sympathetic innervation and loss of stellate ganglia neurons. These findings indicate that endothelin-1 regu-

lates NGF expression in cardiomyocytes and plays a critical role in sympathetic innervation of the heart.

Introduction

Cardiac tissues are extensively innervated by auronomic nerves. The
cardiac sympathetic nerve plays an important role in modulating
heart rate, conduction velocity, myocardial contraction, and relax-
ation. Although several molecules that regulate the development of
the heart have been well characterized, lictle is known about the
mechanism that regulates sympathetic innervation of the heart. The
cardiac sympathetic nerve extends from the sympatheric neuron in
stellate ganglia (SG), which is derived from the neural crest (1). Nerve
growth factor (NGF) is a prototypic member of the neurotrophin
family, members of which are critical for the differentiation, survival,
and synapric activity of che peripheral symparhetic and sensory ner-
vous systems (2, 3). Levels of NGF expression within innervared tis-
sues roughly correspond to innervation density (4). The volume of
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under the control of the cardiac-specific ¢-myosin heavy chain promorer {motse)
(MHC-NGF); CCAAT/enhancer-binding protein b {C/EBPS); C-terminal Src kinase
(Csk); deletion murant of EGFR (533delEGFRY), dominant-negative murtant adenovirus
of extracellular signal-regulaced kinzse {[¥N-ERK); dominant-negarive muranc
adenovirus of pABMAPK {DN-p38); embryonic day (E); endochelin. 1 (ET-1);
endothelin-A {ET'x): ET-1-deficient {tnouse) {Edul -+ ) exttaceliular signal-regulared
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sympatheric ganglion is reduced by atleast 80% at postnaral day 3 in
mice with a disruption of the NGF gene. In mice that lack the NGF
receptor TrkA, no neurons remain at postnatal day 9 (2). Deletion of
a single copy of the NGF gene results in a 50% reduction in sympa-
thetic neurons (5), while overexpression of NGF in the heart results
in cardiac hyperinnervation and hyperplasia in SG neurons (6).
These results demonstrate the importance of NGF in the regulation
of symparhetic neuron development and innervation,

In pathological stares, NGF production in the heart is variable. In
ischemic hearts, an increase in cardiac NGF leads to regeneration of
sympathetic nerves (7, 8). In a previous experiment, we found that
NGF was upregulated in streptozotocin-induced diabetic murine
hearts (9} In contrast, it was reported thac NGF and sympatheric
innervation were reduced in congestive heart failure (10). Despite their
importance, the molecular mechanisms that regulate NGF expression
and sympathetic innervation in the heart remain pootly understood.

Endothelin-1 (ET-1} is believed to play a eritical role in the patho-
genesis of cardiac hypertrophy, hypertension, and atherosclerosis.
Gene targeting of ET-1 and irs recepror endothelin-A (ET.) resule-
ed in unexpected craniofacial and cardiovascular abnormalities.
These phenotypes are consistent with interference of neural crest
differentiation. The influence of ET-1 on neural crest development
remains undetermined (11-13).

We hypothesized that ET-1 could affect the induction of neu-
rotrophic factors, and chae its disruption might contribute to the
immature development of neural crest-derived cells. In this study,
we found ET-1-specific induction of NGF in cardiomyocyrtes, iden-
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tified the signaling pathways involved, and studied the ET-1-NGF
pathway-mediated development of the sympathetic nervous system
in the heart, In ET-1-deficient {EdnI~-) mice, the sympathetic nerve
densiry and norepinephrine concentration were markedly reduced,
and a loss of SG neurons by excess apoptosis was observed due to
downregulation of cardiac NGF. Moreover, we demonstrated that the
sympathetic nerve retardation was restored in Ednl~- mice, which
overexpressed the NGF gene under the rranscriptional control of the
cardiac-specific a-myosin heavy chain promoter (Edn1--/MHC-NGF
mice). These findings show that ET-1 is a key regulator of NGF
expression in cardiomyocytes, and that the ET-1-NGF pathway is
critical for sympathetic innervation in the hearr.

Methods
Cell culture. Primary culture for cardiomyocytes and cardiac fibroblasts
and the culrures for PC12 cells were as described previously (14, 15).

RNA extraction, Northern blot, and quantitative RT-PCR. RNA and
quantitative RT-PCR were performed as described previously (14). To
detect the four murine NGF alternatively spliced transeriprs, four
primer sets were designed as follows: the exon 2-specific forward
primer (for transcripr a) was 5-CTCCTAGTGAAGATGCTGTGCC-
3, the forward primer spedific to exons 1B-3B (for transcript b) was
5-AGCGCATCGAGTTTTGGCCTGT-3, the exon 1A-specific for-
ward primer {for transcript ¢) was 5-TGGCTTTTCCTGGCTAT-
GTCC-3, the exon 3A-specific forward primer (for transcript d) was

-AGTGCTTGCCTTATTGGGAC-3', and the same reverse primer
was used in four primer sets, 5-CTGTGGCTGTGGTCTTATCTC-3".
For Northermn blot analysis, 2 ug of poly{A)* RNA was used. Rat NGF,
B-type natriuretic peptide (BNP), and GAPDH cDNA wete obrained
by RT-PCR from the heart. Rat NGF primers were 5-GCAGACCCG-
CAACATCACTG-3' and 5"-TCTCCAACCCACACACTGACA-3". The
primers and probes for murine NGF were forward, 5'-GCCAAG-
GACGCAGCTTTCTA-3; reverse, 5-GCCTGTACGCCGATCAAAA-
3’;and probe, 5-FAM-CCGCAGTGAGGTGCATAGCGTA ATGTC-
TAMRA-3’. Primers for NGF expression in Ednl~-/MHC-NGF mice
were forward, §-GATCGGCGTACAGGCAGAA-3"; reverse, 5'-
TGGGCTTCAGGGACAGAGTCT-3'; and probe, 5'-FAM-CGTA-
CACAGATAGCAATG-MGB-3', Primers for neurotrophin-3 were for-
ward, 5-AACATAAGAGTCACCGAGGAGAGTACT-3";, reverse,
5-ATGTC AATGGCTGAGGACTTGTC-3"; and probe, §-FAM-CAC-
CCACAGGCTCTCACTGT CACACA-TAMRA-3". The mRNA levels
were normalized by cornparison to GAPDH mRNA,

Reagents. Reagents were supplied by the following sources: Sigma-
Aldrich (St. Louis, Missouri, USA) supplied ET-1 (10-7 M),
angiotensin II (10-7 M), phenylephrine (10-5 M), BQ123 (10-5 M),
H89 (2 x 10-6 M), PD98059 (5 x 10-5 M), SB203580 (10-5 M), PMA (10-6
M), chelerythrine (10-5 M), IGF-1 (10 ng/ml), pertussis toxin (PTX; 100
ng/ml), wortmannin (108 M), KN62 (10-5 M), EGTA (4% 10-* M), 1,2-
bis(2-aminophenoxy) ethane-N,N,N’N’-tecraacetic acid retrakis
{acetoxymethyl ester) (BAPTA-AM) (10-* M}, and anti-NGF block-
ing antibody (1:10,000). Calbiochem-Novabiochem Corp. (San
Diego, California, USA) supplied PP2 (10-5 M} and AG1478 (5 x 10”7
M). Santa Cruz Biotechnology Inc. (Santa Cruz, California, USA)}
supplied leukemia inhibitory factor (LIF; 1,000 U/ml). Takeda
Chemical Industries Lrd. (Osaka, Japan) supplied TAK044 (10-¢ M).

Adenoviruses. B-Gal (LacZ) and the recombinant adenovirus for the
carboxyl terminus of B-adrenergic receptor kinase (BARK-ct) were
provided by H. Kurose (University of Tokyo, Tokyo, Japan). Domi-
nant-negative mutant adenoviruses of extracellular signal-regulat-
ed kinase {DN-ERK) and p38MAPK (DN-p38) were provided by S.
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Mirsuyama (Kumamoto University, Kumamoro, Japan). Infection
was performed as described previously (16, 17).

FPreparation of conditioned medium. Cardiomyocytes were incubated
in medium containing serum for 24 hours. The medium was
replaced with fresh serum-free medium, and then the cells were stim-
ulared with several factors. After 6 hours, the conditioned medium
was collecred and assayed.

ELISA for NGF. An ELISA kit was purchased from Promega Corp.
(Madison, Wisconsin, USA).

Plasmids and luciferase assay. Luciferase plasmids containing various
lengzhs of NGF promorer were provided by P.F. Johnson (National
Cancer Institure-Frederick Cancer Research and Development Cen-
ter, Frederick, Maryland, USA) (18). C-terminal Src kinase (Csk) and
the defetion mutant of EGFR (533del EGFR) were provided by H. Sabe
{Kyoto University, Kyoto, Japan) and H. Marsubara (Kyoto Prefectural
University of Medicine, Kyoto, Japan) (19).

Differentiation of PCI12 cells. Cells were examined under a phase-con-
trast microscope. The number of differentiated cells was counted in
six randomly selected fields. The criterion for distinguishing differ-
entiated from undifferentiated cells was neurite outgrowth greater
in length than two cell-body diamerers.

Coculture of PC12 cells with cardiomyocyres. PC12 cells (4 x 103/cm?)
transfected with adenoviral LacZ were overlaid onto the cardiomy-
ocytes (4 X 104/cm?). Cells were fixed and stained with X-gal reagent.

Animals. Edn1~~, angiotensinogen-deficient (Arg~), and MHC-NGF
mice were generated as described previously (6, 11, 20). Osmotic
minipumps containing BQ123 or candesartan were implanted in the
pregnant Ednl*/- or Atg*~ mice as described previously (12, 21). Edn1*~
tnice were crossed with MHC-NGF mice to generate Edni*-/MHC-
NGF mice, which were in turn crossed with Ednl”- to generate
Edn1-/MHC-NGF mice. The Keio University Ethics Commitcee for
Animal Experiments approved all experiments in this study.

Norepinephrine measurement. Norepinephrine concentration was
determined by HPLC as described previously (22),

Immunobistochemistry in bearts. To detect nerve fibers in hearts,
paraffin-embedded sections were incubated with antibody against
ryrosine hydroxylase (TH; Chemicon Intemational Inc,, Temecula,
California, USA), growth-associated protein 43 (GAP43; Chemicon
Internarional Inc.}), and protein gene product 9.5 (PGP9.5; Cam-
bridge Bioscience, Cambridge, United Kingdom). Following
hybridization with the secondary antibody, sections were incubat-
ed with diaminobenzidine. Nerve densiry was determined using
NIH Image, as described previously (7, 8).

Histology in sympathetic ganglia. For whole-mount immunostaining,
embryos were fixed with paraformaldehyde and stained with anti-TH
antibody as described previously (23}. Paraffin-embedded sections
were stained with cresyl violer, antibody against TH and Ki-67 (DAKO
Corp., Carpinteria, California, USA); neuronal cell apoprosis was
detected using ApopTag kit (Chemicon International Inc.) aceording
to the manufacturer’s instructions. The total number of neurons and
the neuron area were determined as described previously (24).

Statistical analysis. Values are presented as means £ SEM. Differences
berween groups were examined for statistical significance using Stu-
dent’s t test or ANOVA with Fisher's protected least significant dif-
ference test. P values less than 0.05 were regarded as significant.

Results
ET1, but not angiotensin II, phenylephrine, LIF, or IGF-1, increases NGF
expression in cardionyocytes. Transcription of the NGF gene results in
four different sizes by alternative splicing {25). The levels of the four
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Figure 1

Specific augmentation of NGF expression by ET-1 in cardiomyocytes. (A) Gene expression of four NGF afternatively spliced transcripts {a—d} in murine
heart (H), brain (BR}, and submaxillary gland (S) was determined by RT-PCR. The number of PCR cycles is 35. m, marker. (B) Cardiomyocytes ware
stimulated with ET-1, angictensin If {(Ang I}, phenylephrine {PE), LIF, or IGF-1 for 2 hours. Northern blot analysis for NGF was performed. (C} Stimu-
lation of cardiomyocytes with ET-1 for specified time intervals. (D) Stimulation of cardiomyocytes with various concentrations of ET-1. (E) Cardiomy-
ocytas were pretreated with BQ123 (BQ) or TAK044 (TAK) for 30 minutes; then RNA was isolated 2 hours after ET-1 stimulation. (F) induction of NGF
expression by ET-1 in cardiomyocytes (CM), but not in cardiac fibroblasts (CF). Results similar to those shown in A—F were obtained in four separate
experiments. (G) NGF protein levels in conditioned medium. Augmentation of NGF protein was inhibited by pretreatment with BQ123, {n = 4.) (H) Secre-
tion of NGF by cardiomyocytes was not induced by angiotensin ||, phenylephrine, LIF, or IGF-1 (n = 4). *P < 0.001. NS, not significant vs. control.

NGF transcriprs in the murine heart, brain, and submaxillary gland
were determined by RT-PCR using the four primer sets to distin-
guish each transcript (Figure 1A). All transcripts were detected in the
hearr. Consistent with a previous study (25), transcript b was the
major NGF mRNA species in the heart. Cardiomyocytes were stim-
ulated with various cardiac hypertrophic facrors, and NGF expres-
sion was ascertained by Northern blot analysis (Figure 1B). Of these
facrors, only ET-1 augmenred NGF expression, which was induced
by a 30-minute incubation and peaked after 2 hoursin a dose-depen-
dent manner {Figure 1, C and D). Preincubation with BQ123 {an
ET4 recepror antagonist) and TAKO44 (an ETas receptor antago-
nist) completely inhibited ET-1-induced NGF expression (Figure
1E), indicating that ET mediates this induction. To determine the
cell type responsible for NGF inducrion, cardiomyocytes and cardiac
fibroblasts were prepared separately (14), and the induction experi-
ments were repeated. We found that NGF induction occurred only
in cardiomyocytes (Figure 1F), indicaring thar the induction process
occurs in a cell type-specific manner.

The NGF protein in ET-1-stimulated cardiomyocyte-conditioned
medium increased 2.2-fold. BQ123 completely inhibired this aug-
mentation {Figure 1G). Other hypertrophic factors had no effect on
NGF expression (Figure 1H).
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Intracellular signaling of ET-1-induced NGF angmentation is distinct
from the ET-1-induced BNP pathway. The ET . receptor binds to three

types of G proteins: Gs, Gq, and Gi (26). To determine the specif-
ic G protein subtype, we pretreated the cells with the Gi inhibitor
PTX or the protein kinase A (PKA) inhibivor H89, Contrary to the
well-known hypertrophic-signaling pathways, NGF induction was
completely repressed by PTX (Figure 2A). To determine whether
Gia or GiPy is involved in this process, we transfected the cells
with the PARK-ct adenovirus and stimulated them with ET-1.
BARK-ct significantly attenuated induction of NGF (Figure 2B),
showing that Gifiy plays an important role in this pachway.
Expression of the hypertrophic markers atrial natriuretic pepride
(data not shown) and BNP was unaffected in these experiments
(Figure 2,Aand B). ' '

The Gify-mediated pathway is known to activate various signal-
ing molecules in other cell types (16, 27). We examined the effects of
various signal transduction inhibitors and found that ET-1-induced
NGF augmentation was atrenuared by chelerythrine, PMA (long pre-
treatment), PP2, AG1478, PD98059, and SB203580, bur unaffecred
by wortmannin or KN62 (Figure 2, D-G). Transient stimulation
with PMA zlso induced NGF expression (Figure 2C). BNP was down-
regulared with PD98059 pretrearment but was unaffected by other
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