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Vascular endothelial growth factor (VEGF) plays important roles in
physiological and pathological angiogenesis. Recent studies have
demonstrated that direct injection of VEGF protein, plasmid DNA,
or an adenoviral vector encoding the VEGF gene into ischemic
myocardium or limb can induce collateral blood vessel formation
and improve perfusion of the ischemic areas. However, these
approaches have limitations ranging from a short-lasting effect to
angioma formation. In this study, we investigated the feasibility of
using adeno-associated viral (AAV) vectors to deliver VEGF genes
to mouse myocardium. A cytomegalovirus promoter was used to
drive genes for a human VEGF isoform, VEGF165, and LacZ. A mouse
myocardial ischemic model was generated by ligation of the
anterior descending coronary artery. Approximately 1011 copies of
the AAV-VEGF vector mixed with 1010 copies of AAV-LacZ were
injected to one site of normal myocardium and a total of 1011 copies
of AAV-VEGF were injected to multiple sites of myocardium around
the ischemic region. LacZ gene expression was observed up to 3
months after the vector inoculation. After AAV-VEGF inoculation,
neoangiogenesis was observed in the ischemic heart model but not
in normal heart tissue. An inflammatory-cell infiltration was not
observed in the AAV-VEGF- and AAV-LacZ-inoculated hearts, and
angioma-like structure was not observed. These results indicated
that injection of the AAV vector directly to myocardium could
mediate efficient gene transfer and transgene expression and that
VEGF gene delivered by AAV vector can induce angiogenesis in
ischemic myocardium.

Coronary heart disease is a major cause of mortality and
morbidity in humans. Despite preventive measures such as

diet, cholesterol-lowering drugs, and treatment of obesity, dia-
betes, and hypertension, coronary disease remains a major
health problem. Present treatments for severe coronary insuf-
ficiency include angioplasty or coronary bypass. Although these
treatments are often helpful, restenosis of coronary vessels
occurs in 30–35% of the patients (1). Therefore, alternate
treatments are needed.

The discovery of growth factors that stimulate blood vessel
formation has opened many approaches for the investigation of
treatment of vascular insufficiencies (2–4). The growth factors
that have been investigated for new blood vessel formations are
the vascular endothelial growth factors (VEGF) (5–7), fibroblast
growth factors (8, 9), and the angiopoietins (10). One of the most
widely studied vascular growth factors is VEGF, a homodimeric
heparin-binding glycoprotein of 34–46 kDa (11). VEGF occurs
naturally in four isoforms that differ in the number of amino
acids (121, 165, 189, and 206 aa) generated by alternative splicing
(12, 13). VEGF121 and VEGF165 are soluble proteins, whereas
VEGF189 and VEGF206 are bound to heparin-containing pro-
teoglycans on the cell surface or in the basement membrane (14,
15). VEGF is one of the most specific vascular growth factors
because of the abundant expression of its receptors in endothe-
lial cells (16).

Angiogenic factors have been administered to ischemic hearts
by various routes to improve coronary circulation. VEGF in-

jected intravenously has been shown to improve myocardial
blood flow, but it also results in hypotension as a side effect (17).
Alternatively, VEGF and fibroblast growth factor have been
injected directly into the coronary arteries (6, 8, 9). The angio-
genic effect appears to be transient, because most of the
angiogenic factors are not retained in the heart. In pig experi-
ments, a single intracoronary administration of VEGF was
efficacious in increasing coronary blood flow and resulted in
functional improvement, despite the fact that only a small
fraction of protein was localized to the ischemic area (18).
However, brief exposure of humans to recombinant human
VEGF165 (hVEGF165) was insufficient to trigger and maintain a
therapeutically meaningful angiogenic response in clinical trials,
especially if extensive atherosclerotic disease was present (4).
Intramyocardial injection of growth factors also has been tried
(19). Because proteins are likely to have limited life span, this
approach is not expected to have prolonged effect.

A more prolonged effect may be achieved by injecting DNA
encoding the genes for angiogenic factors. Intramuscular injec-
tion of plasmids encoding VEGF has been shown to be effective
in animal experiments and in some patients with peripheral
vascular disease (20–23). Plasmid injection for treatment of
coronary artery disease has been tested (24). The therapeutic
usefulness of this approach is limited by the low efficiency of
cardiomyocyte transduction (0.1–1% of cardiomyocytes in the
area of injection) (25). However, Schwarz et al. (24) showed that
injection of a high dose of VEGF plasmids into an ischemic heart
caused angioma formation. Recent experiments indicated that
plasmid-mediated VEGF gene transfer to ischemic myocardium
augmented perfusion of ischemic myocardium of patients with
chromic myocardial ischemia (26). Adenoviral delivery of an-
giogenic factors has the advantage of providing high-level ex-
pression of transgenes (27–31). However, gene expression is
transient in immunocompetent hosts. Adenoviral vectors have
direct cytopathic effects, can elicit an immune response to viral
and foreign transgene proteins, and can cause significant in-
f lammation of myocardium and elimination of virally transduced
cells (32–35).

Adeno-associated viral (AAV) vectors possess properties that
may be advantageous when used to deliver angiogenic factors for
coronary diseases. (i) AAV vector is nonpathogenic (36–39) and
elicits no inflammatory response (25, 40). (ii) When injected into
skeletal muscle, the expression of secretory proteins, such as
erythropoietin (41, 42) and factor IX (43), can reach therapeutic
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levels that last for years in animals. Experiments with reporter
genes have shown that AAV vectors can transduce myocardium
efficiently by direct injection (44, 45). So far, the effects of
AAV-vector-delivered VEGF in ischemic myocardium have not
been investigated. In this study, we directly injected AAV vectors
carrying the VEGF cDNA into the mouse myocardium and
demonstrated angiogenesis in the ischemic mouse heart.

Materials and Methods
Cell Culture and AAV Vector Infection. The 293 cells (American
Type Culture Collection) were maintained in DMEM supple-
mented with 10% FBS. Mouse cardiomyocytes were isolated
from the neonatal mice. Hearts were collected and cut into small
pieces, and the pieces were digested with trypsin (1 mgyml) and
DNase (0.8 mgy10 ml) for 5–10 min at room temperature. The
supernatant was collected and centrifuged at 1,000 rpm to collect
the separated cells. Cells were preplated in MEM with Hanks’
salts for 2 h in an atmosphere of 1% CO2y99% air. Unattached
cells were collected and replated in the same medium with
cytosine arabinonucleoside (25 mM) to inhibit the growth of
fibroblasts and cultured for 24 h before infection. To infect the
cultured cells, AAV vectors were added to tissue culture dishes
and incubated with the cells for 24 h at 37°C in 5% CO2y95% air.
Transgene expression was analyzed 48 h after viral vector
transduction.

rAAV Vector Construction. hVEGF165 cDNA was provided by
Judith Abraham (Scios Nova, Mountain View, CA). AAV-
VEGF vector was generated by cloning hVEGF165 into an AAV
vector, pAVLL1.3. This vector has two left inverted terminal
repeats of the AAV vector and a 1.3-kb SalI fragment of pCEP4
(Invitrogen) that contained the cytomegalovirus promoter, mul-
tiple cloning sites, and a simian virus 40 polyadenylation signal.
hVEGF165 was inserted in the multiple cloning sites between
the cytomegalovirus promoter and simian virus 40 polyadenyl-
ation signal. The AAV-LacZ plasmid was provided by Avigen
(Alameda, CA).

AAV Vector Production. Large quality of AAV vectors were
prepared by using the three-plasmid cotransfection system (46).
Briefly, AAV vector was cotransfected with two helper plasmids
(provided by Avigen) into 293 cells by the calcium phosphate
method. One helper plasmid, pLadeno5, has the adenoviral VA,
E2A, and E4 regions that mediate AAV vector replication. The
other, pHLP19, has AAV rep and cap genes. Cell lysate was
produced by using three freeze and thaw cycles 3 days after the
transfection. AAV vectors were purified by CsCl2 centrifugation.
Viral titers were determined by dot-blot analysis. The purified
vectors were tested for their infectious ability and transgene
expression by infecting 293 cells.

Ischemic Heart Model and AAV Vector Inoculation in Vivo. CD1 mice
(Charles River Breeding Laboratories) were anesthetized with
15–16 ml of 2.5% Avertin per g of body weight by intraperitoneal
injection. AAV vectors in 50 ml of PBS were injected to normal
hearts at the apex through the diaphragm via an incision on the
upper abdomen (subdiaphragmatic approach). To produce isch-
emic myocardium, we exposed the trachea through a midline
incision of the neck, placed a tube in the trachea by using an
Angiocath (Becton Dickinson) [24 gauge, 0.75 inch (1 inch 5
2.54 cm)], and connected the tube to a Small Animal Volume
Controlled Ventilator (Harvard Rodent Ventilator, model 683,
Harvard Apparatus, South Natick, MA). After respiration of the
animal was controlled by the ventilator, a thoracotomy incision
was made in the second intercostal space, and a small retractor
was placed in the incision to expose the heart. The anterior
descending coronary artery was ligated permanently with a 6–0
nonabsorbable surgical suture. Viral vectors in 50 ml of PBS were

injected directly to multiple sites of the myocardium on the left
ventricular wall around the ischemic region, which had a pale
color. After viral inoculation, a small tube (0.7 mm 3 19 mm)
connected to a syringe was placed in the incision to suck out air
in the thoracic cavity to restore negative pressure before closing
the incision with sutures. The tube in the trachea was gently
retracted after the voluntary respiration was restored and the
incision on the neck was closed.

5-Bromo-4-Chloro-3-Indolyl b-D-Galactoside (X-Gal) Staining. AAV-
LacZ transduced cells were rinsed with 150 mM sodium phos-
phate pH 7.4 (PBS), fixed in 2% formaldehyde and 0.2%
glutaraldehyde, and overlaid with X-Gal at 1 mgyml for 4–12 h
at 37°C. Hearts were collected at various times, fixed in 4%
paraformaldehyde for 60 min, and incubated in X-Gal staining
solution at 30°C for 16 h.

Histological Analysis. Hearts were fixed in 10% formalin, embed-
ded in paraffin, and sectioned. We routinely stained the sections
with hematoxylinyeosin (H&E). An antibody against von Wil-
lebrand factor (vWF; NovoCastra, Newcastle, U.K.) was used for
immunohistochemical staining to define the endothelium. In-
flammatory cells were detected with monoclonal antibodies
directed against CD4, CD8, B cells (CD40), and natural killer
cells (CD56) (NovoCastra). An ABC kit (NovoCastra) was used
for immunohistochemical staining.

ELISA. hVEGF in tissue culture supernatants and mouse serum
was measured by using an ELISA kit for hVEGF (Quantikine
Immunoassay, R&D Systems, Minneapolis). Cells were cultured
in a complete serum-free medium for 16 h before supernatant
was collected. Mouse serum was collected by retroorbital bleed-
ing. Each sample was measured in duplicate.

Statistical Analysis. All results were expressed as mean 6 SEM.
Statistical significance was evaluated by unpaired Student’s t test
for comparisons of two means.

Results
AAV Vector Can Infect Cardiomyocytes Efficiently in Vitro and in Vivo.
The ability of the AAV vector to infect mouse cardiomyocytes
was tested with an AAV-LacZ vector. Cardiomyocytes were
isolated from neonatal mouse hearts and infected with AAV-
LacZ vector (multiplicity of infection 5 10). LacZ staining was
carried out 2 days after infection. About 30% of cardiomyocytes
were infected (Fig. 1 Left). The AAV-LacZ vector also was used
to infect adult mouse hearts by direct injection into the myo-
cardium at the apex of the heart (1011 copies in 50 ml per heart)
via the subdiaphragmatic approach. The hearts were collected 1,
2, and 3 months after AAV-LacZ inoculation; two hearts were
collected each time. The apexes of the infected hearts appeared
blue after X-Gal staining (Fig. 1 Middle). The needle injection
sites were identified as fibrous scar tissues on H&E-stained
slides. We found 40% of cardiomyocytes infected with AAV-
LacZ vector within a diameter of 1 mm around the needle
injection sites (Fig. 1 Right). The LacZ expression in the myo-
cardium was present up to 3 months after the transduction when
the experiment was stopped. No inflammatory cell was found in
the AAV-infected myocardium by observing the slides stained
with H&E (Fig. 1 Right) and immunohistochemically stained
with antibodies against CD4, CD8, CD40, or CD56 (data not
shown).

Neovascular Formation Is Absent in Nonischemic Mouse Myocardium
After AAV-Mediated VEGF Gene Transfer. An AAV-VEGF vector
was generated by insertion of VEGF165 cDNA between two
inverted terminal repeats of AAV vector. We used a cytomeg-
alovirus promoter to control the expression of hVEGF165. The
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gene expression mediated by this vector was tested by infecting
293 cells. The amount of VEGF protein in cell culture super-
natant was about 3 ng per 107 cells per 24 h of culture.
Approximately 1011 copies of AAV-VEGF and 1010 copies of
AAV-LacZ were coinjected to the myocardium of six mice via
the subdiaphragmatic approach. The 10% AAV-LacZ vector in
the viral stock was used to mark the injection sites and indicate
whether the gene transduction was successful. Hearts were
collected 1, 2, and 3 months after the viral vector inoculation
with two hearts at each time point. LacZ gene expression was
detected at the apexes of the hearts. The needle tracks were
identified as fibrous scar tissues on H&E-stained slides, with
30–40% of cardiomyocytes within a diameter of 1 mm around
the needle tracks expressing LacZ, indicating a successful AAV
transduction. The endothelium of blood vessels was stained with
the antibody against vWF. The numbers of blood vessel around
the injection site and an uninjected region were the same, and
no neovascular formation was observed in these nonischemic
hearts (Fig. 2A Left).

AAV-VEGF Induces Neovascular Formation in Ischemic Myocardium.
To test whether AAV-vector-mediated VEGF gene transfer can
induce new blood vessel formation in ischemic myocardium, we
generated an ischemic myocardium model by ligation of anterior
descending coronary artery of the mouse. Approximately 1011

copies of AAV-VEGF were injected to the myocardium around
the ischemic region at multiple sites. PBS was injected in control
hearts. Hearts were collected 2 months after the inoculation, two
hearts in each group. There was no discernable difference in the
size and gross appearance of the hearts that were injected with
AAV-VEGF or PBS. The infarct areas were located on the
anterior region of the septum ventriculorum and the ventricular
wall in front of that region as indicated by the fibrous scar tissues
on H&E-stained slides. The sizes of the infarct were about 1.5
mm3. In the hearts that were inoculated with AAV-VEGF, many
new blood vessels were observed around the infarct myocardium
region and the needle tracks (Fig. 2 A Right and B Right). In
contrast, mice that were not injected with AAV-VEGF showed
fewer blood vessels in the same areas (Fig. 2 A Middle and B
Left). The newly formed small vessels consisted of endothelial
cells surrounded by a few layers of smooth muscles. The number
of small blood vessels was counted with a 320 microscopic
objective in 10 randomly selected fields around the scar tissues
formed by the infarct and the needle injection. The mean
densities of the small blood vessels were 1.2 6 0.9 vessels per
mm2 in normal hearts transduced with AAV-VEGFyAAV-
LacZ, 2 6 0.9 vessels per mm2 in ischemic hearts without AAV
transduction, and 7.7 6 2.7 vessels per mm2 in ischemic hearts

transduced with AAV-VEGF (Fig. 3). Differences in the means
of small blood vessel densities analyzed by the Student’s t test
were statistically significant between AAV-VEGF transduced
and untransduced ischemic hearts (P , 0.01) and AAV-VEGF
transduced ischemic and normal heart (P , 0.01). No angioma-
like structure was observed. hVEGF was not detected by ELISA
in the serum of any of the mice that had been inoculated with
AAV-VEGF vector.

Discussion
In this study, we investigated the effects of direct AAV-VEGF
viral vector injection in normal and ischemic mouse myocar-
dium. Our findings are as follows: (i) the AAV vector can infect
mouse cardiac myocyte efficiently in vitro and in vivo; (ii)
AAV-mediated hVEGF165 gene transfer induced angiogenesis
in ischemic myocardium without evidence of angioma forma-
tion; (iii) AAV-mediated hVEGF165 gene transfer did not induce
angiogenesis in normal nonischemic hearts; and (iv) hVEGF was
not detected in mouse serum after intramyocardium inoculation
of AAV-VEGF.

Because we used a cytomegalovirus promoter to drive VEGF
expression, the AAV-VEGF-mediated VEGF gene expression
should be in the same level in normoxic and hypoxic conditions.
However, we were only able to induce angiogenesis in ischemic
myocardium, but not in nonischemic myocardium, with in-
tramyocardium injection of 1011 copies of AAV-VEGF. The
difference may be caused by differences in the expression of
VEGF receptors under normoxic and hypoxic conditions. It has
been reported that hypoxia, in addition to inducing the expres-
sion of VEGF, also up-regulates the expression of VEGF
receptors (Flt and Flk) (47–50). Previous studies of angiogenesis
induced by VEGF were performed in the presence of ischemia.
Therefore, it likely that VEGF receptors were up-regulated as
well (7, 21, 23, 28, 51–54). In fact, when VEGF protein was
administered intravenously to animals with one ischemic leg,
new vessels were formed only in the ischemic limb (55). Thus, our
study showing new blood vessel formation only in the presence
of ischemia is comparable with these findings and implies that
up-regulation of VEGF receptors in ischemia may be important
for neoangiogenesis in the myocardium.

Potential problems associated with prolonged and high-level
expression of VEGF are inappropriate angiogenesis resulting in
adverse consequences in tissues, such as the retina and the
synovium and in occult tumors (56), as well as the formation of
hemagioma. Hemagioma has been seen in the heart injected with
plasmid (24) and retroviral vector-mediated VEGF gene transfer
(57, 58). Retroviruses can mediate transgene expression at high
levels in transduced tissue (58), and high concentration of VEGF

Fig. 1. AAV-LacZ infection of cultured mouse cardiomyocytes and adult mouse heart. (Left) Infected cardiomyocytes. (Middle) X-Gal staining of a whole heart.
(Right) H&E staining of the myocardium. Note the lack of any inflammatory changes surrounding the cells expressing LacZ.
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Fig. 2. Photomicrographs of normal and ischemic hearts inoculated with AAV-VEGF (NormalyVEGF and IschemicyVEGF) and ischemic heart not injected with
AAV vector (Ischemicycontrol). Arrows, infarcted regions; arrowheads, small blood vessels. (A) Area around the infarcted regions. (Upper) H&E staining. (Lower)
vWF staining. An increase in vessel formation is observed in the IschemicyVEGF hearts. An inset in the micrograph of the vWF-stained ischemicyVEGF heart
presents an enlarged area to show blood vessels more clearly. (B) Area around scar tissues formed by needle injections. H&E and vWF stains of cardiac myocardium
of both the Ischemicycontrol and IschemicyVEGF mice. Note the new blood vessel formation around the scar caused by the needles in the AAV-VEGF-injected
heart but not in the control without injection of AAV.
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in local areas can induce exaggerated angiogenesis and angioma
formation. Injection of a large dose of VEGF plasmid (500 mg of
plasmid DNA) to ischemic rat heart induced angioma formation.
No angioma was seen in a similar rat model when a smaller dose
(125 mg of plasmid DNA) was used (24). Springer et al. (58)
reported that high levels of serum VEGF (200 mgyml) caused
hemangiomas in adult skeletal muscles and that low serum levels
(30 mgyml) did not cause vascular malformations but were
sufficient to induce angiogenesis in ischemic muscle. Hence, it is
important to control the level of VEGF expression. Our exper-
iment demonstrated that 1011 copies of AAV-VEGF was ade-

quate to induce angiogenesis in the local ischemic environment.
However, no angioma was observed in any of the normal and
ischemic hearts, and no hVEGF was detected in the mouse
serum. This result suggested that AAV-mediated VEGF expres-
sion was not as high as those mediated by adenoviral and
retroviral vectors, and yet it is enough to induce new vascular
formation in the ischemic myocardium. Thus, with proper dose,
AAV may represent an ideal vector for VEGF delivery.

Erythropoietin and other secretory proteins delivered by
AAV vectors may last for years in mice. It is possible that
long-term expression of VEGF eventually could lead to angioma
formation. Although the dose of AAV-VEGF used in this
experiment did not induce angioma formation, a higher dose
may still have the potential to generate side effects. A method
of circumventing this possibility is to allow the expression of
VEGF only in the presence of hypoxia. Hypoxia-inducible factor
1 is a heterodimeric basic helix–loop–helix protein (59, 60) that
activates transcription of the human erythropoietin gene in
hypoxic cells (61). It is also involved in the activation of VEGF
transcription. Instead of using a constitutionally expressing
promoter, a hypoxia response element can be incorporated into
the construct to provide a regulated expression of VEGF in
response to cardiac ischemia. Hence, adding the hypoxia re-
sponse elements found in erythropoietin or VEGF genes to
control the expression of VEGF may further minimize the side
effect. AAV responds to regulatory elements for an extended
time (44). Thus, AAV vectors combined with an inducible
promoter could provide a safe delivery system for VEGF in
clinical use.
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