
Cardiac overexpression of human VEGF165

by recombinant Semliki Forest virus leads
to adverse effects in pressure-induced
heart failure

Semliki Forest virus (SFV) is an efficient vector for
cardiac gene delivery. The relatively short transgene
expression induced by SFV seems appropriate for
angiogenic gene therapy. We tested the effects of
SFV expressing vascular endothelial growth factor
(VEGF) on cardiac angiogenesis and heart failure
in the mRen2 transgenic rat.

Six-week-old mRen2 rats received SFV-VEGF or
control virus (n=7 each) administered intra-
coronarily. Twelve days after transfection, cardiac
capillary density and function were assessed.
Capillary density in cardiac regions where SFV
expression was highest had decreased by 20% in
the SFV-VEGF-treated group. The decrease in
capillary density was accompanied by impaired
systolic function as illustrated by increased end-
systolic volumes and a 34% decrease in cardiac
output.
We conclude that the time frame of SFV expression
is sufficient to induce structural alterations, but
that VEGF in mRen2 transgenic rats did not elicit
the expected angiogenic effect. Rather, capillary
density was decreased and subsequently cardiac
function was impaired. This paradoxical finding
is possibly related to the pathophysiology associ-
ated with this model and warrants caution if one
is to pursue VEGF-mediated, angiogenic therapy
before proceeding to a clinical setting. (Neth Heart
J 2007;15:335-41.)
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We have shown Semliki Forest virus (SFV) to be
an efficient and selective vector for cardiac gene

delivery with expression of a transgene lasting for at least
a week.1 This time frame could be quite suitable to in-
duce structural alterations that provide a lasting benefit
to the heart. One such structural alteration is enhance-
ment of cardiac perfusion through angiogenesis.

Hypertrophy is the common response of the heart
to conditions such as hypertension or loss of viable
myocardium due to myocardial infarction. The hyper-
trophy, typically, is not matched by sufficient angio-
genesis, resulting in a decreased number of capillaries
per tissue volume.2,3 The reduced perfusion capacity
resulting from the decreased capillary density in com-
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bination with an increase in energy demand by the
hypertrophied heart results in turn in a chronic (sub)-
ischaemic state that hampers cardiomyocyte per-
formance and facilitates the progression towards heart
failure.4-6 Many experimental strategies have aimed at
improving cardiac perfusion by inducing angiogenesis
with various vascular growth factors, including vascular
endothelial growth factor (VEGF).7,8 As methods are
being sought for efficient and selective cardiac delivery
of VEGF, the profile of SFV-delivered transgene
expression may be suitable for this purpose.

We used the homozygous mRen2 transgenic rat
to study the effect of intracoronarily delivered SFV-
VEGF on the cardiac microvasculature. In this animal
model, the high levels of renin cause an elevated blood
pressure leading to cardiac failure.9 We evaluated the
cardiac capillary density in these rats 12 days after
delivery of SFV-VEGF.

Materials and Methods

SFV-VEGF production
The plasmid carrying the human VEGF165 gene
(GenBank accession no. AB021221) linked to a
secretion signal, which is transcriptionally regulated by
the cytomegalovirus promoter/enhancer, was manu-
factured under Good Manufacturing Practice guide-
lines according to Isner et al. (1996) and Sarkar et al.
(2001).10,11 The plasmid was a gift from J.M. Isner,
and was the same as has been used by his group. Human
VEGF165 cDNA was amplified with primers containing
BamHI restriction sites. The PCR product was purified
and cloned into the pSFV1 plasmid. Correct orientation
was verified by restriction analysis and sequence
analysis. Similarly, pSFV1 encoding a non-relevant
peptide (pSFV-ctrl) was constructed. SFV-VEGF,
SFV-ctrl and SFV3-lacZ particles were produced in
BHK cells with the pSFV3-Helper2 plasmid to obtain
conditionally infectious, replication-deficient particles.12

Virus titres were determined by infection of BHK cells
with serial dilutions of the SFVlacZ stock, subsequent
histochemical staining for expression of β-galactosidase,
and further calculation as described previously.12,13

Virus titres were found to be 5x108 IU/ml.

In vitro VEGF production
H9c2 cells were cultured in Dulbecco’s Modified
Eagles Medium (DMEM; Invitrogen, Gibco, Breda,
the Netherlands) with 10% foetal calf serum and 2%
penicillin/streptomycin. Cells were seeded in 24-well
clusters. When the cells were confluent, 0.003 µl, 0.01
µl, 0.03 µl, 0.1 µl and 0.3 µl SFV-VEGF stock (n=3
each) was added to the wells. To control wells, 0.1 µl
SFV-ctrl (n=3) or no virus (n=2) was added. After 48
hours, the medium was collected and stored on ice.
VEGF concentrations in the culture medium were
measured by incubating 200 µl of the medium in an
ELISA kit for human VEGF (R&D Systems,
Abingdon, UK).

Animal experiments
Localisation of SFV transgene expression in non-
infarcted myocardium was studied in seven male
Hsd:SD rats (Harlan, Zeist, the Netherlands) that
received SFV-lacZ. For evaluation of SFV-VEGF
effects, homozygous mRen2 transgenic rats aged 6
weeks were obtained from the breeding colony at the
Forschungseinrichtungen für Experimentelle Medizin
(FEM), Berlin, Germany, and housed group-wise with
free access to food and drinking water. Experiments
were carried out at the FEM according to the United
States National Institutes of Health (NIH) guidelines
for the care and use of laboratory animals and were
approved by the local authorities. SFV-VEGF and SFV-
ctrl were delivered intracoronarily in seven rats each as
described previously.1

Rats were anaesthetised with isoflurane (2% in O2),
intubated and mechanically ventilated. During surgery
animals were kept on a homeothermic blanket. A left-
sided thoracotomy was made through the fifth inter-
costal space, and a loop was placed around the aorta
and arteria pulmonalis. While the loop was tightened,
200 µl viral solution was injected into the left
ventricular lumen using a 29 G needle. Upon injection,
the entire cardiac wall showed a clear discoloration as
the injected solution was pumped into the coronary
circulation. Within 30 seconds the needle was removed
and the loop loosened. During clamping of the main
artery, the heart rate slowed considerably, but restored
rapidly after removal of the loop. Subsequently, the
thorax was closed, and when spontaneous respiration
was sufficiently restored the rats were extubated and
allowed to recover on a homeothermic blanket.

SFV-lacZ treated rats were anaesthetised with
isoflurane 48 hours after virus delivery. The heart was
excised, perfused with ice-cold saline via the aortic root,
and sliced into transversal sections of ±3 mm. Sections
were embedded in tissue tek OCT compound (Sakura
Finetek Europe B.V., Zoeterwoude, the Netherlands)
and frozen in liquid nitrogen for cryosectioning.

Haemodynamic measurements
Twelve days after virus delivery, the mRen2 rats were
anaesthetised with chloral hydrate, intubated and
mechanically ventilated. A 2 F microconductance
pressure catheter (ARIA SPR-783; Millar-Instruments,
Inc., Texas, USA) was positioned in the left ventricle
(LV) for continuous registration of LV pressure
volume (PV) loops in a closed-chest model, as de-
scribed previously.14 Calibration of the volume signal
was obtained by the hypertonic saline (10%) wash-in
technique.15 Indices of cardiac function were derived
from PV data obtained both at steady state and during
transient preload reduction by occlusion of the ab-
dominal vena cava. Systolic function was quantified by
maximal LV systolic pressure (LVPmax), by dP/dt max
as an index of LV contractility, ejection fraction (EF),
end-systolic volume (ESV), and end-systolic pressure-
volume relationship (ESPVR), an indicator of cardiac
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contractility. Furthermore, diastolic function was
measured by LV end-diastolic pressure (LVEDP),
dP/dt min, Tau, and the end-diastolic pressure-volume
relationship (EDPVR), an indicator of LV stiffness that
was determined from an exponential fit to the end-
diastolic pressure-volume points. Global cardiac
function was analysed by the parameters stroke volume
(SV), cardiac output (CO), and heart rate (HR).

Histology
From SFV-lacZ-treated hearts, 4 µm cryosections were
cut, mounted on glass slides, fixated with 1.25%
glutaric aldehyde, rinsed with phosphate buffer, stained
for two hours in X-gal substrate solution (1 mg/ml
5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside,
5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mM MgCl2,
and 10% N,N-dimethylformamide in phosphate
buffer) and counterstained with eosin.

Paraffin-embedded mid-ventricular samples of
mRen2 rats were cut into 4 µm sections. For assess-
ment of capillary density, sections were stained with
biotin-labelled lectin (Sigma-Aldrich, Zwijndrecht, the
Netherlands). To determine myocyte dimensions,
sections were stained with Gomori staining (chemical
purchased from Merck, Darmstadt, Germany) to
visualise the circumference of the cardiomyocytes. To
measure fibrosis, sections were stained with Sirius red
(Klinipath, Duiven, the Netherlands) collagen staining
combined with fast green (Klinipath) counterstaining
of cytoplasma. Subepicardial and subendocardial
transversal fields in the free LV wall were photographed
at 400x magnification and the number of capillaries
per ventricular area was measured (lectin-stained
sections) as well as myocyte areas (Gomori-stained
sections). Fibrosis was assessed globally in the left
ventricle from photos taken at a magnification of 200x
and counting of the total number of red pixels
representing Sirius red-stained connective tissue. All
measurements were performed with ImagePro soft-
ware (Media Cybernetics Inc. Maryland, USA).

Statistics
Reported values are the mean ± the standard error of
the mean (SEM). The Student’s t-test was used to
evaluate the differences between the groups. A p value
≤0.05 was considered statistically significant.

Results

In vitro VEGF production
The cardiomyocyte cell line, H9c2, secreted increasingly
high concentrations of VEGF into the culture medium
after transfection with increasingly low amounts of SFV-
VEGF. Addition of SFV-VEGF amounts higher than
indicated in figure 1 led to VEGF levels above the
maximum concentration that can be detected and are
therefore omitted from the figure. In contrast, VEGF
levels were not elevated in the medium of VEGF-ctrl-
transfected cells compared with basal levels (figure 1).

Localisation of SFV-delivered transgene
In X-gal stained sections of SFV-lacZ treated hearts,
blue cells were visible all over the left and right ventricle,
but expression was most prominent in the flow area of
the left anterior descending coronary artery, i.e. in the
free left ventricular wall, more specifically in the
epicardial region as was also observed in MI hearts in
a previous study (figure 2).1
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Figure 1. VEGF production in the medium collected from H9c2
cells 48 hours after infection with various amounts of SFV-VEGF.
N=3 per data point.

Figure 2. LacZ expression in rat left ventricle. Rat hearts were
transfected with 108 IU SFV-LacZ. After 48 hours, the hearts were
stained for β-galactosidase activity. In non-infarcted hearts,
transfection efficiency was highest in the free wall of the left ventricle,
particularly in epicardial regions, as was also observed in sections
of infarcted hearts from a previous study.1 * left ventricular peri-
cardial side.



Cardiac SFV-VEGF delivery in mRen2 rats
Twelve days after virus delivery, all rats were alive.
General characteristics such as body weight and heart
weight were similar between the SFV-ctrl and SFV-
VEGF groups (table 1).

Capillary density and further histological changes
after SFV-VEGF delivery
Both macroscopically and histologically, SFV-VEGF
treated hearts of mRen2 rats did not display obvious
structural abnormalities. However, the density of
lectin-reactive capillaries was markedly and significantly
lower in epicardial left ventricular myocardium from
SFV-VEGF-treated mRen2 rats compared with SFV-
ctrl-treated rats. Capillary density in endocardial areas
was similar between the groups (figure 3A). As capillary
density might show an inverse correlation with myocyte
hypertrophy, left ventricular myocyte dimensions were
measured. No differences in myocyte area were ob-
served either between treatment groups or epicardial
and endocardial regions (figure 3B). 

Cardiac fibrosis was scored in sections stained for
connective tissue using Sirius red and counterstaining

of cytoplasm with fast green. There was no difference
between SFV-VEGF- and SFV-ctrl-treated hearts
(2179±889 vs. 2005±758 pixels per high power field,
respectively). 

Cardiac function
LVP was similar in both groups revealing arterial
hypertension. Although left ventricular end-systolic and
end-diastolic pressures were similar between the two
groups, a differential effect of SFV-VEGF was observed
on diastolic function and cardiac contractility. Diastolic
heart function remained relatively intact showing only
a difference in dP/dt min but not in LVEDP, τ, or
EDPVR (table 2). Cardiac contractility was impaired
in the SFV-VEGF-treated group as illustrated by a
non-significant reduction in the load-dependent
parameter dP/dt max, but a significant reduction of
the load-independent parameter ESPVR (figure 4). In
addition, pressure-volume loops in VEGF-treated rats
were smaller and showed a significantly increased end-
systolic volume. As a consequence, ejection fraction,
stroke volume, and cardiac output were decreased in
the VEGF group by approximately 35% (table 2). 
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Table 1. General characteristics of mREN2 transgenic rats after treatment.

SFV-ctrl SFV-VEGF P

N 7 7
Body weight (g) 182.6±9.9 167.9±12.5 0.374
Heart weight (g) 1.12±0.11 0.97±0.11 0.349
HW/BW 6.05±0.29 5.71±0.32 0.453

Data are the mean ± SEM. HW/BW=heart to body weight ratio (mg/g).
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Figure 3. Capillary density (A) and mean myocyte size (B) in the left ventricular wall in SFV-ctrl (open bars) and SFV-VEGF (hatched
bars) treated mRen2 transgenic rats, 12 days after coronary virus delivery.



Discussion
Angiogenic (gene) therapy with vascular growth
factors has been studied extensively, but a fail-safe
protocol has not yet been defined. In a previous
study we described that intracoronarily delivered
SFV caused cardiospecific transgene expression for
seven days and that the expression was strictly con-
fined to the heart; results that seemed promising for
successful angiogenic gene therapy.1 Therefore, we

constructed a pSFV1 plasmid containing human
VEGF165 cDNA to produce SFV-VEGF particles.
The myocardial cell line H9c2, when transfected
with this recombinant virus, secreted vast amounts
of VEGF, indicating that the virus particles were
functional. Subsequently, the effect of SFV-VEGF
on cardiac function and histology was tested in the
mRen2 transgenic rat model for hypertension-
induced heart failure.
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Figure 4. Schematic pressure volumes in (A) SFV-ctrl and (B) SFV-VEGF. Black line indicating slope of the end-systolic pressure-volume
relationship, a parameter for systolic cardiac contractility.

Table 2. Haemodynamic parameters.

SFV-ctrl SFV-VEGF P
HR 347±14 345±19 0.926
LVPmax 152±6 155±5 0.787
LVEDP 21±2 20±2 0.846
dPdtmax 5479±546 4262±572 0.163
dPdtmin -5800±496 -3932±438 0.022
T 11.6±0.5 11.8±0.2 0.844
PHT 8.55±0.49 9.12±0.50 0.440
VES 99.4±5.8 147.9±14.8 0.016
VED 257.5±28.5 240.7±9.1 0.590
SV 169.3±25.9 109.3±5.4 0.053
CO 58±8 38±3 0.049
EF 59±6 39±5 0.037
ESPVR 1.67±0.26 1.18±0.14 0.042
EDPVR 0.0110±0.0028 0.0089±0.0026 0.590
Ea 1.08±0.14 1.42±0.05 0.017

Haemodynamic parameters in mREN2 rats 12 days after intracoronary delivery of SFV-ctrl or SFV-VEGF. Data represent the mean±SEM. HR=heart rate (bpm), 
LVPmax=maximal LV pressure (mmHg), LVEDP=LV end-diastolic pressure (mmHg), dPdtmax/dPdtmin=maximal rate of pressure increase/decrease (mmHg/s), τ=time
constant of relaxation (ms), PHT=pressure half-time (ms), VES=end-systolic volume (µl), VED=end-diastolic volume (µl), SV=stroke volume (µl), CO=cardiac output
(ml/min), EF=ejection fraction (%), ESPVR=slope of the end-systolic pressure volume relationship (mmHg/µl), EDPVR=end-diastolic pressure-volume relationship 
(ml-1), Ea=arterial elastance (mmHg/ml).



Homozygous mRen2 transgenic rats display profound
cardiac hypertrophy in combination with decreased
capillary density.15 We therefore considered this rat
model appropriate to study angiogenic gene therapy.
Moreover, the consequences of VEGF overexpression
have never been tested in a pressure-induced model
for cardiac hypertrophy and dysfunction. In rats treated
with control virus, epicardial capillary density was 17%
higher in epicardial regions compared with endocardial
regions. Similar regional differences in capillary density
have been reported both in normal and in pathological-
ly hypertrophied hearts.16-18 Unexpectedly, intra-
coronarily delivered SFV-VEGF caused a marked
decrease in capillary density, when compared with
control virus. This decrease was only observed in
epicardial regions of the left ventricular wall, coinciding
with the areas that displayed the highest level of
transgene expression in lacZ transfected hearts. This
suggests that the decrease is actually mediated by SFV-
mediated VEGF expression. 

Gene therapy with VEGF is generally accepted as
an efficient means to induce angiogenesis. VEGF165

gene therapy was shown to induce angiogenesis in
normal rat heart,8 and in mouse19 and pig20,21 hearts
that were made ischaemic by mechanical obstruction.
To our knowledge, we are the first to study VEGF
effects in pressure overload-induced heart failure. The
only study that conceptually resembles the present
study is a recent paper in which overexpression of
VEGF decoy receptors was tested in the mouse aortic
banding model for pressure-induced heart failure.22 In
this study it was shown that pressure overload leads to
increased VEGF levels. Without VEGF stimulus,
angiogenesis could not take place in pressure-over-
loaded hearts, leading to impaired compensatory
hypertrophy. The present study shows that further
stimulation of VEGF after pressure overload leads to
adverse effects through yet unknown mechanisms. Our
present findings demonstrating reduced capillary
density in the epicardial region of pressure overloaded
hearts are in obvious contrast with the earlier reports
in other types of models. The reasons for this disparity
are not obvious. The level or duration of VEGF ex-
pression could have been insufficient to induce angio-
genesis, but that would have resulted in the absence
of any effect, rather than a decrease in vessel density.
Too high local VEGF concentration in combination
with acute ischaemia, on the other hand, has been
described to cause angioma formation,23 which was
not found in our study. An intriguing alternative to
explain the observed effects is that the underlying
pathophysiology in the mRen2 rats influences their
response to VEGF. In contrast to the aforementioned
animal models, the mRen2 rats have documented
endothelial dysfunction,9 indicating that the NO
availability in these rats is impaired. NO is crucial for
proper VEGF signalling,24 and endothelial dysfunction
impedes cardiac angiogenesis.25-27 Whether VEGF
application in the absence of appropriate NO signalling

can cause degradation of capillaries has not been de-
scribed. Independently of this question, the reduction
in capillary density induced by SFV-VEGF delivery
caused functional changes in cardiac performance in the
mRen2 rat.

The mRens rat model used in the current study is
characterised by increased LV systolic pressure that is
dependent on increased blood pressure. This leads to
cardiac hypertrophy and consequently to diastolic
dysfunction, indicated by increased LV end-diastolic
pressure in both groups. The relevance of the observed
reduction in capillary density is underlined by the
decrease in cardiac systolic function. It is intriguing to
speculate that this decrease in capillary density leads to
cardiac ischaemia in the VEGF group. Chronic
ischaemia may result in impaired cardiac systolic
function directly due to impaired oxygen supply
and/or indirectly due to cardiac remodelling. In our
experiments a reduced systolic function is apparent.
The decrease in the load-independent parameter for
cardiac contractility, ESPVR, is a clear indicator for
impaired cardiac systolic function. Because of the
impaired cardiac contractility VEGF-treated animals
were no longer able to cope with the increased blood
pressure. This results in pressure-volume loops with
decreased stroke volumes followed by decreased
ejection fraction and cardiac output as hallmarks for
early cardiac decompensation, further indicated by
increased arterial elastance.

In conclusion, we show that intracoronarily
delivered SFV-VEGF decreases epicardial capillary
density in mRen2 transgenic rats leading to impaired
cardiac performance. The cause of this paradoxical
effect is unclear and will need further study, but is
possibly related to the pathophysiology of the mRen2
rat. Nevertheless, the present study warrants further
examination of the application of VEGF in other models
of pressure overload-induced cardiac hypertrophy whilst
preparing to make the step to a clinical setting.
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