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VEGF-B gene therapy is a promising proangiogenic treatment
for ischemic heart disease, but, unexpectedly, we found that
high doses of VEGF-B promote ventricular arrhythmias (VAs).
VEGF-B knockout, alpha myosin heavy-chain promoter
(aMHC)-VEGF-B transgenic mice, and pigs transduced intra-
myocardially with adenoviral (Ad)VEGF- B186 were studied.
Immunostaining showed a 2-fold increase in the number of
nerves per field (76 vs. 39 in controls, p < 0.001) and an
abnormal nerve distribution in the hypertrophic hearts of 11-
to 20-month-old aMHC-VEGF-B mice. AdVEGF-B186 gene
transfer (GT) led to local sprouting of nerve endings in pig
myocardium (141 vs. 78 nerves per field in controls, p <
0.05). During dobutamine stress, 60% of the aMHC-VEGF-B
hypertrophic mice had arrhythmias as compared to 7% in con-
trols, and 20% of the AdVEGF-B186-transduced pigs and 100%
of the combination of AdVEGF-B186- and AdsVEGFR-1-
transduced pigs displayed VAs and even ventricular fibrilla-
tion. AdVEGF-B186 GT significantly increased the risk of
sudden cardiac death in pigs when compared to any other GT
with different VEGFs (hazard ratio, 500.5; 95% confidence in-
terval [CI] 46.4–5,396.7; p < 0.0001). In gene expression anal-
ysis, VEGF-B induced the upregulation of Nr4a2, ATF6, and
MANF in cardiomyocytes, molecules previously linked to nerve
growth and differentiation. Thus, high AdVEGF-B186 overex-
pression induced nerve growth in the adult heart via a VEGFR-
1 signaling-independent mechanism, leading to an increased
risk of VA and sudden cardiac death.

INTRODUCTION
Cardiac deaths account for 39% of deaths in Europe and the United
States, and in over 90% of the cases, the underlying cause is ischemic
heart disease. Sprouting of sympathetic nerve endings in the peri-infarct
zone and increased sympathetic activation play a role in this pathologic
process.1 Sympathetic nerves follow the course of coronary vessels on
the epicardial surface and extend into the ventricular myocardium.
Nerve sprouting can be observedwithin days after ischemicmyocardial
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injury.2 An increase in nerve density and an imbalance in the distribu-
tion pattern of nerves in the myocardium has been shown to lead to an
increased susceptibility to arrhythmias and even sudden cardiac death.3

However, molecular mechanisms underlying the rapid modulation of
cardiac innervation after myocardial ischemia are unknown, and no
specific therapies exist. Both stimulatory signals, such as nerve growth
factor (NGF) secreted from macrophages and fibroblasts, and negative
regulation under basal conditions by Sema3a, a neuropilin (Nrp)-1 re-
ceptor ligand, have been suggested.2,4,5

Nerve and blood vessel development and growth occur in parallel and
share many molecular regulators. Vascular endothelial growth factors
(VEGFs) regulate blood vessel growth both during development and
in adult tissues via VEGF receptors (VEGFRs) and Nrp receptors.6

We have previously shown that VEGF-B induces tissue-specific
angiogenic responses in the myocardium and upregulates Nrp-1
expression.7 VEGF-B has also been recently linked to nerve growth
in the retina,8 and it has been shown to protect neurons from ischemic
injury in brain.9 The mechanism of VEGF-B induced nerve growth,
and protection has been suggested to be mediated by both VEGFR-
1 and Nrp-1,10 based mainly on receptor expression on neurons,
but the molecular mechanism remains unknown.

Here, we show that high levels of VEGF-B generated by transgenic or
adenoviral (Ad) overexpression can induce sympathetic nerve sprout-
ing in the myocardium, which can increase the risk of ventricular
arrhythmias (VAs) and sudden cardiac death. Administration of an
Ad vector encoding soluble Nrp-1 (AdsNrp1) further increased the
nerve sprouting. Interestingly, co-transduction with soluble decoy
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Figure 1. Genetic Overexpression of VEGF-B Increases Nerve Density in the

Female Mouse Heart and Disturbs the Transmural Patterning of

Sympathetic Nerve Innervation

GAP 43 staining (brown) was used to detect nerve endings in the mouse myocar-

dium (11 to 20 weeks old). (A) Nerve structure and density were normal in control

mice (n = 6). Nerves were mainly located in the epicardium, and density was much

lower in the mid-myocardium (asterisk). (B) Nerve fibers (arrows) ran parallel to

muscle fibers in the control myocardium, and a few branching points were

observed. Nerve distribution was normal, as nerve density was greater in the

epicardium (bottom) and became sparser in the mid-myocardium (top). (C) Genetic

overexpression of VEGF-B increased the total number of nerve endings (n = 6).

Nerve density gradient was disturbed, and nerve fibers were also observed in the

mid-myocardium (asterisk). (D) Increased density of nerve endings, aberrant

anatomic structure, and increased branching of nerves (arrows) were observed in

the aMHC-VEGF-Bmice. A normal gradient of nerve density was missing. (E) Nerve

density and patterning were not significantly reduced in VEGF-B KOmice, indicating

that VEGF-B is not essential for sympathetic patterning during development (n = 6).

(F) Nerve morphology in VEGF-B KO mice was normal (arrows). (G) Nerves were

visualized using GAP43 immunostaining, and nerve density was calculated from

transverse sections. Results are expressed as nerve endings per FOV. Nerve

density was significantly increased in aMHC-VEGF-B mice as compared to WT

controls (1.9-fold, p < 0.001) but was not significantly different in VEGF-B KO mice;

not significant (NS) as compared to WT controls. Scale bars, 100 mm.
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VEGFR-1 (sVEGFR-1) increased the incidence of arrhythmias.
Expression of Nr4a2, AFT6, and MANF, molecular mediators of
nerve growth, was increased concomitantly in the myocardium and,
thus, may explain the pathogenic basis of the findings.
1732 Molecular Therapy Vol. 28 No 7 July 2020
RESULTS
VEGF-B Regulates Sympathetic Innervation of the Heart during

Development

Without adrenergic stress, the alpha myosin heavy-chain promoter
(aMHC)-VEGF-B transgenicmice, which overexpress VEGF-B in car-
diomyocytes, show about a 2-fold increased coronary vessel density,
non-pathological cardiac hypertrophy, and a normal sinus rhythm
and lifespan. Furthermore, they do not show increased mortality after
myocardial infarction induced by ligation of the left anterior descend-
ing coronary artery (10 versus 21 of a total of 130 mice).11 Immuno-
staining of the ventricular walls of aMHC-VEGF-B mice showed
more GAP43-positive nerves than in the wild-type (WT) littermate
control mice (cf. Figures 1A and 1C). In addition, they had a dense
network of nerve fibers in the mid-myocardium and endocardium, un-
like in the control mice, where a clear gradient from epicardium to
endocardiumwas observed (cf. Figures 1A and 1C). The nerves also ap-
peared more branched and tortuous in longitudinal sections (Fig-
ure 1D). In young mice (7–10 weeks old), nerve densities did not reach
statistical differences; however, it became significant in older mice
(11–20 weeks old) (Figure S1). The nerve density was 2-fold higher in
older aMHC-VEGF-B mice than inWT control littermates (76 versus
39 GAP43-positive nerve endings per field of view [FOV]; p < 0.001)
(Figure 1G), suggesting that myocardial innervation remains plastic
and responsive to VEGF-B stimulation in adult mice.

As GAP43 is a general marker of sprouting nerve endings,5,12 the sym-
pathetic nature of the nerve endings was confirmed by tyrosine hydrox-
ylase (TH) staining (Figure S2). Whole-mount TH stainings revealed a
denser,more branchednetwork of sympathetic nerves on the epicardial
surface of the aMHC-VEGF-B hearts than that on the hearts of WT
controls orVEGF-B knockout (KO)mice (Figure S3). Thenerve ending
density and length were similar in WT and VEGF-B KO mice (Fig-
ure 1E), suggesting that the lack of VEGF-B does not significantly
impair sympathetic nerve growth in the heart (Figures 1E–1G).

Ad Overexpression of VEGF-B Leads to Nerve Sprouting in the

Heart

Ad overexpression of VEGF-B186 led to the sprouting of nerve
endings in the injection area in both normoxic and ischemic pig my-
ocardia after 6 days of gene transfer (GT) (Figure 2). Nerve density
was higher, and the nerves appeared more branching and tortuous
in AdVEGF-B186-transduced hearts than in AdLacZ control hearts
(cf. Figures 2A and 2C; cf. Figures 2B and 2D), and dense arboriza-
tions were observed especially in fibrous tissue and around the blood
vessels (insert in Figure 2D). The nerves were sympathetic based on
their location and staining for TH (Figure S4). Stimulation of nerve
growth was not dependent on VEGFR-1 signaling, as co-transduction
of AdVEGF-B186 with sVEGFR-1 (AdsVEGFR-1) did not signifi-
cantly alter the density of nerve endings when compared to transduc-
tion with AdVEGF-B186 alone (cf. Figures 2E and 2F with Figures 2C
and 2D).

Surprisingly, co-transduction with AdsNrp-1 significantly increased
both nerve density and branching when compared to transduction
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Figure 2. Ad Overexpression of VEGF-B186 Stimulates Nerve Growth in

Normoxic Adult Pig Myocardium with VEGFRs Modulating Nerve Growth

(A and B) Nerve density (A) and structure (B) were normal in AdLacZ-transduced pig

myocardium (n = 4) 6 days after GT. Nerves ran parallel to muscle fibers, and a few

branching points were observed (arrows). (C) AdVEGF-B186 induced rapid nerve

sprouting and increased nerve density in the myocardium 6 days after GT (n = 5). (D)

Nerve endings appeared tortuous, and more branching points were observed in

AdVEGF-B186-transduced hearts (arrows). Nerve branching was apparent, espe-

cially in the connective tissue surrounding blood vessels (insert). The role of known

VEGF-B receptors VEGFR-1 and Nrp-1 were studied using co-transductions of

adenovirally overexpressed soluble receptors. (E) Overexpression of soluble

VEGFR-1 (AdsVEGFR-1) in combination with AdVEGF-B186, did not significantly

alter nerve density in the myocardium as compared to AdVEGF-B186 alone, sug-

gesting that the induction of nerve growth was not mediated by native, cell-mem-

brane-bound VEGFR-1. (F) Nerve morphology was also comparable to AdVEGF-

B186. (G) In contrast, co-transduction with AdsNrp-1 increased nerve density in the

GT area as compared to VEGF-B186 alone. (H) AdsNrp-1 also increased nerve
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with AdVEGF-B186 alone (cf. Figures 2G and 2H with Figures 2C
and 2D). Whereas VEGFR-1-mediated signaling did not appear
essential for nerve sprouting, VEGF-B and soluble Nrp-1 may inter-
fere with endogenous inhibition of nerve growth. VEGF-B competes
for binding to Nrp-1 with endogenous inhibitory ligands such as
Sema3a, and sNrp-1 may further enhance this effect (shown later in
Figure 4A).

The number of GAP43-positive nerve endings in AdVEGF-B186-
transduced hearts was 1.8-fold higher than in AdLacZ control hearts
(Figure 2I; 141 versus 78 nerve endings per FOV, p < 0.05). Ads-
VEGFR-1 did not alter nerve density as compared to AdVEGF-B186
alone, while AdsNrp1 alone significantly increased nerve density
(p < 0.001). In ischemic hearts, an increase in nerve density was
also observed in the infarction border zone after AdVEGF-B186
gene transfer (data not shown). These results indicate that cardiac
nerves are highly plastic and start to sprout in the adult heart when
the Nrp-1 receptor is overexpressed in the heart.
VEGF-B Overexpression and Increased Nerve Density Lead to

Arrhythmias and Sudden Cardiac Death

Transgenic VEGF-B overexpression and increased nerve density were
associated with susceptibility to VA during dobutamine-induced
adrenergic stress (Figure 3). Ten min after intraperitoneal (i.p.) injec-
tion of 1 mg/kg dobutamine, 60% of the aMHC-VEGF-B mice had
arrhythmias as compared to 7% in WT controls (Figure 3A). The ef-
fect of dobutamine began to diminish after 10 min. It should be noted,
however, that in the aMHC-VEGF-B mice, the increased coronary
vessel density may increase the exposure of cardiomyocytes to dobut-
amine and that cardiac hypertrophy has also been reported to in-
crease the frequency of arrhythmias.11,13,14

In electrocardiogram (ECG) analysis, no arrhythmias were observed
in any of the pigs at baseline (data not shown). Only occasional ven-
tricular extrasystoles were observed in 1 out of 7 ischemic AdLacZ
control pigs and in 1 out of 7 normoxic AdVEGF-B186 pigs (Fig-
ure 3B). AdsVEGFR-1 increased the risk of arrhythmias, as 1 out of
4 normoxic pigs and 6 out of 6 ischemic pigs displayed ventricular
tachycardias, frequent ventricular extrasystoles, and even sustained
tachycardia, ventricular fibrillation (VF), and sudden cardiac death,
suggesting that increased nerve ending density increased the risk of
malignant arrhythmias (Figure 3B). Rhythm monitors were im-
planted in a subset of pigs to characterize the arrhythmias further
and to determine the cause of death. A representative ECG recording
of a sustained ventricular tachycardia, eventually leading to VF in an
ending branching, and more transversally running nerve endings were visible. (I)

Quantification of nerve density in the transduced myocardium revealed that both

AdVEGF-B186 and AdVEGF-B186+AdsVEGFR-1 increased nerve density in the

myocardium as compared to AdLacZ control (1.8-fold, p < 0.05 in both groups).

AdsVEGFR-1 did not significantly alter the nerve density as compared to AdVEGF-

B186 alone. In contrast, AdsNrp-1 significantly increased nerve density as compared

to AdVEGF-B186 alone (1.8-fold, p < 0.001). NS, not significant.
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Figure 3. VEGF-B186 Overexpression Increases Susceptibility to Ventricular

Arrhythmias

(A) aMHC-VEGF-B mice (n = 10) were more susceptible to arrhythmias during

dobutamine stress. 60% of animals displayed arrhythmias 10 min after i.p. dobut-

amine injection (p < 0.05), suggesting that these mice were more sensitive to

sympathetic stimulation. (B) Arrhythmias were also observed after Ad over-

expression of VEGF-B186. ECGs were recorded on day 6 after GT. Ventricular ex-

trasystoles and non-sustained VTs were observed in only one AdLacZ control after

acute myocardial infarction, one AdVEGF-B186-transduced normoxic pig, and one

AdVEGF-B186+AdsVEGFR-1-transduced normoxic pigs. In contrast, all of the

ischemic AdVEGF-B186+AdsVEGFR-1 pigs (n = 6) displayed VAs 6 days after GT

(p < 0.05). To better characterize these arrhythmias, a subset of animals received an

implantable cardiac rhythmmonitor on day 0, and data were collected at the time of

death or at the time of sacrifice on day 6. (C) A representative example of sinus

rhythm (SR) and the onset of ventricular tachycardia (VT) observed after AdVEGF-
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AdVEGF-B186+AdsVEGFR-1-transduced pig, is shown in Figures 3C
and 3D.

To study the significance of these arrhythmias, we retrospectively
analyzed data from 334 Ad GT experiments performed in our group
using the same model. 12.3% of pigs died during the ischemia oper-
ation before any GT. 9.9% of the surviving animals died during the
first 24 h after myocardial infarction. In these cases, the death was un-
likely related to the transgene, since protein production is very low at
this time point, biological effects are observed only 2–3 days after GT,
and the maximal effect of Ad gene transfer is known to be at day 6.
Only seven of the remaining 264 animals died 2–5 days after the
GT (2.65%). Five of these pigs had received AdVEGF-B186 GT
(four ischemic pigs, one normoxic pig), one was transduced with Ad-
VEGF-B186+AdsVEGFR-1 (ischemic), and one was unrelated to this
study. All deaths were sudden cardiac deaths. AdVEGF-B186, there-
fore, significantly increased the risk of sudden cardiac death as
compared to any other therapeutic or control GT when analyzed
with a log-rank test (hazard ratio, 0.001998; 95% confidence interval
[CI] = 0.0001853–0.02153, p < 0.0001) (Figure 3E) and is the main
driver of this effect.
AdVEGF-B186 Increases the Expression ofMolecules Associated

with Nerve Growth and Differentiation

To elucidate molecular mechanisms of VEGF-B-induced nerve
growth, Affymetrix gene expression arrays were performed using Ad-
VEGF-B186- and AdGFP-transduced rat neonatal cardiomyocytes
24 h after transduction. A total of 624 genes were upregulated, and
240 genes were downregulated in AdVEGF-B186-transduced cardio-
myocytes as compared to those in AdGFP-transduced cardiomyo-
cytes. VEGF-B regulated the expression of factors controlling nerve
growth and differentiation. Upregulated transcripts included acti-
vating transcription factor 6 (ATF6; 2.1-fold as compared to AdGFP,
p = 0.00084), its downstream target mesencephalic astrocyte-derived
neurotrophic factor (MANF; 2.3-fold, p = 1.47E�05),15 and the
orphan nuclear receptor (Nr4a2; 8.4-fold, p = 3.10E�05). All three
are known to regulate neuronal differentiation, migration, matura-
tion, and TH synthesis in the central nervous system.16–18 These
genes have previously been linked to neuronal growth only in the
B186+sVEGFR-1 GT. Two AdVEGF-B186+sVEGFR-1-transduced animals and one

AdVEGF-B186+AdsNrp-1-transduced animal died of VF. (D) In one of the animals,

the whole chain of events was documented, demonstrating VT and induction of

ventricular fibrillation (VF) leading to sudden cardiac death. AdVEGF-B186 gene

transfer increased the probability of sudden cardiac death after acute myocardial

infarction. (E) A retrospective analysis of myocardial ischemia operations and Ad GT

performed on pigs in our laboratory (n = 334) revealed that AdVEGF-B186 GT (alone

or in combination with AdsVEGFR-1) increased the incidence of sudden cardiac

death. Only 7 animals died 24 h to 6 days after GT; 5 of these animals had received

AdVEGF-B186 GT, 1 had received AdVEGF-B186+sVEGFR-1 GT, and 1 was unre-

lated to this study. A statistically significant difference between the survival of Ad-

VEGF-B186 and that of another GT group was observed when analyzed with the

log-rank test (hazard ratio, 0.001998; 95% CI = 0.0001853–0.02153, p < 0.0001).
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Figure 4. VEGF-B Regulates the Expression of

Molecules Linked to Neuronal Growth and

Differentiation

(A) The mechanism of VEGF-B-induced nerve growth.

Left: VEGF-B upregulates the expression of several

neurogenic molecules, including ATF6; Nr4a2; and a

secreted factor, MANF. VEGF-B may, therefore, directly

stimulate nerve growth via these downstream mediators.

In addition, VEGF-B and soluble Nrp-1 may interfere with

endogenous inhibition of nerve growth. Right: VEGF-B

may compete for binding to Nrp-1 with endogenous li-

gands such as Sema3a, and sNrp-1 may further enhance

this effect by binding Nrp-1 ligands. VEGF-B increases

the expression and nuclear localization of transcription

factor ATF6 6 days after Ad GT in pig myocardium (p <

0.05). (B and C) The nuclei were more intensely stained in

VEGF-B transduced area (C) as compared to AdLacZ

control GT (B). (D and E) Nuclear orphan receptor Nr4a2

expression was low in control pigmyocardium (D) but was

increased in AdVEGF-B186-transduced pig myocardium

(E) (p < 0.05). In addition, nuclear localization of Nr4a2

was also observed in aMHC-VEGF-B mice (insert in E),

while expression level was very low in WT controls (insert

in D) (p < 0.05). (F) The downstream target of both ATF6

and Nr4a2, MANF expression was very low in control

hearts, and only a few positive cells were observed in

AdLacZ-transduced pig myocardium. (G) VEGF-B

increased MANF expression in capillaries and in some

cardiomyocytes and other cell types (p < 0.005).

Together, these molecules have been shown to regulate

neuron growth, differentiation, and survival, thus possibly

mediating the rapid nerve growth and branching

observed after VEGF-B overexpression. (H and I) Im-

munostainings of ATF6, Nr4a2, and MANF in pig (H) and

Nr4a2 in mouse (I) were analyzed blindly with semi-

quantitative methods, and all were significantly increased

(p < 0.05) in VEGF-B-overexpressing tissues. The in-

tensity of the staining and the number of stained areas

were blindly scaled from 0 to 3, with 0 representing no

staining intensity, 1 representing low intensity and num-

ber of stained areas, 2 representing medium intensity and

number of stained areas, and 3 representing high in-

tensity and number of stained areas. Overexpression of

AdsNrp-1 induces nerve growth in the myocardium.

(J and K) AdsNrp-1 increased the number of GAP43-

positive nerves 6 days after GT in pig myocardium (K) as compared to AdLacZ control (J). (L) The number of nerves per FOV was increased by 2.8-fold as compared to

AdLacZ control (p < 0.01). This suggests that Nrp-1 has an inhibitory role in nerve patterning and that sNrp-1 disrupts this inhibitory signaling.
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central nervous system. Their expression in the myocardium after
acute and chronic overexpression of VEGF-B was confirmed by
immunohistochemical stainings (Figure 4).

ATF6, Nr4a2, and MANF showed significant differences between the
control group and the VEGF-B-overexpressing group (p < 0.05).
ATF6 was expressed in cardiomyocytes (Figures 4B and 4C). Under
baseline conditions, its expression localizes mainly in the cytoplasm,
but it can translocate into the nucleus, where it functions as a tran-
scription factor.19 Faint ATF6 staining was observed in AdLacZ-
transduced hearts (Figure 4B), while AdVEGF-B186 increased the
staining of ATF6 (Figure 4C). Nr4a2 is a ligand-independent tran-
scription factor shown to regulate cell differentiation, proliferation,
and inhibition of apoptosis.20 It is essential for the differentiation
and maintenance of dopaminergic neurons.21 Faint Nr4a2 staining
was observed in nearly all cardiomyocyte nuclei in control hearts (Fig-
ure 4D). VEGF-B overexpression markedly increased Nr4a2 staining
intensity and nuclear localization (Figure 4E). ATF6 and Nr4a2 have
been shown to elicit some of their functions viaMANF, a secreted fac-
tor shown to stimulate nerve growth and differentiation in the central
nervous system.22 MANF expression was very low in LacZ control
hearts (Figure 4F). In AdVEGF-B186-transduced hearts, MANF was
strongly expressed in the endothelial cells of angiogenic capillaries
and in cardiomyocytes (Figure 4G). In VEGF-B transgenic mice,
Molecular Therapy Vol. 28 No 7 July 2020 1735
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the expression was mainly seen in cardiomyocyte nuclei, and it dis-
played a clear endocardium-to-epicardium gradient, the expression
being strongest on the endocardial side (Figure S5), possibly explain-
ing the disturbance of the normal nerve patterning. Thus, the upregu-
lation of transcription factors shown to stimulate nerve growth and
differentiation may explain the rapid nerve sprouting observed, and
upregulation of the secreted MANF protein can convey the
effects of VEGF-B from transduced cardiomyocytes to surrounding
nerves.

Nr4a2 also regulates Nrp-1 expression by binding directly to its pro-
moter region,23 and we have previously shown that VEGF-B overex-
pression increases Nrp-1 expression in the myocardium.7 Nrp-1 has
been shown to mediate inhibition of nerve growth by endogenous
Sema3a.4 Exogenous VEGF-B may interfere with endogenous inhibi-
tion of nerve growth mediated by Nrp-1, and VEGF-B induced nerve
growth in the heart is, therefore, likely to be a result of the disruption
of this negative regulation and upregulation of neurogenic molecules
(Figure 4A). Accordingly, AdsNrp-1 increased GAP43-positive nerve
density in the GT area (Figure 4K), as compared to AdLacZ control
(Figure 4J), showing that disruption of endogenous Nrp-1 signaling
is sufficient to induce nerve growth. Accordingly, nerve density was
increased 2.8-fold in the AdLacZ+AdsNrp-1 group as compared to
AdLacZ alone (p = 0.0063; Figure 4L).
DISCUSSION
In this study, we demonstrate, for the first time, that VEGF-B regulates
cardiac nerve growthbothduring development and in the adult heart in
two mammalian species. Stimulation of cardiac sympathetic innerva-
tion is mediated by the upregulation of ATF6, Nr4a2, and MANF,
which are linked to nerve growth stimulation and differentation.3
VEGF-B Regulates Cardiac Innervation

Transgenic VEGF-B overexpression in mouse myocardium increased
nerve density and loss of transmural nerve density gradient. The effect
was less prominent in young mice (7–10 weeks) but became more
pronounced in older animals (11–20 weeks) (Figure S1), indicating
that nerves remain plastic and responsive to growth stimuli also in
adults. VEGF-B has previously been linked to neurogenesis in the
central nervous system9 and regeneration of peripheral neurons.8

Our results show, for the first time, that VEGF-B also regulates car-
diac innervation, thus shedding more light on its complex functions,
including the regulation of both blood vessel growth and tissue meta-
bolism in the heart.7,24,25
Cardiac Nerves as a Therapeutic Target

Cardiac nerves participate in the regulation of coronary function, car-
diac hypertrophy, and electromechanical activity, and thus have a
profound effect on heart function. Our results indicate that modula-
tion of cardiac innervation in the adult heart can occur upon Ad GT.
Molecular tools to modify VEGF signaling are available, and GT of-
fers a possibility to modify nerve regeneration locally. It is, thus,
essential to consider the neurogenic properties of vascular growth fac-
1736 Molecular Therapy Vol. 28 No 7 July 2020
tors in order to avoid side effects when developing novel therapies for
myocardial ischemia and heart failure.

Transgenic VEGF-B overexpression increased the risk of arrhythmias
during pharmacological sympathetic stimulation with dobutamine.
Loss of VEGF-B in KO animals led to a modest reduction in nerve
density, indicating that VEGF-B is not essential for cardiac nerve
development and maintenance. This finding was confirmed in
another VEGF-B KO strain,26 with similar results (data not shown).
VEGF-B KO mice have smaller hearts and dysfunctional
coronary vasculature.27 These phenotypic characteristics might be
reflections of the modestly impaired cardiac innervation, as sympa-
thetic nerves participate in the regulation of coronary function and
heart growth.28

The aMHC-VEGF-B transgene drives the expression of both
VEGF-B isoforms in cardiomyocytes, induces expansion of coro-
nary vasculature, and leads to the development of mild cardiac
hypertrophy without compromising heart function.13 Rats ex-
pressing the same mouse VEGF-B transgene had a normal life-
span, expanded the coronary arterial tree, and showed reprog-
ramming of cardiomyocyte metabolism that was associated
with protection against myocardial infarction and preservation
of mitochondrial complex I function upon ischemia reperfu-
sion.13 Furthermore, AAV-VEGF-B186 phenocopied the coronary
expansion and cardiac hypertrophy in adult mice without
affecting cardiac rhythm.11,29 Thus, it is also possible that
increased vasculature and hypertrophy in aMHC-VEGF-B trans-
genic mice sensitized these animals to arrhythmias during the
dobutamine stress. In contrast, a cardiomyocyte-specific human
VEGF-B167 transgene in mice led to increased ceramide levels
in the heart25 and later to heart failure.30 In another study, ta-
chypacing-induced cardiomyopathy was prevented in dogs by in-
tracoronary AAV-VEGF-B167 administration without increasing
mortality.31 However, it should be taken into account that ar-
rhythmias cannot be detected during continuous pacing.

Ad overexpression of VEGF-B186 led to nerve sprouting locally in the
GT area in pig hearts (Figure S6). The response was rapid, and nerve
density was significantly increased within days after GT, resembling
endogenous nerve sprouting in the infarction border zone.2 Increased
nerve sprouting has been shown to correlate with the incidence of car-
diac arrhythmias and sudden cardiac death, both in experimental an-
imal models and in humans. Thus, in certain animal models, Ad over-
expression of VEGF-B186 has not been beneficial, since it can cause
hypertrophy and increase the risk of arrhythmias. Accordingly, retro-
spective survival analysis of 334 GT experiments in pigs revealed that
AdVEGF-B186 GT significantly increased the risk of sudden cardiac
death.

The co-transduction of AdVEGF-B186 and AdsVEGFR-1 did not
affect nerve density in the GT area but did increase the risk of arrhyth-
mias. Furthermore, very high doses of AdGT might increase the risk
of arrhythmias. Ventricular extrasystoles and non-sustained
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ventricular tachycardias were observed in all ischemic pigs in this
group. We have previously shown that AdsVEGFR-1 efficiently
blocks the vascular response of AdVEGF-B186, indicating that Ads-
VEGFR-1 binds to VEGF-B and is capable of inhibiting its angiogenic
properties.7 AdsVEGFR-1 may, therefore, potentiate the neurogenic
effects of VEGF-B by inhibiting its binding to native VEGFR-1 while
allowing its binding to Nrp-1.

Co-transduction with AdsNrp-1 significantly enhanced nerve sprout-
ing as compared to AdVEGF-B186 alone. A similar effect has been
observed in angiogenesis, where sNrp-1 enhances the angiogenic effect
of VEGF-A, likely by acting as a co-receptor and increasing VEGF-A
binding to VEGFR-2.32,33 As VEGF-B does not bind to VEGFR-2,
and VEGFR-1-mediated signaling did not appear essential for nerve
sprouting, sNrp-1 may enhance nerve growth by the binding endoge-
nous inhibitory ligand of Nrp-1, Sema3a. Sema3a has been shown to
inhibit nerve growth in the heart both during development and in
ischemia.4,34 Sema3a overexpression also protects from arrhythmias
after myocardial ischemia.34 The effects of VEGF-B seem to be the
opposite, suggesting that VEGF-B may block inhibitory signaling via
native Nrp-1. Our finding further supports this hypothesis that
AdsNrp-1 alone is sufficient to induce nerve growth in the heart.

Gene expression analysis revealed that VEGF-B regulates the expres-
sion of several molecules previously linked to neurogenesis, neuronal
differentiation, and survival in the central nervous system. ATF6 was
upregulated along with its known downstream targets, MANF15 and
Nr4a2. This pathway has been shown to regulate neuronal differenti-
ation, migration, maturation, and TH synthesis in the central nervous
system.16–18 MANF has also been shown to be expressed in the
myocardium and to mediate cardioprotective effects.15,35 MANF is
secreted from cardiomyocytes and may, therefore, mediate signaling
from cardiomyocytes to neurons. Further studies are required to
confirm whether MANF upregulation is essential in mediating
VEGF-B-induced nerve growth. Nr4a2 upregulation may also
mediate the Nrp-1 upregulation shown in our previous study,7 as
Nr4a2 has been shown to directly regulate Nrp-1 expression in dopa-
minergic neurons.23

The role of VEGF-B in endogenous sympathetic dysregulation in the
human heart remains unclear. VEGF-B is expressed in the human
myocardium, but expression level and localization are not known.
Both genetic and Ad overexpression of VEGF-B lead to very high
expression levels. However, these effects may not reflect the endoge-
nous role of the growth factor, although, these models provide tools to
manipulate nerve growth in the heart and to study the functional and
electrophysiological consequences of nerve sprouting.

In this study, we show, for the first time, that VEGF-B regulates car-
diac innervation in the adult heart. Nerve sprouting leads to an
increased risk of arrhythmias and sudden cardiac death in dobut-
amine-stressed hearts. We also show that VEGF-B regulates the
expression of three genes in the neurogenic pathway and provide ev-
idence that disruption of the endogenous Nrp-1 signaling has ar-
rhythmogenic effects. Local modulation of nerve growth after
myocardial ischemia using GT approaches may provide a novel treat-
ment strategy to prevent postischemic arrhythmias as well as allow
the use of VEGF-B gene transfer as a potential treatment for myocar-
dial ischemia.

Clinical Relevance

Nerve growth and angiogenesis share common molecular regulators,
such as VEGF-B, and occur as part of the endogenous repair process
after myocardial ischemia. Sympathetic nerve growth and abnormal
nerve distribution in the heart induced by VEGF-B increased the
risk of arrhythmias and sudden cardiac death. Identification of the
VEGFR-1-independent pathogenic mechanisms and patients with
abnormal sympathetic activity may help to identify high-risk pa-
tients.36 This may also allow the development of specific proangio-
genic and antiarrhythmic therapies for the treatment of myocardial
ischemia and post-ischemic arrhythmias.

MATERIALS AND METHODS
Animal Models

All animal procedures were approved by The National Animal Exper-
imental Board of Finland and carried out in accordance with the
guidelines of The Finnish Act on Animal Experimentation. Animals
were kept in standard housing conditions in The National Laboratory
Animal Center of The University of Eastern Finland, Kuopio,
Finland. Diet and water were provided ad libitum.

Transgenic female mice expressing the VEGF-B gene selectively un-
der aMHC-VEGF-B,11 VEGF-B KOmice,27 and their WT littermates
were used to study the effects of chronic VEGF-B overexpression on
nerve-ending density and distribution (Table S2). In preliminary
studies, we found no difference between sexes; therefore, it is justified
to use only female mice, as they were more readily available. More-
over, the pig studies were also made in female pigs, making the com-
parison between the species more straightforward.

Surface ECG recordings (lead II via limb electrodes) were performed
with the Vevo 2100 Ultrasound System designed for small animals
(Fujifilm VisualSonics, Toronto, ON, Canada). Myocardial samples
were collected for histological analysis. A subset of animals (n = 10
in each group) was subjected to dobutamine stress (1 mg/kg, i.p. in-
jection), and the occurrence of arrhythmias was observed 5, 10, and
15 min after the onset of dobutamine infusion.

AdVEGF-B186 was used to study the short-term effects of VEGF-B in
pig myocardium (Table S2). A dose of 1� 1012 virus particles(vp)/mL
of AdLacZ as a negative control, AdVEGF-B186 alone or in combina-
tion with sVEGFR-1,37 or soluble Nrp-1 (sNrp-1) was injected intra-
myocardially (10� 200-mL injections) into the anterolateral wall of
the left ventricle using a NOGA Myostar injection catheter (Biosense
Webster, Johnson & Johnson, Irvine, CA, USA).38 In a subset of an-
imals, acute myocardial infarction was induced at baseline as previ-
ously described,7 and the GT was done 30 min after the infarction
was established for these animals. A VortX-18 occlusion coil (Boston
Molecular Therapy Vol. 28 No 7 July 2020 1737
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Scientific, Marlborough, MA, USA) was carefully placed at the similar
position of the left anterior descending coronary artery for each pig. A
lower dose of Ad was used (5 � 109 vp/mL), as ischemia induces
expression of endogenous growth factors and potentiates the effects
of VEGFs as previously described.34 Surface ECG (leads I, II, and
III) (Zoll, Chelmsford, MA, USA) was recorded at baseline and
6 days after GT or with implantable rhythm monitors (Reveal
LINQ ICM System, Medtronic, Minneapolis, MN, USA) (Table S2).
Evans blue dye (30 mg/mL in saline, 1 mL/kg; E2129, Sigma-Aldrich,
St. Louis, MO, USA) was injected intravenously to visualize the injec-
tion sites, and myocardial samples were collected for histological
analyses.

We conducted a retrospective analysis of myocardial ischemia oper-
ations and Ad GT performed on pigs in our laboratory (n = 334). The
data were collected from our groups’ archives. Data were divided into
two groups: normoxic (n = 83) and ischemic (n = 251) pigs. Calcula-
tions were divided into three time periods: during the ischemia oper-
ation before any GT (day 0), 24 h after GT (day 1), and 2–5 days after
ischemia (days 2–5). Day 1 was chosen because the death on
that day was unlikely to be related to the transgene, since protein pro-
duction is minimal at this time point. Days 2–5 are more likely related
to transgene, as the biological effects are observed 2–3 days after GT,
and maximal gene expression is on day 6, which was the sacrification
day.

Detection of Arrhythmias

Mouse ECG recordings were analyzed with Kubios murine software
as previously described.39 Pig ECG recordings were analyzed manu-
ally from printed recordings in a blinded manner. Both premature
ventricular extrasystoles and non-sustained ventricular tachycardias
were characterized as arrhythmias.

Gene Expression Arrays

To study the molecular mechanism behind VEGF-B-induced nerve
growth, Affymetrix gene expression arrays were used (Table S1).
Rat neonatal cardiomyocytes were isolated, and 24 h later, the cells
were transduced with either negative-control AdGFP or AdVEGF-
B186 (MOI = 10). Cells were collected 24 h later, RNA was isolated,
and Affymetrix gene expression arrays were performed at the Dana
Farber Cancer Institute core facility. Rats were used, as it is a mamma-
lian species with a cardiovascular system very similar to that of hu-
mans. Also, rat is the only species from which large amounts of car-
diomyocytes can be obtained for in vitro studies. Generally, data
derived from rat cardiomyocytes have been regarded to represent
very well in vivo situations in mice, humans, and other mammalian
species.

Gene expression microarray data were analyzed using the R statistical
package, v.2.13. Microarray probe sets were mapped using custom
CDF files (RaGene10stv1, v.14.1.0), and the Robust Multi-Array
Average expression measure was used to normalize the data. Quality
assessment of the microarrays was performed using the following
Bioconductor packages: affy, v.1.3; affyPLM, v.1.28.5; and affyQCRe-
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port, v.1.3. Based on the quality assessment, all microarrays advanced
to further analysis. Non-specific filtering was used to filter out probe
sets that did not map to known genes as well as to remove duplicate
probe sets mapped to the same gene (the probe set with the most vari-
ability across the microarrays was retained). After the filtering of the
original 19,239 probe sets, 19,225 probe sets representing gene
expression values for the same number of unique genes were retained
for further analysis.

The Linear Models for Microarray Data (limma) v.3.8.1 analysis
package was used to detect differentially expressed genes between
groups, using fitting of linear models and applying empirical
Bayes smoothing to each probe. The Benjamini-Hochberg false dis-
covery rate (FDR) was used to adjust results for multiple compari-
sons. A FDR-adjusted p value < 0.05 was considered as statistically
significant.

Gene set enrichment analysis (GSEA) of significantly differentially
expressed genes was performed to identify over-represented Gene
Ontology (GO) terms and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathways. The hypergeometric test from the Bio-
conductor Category package, v.2.18, was used for enrichment anal-
ysis. In addition, GSEA was used to identify enriched gene sets
from the results of differentially expressed gene analyses. For the
GSEA, the rat genes were mapped to the closest corresponding or-
thologous human genes using Ensembl Biomart (Ensembl Genes
v.62). Lists of the human genes ranked by fold change were used.
Enrichment of GO biological process terms and different pathway
gene sets (Biocarta, KEGG, and Reactome) were studied. Gene sets
were obtained fromMSigDB v.3. Gene sets smaller than 15 and larger
than 500 terms were excluded. Gene sets with a FDR q value < 0.25
were considered as statistically significantly enriched gene sets.

Immunohistochemistry

Hearts were rinsed from blood with PBS, and perfusion was fixed with
1% paraformaldehyde (PFA) in PBS (mice) or with 1% PFA in citrate
buffer to improve Evans blue retention in the tissues (pigs). Myocar-
dial samples were further immersion-fixed in 4% PFA overnight and
embedded in paraffin. 7-mm sections were used for histological ana-
lyses. GAP43 (AB5220, Millipore, Burlington, MA, USA; dilution
1:100) was used to visualize sprouting nerve endings, and TH staining
was used to confirm the sympathetic nature of these nerves (AB1542,
Millipore, Burlington,MA, USA; dilution 1:100 for tissue sections and
1:500 for whole-mount samples). Nurr1/Nr4a2 (AB93332, Abcam,
UK; dilution 1:100), ATF6 (NBP1-40256, Novus Biologicals, Centen-
nial, CO, USA; dilution 1:100) and MANF (sc-34560, Santa Cruz
Biotechnology, Santa Cruz, CA, USA; dilution 1:100) were used to
visualize upregulation of VEGF-B target proteins in myocardial sec-
tions. DAB (Vector Laboratories, Burlingame, CA, USA) was used
to visualize the staining, and Methyl Green (S1962, DAKO, Santa
Clara, CA, USA) was used as a counterstain.

The intensity of the stainings and the number of stained areas were
scored blindly using a scale ranging from 0 to 3, where 0 indicates
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no staining intensity, 1 indicates low intensity and number of stained
areas, 2 indicates medium intensity and number of stained areas, and
3 indicates high intensity and number of stained areas.40

Nerve-ending density was quantified from both GAP43-stained sec-
tions with AnalySIS software (Soft Imaging System, Münster, Ger-
many), and the number of nerves per FOV was counted. 5 FOVs
per section at magnification of 200� immediately adjacent to the nee-
dle track were used for analysis.

Statistical Analysis

A two-way ANOVA with Bonferroni posttests (nerve ending den-
sities in mouse heart; Figure 1) and a one-way ANOVA with Tukey’s
multiple comparison test were used to achieve the most reliable sta-
tistical analysis, as they can control overall type 1 error, meaning
that false-positive results can also be controlled, especially in the
small-group-size studies (nerve densities in pig myocardium, Fig-
ure 2). A chi-square test (arrhythmia differences; Figure 3), Student’s
t test (nerve ending density in pig myocardium; AdLacZ versus
AdLacZ +AdsNrp-1; Figures 4J and 4K), and Mann-Whitney U test
(the difference between groups as shown in Figures 4B–4G) were
used to evaluate the statistical significance of the findings. Significance
of the occurrence of sudden cardiac death was analyzed using a log-
rank test (Figure 3). A p value of <0.05 was considered statistically
significant.
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