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Aims Neuregulins (NRG) are growth factors that are synthesized by endothelial cells (ECs) and bind to erbB receptors.
We have shown previously that NRG is proangiogenic in vitro, and that NRG/erbB signalling is important for autocrine
endothelial angiogenic signalling in vitro. However, the role of NRG in the angiogenic response to ischaemia is
unknown. We hypothesized that endothelial NRG is required for ischaemia-induced angiogenesis in vivo and that ex-
ogenous administration of NRG will enhance angiogenic responses after ischaemic insult.

Methods
and results

An endothelial-selective inducible NRG knockout mouse was created and subjected to femoral artery ligation. Endo-
thelial NRG deletion significantly decreased blood flow recovery (by 40%, P , 0.05), capillary density, avb3 integrin
activation, and arteriogenesis after ischaemic injury. Isolated ECs from knockout mice demonstrated significantly
impaired cord formation in vitro, suggesting that NRG signalling performs an important cell autonomous function. Re-
combinant human NRG (rNRG) has not only reversed the angiogenic defect in knockout mice but also accelerated
blood flow recovery in wild-type mice.

Conclusion Endothelial production of NRG is required for angiogenesis and arteriogenesis induced by ischaemic injury. Further-
more, exogenous administration of rNRG can enhance this process, suggesting a potential role for NRG in vascular
disease.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Keywords Endothelium † Angiogenesis † Ischaemia † Genetically altered mice † Growth factors

1. Introduction
Neuregulins (NRG) are a family of epidermal growth factor ligands
that are expressed by vascular endothelial cells (ECs) and mediate
signal transduction via binding to erbB receptors.1 There are four
genes known to encode NRG, of which nrg-1 is the most extensively
studied. The complexity of NRG signalling is further increased by the
number and function of its family of receptors. The erbB receptor
family consists of four members that function as homo- or heterodi-
mers.2 Amplification and hyperactivation of erbB2 have been shown
to be important for initiation and progression of aggressive forms of
breast cancer,3 and treatment with the humanized monoclonal anti-
body, trastuzumab, which targets the erbB2 receptor, has dramatically

improved the prognosis of patients with such tumours.4 ErbB2 over-
expression is also associated with an increase in tumour-derived vas-
cular endothelial growth factor (VEGF) expression and an increase in
tumour vascularity,5 a property that is believed to contribute to meta-
static potential.

While hyperactivation of the NRG/erbB pathway confers a greater
metastatic potential for tumours, this signalling pathway may also be
crucial for vascular responses to stress. We have previously shown
that NRG is proangiogenic in vitro, using a collagen gel cord formation
assay, and in vivo in a rat corneal angiogenesis assay.6 The observation
that EC express NRG and erbB receptors suggests that this system
may participate in autocrine angiogenic responses. In support of this
idea, we recently demonstrated that EC release NRG in response
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to inflammatory cytokines, and this process is critical for ERK activa-
tion.7 Recent studies from our laboratory have demonstrated that EC
also release NRG in response to hypoxia.8 Based on these findings,
we hypothesized that EC NRG plays an important role in angiogenic
responses to ischaemia.

To test this hypothesis, we generated an endothelial-selective indu-
cible NRG knockout model to demonstrate that EC NRG is essential
for angiogenesis and arteriogenesis in response to ischaemic injury
induced by femoral artery ligation. Endothelial-specific NRG deletion
results in a significant decrease in ischaemia-induced vascular growth
and avb3 integrin activation. Interestingly, addition of exogenous
human recombinant NRG-1 (rNRG) also accelerates blood flow re-
covery after femoral artery ligation in wild-type (WT) animals.
These findings indicate that endothelial-derived NRG plays an import-
ant role in post-ischaemic angiogenic responses and may present a
promising future target for treatment of ischaemic vascular disease.

2. Methods

2.1 Preparation of tamoxifen, rNRG, and
mouse treatment
Tamoxifen was purchased from Sigma-Aldrich (MO, USA), diluted in
ethanol to 100 mg/mL, and sonicated for 30 min and further diluted to
10 mg/mL in autoclaved sunflower oil (Sigma-Aldrich).9 Mice (except
WT mice) were treated with vehicle (100 mL of 10% ethanol in
autoclaved sunflower oil) or tamoxifen (1 mg) via intraperitoneal (i.p.)
injection 3 days prior to surgery (to delete NRG), and daily thereafter.9

rNRG was purchased from R&D (MN, USA) and diluted in 0.1% BSA
in PBS. rNRG-treated mice received daily i.p. injections of 2.5 mg of
rNRG.10

2.2 Generation of mouse models
Inducible VE-cadherin promoter-driven Cre-ERT2 (VECad-Cre-ERT2)
transgenic mice (generously provided by Dr Luisa Iruela-Arispe)11 were
bred with Z/EG reporter mice.12 Cre recombinase is only expressed in
EC and can only enter the nucleus after tamoxifen treatment; and, the
Z/EG reporter gene will express green fluorescent protein (GFP) only
when nuclear cre activity is present. These VECad-Cre-ERT2 GFP mice
were treated with tamoxifen for 3 days.11 The second mouse model
was generated by crossing the VECad-Cre-ERT2 mouse with a mouse car-
rying homozygous-floxed alleles (exons 7–9) of nrg-1 (a generous gift of
Dr Carmen Birchmeier).13 All mice were 40–50 days of age to ensure
maximum cre expression.11 Mice were euthanized with a single ip injec-
tion of pentobarbital (150 mg/kg).

2.3 Hindlimb surgery and flow measurements
All animal care protocols were approved by the Yale Institutional Animal
Care and Use Committee and conform to guidelines of US National Insti-
tute of Health. Mice were anaesthetized with 0.2–5% inhaled isoflurane
vaporized in O2 at a rate of 1.5 L/min via nosecone. Heart rate and
body temperature were monitored continuously, and adequacy of anaes-
thesia was monitored throughout the procedure as adequate ventilatory
rate and absent withdrawal to noxious stimuli. A small incision was
made on the right leg to expose the femoral vasculature, and dual ligation
of the femoral artery was performed distal to the profundus branch.

Flow measurements were performed using two different methods.
Body temperature of the mice was kept constant at 37+0.58C. In
method 1, a Moor laser Doppler imager (LDI; Moor Instruments, UK)
was positioned to acquire blood flow distal to the area of ligation.
Average hindlimb perfusion is expressed as the ratio of flow in the ischae-
mic to non-ischaemic hindlimb in equivalent regions of interest and

normalized to surface area. In method 2, the PeriFlux System equipped
with a laser Doppler perfusion module (LDPU; Perimed, OH, USA) was
used. The probe was placed directly on the gastrocnemius muscle. Ischae-
mic and non-ischaemic limb perfusion was measured before, and immedi-
ately after surgery.14 Post-operative analgesia was maintained with
buprenorphine for 24–48 h.

2.4 MicroSPECT-CT measurements of avb3
integrin activation
All animals were injected intravenously with �1.0 mCi of 99mTc-labelled
Arg-Gly-Asp (RGD) peptide (99mTc-NC100692, GE Healthcare, NJ,
USA), which binds to activated avb3 integrins. All images were acquired
at post-operative day 7 with a hybrid microSPECT-CT scanner
(X-SPECT, Gamma Medica, CA, USA) as described previously.15,16

2.5 Micro-CT-angiographic assessment of
arterial size and density in the ischaemic
hindlimb
The thoracic aorta of euthanized mice was cannulated and perfused with
saline, then 4% paraformaldehyde for 5 min, and finally 20% Bismuth in 5%
gelatine,17 as described elsewhere.18,19 Briefly, the arterial vasculature in
the ligated hindlimb was imaged by a high-resolution micro-CT imaging
system (GE eXplore Locus SP, GE Healthcare).17 Data are expressed as
arterial segmental number, representing the total number of vessels, of
a specified diameter, counted in equivalent volumes from 200 sections
of the calf distal to the ligation.18,19

2.6 Capillary density measurements
Sections from gastrocnemius muscles were stained with an anti-CD31
(PECAM-1, BD Biosciences, San Jose, CA, USA) antibody and a secondary
antibody labelled with Alexa 488 (Invitrogen, CA, USA). Six images were
acquired from each slide. Quantification of the CD31 positive cells and
fibres from ischaemic and non-ischaemic specimens was performed manu-
ally in a blinded fashion. The resultant data are presented as ratio of capil-
laries/muscle fibre in the ischaemic to non-ischaemic leg.

2.7 EC isolation, adenoviral transfection, cord
formation, and western blotting
Skeletal muscle ECs were isolated from hindlimb muscles of homozy-
gously NRG-floxed (FF) mice after digestion in type I collagenase
(Sigma-Aldrich) as described elsewhere.7,19,20 The cell suspension was
incubated with anti-PECAM-1-coated beads (BD Pharmingen, CA, USA).
A second purification was performed using anti-ICAM-2 antibody-coated
beads (BD Pharmingen).19 Early passage (3–5) NRG (FF) skeletal muscle
EC were transduced for 48 h with cre recombinase (Adeno-cre) or
control red fluorescent protein (Adeno-RFP; a generous gift from
Dr Frank Giordano).21 Cells were stimulated with 25 ng/mL of recombin-
ant human VEGF 165 (R&D, MN, USA) for 5 or 10 min or with 10% foetal
bovine serum (FBS) for 10 min. Antibodies used for immunoblotting were
as follows: anti-NRG (sc-348, Santa Cruz Biotechnology, CA, USA), anti-
phospho p44/42 MAPK, and MAPK (Cell Signaling, MA, USA), anti-cre
(Novagen, Darmstadt, Germany), and anti-actin (Santa Cruz
Biotechnology).

2.8 Matrigel cord formation
Growth factor reduced Matrigel (175 mL; BD Biosciences) was placed in
48-well plates and allowed to polymerize at 378C. Early (,3) passage
skeletal muscle EC suspensions were plated at a density of 6 ×
104 cells/well in DMEM containing 1% FBS or 50 ng/mL VEGF, purged in
a 95% N2–5% CO2 chamber for 15 min in a sealed chamber, and then
incubated overnight. Cords were counted manually (using phase contrast
microscopy and Image J Software, National Institute of Health) in three
fields from four replicate wells per experimental treatment.
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2.9 Statistics
Student’s t-test was used to compare two groups, and one- or two-way
ANOVAs were performed where applicable, with the Bonferroni post
hoc analysis for comparisons among paired groups. GraphPad Prism 3 soft-
ware (GraphPad, CA, USA) was used for statistical comparisons.

3. Results

3.1 Generation of an inducible endothelial
NRG deletion mouse model
To determine the efficiency of cre induction and activity as well as the
appropriate time course of induction with tamoxifen, we treated the
VECad-Cre-ERT2 Z/EG reporter mice12 for 3 days11 with tamoxifen
or vehicle. Skeletal muscle tissue was collected and immunostained
for CD31 to identify ECs. As shown in Figure 1A, 3 days of tamoxifen
treatment were sufficient to allow cre nuclear localization and gene
recombination, as detected by the presence of GFP signal, specifically
in vascular endothelium. However, mice injected with vehicle control
for 3 days did not show endothelial GFP signal, as previously
reported.11

Next, we crossed the VECad-Cre-ERT2 (C) mice with mice carrying
homozygous-floxed alleles of the nrg-1 gene (FF).13 Because of the

complex nature of this model, our endothelial NRG-deleted mice
were compared with multiple controls, as summarized in Figure 1C.
To demonstrate that tamoxifen induction effectively decreases NRG
expression, purified skeletal muscle EC from C or CFF mice treated
for 14 days with tamoxifen or vehicle were subjected to western blot-
ting for NRG. NRG protein expression is decreased only after tam-
oxifen treatment, and only in CFF animals (Figure 1B). (The
specificity of the indicated higher molecular weight band was verified
using a NRG peptide competition assay. The lower band shown in
Figure 1B was not competed away by preincubation of antibody
with purified NRG peptide, demonstrating this band does not repre-
sent NRG (data not shown).) Based on these findings, we used a
3-day pretreatment of mice with tamoxifen (or vehicle) prior to
femoral artery ligation. Tamoxifen (or vehicle) was continued post-
operative for the duration of each experiment (for a maximum of
14 days).

3.2 Endothelial NRG deletion decreases
blood flow recovery in response to
ischaemia-induced injury
To test whether loss of EC NRG impairs angiogenic responses to is-
chaemic injury, we subjected mice with EC NRG deletion to femoral
artery ligation and followed global flow recovery in the distal hindlimb

Figure 1 Tamoxifen treatment for 3–14 days is sufficient to allow cre-induced gene recombination. (A) Skeletal muscle sections from 3-day control
or tamoxifen-treated VECad-Cre-ERT2 GFP mice were stained with CD31 (red) to delineate endothelial cells (ECs). GFP expression (green) is seen
only in vascular endothelium of tamoxifen-treated animals. Scale bar: 25 mm. (B) Western blot for NRG expression in pooled purified skeletal muscle
ECs before and after 14 days of tamoxifen treatment. (Note: arrowed top band is specific for NRG, bottom band is non-specific; see text.) (C) Endo-
thelial NRG-deleted mice (CFF-T) were compared with three separate control groups: C mice treated with either vehicle or tamoxifen as cre trans-
gene and drug controls, and CFF treated with vehicle as floxed NRG transgene controls. In rescue experiments, CFF-T mice were treated with
recombinant NRG (CFF-T + rNRG).
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by serial laser Doppler scanning. No significant differences in blood
flow were seen between the groups immediately before or after hind-
limb surgery (Figure 2A), suggesting that short-term NRG deletion
does not impair basal flow. Flow recovery was detectable at day 7
and had returned to baseline by day 14 in all control groups.
However, global distal hindlimb blood flow was 40% less in the
CFF-T mice compared with all control groups at day 14 (Figure 2A).

The scanning Doppler method provides an assessment of global
flow in both superficial and deeper tissues. We next aimed to deter-
mine if the effects of NRG deletion seen by this method were due to
impaired flow in the hindlimb muscles directly affected by loss of
femoral blood supply. To specifically measure this deep muscle flow
distal to ligation, we used a small calibre Doppler measurement
probe that was placed directly on the gastrocnemius muscle. As
shown in Figure 2B, no differences in pre- or immediately post-surgery
blood flow measurements were seen between any of the groups. All
control groups began to recover flow by day 7 and, again, baseline
flow was restored by day 14. By contrast, CFF-T animals showed
impaired recovery at day 7, which persisted at day 14, resulting in
flow that was 40–50% lower than the control groups. To confirm
that NRG deletion was specifically responsible for impaired flow re-
covery, human recombinant NRG-1b(rNRG) was given to CFF-T
mice. These mice were pretreated with tamoxifen for 3 days, and
rNRG treatment was begun at the time of surgery and continued
daily (in addition to continued tamoxifen). Administration of exogen-
ous human rNRG rescued the decrease in flow in the CFF tamoxifen
group (Figure 2B, triangles). This confirms that the impaired flow re-
covery obtained in the CFF-T mice is due to deletion of EC NRG.

3.3 Endothelial NRG deletion decreases
arteriogenesis in response to
ischaemia-induced injury
Effects of NRG on global and regional flow may be due to altered
angiogenesis and/or arteriogenesis. To determine if endothelial

NRG deletion affects arteriogenesis, C-V-, C-T-, and CFF-T-treated
mice were subjected to femoral artery ligation. At day 14, mice
were euthanized and the arterial vasculature in the ischaemic hindlimb
was imaged by high-resolution micro-CT. In this procedure, only the
arterial vasculature is quantified and all veins are excluded from the
results reported.17 There was a significant decrease in arterial
density in the EC NRG-deleted animals (CFF-T) compared with
vehicle (C-V) and drug-treated (C-T) controls (Figure 3A and B, P ,

0.001 for effect of NRG deletion on vessel density by two-way
ANOVA). In particular, the most significant impact was seen in arter-
ies size ,72 mm in diameter, in which there was a 30–50% reduction
in the number of vessels in the CFF-T animals, indicating a specific
defect in the formation of smaller arteries in response to an ischaemic
insult in the absence of endothelial NRG expression.

To further assess the effect of endothelial NRG deletion on
ischaemic-induced microvascular angiogenic responses, gastrocnemius
muscles were isolated from ischaemic and non-ischaemic legs as well
as CD31 staining was used to delineate capillaries on sections of iso-
lated muscle of mice at 1-week post-surgery. There was no significant
difference in the capillary/muscle fibre density in the non-ischaemic
legs of the control (CFF-V) animals vs. the knockouts (CFF-T;
Figure 3C), suggesting that loss of NRG expression alone was not suf-
ficient to cause loss of vasculature. In the ischaemic limbs of the
control mice, capillary density was significantly higher than that in
the ischaemic limbs of the knockout mice, further supporting the
idea that endothelial NRG expression is required for microvascular
angiogenesis (Figure 3C).

3.4 Endothelial NRG deletion decreases
avb3 integrin activation
During angiogenesis, ECs proliferate, migrate, and differentiate to
communicate with other supporting cells and form new vessels.
These processes involve the activation of the adhesion protein recep-
tor integrins, specifically avb3, on ECs.22 Activation of these integrins

Figure 2 Endothelial NRG deletion decreases flow recovery after ischaemic injury and exogenous administration of rNRG rescues this impairment.
(A) Mice were pretreated with vehicle or tamoxifen for 3 days prior to surgery and thereafter for 14 days. Flow recovery was measured using laser
Doppler in the whole lower limb area pre- and post-surgery, and at days 7 and 14. Data are reported as the ratio of ischaemic to non-ischaemic flow
per unit surface area. NRG deletion (CFF-T) resulted in a significant reduction in flow recovery. (n ¼ 5–8/group, *P , 0.05 vs. all control groups).
(B) Deep tissue flow was measured using a laser Doppler probe placed directly on the gastrocnemius muscle pre- and post-surgery and at days 3, 7,
and 14. Compared with controls, NRG deletion significantly decreased flow recovery that was rescued by simultaneous treatment with ip rNRG
(n ¼ 4–6 per group, *P , 0.05 vs. all control groups).
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has been used as a marker of early angiogenesis prior to detectable
changes in blood flow. Expression of avb3 integrins has also been
shown to correlate with NRG expression in tumours.23 To test
whether NRG deletion affects activated avb3 early in angiogenesis,
a 99mTc-labelled peptide that contains an RGD (Arg-Gly-Asp)
(99mTc-NC100692) motif was used to image integrin activation after
ischaemic insult.24 Data were collected at day 7 post-surgery and
treatment. We found that the ratio of radiotracer uptake in the is-
chaemic–non-ischaemic limb was comparable between C-V and
C-T mice, but was significantly reduced in the CFF-T group, suggesting
decreased avb3 activation in the ischaemic region of the NRG-deleted
mice (Figure 4). Exogenous administration of rNRG also rescued the
decrease in avb3 integrin activation seen in the NRG-deleted group
(CFF-T). These findings suggest that NRG is important in early
stages of angiogenesis (e.g. integrin activation) in response to
ischaemia.

3.5 Loss of endothelial NRG expression
impairs Matrigel cord formation
To further assess mechanisms by which loss of NRG impairs angio-
genesis, we tested whether loss of NRG expression affects the
ability of isolated, purified ECs to form cord-like structures in Matri-
gel. Skeletal muscle ECs from NRG FF mice were infected with
adenovirus expressing cre recombinase (Adeno-Cre to delete
NRG) or control protein (Adeno-RFP). As expected, cre expression
efficiently decreased NRG expression in vitro (Figure 5A). These EC
were then plated on Matrigel and stimulated with hypoxia + addition-
al VEGF. We found that deletion of NRG expression significantly
decreased cord formation (Figure 5B). These in vitro data support
the hypothesis that NRG is important for endogenous autocrine
angiogenic responses.

Activation of the ERK pathway is well known to promote angiogen-
esis in response to VEGF stimulation.25 To test whether

Figure 3 Endothelial NRG deletion decreases ischaemia-induced arteriogenesis and capillary density. (A) Representative micro-CT arteriograms
from hindlimbs of C-V-, C-T-, and CFF-T-treated animals at post-operative day 14 showing decreased arterial vasculature in the NRG-deleted
group (CFF-T); yellow arrows show the region of gastrocnemius muscle with decreased vasculature. (B) Quantitative analysis of micro-CT angiograms
from indicated (yellow arrow, A) calf region (n ¼ 5–6/group, *P , 0.05 compared with either C-V or C-T groups). (C) Capillary density in the ischae-
mic and non-ischaemic hindlimb of CFF-V and CFF-T animals. There was a significant decrease in capillary density only in the CFF-T ischaemic region
compared with CFF-V (n ¼ 5–6/group, *P , 0.05 compared with CFF-V).
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NRG-stimulated cord formation also requires the activation of ERK,
isolated ECs were treated with vehicle, NRGb3, PD98059 (a MEK/
ERK inhibitor), or NRGb3 + PD98059. We found that addition of
NRG alone increased cord formation; however, this was abolished
in the presence of the ERK inhibitor (Figure 5C), indicating that ERK
activation is necessary for NRG-mediated cord formation.
NRG-dependent ERK activation was further investigated in isolated
ECs treated with NRG and increasing doses of ERK inhibitor. We
found that NRG can directly activate ERK (Figure 5D); however,
NRG deletion does not affect VEGF-induced ERK activation
(Figure 5E) suggesting alternate pathways may affect VEGF-induced
cord formation in the absence of NRG.

3.6 Exogenous administration of human
recombinant NRG-1b enhances flow
recovery after femoral artery ligation
Our data show that administration of exogenous NRG can reverse
impaired angiogenesis in the setting of decreased NRG expression
in a transgenic model. To test the possibility of employing human re-
combinant NRG-1b(rNRG) as a therapeutic tool to enhance blood
flow in the setting of ‘normal’ EC expression of NRG, we treated
WT mice at the time of femoral artery ligation and thereafter for
14 days with i.p. injections of rNRG and measured flow recovery
using the deep tissue Doppler probe (as described for Figure 2B).
As shown in Figure 6, WT rNRG-treated mice showed significantly
improved flow recovery at day 1, 2, and 3 post-surgery compared
with controls, suggesting that increasing NRG can augment the en-
dogenous angiogenic responses to ischaemic insult.

4. Discussion
We show that endothelial-specific NRG deletion significantly impairs
ischaemia-induced angiogenesis using two different methods to
measure blood flow in the hindlimb. There is a significant decrease
in flow recovery after femoral artery ligation in the absence of endo-
thelial NRG. This impairment in flow recovery after NRG deletion is
accompanied by reduced small artery and capillary numbers. These
findings demonstrate for the first time that NRG plays an important
role in the growth of smaller arteries and microvasculature in the
setting of ischaemia, and impaired regeneration of these resistance
vessels is responsible, in part, for the prolonged impairment in
blood flow seen in these animals. Changes in vascular tone as a
result of NRG deletion may also play a role, particularly, in early
flow recovery in this model.

Our data also show that NRG deletion results in decreased levels
of activated avb3 integrins during early stages (day 7) of
ischaemia-induced angiogenesis. avb3 integrins are part of a family
of heterodimeric cell surface glycoprotein molecules that are involved
in cell adhesion, proliferation, migration, and differentiation, all steps
crucial for formation of new vessels in response to ischaemia.22,26

Interruption of avb3 signalling (using RGD-targeted blocking peptides
or antibodies) has been shown to disrupt angiogenesis.27 The
complex link between NRG and avb3 has been studied in breast
cancer cells, where NRG has been shown to increase expression of
avb3 by a mechanism involving increased expression of the proangio-
genic protein Cyr61.28 NRG has also been proposed to bind directly
to avb3, and mutations in NRG that disrupt this binding result in sig-
nificantly impaired erbB signalling in response to NRG.29 In addition,
cross talk and even direct association between receptor tyrosine
kinases (including erbB receptors) and avb3 has been shown.30 Al-
though these data suggest that integrin activation may be an important
target in the angiogenic response to NRG, further studies will be
required to determine whether decreased avb3 activation, seen in
NRG-deleted animals, is due to either a direct effect of loss of
NRG induced avb3 expression or impaired erbB activation vs. other
non-integrin pathways. Furthermore, our use of the RGD peptide
to detect integrin activation does not allow full assessment of alter-
nate forms of avb3 activation by NRG.

In this in vivo angiogenesis model, it can be difficult to discern
whether the effects of endothelial NRG deletion on angiogenesis
are purely autocrine/cell-type autonomous (involving a direct effect

Figure 4 Endothelial NRG deletion decreases avb3 activation. (A)
Representative micro-CT/SPECT images of C-V, C-T, CFF-T, and
CFF-T + rNRG mice after 99mTc-NC10069 injection. Top panels
show representative CT scans define coronal (top image) and axial
(lower images, at level of ischaemic zone) anatomy. Middle panels
show SPECT imaging of 99mTc. Bottom images are merged CT and
SPECT data. Yellow arrows point to the uptake of the radiotracer
in the ischaemic leg. (B) Quantification of avb3 integrin activation
using the radiotracer 99mTc-NC10069 at day 7 post-surgery. NRG
deletion (CFF-T) significantly decreased 99mTc-NC10069 uptake,
which was rescued by exogenous administration of rNRG (CFF-T +
rNRG) (n ¼ 4–8/group, *P , 0.05 vs. C-V or C-T controls;
#P , 0.05 vs. CFF-T).
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of NRG on ECs) or involve in a paracrine mechanism, whereby NRG
activates a secondary angiogenic factor or response in other cell
types.31 For example, in the setting of hindlimb ischaemia, mono-
nuclear inflammatory cells can participate in the angiogenic response,
an effect that appears to involve elaboration of inflammatory cyto-
kines and chemokines by these cells.32,33 Interestingly, we have re-
cently reported that certain inflammatory cytokines (e.g. IFN-g and
IL-6) can cause rapid cleavage and release of NRG by metalloprotei-
nases. Blocking NRG cleavage or activity significantly reduces
cytokine-induced endothelial signalling and in vitro angiogenesis.7

Thus, impaired endothelial angiogenic responses to the inflammation
induced by ischaemia may also play a role in the overall effects of loss
of NRG in vivo. Additionally, some endothelial precursor cells (EPCs)
have recently been shown to express erbB receptors.34 NRG induced
enhanced EPC survival, but did not alter mobilization or proliferation
of EPC in these studies. This observation raises the possibility that
NRG may alter EPC survival in the ischaemic limb, increasing their
participation in angiogenic responses. Finally, some subsets of vascular
smooth muscle cells (VSMCs) express erbB receptors,35,36 making
these cells another potential target in the angiogenic response to

NRG. Future studies may help elucidate the role of EPC and VSMC
in NRG-mediated angiogenesis.

The role of NRG autocrine effects on endothelial responses was
further studied in an isolated cell culture system of skeletal muscle
endothelium. Deletion of NRG significantly impaired endothelial
cord formation in vitro indicating that NRG plays an important cell au-
tonomous role in this response (Figure 5). NRG-induced cord forma-
tion is ERK-dependent. Although NRG has been reported to induce
the expression of VEGF in epithelial cancer cells,37 our previous
work has shown that in vitro EC cord formation in response to
NRG is VEGF-independent.6 In addition, our data do not support
the idea that VEGF-induced ERK activation is impaired in the setting
of loss of EC NRG, suggesting additional pathways, including avb3 ac-
tivation, and other pathways (e.g. endothelial nitric oxide) may be
involved in the angiogenic effects of NRG.

In conclusion, endothelial-derived NRG is important in the angio-
genic and arteriogenic response to ischaemic limb injury. We hy-
pothesize that the effects of endothelial NRG during vessel growth
may be mediated by activating both avb3 integrins and ERK signalling.
The exciting and novel finding that exogenous administration of rNRG

Figure 5 Endothelial NRG deletion decreases cord formation. (A) Western blot for NRG in endothelial cells (ECs) purified from skeletal muscle of
FF mice treated with AdenoCre or AdenoRFP (control). Cre expression efficiently decreased NRG protein expression in vitro (representative blot of
n ¼ 3–4 plates/treatment). (B) Isolated ECs were infected with AdenoCre or RFP, plated on growth factor reduced/1% FBS or VEGF-repleted Matri-
gel and placed in a hypoxia chamber overnight. Cords were manually quantified the following day (n ¼ 4, *P , 0.05 vs. all other groups). Scale bar:
50 mm. (C) ECs were plated on Matrigel with NRGb3 and/or PD98059 and incubated overnight (in room air) (*P , 0.05 vs. control and vehicle-
treated cells, #P , 0.05 vs. all groups, n ¼ 4). Scale bar: 50 mm. (D) Representative (n ¼ 3) western blot for phospho- and total ERK protein expres-
sion in WT ECs stimulated with NRGb3 and/or PD98059. (E) Representative (n ¼ 5) western blot for phospho- and total ERK protein levels in FF
ECs treated with Adeno-cre or Adeno-RFP and stimulated with VEGF or 10% FBS.
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rescues this phenotype and, more importantly, can enhance blood
flow recovery in WT mice holds promise for manipulation of this sig-
nalling pathway in diseases such as diabetes and coronary artery
disease where angiogenic responses (not only in skeletal muscle but
also heart muscle) are impaired.
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