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Myocardial infarction and ischemic heart disease are the leading cause of death in the industrial world.
Therapies employed for treating these diseases are aimed at promoting increased blood flow to cardiac tissue.
Pharmacological induction of new coronary growth has recently been explored, however, clinical trials with
known proangiogenic factors have been disappointing. To identify novel therapeutic targets, we have explored
signaling pathways that govern embryonic coronary development. Using a combination of genetically
engineered mice and an organ culture system, we identified novel roles for fibroblast growth factor (FGF) and
Hedgehog (HH) signaling in coronary vascular development. We show that FGF signals promote coronary
growth indirectly by signaling to the cardiomyoblast through redundant function of Fgfr1 and Fgfr2.
Myocardial FGF signaling triggers a wave of HH activation that is essential for vascular endothelial growth
factor (Vegf)-A, Vegf-B, Vegf-C, and angiopoietin-2 (Ang2) expression. We demonstrate that HH is necessary
for coronary vascular development and activation of HH signaling is sufficient to promote coronary growth
and to rescue coronary defects due to loss of FGF signaling. These studies implicate HH signaling as an
essential regulator of coronary vascular development and as a potential therapeutic target for coronary
neovascularization. Consistent with this, activation of HH signaling in the adult heart leads to an increase in
coronary vessel density.
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Insufficient myocardial vascularization and/or perfusion
are paramount to the development of ischemic heart dis-
ease and heart failure. Recently, it has been demon-
strated that expression of molecules that function during
embryonic vascular development can lead to formation
of new coronary arteries in the adult myocardium. Over-
expression of fibroblast growth factor-2 (Fgf2), vascular
endothelial growth factor-A (Vegf-A), and angiopoietin-2
(Ang2) in the adult myocardium leads to significant in-
creases in coronary artery number (Landau et al. 1995;
Uchida et al. 1995; Rajanayagam et al. 2000; Visconti et
al. 2002; House et al. 2003; Syed et al. 2004; Tammela et

al. 2005). The effects of Fgf2 and Vegf-A in the adult
heart have been intensively investigated, and are candi-
dates for treatment of ischemic heart disease (Scheino-
witz et al. 1997; Syed et al. 2004). However, despite their
ability to promote new blood vessel growth in both nor-
mal and ischemic hearts, clinical trails utilizing either
protein or gene therapy have been disappointing (Henry
et al. 2000; Losordo et al. 2002; Simons et al. 2002; Syed
et al. 2004).

One approach to identify new molecules that promote
coronary vascular growth and to develop novel or im-
proved therapeutic agents is to investigate how the coro-
nary vascular system develops. Several FGFs (Fgf1, Fgf2,
Fgf9, Fgf16, and Fgf20), VEGFs (Vegf-A and Vegf-B), and
angiopoietins (Ang1 and Ang2) are expressed in the em-
bryonic heart during coronary formation (Tomanek et al.
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2002; Ward and Dumont 2002; Detillieux et al. 2003;
Lavine et al. 2005). However, little is known about
whether or how these molecules orchestrate the devel-
opment of the coronary vascular system. Elucidation of
the mechanism by which these molecules control coro-
nary development and identification of new factors that
regulate their expression should provide important infor-
mation to guide the development of novel therapeutics.

In contrast to the scarcity of information about signal-
ing pathways controlling coronary vascular develop-
ment, many of the morphological events involved in its
formation have been well described, especially in avian
systems (Morabito et al. 2002; Reese et al. 2002; Wada et
al. 2003). Prior to stage 14 in the chick (embryonic day
9.5 [E9.5] in the mouse), the heart consists of two layers,
an outer myocardial layer and inner endocardial layer. At
stage 18 in the chick (E10.5 in the mouse), the third
cardiac layer, the epicardium, migrates to and envelopes
the embryonic heart. Epicardial progenitors are derived
from the proepicardial organ (an epithelium associated
with the septum transversum), which later migrates to
the developing heart.

Initial studies in avian systems demonstrated that the
proepicardial organ and the epicardium are required for
coronary development, as removal of either structure se-
verely perturbs coronary vessel formation (Gittenberger-
de Groot et al. 2000). More recently, genetic analysis in
the mouse has confirmed this observation. Removal of
genes required for formation (GATA4) and migration or
attachment (VCAM, �4�1 integrin) of epicardial precur-
sors to the myocardium leads to severe defects in coro-
nary development (Kwee et al. 1995; Yang et al. 1995;
Watt et al. 2004). In addition, deletion of genes necessary
for survival and/or integrity (p300, WT1) of the epicar-
dium lead to similar phenotypes (Davies et al. 1999;
Moore et al. 1999; Shikama et al. 2003; Shao et al. 2005).

It has been proposed that the epicardium physically
contributes vascular cell types to the heart through an
epithelial mesenchymal transformation (EMT). This hy-
pothesis is supported by lineage analysis of the proepi-
cardial organ in chick and quail models demonstrating
that cells contained within the proepicardial organ give
rise to perivascular fibroblasts, vascular smooth muscle,
and endothelial cells of the coronary vessels (Mikawa
and Fischman 1992; Mikawa and Gourdie 1996; Perez-
Pomares et al. 2002). However, both cell labeling and
genetic lineage analysis of the epicardium revealed con-
tributions to only perivascular fibroblast and smooth
muscle cell lineages but not the coronary endothelial
cell lineage (Dettman et al. 1998; Vrancken Peeters et al.
1999; Merki et al. 2005).

Together these lineage studies suggest that the proepi-
cardial organ contains a mixed pool of vascular smooth
muscle/fibroblast progenitors and endothelial progeni-
tors, both of which migrate to the heart. Upon reaching
the heart, these two progenitors segregate such that vas-
cular smooth muscle cell/fibroblast progenitors are resi-
dent within the epicardium while endothelial progeni-
tors occupy another space. This notion is supported by
work showing that these two lineages can be indepen-

dently identified by immunohistochemical analysis in
the migrating proepicardial organ (Dettman et al. 1998).

An alternative explanation for why the epicardium is
essential for coronary development is that the epicar-
dium acts as a signaling center. Support for this hypoth-
esis stems from the observation that the epicardium
promotes cardiomyoblast proliferation by secreting mi-
togens (Chen et al. 2002; Stuckmann et al. 2003). Inter-
estingly, not only is retinoic acid (RA) signaling in the
epicardium necessary for the secretion of such mitogens
but also it is required for coronary development (Sucov et
al. 1994; Merki et al. 2005).

Previously we identified Fgf9 as a RA-regulated epicar-
dially derived mitogen essential for cardiomyoblast pro-
liferation (Lavine et al. 2005). From this observation and
extensive studies showing that FGF signaling can pro-
mote vascular formation and growth (Seghezzi et al.
1998; Auguste et al. 2003; Kanda et al. 2004), we hypoth-
esized that FGFs, such as Fgf9, may also regulate coro-
nary development.

Here, we present evidence that the epicardium acts as
a signaling center for coronary development. We demon-
strate that epicardial and endocardial sources of FGF li-
gands control coronary development by signaling to the
cardiomyoblast through redundant function of FGF re-
ceptors 1 and 2. Myocardial FGF signaling regulates coro-
nary vascular development by triggering a wave of
Hedgehog (HH) activation that progresses from the atri-
al–ventricular groove to the apex of the ventricles. HH
signaling in turn induces the expression of Vegf-A, Vegf-
B, Vegf-C, and Ang2, resulting in the formation of the
coronary vascular plexus. We further demonstrate that
activation of HH signaling can rescue the coronary de-
fects seen in hearts lacking myocardial FGF signaling
and that Vegf and Ang2 can rescue coronary defects due
to lack of HH signaling. Finally, we show that activation
of HH signaling in the adult myocardium promotes coro-
nary neovascularization, implicating HH signaling as a
novel pharmacological target to increase coronary vessel
density and perfusion.

Results

Spatiotemporal development of the mouse coronary
vascular system

To assess the normal progression of coronary develop-
ment, we stained E11.5–E13.5 hearts with an antibody
against PECAM to visualize the developing coronary
vasculature. Beginning at E11.5, blood vessels emerged
in the atrial–ventricular groove (Fig. 1A). Staining of
E12.5 hearts revealed the presence of a forming vascular
network originating from the atrial–ventricular groove
and extending toward the apices of the left and right
ventricle (Fig. 1B). By E13.5, the vascular network
reached the ventricular apices and covered the entire
ventricle (Fig. 1C).

Histological analysis demonstrated blood vessels
growing in the subepicardial space (Fig. 1G–I). Interest-
ingly, the presence of vascular endothelium within the
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subepicardial space was coincident with the appearance
of subepicardial mesenchyme (Fig. 1E,H), suggesting that
coronary vessel growth and epicardial EMT may be
linked processes. In addition to subepicardial blood ves-
sels, a second population of blood vessels was detected
within the myocardium. Similar to subepicardial blood
vessels, these vessels also underwent a spatiotemporal
pattern of growth emerging from the atrial–ventricular
groove at E11.5 and extending apically to cover much of
the ventricle by E13.5 (Fig. 1G–I).

Fgf9 is required for coronary development

To determine whether Fgf9 is necessary for coronary de-
velopment, we visualized the coronary vasculature of
Fgf9−/− embryonic hearts using PECAM staining (Fig.
2A–C). Analysis at E13.5 demonstrated that while litter-
mate control hearts developed a vascular plexus that en-
cased the entire ventricle, the vascular plexus in Fgf9−/−

hearts failed to fully extend to the apices of the heart
(Fig. 2A,B). Quantitation of the percentage of the ven-
tricle covered by blood vessels revealed that littermate
control and Fgf9−/− hearts had 95 ± 1% and 80 ± 2% of
the ventricle covered by blood vessels, respectively
(p < 0.001) (Fig. 2C).

Histological analysis of Fgf9−/− hearts revealed the
presence of an intact epicardium at E11.5 (Fig. 2D,G) and
normal expression of the epicardial marker WT-1 (data
not shown). In contrast, at E12.5, impairment in the for-
mation of the subepicardial mesenchyme was evident in
Fgf9−/− hearts compared with littermate controls (Fig.
2E,H). Further analysis at E13.5 demonstrated that
growth of both the subepicardial blood vessels and the
vessels growing within the myocardium were delayed in
Fgf9−/− hearts (Fig. 2F,I).

FGF signaling to endothelial cells is dispensable
for coronary development

Potential mechanisms by which FGF signaling promotes
coronary development include direct signaling to the
coronary endothelial cell or indirect signaling to another
cell type. Given the enormity of previous work implicat-
ing the endothelial cell as a target for proangiogenic FGF
signaling and expression of FGFR1 and FGFR2 in endo-
thelial cells (Seghezzi et al. 1998; Auguste et al. 2003;
Kanda et al. 2004), we hypothesized that FGF9 signaled
to endothelial cells.

To test this hypothesis, we conditionally inactivated
both Fgfr1 and Fgfr2 in endothelial cells using either
Tie1-cre (Gustafsson et al. 2001) or Flk1-cre (Motoike et
al. 2003). To our surprise, deletion of both Fgfr1 and Fgfr2
in endothelial cells did not impair coronary vessel devel-

Figure 2. Fgf9 regulates coronary vascular development. (A,B)
Whole-mount PECAM staining of E13.5 control (A) and Fgf9−/−

(B) hearts. Fgf9−/− hearts display defects in growth of the coro-
nary plexus. (C) Quantitation of the percentage of the ventricle
covered by blood vessels in control and Fgf9−/− hearts. Asterisk
indicates statistically significant difference compared with con-
trols (p < 0.01). (D–I) Histology of control (D–F) and Fgf9−/− (G–I)
hearts demonstrating defects in formation of the subepicardial
mesenchyme (green arrowheads) in Fgf9−/− (H) compared with
controls (E) at E12.5. PECAM-stained section of control (F) and
Fgf9−/− (I) hearts showing failure of both subepicardial (asterisk)
and intramyocardial (black arrowhead) vessel growth at E13.5.
The asterisk and arrowhead mark the position of the most distal
subepicardial and intramyocardial blood vessel, respectively.
Open arrowhead denotes endocardial PECAM staining. Magni-
fication: A,C, 25×; D,E,G,H, 400×; F,I, 200×. Bar in A and cor-
responding arrow in D represent orientation and position of
histological sections. (B) Base of ventricle; (A) apex of ventricle.

Figure 1. Spatiotemporal development of coronary blood ves-
sels. (A–C) Whole-mount PECAM staining of E11.5, E12.5, and
E13.5 hearts. (A) At E11.5 coronary vessels emerge from the
atrial–ventricular groove (arrow). (B,C) Between E12.5 and
E13.5, coronary vessels extend in a wave-like pattern emanating
from the atrial–ventricular and interventricular groove and ex-
tend toward the ventricular apices. (D–F) Histology at E11.5,
E12.5, and E13.5 demonstrating formation of the subepicardial
mesenchyme at E12.5 (E) and vessel-like structures within the
subepicardial space at E13.5 (F). Green arrowheads denote loca-
tion of the subepicardial mesenchyme. (G–I) Histological sec-
tions of PECAM-stained hearts demonstrating the presence of
blood vessels growing within the subepicardial space (asterisk)
and within the myocardial wall (black arrowhead). The asterisk
and arrow mark the position of the most distal subepicardial
and intramyocardial blood vessel, respectively. Open arrowhead
denotes endocardial PECAM staining. Magnification: A–C, 25×;
D–E,G–H, 400×; F,I, 200×. Bar in A and corresponding arrow in
D represent orientation and position of histological sections. (B)
Base of ventricle; (A) apex of ventricle.
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opment (Fig. 3A,B,E,F). To assess whether the Tie1-cre
and Flk1-cre lines could promote efficient recombina-
tion in coronary endothelial cells, we bred the Rosa26-
LacZ reporter (Soriano 1999) into our Fgfr1/2 double con-
ditional knockout (DCKO) lines. LacZ staining of E13.5
and E16.5 Fgfr1/2Tie1-cre (Fig. 3C,D) and Fgfr1/2Flk1-cre

(Fig. 3G,H) DCKO hearts revealed that nearly all endo-
thelial cells in the heart (endocardium and coronary en-
dothelium) had undergone Cre-mediated recombination.
Together these data indicate that Cre-mediated recom-
bination had occurred in endothelial cells and that en-
dothelial cells lacking both Fgfr1 and Fgfr2 can contrib-
ute to not only the vascular plexus (E13.5) but also ma-
ture coronary vessels (E16.5).

FGF signaling to the cardiomyoblast is essential
for coronary development

Since FGF signaling to coronary endothelial cells was
not required for coronary development, we considered
other potential targets of FGF9. Previously, we identified
the cardiomyoblast as the target of FGF9 in the context
of myocardial proliferation (Lavine et al. 2005). Given
the ability of the cardiomyoblast to receive FGF9 signals,
we postulated that the myocardium may also be the tar-
get of FGF9 in the context of coronary vascular develop-
ment.

To test this possibility, we examined embryos that
lacked Fgfr1 and Fgfr2 in the embryonic myocardium
(Fgfr1/2Mlc2v-cre DCKO). These embryos are devoid of
FGF signaling in the ventricular cardiomyoblast, as pre-
viously described (Lavine et al. 2005). PECAM staining
of E11.5–E13.5 Fgfr1/2Mlc2v-cre DCKO hearts revealed
impaired coronary vascular development similar to that
of Fgf9−/− hearts (Fig. 4A–F). Comparison of control and
Fgfr1/2Mlc2v-cre DCKO hearts at E13.5 demonstrated that
while control hearts contained a vascular plexus that
enclosed the ventricle, the vascular plexus of Fgfr1/
2Mlc2v-cre DCKO failed to extend apically and was unable
to fully encase the heart (Fig. 4C,F). Quantitation of the
percentage of the ventricle covered by blood vessels at
E13.5 revealed control and Fgfr1/2Mlc2v-cre DCKO hearts
had 91 ± 1% and 77 ± 2% of the ventricle covered by
blood vessels, respectively (p < 0.001) (Fig. 4M). Hearts
lacking either Fgfr1 or Fgfr2 in the myocardium were
indistinguishable from controls (data not shown).

Examination at earlier stages of coronary development
(E11.5 and E12.5) showed that blood vessels emerged
normally from the atrial–ventricular groove of both con-
trol and Fgfr1/2Mlc2v-cre DCKO hearts at E11.5 (Fig.
4A,D). However, by E12.5, Fgfr1/2Mlc2v-cre DCKO hearts
displayed impaired growth of the vascular plexus (Fig.
4B,E). Quantitation of the percentage of the ventricle
covered by blood vessels at E12.5 demonstrated that con-
trol and Fgfr1/2Mlc2v-cre DCKO hearts had 74 ± 2% and
52 ± 4% of the ventricle covered by blood vessels, respec-
tively (p < 0.001) (Fig. 4M).

Similar to Fgf9−/− hearts, histological analysis of Fgfr1/
2Mlc2v-cre DCKO hearts revealed the presence of an intact
epicardium at E11.5 (Fig. 4G,J) and normal expression of

the epicardial marker WT-1 (data not shown). In con-
trast, at E12.5 formation of the subepicardial mesen-
chyme was disrupted in Fgfr1/2Mlc2v-cre DCKO hearts
compared with littermate controls (Fig. 4H,K). Further
analysis at E13.5 demonstrated that both the subepicar-
dial blood vessels and the vessels growing within the
myocardium were impaired in Fgfr1/2Mlc2v-cre DCKO
hearts (Fig. 4I,L).

Since the vascular plexus of Fgfr1/2Mlc2v-cre DCKO
hearts showed some growth between E11.5 and E13.5,
we conclude that loss of FGF signaling to the myocar-
dium imposes defects in coronary development by delay-
ing growth of the vascular plexus. Similar delays were
seen in Fgf9−/− hearts (Fig. 1; data not shown). Thus, in
addition to promoting cardiomyoblast proliferation, FGF
signaling controls vascular development, thereby coordi-
nating growth of the coronary vasculature with growth
of the myocardium.

Figure 3. FGF signaling to endothelial cells is not required for
coronary vascular development. (A–D) Endothelial cell target-
ing with Tie1-cre. PECAM staining at E13.5 of control (A) and
Fgfr1/2 Tie1-cre DCKO (B) hearts demonstrating formation of a
normal vascular plexus in Fgfr1/2Tie1-cre DCKO hearts.
ROSA26-LacZ staining of Fgfr1/2Tie1-cre DCKO hearts at E13.5
(C) and E16.5 (D) reveals that Cre-mediated recombination has
occurred in endothelial cells. (E–H) Endothelial cell targeting
with Flk1-cre. PECAM staining of control (E) and Fgfr1/2Flk1-cre

DCKO (F) hearts demonstrating formation of a normal vascular
plexus in Fgfr1/2Flk1-cre DCKO hearts. ROSA26-LacZ staining of
Fgfr1/2Flk1-cre DCKO hearts at E13.5 (G) and E16.5 (H) reveals
that Cre-mediated recombination has occurred in endothelial
cells. Magnification: A,B,E,F, 25×; C,D,G,H, 400×.
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FGF signaling to the cardiomyoblast is necessary
for Vegf and Angiopoietin expression

Based on the above data, FGF signaling promotes coro-
nary development via an indirect mechanism, implying
that myocardial FGF signaling must regulate cardiomyo-
blast-derived signal(s) important for coronary growth. To

identify potential cardiomyoblast-derived signals, we
took a candidate approach. Vegf-A and Vegf-B have been
shown previously to be expressed in the embryonic myo-
cardium during coronary development (Aase et al. 1999;
Miquerol et al. 1999; Partanen et al. 1999; Tomanek et
al. 2002) and are required for embryonic vascular devel-
opment (Ferrara et al. 1996; Bellomo et al. 2000; Tam-
mela et al. 2005), and their receptors (Vegfr-1 and Vegfr-
2) are expressed on vascular endothelial cells (Shalaby et
al. 1995; Hiratsuka et al. 1998). In addition, VEGF li-
gands are regulated by FGF signaling in other cell types
(Seghezzi et al. 1998; Kanda et al. 2004). To examine
whether Vegf-A, Vegf-B, and other VEGF family mem-
bers (Vegf-C and Vegf-D) contribute to coronary vascular
development, we analyzed the expression of VEGF li-
gands and their receptors (Vegfr-1, Vegfr-2, and Vegfr-3)
in the developing heart at E12.5 and E13.5 using whole-
mount in situ hybridization.

Vegfr-1 and Vegfr-2 expression was evident in coronary
endothelial cells of the developing vascular plexus. In-
terestingly, cryosections demonstrated expression of
Vegfr-1 and Vegfr-2 in both subepicardial and intramyo-
cardial blood vessels (Fig. 5A,B). In contrast, Vegfr-3 was
expressed in the epicardium but not in coronary endo-
thelial cells (Fig. 5C). Expression of Vegfr-1 and Vegfr-2
in coronary endothelial cells is consistent with a role for
VEGF signaling in coronary development.

Expression analysis of the major VEGF ligands re-
vealed that Vegf-A, Vegf-B, and Vegf-C were expressed in
a wave-like pattern during coronary development. At
E12.5, Vegf-A, Vegf-B, and Vegf-C were expressed in
the atrial–ventricular and interventricular groove (Fig.
5D,G,N). By E13.5, expression of these factors was evi-
dent throughout the ventricle (Fig. 5E,H,O). Importantly,
the progression of Vegf-A, Vegf-B, and Vegf-C expression
from E12.5 to E13.5 closely resembled the wave-like
growth of the coronary vascular plexus. In contrast, to
the other VEGF ligands, Vegf-D was not expressed in a
wave-like pattern during coronary development. Instead,
Vegf-D expression was restricted to the atrial–ventricu-
lar groove and base of the ventricle at both E12.5 and
E13.5 (Fig. 5Q,R). Cryosections revealed expression of
Vegf-A, Vegf-B, and Vegf-D in the myocardium (Fig.
5F,I,S), while Vegf-C was specifically expressed in cells
surrounding the intramyocardial blood vessels (referred
to as perivascular cells) (Fig. 5P).

Since Vegf-A, Vegf-B, and Vegf-C expression closely
resembled that of the developing coronary plexus at
E12.5 and E13.5, these VEGF ligands represented good
candidates for the FGF regulated signal critical for coro-
nary development. To determine whether FGF signaling
regulates expression of any of these VEGF ligands, con-
trol and Fgfr1/2Mlc2v-cre DCKO hearts were subjected to
whole-mount in situ hybridization for Vegf-A, Vegf-B,
Vegf-C, and Vegf-D. Expression of Vegf-A, Vegf-B, and
Vegf-C was both down-regulated and failed to extend
from the atrial–ventricular groove toward the ventricular
apices in Fgfr1/2Mlc2v-cre DCKO hearts (Fig. 5J–M,T,U).
Vegf-D expression was unaffected in Fgfr1/2Mlc2v-cre

DCKO hearts (Fig. 5V–W). Quantitative RT–PCR (qRT–

Figure 4. FGF signaling to the cardiomyoblast is essential for
coronary vascular development. (A–F) Whole-mount PECAM
staining of control (A–C) and Fgfr1/2Mlc2v-cre DCKO hearts (D–
F). At E11.5, coronary vessels emerge from the atrial–ventricu-
lar groove (arrow) of both control (A) and Fgfr1/2Mlc2v-cre DCKO
(D) hearts. At E12.5 the vascular plexus begins to extend toward
the ventricular apices in control hearts (B) but is delayed in
Fgfr1/2Mlc2v-cre DCKO (E) hearts. By E13.5, control hearts (C)
contain a vascular plexus that encases the entire ventricle,
while Fgfr1/2Mlc2v-cre DCKO hearts (F) contain a vascular plexus
that fails to cover the ventricle. (G–L) Histology of control (G–I)
and Fgfr1/2Mlc2v-cre DCKO (J–L) hearts demonstrating defects in
formation of the subepicardial mesenchyme (green arrowheads)
in Fgfr1/2Mlc2v-cre DCKO hearts (K) compared with controls (H) at
E12.5. PECAM-stained section of control (I) and Fgfr1/2Mlc2v-cre

DCKO (L) hearts showing defects in both subepicardial (as-
terisk) and intramyocardial (black arrowhead) vessel growth at
E13.5. The asterisk and black arrowhead mark the position of
the most distal subepicardial and intramyocardial blood vessel,
respectively. The open arrowhead denotes endocardial PECAM
staining. (M) Quantitation of the percentage of the ventricle
covered by blood vessels at E13.5 in control and Fgfr1/2Mlc2v-cre

DCKO hearts. Asterisk indicates statistically significant differ-
ences compared with controls (p < 0.01). Magnification: A–F,
25×; G–L, 400×. Bar in A and corresponding arrow in G represent
orientation and position of histological sections. (B) Base of ven-
tricle; (A) apex of ventricle.
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PCR) analysis at E13.5 confirmed statistically significant
decreases in Vegf-A, Vegf-B, and Vegf-C mRNA levels in
Fgfr1/2Mlc2v-cre DCKO hearts (Fig. 5X). Similar decreases
in Vegf-A, Vegf-B, and Vegf-C expression were seen in
Fgf9−/− hearts (Supplementary Fig. 1).

In addition to expressing Vegfr-1 and Vegfr-2, coronary
endothelial cells also express Tie2 and the orphan recep-
tor Tie1 (Supplementary Fig. 2). The TIE2 receptor is
critical for vascular development and binds Angiopoi-
etin-1 (ANG1) and Angiopoietin-2 (ANG2) (Puri et al.
1999). Engagement by ANG1 is thought to activate TIE2
signaling, while ANG2 antagonizes TIE2 signaling (Ward
and Dumont 2002). Previous studies have shown Ang1
and Ang2 expression in the embryonic heart (Partanen et
al. 1999; Gale et al. 2002; Ward et al. 2004). To determine
whether Ang1 and/or Ang2 are affected by FGF signaling,
whole-mount in situ hybridization was performed. Ang1
expression was detected in the atria and atrial–ventricu-

lar groove, while Ang2 was expressed in the ventricle at
E12.5 (Supplementary Fig. 2). In Fgfr1/2Mlc2v-cre DCKO
hearts, Ang2 expression was found to be significantly
down-regulated while Ang1 expression was unaffected
(Supplementary Fig. 2). qRT–PCR confirmed these find-
ings (Fig. 5X).

The above analyses indicate that Vegf-A, Vegf-B, Vegf-
C, and Ang2 expression is regulated by FGF signaling to
the cardiomyoblast and likely signals to coronary vascu-
lar endothelial cells. Thus, these factors represent good
candidates for the proposed FGF-regulated cardiomyo-
blast-derived signal(s) critical for coronary vascular de-
velopment. Consistent with this possibility Vegf-A and
Vegf-B are expressed in cardiomyoblasts; however,
Vegf-C is expressed in perivascular cells. Given that
myocardial FGF signaling regulates expression of not
only Vegf-A and Vegf-B but also Vegf-C, it is likely that
FGF signals do so indirectly through an intermediate sig-

Figure 5. FGF signaling to the cardiomyoblast is nec-
essary for Vegf and Angiopoietin expression. (A–C)
Whole-mount in situ hybridization for Vegfr-1 (A),
Vegfr-2 (B), and Vegfr-3 (C) at E13.5. Vegfr-1 and Vegfr-2
are expressed in coronary endothelial cells, while
Vegfr-3 is expressed uniformly within the atrial–ven-
tricular groove. Cryosections reveal Vegfr-1 and Vegfr-2
expression in both subepicardial (asterisk) and intra-
myocardial (arrowhead) blood vessels and Vegfr-3 ex-
pression in epicardial cells (open arrowhead). (D–F)
Wave-like progression of Vegf-A expression emanating
from the atrial–ventricular and interventricular groove
at E12.5 (D) and extending to cover the ventricle by
E13.5 (E) in control hearts. (F) Cryosection revealing
Vegf-A expression in the myocardium. Open arrowhead
denotes lack of staining in the epicardium and subepi-
cardial mesenchyme. (J,K) Vegf-A expression is de-
creased in Fgfr1/2Mlc2v-cre DCKO hearts at E12.5 (J) and
E13.5 (K) and fails to cover the ventricle at E13.5 com-
pared with controls (shown in E). (G–I) Wave-like pro-
gression of Vegf-B expression emanating from the atri-
al–ventricular and interventricular groove at E12.5 (G)
and extending to cover the ventricle by E13.5 (H) in
control hearts. (I) Cryosection revealing Vegf-B expres-
sion in the myocardium. Open arrowhead denotes lack
of staining in the epicardium and subepicardial mesen-
chyme. (L,M) Vegf-B expression is decreased in Fgfr1/
2Mlc2v-cre DCKO hearts at E12.5 (L) and E13.5 (M) and
fails to cover the ventricle at E13.5 compared with con-
trols (shown in H). (N,O) Wave-like progression of
Vegf-C expression emanating from the atrial–ventricu-
lar and interventricular groove at E12.5 (N) and extend-
ing to cover the ventricle by E13.5 (O) in control hearts.
(P) Cryosection revealing Vegf-C expression in the peri-
vascular cells (arrowhead). (T,U) Vegf-C expression is
decreased in Fgfr1/2Mlc2v-cre DCKO hearts at E12.5 (T)
and E13.5 (U) and fails to cover the ventricle at E13.5
compared with controls (shown in O). (Q,R) Vegf-D is
expressed in the atrial–ventricular groove at E12.5 (Q)
and E13.5 (R) in control hearts. (S) Cryosections reveal
Vegf-D expression in myocardial cells. (V,W) Vegf-D expression is unchanged in Fgfr1/2Mlc2v-cre DCKO hearts at both E12.5 (V) and
E13.5 (W). (X) qRT–PCR analysis of control and Fgfr1/2Mlc2v-cre DCKO hearts demonstrating decreases in Ang-2, Vegf-A, Vegf-B, and
Vegf-C expression. Asterisk represents statistically significant difference compared with controls (p < 0.01). All whole-mount speci-
mens were photographed at 25× magnification and cryosections were photographed at 400× magnification.
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nal. Other support for an intermediate signal includes
the following: (1) FGF ligand expression and signaling
does not occur in a wave, but rather signals uniformly
throughout the ventricle, and (2) FGF function precedes
that of VEGF expression by ∼2 d, as FGF signaling is
required beginning at E10.5 for cardiomyoblast prolifera-
tion (Lavine et al. 2005).

FGF signaling to the cardiomyoblast controls a wave
of Hedgehog signaling

Potential intermediate signals include factors that are
regulated by FGF signaling and that can promote Vegf
and/or Ang2 expression. One candidate that fulfills both
criteria is the Hedgehog (HH) signaling pathway. Expres-
sion of Sonic hedgehog (Shh), a HH ligand, is positively
regulated by mesenchymal FGF signaling in the limb
(Lewandoski et al. 2000) and lung (White et al. 2006). In
addition, HH signaling can promote vascular growth,
Vegf-A, and Ang2 expression, both in vitro and in vivo,
and is necessary for early embryonic vascular develop-
ment (Pola et al. 2001; Kanda et al. 2003; Vokes et al.
2004).

To determine whether HH signaling is active in the
embryonic heart and could constitute this intermediate
signal, we examined the expression of HH ligands (Shh,
Dhh, and Ihh) and their receptor Ptc1 during coronary
development. In situ hybridization for Shh, Ihh, and Dhh
revealed that Shh was the primary HH ligand expressed
during coronary development, as only low levels of Ihh
and Dhh could be detected (Fig. 6A,B; data not shown).
Shh was expressed in the atrial–ventricular groove and
base of the ventricle at E12.5 and E13.5. Cryosections

showed Shh expression in the epicardium (Fig. 6F). Im-
munohistochemical analysis confirmed epicardial ex-
pression of SHH protein (Fig. 6G).

Ptc1 is directly up-regulated by HH signaling via
downstream GLI transcription factors and thus can be
used as a reporter of HH signaling (Pearse et al. 2001).
Examination of Ptc1 expression during coronary devel-
opment revealed that Ptc1 was expressed in the atrial–
ventricular and interventricular groove at E12.5 (Fig.
6H). By E13.5, Ptc1 expression was present throughout
the ventricle (Fig. 6I). Cryosections and immunohisto-
chemical analysis showed Ptc1 expression in both car-
diomyoblasts and perivascular cells (Fig. 6L–O). Impor-
tantly, similar to Vegf-A, Vegf-B, and Vegf-C, Ptc1 ex-
pression closely resembled the wave-like progression of
the coronary vascular plexus as it migrated over the
heart between E12.5 and E13.5. These data indicate that
HH signaling travels down the heart coincident with
both the wave-like expansion of Vegf expression and
growth of the coronary vascular plexus.

If SHH is the intermediate signal between FGF and
VEGF signaling, then we would expect that Shh expres-
sion and HH signaling would be diminished in Fgfr1/
2Mlc2v-cre DCKO hearts. Examination of Shh expression
by whole-mount in situ hybridization and qRT–PCR
demonstrated a near absence of Shh expression in Fgfr1/
2Mlc2v-cre DCKO hearts at E12.5 (Fig. 6C,E). Analysis of
Ptc1 expression revealed both diminished expression and
failure of Ptc1 expression to spread from the interven-
tricular and atrial–ventricular grooves at E12.5 toward
the ventricular apices by E13.5 (Fig. 6H–K). Similar de-
fects in Shh and Ptc1 expression were present in Fgf9−/−

hearts (Supplementary Fig. 3).

Figure 6. FGF signaling to the cardiomyoblast controls
a wave of HH signaling. (A–F) Whole-mount in situ hy-
bridization for Shh. Shh is expressed in the atrial–ven-
tricular groove at E12.5 (A) and E13.5 (B). At E12.5 (C)
Shh expression is nearly absent from Fgfr1/2Mlc2v-cre

DCKO hearts but begins to be expressed by E13.5 (D).
(E) qRT–PCR demonstrating Shh mRNA decrease in
Fgfr1/2Mlc2v-cre DCKO hearts (p < 0.01). (F) Cryosections
of A reveal Shh expression in the epicardium. (G) Im-
munohistochemistry showing SHH protein expression
in the epicardium (red). (Blue) PECAM; (green) cardiac
actin. (H–O) Whole-mount in situ hybridization for
Ptc1 demonstrating a wave-like progression of Ptc1 ex-
pression between E12.5 and E13.5. Ptc1 is expressed in
the atrial–ventricular and interventricular groove at
E12.5 (H) and extends to cover the ventricle by E13.5 (I).
Ptc1 expression is decreased compared with controls at
both E12.5 (J) and E13.5 (K) in Fgfr1/2Mlc2v-cre DCKO
hearts. Ptc1 expression also fails to progress in a wave-
like fashion and does not cover the ventricle at E13.5 in
Fgfr1/2Mlc2v-cre DCKO hearts. Cryosections of H reveal
Ptc1 expression in the cardiomyoblasts (L, arrow) and

perivascular cells (N, arrowhead). Immunohistochemistry showing PTC1 protein expression (red) in the myocardium and perivascular
cells. (M) Cryosection showing cardiac actin and PECAM expression. (O) Same section as M, but showing PTC1 and PECAM
expression. (Blue) PECAM; (green) cardiac actin. White arrowheads indicate perivascular cells positive for PTC1 (O) but lacking cardiac
actin staining (M). All whole-mount specimens were photographed at 25× magnification and cryosections were photographed at 400×
magnification.
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Interestingly, Shh expression could be detected at
E13.5 in Fgfr1/2Mlc2v-cre DCKO hearts (Fig. 6D,E). The
delay in Shh expression seen in Fgfr1/2Mlc2v-cre DCKO
hearts may explain why growth of the vascular plexus
is similarly delayed and not absent in Fgfr1/2Mlc2v-cre

DCKO hearts.

FGF signaling induces Vegf expression
in a HH-dependent manner

The second criteria that SHH must meet to be the inter-
mediate signal between FGF and VEGF is that SHH must
regulate Vegf-A, Vegf-B, and Vegf-C expression. To de-
termine whether SHH fulfills this role, we utilized a
heart slice organ culture system similar to that previ-
ously described (Stuckmann et al. 2003). To test the fea-
sibility of this system, we treated heart slices with FGF9
protein for 24 h and examined Vegf-A, Vegf-B, and
Vegf-C expression by either LacZ staining (VEGFA-LacZ)
(Miquerol et al. 1999) or whole-mount in situ hybridiza-
tion. As expected, FGF9 treatment led to induction of
Vegf-A, Vegf-B, and Vegf-C expression compared with
the BSA control (Fig. 7A,B; Supplementary Fig.
4A,B,G,H). To test whether SHH could lead to similar
increases in Vegf ligand expression, we examine expres-
sion of Vegf-A, Vegf-B, and Vegf-C after treatment with

SHH protein. SHH treatment also resulted in marked
induction of Vegf-A, Vegf-B, and Vegf-C expression (Fig.
7C; Supplementary Fig. 4C–I).

The above data indicate that both FGF and HH signal-
ing can promote VEGF ligand expression. Since FGF sig-
naling is necessary for Shh expression in the heart, we
hypothesized that FGF9 may regulate Vegf ligand expres-
sion by activating HH signaling. Note that this would
implicate SHH as an intermediate signal between FGF
and VEGF. To test whether HH signaling is necessary for
FGF9 to induce Vegf ligand expression, we treated heart
slices with either BSA, FGF9, or SHH protein in the pres-
ence of the HH antagonist cyclopamine. Consistent with
the above hypothesis, application of cyclopamine abol-
ished the ability of both FGF9 and SHH protein to induce
Vegf-A, Vegf-B, and Vegf-C expression, indicating that
HH signaling is necessary for FGF9 to promote Vegf li-
gand expression (Fig. 7D–F; Supplementary Fig. 4D–F,J–
L). Control experiments demonstrated that cyclopamine
was able to inhibit HH signaling (Ptc1 expression) and
did not lead to lethality of the explant (presence of beat-
ing and �-Myosin Heavy Chain [Mhc] expression) (Sup-
plementary Fig. 4M–X).

To determine whether HH signaling is sufficient to
induce Vegf ligand expression, Fgfr1/2Mlc2c-cre DCKO ex-
plants were treated with either BSA, FGF9, or SHH pro-

Figure 7. FGF–HH pathway regulates
coronary vascular development and VEGF
expression. (A–C) Treatment of heart
slices with either FGF9 or SHH led to in-
duction of Vegf-A expression compared
with BSA controls. (D–F) Addition of the
HH inhibitor, cyclopamine, ablated the
ability of either FGF9 or SHH protein to
induce Vegf-A expression compared with
BSA controls. Vegf-A expression was de-
tected by LacZ staining for a VEGFA-LacZ
genetrap. (G–L) Treatment of control (G–I)
or Fgfr1/2Mlc2v-cre DCKO (J–L) heart slices
with BSA, FGF9 and SHH protein. In re-
sponse to FGF9 protein, control hearts (H)
showed robust increases in Vegf-A ex-
pression, while Fgfr1/2Mlc2v-cre DCKO (K)
hearts showed no induction of Vegf-A ex-
pression compared with BSA control. In
contrast, SHH treatment of both control (I)
and Fgfr1/2Mlc2v-cre DCKO (L) hearts led to
robust increases in Vegf-A expression.
Vegf-A expression was assayed by in situ
hybridization. (M–P) PECAM staining of
whole hearts cultured for 24 (M) or 48 (N)
h, demonstrating that coronary vessels
grow in a wave-like fashion. (O–P) Cyclop-
amine treatment abolishes coronary vessel
development. (Q–T) In situ hybridization
showing that cyclopamine treatment sup-
presses Vegf-A expression at both 24 h (S)
and 48 h (T) compared with controls (Q,R).
(U–Y) PECAM staining indicating that coronary defects due to cyclopamine treatment (V) can be rescued by cotreatment with
VEGF-A165 and ANG2 (Y, arrow). Treatment with ANG2 (W) or VEGF-A165 (X) only, was unable to rescue coronary development in
cyclopamine-treated hearts. Hearts were cultured for 48 h. All explants were photographed at 32× magnification.
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tein and assayed for Vegf-A expression. Treatment of
control heart slices with either FGF9 or SHH protein led
to a robust increase in Vegf-A expression compared with
BSA controls (Fig. 7G–I). In contrast, only treatment of
Fgfr1/2Mlc2c-cre DCKO heart slices with SHH, but not
FGF9, resulted in induction of Vegf-A expression (Fig.
7J–L). This indicates that (1) FGF9 controls Vegf-A ex-
pression by signaling to the cardiomyoblast, and (2) SHH
signaling is sufficient to promote Vegf-A expression in
the absence of myocardial FGF signaling. Together these
experiments place SHH downstream of FGF signaling
and strongly implicate SHH as the intermediate signal
between FGF and VEGF.

HH signaling is essential for coronary development

Because the slice cultures do not allow visualization of
the developing coronary vasculature, we utilized a sec-
ond organ culture system to confirm that HH signaling is
necessary for VEGF ligand expression and to determine
whether HH signaling is essential for coronary develop-
ment. For these cultures, E11.5 whole hearts were dis-
sected and cultured in the presence or absence of cyclop-
amine for 24–48 h with gentle rocking.

PECAM staining of hearts cultured with vehicle only
revealed that the coronary vascular plexus formed in an
almost identical manner to in vivo. At 24 h, blood ves-
sels were present in the atrial–ventricular and interven-
tricular grooves. By 48 h, the vascular plexus expanded to
cover the entire ventricle, consistent with the wave-like
pattern of growth that occurs in vivo (Fig. 7M,N). Treat-
ment of hearts with 10 µM cyclopamine completely dis-
rupted coronary vascular growth, as no blood vessels
could be detected at either 24 or 48 h of culture (Fig.
7O,P). This indicates that HH signaling is required for
coronary vascular development.

In situ hybridization of cyclopamine-treated hearts
demonstrated that, in addition to defects in coronary
vessel growth, Vegf-A expression was suppressed (Fig.
7Q–T). qRT–PCR experiments confirmed statistically
significant reduction in Vegf-A expression, and addition-
ally, revealed diminished Vegf-B, Vegf-C, and Ang2 ex-
pression. Vegf-D and Ang1 were unaffected (data not
shown). These data demonstrate that HH signaling is
necessary for coronary vascular development, Vegf-A,
Vegf-B, Vegf-C, and Ang2 expression.

To determine whether HH signaling controls coronary
vascular growth by inducing VEGF and Ang2 expression,
we treated hearts cultured in the presence of cyclop-
amine with either VEGF-A165, ANG2, or both factors. As
expected, cyclopamine treated hearts failed to form a
vascular plexus at 48 h (Fig. 7U,V). Addition of ANG2 or
VEGF-A165 alone was unable to rescue coronary defects
in cyclopamine-treated hearts (Fig. 7W,X). In contrast,
simultaneous treatment with ANG2 and VEGF-A165 res-
cued development of the coronary vascular plexus (Fig.
7Y). These data indicate that (1) Ang2 and VEGF ligands
are the relevant targets of HH signaling during coronary
development, and (2) ANG2 and VEGF act synergisti-
cally to promote vascular plexus formation.

Activation of HH signaling rescues coronary defects
in hearts lacking myocardial FGF signaling

Explant culture studies demonstrated that SHH func-
tions downstream of FGF signaling and is sufficient to
promote coronary development in the absence of FGF
function. These findings suggested that FGF signaling
may regulate coronary development solely by control-
ling Shh expression. That is, the only contribution FGF
signaling makes toward regulating coronary develop-
ment is through up-regulation of SHH.

To test this hypothesis, we asked whether activation
of HH signaling could rescue the coronary defects seen in
Fgfr1/2Mlc2v-cre DCKO hearts in vivo. To promote HH
activation in vivo, we utilized a transgenic line (pCAGGs-
LacZflox-GLI2*, referred to as GLI2*) that expresses an ac-
tivated form of GLI2 upon CRE-mediated recombination
(Mill et al. 2003). In addition to expression of activated
GLI2, CRE-mediated recombination removes a loxp
flanked LacZ cassette to allow monitoring of recombina-
tion efficiency by loss of LacZ expression (Fig. 8A,B).

To assay whether activation of the GLI2* transgene
can lead to forced activation of HH signaling in the heart,
we crossed GLI2* with Mlc2v-Cre mice (Fig. 8A,B).
PECAM staining of GLI2*/Mlc2v-Cre hearts revealed a
normally patterned vascular plexus at E13.5 (Fig. 8C,D).
High magnification of the vasculature in GLI2*/Mlc2v-
Cre hearts demonstrated an increased density of blood
vessels (Fig. 8E,F). Histological sections of PECAM-
stained hearts showed an increase in the number of sub-
epicardial blood vessels in GLI2*/Mlc2v-cre hearts com-
pared with controls, 12.2 ± 1.0 and 9.8 ± 0.8 vessels/20×
field, respectively (p < 0.0001) (Fig. 8G–I). There was no
statistically significant change in the number of intra-
myocardial blood vessels in GLI2*/Mlc2v-Cre hearts
compared with controls, 15.6 ± 1.5 and 14.2 ± 1.2 ves-
sels/20× field, respectively (p = 0.055). Whole-mount in
situ hybridization of GLI2*/Mlc2v-Cre hearts at E12.5
demonstrated up-regulation of Ptc1 and Vegf-A, consis-
tent with activation of HH signaling (Fig. 7J–M). In-
creased Ptc1 and Vegf-A expression in GLI2*/Mlc2v-Cre
hearts was confirmed by qRT–PCR. Elevations in Ang-2
expression were also detected (Fig. 8N).

To test the hypothesis that activation of HH signaling
is the sole function of FGF signaling in coronary devel-
opment, we bred the GLI2* transgene into the Fgfr1/
2Mlc2v-cre DCKO line to generate mice of the genotype
Fgfr1/2Mlc2v-cre;GLI2*. In these mice, cardiac specific
CRE-recombination leads to concurrent inactivation of
both Fgfr1 and Fgfr2 and activation of HH signaling in
the cardiomyoblast.

PECAM staining of control, Fgfr1/2Mlc2v-cre, and Fgfr1/
2Mlc2v-cre;GLI2* hearts at E13.5 demonstrated the pres-
ence of a vascular plexus that encased the ventricle of
control hearts, and as expected, Fgfr1/2Mlc2v-cre DCKO
hearts displayed defects in vascular plexus growth (Fig.
9A,B). Consistent with a rescue, Fgfr1/2Mlc2v-cre;GLI2*
hearts contained a normal-appearing vascular plexus
that covered the entire ventricle (Fig. 9C). Quantitation
of the percentage of the ventricle covered by blood ves-
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sels revealed that control and Fgfr1/2Mlc2v-cre DCKO
hearts had 90 ± 1% and 79 ± 2% of the ventricle covered
by blood vessels, respectively (p < 0.001). Fgfr1/2Mlc2v-cre;
GLI2* hearts had 93 ± 0.2% of the ventricle covered by
blood vessels, a nonsignificant difference compared with
controls (p = 0.18) but statistically significant difference
compared with Fgfr1/2Mlc2v-cre DCKO hearts (p < 0.001)
(Fig. 9J).

To further address whether activation of HH signaling
in Fgfr1/2Mlc2v-cre DCKO hearts could rescue defects in
coronary development, Fgfr1/2Mlc2v-cre DCKO and Fgfr1/
2Mlc2v-cre;GLI2* hearts were subjected to whole-mount
in situ hybridization for Vegf-A. Consistent with the
ability of GLI2* to rescue the coronary defects of Fgfr1/
2Mlc2v-cre DCKO hearts, activation of HH signaling in
Fgfr1/2 Mlc2v-cre DCKO hearts restored Vegf-A expression
to grossly normal levels (Fig. 9D–F,K).

Interestingly, histological analysis of PECAM-stained
control, Fgfr1/2Mlc2v-cre DCKO, and Fgfr1/2Mlc2v-cre;
GLI2* hearts revealed that only subepicardial blood ves-
sel growth was rescued in Fgfr1/2Mlc2v-cre;GLI2* hearts
(Fig. 9G–I). This finding is consistent with elevations in
subepicardial but not intramyocardial blood vessel num-
ber in GLI2*/Mlc2v-Cre hearts (Fig. 8G,H), suggesting
that activation of HH signaling in the cardiomyoblast
specifically controls subepicardial blood vessel growth.
These data suggest that SHH signals to the cardiomyo-
blast to control subepicardial blood vessel growth and

may signal to another cell type (such as perivascular
cells) to control intramyocardial blood vessel growth.
Perivascular cells express Ptc1 and Vegf-C in a HH-de-
pendent manner, consistent with a role for these cells in
intramyocardial blood vessel development.

Activation of HH signaling in the adult heart
increases coronary vessel density

Collectively, the above experiments uncover an essen-
tial role for HH signaling in the development of the coro-
nary vascular system and further demonstrate that acti-
vation of HH signaling can promote coronary vessel
growth in the embryonic heart. To examine whether ac-
tivation of HH signaling can promote coronary growth in
the adult heart, we crossed GLI2* and �MHC-ER-Cre
mice (Sohal et al. 2001) to generate GLI2*/�MHC-ER-
Cre animals. �MHC-ER-Cre mice express cytoplasmic-
restricted CRE recombinase specifically in cardiomyo-
cytes. Injection of tamoxifen leads to nuclear translocation
of CRE and subsequent CRE-mediated recombination.
Thus, by injecting tamoxifen into GLI2*/�MHC-ER-Cre
animals, we can induce HH signaling in the adult myocar-
dium.

To activate HH signaling in the adult heart, we in-
jected GLI2*/�MHC-ER-Cre animals with tamoxifen
once per day for three consecutive days. Three to five
consecutive injections of tamoxifen leads to efficient re-

Figure 8. Activation of HH signaling in the em-
bryonic myocardium increases subepicardial blood
vessel growth. (A,B) LacZ staining of control (A)
and GLI2*/Mlc2v-Cre (B) hearts at E12.5. Reduc-
tion of LacZ staining in GLI2*/Mlc2v-Cre hearts
demonstrates efficient Cre-mediated recombina-
tion of the transgene throughout the ventricular
myocardium. (C–F) PECAM staining of control
(C,E) and GLI2*/Mlc2v-Cre (D,F) hearts. Both con-
trol (C) and GLI2*/Mlc2v-Cre (D) hearts contain a
normally patterned coronary plexus at E13.5. High
magnification reveals that GLI2*/Mlc2v-Cre hearts
(F) have a denser coronary plexus than controls (E).
(G,H) Histological sections of PECAM-stained con-
trol (G) and GLI2*/Mlc2v-Cre (H) hearts reveals in-
creased number of subepicardial blood vessels. (I)
Quantitation of blood vessel number/20× field
demonstrated statistically significant increases in
subepicardial but not intramyocardial blood vessels
(p < 0.01). (J,K) In situ hybridization for Ptc1 expres-
sion showing increased expression in GLI2*/
Mlc2v-Cre hearts (K) compared with controls (J).
(L,M) In situ hybridization for Vegf-A expression
showing increased expression in GLI2*/Mlc2v-Cre
hearts (M) compared with controls (L). (N) qRT–
PCR analysis of control and GLI2*/Mlc2v-Cre
hearts revealing significant increases in Ang2, Ptc1,
and Vegf-A expression. Asterisk indicates statisti-
cally significant differences compared with con-
trols (p < 0.01). All whole-mount specimens except
E and F were photographed at 25×; E and F were
photographed at 90× magnification. Histological
sections were photographed at 400× magnification.
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combination in the adult myocardium (Sohal et al. 2001).
Mice were sacrificed on day 5 and hearts were harvested.

Histological examination revealed hypercellularity in
the interstitial space between individual cardiomyocytes
in GLI2*/�MHC-ER-Cre hearts compared with controls

(Fig. 10A,B). Examination of coronary vessel density by
PECAM staining demonstrated an increase in blood ves-
sel number, specifically small vessels located within the
interstitium (Fig. 10C,D). To determine whether these
HH-induced blood vessels are connected to the coronary
vascular system, we injected biotinylated Tomato Lectin
into the inferior vena cava of control and GLI2*/�MHC-
ER-Cre animals. Streptavidin-HRP staining demon-
strated increased Lectin-positive vessels in GLI2*/
�MHC-ER-Cre compared with control hearts, indicating
that the HH-induced vasculature is contiguous with the
systemic circulation (Fig. 10E,F). To quantitate increases
in blood vessel number, we performed qRT–PCR analy-
sis for Pecam and Vegfr-2. Pecam mRNA content was
increased 1.4-fold (p < 0.001) and Vegfr-2 content was
increased 1.8-fold (p < 0.001) in GLI2*/�MHC-ER-Cre
compared with control hearts (Fig. 10G).

Figure 10. Activation of HH signaling in the adult heart in-
creases coronary vessel density. (A,B) Histological sections of
control (A) and GLI2*/�MHC-ER-Cre (B) hearts after 5 d of
transgene induction showing hypercellularity in the interstitial
space (green arrow). (C,D) Immunofluorescent PECAM staining
of control (C) and GLI2*/�MHC-ER-Cre (D) hearts revealing
increased coronary vessel density in the interstitial space. (E,F)
Streptavidin-HRP staining (arrows) following intravascular in-
jection of biotinylated Tomato Lectin into control (E) and
GLI2*/�MHC-ER-Cre (F) animals demonstrates that HH-in-
duced blood vessels are connected to the systemic vasculature.
(G) Quantitation of increased coronary vessel number by qRT–
PCR demonstrating that GLI2*/�MHC-ER-Cre hearts have sig-
nificantly elevated levels of Pecam and Vegfr-2 expression. (H)
qRT–PCR indicating increased Ang2, Ptc1, and Vegf-A expres-
sion in GLI2*/�MHC-ER-Cre hearts. Asterisk indicates statis-
tically significant differences compared with controls (p < 0.01).
Histological sections were photographed at 400× magnification.

Figure 9. Activation of HH signaling rescues coronary defects
in hearts lacking myocardial FGF signaling. (A–C) PECAM
staining of control (A), Fgfr1/2Mlc2v-cre DCKO (B), and Fgfr1/
2Mlc2v-cre;GLI2* hearts (C) at E13.5. Control hearts contained a
vascular plexus that encased the entire ventricle, while Fgfr1/
2Mlc2v-cre DCKO hearts contained a vascular plexus that failed
to enclose the ventricle. Fgfr1/2Mlc2v-cre;GLI2* hearts contained
a vascular plexus that, like controls, covered the ventricle. (D–F)
In situ hybridization for Vegf-A in control (D), Fgfr1/2Mlc2v-cre

DCKO (E), and Fgfr1/2Mlc2v-cre;GLI2* hearts (F). Fgfr1/2Mlc2v-cre

DCKO hearts displayed decreased and restricted Vegf-A expres-
sion, while Fgfr1/2Mlc2v-cre;GLI2* hearts displayed Vegf-A ex-
pression indistinguishable from controls. (G–I) Histological sec-
tions of E13.5 PECAM-stained hearts. Fgfr1/2Mlc2v-cre DCKO
hearts (H) had decreased subepicardial (asterisk) and intramyo-
cardial (black arrowhead) blood vessels compared with controls
(G). (I) Fgfr1/2Mlc2v-cre;Gli2* hearts displayed rescued subepicar-
dial (asterisk) but not intramyocardial (black arrowhead) blood
vessel development. The asterisk and black arrowhead mark the
position of the most distal subepicardial and intramyocardial
blood vessel, respectively. Open arrowhead denotes endocardial
PECAM staining. (J) Quantitation of the percent of the ventricle
covered by blood vessels at E13.5 demonstrating that only Fgfr1/
2Mlc2v-cre DCKO hearts had statistically significant differences
from controls. Asterisk indicates a statistically significant dif-
ference (p < 0.01). (K) qRT–PCR analysis confirming that Fgfr1/
2Mlc2v-cre;GLI2* hearts contain wild-type levels of Vegf-A. As-
terisk indicates a statistically significant difference (p < 0.01)
compared with both control and Fgfr1/2Mlc2v-cre;GLI2* hearts.
Bar in A and corresponding arrow in G represent orientation and
position of histological sections. (B) Base of ventricle; (A) apex of
ventricle. All whole-mount specimens were photographed at
25×. Histological sections were photographed at 400× magnifi-
cation.
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Based on our embryonic analyses, we expected that
HH signaling promoted coronary growth by increasing
Vegf and Ang2 expression. Consistent with this predic-
tion, qRT–PCR analysis demonstrated statistically sig-
nificant increases in Ptc1, Vegf-A, and Ang2 mRNA con-
tent (Fig. 10H). Ang1 expression was unaltered (data not
shown).

The above study demonstrates that activation of HH
signaling in the cardiomyocyte leads to increased coro-
nary vessel number in the adult heart after only 5 d of
transgene activation. The ability of HH signaling to in-
duce significant increases in vascular density in a rela-
tively short time suggests that HH signaling is a poten-
tially important target for therapy aimed at increasing
coronary vascularization and perfusion in the context of
myocardial ischemia and acute myocardial infarction.

Discussion

HH signaling is a novel therapeutic target
for coronary neoangiogenesis

Despite the widespread success of FGF2- and VEGF-
A165-mediated induction of coronary neovascularization
in animal models, these therapies have produced disap-
pointing results in recent phase 2 clinical trials (Syed et
al. 2004). By dissecting the molecular mechanisms that
govern formation of the coronary vascular system during
development, we have identified a new pharmacological
target for promoting coronary neovascularization. Acti-
vation of HH signaling is both critical for coronary de-
velopment and sufficient to promote formation of new
coronary vessels in the embryonic and adult heart. Our
work is consistent with results recently published dem-
onstrating that Shh gene therapy can promote coronary
neovascularization and protect from ischemic injury in
rodent and large animal models (Kusano et al. 2005). Col-
lectively, these data make a compelling case for the po-
tential therapeutic use of HH agonists in patients with
ischemic heart disease.

HH signaling orchestrates coronary development by
controlling the expression of multiple proangiogenic fac-
tors, including Vegf-A, Vegf-B, Vegf-C, and Ang2. Given
that HH signaling regulates coronary vascular formation,
promotes neovascularization in the adult heart, and in-
duces expression of numerous signaling molecules, we
suggest that HH signaling constitutes an essential regu-
lator of coronary vessel growth.

Therapeutics aimed at such a critical regulator of coro-
nary growth have the potential to succeed where other
pharmacological modalities have failed. It has been pos-
tulated that monotherapy with FGF2 or VEGF-A165 has
been unsuccessful because expression of multiple factors
are required for efficient coronary neovascularization
(Syed et al. 2004). Consistent with this concept, coex-
pression of Vegf-A and Ang2 in the myocardium leads to
significantly more robust increases in coronary density
than Vegf-A or Ang2 alone (Visconti et al. 2002). Intrigu-
ingly, HH signaling regulates expression of not only
Vegf-A and Ang2 but also Vegf-B and Vegf-C, making HH

signaling an attractive candidate for therapy aimed at
promoting coronary vascular growth.

The epicardium acts as a signaling center
for heart development

Removal of the epicardium leads to defects in cardio-
myoblast proliferation and coronary development (Mora-
bito et al. 2002; Reese et al. 2002; Wada et al. 2003).
Previously, we have shown that epicardial-derived FGF
signals are essential mediators of myocardial growth
(Lavine et al. 2005). In addition to this mitogenic activ-
ity, we show here that epicardial- and endocardial-de-
rived FGF signals also control coronary vascular devel-
opment. These findings demonstrate that the epicar-
dium acts as a source of signaling molecules critical for
heart development.

The overwhelming majority of mutations that result
in coronary defects are due to failures in epicardial for-
mation or loss of epicardial integrity, highlighting the
critical role of the epicardium in this process. One ex-
ception to this trend was unveiled by genetic analysis of
Fog-2. Mutations in Fog-2 (deletion or inability to inter-
act with GATA4) led to severe defects in myocardial
proliferation and coronary development despite a normal
appearing epicardium (Tevosian et al. 2000; Crispino et
al. 2001). These hearts failed to undergo epicardial EMT.
This phenotype could be rescued by expression of Fog-2
in the myocardium, demonstrating that signals from the
myocardium regulate epicardial EMT.

Interestingly, the myocardial hypoplasia and coronary
defects seen in Fog-2−/− hearts are reminiscent of the
phenotypes seen in hearts lacking myocardial FGF sig-
naling. Given that FOG-2 activity in the myocardium
regulates these processes, it is intriguing to speculate
that FOG-2 and FGF signaling may be functionally re-
lated. One possibility is that FOG-2 may be necessary for
the cardiomyoblast to receive FGF signaling. Consis-
tently, several interactions between FGF and GATA sig-
naling have been identified (Xu et al. 1999; Fossett and
Schulz 2001; Bertrand et al. 2003; Iwahori et al. 2004;
Murakami et al. 2004).

A ventricular wave of HH activity mediates
coronary development

Previous work in avian systems has shown that coronary
vessel development proceeds in a wave-like pattern,
originating from the atrial–ventricular groove and ex-
tending toward the ventricular apices (Morabito et al.
2002; Reese et al. 2002; Wada et al. 2003). Strikingly, we
found that HH signaling is activated in a similar pattern
and is required for the wave-like growth of the coronary
vascular plexus. Given that Shh expression does not ap-
pear to travel in a wave, the mechanism by which HH
activation progresses toward the cardiac apex is unclear.

One possible mechanism by which a gradient of sig-
naling can be formed in the face of uniform ligand ex-
pression is the presence of a competency gradient. That
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is, the target of signaling is not uniformly competent to
receive or respond to the signal. In this model the heart
would gain competence to receive HH signaling in a
wave-like progression. Consistent with this notion, ex-
periments describing the effects of myocardial GLI2* ex-
pression revealed the presence of a competency gradient.
Specifically, despite uniform CRE-mediated recombina-
tion of the transgene throughout the ventricle (absence
of LacZ staining indicating recombination) (Fig. 8A,B),
both Ptc1 and Vegf-A were only up-regulated within
their normal areas of expression. Thus, even though con-
stitutively active GLI2 was expressed throughout the
ventricle, it only activated HH signaling (as reported by
Ptc1) within its normal wave-like distribution.

Subepicardial and intramyocardial blood vessels

Through examination of normal coronary development
in the mouse, we have identified two sets of coronary
vessels: vessels growing in the subepicardial space, and
vessels growing within the myocardial wall. We refer to
these blood vessels as subepicardial and intramyocardial
blood vessels, respectively. Both sets of coronary vessels
grow in a wave-like progression and are regulated by FGF
and HH signaling. Interestingly, growth of these vessels
appeared to be regulated by HH signaling to different cell
types, cardiomyoblasts and perivascular cells.

Experiments forcing HH activation in the myocar-
dium indicated that HH signaling to the cardiomyoblast
promotes subepicardial but not intramyocardial blood
vessel growth. Together, these data and the fact that
Vegf-C is expressed in cells surrounding intramyocardial
blood vessels suggest that HH signaling to perivascular
cells may specifically regulate intramyocardial blood
vessel growth. Expression of Ptc1 in these cells is con-
sistent with this hypothesis.

It is interesting to speculate that subepicardial and in-
tramyocardial blood vessels may either differentially
represent or give rise to distinct vessel types. Corrosion
casting of developing coronary vessels in the rat demon-
strated that veins grow within the subepicardial space
while arteries grow within the myocardial wall (Ratajska
et al. 2003). Given this, it is interesting to consider the
possibility that subepicardial and intramyocardial blood
vessels represent or give rise to veins and arteries, respec-
tively. If this is true, coincident HH signaling to the car-
diomyoblast and perivascular cell may coordinate ve-
nous and arterial growth. The ability of HH signaling to
orchestrate balanced venous and arterial growth would
have profound implications and applications for pharma-
cological treatment aimed at promoting coronary neo-
vascularization.

Materials and methods

Embryonic heart organ culture

For slice cultures, E12.5 hearts were dissected under aseptic
conditions and embedded in 5% low-melt agar/PBS. Using a
vibrotome, 150-µm slices were obtained and placed on a Trans-
well filter over wells containing 1 mL of media (NMEM/10%
FCS/2 µg/mL heparin). After incubating for 1 h (37°C/5% CO2),

BSA, FGF9, or SHH protein ± cyclopamine (see below) was
added to the media and the explants were cultured at 37°C/5%
CO2. Organ cultures were harvested at 24 h. The hearts were
removed from the filters and fixed in either 4% PFA (in situ) or
2% GAD (LacZ staining).

For whole-heart cultures, E11.5 hearts were dissected under
aseptic conditions and placed in glass scintillation vials con-
taining 1 mL of media (above). Vehicle, cyclopamine, and/or
protein was added to the vials. Caps were loosely screwed on
and the vials were incubated for 24–48 h on a rocker at 37°C/5%
CO2. Hearts were harvested and fixed as above.

The following concentrations of protein were used: 0.1% BSA
(Sigma), 100 ng/µL FGF9 (Peprotech), 50ng/mL VEGF-A165

(R&D), 20 ng/mL ANG2 (R&D), and 1 µg/mL SHH (R&D). Cy-
clopamine was dissolved in ethanol and used at 10 µM. Vehicle
was 1 µL/mL of ethanol.

RNA isolation, cDNA sysnthesis, and qRT–PCR analysis

RNA was isolated from three biological samples (each sample
consisted of four E13.5 ventricles) using the RNeasy kit (Qia-
gen). cDNA was obtained using the SuperScript II first-strand
cDNA synthesis kit (Invitrogen).

qRT–PCR analysis was performed using SYBR green (Bio-Rad)
and a Bio-Rad iCycler. The following primers were used: Vegf-A,
Vegfr-2, Ang1, Ang2, and Pecam (Shih et al. 2002), Vegf-B (Mills
et al. 2002), Vegf-C and Vegf-D (Chang et al. 2004), Ptc1 (Wang
and Seed 2003), and Shh (Wang and Seed 2003) (forward,
AAAGCTGACCCCTTTAGCCTA; reverse, TTCGGAGTTTC
TTGTGATCTTCC). To control for the amount of input cDNA,
all reactions were normalized to GAPDH. Results were graphed
as relative expression compared with wild type, where wild type
was scaled to 1. Error bars indicate standard deviation.

Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed as previously
described (Lavine et al. 2005). Tissues were photographed and
then cryo-sectioned (16 µm), mounted on slides, and rephoto-
graphed. In situ probes were as follows: Vegfr-1 andVegfr-2 (B.
Olsen); Vegf-A (G. Karsenty); Vegf-B, Vegf-C, and Vegf-D (K.
Alitalo); Ang1, Ang2, Tie1, and Tie2 (T. Sato); and Ptc1 and Shh
(A. McMahon). All comparisons shown are between littermates,
and all experiments were repeated at least three times.

Whole-mount PECAM immunohistochemistry

After fixation (4% PFA), tissues were dehydrated in a methanol
series, incubated in methanol/hydrogen peroxide, rehydrated,
and blocked in PBSST (5% goat serum/PBS 0.1% Triton X-100).
The primary antibody used was rat anti-mouse PECAM (R&D,
1:200). Biotinylated goat anti-rat IgG (Vector, 1:200) was used,
followed by Vectastain ABC-peroxidase reagent and DAB visu-
alization (Vector). All antibody and ABC reagent dilutions were
done in PBSST. Antibody and ABC reagent incubations were
carried out overnight at 4°C. Following each overnight incuba-
tion, tissues were washed five times (1 h each at 4°C) with
PBSST.

After PECAM staining, hearts were photographed and ana-
lyzed using Canvas software. Quantitation of the percentage of
the ventricle covered by blood vessels was performed by divid-
ing the area covered by blood vessels by the total ventricular
area. For each analysis at least three hearts were analyzed.

Following image analysis, PECAM-stained hearts were paraf-
fin embedded and sectioned. Paraffin sections (4 µm) were then
dewaxed, rehydrated, counterstained with hematoxylin (Sigma),
and mounted.
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Florescent immunohistochemistry and LacZ staining

For PECAM immunohistochemistry, paraffin sections (4 µm)
were dewaxed, rehydrated, and antigen-exposed with trypsin
digestion. Following antigen exposure, sections were blocked
in 10% goat serum/PBS and incubated with rat anti-mouse
PECAM (R&D, 1:100).

For SHH and PTC1 immunohistochemistry, 12-µm cryo-sec-
tions were cut from E12.5–E13.5 hearts and stained with SHH
(Developmental Studies Hybridoma Bank, 5E1) 1:100, PTC1
(Santa Cruz, G-19) 1:100, PECAM (R&D) 1:200, and cardiac ac-
tin (Sigma) 1:500.

LacZ staining was performed as described (Soriano 1999).

Tomato lectin injection and visualization

Biotinylated tomato lectin (Vector Labs, 1mg/mL) was injected
into the inferior vena cava of anesthetized mice following 5 d of
GLI2* induction. Five minutes after Lectin injection, hearts
were dissected, fixed (10% formalin), and embedded in paraffin.
Paraffin sections (4 µm) were then dewaxed, rehydrated, incu-
bated in methanol/hydrogen peroxide, and blocked in 10% goat
serum/PBS. Biotinylated lectin was visualized by staining with
streptavidin-HRP (Vector Labs) and DAB (Vector Labs). Follow-
ing staining, sections were counterstained with hematoxylin
(Sigma) and mounted.
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