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Abstract
Vascular endothelial growth factor-receptors (VEGF-Rs) are pivotal regulators of vascular
development, but a specific role for these receptors in the formation of heart valves has not been
identified. We took advantage of small molecule inhibitors of VEGF-R signaling and showed that
blocking VEGF-R signaling with receptor selective tyrosine kinase inhibitors, PTK 787 and AAC
787, from 17–21 hours post fertilization (hpf) in zebrafish embryos resulted in a functional and
structural defect in cardiac valve development. Regurgitation of blood between the two chambers of
the heart, as well as a loss of cell-restricted expression of the valve differentiation markers notch
1b and bone morphogenetic protein-4 (bmp-4), was readily apparent in treated embryos. In addition,
microangiography revealed a loss of a definitve atrioventricular constriction in treated embryos.
Taken together, these data demonstrate a novel function for VEGF-Rs in the endocardial endothelium
of the developing cardiac valve.
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Introduction
Development of heart valves begins around day 22 of gestation in humans, embryonic day (E)
8.5 day in mice, and 43 hpf in zebrafish (Harvey and Rosenthal, 1999). The nascent valves
begin as swellings, known as endocardial cushions, which reside between the endocardial and
myocardial layers at the atrioventricular (AV) canal and in the outflow tract. The cushions
become cellularized as endothelial cells delaminate, migrate into the cushion matrix, and
undergo an endothelial to mesenchymal transdifferentiation (EMT) to give rise to interstitial
cells of the valve(Armstrong and Bischoff, 2004; Person et al., 2005).

A number of genes encoding cell surface receptors, glycosaminoglycan biosynthetic enzymes,
signaling molecules, and transcription factors have been found to be essential for proper valve
development. One notable example is the calcineurin-dependent transcription factor NFATc1.
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Knockout of NFATc1 in the mouse leads specifically to defective aortic and pulmonic valve
development with subsequent death at E 14–15 due to congestive heart failure (de la Pompa
et al., 1998; Ranger et al., 1998). The endocardial cushions in these mice are hypoplastic,
suggesting that lack of NFATc1 leads to dysregulation in an early step in cushion formation.
From recent studies, it appears that two waves of NFAT signaling, first in the myocardium and
second in the endocardium, are involved in formation heart valve leaflets (Chang et al.,
2004). A second mutant relevant to the present study is the zebrafish jekyll mutant in which
the enzyme uridine 5’-diphosphate glucose dehydrogenase is disrupted (Walsh and Stainier,
2001). The lack of this biosynthetic enzyme results in regurgitation or “toggling” of blood
between the atrium and ventricle of the zebrafish heart, as well as defects in cell differentiation
at the AV boundary.

A possible function for VEGF in valve development has been suggested by studies of
transgenic mice. First, VEGF was found expressed in the developing heart, including a subset
of endothelial cells in the endocardial cushions in mice expressing a LacZ reporter cassette in
the 3’untranslated region of VEGF(Miquerol et al., 1999). Second, premature induction of
VEGF in the embryonic myocardium prevented formation of the endocardial cushions,
suggesting VEGF may negatively regulate EMT in valve development (Dor et al., 2001; Dor
et al., 2003) . New studies show that myocardial VEGF expression is repressed in the nascent
cushion and that this is allows endocardial endothelial cells to initiate their differentiation into
mesenchymal cells (Chang et al., 2004). The role of VEGF in EMT is likely to be complex,
and depend on spatial and temporal regulation given that, in two other studies of mouse
embryonic valve development, VEGF was found to be a positive regulator of EMT (Enciso et
al., 2003; Hallaq et al., 2004). In our laboratory, we showed a functional link between VEGF
and the transcription factor NFATc1 in human post-natal valve endothelial cells (HPVEC)
(Johnson et al., 2003). This prompted us to test directly the role of VEGF-R in cardiac valve
development.

In this study, we identified a narrow window of time when VEGF-R signaling is required for
formation of a functional valve in zebrafish embryos. To do this, we used two different tyrosine
kinase inhibitors, namely AAC 789 and PTK 787. These 1-anilino-(4-pyridylmethyl)
phthalazine compounds exhibit selectivity for human VEGF-Rs over other structurally-related
receptor tyrosine kinases (Wood et al., 2000; Bold et al., 2002). We chose zebrafish as a model
system because heart development and blood flow can be visualized in real time in transparent
embryos, and unlike mammals, zebrafish are not noticeably affected by the lack of normal
blood circulation for a few days.

RESULTS
PTK 787 and AAC 789 inhibit VEGF-induced nuclear localization of NFATc1

We demonstrated previously that VEGF-induced proliferation of HPVEC is mediated by
VEGF-R2-induced NFATc1 translocation into the nucleus(Johnson et al., 2003). Therefore,
we tested whether AAC 789 and PTK 787 could block VEGF-induced NFATc1 nuclear
translocation in HPVEC. Pretreatment with either inhibitor, for one hour prior to VEGF
stimulation, effectively blocked NFATc1 nuclear translocation (Fig. 1). These results showed
that the receptor tyrosine kinase inhibitors disrupt VEGF-mediated NFATc1 nuclear
translocation, and therefore would be useful for probing events downstream of VEGF-Rs. For
comparison, FK506 was tested in parallel and, as expected, blocked VEGF-induced nuclear
translocation of NFATc1 (Fig. 1). (FK506 is an immunosuppresant drug that inhibits the
phosphatase activity of calcineurin, which in turn blocks de-phosphorylation and nuclear
translocation of NFATs.) The tyrosine kinase domain between human and zebrafish VEGF-
R2/KDR is highly conserved (Habeck et al., 2002). In addition, PTK 787 has been shown to
block vascular development in zebrafish embryos (Chan et al., 2002; Lee et al., 2002) and
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VEGF-induced autophoshorylation of zebrafish VEGF-R2/flk-1(Chan et al., 2002). Hence, we
used PTK 787, and additionally AAC 789, to test our hypothesis that signaling through VEGF-
Rs is required for valve development.

PTK 787 or AAC 789 cause toggling of blood within the hearts of zebrafish embryos
To avoid pleiotropic effects on vascular development, zebrafish were treated with 5 µM AAC
789 or 5 µM PTK 787 beginning at 17 hpf (15 somite stage) when heart development is already
underway. The inhibitors were removed after 4, 12 or 24 h, and embryos were allowed to
continue their growth until 48 hpf, a time when valve formation is normally complete (Walsh
and Stainier, 2001). Treatment with either inhibitor, individually, for the three time periods
resulted in toggling of blood between the atrial and ventricular chambers of the heart. To
visualize this defect in real time, video microscopy was performed on live embryos (see on-
line supplemental data: Movie S1, control embryo (note directional flow of blood through the
heart and robust circulation); Movie S2, embryo treated for 4 h with AAC 789; Movie S3,
embryo treated for 4 h with PTK 787). The toggling of blood seen in the VEGF-R–tyrosine
kinase inhibitor-treated embryos represents ineffective and non-directional blood flow through
the heart chambers. The phenotype of the AAC 789- and PTK 787-treated embryos was
strongly reminiscent of the jekyll mutation in which the cardiac valve fails to develop (Walsh
and Stainier, 2001). Not surprisingly, since NFATc1 is required for valve development in mice,
FK506 (2 µM) also induced toggling of blood in the hearts of zebrafish embryos (on-line
supplemental data; Movie S4, embryo treated for 4 hours with FK506). Delaying the addition
of PTK787 until 22 hpf resulted in normal embryos without evident toggling in the heart (data
not shown) suggesting that VEGF-R signaling is most critical for valve development at the
15–18 somite stage, corresponding to 17–19 hpf. A dose-response experiment in which PTK
787 was tested at 1, 2, 5, 7.5, and 10uM revealed that PTK 787 caused toggling at 1 and 2 uM,
with nearly complete penetrance at 5uM. Hence, 5uM was used for all subsequent experiments,
including those performed with AAC 789.

The morphology of zebrafish embryos at 48 hpf after treatment with AAC789, PTK 787 or
FK506 for the specified periods of time is shown in Fig. 2. The gross morphology of embryos
treated for 4 h with either AAC 789 (panel b) PTK 787 (panel e) or FK506 (panel h) was
indistinguishable from control embryos (panel a), despite the easily observed toggling of blood
within the hearts of embryos treated with these molecules (on-line supplemental data).
Prolonged treatment with inhibitors for 12 or 24 h resulted in continued regurgitation of blood
in the heart (not shown), but also some growth retardation in the head and tail and epicardial
edema in PTK 787-treated embryos (panel g, arrow). Embryos treated with FK506 for 4 h
(panel h), 12 h (panel i) or 24 h (panel j) showed almost the same morphology at 48 hpf as
control embryos, with the exception of epicardial edema at 24 h (panel j, arrow). Edema and/
or growth retardation was not observed in AAC 789-treated embryos (panels c, d). Panel k
provides a quantitative summary of the defects observed. The percentage of embryos with
growth defects increased with prolonged exposure to PTK 787 indicating that the wash-out at
4 h was effective in removing the inhibitor. Toggling was quantitated at 48 hpf in AAC 789-
treated embryos as well: 93% (n= 42) of embryos in 4 h treatment group, 100% (n= 26) in 12
h treatment group, and 97% (n=35) in 24 h treatment group (data not shown). As a baseline
comparison, no embryos in the untreated group showed any regurgitation of blood (n=178).

VEGF-R2/KDR is required for vasculogenesis and hematopoiesis (Eichmann et al., 1997;
Shalaby et al., 1997). Thus, prolonged inhibition of VEGF-R signaling could inhibit
hematopoiesis in zebrafish embryos, and thereby affect blood viscosity and shear forces in the
developing vasculature. Intracardiac fluid forces have been shown to play an important
epigenetic role in heart valve formation in zebrafish (Hove et al., 2003). To test whether
exposure to PTK 787 decreased blood cell number in the circulation, and thus potentially
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altered hemodynamic forces in the developing heart, embryos were stained with o-dianisidine
to detect hemoglobinized blood (Fig. 3). Normal circulation throughout the heart and the ducts
of Cuvier on the yolk sac in a control embryo at 48 hpf is shown in panel a. At 17 hpf, embryos
were treated with PTK-787 or FK506 for 4h, 12 h, and 24 h, washed thoroughly, and then
allowed to develop until 48 hpf. Blood circulation and levels of hemoglobinized blood appeared
normal except in embryos treated for 24 h with PTK 787. Hence, gross alterations in the blood
viscosity are unlikely to have contributed to the cardiac valve defect seen in embryos treated
for 4 h PTK 787 or with FK506.

PTK 787 and AAC 789 alter expression patterns of notch 1b and bmp-4 in the AV boundary
region

To investigate whether the toggling of blood in the heart is associated with defects in cell
differentiation in the endocardial cushions, we examined expression of early markers of valve
differentiation. The expression patterns of notch 1b (Westin and Lardelli, 1997) and bmp-4
(Nikaido et al., 1997) in the AV valve, and the endothelial marker, VEGFR2/flk-1, were
examined by whole mount in situ hybridization. Notch 1b and bmp-4 were initially expressed
throughout the anterio-posterior extent of the heart (data not shown), but then became restricted
to the valve region (Fig 4a and i), as reported previously(Westin and Lardelli, 1997; Walsh
and Stainier, 2001). Notch 1b at 48hpf was clearly restricted to the AV boundary of the
endocardium in normal mock-treated embryos (Fig. 4a). In contrast, AAC789, PTK787 and
FK506 induced dispersed and ectopic expression of Notch1b at the constriction and ventricular
endocardium as well as weak atrial expression (Fig. 4b, c and d). FK506 caused a similar loss
of cell-restricted expression of notch 1b in the valve region (Fig. 4d).

Bmp-4 expression was restricted to the myocardium of the AV boundary at 48hpf zebrafish
embryos (Fig. 4i), as reported previously (Walsh and Stainier, 2001). AAC 789- and PTK 787-
treated embryos showed dispersed expression of bmp-4 in the ventricle and to a lesser extent
in the atrium (Fig. 4j and k). FK506-treated embryos displayed a similar diffuse pattern of
bmp-4 expression (Fig.4l). Expression of VEGF-R2/flk-1, the target of AAC 789 and PTK 787,
is seen weakly throughout the endocardium of the developing heart at 48 hpf (panel q),
consistent with previous reports (Thompson et al., 1998). The defects in endocardial and
myocardial patterning, as indicated by ectopic expression of both notch 1b and bmp-4, may
disrupt cell-cell communication within the developing valve region and thereby disrupt cell
fate decisions during valve development.

AAC 789 and PTK 787 cause a morphological defect in the AV boundary region
We used three approaches to gain insight into the morphological defect caused by the small
molecule inhibitors of VEGF-R signaling. The first approach was to use the signal generated
by the notch1b in situ hybridization probe to highlight the AV boundary region in histological
sections (Fig 5 A, C). In control embryos, notch 1b was detected in a constricted region at the
base of the ventricle in a region consistent with the AV boundary (Panel A). The small size of
the embryos at 48 hpf made it difficult to find sections that included the atrium. In contrast,
the notch 1b signal was dispersed throughout the ventricular region of embryos treated with
AAC789 for 4 hours beginning at the 15 somite stage (Panel C). This dispersed localization is
consistent with results in Fig 4 and with dysregulated notch 1b expression observed in other
published cases of morphological defects in zebrafish heart valve development (Walsh and
Stainier, 2001).

We also used micro-angiography to gain information about the morphological defect. Embryos
were treated without or with AAC789 for 4 hours beginning at the 15 somite stage, washed to
remove the inhibitor, and allowed to develop until approximately 50 hpf. The hearts of
anesthetized embryos were micro-injected with FITC-dextran, and then observed and the
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images captured on a fluorescence microscope within 30 minutes. The FITC-dextran filled the
heart and circulatory path of the embryo: this provided a striking view of the boundary between
the atrial and ventricular chambers of the heart in control embryos (Fig 5, Panel B). In contrast,
the demarcation between the two heart chambers was absent in embryos treated with AAC-789
for 4 hours beginning at the 15 somite stage.

We also examined the endocardial cushion by H&E staining paraffin sections from control and
treated embryos (Fig 5, panels E–J). Panels E–G show sagittal sections and panels H–J show
transverse sections through embryos sectioned at 68 hpf. The endocardial/myocardial cellular
borders, as well as blood cells within the heart chamber, were seen in all embryos. In control
embryos (panels E and H), cells with a distinct morphology were seen in the mid-region of the
heart chamber perhaps indicating these are valvular cells. In PTK787- treated (panels F and I)
and FK506- treated (panels G and J) embryos, there was a notable lack of cells in this region
of the heart corresponding to the AV boundary; this was most apparent in the sagittal sections
(see arrows). These histological findings are consistent with a lack of valvular
development.seen by microangiography (panel D). In summary, the results from these three
types of morphological analyses revealed defective valve development in the AV boundary,
consistent with the functional toggling defect seen in live embryos.

Discussion
Chemical disruption of VEGF-R signaling in zebrafish embryos phenocopies the genetic
disruption of UDP-glucose dehydrogenase in zebrafish (Walsh and Stainier, 2001). In both
cases, toggling of blood, i.e., regurgitation, within the heart is evident in live embryos and loss
of cell-restricted expression of notch-1b and bmp-4 is revealed by in situ hybridization analyses.
Walsh and Stainier speculated that UDP-glucose dehyrogenase provides essential precursors
for biosynthesis of hyaluronic acid because of the similar, jekyll-like defects observed in mice
deficient for hyaluronan synthase-2 (Camenisch et al., 2000). Many studies have shown that
VEGF modulates extracellular matrix biosynthesis and in turn, the ECM influences cell
behavior during development (Ortega et al., 1998). Whether VEGF-R signaling and hyaluronic
acid biosynthesis function in an integrated manner during valve development remains
unknown.

The TGF-β family has been shown to play important roles in endocardial cushion
morphogenesis (Harvey and Rosenthal, 1999). TGFβ3 is expressed in endocardium and
contributes to cardiac valve remodeling after EMT(Camenisch et al., 2002). More recently, it
has been shown that TGFβ1 induces EMT in clonal populations of valve endothelial cells
(Paranya et al., 2001). TGFβ1 has been shown to increase endoglin expression (Sanchez-Elsner
et al., 2002), an ancillary TGFβ receptor that is important for heart valve development (Arthur
et al., 2000). The upregulation of endoglin by TGFβ1 is cooperative with hypoxia, which is an
upstream regulator of VEGF, suggesting cross-talk between VEGF and TGFβ1 in
valvulogenesis. Based on the results presented here and published studies, we speculate that
VEGF and TGFβ1 may function together via cooperative interactions during development of
cardiac valves.

Mice deficient in VEGF-R2/flk-1 die in utero because of lack of endothelial and blood cells
(Shalaby et al., 1995). Recent analysis of the zebrafish flk-1 mutant reveals that flk-1 is not
essential for vasculogenesis before 36 hpf (Habeck et al., 2002); instead, angiogenesis of the
intersegmental vessels, central arteries and veins that vascularize the brain, gut, and pectoral
fins are absent. Defects in heart valve formation were not reported. The milder phenotype of
the zebrafish flk-1 mutant suggests the presence of a second VEGF receptor in zebrafish that
partially compensates for the loss of the redundant isoform (Habeck et al., 2002). Hence, the
use of molecule inhibitors such as AAC 789 and PTK787 highlights the unique advantage of
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ablating signaling through multiple, redundant VEGF receptors. Such inhibitors, in effect,
allow one to easily perform a “conditional knockout” experiment, and thereby uncover novel
and specific functions of the targeted proteins. Indeed, use of small cell permeable molecules
to perturb function of specific proteins in zebrafish is emerging as an exciting area of chemical
genomics (Pichler et al., 2003).

In summary, based on results presented here, as well as previous studies (Dor et al., 2001;
Johnson et al., 2003), we speculate that by inducing nuclear translocation of NFATc1, zebrafish
VEGF-R(s) regulate genes involved in proliferation, migration and differentiation of
endocardial cells in the valve forming region of the developing heart valve in a precisely
regulated spatio-temporal manner. This speculation is consistent with recent findings reported
by Chang and colleagues (Chang et al., 2004). In their study of murine valvulogenesis, they
showed that NFAT signaling in the myocardium at E9 suppresses VEGF expression, producing
conditions that initiate EMT. At E11, NFAT signaling in the endocardium contributes to
elongation of the valve leaflets and further remodeling, which is likely to involve endothelial
proliferation, migration, and perhaps additional EMT. This scenario would be consistent with
the positive role role for VEGF in EMT seen at E10.5 (Hallaq et al., 2004). In this elegant
study, VEGFa signaling in AV explants from E10.5 embryos was shown promote
morphological changes in endocardial cells, active celluar migration into the collagen gel, and
the expression of smooth muscle alpha-actin, a marker for cells undergoing EMT. We postulate
that in these later stages of EMT, VEGF-mediated endothelial cell proliferation is necessary
to replenish the endothelial monolayer of the developing valve leaflet as previous endothelial
cells have migrated into the cardiac jelly to become mesenchymal cells. Without sufficient
VEGF signaling, EMT may come to a halt because of an insufficient number of endothelial
cells. Hence, high levels of VEGF, especially at the onset of EMT, inhibit valve development,
but too little VEGF signaling, especially at later points when cellular proliferation and
migration are ongoing, will limit valve development. Our results presented here provide the
first direct in vivo evidence that VEGF-R signaling is required for cardiac valve development.
Further studies will be necessary to identify the genetic diversity of VEGF-R and NFAT
isoforms in zebrafish and to correlate these homologs with their mammalian counterparts.

Experimental Procedures
Cell Culture and Immunofluorescence

HPVEC were isolated from human pulmonary valve leaflets as described (Johnson et al.,
2003). To detect VEGF-induced nuclear-localization of NFATc1, HPVECs were fixed in 4%
paraformaldehyde, permeabilized with 0.5% Triton X-100, and incubated with mouse anti-
human NFATc1 monoclonal antibody (7A6 from Santa Cruz Biotechnology, Inc.) diluted
1:500 followed by FITC-conjugated anti-mouse IgG diluted 1:200.

Zebrafish strains and growth conditions
Standard AB strain zebrafish were maintained and used for the experiments in our study.
Embryos were collected from natural matings, dechorionated with pronase at 15–18 somite
developmental stage, and maintained in 0.2 mM 1-phenyl-2-thio-urea (PTU) (Sigma) to inhibit
pigment formation. Dechorionated embryos were maintained in 2 milliliters of E3 medium
with PTU in a 6 well dish.

Kinase inhibitor
The VEGFR-2 tyrosine kinase inhibitors, PTK787 and AAC 789(Bold et al., 2002), were
kindly provided by Novartis Pharma AG. Embryos were treated with either dimethyl sulfoxide
in PTU or inhibitors (AAC789, PTK787, FK506) in dimethyl sulfoxide and PTU. Care was
taken to minimize exposure of AAC 789 to light and freeze-thaw cycles.
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Whole mount in situ hybridisation and o-dianisidine staining
Expression of bmp4 and notch 1b were detected by whole mount in situ hybridzation as
described (Thisse et al., 1994). Live embryos were stained with o-dianisidine (Sigma) as
described (Iuchi and Yamamoto, 1983). For each probe and treatment condition, 10–15
embryos were analyzed. For higher resolution analysis, a set of whole mount embryos were
hybridized with notch 1b, embedded in plastic resin, sectioned, counterstained with eosin, and
examined by light microscopy. To examine tissue morphology, embryos were embedded in
plastic resin, sectioned and stained with eosin to visualize tissue morphology.

Micro-angiography of zebrafish embryos
Circulation through the heart was visualized by injecting FITC-dextran (Sigma) into the sinus
venosa as described (Lee et al., 2002). Untreated and AAC 789-treated embryos were injected
approximately 50–56 hpf and visualized by fluorescence microscopy within 30 minutes of the
injection.

On-line Supplemental Data
Movies S1, S2, S3 and S4 – Quick Time (QT) videos of zebrafish embryos. Movie S1, control
embryos at 48 hpf. Movie S2, embryos treated with 5 µM AAC 789 for 4 hours from 17–21
hpf, washed several times to remove AAC 789, and then allowed to develop until 48 hpf. Movie
S3, embryos treated in the same manner with 5 µM PTK 787 and analysed at 48 hpf. Movie
S4, embryos were treated in the same manner with 2 µM FK506 and analyzed at 48 hpf. Live
embryos were recorded by video imaging (100 frames in 10 secs). Similar results were seen
in embryos at 72 hpf.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
VEGF-induced NFATc1 nuclear translocation was blocked by the VEGF-R tyrosine kinase
inhibitors. HPVEC grown for 24 h in Endothelial Basal Media media with 10% FBS were
either mock stimulated (panel a) or stimulated with 50 ng/ml VEGF165 (R&D Systems) for 30
min (panels b–f). Intracellular localization of NFATc1 was visualized using an anti-human
NFATc1-specific mAb (panels a–e). NFATc1 expression in untreated HPVECs (a) was
detected in the cytoplasm, as evident by the diffuse staining throughout the cells. Nuclear
localization of NFATc1 was evident in HPVECs treated with VEGF165 (b). Pretreatment of
HPVEC with 1 µM FK506 (c), 2µM AAC789 (d), or 2 µM PTK787 (e) inhibited VEGF-
induced nuclear translocation of NFATc1. VEGF-treated HPVEC incubated with isotype-
matched control IgG (f).
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Fig. 2.
Morphology of AAC 789 -, PTK787-, and FK506-treated zebrafish embryos at 48 hpf.
Zebrafish embryos staged at 15 somites (17 hpf) were treated with AAC 789 (5 µM), PTK 787
(5 µM) or FK506 (2 µM) for 4h, 12h, and 24h. At the end of each time period, embryos were
washed several times with fresh medium to remove the inhibitor drugs and allowed to develop
until 48hpf. Treatment for 4h with AAC 789 (b), PTK787 (e), or FK506 (h) resulted in toggling
of blood within the heart (see on-line supplemental data), compared to control embryos, while
no apparent effect on gross morphogenesis was visible. Treatment with PTK 787 for 12 h
induced minor epicardial edema as well as minor retarded craniofacial development (f, and
panel k). Treatment with PTK787 for 24 h resulted in severe epicardial edema (g, arrow),
shortened tails, retarded brain growth, and blood toggling in the heart (panel k). Embryos
treated with AAC 789 or FK506 for 12h (c, i) and 24h (d, j) showed almost the same
morphology at 48hpf as control embryos (a), with the exception of minor epicardial edema in
embryos treated for 24 h with FK506 (j, arrow). (k), The number of embryos with defects in
each condition and at each time point (n= 160–500) is shown. No embryos in the untreated
group showed any regurgitation of blood (n=178) (not shown).
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Fig. 3.
Effects of PTK 787 and FK506 on hemoglobinized blood levels and circulation. Embryos
treated with PTK 787 and FK506 as described in Fig. 2 were stained with o-dianisidine for
circulating hemoglobinized red blood cells(Iuchi and Yamamoto, 1983) in the yolk sac and
heart (30). (a) control embryos at 48 hpf. (b) PTK787 treatment for 4h had no effect on
oxygenated blood levels and circulation. (c) 12 h and (d) 24 h treatment with PTK 787 resulted
in decreased blood in yolk-sac and heart, especially in embryos treated for 24h (d). FK506 did
not affect oxygenated blood levels or circulation, even after 24 h exposure. (4h, e; 12h, f; 24h,
g).

Lee et al. Page 12

Dev Dyn. Author manuscript; available in PMC 2010 January 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Disruption of VEGF or calcineurin signaling results in altered expression of notch 1b and
bmp4 in cardiac valves. In situ hybridization analysis of the endocardial marker notch 1b
(panels a–d), the myocardial marker bmp-4 (panels i–l), and the endothelial marker flk-1 (panel
q) in the AV valve region. a, notch 1b was restricted to the AV region of the endocardium in
control embryos (see arrow). b, notch 1b was ectopically expressed beyond the AV boundary
into the ventricle and weakly in the atrium of embryos treated with AAC 789. c–d, similar
ectopic expression of notch 1b in embryos treated with PTK 787 and FK506, respectively. e,
f, g, h, schematic figures for the expression patterns seen in the panels above. i bmp-4 expression
was prominent in the in myocardial region of AV valve at 48 hpf in control embryos (see
arrow). j, AAC 789 treatment for 4 h resulted in strong ectopic expression of bmp-4, especially
in the ventricle region. k–l, PTK787 and FK 506 induced similar mis-localized expression
patterns m, n, o, p, schematic figures for expression patterns of bmp-4 seen in the panels above.
q, expression of flk-1 in the endocardium of control embryos at 48 hpf.
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Fig. 5.
Defects in the AV boundary region of AAC 789-treated embryos. Control embryos (A, B) and
embryos treated with 5uM AAC 789 for 4 hours beginning 17hpf (C, D) were analyzed by two
methods. In situ hybridization for notch 1b was performed on whole mount embryos, which
were then embedded in plastic resin, sectioned, and stained with eosin (A,C).
Microangiography using FITC-Dextran was performed on embryos at 56 hpf (B, D).
Fluorescence images were captured within 30 minutes of injection. a, atrium; v, ventricle
Panels E–J are H&E stained histological sections of embryos untreated (E,H), or treated with
5uM PTK 787 for 4 hours beginning at 17 hpf (F, I) or with 2uM FK (G, J). Sagittal (E–G) or
transverse (H–J) sections through embryos at 68 hpf are shown.
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