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Abstract

Fetal alcohol spectrum disorder (FASD), birth defects associated with ethanol exposure in
utero, includes a wide spectrum of congenital heart defects (CHDs), the most prevalent of
which are septal and conotruncal defects. Zebrafish FASD model was used to dissect the
mechanisms underlying FASD-associated CHDs. Embryonic ethanol exposure (3—24
hours post fertilization) led to defects in atrio-ventricular (AV) valvulogenesis beginning
around 37 hpf, a morphogenetic event that arises long after ethanol withdrawal. Valve leaf-
lets of the control embryos comprised two layers of cells confined at the compact atrio-ven-
tricular canal (AVC). Ethanol treated embryos had extended AVC and valve forming cells
were found either as rows of cells spanning the AVC or as unorganized clusters near the AV
boundary. Ethanol exposure reduced valve precursors at the AVC, but some ventricular
cells in ethanol treated embryos exhibited few characteristics of valve precursors. Late
staged larvae and juvenile fish exposed to ethanol during embryonic development had
faulty AV valves. Examination of AVC morphogenesis regulatory networks revealed that
early ethanol exposure disrupted the Bmp signaling gradient in the heart during valve forma-
tion. Bmp signaling was prominent at the AVC in controls, but ethanol-exposed embryos
displayed active Bmp signaling throughout the ventricle. Ethanol exposure also led to mislo-
calization of Notch signaling cells in endocardium during AV valve formation. Normally,
highly active Notch signaling cells were organized at the AVC. In ethanol-exposed embryos,
highly active Notch signaling cells were dispersed throughout the ventricle. At later stages,
ethanol-exposed embryos exhibited reduced Wnt/3-catenin activity at the AVC. We con-
clude that early embryonic ethanol exposure alters Bmp, Notch and other signaling activi-
ties during AVC differentiation leading to faulty valve morphogenesis and valve defects
persist in juvenile fish.
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Introduction

Fetal alcohol spectrum disorder (FASD) is an inclusive term describing preventable birth
defects and disabilities caused by prenatal alcohol exposure. FASD prevalence is as high as 2 to
5 per 100 children, while the more severe fetal alcohol syndrome (FAS) occurs 1 to 2 per 1,000
children [1-3]. In addition to neuro-developmental defects and disabilities, FASD patients
exhibit different forms of congenital heart defects (CHDs), including ventricular and/or atrial
septal defects, conotruncal defects, and unspecified defects [4]. Most frequently seen CHD in
FASD patients are septal defects [4]. CHDs are costly and life threatening global health prob-
lems that require on average one invasive surgery, producing considerable morbidity and mor-
tality. Understanding the mechanisms of ethanol-induced heart developmental defects will
enable the identification of new therapies or preventive treatments to suppress the deleterious
phenotypes.

Cardiogenesis is a complex series of events, involving precise specification and differentia-
tion of cardiac cell lineages, which coordinate cellular morphogenesis events [5, 6]. Cardiac
development processes and networks are conserved across vertebrate species [5, 6]. In zebra-
fish, cardiac progenitors specified around 5 hpf move during gastrulation to form the anterior-
lateral plate mesoderm and eventually form the heart tube at 24 hpf. Heart primordia complete
a rightward looping to form atrium, ventricle, and atrio-ventricular (AV) canal (AVC). Endo-
cardial progenitors are specified concurrently in a similar embryonic location that migrate
alongside cardiac progenitors to form the endocardial lining [5]. AVC differentiation starts
around 37 hpf by forming a constriction between the developing atrium and ventricle. Endo-
cardial cells at the AVC undergo differentiation to form endocardial cushions around 48 hpf
[5]. At this point, rudimentary valves can prevent retrograde blood flow, albeit inefficiently.
Valve function becomes efficient by 72 hpf [7]. Live imaging using high-speed microscopy
revealed that two-cell layers thick primitive valve leaflets become apparent between 3 to 4 dpf
in zebrafish [7]. Elongation of AV valves occur through 16 days post fertilization (dpf), and
maturation is completed in a month by deposition of ECM and thickening of the valves [8].
Adult zebrafish contains four distinct atrio-ventricular valve leaflets oriented anterior, poste-
rior, left and right of the AV orifice [9].

Specific interactions between myocardial and endocardial cells are tightly regulated by gene
networks that coordinate critical spatiotemporal morphogenetic mechanisms necessary for
functional valve morphogenesis [10, 11]. Combinatorial action of several critical signaling
pathways regulate valvulogenesis in zebrafish [6, 11-13]. Detailed analyses revealed that the
expression of bmp4, which was present in the entire heart tube during early cardiogenesis,
becomes restricted to the AVC cardiomyocytes during AVC differentiation [6, 14, 15]. Simi-
larly, notch1b, which is expressed in all ventricular endocardial cells, becomes restricted at the
AVC endocardium [6, 14, 16]. Hence, the Bmp and Notch activities become prominent at the
AVC as compared to the chambers, and drive AVC morphogenetic mechanisms. AV endocar-
dial and myocardial cells produce large amounts of extracellular matrix (ECM) components,
the cardiac jelly [10]. Differentiating endocardial cells at the zebrafish AVC change their mor-
phology from squamous to cuboidal, begin expressing cell adhesion molecule Alcama and
accumulate high levels of F-actin [14, 17, 18]. Wnt signaling is activated strongly in the devel-
oping zebrafish heart valve at 72 hpf [19]. Constitutive activation of Wnt signaling by mutation
in the apc gene resulted in diffuse expression of AVC markers and massive expansion of endo-
cardial cushions by increased proliferation [19]. Moreover, inhibition of Wnt/-catenin signal-
ing by overexpression of antagonist dkk1 inhibited endocardial cushion formation, suggesting
precise spatiotemporal role of Wnt/B-catenin signaling in heart valve development [19].
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Developmental responses to embryonic ethanol exposure are conserved in different verte-
brates [20-26]. In the past three decades, various animal model studies demonstrated that etha-
nol exposure during development produces heart defects similar to those seen in human [27-
31]. Our work illustrated the utility of the zebrafish for studying heart development mecha-
nisms disrupted by ethanol, showing that ethanol exposure during embryogenesis perturbs
multiple steps of cardiogenesis, which led to chamber and valve morphogenesis defects [32].
The severity of the defects varies with the stage, duration, and concentration of ethanol expo-
sure. AVC differentiation was especially sensitive to embryonic ethanol exposure [32]. We
showed that ethanol exposure during early embryogenesis, long before AVC differentiation led
to valvulogenesis defects [32]. Studies using mouse and avian embryos also showed small,
defective valves due to bringe-drinking level of ethanol exposure during gastrulation [33, 34].
But it is not known how this early embryonic ethanol exposure causes faulty valve morphogen-
esis. We hypothesized that ethanol exposure during heart tube morphogenesis (3-24 hour post
fertilization; hpf) alters AVC differentiation signaling pathways, leading to valve defects. This
ethanol exposure timing was chosen to include gastrulation and somitogenesis periods in zeb-
rafish during which a linear heart tube is formed from specified cardiac progenitors. This
period is equivalent to approximately the first 3 weeks of human pregnancy, a period when
woman may be unaware of their pregnancy, increasing the risk of prenatal exposure to alcohol.
Here, we demonstrate that embryonic ethanol exposure induces valvulogenesis defects leading
to faulty valves that persist in juvenile zebrafish. Ethanol exposed embryos fail to restrict the
expression of bmp4 at the AVC causing induction of Bmp activity in the chamber cardiomyo-
cytes and endocardial cells during AVC differentiation. Similarly, endocardial cells failed to
restrict Notch activity at the AVC after ethanol exposure, showing widely distributed Notch
signaling throughout the ventricular lining. Later, ethanol exposed embryos showed weak
Wnt/B-catenin activity at the AVC. We conclude that early embryonic ethanol exposure alters
Bmp and Notch activity during AVC differentiation leading to faulty valve morphogenesis and
causes valve defects that persist in juvenile fish.

Methods
Zebrafish husbandry

Zebrafish [Danio rerio; TL and AB strains; Tg(myl7:GFP), Tg(flil:EGFP), Tg(myl7:nlsKikGR)
[35], Tg(bre:EGEP) [36], Tg(kdrl.EGFP), Tg(TP1:mCherry) [37], Tg(Tcf/Lef-miniP:dGFP) [38]
transgenic lines] were raised and housed under standard laboratory conditions [39]. Indiana
University-Purdue University Indianapolis School of Science Institutional Animal Care and
Use Committee (IACUC) approved animal care and use protocol for this work. Tg[myl7:
nlsKikGR] embryos contains KikGR fluorophore that fluoresces brightly with a green signal. A
brief exposure to UV light permanently photoconverts KikGR from green fluorophore to a red
fluorophore. Tg[myl7:nlsKikGR] embryos were exposed to UV light through DAPI filter to
convert to red fluorophore.

Ethanol treatment and raising ethanol treated embryos

Embryos were maintained in embryo medium until 3 hpf. At this time, embryos were trans-
ferred to one of the following conditions: embryo medium (control); embryo medium contain-
ing 100 mM ethanol (E100) or 150 mM ethanol (E150). At 24 hpf, respective solutions were
replaced with fresh embryo medium. Control and ethanol exposed embryos (severely mal-
formed embryos were excluded) were put into the fish system at 5 dpf and raised maintaining
same conditions.
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Histology

Histology was performed at Indiana University Histology Core. Embryos were fixed in 4%
paraformaldehyde (PFA) in phosphate buffered saline (PBS), dehydrated to 95% ethanol,
embedded in JB-4 resin (Polysciences), sectioned at 5 um thickness using a Leica RM2265
microtome and stained with hematoxylin and eosin or Masson’s trichrome dye.

Microscopy

Brightfield images on a Leica MZ12 dissecting stereomicroscope were digitally acquired with a
color Leica DFC290 camera (Leica Microsystems, Inc., Deerfield IL).

Confocal images were acquired using a Zeiss LSM 700 confocal microscope on an Observer
Z1 using 40X 1.1 NA W objective; or 20X 0.8 NA objective. For live imaging, embryos were
embedded in 1% low melting agarose containing 0.017% tricane on a coverslip glass bottom
microwell dish. Phospho-smad 1,5,9 stained embryos were mounted in low melting agarose
and pericardium was manually removed before imaging. 3D renderings were produced from
image volumes using Volocity software (PerkinElmer/Invitrogen).

For Selective Plane Illumination Microscopy (SPIM), embryos were embedded in 1% low
melting agarose in plastic syringe, and hearts in living embryos were imaged at 100 frames per
second (fps) using Image]J software (NIH software, Bethesda, MD). Movies were made using
QuickTime player.

Scanning electron microscopy was performed at Indiana University Electron Microscopy
Center. Fish were fixed in 4% PFA, hearts were dissected, post fixed in 2% osmium tetroxide
and then followed the procedure as described in Hu et. al. [9]. Atrium was removed and
imaged using JOEL 6390 LV microscope.

Immunofluorescence, F-actin and Wheat Germ Agglutinin staining

Whole-mount immunostaining was performed as previously described with slight modifica-
tion [40]. For Phospho-smad 1,5,9 antibody staining, embryos were fixed in 4% PFA, washed
in PBS, boiled in sodium citrate solution for 2 minute and heated at 60°C for an hour for anti-
gen retrieval. Embryos were blocked and incubated in primary antibody against Alcama (Zn5,
Zebrafish International Resource Center) at a dilution of 1:250, Phospho-smad 1,5,9 (Cell Sig-
naling, catalog no. 9511) at a dilution of 1:100, MF20 (Hybridoma bank) at a dilution of 1:50 or
B-catenin (Sigma, catalog no. C7207) at a dilution of 1:500. Texas red-conjugated anti-mouse
secondary antibody and Alexa Fluor 488 conjugated anti-rabbit secondary antibody was used
at 1:100 dilution (Molecular probes/Invitrogen). Texas red or Alexa Fluor 647 conjugated phal-
loidin (Molecular Probes/Invitrogen) was used 1:100 dilution. Alexa Fluor 555 conjugated
Wheat Germ Agglutinin (WGA, Molecular Probes), a lectin that binds to N-acetyl glycosamino
glycan, was used at 1pug/ml concentration. TO-PRO-3 (Molecular Probes) was used at 1:1000
dilution for nuclear counterstain. To stain larvae and juvenile fish, hearts were dissected before
incubating in the staining solution.

In situ hybridization

Whole-mount in situ hybridization of zebrafish embryos was performed as described (Sarmah
et al., 2010). Digoxigenin-labeled riboprobes for bmp4 (generously provided by Dr. Ela W.
Knapik), her2 (generously provided by Dr. Pamela Raymond) and axin2 (Addgene) were syn-
thesized using DIG RNA Labeling Kit (Roche, Indianapolis, IN).
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BODIPY-ceramide staining

Stock solution was made following manufacture’s protocol by dissolving BODIPY-ceramide
(D3521; Molecular probe) in DMSO. BODIPY-ceramide staining solution was made by dilut-
ing the stock solution to 0.1 mM by adding embryo medium containing 1% DMSO. Embryos
were dechorionated manually and incubated in staining solution from 30 to 48 hpf (15
embryos / 1 ml solution). Embryos were washed in embryo medium before imaging.

Statistical Analysis

Statistical analyses comparing control and ethanol treated groups were performed using
unpaired two-tailed Student’s t-test (GraphPad Software, San Diego, CA).

Results

Early embryonic ethanol exposure leads to defects in atrio-ventricular
valvulogenesis, a morphogenetic process that takes place long after
ethanol withdrawal

To understand the effects of early ethanol exposure on valve morphogenesis, zebrafish embryos
were exposed to ethanol (E100 or E150) from 3 to 24 hpf, and then embryos were returned to
normal embryo medium. Hearts and AV valves were analyzed at later stages. All ethanol
treated embryos developed pericardial edema, showed reduced cardiac looping at 2 dpf (data
not shown), as shown in our previous studies [25, 32]. Higher concentration of ethanol treat-
ment occasionally produced severely defective embryos with a straight heart. To examine the
effect of ethanol exposure (3-24 hpf) on AV valve morphogenesis, 4 dpf control and ethanol
exposed embryos were sectioned coronally and stained with hematoxylin and eosin. Valve leaf-
lets of the control embryos (6/6 embryos) comprised two layers of cells those were confined at
the AVC. Ethanol treated embryos had extended AVC. Those embryos showed either unorga-
nized clusters of cells near the AV boundary (5/12) or rows of cells at the extended AVC (7/12)
(Fig 1A and 1B). Severely defective embryos with straight heart showed fewer unorganized
cells at the AVC (Fig 1D).

To better understand the morphology of the developing valve leaflets in live embryos, 3 dpf
Tg(flil: EGFP) embryos, labeling endothelium and endocardium, were examined using high-
speed SPIM. SPIM images showed completely filled chambers and the AVC at the open and
closed states (Fig 1E-1M). Control beating heart had small valve leaflets at the superior and infe-
rior aspects of AVC (Fig 1F, and S1 Movie). Ethanol treated embryos showed long valve leaflets
extending into the ventricle chamber which occupied most of the ventricular volume as seen
right before ventricular ejection (Fig 1H-1J, and S2 Movie). Embryos with straight heart (severely
defective) pumped blood by peristalsis movement of the heart (Fig 1K-1M, and S3 Movie).
Those embryos did not show obvious valve leaflets at the AVC. Control and ethanol treated
embryos analyzed using SPIM also showed that cardiac cycles of the embryos were completed in
similar time frames (Control, 0.25 sec; E100, 0.25 sec; E150, 0.26 sec; based on 2 embryos per
group). To further analyze ethanol effect on cardiac function, heartbeat of control and ethanol
treated embryos were measured at 36 and 48 hpf. At 36 hpf, heartbeats of E100 embryos were
not statistically significantly different from control, however, E150 embryos showed significantly
increased heartbeat: mean heartbeats- Control = 128.9+16.88, E100 = 133.36+7.46, E150 = 142.9
+1.7; number of embryos = 14/group; P value: Control vs. E100, 0.4329; Control vs. E150, 0.018
(results from two individual experiments). Measurement at 48 hpf also showed no statistically
significant difference in the heartbeat between control and E100 groups, but heartbeat of E150
group was significantly more than the control group: Control = 139.29+7.75, E100 = 137.38
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Fig 1. Embryonic ethanol exposure led to defective AV valve formation in zebrafish. (A-D') Hematoxylin
and eosin stained coronal sections of 4 dpf zebrafish hearts showed two layers of valve forming cells
confined at the AVC in control embryos (A, A'); unorganized clusters of cells at the AV boundary in E100
ethanol treated embryos (B, B'); rows of cells at the extended AVC in E100 ethanol treated embryos (C, C');
and unorganized clusters of cells at the AV boundary in E150 ethanol treated embryos (D, D'). High
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magnification images of the boxed areas (A'-D'). (E-M) SPIM imaging of beating hearts of Tg(fli1:EGFP)
embryos showed completely filled atrium (E, H, K) and ventricular (G, J, M) chambers before ejection of blood
in control (E, G) and ethanol treated embryos (H, J, K, M). (F) Control beating heart at the relaxed state
showed valve leaflets at the superior and inferior aspects of AVC (F; arrowheads). Ethanol treated embryos
showed long valve forming cells extending into the ventricle chamber (E100 ethanol, I) or no valve forming
cells at the AVC in E150 treated embryos (L).

doi:10.1371/journal.pone.0161205.g001

19.17, E150 = 145.63+8.01; number of embryos = 16/group; P value: Control vs. E100, 0.5459;
Control vs. E150, 0.0366 (results from two individual experiments). Taken together, these data
indicate that early ethanol exposure severely interrupts AV valve morphogenesis and exposure to
high dose of ethanol alters cardiac function in embryos.

Ethanol-exposure reduced precursors of valves at the AVC and
produced ectopic valve-like cells in the ventricular endocardial lining

Zebrafish endocardial cells at the AVC express Alcama and accumulate high levels of F-actin
upon AVC differentiation [14]. At 55 hpf, a single sheet of differentiated endocardial cells
expressing both F-actin and Alcama become cuboidal in shape, which are the precursors of the
heart valves [6, 14]. To understand the AVC differentiation in ethanol exposed embryos, F-
actin and Alcama expression were examined in Tg(flil:EGFP) embryos at 52 hpf. In control
embryos, the endocardial cells at the AVC showed strong phalloidin staining (F-actin). More-
over, a row consisting 5-7 cells at the superior aspect and another consisting 3-4 cells (based
on the cell count in 8 embryos) at the inferior aspect of AVC became cuboidal in shape (Fig 2A
and 2A”). Ventricular chamber endocardial cells did not exhibit phalloidin staining. Ethanol
treated embryos showed mislocalization of these cells. Phalloidin-stained endocardial cells
were found inside the ventricular chamber in addition to AVC (Fig 2B-2E’). However, fewer
phalloidin positive AVC endocardial cells were cuboidal in shape in ethanol treated embryos.
(E100 treated embryos: superior aspect of AVC, 3-5 cells; inferior aspect of AVC, 1-4 cells;
and E150 treated embryos: superior aspect of AVC, 0-2 cells; inferior aspect of AVC, 2-3 cells;
based on cell count in 8 embryos of each group). Occasionally cuboidal cells were disorganized
and did not arrange in a single sheet of cells. Although not all, some of the phalloidin positive
endocardial cells found inside the ventricular chamber were also cuboidal in shape (E100
treated embryos: inside the ventricle, 4-8 cells, and E150 treated embryos: inside the ventricle,
2-7; based on cell count in 8 embryos of each group) (Fig 2B-2E’). Average phalloidin positive
cuboidal cells in superior and inferior aspects of AVC and inside the ventricle of control and
ethanol treated embryos are shown in the graph (Fig 20).

The anti-Alcama antibody staining showed similar results. Optical coronal sections of the
heart of control embryos showed Alcama positive endocardial cells at the surface of AVC as
well as inside the AV canal, but Alcama was not detected in the chamber endocardium (Fig
2F-2H). In control embryos, there were 5-7 cuboidal Alcama positive endocardial cells at the
superior aspects of AVC and 2-3 cuboidal Alcama positive endocardial cells at the inferior
aspects of AVC (Fig 2G and 2G’). Ethanol exposure changed the Alcama expression pattern in
the heart showing Alcama positive cells in the ventricle in addition to AVC (Fig 2I-2N’). Also,
the number of cuboidal Alcama positive cells at the AVC was reduced (E100 treated embryos:
superior aspect of AVC, 1-3 cells; inferior aspect of AVC, 0-4 cells, and E150 treated embryos:
superior aspect of AVC, 0-2 cells; inferior aspect of AVC, 0-2 cells). Alcama positive cuboidal
cells were also seen in the ventricular endocardium (Fig 2P). Average Alcama positive cuboidal
cells at superior and inferior aspects of AVC of control and ethanol treated embryos are
depicted in the graph (Fig 2P). Together, these findings show that ethanol exposure reduces
the number of valve precursors at the AVC, but induces ectopic cells in the ventricle that adopt
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Fig 2. Ethanol-exposure reduced precursors of valves at the AVC and produced ectopic valve-like
cells in the ventricular endocardial lining. (A-E’) Confocal sections of phalloidin stained Tg(fli1:EGFP)
embryos showed differentiated cuboidal valve precursors inside AVC in control embryos (A, A’); E100
ethanol treated embryos showed phalloidin stained cuboidal cells inside AVC (B, B’) and inside the ventricle
(10.5 uM away from the section B; C, C’); E150 ethanol treated embryos showed fewer phalloidin stained
cuboidal cells at the AVC (D, D’) but more cells inside the ventricle (10.5 uM away from the section D; E, E’).
White dotted lines show the rows of cuboidal cells. (F-N’) Confocal sections of anti-Alcama antibody stained
embryos showing Alcama expression in the endocardial cells at the surface of the endocardium at AVC (F, F,
I L L), 75uM (G, G, J,J, M, M) and 15.0 pM away from surface endocardial cell sections (H, H', K, K’, N,
N’) in control and ethanol-exposed embryos. Control embryos showed Alcama positive cuboidal cells at

7.5 pM away from the surface AVC endocardium (G, G’); ethanol-exposed embryos showed Alcama positive
cuboidal cells at the surface of AVC endocardium (I, I') as well as 7.5 pM and 15 pM away from the AVC (J-K’,
M-M’). White dotted lines show rows of cuboidal cells. A: Atrium, V: Ventricle, ES-AVC: Endocardial cells at
the surface of AVC. (O, P) Graphs depict the number of phalloidin positive (O) and Alcama positive (P)
cuboidal cells at the superior (SAVC) and inferior (IAVC) aspects of AVC, and inside the ventricle (IV) in
control and ethanol-treated embryos. Statistically significant P values are shown in the graphs.

doi:10.1371/journal.pone.0161205.g002

AVC cell characters. However, they are not identical to the normal differentiated AVC endo-
cardial cells.

Ethanol induced valvulogenesis defects led to faulty valves in juvenile
zebrafish

It is crucial to determine whether ethanol-induced defects persist in much later stages. For that,
we undertook a longitudinal study to examine valve morphology at different stages of the fish
life. Control and ethanol exposed larvae were raised. Although not all ethanol exposed embryos
survived, a high number of embryos reached juvenile stage (around 70% of E100 and 50% of
E150 ethanol exposed embryos). Ethanol-exposed larvae reaching 18 dpf stage showed signifi-
cant defects in the AV valve morphology. Masson's trichrome stained serial coronal heart sec-
tions of 18 dpf larvae showed that the developing valve leaflets were curved and short in
control larvae, but were longer and often straight in ethanol exposed larvae (Fig 3A-3C).

Phalloidin staining was performed on endothelium and endocardium marked Tg(kdrl:
EGFP) larvae and imaged using confocal microscopy. Optical sagittal sections through the
heart showed two short and narrow AV valve leaflets in 18 dpf control larvae. However, etha-
nol exposed larvae showed long and thickened valve leaflets (Fig 3D-3Q). To dissect the defects
in more detail, Tg(kdrl: EGFP) larvae were stained with WGA (the lectin binds to n-acetyl gly-
cosamino glycan). Atrium was removed manually before confocal imaging and AV valves were
imaged. Comparison of 3D rendering of confocal sections of control and ethanol treated larvae
showed that the AV valves of ethanol treated larvae were severely malformed and AV junctions
were much wider than the control (Fig 35-3U"). Moreover, the WGA labeling in the AV junc-
tion was stronger in ethanol exposed larvae compared to control suggesting the composition of
glycoproteins in cells of AV junction was different.

Juvenile fish AV valves were then analyzed using phalloidin staining in Tg(kdrl:EGFP) fish
at 35 dpf. Since the maturation of valves depends on the larval size [8], we examined control
and ethanol treated fish with similar weights. Control fish having similar weight (0.035+0.0047
g) showed four valve cusps, which include two larger valve leaflets oriented anterior and poste-
rior (superior and inferior), and two smaller leaflets oriented left and right of the AV orifice
(Fig 4A-4C). Ethanol exposed fish of similar weight (0.042+0.011 g) also showed four valve
leaflets, but strikingly, the leaflets were smaller than the control and the shape of the leaflets
were different, producing irregular correspondence between adjacent leaflets (Fig 4D-4I).

Next, we examined AV valves in 2 month old Tg(kdrl:EGFP) fish exposed to ethanol during
embryonic development. WGA stained fish showed a similar result that observed in one-

PLOS ONE | DOI:10.1371/journal.pone.0161205 August 24, 2016 9/28



el e
@ : PLOS ‘ ONE Atrio-Ventricular Valve Defects in Zebrafish Fetal Alcohol Spectrum Disorder Model

[ MT staining || Phalloidin |fg(kdrl:EGFP)] Merged |[ Phalloidin |Tg(kdrl:EGFP)
A

“’S‘\p =

[ Control | | E100(3-24h) | E150 (3-24h) |
T T u ’

E A

O~

=

B Y
(@)

=

Fig 3. Late-staged zebrafish larvae exposed to ethanol during embryogenesis exhibited defective valve leaflets. (A-C) Masson's trichrome
stained coronal heart sections of 18 dpf larvae showed short and curved valve leaflets in control larvae (A), and longer and straight valve leaflets in
larvae exposed to ethanol during embryogenesis (B, C). Black arrows: valve leaflets. (D-R) Single optical sagittal section of the heart of phalloidin
stained Tg(kdr:EGFP) larvae showed short AV valve leaflets in control larvae (D-F) and long valve leaflets in ethanol exposed larvae (I-K, N-P).
White arrows: valve leaflets. 3D-rendering of the confocal sections showed narrow valve leaflets in the control (G, H) and thickened valve leaflets
in ethanol exposed larvae (L, M, Q, R). White dotted lines demarcate valve leaflets. (S-U’) 3D-rendering of the optical sections at the AV junction of
WGA labeled larvae showed two valve cusps in control larvae (S, S’) and deformed valve cusps in ethanol-exposed larvae (T-U’); S (54 uM thick),
T (79.38 uM thick), U: 3D (81.9 pyM thick) show the rendering of total number of Z sections. S’, T’, U’: 3D-rendering of same number of Z sections
(25.2 pM thick). MS: Masson'’s trichrome, Arrowhead: valve cusps.

doi:10.1371/journal.pone.0161205.9003

month old fish. Valve leaflets in ethanol exposed fish were small and the shape of the adjacent
leaflets do not closely correspond to allow complete closure of the AV junction (Fig 4]-4R).
Scanning electron microscopy of two-month old fish also showed smaller valve leaflets in etha-
nol treated fish, confirming the confocal microscopy result (Fig 45-4T"). Taken together,
embryonic ethanol exposure leads to valve morphogenesis defects producing faulty AV valve
that persist to juvenile stages.

Ethanol mislocalized Bmp activity that was not restricted to the AVC in
embryonic hearts

To examine the mechanisms of the ethanol induced AV valve defects, AVC morphogenesis
regulatory networks were examined in zebrafish embryos, based on previous studies [6, 10, 11].
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Fig 4. Juvenile fish exposed to ethanol during embryonic development exhibited defective valves.
(A-1) Phalloidin stained Tg(kdrl:EGFP) fish showed two bigger valve cusps at the superior and inferior position,
and two smaller leaflets oriented left and right of the AV orifice in control fish at 35 dpf (A-C); ethanol-exposed
fish showed four smaller and irregular-shaped valve cusps (D-l). Arrows: smaller cusps. (J-R) WGA stained 2
months old Tg(kdrl:EGFP) fish exposed to ethanol during embryonic development showed four well-
organized nicely-shaped valve cusps in control fish (J-L) and smaller, malformed valves in ethanol exposed
fish (M-R). Arrowheads point to the holes between valve cusps; star demarcates the region strongly labeled
by WGA at the AV orifice. (S-T’) Scanning electron microscopy of two months old fish showed four valve
cusps in control fish (S-S’) and three smaller valve leaflets in ethanol treated fish (T, T’). S’ and T’: high
magnification views of S and T; “?” point to the region of the possible fourth cusp.

doi:10.1371/journal.pone.0161205.g004

Bmp plays diverse roles in valve development [6]. Zebrafish heart primordia begin to express
Bmp ligand bmp4, which remains present throughout the anteroposterior extent of the heart
during heart tube morphogenesis. Later, bmp4 expression becomes restricted at the AVC dur-
ing its differentiation (around 37 hpf). Analysis of bmp4 at 24 hpf showed its expression in the
linear heart tube in the control embryos. Ethanol exposed embryos showed relatively uniform
bmp4 expression in the forming heart tube at this stage (data not shown). At 48 hpf, bmp4
expression was restricted at the AV boundary and near the outflow tract (OFT) in control
embryos (Fig 5A). However, ethanol exposed embryos did not show restricted expression of
bmp4 at the AVC. The expression of bmp4 was evident in the ventricular cardiomyocytes in
addition to AVC in ethanol exposed embryos (Fig 5B and 5C).

To examine Bmp signaling in the ethanol exposed embryos during AVC differentiation,
phospho-Smad-1/5/9 (activated Bmp/Smad transcription factor activity) and MF20 (monoclo-
nal against cardiac myosin heavy chain) double label immunostaining was performed at 48
hpf. Three-dimensional reconstruction of confocal z-sections showed more phospho-Smad-1/
5/9-labeled cardiomyocytes at the base of the atrium, at the AVC and inner curvature of the
ventricle in the control embryos (Fig 5D, please see SIA-S1C Fig, S1A’ Fig for high magnifica-
tion images). Ethanol exposed embryos did not show regionalization of phospho-Smad-1/5/9
staining during AVC differentiation. These cardiomyocytes with activated Bmp/Smad tran-
scription factor activity, were evident throughout the heart of ethanol exposed embryos (Fig 5E
and 5F, S1D-S11I Fig, S1D’ Fig, S1G’ Fig). Optical sections near AV boundary showed fewer
phospho-Smad-1/5/9 labeled endocardial cells at the AVC in the control embryos. In contrast,
phospho-Smad-1/5/9 labeled endocardial cells were seen throughout the entire ventricular
endocardium in ethanol exposed embryos (Fig 5G-5L). Next, we examined the Bmp signaling
in the heart in live embryos using transgenic line Tg(bre:EGFP), which express GFP in response
to a Bmp response element that reports Bmp/Smad signaling [36]. Time course analyses of Tg
(bre:EGFP) embryos from 48 hpf to 52 hpf showed that GFP signal was progressively lost from
chamber cardiomyocytes but the GFP positive cells were seen in AV canal, in the inner curva-
ture of the ventricle and at the base of the atrium in the control embryos (Fig 5SM-5M"). How-
ever, the GFP signal was either not suppressed or was less suppressed from the chamber
cardiomyocytes in ethanol exposed embryos during this period (Fig 5SN-507).

A previous study showed that failure to repress bmp4 expression from the chambers during
AVC differentiation caused increased expression of has2 (hyaluronic acid synthetase 2) that
subsequently led to the expansion of cardiac jelly between myocardium and endocardium [17].
To analyze the cardiac jelly region after ethanol exposure, embryos were incubated in BOD-
IPY-ceramide solution from 30-48 hpf and whole heart was imaged using confocal micro-
scope. BODIPY-ceramide labels blood serum, cardiac jelly and cell membrane [41, 42].
Ethanol exposed embryos showed an expansion of cardiac jelly region between myocardium
and endocardium in the atrium, AVC and ventricle (Fig 5P-5R”).
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Fig 5. Ethanol exposure led to the failure of suppression of Bmp activity from the chamber cells during valvulogenesis. (A-C) In situ
hybridization detecting bmp4 expression showed restricted expression at the AV boundary and outflow tract in control embryo (A) and
widely distributed throughout the ventricle in ethanol treated embryos (B, C). (D-F) 3D reconstruction of confocal sections of phospho-Smad-
1/5/9 immunostained embryos showed Bmp responsive phospho-Smad-1/5/9 positive cardiomyocytes at the base of the atrium, near AVC
and inner curvature of the ventricle (white arrow) in the control embryo (D); phospho-Smad-1/5/9 positive cardiomyocytes were seen
throughout the venricle in ethanol exposed embryos. Note: Please see S1 Fig for high magnification images. (G-L) Single Z-sections of
phospho Smad-1/5/9 and MF20 (cardiac myosin) double immunostained embryos at the AV boundary showed phospho-Smad-1/5/9
positive endocardial cells at AVC in the control embryos (G, J) and throughout the entire ventricular endocardium in ethanol exposed
embryos (H, I, K, L). Arrowheads: phospho-Smad-1/5/9 positive endocardial cells, Arrows: AVC myocardium. Note phospho-Smad-1/5/9
positive myocardial cells at the AVC towards the inner curvature of the ventricle in control embryo (G; arrow) and all ventricular myocardial
cells in ethanol-exposed embryos (H, I). (M-O”) Time lapse images of Tg(bre:EGFP) embryos from 48-52 hpf showed progressive loss of
GFP signal from chamber cardiomyocytes, and strong GFP signal at the AV canal towards the inner curvature (arrow) and at the base of the
atrium in control embryos (M-M"); GFP signal was less suppressed from the chamber cardiomyocytes in E100 ethanol exposed embryos
(N-N"") and not suppressed in E150 ethanol exposed embryos (O-O™). (P-R”) BODIPY-ceramide labeled embryos showed expansion of
cardiac jelly (blue line) region between myocardium and endocardium in the atrium (P-R), AVC (P’-R’) and in the ventricle (P”-R”) in ethanol-
exposed embryos (Q-R”) compared to control (P-P”). A: atrium, V: ventricle. White dotted line demarcates the heart.

doi:10.1371/journal.pone.0161205.9005

Since Bmp plays crucial roles throughout cardiogenesis including AV cushion development,
ethanol effects on Bmp signaling were examined from 17 hpf until 75 hpf, a period encompass-
ing the formation of heart cone until two-chambered heart. Reduced Bmp signaling was
observed in the heart cone and heart tube of ethanol exposed embryos at 17-30 hpf compared
to control (Fig 6A-6D”). Around 38 hpf, control embryos started to restrict Bmp activity from
chamber cardiomyocytes (Fig 6E), which was progressively lost from the chamber cardiomyo-
cytes (Fig 6E-6H). However, the GFP signal was either not suppressed or was less suppressed
from the chamber cardiomyocytes in ethanol exposed embryos during this period (Fig 6E’~
6H”). Examination of the embryos at later developmental stages showed that chamber cardio-
myocytes remain GFP positive even at 3 dpf in ethanol exposed embryos (Fig 61-617).
Although, most ethanol treated embryonic hearts showed GFP intensity that was comparable
to control, severely defective embryos showed relatively weaker GFP intensity from a Bmp
activity responsive promoter (Fig 6H”). These findings indicated that ethanol exposure dysre-
gulates Bmp activity during heart morphogenesis. Ethanol induced Bmp signaling defects are
two-fold: initially, during heart tube morphogenesis, ethanol exposure reduces Bmp activity;
and later, during AVC patterning and differentiation, ethanol exposure leads to failure of sup-
pression of Bmp activity from the chamber cardiomyocytes.

Ectopic Notch activity was evident in the ventricular endocardium in
ethanol exposed embryos

Notch signaling was implicated to play multiple roles in zebrafish AVC development including
restriction of AVC differentiation in the ventricle. Similar to the prominent Bmp activity at the
AVC during differentiation, Notch signaling activity becomes restricted at the AVC endocar-
dial cells. Altering Notch activity during cardiogenesis leads to valvulogenesis defects [6, 14].
Notch activity during AVC formation was examined in Tg(TP1:mCherry); Tg(kdrl: EGFP) and
Tg(TP1:mCherry); Tg(myl7:GFP) double transgenic embryos. Tg(TP1:mCherry) transgene labels
Notch active cells and Tg(myl7:GFP) labels cardiomyocytes. Live imaging of Tg(TP1:mCherry);
Tg(kdrl:EGFP) control embryos at 50 hpf showed that mCherry labeled Notch active cells pres-
ent in the ventricular endocardium can be grouped into two categories: (i) compact clusters of
strongly labeled mCherry positive cells (high Notch activity) present at the AVC, and (ii)
weakly labeled mCherry positive cells (low Notch activity) present in the ventricular endocar-
dial lining (Fig 7A and 7B). The pattern of the localization of high and low Notch active cells in
heart during this period was lost in ethanol exposed embryos. Both high and low Notch active
cells were found in the endocardium irrespective of the location, and there was no cluster of
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Fig 6. Ethanol exposure reduced Bmp activity during heart tube morphogenesis, and later during valvulogenesis, those embryos lost
regionalization of Bmp activity at the AVC. (A-B”) Tg(bre:EGFP) embryos showed reduced GFP label in the cardiac primordia in ethanol exposed embryos
(A’-B”) relative to control (A, B) at 16 somite (16s; 17 hpf; A-A”) and heart cone stage (20 hpf; B-B”). Arrowheads: cardiomyocytes; dotted line demarcates the
heart cone. (C-D”) Reduced GFP signaling was observed in the linear heart tube (LHT) of ethanol exposed embryos at 24 (C’, C”) and 30 hpf (D’, D”)
compared to control (C, D). (E-I”) Examination of Bmp activity from 38—74 hpf showed progressively restricted Bmp activity in the chamber cardiomyocytes

and strong activity at the AVC in control embryos (E-I); ethanol treated embryos showed lack of restriction of Bmp activity at the AVC (E’-I”) and occasional
weak BMP activity in the heart (H”). Dotted line demarcates the heart. A: Atrium, V: Ventricle.

doi:10.1371/journal.pone.0161205.9g006
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Fig 7. High Notch activity was not restricted at the AVC endocardial cells in ethanol exposed
embryos. (A-H) Tg(TP1:mCherry); Tg(kdrl:EGFP) double transgenic embryos showed compact cluster of
strong mCherry labeled cells at the AVC and weak mCherry labeled cells in the ventricular endocardial lining
in control embryo at 50 hpf (A, B); ethanol treated embryos had a mix of strong and weak mCherry labeled
cells in the endocardium and no cluster of strong mCherry labeled cell at the AVC (C-H); severely defective
embryo exhibited weaker mCherry labeling relative to the control (G, H). (I-N) Tg(TP1:mCherry); Tg(myl7:GFP)
double transgenic embryos showed compact clusters of strong mCherry labeled cells at the AVC and OFT at
72 hpf in control () and no clustering in ethanol treated embryos (K, M); green fluorescence in Tg(TP1:
mCherry); Tg(myl7:GFP) embryos showed myocardium at 72 hpf (J, L, N). A: Atrium, V: Ventricle,
Arrowheads: AVC, Arrows: OFT.

doi:10.1371/journal.pone.0161205.g007

high Notch-active cells at the AVC (Fig 7C-7H). Severely defective embryos exhibited weaker
mCherry labeled cells, suggesting low notch-activity than the control (Fig 7G and 7H). At 72
hpf, control Tg(TPI:mCherry); Tg(myl7:GFP) embryos showed more prominent clustering of
high Notch-active cells at the AVC and OFT. In contrast, ethanol exposed embryos showed
persistent defects in Notch-active cell distribution at later stages (Fig 7I-7N). The expression of
Notch target her2 was examined at 48 hpf. Control embryos showed a faint expression of her2
in the heart, but ethanol treated embryos showed her2 expression throughout the ventricle
(S2A-S2C Fig).

Notch signaling activates epithelial-to-mesenchymal transition, which is needed to produce
valve primordia [43].To examine whether highly Notch active cells present in the ventricle of
ethanol exposed embryos lead to ectopic expression of F-actin in the ventricular endocardium,
Texas-red phalloidin staining was performed in Tg(TPI:mCherry) embryos. Confocal section-
ing of the stained embryos showed high Notch active cells in the endocardium at the AVC
express high level of F-actin. Inside the AVC of control embryos, strongly labelled mCherry
positive cells lined up in a row, and those highly Notch active cells along with a few neighbor-
ing cells expressed high level of F-actin and were cuboidal in shape (Fig 8A’-8B”). Strong
mCherry positive cells were found at a lesser extent in the endocardium at the surface of AVC
and inside the AVC of E100 ethanol treated embryos, and rarely detected in E150 ethanol
treated embryos (Fig 8E-8F” and 8]-8K”). Accordingly, there were fewer cuboidal F-actin posi-
tive cells residing at the AVC of ethanol treated embryos (Fig 8F" and 8K’). Moreover, cells
with high Notch active cells in the chamber endocardium showed ectopic F-actin labeling, and
sometimes those cells also acquired cuboidal shape (Fig 8G-8G” and 8L-8L”). Taken together,
these findings show that early ethanol exposure causes redistribution of Notch active cells in
the heart, leading to reduced Notch activity at the AVC but ectopic activation of Notch signal-
ing in the ventricle during AVC differentiation. Reduced Notch activity at the AVC perhaps
leads to reduced F-actin positive cuboidal cells at the AVC and ectopic Notch activation in the
chamber might be responsible for ectopic F-actin expression in the ventricular endocardial
cells.

Early ethanol exposure reduced Wnt activity in heart during AVC
differentiation

Zebrafish studies showed that spatiotemporal control of Wnt signaling during AVC differenti-
ation is critical for AV valve formation [19]. Mouse study also identified Wnt/B-catenin signal-
ing activity restricted to a subset of cells during endocardial cushion formation [44]. To
examine Wnt activity during AVC differentiation, Tg(Tcf/Lef-miniP:dGFP); Tg(myl7:nlsKikGR)
double transgenic zebrafish were used. Tg(Tcf/Lef-miniP:dGFP) reporter reveals transcriptional
activities of four Tcf/Lef members, Lefl, Tcf7, Tcf711a, and Tcf712, controlled by Wnt/B-cate-
nin signaling [38]. Tg(myl7:nlsKikGR) transgene labels cardiomyocytes. At 52 hpf, control
embryos showed GFP expression in two rows of AVC cardiomyocytes (Fig 9A-9C).
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Fig 8. High Notch-active cells present in the ventricular endocardium in ethanol exposed embryos
showed F-actin expression. (A-B”) Texas-red phalloidin stained 52 hpf Tg(TP1:mCherry) embryos showed
strong mCherry labelled endocardial cells confined at the AVC in control embryo (A-A”: at the surface of AVC;
(B-B”): cells inside AVC); Strong Notch positive cells along with a few neighboring cells expressed high level
of F-actin and were cuboidal in shape (White dotted lines). (C) 3D rendering of optical Z-sections through
heart showing distribution of strong and weak Notch active cells in the heart of control embryo. (D) 3D
rendering of phalloidin stained embryos showing shape of the control embryo heart. (E-G”, J-L”) Ethanol
treated and Texas-red phalloidin stained Tg(TP1:mCherry) embryos showed strong mCherry labelled
endocardial cells at a lesser extent at the AVC endocardium (E-E”, J-J”), but more inside the ventricle (F-G”,
K-L"). Notch active cells in the chamber endocardium showed ectopic F-actin labeling (F’-G”, K'-L"). White
dotted lines show cuboidal cells. (H, M) 3D rendering of optical Z-sections through heart showing distribution
of strong and weak Notch active cells in the heart of ethanol treated embryos. (I, N) 3D rendering phalloidin
stained embryos showing the shape of the heart of ethanol treated embryos compared to control (D).
ES-AVC: Endocardial cells at the surface of AVC, A: Atrium, V: Ventricle.

doi:10.1371/journal.pone.0161205.g008

Cardiomyocytes in ethanol treated embryos showed weak GFP expression, but those cells were
not restricted at the AVC (Fig 9D-9F). GFP expression was not detected in AVC endocardial
cells at that stage. At 75 hpf, 2-3 elongated AVC cardiomyocytes (based on the cell count in 8
embryos) in the control embryos (towards the atrium side) showed strong GFP signal, and car-
diomyocytes in the ventricle exhibited faint GFP signal (Fig 9G and 9H). Ethanol treated
embryos did not show strong GFP positive cardiomyocytes at the AVC, indicating reduced
Wt activity (Fig 91-9L). Optical sections of the heart showed GFP expression in the 2-3 endo-
cardial cells in both the superior and inferior aspects of AVC in control embryos at 75 hpf (Fig
9M). However, ethanol treated embryos showed 0-2 GFP positive endocardial cell (based on
the cell count in 8 embryos) (Fig 9N and 90). Occasionally, GFP positive endocardial cell was
not at the AVC (Fig 90). In situ hybridization to detect Wnt target gene, axin 2, showed
expression in the heart near the AVC in control embryos at 48 hpf. Ethanol treated embryos
showed either weak expression or no expression of axin 2 in the heart (S3A-S3C Fig). Taken
together, ethanol treatment during early cardiogenesis reduces Wnt activity during valve
morphogenesis.

Discussion

Prenatal alcohol exposure produces a variety of CHDs in patients, and among those, septal
defects are the most frequently seen defects [4]. Zebrafish has become a popular animal model
to study FASD because of the ease of manipulation, transparency, and the conservation of
genetic and regulatory pathways essential for embryogenesis [20, 24-26, 32]. There are obvious
structural differences between two-chambered zebrafish and four-chambered human hearts,
but zebrafish has emerged as an important model system to study cardiovascular development
[5, 6]. The embryos grow outside the mother and are transparent, which facilitate the study of
cardiogenesis, particularly valvulogenesis in live embryos. Zebrafish studies have dissected
genetic, molecular, and cellular mechanisms of vertebrate cardiac development and function
due to highly conserved cardiogenic pathway genes and cellular organizational framework [5,
6]. Zebrafish cardiac morphogenesis events are highly similar to the early stages of mammalian
cardiac morphogenetic events that eventually remodel to produce a prototypic four-chambered
heart by septation of the primitive two-chambered heart [5, 6]. The precursor for septation and
valve formation is the endocardial cushion. Formation of endocardial cushion, the first sign of
valvulogenesis, becomes evident as a swelling at the constriction of embryonic heart tube
between atrium and ventricle. In zebrafish, the endocardial cells at the swelling progressively
become different from the endocardial cells in the chamber lining, becoming cuboidal and
expressing distinct markers, like accumulation of F-actin and Alcama marker expression [6,
14]. The characteristic cell shape change and expression of Alcama and F-actin are reliable
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expressing GFP (Wnt active) in control embryos (A-C); ethanol treated embryos showed weak GFP expressing
cardiomyocytes that were not restricted at the AVC (D-F) at 52 hpf. (G-L) Tg(Tcf/Lef-miniP:dGFP); Tg(myl!7:nisKikGR) double
transgenic zebrafish showed long cardiomyocytes with strong GFP signal at the AVC and faint GFP signal in the ventricular
cardiomyocytes in control embryos (G, H); ethanol exposed embryos showed weak GFP labeling at the AVC as compared to
control (I-L). Arrows: Long cardiomyocytes with strong GFP signal. (M-O) Optical section of the heart of 75 hpf embryos
showed GFP expression in the endocardial cells (arrowheads) at the AVC in the control embryo (M) and in ethanol treated
embryos (N, O). A: Atrium, V: ventricle.

doi:10.1371/journal.pone.0161205.9g009

markers for AVC endocardial cell specification and differentiation [6, 14]. This study examined
the consequences of embryonic ethanol exposure on AV valves in zebrafish at different stages
of life, demonstrating ethanol-induced defects in valve regulatory networks during
valvulogenesis.

We demonstrated that ethanol exposure during gastrulation and somitogenesis leads to
defective zebrafish AV valve morphogenesis. Ethanol exposure produces an extended AVC, as
opposed to the normally compact AVC. The endocardial cushion forming cells are dispersed
into the ventricle in ethanol exposed embryos, which normally reside only at the AVC. Live
imaging of the embryos confirmed our histology results, ruling out the possibility of artifact
due to change in valve morphology upon fixation. These ectopic AVC cells in the ventricles
exhibits subsets of AVC endocardial cushion cell characteristics, like accumulation of F-actin
and Alcama marker expression, but they are not always cuboidal in shape, suggesting they are
different from normal differentiated endocardial cushion cells. The number of Alcama and F-
actin positive cuboidal endocardial cells at the AVC, precursors of heart valve, are reduced in
ethanol exposed embryos. Overall, embryonic ethanol exposure alters the properties of cells at
AVC and chamber endocardium during valvulogenesis.

Our experiments showed that embryonic ethanol exposure produces persistent structural
defects of AV valves in larvae and juvenile fish. Ethanol exposure produces longer and thicker
AV valve leaflets in zebrafish larvae. At later stages, ethanol exposed zebrafish AV valve remod-
els to form four valve cusps like in control fish. However, ethanol exposure alters the position
of the cusps at the AV orifice, which causes the cusps either to lie on top of one another and
may not be able to form tight seal when they meet. Importantly, embryonic ethanol exposure
reduces the AV valve cusp size in juvenile fish. How the longer and thicker AV valves in larvae
became smaller than normal in older juvenile fish needs further study. Zebrafish AV valves
grow in first two weeks, then the valve matures [45]. Ethanol exposed fish valve probably did
not mature normally, as in control. WGA staining of two-months old juvenile fish also showed
small and misshapen valves with wider AV orifice, suggesting that the valve defect persists at
later stages of life. It is noteworthy that many severely defective embryos died at early stages,
and the fish that survived until juvenile stage were probably not those most severely affected.
Perhaps the defects that were observed in juvenile fish are relatively mild.

Valve development mechanisms are extremely well conserved from zebrafish to human,
sharing many genes and pathways that control cardiac valve development [5, 6]. As the devel-
opment proceeds to form atrium and ventricular chambers, initial heart tube subdivided into
four segments, two chambers, AVC region and the OFT [5, 6]. Bmp and Notch signaling are
required for initial patterning of AVC and to define the AVC and chamber regions [15]. Luna-
Zurita et al. showed that myocardial Bmp and endocardial Notch signal integration establish
the valve forming field between two chamber domains [46] and generate AVC unique myocar-
dium capable of producing epithelial-to-mesenchymal transition (EMT)-inducing ligands and
responsive endocardium [16, 46-49]. AVC differentiation depends on the cross-talk between
myocardial and endocardial cells at the AVC, involving multiple signaling pathways including
Bmp, Notch, and TGF-f§ signaling [50-55]. In mice BMP2 and BMP4 are expressed in
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developing AVC [10]. In zebrafish, bmp4 expression is high at the AVC but the chamber cardi-
omyocytes do not express bmp4 during valve formation. NotchI is initially expressed in cardiac
crescent and throughout endocardium in mouse, but later the expression is elevated at AVC
and OFT [56]. Notch2 is also expressed at AVC [52]. Notch target genes Heyl and Hey2 are
expressed in the AVC endocardium and chamber myocardium [52]. In zebrafish, notch1b is
initially expressed in all ventricular endocardial cells, but later becomes restricted at the AVC
endocardium [6, 14, 16]. Myocardial-derived Bmp initiates local EMT at AVC [47]. Bmp sig-
naling induces Thx2 (Bmp signaling target) expression and the expression of TGF-f3 pathway
components at the AVC [57]. Deletion of Bmp2 reduces the expression of NotchI and Snail
expression in the AVC endocardium, suggesting that Bmp signaling maintains Notch signaling
during cardiac cushion formation [47]. Notch signaling also regulates Bmp signaling and influ-
ences TGF- {3 pathway components during valve formation. Notch target genes Hey! and Hey2
suppress Bmp2 and Tbx2 expression from the chambers and restricts their expression at the
AVC [50, 52, 54]. Over all, complex inter-relationship between these signaling pathways pro-
motes EMT and proper formation of AV valves.

Our experiments showed that embryonic ethanol exposure prevents regionalization of Bmp
activity at the AVC during valvulogenesis. Experiments detecting Bmp ligand and measuring
Bmp activity in the heart during endocardial cushion formation showed similar results, validat-
ing our findings. Ethanol causes chamber myocardial and endocardial cells to achieve some
characteristics of valvular cells. It was shown that Bmp regulates the production of cushion
extracellular matrix by activating has2 [17, 57]. High Bmp activity in the chamber cells in etha-
nol treated embryos during endocardial cushion formation presumably leads to secretion of
more extracellular matrix that leads to thicker cardiac jelly in the extracellular space between
myocardium and endocardium. Notably, Bmp activity remains low in ethanol exposed
embryos during heart tube morphogenesis stages. Transgenic embryos reporting Bmp activity
showed reduced GFP signal in heart tube until the onset of endocardial cushion formation.

Similar to Bmp, we found that Notch activity is not restricted at AVC in endocardial cells.
Embryonic ethanol exposure changes the distribution of high and low Notch active cells in the
endocardium. Instead of forming clusters at the AVC, high Notch active cells were dispersed
throughout the ventricle. Frequently, these ectopic Notch active cells were in the posterior
region of the ventricle. Previous murine study showed that constitutive Notch1 activation in
endocardium promotes ectopic noninvasive EMT and confer valvular features to otherwise
non-vavlular ventricular endocardium [46]. Our experiments using Tg(TP1:mCherry) Notch
reporter line showed similar results. Highly active Notch cells arranged in a row at the AVC in
control embryos expressed high level of F-actin and were cuboidal in shape, suggesting those
cells were valve forming differentiated endocardial cushion cells. But ethanol exposure reduced
the number of highly active Notch cells at the AVC and subsequently reduced F-actin positive
cuboidal cells at the AVC. On the other hand, chamber cells with high Notch activity exhibited
F-actin staining, suggesting those cells acquired subset of valvular characteristics.

In addition to their roles in AV valvulogenesis, Bmp and Notch signaling play crucial roles
throughout cardiogenesis. Bmp signaling is required for cardiac specification, differentiation,
endocardial differentiation, cardiac looping, chamber morphogenesis, and OFT septation dur-
ing embryogenesis [5, 6, 58—62]. Notch1 signaling is required for the progression of differentia-
tion of the endocardium, cardiac looping, and OFT development [16, 63, 64]. Our previous
study showed that embryonic ethanol exposure disrupts cardiac specification, reduces cardiac
looping, and produces dysmorphic heart chambers [32]. Ethanol exposure also reduces endo-
cardial differentiation and produces smaller, defective OFT (Sarmabh et al., unpublished data).
We hypothesize that Bmp and Notch signaling are major signaling pathways disrupted by etha-
nol exposure during cardiogenesis. Further analyses manipulating these signaling pathways by
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genetic method or pharmacological agents in ethanol treated embryos will provide insight and
help us pinpoint the origin of defects.

Recent study by Borsoda et al. showed that Wnt/B-catenin signaling is not required for
EMT at AVC in mice, but it promotes AVC cushion expansion following EMT [65]. A zebra-
fish study also showed that Wnt/B-catenin signaling is operative in the valve forming myocar-
dial and endocardial cells. Constitutive activation of Wnt/B-catenin signaling is associated with
proliferation of endocardial cushion cells [19]. Our transgenic Wnt-reporter line experiments
showed prominent Wnt/B-catenin activity in the AVC cardiomyocytes and in the endocardial
cushion cells at later stages of valve development, after Bmp and Notch showed restricted activ-
ity at the AVC. We showed that ethanol exposure reduced Wnt/B-catenin activity during valve
development. Wnt activity was reduced by ethanol exposure during cardiac speciation in avian
embryos [34]. The expression of canonical Wnt-modulated genes HexI and Islet] were sup-
pressed in ethanol-exposed quail embryos during cardiac cell specification [34].

Our results show that embryonic ethanol exposure alters Bmp, Notch and Wnt/B-catenin
signaling networks during heart valve development. The genesis of these altered regulatory net-
works by embryonic ethanol exposure is still unknown. We speculate that ethanol exposure
alters the incorporation of second heart field and neural crest derived cells, which alters the cel-
lular environment in the heart. Altered cardiomyocyte populations might change signaling in
the remaining cardiomyocytes. Those cardiomyocytes fail to suppress Bmp activity within the
ventricular chamber, expanding valvular territory. These altered cardiomyocytes influence
underlying endocardial cells leading to defective valvulogenesis. Alternatively, ethanol expo-
sure could directly affect the endocardial cells, producing an altered phenotype during valvulo-
genesis. Additional studies are needed to understand the primary causes for all these defects.
Nevertheless, our study systematically followed the consequences of embryonic ethanol expo-
sure on AV valve development, linking those defects to faulty valvulogenesis regulatory
pathways.

Supporting Information

S1 Fig. Phospho-Smad-1/5/9 positive cardiomyocytes were seen throughout the ventricle in
ethanol-exposed embryos. (A-I) 3D reconstruction of confocal sections of phospho-Smad-1/
5/9 (A, D, G) and MF20 (B, E, H) double immunostained embryos showed Bmp responsive
phospho-Smad-1/5/9 positive cardiomyocytes at the base of the atrium and in the inner curva-
ture of the ventricle in control embryos (A); regionalization of phospho-Smad-1/5/9 positive
cardiomyocytes were not evident in ethanol exposed embryos (D, G); A’, D’, G: magnified
images of boxed areas of A, D, G.

(TTF)

S2 Fig. Expression of her2 in the heart. (A-C) her2 expression in the control heart (A); her2
expression in ethanol treated embryo hearts (B, C). Arrow: heart.
(TIF)

S3 Fig. Expression of axin2 in the heart. (A-C) In situ hybridization detecting axin 2 showed
expression of the gene in the heart near AVC in control embryos (A); weak expression in E100
ethanol treated embryo (B) and no expression in E150 ethanol treated embryo. Arrows: point-
ing axin 2 expression in the heart.

(TTF)

S1 Movie. Beating heart of 3 dpf control zebrafish embryo. SPIM movie of the beating heart
of a control Tg(flil:EGFP) embryo taken at 100 fps and shown at 16 fps. Orientation of the
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embryo: Ventricle is facing upward.
(MOV)

S2 Movie. Beating heart of 3 dpf ethanol treated (E100) zebrafish embryo. SPIM movie of
the beating heart of an ethanol treated (E100) Tg(flil:EGFP) embryo taken at 100 fps and
shown at 16 fps. Orientation of the embryo: Ventricle is facing upward.

(MOV)

S3 Movie. Beating heart of 3 dpf ethanol treated (E150) zebrafish embryo. SPIM movie of
the beating heart of an ethanol treated (E150) Tg(flil:EGFP) embryo taken at 100 fps and
shown at 16 fps. Orientation of the embryo: Ventricle is facing upward.

(MOV)

Acknowledgments

We thank Kenneth Dunn, Ph.D. and Seth Winfree, Indiana Center for Biological Microscopy,
for the SPIM imaging. We thank Keith W. Condon, Ph.D., Indiana University Histology core
and Caroline Miller, Indiana University Electron Microscopy Center, for histology sections
and scanning electron micrographs respectively. Plasmid probes to detect bmp4 and her2 were
generously provided by Ela W. Knapik, Ph.D and Pamela Raymond, Ph.D. This work was sup-
ported by NIH/NTIAAA 1 R21 AA0022396.

Author Contributions
Conceptualization: SS JAM.
Formal analysis: SS JAM.
Funding acquisition: JAM.
Investigation: SS PM JAM.
Methodology: SS JAM.

Project administration: SS JAM.
Supervision: SS JAM.
Validation: SS JAM.
Visualization: SS JAM.

Writing - original draft: SS JAM.
Writing - review & editing: SS JAM.

References

1. May PA, Baete A, Russo J, Elliott AJ, Blankenship J, Kalberg WO, et al. Prevalence and characteristics
of fetal alcohol spectrum disorders. Pediatrics. 2014; 134(5):855-66. doi: 10.1542/peds.2013-3319
PMID: 25349310; PubMed Central PMCID: PMC4210790.

2. May PA, Gossage JP, Kalberg WO, Robinson LK, Buckley D, Manning M, et al. Prevalence and epide-
miologic characteristics of FASD from various research methods with an emphasis on recent in-school
studies. Dev Disabil Res Rev. 2009; 15(3):176-92. doi: 10.1002/ddrr.68 PMID: 19731384.

3. Sampson PD, Streissguth AP, Bookstein FL, Little RE, Clarren SK, Dehaene P, et al. Incidence of fetal
alcohol syndrome and prevalence of alcohol-related neurodevelopmental disorder. Teratology. 1997;
56(5):317—26. doi: 10.1002/(SICI)1096-9926(199711)56:5<317::AID-TERA5>3.0.CO;2-U PMID:
9451756.

PLOS ONE | DOI:10.1371/journal.pone.0161205 August 24, 2016 24/28


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161205.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161205.s006
http://dx.doi.org/10.1542/peds.2013-3319
http://www.ncbi.nlm.nih.gov/pubmed/25349310
http://dx.doi.org/10.1002/ddrr.68
http://www.ncbi.nlm.nih.gov/pubmed/19731384
http://dx.doi.org/10.1002/(SICI)1096-9926(199711)56:5<317::AID-TERA5>3.0.CO;2-U
http://www.ncbi.nlm.nih.gov/pubmed/9451756

@’PLOS ‘ ONE

Atrio-Ventricular Valve Defects in Zebrafish Fetal Alcohol Spectrum Disorder Model

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Burd L, Deal E, Rios R, Adickes E, Wynne J, Klug MG. Congenital heart defects and fetal alcohol spec-
trum disorders. Congenit Heart Dis. 2007; 2(4):250-5. doi: 10.1111/j.1747-0803.2007.00105.x PMID:
18377476.

Stainier DY. Zebrafish genetics and vertebrate heart formation. Nat Rev Genet. 2001; 2(1):39—48. doi:
10.1038/35047564 PMID: 11253067.

Staudt D, Stainier D. Uncovering the molecular and cellular mechanisms of heart development using
the zebrafish. Annu Rev Genet. 2012; 46:397—418. doi: 10.1146/annurev-genet-110711-155646
PMID: 22974299.

Scherz PJ, Huisken J, Sahai-Hernandez P, Stainier DY. High-speed imaging of developing heart
valves reveals interplay of morphogenesis and function. Development. 2008; 135(6):1179-87. doi: 10.
1242/dev.010694 PMID: 18272595.

Martin RT, Bartman T. Analysis of heart valve development in larval zebrafish. Developmental dynam-
ics: an official publication of the American Association of Anatomists. 2009; 238(7):1796—802. doi: 10.
1002/dvdy.21976 PMID: 19449301.

Hu N, Yost HJ, Clark EB. Cardiac morphology and blood pressure in the adult zebrafish. Anat Rec.
2001; 264(1):1-12. PMID: 11505366.

Armstrong EJ, Bischoff J. Heart valve development: endothelial cell signaling and differentiation. Circu-
lation research. 2004; 95(5):459-70. doi: 10.1161/01.RES.0000141146.95728.da PMID: 15345668;
PubMed Central PMCID: PMCPMC2810618.

Lin CJ, Lin CY, Chen CH, Zhou B, Chang CP. Partitioning the heart: mechanisms of cardiac septation
and valve development. Development. 2012; 139(18):3277-99. doi: 10.1242/dev.063495 PMID:
22912411; PubMed Central PMCID: PMC3424040.

Garside VC, Chang AC, Karsan A, Hoodless PA. Co-ordinating Notch, BMP, and TGF-beta signaling
during heart valve development. Cell Mol Life Sci. 2013; 70(16):2899-917. doi: 10.1007/s00018-012-
1197-9 PMID: 23161060.

Combs MD, Yutzey KE. Heart valve development: regulatory networks in development and disease.
Circulation research. 2009; 105(5):408-21. doi: 10.1161/CIRCRESAHA.109.201566 PMID: 19713546;
PubMed Central PMCID: PMCPMC2777683.

Beis D, Bartman T, Jin SW, Scott IC, D'Amico LA, Ober EA, et al. Genetic and cellular analyses of zeb-
rafish atrioventricular cushion and valve development. Development. 2005; 132(18):4193-204. doi: 10.
1242/dev.01970 PMID: 16107477.

Walsh EC, Stainier DY. UDP-glucose dehydrogenase required for cardiac valve formation in zebrafish.
Science. 2001; 293(5535):1670-3. doi: 10.1126/science.293.5535.1670 PMID: 11533493.

Timmerman LA, Grego-Bessa J, Raya A, Bertran E, Perez-Pomares JM, Diez J, et al. Notch promotes
epithelial-mesenchymal transition during cardiac development and oncogenic transformation. Genes
Dev. 2004; 18(1):99—-115. doi: 10.1101/gad.276304 PMID: 14701881; PubMed Central PMCID:
PMCPMC314285.

Patra C, Diehl F, Ferrazzi F, van Amerongen MJ, Novoyatleva T, Schaefer L, et al. Nephronectin regu-
lates atrioventricular canal differentiation via Bmp4-Has2 signaling in zebrafish. Development. 2011;
138(20):4499-509. doi: 10.1242/dev.067454 PMID: 21937601; PubMed Central PMCID:
PMC3253110.

Smith KA, Lagendijk AK, Courtney AD, Chen H, Paterson S, Hogan BM, et al. Transmembrane protein
2 (Tmemz2) is required to regionally restrict atrioventricular canal boundary and endocardial cushion
development. Development. 2011; 138(19):4193-8. doi: 10.1242/dev.065375 PMID: 21896629.

Hurlstone AF, Haramis AP, Wienholds E, Begthel H, Korving J, Van Eeden F, et al. The Wnt/beta-cate-
nin pathway regulates cardiac valve formation. Nature. 2003; 425(6958):633—7. doi: 10.1038/
nature02028 PMID: 14534590.

Muralidharan P, Sarmah S, Marrs JA. Zebrafish retinal defects induced by ethanol exposure are res-
cued by retinoic acid and folic acid supplement. Alcohol. 2015; 49(2):149-63. doi: 10.1016/j.alcohol.
2014.11.001 PMID: 25541501; PubMed Central PMCID: PMCPMC4339401.

Cudd TA. Animal model systems for the study of alcohol teratology. Exp Biol Med (Maywood). 2005;
230(6):389-93. PMID: 15956768.

Haycock PC. Fetal alcohol spectrum disorders: the epigenetic perspective. Biol Reprod. 2009; 81
(4):607—17. doi: 10.1095/biolreprod.108.074690 PMID: 19458312.

Sulik KK. Genesis of alcohol-induced craniofacial dysmorphism. Exp Biol Med (Maywood). 2005; 230
(6):366—75. PMID: 15956766.

Muralidharan P, Sarmah S, Zhou FC, Marrs JA. Fetal Alcohol Spectrum Disorder (FASD) Associated
Neural Defects: Complex Mechanisms and Potential Therapeutic Targets. Brain Sci. 2013; 3(2):964—
91. doi: 10.3390/brainsci3020964 PMID: 24961433; PubMed Central PMCID: PMCPMC4061856.

PLOS ONE | DOI:10.1371/journal.pone.0161205 August 24, 2016 25/28


http://dx.doi.org/10.1111/j.1747-0803.2007.00105.x
http://www.ncbi.nlm.nih.gov/pubmed/18377476
http://dx.doi.org/10.1038/35047564
http://www.ncbi.nlm.nih.gov/pubmed/11253067
http://dx.doi.org/10.1146/annurev-genet-110711-155646
http://www.ncbi.nlm.nih.gov/pubmed/22974299
http://dx.doi.org/10.1242/dev.010694
http://dx.doi.org/10.1242/dev.010694
http://www.ncbi.nlm.nih.gov/pubmed/18272595
http://dx.doi.org/10.1002/dvdy.21976
http://dx.doi.org/10.1002/dvdy.21976
http://www.ncbi.nlm.nih.gov/pubmed/19449301
http://www.ncbi.nlm.nih.gov/pubmed/11505366
http://dx.doi.org/10.1161/01.RES.0000141146.95728.da
http://www.ncbi.nlm.nih.gov/pubmed/15345668
http://dx.doi.org/10.1242/dev.063495
http://www.ncbi.nlm.nih.gov/pubmed/22912411
http://dx.doi.org/10.1007/s00018-012-1197-9
http://dx.doi.org/10.1007/s00018-012-1197-9
http://www.ncbi.nlm.nih.gov/pubmed/23161060
http://dx.doi.org/10.1161/CIRCRESAHA.109.201566
http://www.ncbi.nlm.nih.gov/pubmed/19713546
http://dx.doi.org/10.1242/dev.01970
http://dx.doi.org/10.1242/dev.01970
http://www.ncbi.nlm.nih.gov/pubmed/16107477
http://dx.doi.org/10.1126/science.293.5535.1670
http://www.ncbi.nlm.nih.gov/pubmed/11533493
http://dx.doi.org/10.1101/gad.276304
http://www.ncbi.nlm.nih.gov/pubmed/14701881
http://dx.doi.org/10.1242/dev.067454
http://www.ncbi.nlm.nih.gov/pubmed/21937601
http://dx.doi.org/10.1242/dev.065375
http://www.ncbi.nlm.nih.gov/pubmed/21896629
http://dx.doi.org/10.1038/nature02028
http://dx.doi.org/10.1038/nature02028
http://www.ncbi.nlm.nih.gov/pubmed/14534590
http://dx.doi.org/10.1016/j.alcohol.2014.11.001
http://dx.doi.org/10.1016/j.alcohol.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25541501
http://www.ncbi.nlm.nih.gov/pubmed/15956768
http://dx.doi.org/10.1095/biolreprod.108.074690
http://www.ncbi.nlm.nih.gov/pubmed/19458312
http://www.ncbi.nlm.nih.gov/pubmed/15956766
http://dx.doi.org/10.3390/brainsci3020964
http://www.ncbi.nlm.nih.gov/pubmed/24961433

@’PLOS ‘ ONE

Atrio-Ventricular Valve Defects in Zebrafish Fetal Alcohol Spectrum Disorder Model

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42,

43.

Marrs JA, Clendenon SG, Ratcliffe DR, Fielding SM, Liu Q, Bosron WF. Zebrafish fetal alcohol syn-
drome model: effects of ethanol are rescued by retinoic acid supplement. Alcohol. 2010; 44(7-8):707—
15. doi: 10.1016/j.alcohol.2009.03.004 PMID: 20036484; PubMed Central PMCID: PMC2889201.

Sarmah S, Muralidharan P, Curtis CL, McClintick JN, Buente BB, Holdgrafer DJ, et al. Ethanol expo-
sure disrupts extraembryonic microtubule cytoskeleton and embryonic blastomere cell adhesion, pro-
ducing epiboly and gastrulation defects. Biol Open. 2013; 2(10):1013—-21. doi: 10.1242/bi0.20135546
PMID: 24167711; PubMed Central PMCID: PMCPMC3798184.

Bruyere HJ Jr, Stith CE. Strain-dependent effect of ethanol on ventricular septal defect frequency in
White Leghorn chick embryos. Teratology. 1993; 48(4):299-303. doi: 10.1002/tera.1420480403 PMID:
8278929.

Daft PA, Johnston MC, Sulik KK. Abnormal heart and great vessel development following acute ethanol
exposure in mice. Teratology. 1986; 33(1):93—104. doi: 10.1002/tera.1420330112 PMID: 3738814.

Fang TT, Bruyere HJ Jr, Kargas SA, Nishikawa T, Takagi Y, Gilbert EF. Ethyl alcohol-induced cardio-
vascular malformations in the chick embryo. Teratology. 1987; 35(1):95-103. doi: 10.1002/tera.
1420350113 PMID: 3563941.

Webster WS, Germain MA, Lipson A, Walsh D. Alcohol and congenital heart defects: an experimental
study in mice. Cardiovasc Res. 1984; 18(6):335-8. PMID: 67443583.

Cavieres MF, Smith SM. Genetic and developmental modulation of cardiac deficits in prenatal alcohol
exposure. Alcohol Clin Exp Res. 2000; 24(1):102—9. PMID: 10656199.

Sarmah S, Marrs JA. Complex cardiac defects after ethanol exposure during discrete cardiogenic
events in zebrafish: prevention with folic acid. Dev Dyn. 2013; 242(10):1184-201. doi: 10.1002/dvdy.
24015 PMID: 23832875; PubMed Central PMCID: PMCPMC4260933.

Karunamuni G, Gu S, Doughman YQ, Peterson LM, Mai K, McHale Q, et al. Ethanol exposure alters
early cardiac function in the looping heart: a mechanism for congenital heart defects? Am J Physiol
Heart Circ Physiol. 2014; 306(3):H414-21. doi: 10.1152/ajpheart.00600.2013 PMID: 24271490;
PubMed Central PMCID: PMCPMC3920145.

Serrano M, Han M, Brinez P, Linask KK. Fetal alcohol syndrome: cardiac birth defects in mice and pre-
vention with folate. Am J Obstet Gynecol. 2010; 203(1):75 e7—e15. doi: 10.1016/j.a2j0g.2010.03.017
PMID: 20451895.

Lazic S, Scott IC. Mef2cb regulates late myocardial cell addition from a second heart field-like popula-
tion of progenitors in zebrafish. Dev Biol. 2011; 354(1):123-33. doi: 10.1016/j.ydbio.2011.03.028
PMID: 21466801.

Laux DW, Febbo JA, Roman BL. Dynamic analysis of BMP-responsive smad activity in live zebrafish
embryos. Developmental dynamics: an official publication of the American Association of Anatomists.
2011; 240(3):682-94. doi: 10.1002/dvdy.22558 PMID: 21337466; PubMed Central PMCID:
PMCPMC4287217.

Parsons MJ, Pisharath H, Yusuff S, Moore JC, Siekmann AF, Lawson N, et al. Notch-responsive cells
initiate the secondary transition in larval zebrafish pancreas. Mech Dev. 2009; 126(10):898-912. doi:
10.1016/j.m0od.2009.07.002 PMID: 19595765; PubMed Central PMCID: PMCPMC3640481.

Shimizu N, Kawakami K, Ishitani T. Visualization and exploration of Tcf/Lef function using a highly
responsive Wnt/beta-catenin signaling-reporter transgenic zebrafish. Developmental biology. 2012;
370(1):71-85. doi: 10.1016/j.ydbio.2012.07.016 PMID: 22842099.

Westerfield M. The zebrafish book. Eugene, OR: The University of Oregon Press. 2000.

Sarmah S, Barrallo-Gimeno A, Melville DB, Topczewski J, Solnica-Krezel L, Knapik EW. Sec24D-
dependent transport of extracellular matrix proteins is required for zebrafish skeletal morphogenesis.
PLoS One. 2010; 5(4):e10367. doi: 10.1371/journal.pone.0010367 PMID: 20442775; PubMed Central
PMCID: PMC2860987.

Hove JR, Koster RW, Forouhar AS, Acevedo-Bolton G, Fraser SE, Gharib M. Intracardiac fluid forces
are an essential epigenetic factor for embryonic cardiogenesis. Nature. 2003; 421(6919):172—7. doi:
10.1038/nature01282 PMID: 12520305.

Vermot J, Forouhar AS, Liebling M, Wu D, Plummer D, Gharib M, et al. Reversing blood flows act
through klf2a to ensure normal valvulogenesis in the developing heart. PLoS biology. 2009; 7(11):
€1000246. doi: 10.1371/journal.pbio.1000246 PMID: 19924233; PubMed Central PMCID:
PMCPMC2773122.

MacGrogan D, Luna-Zurita L, de la Pompa JL. Notch signaling in cardiac valve development and dis-
ease. Birth defects research Part A, Clinical and molecular teratology. 2011; 91(6):449-59. doi: 10.
1002/bdra.20815 PMID: 21563298.

PLOS ONE | DOI:10.1371/journal.pone.0161205 August 24, 2016 26/28


http://dx.doi.org/10.1016/j.alcohol.2009.03.004
http://www.ncbi.nlm.nih.gov/pubmed/20036484
http://dx.doi.org/10.1242/bio.20135546
http://www.ncbi.nlm.nih.gov/pubmed/24167711
http://dx.doi.org/10.1002/tera.1420480403
http://www.ncbi.nlm.nih.gov/pubmed/8278929
http://dx.doi.org/10.1002/tera.1420330112
http://www.ncbi.nlm.nih.gov/pubmed/3738814
http://dx.doi.org/10.1002/tera.1420350113
http://dx.doi.org/10.1002/tera.1420350113
http://www.ncbi.nlm.nih.gov/pubmed/3563941
http://www.ncbi.nlm.nih.gov/pubmed/6744353
http://www.ncbi.nlm.nih.gov/pubmed/10656199
http://dx.doi.org/10.1002/dvdy.24015
http://dx.doi.org/10.1002/dvdy.24015
http://www.ncbi.nlm.nih.gov/pubmed/23832875
http://dx.doi.org/10.1152/ajpheart.00600.2013
http://www.ncbi.nlm.nih.gov/pubmed/24271490
http://dx.doi.org/10.1016/j.ajog.2010.03.017
http://www.ncbi.nlm.nih.gov/pubmed/20451895
http://dx.doi.org/10.1016/j.ydbio.2011.03.028
http://www.ncbi.nlm.nih.gov/pubmed/21466801
http://dx.doi.org/10.1002/dvdy.22558
http://www.ncbi.nlm.nih.gov/pubmed/21337466
http://dx.doi.org/10.1016/j.mod.2009.07.002
http://www.ncbi.nlm.nih.gov/pubmed/19595765
http://dx.doi.org/10.1016/j.ydbio.2012.07.016
http://www.ncbi.nlm.nih.gov/pubmed/22842099
http://dx.doi.org/10.1371/journal.pone.0010367
http://www.ncbi.nlm.nih.gov/pubmed/20442775
http://dx.doi.org/10.1038/nature01282
http://www.ncbi.nlm.nih.gov/pubmed/12520305
http://dx.doi.org/10.1371/journal.pbio.1000246
http://www.ncbi.nlm.nih.gov/pubmed/19924233
http://dx.doi.org/10.1002/bdra.20815
http://dx.doi.org/10.1002/bdra.20815
http://www.ncbi.nlm.nih.gov/pubmed/21563298

@’PLOS ‘ ONE

Atrio-Ventricular Valve Defects in Zebrafish Fetal Alcohol Spectrum Disorder Model

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Alfieri CM, Cheek J, Chakraborty S, Yutzey KE. Wnt signaling in heart valve development and osteo-
genic gene induction. Developmental biology. 2010; 338(2):127-35. doi: 10.1016/j.ydbio.2009.11.030
PMID: 19961844; PubMed Central PMCID: PMCPMC2814915.

Bartman T, Walsh EC, Wen KK, McKane M, Ren J, Alexander J, et al. Early myocardial function affects
endocardial cushion development in zebrafish. PLoS Biol. 2004; 2(5):E129. doi: 10.1371/journal.pbio.
0020129 PMID: 15138499; PubMed Central PMCID: PMC406391.

Luna-Zurita L, Prados B, Grego-Bessa J, Luxan G, del Monte G, Benguria A, et al. Integration of a
Notch-dependent mesenchymal gene program and Bmp2-driven cell invasiveness regulates murine
cardiac valve formation. J Clin Invest. 2010; 120(10):3493-507. doi: 10.1172/JCl42666 PMID:
20890042; PubMed Central PMCID: PMCPMC2947227.

Ma L, Lu MF, Schwartz RJ, Martin JF. Bmp2 is essential for cardiac cushion epithelial-mesenchymal
transition and myocardial patterning. Development. 2005; 132(24):5601—11. doi: 10.1242/dev.02156
PMID: 16314491.

McCulley DJ, Kang JO, Martin JF, Black BL. BMP4 is required in the anterior heart field and its deriva-
tives for endocardial cushion remodeling, outflow tract septation, and semilunar valve development.
Developmental dynamics: an official publication of the American Association of Anatomists. 2008; 237
(11):3200-9. doi: 10.1002/dvdy.21743 PMID: 18924235; PubMed Central PMCID: PMCPMC2728547.

Sugi Y, Yamamura H, Okagawa H, Markwald RR. Bone morphogenetic protein-2 can mediate myocar-
dial regulation of atrioventricular cushion mesenchymal cell formation in mice. Developmental biology.
2004; 269(2):505-18. doi: 10.1016/j.ydbio.2004.01.045 PMID: 15110716.

Kokubo H, Tomita-Miyagawa S, Hamada Y, Saga Y. Hesr1 and Hesr2 regulate atrioventricular bound-
ary formation in the developing heart through the repression of Tbx2. Development. 2007; 134(4):747—
55. doi: 10.1242/dev.02777 PMID: 17259303.

Milan DJ, Giokas AC, Serluca FC, Peterson RT, MacRae CA. Notch1b and neuregulin are required for
specification of central cardiac conduction tissue. Development. 2006; 133(6):1125-32. doi: 10.1242/
dev.02279 PMID: 16481353.

Rutenberg JB, Fischer A, Jia H, Gessler M, Zhong TP, Mercola M. Developmental patterning of the car-
diac atrioventricular canal by Notch and Hairy-related transcription factors. Development. 2006; 133
(21):4381-90. doi: 10.1242/dev.02607 PMID: 17021042; PubMed Central PMCID: PMCPMC3619037.

Yamada M, Revelli JP, Eichele G, Barron M, Schwartz RJ. Expression of chick Tbx-2, Tbx-3, and Tbx-5
genes during early heart development: evidence for BMP2 induction of Tbx2. Dev Biol. 2000; 228
(1):95-105. doi: 10.1006/dbio.2000.9927 PMID: 11087629.

Harrelson Z, Kelly RG, Goldin SN, Gibson-Brown JJ, Bollag RJ, Silver LM, et al. Tbx2 is essential for
patterning the atrioventricular canal and for morphogenesis of the outflow tract during heart develop-
ment. Development. 2004; 131(20):5041-52. doi: 10.1242/dev.01378 PMID: 15459098.

Bruneau BG. Signaling and transcriptional networks in heart development and regeneration. Cold
Spring Harb Perspect Biol. 2013; 5(3):a008292. doi: 10.1101/cshperspect.a008292 PMID: 23457256;
PubMed Central PMCID: PMCPMC3578359.

Williams R, Lendahl U, Lardelli M. Complementary and combinatorial patterns of Notch gene family
expression during early mouse development. Mechanisms of development. 1995; 53(3):357—-68.
PMID: 8645602.

Shirai M, Imanaka-Yoshida K, Schneider MD, Schwartz RJ, Morisaki T. T-box 2, a mediator of Bmp-
Smad signaling, induced hyaluronan synthase 2 and Tgfbeta2 expression and endocardial cushion for-
mation. Proceedings of the National Academy of Sciences of the United States of America. 2009; 106
(44):18604-9. doi: 10.1073/pnas.0900635106 PMID: 19846762; PubMed Central PMCID:
PMC2773962.

Palencia-Desai S, Rost MS, Schumacher JA, Ton QV, Craig MP, Baltrunaite K, et al. Myocardium and
BMP signaling are required for endocardial differentiation. Development. 2015; 142(13):2304—15. doi:
10.1242/dev.118687 PMID: 26092845; PubMed Central PMCID: PMCPMC4510589.

Liu J, Stainier DY. Zebrafish in the study of early cardiac development. Circ Res. 2012; 110(6):870—4.
doi: 10.1161/CIRCRESAHA.111.246504 PMID: 22427324; PubMed Central PMCID: PMC3329892.

Delot EC, Bahamonde ME, Zhao M, Lyons KM. BMP signaling is required for septation of the outflow
tract of the mammalian heart. Development. 2003; 130(1):209-20. PMID: 12441304.

Dietrich AC, Lombardo VA, Veerkamp J, Priller F, Abdelilah-Seyfried S. Blood flow and Bmp signaling
control endocardial chamber morphogenesis. Dev Cell. 2014; 30(4):367—-77. doi: 10.1016/j.devcel.
2014.06.020 PMID: 25158852.

Misfeldt AM, Boyle SC, Tompkins KL, Bautch VL, Labosky PA, Baldwin HS. Endocardial cells are a dis-
tinct endothelial lineage derived from Flk1+ multipotent cardiovascular progenitors. Dev Biol. 2009; 333
(1):78-89. doi: 10.1016/j.ydbio.2009.06.033 PMID: 19576203.

PLOS ONE | DOI:10.1371/journal.pone.0161205 August 24, 2016 27/28


http://dx.doi.org/10.1016/j.ydbio.2009.11.030
http://www.ncbi.nlm.nih.gov/pubmed/19961844
http://dx.doi.org/10.1371/journal.pbio.0020129
http://dx.doi.org/10.1371/journal.pbio.0020129
http://www.ncbi.nlm.nih.gov/pubmed/15138499
http://dx.doi.org/10.1172/JCI42666
http://www.ncbi.nlm.nih.gov/pubmed/20890042
http://dx.doi.org/10.1242/dev.02156
http://www.ncbi.nlm.nih.gov/pubmed/16314491
http://dx.doi.org/10.1002/dvdy.21743
http://www.ncbi.nlm.nih.gov/pubmed/18924235
http://dx.doi.org/10.1016/j.ydbio.2004.01.045
http://www.ncbi.nlm.nih.gov/pubmed/15110716
http://dx.doi.org/10.1242/dev.02777
http://www.ncbi.nlm.nih.gov/pubmed/17259303
http://dx.doi.org/10.1242/dev.02279
http://dx.doi.org/10.1242/dev.02279
http://www.ncbi.nlm.nih.gov/pubmed/16481353
http://dx.doi.org/10.1242/dev.02607
http://www.ncbi.nlm.nih.gov/pubmed/17021042
http://dx.doi.org/10.1006/dbio.2000.9927
http://www.ncbi.nlm.nih.gov/pubmed/11087629
http://dx.doi.org/10.1242/dev.01378
http://www.ncbi.nlm.nih.gov/pubmed/15459098
http://dx.doi.org/10.1101/cshperspect.a008292
http://www.ncbi.nlm.nih.gov/pubmed/23457256
http://www.ncbi.nlm.nih.gov/pubmed/8645602
http://dx.doi.org/10.1073/pnas.0900635106
http://www.ncbi.nlm.nih.gov/pubmed/19846762
http://dx.doi.org/10.1242/dev.118687
http://www.ncbi.nlm.nih.gov/pubmed/26092845
http://dx.doi.org/10.1161/CIRCRESAHA.111.246504
http://www.ncbi.nlm.nih.gov/pubmed/22427324
http://www.ncbi.nlm.nih.gov/pubmed/12441304
http://dx.doi.org/10.1016/j.devcel.2014.06.020
http://dx.doi.org/10.1016/j.devcel.2014.06.020
http://www.ncbi.nlm.nih.gov/pubmed/25158852
http://dx.doi.org/10.1016/j.ydbio.2009.06.033
http://www.ncbi.nlm.nih.gov/pubmed/19576203

el e
@ : PLOS ‘ ONE Atrio-Ventricular Valve Defects in Zebrafish Fetal Alcohol Spectrum Disorder Model

63. High FA, Epstein JA. The multifaceted role of Notch in cardiac development and disease. Nat Rev
Genet. 2008; 9(1):49-61. doi: 10.1038/nrg2279 PMID: 18071321.

64. Niessen K, Karsan A. Notch signaling in cardiac development. Circ Res. 2008; 102(10):1169-81. doi:
10.1161/CIRCRESAHA.108.174318 PMID: 18497317.

65. Bosada FM, Devasthali V, Jones KA, Stankunas K. Wnt/beta-catenin signaling enables developmental
transitions during valvulogenesis. Development. 2016; 143(6):1041-54. doi: 10.1242/dev.130575
PMID: 26893350; PubMed Central PMCID: PMCPMC4813288.

PLOS ONE | DOI:10.1371/journal.pone.0161205 August 24, 2016 28/28


http://dx.doi.org/10.1038/nrg2279
http://www.ncbi.nlm.nih.gov/pubmed/18071321
http://dx.doi.org/10.1161/CIRCRESAHA.108.174318
http://www.ncbi.nlm.nih.gov/pubmed/18497317
http://dx.doi.org/10.1242/dev.130575
http://www.ncbi.nlm.nih.gov/pubmed/26893350

