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Abstract

Defects in cardiac valvulogenesis are a common cause of congenital heart disease, and the study of
this process promises to provide mechanistic insights and lead to novel therapeutics. Normal valve
development involves multiple signaling pathways, and recently roles have been identified for
extracellular matrix components, including glycosaminoglycans. We therefore explored the role of
the glycosaminoglycan chondroitin sulfate during zebrafish cardiac development. Beginning at 33
hours, there is a distinct zone of chondroitin sulfate expression in the atrioventricular (AV) boundary,
in the cardiac jelly between the endocardium and myocardium. This expression is both spatially and
temporally restricted, and is undetectable after 48 hours. Chemical as well as genetic inhibition of
chondroitin synthesis results in AV canal defects, including loss of the atrioventricular constriction,
blood regurgitation, and failure of circulation. Lack of chondroitin disrupts a marker of cell migration,
results in a loss of myocardial and endothelial markers of valvulogenesis, and misregulates BMP
expression, supporting an early role in AV canal development. In summary, we have defined a
requirement for chondroitin sulfate expression in the normal patterning of the AV boundary,
suggesting that this component of the cardiac jelly provides a necessary signal in this critical transition
in vertebrate cardiogenesis.
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INTRODUCTION

Cardiac valves are complex structures that allow the heart to control blood circulation and
pressure in a dynamic fashion (Armstrong and Bischoff, 2004). Defects in valve formation are
one of the most common heart defects observed in humans. In the United States alone over
20,000 deaths per year are attributed to cardiac valve diseases, while approximately 99,000
valve surgeries are performed (Rosamond et al., 2007). Valve disease is predicted to become
an increasingly serious problem for the aging population both in terms of health care costs and
increased morbidity (Nkomo et al., 2006). Therefore the study of cardiac valve development
promises to aid in the development of therapeutics for treatment of cardiac valve diseases.

Development of the cardiac valves occurs in the setting of ongoing changes in cardiac
morphology and after the onset of cardiac function. The primitive heart is a tube of
cardiomyocytes lined internally by a layer of endocardial cells. During cardiac looping, a
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gelatinous matrix, termed cardiac jelly, is secreted which forms swellings at the levels of the
atrioventricular (AV) junction and the outflow tract. The overlying endothelial cells are then
activated and undergo an epithelial to mesenchymal transition and migration into the cardiac
jelly. Cellular and matrix expansion within the cardiac jelly eventually gives rise to the
endocardial cushions from which the cardiac valves are derived (Butcher and Markwald,
2007). The cardiac jelly itself is known to be rich in the extracellular matrix components
glycosaminoglycans and proteoglycans. Glycosaminoglycans (GAGs) are long chain sulfated
sugar polymers, of which there are three major classes: chondroitin sulfate (CS), heparan
sulfate (HS), and hyaluronic acid (HA). Proteoglycans (PG) are the result of covalent
attachment of glycosaminoglycans to core proteins. While the proteoglycan may be regarded
as a single unit, in many cases the core proteins exhibit distinct functions from the
glycosaminoglycans (Rapraeger, 2001).

While both HS and HA have been implicated in vertebrate cardiac development (Yost, 1990;
Camenisch et al., 2000; Yue et al., 2004), the role of CS remains largely uncharacterized.
Chondroitin sulfate has been shown to be a component of adult human heart valves, although
its role in valvular development remains unknown (Grande-Allen et al., 2004). Versican, a
putative core protein for chondroitin sulfate is expressed in the developing AV ring and its
mutation in the mouse results in loss of endocardial cushions and the absence of valve leaflets
(Yamamuraetal., 1997; Mjaatvedt et al., 1998). However, it is unclear if the versican knockout
mouse phenotype is due to loss of an essential core protein function, or to loss of the chondroitin
sulfate side chain. Indeed most studies have failed to determine if the versican isoform under
examination has a CS chain attached.

Zebrafish hearts, though two-chambered, undergo many of the same developmental processes
as the four-chambered hearts of other vertebrates. This includes the formation of the primitive
heart tube, looping, and the development of an AV valve (Stainier, 2002; Hurlstone et al.,
2003; Bartman et al., 2004; Chang et al., 2004). The zebrafish mutant jekyll carries a mutation
in the UDP-glucose dehydrogenase (ugdh) gene and displays defects in AV ring development
(Walsh and Stainier, 2001). The UGDH enzyme is required to generate the glycans UDP-
glucuronic acid and UDP-xylose (Perozich et al., 1995), which are building blocks for
glycosaminoglycans.

Because of the paucity of knowledge in the function of CS during cardiac development, and
the circumstantial evidence that this GAG may be important in zebrafish valvulogenesis, we
decided to examine the specific role of CS during cardiac development.

Chondroitin sulfate is expressed in the zebrafish heart during early development

We first sought to characterize the cardiac expression patterns of CS during normal zebrafish
development. Surprisingly, CS is expressed in the developing heart only between 33-48 hours
post fertilization (hpf) (Fig. 1B-1D, Fig. 2), a time window known to be critical for subsequent
cardiac valve formation (Armstrong and Bischoff, 2004). Before 33 hpf, CS is observed
primarily in the cranial region and the primitive vascular region of the tail (Fig. 1A and Fig.
S1in supplemental data). At 33 hpf we observe diffuse CS staining throughout the primitive
heart tube (Fig. 1B), along with strong staining distal to the forming outflow tract. At 36-48
hpf CS expression becomes restricted to the AV ring and outflow tract (Fig. 1C and 1D).
Confocal microscopy images provide greater clarity of this distribution pattern, as we observe
a clearly defined circumferential ring of CS midway through the heart tube at 36 hpf (Fig. 2A,
2C, and 2E). At 48 hpf, the ring is not as clearly defined, and CS is more strongly expressed
at opposite sides of the ring (Fig. 2B, 2D, and 2F). We hypothesize that these are the forming
endocardial cushions After 48 hpf, CS cardiac staining is no longer observed (Fig. 1E),
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compared to the positive control staining observed with the anti-myosin antibody S46 (Fig. S2
in supplemental data). The spatial and temporal pattern of CS expression suggests that it may
have an important function in cardiac AV canal development. Further, CS localization appears
to be an early marker of the AV canal.

Chondroitin sulfate is expressed between the endocardium and myocardium

We used confocal microscopy to examine the specific localization of CS. During early
development, the vertebrate heart is comprised of two cell layers, the outer layer consists of
myocardium, while the inner layer is endocardium, the two layers separated by extracellular
matrix. We used a transgenic line which marks the myocardial cell layer with GFP
(cmlc2:GFP) and counterstained with an antibody to CS (Fig. 3A). A circumferential cross-
section through the 36hpf heart tube shows that CS is localized lumenal to the myocardial cell
layer. We next examined CS expression in a transgenic line which marks the endothelial cell
layer (flk:EGFP)(Fig. 3B) and found that CS surrounds the endocardial cell layer on the
external, or ablumenal side. Together, these results indicate that CS is located in a layer between
the myocardium and the endocardium, a region referred to as cardiac jelly. The cardiac jelly
has been implicated in the process by which endothelial cells transition to mesenchymal cells,
an important step in the formation of cardiac valves (Butcher and Markwald, 2007).

Chemical and genetic downregulation of chondroitin sulfate results in AVC defects

Based on the specific, early expression pattern of CS in the valve rings we suspected that CS
might play an important role in cardiac chamber segmentation. In order to inhibit CS synthesis
we employed the compound cis/trans-decahydro-2-napthol-B8-D-xyloside (DX) (Fritz et al.,
1994). DX is known to inhibit CS proteoglycan biosynthesis by incorporation and chain
termination. At very high concentrations, heparan sulfate biosynthesis can also be affected
(Fritz et al., 1994). We found that treatment of developing embryos with DX resulted in
reduction of cardiac CS staining (Fig. S3) but no reduction in the related glycosaminoglycan
heparan sulfate (Supplemental Fig. S4). The DX phenotype includes loss of the AV
constriction, AV valve regurgitation, and lack of circulation in 100% (n=150) of the embryos
affected (Fig. 4B). These differences are clearly visible upon comparison of videos of a wild
type beating heart (supplemental video SV1), to the DX-treated beating heart (supplemental
video SV2). Treated animals also have shortened, curled tails, and smaller heads (data not
shown). The use of a chemical inhibitor afforded temporal control over the inhibition of CS
synthesis. Time course exposures revealed a critical window of DX exposure that extended
from 7 hpf through 48 hpf, significantly longer, but overlapping with the time when CS is
highly expressed within the heart (Fig. S5). While shorter exposures (i.e. 24-48 hpf) can result
in the same cardiac defects, a smaller number of embryos are affected. There are several
potential explanations for this broad time window, including issues of DX bioavailability, and
possible redistribution of CS produced in early development. Prior to 36 hpf, heart function
and rate appears normal in DX-treated fish.

As further confirmation of the role of CS, we reasoned that genetic knockdown of chondroitin
synthase should phenocopy DX treatment. Injection of a previously characterized morpholino
antisense oligonucleotide targeting the chondroitin synthase gene chys-1 (Zhang et al., 2004),
resulted in loss of chondroitin expression in the heart (Fig. S2 in supplemental material) and
failure of the development of the AV canal. Injected embryos (14/48, 29%) developed AV
regurgitation, loss of circulation and lack of AV constriction, similar to the phenotypes
observed in the DX-treated animals (Fig. 4C). These animals also had axis defects similar to
DX-treated fish, although not as severe (data not shown). Similarities in phenotypes are
highlighted when comparing video of chys-1 MO beating hearts (supplemental video SV3) to
DX-treated hearts (supplemental video SV2). Due to the low penetrance and high lethality of
chys-1 morphants, all subsequent experiments were performed using DX to inhibit CS.
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Downregulation of chondroitin sulfate disrupts the cell migration marker spp1

Because we observed CS to be acomponent of the cardiac jelly which is thought to be important
in AV canal patterning and cardiac cushion formation, we hypothesized that the cardiac defects
observed during CS depletion result from a perturbation of these events. Cushion formation is
a complex multi-step process in which endothelial cells become activated, break away from
their epithelial cell layer, and migrate into the cardiac jelly. They then transform into
mesenchymal cells, forming cardiac cushions that give rise to the valves. Because of the early
expression of CS during AV canal patterning we decided to examine one of the early critical
steps: cell migration.

Osteopontin or secreted phosphoprotein 1 (sppl) is upregulated in migrating cells (Katagiri et
al., 1999; Alonso et al., 2007; Saika et al., 2007). Zebrafish spp1 was independently identified
in an expression screen for genes preferentially expressed in cardiac tissue during development
(data not shown). In situ hybridization demonstrated expression of sppl in the endocardium
of the AVC and OFT at 72 hpf (Fig. 5A and 5B). Treatment with DX prevents sppl expression
(Fig. 5D) in the heart, but not in the pectoral fin (20/20, 100% embryos). Thus, CS depletion
and the failure of the AV canal to develop are associated with disruption of this marker of cell
migration.

Downregulation of chondroitin sulfate leads to changes in AV canal markers

Multiple signaling pathways have been implicated in the formation of cardiac cushions and
valves. We therefore examined several of these pathways using the well-characterized
expression markers tbx2b, versican, notchlb, and bmp4. All of these genes are known to be
upregulated in the AV canal at 48 hpf; bmp4, thx2b, and versican are expressed in the
myocardium, while notchlb is an endocardial marker (Chi et al., 2008).

Treatment of embryos with the CS inhibitor DX resulted in loss of thx2b, versican, and
notchlb expression in the AV ring at 48hpf (Fig. 6, A-F). Conversely, after DX treatment,
bmp4 is still expressed in the AVC at 48hpf (Fig. 6H, black arrow) and is also found throughout
the ventricle (Fig. 6H, white arrow).

DISCUSSION

Chondrotin sulfate proteoglycans have previously been shown to regulate several diverse
biological processes, including neuronal development, inflammation, leukocyte trafficking,
and neural regeneration (Sugahara et al., 2003). Proteoglycans are composed of a core protein
and an attached glycosaminoglycan. Of interest, two putative CS core proteins are expressed
in the vertebrate heart: versican and aggrecan (Zanin et al., 1999). Versican knockout mice
display defects in endocardial cushions and the absence of AV valve leaflets (Yamamura et
al., 1997; Mjaatvedt et al., 1998). However, such studies can not distinguish between effects
that are due to loss of the core protein versican versus those due to loss of the
glycosaminoglycan chondroitin sulfate. Furthermore, versican has numerous splice isoforms,
some with predicted CS attachment sites, and at least one that does not (Rahmani et al.,
2006). Our results, which specifically target the glycosaminoglycan component of the
proteoglycan(s) identify a specific role for CS, independent from the core protein, as a
necessary component of the cardiac jelly in the AV canal forming process.

The localization of CS within the cardiac jelly may provide clues to the mechanism for impaired
AV canal formation. This intercellular layer is critical for the migration of endothelial cells
into the forming endocardial cushions. One interesting hypothesis is that lack of CS in the
cardiac jelly may inhibit steps in this epithelial to mesenchymal transition thus leading to the
defective AV canal specification. Indeed, our data suggest that cell migration may be impaired,
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as demonstrated by the loss of spplexpression. Sppl is known to bind to the cell surface receptor
CD44 during cell migration (Weber et al., 1996; Katagiri etal., 1999) and CD44 itself is known
to have both an attached CS sidechain, as well as a CS-binding motif (Jackson et al., 1995;
Sugahara et al., 2008). Thus chondroitin sulfate, CD44, and spp1 may all work together in a
common pathway to regulate cell migration during AV canal formation.

We also find that CS depletion results in lack of expression of three AV canal markers:
notchlb, versican, and thx2b. Our hypothesis is that the CS normally acts upstream of these
signaling pathways, and that lack of CS prevents their expression. Interestingly, CS depletion
causes expansion of bmp4 expression into the ventricle. These data are similar to those of
Rutenberg et al, who observe bmp4 expansion in zebrafish hey2 mutants (Rutenberg et al.,
2006). Hey? transcriptional repressors lie downstream of Notch signaling, and the absence of
notchlb expression in CS depleted animals may lead to the downregulation of the repressor
hey2 and subsequent expansion of bmp4 into the ventricle.

The in situ expression patterns we observed in CS knockdown embryos and those reported in
jekyll mutants are not identical (Walsh and Stainier, 2001). Such differences might be due to
the fact that the jekyll mutation should result in the loss of hyaluronic acid and heparan sulfate
as well as with chondroitin sulfate. Each GAG is known to affect multiple signaling pathways,
and the combination of knocking down all three may result in complex or synergistic signaling
effects (Esko and Selleck, 2002; McDonald and Camenisch, 2003; Sugahara et al., 2003). In
contrast, our approach was designed to determine the specific contribution of CS in cardiac
development.

Our results also imply that versican may not be the cognate core protein for CS during zebrafish
valvulogenesis. While both CS and versican show similar expression patterns before 48 hpf
(Walsh and Stainier, 2001), CS is absent in the heart after 48 hpf, while versican mRNA
expression persists up to 72 hpf (Lee et al., 2007). Instead, aggrecan may be the relevant core
protein, as it is known to have CS side chains, and has also been implicated in vertebrate
valvulogenesis (Lincoln et al., 2006; Shelton and Yutzey, 2007). The role of aggrecan during
cardiac development has yet to be characterized in zebrafish. Importantly, in these experiments
we have isolated the role of the CS side chain, distinct from the core protein.

Our results may also provide clues to mechanisms of human diseases. Mitral valve prolapse is
a condition in which heart valves exhibit gross changes in valve shape and rigidity. These
valves have an increase in chondroitin sulfate, but it is unknown whether this change is
causative (Grande-Allen et al., 2003). Our data support a potential signaling role for CS during
AV canal and subsequent valve development, and perturbation of this signal may result in the
defects observed in human valve diseases such as mitral valve prolapse.

There is increasing recognition of the importance of extracellular matrix elements in biologic
processes. Here we describe that depletion of a specific glycosaminoglycan, chondroitin
sulfate, leads to early and specific defects in formation of the atrioventricular canal. Further,
we characterize the zebrafish cardiac jelly as a CS-rich milieu, and show the absence of CS
within the jelly results in disruption of an early endothelial cell migration marker. Finally, we
indicate that CS may be acting in part through the BMP signaling pathway. We believe that
these observations shed light on a newly defined role of CS in heart development, and open
new lines of investigation into the biology of cardiac development and disease.
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EXPERIMENTAL PROCEDURES

Zebrafish Lines

Microscopy

All experiments were performed in either wild-type zebrafish (Tubingen AB) or the transgenic
strains Tg(cmlc2:GFP) (Burns et al., 2005), and Tg(flk1:EGFP)$843 (Beis et al., 2005).
Zebrafish were maintained using standard methods.

Immunofluorescent images were taken using a Zeiss Discovery.V8 Stereo microscope with an
AxioCam MRc camera and AxioVision 4.5 software. Confocal images were taken using a
Zeiss LSM 5 Pascal confocal microscope with accompanying software. Video imaging of live
hearts were captured using a Zeiss Axioplan with Photron FASTCAM Viewer software. In
situ hybridization images were taken using a Leica Wild M10 with Windows Spot Basic v4.0.8
software.

Injection of morpholino oligonucleotide for chys-1

Morpholino oligonucleotides (MOs, Gene Tools, LLC) for chys-1 have previously been
described (Zhang et al., 2004). MOs were re-suspended in distilled water, and 1.5 ng was
injected into single cell Tubingen AB embryos.

Whole mount immunohistochemistry

Embryos were stained for chondroitin sulfate using standard methodology. Briefly, Tubingen
AB strain embryos were collected at the indicated stage and fixed with 4% PFA overnight at
4°C. Embryos were permeabilized with —20°C acetone and 1% Tween-20 in PBS, then blocked
for at least 1 hour (0.2% BSA, 5% sheep serum, 0.1% Tween-20 in PBS). This was followed
by overnight incubation at 4°C with mouse a-chondroitin sulfate (1:200, Sigma, Cat. #
C-8035). To examine heparan sulfate reactivity, we used the same protocol with the anti-
heparan sulfate 10E4 (1:50, USBiological, Cat. # H1890). As a positive control, we used the
myosin specific antibody S46 (1:10, Developmental Studies Hybridoma Bank). Embryos were
rinsed four times in block, then incubated overnight at 4°C with either Alexa-Fluor 555
conjugated goat a-mouse 1gG (1:200, Invitrogen, Cat. # A21424) or Alexa-Fluor 488
conjugated goat a-mouse 1gG (1:200, Invitrogen, Cat. # A11029). Embryos were rinsed in
block four times, and visualized as described.

Treatment of embryos with DX

Dried cis/trans-decahydro-2-napthol-f-D-xyloside (DX), (gift of J. Esko and J. Brown) was
resuspended with 14% DMSO in E3 water to get a DX stock concentration of 17 mM and
stored at —20°C until use. Stock was diluted in E3 to a final concentration of 2 mM for most
experiments unless otherwise noted. Controls consisted of DMSO in E3 at relevant
concentrations. Embryos were incubated for up to 48 hours, transferred to fresh E3 water, and
their hearts were visualized by video microscopy.

In situ hybridization

In situ hybridization was performed as previously described (Thisse et al., 1993). Probes used
were versican (Thisse and Thisse, 1999), bmp4 (Nikaido et al., 1997), notch1lb (Westin and
Lardelli, 1997), tbx2b (Gross and Dowling, 2005), and sppl (Kawasaki et al., 2004).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Whole mount immunofluorescence images of Danio rerio hearts stained with an anti-
chondroitin sulfate antibody at the indicated hours post fertilization (hpf).
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Figure 2.

Confocal images of Danio rerio hearts stained with an anti-chondroitin sulfate antibody at 36
and 48 hours post fertilization (hpf). (A,B) Confocal microscopy of Danio rerio containing the
myocardium specific cmlc2:GFP marker (green). (C,D) Confocal microscopy of the same
Danio rerio images stained with a CS-specific antibody (red). (E,F) Merged images. a= atrium;
v=ventricle; avc = atrioventricular canal forming region; oft = outflow tract.
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Figure 3.

Chondroitin sulfate is localized to the cardiac jelly between the myocardium and endocardium.
(A) Confocal microscopy of showing a circumferential cross section of 36 hpf Danio rerio
containing the myocardium specific cmlc2:GFP marker (green) and stained with a CS-specific
antibody (red). (B) Confocal microscope image of Danio rerio containing the endocardium
specific flk:EGFP marker (green) and stained with a CS-specific antibody (red).
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Figure 4.

Chemical and genetic knockdown of chondroitin sulfate prevents the proper formation of the
AV canal in zebrafish. (A) Wild type Danio rerio heart at 55 hpf. (B) 55 hpf animals treated
from 7-48 hpf with DX, an inhibitor of CS formation. (C) 55 hpf animals injected with a
morpholino to chondroitin synthase-1 (chys-1). at = atrium; v = ventricle; av = atrioventricular
canal forming region.
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Figure 5.

Depletion of chondroitin sulfate leads to changes in the cell migration marker sppl. (A) In
situ hybridization section demonstrating that the zebrafish osteopontin marker sppl is localized
to the atrioventricular canal endocardium in zebrafish. (B) sppl is normally expressed in the
atrioventricular canal (avc) and outflow tract (oft). (C) DX-treatment from 7 to 48 hpf results
in the disappearance of sppl in the AVC and OFT at 72 hpf. Note that while sppl expression
is absent in DX treated embryos, the presence of a stripe of sppl expression at the base of the
pectoral fin demonstrating the success of the in situ protocol (white arrow in inset of B and
C).
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Figure 6.

Depletion of chondroitin sulfate results in disruption of multiple signaling pathways. Thx2b,
versican, and notch1b are normally expressed within the atrioventricular canal at 48 hpf (black
arrows in (A), (C), and (E)). However, treatment with the compound DX results in the severe
downregulation of expression ((B), (D), and (F)). Bmp4 expression remains within the AVC
region when treated with DX (black arrow in (G) and (H)), but ventricular expression is
upregulated (white arrow in (H)). For those genes that are downregulated, we have included
an image of the entire upper body, as all three of these genes stain the head. This is to
demonstrate the absence of heart expression is not due to failure of the in situ probe.
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