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Abstract
Development of the mammalian heart is mediated by complex interactions between myocardial,
endocardial, and neural crest-derived cells. Studies in Drosophila have shown that the Slit-Robo
signaling pathway controls cardiac cell shape changes and lumen formation of the heart tube.
Here, we demonstrate by in situ hybridization that multiple Slit ligands and Robo receptors are
expressed in the developing mouse heart. Slit3 is the predominant ligand transcribed in the early
mouse heart and is expressed in the ventral wall of the linear heart tube and subsequently in
chamber but not in atrioventricular canal myocardium. Furthermore, we identify that the
homeobox gene Nkx2-5 is required for early ventral restriction of Slit3 and that the T-box
transcription factor Tbx2 mediates repression of Slit3 in nonchamber myocardium. Our results
suggest that patterned Slit-Robo signaling may contribute to the control of oriented cell growth
during chamber morphogenesis of the mammalian heart.
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INTRODUCTION
Cardiogenesis is one of the earliest and most critical steps during vertebrate organogenesis.
Heart development begins when cardiac progenitor cells in the anterior lateral mesoderm
cluster in the primary heart field (Harvey, 2002). These cells give rise to the cardiac crescent
and linear heart tube containing the future left ventricle and atrioventricular canal (AVC; see
Buckingham et al., 2005). Subsequently the heart tube undergoes rightward looping
(Harvey, 2002). As looping progresses, cells of the second heart field in splanchnic
mesoderm are added to the heart tube to form the outflow tract (OFT), right ventricle, atria
and inflow tract regions (Buckingham et al., 2005). Subsequently, atrial and ventricular
chambers form through a localized process that involves differential growth or “ballooning”
of the outer curvature of the heart tube (Christoffels et al., 2000). Importantly, part of the
heart tube, including the OFT, inner curvature, AVC, and inflow tract, escapes this
developmental chamber program through the repressive action of the T-box factors, Tbx2
and Tbx3 (Habets et al., 2002; Christoffels et al., 2004b; Harrelson et al., 2004; Bakker et
al., 2008). Regionalized gene expression provides evidence for the presence of dorsoventral
patterning in the early tube that precedes chamber development (Christoffels et al., 2004a).
A retrospective clonal analysis of cardiac cells has shown that myocardium, from the time of
its formation, is a polarized and regionalized tissue in which oriented cell growth may be
important in shaping the chambers (Meilhac et al., 2004). Although key factors that play a
role in forming the heart tube have been identified, including GATA4, NKX2-5, dHAND,
TBX5, or RALDH2 (Harvey, 2002), the molecular effectors of cell polarity and cell shape
changes remain unknown.

The extracellular-matrix molecule Slit and its Robo (roundabout) family receptors have been
implicated in the regulation of cell polarity and morphogenesis during formation of the
cardiac tube in Drosophila (Qian et al., 2005; MacMullin and Jacobs, 2006; Medioni et al.,
2008; Santiago-Martinez et al., 2008). In particular, the Slit-Robo pathway is required for
progressive polarization of cardiac cells during migration to the midline (Medioni et al.,
2008). In contrast to the single Slit and three Robo genes in Drosophila, three distinct Slit
genes (Slit1, Slit2, and Slit3) and four distinct Robo genes (Robo1, Robo2, Rig1/Robo3, and
Robo4) are found in mammals (Chedotal, 2007). Slit functions as a repulsive ligand for the
Robo-family receptors in the central nervous system (CNS), and acts both attractively and
repulsively in somatic muscles (Kidd et al., 1998, 1999; Brose et al., 1999; Simpson et al.,
2000; Wu et al., 2001). In addition, both gene families display distinct expression patterns
outside the CNS (Holmes et al., 1998; Yuan et al., 1999; Strickland et al., 2006).
Remarkably, Slit3 is widely expressed in different organs, including the tongue, kidney,
pharynx, umbilical cord vein, heart, lung, and diaphragm (Yuan et al., 1999; Liu et al., 2003;
Yuan et al., 2003). Consistent with its expression in non-neural tissues, studies have
established that Slit3 is required for angiogenesis and formation of the diaphragm and
kidney (Liu et al., 2003; Yuan et al., 2003; Zhang et al., 2009).

The role of the Drosophila Slit-Robo pathway in regulating changes in cell shape during
cardiac tube formation prompted us to conduct a detailed analysis of murine Slit and Robo
gene expression during mouse heart development. We describe that Slit3 in particular,
shows a specific localization in the ventral region of the forming heart tube and
subsequently restriction to chamber myocardium. We show that the homeobox gene Nkx2-5
is required for the ventral restriction of Slit3 in the linear heart tube. In addition, we
demonstrate that the T-box factors Tbx2 and Tbx20 mediate the restriction of Slit3
expression to the chamber myocardium. Given the spatial and temporal expression profile of
Slit3 and its role in polarized growth and migration in other tissues, we propose that Slit-
Robo signaling may be required for cardiac chamber expansion.
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RESULTS AND DISCUSSION
Expression of Mouse Slit and Robo Genes During Heart Development

Previous studies in Drosophila have shown that the Slit-Robo signaling pathway controls
cardiac cell polarity and formation of the cardiac lumen (Medioni et al., 2009). Therefore,
we decided to analyze the expression pattern of murine Slit and Robo genes in the
developing heart. In contrast to other tissues, detailed analysis of the cardiac expression
pattern of Slit and Robo genes has not been reported (Holmes et al., 1998; Yuan et al., 1999;
Holmes and Niswander, 2001; Liu et al., 2003; Yuan et al., 2003). Mouse embryos between
7.5 and 12.5 days of development (E7.5–E12.5) were hybridized with antisense riboprobes
for Slit1, Slit2, Slit3, Robo1, Robo2, Rig1/Robo3, and Robo4 (Figs. 1, 2; also see Supp. Fig.
S1, which is available online).

During this period of development, Slit1 expression was primarily observed in the roof plate
and the floor plate (Fig. 1A,B). Slit1 transcripts were also observed in the mesodermal core
of the pharyngeal arches (Fig. 1B,B′). Interestingly, pharyngeal mesoderm has been shown
to contribute to the formation of the OFT as well as the pharyngeal arch artery (PAA)
development (see Kelly and Buckingham, 2002). At E9.5, Slit1 expression was detected in
the developing heart in the left and right atria (Fig. 1C). However, at E12.5 we did not
observe any expression in the heart (Fig. 1D,D′).

Similarly to Slit1, Slit2 expression was observed prominently in neural tissue (Fig. 1E,F).
From E8.5 to E9.5, Slit2 expression was not detected in the myocardium; however, it was
highly expressed in the pharyngeal region at these stages (Fig. 1F) as reported by others
(Yuan et al., 1999; Calmont et al., 2009). Strong expression of Slit2 was seen in the
pharyngeal surface ectoderm (Fig. 1F′). This tissue has been shown to be a crucial source of
signals for fourth PAA formation and remodeling (Kirby, 2007). Slit2 has also been
identified as a downstream target of Tbx1, and is implicated in cardiac neural crest cells
(NCC) migration at the time of PAA formation (Calmont et al., 2009). While no clear
expression in the embryonic heart was detected at E9.5 (Fig. 1G), a strong expression of
Slit2 was observed in the trabecular region of the ventricular chambers at E12.5 (Fig. 1H,H
′). Of interest, the trabecular formation occurs when cardiomyocytes migrate toward the
endocardium, which is coincident with upregulation of cell adhesion molecules (Ong et al.,
1998). Thus, our observation suggests that other cell signaling molecules such as Slit may be
involved in this process.

Slit3 is the earliest Slit gene to be expressed in the developing heart. Transcripts were
observed in the cardiac crescent at E7.5 and in the linear heart tube at E8.5 (Fig. 1I,I′). At
E8.5, Slit3 expression is observed on the ventral wall of the linear heart tube (see Fig. 3A,B).
Slit3 is also expressed in the ventral midline and developing somites (Fig. 1I,J). Unlike the
other Slit genes, Slit3 expression was observed in all compartments of embryonic heart at
E9.5, restricted to the outer curvature of the looped heart (Fig. 1J,K). The myocardium of
the outer curvature is known to give rise to the ventricular chamber or “working”
myocardium (de la Cruz and Markwald, 1999; Christoffels et al., 2000). Analysis of the
distribution of clonally related myocytes has demonstrated that different patterns of oriented
cell growth underlie regional differences in morphogenesis within the embryonic heart
(Meilhac et al., 2004). The expression pattern of Slit3 and its established role in polarized
growth and migration in other tissues suggest implication of Slit-Robo signaling in the
oriented cell growth that accompanies ballooning of the ventricular chambers (Christoffels
et al., 2004a). By E12.5, expression of Slit3 was observed only in myocardium of the atria
and at the base of the great arteries (Fig. 1L,L′), in agreement with published expression data
(Liu et al., 2003). Remarkably, during early heart development, Slit2 and Slit3 are both
distributed within the ventricular chambers, suggesting requirement of a specific Slit ligand
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during ventricular and trabecular formation of the embryonic heart. Despite that difference,
Slit2 and Slit3 were detected in the surface pharyngeal ectoderm of embryo at E9.5 (Fig.
1F,F′,J,J′), suggesting redundancy of these molecules during cardiac NCC migration and
PAA formation. The Slit-Robo signaling pathway is known to be involved in trunk neural
crest migration (Jia et al., 2005). It would be interesting to identify whether Slit-Robo
signaling mediates repulsive or attractive signals during cardiac NCC migration.

Robo family members Robo1-4 are the putative receptors for Slit ligands. Whereas Robo4 is
specifically expressed in the vascular endothelium (Supp. Fig. S1; Park et al., 2003), the
expression profile of the three other members during heart development has not been
analyzed in detail (Yuan et al., 1999; Camurri et al., 2004; Jia et al., 2005). In situ
hybridization with Robo1 and Robo2 riboprobes showed that these receptors were both
expressed in the venous pole of the linear heart tube at E8.5 (Fig. 2A,E). In agreement with a
recent study (Calmont et al., 2009), we found Robo1 expression in migrating NCCs (Fig.
2B). At E9.5, Robo1 expression was faintly detected in the endocardial cushions of the OFT
(Fig. 2C). Later, Robo1 expression was maintained in the great arteries (Fig. 2D). Unlike
other Robo genes, a consistent expression of Robo2 was observed in both atria of the heart at
E10.5 (Fig. 2G). At E12.5, Robo2 expression was observed in the endocardium of the great
arteries (Fig. 2H). The specific expression of Slit ligand and Robo receptor genes in the
venous pole at E8.5 and in the atria from E9.5 to E12.5 suggests a role for these molecules
in oriented cell growth and migration during atrial morphogenesis (Meilhac et al., 2004).
Finally, from our in situ hybridization analysis we did not detect any expression of Rig1/
Robo3 and Robo4 in the developing mouse heart at any time-point analyzed (Supp. Fig. S1).

Dorsoventral Patterning of Slit3 Is Controlled by Nkx2-5
As noted above, whole-mount in situ hybridization analysis revealed expression of Slit3
transcripts in the linear heart tube at E8.5 (Fig. 1I). At this stage, Slit3 expression is
comparable to the expression of the basic helix–loop–helix (bHLH) transcription factor
gene, Hand1, which is restricted to the ventral wall of the forming heart tube (Fig. 3A–D;
Biben and Harvey, 1997;Christoffels et al., 2000;Togi et al., 2004). Although Slit3 is
expressed at high levels in the developing heart, early cardiac defects have not been reported
in Slit3 mutant embryos (Liu et al., 2003;Yuan et al., 2003). However, the expression of
Slit3 detected in the outer curvature of the looped heart and the enlarged right ventricle
observed in the hearts of Slit3 mutant mice (Liu et al., 2003), suggest a role for Slit signaling
in ventricular chamber formation. Further studies are required to determine whether subtle
changes may exist in the heart of these mutants especially during the formation of the
myocardium chambers and the great arteries.

We subsequently examined expression of Slit3 in mutant mice affecting cardiac
morphogenesis. Mutations in the NK-like homeobox gene, Nkx2-5/Csx, causes early
embryonic lethality with cardiac development arrested at the linear heart tube stage, before
looping (Komuro and Izumo, 1993; Lyons et al., 1995; Biben and Harvey, 1997). In
Nkx2-5−/− embryos, the early expression of Slit3 was indistinguishable from that in control
embryos (Fig. 3E). However, we found that the dorsoventral pattern of Slit3 expression in
the linear heart tube was perturbed and expression was observed throughout the mutant heart
tube (Fig. 3E,F). This result suggests that the myocardium of Nkx2-5−/− embryos is
competent to express Slit3 but not to interpret signals that restrict expression on the ventral
side of the heart. Of note, two putative Nkx2-5 binding motifs (TGAAGTGATG and
TAAAGTGGGT) are found in a 3,000 bp Slit3 5′ proximal fragment as predicted using the
TFSEARCH program (http://mbs.cbcr.jp/research/db/TFSEARCH.html).

Expression of Robo receptor genes in the venous pole (Fig. 2A,E) incited us to examine their
expression in Nkx2-5−/− embryos. Of interest, we did not detect expression of Robo2 in the
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linear heart tube of Nkx2-5 mutant embryos (Supp. Fig. S2). This observation suggests that
Nkx2-5 regulates in a different way Slit ligand and Robo receptor genes during the
formation of the embryonic heart tube.

Regulation of the Chamber-Specific Expression Profile of Slit3
In looped hearts (E9–E9.5), Slit3 expression was confined to the atrial and ventricular
myocardium but was clearly absent from the AVC (Fig. 4A–C), a pattern resembling that of
atrial natriuretic factor (ANF; see Supp. Fig. S3A), Chisel, and Connexin40 at this stage
(Christoffels et al., 2000). At E10.5 and E12.5 Slit3 expression was restricted to the atria and
the OFT (Figs. 1L, 4C–E). Immunohistochemistry revealed Slit3 protein expression in both
atrial and ventricular myocardium at E10.5 (Fig. 4F). The AVC region was negative,
confirming our results by in situ hybridization. Detection of Slit3 protein but not mRNA in
the ventricles of the heart at E10.5 (Fig. 4E,F) indicates a persistence of the protein in the
chamber myocardium. Although Slit3 expression overlaps with Robo1 and Robo2 in the
venous pole and later only with Robo2 in the atria, no Robo receptor genes were detected in
the ventricular myocardium of the heart (Fig. 2). Despite its favorite link with Robo
receptors, Slit contains domains that suggest association with the extracellular-matrix
receptors (Chedotal, 2007). Furthermore, recent study in Drosophila have proposed that Slit
is localized on cardiac cells by association with Dystroglycan (Dg), a proteoglycan (Medioni
et al., 2008), and possibly also with αPS3/βPS1 Integrin (MacMullin and Jacobs, 2006).

The absence of Slit3 gene expression and protein in AVC myocardium suggested potential
regulation by the T-box transcriptional repressors Tbx2 and Tbx3 that are restricted to
nonchamber myocardium (Supp. Fig. S3B,C), where they repress the chamber
transcriptional program (Habets et al., 2002; Christoffels et al., 2004b; Harrelson et al.,
2004; Bakker et al., 2008; Mesbah et al., 2008). Therefore, we examined Slit3 expression in
mutant embryos deficient for Tbx2 and Tbx3. In situ hybridization on stage-matched
embryos revealed activation of Slit3 in the AVC of E10.5 Tbx2−/− but not Tbx3−/− hearts
(Supp. Fig. S4). This observation indicates that Tbx2 alone is sufficient to repress Slit3 in
the nonchamber myocardium of Tbx3−/− hearts, consistent with previous findings on other
chamber-specific genes (Bakker et al., 2008; Mesbah et al., 2008). The T-box factor Tbx20
is essential for embryonic chamber formation through its negative regulation of Tbx2 in the
myocardium and endocardium (Cai et al., 2005; Singh et al., 2005; Stennard et al., 2005;
Takeuchi et al., 2005). To test the hypothesis that ectopic Tbx2 expression may be able to
repress Slit3 in the forming heart, we analyzed Slit3 expression in Tbx20−/− embryos.
Mutant embryos showed severe cardiac abnormalities including rudimentary ventricular
chambers that did not further differentiate (Stennard et al., 2005). We could not detect any
Slit3 expression in Tbx20−/− hearts at E9 (compare Fig. 5B,B′ with 5A,A′). Of interest,
Drosophila Slit is also perturbed in the embryonic heart tube of Tbx20-ortho-log (H15nmr)
mutants (Qian et al., 2005), suggesting a high evolutionary conservation of this regulation
pathway. We also examined Slit3 expression in embryos misexpressing Tbx2 throughout the
embryonic heart under the control of the XMLC2 promoter (XMLC2-rtTA/tetO-Tbx2;
(Dupays et al., 2009). Consistent with our observation in Tbx20−/− embryos, Slit3
expression was significantly reduced (Fig. 5C,C′). The residual weak expression of Slit3
observed in these embryos may be explained by the mosaic expression of the transgene at
this stage (Dupays et al., 2009). Moreover, we found three conserved T-box binding
elements (TBEs; Kispert and Herrmann, 1993; Sinha et al., 2000) in the Slit3 5′ proximal
promoters (Fig. 5D). The requirement of these TBEs for repression in the AVC and the
complementary expression pattern between Tbx2 (Supp. Fig. S3) and Slit3 (Fig. 4B)
prompted us to study the interaction of Tbx2 with the TBE motifs identified in the Slit3
promoter using electrophoretic mobility shift assay (EMSA) experiments. Oligonucleotide
probes corresponding to the three TBE motifs were used. Tbx2 bound to the wild-type TBE2
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motif but not TBE1 and TBE3, because a shifted band was detected only in lanes 11 and 12
(Fig. 5E). However, when the EMSA was performed with a mutated TBE2 motif this
binding was abolished (Fig. 5E). Together these results suggest that Slit3 expression may be
directly repressed by Tbx2 during AVC formation.

Conclusion
In this study, we have characterized Slit ligand and Robo receptor gene expression in the
developing mouse heart. Our results suggest that Slit-Robo signaling, essential for
morphogenesis of the Drosophila heart tube, may play roles in oriented cell growth during
atrial and ventricular morphogenesis in vertebrates. Furthermore, we identify two upstream
regulators of Slit3 expression, the predominant Slit ligand expressed in the early mouse
heart: analysis of Slit3 expression in different mutant mouse embryos reveals that Slit3 is
restricted to the ventral wall of the linear heart tube by Nkx2-5 regulated mechanisms and
excluded from AVC myocardium by the transcriptional repressor Tbx2.

EXPERIMENTAL PROCEDURES
Animals and Tissue Preparation

All experiments involving animals were performed in accordance with French guidelines on
the care and use of laboratory animals. After death by CO2 asphyxiation, embryo mice were
removed from timed-pregnant CD1 or mutant mice. The day of vaginal plugging was
defined as 0.5. Embryos were genotyped by polymerase chain reaction (PCR) using
genomic DNA isolated from yolk sacs. The null alleles Tbx2tm1Pa, Tbx3tm1Pa, Tbx20lacZ,
and Nkx2-5gfp (hereafter referred to as Tbx2−, Tbx3−, Tbx20−, and Nkx2-5−) were
maintained on a mixed genetic background (Biben et al., 2000; Davenport et al., 2003;
Harrelson et al., 2004; Stennard et al., 2005). Somites were counted for developmental
staging and a sample of the yolk sac was taken for PCR genotyping using the following
primers. Tbx3: the primers 5′-GGC CTC AAG TAG CTT GGA A-3′, 5′-AGG CCA ACA
GAA GAG CAG A-3′, and 5′-CTA AGC CTG ATG GTG TGA G-3′ result in a 350 bp
wild-type band and a 500 bp mutant band. Tbx2: the primers 5′-CCA GCC AGG GAA CAT
AAT GAG G-3′, 5′-CTG TCC CCT GGC ATT TCT GG-3′, and 5′-CCT GCA GGA ATT
CCT CGA CC-3′ result in a 180 bp wild-type band and a 88 bp mutant band. Nkx2-5: the
primers 5′-GAA CCT GGA GCA GCA GCA GCG TAG C-3′ and 5′-CAG AAG GGA
AGA GCT TGA GGT TCT C-3′ result in a 308 bp wild-type band and a 1,376 bp mutant
band.

The tetO-Tbx2 and xMlc2-rtTA transgenes have been previously described (Dupays et al.,
2009). Doxycycline was administered to pregnant females either by intraperitoneal injection
(2 mg of Dox in 0.5 ml of 0.9% aqueous NaCl) at the indicated stage or by means of food (2
mg of Dox in 0.5 ml of 0.9% aqueous NaCl) from stages specified.

For early developmental stages whole embryos were fixed in 4% paraformaldehyde (PFA)
in phosphate buffered saline (PBS) overnight at 4°C, dehydrated and kept in methanol.
Hearts or trunks were dissected and fixed in 4% PFA in PBS overnight at 4°C, transferred to
15% sucrose in PBS, followed by 15% sucrose 7% gelatin, and frozen in liquid nitrogen
before cryo-sectioning at 10 µm.

Whole-Mount In Situ Hybridization
Whole-mount in situ hybridization was carried out as published (Zaffran et al., 2004).
Probes were labeled according to the manufacturer’s instruction using the digoxigenin (DIG)
-RNA labeling mix (Roche). The probes used for in situ hybridization were mSlit2 and
mSlit3 (Yuan et al., 1999), rat Slit1, Robo1, Robo2 (Kidd et al., 1998), Rig1/Robo3, and
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mRobo4 3′-untranslated region (obtained by PCR). Hybridization signals were then detected
by alkaline phosphatase (AP) -conjugated anti-DIG antibodies (1/2,000; Roche), which were
followed by color development with NBT/BCIP (nitroblue tetrazolium/5-bromo-4-chloro-3-
indolyl phosphate) substrate (Promega). After staining, the samples were washed in PBS and
post-fixed. Embryos were imaged using a Zeiss Lumar stereomicroscope coupled to an
Axiocam digital camera (AxioVision 4.4, Zeiss). The number of embryos examined was at
least 3 for each stage.

Immunohistochemistry
For immunohistochemistry, sections were incubated as described previously (Zaffran et al.,
2004). The Slit3 antibody, C-20, was a polyclonal antibody raised against a peptide mapping
within an internal region of Slit3 of human origin from Santa Cruz, used at 1/50 dilution.
The Robo1 and Robo2 antibodies were polyclonal antibody raised against ectodomains of
rat Robo1 (amino acids 1–892) and rat Robo2 (amino acids 1–855) as described previously
(Tamada et al., 2008). Secondary antibodies were donkey anti-goat or anti-rabbit, Alexa 488
used at 1/500 dilution (Molecular Probes). Sections were photographed using a Zeiss
Axiovert 200M microscope with an Axiocam camera (AxioVision 4.4, Zeiss).

DNA-Binding Assay
For EMSA, the Tbx2 protein was produced with the TNT (T7) -coupled in vitro
transcription/translation system (Promega). Production yields of Tbx2 protein was estimated
by [35S]methionine labeling. EMSAs were performed in a 20-µl volume on ice with 104

cpm (0.5 ng) of either probes. Probes used were double-stranded: TBE1 (5′-
TTTTTGTGTGTGAAAGTGCA), TBE 1mut (5′-TTTTTGTcaaaGAAAGTGCA), TBE2
(5′-TAGTGATGGTGTCAATACCGG), TBE2mut (5′-TAGTGATGcaaaCAATACCGG),
TBE3 (5′-TGCCTTAGCTGTGAACACTAAT) and TBE3mut (5′-
TGCCTTAGCTcaatACACTAAT) from the Slit3 promoter. Briefly, 3 or 9 µl of Tbx2
protein was gently added and incubated for 30 min with labeled probes and 0.1 mg of
nonspecific competitor poly[(dC)] in a binding buffer 5× composition of 20% glycerol, 50
mM Tris-HCl pH7.5, 250 mM NaCl, 2.5 mM ethylenediaminetetraacetic acid, 2.5 mM
dithiothreitol, and 0.25 mg BSA then loaded on a 4% polyacrylamide gel in 0.25× TBE
buffer. The gel was dried and analyzed with a PhosphoImager.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Expression pattern of Slit genes during embryonic heart development. Whole-mount in situ
hybridization analysis of embryos with Slit1 (A–D), Slit2 (E–H), and Slit3 (I–L) probes. A:
Ventral view of embryonic day (E) 8.5 embryo showing Slit1 expression in the ventral
midline (arrowhead). Slit1 is not detected in the forming heart tube. B: Lateral view of E9
embryo showing Slit1 expression in the roof plate (arrowhead), in the floor plate (double
arrowhead), and the pharyngeal region (white arrows). B′: Frontal section (same embryo
depicted in B) showing Slit1 expression in the mesodermal core of the pharyngeal arch
(white arrows) and in the floor plate of the spinal cord. C: High magnification picture of
heart at late E9.5 showing Slit1 in atrial wall. D: Dissected E12.5 heart showing no
expression of Slit1. D′: In situ hybridization with Slit1 on section of E12.5 heart. E: Slit2
was not detected in the heart of embryo at E8.5 stage. Note its expression at the ventral
midline (arrowhead). F: Lateral view of early E9.5 embryo showing Slit2 expression in the
pharyngeal region (asterisk). Slit2 is also detected in the roof plate (arrowhead), the
notochord (double arrowheads) and the somites (white arrowhead). F′: Frontal section
(same embryo depicted in F) showing Slit2 expression in the pharyngeal ectoderm surface
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(arrows). G: Dissected E9.5 heart showing no expression of Slit2. H: A robust expression of
Slit2 is detected in trabeculae of both ventricles at E12.5. H′: In situ hybridization on section
of E12.5 heart shows expression in the trabeculae (arrowhead). I,I′: Ventral views of E7.5
and E8.5 embryos showing Slit3 expression in the cardiac crescent and the forming heart
tube. Expression of Slit3 is also detected in the ventral midline (black arrowhead) and the
somites (white arrowhead) of E8.5 embryo. J: Lateral view of early E9.5 embryo showing
Slit3 expression in the heart and the pharyngeal ectoderm surface (asterisk) and in the
somites (white arrowhead). J′: Frontal section (same embryo depicted in J) showing
expression of Slit3 the pharyngeal ectoderm surface (arrows). K: High magnification picture
of the heart at late E9.5. Expression of Slit3 is seen in the outflow tract, the atria and
ventricles of the embryonic heart. L: At E12.5, expression of Slit3 is maintained in the right
and left atria and in great arteries, the aorta and pulmonary trunk. L′: Section of the heart
shown in L. ao, aorta; cc, cardiac crescent; ht, heart tube; la, left atrium; lv, left ventricle;
oft, outflow tract; pt, pulmonary trunk; ra; right atrium; rv, right ventricle.
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Fig. 2.
Expression pattern of Robo genes during embryonic heart development. Whole-mount in
situ hybridization analysis of embryos with Robo1 (A–D) and Robo2 (E–H) probes. A:
Ventral view of early embryonic day (E) 8.5 embryo showing Robo1 expression in the
venous pole (white arrows) of the forming heart tube. B: Lateral view of early E9 embryo.
Robo1 expression is detected in the notochord (double arrowhead), the somites (white
arrowhead), and the ectodermal pouches of the pharyngeal arches (asterisk) but not in the
heart. C: High magnification picture of the heart at late E9.5 showing Robo1 in the cushions
(asterisk) of the outflow tract. D: Dissected E12.5 heart showing expression of Robo1 at the
base of the great arteries (arrow). E: Ventral view of early E8.5 embryo. High Robo2
expression levels are visible in the neural tube and the venous pole (white arrows) of the
forming heart tube. F: Lateral view of E9.5 embryo. Weak expression of Robo2 is detected
in the looped heart, the ectoderm of the pharyngeal arches (asterisk) and the notochord
(double arrowheads). G: High magnification of the heart at E10.5 showing Robo2 in both
atria. H: Dissected E12.5 heart showing expression of Robo2 in the great arteries
(arrowheads). ht, heart tube; la, left atrium; lv, left ventricle; oft, outflow tract; ra; right
atrium; rv, right ventricle.
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Fig. 3.
Dorsoventral patterning of Slit3 expression in the linear heart tube requires Nkx2-5. A:
Ventral view of embryo at early embryonic day (E) 8.5. Slit3 is highly expressed in the
ventral side of the forming heart tube. B: Section (same embryo as depicted in A) showing
that Slit3 expression in the heart tube is strictly ventral as delimited by the arrowheads. C:
Expression of Hand1 is shown as a reference to indicate the ventral side (arrowheads) of the
heart tube at E8.5. D,E: Comparison of Slit3 expression in wild-type (WT) and Nkx2-5−/−

embryos at E8.5. D: Lateral view of WT embryo showing high expression of Slit3 in the
ventral side of the forming heart tube. D′: Section of the embryo shown in D. Note the
expression of Slit3 in the floor plate (arrow). E: Slit3 expression is maintained in Nkx2-5−/−

embryo. F: Section (same embryo as shown in E) reveals that Slit3 is uniformly expressed in
heart of Nkx2-5−/− embryo. ht, heart tube; nt, neural tube.
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Fig. 4.
Dynamic expression pattern of Slit3 during heart development. In situ hybridization (A–E)
and immunofluorescence (F) were used to detect spatial expression of Slit3 in hearts from
embryonic day (E) 9 to E10.5. A,B: Expression of Slit3 is detected in the whole heart of E9
embryo, whereas it is down-regulated in the AVC of late E9.5 embryo. C: Section (same
embryo as depicted in B) showing expression of Slit3 in the chambers but not in the AVC.
Note weak expression of Slit3 in the trabeculae of the left ventricle. D: Lateral view of
E10.5 embryo. High expression of Slit3 is detected in the left atrium. Note Slit3 expression
in the limb buds and the dermomyotome (white arrowheads). E: Dissected heart from the
embryo shown in D. High expression is observed in the right and left atria and the outflow
tract. F: Expression of Slit3 protein (red) is detected in the ventricular myocardium and
trabeculae but not in the AVC of heart at E10.5. Higher magnification of the trabeculae
region delimited by the dotted line is shown in the inset. F′: Immunodetection of Slit3 (red)
and DAPI (blue) staining. Note Slit3 expression in the cytoplasm. ao, aorta; avc,
atrioventricular canal; la, left atrium; lb, limb bud; lv, left ventricle; oft, outflow tract; pt,
pulmonary trunk; ra, right atrium; rv, right ventricle.
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Fig. 5.
Disrupted cardiac expression of Slit3 in Tbx20 mutant and in Tbx2-misexpression embryos.
A–C: Lateral views of wild-type (WT), Tbx20−/− mutant and Tbx2-misexpressing embryos.
A′–C′: Sections of embryos shown in A–C. While Slit3 is present in the forming heart of
WT embryo (A,A′), its expression is not detected in the heart of E9 Tbx20−/− embryo (B,B′).
C,C′: Slit3 expression is highly reduced in heart misexpressing Tbx2. D: Sequence of three-
conserved T-box binding elements (TBE) found in a Slit3 5′ proximal promoter. Numbers
indicate position of the sequences from the ATG. TBE sequence shows the T-box binding
site as determined previously (Kispert and Herrmann, 1993). E: Electrophoretic mobility
shift assay shows that Tbx2 binds to the wild-type TBE2 motif (lanes 9–12) but not to the
TBE1 (lanes 1–8) and TBE3 (lanes 17–23) motifs. Mutation of the TBE2 motif impairs
Tbx2 binding (lanes 13–16). la, left atria; lv, left ventricle.
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