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Abstract
Distinct progenitor cell populations exist in cardiac mesoderm important for patterning of the heart.
During heart tube formation in mouse, Tbx5 is expressed in progenitors located more laterally,
whereas Isl1 and Fgf8 are expressed in progenitors located more medially. Signals that drive
mesodermal progenitors into various cardiac lineages include Fgf8 which functions to induce Isl1.
Studies in chick and zebrafish have shown that retinoic acid restricts the number of cardiac
progenitors, but its role in mammalian cardiac development is unclear. Here, we demonstrate that
Raldh2−/− mouse embryos lacking retinoic acid signaling exhibit a posterior expansion of the cardiac
Fgf8 expression domain as well as an expansion of Isl1 expression into mesoderm lying posterior to
the cardiac field. We provide evidence that retinoic acid acts specifically in the posterior-medial
region of the cardiac field to establish the heart posterior boundary potentially by reducing Fgf8
expression which restricts the Isl1 domain.
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INTRODUCTION
During early heart organogenesis, studies in vertebrate embryos have identified distinct
progenitor cell populations in the splanchnic lateral plate mesoderm of the cardiac field that
express unique combinations of transcription factors essential for heart development
(Mjaatvedt et al., 2001; Waldo et al., 2001; Buckingham et al., 2005; Brade et al., 2007). Prior
to heart tube formation in mouse it has been reported that Isl1 is expressed widely in cardiac
progenitors (Prall et al., 2007), but later during heart tube formation Isl1 is expressed more
medially (Cai et al., 2003) whereas Tbx5 is expressed more laterally in the cardiac crescent
(Hochgreb et al., 2003; Ryckebusch et al., 2008). Genetic studies in mouse embryos indicate
that a loss of Isl1 expression results in defects in the outflow tract, right ventricle, atria, and
inflow tract (Cai et al., 2003), whereas a loss of Tbx5 expression results in sinoatrial defects
and hypoplastic left ventricle (Bruneau et al., 2001). Thus, Tbx5 is important primarily for
posterior heart development, whereas Isl1 seems to function all along the heart anteroposterior
axis with the possible exception of the left ventricle. As mutations in cardiac transcription
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factors are associated with human congenital heart disease (Olson, 2006; Srivastava, 2006;
Bruneau, 2008), further knowledge of how these genes are regulated during cardiac
development may be important therapeutically. Also, multipotent progenitors expressing
Isl1 have been observed in postnatal as well as embryonic heart, suggesting that Isl1+ cells
may be useful in regenerative stem cell therapies for heart disease (Moretti et al., 2006;
Laugwitz et al., 2008).

Early in the process of heart development, decisions are made that drive cardiac mesodermal
progenitors down distinct pathways. Various overlapping heart fields (first, second, anterior)
have recently been described marked by expression of various transcription factors such as
Tbx5 (first heart field) or Isl1 and Fgf8 (second heart field); to avoid confusion it has been
recommended that one refer to heart regions by the marker gene analyzed such as Tbx5+ or
Isl1+ domains (Abu-Issa and Kirby, 2007). Factors that drive mesoderm to a cardiac fate are
not well defined. However, recent studies on mouse embryos indicate that Fgf8 is required to
drive splanchnic mesoderm and ventral pharyngeal mesodermal progenitors toward an Isl1+

fate, placing Fgf8 near the top of a cardiac signaling hierarchy (Ilagan et al., 2006; Park et al.,
2006). As the vitamin A derivative retinoic acid (RA) has been found to repress Fgf8 expression
(Del Corral et al., 2003; Sirbu and Duester, 2006) this suggested to us that RA may play a role
in limiting the number of mesodermal progenitors achieving an Isl1+ cardiac fate via Fgf8
repression. Studies in zebrafish have demonstrated that RA limits the overall number of cardiac
progenitor cells (Keegan et al., 2005) and chick studies demonstrate that RA limits the location
of ventricular progenitors (Hochgreb et al., 2003), but the mechanism of RA action is unclear.
RA directly controls gene expression by acting as a ligand for nuclear retinoic acid receptors
that bind DNA regulatory elements (Mic et al., 2003). Support for Fgf8 as an RA target gene
has come from the identification of a functional retinoic acid response element upstream of the
Fgf8 promoter (Brondani et al., 2002), plus this regulatory element is conserved in the mouse,
rat, and human Fgf8 genes (Balmer and Blomhoff, 2005).

An RA requirement for anteroposterior patterning of the heart tube has been demonstrated in
vitamin A deficient quail embryos (Heine et al., 1985; Dersch and Zile, 1993) as well as mouse
embryos unable to convert vitamin A to RA (Niederreither et al., 2001). Loss of RA synthesis
in mouse embryos leads to a reduction posteriorly in the atria/inflow tract domain, plus the
outflow tract/ventricular domain located more anteriorly forms an abnormal medial distended
cavity rather than undergoing rightward looping and septation into right and left ventricles
(Niederreither et al., 2001). During early organogenesis the first step of RA synthesis (oxidation
of retinol to retinaldehyde) is catalyzed throughout the embryo by overlapping alcohol/retinol
dehydrogenases encoded by Adh3, Adh4, and Rdh10 (Molotkov et al., 2002; Sandell et al.,
2007), whereas the second step of RA synthesis (oxidation of retinaldehyde to RA) is catalyzed
exclusively in trunk mesoderm by the tissue-specific retinaldehyde dehydrogenase encoded by
Raldh2 (Aldh1a2) (Sirbu et al., 2005; Sirbu and Duester, 2006). In both mouse and chick
embryos, Raldh2 is first expressed in the presomitic mesoderm, and then during the early
somite stages a caudorostral wave of Raldh2 expression occurs in the lateral plate mesoderm
up to a location just posterior to the cardiac field (Hochgreb et al., 2003). Although Raldh2 is
likely to function in regulation of cardiac gene expression, the mechanism for how RA acts
during early mouse heart development remains unclear as no target genes have been identified.
In the studies reported here, we demonstrate that RA is required to limit the posterior extent
of Isl1 expression in the cardiac field, thus helping to establish the posterior boundary of the
heart. We provide evidence that RA performs this function through RA repression of Fgf8 in
the posterior region of the cardiac field, thus limiting the action a potent inducer of Isl1.
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RESULTS
RA Functions Specifically in the Posterior-Medial Region of the Heart Field

The early expression pattern of Raldh2 is consistent with secreted RA reaching only the
posterior heart domain (atria/inflow tract) (Moss et al., 1998; Xavier-Neto et al., 2000;
Hochgreb et al., 2003). Here, we confirm that Raldh2 expression in a wild-type mouse embryo
(E8.25, 6-somite stage) is limited to somitic and lateral plate mesoderm lying just posterior to
the cardiac crescent (Fig. 3F). Analysis of wild-type and Raldh2−/− mouse embryos carrying
the RARE-lacZ RA-reporter transgene has shown that Raldh2 is responsible for all RA
signaling in the heart at E8.75 (15-somite stage) (Mic et al., 2002), but analysis of RA signaling
in wild-type embryos at earlier stages is necessary to determine where RA first acts during
cardiac development. Here, we demonstrate that RA signaling at the cardiac crescent stage (6-
somite stage) is limited to the posterior portion of the cardiac field as shown by RARE-lacZ
expression in a wild-type embryo (Fig. 1C). These findings demonstrate that early cardiac RA
activity is normally limited posteriorly to the atria/inflow tract region (thus absent anteriorly
in the outflow tract/ventricular region), and that a loss of Raldh2 eliminates this RA activity.

A comparison of E9.5 wild-type and Raldh2−/− embryos stained for Raldh2 mRNA
demonstrates a complete absence of Raldh2 expression in the mutant which exhibits a heart
tube with an abnormal medial distended cavity (Fig. 1A–B); this abnormal Raldh2−/− heart
cavity has previously been demonstrated to exhibit a significantly reduced atria/inflow tract
domain plus an enlarged outflow tract/ventricular domain that fails to undergo rightward
looping and fails to septate into right and left ventricles (Niederreither et al., 2001). Maternal
administration of RA at a low dose is known to rescue these Raldh2−/− cardiac patterning
defects (Niederreither et al., 2001; Mic et al., 2002); this treatment provides less RA activity
than that normally observed in wild-type embryos (Mic et al., 2003). We previously reported
that low-dose maternal dietary RA administration from E6.75–E8.25 is sufficient to rescue
early somite and cardiac defects observed in Raldh2−/− embryos, plus analysis of rescued
mutants carrying RARE-lacZ can be used to identify where RA signaling acts during embryonic
rescue (Sirbu and Duester, 2006). In those studies, we found that RA activity in rescued
Raldh2−/− embryos at the 1–6 somite stages occurs in the posterior neuroectoderm, node
ectoderm, and anterior mesoderm (near the cardiac field), but not in the somitic or presomitic
mesoderm where Raldh2 is normally expressed indicating that some tissues respond to dietary
RA whereas others do not (we provided evidence for RA-binding proteins that sequester RA
at critical target sites). We have now further characterized RA activity in anterior mesoderm
and report that RA-rescued Raldh2−/− embryos at the 1–6 somite stages exhibit RARE-lacZ
expression in the posterior region of the cardiac crescent but limited to a medial domain (Fig.
1C; n = 6/6). Thus, RA activity in rescued Raldh2−/− embryos was not observed throughout
the lateral-medial extent of the posterior cardiac crescent (as seen in a 6-somite wild-type
embryo; Fig. 1C), but was instead focused on the medial region where the previously described
Isl1+ domain exists (Cai et al., 2003). Transverse sections of a rescued 6-somite embryo
confirmed that cardiac RA activity was confined to the medial splanchnic mesoderm (Fig. 1D–
E). Wild-type embryos as early as the 1-somite stage have previously been shown to exhibit
an anterior boundary of RA activity (RARE-lacZ expression) at the level of the posterior cardiac
field (Sirbu et al., 2005). RA activity in a 1-somite stage RA-rescued Raldh2−/− embryo was
also observed in the posterior heart field, and transverse sections revealed that RA was limited
to the medial splanchnic mesoderm (Fig. 1F–G). The RA activity we detect in RA-rescued
Raldh2−/− embryos at 1–6 somites has very little if any overlap with the lateral cardiac domain
where Tbx5 is expressed (Ryckebusch et al., 2008). Our mutant rescue studies indicate that RA
signaling activity in posterior-medial cardiac mesoderm is sufficient for heart tube patterning.
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Loss of RA Signaling Expands the Isl1+ Cardiac Domain Posteriorly
As our RA rescue studies indicate that cardiac RA signaling is required medially where Isl1+

progenitors exist, we examined Raldh2−/− embryos to determine whether the absence of RA
affected Isl1 expression in the cardiac crescent. Raldh2−/− embryos exhibit a marked increase
in Isl1 expression in the cardiac field which begins to be detectable at the 3-somite stage and
becomes increasingly evident by the 5-somite stage (Fig. 2A–D; n = 5/5). The observed
expansion in Raldh2−/−cardiac Isl1 expression occurs in the posterior region of the developing
heart tube, and extends posteriorly into splanchnic mesoderm not normally marked by Isl1
expression. Examination of Isl1 expression in Raldh2−/− embryos at 6-somites revealed further
posterior expansion of Isl1 expression into non-cardiac mesoderm that does not express Isl1
in wild-type embryos (Fig. 2G–H; n = 2/2); also see transverse sections (Fig. 2K–N). These
findings indicate that RA signaling is required to limit expansion of the cardiac Isl1+ domain
along the anteroposterior axis.

Tbx5+ Cardiac Domain is Reduced in the Absence of RA Signaling
Previous molecular examination of mouse Raldh2−/− cardiac development (performed prior to
reports of early cardiac Isl1 expression) revealed that expression of Nkx2.5, Mef2c, Hand2,
and Gata4 are not significantly altered, but that a reduction in Tbx5 expression was noticed at
E8.5–E9.0 (Niederreither et al., 2001). As our results suggest that RA signaling acts earlier
than E8.5 (10 somites), we examined E8.0 embryos for the effect of a loss of RA on the
Tbx5+ domain which is normally limited to a lateral location during heart tube formation
(Hochgreb et al., 2003; Ryckebusch et al., 2008). Tbx5 expression in Raldh2−/− embryos
ranging from 3–6 somites (E8.0–E8.25) was observed to be greatly reduced in the posterior-
lateral region of the cardiac crescent (Fig. 3A–D; n = 4/4). Double-staining for Tbx5 and
Raldh2 mRNAs at the 6-somite stage demonstrated a complete loss of Raldh2 mRNA in
Raldh2−/− embryos along with a reduction in Tbx5 mRNA in the posterior-lateral region of the
cardiac crescent (Fig. 3E). Comparison of a double-stained wild-type embryo (Fig. 3E) with
an embryo stained for only Raldh2 mRNA (Fig. 3F), demonstrates that expression of Tbx5 and
Raldh2 in the splanchnic mesoderm overlaps only slightly. A similar slight overlap of Tbx5
and Raldh2 expression was previously reported in sections of double-stained wild-type
embryos which demonstrated that these two expression domains are largely distinct (Hochgreb
et al., 2003; Ryckebusch et al., 2008). Also, we find that Raldh2 mRNA in paraxial mesoderm
reaches a location no further anterior than the first somite which is located posterior to the
cardiac crescent (Fig. 3E–F). These findings provide evidence that RA synthesized by
RALDH2 in the splanchnic and somitic mesoderm located posterior to the heart field diffuses
into the posterior heart field where it is needed to maintain high levels of Tbx5 expression.
However, our RA rescue studies indicate that RA activity is not required in lateral cardiac
mesoderm where Tbx5 is expressed, but only in medial cardiac mesoderm (Fig. 1C). Also,
since Tbx5 is still expressed in the anterior portion of the Raldh2−/− cardiac crescent, it is
unlikely that RA is needed instructively to induce Tbx5 expression. Thus, we suggest that RA
is functioning in posterior-medial mesoderm as a permissive factor for posterior-lateral cardiac
Tbx5 expression, potentially by regulating expression of another secreted factor.

RA is Required to Limit Fgf8 Expression and FGF Signaling in the Posterior Cardiac Field
Recent studies indicate that Fgf8 is expressed at high levels in an early cardiac domain
overlapping the Isl1+ domain, and that Fgf8 is required for induction of cardiac Isl1 expression
(Ilagan et al., 2006; Park et al., 2006). We found that Raldh2−/− embryos exhibited a marked
posterior expansion of Fgf8 expression in the developing heart at the 1-somite stage (Fig. 4A–
B; n = 4/4); this is in addition to an anterior expansion of Fgf8 expression in the primitive streak
region that we previously reported (Sirbu and Duester, 2006). A ventral view of 1-somite wild-
type and Raldh2−/− embryos demonstrated that Fgf8 is normally expressed most highly in
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posterior-medial cardiac mesoderm (with decreasing expression as one proceeds anteriorly),
and that the expanded cardiac Fgf8 expression domain in the mutant is a posterior extension
of its normal domain in the cardiac crescent (Fig. 4C). At the 3–5 somite stages, the cardiac
Fgf8 expression domain was still expanded posteriorly, although the overall level of expression
was now much lower (Fig. 4D–E; n = 5/5). Transverse sections of 1-somite embryos through
the posterior region of the heart demonstrated that Fgf8 mRNA in the heart field is normally
localized to the medial splanchnic mesoderm and that Raldh2−/− embryos exhibit expanded
Fgf8 mRNA in the splanchnic mesoderm relative to wild-type embryos at the same axial level
(Fig. 4F–G). Thus, the expanded domain of Fgf8 expression observed in the absence of RA is
located within the same posterior splanchnic mesodermal domain where RA was found to act
during rescue of Raldh2−/− embryos (compare Fig. 1G and 4G).

As Fgf8 overexpression expands the cardiac field (Reifers et al., 2000; Alsan and Schultheiss,
2002) and Fgf8 loss-of-function reduces the mouse cardiac field and reduces Isl1 expression
(Ilagan et al., 2006; Park et al., 2006), our studies suggest that RA may limit the size of the
Isl1+ domain by limiting the amount of FGF8 signaling. To determine whether our observed
increase in Fgf8 mRNA in the posterior region of the heart results in excessive FGF signaling,
we examined expression of Sprouty2 (Spry2) which is induced in an Erk-dependent fashion
by FGF signaling and functions to limit transmission of the signal resulting in phosphorylation
of Erk1/2 (Minowada et al., 1999). Raldh2−/− embryos at the 3–5 somite stages exhibited a
marked increase in Spry2 expression in the posterior heart field, overlapping the region where
expanded expression of Fgf8 and Isl1 is observed (Fig. 2E–F; n = 3/3); transverse sections
show increased Spry2 expression in the splanchnic mesoderm and neuroectoderm (Fig. 2I–J).
Spry2 mRNA was also upregulated at the posterior end (primitive streak region) of
Raldh2−/− embryos (Fig. 2E–F), consistent with the increase in Fgf8 expression in that region
noted here (Fig. 4A–B) and reported previously (Sirbu and Duester, 2006). These results
indicate that a loss of RA signaling leads to an increase in cardiac FGF8 signaling through the
MAPK-Erk1/2 pathway, thus supporting a model in which expansion of the Isl1+ domain in
Raldh2−/− embryos is due to increased FGF8 signaling.

RA Treatment Rescues Aberrant Expression of Fgf8 and Isl1 in Raldh2−/− Embryos
The studies detailed above suggest that RA treatment of Raldh2−/− embryos should repress
Fgf8 and Isl1 expression. Raldh2−/− and wild-type embryos were collected from pregnant mice
treated with a low dose dietary RA supplement from E6.75–E7.75 or E6.75–E8.25 or no RA
as a control. At the 1-somite stage, untreated Raldh2−/− embryos exhibited a posterior
expansion of Fgf8 mRNA compared to wild-type, whereas this posterior expansion was
prevented in RA-treated Raldh2−/−embryos (Fig. 5A–C). Likewise, RA treatment of
Raldh2−/− embryos at the 6-somite stage prevented the posterior expansion of Isl1 mRNA
observed in untreated Raldh2−/− embryos (Fig. 5D–F).

DISCUSSION
The findings reported here demonstrate that a lack of RA in mouse embryos changes the fate
of mesodermal progenitors such that cardiac Isl1+ progenitors are expanded posteriorly by the
3-somite stage. Expansion of Isl1 expression in Raldh2−/− embryos is accompanied by an even
earlier increase in cardiac Fgf8 expression by the 1-somite stage. Repression of Fgf8 is possibly
the earliest role of RA signaling in cardiac development as it occurs by E7.75 (1-somite stage)
just 6 hours after first onset of Raldh2 expression and RA signaling which occurs at E7.5
(Sirbu et al., 2005). Previous studies demonstrated that RA deficiency results in a decrease in
posterior cardiac Tbx5+ progenitors observed at the 10-somite stage and later (Niederreither et
al., 2001) and we demonstrate here that loss of posterior Tbx5 expression occurs by the 3-
somite stage. Gene disruption studies in mouse have demonstrated crucial roles for Isl1 (Cai

Sirbu et al. Page 5

Dev Dyn. Author manuscript; available in PMC 2009 January 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



et al., 2003) and Tbx5 (Bruneau et al., 2001) in heart tube morphogenesis along the
anteroposterior axis. Thus, the early changes in Isl1 and Tbx5 expression we observe in
Raldh2−/− embryos could lead to significant alterations in anteroposterior patterning of the
heart tube. Such changes in Raldh2−/− embryos may result in the previously observed cardiac
malformations which include a smaller sinoatrial domain posteriorly (likely due to decreased
Tbx5 expression) and an aberrant medial distended cavity located anteriorly where the
ventricular/outflow tract domain normally resides (Niederreither et al., 2001). We suggest that
the medial distended outflow tract/ventricular domain observed in Raldh2−/−embryos may be
due to aberrant cardiac morphogenesis in response to an expanded population of Isl1+

progenitors following increased FGF8 signaling. After submission of this paper another article
reported that Raldh2−/− embryos exhibit altered second heart field formation resulting in
expanded expression of Isl1 and other second heart field markers, but that this expanded
Isl1+ progenitor population was not able to differentiate into cardiomyocytes and likely
contributed to the abnormal heart morphology observed (Ryckebusch et al., 2008).

Our studies have provided evidence that RA action during early heart patterning is normally
limited to the posterior cardiac region, and we have demonstrated that a posterior-medial
cardiac mesodermal cell population overlapping the Fgf8+ and Isl1+ domains (but not the lateral
Tbx5+ domain) is the only mesoderm exhibiting RA activity during our low-dose RA rescue
of Raldh2−/−cardiac patterning. These findings suggest that this posterior-medial domain
represents the RA target tissue during early cardiac development and that it is required for
proper anteroposterior patterning of the heart tube. Also, we provide evidence that Fgf8
expression in the posterior-medial cardiac field is an early target of RA signaling during heart
development, and that excessive FGF8 signaling following a loss of RA signaling is associated
with posterior expansion of the Isl1+ cardiac domain. Cardiac Fgf8 function is conserved as it
is required for induction and expansion of the zebrafish heart (Reifers et al., 2000), and mouse
genetic studies have uncovered an essential role for Fgf8 in upregulating Isl1 expression (Ilagan
et al., 2006; Park et al., 2006). Previous studies in RA-deficient zebrafish embryos
demonstrated that a loss of RA transforms non-cardiac mesoderm into cardiac mesoderm
(Keegan et al., 2005). We propose that the general principle of RA limiting the allocation of
mesoderm to a cardiac cell fate has been conserved from fish to mammal, with mammalian
heart development employing RA signaling to limit the posterior extent of Isl1+ progenitors
in lateral plate mesoderm. Our findings thus suggest that RA limits the number of cells
achieving an Isl1+ fate by restricting expression of Fgf8, thus placing RA near the top of an
important cardiac signaling hierarchy: RA –| FGF8 → Erk1/2 → Isl1. As our findings suggest
that RA signaling does not function directly in the posterior-lateral cells expressing Tbx5, the
ability of RA to stimulate Tbx5 expression may function permissively through RA
downregulation of Fgf8 in posterior-medial cardiac mesoderm which may affect posterior-
lateral cardiac mesoderm in a non-cell autonomous fashion. Further experiments are needed
to determine if Tbx5 expression is repressed by FGF8 signaling.

There is no evidence that RA is required to induce expression of genes involved in early cardiac
development (Niederreither et al., 2001). Instead, our studies indicate that RA plays a
repressive role during cardiac development, by limiting the amount of FGF8 signaling
posteriorly. The primary action of RA signaling during early heart tube formation may thus be
downregulation of Fgf8 leading to reduced Isl1 expression needed to define the posterior limit
of the cardiac field. This conclusion is supported by studies demonstrating the existence of a
functional retinoic acid response element upstream of the Fgf8 promoter (Brondani et al.,
2002). Also, other studies have demonstrated the existence of a mutual RA-FGF8 antagonism
during posterior body axis extension (Del Corral et al., 2003), with RA generated by Raldh2
repressing Fgf8 in the epiblast (Sirbu and Duester, 2006) and FGF8 repressing Raldh2
expression in the presomitic mesoderm (Del Corral et al., 2003). Additionally, a reduction in
FGF8 signaling through mutation of Tbx1 and Crkl leads to aortic arch and thymic defects in

Sirbu et al. Page 6

Dev Dyn. Author manuscript; available in PMC 2009 January 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



a mouse model of human del22q11 (DiGeorge) syndrome, and this loss results in higher
Raldh2 expression and increased RA signaling; these defects can be rescued by a partial loss
of Raldh2 function (Raldh2−/+) suggesting that Fgf8 normally functions to repress Raldh2
(Guris et al., 2006; Moon et al., 2006). As our findings indicate that Raldh2 represses Fgf8 in
the posterior cardiac field, it appears that a mutual antagonism may exist between RA and
FGF8 signaling during various stages of cardiac development. A disruption in RA-FGF8
antagonism during heart tube formation may thus represent the underlying molecular defect in
some types of congenital heart disease.

EXPERIMENTAL PROCEDURES
Generation of Raldh2−/− Embryos and Conditional RA Rescue

A line of Raldh2+/− adult mice was described previously (Mic et al., 2002). Embryos derived
from timed matings of Raldh2+/− mice were genotyped by PCR analysis of yolk sac DNA to
identify Raldh2−/− embryos. Following mating, noon on the day of vaginal plug detection was
considered embryonic day 0.5 (E0.5). Embryos were staged according to somite number.
Rescue of Raldh2−/−embryos by maternal dietary RA supplementation was performed as
previously described (Sirbu and Duester, 2006); the RA dose employed has been demonstrated
to be in the normal physiological range (Mic et al., 2003). Briefly, all-trans-RA (Sigma
Chemical Co.) was dissolved in corn oil and mixed with powdered mouse chow to provide a
final concentration of 0.1 mg/g for treatment from E6.75–E8.25. Such food was prepared fresh
each morning and evening and provided ad libitum. Embryos were analyzed at E8.0 and E8.25
when the mother was still on the RA-supplemented diet. All mouse studies conformed to the
regulatory standards adopted by the Animal Research Committee at the Burnham Institute for
Medical Research.

In situ Hybridization and Retinoic Acid Detection
Whole-mount in situ hybridization was performed as described previously to detect mRNA
(Mic et al., 2002); wild-type and Raldh2−/− embryos were treated under identical hybridization
conditions and stained for the same length of time. For double-labeling, two antisense RNA
probes were used and detection was performed simultaneously. RA activity was detected by
examining embryos carrying the RARE-lacZ RA-reporter transgene which places lacZ
(encoding β-galactosidase) under the transcriptional control of a retinoic acid response element
(RARE) (Rossant et al., 1991). β-galactosidase activity was detected using staining with X-gal
(5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) as previously described (Sirbu and
Duester, 2006). Stained embryos were embedded in 3% agarose and sectioned at 30 mm with
a vibratome.
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Fig. 1.
RA rescue targets the posterior-medial region of the heart field during heart tube formation.
(A–B) Detection of Raldh2 mRNA in E9.5 wild-type (WT) and Raldh2−/− embryos; mutant
lacks Raldh2 mRNA and exhibits a medial distended cardiac cavity. (C) RA activity in 6-somite
wild-type and Raldh2−/− embryos carrying RARE-lacZ RA-reporter transgene following rescue
by maternal dietary RA administration (ventral view); mutant exhibits RA activity only in the
neuroectoderm and posterior-medial region of the heart field. (D–E) Serial transverse sections
through the RA-rescued Raldh2−/− embryo indicated in panel C. (F) RA activity in 1-somite
Raldh2−/− embryo rescued by maternal dietary RA administration (ventral view); RA activity
is observed in the posterior region of the heart field and in the posterior neuroectoderm. (G)
Transverse section through the RA-rescued Raldh2−/− embryo indicated in panel F. atr, atrial
progenitor; cc, cardiac crescent; h, heart; n, neuroectoderm; s, somite; sm, splanchnic
mesoderm (component of lateral plate mesoderm); sv, sinus venosa (inflow tract); ven,
ventricular progenitor.
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Fig. 2.
Isl1+ cardiac domain expands posteriorly after loss of RA. Isl1 mRNA in wild-type and
Raldh2−/− embryos at (A–B) 3-somites, ventral view. and at (C–D) 5-somites, ventral view.
Brackets indicate a marked increase in Isl1 mRNA in the posterior cardiac field of mutants.
(E–F) Spry2 mRNA in 3-somite wild-type and Raldh2−/− embryos (ventral view)
demonstrating a significant increase in posterior cardiac expression in the mutant (brackets);
transverse sections shown in panels I and J. (G–H) Isl1 mRNA in wild-type and Raldh2−/−

embryos at 6-somites (ventral view) with brackets pointing out posterior expansion of Isl1
mRNA in mutant; transverse sections shown in panels K–N. sm, splanchnic mesoderm.
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Fig. 3.
Loss of RA reduces the size of the Tbx5+ cardiac domain. (A–B) Tbx5 mRNA in 3-somite
wild-type and Raldh2−/− embryos (lateral view); brackets point out reduced Tbx5 mRNA in
posterior region of cardiac crescent in mutant. (C–D) Ventral view of 3-somite embryos shown
in panels A and B. (E) Double-labeling of Tbx5 mRNA (anterior) and Raldh2 mRNA
(posterior) in 6-somite wild-type and Raldh2−/− embryos (ventral view); mutant lacks
Raldh2 mRNA; brackets identify reduction in posterior-lateral Tbx5 domain in mutant. (F)
Detection of Raldh2 mRNA in a 6-somite wild-type embryo (compare to panel E). cc, cardiac
crescent; s, somite; sm, splanchnic mesoderm.
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Fig. 4.
Posterior expansion of cardiac Fgf8 expression following loss of RA signaling. (A–B)
Detection of Fgf8 mRNA in 1-somite wild-type and Raldh2−/− embryos (lateral view); arrows
point out posterior expansion of the cardiac domain and anterior expansion of the primitive
streak domain in the mutant. (C) Ventral view of 1-somite embryos in panels A and B; note
posterior expansion of Fgf8 mRNA in the heart field. (D–E) Detection of Fgf8 mRNA in 5-
somite wild-type and Raldh2−/−embryos; arrows show posterior expansion in heart field. (F–
G) Transverse sections of 1-somite wild-type and Raldh2−/− embryos through posterior region
of Fgf8-positive cardiac domain (just below the label ‘heart’ in embryos shown in panel C). h,
heart; n, neural tube; no, node; ps, primitive streak; s, somite; sm, splanchnic mesoderm.
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Fig. 5.
RA treatment represses Fgf8 and Isl1 expression. (A–C) Fgf8 mRNA in 1-somite embryos,
and (D–F) Isl1 mRNA in 6-somite embryos; all embryos are displayed from a ventral view to
observe the heart field. The arrows indicate posterior expansion of Fgf8 or Isl1 expression in
untreated Raldh2−/− embryos relative to wild-type, but this posterior expansion is prevented
in Raldh2−/−embryos treated with maternal dietary RA supplementation (res −/−).
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