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SUMMARY

Septation of the single tubular embryonic outflow tractinto  in the heart. Using a whole-mouse-embryo culture system,

two outlet segments in the heart requires the precise
integration of proliferation, differentiation and apoptosis
during remodeling. Lack of proper coordination between
these processes would result in a variety of congenital
cardiac defects such as those seen in the retinoid X receptor
a knockout (Rxra”) mouse. Rxra”’~ embryos exhibit
lethality between embryonic day (E) 13.5 and 15.5 and
harbor a variety of conotruncal and aortic sac defects
making it an excellent system to investigate the molecular
and morphogenic causes of these cardiac malformations.
At E12.5, before the embryonic lethality, we found no

wild-type E11.5 embryos treated with TGEB2 protein for
24 hours displayed enhanced apoptosis in both the
sinistroventralconal cushion and dextrodorsalconal
cushion in a manner analogous to that observed in
the Rxra’~. TGFPB2 protein treatment also led to
malformations in both the outflow tract and aortic sac.
Importantly, Rxra”~ embryos that were heterozygous for
a null mutation in the Tgfb2 allele exhibited a partial
restoration of the elevated apoptosis and of the
malformations. This was evident at both E12.5 and E13.5.
The data suggests that elevated levels of TGE can (1)

qualitative difference between wild type and Rxra”’=  contribute to abnormal outflow tract morphogenesis by
proliferation (BrdU incorporation) in outflow tract cushion enhancing apoptosis in the endocardial cushions and (2)
tissue but a significant increase in apoptosis as assessed bypromote aortic sac malformations by interfering with the
both TUNEL labeling in paraffin sections and caspase normal development of the aorticopulmonary septum.
activity in trypsin-dispersed hearts. Additionally, E12.5

embryos demonstrated elevated levels of transforming Key words: Apoptosis, Outflow tract, Retinoid X receptor, B&F
growth factor 2 (TGFB2) protein in multiple cell lineages  Whole mouse culture

INTRODUCTION 1993; Fishman and Chien, 1997; Kubalak and Sucov, 1999).
Too much or too little RA causes a spectrum of cardiovascular
Development of the outflow tract (OFT) in the heart is amalformations including OFT and aortic arch anomalies
complex process involving proliferation, differentiation, and(Lammer et al., 1985; Pexieder et al., 1995; Taylor et al., 1980;
apoptosis of multiple cell lineages of myocardial, endothelialWilson and Warkany, 1949; Wilson et al., 1953), AV canal
mesenchymal, neural crest and epicardial origins (DeRuiter etalformations (Wilson and Warkany, 1949; Wilson et al.,
al., 1992; Markwald et al., 1977; Ya et al., 1998). The intricatd 953), looping disturbances (Dickman and Smith, 1996; Smith
processes associated with the remodeling of cushion tissue irgbal., 1997) and ventricular septal defects (Smith et al., 1998;
valvular and septal structures involves several cell lineagéAilson and Warkany, 1949; Wilson et al., 1953). Still, the
dependent events including apoptosis in outflow tract cushiomechanistic links between the teratogenic effect of RA and the
tissue, myocardialization in the OFT and atrioventricular (AV)resultant anomalies remain clouded by the fact that RA
canal, and expansion of the inter-ventricular septum andctivates multiple signaling pathways.
compact zone. Although remodeling has been described on aA variety of gene-targeted mice have been generated to
morphogenic level, the molecular mechanisms that integraiavestigate the roles of RA during development. Mutations in
proliferation, differentiation and apoptosis for properseveral of the RA receptor subtypes lead to specific cardiac
remodeling of the tubular heart into the four-chambered orgamalformations and provide an avenue for understanding both
remain largely unknown. the events leading up to embryonic lethality and for
Proper growth and maturation of the heart requires a varietypwvestigating mechanistic links between RA signaling and
of molecular signals including retinoic acid (RA) (Chien et al.,cardiac malformations (Kastner et al., 1994; Kastner et al.,
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1997; Sucov et al., 1994). Previous studies have document&@GH32 plasmids were kind gifts from Harold Moses and probes were
the wide range of OFT abnormalities in the embryonic day (Edenerated as described (Derynck et al., 1986; Miller et al., 1989). For
13.5-15.5 retinoid X receptom knockout Rxra’) mouse RT-PCR, RNA was prepared as described previously (Kubalak et al.,
(Gruber et al., 1996). The significance of RXMR heart 1994). PCR amplification of a 132 bp fragment corresponding to wild-
development is underscored by the fact that embryo pe TGH2 was as described by Sanford et al. (Sanford et al., 1997).

: : : mplification conditions were optimized to acquire semi-quantitative
heterozygous foRxra also displayed cardiac malformations expression levels of TGR and GAPDH (as control). The conditions

(Gruber et al., 1996). Defects were observed N Severgs, TGH32 were 30 cycles at 95°C for 30 seconds, 50°C for 50
compartments of the heart, including the aortic sacgeconds and 72°C for 1 minute. PCR primers for GAPDH were as
conotruncus,  atrioventricular canal and  ventriculargescribed by Kondo et al. (Kondo et al., 1998) and the conditions were
myocardium (Gruber et al.,, 1996). To date, no candidatgo cycles at 94°C for 30 seconds, 54°C for 30 seconds and 72°C for
downstream genes have been uncovered that offer a5 seconds. Relative expression levels of B&fere normalized to
explanation of how these cardiac malformations occur. GAPDH using densitometry (NIH Image 1.62) of the respective PCR
We report that maldevelopment of the aorticopulmonaryproducts. Numbers represent the -fold expression relative to wild type.
(AoP) septum is evident by E11.5 in tRara’~. By E12.5,

malformations of the endocardial cushions in the OFT beca Whole-mouse-embryo culture

reparation of rat serum was performed as described (Cockroft,

_apparent. Associated W't.h the malformed cushions is a 90). Whole mouse embryos were cultured as described previously
increased level of apoptosis. In normal development, the ons ruber et al., 1998; Hertig et al., 1999). Embryos were incubated in

of apoptosis in OFT cushion tissue occurs between E11.5 aRfiture for 1 hour before the addition of reagents and then treated

E12.5 (for a review, see (Poelmann et al., 2000). Malformationsiher with vehicle [4 mM HCI, 0.1% bovine serum albumin (BSA)]
in this region were evident by E12.5, coincident with theor with TGR2 protein (R&D Systems, Minneapolis, MN) at a final
apoptosis and at least 1 day before the embryonic lethality itoncentration of 0.1, 10 or 30 ng/ml. The culture continued for 18
mutant mice. Concomitant with these morphologic changeBours at which time the media was changed to fresh, reagent-
was elevated levels of transforming growth fa@@r(TGF32) containing, pre-equilibrated media and allowed to continue for an

protein in theRxra~embryonic heart. When we exposed wild- 2dditional 6 hours. The embryos were then fixed in 2%
type whole mouse embryos in culture to TaFprotein, paraformaldehyde-PBS for 1 hour at room temperature, washed in

apoptosis was enhanced in the OFT. B&featment also lead PBS and embedded as described above.
to abnormal development of the OFT cushions and AoRnmunohistochemistry

septum. Accordingly, lowering TG& levels by intercrossing protein expression was examined by first rehydrating the sections
the TGHB2 heterozygous mouse into tRera’~ background  through xylenes and graded ethanols, then rinsing in PBS. Sections
partially restored the apoptosis and decreased thgere blocked in 10% normal goat serum for 1 hour, washed in PBS,
developmental defects. These results suggest that elevatat incubated with antibodies against either BGEL:100), TGB2
levels of TGIB2 can increase apoptosis in the OFT, which in(1:300) or TGB3 (1:500) (Santa Cruz Biotechnology, Santa Cruz,
turn perturb cardiac development. This study is the first repofA). They were then washed in PBS and incubated with FITC-

that identifies a potential downstream target molecule in theenjugated 90:"5 anti-rabbit s;condar()j/ antibon_:ig/ fé?r 2.5 houzjs_lat rgqm
P . ; - . ~temperature. primary and secondary antibodies were diluted in
(r:(;trlgic;g gc;:j ﬁggr;:glsgispathway proven to be critical durlng0.1% BSA-PBS. After a final wash in PBS, slides were mounted with
phog ’ Slowfade AntiFade (Molecular Probes, Eugene, OR) and analyzed
using a confocal laser-scanning microscope (BioRad MRC-1024,
Cambridge, MA).
MATERIALS AND METHODS 9 )
BrdU incorporation

Transgenic mice and embryos Timed pregnant mice at E12.5-14.5 were injected intraperitoneally
Colonies ofRxra and Tgfb2 heterozygous animals were bred and with 100 pg/gm body weight of 5-bromo-2leoxyuridine (BrdU,
maintained on the C57BI6 background as described previousl8igma) in 200ul of sterile 0.9% NaCl 1 hour before sacrificing
(Sanford et al., 1997; Sucov et al., 1994). Genotyping was performe&orteus et al., 1994). Embryos were dissected from the uterus and
by PCR analysis as previously described (Gruber et al., 1996; Sucpvocessed as described above for paraffin-wax embedding and
et al.,, 1994). Timed pregnant females were sacrificed, the embrysgctioning in the transverse orientation. After rehydrated through
removed and bisected just below the heart. Embryos were staggdaded ethanols, sections were washed in TBSA-BSAT (10 mM Tris-
according to Kaufman (Kaufman, 1992) with the day of plug beingHCl, 150 mM NacCl, 0.02% sodium azide, 1% BSA, 0.1% Triton X-
embryonic day (E) 0.5. The lower torso was processed for genotypirt0). They were then incubated with 4 N HCI for 30 minutes,
by PCR analysis. The upper torso of the embryo was fixed in 2%ollowed by neutralization with 100 mM sodium tetraborate for 5
paraformaldehyde in phosphate-buffered saline (PBS) for 1 hour atinutes, and then incubated in 0.1% Triton X-100 for 20 minutes.
room temperature. Embryos were then rinsed with PBS, dehydrat&@pecimens were co-stained with monoclonal anti-BrdU
in a graded ethanol series, cleared in xylenes and embedded (Developmental Studies Hybridoma Bank, lowa City, IA) and
Paraplast Xtra (Oxford, St Louis, MO). Specimens were sectioned ablyclonal atrial myosin light chain 2 (MLC2a, 1:500) (Kubalak et
a thickness of jum and mounted on Superfrost-Plus slides (VWR,al., 1994) in TBSA-BSAT, for 16 hours at room temperature. After a
West Chester, PA) for histological and immunohistochemical analysisvash in TBSA-BSAT, they were incubated with FITC-conjugated

) anti-mouse secondary antibody and Cy5-conjugated anti-rabbit at
Gene expression analyses room temperature for 2.5 hours. After a final rinse in TBSA-BSAT,
RNase protection analysis and semi-quantitative reverse transcriptasikee sections were mounted with Slowfade AntiFade mounting media
polymerase chain reaction (RT-PCR) were performed on single heasd analyzed by laser-scanning confocal microscopy.
that had only their atria removed (Gruber et al., 1996; Kubalak et al., o
1994). Preparation of RNA and generation of the MLC2a probe waSUNEL staining
as previously described (Kubalak et al., 1994). The flGEnd TUNEL assays were performed using the ApopTag kit (Oncor,
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Gaithersburg, MD) according to the manufacturer's recommendatiorsot shown), such that by E10.5, the morphology of the OFT
with minor modifications in order to co-stain for MLC2a. After ridges were indistinguishable between the two genotypes (Fig.
incubation in the TdT enzyme reaction mixture, sections were exposei B). Furthermore, by E11.5 the extent of transformed

to fluorescein-conjugated anti-digoxigenin combined with anti-gpithelial cells was equivalent between wild-type and mutant
MLC2a for 30 minutes at room temperature. Slides were then wash arts and resulted in a normal overall shape of the DDCC and

for 15 minutes in PBS. After a 1 hour incubation with anti Cy5- : : .
conjugated anti-rabbit secondary antibody in 1% BSA-PBS, the slideéyCC in the mutant (Fig. 1D,F,H) when compared with the

were mounted as described above. wild type (Fig. 1C.E,G).

Quantitation of apoptotic cells in the sinistroventralconal cushion D€spite the apparent normal development of the OFT
(SVCC) and the dextrodorsalconal cushion (DDCC) was estimated t§ushions at E11.5, it was at this age inRxea’~ that the first
scoring the number of apoptotic nuclei in serial sectiongr@part  indications of abnormal development of the AoP septum were
from the most anterior to the most posterior aspects of the cushioravident. Normally, at this stage, the AoP septum has descended
Because irRxra’~ hearts it was frequently difficult to discern valve far enough towards the heart to fuse with the OFT cushions.
primordia from other neighboring cushion tissues, all sections in th§hjs process is pivotal for normal septation of the OFT at the
TUNEL analysis in both wild-type and mutant embryos. Apoptoticin the E11.5Rxra’- the AoP septum fails to make proper

nuclei in the myocardium and endocardium of the OFT were exclude - . - .
from the quantification. Positive nuclei were normalized to the tota ontact with t_he OFT (.:USh'OnS and incompletely fuses with the
onotruncal ridges (Fig. 1F, arrow).

number of cushion cells counted from adjacent Hematoxylin and Eosirf . . .
sections. Data are expressed as the number of positive apoptotic nuclePY E12.5 in the wild type, the opposing DDCC and SVCC
as a percentage of total cushion cells. Differences were consideré§lges have made contact with each other and, in the majority

significant wherP<0.05 using a two-way analysis of variance. of specimens studied have begun to fuse (Fig. 11,K, arrow),
o indicating that septation of the OFT is well under way by
Caspase activity assay E12.5. At this age in thRxra’-, the development of both OFT

Caspase activity was performed using the Caspatag Fluoresceifishions was compromised. Not only was there a lack of fusion
Caspase Activity Kit (Intergen Co., Purchase, NY) according to theyf the cushions (Fig. 1J,L), we also frequently observed

manufacturer's recommendations with minor modifications to assay,iqence of abnormal interactions between the AoP septum
single embryonic hearts. Briefly, cardiac cells from E12.5 embryoni nd the conotruncal ridges, as was suggested at E11.5. Indeed

hearts (atria removed) were isolated by incubation and trituration i b ?
0.05% trypsin for 20 minutes at 37°C. Activated caspases were th E12.5 all of th&kxra’™ embryos examined had malformed

labeled and quantitated by measuring the intensity of the fluorescefd™ T cushions (11/11) and of those, 64% (7/11) displayed a
label using a fluorescence spectrophotometer (SLM Aminco, Urbantack of any fusion between the AoP septum and the SVCC and
IL). A portion of the final cell suspension was removed for proteinDDCC suggestive of an imminent AoP window (Fig. 1L,
determination in order to normalize the caspase activity to toterrow). The remaining embryos displayed incomplete fusion
protein using the Micro BCA Protein Assay Kit (Rockford, IL). Each resulting in irregular and hypoplastic ridges (Fig. 1J,L). To
litter was assayed separately and results are expressed as -fold chagggluate the relative sizes of the DDCC and SVCC in wild-
relative to wild-type embryos within each |_nd|V|_duaI litter. Statl_stlcst pe and mutant embryos, we quantitated the number of
were performed on -fold change values with differences considereqshion cells in sections every @ apart, spanning from the
significant wherP<0.05 using a one-way analysis of variance. most distal to the most proximal aspects of each of the cushions
(Fig. 1M). Confirming what we observed visually, the relative
number of cushion cells in both the DDCC and SVCC was

RESULTS significantly less in the mutant (669+116 and 761+609,

] respectively) when compared with the wild type (1170107
Rxra~'~ embryos display abnormal development of and 1113+105, respectivel§<0.01) (Fig. 1N). Therefore, by
the aortic sac and outflow tract before the onset of E12.5, theRxra’~is characterized by an underdeveloped AoP
embryonic lethality septum and hypoplastic OFT cushions.

The window of lethality irRxragene-targeted mice is between By E13.5 in the wild type, the DDCC and SVCC have nearly
E13.5 and E15.5. The cause of death has been attributeddompletely fused (Fig. 2A) and OFT morphogenesis proceeds
embryonic heart failure (Dyson et al., 1995). Approximatelyinto the final stages of septation. In the mutant, the two
67% of mutant embryos display OFT and aortic archcushions are so significantly malformed and undersized that the
malformations, including abnormal development of thelack of fusion may simply reflect they are physically too far
aorticopulmonary (AoP) septum, hypoplastic or absenapart to make proper contact with each other (Fig. 2D). The
conotruncal ridges, shortened conotruncal septum and doublarying degrees of fusion and hypoplastic nature of the OFT
outlet right ventricle (Gruber et al, 1996). Theseridges would explain the wide range and severity of the OFT
malformations suggest a perturbation of the development afefects typically seen in thBxra’~ (Gruber et al., 1996).
mesenchymal tissues in the OFT. Therefore, we evaluated OFJollectively, the data demonstrate that the morphological
morphogenesis with an emphasis on the development of tmeanifestations of a lack of RXRorotein in the OFT and aortic
conotruncal cushions in the mutant from the onset of heart tutsac are evident between E11.5-12.5, at least 1 day before the
formation (E7.5-8.5) through the final stages of septatioembryonic lethality in these mice.

(E13.5-14.5). No abnormalities were observed in the overall .

morphology of the OFT iRxra’~ embryos between E7.5 and MLC2a and MLC2v mark the developing outflow

10.5. The formation of the heart tube (E7.5-8.5) and the ons&@ct and myocardializing myocytes in both wild type

(E9.0-9.5) and extent of mesenchymal cell seeding in OF&nd Rxra~'~ embryos

cushion tissue was similar between wild type and mutant (dafehe OFT myocardium is unique in that myocytes co-express
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Relative Number of Cushion Cells

wild type  Rxra-

Fig. 1. Developmental abnormalities in tRxra”’—embryo are evident at E11.5 in the aortic sac and at E12.5 in outflow tract cushion tissue.
Embryos at various times during embryogenesis were analyzed for morphological malformations of the heart. TransverseEEzfons o
wild-type (A) andRxra’= (B) hearts show that the early stages of epithelial-to-mesenchymal cell transformation in outflow tract cushion tissue
occurs in a similar manner between wild type and mutant. Arrows indicate mesenchymal cells that have migrated into jekycardiac

(C-H) Transverse sections of E11.5 embryonic hearts. Note throughout the outflow tract (OFT), the extent of mesenchymaliseeding i
cushions is similar in the wild type (C,E,G) aRera’~ (D,F,H). However, at this age, the aorticopulmonary (AoP) septum in the mutant shows
signs of abnormal development, such as incomplete fusion with the sinistroventralconal cushion (F, arrow). (I-L) Trartgvesse §4@.5
embryonic hearts. The OFT cushions have begun to fuse in the wild type (K, arrow) while they have become noticeably tarmbplastic
malformed in theRxra’~. Further evidence of an eventual AoP window is also observed Rxtiag~ (L, arrow). dd, dextrodorsalconal

cushion; sy, sinistroventralconal cushion. (M,N) Quantitation of the relative number of cells was performed by countimgsetelesections

40 pm apart beginning at the most cranial aspects of the OFT cushions and continuing down to the most caudal aspects of the cushion
(between broken lines, M). (N) Cells from the dextrodorsalconal cushion (DDCC in M; white bars) and sinistroventralcona|S\e&lddn

M; black bars) were counted separately. Both OFT cushions were significantly smalleRxmatre *P<0.05. Error bars represent the s.e.m.

the atrial and ventricular isoforms of MLC2 throughout theprotein expression, as opposed to transcript levels, when
course of cardiogenesis (Franco et al., 1999). Expression oharacterizing the null phenotype.

MLC2v (ventricular myosin light chain 2) is restricted to Myocardialization is the process of myocyte migration that
ventricular and OFT myocardium in both the wild type (Fig.contributes to the formation of the muscular portion of the outlet
2B) andRxra’~ (Fig. 2E) at E13.5. Similarly, expression of segments (van den Hoff et al., 1999) and begins at E12.5-13.5
MLC2a (atrial myosin light chain 2) protein was maintained inin the mouse (Waller et al., 2000). These specialized myocytes
the OFT, but downregulated in the ventricles in both wild-typénave been reported to co-express MLC2a and MLC2v (Franco
(Fig. 2C) andRxra’~ embryos (Fig. 2F). This contrasts to et al., 1999). To determine if myocardialization is occurring in
message levels of MLC2a, which remain elevated in théheRxra’—mice, sections were selected from E13.5 embryos in
ventricles of the mutant embryo (Dyson et al., 1995). Theserder to visualize the area between the primordia of the aortic
data suggest that some degree of post-transcriptional regulatiand pulmonary outlets. Identification of this region in wild-type
is maintained within the myocardium of tiRxra’~ during  embryos is straightforward as the two outlet cushions are well
cardiogenesis and reinforces the importance of evaluatifgsed at this stage of development and the condensed
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mesenchyme is readily identified on histological sections (Figapoptotic nuclei which is normal at this stage of development
3A, broken line). However, in thexra’, identification of the (Poelmann et al., 2000). The sites of cell death in the mutant
corresponding region is complicated by the frequent occurrendeart were confined to these same regions (Fig. 3F, and data
of unfused, hypoplastic conotruncal ridges (Fig. 3B). Thereforeyot shown). Thus, ectopic apoptosis was not found in the
serial sections 4am apart were evaluated to ensure the analysiRxra’~ endocardium, epicardium or the myocardium of either
of any potential regions of myocardialization. Interestingly,the ventricles or atria (data not shown).

MLC2a and MLC2v were not co-expressed in all As E12.5 mutant embryos already display hypoplastic
myocardializing myocytes in either wild-type or mutantcushions (Fig. 1J,L) before any overt decrease in proliferation,
embryos at E13.5. The lateral myocardial cuffs of the OFTwe set out to evaluate whether this could be explained by a
expressed both MLC2a and MLC2v (Fig. 3C-F asterisks)higher degree of apoptosis (Fig. 4). To quantitate this, we
However, the midline of this region in the wild type (Fig. 3C,counted the number of apoptotic nuclei in serial sections 40
arrowheads) and the corresponding region in the mutant (Figm apart from the most cranial to the most caudal aspect of
3F, arrowheads) expresses only MLC2v. Importantly, myocytethe OFT cushions (Fig. 1M). Fig. 4 shows representative
along the endocardial cushion-myocardial interface manifestnages from a single wild-type embryo (Fig. 4A,C,E) and a
the finger-like phenotype characteristic of myocardializingsingle mutant (Fig. 4B,D,F). In wild-type embryos, 3.9% of
myocytes. This was particularly evident in the wild type (Fig.cells in the DDCC and 5.5% of cells in the SVCC were
3G, arrows). In th&xra~, even though the OFT cushions were apoptotic, while in mutant embryos this was elevated to 10.6%
not fused, a few myocytes could still be identified with the samand 9.8%, respectively (Fig. 4®<0.05). Additionally, the
finger-like phenotype projecting into the OFT cushions (Fig. 3Hregion of the enhanced apoptosis in the mutant extended more

arrows). cranial and caudal than in wild-type cushion, particularly in the

] SVCC (Fig. 4A-F). To confirm what we observed using the
Enhanced apoptosis precedes the decreased TUNEL assay, we analyzed caspase activity in trypsin-
proliferation in  Rxra~~ embryos dispersed embryonic heart cells. Caspase activity has been

As indicated above, the initial manifestation of a morphologigeported to be a good indicator of apoptotic activity in the
defect in the OFT of mutant embryos was the decrease in sideveloping OFT (Watanabe et al., 1998). Consistent with the
and abnormal shape of the cushions at E12.5 (Fig. 1J,L). THIRINEL assay, we observed significantly elevated caspase
effect is even more evident by E13.5 (Fig. 2D) whan
the two cushions are rarely seen in contact with
other. To evaluate whether the undersized cushiol
the result of a decrease in proliferation, an increa
programmed cell death, or a combination of both
evaluated the proliferation status by analyzing E
incorporation and determined the level of apoptos
performing the TUNEL assay. We could not dete
qualitative difference in cell proliferation betwe
wild type andRxra’~ embryos until E14.5, i.e. we
into the embryonic lethality of mo&xra’— embryos
(data not shown). Additionally, the pattern of Bi
incorporation was also similar between wild-type
mutant embryos. Notably, within the heart, the de
of proliferation varied depending on the cell t
examined. For example, the endocardial cushion
myocardializing myocytes flanking the cushi
proliferate more slowly than myocytes within
ventricles. This was true for both wild-type (Fig. :
and mutant (Fig. 3D) embryos. Mesenchymal «
destined to become valvular tissue displayed a h
proliferative capacity than the adjacent cusl
mesenchyme involved in conal septum formatio
both wild-type (data not shown) and mut
embryonic hearts (Fig. 3D, arrowheads). Collecti
these data suggest that the reduced cushion sizes
mutant were not the result of an overt decrea:
proliferation.

At E13.5 in the wild-type heart, apoptosis

: . ; : . Fig. 2.MLC2v and MLC2a are expressed in a normal manner and mark the
Breet\(/jvzgénatrr]\tley (;?)?Iilgeirfg OF'II' cushion UStISLf[e ) developing outflow tract in both wild-type aRara~embryos. Adjacent

. . puimonary Outlel V- 5 nsverse sections of E13.5 wild-type (A-C) &aa’~ (D-F) embryonic
primordia where the two OFT cushions have fu a5 Both MLC2v (B,E) and MLC2a (C,F) are expressed in their respective
(Fig. 3E) (Okamoto et al., 1981; Ya et al., 19  chambers in both wild-type and mutant embryos. Note that MLC2a is also
Atrioventricular cushion tissue and the myocal expressed in a subset of OFT myocardium (C,F, arrowheads) and that this
crest of the interventricular septum also cor expression pattern is identical in both wild-type and mutant embryos.
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activity in mutant E12.5 hearts (Fig. 4H). Not surprisingly, agype than in mutant embryos. When compared with non-
there were no apparent morphological differences betweesultured embryos (Fig. 4G), this appeared to reflect an increase
E11.5 wild-type and mutant OFT cushions, there were also ria apoptosis in the wild type but not in the mutant. The finding
differences in the observed programmed cell

death. In fact, there was essentially no (
apoptosis for either genotype at E11.5 (date
shown). Hence, we conclude that elevi
apoptosis is responsible for the hypople
phenotype of the OFT cushions observe(
Rxra’~ mouse.

TGFB2 transcript and protein levels are
elevated prior to the developmental
defects in Rxra~'~ embryos

The transforming growth facto family of
proteins have been implicated in retinoic ¢
signaling pathways in several different mc
systems (Bavik et al., 1996; Chen et al., 1!
Jakowlew et al., 1992; Tsuiki and Kishi, 19¢
The cardiac expression pattern reported
TGH32 suggests that it may play a role
cardiogenesis during the E11.5-E13.5 windo
development (Dickinson et al., 1990). In E1
cardiac tissue, where the cardiovasc
abnormalities are evident, we found Tg&=
MRNA expression elevated in the mut
whereas TGBE1 mRNA levels remaine
unchanged (Fig. 5A,B). TGR protein wa
elevated in the mutant (Fig. 5C) in parallel v
TGF32 mRNA. Upregulation of TGE2 was als
evident in E12.5 embryos (i.e. 1 day before
lethality in Rxra’~ embryos) (Fig. 5D). Note tt
expression of TGBE2 in the wild type is slightl
higher at E12.5 than at E13.5, consistent witt
findings of Dickson et al. (Dickson et al., 19¢
Interestingly, the distribution of the eleva
TGH32 appeared to encompass several cell t
including ventricular and atrial myocardiu
endocardium and epicardium and, to a le
extent cells within the endocardial cushic
TGH31 and TGIB3 in the mutant did not appe
different from wild type (data not shown). Thi
results demonstrate that increased TPBE&
expression coincides with elevated apoptosis
precedes diminished proliferation iRxra’~
embryos.

TGF(2 promotes apoptosis and
malformations in the developing outflow
tract in cultured whole mouse embryos

To test whether TGER2 could induce apoptos
and malformations in the OFT, wild-type E1
whole mouse embryos were cultured for 24 h
in the absence and presence of 0.1-30 r
TGFH32. Outflow tract apoptosis was quantite
in the DDCC and SVCC as described ab
TGH32 treatment of wild-type embry
significantly enhanced apoptosis in the (
cushions in a concentration-dependent ma
(Fig. 6). Interestingly, after 24 hours in cultt
apoptosis in the OFT was no different in w

MLC2a/TUNEL

Fig. 3.Delineation of outflow tract proliferation, apoptosis and myocardialization in
E13.5 wild-type andRxra’~embryos. (A,B) Transverse sections of the outflow

tracts of E13.5 wild-type an@xra’-embryonic hearts, respectively. Broken line
depicts the boundary between endocardial cushion tissue (ec) and myocardializing
myocytes. ao, aortic outlet. pa, pulmonary outlet. (C) Adjacent section to A
immunostained for MLC2v (red) and BrdU (green). Note less cells are BrdU-
positive in the myocardial cuffs (asterisks) and endocardial cushion tissue compared
with the ventricular myocardium. Myocardializing myocytes are readily identified
(arrowheads) and were more easily visualized at higher magnification (G, arrows).
(D) Adjacent section to B immunostained for MLC2a (red) and BrdU (green).
Similar to wild-type hearts, less cells are BrdU-positive in the myocardial cuffs
(asterisks) and endocardial cushion tissue compared with the ventricular
myocardium in th&kxra”~. (E) Adjacent section to C immunostained for MLC2a

and apoptotic cells using the TUNEL assay. Apoptosis was largely confined to the
endocardial cushion tissue between the myocardial cuffs (asterisks) in the outflow
tract. (F) Adjacent section to D immunostained for MLC2v and apoptotic cells using
the TUNEL assay. Apoptosis was again largely confined to the endocardial cushion
cells between the myocardial cuffs (asterisks). Myocardializing myocytes were also
identifiable in theRxra’~ (arrowheads) and were more easily visualized at higher
magnification (H, arrows).
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Fig. 4. Programmed cell death in the outflow
tract is enhanced in the E1RSra’~

embryo. Serial sections from a representative
wild-type (A,C,E) andRxra’~ (B,D,F)

outflow tract showing TUNEL-positive

nuclei and co-immunostained with MLC2a

to demarcate the OFT myocardium. More
cells in the mutant were apoptotic than in the
wild type (arrowheads). (G) The relative

0...

]
3
Q
8
2_12
§§ 10 numbers of cushion cells were counted from
g 5 the adjacent histological sections and the
;E 8 data are expressed as the relative number of
E § 6 apoptotic cells as a percent of the total cells.
i" 4 Cells from the dextrodorsalconal cushion
2 (DDCC, white bars) and sinistroventralconal
§ s cushion (SVCC, black bars) were counted
wild type Rxra-- separately. Both OFT cushions in Rera’~
exhibited significantly more apoptosis than
in the wild type. P<0.05, compared with
H wild type DDCC. **P<0.01, compared with
1.8 wild type SVCC. Error bars indicate the
7 % ivi i
E 45 s s.e.m. (H) Caspase activity assays confirmed
22 14 the results obtained with the TUNEL
2% 19 technique in that mutant hearts demonstrated
8 1'0 T T enhanced apoptosis. Results are expressed as
Q= 0'3 -fold change relative to wild type. Three
§§ i separate litters were assayed and -fold
3 g 0' changes were calculated separately for each
© 4 litter. Each litter had at least one wild-type
= 92 and one mutant embryoP%0.05, compared

wt het KO with wild type (wt) and heterozygous (het)
embryos. Error bars indicate the s.e.m.

that apoptosis in the controls was elevated was actually leseterozygosity for  Tgfb2 partially rescues the
surprising than finding apoptosis in the mutant relativelyenhanced apoptosis and outflow tract
unchanged. It has been well established that the ability ¢nalformationsin Rxra~'- embryos
whole embryos to develop in culture becomes increasinglyo further evaluate the effect of TGE on apoptosis, we
difficult from E12.5 onwards (Tam, 1998). Thus, we wouldquestioned whether lowering the levels of Bakn theRxra
expect apoptosis to begin to increase in the embryo around thi®uld restore the programmed cell death and rescue some of
embryonic age. The observation that apoptosis in the mutatite OFT malformations in the mutant. To accomplish this, we
did not increase to the extent that it did in the wild type maygrossed thdgfb2 gene-targeted mouse (generously provided
reflect that TGB2 expression is elevated as a result of placindy Dr Tom Doetschman) onto tiRxra background. Embryos
the embryo in culture. Nonetheless, T82Rreatment was still heterozygous foiTgfb2 express an intermediate amount of
able to significantly increase apoptosis in both the DDCC an@iGFH32 compared with wild-type and knockoutgfb2
the SVCC in the OFT (Fig. 6). embryos, as determined by RT-PCR (Fig. 8A). We then
In addition to the enhanced apoptosis in the OFTanalyzed the level of apoptosis and extent of the OFT
morphological abnormalities were found that appeared similanalformations in E12.5 and E13Rxra’- embryos that were
to those in theRxra’~ (Fig. 7). Control embryos dissected at also heterozygous for thigfb2allele (Fig. 8B-D). Wild-type
E12.5 are shown in Fig. 7A-D. Vehicle-treated wild typeor heterozygouRxraembryos were normal whether they were
embryos cultured at E11.5 for 24 hours retained much of theaither wild type or heterozygous fogfb2 (data not shown).
capacity to remodel the OFT (Fig. 7E-H). In these embryod,ittermateRxra~ embryos (wild type foTgfb2 showed the
the AoP septum descended into the OFT and fused with thgpical abnormal development of the AoP septum and
SVCC and DDCC to the extent that a clear separation betweemalformed cushions (Fig. 8BRxra’/Tgfb2”* arrow).
the aortic and pulmonary outlets could be detected (Fig. 7A,FEmbryos that wereRxra’~ and heterozygous foigfb2
respectively). Cultured E11.Rxra’~ embryos displayed demonstrated a partial rescue of the AoP septum phenotype as
smaller cushions and abnormal development of the Aokhdicated by the extent of septation of the aortic sac (Fig. 8B,
septum (Fig. 7I-L, arrow). Wild-type embryos treated withRxra’/Tgfb2", arrow); that is, the AoP septum had extended
TGH32 exhibited OFT malformations similar to those found ininto the OFT beyond the most cranial aspect of the pulmonary
theRxra’~ (Fig. 7M-P); that is, both the SVCC and the DDCCvalves. At E13.5 when septation should be nearly finished, the
were irregular and hypoplastic. Additionally, the AoP septunseptum still had not completely divided the OFT/aortic sac in
had not descended to the same extent as in the wild-type tie Rxra’/Tgfb2, but had developed further than in the
untreated embryos so that it frequently never reached either tRxra’~ alone, indicating a partial rescue of tiRxra’-
SVCC or the DDCC (Fig. 7M, arrow). phenotype (Fig. 8C)
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A WT KO B WT KO

TGFp1 = TGFp1 .

TGFp2 " MLC2a '- -
EF1a ;'.q e i 8

Cc

wildtype

Rxra-/-

wildtype

Fig. 5. TGH32 mRNA and protein expression is elevated in the
Rxra~embryo. (A) RNase protection assays showed that message
levels for TGIB2 were elevated in the mutant (KO). WT, wild type.
(B) Message levels for TGH were not altered while MLC2a was
elevated in the mutant. E&Ivas used as a loading control.

(C) Immunohistochemical analysis on transverse serial sections of
E13.5 OFT regions demonstrated that B&protein was also
elevated in the mutant. (D) E12.5 OFT also shows elevate® &F
the mutant heart.

Quantitation of the apoptosis Rxra’/Tgfb2~ embryos

correlated with the partial restoration of the defects in th

mutant (Fig. 8D); that is, the percentage of apoptotic nuclei i
the Rxra’/Tgfb2~ was intermediate between the wild type
andRxra’~. The degree of apoptosis was inversely related t

the cushion size (data not shown), as depicted above (comp:

Fig. 1M with Fig. 4G). However, the DDCC and SVCC

were still irregular in intercrossed embryos. These result

the cardiac jelly forming the cellularized outflow tract
cushions. Simultaneously, in the aortic sac, the AoP septum
extends in a ventrocaudal direction towards the OFT cushions
to contribute to the supravalvular portion of the outlet conduits.
At E11.5-12.5 in the mouse the DDCC and SVCC cushions
begin to fuse in the region between the two outlet valve
primordia. Concomitant with fusion, and in this same midline
region of cushion tissue, neural crest cells that have migrated
into the OFT ridges undergo apoptosis (Poelmann et al., 1998).
Myocytes that surround the apoptotic zone then begin to
migrate in from the lateral myocardial cuffs, a process termed
myocardialization (Lamers et al., 1995), and, over the ensuing
days of development, form the muscular region of the outlet
septum. While the above morphological processes have been
well documented and extensively studied using various in vitro
culture systems (DeRuiter et al., 1992; Markwald et al., 1977,
van den Hoff et al., 1999; van den Hoff et al., 2000; Ya et al.,
1998), the molecular cues that regulate these events in vivo are
not well understood. In the current study, we show Rxar’~
embryos display elevated levels of TE2FMRNA and protein.

We also show, using a whole-mouse-embryo culture system
and a transgenic approach, that elevatedX3fan contribute

to malformations in both the OFT and aortic sac.

Effect of enhanced apoptosis on OFT development

in the Rxra=-

Each mutant E12.5 embryo examined displayed irregular and
hypoplastic conotruncal ridges. We conclude that this is not a
result of a decrease in proliferation as we could not detect
differences in BrdU incorporation until E14.5 when the
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(percent of total)
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demonstrate the importance of programmed cell death durirrig. 6. TGF32 treatment enhances outflow tract apoptosis in whole
remodeling of cushion tissue. Furthermore, our results indicamouse embryo culture. Embryonic day 11.5 wild-type embryos were

that TGH2 is involved in the regulation of apoptosis in the
OFT. Increased levels of endogenous B&Fn the Rxra’~

treated with 0.1-30 ng/ml TGXR protein and placed in whole
embryo culture for 24 hours, then processed as described in

results in elevated levels of apoptosis, which can be decreasMaterials and Methods. Wild-type (Control) or muteRx(a™)

by crossing into the T@R2-deficient mouse.

DISCUSSION

Early during the development of the mouse heart, endotheli

E11.5 embryos were also cultured for 24 hours as comparative
controls. TGIB2 treatment enhanced outflow tract apoptosis in a
concentration-dependent manner. Apoptosis was quantitated using
the TUNEL assay as described in Fig. 5. Dextrodorsalconal cushion
(white bars). Sinistroventralconal cushion (black bar¥0:05,
compared with control DDCC. £<0.05, compared with the

respective DDCC and SVCC Control and 0.1 ng/ml B&HFError

cells in the OFT transform into mesenchyme and migrate intbars indicate s.e.m.
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Fig. 7. TGH32-treated
whole mouse embryos in
culture reveal outflow
tract malformations that
are similar toRxra’~
embryos. Each group of
four images represents
serial sections 4@m
apart through the OFT of
a representative embryo.
(A-D) OFT of a wild-
type embryo dissected at
E12.5. The orifices of the
aortic and pulmonary
outlets are well
separated. (E-H) OFT of
a wild-type embryo
dissected at E11.5 and
cultured for 24 hours.
Similar to the E12.5 wild
type, the orifices of the
aortic and pulmonary
outlets are well
separated. (I-L)) OFT of
anRxra’~embryo
dissected at E11.5 and
cultured for 24 hours.
Rxra’-embryos in
culture retained the

s> # : : i malformed outflow tract
A : y MRy ' — i phenotype. Thus, the
AoP septum has not
descended into the OFT to the same extent as in the wild type and, as a result, the beginning of an AoP septum defedl jsaappgre
Note the cushions are also underdeveloped and malformed. (M-P) OFT of a wild-type embryo dissected at E11.5 and culhoedsfior 24
the presence of 10 ng/ml TGE The phenotype is similar to tRxra’=in that the AoP septum has not formed properly (M, arrow) and the
cushions are underdeveloped and malformed. ao, aortic outlet. p, pulmonary outlet.

Cc

embryos were already showing the typical signs of lethality immay be surrendering to this same fate. Alternatively, the
these mice (Sucov et al.,, 1994). The hypoplastic phenotyphanced apoptosis may represent a subpopulation of cells that
could also be the result of a decrease in the number of celiuld have otherwise not undergone programmed cell death.
that undergo epithelial-mesenchymal transformation. This, tod,he exact identity of the apoptotic cell population is currently
is unlikely as there were no obvious morphological differenceander investigation. Nonetheless, our results suggest that
between wild-type and mutant OFT regions through Ell.5enhanced apoptosis, and not decreased proliferation, is the
Additionally, OFT cushion explants from E9.5 mutant embryosnajor contributing factor to the development of the irregular
displayed equivalent epithelial-mesenchymal transformatioand hypoplastic cushions in tRxra’-.

and migration of mesenchymal cells as their wild-type The precise role of apoptosis during OFT development has
littermates in three-dimensional collagen gel cultures (S. Whot been established. Programmed cell death would not
K., P. J. Gruber and K. R. Chien, unpublished). Indeed, atontribute to the overall structure of the OFT cushjosisse
E11.5 in theRxra’, the sizes of the cushions and relativebut instead may occur as a prerequisite to myocardialization
density of cushion cells were similar to the wild type.(Poelmann et al., 2000). One line of thinking is that apoptosis
Alternatively, enhanced apoptosis could lead to hypoplastiof neural crest cells triggers the activation of latent B&F
cushions by eliminating cells that would otherwise proliferateand, in turn, signals adjacent OFT myocytes to begin
in maturing cushions. Neither wild-type riexra’~embryonic  myocardializing the apoptotic zone (Poelmann et al., 2000).
cushions displayed any significant cell death at E11.5Conversely, our data support the notion that & might be
However, at E12.5 apoptosis was significantly elevated in thiavolved in a signaling cascade that would initiate, rather than
Rxra’~ over that in the wild type. Because, in normalrespond to, the apoptosis. This does not rule out the possibility
development, apoptosis in the OFT progressively increasdlat cell lysis may activate latent T@GE particularly if a
between E12.5 and E13.5, the enhanced apoptosis at E12.5wsitive feedback loop exists between activated fZ&nd

the mutant may represent premature differentiation of cellprogrammed cell death. With regard to myocardialization, the
predestined for programmed cell death. Chambon and céact that myocyte migration was not enhanced in either the
workers have suggested this concept for the ventriculdRxra’= or in TGH32-treated whole mouse embryos suggests
myocyte population in théxra’~ embryo (Kastner et al., that TGHB2 may not be the stimulus that triggers myocyte
1997). The additional apoptotic cells in the OFT ofRxea’~  migration during septation of the OFT. In fact, even though
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A wT HT KO Fig. 8.Heterozygosity foi gfb2partially
1.00 1.11 0.66 063 0 restores the outflow tract and apoptotic

= TGFp2 phenotypes in thRxra’~ (A) RT-PCR
= GAPDH demonstrating the intermediate expression
of TGF32 message in the E1215fb2"
(HT) embryo when compared with wild
type (WT) and knockout (KO)gfb2
Numbers represent the -fold change
compared with the wild-type sample in the
first lane and are normalized to the levels of
GAPDH as described in Materials and
Methods. Expression levels of TGFin
: theTgfb2* were intermediate between
wild type and knockout. (B) OFT histology
of E12.5 wild-typeRxra’/Tgfb2/* and
Rxra’~/Tgfh2~- embryos. The typical
. malformed AoP septum (aps) is evident in
theRxra’~/Tgfb2/* (arrow) as well as the
irregular and hypoplastic endocardial
cushions. In th&xra~/Tgfb2”- embryo,
. the AoP septum has migrated far enough
into the OFT that there is a distinct
i separation between the aortic outlet and the
i s & . pulmonary valve primordia (arrow).
Rxra-ITgfb2+- zs ) W msagesx. (C) OFT histology of E13.5 wild-type,

; = RxraTgfb2”* andRxra’~/Tgfb2*
embryos. IrRxra’~/Tgfb2 embryos, the
AoP septum has descended into the OFT
and fused with the SVCC, separating the
aortic outlet from the semilunar valve
primordia (compare arrows).

(D) Quantitation of apoptosis in E12.5 and
E13.5 embryos froRRxra/Tgfb2
intercrossed mice. Apoptosis was
quantitated as described in Materials and Methods. For E12.5: white

Rxra--ITgfb2+- °
1)

13 12 % bars, dextrodorsalconal cushion; black bars, sinistroventralconal
Z cushion. For E13.5, the single bar represents the total apoptotic nuclei
§ 10 in both cushions as the cushions are fused in the wild type at this age.
iz Rxrawild type (R-WT),Rxra’~ (R-KO), Tgfb2wild type (T-WT),
g‘:t_.'é_ 8 Tgfb2heterozygous (T-HT). The levels of apoptosis in both the E12.5
s and E13.Rxra’~/Tgfh2- embryos are intermediate between the wild-
88 s type andRxra’/Tgfb2”/* embryos. In particular, note that the relative
E 2 number of apoptotic nuclei in tixra’~Tgfb2-is no longer
z significantly different from that iRxra~/Tgfb2"*. Five different litters
2 are represented in each of the two age groups. N, the number of
ﬁ 2 embryos within each genotype combination.

1]

Tt Twr e il o remains to be determined. The current line of thinking is that
N=: A 6 3 2 1 3 all cells destined to undergo programmed cell death in OFT
E12.5 E13.5 cushion tissue are neural crest cells (Poelmann et al., 1998;

Poelmann et al., 2000). Our data do not discount this
TGH32 was elevated, myocardialization seemed to be bluntegbssibility, because the spatial distribution of apoptotic cells in
in the Rxra~. Interestingly, TGB2-deficient mice also lack a the mutant is confined to the central region of the cushion
muscular outlet septum (Sanford et al., 1997). As fusion of thedges where the majority of neural crest cells are thought to
cushion ridges was also lacking in tRera’-, it is intriguing  reside. This would still be consistent with the sentiment that
to speculate that TGR, in combination with cushion fusion, most dying cells in the mutant could be of neural crest origin
may be required to trigger myocardialization. In either caseather than, for example, recently transformed epithelial cells
we propose that TG alone is not sufficient. Nevertheless, (which would be found adjacent to the endocardium).
the temporal and spatial relationship between apoptosis amtbwever, the boundaries of apoptosis extend more cranial and
myocardialization leaves open the possibility that lysis oftaudal than in the wild type, suggesting that other cell types
apoptotic cells somehow signals adjacent myocytes to beginay be subject to programmed cell death inRixesr’~. It is
their migration. intriguing to speculate that if lysis of neural crest cells is a
Identification of the cell type(s) that undergo apoptosis irprerequisite for myocardialization to occur (Poelmann et al.,
wild-type embryos and enhanced apoptosis in Rxea’~  2000), then the fact that myocardialization is not enhanced in
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the Rxra’= may mean that the additional cells undergoingplays a role in OFT remodeling; the extent of that contribution
apoptosis in the mutant are not neural crest cells. beyond modulating apoptosis is currently under investigation.
The developing OFT cushions also participate in the Normal development of the AoP septum results in the
formation of the interventricular septum (Bartelings andsupravalvular formation of separate aortic and pulmonary
Gittenberger-de Groot, 1991). At the inner curvature, theutlets. If the AoP septum is either absent or incompletely
convergence of the outflow septum, interventricular septunformed, a spectrum of defects can be observed that ranges from
primary atrial septum, spina vestibuli and atrioventriculampersistent truncus arteriosus (no septum) to AoP window
cushion tissue [collectively termed the central mesenchymgincomplete septum). These defects are found inRtkrer’~
mass (Kirby and Waldo, 1995)] culminates in the formation o{Gruber et al., 1996), as well as Splotch mice (Franz, 1989)
a normally septated four-chambered heart (Kirby and Wald@nd neural crest ablation studies (Nishibatake et al., 1987).
1995; Webb et al., 1998; Wessels et al., 1996). Therefore, it lowever, very little information has been reported regarding
not surprising that th&xra’~ has a high frequency (94%) of the molecular regulation of the development of the AoP
membranous ventricular septal defects (Gruber et al., 1996gptum. Our data suggest that PB2Fis involved in this
because apoptotic nuclei were found in the caudal aspect of theocess. BothRxra’~ embryos and TGR-treated whole
SVCC adjacent to the inner curvature. The lack of expansiomouse embryos displayed an abnormal development of the
of the cushion ridges in combination with the abnormalAoP septum. Importantly, iRxra”’~ embryos that were also
development of the ventricular myocardium would prevent théeterozygous fofrgfb2 the AoP septum had descended further
normal interactions between the outflow cushions and théown into the OFT and, in each embryo, demonstrated partial
interventricular septum and result in a membranous ventriculdusion with the OFT ridges. This supports the notion that
septal defect as seen in nearly evBra’~ (Gruber et al., TGFB2 contributes to the aortic sac defects inRixea’~. The

1996). apparent partial rescue suggests that either there are other

o ] molecules working in concert with TGE, or the precise level
Contribution of TGF 2 to OFT and aortic sac of activated TGPB2 in theRxra’/Tgfb2* depicts the degree
development in the era—/— of rescue.

The transforming growth factd@ family of proteins has been  Taken together, the results suggest that disturbances in
shown to promote epithelial-mesenchymal cell transformatioMGH32 signaling disrupts the integrative processes of
in culture. TGPB1 and TGIB3 can promote transformation of differentiation, apoptosis and proliferation within the OFT
endothelial cells in cultured chick atrioventricular cushionendocardial cushions and the aortic sac. Elevated(32ZGF
explants (Potts and Runyan, 1989; Potts et al., 1991). Data thrasults in enhanced apoptosis in OFT cushion tissue with
support a role for TG in cushion development are limited, minimal effects on proliferation until after the heart begins to
particularly in OFT cushion tissue. In the atrioventricularfail. The increased apoptosis effectively removes cells from the
canal, it appears that TEE and TGB3 may substitute cushions prematurely and results in hypoplastic cushions. As
for each other in promoting epithelial-mesenchymala result, the malformed DDCC and SVCC are prevented from
transformation (Potts and Runyan, 1989). Perhaps the best datzhieving normal fusion and can not contribute to the septation
supporting a role for T@R during OFT development have of the OFT. The role TGR plays in myocardialization may
come from TGB2 knockout mice, which display hyperplastic be indirect as myocyte migration appears to be decreased both
OFT cushions (Sanford et al., 1997). This would imply that thén the Rxra’~ where TGIB2 is elevated and in T@R-
lack of TGH32 either decreases programmed cell death, dknockout mice where TQI is absent (Sanford et al., 1997).
allows for a certain degree of cell division above normalEnhanced TGB2 also attenuates the development of the AoP
Surprisingly, however, it has been recently shown thatfPGF septum so that it can no longer interact properly with the
knockout mice display an elevated level of apoptosis in th©FT cushions. Consequently, defects that range from an AoP
OFT, while proliferation was not determined (Bartram et al.window to persistent truncus arteriosus would be observed
2001). Embryos heterozygous for T@F were apparently depending on the degree of extension of the AoP septum
normal (Bartram et al., 2001). Based on the phenotype of theward the OFT.
TGH32 mutant then, elevated TGE should result in We conclude therefore, that one role for &xduring
decreased cushion size. Our data are consistent with thgardiogenesis is to maintain proper levels of B&Expression
concept because the OFT cushions were hypoplastic both im the OFT and aortic sac. TGE, in turn, modulates the
the E12.Rxra’~and in TGPB2-treated whole mouse embryos degree of apoptosis during remodeling of the OFT cushions.
in culture. We propose that the effects of elevatedZs6n  Whether TGIB2 directly or indirectly promotes apoptosis of
cushion development are due to enhancing apoptosis ratharshion cells remains to be determined. As B&Feceptors
than decreasing proliferation. (type 1) appear to be ubiquitously expressed in the heart and
Rxra’~ embryos that were also heterozygous Tafb2 are unchanged in thBxra’ (S. W. K., unpublished), the
showed a partial restoration of the apoptosis and partial rescaffects of elevated TGR in the mutant may be more
of the developmental defects in the OFT. The reason for onigependent on the levels of activated protein than on the
a partial rescue may indicate that the precise level of activatezkpression of the receptors. Additionally, whether RXR
TGFB2 in the Rxra’/Tgfb2*~ varies between embryos. directly or indirectly regulates the T@E expression during
Alternatively, other molecules may also be involved, such thanhurine cardiogenesis is not known. In human osteoblasts
lowering TGHB2 alone may not be sufficient to rescue fully theand keratinocytes, RXdR heterodimerizes with vitamin D
defects in theRxra’~. Unfortunately, there is no reliable receptors to directly downregulate the T82Fpromoter and
method to determine the precise levels of activatedBP@R  inhibit cell growth in culture (Wu et al., 1999). Therefore, it is
an individual embryo. At present we are confident that@ZF possible that RXR directly modulates TGE2 expression in
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the embryo. However, an indirect regulatory mechanism is alst®94), one may expect to see an overlap in phenotype between
plausible. Lack of RXR in one cell may effect expression of these two knockout mice. However, Barak et al. have noted that
TGH32 in the neighboring cell. Alternatively, R¥Rmay the cardiac phenotype (thinning of the ventricular
indirectly regulate TGB2 levels, owing to the potential myocardium) in PPARNnull embryos ‘markedly exceeds’ that
contributions of TGB2 protein by maternal sources or by theobserved in th&®&xranull (Barak et al., 1999) and, importantly,
placenta. It has been shown in T&FMull mice that maternal no other malformations in the heart were noted. This could
sources of TGBL can rescue defects in the TEFnull indicate that the thin ventricular myocardium phenotype in the
embryo (Letterio et al., 1994). Similar studies have not beeRxra’~ is due to inadequate PPARXRa signaling in the
carried out for TGB2 null mice. Studies that have examinedplacenta, while the outflow tract and aortic sac phenotypes
the maternal influence of TGE on embryogenesis have might occur via a distinct heterodimer pair such as RAR/RXR.
primarily focused on the effects of TGE on the developing Therefore, while sites of minimal placentation defects were
fetal-maternal placenta (Ando et al., 1998; Gorivodsky et algbserved at E9.5 (Barak et al., 1999), overt defects that would
1999; Schilling and Yeh, 2000), rather than the maternaffect the function of the placenta in tRxra’~ were not
contribution of TGIB2 to the embryo. It has been shown thatapparent until E14.5 (Sapin et al., 1997). Moreover, it has been
expression of TGB2 in the fetal placenta protects the embryodocumented that the fetal-maternal circulatory system in the
from immune rejection by the mother (Gorivodsky et al.,mouse does not become functional, with exchange of nutrients,
1999). Thus, a decrease in Tg&F expression has been until around E12.5 (Muntener and Hsu, 1977). Collectively,
correlated with pregnancy loss (Gorivodsky et al., 1999) whiléghese data suggest that at least the initial defects in the outflow
the effects of elevated expression have not been examinddact and aortic sac of thBxra’~ occur independently of
Maternal TGIB1 has been reported to cross the placenta andfluences by the placenta.
can be found in the embryo (Letterio et al., 1994). However, Finally, identification of the cell types responding to the
whether TGIB2 crosses the placenta and contributes to thelevated TGB2 remains to be established. Because during
development of the embryo is not known. Studies designed ttevelopment of the murine ventricular myocardium, RXR
evaluate the embryonic effects of a teratogenic insult on thieinctions in a non-cell autonomous manner (Chen et al., 1998;
placenta have thus far concentrated on the levels offZGF Tran and Sucov, 1998), it is possible that more than one cell
mRNA and protein within embryonic target organs and not otype may be involved in the RXRTGFH32 signaling pathway
potential circulating levels of growth factor from placentalthat leads to the elevated OFT apoptosis. Candidate cell types
tissue (Ivnitsky et al., 2001). Even assuming there are maternaklude the neural crest cells, the mesenchymal cells of
contributions to the levels of T@E exposed to the embryo, the cushions, as well as the endocardium, epicardium and
these contributions are probably minimal as we still observenyocardium. We are currently investigating which cell
differences in the levels of expression of PB2Fprotein lineages are responding to the elevated f&GiR theRxra-.
between wild type an&xra null mutants, even though both Determining the regional locations where elevated F&GF
have a TGB2 heterozygous mother. Additionally, mRNA becomes activated would help to answer this question, but the
levels were also elevated in the mutant heart. Our current worgsue is complicated by the fact that presently available
and that by Dickson et al. show that by E12.5 in the wild-typantibodies for immunohistochemistry can reliably detect only
embryo, the levels of TGR total protein have decreased in the latent form of the protein. A recent report in the chick heart
the heart to near undetectable levels, i.e. normal levels in thmwlds promise for identifying regions where Tg2Fbecomes
wild type (Dickson et al., 1993). This suggests that alteredctivated (McCormick, 2001). Identification of similar regions
levels of TGIB2 in the Rxra’~ are largely determined by in the mouse will be important in order to predict what cell
expression patterns within the embryo proper. lineages may be under the influence of P&F

The role of RXRi-related placental defects in the mutant
must also be considered. Chambon and co-workers reportedVe are grateful to Andy Wessels and Peter Gruber for invaluable
that the placenta of tHexra~was found to be abnormal from diSC;JSSAO”S famtlh C;itcigg' reVi‘tSW (t)fdthe manuzﬁjpt, |dT|\r}|OmaS
E14.5 (Sapin et al., 1997). This suggests that placental defect§etschman for the gene-targeted mouse, and Harold Moses
may contribute only to the lethality from that day forwards.%r the use of the TGH. and TGIB2 plasmids. The BrdU monoclonal

. - ntibody developed by S. Kaufman was obtained from the
They also documented that premature differentiation o evelopmental Studies Hybridoma Bank under the auspices of the

cardiac myocytes in th&xra’, with regard to sarcomeric NiCHD and maintained by the University of lowa, Department of
organization, is first observed at E9.5, before the ovemiological Sciences, lowa City, IA 52242, USA. The authors also
placental defects (Kastner et al., 1997). In our study, wehank Ms Nan Fox for her excellent technical assistance in the
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before overt placental defects. In a recent report describing tAéis work was supported by grants from the American Heart
PPARy null mouse, Barak et al. have described signs ofissociation, South Carolina Affiliate and the National Institutes of
abnormal development of the placenta in the ERxBa’/~  Health grant HL63714 to S. W. K.

(Barak et al., 1999). However, the authors also stated that the
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