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al., 1953). Left and right lung defects are determined at two
stages, through alterations of distinct RA-dependent processes.
Analysis of 11.5 and 12.5 dpc af32 mutants indicates that left
lung agenesis and hypoplasia of both lungs result from the
absence of left lung budding and altered bronchia branching,
respectively. Both processes are dependent on interactions
between the foregut endoderm and its surrounding mesoderm
(Spooner and Wessels, 1970). However, they are initiated at

two stages (i.e. 10.0 dpc for lung budding and 11.0 dpc for
bronchial branching) and exhibit different mesodermal
inductive reguirements: in vitro, lung budding can be triggered
by a variety of embryonic mesenchymes, whereas bronchial
branching is strictly dependent on bronchia mesenchyme
(Spooner and Wessels, 1970; Schuger et al., 1993). Further-
more, vitamin A must be administrated to VAD rat embryos
before the equivaent of 9.5 dpc in the mouse to prevent lung

Fig. 7. Comparison of the kidney and of the genito-urinary tract between (a,c,e) wild-type (WT) and (b,d,f) ap2 fetuses at 18.5 dpc (a,b,e,f) and
at 13.5 dpc (c,d). (a,b) Sections at similar levels of the urethra (UT) and rectum (R). Note that the mutant left ureter (fU) was found to terminate
in the urethra at a short distance caudal to this plane of section. (c,d) Sections at similar levels of the gonads (GO). Abbreviations: CO, cortical
region of the kidney; GC, Gartner’s cyst; GL, glomeruli; GO, gonad; M, Millerian duct; ME, medullary region of the kidney; PL, renal pelvis;
R, rectum; TU, convoluted tubules; UT, urethra; fU, left ureter; V, cranial vagina; W, Wolffian duct; Z, nephrogenic zone. The largearrow in e

points towards the renal pelvis. Magnifications: x79 (a,b); x158 (c-f).



agenesis, whereas lung hypoplasia can be prevented by vitamin
A administration at 10.5 dpc, i.e. after the onset of lung
budding (Wilson et al., 1953).

In WT embryos, lung budding and formation of the
oesophagotracheal septum occur amost concomitantly. Both
RARa and RAR[2, but apparently not RARy, play arole at
early stages of respiratory tract development. Agenesis of the
oesophagotracheal septum was associated with normal lungs
in one RARa 132 mutant, supporting the conclusion that lung
budding and the formation of the oesophagotracheal septum
also represent distinct RA-dependent events. However, dis-
ruption of the second RARPB2 isoform allele in a RARap2*~
background is sufficient to generate agenesis of the left lung
and lack of formation of the oesophagotracheal septum
(compare RARaf2"~ and a2 double mutants in Table 1).
Consistent with adistinct role of RARB2, in situ hybridization
results show that RARB2, but not RARY, is expressed in the
foregut endoderm (Ruberte et a., 1991; Dollé et a., 1990 our
unpublished results). Interestingly, RARB2 has also been
shown to be expressed at early stages in the foregut endoderm
of chick embryos (Smith, 1994). In the mouse, RARB2
expression, which begins at 9.5 dpc, i.e. prior to lung bud
formation, continues in tracheal and lung bud epithelia
However, by 11-12 dpc, RARB2 is not detected in the epithe-
lium of the most distal branching bronchi, nor in the closely
associated mesenchyme, but its expression remains in the
epithelium of more proximal bronchi and in peripheral lung
mesenchyme (our unpublished results). Thus, during lung
branching RARB2 may act to generate a mesenchymal signal
acting at a distance on bronchial branching. In any event, it is
clear that RARYy, which is weakly expressed in lung mes-
enchyme (Dollé et al., 1990; our unpublished data), cannot
replace the function of RAR[B2 during branching morphogen-
€sSiS.

During late fetal life and early postpartum (15.0 dpc to day
4), the oesophageal lumen is lined with non-ciliated and
ciliated cells, the former being much more abundant. At 16.0
dpc and later, most of the non-ciliated cells are of the squamous
(i.e. adult) type (Calvert et al., 1991). In all 18.5 dpc af32 and
in one al1P2 fetuses, the differentiation into squamous cells
was impaired, since the entire oesophageal lumen and the
cardiac and proventricular portions of the stomach were lined
exclusively with ciliated cells, which was never observed in
RARy double mutants. Since both RARB2 and RARY tran-
scripts are expressed in the oesophageal epithelium (Dollé et
al., 1990 and our unpublished results), RARB2 may be specif-
icaly required for oesophageal epithelium differentiation.
However, since this abnormality was always associated with a
complete lack of oesophagotracheal septation, it cannot be
excluded that it is related to an abnormal contact with the
amniotic fluid known to contain soluble factors involved in
epithelial cell maturation in the digestive tract (Calvert et al.,
1991 and refs therein). Note that, in contrast, vitamin A defi-
ciency in adult animals induces a squamous metaplasia of the
normally ciliated tracheal epithelium (Wolbach and Howe,
1925; Boren et al., 1974). Interestingly, the RARa 32 mutants
undivided oesophagotracheal tube lined with ciliated epithelial
cells resembled the gut tube of more primitive vertebrates (e.g.
fishes), suggesting that RA has been instrumental for the
appearance of new foregut derivatives during evolution.
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(B) Abnormalities of the heart and aortic arch-
derived great vessels

Abnormalities of heart and great vessels found in RAR double
mutants consisted of myocardial deficiency, interventricular
septal defects, outflow tract abnormalities, persistent atrioven-
tricular canal and abnormal aortic arch pattern. All of these
abnormalities have been described in the offspring from VAD
rats (Wilson and Warkany, 1949; Wilson et al., 1953; Tables
1 and 5). Thus, the present data demonstrate that RARS are
transducing the retinoid signal necessary for proper myocar-
dial growth, aorticopulmonary and ventricular septation, and
patterning of aortic arches.

The heart outflow tract abnormalitiesfoundin 18.5 dpc RAR
double mutants included PTA, dextroposed aorta (DA) and
double outlet right ventricle (DORV). PTA, which was the
most frequent defect found in all a32 and ay and in some a132
and af2*/~ fetuses, but not in aly, alya2*~ and B2y fetuses,
was due to the lack of formation of the aorticopulmonary
septum at 11-13 dpc. In agreement with this, PTA could be
prevented in VAD rat fetuses by administration of vitamin A
at the equivalent of mouse 10.5 dpc (Wilson et al., 1953).

(1) An initially asymmetrical aortic arch system may be
responsible for the abnormal and highly variable
definitive aortic arch pattern of RAR double mutants

In 18.5 dpc WT fetuses, the arrangement of the great arteries
located near the heart is remarkably constant (see Fig. 5). In
18.5 dpc, a1p2, a2, ap2, alya2*~ and ay fetuses, but not
in aly and B2y fetuses, this arrangement was remarkably
variable and with a few exceptions abnormal, including (i)
hypoplasia (i.e. coarctation of the aorta) (ii) agenesis (i.e.
absence of the ductus arteriosus, of the innominate artery, of
the left or right common carotid arteries or of the normal
systemic arch) (iii) aberrant origins (e.g. retroesophageal sub-
clavian artery, aberrant origin of the pulmonary artery), and
(iv) malposition of the systemic arch, (i.e. cervical arch of the
aorta, right arch of the aorta). In a majority of cases, multiple
arterial abnormalities were present in the same fetus (see Fig.
5 and Table 5).

In WT embryos, the aortic arch system is bilaterally sym-
metrical up to 11.5 dpc. Between 12.0 and 13.5 dpc, specific
segments of this system (i.e. the left and right carotid ducts,
the right dorsal aortic root and the distal segment of the right
6th aortic arch) regress and disappear yielding an asymmetri-
cal pattern (Kaufman, 1992). From the first time of their
appearance, the aortic arches are functional since they connect
the heart with the dorsal aorta and issue major arterial stems.
As blood is pumped through the symmetrical aortic arch
system acomplex hemodynamic pattern of blood pressures and
velocities evolves by putting different stresses on the various
segments of the arterial vessels in such a manner as to
determine their subsequent persistence or involution (Moffat,
1959; Rychter, 1962; Pexieder, 1969). In thisrespect, it is note-
worthy that abnormalities of the aortic arch pattern can be
detected in a2 and a 132 mutant embryos as early as 10.5 and
11.5 dpc, i.e. at atime when the WT pattern is still bilaterally
symmetrical. These early abnormalities consist of hypoplasia
of aortic arches or segments of the dorsal aorta: (i) reduction
of the calibre of the left 4th aortic arch and aortic root (as
compared with their right homologues) (ii) reduction of the
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calibres of both the right 4th aortic arch and aortic root (as
compared with their left homologues) and (iii) concomitant
reduction of the calibre of left and right 6th aortic arches (as
compared with WT counterparts). Smaller calibres of both the
left 4th aortic arch and left dorsal aortic root may deviate the
blood flow towards the right side, thus preventing the normal
involution of the right arch of the aorta. The left systemic arch
may subsequently involute (resulting in a mirror-image con-
figuration of the normal definitive pattern) or persists (resulting
in a definitive double arch of the aorta), while the formation of
aberrant left or right cervical arch of the aorta may be due to
an initial reduction of the calibre of both right and left 4th
aortic arches. A decrease of the calibre of a 4th aortic arch but
not of the ispilateral aortic root may lead to aberrant retro-
oesophageal subclavian arteries. Theinitial bilateral narrowing
of the 6th aortic arches observed in 11.5 dpc mutants was sys-
tematically associated with, and is likely to be secondary to,
the absence of septation of the aortic sac (PTA). Since the
distal portion of the right 6th arch normally disappears before
13.5 dpc and both the proximal portions of the left and the right
6th aortic arches normally make only minor contributions to
the pulmonary arteries (Moffat, 1959), this early abnormality,
per se, is likely to result solely in the absence of the ductus
arteriosus.

(2) Abnormalities of aorticopulmonary septation and
aortic arches are consistent with a cardiac neural crest
deficiency

It has been shown in quail-chick chimeras that rhomben-
cephalic neural crest cells (NCC), which originate from the
neural folds at an axial level corresponding to the mid-otic
placode (the future rhombomere 6) to the caudal, unsegmented,
portion of the rhombencephalon (3rd somite level), form the
tunica media of the 3rd, 4th and 6th aortic arches (LeLievre
and Le Douarin, 1975; Noden, 1991; Kirby and Waldo, 1990
and refstherein). After reaching the pharyngeal arches 3, 4 and
6, some NCC continue their migration towards the aortic sac
where they participate in its septation. These cranial NCC,
which contribute to the walls of the aortic arches arteries 3 to
6 and to the aorticopulmonary septum, are referred to as
cardiac NCC. Excision of premigratory cardiac NCC in the
chick results in a high incidence of (i) heart outflow tract
defects, including PTA, DA and DORV, (ii) aortic arch abnor-
malities, including left arch of the aorta (in birds, the defini-
tive systemic arch is the right one), double aortic arch, coarc-
tation of the aorta and abnormal origin of the subclavian and
pulmonary arteries and (iii) high interventricular defects
(Kirby et al., 1983; Nishibatake et al., 1987; Kirby et a., 1985;
Bockman et a., 1987; Kirby and Waldo, 1990 and refs
therein). Inflow abnormalities, such as persistent atrioventric-
ular canal were also detected. From these cardiac NCC ablation
studies, it was concluded that a mesectodermal cell deficiency
was directly responsible for PTA and most of the aortic arch
abnormalities. The other outflow tract defects (i.e. DA and
DORV) and al the inflow abnormalities as well as high inter-
ventricular septal defects were ascribed to aterations in the
blood flow caused by a PTA or an abnormal aortic arch pattern
(Kirby and Waldo, 1990 and refs therein). That the heart
outflow tract and aortic arch abnormalities observed in chick
fetuses following ablation of cardiac NCC are strikingly
similar to those found in our RAR double mutant fetuses

strongly suggests that the cardiac NCC may be quantitatively
and/or qualitatively deficient in RAR double mutants.

Itisunlikely that these cardiac NCC deficiencies are already
determined at the premigratory stage. Vitamin A can indeed
prevent the appearance of aortic arch abnormalities and PTA
in VAD rat offspring provided that it is administered before
the equivalent of mouse 9.5 dpc and 10.5 dpc, respectively
(Wilson et a., 1953), whereas al cardiac NCC have already
migrated away from the mouse neural tube at 9.0 dpc (Serbedz-
ija et a., 1992). Thus the RA signal may be important for
cardiac NCC late in their migration or at the time of formation
of the aortic arch tunica media and/or of the aorticopulmonary
septum. In RAR double mutants, RA-dependent processes will
be impaired, and more or less pronounced cardiac NCC defi-
ciencies may occur in the various arches on a stochastic basis,
leading subsequently to aberrant patterns. Preventing the RA
signal to be transduced might therefore be equivalent to
ablation of the cardiac NCC. The spatial expression patterns of
RARs are also consistent with arole in controlling the fate of
migratory or postmigratory rather than premigratory NCC (see
Lohnes et al., 1994).

It is noteworthy that ablation of cardiac NCC also results in
thyroid, parathyroid and thymic ectopia and hypoplasia
(Bockman and Kirby, 1984; reviewed in Kirby and Waldo,
1990), similar to those seen in RAR mutants. In contrast, the
ectopic cartilage nodules that were observed in the heart valves
of RAR mutants may correspond to a defect in the specification
of some cardiac NCC, since similar ectopic cartilage nodules
have been found in the heart valves following grafting of mes-
encephalic NCC at the level of cardiac NCC (Kirby, 1989).

(C) Abnormalities of the kidney and ureter are
generated at distinct developmental stages

The definitive kidney (metanephros) and the ureter develop
from both the mesenchymal metanephric blastema (i.e. the
caudal portion of the intermediate mesoderm) and the epithe-
lia ureteric bud, which arises from caudal mesonephric duct
(Wolffian duct). The metanephric mesenchyme gives rise to
excretory metanephric units (nephrons) comprising the kidney
tubules (i.e. the convoluted tubules and the loop of Henle) and
the glomeruli. In contrast, all the components of the drainage
system including ureters, renal pelvis and collecting tubules
originate from the ureteric buds (reviewed in Torrey, 1985).
The essential features of metanephric development are (i)
ingrowth and dichotomous branching of epithelial ureteric
buds into metanephric mesenchyme and (ii) conversion of the
mesenchyme into epithelial kidney tubules (reviewed by
Saxén, 1987). It is well established that kidney histomorpho-
genesis requires reciprocal epithelial-mesenchymal interac-
tions; branching of the ureteric bud is dependent upon some
specific inductive signal generated by the metanephric
blastema, whereas kidney tubule differentiation within the
metanephric blastema is triggered by an inductive stimulus
from the ureteric bud (Saxén, 1987).

Abnormalities of the kidney found in RAR double mutant
fetuses consisted of developmenta arrests (i.e. renal agenesis,
aplasiaand hypoplasia) and ectopia. Renal agenesisand aplasia
were found exclusively in oy mutants, and renal agenesis was
always associated with agenesis of the ipsilateral ureter. His-
tological analysis of 11.5, 12,5 and 14.5 dpc ay embryos
indicated that renal agenesis is most probably caused by a



failure of the ureter anlage to bud from the caudal Wolffian
duct or, if budded, to reach the metanephric blastema, thus
resulting in the disappearance of the latter, as suggested by the
presence of a large number of pycnotic nuclei. These early
defects of the ureteric bud were always associated with, and in
some case might be secondary to, the agenesis of the caudal-
most Wolffian duct (see results section and below). Thus, renal
agenesis might be determined at 11.0 dpc, which corresponds
to the onset of ureteric bud formation, or even earlier at 10.5
dpc when the caudal Wolffian duct normally reaches the
cloaca. From the current knowledge on kidney organogenesis
(see above), we also conclude that complete ureteric regression
most probably occurred in the 18.5 dpc ay mutant fetus, which
exhibited kidney aplasia and no ureter.

Hypoplastic kidneys, often ectopically located caudd to their
normal position, were observed in al af2 and in some a2/,
al1B2 and alyo2- mutants. The size of the a32 metanephric
blastema and its relationship with the ureteric bud appeared
normal at 11.5 dpc (data not shown). That the mutant kidneys
stopped growing a some stage of development is indicated by
the absence of the nephrogenic zone at 18.5 dpc. Thus, in a32
mutants, the ureteric bud reaches the metanephric mesenchyme
to generate nephrons, but branching morphogenesis is arrested
at somelater stage. Thesedataindicate that RA and specific pairs
of RARs are required for two steps of kidney morphogenesis
(formation of the ureteric bud and growth of the metanephric
blastema), as well as for the ascent of the kidneys from their
origina sacra location to alumbar site. RARYy appears to play
adistinct role at early times, whereas RAR[B2 appearsto be more
important at later stages. In this respect, we note that RARB2
transcripts are selectively located in metanephric mesenchyme
at the time of branching morphogenesis (D. Décimo and P.
Dollé, unpublished results). Interestingly, agenic or hypoplastic
kidneys have not been reported in the fetal VAD syndrome,
whereas ectopias were frequently observed.

Ectopic ureteric openings in the urethra or agenesis of the
caudal ureter, which were observed in al af32 and some a132
fetuses, often coexisted in the same fetus. Ectopic ureteric
openings most probably result from a failure of the caudal end
of the uretersto migrate cranially toward the vesical portion of
the urogenital sinus (Monie, 1975), whereas partial agenesis
must be attributed to regression rather than incomplete
formation of caudal ureters, since both kidneys and cranial
ureters were present. These two abnormalities also appear to
be determined at different stages, since administration of
vitamin A to VAD embryos reduced the incidence of ureteric
interruptions up to the equivalent of mouse day 12.0 dpc,
whereas ureteric ectopia was less frequent following vitamin
A administration up to 14.0 dpc (Wilson et al., 1953). Inter-
estingly, RARB2 but not RARYy transcripts were detected in
both the mesenchyme and the epithelium of the urogenital
sinus adjacent to the ureter, but not in the ureter itself (our
unpublished observations). Thus, the defect in ureter
migration/attachment reflects the lack of a RA-induced signal
emanating from the urogenital sinus or associated mes-
enchyme, whose generation would involve RAR[B2 (or
RARa), but not RARY.

(D) Several steps in morphogenesis of the male and
female genital tracts are affected in RAR mutants

The Wolffian duct first appears at 9.0 dpc in the upper thoracic
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region, then grows caudalwards until it reaches the cloaca at
105 dpc (Kaufman, 1992). The agenesis of the seminal
vesicles and caudal vas deferens seen in day 18.5 dpc ay
mutants is likely to reflect the absence of the caudal Wolffian
ducts seen in 11.5 dpc ay embryos. Interestingly, although the
rostral Wolffian ducts were always present in the analysed 11.5
dpc ay embryos, their derivatives (the epidydimis and rostral
vas deferens) were absent (ay fetuses) or severely malformed
(ay and alya2*/~ fetuses) at 18.5 dpc. In VAD rats, Wolffian
ducts were always complete, but seminal vesicles were often
agenic and this defect could be prevented by vitamin A admin-
istration up to the equivalent of mouse 12.0 dpc (Wilson et al.,
1953). Thus, RA is most probably required at two stages of
male genital duct development, i.e. before 11.5 dpc for the
formation of at least the caudal Wolffian duct, and after 11.5
dpc for the morphogenesis of the epidydimis and rostral vas
deferens.

The female genital ducts develop from the Millerian ducts
and from the vaginal plate. The cranial portion of the Millerian
ducts becomes identifiable at 12.5 dpc, and its caudal growth
is completed at 14.0 dpc. The midline union of the Mdllerian
ductswhich iscomplete at 17.0 dpc (Thiedemann, 1987) forms
the body of the uterus and the cranial vagina. All abnormali-
ties of the genital duct observed in 18.5 dpc a2 female fetuses
might have resulted from either a defect in the formation or a
fallure in the persistence of the Millerian ducts. Since
M{llerian ducts were not identifiable in 12.5 dpc af32 mutant
embryos, abnormalities of the genital ducts observed in 18.5
dpc af32 female fetuses result from a defect in the formation
of the Millerian duct, most probably occurring before the
possible expression of the Millerian inhibiting substance by
the embryonic gonad (Mlnsterberg and Lovell-Badge, 1991).
Furthermore, our results indicate that this defect is not due to
aprimary defect in the formation of Wolffian ducts which are
known to be required for the induction and growth of Millerian
ducts (Gruenwald, 1941; Didier, 1971 and refs therein). The
less severe phenotype observed in a 132 and ay femal e fetuses,
namely agenesis of the body of the uterus and of the crania
vagina, reflects the absence of caudal Miillerian ducts only.
This absence may possibly occur through different mecha-
nismsin these two instances, since caudal Wolffian ducts were
lacking in ay mutants, but not in a132 mutants.

Absence of the uterus and cranial vaginawere also observed
in VAD fetuses, in which they were related to the agenesis or
incomplete development of the Mllerian ducts or to thefailure
of these ducts to unite caudally (Wilson and Warkany, 1948).
That vitamin A administration to VAD embryos prevented the
agenesis or incomplete formation of Millerian ducts only up
to the equivalent of mouse 9.5 dpc (Wilson and Warkany,
1953) strengthens the view that there is an early requirement
for RA for their formation. However, vitamin A administration
at the equivalent of mouse 12.0 dpc could still prevent the
failure of Mllerian ducts to unite. These observations indicate
that RA is required for multiple steps in the morphogenesis of
the female reproductive tract, i.e. formation of the rostral and
caudal portions of the Mdllerian duct at early stages, and
midline union of the caudal Millerian duct at a later step.

Abnormal persistence of Wolffian ducts in females and
Millerian ducts in males resulting in pseudohermaphroditic
tendency was observed in offspring of VAD rats (Wilson and
Warkany, 1948), but not in RAR mutants. Together with a
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shorter ventral retina (see Lohnes et al., 1994), thisis the only
aspect of thefetal VAD syndrome which was not recapitulated
in the RAR double mutants analyzed in this and in the accom-
panying study (Lohnes et al., 1994).

CONCLUSIONS

RAR mutant abnormalities, RA target genes and
pattern of expression of RARs

One fundamental question regarding the retinoid signalling
pathway is how a simple compound such as RA can induce so
many diverse and complex responses. Our study (see also
Lohnes et al., 1994) clearly shows that these responses are
elaborated through the RARs. Our mouse RAR mutants should
prove invaluable models to elucidate further this signalling
cascade, both regarding the nature of the involved develop-
mental events and the RA-target genes controlling these
events.

The congenital abnormalities described here and in the
accompanying study (Lohnes et al., 1994) could result from
alterations in several cell autonomous or non-autonomous
developmental processes, including: axial patterning, asillus-
trated by homeatic transformations of cervical vertebrag; spec-
ification of cell fate and/or migration, as exemplified by the
appearance of ectopic cartilaginous nodules likely derived
from NCC, and by malformations of most cranial and cardiac
mesectodermal derivatives; cell proliferation and/or differen-
tiation, which is likely to be the case for the myocardia cell
deficiency and limb defects; epithelia-epithelial inductive
interactions involved in the formation of ectodermal placode-
derived structures, as evidenced by defectsin derivatives of the
otic and lens placodes; and morphogenetic processes which
rely on epithelial-mesenchymal inductive interactions, such as
lung budding and bronchial branching, and kidney and salivary
gland branching morphogenesis. There are a number of RA-
responsive genes that are likely involved in the above
processes (see Gudas et al., 1994, for review). These include
transcription factors (e.g. Hox genes, N-myc), cell adhesion
molecules (e.g. laminin B1), growth factors (eg. PDGF,
TGFpBs, BMPs) and growth factor receptors (e.g. EGF receptor,
PDGF receptor).

The vertebral homeotic transformations, which are strik-
ingly restricted to the cervical region, may provide one
example of acell autonomous effect of retinoids. As discussed
(seeLohneset a., 1994), the similarity of these malformations
to those observed in some Hox-deficient animals suggests that
RA may control axial patterning through direct control of
expression of certain Hox genes. The chondrification of the
meninges and other structures such as the persistent retrolen-
ticular mesenchyme in RAR mutants offers an example of RA
involvement in cell fate specification, and suggests that factors
involved in the initiation of chondrogenesis may be aberrantly
expressed in RAR mutants. One possible candidate could be
the chondrogenic factor BMP4, which is known to be down-
regulated by RA treatment in embryocarcinoma cells (Rogers
et d., 1992).

Cellular migration depends on the expression of cell
adhesion and extracellular matrix proteins (Erickson and
Perris, 1993). Retinoids have been shown to regulate the

expression of a number of these proteins, including N-CAM
(Husmann et a., 1989) and laminin B1 (Vasios et a., 1989,
1991). Perturbation of the expression of such proteins could
lead to abnormal NCC migration (Bronner-Fraser et al., 1991)
and contribute to the malformations of NCC-derived elements
seen in RAR double mutants. Alternatively, these NCC defects
could be attributed to postmigratory events, possibly involving
growth factor or growth factor receptors. In this respect, there
are striking similarities between the phenotypes of Patch
(which harbor a deletion of the PDGF receptor a locus) and
RAR mutant mice. In both types of mutants, the defects are
observed primarily in cardiac and cranial NCC derivatives (e.g.
skull bones, thymus, cornea, aorticopulmonary septum), but
not in gangliogenic NCC (Morrison-Graham et al., 1992).

A number of structuresin RAR mutants appear to have been
growth-arrested, among which is the myocardium. Severa
retinoid target genes have been implicated in normal cardio-
genesis, including TGFBs and N-myc (reviewed in Gudas et
a., 1994). Evidence supporting a role for these target genes
include the finding that fetal VAD leads to down regulation of
TGFpB1 in the developing heart (Mahmood et al., 1992). Fur-
thermore, mice deficient for N-myc exhibit a myocardial defi-
ciency similar to that observed in RARay double mutants
(Moens et al., 1993; Charron et al., 1992). That RA plays a
role in branching morphogenesisis indicated by the defectsin
the lungs and kidneys of RAR mutants. Retinoid-responsive
genes that are likely involved in lung branching morphogene-
sis include N-myc (Moens et al., 1993; Stanton et al., 1992),
laminin B1 (Schuger et al., 1991) and the EGF receptor
(Schuger et al., 1993). Interestingly, the mitogenic effect of RA
appears to originate from the mesenchymal population of
developing lungs (Schuger et a., 1993; see below).

From the above examples, it is clear that RA can play arole
in many developmental processes through the regulation of a
broad number of genes with diverse functions. Although the
target genes and target cells/tissues directly affected in the
RAR mutants remain to be determined, many of the candidate
gene products (eg. growth factors, extracellular matrix
molecules) can act at a distance and in a number of distinct
morphogenetic events. It istherefore not surprising that the site
of expression of RARs and the localization of the affected
structures do not always coincide in the mutants. The defects
in branching morphogenesis of the lung may correspond to
such a situation (see above). In al of these instances tissue
recombination experiments will be required to determine
which tissue is primarily responding to RA.

Many structures whose development is affected by admin-
istration of RA excess and is believed to require retinoids
during ontogenesis (e.g. some regions of the CNS, neurogenic
NCC; for reviews see Morriss-Kay, 1991, 1993; Maden, 1994;
Linney and LaMantia 1994) appear unaffected in the mutants
examined to date. Since RARB1 and (33 isoforms (in addition
to RARB2) are expressed in some of these structures (our
unpublished results), RARB (al isoforms) and RARP
compound mutants are required to assess the possible role of
RA in their development. Alternatively, retinoids may not be
required for some of these RAR-positive tissues to develop
properly (Linney and LaMantia, 1994). In this respect, it is
worth remembering that even though RARy is expressed in all
precartilage condensations, irrespective of their embryological
origin (Ruberte et al., 1990), only a subset of cartilage-derived



structures are affected in RARay mutants, clearly indicating
that, in some cases, the expression of RARY is gratuitous with
regard to cartilage histomorphogenesis.

Redundancy and variations in penetrance and
expressivity

Taken together, the high degree of interspecies conservation of
each individual RAR isoform throughout vertebrate evolution,
the differential distribution of their transcripts during embryo-
genesis and in the adult (particularly for RARB and y tran-
scripts which are often mutually exclusive), and the apparent
specificity of their transactivation functionsin transfected cells,
have suggested that each RAR isoform may control the
expression of a specific subset of RA target genes, thus con-
tributing to the highly diverse effects of RA (see Chambon,
1994 for areview). Unexpectedly, homozygous null fetuses for
the RARa1, RARB2 or RARy2 isoformsor al RARa isoforms
(Mendelsohn, 1994; Lohneset al., 1993; Li et al., 1993; Lufkin
et a., 1993) did not display any obvious abnormalities, and the
congenital abnormalities exhibited by RARy null fetuses were
much more discrete than anticipated from its pattern of
expression (Ruberte et al., 1990). The results reported here and
in the accompanying study (Lohnes et al., 1994) support our
earlier suggestion that there could be considerable functional
redundancies between members of the RAR family (Lohnes et
al., 1993; Lufkin et al., 1993).

It is particularly striking that in a number of cases the same
malformations were apparently generated in different double
mutants (e.g. RARay and RARa 32, see Tables in this and in
the accompanying study of Lohnes et a., 1994). These abnor-
malities cannot be attributed simply to a lack of normal
expression of the RARP isoforms (see Lohnes et al., 1994).
Thus, at one extreme, our present observations may be inter-
preted as indicative of complete redundancy between all RARs
for transcriptional control of all RA target gene expression. In
this scenario, the conservation of RAR isoform A/B regions
would not correspond to a requirement for isoform specific
AF-1 transactivation functions (for refs see Leid et a., 1992;
Kastner et al., 1994; Chambon, 1994). The only requirement
would be to reach a certain threshold level of RAR in agiven
cell at agiven time, which could be achieved through any com-
bination of RAR isoforms. Multiple RAR genes with multiple
promoters and specific patterns of expression would have
evolved only to fulfil these purely ‘quantitative’ spatiotempo-
ral requirements. Thus, in order to elicit adevel opmental defect
in a cell expressing both RARa, RARB2 and RARy;, it might
be sufficient to inactivate either a and 32, a and y, or 32 and
y to be below a critical threshold, whereas in a cell expressing
RARa at alow level and RARy at ahigh level, it might be suf-
ficient to inactivate RARY to be below this threshold. Interest-
ingly, in several instances, an abnormality that is not presented
by RARaly mutants appears in RARaly a2/~ mutants and,
furthermore, an abnormality not present in RARalya2-
mutants may be generated in RARa (al isoforms) RARy
double mutants (see Tables). Generating RARa2y double
mutants is necessary to determine whether these RAR02
dosage effects correspond to a quantitative requirement for
RARal1 and RARa2 isoforms or rather reflect a specific
function of RARO2.

In view of the importance of inductive interactions during
vertebrate ontogenesis, it seems more likely that the generation
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of the same malformation in two different double mutants
reflects an ‘interaction’ between two RA-dependent events
involved in a given developmental pathway. For instance, the
generation of the same malformation in RARay and RARa[32
double mutants may correspond to the control of a growth
factor receptor by RARay in a given cell type, and of the cor-
responding growth factor in another cell type, with RARa and
Y, and RARa and B2 being functionally redundant. Alterna-
tively, the appearance of the same maformation in two
different double mutants may correspond to two sequentia
defectsin agiven cell type, the results of which cannot be phe-
notypically distinguished.

At the present time, functional redundancies appear to
provide the simplest explanation to account for the appearance
of the VAD fetal abnormalities only in RAR double mutants.
However, our results do not exclude more complex develop-
mental scenarios in which multiple molecular defects
generated by non-redundant receptors, each acting on specific
subsets of RA target genes, would have to be combined to
generate visible (phenotypic) abnormalities (see Thomas,
1993). In this respect, we note that the RARa1 and RARB2
mutations, which on their own have no detrimental effects
during development and in the adult, results in a number of
fetal abnormalities and death shortly after delivery, when
combined. It should also be kept in mind that the RARa and
RARy mutations are ultimately lethal at various stages after
birth (Lohnes et a., 1993; Lufkin et al., 1993), and that the
strong conservation of each RAR isoform across vertebrates
suggests that each likely possesses at least one specific
function. Examining the expression of a battery of putative
RA-responsive genes in the various RAR mutants is necessary
to determine whether the apparent phenotypic redundancy
truly reflects a functiona redundancy at the molecular level.
Ultimately, the substitution in the mouse genome of one RAR
isoform by another is required to determine whether, and to
which extent, these receptors are functionally redundant.

For a given mutation, variability in the penetrance of agiven
abnormality between different animals, and variability of its
expressivity within an animal, were very frequently encoun-
tered in the present and accompanying study of Lohnes et al.
(1994) (see Tables). These variabilities may be related, at least
in part, to variations in the levels of expression of redundant
RARs. Variahility in penetrance may be due to variations in
the genetic background of the present null mutants, which is
not homogenous. Increase in the penetrance of some abnor-
malities observed in RAR mutants upon sequential removal of
RARy, RARal and RAR0o2 (i.e. RARy, RARaly,
RARa1yo 2~ and RARay mutants; see Tables) might reflect
variations in the expression of functionally redundant RARYy,
RARa1 and RARa2 in different animals depending on their
genetic background. Alternatively, or concomitantly, varia-
tions in the levels of factors (e.g. transcription factors) which
may act synergistically with RARs, may also account for the
observed variations in penetrance. Variations in expressivity
are particularly striking. Some of them probably result from
stochastic variations in the amount of redundant receptors in
contralateral cells of symmetrical structures. For instance,
agenesis of the Harderian glands is either unilateral or bilateral
in RARy mutants (Lohnes et al., 1993), whereas it is aways
bilateral in RARaly and B2y mutants (see Table 4 of Lohnes
et d., 1994); RARy null cells with RARal or RARB2 below



2770 C. Mendelsohn and others

certain threshold levels may not respond to the RA signal, thus
leading to the agenic phenotype, whereas cells with sufficient
levels of RARa or 2 would respond. In other cases, stochas-
tic variations of the levels of other synergistic factors may
account for variationsin expressivity. This may be the case for
the dramatic variations in expressivity that are observed in the
forelimbs of RARay mutants (see Lohnes et a., 1994). It is
likely that these frequent variations in penetrance and expres-
sivity of the phenotypes exhibited by the various RAR mutants
is areflection of the complexity of the molecular mechanisms
that underlie the developmenta events controlled by retinoic
acid.
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