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Treatment with retinoic acid (RA) is known to produce complex teratogenic effects in vertebrates, and its 
presence in the developing embryo as an endogenous substance has led to the suggestion that RA might be a 
natural morphogenetic agent. Although our understanding of the molecular mechanism of RA action has 
improved considerably with the identification of nuclear receptors for RA (RARs) and RA-responsive genes, 
the exact relationship between the proposed morphogenetic activity of RA and its teratogenic effects remains 
to be characterized. Here, we show that a RA response element (RARE) present in the RARI3 gene can direct 
specific spatial and temporal expression of an hsplacZ transgene during mouse embryogenesis. In the early 
embryo, the transgene is expressed in a specific anterior-posterior domain that is completely obliterated by 
treatment of pregnant mice with teratogenic doses of RA. The expression of the transgene becomes more 
restricted as organogenesis progresses and mimics  closely the reported expression of the RARI$ gene. These 
results suggest that, in vivo, some of the morphogenetic effects of RA could be mediated through localized 
transcriptional activity controlled by the various RARs. The specific pattern of expression of the 
RAREhsplacZ transgene does not correlate with the proposed sites of action of RA as defined by its 
teratogenic effects but does support a role for RA in early anterior-posterior patterning along the body axis. 
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Retinoic acid (RA) may act as a regulator of differentia- 

tion at various stages of vertebrate embryogenesis. In 

particular, the results of exogenous RA treatment have 

implicated RA in anterior-posterior (A/P) patterning 

both along the body axis and in the developing limb bud. 

The development of axial structures in the Xenopus em- 

bryo can be affected by RA treatment; progressive reduc- 

tion in anterior structures occurs with increasing RA 

dose (Durston et al. 1989; Sive et al. 1990; Ruiz i Altaba 

and Jessell 1991). A variety of abnormalities, including 

neural tube defects, craniofacial abnormalities, and limb 

defects, have been reported after treatment of pregnant 

mammals with RA (Langman and Welch 1967; Morriss 

1972; Geelen 1979; Kochhar 1985; Lammer et al. 1985). 

Local application of RA to the developing chick limb bud 

can cause duplication of the normal A/P pattern (Tickle 

et al. 1982, 1985) and can respecify the positional mem- 

ory of the blastema in both the proximodistal and an- 

teroposterior axes during limb regeneration in urodeles 

(for review, see Brockes 1989). 
As with any putative morphogenetic agent, demon- 

stration that exogenous treatment with RA has develop- 

mental effects is not sufficient to prove that the sub- 

stance plays a role in normal development. The factor 

must be shown to be distributed in the embryo in a tem- 

poral and spatial pattern consistent with its proposed 

action, and there must be accessory molecules present to 

allow transduction of the morphogenetic signal. The dis- 

tribution of RA within the embryo is not well under- 

stood because of the difficulty in localizing RA in situ. 

High-performance liquid chromatography (HPLC)mea- 

surements have shown that RA is present in the devel- 

oping chick (Thaller and Eichele 1987), mouse (Satre and 

Kochhar 1989), and Xenopus (Durston et al. 1989). How- 

ever, only in the chick limb bud is there evidence for a 
graded distribution of RA consistent with a possible role 

in specifying limb pattern in the undisturbed embryo 

(Thaller and Eichele 1987; Eichele 1989). Hensen's node 

in the chick embryo (Hornbruch and Wolpert 1986) and 

the floor plate of the rat neural tube (Wagner et al. 1990) 

can also induce pattern alterations when grafted to the 

chick limb bud, suggesting that these tissues may be 

sources of RA production in vivo. This is supported by 

evidence that the floor plate can metabolize retinol to 
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RA in vitro (Wagner et al. 1990). However, although 

Hensen's node, the notochord, and the floor plate have 

been shown to play critical roles in A/P and dorsal-ven- 

tral patterning in the developing nervous system (Hem- 

mati-Brivanlou et al. 1989; Hirano et al. 1991; Yamada et 

al. 1991), there is no direct evidence that these roles are 
mediated by RA. 

The recent discovery that RA interacts with nuclear 

receptors related to the steroid and thyroid hormone re- 

ceptors, a family of proteins that function as ligand-de- 

pendent transcription factors, suggests that the morpho- 

genetic functions of RA may result, at least in part, from 

activation of developmentally regulated genes by RA re- 
ceptor (RAR) complexes. Several loci encoding RAR iso- 

forms have been identified in mammals--RAR~ 

(Giguhre et al. 1987; Petkovitch et al. 1987), RAR[3 (Ben- 
brook et al. 1988; Brand et al. 1988), and RARe/(Krust et 

al. 1989; Zelent et al. 1989; Giguhre et al. 1990a; 
Ishikawa et al. 1990; Kastner et al. 1990)--as well as 

novel nuclear receptors known as RXRs (Mangelsdorf et 

al. 1990), which are distantly related to RARs and re- 

spond to high concentrations of RA. The RARs show 

spatially restricted distribution patterns during embryo- 
genesis, which have led to speculation on a variety of 

roles for RA in developmental processes (Doll4 et al. 

1989, 1990; Osumi-Yamashita et al. 1990; Ruberte et al. 

1990, 1991). An additional feature of retinoid physiology 

is the existence of a distinct class of molecules, the 
cellular retinol- and RA-binding proteins (CRBPs and 

CRABPs), which may modulate the accessibility of RA 

to the receptors (Maden et al. 1988, 1989a). Representa- 
tives of each binding protein also show spatially re- 

stricted patterns of expression in the embryo (Doll4 et al. 

1989, 1990; Maden et al. 1989b, 1991; Perez-Castro et al. 

1989; Vaessen et al. 1989, 1990; Dencker et al. 1990; 

Ruberte et al. 1990, 1991). The complexity of retinoid 

action was demonstrated further by the recent finding 

that specific interactions between RARs and other nu- 
clear proteins, including the thyroid hormone receptors 

and the AP-1 transcription factor, can modulate their 

transcriptional activity (Glass et al. 1989, 1990; Schfile 

et al. 1990a, 1990b). 

Given the diversity of auxiliary factors involved in the 
transduction of the RA signal, it is difficult to deduce the 

actual sites of action of RA within the intact embryo. A 
more direct means of assessing the levels of active RAR 

complexes is needed during embryogenesis. These levels 

will depend on the amount of free RA available to the 

specific receptors and the presence or absence of other 

regulatory proteins within a particular cell. As with 

other enhancer-binding proteins, nuclear receptors act as 

transcription factors by binding to specific DNA recog- 

nition sequences generally located upstream of respon- 

sive genes (for review, see Evans 1988; Green and Cham- 

bon 1988). Although RARs can activate gene expression 

through binding to thyroid hormone response elements 

(Umesono et al. 1988), a much more specific and potent 

RA response element (RARE) has been identified re- 

cently within the promoter of the RAR[3 gene (de Th4 et 

al. 1990; Sucov et al. 1990). This RARE is essential for 

RA induction of the RAR[3 gene and, when linked to 

heterologous promoters, can confer transcriptional acti- 

vation via all three RARs (Sucov et al. 1990). If the ex- 

pression of the RAR[3 gene were solely autoregulated by 

its ligand, the sites of high expression of RAR[3 in the 

embryo might, in themselves, provide a readout of the 

major sites of transcriptional activation by RA. How- 

ever, it is likely that the RAR[3 gene is also subject to 

RA-independent tissue-specific regulation. More direct 

information on the sites where RA is present in the em- 

bryo in a form capable of binding to receptors and acti- 
vating transcription should be provided by introduction 

of a vector consisting of the RARE upstream of a mini- 

mal promoter-reporter gene construct into transgenic 

mice. Here, we report that a transgene with three copies 

of the RARE upstream of a mouse hsp681acZ construct 

(Kothary et al. 1989) was expressed in a specific A/P do- 

main in the embryo following the onset of neurulation. 

The pattern of transgene expression overlapped with, but 

was not identical to, the reported expression pattern of 

the RAR[3 gene (Ruberte et al. 1990, 1991). This domain 

was obliterated by exogenous treatment with RA. In the 

later embryo, expression of the transgene became more 

restricted and resembled more closely the reported ex- 

pression of the RAR[3. The pattern of expression in early 

embryogenesis is consistent with a role for RA in early 

A/P patterning along the body axis but does not support 

a role in primary mesoderm migration or initiation of 
neural induction. 

R e s u l t s  

In vitro response of the RAREhsplacZ vector to RA 

The RARE described as part of the upstream elements of 

the RARE[3 gene has been reported to confer RA respon- 

siveness on heterologous promoters in the presence of 

functional RAR molecules in vitro (de Th4 et al. 1990; 

Sucov et al. 1990) but not to respond to steroid and thy- 

roid hormone-receptor complexes. Three copies of the 

34-bp oligonucleotide encoding the RARE (Fig. 1A)were 

inserted upstream of the promoter from the mouse heat- 

inducible hsp68 gene (Perry and Moran 1987) in the vec- 

tor phspPTlacZpA (Kothary et al. 1989), as shown in Fig- 

ure lB. Previous studies had shown that the parent vec- 
tor has no detectable basal activity in transgenic mouse 

embryos but is activated widely by heat shock (Kothary 

et al. 1989). It can also be activated in very specific pat- 
terns by either defined heterologous enhancer elements 

(Tuggle et al. 1990) or unknown elements at the site of 
integration of the transgene (Gossler et al. 1989). 

To test for RA inducibitity of the reporter construct, 

the RAREhsplacZ vector was transfected into F9 cells, 

which were then tested for [3-galactosidase activity in 
transient assays with and without prior RA treatment. 

The control vector, phspPTlacZpA, lacking the RARE, 

was also tested. RA could induce [3-galactosidase activity 

(-12-fold) only when F9 cells (Fig. 1C)were transfected 

with the reporter plasmid containing the RARE. Trans- 

fection of F9 or CV-1 cells with the thyroid hormone 
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Figure 1. Structure of the RAREhsplacZ transgene and its re- 
sponsiveness to RA in vitro. (A) Nucleotide sequence of the 
oligonucleotide containing the RARE derived from the RAR~ 
gene. A HindIII site not present in the RAR~ gene was added to 
allow cloning of the oligonuclotide into reporter plasmids. The 
arrows indicate the direct repeats essential for RA inducibility. 
{B) Organization of the RA-responsive and control transgene. 
Three copies of the oligonucleotide encoding the RARE were 
inserted upstream of the hsp68 promoter to give the reporter 
plasmid RAREhsplacZ. The three large arrows show the orien- 
tation of each RARE; the small arrow indicates the site of ini- 
tiation of transcription within the hsp68 promoter. (C) Induc- 
tion of f~-galactosidase activity in F9 teratocarcinoma cells. F9 
cells were transfected with either the nonresponsive [phspPT- 
lacZpA) or RA-responsive (pRAREhsplacZ) reporter gene and 
cultured for 24 hr in the presence (hatched bar) or absence 
(shaded bar) of 100 nM RA. The results are expressed in arbitrary 
units of f~-galactosidase enzyme normalized for transfection ef- 
ficiency, with luciferase activity as an internal control. 

receptor gene and t reatment  wi th  T3 did not activate the 

construct (not shown). 

Generation of transgenic mice 

Injection of the RAREhsplacZ construct into the fertil- 

ized eggs of outbred CD 1 mice resulted in 69 offspring, 

of which  9 were transgenic by Southern blot analysis 

(not shown). Copy number  varied considerably from an 

est imated 10-50 copies. There was no obvious correla- 

tion between copy number  and expression. A prelimi- 

nary test for transgene expression was performed by 

staining 10.5-day fetuses produced by mat ing five trans- 

genic males to CD1 females.  Litters from one male 

showed no evidence of lacZ expression, whereas half of 

the fetuses from another male  showed very weak blue 

staining throughout the embryo (not shown) but no ev- 

idence for a specific pattern. The remaining three males  

produced litters in which  the expected 50% showed es- 

sential ly identical  and very specific patterns of expres- 

sion. Fetuses derived from Tgl2  showed the strongest 

staining, wi th  blue color being apparent wi th in  half an 

hour of immers ing  in substrate, and so the majori ty of 

the analysis of expression patterns was performed on lit- 

ters sired by mouse Tg l2  or his transgenic male  off- 

spring. However, expression patterns were confirmed at 

all stages of development  in the offspring of Tg63 and 

Tg65 as well. Unless noted otherwise, expression was 

identical  in all three lines. 

Embryonic expression of RAREhsplacZ 

The earliest stage at which  any expression of the trans- 

gene could be observed was the 3.5-day blastocyst, where 

small  dots of blue staining were observed sporadically in 

both inner  cell mass (ICM) and trophectoderm (not 

shown). The significance of this expression is not clear, 

because less than the expected 50% of blastocysts 

showed any staining at all. After implantat ion,  no ex- 

pression was observed in 6.5- and early 7.5-day, primi- 

tive-streak-stage embryos. Expression was not detected 

unt i l  the mesodermal  layer was complete and the head 

folds were formed, demarcat ing the neural  plate. At this 

stage of development,  strong expression was observed in 

the posterior half of the embryo (Fig. 2a). Expression oc- 

curred throughout the length of the pr imi t ive  streak and 

filled the entire posterior domain  of the embryo. Upon 

the sectioning of these embryos, blue staining was ob- 

served in all three germ layers in the posterior domain  

(Fig. 4a, below). The anterior boundary of expression cor- 

responded to the anterior end of the pr imi t ive  streak 

(Hensen's node equivalent) in the mid l ine  and the 

boundary of the neural  plate laterally. There was no ob- 

vious posterior-anterior gradient of staining, al though 

there was some mosa ic i sm in expression especially in 

the mesoderm layer. 

Embryos were dissected at intervals during the eighth 

day of pregnancy to determine the exact t ime and man- 

ner of onset of expression. Four litters were examined 

before noon and none showed any detectable lacZ ex- 

pression. These embryos were at advanced pr imit ive  

streak stages but  had no detectable head folds. By 5 p.m. 

50% of all four litters examined showed the full pattern 

of lacZ expression, and all had head folds. Three litters 

examined in the in tervening period contained <50% ex- 

pressing embryos, but only two embryos showed less 

than full staining. In these embryos the head folds were 
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Figure 2. (See facing page for legend.) 
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just becoming apparent, and expression of the transgene 

was still very faint. However, even at this stage, no evi- 
dence for a gradient of expression could be found; patchy 

expression was observed throughout the posterior do- 

main. This indicated that there was a very rapid onset of 

transgene expression in the late gastrulating embryo, co- 

incident with formation of the neural plate. 

During the next day of development, as somite forma- 
tion and neural tube closure began, blue staining contin- 

ued to show a sharp boundary at the anterior end of the 

embryo, caudal to the preotic sulcus (Fig. 3a). At the 

posterior end of the embryo, staining appeared to be re- 

ceding from the area of the primitive streak and open 

posterior neuropore. By the 8- to 10-somite stage the pos- 

terior boundary of expression had stabilized, producing a 

sharp decline in lacZ activity across the entire embryo 

behind the last formed somite (Fig. 2c). Expression was 
then completely absent from the regressing primitive 

streak and the posterior neuropore. Expression was ob- 

served in all tissues in the middle of the embryo, includ- 

ing the developing heart, only to cease abruptly anterior 

to the first somite but posterior to the hindbrain and otic 

vesicle (Figs. 2c and 4c). Within the prospective head 

region of the embryo, additional expression was only ob- 
served in the area of the optic eminence. Sections of this 

region revealed expression in the underlying neural tube 

that will form the optic lobes, as well as in overlying 

head mesenchyme and ectoderm (Fig 4c). 
By 10.5 days, expression of the RAREhsplacZ trans- 

gene showed more tissue-specific variation. Externally, 

expression still defined a domain of the body stretching 

from the beginning of the spinal cord to the base of the 

tail (Fig. 2); but sectioning revealed that although stain- 

ing was still apparent in the skin and somites, strong 

expression was confined to the spinal cord and endoderm 

layer of the developing gut. Staining was apparent 

throughout the dorsal-ventral axis of the spinal cord, 

although there was less stain ventrally. The developing 

ventral motor axons also stained blue, but the dorsal root 

ganglia were negative. Other negative tissues included 

the liver and the developing limb buds except for mes- 

enchyme at the very base, apparent only after sectioning 

(Fig. 5a}. In the head region there was a striking stripe of 

expression surrounding the developing eye and demar- 

cating the nasolachrimal groove (Fig. 2e). Sectioning re- 

vealed that this staining was restricted to the ectodermal 

layers and subdivided the surface of the maxilla into ros- 

tral and caudal halves (not shown). Expression was also 

observed in the developing eye itself, in both presump- 
tive lens and retina. Expression of the transgene was ob- 

served in the telencephalic vesicles of the brain in the 
Tg12 line (Fig. 3b). Similar staining was observed only 

weakly after staining of offspring of Tg63 and Tg65 (Fig. 

2e). Presumably, the enhanced staining observed in this 

region with Tgl 2 was the result of interaction with some 

other controlling elements at the site of integration in 

this particular line. 
Expression at later stages was not examined in detail, 

as this expression is more likely to reflect the role of RA 

in specific tissue differentiation than in basic establish- 

ment of the body plan. However, examination of intact 

(Fig. 3b)and dissected stained embryos at 11.5-12.5 days 

revealed more restricted lacZ expression. In the head re- 
gion, expression remained essentially similar, with the 

addition of expression in a small region of ectoderm be- 
tween the mandible and maxilla, part of the developing 

nasal placode and the developing ear (Fig. 3b). Internally, 

expression within the spinal cord became more clearly 

restricted to the dorsal region but the dorsal root ganglia 

remained negative (not shown). Expression was still ob- 

served in the skin and underlying somite-derived tissues. 

In internal organs, strong expression was confined to the 
cardiac portion of the stomach and the developing met- 

anephric kidneys (not shown). By 13.5-14.5 days little 

staining was apparent externally after staining whole 

embryos (Fig. 3c). In the head region there was still stain- 

ing associated with the eye and the remnants of the na- 

solacrimal groove. The developing olfactory epithelium 
stained blue, and there was also some staining in the jaw 

region. The strongest staining at this stage of develop- 

ment was observed in the developing limbs, where the 

regions of cell death involved in generating digits were 

clearly defined by blue staining. The only other staining 
observed at this stage was in the extraperitoneal gut re- 

gion at the base of the umbilical cord. The apparent ab- 

sence of significant internal staining in whole embryos 

stained at these stages probably does not reflect absence 

of expression but, rather, failure of the stain to penetrate 

all tissues. 

Altered pattern of expression of RAREhsplacZ after 
maternal treatment with RA 

Pregnant females were treated with teratogenic doses of 

RA at four stages of pregnancy: late 6.5, early 7.5, 8.5, 

and 10.5 days. Treatment at 6.5 or early 7.5 days, when 

control embryos showed no staining, resulted in activa- 

tion of the lacZ construct in the entire embryonic region 

of the egg cylinder (not shown). When treated on the 

morning of day 7.5 and dissected and stained 6 hr later, 

Figure 2. Transgenic embryos stained with X-gal with or without pretreatment with RA. (a,c,e) No RA treatment; (b,d,f) RA treated. 
(a,b) Early 7.5-day head-fold-stage embryos showing blue staining in the posterior region of the embryo only in untreated embryos and 
staining throughout the entire embryonic region and the lining of the extraembryonic region in treated embryos. In a, the embryo at 
left is from Tgl2 and that at right is from Tg63. All treated embryos are from Tgl2. (c,d] Late 8.5-day embryos (-9-10 somites) showing 
staining in the mid-region of the embryos and in the optic eminence in untreated embryos and uniform staining throughout the 
embryos after RA treatment. (eft) These are 10.5-day embryos. Tg63 (untreated) embryos showed absence of staining anterior to the 
brain-spinal cord boundary, except for a band spanning the nasolachrimal groove, and no staining in the limb buds or tail region (not 
visible). Treated embryos (Tgl2) showed extensive staining throughout the head region and the tail and some additional staining in 
the limb buds. 
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Figure 3. Untreated embryos of other develop- 

mental stages stained with X-gal. {a) Two Tgl2 

embryos at 1-somite {left) and 3-somite {right) 
stages, showing progressive reduction of poste- 

rior staining as the posterior neuropore devel- 

ops and the primitive streak recedes. {b) Four 

11.5-day embryos from mating a Tg12/-  male 

with a wild-type female~ three are transgenic 

and one is a nontransgenic sibling as control for 

endogenous staining. The pattern is very simi- 

lar to that seen at 10.5 days, with the addition 

of a patch of staining at the junction between 

the maxilla and the mandible. Note the stain- 

ing in the telencephalic vesicles, which are 

only clearly seen in the Tgl2 line. Also note 

that the diffuse blue stain visible in the lumen 

of the hindbrain is due to diffusion of the prod- 

uct of the staining reaction and not cellular 

staining in this region. (c) A 14.5-day Tg63 em- 

bryo showing only light staining over most of 

the body surface. Stronger staining is still found 

in the region of the eye, the whisker pads, and 

the jaw. New staining is apparent in the herni- 

ated gut and in the interdigit regions of the 

limbs. 
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Figure 4. Approximately mid-sagittal sections of 7.5- and 8.5- 
day untreated and RA-treated embryos. All sections are from 
Tgl2 transgenic embryos. {a) Untreated 7.5-day embryo show- 
ing intensive staining in all three germ layers at the posterior 
end of the embryo but no staining in the head folds. (b) A similar 
stage embryo after 6 hr of RA treatment showing blue stain 
throughout the embryo and also in the extraembryonic meso- 
derm and allantois. (c) These 8.5-day embryos show transgene 
expression in all tissues of the mid-region, including spinal cord 
and somites but little staining in the posterior end of the em- 
bryo. In the prospective head region staining is observed in the 
developing optic lobes and surrounding mesenchyme. (d) 
Treated embryo at the same stage shows staining along the 
entire length of the body axis. (HF) Head folds; (PS) primitive 
streak; (AL) allantois; (SC) spinal cord; (ANF) anterior neural 
folds; (S) somites. Bar, 0.5 mm. 

Expression of RAREIacZ transgene in embryo 

Treatment  at 10.5 days also appeared to have a dra- 

mat ic  effect on lacZ expression, wi th  whole-mount  

staining revealing stronger and more extensive staining 

than in untreated controls (Fig. 2f}. Expression was ob- 

served along the full length of the body axis, including 

the tail, and was also apparent in large regions of the 

head not stained in controls. Both the maxi l la  and man- 

dible showed staining over their entire surface, and 

staining was apparent for the first t ime in the l imb  buds, 

wi th  expression strongest proximal ly  and weakest  at the 

distal tip. 

Because the RAREhsplacZ construct contained some 

elements  of the mouse heat- inducible hsp68 promoter, it 

was important  to demonstrate  that  the effects of RA 

treatment  were mediated through the RARE and not 

through induct ion of the stress response. In vitro trans- 

fection had already demonstrated that the hsplacZ con- 

struct lacking the RARE showed no activation upon RA 

treatment.  To confirm that the same was true in vivo, 

we mated female mice wi th  males  of two different l ines 

carrying hsplacZ constructs that lacked the RARE but in 

which  the lacZ gene had been activated in specific de- 

control embryos showed the expected posterior-re- 

stricted domain  of staining but treated embryos showed 

no dist inct ion between anterior and posterior regions 

[Fig. 2bl. Staining was intense in all germ layers includ- 

ing the developing neural  plate [Fig. 4bj. In the extraem- 

bryonic region, extraembryonic mesoderm but  not endo- 

derm showed blue staining. Treatment  early on day 8.5 

also led to activation of the lacZ construct in all regions 

of the developing embryo, fi l l ing both the anterior and 

posterior domains that were unsta ined in untreated em- 

bryos {Figs. 2d and 4d). 

Figure 5. Hind limb buds from untreated and RA-treated Tgl2 
embryos. (al Untreated limb bud region showing complete ab- 
sence of staining in the ectoderm and mesenchyme of the limb 
bud. {b) Treated limb bud showing patchy expression in both 
ectoderm and mesenchyme. {SCJ Spinal cord; {El limb bud ec- 
toderm; (M) limb bud mesenchyme. Bar, 0.2 mm. 
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velopmental patterns by elements at its site of integra- 
tion. Treatment of 8.5-day fetuses of either strain with 
RA did not result in any activation of lacZ over the in- 
trinsic staining pattern (not shown). 

Discussion 

The RARE defined from in vitro studies of the regulation 
of the RAR~ gene caused very specific and reproducible 
patterns of activation of a minimal promoter-lacZ con- 
struct during the process of establishing the basic body 
plan in transgenic mouse embryos. This suggests that 
the morphogenetic effects of RA are, at least in part, 
mediated by the direct interaction between the RARs 

and their cognate response elements and consequent 
transcriptional activation of developmentally regulated 

genes, lacZ expression was activated very rapidly around 
the time of neural plate formation and defined the pos- 
terior domain of the embryo. This domain encompassed 
all three germ layers and the primitive streak itself, and 
in the midline its anterior boundary coincided with the 
position of the mammalian equivalent of Hensen's 

node. During the next 2 days of development, the do- 
main of expression shifted so that by the 10-somite 
stage, the anterior end of the primitive streak, which 
began by marking the anterior limit of expression, be- 
came associated with the posterior limit of expression. 
This posterior to anterior shift occurred concomitantly 
with the forward progression of the notochord, pre- 
somitic mesoderm, and somites from the anterior end of 

the primitive streak. By 9.5 days a second domain of 
expression was established in the head region, around 
the developing optic region, which later extended down 
the nasolachrimal groove and delineated specific ante- 
rior and posterior boundaries in the ectoderm of the na- 

sal region and the maxilla. 
The significance of these expression patterns for un- 

derstanding developmental mechanisms can be consid- 
ered at two levels. Regardless of its mode of activation, 
the axial, but not tissue-specific, restriction of expres- 
sion of this artificial gene construct, combined with its 

very distinct anterior and posterior boundaries, lends fur- 
ther support to the general notion that there is genetic 
control of the A/P pattern along the axis of the develop- 
ing mouse embryo (Graham et al. 1989; Frohman et al. 
1990; Kessel and Gruss 1990). However, if it could be 
shown that expression of the construct reflected specific 
sites of action of RA, the results would implicate RA 
itself in this A/P patterning process. 

Correlation between sites of transgene expression 

and sites of RA action 

To what extent do the domains of expression of the 
transgene represent the specific and complete domains 

of action of RA in the embryo? Proof that the expression 
of the transgene was induced specifically by RA in the 
embryo is difficult to obtain. Control experiments 
showed that the hsplacZ construct alone was not acti- 
vated in vitro or during development either in the pres- 

ence or absence of exogenous RA, proving that expres- 
sion of the transgene depended entirely on the presence 
of the RARE. In vitro studies have shown that no other 
known ligand-receptor complex will stimulate tran- 
scription via the RARE (de Th6 et al. 1990; Sucov et al. 
1990). In the intact embryo, the RARE construct could 
be exposed to unknown ligand-receptor complexes that 
might also act through the RARE. The possible existence 
of such complexes is suggested by the discovery that 
other retinoids and related retinoid receptors, the RXRs 
(Mangelsdorf et al. 1990), occur in developing systems 
(Thaller and Eichele 1990). However, expression of 
RXR~ in the chick embryo is confined to the peripheral 
nervous system and the liver (Rowe et al. 1991)---tissues 

where the RARElacZ transgene is not expressed. Fur- 
thermore, exogenous treatment with RA activated novel 

domains of expression of the transgene, showing that RA 
can activate gene expression via the RARE in vivo and 
suggesting by inference that the expression patterns ob- 

served in the untreated embryo were due, in large part, to 
the action of RA. 

Assuming that the expression of the transgene was 
specifically induced by RA, did the observed expression 
patterns provide a complete reflection of the sites of ac- 
tion of RA in the embryo? By placing the RARE up- 
stream of a promoter that showed no tissue-specific reg- 
ulation, we hoped to provide a clearer picture of the sites 
of transcriptional action of RA than was provided by ex- 
amining the expression of RARs themselves. At the 
head-fold stage, the RAREhsplacZ transgene showed a 
more spatially restricted pattern of expression and a 
more precise time of onset of expression than reported 
for any of the RARs (Ruberte et al. 1991). At presomitic 
stages of development, only RAR~ showed any clear spa- 
tially restricted expression, but no precise anterior 
boundary of expression transcending germ layers was ob- 
served (Ruberte et al. 1991). Interestingly enough, the 
pattern of expression of RAR~ in the head-fold stage 
chick embryo seems to resemble the transgene expres- 
sion more closely (Smith and Eichele 1991), suggesting 
that the chick RAR~ may be more dependent on RA for 
its expression than the same receptor in the mouse. 

At early somite stages the anterior and posterior 
boundaries of expression of the RAREhsplacZ transgene 

resembled the boundaries of expression of the RARf~ 
gene more closely than the other receptors did. However, 
within this domain, the RAR~ gene showed more re- 
stricted expression than did the transgene. Most notably, 
RAR~ transcripts were absent from the somites, whereas 
the transgene was expressed in all tissues of the mid- 
region of the embryo. This finding suggests that there 
may be elements associated with the RAR~ gene pro- 
moter that can prevent its induction by RA in certain 
tissues. It also indicates that, in vivo, the RARE element 
can bind and be activated by ligand-receptor complexes 
other than those involving the RARe. Precise alignment 
of the anterior and posterior boundaries of expression of 
the f~ receptor and the transgene is difficult to achieve 
from comparison of in situ hybridization and lacZ stain- 
ing. However, it appears that the posterior boundaries 
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may be identical, both excluding the open caudal neuro- 
pore where RARe/is known to be expressed (Ruberte et 

al. 1991). 
Later in development, from 11.5 days on, the pattern of 

expression of the transgene became more complex and 

tissue restricted, and closely resembled the reported ex- 

pression of the RARf~ gene (Doll6 et al. 1990). Perhaps 
the most obvious similarity to RARB expression was the 

presence of blue staining in the areas of cell death in the 

interdigits of the developing limbs. This pattern is typi- 

cal of the B receptor but not the c~ or ~/receptors, which 

show more widespread expression in the limb. 

Thus, the restricted domains of expression of the 

transgene, particularly at early stages, cannot be ex- 

plained simply by restricted receptor distribution. How- 

ever, they do not prove that RA itself is entirely re- 

stricted to the domains observed. Regulation of the RA 

response is complex and involves interaction of RA lev- 

els, binding protein, and receptor distribution, as well as 
interactions with accessory transcription factors. This 

makes it possible that the same RARE in front of another 
basal promoter might result in slightly different patterns 

of activation. It is also possible that different RAREs may 
respond preferentially to different RAR complexes. Fur- 

ther transgenic manipulations may help dissect these 

complexities. 

RA and A/P patterning 

The fact that the addition of the RARE alone is sufficient 

to impose specific anterior and posterior boundaries of 

expression on a supposedly "neutral" gene construct at 

the presomite and early somite stages of development, 

and that these boundaries can be obliterated by increas- 

ing RA concentration, strongly suggests that RA may 

play a role in A/P patterning in the mouse embryo. Al- 

though we did not observe any evidence for a gradient of 

RA responsiveness along the body axis, this may simply 

reflect the threshold responsiveness of the particular 

construct used and need not eliminate the possibility of 

graded action of RA. One could envisage that RA re- 

sponse elements could combine with other elements up- 

stream of different genes to generate graded responses to 

RA along the body axis. 
Little is known about the mechanisms of A/P pattern- 

ing in the postimplantation mouse embryo, although the 

expression patterns of a number of different genes sug- 

gest that regional specialization occurs within the neu- 

roectoderm and underlying mesoderm at least by early 
somite stages. Experimental evidence from Xenopus sug- 

gests that the dorsal mesoderm acquires A/P polarity 

during gastrulation and subsequently induces regional 

differences along the A/P axis in the developing neural 
epithelium (for review, see Nieuwkoop et al. 1985). 

Thus, for RA to be involved in the initial A/P regional- 

ization, one would predict that RA responsiveness 

should be first acquired in mesoderm. However, the ex- 

pression boundary of the RAREhsplacZ transgene was 

established simultaneously across all three germ layers 

shortly after the establishment of the neural plate, sug- 

gesting that the positional signal provided by RA may be 
independently received and interpreted by ectoderm and 

mesoderm. In support of this finding, it has recently been 

shown that exogenous RA treatment can act directly on 

both ectoderm and mesoderm in Xenopus (Sive et al. 

1990; Ruiz i Altaba and Jessell 1991). RA can suppress 

anterior ectoderm differentiation in previously induced 

isolated dorsal ectoderm (Sive et al. 1990)and suppresses 

anterior dorsal mesoderm in induced animal caps (Ruiz i 

Altaba and Jessell 1991). Reduction of anterior struc- 

tures, both ectodermal and mesodermal, occurs when 

intact Xenopus embryos are treated with RA (Durston et 

al. 1989; Sive et al. 1990). Whether this reduction in- 

volves a concomitant increase in posterior structures is 
not clear. It is possible that the main role of RA at this 

stage of development is to suppress anterior differentia- 

tion across all germ layers, rather than actively induce 

posteriorization, as suggested previously (Durston et al. 

19891. 
Our results do not provide any direct support for a role 

for RA in A/P patterning in the limb bud. Little expres- 

sion of the construct was observed in the developing 

limb buds, suggesting that if RA is transcriptionally ac- 

tive in limb development it functions via other response 

elements. Recent evidence suggests that RA may not act 

directly in a morphogenetic gradient across the limb bud 

but that exogenous RA may act to induce a new zone of 

polarizing activity that establishes the graded response 

by other means (Noji et al. 1991; Wanek et al. 1991). Our 

failure to detect gradients or thresholds of activity in the 

limb bud is consistent with this possibility. 

Teratogenic action of RA 

It is interesting to note that the areas of endogenous RA 

action defined here by expression of the RARE transgene 

are, by and large, not the areas where exogenous RA 

treatment during pregnancy has been reported to show a 

teratogenic effect. This suggests that teratogenesis by 
RA may be due to ectopic activation of RA-responsive 

genes in the wrong place and may not necessarily indi- 
cate the normal domains of action of RA. When com- 

pared with published in situ and protein localization 
studies on CRABP I (Eriksson et al. 1987; Perez-Castro et 

al. 1989; Doll6 et al. 1990; Vaessen et al. 1990), it is clear 

that the pattern of expression of the transgene and 
CRABP are largely reciprocal, supporting the notion that 

CRABP acts to sequester RA, and that teratogenic action 

results from saturation of the binding protein. However, 

it will be important to determine the developmental dis- 

tribution of CRABP II, which has recently been cloned 

and shown to be expressed during embryogenesis 

(Giguhre et al. 1990b), before drawing any firm conclu- 

sions about the interactions of RA, CRABPs, and the 

receptors. 

It is clear that no one piece of evidence alone can prove 

that RA acts as an endogenous morphogen in vertebrate 

development. However, the cumulative data on the ef- 

fects of exogenous retinoids, measurements of endoge- 
nous retinoid levels, and the spatially restricted distri- 
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but ions  of the  receptors  and accessory pro te ins  required 

for RA ac t ion  s t rongly support  such roles. The  resul ts  

described here  do no t  provide any support  for a role for 

RA in p r imary  m e s o d e r m  induc t i on  or migra t ion  or in 

the  ini t ia l  stages of neura l  induc t ion ,  but  they  do support  

a role for RA in es tab l i sh ing  spatial domains  along the  

pr imary  body axis early after gastrulat ion.  Fur ther  under-  

s tanding  of this  role wi l l  require  a genera t ion  of muta-  

t ions  in the  various c o m p o n e n t s  of the  RA response sys- 

t e m  by targeted mu tagenes i s  (Capecchi 1989; Rossant  

and Joyner 1989). The  t ransgenic  mice  described here  

wil l  faci l i tate  s tudy of the  effects of such m u t a t i o n s  on 

the  RA response  in vivo. 

M a t e r i a l s  a nd  m e t h o d s  

Vector construction and in vitro activity 

The vector pRAREhsplacZ was made by inserting a DNA frag- 

ment containing three copies of the 32-bp oligonucleotide se- 

quence (see Fig. 1A) that defines the RARE upstream of the 

RARf~ into the SmaI site of pGEM7zf. A KpnI fragment from 

phspPTlacZpA (Kothary et al. 1989) was then inserted down- 

stream of the RARE at the KpnI site. The KpnI fragment from 

phspPTlacZpA contained 610 bp upstream of the start of tran- 

scription of the mouse hsp68 gene (Perry and Moran 1987). An 

additional 225 bp of sequence, including the translational start 

site of the hsp68 gene, was fused in-frame with the Escherichia 

coli [~-galactosidase gene from p1871 (Pharmacia), so as to gen- 

erate a Kozak consensus sequence for efficient translation of the 

prokaryotic gene in eukaryotic cells. The 5' sequences from the 

hsp68 gene contain a TATA box at position -30,  an Spl site 

around position -50,  a CAAT box at position -70,  and three 

heat shock elements around positions - 100, - 190, and -300. 

Sequence analysis confirmed that the vector contained three 

copies of the RARE and that these were arranged in the config- 

uration shown in Figure lB. To compare the RA responsiveness 

of pRAREhsplacZ with the control plasmid phspPTlacZpA, F9 

cells (5 x 10s/10-cm dish) were cotransfected with either re- 

porter plasmid phspPTlacZpA or pRAREhsplacZ (5 ~g), the in- 

ternal control Rous sarcoma virus-luciferase (RSV-LUC), and 

the carrier plasmid pGEM4 ( 10 ~g) by calcium phosphate copre- 

cipitation. The following day, transfected cells were washed 

twice in PBS and fed with Dulbecco's modified Eagle medium 

containing 10% resin-charcoal-stripped calf serum with or 

without 100 nM RA. As described elsewhere {Gigu6re at al. 

1990a), ~-galactosidase, and luciferase assays were performed 24 
hr after induction of the cells with RA. 

Transgenic mice: production and identification 

Transgenic mice were generated on an outbred CD-1 back- 

ground by standard procedures (Hogan et al. 1986), and trans- 

genic offspring were identified by hybridizing Southern blots of 

tail DNA with a lacZ DNA probe. Male transgenic mice were 

mated with CD-1 females, and fetuses were examined in mid- 

gestation for lacZ expression. Only those males that showed 

specific spatially regulated expression were retained for further 
breeding and analysis. 

Expression analysis 

All analysis described here was performed on litters obtained 

from mating hemizygous male transgenic mice, either founders 

or their offspring, with outbred females. By this means, each set 

of embryos produced contained half-transgenic and half-wild- 

type genotypes, thus providing internal controls to ensure that 

none of the staining observed was due to endogenous mamma- 
lian [3-galactosidase. 

Blastocysts were obtained by flushing the uteri of pregnant 

females on the fourth day of pregnancy, whereas all postimplan- 

tation stages were obtained by dissecting conceptuses directly 

from the decidua. All dissections were performed in PBS to 

avoid any potential outside source of retinoids. Embryos were 

fixed briefly in 0.2% gIutaraldehyde in PBS at 4~ for 15 min, 

rinsed, and then stained in X-gal {Gossler et al. 1989) at 37~ 

Depending on the line of mice and stage of development, blue 

staining was apparent between 30 rain and 4 hr after initiation 

of staining. Embryos were photographed in a Wild Makroskop 

and then stained overnight to ensure complete penetration of 

stain, before postfixing in Omnifix (Fisher), processing, and em- 

bedding in paraffin wax. Sections were cut at 7 ~m and mounted 

on glass slides. Counterstaining was performed with eosin. To 

confirm that the expression patterns observed were not com- 

promised by incomplete stain penetration, some 10.5-day em- 

bryos were frozen rapidly in O.C.T. medium (Tissue-Tek), and 

cryostat sections were cut at 10 ~m. Sections were then fixed 

briefly in 4% paraformaldehyde in PBS, rinsed, and stained for 

f~-galactosidase activity. Patterns of internal tissue expression 

were similar in paraffin and cryostat sections. This comparison 

has not been made at later stages, but other studies (J. Rossant, 

unpubl.) indicate that incomplete stain penetration in whole 

embryos may become a concern in later stages. 

In some experiments, pregnant females were treated with RA 

at various times before embryo dissection. RA was adminis- 

tered at a dose of 20 mg/kg by gastric lavage. A stock solution of 

25 mg/ml of RA in dimethylsulfoxide was dissolved just before 

use in corn oil so that a 0.2-ml dose of oil contained the requi- 

site amount of RA. Control mice received corn oil alone. 
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