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Knockout of the murine retinoic acid (RA)-synthesizing enzyme
retinaldehyde dehydrogenase 2 (RALDH2) gene leads to early
morphogenetic defects and embryonic lethality. Using a RA-
responsive reporter transgene, we have looked for RA-generating
activities in Raldh2-null mouse embryos and investigated whether
these activities could be ascribed to the other known RALDH
enzymes (RALDH1 and RALDH3). To this end, the early defects of
Raldh2�/� embryos were rescued through maternal dietary RA
supplementation under conditions that do not interfere with the
activity of the reporter transgene in WT embryos. We show that
RALDH2 is responsible for most of the patterns of reporter trans-
gene activity in the spinal cord and trunk mesodermal derivatives.
However, reporter transgene activity was selectively detected in
Raldh2�/� embryos within the mesonephric area that expresses
RALDH3 and in medial-ventral cells of the spinal cord and posterior
hindbrain, up to the level of the fifth rhombomere. The craniofacial
patterns of RA-reporter activity were unaltered in Raldh2�/� mu-
tants. Although these patterns correlated with the presence of
Raldh1 and�or Raldh3 transcripts in eye, nasal, and inner ear
epithelia, no such correlation was found within forebrain neuro-
epithelium. These data suggest the existence of additional RA-
generating activities in the differentiating forebrain, hindbrain,
and spinal cord, which, along with RALDH1 and RALDH3, may
account for the development of Raldh2�/� mutants once these
have been rescued for early lethality.

Retinoic acid (RA), the active derivative of vitamin A (reti-
nol), acts as an embryonic hormonal signal that controls

many aspects of morphogenesis and organogenesis (1). The RA
signal is transduced through two families of ligand-dependent
transcriptional regulators, RA receptors (RARs) and retinoid X
receptors (RXRs), that act as heterodimers to control the
expression of target genes containing RA response elements
(RAREs) (2). Gene knockout studies in the mouse have shown
that RARs and RXRs can function in a partly redundant manner
during development (3).

RA is produced in embryonic tissues by the oxidation of
retinol, which, in placental vertebrates, originates from maternal
blood. The first reaction, which converts retinol to retinaldehyde,
is carried out by members of the alcohol dehydrogenase (ADH)
family. Several ADH genes exhibit tissue-specific embryonic
expression patterns; however, knockout studies have indicated
that these enzymes may act in a redundant manner during
development (4). Three retinaldehyde dehydrogenases
(RALDH1, RALDH2, and RALDH3, renamed as ALDH1A1,
ALDH1A2, and ALDH1A3) efficiently oxidize retinaldehyde
into RA. These enzymes were identified as being responsible for
the dorsal (RALDH1) and ventral (RALDH2 and RALDH3)
RA-generating activities present in embryonic retina (5–8).

In situ hybridization (9) and enzymatic studies (10) have shown
that RALDH2 is the prominent RALDH activity during early
mouse embryogenesis. Raldh2 expression is first detected in the
embryonic mesoderm when RA becomes detectable by HPLC or

reporter systems. Subsequently, Raldh2 is expressed mostly in
mesodermal derivatives including the somites, f lank mesoderm,
posterior hindbrain mesenchyme, and posterior heart meso-
derm, and in various organs at fetal stages (9). Knockout of the
Raldh2 gene results in early embryonic lethality [embryonic day
(E)9.5–10.5] caused by severe trunk, hindbrain, and heart defects
(11–13) that are reminiscent of the effects of full vitamin A
deficiency in quail (14–16) and rat (17, 18) embryos. Using a
RARE-lacZ reporter transgene, Raldh2�/� null embryos were
shown to lack any detectable RA activity, except in the eye field,
which contains other RALDH enzymes (see below).

In the present study, we took advantage of the possibility to
rescue lethality of Raldh2�/� embryos through short-term ma-
ternal RA supplementation during early embryogenesis. Al-
though the resulting mutants exhibit specific organ defects, such
as persistent truncus arteriosus (13), which do not allow post-
natal survival, they appear mostly similar to WT embryos up to
at least E14.5. Using this RA rescue system, we analyzed
Raldh2�/� mutants carrying a RARE-hsp68-lacZ reporter trans-
gene at various developmental stages from E10.5 to E14.5 to
determine which of the previously described embryonic RA-
response patterns (19) could be independent of RALDH2
function. Furthermore, we analyzed in mutant embryos the
expression patterns of the two other known Raldh genes (Raldh1
and Raldh3). We show that specific expression of either one of
these enzymes can account for some of the patterns of RA-
reporter transgene activity in mutant embryos, especially within
the craniofacial region. However, several regions of RA-reporter
activity are clearly distinct from those expressing Raldh1 or
Raldh3, suggesting the existence of additional, yet uncharacter-
ized embryonic activities in the mouse embryo.

Methods
Raldh2-null mutant mice have been described (11). Raldh2�/�

heterogygous mutants were crossed with the RARE-hsp68-lacZ
reporter transgenic line (19), which harbors a tetrameric repeat
of the RAR�2 RARE linked to the hsp68 minimal promoter and
has been widely used as a RA-reporter transgene (e.g., ref. 20).
To circumvent the early lethality of Raldh2�/� mutants, all-trans
RA (Sigma) from a 5 mg�ml ethanol stock suspension was
diluted in 50 ml of water and mixed with 30 g of powdered food
(R03 breeding diet from UAR, Villemoisson, France) at a final
concentration of 100 �g�g food (E7.5–E8.5 treatments) or 250
�g�g (E8.5–E9.5 treatments). The resulting food paste was
provided to pregnant mice in a Petri dish wrapped in aluminum
foil. Whole-mount 5-bromo-4-chloro-3-indolyl �-D-galactoside
(X-Gal) assays were as described (19). In situ hybridization with

Abbreviations: E(n), embryonic day; RA, retinoic acid; RALDH, retinaldehyde dehydroge-
nase; RARE, retinoic acid response element; X-Gal, 5-bromo-4-chloro-3-indolyl �-D-
galactoside.
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35S-labeled Raldh1 and Raldh3 riboprobes (21, 22) and X-Gal
reactions (23) were performed on frozen sections as described.

Results
Some Domains of RA Responsivity Are Selectively Maintained in
Rescued Raldh2-Null Mutant Embryos. Our initial rescue experi-
ments of Raldh2�/� defects involved administration of multiple
subteratogenic RA doses through maternal oral gavage (11). As
this could lead to ectopic activation of the RARE-hsp68-lacZ
transgene (19), we looked for a more steady mode of adminis-
tration that may rescue the viability and morphological defects
of Raldh2�/� embryos without interfering with the RARE-lacZ
expression pattern in WT embryos. RA in suspension was mixed
with powdered food, which was given daily as the only source of
food. Several RA doses were tested; 100 �g�kg body weight from
E7.5 to E8.5 and 250 �g�kg from E8.5 to E9.5 safely avoided
teratogenic effects and did not lead to detectable ectopic ex-
pression of the RARE-lacZ transgene (Fig. 1, and data not
shown), even when embryos were analyzed at E9.5 during the
period of RA administration (24).

To investigate the patterns of RA response in the absence of
RALDH2, Raldh2�/� mutants were analyzed at various devel-
opmental stages, at least 48 h after cessation of RA supplemen-
tation. Analysis of E10.5 Raldh2�/� embryos revealed a marked
down-regulation of transgene activity throughout the trunk
region, when compared with control littermates (Fig. 1 A and B).
Transgene down-regulation was almost complete in somitic and
lateral mesoderm derivatives, except for a patch of weak expres-
sion in the upper proximal part of the forelimb buds (Fig. 1 B and
G, arrowheads). Strong reporter activity was selectively seen in
the posterior mesonephric area, which is adjacent to the hind-
limb buds (Fig. 1 B and H) and expresses the RALDH3 enzyme
(21). The RA-reporter transgene was also selectively activated in
the posterior heart mesocardium (Fig. 1 B and I), and at lower
levels in part of the heart outflow tract (Fig. 1I).

Contrasting with the altered trunk mesodermal expression
pattern, there was no down-regulation of the RA-reporter
transgene in the craniofacial region of Raldh2�/� mutants. As in
WT embryos, the reporter was highly expressed in the develop-
ing eye and nasal region (Fig. 1 A and B; see below), and more
weakly in specific forebrain areas (telencephalic vesicles, pro-
spective hippocampal region, and near the forebrain�midbrain
junction; Fig. 1 A–C) and in the medial portion of the developing
otocyst (Fig. 1E). RA-reporter activity was selectively seen in
mutants along the entire ventral spinal cord and part of the
hindbrain neuroepithelium, extending rostrally up to the level of
the fifth rhombomere (r5) that is adjacent to the otocyst (Fig. 1
B and D). On cross sections, lacZ activity appeared to be
restricted to specific columns of the ventral hindbrain (Fig. 1E)
and spinal cord (prospective interneuron region) neuroepithe-
lium (Fig. 1 F and H). Weak activity was also seen in the floor
plate at cervical levels (Fig. 1F).

Analysis of E12.5 embryos confirmed the down-regulation of
the reporter in the Raldh2�/� trunk (Fig. 1 J and K). At this stage,
its activity was restricted mostly to the spinal cord in both control
(Fig. 1J) and mutant (Fig. 1K) embryos. RARE-lacZ activity in
WT embryos was most prominent in spinal cord dorsal cells (Fig.

Fig. 1. RARE-hsp68-lacZ reporter transgene activity in E10.5 and E12.5
rescued Raldh2�/� embryos. (A and B) WT and mutant (Raldh2�/�) embryos
obtained after dietary RA supplementation from E7.5 to E8.5 were concom-
itantly stained with X-Gal. Shown are profile views. The Raldh2�/� embryo
exhibits a hypoplastic forelimb bud (see ref. 23), but otherwise no external
defect. (C–I) Details of the RA reporter patterns in the Raldh2�/� embryo.
Frontal view of the forebrain region (C), dorsal view of the hindbrain region
after removal of the roof plate (D), transverse section of the hindbrain just
rostrally to the otocysts (E), transverse section of the cervical spinal cord (F),
dorsal view of the forelimb bud region (G), transverse section of the trunk
region at the posterior edge of the hindlimb buds (H), frontal view of the
dissected heart (I). Arrowheads in B and G point to a patch of transgene
expression in the proximal-rostral aspect of the mutant forelimb bud. (J and
K) WT and mutant E12.5 transgenic embryos obtained after dietary RA sup-
plementation from E7.5 to E9.5. Shown are profile views. Mutant forelimb
development is selectively altered under these conditions (see ref. 24). (L–Q)
Comparison of the RA reporter patterns in the craniofacial and forebrain
regions (L and M), eye (N and O), and cervical spinal cord (P and Q) of
WT and Raldh2�/� embryos, respectively. at, atria; ba, first branchial arch;

di, diencephalon; dn, dorsal neurons; dr, dorsal retina; ea, ear; ey, eye; fb,
forebrain; fl, forelimb bud; fp, floor plate; hb, hindbrain; hg, hindgut; hi,
hippocampal region; hl, hindlimb bud; ht, heart; in, interneurons; lv, left
ventricle; mb, midbrain; mc, mesocardium; me, meninges; mg, midgut; mn,
mesonephros; na, nasal region; np, nasal placode; oft, outflow tract; ot,
otocyst; pf, palpebral fissure; rv, right ventricle; sc, spinal cord; so, somites; te,
telencephalic vesicle; vh, ventral horn; vr, ventral retina. (Magnifications: �4,
J and K; �6, A and B; �8, L and M; �10, D; �12, C, E–H, P, and Q; �15, I; �20,
N and O.)
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1P). Along the anteroposterior (AP) axis, transgene activity was
enhanced in the cervical�upper thoracic and lumbar regions
(Fig. 1J). No RARE-lacZ activity was seen within spinal cord
dorsal cells in Raldh2�/� embryos (Fig. 1 K and Q). However,
reporter transgene expression was maintained along the spinal
cord midventral columns (Fig. 1 K and Q), where its activity was
evenly distributed along the AP axis (Fig. 1K). Transgene
activity was also seen in the ventral meningeal layer (Fig. 1 K and
Q; see below).

Except for the spinal cord, all other areas of reporter trans-
gene activity were similar in Raldh2�/� and WT embryos.
Transgene expression in Raldh2�/� eyes was indistinguishable
from that observed in control eyes. Two strong expression
domains in the dorsal and ventral retina were separated by a
central region of lower expression (Fig. 1 N and O), as reported
in WT (7, 25). The RARE-lacZ reporter was also similarly
expressed in the inner ear (Fig. 1 J and K), nasal region (Fig. 1
L and M), dorsal telencephalon (Fig. 1 J–M), and hippocampal
area (Fig. 1 L and M) of WT and mutant embryos.

Not All of the Maintained RA-Responsive Domains Can Be Ascribed to
Raldh1 and Raldh3 Activities. We compared at E12.5 and E14.5 the
pattern of reporter activity with those of Raldh1 and Raldh3
expression to determine which of the reporter activity domains
that are maintained in mutant embryos could not be correlated
with the expression of these enzymes, and therefore may cor-
respond to additional RA-producing activities. Serial histologi-
cal sections of WT and Raldh2�/� RARE-lacZ transgenic em-
bryos were processed for X-Gal staining or in situ hybridization
with Raldh1 and Raldh3 riboprobes to allow a direct spatial
comparison of the expression patterns.

As expected, the RARE-lacZ activity in developing mutant
eyes closely correlated with the combined expression of Raldh1
and Raldh3 genes, in both WT (data not shown) and Raldh2�/�

embryos (Fig. 2 A–D). The reporter activity (Fig. 2D) matched
that of Raldh1 in the dorsal retina (Fig. 2B), while it correlated
in the ventral retina with the Raldh3 transcript domain (Fig. 2C),
which outflanks the Raldh1 ventral domain. Both enzymes were
expressed at the level of the palpebral fissure, which also
exhibited lacZ activity. A looser correlation between reporter
and Raldh gene expression was found in the nasal region. Raldh1
was strongly expressed in the respiratory epithelium (Fig. 2F),
whereas Raldh3 was expressed in the underlying mesenchyme
and part of the olfactory epithelium (Fig. 2G; refs. 8 and 21).
RARE-lacZ activity was mostly epithelial (Fig. 2H) and partly
overlapped with Raldh1-expressing cells in the respiratory re-
gion. LacZ-positive cells were also found in the olfactory epi-
thelium, where they partly overlapped with Raldh3-expressing
cells (Fig. 2 G and H; see also Fig. 3 G and H), as well as in a
discrete region of the E14.5 inner ear epithelium (Fig. 2L), which
was much more limited than the expression domain of Raldh3
(Fig. 2K) and was distinct, although adjacent, to that of Raldh1
(Fig. 2 J).

In contrast, analysis of brain sections showed no spatial
correlation between RARE-lacZ reporter activity and Raldh1 or
Raldh3 expression. Raldh1 prenatal expression is limited to
ventral midbrain cells that will become part of the nigro-striatal
system (refs. 26 and 27; Fig. 3F). This area showed no lacZ
reporter activity (Fig. 3H). None of the domains of RARE-lacZ
activity (in dorsal telencephalon, hippocampal region and hind-
brain floor) expressed Raldh1 or Raldh3 transcripts (Fig. 3 B–D
and F–H). Note that Raldh3 is specifically expressed in a
rostroventral telencephalic area encompassing part of the lateral
ganglionic eminence and ventral septum (refs. 7 and 27; Fig. 3C).

We also investigated whether the lacZ reporter activity seen
in the spinal cord of the Raldh2�/� mutants could reflect the
presence of RALDH1 or RALDH3. While WT reporter trans-
gene activity was found mostly in the dorsal spinal cord cells at

cervical and lumbar levels (Figs. 3I and 4H), transgene activity
was restricted to a medio-ventral column in Raldh2�/� mutants
(Fig. 3J). This activity did not correlate with Raldh1 or Raldh3
expression (Fig. 3 K and L). Whereas the former was weakly
expressed in the meningeal layer (Fig. 3K), the latter showed no
expression in the spinal cord of mutant (Fig. 3L) or WT (data
not shown) embryos.

Except for the CNS and sensory organs, few other areas
expressed the RA-responsive reporter transgene, whether in
mutant (Fig. 4 A–D) or WT embryos (Fig. 4 E–H; data not
shown). The developing kidney showed conspicuous lacZ re-
porter activity (Fig. 4H), which correlated with the presence of
both Raldh1 (Fig. 4F) and Raldh3 (Fig. 4G) transcripts. RARE-
lacZ expression in the mesonephric duct correlated with that of
Raldh3 (Fig. 4 G and H Insets). RARE-lacZ expression was
restricted to the atrioventricular valves of the E14.5 heart (Fig.
4D), which express Raldh1 (Fig. 4B, arrowhead). Most of the
developing trunk organs were devoid of Raldh3 expression (Fig.
4 C and G, and data not shown). In contrast, Raldh1 was
expressed at high levels in the intestinal mesenchyme, the
tracheal and bronchial epithelium, and at lower levels in the
stomach mesenchyme or the developing gonad (Fig. 4 B and F;
ref. 21). None of these tissues, though, showed concomitant
RARE-lacZ activity (Fig. 4H).

Discussion
We have reported (13) that nonteratogenic RA dietary supple-
mentation from E7.5 to E8.5�9.5 can rescue Raldh2�/� null
mutants deficient in RA synthesis during early embryogenesis
(11), with limited phenotypic defects up to E14.5. Here we used
a RARE-lacZ reporter transgene to show that these rescued
embryos exhibit several sites of RA production that are inde-
pendent of RALDH2 function. We further show that only a
subset of the RARE-lacZ reporter expression domains in
Raldh2�/� embryos correlate with the expression of one (or
both) of the other known RALDH enzymes (RALDH1 and
RALDH3). These findings suggest the presence of other, yet
uncharacterized, tissue-specific RA-producing activities in the
mammalian embryo. Our data are consistent with those pub-

Fig. 2. Correlation between RA reporter activity and Raldh1 and�or Raldh3
gene expression in developing sensory epithelia. Serial histological sections of
the eye (A–D), nasal region (E and H), and inner ear (I–L) of an E14.5 transgenic
Raldh2�/� embryo were hybridized with Raldh1 (B, F, and J) and Raldh3 (C, G,
and K) riboprobes, or X-Gal-stained (D, H, and L). In situ hybridization signal
grain appears white on dark-field illumination. Bright-field views of the
Raldh1-hybridized (A and E) or Raldh3-hybridized (I) sections are shown for
histology. co, cochlea; dr, dorsal retina; le, lens vesicle; oc, otic capsule; oe,
olfactory epithelium; pf, palpebral fissure; re, respiratory epithelium; rm,
respiratory mesenchyme; sg, spiral ganglion; vr, ventral retina. (Magnifica-
tions: �8, A–H; �12, I–L.)
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lished after completion of this study by Mic et al. (28), who used
another mode of RA rescue of Raldh2�/� embryos.

RALDH2 Expression Is Crucial for Most Embryonic RA Synthesis in
Trunk Mesoderm and Spinal Cord. Despite the extensive morpho-
logic rescue of Raldh2�/� null embryos on early RA supple-
mentation, it is striking that these embryos still exhibit a
marked down-regulation of the RA reporter in their trunk
region. Among mesodermal derivatives, strong reporter activ-
ity is seen only in the posterior mesonephric epithelium and
surrounding mesenchyme. This activity can be ascribed to the
presence of RALDH3 in mesonephric and ureteric bud epi-
thelia (21, 28). Interestingly, it is spatially adjacent to the
proximal margin of the hindlimb buds. We have reported that

RA-rescued Raldh2�/� mutants exhibit defects in forelimb
growth and patterning, which have no counterpart in the
hindlimbs (24). One possible explanation for this difference
could be that RA produced by the RALDH3 activity present
in the mesonephric area diffuses in the hindlimb buds, thereby
compensating for the lack of RALDH2-synthesizing activity.
It will therefore be interesting to investigate whether the
genetic ablation of Raldh3 alters hindlimb development in a
Raldh2�/� null background.

Our data show that RALDH2 activity is crucial for proper RA
production within the embryonic trunk. RALDH2-mediated
RA synthesis is likely to begin in the embryonic mesoderm as
early as E7.5 (9). From E8.5 to E10.5, Raldh2 is expressed mostly
in the somitic mesoderm, in a cranial to caudal gradient, whereas

Fig. 3. RA reporter activity in the Raldh2�/� brain and spinal cord does not correlate with Raldh1 or Raldh3 gene expression. (A–H) Sagittal sections through
the lateral region of the forebrain (A–D) and the near-midline brain structures (E–H) of an E14.5 transgenic Raldh2�/� embryo were hybridized with Raldh1 (B
and F) and Raldh3 (C and G) riboprobes, or X-Gal-stained (D and H). A higher magnification of the ventral midbrain Raldh1-expressing area is shown (Insets)
(arrows in E–H). Raldh3-specific expression in the rostro-ventral telencephalon is indicated by an arrowhead. (I–L) Serial sections through the lumbar spinal spinal
cord of an E14.5 transgenic Raldh2�/� embryo were X-Gal-stained (J) or hybridized with Raldh1 (K) and Raldh3 (L) riboprobes. (I Inset) The X-Gal pattern obtained
in a WT spinal cord. di, diencephalon; ge, ganglionic eminence; hb, hindbrain; hi, hippocampal region; mb, midbrain; me, meninges; nr, nasal region; pv,
prevertebrae; sc, spinal cord; te, telencephalon. (Magnifications: �5, E–H; �8, A–D; �10, I–L.)

Fig. 4. RA reporter transgene activity and Raldh1�Raldh3 gene expression in developing trunk organs. (A–D) Sections through the heart of an E14.5 Raldh2�/�

transgenic embryo. Raldh1 and RARE-lacZ transgene expression in the atrioventricular valve region is indicated (arrowheads). (E–H) Sections through the
abdominal cavity of a littermate WT transgenic embryo. The mesonephric duct area is enlarged (Insets). ao, ascending aorta; br, bronchus; go, gonad; gt, genital
tubercle; in, intestine; ki, kidney; li, liver; lu, lung; sc, spinal cord; st, stomach; tr, trachea; ve, ventricle. (Magnifications: �5, E–H; �10, A–D.)
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no expression is detected within the spinal cord (9). However,
reporter transgene expression is down-regulated in both the
trunk mesoderm and spinal cord of E10.5 Raldh2�/� mutants.
This finding suggests that RA normally produced by RALDH2
in the mesoderm of WT embryos diffuses to the spinal
cord neuroepithelium, where it activates the RARE reporter
transgene.

Raldh2 expression appears by �E11.5 within the lateral motor
columns of the cervical�brachial and lumbar spinal cord (29).
The contribution of these Raldh2-expressing cells to RARE-lacZ
transgene activity is clearly evidenced when WT and Raldh2�/�

embryos are compared at E12.5. In WT embryos, transgene
expression is strongly enhanced, within the spinal cord, at
cervical�upper thoracic and lumbar levels (including dorsally,
which indicates that RA produced ventrally diffuses through the
plane of the spinal cord: Fig. 1J). These region-specific lacZ
patterns are absent in the Raldh2-null spinal cord (Fig. 1K).
Some of the Hoxb genes fail to be up-regulated at similar levels
of the spinal cord in E11.5 Raldh2�/� embryos (T. Oosterveen
and J. Deschamps, personal communication), thus establishing
a link between RALDH2-mediated RA signaling and Hox gene
regulation.

RALDH1 and RALDH3 Are Involved in RA Production in the Developing
Ear, Eye, and Nasal Epithelium. In contrast with the situation in the
trunk region, we found no alteration of the craniofacial expres-
sion domains of the RA-responsive reporter transgene in
Raldh2�/� embryos. The pattern of transgene activity in the
developing dorsal and ventral retina precisely correlates with the
expression domains of Raldh1 and Raldh3, respectively, whereas
the central RA-free region can been ascribed to the presence of
the RA-metabolizing enzyme CYP26A1 (25). However, re-
porter transgene expression in the nasal epithelium correlated
only partly, both in WT and mutants, with the presence of Raldh1
and Raldh3 transcripts in the respiratory and olfactory regions,
respectively. Similarly, reporter activity was much more re-
stricted than Raldh3 transcript distribution in the E14.5 inner ear
epithelium. Thus, as suggested for the developing retina (25),
additional mechanisms are likely to restrict RA availability (e.g.,
through the presence of RA-metabolizing enzymes; see ref. 30)
and�or RA response (e.g., through restricted receptor expres-
sion; see ref. 31) in these epithelia.

An Additional, As Yet Unknown RA-Generating Activity in the Devel-
oping CNS? Our study clearly reveals that, in Raldh2�/� as well as
in WT embryos, some of the regions expressing the RA-
responsive reporter do not correspond to sites of Raldh1 or
Raldh3 expression. This is the case in the E12.5–E14.5 forebrain
for the dorsal telencephalic vesicles and hippocampal region.
Raldh1 expression in the developing brain is restricted to pro-
spective dopaminergic neurons in the ventral midbrain, whereas
Raldh3 expression appears by E11.5 in a streak of cells within the
ventral telencephalon (26, 27). However, Raldh3 is expressed at
earlier stages (E8.5–E10.5) in the ventral head ectoderm (mostly
in olfactory placodes), which lies in close contact with the
developing telencephalic vesicles (7, 27). RA produced by
RALDH3 in the ectoderm could possibly act in a paracrine
manner to activate the reporter transgene in the prospective
telencephalic vesicles, and stability of the �-galactosidase en-
zyme could explain the persistent X-Gal labeling observed at
later stages in these structures (which actually fades by E14.5,
unlike that seen in the hippocampal region). Analysis of
Raldh3�/� knockout mutants will reveal whether RALDH3 is in
fact involved in the expression of the RA reporter in the
prospective telencephalic vesicles.

Activity of the RA-responsive transgene along the ventral
spinal cord and hindbrain of Raldh2-null mutants also does not
correlate with Raldh1 or Raldh3 expression. Unlike the telen-

cephalon, there is no early expression of Raldh1 or Raldh3
within (or near) the spinal cord�hindbrain that may activate
the transgene before E10.5 (7, 8, 21). The RARE-lacZ pattern
of activity does not correlate with the hindbrain�spinal cord
distribution of cellular RA-binding proteins or RA-
metabolizing enzymes, making it unlikely that it may result
from an uneven sequestration of the maternally administered
RA. Interestingly, this neuroepithelial activity extends along
the hindbrain f loor until the fifth rhombomere. Unrescued
Raldh2�/� embryos undergo marked defects of the caudal
hindbrain, characterized by a size reduction, lack of segmen-
tation, and caudal expansion of rostral hindbrain markers (12).
This phenotype is, however, less severe than that seen in
vitamin A-deficient quail embryos (15), which led to the
suggestion that RA signaling might still operate, albeit at a
reduced level, in the Raldh2�/� hindbrain (32). We now
provide evidence that a RA response occurs in the caudal
(r5-r8) hindbrain region of E10.5–14.5 Raldh2�/� embryos. It
is noteworthy that under the present maternal RA supplemen-
tation, caudal hindbrain patterning of Raldh2�/� embryos is
almost completely rescued (unpublished results). One possible
explanation would be that RA produced by a novel
(RALDH1- and RALDH3-independent) hindbrain and spinal
cord RA-generating activity, together with RA of maternal
origin, may result in sufficient RA levels in the r5-r8 region to
allow the retinoid-dependent patterning events (33) to pro-
ceed almost normally, even in the absence of RA synthesized
by the mesodermal RALDH2.

Altogether, our data strongly suggest the existence of an
additional RA-producing activity within specific hindbrain, spi-
nal cord, and forebrain (hippocampal) regions. Whether this
activity involves a novel member of the aldehyde dehydrogenase
(ALDH) family (or other enzyme classes reported to have a
retinaldehyde-oxidizing activity; refs. 34 and 35) deserves further
investigation.

A RALDH1 Function Unrelated to RA Synthesis? Most, if not all, of the
few regions that express RALDH3 during development (8, 21)
correspond to sites of RA production, as evidenced by the
expression of the RA reporter transgene. RALDH1 is much
more widely expressed than RALDH3 during mid-late gestation
(21, 36). However, only a few of the Raldh1-expressing tissues
(e.g., the dorsal retina, developing heart valves, and kidney,
which also expresses Raldh3) stain positively for the RA-
responsive transgene and several regions of high Raldh1 expres-
sion, such as the tracheo-bronchial epithelium, intestine epithe-
lium, or midbrain dopaminergic cells, do not express the reporter
transgene. Although it is not excluded that silencing of the
RARE-lacZ reporter transgene could occur during differentia-
tion of these cell types, it is tempting to speculate that RALDH1
could be only marginally involved (with respect to RALDH2 and
RALDH3) in the RA synthetic pathway.

The liver is a major postnatal site of RALDH1 expression,
where it is likely to be involved in the detoxification of endog-
enous aldehydes. A similar function may be performed in other
differentiating organs, such as the intestine or kidney, which also
express Raldh1 during adult life (21, 37). It is noteworthy that,
among the three RALDH enzymes, RALDH1 has the lowest
affinity for retinaldehyde and is �10-fold less efficient at pro-
ducing RA in cultured cells (38–40). Thus, RALDH1 may have
initially functioned as a detoxifying enzyme (e.g., in the eye lens,
where it may act on peroxidic aldehydes produced by UV light
absorption; ref. 41), and only subsequently could have been
co-opted in the RA synthetic pathway within specific tissues
(e.g., the developing retina). Similarly, some of the cytochrome
P450 enzymes may have evolved to accommodate RA, thereby
allowing the appearance of tissue-specific RA catabolic func-
tions (20, 42). Thus, the evolution of RA synthetic and catabolic
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activities within two enzyme families with differential expression
patterns may have created the possibility to finely tune the RA
signal along various embryonic structures such as the differen-
tiating trunk�tail bud region, eye, and hindbrain.
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Dräger, U. C. (1996) Eur. J. Biochem. 240, 15–22.
7. Li, H., Wagner, E., McCaffery, P., Smith, D., Andreadis, A. & Dräger, U. C.
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