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ABSTRACT We previously isolated a novel rat cDNA
encoding a basic helix–loop–helix transcription factor named
Relax, whose expression in the developing central nervous
system is strictly limited to discrete domains containing
precursor cells. The timing of Relax expression coincides with
neuronal differentiation. To investigate the involvement of
Relax in neurogenesis we tested whether Relax activated
neural genes in the ectoderm by injecting Relax RNA into
Xenopus embryos. We demonstrate that ectopic Relax expres-
sion induces a persistent enlargement of the neural plate and
converts presumptive epidermal cells into neurons. This
indicates that Relax, when overexpressed in Xenopus embryos,
has a neuronal fate-determination function. Analyses both of
Relax overexpression in the frog and of the distribution of
Relax in the rat neural tube strongly suggest that Relax is a
neuronal fate-determination gene.

Neural fate determination in Drosophila is promoted by a
family of proteins encoded by the genes of the Achaete-scute
complex (achaete, scute, lethal of scute, and asense) (1) and
atonal (2). These genes are known as proneural genes because
they determine the competence of ectodermal cells to become
neural precursors. Mutations that inactivate proneural genes
deplete particular subsets of neural precursors, whereas ec-
topic expression of proneural genes causes ectopic formation
of sensory organs.

Several vertebrate homologs of Drosophila proneural genes
have been identified, including the Achaete-scute homologs
Mash-1 and Xash-3 and the atonal homologs NeuroD and
X-ngnr-1 (3–6). Their involvement in neurogenesis has been
tested using inactivating mutations for Mash-1 (7) and ectopic
expression in early Xenopus embryos for Xash-3, NeuroD, and
X-ngnr-1 (4–6, 8, 9). Microinjection of RNA encoding Xeno-
pus Achaete-scute homolog-3 (Xash-3) into fertilized frog
embryos causes a lateral expansion of the neural plate at the
expense of the epidermis (5). In addition, NeuroD and X-
ngnr-1 are capable of converting most of the embryonic
ectoderm into neurons (4, 8). Comparative analyses of the
effects of overexpression of these two genes and their expres-
sion patterns suggest that the gene products are part of a
regulatory cascade in which X-ngnr-1 controls the expression
of NeuroD.

Recently, we isolated a novel rat cDNA named Relax, for
Rat embryonic longitudinal axis, which encodes a member of
the basic helix–loop–helix (bHLH) family of transcription
factors and is related to the Drosophila proneural gene atonal
(10). The gene has been isolated in the mouse and named ngn3
(11). Relax transcripts are transiently detected in the devel-

oping central nervous system (CNS). Their expression is
localized in cells of the ventricular zone of the neural tube,
where neural progenitors originate and the time of the gene’s
expression coincides with neuronal differentiation. This
unique expression pattern suggests that Relax is involved in
neural fate determination. To investigate further the contri-
bution of Relax to neurogenesis, we tested whether it can
activate neural genes in the ectoderm by injecting Relax RNA
into Xenopus embryos. The effect of this ectopic expression
was analyzed by in situ hybridization and immunocytochem-
istry with pan-neural and pan-neuronal markers. We demon-
strate that Relax induces an enlargement of the neural plate
and converts presumptive epidermal cells into neurons. This
suggests that Relax behaves, in Xenopus, as a neuronal fate
determination gene.

METHODS

In Vitro RNA Synthesis. Capped Relax RNAs were synthe-
sized from 1 mg of XbaI-linearized pcDNA3, containing the
entire coding sequence of Relax, with the T7 RNA polymerase
using the mMessage mMachine in Vitro Transcription Kit
(Ambion, Austin, TX). Capped XE12 and XASH3 RNAs were
transcribed by SP6 and T7 polymerases using template linear-
ized with XbaI and HindIII, respectively. After DNase treat-
ment, RNAs were extracted with phenolychloroform and
precipitated with an equal volume of isopropyl alcohol. RNAs
were resuspended in water for injection.

Embryo Injections. Embryos were dejellied with 2% cys-
teine 1hr after fertilization and kept at 16°C in NAM 0.13
containing 5% Ficoll, penicillin, and streptomycin until they
reached the four-cell stage. Each of the two left blastomeres
was injected with 5 nl of mRNA solution using an Eppendorf
pressure-driven microinjector (150 pg of mRNA per blas-
tomere). After injection, the embryos were allowed to develop
at 18°C to the desired stage.

Whole-Mount Immunocytochemistry. Embryos were fixed
in dimethyl sulfoxide:methanol (20:80), bleached by addition
of 10% H2O2 in the fixative medium, and stained with anti-
bodies essentially as described by Dent et al.(12). Samples were
incubated with anti-N-CAM and anti-b-tubulin primary anti-
bodies diluted 1:100 and then with biotinylated anti-rabbit IgG
for the former and anti-mouse IgG for the latter (second
antibody). Vectastain kits (Vector Laboratories) were used for
immunohistochemical staining. The embryos were cleared in
benzyl alcohol:benzyl benzoate (1:2, vol:vol) prior to photog-
raphy.

Whole-Mount in Situ Hybridization. Embryos were fixed in
MEMFA medium (0.1 M MOPS, pH 7.4y2 mM EGTAy1 mM
MgSO4y3.7% formaldehyde) for 2 hr, stored in ethanol atThe publication costs of this article were defrayed in part by page charge
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220°C, then stained with an N-CAM digoxygenin-labeled
riboprobe as described by Harland (13).

RESULTS

We used microinjection into Xenopus embryos to investigate
the role of Relax in early neurogenesis. We injected synthetic
RNA encoding different bHLH proteins including Relax
into the two left blastomeres of four cell-stage embryos. The
first cleavage in Xenopus embryos usually defines the bilat-
eral symmetry, and, consequently, such injections restrict the
introduced RNA to one side of the developing embryo. The
uninjected side can therefore be used as a control for the
injected side. The embryos were allowed to develop until
various stages. For each RNA species injected, we analyzed
at least 40 embryos for every developmental stage investi-
gated. We first followed neural gene expression at the early
neurula stage by in situ hybridization using a marker of
undifferentiated neural tissue, N-CAM, then by immunocy-
tochemistry with two antibodies, one directed against the
N-CAM protein and the other against a neuronal marker, the
b-tubulin protein.

Relax, like other bHLH transcription factors, is likely to act
as a heterodimer (14) with a ubiquitious bHLH partner such
as the protein E12, of which there may be limiting amounts in
the embryo (15). For example, Ferreiro et al. (9) have shown
that only coinjection and not individual injection of Xash-3 and
XE12 significantly induced neural gene expression. We there-
fore injected either Relax alone or Relax combined with XE12
and compared the effects on the production of N-CAM
mRNA and N-CAM and b-tubulin proteins. XE12 was used as
a negative control and Xash-3yXE12, as a positive control.
Some embryos were coinjected with 1 ng of RNA coding for
b-galactosidase, such that the progeny of the injected blas-
tomeres could be followed and toxic effects of the RNA
preparations could be assessed. The precise developmental
stage of the injected embryos was determined by comparison
with uninjected embryos.

Relax Ectopic Expression Induces Early Neural Plate De-
fects. Xenopus embryos injected with RelaxyXE12 RNA and
uninjected controls were allowed to develop until the neural
plate stage (stage 14), when the neural folds first rise. At this
stage the neural plate was clearly visualized by in situ hybrid-
ization with an N-CAM probe (Fig. 1a). In the injected
embryos the neural plate was much larger on the injected side,
spreading out laterally (Fig. 1b). N-CAM expression starts at
this stage and, thus, could not be detected by immunocyto-
chemistry in the uninjected embryos. Only the area corre-
sponding to the lateral enlargment of the neural plate was
labeled by the N-CAM antibody (data not shown). A similar
expansion of the neural plate at the expense of the lateral
ectoderm was observed in embryos injected in parallel with
Xash-3yXE12, a vertebrate proneural gene (data not shown).

The RelaxyXE12 RNA injection mainly affected the ante-
rior part of the neural plate (Fig. 1b), whereas the posterior
part of the neural plate did not seem to be affected. Injection
of Relax RNA alone promoted a similar but less pronounced
enlargement of the anterior neural plate (data not shown),
suggesting a synergy between Relax and XE12 for the induc-
tion of neural gene expression. The injection of XE12 alone at
the dose used in the RelaxyXE12 experiments did not cause
any expansion of the neural plate (data not shown). Thus,
Relax induces an enlargment of the anterior part of the neural
plate.

The Excess Neuronal Tissue Persists During Neurulation.
We then examined whether the neural hyperplasia described
above persisted throughout neurulation and whether the over-
expression of Relax affected a specific neural cell fate. Thus,
RelaxyXE12 RNA-injected embryos were examined at devel-
opmental stage 20. At this stage, the neural tube is almost

completely closed, and the primordia of the optic vesicles and
of the adhesion organ can be clearly visualized by N-CAM
immunostaining (Fig. 2). Large amounts of N-CAM have
previously been described at this developmental stage in the
primordia of the adhesion organ (16). Similar to stage 14, the
N-CAM immunoreactivity was detected at the lateral edge of
the neural ectoderm (Fig. 2c). No modification of the primor-
dia of the adhesion organ was observed. b-Tubulin immuno-
staining revealed that the extra neural tissue was predomi-
nantly neuronal (Fig. 2d). In control experiments in which
embryos were either not injected or injected with XE12, the
neural tube was clearly labeled by N-CAM and b-tubulin
antibodies, whereas the lateral margins were not labeled (Fig.
2 a and b; data not shown). In addition, a major distortion of
the neural tube was observed following RelaxyXE12 RNA
injection (Fig. 2 c and d). In summary, neural hyperplasia
persisted during neurulation, suggesting that ectopic expres-
sion of Relax leads to an irreversible change in cell fate,
producing mainly neurons.

Differentiation of Neural Precursor Cells in the Epider-
mis at the Late Neurula Stage by Ectopically Expressed
Relax. The stage 20 embryos injected with Relax, as above,
at the four-cell stage also showed ectopic N-CAM immuno-
staining in the lateral (Fig. 3a) and ventral epidermis (Fig.
3c). N-CAM-positive cells generated in the epidermis were
scattered (Fig. 3 a and c), and this pattern was first observed
in the late neurula stage (stage 20). Similar results were
obtained with b-tubulin immunostaining (data not shown),
indicating that these ectopic neural cells were mostly neu-
rons. In contrast, no N-CAM-positive cells were observed
among epidermal cells in negative controls, including the
uninjected side of the embryo, as well as in uninjected and
XE12-injected embryos (Fig. 3b; data not shown). Thus, the

FIG. 1. Phenotype of RelaxyXE12-injected Xenopus embryos at
stage 14. (Top) In situ hybridization of an N-CAM digoxygenin-labeled
riboprobe in noninjected (a) and RelaxyXE12-RNA-injected (b)
embryos. (Bottom) Schematic representation of both embryos; dark
gray represents the N-CAM label. The injected side (i) and the
noninjected side (ni) of the embryo are indicated. The symmetric axis
is represented by two vertical lines. All injected embryos presented a
phenotype similar to those shown here.

Developmental Biology: Ravassard et al. Proc. Natl. Acad. Sci. USA 94 (1997) 8603



overexpression of Relax in Xenopus embryos fosters ectopic
neurogenesis both in the neuroectoderm and in the lateral
and ventral epidermis. Hence, the capacity of Relax to
promote a stable overproduction of neural tissue suggests
that it has a fate determination function.

DISCUSSION

We have isolated a novel rat bHLH transcription factor named
Relax that exhibits the expected features of a neural fate
determination gene (10). Relax transcripts are detected in
discrete regions of the CNS and only during neuron produc-
tion. In addition, Relax-expressing cells are strictly localized in
the ventricular zone of the neural tube, where neural progen-
itors originate. In this work we tested the neural fate-
determination function of Relax by overexpressing it in Xeno-
pus embryos. Ectopic expression in amphibian embryos is a
powerful approach to investigating the role of bHLH tran-
scription factors in early neurogenesis. We show that Relax is
able to affect ectodermal cell fate in this model by causing a
differentiation of neurons.

At the early neurula stage (stage 14), molecular markers for
neural and neuronal cells show that the anterior neural plate
expands laterally in Relax-injected embryos. The effect was
stronger when Relax was coinjected with the ubiquitious
bHLH XE12, whereas injection of XE12 alone had no signif-
icant effect. The lateral enlargment of the neural plate induced
by the ectopic expression of RelaxyXE12 was similar to that
resulting from Xash-3yXE12. Turner and Weintraub (5) have
shown by in situ hybridization with an N-CAM probe that
unilateral overexpression of Xash-3 induces the enlargement
of the CNS at the expense of the epidermis in Xenopus
embryos at stage 14. This increased number of neural cells is
not due to an additional proliferation of neural precursors but
rather to Xash-3, which converts additional cells to a neural
fate. In our experiment, we cannot exclude that the enlargment
of the neural plate subsequent to the Relax injection is not due
to an increased proliferation of neuroectodermal cells, al-
though the effect of Relax injection is similar to that of Xash-3.

The effect of ectopic expression of RelaxyXE12 at stage 14
persists at least until the late neurula stage (stage 20). In
addition, there was a differentiation of neural cells in the entire
injected side of the developing embryo, and the whole epider-
mis contained scattered ectopic neural cells. Similar results
have been described after overexpression of either NeuroD (4)
or X-ngnr-1 (8). The effect of these two genes on ectopic
expression of neural genes in the epidermis was observed at the

FIG. 2. Persistence of the ectopic expression of Relax at the late
neurula stage. Immunocytochemistry with N-CAM (a–c) and b-
tubulin (d) antibodies (1:100) of noninjected (a), XE12 RNA-
injected (b), and RelaxyXE12 RNA (c and d) embryos at develop-
ment stage 20. The adhesion organ (ao), the optic vesicle (ov), and
the injected (i) and the noninjected sides (ni) of the embryo are
indicated. Arrows indicate neural tube labeling; arrowheads indicate
ectopic labeling. The symmetric axis is represented by two vertical
lines. All the injected embryos presented a phenotype similar to
those shown here.

FIG. 3. Ectopic N-CAM expression in Xenopus embryos injected with RelaxyXE12. Immunocytochemistry with N-CAM antibody (1:100) of
Relax-XE12-injected embryos at development stage 20: the injected left side (a), the noninjected right side (b), and the ventral side (c). (Lower)
Twofold magnification of the marked area shown in a, b, and c, respectively. The injected (i) and the noninjected (ni) sides of the embryo are
indicated. The dotted lines indicate the dorsal midline of the embryo. Open arrows indicate ectopic N-CAM-positive cells. All the injected embryos
presented a phenotype similar to those shown here.
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early neurula stage, whereas Relax induces this phenotype only
at a later stage. The ectopic production of neural cells inside
the epidermis induced by NeuroD or X-ngnr-1 results from
fate conversion rather than an aberrant neural cell migration.
In this experiment, the fate conversion affects only dispersed
epidermal cells. These cells acquire a phenotype which resem-
bles that generated by RelaxyXE12. Although we cannot
exclude the possibility that Relax may induce an aberrant cell
migration, the common phenotype in the epidermis of Relax,
NeuroD, and X-ngnr-1 ectopic expressions suggest that Relax
induces a fate conversion. Our data indicate that Relax
produces a mixed phenotype that combines the Xash-3, Neu-
roD, and X-ngnr-1 features. First, ectopically expressed Relax,
like Xash-3, causes the neural plate to expand laterally. The
second important feature, characteristic of Relax, is its ability
to convert the fate of epidermal cells into neurons, as do
NeuroD and X-ngnr-1, although the effect is not as pro-
nounced as that of X-ngnr-1. The phenotype obtained after
RelaxyXE12 overexpression clearly indicates that Relax is able
to function in the Xenopus embryo as a neuronal fate–
determination gene.

The overexpression of X-ngnr-1 induces ectopic neurogen-
esis and ectopic expression of endogenous NeuroD mRNA.
There is a sequential temporal expression of the two endog-
enous genes in Xenopus, X-ngnr-1 expression preceding that of
NeuroD. Based on these results, Ma et al. (8) conclude that
both genes are part of a common regulatory cascade in which
X-ngnr-1 is upstream from NeuroD. Furthermore, endoge-
nous X-ngnr-1 expression is strictly localized in the areas where
primary neurogenesis occurs in the developing Xenopus em-
bryo. X-ngnr-1 expression also becomes restricted to subsets of
cells by lateral inhibition mediated by X-Delta-1 and X-Notch.
The results of overexpression studies combined with those
obtained by the characterization of the endogenous X-ngnr-1
expression suggest that this gene functions as a vertebrate
neuronal determination factor.

Functional analysis in the Xenopus embryo of Relax, Neu-
roD, and X-ngnr-1 gene products gives information pivotal to
our understanding of their functions in the developing rat
nervous system. In the rat neural tube, Relax, neurogenin, and
NeuroD are all expressed during a similar period. Only Relax
and neurogenin are expressed in the ventricular zone, whereas
NeuroD is expressed in postmitotic cells contained in the
subventricular zone. Furthermore, neurogenin and NeuroD
are both localized in the same dorso-ventral domains within
the spinal cord and the forebrain. This indicates that neuro-
genin and NeuroD may participate in a similar regulatory

cascade in the developing rat embryo as they do in the frog.
Relax-expressing compartments in the CNS are restricted to
the ventricular zone, suggesting a similar function in neural
fate determination. Our studies on neural gene expression in
Xenopus embryos after ectopic expression of Relax clearly
demonstrate that Relax acts as a neuronal fate determination
factor. As in the case of the neurogeninyNeuroD cascade, the
regulatory genes downstream from Relax remain to be iden-
tified.
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