
Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 895–900, February 1997
Developmental Biology

Role of the Xlim-1 and Xbra genes in anteroposterior patterning
of neural tissue by the head and trunk organizer

MASANORI TAIRA*, JEAN-PIERRE SAINT-JEANNET, AND IGOR B. DAWID
Laboratory of Molecular Genetics, National Institute of Child Health and Human Development, National Institutes of Health, Bethesda, MD 20892

Contributed by Igor B. Dawid, December 2, 1996

ABSTRACT Anteroposterior patterning of neural tissue
is thought to be directed by the axial mesoderm which is
functionally divided into head and trunk organizer. The LIM
class homeobox gene Xlim-1 is expressed in the entire axial
mesoderm, whereas the distinct transcription factor Xbra is
expressed in the notochord but not in the prechordal meso-
derm. mRNA injection experiments showed that Xenopus
animal explants (caps) expressing an activated form of Xlim-1
(a LIM domain mutant named 3m) induce anterior neural
markers whereas caps coexpressing Xlim-1y3m and Xbra
induce posterior neural markers. These data indicate that, in
terms of neural inducing ability, Xlim-1y3m-expressing caps
correspond to the head organizer and Xlim-1y3m plus Xbra-
coexpressing caps to the trunk organizer. Thus the expression
domains of Xlim-1 and Xbra correlate with, and possibly
define, the functional domains of the organizer. In animal
caps Xlim-1y3m initiates expression of a neuralizing factor,
chordin, whereas Xbra activates embryonic fibroblast growth
factor (eFGF) expression, as reported previously; these factors
could mediate the neural inducing and patterning effects that
were observed. A dominant-negative FGF receptor (XFD)
inhibits posteriorization by Xbra in a dose-dependent manner,
supporting the suggestion that eFGF or a related factor has
posteriorizing inf luence.

In early development of vertebrates, the dorsal mesoderm,
known as the Spemann organizer in amphibians, plays a central
role in establishing the basic body plan. The axial mesoderm,
formed by involuting mesodermal tissue at the dorsal midline
during gastrula and neurula stages, can be divided morpho-
logically and functionally into the prechordal (or head) me-
soderm and the notochord (1–5). Several transcription factors
are expressed in the axial mesoderm of Xenopus embryos (6).
Among them, the LIM class homeobox gene Xlim-1 is ex-
pressed in the entire axial mesoderm (7), the homeobox genes
goosecoid (8) and Otx2 (9, 10) are expressed in the prechordal
mesoderm, and Xbra (the Xenopus ortholog of mouse T gene)
is expressed in the notochord (11). Thus the expression
domains of these genes seem to demarcate the morphological
and functional domains of the axial mesoderm, but it is not
known which transcription factors specify the anteroposterior
prepattern of this tissue.
The functional division of the organizer into head and trunk

organizer is based on their ability to induce brain or spinal
cord, respectively, as shown in classical transplantation and
explantation experiments. These studies indicated that the
prechordal mesoderm has head organizer activity while the
notochord has trunk organizer activity (1–5). An important
feature of the organizer is posterior dominance, shown in
combination of head and trunk organizers by Okada and
Takaya (12) (see also the review in ref. 3). This observation,

together with the fact that posteriorizing and neuralizing
activities of axial mesoderm are inversely correlated, led to the
proposal of models in which two signals (13, 14) or two
gradients (15) are responsible for anteroposterior patterning
of the early central nervous system (CNS); these models
postulate the action of (at least) two secreted molecules, a
neural inducer and a posteriorizing (or caudalizing) factor.
According to the two-signal model, anterior type neural tissue
is generated by initial neural induction while some of it is
subsequently converted to posterior type by a factor which
need not have neuralizing activity in itself.
Mouse embryos lacking the mouse ortholog of Xlim-1, Lim1

(also named Lhx1; see review in ref. 16), exhibit a headless
phenotype, implying that Lim1 is involved in head organizer
function, and suggesting that the head organizer can be
separated genetically from the trunk organizer (17, 18). In a
previous paper (19) we reported that an activated mutant form
of Xlim-1, named 3m, can induce neural tissue in animal
explants of Xenopus embryos. In the present work we analyze
the nature of the induced neural tissue in further detail.
Expression of Xlim-1y3m or Xlim-1y3m plus Xbra in animal
explants reconstituted head or trunk organizer function, re-
spectively, as defined by the ability to induce anterior or
posterior neural tissue. Furthermore we found that Xlim-1y3m
can induce chordin, a known neuralizing factor (20), and we
provide evidence supporting a posteriorizing role for embry-
onic fibroblast growth factor (eFGF), previously shown to be
activated by Xbra (21). Thus, the neuralizing and patterning
effects of Xlim-1 and Xbra may be mediated by the secreted
factors chordin and eFGF.
In addition to the role played by polypeptide factors, several

studies have shown that retinoic acid (RA) can exert a
posteriorizing influence on the early CNS (22, 23), in part
mediated by modification of the differentiation of the meso-
derm (24, 25). Therefore we tested the effect of RA on
Xlim-1y3m-induced anterior neural tissue. The results suggest
that RA can modify the anteroposterior nature of this tissue,
albeit in a more limited way than Xbra-expressing animal caps.

MATERIALS AND METHODS

Injection of embryos with synthetic mRNA, dissection, and
culture of single or combined animal caps has been described,
as has RNA extraction and analysis by Northern blot analysis
(19, 26). The homeodomain mutant of Xlim-1y3m, named
3mHDm, was constructed using an in vitro site-directed mu-
tagenesis kit (CLONTECH) with a mutated antisense oligo-
nucleotide (59-CCAGACCTGGggTACTCGCATG) to re-
place isoleucine with proline at amino acid 223, which is the
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fourth position of the DNA recognition helix in the home-
odomain (27). The following RNAs for embryo injection were
used: Xlim-1y3m (19), Xbra (28), noggin (29), chordin (30),
b-globin (31), dominant-negative FGF receptor (XFD), and
d50 (32). The following plasmids were used as probes:Otx2 (9),
neural cell adhesion molecule (NCAM) (33), b2-tubulinyN-
tubulinyclone 24–10 (34, 35), cpl-1 (36), XCG7 (37), en-2 (38),
Krox-20 (39), HoxB9yXlHbox6 (40), chordin (30), eFGF (21),
and Sonic hedgehog (Shh) (41). Antibody staining on sections
was performed as described (42) with anti-HoxB9 antibodies
(43). Dissected animal caps were treated with 10 mM RAy
0.5% dimethyl sulfoxide (DMSO) or 0.5% DMSO (control)
for 3 hr, washed with 13 Marc’s modified Ringer’s solution
(MMR) (44) twice, then transferred to 0.53MMRy50 mgyml
gentamicin.

RESULTS

Neural Patterning Elicited by Xlim-1y3m and by Xlim-1y3m
Plus Xbra. Combined animal cap assays demonstrated that
injection of synthetic mRNA encoding the LIM domain mu-
tant of Xlim-1, named 3m, initiates neural differentiation in
injected animal caps as well as in adjacent uninjected caps,
suggesting that a neural inducing signal emanates from the
Xlim-1y3m-expressing cells (19). We proceeded to study the
nature of the neural cells induced by Xlim-1y3m, and its
modulation by Xbra. To study the modulation of neural
induction by Xbra, combined animal cap assays provide an
important advantage: while Xbra inhibits neural differentia-
tion in the cells in which it is expressed by converting them
from ectoderm to mesoderm (28), the influence of Xbra still
can be studied in adjacent uninjected caps.
Fig. 1 presents results of combined animal cap experiments

as assayed by the expression of marker genes characteristic for

different regions in the CNS. Recombinates between unin-
jected caps and Xlim-1y3m expressing or Xlim-1y3m plus
Xbra-expressing caps generated similar levels of total neural
tissue, as assayed by the expression of the pan-neural marker
NCAM (Fig. 1A, lanes 2 and 3). However, regionally specific
markers revealed major differences. Recombinates with a
Xlim-1y3m-injected partner expressed the anterior neural
markers Otx2 and cpl-1, the midbrain–hindbrain marker en-2,
and the cement gland marker XCG7, but not the posterior
markers Krox-20 (hindbrain), HoxB9 (spinal cord; previously
known as XlHbox6), and b2-tubulin [hindbrain and spinal cord
(45)] (Fig. 1A, lane 2). Thus, Xlim-1y3m generates a signal that
results in the induction of anterior neural tissue. In contrast,
recombinates containing caps coexpressing Xlim-1y3m plus
Xbra were converted from anterior to posterior marker ex-
pression (lane 3). These data suggest that Xbra elicits signals
that inhibit the expression of anterior and induce the expres-
sion of posterior marker genes in Xenopus animal explants.
Injection of Xbra mRNA alone also activated the HoxB9

gene but not NCAM or any other neural marker in animal
explants (Fig. 1A, lane 6), suggesting that in this case we are
observing the mesodermal component of the HoxB9 expres-
sion pattern (43). To ascertain the germ layer in which HoxB9
is expressed in combined caps with one Xlim-1y3m plus
Xbra-injected partner we carried out immunostaining of lin-
eage-labeled recombinates. Fluorescein isothiocyanate
(FITC)–dextran-labeled animal caps not injected with any
RNA were apposed to caps that expressed Xlim-1y3m plus
Xbra. After culture and sectioning we observed staining with
HoxB9 antibody in the nuclei of many FITC-labeled cells (Fig.
2A) in a high proportion of the recombinates (Fig. 2C). These
results indicate that HoxB9 expression in this preparation
occurred in the ectodermal (i.e., neural) compartment and can

FIG. 1. (A) Expression of anteroposterior neural marker genes in combined animal caps expressing activated Xlim-1y3m and Xbra. An animal
cap from a embryo injected with mRNAs (cap 1) in the indicated amounts (ngyembryo) was combined with another cap (cap 2) as indicated. Two
experiments of identical design, identified as I and II, are presented in one panel. Six combined caps were collected at equivalent stage 22y23 (blot
I) or 27y28 (blot II), and the RNA was assayed by Northern blot analysis. NCAM is a pan-neural marker, and XCG7 identifies the cement gland,
an anterior ectodermal derivative; the following neural markers fromOtx2 throughHoxB9 are arranged in anteroposterior order of their expression.
(B) Xbra-induced posteriorization of neural tissue generated by noggin and chordin. The injected RNAs are indicated above the blot; 3mHDm
is a homeodomain mutant derivative of Xlim-1y3m that is expected to be inactive and is used as control, as is globin mRNA.
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thus be considered a consequence of posteriorization of the
induced neural tissue.
Xbra-Expressing Cells Exert a Posteriorizing Influence.

The results shown above indicate that Xlim-1y3m-expressing
caps exert an anterior neural inducing influence whereas
Xlim-1y3m plus Xbra-expressing caps exert a posterior neural
inducing influence. Because classical experiments have sug-
gested the existence of posteriorizing factor(s) that do not
possess neuralizing activity, we tested whether caps that ex-
press Xbra alone can provide a posteriorizing signal. Xlim-1y
3m-injected caps combined with Xbra-injected caps express all
anterior and posterior marker genes examined (Fig. 1A, lane
5), and immunostaining showed that HoxB9 is induced in the
Xlim-1y3m-injected (FITC-labeled) caps (Fig. 2 B and C).
Thus, expression of Xbra can posteriorize cells that have been
induced to a neural fate by the expression of Xlim-1y3m. We
next tested whether Xbra is also able to posteriorize anterior

neural tissue induced by the secreted neuralizing factors
noggin or chordin. In all cases, coexpression of Xbra activated
the posterior neural markers Krox-20 and b2-tubulin and
substantially reduced expression of the anterior marker Otx2
(Fig. 1B). Thus, Xbra-expressing cells generate a general
posteriorizing signal.
Xlim-1y3m Activates Chordin While Xbra Activates eFGF

Expression.Because Xlim-1 and Xbra are transcription factors
displaying nuclear localization (46, 47), their non-cell auton-
omous effects in the experiments reported previously (19) and
above are likely due to secreted factors produced under their
control. Among known neural inducers we already excluded
noggin and follistatin as candidates because their expression is
not activated by Xlim-1y3m (19). In contrast, the neuralizing
and dorsalizing factor chordin (20) is induced by Xlim-1y3m
(Fig. 3, lane 2), as also noted by Sasai et al. (20); a homeodo-
main mutant of Xlim-1y3m (3mHDm), used as control, does
not induce chordin (lane 5). Xbra does not elicit chordin
expression (Fig. 3, lane 4), but strongly activates eFGF as
already reported by Isaacs et al. (21). Importantly in the
context of these experiments, the combined injection of Xlim-
1y3m and Xbra mRNAs into animal caps led to the expression
of both eFGF and chordin (Fig. 3, lane 3). These observations
may provide an explanation for the types of neural markers
that are activated in our combined animal cap experiments
(Fig. 1), because basic FGF (bFGF) was shown to posteriorize
anterior neural plate explants and noggin or follistatin-induced
anterior neural tissue (48–50), and the biological activities of
bFGF and eFGF in the embryo are similar (21). Further, bFGF
has been reported to exert neuralizing activity in animal cap
cells that had been dissociated and reaggregated, or in explants
that were cultured in low Ca21 and Mg21 solutions, conditions
that may lead to reduced cell adhesion (50, 51). No neuralizing
activity of Xbra-expressing caps was observed under our
experimental conditions that involve close association between
signaling and receiving cells within an intact tissue.
A Dominant-Negative FGF Receptor Inhibits Posterioriza-

tion by Xbra. Additional evidence for a dose-dependent
involvement of FGF in posteriorization was obtained in ex-
periments that used the dominant-negative FGF receptor,
XFD (32). Recombinates between uninjected animal caps and
caps injected with Xlim-1y3m plus Xbra in a 1:3 ratio, ex-
pressed NCAM but not Krox-20, possibly because they are too
strongly posteriorized (Fig. 4A, lane 4). Injection of XFD into
the second cap (recipient of the signal) led to Krox-20 expres-
sion when low levels of RNA were injected, and to inhibition
at higher levels (Fig. 4A, lanes 5–9). In this experiment no
recovery of Otx2 expression was observed. However, in a

FIG. 2. Immunostaining of HoxB9 in combined animal caps. (A
and B) FITC fluorescence, staining for HoxB9, and hematoxyliny
eosine (HE) staining, as indicated. HoxB9-positive nuclei (arrows) are
seen as black holes in the FITC panel because of fluorescence
quenching by the immunoprecipitate. (A) An FITC–dextran-injected
cap was combined with a cap coinjected with Xlim-1y3m and Xbra
mRNAs. (B) A cap coinjected with FITC–dextran and Xlim-1y3m was
combined with an XbramRNA-injected cap. (C) Frequency of HoxB9
expression in FITC lineage-labeled caps, injected with RNAs as
indicated in the figure. n, Number of combined caps examined.

FIG. 3. Early gene expression in animal caps injected with Xlim-
1y3m,Xbra, and 3m plusXbramRNAs. 3mHDmwas used as a negative
control. The amount of mRNA was 1 ngyembryo for each species.
Twelve animal caps were collected at equivalent stage 11 and assayed
by Northern blot analysis.
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separate experiment with a different ratio of Xlim-1y3m and
Xbra and at a high level of XFD, recovery of Otx2 expression
in the recombinates could be seen (Fig. 4B, lane 4). This
recovery is important because it indicates that increased levels
of XFD do not suppress Krox-20 due to general toxicity. In this
experiment the inactive mutant FGF receptor d50 was used as
control and showed no effect (Fig. 4B, lane 5). These results
indicate that Xlim-1y3m plus Xbra-expressing caps emit a
signal whose effect can be titrated by XFD, indicating that the
signaling molecule is a member of the FGF family.
RA Can Posteriorize Neural Tissue Generated by Xlim-1y

3m.RA has been postulated to be a posteriorizing factor based
on the observations that RA treatment of embryos leads to
truncation of anterior structures in Xenopus (52), and that RA
affects both ectoderm and mesoderm explants, initiating the
expression of posterior neural markers in ectoderm–
mesoderm recombinates (23–25). We therefore tested whether
RA can posteriorize neural tissue generated by Xlim-1y3m,
chordin, or noggin. As shown in Fig. 5, RA strongly inhibits
Otx2 expression and induces Krox-20 and b2-tubulin expres-
sion in all cases, indicating that RA can act as a posteriorizing
factor for neural tissue in the absence of mesoderm. However,
HoxB9 expression was barely induced and Krox-20 was not
repressed even at the high RA concentration of 10 mM,
suggesting that RA cannot fully posteriorize neural tissue in
contrast to Xbra-expressing caps.

DISCUSSION

Earlier studies using transplantation and explant experiments
in amphibian embryos suggested a two-signal model (13, 14) or
two-gradient model (15) for anteroposterior patterning of the
CNS in which neuralization and posteriorization (or caudal-
ization) were thought of as distinct phenomena; these two
phenomena have also been referred to as activation and
transformation (see reviews in refs. 3–5). Further, while head
mesoderm induces anterior neural tissues such as forebrain
and eyes, and posterior axial mesoderm (notochord) induces
posterior neural tissue such as hindbrain and spinal cord, the
combination of both inducers generates posterior character-
istics, leading to the proposal of posterior dominance in neural
patterning (12, 15).
In this paper we suggest a role for two transcription factors,

Xlim-1 and Xbra, in anteroposterior patterning of neural
tissue in the Xenopus embryo. As previously reported (19),
mRNA injection of an activated mutant of Xlim-1, named 3m,
into the animal region followed by explant culture led to the
expression of neural and cement gland markers; we further
showed that this effect was non-cell autonomous— i.e., was

mediated by secreted factor(s). In the present paper we report
an analysis of the nature of the induced neural tissue. Com-
bined explants containing Xlim-1y3m-injected and uninjected
animal caps express the anterior neural markers Otx2, cpl-1,
and en-2, but not the posterior markers Krox-20 and HoxB9.
Although explants expressed several anterior neural markers
under the influence of Xlim-1y3m they did not differentiate
into forebrain or eyes, suggesting that additional inducers are
required for anterior CNS morphogenesis. Such factors might
include Shh (53, 54) and cerberus (55), which are involved in
CNS patterning and headyeye formation, respectively; we have
observed that Xlim-1y3m does not initiate Shh expression in
animal caps (data not shown).
In contrast to the anterior differentiation elicited by Xlim-

1y3m, animal caps cultured with explants expressing Xlim-
1y3m and Xbra activate the posterior neural markers Krox-20
and HoxB9 while repressing the expression of the anterior
markers, Otx2 and cpl-1. Like the neural inducing effect of
Xlim-1y3m, the posteriorizing effect of Xbra is non-cell au-

FIG. 4. (A) Dose dependence of the effect of dominant-negative FGF receptor (XFD) on Krox-20 expression induced by Xlim-1y3m plus Xbra.
At the 3m-to-Xbra ratio used, Otx2 is suppressed but Krox-20 is not activated, possibly because the tissue is posteriorized too extensively. Low levels
of XFD in the recipient cap (cap 2) allow Krox-20 expression, but high levels inhibit. (B) Restoration of Otx2 expression by XFD in combined caps.
Caps injected with a high level of XFD mRNA were combined with caps coinjected with Xlim-1y3m and Xbra mRNAs. Eight combined caps were
collected at equivalent stage 27y28 and assayed by Northern blot analysis. d50 is an inactive form of the FGF receptor that was used as control.

FIG. 5. Posteriorization of anterior-type neural tissue by RA. The
amounts of injected RNAs (ngyembryo) were 1 for globin and
Xlim-1y3m, 0.75 for chordin, and 0.1 for noggin. Animal caps were
treated with or without 10 mM RA. Eight caps were collected at
equivalent stage 23y24 and assayed by Northern blot analysis.
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tonomous—i.e., is mediated by a secreted factor(s) which does
not, in itself, have neural-inducing activity. We suggest that the
activities of Xlim-1y3m and Xbra are mediated by chordin and
eFGF, possibly in combination with additional factors, because
Xlim-1y3m activates the expression of chordin but not of
noggin or follistatin in animal caps (Fig. 3; refs. 19 and 20),
whereas Xbra is known to elicit eFGF expression (Fig. 3; ref.
21). Several recent studies have provided evidence for a neural
inducing function for chordin (20) and noggin (56) as mediated
by inhibition of BMP4 action (57, 58), and a posteriorizing
function for bFGF (48–50). We have also shown that RA can
posteriorize anterior neural tissue generated by Xlim-1y3m,
chordin, and noggin; however, RA did not strongly induce the
posterior marker HoxB9 (Fig. 5), suggesting that RA could be
involved in incomplete posteriorization of Xlim-1 expressing
caps.
A model of the dorsal mesoderm at the late gastrula stage

(Fig. 6) shows the traditional separation into notochord and
prechordal plate (future head mesoderm) and the correspon-
dence of these two regions to the head and trunk organizer (5).
The figure illustrates the correlation between the expression
domains of Xlim-1 and Xbra and these functional domains of
the dorsal mesoderm. Xlim-1 and chordin are found in both
head mesoderm and notochord (7, 30), whereas Xbra and
eFGF are limited to the notochord (11, 59); the expression
domain of Xbra may thus define the boundary between head
and trunk organizer. These considerations (Fig. 6) are in broad
agreement with the classical two-signal and two-gradient
models of neural patterning (13–15). As in the original models,
the posteriorizing activity ofXbra-injected caps cannot by itself
neuralize apposed animal explants, but does posteriorize an-
terior neural tissue generated by Xlim-1y3m, chordin, and
noggin.
The results described here are consistent with the phenotype

ofLim1 knockout mice in which the head region anterior to the
otic vesicles fails to develop (17). Neural tissue generated by
Xlim-1y3m expressed those anterior markers (Otx2 and en-2)
that are missing in Lim1-null mice, whereas Krox-20 is ex-
pressed in Lim1-null mice but not in Xlim-1y3m-injected caps.

An apparent inconsistency with the headless phenotype of
Lim1 knockout mice is the fact that ventral expression of
Xlim-1y3m in Xenopus embryos initiates only partial second-
ary axes that do not contain forebrain or eyes (19). We believe
that in these experiments, Xlim-1y3m-generated anterior neu-
ral tissue may be posteriorized by the surrounding Xbra-
expressing cells in the ventral equatorial zone in a situation
akin to posterior dominance seen in earlier transplantation
experiments (12), or in cell mixing experiments with anterior
neural plate and posterior axial mesoderm (60).
In conclusion, we suggest that the expression domains of

Xlim-1 and Xbra specify the classically defined subdomains of
the dorsal mesoderm, the head and trunk organizer (Fig. 6).
Further we suggest that Xlim-1 and Xbra exert their inducing
influence by eliciting the production of the secreted signaling
factors chordin and eFGF that, in interaction with each other,
with BMP4 (57, 58), and possibly additional factors, pattern
the early CNS along its anteroposterior axis.
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