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Basic fibroblast growth factor (bFGF) has been shown to in-
duce neural fate in dissociated animal cap (AC) cells or in AC
explants cultured in low calcium and magnesium concentra-
tions. However, long-term disclosure of the cap may cause
diffusion of the secreted molecule bone morphogenetic protein
4 (BMP-4), a neural inhibitor present in the AC. This may
contribute to the subsequent neurogenesis induced by bFGF.
Here we used conjugated and aged blastula AC to avoid diffu-
sion of endogenous molecules from the AC. Unlike noggin,
bFGF failed to induce neural tissue in this system. However, it
enhanced neuralization elicited by a dominant negative BMP
receptor (DN-BR) that inhibits the BMP-4 signaling. Posterior
neural markers were turned on by bFGF in AC expressing
DN-BR or chordin. Blocking the endogenous FGF signal with a

dominant negative FGF receptor (XFD) mainly inhibited devel-
opment of posterior neural tissue in neuralized ACs. These in
vitro studies were confirmed in vivo in embryos grafted with
XFD-expressing ACs in the place of neuroectoderm. Expres-
sion of some regional neural markers was inhibited, although
markers for muscle and posterior notochord were still detect-
able in the grafted embryos, suggesting that XFD specifically
affected neurogenesis but not the dorsal mesoderm. The use of
these in vitro and in vivo model systems provides new evidence
that FGF, although unable to initiate neurogenesis on its own, is
required for neural induction as well as for posteriorization.
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Neural induction occurs in the dorsal ectoderm during gastrula-
tion when the dorsal mesoderm involutes beneath the ectoderm.
Three neural inducers, noggin, follistatin, and chordin, have been
identified in Xenopus (Lamb et al., 1993; Hemmati-Brivanlou et
al., 1994; Sasai et al., 1995). All are secreted proteins expressed in
the right place (dorsal mesoderm) and at the right time (during
gastrulation) to exert neurogenic effect (Smith and Harland, 1991;
Hemmati-Brivanlou et al., 1994; Sasai et al., 1994). However,
evidence has shown that both noggin and chordin physically bind
bone morphogenetic protein 4 (BMP-4) ligand to block BMP-4
signaling (Piccolo et al., 1996; Zimmerman et al., 1996). There-
fore, BMP-4 is a crucial molecule for maintaining the ectodermal
fate. Neuralization is a default state of the ectodermal cells that
occurs only when the BMP-4 signaling is inhibited by these
“neural inducers.”

Additionally another secreted molecule, fibroblast growth fac-
tor (FGF), a well recognized mesoderm inducer, has been sug-
gested to be a neural inducer (for review, see Doniach, 1995).
First, Kengaku and Okamoto (1993, 1995) found that basic FGF

(bFGF) induces dissociated cells of gastrula animal caps (ACs) to
differentiate to neurons and melanophores with expression of
both anterior and posterior markers. Second, Lamb and Harland
(1995) found that bFGF induces expression of posterior neural
markers in the AC that are excised at stage 9 and aged in low
calcium and magnesium concentrations (LCMR) before bFGF
treatment is started at the gastrula stage. However, the above
experimental systems did not eliminate the possibility that the
induced neurogenesis might partly result from dilution of the
neural inhibitor BMP-4 because of the AC cell dissociation or
long-term disclosure of the AC.

In this study, we used a conjugated and aged blastula AC
system to avoid diffusion of endogenous molecules from the
explants. Unlike noggin, bFGF failed to induce neural tissue in
this system. However, it enhanced neuralization elicited by a
dominant negative BMP receptor (DN-BR) and induced poste-
rior neural tissue in AC-expressing DN-BR or chordin, in agree-
ment with the report by Cox and Hemmati-Brivanlou (1995).
However, although they demonstrated that bFGF induces poste-
rior neural markers in anterior neural tissues (excised at stage
13.5–14) or AC (excised at stage 10.5–11), these explants might
have received zygotic neuralizing signals such as noggin, chordin,
and follistatin, as well as embryonic FGF, before dissection
(Smith and Harland, 1991; Isaacs et al., 1992; Hemmati-Brivanlou
et al., 1994; Sasai et al., 1994). Then, these signals would syner-
gize with exogenous FGF in the induction of posterior neural
tissue. In contrast, we used ACs dissected at stage 8.5 that should
be exempted from the effects of these zygotic neuralizing signals.
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Furthermore, “loss-of-function” studies are necessary to confirm
the requirement of endogenous FGF activity for neurogenesis.
Therefore, we used a dominant negative FGF receptor (XFD)
(Amaya et al., 1991) to inhibit FGF signaling and found that
XFD mainly inhibited development of posterior neural tissue.
This was verified in embryos grafted with XFD-expressing AC in
the place of neuroectoderm.

MATERIALS AND METHODS
Agents. DN-BR, noggin, chordin, and b-galactosidase (b-gal) cDNAs
were in pSP64T vector. They were linearized and used for in vitro
synthesis of capped mRNA using a transcription kit in accordance with
the manufacturer’s instructions (Ambion) (Xu et al., 1997). The synthetic
RNA was quantitated by ethidium bromide staining in comparison with
a standard RNA. Xenopus noggin protein was a kind gift from Dr. R. M.
Harland (University of California, Berkeley, CA). Human bFGF protein
was obtained from the Biological Resources Branch of the Frederick
Cancer Research and Development Center (Frederick, MD).

Embryo injection and explant culture. Xenopus laevis embryos were
obtained by in vitro fertilization after induction of females with 500 U of
human chorionic gonadotropin. Developmental stages were designated
according to the stages described by Nieuwkoop and Faber (1967). At the
two-cell stage, each blastomere was injected with synthetic RNA as
described in the figure legends. ACs were dissected from the injected
embryos at stage 8.5. In some experiments, the ACs from two embryos
were sandwiched immediately after explantation and cultured until the
equivalent of stage 10.5 when the AC conjugates were opened, separated,
and cultured individually in the presence of bFGF or noggin before being
harvested at stage 24 (see Fig. 1 A). In other experiments, the injected
ACs were cultured alone and harvested at the tadpole stage. Explants
were generally cultured at 22°C in 67% Leibovitz’s L-15 medium (Life
Technologies, Bethesda, MD) supplemented with 7 mM Tris-HCl, pH
7.5, and gentamicin at 50 mg/ml (referred to below as L-15 medium). In
some experiments, AC explants were cultured in LCMR (Lamb et al.,
1993) to keep them open until bFGF was added at stage 10.5 to serve as
a positive control (Lamb and Harland, 1995). All of the explants were
harvested for analysis of molecular markers by reverse transcription-PCR
(RT-PCR).

The conjugated and aged AC explants have been tested for neuraliza-
tion competence. Sharpe et al. (1987) found that Xenopus dorsal and
ventral ectoderms have a different competence to be induced toward
neural tissue; i.e., dorsal mesoderm induced neural markers more
strongly in dorsal ectoderm than in ventral ectoderm. Otte and Moon
(1992) reported that protein kinase C-a (PKC-a) is predominantly
localized in dorsal ectoderm and responsible for the higher neuralization
competence of the dorsal ectoderm. We tested the PKC-a expression in
dorsal ectoderm and ventral ectoderm excised at stage 10, as well as in
dorsal ectoderm or ventral ectoderm conjugates aged for 2 hr until stage
10.5. More PKC-a transcripts were detected in dorsal ectoderm than in
ventral ectoderm whether conjugated and aged or not, indicating the
retention of a dorsoventral (D-V) axis in our explant system. As for the
anteroposterior (A-P) axis, it remains in stage 10.5 AC because anterior
neural marker Otx2 and posterior neural marker HoxB9 are expressed on
either end of the AC cotreated with noggin and FGF (Lamb and
Harland, 1995).

Embryonic transplantation. Two animal blastomeres of donor embryos
were injected with 2 ng of XFD or control b-gal RNA at the two-cell
stage. ACs (approximately the central one-third of the whole animal
hemisphere tissue) were dissected from the injected embryos at stage 8.
Meanwhile tissues of the dorsal ectoderm, which is the prospective
neuroectoderm (from 30° dorsal of the intermediate vertical line of the
animal pole to just above the dorsal lip), were removed from recipient
stage 10 embryos. The vacant area in the recipient embryos was covered
immediately with the AC from the injected embryos. The grafted em-
bryos were allowed to develop to stage 30 before being harvested for
photography or RT-PCR analysis. Some injected embryos were not
dissected but were allowed to develop to stage 30 to serve as nontrans-
plantation controls.

RT-PCR. Total RNA was extracted from cultured explants with
TRIzol reagent (Life Technologies) in accordance with the manufactur-
er’s instructions and subsequently was digested with DNase to remove
genomic DNA. RT-PCR was performed using a Superscript preamplifi-
cation system (Life Technologies). Primer sets and PCR conditions for

molecular markers, i.e., neural cell adhesion molecule (NCAM), actin,
XK81, chordin, CG13, Otx2, En2, Krox20, HoxB9, and EF-1a, have been
described elsewhere (Hemmati-Brivanlou and Melton, 1994; Sasai et al.,
1995; Wilson and Hemmati-Brivanlou, 1995; Xu et al., 1997). Although
data from individual experiments are shown, the results were confirmed
independently in all cases.

RESULTS
bFGF alone does not induce neural fate in gastrula
stage AC
In the study of the role of FGF in neurogenesis, a conjugated AC
system was used to avoid diffusion of endogenous molecules from
the explants that is likely to occur in the LCMR culture system
(Lamb and Harland, 1995) and in the cell dissociation system
(Kengaku and Okamoto, 1993, 1995). ACs were dissected and
conjugated at stage 8.5 and cultured until the equivalent of stage
10.5 in L-15 medium. Then, they were manually opened and
exposed to bFGF or noggin at 0.1 mg/ml and cultured until stage
24 (Fig. 1A). Expression of pan-neural marker NCAM (Kintner
and Melton, 1987) was detected in noggin-treated caps but not in
bFGF-treated caps (Fig. 1B, lanes 5,6). To confirm that the bFGF
used was biologically active, we treated some ACs from stage 8.5
( just after explantation) with bFGF or noggin at the same con-
centration (0.1 mg/ml). bFGF again failed to induce NCAM
expression but did induce expression of muscle actin (Fig. 1B,
lane 2), which is consistent with its mesoderm-inducing activity.
In contrast, noggin induced expression of NCAM but not of actin,
which is in agreement with its neurogenic effect in the ectoderm.
A much lower level of NCAM expression was induced by noggin
when added to the AC culture at stage 10.5 than when added at
stage 8.5 (Fig. 1B, lanes 3,6). This might be caused by a decrease
in AC competence to neural induction or by accumulation of
neural inhibitors such as BMP-4 in the stage 10.5 AC. Some ACs
were cultured in LCMR to keep them open until bFGF was
added at stage 10.5, and NCAM but not actin transcripts were
detected in the bFGF-treated caps (Fig. 1B, lane 8). These ACs
served as a positive control to ensure that stage 10.5 ACs were
competent for neurogenesis in LCMR medium (Lamb and Har-
land, 1995) in response to FGF, although these ACs failed to
generate neural tissue in L-15 medium. The L-15 medium con-
tains calcium and magnesium ions at normal concentrations and
allows explants to heal rapidly. It is possible that the difference in
neuralization competence might result from the diffusion of the
neural inhibitor BMP-4 from the open AC cultured at low cal-
cium and magnesium concentrations. This was based on the
report that dispersed AC cells cultured in calcium- and
magnesium-free medium undergo a cell-autonomous neuraliza-
tion instead of epidermalization, and the neuralization can be
reversed by addition of BMP-4 to the culture (Wilson and
Hemmati-Brivanlou, 1995). Although ACs cultured in LCMR
did not express NCAM (Fig. 1B, lane 7), dilution of BMP-4 in
this medium might facilitate the neuralization triggered by bFGF
treatment. To test this possibility, we used DN-BR in the subse-
quent experiments.

bFGF enhances neural induction by DN-BR
We used DN-BR to inhibit endogenous BMP-4 signaling (Graff
et al., 1994; Maeno et al., 1994; Suzuki et al., 1994; Xu et al.,
1996), a consequence similar to that resulting from dilution of
BMP-4 concentration in ACs. DN-BR RNA at increasing doses
(0, 0.01, 0.05, 0.1, and 0.5 ng/embryo) was injected into the animal
pole area of the two-cell-stage embryos. ACs were dissected and
conjugated at stage 8.5 and were cultured until the equivalent of
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stage 10.5 in L-15 medium. Then, they were manually opened and
exposed to medium with bFGF at 0.1 mg/ml or to medium alone
and cultured until stage 24 (Fig. 1A). Without bFGF treatment,
NCAM expression was absent in ACs injected with 0, 0.01, and
0.05 ng of DN-BR RNA but was present in ACs injected with 0.1
and 0.5 ng of DN-BR RNA (Fig. 2). In conjunction with bFGF

treatment, DN-BR RNA at as low as 0.01 ng was able to induce
NCAM. The sensitivity increased 10-fold. At higher doses such as
0.1 and 0.5 ng of DN-BR RNA, NCAM expression was remark-
ably enhanced by bFGF treatment. Muscle actin was not detected
in any of these ACs with or without bFGF treatment, thus
excluding mesoderm involvement during neural induction. These
data demonstrate that (1) neurogenesis does not occur in re-
sponse to bFGF unless BMP-4 signaling is blocked; and (2) bFGF
enhances neurogenesis induced by DN-BR. Therefore, we pos-
tulate that dilution of BMP-4 may be responsible for neurogen-
esis in ACs cultured in LCMR medium in the presence of bFGF.

bFGF posteriorizes neural tissue
Next, we tested what kind of neural tissue was induced in AC
treated with both DN-BR and bFGF, because DN-BR induces
only the anterior type of neural tissue (Hawley et al., 1995; Xu et
al., 1995). Injection of RNA encoding either DN-BR (1 ng) or
chordin (1.5 ng) induced the anterior neural marker Otx2 (Blitz
and Cho, 1995; Pannese et al., 1995) but not the hindbrain marker
Krox20 (Bradley et al., 1993) nor the spinal cord marker HoxB9
(known previously as XlHbox6) (Wright et al., 1990) in AC
cultured until stage 24 (Fig. 3, lanes 2,4). However the injected
AC, when treated with bFGF at 0.1 mg/ml starting at stage 10.5,
expressed the posterior markers Krox20 and HoxB9 (Fig. 3, lanes
3,5). Again, muscle actin was not induced after the bFGF treat-
ment (Fig. 3), nor was the early mesodermal marker Xbra when
tested on AC treated with bFGF until stage 12 (data not shown),
thus excluding the involvement of mesoderm induction. As a
control, b-gal RNA-injected ACs expressed none of these mark-
ers (Fig. 3, lane 1). Based on these data, we propose that bFGF is
able to posteriorize neural tissue induced by DN-BR or chordin.
This is in agreement with the observation by Cox and Hemmati-
Brivanlou (1995) that bFGF induces posterior neural fate in AC
neuralized by a dominant negative activin receptor and follista-
tin. Both of these induce neural tissue of anterior type in ACs
(Hemmati-Brivanlou and Melton, 1994; Hemmati-Brivanlou et
al., 1994). However, the posteriorization they observed was on
AC excised from embryos during gastrulation when neurogenesis
had started. Therefore, the A-P axis in the prospective neuroec-

Figure 1. A, Scheme for the AC conjugation system (st., stage). B,
Analysis of neuralization. ACs were dissected at stage 8.5 and cultured in
the absence (C) or presence of bFGF (F) or noggin (N) at 0.1 mg/ml
(lanes 1–3). Some ACs were conjugated at stage 8.5, manually opened at
the equivalent of stage 10.5, and then cultured in L-15 medium alone or
with bFGF or noggin (lanes 4–6 ). Alternatively, ACs were cultured in
LCMR medium to remain open for control or bFGF treatment at stage
10.5 (lanes 7 and 8). Whole embryos at stage 24 were used as a positive
control (lane 9). The same sample used in lane 8 was processed for
RT-PCR in the absence of RT to serve as a negative control (lane 10).
ACs were cultured until stage 24 and analyzed for expression of NCAM
and actin by RT-PCR. The expression of EF-1a was detected as an
internal control for equal RNA loading.

Figure 2. FGF synergizes with DN-BR in neural induction. DN-BR
RNA at increasing doses (0, 0.01, 0.05, 0.1, and 0.5 ng/embryo) was
injected into the animal pole area of the two-cell-stage embryos. ACs
were dissected and conjugated at stage 8.5 and were cultured until the
equivalent of stage 10.5 in L-15 medium. Then they were manually
opened and exposed to medium with bFGF at 0.1 mg/ml (1) or to
medium alone (2) and cultured until stage 24 (see Fig. 1A). The treated
ACs were harvested for RT-PCR analysis to detect expression of NCAM,
actin, and EF-1a.
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toderm might have been prepatterned before dissection, making
it difficult to attribute posteriorization to bFGF alone. In contrast,
we used ACs dissected from blastula stage embryos. They were
conjugated and aged until the equivalent of gastrula stage and
then opened with exposure to bFGF. Thus, posteriorization ob-
served in this system can be directly credited to bFGF.

XFD inhibits neurogenesis
To elucidate the role of endogenous FGF in neurogenesis, we
used XFD to block the FGF signaling in ACs expressing noggin,
chordin, or DN-BR. Coinjection of XFD RNA downregulated
NCAM expression induced by each of these neuralizing agents,
whereas coinjection of d50, a defective FGF receptor mutant,
failed to do this (Fig. 4A). Injection with a mixture of RNAs
encoding a wild-type FGF receptor, XFD, and DN-BR rescued
the NCAM expression from the XFD inhibition (data not
shown). All of these neural-inducing agents have been known to
elicit neural tissue of an anterior type in AC cells (Lamb et al.,
1993; Hemmati-Brivanlou et al., 1994; Hawley et al., 1995; Sasai
et al., 1995; Xu et al., 1995). To address the fate of cells that were
inhibited from neuralization by XFD, we tested for expression of
the keratin marker gene XK81 in the above samples. As shown in
Figure 4A, the neuralized explants expressed more NCAM and
less XK81 whereas cotreatment with XFD reversed the ratio of
NCAM to XK81. This suggests that XFD simply inhibits the
neural fate and allows the cells to commit to the alternative
epidermal fate, action similar to that of the neural inhibitor
BMP-4 (Wilson and Hemmati-Brivanlou, 1995).

Analysis of molecular markers in AC coexpressing DN-BR and
XFD (Fig. 4B) showed that expression of the most anterior
ectodermal marker, CG13, which is expressed in cement gland
and induced by neighboring neural or dorsal mesodermal tissue
(Jamrich and Sato, 1989), was upregulated by XFD, whereas
expression of En2, a marker of the midbrain–hindbrain boundary
(Hemmati-Brivanlou et al., 1991), was totally inhibited by XFD.
Similar results were observed also in AC coexpressing XFD and
noggin or chordin (data not shown). However, XFD had no clear
effect on Otx2 expression (Fig. 4B), which is contradictory to the
report that XFD totally inhibits Otx2 expression in neuralized
AC (Launay et al., 1996). This difference may be explained as
follows. According to the two-step model proposed for neurogen-
esis by Nieuwkoop et al. (1952) and Saxén and Toivonen (1961),
the CNS development may include an activation (neural induc-
tion) step and a transformation (posteriorization) step. Low FGF
may cooperate with the activation step (then higher XFD is
required to block it), whereas higher FGF may mimic the trans-
formation signal (then lower XFD is required to block it). There-
fore, various amounts of XFD protein derived from the RNA
injection may result in differential effects on neural induction and
posteriorization. We might have used a low dose of XFD that
only inhibited the posteriorization step, thus leaving Otx2 expres-
sion less affected. Nevertheless, both the gain-of-function (Fig. 3)
and loss-of-function (Fig. 4) experiments agree on the posterior-
izing role of FGF in AC neurogenesis.

FGF signaling is required for posteriorization of the
CNS in embryo
To advance our understanding of the role of FGF in neurogenesis
that was obtained from the above explant systems to a living
embryo, we used an AC transplantation system. Tissues of the
dorsal ectoderm, which is the prospective neuroectoderm (from
30° dorsal of the intermediate vertical line of the animal pole to
just above the dorsal lip), were removed from stage 10 embryos.
The vacant area in the embryos was covered immediately with the
AC expressing XFD or b-gal. The grafted embryos were allowed
to develop to stage 30. This system avoided the influence of XFD
on the dorsal mesoderm (the source of neural inducers in vivo).
Some injected embryos were not dissected but were allowed to
develop as nontransplantation controls. The embryos grafted with
b-gal-expressing ACs (Fig. 5A) developed in a similar manner to
b-gal RNA-injected embryos (data not shown). The XFD-AC-
grafted embryos completed gastrulation normally with a closed
blastopore at neurula stage, whereas the XFD-injected embryos
failed to complete gastrulation with an open blastopore (data not
shown) as described by Amaya et al. (1991). At tail bud stage, the
XFD-AC-grafted embryos lacked the posterior trunk (Fig. 5B),
similar to XFD-injected embryos (Amaya et al., 1991). This
suggests that XFD selectively expressed in the transplanted neu-
roectoderm also leads to posterior body truncation similar to that
of XFD expressed ectopically. However, analysis of molecular
markers suggested that muscle tissue still developed in the XFD-
AC-grafted embryos. As shown in Figure 5C, expression of
NCAM and posterior neural makers Krox20 and HoxB9 (but not
anterior neural markers Otx2 and En2) was attenuated by XFD in
both AC-grafted and nongrafted embryos, whereas expression of
the dorsal marker muscle actin (Stutz and Spohr, 1986) and the
posterior mesodermal marker chordin that is expressed exclu-
sively in the posterior notochord and tailbud hinge (Sasai et al.,
1994) was inhibited only in XFD-injected embryos but not in
XFD-AC-grafted embryos. This implies that a graft of the XFD

Figure 3. FGF posteriorizes anterior neural tissue induced by DN-BR or
chordin. RNA encoding DN-BR (1 ng) or chordin (1.5 ng) was injected
into the animal pole area of the two-cell-stage embryos. ACs were
dissected, treated with FGF, and processed as described in Figure 2.
Expression of NCAM, Otx2, Krox20, HoxB9, actin, and EF-1a was tested
by RT-PCR.
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AC did not affect dorsal and posterior mesoderm development in
the embryo, and posterior body axis truncation only resulted from
the inhibition of posterior neural tissue by XFD. This model,
therefore, may best reflect the physiological role of FGF in the
neuroectoderm: posteriorization of the CNS.

DISCUSSION
FGF is required for neural induction
and posteriorization
To date, all known neural-inducing agents, including DN-BR,
noggin, follistatin, and chordin, only induce an anterior type of
neural tissue in ectodermal explants (Lamb et al., 1993;
Hemmati-Brivanlou et al., 1994; Hawley et al., 1995; Sasai et al.,
1995; Xu et al., 1995). The mechanism by which the posterior
neural tissue is formed remains primarily unknown. Although
bFGF does not induce neural tissue in AC cells, blockage of FGF
signaling by XFD attenuated neurogenesis induced by noggin
and DN-BR (Fig. 4A). But we failed to see inhibition of expres-
sion of anterior neural marker Otx2 by XFD (Fig. 4B), a result
different from that reported by Launay et al. (1996). A likely
explanation, as suggested above, attributes this controversy to
different XFD doses injected by different investigators. FGF
signaling may generally be required for neural induction as well as
for posteriorization. Theoretically, cells of an anterior neural
type if not posteriorized should remain in the anterior type.
However, expression of the epidermal marker XK81 but not the
anterior neural marker Otx2 was enhanced by XFD at the ex-
pense of the posterior neural tissue (Figs. 4A, 5C), suggesting that
FGF-posteriorized cells can be derived from a different group of
cells rather than directly from the anterior cells; they are epider-
malized if not instructed otherwise.

Additional evidence of the posteriorizing activity of FGF
comes from the findings by Taira et al. (1997) that the embryonic
FGF-inducible gene Xbra (Smith et al., 1991; Isaacs et al., 1994)
can posteriorize the anterior neural tissue induced by the acti-
vated form of the organizer homeobox gene Xlim-1 (Taira et al.,

1994). Thus, although FGF alone does not initiate neurogenesis,
it may work in concert with neural inducers to induce posterior
neural tissue. Factors with this posteriorizing activity have long
been sought since the proposition of the two-step neural-
patterning model (Nieuwkoop et al., 1952; Saxén and Toivonen,
1961), for which FGF has been suggested as a top candidate
(Doniach, 1995; Sasai and De Robertis, 1997). However, opposite
results negating the role of FGF in neural development have been
reported by Kroll and Amaya (1996); they found that transgenic
embryos with XFD contain well patterned nervous systems de-
spite the severe defect of mesoderm development. This contro-
versy may be (1) because the XFD expression by a transgene may
not be sufficient to inhibit neuralization; or (2) because of differ-
ent sensitivities to XFD between neuralization and mesodermal-
ization (the latter may be more sensitive to XFD).

FGF posteriorizes neural tissue independent
of mesoderm
FGF has been found to signal through proto-oncogenes Ras,
Raf-1, MAPK, and AP-1 and to be responsible for the formation
of the posterior mesoderm (Whitman and Melton, 1992; MacNi-
col et al., 1993; Isaacs et al., 1994; LaBonne et al., 1995; Umb-
hauer et al., 1995; Dong et al., 1996). It has been shown that
posterior dorsal mesoderm has caudalizing activity on prospec-
tive anterior neural tissue (Cox and Hemmati-Brivanlou, 1995).
Therefore, demonstration of whether FGF caudalizes the ante-
rior neural tissue requires a mesoderm-free system.

By using the conjugated and aged AC explants, we have shown
that XFD can inhibit expression of the midbrain–hindbrain
boundary marker En2 (Fig. 4B). In the in vivo system, XFD
selectively expressed in ACs grafted in place of neuroectoderm
also inhibited expression of En2 as well as of hindbrain marker
Krox20 and spinal cord marker HoxB9, leaving mesodermal de-
velopment unaffected (Fig. 5). On the other hand, addition of
bFGF into cultures of stage 10.5 ACs expressing DN-BR or
chordin induced expression of Krox20 and HoxB9 but not of the

Figure 4. A, XFD inhibits neurogenesis
while enhancing epidermalization in AC
cells induced by noggin, chordin, and
DN-BR. Various RNAs were injected
into the animal pole area of the two-cell-
stage embryos. ACs were dissected at
stage 8.5 from the injected embryos and
cultured until stage 24 before being har-
vested for RT-PCR analysis to detect ex-
pression of NCAM, XK81, and EF-1a.
Lane 1, AC derived from embryo injected
with RNA-encoding b-gal (3 ng); lane 2,
noggin (0.5 ng) and d50 (2 ng); lane 3,
noggin (0.5 ng) and XFD (2 ng); lane
4, chordin (1.5 ng) and d50 (2 ng); lane
5, chordin (1.5 ng) and XFD (2 ng);
lane 6, DN-BR (1 ng) and d50 (2 ng);
and lane 7, DN-BR (1 ng) and XFD (2
ng). B, XFD inhibits expression of
midbrain–hindbrain boundary marker
En2. Lane 1, ACs were dissected from
embryos injected with RNA-encoding
b-gal (3 ng); lane 2, DN-BR (1 ng); and
lane 3, DN-BR (1 ng) and XFD (2 ng).
ACs were cultured until stage 24, and
expression of NCAM, CG13, Otx2,
En2, and EF-1a was detected by
RT-PCR.
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dorsal mesodermal marker muscle actin (Fig. 3). These results
suggest that FGF acts directly on neural tissue to promote
posteriorization.

New models used in these studies
As mentioned above, we used conjugated blastula stage ACs and
cultured them to the gastrula stage before exposing them to bFGF
to reduce the possibility of BMP-4 diffusion from the explants.
The use of this system is therefore a more direct approach to
addressing the FGF effect than is the use of slow-healing AC
explants or dispersed AC cells. More importantly, we extended
our study from the in vitro system to an in vivo system by using a
novel AC transplantation system, which seemed to be physiolog-
ically significant in elucidating the role of endogenous FGF
signaling.

There are only a few reported embryonic systems used for the
study of neural development. The AC explant culture and dis-
persed AC cell culture are two frequently used in vitro systems.
However, results derived from these model systems are often not
very conclusive. It is difficult to address the physiological signifi-
cance of the results because of the existence of complex interac-
tions between the neuroectoderm and its neighboring tissues,
such as dorsal mesoderm, ventral ectoderm, ventral mesoderm,
and endoderm. In these in vitro systems, not only are all of these
interactions ignored, but the vertical and planar signals present
within the neural tissue are also aberrant (in AC explants) or
absent (in dissociated AC cells). Therefore, the need for estab-
lishment of an in vivo embryonic system to study neurogenesis has
become important.

One major concern for establishing an in vivo system is to
exclude the influence of tested agents on the development of

dorsal mesoderm, because defect of the dorsal mesoderm can also
lead to abnormality of neural induction and patterning. One way
is injection of a single target cell in 32-cell-stage embryos to
specifically express a gene of interest in a neural progenitor cell
such as A1. However, not all A1 daughter cells will differentiate to
neurons; some, although a small fraction, will participate in the
formation of dorsal mesodermal tissues (Dale and Slack, 1987;
Moody, 1987). Therefore, the involvement of the dorsal meso-
derm cannot be completely eliminated. Another classic method
for in vivo studies is implantation of ectodermal folds into the
dorsal ectoderm of gastrula embryos in which the folds are in-
duced to form neural tissue and can be assayed for their A-P
properties (Nieuwkoop et al., 1952). However, there is not full
contact between the implanted ectoderm explant (AC) and the
dorsal mesoderm; therefore, it is hard to mimic all functions of
neural-inducing signals traveling between the tissues.

In our studies, ACs were transplanted flatly to the site of the
neuroectoderm, coming into full contact with the involuting dor-
sal mesoderm, and thus should best reflect the physiological
process. This system also avoided the influence of XFD on the
dorsal mesoderm, providing a more specific and direct approach
to understanding the role of FGF in neural differentiation. There-
fore, with this in vivo system, as well as with the conjugated and
aged AC system, our paper demonstrates advances in techniques
for studying Xenopus neurogenesis in addition to the role of FGF
in neurogenesis.
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