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New roles for Wnt and BMP signaling in neural
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Abstract

During amphibian development, neural patterning occurs via a
two-step process. Spemann’s organizer secretes BMP antagonists
that induce anterior neural tissue. A subsequent caudalizing step
re-specifies anterior fated cells to posterior fates such as hindbrain
and spinal cord. The neural patterning paradigm suggests that a
canonical Wnt-signaling gradient acts along the anteroposterior
axis to pattern the nervous system. Wnt activity is highest in the
posterior, inducing spinal cord, at intermediate levels in the trunk,
inducing hindbrain, and is lowest in anterior fated forebrain, while
BMP-antagonist levels are constant along the axis. Our results in
Xenopus laevis challenge this paradigm. We find that inhibition of
canonical Wnt signaling or its downstream transcription factors
eliminates hindbrain, but not spinal cord fates, an observation not
compatible with a simple high-to-low Wnt gradient specifying all
fates along the neural anteroposterior axis. Additionally, we find
that BMP activity promotes posterior spinal cord cell fate forma-
tion in an FGF-dependent manner, while inhibiting hindbrain fates.
These results suggest a need to re-evaluate the paradigms of
neural anteroposterior pattern formation during vertebrate
development.

Keywords BMP signaling; canonical Wnt signaling; hindbrain and spinal cord;

neural anteroposterior patterning; Xenopus

Subject Categories Development & Differentiation; Signal Transduction

DOI 10.15252/embr.201845842 | Received 22 January 2018 | Revised 4 March

2019 | Accepted 7 March 2019

EMBO Reports (2019) e45842

Introduction

In vertebrates, the nervous system has a distinct anteroposterior

(AP) pattern. After initial neural induction, the nervous system is

subdividing into the forebrain, midbrain, hindbrain, and spinal cord

regions [rev. in 1, 2]. Historically, much of our knowledge of these

earliest patterning events has been elucidated in amphibian and

chick model systems [rev. in 3,4]. In Xenopus, BMP antagonists

secreted from the Spemann organizer initially induce anterior neural

tissue [5,6, rev. in 7,8]. A subsequent caudalizing step specifies

these neural induced cells to posterior hindbrain and spinal cord

fates [5,9,10]. These classic experiments suggested that a

morphogen gradient could act to caudalize the posterior nervous

system. Morphogens are secreted diffusible molecules that can

induce changes in cell fates over distance in a concentration-depen-

dent manner. Morphogen gradients have been suggested to regulate

body axis formation during early vertebrate development [rev. in

11].

A secreted morphogen gradient could explain the induction of

specific neural cell fates in a concentration-dependent manner along

the vertebrate AP axis. The signaling molecules that caudalize the

vertebrate nervous system are retinoic acid, FGF, and Wnt [rev. in

12,13,14]. These signaling molecules could all be candidates for

morphogens regulating neural AP axis formation. Experimental

evidence in Xenopus and chick embryos supports a paradigm in

which canonical Wnt signaling acts as a morphogen to form a “low

to high” gradient along the AP axis that concomitantly acts with

BMP antagonism (neural induction) to pattern the developing

nervous system [15,16]. This paradigm suggests that Wnt activity is

at its highest levels in the posterior, inducing the spinal cord, at

intermediate levels to induce the hindbrain and midbrain in the

trunk, and at low activity in the most anterior forebrain regions. Our

present results suggest that this paradigm needs to be re-evaluated.

We show that Xenopus laevis embryos knocked down for zygotic

canonical Wnt activity by ectopic Dkk1 protein surprisingly express

normal levels of spinal cord markers, and these embryos have

remarkably normal spinal cord morphology. These embryos display

the typical Wnt knockdown phenotype, having expanded anterior

neural-ectodermal tissues such as forebrain and cement gland, while

simultaneously losing hindbrain fates. Thus, while the forebrain is

expanded and the hindbrain is lost, the more posterior spinal cord is

still intact. If a gradient of high Wnt activity is required to induce

the most caudal embryonic regions, then the posterior spinal cord

region should have the highest sensitivity to the loss of Wnt activity

and not the lowest. In a complementary manner, we show that the

knockdown of Zic transcription factor activity gives a similar pheno-

type. Zic transcription factors mediate Wnt signaling to induce
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different posterior neural cell fates [17–23]. We show that knock-

down of the Wnt-mediating downstream Zic1 transcription factor

protein inhibits hindbrain fates, while expanding the forebrain.

However, similar to the inhibition of canonical Wnt signaling,

expression of the most posterior spinal cord markers is not

decreased, but increased by Zic1 protein knockdown.

In the “classic” paradigm for neural patterning, BMP antagonists

and neural caudalizers were proposed to jointly act in specifying

posterior cell fates along the vertebrate AP axis. We show in

cultured ectodermal ex vivo explants that the more posterior spinal

cord markers are not induced in the presence of BMP antagonists

and neural caudalizers, while hindbrain markers are robustly

induced. Counterintuitively, BMP alone is an efficient inducer of

spinal cord marker expression and an inhibitor of hindbrain marker

expression in embryos and ectodermal explants. We further found

that BMP induction of spinal cord markers is FGF-dependent.

We propose that the interplay between canonical Wnt activity,

BMP activation, and BMP antagonism needs to be re-assessed

concerning neural AP patterning. A simple high-to-low gradient of

Wnt morphogen activity appears incompatible for determining the

AP differences in spinal cord versus hindbrain cell fate specification.

Low–moderate BMP signaling levels also appear crucial for spinal

cord induction. These findings challenge the present paradigm of

neural AP pattern formation in the developing vertebrate nervous

system.

Results

Canonical Wnt signaling is required for hindbrain, but not spinal
cord formation

It has been a generally accepted paradigm that canonical Wnt signal-

ing acts in a morphogen gradient to pattern neural tissue [rev. in 3]

from the most posterior spinal cord (high Wnt) to the most anterior

forebrain (low Wnt). Our previous studies showed that Wnt3a in the

dorsal–lateral mesoderm induces hindbrain, neural crest, and

primary neuron cell fates in the adjacent neural plate [24]. Wnt

induces these cell fates via direct transcriptional activation of the

TALE-class homeobox protein, Meis3 [24], yet Meis3 knockdown

has only minor effects on spinal cord development [25]. This obser-

vation does not necessarily support the idea of a Wnt gradient in

neural AP patterning. To rigorously address the role of Wnt signal-

ing in posterior neural patterning, the canonical Wnt-inhibitor Dkk1

protein was ectopically expressed in one-cell stage embryos. As seen

by sqRT–PCR in neurula stage embryos (Fig 1A), expression of ante-

rior forebrain and cement gland markers (xanf1, otx2, xag1) is

increased, but expression of hindbrain markers is reduced (krox20,

hoxb3). In an interesting and surprising manner, expression levels

of the more posterior spinal cord markers (hoxb9, cdx1, cdx2, cdx4,

hoxd10) are barely modulated by Wnt activity inhibition. The hoxb4

gene that is expressed in the hindbrain/spinal cord border region

has an intermediate level of inhibition. Similar results were also

seen by zygotic ectopic expression of the Nxfz8 protein (Fig 1B), a

dominant-inhibitory Frizzled-receptor protein that inhibits canonical

Wnt signaling [26]. When examining embryos by in situ hybridiza-

tion, the differences between spinal cord and hindbrain markers are

striking (Fig 1C). Expression of krox20 in the hindbrain is highly

perturbed, but expression of the spinal cord-specific hoxb9 and cdx4

genes looks normal. Even hoxd10 expression in the most posterior

spinal cord region looks quite normal. Mesodermal (dorsal and

ventral) markers are expressed at normal levels in gastrula and

neurula stage embryos injected with dkk1 mRNA into one blas-

tomere at the one-cell stage (Appendix Fig S1A–D) or one blas-

tomere/two-cell stage (Appendix Fig S2A and C). Mesoderm fates do

not seem to be perturbed at gastrula or neurula stages. At gastrula

stages (Appendix Fig S1A and C), the expression of ventral (vent1,

vent2, wnt8), lateral (osr1, osr2), dorsal (xnot, chordin-chd), and

pan-mesodermal (xbra) markers is at normal levels. At later neurula

stages, dorsal-notochord (xnot, chd, xbra) and dorsal–lateral skeletal

muscle (myod, muscle actin-MA) marker expression is normal

(Appendix Figs S1B and D, and S2A and C). In these embryos, ante-

rior neural markers are expanded, hindbrain markers are inhibited,

and spinal cord markers are expressed normally (Appendix Figs

S1D, and S2A and C). In situ hybridization was performed on

embryos that were injected with dkk1 mRNA into one blastomere at

the two-cell stage. These embryos had asymmetric expression of the

hindbrain-specific krox20 marker, but symmetric expression of

spinal cord markers (hoxb9, cdx4) and dorsal mesoderm (chd, MA)

markers (Appendix Fig S2A and C). We also sectioned the trunk

regions of later tailbud stage embryos that were injected with dkk1

mRNA into one blastomere at the two-cell stage; these embryos had

normal spinal cord, notochord, and somite formation (Appendix Fig

S2E). These results strongly show that the effects of Wnt inhibition

appear specific to the neural plate and not a result of mesoderm

perturbation.

To further extend this point, four of the animal blastomeres fated

for ectoderm were injected with dkk1 mRNA at the eight-cell stage.

These embryos also expressed lower levels of hindbrain markers

(krox20, hoxb3) with normal levels of forebrain (xanf1), spinal cord

(hoxb9, cdx2, cdx4), and dorsal mesoderm (chd—notochord,

myod—muscle) markers (Appendix Fig S3A). As shown in previous

studies [24], we lineage traced embryos injected animally at either

the one- or eight-cell stage, and b-gal expression was localized to

the neural plate at stages 17–18 (Appendix Fig S3C). If Wnt was

working in a high-to-low gradient from posterior to anterior, we

would not expect this observed robust expression of spinal cord

markers. We would expect spinal cord marker genes to be more

sensitive to the loss of Wnt activity than hindbrain markers, but the

opposite result is seen.

The Zic1 protein has been previously shown to act with Wnt

signaling to mediate induction of neural crest, hindbrain, and

primary neuron cell fates [17–23]. We determined how dose-depen-

dent Zic1-MO knockdown modulated neural AP cell fates. As can be

seen by sqRT–PCR in neurula stage embryos (Fig 2A), forebrain

marker expression (xanf1, otx2) is increased and hindbrain markers

are reduced (krox20, hoxb1, hoxb3). Expression levels of spinal cord

markers (hoxb9, cdx1, cdx4) are strongly increased by Zic1 protein

knockdown. The panneural soxd1 marker is unaffected by the loss

of Zic1 protein activity. Similar to the Zic1 morphant embryos,

ectopic expression of the Zic5 dominant-negative protein (Fig 2B)

inhibited hindbrain marker expression (krox20), while enhancing

spinal cord marker expression (cdx1, cdx4). When examining

embryos by in situ hybridization, marker expression differences

along the neural AP axis are clear (Fig 2C). Expression of the sox2

panneural marker is unaltered by Zic1 knockdown, but forebrain-
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Figure 1. Inhibition of canonical Wnt signaling perturbs hindbrain, but not spinal cord cell fates.

A One-cell stage embryos were injected animally with mRNA encoding dkk1 (35/45 pg) protein. Total RNA was isolated from 10 control embryos at neurula stage 17
(lane 2) and 10 embryos from each dkk1-injected group (lanes 3–4). Various neural AP markers were examined by sqRT–PCR: cement gland and forebrain (xag1, xanf1,
otx2), hindbrain (krox20, hoxb3), hindbrain/spinal cord border (hoxb4), and spinal cord (hoxb9, cdx1-2-4, hoxd10). Ef1a serves as a control for quantitating RNA levels. -
RT–PCR was performed on total RNA isolated from control embryos (lane 1).

B One-cell stage embryos were injected animally with the zygotic-expressing Nxfz8/pCS2 encoding plasmid (100/200 pg). Total RNA was isolated from 10 control
embryos at neurula stage 17 (lane 2) and 10 embryos from each Nxfz8-injected group (lanes 3–4). Various neural AP markers were examined by sqRT–PCR: cement
gland and forebrain (xag1, xanf1, otx2), hindbrain (krox20, hoxb3), hindbrain/spinal cord border (hoxb4), and spinal cord (hoxb9, cdx1-2-4, hoxd10). Ef1a serves as a
control for quantitating RNA levels. -RT–PCR was performed on total RNA isolated from control embryos (lane 1).

C Embryos from the same experiment as in (A) underwent in situ hybridization. Expression of the hindbrain marker krox20 (upper two panels) was reduced by Dkk1
(45 pg) in 83% of the embryos (n = 18). Expression of spinal cord markers (hoxb9, cdx4, hox10) was normal, being unchanged in 89% of the embryos (n = 18 for each
marker). Control embryos (CE).
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Figure 2. Inhibition of Zic protein activity differentially affects spinal cord and hindbrain cell fates.

A One-cell stage embryos were injected animally with the Zic1-MO (25/40 ng). Total RNA was isolated from 10 control embryos at neurula stage 18 (lane 2) and 10
embryos from each Zic1-MO-injected group (lanes 3–4). Neural AP markers were examined by sqRT–PCR: forebrain (xanf1, otx2), hindbrain (krox20, hoxb1, hoxb3),
spinal cord (hoxb9, cdx1-4), and panneural (soxd). Ef1a is the control for quantitating RNA levels. -RT–PCR was performed on total RNA isolated from control embryos
(lane 1).

B One-cell stage embryos were injected animally with mRNA encoding Zic5 dominant-negative (0.5 ng) protein. Total RNA was isolated from five control embryos at
neurula stage 18 (lane 1) and five embryos from the injected group (lanes 2). Neural AP markers were examined by sqRT–PCR: hindbrain (krox20) and spinal cord
(cdx1-4). Ef1a is the control for quantitating RNA levels. -RT–PCR was performed on total RNA isolated from control embryos (lane 3).

C One-cell stage embryos were injected animally with the Zic1-MO (25 ng). Embryos underwent in situ hybridization. Expression of the panneural sox2 marker was
normal, the forebrain marker xanf1 was expanded in 80% of the embryos, the hindbrain representative marker krox20 was reduced in 80% of the embryos, and the
representative spinal cord marker cdx4 was expanded in 90% of the embryos. N = 23 embryos were per marker.
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specific xanf1 expression is expanded versus the control (Fig 2C).

Expression of a representative hindbrain marker such as krox20 is

eliminated in comparison with the control (Fig 2C). Interestingly,

expression of a representative spinal cord marker, cdx4, is laterally

expanded and increased (Fig 2C; similar to Fig 2A and B). It is not

clear if the spinal cord markers are anteriorly expanded, but expres-

sion of these genes is not perturbed by the knockdown of the Wnt

mediator, Zic1. These observations complement the results seen

with Dkk1 protein (Fig 1), suggesting that Wnt signaling is required

for hindbrain formation, but is not crucial for the specification of

more posterior spinal cord fates.

BMP can caudalize neural tissue to spinal cord fates

Our interest in hindbrain patterning led us to perform experiments

on the induction of posterior neural markers in animal cap (AC)

explants co-expressing noggin and the Meis3 neural caudalizing

protein [24,25,27]. Meis3 typically induces expression of an array of

posterior markers in ACs in the absence of neural induction (Fig 3A,

lane 4). When co-injecting noggin and Meis3 in ACs, neural pattern

is altered in a number of ways. The caudalizing Meis3 protein inhi-

bits noggin induction of anterior neural marker [27] expression

(Fig 3A, lane 5 versus 6). In these same explants, the combination

of noggin and Meis3 enhances hindbrain marker expression as

might be expected if a neural inducer and caudalizer are co-

expressed (Fig 3A, lane 4 versus 5). However for spinal cord mark-

ers, the opposite is true; noggin represses spinal cord marker expres-

sion (Fig 3A, lane 4 versus 5), despite Meis3 protein significantly

repressing noggin anteriorizing activity in the same ACs (Fig 3A,

lane 5 versus 6). This observation suggests that BMP activity may

be required for Meis3 to induce spinal cord markers in the ACs. To

further address this point, Meis3 was co-expressed with a fourfold

less noggin RNA concentration (Fig 3A, lane 7). In these explants,

anterior markers were still repressed by Meis3, but spinal cord

markers were re-expressed (Fig 3A, lane 5 versus 7). This observa-

tion suggests that at the lower noggin concentration, higher endoge-

nous BMP levels are required for the activation or maintenance of

spinal cord marker expression in ACs.

We next addressed this same question in vivo. One-cell (Fig 3B)

and eight-cell (Appendix Fig S3B) stage embryos were injected with

RNA encoding BMP4 protein in the animal hemisphere (fated for

ectoderm). Previous studies have shown that ectopic BMP ventral-

izes embryonic mesoderm [28,29]. However, in these present exper-

iments, the RNA was injected at much lower concentrations (five- to

10-fold lower) and was targeted to the ectoderm, and not the meso-

derm. As can be seen by sqRT–PCR in neurula stage embryos

(Fig 3B), panneural and forebrain marker expression (ncam, nrp1,

otx2) is unaltered by the ectopic BMP levels; thus, the dose is not

high enough to inhibit neural induction. However, hindbrain mark-

ers are strongly reduced (krox20, hoxb3), while spinal cord marker

expression is increased (hoxb9, cdx4, hoxd10). Dorsal mesoderm

fate does not seem to be perturbed by these low BMP levels, since

muscle actin (MA) expression is normal in these embryos. When

examining embryos by in situ hybridization, the differences

between spinal cord and hindbrain markers are clear (Fig 3C);

hoxb3 expression is eliminated, while cdx4 expression looks normal

or expanded. Embryos injected with BMP4 into four animal blas-

tomeres at the eight-cell stage expressed a similar pattern of marker

expression like Fig 3A (Appendix Fig S3B), with strongly reduced

expression of hindbrain markers (krox20, hoxb3), but normal

expression levels of spinal cord markers (hoxb9, hoxc10, cdx2,

cdx4), dorsal mesoderm markers (chd, myod), and the anterior

cement gland marker xag. In situ hybridization was performed on

embryos that were injected with bmp4 mRNA into one blastomere

at the two-cell stage. These embryos had asymmetric expression of

the hindbrain-specific krox20 marker, but symmetric expression of

spinal cord markers (hoxb9, cdx4) and dorsal mesoderm (chd, MA)

markers (Appendix Fig S2B and D). We also sectioned the trunk

regions of later tailbud stage embryos that were injected with bmp

mRNA into one blastomere at the two-cell stage; these embryos had

normal spinal cord, notochord, and somite formation (Appendix Fig

S2E). Thus, the effects of ectopic BMP levels appear specific to the

neural plate and not a result of mesoderm perturbation. These

results show that BMP acts to promote spinal cord formation, while

repressing hindbrain cell fates, suggesting that BMP is acting to

balance caudal cell fates along the neural AP axis.

BMP can activate spinal cord markers independently of
mesoderm in ectodermal explants

To address a more direct role for BMP signaling in activating spinal

cord markers, we examined whether it can activate spinal cord

marker expression in AC explants. We found that ectopic BMP4 can

specifically activate expression of spinal cord markers such as

hoxb9, cdx1-2-4, and hoxc10-d10 in a dose-dependent manner

(Fig 4A). Hindbrain (krox20) markers are never induced (Fig 4A).

Induction of these neural markers appears to be direct in the ecto-

derm and uncoupled from mesoderm induction. Expression of the

lateral mesoderm (kidney) BMP-target markers osr1-2 [30] is not

induced by BMP4 at these concentrations (Fig 4A). Additionally,

muscle actin expression is not induced (Fig 4A). These results

suggest that BMP does not indirectly mediate expression of spinal

cord markers via mesoderm induction, but directly activates their

expression in the ectoderm. Supporting this conclusion, ectodermal

cytokeratin (E13) expression is not reduced, but constant in the

explants (Fig 4A).

In a reciprocal experiment to Fig 3A (noggin/Meis3 co-expres-

sion), Meis3 is co-expressed with BMP4 in ACs. In these ACs, krox20

expression (hindbrain) is inhibited by BMP (Fig 4B, compare lanes

4–8), but spinal cord marker expression (hoxb9, cdx2, hoxc10) is

highly enhanced by BMP (Fig 4B, compare lanes 4–8). Lower

concentrations of BMP4 that alone do not induce spinal cord expres-

sion (Fig 4B, lane 5) act additively with Meis3 to enhance spinal cord

marker expression (Fig 4B, compare lanes 4–5, 7). Higher concentra-

tions of BMP that can induce spinal cord marker expression also

additively enhance spinal cord marker expression with Meis3

(Fig 4B, compare lanes 4, 6, 8). Mesoderm is not induced in these

explants, as determined by osr1 expression. Studies in other verte-

brate species suggested that co-expression of the brachyury (Bra)

and Sox proteins suffices to induce neural precursor cells that will

form the spinal cord [31, rev. in 32]. A number of studies suggest

that neuromesodermal precursors (NMPs) are present in the verte-

brate embryo posterior that will give rise to somite or spinal cord

tissues [31,33–36]. The co-expression of Bra/Sox proteins may be a

transition state in these NMPs on their way to forming spinal cord.

We show that BMP indeed induces a transient expression of bra in
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Figure 3. BMP activity regulates neural AP patterning.

A One-cell stage embryos were injected animally with mRNAs encoding the noggin (5/20 pg) and/or meis3 (0.5 ng) proteins. AC explants were removed from control and
injected embryos at blastula stage 9, and explants were cultured to neurula stage 17. Total RNA was isolated from seven control embryos (lane 2), and from eighteen
ACs from each group (lanes 3–8). Neural AP markers were examined by sqRT–PCR: forebrain (xanf1, otx2), hindbrain (krox20, hoxb1, hoxb3), spinal cord (hoxb9, cdx1-4),
and panneural (soxd). Ef1a is the control for quantitating RNA levels. -RT–PCR was performed on total RNA isolated from control embryos (lane 1).

B One-cell stage embryos were injected animally with mRNA encoding bmp4 (0.2 ng) protein. Total RNA was isolated from five control embryos at neurula stage 17
(lane 1) and five embryos from the injected group (lanes 2). Neural and mesodermal markers were examined by sqRT–PCR: forebrain (otx2), hindbrain (krox20, hoxb3),
spinal cord (hoxb9, hoxc10, cdx4), panneural (nrp1, ncam), and mesodermal (muscle actin—MA). ODC is the control for quantitating RNA levels. -RT–PCR was
performed on total RNA isolated from control embryos (lane 1).

C One-cell stage embryos were injected animally with mRNA encoding bmp4 (0.2 ng) protein Embryos underwent in situ hybridization. Expression of the hindbrain
marker hoxb3 was reduced/eliminated by bmp4 (0.2 ng) in 68% of the embryos (n = 19). Expression of the spinal cord marker cdx4 was slightly increased/normal, in
100% of the embryos (n = 19).
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Figure 4. BMP activity caudalizes ectoderm to spinal cord fates.

A One-cell stage embryos were injected animally with increasing concentrations of bmp4 encoding mRNA (5–50 pg). AC explants were removed from control and
injected embryos at blastula stage 9, and explants were cultured to neurula stage 16. Total RNA was isolated from five control embryos (lane 2), and from eighteen
ACs from each group (lanes 3–7). Neural, epidermal, and mesodermal markers were examined by sqRT–PCR: hindbrain (krox20), spinal cord (hoxb9, hoxc10/d10, cdx1-
2-4), epidermal cytokeratin (E13), lateral mesoderm (osr1-2), and dorsal–lateral mesoderm muscle actin (MA). ODC is the control for quantitating the RNA levels. -RT–
PCR was performed on total RNA isolated from control embryos (lane 1).

B One-cell stage embryos were injected animally with mRNAs encoding the bmp4 (50/150 pg) and/or meis3 (0.7 ng) proteins. AC explants were removed from control
and injected embryos at blastula stage 9, and explants were cultured to neurula stage 16. Total RNA was isolated from five control embryos (lane 2), and from
eighteen ACs from each group (lanes 3–8). Neural and mesodermal markers were examined by sqRT–PCR: hindbrain (krox20), spinal cord (hoxb9, hoxc10, cdx2), and
lateral mesoderm (osr1). Ef1a is the control for quantitating the RNA levels. -RT–PCR was performed on total RNA isolated from control embryos (lane 1).

C One-cell stage embryos were injected animally with increasing concentrations of bmp4 encoding mRNA (75–200 pg). AC explants were removed from control and
injected embryos at blastula stage 9, and explants were cultured to gastrula stage 11–11.5. Total RNA was isolated from five control embryos (lane 2), and from
eighteen ACs from each group (lanes 3–6). Marker expression was determined by sqRT–PCR. Xenopus brachyury (xbra) expression was induced by BMP4 in a dose-
dependent manner. Marker expression was determined by sqRT–PCR. Neither dorsal (chd, goosecoid-gsc) nor ventral–lateral (osr1) mesoderm markers were induced by
BMP4. Sox2/3 neural markers are expressed in the ACs and are unchanged by BMP expression. EF1a is the control for quantitating RNA levels. -RT–PCR was
performed on total RNA isolated from control embryos (lane 1).
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early neurula stage AC cells (Fig 4C). Interestingly, naive and BMP

expressing ACs express similar levels of the sox2 and sox3 genes

(Fig 4C). This AC expression of bra is transient, and no other dorsal/

lateral (goosecoid-gsc, chd, osr1, osr2, MA) mesoderm markers are

detected in BMP expressing ACs at either gastrula or neurula stages

(Fig 4A–C). Previous studies showed that Bra+ NMPs are driven to

mesoderm fates by Wnt signaling, but promoted to neural precursor

fates by Bra/Sox expression in the absence of signaling [31].

BMP activation of spinal cord markers is FGF-dependent

FGF activity has been shown to act downstream to Wnt/Meis3 to

caudalize the nervous system [24,37–39]. We thus determined

whether BMP caudalizing activity is dependent on FGF signaling

activity. Both FGF3 and FGF8 have neural in vivo caudalizing activ-

ity in many vertebrate systems [rev. in 12]. Ectopic BMP expression

induces fgf3 and fgf8 gene expression in ACs in a dose-dependent

manner (Fig 5A). When co-expressing BMP4 and the FGF domi-

nant-negative receptor in ACs, BMP activation of spinal cord mark-

ers is highly compromised (Fig 5B, lanes 5–6). FGF gene expression

is also inhibited (Fig 5B, lanes 5–6). BMP spinal cord caudalizing

activity acts upstream to FGF signaling to activate ligand gene

expression, and in the absence of FGF signaling, BMP cannot induce

expression of spinal cord markers in AC explants.

Discussion

Classic experimental embryology studies suggested a two-step

model where a caudalizing factor gradient confers posterior identity

to tissue which has initially been induced as anterior neuroectoderm

(6, 9, 10). To address the relevance of such a gradient for canonical

Wnt/b-catenin signaling activity, frog and chick embryos and

explants were treated with differing doses of Wnt inhibitors [15,16].

Wnt-inhibitor treatment of chick neural plate explants suggested a

progressive requirement for Wnt activity, at least for repressing

anterior neural cell fates [16]. Similar observations were seen in

Xenopus embryos expressing increasing levels of Wnt-inhibitor

proteins [15]. Low levels of these Wnt inhibitors expanded anterior

marker expression, while posterior marker expression was shifted

more caudally. Recombinant explant experiments support a Wnt

ligand–morphogen model; Wnt3a caudalizes cells non-autono-

mously, but b-catenin cannot [15]. Luciferase Wnt reporters in

posterior slices of late gastrula embryos had higher luciferase activ-

ity than anterior slices. Moreover, endogenous b-catenin staining

revealed nuclear localization in posterior neural ectoderm versus

decreased nuclear b-catenin in anterior regions [15]. These studies

show the necessity of Wnt activity for correct hindbrain and fore-

brain AP patterning [15,16]. However, regulation of hindbrain

versus spinal cord induction was not addressed, since more poste-

rior markers were not examined [15,16].

The specification of more posterior spinal cord cell fates may

reflect interactions of different signaling pathways and Hox proteins,

rather than a graded activity of a single one. Our results and those

of others suggest that inducing all axial neural cell identities is more

complex than just a simplified single gradient of “low to high” Wnt

activity to delineate all cell fates from the forebrain to the most

posterior spinal cord. The response of hindbrain versus spinal cord

hox genes to changes in Wnt signaling levels does not fit a gradient

model. Kiecker and Niehrs [15] showed that inhibition of Wnt

signaling by Dkk1 strongly modulated hindbrain formation during

Xenopus development, and these observations have been further

shown in different vertebrate species [rev. in 40]. Our previous stud-

ies and those of others in Xenopus have shown that perturbation of

Wnt signaling prevents transcriptional activation of the earliest

expressed hindbrain regulating homeobox genes, such as meis3,

hoxd1, hoxa2, and gbx2 [15,24,41,42], without disrupting mesoderm

formation [24]. Loss of activity of these early neural plate expressed

homeoproteins significantly compromises hindbrain formation in

different vertebrates [rev. in 40], without significantly altering the

spinal cord [24]; this study). Meis3, hoxd1, hoxa1, and gbx2 are all

A B

Figure 5. BMP4 caudalizes in an FGF-dependent manner.

A One-cell stage embryos were injected animally with increasing
concentrations of bmp4 encoding mRNA (5–50 pg). AC explants were
removed from control and injected embryos at blastula stage 9, and
explants were cultured to neurula stage 16. Total RNA was isolated from
five control embryos (lane 2), and from eighteen ACs from each group
(lanes 3–6). FGF3-4-8 expression was determined by sqRT–PCR. ODC is the
control for quantitating RNA levels. -RT–PCR was performed on total RNA
isolated from control embryos (lane 1).

B One-cell stage embryos were injected animally with mRNAs encoding the
bmp4 (50 pg) and/or FGF dominant-negative receptor (FGF-DNR, 1.5 ng)
proteins. AC explants were removed from control and injected embryos at
blastula stage 9, and explants were cultured to neurula stage 16. Total RNA
was isolated from five control embryos (lane 2), and from eighteen ACs
from each group (lanes 3–6). In addition to fgf3, neural, epidermal, and
mesodermal markers were examined by sqRT–PCR: hindbrain (krox20,
hoxb3), spinal cord (hoxb9, hoxc10, cdx4), lateral mesoderm (osr1), dorsal–
lateral mesoderm muscle actin (MA), and epidermal cytokeratin (E13). ODC
is the control for quantitating RNA levels. -RT–PCR was performed on total
RNA isolated from control embryos (lane 1).
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Wnt direct-target genes, directly activated by b-catenin/TCF tran-

scription factors, and their expression is activated by Wnt signaling

in the neural plate at the earliest developmental stages crucial for

neural patterning and specification [24,41–44].

Moreover, the Wnt8-MO inhibited expression of Paralogous

group 1 (PG-1) hox genes that are Wnt/b-catenin direct targets

expressed in the hindbrain, while surprisingly up-regulating and

expanding spinal cord-specific hoxc6 expression [41]. This result

contradicts a simple posterior to anterior gradient model for pattern-

ing the posterior nervous system. This study [41] also demonstrated

a differential expression response intensity of the various PG-1 hox

genes to modulation of Wnt8, which are all expressed at a similar AP

level, while the more posterior hoxb4 remained unaltered [41,45].

These findings are not compatible with a gradient, but suggest that

upon initial induction of the PG-1 hox gene expression, more

complex interactions, with the Wnt, RA, and FGF pathways, are inte-

grated to specify their expression. Hoxd1 expression is a good exam-

ple; it is a Wnt/b-catenin- and RA-direct-target gene, as well as a

direct target of the Wnt/b-catenin mediator Meis3 [24,41,46,47].

Alternatively, differential Wnt activity could be achieved by chang-

ing the time periods of neuroectoderm exposure to the Wnt signal.

The most anterior prechordal plate mesoderm expresses several

secreted and autonomous Wnt inhibitors, while the paraxial-fated

mesoderm is required in vivo to induce posterior neural tissue via

the expression and secretion of Wnt3a protein to the overlying poste-

rior neural plate [24,48,49].

While Kiecker and Niehrs [15] show graded nuclear-localized b-
catenin staining in sagittal sections that included involuted meso-

derm and neuroectoderm, comparison of sagittal and parasagittal

sections reveals a different picture [50]. In parasagittal sections, the

most intense staining is in the posterior involuted mesoderm, but

staining in the neural plate region was fairly uniform along the AP

axis [50]. This neural plate region corresponds to the cells express-

ing the highest levels of the earliest hindbrain and spinal cord

promoting genes (meis3, gbx2, hox, and cdx), in zebrafish, Xenopus,

and chick embryos at late gastrula stages. Some of these genes are

induced by the underlying paraxial-fated mesoderm via secretion of

Wnt3a [24,44], but this region does not appear to have a b-catenin
gradient [50]. Further supporting a role for neural-specific Wnt

activity in hindbrain formation, a recent mapping of endogenous

in vivo Wnt activity utilizing a GFP-reporter gene in Xenopus tropi-

calis shows extensive GFP expression in posterior neural plate tissue

at late gastrula to early neurula stages [51]. There is no apparent

GFP gradient in these transgenic frogs. This coincides with the

temporal window of posterior neural patterning that is the obvious

spatial target of Wnt3a-MO or Dkk1 inhibition in Xenopus embryos,

in which either the lack of endogenous secreted Wnt3a from the

dorsal–lateral mesoderm or the presence of Dkk1 in the neural plate

significantly inhibit hindbrain formation [15,24].

The question of whether a spatial, or temporal Wnt signal gradi-

ent, or even different intrinsic responses to a constant Wnt signal

mediate these different inductive properties is still open. Graded

expression of Wnt pathway components or inhibitors has not been

convincingly observed in the posterior nervous system. These obser-

vations could also argue for differential threshold responses to a

constant signal, rather than a graded one. Our results do not contra-

dict these previous results [15,16]. Wnt is required to repress fore-

brain and induce the hindbrain; there is no doubt about this

observation. However, the elimination of Wnt activity and/or down-

stream transcription factors mediating Wnt activity strongly

disrupted hindbrain formation, while only minimally modulating

spinal cord formation. Thus, a Wnt gradient cannot explain the spec-

ification of all cell fates along the entire neural AP axis. Whether

low levels of Wnt are required for spinal cord formation still needs

to be determined, but we clearly show that the most posterior hox

and cdx genes of the spinal cord are expressed robustly when Wnt

signaling is highly compromised and hindbrain formation is

perturbed.

FGF signaling plays a role in both hindbrain and spinal cord

formation in vertebrates [24,37,39,52–55]. The FGF3/8 signaling

center in r4 is crucial for early hindbrain specification in vertebrates

[53,54,56]. This signaling center appears not to be involved in

spinal cord induction. The nature of the spinal cord inducing FGF

activity is elusive. It is still unknown how signal timing, germ layer

locale, and expression specificity of FGF ligands specify spinal cord

fates. FGF3 and FGF8 genes are expressed in the correct time and

place to account for this later spinal cord specification, with high

transcript levels in the posterior circumblastoporal collar region at

stages 11.5–12.5 [56,57]. BMP4 gene expression and Smad1 protein

localization are also found in the ventral–posterior mesoectodermal

regions adjacent to and overlapping the circumblastoporal collar

[50,58,59]. In this study, we show that BMP signaling plays a

pivotal role in neural caudalization by acting upstream to or by

directly interacting with FGF signaling. Relatively low BMP levels

efficiently caudalize embryos and explants in a highly differential

manner. We show that BMP inhibits hindbrain, while activating

spinal cord marker expression. This activation of spinal cord mark-

ers is FGF-dependent and could be mediated by direct activation of

FGF ligand gene expression or by a different mechanism. A study in

zebrafish embryos showed that BMP and FGF signaling cooperate to

specify spinal cord fates [60]. A more recent study in mice showed

that BMP/FGF signaling interactions were crucial for caudal neural

tube closure, neural crest specification, and posterior axis extension

[61]. Another work suggests that components of Wnt, BMP, and

FGF signaling may interact to control neural AP patterning [62]. In

Xenopus, the FGF8a splice version protein appears to be an efficient

inducer of spinal cord [63], but its precise role in spinal cord induc-

tion still needs to be elucidated. At late gastrula–early neurula

stages, fgf8 is expressed in the most posterior mesoderm/neural

plate regions, adjacent to posterior BMP expressing epidermal

regions [63]. BMP/FGF interactions could potentially induce spinal

cord in the posterior neural plate. A study in differentiating human

ES cells also showed that FGF can efficiently induce expression of

spinal cord markers in the absence of Wnt signaling [64]. Interest-

ingly, at later stages of tailbud formation in the most posterior

embryo regions, FGF and BMP were shown to be necessary for

spinal cord formation in both zebrafish [31,65] and Xenopus

embryos [66,67]. Canonical Wnt signaling was important for

promoting mesoderm progenitor cells, but not neural progenitors in

the posterior spinal cord [31]. These findings, while at later stages of

development, support our observations. Similar to the spinal cord

neural fated precursors found in zebrafish and other vertebrates

[31,32], we show that BMP4 induces bra/sox positive NMP-like cells

that will express spinal cord markers. Previous studies showed that

Bra expressing NMPs are driven to mesoderm fates by Wnt signal-

ing, but promoted to neural precursor fates by Bra/Sox expression in
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the absence of Wnt signaling [31]. By transiently activating bra gene

expression, coupled to endogenous sox gene expression, BMP/FGF

signaling could induce posterior neural precursors in AC explants.

Despite hints from these few studies, the concept of BMP acting

as a neural caudalizer seems fairly counterintuitive, but its levels in

posterior ectoderm or mesoderm could control FGF activity in the

posterior nervous system. We show that FGF and BMP activities are

coordinated to promote spinal cord cell fates, in which canonical

Wnt activity seems expendable. While Wnt signaling is linked to

activating expression of many spinal cord promoting transcription

factors, FGF also induces many of these same factors. The bioassays

used in many systems may not have finely resolved the actual

in vivo regulatory mechanisms. One example is the Sall4 protein.

The Sall4 protein required for spinal cord formation in Xenopus was

initially detected as a Wnt-target gene, but its function in vivo is

controlled by FGF, and not Wnt [68]. Many cdx and hox genes

expressed along the neural AP axis are induced by both FGF and

Wnt signaling in various bioassays. These genes are clearly involved

in distinguishing between spinal cord and hindbrain fates. The ulti-

mate goal will be to determine the actual in vivo hierarchy of signal-

ing that specifies the distinct caudal neural regions. We suggest that

Wnt signaling is mainly involved in hindbrain formation, by initially

activating expression of meis3 and the most anterior hox genes

[18,24,41,42,45,46]. Our previous studies suggest that this initial

Wnt-caudalizing event occurs early in development, in early-mid

gastrula stages [24]. FGF seems to play two separate temporally and

spatially different roles that regulate hindbrain and spinal cord

formation. Early FGF3/8 expression is downstream to Wnt/Meis3 in

the hindbrain [18,37]. In contrast, later FGF activity specifies spinal

cord and is required for the activation of cdx and the more posterior

hox genes [52,69]. FGF induction of cdx gene expression activates

spinal cord hox gene expression, while simultaneously repressing

more anterior hindbrain hox gene expression [48,69–72]. A recent

study in chick and mouse embryos suggests that regionalization of

the spinal cord and activation of cdx gene expression is separated in

time and space from the induction of the hindbrain/forebrain

regions [73]. This study emphasizes that different lineage origins

separate these different neural AP regions. In Xenopus, we suggest

that the caudalizing forces driving neural AP pattern are the

“earlier” Wnt-Meis3-FGF activity that induces the hindbrain

[24,25,37], which is coupled to a “later” BMP-FGF-Cdx activity that

specifies the spinal cord [48,71,72,74]. This separation of time,

space, and signaling for the hindbrain and spinal cord [31,73] does

not fit a model in which a single gradient of Wnt signaling demar-

cates the entire AP character of the nervous system.

Recent findings in the hemichordate, Saccoglossus kowalevskii

(Acorn worm) support our observations [75]. In the acorn worm,

canonical Wnt signaling represses anterior and induces mid-axial

ectodermal fates during early development. Matching our findings

in Xenopus, specification of the most posterior fates, as shown by

posterior Hox gene expression, was not perturbed by modulation of

canonical Wnt levels during early AP axis formation at late blastula

to early gastrula stages. We show the first proof for an analogous

role of canonical Wnt signaling in vertebrates. Canonical Wnt

signaling is crucial for establishing mid-axial neural structures

(hindbrain) versus the more posterior (spinal cord), suggesting that

this role for Wnt signaling in neural patterning is evolutionarily

conserved between vertebrates and hemichordates.

The pathways regulating neural AP patterning are highly

conserved among vertebrates. However, the actual “nuts and bolts”

of the process are far from being elucidated. The challenge of the

future is to fully understand how the interactions of all the different

signaling pathways regulate Hox, Cdx, and Meis gene expression

and protein activities to correctly pattern the neural AP axis. This

study has examined the fundamental regulation of neural AP

patterning during its earliest stages. We have found that two long-

held paradigms: (i) A Wnt-signaling AP “low to high” gradient

drives all posterior neural cell fate formation, and (ii) BMP signaling

is incompatible with AP neural cell fate patterning both need to be

re-assessed. Further experimentation will explain how BMP/FGF

activities interact to specify spinal cord cell fates in the developing

vertebrate nervous system.

Materials and Methods

Xenopus embryos

Ovulation, in vitro fertilization, culture, and explant dissections and

treatments were as described [27,29,76]. Embryos were sectioned in

paraffin as described [77].

RNA and DNA injections

Capped sense in vitro transcribed mRNA constructs of bmp4,

noggin, dkk1, Zic5-DN, FGF-DNR, and meis3 [18,24,29,43,78] were

injected into the animal hemisphere of one-, two-, or eight-cell

stage embryos. For zygotic expression, the Nxfz8/pCS2 plasmid

was injected into the animal hemisphere of one-cell stage

embryos [26]. b-gal RNA was injected and detected as described

[24,76].

In situ hybridization

Whole-mount in situ hybridization was performed [79] with digoxi-

genin-labeled probes to sox2, xanf1, hoxb3, krox20, cdx4, hoxb9,

hoxd10, muscle actin, and chordin [18,25,68,74,80,81].

Semi-quantitative (sq) RT–PCR analysis

sqRT–PCR was performed [82]. In all sqRT–PCR experiments, three

to six independent experimental repeats were typically performed. In

all experiments, samples are routinely assayed a minimum of two

times for each marker. sqRT–PCR Primers (see Appendix Table S1):

efa, odc, nrp1, soxd, ncam, nrp1, xanf1, otx2, xag1, krox20, hoxb1,

hoxb3, hoxb4, hoxb9, cdx1, cdx2, cdx4, n-tub, hoxc10, hoxd10,

epidermal cytokeratin (E13), osr1, osr2, fgf3, fgf8, xbra, xnot, chd,

gsc, muscle actin (MA), myod, vent1, vent2, and wnt8

[18,24,80,81,83–85].

Expanded View for this article is available online.
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