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Caudalization by the amphibian organizer: brachyury, convergent extension
and retinoic acid
Tuneo Yamada
Swiss Institute for Experimental Cancer Research, 1066 Epalinges, Switzerland

SUMMARY
Caudalization, which is proposed to be one of two
functions of the amphibian organizer, initiates posterior
pathways of neural development in the dorsalized
ectoderm. In the absence of caudalization, dorsalized
ectoderm only expresses the most anterior (archencephalic) differentiation. In the presence of caudalization, dorsalized ectoderm develops various levels of
posterior neural tissues, depending on the extent of caudalization. A series of induction experiments have shown
that caudalization is mediated by convergent extension:
cell motility that is based on directed cell intercalation,
and is essential for the morphogenesis of posterior axial
tissues.
During amphibian development, convergent extension is
first expressed all-over the mesoderm and, after mesoderm
involution, it becomes localized to the posterior mid-dorsal
mesoderm, which produces notochord. This expression
pattern of specific down regulation of convergent extension
is also followed by the expression of the brachyury homolog.
Furthermore, mouse brachyury has been implicated in the
regulation of tissue elongation on the one hand, and in the
control of posterior differentiation on the other. These
observations suggest that protein encoded by the brachyury
homolog controls the expression of convergent extension in
the mesoderm. The idea is fully corroborated by a genetic
study of mouse brachyury, which demonstrates that the
gene product produces elongation of the posterior
embryonic axis. However, there exists evidence for the
induction of posterior dorsal mesodermal tissues, if
brachyury homolog protein is expressed in the ectoderm. In
both cases the brachyury homolog contributes to caudalization.
A number of other genes appear to be involved in caudalization. The most important of these is pintavallis, which
contains a fork-head DNA binding domain. It is first
expressed in the marginal zone. After mesoderm involution, it is present not only in the presumptive notochord,
but also in the floor plate. This is in contrast to the
brachyury homolog, whose expression is restricted to
mesoderm.
The morphogenetic effects of exogenous RA on anteroposterior specification during amphibian embryogenesis
are reviewed. The agent inhibits archencephalic differen-

tiation and enhances differentiation of deuterencephalic
and trunk levels. Thus the effect of exogenous RA on morphogenesis of CNS is very similar to that of caudalization,
which is proposed to occur through the normal action of
the organizer.
According to a detailed analysis of the effect of lithium
on morphogenesis induced by the Cynops organizer,
lithium has a caudalizing effect closely comparable with
that of RA. Furthermore, lithium induces convergent
extension in the prechordal plate, which normally does not
show cell motility. This raises the question of whether the
caudalizing effect of RA may be also dependent on CE
which RA may induce in the treated tissue.
A number of chick embryonic tissues are known to show
polarizing activity for limb development. All these tissues
are known to express, or expected to express CE. This
strongly suggests that these tissues induce CE in limb mesenchyme, and CE functions as the polarizing activity.
Recently RA was shown to have a positive effect in this
respect. This supports our proposal that RA induces CE in
treated tissues.
According to the expanded model of dorsalization-caudalization, anteroposterior specification in mesoderm
and ectoderm is the combined effect of dorsalization and
caudalization:while dorsalization occurs at all AP levels,
caudalization is limited to posterior of the anteroposterior border-line. In agreement with this, genes involved
in dorsalization become expressed at all anteroposterior
levels, while the main caudalizing gene is expressed
behind the anteroposterior border-line at the stage CNS
is induced.
The study of the neural inducing effects of noggin protein
on competent ectoderm indicates that it is able to cause
ectodermal dorsalization. In the absence of mesoderm,
noggin protein induces only neural tissues with the anterior
markers. But in the presence of mesoderm, noggin protein
can induce neural tissues with the posterior markers. These
results are in full agreement with the model of dorsalization-caudalization.
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INTRODUCTION
The central issue of this review is the regulation of the caudal
shift of the positional value of cells, which is proposed to occur
during the action of the organizer. The corresponding shift can
be experimentally induced by RA and lithium. The discussion
depends on a number of concepts and information related to
the organizer, which are often ignored in the current literature.
Some of these will be briefly explained to facilitate the understanding of the text.
The border-line of anteroposterior (AP) specification
During the 1940s-1950s the idea gradually became accepted
that the regulation of AP specification is different in the
anterior and posterior levels of the embryonic axis. The borderline is marked by the anterior end of the notochord. The
mesoderm area anterior to the border-line induces, in the
competent ectoderm, differentiation of archencephalon (telencephalon, diencephalon and optic rudiment), while the
mesoderm area behind the border-line induces, in the
competent ectoderm, differentiation of deuterencephalon
(metencephalon and myelencephalon) and spinal cord
(Lehmann, 1945; Yamada, 1950a; Nieuwkoop et al., 1952;
Saxén and Toivonen, 1962; Dalcq, 1957). Opinion is divided
as to whether mesencephalon belongs to the anterior or
posterior zone. The weak expression of mesencephalic differentiation, which occurs after the separation of anterior and
posterior parts, makes the decision difficult. It is proposed to
call the border-line ‘the AP border-line.’
This border-line, which has been defined purely from the
inductive activities of parts of the organizer, now appears to
coincide with the demarcation line of two groups of homeobox
genes that may play a role in setting the positional values of
cells along the AP axis: Emx genes and Otx genes, which characterize the anterior zone (Simeone et al., 1992a, 1992b, 1993)
and Hox genes, which characterize the posterior zone (Gaunt
et al., 1988; Graham et al., 1989; McGinnis and Krumlauf,
1992; Dekker et al., 1992, 1993). The situation here indicates
that Hox genes do not function as the carrier of the positional
value for all AP levels of the embryo, but only for the posterior
zone. The superposition of the border-line of the inductive
activity with the demarcation-line of two groups of homeobox
genes may suggest that the regulation of AP specification and
the expression of the positional value are based on a common
principle.
Ap specification in the induction of CNS depends on
the combined effects of ectodermal dorsalization
and caudalization
Since the author’s earlier research on the control of differentiation of trunk mesodermal tissues clearly indicated that the
control is based on the shift of the cellular positional value
along the dorso-ventral (DV) axis (Yamada, 1937, 1938, 1940,
1950b), it appeared best to use the positional value as the basic
concept for studying the control in CNS induction. Obviously
for this system one should look at the control of DV and AP
positional values. Applying this concept to experimental
research available at that time (reviews: Lehmann, 1945; Holtfreter and Hamburger, 1955; von Woellwarth, 1956;
Hamburger, 1988; Slack and Tannahill, 1992) the following
model appeared to be adequate for the induction of CNS by

the amphibian organizer. Two basic events occur in the
ectoderm responding to the organizer: ectodermal dorsalization
(the increase of DV potential), which is expressed at all AP
levels of the presumptive neural system, and caudalization (the
shift of AP potential towards the posterior direction), which is
limited to the region behind the AP border-line and functions
in the reverse AP gradient. Archencephalic differentiation is
expressed at the level where ectodermal dorsalization alone
occurs. Deuterencephalic differentiation occurs where ectodermal dorsalization is associated with weak caudalization.
Differentiation of trunk- or tail spinal cord occurs where
moderate or strong caudalization is combined with ectodermal
dorsalization (Yamada, 1950a) (Fig. 1). Thus the basic concept
of the model is that the neuralized ectoderm, which by itself
tends to show archencephalic differentiation is progressively
shifted to the differentiation of more posterior levels by an
event called caudalization. It appeared that caudalization may
be mediated by convergent extension. This was the first model
proposed for the action of the organizer, and the only model in
which the regulation is strictly related to the positional value
of cells.
Another model of AP specification of CNS which was essentially similar was proposed by Nieuwkoop et al. (1952). In this
model the event corresponding to ectodermal dorsalization is
designated as activation, and the event corresponding to
caudalization as transformation.
The extended model of dorsalization-caudalization
Since the model of dorsalization-caudalization, proposed in
1950, was devoted to the regulation of neural induction, it did
not address events occurring within the organizer. However,
subsequent results of work on this area, including gene
expression in the organizer (see the general discussion),
strongly suggest that also in the mesoderm, dorsalization and
caudalization constitute the main regulative events the
combined effects of which control AP specification and developmental pathways. The mesoderm area that is dorsalized but
not caudalized should develop as the prechordal plate, which
induces archencephalic structures in competent ectoderm,
while the mesoderm area that is dorsalized and caudalized
should develop as notochord and somites and induce in
competent ectoderm, deuterencephalon and spinal cord. The

Fig. 1. Diagram of AP specification by the organizer according to the
model of dorsalization-caudalization. In this diagram, the degree of
dorsalization is assumed to be the same at all AP levels. Actually it
may differ at various AP levels. What is proposed in this respect is
that within certain limits the degree of dorsalization does not play
any role in AP specification, although it may have a role in deciding
dorsoventral parameters of archencephalic morphogenesis.
: dorsalization
: caudalization operating in gradient
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gradient of caudalization with the apex at the posterior end
should be responsible for different morphogenesis expressed
at different levels of the posterior zone. This proposal will be
called the extended model of dorsalization-caudalization, to
distinguish it from the original model.
In connection with the extended model, it should be emphasized that mesodermal dorsalization and ectodermal dorsalization are closely related cell-biological events, because they can
be inhibited or enhanced by the same agents in comparable
ways. For instance, both types of dorsalization can be inhibited
by lithium applied during gastrulation (for mesoderm see
Lehmann, 1938; for ectoderm see Masui, 1958) and enhanced
by sublethal cytolytic treatments (for mesoderm see Yamada,
1950b; Ogi, 1958; for ectoderm see Holtfreter, 1947; Karasaki,
1957) and concanavalin A (for mesoderm see Diaz et al., 1990;
for ectoderm see Takata et al., 1981, 1984).
Convergent extension mediates caudalization
Convergent extension (CE) is one of the basic morphogenetic
movements which operate in early development (Vogt, 1929;
Keller et al., 1992), and is known for its role in the formation
of the elongated posterior axis of vertebrate embryos by virtue
of its directed cell intercalation (Keller and Tibetts, 1989;
Keller et al., 1992). After mesoderm involution, CE is
expressed behind the AP border-line, in the mid-dorsal part of
the mesoderm, which forms notochord. From the late gastrula
to neurula stages, CE is expressed also in the neural plate,
behind the AP border-line (Vogt, 1929; Goerttler, 1925; Hama,
1978; Keller et al., 1992; Sharpe, 1992). In the neural plate,
the highest level of CE is found along the floor plate area where
the notochord forms a close contact with neural ectoderm. As
emphasized by Vogt (1929), CE is also expressed before involution in mesoderm. In this case, it is found all over the
marginal zone, at all dorsoventral levels. At the early gastrula
stage, CE is strongly expressed at the most anterior level of the
organizer before its involution. In Xenopus embryos, before
mesoderm involution, the expression of convergence in the
marginal zone is uniform at all dorsoventral levels, while that
of extension is stronger at the dorsal level than at the ventral
level (Keller and Danilchik, 1988).
In contrast to the classical work on AP specification of the
organizer (Spemann, 1931), which indicated well defined AP
specification depending on the early and late stage of the dorsal
lip, some later experiments (Okada and Takaya, 1942a,b;
Okada and Hama, 1943, 1944, 1945; Kato, 1958; Masui, 1960)
showed a high apparent plasticity in AP specification by the
organizer. When the presumptive prechordal plate is isolated
before involution and immediately combined with competent
ectoderm, it causes posterior induction. This is not how it
normally functions. But if the isolated uninvoluted prechordal
plate is kept in Holtfreter solution for 4 hours and then tested
on competent ectoderm, it causes anterior induction, in conformity with its normal function. In subsequent extensive
induction experiments combined with vital staining for visualizing morphogenetic movement of the organizer, Hama et al.
(1985) demonstrated that the decisive factor for AP specification is whether or not the organizer is expressing CE at the time
it is combined with competent ectoderm. The presumptive prechordal plate, like all other parts of the marginal zone, is
expressing CE before involution. Association of the tissue at
this stage with competent ectoderm favours the continued

expression of CE and leads to posterior induction. However,
the same tissue loses the expression of CE, if left in situ, or
kept in Holtfreter solution for a few hours. The presumptive
prechordal plate at this stage induces archencephalic differentiation if tested on competent ectoderm. However, the presumptive notochord expresses CE before and after involution,
and induces posterior structures under both conditions. This
means that the expression of CE determines the posterior specification by the organizer, irrespective of the presumptive fate
of the organizer. This means that CE mediates caudalization.
There exists other evidence for the caudalizing role of CE.
Nieuwkoop and Albers (1990) showed that when the presumptive archencephalon is converted into deuterencephalon
and spinal cord by grafting it into the posterior zone of the
neural plate where CE is occurring, the conversion is always
associated with the expression of CE by the graft, and the
extent of CE correlates with the extent of caudalization.
Normally the presumptive archencephalon does not express
CE, while the presumptive deuterencephalon expresses weak
CE and the presumptive spinal cord strong CE.
TOPIC 1: ROLES OF brachyury, AND ITS
HOMOLOGS IN CAUDALIZATION
It has been suspected throughout the long period of investigation of mouse brachyury (T) that it may be involved in the regulation of posterior specification. In early studies the loss of its
function was reported to cause abnormal appearance of the
primitive streak, alteration in cell motility and inhibition of
notochord formation as well as the elongation of the posterior
axis (Chesley, 1935; Gluecksohn-Schoenheimer, 1944;
Grüneberg, 1958). In more recent work, the reduced number
of mesoderm cells in T/T embryos was attributed to the alteration in cell migration, because no corresponding change in
mesodermal proliferation was found (Yanagisawa et al., 1981).
The possible function of the gene in AP specification was
proposed (Yanagisawa, 1990). Successful cloning of the gene
(Herrmann et al., 1990) allowed a series of studies of the localization of gene expression. According to Wilkinson et al.
(1990) transcripts of the gene are detected in 8.5- to 9.5-days
post coitum normal embryos at the gastrula stage at a high
level, and in 10.5- to 12.5-day normal embryos at the neurula
stage at a much lower level. Importantly, transcripts are not
detected at later stages of normal development, in any normal
adult tissues tested. In-situ hybridization studies of Wilkinson
et al. (1990) indicate that T is expressed in normal embryos
first in the primitive streak and in its direct vicinity. When the
head process is formed, it is positive for the gene product. The
anterior end of the positive head process is positioned underneath the AP border-line. At all more posterior levels, the gene
product is present in axial mesoderm. An apparent increase in
the gene product occurs during the early to middle streak
stages. Herrmann (1991) describes the expression pattern of T
in TWis/TWis embryos in relation to morphogenesis. In early
stages of these embryos T expression is normal, but ceases prematurely during early organogenesis coincident with inhibition
of the differentiation of mesodermal tissues. A decrease and
final loss of T expression in primitive streak and head process
are associated with the inhibition of axial elongation in head
process and in the posterior axis, and followed by the sup-
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pression of differentiation of notochord and somites, and the
derangement of the neural tube. In a cell culture study the
motility of mesoderm cells derived from the primitive streak
and cultured on ECM is significantly reduced, if the cells
originate from T/T embryos (Hashimoto et al., 1987). Beddington et al. (1992) using cell chimeras have shown that the
reduced motility of T/T cells is a cell autonomous defect.
According to an immunohistochemical study, T-protein is
located in the nucleus, and at the tail-bud stage, the whole
length of notochord is positive for T-protein (Kispert and
Herrmann, 1994).
The expression of the Xenopus homolog of brachyury, Xbra
(XB) during embryogenesis has been studied by Smith et al.
(1991). RNAase protection analysis using an anti-sense probe
prepared from the 3′ end of the cDNA shows that Xbra is
strongly expressed from MBT to stage 12. The maximum level
is attained around stage 11. The stage at which Xbra transcripts
become undetectable varies according to blots. Some blots
reveal the presence of transcripts still at stage 37. Around this
stage the elongation of the tail bud stops. This means that the
expression of Xbra is terminated when the last CE event of
embryogenesis is finished. In situ hybridization studies of the
early gastrula stage show that the whole marginal zone is
positive for Xbra RNA. During involution of mesoderm
through the blastopore, down regulation of transcripts occurs,
so that the expression becomes limited to presumptive
notochord. The similarity of the pattern of down regulation
described here with that of CE during mesoderm involution as
reviewed in the Introduction is impressive. Together with the
above mentioned involvement of T in the elongation of the
embryonic axis and the control of posterior differentiation, the
coincidence of the specific pattern of down regulation strongly
supports the hypothesis that the expression of CE is controlled
by proteins of brachyury homologs, in vertebrate embryos.
Decisive evidence in favour of this hypothesis has been
produced by Stott et al. (1993) who show, by manipulating the
copy number of the T gene in transgenic mice that the level of
T product correlates with the extension of the AP axis, and
conclude that T product is involved in axial elongation.
The following observations of experimental controls of the
Xbra expression support the proposed hypothesis that Xbra
protein controls the expression of CE: (1) In UV-ventralized
Xenopus embryos, the expression of Xbra is suppressed (Ruizi
i Altaba and Jessell, 1992), while the elongation of the AP axis,
which depends on CE, becomes progressively inhibited as ventralization progresses (Scharf and Gerhart, 1983; Gerhart et
al., 1989). (2) Amaya et al. (1993) used the expression of a
dominant negative construct of the FGF receptor (XFD) to
study the endogenous FGF signalling pathway in intact
embryos, and found that the expression of Xbra, but not that
of goosecoid, is inhibited by the expression of XFD. At the
stage corresponding to the tail-bud stage of control embryos,
XFD-embryos have a V-shaped dorsal side suggesting the lack
of CE. The development of notochord is completely suppressed. Other trunk mesodermal tissues are also affected
during development. However archencephalic differentiation
occurs, suggesting the inducting activity of the prechordal
palate. One question to be raised is whether in XFD-embryos
the dorsalized mesoderm becomes extended to the tail level as
it does in the normal embryos.
According to Niehrs et al. (unpublished observation in

Niehrs et al., 1993), overexpression of goosecoid causes
elongation of ventral marginal zone, interpreted as CE. Under
this condition, the mesoderm produces notochord, muscle and
neural tissues. Although the details of the experiment need to
be known, the result appears to suggest that the dorsalization
of the ventral mesoderm caused by microinjection of goosecoid
mRNA leads to the expression of Xbra. This is in agreement
with the observation that ventral microinjection of goosecoid
mRNA gives rise to a secondary embryo, which often has the
complete posterior axis (Blumberg et al., 1991; Cho et al.,
1991; De Robertis et al., 1992). According to the extended
model of dorsalization-caudalization, and the hypothesis
proposed in this section, Xbra needs to be expressed under this
condition to allow morphogenesis of the posterior zone.
In the ventrally located secondary embryo produced by overexpression of goosecoid, the archencephalic level is mostly
lacking (Steinbeisser et al., 1993). This is in agreement with
the observation that when the mid-ventral marginal zone of
Triturus embryos, which forms the blood island in isolation, is
dorsalized by ammonia or sodium thiocyanate, it differentiates
notochord and somites, but no prechordal plate (Yamada,
1950b; Ogi, 1958). Since in the normal Xenopus embryo at the
end of gastrulation, the length of the ventral midline of
mesoderm is less than half that of the dorsal midline (Keller,
1976, Fig. 3), when mesoderm is dorsalized and Xbra is
activated to the normal extent, the whole ventral mesoderm
may be caudalized, and no prechordal plate will be formed,
assuming that the form of the mesoderm mantle is controlled
by mesoderm induction and not by dorsalization.
Smith and Howard (1992) showed that the activation of CE
associated with mesoderm induction can be inhibited by the
injection of BMP-4 mRNA at the one cell-stage. BMP-4 is
normally expressed in the ventral level of mesoderm, and is
involved in ventralization of mesoderm (Köster et al., 1991;
Jones et al., 1992). Its over-expression should suppress mesodermal dorsalization, and hence inhibit CE expression. This
observation together with the effect of mesodermal dorsalization show that the expression of Xbra depends on the dorsalized state of the mesoderm.
There is one type of induction experiment that suggests that
the developmental regulation of CE is somehow related to the
induction of posterior dorsal mesodermal tissues in ectoderm.
Using competent ectoderm stained with Nile Blue sulphate as
the lineage-marker, Suzuki et al. (1984) showed that when the
uninvaginated presumptive prechordal plate is combined with
competent ectoderm and cultured, it first induces notochord
and somites in the ectoderm. The posterior neural structures,
which regularly appear in this series are secondarily induced
by notochord and somites, which in turn are derived from
responding ectoderm. However, if different levels of the
archenteric roof are used as the inducing tissues, no such
mesoderm induction occurs. The neural structures are induced
in these series directly by dorsal mesoderm derived from the
archenteric roof in agreement with the classical concept of the
organizer action. As already discussed in the Introduction,
Hama et al. (1985) showed that the presumptive prechordal
plate is expressing CE before invagination, and if it interacts
with the competent ectoderm at this stage, its CE expression
continues. However, after invagination the prechordal plate
stops the expression of CE, and if it interacts with the
competent ectoderm at this stage, no expression of CE occurs,
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and archencephalic structures are induced in responding
ectoderm. This appears to mean that the ectopic expression of
Xbra may be responsible for the induction of notochord and
somites in the competent ectoderm in the first series of Suzuki
et al. (1984). This idea has been supported by the more recent
experiment of Cunliffe and Smith (1992) who injected Xbra
mRNA into the animal pole of the one cell stage Xenopus
embryo. Subsequently the animal pole region was separated
and cultured. It produced somites. Thus Xbra protein causes
the expression of CE in the mesoderm, but induces posterior
mesodermal tissues in the ectoderm.
TOPIC 2: OTHER GENES INVOLVED IN
CAUDALIZATION
In addition to Xbra, other genes are known that may be
involved in caudalization. A Xenopus gene containing the fork
head DNA-binding domain called XFD-1, XFKH-1 or pintallavis has been shown to be expressed in the organizer region
(Knöchel et al., 1992; Dirksen and Jamrich, 1992; Ruiz i
Altaba and Jessell, 1992). Before the mesoderm involution it
is expressed in the dorsal marginal zone. During gastrulation
it is present at the dorsal lip and the surrounding area. At stage
12, the maximum over-all expression of the gene is attained.
At stage 12.5 the expression is stronger in the presumptive
notochord, and weaker in the presumptive prechordal plate.
From stage 12 to 13, the expression becomes restricted to the
dorsal midline. Cross sections of embryos demonstrate that the
floor plate of the neural ectoderm, which is in the contact with
the positive notochord, expresses the gene. In exogastrulation,
the expression at the floor plate does not occur, if the ectoderm
is not in the contact with the notochord, indicating that transmission of the activity from notochord to the floor plate occurs
in the intact embryo. From stage 17-18, the mesodermal dorsal
midline expression rapidly decreases from the anterior end
toward the posterior, and a clear posterior to anterior gradient
of expression becomes established. At around stage 28 (the
tail-bud stage) the expression is restricted to the tail-bud
including the floor plate. Both the inductive expression of the
gene at the floor plate, and the progressive posterior restriction
of the gene expression from the late neurula stage onwards
correlate with the expression pattern of CE. This strongly
suggests the possibility that pintallavis is involved in the
expression of CE. It is significant that expression of ectodermal CE at the floor plate correlates with the expression pattern
of pintallavis but not with the expression pattern of Xbra.
Among genes involved in caudalization there may exist certain
functional specialization. That overexpression of pintallavis
can cause the inhibition of archencephalic differentiation
strongly suggests the caudalizing role of the gene. The
expression of the gene is dependent on the dorsalized state of
mesoderm.
The possible involvement of a homeobox gene Xnot (von
Dassow et al., 1993) in the regulation of caudalization is
suggested by the progressive localization of its expression in
the dorsal mesoderm behind the AP border-line around the
time of involution. Its loss of expression from the anterior to
posterior levels after the late neurula stage and final restriction
to the tail-bud at the tail-bud stage again correspond to the
similar posterior restriction of CE. The expression of Xnot at

the floor plate can be interpreted as suggesting a relationship
of the gene with CE. FGF induces the transcription of Xnot,
and the dominant-negative mutant of FGF receptor inhibits the
expression of Xnot.
Another homeobox gene, Xhox-3, is expressed in the
posterior dorsal mesoderm of Xenopus gastrula and neurula
embryos in the reverse AP gradient (Ruiz i Altaba and Melton,
1989a,b). Its possible involvement in caudalization has been
discussed (Yamada, 1990). The injection of antibodies against
the protein causes reduction of the AP axis and defects in
posterior axial mesodermal tissues (Ruiz i Altaba et al., 1992).
Thus Xhox-3 protein plays a regulatory role in caudalization.
That a homolog of hedgehog may play a caudalizing role
during the action of the organizer is suggested by its regulation of the floor plate (Krauss et al., 1993; Echelard et al., 1993;
Riddle et al., 1993; Roelink et al., 1994; Smith, 1994). This
expanding area will be discussed in a separate review.
TOPIC 3: LITHIUM CAUSES CAUDALIZATION AND
INDUCES CONVERGENT EXTENSION
It is rather surprising that a caudalizing effect very similar to
that of RA can be produced by lithium, a fact that was first
noted in 1958-1960. Although the information is contained in
local Japanese publications, because of its present importance
for understanding the regulation by RA, it will be briefly summarized here. It is highly desirable that corresponding studies
should be conducted on Xenopus embryos.
Masui (1958) analyzed the effect of lithium on AP specification by the organizer in embryos of Cynops (Triturus)
pyrrhogaster. In the control for the first series, competent stage
12 ectoderm is combined with the invaginated presumptive
prechordal plate of the same stage, and grafted to the ventral
part of a host embryo. In experimental series, one of combined
tissues is treated with 0.06 M LiCl for 4 hours after separation.
As controls, archencephalic structures including eyes and
noses, and also occasionally deuterencephalic structures are
induced. Lithium-treated presumptive prechordal plate
combined with untreated ectoderm strongly inhibits archencephalic induction, increases deuterencephalic induction, and
gives rise to the induction of spinal cord. The over-all neural
frequency remains high. Deuterencephalic structures and
spinal cord are always associated with myotome and
notochord. When lithium-treated ectoderm is combined with
untreated presumptive prechordal plate, again archencephalic
structures are strongly reduced, deuterencephalic structures
increase, and spinal cord appears. The frequency of total neural
structures remains high. So too do the frequencies of myotome
and notochord. The combination of untreated ectoderm with
untreated presumptive trunk-tail mesoderm in the second
control series gives rise to a high frequency of trunk-tail
tissues. However, the combination of lithium-treated trunk-tail
mesoderm with untreated ectoderm reduces the frequency of
neural structures from 95% to 43%. A similar reduction occurs
in notochord. Most of the neural structures formed are spinal
cord accompanied by fins, notochord and myotomes. However,
when lithium-treated ectoderm is combined with untreated
trunk-tail mesoderm, results are closely similar to those of the
control: frequent neural structures (100%), and well differentiated deuterencephalon and spinal cord. In a separate series,
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Masui (1958) studied the effect of lithium on isolated presumptive forebrain of Hynobius nebuloses (a urodele species)
by culturing isolated treated tissues. The treatment at the late
gastrula stage inhibits the formation of archencephalon and
eyes. The treatment at the early neurula stage affects the
formation of eyes, but not of archencephalon, while treatment
at the late neurula stage affects only the bilateral arrangement
of eyes. Throughout those stages, the treatment increases the
frequency of ears, and enhances the deuterencephalic mode of
brain development. These results show that lithium shifts the
system in the archencephalic pathway into the deuterencephalic pathway without the mediation of the organizer.
Gebhardt and Nieuwkoop (1964) studied the effect of
lithium on the induction by anterior notochord of stage 15
Amblystoma neurula in ‘sandwich’ experiments. Untreated,
this tissue induces a high percentage of archencephalic tissues
in competent ectoderm, and a lower percentage of deuterencephalic tissues. Lithium treatment of ‘sandwiches’ causes a
clear caudal shift of specification: high percentages of deuterencephalic tissues and spinal cords. The probable reason for
the archencephalic induction by anterior notochord, which
usually induces deuterencephalon and spinal cord, is the
advanced stage of the donor. This is a phenomenon called
posterior dominance by Slack and Tannahill (1992). The phenomenon can be explained in the following way. The cessation
of expression of CE in intact embryos begins from the anterior
notochord in the later part of the neurula stage. According to
the model of dorsalization-caudalization, and the hypothesis of
mediation of caudalization by CE, both discussed in the Introduction, the loss of CE in notochord should make the tissue an
archencephalic inductor. From the viewpoint of the caudalizing effect of lithium, the experiments cited here are in full
agreement with the earlier cited work of Masui (1958, 1960).
In summary, the experiments cited in the last paragraphs
demonstrate that the lithium treatment of tissues involved in
the induction of archencephalic differentiation leads to a
posterior shift of specification. The separate treatment of the
inducing dorsal mesoderm and responding ectoderm gives rise
to the same shift. Such shift is not accompanied by the
reduction of over-all neural induction. The shift corresponds to
caudalization proposed in the model of dorsalization-caudalization for CNS induction (Introduction). Caudalization
induced by lithium can also occur in isolated neural ectoderm.
However, when differentiation of deuterencephalon and spinal
cord is the main induced event in the control, lithium does not
cause significant caudalization, but reduces the frequency of
mid-dorsal structures: neural tissues and notochord. In this
case, the target of lithium is restricted to the inducing activity
of dorsal mesoderm, while the response of ectoderm is not
affected. This effect of lithium may be the inhibition of mesodermal dorsalization which should be occurring at the time of
the treatment.
Why does archencephalic differentiation alone becomes
caudalized by lithium? Archencephalic differentiation is the
only level of differentiation that occurs in the absence of CE
in the organizer (Fig. 1). This suggests the possibility that
lithium caudalizes the differentiation by inducing CE. This
possibility is in agreement with the idea that CE mediates the
differentiation of the posterior zone (Introduction). Masui
(1960) reported that while the isolated, invaginated prechordal
plate cultured with ectoderm forms a round mass and induces

archencephalic differentiation, the same tissue treated with
lithium and cultured with ectoderm shows marked stretching
in all cases. Since under the latter condition the caudalization
of differentiation occurs, it appears probable that the primary
effect of lithium is the induction of CE, and the latter is responsible for caudalization of differentiation.
The observation of Masui that lithium causes caudalization
and ventralization of gastrula cells appears to contradict the
well known dorsalizing effect of the ion on Xenopus embryonic
cells (Kao and Elinson, 1988, 1989; Kao et al., 1986; Ruiz i
Altaba and Jessell, 1992). However, Yamaguchi and
Shinagawa (1989) demonstrated that this is not a contradiction,
but two different types of effects of the ion (dorsalizing or caudalizing-ventralizing effects) which occur at different stages of
development. According to these authors, the dorsalizing effect
of lithium is restricted to the early stages up to around MBT,
and later the caudalizing-ventralizing effect prevails. When
Lettice and Slack (1993) studied the effect of lithium on development of isolated ventral mesoderm, dorsalizing effect was
found until stage 9 and disappeared at the stage 10. Since
lithium is known to have cytolytic effect on early amphibian
embryonic cells until around MBT (Grunz, 1968), it is possible
that the dorsalizing effect of lithium is due to its subcytolytic
stimulus similar to that of ammonia discussed in the Introduction.
TOPIC 4: MODIFICATION OF ANTEROPOSTERIOR
SPECIFICATION BY EXOGENOUS RA, AND THE
ROLE OF ENDOGENOUS RA
Durston et al. (1989) demonstrated that when stage 10-15
Xenopus embryos are treated with 30-minute pulses of 10−7 M10−5 M RA and cultured up to stage 45 and studied in histological sections, defects in archencephalic structures including
eyes and noses are evident. When the volume of neural tissues
differentiated in archencephalon, deuterencephalon and spinal
cord is measured separately at stage 45, a strong decrease in
archencephalon, a moderate increase in deuterencephalon, and
a weak increase in spinal cord are recorded. The total volume
of neural tissue is not altered by the treatment, even at the
highest dose of RA used. The shift of regional differentiation
is also demonstrated in recombinates of stage 10 ectoderm and
dorsal mesoderm, in which neural induction occurs during
culture, and in isolated stage 11 ectoderm which has been neuralized before separation and differentiates archencephalic
structures during culture. In both systems, RA treatment suppresses archencephalic differentiation. Furthermore stage 11
ectoderm-series shows that the respecificating effect of RA can
occur without the mediation of mesoderm. The observed effect
of RA is not associated with tissue damage or disturbance of
gastrulation. It is further shown that at sensitive stages, the
mean concentration of 1.5×10−7 M RA is present in Xenopus
embryos, and 3H-labelled RA is taken up by embryos. These
findings are interpreted by the authors to mean that endogenous RA mediates caudalization (transformation) in intact
embryos.
Sive et al. (1990) treated Xenopus embryos at late blastula
and early gastrula stages with 1 µM RA for 5 to 320 minutes
progressively, and described external morphology of embryos
at stage 35. The most sensitive tissue was the eye, which was
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reduced and lost after a treatment for 40 minutes. After this
level of treatment, the outline of the head suggests reduction
or loss of the archencephalic level of the brain. After 40-320
minutes treatment, the total size of the embryos is reduced and
formation of tail suppressed. Whole embryos treated with RA
and judged to have lost the brain, but retained the neural tube
and somites were studied for transcripts of marker genes of
various AP levels at stage 20-30, and compared with untreated
control embryos. The treatment abolishes the expression of
XA-1 (Sive et al., 1989) normally expressed in cement glands
and anterior neural tissue and EN (engrailed), which marks the
boundary between mesencephalon and rhombencephalon
(Hemmati-Brivanlou and Harland, 1989). However, XIF-3 a
marker of ‘anterior neural tissue’ is found to be increased,
instead of lost as those authors anticipated. However, the
following interpretation may explain this apparent anomaly.
The in situ hybridization data of Sharpe et al. (1989) showed
that in normal embryos XIF-3 transcripts are mainly expressed
at the deuterencephalic level, and probably also weakly in the
anterior spinal cord, but are absent, or almost absent at the
archencephalic level. The embryos judged by Sive et al. as
headless, probably lost only archencephalic tissues but had
retained the deuterencephalon. The conversion of archencephalon into deuterencephalon may have increased the
amount of deuterencephalon. This may have elevated the level
of XIF-3. The expression of XIHbox-6 (Wright et al., 1990),
the neural marker of the trunk-tail level, was found to be much
greater in treated embryos, while the expression of Xhox-36
(Condie and Harland, 1987), the neural marker of tail level,
was reduced. In summary, this series shows that RA treatment
respecifies positional values of the neural system in the process
of induction, suppressing the differentiation of the archencephalic level as well as the tail level, and enhancing differentiation of deuterencephalic and trunk-spinal cord levels. Sive
et al. (1990) further demonstrated that RA can directly alter the
developmental pattern of the neural system in the absence of
mesoderm. Dorsal ectoderm isolated at the middle gastrula
stage is treated or not treated with RA, and cultured, and tested
for markers of various AP levels. Control ectoderm shows a
high expression level of archencephalic markers, and a very
low expression level of deuterencephalic and trunk-tail
markers. RA treatment suppresses the expression of the former
group of markers, and enhances the expression of the latter
group. Thus the pattern of alteration in AP specification found
in whole embryos after RA treatment is repeated in isolated
dorsalized ectoderm, suggesting that ectoderm has the full
competence to react to RA, independently from dorsal
mesoderm.
While the work of Sive et al. emphasized the ability of
ectoderm to react to RA, Ruiz i Altaba and Jessell (1991a)
emphasized the role of dorsal mesoderm in response to RA. In
this work the effect of RA on AP specification of mesoderm
induced by some peptide growth factors has been investigated.
In one of the series, stage 8 ectoderm is treated with Activin
A in the presence or absence of RA. In the control, 20% head
and 60% tail are induced in host embryos. RA treatment in this
system causes complete suppression of head induction, while
the tail induction frequency remains high (65%). On the other
hand, ectoderm treated with bFGF and implanted similarly
shows 74% tail formation. This frequency of tail formation is
not affected by RA-treatment. In a similar experiment, Cho et

al. (1991) treated competent ectoderm with XTC-MIF, grafted
it into host Xenopus gastrula and obtain induction of head
(27%) and trunk-tail (61%). The addition of 10−5 M RA to this
system inhibits head induction, with a slight increase in trunktail induction (64%).
Putting together the observations of Durston et al. (1989),
Sive et al. (1989, 1990) and Ruiz i Altaba and Jessell (1991a,b),
it appears likely that RA-treatment has a caudalizing effect on
archencephalic induction, but a ventralizing effect on deuterencephalic and trunk-tail induction, as has been shown by
Masui (1958) for lithium treatment (see Topic 4). If this is the
case, RA-treatment of the whole embryos should considerably
reduce the caudalizing effect of RA, because it is not possible
to distinguish posterior structures produced by caudalization of
archencephalic differentiation from the original posterior structures that are being diminished due to the ventralizing effect
of RA. This may be one of reasons for the skeptic attitude of
Ruiz i Altaba and Jessell (1991a) toward the caudalizing effect
of RA.
The caudalizing effect of RA on neural induction by the
organizer reviewed in this topic is very similar to that of
lithium reviewed in the last topic. In view of the fact that both
lithium (Hallcher and Sherman, 1980; Downes and Michell,
1985; Busa and Gimmlich, 1989) and RA (Ponzoni and
Lanciotti, 1990) inhibit the polyphosphoinositide cycle, they
may have the same mode of action. This appears to suggest
that if lithium’s caudalizing effect is mediated by CE as
indicated in the last topic, the caudalizing effect of RA may be
also dependent on CE induced in the responding tissue by RA.
However, there exists no direct evidence for or against the
induction of CE by RA treatment.
Chen et al. (1994) studied the distribution pattern of endogenous active retinoids in early Xenopus embryos. They show a
3-fold increase in concentration during stage 2 and stage 14, a
clear posterior-anterior gradient of concentration at stage 14,
and 5-fold increase in the concentration in the dorsal marginal
zone during stage 10 to stage 12. Furthermore, retinoids are
highly concentrated in the dorsal marginal zone compared to
other parts of the embryo. The results do not support the view
that all CE is induced by retinoid, but are in agreement with
the view that CE expressed in presumptive notochord that
becomes involved in caudalization is induced by retinoids.
TOPIC 5: THE CORRELATION BETWEEN THE
POLARIZING ACTIVITY AND CONVERGENT
EXTENSION (CELL INTERCALATION)
According to Hornbruch and Wolpert (1986) and Wagner et
al. (1990), Hensen’s node, notochord, and floor plate of chick
embryos produce a high level of polarizing effects on limb
development when grafted to the anterior margin of the limb
bud. In contrast, other tissues of chick embryos similarly tested
have no or only weak polarizing effect. It is known that
Hensen’s node and notochord of early chick embryos express
CE (Spratt, 1955, 1957). In amphibian development, the floor
plate region expresses the highest level of CE within the neural
ectoderm (Goerttler, 1925; Keller et al., 1992; Hama, 1978;
Sharpe, 1992). It is probable that the floor plate of chick
embryos at early stages also expresses CE. The above facts
would suggest that tissues that are expressing CE produce a

3058 T. Yamada
polarizing effect. Furthermore, we have discussed the possibility that retinoid-treatment may induce CE in responding
tissues (Topic 4). Hence it is possible that the well documented
polarizing effect of retinoid could be due to CE induced by
retinoid.
Thus all these tests for the polarizing activity suggest the
possibility that the polarizing activity is cell intercalation. In
this regard, the observation of Muneoka and Murad (1987) that
cell intercalation does occur during Xenopus limb duplication
is highly interesting.

GENERAL DISCUSSION
Interaction between dorsalization and caudalization
Table 1 gives a summary of the sequence of events that are
essential for the initial mode of dorsalization-caudalization.
Although dorsalization and caudalization are two separate
functions of the organizer, they are interdependent at the
beginning and the terminal phase of the organizer action: (1)
after mesoderm involution, the expression of Xbra and CE
becomes dependent on the dorsalized state of the mesoderm;
(2) the AP specification of the presumptive CNS is determined
by the combinative effects of dorsalization and caudalization
as indicated in Fig. 1. Also in the mesoderm AP specification
of comparable nature may occur.

Table 1. Proposed sequence of events in dorsalization and
caudalization during AP specification by the organizer
Main Events of Dorsalization

Main Events of Caudalization

Dorsalization of mesoderm
anterior to the AP borderline at stage 9-10 (GD).

Expression of Xbra and CE over all
areas of the marginal zone. CE is
proposed to be controlled by Xbra
protein (T-1).

Dorsalization of mesoderm
behind the AP border-line
around stage 11. The mesoderm
becomes dorsalized at all
AP levels probably within the
gastrula stage. goosecoid
noggin, and XLIM-1 may be
involved in mesodermal
dorsalization (GD).
The ectoderm is dorsalized
(neuralized) by dorsalized
mesoderm by the mediation of
noggin protein (GD).
In the ectoderm, dorsalization
occurs at all AP levels of the
presumptive CNS (GD).

Restriction of the expression of Xbra
and CE behind the AP border-line after
mesoderm involution (IN,T-1).
Expression of Xbra becomes dependent
on mesodermal dorsalization (T-1).
Mesoderm located behind the AP borderline is proposed to be caudalized by
CE. The possible role of cell intercalation in this regulation (IN,GD).
Transmission of CE from notochord to
neural ectoderm, behind the AP borderline (T-1,2).
Pintallavis and Xnot may be involved in
the expression of ectodermal CE (T-2).
Morphogenesis of the posterior zone of
neural ectoderm is caudalized by the
ectodermal CE. The role of CEdependent RA (T-5).

In the ectoderm, dorsalization and caudalization interact as indicated in
Fig. 1 to give rise to the AP specification of CNS (IN).
Initials in parentheses indicate areas in the text where these subjects are
discussed: IN, introduction; T, topics; GD, general discussion.

The expression of dorsalizing and caudalizing
genes in the organizer
Among genes that are mainly expressed in the organizer region
during gastrulation and neurulation, two groups can be distinguished. The group of dorsalizing genes contains noggin
(Smith and Harland, 1992; Smith et al., 1993), goosecoid
(Blumberg et al., 1991; Cho et al., 1991; De Robertis et al.,
1992; Niehrs et al., 1993; Steinbeisser et al., 1993) and
probably also Xlim-1 (Taira et al., 1992). The other group
contains genes proposed to function in caudalization (Topics
1, 2): Xbra (Smith et al., 1991), pintallavis (XFD-1 or XFKH1) (Knöchel et al., 1992; Dirksen and Jamrich, 1992; Ruiz i
Altaba and Jessell, 1992) and Xnot (von Dassow et al., 1993).
The ectopic expression of the first group can give rise to more
or less the complete embryonic axis, while the second group
lacks this ability, but can caudalize the host anterior structures.
Both in noggin (Smith and Harland, 1992) and goosecoid
(De Robertis et al., 1992) the expression at stage 9-10 is limited
to the presumptive prechordal plate, and around stage 11, the
expression is expanded to include the presumptive notochord.
The noggin expression at stage 18 is restricted to the dorsal
midline of the mesoderm, and starts from a level anterior to the
AP border-line and continues uninterruptedly to the tail level.
All levels of the presumptive notochord are positive for the
gene transcript. But the most anterior part of the prechordal
plate seems to have lost the noggin expression at this stage.
This is probably related to the early loss of the inducing ability
of the prechordal plate often reported (Suzuki et al., 1984). It
appears from the above description that the dorsalizing genes
are expressed at all AP levels of the organizer during gastrulation and early neurulation, when it induces ectodermal dorsalization.
As discussed, the expression of Xbra in front of the AP
border-line disappears soon after the mesoderm invaginates,
while the expression behind the AP border-line persists for
some time (Topic 1). However, pintallavis is expressed weakly
in front of the AP border-line soon after the mesoderm invagination (Topic 2). The disappearance of the Xnot expression in
front of the AP border-line is intermediate in timing between
that of Xbra and pintallavis. Thus all caudalizing genes loose
the expression in front of the border-line first. Later a stepwise
loss of the expression from the anterior to the posterior level
is reported for pintallavis and Xnot (Topic 2). This point has
not been studied for Xbra.
From the above discussion it is clear that during gastrulation
and neurulation, the expression of two gene groups is occurring
simultaneously at the dorsal midline of the mesoderm. The
only difference between the expression of two groups is the
location of the anterior limit. After mesoderm invagination, the
expression of dorsalizing genes is extended more in the
anterior direction than that of the caudalizing genes. Assuming
that ectoderm receives the inductive effects of dorsalizing and
caudalizing genes whenever they are expressed in the confronting regions of the mesoderm, the reported data for Xbra
show that the anterior zone ectoderm receives only the effect
of dorsalizing genes, while the posterior zone ectoderm
receives the effects of both dorsalizing and caudalizing genes.
The reported data for pintallavis tend to suggest that the
anterior zone ectoderm receives a weak effect of caudalizing
genes for a brief period after mesoderm involution.
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Since both the original and extended models of dorsalization-caudalization depend on the assumption that dorsalization
occurs at all AP levels and caudalization is limited to behind
the AP border-line, the genetic data discussed in this section
strongly support these two models.
The inducing effect of noggin on ectoderm
According to Lamb et al. (1993) noggin protein induces neural
tissue in ectoderm in the absence of dorsal mesoderm, and the
neural tissue thus induced contains anterior-brain markers, but
not hindbrain or spinal cord markers. However, the last group
of markers may appear when noggin induces ectoderm together
with mesoderm. The result not only confirms the proposal
made in this paper that dorsalizing genes in the organizer are
responsible for ectodermal dorsalization, but supports, at the
genetic level, one of basic assumptions made in the original
model of dorsalization-caudalization (Yamada, 1950a): ectodermal dorsalization alone leads to the induction of archencephalic differentiation. The result is also in agreement with
the assumption that dorsalization together with caudalization,
which depends on dorsal mesoderm, induces posterior neural
structures, as proposed by the model. Along the line of research
of Lamb et al. it is also desirable to obtain information on
whether the inducing ability of the posterior zone of the
organizer disappears (together with that of the anterior zone)
in the absence of noggin secretion by the organizer. To do this,
simple inhibition of the expression of dorsalizing genes in the
organizer cannot be used, because under these conditions, the
expression of caudalizing genes in the organizer should be also
inhibited (Topics 1,2). Probably the inhibition of noggin
receptors in the responding ectoderm combined with the intact
posterior organizer would be required.
The difference in the regulation of AP specification
in mesoderm and ectoderm
As discussed in Topic 1, in the mesoderm, when dorsalizing
genes are expressed, the expression of caudalizing genes are
induced in the posterior levels of the dorsalized area. This
guarantees the occurrence of normal AP specification.
However, when the competent ectoderm is simply dorsalized
by the organizer, it becomes neuralized and differentiates
archencephalic structures. No posterior neural structures result
in this situation. For the induction of posterior neural structures, the ectoderm has to receive both the dorsalizing and caudalizing signals from the organizer. Thus, in contrast to the
mesoderm, the competent ectoderm does not have the ability
to fulfill AP specification, when it is simply dorsalized. Hence
the ectoderm is dependent on the organizer not only in dorsalization, but also in caudalization. This point is incorporated in
the original model of dorsalization-caudalization.
The regulative role played by cell intercalation in
caudalization
The suggestion made in this review that caudalization is
mediated by CE implies that cell intercalation is the essential
regulator of caudalization. The induction of cell intercalation
in the dorsalized non-intercalating cell population should
initiate the posterior pathway, and the gradient of cell intercalation should be able to give rise to a series of posterior
pathways. Some details of experiments done by Herrmann
(1991) can be interpreted to suggest that the posterior

mesoderm is directly regulated in this way, while the posterior
neural ectoderm is indirectly regulated. It is now pertinent to
study the pattern of cell intercalation in various caudalizing
systems from this view-point.
The dependence of development of the organizer on
activin
The main tissues that differentiate in the organizer or in the
ectoderm induced by the organizer can be produced in the
activin-treated animal cap (Thomsen et al., 1990; Mitrani et al.,
1990). Furthermore, dorsalizing genes like goosecoid
(Blumberg et al., 1991; Cho et al., 1991); Xlim-1 (Taira et al.,
1992) as well as the caudalizing genes like Xbra (Smith et al.,
1991); XFKH-1 (Dirksen and Jamrich, 1992); Xnot (von
Dassow et al., 1993); Xhox 3 (Ruiz i Altaba et al., 1992) are
inducible by activin. Thus, the function of the organizer is
highly dependent on the mesoderm inducing ability of activin
(Asashima et al., 1991; Dohrmann et al., 1993; Fukui et al.,
1994).
I thank Dr Viktor Hamburger for his encouragement and discussion which have been essential for writing this review.
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