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Retinoic acid modities mesodermal
patterning in early Xenopus embryos

A. Ruiz i Altaba and T. Jessell

Howard Hughes Medical Institute, Center for Neurobiology and Behavior, Columbia University, New York, New York

10032 USA

Treatment of early Xenopus embryos with retinoic acid (RA) produces a concentration-dependent series of
defects in anterior axial structures that range from small deletions to embryos lacking heads. The graded
series of axial defects obtained after RA administration to early embryos appears to result, in part, from
actions of RA on embryonic mesoderm. RA modifies the differentiation of anterior dorsal mesoderm from
animal cap ectoderm induced by mesoderm-inducing peptide growth factors (PGFs). Concentrations of RA that
suppress anterior dorsal mesoderm result in the differentiation of mesoderm of more posterior or ventral
character. The suppression of anterior dorsal mesoderm may account for the absence of anterior neural
ectoderm after RA treatment. Although RA changes the character of mesoderm, it does not seem to affect
mesodermal induction by PGFs or the levels of Xhox3 mRNA induced in the mesoderm by PGFs. RA
therefore appears to affect steps downstream from those involved in the initial induction of mesoderm. In
experiments to examine the possible physiological role of RA in early Xenopus development, dorsal and
ventral ectoderm were found to respond differently to identical concentrations of PGFs. One potential basis
for this heterogeneity is the existence of a localized inhibitor, possibly RA, in the early Xenopus embryo. RA
could therefore contribute to axial patterning by inhibiting the development of mesoderm of different

character induced by PGFs.
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The establishment of axial polarity is an early step in the
organization of the vertebrate body plan. In Xenopus em-
bryos, the generation of anterior—posterior (A-P) polarity
in the mesoderm is thought to begin at the blastula stage
but becomes evident only after gastrulation (Spemann
and Mangold 1924; Mangold 1933; see Hamburger 1988;
Ruiz i Altaba and Melton 1989c). The embryonic meso-
derm differentiates from ectodermal cells in the mar-
ginal zone of blastula-stage embryos under the control of
inductive signals from prospective endodermal cells in
the vegetal region (Nieuwkoop 1969). The inductive ac-
tion of vegetal cells can be mimicked by several peptide
growth factors (PGFs) including basic fibroblast growth
factor (bFGF), transforming growth factor-B2 (TGF-2),
and activin A {Kimelman and Kirschner 1987; Slack et
al. 1987; Smith 1987; Grunz et al. 1988; Rosa et al. 1988;
Asashima et al. 1990; Smith et al. 1990; Sokol et al.
1990; Thomsen et al. 1990). Mesoderm-inducing signals
also appear to control the regionalization of the meso-
derm, resulting in the establishment of distinct cell
types along the dorsal-ventral {(D-V) (Smith 1987; Cooke
et al. 1987; Slack et al. 1987} and A-P (Ruiz i Altaba and
Melton 1989c) axes.

During gastrulation, the regional character of the dor-
sal mesoderm is established as it involutes and extends
along the future A-P axis of the embryo. The dorsal axial

mesoderm, in turn, imposes regional differences along
the A-P axis of the overlying neural ectoderm (see Ham-
burger 1988). Arresting the extension of dorsal meso-
derm at different stages of gastrulation results in a graded
series of defects in anterior structures, leading to the loss
of heads, in severe cases (Gerhart et al. 1984). A compa-
rable loss of anterior structures is caused by exposure of
early embryos to UV light (Grant and Wacaster 1972;
Malacinski et al. 1977; Scharf and Gerhart 1983; Cooke
and Smith 1987) and by overexpression of the Xenopus
homeo box gene Xhox3 (Ruiz i Altaba and Melton
1989b). Normal anterior development can therefore be
arrested by several different manipulations that perturb
the differentiation of anterior dorsal mesoderm.

The patterning of many embryonic tissues has been
shown to be sensitive to retinoic acid (RA). In particular,
local administration of RA affects the axial pattern of
developing limbs (Niazi and Saxena 1978; Tickle et al.
1982; Maden 1983; Kim and Stocum 1986} and possibly
also the chick blastoderm (Mitrani and Shimoni 1989).
There is evidence for the presence of endogenous RA,
distributed unevenly along the A-P axis of the chick limb
with its high point in the posterior region (Thaller and
Eichele 1987). Thus, RA may function as an endogenous
morphogen involved in tissue patterning. The existence
of RA receptors that act as ligand-dependent transcrip-
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tional regulators (Giguere et al. 1987; Petkovich et al.
1987) suggests that RA exerts its morphogenetic func-
tions by regulating the expression of downstream genes.

RA administration to early Xenopus embryos causes a
marked loss of anterior structures (Durston et al. 1989;
Sive et al. 1990). The effects of RA on normal develop-
ment, together with biochemical evidence for the pres-
ence of endogenous retinoids (Durston et al. 1989), raise
the possibility that RA has a role in pattern formation in
early Xenopus embryos. The RA-induced loss of anterior
structures has been suggested to result from an A-P
transformation of the neural ectoderm (Durston et al.
1989). Consistent with this, RA has been shown to per-
turb some aspects of ectodermal development, particu-
larly the formation of the cement gland (Sive et al. 1990).
However, the anterior defects obtained after exposure of
early Xenopus embryos to RA could result, additionally,
from a change in the properties of embryonic mesoderm.
The finding that axial defects can be produced by short
periods of RA administration to early blastula embryos
{Durston et al. 1989; Sive et al. 1990) at a stage when
mesoderm but not neural ectoderm has differentiated
supports this possibility. Moreover, RA is known to af-
fect mesodermal development in several species (Marin-
Padilla 1966; Maden 1984; Tickle et al. 1989).

In this paper we present cvidence that the loss of an-
terior structures caused by RA may be mediated through
actions on the mesoderm and discuss the potential con-
tribution of endogenous retinoids to axial patterning in
early Xenopus embryos.

Results

RA perturbs different morphogenetic processes during
embryogenesis

Exposure of Xenopus embryos to RA results in a marked
perturbation of axis formation, which becomes apparent
as a deletion of anterior structures in tadpole-stage em-
bryos (Durston et al. 1989). To begin to examine the
mechanisms underlying the deletion of anterior struc-
tures, we applied RA to Xenopus embryos at different
stages of development. In most cases, treated embryos
were allowed to develop to tadpole stages for assessment
of abnormalities.

Treatment of embryos prior to gastrulation with 10~
to 10~ 7 m RA resulted in a progressive deletion of ante-
rior structures {Fig. 1A). Low concentrations {10~ to
108 m) caused defects in the most anterior structures,
usually the cement gland and forehead. Treatment with
higher concentrations (10~7 M) resulted in the complete
absence of a head. In addition, the posterior region of
embryos was severely truncated, possibly because of ef-
fects of RA on tailbud development. Truncated embryos
still exhibited a notochord and somites, although both
tissues displayed abnormal morphology {not shown).
These observations are consistent with previous findings
(Durston et al. 1989; Sive et al. 1990). Embryos treated
continuously with 1077 M RA from the early gastrula
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Figure 1. RA perturbs morphogenesis when applied at differ-
ent stages of development. (A} Xenopus embryos were exposed
to RA (10 7 M) for varying periods of time between early blas-
tula and early gastrula stages {second from top to second from
bottom) and allowed to develop to the tadpole stage for assess-
ment of the phenotype. Increasing the time of exposure to RA
results in a progressive loss of anterior structures, including the
eyes, cement gland, and head, as well as shortening of the axis
due to abnormal tailbud growth. From top to bottom, the first
tadpole is an untreated control, the second was treated with RA
from stage 2 to stage 4, the third from stage 2 to stage 6, the
fourth from stage 2 to stage 8, the fifth from stage 2 to stage 10,
and the bottom embryo was exposed continuously to RA. In the
latter case, the embryo failed to undergo normal neurulation. A
similar series of defects was obtained by treating early embryos
with different concentrations of RA for 30-60 min at the blas-
tula stage (not shown). (B) Early neurula (stage 13—-14) control
embryo (left) and embryos treated continuously with 1077,
10" ® or 10°° M RA (right to left) were photographed at the late
neurula stage, after neural tube closure in control sibling em-
bryos {stage 18-20). Note the progressive impairment of normal
neurulation with increasing concentrations of RA. The embryos
are shown dorsal side up to compare the shape of the neural
plate and folds. Anterior is to the top. {C) Late neurula (stage
16-18) embryos were exposed continuously to different concen-
trations of RA (107° to 10~ ® M) and photographed at the tadpole
stage. From top to bottomn, the first embryo is an untreated
control, the second was treated with 107° M, the third with
10~ ® M, the fourth with 10~7 M, and the two bottom embryos
with 107 M. When applied to late stages, RA affects anterior
development without causing deletions of eyes and cement
glands, even in severely affected embryos (bottom). Dorsal fin
and tail development are abnormal.

stage failed to undergo normal neurulation (Fig. 1A, bot-
tom). Treatment of late gastrula- to early neurula-stage
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embryos with 10~° to 1078 M RA (Fig. 1B) also resulted
in neurulation defects including the failure of the neural
folds to fuse.

Application of RA to late neurula-stage embryos pro-
duced defects that differed, in part, from those obtained
after RA treatment of early embryos (see above). In par-
ticular, after late application of RA, the cement gland
and eyes were always present (Fig. 1C). However, there
were defects in axial elongation, which may result from
a disruption of tailbud development. In addition, devel-
opment of the dorsal fin was perturbed, possibly as a
result of actions of RA on neural crest and epithelial cells
(Lotan 1980; Sporn and Roberts 1983; Kopan et al. 1987;
Sulik et al. 1988). Defects in the development and pat-
terning of the central nervous systems (CNS} after RA
treatment of neurula-stage embryos are described sepa-
rately (A. Ruiz i Altaba and T. Jessell, in prep.}. In this
paper we have focused on the effects of RA on preneurula
stage embryos.

RA modifies the character of mesoderm induced by
PGFs

Graded axial defects similar to those obtained after ex-
posure of early embryos to RA have been obtained with
treatments that alter the properties of axial mesoderm
{Gerhart et al. 1989; Ruiz i Altaba and Melton 1990). In
view of this it seemed possible that the axial defects
obtained in response to RA (Fig. 1A) result from a dis-
ruption of mesodermal development rather than from a
direct action on ectoderm as proposed previously {Dur-
ston et al. 1989).

To determine whether RA has direct effects on meso-
dermal differentiation, we examined the response of an-
imal cap ectodermal cells to mesoderm-inducing PGFs
(Smith 1989) in the presence or absence of RA. Meso-
derm was classified as anterior dorsal if notochord and/or
somites {axial mesoderm) developed together with ante-
rior neural tissue (brain vesicles and/or eyes). Posterior
dorsal mesoderm was characterized by the differentia-
tion of axial mesoderm with or without posterior neural
(spinal cord-like) tissue. Ventral mesoderm was identi-
fied by the presence of mesenchyme and by the appear-
ance of vesicular structures, both in the absence of axial
tissues (Slack et al. 1987; Smith 1987). The PGFs used
were PIF (P388D1-derived inducing factor), an activity
derived from mouse macrophage cells {Sokol et al. 1990,
which has been characterized as activin A (Thomsen et
al. 1990), and bFGF. Presumptive ectodermal cells were
isolated from the animal cap of blastula-stage (stage 7-8)
embryos and cultured in the presence of PGFs together
with different concentrations of RA.

Treatment of animal cap cells with high concentra-
tions of PIF resulted in elongation of the caps and in the
differentiation of dorsal axial structures, including noto-
chord and muscle that was often segmented (Fig. 2A-C;
see Sokol et al. 1990). At lower concentrations, the ef-
fects of PIF were similar to those of bFGF and resulted in
the differentiation of dorsal posterior and ventral meso-
derm (Fig. 2A and data not shown) (Smith 1987; Slack et
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al. 1987; Ruiz i Altaba and Melton 1989c; Sokol et al.
1990).

The degree of elongation and the extent of differenti-
ation of PIF- and bFGF-induced animal caps were used as
assays to evaluate the effects of RA on mesodermal de-
velopment. RA alone does not induce mesodermal dif-
ferentiation in animal cap cells (Durston et al. 1989;
Ruiz i Altaba and Melton 1989c; Sive et al. 1990}. Treat-
ment with RA {107!° to 10~ 7 m) at the time of PIF ap-
plication resulted in a progressive decrease in the extent
of axial elongation and a reduction in the extent of no-
tochord, muscle, and melanocyte differentiation, deter-
mined histologically (Fig. 2 and data not shown). The
character of mesoderm obtained by induction of animal
caps with high concentrations of PIF in the presence of
RA was similar to that found with low concentrations of
PIF (data not shown; Sokol et al. 1990). Labeling with the
muscle-specific mAb 12/101 {Kintner and Brockes 1984)
revealed a marked reduction in PIF-induced dorsal me-
soderm in the presence of RA {Fig. 3; Table 1). The pro-
gressive decrease in the amount of muscle (Table 1) and
notochord (not shown) was accompanied by an increase
in the incidence of mesenchymal tissue and vesicular
structures, suggestive of ventral mesoderm (Fig. 2A-D).
Even though treatment with PIF in the presence of high
concentrations of RA appeared to induce ventral meso-
derm (Fig. 2D), histologically identifiable neural tissue
was also observed occasionally (Fig. 2E). The differenti-
ation of ventral mesoderm induced by bFGF was not sig-
nificantly affected by RA {107 !° to 107 M) although in
alow percentage (~10%) of cases RA addition resulted in
a small but detectable increase in the extent of elonga-
tion of bFGF-treated animal caps (Fig. 2A). Similar re-
sults were obtained in 10 independent experiments with
at least 10 animal caps per sample. On average, 80-90%
of caps responded in the manner described above. These
results show that RA can alter the character of the me-
soderm induced by PGFs and that the differentiation of
dorsal mesoderm is most sensitive to RA.

The actions of RA may be mediated at the level of the
initial response of ectodermal cells to mesoderm-induc-
ing PGFs or at subsequent steps in the differentiation of
induced mesoderm. In an attempt to distinguish these
two possibilities, the order of addition of PIF and RA to
animal caps was varied. When RA (10~7 M) was added to
animal cap cells at the same time as PIF, there was a
strong inhibition of dorsal mesodermal differentiation in
response to high concentrations of PIF, resulting in the
differentiation of ventral mesoderm. However, these ef-
fects of RA could be partially reversed by washing RA-
treated caps for 1-2 hr before addition of PIF. Thus, ap-
plication of PIF after extensive washing of caps exposed
to RA induced a greater degree of elongation and the
presence of a small amount of muscle (Fig. 4A and data
not shown). In the converse experiment, we found that
RA was equally effective in inhibiting dorsal mesoder-
mal differentiation when applied coincident with or up
to 2 hr after PIF (Fig. 4B and data not shown). PIF appli-
cation for a period as short as 30 min can induce meso-
derm (Sokol et al. 1990). Moreover, the inner surface of
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Figure 2. RA modifies mesodermal in-
duction by PGFs. (A} Animal caps were
isolated from blastula (stage 8) embryos
and left untreated (top row) or exposed to
high concentrations of PIF (middle row) or
bFGF (bottom row). Caps treated with PIF
elongate in a manner characteristic of an-
terior dorsal development (middle left),
whereas caps treated with bFGF do not
elongate to the same extent (bottom left).
Addition of RA from 107 '° M (lane 10) to
1077 M (lane 7) causes a progressive de-
crease in the elongation of caps treated
with identical concentrations of PIF {mid-
dle), whereas no change in appearance is
seen in bFGF-treated caps (bottom). RA
(10~7 m) alone does not have any apprecia-
ble effect on animal cap cells (top right).
(B) Section of an animal cap treated with a
high concentration of PIF. Induced caps
were fixed at the equivalent of the tadpole
stage (stage 30). (C) Detail of a section of a
cap treated with high concentrations of
PIF. Note the high degree of elongation
and the differentiation of dorsal tissues,
including segmented somites (S), tail fin
(T), melanocytes (M), and neural tissue (N)
at stage 36. (D) Section of an animal cap
treated with a concentration of PIF identi-
cal to that in B, in the presence of 10 * m
RA. The cap forms a less elongated struc-
ture, with vesicles surrounded by ventral-
type mesenchyme (ME). (E) Detail of a sec-
tion of an animal cap treated with PIF and

RA (10 * M) showing neural tube-like structures [N) that are sometimes observed inside the vesicle, surrounded by mesenchymal cells
[ME). Note the pigmented epithelium in the internal canal. Muscle masses and notochord were not observed in induced caps displaying

these posterior neural structures.

the animal cap, which is responsive to PGFs, seals
within 1 hr of preparing caps {(data not shown), which
prevents any subsequent effects of PGFs. Taken to-
gether, these experiments suggest that RA can modify
the fate of cells that have already been induced along a
mesodermal pathway of differentiation but do not ex-
clude additional effects of RA on ectodermal cells.

Xhox3 mRNA levels in the induced mesoderm are not
changed by RA

A phenotype similar to that obtained after treatment of
early embryos with RA (Fig. 1A) is produced by overex-
pression of the homeo box gene Xhox3 (Ruiz i Altaba and
Melton 1989b). The coincidence of phenotypes led us to
examine whether the effects of RA might be mediated by
an increase in the level of Xhox3 mRNA in the meso-
derm. By an RNase protection assay, we first compared
the level of Xhox3 mRNA in untreated embryos with
that in embryos treated with RA. There was no detect-
able difference in the amount of Xhox3 mRNA present
in untreated embryos when compared with embryos
treated at the late gastrula/early neurula stage {Fig. 5A).
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The amount of Xhox3 mRNA detected in animal caps
exposed to PGFs provides an indication of the axial char-
acter of the induced mesoderm {Ruiz i Altaba and Mel-
ton 1989c). Low amounts of Xhox3 mRNA are detected
when anterior dorsal mesoderm is induced by exposure
of animal caps to high concentrations of PIF and Xeno-
pus XTC cell-conditioned media, which has been shown
also to be a source of activin (Smith 1987; Smith et al.
1990). In contrast, high amounts of Xhox3 mRNA are
induced when posterior dorsal mesoderm is induced by
lower concentrations of these PGFs (activin) or by high
concentrations of bFGF (Ruiz i Altaba and Melton
1989¢). The amounts of Xhox3 mRNA in animal caps
treated with high concentrations of PIF did not change in
response to RA (107% to 107 m; Fig. 5A). In control
experiments, animal caps treated with high concentra-
tions of bFGF (200 ng/ml) exhibited much larger
amounts of Xhox3 mRNA (Fig. 5B). These results sug-
gest that RA affects mesodermal differentiation by ac-
tions downstream of mesoderm-inducing PGFs and
Xhox3 or by a distinct pathway.

In PIF-treated animal caps, the expression of neural
cell-adhesion molecule (N-CAM) mRNA, a marker of
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Figure 3. Effects of RA on expression of the 12/101 muscle-
specific antigen. Blastula-stage (stage 8) animal caps were iso-
lated, induced with high concentrations of PIF in the absence
(A) or presence (B—E) of different concentrations of RA and la-
beled with mAb 12/101 to detect axial muscle tissue derived
from somitic mesoderm. The red~brown immunoperoxidase re-
action product denotes the site of 12/101 antigen expression. In
the absence of RA (A), PIF induces dorsal-type structures, in-
cluding segmented somites. The induced animal cap shows an
axial organization with A-P (right to left) and D-V (top to bot-
tom) polarity. Note the presence of a dorsal fin and melanocytes
on top and a tail-like structure to the left. Axial organization is
reduced or lost when caps are induced by PIF in the presence of
10~° (B, 9), 1078 (C, 8), or 1077 (D, 7) M RA. Increasing the
concentration of RA reduces the number of 12/101 immunore-
active cells (see Table 1). In animal caps induced in the presence
of 1078 or 1077 M RA, isolated muscle cells are sometimes
observed. Uninduced animal cap tissue does not express 12/101
antigen (E, —|.
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embryonic neural tissue {Kintner and Melton 1987}, de-
creased but did not disappear with increasing concentra-
tions of RA (Fig. 5B). Neural induction therefore occurs
in response to PIF even in the presence of high concen-
trations (10~7 M) of RA.

RA perturbs the ability of mesoderm to induce
secondary structures

The perturbation of anterior mesodermal development
could be responsible for the reduction or absence of an-
terior structures in embryos treated with RA at early
stages of development (Fig. 1A). To provide information
on the possible role of RA on the differentiation of ante-
rior mesoderm in vivo, we examined whether RA affects
the ability of mesoderm to induce secondary structures
after implantation into the blastocoel of gastrula-stage
host embryos (Mangold 1933; Ruiz i Altaba and Melton
1989c¢).

In initial experiments, anterior neural structures were
induced by implanting mesoderm induced from animal
cap tissue by exposure to high concentrations of PIF. In
these experiments the percentage of secondary heads in-
duced was low (~20%), and there was a high incidence
{~60%) of induced tails {n = 40 embryos). Low concen-
trations of RA (10~ 8 m) applied to PIF-treated animal cap
mesoderm completely suppressed the ability of the me-
soderm to induce secondary heads (not shown), but the
incidence of secondary tails remained high (~65%;
n = 20 embryos). The prevalence of induced tails in con-
trol experiments made it difficult to assess whether the
decrease in head inductions was accompanied by a sig-
nificant increase in the incidence of tail inductions. A
high incidence (74%) of tails was induced after trans-
plantation of animal cap tissue induced by bFGF (200
ng/ml}, and this frequency was not affected by RA (1078
M) (Fig. 6C; Table 2; data not shown). Transplantation of
untreated animal cap tissue did not induce secondary
structures (not shown; see Ruiz i Altaba and Melton
1989c).

In view of the difficulty in obtaining a large number of
anterior inductions after implantation of PGF-treated an-
imal cap tissue, we grafted prospective anterior dorsal
mesodermal of stage 10 gastrulae (the Spemann orga-
nizer or dorsal lip}. This region of mesoderm induces
ventral ectoderm to form well-patterned heads that in-
clude anterior folds, cement gland, forebrain, and eyes in
a high percentage of cases {~80%; Fig. 6A; Table 2} (Ruiz
i Altaba and Melton 1990). Donor embryos were treated
with RA (1071° to 1077 m) for ~2 hr before removal of
the organizer. Organizers derived from donor embryos
treated with RA did not induce proper head structures
after implantation into an untreated gastrula-stage em-
bryo, forming instead a head lump without cement
glands or eyes (Fig. 6B; Table 2). These lumps appeared in
an anterior ventral position similar to that in which
heads appear after normal organizer grafts. In previous
studies (Ruiz i Altaba and Melton 1989c) induced lumps
have been shown to contain disorganized neural and me-
sodermal tissue of undetermined A-P character. No con-
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Table 1. Muscle induction in animal cap tissue in the presence of RA

Large masses Small masses or isolated cells No staining n

Animal cap 0 0 100 6
+RA107" M ' 0 0 100 12
Animal cap + PIF 47 53 0 15
+RA 107 M 22 39 39 13
+RA107 M 8 46 46 13

+ RA 1078 M 0 30 70 10
+RA107" M 0 32 68 22
Animal cap + bFGF 0 43 57 7
+RA107!1%M 0 47 53 17
+RA107°M 0 24 76 17
+RA 1078 M 0 18 82 22
+RA10""M 0 45 55 11

The induction of muscle in response to high concentrations of PIF or bFGF in the presence or absence of RA was assessed by staining
with the muscle-specific 12/101 antibody {Kintner and Brockes 1984). Control uninduced caps were incubated alone or with RA.
Explants were allowed to develop to the tadpole stage, fixed, and stained as described in Materials and methods. Muscle cells appear
in isolation or as coherent muscle masses (see Fig. 3). All numbers refer to approximate percentages, with the exception of the right
hand column, which refers to the number of explants (n).

sistent defects were observed in any structures of the
host axis following implantation of RA-treated organiz-
ers. Grafts of dorsal posterior mesoderm invariably in-
duced posterior structures, most frequently tails, in a
posterior ventral position (see also Mangold 1933; Ruiz i
Altaba and Melton 1989c). These results suggest that RA
can prevent normal anterior neural induction by inter-
fering with the differentiation of prospective anterior
dorsal mesoderm. However, it is not possible to exclude

on the differentiation of PIF-induced animal cap meso-
derm raise the possibility that endogenous RA might
have a role in mesodermal patterning in the early em-
bryo. Regions of ectoderm exposed to endogenous RA
might respond to high concentrations of PIF by differen-
tiating into ventral rather than dorsal mesoderm. To test
this possibility, dorsal or ventral ectodermal halves of
early gastrula (stage 10 to 10 + ) embryos were exposed to
PIF and bFGF. Early gastrula-stage embryos were used

because the appearance of the dorsal lip of the blastopore
indicates reliably the dorsal side of the embryo. Dorsal
and ventral animal cap halves dissected and exposed to
high concentrations of PIF or bFGF did not develop iden-
tically (Fig. 7A; Table 3). Dorsal halves differentiated
into anterior dorsal {head) structures in response to high
concentrations of PIF, and into posterior dorsal {trunk
and tail) structures in response to bFGF (see also Slack et

that the absence of induced secondary anterior struc-
tures results, in part, from actions of RA on the ectoderm
after its diffusion from the implant.

Differential induction of dorsal and ventral ectoderm

The presence of RA in the Xenopus embryo (Durston et
al. 1989) and the concentration-dependent effects of RA

Figure 4. Evidence that RA directly af- A B

fects mesodermal cells. Blastula-stage
(stage 8) animal caps were induced to form s z
& LA L | b

mesoderm in the presence of a high con- = ‘ P

centration of PIF after (A) or before (B) ex- fa 3 ¢

posure to 1077 M RA and allowed to de- Fhw e - R w ”
velop to stage 36. (A) Effects of RA addi- ’ ”‘Q,Q ™

tion before PIF induction. Whole embryos PIF 2 1 c PIF 1 2

were treated with RA for 2 hr and then

washed for 1 or 2 hr before cutting the an-

imal caps and exposing to PIF. The effect

of RA diminishes with increasing time of washing jcf. columns 2 (2-hr wash) and 1 {1-hr wash)]. The persistence of the effect of RA
may be due to storage of RA in the yolky embryonic cells or to direct effects on the uninduced ectoderm. Animal caps induced by
similar concentrations of PIF without RA (left column) show dorsal tissues {including muscle and melanophores). Caps treated with
RA and washed for 2 hr (column 2) before induction by PIF form ventral-type mesodermal vesicles with some muscle. Caps treated
with RA and washed for 1 hr (column 1) before induction by PIF form ventral-type structures with mesenchyme but without muscle.
Untreated caps (column C) do not develop any mesodermal tissues. (B) Effects of RA addition after PIF induction. Animal caps (stage
8) were cut, induced by PIF, and treated with RA after 1 {column 1) or 2 hr (column 2) from the time of induction by PIF. Both RA and
PIF were present for the remainder of the experiment. For comparison, induced caps in the absence of RA are shown (left column). The
inner surface of the animal cap, the deeper ectoderm that is responsive to PGFs, becomes inaccessible after 30—60 min, when the
animal cap forms a sealed ball of cells. Similar results were obtained in five independent experiments with at least 10 animal caps per
sample.
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Figure 5. Xhox3 mRNA levels in the mesoderm are not
changed by RA. (A) Xhox3 mRNA levels measured by RNase
protection in untreated embryos (C) or after exposure to 10~°
(lane 9), 107 ® (lane 8), or 1077 ({lane 7} M RA from the early
blastula to the early gastrula stage. The embryos were allowed
to develop either to the early neurula (stage 15) for RNA assays
or to the tadpole stage for assessment of phenotype. RA caused
disturbances ranging from small anterior deletions (10 " M) to
headless embryos (10”7 m); however, the amount of Xhox3
mRNA does not change detectably. (B} Xhox3 mRNA levels in
PGF-induced animal cap cells. Dissected blastula-stage animal
caps were induced to form mesoderm with bFGF (lane F) and
with high concentrations of PIF (lane P} alone or in the presence
of 107% (lane 9}, 10 # (lane 8), or 10" 7 {lane 7) M RA. The treated
caps were allowed to develop to the equivalent of the early
neurula (stage 15) for RNA analysis and to the tadpole stages for
assessment of the character of the induced tissue. RNase pro-
tection assays were performed to measure the levels of Xhox3
and N-CAM mRNAs and of EF-la mRNA as a uniformly ex-
pressed marker. RA treatment of PIF-induced caps changes the
type of induced tissues (see Figs. 3 and 5), but the level of Xhox3
mRNA remains at low levels characteristic of anterior dorsal
development. The high level of Xhox3 mRNA in bFGF-induced
animal caps is indicative of posterior-type mesoderm {lane F).
The levels of the neural-specific N-CAM mRNA are lower than
those induced by PIF alone but higher than those induced by
bFGF.

al. 1987; Ruiz i Altaba and Melton 1990; Sokol et al.
1990). In contrast, ventral halves responded to the same
concentrations of these PGFs with the formation of ven-
tral mesoderm similar to that obtained after induction of
whole animal caps with low concentrations of PIF (Slack
et al. 1987; Sokol et al. 1990; data not shown). Treatment
of stage 10 dorsal animal cap ectoderm with PIF in the
presence of RA (107! to 10~° M} resulted in the induc-
tion of posterior dorsal mesoderm (Table 3). Exposure to
higher RA concentrations resulted in the differentiation
of mesoderm of more ventral character {not shown). Si-
multaneous addition of PIF and bFGF did not result in an
enhancement of anterior dorsal differentiation {Table 3).
Untreated dorsal and ventral halves did not develop any
typical dorsal or ventral mesodermal tissues, although
cement glands and melanocytes were rarely detected in

Mesodermal patterning by retinoic acid

Figure 6. Effects of RA on the induction of secondary neural
structures by implanted mesoderm. A group of cells from the
blastopore lip of early gastrula embryos, the organizer, was im-
planted into the blastocoel of early gastrula-stage host embryos.
Embryos were allowed to develop to the tadpole stage, and the
phenotype was then assessed. (A) Implantation of an organizer
results in the induction of anterior (head) neural and epidermal
structures, including eyes and cement gland, in the anterior
ventral area of the host. (B) Organizers removed from donor
embryos treated previously with RA do not induce normal head
structures and instead induce an anterior lump in the anterior
ventral area (see also Table 2). The inhibition of anterior differ-
entiation by RA is not accompanied by the induction of poste-
rior secondary structures. As control, posterior dorsal meso-
derm induced from animal cap tissue exposed to high concen-
trations of bFGF results in the induction of posterior (tail)
neural and epidermal secondary structures (C).

the dorsal halves {Fig. 7A bottom). These findings pro-
vide evidence that dorsal and ventral regions of animal
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Table 2. Secondary inductions after RA treatment of implanted mesoderm

Head Anterior lump Tail Axis Normal n

Organizer 79 0 9 21 12 33
+ RA10710M 47 53 0 29 0 17
+RAI107°M 15 70 0 10 15 20
+RA107 %M 25 65 0 0 10 20
+RA107"M 13 66 13 20 6 15
+RA107%M 0 95 0 0 5 19
bFGF animal cap 0 0 74 0 26 15

Prospective anterior-dorsal head mesoderm (the organizer) was excised from control donor embryos or from embryos treated with
different concentrations of RA for 2 hr (from stage 8 to stage 10) and washed briefly. Tissues were implanted in the blastocoel of host
embryos. The secondary inductions were classified according to their A-P character (e.g., head vs. tail {see Fig. 6} and location along
the A-P axis of the host). Note that in the cases where tails developed, a complete or partial secondary axis was also present, suggesting
that the tails are not a direct result of induction by implanted mesoderm that has a posterior character. Posterior (tail) inductions in
the absence of secondary axes occur after implantation of animal cap-derived posterior dorsal mesoderm induced by high concentra-
tions of bFGF. All numbers refer to the incidence of induced structures (as a percentage), with the exception of the right hand column,
which refers to number of implants (n).

cap ectoderm respond differently to PIF at the early gas- duced by PIF formed dorsal structures including noto-

trula stage and that the response of ventral ectoderm to chord and somites but not anterior neural tissue (Fig. 2).

PIF is similar to that of dorsal ectoderm to PIF plus RA. However, induction of blastula-stage ectoderm with the

At the blastula stage (stage 8), whole animal caps in- same concentration of PIF in the presence of RA (1078 to
A B

12V 1/2D PIF

1/2D

1/2D

FGF

1/2V

MR P

Figure 7. Differential response of dorsal and ventral ectoderm to induction by PGFs. (A) Differential induction of dorsal (1/2 D
column) and ventral (1/2 V column) halves of early gastrula {stage 10} animal caps. Dissected stage 10 animal caps were induced to form
mesoderm by high concentrations of PIF or bFGF. As control, untreated halves were cultured to similar stages. Two examples showing
the maximal degree of differentiation are shown (bottom row). Note that normally, both dorsal and ventral halves remain round and
do not differentiate any recognizable structures. Dorsal and ventral halves show different responses to inducing factors. The ventral
half responds to high concentrations of PIF or bFGF by forming ventral-type structures with vesicles (left), whereas the dorsal half
responds to PIF with the formation of dorsal anterior (head) structures and to bFGF with posterior (trunk and tail with muscle and
melanocytes) structures. Uninduced halves (bottom row) do not form any characteristic mesodermal or neural structures, although
cement glands are sometimes seen. {B) Mesodermal induction by PIF of dorsal halves (1/2 D) resulted in the development of anterior
(head with eyes) structures in ~30% of the cases (see Table 3). In the remaining explants, posterior dorsal (trunk) structures developed.
However, identical concentrations of PIF induce ventral mesoderm in ventral (1/2 V) stage 10 animal cap halves. All of the induced
caps derived from dorsal stage 10 ectoderm display clear A-P and D-V polarity.
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Table 3. Differential induction of dorsal and ventral ectoderm

Mesodermal patterning by retinoic acid

A% PD AD

epi ves axial mel eyes cg n

Dorsal half 85 15 0 20 0 25 20
+ PIF 0 12 67 85 30 50 40
+PIF+ RA1071%M 0 26 73 93 0 13 15

+ PIF + RA107° M 0 33 66 80 0 0 15

+ PIF + bFGF 0 27 60 80 20 27 15

+ bFGF 22 33 39 28 5 39 18
Ventral half 89 11 0 0 0 0 18
+ PIF 14 76 10 14 0 4 29

+ PIF + bFGF 0 100 0 0 0 0 15

+ bFGF 22 67 11 11 0 0 18

Stage 10 animal caps were isolated and cut into dorsal and ventral halves, with reference to the dorsal blastopore lip, and cultured alone
or in the presence of different combinations of PIF and/or bFGF at high concentrations. The resulting inductions were classified
according to the type of tissues produced after incubation to the equivalent of the tadpole stage (see Fig. 7). All numbers refer to
incidence of induced structures {as percentages), with the exception of the right hand column, which refers to number of explants (n).
(V, PD, and AD) Ventral, posterior—dorsal and anterior—dorsal character of the induced structures, respectively. (Axial) Muscle con-
taining inductions showing clear elongation; (cg) cement gland; (epi) atypical epidermal differentiation; (eyes) eyes with pigmented
retina; (mel) neural crest-derived melanocytes; {ves) vesicles characteristic of ventral mesoderm.

107 M) resulted in the differentiation of only ventral
mesoderm (Fig. 2). We did not test whether D-V differ-
ences are present in the animal cap ectoderm at stage 8
or earlier, and it is therefore unclear when these differ-
ences first arise. The regional heterogeneity detected in
stage 10 animal cap cells raises the possibility that the
differentiation of ventral animal caps into ventral meso-
derm after exposure to high concentrations of PIF results
from the presence of an inhibitor of dorsal development,
perhaps RA, in the ventral region.

Discussion

Exposure of early Xenopus embryos to RA has been
shown to result in a concentration-dependent deletion of
anterior structures (Durston et al. 1989; Sive et al. 1990).
The results presented here provide evidence that such
anterior deletions result, at least in part, from direct ef-
fects of RA on the development of embryonic mesoderm.
RA appears to change the final character of mesoderm
induced by PGFs rather than the initial steps in meso-
dermal induction. Taken together, our results raise the
possibility that local sources of endogenous retinoids
may contribute to the patterning of embryonic meso-
derm by inhibiting the action of PGFs.

Several lines of evidence suggest that the early effects
of RA in pregastrula embryos involve perturbation of the
development of anterior dorsal mesoderm. First, the phe-
notype of RA-treated embryos is similar to that obtained
by UV treatment (Sharf and Gerhart 1983} and Xhox3
overexpression (Ruiz i Altaba and Melton 1989b). Sec-
ond, RA blocks the development of anterior dorsal me-
soderm in animal cap ectoderm induced by PIF. In these
experiments, addition of RA ~2 hr after exposure of caps
to PIF suppressed the differentiation of anterior dorsal
mesoderm, which suggests that RA acts on cells that
have begun to differentiate into mesoderm. Third, RA

prevented the induction of secondary heads after trans-
plantation of PIF-treated animal cap or organizer tissue
into the blastocoel of host embryos, which suggests that
RA can suppress the ability of anterior dorsal mesoderm
to induce anterior neural structures. In view of the low
concentrations of RA used (107 !° to 10~® m), the rapid
rate of degradation of RA by vertebrate cells (Eichele et
al. 1985), and the delay of several hours before the graft
contacts the ventral ectoderm, it seems unlikely that the
suppression of induced anterior structures results solely
from effects of RA on the ectoderm. However, we cannot
exclude the possibility that the actions of RA in these
experiments are mediated, in part, by direct effects on
ectodermal cells.

Although RA appears to affect the differentiation of
mesoderm, the initial steps in induction of mesoderm by
PGFs do not appear to be sensitive to RA. In particular,
the level of Xhox3 mRNA, expression of which is an
early response to mesodermal induction (Ruiz i Altaba
and Melton 1989a,c), is not significantly altered by addi-
tion of RA during mesodermal induction (Fig. 5). Thus,
RA may affect mesodermal cell fate by interfering with
the regulation of genes that are expressed later than
Xhox3. Candidates include a variety of homeo box genes,
which show different domains of expression along the
A-P axis in Xenopus mesoderm (Harvey et al. 1986;
Condie and Harland 1987; Sharpe et al. 1987; Oliver et
al. 1988]. Consistent with this possibility, expression of
homologous mammalian homeo box genes is increased
in embryonal carcinoma cells after RA treatment (Kessel
et al. 1987; LaRosa and Gudas 1988; Mavilio et al. 1988;
Simeone et al. 1990).

RA affects mesodermal cell identity

The neural defects obtained after RA treatment of early
embryos have been proposed to result from a direct effect

GENES & DEVELOPMENT 183


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 16, 2021 - Published by Cold Spring Harbor Laboratory Press

Ruiz i Altaba and Jessell

of RA on neural ectoderm, giving rise to a transformation
of anterior neural structures into more posterior ones
(Durston et al. 1989). Our results suggest a different in-
terpretation. The absence of anterior neural structures
observed after application of RA may be secondary to a
defect in axial mesodermal differentiation such that the
anterior dorsal mesoderm fails to differentiate normally
and therefore fails to induce anterior neural structures.
The reduction or absence of anterior neural structures
would thus result from a perturbation in neural induc-
tion rather than an A-P transformation of neural ecto-
derm.

The different mesodermal tissues that appear when
animal cap cells are induced by PIF in the presence of RA
indicate that RA changes the final character of the me-
soderm. RA suppresses anterior dorsal mesoderm in a
concentration-dependent manner resulting in the differ-
entiation of posterior dorsal or ventral mesoderm. Al-
though RA changes the character of mesoderm, it does
not appear to undergo a complete A-P transformation.
The suppression of anterior structures in embryos
treated with high concentrations of RA (10 ® to 10 7 M)
is not accompanied by the appearance of posterior struc-
tures such as tail or spinal cord in anterior regions (Fig.
1A). Moreover, RA suppresses anterior development in
lithium-treated embryos but does not promote obvious
posterior differentiation (data not shown).

Similarly, trcatment of PIF-induced animal cap meso-
derm with RA may not promote complete differentiation
into ventral type mesoderm because expression of the
neural marker N-CAM persists, albeit at lower levels
(Fig. 5). One possible cxplanation for this is that the me-
sodermal tissues that develop in the induced animal cap
in the presence of RA possess sufficient dorsal character,
perhaps transiently, to induce other ectodermal cells to
differentiate into neural tissue. Alternatively, PIF may
be able directly to induce competent ectoderm to form
neural tissue (see Sokol et al. 1990).

The development of mesoderm appears to occur in a
progressive manner in response to increasing concentra-
tions of PGFs (Smith 1989; Green and Smith 1990; Ruiz
i Altaba and Melton 1990). The lowest state in this pro-
gression is ventral mesoderm with successively higher
states corresponding to intermediate, posterior dorsal
and, finally, anterior dorsal mesoderm (Fig. 8A). This
progression may be arrested at different stages, depend-
ing on the concentration of RA, resulting in an apparent
transformation in cell fate (Fig. 8B). RA may therefore
contribute to mesodermal patterning by acting in a con-
centration-dependent manner, to inhibit the develop-
ment of mesoderm of different axial character induced
by PGFs.

Involvement of RA in axial patterning

There is increasing evidence that RA acts as an endoge-
nous morphogen in vertebrate embryos (Eichele 1989).
The pronounced effects of exogenous RA on the pattern-
ing of early Xenopus embryos raise questions about the
presence, localization, and role of RA in normal devel-
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Figure 8. Schematic diagram summarizing the effects of RA on
mesodermal development. (A} Mesoderm-inducing PGFs, such
as PIF, induce competent ectodermal cells to become mesoderm
of different axial character in a concentration-dependent man-
ner. Low concentrations induce ventral mesoderm; high con-
centrations induce anterior dorsal mesoderm. (B) The final char-
acter of the mesoderm induced by PGFs can be modified by RA
in a concentration-dependent manner. Increasing concentra-
tions of RA result in the differentiation of mesoderm of more
posterior of ventral character from ectodermal cells that would
normally give rise to anterior dorsal mesoderm in response to a
high concentration of PGFs. (AD) Anterior dorsal; (I} interme-
diate; (PD) posterior dorsal; (V) ventral.

opment. Biochemical studies have provided evidence
that RA is present in early Xenopus embryos (Durston et
al. 1989), although its localization is not known. The
graded series of mesodermal cell types obtained along
both the A-P and D-V axes after addition of identical
concentrations of PIF and increasing concentrations of
RA (Figs. 1 and 2) could result, in part, from a graded
distribution of endogenous RA in the early embryo.

A local source of RA in the pregastrula embryo could
act in concert with graded or evenly distributed meso-
derm-inducing signals to establish different D-V fates in
the mesoderm. It could also be responsible for generating
heterogeneity in the ectoderm so that by stage 10, ven-
tral ectoderm responds to induction by PIF with the dif-
ferentiation of ventral mesodermal structures. RA may
therefore be localized in ventral regions of the early pre-
gastrula embryo. However, by the end of gastrulation
{stage 13), when an implanted organizer is in contact
with anterior ventral ectoderm, the grafted mesoderm
can induce a normal head at a ventral position. There-
fore, by the end of gastrulation the anterior ventral ec-
toderm may no longer contain or be exposed to an inhib-
itor of anterior dorsal differentiation. After gastrulation,
ventral mesoderm becomes localized to the posterior re-
gion of the embryo {Gerhart and Keller 1986). Thus, a
ventrally located source of RA, possibly in the meso-
derm, prior to gastrulation would be localized posteriorly
after gastrulation. An early ventral and later posterior
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source of RA could enhance ventral and posterior fates
and repress dorsal and anterior fates in a concentration-
dependent manner.

There is evidence that the heterogeneity detected
within stage 10 ectoderm may also depend on other lo-
calized signals. For example, signals deriving from the
organizer region may spread through the adjacent ecto-
derm to induce (Spemann 1938; Sharpe et al. 1987;
Dixon and Kintner 1989, Savage and Phillips 1989) and
pattern (Ruiz i Altaba 1990) neural tissue. The differ-
ences in dorsal and ventral ectoderm observed at the be-
ginning of gastrulation could result from several distinct
signals, for example, one that originates from the ventral
region and biases ectoderm toward ventral differentia-
tion, and a second that originates from the organizer
(dorsal) region and biases the ectoderm toward dorsal dif-
ferentiation. The establishment of early regional differ-
ences in the neural ectoderm by such graded signals
(Ruiz i Altaba 1990} could explain the high degree of
organization that is observed after induction of whole
animal caps with mesoderm-inducing PGFs (Cooke et al.
1987, Slack et al. 1987; Smith 1987; Green et al. 1990;
Sokol et al. 1990). Induction by PGFs may reveal a latent
heterogeneity or prepattern in the animal cap, which
gives rise to the development of mesodermal and neural
structures with clear D-V and A-P polarity. Evidence
consistent with this idea has been obtained indepen-
dently (S. Sokol and D.A. Melton, pers. comm.).

Endogenous RA has been implicated in the establish-
ment of axial pattern in the mesoderm during develop-
ment of the chick wing bud (Tickle et al. 1982, 1985,
1989; Summerbell 1983; Eichele et al. 1985; Thaller and
Eichele 1987, Wagner et al. 1990). Moreover, in amphib-
ians, exogenous RA can affect all three axes in the re-
generating limb, changing the fates of mesodermal cells
to more proximal posterior and ventral values (Niazi and
Saxena 1978; Maden 1983, 1984; Stocum and Thoms
1984; Kim and Stocum 1986; Ludolph et al. 1990). RA
may therefore have a similar role in mesodermal pattern-
ing at distinct times during development, first during
gastrulation and later during limb morphogenesis.

Materials and methods
Materials

Xenopus laevis eggs were obtained from female frogs injected
with human chorionic gonadotropin. The eggs were fertilized in
vitro with testis homogenates. Embryos were reared in 0.1x
MMR (Newport and Kirschner 1982) and staged according to
Nieuwkoop and Faber (1967). All-trans-RA (Sigma) was stored
as a 1073 M stock in DMSQ and diluted into 0.1 x MMR. PIF
derived from P388D!-conditioned media was a gift of S. Sokol
and D.A. Melton. PIF was used at 1 : 1 dilution (high concen-
tration) and 1 : 10 dilution (low concentration) in 0.5X MMR
unless otherwise stated. About 2 hr after addition of PIF, the
medium was exchanged for fresh 0.5x MMR containing peni-
cillin and streptomycin. Recombinant bFGF was used at a con-
centration of 50 ng/ml unless otherwise indicated. Blastocoel
transplantation experiments and tissue isolation were per-
formed as described (see Ruiz i Altaba and Melton 1989c).

Mesodermal patterning by retinoic acid

Hybridization assays

RNase protection assays with Xhox3 (Ruiz i Altaba and Melton
1989a), N-CAM (Kintner and Melton 1987), and EF-l« (Krieg et
al. 1989) DNA probes were performed as described (Ruiz i Al-
taba and Melton 1989a). Ten, eight, and one embryo or animal
cap equivalents were used for the Xhox3, N-CAM, and EF-la
probes, respectively. Exposure times were 4 days for detection of
Xhox3 and N-CAM-protected bands, and 30 min for the EF-la
band.

Whole-mount antibody staining and histology

Animal caps were fixed in 3.7% formaldehyde, 1 mm EGTA, 1
mM magnesium sulfate, and 0.1 M MOPS buffer (pH 7.4) (Patel
et al. 1989) for 30 min. Staining with the muscle-specific mAb
12/101 {Kintner and Brockes 1984} was performed as described
{(Dent et al. 1989). For histological sections, fixed embryos were
embedded in paraffin, and 10-um-thick sections were cut and
stained with Giemsa.
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Retinoic acid modifies mesodermal patterning in early Xenopus
embryos.
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