
Development 113, 1145-1158 (1991)
Printed in Great Britain © The Company of Biologists Limited 1991

1145

Retinoic acid causes abnormal development and segmental patterning of

the anterior hindbrain in Xenopus embryos

N. PAPALOPULU1*, J. D. W. CLARKE2 t, LEILA BRADLEY1, D. WILKINSON1, R. KRUMLAUF1-*

and NIGEL HOLDER2

'MRC National Institute for Medical Research, The Ridgeway, Mill Hill, London NW7 1AA, UK
2Anatomy and Human Biology Group, Biomedical Sciences Division, King's College London, Strand, London WC2R 2LS, UK

•Present address: Molecular Neurobiology, Salk Institute, San Diego, CA 92138-9216, USA
t Present address: Anatomy Department, UMDS, Guy's Hospital, London Bridge, London SE1 9RT, UK
t Author for correspondence

Summary

Retinoic acid is a very potent teratogen and has also been
implicated as an endogenous developmental signalling
molecule in vertebrate embryos. One of the regions of
the embryo reliably affected by exogenously applied RA
is the hindbrain. In this paper, we describe in detail the
hindbrain of Xenopus laevis embryos briefly treated with
various levels of RA at gastrula stages. Such treatments
lead to development of embryos with loss of anterior
structures. In addition, RA has a general effect on
rhombomere morphology and specific effects on the
development of the anterior rhombomeres. This effect is
demonstrated using neurofilament antibodies, HRP
staining and in situ hybridisation using a probe for
expression of the Xenopus Krox-20 gene. Anatomically it
is evident that the development of the hindbrain
normally anterior to the otocyst (rhombomeres 1—4) is
abnormal following RA treatment. Sensory and motor
axons of cranial nerves V and VII form a single root and

the peripheral paths of V and VII and IX and X are also
abnormal, as is the more anterior location of the otocyst.
These anatomical changes are accompanied by changes
in the pattern of expression for the gene XKrox-20, which
normally expresses in rhombomeres 3 and 5, but is
found in a single band in the anterior hindbrain of
treated embryos which standardly fail to generate the
normal external segmental appearance. The results are
discussed in terms of both the teratogenic and possible
endogenous roles of RA during normal development of
the central nervous system. We conclude that low doses
of RA applied during gastrulation have specific effects
on the anterior Xenopus hindbrain which appear to be
evolutionary conserved hi the light of similar recent
findings in zebrafish.
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Introduction

Retinoic acid (RA) belongs to a family of related
compounds, the retinoids, that exhibit diverse effects
on cell differentiation, metabolism and growth, both in
vivo and in vitro (reviewed in Lotan, 1980). RA, a
potent metabolite of retinol (vitamin A), has also been
shown to have teratogenic effects on vertebrate
embryogenesis (reviewed in Geelen, 1979). In addition,
RA is a potential endogenous morphogen, since it has
been shown to have striking effects on pattern
formation in several systems. In the regenerating
amphibian limb, RA causes duplications in the prox-
imodistal axis (Maden, 1982, 1983; Thorns and Stocum,
1984) and in the developing chick limb bud, it mimics
the action of or induces a zone of polarising activity
(ZPA) by causing duplication of digits along the
anterior-posterior (A-P) axis (Tickle et al. 1982;

Wanek et al. 1991). In Xenopus and zebrafish embryos,
exogenous RA affects development along the A-P
embryonic axis (Durston et al. 1989; Sive et al. 1990;
Ruiz i Altaba and Jessell, I991a,b; Holder and Hill,
1991). Furthermore, endogenous RA has been detected
in developing chick limb buds and in whole Xenopus
embryos, adding support to the notion that it may be an
endogenous morphogen (Thaller and Eichele, 1987,
1988; Durston et al. 1989). The elucidation of the
molecular mechanisms by which RA exerts its effects
will undoubtedly lead to a better understanding of
vertebrate development. The search for molecular
targets for RA has led to the identification of families of
cytoplasmic binding proteins and nuclear retinoid
receptors (reviewed in Brockes, 1989). The role of
cytoplasmic binding proteins is unclear, but they show
interesting patterns of expression in the vertebrate CNS
as do the nuclear receptors (see for example Maden et
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al. 1990, 1991; Hunter etal. 1991) which, through their
DNA-binding abilities, appear to act as regulators of
gene expression.

The downstream genes that are involved in mediating
the effects of RA are largely unknown, but one family,
Hox homeobox genes, have received particular atten-
tion. Vertebrate homeobox genes have been implicated
in the process of regionalization or positional specifi-
cation along the anterior-posterior axis of the ver-
tebrate embryo on the basis of sequence similarity to
Drosophila genes, and their pattern of expression in the
embryo (Kessel and Grass, 1990; Graham et al. 1989;
Duboule and Dolle", 1989; Wilkinson and Krumlauf,
1990). Hox genes also play an important role in the
patterning of cranial neural crest (Hunt et al. 1991a,b).
Several experiments performed in vitro have shown that
homeobox gene expression is regulated during RA-
induced differentiation of cultured cells. The properties
of the in vitro response of these genes to RA have led to
the suggestion that homeobox-containing genes are
among the primary targets of RA (LaRosa and Gudas,
1988; Papalopulu et al. 1991). In addition, in parallel to
the colinear expression of homeobox genes in the
mouse embryo (Graham et al. 1989; Duboule and
Dolle", 1989), it has been shown that the response of the
human Hox-2 homeobox gene cluster to RA is colinear
with their chromosomal order in terms of their degree
of induction and their temporal activation (Simeone et
al. 1990, 1991).

Our long-term interest is to examine the nature of the
association between the alteration of gene expression
that is observed after exposure of developing embryos
to RA, and the phenotypic alterations that follow such
exposure. We feel that such an approach will provide a
link between the effects of RA and the molecular
mechanisms by which these are mediated and would
also lead to a better understanding of the role of
homeobox genes and RA in normal development.
However, a prerequisite of these experiments is that the
RA-induced phenotype is sufficiently characterized.
Therefore, we have set out to describe in detail the
effects of RA in developing Xenopus embryos. In this
paper, for two reasons, we concentrate on alterations to
the development of the CNS. Firstly, the CNS is a
major site of expression of homeobox genes that are
known to respond to RA, the expression domains of
which are precisely regulated during normal develop-
ment. Secondly, the initial report describing the effects
of RA on Xenopus brain development (Durston et al.
1989) argued that it caused a respecification of pattern
such that the most posterior brain region, the hind-
brain, was expanded at the expense of the more
anterior forebrain and midbrain structures. A detailed
neuroanatomical analysis in this study demonstrates
that, in addition to the reduction of the forebrain and
midbrain, RA treatment causes a compression of the
anterior hindbrain structures in the rhombomere 1-3
region; an effect that is mirrored by the alteration in the
segmentally restricted expression of the potential
developmental control gene XKrox-20. RA also affects
the normal development of the otocyst and the

associated cranial ganglia. Despite these effects all
cranial nerve nuclei in this region are present and their
anterior-posterior sequence is apparently normal,
arguing against a simple model of posteriorization of
anterior structures.

Materials and methods

Xenopus embryo manipulations
Xenopus eggs and embryos were obtained using standard
methods (Smith and Slack, 1983). Briefly, female frogs were
injected with human chorionic gonadotrophin: 12 h later eggs
were stripped, fertilized in vitro and dejellied with 2%
cysteine hydrochloride (pH7.8-8.1). Xenopus embryos were
cultured in amphibian saline (75 % NAM: Slack, 1984) but at
the blastula stage were transferred to 10% (v/v) NAM to
prevent exogastrulation. Xenopus embryos were treated with
RA at the late blastula stage (stage 9), by transferring
dejellied embryos to 1/10 NAM containing RA appropriately
diluted from a 10"2M stock solution of RA in DMSO. The
embryos were left in the RA solution for 30 min in the dark at
23 °C. At the end of this period they were washed at least three
times with 1/10 NAM and were allowed to develop in 1/10
NAM at 23° or 18 °C. Control embryos were treated with
corresponding dilutions of DMSO in 1/10 NAM and these
developed normally in all cases. Staging of the embryos was
according to the normal table of Niewkoop and Faber (1956).

Whole-mount staining of Xenopus embryos
Xenopus tadpoles (stage 43-45) were stained with an anti-
neurofilament and an anti-muscle antibody. The anti-
neurofilament antibody was a mouse monoclonal antibody
(3A10), against the 68X103 MT subunit of chicken neurofila-
ment (a gift from Professor Andrew Lumsden). The protocol
used was a compromise of the protocols described in Dent et
at. (1989) and in Lumsden and Keynes (1989). Embryos were
fixed in Dent's fix (20 % v/v DMSO, 80 % v/v methanol) for a
minimum of 2h and were bleached for 1 to 2 days in Dent's
fix+10% hydrogen peroxide. Embryos were dissected free of
epidermis over the area of interest, as this was found to
improve the penetration of antibodies. Bleached embryos
were washed 3x20min with TBST [10mM Tris-HCl pH7.0,
150 mM NaCl, 1 % (v/v) Tween-20], with 20% FCS added in
the last wash to block non-specific binding. Embryos (5-10
tadpoles/tube) were incubated in 200 JA of neat 3A10
containing 20% (v/v) FCS for 3-4 days at 4°C with gentle
rocking. Embryos were then washed 3x90 min in 15 ml TBST
and were incubated in 500 /A FTTC- or HRP-conjugated rabbit
anti-mouse secondary antibody (Sigma) diluted 1:100 in
TBST containing 20 % FCS. After an overnight incubation at
4°C, at least three washes were carried out as before.

With HRP-coupled antibodies, a staining reaction was
carried out. Embryos were incubated for 2 h in the dark in
TBST containing O.Smgml"1 DAB (Sigma) and then
transferred to lml TBST containing 0.5mgmr' DAB and
0.02% hydrogen peroxide. The staining reaction was allowed
to proceed in the dark until an optimal signal was obtained
(10-15min). Both HRP- and FITC-stained embryos were
then washed 2x5min in 100% methanol. For confocal
microscopy, FTTC-labelled embryos were at this stage
dissected and isolated hindbrains were transferred to
DABCO mounting solution (BDH) in depression slides.
HRP-stained embryos were observed under a dissecting
microscope.
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The protocol used for the anti-muscle mouse monoclonal
antibody 12/101 (Kintner and Brockes, 1985; a gift from Dr P.
Vize) was essentially the same as above, but the time of
incubation with the first antibody was reduced to overnight
and no detergent was included in the incubation or washing
steps. The rabbit anti-mouse secondary antibody was conju-
gated to alkaline phosphatase (Sigma) and was used in 1:100
dilution. The alkaline phosphatase substrate was purchased
from Vector Labs (Kit II: SK5200) and the staining was
performed according to the manufacturer's instructions, using
levamisole (Sigma) to block endogenous phosphatase activity.
A number of embryos were sectioned after whole-mount
staining. These were dehydrated, wax-embedded, sectioned
and stained with 0.02% toluidine blue: FITC-labelled
sections were mounted in DABCO and viewed under the
fluorescence microscope, prior to toluidine blue staining.

HRP analysis
Embryos of the required stage were anaesthetized in MS 222
and a small area of skin removed to allow access to the
application site. HRP was recrystallized onto the tips of
sharpened forceps, which were then used to crush cranial
ganglia and nerves. Embryos were allowed to recover for
2-3 h before being re-anaesthetized and fixed in 2.5%
glutaraldehyde in 0.1M phosphate buffer (PB - pH7.4) for
1-2 h. The brain and rostral spinal cord were then dissected
free, with care being taken to keep the otocyst and
surrounding nerve roots intact. The tissue was then washed in
PB and soaked in 0.04% DAB (Sigma) for 15min prior to
addition of 0.03 % hydrogen peroxide for a further 10-15 min.
The brains were washed in PB, dehydrated, and cleared and
mounted in DPX between coverslips for viewing as whole-
mounts. Some specimens were sectioned on a vibratome prior
to staining.

Information on controls was collated from 24 stage 39—46
embryos, 7 of which had the preotic ganglia of V and VII as
well as the roots of IV and VI filled with HRP. A set of 14
embryos had the tracts and nuclei of IX and X filled by a
postotic ganglion HRP application and the remaining three
embryos had both preotic and contralateral postotic ganglia
HRP applications. The description of the relevant neuroana-
tomy of control embryos was derived from complete whole-
mounted specimens and horizontally or transversely sectioned
embryos. The RA data is derived from 24 treated embryos of
comparable stages to controls. Of these, 11 were preotic HRP
applications, 5 were postotic and 8 were combination fills with
preotic on one side and postotic on the other. 16 of these
specimens were sectioned (horizontally or transversely) and 8
were viewed as whole-mounts.

Xenopus Krox-20 in situ hybridization
In situ hybridization on stage 20 control and embryos treated
with 0.5 fiM RA was performed as described for mouse
embryos by Wilkinson and Green (1990), except that sections
were bleached in 2% H2O2 in PBS for 5h at room
temperature prior to pretreatments.

Results

Dose-dependence of RA phenotype at tadpole stage
One of the most dramatic effects of RA at this stage is
the stunting of the body axis. To a large degree this is
due to the dose-dependent truncation of the tail. A
dose-dependent truncation of structures is also evident
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Fig. 1. Dose-dependence of RA phenotypes. Xenopus
embryos at stage 9 were treated for 30 min with increasing
concentrations of RA and allowed to develop to stage 40.
There is a truncation of anterior pattern and concurrent
failure of tail development which increases with the dose of
RA. The embryo treated with 0.5/XM has two small eyes
and the least apparently altered morphology, while the
embryo at \jiu has a single median cyclopic eye. Eyes do
not develop in embryos treated with 2.5 im RA or higher
concentrations, and development of the heart and visceral
arch skeleton is also impaired.

rostrally (Fig. 1). The effects range from microcephalic
embryos with small eyes to complete absence of all
anterior neural structures up to the spinal cord. Eye,
cement gland and heart formation are progressively
impaired as the dose of RA increases, as has been
previously reported (Durston et al. 1989; Sive et al.
1990). Pronephros is present even in the most severely
affected embryos, but occupies progressively more
anterior positions in the body and the pronephric
tubules appear less tightly packed. Even at high RA
concentrations that completely abolish head formation,
myotomes are present on either side of the notochord
and, in these cases, myotomes are consequently
situated closer to the new rostral end of the embryo
(Fig. 3).

Early appearance of the RA phenotype
Following treatment with RA at concentrations of 0.5,
1, 2.5, 5 and 10 (M, the early neurula stage was the
earliest at which abnormal development could be
externally recognized. Observation of a large number
of embryos in separate experiments revealed that the
RA-treated embryos are consistently narrower and
more elongated than sibling controls and, viewed
externally, the neural folds appear thicker and this is
shown for the 0.5/ZM concentration in Fig. 2A. There-
fore, RA appears to interfere at some step of the
process of elevation, folding and fusion of the neural
folds. Formation of cement gland is also impaired in


