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THE effect of the putative morphogen
retinoic acid on the developing verte-
brate nervous system has been brought
into sharper focus by the paper by Mar-
shall ef al. on page 737 of this issue’.
Using a line of transgenic mice in which
a reporter gene is linked to the promoter
for one of the Hox genes implicated in
brain development, they show clearly
that retinoic acid treatment at the
gastrula stage leads to a transformation
in the rhombomeres of the anterior

hindbrain region in which rhombo-
meres 2 and 3 are respecified as 4 and 5
respectively.

Retinoic acid has attracted much
attention over the past few years because
of the compound’s remarkable effects on
the tissue pattern of developing limbs
and the discovery of the burgeoning
family of nuclear retinoid receptors. Less
attention has been paid to the effects of
retinoic acid on the developing verte-
brate nervous system”. Most notable of
these effects is the truncation of anterior
head and brain structures and abnormal
formation of the hindbrain, highlighted
in 1989 by Durston et al.®, after treat-
ment of Xenopus gastrulae with retinoic
acid.

Durston and colleagues suggested that
the abnormal phenotype was caused by
respecification of anterior brain struc-
tures — forebrain and possibly anterior
midbrain — into more posterior hind-
brain. This neatly unified the action of
retinoic acid on the patterning process
within the embryo, as it also posterio-
rizes limb cells. But Marshall er al.’s
results confirm work carried out by va-
rious groups over the past three years
which has pinpointed the anterior hind-
brain as the site of the retinoic acid
effect. The respecification of anterior
hindbrain is the common and predictable
effect of exposure of gastrulae of various
vertebrates — mouse, chick, Xenopus
and zebrafish — to a short burst of
retinoic acid*’.

This effect on the hindbrain tied the
teratology to another action of retinoic
acid: its regulation of Hox gene com-
plexes in a time- and dose-specific
manner™’. These are the very genes that
show limits of anterior expression pat-
terns among the segmental units of the
hindbrain'®. This link prompted several
groups to examine the expression pat-
tern of relevant Hox genes in the anter-
ior hindbrain of embryos treated with
retinoic acid. Hox-2.9, which is normally
expressed in the hindbrain only in
rhombomere 4, is overexpressed more
anteriorly*!!.

Here the story has rested up until
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now. The abnormal expression of Hox-
2.9 and other segmentally restricted
genes such as Krox-20 **'" provided a
link to the altered morphology but could
not be clearly related to the acquisition
of segmental identity for each of the
rhombomeres. Marshall ef al. carried out
the same basic experiment as before:
embryos in utero were exposed to ret-
inoic acid at the gastrula stage, but two
new features of their experimental de-
sign have revealed these striking new
results. First, they used a line of trans-
genic mice carrying a lacZ reporter gene
under the control of the Hox-2.9 pro-
moter to visualize the expression of the
Hox-2.9 gene in experimental animals.
Second, the embryos were examined at
stages later than in previous studies.

At the early stages of hindbrain
formation in these embryos, Hox-2.9
expression shows the predicted anterior
expansion; however, in embryos allowed
to develop a little longer this
homogeneous expanded anterior region
resolves into two clear stripes of
Hox-2.9. What was an ill-defined anter-
ior hindbrain seems to produce two
rhombomere 4s separated by a clear
rhombomere width. Probing with Krox-
20, which normally expresses in rhom-
bomeres 3 and 5, strongly suggests that
this rhombomere is a second rhombo-
mere 5, giving a pattern of a 4-54-5
repeat in the anterior region followed by
the normal posterior rhombomere
pattern. Anatomical analysis using back-
fills of fluorescent dye to label iden-
tifiable motor nuclei confirms the inter-
pretation derived from the molecular
markers.

The cells expressing Hox-2.9 abnor-
mally in the anterior hindbrain must
interact in some way to cause the forma-
tion of a clear anatomical unit. Whatever
the mechanism proves to be, it is likely
to tell us something direct about the
normal formation of the hindbrain
rhombomere pattern and the role that
Hox genes play in establishing segmental
identity. The other crucial finding from
these studies is that downstream retinoic
acid effects lead to a clear respecification
of anterior rhombomeres to posterior
rhombomeres. The patterns generated in
the current experiments appear to re-
place thombomeres 2 and 3 with 4 and 5.
No additional segmental units are de-
scribed, although it is unclear what is
going on with rhombomere 1 and the
hindbrain—midbrain border region. Mar-
shall et al. also show that respecification
of rhombomeres leads to respecification
of neural crest derivatives associated
with each segment. The retinoic acid

therefore alters the anatomy of the head
as a consequence of altered behaviour of
respecified crest cells, reinforcing the
view that the Hox code is crucial for the
patterning of the head as a whole, not
simply for the central nervous system.
A major question remains about these
and related experiments. What is the
primary effect of retinoic acid at the
gastrula stage? The identification of this
effect will be instructive because it may
reveal the normal chain of command of
interactions leading to the control of
Hox-2.9 expression in rhombomere 4
and to the expression of other regulatory
genes in the hindbrain. It is important to
know, for example, if the retinoic acid
effect on Hox-2.9 is direct. In the
mouse, this gene and its paralogue in the
Hox-1 cluster, Hox-1.6, are expressed
during gastrulation, as are their homo-
logues in other species!*. Interesting-
ly, the Hox-1.6 gene has recently been
shown to contain a retinoic acid 8 rece]p-
tor response element in the 3’ region’,
although it is not yet known whether this
is functional. It may be the case, then,
that the primary retinoic acid effect is on
expression of the Hox-1.6 gene, which
then secondarily regulates Hox-2.9 ex-
pression. Consistent with this notion is
the intriguing observation that the pheno-
type of the Hox-1.6 mutant mouse pro-
duced by homologous recombination'®!7,
is grossly similar to the phenotype gener-
ated by retinoic acid in vertebrate
embryos. Both generate clear-cut alter-
ations to the development of the hind-
brain region of the head. 0
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