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Expression pattern of two otx genes suggests a role in
specifying anterior body structures in zebrafish
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ABSTRACT We isolated two zebrafish sequences containing a homeobox related to orthoden-
ticle (otd), a gene expressed in the developing head of Drosophila. One of these is clearly homol-
ogous to Otx1. a homeobox gene previously reported to be expressed in the developing rostral
brain of the mouse. We termed this zebrafish gene otx1. The second gene is not as closely related
to Otx1 and is equally divergent from Otx2, a second homeobox gene expressed in the developing
rostral brain of the mouse. We termed it otx3, even if a corresponding murine Otx3 gene has not
been reported yet. Both genes are expressed in early-gastrula zebrafish embryos in the involuting
presumptive anterior mesendoderm. With the extension of the body axis. the expression domain
of both genes extends to neuroectodermal regions fated to become fore- and mid-brain. From this
stage the expression domains of the two genes differ slightly from each other but both cover the
rostral brain with a sharp posterior boundary coinciding with that between midbrain and hind-
brain. This late expression closely corresponds to that of the murine Otx1 gene. whereas the ear-
liest expression of both zebrafish otx genes is different from that of Otx1 and reminiscent of that
of Otx2 in the mouse. In this light. the zebrafish otx1 and otx3 genes appear to share some expres-
sion features of both murine Otx1 and Otx2. It will be of considerable interest to study the spec if.
ic role of the various genes of the otx family in the development of the zebrafish brain regions. The
peculiar spatia-temporal pattern of these genes during early zebrafish gastrulation suggests a role
of this gene family in interactions between anterior mesendoderm and neuroectoderm.
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Introduction

We previously reported the isolation and characterization of
two murine homeobox genes, Otx1 and Otx2 (Simeone et al.,
1992. 1993; Boncinelli et al., 1993a.b). containing a homeobox
homologous to that of orthodenlicle (old) (Finkelstein and
Perrimon. 1990; Finkelstein et al., 1990; Finkelstein and
Boncinelli, 1994), a gene expressed in anterior regions of the
developing head of Drosophila. The gene products of the two
murine Otx genes contain a homeodomain of the bicoid class
(Driever and NOsslein-Volhard, 1988) and are able to recognize
and transactivate a bicoid target sequence (Simeone et al.,
1993).

Otx2 is expressed very early in the entire epiblast of prestreak
mouse embryos (Simeone et al., 1993). Its expression persists
in this tissue even after the formation of the primitive streak in the
posterior regions of the embryo. In midstreak embryos its
expression becomes progressively restricted to more anterior
regions, including anterior mesendoderm and the neuroecto-
derm corresponding to presumptive fore- and mid-brain

(Simeone et al., 1992. 1993. 1995; Ang and Rossant. 1993). In
early midgestation mouse embryos Otx2 is expressed in telen-
cephalic, diencephalic and mesencephalic regions and in devel-
oping sense organs (Simeone et al., 1992, 1993).

Thus, in the mouse, Otx2 expression demarcates anterior
regions from pre-streak stages and rostral brain regions from the
formation of the headfold until late in gestation. This raises the
question of whether the Otx2 homeodomain protein might playa
role in specifying anterior structures, besides being an early
marker of their position. With this in mind, we isolated the
Xenopus (Pannese et al., 1995) and chick (Bally-Cuif et al.,
1995) homologues of Otx2. Expression analysis in these verte-
brate systems and in experimentally manipulated Xenopus
embryos suggests a role for this gene in specifying anterior body
structures and their spatial relationship with posterior trunk struc-
tures.
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Fig. 1. Alignment of the peptide sequences of zebrafish otx1 and
otx3 last exons. The carboxy-terminus of the homeodomain, lying just
downstream from a 3' splice site, is boxed. Dashes indicate identity and
asterisks indicate gaps. # indicates the stop codon. The sequences
shown represent 70% of the protein.

The murine Otx1 gene is not expressed as early as Otx2.
Otxl transcripts are first detectable around day 8 of mouse
development (E8) in presumptive forebrain and midbrain
(Simeone et al., 1992, 1993). Otxl expression persists in this
region until at least E10.5 and starting from E9 its posterior
boundary is very sharp and corresponds to the midbrain-hind-
brain border. Otx1 is also expressed in developing sense organs
of the mouse (Simeone e/ al., 1993).

Zebrafish provides a superb model system for the analysis of
embryogenesis (Warga and Kimmel, 1990; Westerfield, 1993;
Driever et a/., 1994; Mullins et a/., 1994). It belongs to the Teleost
subphylum and is of particular interest because the organization
of the brain is different from that of mammals with regard to the
size, the tissue composition and the role of the different structur-
al parts of the brain (Ariens Kappers et al., 1936). The mesen-
cephalon and more precisely the optic tectum, is relatively larg-
er than that of other vertebrates. This region becomes the
integrating center of neural activity originating from the optic sys-
tem. In mammals this integrating center is localized in neocortex.
The telencephalon comprises a relatively small portion of the
teleost brain and displays a peculiar, evaginated, structure. It
does not contain a recognizable archicortex and the two paleo-
cortex regions, termed epistriata, are laterally localized and dor-
sally communicate through an epithelial membrane, the so-
called epitheliallamina.

To further explore the evolutionary conservation of the expres-
sion and function of otdlOtx family member, we cloned and char-
acterized two zebrafish homeobox genes, otx1 and otx3. otx1 is
highly homologous to the murine Otx1 gene, whereas otx3 is not
as similar to Otx1 and equally divergent from Otx2. Recently, Li et
al. (1994) reported an extensive analysis of the otx1 and otx2
genes of zebrafish. Both are already expressed in early gastrula
zebrafish embryos in a region located on the dorsal margin of the
blastoderm and related to presumptive anterior head structures.
When the involution of blastoderm cells is completed, otx-
expressing cells are found in mesendoderm in the prechordal
plate and in neuroectoderm in a region fated to become fore- and

mid-brain (Kimmel et a/., 1990). From this stage the expression
domains of the two genes differ slightly from each other but both
cover the rostral brain with a sharp posterior boundary coinciding
with that between midbrain and hindbrain.

Results

Screening of the genomic DNA library
We screened a genomic phage library constructed from

zebrafish DNA (Molven e/ a/., 1991) using the Drosophila otd
sequence, previously used for the isolation of the mouse Otx
genes (Simeone et a/., 1992). From the screening of 5x1 05 phage
plaques we obtained several clones belonging to three classes.
We report here the characterization of clones belonging to two of
these classes. We sequenced the coding region present in these
clones. Figure 1 shows the corresponding peptide sequences,
representing the carboxy-terminal regions of the homeoproteins,
downstream from a splice site. The two sequences are 70% iden-
tical. We termed one sequence otx1 owing to its high overall sim-
ilarity (78%) to the mouse Otx1 protein. The second sequence is
only 63% identical to murine Otx1 and 62% identical to murine
Otx2. We termed it otx3, although a corresponding murine Otx3
gene has not been reported yet. After these experiments were
completed, isolation and characterization of the otx1 and otx2
genes have been published by Li and collaborators (Li e/ a/.,
1994). Their results confirmed that the a/xl gene whose partial
sequence we show in Fig. 1 is identical to the eOOH-terminal
two-thirds of the reported a/xl gene. These data support the exis-
tence of a new family member, namely otx3, since its sequence
is distinct from the otx1 and otx2 genes.

Expression of otx1 and otx3 during early embryogenesis
We analyzed the expression of the two genes in zebrafish

embryos by means of whole-mount in situ hybridization. During

the course of gastrulation, in a process termed epiboly, the blas-
toderm spreads over the yolk toward the vegetal pole. The
extent of epiboly is used as a staging index (Westerfield, 1993).
Results presented in Figs. 2,3 indicate that o/xl and otx3 gene
expression is highly dynamic and until 80% epiboly (8.5 hpf,
hours post fertilization) the expression patterns of the two otx
genes are indistinguishable. otx1 and otx3 transcripts are first
detectable at the beginning of gastrulation when or shortly
before the deep cells of the blastoderm start involuting around
the blastoderm margin (Fig. 2A). At 50% epiboly (5.2 hpf),
hybridization first appears as a faint patch of stained cells within
the blastoderm margin of the embryo (Fig. 2A). This group of o/x-
expressing cells subsequently involutes and produces a local
thickening of the germ ring, called the embryonic shield, which
marks the dorsal side of the embryo (Fig. 28). Observation from
the vegetal pole shows that the signal is mostly localized in the
deep layer overlying the yolk.

While the cells rearrange by convergence and extension
movements to elongate the shield along the antero-posterior
axis, the hybridization signal consists of a medial-strip cells

whose anterior border marks the leading edge of the shield as it
narrows and extends toward the animal pole. otx transcripts are
detectable dorsally as a band of cells probably corresponding to
the involuting axial hypoblast (Fig. 2C). Around 70% epiboly (7.5
hpf), significant staining is no longer observed af the level of
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Fig. 2. Whole.mount in situ hybridization analysis of otx1 and otx3 expression between 50% and 75% epiboly. (A,a,D) otx3 expression; (C,E)
otxl expression.Similarresults were obtainedfor the orher gene. (AI 50%; (BI shield stage; ICI 65%; ID,F and GI 70%; lEI 75% epiboly. (A-E)
Dorsal views and IF-G) sagittal secrions of zebrafish embryos. In IAI expression is detectable as a parch at the marginal zone of the blastoderm. IB-
D) Anterior and pasteflor limits of the signal are shown by arrowheads: in the embryonic shield (BI. in the involuting axiat hypoblast ICI, in the ante-
riofaxial hypoblast ID) and some epiblast celfs (shown in detaif in F,G). In lEI otx expression is in the anterior axial hypoblast and some epiblast cells
(white arrow). (F.G) Two sagittal sections through the primordium of the body axis from a 70% epiboly embryo. (GI Medial section; (FI parasagittaf
section. A strong staining is detectable in the embryonic shield, both in the involuting axial hYPoblast and in the overlying epiblast, in the region demar.
cated by the two white arrowheads. Staining is also present in the yolk cell.adJacent layer. extending almost to the animal pole (black arrowhead). An
arrow Indicates the dorsal blastoderm margin. es, anterior portion of the embryonic shield. 1 cm= 150 11m (A,a, C,O, f}; 50 11m (F,GJ.
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Fig. 3. Schematic representation of the expression patterns of atx1
and otx3 during gastrulation. From 50% epiboly to 80% epiboly, the
patterns for otx1 and otx3 are indistinguishable. Dorsal views are shown
and the yolk is represented by diamonds. Ar 90% epiboly the expression
pattern of the two genes is different and is shown separately in animal
pole view. AP. animal pole; VP, vegetal pole; V, ventral; 0, dorsal.

blastoderm margin and thus otx expression only marks the ante-
rior shield (Fig. 2D). From this stage on, transcripts are also
detectable in some cells of the epiblast laterally to the dorsal
midline. Sections of this stage show that otx-expressing cells are
localized in the embryonic shield (es), both in the epiblast and in
the involuting axial hypoblast. Beyond the anterior edge of the
embryonic shield, some yolk cell-adjacent cells extending to the
vicinity of the animal pole express both otx (Fig. 2F,G) as we
found in chick embryos (Bally-Cuif et al., 1995).

At midgastrula, around 75% epiboly (8 hpf), otx genes are
expressed dorsally in the rostral 1/3 of the embryo as a strongly
labeled midline, probably corresponding to the presumptive pre-
chordal piale. Two lateral stripes become clearly visible superfi-
cially (white arrow in Fig. 2E). From 75% to 80% epiboly, the
expression patterns are modestly rearranged in accordance with
the late gastrulation cell movements, namely extension along the
anterior-posterior axis and convergence toward the animal pole
(Fig. 3).The two lateral stripes are diverging from the dorsal mid-
line by about 450 in each direction.

From this stage on, a slightly different pattern is observed for
otx1 and otx3. The entire expression pattern of the two otxgenes
between 50% and 90% epiboly is schematically represented in
Fig. 3.

Expression pattern of otx1
At 90% epiboly (9 hpf), otxl is already expressed in the

prospective fore- and mid-brain. A V-shaped signal pointing
towards future caudal regions is ciearly visible (Fig. 4A). A partic-
ularly strong hybridization signal is detectable in the most anteri-
or portion of the lateral stripes (arrowhead in Fig. 4A,B). The V-
shaped signal becomes thicker at tail bud stage (Fig. 4C) and
then gives rise to two broad patches by one-somite stage (not
shown). The anterior one is localized in the diencephalon, where-
as the second lies in the midbrain and its posterior boundary coin-
cides with the midbrain-hindbrain junction. This pattern is shown
in Figs. 7A,8 and persists until the 17-somite stage (Fig. 4F).

During the same period, the anterior axial mesendoderm cor-
responding to the presumptive prechordal plate is also
stained (Fig. 4A,B). in the most anterior portion of the embryo, a
strong expression appears transiently together with an anterior
curved line delimiting the anterior and lateral neural keel
(Fig. 4B). At tail bud stage (10 hpf), expression in the medial strip

and in the most anterior portion has gradually disappeared
(Fig.4C).

From the 9-somite stage, 14 hpf, a faint dorso-posterior sig-
nal in the telencephalon is first visible and could correspond to
the epithelia/lamina which covers the telencephalon of Teleosts
(thin arrow in Fig. 4D,E) (Ariens Kappers et al., 1936).
Posteriorly, the expression domain appears continuous from the
diencephalon to the posterior midbrain (Fig. 4D,E).

Around Ihe 17-somite stage (18 hpf), when the brain is clear-
ly subdivided, the otx1 hybridization displays the pattern seen in
Fig. 4F. Proceeding from anterior to posterior, the first signal is

localized in dorso-posterior telencephalon. Then a strong label-
ing is seen at the level of the epiphysis and around the third ven-
tricle. Posteriorly to it, the hybridization signal extends continu-
ously and ends sharply with a strong ventral labeling just before
the midbrain-hindbrain junction (Fig. 4F). Double-staining with
pax2 (Krauss et al., 1991, 1992) indicates that this posterior bor-



der coincides with the anterior pax2 boundary (Fig. 4F), sug-
gesting that the posterior boundary of the otxl expression
domain coincides with the posterior boundary of midbrain, as is
the case in the mouse (Simeone et al., 1993).

Around 24 hpf, the otxl hybridization signal is an anterior-
posterior X-shaped signal starting anteriorly in the dorsal telen-
cephalon, extending dorsally in the diencephalon and the mid-
brain and finishing just before the midbrain-hindbrain junction
(Fig. 4G). 6y squeezing the embryo between slide and coverslip
(flat-mounted embryo), it appears that the most anterior signal is
localized in the dorso-rostral telencephalon (Figs. 7E, 8). A faint
staining is seen in the optic recess. Just caudally to the telen-

cephalon a strong expression is seen in the diencephalon, cor-
responding to the ventral and dorsal thalamus and slightly fainter
in the posterior hypothalamus (see Fig. 7E). In the midbrain, the
expression of otx1 is widespread, with a stronger signal anteri-
orly in the tectum and posteriorly in the tegmentum. Sections
show that in the rostral diencephalon the hybridization signal is
very strong in the dorsal roof, probably including epiphysis, and
fainter in the floor i.e. the posterior hypothalamus (Fig. 4J). A
section around forebrain-midbrain boundary shows that the
expression of otx1 is widespread throughout the neural tube but
absent from the floor plate (Fig. 4K).

6y 36 hpf, the X-shaped signal is more delineated and sharp-

er (Fig. 4H). Hybridization is particularly detectable in the teien-
cephalon, the epiphysis and the otic vesicles (Fig. 41). 6y 48 hpf,
expression remains in the same domains but appears fainter
(data not shown).

otx1 is also expressed in the developing sensory organs. A
faint staining is first detectable in the caudal field of the eyes at
9-somite stage (Fig. 40). At 24 hpf, the expression is localized in
the epitheliai layer of the lens, the retinal margin and surface
ectoderm (Fig. 4J).

The olfactory region begins to express otxl around 19 hpf.
Sections of 24 hpf embryos show that the expression is main-
tained there (data not shown). A signal in the otic vesicles is first
visible at 18 hpf and more clearly at 36 hpf (Fig. 41). The signal
appears stronger in the ventrolateral portion of the epithelium
surrounding the vesicle (data not shown).

Expression pattern of otx3
otx3 is also expressed in presumptive fore- and mid-brain. At

90% epiboly, the lateral signals describe a large V but their bor-
ders are more clearly delineated as compared to otx1, probably
as a consequence of higher density of otx3-expressing cells.
While the hypoblast extends to the animal pole, the leading edge
of otx3 hybridization reaches the animal pole. Expression of otx3
is maintained in the anterior axial hypoblast and appears strong
in the very anterior part of the embryo, which forms the leading
edge of the prechordal plate (solid arrow in Figs. 5A, 6A). The
double staining with no tail antiserum, previously termed zf- Tor
brachyury (Schulte-Merker et a/., 1992, 1994a,b) indicates that
the territory of otx3 expression is anterior to the presumptive
notochord and that, anteriorly, the medial otx3 stripe is continu-
ous to it (Fig. 6A). Sagittal sections of double-stained embryos
(not shown) show that no tail expressing cells are present in the
trunk axial mesoderm, whereas otx3 expressing cells are local-
ized anteriorly in all three ceil layers (see Fig. 6C). First, at 90%
epiboly, the two domains are continuous (see Fig. 6A) and then,
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at tail bud stage, a small gap is seen between the 110tail expres-
sion domain and that of otx3. The same observations apply to
o/xl (data not shown).

At tail bud stage, otx3 hybridization displays the pattern seen
in Fig. 56. This pattern consists of the posterior V-shaped later-
al band including two patches symmetrically localized away from
the axis (thin arrowheads), the medial stripe and the anterior
curved line, which in turn coincides with the rostral and antero-
lateral boundaries of the embryo, revealing the outline of the
neural keel. Within the medial portion of this curved line abun-
dant transcripts are seen (Figs. 56,C, 6C). Significantly, while
the medial-stripe cells are ventral to the curved line, the
hybridization is continuous between the two regions, which are
joined through the medial swelling of the curved line (see Figs.
56, 66,C). This continuity suggests that the two patterns belong
to a single domain of otx3 expression. Posteriorly the medial
hybridization signai persists in all three layers (Fig. 6C).

Double staining with pax2 gene (Krauss et al., 1991, 1992)
was performedto estimatethe axial level of the posterior V-
shaped band. At tail bud stage, pax2 hybridization describes a
large V cleariy localized posteriorly to the otx3 band, partially
overlapping with the two longitudinal stretches (Fig. 5C). These
data indicate that otx3 is expressed in the prospective midbrain
with a posterior limit overlapping with the anterior one of pax2.

6y the 1-to-2-somite stage two lateral otx3 bands are seen.
There, the expression in the axial hypoblast is maintained.
Instead of the strong signal in the anterior neural keel, a staining
is confined to cells scattered along the rostral and lateral borders
of the embryo and is maintained over development (Fig. 50).
During later stages the expression in two bands is maintained
whereas it decreases in the axial hypoblast. Contrary to otx1
expression, the two otx3 expressing regions are well separated
and between them there is a faintly stained zone. The most ante-
rior region corresponds to the mid-diencephalon, the posterior
one to the caudal midbrain. 6y flattening the embryo, expression
in the presumptive anterior hypothalamus becomes visible (Figs.
76,8).

At 9-somite stage, i.e. 14 hpf, the two bands are more distant
and show a sharp posterior boundary (Fig. 5E,F). Lateral view
reveals that otx3 is also expressed in the most ventro-anterior
part of the embryo (Fig. 5F). This region corresponds to the
hypothalamus as seen at the previous stage. More precisely
seen by 15-somite stage, its dorsal limit seems to define the
position of the future postoptic commissure (POC) (Wilson et al.,
1990). The labeling in the diencephalon seems to extend dorso-
ventrally along the zona limitans and the caudal boundary in this
region to correspond to the future posterior commissure. The
expression in the midbrain is more diffuse with a sharp posterior
boundary corresponding to the midbrain-hindbrain junction (see
Figs. 70, 8).

Around 17-somite stage, 18 hpf, when the brain is subdivid-
ed, posterior to the first thick band, hybridization signal is more
diffuse with a sharp posterior boundary in the posterior midbrain.
In this area of the midbrain two faint bands appear (thin arrow.
heads in Fig. 5G). Two antero-Iateral spots (arrow in Fig. 5G)
along with two symmetrical lateral stripes along the midbrain are

now visible.
At 20-somite stage (19 hpf), transcripts of otx3 are clearly

seen in the diencephalon around the epiphysis. The second
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band of expression is now well visible. From this region to the
posterior border, the signal seems uniform and covers the entire
midbrain. The third band persists but remains faint (Fig. 5H).

Around 24 hpf, the expression of 0lx3 is faintly visible in the
primordia of the optic tecta arising from the midbrain roof while
expression is essentially the same as that of the previous stage
(Fig. 51). Flat-mounted embryos reveal that a faint staining is first

localized close to the anferior commis~ure and extends into the
diencephalon in the ventral and dorsal thalamus and along the
zona limitans intrathalamica. The expression in the anterior
hypothalamus has disappeared but persists in its posterior por-
tion, The second expression patch is situated ventrally around
the posterior commissure and essentially in the tegmentum. The
floor plate does not express 01x3. Caudally, the signal ends
sharply both dorsally and ventrally at the anterior border of pax2
expression which corresponds to the end of the tectal ventricles
(Figs. 7F, 8).

By 36 hpf, the hybridization signal seems to extend uniformly

from the telencephalon-diencephalon junction to the tectal ven-
tricles. Figure 6E shows a frontal section through the telen-
cephalon and diencephalon. A strong staining is observed in the
anterior ectodermal telencephalon possibly corresponding to the
olfactory region along with two thin lines departing from the eyes
possibly coincident with the optic nerves. With the exception of
these regions, the telencephalon does not express otx3, where-
as diencephalon does express it strongly. A thick transversal
section in the diencephalon shows a strong expression in the
geniculate nuclei localized in the ventral thalamus (white arrow-
heads in Fig. 6F). Finally, embryos of 48 hpf show a faint dorsal
signal with a posterior boundary in posterior midbrain (data not
shown).

otx3 is also expressed in sensory organs. By 1~to-2-somite
stage, a bilaterally paired signal appears as lateral outpockets of
the forebrain rudiments which could correspond to the optic pits
(arrowhead in Fig. 5D). Later on, in agreement with the previous
observation, the developing optic vesicles clearly express otx3:
at 9~somite stage otx3 expression is confined to the portion of
the optic vesicles which faces the diencephalon, whereas the
hybridization signals become more diffuse in the region of the
optic stalk (Fig. 5E). At 20-somite stage, medial portions of the
eye corresponding to the retina layers are labeled (Fig. 5H). Otic
placodes start expressing otx3 by 14-somite stage. By 24 hpf,
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the eyes (Fig. 51), olfactory region and the otic vesicles express
otx3. By 36 hpf, the ventrolateral portion of the epithelium sur-
rounding the otic vesicles (Fig. 6D) and the olfactory region (Fig.
GE) are clearly positive, whereas the expression in the eyes is
less evident (data not shown).

Discussion

The O/x gene family
We isolated two zebrafish homeobox genes clearly belonging

to the Olx family. Considering the peptide sequence encoded by
the carboxy-terminal region (Fig. 1), one of these genes is 78%
identicai to the mouse Olxl protein and only 65% identical to the
Otx2 protein. We termed it olxl. The homology of the second
gene is only 63% with respect to Otx1 and 62% with respect to

Otx2. On the basis of these values we believe that this second
gene represents a new member of the Otx gene family and we
termed it otx3. This hypothesis was confirmed by both Li's prior
description (Li el al., 1994) and our own recent isolation of the
actual zebrafish otx2 gene, encoding a protein 94% identical to
the mouse cognate (our unpublished results). The overall con-
servation within the Otx gene family is striking, as already noted
for the Xenopus (Bondnelli el al., 1993b; Pannese el al., 1995)
and chick (Bally-Cuif el al.. 1995) Olx2 genes. Otx2 itself
appears to be incredibly conserved, whereas Otx1 is consider-
ably less conserved in zebrafish, Xenopus and chick (our unpub-
lished results). The high conservation of otx2 relative to mouse
(94%) is not unique: pax6 is known to be more strongly con-
served (97%) relative to its murine cognate (Puschel er al.,
1992). Moreover our data demonstrate the exisfence of a new
member of this family, namely otx3, in zebrafish. A similar obser-
vation in Xenopus (our unpublished results) suggests that in
some vertebrate species there are more than one non-Otx2
members of the Otx family. This is at variance with the mouse,
where only two Orx genes have been found so far. The possible
redistribution from species to species of the regulatory tasks
among the various members of the Otx gene family poses inter-
esting phylogenetic and ontogenetic questions.

Early expression
A second major difference between zebrafish and mouse is

the early expression of o/xl (and otx3). The mouse cognate,

Fig. 4. Expression of otx1 between 900/0epiboly and 36 h postfertilization thpf). (A-D) Dorsal views; IG,H) dorsolateral views; (E,F,II latera! views.
(A-C.HJ Anterior is up; (D-F,!) anterior is to the right; (G) anterior is down. (A) otx1 expression in the anterior half of a 90% epiboly embryo; an arrow-
head Indicates the strong signal in the anterior portion of lateral bands. IB) Embryo between 90% and 100% epiboly showing the expression in the
rostral (thick arrow) and posterior (arrowhead) boundaries. IC) Tail bud stage showing the expression in the outline of the neural keel (nk) and in the

fore- and mid-brain primordium (arrowhead). ID,E) 9-somlte embryo showing staining extending from the dorsal telencephalon, in the epirheliallam-
ina (thin arrowJ, to the midbrain-hindbrain junction (solid arrow). otx1 is expressed in the dorsal diencephalon around the epiphysis and in the dorsal
midbrain. Staining in the trunk is non specific. (F) Flat-mounted preparation of a 77-somite stage embryo after two color whole-mount in situ hybridiza-
tion uSing digoxygenin-Iabeled otx1 probe (blue) and fluorescein-labeled pax2 probe (red). Note the partial overlapping of otx1 and pax2 genes at the
m-h boundary (solid arrow). The faint staining with atx1 in the otic vesicles (ov) is covered by the strong staining with pax2. (G) Embryo around 24
hpf showing the X-shaped signal. Arrowheads demarcate the anterior and posterior lImits of the strong hybridization signal. At 36 hpf tH,II. the expres-

sion in the most rostro-dorsa( telencephalon, in the epiphysis and in the otiC vesicles (ov) is clearly visible (arrowheads). An additional arrowhead des-
ignares the posterior boundary of expression in the brain. (J,K) Transverse sections of 24 hpf embryos. IJI Section through the rostral diencephalon

showing the strong labeling around and in the epiphysis (e) and In the floor of the diencephalon i.e. the posterior hypothalamus (hy). Note the expres-

s/on in the region surrounding the (ens and precisely in the lens epithelium and in those regions of the retina corresponding to presumptive iris (arrow-
head). IK) Section through the forebrain-midbrain boundary showing the absence of staining in the floor plate (fp). Note atx 1 expression in mes-
enchyme and surface ectoderm in IJ,K). d, diencephalon; e, epiphysis; fp, floor plate; h, hindbrain; hy, hypothalamus; m. midbrain; nk. neural keel; t.
telencephalon; ov, otiC vesicle. 1 cm= 125 f.lm (A-E. G); 62 f.lm (J,K); 100 Jim (F.H.I)
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Fig. 5. Expression of otx3 between 90% epiboly and 24 hpf. (A-E,G-!) Dorsal views; IF) lateral view, (AI 90% epiboly embryo showing a strong
labelingat the veryanterior tip (solid arrow). (B.C) Tail budstageembryosshowmgin (8) the outline of the neuralkeel (nk), theprechordalplate (pch),
the two lateralstretches (thin arrowheads), the future second band shown in (01 (solid arrow) expressing otx3 and in ICI shown to overlap with pax2
expression (red). ID) 1-2-somite embryo showing the optic pits (arrowhead) and the second band which delineates the presumptive midbrain-hind-
brain junction (sofid arrow). IE.FI 9-somite stage embryos. The optiCcups and especialfy the portions whIch face the diencephalon show otx3 expres.
sian (arrowhead in lEI. Two bands are detectable; the anterior one is stronger and is localized around the epiphysis (e), whereas the second demar-
cates the midbrain with a posterior boundary at the midbrain.hindbrain junction (solid arrow). The hypothalamic region is stained (hy). 161 17+somlte
embryo showing two faintly labeled regions in the midbrain (thin arrowheads) and two antenor spots (arrow). IHJ 20-somite embryo. Now labelmg in
the retina layers is visible. The boundary between midbrain and hindbrain is indicated. fII 24 hpf embryo showing the two anterior bands (arrowheads)
and a diffuse staining in the optic tectum (00 and in the eyes. e, epiphysis; h, hindbrain; hy, hypothalamus; m, midbrain; nk, neural keel; at, optic tec-
tum; pCh. prechordal plate. 1 em= 110 pm (A); 125 pm (B-H); 85 pm (J).



OtxI, is not expressed before late neurulation, EB-B.25, in the
rostral region of the closing neural tube corresponding to
prospective fore- and mid-brain (Simeone et al., 1993). Its
expression domain shows a posterior boundary approximately at

the level of the midbrain-hindbrain boundary. This expression
boundary becomes very sharp at E9 (Boncinelli et al., 1993).
From this stage on, expression of Otx1 remains confined to ros-
tral brain regions. We observed an early otx1 expression also in
frog embryos (our unpublished results). However we consider
the possibility that an additional member of Otx family which is
expressed earlier than Otx1 and Otx2 might exist in mouss.

otxl and 0/X3 are already expressed at the beginning of gas-
trulation in zebrafish embryos (Figs. 2, 3). We looked for expres-
sion at earlier stages and observed a very faint staining in whole
blastoderm for both genes (data not shown). However the inten-
sity of coloration was too weak to unambiguously assess this
point. Expression is first clearly detectable prior to any involution
as a patch of cells at the blastoderm margin (Fig. 2A).
Immediately after the involution of blastoderm cells (Fig. 2B,C),
it is difficult to tell whether the signal is present only in the pre-
sumptive mesendodermal cells of the forming hypoblast or both
in the hypoblast and epiblast. By observing the embryo from the
vegetal pole, the signal appears deeply localized. However the
unstained superficial region could correspond to the enveloping
layer cells (Westertield, 1993) or to the enveloping layer cells
and epiblast together. otx1 and otx3 expression is clearly visible
in the epiblast at 70% epiboly, less than 2 h later (Fig. 2F,G)
whereas otx expression in paraxial epiblast is clearly visible
around 75% epiboly (Fig. 2E). Transplantation experiments will
be necessary to precisely assess whether otx expression in the
extending epiblast is primary or, alternatively, secondary to its
occurrence in the involuting hypoblast.

This early expression of otxl and o/X3 is reminiscent of Otx2
expression in early Xenopus (pannese et al.. 1995) and chick
(Bally-Cuif et al.. 1995) embryos. In these systems Otx2 is
expressed in migrating anterior mesendoderm and slightly later
in the overlying anterior neuroectoderm. Manipulation experi-
ments in the frog lead us to suggest that Otx2 may specify ante-
rior body structures and their spatial relationship with posterior
trunk structures. Similar manipulation experiments are possible
in zebrafish in order to verify such a role hypothesized for
zebrafish genes of the Otx family.

Goosecoid is an homeobox-containing gene expressed in
homologous structures in various vertebrate systems (De
Robertis el al., 1994). These structures have organizer activity
and control the development of anterior mesendoderm in the
head. The expression pattern of zebrafish goosecoid (Stachel et
a/., 1993; Schulte-Merker et al.. 1994a) during early gastrulation
is very similar to that ot otxl and otx3. The same observation has
already been made between Otx2 and goosecoid expression in
Xenopus (pannese et al.. 1995) and chick (Bally-Cuif et a/.,
1995) embryos. In agreement with what was observed in these
systems, the earliest goosecoid expression overlaps with that of
the otx genes but extends to cells located slightly more superti-
dally than the otx-expressing ones. Subsequently, otx and
goosecoid expression transiently coincides in an advancing

patch of deep celts and finally in the prechordal plate, anterior to
the no tail expression domain in the notochord (Schulte-Merker
et al., 1994a). At later stages the expression of the two otx genes

---

ZebraJish oIX genes 567

extends to neuroectodermal cells as well, whereas goosecoid
expression persists exclusively in mesendoderm and progres-
sively fades out (even if goosecoid expression in anterior neu.
roectoderm has been described [Thisse et al.. 1994]). It will be
of interest to clarify the relationship between otx genes and
goosecoid as clues for inductive events during gastrulation.

No tail (ntt) is the zebrafish cognate of the mouse T gene
(Herrmann et al., 1990) and of the Xenopus Brachyury gene
(Smith et a/.. 1991). In zebrafish ntt protein is present in both epi-
blast and hypoblast cells in the germ ring. After involution, this
protein only remains in axial hypoblast cells that will form the
notochord (Schulte-Merker et al., 1992). We compared its
expression with that of the otx genes in order to localize pre-
cisely the otx expression domains (Fig. 6A). As described previ-
ouslyfor goosecoid(Schulte-Merker etal., 1994), otxl, otx3and
ntl show an initial overlapping expression domain at the dorsal
blastoderm margin of the early gastrula. However, otx- and ntt-
expressing cells become progressively separated during gastru-
lation, with the otx genes expressed more anteriorly. At late gas-
trula, otx 1 and otx3 are expressed in neuroectoderm and in the
anterior axial hypoblast. anterior to the ntl-expressing cells of the
presumptive notochord. Then, during early somitogenesis, otx
expression in the anterior axial hypoblast is downregulated
(Figs. 4C, 5D).

The expression patterns of otxl and otx3 start to differ at
around 90% epiboly. Their domain of expression is similar,
extending from the most anterior part of the embryo to the pre-
sumptive midbrain-hindbrain boundary. A major difference is
seen in the lateral bands at the level of the presumptive mid-
brain. Actually, otx1 is less uniformly expressed along these lat-
eral bands, its expression being stronger in the anterior portion
(Fig. 46). This feature is transient and its significance unclear.
The second difference resides in the two longitudinal stretches
seen for otx3 (thin arrowheads in Fig. 5B). This signal progres-
sively disappears and seems to correspond to the temporary lat-
eral borders of the midbrain.

otx expression in the developing brain

Zebra fish otxl and otx3transcripts have a highly dynamic and
specific pattern of expression in the head embryonic structures.

During somitogenesis they show first a pattern that is very
simple and restricted to diencephalon and midbrain. Around 4-
somite stage, otx1 is continuously expressed from the dien-
cephalon to the midbrain-hindbrain junction, as seen in the
mouse. Conversely, otx3 expression is very early confined to
three distinguishable zones: the anterior hypothalamus, the mid-
diencephalon and the posterior midbrain. Expression is faint in
the region between the latter two domains (Fig. 7A,B). When the
brain starts to be subdivided this pattern becomes progressively
more complex. otxl alone starts to be clearly detectable in telen-
cephalon. Transcripts are first seen around g.somite stage and

do not cover the entire telencephalon but the most dorso-poste-
rior portion. Later on (around 24 hpf), only the most dorso-rostral
telencephalon and the dorsal zone close to the anterior commis-
sure express otx1. Conversely, otx3 is never clearly expressed

in telencephalon (Fig. 7E,F). This feature is different from the
expression in the teiencephalon of the mouse Otxl and Otx2
genes. This discrepancy might be related to the structural diver-
sity between Teleosts and mammalian brain. In fact, some func-

--
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Fig. 6. Expression of otx3 between 90% epiboly and 36 hpf. (A,B,DJ Flat-mounred preparations of a 90% epiboly (A) and tail bud (B) stage
embryos. IC-F) Sections of tail bud fCI, 24 hpf (D) and 36 hpf embryos (E,F). (AJ Double staining with the no rail antiserum revealing the presump-
tive notochord in brown (nO. (B) Flat-mounted preparation of the embryo in Fig. 5C revealing the notochord, the prechordal plate, the medial swelling
of the curved line which delineates the neural keel (nk). Pax2, in red. overlaps with the presumptive posterior midbrain. fC) Sagittal section of tail bud
stage embryo. Anterior is to the left. Note the dorsa-ventra/labeling at the very anterior tip of the embryo (solid arrow), the signal in the mesendo-
derm (arrowheads) and the posterior signal in al/ three layers which corresponds to the media! portion of the V-shaped signal in Fig. 58. Thin arrow

indicates the presumptive midbrain-hindbrain junction. (D) Transversal section of a 24 hpf embryo showing otx3 expression in the ventrolateral por-
rion of rhe epithelium surrounding the otic vesicle (ov) and a faint staining at the surface of the hindbrain. (E) Frontal section of a 36 hpf embryo show-
ing a srrong signal in the diencephalon (d) and anteriorly in the olfactory region (solid arrow) and fainter in the telencephalon (t) along the optic nerves
(thin arrow). IF) Thick transversal section (25 tlm) of a 36 hpf embryo through the diencephalon revealing a staining In the geniculate nuclei in the ven-

tral thalamus (white arrowheads). d, diencephalon: nk, neural keel; nt, notochord; ov; otic vesicle; t, telencephalon. 1 cm= 63 }.J.m(A, 8, O); 50 j1m (C);
16/1m (E): 25/1m (F).



tions which are characteristic of mammalian cortex are shared
by the zebrafish optic tectum (Ariens Kappers et at" 1936).

Both genes are expressed very early in the diencephalon,
each exhibiting a peculiar pattern. A striking difference is seen
in the hypothalamus. During the generation of the tract of the
postoptic commissure (TPOC) (15-20-somite stages) dividing
the diencephalon into the thalamic and hypothalamic region,
otx3 displays a dynamic expression in the hypothalamus. While
otx3 expression is first localized in the anterior hypothalamus
(Fig. 7B, 4-somite stage), it gradually progresses posteriorly,
still maintaining a strong expression in anterior regions (Fig. 70,
15-somite stage). Finally the expression becomes confined to
the posterior hypothalamus (Fig. 7F, 28-somite stage). It would
be interesting to see whether this expression follows or antici-
pates the formation of the TPOC. In contrast, otxt appears con-
fined to the region of the presumptive posterior hypothalamus
(Fig.7E).

When the commissures and main tracts are formed, both
genes show strong expression in the epiphysis and ventrally
along the dorsa-ventral diencephalic tract (DVDT), as reported
for the mouse Otxl and Otx2 (Simeone et a/., 1993).
Interestingly,this tract and the posterior commissure begin to
form between 18 and 19 hpf, several hours after the initiation of
otxl and otx3 expression. This data suggests the involvement of
these genes in specifying this tract.

Except for the otx1 expression in the anterior telencephalon,
the anterior borders of otx 1 and otx3 expression appear to be
identical, localized around fhe anterior commissure (Fig. 7E,F).

In midbrain, whereas otx1 transcripts are mainly found dor-
sally and along the midbrain-hindbrain junction, otx3 expression
is mainly ventral. A particular strong staining is seen in the
tegmentum, in a region which could correspond to the nucleus of
medial longitudinal fascicuius (Wilson et al., 1990).

These data are in agreement with the recent publication of
MacDonald et al. (1994) which have shown that the boundaries
of the expression domains of some genes correlate with
the positions at which pioneering neurons differentiate and
extend their axons (Wilson et al" 1990, 1993; MacDonald et al.,
1994).

The posterior boundary of otx 1 and otx3 expression is well
defined from the end of gastrulation, suggesting that the mid-
brain posterior limit is specified very early. The identification of
the location of the most posterior band was made by double
staining with pax2, known to be expressed at the midbrain-hind-
brain boundary (Krauss et al., 1991, 1992). Double staining per-
formed on embryos from 90% epiboly to 24 hpf stages shows
that the pax2 domain overlaps with the otx most posterior
expression. Thus the posterior boundary of otx gene marks the
boundary of the midbrain just anterior to the midbrain-hindbrain
junction.

Similarly to the Otxl and Otx2 of mouse, otxl and otx3 of
zebrafish are expressed differentially in the developing dien-
cephalon and midbrain. Their peculiar distribution suggests an
involvement, in cooperation or independently, in the patterning of
these brain regions.

Mouse and zebra fish otx1 are also expressed in a similar
manner in the sensory organs. The region giving rise to the iris,
the optic nerves, the olfactory epithelium and a ventro-Iateral
area of the otic vesicles express otx1 and otx3.
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Recently Li and collaborators have studied the expression of
otxl and otx2 genes of zebrafish (Li et a/., 1994). We made a
comparison to our results for the otx1 gene since the otx1
sequence that we show in Fig. 1 is similar to the corresponding
region of otx1 gene previously reported by them. Their expres-
sion data are in agreement with our results, although some dif-
ferences are seen.

They report first otx 1 expression around 55% epiboly
(midgastrula), whereas we observed that expression is first
detectable even earlier, around 50% epiboly as a patch of cells
in the dorsal blastoderm margin.

According to them, the expression in telencephalon is
detectabie before tail bud stage and disappears between tail bud
and 5-9-somite stages. Conversely, by bud stage we observed a
staining in the presumptive diencephalon-midbrain area only. In
our hands, the expression in the telencephalon is first visible
around 9-somite stage, a time corresponding to the second
wave of expression reported by them.

At 24 hpf, they observed a stronger signal in the tegmentum
compared to the tectum. In our case the expression is especial-
ly strong in the dorsal tectum and in restricted zone of the ven-
tra-posterior tegmentum. These discrepancies could be due to
the use of different probes for the whole-mount in situ hybridiza-
tion orland to the sensitivity of this technique.

In the light of Li's work, we noticed that the early expression
pattern of otx3 is closer to that of otx1. In contrast, the late
expression pattern of otx3 is closer to that of otx2. Interestingly,
the time of appearance for otx1 and otx3 is similar and they
are both detected before otx2. These is in contradiction
with what happens in the mouse and should be clarified in the
future.

In accordance with Li's description and the previous study in
mouse, zebrafish otx genes appear to be expressed in regions
corresponding to main axon tracts or commissures. Indeed otx3
and otx2 as well seem to be expressed along the tract of the
postoptic commissure. Moreover, the expression zone of the
three genes ventral to the epiphysis seems to correlate with the
position of dorso-ventral diencephalic tract, as seen previously in
the mouse. In addition we observed for otx3 alone a strong
expression in the zone of the nucleus of medial longitudinal fas-
ciculus.

In conclusion, homeobox genes of the Otx family are
expressed in a very similar manner in mouse, frog, chick and
zebrafish. They are first expressed immediately before or at gas-
trulation in a population of deep cells fated to migrate anteriorly
and give rise to anterior mesendoderm. In late gastrulae, Otx
expression extends to the overlying anterior neuroectoderm in a
continuous region fated to become forebrain and midbrain. This
expression domainpersiststhroughneurulationwith a sharp
posteriorboundaryat the midbrain-hindbrainjunction. Finally, at
the end of neurulation the continuous Otx expression domain
becomes subdivided in several more restricted subdomains.
Some of these demarcate major anatomical structures in the
developing brain. Prominent among these is the zona limitans
intrathalamica (zli, termed also dvdt) at the boundary between
ventral thalamus and dorsal thalamus. The striking conservation
of the expression domain through the various vertebrate species
suggests a common role for these genes in brain specification
and patterning.

------
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Fig. 7. Spatial and temporal distribution of the otx1 and otx3 genes expression during somitogenesis. Lateral views of whole-mounted
embryos labeled with otxl (A,C,EJ or otx3IB.D,f) probes. Rostral is to the left except in IE); dorsal is up. In (D,E,F) an arrow Indicates the position
of the dorsoventral diencephalic tract (DVDT). (AI otxl, <4 sam; (8) orx3. 4 som; (CI otxl, 13 som. The expression in telencephalon is not visible.
ID) otx3. 15 som; IE,F) otxl and otx3 respectively, 28 sam. d, diencephalon; e, epiphysis; hv. hypothalamus; m, midbrain; fe, tectum; t, telencephalon;
tg, tegmentum. 1 em= 50 11m.



Fig. 8. Summary of embryonic expression domains of
otx1 and otx3. Regions of the embryo expressing only
otx 1 are Indicated by horizontal/ines: those expressing
only otx3 are indicated by vertical lines, and those
expressing both orx genes are Indicated by crossed
fines. Lateral views of 4~somlte, IS-somite, and 28-
somite stages embryos. Epiphysis is indicated in black
because at this stage its structure IS discermble. Anterior
is to the left. ac, position of the antenor commissure; dt.
dorsal thalamus: dvdt. dorsoventral diencephalic tract
(zfi); e, epiphysIs; fp, floor plate: h, hindbrain; hy, hypo-
thalamus; m. midbrain: or. optiC recess: pc, position of
the posterior commIssure: pc. pretectum: C. te/en.
cepha/on: te, tectum; tg, tegmentum; vt, ventral thala-
mus
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Screening of a zebra fish genomic DNA library
Azebrafish genomic DNAlibrary (Molven at a/., 1991) was screened

under low stringency hybridization and washing conditions with a
Drosophila otd sequence, already used by us for the isolation of the
mouse Otx genes (Simeone et al., 1992). Of the 5x105 phage plaques
screened, several independent positive clones were isolated. Three of
them were sequenced. Only two genes, termed otx1 and otx3, are
described in this paper.

Probes for In situ hybridization
Sense and antisense ANA probes were produced using the DNA

labeling Kit from Boehringer Mannheim by incorporating digoxygeninlflu-
orescein-11.UTP into the transcription products of selected otx1, otx3
and pax2 subclones inserted into appropriate transcription vectors can.
taining T7 and SP6 promoters.

--

dvdt
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The otx1 and otx3 probes used are shown in Fig. 1. They were cloned
into pGEM3 vector. The pax2 (pax{zf-b}) probe was previously described
in Krauss et al. (1991, 1992).

Whole-mount in situ hybridization
We used a protocol described in Oxtoby and Jowett (1993) with some

modifications. Zebrafish embryos grown at 28.5°C were fixed in 4% PAF

in 1xPSS, ovemight (ON) at 4cC. After fixation, the embryos were
washed at least 3x15 min in PBS and dechorionated. Then they were
cleared in methanol 100% (at least 30 min at .20cC), rehydrated through
a methanol/PST series and washed twice in PST (PST: 0.1 % Tween 20

in PBS). Embryos older than 1 somite were treated with proteinase K at
finat concentration of 10 IJg/ml in PST,S min to 15 min according to
stage. Atter two brief washes in PBT, they were fixed again in PAF 4% in
PBS for 20 min at room temperature (RT). The embryos were subse-
quently extensively washed and prehybridized for at least 4 h at 65~C in
hybridization buffer HB (50% formam ide, 5xSSC, 500 IJglml torula yeast
ANA. 50 IJgJmlheparin, 0.1% Tween 20,1 M citric acid, pH 6 final).

--
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The pre hybridization solution was removed and 200 ~I of HB con-
taining 1 IJg/ml of dig oxygen in-labeled RNA probe was added to the
embryos. After the hybridization ON at 65°C, the embryos were washed
at 65°C through a HB/2xSSC series, twice in 2xSSC then twice in
O.2xSSC for 30 min and finally through a O.2xSSC/PBT series, then in
PBT. They were pre blocked 1 h at RT with 2% sheep serum, 2 mg/ml
BSA in PBT and incubated with preadsorbed alkaline phosphatase con-
jugated antidigoxygenin Ab (1/2,000) for 2 h at RT. Atter washing 4x20

min in PST and 3x5 min in BCL (0.1 M Tris/HCI pH 9.5, 50 mM MgCI2.
0.1 M NaCI, 0.1% Tween 20 in water), the enzyme activity was revealed
by addition of NBT/BCIP in BCL and stopped by washing in PBT. For

observing the staining, embryos were squeezed between slide and cov-
erslip (so-called flat-mounted embryos).

Two color whole.mount in situ hybridizationn.
Double staining was carried out essentially as described in

Hauptmann and Gerster (1994). In general, position markers were
stained in red and otx genes in blue.

Whole-mount immunochemistry
The no tail antiserum (kindly given by Schulte-Merker) was used on

whole-mount in situ hybridized embryos as described in Halpern et al.
(1993) with some modifications. Briefly, after several washes in PBS and

PBT (PBS, 0.1% Triton X-100, 1% BSA, 1% DMSO) embryos were incu-
bated in a blocking reagent mix containing 2% normal goat serum in PBT
for 30 min at AT. Then embryos were incubated ON at 4°C in the no tail
antiserum diluted 1/5,000 in the previous blocking buffer with gentle
rocking. After washing in PBT, incubation in biotinylated goat anti-rabbit
Ig antibody (1/200) (SB, Southern Biotechnology) for 4 h at AT, washing
and incubation in 1/50 streptavidine-peroxidase (SB) for 2h at AT, the
embryos were finally washed extensively and the enzyme activity was
revealed in DAB 0.5 mglml containing 0.001% H202. The color reaction
was allowed to proceed for 15-30 min and stopped by several washes in
PST.

Sectioning of whole-mount hybridized embryos
After washings in PBT and PBS embryos were dehydrated with an

ethanol series (30-50-70-85-95-100%) for 20 min each followed by
xylene 20 min and embedded in paraffin wax. 10)lm sections were pre-
pared and dewaxed in xylene (twice, 10 min) possibly rehydrated,
washed in PBS and counterstained with propidium iodide and finally
dehydrated and mounted with Depex.

Acknowledgments
We would like to thank A. Fjose for the gift of the zebra fish genomic

library and for providing the pax2 probe, S. Schulte-Merker for providing

no tail Ab, P Bovolenta and S. W. Wilson for helpful suggestions and dis-
cussions. We also thank S. Barabino and S. Tebano for advice and com-
ments throughout the work and $. Raisoni for technical assistance. This
work was supported by grants (rom EC BIOTECH Programme, Progetti
Finalizzati CNR fngegneria Genetica and ACRO, the Telethon-Italia
Programme and the Italian Association for Cancer Research (AfRC) to

EB and Progetto Finalizzato RAISA subproject 3 no. 2274 to FC. PM is
recipient of an EC fellowship (contracts n° ERBCHBGCT-920075 and n°

ERBCHBICT-941662).

References

ANG, SoL. and ROSSANT, J. (1993). Positive and negative signals from mesoderm

regulate the expression of mouse Otx2 in ectoderm explants. Development
118: 139-149.

ARIENS KAPPERS, C.U., HUBER, G.C. and CROSBY, E.C. (Eds.) (1936). The

Comparative Anatomy of the Nervous System of Vertebrates Including Man,

Vol. 2. MacMillan, New York.

BAlLY-CUIF, L., GULISANO, M., BROCCOLI, V. and BONCINElLl, E. (1995).

c-otx2 is expressed in two different phases of gastrulation and is sensitive to

retinoic acid treatment in chick embryo. Mech. Dev. 49: 49-63.

BON CINELLI, E., GULISANO, M. and BROCCOLI, V. (1993a). Emx and Otx

homeobox genes in the developing mouse brain. J. Neurobiol. 24: 1356-1366

BONCINElLl, E., GULISANO, M. and PANNESE, M. (1993b). Conserved home-

obox genes in the developing brain. G.R. Acad. Sci. Paris 316: 979-984.

DE ROBERTIS, E.M., FAINSOD, A., GONT, L.K. and STEINBESSER, H. (1994).

The evolution of vertebrate gastrulation. In The Evolution of Developmental

Mechanisms (Eds. M. Akam, P. Holland, P. Ingham and G. Wray). Development
(Suppl.). The Company of Biologists Ltd., pp. 117-124.

DRIEVER, Wand NUSSlEIN-VOlHARD, C. (1988). The bicoid protein deter-

mines position in the Drosophila embryo in a concentration-dependent manner.

Cell 54: 95-104.

DRIEVER, W, STEMPLE, D., SCHIER, A. and SOlNICA-KREZEL, L. (1994).

Zebrafish: genetic tools for studying vertebrate development. Trends Genet. 10:
152-159.

FINKELSTEIN, R. and BON CINELLI, E. (1994). From fly head to mammalian fore-

brain: the story 01 old and Otx. Trends Genet. 10: 310-315.

FINKELSTEIN, R. and PERRIMON, N. (1990). The orthodenticle gene is regulat-

ed by bicoid and torso and specifies Drosophila head development. Nature 346:

485-488.
FINKELSTEIN, R., SMOUSE, D., CAPACI, T., SPRADLING, A.C. and PERRIMON,

N. (1990). The orthodenticle gene encodes a novel homeodomain protein
involvedinthe developmentof the Drosophilanervous system and ocellar visu-
al structures. Genes Dev. 4: 1516.1527.

HALPERN, M.E., HO, R.K., WALKER, C. and KIMMEL, C.B. (1993). Induction of
muscle pioneers and floor plate is distinguished by the zebrafish no tailmuta-
tion. Cell 75: 99-111.

HAUPTMANN.G. and GERSTER, T (1994). Two color whole-mount in situ
hybridizations on zebrafish and Drosophila embryos. Trends Genet. 10: 266

HERRMANN, B.G., lABEIT, S., POUSTKA, A., KING, TR. and lEHRACH, H.
(1990). Cloning of the T gene required in mesoderm formation in the mouse.
Nature 343: 617.622.

KIMMEL, C.B., WARGA, R. and SCHilLING, T.F. (1990). Origin and organization
of the zebrafish fate map. Development 108:581-594.

KRAUSS, S., JOHANSEN,
T" KORZH, V. and FJOSE, A. (1991). Expression of the

zebrafish paired box gene pax[zf-b} during early neurogenesis. Development
113:1193-1206.

KRAUSS,S., MADEN, M., HOLDER,N. and WilSON, S.w. (1992). Zebrafish
pax{b} is involved in the lormation of the midbrain-hindbrain boundary. Nature
360: 87.89.

LI, Y, AllENDE, M.L., FINKELSTEIN, R. and WEINBERG, E.S. (1994).

Expression of two zebrafish orthodenticle-related genes in the embryonic brain.
Mech. Dev. 48: 229-244.

MacDONALD, R., XU, a., BARTH, K.A., MIKKOLA, I., HOLDER, N., FJOSE, A.,
KRAUSS, S. and WilSON, S.W. (1994). Regulatory gene expression bound-
aries demarcate sites of neuronal differentiation in the embryonic zebrafish
forebrain. Neuron 13: 1039-1053.

MOlVEN, A., NJOlSTAD, P.R. and FJOSE, A. (1991). Genomic structure and
restricted neural expression 01the zebrafish wnt-1 (int-1) gene. EMBO J. 10:
799-807.

MULLINS, M.C., HAMMERSCHMIDT, M., HAFFTER, P. and NUSSlEIN-
VOLHARD, C. (1994). large-scale mutagenesis in the zebrafish: in search of
genes controlling development in a vertebrate. Curr. Bioi. 4: 189.202.

OXTOBY, E., and JOWETT, T (1993). Cloning of the zebrafish krox-20 gene (krx-

20 and its expressionduring hindbraindevelopment.Nucleic Acids Res. 21:
1087-1095.

PANNESE, M., POLO, C., ANDREAZZOLl, M., VIGNALI, R., KABLAR, B.,
BARSACCHI,G. and BONCINElU, E. (1995). The Xenopus homologue of
Otx2 is a maternal homeobox gene that demarcates and specifies anterior
structures in frog embryos. Development 121: 707-720.

PUSCHEl, A.W, GRUSS, P. and WESTERFIELD, M. (1992). Sequence and
expression pattern of pax-6 are highly conserved between zebra fish and mice.
Development 114: 643-651.

SCHULTE-MERKER, S., HAMMERSCHMIDT, M., BEUCHLE, D., CHO, K.W., DE
ROBERTIS, E.M. and NOSSlEIN-VOlHARD, C. (1994a). Expression of
zebrafish goosecoid and no tail gene products in wild-type and mutant no tail
embryos. Development 120: 843-852.



SCHULTE-MERKER. 5., HO, RK, HERMANN. B.G. and NUSSLEJN-VOLHARD.
C. (1992). The protein product Ofthe zebralish homologue of the mouse T gene
expressed in nuclei of the germ ring and the notochord 01the early embryo.
Developmenl176: 1021-1032.

SCHULTE-MEAKER,S., VAN EEDEN, F.J.M., HALPERN, ME, KIMMEL, C.B.
and NUSSLEIN-VOLHARD, C. (1994b). No tail (ntl) is the zebraflsh homologue
of the mouse T(Brachyury) gene. Development 120: 1009-1015.

SIMEONE. A., ACAMPORA, D., GULISANO, M., STORNAIUOLO, A. and
BONCINELLI,E. (1992). Nested expression domains 01four homeobox genes
Indeveloping rostral brain. Nature358: 687-690.

SIMEONE, A., ACAMPORA, D., MALLAMACI. A., STORNAIUOLO, A., D'APICE,
M.A., NIGRO, V. and BONCINELLI.E. (1993). A yertebrate gene related to
orthodentiCle contains a homeodomain of the bicold class and demarcates
anterior neuroectoderm of the gastrulating mouse embryo. EMBO J. 12:2735-
2747.

SIMEONE, A., AVANTAGGIATO, V., MORONI, M.C., MAVILlO, F., ARRA, C.,
COTELLI, F., NIGRO, V. and ACAMPORA, D. (1995). Retinoic acid induces
stage-specific antero-posterior transformation of rostral central nervous system.
Mech. Dev. 51: 83-98.

SMITH, J.e., PRICE, B.M.J., GREEN, J.B.A., WEIGEL, D. and HERRMANN, B.G.

Zt.'brq{ish olx gl'nes 573

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

(1991). Expression of a Xenopus homolog 01 Brachyury (T) is an immediate-

early response to mesoderm induction. Cell 67: 79-87.

STACHEL, S.E., GRUNWALD, D.J. and MYERS, P. (1993). Lithium perturbation
and goosecoid expression identify a dorsal specificalion pathway in the pre-
gastrula zebralish. Development 117: 1261-1274

THISSE, C.. THISSE, B., HALPERN, M.E. and POSTLETHWAIT, J.H. (1994).
Goosecoid expression in neuroectoderm and mesendoderm is disrupted in
zebrafish cyclops gastrulas. Dev. Bioi. 164: 420.429.

WARGA, A.M. and KIMMEL, C.B. (1990). Cell movements during epiboly and gas-
trulation in zebrafish. Development 108: 569-580.

WESTERFIELD, M. (Ed.) (1993). The Zebrafish Boo/<:A Guide for the Laborarory
Use of Zebra fish (Brachydanio rerio). Uniyersity 01 Oregon Press. Eugene, OR.

WILSON. S.w., PLACZEK, M. and FURlEY, A. (1993). Border disputes: do bound-
aries playa role in growth cone guidance? Trends NeurOSCI.16: 316-322.

WILSON. SW., ROSS. L.S., PARRETT, 1. and EASTER, 5.5. (1990). The devel-
opment of a simple scattold of axon tracts in the brain of the embryonic
zebrafish, Brachydanio rerio.Development 108: 121.145.

--~-~---~


