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SUMMARY
We have analyzed the expression of four mouse homeobox genes related to two Drosophila genes expressed in
the developing head of the fly. Two of these genes, Emxl
and Emx2, are related to empty spiracles, and two genes,
termed Otxl and Otx2, are related to orthodentide.
These genes are all expressed in the developing rostra1
brain of E l 0 mouse embryos and their expression domains can be compared. Otx2 is expressed in all dorsal
and most ventral regions of telencephalon, diencephalon,
and mesencephalon. The Otxl expression domain is similar to that of Otx2, but smaller and contained within it.
The Emx2 expression domain is comprised of dorsal telencephalon and small diencephalic regions, both dorsally
and ventrally. Finally, Emxl expression is exclusively

confined to the dorsal telencephalon. At the time when
regional specification of major brain regions takes place,
the expression domains of the four genes appear to be
continuous regions contained within each other in the
sequence Emxl < Emx2 < Otxl < Otx2. The first appearance of transcripts of the four genes is also sequential: Otx2 is expressed first (E5.5), followed by Otxl
and Emx2 (ES-SS), and finally by Emxl (E9.5). It is
tempting to speculate about a possible role of the four
genes in establishing and/or signalling the limits of the
various embryonic brain regions in a discrete progressive
process with its center in the dorsal telencephalon.

HOMEOBOX GENES IN DEVELOPMENT

identified as the vertebrate relatives of Drosophila
homeotic genes. They control vertebrate axis specification and provide positional cues in the developing neural tube from hindbrain to tail (Hunt et al.,
1991).
Conversely, much less is known about the development of most anterior regions of the body, even
in flies (Finkelstein and Perrimon, 1991; Cohen
and Jurgens, 1991 ). Two Drosophila homeobox
genes, empty spiracles (ems) (Dalton et al., 1989;
Walldorf and Gehring, 1992) and orthodentide
(otd) (Finkelstein et al., 1990), have recently been
identified that appear to play a major role in controlling the development of the head of flies. We
used Drosophila sequences to identify vertebrate
homologues and cloned Emxl and Emx2 (Simeone et al., 1992b), related to ems, and Otxl and
Otx2 (Simeone et al., 1992a, 1993), related to otd.
All four genes are expressed in the developing rostral brain of midgestation mouse embryos as is

Several homeobox genes are: believed to control
cell identity with a regional or segmental pattern
both in flies and vertebrates (McGinnis and
Krumlauf, 1992). The study of vertebrate homologues of regulatory genes operating in the Drosophila trunk has provided invaluable information
about the genetic control of the system of positional values operating during development. Hox
genes (Boncinelli et al., 1991; Kessel and Gruss,
1991; McGinnis and Krumlauf, 1992) stand out
among the various homeobox gene families so far
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Emx and Otx Homeobox Genes

Dlxl, a homeobox gene (Price et al., 1991, 1992)
containing a homeodomain related to that of the
Drosophila Distal-less gene, expressed in ventral
thalamus and basal telencephalic regions from day
10 of mouse development. The degree of similarity
of mouse and fly homologous homeodomains is
striking. For example, the Otxl and Otx2 homeodomains differ for 3 and 2 amino acid residues
from the otd homeodomain, respectively. In particular, the three homeodomains share the lysine residue at position 9 of the recognition helix only
found so far in Drosophila bicoid (bcd) (Driever
and Nusslein-Volhard, 1988) and frog goosecoid
(Blumberg et al., 1991) gene products.
ems (Dalton et al., 1989;Walldorfand Gehring,
1992) and otd (Cohen and Jurgens, 1991; Finkelstein and Pemmon, 1991 ) mutations result in the
deletion of specific anterior head structures. In
such mutants, precursor cells do not express genes
characteristic of those segments, suggesting that
both genes are required for proper developmental
programming with functions of gap genes in defining antennal and preantennal segments in the
head. These include antennal sense organs which
are considered the main olfactory sensory structures of the Drosophila larva. At the blastoderm
stage, gene products of both genes are expressed in
a fairly anterior circumferential stripe. A group of
mutations exist that fail to complement otd mutations. Flies homozygous for these mutations, ocelliless, show deletions of sense organs, including
ocelli, in the adult head ( Wieschaus et al., 1992).
We studied the expression of Emx and Otx
genes in mouse embryos by in situ hybridization
(Wilkinson, 1992). All four genes are expressed in
restricted regions of the developing rostra1 brain of
mouse midgestation embryos, including the presumptive cerebral cortex. Here we summarize
these expression data and discuss a possible role of
the four genes in establishingthe limits and boundaries of the various embryonic brain regions.

EXPRESSION OF THE FOUR GENES IN
E l 0 EMBRYOS
In El0 mouse embryos the four genes are all expressed. Their expression domains (Simeone et al.,
1992a) are continuous regions of the developing
brain contained within each other in the sequence
Emx 1 < Emx2 < Otx 1 < Otx2 (Fig. 1 ) .The Emx 1
expression domain includes the dorsal telencephaIon with a posterior boundary slightly anterior to
that between presumptive diencephalon and telencephalon. Emx2 is expressed in dorsal neurecto-
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derm with an anterior boundary slightlyanterior to
that of Emx 1 and a posterior boundary within the
roof of presumptive diencephalon. Its expression
in restricted ventral regions of diencephalon is also
apparent at this developmental stage. Both dorsally
and ventrally, the Otxl expression domain contains the Emx2 domain. It covers a continuous region including part of the telencephalon, the diencephalon, and the mesencephalon with an anterior
boundary approximately coincident with that of
Emx2. Laterally, the posterior boundary of Otxl
domain coincides with that of the mesencephalon.
In median sections a strong hybridization signal
extends only half way along the mesencephalon.
The Otx2 expression domain contains the Otxl
domain both dorsally and ventrally. It covers practically the entire fore- and midbrain; only the regions of optic chiasm and optic recess are excluded.
The expression domain of Dlxl at this stage covers
part of the domain excluded from the Otx2 domain, like the postoptic region, but not the optic
recess.
Expression of Emx and Otx genes identifies several regions in the forebrain (Fig. 1 ) . Some of these
may correspond to presumptive anatomical subdivisions, whereas the significance of others remains
to be assessed. Dorsally, for example, it is clear that
the two Emx genes identify a presumptive cortical
region, part of which will be neocortex and archicortex (area 4 in Fig. 1 ). Emx2 expression also defines the boundary between future dorsal (DT)
and ventral thalamus (VT). On the other hand,
expression of these genes does not offer an unambiguous cue for the boundary between presumptive ventral thalamus and area 5 of telencephalon
(broken line in Fig. 1 ). In this light, it is interesting
to consider that in recent experiments in the chick
embryo (Martinez et al., 1991 ), ventral thalamus
has been shown to share with telencephalon the
inability to express En-2 upon grafting of metencephalic neuroepithelium. The potential to express
En-2 and exhibit mesencephalic cell fate stops at
the zona limitans intrathalamica, the boundary between dorsal and ventral thalamus. We could consider the existence of two territories within the
early vertebrate forebrain: an anterior one, encompassing telencephalon and ventral thalamus, and a
posterior one, including the rest of diencephalon
(see also Figdor and Stern, 1993).
Just anterior to presumptive cortical region
there is a region of dorsal telencephalon (area 2 in
Fig. 1 ) where expression of Emx2 and Otx 1 is less
defined, both dorsally and ventrally. This region
generates a further subdivision of the forebrain
whose ventral floor probably corresponds to the
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Figure I Summary ofthe expression domains of the four Emx and Otx genes and Dlxl in the
developing central nervous system of E l 0 mouse embryos. Expression of members of the Hox
gene family is also indicated. Expression of Emx and Otx genes identifies a number of regions
in forebrain. Some of these correspond to anatomical subdivisions proposed by various authors, whereas the significance of others, indicated with numbers from I to 5 , remains to be
assessed. The broken line antero-ventral to presumptive ventral thalamus indicates a boundary
not related to the expression of these genes. A fainter stippling designates an anterior region of
dorsal telencephalon (area 2) where expression limits of Emx2 and Otx 1 are less defined. This
region generates a subdivision of the forebrain whose ventral floor corresponds to mammillary
area. A fainter stippling in the Otx 1 domain in posterior mesencephalon designates the region
where Otxl expression is weak along the mid-line and stronger in more lateral sections. DT,
dorsal thalamus; IN, infundibular or tuberal region; MA, mammillary area; Mes, mesencephalon; NC, notochord; OR, optic recess; PO, post-optic region; PT, pretectum; Rh, rhombencephalon; RM, retro-mammillary area; SL, sulcus limitans; VT, ventral thalamus.

mammillary area. It is conceivable that presumptive territory generated by this subdivision corresponds to caudal portions of basal internal grisea.
In summary, analysis of E 10 brain shows a pattern of nested expression domains ofthe four genes
both in dorsal and ventral brain regions defining a
rostral, preisthmic, brain as opposed to hindbrain
and spinal cord. The first appearance of the four
genes is also sequential (see below): Otx2 is first
expressed in E5.5, followed by Otxl and Emx2 in
E8-8.5, and, finally, by Emx1 in E9.5. It seems
reasonable to postulate a role of the four homeobox genes in establishing or maintaining the limits
and identity of the various embryonic brain regions. In this line, the specification of the various
regions of the rostral brain seems to be a discrete
process with its center in the dorsal telencephalon.
Between E l 0 and E10.25 the expression of

Emx2, Otxl, and Otx2, begins to shift towards
slightly more posterior brain areas.
EARLY EXPRESSION

Let us consider early expression of these genes.
Emx 1 is first expressed in E9.5 embryos in the anterior dorsal region of the neural tube (Simeone et
al., 1992b), an area fated to give rise to cortical
telencephalic regions, at a stage when most of brain
regionalization is probably already specified and
cortical neurogenesis is just starting ( Kuhlenbeck,
1973; Luskin et al., 1988). An Emx2 hybridization
signal is already detectable in anterior dorsal neuroectodermal regions in E8.5 embryos (Simeone et
al., 1992b). In E9.5 embryos its expression domain
in rostral brain clearly contains that of Emx 1.

Emx und Otx fforneobox Genes

Otxl is first expressed in a large region of the
anterior neural tube of E8.25-8.5 dpc embryos
( Simeone et al., 1992a). Anterior-posterior delimitation of the Otxl expression in the rostra1 neural
tube is clear in E9 and E9.5 embryos. Dorsally, its
expression domain comprised continuous region
including part of the telencephalon, the diencephalon, and the mesencephalon. That the posterior
boundary of this domain coincides with that of the
mesencephalon is apparent in paramedian sections
even if in more median sections a strong hybridization signal extends only half way along the mesencephalon. Ventrally, the Otx 1 expression domain
includes contiguous regions of both diencephalon
and mesencephalon with sharp anterior and posterior boundaries.
Otx2 is expressed at an earlier developmental
stage than Otx 1 because an hybridization signal is
already detectable in very anterior headfold regions of E7.5 embryos (Simeone et al., 1992a).
Otx2 is also expressed in 8.5 and 9 dpc embryos
with an expression domain containing that of Otx 1
and including the entire forebrain. Anterior-posterior delimitation of the Otx2 expression is clear in
E9.75 embryos. Dorsally, it includes the entire telencephalon, the diencephalon, and the mesencephalon. The anterior portion of this domain includes
lamina terminalis and presumptive basimedial
striatum, whereas the posterior boundary coincides with that of the mesencephalon. Ventrally,
the Otx2 expression domain includes contiguous
regions of diencephalon and mesencephalon with
an anterior boundary just posterior to the optic
chiasm.
Temporal sequence of these events may be put
in relation to proposed patterns of brain regionalization (Sakai, 1987; Puelles et al., 1987) (Fig. 2).
For example, Emx2 first expression roughly coincides with the appearance of a subdivision between
forebrain and midbrain, corresponding to total
level 4 of Sakai ( 1987), and precedes the appearance of total level 2 dividing telencephalon from
diencephalon. After the appearance of this subdivision, Emxl expression begins to be detectable in
dorsal telencephalon. Emx2 is expressed in dorsal
telencephalon but also in restricted anterior regions of diencephalon, both before and after the
appearance of total level 3 within diencephalon.
The significance of these correspondences is difficult to assess in the absence of morphogenetic data
obtained through experimental manipulations.
Furthermore, some authors disagree about this
temporal sequence of events. According to some of
them, for example, subdivision between dorsal and
ventral thalamus even precedes that between telen-
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cephalon and diencephalon (Figdor and Stern,
1993). Nevertheless, at least the case for the Otx
genes defining the posterior mesencephalic boundary may be made.
Otx2 is expressed even earlier (Simeone et al.,
1993) . Its transcripts are detectable in embryonic
structures since the prestreak stage at about day
5.5-5.7 post coitum in the embryonic ectoderm, or
epiblast, and not in extraembryonic ectoderm. The
epiblast of the gastrulating mouse embryo is believed to be the sole source of all definitive tissues
in the fetus. Grafting experiments demonstrate the
potency of the epiblast to form derivatives of all
three germ layers in gastrulating as well as in prestreak embryos (Tam, 1989; Lawson et al., 1991 ).
The same expression pattern is observed in E6 embryos and in early-streak E6.5 embryos. Between
day 7 and 7.5, Otx2 expression progressively recedes to anterior regions, where it will remain confined. These regions correspond to the neuroectoderm of the prosencephalon and mesencephalon.
Otx2 will remain expressed in these regions until
late in gestation.
The progressive confinement of Otx2 expression from the entire epiblast to presumptive foreand midbrain neuroectoderm occurs concomitantly with progressive regionalization of cell fate
within the epiblast. This Otx2 progressive confinement is certainly correlated with the expression of
other early developmental genes. For example,
what is known about the evolution of expression
patterns of early Hox genes ( McGinnis and Krumlauf, 1992), in particular Hox-2.9 (Wilkinson et
al., 1989; Frohman et al., 1990), could suggest a
relationship between the progressive displacement
towards anterior of the anterior border of the Hox
expression domain and of the posterior border of
the Otx2 expression domain.
EXPRESSION OF EMX GENES IN
MIDGESTATION EMBRYOS

Both Emxl and Emx2 are expressed in presumptive cerebral cortex in a developmental period, between day 9.5 and day 16 post coitum, corresponding to major events in cortical neurogenesis (Simeone et al., 1992b). At day 17 of development,
cortical expression of the two genes is almost exclusively confined to hippocampal germinal layers. It
seems reasonable to hypothesize a role of Emx 1
and Emx2 in establishing the limits and identity of
the cerebral cortex and in cortical neurogenesis.
Temporal patterns of neurogenesis are believed
to be important prerequisites for the establishment
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of precise anatomical interactions in the developing brain (Kuhlenbeck, 1973; Luskin et al., 1988).
The two genes are expressed in most cortical regions with a precise pattern in space and time. The
temporal profiles of expression of the two genes are
very similar but not coincident. There is a shift
between Emx 1 and Emx2 expression, the latter being expressed earlier and declining earlier in anterior and lateral cortical regions. In its full extension, E12.5-E13.5, the Emxl expression domain
comprises cortical regions including primordia of
neopallium, hippocampal, and parahippocampal
archipallium (Kuhlenbeck, 1973). Emxl expression seems characteristic of cortical regions,
mainly, but not exclusively, hexalaminar in nature. Hybridization signal is uniformly distributed
across the cortex without major differences and remains uniform later on, until it progressively declines. At day 17 post coitum Emx 1 expression is
confined to germinal hippocampal layers. Neurogenesis of pyramidal neurons is still on at this developmental stage, whereas neurogenesis of other cell
types in hippocampal regions takes place even
later. A role of this gene in cortical neurogenesis
appears quite conceivable.
In its full extension, E 12.5-E 13.5, the Emx2 expression domain comprises presumptive cortical
regions including neopallium, hippocampal, and
parahippocampal archipallium and selected paleopallial localisations, but no basal internal grisea. In
this period the hybridization signal is uniformly
distributed across the cortex without major differences, but starting from E13.75 it appears to be
confined to the germinal neuroepithelium of the
ventricular zone, excluding the intermediate zone
and cortical plate. From day 14.5 on, Emx2 cortical expression progressively declines in anterior
and ventrolateral regions and at day 17 post coitum is confined to germinal hippocampal layers.
Emx2 is also expressed in some other neuroectodermal regions of the embryo including olfactory
placodes. Particularly interesting is its expression
in olfactory placodes, olfactory bulbs, olfactory epithelia of nasal chambers, and in several cerebral
locations related to olfaction. In fact, Emx2 is also
expressed in specific sites of the hippocampal and
parahippocampal cortex, amigdalae, specific areas
of basal cortex, hypothalamus, ventral and dorsal
thalamus, habenulae, presumptive mammillary
bodies, and septal and tegmental regions. All these
regions contain areas related to olfaction even if it
remains to be seen whether Emx2 expression sites
really coincide with primordia of these areas as is
the case for olfactory epithelia in nasal pits and
chambers. In flies, ems is involved in the regulation

of olfactory sense organs during development. Mutant ems flies lack primordia of antennal sense organs (Dalton et al., 1989), the main olfactory sensory structures of the Drosophilu larva. The idea
that homeobox genes of the ems family might be
already involved in the specification of the protoolfactory system seems intriguing.
EXPRESSION OF OTX GENES IN
MIDGESTATION EMBRYOS
In midgestation embryos, the two Otx genes are
expressed in specific regions of the brain (Simeone
et al., 1993). Both are expressed in basal telencephalon, in diencephalon and mesencephalon but not
in spinal cord of E12.5 embryos. Their expression
domains in mesencephalon show a sharp posterior
boundary, both dorsally and ventrally at the level
of rhombic isthmus, already shown in earlier
stages. From E9.5 onward, the expression of both
genes clearly marks the posterior boundary of mesencephalon to the exclusion of presumptive anterior cerebellar domain. Ventrally, however, Otx 1
expression reappears posteriorly, in the anterior
metencephalon, after a gap just posterior to the IV
cranial nerve. Otx 1 is also expressed in dorsal telencephalon, whereas Otx2 expression has disappeared from this region at day 1 1.75 post coitum.
A specific Otx2 localization is in choroid plexuses,
both in lateral ventriculi and in myelencephalon
(Fig. 5).
In telencephalon, Otx 1 expression is detectable
in the presumptive cerebral cortex from its anterior
boundary to its posterior limit. Hybridization signal is remarkably uniform across the cortex, without major differences. Sections right in the middle
of lateral ventricles reveal expression in the olfactory bulbs. Frontal sections show that the Otxl domain includes neopallium, hippocampal, and parahippocampal archipallium and selected paleopallial and septal localizations (Simeone et al.,
1992a). Otxl expression is also detectable in some
noncortical basal telencephalic regions, namely in
the germinal layer of the most lateral portion of
lateral ganglionic eminence and in part of superior
basimedial region.
Otxl is also expressed in regions of diencephalon (Fig. 3): epithalamus, dorsal thalamus and
mammillary region of posterior hypothalamus. Its
expression domain does not include the ventral
thalamus. A two-layered narrow stripe of expression is detectable at the level of the boundary between dorsal and ventral thalamus [Fig. 4(a,
arrow)], that is the zona limitans intrathalamica,

Emx and Otx Hornrobox Genes

Figure 2 Schematic representation of early events in brain development, essentially according to Sakai ( 1987) and Puelles et al. ( 1987), in relation to the expression domains of Emxl
and 2 and Otx I and 2. According to these authors at the stage of 20 somites anterior diencephaIon, that is, parencephalon, is not yet subdivided. According to others this subdivision, generating ventral and dorsal thalamus, even precedes that between telencephalon and diencephalon.
br, brain; Di, diencephalon; dpc, days post coitum; fb, forebrain; hb, hindbrain; mb, midbrain;
Mes, mesencephalon; Met, metencephalon; My, myelencephalon; rb, rostra1 or preisthmic
brain; Te, telencephalon.

Figure 3 Schematic representation of Otx expression (blue) in diencephalon of E12.5 embryos. Expression domains of Wnt3 (Salinas and Nusse, 1992) and Dlxl in diencephalon are
also shown as examples of precise confinement. DT, dorsal thalamus; EST, epichordal strip
tracts; ET, epithalamus; HPT, habenulopeduncular tract; IN, infundibulum; MA, mammillary area; Mes, mesencephalon: PC, posterior commissure; PT, pretectum; SM, stria medullaris; TMT, mammillothalamic tract; VT, ventral thalamus; 111, 3rd cranial nerve.
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Otxl

Otx2
Figure 4 Expression of Otx genes in developing diencephalon. (a, b ) Sagittal section of E 13
embryos hybridized with Otx 1 ( a ) and Otx2 (b). Arrows point to the double layer of expression at both sides of zona limitans intrathalamica, the boundary between dorsal and ventral
thalamus. (c-f) Sagittal sections of E 14.5 embryos hybridized with Otx I (c, e ) and Otx2 (d, f ).
( e ) and ( f ) are magnifications of ( c ) and ( d ) , respectively, showing details of the posterior
commissure.

the precursor of lamina medullaris externa, and
mammillo-thalamic tract. Other localizations are
fasciculus retroflexus, the precursor of habenulointerpenduncular tract, stria medullaris, including
the region surrounding the posterior commissure
[Fig. 4( c,e)], primordium of mammillotegmental
tract, epiphysis, fornix, and sulcus lateralis hypothalami posterioris. Frontal sections define its expression in the germinal layer of diencephalon, particularly at the level of two sulci, namely the diencephalicus dorsalis and medius. Posterior to
diencephalon, it is expressed in mesencephalic regions of tectum and tegmentum, possibly at the
level of presumptive dorsal periventricular bundle.
Noncerebral Otx 1 localizations are in auricular
and ocular regions, nasal cavities including external ducts and pharynx (Simeone et al., 1993).
In El 2.5 embryos Otx2 is no longer expressed in
cortical telencephalon but only in a subset of presumptive noncortical basal ganglia. It is not ex-

pressed in anterior septal region but strongly expressed in septal regions contiguous to diencephalon and in germinal layer of anterior basimedial
regions. Its expression in lamina terminalis confirms its very anterior expression shown earlier in
development. Otx2 is expressed in regions of diencephalon [Fig. 3 and 4(b,d,f)]and mesencephalon
with a pattern very similar to Otxl. Otx2 is also
expressed in the anlage of neurohypophysis and in
choroid plexuses. Expression in developing choroid plexuses, both in outer ventnculi [Fig. 5 (ac ) ] and myelencephalon [ Fig. 5 (d-f)] , precedes
and accompanies the various morphogenetic
events leading to their formation and appears to be
confined to cells of the neuroepithelial layer and
excluded from underlying mesenchyme [Fig.
5 (g,h)] . Expression of both Otx genes in the developing brain remains essentially the same up to E 15
embryos and progressively declines later on.
Both Otx genes are also expressed in the olfac-

Figure 5 Otx2 expression in developing choroid plexus. (a-c) show the telencephalic ( L V ) choroid plexus in E l 2, E l 3, and E14.5 embryos. (d-f) show the myelencephalic ( I V ) choroid plexus in E12, E13, and E14.5 embryos. (8, h ) show nonradioactive (DIG; Boehnnger, Mannheim) Otx2 hybridization signal in telencephalic ( g ) and
myelencephalic ( h ) choroid plexus of E 14.5 embryos. 01x2 expression is confined to neuroepithelial cells to the exclusion of underlying mesenchyme.
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tory epithelium, as well as in the developing inner
ear from early expression in the otic vesicle to epithelia in auricular ducts of sacculus and cochlea
and in the developing eye (Simeone et al., 1993).
Here the two genes are both expressed but with
specific patterns. They are already expressed in optic stalks of E l 0 embryos. In E 12.5 embryos Otxl
is expressed in the iris, in a peripheral region including ciliary bodies, sclera, external ectoderm
and the external sheath of the optic nerve, whereas
in El7 embryos it is only expressed in the ins. In
E 12.5 embryos Otx2 is expressed in sclera, retinal
pigmented layer, and leptomeninges intimately
surrounding optic nerve, whereas in E 17 embryos
it is expressed in the pigmented epithelium of retina and in neurosensory retina. In flies otd is required for the development of the eye-antenna1
imaginal discs (Cohen and Jiirgens, 1990; Finkelstein and Perrimon, 1990; Wieschaus et al., 1992).
Flies homozygous for ocelliless mutations show deletions of sense organs, including ocelli, in the
adult head. We may conclude that developmental
genes encoding homeoproteins containing an otdlike homeodomain play a major role in the development of sense organs from a very remote evolutionary past.
AREAS AND BOUNDARIES

There is a certain degree of complementarity between localizations of Dlx 1 expression ( Price et al.,
1991, 1992; Simeone et al., 1993) and that of the
Otx genes both in diencephalon, striatum and basimedial region. This can be clearly observed hybridizing Dlx 1, Otx 1, and Otx2 on contiguous sections
(Simeone et al., 1993). In sagittal sections of diencephalon the dorsal border of Dlxl expression
abuts the ventral border of Otx expression. This
border comprises two layers of cells orthogonal to
the frontal surface of diencephalon surrounding
the zona limitans intrathalamica present at the
boundary between dorsal and ventral thalamus
[Fig. 4(a,b)]. Otx genes appear in general to be
expressed in germinal layers and boundary regions,
whereas Dlxl expression extends to more internal
regions, such as paraventricular and internal areas
of ventral thalamus (Fig. 3).
Much the same is observable in frontal sections
of diencephalon where the four longitudinal columns of Henick, that is, epithalamus, dorsal and
ventral thalamus and hypothalamus, are easily
identified, being separated by sulci termed sulcus
diencephalicus dorsalis, medius, and ventralis, respectively, from dorsal to ventral. Otxl and Otx2

are expressed (Simeone et al., 1993) in germinal
layers of epithalamus and dorsal thalamus and in
orthogonal layers of cells immediately above and
below the sulcus diencephalicus medius. Dlxl is
expressed in deeper regions of ventral thalamus.
Complementarity of Otx2 and Dlx 1 expression
patterns is also apparent in anterior basal regions
where again Otx2 expression is more superficial
and Dlx I expression is distributed throughout
deeper regions suggesting for these genes a role in
different groups of neuroblasts. The exclusion of
cells expressing Dlx 1 from ventricular germinal
layers suggests that these cells represent early differentiated neurons. Alternatively, Dlx 1 expression might be transient in proliferating neuroblasts
(Price et al., 1992). In general, Dlxl expression
appears to respond to already established boundaries. Conversely, the Otx genes could be involved
in the early subdivision of the forebrain.
Expression of Otx genes in diencephalon and
mesencephalon of E12.5-14.5 embryos co-localizes with boundary regions and presumptive axon
tracts (Fig. 3 ) , including anterior and posterior
[Fig. 4 (c-f)] commissures. This expression appears to be confined to precursor cells surrounding
these structures as if these cells could be used as
borders of pathways for the pioneer axon tracts.
This is particularly evident in the posterior commissure and along the zona limitans intrathalamica. Figure 4 (e) and ( f ) show that Otx gene expression in the posterior commissure is limited to
cells of ventricular epithelium, whereas primary
fibers running on its surface are not labelled.
Expression of Otx genes along the zona limitans
intrathalamica [Fig. 4 ( a,b)] appears of particular
interest. These expression domains might constitute a framework for the axon patterning of lamina
medullaris and other structures physically separating dorsal thalamus from ventral thalamus. In sagittal and frontal sections of diencephalon, the dorsal
border of Dlx 1 expression abuts the ventral border
of Otx expression (Simeone et al., 1993). Expression of Otx genes in two layers of cells running
parallel to the zona limitans intrathalamica present
at the boundary between dorsal and ventral thalamus might account for the sharp dorsal boundary
of the Dlxl expression domain in ventral thalamus. This is schematically shown in Figure 3 ,
where the expression domain of Wnt3 (Salinas and
Nusse, 1992) is also represented, as an example.
The ventral boundary of this domain also abuts the
zona limitans intrathalamica. Expression of both
genes around the optic nerve appears similar to
that along the zona limitans intrathalamica in providing clues to axon pathfinding and patterning.

Emx and Otx Homeohox Genes

Expression of Otx genes might provide a global
framework for the primary scaffold of specific axon
pathways in the early neuroepithelium of the forebrain.
It is of interest to consider the possibility that
Otx genes are used in development to specify territories or areas in rostral brain of E8-El0 mouse
embryos and to provide later on positional cues
required for axons to grow along specific pathways
within the embryonic central nervous system (Figdor and Stern, 1993) even if it is not clear whether
the two functions are independent. Vertebrate homeobox genes of the Emx, Dlx, and Hox families
do not appear to do anything similar. It is also of
interest to consider that in otd mutant flies, pioneer
axons of the posterior commissures fail to develop
normally as if appropriate positional cues were
missing (Tessier-Lavigne, 1992).
EVOLUTIONARY CONSIDERATIONS

Both Emx and Otx genes are expressed in the developing brain and in a few additional cephalic localizations. Emx 1 and Otx2 expression is confined to
the head. Emx2 and Otxl are mainly but not exclusively expressed in the head, whereas the 38 homeobox genes of the Hox family are exclusively
expressed in the hindbrain and trunk (Boncinelli et
al., 1991 ). The Otx expression domain covers the
first four cranial nerves and the Hox domain
covers all others, leaving possibly only the fifth,
stemming from rhombomere 2, out of this inventory.
A separation between head and trunk structures
occurs very early in development of both flies and
mammals. In flies a cephalic furrow forms in gastrulating embryos at the posterior boundary of presumptive head at about one-third of the embryo
length. This process is genetically controlled, for
example, by bicoid (Driever and Niisslein-Volhard, 1988), and there is increasing evidence that
the rules governing head formation may differ
from the paradigm established for the central region of the body (Finkelstein and Perrimon, 1991;
Cohen and Jurgens, 1991 ) . In the mouse egg cylinder the head derives from regions anterior to the
primitive streak, whereas most of trunk paraxial
mesoderm derives from growing cells stemming
from the most anterior portion of the developing
primitive streak (Tam, 1989). The embryonic axis
lengthens up to the neural plate stage essentially by
two processes: elongation of the primitive streak
and expansion of the region of epiblast immediately cranial to the anterior end of the primitive
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streak (Lawson et al., 1991 ). This regional specification together with germ layer determination is
achieved in steps.
Otx2 transcripts are detectable in embryonic ectoderm since the prestreak stage at about day 5.5
post coitum. The same expression pattern is observed in early-streak E6.5 embryos. Between day 7
and 7.5 Otx2 expression progressively recedes to
anterior regions, where it will remain confined.
These regions correspond to the neurectoderm of
the prosencephalon and mesencephalon where
Otx2 will remain expressed until late in gestation.
In conclusion, Otx2 is one of the earliest genes expressed in the epjblast and straight afterwards in
anterior neurectoderm, demarcating rostral brain
regions even prior to any sign of headfold formation. Its gene product contains a homeodomain of
the bicoidclass and is able to recognize and transactivate a bicoid target sequence (Simeone et al.,
1993). Early Otx2 expression appears intimately
linked to anterior specification and head formation.
Cephalization is thought to have occurred independently in the evolutionary lineages leading
to insects and vertebrates (Kuhlenbeck, 1973;
McGinnis and Krumlauf, 1992). Nevertheless,
ems-related and otd-related genes are expressed in
anterior cephalic regions both in flies and mammals. A couple of hypotheses can be advanced to
explain this evolutionary paradox. First, these
genes might be related to anteriority. In common
ancestors they might have been already expressed
in anterior neuroectoderm. When more and more
anterior structures were added in evolution, the expression domain of these genes automatically
shifted anteriorly. According to a second hypothesis, expression of these genes is related to major
sense organs and follows their localization in the
body. The two classes of explanations obviously
need not be mutually exclusive.
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