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Patterson, 1995) and axonal tract tracing studies (Mastick and
Easter, 1996). 

Changing the expression of the brain patterning genes is
expected to produce alterations in the developmental program
and should result in dysgenesis of the respective brain struc-
tures. The Pax genes encode evolutionary conserved tran-
scriptional regulators (Bopp et al., 1986; Dressler et al., 1988;
Wallin et al., 1993; Walther et al., 1991). Most of them are
expressed in the developing and mature nervous system
(Stoykova and Gruss, 1994), implicating functions in pattern-
ing, differentiation and maintenance of specific sets of brain
cells (reviewed in Chalepakis et al., 1993; Mansouri et al.,
1994). The remarkable feature of Pax6 is that it is the earliest
expressed gene of the Pax family that is almost exclusively
confined to the developing CNS, including the forebrain and
the eye (Walther and Gruss, 1991). The Pax6 protein is
strongly conserved throughout evolution. Genetic lesions in
Pax6 cause a broad spectrum of ocular abnormalities in the
Small eye (Sey) mouse (Hill et al., 1991; Hogan et al., 1986,
1988; Schmahl et al., 1993) and rat (Fujiwara et al., 1994;
Matsuo et al., 1993), in humans with aniridia syndrome (Glaser
et al., 1994; Jordan et al., 1992; Ton et al., 1991) or with Peter’s
anomaly (Hanson et al., 1994) and in the Drosophila eyeless-
mutant (Quiring et al., 1994). The misexpression of eyeless and
of murine Pax6 in the imaginal disc primordia induces the
formation of ectopic eye structures in Drosophila, demon-
strating the functional conservation of Pax6 during evolution
and its essential role in the eye formation (Halder et al., 1995).
Finally, in the nematode C. elegans Pax-6 is involved in pat-
terning of the head region (Chisholm and Horvitz, 1995; Zhang
and Emmons, 1995).

We have previously reported a particularly strong and devel-
opmentally early restricted expression domain of Pax6 in the
anlage of telencephalic cortex and in the ventral thalamus
(Stoykova and Gruss, 1994; Walther and Gruss, 1991). Cortex
malformations have been observed in homozygotes of the
Small eye allele Seyneu (Schmahl et al., 1993) and, in one case,
of human homozygous aniridia (Glaser et al., 1994). Intrigu-
ingly, no severe pathology in the specification of particular
diencephalic structures has been reported, except for a
dilatation of the third ventricle in Seyneu (Schmahl et al., 1993)
as well as a dysgenesis of the anterior diencephalon in human
homozygous aniridia (Glaser et al., 1994). 

To define the developmental role of Pax6 in the formation
of the forebrain, we investigated the expression pattern of Pax6
and other genes in conjunction with the malformations of the
Sey brain. Here we show that early developmental commitment
of the transcription factors Pax6 and Dlx1 to distinct neu-
romeric fields in the wild-type brain correlates with the speci-
fication of particular diencephalic nuclei. Loss of Pax6
function, as seen in Sey, causes a failure of the establishment
of several expression boundaries that specify longitudinal
domains within the developing forebrain. Consequently, the
development of the hypothalamo-telencephalic transition zone
and of distinct forebrain structures is distorted. 

MATERIALS AND METHODS

Animals
The allele of the Small eye mouse used in this work is Sey, a sponta-
neous mutation originally described by Roberts (1967) and Hogan et
al. (1986), kept under the background C57BL/6J×DBA/2J. The day
of the vaginal plug was considered as stage E0.5 dpc. Homozygous
(Sey/Sey) and wild-type (WT) littermate embryos with developmen-
tally matched stages were obtained from crosses of heterozygous
Small eye parents, selected on the basis of the eye size. Embryos were
removed to ice-cold phosphate-buffered saline (PBS) and fixed in 4%
paraformaldehyde in PBS at 4°C. The next day they were dehydrated
through ethanol/saline solutions and after xylene treatment, specimens
were embedded in Paraplast (Monoject Scientific).

In situ hybridisation
Sectioning, in situ hybridisation, washing and emulsion autoradiography
were performed as previously described (Stoykova and Gruss, 1994).
35S-labelled RNA probes were synthesised in the presence of two
radioactive nucleotides according to the supplier’s directions (Promega)
from corresponding linearized plasmid templates as described for: Dlx1
in Price et al. (1991); Emx2 in Simeone (1992b); Mash1 in Guillemot
and Joyner (1993); Otx2 in Simeone et al. (1993); Pax6 in Walther and
Gruss (1991); Prox1 in Oliver et al. (1993), Wnt3 and Wnt3a in Salinas
and Nusse (1992). Two independent in situ hybridisation analyses were
performed for each stage on serial sagittal, frontal and transverse sections
from wild-type and Sey/Sey littermate embryos. The terminology for the
prosomeric subdivision of the forebrain is according to Bulfone et al.
(1993) and Puelles and Rubenstein (1993). For the regional identifica-
tion of the developing brain, we used the rat brain atlas of Paxinos et al.
(1991) and Altman and Bayer (1995). 

RESULTS

Complementary expression domains of Pax6 and
Dlx1 define boundaries in the E12.5 dpc forebrain
At stage E12.5 dpc previous studies suggested the existence of
overlapping and complementary expression domains for Pax6
and Dlx1 in the diencephalon and in the secondary prosen-
cephalon (Bulfone et al., 1993; Porteus et al., 1991; Price et
al., 1991; Puelles and Rubenstein, 1993; Walther and Gruss,
1991). To obtain direct experimental evidence for the specific
regionalization of the forebrain by Pax6 and Dlx1, we initially
performed in situ hybridisation on serial sagittal, cross and
frontal sections from wild-type embryos, using Pax6, Dlx1 and
several other forebrain markers as probes. The results are
presented in Figs 1 and 2 and are summarized in Fig. 7. For
terminology, we refer to the prosomeric model of Bulfone et
al. (1993) and Puelles and Rubenstein (1993). 

Consistent with the reported data (Bulfone et al., 1993; Price
et al., 1991), Dlx1 expression is detected in two large domains.
The telencephalic domain includes the regions of: septum (SE),
diagonal band region (DB), lateral and medial ganglionic
eminence (LGE, MGE), anterior entopeduncular area (AEP),
anterior preoptic area (POA). Within its thalamo-hypothalamic
expression domain Dlx1 colocalizes with Pax6 within the
regions of the ventral thalamus (prosomere 3), in the posterior
entopeduncular area (PEP, prosomere 4) and specifically delin-
eates the regions of the hypothalamic cell cord (HCC,
prosomere 5) and the suprachiasmatic area (SCH, prosomere
6). Between the telencephalic and thalamo-hypothalamic
expression domains of Dlx1, a forebrain region designated as
‘optoeminential zone’ does not show any Dlx1 hybridisation
signal (Bulfone et al., 1993). It consists of the caudal gan-
glionic eminence (CGE), the eminentia thalami (EMT), the
supraoptic paraventricular area (SPV), the anterior hypothala-
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