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SUMMARY

Pax6 isa member of the Pax genefamily of transcriptional
regulators that exhibits a restricted spatiotemporal
expression in the developing central nervous system, eye
and nose. Mutations in Pax6 are responsible for inherited
malfor mationsin man, rat and mouse. To evaluatetherole
of Pax6 in forebrain development, we studied in detail
mouse Small eye/Pax6 mutant brains. This analysis
revealed severe defectsin forebrain regions where Pax6 is
specifically expressed. The establishment of some
expression boundaries along the dorsoventral axis of the
secondary prosencephalon is distorted and the specifica-
tion of several ventral structures and nuclei is abolished.
Specifically, the development of the hypothalamo-telen-
cephalic transition zone and the ventral thalamus is
distorted. Our detailed analysis included a comparison of
the expression of Pax6, DIx1 and several other genes
during embryonic mouse brain development in wild-type
and in the mutant Small eye (Sey) brain. The results from
the analysis of normal brain development show that the
restricted expression of Pax6 and DIx1 at E12.5 dpc
respect domains within the forebrain, consistent with the
implications of the prosomeric model for the organisation
of theforebrain (L. Puellesand J. L. R. Rubenstein (1993)
Trends Neurosci. 16, 472-479). Furthermore, we found an
early restriction of Pax6 and DIx1 expression into pre-
sumptive histogenetic fields that correlate with the
formation of distinct forebrain structures and nuclei. Our
results are discussed in light of changes in adhesive prop-
erties in the Sey brain that might control segregation,

assembly and cell migration of progenitors of specific
forebrain regions.

Abbreviations: AA, Amygdala; AC, Anterior commissure; ACX,
Archicortex; AD, Hypothalamic nucleus, anterodorsal;

AEP, Anterior entopeduncular area; AH, Anterior hypothalamus;
CGE, Cauda ganglionic eminence; ChPL, Chorioid plexus;

CP, Caudate-putamen; DB, Diagonal band; DT, Dorsal thalamus;
DM, Hypothalamic nucleus, dorsomedial; EM T, Eminentia thalami;
EP, Entopeduncular nucleus; EML, External medullary laming;

ET, Epithalamus; fF, Field of Forrel; GP, Globus pallidus;

Hi, Hippocampal primordium; HCC, Hypothalamic cell cord;

HT, Hypothalamus; IN, Infundibulum; Is, Isthmus of
mesencephalon; LGE, Lateral ganglionic eminence; LV, Lateral
ventricle; MA, Mammillary area, basal region of P4;

M, Mesencephalon; Mb, Midbrain; MGE, Media ganglionic
eminence; NCX, Neocortex; OB, Olfactory bulb; OS, Optic stalk;
P1-P6, Prosomeres 1-6 ; PA, pa, Paraventricular nucleus ; PC (in
Fig. 1), Piriform cortex; PEP, Posterior entopeduncular area;

POA, Anterior preoptic area; POP, Posterior preoptic area;

PC, Posterior commissure; PT, Pretectum; r 1-r 7, Rhombomeres 1-
7; RCH, Retrochiasmatic area; RP, Rathke's pouch; RT, Reticular
thalamic nucleus; SE, Septum; SCH, Suprachiasmatic area;

SPV, Supraoptic/paraventricular area; STM, Striamedullaris;

Tg, Tegmentum of the mesencephalon; TU, Tuberal hypothalamus,
basal zone of P5; VLG, Ventral latera geniculate body;

VM, Hypothalamic nucleus, ventromedial; VT, Ventral thalamus;
ZI, Zonaincerta; ZL, Zonalimitans intrathalamica; 3V, Third ventricle
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INTRODUCTION

Recent evidence suggests that the patterning of the embryonic
forebrain in vertebrates is specified by distinct sets of regula-
tory molecules, which are activated during a specific time
window in development. Many of these genes are members of
homeodomain encoding gene families like Nkx, DIx, Emx, Otx,
Pax, POU (reviewed in Alvarez-Bonaldo et al., 1995;
Boncinelli, 1994; Chalepakis et al., 1993; Rosenfeld, 1991;
Rubenstein and Puelles, 1994) or are winged-helix genes like
BF-1 and BF-2 (Hatini et a., 1994) and secreted factors from
the Wit gene family (reviewed in McMahon, 1992; Nusse and
Varmus, 1992). Their specific expression within the neuro-
epithelium of the developing forebrain is restricted at putative

neuromeric boundaries (Boncinelli, 1994; Bulfone et al ., 1993;
Figdor and Stern, 1993; Price et a., 1992; Roelink and Nusse,
1991; Stoykovaand Gruss, 1994). This lent support to the idea
that similarly to the organisation of the hindbrain (reviewed in
Guthrie, 1996; Krumlauf, 1994; Lumsden, 1990), the forebrain
neuroepithelium may be compartmentalised into transverse
domains (neuromeres) with distinct molecular properties. Two
comparable models for the possible neuromeric organisation of
the chick diencephalon (Figdor and Stern, 1993) and for the
murineforebrain (Bulfone et al., 1993; Puelles and Rubenstein,
1993) have been recently proposed, which provide a
framework for pattern analysis. Different aspects of the pro-
someric model have been supported in recent gene expression
(Shimamura et al., 1995; Timsit et al., 1995; Tole and
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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 aterations 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 a., 1993; Walther et a., 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 isthat 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 a., 1994;
Matsuo et al., 1993), in humans with aniridiasyndrome (Glaser
etal., 1994; Jordan et al., 1992; Ton et a., 1991) or with Peter’s
anomaly (Hanson et a., 1994) and in the Drosophila eyeless-
mutant (Quiring et al., 1994). The misexpression of eyelessand
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 aparticularly 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 Sey™ (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 Sey"® (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 theforebrain, 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 DIx1 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 longitudina
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 alele 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/6JxDBA/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 previoudy 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: DIx1
in Price et a. (1991); Emx2 in Simeone (1992b); Mashl in Guillemot
and Joyner (1993); Otx2 in Simeone et a. (1993); Pax6 in Walther and
Gruss (1991); Prox1 in Oliver et a. (1993), Wnt3 and Wht3a in Salinas
and Nusse (1992). Two independent in situ hybridisation analyses were
performed for each stage on seria 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 d.
(1993) and Puelles and Rubenstein (1993). For the regiona 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
DIx1 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 DIx1 in the diencephalon and in the secondary prosen-
cephalon (Bulfone et a., 1993; Porteus et a., 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 DIx1, we initially
performed in situ hybridisation on serial sagittal, cross and
frontal sections from wild-type embryos, using Pax6, DIx1 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
etal., 1991), DIx1 expression is detected in two large domains.
Thetelencephalic domain includes the regions of : septum (SE),
diagonal band region (DB), latera and medial ganglionic
eminence (LGE, MGE), anterior entopeduncular area (AEP),
anterior preoptic area (POA). Within its thalamo-hypothalamic
expression domain DIx1 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 DIx1, a forebrain region designated as
‘optoeminential zone' does not show any DIx1 hybridisation
signal (Bulfone et al., 1993). It consists of the cauda gan-
glionic eminence (CGE), the eminentia thalami (EMT), the
supraoptic paraventricular area (SPV), the anterior hypothala-



mus (AH) and the posterior preoptic area (POP). As shown in
Fig. 1 (also Fig. 7), al these domains strongly hybridise with
the Pax6 probe. These results are direct evidence that the
optoeminential zone is a Pax6-positive domain within the
secondary prosencephalon that abuts the rostral and the caudal
DIx1 expression regions, as suggested in the prosomeric model.
It should be noted, however, that we detected a small DIx1-
positive subdomain within the SPV (Figs 1F, 2N). The com-
plementary expression of Pax6 and DIx1 within the secondary
prosencephalon defines boundaries a the levels of:
neocortex/lateral ganglionic eminence (NCX/LGE), posterior
preoptic area/anterior preoptic area (POP/POA) and posterior
preoptic area/suprachiasmatic area (POP/SCH, Figs 1A,B,
2A ,B); supraoptic paraventricular area/hypothalamic cell cord
(SPV/HCC, Fig. 1E,F). When related to the topological map
with an extended longitudinal axis of the brain (Puelles and
Rubenstein, 1993), they appear as longitudinal borders
outlining different strata in the forebrain.

In addition, Pax6 and DIx1 expression domains outline a
well-defined transverse neuromeric border, the zona limitans
intrathalamica (ZL) that separates the dorsal (prosomere 2)
from the ventral thalamus (prosomere 3; Fig. 2M,N) and also
another transverse expression border between the EMT and
AEP (arrows in Fig. 1E,F) which corresponds to a boundary
between prosomere 4 and prosomere 5 as proposed in the pro-
someric model. In the ventral thalamus, we found that Pax6
and Otx2 but not the DIx1 probe hybridises within the dor-
salmost region (Fig. 2G-1). Interestingly, at this early stage,
neighbouring domains within prosomere 4 (presumably repre-
senting the differentiating endopeduncular nucleus (EP) and a
region in the lateral hypothalamus) are specifically patterned
by Pax6 or by DIx1, respectively (arrowsin Fig. 11,J).

Failure of the formation of expression boundaries
and erroreous growth of forebrain primordia in the
Sey/Sey brain at stage E12.5 dpc

Next, we analysed the homozygous Small eye brain (Sey/Sey)
and compared the patterning of the wild-type and the mutant
brains at corresponding levels by in situ RNA hybridisation
analysis. In accordance with the reported switch off of the Otx2
expression at E11.75 dpc in the cortical domains (Simeone et
al., 1993), the hybridisation signal is absent in the wild-type
and also in the Sey/Sey cortex (Fig. 2C,I,F,L), indicating that
there is no general unspecific delay of the differentiation
program in the mutant brain. Different regions of the cortical
primordiawere adequately labelled by genesthat are expressed
in the future neocortical (Emx2, Otx1, Otx2) or archicortical
areas (Wht3a, data not shown). Nevertheless, the cortical
primordia are severely underdeveloped and the archicortex
anlage fails to invaginate along the medial wall of the telen-
cephalic vesicle.

The devel oping diencephalon of the mutant brain showsasur-
prising phenotype. The primordiaof the EMT (prosomere 4) and
the very rostrodorsal part of the ventral thalamus (prosomere 3),
which are specifically labelled by Pax6 and Otx2 but not by DIx1
(Fig. 2G-L), grow in the wrong direction. Instead of growing
rostroventraly in order to fuse with the MGE and AH at the
basis of the forebrain, these regions in the Sey/Sey forebrain
grow lateraly (compare WT/SEY in Fig. 1, levels 2/2"; 3/3";
Fig. 2, levels 2, 3). This results in an abnormally large third
ventricle, making wide connection with the left and the right
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forebrain ventricles. The partition of the ventral thalamusis seen
only at its dorsalmost regions, while the caudal diencephaon
(where Pax6, DIx1, Otx2 extensively overlap) looks relatively
normal except for an enlargement of the third ventricle (Fig. 1,
level 4/4"; Fig. 2. level 2, 4). In addition, the circular boundary
zone at the leve of the ZL which is normally strongly labelled
by Otx2 (Simeone et d., 1993) is not detectable in the Sey/Sey
diencephalon (arrowhead in Fig. 21/L,P).

Within the hypothalamus, the ventricular zone of the region
SPV (prosomere 4) seems to be correctly labelled by Pax6
(arrow in Fig. 1G). However, in absence of functional Pax6
protein, the compartmentalisation within the hypothalamus is
distorted, the expression of DIx1 becomes widely dispersed
and extends beyond the normal sharp boundaries at the levels
of POA/POP, SCH/POP (Fig. 1B/D) or HCC/AH (Fig. 1F/H).
Neither the EP nucleus (presumably a derivative of PEP,
prosomere 4; Pax6 positive) nor the neighbouring structure in
the lateral hypothalamus (DIx1 positive) could be observed in
the mutant brain (compare Fig. 11-L). As shown in Fig. 1D,H
and under higher magnification in Fig. 6A,B the expression
boundary for DIx1 at the level LGE/NCX is aso distorted.

Taken together, these results show two main disturbancesin
the homozygous Small eye brain at stage E12.5 dpc: (a) severe
growth disturbances of forebrain regions that are specifically
patterned by Pax6, which affect the formation of the transition
zone between the telencephalic vesicle and hypothalamus
(prosomere 3, prosomere 4); (b) failure of the restrictive
capacity of several expression boundaries for DIx1 within the
secondary prosencephalon.

Spatially restricted expression of Pax6 and Dix1in
the differentiating ventral thalamus and
hypothalamus at stage E14.5 dpc

In the wild-type forebrain, the paraventricular nucleus (PA)
and astream of cells extending all along the external medullary
laminathat presumably contribute to the formation of a part of
the ventral lateral geniculate body (VLG) hybridise strongly
with the Pax6 probe at E14.5 dpc (arrows in Fig. 3A, empty
arrowhead in 3C). Only a small subpopulation of cellsin these
two regions express DIx1 (arrowsin Fig. 3B), which in contrast
is detected in the entire region of the differentiating VLG
(empty arrowhead in Fig. 3D) and the hypothal amic anterodor-
sa nuclei (ad, AD Fig. 3B,D). The comparison of the
expression of Pax6 and DIx1 within the ventral thalamus
reveals a complementary pattern. Within the central part of the
ventral thalamus, Pax6 is excluded from the DIx1-positive
domain, which presumably represents the differentiating zona
incerta (ZI) and the reticular thalamic nucleus (RT; arrow in
Fig. 3C,D). Only Pax6 is strongly expressed in the prospective
entopeduncular nucleus (EP, arrowhead in Figs 3C,D, 4B). In
more caudal levels, an extensive overlap is detected for Pax6
and DIx1. The results show that, at stage E14.5, the expression
of Pax6 is mainly confined to the paraventricular and entopen-
duncular nuclei and a subregion of the ventral lateral genicu-
late body, while DIx1 expression is restricted to the prospec-
tive zona incerta, reticular nucleus, entire ventral latera
geniculate body and hypothalamic anterodorsal nucleus.

Disturbed development of diencephalic structures in
the Sey/Sey brain at stage E14.5 dpc

In the mutant brain, the thalamus appears to be of an earlier
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Fig. 3. Complementary expression of Pax6, and DIx1 in the wild-type forebrain and pattern disturbances in the Sey/Sey forebrain at stage E14.5
dpc. (A-D) Adjacent transverse (slightly frontal) sections through a wild-type forebrain with A, B at more rostroventral and C, D at more
dorsocaudal plane where hybridised with Pax6 (A,C) or DIx1 (B,D). The big open arrow in B pointsto the sharp limit of the DIx1 expression at
the level of LGE/NCX. The open arrowheadsin C and D point to distinct parts of the VLG, expressing Pax6 or DIx1, respectively. Thefilled
arrowsin C and D show the presumptive region of the differentiating zona incerta and the reticular nucleus, that are specifically labelled by the
DIx1 probe; thefilled arrowheads point to the prospective EP, labelled by the Pax6 probe, but not by DIx1. (E-H) Two levels of transverse
sections through the Sey/Sey mutant forebrain. (G,H) Sections approximately comparable to the level C,D in the wild-type brain, while (E,F)
more ventral planes. The empty arrowsin F, H point to the expression of DIx1 in the cortical areas extending far beyond the LGE/NCX border.
Note the extension of DIx1 expression into POP, which is normally patterned only by Pax6 (compare E/F; star). Note the enlargement of the
third ventricle, the partition of the dorsal thalamus that has an internal germinative layer still actively expressing Pax6 (compare with A, B) and
the failure of the compartmentalisation of the expression domains for Pax6 and DIx1 within the ventral thalamus. Scale bar, 1 mm.

developmental stage; left and right primordia are smaller and
widely separated from each other, the internal germinative
layer (IGL) of dorsal thalamusis still strongly expressing Pax6
(Fig. 3E). Previously, we reported that, around E13.5 dpc, the
main expression domain of the homeobox gene Prox1 (a ver-
tebrate homologue of the Drosophila prospero gene) istranslo-
cated from ventral to the dorsal thalamus, following the devel-
opmental dynamic of the differentiation processes (Oliver et
al., 1993). At E14.5 dpc, we found an abundant expression of
Prox1 in the mantle zone of the dorsal thalamus of the Sey/Sey
brain (data not shown), showing that despite the inadequate
growth there is no severe genera delay in the differentiation
program of the diencephalon in the mutant brain. Asillustrated
in sagittal (Fig. 4E-H) and transverse sections (Figs 3E,F, 6E-
H), there is a paucity of tissue in the mutant brain, encom-
passing regions of the optoeminential zone. Therefore, the
comparison of the patterning between the wild and the mutant
brain at corresponding levels is possible only in more caudal
sections as shown in Fig. 3C,D/G,H. Consistent with the
abnormal bifurcation and lateral displacement of the ros-
trodorsal regions of ventral thalamus already noticed at E12.5
dpc, we found that Pax6 and DIx1 extensively label only the
lateralmost diencephalic regions (Fig. 4E-H). Nevertheless,
none of the structures that are specifically patterned by Pax6
or DIx1 could be distinguished either in lateral or transverse
sectionsin the mutant brain. Taken together, these results show
that the regions of the optoeminential zones, which are specif-
ically patterned by Pax6 at E12.5, are severely affected in the
Sey/Sey brain in later stages. This results in a paucity of tissue

within the hypothalamus. Furthermore, the specification of
distinct nuclear structures within ventral thalamus through the
restricted expression of Pax6 or DIx1 is abolished.

It is of specia interest to note that, at E14.5 dpc, the
abnormal expression of DIx1 in the cortical areasin the Sey/Sey
forebrain has further expanded (Figs 4F,H, 6A-D).

Differential patterning of forebrain structures by
Pax6 and DIx1 at E18.5 dpc

To adequately correlate the observed restricted expression of
Pax6 and DIx1 in the developing forebrain, we followed the
expression of these genes also at prenatal stage. On frontal
sections through the rostral diencephalon, the paraventricular
nucleus and the entopenduncular nuclei hybridise strongly
with the Pax6 probe (Fig. 5A,C,E). Complementary to Pax6,
a diffuse DIx1 signal is observed in the region of the rostral
zona incerta and the reticular nucleus (Fig. 5B,D), which is
detected also in few cells in the paraventricular nucleus.
Similarly to the observations at E14.5 dpc, Pax6 is expressed
in a stream of cells which delineates the DIx1 expression
caudally in the ventral thalamus and ends in a subregion of
the VLG (two arrowheadsin Fig. 5A,C). The DIx1 (Fig. 5D,F)
and Otx2 transcripts (data not shown) are more abundant in
lateral areas including the RT and the entire VLG. Different
patterning is seen in more caudal levels. In general, the
expression domains of both genes overlap within the PA and
caudal ZI, except for the VLG, which hybridises exclusively
with the DIx1 probe (also with Otx2, not shown). The DIx1
signal is fainter and more widely distributed within the inter-
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SEY paxs

DIx1

Fig. 4. (A-D) Expression of Pax6 and DIx1 on parasagittal sections of wild-type brain at stage E14.5 dpc. (A,B) Sections at more medial levels
than C, D. Within the hypothalamus (HT), note that the opoeminential zone is a Pax6-positive region intercallated between the telencephalic (1)
and thalamohypothalamic expression domain (1) of DIx1. The two open arrowheads in C and D point to distinct regions of the presumptive
VLG labelled either by Pax6 or DIx1. The Pax6 and DIx1 expression domains overlap in the caudal region of the ZI. (E-H) Morphogenetic and
pattern disturbances in Sey forebrain at stage E14.5. The sections of the mutant brain at E, F and G, H are at approximately corresponding
levels to the sections of the wild-type brain at A, B and C, D, respectively. The empty arrows indicate the extension of the DIx1 expression
domain into the telencephalic cortex. The region of the laterally displaced ventral thalamusis outlined by arrows. None of the structures that
specifically express Pax6 or DIx1 can be distinguished. (F,H) Note the paucity of tissue corresponding to the region of the Pax6-positive

optoeminential zone. Scale bar, 1 mm.

mediate hypothalamus and the field of Forrel (fF), while the
expression of Pax6 is mostly confined to the dorsocaudal parts
of the ZI. More caudally, the Pax6 probe labels the region of
the suprafasicular nucleus and the transcripts of both genes are
detected in the dorsal and the ventral regions of the ZI (data
not shown). In al planes, DIx1 hybridises within the region of
the anterodorsal and the mediodorsal hypothalamic nucleus
(Fig. 5B,D,F).

Taken together these results show that, in the diencephalon,
the expression pattern of the two genes changes little from
stage E14.5 dpc to E18.5 dpc, which alowed us provisionally
to assign the fate of differently patterned prosomeric fields to
distinct diencephalic structures (see Discussion).

At the prenatal stage, Pax6 transcripts are till detected
within the dorsolateral ventricular zone and subventricular
zone (Fig. 5A), while having background levels in these zones
in the basal rostral telencephalon. On the contrary and as
noticed in earlier stages, the DIx1 transcripts are abundant in

the striatal and in the pallidal subventricular zone thus estab-
lishing a sharp boundary with the Pax6-positive region at the
level of the caudate-putamen (Fig. 5B,D). At this stage, afaint
(dightly above background level) signal is detected for DIx1
in the ventricular zone and subventricular zone of the dorsal
telencephalon. Several palleocortical areas including the dif-
ferentiating entopiriform nucleus, piriform cortex and
olfactory tubercles show specific hybridisation with the Pax6
probe. Interestingly, the two markers label different differenti-
ating nuclei of the amygdala along the rostrocaudal axis (Fig.
7). Rostrally, the presumptive cortical, the basolateral and the
medial nucleus of the amygdala are outlined mainly by the
Pax6 hybridisation signal whereas, in the more caudal planes,
the central and the medial amygdaloid nuclei are DIx1 positive.

Dysgenesis of the diencephalon of the prenatal
Sey/Sey brain

Consistent with the data of Schmahl et al. (1993), in Sey/Sey
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Fig. 5. Pattern disturbances in prenatal Sey/Sey brain. (A-F) Serial adjacent coronal sections from the wild-type brain with A, B at most rostral
and E, F at more caudal levels of sectioning. Note the mostly complementary expression in therostral diencephalon of Pax6 (PA, EP, subset of
cellsof VLG) and DIx1 (intherostral ZI, VLG). Thearrowsin A, C point to the Pax6-positive stream of cells under the EML, presumably
contributing to the formation of a part of the VLG,; the empty arrow in B, D and F point to the sharp expression limit for DIx1 in the ventricular
zone and SVZ of the forebrain. Note the extensive overlapping of the expression domains of the two markers within the PA, ZI and RT in more
caudal planes (E,F). (G-L) Seria adjacent coronal sections through the diencephalon of the homozygous mutant forebrain with G, H at the most
rostral and K, L at most caudal levels. Note the extensive overgrowth of the VZ and SVZ of the frontoparietal cortex and the nests of cells that
express strongly both markers. These streams (open arrows in G) probably represent the lateral migratory stream of progenitors of VZ (giving
rise to the piriform cortex; Altman and Bayer, 1995) and/or claustrum. The arrowheadsin I-L point to the border between DT and VT. Note the
severe morphogenetic disturbances in the rostral diencephalon and the incorrect location of PA, rostral ZI and RT. The morphology in the caudal
diencephalon is less severely affected; note the enlarged third ventricle making wide connection with the lateral ventricles. Scale bar, 1 mm.

E12.5 WT SEY E14.5 WT-

Fig. 6. Details of the pattern disturbances in the Sey/Sey brain at different developmental stages. (A-D) The expression limit for DIx1 at stage
E12.5 dpc (A,B) and at stage E14.5 (E,F) on transverse sections at the level of the NCX/LGE in the wild-type brain (A,C) and in the Sey/Sey
brain (B,D). Thearrowsin A, C point to the normal sharp expression boundary for DIx1 at E12.5 dpc (A) and at E14.5 dpc (C). In the Sey/Sey,
the DIx1 signal is detected in the cortical area aready at stage E12.5 (arrowsin B) and is furthermore extended at stage E14.5 dpc (arrow in D).
Scale bar, 150 um. (E-H) Adjacent transverse sections from the wild-type (E,G) and from the Sey/Sey brain (F,H) of E14.5 dpc embryos at
corresponding levels hybridised with the Pax6 (E,G) and with the DIx1 (F,H) probes. The figure illustrates the media extension of the MGE at
amost rostrobasal level substituting the paucity of diencephalic structures (presumably at this level the EMT, SPV) from their normal
locations. Scale bar, 300 pm.
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Fig. 7. Summary diagrams
of the patterning by Pax6
and DIx1 in the wild-type
and the Sey/Sey forebrain
during embryogenesis.

(A) Mapping of the
expression pattern of Pax6
(red) and DIx1 (yellow) at
stage E12.5 dpc on the
prosomeric model of
Puelles and Rubenstein
(1993). According to this
model the forebrain is
divided into six transverse
neuromeric regions
(prosomeres, P) that relate
to the restricted expression
domains of humerous
regulatory genes. P1, P2,
P3 form the diencephalon
and correspond to
neuromeric regions of
pretectum (PT), dorsal
thalamus (DT) and ventral
thalamus (VT). P4, P5, P6
constitute the secondary
prosencephal on assumpted
to contain in their basal
domains the hypothalamus
whileincluding the
telencephalic cortex and
optic vesicle into
evaginations of their alar
domains. Expression
boundaries also define

hypothetical longitudinal F G

zones, paralel to the

longitudinal axis of the

neural tube that follow the

ventral and the dorsal Sey

midlines as recently

documented (Shimamura et v &

al., 1995). Asaresult, the /
forebrain is subdivided into

compartments each

containing distinct
molecular characteristics.
In the schema, different
symbolsin the
corresponding colour are used to indicate descendants of presumptive histogenetic fields within prosomere 3 and prosomere 4, as suggested by
the results of this study. Within prosomere 3, the triangles and the squares represents the differently patterned descendants, presumably
corresponding to the ‘ pars geniculata’ and the ‘parsinserta’ of the suprapeduncular complex, while the hexagons indicate the descendats of a
matrix that presumably corresponds to the ‘ pars ventralis thalami’ (Keyser, 1972). The dots within the PEP of prosomere 4 represent the
accumulation of Pax6-patterned descendents of this histogenetic fields within the presumable region of the EP nucleus that borders on a DIx1-
patterned nuclear structure within the lateral hypothalamus. The yellow asterisks represent descendents of SPV labelled by DIx1. The arrow
that extends from PEP marks the presumptive pathway for migration of the EP nucleus. (B-E) Expression of Pax6 and DIx1 in the devel oping
diencephalon and cortex at stage E12.5 dpc (B), E14.5 dpc (C) and at stage E18.5 dpc at rostral (D) and cauda (E) level. The corresponding
symbols are used to indicate the presumptive origin of nuclei and structures from distinct histogenetic fields. The dashed line in D indicates that
the presented information for the patterning of the cortex concerns amore rostral level than that for the diencephalon. (F-J) Developmental
pattern disturbances in the Sey/Sey diencephalon at corresponding levels to that of the wild-type brain at stage E12.5 dpc (F), E14.5 dpc (G) and
at stage E18.5 at rostral (H) and caudal level (J).

E12.5 E14.5 E18.5 rostral E18.5 caudal
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we observed a constant failure of proper cortical lamination,
extensive overgrowth of the ventricular zone and subventric-
ular zone of the frontoparietal cortex, cortical heterotopias,
absence of anterior commissure and severe underdevel op-
ment of the internal capsule, corpus callosum, posterior com-
missure and the basal ganglia (Fig. 5C-L). The sharp border
between the expression domains of Pax6 and DIx1 in the ven-
tricular zone and subventricular zone of the frontoparietal
cortex islacking in the mutant forebrain. Here the entire ven-
tricular zone and the subventricular zone of the telen-
cephalon, including the striatal, the neocortical regions and
also the superficially located islands of germinative cells (the
cortical heterotopias) are strongly labelled by both markers
(Fig. 5G-L). For Mashl (a marker for relatively undifferen-
tiated neuroblasts), similar hybridisation signals were
detected in the telencephalic ventricular zone/subventricul ar
zone in the wild-type and in the mutant brain. This suggests
that the bulk of the constituents of the pathological subven-
tricular zone in the cortex of the Sey/Sey mutant are presum-
ably in a postmitotic state (reported also for the Sey™ allele
(Schmahl et al., 1993). However, the proliferation and differ-
entiation states of the Sey cortical cells need a direct exami-
nation in a birthday study with markers for differentiated
postmitotic neurons.

The observed early pattern and morphological abnormali-
ties within the rostral diencephalon in the Sey/Sey forebrain
are maintained through E18.5 dpc. At this developmental
stage, therostral zonaincertaand the reticular nucleus (specif-
icaly patterned by DIx1, Fig. 5B,D) and the paraventricular
nucleus (mainly patterned by Pax6; Fig. 5A,C,E) should have
migrated to their final, rostralmost locations between the
dorsal thalamus and the anterior hypothalamic area. In the
Sey/Sey brain, these structures are absent from their normal
position (Fig. 5G,H), the third and the lateral forebrain ven-
tricles are connected through wide openings (instead of
through the normal thin foramina Monro) and the left and the
right sides of the diencephalon are not fused. Noteworthy, the
entopeduncular nucleus (specifically labelled by Pax6) is also
not detectable at its normal location within the cerebral
peduncle. Caudally, the regions of the paraventricular nucleus,
zona incerta and ventral lateral geniculate body do not show
their characteristic patterning for the applied markers (Fig. 5I-
L) and the third ventricle is still enlarged, due to the under-
development of the paraventricular nucleus and the caudal
zona incerta (which normally extends medially to the lumen
of the ventricle). The patterning of the anterodorsal nuclei by
the DIx1 gene within the hypothalamus seems to be unaffected
(Fig. 5H,J.L).

DISCUSSION

Restricted expression of the transcriptional factors
Pax6 and DIx1 and the patterning of the
diencephalon

Pax6 is expressed in restricted domains of the forebrain
beginning at E8.5 dpc but also in the midgestation and in the
mature brain (Stoykova and Gruss, 1994; Walther and Gruss,
1991). To evaluate the possible involvement of Pax6 in
regional specification of the forebrain, we compared the mor-
phology and the patterning of the developing forebrain in wild

type and in Pax6 loss-of-function mutant Small eye mice (Sey
alele).

Mapping the expression domains of Pax6, DIx1 and Otx2 on
successive dices in the E12.5 dpc mouse brain revealed that
these domains consistently respect some transverse and longi-
tudinal boundaries as proposed in the prosomeric model
(Puelles and Rubenstein, 1993). Here we present evidence that
the previously identified two expression domains for DIx1
(Bulfone et al., 1993) abut upon regions (supraoptic paraven-
tricular area, anterior hypothalamus, posterior preoptic areq)
that are specifically patterned by Pax6. Thus, both genes are
specifying longitudinal expression boundaries and zones
within the secondary prosencephalon.

According to the neuromeric theory (Bergquist and Kallén,
1954; Coggeshall, 1964; Keyser, 1972; Kuhlenbeck, 1973), the
developing neuroepithelium is subdivided into transverse com-
partments. Heterochronically proliferating histogenetic fields,
which produce clusters of postmitotic neurons that move into
the mantle zone, have been observed (Puelles et a., 1987,
Wilson et al., 1990). It is assumed that delineation of a histo-
genetic field results from patterning effects of morphogenetic
signals along the anteroposterior and dorsoventral axis in the
undifferentiated neuroepithelium, while patterning along the
mediolateral axis possibly leads to the migration of young
neurons from deep to superficial mantle layers (Puelles, 1995).
Accordingly, it is expected that sets of regulatory genes specif-
ically expressed in individual histogenetic fields could be cor-
related with the fate-specification of these fields (Rubenstein
and Puelles, 1994). The assignment of a histogenetic field to
an adult structure is a difficult task because of the complex
morphogenetic movements of differentiating neurons during
development. Therefore, in thisstudy, weinitially followed the
patterning of the developing wild-type diencephalon from
stage E12.5 to stage E18.5 dpc. This allowed us to relate the
specific patterning of aready differentiated derivatives of
ventral thalamus and hypothalamus in the prenatal brain to
presumed neuromeric histogenetic fields of their origin.

At stage E12.5 dpc, the expression domains of Pax6, DIx1
and Otx2 overlap extensively within the prosomere 3 (ventral
thalamus). However, DIx1 is not detected within the dor-
salmost domain of the ventral thalamus (where Pax6 and Otx2
are expressed); it is more abundantly expressed within its
central region (seealso Price et a., 1991). Our present analysis
indicates that this field (according to its specific labelling by
DIx1) later develops into the region of the differentiating zona
incerta and reticular thalamic nucleus (E14.5 dpc) while, in the
prenatal brain, itisrelated only to the rostralmost areas of these
structures. Within the caudal part of prosomere 3, the
expression domains of Pax6, DIx1 and Otx2 are grossly over-
lapping, a feature also observed in the caudal regions of zona
incerta and ventral geniculate body at later developmental
stages. A possible explanation (see Fig. 7) for the differential
patterning of the derivatives of the ventral thalamus (zona
incerta, reticular thalamic nucleus and ventral lateral genicu-
late body) isthat they originate from distinct histogenetic fields
within the territory of the ventral thalamus that are differently
patterned by the transcription factors studied. This assumption
is consistent with the results of a detailed ontogenetic study on
the development of the diencephalon in Chinese hamster
(Keyser, 1972, see also Fig. 7). Within the ventral thalamus,
Keyser (1972) described two matrix primordia (a) a pri-



mordium that further develops into the rostral portion of the
zona incerta, which appears to be specifically labelled only by
DIx1; (b) a primordium with two parts giving rise either to the
ventral geniculate bodies, where Pax6 and DIx1 show nonover-
lapping expression rostrally, or to the caudal portion of the
zonaincerta, where an extensive overlapping of the expression
domains of both genes is observed.

Similar to the observed differential patterning of prosomere
3 (ventral thalamus) by Pax6 and DIx1, the expression of the
two markers delineate neighbouring fields within prosomere 4,
representing the presumptive field of the entopeduncular
nucleus (for Pax6) and a roundish structure within the lateral
hypothalamus (for DIx1). Hypothalamic structures with similar
characteristics have been reported to be derived from a
common matrix of the forebrain (Marchard et a., 1986). The
early developmental patterning of the region of the supraoptic
paraventricular area by Pax6 and DIx1 is maintained within the
paraventricular nucleus at later developmental stages, suggest-
ing its origin from this field. The field of hypothalamic cell
cord, specifically labelled by DIx1 (prosomere 5) presumably
gives rise to the anterodorsal hypothalamic nuclei.

In conclusion, the results from our expression analysis
suggest that early confinement of the transcription factors Pax6
and DIx1 to distinct neuromeric fields is consistent with their
fate specification in producing specific forebrain structures.

Pax6 function is required to establish longitudinal
boundaries along the dorsoventral axis in the
secondary prosencephalon

To examine the fidelity of the regional specification, a number
of markers (DIx1, Otxl, Otx2, Emx1, Emx2, Wnt3, Wnt3a,
Prox1, Mashl and Pax6) for distinct forebrain regions have
been applied to Small eye brain sections. In general, these
markers show normal distribution along the anteroposterior
brain axis except for alack of the normal ring-like expression
of Otx2 at the level of the zona limitans intrathalamica. In
addition, we detected an abnormal diffuse expression of Pax6
at the border between pretectum and midbrain (data not
shown), possibly reflecting the underdevelopment of the tract
of the posterior commissure. In contrast, the establishment of
several longitudinal expression boundaries (e.g. between
neocortex and lateral ganglionic eminence; anterior and
posterior preoptic area; posterior preoptic area and suprachias-
matic area; zona limitans intrathalamica plus anterior hypo-
thalamus and hypothalamic cell cord) that outline different
strata within the secondary prosencephalon aong the
dorsoventral axisis compromised in the mutant brain and cor-
relates with pattern and morphogenetic abnormalities.
Similarly, changes in neuronal patterning have been reported
in the forebrain of the zebrafish mutant cyclops as a conse-
guence of the disruption of expression boundaries (Macdonald
et a., 1994).

The disrupted patterning at the border between anterior and
posterior preoptic area as seen in Sey/Sey is of specia interest
in relation to the eye phenotype. The neuroepithelium of the
posterior preoptic area is supposed to contain progenitors
destined to populate the optic stalk (Altman and Bayer, 1995).
In the Sey/Sey diencephalon, the restrictive capacity of the
border between anterior and posterior preoptic areais disrupted
and the posterior preoptic area starts to express DIx1 abun-
dantly, which might contribute to growth disturbances of the

Forebrain patterning and the function of Pax6 3463

optic stalk in the mutant brain (Grindley et a., 1995; Schmahl
et a., 1993).

The formation of the boundary between neocortex and
lateral ganglionic eminence is aresult of the earliest regional-
isation of the forebrain, its subdivision into telencephalic
cortex and basal ganglia. Previous expression analyses demon-
strated that DIx1 and DIx2 expression domains overlap, they
are mainly confined to the subventricular zone of the basal
telencephalon, establishing a sharp expression limit at the
border between the striatum and the cortex (Bulfone et al.,
1993, 1995; Price et a., 1991; also this study). In contrast,
Pax6 is expressed in the ventricular zone of the cortex but not
in the medial and lateral ganglionic eminence (Stoykova and
Gruss, 1994; Walther and Gruss, 1991; also this study). In
addition to Pax6 and DIx1, several other genes respect the
boundary between neocortex and lateral ganglionic eminence:
Otx1, Otx2 (Simeone et al., 1992a,b); Enx2 (Simeone et al.,
1993) and Thr-1 (Bulfone et al., 1995). In Sey/Sey, in absence
of Pax6 function, the restrictive capacity of this border is
disturbed as early as at stage E12.5 dpc, as later indicated by
a progressive extension of the DIx1-positive domain dorsally
within the cortex. If DIx1-positive cells within the ventricular
zone and subventricular zone of the media and lateral gan-
glionic eminence are the ‘striatal precursors,’” then their pro-
gressive spreading into the cortex of the mutant brain may
explain the hypocellularity of the striatum (where Pax6 is not
expressed), a puzzling feature detected also in the Sey™ allele
(Schmahl et al., 1993) and in human homozygous aniridia
(Glaser et al., 1994). In addition, it might contribute to the
establishment of the cortical phenotype.

The lack of the restrictive capacity at the border between
neocortex and lateral ganglionic eminence in Sey/Sey may be
explained by aloss of adhesive barrier properties in the Pax6
mutant. As reported by Fishell et al. (1993), in normal brain,
Dil-labelled cells of the cortical ventricular zone cannot
migrate within the ventricular zone of the lateral ganglionic
eminence, implicating the existence of specific, adhesive
properties at the border between neocortex and lateral gan-
glionic eminence. Similarly, adhesive differences between
cortical and striatal cells have been recently demonstrated
(Gotz et al., 1996). These adhesive differences decline at | ater
developmental stages, correlating with the previously
reported decreased abundance of Pax6 transcripts in the
cortical region after E15.5 dpc (Walther and Gruss, 1991).
The close correlation between the region-specific expression
of adhesion molecules such as R-cadherin (Matsunami and
Takeichi, 1995; reviewed in Redies, 1995) or a selectin-
ligand (Gotz et al., 1996) in the forebrain with the Pax6
expression domains further supports a link between adhesive
events and the patterning by Pax6. We are presently investi-
gating this possibility.

The Small eye forebrain phenotype and the function
of Pax6

The malformations in the telencephalic cortex of the Small eye
brain as described in this study (Sey allele) are essentially the
same as those reported for the Sey™ allele (Schmahl et al.,
1993) and for an aniridia homozygote in human (Glaser et dl.,
1994). These defects are consistent with the distribution of
Pax6 transcriptsin the ventricular zone of the devel oping telen-
cephalon (Walther and Gruss, 1991); they have been suggested
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to reflect an abnormal migration of neuronal precursorsin the
cortical plate (Schmahl et a., 1993). While no severe pattern
and morphogenetic disturbances of the diencephalon were
reported for Sey™ (Schmahl et al., 1993), the Sey allele shows
severe aterations as described in this study. The basisfor these
differences most likely lies in the respective mutation. The
point mutation in the Pax6 gene in Sey mice introduces a
premature trandlation stop codon, truncating the protein
between the paired and the paired type homeodomain (Hill et
a., 1991). The Sey™ dlele yields a 116-nuclectide insert
within the Pax6é mRNA (as a consequence of a point mutation
within a splice acceptor sequence), creating a nonsense
mutation and truncating the protein carboxyterminal from the
homeodomain (Hill et al., 1991), thereby possibly maintaining
some residual function of Pax6.

Our analysis revealed that Pax6 function is required for the
normal development of anumber of forebrain regions (see Fig.
7) whereit is specifically expressed and largely confined to the
ventricular zone. At E12.5 dpc, the region corresponding to
eminentiathalami (and the dorsal part of the ventral thalamus)
shows abortive growth in the wrong laterocaudal direction. The
derivative of the eminentia thalami is not detectable in the
mutant brain (data not shown). As deduced from the Pax6
expression in Sey/Sey, supraoptic paraventricular area, anterior
hypothalamus and posterior preoptic area are present, but the
restricted expression of DIx1 (normally not expressed in these
regions) seems to be lost. Later in development a paucity of
tissue is detected within these regions (corresponding mainly
to prosomere 3 and 4), which suggests defects in proliferation
and/or patterning. Additional BrdU-labelling studies will help
to elucidate this issue.

In the ventral thalamus, in addition to the ventricular zone,
Pax6 is expressed also in the mantle zone. In the mutant brain,
we detected severe abnormalities in patterning and specifica-
tion of derivatives of the ventral thalamus. In Sey/Sey mice,
progenitors assumed to populate different diencephalic com-
partments (dorsal and ventral thalamus) appear to be born in
the neuroepithelium and express the corresponding markers.
However, they fail to form distinctly patterned histogenetic
fields at an early developmental stage and corresponding deriv-
atives later on. This strongly suggests that downstream targets
of the transcription factor Pax6 may ensure restriction of cell
mixing but also segregation, assembly and migration of dif-
ferently patterned forebrain progenitors (Fishell et a., 1993;
reviewed in Redies, 1995).

The spatiotempora expression of Pax6 in the developing
forebrain is complex and we are only beginning to understand
the logic behind it. It is obvious that Pax6 has numerous
different functions in eye, nose and brain development. The
patterning and specification of distinct forebrain structures, as
shown in this study, are a new facet of the important role of
Pax6 in vertebrate development.
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