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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, weinvestigated 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 seria sagittal, cross and
frontal sections from wild-type embryos, using Pax6, DIx1 and
severa 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 includesthe 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-






3456 A. Stoykova and others

g

‘wir og “feq 8[eas *(71'H'@) 8qoJd TX|Q BY YHM paIPNIS UBYM UO [eYdBoUS Ip
3y} Jo uonesifeuoiBal pagInisip 8yl 810N “Id ‘1A ‘1A ‘XON 8yl ul gxed ‘v pue Arerinud ayp jo 1ed
[eJUS2 8yl ‘AdS ‘LA ‘LINT ‘1Q ‘9fejue snepiouoyd snxa(d Ul :2xi0 ‘wnioepid pue afie|ue X109 1yd.e syl
UIBSIUM (1@ Ul SIUAA ‘Ofiejue %9110003U Ul Z-Xwig pue X :uswiedwod arenbape ayl arendod (umous
10U BIRp) Sloyew Wwasaip Aq pauserred sioyiueboid o1feydeousip ay ‘Ass/Aes ul (7Y yiim asedwiod) urelq
Aes/Aes aup U1 91eI99IRP 10U B8 SAINJINUIS Ylog “(S|1e0 JO Weauss dAISod-gxed e YBno.yl d3d aAndwnsaid
a1 01 43 Jo Mul|ay1aiou) ApAndadsal ‘snweeylodAy [esee|ayl ulesle Ue pue snejonu 43 pawnsaid
ay} ‘snuwe eyiodAy ayy uisurewop Bulinoqybeu ul TX|Q 8yl pue 9xed ayi Jo uoissaldxe ay) 0l suulod r pue
| Ul Molreay "ApAnosadsal ‘snejonu piofepbAure [ed1110d syl pue eipawoseq ay) Ajqewnsald eepbAue
uisppl Bunenuaeip 03 ujod | ul mouse uado 661G aY) pue (S9PSS 1R1) | F uIsmoue Lado au) ' AdS
aAndwinsald ay) SSIRJIPUI © Ul MO |[eWS 3y ueinw ASS syl ul uodauip Buoim ayy ul molb eyl snue eyl
[e41USA [eSI0PO.ISO. pue | NT Aidwinsaid ays oisiujod g Ul molie ays () IDIN pUe d3v 8up Ul TX|Q J0
pue (3) LINT 8u» Ul 9xed Jo uosssaldxe Asejusws dwiod ay Aq paulep Arepunod ays few 4 ‘3 ulpue g ul
SMOLe 3 L "VOd Ul UoIssaldxe 9-xed ufkeje o}suiod v Ul Moy *(d Yiim asedwoo) urelq Ass/Aes auyy ut pardnisip st yoiym ‘XON/AD T 0 s auy) ke Aepunog uossaidxe Tx|Q deus
ay1 011uiod g uispeaymodste 0Mm1ay} xe1od wio4lid sjgewnsald ayy o1siuiod © ‘D “ Ul peaymolie a3yl (d'1'H'A N‘T'4'g) X1 104 pue (O MDD 'N‘I'T‘ V) 9Xed Jojsagoud o1310ads
01 pasip LAY M suodss 8y | "oAiquie 8|Bus e Wwouy paueIqo ‘(d'0 1M H'D'@"D) sutelq Aes/Ass ayy woly pue (N'INT'1'43'a" ) 8dA1-p|1im 8y wio.y suoiioss syl Jo Adooso.oiw pply
-{ep wodyale saunjold Jyio || B 1By} 0} UMous UOIESIPHGAY YNY NS UIaY} J0j pash SUOIIDSS a3 Jo spRY-IuBLg ake - T pue -T 'y *, € ¢ T YlIm paledlpul afe ufeiq jueinw
a1 Jo Buluonass ay) Jo spAs| Bulpuodsallod Aprewixoidde ay ] " jpued ayl anoge (E66T) UBISUagny pue sa|jend JO pow d1ewoso.d ay) Jo aweyas ay) ul paedipulake (7 ‘s ‘2 ‘T) urlq
adA1-pjimay} Jo Buiuondss ay) o SpPAS| 8 L "paIedipul se seqo.d TX|Q pue 9xed Yiim pasipugAy slemsurelq (Aes) a/e |fews snobAzowoy ey wouy Jo (1) 8dA1-pim sy} woly suooss
wedelpe (jeuody Aybis) ssensuel) elBS adp G213 e urIgeI0) (f8S/AaS) afe |rews snobAzowoy pue plIM JO SUOIIISS aslaAsuUel] Ul TX|d pue 9xed Jo Salepunog uossaldx3 T 'Bi4



Forebrain patterning and the function of Pax6 3457

‘wirl 0OE ‘Jeq 8[eaS *(d Ul Moue) Y fels o1do fenpisal 8y}

JO uoifal [eISIp 1SOW ay) 0] PAU U0 S| 9Xed JO Uossaldxa ayl Teyl 0sfe 910N 'sneploLioyd snxa|d sy Jo abe|ue ay) 01 sjuiod

| ‘D uImolre syl “(d yimaledwoo) Ass/Aes sy Ul a|ceIosep 10U S1YDIYM ureiq adA-pjimauy ulsnaonu 43 Burenusseliip
ay1 Jo uoibas anndwnsaid ayy 01 uiod |A Ul mosreayl ‘(Y Jo /] aredwod) urlq AsS/ASS Byl Ul a|ge1dalep 1ou si Ing (|

U1 pesymole) JBpJog SIy) seieaulBp UossaIdxe Zxi0 a|1Iym ‘(I € Ul pesymolle) TZ 8yl Ul passaidxe 10U S| gxed ey aiou —
O pue N ‘I Ul *(H) 8doJd TX|aaus A 1ou Ing ‘2 X10 Aq pue 9xed Aq pa|pae| e LA 3U} Jo Uoifdl [esiop 1Sow ay) pue 1N
a1 leyialou | pue 9 U] “BAe| 8 uew padopAspIEPUN BY) pue LIMOB JO U0 1DBIIP BUoIM YIM (d ‘T Ul LA ‘1INT)eipiownd
J1feydeousip pateledss AppIMay) ‘SO0 LIIUBA [eseTe| 3Y] 01 SUOIIBUUND apIM Bupjew a o LIUSA pJiy) pabie|us ay1 82110u ‘urlq
Aas/ Aes ayy U agoud 2X10 Yim X'd'1'd pue N'O H1°D TTXIA Yim MO M3 pue L'N'H'g ‘9xed Yim A'dT'd pue S'N'S'Y
's9q04d U LIP YlIM pasipLgAy ajem adAl plimayl Jo Teyl 01SpAs| Bulpuodsaliod Aprew ixoidde e urelq ASS/ASS ay) Wod)
SUO1108S Jusde[pe pue (BLBYDS By Ul pRIRDIPULSe) 17 '€ ‘Z ‘T SPAd| e ukld (L) 8dA1-p[im 8y} wouy suooes jusdelpy -odp
G273 3fess Je suonoss [eluo) 01 UoESIPLIGAY WYNY NS Ut A 2x10 pue TX|Q ‘9Xed Jo uossaidxe ay) Jo uosiredwo) g ‘614






