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SUMMARY

Pattern formation of the dorsal telencephalon is governed
by a regionalisation process that leads to the formation of
distinct domains, including the future hippocampus and
neocortex. Recent studies have implicated signalling
proteins of the Wnt and Bmp gene families as well as
several transcription factors, including Gli3 and the Emx
homeobox genes, in the molecular control of this process.
The regulatory relationships between these genes, however,
remain largely unknown. We have used transgenic analysis
to investigate the upstream mechanisms for regulation of

telencephalon. This element contains binding sites for Tcf
and Smad proteins, transcriptional mediators of the Wnt
and Bmp signalling pathway, respectively. Mutations of
these binding sites abolish telencephalic enhancer activity,
while ectopic expression of these signalling pathways leads
to ectopic activation of the enhancer. These results establish
Emx2 as a direct transcriptional target of Wnt and Bmp
signalling and provide insights into a genetic hierarchy
involving Gli3, Emx2 and Bmp and Wnt genes in the
control of dorsal telencephalic development.

Emx2 in the dorsal telencephalon. We have identified
an enhancer from the mouseEmx2 gene that drives

specific expression of dacZ reporter gene in the dorsal  Key words: Transgenic mic&li3, Wnt, Bmp,Emx Forebrain

INTRODUCTION proteins in the regulation of cell survival and proliferation
(Furuta et al., 1997; Golden et al., 1999). In addition, mutant
The embryonic dorsal telencephalon of vertebrates gives risnalysis has demonstrated a requirement for Wnt signalling in
to the cerebral cortex, which, as the seat of consciousness ahé specification of hippocampal cell fates,Veat3a mutant
higher cognition, constitutes the most complex and diverger@mbryos lack the hippocampus (Lee et al., 2000). Similar
structure in the CNS. Based upon histological and functionalefects have been observed in mice mutanitéét (Galceran
properties, the cerebral cortex is divided into many distincet al., 2000), which encodes a transcriptional regulator of the
domains such as the six-layered isocortex (neocortex) and thént signalling pathway and is therefore likely to mediate the
non-six-layered allocortices, which include the archicortexWnt3a effects on hippocampal development. Despite these
(hippocampus) and the paleocortex, as well as transitionaécent advances in the identification and characterisation of
cortices (Zilles and Wree, 1995). The neocortex and ththese inductive signals involved in dorsal telencephalic
allocortex form further subdomains that acquire specifidlevelopment, the genetic targets controlled by Wnt/Bmp
cytoarchitectural and connectional characteristics.  Asignalling remain elusive.
fundamental issue in developmental neurobiology concerns the In addition to these inductive signals, the homeobox genes
patterning mechanisms by which these different areas aRax6 andEmxX2 have been implicated in the specification of
generated. It is thought that telencephalic developmerdortical subdomains. Both genes are expressed throughout the
comprises a multistep process controlled by a complex genetilorsal telencephalon and control multiple aspects of its
program (for a review, see Wilson and Rubenstein, 2000y5evelopmentEmxX2 homozygous null mutant embryos have a
Early patterning of the dorsal telencephalon requires eeduced hippocampus and neocortex (Pellegrini et al., 1996;
regionalisation process, which leads to the generation dfole et al., 2000a; Yoshida et al., 1997) that also display
specific areas such as neocortex and hippocampus. neuronal migration defects due to impaired reelin signalling
The molecular mechanisms that underlie the specification gMallamaci et al., 2000a). Loss &fax6 function leads to
these domains are just beginning to be deciphered. Inductiadtered dorsoventral patterning in the telencephalon (Stoykova
interactions are fundamental to the formation of all brairet al., 2000; Toresson et al., 2000; Yun et al., 2001), and results
structures and several recent studies provide evidence for thredisruption of radial glia fascicles (G6tz et al., 1998) and in
involvement of signalling molecules of the Bmp and Wnt genealefective migration of cortical precursors (Caric et al., 1997).
families in patterning the dorsal telencephalon. Explantnterestingly, theEmxX2 and Pax6 expression patterns form
cultures and in vivo misexpression suggest a role for Bmppposing gradients along the rostral/caudal and medial/lateral
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axes of the dorsal telencephalon. The graded and opposifrggment from construct 2 was replaced by a corresponding fragment
activities of these homeodomain transcription factors igontaining the desired mutation.

thought to confer regional identity to cortical subdomains a i d analvsis of t -
loss-of-function mutation of either gene leads to an expansioﬂenera lon and analysis o ra?sgzn'c mice o of fertiised
of specific areas at the expense of others (Bishop et al., 20Q¢2"S9eNIC Miceé were generated by microinjeéction ot feruiised eggs
Mall%maci et al. 2000b).pGiven the signi(ficancg of grade(jgdm crosses between Fhybrids (C57BI&C3H) as described

4 - : reviously (Theil et al., 1998) and were identified by polymerase
Emx and Pax6 expression for the generation of Cortlcalchain reaction using extra-embryonic yolk sac or tail DNA.

subdomains, it will be important to identify the moleculargypression of the transgene was analysed by staining mouse embryos
mechanisms that establish these expression patterns. for B-galactosidase activity (Theil et al., 1998).

The extra-toes mouse mutakt}) which is defective for the Xt mutant mice were kept as heterozygous animals in a mixed
zinc finger transcription facto&li3 (Blscher et al., 1998) C57BI6/C3H background and were interbred. Embryonic (E) day 0.5
provides an excellent mouse model with which to study th&vas assumed to start at midday of the day of vaginal plug discovery.
molecular mechanisms leading to the specification of distincft/Xt’ embryos were readily distinguished from heterozygous and

hippocampus at all developmental stages and display defe%ole-mount in situ hybridisation

In clortlcial lspecl:lflt(r:]atlond(l—;rartlz, 199£|1;tThe]:het elll" 19?98). On I?!Lj@situ hybridisation of whole-mount mouse embryos was performed
molecular level, these defects correlate with a 10Ss of BMp an jegceriped (Theil et al., 1999) using riboprobes for the following

of some Wnt gene expression, and with a severe reductiQRnes\wnBa (Roelink and Nusse, 1991)/n8b (Richardson et al.,
and/or loss of Emxl/2 transcription from the dorsal 1999) andwnib (Parr et al., 1993).
telencephalon (Grove et al., 1998; Theil et al., 1999; Tole et . o
al., 2000b). These altered expression patterns, as well as thigctrophoretic mobility shift assay
similarities in the phenotypes 63, EmX andWntBBa mutant pGEX4T-1/Lefl amino acids 1-397 was a kind gift from Rolf Kemler.
mice, suggest that these genes form part of a genetic cascdde SmadlMHI-coding region (amino acids 1-167) was PCR
that controls dorsal telencephalic development. To begin t@mplified using the oligonucleotides "ARTGGATCCATG-
elucidate the regulatory relationship between these genes, \@ TGTGACCAGCTTGTTTTC3 and SAATGGATCCGGCATG-
analysed the transcriptional regulationhx2 in transgenic AGGCTCATTTTGTCS and subcloned into thBantil site of
. - e pGEXA4T-1. Recombinant GST fusion proteins were prepared as
mice. We identified afEmxX2 enhancer that was capable of described (Armold et al., 2000)
driving expression of EcZ reporter gene in the telencephalon £ electrophoretic mobility assays, the following oligonucleotides
and we show that Bmps and Wnts synergistically act on thigovering the wild-type or mutated Tcf- and Smad-binding sites were
enhancer through Smad and Tcf transcription factors. Thesged: 5CACAGGACGCTTTGRGCTCGAACAGAACAGACGA-
data provide an important insight into the moleculartGGTTTCTC3. In the mutated forms, the underlined bases were
mechanisms that lead to gradeohX2 expression and thereby replaced by GC and C, respectively. GST-Lefl (100 ng) and GST-
to the specification of cortical domains. Smad1lMH1 (300 ng) fusion proteins were incubated for 30 minutes
on ice in 20 mM Hepes, pH 7.9; 60 mM KCI; 1 mM EDTA, pH 8.0;
1 mM DTT, 5 mM MgCs, 10% glycerol and fug poly(dl-dC) in the
presence of 10,000 cpm of the end-labelled oligonucleotides.
MATERIALS AND METHODS Electrophoresis was performed through 5% native polyacrylamide
gels in 0.%XTBE at room temperature.
Plasmid construction and mutagenesis
For transgenic analysis, fragments from Bmx2 P1 clone were Electroporation and explant culture of mesencephalic
subcloned into an end-filledil site of thelacZ reporter vector pGz40 neuroectoderm
upstream of the humdiglobin promoter (Yee and Rigby, 1993). The The mesencephalon of E11.5 embryos was dissected and the surface
constructs contained the following genomic fragments: constructs éctoderm removed manually. The resulting tissue was placed in a
and 2, 4.6 kiSadl-Hindlll in opposite orientations; construct 3, 1.6 DNA solution containing construct 2 ataaZ reporter plasmid either

kb Sadl- Xhd; construct 4, 2.9 kbldd-Sadl; construct 5, 3.4 kiXhd- alone or in combination with plasmids coding for constitutive active
Hindlll; construct 6, 2.2 kibindlll-Nsil; construct 8, 1.7 kiblindllI- forms of B-catenin (Aberle et al., 1997) and ALK3 receptor (Kawai
Ndd; construct 9, 2.5 kiEcaRI-BarHI, construct 10, 1.5 kBglll- et al., 2000) each at 1 mg/ml. For electroporation, electrodes were

Nsil. For the generation of construct 7, 200 bp of tBexX placed in contact with the dissected mesencephalon and three pulses
enhancer were PCR amplified with the oligonucleotidesat 70 V each for 50 mseconds were delivered. Electroporated tissue
5AAACTCGAGTGGGTCTGCAATGCTGTGAC3 and 3GAGG- pieces were cultured on a micropore filter (Costar, #110414) residing
TGAGGGATCAAGTAAG3. The Ndd/Xhd digested PCR product on a metal grid in organ culture dishes (Falcon, #3037). The culture
was subcloned together with an 1.5 Kindlll/Ndd fragment into  medium was Dulbeccco’s Modified Eagle’s Medium (DMEM)
pGZ40 cut withXhd/Hindlll. To generate construct 11, the 0.2 kb supplemented with 20% foetal bovine serumx rdon-essential
Xhd/Ndd (blunt) fragment from construct 7 was subcloned intoamino acids (Gibco), 1 mM sodium pyruvate (Gibco) and 1
construct 2 digested witkhd andBglll (blunt). For the generation of streptomycin/penicillin (Gibco). After 6 hours in culture, explants
transgenic mice, fragments were either purified aft@ghl/Sadl were processed for immunohistochemistry or Bogalactosidase
digest of construct 8 (construct 12) or afteK@nl/Sadl digest (all ~ staining as described above for embryos.

other constructs). Site-directed mutagenesis reactions of the Tcf- and ) )

Smad-binding sites were performed on the 0.4 Hibdlll-Bglil ~ Immunohistochemistry

fragment subcloned into the pBS-KS vector. The oligonucleotides usdchmunohistochemistry was performed on dissected tissue pieces after
were: BTCTGTTCGAGCGCCAAAGCGTCCT3 and BACAGA- electroporation and in vitro culture. After fixation in 4% PFA for 2
CGAGGTTTCTCTATCA3 (Tcf-binding site); S5GCTCGAACA- hours, the tissue was pre-incubated in a solution of 1% normal goat
GAACACACGAGGTTTCTC3 and B3TACAAAGCGTCCTGTG-  serum in PBST (PBS with 0.1% Triton X-100). After 2 hours, the
AGCTT3 (Labbe et al., 2000). After sequencing, a 0.2Siihi/Stu liquid was changed for a fresh aliquot containing the primary antibody
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Fig. 1. Transgenic analysis &mx2
regulation in the forebrain. The diagram 5 3 3 6
depicts a restriction map upstream of the

Emx2-coding region (the translational

start (ATG) is indicated). The restriction +
fragments, which are cloned into a vector

containinglacZ and a minimal promoter - 8 0 0 12
are represented by bars. For each

construct, the numbers of transgenic 9 0 0o 7
embryos that showdgtgalactosidase

staining in the telencephalon (tel) or _— 10 0 0 6
diencephalon (dien) and the total number

of transgenic embryos (tg) are indicated. 1 4 4 5

B, BanHl; E, EcaRl; G, Bglll; H,
Hindlll; N, Ndd; Ns, Nsil; S, Sadl; X,
Xhd. |

12 0 0 5

DT1

[anti-Myc (mouse monoclonal, 1:200; Santa Cruz)] and the tissue wasnhancer activity. Initially, we identified a 4.6 kb fragment
incubated at 4°C overnight. The tissues were washed three timesjiimediately upstream of tHemx2 translational start site that
PBST and the secondary antibody [1:200 donkey anti-mouse I9Gpediates dorsal telencephalic expression at E10.5 in a manner
ﬁon]ugated to Cy3 (JaCksor":l'mm””OReS?arCh)] was app'.'eg for 4nalogous to the endogenoBmx gene (compare Fig. 2A
ours at room temperature. Fluorescence imaging was carried out . . : . :
a Leica TCS NT confocal microscope. GFP signal was imaged usin\(m.th fE? Ide?ttl;]:_al fexpress?n ?z%{tterr:s \{\r/]ere qb_talnled in eltther
the standard FITC filter. Images were processed and mounted usiﬁg}'en ation or this fragment relative 1o the minimal promoter
Photoshop 6.0 (Adobe). (Constructs 1 and 2 in Fig. 1). Unlike the endogenous gene,
however, stronger and more widespread reporter gene activity
occurred in the ventral diencephalon (Fig. 1, Fig. 2A,B)

RESULTS (Simeone et al., 1992), suggesting that not all elements are
o included in this construct that normally regulate transcription
Identification of an  Emx2 enhancer in this tissue. Thus, regulatory elements in the 4.6 kb fragment

To begin to unravel the regulatory relationships betw&le®,  are sufficient to drive expression of a transgene in specific
EmxX2, Bmp and Wnt genes, we started to investigatecihe sites of EmX gene expression, and show characteristics of
requirements foEmxX2 expression, which occurs in a dynamic enhancers as they work on an heterologous promoter and in an
pattern in the mouse forebrain (Simeone et al., 1992; Gulisararientation-independent manner.
et al., 1996). InitiallyEmX mRNA can be detected in anterior To characterise these regulatory elements further, three
dorsal neuroectoderm between E8.5 and E9.0. By E9.5, thedependent transgenic lines were established carrying the 4.6
expression has been restricted to a domain extending betwddnfragment linked to the reporter gene and were analysed for
the olfactory placodes and the roof of the rostral diencephalof-galactosidase activity at various developmental stages.
During development of the cerebral cort&mxX2 expression Identical results were obtained from these lines. In contrast to
is confined to the neuroepithelium forming an expressiothe endogenous gene, reporter gene activity was first detected
gradient along the anterior/posterior and medial/lateral axig the seven somite stage in the ventral forebrain, which, based
from E12.0 with highest expression levels in the caudal/medialpon the staining pattern at E10.5, prefigures expression in the
domain. Additional expression sites in the developingventral diencephalon (data not shown). At the 12-somite stage,
forebrain are observed in specific areas of the dorsal, medi@igalactosidase staining extends into the dorsal forebrain (Fig.
and ventral diencephalon (Simeone et al., 1992; Gulisano 2D) to eventually cover the dorsal telencephalic vesicles at
al., 1996). E9.5 with highest expression levels in the caudal most part of
To elucidate the transcriptional regulation underlying thighe telencephalon (Fig. 2E). Although at E1G& expression
expression pattern, genomic fragments from the méns®  occurred in the complete dorsal telencephalon at uniform levels
gene were linked to kcZ reporter gene under the control of (Fig. 2B), reporter gene expression appeared at higher
the humarg-globin minimal promoter and tested for enhancerexpression levels in the caudal/medial telencephalon at E11.5,
activity in transgenic mice. Fig. 1 depicts the mo&seX  probably reflecting the establishment of @ expression
genomic region surrounding the first coding exon andjradient (Fig. 2F). These data indicate that the 4.6 kb enhancer
summarises the regulatory regions examined and theis sufficient to confer reporter gene expression in the dorsal
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Fig. 2. Characterisation of thHEmx2 enhancer activity in the
forebrain. (A) In situ hybridisation analysis BmxX expression in

the telencephalon of E10.5 wild-type mice. (8)Z staining of a
transgenic embryo carrying the mou&@axX2 enhancer (construct 2).
(C) EmxX2 enhancer activity in the forebrain of an homozygétls
embryo.lacZ expression in the dorsomedial telencephalon (t) is
abolished (arrow), while expression in the cortical neuroepithelium

oceurs at lower levels than in wild-type embrylasZ expression in ig. 3.In situ hybridisation analysis of Wnt gene expression in the
the diencephalon (d) remains unaffected. (D-F) Time course anaIyS|$Orebrains of E10.5 embryos lacking GIi3 function. (AVEhBa

of enhancer activity in the forebrain at (D) the 12-somite stage,

P ion in wild-type embryos covers the dorsomedial
(E) E10.5 and (F) E11.5. (D) StartlatZ expression in the dorsal ~ SXPresston in wiic-type €1
forebrain. (E) Expression of the reporter gene is observed in the  (eléncephalon, whilt7Xt'embryos completely lack/nBa mRNA

dorsal part of the telencephalic vesicles with highest expression in this ttizsue. (C'thWan expreks),sio(;l i? hCJ"rnc_JZ);EoW e(;nki)ryos is
levels in the caudal telencephalon. (F) At E11.5, the reporter gene i{lsrup ed, except for a narrow band of cells In the cauda

expressed in a gradient with highest expression levels in the medialteléncephalon (arrowhead) (B)nt7b is expressed in the dorsal .
caudal telencephalon (arrowlcZ expression in the developing telencephalon of wild-type embryos with highest expression levels in

; : P S the dorsomedial part (arrows). (WnBa mRNA is specifically
heart as seen in B-F is specific for the transgenic line shown. .
! 'S specit genich W absent from the dorsomedial telencephaloKté#Xt) embryos

(arrow), but still present in the dorsolateral telencephalic

telencephalon, but does not reflect the early phas&ne®  Neuroepithelium.

expression in the forebrain.

Using deletion analysis on the 4.6 kb fragment, we aimed tand compared transgene expression in wild-type/heterozygous
identify minimal elements involved in dorsal telencephalicand homozygousXt! genetic backgrounds. Similar to the
expression. Using this approach, we mapped regulatondogenousEmxX2 gene,lacZ expression was completely
activities to two, 450 and 180 bp, fragments (DT1 and DT2abolished from the dorsomedial telencephalon Xa¥Xt
respectively) at the' ®nd of construct 1 (Fig. 1). All constructs embryos (Fig. 2B,C). Interestingly, however, the dorsolateral
containing these two elements showed enhancer activity in thelencephalon still showed enhancer activity albeit at reduced
telencephalon and diencephalon. Deletion of either elemefgvels. An identical expression pattern was observed at E11.5
resulted in loss of reporter gene expression in the forebrain Xt/Xt' embryos (data not shown), indicating that these
(construct 8 and 10). Similarly, a construct containing just DT&lterations do not reflect a delay in enhancer activity.

did not show enhancer activity in the dorsal telencephalon ) S

(construct 12). By contrast, a construct in which DT1 is fused he Emx2 forebrain enhancer contains binding sites

to DT2 drovelacZ expression in the dorsal forebrain in afor Tcf and Smad transcription factors

pattern indistinguishable from the original 4.6 kb enhancelhe localisation of theamx2 forebrain enhancer activity to
(construct 11). Both, DT1 and DT2 are therefore necessalyT1 and DT2 enabled us to specifically search for potential
and, in combination, sufficient components of an enhanceupstream factors that mediate this activity. LossEafix2
driving region-specific expression of a reporter gene in thexpression inXt/Xt! embryos (Theil et al., 1999; Tole et al.,
developing forebrain of transgenic mice. 2000b) suggested a potential direct regulatioBrof by Gli3.

We have previously shown themx2 expression is severely However, the absence of any obvious consensus Gli-binding
reduced in extra-toexX) mutant mice (Theil et al., 1999). To site within these elements and even in the complete 4.6 kb
address whether enhancer activity is similarly affected by thigagment argues against this possibility and favours an indirect
Gli3 mutation, we generated transgenic lines from construct &gulatory fashion. Other potential direct upstream candidate
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Fig. 4.The DT1 element of thEmx2 enhancer contains adjacent

Tcf- and Smad-binding sites (A) Nucleotide sequence of DT1. The
canonical Tcf- and Smad-binding sites (underlined) are indicated.
For mutational analysis, the underlined nucleotides were replaced by
GC and C, respectively. (B) The binding capacity ofEhe2

enhancer was tested in electrophoretic mobility shift assays with
recombinant Lefl and Smad1MH1 protein. Lefl and Smad1 bind to
anEmx2 enhancer oligonucleotide (lanes 2 and 3, respectively).
Binding is potentiated in the presence of both proteins (lane 4) and
an additional slower migrating, Lefl/Smadl complex is observed.
Complex formation is competed by a molar excessx)L60the

Emx2 enhancer oligonucleotide but not by an oligonucleotide
containing mutations in the Tcf- and Smad-binding sites (lanes 5-8).

lost or severely reduced (Theil et al., 1999; Tole et al., 2000b).
In addition, some Wnt genes are expressed in nested domains
during early cortical development (Lee et al.,, 2000). As
reported previously for E12.5 (Grove et al., 1998jnBa
expression is already lost from the telencephalon of BE48.5
homozygous embryos (compare Fig. 3A,B). AlthoWgh8b
expression has been reported to be unaffectecKtixt
embryos at E12.5 (Tole et al., 2000b), we were not able
to detect WnBb mRNA in the telencephalon of E10.5
homozygousXt’ embryos except for a band of weak expressing
cells in the caudal cortical neuroepithelium (Fig. 3C,D). By
contrast, absence of function@li3 did not abolishWwnt7b
transcription in the dorsolateral telencephalon whereas the high
expression level domains in the medial telencephalon were lost
(Fig. 3E,F). ThusXt homozygous embryos lack the medial
expression domain of all Wnt and Bmp genes in the
telencephalon, while dorsolateral expression Wn{7b
persisted.

The absence of Bmp and Wnt gene expression from the
dorsomedial telencephalon @&li3 mutant embryos further
suggested the possible involvement of the corresponding
signalling pathways ifEmxX2 gene regulation. To address the
possibility that transcription factors that mediate Bmp and Wnt
signalling are direct transcriptional regulators, we searched
for binding sites of these factors within DT1 and DT2.
Transcriptional regulation of certain Wnt target genes occurs
through the nuclear translocation of a transcriptional complex
containingB-catenin and a member of the Tcf family (for a
review, see Polakis, 2000). Similarly, transmitting the Bmp
signal involves the activation of Smadl, Smad5 or Smad8
transcription factors (for a review, see Attisano and Wrana,
2000). Interestingly, examination of thEmx2 regulatory
elements revealed the presence of a canonical Tcf-binding site
immediately adjacent to a consensus Smad-binding site within
DT1 (Fig. 4A). To determine whether Tcf and Smad proteins
would bind to these motifs, we performed electrophoretic
mobility shift assays using recombinant glutathione-S-

regulators include members of the Bmp and Wnt gene familigsansferase (GST) protein fused either to full-length Lefl
which control important aspects of dorsal telencephaliprotein or to the Smadl DNA-binding domain (Smad1MH1).
development. To determine whether these genes could playlrecubation of an oligonucleotide containing both binding sites
role inEmx2 regulation, we monitored their expression patternsvith Lefl fusion protein produced a protein/DNA complex
in the telencephalon of homozygoX#’ embryos at E10.5. with reduced electrophoretic mobility compared with DNA
Given the severe reduction @&mx2 expression in these alone (Fig. 4B). In addition, in the presence of SmadlMH1
embryos and the possible involvement of Bmps and Whnts ifusion protein, a DNA-binding complex was observed. The
Emx2 regulation, the expression of all Bmps and Wnts shoulfbrmation of both complexes was, however, enhanced when
also be affected by the loss@fi3 activity. The expression of both fusion proteins were used. Moreover, an additional slower

all Bmps in the telencephalon of homozygdtsembryos is

migrating, possibly secondary Lefl/SmadMH1 complex was
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observed under these conditions. Blocking the formation ofluring embryogenesis might interfere with normal
Lefl/DNA and SmadlMH1/DNA complexes was achieveddevelopment, which would not allow us to analyse the effects
with an excess of double-stranded oligonucleotide but not witbn theEmxX2 enhancer. We therefore tried to activate Wnt and
surplus oligonucleotide containing mutated binding motifsBmp signalling specifically at later time points of development
demonstrating specific binding to th&mxX2 enhancer using an electroporation assay combined with subsequent in
sequences (Fig. 4B). Thus, Lefl- and SmadlMH1 fusiowitro culture. For this purpose, the mesencephalon of E11.5
proteins are capable of specific binding toEme?2 regulatory mouse embryos was dissected, which l&aks?2 telencephalic

element in vitro. enhancer activity. Special care was taken not to include the
o _ isthmic region of the midbrain as an endogenous source of Wnt

Tcf- and Smad-binding sites are required for and Bmp proteins. The dissected mesencephalic tissue was

forebrain enhancer activity then electroporated with different DNA constructs. After

The role of the Tcf/Smad-binding sites in regulating dorsaklectroporation, the tissue was maintained for 6 hours under in
telencephalicEmxX2 expression in vivo was determined by vitro culture conditions and then monitored for expression
generating point mutations in these sites within the context aind/or effects of the electroporated constructs. Control
the 4.6 kb enhancer and testing the activity ofdab2 reporter  experiments in which we electroporated an expression vector
gene in transgenic embryos. To minimise the modifications tencoding green fluorescent protein (GFP) showed robust GFP
the element, we introduced point mutations into each bindingxpression in the dissected tissue (Fig. 6A). To further analyse
site (Fig. 4A), which have previously been shown to drasticallyvhether a mixture of different plasmids are efficiently
reduce or even abolish binding of Tcf and Smad factors to the@lectroporated we co-transfected the GFP expression vector
respective binding motifs (Zawel et al., 1998; Tetsu andvith a plasmid coding for a Myc-tagged form of the ALKS3-
McCormick, 1999). Mutations in both sites completelyBmp receptor. This co-electroporation led to the appearance of
abolishedacZ staining in the dorsal telencephalon in seven ouMyc-immunoreactivity in GFP-positive cells (Fig. 6B),
of eight independent transgenic embryos (Fig. 5B). Bysuggesting extensive co-transfection of the electroporated
contrast, the ventral diencephalon still showed enhanceonstructs. In all subsequent experiments, we co-
activity although at a severely reduced level (Fig. 5B). Onlelectroporated the GFP expression vector to assess the
one transgenic embryo displayed wedkgalactosidase efficiency of each electroporation. Only those explants that
staining in the caudal-most telencephalon (Fig. 5C). showed similar GFP expression levels as shown in Fig. 6A
These data indicate that Tcf/Smad-binding sites are essentimére used for further analysis.
elements for the control of regionBmx2 expression in the Dissected mesencephalic tissue was then electroporated with
telencephalon. Next, we determined the relative
contributions of the individual sites to the enhal
activity in transgenic embryos. A construct witt
mutated Tcf-binding site but with an intact Sm
binding site, resulted in weak enhancer activity in
dorsomedial telencephalon (six out of eiglacZ-
positive embryos) consistent wiBBmp expression an
signalling being confined to this domain (Fig. 5D).
contrast, the Tcf-binding site alone was capabl
directing weak lacZ expression to the cortic
neuroepithelium and stronger expression in
dorsomedial telencephalon with a pattern hi
reminiscent ofWnf7b expression (seven out of n
lacZ-positive embryos) (Fig. 5E; compare with Fig. :
Similar to the construct containing mutations in t
Tcf- and Smad-binding sites, diencephallacZ
expression was not abolished by the single site mui
but the expression level was severely reduced
5D,E). These data indicate that only a subse
telencephalic cells displayemx2 enhancer activity i
the presence of either the Tcf-binding site or the S
binding site. Both binding sites together are there
required for full enhancer activity in the telencephe

Fig. 5.The Tcf- and
Smad-binding sites are
required for dorsal
telencephalic enhancer
activity. (A) Embryo
transgenic for the 4.6
kb enhancer (construct
2) shows staining

in the dorsal
telencephalon and
ventral diencephalon.
Transactivation of Emx2 by ectopic activation (B,C) Mutations of the
of the Wnt and Bmp signalling pathway Tcf- and Smad-binding sites lead to weak enhancer activity in the ventral

To obtain further evidence for the ability of the Wnt an iencephalonlacZ staining in the dorsal telencephalon is completely

B - li h |EE . bolished (B) or drastically reduced (arrowhead) (C). (D) Staining in
mp signalling pathways to upreguldemx2 expression embryos with a transgene carrying a mutation of the Tcf-binding site is

through the telencephalic enhancer, we wanted {Qstricted to the dorsomedial telencephalon. (E) Embryo carrying a transgene
determine the consequences of ectopic activation @fith a mutated Smad-binding site shows wBalalactosidase activity

these pathways on enhancer activity. Howevethroughout the cortical neuroepithelium with higher expression levels in the
constitutive activation of these signalling pathwaysiorsomedial telencephalon (arrowheads).
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mesencephalic tissue was maintained for 6 hours under in vitro
culture conditions and then monitored ffrgalactosidase
staining. Whereas electroporation of the reporter plasmid alone
did not result in enhancer activity (Fig. 6@¥{L0/10), ectopic
activation of either the Wnt or the Bmp signalling pathway
induced reporter gene expression in few cells (Fig. 6D,E)
(n=9/12 andn=11/14 for constitutive active ALK3 anfi-
catenin, respectively). Moreover, the numbetaa®Z-positive
cells massively increased after activation of both, the Wnt and
Bmp pathways (Fig. 6F) n€15/17). These experiments
demonstrate, that Wnt and Bmp signalling act synergistically
to stimulate reporter gene expression from tRBex2
telencephalic enhancer.

DISCUSSION

Emx?2 is a direct Wnt and Bmp target gene

We have shown that a 4.6 kb genomic fragment immediately
upstream of thé&Emx2-coding region confers region specific
expression of a reporter gene in the dorsal telencephalon of
transgenic mice. The corresponding regulatory elements act
independent of the orientation of the 4.6 kb fragment,
indicating that they possess characteristics of a transcriptional
enhancer. Further analysis revealed two fragments, DT1 and
DT2, that are both necessary and (in combination) sufficient
for enhancer activity. The temporal and spatial coincidence of
reporter gene expression with transcription of the endogenous
Emx2 gene suggests that the genomic fragment contains all the
necessary regulatory elements controlling this aspect of the
expression of the gene in vivo.

Several lines of evidence strongly suggest tEatx
expression in the dorsal telencephalon is directly regulated by
Bmp and Wnt signalling in vivo. First, Tcf and Smad
transcription factors, transcriptional mediators of these
Fig. 6. Ectopic stimulation of thEmx2 enhancer through ectopic pathways, bind in vitro to sites within DT1 that are essential
activation of Bmp and Wnt signalling. E11.5 mesencephalic tissue for enhancer activity in the telencephalon. Second, ectopic
was electroporated with the indicated constructs and processed for expression experiments indicate that ectopic activation of the

immunohistochemistry (A,B) or stained flacZ expression (C-F). Wnt and Bmp signalling pathway can stimul&tex2 enhancer
(A) Electroporation of a GFP expression vector leads to robust GFPactivity. Finally, genetic evidence has come from the analysis
expression in dissected tissue. (B) Co-transfection of the GFP of a null mutant for thésli3 gene showing that loss of Bmp

expression vector with a plasmid encoding a Myc-tagged Bmp

receptor (ALK3 or Bmprla). Expression of both proteins, GFP and N f . . .
Myc-ALK3, is observed in the same cells (arrows). GFP expression coincides with a severe reductionErhx2 expression (Theil et

was detected by its intrinsic green fluorescence while Myc-Alk3 al., 1999; Tole et al., 2000b) (this paper). Although a direct
protein expression was detected by immunofluorescent labelling witfegulation ofEmx2 through GIi3 provides an explanation for
an anti-Myc antibody. (C) Electroporation of the reporter plasmid ~ these findings, this possibility seems unlikely because of the
alone does not result in enhancer activity. Co-electroporation of the absence of any obvious Gli-binding site within the

and Wnt gene expression from the dorsal telencephalon

reporter gene construct together with either constitutive ggtive telencephalic enhancer. Furthermore, given the complex
catenin (D) or activated ALK3 (E) leads to an induction of enhancer phenotype ofGli3 mutant embryos, we cannot rule out the
activity in few cells (arrowheads). The inserts shown in D,E possibility that other not yet identified factors beside Wnts and

represent higher magnifications of the boxed areas. (F) The Emx2 gmps are involved ifEmx2 regulation. However, the findings

enhancer is heavily stimulated after activation of both Bmp and Wnt . e aitered expression pattern&thhomozygous embryos

signalling. taken together with the data presented here provide strong
evidence that Wnts an Bmps are essential, immediate upstream
regulators oEmx.

a DNA construct providing thEmx2 enhancer drivingacZ

expression (construct 2 in Fig. 1) in combination with plasmid§omplexity of the regulation of ~ Emx2 expression

coding for constitutively active8-catenin (S33A mutanB-  The analysis presented here has revealed several aspects of the

catenin (Aberle et al., 1997) and/or constitutive active Bmmgomplexity ofEmx2 regulation. Although the 4.6 kb fragment

receptor ALK3 (Kawai et al., 2000) under the control ofmediates reporter gene expression in the dorsal telencephalon

a CMV promoter/enhancer. After electroporation, theindistinguishable from the expression pattern of the
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endogenous gene, enhancer activity was not observed in tihef target geneCdx1 (Lickert et al., 2000). In addition,
early developing dorsal forebrain. This difference suggests thanhhancer activity in the ventral diencephalon coincides with
the spatial and temporal control Bmx2 expression might another prominentVnt7b expression domain (Lee et al., 2000;
involve the use of distinct regulatory modules. A similarParr et al., 1993). Alternatively, control &mx2 expression
conclusion was obtained for the control of the segmentaiould involve other yet to be identified Wnt genes with
expression of th&phadgene (Theil et al., 1998) and of the expression in the cortical neuroepithelium. The Tcf-binding
Hox genes in the hindbrain (Gould et al., 1998). A moresite alone, however, only confers wdakZ expression in the
detailed study will be required for the identification of thosetelencephalon, suggesting a requirement for additional factors
regulatory elements that control the early aspectEm®2  (see later). AlthougBmpexpression and signalling is mainly
expression in the forebrain. confined to the dorsomedial telencephalon, our mutational
A further difference between regulation of the endogenouanalysis suggests an important role for the Smad-binding site
and the reporter gene was observedXid homozygous in this regulation.
embryos. While this mutation leads to a severe reduction of While our data establish Bmps and Wnts as essential
Emx2 expression in the neocortical neuroepithelium, enhanceomponents of the molecular mechanisms governing regional
activity is still detectable in this tissue. This discrepancy mighEmx2 expression, several lines of evidence suggest that
be explained by different sensitivities of the detection methodsctivation of Bmp and Wnt signalling is not sufficient for the
Furthermore, a Gli3 activating function might be required forinduction of EmxX2 expression during normal development.
high level EmX expression in the cortical neuroepithelium. First, even within the neural tube, co-expression of several Wnt
However, Gli3 has only been observed as a transcriptionaind Bmp genes occurs more widespread (Furuta et al., 1997;
activator as a result of a Sonic hedgehog-induced proteolyticRiarr et al., 1993) whil&my2 transcription as well aBmx2
processing. AlternativelyGli3 might negatively control the enhancer activity are confined to the forebrain. Second, we
transcription and/or the activity of a repressor that would aavere able to define a second regulatory element, DT2, which
on sequences outside of the 4.6 kb enhancer. According to thés required for reporter gene expression in the dorsal
model, loss ofGli3 function would lead to a derepression oftelencephalon. While DT1 on its own was not sufficient to
this repressor that, in turn, would suppress endogeBon®  mediate this activity, a fusion construct consisting of just DT1
expression but not transcription of the reporter gene as the 4a8d DT2 drovdacZ expression in a pattern indistinguishable
kb fragment lacks the necessary binding sites. Such a role fisom the original enhancer construct. This data indicates that
Gli3 correlates with its known repressor activities (Wang et al.DT2 does not solely act to inhibit potential repressive elements
2000). within theEmxX2 enhancer but functions as a positive regulator
Several observations of our study indicate a cooperativend synergises with DT1 in the tissue-specific regulation of
interaction between Wnt and Bmp signalling to regutate? = EmxX2. Region specific expression of the yet unknown factor(s)
expression in the telencephalon. While mutations of the Tchinding to the DT2 element might therefore be responsible for
and Smad-binding sites aboliEimxX2 enhancer activity in the conferring forebrain specific activation of tBenx2 enhancer.
telencephalon, the single site mutations only affect specific o ] )
aspects of reporter gene expression. Furthermore, in vitfd genetic hierarchy controlling dorsal telencephalic
binding of the Tcf/Smad factors is enhanced in the presence @evelopment
both factors. Similarly, our ectopic expression experiment®©ur findings on the regulation &mxX2 expression begin to
show an increased induction of the telencephalic enhancanravel a genetic hierarchy controlling development of the
through both, Wnt and Bmp signalling. Synergy betweei8 Tgf dorsal telencephalon. Based upon the severity of XHe
and Wnt signalling to regulate developmental events has be@henotypeGli3 constitutes a major regulator of telencephalic
observed in various cases (Cadigan and Nusse, 199evelopment. Loss of Bmp and Wnt gene expression in this
Whitman, 1998) and may involve direct interactions betweemutant may be explained by a direct interaction between Gli3
Lefl and Smad proteins (Labbe et al., 2000; Nishita et algnd the promoters of these genes which is supported by
2000). As expression of Bmp family members is confined tdindings in Drosophila parasegment and wing imaginal disc
the dorsomedial telencephalon, a cooperative effect betweeevelopment, where Ci activateinglessanddpp expression,
Wnt and Bmp signalling would mainly be restricted torespectively (Mon Ohlen and Hooper, 1997; Hepker et al.,
development of the hippocampus and adjacent medidl999). Similarly, Wnt genes have recently been identified as
neocortex. Interaction between these signalling pathwaytargets and mediators of Gli function during vertebrate
therefore provides a molecular mechanism to specify thdevelopment (Mullor et al.,, 2001). However, the genetic
gradient ofEmxX2 expression along the medial/lateral axis ofstudies on forebrain developmentXitY mice do not allow us
the telencephalon (see later). to distinguish between a direct/indirect regulation.
Within the neocortical neuroepithelium, control of regionalFurthermore, it remains to be clarified, whether Bmps and
Emx2 expression requires a functional Tcf-binding site. ThéVnts might independently be regulated by Gli3. Wnt proteins
similarities between theWnf’b expression and the- might be required to induce Bmp expression in the dorsomedial
galactosidase staining pattern of t@xX2 enhancer construct telencephalon or vice versa. An analysis of the regulatory
just containing the functional Tcf-binding site make Wiat  elements directing Wnt and Bmp gene expression in the dorsal
family member a good candidate for being an upstreartelencephalon will be required to distinguish between these
regulator ofEmxX2 expression in the telencephalon. This idegpossibilities.
is further supported by recent findings showing that Wnt7b can The identification of Wnts/Bmps as regulators Ehx2
induce the formation of a free cytoplasmic poolBedatenin  expression places this homeobox gene downstream of these
(Arnold et al., 2000) and can stimulate the expression of theignalling pathways in the genetic hierarchy controlling
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telencephalic development. Consistent with this ideaBishop, K. M., Goudreau, G. and O’Leary, D. D.(2000). Regulation of area
hippocampal development is affected by both\#e3a and i:;ifgtity in the mammalian neocortex by Emx2 and P&xtence288, 344-

th? Emx@ mUtatlon thoth to dlﬁe.rent extents. Similar to theBUscher, D., Grotewold, L. and Ruther, U(1998). The XtJ allele generates
G_I|3 mutation, loss otWnBBa functlon Ieads to a Ioss_ of _the. a Gli3 fusion transcripamm. Genome, 676-678.

hippocampus (Lee et al., 2000), while it is reduced in size igadigan, K. M. and Nusse, R(1997). Wnt signaling: a common theme in
the Emx2 mutant (Pellegrini et al., 1996; Tole et al., 2000a; animal developmenGenes Devi1, 3286-3305.

Yoshida et al., 1997). This difference suggests the involvemefiEg2 o Lo i e B o e Cte ambryonic cortal cells askin
of Wnt target genes other th&mx in the control of this | BER 20 T0 Be e gax-a}{evelgpmgnnz 4 R 5000, 9
developmental process such aslthgs homeobox gene (Zhao poy, ¢. L., Li, S. and Lai, E.(1999). Dual role of brain factor-1 in regulating
et al., 1999). In addition, a role for BmpsEmx2 regulation growth and patterning of the cerebral hemispheBeseb. Cortexd, 543-
could be demonstrated by the finding that ectopic expression550. )

of Bmp4throughout the dorsal telencephalon as observed {anz: T (1994). Extra-toes (Xf) homozygous mutant mice demonstrate a role
BfL mutant mice coincides with an expansion of Er@x2 for the Gli-3 gene in the development of the forebrAitta Anat.150, 38-
expression domain into the ventral telencephalon (Dou et akyruta, Y., Piston, D. W. and Hogan, B. L.(1997). Bone morphogenetic
1999; Xuan et al., 1995). Furthermore, the unaltered expressiorproteins (BMPs) as regulators of dorsal forebrain development.
patterns of Gli3 and Wnt genes in theEmx2 mutant Development24, 2203-2212.

: Iceran, J., Miyashita-Lin, E. M., Devaney, E., Rubenstein, J. L. and
telencephalon (Yoshida et al., 1997) (data not shown) show th(‘i%rosschedl, R. (2000). Hippocampus development and generation of

these genes are not regulatedgogX. dentate gyrus granule cells is regulated by LEPdvelopmentl27, 469-
482.
Relationship between Emx2 regulation and function Golden, J. A, Bracilovic, A., McFadden, K. A., Beesley, J. S., Rubenstein,

During its development the mammalian neocortex acquires é '--5-4""_’“1 hG””f]Pak”' J-fB'%gg.g)-l ECJOF"C b"lne.morpdhcﬁlg‘f”etic pmte";]sl
. . P s . . an in the chicken forebrain lead to cyclopia an oloprosencephaly.

dlffer_e_nt (eglonal charactenstlcs_ that anticipate its functional o -"Nail. Acad. Sci. US96, 2439-2444.

specification in different cortical areas. The moleculargstz, M., Stoykova, A. and Gruss, P(1998). Pax6 controls radial glia

mechanisms leading to areal specification and differentiation differentiation in the cerebral corteMeuron21, 1031-1044.

are largely unknown but recent studies have implicated theould, A., ltasaki, N. and Krumlauf, R. (1998). Initiation of rhombomeric

Pax6 andEmx2 homeobox genes in the acquisition of regional Hoxb4 expression requires induction by somites and a retinoid pathway.
Neuron21, 39-51.

identity in the cerebral cortex (Bishop_et al., 2(_)00; Mallamackove E. A Tole, S., Limon, J., Yip, L. and Ragsdale, C. W1998). The
et al., 2000b). Loss-of-function mutations of either gene lead hem of the embryonic cerebral cortex is defined by the expression of
to an expansion of certain cortical domains at the expense ofmultiple Wnt genes and is compromised in Gli3-deficient mice.
other areas. This role appears to be intimately linked t%t?lii\ellilgpl\wegggcgﬁ3\3;2§g$ini C. and Boncinelli, E(1996). Emx1 and
opposing gradlents P andEm_)Q expression (BIShOp et Emx2 show different patterns of expression during proliferation and
al., 2000) A better understanding of the roles of these ifterentiation of the developing cerebral cortex in the mot&e. J.
homeobox genes in regulating neocortical arealisation requiresNeurosci.8, 1037-1050.
the characterisation of the patterning mechanisms that govekigpker, J., Blackman, R. K. and Holmgren, R(1999). Cubitus interruptus
their graded expression. In this regard, our findings on thels necessary l_:vut not sufficient for direct activation of a wing-specific
. . ) . . . decapentaplegic enhancBevelopmeni26 3669-3677.
cooperative interaction O.f Wnt and Bmp S,'gna"'ng ',n theJohnson, D. R.(1967). Extra-toes: a new mutant gene causing multiple
control of EmX2 expression represent a first step in the apnormalities in the mousa. Embryol. Exp. Morpholl7, 543-581.
elucidation of these mechanisms as the confinement of thigwai, S., Faucheu, C., Gallea, S., Spinella-Jaegle, S., Atfi, A., Baron, R.
synergy to the dorsomedial telencephalon ensures the highesgnd Roman, $. R(2000). Mouse smad8 phosphorylation downsiream of
express!on level I.n this tissue and help_s to eStab“S!Em Smad4 anz transcriptional activigiochem. Biophys. Res. Comm@il,
expression gradient along the mediolateral axis of the ggo.gg7.
telencephalon. The identification Bmx2 as a direct target of Labbe, E., Letamendia, A. and Attisano, L(2000). Association of Smads
Wnt/Bmp signalling therefore provides an important insight with lymphoid enhancer binding factor 1/T cell-specific factor mediates

in he mol lar control of n rtical arealisation. cooperative signaling by the_transforming growth factor-beta and wnt
to the molecular control of neocortical arealisatio pathwaysProc. Natl. Acad. Sci. US97, 8358-8363.

. - . .. lLee, S. M, Tole, S., Grove, E. and McMahon, A. P2000). A local Wnt-3a
We thank Drs David Wilkinson and Thomas Schimmang for critical signal is required for development of the mammalian hippocampus.

reading of the manuscript, Drs Shinji Kawai, Rolf Kemler, John peyelopment27, 457-467.

Mason, Andy McMahon and Roel Nusse for providing plasmids andickert, H., Domon, C., Huls, G., Wehrle, C., Duluc, I., Clevers, H., Meyer,

Dr Michael Kessel for helpful suggestions on the electroporation B. I., Freund, J. N. and Kemler, R.(2000). Wnt/(beta)-catenin signaling
protocol. This work was supported by grants from the Deutsche regulates the expression of the homeobox gene Cdx1 in embryonic intestine.

Forschungsgemeinschaft (Ru376/5 and SFB590). Development 27, 3805-3813.
Mallamaci, A., Mercurio, S., Mucio, L., Cecchi, C., Pardini, C. L., Gruss,
P. and Boncinelli, E.(2000a). The lack of Emx2 causes impairment of
Reelin signaling and defects of neuronal migration in the developing

REFERENCES cerebral cortexJ. Neurosci20, 1109-11018.
Mallamaci, A., Muzio, L., Chan, C. H., Parnavelas, J. and Boncinelli, E.
Aberle, H., Bauer, A., Stappert, J., Kispert, A. and Kemler, R(1997). beta- (2000b). Area identity shifts in the early cerebral cortex of Emx2—/— mutant
catenin is a target for the ubiquitin-proteasome patheBO J.16, 3797- mice. Nat. Neurosci3, 679-686.
3804. Mullor, J. L., Dahmane, N., Sun, T. and Ruiz i Altaba, A.(2001). Wnt
Arnold, S. J., Stappert, J., Bauer, A., Kispert, A., Herrmann, B. G. and signals are targets and mediators of Gli funct©urr. Biol. 11, 769-773.
Kemler, R. (2000). Brachyury is a target gene of the Wnt/beta-cateninNishita, M., Hashimoto, M. K., Ogata, S., Laurent, M. N., Ueno, N,
signaling pathwayMech. Dev91, 249-258. Shibuya, H. and Cho, K. W.(2000). Interaction between Wnt and TGF-

Attisano, L. and Wrana, J. L. (2000). Smads as transcriptional co- beta signaling pathways during formation of Spemann’s orgamzture
modulatorsCurr. Opin. Cell Biol.12, 235-243. 403 781-785.



3054 T. Theil and others

Parr, B. A., Shea, M. J., Vassileva, G. and McMahon, A. P1993). Mouse  Toresson, H., Potter, S. S. and Campbell, K(2000). Genetic control of
Whnt genes exhibit discrete domains of expression in the early embryonic dorsal-ventral identity in the telencephalon: opposing roles for Pax6 and

CNS and limb budsDevelopmeni19, 247-261. Gsh2.Developmeni27, 4361-4371.
Pellegrini, M., Mansouri, A., Simeone, A., Boncinelli, E. and Gruss, P. Von Ohlen, T. and Hooper, J. E.(1997). Hedgehog signaling regulates
(1996). Dentate gyrus formation requires EmR2velopmentl22, 3893- transcription through GIli/Ci binding sites in the wingless enhaihtech.
3898. Dev.68, 149-156.
Polakis, P.(2000). Wnt signaling and canc&enes Devl4, 1837-1851. Wang, B., Fallon, J. F. and Beachy, P. A(2000). Hedgehog-regulated
Richardson, M., Redmond, D., Watson, C. J. and Mason, J. @1999). processing of Gli3 produces an anterior/posterior repressor gradient in the
Mouse Wnt8B is expressed in the developing forebrain and maps to developing vertebrate limiCell 100, 423-434.
chromosome 19Mamm. Genom&0, 923-925. Whitman, M. (1998). Smads and early developmental signaling by the

Roelink, H. and Nusse, R(1991). Expression of two members of the Wnt  TGFbeta superfamilyGenes Devl12, 2445-2462.
family during mouse development—restricted temporal and spatial pattern&/ilson, S. W. and Rubenstein, J. L. R(2000). Induction and Dorsoventral
in the developing neural tub&enes DeVs, 381-388. Patterning of the Telencephalddeuron28, 641-651.

Simeone, A., Gulisano, M., Acampora, D., Stornaiuolo, A., Rambaldi, M.  Xuan, S., Baptista, C. A., Balas, G., Tao, W., Soares, V. C. and Lali, E.
and Boncinelli, E. (1992). Two vertebrate homeobox genes related to the (1995). Winged helix transcription factor BF-1 is essential for the
Drosophila empty spiracles gene are expressed in the embryonic cerebraddevelopment of the cerebral hemispheMsuron14, 1141-1152.
cortex.EMBO J.11, 2541-2550. Yee, S. P. and Rigby, P. W(1993). The regulation of myogenin gene

Stoykova, A., Treichel, D., Hallonet, M. and Gruss, P(2000). Pax6 expression during the embryonic development of the m@msees Devz,
modulates the dorsoventral patterning of the mammalian telencepbalon. 1277-1289.

Neurosci.20, 8042-8050. Yoshida, M., Suda, Y., Matsuo, I., Miyamoto, N., Takeda, N., Kuratani, S.
Tetsu, O. and McCormick, F.(1999). Beta-catenin regulates expression of and Aizawa, S(1997). Emx1 and Emx2 functions in development of dorsal
cyclin D1 in colon carcinoma celldlature 398 422-426. telencephalonDevelopmenii24, 101-111.

Theil, T., Frain, M., Gilardi-Hebenstreit, P., Flenniken, A., Charnay, P. Yun, K., Potter, S. and Rubenstein, J. L.(2001). Gsh2 and Pax6 play
and Wilkinson, D. G. (1998). Segmental expression of the EphA4 (Sek-1) complementary roles in dorsoventral patterning of the mammalian
receptor tyrosine kinase in the hindbrain is under direct transcriptional telencephalonDevelopmeni28 193-205.

control of Krox-20.Development25 443-452. Zawel, L., Dai, J. L., Buckhaults, P., Zhou, S., Kinzler, K. W., Vogelstein,
Theil, T., Alvarez-Bolado, G., Walter, A. and Ruther, U.(1999). GIi3 is B. and Kern, S. E.(1998). Human Smad3 and Smad4 are sequence-specific
required for Emx gene expression during dorsal telencephalon development.transcription activatordviol. Cell 1, 611-617.
Developmenfi26 3561-3571. Zhao, Y., Sheng, H. Z., Amini, R., Grinberg, A., Lee, E., Huang, S., Taira,
Tole, S., Goudreau, G., Assimacopoulos, S. and Grove, E.(R000a). Emx2 M. and Westphal, H.(1999). Control of hippocampal morphogenesis and
is required for growth of the hippocampus but not for hippocampal field neuronal differentiation by the LIM homeobox gene Lh$Bience284,
specificationJ. Neurosci20, 2618-2625. 1155-1158.
Tole, S., Ragsdale, C. W. and Grove, E. A2000b). Dorsoventral patterning Zilles, K. and Wree, A.(1995). Cortex: areal and laminar structureThe
of the telencephalon is disrupted in the mouse mutant extra-toBs(d). Rat Nervous Systen2nd edn (ed. G. Paxinos), pp 649-685. San Diego:

Biol. 217, 254-265. Academic Press.



