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Summary

The organisation of the telencephalon into its major telencephalic cells of an intermediate character remain to
structures depends on its early regionalisation along the be defined. We provide evidence here that retinoic acid has
dorsoventral axis. Previous studies have provided evidence a crucial role in specifying telencephalic progenitor cells of
that sonic hedgehog (SHH) is required for the generation intermediate character.

of telencephalic cells of ventral character, and that

sequential WNT and fibroblast growth factor (FGF)  Supplemental data available online

signalling specifies cells of dorsal telencephalic character.

However, the signalling mechanisms that specify Key words: Chick, Mouse, Retinoic acid

Introduction expression of transcription factors early in development

The emergence of functionally distinct regions of thedelineate the future functional subdivisions of the

developing central nervous system (CNS) depends on tfglencephalon along its DV axis, and that these expression
sequential actions of patterning signals that induc®atterns are largely conserved among vertebrate embryos
rostrocaudal (RC) and dorsoventral (DV) character in neurdCoPos et al., 2001a; Cobos et al.,, 2001b; Fernandez et al.,
progenitor cells (Bronner-Fraser and Fraser, 1997; Jesseh998; Puelles et al., 2000; Puelles et al., 1999). Thus,
2000; Lumsden and Krumlauf, 1996; Stern, 2001). Duringexammatlon ofwhe_n and how these profiles of gene expression
neurulation, progenitor cells located in different RC domaing'® established in the telencephalon may reveal how
of the neural tube become exposed to signals that impose pgelencephalic cells acquire their early dorsal, intermediate and
regional identity (Appel and Eisen, 2003; Briscoe and Ericsor¥entral characters. _ .
2001; Gunhaga et al., 2003; Hebert et al., 2002; Lee and The diverse and interdependent functions of patterning
Jessell, 1999; Maden, 2002; Muroyama et al., 2002; Rallu &gnals of the HH, WNT, BMP, FGF and retinoid classes during
al., 2002a; Rubenstein, 2000). The mechanisms underlying th@rebrain and craniofacial development have made it difficult
DV patterning of neural progenitor cells in caudal regions thal© establish the precise role(s) of individual signals in the early
give rise to spinal cord and hindbrain have been elucidatedevelopment of the telencephalon, and to resolve whether these
whereas the events that control DV patterning in rostral regiorignals act directly on neural cells or indirectly on surrounding
of the CNS, notably telencephalon, are less well resolvetissues. In chick embryos, prospective neural tissue can be
(Appel and Eisen, 2003; Briscoe and Ericson, 2001; Briscoe &eparated from adjacent tissues at stages when forebrain cells
al., 2000; Jessell, 2000; Rallu et al., 2002a; Rubenstein, 200@ermally acquire dorsoventral DV regional character (Cobos et
The assignment of an initial regional identity to neuralal., 2001b; Couly and Le Douarin, 1987). Thus, the stage at
progenitor cells in the prospective telencephalon is amhich telencephalic cells acquire different DV characters can
important step in the generation of the functional subdivisionbe defined, and the direct response of neural cells to putative
within the telencephalon. The cerebral cortex derives from thiaductive signals and their mode(s) of action can be elucidated.
dorsal region and the pallidum from the ventralmost regiorstudies in chick have provided evidence that anterior forebrain
of the early developing telencephalon. In mammals, theells are specified as cells of ventral character in response to
intermediate region of the telencephalon contains neuran early phase of SHH signalling that operates at gastrula
progenitor cells of at least three different structures: thstages (Gunhaga et al., 2000). More recent evidence suggests
striatum, the olfactory bulb and parts of the amygdaldhat at the neural fold stage, WNT signals block ventral
(Campbell, 2003; Deacon et al., 1994; Olsson et al., 1998haracter and induce early dorsal character in telencephalic
Schuurmans and Guillemot, 2002). Studies in diverseells (Gunhaga et al., 2003). Later, at the early neural tube
vertebrate organisms have provided evidence that patterns sithge, FGF signals derived from dorsal midline cells act
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together with  WNT signals to induce definitive dorsal/progenitor cells of intermediate character, rather than solely to
precortical character in early dorsal cells (Gunhaga et allater aspects of cell differentiation, and if so whether RA acts
2003). Collectively, these studies have provided information odirectly on neural cells or indirectly on adjacent tissues.

the time at which telencephalic cells acquire ventral and dorsal Using assays of neural differentiation in chick neural tissue,
character, and the molecular nature of some of the signallirig vitro and in intact chick embryos, we provide evidence that
molecules involved in these processes. Although, they haRA signalling has a crucial role in specifying telencephalic
failed to account for the patterning events that specifgells of intermediate character. Our data also support the idea
telencephalic progenitor cells of an intermediate charactethat FGF signalling maintains ventral progenitor character, in
Emerging evidence in mouse indicates that cells characterisggart, by opposing the influence of RA signals. Thus, the
of the intermediate region of the telencephalon are generategpponent roles of RA and FGF signals in establishing an
in Shhmutants (Rallu et al., 2002b) (H. Toresson, PhD thesisntermediate positional character of neural cells appears to be
Lund University, 2001), but WNTs, BMPs and FGFs haveconserved along the anteroposterior axis of the neural tube.
not been implicated directly in the specification of cells of

intermediate character (Rallu et al., 2002a). Thus, additional

signals that act in concert with these peptide growth factors aMaterials and methods

likely to participate in the induction of cells of an intermediateso|ation and culture of explants

teIgr\]/c;ptr;laglcpnglr]%c\:/se;ears several lines of evidence ha\g?xplants of the prospective ventral and dorsal telencephalon were
' ssected from HH stage 8 and 10 chick embryos as described
indicated that retinoic acid (RA) signalling has an importan{Gunhaga et al., 2003)?J Explants of the prospec):/tive intermediate
role in patterning vertebrate neural progenitors, and in neurongalgion of the telencephalon were isolated from stage 10 embryos
specification (Appel and Eisen, 2003; Diez del Corral et alguided by fate maps (Fernandez et al., 1998). These explants were
2003; Halilagic et al., 2003; Maden, 2001; Maden et al., 1998ultured for 50-56 hours as described (Gunhaga et al., 2003). Explants
Muhr et al., 1997; Novitch et al., 2003; Pierani et al., 1999from the prospective intermediate telencephalon of HH stage 12 and
Schneider et al., 2001). In the developing spinal cord, recent: chick embryos were cultured for 40-48 hours.

findings have lead to a model in which RA signalling '\0/'0#'\79 trc;e;gt?:rm\i/?tthsglLﬁjijglem':IGhFe?)gri(r?g(Lgig?\/;;enlls(%lgzsaS(Rugfgd at
ﬁ]sﬁlgtlsglef);Bﬁslir:gertrr?eeciirl]a;ltje;ec%o(;} l(z]ccaﬂlgesi;%lgljl?r:gn(elljjir:zl gjé%??stems.) was used at 5 nM. Soluble WNT3A, mouse frizzleq receptor
Corral et al., 2003; Novitch et al., 2003). The fact that RA acté protein (mFrz8CRD-19G) and contrel condition media were
) N ’ sals enerated as described (Gunhaga et al., 2003). All-trans retinoic acid
in a coordinated manner with WNT, FGF, BMP and SHH(sjgma) and BMS189453 (Chen et al., 1995; Schulze et al., 2001)
signals to impose DV cell pattern in the spinal cord raisewere used at 100 nM. Cyclopamine (Incardona et al., 1998) was used
the possibility that RA signalling also contributes to theat 1uM. BMP4 (R&D Systems) was used at 3 nM.

developmental steps that specify intermediate cell character in

the telencephalon. There are several potential sources of RA0le-embryo culture _ _ _
within or adjacent to the early developing telencephalofléw culture method was essentially carried out as previously
(Blentic et al., 2003; Mic et al., 2002), and there is evidencggzﬁgge?n(cg‘ggmagsfrﬁ:j' %?Orl%bﬂgga:glggg:Ea%?agi;gzsé%m?%ggre
Eg\?ltcﬁzﬁ] Se'?r;?mq%égﬂﬁglﬁg;i?rgf glor ;%rgg rggh%z\i/ggpgt]zrl] ystems). AG 1-X2 resin converted to formate form were soaked in

. - ) - - MSO (control), all-trans retinoic acid (1 mM) or the synthetic
2001; Smith et al., 2001; Swindell et al., 1999; Toresson et aketingid BMS-189453 (Chen et al., 1995 Schulze et al., 2001) (4

1999; Whitesides et al., 1998) (H. Toresson, PhD thesis, Lungm). The beads were inserted into the prospective prosencephalon of
University, 2001). The attenuation of RA signalling at earlyHH stage 10-11 chick embryos and placed in contact with the neural
stages of development led to aberrant expression of BMP ardtoderm. The embryos were maintained in New culture for ~48

SHH signals in ventral midline neural tube cells and in théwours.

prechordal plate mesoderm that underlies the anterior neur@ . . . .

plate; it also led to impaired survival of head mesenchyme ananct’irs"gffj%f chick ~ Meis2 and generation of MEIS2 and EMX1

ventral telencephalic cells (Halilagic et al., 2003). At early . , :
neural tube stages, the gene encoding the RA synthetic enzy@éDNA fragment corresponding to nucleotides 246-748 of the chick

. . . is2 sequence (GenBank Accession Number AF199011) was
retinaldehyde dehydrogenase 3 (RALDH3) is expressed in tr%ﬂ)tained by RT-PCR using total RNA isolated from E5 chick embryos

head ectoderm adjacent to the early developing telencephal@f tempiate and the following oligonucleotide primetsAAG-
(Blentic et al., 2003), and inhibition of RA signalling at thesegaTGCGATCTACGG-3 and 3-CTAAACCATCCCCTTGCT-5.

stages results in a general perturbation of the growth andThe synthetic peptide (N§i — MAQRYDELPHYGGMDGC —
development of the forebrain and frontonasal process€€OOH) was used to generate a rabbit anti-MEIS2 antibody.
(Anchan et al., 1997; Schneider et al., 2001; Whitesides et aRabbit anti-EMX1 was generated using a mix of (NH2-)
1998). Thus, RA is required for the growth, patterning andcLATKQSSGEDIDVTSND (-COOH) and (Ac-) AGSEVS-
survival of multiple tissues of the early developing rostral head?ESLLLHGC (-COOH) (Agrisera AB).

At later stages of telencephalic development, radial glial cell

n .the. prOSpeCt'Ve .St”a.ltum SEerve as a localised source f situ RNA hybridisation histochemistry using chick digoxigenin-
retinoids, and retinoid signalling appears to enhance neuro l)elled Meis2 probe was performed essentially as described

differentiation in the striatum (H. Toresson, PhD thesis, LUNQGynhaga et al., 2003). Whole-mount in situ RNA hybridisation using

University, 2001) (Toresson et al., 1999). However, from thesgnick digoxigenin-labelle®aldh3probe was performed as described
studies it has remained unclear whether RA signallingwilkinson and Nieto, 1993).

contributes to the initial specification of telencephalic For staining with the anti-EMX1, anti-NKX2.1 (BIOPAT

situ hybridisation and immunohistochemistry
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immunotechnologies), anti-MEIS2 and anti-cleaved caspase 3 (Cedlarly PAX6 cells, apparently in response to WNT signals
Signaling) rabbit antibodies and with the monoclonal anti-PAX6, anti{Gunhaga et al., 2003). Guided by fate maps (Fernandez et al.,
TTF1 antibodies (AbCam), embryos and explants were fixed a$998), we isolated explants of the prospective intermediate
described (Gunhaga et al., 2003). To quantify the percentage phgion of stage 10 embryos, and grew them for 50-56 hours in
antigen-expressing cells, each explant was serially sectiongahat 8 vitro. Stage 10 intermediate (I) explants generated a large
stained and counted, the total numbers of cells were determined PIY,lmber of PAX6 cells. a small number of NKX2: Tells. but
counting the number of nuclei using DAPI (Boehringer Mannhelm).nO MEIS? or EMX1*+ E:ells (data not shown). Th.e gen,eration

of PAX6* cells is likely to reflect the exposure of cells in the

Results prospective intermediate region of the telencephalon to WNT
Telencephalic cells acquire intermediate character signals (Gunhaga et al., 2003). Stage 12 | explants generated
sequentially EMX1*, PAX6", MEIS2* and NKX2.¥ cells in variable

In the early developing telencephalon, distinct profiles of HOUmbers (Fig. 2B), indicating that some of these cells have
transcription factor expression define progenitor cells of agtarted to acquire an intermediate character. Stage 14 |
intermediate character (Skogh et al., 2003; Toresson et agXplants, generated PAX6(23+4%) and MEISZ cells
2000). In the mouse embryo, MEIS2 expression marks striat_gz_iG%)- but no NKX2.1or EMX1" cells (Fig. 2C) —a profile
progenitor cells and neurons from early stages into adulthoggdicative of the intermediate region of the telencephalon.
(Toresson et al., 2000), and in Hamilton and Hamburger Stag'l'é]us, a domain of teIencephaﬁc cells Qf intermediate character
22 (E3.5) chick embryos (Fig. 1A), MEIS2 is expressed at higgmerges from stage 12, and is established by stage 14.
levels in progenitor cells in the intermediate of the ) .
telencephalon (Fig. 1B,C). PAX6 is expressed in progenitopHH, FGF, BMP and WNT signals do not induce
cells in both the dorsal region, and in a dorsal domain of thMEIS2* cells of intermediate character
intermediate region (Fig. 1B,C). NKX2.1 and EMX1 are To examine whether SHH, FGF or BMP signalling contribute to
expressed in the ventral and dorsal regions, respectively, hilte specification of cells of intermediate character, we exposed
are excluded from the intermediate region of the telencephalatage 14 | explants to SHH, WNT, FGF and BMP proteins. SHH
(Fig. 1B,C). Thus, cells in the intermediate region of thg10 nM) blocked the generation of MEISand PAX6 cells,
telencephalon express MEIS2, and cells in most dorsal part ahd induced NKX21 cells (65+5% compared with 0% in
the intermediate region co-express MEIS2 and PAX6 (Figuntreated stage 14 | explan®s0.01) (Fig. 2D) — a profile
1B,0). characteristic of the ventral telencephalon. FGF8 (1 nM) blocked
To examine when telencephalic cells acquire intermediatdhe generation of PAX6and MEISZ cells, whereas in the
character, we monitored the generation of MEI&2d PAX6  presence of BMP4 (3 nM), MEIS2(20+4%) and PAX6
cells in explants isolated from the prospective intermediaté61+6%) cells were still generated (data not shown.). To test
region of the telencephalon of stages 10, 12 and 14 embryashether any of these signals were required for the generation of
At stage 10, cells in the ventral region of the telencephalon amstermediate cells, we exposed stage 14 | explants to antagonists
specified as NKX21 progenitor cells characteristic of the of these signals; cyclopamine, a steroidal alkaloid that inhibits
future pallidum, whereas more dorsal cells are re-specified &HH signal transduction, soluble FGF receptor 4, an inhibitor of

A B Nkx2.1 Meis2 Pax6 Emx1 C
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Paxé

Meis2

Nkx2.1

Stage 22

Nkx2.1 / Meis2 / Pax6 / Meis2 /

Fig. 1. Domains of expression of transcription factors define ventral (V), intermediate (I) and dorsal (D) subdivisions of the glevelopin
telencephalon. (A) A schematic drawing of a HH stage 22 (E3.5) chick embryo. The dorsal (D) to ventral (V) line indieatelsoftaé
transverse sections shown in the corresponding panel. (B) In the telencephalon of a HH stage 22 chick embryo, MEIS2 edhatéxphess
levels in the intermediate region. PAX6 was expressed in the dorsal region and in the most dorsal domain of the integimediateae
telencephalon. NKX2.1 was expressed exclusively in the ventral region and EMX1 exclusively in the dorsal region of theatele(twgp

panel). Below, enlargements depict overlapping (MEIS2/PAX6, PAX6/EMX1) and largely non-overlapping (MEIS2/NKX2.1, MEIS2/EMX1)
regions of the telencephalon. Yellow staining represents double-labelled cells. (C) The expression domains of trandonigtiothi@c
developing telencephalon.
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Meis2 Pax6 Nkx2.1 Emx1

Stage 12 I»
Ist1i2 00

Fig. 2. Telencephalic progenitor cells
gradually acquire their intermediate
character. (A) A stage 12 and a stage 14

chick embryo (side view, rostral towards Cj
the right). Black squares indicate
intermediate neuroectoderm explant regions
of the embryo. Explants were analysed for
expression of transcription factors after 40-
48 hours in culture. (B) Stage 12
intermediate explant$€15) generated ® Intermediate
MEIS2t (14+7%), PAX8 (22+7%),

NKX2.1* (7£6%) and EMX1 (8£6%) cells

in different domains. Scale bar: gén.

(C-F) Expression of transcription factors in stage 14
intermediate explants grown alone, with purified SHH protein,
with mFrz8CRD (an antagonist of WNT signalling) or with
conditioned medium containing WNT3A£15 for each).

(C) Stage 14 intermediate explants25) grown alone
generated MEIS2cells (22+6%), PAX6 cells (2314%) but no
NKX2.1* or EMX1* cells were detected. (D) In the presence of
SHH, the generation of MEISZ2ells was blocked, and

NKX2.1* (65+5%) but no PAX6or EMX1* cells were

detected. (E) In the presence of WNT3A, the generation of
MEIS2* cells was blocked, and PAX@ells (61+3%) and

EMX1* (25+5%) but no NKX2.1 or cells were detected. (F) In
the presence of mFrzZ8CRD, MEIS&ells (20+5%) were still
generated, while the generation of PAX@lls was blocked.

No NKX2.1* or EMX1* cells were detected. Scale bar:30.

Stage 14
[ |
| st14

Shh
Isti4 O

Wnt3a
Isti4 M

mFrz8CRD-IgG
| st14 -

FGF activity, and Noggin, an inhibitor of BMP signalling intermediate character in telencephalic cells. RA acts as an
activity. In the presence of either of these antagonists, stage adtivator of MEIS1 and MEIS2 expression in the proximal
| explants still generated MEISZ~20%) and PAX6 (~20%) region of the developing limb bud (Mercader et al., 2000) and
cells, and no EMX1 or NKX2.1* cells appeared (data not MEIS2 was originally identified as a retinoid-inducible gene in
shown). Collectively, these results suggest that neither SHHP19 carcinoma cells (Oulad-Abdelghani et al., 1997), raising
FGF nor BMP signals are involved directly in the induction ofthe possibility that RA signals contribute to the induction of
telencephalic cells of an intermediate character. MEIS2" cells of intermediate character in the developing
The generation of PAX6cells in stage 10 | explants telencephalon. Consistent with this possibility, the gene
indicates that prospective intermediate cells are exposed &mcoding the RA synthetic enzyme RALDHS3 starts to be
early WNT signals. Consistent with this idea, in the presencexpressed in the head ectoderm adjacent to the rostral forebrain
of mouse frizzled receptor 8 protein (mFrzZ8CRD-IgG), amat ~stage 9/10 (Blentic et al., 2003), and by stage 14, the
antagonist of WNT signals, the generation of PAXglls Raldh3expressing domain is located adjacent to the ventral
(4+2% compared to 23+4% in untreated 14 | explantsand intermediate regions of the telencephalon (Fig. 3A). Thus,
P<0.01) was suppressed in stage 14 | explants, but MEIS2elencephalic cells appear to be exposed to RA signals at the
cells (20+5%) were still generated, and no EMXar time they begin to acquire intermediate character. To examine
NKX2.1* cells appeared (Fig. 2F). However, WNT3A whether RA signalling is required for the specification of cells
exposure blocked the generation of ME1S2Ils, increased of an intermediate character, we exposed stage 14 | explants to
the number of PAX®S cells, and induced EMX1(25+5%  the RAR antagonist BMS-1895453 (BMS453) (100 nM) (Chen
compared with 0% in untreated stage 14 | expld?t€.01) et al., 1995; Schulze et al., 2001). Under these conditions, the
cells — a profile characteristic of the dorsal telencephalon (Figieneration of MEIS2cells was blocked (0% compared with
2E). Thus, early WNT signalling appears to contribute to th2+6% in untreated stage 14 | explafs0.01), the number
induction of PAX® cells characteristic of the dorsal domain of PAX6" cells (7+3%) was reduced, and a small number of
of the intermediate region, whereas high levels of WNTNKX2.1* cells (5+3%) also appeared, but the growth of the
signals block intermediate and induce dorsal character iexplants was not affected (Fig. 3B). Thus, these results provide

telencephalic cells. evidence that RA signalling is required for the specification of
cells of intermediate character.

RA is required and sufficient to induce cells of To examine whether RA signalling is sufficient to induce an

intermediate character intermediate character in telencephalic cells, we exposed dorsal

We next addressed the molecular nature of signal(s) that indu®) explants to RA at stage 8, whBaldh3expression has not



Dorsoventral specification of the telencephalon 4327

yet been initiated in the head ectoderm (Blentic et al., 2003pf the intermediate region that generates MEIGHIs, but not

To exclude the possibility that, under these conditions, RAn the dorsal domain that generates MEIBAX6* cells (Fig.
selectively induces the expression of MEIS2 but not othe4C). Stage 8 D explants generated PAX®Ils (78+4%),
intermediate characteristics in early dorsal cells, we alswhereas in the presence of RA (100 nM), MEIBAX6
monitored the generation of cells that express the LIM HQ22+4%) and MEIS2ZPAX6" (60+5%) cells were generated in
protein ISL1. ISL1 is expressed in postmitotic neurons in thélifferent regions of the explants (Fig. 4B). ISLheurons
ventral region of the telencephalon, and in the ventral domaiappeared (17+3%) in the region of the explants that generated

i Nkx2.1 Emx1
A Raldh3 B

| st14

st14

\D :
BMS453
1 st14

Fig. 3.RA signalling is required for the specification of intermediate cells. (A) ExpressRaldii3in the head ectoderm adjacent to the
rostral forebrain in a stage 14 chick embryo (lateral view, rostral towards the right). The dorsal-to-ventral line indiatelsoththe
transversal section shown below. Boxed area indicates intermediate telencephalic region of the embryo. (B) Expressigptiohtfangirs
in stage 14 intermediate explants grown alone or with BMS189453 (an antagonist of retinoid signalling via recepty)s(iRAR). Stage 14
intermediate explant®£25) grown alone generated MEIS&Ils (22+6%) and PAXEcells (23+4%), but no NKX2*or EMX1* cells were
detected. In the presence of BMS453, the generation of MEI® was blocked and the generation of PAX€lls was markedly reduced
(7£3%). A small number of NKX2cells (5+3%) were generated, but no EMX&lls were detected. Scale bar: .80.

A E Meis2 Isl1 Pax6 Nkx2.1 Emx1

D st8

Stage 8
M Dorsal

RA +FGF
D st8

Fig. 4.RA induces intermediate character in early dorsal telencephalic cells. (A) A stage 8 chick embryo (dorsal view, rostrdkjs upwa
Black square indicates prospective dorsal telencephalic neuroectoderm explant region. (B) Expression of transcriptiostigtdsdiorsal
(D, st 8) explants cultured alone or with all-trans retinoic acid (RA) or a combination of all-trans retinoic acid and P8R fbours. Stage
8 D explants cultured alona£20) generated PAXecells (78+4%) but no MEIS2 ISL1*, NKX2.1*or EMX1* cells were detected. Stage 8 D
explants 1=20) exposed to all-trans retinoic acid generated MEt8#ls (82+4%) distributed throughout the explants, while IStells
(17+3%) and PAX6 cells (65+5%) were expressed in complementary regions in the explant. No NKOXEWMX1* cells were detected.
Stage 8 D explant$1€15) exposed to a combination of all-trans retinoic acid and FGF8 generated| €X§63+5%), but no MEIS2
NKX2.1 ISL1* or EMX1* cells were detected. Scale bar:#B. (C) Expression of transcription factors in the ventral-most domain of the
prospective intermediate telencephalon in a stage 22 chick embryd.d&lslwere located in the periphery of the proliferating
neuroepithelium, while MEIS2cells were situated throughout the neuroepithelium overlapping with the é®iniain. No PAX6 cells were
detected in this ventral subdomain of the intermediate telencephalon.
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MEIS2* but not MEIS2/PAX6* cells (Fig. 4B) — a profile the intermediate region of the telencephalon, but did not
indicative of the intermediate region of the telencephalon. Thesuppress the growth of the explants. The changes in numbers
was a significantR<0.01) difference between the number of of cells expressing NKX2.1, MEIS2 and PAX6 was significant
MEIS2* and ISL* cells in stage 8 D explant compared with (P<0.01) compared with the untreated stage 10 V explants.
stage 8 D explants exposed to RA. Thus, RA appears to be afileus, these results support the idea that that FGF8 blocks RA
to induce independent markers of intermediate cell character gignalling in ventral telencephalic cells. We also tested whether
early dorsal telencephalic cells. We also examined whether RRGF8 blocked the ability of RA to induce intermediate
produced cells of intermediate character in stage 8 ventral (\¢haracter in dorsal telencephalic cells by exposure of stage 8
explants (Fig. 5A). Stage 8 V explants grown alone generatdd explants to RA (100 nM) and FGF8 (5 nM). Under these
NKX2.1* (>90%) and ISL1 (19+4%) neurons (Gunhaga et al., conditions, FGF8 blocked the ability of RA to induce ME1S2
2003), (Fig. 5B). RA (100 nM) blocked the generation of(0% compared to 82+4% in stage 8 D explants only exposed
NKX2.1* cells and although ISfIneurons (17+4%) were still to RA, P<0.01) and ISL1 neurons, but PAX6(63+5%) cells
generated, only a small number of MEt§23+3% compared were still generated (Fig. 4B). Collectively, these results
with 0% in untreated stage 8 V explari®sQ.01) and compared provide evidence that FGF signals maintain cells of ventral
with 82+4% in stage 8 D explants exposed to RA0.01) and character in the telencephalon by blocking the ability of RA to
PAX6* (15+4%) cells were induced (Fig. 5B). Thus, RA induce intermediate character in ventral telencephalic cells.
signalling is sufficient to induce intermediate character in both o ) o

early dorsal and ventral telencephalic cells, albeit in a les3A signalling is required and sufficient for the

efficient manner in ventral cells. generation of intermediate cells in intact embryos

o ) We next used New Culture methods (Chapman et al., 2001) to
FGF maintains cells of ventral character by blocking examine whether RA signalling is required and sufficient for
their response to RA the acquisition of intermediate telencephalic character in intact

The pattern of expression Baldh3in the head ectoderm (Fig. chick embryos. Control beads or beads soaked in BMS453
3A), suggests that at stages when telencephalic cells acquikere placed adjacent to the neuroepithelium of the anterior
an intermediate character (Fig. 2B,C) cells in ventral region gbrosencephalon of stage 9-10 embryos, and developed to stage
the telencephalon are also exposed to RA signals (Blentic 20 (E3). At this stageMeis2 mRNA is expressed in wide
al., 2003; Li et al., 2000; Mic et al., 2000). Nevertheless, celldomain of the intermediate region of the telencephalon (Fig.
in the ventral region maintain their ventral character, whictyB), but very few cells have started to express MEIS2 protein
raises the possibility that ventral cells are exposed to a sign@ig. 7D). All embryos grafted with control beads=(0)
that suppresses their ability to respond to RA signalling. FGF8howed normal morphology and dorsoventral patterning of the
opposes RA activity during DV patterning of neural progenitotelencephalon (Fig. 7A). In 10 out of 12 embryos grafted with
cells in the spinal cord (Diez del Corral et al., 2003; NovitclBMS453 beadsMeis2 expression normal on one side and
et al., 2003), and cells in the ventral region of the prospectivgeverely reduced or absent on the opposite side (Fig. 7B).
telencephalon are exposed to FGF8 derived from the adjaceftere were no major differences in the patterns of expression
anterior neural ridge (Crossley et al., 2001). of EMX1, PAX6 and NKX2.1 between the left and right sides
To examine whether FGF8 maintains ventral telencephaliof the telencephalon in these embryos (Fig. 7B). Cleaved
character by suppressing RA signalling, we isolated V explantsaspase 3 is a marker of apoptotic cells (Fernandes-Alnemri et
from stage 8 and 10 embryos, before and after the onset aff, 1994). On the side of the telencephalon wihees2was
Raldh3expression in the adjacent head ectoderm, and exposstill expressed, 1+1% of the cells expressed cleaved caspase 3,
them to soluble FGFR4 (@g/ml), an inhibitor of FGF8 when compared with 3+1% of the cells on the side where
signalling. Under these conditions, soluble FGFR4 did noMeis2 expression was suppressen=4) (see Fig. S1 at
block the generation of NKX2'Xells, or induce MEIS2cells  http://dev.biologists.org/supplemental), providing evidence
in stage 8 V explants (data not shown). By contrast, in staghat apoptosis did not contribute significantly to the loss or
10 V explants, soluble FGFR4 blocked the generation ofeduction of cells expressimdeis2.In addition, the number of
NKX2.1* cells and induced a large number of PAX86+5%) mesenchyme cells that expressed cleaved caspase 3 was
and MEISZ (62+3%) cells (Fig. 6B) — a profile indicative of increased on the side whévieis2expression was blocked (see

Fig. 5.Retinoic acid (RA) induces intermediate

character in early ventral telencephalic cells. B
(A) A stage 8 chick embryo (dorsal view, rostral
is upwards). Grey square indicates ventral
telencephalic neuroectoderm explant region.

(B) Expression of transcription factors in stage 8
ventral (V, st 8) explants cultured alone or with
all-trans retinoic acid for 48-52 hours. Stage 8 V

V st8

explants 1=15) generated NKX21cells Stage 8

(>90%) and ISL1 cells (19+4%) but no B Ventral

MEIS2* or PAX6" cells. Stage 8 V explants @
(n=15) exposed to all-trans retinoic acid ) -

generated MEIS2cells (23+3%), ISL1 cells
(17+4%), PAX8 cells (15+4%) but no
NKX2.1* or EMX1* cells. Scale bar: 3am.
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Fig. 6. FGF signals inhibit ventral A B Meis2 Pax6 Emx1
telencephalic cells from responding to R g

signalling. (A) A stage 10 chick embryo

(dorsal view, rostral is upwards). Black o
square indicates ventral telencephalic b
neuroectoderm explant region. >
(B) Expression of transcription factors in

stage 10 ventral (V) explants cultured

alone or with soluble FGFR4 (sFGFR4) Stage 10

48-52 hours. Stage 10 V explants cultur

alone (=15 for each) generated NKX2.1 . Yenir
cells £90%) but no MEIS2, PAX6* or
EMX1* cells. In the presence of soluble
FGFR4, the generation of NKXZ.tells
was blocked but MEISZcells (62+3%)
and PAX® cells (56+5%) were detected
stage 10 V explants. No EMXZells were
detected. Scale bar: 3tn. (C) Lateral
views of stage 20-22 chick embryos
generated in New Culture from stage 1C
grafted with control or soluble FGFR4
beads. All control embryos showed norr
morphology, while the embryos grafted
with soluble FGFR4 had smaller
telencephalic vesicles than did controls.
(D) Consecutive transversal sections of
New Culture embryos, showing the
expression of transcription factors in the
telencephalon. The broken circle indicat
the position of the bead. Embryags=(0)
grafted with control beads in the prospective ventral telencephalon expressed Ne&e{l.in the ventral regioeis2' cells in the
intermediate region and PAX@ells in the dorsal domain of the intermediate region and in the dorsal region of the telencephalohc&lglX1
were located exclusively in the dorsal region. Embryesl Q) grafted with soluble FGFR4 beads in the prospective ventral telencephalon
lacked or showed a severely reduced number of NKX&lls, in four out of 10 embryos ventral cells ectopically exprelstasl PAX6 was
still expressed in the intermediate and dorsal region of the telencephalon, and the generation*afdlidXas blocked.

Fig. S1 at http://dev.biologists.org/supplemental). These resulesxamine whether FGF activity maintains ventral and
provide evidence that BMS452 does not induce selective deashippresses intermediate telencephalic character in intact chick
of Meis2' cells, and that attenuation of RA signalling inhibits embryos. Control beads or beads soaked in soluble FGFR4
the expression oMeis2 in the intermediate region of the were implanted into the ventral region of the anterior
telencephalon in intact chick embryos. prosencephalon of stages 9-10 embryos, and permitted to
To examine whether RA is sufficient to induce MEIS2 cellsdevelop to stages 20-22. All embryos grafted with control
in the telencephalon, we implanted beads soaked in RBeads 1{=10) showed normal morphology and dorsoventral
adjacent to the dorsal neuroephithelium of stage 10 embrygatterning of the telencephalon (Fig. 6C). In embryos grafted
that were maintained in culture to stage 20 (E3). In embryosith soluble FGFR4 beads£10), cells in the telencephalon
grafted with control beadsn£10), the DV patterning of failed to express NKX2.1 and (as expected) EMX1, and in
EMX1*, PAX6* and NKX2.I" in the telencephalon was four embryos, ventral cells ectopically expresséeis2 (Fig.
normal (Fig. 7D), but as mentioned previously, few if any cell6D). All embryos also had smaller heads and telencephalic
in the telencephalon expressed MEIS2 protein. Embryogesicles (Fig. 6C), with increased numbers of cells that
grafted with RA beadsné4) had a morphologically normal expressed cleaved caspase 3 predominantly in the more
telencephalon, but the developing eyes were enlarged (Fidorsal regions of the telencephalon (see Fig. S1 at
7C). However, a large number of MEIS@ells were induced http://dev.biologists.org/supplemental). Thus, attenuation of
throughout the dorsal and intermediate regions of th&GF signalling does not lead to selective death or block of
telencephalon, and the generation of EMX#lls was almost proliferation of ventral telencephalic cells. These results
completely blocked (Fig. 7D). Moreover, the expression oprovide evidence that in intact chick embryos FGF
PAX6 was partially suppressed, but NKX2dells were still  activity maintains ventral and suppresses intermediate
generated in the ventral region of the telencephalon (Fig. 7Djelencephalic character by inhibiting cells to respond to RA
Thus, RA induces intermediate character in prospective dorssignalling.
telencephalic cells in intact embryos.

FGF maintains telencephalic cells of ventral Discussion

character in intact embryos The establishment of different neural progenitor domains along
We also used New Culture methods (Chapman et al., 2001) tioe DV axis at early stages of development is an essential step
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Fig. 7.RA signalling is required and is sufficien A B Nkx2.1 Emx1
for the specification of intermediate cells.

(A) Lateral views of stage 20-22 chick embryo:
generated in New Culture from stage 10 embn
grafted with either control beads (upper panel)
BMS453 beads (lower panel) into the prospect
telencephalon. (B,D) Consecutive transversal
sections of New Culture embryos, showing the
expression of transcription factors in the
telencephalon. The broken circle indicates the
position of the bead. (B) Embryas<10) grafted
with control beads in the prospective
telencephalon (upper panel) expressksis2
cells in the intermediate region at mRNA level,
PAX6" cells in the dorsal region and NKX2.ih
the ventral region of the telencephalon. Embry C
(n=12) grafted with BMS453 beads into the
prospective telencephalon (lower panel) had a
asymmetric expression pattern\éis2 being
expressed only at one lateral side of the
developing telencephalon. EMX1PAX6" cells
were located dorsally, while NKX2:Tells were
positioned in the ventral region of the
telencephalon. (C) Lateral views of stage 20-2
chick embryos generated in New Culture from
stage 10 embryos grafted with either control b
(upper panel) or RA beads (lower panel) into tl
prospective telencephalon. The heads of the k
treated embryos were normal in size but the ey ..
were enlarged. (D) Embryos<10) grafted with control beads in the prospective telencephalon (upper panel) did not generatechblE|S2
but generated PAX6and EMXZ' cells in the dorsal region and NKX2.ih the ventral region of the telencephalon. Embrys<l) grafted
with RA beads into the prospective telencephalon (lower panel) generated a large number 6fdelEl 82the dorsal and intermediate
regions of the telencephalon, a reduced number of PAXMs, no EMXZ cells and a normal number of NKX.2.gells.

BMS453

Meis2 Pax6 Nkx2.1 Emx1

O

Control

RA

in the generation of different functional regions of the maturdbecome specified as ventral (NKX2.Icells in response to
telencephalon. The growth, patterning and morphogenesis nbde-derived SHH signals (Gunhaga et al., 2000). At neural
the forebrain and the rostral head depend on intricatld and early neural plate stages, cells in the prospective dorsal
crossregulatory interactions between SHH, BMP, WNT, FGRnd intermediate regions of the telencephalon cells are exposed
and RA signal (Francis-West et al., 2003; Machon et al., 2003)0 WNT signals that induce PAX6cells (Gunhaga et al.,
The complexity of these interactions has made it difficult ta2003). The head ectoderm adjacent to the telencephalon then
establish the contribution of individual signals to the inductiorstarts to expresfkaldh3 (Blentic et al., 2003) exposing
of DV regional neural identity in the telencephalon, andelencephalic cells to RA signals that promotes the generation
whether signals act directly on neural cells or indirectly orof intermediate (MEISY cells. From the neural plate stage,
adjacent tissues. prospective ventral telencephalic cells are exposed to FGF8
To address these issues, we have established explant assdgisved from the anterior neural ridge (Crossley et al., 2001),
of neural differentiation in chick embryos, and previous studieand FGF8 maintains ventral telencephalic character by
have provided evidence that SHH signalling induces ventralpposing the influence of RA signals in ventral cells. At early
character, and that WNT and FGF signals act sequentially tteural tube stages, the domain Fiff8 expression expands
induce dorsal/precortical character in telencephalic celldorsally and FGF signals derived from the dorsal midline
(Gunhaga et al., 2000; Gunhaga et al., 2003). These studiegion induce definitive dorsal/precortical (EMX1cells
have so far failed to identify the signal(s) that induce§Gunhaga et al., 2003), and cells that are exposed to RA and
intermediate character in telencephalic cells. Our findingkw levels of FGF8 acquire intermediate character.
provide evidence that RA signalling in neural cells is required Our results provide evidence that SHH signalling is not
and sufficient to induce cells of intermediate character, anhvolved in generating cells of intermediate telencephalic
suggest that FGF signals maintain ventral character bgharacter in the chick embryo. Consistent with these results,
opposing RA signalling in ventral telencephalic cells. genetic evidence in mouse indicates that SHH signalling is
Taken together with previous findings (Campbell, 2003required for the generation of ventral telencephalic cells
Gunhaga et al., 2000; Gunhaga et al., 2003; Rallu et al., 2002d1aracteristic of the medial ganglionic eminence, whereas cells
Schuurmans and Guillemot, 2002), our results provide insighia the lateral ganglionic eminence, which derive from the
into the sequential steps involved in assigning an initial DMntermediate region of the telencephalon, are still generated in
regional identity to telencephalic neural progenitor cells (FigSHH-deficient embryos (Rallu et al., 2002b) (H. Toresson, PhD
8). The following model emerges from these findings. Atthesis, Lund University, 2001). A similar situation appears to
gastrula stages, most or all prospective telencephalic cekéxist in the developing spinal cord, where SHH signalling is not
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Fig. 8.Model of the initial dorsoventral patterning of th
telencephalon. Proposed signalling events in neural ¢ FGF

during the initial specification of telencephalic cells of Pax6* Pax6*/ Emx1* Dorsal
ventral, intermediate and dorsal character. At gastrule
stages, most or all prospective telencephalic cells bec

specified as ventral NKX2'ells in response to node- Wnt Meis2* / Pax6* ;
derived SHH signals (Gunhaga et al., 2000). WNT sic RA Meis2* Intermediate
derived from adjacent dorsal ectoderm induce early d /
PAX6* cells (Gunhaga et al., 2003). RA promotes the FGF

. ; . +
generation of intermediate MEISand MEISZ/PAX6 SHH s 4 . Mk it

cells. FGF8 derived from the anterior neural ridge
(Crossley et al., 2001) maintains ventral character by
opposing RA signalling in ventral cells, and FGF signals derived from the dorsal midline region induce definitive dorsalprecort
PAX6*/EMX1* cells (Gunhaga et al., 2003). The specification of the most dorsal midline cells of the telencephalon appears to also require
BMP signalling (Hebert et al., 2002), but is not indicated in the model.

required to induce DBixintermediate progenitor cells, and RA laboratory for helpful discussions. T.E. is supported by the Swedish
signalling can establish many molecular aspects of thibledical Research Council, the Foundation for Strategic Research and
intermediate domain independent of SHH signalling (Pierani dturopean Union research programs. T.M.J. is supported by grants
al., 2001). RA signalling promotes PAX6 expression in thérom the thlonal Institute of Neurological Dlsprders and Stroke and
intermediate region of the developing spinal cord (Diez deff an Investigator of the Howard Hughes Medical Institute.
Corral et al., 2003; Novitch et al., 2003), and we find that RA
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