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SUMMARY

Sonic hedgehog (Shh) is a key signal in the specification of survival of dorsal cell populations in the diencephalon and
ventral cell identities along the length of the developing midbrain. We present evidence that Fgfl5shows Shh-
vertebrate neural tube. In the presumptive hindbrain and  dependent expression in the diencephalon and may
spinal cord, dorsal development is largely Shh independent. participate in this interaction, at least in part, by regulating
By contrast, we show thatShh is required for cyclin D1 ~ the ability of dorsal neural precursors to respond to
expression and the subsequent growth of both ventral and dorsally secreted Wnt mitogens.

dorsal regions of the diencephalon and midbrain in early

somite-stage mouse embryos. We propose that 3hh-

dependent signaling relay regulates proliferation and Key words: Sonic hedgehog, Mouse, Growth, CNS

INTRODUCTION a glycoprotein secreted by the notochord and floor plate, acts
directly as a morphogen to specify distinct ventral cell
The vertebrate central nervous system (CNS) undergoesidentities (reviewed by Briscoe and Ericson, 1999; Jessell,
complex morphogenesis during which the various terminallf2000). The ventral half of the spinal cord is missingSith
differentiated cell types (neurons and glia) are generated atutants, while the dorsal half remains (Chiang et al., 1996),
precise positions in appropriate numbers to establish theonsistent with notochord ablation experiments (Placzek et al.,
blueprint of the neural circuitry. The controls of cell fate1990; Van Straaten and Heckking, 1991; Yamada et al., 1991).
specification and cell proliferation are key aspects of th&hh may not be the exclusive ventralizing factor, for example,
developmental program, and both these processes are regulatetinoid signaling is implicated in induction of vO and v1
by local signaling centers. Because of its relatively simple andopulations of ventral interneurons in the presumptive spinal
conserved structure, the spinal cord has been the principebrd (Pierani et al., 1999). The notochord has also been shown
focus of study (reviewed by Tanabe and Jessell, 1996; Jesseédl,regulate cell proliferation in neural plate explants, consistent
2000). with the possibility that Shh secreted from this source acts as
Dorsal signaling is initiated by the surface ectoderm aa mitogen (Van Straaten et al., 1989; Placzek et al., 1993).
neural plate stages and continued by roof plate cells, whidimdeed, ectopic expression 8hhin the dorsal neural tube
occupy the dorsal midline of the neural tube after neural tub@Rowitch et al., 1999), or ectopic activation of the Shh pathway
closure. A number of TGFfamily members are expressed in through the removal of patched Rt¢hl) activity, results in
one or both of these two signaling regions. Several lines aframatic hyper-proliferative phenotypes (Goodrich et al.,
evidence indicate that their individual or combinatorial actiond997). Together these studies on the control of growth and
specify distinct dorsal neural fates (reviewed by Lee angattern within presumptive spinal cord regions demonstrate
Jessell, 1999). The roof plate also expresses several membtrat dorsal and ventral halves are largely regulated
of the Wnt-family, including Wntland Wnt3a(Parr et al., independently of one another.
1993). Both, analysis aiVntl/3acompound mutants, and the  The brain is considerably more complex. Several studies
results of ectopic activation of Wnt signaling within the neuraindicate that its organization is based upon an early segmental
tube, suggest that these Wnt signals regulate cell proliferatigtaffold of repeating metameric units termed neuromeres. This
(Dickinson et al., 1994; lkeya et al., 1997; Lee et al., 2000is most obvious in the rhombomeres, the neuromeres of the
Megason and McMahon, 2002) (S. M. Lee, M. I., S. Megasorhindbrain, where rhombomeric boundaries are barriers to cell
S. Takada. and A. P. M., unpublished). Thus, the roof plataixing maintaining the clonal restriction of cell populations
coordinates growth and pattern by the production of twdreviewed by Lumsden and Krumlauf, 1996). In addition,
distinct classes of signal. appropriate expression of Hox genes and other regulatory
Accumulating evidence indicates that sonic hedgehog (Shhfactors within subsets of rhombomeres is critical for their
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patterning (reviewed by Krumlauf et al., 1993; Wilkinson, Jacques et al., 1998hhheterozygous mutants were maintained on
1993). Whereas the midbrain is thought to arise from a singlke Black Swiss-Webster background. Mating was assumed to have
neuromere (reviewed by Lumsden and Krumlauf, 1996)pccurred at midnight, and embryonic stages are represented in days
Puelles and colleagues have argued that the forebrain can Bst-coitum (dpc). To score embryonic stages more precisely, somite
subdivided into six prosomeric units, three that generate tH&MPers were counted.

diencephalon excluding the hypothalamus (P1 to P3, caudal {Qhole-mount RNA in situ hybridization

rostral), apd three that make up the telencephalon (Puelles ole-mount RNA in situ hybridization of embryos was performed

Rubenstein, 1993; Rubenstein and Puelles, 1994). Whethg nreviously described (Parr et al., 1993). Digoxigenin probes were

prosomeres exist in the same developmental and functiong|nthesized using the Digoxigenin RNA labeling Kit (Roche).

sense as rhombomeres is debatable; however, prosomere _ _

boundaries serve as a useful set of coordinates for tHdU incorporation analysis

description of forebrain development. Dissected embryos were incubated in DMEM with BrdU for 30
As in presumptive spinal cord regions, signaling by Wntminutes (S. Hayashi and A. P. M., unpublished) and processed for

Hedgehog and TQfamily members has been shown to frozen sections. BrdU incorporation into newly replicated DNA was

regulate the growth and pattern of brain regions. For exampl etected immunochemically as previously described (Dickinson et al.,

. . . . - 994) using anti-BrdU antibody (Pharmingen) and Alexa 568-
ﬁ'hztl,s _expredss.(tad In tth?f .ventral fort(.abraln,t m(ljdl?r?lnthan conjugated anti-mouse IgG antibody (Molecular Probes). Labeled
Indbrain and Its ventralizing properiies ex e.n INto t€SEections were counterstained with YoProl (Molecular Probes) and
regions (reviewed by Briscoe and Ericson, 1999; Jessell, 200Q}ayzed under the confocal microscope (Zeiss). The boundary

Thus, Shh is a general ventralizing factor along the entiretween the telencephalon, diencephalon and midbrain were

anteroposterior (AP) axis of the neural tube. How, then, doagetermined by morphological criteria and nuclei in each region were

the same signal specify distinct cell types within differentcounted. Five wild-type and fiv@hhmutant embryos were examined

regions? Part of the answer appears to lie in the combinatoriaihd the statistical significance was calculated using Student's t-test.

action of Shh and other signaling factors, as well as intrinsi

differences in the regional response to Shh that result fro UNEL assay ) _

earlier patterning events (Dale et al., 1997; Ye et al., 1998). [[f0zen sections of embryos were treated with proteinase K and

addition to its role in cell fate specification, Shh has bee rotces.SEd for TUNEL assay using ApopTag Red In Situ Apoptosis
: : . ection Kit (Intergen Company).

proposed to act as a mitogen in the expansion of granule celf

precursors in the external granule layer of the cerebellum, Blasmid construction

relatively late event in CNS development (Dahmane and Ruizrhe entire coding region of @gf15 cDNA (kindly provided by Dr

i-Altaba, 1999; Wallace, 1999; Wechsler-Reya and Scottyviurre) was subcloned into the expression vector, pCIG (Megason and

1999). Furthermore, misregulation of hedgehog signaling iscMahon, 2002). This base vector contains a constitutive promoter,

implicated in the development of medullablastomas, a granuleultiple cloning site and an internal ribosomal entry signal (IRES)

cell tumor (Vorechovsky et al., 1997; Raffel et al., 1997).  thatis followed by a cDNA encoding green fluorescent protein (GFP).

Although, Shh is expressed predominantly in the ventra?CIG-F15-transfected cells produce both FGF15 and GFP.
neural tube at early stages, by 10.5 days post-coitum (dpﬁlplant culture and electroporation

_there IS a _promlnent dprsa] extension at the zona limita ouse embryonic brains were dissected between the 14- and 16-
intrathalamica (ZLI), which lies at 'the boundary between P omite stages and placed in DNA solution (1 mg/ml). Electrodes were
and P3 (Echelard et al., 1993; Shimamura et al., 1995). Thiaced 4 mm apart at both sides of the explants, then rectangular
raises the possibility that Shh signaling in the diencephalopyises (22 Vv, 50 mseconds, three times) were given by a T820
may play a broader role in its development. Consistent witBlectroporator and a BTX500 optimizer (BTX). The explants were
this view, Shimutants have a disproportionate reduction in thesultured in collagen matrix with the medium which contained 50%

size of the diencephalon relative to the hindbrain region at 11/BMEM (Gibco), 10% fetal bovine serum (Hyclone) and 40% rat
dpc (Chiang et al., 1996). serum (Harlan). Collagen gels were prepared as previously described

We demonstrate that Shh signaling is critical for the(Tessier-Lavigne et al., 1987; Artinger and Bronner-Fraser, 1993).
proliferation and survival of neural precursors in theAfter 40 hours, the explants were fixed in 4% paraformaldehyde and
diencephalon and anterior midbrain, prior to the initiation of"°cessed for whole-mount RNA in situ hybridization.
expression in the ZLI. Unlike other regions of the neural tube,

Shh signaling is required for the normal development of both

dorsal and ventral regions of the diencephalon and anteriGfESULTS

midbrain, though analysis of the expression of Shh targets .

suggests that Shh does not signal directly within dorsal regionshe dorsal parts of the  Shh mutant brain are

Our data indicate a Shh-dependent signaling relay betweéfduced in size between 8.5 dpc and 9.5 dpc

ventral and dorsal regions that coordinates their growth. WAlthough dorsal and ventral structures appear to be absent in

suggest that fibroblast growth factor (FGF) and Whnt signalinghe diencephalon and anterior midbrairsbhmutants at 11.5

may mediate these mitogenic and survival effects. dpc (Chiang et al., 1996), the cellular and molecular
mechanisms underlying this phenotype have not been
addressed. To this end, we examined the development of these

MATERIALS AND METHODS regions at early somite stages. In wild-type embryos at the five-
somite stage (8.5 dpc), the diencephalic region (P1-3) occupies
Mice a narrow strip of cells between the much larger presumptive

Generation of Shimutant mice has been described previously (Stmidbrain and telencephalic regions (Inoue et al., 2000). By
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Fig. 1. A failure in growth of diencephalic and midbrain primordia
in Shhmutants. Morphology of wild-type (A,C) arghhmutant

(B,D) brains at 8.5 dpc (13 somite; A,B) and 9.5 dpc (26 somite;
C,D). At 8.5 dpc, the presumptive diencephalon is recognized as a
narrow region between two constrictions (Region 1). Region I
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10.5 dpc, the diencephalon has undergone a disproportionate
growth relative to other regions within the developing brain
(Warren and Price, 1997). Shinutant embryos became
morphologically distinguishable from wild type after the
seven-somite stage due to obvious midline defects (data not
shown). At the 13-somite stage, ventral structures are absent
along the length of the neural tubeShhmutants (Chiang et

al., 1996) (Fig. 1B). The lack of the ventral midline hinge
enhances the ventral contour of the neural tube upon lateral
view (Fig. 1B). The ventral constriction between the
diencephalon and midbrain was much deeper than that of wild-
type embryos (arrow in Fig. 1B). However, dorsal structures
appeared relatively normal in size.

To perform a quantitative analysis, we divided the brain into
three regions and measured the length of each of these along
the AP axis at the dorsal midline. Region | corresponds to the
diencephalon, Region Il to the midbrain and Region Il
represents the anterior hindbrain between the isthmus and otic
vesicle (see Fig. 1A). No significant difference was measurable
in the length of each region when wild-type @tthmutants
were compared at the 13-somite stage (Fig. 1A,B) (Table 1).
However, by the 26-somite stage (9.5 dpc), Region | and Il
were significantly reduced i8hhmutant embryos, while the
length of Region Il was unaffected (compare Fig. 1C with 1D;
Table 1). At 10.5 dpc, mutant embryos were generally smaller
in size than wild-type littermates. However, the diencephalon
and midbrain were still disproportionately smaller in Shh
mutants (data not shown). These data point to a requirement
for Shhin normal growth of the dorsal diencephalon and
midbrain between the 13- to 26-somite stages.

To confirm the above results using regional molecular
markers, we performed RNA in situ hybridization with probes
for three homeobox containing regulatory fact&mg2, Enl
and Pax6) that demarcate different brain regions. Using the
coordinates of the prosomere model (Puelles and Rubenstein,
1993; Rubenstein and Puelles, 19%x2is expressed in the
alar plate (dorsal region) of the presumptive telencephalon (P4)
and anterior diencephalon (P3) (Shimamura et al., 1898).
is expressed throughout the presumptive midbrain at early
stages and is downregulated in the anterior midbrain as
development proceeds (Davis and Joyner, 1988; Davis et al.,
1991; McMahon et al., 1992). Thus, the gap betvigar2and
Enlexpression domains corresponds to P1/2 and the anterior
midbrain. At the 14-somite stage, the individual domains of

Table 1. Analysis of regional growth in brain primordial in
wild-type and Shhmutant embryos

corresponds to the midbrain and Region Il to the anterior hindbrair  Region I I 1]

between the isthmus and otic vesicle (ot). A sharp ventral
constriction was observed 8hhmutants (arrows in B,D). At 9.5

dpc, regions | and Il dbhhmutant were smaller than those of wild
type, but Region Il of the mutants was still comparable with that of
wild type (see text, Tablel). (E-J) Expression patteri&nof2, Enl
and Pax6. A gap between tBenx2and Enlexpression domains
represents the anterior midbrain and P1/2 (brackets in E-H). No
difference was observed in this region at the 14-somite stage (E,F)
but by the 21-somite stage, the gap was greatly reducgithin
mutants (G H). The anterior midbrain, a gap betweeRaxéand
Enlexpression domains, was also reduceShhmutants (1,J).
Arrowheads in 1,J indicate the forebrain-midbrain boundary. Scale
bars: 200 m.

8.5 dpc
wild type 161.37+£12.77 437.77+£26.35 637.80+32.37
Shh 172.95+10.06 440.65+20.97 635.16+28.65
9.5dpc
wild type 564.86+21.06 865.06+33.39 943.04+27.60
Shh 231.34+3.26* 540.66+21.65**  944.92+64.05
The brain was divided into three parts: I, Il and Il (see text and Fig. 1 for

definitions). The dorsal midline length along the AP axis was measured. At
the 13-somite stage (8.5 dpc), there was no significant difference in size of
each region between wild type aBthmutants. At the 26-somite stage (9.5
dpc), Regions | and Il ddhhmutants were significantly smaller than those of
wild type. *P=0.00022; **P=0.00004. All values are showmqmn.
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Fig. 2. Expression of region- wT Shh

specific markers in the forebra BF1
and midbrain at 9.5 dp8&fl A B

(A,B), Emx2(C,D), Pax6(E,F),

Wnt3a(G,H), wWnt7Kk(1,J) and hs

Dbx1(K,L) were examined in -

wild-type (A,C,E,G,I,K) andshf
mutants (B,D,F,H,J,L).
Expression oBfl was weaker il
Shhmutants than in wild type.
Emx2expression was essentia
the same between wild-type ai
Shhmutants, although the
telencephalon cshhmutants
was smaller than that of wild-
type embryos at this stageax6
expression in the forebrain
terminates at the forebrain-
midbrain boundary (arrowheac
in both wild type andghh
mutants. Wnt3axpression
undergoes a wedge-shaped
lateral expansion in P2 of wild-
type embryos at this stage (G,
arrow). This expansion was
detected in the mutant, althou
expression was reduced (H,
arrow). Wnt7hwas expressed i
the anterior diencephalon (I,
arrow) as well as the
telencephalon of wild typ&Vnt7b expression in the anterior diencephalon was also detect&blenmutants (J, arrow). Dbxdias expressed in

the basal plate of P3 (K, arrow) and alar plates of P1/2 and midbraibl{k).expression was almost at background leveShhmutants (L).

All arrowheads indicate the boundary between the diencephalon and midbrain. hs, hemispheric sulcus (the boundary between the telencephalc
and diencephalon). Scale bars: 200. 1

24'50 —

Emx2and Enl expression were similar in size between Shhis a winged-helix type transcription factor essential for
mutant and wild-type embryos and importantly, the regiortelencephalic development (Xuan et al., 1995). éfdression
between their expression domains was comparable in lengitas appropriately restricted to the telencephalon, although the
(bracket in Fig. 1E,F). By contrast, although there was ntevel of expression was somewhat reduced, as was the size of
difference in the size of either expression domain at the 21ts expression domain in the smaller telencephalic vesicle of the
somite stage, the region in between was greatly reduceshhmutant (Fig. 2A,B). Next, we analyzdeimx2and Pax6
(bracket in Fig. 1G,H). A reduction in the growth of this regionexpression individually. InShh mutants, both genes were
was evident as early as the 16-somite stage (data not showexpressed in a similar pattern and at a comparable level with

Pax6 expression provides a third useful landmd&kx6is  wild type (Fig. 2C-F). Note that the posterior boundary of the
expressed throughout the entire alar plate of the forebrain, tiRax6expression domain remains sharp and is positioned at the
sharp posterior boundary demarcates the diencephalic-midbrgshysical constriction that reflects the diencephalic-midbrain
junction (Warren and Price, 1997; Mastick et al., 1997; Gringleyppoundary in wild-type embryos (arrowhead in Fig. 2E,F),
et al.,, 1997) (Fig. 2E). Thus, the gap betwPar6and Enl although this constriction is positioned more dorsall\Shh
expression domains at mid-somite stages corresponds to timeitants.Wnt3a, which encodes a secreted glycoprotein, is
anterior midbrain. This region was also greatly reduced at thexpressed at the dorsal midline of the developing neural tube.
21-somite stage in Slmhutants (Fig. 11,J). Although the size of After the 17-somite stage, a wedge-shaped ventral extension of
theEnlexpression domain was not altered, there was a mark&tint3aexpression is initiated in the diencephalon (Parr et al.,
decrease in the size of the Paagpression domain in the 1993) (arrow in Fig. 2G). This P2-specific characteristic was
forebrain, most likely reflecting the truncated development opresent in Shimutants, although the size of this domain and the
P1 and P2 regions (Fig. 11,J). Thus, the analysis of regiontvels of Wnt3axpression were both greatly reduced (arrow in
markers was consistent with the results of the morphologicélig. 2H). A second member of the Wnt family, Wnt7b, is
analysis: the dorsal parts of P1/2 and the anterior midbraiexpressed in the dorsal telencephalon and anterior diencephalon
developed normally in Shimutants until the 14-somite stage (Parr et al., 1993) (Fig. 2I). Wnt¥tas expressed in the same
but shortly thereafter their growth was retarded. pattern in Shhmutants, though its diencephalic expression

To determine whether the growth deficiency reflected a@omain was also diminished (Fig. 2J). Together, these data
failure in regional specification of the alar plate, we analyzeduggest that the dorsal telencephalon and diencephalon were
expression of brain factor 1 (BfEmx2,Pax6,Wnt3a,Wnt7b, correctly specified in Shimutants and the dorsal identity of
Dbx1 and Pax7 at 21- to 26-somite stages (~9.5 dpc). BFlthese regions were maintained until at least 9.5 dpc.
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Dbx1, which encodes a homeodomain protein, is expressi
in the basal plate of P3 and the alar plates of both P1/2 and t
entire midbrain. Dbxis also expressed in an intermediate zone
where the sulcus limitans forms at hindbrain and spinal cor
levels (Shoji et al., 1996) (Fig. 2KPbx1 expression was
almost completely absent8hhmutant brains at the 25-somite  {g- ait
stage (Fig. 2L), while spinal cord expression was maintaine [l R e |4
(Pierani et al., 1999) (data not shown). Expression wa ; e
observed in the alar plate of Shlatants at the 13-somite stage
(data not shown). Thus, in contrast to the aforementione
markers, both dorsal and ventral expressiorDbk1 in the
diencephalon and midbrain is dependenthh. AT

Pax7 encodes a paired-type homeodomain protein that i & RPN I SR e s
broadly expressed in the alar plate along most of the length [N AN, 1
the early neural tube (Jostes et al., 1990). Pax7 extends ir §
ventral regions of the presumptive spinal cord in the absence
Shh signaling (Litingtung and Chiang, 2000; Briscoe et al.
2001), consistent with the loss of ventral cell identities ant
dorsalization of the neural tube. In the forebrain and midbrair
Pax7shows a similar ventral extension indicating that ventra
cell fates were lost but dorsal cell fates were maintained in St
mutants (data not shown). Thus, the observed lod3bafl
expression does not reflect a general failure in dors:
specification within these brain regions of $fltant embryos.

T e widype
o Shh

Cell proliferation is decreased in alar plates of the

diencephalon and midbrain of  Shh mutants Fig. 3.Cell proliferation defects iShhmutants. (A-G) BrdU

The failure of diencephalic/midbrain development couldincorporation analysis at the 15- to 16-somite stages. (A,B) The
reflect altered proliferation of neural precursors within thesiplane of sections examined. BrdU was detected by immunostaining
primordia. To examine this possibility directly, we performedwith Alexa 568-conjugated secondary antibody [yellow because of
an analysis of BrdU incorporation at 15- to 16-somite Stageoverlap with YoProl (green) labeled nuclei]. In wild type, the

Fig. 3A,B). In wild-type embryos, the entire telencephalon €!encephalon (C), diencephalon (D) and midbrain (E) showed
((jiegr]mepha)lon and r%ﬁjbrain ghowed a BrdU incorgoratiois'm"ar incorporation rates (G, black square)Shhmutants (F),
only the telencephalon showed a comparable rate with that of wild-

rate of ~60% using our _Iabe_llng protocol (Fig. 3C-E,G). Intype embryos, while the diencephalon and midbrain showed
Shh mutants, incorporation in the telencephalon was nogjgnificantly decreased rates of BrdU incorporation (G, circles). (H, )
significantly  different from wild type (66.36+1.82%; ccndi(cyclin D1) expression at the 17-somite stage. In wild type
Fig. 3F,G). By contrast, the diencephalon and midbraii(H), Ccndlexpression was detected in all three brain regions. The
showed significantly fewer S-phase cells (41.46+0.65% ananterior midbrain showed a higher level of expression than others. In
50.08+1.82%, respectively; Fig. 3F,G). Thus, a reduced raiShhmutants (1), its expression was absent from the diencephalon and
of proliferation in diencephalic and midbrain precursors at 15weaker in the anterior midbrain. Note that the strong expression in
to 16-somite stages most probably contributes to the obserythe tail was maintained hhmutants (I, asterisk). Arrowhead in H
reduction in diencephalic and midbrain regions at later stage2nd ! indicates the diencephalon-midbrain boundary. t,

To address the molecular mechanism underlying thi€'€ncephalon; d, diencephalon; m, midbrain.
regional proliferative deficiency, we examined the expressio
of cyclin D1 (Ccndl). Cyclin D1 regulates the G1 phase o
the cell cycle, through the control of cyclin-dependenttomplex with TCF/LEF proteins, which are HMG-box
kinases (Sherr and Roberts, 1999). In wild-type embryos aontaining transcription factors, and this complex activates
the 14- (data not shown) and 17-somite stages (Fig. 3Hiranscription of target genes (Molenaar et al., 1996; Korinek et
Ccndlwas expressed broadly in the developing brain withal., 1997; Morin et al., 1997), one of whiclOsnd1(Shtutman
highest levels in the anterior midbrain and lower levels in thet al., 1999; Tetsu and McCormick, 19994 is expressed
diencephalon. InShh mutants, Ccndlexpression was in the ventral telencephalon, the alar plates of P1/2 and
undetectable throughout the diencephalic region, whilehombomere 5 (r5) of the hindbrain at 8.5 dpc (Cho and
expression in the anterior midbrain was greatly reduced dressler, 1998) (Fig. 4A,BYVntlandWnt3aare expressed in
both stages (data not shown and Fig. 3lI). Thus, the ceihe roof plate of the diencephalon and in the absence of both
proliferation defects in the diencephalon and midbrain arsignals there is a failure of diencephalic development (S. M.
likely to result, at least in part, from reduced levels of CcndllLee, M. |, S. Megason, S. Takada. and A. P. M., unpublished).

S ) Thus, Tcf4is well placed to respond to these Wnt signals.

Wnt signaling is perturbed in P1 and P2 alar plates To determine whether a disruption in dorsal Wnt-signaling
of Shh mutants may contribute to the reduced proliferation observed in Shh
Recent studies indicate that Ccnidla direct target of Wnt mutants, we analyzedcf4, Wntl and Wnt3a expression.
signaling. In the presence of a Wnt sigrfakatenin forms a Robust localized expression ©€f4 was first observed in the
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alar plate of the P1/2 region in wild-type embryos at the 14unaltered in r5 of Shimutants (arrow in Fig. 4C)V/ntland
somite stage (arrowhead in Fig. 4A,B), and expression level&/nt3acontinue to be expressed at the dorsal midline of the
increased by the 16-somite stage (arrowhead in Fig. 4Djliencephalon in Shimutants, although their expression levels
Surprisingly, Tcf4 expression was barely detectable in thewere slightly reduced compared with wild type (Fig. 4F-I).
dorsal diencephalic region ofhh mutants at 14-somite Thus, there is a close temporal and spatial correlation between
(arrowhead in Fig. 4C) or later stages (arrowhead in Fig. 4Ehe failure of Tcfdactivation, decreased Ccndxpression
and data not shown). By contrasicf4 expression was and —a pronounced reduction in proliferation in the dorsal

diencephalic primordium of Shimutants. These data are

WT Shh consistent with a model in which Shh signaling is required

to upregulateTcf4 expression in the alar plate of P1/2
thereby promoting the Wnt-mediated proliferation of dorsal
diencephalic precursors.

Cell death is increased in alar plates of the
diencephalon and midbrain of  Shh mutants

The finding of ectopic cell death in the developing spinal cord
and somites of Shinutants suggests that Shh may promote the
survival of certain cell types (Chiang et al., 1996; Borycki et
al., 1999; Litingtung and Chiang, 2000). To determine whether
cell death contributes to the diencephalic/midbrain phenotype,
we performed a terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) assay $inh
mutants. In wild-type brains, there were very few TUNEL-
positive cells at the 15- and 17-somite stages (Fig. 5A) (data
not shown). By contrast, a large number of TUNEL-positive
cells were observed in Shiutants (Fig. 5B) (data not shown),
suggesting that ectopic cell death contributes to the dorsal brain
phenotype of Shimutant embryos.

Bmp4expression in the developing forebrain is associated
with local programmed cell death (Furuta et al., 1997) and
BMP4 induces cell death when ectopically applied in the
embryonic brain (Golden et al., 1999). In the developing mouse
brain,Bmp4is expressed at low levels at the dorsal midline of
the telencephalon and anterior diencephalon (P3 and anterior
P2), but not in the caudal diencephalon (posterior P2 and P1)
and midbrain at these early somite stages (Furuta et al., 1997).
Shh mutants and wild-type embryos showed a similar
expression pattern for Bmpdithe 15-somite stage (Fig. 5C,D)
but there was a significant upregulatiorBofip4expression in
the diencephalic region and midbrain $iihmutants by the
19-somite stage (Fig. 5E,F). Thi&hh activity appears to be

Tcf4
16-somite 14-somite 12-somite

Whnt1

14-somite

Q required to repress Bmp4 expression at the dorsal midline of
A é r the diencephalon and midbrain. Although the ectopic
) o expression of Bmp#ay contribute to later cell death, these
§ @ data cannot explain the significant increase in cell death at
(<o) earlier somite stages.
—
Tcf4 and Bmp4 are indirect targets of Shh signaling
Fig. 4. Expression analysis of Wnt signaling component$4 The altered dorsal eXpr.eSSion of TCf4 .and Bmgéther with )
expression was examined at the 12- (A), 14- (B,C) and 16-somite the correlated changes in cell proliferation and cell death, raises
(D,E) stages. At the 12-somite stagef4 expression was not the issue of whether Shh signals directly to dorsal regions of
detectable in the diencephalon (A). Expression here was first the diencephalon and midbrain at the 14- to 25-somite stages.
observed at the 14-somite stage in wild type (B), but n&him To address this issue, we examined expression cii&hRtch.

mutants (C). r5 expression dEf4was observed in both wild-type  — pych encodes the Shh receptor, its upregulation in response
andShhmutants at this stage (B,C, arrow). At the 16-somite stage, to Hedgehog signaling is a highly conserved transcriptional

Tcf4expression became stronger in the wild-type diencephalon (D), . ! )
but was still not detectable in the diencephaloBhimutants (E). response that serves to limit the range of Hedgehog signaling

Wntl(F,G) andwnt3a(H,l) were also examined at the 14- and 16- _(reVIeW_ed by Ingham and McMahon, 2001). As demonstrated
somite stages, respectively. Their expression in the dorsal midline of? Previous studies (Echelard et al., 19%#)hwas expressed

the diencephalon (*) was maintainedShhmutants (G,). only in ventral regions at the 14-somite and earlier stages (Fig.
Arrowhead indicates the diencephalon-midbrain boundary. Scale  6A; data not shown). The first evidence of a dorsal expansion,
bars: 10Qum. at the presumptive ZLI, was not observed until the 24-somite
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stage (arrow in Fig. 6C; data not shown) (Shimamura et alNiswander et al., 1994; Yang and Niswander, 1995; Zuniga et
1995). Upregulation ofPtch was also confined to ventral al., 1999; Lewis et al., 2001) (reviewed by Martin, 1998;
regions corresponding approximately to the basal plate (Figcaruccio et al., 1999; Kraus et al., 2001). To explore the
6B,D). Thus, the analysis @hhexpression and Shiarget possibility of a similar relay in the brain, we analyzed
gene response indicates that Shh signaling is restricted to thgpression of all available Fgf family members (Fgfl to
basal plate; consequently, Tcf4 and Bmp4 are unlikely to Begf23). One of thesé;gf15(McWhirter et al., 1997), showed

direct targets of Shh signaling. an interesting, dynamic pattern with regard to diencephalic/
, o . midbrain development.
FGF signaling is also affected in -~ Shh mutants In 12-somite stage wild-type embryd&gfl5was strongly

As the effects on the alar plate in the absence of Shh signaliegpressed in the ventral and intermediate parts of P1/2 and the
appear to be indirect, our data suggest the presence of a Shhterior midbrain just dorsal to the Shh expression domain
dependent signaling relay that regulates expansion of the dorg&ig. 7A,B). By the 14-somite stage;gfl5 expression
diencephalic/anterior midbrain primordia. One such relay irextended dorsally overlapping tibx1 and Tcfdexpression

the vertebrate limb connects Shh with FGFs to coordinatdomains (Fig. 7D), dorsal expressionkgfl5 intensified by
outgrowth and patterning of the limb bud (Laufer et al., 1994the 16-somite stage (Fig. 7FJgfl5 was also strongly
expressed just posterior to the midbrain/hindbrain isthmus
(Fig. 7B,D,F). In Shh mutants, no FgflSexpression was
observed within the forebrain or midbrain between the 12- and
16-somite stages (arrowhead in Fig. 7C,E,G). By contrast,
Fofl5 expression was detected caudal to the midbrain/
hindbrain isthmus (arrow in Fig. 7C,E,G). ThuBgfl5
expression is Shitependent and, given its temporal and spatial
expressionFgfl5is well placed to participate in a signaling
relay that connects ventral and dorsal regions of the
diencephalon and midbrain.

All FGF signaling is thought to be mediated by four receptor
tyrosine kinases (Reid et al., 1990; Mansukhani et al., 1992;
Avivi et al., 1991, Stark et al., 1991) (reviewed by Ornitz and
Itoh, 2001). Two of thesd;gfr2 and Fgfr3, localize to the
caudal diencephalon and anterior midbrain in the chick
(Walshe and Mason, 2000). We therefore examined the
expression of these receptors in the developing brain of wild-
type and Shh mutant embryos. At the 13-somite stage, just
prior to the upregulation ofcf4, both receptors were detected
in the alar plates of the caudal diencephalon and anterior
midbrain, overlapping the normaicf4 and Dbxlexpression
domains (Fig. 7H,L). IIshhmutants at this time, Fgfrghowed

TUNEL

Shh Ptch

Bmp4
15-somite

19-somite

Fig. 5.Increased cell death Bhhmutant brains. TUNEL assay was
performed on wild-type (A) an8hhmutant (B) sections at the 15-
somite stage. The plane of sections is shown in Fig. 4A,B. Few cells
were positive for TUNEL (orange dot) in wild-type embryos, while '
Shhmutants exhibited increased cell death especially in the 24-s0 -S
diencephalon and anterior midbraBmp4expression was examined

at the 15-somite (C,D) and 19-somite (E,F) stages. At the 15-somiterig. 6. Shh signaling is confined to ventral brain regi@tsh(A,C)

stage, there was rBmp4expression in the dorsal midline of the and Ptch(B,D) expression were examined at the 14- (A, B), 24- (C)
diencephalon and midbrain. At the 19-somite stage, robust and 21-somite (D) stages. Ptsfas not detectable in any dorsal parts
expression oBmp4was observed in this region in Stiutants (F). of the brain. Note that lateral expansiorStihexpression in the ZLlI

Arrowhead indicates the diencephalon-midbrain boundary. t, initiates at the 24-somite stage (C, arrow). Arrowhead indicates the

telencephalon; d, diencephalon; m, midbrain. diencephalon-midbrain boundary.
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WwT Shh

Fgf receptor 2

Fgf1s

Fgf receptor 3

20-s0

Fig. 7. Fgfl5 and Fgf receptor expression in the diencephalon and midbrain of wild-type (A,B,D,F,H,J,L34hdE,G,I,K,M,0) mutant
embryos. (A) Fgfl5 and Shdxpression. (B-G) Fgfl5, (H-K) Fgfr@nd (L-O) Fgfr3expression. (A) At the 12-somite stagef15 (purple) was
strongly expressed in the ventral regions of the diencephalon (white arrow), dors&hbeRpression domain (white arrowhead, brown).
Black arrows indicate the ventral Séxpression domain in the midbrain. (B) A lateral view reveals the extent of ventral expre$3jdhoon

the brain. Note that Fgfléxpression was undetectable in dorsal regions of the diencephalon and midbrain at this staggf1BbgdRpws a
ventral to dorsal expansion from the 12- to 16-somite stage in diencephalic and midbrain primordia of wild-type embryos. (Cri@ntShh
showed no expression of Fgfitbthe caudal diencephalon and anterior midbrain at all stages examined, whereas expression at the
midbrain/hindbrain isthmus (arrow) remainsShhmutants. Expression &gfr2 in the diencephalon and anterior midbrain in wild type (H,J)
extends ventrally in Shinutants (I,K). Downregulation in the expressior-gfr3 (compare L,N with M,0) correlates with the growth defect in
these regions of Shhutants. Arrowhead indicates the diencephalon-midbrain boundary. Scale bar.100

a similar expression pattern to that of wild-type embryos (FigOverexpression of Fgf15 expands the Tcf4

71) while expression of Fgfr®vas downregulated (Fig. 7M). expression domain

By the 18-somite stage, expressionFgfr2 was restricted to These results suggest that Shh may regulate dorsal cell types
the dorsal-most parts of the diencephalon and anterior midbraiim these regions through &gfl5relay. To test this model, we

in wild-type embryos (Fig. 7J). I8hhmutants, its expression used electroporation of an FgfExpression construct into
domain was expanded ventrally but reduced along thbrain explants isolated from 14- to 16-somite stage mouse
anteroposterior axis (Fig. 7K), reflecting both the dorsalizatioembryos to determine whether ectopic expressiofrgits

and smaller size of these brain regions. By contrast, expressiaould modulate Tcf4 expression. Electroporation was
of Fgfr3, which continues to be expressed strongly in the alanestricted to one side of the brain explant, providing an internal
plate of the caudal diencephalon and anterior midbrain igontrol for the ectopic expression of Fgflbig. 8A,B).
wild-type embryos at the 20-somite stage (Fig. 7N), wag&lectroporation of a control vector expressing GFP into the
downregulated to almost background levelsSihh mutant  diencephalic/midbrain region did not alter fhef4 expression
embryos (Fig. 70). Thus, expression of both FGF-ligand andomain (Fig. 8C), whereas overexpressiokgifl5resulted in
FGF receptors is Shiftependent in the diencephalic/midbrain a robust expansion of thEcf4 expression domain that was
region. limited to the electroporated side of the explants (Fig. 8D).
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al., 1996) leads to a failure in the specification of ventral cell
types in both the presumptive hindbrain and spinal cord, but
dorsal development appears grossly normal. By contrast,
broader DV deficiencies in forebrain and midbrain regions are
evident in Shh mutants at early somite stages (prior to 9.5 dpc
of mouse development), suggesting that in these regions dorsal
development is in someway Shh dependent. We have addressed
this mechanism by focusing on the presumptive diencephalic
and anterior midbrain regions. Our data support a model in
which Shh is required for the proliferative expansion of both
dorsal and ventral neural precursors, at least in part through the
regulation of Ccndlexpression. Furthermore, our evidence
suggests that a Shh-dependent FGF15 signaling relay may be
one component that coordinates the expansion of dorsal and
ventral neural precursors.

Fig. 8. Fgfl5induces an expansion dtf4expression in brain Shh signaling cpntrols cell proliferation o .
explants. (A) GFP activity in the right side of the brain explant Our morphological and marker analyses indicate that Shh is

shown in B after electroporation with pCIG-F15. The broken line in clearly essential for the dramatic growth of both dorsal and
both panels indicates the ventral midline. Explants were cultured forventral regions of the diencephalic and anterior midbrain that
40 hours after electroporation and examinedrfdd expression. In occurs between the 14- and 25-somite stages. Furthermore,
the case of the control vector expressing only GFP (C), there was n@nalysis of regional markers suggests that the primary
significant difference in Tcfdxpression on the electroporated (right, patterning of these regions is not altere@fhmutants, rather
indicated by arrow) and non-electroporated sides (left). By contrast;cj’;j is the subsequent failure of expansion of dorsal and ventral

explants electroporated with the Fgfl5-expressing vector (pCIG-F1 o .
showed an expansion of thief4expression domain on the eural precursors that leads to a gross reduction in these brain

electroporated side (D, arrow). Rostral is towards the top in all regions. Consistent with this view, the diencephalon and
panels. anterior midbrain of Shimutants showed a decreased BrdU

incorporation rate at the 15- to 16-somite stages in comparison
with adjacent telencephalic regions. In wild-type embryos, the
Furthermore, the hybridization signal was more intense on thenterior midbrain showed the highest level Gftndl
electroporated side, suggesting that transcriptiolodd was  expression in the developing brain, while the diencephalon
also upregulated byFgfl5 (Fig. 8D). These results are showed modest levels that correlate with the initiation of
consistent with the idea that Fgftégulates Tcféxpression. growth. The dramatic downregulation of Ccridthe anterior
Next, we examined whether expression Fgff1l5 induces midbrain and absence of activity in the diencephalic
ectopic expression of Tcfdy examining BflTcf4 andEnl  primordium of Shhmutants suggest that regulation of G1
expression. As described abovBfl is expressed in the cyclin activity is at least one mechanism by which Shh
telencephalic alar plates, Taf4 P1/2 alar plates and Emd  regulates growth of these brain primordia.
the middle/posterior midbrain. Thus, a gap betweenasfi Ectopic expression studies have demonstrated that Shh can
Tcf4expression domains represents the P3 alar plate, and a d@ve a mitogenic role in the developing CNS (Rowitch et al.,
betweenTcf4 andEnl expression domains corresponds to thel999). In particular in the cerebellum there is good evidence
anterior midbrain. Comparable gaps were observed betwedmat Purkinje cell-supplied SHH is the principal mitogen for
these expression domains on the electroporated and contpybliferation of cerebellar granule cell precursors (Dahmane
sides, suggesting that ectopic expressiokgil5leads to an and Ruiz i Altaba, 1999; Wallace, 1999; Wechsler-Reya and
expansion of the endogenolsf4domain, rather than de novo Scott, 1999). Moreover, several G1 cyclins, includ@andl,
activation of Fgl5 in other brain regions (data not shown)are transcriptional targets of this Shh-mediated mitogenic
Finally, to determine whether Fgfidsufficient to rescue Tcf4 response (Kenney and Rowitch, 2000). Thus, it is reasonable
expression we electroporated brain explants fBith mutant to postulate that Shh may play a relatively direct role in
embryos at the 10-somite stage. Although, GFP activity wasegulating neural precursor proliferation in the diencephalic
visible within 8 hours post electroporation, we failed to observand midbrain regions. However, whereas this might be true in
any activation of Tcf4 or rescue of the diencephalic growtlthe basal plate in ventral regions, it is unlikely to be true for
defect (data not shown). dorsally located precursors in the alar plate. Although recent
evidence indicates that Shh may act directly over a distance of
up to 300 m (Lewis et al., 2001), analysis of Shh target gene
DISCUSSION expression in diencephalic and midbrain anlagen provides no
evidence of active Shh signaling in the dorsal half of these
Shh has been intensively studied for its role in the dosesrain primordia. Thus, the evidence is more consistent with a
dependent induction of distinct ventral cell identities along th&hh-dependent signaling relay controlling proliferation in
length of the developing vertebrate neural tube (reviewed bgorsal regions.
Jessell, 2000). Removal of either the notochord, which supplies
the initial Shh signal (Placzek et al., 1990; Van Straaten anghh regulates Wnt and FGF signaling
Heckking, 1991; Yamada et al., 1991), or Shh itself (Chiang €fwo other families of signaling factors have been implicated
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in the expansion of CNS precursor populations at early neuréimb bud (Laufer et al., 1994; Niswander et al., 1994; Yang and
plate/neural tube stages: the Wnt and FGF families. Wntl ardiswander, 1995; Zuniga et al., 1999; Lewis et al., 2001)
Wnt3a, either alone or in combination, are both necessary aificeviewed by Martin, 1998; Caruccio et al., 1999; Kraus et al.,
sufficient for the expansion of CNS precursors in severa?001) and for localization dfgf10in the lung bud (Pepicelli
regions of the developing CNS (McMahon and Bradley, 1990¢et al., 1998). In the former, this regulation is mediated
Thomas and Capecchi, 1990; McMahon et al., 1992; Dickinsoimdirectly through a signaling relay (Zuniga et al., 1999); in the
et al., 1994; lkeya et al., 1997; Megason and McMahon, 2002gtter, it is not clear whether regulation is direct or indirect.
Interestingly, in the absence of both Waihtl Wnt3activities, Our data indicate that overexpressionFgfl5 leads to an
there is a broad deficiency in both the diencephalon anapparent upregulation and expansion of the endogehcfds
midbrain that appears to result from a growth defect at earlgxpression domain in wild-type embryos, but is insufficient to
somite stages (S. M. Lee, M. |., S. Megason, S. Takada. ardtivate Tcf4 or rescue the proliferative deficiency in the
A. P. M., unpublished). Thus, whereas development of thdiencephalon of Shhmutants when brain explants are
midbrain is Wntldependent (McMahon and Bradley, 1990; electroporated at the 10-somite stage, prior to a visible
Thomas and Capecchi, 1990), diencephalic development is cdiencephalic phenotype. Thus, while basal activatiomaf
regulated by Wntl and Wnt3a, both of which are most likelys not Shh/FGF15-dependent (Fig. 4E), FGF15 may mediate a
secreted by cells at the dorsal midline (Parr et al., 1993phh signaling relay to dorsal regions to upregul@t#4
Furthermore, characterization of the canonical Wnt-signalingxpression: however, additional factors are likely to be required
pathway mediated by the Wnt1/Wnt3a class of ligand indicatefer a wild-type response. The nature of these additional factors
that a transcriptional complex betweenddenin and LEF/TCF remains to be determined. Alternatively, there may be a narrow
factors is responsible for the activation of Wnt targets, one sudhme window of FGF15 responsiveness that is not mimicked in
target appears to be CcndTIetsu and McCormick, 1999; the current set of experiments. Given that there is a dramatic
Shtutman et al., 1999). visible reduction in the size of the diencephalic region that
One member of the L&Ef family, Tcf4 is expressed occurs over a seven-somite (~12 hour) interval (Fig. 1F,H), this
specifically in the alar plates of P1/2 at the 14-somite stage nemains a possibility.
wild-type embryos. This timing in expression correlates with The molecular mechanism by which FGF15 signals is
the first appearance of a phenotype in the dorsal diencephatiarrently unclear. Mouse FGF15 is reported to be the ortholog
region of Shhmutants. Interestingly, our results indicate thatof human FGF19, although the amino acid identity between
upregulation of Tcf#s itself dependent on Shh signaling. Thus,them is significantly less (51%) than that observed between
the loss of Tcfdactivity might downregulate the response tomost human and mouse FGF orthologs (more than 90%)
dorsal Wntl1/3a signals, thereby contributing to a deficiency iiNishimura et al., 1999). Human FGF19 has been reported to
the proliferation of dorsal diencephalic precursors. Howevelhind exclusively to FGF receptor 4 in vitro (Xie et al., 1999).
the absence of Tcf4 expression cannot by itself explain thdowever,Fgfr4 is not expressed in the brain at early somite
diencephalic phenotype, @&sf4 mutants do not exhibit a brain stages. By contrast, Fgfrand Fgfr3 both localize to the
phenotype (Korinek et al., 1998). A possible functionaldiencephalic and midbrain primordia and display altered
redundancy amongst L&®%f members that are more broadly expression in Shh mutants. Given the high divergence between
expressed in the neural tube at this time could be a complicatitige mouse FGF15 and human FGF19, one possibility is that
factor (Galceran et al., 1999). Furthermore, Tofdression is mouse FGF15 has a distinct receptor specificity from its
restricted to the diencephalon but a similar phenotype isuggested human counterpart. Signaling through these
observed in the anterior midbrain. Signaling between P1 argpatially restricted receptors might also explain the spatially
the anterior midbrain has been proposed as a possible regulatoegtricted response to ectopic Fgf&xpression that was
mechanism; however, the nature of this signaling is uncleaobserved on electroporation B§f15into brain explants.
Interestingly, we observe that Dbefpression is absent in both  FGFs have been known for sometime to act as both mitogens
the dorsal diencephalon and anterior midbraiSitfimutants, (Reynolds and Weiss, 1996; Gritti et al., 1996; Lee et al., 1997)
suggesting that Dbxinay act in some way to co-ordinate and survival factors (Desire et al., 1998; Learish et al., 2000)
development of these brain regions, although the exact activifgr specific types of neural stem/precursor cells. However, the
of Dbx1has not been determined. role of FGF signaling in the developing neural tube has only
A key issue in our study is the molecular link between Shinecently been investigated. Fgé8expressed specifically at the
ventrally and Tcf4lorsally. Our data suggest that FGF15 couldmidbrain/hindbrain junction and expression is essential for the
be one factoi-gf15is expressed ventrally in the diencephalonexpansion of midbrain precursors (Crossley and Martin, 1995;
and midbrain at the appropriate time adjacent to Shéd  Crossley et al., 1996; Meyers et al., 1998). Although it is not
expression domain. FgfExpression is clearly Shh dependent,clear how this expansion is effected, it is remarkable that this
although determining whether this regulation is direct ois the same target population that requires a Wntl input,
indirect will require a detailed analysis of the Fgfl5 cis-pointing to additional links between FGF and Wnt signaling in
regulatory regions. Given that FgflShows differential the growth of specific brain primordia. FGF signaling is
expression at distinct anteroposterior positions of thelirected through tyrosine kinase receptors that are thought to
developing neural tube, it is apparent that other Shhactivate various pathways, including mitogen-activated protein
independent regulatory controls must govern its precise spati@AP) kinase (reviewed by Boilly et al., 2000), protein kinase
expression. FGF/Shh interactions have been demonstrated@n(Logan and Logan, 1991; Hurley et al., 1996) and signal
other aspects of embryonic development, notably in the limtransducers and activators of transcription (Su et al., 1997). As
and lung. Shh is required for the maintenance of expression bbth Myc and Ccndlare activated by a MAP-kinase cascade
several Fgfs in the apical ectodermal ridge of the developin@i.avoie et al., 1996; Aziz et al., 1999), FGF signaling may
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independently regulate the cell cycle in the diencephalic/ new member of the family of fibroblast growth factor recep®@rsogene
midbrain region. In this case, FGF15 and Wnt1/3a signaling 6, 1089-1092. _
may act cooperatively to regulate cell proliferation through théZz: N-. Cherwinski, H. and McMahon, M. (1999). Complementation of

. - defective colony-stimulating factor 1 receptor signaling and mitogenesis by
regulation of Ccndand presumably other factors. With respect g ¢ and v-src. Mol. Cell. Biol. 19. 1101-1115.
to this possibility, Wntl and MEK1 have been demonstrated t@oilly, B., Vercoutter-Edouart, A. S., Hondermarck, H., Nurcombe, V. and
act cooperatively to inhibit glycogen synthase king8e-3 le Bourhis, X. (2000). FGF signals for cell proliferation and migration

activity leading to the accumulation of cyclin D1 (Rimerman through different pathways. Cytokine Growth Factor Rev. 11, 295-302.
et al 2000) Borycki, A. G., Brunk, B., Tajbakhsh, S., Buckingham, M., Chiang, C. and

. . . Emerson, C. P., Jr(1999). Sonic hedgehog controls epaxial muscle
If FGF15 acts exclusively as a mitogen, an FGF15-mediated getermination through Myf5 activatioBevelopment 126, 4053-4063.

expansion of Tcfd-expressing cells, rather than @&riscoe, J. and Ericson, J(1999). The specification of neuronal identity by
transcriptional expansion of the Tcf4 expression domain, graded sonic hedgehog signalligemin. Cell Dev. Bioll0, 353-362.

could explain the observed increase in Tefpression in Briscoe, J. Chen, Y., Jessell, T. M. and Struhl, G2001). A hedgehog-
insensitive form of patched provides evidence for direct long-range

wild-type b(aln explants ectopically expressing Fgfl5. morphogen activity of sonic hedgehog in the neural M. Cell 7, 1279-
However, this model could not account for the observed 12901,

upregulation of Tcfdexpression levels within its normal Caruccio, N. C., Martinez-Lopez, A., Harris, M., Dvorak, L., Bitgood, J.,
diencephalic domain in response to FGF15. Furthermore, theSimandl, B. K. and Fallon, J. F.(1999). Constitutive activation of sonic

: : hedgehog signaling in the chicken mutant talpid(2): Shh-independent
loss of Fgfl5 expression and downregulation &igfr3 outgrowth and polarizing activity. Dev. Biol. 212, 137-149.

expression in Shimutants occurs concomitant with a failure chiang, c., Litingtung, Y., Lee, E., Young, K. E., Corden, J. L., Westphal,
to elevate Tcf4 expression to normal levels prior to a H. and Beachy, P. A(1996). Cyclopia and defective axial patterning in
detectable diencephalic growth defect. mice lacking Sonic hedgehog gene functiature 383, 407-413. _
In addition to decreased cell proliferation in theCho. E. A. and Dressler, G. R(1998). TCF-4 binds beta-catenin and is
. . . . expressed in distinct regions of the embryonic brain and liMbsh. Dev.
diencephalon and midbrain, we also observed an increased rate; g g
Of. cell deat_h._ This Observatilon could reflect a link betW(_"—'erG‘,rossIey, P. H. and Martin, G. R.(1995). The mouse Fgf8 gene encodes a
mitogen activity and cell survival, or an alternative mechanism family of polypeptides and is expressed in regions that direct outgrowth and
by which Shh enhances survival of neural precursors. Cellpattlem'“g '”che ,\(/jler?'Op'“gsemb%me'\\/l’e'qpmegt 1Fflvl‘égge'45h_db _
death in the neural tube has been associated with BMP40SSiey: P- H. Martinez, S. and Martin, G. R.(1996). Midbrain
. . ) . development induced by FGF8 in the chick embNature 380, 66-68.
signaling (Trousse et al., 20011_Graham et _al-v 1994_, Golden ghhmane, N. and Ruiz-i-Altaba, A.(1999). Sonic hedgehog regulates
al., 1999). We observed ectopic upregulatiorBofp4in the the growth and patterning of the cerebellum. Development 126, 3089-
dorsal diencephalon and midbrairStfhmutants but only after ~ 3100. _
the 15-Somite stage. Thus, ectopimpdexpression is too late PER Lt Bo, s L e i the induiciion
to account for the initial increase in cell death in Shitants of forebrain ,ven.tral midline cpells by prechordal mesode@ell 90, 257-
but could play a role at later stages. Interestingly, BMP4 has 269.
been shown to suppreB¥x1 expression in vitro (Pierani et Davis, C. A, Holmyard, D. P., Millen, K. J. and Joyner, A. L.(1991).
al., 1999), thus, an upregulation Bmp4 expression could Examininf_g pattern formationI in mouse, chicken and frog embryos with an
account for the downregulation Bbx1 expression observed p,,icSe=3e RN PR CEIER o patterns of the homeo bos.
at the 25-somite stage. ) ) ] _ containing genes En-1 and En-2 and the proto-oncogene int-1 diverge during
In summary, our data provide evidence that the proliferative mouse development. Genes Dev 2, 1736-1744.
activity of neural precursors within dorsal regions of theDesire, L., Head, M. W,, Fayein, N. A., Courtois, Y. and Jeanny, J. C.
diencephalon and anterior midbrain is regulated in response td1998)- Suppression of fibroblast growth factor 2 expression by antisense
. lina relav governed by the ventral activity of Shh. This oligonucleotides inhibits embryonic chick neural retina cell differentiation
a signaling y g Yy . y : > and survival in vivoDev. Dyn. 212, 63-74.
result contrasts with the ventrally r.estrlcted actions Qf Shh iBickinson, M. E., Krumlauf, R. and McMahon, A. P.(1994). Evidence for
more caudal areas of the developing CNS. Interestidii, a mitogenic effect of Wnt-1 in the developing mammalian central nervous
mutants display a marked reduction in the development of Sysltef;-D$Ve'Epr:eD12% 13153-Slt4j71- 5 Shen L. Mofer 3
H H _ H elard, . pstein, . i -Jacques, i en, o onler, i
dorsal telencephahc regions at later stages (26-somite, 9.5d cMahon. J. A. and McMahon, A. P.(1993). Sonic hedgehog, a member
that correlates with th(—:‘_ downregulation O_f Bf1, a factor known f 5 family of putative signaling molecules, is implicated in the regulation
to regulate the expansion of telencephalic precursors (Xuan elbf CNS polarity. Cell 75, 1417-1430.
al., 1995). Thus, other regions of the forebrain might also relfuruta, Y., Piston, D. W. and Hogan, B. L.(1997). Bone morphogenetic

n hh-r | rel -ordin heir arowth. proteins (BMPs) as regulators of dorsal forebrain development.
upon a S egulated relay to co-ordinate their growt Development 24, 22032212,
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