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Wnt signaling is required at distinct stages of development for the
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Summary

One of the earliest manifestations of anteroposterior
pattering in the developing brain is the restricted
expression ofSix3 and Irx3 in the anterior and posterior
forebrain, respectively. Consistent with the role of Wnts as
posteriorizing agents in neural tissue, we found that Wnt
signaling was sufficient to inducelrx3 and repress Six3

expression in forebrain explants. The position of the zona

limitans intrathalamica (zli), a boundary-cell population

that develops between the ventral (vT) and dorsal thalamus

(dT), is predicted by the apposition of Six3 and Irx3

expression domains. The expression patterns of several

inductive molecules are limited by the zli, including Wnt3,
which is expressed posterior to the zli in the dT. Wnt3 and
Wnt3a were sufficient to induce the dT marker Gbx2

exclusively in explants isolated posterior to the presumptive
zli. Blocking the Wnt response allowed the induction of
the vT-specific marker DIx2 in prospective dT tissue.
Misexpression ofSix3 in the dT induced DIx2 expression
and inhibited the expression of botiGbx2and Wnt3. These
results demonstrate a dual role for Wnt signaling in
forebrain development. First, Wnts directed the initial
expression oflrx3 and repression ofSix3in the forebrain,
delineating posterior and anterior forebrain domains.
Later, continued Wnt signaling resulted in the induction of
dT specific markers, but only in tissues that expressddx3.
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forebrain by determining the competency of this neural tissue

Introduction
The vertebrate forebrain develops from the anterior-most paf@ differentially respond to Fgf and Shh signals (Kobayashi et
., 2002). A question that arises from these studies is how the

of the neural tube, the prosencephalon. As developme ; > ) .
proceeds, a series of morphological constrictions give way teXPression domains &ix3andirx3 are established.
nested gene-expression patterns in subregions of the forebrair>€Vveral lines of investigation demonstrate that Wnt signaling
that have distinct developmental fates. Based on thedB early_forebraln tissue induces differentiation of the posterior
observations, the forebrain is thought to develop from a serid@rebrain (van de Water et al., 2001), whereas the absence of
of six subregions, called prosomeres, numbered pl-p6 in ‘Wnt signaling allows differentiation of the anterior forebrain
caudal to rostral fashion (Rubenstein et al., 1994). HowevefMukhopadhyay et al., 2001; Houart, 2002). These studies
despite some similarities with the rhombomeres of thdndicate a role for Wnts in the early anteroposterior patterning
hindbrain, several studies show that prosomeres are not tr@éthe brain (Nordstrom et al., 2002). Our data extend these
compartments. Most importantly, individual prosomeres do ng@bservations by demonstrating that Wnt signaling is sufficient
have the restricted cell lineages and border cell populations thi& induce Irx3 expression and suppreSix3 expression in
are characteristic of rhombomere segmentation (Golden arfxplanted forebrain tissue. The source of this Wnt activity
Cepko, 1996; Larsen et al., 2001). remains unclear. However, somewhat later in development,
An exception to these findings occurs in the developingVnts are expressed in and posterior to the zli.
forebrain, at the zona limitans intrathalamica (zli), the interface The zli is the first forebrain subdivision to establish, forming
between the future, anteriorly located ventral thalamus (vTabove the transition between the notochord and prechordal
and the posteriorly located dorsal thalamus (dT). Before itglate (Figdor and Stern, 1993). The site of zli formation is
overt formation, the location of the prospective zli ischaracterized by the absence lahatic fringe expression
demarcated by the adjacent but nonoverlapping expressigAeltser et al., 2001). The zli, a narrow strip of tissue that both
patterns of Six3 and Irx3, which encode Iroquois-type expresses boundary cell markers and restricts the mixing of cell
transcription factors.Six3 is expressed in neural tissue lineages (Larsen et al., 2001), defines the border between the
overlying the prechordal plate ahat3 is expressed above the future dT and vT. Although the role of the zli is unknown, it
anterior-most portion of the notochord. In HH stage 8 chiclserves as either the site or limit of expression of several
embryos, the expression of eith8ix3 or Irx3 can confer molecules with inductive capacitié¥nt3aexpression deviates
anterior or posterior identity, respectively, on the developindrom its pattern along the dorsal neural tube to form a finger-
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like projection that extends ventrally at the ¥int3,a Wnt For co-culture experiments, zli explants and explants of prospective
family member with 91% identity td/nt33 is expressed in the dT and vT were incubated either alone or together in collagen. To
prospective dT, with its anterior limit of expression abuttingdistinguish zli tissue from prospective dT or vT explant tissue,
the zli (Roelink and Nusse, 1991; Salinas and Nusse, 1992). f¢llTracker Blue CMAC dye (Molecular Probes) was used to
additon to Wnts, the expression patterns of Severaﬂuorescently ,Ia.bel the.prospect.lve QT/yT explants according to the
transcription factors and cell adhesion molecules have sh anufacturer’s instructions. During fixation, the co-cultured explants

. . . . ere visualized and photographed by both fluorescent and light
borders at the zliGbx2is expressed posterior to the zli in the microscopy. These imgges g\'NeFr)e mergyed in Photoshop (Adobe)g to

dT (Bulfone et al., 1993) and the zli marks the posterior liMitreate a map of prospective dTAT versus zli explant tissue for each
of expression for the vT marke®Ix2, R-cadherin and co-culture condition, thus allowing us to discriminate between zli and
cadherin8 (Larsen et al., 2001; Price et al., 1991; Redies apgbspective diencephalic explant tissue (data not shown).

Takeichi, 1996). Based on the timing @nt3 and Wnt3a Wnt was supplied to headfold explants via a soluble Wnt3a-
expression, zli-restricted Wnts cannot account for the initiafontaining supernatant, generated by growing mouse fibroblast L cells
restriction ofSix3andIrx3 expression. stably transfected with a Wnt3a-expression construct (Shibamoto et
signaling pattway is suffcien and required o nduce dTAeS SHATEn o ockaneeced | el The stpenaians were
specific gene expression, a.nd. that the ?bsence of Wt mgnahﬁ‘é‘; prospective dT/VT explant experiments, Wnt was provided by
allows vT-specific differentiation. Blocking the Wnt response,

. o S e of two means, with similar results obtained using either Wnt
resulted in vT-specific gene expression in dT explants, ang,ce. First, prospective dT/VT explants were grown on a monolayer

exposure of VT explants to Wnt3 resulted in the induction o either RatB1A cells or RatB1A cells expressing Wnt3 (Shimizu et
both early [rx3) and late Gbx2 dT-specific gene expression. al., 1997) in supplemented neurobasal media (see above). Following
Furthermore, misexpression of eitl&x3or the Wnt inhibitor  culture, the explants were placed in collagen, fixed, and processed by
Dkkl in the presumptive dT initiated differentiation in situ hybridization. Alternatively, explants were exposed to the
appropriate for the vT. These results indicate that, byVnt3a supernatants described above. S _
determining the domains dfx3 and Six3 expression, Wnt To inhibit Wnt signaling in vitro, casein kinase inhibitor 7 (cki7)
signaling is crucially important for the initial anteroposterior(%‘;'(I:‘(‘;"r?t"‘r‘::HL;Or’f"gfeggl"’,‘\z1 gtliigvsetgrtlrc])f Em{z?e V,Xa:i n?i?e?regiluiitor? of]l”a'
_organlzatlon Of. the. forebrain. Our Observatlc.)n that Wnt MSO was added to control wells. Alternatively, a Dkk1 supernatant
inducedIrx3, which, in turn, allowed the dT-specific respons

. . O . . €.yas used to block Wnt signaling in headfold culture experiments.
indicates that Wnt signaling is required at multiple stages q\gkkl supernatant was generated by growing mouse 293T cells

development of the posterior forebrain. transfected wittpRK5-Dkklin Optimem (Gibco BRL) for 48 hours.
Control supernatant was obtained from mock-transfected 293T cells
transfected witlpRK5alone. The supernatants were concentrated 10-

i fold by filtration through 10KNMWL exclusion membranes (Amicon
Mate“als_ and methqu Ultra-15), and added to explants at a 1:1 ratio with complete
Headfold, zli, and prospective dT and vT explant neurobasal media.
dissection Explants and embryos to be processed by in situ hybridization were

Headfold explants containing the anterior neural expression domairfixed overnight in 4% paraformaldehyde in either PBS or MEM, pH
of Six3andIrx3 were dissected from chicken embryos at HH stage7.4 at 4°C. After fixation, embryos to be sectioned were rinsed in
7-8 (Hamburger and Hamilton, 1992). Extraneous anterior endoderDEPC PBS, followed by 30% sucrose in DEPC PBS solution,
was trimmed from the headfold tissue prior to culture. For co-culturembedded in OCT (Sakura Finetechnical) and then cryosectioned.
and prospective dT/VT explant experiments, neural explants were o

taken from HH stage 8 and stage 17 chicken embryos using a modifitisitu hybridization

protocol from (Yamada et al., 1993). Following dispase (SigmaWhole-mount and slide in situ hybridizations were performed
proteolysis, neural tissue was isolated and cultured as describ&mllowing established procedures (Jasoni et al., 1999; Schaeren-
below. The anterior limit of the notochord was used as a referend&iemers and Gerfin-Moser, 1993). In situ hybridizations were carried
point for dissecting prospective dT and prospective vT explant®ut using antisenskx3, Six3, Gbx2, Dix2and Wnt3 digoxigenin-
Neural explants dissected rostral to the limit of the notochordabeled (Roche) riboprobes. Antisense riboprobes were prepared from
correspond to prospective vT explants, whereas neural explanptasmids containing chicken cDNA sequencedri@, a gift from Dr
dissected just caudal to the limit of the notochord are termedessellSix3,a gift from Dr ShimamuraGhbx2(Kowenz-Leutz et al.,
prospective dT explants (Fig. 3A). Explants of the zli were obtained997), a gift from Dr Leutz; an®Ix2 (Puelles et al., 2000), a gift
from HH stage-17 embryos, with the excised tissue corresponding foom Dr Rubenstein. ChickemVnt3 cDNA was cloned (C.P.R.,

the Wnt3/3a-and Shh-expressing region that lies within and justM.M.B. and H.R., unpublished) and used to generate an antisense

posterior to the zli (Fig. 5A). Whnt3digoxigenin-labeled riboprobe.
- ] o Headfold explants exposed to either Wnt3a, Dkk1 or cki7 were
Culture conditions and tissue fixation processed by in situ hybridization fox3 and Six3 The expression

Explants were embedded in collagen (Collagen Biomaterialsjlomains of these markers were scored as normal, expanded and
(Yamada et al., 1993) and cultured for 36-48 hours in neurobase¢duced/absent compared to headfold explants cultured under control
media (Gibco BRL) supplemented with 1% each of penicillin-conditions.
streptomycin (Gibco BRL), nonessential amino acids (Gibco BRL), Prospective dT an vT explants were assayed in one of two ways
glutamine (Gibco BRL), N3 (Yamada et al., 1993) and dextrose (EMpost in situ hybridization. In both co-culture and Wnt3a-mediated
Science). Gbx2andDIx2 induction experiments, explants were scored as either
In headfold experiments, the explants were oriented in a rosetmositive or negative, as compared to the staining of control tissue.
with the anterior end of the explant facing out. This orientationProspective dT and vT explants cultured in supplemented neurobasal
allowed both the anterior and posterior portion of the explants to beedia served as the negative control. Tissue dissected from older
scored for the expression of markers following culture. embryos was used for both negative and positive controls.
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absence oBix3expression in all the treated explants (Fig. 2B).

Electroporations were carried out following established protocol8Y contrast, the posterior expression patterind following

(Watanabe and Nakamura, 2000pkk1(Glinka et al., 1998), a gift
from Dr Niehrs, was excised fropCS2+and cloned intqMiwll
(Watanabe and Nakamura, 2000), a gift from Dr Nakane@P
(Clontech) was cloned infgcDNA3.1/ZedInvitrogen). A mixture of

3 pg pi=! pMiwll-xDKK1 and 3pg pl~! pcDNA3.1-GFPin L-I5
(Gibco BRL) supplemented with 10 mM HEPES was injected into th
neuropore of HH stage 9-10 embryos. Full-length chickaxBd
(Kobayashi et al., 2002) was subcloned pMES-IRES-GFRPSwartz

et al.,, 2001).pMES-Six3-IRES-GFResuspended in L-I5 (Gibco

exposure to Wnt3a was not significantly different from control
cultures (Fig. 2F) and an anterior expansiolnd expression

was detected in at least a third of the explants (Fig. 2F),
indicating that the loss &ix3can be followed by the induction

of Irx3 expression.

€ To address whether Wnt signaling was required 3

or Irx3 induction and maintenance, two independent,
complementary approaches were taken. First, we used the

BRL) supplemented with 10 mM HEPES was injected into thePharmacological agent cki7 to inhibit the Wnt response in
neuropore of HH stage 9-10 embryos. The embryos weréulture. This blocks the transforming Wnt pathway by

electroporated with two 25 msec pulses of 62.5 Voltslcifter 48
hours, embryos were fixed and processed by in situ hybridization
described above.

Results

Whnt signaling confers posterior identity and inhibits
anterior identity in HH stage-7 forebrain explants

By HH stage 7, the neural plate that overlies the prechord&ix3

plate expresseSix3and forebrain tissue overlying the anterior-
most aspect of the notochord expressed (Fig. 1A,C) The
adjacent, mutually exclusive expression patternSig8 and

repressing the phosphorylation of Dsh, a crucial step in the Wnt
&ignaling cascade (Peters et al., 1999; Sakanaka et al., 1999).
The addition of 5QuM cki7 (ICso, 9.5 pM) (Chijiwa et al.,
1989) was sufficient to reduce or eliminate the norind
expression domain in 100% of the treated explants (Fig. 2G).
Treatment with cki7 did not significantly expand tB&3
expression domain (Fig. 2C).

To confirm the in vitro requirement for Wnt signaling on
induction in posterior forebrain tissue, medium
conditioned withXenopusDickkopfl (Dkk1l) was added to
cultured headfolds. IXenopusDkk1 antagonizes Wnt action
(Glinka et al., 1998) by binding to LRP and Kremen (Mao et

Irx3 confer regional identity on the early forebrain (Kobayashial., 2002; Nusse, 2001), members of a receptor complex for
et al., 2002). The interface between anterior and posteridghe Wnt ligand. Treatment with Dkk1 recapitulated the cki7
forebrain overlies the transition between the prechordal platesults, with 90% of the headfolds tested showing a

and the notochord, and predicts the recognizable structure
the diencephalon.

To address the role th@tcatenin-mediated Wnt signaling
plays in the establishment and maintenancgixdandIrx3 in

downregulation ofrx3 expression (Fig. 2H versus 2E). Again,
the Six3expression pattern was unaffected by inhibition of the
Whnt-signaling pathway (Fig. 2D).

These headfold explant experiments indicated that an early,

the early forebrain, we isolated headfold explants from HHendogenous Wnt signal was required for the maintenance of
stage 7-8 and cultured them for 24-48 hours in either ththe posterior forebrain determinaix3. Moreover, if not

presence or absence of

Whnt3a-conditioned mediurmhibited, Wnt signaling can preclude the proper specification

(Shibamoto et al., 1998). The tissue was then fixed and assayaftthe anterior forebrain by preventing the maintenan&#

for Six3or Irx3 expression by in situ hybridization. Untreated
explants expresseSix3anteriorly andirx3 posteriorly in the

explanted tissue (Fig. 2A,E). The addition of Wnt3a-

expression and the expansionmf3 expression. To determine
if this Wnt activity occurs in combination with other
mesoderm-derived signals, we tested if neural plate explants

conditioned supernatant resulted in a strong reduction @xhibited a similar response.

Six3 | I3 | Dix2 | Gbx2 || Wnt3
o A C £ G |
'é : ‘ " E " .
:| TP A et
1B D F
9 y
L
I
i d £

Fig. 1.Six3 Irx3, Gbx2 DIx2 andWnt3expression in the developing forebrain. (A-J) In situ hybridizatiod®ix@(A,B), Irx3 (C,D), DIx2
(E,F),Gbx2(G,H) andwnt3(l,J) at HH stage 7-8 (upper panels) and HH stage 19 (lower panels). At HH stagx3(#&) andIrx3 (C) are
anterior and posterior to the prospective zli, respectively. At this sED(G) expression is confined to the prospective hindbrainPéxil
(E) andWnt3(l) expression is negligible. At HH stage 19, the expression domains3dD), Gbx2(H) andWnt3(J) are posterior to the zli,

whereasSix3(B) andDIx2 (F) are expressed anterior to this structure.

Arrowheads indicate the position of the zli. Scalejbar: 100



5582 Development 130 (23) Research article

Using the axial mesoderm transition as a guide, explantsas sufficient to maintain posterior forebrain identity in
containing the prospective dT and vT were dissected from Hldxplants. The Wnt-mediated induction ®bx2 indicates that
stage 8 chick embryos (Fig. 3A), cultured for 48 hours undea continuous Wnt signal is necessary for the development of
serum-free conditions, fixed and then assayed for the inductidhe dorsal thalamus. Furthermore, the absence of Wnt does not
of Irx3, Gbx2and DIx2 by in situ hybridization. Prospective cause expression Bix2, indicating that additional signals that
dT explants, and not prospective vT explants, wWex8-  are not provided in these in vitro cultures are required are
positive at the time of dissection (data not shown), consistem¢quired for its expression.
with the expression afrx3 in the posterior forebrain at HH ) ) )
stage 8. Blocking the response to forebrain-derived Wnt

Exposure to Wnt3a-conditioned medium increased the lev&uses specific differentiation of the anterior
of Irx3 expression (Fig. 3F) and induced the expression dPrebrain
Gbx2 (Fig. 3J) but only in dT explants. No significant To test if zli tissue is capable of inducing vT- and dT-specific
induction of eithelrx3 or Gbx2was observed in vT explants gene expression, prospective dT and vT explants from stage 8
(Fig. 3B). The anterior forebrain markddIx2 was not embryos were cultured adjacent to zli explants from HH stage
expressed in dT and vT explants in the presence or absencel@f18 embryos (Fig. 4A). Following 2 days in culture,
Whnts (Fig. 3K-N). These data demonstrate that Wnt signalingnduction of Gbx2 and DIx2 was assayed by in situ
hybridization.Gbx2was induced in 42% of the prospective dT
explants cultured in contact with zli tissue, but in none of the
prospective vT explants co-cultured with zli tissue (Fig.
4B,G,C). Co-culture of zli tissue with prospective vT explants
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Fig. 3. Wnt3a inducedrx3 andGbx2in prospective dT explants. (A) The
Fig. 2.Wnt signaling is sufficient to inhibBix3 experimental procedure. Prospective vT and dT explants from HH stage 8 embryos
expression and is required flox3 expression in were embedded in collagen, cultured in the presence or absence of soluble Wnt3a,
headfold explants. (A-H) Headfold explants were fixed and assayed ftnx3, Gbx2andDIx2 expression by in situ hybridization.
cultured in the presence or absence of Wnt3a, Dkk1l (B) The data was quantified and analyzed statistically using-tugiare
and cki7, andix3or Irx3 expression assayed by in significance test. (C-N) Representative explants in the culture condition indicated
situ hybridization. Representative headfold explants following in situ hybridization foirx3 (C-F), Gbx2(G-J) andDIx2 (K-N). Some
are shown following culture and in situ hybridization  panels show more than one explant. The total number of explants in each
for Six3(A-D) or Irx3 (E-H). n=the number of experimental condition are indicated above each bar in B. *** indi¢&t6001.
explants tested per condition. Scale bar: 1O0 Scale bar: 25(im in C-F, 10Qum in G-N.
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Fig. 4.Wnt signaling is required for dT-specific differentiation in response to zli-derived signals. (A) Diagram of experimentalerétie¢d
stage 17 zli explants were co-cultured with either prospective vT or dT explants from HH stage 8 embryos in the presence of ehg
for 36-48 hours, fixed, and then processed by in situ hybridization. The horizontal line indicates the limit of the notdgirecdicas the
future location of the zli. (B) Co-culture induction data was quantified and analyzed statistically y&gaigraficance test.

(C-J) Representative in situ hybridization image<ix2 (D,F,H,J) andsbx2(C,E,G,I) in the indicated co-culture conditions. Dotted lines
represent the border between prospective dT or vT explants and zli explants, as determined by using CellTracker. Thertofatxplaris
in each experimental condition are indicated above each bar ifPB0)5. Scale bar: 1q0m.

inducedDIx2 in 44% of these explants, whereas no significanposterior change in the response to other signals derived from
DIx2 induction was observed in prospective dT explantghe zli. To address if blocking Wnt activity in the posterior
cultured under these conditions (Fig. 4B,D,H). Because the Ziorebrain allowed an anterior forebrain-specific response in
explants are taken from HH stage 17-18 embr@s2and ovo, we misexpressedenopus Dickkopfi(xDkkl). pRKS5-
DIx2 expression are sometimes observed in zli tissue (e.g. FigDkkl and pCDNA3.1-GFP were co-injected into the
4C). These co-culture results confirm the observation thateuropore of HH stage 9-10 embryos and diencephalic
neural tissue anterior and posterior to the prospective zli hasisexpression of these plasmids was achieved following
different competencies, which is consistent with the differentiaglectroporation. Induction @Ix2 andGbx2was visualized by
Wnt response in explants from these regions. in situ hybridization in serial sections in which GFP was
The addition of 5QuM cki7 altered zli-mediated inductive present. Misexpression aDkk1resulted in down regulation
events in prospective dT explantSsbx2 induction was lost of Gbx2in dT tissue and a concomitant expressioDla® in
completely in prospective dT explants cultured with the zli andhe same region (Fig. 5C,D). The overlapping expression of
cki7 (Fig. 4B,l). Instead, the vT markBix2 was induced in these two markers was never observed in control embryos (Fig.
47% of prospective dT explants cultured in the presence of ZbA,B). Together, these results demonstrate that Wnt can be the
tissue and cki7 (Fig. 4B,J). Neith®@bx2norDIx2 was induced sole determinant that allows posterior differentiation but that
by cki7 in prospective vT or dT explants that were culturedhe induction oDIx2 requires other, unknown signals present
alone (Fig. 4B) and cki7 had no significant effect on then the zli or other parts of the forebrain. Because Wnt signaling
response of vT explants to zli-derived signals (Fig. 4B,F,E). efficiently repressesix3 expression, and Six3 and Irx3 are
Together, these results demonstrate that, in vitro, a Wmhutually inhibitory, we tested if expression 8fx3in the
signal is required for both the induction Gbx2 and the posterior forebrain resulted in differentiation appropriate for
repression ofDIx2 in prospective dT explants. Apparently, the anterior forebrain, as would be predicted based on a
blocking Wnt-mediated signaling causes an anterior t@revious study (Kobayashi et al., 2002).
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Gbx2 I Dix2 forebrain alters the normal levels\Wht3in the dT; in regions

A | B of the dT where GFP was presewtnt3was repressed (Fig.
6D,E,F).

‘ dT 7 These results indicate th&8ix3acts to specify late anterior

forebrain differentiation, and is sufficient to allow both the
< < induction of DIx2 and the repression oBbx2 and Wnt3
: expression. It remains to be determined if this effect is either
vT - direct or indirectly mediated by repressionliod3.

control

Discussion

'\. j Whnt signaling in forebrain patterning

P f : Combinatorial signaling is responsible for regional patterning
in the CNS. However, the precise mechanisms by which the
developing vertebrate forebrain is regionalized to give rise to
structures such as the cortex, basal ganglia, thalamus and
hypothalamus remain largely unclear. In this study, we
Fig. 5.Wnt is required in ovo for proper induction@bx2and investigated the role of Wnt signaling in establishing and
repression obIx2 in the diencephalon. (A-D) Adjacent sections maintaining regional identities in the developing diencephalon.
were processed by in situ hybridization to visualize the expression of Wnt family members have been implicated as posteriorizing
Gbx2(A,C) andDIx2 (B,D). Electroporation was used to misexpress agents during neural development. In the Nieuwkoop
Dkk1in the developing diencephalon of two HH stage-9 embryos  model, neural induction occurs via a two-step activation-
(C,D). Ectop_ic expression &fkk1resulted |n ectopic expression of  trgansformation process (Nieuwkoop, 1952). Following the
DIx2 (arrow in D) in the normallgsbx2positive dT (A). Arrowheads it induction of neural tissue, all of which is anterior in
indicate the position of the zli. Scale bar: 100. nature, subsequent events underlie the induction of more
caudally-fated tissue. Wnts appear capable of mediating these
secondary inductive events, thereby initiating posterior neural
Six3 predicates vT-specific differentiation fates (McGrew et al., 1995). IKenopus misexpression of
Full-length chickerSix3(Kobayashi et al., 2002), cloned into XWnt8 results in loss of anterior structures, including the
PMES-IRES-GFPwas injected into the neuropore of HH stageforebrain (Fredieu et al., 1997). Treatment with lithium, which
9-10 embryos, and diencephalic misexpression of this plasmattivates the transforming Wnt pathway, has a similar effect.
was achieved via electroporation. In serial sections where GFPIn addition, the zebrafish mutamibt-, which has an over-
was present posterior to the Dix2 andGbx2expression was active Wnt response caused by a nonfunctieoah gene,
visualized by in situ hybridization. Misexpression 8ix3  demonstrated a role for Wnt signaling in conferring posterior
resulted in repression &bx2in dT tissue (Fig. 6A,B). In 25% identity in the developing forebrain (van de Water et al., 2001).
of these embryos, a concomitant induction @2 was In mb—mutants, there is a loss of telencephalon and vT with
observed in the dT (Fig. 6C). Independent electroporationa concomitant expansion of the region that gives rise to dT.
demonstrated that misexpression ®ix3 in the posterior Because the telencephalon and vT develop from structures that
are initially localized anterior to
(3 the dT, the fate shift inmbi-
represents a gain of posterior-
forebrain fates at the expense of
~ anterior-forebrain fates. Although
4 the exact identity of the Wnt
ligands that mediate this
posteriorization are  unknown,

: (@]
@)

xDkk1

s

Fig. 6.In ovo misexpression @ix3
suppressed diencephaldnt3and
Gbx2expression and upregulatBik?2
in the dT. (A-F) Serial sections of
embryos 48 hours after electroporation
with Six3-IRES-GFRit HH stage 9-
10. In sections in which GFP was
visualized in the dT (A)Gbx2
expression was suppressed I(Bg).
, . In 25% of these embryd3Ix2 was
6 ,/ induced ectopically in the dT

} (arrowheads in C). Misexpression of

e\ \ Six3-IRES-GFHn the dT (D) also

i : bE 5> : f results the down-regulation ¥nt3

Six3-IRES-GFP ? ' Wni3 ' .~ J . Wnt3 (E,F,n=2). Scale bar: 10am.

Six3-IRES-GFF X Gbx2
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several candidate molecules are present in and around t
developing forebrain during early and later stages o
development (Nordstrom et al., 2002; Roelink and Nusse
1991).

zli

How are anterior and posterior forebrain
competency differences established?

Although Gbx2andDIx2, the markers of dT and vT forebrain
fates, are not yet induced by HH stageS&3 and Irx3 are
expressed in distinct anterior- and posterior-forebrain domair
at this time. The interface 08ix3 and Irx3 expression
corresponds with the boundary used to obtain prospective ¢ prechorda |
and vT explantsSix3is expressed above the prechordal plate plate
andIrx3 is expressed above the notochord. A study (Kobayasl

et al., 2002) showed that the expression of elfi8anteriorly  Fig. 7. Wnt signaling and diencephalic patterning. A widespread Wnt
or Irx3 posteriorly differentially primes anterior and posterior signal induces the expression of Irx3 in the developing forebrain,
forebrain tissue to respond to Shh and Fgf signals, and resufsich specifies a posterior, dT-committed fate. Irx3 expression

in the induction of either anterior forebrain or posteriora”-OWS.the induction of Gbx2 by Signals r.eleased from the zli, which
forebrain-specific genes, respectively. might include Wnt3 and Wnt3a. Neural tissue that overlies the

The Wht inhibitor DKk1 is produced in the prechordal |ateorechordal plate is exposed to Wnt antagonists, which results in the
and is present at the right tir?le and place to Elock a toniF(): Wr{ltjgpression of Six3. In turn, Six3 allows the induction of DIx2 in

. L . . sponse to zli-derived signals and represses the expression of Irx3,
signal that confers posterior identity on the forebrain at neurajyns and Gbx2. This model predicts that the zli will form at the

plate stages (Glinka et al., 1998). Moreover, Wnt familynterface between the domains of Six3 and Irx3 expression, above the
members are expressed in the posterior neural plate by Hiansition between the notochord and the prechordal Mat8is
stage 4-5 (Nordstrom et al., 2002), which indicates that Wréxpressed throughout the prospective dT, just posterior to the zli (Fig.
signaling could be involved in early regionalization events ofiB) (Roelink and Nusse, 1991). The diencephalic phenotype of the
the developing forebrain. Our headfold culture experiment¥/nt3aknockout mouse is unknown because it has a lethal
implicate differential Wnt signaling as the mechanism bydastrulation defect that prevents analysis of the roWmBin
which the forebrain determinarx3andIrx3 are induced in _forebrain development (Lee et al,, 1997; Liu et al., 1999). Because of
the neural plate. Ectopically supplied Wnt3a was sufficient t&'€lr largely overlapping expression patterns and nearly identical
inhibit the expression of the anterior forebrain determinan?roteln sequences, it is likely that Wnt3 and Wnt3a have partially

. O e edundant functions in brain development, which would explain the
Six3 whereas inhibition of the Wnt pathway eliminated thegatively mild phenotype observed\WWint3a'~mice. Given the
expression of the posterior forebrain determirla®. These  expression patterns Wnt3andwnt3ain the diencephalon, these
experiments support a model whereby Dkkl from thénolecules are good candidates for inductive signals that either confer
prechordal plate inhibits a Wnt signal in the most anteriobr maintain posterior identity on prospective dT tissue.
neural tissue, thus causing a switch from a Wnt-inducesk
positive posterior forebrain fate to $ix3positive, anterior
forebrain fate (Fig. 7). indicates an early role for Wnts in forebrain patterning, the

Prospective dT/vT explant culture experiments showed thaubsequent expression dNnt3 and Wnt3a indicate a
these explants are not irreversibly committed to theisubsequent role for Wnts in dT specification. An exogenous
appropriate anterior or posterior forebrain fates. Culture oWnt3/3a signal appears to be capable of acting as a
headfold explants for 24 hours in the presence of Wnt-responpesteriorizing agent that specifies the dT fate, as measured by
inhibitors was insufficient to elicit a complete change fromGbx2 induction in our prospective forebrain-explant system.
posterior to anterior identity, as measured by the expansion ®he observation that not all explants respond to Wnt3a-
Six3expression and the concomitant repressioilrx®. This  conditioned medium by expressi@px2indicates differences
indicates that respecification is a two-step process at least, im these explants that might be caused by small variations
which the loss of Irx3 expression precedes the possibleetween dissections and the embryonic stages from which
expansion of Six3. It might be predicted that extended culturthese explants are derived. In addition, it remains to be
in the presence of Wnt or Wnt-response inhibitors allowsletermined whether higher doses of Wnt3a result in a higher
complete reprogramming of these explants to an alternate faggercentage oGbx2expressing explants.
but in these cases morphological changes in the explantsThe ability of endogenous zli-derived signals to induce
precluded unambiguous interpretation of the in situ result®ither vT or dT markers in prospective vT and dT explants was
Nevertheless, our findings support a model whereby inhibitioassessed using a heterochronic co-culture system. Because the
of the Wnt pathway in anterior tissue that overlies theexpression patterns of inductive molecules at the zli are well-
prechordal plate represses posterior forebrain identity, and setescribed at HH stage 17, zli tissue from these older embryos
up an anterior fate on which later inductive cues can act (Figvas used as a source of inductive molecules. Culture of zli

notochord

7). tissue adjacent to prospective vT or dT explants is capable of
inducing vT- and dT-specific gene induction. Because zli

A Wnt signal is necessary and sufficient for explants are not homogenous sources of inductive signals, we

specifying dT identity expect that the relative position of the prospective dT/NVT

Although the influence of Wnt signaling drx3 expression explants to zli explants affects the inductiordfx2andDIx2,
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which might explain why just over 50% of the explants do notmanuscript. This work was supported financially by grants from the
respond under these co-culture conditions. National Science Foundation and PHS NRSA T32 GM07270 from
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