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SUMMARY

The anterior neural ridge (ANR), and the isthmic organiser
(IsO) represent two signalling centres possessing organising
properties necessary for forebrain (ANR) as well as
midbrain and rostral hindbrain (IsO) development. An
important mediator of ANR and IsO organising property
is the signalling molecule FGF8. Previous work has
indicated that correct positioning of the IsO and Fgf8
expression in this domain is controlled by the transcription
factors Otx2 and Gbx2 In order to provide novel insights
into the roles of Otx2 and Gbx2, we have studied mutant
embryos carrying different dosages ofOtx2, Otx1l and
Gbx2 Embryos deficient for both OTX2 and GBX2
proteins  (hOtx1?/hOtx1% Gbx27-) show abnormal
patterning of the anterior neural tissue, which is evident at
the presomite-early somite stage prior to the onset ¢fgf8
neuroectodermal expression. Indeed, hOtx12/hOtx1Z;
Gbx27- embryos exhibit broad co-expression of early
forebrain, midbrain and rostral hindbrain markers such as
hOtx1, Gbx2, Pax2, EnhAnd Wntl and subsequently fail to
activate forebrain and midbrain-specific gene expression.
In this genetic context,Fgf8 is expressed throughout the

entire anterior neural plate, thus indicating that its
activation is independent of both OTX2 and GBX2
function. Analysis of hOtx12/hOtx12; Gbx2--and Otx1*~;
Otx2'~ mutant embryos also suggests that FGF8 cannot
repressOtx2 without the participation of GBX2. Finally, we
report that embryos carrying a single strong hypomorphic
Otx2 allele (Otx2}) in an Otx2 and Gbx2 null background
(Otx2}/—, Gbx27-) recover both the headless phenotype
exhibited by Otx2/- embryos and forebrain- and
midbrain-specific gene expression that is not observed in
hOtx1%/hOtx1%;, Gbx27/~ mutants. Together, these data
provide novel genetic evidence indicating that OTX2 and
GBX2 are required for proper segregation of early regional
identities anterior and posterior to the mid-hindbrain
boundary (MHB) and for conferring competence to the
anterior neuroectoderm in responding to forebrain-,
midbrain- and rostral hindbrain-inducing activities.

Key words:Otx2, Gbx2Forebrain, Midbrain, Rostral hindbrain,
Regionalisation, Competence, Isthmic organiser, Mouse

INTRODUCTION

positions and operate to refine local identities (Meinhardt,

1983; Rubenstein et al., 1998; Joyner et al., 2000; Rhinn and
Patterning of the vertebrate neural plate is dependent up@rand, 2001; Wurst and Bally-Cuif, 2001). Two signalling
signals produced by discrete organising centres. In mouseentres have been so far identified and correspond to the
signals from the anterior visceral endoderm (AVE) and thanterior neural ridge (ANR), at the junction between the most
node and its derivatives are responsible for the initial inductioanterior neural plate and the non-neural ectoderm (Shimamura
and early maintenance of anterior patterning (Beddington arehd Rubenstein, 1997; Houart et al., 1998) and the isthmic
Robertson, 1999; Stern, 2001). Subsequently, maintenance amganiser (IsO), which develops within the neural plate at
refinement of regionally restricted identities is believed tahe mid-hindbrain boundary (MHB) (Martinez et al., 1991).
occur through the formation of compartments where positionédmong other signalling molecules, both centres exgrgéd
identity is maintained by a polyclonal cell population with In mouse, embryological and genetic evidence suggests that
restricted cell lineages (Lumsden, 1990; Figdor and Sterithe ANR and=gf8 expression in this domain are important for
1993; Lumsden and Krumlauf, 1996). Local organising centreforebrain development (Shimamura and Rubenstein, 1997;
with polarising and inductive properties develop within theMeyers et al., 1998; Ye et al., 1998).
broadly regionalised neuroectoderm in genetically defined A remarkable amount of data has been collected on the
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morphogenetic properties of the IsO and molecules involved ipost coitum (d.p.c.), exhibit lack of the fore- and midbrain
its development. Midbrain and cerebellum-inducing activityregions due to the absence of OTX2 protein in the anterior
that characterises the IsO has hitherto been demonstrated onguroectoderm. Th®tx2' allele was generated by inserting
for FGF8 (Alvarado-Mallart et al., 1990; Martinez et al., 1991;300 bp of theA phage DNA into the '3untranslated region
Crossley et al., 1996; Puelles et al., 1996; Martinez et al(UTR) of the Otx2 locus (Pilo Boyl et al., 2001). 1®tx2!
1999). Therefore, the FGF8 molecule is capable of inducingnutants OTX2 protein level was drastically reduced in the
rostral forebrain restricted (ANR) or midbrain- and rostralepiblast and epiblast-derivatives. When ti@x2' was
hindbrain-specific (ISO) gene expression, suggesting theombined with arOtx2 null allele Qtx2"/-), OTX2 protein
existence of a differential territorial competence in respondingevel in the anterior neuroctoderm was decreased by up to 20%
to the same signal. of that seen in wild-type embryos ar@tx2/- embryos

In mouse, by the end of gastrulati@tx2is expressed along showed an almost complete head-less phenotype by 9 d.p.c.
the presumptive fore- and midbrain region, with a sharpnwards (Pilo Boyl et al., 2001a).
posterior border adjacent to the anterior border ofGbhg2 Here we report that OTX2 and GBX2 proteins are not only
expression domain, which, in turn, defines the prospectiveequired for positioning the IsO, but importantly, they are
anterior hindbrain (Wassarman et al., 1997). Subsequently, egquired for early segregation of forebrain, midbrain and rostral
somitogenesis, the transcription fact@nsl, Pax2 Pax5and  hindbrain identities and, possibly, for conferring territorial
Pax8 and the signalling molecule$Vntl and Fgf8 are  competence to the neuroectoderm in responding to forebrain
transcribed in broad domains across @&2Gbx2 border. and midbrain inducing activity. At the molecular level, these
Later in development, their expression domains sharpen affiddings also indicate that (i) neither OTX2 nor GBX2 function
refine around the MHB. Specificalljvntl and Fgf8 are is required for initiation oFgf8 expression; (ii) FGF8 is unable
expressed in two narrow rings within ti@x2 and Gbx2  to represtx2 expression without the contribution of GBX2;
expression domains, respectively, thus defining the anterior aifiii) GBX2 activity is not required for ectopic expression of
posterior border of the MHB, whil&nl, Pax2 Pax5andPax8  Fgf8 throughout the midbrain of embryos lacking OTX2 or
are expressed in a wider domain encompassing the MHB aghibiting low level of OTX1 and OTX2 proteins, and (iv)
well as the caudal midbrain and rostral hindbrain (Joyner et ahOtx1andGbx2abnormal expression observechi@tx1? and
2000; Simeone, 2000; Rhinn and Brand, 2001; Wurst an@bx2 single and double mutants is not dependent~gf8
Bally-Cuif, 2001). expression and may be due to OTX2/GBX2 negative

Transplantation and FGF8-soaked bead experiments as walteractions.
as genetic studies in mouse and zebrafish have provided
insights into the function and interactions of these molecules
in IsO de\/e|0pment_ MATERIALS AND METHODS

Altogether, these previous studies have indicated that ) . .
maintenance of IsO activity and transduction of its inducing>eneration and genotyping of mice
properties require a positive loop involvifrgf8, Wntl, Enl hOtxZ/hOtx2; Gbe/—_ embryos were generated by intercrossing
and Pax genes, whilst positioning of the IsO is defined byhOtx12/Otx%;Gbe/—/mlce (Wassarman et al., 1997; Acamporf/l etal.,
negative interactions betwe@tx2 and Gbx2 (Joyner et al., 1998), 01" Otx2™"embryos were generated by Crossmg; K
2000; Simeone, 2000; Garda et al., 2001: Liu and Joyner, 20022, males withotxI™™females (Acampora et al., 199DX27/";

- ) . bx27- embryos were generated by crossBtx2/Otx2; Gbx2/-
Rhinn and Brand, 2001; Wurst and Bally-Cuif, 2001). with Otx2"-; Gbx2-mice (Acampora et al., 1995; Wassarman et al.,

Nevertheless, some important questions have not yet beggg7; pilo Boyl et al., 2001). Genotypes were determined by PCR as
fully addressed. Among these, it is still unknown: (i) how thepreviously described (Acampora et al., 1995; Acampora et al., 1997;
anterior neural plate develops and whether it retains the abilicampora et al., 1998; Wassarman et al., 1997; Pilo Boyl et al., 2001).
to expresskgf8 in the absence of both OTX2 and GBX2 S
function; and, more importantly, (i) wheth&tx2 andGbx2  In situ hybridisation and probes
are key transcription factors in conferring territorial In situ hybridisation experiments on sections and whole embryos were
competence in responding to morphogenetic signals requiré@rfofmed as previously described (Hogan et al., 1994; Thomas and
for regionalisation of the anterior neural plate. The study oﬁeig'”gtfcl’gh égs?fé 3&%@”5@33335?&559;2’p?ééizauﬁxzd’esgnlse g
tf]lese aspt)facts r‘r:jay alslo prlo"'de. r:ew |?S|ghts 'm? tflllt_—:‘ h'enaroctﬁ}gampora etal., 1997; Acampora et al., 1998).

Of ~genelic and molecular interactions —controlling IS The Gbx2 probe employed for the wild-type and tx2 null
development. . allele was a PCR fragment 836 bp long that included 361 bp upstream

In order to address these questions, we took advantage £{d 475 bp downstream the ATG. TA® probe is a cDNA fragment
three different genetic combinations expressing different levels49 bp long including the region between the ATG and the amino acid
of OTX2 and GBX2 proteins. In particular, we have studied283 downstream of the homeodomain.
the development of the anterior neural plate and the expression
of a number of diagnostic markers for the I1sO, forebrain and
midbrain regions imOtx®2/hOtx?; Gbx2/-, Otx1— Otx2"~  RESULTS
and Otx2Y/—; Gbx2/- double mutantshOtx®? mice were _ _ _
generated by replacing th@tx2 locus with the huma®txl ~ Genetic and morphological analysis of
cDNA (hOtx1) (Acampora et al., 1998). In these mutants,10tx12/hOtx12, Gbx2-'-embryos
hOtx1transcription was under the control of ex2promoter.  hOtx2/hOtx1; Gbx2'~embryos were generated by crossing
hOtx2/hOtx homozygous mutants recover the gastrulatiorhOtx?/Otx2, Gbx2"~double heterozygous mice, which were
defects of theDtx27/— mutants, but subsequently, at 8.5 daysviable and fertile. ParentdiOtx?/Otx2 and Gbx2~ were
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hOtx2/hOtx1; Gbx2'-embryos the distance between the otic
vesicle and the rostral tip of the embryo appeared greater
(arrowhead in Fig. 1C,D). However, abnormalities affecting the
neural tube, branchial arches and heart and an overall reduction
of the body size were detected in double mutant embryos. The
cranial neural folds were wide-open and failed to close along
the dorsal midline (exencephaly). Telencephalic and optic
vesicles, as well as the isthmic constriction, were not
recognisable, and non-neural anterior structures, such as the
branchial arches, olfactory and optic placodes, were absent
(Fig. 1D). The heart was dilated and displayed an abnormal

h0tx121 hOtx12 morphology. Since exencephalic embryos can develop until
hOt 121 hOt 12 Gbx2 -/ late gestation, we suspected that the heart defect was the most
X X X == likely reason for the embryonic lethality observed in the

hOtx®/hOtx%; Gbx2’~by 10 d.p.c.

Neural patterning in  hOtx12/hOtx12; Gbx2~'-embryos

Previous data indicated thaOtx12/hOtx? embryos showed

no detectable OTX protein in the neuroectoderm and failed to
maintain forebrain and midbrain identity. This was revealed by
absence of the fore- and midbrain markk@tx1 and Bfl

in the anterior neural plate, and a shift of the MHB markers
Gbhx2 Fgf8, Pax2 Enl and Wntl to the rostral tip of the
neuroectoderm in these mutants (Fig. 2H-N) (Acampora et
Fig. 1.Morphology of shOtx¥/hOtx¥; Gbx2~embryo at 9.7 d.p.c.  g|., 1998). ConverselyGhx2’~ embryos lacked the anterior
(A-D) Compared with wild-type (A) anGbx2""(B) embryos, hindbrain and displayed an abnormal posterior expansion of
hOtx2/hOtx%; Gbx2/-(D) mutants exhibit severe morphological the midbrain preceded by the caudalisationOt%2, Gbx2
abnormalities affecting the anterior neuroectoderm and the heart Fgf8, Pax2, Enland Wnt1 expression domains (Fig. ZOiT)

(arrow); however, compared wiltOtx12/hOtx? embryos (C), it is ; )
evident that the distance between the otic vesicle (arrowhead in C,djyVassarman et al., 1997). Forebrain &il expression were

and the rostral tip of the embryo is increased@ix?/hOtx2; unaffected in these mutants (Fig. 2U). . .
Gbx2/-mutants. fb, forebrain; mb, midbrain; hb, hindbrain; ovand  Expression of thehOtx1 and Gbx2 transcripts in
arrowheads, otic vesicle. hOtx2/hOtx%; Gbx2’-embryos was compared with that of

hOtx®/hOtx® and Gbx2’- single mutants at 8.7 d.p.c. In
double mutant embryod)Otx1 transcripts were abundantly
generated and maintained on the same genetic backgroudetected along the anterior neural plate with a caudal border
(C57 BL6/DBA?2) (Wassarman et al., 1997; Acampora et al.approximately corresponding to the caudal limit @fx2
1998). expression in theGbx2/~ mutant littermates (compare
Genotypic analysis of embryos collected between 8.5 anBiig. 2V,V' to O). In hOtx®Z/hOtx%; Gbx2/- mutants,Gbx2
9.5 d.p.c. showed thaDtxP/hOtx%; Gbx2'~mutant embryos expression was detected along the anterior neural plate (Fig.
were generated approximately at the expected Mendelie2W,W'), thus indicating thatGbx2 and hOtx1 were co-
frequency (Table 1). However, when the progeny of doublexpressed in these mutants. Notably, this expression analysis
heterozygous intercrosses was analysed at 10 —10.5 d.p.c. negealed the presence of a graded and opposite decrease in the
double hOtx#Z/hOtx%; Gbx2’- homozygous embryos were expression ofhOtx1 posteriorly, andGbx2 anteriorly (Fig.
found (1=84). Therefore théOtx2/hOtx?; Gbx2/~mutant  2V,V',W,W'). This suggests that factor(s), other tir2and
was embryonic lethal by 10 d.p.c. Gbx2might be active in antagonising anteriorly and posteriorly
At 9.75 d.p.c. the morphology of the anterior neural platehe full spread oGbx2andOtx2expression, respectiveliFgf8
in hOtx®/hOtx®; Gbx2/~ mutants (Fig. 1D) was different was actively transcribed throughout the anterior neural plate in
from that of hOtx#/hOtx2 embryos (Fig. 1C). Indeed, in the same domain that express$e@itx1 and Gbx2 transcripts

Table 1. Frequency of genotypes observed by intercrossin@tx12/0tx2; Gbx2/- mice

Genotypes Number of embryos Expected frequency (%) Observed frequency (%)
hOtx12/hOtx2; Gbx2"~ 14 6.2 4.9

hOtx2/hOtx12; Gbx2"- 24 12.5 8.4

hOtx®/Otx2, Gbx2'~ 30 125 10.5

hOtx2/Otx2 Gbx2"~ 74 25 26

hOtx#2/hOtx2; Gbx2"* 21 6.2 7.3

hOtx2/Otx2 Gbx2*+ 44 12.5 15.4

Otx2/0tx2 Ghx2'~ 14 6.2 4.9

Otx2/0tx2 Gbx2"'~ 42 12.5 14.7

Otx2/0tx2 Ghx2* 22 6.2 7.7

Total 285
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Fig. 2. Neural patterning in
hOtx#/hOtx%; Gbx2/~embryos.
Whole-mount in situ hybridisation
of 8.7 d.p.c. wild-type (A-

G), hOtxZ/hOtx 2 (H-N), Gbx2"~
(O-U) andhOtx®/hOtx12; Gbx27-
(V-B') embryos withOtx2

(A,0), hOtx1(H,V,V'), Gbx2
(B,I,P,W,W), Fgf8

(C,3,Q,X,X), Pax2

(D.,K,R,Y,Y'), Enl

(E.L,S,2,Z), Wntl

(FM,Ta,a') andBfl

(G,N,UB,B") probes shows that
hOtx2/hOtx12; Gbx27'-embryos
exhibit widespread expression of
hOtx1, Gbx2, Fgf8, Pax2, Erhd
Whntlgenes whilst the forebrain
specific gendflis not transcribed
in the anterior neuroectoderm.(®-
are sagittal and W' are
dorsolateral views. Abbreviations
as in previous figure plus, MHB,
midbrain-hindbrain boundary. The
arrow and the arrowhead [’
indicate the corresponding regions
in non-neural tissue.

(Fig. 2X,X). This indicates that
absence of both OTX2 and
GBX2 functions does not
prevent-gf8activation, rather it
affects the restriction ofgf8
expression at the MHB. 1t is
important to note that in
the hOtx®/hOtx; Gbx2'-
embryos FGF8 was unable
to repress hOtx1 (Otx2)
expression, as both genes were
co-expressed in the anterior
neural plate of the double
mutants (see below).
Expression of other neural
markers, such a%ax2 Enl,
Wntl, Bfl and Six3 was also
analysed in théOtx12/hOtx%;
Gbx2~ double  mutants.
In  hOtxP/hOtx®; Gbx2'~
embryos,Pax2 Enl and Wntl
transcripts were broadly co-
expressed withhOtx1, Gbx2
and Fgf8 along the anterior
neural plate (compare Fig. 2V-
X' with Y-a'). Notably, Pax2
was not transcribed along the
lateral/dorsal edge of the neural
plate (Fig. 2V,Y). At this stage,
the forebrain markeBfl was
expressed normally iGbx27/~
mutants, but undetectable
in hOtx#/hOtx® homozygous
embryos (Fig. 2N,U). No
neural expression oBfl was
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Fig. 3.Failure in regionalisation of the anterior neural plate@ix12/hOtx1; Gbx2/-embryos. (A-X) In situ hybridisation of sagittal sections
of 9.7 d.p.c. wild-type (A-FaOtx2Z/hOtx 2 (G-L), Gbx2'~(M-R) andhOtxZ/hOtx; Gbx27-(S-X) embryos, witlOtx2 (A,M), hOtx1(G,S),
Fgf8 (B,H,N,T), Pax2(C,I,0,U),En1(D,J,P,V),Wnt1(E,K,Q,W) andAtx (F,L,R,X) probes reveals that Dtx12/hOtx1%; Gbx2/-embryos
widespread co-expressioniudtx1, Fgf8, Pax2, EndndWntlis maintained and that the midbrain-specific gabas not transcribed.
Abbreviations as in previous figures,®&,M',S are bright-field images of the sections | A,G,M and S.

detectable in threBOtxP/hOtx12; Gbx2/~ mutants analysed midbrain-specific gene expression could be induced in these
(Fig. 23,8"). mutants.

Neural patterning ilhOtx®/hOtx%; Gbx2/-embryos was To address this question we studied the expressigixoa
also analysed at 9.7 d.p.c. Compared with wild-type littermatesovel homeobox-containing gene that is activated at 8.5 d.p.c.
(Fig. 3A-E), hOtx1, Otx2, Fgf8, Pax2, Endnd Wntl were in the presumptive pretectal area and subsequently, between 9
undetectablehOtxJ) (Fig. 3G) or restricted to the rostral tip of and 9.5 d.p.c., in the midbrain of mouse embryos (R. G., F. S.,
the neural tube dfOtx2/hOtx2 mutants Fgf8, Pax2, Enand  A. S. and A. L., unpublished data). Indeed, at 9.7 d.p.c., in
wntl) (Fig. 3H-K), but were expanded posteriorly up to thewild-type embryos,Atx transcripts were restricted to the
presumptive rhombomere 4 (r4)bx2’-embryos (Fig. 3M- midbrain and pretectum with a caudal limit coincident with the
Q) (Wassarman et al., 1997). mOtx®/hOtx¥; Gbx2/-  posterior border ofOtx2 expression at the MHB (Fig. 3F)
embryos these genes were co-expressed along the antelfBr G., F. S., A. S. and A. L., unpublished data). Compared
neural plate (Fig. 3S-W). with wt littermates, Atx expression was undetectable in

Therefore, these data indicate that co-expression of thes®tx12/hOtx? homozygous embryos (Fig. 3L) and posteriorly
neural markers was not a transient featura@fx2/hOtx%; expanded irGbx2/-mutants (Fig. 3R). ImportanthAtx was
Gbx2/-mutants. At 9.7 d.p.cSix3andBfl expression was not not expressed ihOtx1/hOtx%; Gbx2’-mutant embryos (Fig.
detected in fouhOtx2/hOtx1; Gbx2’~mutant embryos (data 3X).
not shown). Altogether this expression analysis suggests @&2 and

An interesting question raised by lack of forebrain-specificGbx2are both required for conferring regional identity (either
markers and the expandedf8expression profile was whether, fore and midbrain or rostral hindbrain, respectively) within the
despite the broad co-expression of early mid- and rostranterior neural plate, since absence of both gene products leads
hindbrain markers inhOtx1#/hOtx®; Gbx2/~ embryos, the anterior neuroectoderm to adopt a mixed identity.
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Otx1 +/- transcription and that GBX2 was not required for the expansion
Otx2 +/- of the Fgf8 expression domain in tHeOtx2/hOtx?; Gbx2/~
mutants. One possible explanation is that FGF8 could not

t
A "1:'3 F represshOtx1expression without the contribution of GBX2.
However, it was also possible that tRgf8 responding
Otx2 / element in th®©tx2locus had been deleted or mislocated in the
hOtx R targeted allele, thus rendering th@©tx1 transcription
¥

unresponsive to FGF8 (Acampora et al., 1998). To test these
two possibilities, we analyséditx2, Gbx2andFgf8 expression
G in Otx1*~; Otx2"~ double heterozygous embryos, which
ﬂ retained one copy of the wild-tyfetx2 allele.
| gy

w

At 9.7 d.p.c.Otx2was expressed on the mesencephalic side
_ while Gbx2andFgf8were expressed on the metencephalic side
Qﬂ ‘ of the MHB in wild-type embryos (Fig. 4A-C). 1®tx1-;
‘ " ’ Otx2"-embryos, the posterior border of t@¥x2 expression
. g X domain was slightly displaced anteriorly in the lateral region
(% 7 I ¥ of the caudal midbrain (Fig. 4F). In a complementary manner,
" ’ Gbx2 expression at the MHB was slightly expanded into the
3 \ neural tissue deprived @ftx2transcripts (Fig. 4G). In contrast,
Fgf8 / "’ A Fgf8 expression was expanded broadly into most of the dorsal
' ‘) P2y J midbrain (Fig. 4H). Therefore, i©tx1~; Otx2"- embryos
\ Fgf8 andOtx2were co-expressed along the dorsal midbrain in
: a a wide region free oGbx2 transcripts (arrow in Fig. 4F,H).
D | ¥ Later in development, at 10.5 d.p.c. and 12.5 d.p.c., co-
- , expression oFgf8 andOtx2in a midbrain territory, which did
Pax2 ; not expressGhx2 was confirmed (data not shown). We have
. & A Q/ previously reported that embryos carrying only one single
7 . ; functional copy ofOtx2 (OtxI’— Otx2*-), displayed co-
) < ordinated anterior shift ofFgf8, Gbx2 Pax2 and Wntl
E J i expression domains and posterior repression Qik2
(Acampora et al., 1997). Altogether, these results suggest two
‘ ’ important conclusions. Firstly, FGF8 was unable either to
repressOtx2 or to activate ectopicallyzbx2 when theOtx
A & gene dosage was above one single functional copbtal
- Secondly, directly or indirectlyFgf8 and Gbx2 exhibit a
differential sensitivity to th©tx2repressive effecGbx2being
Fig. f/ Fgf8islunable to repre€3tx2in the dors_al midbrain_ o_f _ m()Er)((epsrgggilg\r/]e;?Etrr‘I:lLs aerjfgcg;)t]%gé analysed irOtx1-;
ooft)\;vlild:t%é?A-Enggikgﬁ—?%grﬁlig \%ugrtr:gr;gl; Cv3i’t?gggat'°n Otx2-because it has been shown that they can regiie
expression (Urbanek et al., 1997; Lun and Brand, 1998;

(A,F), Gbx2(B,G), Fgf8 (C,H), Pax2(D,l) andEn1(E,J) probes . . ;
shows that in double heterozygous embifgt8 (arrow in H),Pax2 Okafugi et al., 1999; Shamim et al., 1999Jhen compared

(arrow in I) ancEnZ (arrow in J) are ectopically co-expressed in the With wild-type littermate (Fig. 4D,E),Pax2(Fig. 41) andEnl
dorsal midbrain wher®tx2is also transcribed (arrow in F), whilst ~ (Fig. 4J) expression domains were clearly expanded anteriorly
the Gbx2stripe of expression (G) is only slightly thickened. into the dorsal midbrain where they colocalised with ectopic
Abbreviations as in previous figures. Fgf8 transcripts (arrow in Fig. 4H-J).
Therefore, ectopic expressionkdf8 might be explained by
Moreover, our analysis suggests that at l€ast2 is also a positive effect of PAX2 and/or EN1 transcription factors in
required for anterior neuroectoderm to acquire the territorigdctivating Fgf8 transcription in the territory where the OTX
competence in responding to forebrain and midbrain inducingrotein level is permissive. These data also imply Bzt
activities. EnlandFgf8exhibit similar sensitivity to the OTX2 repressive
This is based primarily on the fact that in the absence ddffect

OTX2, the anterior neuroectoderm fails to activate forebrain-
(Bf1) and midbrain- Atx) specific gene expression (see alsoOtX/Gbx2 abnormal expression precedes  Fgf8
below). However, it is possible th&gf8 or other signalling activation in - hOtx12/Gbx2 single and double mutants
molecules may be defective quantitatively or qualitatively aPrevious studies have shown that the anterior shifblmf2
the molecular level and therefore unable to perform their role=xpression and the rostral repression@fx1transcripts were

evident inhOtx#/hOtx12 embryos at 8.5 d.p.c. (Acampora et

Eni

FGF8 inability in repressing ~ Otx2 expression and al., 1998). At this stage, it has also been reported that the
differential sensitivity of MHB genes to the OTX2 posterior expansion oDtx2 expression observed iBbx2/~
repressive effect embryos correlates withGbx2 repression in the rostral

Our data indicated that FGF8 was unable to reph€xx1  hindbrain (r1-r3) (Fig. 2) (Wassarman et al., 1997). However,
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being fused to the posterior expansioOat2 expression (CE").
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when this repatterning process takes place during embryonic No abnormalities were observed in the expression patterns
development is largely unknown. In order to determine thef Gbx2, hOtx1/Hoxbland Otx2/Hoxblat late-streak and
precise onset ohOtx1 and Gbx2 abnormal expression and early headfold stages inOtx®/hOtx2, Gbx2’'-and hOtx?/
whether this process precedes the neuroectodermal activatib®tx1; Gbx2’~ mutants when compared with wild-type
of Fgf8 expression, a detailed expression analysis wabttermates (Fig. 5A,AA",B,B',B" and L,M). However, at
performed at early stagesh®tx® andGbx2single as well as the late headfold and presomitic stagh®tx1, Otx2and
hOtx®/ hOtx®; Gbx2/-double mutants. Gbx2 expression was clearly altered in these mutants. In
The expression patterns bOtx1, Otx2, Gbx2, Hoxbhnd  hOtxP/hOtx® embryos,Gbx2 transcripts (Fig. 5DF) were
Fgf8were assessed at late-streak, early headfold, late headfofgtadually expanded into thieOtx1 expression domain and
presomite and early somite stages. For the earlier stages, Wotx1 (Fig. 5C,E') was gradually repressed at the posterior
decided to performOtx2/Hoxbl or hOtx1/Hoxbl double side of its expression domain where the gap with the anterior
hybridisation to better describe eventual alteratior®t®Por  border ofHoxb1expression enlarged. Conversely,Ghx27/~
hOtx1expression patterns. embryos,Otx2 expression expanded posteriorly into Gilex2
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Gbx2 -/- These data suggest thaDtx1/Otx2and Gbx2 expression
profiles are altered at the presomite-early somite stage, a
few hours before the onset dfgf8 expression in the
neuroectoderm.

Altogether these findings also suggest thatQtx/Gbx2
transcriptional repatterning is independenEgf8 expression;
(ii) hOtx1and Gbx2repression may be mediated by negative
reciprocal interaction between OTX2 and GBX2 proteins
during presomitic stages. In this respect, it is likely that this
GBX2/0TX2 antagonism is required to maintain the initial

anterior-posterior patterning of the neural plate, which is

Otx2 )"/ = induced earlier during gastrulation
Otx2"/ - Gbx2 -/- 79

Forebrain and midbrain fates require OTX2 protein
and depend on mutual antagonism between OTX2
and GBX2

Analysis of the hOtx®/hOtx®; Gbx2’- double mutants
suggested that regional segregation of early mid-hindbrain
markers and competence of anterior neural tissue in responding
to fore- and midbrain inducing activities may be a consequence
of an early basal prepatterning that requires OTX2 and GBX2
functions. In particular, absence of these two factors resulted
Fig. 6. Morphology of arOtx2"/—; Gbx2’~embryo at 10.5 d.p.c. in failure to activate the expression of forebrain- and midbrain-
Compared with wild-type (A) an@bx2/-(B) embryosOtx2}/—; specific markers such &fl and Atx. In this context, we
Gbx2'-embryos (D) show compromised development and severe decided to assess whether in Gbx2/- background, the
abnormalities of the anterior CNS; while, compared with the head- presence of a particularly low level of OTX2 protein was
less phenotype @dtx2 ~embryos (C) itis evident that the anterior g fficient to rescue both the expression of these markers and
e oes o o ans o Woveopen e o™ @ more nomal positoning oFgf8 and G2 expression.

(D) reveals normal morphology when corﬁpared \h'ﬂ){xlzlhOtxlz; To address. this issue, mUtanF embryos carrying a single
Gbx2-embryos (Fig. 1D). Abbreviations as in previous figures plus hypomorphicOtx2 allele (Otx2") in an Otx2 and Gbx2 null

he, heart. background Qtx2'/—; Gbx2"-) were analysed.

As mentioned above (see Introduction), embryos carrying
domain and fused to theloxbl expression domain (Fig. the Otx2) hypomorphic allele in arOtx2 null background
C",E") while the anterior domain oBbx2 expression was (Otx2"/-) showed a remarkable reduction of OTX2 protein in
silenced (Fig. 5D,F"). epiblast and neuroectoderm. This significant reduction leads to

Subsequently at the 1-2 somite stageh@tx/hOtx®  an almost head-less phenotype (Fig. 6C) (Pilo Boyl et al.,
embryos hOtx1expression was restricted at the rostral tip 0f2001). In contrastQtx2/—; Gbx2/-double mutants exhibited
the embryo (Fig. 5@ and Gbx2 was ectopically expressed an evident morphological rescue of the anterior defects
along the anterior neural plate almost reaching the most rostrabserved in th@©tx2}/— mutants even though head and brain
tip (Fig. 5H), while in Gbx2’-embryosOtx2transcripts were development still appeared compromised (Fig. 6D). Moreover,
detected along the presumptive anterior hindbrain (Fig)5G as compared withOtx1/hOtx2?; Gbx2/-embryos (Fig. 1D),
where Gbx2was repressed (Fig. BH At the 4- to 5-somite  Otx2Y/—, Gbx2’~ mutants were viable at 10.5 d.p.c. and
stage the repatterning process was completeOtr2/hOtx22  displayed normal heart development (Fig. 6D).
embryosGbx2was expressed throughout the anterior neural In Otx2/- embryos, lack of anterior neural tissue was
plate (Fig. 5) and hOtx1 was barely detectable in the evident at 8.7 d.p.c. when tl@tx2 expression domain was
neuroectoderm, although stron@txlexpression was evident drastically reduced and confined to the anteriormost neural
in the foregut (Fig. 3). Gbx2’~ embryos showed posterior plate (Fig. 7F). At this stage, botBbx2 and Fgf8 were
expansion ofOtx2 expression into the rostral hindbrain and transcribed more rostrally (Fig. 7G,H), and, in particdtaf8
concomitant repression @bx2in this domain (Fig. 31,J"). transcripts were detected within t@#x2! expression domain

In wild-type embryosFgf8 expression in the presumptive (Fig. 7H). InOtx2/—;, Gbx2’-embryos,0tx2 expression was
MHB was firstly detected at the 5- to 6-somite stage (Fig. 5K)wide-spread from the tip of the neural plate to the presumptive
In hOtxB/hOtx 12 embryos, its expression was detectable at the3/r4 boundary (Fig. 7P) and bo@bx2 and Fgf8 expression
same stage but, interestingRgf8 activation occurred at the domains were shifted posteriorly when compared @it/ -
most rostral tip (Fig. 5K. In Gbx2/- embryos,Fgf8 was  single mutant embryos (Fig. 7Q,R). Nevertheless, compared
transcribed in a broader area adjacent to the posterior bordsith wild-type (Fig. 7B,C) orGbx2/~ (Fig. 7L,M) embryos,
of Otx2 expression (Fig. 5K). Fgf8 and Gbx2 transcripts were still detected in an expanded

Finally, we analysed the expressionhitx1and Gbx2in domain within the presumptive midbrain and rostral hindbrain
hOtx#/hOtx%; Gbx2-double mutants at 0- to 1-somite stage.of Otx2/—; Gbx2/- embryos (Fig. 7Q,R). NotablyFgf8
Interestingly, the overlap betwea®txlandGbx2genes was expression could also be identified in the presumptive position
detected throughout most of the anterior neural plate (Figf the ANR (arrow in Fig. 7R).
5N,0). Finally, in order to assess whether @tx2/—; Gbx2/~
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Fig. 7. A minimal amount of OTX2 protein suffices to
displaceFgf8 andGbx2expression posteriorly and to induce
forebrain- and midbrain-specific gene expression.

(A-T) Whole-mount in situ hybridisation of wild-type

(A-E), Otx2V/ - (F-J), Gbx27-(K-O) andOtx2"/—; Gbx2~
(P-T) embryos wittOtx2 (A,F,K,P,),Gbx2(B,G,L,Q),Fgf8
(C,H,M,R),Bf1(D,I,N,S,) andAtx (E,J,O,T) probes shows
thatOtx2"/—; Gbx2’-double mutants recover a wide-spread
expression 0Otx2 (P), a posterior displacement@bx2

(Q) andFgf8 (R) transcripts and the neuroectodermal
expression of both the forebrain geBié (compare arrow in |
and S) and the midbrain geAe<(T). The arrow in R
indicatesFgf8 expression in a region corresponding to the
presumptive ANR; wild-type an@bx2’-embryos in A-C

and K-M are the same as shown in Fig. 2. Abbreviations as in
previous figures.

embryos fore- and midbrain development was at least in
part recoveredBfl and Atx expression was analysed at
8.75 and 10.5 d.p.c., respectively. Interestingfg,(Fig.

7S) transcripts were detected in the most anterior neural
plate andAtx (Fig. 7T) expression was observed more
posteriorly in the presumptive midbrain region of the
Otx2}/—, Gbx2/~embryos. This was in marked contrast
to the expression data obtained from the analysis of the
Otx2V/- (Fig. 71,J) single andhOtx2/hOtx2; Gbx2/-

(Fig. 2 and Fig. 3) double mutant embryos where no
neural expression fdfl and Atx was observed.

These findings emphasise the possibility that a
relevant function of OTX2 is to provide competence to
the neuroectoderm in responding to the fore- and
midbrain inducing activities. Indeed, in @bx2 null
background, a low amount of OTX2 proteidt(2!/—;
Gbx27) makes the anterior neuroectoderm at least
partially competent in activating forebrain- and
midbrain-specific gene expression. However, direct
experiments involving transplantation/recombination
assays are necessary to assess whether tissue-
competence and/or signalling pathway are affected.
Nevertheless, together with previous data, these findings
indicate that transformation of anterior identity to a
more posterior value and vice versa depends on the
dose-dependent antagonistic action of GBX2 and OTX2
functions.

DISCUSSION

In this study we have taken advantage of existing mouse
models to investigate further the functionsQik2 and
Gbx2 in brain formation and I1sO development. We
present genetic evidence indicating that the absence of
OTX2 and GBX2 leads to failure in regionalisation of
the anterior neural plate, which is evident at the
presomitic-early somite stage, and lack of competence
of the anterior neuroectoderm in responding to forebrain
and midbrain inducing properties. We show that the
anterior neural plate (presumptive forebrain and
midbrain) of thenOtx#/hOtx®; Gbx2'~homozygous
mutants is not transformed into a posterior (rostral
hindbrain) fate as it is in th@OtxZ/hOtx? single
mutants, suggesting that GBX2 and OTX2 are key
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factors mediating this repatterning process. Moreover, cashows broad co-expression of the diagnostic marthexrs?,
expression oFgf8, hOtxlandGbx2in the anterior neural plate Gbx2 Pax2, Fgf8, WntandEnlthroughout the anterior neural

of these double mutants suggests that activation amulate inthese mutants. This suggests a failure in regionalisation
maintenance offgf8 expression is independent of both OTX2 of the anterior neuroectoderm into forebrain, midbrain and
and GBX2 functions and that in the absence of GBX2 proteirrpstral hindbrain territories. However, no differences in the
FGF8 is unable to repredsOtx1 (Otx2) expression. This expression ofGbx2 and hOtx1 is observed until the late
conclusion is also supported by the observation th@bid*’—; streak/early headfold stages, suggesting that the initial
Otx2~ and Otx2}/—, Gbx2/~mutant embryos, which contain induction of forebrain, midbrain and rostral hindbrain identities
significantly less OTX2 proteirf;gf8, Otx2or Otx2! are co- is normal in these embryos. Only later, at the presomitic-early
expressed in a broad domain. Finally, we provide evidencsomite stage, the early patterning is not maintainech@rxll
indicating that induction of the forebrain- and midbrain-andGbx2are co-expressed.

specific marker8fl andAtx, respectively, depends on a dose- Our data indicate that initial induction d¥gf8 in the
dependent balance between OTX2 and GBX2 functions. Theseuroectoderm does not require OTX2 and GBX2 function. In
findings provide evidence that competence and regionalisatidhis context, a similar conclusion has been previously deduced
of the anterior neuroectoderm is dependent on the mutulbm the analysis of single mutants lacking only OTX2

antagonism between OTX2 and GBX2. (hOtxP/hOtxP) or GBX2 functions (Wassarman et al., 1997;

) Acampora et al., 1998). Nevertheless, before the analysis of
OTX2 and GBX2 are required for competence and double mutantshOtx®2/hOtx2; Gbx2/-), the possibility was
regionalisation of anterior neuroectoderm still open that only OTX2 or GBX2, would be sufficient for
Previously we have described that in mice carrying a singlmediatingFgf8activation. Therefore, rather than for activation,
functional Otx2 allele in anOtx1 null background Qtx1/-; OTX2 and GBX2 are required for the refinement and

Otx2-), the posterior diencephalon and midbrain arerestriction ofFgf8 expression at the isthmus.

transformed in an expanded cerebellum and pons. In this It is also apparent from this work that at 8.7 and 9.7 d.p.c.
mutant, posterior repression Gkx2 is paralleled by the co- the anterior neural plate ®Otx®Z/hOtx2; Gbx2’'~embryos
ordinated anterior displacementfadf8, Wntl Pax2andGbx2  fails to activate forebrain-Bf1) and midbrain- Atx) specific
expression in a region anterior to the presumptive pretectal argane expression, althoughgf8 appears to be expressed
(Acampora et al., 1997). abundantly throughout the anterior neuroectoderm of these

When theOtx2 locus is replaced by theOtx1cDNA, the  mutants. In contras©tx2'/—; Gbx2/-embryos, which express
gastrulation defects observeddtx2/-embryos (Acampora et reduced levels of OTX2 protein, recover more or less normal
al., 1995) are rescued because tf@tx1 transcripts are Bfl and Atx expression in the domains corresponding to the
efficiently translated in the VE. No hOTX1 protein is detectedoresumptive forebrain and midbrain, respectively. Together
in the axial mesendoderm or anterior neuroectoderm of ththese data suggest that OTX2 and GBX2 may be crucial for
hOtx#2/hOtx mutants, which results in absence of forebrainconferring competence to the anterior neuroectoderm in
and midbrain regions by 8.5 d.p.c. Here we present evidencesponding to inducing activities required for fore-midbrain
indicating that the lack of anterior structures is the consequen¢®TX2) and rostral hindbrain (GBX2) regional specification.
of an early transformation of the fore- and midbrain primordia Alternatively, lack of forebrain- and midbrain-specific gene
into a metencephalic fate by the presomitic-early somite stagexpression might be dependent on impairment (quantitative
(Fig. 5). At 8.5 d.p.c.hOtx1transcripts are undetectable and and qualitative) of signalling molecule(s) (FGF8) required for
IsO markers such aBgf8, Gbx2 Wntl Enl and Pax2 are territorial specification. However, our findings are in close
expressed at the rostral tip of the mutant embryos (Acampoegreement with the idea that extension and patterning of
et al., 1998). Conceptually similar, but obtained with a differenfore-, mid- and rostral hindbrain territories depend on the
transgenic approach, is the complementary transformation ahtagonistic balance between OTX2 and GBX2. Our results
the rostral hindbrain to a more anterior character that has begmlicate that this antagonism is exerted by the relative amount
observed in mice ectopically expressi@x2 under Enl  of OTX2 and GBX2 gene products and may be reversible in
transcriptional control (Broccoli et al., 1999). appropriate genetic conditions. In the cas®@o®/-embryos,

An equally important role has been demonstratedfm2 low levels of OTX2 protein in &bx27* background results
Mice lacking Gbx2 exhibit abnormal patterning of the rostral in an almost head-less phenotype (posterior prevalence), whilst
hindbrain with early and permanent posterior expansion dhe same levels of OTX2 in @bx27/- background lead to
Otx2 (Wassarman et al., 1997; Millet et al., 1999) (Fig. 2 andegionalisation of the anterior neural plate and maintenance of
Fig. 3). Embryos expressingbx2ectopically in the midbrain forebrain and midbrain identities (anterior prevalence).
under Wntl transcriptional control exhibit an opposite o ) ] . )
phenotype characterised by the midbrain-restricted repressiésenetic interactions at the mid- and hindbrain
of Otx2 expression (Millet et al., 1999). In all the mentionedr€gions
mouse models anterior or posterior displacement of éiihe®  The analysis of the mouse models presented here has provided
or Gbx2 is paralleled by a similar displacement of FGF8new insights into the molecular and genetic interactions
activity. The univocal interpretation of these findings is that Is@equired for proper development of the midbrain and hindbrain
positioning is under the control of OTX2 and GBX2 regions. Our findings suggest that: (i) FGF8 is unable to repress
transcription factors and occurs at the interface of thei©tx2 transcription without the contribution of GBX2; (i)
expression domains (Joyner et al., 2000; Simeone, 2000; RhiG@BX2 is not required for ectopic expressionFgff8 and (iii)
and Brand, 2001; Wurst and Bally-Cuif, 2001). Fgf8, Gbx2, EnlandPax2have a differential sensitivity to the

Molecular analysis ofhOtxP/hOtx%; Gbx2/~ embryos OTX2 repressive effect.
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In hOtxP/hOtx12; Gbx27'- embryos, Fgf8 is abundantly of OTX proteins (in the OtxI7— Otx2"~ mutants), or
expressed throughout the anterior neuroectoderm overlappisgecifically in OTX2 protein levels (Acampora et al., 1998;
with the hOtx1 expression domain (Fig, 2). Sint®tx1lis  Pilo Boyl et al., 2001), results in a marked rostral expansion of
under theOtx2transcriptional control, this suggests that FGF8Gbx2transcripts. This supports the idea that adequate levels of
is unable to represhOtx1 (Otx2) expression. Indeed, co- OTX proteins are required for repression of Gbx2 transcription
expression oFgf8 andOtx2transcripts is also observed in the in the anterior neural plate. Further studies will be necessary
Otx1*~; Otx2"~-double heterozygotes, which carry a wild-typeto understand the nature of this differential repressive effect.
copy of theOtx2 locus. This is in marked contrast to the This implies that, directly or indirectly, the sensitivity to the
expression profile displayed by thetx2)/- and Otx1' OTX2 repressive effect may play an important modulatory role
Otx2"- mutants, where there is a posterior repression of thia the establishment of the molecular interactions operating at
Otx2expression domain coincident with the anterior expansiothe MHB.
of Gbx2transcripts (Fig. 7) (Acampora et al., 1997).

The finding that in our mutants, FGF8 is unable to repress We are deeply indebted with Gail Martin for the generous gift of

Otx2without the contribution of GBX2 is apparently in conflict the Gbx2mutant strain. We thank Gail Martin and Ivor Mason for
with recent evidence indicating that FGF8 can rep@se critical reading of the manuscript and helpful suggestions and Susanna

. - Piga and Antonietta Secondulfo for typing the manuscript. This work
independently of GBX2 (Liu and Joyner, 2001). was supported by the MRC (Grant Number: G9900955), The

Reasons for  this Q|screpancy mlgh_t lie in the dlfferenRNeIIcome Trust (Grant Number: 062642/Z/00), the Italian
approach used by Liu and Joyner (Liu and Joyner, 2001jssqciation for Cancer Research (AIRC), the EU BIOTECH
where explants taken from the anterior midbrainGi2’~  programme (Number: BI04-CT98-0309), the CNR Target Project on
mutants were cultured with FGF8b-soaked beads. In owgiotechnology, the MURST-CNR Programme Legge 95/95 and the
genetic study, the level of FGF8 protein might be not sufficienFondation Bettencourt Schueller.
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