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Role of Lmx1b and Wntl in mesencephalon and metencephalon development
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SUMMARY

The isthmus is the organizing center for the tectum and cerebellum. Fgf8 was repressed in a cells that misexpress
cerebellum. Fgf8 and Wntl are secreted molecules Lmx1lb, but Fgf8 expression was induced aroundmx1b-
expressed around the isthmus. The function of Fgf8 has misexpressing cells. As Lmx1b inducedVntl and Wntl
been well analyzed, and now accepted as the mostinduced Fgf8 expression in turn, Wntl may be involved in
important organizing signal. Involvement of Wntl in the  non cell-autonomous induction of Fgf8 expression by
isthmic organizing activity was suggested by analysis of Lmx1b. Wntl could not induce Lmx1b expression so that
Wntl knockout mice. But its role in isthmic organizing Lmx1lbmay be put at the higher hierarchical position than
activity is still obscure. Recently, it has been shown that Wntl in gene expression cascade in the isthmus. We have
Lmx1b is expressed in the isthmic region and that it may examined the relationship among isthmus related genes,
occupy higher hierarchical position in the gene expression and discuss the mechanism of the formation and
cascade in the isthmus. We have carried out misexpression maintenance of isthmic organizing activity.

experiment of Lmx1b and Wntl, and considered their role

in the isthmic organizing activity. Lmxlb or Wntl

misexpression caused expansion of the tectum and Key words: Lmx1lb, Wntl, Fgf8, Isthmus, Chick

INTRODUCTION Wntlmutant mice show deletion in the mesencephalon and the
metencephalon (McMahon et al., 1992nx1bis one of LIM

The isthmus works as an organizing center for the tectum arfmeodomain proteins and is expressed in connection with
cerebellum (Martinez et al.,, 1991; Alvarado-Mallart, 1993;Wntl Misexpression by the retrovirus vector showed that
Marin and Puelles, 1994; Martinez et al., 199%)f8is one of Lmx1b could inducenNntl expression (Adams et al., 2000).
the secreted molecules expressed in the isthmus. As FgfBxpression patterns dfmx1band Wntl are well correlated
soaked beads transplanted into the diencephalon induced aith Fgf8 expression in the isthmus region. In normal
ectopic tectum or cerebellum (Martinez et al., 1995; Crossleglevelopment, expression domainLofixlbandWntland that
et al., 1996; Martinez et al., 199%gf8 is thought to be the of Fgf8overlaps broadly around the isthmic region in the early
organizing molecule. This notion has further been confirmedtage, while their expression domains become segregated and
by Fgf8 misexpression in mice and chick in which Fgf8 causedocated side by side by E2.5. Therefore, we hypothesized that
complete fate change of the diencephalon and thboth Lmx1lb and Wntl were involved in the formation and
mesencephalon to cerebellum (Liu et al., 1999; Sato et almaintenance of the isthmus organizer. To explore the function
2001). of Lmx1lbandWntlin the isthmus organizer, we carried out

It was shown thaiOtx2 and Gbx2 repress each other's misexpression oEkmxlbandWntlby in ovo electroporation.
expression to make mes-metencephalic boundary (Broccoli Emx1b misexpression inducedlVntl, Otx2 and Grg4, but
al., 1999; Millet et al., 1999; Katahira et al., 2000). At@g2  repressed-gf8 cell-autonomously. On the one handntl
and Gbx2 expression boundar¥gf8 is induced overlapping misexpression induced Fgf8 expression non cell-
with Gbx2 expression domain, which was shown inautonomously. Hence, Lmx1b represg$8 expression cell-
transplantation or misexpression experiments (Hidalgoautonomously provably via Grg4 and induced non cell-
Sanchez et al., 1999; Katahira et al., 2000). In combinatioautonomously via Wntl. On the other handgf8
culture of mesencephalic and metencephalic tisfigd8  misimpression induced Lmx1lb expression non cell-
expression was induced at the boundary (Irving and Masoautonomously. Otx2 induceldmxl1bexpression, while Gbx2
1999). As Otx2 and Gbx2 are transcription factorsrepressedmxlbexpression. Thus, cell-autonomous and non
involvement of secreted factor(s) or cell surface molecule(s) inell-autonomous regulation among Otx2, Gbx2, Fgf8, Lmx1b
Fgf8 induction is assumed. and Wntl are deeply involved in formation and maintenance

Whntlis a secreted molecule and is expressed in the isthmusf. the isthmus organizer activity.
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MATERIALS AND METHODS conjugated anti-rat IgG antibody (Iwaikougaku-yakuhin) was used as
the second antibody.

Expression vectors )
First chickLmx1bcDNA was isolated as two fragments by PCR from Histology

g y . . .
E3 chick brain cDNA as a template. Primers for N- and C-terminaFMPryos embedded in Technovite 7100 (Kulter) were serially
fragments are 'SCCCATATGGACATCGCCTC-3 5-AGGTCTCC- SECtIQﬂEd at fim, and stained with Hematoxylin-Eosin, as previously
TTGGGTCCTTCC-3 and 5-GCTGAGAAAAGGGGATGAGT-3,  described (Matsunaga et al., 2001).
5'-TTCATGAGGCGAAATAGGAG-3, respectively. Primers for the
N-terminal deletion (LIM domain deletion) aimx1b(Lmx1b-G are RESULTS
5'-GCATGAGCGATGATGAAGATGGAGA-3 and 3-CGAAATA-
GGAGCTCTGCATA-3 (the start codon is attached in N-terminal .
primer). Obtained fragments were fusedSatt site to make a full Exprgssmn pa’Ftern of .melb, Wntl and Fgfg )
length of Lmx1b The Lmx1b-EnRs a fusion ofLmxlbwith En2 ~ We first examined spatial and temporal expression patterns
repressor domain and HA-tag (Matsunaga et al., 2000). The fulef Lmx1h Wntl and Fgf8. As reported before (Yuan and
length chickWntl cDNA was isolated from E2 chick brain cDNA Schoenwolf, 1999; Adams et al., 2000mx1bis expressed
library. These fragments were inserted in pMiwlll, a derivative offrom the diencephalon to the metencephalon at stage 9. At
pMiwSV and designated as pMiw-Lmx1b, pMiw-Wntl, etc. (Suemoristage 10\Wntl expression covers whole mesencephalon and
et al., 1990; Wakamatsu, 1997), which has Rous sarcoma Virygea isthmus. The expression domainLaix1bis completely

enhancer and chickefl-actin promoter.Otx2, Gbx2 and Fgf8b : . - - .
expression vectors have been described previously (Katahira et a{DCIUded in that ofWntl, but a little bit narrowertmx1bis

2000; Sato et al., 2001). _nOt expressed.in the anterior part of the m_esenceplﬁ_txb&.
is expressed in the metencephalon and isthmus so that the
In ovo electroporation expression domain dfmx1h WntlandFgf8 overlaps in the

Fertilized chicken eggs from a local farm were incubated®®.38%r  isthmic region (Fig. 1A,C,E). Overlapping region becomes
transfection, in ovo electroporation on stage 10 chick embryogradually reduced. At stage 12nx1bis expressed strongly
(Hamburger and Hamilton, 1951) was adopted as previousliy the mesencephalon, but weakly in the metencephalon,
descrlbe_d (Funahashi et al., 1999). Green fluorescence piGHER) (  \yhere Fgf8 is expressed (Fig. 1B,D). Expression domain
expression vector (pEGFP-N1, Clontech) was co-electroporated {9 \n/nt1is almost segregated from thatRyf8 (Fig. 1F). By
check the efficiency. E2.5 (HH17), the expression domain lofnx1lb and Wntl

In situ hybridization completely overlaps at the posterior margin of the

In situ hybridization for whole mount and for sections was performedn€sencephalon, and just posterior to it expression domain of
as described (Bally-Cuif et al.,1995; Ishii et al., 1999). Probes fol9f8 is located so that the expression domairimik1band

Fgf8, Otx2, Gbx2Wnt], Pax2 Grg4 andCashlhave been described Wntl becomes side by side to that BHf8 at the mes-
previously (Jasoni et al., 1994; Araki and Nakamura, 1999; Okafujinetencephalic boundary (Fig. 1G,H).

et al., 1999; Funahashi et al., 1999; Katahira et al., 2000; Sugiyama

et al., 2000). Fotmx1bprobe, the full length oEmxlbwas used. Morphology after Lmx1b or Wntl misexpression

Dig_oxigeninR IEII,DAIG)- or ﬂuorescdeinb isc¥giocya$$teRSXTC)'I'abebd From the spatial and temporal expression patterhnoflb,
antisense was generated by or POlymMeras@ynt1 and Fgf8, we suspected that they may regulate each
(Funahashi et al., 1999). Alkaline phosphatase (ALP)-conjugated am&)’ther’s exprgss,ion in thepisthmic region zlnd rr¥ay glay arole in

DIG or anti-FITC sheep-polyclonal antibody (Roche Molecular . >
Biochemicals) was used for detection. For double in sit rganizing activity. It has already been reportedithatlband

hybridization, Fast Red TR/Naphthol AS/MX (Sigma FA®y  Wntl play important roles in maintenance of the isthmic
Sigma) was used for detection of the first signal, and 4-nitroblu@rganizing activity by misexpression with retrovirus vectors
tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolyl- (Adams et al., 2000). We adopted in ovo electroporation for
phosphate (BCIP) were used for detection of the second signal. ALRisexpression, because in ovo electroporation assures more
for the first detection was inactivated by incubating with 100 mMrapid and stronger misexpression.
glycine-HCI (pH 2.2) for about 15 minutes at room temperature. In First, we carried outmx1lbmisexpression experiment. By
some cases, Fast Red staining was washed out in ethanol, and NBY 5 (6 days after electroporation of pMiw-Lmx1b), the size
staining was washed out by incubating in dimethylformamide (DMF)y¢ ihe tectum was expanded=@/8) (Fig. 2A-C). Torus
at 55c. semicircularis was also expanded=2/2) (Fig. 2C). The
BrdU incorporation rhombic lip, which is a primordium of the cerebellum,
BrdU (Bromodeoxyuridine) solution (10 mM, Sigma) was injected€Xpanded to the posterior (Fig. 2B,C). These results indicate
into the yolk vein 48 and 72 hours after electroporation. Thirtythat both mesencephalon and metencephalon are enlarged by
minutes after BrdU injection, the embryos were fixed in 4%Lmxlbmisexpression.
paraformaldehyde in PBS. Incorporated BrdU was detected by the It has been reported thaintlmisexpression with retrovirus
addition of monoclonal anti-BrdU antibody (Roche), followed by vectors had not affected tectum development (Adams et al.,
incubation with Alexa 594-conjugated anti-mouse secondary antibodygo). As transfection by electroporation exerts more drastic
\(N'\gg'eﬁgézgsgggei)y Fgaage %%irm;a;'vﬁnzg‘z'yzié lE;rzdeL:'p(?_'S:%’Zn?;?éﬁects than retrovirus system (Nakamura and Funahashi,
Photonics), and corresponding area of the experimental and contro .Ol)’ we qarrled out el'ectroporayon with pMiw-Writlnt1
side on the same section was compared. misexpression resulted in expansion of the mesencephalon by
48 hours after electroporation (Fig. 2D,E). At E14.5 (13 days
Immunohistochemistry after electroporation), the telencephalon, the tectum and the
Rat monoclonal anti-HA antibody (Roche Molecular Biochemicals)cerebellum were all enlarged. In the cerebellum some extra
was used as a primary antibody. Horseradish peroxidase (HRFplia were formedf=3/5) (Fig. 2F-H).
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Fig. 1.Normal expression patterns B§f8, Lmx1bandWntl In situ
hybridization of serial sections of the same embryos at stage 10 Fig. 2. Morphology aftel_mx1bandWntlmisexpression.

(A,C,E) and stage 12 (B,D,F), f6gf8 (A,B), Lmx1b(C,D) and (A-C) Morphology ofLmx1bmisexpressed embryo at E7.5. Dorsal
Wnt1(E,F). At stage 10.mx1bandWntlare expressed in the _ view (A); view from the caudal side (B); transverse section stained
mesencephalon and metencephalon. Their expression overlaps witfith Hematoxylin-Eosin (C). Expansion of the tectum, torus

Fgf8 expression in the metencephalon. At stage fr1bis semicircularis and rhombic lip are seen on the experimental side.

expressed strongly in the mesencephalon, but in the metencephalop-H) Morphology afteMntimisexpression. E3.5 (48 hours after
its expression is weakVntlexpression in the metencephalon has  electroporation; D,E). E14.5 (13 days after electroporation; F-H).
almost disappeared. (G,H) Whole-mount in situ hybridization for  Dorsal view (D,F,G); view from the caudal side (E); horizontal
Lmx1b(blue) and=gf8 (red) (G), and fokVnt1(blue) and~gf8 (red) section stained with Hematoxylin-Eosin (H). Extra folia (arrows on
(H). BothLmx1bandWntlare expressed next kgf8expression at  H) were formed in the cerebellum Byntlmisexpression. Scale

the mes-metencephalic boundary. Scale barspbdnes, bars: 2 mm (F), 1 mm (B,G), 5@6n (C,E,H). cer, cerebellum; cont.,
mesencephalon; met, metencephalon. control side; exp., experimental side; met, metencephalon; rl,

rhombic lip; tec, tectum; ts, torus semicircularis.

We wondered whether expansion of the mesencephalon
was caused by an increase of cell proliferation, and examinezkperimental and control side was not recognized 72 hours
BrdU incorporation after 48 and 72 hours of electroporatiorafter electroporation (data not shown).
of pMiw-Wntl. Anti-BrdU staining revealed that BrdU  AsWntlenhanced cell proliferation, it is of great interest if
incorporation was actually increased at the experimental sid&ntl represses neuronal differentiation. So, we looked at
compared with the control at 48 hours after electroporatioeffects on a neurogenesis markesshl Cashl forces cells to
(Fig. 3). For the quantitative analysis, the BrdU-positive areget into differentiation phase from proliferation phase (Jasoni
between the corresponding site of the experimental and contrel al., 1994)Wnt1 misexpression repress€hshlexpression
side on the same section was compared as a pair. Six pairs3/4) (see Fig. 6A) in the dorsal mesencephalon. Limx1b
from two embryos of 48 hours after electroporation showedlso exerted similar effecte£3/3) (Fig. 4B).
that BrdU incorporation was significantly greater at the )
experimental side than at the control side (Tabl®<).05, Regulation of Fgf8 by Lmx1b
Student's-test). Difference in BrdU incorporation between theAs Lmx1bor Wntlmisexpression affected development of the
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Lmxib—— Cash1 Wnt1 — Cash1

Fig. 3.BrdU incorporation aftewntlmisexpression. (A) GFP
fluorescence micrograph to show misexpression site (marked by
curved bar). Arrowheads indicate nonspecific fluorescence caused IFig. 4. Repression o€ashlby LmxlbandWntlmisexpression.

blood cells. (B-D) Fluorescence micrographs for BrdU incorporation(A) Lmx1bmisexpression repress€ashlexpression at 48 hours
Rectangles on low-power micrograph (B) indicate the area of C andafter electroporation. The right-hand side is the experimental side.
D. The cryosections include surface ectoderm (arrows in C and D Rostral is towards the top. Black arrows indicate dorsal midline. By

indicate the border_between neuroepithelium and the sur_face_ 48 hours after electroporation, some regulation may have occurred,
ectoderm). V, ventricle; E, surface ectoderm; N, neuroepithelium;  and repression sites are patchy (red arrows)A(BjLmisexpression
exp, experimental side; cont, control side. represse€ashilexpression at 24 hours after electroporation. Both

panels are dorsal views of the mesencephalic region of embryos.

(A) Flat mount; (B) dorsal view. (C,D) Higher magnification of the
mesencephalon and metencephalon, we looked at effects areas indicated in B. At 24 hours after electroporatiashl

isthmus-related genes. expression is repressed uniformly by Wnt1. Scale barsu2oi

Effects of Lmx1b orFgf8 expression are not simplegf8  A,B; 100um in C,D.

expression was repressed_imx1bexpressing cells (Fig. 5C).

Repression ofgf8 by Lmx1b was already detectable at 12

hours after electroporatiom%£4/4) (Fig. 5A-C). At 24 hours expression. Thus, a possibility remains that Otx2 is involved in
after electroporationi-gf8 was still repressed in tHemx1bk  cell-autonomous repressionB§f8 by Lmx1b, that is, Lmx1b
expressing cells, but around th&gf8 expression was induced at first inducesOtx2 expression then Otx2 repres$e®8 in
(n=3/7) (Fig. 5D-F). The results suggest that Lmx1b repressetirn. To check this possibility, we looked at effects of Lmx1b
Fgf8 expression in a cell-autonomous manner, but inducedn Otx2 expression. We then carried dDtx2 misexpression,
Fgf8 expression in non cell-autonomous manner. and looked at the time coursekgf8 repression by Otx2.

It has been reported thBgf8 is induced at the border of At 12 hours aftelmx1b misexpressionOtx2 expression
Otx2 and Gbx2 expression domain, overlapping with Gbx2 was induced ectopically in the metencephalon3(3) (Fig.
expression (Broccoli et al., 1999; Millet et al., 1999; KatahirabA-C'). Otx2 was induced in thd.mxlbexpressing cells,
et al., 2000; Li and Joyner, 2001; Ye et al., 2001). It has alssuggesting that induction is cell-autonomous (Fig.,GR
been reported that Otx2 and Fgf8 repress each other 24 hours after electroporation, ectopiitx2 expression

became weak in the isthmic region, but strong in the caudal
metencephalomg3/4) (Fig. 6D-F).

Table 1. Quantitative analysis of BrdU incorporation at At 12 hours after electroporation of pMiw-OtxEgf8
48 hours of pMiw-Wntl electroporation expression was not affectech=8/8) (Fig. 6G-l), which
Number Area/10000um? contrasts the result that repression Fgff8 expression by

Lmx1lb was detected by 12 hours after electroporation (Fig.

of pairs Experimental Control Difference A - . .

1 P p4316 9.0 p—_ 5C). These results indicate that Otx2 is not involved in cell-
2 452.7 1106 2421 autonomous repression B§f8 by Lmx1b.

3 1764.5 189.7 1574.8 . . . .

4 2191.4 388.5 1802.9 Dominant-negative Lmx1b induced ectopic ~ Fgf8

5 929.3 711.5 217.8 expression in the mesencephalon

6 969.9 262.0 707.9 Lmx1b is a LIM-homeodomain protein, and is composed
Meanis.e.m. 1123.24#201.1  376.8+96.7 836.2¢279.2  of two LIM domains, a homeodomain and a C-terminal

BrdU-positive areas from corresponding site of the experimental and transcription activation domain (Johnson et al., 1997). It has
control sides on the same section were extracted by the Image Analyzer been _SqueSted that LIM domain could \_Nork as dominant
(Aqua Cosmos, Hamamatsu Photonics) and compared as a pair. Six pairs Negative, and that deletion of LIM domain could work as
from two embryos were analyzed. BrdU incorporation was significantly constitutional activation of the target gene (Curtiss and
greater on the experimental side than on the control B @5, Student’s Heiling, 1998). In case of Lmx1b, it was shown that deletion
ttest). of LIM domain resulted in increase of transcription activity in
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Fig. 5. Regulation ofFgf8by Lmx1b. (A-C) Cell-
autonomous repression Bgf8 by Lmx1b. Whole-
mount in situ hybridization fdFgf8 (blue) at 12 hours
after electroporation (A, control; B, experimental sid
Section of the same embryo stainedrgf8 (blue) and
Lmx1b(red) (C). Note thaEgf8 expression was
repressed in themx1bexpressing cells (C). (D-F) No
cell-autonomous induction &gf8 by Lmx1b. Whole-
mount in situ hybridization fdFgf8 (blue) at 24 hours
after electroporation (D, control; E, experimental sid
Section of the same specimen stained-ffiB (blue)
andLmx1b(red) (F).Fgf8is still repressed ihmx1b
misexpressing cells (asterisks indicated by red arro
E), but around themx1bexpressing cells (asterisks),
Fgf8 is induced ectopically in the caudal metencept
(black arrows in E). Scale bars: 10@. Views from the
control side are printed in reverse for the comparisc
with the experimental side throughout the paper.

Fig. 6. Effects ofLmx1bmisexpression on
downstream gene expression. (A-F) Effectdx2
expression. In situ hybridization f@tx2 (blue) and
Lmx1b(red) on the same embryo at 12 hours (A-C
and 24 hours (D-F) after electroporation.

(B',C) High-power magnification of boxed areas in
B,C. Otx2is induced by mx1bmisexpression, but
only weakly induced in the isthmus at 24 hours after
electroporation (E,F, arrows). (G-1) Effects@tx2
misexpression oRgf8 expression. In situ
hybridization forFgf8 (blue) andOtx2 (red) at 12
hours aftelOtx2 misexpression. Repressionkdf8is D
hardly observed at 12 hours after electroporation (H). '
(J-M) Effects ofLmx1b-EnRmisexpression oRgf8 cont. exp.
expression. In situ hybridization f&gf8 (J, control;
K, experimental side). (L) Section of the specimen
shown in J and K, in situ hybridization fBgf8

(blue) and immunohistochemical staining for HA tag

(tagged to Lmx1b-EnR). (M) High power

magnification of area in L. As Lmx1b is revealed b

imn%unohistochemical staining, it is localized in they G Fgfa H I = i
nucleus Fgf8signal is localized in the cytoplasm. cont. exp. Lmx1b-EnR —Fgf8
Fgf8is induced irLmx1bEnR misexpressing cells ik
(M) in the caudal mesencephalon (K,L).

(N-P) Effects of co-electroporation binx1b-EnR 4 !
andLmx1bon Fgf8 expression. In situ hybridization v = e
for Fgf8at 24 hours after electroporation (blue, N,O). s

(P) In situ hybridization foFgf8 (blue) and ;
immunohistochemical staining for HA tag (tagged to J K @ L {51

Lmx1b-EnR). Ectopic expression Bg§f8in the cont. exp. Lmx1b-Enf +Lmx1b
caudal mesencephalon is canceled by co- J

electroporation with wild-typeémx1h (Q-T) Effects

of Lmx1bmisexpression org4 expression. In situ
hybridization forGrg4 (blue) (Q,R), and

immunostaining for HA (tagged to Lmx1b, brown)

(S) at 6 hours after electroporation of pMiw-Lmx1b.

Grg4is induced in the metencephalon on the N
experimental side (R,S). (T) High-power cont.
magnification of the metencephalic region to show

that Grg4 is induced in tHamx1bmisexpressed

cells. (A,D,G,J,N,Q) Views from the control side.
(B,C,E,F,H,I,K-M,0,P,R-T) Views from the

experimental side. Scale bars: 258 in F; 200um

in C,I,LK,L,P; 100um in S; 25um in C; 10pm in Q
M,T.
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insulin enhancer in vitro (German and Wang, 1994; Johnsowntl misexpression affects  Fgf8 expression
et al., 1997). o As Lmx1b induced Fgf8 non cell-autonomously, secreted
As Lmx1b represseégf8 expression in cell-autonomous molecules may be involved in this process. Wntl is a secreted
manner, we wondered if Lmx1b functions as tl’anSCfiptionaﬂno|ecu|e expressed in an 0\/e|’|apping manner Wwitklb So,
repressor or activator. To answer this question, Wweve suspected that Lmx1b indudegf8via Wntlinduction. By
misexpressed N-terminal deletion construdtmi1b(Lmx1b- 9 hours after electroporation afnx1h Wntl was induced
C), in which LIM domain is not contained. Lmx1b-C in cell-autonomous mannem<1/3). By 24 hours after
misexpression exerted weak but similar effect_s as LmxlblectroporationWntlwas induced broadlyn€6/6) (Fig. 7A-
misexpression. In the metencephalon, Lmx1b-C ind#@#fl  E). Then, we examined Fgf8 could be induced by Wntl to
expression around the cells V\/.heIBX].b-C\NaS misexpressed assess our idea. As expectEQIB was induced by Wwntl in
at 24 hours after electroporation=g/13). the metencephalic region by 12 hours after electroporation
We tried misexpression of LIM domain in order to represgn=2/4). At 24 hours after electroporation of pMiw-Wriehf8
Lmx1bfunction, but it did not work. So, we constructed anexpression was expanded in the metencephalic regidi6)
expression vector that encodes the fusion protein of Lle(F|g 7G) Buﬂ:gfswas not induced in the mesencepha|on and
and En2 repressor domairLmxlb-EnR misexpression in the caudal metencephalon, though misexpression was seen
induced ectopic expression ofgf8 in the caudal from the mesencephalon to the metencephalon (Fig. 7G,H).
mesencephalon in a cell-autonomous manner7/{7) Next, we checked effects of Wntl dmx1b expression.
(Fig. 6J-M). Co-transfection of wild typdmxlb and | mxibexpression was not affected by 24 hours after pMiw-
Lmx1b-EnRcanceled the effect of Lmx1b-EnR=8/8) (Fig.  wnt1 electroporationn&6/6) (Fig. 71-K). Wntl did not affect
6N-P), which indicates thatLmx1b-EnR specifically  Otx2 (n=7/7) or Gbx2 (n=7/7) expression at 24 hours after
repressed function of Lmx1b. The results suggest that Lmx18lectroporation (Fig. 7L-Q). A#/ntlwas induced by Lmx1b,
acts as a transcriptional activator in the mes-metencephalignxlb may occupy higher hierarchical position in gene
region. expression cascade in the isthmic region.

Candidate repressor of Fgf8 Further analysis in gene expression cascade among

As Lmxlb acted as a transcriptional activator, somdmx1b, Otx2, Gbx2 and Fgf8

repressor(s) should intervene in repressiofgi8 by Lmx1b. We have shown thatmxlb may be put at the higher
It was indicated that Grg4 interacts with *~~

octapeptide domain of Pax2/5 (Eberhand et al., Z ‘, cont. “ . oxp. TSN, %‘.1:_
. - o -‘.l-ll:“ 1

to convert it to transcriptional repress@rg4 is

expressed in the mesencephalon but not in — = . N '

isthmus in normal development, (Fig. 6Q) (Koo, ' _aalh o
al., 1996; Sugiyama et al., 2000; Ye et al., 2001) A - c . wnt1 Eﬁ:w
Grg4 misexpression resulted in repressionFaff8 = 23 wee—— N —

expression in the isthmus (Sugiyama et al., 2(  €ont
Therefore, we examined the effects of Lmxlb

Grg4 expression. At 6 hours after electroporatio r

pMiw-Lmx1b, Grg4 expression was induced in !
metencephalon,nE5/7) (Fig. 6R,S). As repressi

of Fgf8 by Lmx1b was not observed before 6 hc F
after electroporationnE4/4) and induction ofsrg4 .
occurred befordgf8 repression, it is plausible tr O™y eﬂ“"/
Lmx1b first inducedGrg4 and then Grg4 repress l

Fgfs. (’\
Fig. 7. Effects ofLmx1band/Vntlmisexpression on I

isthmus-related genes. (A-BJntlinduction byLmx1b \ J t :meilb K

misexpression. In situ hybridization fafnt1(blue; A,B,D) cont. exp.
andLmx1b(red; C,E) on the same embryo 24 hours after '
electroporation. (A) View from the control side; (B,C) view i
from the experimental side. (D,E) High-power y ’ -

magnifications of boxed areas in B,C, respectivdigtlis
expressed in themx1bexpressing cells (D,E).

(F-Q) Effects ofWntlmisexpression oRgf8, Otx2, Gbx2 L
andLmx1hb In situ hybridization foFgf8 (F,G),Lmx1b —
(1,J), Otx2(L,M) andGbx2(0O,P). (F,1,L,0O) View from the

control sides. (G,J,M,P) View from the experimental side.
(H,K,N,Q) Fluorescence micrograph of GFP to show
transfection efficiency-gf8 expression expanded caudally

by Wntlmisexpression (GLmx1b, OtxZandGbx2

expression is not affected (J,M,P). Scale bars:500n 0
H,K,N,Q; 200um in C; 50um in E.
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hierarchical position in gene expression cascade in the Fgf8b misexpression induce@bx2 and Irx2 expression
isthmus and may play important roles in mes/mesencephaligidely in the mesencephalon [see figure 7D,E by Sato et al.
development, so we further analyzed their relationship. WéSato et al., 2001)], and changed the fate of the mesencephalic
have already shown that Lmx1b could ind@&2 Then we alar plate to differentiate into the cerebellum (Sato et al., 2001).
examined if Otx2 could inducemxlb At 24 hours after As Fgf8 inducesGbx2 expression, we wondered ifmx1b
electroporation of pMiw-Otx2, mx1bexpression was induced was repressed by Gbx2. To examine this possibility, we
in the mesencephalon and the metencephateti§) (Fig. 8A-  misexpressedsbx2 and looked at.mx1b expression.Gbx2
C). The result indicates that Otx2 and Lmx1b could induceepressed.mxlbexpression at 24 hours after electroporation
each other’s expression. (n=4/4) (Fig. 8I-K).

Next, we looked at the effects of Fgf8 bmx1bexpression.
Lmxlb was broadly induced in the diencephalon and
mesencephalon bygf8b misexpression at 24 hours after DISCUSSION
electroporationr=4/4) (Fig. 8D-F). However, by 36 hours after
electroporation. mx1bexpression disappeared from most partin the present study, we have shown that: (1) expression
of the mesencephalon and ring-like expression in thdomains ofimxlbandWntlwere gradually segregated at the
diencephalon remained, although misexpression was se&thmus from that ofFgf8;, (2) both Lmxlb and Wntl
broadly when checked by GFR=@/4) (Fig. 8G,H). Moreover, misexpression resulted in enlargement of the tectum and the
endogenoukmxlbexpression in the isthmus was lost (Fig. 8H).cerebellum; (3)Fgf8 expression was repressed limx1b

misexpressing cells, bigf8 was induced around the

cont. & exp. - Otx2 = Lmx1b Lmx1bmisexpressing cells; (4) Lmx1b induceéntl,
p 5 ot += Otx2 and Grg4 cell-autonomously; (5) Wntl induced
e - i Fgf8 expression non cell-autonomously; and (6)
X Lmx1bis induced by Otx2 and Fgf8, but repressed by
" Gbx2. The possible role of Lmx1b in the formation and
B - Lmx1b c 0t_x2 maintenance of isthmus organizer is discussed below.

exp.

organizer formation

Transplantation experiments showed that isthmic

region has the organizing activity for the tectum and
Fgf8 cerebel!um. As Fgf8 beads mimic_ the isthmus
e organizing activity, and misexpression of Fgf8b
changed the fate of the mesencephalic alar plate to
differentiate into the cerebellum, it has been accepted
that Fgf8 is the most important organizing molecule
(Crossley et al., 1996; Liu et al., 1999; Martinez et al.,
1999; Shamim et al., 1999; Sato et al., 2001). En1/2,
Pax2/5 and Fgf8 could induce each other’s expression,
and this positive feedback loop of En1/2, Pax2/5 and
Fgf8 may play an important role for the maintenance
of the organizing activity. If one of these molecules is
misexpressed in the diencephalon, this feedback loop
is turned on, and the ectopic tectum is induced in the
diencephalon.
I \v b J Lmx1b and Wntl are expressed in the whole

: mesencephalon at first, and localized to the isthmus. As

Fig. 8. Effects of Otx2, Fgf8 and Gbx2 dmx1bexpression. (A-C) In situ Wntl knock-out mice show deletion in the midbrain

Mi Fgfé——Lmx1b Role of Lmx1b and Wnt1 in the isthmus
P~

E\ . Lmxib F
exp.

cont.

hybridization forLmx1b(blue) andOtx2(red) on the same embryo at 24 and hindbrain, it was suggested that Wntl is necessary
hours after electroporation of pMiw-Otx2mx1bis induced byOtx2 for mid-hindbrain development (McMahon and
misexpression in the metencephalon (B). (D-F) In situ hybridization for Bradley, 1990; Thomas and Capecchi, 1991; McMahon
Lmx1b(blue) and=gf8 (red) on the same embryo at 24 hours after et al., 1992). But misexpression\&nt1by retrovirus

electroporation of pMiw-Fgf8l.mx1bis induced by=gf8bmisexpressionin  vector or by transplanting the Wntl1-producing cells did
the diencephalon and mesencephalon broadly (E). (G,H) In situ hybridizationot exert significant effects on mid-hindbrain
for Lmx1b(blue) on the embryo at 36 hours after electroporation of pMiw- development (Sugiyama et al., 1998; Adams et al.,
Fgf8b. (H)Lmx1bexpression appears as a half ring in the diencephalon. In 2000), so its role in this system is still obscure
addition, endogenousmxlbexpression in the isthmus is also disappeared Recel’,ltly Lmx1b was misexpressed by retrovirus.

(H). (I-K) In situ hybridization folLmx1b(blue) andGbx2(red) on the same .
embryo at 24 hours after electroporation of pMiw-Gbx2. (K) High-power vector, and it was suggested thatx1b should be

magnification of JLmx1bwas repressed kgbx2misexpression (indicated by 9iven higher hierarchical position thaiintlin the
arrows on K). (A,D,G, 1) Views from the control side. (B,C,E,F,H,J,K) Views gene expression cascade in the isthmus (Adams et al.,
from the experimental sides. Scale bars: B®0in F,H; 250um in C,J; 100 2000). In the present study, we have shown by
pm in K. misexpression by in ovo electroporation thaif8
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region. The intimate relationship of these molecules
may participate in setting the site of organizer, and mid-
hindbrain boundary.

In the isthmic region many molecules are expressed,
and they are in the complicated network of regulation.
Fgf8, Pax2/5 and Enl are in the positive feedback loop
for their expression. Pax2 expression covers whole the
mesencephalon and comes to be localized in the
isthmic region (Okafuji et al., 1999). As it could induce
Fgf8in the diencephalon, Pax2 has also been suggested
to be involved inFgf8 induction (Okafuji et al., 1999;

Ye et al., 2001). It was further shown thatRax2/~
mice Fgf8 expression in the isthmus was abolished
Fig. 9.Role of Lmx1b and Wnt1 in isthmus organizing activity. At 10-somite though its expression in the cardiac mesoderm was not

stageL.mx1bandWntl(blue) are expressed in the mesencephalon and affected (Ye et al., 2001).
metencephalon (A). Their expression overlaps Wif8 (red) expression In normal development,Otx2 and Gbx2 are
around the isthmic region. Lmx1b represBgf8 cell-autonomously; expressed from very early stage of development. At

however, it inducetﬂ:ng expression non ceII-autonomoust in adjacent cells. first their expression domains are over|apping' but are
In cell-autonomous repressionfdf8 by Lmx1b, Grg4 may intervene. In non completely segregated around stage 10 in chick

cell-autonomous induction &fgf8 by Lmx1b, Wnt1 may be involved. Fgf8 embr
. ; ; : yos. It was shown that Otx2 and Gbx2 repress
could induce_.mx1b Gbx2 and Fgf8 induces each other’s expression, and each” other's expression so that their expression

Gbx2 represseimxlbexpression. Otx2 and Gbx2 repress each other’s . .
expression. As a result of this complicated gene expression caSgéle, Qoma'”,s become segregated. By th(—; repressive
expression may be set and kept in the isthmic region just rostral to the Lmxi/jféraction between Otx2 and Gbx2, mid-hindbrain
and Wntl expression ring by E2.5 (B). boundary may be set. IndependenBgx2 expression
may be induced by the vertical signal, aRdf8
may be induced in the isthmic region. Considering
expression was repressedLimx1b misexpressing cells, but appearance ofmxlbexpression and its induction by Otx2,
Fof8 expression was induced aroubdhx1b misexpressing Lmxlbmay be induced by Otx2 in the midbrain region, though
cells. This complicated phenomenon may be explained dhere is a possibility that vertical signal contribute to induction
follows. First, Wntl may be induced by Lmx1lb in cell- of Lmxlbh Wntl may be induced in turn. HoweveFgf8
autonomous manner, then Wntl may indBgé8 expression  expression was not affected at firstwmtt/— mice, but was
in turn. As Wntl is a secreted molecule, Wntl may be involvethter disrupted (Lee et al., 1997). This result together with the
in non cell-autonomous induction B§f8 by Lmx1b. misexpression experiments including the present study that
Several molecules are abutting at the mid-hindbrainnmxlb or Wntl did not exert severe morphological effects,
boundary (Fig. 9). At the midbrain sid@tx2 Lmx1bandWntl indicates that Lmx1-Wntl system may work to mainteg8
are expressed, ar@bx2 Fgf8 andIrx2 are expressed at the expression rather than initiation of its expressi¢igf8
hindbrain side. Otx2 and Gbx2, Fgf8 and Otx2, and Lmxliexpression may be kept just caudal to ¥ketl and Lmx1b
and Gbx2, repress each other’s expression. However, LmxHxpression ring (Fig. 9).
cell-autonomously represségyf8, but inducesFgf8 in the . o
neighboring cells. Otx2 could not induEgf8 expression. By ~Growth accelerating activity of Wntl
these complicated gene regulation mechanisms gerigoth Lmx1lband Wntl misexpression caused enlargement of
expression pattern in the isthmic region may be set, in a senserebellum or rhombic lip and the tectum. Extra folia were
automatically, once initial switch of some of them is turneddeveloped in the cerebellum. As Lmxlb inducémtl
on. Fgf8b misexpression may be one of such cases oéxpression, both Lmx1 and Wntl may have exerted similar
autoregulation. After Fgf8b misexpression, Lmx1lb was effect. It has been reported thamtl transgenic mice show
induced widely in the mesencephalon at first, but latex1b  overgrowth of neural tube (Dickinson et al., 1994nhtlwas
expression was restricted in the diencephalic region just amisexpressed under the control ldbxb4 enhancer, which
ring, which reminds us of ring like expression in the isthmusesulted in dramatic increase in the number of mitosis in the
in normal embryos. This self regulation may be explained ifentricular layer and expansion of it. Very recently, Megason
we consider thaGbx2is also induced by Fgf8b (Sato et al., and McMahon (Megason and McMahon, 2002) reported in a
2001). As Gbx2 repressésnxlbexpression (see Fig. 71-K), very sophisticated manner that Wnt protein is distributed in a
Lmx1b expression, which was induced broadly in thedorsal to ventral gradient in the spinal cord. They suggested
mesencephalon at first, may be repressed by Gx&1b that Wnt-catenin/TCF signaling pathway positively regulates
expression may remain just outside of the Gbx2 area to resull cycle progression and negatively regulates cell cycle exit
in ring-like expression in the diencephalic region. Anotheiin the spinal cord through transcriptional regulation of cyclin
example is that Fgf8 was induced when R1 and midbrain wd31 and cyclin D2. In the present stu@ashlwas repressed
juxtaposed (Hidalgo-Sanchez et al., 1999). This phenomenday both Lmx1b and Wnt1, which may indicates that ventricular
may be explained by th&itx2andLmxl1bare expressed in the cells in the tectum are also prevented from getting into
mesencephalic region, and thétntl may be induced by differentiation phase. In the tectum anlagen, more cells
Lmx1b. As Wntl is a secreted molecule, it may indBgé8  incorporated BrdU at th&Vntlktransfection site than at the
expression in non cell-autonomous manner, that is, in the Rbntrol side at 48 hours after electroporation (see Fig. 3).
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Difference in BrdU incorporation was not discerned at 72 hoursee, S. M., Danielian, P. S., Fritzsch, B. and McMahon, A. R1997).
after electroporation. The results indicate tWaitl actually Evidence that FGF8 signalling from the midbrain-hindbrain junction
enhanced cell proliferation but the effect on Brdu regulates growth and polarity in the developing midbf2evelopmeni 24,

. . . ! : . 959-9609.

incorporation was transient so that the size difference betwe%n J. Y. and Joyner, A. L. (2001). Otx2 and Gbx2 are required for refinement

the Wntl-transfected and the control tecta may have beenand not induction of mid-hindbrain gene expressibevelopmentl28

subtle. 4979-4991.
Liu, A., Losos, K. and Joyner, A. L.(1999). FGF8 can activate Gbx2 and
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