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SUMMARY

The mes/metencephalic boundary (isthmus) has an
organizing activity for mesencephalon and metencephalon.
The candidate signaling molecule is Fgf8 whose mRNA is

Fgf8b repressedOtx2 expression, but upregulatedsbx2and
Irx2 expression in the mesencephalon. As a result, Fgf8b
completely changed the fate of the mesencephalic alar plate

localized in the region where the cerebellum differentiates.
Responding to this signal, the cerebellum differentiates in
the metencephalon and the tectum differentiates in the
mesencephalon. Based on the assumption that strong Fgf8
signal induces the cerebellum and that the Fgf8b signal is
stronger than that of Fgf8a, we carried out experiments to
misexpressd-gf8b and Fgf8ain chick embryos. Fgf8a did not
affect the expression pattern ofOtx2, Gbx2or Irx2. En2
expression was upregulated in the mesencephalon and in the
diencephalon by Fgf8a. Consequentlf;gf8a misexpression
resulted in the transformation of the presumptive
diencephalon to the fate of the mesencephalon. In contrast,

to cerebellum. Quantitative analysis showed that Fgf8b
signal is 100 times stronger than Fgf8a signal. Co-
transfection of Fgf8b with Otx2 indicates that Otx2 is a key
molecule in mesencephalic generation. We have shown by
RT-PCR that both Fgf8a and Fgf8b are expressedfFgf8b
expression prevailing in the isthmic region. The results all
support our working hypothesis that the strong Fgf8 signal
induces the neural tissue around the isthmus to differentiate
into the cerebellum.

Key words: Fgf8, Cerrebellum, Tectum, Mesencephalon,
Metencephalon, Cell signalling, Chick

INTRODUCTION Consequently, histological architecture of the tectum and the
cerebellum is different.

Molecular mechanisms involved in the regionalisation of the The molecular nature of the organizing signal and the
vertebrate central nervous system (CNS) have been a focresponsiveness of the tissue to the signal are of great interest. It
of many studies. A combination of transcription factors ands accepted that Fgf8 provides the organising activity for the
inducing signals from the regional boundary may determinenesencephalon since Fgf8-soaked beads implanted into the
the fate of the region (reviewed by Nakamura, 2000). Lossdiencephalon mimics the isthmic organizer (Crossley et al., 1996;
of-function and gain-of-function studies @tx2, Enl/2, Martinez et al, 1999; Shamim et al., 1999). It was reported that
Pax2/5suggest that these genes are indispensable transcriptibgf8 expression is induced at the interface of Otx2 and Gbx2
factors for mesencephalic development. Transplantatioaxpression domains overlapping with the Gbx2 domain
experiments have indicated that the mes/metencephal{tlidalgo-Sanchez et al., 1999; Katahira et al., 2000; Simeone,
boundary (isthmus) has an organizing activity for the2000), where the cerebellum differentiates. We hypothesised that
mesencephalon and metencephalon (Martinez et al., 1994frong Fgf8 signal induces cerebellum. There are 8 Fgf8 isoforms
Martinez et al., 1995). When the isthmic region wasdentified so far (Crossley and Martin, 1995; MacArthur et al.,
transplanted to the diencephalon, the transplant induced HE®95a), and it has been reported that Fgf8b has stronger
expression, and surrounding tissue differentiated into th#ansforming activity than Fgf8a (MacArthur et al., 1995b).
tectum (Martinez et al., 1991). When the isthmus wafecently, it was reported that Fgf8b could induce a
transplanted in the rhombencephalon, the transplant alsnetencephalic phenotype in the diencephalon or in the
induced En but the surrounding tissue differentiated intanesencephalon (Martinez et al., 1999; Liu et al.,, 1999). We
the cerebellum (Martinez et al., 1995). The tectum and theompared the effect of Fgf8a and Fgf8b by in ovo
cerebellum, which differentiate from the mesencephalic andlectroporation, a strong gene transfer system (Funahashi et al.,
the metencephalic alar plate respectively, are exposed to th€99). We first examined Fgf8a and Fgf8b expression at the
isthmic organizing signal, but their mode of differentiation isisthmic region by reverse transcription polymerase chain reaction
quite different (Jacobson, 1991; LaVail and Cowan, 1971)RT-PCR), then compared the organizing activity of Fgf8a and
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Fgf8b by misexpression using in ovo electroporation (Funahashorseradish peroxidase (HRP)-conjugated anti-mouse 1gG (Jackson),
et al., 1999). We found that Fgf8b completely transformed ther Cy3-conjugated anti-mouse 1gG (Jackson) was used. DAB (3,3
mesencephalic alar plate to differentiate as cerebellum. We théigminobenzidine) was adopted as the chromogen for HRP.
carried out quantitative experiments to ascertain if the typediotinylated anti-mouse IgG was also used as the second antibody,
difference in the effect of Fgf8 could be ascribed to the differenc@’d immunoreactivity was detected using the ABC-Elite system.
in the strength of the signal. We also paid special attention {§'munostaining was caried out after in situ hybridization.

the expression 00tx2, Gbx2and c-Irx2 as these genes may Histology

determine the responsiveness to the organizing signal. Embryos were fixed with 4% paraformaldehyde, and embedded
in Historesin (Leica). Serial 5um sections were stained with

MATERIALS AND METHODS Hematoxylin and Eosin.

Probes, cDNAs and expression vectors RESULTS
Fgf8a Fgf8bhcDNAs were cloned by PCR from mRNA of embryonic

day (E) 3 chick embryos. Probes fm1, Pax6, Pax2, PaxdndGbx2  Fgf8a and Fgf8b are expressed in isthmus

were isolated as described previously (Araki and Nakamura, 1999 . . .
Itasaki and Nakamura, 1996; Katahira et al., 2000; Okafuji et al h mice, there are at least 6 exons inFigé8 gene, which are

: : ; alternatively spliced to give potentially eight different Fgf8

1999) Otx2 and Irx2 probes are kind gifts from Drs Kitamura and | .
Ogura, respectivelyEgf8a Fgf8bandOtx2 cDNAs were inserted in  1S0forms (Crossley and Martin, 1995; MacArthur et al., 1995a).
the expression vector, pMiwSV, which has a ctehctin promoter 10 identify the isoforms ofgf8 expressed in the isthmus of
and RSV enhancer (Suemori et al., 1990; Wakamatsu et al., 1997)chick embryos, we designed primer sets (Fig. 1A) that could

_ distinguish Fgf8 isoforms by PCR, and carried out RT-PCR on
In ovo electroporation mRNA isolated from the isthmic region of E1.5 (embryonic
In ovo electroporation was carried out as described previouslgay 1.5) chick embryos. Bofrgf8a and Fgf8bwere detected
chicken embryos were incubated in humid conditi_on ac3dér 36 airs, differences in the quantity of PCR product before
hours to reach stage 10 (Hamburger and Hamilton, 1951). DNggturation may reflect quantitative difference in the amount of

solution was injected into the lumen of the neural tube. The electrod . . . -
(Unique Medical Imada, Natori, Japan) were placed on the vitellin RNA expressed in the isthmus. By analysis of Fig. 1B by

membrane 4 mm apart, then a rectangular pulse of 25 V, 50 msecodd1 Image, it was shown that both DNA was amplified
was given 4 times by electroporation (CUY21, Tokiwa Sciencelogarithmically and with equal efficiency until 40 cycles, and
Fukuoka, Japan). To monitor the ectopic expression, a GFP expressiaturated around 44 cycles. Quantitative analysis shows that
vector was added to the DNA solution (0i8&ul). Only the anode the level of Fgf8b expression was much higher than that of

side of the neural tube is transfected, as DNA is negatively chargeBgf8a (Fig. 1B) Other isoforms were not detected.
The other side was used as a control. Since transfection on younger

embryos (stage 7-9) gave similar results to embryos at stage 10, tMisexpression of Fgf8a transformed the

latter embryos were used throughout because of better survival ratgffesumptive diencephalon to the fate of

RT-PCR mesencephalon

Poly(A)" RNA was isolated from the isthmic region of stage 9-10We .rr:lsexpre'sselégf&’l;\andFgf8bpn the right side of tr:]e Frfam.
embryos with QuickPréb mRNA Purification kit (Amersham VeSicles by in ovo electroporation at stage 10. The left side
Pharmacia Biotech). Reverse transcription was performed witgerved as the control. At E6.5-7.5 (stage 30-32) tectal swelling
SuperScriptMIl RT (Gibco BRLY), and cDNA was amplified by PCR  on the experimental side gxtended a_nterlorly Qnd beqame larger
with primers that can distinguish the Fgf8 subtypes. The primer s¢han that on the control side (8/8, Fig. 2A). Histologically, the
used in the present study was:TFCATGCACTTGTTCGTCC-3  alar plate of the prospective diencephalon appeared to have
and 3-TCTCGACGATGAGCTTGG-3 For the quantitative analysis, differentiated into the tectum as a result #fgf8a

PCR product was harvested every 4 cycles, and the amount gfisexpression (Fig. 2B). Anterior extension of the tectal
amplified DNA was analysed by NIH Image. swelling was already discernible at E3.5 (stage 21, Fig. 2C). A
In situ hybridization trunk of the oculomotor nerve arose from the basal plate of the

Whole-mount in situ hybridization was carried out according to thénesencephal_on on .t.he control  side (Fig. . ZD)'. Qn the
method of Bally-Cuif et al. (Bally-Cuif et al., 1995). For double- ransfected side, additional nerve trunks running similarly to

colored in situ hybridization, one probe was labeled with fluoresceil€ oculomotor nerve were apparent (3/3, Fig. 2E), suggesting
isothiocyanate (FITC), and the other was labeled with digoxigeniiihat the basal plate of the diencephalon was transformed into
(DIG) according to the manufacturer’s protocol (Promega). Alkalinethat of mesencephalon. Consistent with this idea, expression of
phosphatase (ALP)-conjugated anti-FITC and anti-DIG antibodiessletl, which is expressed in the oculomotor nucleus on the
(Roche Diagnostics KK) were colored with Fast Red/Naphthol AS/MXcontrol side, extended more anteriorly in the prospective
(red), and nitroblue tetrazolium chloride (NBT) and 5'br°m°‘4‘Ch|°r°'diencephalic territory (Fig. 2F). The trochlear nucleus was not

3-indolyl-phosphate (BCIP) (purple), respectively. In some cases, thggected (Fig. 2F), indicating that Fgf8a did not affect isthmic
red color was removed with ethanol to show the effect clearly. development '

Immunohistochemistry
Monoclonal antibodies used were: anti-En2 antibody, 4D9 (America#gfgb transformed the alar plate of the

Type Culture Collection), anti-neurofilament antibody, 3A10, anti-mesencephaIon to the cerebellum

Isletl antibody, 40.3A4 (Developmental Studies HybridomaMisexpression ofFgf8b produced drastic effects on the
bank), and anti-calbindin antibody (Sigma). As a second antibodynesencephalon. The tectal swelling of the transfected side of
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E13.5-E15.5 (stage 39-42) embryos was smaller than that site, whereas one nucleus was identified at the diencephalic
the control side, and had fissures that are typical for thkevel on the transfected side (Fig. 3L). These data suggest that
cerebellum (12/12, Fig. 3A-C). Histologically, a well both the alar plate and the basal plate of the prospective
differentiated external granular layer was present (Fig. 3D-Fmesencephalon were transformed into metencephalon by
and beneath it was a layer with large cell bodies, whiclrgf8bmisexpression.
resembled the Purkinje cell layer of the normal cerebellum ) )
(Fig. 3E,F). Immunoreactivity to anti-calbindin antibody, aEffects of Fgf8a and Fgf8b misexpression on
marker for Purkinje cells in the cerebellum, confirmed thaftnes/metencephalon-related molecules
these large cells were Purkinje cells (Fig. 3G,H). Thus, wélext, we examined the effects ofgf8a and Fgf8b
concluded that Fgf8b transformed the alar plate of thenisexpression on the mes/metencephalon-related molecules.
prospective mesencephalon to the cerebellum instead Bfrst, we examined the effects on the expressiorOb®2
differentiating into the tectum. In E3.5 embryos (stage 21), imnd Gbx2 It has been shown that repressive interaction
which morphological alteration was already obvious (5/5, Figbetween Otx2 and Gbx2 determines the location of the
3l), the oculomotor nerve trunk was missing in the ventrames/metencephalic boundary (Broccoli et al., 1999; Millet et
mesencephalon on the transfected side (3/3, Fig. 3J,K). Tla, 1999; Katahira et al., 2000). Misexpressio®bf2in the
oculomotor, or trochlear, nucleus did not exist at its propemetencephalon changed its fate to mesencephalon (Broccoli et
al., 1999; Katahira et al., 2000), which indicates @@ plays
a crucial role in the development of the tectum. Fgf8a did not
A affect Otx2 (4/4) or Gbx2 (9/9) expression at 24 hours after
electroporation (stage 17, Fig. 4A-D). In contrast, Fgf8b
e o TRe r LALLCACIDLDL 59 repressedOtx2 expression (5/5, Fig. 5A-C), and induced
i e AR AT Gbx2 expression in the mesencephalon and in the caudal

LLCTCTGCCTG CHHGCCCHBF TAACTGTTCA GTCCCCACCT ARTTTTACAC 188

ILeuCysLeu GlnAlaGiny alThrValGl nSerProPro AsnPheThrG

AGCATGTGAG GGAGCAGAGC CTGGTGACAG ATCAGCTCAG CCGGCGGCTC 158
IHisValAr gGluGinSer LeuValThrA spGlnLeuSe rArgArgleu

GTGCGCACCT ACCAGCTGTA CAGCCGGACC AGCGGGAAGC ACGTGCAGAT 208
ValRArgThrT yrGlnLeuTy rSerfArgThr SerGlylysH isValGlinl |

CTTGGACAAC AAGAAAATCA ATGCGATGGC CGAGGACGGG GATGTGCACG 250
eLeufispfAisn LysLys!lef snAlafetAl aGluAspGly AspValHisA

CCAAGCTCAT CGTCGAGACC GACACCTTTG GOAGCCGCGT GCGCATCRAR 3680

laLysLeul |l eValGluThr AspThrPheG lySerfrgVa [Argllelys

B

M 28 32 36 40 44 48 cycles

Fig. 2. Effects of Fgf8a misexpression. (A) Dorsal view of the E7.5
chick brain. Misexpression of Fgf8a enlarged the tectum (compare
control side and the experimental side). In A-C the anterior limit of the
291 » FgfSh tectum is indicated by white arrowheads and a black arrow (in B) on
210 » .- : the control side, and by black arrowheads on the experimental side.
162 > Fgf8a (B) Horizontal section showing that the tectum has enlarged into the
diencephalic territory. (C) Tectal swelling extended towards anterior at
E3.5. (D,E) Whole-mount immunohistochemistry with anti-
neurofilament antibody of an E3.5 embryo. On the control side,

Fig. 1. Analysis ofFgf8aandFgf8bin the isthmus by RT-PCR. oculomotor (1) and trigeminal (V) nerves are present. On the

(A) Part of theFgf8bcDNA and amino acid sequence showing the experimental side (E), there are 3 nerve trunks that run similarly to the
difference betweeRgf8aandFgf8h. Fgf8alacks the boxed region  oculomotor nerve (arrowheads). The arrow indicates the oculomotor
(Crossley and Martin, 1995; MacArthur et al., 1995a). The primer nerve on the control side. (F) Immunohistochemistry with anti-Isletl
pair for RT-PCR are underlined, expected length of Fgf8a and Fgfémtibody of an E3.5 embryo to show the motor nuclei. On the control
being 202 and 235, respectively. (B) Quantitative RT-PCR. The  side the oculomotor nucleus (lll) at the mesencephalon and the
number above each lane indicates the number of the cycles of PCRochlear nucleus (V) at the isthmus are clearly visible. On the

Lane M is the DNA size marker of@174Hincll digest. Analysis  experimental side the oculomotor nucleus extends anteriorly into the
by NIH Image based on this figure indicated that amplification wasdiencephalic territory (arrowheads). cont: control side; exp:
logarithmic until cycle 40. RT-PCR analysis shows #giBaand experimental side, tel: telencephalon, di: diencephalon, tect: tectum,
Fgf8bare localized in the isthmic regioRgf8bbeing predominant. mes: mesencephalon. Scale bars, 4 mm (A, B)u89QC), 400um
OtherFgf8isoforms were not detected. (D, E) and 20Qum (F).
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diencephalon at 24 hours after electroporation (5/5,
5D-F).

We then examined the expression mfrx2, one o
chick homologues ofDrosophila Iroquois expresse
in the metencephalon (Goriely et al., 199@}Irx2
expression was not affected by Fgf8a (3/3, Fig. 4E,F
was induced by Fgf8b in the mesencephalon and i
caudal diencephalon (6/6, Fig. 5GHax2andPax5have
been shown to play essential roles in isthmus form
(Krauss et al., 1992; Okafuji et al., 1999; Pfeffer et
1998; Funahashi et al., 1999). Misexpression of Fgf8
not affectPax2 (3/3, Fig. 4G,H) oPax5(5/5, Fig. 41,J
expression. In contrastFgf8b downregulated th
expression ofPax2 in the isthmus, but induced
expression in the mesencephalon and c¢
diencephalon (3/3, Fig. 5J-L).

Enl and En2 are required for regionalisation of
mesencephalon and the metencephalon, and En2 pl
important role in rostrocaudal polarity formation of
tectum (Hanks et al., 1995; Itasaki and Nakamura, !
Itasaki and Nakamura, 1996; Wurst et al., 1994).
Fgf8a and Fgf8b inducdgin2in the caudal diencephalc
mesencephalon and metencephalon, with Fgf8b beir
more effective (Figs 4K,L, 5M,N)Enlwas induced b
Fgf8a in the anterior mesencephalon and the ci
diencephalon (4/4, Fig. 4M). The posterior limit of
Pax6 expression domain was shifted anteriorly by F
(717, Fig. 4N,0).

Weaker Fgf8b signal exerts similar effects as

Fgf8a

It has been reported that Fgf8b has stronger transfo
activity than Fgf8a (MacAuthur et al., 1995b). \
therefore, tested if weaker Fgf8b signal would €
similar effects as Fgf8a. The expression level «
transgene resulting from in ovo electroporation
shown to depend on the concentration of the [
solution injected (Momose et al., 1999). We there
misexpressedrgf8b at concentrations of 1.0, 0.1, 0.
and 0.001ug/ul of Fgf8b expression vector (Fig. 6). /
expected, morphological changes at 0id/ul were
similar to those caused IBgf8a,that is, the diencephals
changed its fate to tectum, and as a result the te
enlarged (4/4, Fig. 6E,F). The effects on the expres
of molecular markers were also similar to those of F
(data not shown). These data may justify our wor
hypothesis that the difference in organizing acti
between Fgf8a and Fgf8b is attributable to the differ
in the strength of the signal.

Otx2 confers mesencephalic competence

Competence, i.e., tissue responsiveness to the sig
molecule, may be determined by the combination o
transcription factors. It has been shown tbe€2andEnl
are indispensable for the tectum development (4
and Nakamura, 1999; Wurst et al., 1994). Sifgel
is expressed in the metencephalon and in
mesencephalon, we thought th@tx2 may be a ke
molecule for the mesencephalic competence. To \

Fig. 3. Effects of Fgf8b misexpression. (A,B) Dorsal and lateral view of an
E15.5 brain after misexpressionkgf8h. The tectum has disappeared, and
instead cerebellum has differentiated ectopically (arrow in A,B).

(C) Misexpression on hoth sides has completely replaced the tectum with
the cerebellum (cer). (D) Parasagittal section of the brain in B to show the
cerebellum proper (cer) and the part that differentiated from the
mesencephalic alar plate (arrow). (E,F) Higher magnification of the
cerebellum proper (cer) and the cerebellum-like structure (indicated as E
and F in D). The cerebellar structure in the mesencephalic region has an
external granular layer (compare the cells indicated by an arrow in E and
F), and the layer that is identical to the Purkinje cell layer (compare
arrowheads in E and F). (G,H) Immunocytochemistry with anti-calbindin
antibody. Parasagittal cryosection of the brain shown in C was stained with
anti-calbindin antibody. H is a higher magnification micrograph of the area
indicated in G. Anti-calbindin antibody specifically stains Purkinje cells in
the cerebellum, and G and H show that Purukinje cells are differentiated in
this structure. (I-L) E3.5 embryos aftegf8bmisexpression. (I) Lateral

view; there is no tectal swelling (arrowhead). (J,K) Whole-mount
immunohistochemistry with anti-neurofilament antibody. (L) Flat-mount
specimen after immunohistochemistry with anti-islet-1 antibody. The
oculomotor nerve trunk (arrowhead inK) and the nucleus (L) disappeared
on the experimental side. cer: cerebellum, cont: control side, di:
diencephalon, exp: experimental side, mes: mesencephalon, tect: tectum,
tel: telencephalon, I1l: oculomotor nerve trunk or oculomotor nucleus, IV:
trochlear nucleus, V: trigeminal nerve. The anteroposterior direction is
indicated by the arrow on B, D and G. Scale bars, 4 mm (A-D,G}u800

(1), 400pm (J,K), 200um (L) and 10Qum (E,F,H).

this idea, co-transfection @tx2 and Fgf8b was carried out vector resulted in complete substitution of the tectum with the

(Fig. 7). Misexpression dfgf8busing a 0.1ug/ul expression

cerebellum (4/4, Fig. 6C,D). However, co-transfectioRgiBb
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Fig. 4.Effects of Fgf8a on down stream gene A Fgf8a —» Otx2 B I Fgf8a —= Pax5 J
expression. Fgf8a did not affédtx2 (A, B), mes o di il ™ '

Gbx2(C,D), c-Irx2 (E,F), Pax2(G,H), orPax5 g £ J

(1,J) expression. En 2 expression was ' "
upregulated by Fgf8a in the diencephalic region (hr e " '
(K,L). Enlexpression was also upregulated in - % — i W

the diencephalic region (MPax6expression ~ 24hr e = »
was repressed at the posterior diencephalon C Fef8a Gbx2

(N,O). Whole-mount in situ hybridization for : D K - Fgm L

Fgf8a(A,C,E,G,|, red), and foDtx2(B), Gbx2 l‘ n2

(D), c-Irx2 (F), Pax2(H), Pax5(J), En1(M), & '

andPax6(N,0), all in purple. (K,L) In situ ’ > met Fﬂs“

hybridization forFgf8a(purple) and

immunohistochemistry showing En2 expression

(brown). An arrow indicates the rostral limit of

En2 (K),En1(M), andPax6(N,0) expression, E Fgf8a —— Irx2
and the caudal limit of En2 (L) expression on

the experimental side. An arrowhead indicates

the limit of corresponding gene expression on '
the control side (K-O). Scale bars, 0. g

Erll
9hr —

(0.1 pg/ul) and Otx2 (1.0 pg/ul) expressiol

vectors recovered the tectal swelling (! G 2 Fgl’&l——- Pass

Fig. 7C,D). Moreover, diencephalon ¢ § &

metencephalon changed their fate to tec e/ -

These results confirm that Fgf8 sig ’

activates the gene expression cascade fi *%gs — S

optic tectum in the neural tube only wh
Otx2is expressed. Therefore, Otx2 is a
molecule in mesencephalic determinatic
Corresponding to the anterior extension of Bmeexpression
domain, tectal swelling extended anteriorly. The posterior limit
DISCUSSION of thePax6expression domain shifted anteriorly. As indicated
by Matsunaga et al. (Matsunaga et al., 2000), the interface of
We have shown here by misexpression experiments that (Pax6 and Enl expression domains corresponded to the
Fgf8a induced En2 expression in the diencephalon anbloundary between the diencephalon and the tectum on the
changed its fate to the mesencephalon, (2) Fgf8b upregulategperimental side. Since the oculomotor nucleus extended
Gbx2, Pax2and Irx2 expression, repressédiix2 expression, anteriorly, and since additional oculomotor nerve trunks were
and induced cerebellum in place of the tectum and the caudalbserved aftef~gf8a misexpression, it was concluded that
diencephalon, and (3) weak Fgf8b signals exerted Fgf8a-tygegf8a converted the fate of the alar plate and the basal plate
effects. We have confirmed that Otx2 is involved in thefrom diencephalon to mesencephalon.
competence of mesencephalon. After Fgf8b misexpression, tectal tissue was completely
Classical transplantation experiments showed thateplaced by cerebellar tissue. In this ectopic cerebellum, the
presumptive diencephalon could change its fate to differentiaexternal granular layer and Purkinje cell layer differentiated.
into tectum when transplanted into the mesencephalon near tRerkinje cell differentiation in the ectopic tectum was
isthmus (Nakamura et al., 1986; Nakamura and Itasaki, 1992onfirmed by immunocytochemistry with anti-calbindin
Then it was shown that isthmus has an organizing activity foantibody on E15.5 embryos. AftEgf8b misexpressiosbx2,
the tectum and the cerebellum (Martinez et al., 1991; MartineRax2 and Irx2 expression extended to the diencephalic level,
et al., 1995). Since an Fgf8-soaked bead implanted into tlendOtx2expression disappeared from the mesencephalon and
diencephalon induced expression of En2 Whil,and since the posterior diencephalon. This phenomenon suggests that the
the neighboring prospective diencephalon differentiated intessthmus may have moved to the prospective diencephalic level.
the tectum, it was assumed that Fgf8 is the isthmus organizifithus the motor nucleus that differentiated at the level of
molecule (Crossley et al., 1996). Subsequent gain-of-functioariginal anterior diencephalon (see Fig. 3L) may be the
studies of Fgf8 in chick and mice, and analyses in mutartochlear nucleus. The effect of Fgf8b both morphologically
zebrafish and mice have all suggested that Fgf8 is a signaliagd on downstream gene expression, indicate that the alar
molecule emanated from the isthmus (Brand et al., 1996; Lgdate of the presumptive mesencephalon and the posterior
et al., 1997; Liu et al., 1999; Martinez et al., 1999; Meyers atiencephalon changed their fate to the cerebellum.
al., 1998; Reifers et al., 1998; Shamim et al., 1999). It is a very interesting phenomenon that the quite different
In the present study, Fgf8a did not aff€tix2, Gbx2 or architecture of tectum and cerebellum differentiate as a result
Pax2/5expression. Fgf8a inducdthl and En2 expression in of exposure to the isthmus organizing signal. Their mode of
the diencephalon, and as a restlhl and En2 expression differentiation is also quite different. The difference in
extended anteriorly to the presumptive diencephalic regiorsequence betweeRgf8a and Fgf8b is subtle (see Fig. 1A;
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Fig. 5. Effects of Fgf8b on down stream gene expression. Fgf8b Fsf8b > g
represse®itx2 (A-C), inducedGbx2(D-F), Irx2 (G- I) andPax2 A Bl Otx2 B C Otx2

(J-L) expression. Fgf8b upregulated En2 expression in the
diencephalic region (M,N). Whole-mount in situ hybridization {

for Fgf8b(A,D,G,J, red), and foDtx2(B,C), Gbx2(E,F),Irx2 ~

(H,1), Pax2 (K,L) in purple. (M,N) In situ hybridization for

Fgf8b (purple) and immunohistochemistry showing En2 e

expression (brown), C,F,I and L show the control side. An arrow — 24hr cont.
indicates the rostral (M) and caudal (N) limit of En2 expression 1

on the experimental side, and an arrowhead indicates the rostraD F gmh Gbx2 E F Gbx2
(M) and caudal (N) limit of En2 expression on the control side. !

Scale bars, 600m.

-
b

-

Crossley et al., 1995; MacArthur et al., 1995a), bul -
effect of misexpression oFgf8a and Fgf8b is very = e
different as shown in the present study and in transi CORL:

mice in whichFgf8a or Fgf8bwas misexpressed unc (3 Fgf8b =—— Irx2 H I Irx2
Wntl regulation (Lee et al., 1997; Liu et al., 19¢ ;
Fgf8amisexpressing mice show overgrowth of

di-mesencephalic region (Lee et al., 1997, Liu et ‘ # S .
1999). However, Fgf8b-misexpressing mice shc

transformation of the presumptive diencephalon k _— e — —
mesencephalon to metencephalon as judged by - cont.

gene expression (Liu et al., 199Byf8btransgenic mic

showed severe exencephaly, so that the final fate ¢ J _‘_Fngh ~Pax2 K T, Pax2

presumptive mesencephalon and diencephalon wea TN
reported by Liu et al. (Liu et al., 1999). The present s G

is the first to show that Fgf8b changed the fate of

entire mesencephalic alar plate to differentiate .
cerebellum, while Fgf8a exerted little effect on — —
mesencephalon. It has been shown that the expre cont.
level of a transfected gene by in ovo electroporatic M ¢ FgfSbh N

dependent on the concentration of the DNA soll ,77
injected (Momose et al., 1999). Since electropore En2

with 1% Fgf8b expression vector exerted a similar e el l"'—
>

»

as Fgf8a, the type difference between Fgf8a and F - et

as an isthmic organizing signal can be attributed t¢  mes
intensity of the signal. Liu et al. (Liu et al., 1999) ¢
interpreted the phenotype difference between Fgf8:
Fgf8b transgenic mice as quantitative, the effect of F
being milder than that of Fgf8b. Implantation of be
soaked in Fgf8b in chick embryos also support
hypothesis (Martinez et al.,, 1999). Martinez et
implanted the Fgf8b-soaked bead in the dienceph Fgfsh

and showed that the cells closest to the bead acquir 0.001 pg/ul
cerebellar characteristics, and that the tectum
induced surrounding the cerebellar islet. In this con
Fgf8 signal might have been weak in the Fgf8b |
implantation experiment of Crossley et al. (Crossle
al., 1996) in which midbrain structure was induced ir
diencephalon. The results of Shamim et al. (Shami
al.,, 1999) in which Fgf8a- and Fgf8b-soaked b
implanted in the diencephalic region induced sin

f—

FefSh
0,001 ll"ll il

Fig. 6. Semi-quantitative analysis &Qf8bmisexpression.
Electroporation of pMiwFgf8b at a concentration of figaul
(A,B) and 0.1ug/ul (C,D) resulted in fate change of the
mesencephalic alar plate to the cerebellum. However,
electroporation of pMiwFgf8b at a concentration of Qugiul
resulted in enlargement of the tectum (E,F), as seen with Fgf83
Electroporation at a concentration of 0.Q@ful had no effect
(G,H). Embryos were all fixed at E7.5. Scale bars are 4 mm.
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A Fefsh1.0pg/ul C Femsboaugu | E remsbo.otpgi Otx2 Gbx2

Oix2 LOpg/ul Otx2 LOpg/ul Ox2 LOpg/ul

Fgf8 inducing factor
(Enl/2, Pax2/5, Gbx2, Irx2)
\

{
Fgf8 Protein

High
o o Low *e Low
Fef8h 0.1 g/l lﬂ FefSh0.01pg/ul % e® &
Otx2 LOpg/ul Otx2 LOpg/ul g * 0 _e.e* L

turn on gene cascade
toward tectum

turn on gene cascade
toward cerebellum

Fig. 7. Co-transfection ofFgf8bwith Otx2 WhenOtx2was co- I 1 =
electroporated, the effect of Fgf8b was converted to an Fgf8a-type .

effect at a concentration of Ou@y/ul, 10 times higher concentration 1 fsthmus 1

than singlé=gf8belectroporation. Arrowhead indicates ectopic tectal

structure in the metencephalon (D,F). Embryos were fixed at E7.5. tectum cerebellum

Scale bars, 4 mm. Fig. 8. Schematic drawing to show the inductive activity of Fgf8. In

normal developmenEgf8 expression is induced at the interface of
changes are consistent with our studies, in that weak Fgf8hix2andGbx2expression domains, overlapping Witbx2. Enland
signal exerted similar effects to Fgf8a. Pax2are expressed both in the mesencephalon and the
Responsiveness of the tissue to the signaling molecule, majetencephalon, and they may be involved in the initiatidrgs
be determined by the combination of the transcription factorgxpression. In the metencephalic region, Fgf8 signal (red) is strong
expressed in the responding area. It has been suggested §udh to suppor-Irx2 andGbx2expression and to repreSix2
Otx2 and Enl are indispensable for the tectum developmenfXPression, which may induce this region to develop as R1.

- . onsequently, the alar plate of R1 differentiates as cerebellum. In
(Araki and Nakamura, 1999; Wurst et al., 1994). Otxzcontrast, in the mesencephalic region, Fgf8 signal may be too weak

misexpression in the metencephalon resulted in ectopig \epresotx2expression. The alar plate differentiates as tectum.
differentiation of the tectum or inferior colliculus in the

metencephalic region (Broccoli et al., 1999; Katahira et al.,
2000). Misexpression dEn2 or Enlin the diencephalon also 2000; Martinez and Alvarado-Mallart, 1989; Wingate et al.,
changed the fate of the diencephalic alar plate to that df999). Gbx2 and Irx2 are expressed in R2, but the fate is
mesencephalon (Araki and Nakamura, 1999). Sioé is  different. It may be becaustoxa2is expressed in R2 (Irving
expressed commonly in the metencephalon and in thend Mason, 2000; Wingate et al., 1999). SiOte2 represses
mesencephalon, we thought ti@tk2 may be a key molecule Fgf8 expression (Broccoli et al., 1999; Katahira et al., 2000),
for mesencephalic competence. As discussed abovEgf8transcripts do not localize in the mesencephalon (Irving
electroporation with a lower concentrationF@ff8bexpression and Mason, 2000; Martinez et al., 1999). Although we do not
vector exerted the Fgf8a-type effects. Co-transfecticDte? ~ know the exact range of Fgf8 signaling, diffusion of Fgf8
turned the Fgf8b-type to Fgf8a-type effects at higheprotein in the mesencephalon may be limited. Thus, the
concentration of Fgf8b than electroporation with Fgf8b alonemesencephalic region may receive weak Fgf8 signal,
The results indicate that Otx2 is crucial for the mesencephalighich does not repres©tx2 expression. Consequently,
competence. mesencephalic alar plate may differentiate into the tectum.
How do these results relate to the isthmic organizing signé@inceEn, which confers posterior characteristics to the tectum
and differentiation of the tectum and the cerebellum in normglitasaki and Nakamura, 1996), is so sensitive to upregulation
development? It has been suggested B8 expression is by Fgf8, Fgf8 may play a crucial role in rostrocaudal polarity
settled at the interface 00Otx2 and Gbx2 expression, formation of the tectum, as proposed by Shamim et al.
overlapping with Gbx2 expression (Broccoli et al., 1999; (Shamim et al., 1999). The idea that the region that receives
Hidalgo-Sanchez, 1999; Millet et al., 1999; Irving and Masonstrong Fgf8 signal acquires the R1 characteristics may also be
2000; Katahira et al., 2000). The region that is exposed to tteipported by the result of Fgf8b-bead implantation
strong Fgf8 signal, and express€bx2 and c-Irx2 may  experimentin which cerebellar structure was induced just near
acquire characteristics of rhombomere 1 (R1) (Fig. 8). Indeedhe bead, and the tectum at a distance from the bead (Martinez
the results of our RT-PCR show tHaqf8bis predominantly et al., 1999). Recently, Fgfl7 and Fgf18 were shown to be
expressed in the isthmic region (see Fig. 1). In the R1 regioexpressed at the mes/metencephalic boundary (Maruoka et al.,
Hox genes are not expressed, and cerebellum differentiat&998; Xu et al., 2000). It was also reported that expression
from the dorsal part of R1, the rhombic lip (Irving and Masonpatterns and the affinity to the receptors of Fgf8, Fgfl7 and
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Fgfl8 in vitro are similar (Xu et al., 1999). Fgf18 has been.avail, J. H. and Cowan, W. M. (1971). The development of the chick optic
found to induceFgf8 expression in the caudal diencephalon, tectum. I. Normal morphology and cytoarchitectonic developnigratin

B . : :Res 28, 391-419.
andltransform t?e Cka'Ud?‘(l d|enc¢phalorr]1_tt)<_) trée ml.dbralnl (Ohgchtlae, S. M., Danielian, P. S., Fritzsch, B. and McMahon, A. F1997).
et al., 2000)Fgf17 knock-out mice exhibited a tissue 10SS in " ‘ligence that FGF8 signalling from the midbrain-hindbrain junction

the caudal part of the mesencephalon, inferior colliculus and regulates growth and polarity in the developing midbR&velopment 24,
the vermis cerebellum (Xu et al., 2000). These results indicate959-969. _
functional redundancy of these genes. Further analysis & A. Losos, K. and Joyner, A. L.(1999). FGF8 can activate Gbx2 and

- . - transform regions of the rostral mouse brain into a hindbrain fate.
required to assess the differential role of these genes. DevelopmentDevelopment 26, 4827-4838.

Enl and En2 are so sensitive to upregulation by Fgf8 sign@lacarthur, C. A., Lawshe, A., Xu, J., Santos-Ocampo, S., Heikinheimo,
that both are induced by Fgf8a in the diencephalon (see Fig.M., Chellaiah, A. T. and Omitz, D. M. (1995a). FGF-8 isoforms activate
4K-M). This may well explain why Fgf8a transforms the receptor splice forms that are expressed in mesenchymal regions of mouse

; ; ; developmentDevelopmeni2l, 3603-3613.
presumptive dlence[)halon into the mesencephalon. MacArthur, C. A., Lawshe, A., Shankar, D. B., Heikinheimo, M. and

. . . Shackleford G. M. (1995b). FGF-8 isoforms differ in NIH3T3 cell
We thank Dr Y. Wakamatsu for critical reading of the manuscript, transforming potentia([:ell G)rowth Differ 6. 817-825.
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