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Summary

Early patterning of the vertebrate midbrain and
cerebellum is regulated by a mid/hindbrain organizer that
produces three fibroblast growth factors (FGF8, FGF17
and FGF18). The mechanism by which each FGF
contributes to patterning the midbrain, and induces a
cerebellum in rhombomere 1 (rl) is not clear. We and
others have found that FGF8b can transform the midbrain
into a cerebellum fate, whereas FGF8a can promote
midbrain development. In this study we used a chick
electroporation assay and in vitro mouse brain explant
experiments to compare the activity of FGF17b and FGF18
to FGF8a and FGF8b. First, FGF8b is the only protein that
can induce the rl geneGbx2 and strongly activate the
pathway inhibitors Spry1/2,as well as repress the midbrain
geneOtx2. Consistent with previous studies that indicated
high level FGF signaling is required to induce these gene
expression changes, electroporation of activated FGFRs
produce similar gene expression changes to FGF8h.
Second, FGF8b extends the organizer along the junction
between the inducedSbx2domain and the remainingOtx2

region in the midbrain, correlating with cerebellum
development. By contrast, FGF17b and FGF18 mimic
FGF8a by causing expansion of the midbrain and
upregulating midbrain gene expression. This result is
consistent with Fgfl7 and Fgfl8 being expressed in the
midbrain and not just in rl as Fgf8 is. Third, analysis of
gene expression in mouse brain explants with beads soaked
in FGF8b or FGF17b showed that the distinct activities of
FGF17b and FGF8b are not due to differences in the
amount of FGF17b protein produced in vivo. Finally, brain
explants were used to define a positive feedback loop
involving FGF8b mediated upregulation ofFgfl8, and two
negative feedback loops that include repression &fgfr2/3
and direct induction of Spry1/2 AsFgfl7 and Fgf18 are co-
expressed withFgf8 in many tissues, our studies have broad
implications for how these FGFs differentially control
development.

Key words:Fgf8, Fgf17, Fgf18 Mid/hindbrain organizer, FGF
receptors Sprouty Mouse, Chick

Introduction

assays FGF17b and FGF18 have similar receptor binding

Early patterning of the vertebrate presumptive midbrain anBroperties and ability to induce proliferation when compared
rhombomere 1 (r1), which dorsally gives rise to the cerebellunfVith FGF8b (Xu et al., 1999; Xu et al.,, 2000). In zebrafish,
is regulated by a local organizer situated at the mid/hindbraiffRNA injection experiments indicate thegf8 and Fgf17
junction (reviewed by Joyner et al., 2000; Liu and Joynelljave S|m|I5':1r effects on gastru!atlon (Re|_fers et al., 2000). Loss
2001a; Wurst and Balley-Cuif, 2001). FGF8, a member of th€f Fgf17 in mouse results in truncation of the posterior
fibroblast growth factor (FGF) family, is expressed in r1m|dbr_a|n (inferior colliculus) and reduced proliferation of the
adjacent to the mid/hindbrain junction and has organizednterior cerebellum (Xu et al., 2000), wher&gél8does not
activity. FGF8 can induce the patterned expression of marPpear to be required for midbrain or cerebellum development
midbrain/rl genes and the formation of ectopic midbrain ofLiu et al., 2002; Ohbayashi et al., 2002). There is clearly
cerebellar structures depending on the cellular environme@tverlap in function between at led33f8 and17, as removal

and isoform (a or b) of FGF8 protein used. Furthermore, los®f one copy ofFgf8 on anFgf17 mutant background leads to
of-function studies in mouse and zebrafish have shown than exaggerated cerebellum phenotype (Xu et al., 2000). The
Fgf8 is required for normal development of the midbrain andexact functions of each FGF protein therefore are not clear.
cerebellum (Meyers et al., 1998; Reifers et al., 1998; Chi et al., Fgf8 mRNA is differentially spliced to generate multiple
2003).Fgf17 and Fgf18 which encode proteins more closely protein isoforms. FGF8a and FGF8b are the primary isoforms
related to FGF8 than the other FGF family members, are alsxpressed in rl (Sato et al., 2001) and they differ by only 11
expressed in the mid/hindbrain junction region in broadeamino acids that are included in FGF8b. Surprisingly, we have
domains tharrgf8, including the posterior midbrain (Maruoka shown that these two FGF8 isoforms produce very different
et al., 1998; Xu et al., 1999). In biochemical and cell culturgphenotypes when mis-expressed in transgenic mouse embryos
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(Liu et al., 1999). Ectopic expression of thesoform of Fgf8  fgfr (branchles} (Hacohen et al., 1998). There are multiple
in the midbrain and caudal forebrain results in both expansioBpry members in the vertebrates, two of whiSpri1and
of the midbrain and ectopic expressionEsf2, but not other  Spry2 are expressed in the mid/hindbrain region of mouse and
genes expressed in the midbrain and r1 (Lee et al., 1997; Lahick embryos and induced by FGF (4 or 8b)-soaked beads in
etal., 1999). The EN transcription factors alone cannot mediatdick embryos (Chambers et al., 2000; de Maximy et al., 1999;
the midbrain expansion, as similar ectopic expressidandf Minowada et al., 1999). Thus, similar to other signaling
does not induce the same phenotype (Lee et al., 1997), apdthways, FGF induces a negative feedback loop, and a fine
Fgf8a produces midbrain expansion evenEn2 mutants (D. balance between activating and suppressing signaling must be
Song and A.L.J., unpublished data). In contrast to FGF8a, threquired for proper midbrain and cerebellum development.
b isoform produces exencephaly and a rapid transformation of In this study, we compared the activity of FGF17b and
the midbrain and diencephalon into an anterior rl fate (Liu €€GF18 to FGF8 in midbrain/cerebellum development using the
al., 1999) that includes repression of the midbrain game, chick electroporation assay. Strikingly, mis-expression of
expansion of the hindbrain ge@x2and an anterior shift in Fgfl7bor Fgfl8at similar levels td-gf8 induced expansion of
organizer geneskF@f8/Wnt). A further study showed that the midbrain and regulation of midbrain genes similar to
GBX2 and EN1/2 are both required for FGF8b to regulat&-GF8a. Of significance, among the four FGF proteins tested,
some midbrain/rl genes (Liu and Joyner, 2001b). only FGF8b inducessbx2 and represse®tx2 producing a

Recently, the functions of FGF8a and b also were elegantlyroad Gbx2+/Otx2—domain that abuts th®tx2 positive cells
compared in chick following electroporation of different in the remainder of the midbrain. Interestingly, FGF8b induces
concentrations of DNA expression constructs. Similar to whabrganizer genes at the n&bx2/Otx2border, whereas FGF8a
was observed in mousd;gf8a causes expansion of the inducesFgf8 in scattered cells in the midbrain. In addition,
midbrain and=gf8btransforms the midbrain into a cerebellum only FGF8b strongly induces the feedback inhibifpsyland
based on early gene expression changes and later morpholdgyry2 and we show thaBprylis a direct target of FGF8
(Sato et al., 2001). Interestingly, the initial effect of FGF8b issignaling. Consistent with the idea that FGF8b induces a higher
to reduce growth of the midbrain. Thus, FGF8a and b haVevel of signaling, mis-expression of activated FGFRs leads to
distinct activities, both on growth and regulation of genenduction ofGbx2andSpryl/2and repression ddtx2 similar
expression. Of relevance, 100 times lower leveld=gf8b  to FGF8b, although the induction is in scattered cells and does
induce an expanded midbrain. These results, and other studiest produce a late phenotype of cerebellum induction.
(Martinez et al., 1999; Liu et al.,, 1999), have led to the
suggestion that a high level of FGF8 signaling induce .
cerebellum development and a lower level induces midbrai aterials and methods
development. If this is the case, then strongly inducing the FGFechniques
pathway using activating mutations in FGFRs should mimidMouse brain explant culture, RNA in situ hybridization of whole-
the effects of FGF8b. Furthermore, given the dual functions ghount tissue and sections was carried out as previously described (Liu
FGF8 proteins in midbrain and cerebellum development, it ighd Joyner, 2001b; Liu et al., 1999). In ovo electroporation in chicken
important to determine whether FGF17 and 18 are similar t8Mbryos was performed as described previously (Timmer et al., 2001)
FGR8a or b R A R e ki o ol

- P ; . et al., y .

FGF signaling is mEd'atefd by fibroblast growth fac'gongﬂB (Maruok% et al., 1998), and hu?nan mutant FGFR genes were

receptor (FGFR) proteins, which belong to a family of tyrosin

- . . . oned into a chicken expression vecpddiwlll (Muramatsu et al.,
kinase-containing transmembrane proteins that bind to FG 97) such that they are under the control of a chig&eatin

molecules and mediate FGF signaling (reviewed by Powelsomoter. Two mutant forms of human FGFR1, N546K and K656E

et al., 2000). Loss-of-function studies in mouse havgM. Mohammadi, unpublished), as well as one mutant form of human
demonstrated that various FGFRs are essential in proces$&sFR2, C342Y (Mansukhani et al., 2000), were used in this study.
such as gastrulation, limb outgrowth and lung morphogenesie expression constructs were injected into the midbrain ventricles
(reviewed by Liu and Joyner, 2001a). In vitro studies havef stage 9-12 chicken embryos (Hamburger and Hamilton, 1992) and
indicated that in the presence of heparin, all three FGFs preséf electrodes were placed on either side of the rostral brain. Five
in the mid/hindbrain region bind to the ¢ isoforms of FGFRZectangular electric pulses of 10 volts, for 50 mseconds were then
and FGFR3 with high affinity, but not to FGFR1 (Blunt et al.,d€vered.

1997; Xu et al., 1999). Interestingly, in mouse and chickreagents

embryos Fgfr2 and Fgfr3 are not expressed near the y,man FGF17b protein was kindly provided by Shaun K. Olsen and

mid/hindbrain organizer anBigfrl is expressed at low levels M. Mohammadi. An in situ probe for chick@bx2was generated by
(Ishibashi and McMahon, 2002; Walshe and Mason, 2000RT-PCR from stage 18 chicken brain RNA according to chicken

raising the question of whether FGFR2/3 mediate FGequences published in GenBank. A probe for chieke@was made
signaling from the organizer. Indeed, a recent study of micky Dado Boncinelli. The chickgf8 probe was from Brigid Hogan,
lacking Fgfr1 specifically in the midbrain and r1 showed thatandSprylandSpry2probes were from Gail Martin. The chivkntl
Fgfrl is the primary FGF receptor required in midbrain andProbe was from Marion Wassef.
cerebellum development (Trokovic et al., 2003).

The Sprouty (Spry) family of proteins are antagonists Ohesults
multiple tyrosine kinase-containing receptors including those .
for epidermal growth factor and FGF. Drosophilg spryis ~ FGF8b can regulate expression of mouse  Fgf18,
expressed in cells receiving Fgf signals, and losspsf  Spryland 2, Fgfr2 and 3
phenocopies gain-of-function mutationsfgf (breathlesy or ~ Previous studies in mouse showed #gfi8, Fgf17 andFgf18
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Fig. 1. FGF8 begins to be expressec
the mouse mid/hindbrain region prio

L
to Fgfl8and can inducggf18
expression in mouse midbrain “‘
explants. (A-CYgf8is first expressec h
(arrowheads) in the mid/hindbrain .

region at the four-somite stage (C). p
(D-F) Fgf18is first expressed in the FGF8/6s0 FGF8/E95|| | FGFs/aso GF18/4so

mid/hindbrain region at the five-som -

B C D

stage (arrowhead in E) and become
restricted to a narrow transverse bat
straddling the isthmus by E9.5
(arrowhead in F; asterisk in D indica
the presumptive mid/hindbrain
junction region). (G,H)-gf18is
induced by FGF8b-soaked beads
(arrowhead in H) by 48 hours, but nc
by BSA-soaked beads (G). Inset in |
shows thaFgfl8is induced by FGF8|
by 16 hours. (1,JFgf17expression is
first detectable in the mid/hindbrain
region at the six-somite stage and a
E9.5itis in a broad domain on both
sides of the mid/hindbrain junction
(arrowheads). (K,LFgf17is not
induced after 48 hours by either the
BSA-soaked or FGF8-soaked beads in rostral midbrain explants. Arrowhead in L indicates the endrafénexpression sustained in the
explant. Broken lines in F and J indicate the tissues used for the explant assays.

T~ Bsall: FGF8

BSA FGF8

are all expressed in the isthmus region of eight- to nine-somighown to occur more rapidly in chick embryonic brains than
mouse embryos witkgf8 in the broadest domain (Xu et al., other midbrain/rl genes such Ba and Wntl (Chambers et
2000). To determine the temporal sequence of mid/hindbraial., 2000; Minowada et al., 1999). We therefore sought to
expression of the three Fgf genes, we examined gertetermine whether th®prygenes are direct targets of FGF8b
expression in whole mouse embryBgf8 expression was first using our mouse brain explant assay, as protein synthesis
seen at the four-somite stage (Fig. 1A,C), wherégll8 inhibitors can be added to the medium. First we examined
expression was not detected until slightly later at the fivewhether expression of the mouse Spry genes are similarly
somite stage (Fig. 1D,E and data not showgjl17expression controlled by FGF signaling, using explants from prosomere 1
was first detected in the midbrain/rl region at the six-somitépl), where neitheBpryis expressed (Fig. 2A,B). Similar to
stage (Fig. 1l and data not shown). At E9.5, degfil7 and  in the chick, we found thaBpryl and Spry2 were rapidly
Fgfl8 were strongly expressed in domains encompassing thieduced within 4 hours by FGF8b-soaked beawsdd for
posterior midbrain and anterior rl (Fig. 1F,J), with Bggl7  each gene, Fig. 2D,H and data not shown), but not BSA-soaked
expression domain being broade$tgf8 expression, by beadsi{=0/4 for each gene, Fig. 2C), in pl explants. Next we
contrast, was restricted to a small domain at the anterior bordadded 5Qug/ml cyclohexamide or ethanol to the medium, and
of r1 (Fig. 1B). found thatSprylis not induced by this treatment (Fig. 2E,G),
As Fgf8 expression precedes thatkedfl7 and Fgfl8 we  whereasSpry2is induced by cyclohexamide alone (data not
investigated whether FGF8 can regulate the expression ehown). Regulation dbprylby FGF8b in the presence of the
Fgfl7andFgfl8in the mouse brain. Explants were taken fromprotein synthesis inhibitor was then tested, and indmgl
the anterior midbrain at E9.5 and cultured with FGF8b-soakedias found to be induced<6/6; Fig. 2F). By contrast, the
beads as described previously (Liu et al., 1999). By 40 hourg)duction of Enl, En2 and Gbx2 by FGF8b-soaked beads
Fgfl8was induced by FGF8b-soaked beausA(4, Fig. 1H) was efficiently blocked by cyclohexamide (data not shown),
but not by BSA-soaked beads=0/4, Fig. 1G). By contrast, consistent with our observation that it takes at least 8 hours for
Fgfl7was not induced by either FGF8b-soaked bead8/4, these genes to be induced by FGF8b-soaked beads (Liu and
Fig. 1L) or BSA-soaked beads=0/4, Fig. 1K). A time course Joyner, 2001b). These results show that inducti@poy], but
of Fgfl8induction was then performeBgf18 mRNA was not  not of Enl, En2andGbx2by FGF8b is direct.
detected in midbrain explants after 8 hours of exposure to As Fgfr2 and Fgfr3 are not expressed in the cells
FGF8b (=4), but was present by 16 houns38) (inset in Fig.  surrounding thé-gf8 domain in r1 (Walshe and Mason, 2000;
1H and data not shown). We have previously shownRge  Ishibashi and McMahon, 2002) (Fig. 3A-F), this raises the
is not induced by FGF8 in the same assay (Liu et al., 199%uestion of whether FGF8b regulates these receptors as well
Taken together, these studies demonstrateFgi&tis the first asFgfl8 We therefore examined the effects of FGF8b on the
Fgf expressed in the mid/hindbrain region and suggest that gxpression of Fgfr genes in pl brain explamgfrl was
in turn, induced~gf18 (directly or indirectly) in surrounding expressed at low levels in these explants and the expression
cells. was not altered by FGF8b-soaked beads after 40 hours (Fig.
Induction ofSprylandSpry2by FGF-soaked beads has been3G,H; n=4/4). Fgfr2 expression was maintained in pl brain
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ectopic midbrain after 3 days (Ohuchi et al., 2000), but did not
address whether it can induce a cerebellum or regulate other
genes. The function of FGF17 in the midbrain/rl has not been
explored in such a gain-of-function assay. Only one isoform of
FGF18 has been described and it contains a 12 amino acid
insert in the same position that FGF8b has an 11 amino acid
insert compared to FGF8a (Xu et al., 1999). Three isoforms of
FGF17 have been described and one (referred to as FGF17b)
has an 11 amino acid insert in a similar position to FGF8b,
whereas FGF17a lacks this insert. FGF17c has a stop codon
that truncates the protein before the conserved FGF domain.
To compare the activity of FGF17b and FGF18 with FGF8a/b
in midbrain and cerebellum induction we used the
electroporation assay described by Sato et al. (Sato et al., 2001)
in which FGF8a induces midbrain development and FGF8b
represses midbrain development and later induces a
cerebellum. Expression constructs containing mouse cDNAs
for Fgfli7b or Fgfl8 (see Materials and methods) were
o electroporated into the midbrain and caudal forebrain region
’ ‘ CHX/ethanot  Of chick embryos (Fig. 4A) at stages 9-12 (Hamburger and
Hamilton, 1992) at a concentration ofud/pl, and examined

- for changes in midbrain morphology and midbrain/rl gene
expression.

As a control for our experiments, we repeated the
G H experiments of Sato et al. (Sato et al., 2001) by electroporating
mouse Fgf8a and Fgf8b expression vectors at different

' concentrations (Table 1). The transfection efficiency was
Spry1 Ethanol

E9.5

Spry1

Spry1

6h 6h

monitored by visualizing the expression of co-electroporated
GFP (Fig. 4B) and by examining the transgene RNA using
section in situ hybridization (see Fig. 5). Similar to recent
6h 6h studies (Sato et al., 2001), whiegf8bwas electroporated into

the midbrain and caudal forebrain at a concentration of 0.1
Fig. 2. Sprylis induced by FGF8b-soaked beads in prosomere 1 pg/ul to 3 ug/ul, midbrain development was repressed and the
explants in the absence of protein synthe&sy1(A) andSpry2(B) region was probably transformed into an ectopic cerebellum
are expressed in broad domains of the mid/hindbrain region at E9.5(n=22/22: Fig. 4D, compare with the control in 4C, and data
Sprylis induced by FGF8b-soaked beads within 4 hours of culture 4t shown). By contrast, electroporation of Op@jul Fgf8b
(D), but not by BSA-soaked beads (C). (Erylis induced (n=6/6, data not shown), or 14&y/ul Fgf8a (n=5/5; Fig. 4E)
within 6 hours by FGF8 in the presence or absence pf5al | : . - :

1%ed to expansion of the midbrain and transformation of the

cyclohexamide (CHX) in explants grown in medium containing 0. i . ) ; . .
ethanol, but not by BSA-soaked beads. Red arrows in D,F,H indicatdi€ncephalon into a midbrain. Analysis of expression of the

induced gene expression. Green circles in C and H indicate beads Fgf8aand Fgf8b mRNA produced by the expression vectors

that were lost during processing of the tissues. Broken lines in A anghowed that similar levels and patterns of expression were

B indicate the tissues used for the explant assays. obtained when 1-2ig/ul of the DNA was used (inset in Fig.
5A,B). As expected, n&gf8 mRNA was detected when 0.01
po/ul Fgf8bwas used (data not shown).

explants in the presence of BSA-soaked beadd/4), with Strikingly, electroporation of fug/ul Fgf17b(n=15/15; Fig.

the highest level being along the dorsal midline (Fig. 3l)4F and Table 1) oFgfl8 (n=17/17; Fig. 4G and Table 1) led

Significantly, FGF8b-soaked beads downregulategfr2 to expansion of the midbrain, similar to the phenotype seen

expression in the surrounding cells (Fig. 834/4). Fgfr3  with Fgf8a This phenotype was not due to reduced levels of

expression was also maintained in control p1 brain explanexpression of the constructs compared td=gjf8b (or Fgf8a),

(Fig. 3K; n=4/4), and was repressed by FGF8b-soaked beads similar levels of mMRNA were produced by fgfl7band

(Fig. 3L; n=4/4). The repression d¢fgfr3 by FGF8b seemed Fgf18vectors (inset in Fig. 5|,M). To analyze the phenotype

to be more efficient than repressionkgfr2, consistent with  in more detail, chick embryos were processed for section RNA

Fgfr3 expression being more restricted to the rostral midbraiim situ analysis 24 hours after electroporation and analyzed for

at E9.5 tharigfr2. midbrain/rl gene expression. Sato et al. (Sato et al., 2001)
o o found that FGF8b inducésbx2 Pax2/5 Enl/2and represses
FGF17b and FGF18 have a similar activity to FGF8a Otx2 and Pax6 whereas FGF8a 0n|y inducés1/2 Thus, a

Given thatFgfl7 andFgfl8are expressed in the midbrain, askey distinction between the activity of FGF8a and FGF8b is
well as in rl, it is important to determine the activity of thesethat only FGF8b induceGbx2 and represse®tx2 (compare
FGFs compared with FGF8a and FGF8b. A previous studiig. 5A,B with 5E,F). Consistent with the similar phenotype
using beads soaked in FGF18 and placed in the caudaloduced by FGF17b, FGF18 and FGF8a, neither FGF17b nor
diencephalon showed that it can ind&cg8 and apparently an  FGF18 inducedsbx2 or represse®tx2 (Fig. 51,J,M,N). We
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Fig. 3. Fgfr2 andFgfr3 expression E8.5 E9.5 BSA FGF8b
is excluded from the mid/hindbrai -

junction and repressed by FGF8t
(A,B) Fgfrlis weakly expressed
throughout the embryo at the five
somite stage and E9.5, with the
exception of the heart (h in B) at
E9.5. (C,D)Fgfr2is expressed in
the brain at E8.5 and E9.5 in the
forebrain, rostral midbrain and pa
of the posterior hindbrain
(arrowheads), but excluded from-
mid/hindbrain region (asterisks).
(E,F) In the brainFgfr3is
expressed weakly in the caudal
forebrain and part of the posteriol
hindbrain (arrowheads), but not ir
the mid/hindbrain region (asterisk
at the five-somite stage and E9.5
Note the strong expression in the
extra-embryonic tissues at E8.5.
(G,H) Weak and patchiygfrl
expression is seen in pl explants
after 48 hours and this expressiol
not altered by FGF8b-soaked bet
(I) In control p1 explants, strorfegfr2 expression is limited to the dorsal midline, whereas weak expression is maintained in the rest of the
explants. (JFgfr2 expression is downregulated by FGF8b-soaked bead&gfid is maintained in BSA-treated pl explants, whefegfs3 is
repressed by FGF8b-soaked beads (L). Broken lines in B,D,F indicate the tissues used for the explant assays.

found that electroporation of a low levelegf8bvector (0.01 and morphological analysis demonstrate that wigii7 and

pg/ul) also did not altelGbx2 and Otx2 expression (data not Fgfl8 are expressed at similar mRNA levels, they enhance
shown). The response of the endogertegf§ gene to the four midbrain development similar tegf8a

FGFs was very interesting. FGF8b |@y/ul) was found to Given that FGF17b and FGF18 have similar FGF receptor-
induce Fgf8 in a sharp band of cells at the n&bx2/0Otx2  binding affinities to FGF8b, at least for FGFR2 and FGFR3 in
boundary in the dorsal and lateral midbrain (Fig. 5G; see Fi@ tissue culture assay (Xu et al., 2000), it might be expected
7A,B). By contrast, FGF8a inducé®)f8 in scattered cells in that the three proteins activate FGF signaling to the same level.
the midbrain (Fig. 5C), whereas FGF17b and FGF18 or lowdne possible reason why electroporationFgf17b and 18
FGF8a did not induce detectable levelsFgff8 (Fig. 5K,0  expression constructs does not produce similar changes in gene
and data not shown). With all expression vect&s?2 was  expression and proliferation tgf8b is that production or
upregulated broadly (data not shown). Finally, we examinedecretion of FGF17b and FGF18 protein is less efficient than
the induction ofSprylandSpry2 as we found thaprylisa FGF8b. To determine whether the same concentrations of
direct target of FGF8b signaling. Only FGF8b strongly inducedGF17b or FGF8b have identical activities, we used our mouse
the Sprygenes in the midbrain, and FGF17b or FGF18 onlybrain explant assay to compare the changes in gene expression
weakly inducedSprylin some experiments (Fig. 5H,L,P and induced by beads soaked in FGF17b compared with FGF8b.
data not shown). Taken together, the gene expression studi@&snilar to the in vivo results, FGF17b was found to indtia#

Table 1. Electroporation of chicken embryos with FGFs and FGF receptors

Number of

Construct embryos recovered Stage of embryos Phenotype

Fgf8b 3ugiul 4 E4.5-10.5 Repression of midbrain development
1 pgiul 7 E4.5 Repression of midbrain development
0.1pg/ul 12 E4.5-7.5 Repression of midbrain development
0.01pug/pl 6 E5.5-8.5 Large midbrain

Fgf8a Tpg/ul 8 E5.5-7.5 Large midbrain

Fgfl7b Tug/ul 15 E3.5-12.5 Large midbrain

Fgf18 1ug/ul 17 E3.5-12.5 Large midbrain

FGFRI546K 3 g/l 6 E4.5-10.5 Large midbrain
1 pg/ul 2 E8.5-10.5 Large midbrain

FGFRK656E 3ug/ul 5 E9.5-10.5 Non-specific death of brain cells
1 pgiul 6 E4.5-9.5 Large midbrain

FGFRZ342Y 3 pg/ul 5 E7.5-10.5 Large midbrain
1 pgiul 4 E5.5-7.5 Large midbrain
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(n=7/7) and only weakly induc8&pryl (n=6/6) in midbrain induced in only three out of 12 midbrain explants and FGF17b
explants (Fig. 61,L; data not shown). Furthermd@®x2was  did not repres©tx2 (n=8/8) in midbrain explants (Fig. 6C,F;
data not shown). In the same experiments, FGF8 strongly
induce Enl (n=5/5), Spryl (n=3/3) andGbx2 (n=9/9), and
represse®tx2(n=3/7) (Fig. 6B,E,H,K; data not shown). In all
experiments, beads soaked in BSA had no effect on gene
expression (Fig. 6A,D,G,Hn=2). Thus, the difference in
activity of FGF17b compared with FGF8b is most likely to be
due to intrinsic differences in their ability to induce the FGF
signaling pathway.

Activated FGFRs regulate gene expression similar
to FGF8b

If the differential effects of FGF8a, 17b and 18 versus FGF8b
mis-expression on midbrain development are because FGF8b
can activate the FGF pathway more efficiently than the other
FGFs, then ectopic expression of activated Fgfr genes should
have the same effect &gf8h. To test this, we electroporated
human FGFR constructs containing activating mutations
into the midbrain and caudal forebrain and examined gene
expression after 24-36 hours and brain morphology at later
stages. We chose three mutant forms of FGFRs to test: one
containing a mutation in the extracellular domain (C342

of FGFR2, which leads to receptor activation possibly
by inducing spontaneous dimerization of the receptors
(Mangasarian et al., 1997); and two containing mutations in
the tyrosine kinase domains of FGFR3 [N54K (Bellus et

al., 1995)] or [K650-E (Tavormina et al., 1995)]. As the
kinase domains are very well conserved among different
FGFRs, andFgfrl but notFgfr3is expressed in the midbrain/rl
region, activated forms of FGFR1 containing the N546K and
K656E mutations were used.

We examined gene expression changes in embryos
electroporated with 1ug/ul of the FGFRZX342Y or the
FGFRIN546Kyector. Similar to FGF8hGbx2 Fgf8 andSpryl
and 2 were induced an®tx2 repressed in the midbrain by
FGFRZ342Y(Fig. 5Q,R, T and data not shown). Different from
the homogeneous alterations in gene expression produced by
electroporation oFgf8b, the expression of the activate@FR
inducedGbx2 Fgf8 andSpryand represse@tx2in patches of

1 ug/ul Fgf17b, EB.5 1 ug/ul Fgf18, E8.5 cells mainly in the ventricular zone. This is probably due to the
cell autonomous function of the activated FGFR compared
Fig. 4. FGF8b represses midbrain development whereas FGF8a, jth the secreted FGF8b protein, as the level and pattern of
FGF17b and FGF18 promote midbrain development. (A) SChemat'Cexpression of thEGEFRZX342YmRNA was similar to the mouse
diagram showing the in ovo electroporation experiments. DNA Fgf8 cDNA (inset in Fig. 5Q). TheFGFRIN546K vector

(green) is injected into the midbrain by a glass needle and five produced similar results, when assayedFgf8 (n=2/3) and

electric pulses are applied. DNA is driven toward the anode and ~ . Lo .
transfected only on the right side of the brain, whereas the left side Gbx2(n=3/3) expression by whole-mount RNA in situ analysis

serves as an internal control. (B) Co-transfection of a GFP (data not shown). .
expression vector with the experimental vector serves to show that ~ \We next determined the long-term phenotype of transiently
most cells on the right side of the brain, including the mid/hindbrain expressing activated FGFRs in the midbrain. Unlike FGF8b,
region and caudal forebrain, are transfected. (C) Dorsal view of a the three activated FGFREFGFRIN546K FGFRIK656E and
wild-type E10.5 chicken brain. (D) Dorsal view of an E10.5 chicken |:G|:chs42\r) produced enlargement of the midbrain and
brain electroporated withuby/ul pMiw-Fgf8h the asterisk indicates  diencephalon (Fig. 7A-C; Table 1 and data not shown). At a
lack of midbrain (mes) on the transfected right side. (E) Dorsal viewpNA concentration of as high as|@/ul, ectopic expression

of an E6.5 chicken brain electroporated withglul pMiw-Fgf8g of FGFRZ342Yor FGFRIN546K caused a similar phenotype to

the midbrain on the transfected side is larger than the one on the hat obtained with ig/ul DNA (Fig. 7B and data not shown)

control side. (F) Dorsal view of an E8.5 chicken brain electroporate KG56E e
with 1 pg/ul pMiw-Fgf17h the midbrain on the transfected side is he FGFRY mutant at 3.g/ul led to a non-specific loss

larger than the one on the control side. (G) Dorsal view of an E8.5 Of the entire brain region including midbrain and cerebellum,
chicken brain electroporated withug/uil pMiw-Fgf18 the midbrain ~ Preventing a morphological or marker gene analysis (Table 1
on the transfected side is larger than the one on the control side. teland data not shown). Histological analysis of sections through
telencephalon; di, diencephlon; mes, mesencephalon; ce, cerebellu8-10 chicken embryos+2) electroporated witRGFR2X342Y

3 ug/ul Fgféb, E10.5 1ug/ul Fgf8a, E6.5
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Fig. 5.FGF8b activates more Otx2 Gbx2
molecular pathways than FGF8 A B

FGF17b and FGF18. (A-D) 1 s .
ug/ul pMiw-Fgf8ainducesFgf8 ( T ¢ g

(C), but does not induddbx2(B) A e © N i)
or Spry1(D), or repres©tx2 (A). Foea T \

(E-H) 1pg/ul pMiw-Fgf8b g
inducesGbx2(F), Fgf8 (G) and u
Spryl1(H) and repressedtx2 (E). E E —

(I-L) 1 pg/ul pMiw-Fgfl7bfails e —

to induceGbx2(J), Fgf8 (K) or wil = A .-C.."h- z
Spryl1(L), or to repres©Otx2(l). Fgf8b 4. sk T =i
(M-P) 1 pg/ul pMiw-Fgfl8fails (\L =
to induceGbx2(N), Fgf8 (O) or

Spry1(P), or to repres®tx2(M).
(Q-T) 1pg/ul pMiw-caFGFR2 | J K L
inducesGbx2(R), Fgf8 (S) and J—

SpryL(T) in scattered cellOtx2 - Fifmms -

is repressed on the electropora Fgfi7b - -Q - N S 2 e S -'ﬁ' R _-.-..L! s T
side but scattere@tx2-expressin . ; o ;
cells still exist (Q). In all panels,

coronal or near coronal section:

are shown with the anterior end M N
towards the right. The broken ,r\ P g

lines indicate the midline with tt Faf18 : :} K| { - i B R e o
electroporated side above the i g e i s T - P
and the control side below. In al ' 'S. e : - :

panels, the red arrowheads
indicate ectopic gene expressia
on the electroporated side and Q R : S T

green arrowheads indicate g."""'\,,f, \‘-" e v d
endogenous expression onthe  carGFR2 y E - _‘.} - b A £ L
control side except for E and Q A y ] R Fu == - B e i
where the red arrowheads indic <\.__J e ;

the electroporated side where

Otx2expression is repressed

(completely in E and incompletely in Q). Insets in A,C,E,G,I,M,Q show expression of the mouse or human genes electraptrategtint
side of the brain.

Spry1

confirmed that the long-term phenotype of activated FGFRs isand in the caudal diencephalon, probably adjacent to the

an enlarged midbrain, as the electroporated side showed tmelucedGbx2domain (Fig. 8A-Dn=4 for Fgf8, n=3 for En1).

same histological features of the midbrain as on the contr@y contrast, expression of the activaf6@FR vector induced

side (data not shown). Fgf8, Enl and Wntlonly in patches of cells in the midbrain
One possible reason why transient mis-expression of thend caudal diencephalon (Fig. 8E,F and data not shown). The

FGFRs leads to expansion of the midbrain is that theesolution of the experiment is not such that we can determine

upregulation ofsbx2andSpry1/2 and repression @tx2does  whether these genes are induced at @dw2/Otx2borders.

not happen in a sufficient number of cells to transform th&aken together, these studies are consistent with the idea that

midbrain into a cerebellum. Indeed, Sato et al. (Sato et al high level of FGF signaling is required to indu&lex2and

2001) showed that co-electroporation of @tx2 expression repressOtx2 and that transformation of a broad region into

vector (1ug/ul DNA) with an Fgf8b expression vector (0.1 Otx2-/Ghx2+cells is required for late cerebellum formation.

po/ul DNA) results in expansion of the midbrain, indicating

that Otx2 positive cells that receive an FGF8b signal respon(biscussion

by expanding the midbrain, where@sx2 positive cells form ) i N )

a cerebellum. Alternatively, or in addition, FGF8b mayFGF signaling regulates positive and negative

eventually lead to transformation of the midbrain into afeedback loops

cerebellum because the organizer is extended along the n&ve show here that FGF8b can positively regulate FGF

Ghx2/Otx2border and it maintains the transformation. In ordersignaling by inducind-gf18 expression in brain explants, and

to explore these ideas further, we analyzed whole-mourhatFgfl8expression is initiated slightly later thegf8in the

embryos mis-expressirfgf8b or FGFRZ342Yfor expression  mouse mid/hindbrain junction regioRgf17 is not expressed

of genes normally expressed near the organizer region. lmtil later and is not induced by FGF8 in mouse brain explants.

embryos electroporated with tRgf8bvector, the normal rings Thus, FGF8 could normally be required to induce expression

of Fgf8 (n=4), Wntl(n=4) andEn1(n=3) at the mid/hindbrain of Fgfl8 Furthermore, although the three FGFs have

junction were repressed on the electroporated side and batkerlapping spatial distributions after the six somite stage,

genes were induced along the dorsal midline and in a transversgf17 and Fgf18 should not be able to compensate for a loss



6182 Development 130 (25) Research article

Fig. 6. FGF8b and FGF17b proteins differentially regulate BSA FGF8b FGF17b
genes in mouse brain explants. Beads soaked in BSA,
mouse FGF8b or human FGF17b, as indicated, were placed
in midbrain explants and cultured for 48 hours. Whole-
mount RNA in situ analysis was then performed with the
indicated probes. FGF8b strongly indu@sx2(E), Spryl
(H) andEn1(K), and represseédtx2(B); FGF17b weakly
inducesEnl (L) andSpry1(l).

Otx2

of FGF8 protein because they are expressed to
andFgfl8expression is dependent on FGF8 funci
A recent study of mice lacking=gf8 function
specifically in the midbrain/rl region after the !
somite stage showed that bdtafl7 and Fgfi8 are
actually dependent oirgf8, as their expression
greatly reduced at the seven- to nine-somite stag
gone by the 12- to 15-somite stage in such mu
(Chi et al., 2003). Thud;gf8 mutants are equivale
to Fgf8/17/18triple mutants, and determination of
normal requirement foFgfl7/18in the midbrain an
cerebellum will await analysis ofgf17/18 double
mutants.

Consistent with the expression patternskgfrl,
Fgfr2 and Fgfr3, we found that FGF8b is sufficie
to repress expression &fgfr2 and Fgfr3 in cauda
forebrain explants. A study of zebrafiahe mutants
that have a mutation ifyf8 showed that FGF8 is al
required to restrictfgfr3 from the mid/hindbrai
junction, because iacemutantsgfr3is mis-expresse
in the midbrain and rl (Sleptsova-Friedricha et
2001). ThusFgf8 negatively regulates FGF signali
by repressing two FGF receptors. Althouggfrl is
the key receptor that mediates FGF signaling in r]
the caudal midbrain (Trokovic et al., 2003), the o
two FGF receptors might play a role in mediatir
low level of FGF signaling in anterior regions of
midbrain. Consistent with this, in mouse embryos lackkgf8 in the

Expression of two negative regulators of FGF signalingmidbrain/rl after the six-somite staggpry2is maintained at
Spryland Spry2 in a broad domain surrounding the mousethe 7- to 9-somite stage, but greatly reduced by the 13-16
mid/hindbrain junction region has indicated that FGF signalingomite stage (Chi et al., 2003).
is attenuated by SPRY proteins in this region. Interestingly, we Taken together, our studies and others show that in mouse
found that only FGF8b strongly induces expressio®bmfyl FGF8b regulates at least three components of the FGF
and Spry2 in the chick anterior midbrain or mouse brain signaling pathway. First, FGF8b induces expression of another
explants. Furthermore, using a brain explant assay WeGF protein, FGF18. FGF8b also directly induces two negative
demonstrated thaSpryl (and probablySpryd is a direct modulators of the pathway (SPRY 1/2), and thus produces a
downstream target of FGF8b signaling. This indicates thategative-feedback loop. Furthermore, our finding that FGF8b
Sprylexpression can be used as a read-out for FGF signalinglso repressebgfr2 and Fgfr3 demonstrates that a second

Gbx2

Spry1

Ent

Fig. 7. Activated FGFR1 and FGFR2
produce over-proliferation of the
midbrain. (A) Dorsal view of an E10.5
chicken brain electroporated withudy/pl
pMiw-FgfriK656E the midbrain on the
transfected side is larger than the one
the control side. (B) Dorsal view of an
E7.5 chicken brain electroporated witk
ug/ul pMiw-FgfriN546K the midbrain on
the transfected side is larger than the
on the control side. (C) Dorsal view of 1ug/ul Fgfr1%656E Eq0.5
E7.5 chicken brain electroporated with 1

pg/ul pMiw-Fgfr2C342Y the midbrain on the transfected side is larger than the one on the control side. In all panels, the right sides are the
experimental sides and the left sides serve as controls. Broken outline indicates the expanded midbrain.

ce

3ug/ul FgfriN546K g7 5 1ug/ul Fgfr2C342Y E7.5
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FGF17b and FGF18 in comparison to FGF8a and FGF8b
in their ability to regulate cell proliferation and gene
expression when mis-expressed in the midbrain. Of the four
proteins, only FGF8b has the ability to transform the
midbrain into a cerebellum. Associated with this unique
activity, only FGF8b can induc&bx2 and represOtx2
when expressed in the midbrain. Furthermore, and likely of
crucial importance for maintaining the transformation, only
FGF8b induces an ectopic organizer region at the new
Gbx2/Otx2border in the midbrain. By contrast, FGF8a,
FGF17b and FGF18 induce expansion of the midbrain, and
do not alterGbx2 or Otx2 expressionSpryl1/2is strongly
induced by FGF8b and only weakly by FGF17b and FGF18,
whereas endogenokgf8is only induced locally by FGF8a.
This different activity of FGF8b protein can not be due to a
higher level of expression of tHegf8b construct, as it is
only at a 100-fold lower DNA concentration at which the
mouseFgf8b mMRNA can not even be detected that FGF8b
induces a midbrain. ABgfl7and 18 are expressed in the
midbrain, althoughrgf8is restricted to rl-gfl7andFgfl8
could be the main FGFs that normally directly regulate
growth and patterning of the midbrain.

Mouse mutant analyses have shown fgitLl7 is more
important in the midbrain thaRgf18 because onlygfl7
mutants have a truncation of the posterior midbrain (Xu et
al., 2000; Liu et al., 2002; Ohbayashi et al., 2002). Our
comparison of the activities of FGF17 and FGF18 show that
, . o ) Fgfl8could also function witlrgf17in regulating midbrain
FI%/ﬁ" Fd(t;anb vansiorms thte T'd?f;"%'mo a Cerfber']'“m "’?“dBShC'“S tge development. Loss-of-function studies have also shown that
mid/hindbrain organizer rostrally. xperiments shown in B, L and  gqt17 plays a role, along wittFgf8, in regulating late
D. 24 hours after ig/l pMiw-FgiBbwas electroporated into the proliferation of the anterior cerebellum (Xu et al., 2000).

midbrain,Fgf8 expression is shifted into the caudal forebrain region on T o
the experimental side, as well as in a thin band along the dorsal midlin(.Qur finding that FGF17b and FGF18 have such distinct

(red lines in A and arrowheads in B) that connects the edfgitc activities from FGF8b in the midbrain are in contrast to
domain to the endogenoBsf8 domain on the control side. Green arrow Previous tissue culture studies that indicated the proteins
shows the down regulation Bfjf8 expression on the transfected side in have similar binding affinities to FGFR2c and FGFR3c and
the isthmus. Inset shows the rear view of the same embryo. (C) 24 how#milar functions in regulating proliferation (Xu et al., 1999;
after 1ug/ul pMiw-Fgf8bis electroporated into the chicken midbrain ~ Xu et al., 2000). One possibility was that FGF17b and
Enlexpression is shifted rostrally on the electroporated side, and seenfiGGF18 proteins are not produced or secreted as efficiently
the most dorsal cells in the midbrain and anterior hindbrain (red as EGE8b in the chick midbrain. We have ruled out this
arrowheads), whereas the endogenous expression surrounding the ossibility by showing that when similar concentrations of

isthmus (green arrow) is downregulated. Inset shows a rear view of th GF17b and FGF8b protein are compared in mouse brain

same embryo, note the normal expression on the control (left) side. | hev diff iall | -
(D) 24 hours after jug/ul pMiw-Fgf8bis electroporated into the chicken explant assays, they diiterentially regulate gene expression

midbrain, the endogenointLexpression in the isthmus (green arrow) Similar to the electroporation experiments. Thus, the
is downregulated, whereas ectopic expression is induced near the dordBIrinsic activity of FGF8b is different from that of FGF17b,
midline and in a transverse band in the rostral midbrain. Inset shows apossibly because the 11 amino acid inserts in the two
rear view of the same embryo, note the normal expression on the contpioteins are distinct. Our study demonstrates the importance
(left) side. (E) Scattered expressiorFgff8is induced in the midbrain of testing the activity of proteins in vivo where they
and caudal forebrain (arrowheads) by ectopic expression of activated normally function. Finally, althougRgf8alone encodes two
FGFR2. Note that the endogendtgf8 expression is not repressed. proteins sufficient for directing development of both the
(F) Scattered expression \Wintlis induced in the midbrain and caudal midbrain and cerebellumFgfl7 and Fgfl8 probably
forebrain (arrowheads) by ectopic expression of activated FGFR2. Insg . . . L . o
shows a rear view of the same embryo. éugment the proliferative and midbrain inducing ability of
Fgf8aor a low level ofFgf8h

A
mouse Fgfgb
expression

electroporated

wild type

negative feedback loop contributes to fine regulation of théctivated FGFRs regulate midbrain/rl genes similar
level of FGF signaling in rl and the midbrain to ensurdo FGF8b

appropriate patterning and growth. It is possible that the difference in the phenotypes produced by
o o mis-expression oFgf8a versusFgf8bis quantitative, because

FGF8b has a distinct activity from FGF8a, FGF17b in vitro studies have shown that FGF8b has a much higher

and FGF18 in the midbrain affinity for FGFRs than FGF8a. Consistent with this,

To gain insight into how three Fgf genes orchestrate midbraielectroporation of a low concentration Bfif8b expression
and cerebellum development, we explored the activity ofector has similar effects to high concentrationgfBa (Sato
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et al.,, 2001), and someNntl-Fgf8a transgenics have homogeneous domain so that a new organizer can form along
phenotypes similar té/nt1-Fgf8ktransgenics (Liu et al., 1999). the extendedsbx2/Otx2border, and the organizer can then
By contrast, FGF17b and FGF18 have similar binding affinitiesnaintain the long-term transformation of the midbrain into
and proliferation activities to FGF8b in vitro (Xu et al., 1999;a cerebellum. In support of this idea, whe&bx2 is
Xu et al.,, 2000), but do not behave like FGF8b when miselectroporated into the midbraifQtx2 is only transiently
expressed in the midbrain or applied to brain explants. Howeveepressed in scattered cells in the anterior midbrain, and
the biochemical studies were carried out using FGFR2 amalthough the isthmus is expanded anteriorly, no ectopic
FGFR3, which are not the major receptors that mediateerebellum forms (Katahira et al., 2000). As electroporation
midbrain/rl patterning (Trokovic et al., 2003). It is possible thaproduces mosaic gene expression, the secreted protein FGF8Db,
there are qualitative differences in the way FGF8b interacts withut not the activated FGF receptor, can indusbx2
FGFR1, that allow FGF8b to activate the downstream pathwairoughout the electroporated region. In addition, although the
more efficiently. We addressed this possibility by askingactivated FGFRs can induégf8 as well asintlandEnlin
whether high level FGF signaling is sufficient to ind@ex2 the midbrain, it is in patches of cells because of the cell-
and represtx2 using activating mutations in FGFR1 and autonomous nature of the receptors. As the responSexaf
FGFR2. Indeed, the activated FGFRs regulate key target genegoressing midbrain cells to FGF8b is proliferation of the
similar to FGF8b. Of significance, the activated FGFRs stronglynidbrain (Sato et al., 2001), and there @tg2-positive cells
induceSpryl/2andGbx2and repres©tx2 present on the side of the midbrain electroporated with the
Given the changes in gene expression induced by activatedtivated FGFRs, this could account for the later expansion of
FGFRs, it was perhaps surprising that the long-term phenotylee midbrain.
of transient expression of activated FGFRs is expansion of the )
midbrain. We suggest that in transient mis-expression studiésonclusions
such as electroporationgsbx2 must be induced in a Based on our studies and those of others, we suggest the
following steps in midbrain and cerebellum development in
mouse (Fig. 9). At the four-somite stagef8is induced in the
presumptive rl territory by an unknown facteaix2is required
for this induction (Ye et al., 2001) and OTX2 inhibkgf8
from being induced in the midbrain (Li and Joyner, 2001,
Martinez-Barbera et al., 2001). FGF8b then induegd 8 in
® s the surrounding cells, producing a larger domain and gradient
e B Fgi23 of Fgf mRNA that extends into the midbrain. FGF8b also
W Fgfl8 maintains two negative feedback loops by indu@pgyland
8 Foit7 Spry2expression and inhibitinggfr2 andFgfr3. Fgfl7is then
induced by an unknown mechanism that is dependeRgtH
(Chi et al., 2003) in a broader domain thagfl8 further
extending the gradient of Fgf mRNA expression. FGF17 and
FGF18 protein, and possibly FGF8a and a low level of FGF8b,
then regulate proliferation of the midbrain and cerebellum and
En expression. The narrow domain whétgf8 is expressed
becomes the isthmus because of the activity of FGF8b (Li et
al., 2002), and the adjacedtx2-negative rl cells become the
cerebellum. We have recently shown that by the 15-somite
midbrain " cerebellum stageGhx2is not required in rl for cerebellum development,
but is required earlier to specify r1 (Li et al., 2002). Thus, once

mesencephalon rl

4s

0

5s

i

V
\

i

8s

E9
FGF17,18 :FGF8b

N

— e Fgfr2i3 Fgf8 expression in rl is stabilized, perhaps by a secreted factor
‘mm GDX2 from the midbrain (Irving and Mason, 1999), a key function of
—-i- ‘g]”ltl high level signaling by FGF8b is to maintain a cascade of gene
—— En2 expression in the midbrain/rl that maintainsCir2-negative
—Se2 domain in rl in which the cerebellum develops.

Fig. 9. FGF signaling is autoregulated at multiple levels and multiple We are grateful to Shaun Olsen and M. Mohammadi for providing
FGF proteins regulate midbrain and cerebellum development. In thethe FGF17b protein. We thank Drs MacArthur, Mohammadi, and
mouse, FGF8 expression in the isthmus at the four-somite stage  Mansukhani and Basilico for providing us with the cDNAsFgf8b,
represses the expressiorFafir2 andFgfr3 and activates the mutantFGFR1, and mutanEGFR2 respectively. We also thank Drs
expression oFgfl8at the five-somite stagegfl7expression is Martin, Ornitz, Hogan and Wassef for providing us with in situ probes
initiated in a broader domain slightly later, and by E9 the three Fgfs for mouseSprylandSpry2 mouseFgfrl, Fgfr2, Fgfr3, Fgfl7, Fgfig

are expressed in overlapping gradients radiating from the isthmus, chickenFgf8, Wntland chickerOtx2 We are grateful to Mark Zervas
wheread=gfr2 andFgfr3 are absent in this regioBpryl/2genes are  and Sema Sgaier for critically reading the manuscript. L.A.N. and
upregulated by FGFs. FGF8b is required to maintain a cascade of A.L.J. are investigators of the Howard Hughes Medical Institute, and
gene expression that includes absence of Otx2 in r1, allowing A.L. is a Howard Hughes Medical Institute research fellow. Some of
cerebellum development to occur. FGF17 and FGF18, and possiblythis work was supported by a grant from NINDS (R01-NS35876) to
FGF8a and a low level of FGF8b regulate growth Enéxpression A.L.J. and an MSKCC support grant to L.A.N. J.Y.H.L. is supported
in the midbrain. by an NIH fellowship.
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