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SUMMARY

Beads containing recombinant FGF8 (FGF8-beads) were
implanted in the prospective caudal diencephalon or
midbrain of chick embryos at stages 9-12. This induced the
neuroepithelium rostral and caudal to the FGF8-bead to
form two ectopic, mirror-image midbrains. Furthermore,
cells in direct contact with the bead formed an outgrowth
that protruded laterally from the neural tube. Tissue within
such lateral outgrowths developed proximally into isthmic

one that normally encircles the neural tube at the isthmic
constriction, which is located at the boundary between the
prospective midbrain and hindbrain. This ectopic isthmic

organizer apparently sends long-range patterning signals
both rostrally and caudally, resulting in the development of
the two ectopic midbrains. Interestingly, our data suggest
that these inductive signals spread readily in a caudal
direction, but are inhibited from spreading rostrally across

nuclei and distally into a cerebellum-like structure. These
morphogenetic effects were apparently due to FGF8-
mediated changes in gene expression in the vicinity of the
bead, including a repressive effect 0®tx2and an inductive
effect onEnl, Fgf8 and Wntl expression. The ectopié¢gf8
and Wntl expression domains formed nearly complete
concentric rings around the FGF8-bead, with th&Vntlring
outermost. These observations suggest that FGF8 induces key words: Brain patterning, CerebelluBn1, Fgf8 Isthmic
the formation of a ring-like ectopic signaling center organizer, Midbrain, Mid/hindbrain organizer, Neuromere
(organizer) in the lateral wall of the brain, similar to the  boundariesQtx2, Wnt1l

diencephalic neuromere boundaries. These results provide
insights into the mechanism by which FGF8 induces an
ectopic organizer and suggest that a negative feedback loop
betweenFgf8 and Otx2 plays a key role in patterning the
midbrain and anterior hindbrain.

INTRODUCTION Several of the genes that are expressed at early neural plate
stages and have been shown by genetic analysis to be required
Regional specification processes partition the neural plate infor normal development of the region, encode homeodomain
its principal transverse and longitudinal subdivisionstranscription factors, including OTX1 AND OTX2 (see
Anteroposterior (A/P) patterning leads to the establishment gkcampora et al., 1997; Suda et al., 1997; references therein)
the forebrain, midbrain, cerebellum, hindbrain and spinal corG6BX2 (Wassarman et al., 1997), PAX2 (Favor et al., 1996; Lun
(reviewed by Lumsden and Krumlauf, 1996; Rubenstein anend Brand, 1998) and EN1 (Wurst et al., 1994). During the
Beachy, 1998). Early patterning of the prospective midbrain ansecond phase, which begins at early neural plate stages, the
anterior hindbrain (cerebellum; Cb) can be divided into twgatterning process apparently becomes independent of
phases. During the first phase, the position of this region withiexogenous influences as a potent embryonic ‘organizer’ is
the anterior neural plate is determined. This process occufsrmed within the neuroepithelium. Once established, this
during gastrulation and early neural plate stages of developmemniganizer is co-localized with a morphological feature of the
and is mediated by signals from the anterior visceral endoderdeveloping neural tube known as the isthmic constriction at the
(reviewed by Beddington and Robertson, 1998) andnidbrain/hindbrain (m/h) boundary. Because of this association,
mesendoderm (Ang and Rossant, 1993; Ang et al., 1994), whighhas been termed the m/h or isthmic organizer (IsO).

establish gene expression domains within the neural plate. During normal development, patterning signals emanating
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from the IsO are thought to control the polarized developmerib form a supernumerary midbrain and isthmic tissue, present in
of the entire region encompassing the prospective midbraiopposite orientation to the normal midbrain and isthmus. Cells
isthmus and cerebellum (reviewed by Joyner, 1996; Puelles it the rostral diencephalon (rostral to the ZL) were not affected.
al., 1996; Wassef and Joyner, 1997). However, tissue graftinthus signals traveling caudally through the neuroepithelium

experiments in the chick have shown that territories botltransformed cells from a diencephalic to a more posterior fate.
posterior and anterior to this region are competent to respondiio the study described here, we investigated the effects of
signals from the I1sO (reviewed by Puelles et al., 1996; Wasséahplanting FGF8-beads more caudally, in p1 and the prospective
and Joyner, 1997). Thus all hindbrain rhombomeres respond midbrain. The results of this study provide insight into the role

their alar plate to IsO signals (Martinez et al., 1995). Within thef FGF8 in normal IsO function and the mechanism by which

forebrain, the competence to respond to ISO activity is restrictatie 1O functions to pattern the developing brain.

to tissue located caudal of the zona limitans intrathalamica (ZL)

(Martinez et al., 1991; Bloch-Gallego et al.,, 1996), a
diencephalic region that gives rise to the epithalamus, dors%(l’A‘TERm‘LS AND METHODS
thalamus (DT) and pretectum (PT). Although they respongxperimental manipulations

similarly to IsO signals, it is thought that the regions fated tqpick embryos were staged according to the method of Hamburger
give rise to the DT and the PT correspond to dorsal regions @hd Hamilton (1951). Bead implantation experiments were performed
independent developmental units (neuromeres) called prosomefe previously described (Crossley et al., 1996a) using beads
2 (p2) and prosomere 1 (pl), respectively. The prosomeres arentaining recombinant FGF8 protein (variant 1, [Crossley and
postulated to be separated from one another and from tiartin, 1995], also known as isoform B [MacArthur et al., 1995]).
prospective midbrain by specialized boundaries (reviewed F8-beads were prepared by soaking heparin acrylic beads (Sigma,
Puelles and Rubenstein, 1993; Rubenstein et al., 1994). t. Louis, MO) in a solution containing FGF8 protein obtained from

Genetic and experimental studies have identified two secret«gcrﬁ ?rb'\rﬂagggug(\é\{:;h;n?l\t/ﬂﬂn%'zvglrgtyi\ﬁsl\ﬂ,LngsiSMg; 7n%|§§ ;2?/ r:';(l))
signaling molecules that function as mediators of 1sO activity, .. ves to0 4 hoirs at room ten?peréture or o.vernig%t at 4°C. and

WNTI, encoded by a vertebrate homolog of Bresophila ashing in phosphate-buffered saline (PBS). Control beads were

winglessgene (Wilkinson et al., 1987; Nusse and Varmus, 19923inijarly prepared, but soaked in PBS only (PBS-beads). Dil-labeled
and FGF8, a member of the Fibroblast Growth Factor familgGFs-beads were prepared by soaking the beads for 5 minutes in a

(Heikinheimo et al., 1994; Ohuchi et al., 1994; Crossley andaturated solution of Dil (Molecular Probes, Eugene, OR) in ethanol
Martin, 1995; Mahmood et al., 1995). At early stages of brairat room temperature, washing them in PBS and then soaking them for
development (~8-15 somites in the mouse and chick)\Woti 30 minutes in FGF8 (R&D Systems, 1 mg/ml). Control beads were
andFgf8 are expressed in relatively broad, overlapping domaing?repared in the same way, but soaked in Dil solution only and then
Whntlis expressed throughout the region that will become thwashed in PBS. All beads were used immediately after the PBS wash.
midbrain andFgf8 is expressed throughout the region that will

form the isthmus and Cb (isthmocerebellum). These ge L .

. ) . mbryos were collected at the stages indicated and the brain was
expression do_malns subsequently pecome _resfmcted to tr ansvelifier dissected from the head or left in situ. Samples for histological
rings that encircle the neural tube in the vicinity of the isthmignaysis were fixed in Clarke's solution (75% EtOH, 25% glacial
constriction at the m/h boundary. The ringWhtkexpressing  acetic acid), embedded in wax, sectioned afit0and mounted in
cells is localized at the caudal end of the prospective midbraithree series. The first series (which included the 1st, 4th, 7th etc.
adjacent and rostral to the ringraff8-expressing cells, which are section) was stained with Cressyl violet; the second (which included
localized in the prospective isthmocerebellum (McMahon et althe 2nd, 5th, 8th etc. section) and the third (which included the 3rd,
1992; Bally-Cuif and Wassef, 1994; Crossley and Martin, 1995th, 9th etc. section) were processed for immunohistochemistry using
Mahmood et al., 1995). Gene inactivation studies have indicatégti-Calretinin or anti-Calbindin polyclonal antibodies (Swant Swiss
that Wnt1 function is required for development of both theAntlbodles, Belllr_lzona, SWltzerI_and), respectwel_y. !mmunoreactlwty
midbrain and isthmocerebellum (McMahon and Bradley, 1990Vas detected using the ABC-Elite system and biotinylated secondary

Thomas and Capecchi, 1990; McMahon et al., 1992). Furth(%mt'rl]): (;I];zsnﬁfuargtrﬁ:?g ifr:(s)trpu;/t(iegrtg. Labs (Burlingame, CA) according

studies have suggested that its major function is to maintain samples for whole-mount RNA in situ hybridization were fixed in
expression ofEnl and En2 (Danielian and McMahon, 1996). 49 paraformaldehyde at 4°C, and then processed essentially as
However, it may also play a role in stimulating cell proliferationdescribed by Henrique et al. (1995). Antisense riboprobes for in situ
(Dickinson et al., 1994). Likewise, genetic studies in mice andlybridization were prepared using previously published chick
zebrafish have demonstrated that redgg8lexpression disrupts  sequencesEnl(Logan et al., 1992Fgf8 (Crossley et al., 19960)ynt1
development of the m/h region (Meyers et al., 1998; Reifers et a(Bally-Cuif and Wassef, 1994) ar@ix2 (Bally-Cuif et al., 1995b).
1998). Ectopic expression studies in the mouse have suggested
that one function of FGF8 produced by the ISO is to stimulate cdRESULTS
proliferation and perhaps also to regulate the rate of neural ) )
differentiation from dividing precursor cells (Lee et al., 1997). FGF8 induces cerebellar as well as isthmus and

In a previous study (Crossley et al., 1996a), we demonstratédidbrain development
that implanting a bead containing FGF8 protein (FGF8-bead) iAn FGF8-bead was implanted into the neural tube of chick
p2 of the embryonic chick brain induced nearby cells to expresambryos at stages 9-12 (7-17 somites). The bead was lodged in
En2 Fgf8andWnt1,thereby forming an ectopic IsO. Like grafts an incision made at one of three positions along the A/P axis:
of normal isthmic organizer cells placed in the caudala’, in the mesencephalon (mes; prospective midbrain), ‘b’, in
diencephalon, this ectopic organizer apparently produced signdle vicinity of the boundary between the mes and pl (the
that induced cells in p2, as well as those more caudal to it in pfirospective PT), and ‘c’, most likely within p1 (but possibly

Histological and in situ hybridization analyses
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within p2, the prospective DT) (see Fig. 1A). A total of 42FGF8-induced floor plate-like structure extended laterally from
embryos incubated for up to 14 days after bead implantation (i.the normal ventral CNS (shown diagramatically in Fig. 10).
to stages 34-42) were examined histologically. There were no In 14/19 (74%) of experimental brains with Mb* and Mb**,
obvious differences in the types of tissues formed in responsewe found that more lateral sections contained structures
FGF8-beads implanted at different positions. In 8/42 embryosesembling isthmic nuclei, including the nucleus semilunaris, the
(19%), the FGF8-bead had no effect. In 12/42 embryos (29%)ucleus parvocellularis and the nucleus isthmo-opticus, whose
the effect was similar to what was previously observed when axons project to the isthmo-optic tract (Fig. 1L-N, and data not
FGF8-bead was implanted in p2: tissue surrounding and cauddiown), as well as a distinctive structure that we identified as
to the bead was transformed into an ectopic midbrain and isthmierebellum-like (the evidence for this is described below). From
tissue in mirror-image orientation to the normal midbrain andh serial section analysis, it was apparent that the ectopic isthmic
isthmus (data not shown; see Crossley et al., 1996a). nuclei were found near the proximal end of the small vesicle that
In 19/42 embryos (45%), the FGF8-bead had a more dramaticotrudes laterally between the two ectopic midbrains (see Fig.
effect. Upon external examination the brain of most of thes&D), in the region where this vesicle joined the wall of the brain.
embryos was found to contain two large abnormal vesicleln contrast, the cerebellum-like structure apparently extended
situated between the midbrain and the telencephalon (see Fighm the proximal part of the lateral outgrowth to its distal tip.
1B-E). An abnormal small vesicle was also present between tthe parasagittal sections, which cut transversely through the
two larger ones (arrow in Fig. 1D). Histological analysis oflateral outgrowth, this cerebellum-like structure was found to be
sagittal sections of these 19 brains elucidated the nature of tegmmetrical around a central cavity (Figs 1L,M, 2A). The
morphogenetic changes caused by the FGF8-bead (Fig. 1F angographic relationship of the ectopic Tc, isthmic and cerebellar
data not shown). In the normal embryo, the dorsal wall (optitissue, and floor and basal plate-like midbrain structures to the
tectum, Tc) of the midbrain displays a distinct rostrocaudahormal structures in the brain is summarized in Fig. 10.
gradient of cytoarchitectonic maturation, with rostral regions The conclusion that the distinctive structure in the lateral
containing superficial layers that have not yet formed moreutgrowths was cerebellum-like was based on the results of a
caudally (Fig. 1G; LaVail and Cowan, 1971). In 18/19 cases, theorphological and immunohistochemical analysis. At stage 42,
Tc was present and morphologically normal except at its rostré#the most advanced stage examined, this structure did not display
end, where it was smoothly joined to a mirror-imagethe characteristic foliated morphology of the normal cerebellum
supernumerary Tc (marked by a single asterisk in Fig. 1). Rostréifig. 2A,B), perhaps because of its relatively small size.
to this abnormal Tc (hereafter referred to as Mb*), we observeldowever, numerous mitotic figures were detected in the
a second supernumerary Tc in the same orientation as the norreaperficial cell layers (data not shown), a characteristic of the
one (marked by two asterisks in Fig. 1; hereafter referred to &kternal granular layer (EGL) of the normal cerebellum but not
Mb**), Thus, the morphologically caudal ends of Mb* and of any other superficial cell layers in the developing avian CNS.
Mb** were present in close proximity and mirror-image Underlying the densely packed superficial layers of darkly
orientation to one another (Fig. 1F). In the remaining 1/19 casatained small cells was a region of relatively sparse cells with
(bead implanted in the mes), it appeared that an Mb* and Mb*farge cell bodies (Fig. 2C), resembling the Purkinje cell layer
were present, but development of the normal midbrain wagsf the normal cerebellum. These cells stained with an antibody
almost completely inhibited (data not shown). against Calbindin (CaBP) (Fig. 2D), which in the normal
In addition to the morphogenetic effects on the alar plateerebellum specifically stains the Purkinje cell layer (Fig. 2E).
described above, we detected effects on the basal plate in 10Tdfe topological arrangement of the CaBP-positive cells in the
these 19 brains. Ventrally, in the region where thdanduced cerebellum-like structure was very similar to that of
morphologically caudal ends of Mb* and Mb** were located, wePurkinje cells in the normal cerebellum, an arrangement not
observed pairs of nuclei that resembled, in shape and topologicdserved in any other region of the brain. Furthermore, the
relationship to one another, the oculomotor nuclei (llin) normallyCaBP-producing cells in the ectopic cerebellum-like structure
located at the caudal end of the ventral midbrain (tegmentunmad axons that projected to structures resembling deep
(Fig. 1H). Interestingly, strictly sagittal sections through thecerebellar nuclei (Fig. 2D), just as Purkinje cells project to deep
region containing these ectopic nuclei (Fig. 1H) look remarkablgerebellar nuclei in the normal anterior cerebellum (Fig. 2E).
similar to transverse sections through the caudal region of thgom this analysis, we conclude that FGF8-beads can induce
normal tegmentum (Fig. 11). In transverse sections of the normtie formation of ectopic cerebellar tissue.
caudal midbrain, llin flank the floor plate (ventral midline), which  The remaining 3/42 experimental brains (14%) were clearly
at this stage consists of Calretinin-producing radial glia (see Figifferent from the others in that they contained an apparently
1K). The similarities between sagittal sections of thenormal midbrain, but had an isthmocerebellar lateral outgrowth
experimental brains and transverse sections of the normal cauttatated between the caudal end of the midbrain and the normal
tegmentum were further demonstrated by Calretininsthmus. In all of these embryos, the FGF8-bead was implanted
immunohistochemistry. In the experimental brains, Calretininin the mes. We speculate that it induced the formation of an
producing cells were detected in the region between the ectopctopic IsO just rostral to the normal IsO, which caused the
nuclei, as well as in the regions ventral to them (Fig. 1J). In thirmation of the lateral outgrowth.
normal brain, Calretinin is detected in the floor plate and the The non-operated (contralateral) side of the brain appeared
ventral tegmental area (VTA) (Fig. 1K). These data suggest thagrossly normal in all but one embryo. In that case, only the
in addition to inducing two ectopic Tc, FGF8 can induce floodorsal area of the PT was abnormal (data not shown). Control
and basal plate-like midbrain structures, which are orientedxperiments were performed in which PBS-beads were
perpendicular to the normal ventral tissues. Analysis of seriamplanted in incisions at positions ‘a¥7), ‘b’ (n=1) or ‘¢’
sagittal sections of the experimental samples confirmed that tiie=10), and the embryos were incubated for ~8 days. In all but
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Fig. 1. Morphogenetic changes induced by implanting an control
FGF8-bead. (A) Dorsal view of a stage 10 chick embryo :
illustrating the positions at which incisions through the
neural tube were made for implantation of an FGF8-bea
position ‘a’, in the middle of the mes; position ‘b’, in the
vicinity of the pl/mes boundary; position ‘c’, in the regio
between the middle of p1 and the p1/p2 boundary. In the
embryo shown, an FGF8-bead (arrowhead) was inserte
into an incision made at position ‘b’. (B-E) External
appearance of the brain from stage 42 experimental ang
control (non-operated) embryos. (B,C) Dorsal and (D,E)
lateral views of the brains from (B,D) an embryo in whic
the FGF8-bead was implanted at stageil &n incision at
position ‘b’ on the right side of the brain, and (C,E) a
control embryo. Asterisks indicate the large ectopic
vesicles detected between the midbrain (Mb) and the A
telencephalon (Tel). The arrow in D points to an abnorm#
lateral outgrowth (small vesicle) between the two larger
ectopic vesicles. Note that in all panels showing lateral
views or sagittal sections of the brain, anterior is to the leftFGF8
In order to conform with this convention photographs
taken of the right side of an intact brain were printed in
reverse orientation (as for example in D and E).

(F-N) Histological analysis of the experimental brains.
Paramedial sagittal sections of the brain from: (F) an /
embryo in which an FGF8-bead was implanted at stagef [
11*in an incision at position ‘b’; (G) a control embryo at '
stage 34. Note the rostrocaudal gradient of Al
cytoarchitectonic maturation in the optic tectum (Tc) of th e =
normal midbrain (indicated by a curved arrow that points... m
rostrally) and the presence in the experimental brain of FOFS .

+ FGF8

i CaR control
ectopic tecta in opposite orientations. The dashed box in F - - - FP
indicates the midbrain basal plate region shown at higher \v S ! J

i1

magnification in H and J. (H,J) Sagittal sections of the )
ventral region of the experimental brain shown in F; (1,K) i 3 7= :
transverse sections through the caudal end of a normal ""’*mﬂ ' e R |

midbrain at stage 35 (H,l) Nissl stain. %
(J,K) Immunohistochemical analysis using an anti- | et Ny mﬁ* ﬁ'"“
Calretinin (CaR) antibody. CaR is detected in floor plate + rgrs st35 & FGE@ control
(FP) cells in the normal brain and in a cell population
similar in shape and location in the experimental brain.
(L) Lateral sagittal section of the brain from an
experimental embryo incubated to stage 35 in which an -
FGF8-bead was implanted at stageihlan incision at
position ‘c’. Note the presence of an ectopic cerebellum-
like structure (Cb) and an isthmic nucleus (IsN), which
resembles the nucleus semilunaris. The filled arrowhead &
points to the FGF8-bead, which at this stage is lodged il\

the mesenchyme overlying the region between the two _
ectopic tecta. (M,N) Immunohistochemical analysis using]— s
an anti-CaR antibody of lateral sagittal sections through
(M) the caudal ends of the two ectopic midbrains in a st
35 brain in which an FGF8-bead was implanted at stagd
10 in an incision at position ‘b’; (N) the caudal end of a
normal midbrain at stage 35. Note the CaR-positive cell
of the nucleus isthmo-opticus (I0), whose axons project
the isthmo-optic tract (10 Tr) in the normal brain, and
similar ectopic nuclei in the experimental brain.

(O) Schematic diagrams representing ventral views of
(left) a stage 42 brain in which an FGF8-bead was
implanted, and (right) a control brain. The experimental
brain has two ectopic midbrains and a lateral outgrowth
containing an ectopic cerebellum-like structure. The
horizontal dashed lines indicate the plane of section shgwn IsN =] @ VTA
in the panels indicated; the vertical dashed line shows t
plane of section through the control brain in panels |, K. In

all panels, when ectopic structures are present in duplicate, a single asterisk (*) designates the one located mordaealdabtesisk (**)
designates the one located more rostrally. When a single ectopic structure is present, the abbreviation designadgTthie oipeln arrowheads
in F and L indicate the region in which the rostral end of the normal tectum (Tc) is joined to the morphologically rasgteai entbpic tectum
(Tc*). Additional abbreviations: Di, diencephalon; ic, isthmic constriction; Is, isthmus; v4, fourth ventricle; VTA, vemtrahtal area.
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Fig. 2. Cerebellar differentiation induced by an FGF8-bead.

(A-E) Histological comparison of an FGF8-induced cerebellum-like
structure with the cerebellum of a control (non-operated) embryo.
(A) Lateral sagittal section through the brain of a stage 42 embryo in
which an FGF8-bead was implanted in a stageefifbryo in an

incision at position ‘c’. The dashed boxes indicate the regions shown at
higher magnification in C and D, respectively. (B) Medial sagittal
section through the normal cerebellum at stage 42. The dashed box
indicates the region shown at higher magnification in E. (C) Higher
magnification view of the ectopic cerebellum-like structure shown in A.
Note the superficial cells and the underlying cell layer, which resemble
the external granular layer (EGL) and the Purkinje cell layer (PCL) of
the normal cerebellum, respectively. (D,E) Immunohistochemical
analysis with an anti-Calbindin (CaB) antibody of a section through (D)
the ectopic cerebellum-like structure shown in A, and (E) the normal
stage 42 cerebellum shown in B. The Purkinje cells, marked by high
levels of CaB, have axonal projections to the ventrally located deep
cerebellar nuclei (dCbN). (F-H). Analysis of the relationship between
outgrowth and contact with the FGF8-bead. (F) Lateral view of the
brain of an embryo in which a Dil-labelled FGF8-bead was implanted §
at stage 10 in an incision at position ‘c’, and which was then incubated ¥
for 3 days. The arrow points to the lateral outgrowth formed in respons¢
to the inductive signal from the bead. (G,H) Higher magnification views
of the lateral outgrowth viewed with (G) bright-field or

(H) fluorescence illumination. The arrowhead in H points to the
position at which the bead, which was removed during dissection, was
found in the mesenchyme surrounding the outgrowth. Note the
relatively sharp boundary between the Dil-positive and -negative cells,
which is localized at the region where the base of the lateral outgrowth
joins the wall of the brain. Abbreviations and symbols as in Fig. 1

;
p

:
Y

A

two cases, the brain appeared unaffected. In the two affectBibtologically are summarized in Table 1. Together these
cases, there were malformations but no ectopic structures (daesults indicate that, in addition to inducing the development
not shown). of midbrain and isthmic nuclei, as previously reported

The data on all 42 experimental brains examinedCrossley et al.,, 1996a), FGF8 can also induce cerebellar

Fig. 3.Changes in gene expression induced by Eni
implanting an FGF8-bead. Gene expression
assayed by whole-mount RNA in situ
hybridization of isolated experimental brains.
During dissection of the head the FGF8-bead
was sometimes removed with the mesenchy
(A,B) Induction ofEnlexpressionEn1 RNA
was detected ~24 hours after an FGF8-bead
implanted (at stage 12, incision at position ‘b’
Arrow points to the site where the FGF8-bead
was located. (A) Lateral view of the operated
side of the experimental brain. Note the norm
domain ofEnlexpression with highest levels o
RNA in the vicinity of the isthmic constriction
(ic) at the boundary between the developing |
midbrain (Mb) and hindbrain (Hb). (B) Dorsal
view of the same brain. Note the absence of
En1RNA in the diencephalon (Di) on the non-operated, contralateral side of the brain (top), and its abundance in tissuegstimecsitedat
which the FGF8-bead was located. (C,D) Ectopic expressidmtfandFgf8. Fgf8 (red stain) andVntl(blue stain) RNAs were detected ~48
hours after an FGF8-bead was implanted (at stagaridision at position ‘b’). Arrowhead points to the FGF8-bead, which is still lodged in the
neuroepithelium. (C) Lateral view of the operated side of the experimental brain. Note the normal dowatisiefFgf8 expression in
transverse rings in the vicinity of the Wntlis also expressed along the dorsal midline of the CNS. (D) Dorsal view of the same brain. Note
the absence dfgf8 andWnt1RNA in the prominent lateral outgrowth (marked by an asterisk), and the almost completely circular ectopic
expression domains of both genes. (E,F). Repressiomx@expressionOtx2 RNA was detected ~48 hours after an FGF8-bead was implanted
(at stage 9 incision at position ‘b’). Arrow points to the site where the FGF8-bead was located. (E) Lateral view of the operatéldeside of
experimental brain. Note the sharp caudal boundary of the n@ix2éxpression domain in vicinity of the i©tx2RNA was not detected in

the region surrounding the site at which the bead was implanted, although this is not readily evident in the photograpbastsenhébrain

is semi-transparent and t#x2 RNA on the non-operated, contralateral side is visible through the negative region. (F). Dorsal view of the
same brain, in which the absenceédik2 RNA in the prominent lateral outgrowth (asterisk) is readily visible. Additional abbreviations as in
Fig. 1.

Fgfé/Wntt
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Table 1. Summary of ectopic structures formed following implantation of an FGF8-bead

Ectopic Ectopic Ectopic

Position of No. Ectopic Cb Isthmic tegmental
bead implant samples midbrains tissue tissue structures
a (mes) 2 Mb** and Mb* - -

3 Mb* - -

3 - +{ +{ -

2 _ _ _ —_
Subtotal 9 3 0
b (pl/mes) 5 Mb** and Mb* + + +

1 Mb** and Mb* + + -

2 Mb** and Mb* - + +

2 Mb* - - -

1 _ _ _ _
Subtotal 11 6 8 7
c (pl) 3 Mb** and Mb* + + +

5 Mb** and Mb* + + -

2 Mb** and Mb* - - -

1 Mb* + + +

1 Mb* + + -

3 Mb* - + -

1 Mb* - - +

1 Mb* - - -

5 _ _ _ —_
Subtotal 22 10 13 5
Total 42 19 24 12

Mb**, same orientation as the normal midbrain.

Mb*, orientation opposite that of the normal midbrain.

¢In this embryo, there appeared to be little if any normal midbrain tissue present.

1in these embryos, a lateral outgrowth containing ectopic isthmocerebellar tissue was located just rostral to the nooaahsihmo

development, and that the prospective DT, PT and midbrain asgpparently assume an isthmocerebellar fate, are derived from

competent to respond to its inductive effect. cells that have been in contact with the FGF8-bead.
The lateral outgrowth is derived from cells in FGF8 induces ectopic expression of  Enl, Fgf8 and
contact with the FGF8-bead Wntl, and represses Otx2 expression

In the histological analysis described above, the FGF8-beddidbrain and isthmocerebellar development requires the
was detected in approximately half the affected brains, usualfynction of bothEnl and En2 (reviewed by Joyner, 1996). In
in the adjacent mesenchyme (see Fig. 1L). In almost all casesr previous study, we demonstrated that an FGF8-bead
with obvious lateral outgrowths, the FGF8-bead was found irmplanted in p2 induceSn2expression in the neuroepithelium
the most lateral sections of the brain, at or near the distal emeéar the bead (Crossley et al., 1996a). Here we assay€utifor
of the outgrowth. When brains with lateral outgrowths wereRNA ~24 hours after implanting an FGF8-bead in Bhl
examined at earlier times after bead implantation (48-72xpression was detected in the vicinity of the bead in 6/8
hours), the bead was likewise almost always found in thbrains, as well as in its normal domain in a double gradient that
mesenchyme overlying the outgrowth, at or near its distal endlecreases caudally and rostrally from a high point in the
(see Fig. 3D). To determine whether the lateral outgrowthsicinity of the m/h boundary (Fig. 3A; see also Gardner et al.,
were derived from cells in direct contact with the bead, wel988; Davis et al., 1991; Millet and Alvarado-Mallart, 1995).
implanted beads soaked in both FGF8 and a carbocyanine dyidie presence dEnl-expressing cells on the operated side and
Dil, at stage 10, and the examined the embryos after ~72 houtse absence of such cells on the contralateral non-operated side
incubation (to ~stage 23). Because there is no intercellulaf the diencephalon is shown in Fig. 3B. In 2/8 cases, which
transfer of Dil, all labeled cells must either have been in contadisplayed little or no ectopi&nl expression, the bead had
with the bead or be descendants of such cells. apparently dislodged from the neuroepithelium and was
In 6/22 brains (27%), we observed a relatively large laterdbcated within the ventricle (data not shown). Ectolitl
outgrowth of the neuroepithelium, with the Dil-FGF8-bead aExpression was also readily detected in 6/6 brains assayed ~48
or near its distal tip (Fig. 2G,H). When viewed by fluorescencéours, and in 8/9 brains assayed 5 days after an FGF8-bead
microscopy, the entire outgrowth was labeled and there wasveas implanted. When lateral outgrowths were present, they
sharp boundary between labeled and non-labeled cells at always containe&nl-expressing cells (data not shown). These
near the junction of the outgrowth with the wall of the brainresults indicate that FGF8 can indugrl expression in the
(Fig. 2H). In 8/22 (36%) brains, the diencephalon and rostrgdrospective caudal diencephalon/rostral midbrain.
midbrain were enlarged but there was no pronounced localizedMidbrain and isthmocerebellar development is also
outgrowth, and, in 8/22 (36%) brains, the bead had no obviowependent otwntl and Fgf8 gene function, which together
effect (data not shown). These data demonstrate that at 3 dgy®duce IsO activity. These genes are normally expressed in
after implanting an FGF8-bead, the lateral outgrowths thaddjacent transverse rings of cells at the m/h boundary, and
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Whntl expression is also detected in cells along the dorsalegative cells in the lateral outgrowth (see Fig. 3F). In control
midline of the prospective caudal forebrain, midbrain,experiments with PBS-bead3tx2expression was not affected
hindbrain and spinal cord (Fig. 3C,D; see Bally-Cuif and(n=8; data not shown). These results indicate that implantation
Wassef, 1994; Mahmood et al., 1995; Crossley et al., 1996a)f an FGF8-bead repress®$x2 expression, and th&@tx2 is
When Fgf8 and Wntl expression was assayed 24 or 41-48not expressed in the lateral outgrowths that apparently develop
hours after an FGF8-bead was implanted in pl or me#to isthmocerebellar tissue.
expression of both genes was detected in the neuroepithelium o
surrounding the bead and also in their normal domains (Fi{%roso_mere boundaries inhibit rostral spread of an
3C,D and data not shown). A striking feature of the ectopi¢sO signal
Fgf8 expression domain in samples incubated for up to 48he data described above indicate that signals from the ectopic
hours (=7) was that it extended in an almost complete circldsO induced by an FGF8-bead can spread both rostrally and
around the FGF8-bead/ntlexpression was likewise detected caudally through the neuroepithelium. There appears to be no
in an almost complete circle, concentric to and further from thahibition of the caudal spread of the IsO signal, since the
bead than thEgf8expression domain (Fig. 3C). When a lateralcaudal-most ectopic structure formed in response to a bead
outgrowth was present, thEgf8 expression domain was implanted in p2 or pl (i.e. Mb*) was always smoothly joined
localized at its junction with the wall of the brain aRgf8  to the normal midbrain (see Fig. 1L; Crossley et al., 1996a). In
RNA was not detected more distally in the outgrowth (Fig. 3D)order to explore the extent to which the signal from an ectopic
These observations suggest that when an FGF8-bead 1D spreads rostrally, we examined each of the 34 experimental
implanted in pl or mes, it induces a nearly circular isthmidrains in which there had clearly been a morphogenetic
signaling center, which can send patterning signals through tliesponse to the FGF8-bead (see Table 1) and determined the
neuroepithelium both rostral and caudal of the bead, therelaktent to which tissue rostral to the bead was affected. To assess
accounting for the formation of two ectopic midbrains withthe effect on PT (pl), we examined every section of the brain
opposite polarity. Consistent with this conclusion, we foundn each experimental embryo and scored for the presence or
that, in brains in which the bead could be detected at stagabsence of specific nuclei found in the PT, which can be
34-42, it was always situated in the region between the twdistinguished by their unique shape and location. Likewise, we
ectopic midbrains (see Fig. 1L). scored each sample for the presence of specific nuclei found in
Otx2 also plays a key role in the development of the m/lthe DT (p2) and ventral thalamus (VT; p3). The locations of
region (see Discussion). In the normal bra®tx2 RNA is  these diencephalic nuclei are illustrated in Fig. 4A.
detected in regions of the telencephalon, and throughout theEach of the experimental brains could be classified in one
prospective diencephalon and midbrain, with a sharp boundanf three categories: (1) all of the PT, DT and VT marker nuclei
separating Otx2-positive and -negative cells at the m/hwere present (Fig. 4B-D), (II) none of the PT but all of the DT
boundary, just rostral to tHegf8 expression domain (Fig. 3E; and VT marker nuclei were present (Fig. 4E-G), and (Ill) none
see Millet et al., 1996, and references therein). Wet2  of the PT or DT but all of the VT marker nuclei were present
expression was assayed 24 hours after implantation of gRig. 4H-J). Thus, in each case, there was a quantal effect:
FGF8-bead in pl or mes, a sm@itx2-negative region was when a prosomere was affected, all of it appeared to be
detected in the tissue surrounding the beaaR;( data not transformed to a more posterior fate (midbrain or
shown). In brains collected 45 or more hours after beatthmocerebellum). The prosomere immediately rostral to it
implantation, anOtx2negative region was likewise detectedwas either likewise affected or completely normal.
within the normallyOtx2-positive neuroepitheliumngs; Fig. The category in which an experimental brain was classified
3E,F, and data not shown). In samples that contained v@as related to the position in which the FGF8-bead was
prominent lateral outgrowtlQtx2RNA was not detected in the implanted (Table 2). Thus, all (7/7) of the brains in which the
outgrowth, and a sharp boundary was observed between tR&F8-bead was implanted at in an incision at position ‘a’ (in the
Otx2-expressing cells in the wall of the brain and @&2- mes) were classified in category | (PT, DT, and VT unaffected).

Table 2. Summary of effects of FGF8-beads on the diencephalon

Structures
chacteristic of

Position of No. Number of samples displaying
bead implant samples Ectopic midbrains VT DT PT all markers of
a 1 Mb** and Mb* + + + m VT,DT,PT: 7/7 (100%)
(mes) 3 Mb* + + +

3 - + + +
b 3 Mb** and Mb* + + + m VT,DT,PT: 5/10 (50%)
(p1l/mes) 2 Mb* + + + mm VT,DT: 4/10 (40%)

4 Mb** and Mb* + + - mmm VT: 1/10 (10%)

1 Mb** and Mb* + - -
c 9 Mb** and Mb* + + - mm VT,DT: 14/17 (82%)
(p1) 5 Mb* + + - mmm VT: 3/17 (18%)

1 Mb** and Mb* + - -

2 Mb* + - -

m category |mm category |I;mmm category lll.
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Fig. 4. Effects of inductive signals —— :

from an FGF8-bead on VT DT PT
development of the diencephalon. (P3) (p2) (P1)
(A) Schematic diagram of the brain

at stage 35, indicating the locations Tel ‘ GV DL Df
of the ventral thalamus (VT), dorsal LA ITO Pec
thalamus (DT) and pretectum (PT). ZL RT R Pt
The boxes on the right list the VLT spl
nuclei that were used as markers | p

for normal development of each of
these regions. (B-D) Example of an
experimental brain classified in
category | (see text): VT (p3), DT
(p2) and PT (pl) unaffected.
(B) Low magnification view of a
stage 34 brain (sagittal section) in
which an FGF8-bead was
implanted at stage 11n an
incision at position ‘a’ (same as
brain shown in Fig. 1F). The
dashed box indicates the region
shown at higher magnification in C,
in which the marker nuclei detected
are labeled. The diagram in D is a ,[
5

schema of a camera-lucida drawing
of the section shown in C, with the |
outlines of the marker nuclei
indicated. Note that not all nuclei
used as markers for a particular
region are detected in a single
section. The conclusions about the
presence or absence of a particular
prosomere were therefore drawn on
the basis of an examination of w
multiple sections of the g W ;- ‘

experimental brain. (E-G) Example f S e g ¥ S Bsa .
of an experimental brain classified {'ﬂ - . A g W\ i

in category II: VT (p3) and DT (p2)

unaffected, PT (pl) affected. (E) Low magnification view of a stage 34 brain (sagittal section) in which an FGF8-bead et dingtizge 12
in an incision at position ‘c’. The dashed box indicates the region that is shown at higher magnification in F, in whidetmioheirdetected
are labeled. The diagram in G is a schema of a camera-lucida drawing of the section shown in F, with the outlines ofribeleiémkiirated.
(H-J) Example of an experimental brain classified in category Ill: VT (p3) unaffected, DT (p2) and PT (p1l) affected. (H) iteatiagview
of a stage 35 brain (sagittal section) in which an FGF8-bead was implanted at stage 11 in an incision at position ‘c’dhux diadicates the
region that is shown at higher magnification in I, in which the marker nuclei detected are labeled. The diagram in J i@bascheraea-
lucida drawing of the section shown in I, with the outlines of the marker nuclei indicated. Abbreviations: Df, nucleustidisoiyh, nucleus
dorsolateralis thalami; GV, nucleus geniculatus lateralis, pars ventralis; ITO, nucleus interstitialis tractus opticuelf\ateialis anterior
thalami; Pc, nucleus precommissuralis principalis; Pt, nucleus pretectalis principalis; R, nucleus rotundus; RT, nuddeissthetiaoni; SpL,
nucleus spiriformis lateralis; VLT, nucleus ventrolateralis thalami. Other abbreviations as in Fig. 1.

b ™

In contrast, the brains in which the FGF8-bead was implantedISCUSSION

in an incision at position ‘c’ (most likely in p1, possibly in p2)

were almost always (14/17) classified in category Il (PT abseriyle describe here the consequences of implanting an FGF8-
DT and VT unaffected), or infrequently (3/17) in category Ill bead in p1 or mes of a stage 9-12 chick embryo. The ‘maximal’
(PT and DT absent, but no effect on the VT). When the FGF8esponse, observed in a substantial proportion of cases, can be
bead was implanted in an incision at position ‘b’ (near thelescribed as follows. By 24 hours after the FGF8-bead was
pl/mes boundary), 5/10 were classified in category |, 4/10 iimplanted,Otx2 expression was repressed dfull, Fgf8 and
category Il and 1/10 in category lll. The simplest explanation oiWntlwere ectopically expressed in cells near the bead. The net
these data is that the signal from an ectopic IsO does not spraagult of these changes was the establishment of an ectopic IsO.
rostrally across neuromere boundaries. The strongest eviderBg 48 hours, the caudal diencephalon and rostral midbrain had
for this hypothesis is the observation that when beads weexpanded and there was local lateral outgrowth of
implanted in the mes (position ‘a’), the neuroepithelium rostraheuroepithelium in contact with the bead. The ectopic IsO
to the mes (i.e. the diencephalon) was not affected, despite thenctioned as a source of signals that repatterned the
fact that it is competent to respond to signals from an Is@euroepithelium. The regions rostral and caudal to the bead
induced when an FGF8-bead is implanted in p1 or p2. developed into ectopic midbrains in opposite orientations,
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whereas the lateral outgrowth developed into arpl or mes, two ectopic midbrains and an ectopic
isthmocerebellum. The alar plate was always affected, but isthmocerebellum were formed. An explanation for these
some cases basal plate derivatives were also repatterned andidferent outcomes is suggested by a comparison of the
ectopic floor plate flanked by tegmental structures developedbmains of ectopi€gf8 andWntlexpression observed in the
perpendicular to the A/P axis of the experimental brain. Thes®vo studies. When the bead was implanted near the ZL, ectopic
data demonstrate that cells in the caudal diencephalon afgf8andWntlexpression was readily detected in cells caudal,
midbrain are competent to develop as midbrain, isthmic tissuaut in few cells rostral to the bead (Crossley et al., 1996a),
or cerebellum, and that local application of FGF8 is sufficientither because the inductive signal from the FGF8-bead did not
to initiate the processes that determine their fate and contrspread rostrally across the ZL, or because the region rostral to
their subsequent development. Interestingly, our data providde ZL is not competent to form an IsO. Consequently, the
evidence that, although the inductive signal can spread rostraictopic IsO that formed was localized caudal to the bead. In
within the neuromere in which the FGF8-bead was implanted;ontrast, when the bead was implanted in p1 or mes, ectopic
it does not readily spread to a rostrally adjacent neuromere.Fgf8 and Wntl expression was usually detected in almost

) ] complete concentric rings around the bead, with/m¢lring
Effects on gene expression mediated by an FGF8- outermost. In such cases, the bead was presumably implanted
bead sufficiently far from a neuromere boundary to allow spread of
A fundamental conclusion of this and our previous studythe inductive signal both rostral and caudal to the bead, thus
(Crossley et al., 1996a) is that the observed morphogenetiermitting the establishment of an ectopic IsO that can send
effects are due to the establishment of an ectopic I1sO in whigbatterning signals in all directions. The difference in the
both Fgf8 and Wntl are expressed. However, an importanttopology of the ectopic I1sO also suggests an explanation for
difference between the two studies is that previously, when ahe observation of cerebellar development only in the present
effort was made to implant the FGF8-bead within p2 close tstudy. We speculate that a lateral outgrowth of the
the ZL (i.e. near the p3/p2 boundary), a single ectopic midbraineuroepithelium (in which cerebellar differentiation occurs)
and isthmic tissue in mirror-image orientation to the normatan form only when the cells are almost completely surrounded
midbrain and isthmus developed. In contrast, in the presebly concentric rings oFgf8 andWntlexpressing cells.
study, when the FGF8-beads were implanted more caudally, in A striking feature of the structures induced by implanting an
FGF8-bead is their distinct polarity. This is particularly evident
in the ectopic midbrains, which display rostrocaudal gradients

Fig. 5.Mechanisms of gene regulation and spread of inductive
signals in the mid/hindbrain region. (A) Schematic representation of
the region containing the 1sO showing the proposed dosage-sensitive A rostral IsO caudal IsO
negative-feedback loop between FGF8 and OTX2 at the m/h
boundary, and the mechanism by which an FGF8-bead in&gt@s

expression. (Top panel) Cells in the rostral IsO, on the rostral side of Fgf8 Otx2

the m/h boundary (thick vertical line) expr&32 (green shading)

andWntl(not illustrated). The OTX2 protein functions at high

concentrations to repreBgf8 gene expression within the cells that

produce it. Cells in the caudal I1sO, on the caudal side of the m/h

boundary expressgf8 (purple shading) an@bx2(not illustrated). Otx2 p OTX2 FGF8 4 Fgf8

The FGF8 protein functions at high concentration to re[iDés3 gene protein protein gene

gene expression in the cells that produce it and in nearby cells. The

net result of these reciprocal interactions, as well as the effects of implant

other genes (see text), is the maintenance of a sharp m/h boundary. Fore: FGF8 represses lack of OTX2
Otx2 derepresses Fgf8

Although not illustrated here, a similar negative-feedback loop may \

exist between FGF8 and OTX1. (Bottom panel) When an FGF8-bead >

is implanted in p2, p1, or the mes, which aredai2-expressing O | O Q
territories, FGF8 from the bead locally repres9es2 expression.

The consequent reduction in the level of OTX2 protein relieves the
repressive effect on tHegf8 gene, which is then expressed in the
Otx2-negative cells. (B) Diagram illustrating the presumed spread of B
inductive signals from the normal IsO and from the ectopic IsO
induced by implanting an FGF8-bead. In the normal m/h region,
signals from the I1sO spread rostrally and caudally to establish the
rostrocaudal polarity of the midbrain and anterior hindbrain (which
contains the cerebellum [Cb]), respectively. The arrows representing
the signals spreading caudally from the IsO are stippled to indicate
that they may be quantitatively or qualitatively different from those
spreading rostrally. When an FGF8-bead is implanted in p2 the
signals produced by the induced IsO spread within and caudal to p2,
but not rostrally across the p3/p2 boundary (ZL). When an FGF8-
bead is implanted in p1 the signals spread within and caudal to p1, / \

but not rostrally across the p2/p1 boundary. Likewise, when an @) Wnt1 and Fyf8
FGF8-bead is implanted in the mes the signals spread within and FGF8-Bead ectopic midbrains expression domains
caudal to the mes, but not rostrally across the pl/mes boundary.

p3 p2 pl mes
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of cytoarchitectonic maturation, but it is also observed in thelomains include most of the prospective forebrain and the
lateral outgrowths, in which cells near the base develop intmidbrain and have a sharp caudal limit at the m/h boundary,
rostral structures (isthmic nuclei), whereas cells at the distallay a key role in regulating the choice between a midbrain vs.
end develop into a more caudal structure (cerebellum). It seernsrebellar fate (Acampora et al., 1997; Suda et al., 1997). This
likely that such patterning effects are due, at least in part, toypothesis is based on the finding that reductio®tixgene
induction within 24 hours of implanting an FGF8-bead of bothdosage results in a rostral shift of the location of the IsO. Tissue
Enl (reported here) andEn2 (Crossley et al.,, 1996a) caudal to this misplaced IsO, which normally expresses both
expression. These are thought to be important downstrea@®ix1 and Otx2 and develops into p2, p1 and mes, develops
target genes through which the IsO exerts its patterning effedisstead as an enlarged cerebellum. In view of these results, our
(reviewed by Joyner, 1996; Rétaux and Harris, 1996; Wasséhding that FGF8 not only induces the formation of an ectopic
and Joyner, 1997). IsO composed oFgf8 andWntlexpressing cells, but that it
Our results, as well as those of Ye et al. (1998), showing thatso represses the expressiorOt2, suggests an explanation
local application of FGF8 can induce the expressidendfand  for the different fate transformations observed in response to
En2 in the prospective caudal diencephalon and rostrdmplantation of an FGF8-bead: cells in whidlix2 expression
midbrain, differ markedly from the findings of a study of has been repressed by FGF8, for example, those in the lateral
transgenic mice in whichgf8 was ectopically expressed under outgrowths, respond to the signals generated by the ectopic IsO
the control of regulatory elements from Mmtlgene (Lee et by undergoing isthmocerebellar differentiation, whereas cells in
al., 1997). In those mice, induction Bhl expression was not whichOtx2expression has not been affected by the FGF8-bead,
detected and ectopic expressiorEo2 was found only in the i.e. those in the wall of the brain, respond by undergoing
prospective rostral midbrain. Furthermore, there was nmidbrain differentiation.
evidence for the development of ectopic structures. There are .
several plausible explanations for the different outcomes, biihibition of the rostral spread of morphogenetic
we think the most likely explanation lies in the differencesignals across prosomere boundaries
between the experimental approaches. When a source of FGF8e boundaries between neuromeres delineate domains of
protein is implanted in the lateral walls of the neural tube, thergene expression (reviewed by Rubenstein et al., 1994,
is an opportunity for an IsO, with discrete domainEgBand  Rubenstein and Puelles, 1994; Lumsden and Krumlauf, 1996)
Whntlexpressing cells, to become established. In contrast, whemd specialized cellular behavior. For example, in the
Fgf8 is expressed under the control of the regulatory elementgndbrain, clones of neuroepithelial cells within an individual
that drive normalVntlgene expressiof,gf8 andWntlare co- neuromere (rhombomere) generally do not cross the
expressed in the same cells. This might preclude the formatidooundaries between rhombomeres (Fraser et al., 1990;
of a functional IsO, whose activity may depend on the presend&irgbauer and Fraser, 1994). Likewise, clones of cells within
of juxtaposed rings dfgf8- andWntlexpressing cells. a specific forebrain neuromere (prosomere) do not mix with
One important question is how does an FGF8-bead indudke cells in adjacent neuromeres (Figdor and Stern, 1993). Such
expression ofFgf8in p2, p1 or mes? One possibility is that boundaries contain extracellular matrix with special
FGF8 directly induces its own expression. We suggest that thidaracteristics, and cells with distinct patterns of gene
process may involve repression®@fx genes, since we found expression and a slow rate of proliferation (Guthrie et al., 1991;
that local application of FGF8 repress@$x2 expression. Heyman et al., 1995, and references therein). Moreover,
Furthermore, studies oOtxI7/~;0tx2"~ (Acampora et al., boundary cells display little gap junctional communication
1997) andDtx1*~;0tx2"~ (Suda et al., 1997) embryos, suggestwith adjacent cells (Martinez et al., 1992).
that theOtx genes repressgf8 expression in the prospective  The data described here provide evidence that the
midbrain and diencephalon in a dosage-dependent mannarorphogenetic signals from an ectopic IsO do not readily pass
Together these data raise the possibility that FGF8 and OTX1f@strally across mes/pl, pl/p2, or p2/p3 boundaries. In
function in a negative feedback loop (Fig. 5A). If such a loofontrast, they appear to be readily transmitted caudally across
exists, then implantation of a bead containing high levels ahe p2/p1 and pl/mes boundaries (Crossley et al., 1996a) (Fig.
FGF8 protein in p2, pl or the mes would have a repressiB). A similar conclusion was reached by Bloch-Gallego et al.
effect on theDtx genes that are normally expressed there; thi§1996), who examined the spread of inductive signals from
would result in a decrease in the amount of OTX proteimgrafts of tissue with IsO activity by assaying for the induction
present, thereby relieving the OTX inhibitory effect onkgé8  of En2 expression. A somewhat different conclusion was
gene (Fig. 5A). Moreover, since the proposed negativdrawn from a study of the ability of 1sO signals to cross
feedback loop betweddtxandFgf8 gene is apparently dosage rhombomere boundaries caudally (Martinez et al., 1995). The
sensitive, this could explain why the domain of ectdff8  results of those experiments suggested that signals from an IsO
expression is restricted to the vicinity of the FGF8-bead.  do not spread either rostrally or caudally through the
The data reported here, as well as the results of a variety bbundaries between rhombomeres 3 and 7.
transplantation studies in the chick, have demonstrated that theTogether these results suggest an explanation for the
prospective caudal diencephalon can be transformed to abservation that the patterning signals from the normal IsO
midbrain, isthmic or cerebellar fate by signals from an IsCapparently influence only the development of the midbrain,
(Martinez et al., 1991; Marin and Puelles, 1994; Bloch-Gallegisthmus and cerebellum, even though the entire region extending
et al., 1996; reviewed by Puelles et al., 1996; Wassef and Joyneaudally from the ZL (p3/p2 boundary) through the hindbrain (to
1997). An important question is what determines the responsg) is competent to respond to them. Thus signals from the IsO
of cells to signals from the 1sO? Genetic studies have suggestatay be prevented from influencing cells in the prospective caudal
that the Otx1 and Otx2 genes, whose normal expressiondiencephalon because they are unable to spread rostrally through
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the mes/pl boundary (see Fig. 5B). On the contrary, signals fro®enetic studies have recently become feasible in zebrafish
the IsO spreading caudally may be prevented from influencingince Fgf8 was identified as the gene responsible for the
cells in the posterior hindbrain (r3-r7) because they are unable émerebellammutation (Reifers et al., 1998). Genetic analysis of
spread caudally through the r2/r3 boundary. At present, thie functions of FGF8 in brain development in higher
mechanisms by which the spread of inductive signals is limitedertebrates is potentially hampered by the finding Fgd8 is

are unknown. One possibility is that the specialized cells atquired for gastrulation in mice, and that the brain does not
neuromere boundaries function to block signal transmissiodevelop inFgf8 null mutant homozygotes (X. Sun and G. R.
between neuromeres, perhaps due to discontinuities in gap, unpublished observations). However, the availability of

junction connectivity (Martinez et al., 1992). mice carrying a hypomorphic allele Bfif8 has made possible
] o ) genetic analysis of the role B§f8in mouse brain development
Role of FGF8 in normal mid/hindbrain development (Meyers et al., 1998). A preliminary study of the mutant

The results reported here and by others provide some insighdmbryos has suggested that relatively small reductioRgfth
into the functions that FGF8 produced in the IsO performsexpression result in a failure to form the isthmocerebellum and
First, it is likely to play a key role in stimulating cell posterior midbrain, and that greater reductions have a more
proliferation. Evidence for this hypothesis includes our findingsevere effect on midbrain development (E. Meyers, S. M. and
that the lateral outgrowths that form when a dil-labeled FGF85. R. M., unpublished observations). Further studies of these
bead is implanted in the caudal diencephalon are derived fromutant embryos, as well as embryos in whiegf8 gene
cells in contact with the bead. In addition, Lee et al. (1997junction is completely eliminated in specific regions of the
have shown that ectopic expressiorFgf8 under the control developing embryo, should help to determine precisely how
of Wntlregulatory elements results in excess proliferation oFGF8 contributes to establishment and function of the IsO.
neural precursors, resulting in dramatic hyperplasia of the
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