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SUMMARY
Experiments involving tissue recombinations have
implicated both early vertical and later planar signals in
the specification and polarisation of the midbrain. Here we
investigate the role of fibroblast growth factors in
regulating these processes in the avian embryo. We show
that Fgf4 is expressed in the notochord anterior to
Hensen’s node before transcripts for the earliest molecular
marker of midbrain tissue in the avian embryo, En1, are
detected. The presence of notochord is required for the
expression of En1 in neural plate explants in vitro and
FGF4 mimics this effect of notochord tissue. Subsequently,
a second member of the fibroblast growth factor family,
Fgf8, is expressed in the isthmus in a manner consistent
with it providing a polarising signal for the developing
midbrain. Using a retroviral vector to express En1
ectopically, we show that En1 can induce Fgf8 expression

INTRODUCTION
Initial regionalisation of the neural plate along its
anteroposterior axis occurs concurrent with, or soon after,
neural induction and is believed to be the result of both vertical
and planar signals. The former derive from underlying
mesoderm while the latter originate from the organiser (the
node in amniotes and the dorsal lip in Xenopus) and also,
possibly, from the anterior margin of the neural plate (for
reviews see Ruiz i Altaba, 1994, 1998). Subsequently,
organising centres develop within the neuroepithelium and
produce signals responsible for further refinement of
anteroposterior pattern. The best-characterised of these is the
isthmus (midbrain/hindbrain boundary) which has been
implicated in the specification and patterning of the midbrain
(reviewed by Bally-Cuif and Wassef, 1995; Wassef and Joyner,
1997).
Current evidence suggests that vertical, mesodermal
influences are required to initiate the specification of that part
of the neural plate which includes the midbrain primordium.

in midbrain and posterior diencephalon. Results of the
introduction of FGF8 protein into the anterior midbrain or
posterior diencephalon are consistent with it being at least
part of the isthmic activity which can repolarise the former
tissue and respecify the latter to a midbrain fate. However,
the ability of FGF8 to induce expression of genes which
have earlier onsets of expression than Fgf8 itself, namely
En1 and Pax2, strongly suggests that the normal function
of FGF8 is in maintaining patterns of gene expression in
posterior midbrain. Finally, we provide evidence that FGF8
also provides mitogenic stimulation during avian midbrain
development.
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Members of two families of transcription factors, En and Pax,
are expressed in the posterior midbrain and the anterior part of
hindbrain (often referred to as the mid/hindbrain region) in
embryos of all vertebrate classes (see Joyner, 1996 for a review
and references). These genes have been shown to be required
for normal development of derivatives of that part of the neural
tube (Joyner et al., 1991; Krauss et al., 1992; Millen et al.,
1994; Urbanek et al., 1994; Wurst et al., 1994; Millen et al.,
1995; Favor et al., 1996; Kuemerle et al., 1997; Schwarz et al.,
1997; Urbanek et al., 1997). Using En expression as a marker
for neuroectoderm specified to a mid/hindbrain fate, tissue
recombination and grafting studies in mammalian, avian and
amphibian embryos have demonstrated a requirement for
underlying mesoderm in the early specification of that region
(Hemmati-Brivanlou et al., 1990; Ang and Rossant, 1993;
Darnell and Schoenwolf, 1997).
Subsequent polarisation of the midbrain involves planar
signals originating from the isthmus which also has midbraininducing activity when grafted ectopically. The plasticity of
posterior diencephalon and anterior midbrain in responding to
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patterning signals from the posterior region of the midbrain
vesicle was first recognised by Alvarado-Mallart, Nakamura
and their colleagues and further developed in grafting studies
by a number of groups. Respecification of these tissues was
evinced by molecular, cytoarchitectural and retinal ganglion
axonal projection criteria (reviewed by Alvarado-Mallart,
1993). 180° rotations of the midbrain, excluding the isthmic
region, or grafts of anterior midbrain tissue posteriorly, adjacent
to the isthmic region, result in the respecification of anterior
midbrain to posterior character (Alvarado-Mallart et al., 1990;
Ichijo et al., 1990; Martinez and Alvarado-Mallart, 1990).
Similar rotations, but including the isthmic region, result in the
midbrain having a mirror-image, double-posterior phenotype
(Marin and Puelles, 1994). More dramatically, grafts of
posterior forebrain (diencephalic prosomeres P1 and/or P2) into
posterior midbrain or rotations of the entire midbrain vesicle,
which place isthmic tissue adjacent to the posterior forebrain,
cause respecification of the posterior forebrain to a polarised
midbrain phenotype (Nakamura et al., 1986, 1988; AlvaradoMallart et al., 1990; Nakamura 1990; Gardner and Barald, 1991;
Itasaki et al., 1991; Martinez et al., 1991; Bally-Cuif et al.,
1992; Bally-Cuif and Wassef, 1994; Marin and Puelles, 1994;
Bloch-Gallego et al., 1996). Taken together, these studies
suggest that a planar signal originating from the isthmic region
is responsible for polarising the midbrain and is capable of
specifying the posterior forebrain to a midbrain character.
Grafting studies of Marin and Puelles (1994) examined the
inductive capabilities of the isthmus and confirmed it as an
organising centre for spatial patterning of the mid/hindbrain
region. Furthermore, the molecular mechanisms involved in
specification by the isthmus are conserved among vertebrates
(Martinez et al., 1991; Bally-Cuif et al., 1992).
Candidates for vertical signals involved in specification of
the midbrain have not been reported, however two secreted
signalling molecules, Wnt1 and fibroblast growth factor 8
(Fgf8), are candidate isthmic signals. Expression of Wnt1 in
the midbrain region is initially dynamic but ultimately forms a
narrow dorsoventral band anterior to the isthmic constriction
and is also detected in the roofplate throughout the midbrain.
This pattern of expression is conserved among vertebrates
(Wilkinson et al., 1987; Parr et al., 1993; Eizema et al., 1994;
Hollyday et al., 1995; Kelly and Moon, 1995; Rowitch and
McMahon, 1995). Moreover, mutant mice that are
homozygous null for Wnt1 fail to form a normal mid/hindbrain
border, progressively lose En1 expression in the midbrain and
anterior hindbrain and, ultimately, lack most of the midbrain,
the isthmic nuclei and the anterior cerebellum (McMahon and
Bradley, 1990; Thomas and Capecchi, 1990; Thomas et al.,
1991; McMahon et al., 1992; Bally-Cuif et al., 1995a; Fritzsch
et al., 1995). The presence of Wnt1-expressing cells in grafts
of tissue from the mid/hindbrain region correlates well with the
presence of isthmic patterning activities (Bally-Cuif et al.,
1992). However, ectopic expression of Wnt1 has, so far, failed
to mimic isthmic activities (cited in Wassef and Joyner, 1997).
Fgf8 is expressed at the isthmic constriction in all vertebrate
classes (Heikinheimo et al., 1994; Ohuchi et al., 1994; Crossley
and Martin 1995; Mahmood et al., 1995; Bueno et al., 1996;
Crossley et al., 1996; Vogel et al., 1996; Christen and Slack, 1997;
Riefers et al., 1998). Hypomorphic transgenic mice expressing
reduced levels of Fgf8 protein show defects in midbrain and
cerebellar development, although these have not been described

in detail (Meyers et al., 1998) and the zebrafish Fgf8 mutant (ace)
exhibits similar defects (Riefers et al., 1998). Moreover,
introduction of ectopic FGF8 into the embryonic chick
diencephalon respecifies that region to a midbrain fate (Crossley
et al., 1996). In addition, the use of a Wnt1 enhancer to direct
Fgf8 expression in transgenic mice induces En2 expression and
affects patterning events in the midbrain (Lee et al., 1997).
We have examined the effects of ectopic FGF8 protein on
gene expression, cytoarchitecture and proliferation when
introduced into the midbrain and contrast these data with those
we obtained from introduction of FGF8 into the diencephalon
and with the studies of Crossley et al. (1996) and Lee et al.
(1997). A detailed temporal study of Fgf8 expression in the
avian mid/hindbrain, relative to several other genes implicated
in mid/hindbrain development, showed it to be expressed after
En1 and Pax2, with En1 being detected earliest. Ectopic
expression of En1 is able to induce Fgf8 expression in those
regions of the neural tube competent to adopt a midbrain
character in response to FGF8 protein. We find that En1
expression in the developing neural plate is, like En2,
dependent upon vertical signals from the notochord. We show
that Fgf4 is expressed transiently in the notochord underlying
this region of the neural tube prior to the detection of En1
transcripts. Finally, we report that FGF4, like FGF8, can induce
En1 when introduced ectopically into neural tube and,
moreover, can substitute for notochord in regulation of En1 in
the neural plate in vitro.
MATERIALS AND METHODS
Incubation, in situ hybridisation and sectioning
Rhode Island Red chicken eggs were incubated as described by Mason
(1999) and staged according to the criteria of Hamburger and
Hamilton (Hamburger and Hamilton, 1951). In situ hybridisation and
subsequent sectioning were performed as described by Shamim et al.
(1999). Probes used for in situ hybridisation have been reported
previously (Dressler et al., 1990; Cheng and Flanagan, 1994;
Niswander et al., 1994; Drescher et al., 1995; Hollyday et al., 1995;
Mahmood et al., 1995; Logan et al., 1996).
Implantation of FGF-coated beads
Heparin-coated acrylic beads (Sigma) were prepared by washing
twice in L-15 (Leibovitz) medium (Life Technologies) and then
incubated in 10 µl of 0.1 µg/µl FGF-4 (Sigma) or 0.1 µg/µl FGF8 (R
& D Systems) for 1 hour. For control experiments, beads were
incubated in L-15 medium. The beads were crushed with a pipette tip
into smaller pieces before implantation into the neural tube; bead
fragments were held in place in the neural tube more stably than intact
spherical beads which tended to be extruded into the lumen during
development. Chicken embryos were incubated to stages 10-12
(Hamburger and Hamilton, 1951), ‘windowed’ for manipulation as
described by Mason (1999) and prepared for bead implantation by
making an incision with a sharpened tungsten needle in the neural
tube at the required level, ie. caudal diencephalon or anterior
midbrain. A bead fragment was then inserted into the incision with a
sharpened tungsten needle. Operated eggs were closed and incubated
at 37°C in a humidified atmosphere for various periods prior to further
analysis. Accuracy of the axial level of our bead implantation was
confirmed by reference to the negative controls.
BrdU labelling
Embryos with bead implants were labelled with BrdU (Boehringer
Mannheim) diluted according to the manufacturer’s instructions and
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injected into the lumen of the midbrain via a glass microelectrode.
Embryos were incubated for a further hour before fixation overnight
in 4% w/v paraformaldehyde in PBS. Embryos were embedded in wax
(see above) and 10 µm sections were cut and mounted on gelatincoated slides. Sections were dewaxed by washing twice in xylene (5
minutes), 100% ethanol (5 minutes), 95% ethanol (3 minutes) and 1×
PBS (5 minutes). They were then incubated in 2 M HCl for 1 hour at
37°C, washed four times each for 5 minutes in 0.1 M Tris-HCl pH
8.3, three times in PBS before blocking non-specific antibody binding
for 1 hour in 3% BSA in PBS. Sections were incubated in anti-BrdU
antibody (Boehringer Mannheim) diluted in blocking solution
according to the manufacturer’s instructions overnight at 4°C. The
following day, sections were washed five times each for 1 hour in PBS
prior to incubation in alkaline phosphatase-coupled secondary
antibody (Boehringer Mannheim) for 1 hour at room temperature.
Sections were washed in PBS (3× 5 minutes), NTMT (3× 5 minutes)
and BCIP/NBT substrate (Boehringer Mannheim) was applied. After
sufficient reaction product had been produced, sections were washed
in several changes of PBS prior to mounting in sterile 90% (v/v)
glycerol, 1× PBS.
Staining sections with cresyl violet
Embryos were incubated to E9 and heads fixed in 4% w/v
paraformaldehyde overnight. They were then prepared for wax
sectioning with the following incubations prior to embedding: PBS
(2× 10 minutes), saline (2× 10 minutes), 30% v/v ethanol, 50% v/v
ethanol, 70% v/v ethanol (5 minutes each), 100% ethanol (3× 1 hour),
Histoclear (National Diagnostics) (3× 1 hour) and wax (3× 1 hour and
then overnight). 10 µm sections were cut and mounted onto TESPA
(Sigma)-coated slides. Sections were dewaxed in Histoclear (2× 10
minutes), dehydrated in 100% ethanol, 90% v/v ethanol (1× 5
minutes), 70% v/v ethanol (1× 5 minutes) and distilled water (1× 5
minutes), then stained overnight in 0.5% w/v cresyl violet. Sections
were dipped in distilled water, 1 M acetic acid, 70% v/v ethanol, 90%
v/v ethanol and 100% ethanol. They were then cleared in Histoclear
(2× 10 minutes) and mounted in Depex (BDH).
Introduction of En-1-expressing retrovirus into chick
embryos
The construction, biological activity and experimental introduction of
En1-expressing (RCAS) and control (RCAN) retroviral vectors has
been described previously (Logan et al., 1996).
Collagen gel culture of neural plate explants
HH stage 4-6 chick embryos were dissected into Howard’s Ringer as
described by Mason (1999). With reference to fate maps (Muhr et al.,
1997), a region including neural plate fated to form the midbrain
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primordium was excised together with underlying mesendoderm by
transverse cuts with a tungsten needle. These were placed in Optimem
medium (Life Technologies) supplemented with Glutamax and
Pen/Strep (Life Technologies). Further dissection was performed with
sharpened tungsten needles (removal of axial mesoderm) or after
incubation with 1 mg/ml dispase, 5 µg/ml DNase-1 (Boehringer
Mannheim) in Optimem for 5 minutes with subsequent mechanical
dissection (separation of all mesoderm from overlying ectoderm).
Tissue was then embedded in bovine dermal collagen supplemented
with medium containing FGF4 (1-10 ng/ml final) and heparin (1
µg/ml final). Medium, FGF and heparin were added to the collagen
as a 10× concentrated supplement. The collagen was set by adjusting
its pH as described by Lumsden and Davies (1983) and medium
containing appropriate factors added to the culture wells. Explants
were cultured for 24 hours in a humidified atmosphere containing 5%
(v/v) carbon dioxide at 37°C.
For inhibition experiments FGFR1 Fc chimera protein, containing
the extracellular domain of the 3 Ig loop FGFR1 iiic isoform
(Williams et al., 1994), was added to the collagen prior to setting and
also to the culture medium at a final concentration of 20 µg/ml.
Neutralising anti-FGF4 polyclonal antiserum (R and D systems) was
added to collagen and medium at a final concentration of 50 µg/ml.

RESULTS
Temporal expression of Fgf8 in the mid/hindbrain
region
Fgf8 expression at the isthmus has been previously
demonstrated in mouse and chick embryos and has been
implicated as an inducing signal in the specification of
midbrain character (see above). However, a detailed
examination of its temporal expression relative to other genes
also implicated in midbrain patterning has not been reported.
We therefore examined the spatial and temporal expression of
Fgf8 transcripts and of En1, En2, Pax2 and Wnt1 in the
presumptive midbrain region of the developing neural tube of
chick embryos.
Weak expression of Fgf8 transcripts was first detected in the
5-somite stage (5s; stage 8+ (HH 8+) of Hamburger and
Hamilton, 1951) embryo in scattered cells across the neural
plate (Fig. 1A) in the presumptive midbrain region (Muhr et al.,
1997). Approximately 1 hour later, at HH9 (6s), expression was
significantly stronger (Fig. 1B) and, when the isthmic
constriction became apparent at HH 9 (7s), transcripts were

Fig. 1. Spatial and temporal expression of Fgf-8 in the mid/hindbrain region of the developing chick brain. In situ hybridisation to Fgf8
transcripts in whole chick embryos, the position of the isthmic constriction is indicated by an arrowhead in C-F. (A) Weak expression in the
neural plate of a HH 8+ (5s) embryo is detected in scattered cells (arrows) in a region midway between the anterior tip of the neural plate and
the first somite. (B) At HH 9− (6s) the apparent level of expression is much stronger in that region (arrowhead) and transcripts are also detected
in the cardiogenic mesenchyme (arrows). (C,D) Transcripts are localised around the isthmic constriction; (C) HH 9 (7s), (D) HH 10+ (11s).
(E) Expression is more extensive posterior to the isthmic constriction by HH 15 (24s). (F) All Fgf8 RNA is detected posterior to the
morphological constriction by HH 17 (30s).
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detected at the caudal end of the midbrain vesicle spanning the
midbrain region while remaining dorsally restricted elsewhere
isthmus (Fig. 1C). As previously reported for the mouse embryo
(Fig. 2J) and at HH 10 (10s) transcripts were detected
(Mahmood et al., 1995), Fgf8 RNA was absent from the
throughout the midbrain vesicle, across the isthmic constriction
floorplate (data not shown). During development to HH 10+
and into the anterior of r1 (Fig. 2L). At later stages, Wnt1 RNA
(11s), transcripts became increasingly localised to the isthmus
became restricted to the dorsal midbrain and a dorsoventral
(Fig. 1D). Subsequently, the domain of Fgf8 expression
stripe anterior to the isthmus (Fig. 3A).
increased in extent posterior to the isthmic constriction (anterior
In summary, transcripts of all of the genes studied initially
rhombomere 1) while becoming reduced anterior to it (Fig. 1E),
occupy a broader domain at the onset of their expression than
until, by HH17 (30s), all Fgf8 transcripts were detected posterior
they do at later stages. Both En1 and Pax2 are detected before
to the morphological constriction (Fig. 1F). Expression was also
Fgf8 and Fgf8 transcripts become localised to the isthmus
detected in the cardiogenic plate from HH 8+, the anterior
before expression of other genes refines to the posterior
forebrain from HH 8 (4s), the olfactory pits, branchial arches,
midbrain. As development proceeds, Fgf8 transcripts become
primitive streak, tailbud and somites (Fig. 1B-F and HS
localised posterior to the isthmic constriction.
unpublished observations).
Effects of ectopic FGF8 on midbrain and
We compared Fgf8 expression with that of En1, En2, Pax2
diencephalon (i) early regulation of gene expression
and Wnt1. Among these genes, En1 transcripts were the first
to be detected in the neural plate, being present from the 3Spatial and temporal Fgf8 expression are consistent with it
somite stage (HH 8−; Fig. 2A). Expression was seen in the
being a candidate molecule for providing the isthmic polarising
presumptive midbrain region but En1 RNA was absent from
influence on the midbrain as identified in tissue grafting studies
the floorplate. As development proceeded, transcripts were
(see Introduction). To investigate this possibility, we introduced
detected throughout the midbrain vesicle (Fig. 2B) and at HH
FGF8 protein ectopically within the anterior midbrain on
10+ (11s) extended from the diencephalic/mesencephalic
heparin-coated acrylic beads and examined its ability to
boundary across the isthmus into the anterior of rhombomere
maintain and/or induce the expression of genes involved in
1 (r1; Fig. 2C). At later stages, however, expression of En1
specification of the posterior midbrain including Pax2 and En1
became localised closer to the
isthmus in the midbrain while
remaining in anterior r1 (Fig. 3C).
Pax2 transcripts were detected in a
similar region of the neural plate to
En1 but were first detected at HH 8
(4s), approximately 60 minutes after
En1. Greatest apparent expression
was first detected adjacent to the
floor plate, with weaker expression
in lateral regions (Fig. 2D). As
neuromeric boundaries became
apparent, Pax2 transcripts were
detected in the caudal midbrain,
across the isthmus and within
anterior r1 (Fig. 2E,F), but occupied
a less extensive region of the
midbrain than En1 at the same
Fig. 2. Spatial and temporal expression of expression of En1, Pax2, En2 and Wnt1 genes required
developmental stage. At later stages,
for
normal development of the mid/hindbrain region. In situ hybridisation to En1 (A-C), Pax2 (DPax2 transcripts persisted in the
F),
En2
(G,H) and Wnt1 (I-L) transcripts in whole chick embryos. The arrowhead, present in
isthmus and extended into the caudal
certain panels, marks the position of the isthmic constriction. (A-I,K) Dorsal view, (J,L) lateral
part of the midbrain and rostral part
view. (A-C) En1 expression in the neural tube of 3s (A; HH 8−), 6s (B; HH 9−) and 11s (C; HH
of r1 (Fig. 3D). En2 RNA was first
10+) embryos. At the onset of detectable expression (A), transcripts are present in the lateral and
detected in the 6s embryo (HH 9−;
medial neural plate but are absent from the floorplate. Transcripts are initially detected throughout
Fig. 2G), by HH 10 (10s) expression
the midbrain vesicle, also extending into anterior r1 (B), but later become restricted to the
was localised to the caudal midbrain,
posterior midbrain and anterior r1 (C). (D-F) Pax2 RNA in the neural tube of 4s (D; HH 8), 7s (E;
HH 9,) and 10s (F; HH 10) embryos. Earliest expression was detected in cells adjacent to the
across the isthmus and in anterior r1
floorplate which, itself, was Pax2-negative (D). At later stages, transcripts were detected in the
(Fig. 2H) and at stage 17 (30s)
posterior midbrain and anterior of r1 (E), becoming progressively more localised to the isthmic
encompassed a broader region (Fig.
constriction (F). (G,H) En2 expression in the neural tube of 7s (G; HH 9) and 13s (H; HH 11)
3B) than En1. By contrast, Wnt1
embryos. En2 transcripts are first detected in the posterior midbrain and r1, although absent from
transcripts were detected in the
the floorplate (H) and this pattern of expression is maintained subsequently. (I-L) Wnt1 transcripts
presumptive dorsal regions of the
in 5s (I; HH 8+), 7s (J; HH9), 10s (K; HH 10) and 16s (L; HH12) embryos. RNA is first detected
neural tube at HH 8+ (5s) but
in the lateral margins of the neural plate extending from the posterior forebrain throughout the
spanned a territory much greater
midbrain and hindbrain primordia (I). Expression begins to extend ventrally in the midbrain region
than just the midbrain/r1 primordium
at 7s (J) and, by 10s, transcripts are present throughout the midbrain and in anterior r1 (K). Later,
(Fig 2I). By HH9− (6s) expression
expression is lost in r1 and Wnt1 RNA becomes confined to the dorsal midline of the midbrain and
a dorsoventral band of cells anterior to the isthmus (L).
was detected more ventrally in the
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Fig. 3. Induction of gene expression by
ectopic FGF8 in the midbrain and
diencephalon. Expression of Wnt1 (A,E,I),
En2 (B,F,J), En1 (C,G,K) and Pax2
(D,H,L) 24 hours after implanting beads.
(A-D) Normal pattern of gene expression
at HH 17-19; (E-H) gene expression after
FGF8-coated bead grafted into the
midbrain and (I-L) FGF8-coated bead
grafted into the diencephalon. The position
of the implanted bead is marked by an
arrowhead and ectopic expression
indicated by an arrow in E-L. All embryos
are viewed laterally except F which is a
dorsal view.

which are normally expressed before Fgf8 (see above). Others
(below) and identical results were obtained when embryos
have shown that this approach provides a focal source of
were examined 48 hours after implantation (data not shown).
functional FGF protein with the growth factor remaining bound
Alternative splicing can generate up to eight protein isoforms
to the bead or diffusing only a few cell diameters from it (Storey
from the mouse Fgf8 gene (designated Fgf8a-h; Crossley and
et al., 1998). We compared the effects of FGF8 on midbrain
Martin, 1995; MacArthur et al., 1995). Examination of the
with its effects on posterior diencephalon.
ability of several of these (Fgf8a,b,c and d) to induce Wnt1
Heparin-coated acrylic beads were incubated with the FGF8b
showed that all were capable of efficiently inducing ectopic
protein isoform (nomenclature of MacArthur et al., 1995) and
expression (K. Mahony, H. S., I. M. and C. Dickson,
grafted into HH 10-12 (10-16s) host chick embryos, i.e. at a time
unpublished data).
after subdivision of the primary brain vesicles and formation of
We examined the ability of FGF8 to induce ectopic
a morphological isthmic constriction and prior to the midbrain
expression of the same genes in the diencephalon. Induction of
vesicle being irreversibly polarised along its AP axis (Itasaki et
En2 and Wnt1 in the caudal diencephalon has been previously
al., 1991). In these and in all subsequent experiments, control
reported (Crossley et al., 1996), and we confirmed these results
experiments using beads incubated in culture medium alone
in our study of Wnt1 (n=3; Fig. 3I) and En2 (n=6; Fig. 3J). We
prior to implantation, failed to produce any of the responses
also examined the ability of FGF8 to induce En1 and Pax2,
observed when FGF protein was applied to the beads.
expressed before Fgf8 in the developing midbrain region and
Following ectopic application of FGF8 in the anterior
not previously examined by others. Ectopic En1 (n=7; Fig. 3K)
midbrain, ectopic expression of all of the genes examined was
and Pax2 (n=3; Fig. 3L) were found to be induced in a
detected within 24 hours in the region of the implanted bead
restricted region adjacent to the bead. Only in the case of En2
(compare Fig. 3A-D with Fig. 3E-H and
see also Fig. 4A). Ectopic Wnt1 (n=14)
was generally induced in a strip of cells
extending ventrally from the dorsal
midline and in an arc around the bead
(Fig. 3E). In a few embryos, ectopic
induction was only observed around the
bead and not extending from the dorsal
midline and in some embryos there was
a region of Wnt1-negative cells between
the bead and the ectopic Wnt1 domain
(data not shown). Induction of En genes,
En2 (n=13) and En1 (n=4) involved a
rostral extension of their endogenous
domain, although only in the case of En2
did the ectopic domain extend as far
Fig. 4. Induction of Fgf8 expression by FGF protein. FGF-coated beads (A: FGF8; B-F:
rostrally as the midbrain/diencephalic
FGF4) were implanted in the midbrain (A-C), midbrain/diencephalic boundary (D),
border (Fig. 3F,G). By contrast, Pax2
prosomere 1 (E) or prosomere 2 (F). Embryos were incubated for 24 hours and examined for
(n=4) was induced only in a small
ectopic Fgf8 expression. (A) FGF8 protein induces Fgf8 RNA in the midbrain. (B) FGF4
domain highly localised around the bead
induces more extensive Fgf8 expression in the midbrain than FGF8. (C) Longitudinal section
(Fig. 3H). In all cases, the induced gene
from embryo shown in B. (D) An FGF4-coated bead placed in the midbrain/diencephalic
expression by 24 hours was confined to
boundary induces Fgf8 only in the midbrain. (E,F) FGF4-coated beads implanted in the
the side of the neural tube into which the
posterior diencephalon fail to induce Fgf8 in that region but weak ectopic expression is
bead had been placed. This was also true
detected in the midbrain. The position of the implanted bead is marked by an arrowhead and
ectopic expression indicated by an arrow.
for responses in the diencephalon
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Fig. 5. Ectopic expression of ephrin A2 and A5 in the midbrain and
diencephalon induced by FGF. FGF-coated beads were grafted into
the midbrain (A,B) or posterior diencephalon (C,D) and embryos
allowed to develop until HH 25 (E5). Embryos were examined for
ectopic expression of ephrin A2 (A,C) and A5 (B,D) transcripts. Tecta
have been dissected away from other brain structures and are viewed
from the dorsal surface. Ectopic gene expression is indicated with an
arrowhead and posterior (P) and anterior (A) poles are indicated.

were ectopic transcripts also detected in the midbrain
following introduction of FGF8 protein into the diencephalon
(Fig. 3J). Identical results were obtained when beads were
implanted into either prospective prosomeres 1 or 2 of the
caudal diencephalon and, in agreement with a previous report
(Crossley et al., 1996), effects of ectopic FGF were confined
to these posterior two prosomeres (P1 and P2) and were not
seen in the adjacent P3.
By contrast, the ability of FGF8 to induce ectopic Fgf8
expression differed between the midbrain and caudal
diencephalon. FGF8 protein induced ectopic Fgf8 transcripts
in the midbrain vesicle when a bead was implanted into the
anterior of that structure (n=4; Fig. 4A). Following a bead
implant into the caudal diencephalon, however, no ectopic Fgf8
RNA was detected in that tissue (n=10; data not shown). We
also found that similar concentrations of FGF4 applied to beads
could efficiently induce Fgf8 in a more extensive region of the
midbrain than FGF8 protein (n=22; Fig. 4B,C), suggesting
greater activity. However, FGF4-coated beads also failed to
induce ectopic Fgf8 in the diencephalon when implanted into
the midbrain/diencephalon border (Fig. 4D), P1 (Fig. 4E) or
P2 (Fig. 4F). But, notably, beads implanted into the
midbrain/diencephalon border did induce Fgf8 in the midbrain
(Fig. 4D) and implants into either P1 or P2 also induced weak
ectopic Fgf8 expression in the midbrain (Fig. 4E,F). FGF8
protein never induced Fgf8 RNA in midbrain when a bead was
introduced within the diencephalon. There are a number of
possible explanations for this difference between FGF4 and
FGF8, e.g. differing activity, stability or diffusion properties.
Effects of ectopic FGF8 on the midbrain and
diencephalon (ii) later gene expression, morphology,
cytoarchitecture and division
Polarisation of the midbrain is reflected by the differential

projection of axons from nasal and temporal retinal ganglion
cells to posterior and anterior optic tectum respectively. Two
ligands of the ephrin family, ephrin A2 (ELF1) and A5
(RAGS), are expressed in a decreasing caudorostral gradient in
the posterior tectum and have been implicated in the guidance
of nasal axons and repulsion of temporal axons (Cheng et al.,
1995; Drescher et al., 1995). Embryos were incubated until
embryonic day 5 (E5, HH 26), when retinal axons would
normally have reached the tectum, following grafting of FGFcoated beads into either the posterior diencephalon or midbrain
at HH 10-12, and expression of ephrin A2 and ephrin A5 was
examined. Following a graft into the anterior midbrain the
expression of both genes extended further anteriorly in the
tectal hemisphere that received the bead (Fig. 5A,B) but never
extended to the most anterior region of the tectum. By contrast,
following a graft into the diencephalon expression of both
ligands extended throughout the midbrain and within the
ectopic tectum induced from the diencephalon. In such
embryos, the ectopic tectum exhibited reversed polarity and
fused with the normal tectum (see below) and, consistent with
this, expression of both genes decreased towards the centre of
the fused structure (Fig. 5C,D). Identical results were obtained
when either FGF4 or FGF8 was applied on the beads.
We allowed some embryos to develop until E9 (HH 35)
following bead grafts at HH 10-12 in order to examine the
effects of FGF, introduced ectopically into the midbrain or
diencephalon, on the morphology and cytoarchitecture of those
structures; again, identical results were obtained with FGF4
and FGF8 protein. Such embryos showed a range of
morphologies, although these were similar regardless of
whether the bead was implanted in the midbrain or
diencephalon. In some instances, an additional tectal vesicle
was apparent anteriorly on the side that received the bead (Fig.
6A,B). Loss of normal diencephalic derivatives was apparent
in embryos that had previously had beads introduced into that
structure and instead an expanded tectum was produced which
was fused with the normal midbrain (Fig. 6C). Occasionally,
ectopic tecta were produced bilaterally (data not shown) and in
some instances were not clearly distinguishable from the
normal midbrain by the presence of a cleft (compare Fig. 6A,B
with C). Many embryos, however, showed a dramatic foliation
of the normally smooth tectal surface and this was observed
following application of a bead to either the midbrain or
diencephalon (Fig. 6D,E).
The cytoarchitecture of the brains of these older embryos
was examined by Nissl staining following sectioning. Effects
of beads grafted into the midbrain were largely confined to the
tectum. The tectal wall was both expanded and thinned (Fig.
6F), consistent with respecification to a phenotype associated
with posterior midbrain. Embryos in which a smooth ectopic
tectal structure had been produced following introduction of a
bead into the diencephalon, were found to have had the normal
derivatives of the posterior diencephalon, the synencephalon
and parencephalon, replaced by ectopic midbrain structures,
most noticeably an optic tectum (compare Fig. 6G and H). The
cytoarchitecture of the ectopic tectum showed a reversed
polarity with a reversed gradient of thickness and the presence
of an ectopic torus semicircularis at the anterior of the structure
(Fig. 6H). This was consistent with analyses of gene expression
at earlier stages (see above). There was also an apparent
duplication of ventral midbrain structures, again with reversed
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polarity, and with an ectopic nucleus located anteriorly (Fig.
6H). The identity of the neurons constituting the latter could
not be confirmed. We never found structures with a cerebellar
morphology induced following grafts into either midbrain or
diencephalon.
Sections of brains exhibiting foliation showed them to have
greatly thickened tecta with the lumen of the midbrain being
filled with folds of the tectal wall. These tecta had a normal
number of layers but each layer was thickened (Fig. 6I,J).
Expansion of the dorsolateral midbrain was also apparent in
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some embryos as early as 24 or 48 hours after grafting (see e.g.
Fig. 4C). These data strongly suggested that ectopic application
of FGF increased proliferation in the midbrain and
diencephalon of some embryos. We examined this possibility
by labelling dividing cells with a short pulse of BrdU after
introducing the bead. Beads coated with FGF8 were grafted
into either the midbrain or the diencephalon, embryos were
incubated for 24 or 72 hours and BrdU was then introduced
directly into the lumen of the neural tube via a microelectrode.
Embryos were incubated for a further 60 minutes before

Fig. 6. Effects of ectopic FGF protein on morphology, cytoarchitecture and cell division in the midbrain and diencephalon. FGF-coated beads
were grafted into the midbrain (A,D) or posterior diencephalon (B,C,E) and embryos allowed to develop until HH 35 (E9). Brains were
dissected free of overlying tissue and photographed from the dorsal surface. (A,B) Ectopic vesicles produced when beads were grafted into the
midbrain (A) or diencephalon (B) are indicated with an arrowhead. (C) A bead grafted into the diencephalon resulting in the unilateral
expansion of the tectal structure (arrowhead) with apparent loss of posterior forebrain derivatives. (D,E) Bilateral foliation (arrowheads) of tecta
following bead implantation into either the midbrain (D) or diencephalon (E). (F) Section from an embryo that received an FGF8 bead implant
into the midbrain. (G,H) Sections taken from the control (G) and grafted (H) sides of the brain shown in C and stained for Nissl substance. The
ectopic tectal structure is indicated by an arrowhead in H. An ectopic nucleus is indicated by an arrow. (I,J) Sections of foliated tecta taken from
embryos having FGF-coated beads implanted into the midbrain (I) or diencephalon (J) and stained for Nissl substance. Anterior is to the left in
F-J. (K,L,M) Increased BrdU incorporation (arrowhead) is associated with ectopic FGF8 protein expression in the midbrain (K,L) or
diencephalon (M) and is observed 24 hours (K) and 72 hours (L,M) after implanting the FGF-soaked bead. et, ectopic tectum; ets, ectopic torus
semicircularis; p, parencephalon; s, synencephalon; t, tectum; tn, telencephalon; ts, torus semicircularis.
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Fig. 7. En1 induces ectopic expression of Fgf8 in midbrain and
diencephalon. Embryos were infected with either a control (RCAN)
retrovirus which produces transcripts containing mouse En1 coding
sequences but which cannot translate En1 protein due to the lack of a
splice acceptor site or with a retrovirus (RCAS) which makes
translatable En1 mRNA. The extent of infection was determined by
hybridisation with sequences specific for mouse En1 (red colour) and
Fgf8 expression also analysed in the same embryos (blue/black
colour). (A) Control embryo infected with the RCAN-En1 virus
shows extensive infection of the head including the brain but no
ectopic Fgf8 transcripts are detected. (B) Embryo infected with the
RCAS-En1 virus shows ectopic Fgf8 expression in the head region
including the midbrain and diencephalon. Note that the hindbrain is
also infected but shows no ectopic Fgf8 transcripts. (C) Section taken
through the midbrain of an embryo infected with RCAS-En1 shows
ectopic Fgf8 RNA (arrowheads) in the ventricular zone.

fixation, sectioning and immunohistochemical detection of
incorporated BrdU. The number of dividing cells was greatly
increased on the side of the neural tube that had received the
grafted bead and this was associated with thickening of the
neuroepithelium in the region of the implant. This increase in
division was observed in embryos labelled either 24 or 72
hours after grafting the bead and was observed in both the
midbrain (Fig. 6K,L) and the diencephalon (Fig. 6M and data
not shown).
Ectopic En1 induces Fgf8 expression in the
midbrain and diencephalon
Examination of the temporal sequence of gene expression in
the developing midbrain showed that both En1 and Pax2 were
expressed before Fgf8 could be detected, although both of
these genes can be induced by ectopic FGF8 protein in older
embryos. En1 was the earliest of the midbrain-associated genes
to be expressed during development of that tissue and we
therefore examined the ability of ectopic En1 to induce Fgf8.
Embryos were infected between HH 9 and 12 with an avian
retrovirus which expressed high levels of transcripts encoding
mouse En1 protein (Logan et al., 1996) and were examined for

Fig. 8. Transient expression of Fgf4 in the anterior notochord.
(A,B) In situ hybridisation to Fgf4 transcripts in HH 5+ (A) and HH
6− (B) chick embryos. (C) Transverse section of a HH 6− embryo
taken anterior to Hensen’s node shows Fgf4 transcripts within the
axial mesoderm (notochord). Arrowheads indicate expression in the
notochord.

ectopic induction of Fgf8 36-48 hours later. Control embryos,
infected with a retrovirus that produced RNA containing En1
sequences which were not translated into En1 protein, showed
no ectopic Fgf8 expression (Fig. 7A). By contrast, embryos
infected with virus producing translatable En1 RNA had
extensive ectopic expression of Fgf8 within the neural tube.
Notably, ectopic Fgf8 transcripts were detected in the midbrain
and diencephalon in these embryos (Fig. 7B); those regions in
which ectopic FGF8 induces En1. Sections of these embryos
showed that ectopic Fgf8 RNA was induced in cells in the
ventricular zone but was absent from the differentiated cells in
the mantle layer including those expressing ectopic En1 RNA
(Fig. 7C).
Regulation of En1 expression by FGF4 expressed in
the notochord
The ability of FGF8 and En1 to induce transcripts for each
other when expressed ectopically strongly suggests that each
might be involved in the maintenance of the other during the
development of the midbrain region. In addition, it raised the
possibility that signalling by one or more FGF(s) might be
involved in initiation of En1 expression in the neural plate.
Studies in amphibian, chick and mouse embryos have shown
that expression of En genes is regulated by signals from
underlying mesoderm, in particular, the notochord (HemmatiBrivanlou and Harland, 1989; Hemmati-Brivanlou et al., 1990;
Ang and Rossant, 1993; Darnell and Schoenwolf, 1997). It has
previously been suggested (Crossley et al., 1996) that Fgf8
expressed in the cardiogenic plate might induce expression of
Fgf8 (and presumably, therefore, other Fgf8-responsive genes
such as En1) in the overlying neural plate. However, we believe
that this is unlikely since we find that Fgf8 transcripts are first
detected in the cardiogenic mesoderm at the same time as
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expression is first detected in the neural plate and that the
region of the neural plate expressing Fgf8 does not overlie the
cardiogenic plate at this time (Fig. 1B). A similar conclusion
was reached by Lee et al. (1997) who reported that Pax2
expression was induced in the murine neural plate prior to
onset of Fgf8 expression in cardiogenic mesoderm. We
therefore examined other members of the FGF family for
potential candidates for a vertical inducing activity for En1.
We found that Fgf4 RNA had an appropriate spatial and
temporal expression pattern to fulfil a vertical signalling role
in midbrain development. Transcripts of this gene were
detected transiently in the midline of the embryo anterior to
Hensen’s node between HH 5+ and HH7 (1s; Fig. 8A,B) but
transcripts became undetectable between stages 7+ and 8− (2s4s; H. S. and I. M., unpublished data). Transverse sections
showed that expression of Fgf4 was confined to the notochord
(Fig. 8C). These data suggested that Fgf4 is a vertical
signalling molecule from the notochord.
To investigate this possibility we first examined the ability
of FGF4, applied to heparin-coated acrylic beads, to induce
markers of the midbrain region when grafted into the midbrain
and diencephalon as described for FGF8 above. We found that
FGF4 was able to induce all of the genes studied in exactly the
same manner as FGF8 (midbrain: Wnt1 n=21, En1 n=9, Pax2
n=5, En2 n=8; diencephalon: Wnt1 n=6, En1 n=3, Pax2 n=3,
En2 n=11; data not shown) and could induce Fgf8 in the
midbrain (Fig. 4B-E). Indeed, FGF4 generally induced higher
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apparent levels of expression of all of the above genes than
FGF8. The requirement for the notochord and the potential
involvement of Fgf4 in the induction of En1 expression in the
neural plate was then examined using a collagen gel explant
culture system.
The neural plate is induced at HH 4 (Roberts et al., 1991)
and we isolated the region fated to give rise to the midbrain
primordium (Schoenwolf and Sheard, 1990; Muhr et al., 1997)
from HH 5+ and HH 6 embryos and cultured it together with
notochord and paraxial mesendoderm for 24 hours. Explants
were then examined for En1 transcripts, which do not appear
until HH 8− in ovo. En1 expression was found to be induced
in the explants (n=17/17, 5 experiments; Fig. 9A). However,
explants comprising neural plate and paraxial mesoderm, but
lacking the notochord, expressed little or no detectable En1
transcripts (n=40/40, 5 experiments; Fig. 9B). When the
collagen gel and medium was supplemented with physiological
concentrations of FGF4 (1-10 ng/ml) significant expression of
En1 was detected in explants lacking notochords (n=25/37, 4
experiments; Fig. 9C). Control experiments to detect Krox20
expression, characteristic of hindbrain levels, failed to detect
transcripts in any of the above experimental conditions (n=9;
data not shown). Moreover, when prospective hindbrain tissue
from stage 7 embryos (the equivalent stage of neurulation to
the prospective midbrain region examined above) was cultured
with or without notochord and in the presence or absence of
FGF4, no En1 transcripts were detected (n=13; Fig. 9D,E and

Fig. 9. FGF4 induces En1 in explants of anterior neural plate. Explants were established from the region of neural plate fated to form midbrain
from HH 5-6 embryos and cultured for 24 hours prior to in situ hybridisation for En1 RNA. (A) Expression of En1 in an explant comprising
neural plate, paraxial mesendoderm and notochord. (B) Little or no expression of En1 is detected when explants comprise neural plate and
paraxial mesendoderm but lack notochord. (C) FGF4 added to explants of neural plate and paraxial mesoderm induces En1 expression.
Prospective hindbrain cultured intact with notochord (D) or without notochord but with FGF4 (E) fails to express En1. (F) Prospective anterior
forebrain tissue cultured in the presence of associated mesoderm and FGF4 does not express En1. (G) Dispase treatment efficiently separates
the neural plate (np) from underlying paraxial mesendoderm (pm). (H) FGF4 stimulates En1 expression in isolated neural plate. (I) No En1
transcripts are detected when FGF4 is applied to paraxial mesendoderm. (J-L) Prospective midbrain explants, including notochord, from the
same experiment cultured with FGFR1-Fc chimera protein (K,L) show a considerable reduction in En1 expression compared to control explants
(J). (M-O) Culture of similar explants in the presence of anti-FGF4 neutralising antiserum (N,O) likewise show a reduction in En1 expression
when compared to sister control explants (M) although the degree of inhibition is less than with the FGFR1 Fc chimera. Arrows indicate
residual En1 expression in K,L,N and O.
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data not shown). Likewise prospective anterior forebrain from
stage 6 embryos cultured in the presence or absence of FGF4
also failed to express En1 (n=6; Fig. 9F and data not shown).
To ascertain whether the effect of FGF4 was direct or
whether it was acting indirectly via paraxial mesendoderm, we
separated the neural plate from the underlying paraxial
mesendoderm (Fig. 9G) and cultured each separately in the
presence of FGF4. FGF4 was found to induce En1 in isolated
neural plate explants (n=10/10; Fig. 9H) but not in explants of
paraxial mesoderm (n=0/5; Fig. 9I) suggesting that its action
on the neural plate was direct.
To provide further evidence for a role for FGF4 in the
regulation of En1 expression, we sought to inhibit FGF4 action
in explants containing notochord by using soluble inhibitors of
FGF action. Intact explants were treated with an FGFR1-Fc
chimeric protein, previously shown to inhibit FGF activity
(Williams et al., 1994) in vitro and known to bind with high
affinity to FGF4 (P. Doherty, unpublished data). Alternatively,
explants were exposed to a neutralising antibody raised against
human FGF4 protein. In both cases, a reduction in En1
expression was observed relative to the untreated controls. The
degree of inhibition was greatest using the FGFR1-Fc fusion
protein (n=11/11; compare Fig. 9J with 9K and L) compared
to the antiserum (n=11/12; compare Fig. 9M with 9N and O).
In addition, the degree of inhibition using both reagents varied
between explants from the same experiment (compare Fig. 9K
with 9L and 9N with 9O), however a reduction in expression
was observed in most explants.
DISCUSSION
FGF4, expressed in the notochord, can substitute
for that tissue in regulating En1 expression in vitro
Considerable evidence has accumulated suggesting that
vertical signals from underlying mesoderm contribute to the
regionalisation of the neural tube along its anteroposterior axis.
In a number of these studies, expression of En genes has been
used to identify neural tissue specified to a phenotype
characteristic of posterior midbrain/anterior r1. These reports
showed that either anterior mesendoderm or notochord,
specifically, produced vertical signals required for the En1
and/or En2 expression (Hemmati-Brivanlou and Harland,
1989; Hemmati-Brivanlou et al., 1990; Ang and Rossant, 1993;
Darnell and Schoenwolf, 1997). We find that FGF4 is able to
mimic the ability of notochord tissue to regulate En1
expression and that Fgf4 is expressed in anterior notochord in
a temporal manner consistent with it performing this function
in ovo. However, our experiments do not distinguish between
an instructive or a permissive role.
eFGF, the probable FGF4 homologue in Xenopus, is also
expressed in the notochord (Isaacs et al., 1992) and the latter
tissue regulates En2 expression in that organism (HemmatiBrivanlou et al., 1990). Expression of Fgf4 has not been
reported in the notochord of mouse embryos, although it is
important to note that in the avian embryo expression is
extremely transient in that tissue. Moreover, the increasing size
of the FGF family, which currently comprises 18 members, and
their frequently overlapping patterns of expression indicate
redundancy in function; thus, it is possible that another FGF
performs this function in mice. Notochord-derived Fgf4 may

also perform other functions in the neural plate, and it is
noteworthy in this context that a mesodermally derived FGF
activity has been associated with the production of cranial
neural crest cells (Muhr et al., 1997). In addition, a mesodermal
FGF4-like activity has been implicated in the regulation of
production of serotonergic neurons in the hindbrain (Ye et al.,
1998).
Recently, fibroblast growth factors have been implicated in
both neural induction and posteriorisation of neural tissue to a
phenotype characteristic of spinal cord levels (see Doniach,
1995; Mason, 1996 for reviews and critique). How can this be
reconciled with our observations of FGF4 function in
specifying a more anterior phenotype to neural tissue? Fgf4
expressed in the notochord is unlikely to be involved in
induction of the anterior neural plate as its transcripts are
detected only after the neural plate has been induced (Roberts
et al., 1991). Implantation of FGF4-coated beads into the
anterior peripheral epiblast of chick embryos induces ectopic
mesoderm formation and either directly or indirectly induces
neural tissue expressing markers characteristic of spinal cord
levels (Alvarez et al., 1998; Storey et al., 1998). However, this
ability is lost after HH4 (Storey et al., 1998) indicating a
change in competence of the anterior epiblast. This is reflected
in the establishment of adjacent Otx2-positive (anterior; BallyCuif et al., 1995b) and Gbx2-positive (posterior; Shamim and
Mason, 1998) domains in the epiblast including the neural
plate. Thus, Fgf4 expression is detected in the notochord
anterior to Hensen’s node only after the anterior epiblast has
lost its ability to respond to FGF signalling by the induction of
posterior neural tissue. It would seem likely, therefore, that the
ability of Fgf4 to regulate expression of En1, a marker of
prospective midbrain/r1 tissue, may also be dependent upon
this change in competence. In support of this, targeted
disruption of Otx2 in transgenic mice indicates that it is
required for the initiation of En1 expression (Rhinn et al.,
1998).
The region of the neural plate within which En1 transcripts
are induced is smaller than the extent of the neural tissue which
overlies Fgf4-expressing notochord. The anterior limit of En1
induction is probably defined by the interface between the
Fgf4-negative prechordal plate and the notochord. How the
posterior limit of the En1-expressing domain is defined is
unclear but the neural plate is clearly regionally specified at the
time of onset of En1 expression (see above) and it has
previously been reported that vertical signals, capable of
inducing En2, are present in mesoderm that underlies En2negative regions of neuroepithelium (Darnell and Schoenwolf,
1997). Thus, differential competence of the neural plate to
respond to FGF4 may define the posterior limit of induced En1
expression. Otx2 expression and function suggest a role
regulating such competence (Bally-Cuif et al., 1995b; Rhinn et
al., 1998). Consistent with this, we failed to induce ectopic En1
expression with FGF4-coated beads implanted into posterior
hindbrain levels in HH7 (1s) embryos prior to the normal onset
of En1 expression in the mid/hindbrain region (data not shown)
or in explants of presumptive hindbrain neural plate.
Additionally, planar signals from the node may also influence
the posterior limit of En1 induction.
Confirmation of a role for Fgf4 in vertical signalling requires
experiments in which its function is inhibited. To date, studies
in which Fgf4 or FGF receptor (FGFR) function have been
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compromised have failed to provide evidence for their function
in the development of the mid/hindbrain region. Mouse
embryos that are null for Fgf4 die at implantation (Feldman et
al., 1995) and mice lacking functional FGFR1 and FGFR2 are
not informative due to earlier developmental lesions (Deng et
al., 1994; Yamaguchi et al., 1994; Arman et al., 1998). In this
study, we show that both an FGFR1-Fc fusion protein and an
anti-Hu FGF4 antiserum considerably reduce (but don’t
eliminate) En1 expression in explants of presumptive midbrain
which include notochord. The fusion protein is more effective
than the blocking antiserum in this assay, this may be because
the antiserum was raised against human FGF4 and does not
cross-react as effectively with avian protein or, alternatively,
that there are other FGFs expressed in the notochord as these
stages which it does not bind. Those regions that continue to
express En1 RNA in the experiments with the Fc chimera, may
be those in closest contact with the notochord in the explants.
Thus our inhibition studies provide supporting evidence for a
role for notochord-derived FGF4 in En1 regulation but do not
provide decisive proof.
Temporal expression of transcription factors and
signalling molecules in the avian mid/hindbrain
region
A detailed examination of the temporal expression of several
genes (Fgf8, En1, En2, Pax2 and Wnt1) that are required for
normal development of derivatives of the midbrain and anterior
hindbrain, reveals that both En1 and Pax2 are expressed before
Fgf8. En2 is detected subsequent to the onset of Fgf8
expression, while Wnt1 shows a complex pattern of expression,
although dorsoventral expression throughout the midbrain and
in anterior r1 occurs only after Fgf8. Pax2 expression has not
previously been reported in the chick embryo and the onset of
En1 expression has only been inferred from differential studies
with an antiserum which detects all En proteins (Enhb-1) and
a monoclonal antibody specific to En2 (4D9; Gardner et al.,
1988; Davis et al., 1991; Gardner and Barald, 1992; Millet and
Alvarado-Mallart, 1995).
Overall, complex spatial and temporal relative patterns of
expression are observed for the genes studied. En1, Pax2,
Wnt1, and probably also Fgf8, are initially expressed in a
broader region of the neural tube than they come to occupy
later and transcripts for all of the genes studied are also
detected in r1 at least transiently (this study; Hollyday et al.,
1995). These genes eventually come to occupy overlapping
domains within the midbrain vesicle with Fgf8 localised to the
isthmic region, a dorsoventral stripe of Wnt1 transcripts
adjacent to the Fgf8 domain and with En1, Pax2 and En2
spanning the isthmic constriction and occupying successively
larger regions of the midbrain.
In contrast to our results in the chick embryo, Pax2
expression precedes En1, En2 and Wnt1 in mouse and zebrafish
embryos (Hatta et al., 1991; Puschel et al., 1992; Parr et al.,
1993; Kelly and Moon, 1995; Rowitch and McMahon, 1995),
whereas Pax2 and En1 expression are first detected at the same
stage in Xenopus (Hemmati-Brivanlou and Harland, 1989;
Davis et al., 1991; Heller and Brandli, 1997). This variation
may be due to differences in the relative rates of transcript
accumulation between species and/or in the sensitivity of the
in situ hybridisation procedure for each transcript. However, in
all vertebrate classes, Pax2 and En1 transcripts are detected
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either simultaneously or within a short time of each other.
Taken together, these data suggest that Pax2 and En1 are
unlikely to initiate each other’s expression during development
of the mid/hindbrain region (although they may serve to
maintain one another’s expression) and are possibly induced in
response to the same signal(s). Rowitch and McMahon (1995)
further show that the Pax2 expression domain, at early stages,
encompassed those of En1 and Wnt1 in the mouse. By contrast,
the initial domains of Wnt1 (in the lateral walls of the midbrain)
and En1 extend further anteriorly than that of Pax2 in the chick
brain. At later stages, the Pax2 domain encompasses those of
Wnt1 and En1 in both species.
Ectopic En1 induces Fgf8
En1 expression requires a vertical signal from underlying
notochord, whereas others have shown that Fgf8 is not induced
by similar vertical signals (Darnell and Schoenwolf, 1997). We
found that ectopic En1 can induce Fgf8 expression in the neural
tube and the regions that are competent to express Fgf8 are
those that are competent to respond to ectopic FGF8 protein
by adopting a posterior midbrain fate. This is consistent with
results of studies using the same strategy which show that
ectopic En1 respecifies anterior midbrain to a posterior
phenotype and consequently perturbs retinal ganglion axon
guidance in the tectum (Friedman and O’Leary, 1996; Itasaki
and Nakamura, 1996; Logan et al., 1996). Moreover, our data
suggest that this respecification may be mediated, in part, by
induction of ectopic Fgf8 expression. These studies also
suggest that En1 is involved in the initiation of Fgf8 expression
in the neural plate. However, poor infection by the retroviral
vector at stages prior to HH 7, combined with the
approximately 18-hour delay after infection before the
retroviral genome is activated (C. L. and J. Walshe,
unpublished observations), prevent us from testing this
hypothesis at the time of the normal onset of En1 and Fgf8
expression.
Although En1 function has been disrupted in transgenic
mice and results in loss of both midbrain and hindbrain
derivatives (Wurst et al., 1994), studies of Fgf8 expression have
not been reported to date. Moreover, functional redundancy
between En1 and En2 (Hanks et al., 1995) suggests that
analysis of Fgf8 expression in mice that are homozygous null
for both genes might prove most informative. It is not clear
whether or not Fgf8 transcripts are induced throughout the
En1-positive domain at the onset of expression of the former,
but this seems unlikely and modulation of domains of gene
expression by other, possibly planar, influences have been
reported in this region of the neural plate (Darnell and
Schoenwolf, 1997). However, it is noteworthy that, in the
absence of either Gbx2 function or in mice homozygous null
for Otx1 and hemizygous null for Otx2, Fgf8 transcripts are
induced in the neural tube but do not become refined to the
isthmus, remaining expressed in a more extensive region of the
mid/hindbrain territory (Acampora et al., 1997; Wassarman et
al., 1997).
Role of FGF8 at the isthmus
Fgf8 transcripts are first detected after En1 and Pax2 and
rapidly become associated with the isthmic constriction in the
neural tube. Only subsequently do transcripts of En1, En2,
Pax2 and Wnt1 become progressively restricted to the posterior
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midbrain. At later stages Fgf8 expression becomes localised to
the region immediately posterior to the isthmic constriction.
The latter finding is entirely consistent with the results of
Millet et al. (1995) who showed, using lineage marking and in
situ hybridisation for Otx2 transcripts, that the isthmic
constriction occupies a more anterior position by HH 20 than
it does at HH 10. Taken together with fate-mapping studies of
this region (Martinez and Alvarado-Mallart, 1989; Hallonet et
al., 1990; Alvarez-Otero et al., 1993; Hallonet and Le Douarin,
1993), this indicates that the morphological isthmic
constriction does not define regions specified to different fates
and that the anterior limit of Fgf8 expression marks the
boundaries between the mid/hindbrain (mes/metencephalic;
isthmocerebellar) and midbrain (mesencephalic; tectal)
territories. This boundary of cell fate is also defined by the
interface of Otx2 and Gbx2 expression domains (Millet et al.,
1996; Shamim and Mason, 1998).
Our studies show that FGF8 mimics the activities of isthmus
grafts in specifying posterior characteristics in the anterior
midbrain and converts posterior diencephalon to the phenotype
of a midbrain but with a reversed polarity. Other groups have
reported similar properties for FGF8 (Crossley et al., 1996; Lee
et al., 1997) but there are a number of differences between their
findings and our own. Within the anterior midbrain we found
that ectopic FGF8 protein efficiently induced the ectopic
expression of genes associated with posterior midbrain: En1,
Pax2, En2, Wnt1 and Fgf8 itself. By contrast, Lee et al. (1997)
used a Wnt1 promoter element to drive Fgf8 expression in the
Wnt1-expressing cells of the midbrain (ie. dorsal midline cells
and a ring of cells anterior to the isthmus) of transgenic mice.
This group found that En2 and possibly Wnt1 but not Pax2 or
En1 were induced. It is possible that this apparent difference
in inductive capabilities reflects species-specific differences,
however, it is more likely that the conflicting data arise from
different experimental strategies in the chick and mouse e.g.
the co-expression of Wnt1 and Fgf8 in the same cells in the
latter animal. Lee et al. (1997) also used a different FGF8
isoform in their studies, FGF8a, from that used by ourselves
and Crossley et al. (1996; FGF8b), however our preliminary
data suggests that both behave identically when introduced into
embryos on beads.
Crossley et al. (1996) reported the ability of ectopic FGF8
to induce En2, Wnt1 and Fgf8 in the diencephalon, associated
with its respecification to a midbrain fate. We confirm these
results for En2 and Wnt1 and extend the study to include Pax2
and En1 normally expressed before Fgf8 during midbrain
development and find that they are also induced in the
diencephalon by FGF8. By contrast, we were unable to induce
Fgf8 transcripts in the diencephalon with FGF8 protein,
suggesting a difference in competence between midbrain and
diencephalon and that introduction of FGF8 protein on beads
can respecify diencephalon in the absence of induction of
ectopic Fgf8 transcription. It is also possible that the ability of
FGF8 and/or isthmic tissue to respecify the diencephalon may
be mimicking an earlier vertical activity of FGF4.
Previous studies of ectopic gene expression following
isthmic grafts are consistent with our findings. A number of
studies have reported the ability of isthmic grafts to induce En2
expression in host diencephalon or midbrain (Gardner and
Barald, 1991; Bally-Cuif et al., 1992; Marin and Puelles, 1994;
Bloch-Gallego et al., 1996). Wnt1 is also induced in host

diencephalic tissue by isthmic grafts and the ectopic expression
occurs both around the graft and also extends dorsally to the
roofplate (Bally-Cuif and Wassef, 1994). This pattern of
expression is strikingly similar to that seen in grafts of FGF8coated beads in our study. In addition, the ability of isthmic
grafts to alter the topographic targeting of retinal ganglion
axons in the tectum (Alvarado-Mallart and Sotelo, 1984; Ichijo
et al., 1990; Itasaki et al., 1991) is mirrored by the induction
by FGF8 of ephrin A2 (this study; Lee et al., 1997) and A5 (this
study), which are associated with guidance of these axons,
more anteriorly in the midbrain and in the diencephalon. We
found that FGF-coated beads were able to induce ephrins
throughout the enlarged and fused tectal structure when grafted
into the diencephalon. By contrast, beads implanted in the
midbrain only induced an anterior shift in their rostral limit of
expression and ectopic transcripts never extended to the
diencephalic/mesencephalic border. This was also true for En1
and Pax2 expression; only En2 RNA was induced to the
midbrain/diencephalic boundary. Taken together, these data
suggest a possible influence of diencephalon on gene
expression in the anterior midbrain which is lost if the former
is respecified to a midbrain fate.
FGF8 can induce ectopic expression of genes which are
normally expressed before it (En1 and Pax2) and, indeed,
which are capable of inducing Fgf8 transcription themselves.
This suggests that Fgf8 may normally function to maintain
expression of genes associated with the posterior midbrain and
anterior of r1, although it may also induce expression of En2
which is first detected only after Fgf8. This would be consistent
with our temporal studies which show that Fgf8 expression
becomes localised to the region of the isthmic constriction
before transcripts of other genes become localised more
posteriorly in the midbrain. Indeed, experiments using targeted
gene disruption in transgenic mice to examine the functions of
genes expressed in this region strongly suggest that they each
might contribute to a regulatory loop maintaining each other’s
expression. Absence of Wnt1 function results in loss of Fgf8
expression before other morphological changes are observed.
It also results in loss of En1 and En2 transcripts, but the mutant
phenotype is partially rescued by En1 (Danielian and
McMahon, 1996; Lee et al., 1997). In addition, ectopic Pax2
can induce Wnt1 (Kelly and Moon, 1995) and mice
homozygous null for Pax5, hemizygous null for Pax2 lack
expression of Fgf8, En1, En2, and Wnt1 (Schwarz et al., 1997;
Urbanek et al., 1997). However, the degree to which loss of
tissue in these mutant mice contributes to the apparent loss of
gene expression remains unclear.
Our cytological analyses show that effects of implanting
FGF8 beads into either midbrain or diencephalon are
frequently confined to the tectum and are consistent with FGF8
being the isthmic activity capable of repolarising the midbrain
and respecifying posterior forebrain to a midbrain fate. In this
respect our results are also consistent with those of others
(Crossley et al., 1996; Lee et al., 1997). However, in contrast
to experiments involving grafting of isthmic tissue (Marin and
Puelles, 1994), ectopic FGF8 protein never produced ectopic
structures with cerebellar morphology in either diencephalon
or midbrain. In addition, nuclei associated with the isthmus and
r1, e.g. the trochlear (IV) motor nucleus, were not duplicated
anteriorly, although in one specimen an ectopic oculomotor
nucleus, a midbrain derivative, may have been generated. The
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Conclusion: a model for FGF function in
specification and patterning of the midbrain
Taken together with work of other groups, the results of this
study suggest a model for the role of FGFs in specification and
polarisation of the midbrain (Fig. 10). Neural induction occurs
within epiblast which is already regionally specified along the
anteroposterior axis as evinced by expression of transcripts for
Otx2 and Gbx2. The notochord extends anterior to Hensen’s
node beneath the cranial neural plate and transiently expresses
Fgf4. The latter molecule regulates En1 expression in the
neural plate, possibly in combination with transcription factors,
e.g. Pax genes expressed in the neural plate, with the anterior
limit of En1 expression possibly defined by the boundary
between the Fgf4-expressing notochord and the Fgf4-negative
prechordal mesoderm. En1, possibly together with other
factors, e.g. Pax2, regulates Fgf8 expression within that region.
Under the influence of interactions between adjacent Gbx2and Otx2-expressing cell populations, Fgf8 expression
becomes localised to the isthmus. Fgf8 then functions to
further refine and maintain expression of genes associated with
the posterior midbrain.

Fig. 10. A model for FGF function in patterning the midbrain. The
temporal sequence of events progresses from top to bottom of the
figure.

cerebellum and trochlear nucleus are derived from the extreme
posterior midbrain and anterior hindbrain (i.e. Gbx2-positive
region) and it may be that FGF8, alone, is insufficient to
convert anterior midbrain or diencephalon to a fate
characteristic of the isthmus and anterior hindbrain. However,
Crossley et al. (1996) do report ectopic oculomotor and
trochlear nuclei and it is noteworthy that these were present in
very few of their experimental embryos.
Many embryos analysed at later stages after implanting
FGF-coated beads showed dramatic thickening and foliation
of tectal structures. In addition, enlargement of the walls of
the diencephalon or midbrain were often apparent in embryos
within 24 hours of introduction of ectopic FGF. These
observations are strikingly similar to those of Abud et al.
(1996) who showed that ectopic FGF4 protein expressed in
chimeric mice produced foliation of the midbrain. Labelling
dividing cells in grafted embryos indicates that this effect is
due to a mitogenic activity of FGF8 which is apparent both
24 hours and 3 days after introduction of ectopic protein.
Similar findings have been reported by others in mouse
embryos (Lee et al., 1997). Since different embryos in the
same experiment were found to have either the foliated
phenotype or a tectal structure with reversed polarity, we
suggest that variation in the amount of FGF protein bound to
individual beads might determine which of the two
morphologies was generated. Consistent with the latter
interpretation, embryos generally exhibited the foliated
phenotype bilaterally but most frequently exhibited a
duplicated posterior phenotype unilaterally. These data are
consistent with another property of the isthmus: that it is the
region of highest mitotic activity in the developing midbrain
and indicate a role for FGF8 in regulating both division and
patterning in that region.

Uwe Drescher, Peter Gruss and Andy McMahon kindly provided
cDNAs for the gene expression analyses. We thank Anthony Graham
for teaching us the collagen culture techniques and, together with Lori
Zeltser, Jenny Walshe and Carol Irving, for critical reading of the
manuscript. This work was supported by programme grants from the
MRC (I. M. and A. L.), Human Frontier Science Program (I. M.) and
Wellcome Trust (A. L.) and project grants from the MRC and
Wellcome Trust (I. M.). H. S. is a graduate student of the MRC.

REFERENCES
Abud, H. E., Skinner, J. A., McDonald, F. J., Bedford, M. T., Lonai, P. and
Heath, J. K. (1996). Ectopic expression of Fgf-4 in chimeric mouse
embryos induces the expression of early markers of limb development in
the lateral ridge. Dev. Genet. 19, 51-65.
Acampora, D., Avantaggiato, V., Tuorto, F. and Simeone, A. (1997). Genetic
control of brain morphogenesis through Otx gene dosage requirement.
Development 124, 3639-3650.
Alvarado-Mallart, R.-M., Martinez, S. and Lance-Jones, C. (1990).
Pluripotentiality of the 2-day-old avian germinative neuroepithelium. Dev.
Biol. 139, 75-88.
Alvarado-Mallart, R.-M. and Sotelo, C. (1984). Homotopic and heterotopic
transplantations of quail tectal primordia in chick embryos: organisation of
the retinotectal projections in the chimeric embryos. Dev. Biol. 103, 378398.
Alvarado-Mallart, R. M. (1993). Fate and potentialities of the avian
mesencephalic/metencephalic neuroepithelium. J. Neurobiol. 24, 13411355.
Alvarez, I. S., Araujo, M. and Nieto, M. A. (1998). Neural induction in whole
chick embryo cultures by FGF. Dev. Biol. 199, 42-54.
Alvarez-Otero, R., Sotelo, C. and Alvarado-Mallart, R.-M. (1993).
Chick/quail chimeras with partial cerebellar grafts: an analysis of the origin
and migration of cerebellar cells. J. Comp. Neurol. 333, 597-615.
Ang, S. L. and Rossant, J. (1993). Anterior mesendoderm induces mouse
Engrailed genes in explant cultures. Development 118, 139-149.
Arman, E., Haffner-Krausz, R., Chen, Y., Heath, J. K. and Lonai, P.
(1998). Targeted disruption of fibroblast growth factor (FGF) receptor 2
suggests a role for FGF signaling in pregastrulation mammalian
development. Proc. Natl. Acad. Sci. USA 95, 5082-5087.
Bally-Cuif, L., Alvarado-Mallart, R.-M., Darnell, D. K. and Wassef, M.
(1992). Relationship between Wnt-1 and En-2 expression domains during
early development of normal and ectopic met-mesencephalon. Development
115, 999-1009.
Bally-Cuif, L. and Wassef, M. (1994). Ectopic induction and reorganisation
of Wnt-1 expression in quail/chick chimeras. Development 120, 3379-3394.

958

H. Shamim and others

Bally-Cuif, L. and Wassef, M. (1995). Determination events in the nervous
system of the vertebrate embryo. Curr. Opin. Genet. Dev. 5, 450-458.
Bally-Cuif, L., Cholley, B. and Wassef, M. (1995a). Involvement of Wnt-1
in the formation of the mes/metencephalic boundary. Mech. Dev. 53, 23-34.
Bally-Cuif, L., Gulisano, M., Broccoli, V. and Boncinelli, E. (1995b). c-otx2
is expressed in two different phases of gastrulation and is sensitive to retinoic
acid treatment in chick embryo. Mech Dev. 49, 49-63.
Bloch-Gallego, E., Millet, S. and Alvarado-Mallart, R. M. (1996). Further
observations on the susceptibility of diencephalic prosomeres to En-2
induction and on the resulting histogenetic capabilities. Mech. Dev. 58, 5163.
Bueno, D., Skinner, J., Abud, H. and Heath, J. K. (1996). Spatial and
temporal relationships between Shh, Fgf4, and Fgf8 gene expression at
diverse signalling centers during mouse development. Dev. Dyn. 207, 291299.
Cheng, H. J. and Flanagan, J. G. (1994). Identification and cloning of ELF1, a developmentally expressed ligand for the Mek4 and Sek receptor
tyrosine kinases. Cell. 79, 157-168.
Cheng, H.-J., Nakamoto, M., Bergemann, A. D. and Flanagan, J. D. (1995).
Complementary gradients in expression and binding of ELF-1 and Mek4 in
development of the topographic retinotectal projection map. Cell 82, 371381.
Christen, B. and Slack, J. M. (1997). FGF-8 is associated with
anteroposterior patterning and limb regeneration in Xenopus. Dev. Biol. 192,
455-466.
Crossley, P. H. and Martin, G. R. (1995). The mouse Fgf8 gene encodes a
family of polypeptides and is expressed in regions that direct outgrowth and
patterning in the developing embryo. Development 121, 439-451.
Crossley, P. H., Martinez, S. and Martin, G. R. (1996). Midbrain
development induced by FGF8 in the chick embryo. Nature 380, 66-68.
Danielian, P. S. and McMahon, A. P. (1996). Engrailed-1 as a target of the
Wnt-1 signalling pathway in vertebrate midbrain development. Nature 383,
332-334.
Darnell, D. K. and Schoenwolf, G. C. (1997). Vertical induction of engrailed2 and other region-specific markers in the early chick embryo. Dev. Dyn.
209, 45-58.
Davis, C. A., Holmyard, D. P., Millen, K. J. and Joyner, A. J. (1991).
Examining pattern formation in mouse, chick and frog embryos with an Enspecific antiserum. Development 111, 287-298.
Deng, C.-X., Wynshaw-Boris, A., Shen, M., Daugherty, C., Ornitz, D. and
Leder, P. (1994). Murine FGFR-1 is required for early postimplantation
growth and axial organisation. Genes Dev. 8, 3045-3057.
Doniach, T. (1995). Basic FGF as an inducer of anteroposterior neural pattern.
Cell 83, 1067-1070.
Drescher, U., Kremoser, C., Handwerker, C., Loschinger, J., Noda, M. and
Bonhoeffer, F. (1995). In vitro guidance of retinal ganglion axons by RAGS,
a 25kDa tectal protein related to ligands for eph receptor tyrosine kinases.
Cell 82, 359-370.
Dressler, G. R., Deutsch, U., Chowdhury, K., Nornes, H. O. and Gruss, P.
(1990). Pax2, a new murine paired-box-containing gene and its expression
in the developing excretory system. Development 109, 787-795.
Eizema, K., Koster, J. G., Stegeman, B. I., Baarends, W. M., Lanser, P. H.
and Destree, O. H. (1994). Comparative analysis of Engrailed-1 and Wnt1 expression in the developing central nervous system of Xenopus laevis.
Int. J. Dev. Biol. 38, 623-632.
Favor, J., Sandulache, R., Neuhauser-Klaus, A., Pretsch, W., Chatterjee,
B., Senft, E., Wurst, W., Blanquet, V., Grimes, P., Sporle, R. and
Schughart, K. (1996). The mouse Pax2(1Neu) mutation is identical to a
human PAX2 mutation in a family with renal-coloboma syndrome and
results in developmental defects of the brain, ear, eye, and kidney. Proc.
Natl. Acad. Sci. USA 93, 13870-13875.
Feldman, B., Poueymirou, W., Papaioannou, V. E., DeChiara, T. M. and
Goldfarb, M. (1995). Requirement of FGF-4 for postimplantation mouse
development. Science 267, 246-249.
Friedman, G. C. and O’Leary, D. D. (1996). Retroviral misexpression of
engrailed genes in the chick optic tectum perturbs the topographic targeting
of retinal axons. J. Neurosci. 16, 5498-5509.
Fritzsch, B., Nichols, D. H., Echelard, Y. and McMahon, A. P. (1995).
Development of midbrain and anterior hindbrain ocular motoneurons in
normal and Wnt-1 knockout mice. J. Neurobiol. 27, 457-469.
Gardner, C. A., Darnell, D. K., Poole, S. J., Ordahl, C. P. and Barald, K.
F. (1988). Expression of an engrailed-like gene during development of the
early embryonic chick nervous system. J. Neurosci. Res. 21, 426-437.
Gardner, C. A. and Barald, K. F. (1991). The cellular environment controls

the expression of engrailed-like protein in the cranial neuroepithelium of
quail-chcik chimeric embryos. Development 113, 1037-1048.
Gardner, C. A. and Barald, K. F. (1992). Expression patterns of engrailedlike proteins in the chick embryo. Dev. Dyn. 193, 370-388.
Hallonet, M. E. R., Teillet, M. A. and LeDouarin, N. M. (1990). A new
approach to the development of the cerebellum provided by the quail-chick
marker system. Development. 108, 19-31.
Hallonet, M. E. R. and LeDouarin, N. M. (1993). Tracing neuroepithelial
cells of the mesencephalic and metencephalic alar plates during cerebellar
ontogeny in quail-chick chimeras. Eur. J. Neurosci. 5, 1145-1155.
Hamburger, V. and Hamilton, H. (1951). A series of normal stages in the
development of the chick embryo. J. Morphol. 88, 49-92.
Hanks, M., Wurst, W., Anson-Cartwright, L., Auerbach, A. B. and Joyner,
A. L. (1995). Rescue of the En-1 mutant phenotype by replacement of En1 with En-2. Science. 269, 679-682.
Hatta, K., Bremiller, R., Westerfield, M. and Kimmel, C. B. (1991).
Diversity of expression of engrailed-like antigens in zebrafish. Development
112, 821-832.
Heikinheimo, M., Lawshe, A., Shackleford, G. M., Wilson, D. B. and
MacArthur, C. A. (1994). Fgf-8 expression in the post-gastrulation mouse
suggests roles in the development of the face, limbs and central nervous
system. Mech. Dev. 48, 129-138.
Heller, N. and Brandli, A. W. (1997). Xenopus Pax-2 displays multiple splice
forms during embryogenesis and pronephric kidney development. Mech.
Dev. 69, 83-104.
Hemmati-Brivanlou, A. and Harland, R. M. (1989). Expression of an
engrailed-related protein is induced in the anterior neural ectoderm of early
Xenopus embryos. Development 106, 611-7.
Hemmati-Brivanlou, A., Stewart, R. M. and Harland, R. M. (1990).
Region-specific neural induction of an engrailed protein by anterior
notochord in Xenopus. Science 250, 800-802.
Hollyday, M., McMahon, J. A. and McMahon, A. P. (1995). Wnt expression
patterns in chick embryo nervous system. Mech Dev. 52, 9-25.
Ichijo, H., Fujita, S., Matsuno, T. and Nakamura, H. (1990). Rotation of
the tectal primordium reveals plasticity of target recognition in retinotectal
projection. Development 110, 331-342.
Isaacs, H. V., Tannahill, D. and Slack, J. M. (1992). Expression of a novel
FGF in the Xenopus embryo. A new candidate inducing factor for mesoderm
formation and anteroposterior specification. Development 114, 711-20.
Itasaki, N., Ichijo, H., Hama, C., Matsuno, T. and Nakamura, H. (1991).
Establishment of rostrocaudal polarity in tectal primordium: engrailed
expression and subsequent tectal polarity. Development 113, 1133-44.
Itasaki, N. and Nakamura, H. (1996). A role for gradient en expression in
positional specification on the optic tectum. Neuron 16, 55-62.
Joyner, A. L., Herrup, K., Auerbach, B. A., Davis, C. A. and Rossant, J.
(1991). Subtle cerebellar phenotype in mice homozygous for a targeted
deletion of the En-2 homeobox. Science 251, 1239-1243.
Joyner, A. L. (1996). Engrailed, Wnt and Pax genes regulate midbrainhindbrain development. Trends Genet. 12, 15-20.
Kelly, G. M. and Moon, R. T. (1995). Involvement of wnt1 and pax2 in the
formation of the midbrain-hindbrain boundary in the zebrafish gastrula. Dev.
Genet. 17, 129-140.
Krauss, S., Maden, M., Holder, N. and Wilson, S. W. (1992). Zebrafish
pax[b] is involved in the formation of the midbrain-hindbrain boundary.
Nature 360, 87-89.
Kuemerle, B., Zanjani, H., Joyner, A. and Herrup, K. (1997). Pattern
deformities and cell loss in Engrailed-2 mutant mice suggest two separate
patterning events during cerebellar development. J. Neurosci. 17, 78817889.
Lee, S. M., Danielian, P. S., Fritzsch, B. and McMahon, A. P. (1997).
Evidence that FGF8 signalling from the midbrain-hindbrain junction
regulates growth and polarity in the developing midbrain. Development 124,
959-969.
Logan, C., Wizenmann, A., Drescher, U., Monschau, B., Bonhoeffer, F. and
Lumsden, A. (1996). Rostral optic tectum acquires caudal characteristics
following ectopic engrailed expression. Curr. Biol. 6, 1006-1014.
Lumsden, A. G. S. and Davies, A. M. (1983). Earliest sensory nerve fibres
are guided to peripheral targets by attractants other than nerve growth factor.
Nature 306, 786-788.
MacArthur, C. A., Lawshe, A., Xu, J., Santos-Ocampo, S., Heikinheimo,
M., Chellaiah, A. T. and Ornitz, D. M. (1995). FGF-8 isoforms activate
receptor splice forms that are expressed in mesenchymal regions of mouse
development. Development 121, 3603-3613.
Mahmood, R., Bresnick, J., Hornbruch, A., Mahony, K., Morton, N.,

FGFs in midbrain specification and patterning
Colquhoun, K., Martin, P., Lumsden, A., Dickson, C. and Mason, I.
(1995). FGF-8 in the mouse embryo: a role in the initiation and maintenance
of limb bud outgrowth Curr. Biol. 5, 797-806.
Mahmood, R., Mason, I. J. and Morriss-Kay, G. M. (1996). Expression of
Fgf-3 in relation to hindbrain segmentation, otic pit position and pharyngeal
arch morphology in normal and retinoic acid-exposed mouse embryos. Anat.
Embryol. (Berl). 194, 13-22.
Marin, F. and Puelles, L. (1994). Patterning of the embryonic midbrain after
experimental inversions: a polarizing activity from the isthmus. Dev. Biol.
163, 19-37.
Martinez, S. and Alvarado-Mallart, R. M. (1989). Rostral cerebellum
originates from the caudal portion of the so-called ‘mesencephalic’ vesicle:
a study using chick/quail chimeras. Eur. J. Neurosci. 1, 549-560.
Martinez, S. and Alvarado-Mallart, R.-M. (1990). Expression of the
homeobox gene Chick-en in chick/quail chimeras with inverted mesmetencephalic grafts. Dev. Biol. 139, 432-436.
Martinez, S., Wassef, M. and Alvarado-Mallart, R.-M. (1991). Induction
of a mesencephalic phenotype in the 2-day-old chick prosencephalon is
preceded by the early expression of the homeobox gene en. Neuron 6, 971981.
Mason, I. (1996). Neural induction: do FGFs strike a cord? Curr. Biol. 6, 672675.
Mason, I. (1999). Chick embryos: incubation and isolation. Methods in
Molecular Biology, vol 97: Molecular Embryology. (ed. Sharpe, P. T. and
Mason, I.) Totowa, NJ: Humana Press. In press.
McMahon, A. P. and Bradley, A. (1990). The wnt-1 (int-1) proto-oncogene
is required for development of a large region of the mouse brain. Cell 62,
1073-1085.
McMahon, A. P., Joyner, A. L., Bradley, A. and McMahon, J. A. (1992).
The midbrain-hindbrain phenotype of wnt−1−/wnt−1− mice results from
stepwise deletion of engrailed-expressing cells by 9.5 days postcoitum. Cell
69, 581-595.
Meyers, E. N., Lewandoski, M. and Martin, G. R. (1998). An Fgf8 mutant
allelic series generated by Cre- and Flp-mediated recombination. Nat.
Genet. 18, 136-141.
Millen, K. J., Wurst, W., Herrup, K. and Joyner, A. L. (1994). Abnormal
embryonic cerebellar development and patterning of postnatal foliation in
two mouse Engrailed-2 mutants. Development 120, 695-706.
Millen, K. J., Hui, C. C. and Joyner, A. L. (1995). A role for En-2 and other
murine homologues of Drosophila segment polarity genes in regulating
positional information in the developing cerebellum. Development 121,
3935-3945.
Millet, S. and Alvarado-Mallart, R. M. (1995). Expression of the homeoboxcontaining gene En-2 during the development of the chick central nervous
system. Eur. J. Neurosci. 7, 777-791.
Millet, S., Bloch-Gallego, E., Simeone, A. and Alvarado-Mallart, R. M.
(1996). The caudal limit of Otx2 gene expression as a marker of the
midbrain/hindbrain boundary: a study using in situ hybridisation and
chick/quail homotopic grafts. Development 122, 3785-3797.
Muhr, J., Jessell, T. M. and Edlund, T. (1997). Assignment of early caudal
identity to neural plate cells by a signal from caudal paraxial mesoderm.
Neuron 19, 487-502.
Nakamura, H., Nakano, K. E., Igawa, H. H., Takagi, S. and Fujisawa, H.
(1986). Plasticity and rigidity of differentiation of brain vesicles studied in
quail-chick chimeras. Cell Diff. 19, 187-193.
Nakamura, H., Takagi, S., Tsuji, T., Matsui, K. A. and Fujisawa, H. (1988).
The prosencephalon has the capacity to differentiate into the optic tectum:
analysis in quail-chick-chimeric brains. Dev. Growth Diff. 30, 717-725.
Nakamura, H. (1990). Do CNS anlagen have plasticity in differentiation?
Analysis in quail-chick chimera. Brain Res. 511, 122-128.
Niswander, L., Jeffrey, S., Martin, G. R. and Tickle, C. (1994). A positive
feedback loop coordinates growth and patterning in the vertebrate limb.
Nature 371, 609-612.
Ohuchi, H., Yoshioka, H., Tanaka, A., Kawakami, Y., Nohno, T. and Noji,
S. (1994). Involvement of androgen-induced growth factor (FGF-8) gene in
mouse embryogenesis and morphogenesis. Biochem. Biophys. Res.
Commun. 204, 882-888.
Parr, B. A., Shea, M. J., Vassileva, G. and McMahon, A. P. (1993). Mouse
wnt genes exhibit discrete domains of expression in the early embryonic
CNS and limb buds. Development 119, 247-261.
Puschel, A. W., Westerfield, M. and Dressler, G. R. (1992). Comparative
analysis of Pax-2 protein distributions during neurulation in mice and
zebrafish. Mech Dev. 38, 197-208.

959

Riefers, F., Bohli, H., Walsh, E., Crossley, P., Stanier, D. and Brand, M.
(1998). Fgf8 is mutated in zebrafish acerebellar (ace) mutants and is
required for maintenance of midbrain-hindbrain boundary development and
somitogenesis. Development 125, 2381-2395.
Rhinn, M., Dierich, A., Shawlot, W., Behringer, R. R., Le Meur, M. and
Ang, S. L. (1998). Sequential roles for Otx2 in visceral endoderm and
neuroectoderm for forebrain and midbrain induction and specification.
Development 125, 845-856.
Roberts, C., Platt, N., Streit, A., Schachner, M. and Stern, C. D. (1991).
The L5 epitope: an early marker for neural induction in the chick embryo
and its involvement in inductive interactions. Development 112, 959-970.
Rowitch, D. H. and McMahon, A. P. (1995). Pax-2 expression in the murine
neural plate precedes and encompasses the expression domains of Wnt-1
and En-1. Mech Dev. 52, 3-8.
Ruiz i Altaba, A. (1994). Pattern formation in the vertebrate neural plate.
Trends Neurosci. 17, 233-243.
Ruiz i Altaba, A. (1998). Neural patterning. Deconstructing the organizer.
Nature 391, 748-749.
Schoenwolf, G. C. and Sheard, P. (1990). Fate mapping the avian epiblast
with focal injections of a fluorescent-histochemical marker: ectodermal
derivatives. J. Exp. Zool. 255, 323-339.
Schwarz, M., Alvarez-Bolado, G., Urbanek, P., Busslinger, M. and Gruss,
P. (1997). Conserved biological function between Pax-2 and Pax-5 in
midbrain and cerebellum development: evidence from targeted mutations.
Proc. Natl. Acad. Sci. USA 94, 14518-1423.
Shamim, H., Mahmood, R. and Mason, I. (1999). In situ hybridisation to
RNA in whole embryos. Methods in Molecular Biology, vol 97: Molecular
Embryology. (ed. Sharpe, P. T. and Mason, I.) Totowa NJ: Humana Press.
In press.
Shamim, H. and Mason, I. (1998). Expression of Gbx-2 during early
development of the chick embryo. Mech. Dev. 76, 157-159.
Storey, K. G., Goriely, A., Sargent, C. M., Brown, J. M., Burns, H. D.,
Abud, H. M. and Heath, J. K. (1998). Early posterior neural tissue is
induced by FGF in the chick embryo. Development 125, 473-484.
Thomas, K. R. and Capecchi, M. R. (1990). Targeted disruption of the
murine int-1 proto-oncogene resulting in severe abnormalities in midbrain
and cerebellar development. Nature 346, 847-850.
Thomas, K. R., Musci, T. S., Neumann, P. E. and Capecchi, M. R. (1991).
Swaying is a mutant allele of the proto-oncogene wnt-1. Cell 67, 969976.
Urbanek, P., Fetka, I., Meisler, M. H. and Busslinger, M. (1997).
Cooperation of Pax2 and Pax5 in midbrain and cerebellum development.
Proc. Natl. Acad. Sci. USA 94, 5703-5708.
Urbanek, P., Wang, Z. Q., Fetka, I., Wagner, E. F. and Busslinger, M.
(1994). Complete block of early B cell differentiation and altered patterning
of the posterior midbrain in mice lacking Pax5/BSAP. Cell 79, 901-912.
Vogel, A., Rodriguez, C. and Izpisua-Belmonte, J. C. (1996). Involvement
of FGF-8 in initiation, outgrowth and patterning of the vertebrate limb.
Development 122, 1737-1750.
Wassarman, K. M., Lewandoski, M., Campbell, K., Joyner, A. L.,
Rubenstein, J. L., Martinez, S. and Martin, G. R. (1997). Specification
of the anterior hindbrain and establishment of a normal mid/hindbrain
organizer is dependent on Gbx2 gene function. Development 124, 29232934.
Wassef, M. and Joyner, A. L. (1997). Early mesencephalon/metencephalon
patterning and development of the cerebellum. Perspect. Dev. Neurobiol. 5,
3-16.
Wilkinson, D. G., Bailes, J. A. and McMahon, A. P. (1987). Expression of
the proto-oncogene wnt-1 is restricted to specific neural cells in the
developing mouse embryo. Cell 50, 79-88.
Williams, E. J., Furness, J., Walsh, F. S. and Doherty, P. (1994) Activation
of the FGF receptor underlies neurite outgrowth stimulated by L1, N-CAM,
and N-cadherin. Neuron 13, 583-594.
Wurst, W., Auerbach, A. B. and Joyner, A. L. (1994). Multiple
developmental defects in Engrailed-1 mutant mice: an early mid- hindbrain
deletion and patterning defects in forelimbs and sternum. Development 120,
2065-2075.
Yamaguchi, T., Harpal, K., Henkemeyer, M. and Rossant, J. (1994). fgfr1 is required for embryonic growth and mesodermal patterning during
mouse gastrulation. Genes Dev. 8, 3032-3044.
Ye, W., Shimamura, K., Rubenstein, J. R., Hynes, M. A. and Rosenthal,
A. (1998). FGF and Shh signals control dopaminergic and serotonergic cell
fate in the anterior neural plate. Cell 93, 755-766.

