
1

Cell fate in the cephalic neural primordium is controlled by an
organizer located at the midbrain–hindbrain boundary. Studies
in chick, mouse and zebrafish converge to show that mutually
repressive interactions between homeodomain transcription
factors of the Otx and Gbx class position this organizer in the
neural primordium. Once positioned, independent signaling
pathways converge in their activity to drive organizer function.
Fibroblast growth factors secreted from the organizer are
necessary for, and sufficient to mimic, organizer activity in
patterning the midbrain and anterior hindbrain, and are tightly
controlled by feedback inhibition.
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Abbreviations
ace acerebellar
ANR anterior neural ridge
E embryonic day
FGF fibroblast growth factor
MHB midbrain–hindbrain boundary
noi no isthmus
WT wild-type

Introduction
The initial subdivision of the neural plate, or regionaliza-
tion, is the first step towards generating cellular diversity in
the vertebrate brain. The subdivision is reflected by gene
expression in restricted domains along the length of the
neural primordium. As development proceeds, this rough
subdivision is further refined within each region, ultimate-
ly generating the multitude of cell types in the central
nervous system (CNS). Both vertical signals from the
mesoderm to the overlying ectoderm [1] and planar signals
travelling in the plane of the ectodermal epithelium are
thought to be involved in generating cell diversity [2–4].

Patterning of the neural primordium also involves neu-
roepithelial organizers — special groups of cells that
produce secreted molecules and thus control the cell fate
of the surrounding cells. The two best-studied organizers
are the anterior neural ridge (ANR, or row 1 [the first row
of cells in the zebrafish neural plate]) acting on the fore-
brain neural plate [5,6,7•]), and the midbrain–hindbrain
boundary organizer (MHB organizer, or isthmic organizer)
acting on the midbrain and hindbrain primordium [8–10]. 

The MHB organizer was initially identified through trans-
plantation experiments in chick embryos. When MHB

tissue is transplanted into the caudal forebrain of chick
embryos, the surrounding host tissue switches fate and
adopts an isthmic or midbrain character [11,12]; in the
rhombencephalon, MHB tissue induces cerebellar fate
[13]. These experiments suggested that this tissue also
acts as an organizing center in its normal location at the
MHB. This review focuses on recent progress in under-
standing how the midbrain–hindbrain boundary organizer
develops and functions. 

Several genes, encoding either transcription factors
(Engrailed [En], Pax, Otx and Gbx families) or secreted pro-
teins (Wnt and Fgf [fibroblast growth factor] families), are
expressed within the midbrain–hindbrain territory at early
embryonic stages (Figure 1). Several groups have generat-
ed mutations in these genes in mice through gene
targeting [9,10]. Mutagenesis screens in zebrafish have
yielded acerebellar (ace), a probable null-allele of fgf8, an
allelic series of no isthmus (noi) alleles in the pax2.1 gene
[14–16], and several mutants in which molecular identifi-
cation is ongoing. The different mutants lack MHB
structures and/or neighboring brain territories to varying
degrees, as listed in Table 1. From the mutant analysis,
several regulatory steps are distinguished in MHB devel-
opment. During the establishment phase, a crucial first
step is the subdivision into an Otx2- and a Gbx2-expressing
domain (see below). At this interface between Otx2 and
Gbx2, at least three signaling pathways become activated
independently of each other, as monitored by the expres-
sion of the wnt1, pax2.1 and fgf8 genes (Figure 2a) [15,16].
Establishment is followed by the maintenance phase, dur-
ing which expression of the above genes comes to depend
on each other. Perturbation of any one gene disrupts the
continued development of the MHB. During this period,
Fgf8 expression is activated at the MHB, thus probably
endowing these cells with organizing capacity (Figure 2b). 

The Otx–Gbx interface and positioning of the
isthmic organizer — or how much of a fly wing
is the MHB?
The establishment of organizing centers is thought to
require the prior specification of two distinct, adjacent cell
populations. Local cellular interactions then result in the
production of molecules with longer-range signaling prop-
erties [17]. This phenomenon has been studied
extensively, for example, at the anterior–posterior com-
partment boundary of the fly wing. How are the two cell
populations that generate the MHB organizer defined?
During normal CNS development, one of the earliest
events is the subdivision into an anterior Otx2-positive and
a posterior Gbx2-positive domain. During late gastrula-
tion/early neural plate stages, Otx2 is expressed from the
anterior limit of the neural plate to a posterior border at the
presumptive MHB and Gbx2 is expressed in a comple-
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mentary fashion in the posterior embryo [18].
Subsequently, Pax2 is activated, followed by En1, Wnt1
[19] and Fgf8 [16,20,21]. These genes are activated around
the Otx2–Gbx2 interface, consistent with the notion that
the region where Otx2 and Gbx2 abut demarcates the pri-
mordium of the MHB. Furthermore, the MHB has the
ability to regenerate after its removal, suggesting that it is
normally generated and/or maintained by cell–cell interac-
tions between Otx2- and Gbx2-expressing neuroepithelial
cells [22,23••]. In addition, transplantations, co-cultures
and electroporation experiments show that the confronta-
tion of Otx2- and Gbx2-expressing territories activates
expression of Fgf8, a key mediator of the MHB organizing
activity [23••,24,25••,26]. 

The above data suggested that creating the Otx2–Gbx2 bor-
der in the right place is important to position the MHB
organizer, and genetic analysis of Otx2 and Gbx2 in mice
provides evidence for this (Figure 3). Otx2-null mutants
lack the brain rostral to rhombomere 3 ([27–29]; for a

review, see [30]). Furthermore, in mutants with a reduced
copy number of Otx genes, the caudal limit of Otx2 expres-
sion, and the MHB organizer with it, are shifted anteriorly
at early somite stages. Such embryos form neither mid-
brain nor caudal forebrain, and the anterior hindbrain is
expanded rostrally [31]. Conversely, Gbx2-null mutants
show a failure of anterior hindbrain development and dis-
play a caudal expansion of the midbrain and of Otx2, Wnt1
and Fgf8 expression, apparently due to a respecification of
the hindbrain at early somite stages (six somites) [18,32•]. 

Evidence from misexpression experiments is complemen-
tary to that of the loss-of-function studies (Figure 3). When
Otx2 expression is forced in a more caudal position using an
Otx2 transgene driven by an En1 promoter, Gbx2 expres-
sion is repressed and the MHB is shifted posteriorly [33•].
Conversely, ectopic expression of Gbx2 in the caudal mid-
brain, driven by a Wnt1–promoter–Gbx2 transgene,
represses Otx2 and shifts the induction of MHB markers to
the level of the newly created interface; surprisingly, this

2 Development

Figure 1

Comparison of the onset of expression of the
different genes associated with
midbrain–hindbrain organizing activity in three
different species: mouse, zebrafish and chick.
The mRNA expression patterns of the
different genes (Otx2, Gbx, Fgf8, Wnt1, En
and Pax) are shown schematically on the
basis of the results of in situ hybridization
analyses. (a) M Brand, unpublished data.
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shift appears to be only transient [32•]. These results
together suggest that Gbx2 directly or indirectly represses
Otx2, and that Gbx2 is required to maintain a sharp caudal
border of the Otx2 expression domain. 

Similar results were obtained by misexpression experi-
ments of Otx2 and Gbx2 in chick [26] and in zebrafish, but
with an interesting twist. Zebrafish gbx2 is expressed at the
MHB only after pax2.1 and fgf8 (Figure 1), and thus appar-
ently too late to fulfill the same function it has in mice
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Table 1

Phenotypes of embryos carrying a mutation in genes expressed at the MHB.

Gene Species MHB mutant phenotype References

Otx1 Mouse Homozygous Otx1 mutant adult mice have cortical defects, an abnormal midbrain and [30,31]
abnormal cerebellar foliation. Cooperates with Otx1 in MHB development; double mutants 
show an increase in strength of the embryonic MHB phenotype.

Otx2 Mouse Homozygous Otx2 mutant embryos lack the brain rostral to hindbrain rhombomere 3. [27–29,31,34,35,48]
Cooperates with Otx1 in MHB development. In chimeric embryos that have only OTX protein 
in the visceral endoderm, the forebrain and midbrain induction is rescued. Absence of OTX 
protein in the neuroectoderm leads to incorrect regionalization.

Gbx2 Mouse Gbx2 mutant embryos lack anterior hindbrain and show a caudal expansion of the posterior [18,32•]
midbrain. The Otx2 expression domain is expanded posteriorly. Consequently, Wnt1 and Fgf8
expression domains are also shifted caudally.

Pax2 Mouse The effect of the Pax2 mutation is influenced by the genetic background of the mouse strain  [86,87,90]
analysed, ranging from deletion of the posterior midbrain and cerebellum or exencephaly to 
almost normal development of these structures.

Pax2.1 (noi) Zebrafish No isthmus (noi) mutants lack the midbrain, MHB and cerebellum. eng3 activation is completely [14,15,75]
and eng2 is strongly dependent on noi function. In contrast, onset of wnt1
and fgf8 occurs normally.

Pax5 Mouse Pax5 mutant embryos show defects in the inferior colliculi and anterior cerebellum. [88–90]
Deletion of the midbrain and cerebellum is consistently observed in Pax2/Pax5 double mutants, 
suggesting a dose-dependent cooperation between these genes.

Pax8 Mouse Homozygous Pax8 mutant embryos show a hypoplasia of the thyroid gland. [91]

En1 Mouse En1 mutant mice die shortly after birth. In the brains of newborn mutants, most of the colliculi [92]
and cerebellum are missing and the third and fourth cranial nerves are absent. A deletion of 
mid-hindbrain tissue was observed as early as E9.5, and the phenotype resembles that 
reported for Wnt1 mutant mice.

En2 Mouse Mice homozygous for a targeted deletion of the En2 gene are viable but have an altered adult [93]
cerebellar foliation pattern.

Fgf8 Mouse These embryos show gastrulation defects. Mesoderm and endoderm do not form, probably [59•,60]
due to elimination of Fgf4 expression in the mutants. Anterior markers are widely expressed  
due to mislocalisation of the visceral endoderm and/or absence of mesoderm, and posterior 
markers are not expressed. In mice carrying a hypomorphic Fgf8 allele there is a deletion of 
the posterior midbrain and cerebellar tissue, similar to the phenotype observed in zebrafish 
ace mutants.

Fgf8 (ace) Zebrafish Ace mutants lack the MHB and the cerebellum, and anterior–posterior polarity of the midbrain [7•,14,16,56•]
and projection of retinal ganglion cell axons to the midbrain and the retinotectal map is 
disturbed. Fgf8 function is required to maintain, but not to initiate, expression of pax2.1, wnt1
and eng genes. Further defects are in the commissural region of the forebrain and 
in the telencephalon.

Fgf17 Mouse Fgf17 mutants show a proliferation defect of precursors of the medial part of the cerebellum [70•]
after E11.5, which increases in severity when heterozygous for Fgf8.

Wnt1 Mouse Homozygous mutant mice show a loss of the midbrain and adjacent cerebellar component [52,81,94]
of the metencephalon. By introducing a transgene expressing En1 driven by Wnt1 promoter 
into Wnt1–/– mutants, the phenotype is rescued, suggesting a role for Wnt1 in the 
maintenance of En1 expression.

NI (aus) Zebrafish aus mutant embryos exhibit widespread up-regulation of fgf8 and pax2.1. The mutant [66]
embryos show defects in the differentiation of the forebrain, midbrain and eyes.

NI (spg) Zebrafish spiel-ohne-grenzen (spg) mutants lack the MHB and the cerebellum, resembling the [95]
phenotype of ace.

NI, not identified.



[33•]. In contrast, zebrafish gbx1 expression occurs early,
complementary with otx2 gene expression, and is able to
shift MHB position when misexpressed (K Lun, M Rhinn,
M Brand, unpublished data). This suggests that in
zebrafish an evolutionary switch occurred, where gbx1
instead of gbx2 is required for the correct early specification
of the MHB primordium.

Given the importance of the Otx2–Gbx interface, it will be
of great interest to understand how it is set up during gas-
trulation. Like Otx2, Gbx2 is already expressed during
gastrulation (embryonic day [E]7.5–E8), and could there-
fore define the posterior Otx2 border also during
gastrulation. The Gbx2 mutant mice will have to be exam-
ined during gastrulation stages to address this point;
however, analysis of Otx2 function suggests that in gastru-
lation, different rules may apply, in that the Otx2 and Gbx2
domains are set up independently of each other. Neural
induction in Otx2 mutants is compromised, but can be res-
cued by providing Otx protein to the visceral endoderm.
Although such embryos lack Otx2 in the neural ectoderm,
the anterior border of Gbx2 expression is established cor-
rectly at gastrulation stages ([34]; A Simeone, personal
communication). At later stages, however, MHB marker
expression shifts anteriorly [34,35]. These findings suggest
that initially the positioning of the anterior border of Gbx2
expression is independent of Otx2, and only later comes to
depend on Otx2.

Several new questions are raised by these observations.
First, what are the signals that, in turn, position the Otx2
and Gbx interface in the neural plate? Studies in amphib-
ian, chick and mouse embryos suggest that signals from

anterior mesendoderm or notochord regulate expression of
En1 and Otx2 [36–38]. Signals such as Wnts, Fgfs and
retinoic acid are implicated but it is not known which exact
molecule is involved and how direct its action is [39,40].
Secondly, in chick embryos, a candidate for a vertical sig-
nal involved in positioning the Otx2–Gbx interface may be
Fgf4 released from the anterior notochord. In explant
assays, Fgf4 can activate En1 expression in the neuroecto-
derm [41•]; however, expression of Fgf4 has not been
reported in the notochord of other species, although it is
conceivable that a different Fgf performs this function in
other species. On the other hand, in zebrafish and mouse
mutants lacking notochord [42–45], anterior–posterior
polarity and the MHB is correctly specified. This is also
the case in zebrafish embryos depleted of mesendoderm
by injection of the transforming growth factor-β (Tgf-β)
inhibitor, antivin [46,47•]. Presumably, several pathways
cooperate to position the Otx2–Gbx interface. Third, once
the Otx2–Gbx border in the neural plate is generated, how
does this molecular interface lead to restricted domains of
gene expression, for instance of Fgf8, around it? The fly
wing teaches us that this is a multistep process in itself.
Finally, the morphogenetic behavior of cells is different on
either side of the boundary, and it is unclear why. For
instance, clones of Otx2 mutant cells segregate from wild-
type (WT) cells in the midbrain neuroepithelium, perhaps
caused by the reduced expression of two molecules medi-
ating cell adhesion, R-cadherin and the ephrin ligand
ephrin-A2, in these cells ([48]; see also [49,50]).

Fgfs and their role at the MHB
Once the organizer is positioned properly, secreted Fgf8
and Wnt1 proteins from the organizer are thought to medi-
ate its organizing influence on the surrounding neural
tissue. Wnt1 functions as a mitogen and to maintain
expression of En genes, but is unable to mimic the activi-
ty of the organizer when misexpressed [51,52]. Fgf8 is
expressed at the right time and place to mediate the orga-
nizing activity [16,20,53]. In contrast to Wnt1, the ectopic
application of Fgf8 protein mimics the activity of the MHB
organizer and induces isthmic-like structures and MHB-
specific gene expression [25••,54,55] (M Brand,
unpublished data). Because Fgfs can mimic each other’s
activity in gain-of-function experiments, loss-of-function
mutants are important to support a function for Fgf8 in
induction and/or patterning of the MHB region. The
zebrafish mutant ace lacks functional Fgf8, the MHB orga-
nizer and a cerebellum [16,56•]. Fgf8 is required to
maintain marker gene expression in the midbrain and isth-
mus, but not to induce midbrain [16]. Moreover, the
analysis of the midbrain in ace mutants shows that the
MHB is required for anterior–posterior polarization of the
midbrain, including the graded expression of ephrin lig-
ands in the midbrain neuroepithelium, and for proper
retinotectal map formation [56•]. 

Fgf8 secreted from the MHB organizer is also involved in
patterning the anterior hindbrain [57,58]. Rhombomere 1
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Figure 2

Stepwise development of the MHB. (a) During early embryonic stages
(establishment phase), three parallel pathways (Pax, Wnt and Fgf) are
activated around the Otx–Gbx interface in similar, but not identical
domains in the primordia of the early midbrain, MHB and anterior
hindbrain. The activating signals are unknown, but may derive from
mesendoderm. (b) During later embryonic stages (maintenance
phase), expression overlaps at the MHB organizer, which secretes
Wnt1 and Fgf8 signaling molecules. At this stage, the pathways
become mutually dependent.
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lies closest to the MHB, and is the only rhombomere that
does not express any Hox genes; however, after transplan-
tation to an ectopic position, rhombomere 1 tissue
expresses Hox genes. Both MHB tissue and Fgf8 can
inhibit this expression [57]. Thus, Fgf8 may define, direct-
ly or indirectly, the anterior limit of Hox gene expression.
In a mouse null mutant of Fgf8, definitive endoderm and
mesoderm are not formed, probably due to simultaneous
lack of Fgf4 (which is, however, present in ace mutants,
explaining why the fish fgf8 mutants gastrulate normally).
This early phenotype has, thus far, precluded the analysis
of Fgf8 function in brain development [59•]; however, a
weaker allele shows a morphologically similar phenotype
to ace mutants [60]. 

Given its potency as a signaling molecule, the activity of
Fgf8 must be carefully controlled in the embryo. An
emerging theme for several signaling pathways is that
extracellular or intracellular inhibitors control their activity.
Drosophila sprouty functions in development of the trachea

and eye, as a target gene and feedback inhibitor for Fgf
and epidermal growth factor (EGF) signaling [61]. Several
studies reveal a surprisingly good correlation of the expres-
sion of vertebrate sprouty homologues with regions of
ongoing Fgf signaling, including the MHB [62•,63,64•]. As
in flies, vertebrate sprouty genes can be induced locally
with recombinant Fgf8 protein [62•,63,64•]. In ace (fgf8)
mutants, sprouty4 is never activated at the MHB and ante-
rior hindbrain, suggesting that Fgf8 regulates sprouty4
expression. In addition, overexpression of sprouty4 antago-
nizes the effects of both fgf8 and fgf3 injection [64•]. This
suggests that zebrafish sprouty4 is a component of an Fgf8-
dependent inhibitory feedback loop at the MHB.
Additional observations support the existence of such a
feedback loop: Fgf8 RNA is upregulated in ace mutants
[7•,65] and in zebrafish aussicht (aus) mutants [66] — aus
may therefore encode a component of the feedback loop.
Possibly, the feedback loop could serve additional func-
tions, for instance to maintain the MHB organizer itself, as
this structure is missing in the zebrafish and mouse Fgf8
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Figure 3

Relative position of the MHB and associated
genes in wild-type embryos and after
manipulating the position of the Otx2–Gbx2
interface. (a) Expression domains of Otx2, Gbx2,
Wnt1 and Fgf8 in a WT mouse embryo at E9.5.
Otx2 is expressed in the midbrain with a sharp
limit at the MHB, and Gbx2 is expressed in the
hindbrain with a sharp limit that abuts the Otx2
expression domain. Wnt1 is expressed in a
stripe in the caudal midbrain and Fgf8 is
expressed in the rostral hindbrain. (b) Expression
domains of the same genes in Otx2 chimeric
embryos at the six-somite stage. The visceral
endoderm in these embryos is composed of WT
cells that rescue the induction of the anterior
neural plate. The neurectoderm is composed of
Otx2-/- cells. Expression of Gbx2 and Fgf8 is
expanded anteriorly and expression of Wnt1 is
abolished in the absence of Otx2 [34,35].
(c) Expression domains of the same genes in a
Gbx2 homozygous mutant embryo at the six-
somite stage. Otx2 expression is expanded
posteriorly, and Wnt1 and Fgf8 expression
domains are shifted correspondingly [18,32•].
(d) Expression domains of the same genes in a
transgenic mouse embryo at E9.5 that expresses
Otx2 under the En1 promoter. The Otx2
expression domain is extended further
posteriorly. Endogenous Gbx2 and Fgf8 are
repressed in this ectopic position, causing a shift
of the Otx2–Gbx2 interface and a repositioning
of the MHB [33•]. (e) Expression domains of the
same genes in a mutant mouse embryo at the
six-somite stage that expresses Gbx2 under the
Wnt1 promoter. Gbx2 is now expressed
ectopically in the midbrain. The caudal limit of the
Otx2 expression domain is shifted rostrally, and
so are Wnt1 and Fgf8, indicative of a more
anterior position of the MHB [32•]. p1,
prosomere 1; p2, prosomere 2; rh3,
rhombomere 3; rh4, rhombomere 4.
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mutants [16,60]. The feedback loop also involves Otx2 and
Gbx2, because local expression of Fgf8 represses Otx2
[25••,32•,55] and reduction of Otx copy number shifts Fgf8
and Gbx2 expression anteriorly [31,67]. The existence of
the feedback loop may explain why Fgf8-bead implanta-
tions are able to reactivate the whole genetic cascade of
MHB development; however, in some genetic combina-
tions the players in the feedback loop can be spatially
separated (A Simeone, personal communication), suggest-
ing that the loop is not always functional.

Considering the potent abilities of Fgf8, it is notable that
different Fgf8 isoforms [55] and additional Fgfs related to
Fgf8 are also expressed in the MHB organizer [65,68,69].
Fgf17 and Fgf18 are turned on at the MHB after the onset
of Fgf8 [65,70•], suggesting a role in maintaining the MHB
organizing activity. Indeed, Fgf17 injections have similar
effects as Fgf8 injections; Fgf17 acts downstream of pax2.1
and fgf8 [65], and both Fgf17 and Fgf18 can be induced
ectopically in the forebrain by Fgf8 [65,71]. Mice carrying
a null mutation in Fgf17 have later defects in the cerebel-
lar anlage, a phenotype that is more severe in a Fgf8
heterozygous background [70•]. Thus, Fgf8, Fgf17 and
Fgf18 may cooperate to maintain the organizing activity
and each other’s expression at the isthmus. Fgf8 is also a
crucial component of the forebrain organizer located in the
ANR/row 1 [5,7•] where it is coexpressed with at least one
other Fgf, fgf3 [64•,65], suggesting a similar functional
redundancy of Fgf signals. Given these and other similari-
ties, it is likely that the MHB organizer will continue to
serve as a good model for understanding how brain orga-
nizers function in general. 

Vertebrate brains are different
Studies in amphioxus indicate that the MHB organizer is
probably a vertebrate-specific invention [72], although part
of this genetic machinery (Pax2 expression) may be con-
served in ascidians [73]; hence, it is of particular interest to
understand the actions and genetic regulation of this orga-
nizer and how this could generate the various brain
morphologies in different species. From the available evi-
dence so far, the genetic network controlling MHB
development appears to be very similar in mouse, chick
and zebrafish. There are, however, some interesting differ-
ences, even ‘high up’ in the genetic hierarchy. Several
gene families including Otx, Engrailed and Pax genes are
further diversified in zebrafish (Figure 1) as a result of a
partial genome duplication in teleosts [74]. Relative tem-
poral onset of expression can be different, for instance for
Fgf8 expression (Figure 1), and gene functions may be dis-
tributed differently among the members of a gene family,
as may be the case for the gbx genes. A nice example of this
phenomenon is provided by the Pax2/5/8 genes, where
such differences are linked to slight but telling alterations
in function: in mice, inactivation of Pax2 results in a very
variable reduction of the MHB, depending on the genetic
background. Full inactivation of both Pax2 and Pax5, how-
ever, results in a reliably strong phenotype, suggesting that

Pax5 partially compensates for the absence of Pax2, and
vice versa. In contrast, a null mutation in the zebrafish noi
(pax2.1) shows a reliably strong phenotype. Moreover, pax5
and pax8 completely depend on pax2.1 at the MHB, mak-
ing the elimination of pax2.1 equivalent to the
(hypothetical) triple knockout in mice (see [15,75], and
references therein). Interestingly, functional Pax2 binding
sites are nevertheless present in the murine Pax5 promot-
er and Pax2 partially regulates Pax5 also in mice [76•]; the
regulatory hierarchy found for zebrafish Pax2/5/8 genes is
therefore at least partially preserved in the mammalian lin-
eage. It remains to be explored what consequences such
differences in the genetic network driving MHB develop-
ment have for the evolution of different brain
morphologies.

Conclusions
Results discussed in this review suggest that two distinct
phases in MHB development can be recognized. The first
phase is a phase of establishment that involves the consec-
utive or parallel activation of different factors (Otx2, Gbx2,
Fgf, Wnt1, Pax, En) at the Otx–Gbx interface. It remains to
be determined which signal(s) creates the Otx–Gbx inter-
face during gastrulation, and how this interface causes the
ordered activation of MHB organizer genes around it. The
second phase is a maintenance phase, in which expression
of the above genes depends on each other; perturbance of
any one gene disrupts the continued development of the
MHB. Several Fgfs, in particular Fgf8, are the crucial mol-
ecular components active in the MHB organizer, and
feedback inhibition mechanisms have evolved to control
their activity. Organizer-derived signals are needed for the
proper polarization of the midbrain retinotectal map to
maintain its own integrity and that of the cerebellum, and
to set the anterior limit of Hox gene expression in the hind-
brain.

Acknowledgements
The authors thank Klaus Lun, Steffen Scholpp, Antonio Simeone and Horst
Simon for many stimulating discussions and critical reading of the
manuscript. We apologize for not being able to cite all relevant primary
papers due to space constraints. This work was supported by research grants
to Michael Brand (Max-Planck-Society, EU Biotech, Deutsche
Forschungsgemeinschaft and an Institut National de la Santé et de la
Recherche Médicale fellowship to Muriel Rhinn.

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

• of special interest
••of outstanding interest

1. Spemann H: Embryonic Development and Induction. New Haven,
Connecticut: Yale University Press; 1938.

2. Doniach T: Planar and vertical induction of anteroposterior pattern
during the development of the amphibian central nervous system.
J Neurobiol 1993, 24:1256-1275.

3. Ruiz i Altaba A: Induction and axial patterning of the neural plate:
planar and vertical signals. J Neurobiol 1993, 24:1267-1304.

4. Lumsden A, Krumlauf R: Patterning the vertebrate neuraxis.
Science 1996, 274:1109-1123.

6 Development



5. Shimamura K, Rubenstein JL: Inductive interactions direct early
regionalization of the mouse forebrain. Development 1997,
124:2709-2718.

6. Houart C, Westerfield M, Wilson SW: A small population of anterior
cells patterns the forebrain during zebrafish gastrulation. Nature
1998, 391:788-792.

7. Shanmugalingam S, Houart C, Picker A, Reifers F, MacDonald R, 
• Barth AK, Brand M, Wilson SW: Ace/Fgf8 is required for forebrain

commissure formation and patterning of the telencephalon.
Development 2000, 127:2549-2561.

The authors examined the role of fgf8 in patterning the zebrafish forebrain
through analysis of ace mutant fish. They show that a variety of defects are
present in the rostral forebrain of ace embryos. For instance, major defects
occur in commissural axon pathfinding, indicating that ace has a crucial role
in patterning midline tissue in the commissural region of the forebrain. These
defects are preceded by an early failure in anteromedial gene expression at
the margin of the forebrain neural plate, which contains the row 1 organizer.
Nevertheless, telencephalic and diencephalic territories are specified, argu-
ing that fgf8 activity is unlikely to induce the telencephalon or underlie all the
activity of the ANR. These data suggest that fgf8 is a component of the sig-
nal patterning the forebrain neural plate from the row 1 organizer.

8. Puelles L, Marín F, Martinez-de-la-Torre M, Martínez S: The
midbrain–hindbrain junction: a model system for brain
regionalization through morphogenetic neuroepithelial
interactions. In Mammalian Development. Edited by Lonai P.
Harwood; 1996:173-197. [Au: please supply the city of this
publishing company]

9. Joyner AL: Engrailed, Wnt and Pax genes regulate
midbrain–hindbrain development. Trends Genet 1996, 12:15-20.

10. Wassef M, Joyner AL: Early mesencephalon/metencephalon
patterning and development of the cerebellum. Perspect Dev
Neurobiol 1997, 5:3-16.

11. Martinez S, Wassef M, Alvarado-Mallart RM: Induction of a
mesencephalic phenotype in the 2-day-old chick prosencephalon
is preceded by the early expression of the homeobox gene En.
Neuron 1991, 6:971-981.

12. Marin F, Puelles L: Patterning of the embryonic avian midbrain after
experimental inversions: a polarizing activity from the isthmus.
Dev Biol 1994, 163:19-37.

13. Martinez S, Marin F, Nieto MA, Puelles L: Induction of ectopic
engrailed expression and fate change in avian rhombomeres:
intersegmental boundaries as barriers. Mech Dev 1995,
51:289-303.

14. Brand M, Heisenberg C-P, Warga RM, Pelegri F, Karlstrom RO,
Beuchle D, Picker A, Jiang Y-J, Furutani-Seiki M, van Eeden FJM et al.:
Mutations affecting development of the midline and general body
shape during zebrafish embryogenesis. Development 1996,
123:129-142.

15. Lun K, Brand M: A series of no isthmus (noi) alleles of the
zebrafish pax2.1 gene reveals multiple signaling events in
development of the midbrain-hindbrain boundary. Development
1998, 125:3049-3062. 

16. Reifers F, Böhli H, Walsh EC, Crossley PH, Stainier DYR, Brand M:
Fgf8 is mutated in zebrafish acerebellar mutants and is required
for maintenance of midbrain–hindbrain boundary development
and somitogenesis. Development 1998, 125:2381-2395.

17. Meinhardt H: Cell determination boundaries as organizing: regions
for secondary embryonic fields. Dev Biol 1983, 96:375-385.

18. Wassarman KM, Lewandoski M, Campbell K, Joyner AL,
Rubenstein JL, Martinez S, Martin GR: Specification of the anterior
hindbrain and establishment of a normal mid/hindbrain organizer
is dependent on Gbx2 gene function. Development 1997,
124:2923-2934.

19. Rowitch DH, McMahon AP: Pax-2 expression in the murine neural
plate precedes and encompasses the expression domains of
Wnt-1 and En-1. Mech Dev 1995, 52:3-8.

20. Crossley PH, Martin GR: The mouse Fgf8 gene encodes a family of
polypeptides and is expressed in regions that direct outgrowth
and patterning in the developing embryo. Development 1995,
121:439-451.

21. Mahmood R, Bresnick J, Hornbruch A, Mahony C, Morton N,
Colquhoun K, Martin P, Lumsden A, Dickson C, Mason I: A role for

FGF-8 in the initiation and maintenance of vertebrate limb bud
outgrowth. Curr Biol 1995, 5:797-806.

22. Nieuwkoop PD: The successive steps in the pattern formation of
the amphibian central nervous system. Dev Growth Differ 1989,
32:149-154.

23. Irving C, Mason I: Regeneration of isthmic tissue is the result of a 
•• specific and direct interaction between rhombomere 1 and

midbrain. Development 1999, 126:3981-3989.
The authors show that FGF8 protein is able to mimic isthmic grafts into the
hindbrain and can regulate gene expression in a manner appropriate to
rhombomere 1. This suggests a difference in competence between midbrain
and hindbrain in response to FGF8 signaling. By using a quail–chick het-
erotopic grafting strategy, the authors show that FGF8 at the isthmus pro-
vides a repressive signal that establishes the anterior limit of Hox gene
expression and positions the rhombomere 1/2 boundary.

24. Hidalgo-Sanchez M, Simeone A, Alvarado-Mallar R: Fgf8 and Gbx2
induction concomitant with Otx2 repression is correlated with
midbrain–hindbrain fate of caudal prosencephalon. Development
1999, 126:3191-3203.

25. Martinez S, Crossley P, Cobos I, Rubenstein J, Martin G: FGF8 
•• induces formation of an ectopic isthmic organizer and

isthmocerebellar development via a repressive effect on Otx2
expression. Development 1999, 126:1189-1200.

The authors have implanted beads soaked in recombinant FGF8 in the cau-
dal diencephalon or in the midbrain. This induces ectopic formation of mir-
ror-image duplicated midbrains. They have observed that FGF8-bead
implantation represses Otx2 and activates Wnt1, Fgf8 and En1. The authors
suggest that there is a negative feedback loop in the MHB that involves the
repression of Otx2 by FGF8 and similarly, in the midbrain, a negative feed-
back loop in which OTX2 represses Fgf8 .

26. Katahira T, Sato T, Sugiyama S, Okafuji T, Araki I, Funahashi J-I,
Nakamura H: Interaction between Otx2 and Gbx2 defines the
organizing center for the optic tectum. Mech Dev 2000, 91:43-52.

27. Acampora D, Mazan S, Lallemand Y, Avantaggiato V, Maury M,
Simeone A, Brulet P: Forebrain and midbrain regions are deleted in
Otx2-/- mutants due to a defective anterior neuroectoderm
specification during gastrulation. Development 1995,
121:3279-3290.

28. Ang SL, Jin O, Rhinn M, Daigle N, Stevenson L, Rossant J: A targeted
mouse Otx2 mutation leads to severe defects in gastrulation and
formation of axial mesoderm and to deletion of rostral brain.
Development 1996, 122:243-252.

29. Matsuo I, Kuratani S, Kimura C, Takeda N, Aizawa S: Mouse Otx2
functions in the formation and patterning of rostral head. Genes
Dev 1995, 9:2646-2658.

30. Simeone A: Otx1 and Otx2 in the development and evolution of
the mammalian brain. EMBO J 1998, 17:6790-6798.

31. Acampora D, Avantaggito V, Tuorto F, Simeone A: Genetic control of
brain morphogenesis through Otx gene dosage requirement.
Development 1997, 124:3639-3650.

32. Millet S, Campbell K, Epstein D, Losos K, Harris E, Joyner A: A role 
• for Gbx2 in repression of Otx2 and positioning the mid/hindbrain

organizer. Nature 1999, 401:161-164.
The authors have further analyzed the Gbx2-/- mutants and have observed
that the earliest phenotype is a posterior expansion of the Otx2 domain at
early somite stages. They have observed that other genes expressed at the
MHB are expressed at this shifted border of Otx2 and in a normal spatial
relationship. To check whether Gbx2 is sufficient to position the MHB orga-
nizer, they transiently expressed Gbx2 under the control of a Wnt1 enhancer
in the caudal Otx2 domain. They observed that the caudal border of Otx2
was shifted rostrally and that the MHB organizer is established at the new
border. 

33. Broccoli V, Boncinelli E, Wurst W: The caudal limit of Otx2 
• expression positions the isthmic organizer. Nature 1999,

401:164-168.
The authors examine whether the caudal limit of Otx2 expression is required
to position the isthmic organizer. They have overexpressed Otx2 in the pre-
sumptive anterior hindbrain using a knock-in strategy into the En1 locus.
They observe that the isthmic organizer and hindbrain markers are shifted
caudally in the presumptive hindbrain territory. These data suggest that the
caudal limit of Otx2 is sufficient for positioning the isthmic organizer.

34. Acampora D, Avantaggiato V, Tuorto F, Briata P, Corte G, Simeone A:
Visceral endoderm-restricted translation of Otx1 mediates
recovery of Otx2 requirements for specification of anterior neural
plate and normal gastrulation. Development 1998, 125:5091-5104. 

The midbrain–hindbrain boundary organizer Rhinn and Brand    7



35. Rhinn M, Dierich A, Shawlot W, Behringer RR, Le Meur M, Ang SL:
Sequential roles for Otx2 in visceral endoderm and
neuroectoderm for forebrain and midbrain induction and
specification. Development 1998, 125:845-856. 

36. Hemmati-Brivanlou A, Stewart RM, Harland RM: Region-specific
neural induction of an engrailed protein by anterior notochord in
Xenopus. Science 1990, 250:800-802.

37. Ang SL, Rossant J: Anterior mesendoderm induces mouse
engrailed genes in explant cultures. Development 1993,
118:139-149.

38. Darnell DK, Schoenwolf GC: Vertical induction of engrailed-2 and
other region-specific markers in the early chick embryo. Dev Dyn
1997, 209:45-58.

39. Muhr J, Graziano E, Wilson S, Jessell TM, Edlund T: Convergent
inductive signals specify midbrain, hindbrain, and spinal cord
identity in gastrula stage chick embryos. Neuron 1999,
23:689-702.

40. Gavalas A, Krumlauf R: Retinoid signalling and hindbrain
patterning. Curr Opin Genet Dev 2000, 10:380-386.

41. Shamim H, Mahmood R, Logan C, Doherty P, Lumsden A, Mason I: 
• Sequential roles for Fgf4, En1 and Fgf8 in specification and

regionalisation of the midbrain. Development 1999, 126:945-959.
The authors suggest that En1 and En2 expression in the neural plate
depends upon vertical signals from the notochord. Fgf4 is transiently
expressed in the notochord underlying this region of the neural tube prior to
En1 expression. FGF4, like FGF8, can induce En1 when introduced ectopi-
cally into the neural tube and this signal can substitute for notochord in reg-
ulation of En1 in the neural plate in vitro.

42. Halpern ME, Ho RK, Walker C, Kimmel CB: Induction of muscle
pioneers and floor plate is distinguished by the zebrafish no tail
mutation. Cell 1993, 75:99-111.

43. Talbot WS, Trevarrow B, Halpern ME, Melby AE, Farr G,
Postlethwait JH, Jowett T, Kimmel CB, Kimelman D: A homeobox
gene essential for zebrafish notochord development. Nature
1995, 378:150-157.

44. Ang SL, Rossant J: HNF-3 beta is essential for node and
notochord formation in mouse development. Cell 1994,
78:561-574.

45. Weinstein DC, Ruiz i Altaba A, Chen WS, Hoodless P, Prezioso VR,
Jessel TM, Darnell JE Jr: The winged-helix transcription factor
HNF-3ββ is required for notochord development in the mouse
embryo. Cell 1994, 78:575-588.

46. Thisse B, Wright C, Thisse C: Activin- and Nodal-related factors
control antero-posterior patterning of the zebrafish embryo.
Nature 2000, 403:425-428.

47. Hashimoto H, Itoh M, Yamanaka Y, Yamashita S, Shimizu T, 
• Solnica-Krezel L, Hibi M HT: Zebrafish Dkk1 functions in forebrain

specification and axial mesendoderm formation. Dev Biol 2000,
217:138-152.

The authors identified and characterized the zebrafish dkk1 (dickkopf) gene,
previously identified in Xenopus as a Wnt inhibitor with potent head-induc-
ing activity. Dkk1 is expressed in the prospective dorsoanterior mesendo-
derm and the dorsal yolk syncitial layer after mid-blastula transition, and in
the anterior region of axial mesendoderm at later gastrulation. Misexpression
of dkk1 in WT embryos results in enlargement of the anterior nervous sys-
tem. The authors also show that expression of dkk1 in the dorsoanterior
mesendoderm during gastrulation depends on boz/dharma, sqt (squint) and
oep (one-eyed pinhead). Overexpression of dkk1 promotes anterior neu-
roectoderm development in the absence of dorsoanterior mesendoderm.
These results suggest that dkk1 promotes the specification of anterior neur-
al fates and the formation of axial mesendoderm, acting downstream of
boz/dharma and Nodal signaling.

48. Rhinn M, Dierich A, Le Meur M, Ang S-L: Cell autonomous and non-
cell autonomous functions of Otx2 in patterning the rostral brain.
Development 1999, 126:4295-4304.

49. Bellipanni G, Murakami T, Doerre O, Andermann P, Weinberg E:
Expression of Otx homeodomain proteins induces cell
aggregation in developing zebrafish embryos. Dev Biol 2000,
223:339-353.

50. King MW, Ndiema M, Neff AW: Anterior structural defects by
misexpression of Xgbx-2 in early Xenopus embryos are
associated with altered expression of adhesion molecules. Dev
Dyn 1998, 212:563-579.

51. Dickinson ME, Krumlauf R, McMahon AP: Evidence for a mitogenic
effect of Wnt-1 in the developing mammalian central nervous
system. Development 1994, 120:1453-1471.

52. Danielian PS, McMahon AP: Engrailed-1 as a target of the Wnt-1
signalling pathway in vertebrate midbrain development. Nature
1996, 383:332-334.

53. Heikinheimo M, Lawshe A, Shackleford GM, Wilson DB,
MacArthur CA: Fgf-8 expression in the post-gastrulation mouse
suggests roles in the development of the face, limbs and central
nervous system. Mech Dev 1994, 48:129-138.

54. Crossley PH, Martinez S, Martin GR: Midbrain development
induced by FGF8 in the chick embryo. Nature 1996, 380:66-68.

55. Liu A, Losos K, Joyner A: FGF8 can activate Gbx2 and transform
regions of the rostral mouse brain into a hindbrain fate.
Development 1999, 75:107-115.

56. Picker A, Brennan C, Reifers F, Clarke J, Holder N, Brand M: 
• Requirement for the zebrafish mid-hindbrain boundary in

midbrain polarisation, mapping and confinement of the
retinotectal projection. Development 1999, 126:2967-2978.

The authors have investigated the requirement of the MHB organizer in ace
mutants, which lack a MHB and cerebellum but retain a tectum. Fgf8 is
required for anterior–posterior polarization of the midbrain retinotectal map
and for graded expression of ephrin ligands in the midbrain neuroepithelium.
Some retinal ganglion cell axons overshoot beyond the mutant tectum, sug-
gesting that the MHB also serves as a barrier for axonal growth. By trans-
planting eye primordia between wild-type and mutant embryos, they show
that this defect depends on tectal but not retinal genotype.

57. Irving C, Mason I: Regeneration of isthmic tissue is the result of a
specific and direct interaction between rhombomere 1 and
midbrain. Development 1999, 126:3981-3989.

58. Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC,
Rosenthal A: Development of noradrenergic neurons in the
zebrafish hindbrain requires BMP, FGF8, and the homeodomain
protein soulless/Phox2a. Neuron 1999, 24:555-566.

59. Sun X, Meyers E, Lewandoski M, Martin G: Targeted disruption of 
• Fgf8 causes failure of cell migration in the gastrulating mouse

embryo. Genes Dev 1999, 13:1834-1846.
The authors analyze Fgf8-/- embryos and show that they fail to express Fgf4
in the primitive streak. In the mutants, epiblast cells move into the streak and
undergo an epithelial-to-mesenchymal transition, but most of the cells fail to
move away from the streak. As a consequence, no embryonic mesoderm- or
endoderm-derived tissues develop. Anterior neuroectoderm markers are
widely expressed, at least in part because the anterior visceral endoderm is
not displaced proximally. Posterior neuroectoderm markers are not
expressed, presumably because of the absence of mesoderm. These data
suggest that Fgf8 is an essential gene for gastrulation.

60. Meyers EN, Lewandoski M, Martin GR: An Fgf8 mutant allelic series
generated by Cre- and Flp-mediated recombination. Nat Genet
1998, 18:136-141.

61. Placzek M, Skaer H: Airway patterning: a paradigm for restricted
signalling. Curr Biol 1999, 9:R506-R510.

62. Minowada G, Jarvis LA, Chi CL, Neubuser A, Sun X, Hacohen N, 
• Krasnow MA, Martin GR: Vertebrate Sprouty genes are induced by

FGF signaling and can cause chondrodysplasia when
overexpressed. Development 1999, 126:4465-4475.

The authors have investigated the relationship between Sprouty genes and
FGF pathways and explored Sprouty gene function. Sprouty overexpression,
obtained by infecting the prospective wing territory of the chick embryo with
a retrovirus containing the mouse Sprouty gene, causes a reduction in limb
bud outgrowth and other effects consistent with reduced FGF signaling
from the apical ectodermal ridge. In these limbs, the inhibition of chondro-
cyte differentiation results in a chondrodysplasia resembling that observed in
individuals with activating mutations in Fgfr3 (Fgf receptor 3). This suggests
that vertebrate Sprouty proteins function as FGF-induced feedback
inhibitors, and implies a possible role for Sprouty genes in pathogenesis of
specific human chondrodysplasias caused by activating mutations in Fgfr3.

63. Chambers D, Medhurst A, Walsh F, Price J, Mason I: Differential
display of genes expressed at the midbrain–hindbrain junction
identifies sprouty2: an FGF8-inducible member of a family of
intracellular FGF antagonists. Mol Cell Neurosci 2000, 15:22-35.

8 Development



64. Fürthauer M, Reifers F, Brand M, Thisse B, Thisse C: Zebrafish 
• sprouty4 acts as a feedback-induced antagonist of signaling by

multiple FGFs. 2000, submitted. [Au: please update the
publication details for this reference]

The authors have isolated a zebrafish sprouty4 homologue that is expressed
in a similar but slightly wider domain than fgf8 and fgf3. By using gain- and
loss-of-function injection experiments, and by studying sprouty4 expression
in ace mutants, they observe that fgf8 and fgf3 act to induce the expression
of sprouty4, which in turn inhibits the activity of both of these factors. This
suggests that sprouty4 acts as a target gene and feedback inhibitor of FGF8
and FGF3 throughout zebrafish embryogenesis; furthermore, the authors
demonstrate a functional requirement for sprouty4 using antisense mor-
pholino injections.

65. Reifers F, Adams J, Mason I, Schulte-Merker S, Brand M: Overlapping
and distinct functions provided by fgf17, a new zebrafish member
of the Fgf8/17/18 subgroup of Fgfs. Mech Dev 2000, 99:39-49

66. Heisenberg C-P, Brennan C, Wilson SW: Zebrafish aussicht
mutants exhibit widespread overexpression of ace(fgf8) and
coincident defects in CNS development. Development 1999,
126:2129-2140.

67. Suda Y, Matsuo I, Aizawa S: Cooperation between Otx1 and Otx2
genes in developmental patterning of rostral brain. Mech Dev
1997, 69:125-141.

68. Hoshikawa M, Ohbayashi N, Yonamine A, Konishi M, Ozaki K, Fukui S,
Itoh N: Structure and expression of a novel fibroblast growth
factor, FGF-17, preferentially expressed in the embryonic brain.
Biochem Biophys Res Commun 1998, 244:187-191.

69. Ohbayashi N, Hoshkawa M, Kimura S, Yamasaki M, Fukui S, Itoh N:
Structure and expression of the mRNA encoding a novel
fibroblast growth factor, FGF-18. J Biol Chem 1998,
273:18161-18164.

70. Xu J, Liu Z, Ornitz D: Temporal and spatial gradients of Fgf8 and 
• fgf17 regulate proliferation and differentiation of midline

cerebellar structures. Development 2000, 127:1833-1843.
The authors generated Fgf17 homozygous mouse mutants that show a
decreased precursor cell proliferation in the medial cerebellar (vermis)
anlage after E11.5. Loss of an additional copy of Fgf8 enhances the pheno-
type and accelerates its onset, demonstrating that both molecules cooper-
ate to regulate the size of the precursor pool of cells that develop into the
cerebellar vermis. This suggests that at E11, these molecules no longer act
as an organizer signal but function to regulate cell proliferation.

71. Ohuchi H, Kimura S, Watamoto M, Itoh N: Involvement of fibroblast
growth factor (FGF)18-FGF8 signaling in specification of
left–right asymmetry and brain and limb development of the chick
embryo. Mech Dev 2000, 95:55-66.

72. Holland LZ, Kene M, Williams NA, Holland ND: Sequence and
embryonic expression of the amphioxus engrailed gene
(AmphiEn): the metameric pattern of transcription resembles that
of its segment-polarity homolog in Drosophila. Development 1997,
124:1723-1732.

73. Wada H, Saiga H, Satoh N, Holland PW: Tripartite organization of
the ancestral chordate brain and the antiquity of placodes:
insights from ascidian Pax-2/5/8, Hox and Otx genes.
Development 1998, 125:1113-1122.

74. Kelly PD, Chu F, Woods IG, Ngo-Hazelett P, Cardozo T, Huang H,
Kimm F, Liao L, Yan YL, Zhou Y et al.: Genetic linkage mapping of
zebrafish genes and ESTs. Genome Res 2000, 10:558-567.

75. Pfeffer PL, Gerster T, Lun K, Brand M, Busslinger M:
Characterization of three novel members of the zebrafish
Pax2/5/8 family: dependency of Pax5 and Pax8 expression on the
Pax2.1(noi) function. Development 1998, 125:3063-3074. 

76. Pfeffer P, Bouchard M, Busslinger M: Pax2 and homeodomain 
• proteins cooperatively regulate a 435 bp enhancer of the mouse

Pax5 gene at the midbrain–hindbrain boundary. Development
2000, 127:1017-1028.

The authors characterized a 435-base-pair (bp) minimal enhancer of the
mouse Pax5 gene that directs lacZ reporter gene expression in a correct
temporal and spatial pattern at the MHB of transgenic mouse embryos. This
minimal enhancer contains functional binding sites for homeodomain pro-
teins and members of the Pax2/5/8 family. Expression of the endogenous
Pax5 gene was initiated only near the midline in Pax2 mutant embryos, but
the gene failed to be expressed in the lateral neural plate which, upon neur-
al tube closure, becomes the dorsal MHB region. The 435 bp enhancer of
Pax5 is a target of Pax2 and requires Pax2 function for correct activation at
the MHB of the mouse embryo.

77. Li Y, Allende ML, Finkelstein R, Weinberg ES: Expression of two
zebrafish orthodenticle-related genes in the embryonic brain.
Mech Dev 1994, 48:229-244.

78. Simeone A, Acampora D, Mallamaci A, Stornaiuolo A, D’Apice M,
Nigro V, Boncinelli E: A vertebrate gene related to orthodenticle
contains a homeodomain of the bicoid class and demarcates
anterior neuroectoderm in the gastrulating mouse embryo.
EMBO J 1993, 12:2735-2747.

79. Ang SL, Conlon RA, Jin O, Rossant J: Positive and negative signals
from mesoderm regulate the expression of mouse Otx2 in
ectoderm explants. Development 1994, 120:2979-2989.

80. Bouillet P, Chazaud C, Oulad-Abdelghani M, Dolle P, Chambon P:
Sequence and expression pattern of the Stra7 (Gbx-2)
homeobox-containing gene induced by retinoic acid in P19
embryonal carcinoma cells. Dev Dyn 1995, 204:372-382.

81. Bally-Cuif L, Cholley B, Wassef M: Involvement of Wnt-1 in the
formation of the mes/metencephalic boundary. Mech Dev 1995,
53:23-34.

82. Shamim H, Mason I: Expression of Gbx-2 during early
development of the chick embryo. Mech Dev 1998, 76:157-159.

83. Logan C, Wizenmann A, Drescher U, Monschau B, Bonhoeffer F,
Lumsden A: Rostral optic tectum aquires caudal characteristics
following ectopic Engrailed expression. Curr Biol 1996,
6:1006-1014.

84. Okafuji T, Funahashi J, Nakamura H: Roles of Pax-2 in initiation of
the chick tectal development. Brain Res Dev Brain Res 1999,
116:41-49.

85. Funahashi J, Okafuji T, Ohuchi H, Noji S, Tanaka H, Nakamura H: Role
of Pax-5 in the regulation of a mid-hindbrain organizer’s activity.
Dev Growth Differ 1999, 41:59-72.

86. Favor J, Sandulache R, Neuhäuser-Klaus A, Pretsch W, Chatterjee B,
Senft E, Wurst W, Blanquet V, Grimes P, Spörle R, Schughart K: The
mouse Pax21Neu 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 1996, 93:13870-13875.

87. Torres M, Gomez-Pardo E, Gruss P: Pax2 contributes to inner ear
patterning and optic nerve trajectory. Development 1996,
122:3381-3391.

88. Urbanek P, Wang ZQ, Fetka I, Wagner EF, Busslinger M: Complete
block of early B cell differentiation and altered patterning of the
posterior midbrain in mice lacking Pax5/BSAP. Cell 1994,
79:901-912.

89. Urbanek P, Fetka I, Meisler MH, Busslinger M: Cooperation of Pax2
and Pax5 in midbrain and cerebellum development. Proc Natl
Acad Sci 1997, 94:5703-5708.

90. Schwarz M, Alvarez Bolado G, Urbanek P, Busslinger M, Gruss P:
Conserved biological function between Pax-2 and Pax-5 in
midbrain and cerebellum development: evidence from targeted
mutations. Proc Natl Acad Sci USA 1997, 94:14518-14523.

91. Mansouri A, Stoykova A, Gruss P: Pax genes in development. J Cell
Sci Suppl 1994, 18:35-42.

92. Wurst W, Auerbach AB, Joyner AL: Multiple developmental defects
in Engrailed-1 mutant mice: an early mid-hindbrain deletion and
patterning defects in forelimbs and sternum. Development 1994,
120:2065-2075.

93. Millen KJ, Wurst W, Herrup K, Joyner A: Abnormal embryonic
cerebellar development and patterning of postnatal foliation in
two mouse Engrailed-2 mutants. Development 1994, 120:695-706.

94. McMahon AP, Joyner AL, Bradley A, McMahon JA: The
midbrain–hindbrain phenotype of Wnt-1-/Wnt-1- mice results
from stepwise deletion of engrailed-expressing cells by 9.5 days
postcoitum. Cell 1992, 69:581-595.

95. Schier AF, Neuhauss SCF, Harvey M, Malicki J, Solnica-Krezel L,
Stainier DYR, Zwartkruis F, Abdelilah S, Stemple DL, Rangini Z et al.:
Mutations affecting development of the embryonic zebrafish
brain. Development 1996, 123:165-178.

The midbrain–hindbrain boundary organizer Rhinn and Brand    9


