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COMPARTMENTS AND THEIR
BOUNDARIES IN VERTEBRATE
BRAIN DEVELOPMENT

Clemens Kiecker and Andrew Lumsden

Abstract | Fifteen years ago, cell lineage restriction boundaries were discovered in the embryonic
vertebrate hindbrain, subdividing it into a series of cell-tight compartments (known as
rhombomeres). Compartition, together with segmentally reiterative neuronal architecture and the
nested expression of Hox genes, indicates that the hindbrain has a truly metameric organization.
This finding initiated a search for compartments in other regions of the developing brain.

The results of recent studies have clarified where compartment boundaries exist, have shed light
on molecular mechanisms that underlie their formation and have revealed an important function

COMPARTMENT

A module of the embryo that
consists of polyclonally-related
cells that do not mix with cells
from neighbouring
compartments.

PATTERNING

A developmental process
during which cells that are
initially equal acquire different
identities.

BAUPLAN
German for ‘construction plar’

Medical Research Council
Centre for Developmental
Neurobiology,

King’s College London,
Guy’s Hospital Campus,
London SE1 1UL, UK.
Correspondence to A.L.
e-mail:
andrew.lumsden@kcl.ac.uk
doi:10.1038/nrn1702

of these boundaries: the positioning and stabilization of local signalling centres.

The importance of cell lineage restriction boundaries
was recognized in studies on invertebrate development
well before the era of molecular biology. In 1973, both
the abdomen and the wing anlage of insect embryos
were found to be segregated into cellular coMpARTMENTS
by boundaries that cells do not cross, thereby imposing
lineage restriction on groups of cells' . It was postulated
that compartment boundaries serve a dual function
during development — first, by preventing the inter-
mingling of cells that are fated to contribute to different
parts of the embryo and, second, by providing positional
information to flanking cell populations. Therefore,
boundaries are essential to coordinate growth and
PATTERNING in an embryo that rapidly increases in size
and complexity. This concept has since found support
through studies of various mutant strains of the fruitfly
Drosophila melanogaster, in which specific growth and/
or patterning defects can be traced back to impaired
boundary formation®*.

At first sight, the vertebrate nervous system does
not seem to have much in common with the Baurrax
of an insect embryo. However, in 1990 the segment-
like rhombomeres of the embryonic hindbrain, which
had long been known as morphological entities’, were
found to be lineage-restricted compartments'. Hox GENES
are expressed in the hindbrain in a nested fashion and

their borders of expression coincide with rhombomere
boundaries"!, much like their nested expression in the
D. melanogaster embryo during the regulation of seg-
mental identity. These observations indicated that the
hindbrain is a truly segmented region, and this trig-
gered a search for underlying segmenTaTION in other
parts of the developing brain.

Here, we briefly review the evidence for a seg-
mental organization of the hindbrain and discuss a
prevailing model for forebrain segmentation. Many
recent studies have used combinations of classic and
novel techniques in various vertebrate model systems
in attempts to identify and characterize neural lineage
restriction boundaries, and we critically compare their
different approaches. One of the principal conclusions
of these studies is that many previously assumed inter-
segmental boundaries in the forebrain are not lineage
restriction boundaries, which indicates that large parts
of the forebrain develop in an unsegmented fashion.
We further show — by analogy to D. melanogaster
— that one of the main functions of boundaries dur-
ing brain development is to position and stabilize
local signalling centres that function by informing
cells in adjacent territories of their position and fate.
Finally, we summarize recent work that has identified
some of the molecular players that are involved in the
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Figure 1 | Boundaries and local signalling centres in the developing vertebrate neural
tube. Lateral view of embryonic avian brain. a | Hamburger-Hamilton stage 13 (HH 13), anterior
to the left, dorsal to the top. At this stage, cell lineage restriction (dark blue) is found along the
anterior and posterior borders of the presumptive zona limitans intrathalamica (PrZLl), at the
midbrain—hindbrain boundary (MHB) and between rhombomeres (r1-7). Major signalling centres
are the MHB, rhombomere boundaries, rhombomere 4 (r4) and the floor plate. Arrows represent
bidirectional signalling from the MHB. Also shown are the prechordal plate and the notochord,
which are two non-neural signalling centres that influence dorsoventral patterning of the neural
tube. b | Stage HH 24. Cell lineage restriction is in force at the pallial-subpallial boundary (PSB),
anterior and posterior to the zona limitans intrathalamica (ZLI), at the diencephalon—-midbrain
boundary (DMB) and between former hindbrain rhombomeres in the proliferating zone (not
shown). Major local signalling centres at this stage are the ZLI, the MHB and the ventral midline.
Arrows represent bidirectional signalling from the MHB and the ZLI. Hth, hypothalamus;

Ptec, pretectum; Pth, prethalamus; Tel, telencephalon; Th, thalamus.

Hox GENES

A family of developmental
regulator genes present in all
animal phyla that are arranged
in clusters in the genome and
encode transcription factors
with a DNA-binding
homeobox.

SEGMENTATION

The process of dividing an
embryonic region into semi-
independent, cell lineage-
restricted compartments —

a way of organizing
embryogenesis of a large region
by subdividing it into a
repetitive series of small fields.

establishment of boundaries, and relate these results
to classic models for tissue separation.

Hindbrain segmentation

The embryonic neuroepithelium is characterized
morphologically by a series of constrictions and bulges,
many of which appear only transiently during develop-
ment (FIG. 1). For a long time the significance of these
so-called neuromeres remained enigmatic, although
the possibility was sporadically raised that they reflect
some rudimentary form of segmentation’. The devel-
oping hindbrain forms a particularly distinctive series
of seven or eight neuromeres (FIG. 1a), and several find-
ings support the idea that these rhombomeres (r) are
true segments. First, proliferation, neurogenesis and
axonal projections are arranged in a reiterative fashion
in successive rhombomeres'?'; second, rhombomeres

are compartments that are separated by cell lineage
restriction boundaries'®; third, rhombomere bounda-
ries show reduced proliferation and express specific
molecular markers'*'”-?!; and fourth, orthologues of
D. melanogaster Hox genes are expressed in an ordered
and nested manner in the hindbrain, and their borders
of expression coincide with rhombomere boundaries'
(FIG. 2). Therefore, hindbrain architecture bears a strik-
ing resemblance to the D. melanogaster embryo body
plan, which is established through a cascade of genes
that drive progressive anteroposterior subregionaliza-
tion of the embryo, resulting in a segmented larva in
which every segment will give rise to a specific part of
the adult fly. The positional identity of each segment
is defined by the combinatorial expression of HomEOTIC
SELECTOR GENES such as the Hox genes.

The importance of Hox genes in regulating rhom-
bomere identity has been highlighted by gain- and
loss-of-function studies of several Hox genes, and most
particularly of Hoxb1, a gene that is uniquely expressed
in a single rhombomere, r4 (FIG. 2). This rhombomere
shows characteristics of 12 in Hoxb1-deficient mice;
specifically, facial motor neurons born in r4 fail to
migrate caudally into r6 and vestibuloacoustic neu-
rons fail to migrate to the contralateral side of r4.
Instead, both types of neuron migrate dorsolaterally
like the r2-specific trigeminal motor neurons®. This
phenotype is also seen in zebrafish embryos that lack
hoxbla function®. Conversely, ectopic expression of
HOXBI in the r2 of chick embryos leads trigeminal
motor neurons to adopt r4-like characteristics and
project into the second BrancHiAL ARcH, like the nor-
mal facial motor neurons of r4 (REE 24). These studies
indicate that Hoxb1 specifies aspects of r4 identity
in a selector gene-like fashion: both removal of the
selector from its segment and ectopic expression in
another segment result in homeotic transformations
in which one segment adopts the phenotype of the
other. Similarly, facial and trigeminal-like neurons can
be induced in r1, which is normally devoid of motor
neurons, following ectopic expression of HOXBI and
HOXA2, respectively®.

Together, these findings indicate that the embryonic
hindbrain satisfies the criteria for a segmented struc-
ture: the continuous neuroepithelium is subdivided into
transverse cell lineage-restricted compartments that are
serially arrayed along its anteroposterior axis and the
positional identity of which is regulated, at least in part,
by the differential expression of selector (Hox) genes.
The repetitiveness of neuronal architecture in successive
rhombomeres indicates that the hindbrain has a truly
METAMERIC organization. However, it should be noted
that this segmentation is incomplete, as no lineage
restriction has been detected along the FLOOR PLATE
(which is reflected by a lack of morphological segmen-
tation in this region'®). By contrast, segmental organi-
zation might be present in its dorsal counterpart, the
roof plate, as revealed by a genetic labelling strategy
in mice®. Furthermore, a small percentage of cells
are able to cross rhombomeric lineage restrictions®.
The biological significance of this apparent leakiness’
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Figure 2 | Hindbrain segmentation. Schematic representation of a vertebrate (chick)
hindbrain in dorsal view without the roof plate. The reiterative formation of motor nuclei and
the exit points of their efferent nerves from rhombomeres 2, 4, 6 and 7 (r2, r4, r6 and r7) are
indicated on the right side. The trigeminal (mV), facial (mVIl) and glossopharyngeal cranial
(mIX) nerves project into the first (b1), second (b2) and third (b3) branchial arches,
respectively, and the vagus nerve (mX) innervates a large part of the body. Neural crest cells
from the corresponding rhombomeres also populate the periphery in a segmental fashion
(green arrows). The positions of the cranial sensory ganglia (gV and gVIl-gXI) and the otic
vesicles (ov) are indicated on the left side. The segmental nested expression of HOX genes is
colour-coded. FP, floor plate; mVI, mXIl, somatic motor neurons.

HOMEOTIC SELECTOR GENES
Genes, such as those of the Hox
family, that determine the
positional identity of the
embryonic region in which they
are expressed. Absence or
ectopic misexpression of such
genes results in the lack or
duplication of this region
(homeotic transformation).

might be that although lineage restriction remains in
effect up to late stages of neurogenesis in the proliferat-
ing VENTRICULAR ZONE, postmitotic neurons of the MANTLE
zoNE are able to cross rhombomere boundaries during
programmed neuronal migration®®. This indicates
that cell-tight boundaries might only be required in
proliferating cell populations with labile cell fates that
are still subject to specification; positional restriction
is likely to become dispensable for postmitotic cells, as
their fates are specified.

Forebrain boundaries and the prosomeric model
The forebrain is structurally much more complicated
than the hindbrain, but it is also characterized by
the appearance of transient bulges and constrictions
of the neuroepithelium (FIG. 1). The more detailed
understanding of hindbrain segmentation revived
older efforts to describe the forebrain in the context
of neuromery’, and various models for forebrain

segmentation were developed during the 1990s. In
1993, Figdor and Stern proposed a subdivision of the
posterior part of the forebrain, the diencephalon, into
four neuromeres, D1-D4, on the basis of an analysis
of morphology, differential distribution of neuronal
antigens, axonal architecture, marker gene expression
and lineage-labelling experiments in chick embryos®.
In the same year, cell-labelling experiments in cul-
tured mouse embryos revealed a dorsoventral lineage
restriction boundary between the cortex and the lateral
ganglionic eminence (pallial-subpallial boundary,
PSB) within the telencephalon, the anterior part of the
forebrain (FIG. 1b). Similar to rhombomere boundaries,
lineage restriction is only effective in the ventricular
zone at the PSB, whereas postmitotic neurons are able
to freely cross this boundary in the mantle zone*.

The nested expression of Hox genes has been one
of the principal arguments for a segmented organiza-
tion of the vertebrate hindbrain (FIG. 2). Hox genes are
not expressed anterior to r2, but other transcription
factor-encoding genes, many of which are ortho-
logues of genes that regulate anterior development
in D. melanogaster, show highly localized expression
patterns in the forebrain-midbrain area (most nota-
bly, members of the distalless (Dlx), empty spiracles
(Emx), forkhead (Fox), orthodenticle (Otx), paired
(Pax) and sine oculis (Six) families)*"*2. In the early
1990s, Puelles, Rubenstein and co-workers proposed
a NEUROMERIC ORGANIZATION of the entire forebrain on
the basis of the differential expression of these neural
marker genes combined with morphological con-
siderations. According to their ‘prosomeric model,
the forebrain consists of six transverse subdivisions,
known as prosomeres, the posterior three of which
(p1-p3) represent subdivisions of the diencepha-
lon, whereas the anterior three (p4-p6) subdivide
the secondary prosencephalon (hypothalamus and
telencephalon)®®. This model has proved useful as it
provides a topographical framework for studies on
forebrain development.

However, the expression domains of various fore-
brain markers were found to be highly dynamic with
respect to morphological forebrain subdivisions®.
A recent fate-mapping study performed in our labora-
tory revealed that cells are able to cross the proposed
boundary between the synencephalon (prospective
pretectum, pl) and the parencephalon (prospective
thalamus and prethalamus, p2 and p3) as well as the
boundary between the prethalamus (p3) and the sec-
ondary prosencephalon®. Furthermore, no evidence
for anteroposterior lineage restriction has been found
anterior to the p2/p3 boundary®*-*. Finally, no uni-
form set of boundary markers is expressed at all of the
proposed interprosomeric boundaries*. Therefore,
the only true cell lineage restriction boundaries in the
forebrain are the PSB, the diencephalon-midbrain
boundary (DMB)*, and the interface between the
thalamic and the prethalamic primordia, the zona limi-
tans intrathalamica (ZLI; FIG. 1b). A revised prosomeric
model that takes these findings into account has since
been published®.
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BRANCHIAL ARCHES

(Also called pharyngeal arches).
A series of outpocketings in the
neck region of an embryo, each
of which consists of an epithelial
pocket of endoderm and
ectoderm that becomes filled by
both mesoderm and cranial
neural crest-derived
mesenchymal cells. The first
branchial arch gives rise to the
jaws and other head structures.

METAMERIC

A form of segmentation by
which all segments show an
underlying serial homology.

FLOOR PLATE

The ventral-most longitudinal
subdivision of the neural tube
of the midbrain and the spinal
cord, which acts as a local
signalling centre.

VENTRICULAR ZONE

(Also called the proliferative
zone). The part of the
neuroepithelium that faces the
ventricular (inner) surface of
the neural tube, where cells are
proliferating.

MANTLE ZONE

An outer layer of the
neuroepithelium containing
postmitotic neurons that have
migrated radially away from the
ventricular zone.

NEUROMERIC ORGANIZATION
The segmental organization of
the neuroepithelium.

LUNATIC FRINGE

A glycosyl transferase that
activates the Notch receptor and
mediates differential sensitivity
to various Notch ligands.

ALLOMETRIC GROWTH
Growth rates of a tissue vary
along different axes in space,
which drives shape changes of
organs during embryogenesis.

AMNIOTE

Birds, reptiles and mammals are
all amniotes; that is, their
embryos are enclosed within an
extraembryonic membrane, the
amnion, which contains
amniotic fluid. This provides a
‘private pond’ for the
developing embryos of these
land-dwelling vertebrates.
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Figure 3 | Formation of and signalling from the zona limitans intrathalamica. Lateral views of embryonic chick brains
(anterior to the left, dorsal to the top); gene expression has been revealed by in situ hybridization. a | At Hamburger—Hamilton
stage 13 (HH 13), lunatic fringe (LFNG) is expressed throughout the prosencephalon except in a wedge-shaped area
(presumptive zona limitans intrathalamica; PrZLI) within the presumptive diencephalon. b | At later stages, the LFNG-negative
area has narrowed relative to the other parts of the forebrain, and forms a narrow transverse band of cells. Pth, prethalamus;
Th, thalamus; ZLI, zona limitans intrathalamica. ¢ | Sonic hedgehog (SHH) is expressed exclusively along the ventral midline of
the neural tube at HH 13, but once the wedge has narrowed (HH 18; d) a peak of SHH expression extends dorsally into the
LFNG-negative area. e | WINT8B is expressed in the LFNG-negative wedge. f | SHH marks the ZLI at later stages of neural
development. g | DLX2 (distalless homeobox 2) expression (purple) marks the prethalamus and GBX2 (gastrulation brain
homeobox 2) expression (red) marks the thalamus. h | IRX3 (iroquois homeobox 3) is expressed posteriorly to the ZLI.

i | SOX14 (high mobility group (HMG) box transcription factor 14) expression (purple) flanks the ZLI posteriorly in a narrower
domain than GBX2 expression (red). j | Ectopic expression of IRX3 in the prethalamus results in mirrored expression of the
thalamus markers GBX2 and SOX74 in the prethalamic area and the downregulation of the prethalamic marker DLX2 (not
shown). E5, embryonic day 5. Panels a—d reproduced, with permission, from REFE. 41 © (2001) Macmillan Magazines Ltd.
Panels f-j reproduced, with permission, from REE 67 © (2004) Macmillan Magazines Ltd.

The ZLI is not a singular boundary but a com-
partment in its own right that is delimited by cell
lineage restriction boundaries, both anteriorly and
posteriorly®. At earlier stages, these two boundaries
flank a wedge-shaped region that encompasses about
one-third of the entire forebrain anlage and is char-
acterized by a gap in the expression of LUNATIC FRINGE
(Lfng). Subsequently, the Lfng-free wedge becomes
progressively narrower with respect to the rest of the
developing forebrain until it forms the narrow band
of cells that constitutes the definitive ZLI*' (FIGS 3,4).
The reasons for this striking ALLOMETRIC GROWTH remain
obscure.

The midbrain-hindbrain boundary

An important function of compartment boundaries
in insect embryos is the stabilization of local signal-
ling centres that direct the development of adjacent

tissues. The boundary between the midbrain and the
hindbrain (MHB), also known as the isthmus, has
served as a model for a local signalling centre in the
developing brain that is essential for the emergence
of the midbrain and the cerebellum (anterior hind-
brain; FIG. 1)***. Although the signalling function of
the MHB has been the subject of intense investigation
for some 15 years (see below), cell lineage restriction
in this area has been controversial®. Fate-mapping
experiments in amNIOTE embryos have yielded con-
flicting results, with some finding*>*¢ and others
failing to find* the presence of a cell-tight boundary
at the MHB.

Recent studies of quail-chick chimaeras have
further complicated the issue by showing that isthmus
cells themselves might contribute to dorsal parts of
the midbrain and hindbrain**. A study that used
an inducible transgenic marker in mice indicated
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Figure 4 | Lineage restriction at and signalling from the chick zona limitans
intrathalamica. a | The zona limitans intrathalamica (ZLI) forms from a lunatic fringe (LFNG)-
negative, WINT8B-expressing wedge-shaped area that encompasses about one-third of the
forebrain anlage. Anterior and posterior borders of this wedge function as cell lineage
restriction boundaries (red arrows). The expression of S/X3 (sine oculis homeobox 3) anterior
to and IRX3 (iroquois homeobox 3) posterior to this area indicates the presence of a
prepattern. b | The definitive ZLI expresses sonic hedgehog (SHH), which is required for the
induction of DLX2 (distalless homeobox 2) in the prethalamus anteriorly and of GBX2
(gastrulation brain homeobox 2) and SOX74 (high mobility group (HMG) box transcription
factor 14) in the thalamus posteriorly, as well as for the maintenance of PAX6 (paired box
gene 6) expression in the prethalamus and its downregulation in the thalamus. Other SHH
target genes, such as patched (PTC) and NKX2.2 (NK2 transcription factor related, locus 2),
are induced on both sides of the ZLI (yellow).

ORGANIZER

A small group of cells at the
gastrula stage of vertebrate
embryos that can induce a
secondary embryonic axis in a
non-autonomous fashion when
transplantated into a host
embryo.

GASTRULA

Early embryonic stage during
which the just-formed germ
layers are reorganized by
extensive tissue movements.

COMPETENCE
The ability of a tissue to respond
to an inducing signal.

the presence of cell lineage restriction between the
midbrain and the isthmic area, and between the dor-
sal isthmus and the forming cerebellum (dorsal r1).
Therefore, the isthmus might be a compartment
rather than a single boundary, at least in dorsal
aspects of the neural tube, similar to that described
for the ZLI. The dorsal part of the midbrain-isthmus
boundary seems to allow a minority of labelled cells
to cross. Recently, an elegant time-lapse study that
mapped the fates of hundreds of cells in the develop-
ing zebrafish MHB region clearly showed a cell lineage
restriction boundary between the midbrain and r1
(REE 50). Collectively, there is evidence for restricted
cell movement at the MHB, and the isthmus might
even form a separate compartment, but lineage
restriction could be leaky under certain conditions
in the chick and the mouse**.

Boundaries as signalling centres

For along time, the MHB was the only known example
of aboundary that serves as a local signalling centre in
the developing CNS**. Its inductive properties were
first described for the chick, in which grafts of the isth-
mic region into other parts of the neural tube result in
the ectopic induction of midbrain and cerebellum, an
effect that can be mimicked by implanting beads soaked
with fibroblast growth factor 8 (FGF8), the principal

signalling molecule secreted by the MHB*'. The MHB
is able to induce cellular fates in a non-autonomous
manner, like the orcanizer of the GastruLa of vertebrate
embryos, so the term ‘secondary organizer’ has been
used for such signalling centres®’. A requirement for
FGF8 in midbrain and hindbrain development has
been confirmed in mice®® and in the zebrafish fgf8
mutant acerebellar™. The pou2 gene, which encodes a
homeobox transcription factor of the Pou family and
is disrupted in the zebrafish spiel-ohne-grenzen mutant,
mediates the compeTENCE of presumptive midbrain and
hindbrain to respond to FGF signalling™. Initially,
another signalling factor, Wntl, is broadly expressed
throughout the midbrain, until its expression becomes
restricted to the dorsal midline and a narrow stripe
anterior to the MHB, abutting the expression domain
of fgf8. Wnt1 mutant mice show severe midbrain defi-
cits, yet ectopic application of WNT1 does not elicit
inductive effects comparable to those of FGFs, which
suggests a permissive role for WNT signalling in MHB
function**.

How can a single signal such as FGF elicit two
fundamentally different responses on either side of
its source — midbrain development anteriorly and
cerebellum formation posteriorly? On the basis of
misexpression experiments in chick embryos, it has
been suggested that different FGFs secreted by the
MHB differ in their biological activities. According to
these studies, only FGF8B is able to induce cerebellar
identity, whereas FGF8A, FGF17B and FGF18 only
promote midbrain development without being able
to induce ectopic structures®’. However, these stud-
ies neither showed a requirement for different FGF
isoforms nor were they able to explain why different
FGFs should act in a unidirectional fashion from the
MHB, exclusively affecting tissues anterior or posterior
to their source.

The MHB is located at the interface of the expres-
sion domains of the homeobox genes Otx2 (which is
expressed in presumptive forebrain and midbrain)
and gastrulation brain homeobox 2 (Gbx2; anterior
hindbrain), and these genes might confer differential
competence to respond to MHB-derived signals to tis-
sues on both sides of the MHB**. However, Otx2 and
Gbx2 are also likely to be involved in defining neural
subdivisions independently of the MHB, and have been
implicated in MHB positioning (see below), compli-
cating the interpretation of gain- and loss-of-function
approaches. IRX2, a homologue of the Iroquois family
of homeobox genes that are involved in establishing
prepatterning in D. melanogaster, is expressed in the
presumptive anterior hindbrain before the onset of
FGF8 expression and has been shown to mediate the
competence of this region to form the cerebellum
in response to FGF signalling®®. FGF8 is required to
convert IRX2 from a transcriptional repressor into an
activator: therefore, an activated form of IRX2 can con-
vert presumptive tectum into cerebellum when misex-
pressed in the midbrain, whereas a repressor form of
IRX2 has the opposite effect when electroporated into
the hindbrain®.
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MORPHOLINO ANTISENSE
OLIGONUCLEOTIDES
Synthetic oligonucleotides that
are exceptionally stable and can
serve as tools to block
translation or RNA splicing.

ELECTROPORATION

A technique for gene delivery
into cells, which allows the
transfer of expression plasmids
or morpholinos to groups of
cells in living embryos.

PITUITARY GLAND

An endocrine gland that forms
through an interaction between
neuroectoderm and oral
ectoderm.

Signalling functions have been revealed for other
neuroepithelial boundaries. Several signalling fac-
tors of the Wnt family are expressed in zebrafish
rhombomere boundaries, and three studies that used
MORPHOLINO ANTISENSE OLIGONUCLEOTIDES against these
Whnts or against the Wnt transducer Tcf3b revealed
that Wnt signalling from rhombomere boundaries is
required for maintaining rhombomere boundaries and
patterned neurogenesis within rhombomeres™-". How-
ever, Wnt expression at early rhombomere boundaries
has not been described in other vertebrates.

Time-lapse studies have shown that r4 is the first
rhombomere to form in zebrafish®?, as it is in other
vertebrates. r4 is distinct from other rhombomeres
because it expresses Fgf3 and Fgf8, and the release of
these factors from r4 has been shown to be involved
in local patterning, segmentation and neurogenesis
in the hindbrain®®. Therefore, r4 provides another
example of a local signalling centre that is flanked
both anteriorly and posteriorly by compartment
boundaries.

The formation of the definitive ZLI in the forebrain
is characterized by the expression of the signalling
factor sonic hedgehog (SHH). For a considerable
period during development, the ZLI is the only region
of the neural tube where SHH (which is expressed
along the length of the ventral midline from an early
stage) protrudes dorsally, thereby forming a distinctive
peak (FIG. 3). The early developmental defects elicited
by genetic disruption of Shh in mice have precluded
the characterization of a ZLI-specific role for this
signal®%. We recently used an in 0vo ELECTROPORATION
approach in chicks to modulate SHH signalling in a
spatiotemporally defined manner, and found that the
ZLI functions as a local signalling centre that is essen-
tial for the establishment of its flanking regions — the
prethalamus anteriorly and the thalamus posteriorly.

The IRX2-related gene IRX3 is expressed exclusively
posteriorly to the ZLI%, and its ectopic misexpression
anteriorly endows the prethalamus with thalamus-
specific gene expression in a SHH-dependent manner®,
which indicates that a prepattern of IRX transcription
factor expression regulates differential competence
on either side of the signalling centre, as has already
been shown for the MHB® (FIGS 3,4). The expression of
genes that encode signalling factors other than SHH
converges at the ZLI: Fgf8 and Fgf15 are expressed
in the dorsal diencephalon®**, Wnt3 and Wnt3a
flank the ZLI posteriorly®® and Wnt8b is expressed
dorsally and in the ZLI itself* (FIG. 3). This raises the
exciting possibility that the ZLI acts as a compound
signalling centre that regulates the development of the
posterior forebrain through the interaction of various
pathways, but the roles of FGF and WNT signalling
at these later stages of forebrain development remain
to be established.

The anterior border of the neural plate (the ‘ante-
rior neural ridge’ in mice and ‘row-1" in zebrafish)
also functions as a local signalling centre”, whereby
the region is crucially involved in forebrain pattern-
ing through its secretion of WNT antagonists during

gastrulation” and of FGFs at later stages’”*. Whether
this cell population, which gives rise to ventral parts
of the telencephalon, the nasal pits and the prrurrary
GLAND, is located at a cell lineage restriction boundary
has yet to be addressed.

Dorsoventral patterning of the neural tube is
governed by two structures — the floor plate, which
extends along the ventral midline of the neural tube
and acts by emitting ventralizing signals such as SHH
and Nodal™, and the roof plate at the dorsal midline,
which acts by secreting bone morphogenetic proteins
and WNTs”. Although the signalling roles of the floor
and roof plates have been subject to intense investiga-
tion and are relatively well understood, cell lineage
restriction has not been exhaustively addressed in
these areas. Fate-mapping experiments in the chick
hindbrain have indicated that lineage restriction is
present at the ventral midline, but not between the
hindbrain floor plate and more dorsal parts of the
neuroepithelium, or along its anteroposterior axis'’.

Signalling functions have not yet been described
for the PSB, but several epidermal growth factor family
members, FGF7 and the secreted WNT antagonist
SFRP2 (secreted Frizzled-related protein 2) are
expressed along this boundary, which indicates that it
might constitute yet another local signalling centre”””.
Several Wnt genes are expressed in the dorsal midline
of the developing telencephalon’, and it is tempting
to speculate that the PSB, through its expression of
SERP2, functions as a sink that is involved in shaping
a gradient of WNT signalling along the dorsoventral
axis of the emerging neocortex. How is it that the tele-
ncephalon is apparently the only subdivision of the
neural tube to possess a dorsoventral lineage restric-
tion boundary? It is the part of the developing brain
that shows the highest complexity along its dorso-
ventral axis, and the emergence of a lateral signalling
centre might be necessary to establish and refine this
complex subregionalization.

A defining characteristic of an ‘organizer’ is its abil-
ity to induce ectopic cell fates in host tissue following
heterotopic transplantation. This capability has been
shown for the MHB, which can induce ectopic tec-
tal and cerebellar structures on transplantation into
the forebrain and hindbrain, respectively **-**, and
for the anterior neural boundary (ANB), which can
induce anterior neural markers in the posterior neural
plate”, but not for the ZLI or for rhombomeres or
their boundaries. Although grafting experiments have
shown an organizer-like function of the MHB, they
have also revealed that the competence to respond to
MHB signalling is restricted within the neural tube:
ectopic inductions of tectum or cerebellum in the
forebrain are only observed posterior, but not ante-
rior, to the ZLI, which indicates that the ZLI marks
an important interface between regions of different
competence®.

Taken together, signalling functions have been
ascribed to all of the characterized lineage restric-
tion boundaries in the developing brain except for
the DMB and the PSB. The signals secreted by these
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MORPHOGEN

A secreted factor that can
induce more than two different
cell fates over a sheet of cells in a
concentration-dependent
manner by forming a gradient.

MESODERM

Germ layer that forms in
between ectoderm and
endoderm. Mesoderm is
crucially involved in neural
patterning during gastrulation.

IMAGINAL DISCS

Epithelial pouches in insect
larvae that give rise to the
sensory organs and body
appendages of the adult.

boundaries might refine local tissue patterning in a
MorpHOGEN-like fashion or act on prepatterned tissue to
regulate the temporal progression of gene expression,
or both. However, there is no strict requirement for
lineage restriction in the establishment of local signal-
ling centres. We can hypothesize that a signalling cen-
tre that is not stabilized by lineage restriction consists
of cells of labile fate that must continue to be able to
‘sense’ their position within the embryo, for example,
in relation to global patterning gradients.

Positioning of boundaries

Given their importance as local organizers of neural
development, it is of considerable interest to under-
stand how boundaries are positioned in the emerging
CNS. This process is best understood for the MHB,
which forms where the expression domains of the
homeobox genes Otx2 and Gbx2 (gbxI in zebrafish)
abut. Regionalized expression of these two genes is
first detected in the neural plate during gastrulation,
which indicates that MHB positioning is governed by
the same mechanisms that regulate the earliest steps
of anteroposterior neural patterning. Anterior neu-
ral tissue is progressively posteriorized by signalling
gradients in the gastrula stage embryo, and FGFs,
Nodals, retinoic acid and WNTs have been suggested
to be involved in this process*. Recently, WNTs have
emerged as particularly good candidates for this role:
WNT signalling represses Otx2 and induces Gbx2
(gbx1) directly in neural tissue, without a MESODERMAL
intermediate®®!-%3, So, a direct line can be drawn
from early neural patterning, which is mediated
by global gradients, to the subsequent refinement
of this crude pattern through the activity of a local
signalling centre, the MHB, which is induced at a
specific anteroposterior position as a read-out of the
gradients.

A similar mechanism of induction has been pro-
posed for the ZLI, which seems to form at the inter-
face between a SIX3-expressing territory anteriorly
and an JRX3-expressing territory posteriorly*®®. Like
OTX2, SIX3 is repressed by canonical WNT signal-
ling®# and, like GBX2, IRX3 is induced by WNTs®,
which indicates that ZLI formation occurs at a spe-
cific threshold of WNT activity in the gastrulating
embryo®. However, experimental evidence that ZLI
formation is established at a SIX3/IRX3 expression
border is lacking. Furthermore, how the expression
domains of SIX3 and IRX3 relate to the LFNG-free
territory that constitutes the presumptive ZLI has yet
to be resolved*'. It has recently been proposed that ZLI
formation is promoted by ventral SHH signalling and
antagonized by unidentified signals from the dorsal
diencephalon®. So, it seems that extracellular signals
generate a Cartesian coordinate system whereby the
ZLI emerges at specific axial positions.

Rhombomere boundaries are impaired following
experimental abrogation of the expression of Hox
genes, HOX cofactors and other rhombomere marker
genes such as Krox20 (REFS 87-90). Therefore, Hox
function is likely to have a dual role during hindbrain

development, both determining segmental identities
and regulating segmentation itself. Distinguishing
between these two functions might prove difficult, as
Hox genes and their cofactors show extensive cross-
regulation. Several lines of evidence show that Hox
gene expression is under the global control of retinoic
acid signalling, and it has been proposed that a gradi-
ent of retinoic acid signalling and/or response (low
anteriorly, high posteriorly) controls the hierarchy of
hindbrain gene expression®2. Therefore, hindbrain
segmentation might be another example of the trans-
lation of an early gradient that induces a crude antero-
posterior pattern into a refined domain structure with
a high degree of local patterning.

Interfering with SHH signalling from the ZLI
results in the loss of its specific gene expression pro-
file (including loss of the expression of Shh itself)*"*¢.
Similarly, zebrafish that lack the Fgf competence fac-
tor Pou2 show disrupted MHB development®, and the
morphological constriction of the isthmus does not
form in mice that are deficient in FGF receptor 1 at the
MHB owing to a failure to downregulate proliferation
in the boundary region®. Moreover, in the zebrafish
hindbrain, Wnt signalling is necessary for the main-
tenance of defined boundaries®*-*'. These findings
indicate a common theme in which, once a local sig-
nalling centre has been established along a boundary,
its maintenance becomes dependent on the secreted
signal itself. A similar phenomenon has been observed
at anteroposterior compartment boundaries in the
D. melanogaster wing mMacINaL pisc and abdomen,
the integrity of which depends on the activity of the
morphogen hedgehog®*°. However, it is important to
keep in mind that different boundary properties were
analysed in the studies mentioned above. It is quite
possible that different aspects of boundary formation
— such as morphological changes and the expression
of boundary marker genes — are regulated differently
and that one persists in the absence of the other.

The DMB forms at the interface between the
expression domains of the Pax6 and engrailed (En)
genes. Ectopic expression of Pax6 posteriorly or of En
anteriorly shifts this boundary to the new expression
interface” . Loss-of-function experiments in zebra-
fish indicate that en and Fgf signalling from the MHB
are required together to localize the DMB*. So, DMB
positioning differs from the positioning of the other
boundaries discussed above, as it depends not only
on an anteroposterior prepattern in the early neural
plate, but also on the activity of a secondary signal-
ling centre, the MHB. En is also involved in boundary
formation in D. melanogaster, in which it is required
for the establishment of the posterior compartment of
the developing wing?, presumably through the control
of hedgehog expression’*® (FIG. 5a).

Mechanisms of boundary formation

Historically, different mechanisms were proposed for
the establishment of cell lineage restriction, either
between compartments or between germ layers'®.

In an extension of ideas presented by Holtfreter'"’,
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Figure 5 | Compartment boundaries and local signalling centres in the developing fly
wing. a | The wing anlage in Drosophila melanogaster is subdivided anteroposteriorly by a cell
lineage restriction boundary that expresses the morphogen Decapentaplegic (DPP, orange). The
posterior compartment expresses Hedgehog (HH, green), the expression of which depends on
Engrailed (EN). b | The dorsal compartment of the wing disc expresses the Notch modulator
Fringe (pale blue) under the control of the transcription factor Apterous (AP), which results in
activation of the Notch ligands Delta (DL) and Serrate (SER) at the dorsoventral compartment
boundary (dark blue). Once the boundary has been established, it expresses the morphogen
Wingless (WG), which regulates patterning of the wing margin and outgrowth of the wing blade.
Panels a and b reproduced, with permission, from REF. 6 © (1999) Elsevier Science.

RADIAL GLIA

Glial cells that span the radial
axis of neuroepithelium and
serve as guidance cues for newly
born postmitotic neurons on
their way into the mantle zone.

Steinberg and colleagues developed the differen-
tial adhesion hypothesis in the 1960s to explain the
observation that dissociated embryonic cells tend
to segregate and form clusters that represent their
layer of origin. They proposed that different adhesive
properties of the cell surfaces underlie this phenom-
enon and that the sorting-out of cells is driven by
thermodynamic principles similar to those governing
the separation of two immiscible liquids'®. Although
this model was not initially proposed to account for
the phenomenon of developmental compartments, it
provides a ready explanation for how cells from adja-
cent regions might be prevented from intermingling.
Alternatively, boundaries might act as mechanical
barriers between populations of cells by generating
specialized boundary cells or by increasing the depo-
sition of extracellular matrix, either of which could
act like a fence.

Rhombomere boundaries express specific bound-
ary markers and are characterized by an enlarged
intercellular space, the accumulation of rap1AL GLIA and
extracellular matrix components, and the precocious
formation of a marginal zone'>'*', any or all of which
could function as a mechanical barrier. However, no
intermixing between cells from adjacent rhombomeres
is observed after surgical ablation of rhombomere
boundaries'” or if boundary cell formation is inhibited
by treatment with retinoic acid'®. These observations
indicate that the formation of boundary cells is not
the primary cause of cell lineage restriction between
rhombomeres.

In vitro experiments using dissociated cells have
revealed differential affinities between even- and
odd-numbered rhombomere populations: reaggre-
gation of cells from two even- or two odd-numbered
rhombomeres resulted in homogenously mixed
aggregates, whereas even and odd cells sort out into
discrete domains in aggregates derived from even
and odd rhombomeres'®*. Therefore, differential
adhesiveness between adjacent rhombomeres is a
probable mechanism for the restriction of cell inter-
mingling, whereas the subsequent formation of a
specialized boundary at the interface of immiscibility
might further stabilize the initial partitioning. The
increase in extracellular space at early rhombomere
boundaries™ is also consistent with loss of adhesion
between cells with different surface properties and
their (incomplete) separation.

An analysis of cell movements at the PSB revealed
that cells ‘slow down’ within the boundary region,
which indicates that the secretion of a short-range
signal that inhibits cell migration is one mechanism
by which cell mixing is prevented at the PSB'®. In
addition, radial glia coalesce at the PSB as at rhombo-
mere boundaries, which results in a specific boundary
phenotype'®.

Recent studies have begun to shed light on the
molecular mechanisms that underlie boundary
formation. Members of the cadherin superfamily of
cell adhesion molecules are expressed differentially
in subdivisions of the brain, indicating their candi-
dature as mediators of affinity differences between
neuroepithelial compartments'*'””. Gain-of-function
experiments in mouse embryos have implicated the
differential expression of two cadherins in the estab-
lishment of the PSB'*. To thoroughly understand the
role of cadherins in the mediation of compartition
might prove exceedingly difficult, as not only the
qualitative molecular differences but also expression
levels of cadherins are likely to influence the adhesive
properties of a cell'®.

Signalling through ephrin receptors (Eph) is known
to regulate contact-mediated repulsion in both the
nervous and the vascular systems''®''". Various Eph
receptors are expressed in odd-numbered rhombo-
meres, whereas their ligands — membrane-spanning
proteins of the ephrin-B family — are expressed in
a complementary fashion in even-numbered rhombo-
meres. Experiments in zebrafish have shown that
ectopic activation of Eph receptors in even-numbered
rhombomeres, as well as ectopic ephrin activation, can
cause expressing cells to sort out towards rhombomere
boundaries'?. Furthermore, it has also been shown
that this segregation behaviour relies on bidirectional
signalling, with both the Eph receptors and the ephrins
transducing an intracellular signal.

Moreover, unidirectional Eph-ephrin interac-
tions regulate intercellular communication through
gap junctions'®. Conversely, blocking Eph signalling
by morpholino knockdown or by using a dominant-
negative version of EphA4 results in disruption of
hindbrain segmentation®*''*. These findings indicate
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Table 1 | Boundaries in the developing vertebrate brain

Regional interface
Anterior neural border (ANB)

Pallial-subpallial boundary
(PSB)

Telencephalon—diencephalon

Zona limitans intrathalamica
(2L

Thalamus—pretectum

Diencephalic-midbrain
boundary (DMB)

Midbrain—-hindbrain boundary
(MHB)

Rhombomeres

Spinal cord

Cell lineage restriction Signalling function

? +
(anti-WNT, FGFs)
+ None detected

(Ventricular zone only)

- None detected

+ +
(Two boundaries with (SHH, WNTs?,
lineage restriction anteriorly ~ FGFs?)

and posteriorly; does not
extend into roof plate)

- None detected

+ None detected

+ +
(Might be leaky; possibly (FGFs, WNT1)
two boundaries dorsally)

+
(Except floor plate;
ventricular zone only)

N
(WNT1, WNT3A?,
WNT8B?,
WNT10B?)

- Anteroposterior: —
Dorsoventral: +

FGF, fibroblast growth factor; SHH,

sonic hedgehog.

a model for partitioning the hindbrain whereby
complementarily expressed Eph receptors and eph-
rins make contact only at presumptive rhombomere
boundaries, which results in repulsion between cells
of adjacent rhombomeres and the consequent for-
mation of lineage-restricted compartments. In addi-
tion, Eph-ephrin signalling also seems to influence
intra-rhombomeric cell affinities, as was recently
revealed using a mosaic knockdown of EphA4
in zebrafish''*. Notably, OTX2 seems to regulate
R-cadherin and ephrinA2 in mice, which indicates
a link between early prepatterning and the later
establishment of differential cellular adhesiveness
around the MHB'.

NorcH is another signalling factor that mediates
communication between neighbouring cells or popu-
lations of cells — for example, in lateral inhibition
in various embryonic tissues and in neurogenesis''®.
Radical fringe (rfng), a putative regulator of Notch,
is expressed in rhombomere boundary cells in zebra-
fish, and expression of delta, which encodes a Notch
ligand, straddles the boundaries. Mosaic expression
of a Notch pathway activator in zebrafish embryos
results in cells with hyperactive Notch signalling
segregating to boundaries, whereas, conversely, cells
in which the Notch pathway is inhibited become
excluded from boundaries*. The expression of wntl
in rhombomere boundaries of the fish is essential for
this Notch-mediated segmentation, which indicates a

area that gives rise to the ZLI is characterized by a
gap in the expression of LFNG, another potential
regulator of Notch signalling. Ectopic expression of
LFNG in the pre-ZLI compartment results in sorting
of the affected cells into the LENG-positive flanking
regions’’.

Together, both differential adhesion and the estab-
lishment of specialized boundary features seem to
synergize in the formation of cell lineage restriction
boundaries. Although differential adhesion might
be mediated by a broad combination of different cell
adhesion molecules, boundary cells are stabilized by
positive feedback loops that involve Notch signal-
ling. In addition, Eph-ephrin-mediated repulsive
interactions seem to restrict intermingling between
neighbouring compartments. Boundary cells are
not strictly required for lineage restriction and the
initial formation of neural compartments, and they
regenerate quickly after ablation. This indicates that
the establishment of adhesive differences constitutes
the first step of lineage restriction, whereas fence-type
mechanisms might stabilize compartments at later
stages.

Conclusions and future directions

Boundary formation and the activity of local signal-
ling centres are key features of vertebrate brain devel-
opment. Although a good case has been made for the
hindbrain forming in a segmented fashion, there is
little evidence for a neuromeric organization of the
forebrain. In this area, the emerging diencephalic
subregions have individual molecular profiles but
lack the shared, reiterated features that characterize
a segmental ground plan. It is tempting to speculate
that the phylogenetically younger forebrain shows
greater morphological variability between different
species because it is less restricted by a compartmental
organization.

The ongoing debate about lineage restriction in dif-
ferent parts of the brain probably reflects differences
in experimental approaches and highlights the danger
of defining compartments solely on the basis of gene
expression data. Different lineage-tracing techniques
are likely to yield varying results as to where boundar-
ies are present. Orthotopic grafting of quail tissue into
chick embryos is a classic approach for mapping cell
fates in avian embryos?*>454%6%; however, its resolu-
tion is limited by the size of the grafts and it bears
the inherent danger that cellular behaviours might
be changed as a result of the wounding of embryonic
tissue and the subsequent integration of the graft.
Application of lipophilic dyes such as Dil or DiO is
a less invasive method of generating labelled cells for
which resolution is mainly limited by how focally the
label can be applied*?*3*161051% Smaller groups or
even single cells can be labelled iontophoretically with
conjugated dextrans'®?%3>47,

NOTCH

A receptor at the heart of a
signalling pathway that
regulates a multitude of
developmental decisions.

similarity with dorsoventral boundary formation in
the D. melanogaster wing anlage®*' (FIG. 5b). Notably,
Notch activation has also been implicated in compar-
tition in the vertebrate forebrain: the wedge-shaped

All of these techniques are of limited use in the
mouse embryo, which can be kept in culture for
only a short developmental period***'%. Cells in the
developing mouse neural tube can be marked in utero
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Figure 6 | Model for boundary formation. An initially uniform sheet of cells is polarized by
an early signalling gradient (yellow; 1), which results in a coarse prepattern of transcription
factor expression (red/blue; 2). Mutual repressive interactions between these factors establish
two distinct populations of cells that are separated by a fuzzy interface (3). Cell-sorting
processes result in a sharpening of this interface (4), and a specific boundary phenotype (loss
of adhesion, expression of specific boundary markers) is generated (shaded area; 5). The
boundary cells express signalling factors (green; 6) that induce prepattern-dependent cell
fates (yellow/turquoise) in the adjacent territories. Postmitotic cells might be able to cross the
boundary, as their fates are sealed (7).

SIGNALLING MODULE

A group of signalling molecules
of more than just one pathway
that is reiteratively used in
different tissues.

SOMITOGENESIS
Segmentation of paraxial
mesoderm, which results in the
formation of two stripes of
distinctive mesodermal blocks
along the anteroposterior axis
that will give rise to muscle,
vertebrae and dermis.

LONG- AND SHORT-GERM
DEVELOPMENT

Different modes of insect
development; in long-germ
insects, all segments are formed
from the blastoderm, whereas
in short-germ insects, segments
are formed by sequential
growth.

using replication-incompetent retroviruses that
contain a reporter gene® or by intragenic homologous
recombination'?, but the labelling occurs in a random
fashion in both approaches and the exact time point
of reporter activation cannot be determined retro-
spectively. The genetic labelling of groups of cells
using a tissue-specific marker that drives a reporter
gene reflects patterns of gene expression rather than
cellular behaviour, and cannot exclude the possibil-
ity of boundaries being overlooked. Recently, more
sophisticated experimental tools, such as inducible
transgenic markers, have come into use and will
allow the further identification and characterization
of cell lineage restriction boundaries during vertebrate
neural development®. Furthermore, imaging the fate
of all cells of a given embryonic region by time-lapse
microscopy is now feasible, but, for the time being,
remains limited to the transparent zebrafish embryo,
which has a relatively small number of cells and can
easily be kept in culture®®'s,

With the exception of the DMB and the PSB,
signalling functions have been attributed to all neuro-
epithelial cell lineage restriction boundaries (TABLE 1),
which indicates that one of their main functions is
the formation of local signalling centres, as in insect
development (FIG. 6). The activity of these signalling
centres (sometimes referred to as ‘secondary organ-
izers’) fine-tunes spatiotemporal patterning, prolifera-
tion and morphogenesis of the neural tube in a more
local fashion. However, a crude neural pattern has
already been established before local signalling centres
become active. The presence of an underlying prepat-
tern not only regulates the positioning of boundaries,

but also influences the way that flanking cell popu-
lations respond differently to a common diffusible sig-
nal*>*¢%80¢7 Understanding this cellular competence is
only in its infancy, but modern approaches that enable
us to monitor the entire transcriptional profile of a
tissue will soon bring inherent differences between cell
populations to light.

Determining the cellular mechanisms of lineage
restriction is an area of ongoing research!®. As for
the detection of boundaries, different experimental
approaches might result in different perceptions of
how cell populations segregate. The observation that
cells from different neuroepithelial compartments or
with different molecular properties are able to sort
out in vitro'®'% and in vivo*"#-112-114119 supports the
idea that differential cell affinities underlie comparti-
tion. However, the mechanism by which a cell that is
located in the ‘wrong’ compartment can actively move
across the distance of many cell diameters to end up
in the ‘right’ compartment remains an open question.
It is important to keep in mind that experiments that
address cell sorting typically create artificial situations
that do not reflect the process of compartition in an
embryo, in which cells are not initially intermixed and
are unlikely to become misallocated to the wrong envi-
ronment. In other words, active cell sorting might not
be necessary to generate embryonic compartments,
for which the processes involved are preventative of
mixing rather than corrective.

Finally, how lineage restriction boundaries are
established molecularly remains largely unexplored.
The implication of a network of Wnt and Notch signal-
ling in rhombomere boundary formation in zebrafish
raises the exciting possibility that a SIGNALLING MODULE
conserved between D. melanogaster and vertebrates
functions in boundary formation (FIG. 5). It will be of
considerable interest to identify further similarities
between these two systems and to characterize verte-
brate counterparts of factors that are well-characterized
in D. melanogaster boundary formation.

Furthermore, Notch signalling has been impli-
cated in somITOGENESIs in vertebrates'>*'?!, Mesodermal
segmentation is markedly different from neuroepi-
thelial segmentation, as it involves the budding of
somites from a proliferating growth zone rather than
the internal subdivision of a preformed tissue mass.
However, it is conspicuous that two sets of molecular
regulators seem to be conserved between the two:
first, the Notch network that is reiteratively activated
at both somite and rhombomere boundaries; and,
second, the nested expression of Hox genes that reg-
ulates anteroposterior segmental identity. Similarly,
regulators of segmentation are largely conserved
between LonG-GErM insects such as D. melanogaster
and suort-GERM insects such as the beetle Tribolium
castaneum, although in T. castaneum — unlike in
D. melanogaster — segments form in an antero-
posterior sequence from a proliferative zone'*. So,
hindbrain and mesoderm segmentation might be
more similar than previously thought, despite their
morphogenetic differences.
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