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Abstract Segregating cells into compartments during
embryonic development is essential for growth and pattern
formation. In the developing hindbrain, boundaries sepa-
rate molecularly, physically and neuroanatomically distinct
segments called rhombomeres. After rhombomeric cells
have acquired their identity, interhombomeric boundaries
restrict cell intermingling between adjacent rhombomeres
and act as signaling centers to pattern the surrounding
tissue. Several works have stressed the relevance of Eph/
ephrin signaling in rhombomeric cell sorting. Recent data
have unveiled the role of this pathway in the assembly of
actomyosin cables as an important mechanism for keeping
cells from different rhombomeres segregated. In this
Review, we will provide a short summary of recent evi-
dences gathered in different systems suggesting that
physical actomyosin barriers can be a general mechanism
for tissue separation. We will discuss current evidences
supporting a model where cell-cell signaling pathways,
such as Eph/ephrin, govern compartmental cell sorting
through modulation of the actomyosin cytoskeleton and
cell adhesive properties to prevent cell intermingling.
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Abbreviations

ADAMI10 A disintegrin and metalloproteinase
domain-containing protein 10

AP Anteroposterior

DV Dorsoventral

CNS Central nervous system

Cadh2 Cadherin 2

Cyp26 Cytochrome p450 family 26 enzymes

EphA4MO/ EphAd4/ephrinB2a-morphants

ephrinB2Amo

FGF Fibroblast growth factor

GEFs Guanine nucleotide exchange factors

GAPs GTPase-activating proteins

HoxPGl1 Hox paralogous group 1 genes

MHB Mid-hindbrain boundary

RA Retinoic acid

Introduction: separating tissues

A fundamental feature of embryonic development is the
separation of tissues that leads to the establishment of
physically isolated embryonic cell populations. The early
analysis of this feature led to the concept of compartments,
which are subdivisions of embryonic tissues delimited by
stable boundaries that prevent cell intermingling. Com-
partments were originally described in Drosophila, after the
observation that the expansion of mosaic clones generated
in the wing imaginal disc was restricted to one side of a
straight line partitioning the tissue [1]. Later on, they were
observed in other imaginal discs [2, 3] and embryonic
epidermis [4]. The concept of compartments and bound-
aries explains how a tissue that undergoes intense cell
proliferation and growth maintains its pattern during
embryonic development. Importantly, these observations
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revealed that boundaries can be transitory and act to sep-
arate different tissues and organs, as well as to subdivide a
single tissue.

Compartments and boundaries are also present in ver-
tebrate embryos. Examples of these are the separation
between germ layers—ectoderm and mesoderm—[5], and
the isolation of the axial mesoderm from the adjacent
presomitic mesoderm [6]. Later during embryonic devel-
opment, important examples of segmented structures are:
(i) the hindbrain, which is subdivided into seven com-
partments called rhombomeres that are highly conserved in
vertebrates [7, 8]; and (ii) the somites, which arise as iso-
lated blocks from the presomitic mesoderm in a head-to-
tail succession [9].

Boundary formation

Separation between compartments is often foreshadowed
by the presence of sharp gene expression borders before
any sign of tissue differentiation or differences in mor-
phology. This suggests an intimate link between patterning
and restriction of cell movement (for review, see [10-12]).
There are two classical questions that arise around
embryonic boundaries: how position of boundaries is
established, and how sharp boundaries are maintained
during growth and morphogenesis. The first one relies on
gene expression and cell identity. The second relates more
to a process of cell separation/segregation. Recent studies
have highlighted the importance of physical forces in
maintaining boundaries, and the molecular control of these
forces becomes a key issue (for review see [12, 13]).

The integrity of boundaries can be challenged by
intercalation of dividing cells and by physical disruption
and dispersal during morphogenesis. Cells challenging a
boundary can be subjected either to cell plasticity or to cell
sorting mechanisms. Upon cell plasticity, cells can move
across gene expression boundaries and switch their identity
and fate to that of its neighbors—non-lineage boundaries.
Examples of this are the boundary between the wing pouch
and the notum in the Drosophila wing disc [14], the somite
boundaries [10, 15], and the boundary between the verte-
brate foregut and hindgut [16]. On the other hand, cell
sorting implies that cell fate is inherited and maintained on
either side of the boundary. Therefore, mechanisms within
the tissue need to be implemented to restrict cell inter-
mingling and maintain a straight boundary while
growing—lineage boundaries. In vertebrates, in vivo cell
tracking experiments demonstrated that the MHB [17], as
well as hindbrain boundaries [18], constitute cell lineage
boundaries.

A growing body of data suggests that the local
enrichment of barrier-like elements, such as actomyosin
cables, is a conserved mechanism for restricting cell
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intermingling in different systems such as: the paraseg-
mental boundaries in the embryonic epidermis [19] and
the boundaries of distinct imaginal discs [20-24] in
Drosophila; and in vertebrates the germ layers [5, 25, 26]
and the hindbrain boundaries [18]. These data show how
actomyosin cables restrict cell mixing between adjacent
compartments conferring high tension, rigidity and sta-
bility to the boundary cell population. Nevertheless, the
role of cell-cell adhesion/repulsion complexes needs to be
considered in tissue separation. Recent studies on the role
of Eph/ephrin signaling during germ-layer segregation
support a model where tissue separation is controlled by
cell surface cues, which upon cell—cell contact generate
changes in cytoskeletal and adhesive properties to inhibit
cell mixing [25]. Thus, the integration of multiple local
cues may dictate both the global morphogenetic properties
of a tissue and its separation from adjacent cell popula-
tions [12]. Now, one of the challenges is to understand
two different but intimately related questions: how pat-
terning is translated into the assembly of physical barriers
to restrict cell mixing, and how disruption of boundary
sharpness might affect segregation of different cell pop-
ulations and the activity of these boundaries as patterning
centers.

Boundaries within the central nervous system

The vertebrate embryonic neuroepithelium is characterized
by a series of transient swellings that appear during the
neural tube closure. Ultimately, the anterior territories give
rise to the forebrain, midbrain and hindbrain, while the
narrow posterior epithelium transforms into the spinal cord.
These early morphological features are foreshadowed and
positioned by localized expression of developmental genes
establishing a Cartesian-like coordinate system of posi-
tional information along the AP and DV axes. This
complex genetic network orchestrates the regional plan of
the CNS and indicates future functional specializations [27,
28]. As development proceeds, neurogenesis further leads
to the formation of distinct neuronal groups that will
migrate to their final destination, where they will form
synaptic connections and integrate into functional circuits.
All these neurodevelopmental features are largely con-
served across vertebrates.

During embryonic development, the CNS undergoes a
patterning process along the AP axis that give rise to
several boundaries, such as the Zona Limitans Intrathala-
mica (ZLI) between the telencephalon and diencephalon
[29]; the Mid-Hindbrain Boundary (MHB) [30], which has
been extensively studied due to the important role it plays
as an organizing center during vertebrate brain develop-
ment [31, 32]; and the hindbrain boundaries that will be
explained below.
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Hindbrain segmentation

We focus this review on the hindbrain, which is the most
evolutionarily ancient region of the vertebrate brain [27,
33]. The hindbrain is fated to give rise to the medulla, the
pons and the cerebellum. Hindbrain efferent nerves connect
to different muscles and organs to control essential physi-
ological processes, such as respiration, circulation, arousal
and motor coordination. On the other hand, the cranial
nerve afferent component conveys sensory stimuli from
sensory organs and viscera to the hindbrain [34].

In all vertebrates, the hindbrain passes through a seg-
mented phase shortly after the neural tube has formed.
Hindbrain segmentation is a progressive process leading to
the partition of the territory along the AP axis into seven
segments called rhombomeres (r1-r7). Each rhombomere
constitutes a developmental unit of gene expression and a
cell lineage compartment [35, 36]. The segmental gene
expression pattern is visible by the end of gastrulation and
prefigures the presumptive rhombomeric territories. As cells
segregate, the borders of gene expression refine positioning
the rhombomeric boundaries precisely where morphological
boundaries will appear (Fig. 1a, b) [8, 27]; this is dynamic
process beautifully orchestracted, with a tight coordination
between gene regulation and morphogenesis.

Early expressed secreted molecules such as FGF and RA
are important for establishing the crude AP patterning of
the hindbrain through the genetic regulation of key tran-
scriptional factors (for review see [28]). FGF8 is released
from the MHB and controls the extension of r1 through the
repression of Hox genes [37]. In addition, FGF3 and FGF8
are released from the r3-r5 region [38—42], where they are
required for further refinement of r5 and r6 by acting
together with vHnfI to regulate expression of Krox20 in r5
and MafB/Kreisler in 15/t6 [41, 43—45]. On the other hand,
treatment of mice embryos with RA demonstrated its role
as posteriorizing factor in the hindbrain and in regulating
Hoxbl [46] and Hoxal transcription [47]. RA directly
induces transcription of Hoxal and Hoxbl, which contain
RA Response Elements (RARE) on their regulatory regions
[48]. Hox expression domains are further defined in
specific rhombomeres by local RA degradation regulated
by Cyp26 enzymes expressed in the anterior hindbrain [49—
51].

Gene expression experiments showed that the first
transcription factors to be expressed partition the hindbrain
in two regions according to the r4/r5 boundary; they are
Irxs expressed in the anterior and vHnfl in posterior
hindbrain [41, 44, 49, 52]. These domains are further
subdivided by the activity of HoxPG1 genes, Krox20 and
MafB/Kreisler. Excellent functional work mainly in mice
and zebrafish has provided insights into the code of Hox
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Fig. 1 Borders of gene expression coincide with rhombomeric
boundaries. a Morphological boundaries appear at the borders of
rhombomeric gene expression (white arrows); Mu4127 embryos
express mCherry in r3 and r5; lyn-GFP marks the plasma membranes;
b double in situ hybridization (ISH) showing that segment-restricted
gene expression (krox20) in the hindbrain prefigures the allocation of
the boundary cell population (rfing-cells in blue). ¢ Physical barriers
appear at rhombomeric boundaries as shown by actomyosin cables in
double transgenic embryos Tg[myosinll:mCherry]Tg[lifeactin: GFP].
d, e Double ISH with ephA4 and efnb2a or single efnb3b ISH
followed by anti-EphA4 staining shows complementary borders of
expression for ephrin ligands and Eph receptors; these borders are
predicted sites for forward and reverse signaling. f Scheme summariz-
ing the expression Eph receptors and ephrin ligands in specific
rhombomeres. Note that although Eph receptors are generally ex-
pressed in odd- and ephrin ligands in even-rhombomeres, there are
few exceptions: r2 and r6 display overlapping expression of Eph
receptor and ephrin ligand. For simplicity, only data from zebrafish
were plotted. Dorsal views with anterior to the top, except for C that is
a sagittal view with dorsal to the left. r, rhombomere

genes in hindbrain patterning. Posterior expression of
Hoxal and Hoxbl up to r3/r4 boundary is required for
normal development of r4 and r5 [53-57]. Hoxa2 is
required for maintaining the r2 properties and the size of
r3, and Hoxb2 contributes to the maintenance or r4 [58].
Hox expression becomes further refined by direct tran-
scriptional regulation through upstream factors, such as
Krox20 and MafB/Kreisler, and through cross- and auto-
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regulatory interactions among the Hox genes themselves
(for review, see [58]). Krox20 specifies r3 and 15 [59-61]
and cooperates with Hoxal for the development of r3 as
shown by the analysis of double-mutant embryos [62].
MafB/Kreisler has a conserved role in regulating the
identity of r5 and 16 [7, 63] and, with vHnf1, is involved in
a direct positive feedback loop in r5 and r6 [44, 50].

The gene patterning process confers specific
rhombomeric identity and precedes hindbrain compart-
mentalization. Both events have an important impact on the
neurogenesis pattern and the sequential organization of
cranial branchimotor nerves. Moreover, neural crest migra-
tion streams are also dependent on hindbrain segmentation.
These features stress the importance of segmentation in
establishing functional specialization [64, 65].

Setting up rhombomeric boundaries

The initial establishment of the rhombomeric pattern does
not follow a strict rostrocaudal order, but rather boundaries
form in a non-stereotyped way [7, 40]. The first boundary
to appear, r4/r5, is positioned by the complementary
expression of Irx3 and vHnfl genes [52, 66]. Then, the
presumptive r4 territory acts as a local organizing center,
signaling to adjacent territories and initiating a molecular
cascade that leads to the further partitioning of the r3, 15,
and r6 segments where FGF signals play an important role
[40, 42].

As rhombomeres are formed, distinct physical bound-
aries appear to prevent intermingling of distinct
rhombomeric cells [18, 35, 36]. The formation of sharp
boundaries can be followed by the analysis of rhombomere
gene expression patterns during embryonic development:
molecular rhombomeric boundaries are fuzzy and jagged at
early stages but eventually sharpen as development pro-
ceeds. Understanding how sharp borders form and how
they are maintained, despite the extensive intermingling of
cells occurring during growth and morphogenesis, is one of
the current questions in the field. To ensure segregation of
these adjacent cell populations requires a very robust sys-
tem. Indeed, boundary sharpening implies that
rhombomeric cells undergo cell sorting or/and cell plas-
ticity [7]. An important body of evidence mainly from cell
lineage analysis, in vivo cell tracking and grafting experi-
ments, points to cell sorting as the major mechanism
operating in the sharpening of gene expression in rhom-
bomeric boundaries, independently of the cell identity and
the position along the AP axis [18, 67-69]. However, two
reports have suggested that an attenuation mechanism
relying on intracellular noise induces cells to switch their
identity—cell plasticity—during r4/r5 boundary sharpen-
ing [70, 71].
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This segmentation process is followed by the induction
of a specialized cell population at the interface of adjacent
rhombomeres, named rhombomeric Boundary Cell Popu-
lation (rBCP). The rBCP displays specific features that
distinguish it from non-boundary regions, such as
(i) boundary cells are wide at either the apical or basal end
and long and narrow at the other end (triangle shaped)
when compared with non-boundary cells that are spindle
shaped [72], (ii) they display larger intercellular spaces
[73], and (iii) they have enriched expression of foxbl.2,
wntl, rfng and semaphorins in zebrafish [68, 72, 74, 75]
(Fig. 1b), or Fgf3 and Pax6 in chick [76, 77]. rBCPs also
act as local signaling centers regulating hindbrain neuro-
genesis, and thus the segmental neuronal organization [75].
A number of signaling pathways have been reported
upstream of boundary specification and maintenance: Eph/
ephrin [68], Notch [78] and Wnt [74]. However, the
question of how boundary cells are specified is still open;
for example, ectopic activation of DN-Su(H) represses
boundary specification, but activation of DA-Su(H) is not
sufficient for re-specification of non-boundary cells to
boundary cell fate, suggesting Notch is important for
maintenance but not for specification of the rBCP [78].

Cell sorting within the hindbrain: the role of
Eph/ephrin signaling

The segmental expression of Eph and their ligands ephrins
in the hindbrain depends on rhombomeric genes; for
instance, Krox20 transcriptionally activates EphA4
expression in rhombomeres 3 and 5 [79]. Several works
have stressed the importance of EphA/ephrin signaling in
rhombomere cell sorting due to the complementary
expression of Eph receptors, and their membrane-bound
ephrin ligands [80, 81] (Fig. 1d—f), and suggested that the
activity of EphAd4/ephrinB2a within the hindbrain seg-
ments regulates cell segregation. Two mechanisms were
proposed to operate in parallel during cell sorting: first,
repulsive interactions between cells from adjacent odd-
(displaying Eph receptors) and even-rhombomeres (ex-
pressing ephrin ligands) at rhombomeric boundaries, based
on the observation that disruption of Eph/ephrin signaling
in zebrafish results in cell intermingling and fuzzy
boundaries [67, 82]; and second, adhesive interactions
between cells of the same rhombomeric identity; as
example, EphA4MO and ephrinB2aMO cells segregate to
the borders of the segments expressing EphA4 or ephrinB2
when grafted into wild-type embryos [68, 69]. Recently,
we proposed an additional mechanism based on the pres-
ence of mechanical barriers [18]. A previous report showed
the activity of myosin II in the hindbrain during the
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formation of the morphological bulges. They described
myosin contractility as a major player in this morpho-
genetic change, since embryos with overactive myosin II—
myptl mutants—displayed abnormal rhombomere mor-
phogenesis, along with defects in neuroepithelial cell shape
and expansion of the hindbrain ventricle [72]. These evi-
dences supported the hypothesis that actomyosin generated
tension occurred at hindbrain boundaries. We pursued this
idea and showed the presence of actomyosin cables api-
cally located at interhombomeric boundaries (Fig. 1c), and
that their assembly could be modulated with pharmaco-
logical agents that either enhance or decrease the stability
of actomyosin complexes, in a very precise time window.
Interestingly, the disruption of actomyosin cables resulted
in rhombomeric cell intermingling and jagged rhom-
bomeric boundaries. Further on, abrogation of EphA/ephrin
signaling disrupts actomyosin cable assembly, which as
previously shown results in rhombomeric cell mixing [18].
This work helps to understand how the juxtaposition of
different rhombomeric cells triggers actomyosin assembly
at the interface of rhombomeric boundaries, and how
mechanical barriers act downstream of EphA/ephrin sig-
naling to segregate cells from different rhombomeres.
However, our article does not rule out if differential cell
adhesion or cell repulsion is also contributing mechanisms
towards rhombomere cell sorting.

Lessons from other systems: cell repulsion, cell
adhesion and physical barriers

The understanding of Eph/ephrin signaling pathway is a
challenging issue for several reasons. Eph receptors con-
stitute a large family of transmembrane tyrosine kinases
divided into two subclasses according to their sequence and
affinity to ephrin ligands: EphA receptors bind to ephrinA
ligands (membrane GPI-anchor proteins), and EphB
receptors binding to ephrinB (transmembrane proteins with
tyrosine kinase motives) [83]. Specificity of Eph/ephrin
pairs is rather constant. However, this rule is flexible, as
exemplified by EphA4, which can bind to both ephrinA and
B ligands [68, 84]. Additional features of Eph/ephrin sig-
naling increase the level of complexity: (i) high number
and promiscuity of Eph receptors and ephrin ligands often
drive to genetic redundancy [85]; (ii) the same receptor/
ligand pair might have different roles depending on the
biological context [86]; (iii) possible forward- (from
receptor), reverse- (from ligand) or bidirectional-signaling
resulting in the activation of downstream targets in either
or both neighboring cells [87]; and (iv) multiple intracel-
lular effectors—including small GTPases—have been
described for exerting Eph/ephrin cell functions [88]
(Fig. 2).

3725
I efnB
/-Iﬂmrin {
= " = 1 —
" Eph

GEFs
Ras
MAPK
Rho
Rac

cdc42

Cofilin
ROCK

|

Physical Barriers ’?

Cell Remodeling H

Adhesion/Repulsion

Proliferation
Differentiation
Apoptosis

Fig. 2 Intracellular events triggered by Eph/ephrin forward signal-
ing. For the sake of simplicity, we describe only forward signaling
events and a selection of published effectors. Upon ligand-receptor
binding, Eph/ephrin forward signaling controls different cell
responses; left panel physical barriers, cell remodeling, adhesion/
repulsion are controlled by the activation of GEFs, GAPs and FAK/
Paxillin, through the activation of small GTPases. Their downstream
effectors, Rock and Cofilin, modulate the activity of myosin II and
Actin (and their assembly) in processes of cell remodeling and
generation of physical barriers. In addition, myosin II can control
cadherin clustering, and ADAMI0 that is activated by Eph/ephrin
sheds cadherins. Right panel cell proliferation, cell differentiation and
apoptosis are regulated by intracellular signaling complexes such as
JAK/STAT, JNK, Ras/MAPK, PI3K and Abl. The nexus between cell
responses and downstream molecules has not been unveiled yet

The main cell responses suggested to be triggered by
Eph/ephrin signaling are contact-dependent cell repulsion,
differential cell adhesion and cortical tension due to
physical barriers [89]. However, their cooperation might
define the final cell behavior.

Cell repulsion has a major role in the guidance of
migrating cells and neuronal growth cones by Eph recep-
tors and ephrins [87]. The hypothesis is that repulsion
occurs at the border between receptor and ligand expres-
sion, where it prevents cells or neuronal growth cones from
entering the inappropriate territory. An interesting example
is found in embryonic germ layer separation in Xenopus
using tissue explants; Fagotto’s group nicely described how
cell segregation is restricted to tissue boundaries by a
separation mechanism that involves repeated cycles of cell
attachment and detachment at the boundary between two
adjacent tissues with widespread expression of multiple
ephrin ligands and Eph receptors. Their hypothesis is that
the final output can be predicted by the relative Eph and
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ephrin concentrations and binding affinities. Thus, syner-
gical repulsive signals would reach sufficient strength to
trigger cell detachments along the boundary, and allow to
explain how multiple Eph/ephrin cues integrate to generate
discrete local repulsive outcomes [5, 25].

The differential cell adhesion hypothesis aims to explain
how cells bind preferentially among the ones of the same
cohort, and sort from confronting cell populations
according to their distinct cohesive affinity [90]. An
interesting example is the segregation of Paneth cells
within the intestine crypt, where the interplay between
Eph/ephrin and E-cadherins promotes sorting of EphB-
positive Paneth cells from ephrinB-positive Goblet cells
[91]. Solanas et al. beautifully combined cell culture and
genetic manipulation experiments in mice to describe how
EphB receptors promote the activation of the metallopro-
teinase ADAMI0 at the interface with ephrinB 1-expressing
cells. ADAMI10 activation induces shedding of E-cadherin,
which results in its asymmetric localization and, therefore,
in differences in cell affinity between EphB- and ephrinB-
positive cells. This model could well apply to the hind-
brain, where Eph/ephrin signaling would control
metalloproteinase activity at hindbrain boundaries to pro-
mote shedding of cadherins. In this regard, N-cadherin
(cadh2 in zebrafish) is ubiquitously expressed in the
hindbrain. However, cadh2 is not asymmetrically localized
within the neuroepithelium ([92]; Calzolari and Pujades,
unpublished results). Thus, if a similar mechanism applies
most probably other cadherins, or cadherin-related mech-
anisms, should play this role. On this line, in the notochord-
presomitic mesoderm boundary, EphB/ephrinB signaling-
dependent myosin activity is responsible for the inhibition
of cadherin clustering, which results as well in tissue sep-
aration [26]. Eph/ephrin promotes cadherin shedding in one
context and inhibition of cadherin clustering in another. It
is an exciting idea to further explore the contribution of
these alternative mechanisms to hindbrain segmentation.

Regarding physical barriers, we previously explained
the role of actomyosin cables in different compartment
boundaries, including the rhombomeres. However, an
alternative mechanism has been proposed in the embryonic
intersomitic boundaries in zebrafish. Ephs and ephrins are
expressed in juxtaposed regions that distinguish the ante-
rior from the posterior portion of the same somite. The
interplay between Eph/ephrin signaling and ligand-inde-
pendent integrin clustering drives restriction of de novo
extracellular matrix production to somite boundaries,
generating a physical barrier made of extracellular matrix
deposition between the posterior territory of one somite
and the anterior domain of the following somite [93].
Although the complementary Eph/ephrin expression in the
somites reminds their expression in rhombomeres, it is
unlikely that fibronectin fences play a major role in keeping
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rhombomeric cells apart, since no contribution of fibro-
nectin matrix deposition or a5-activated integrin clustering
was observed in rhombomeric boundaries [18].

Eph/ephrin signaling cellular responses: searching
the effectors

Eph/ephrin signaling promotes the outlined cellular
responses through the activation of different molecular
effectors, which number increases every year. As an
example, to identify the phosphorylated molecules
downstream of forward- and reverse-signaling, Jgrgensen
et al. confronted EphB2- to ephrinB1-positive cells and
performed Quantitative Mass Spectrometry. They vali-
dated the relevance of the identified mediators by shRNA
phenotypical analysis, and provided a list of putative
candidates for mediating Eph/ephrin cellular responses
[94]. These in vitro approaches are very useful for dis-
covering novel mediators and confirming the previous
ones, but the functional relevance of putative candidates
or networks requires in vivo validation. In this respect, an
extensive bibliography supports the upregulation of small
GTPase family members such as RhoA, Racl or Cdc42
by Eph/ephrin signaling [83, 95]. Small GTPases regulate
the phosphorylation of Cofilin [96] or Rock [97] to pro-
mote actin remodeling and actomyosin
contraction (Fig. 2), which are essential mechanisms to
regulate cell protrusion dynamics during contact-depen-
dent cell repulsion. Likewise, either pharmacological
inhibition or genetic disruption of RhoA phenocopies the
defects observed by EphA4 downregulation in the acto-
myosin cable assembly and cell sorting in the hindbrain.
This points to RhoA as a downstream effector of Eph/
ephrin in this particular process [18].

It has been proposed that Eph/ephrin controls small
GTPases activity through the phosphorylation of GEF
proteins, such as Tiam1 [98], Vav [99] or Ephexin [100,
101]. In addition, other effectors are FAK and Paxillin,
which control cell migration and dendritic morphogenesis
downstream of Eph/ephrin [102-104]. However, o-chi-
merin GAP is activated by EphA4/ephrinB3 to
downregulate Racl during motor circuit formation in mice
[105]. These contradictory functions provide a nice
example of how challenging is to dissect Eph/ephrin sig-
naling, supporting the hypothesis that the cellular outcome
is cell context dependent.

In addition to their role on cell remodeling, Eph/ephrin
pathway is involved in regulating other cell behaviors such
as cell proliferation, cell differentiation and apoptosis. How
Eph/ephrin pathway signals to promote these additional
cell behaviors is not fully understood, but some reports
point to usual suspects such as the JAK/STAT [106], INK
[107], Ras/MAPK [108], or PI3K/Abl [109] signaling
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pathways. All these intracellular signaling complexes are
indeed good candidates for mediating some of the Eph/
ephrin signaling cellular outputs. It will be interesting to
further explore how cell remodeling is coupled to cell
proliferation/differentiation and the putative links between
distinct downstream effectors (see Fig. 2 for a compre-
hensive scheme on selected Eph/ephrin cell responses and
signaling effectors).

Revisiting the boundaries in the hindbrain: future
perspectives

The key challenge to rhombomeric boundaries we have
detected is cell division. Mitotic cells incurring into adja-
cent thombomeres are pushed back to their rhombomere of
origin, and functional experiments demonstrate that an
elastic actomyosin barrier is involved in keeping different
cell populations segregated. Actomyosin fibers are detected
only at the edge of Eph/ephrin contacts, suggesting a very
fine-tuning of these structures. As reported in other sys-
tems, in the hindbrain EphA4/ephrin may act through small
GTPases to increase cortical tension at the boundaries, as it
does for border sharpening [18]. It will be interesting to
determine whether RhoA is activated, and tension regu-
lated, downstream of forward- and/or reverse-signaling to
better allocate the actomyosin cable, as well as the need for
other downstream effectors. EphA4 is likely to interact
with ephrinB3 in the hindbrain, since morphants for
ephrinB3 display a closer phenotype to EphA4-morphants
than ephrinB2-morphants do, in terms of boundary cell
markers downregulation [68, 75]. However, since this
phenotype is restricted to a subset of rhombomeric
boundaries, unaffected boundaries remain sites of putative
interactions for other Eph/ephrin members ([82]; Calzolari
and Pujades, unpublished results); their putative role
should be explored to have the full Eph/ephrin scenario
within the hindbrain.

Regardless of the specific players, the picture that
emerges is the existence of a conserved strategy between
vertebrates and Drosophila to sort cells at compartment
boundaries, which is based on actomyosin-driven
mechanical forces. In the hindbrain, the assembly of
actomyosin fibers is downstream of EphA/ephrin signaling,
a crucial event to maintain rhombomere sharpening [18].
Accordingly, experiments affecting myosin II activity in
chick [110] and zebrafish [18, 72] alter morphological
constrictions in the hindbrain boundaries. To demonstrate
whether myosin II activation is sufficient to account for cell
segregation depending on Eph/ephrin signaling, the effect
of tension should be properly investigated. For this pur-
pose, new tools have to be generated to measure and
manipulate, in a tight spatiotemporal frame, actomyosin

cable integrity and cortical tension in a 3D-structure such
as the hindbrain. Moreover, this sharpening mechanism
might be a common strategy used for other boundaries
where Eph/ephrin signaling is also involved during devel-
opment, such as germ layers, gut or somites.

We hypothesize that mechanical barriers may act on top
of the cell adhesion/repulsion mechanisms to maintain
straight thombomeric boundaries, given that sharpness is
continuously challenged by cell division [18]. We favor a
model in which the synergy between differential cell
adhesion, which keeps cohesive rhombomeres, and tension
within the boundary cell layer provided by actomyosin
cables acting as an elastic mesh, impedes intermingling of
cells from adjacent rhombomeres.

Nevertheless, is it all a matter of tension? Although evi-
dences from other systems suggest contractility as the major
parameter regulated during tissue separation, other physical
principles could be involved. For example, Rohani et al. [25]
propose that tissue separation is driven by Eph/ephrin sig-
naling but resisted by cadherins. They found that the
differential strength between these two opposing forces
determined the outcome: increasing the expression of cad-
herins reduced the detachment, whereas decreasing their
expression increased it. The detachment requires myosin I,
given the inhibition of its function reduced tissue separation.
Thus, cell segregation is the result of multiple Eph/ephrin
interactions, as well as the strength of cadherins and the
robustness of myosin II contraction. Can a similar system be
operating in the hindbrain? As previously mentioned, the
main actors of this play are there: Eph/ephrin activity,
actomyosin cables and cadherins. The next challenge is to
understand how several molecular pathways present at
rhombomere boundaries, such as Eph/ephrin, Notch [59] or
Wnt [74], are integrated to generate local responses. Hope-
fully, the coming years will bring us enough technological
advancements to carefully address the intimate cross-talk
between adhesion, tension and cell signaling in the hindbrain
and other compartmentalized tissues.
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