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Abstract

During development, embryonic tissues are gradually patterned and they
eventually are committed to a specific fate. In vertebrates, the entire Central
Netrvous System (CNS) derives from the neural tube, a transient embryonic
structure that is regionalized along the anteroposterior (AP) axis in three
different brain vesicles and the spinal cord. The hindbrain, the posterior
brain vesicle, is the most evolutionary conserved and it will give rise to
important structures such as the cerebellum. The hindbrain itself is
transiently patterned along the AP axis in different metameric segments
called rhombomeres (r). This organization dictates the temporal and the
spatial development of structures that are formed in a repeated pattern, like
cranial nerves and reticular neurons. Rhombomeres are cell-lineage
compartments, divided by boundaries where cell mixing is restricted. A
specific combinatory of gene expression confers molecular identity to each
thombomere. Rhombomeric-restricted genes are progressively refined
during development transiting from jagged to sharp limits of expression,
therefore establishing molecular boundaries. After that, morphological
borders become visible and impede cell intermingling.

Up to date, it was still not clear which are the cellular and molecular
mechanisms responsible for boundary refinement and responsible of
rhombomeric cell segregation.

In this work we demonstrate that cell sorting is the main mechanism
responsible for refinement of molecular boundaries in the hindbrain. For
this, we performed 7n vivo cell tracking and fake-cell tracing analysis. We
show that once molecular boundaries are refined cell movement is restricted
between adjacent rhombomeres due to the formation of an actomyosin cable
in the cellular cortex of the cells at the boundary. Finally, we demonstrate

that this process is mediated by the Eph/Ephrin signaling pathway.



Resum

Durant el desenvolupament embrionari, els teixits s’especifiquen
gradualment fins a que adquireixen un desti final. En els vertebrats el Sistema
Nervids Central (SNC) deriva del tub neural, una estructura embrionaria
transitotia que esta tegionalitzada al llarg de l'eix anteropostetior (AP) en tres
diferents vesicules cetebrals i en la medul-la espinal. El romboencefal, la
vesicula cerebral posterior, és la més conservada evolutivament i donara lloc
a estructures importants com el cerebel. La part posterior del cervell esta
segmentada de manera transitoria al llarg de l'eix AP en diferents
compartiments anomenats rhombomeres (r). Aquesta organitzacid
segmentada determina el desenvolupament temporal i espacial de les
estructures que es formen en un patré repetit, com els nervis cranials i les
neurones reticulars. Els rombomers sén compartiments de llinatge cel-lular
separats per fronteres, que restringeixen la barreja de cél-lules dels diferents
compartiments. Una combinatoria genica especifica confereix identitat
molecular a cada rombomer. Aquests gens refinen progressivament el seu
limit de expressio, establint fronteres moleculars que prefiguren on es
formaran les fronteres morfologiques que impediran que les cel'lules es
barregin. Fins avui, encara no esta clar quins sén els mecanismes cellulars 1
moleculars responsables de refinament de les fronteres i de la segregacié
cel'lular.

En aquest treball es demostra que el cel-sorting és el principal mecanisme
responsable del refinament dels limits moleculars en el romboenceéfal. Per a
aix0, vam realitzar un seguiment de les cel'lules iz vivo 1 una analisi de les
seves trajectories. Hs demostra que el moviment cel-lular esta restringit entre
rombomeres adjacents un cop els limits moleculars han estat refinats, a causa
de la formaci6 d'un cable de actomiosina a la part apical de les cél-lules de la
frontera. Finalment, hem demostrat que aquest procés esta mediat per la via

de senyalitzacié Eph/Ephrin.






Preface

Identification of the mechanisms involved in patterning is fundamental in
developmental biology. We tried to answer to basic and historical questions
that are still attractive for their enormous impact. In this context, the
development of the Central Nervous System (CNS) is one of the most
fascinating field for its extraordinary sophistication that has an implication in
the complexity of the adult brain, in which the scientific community has still
a lot of work to do in its understanding.

Regionalization of territories is an intelligent way by which the Nature
separates cells and control better their behaviour. Earlier in the 70’s were
published the first evidences in this sense in fly (Garcia-Bellido and
Santamaria, 1972) and then it was shown that in different developmental
tissues this process occurs. In vertebrates appears immediately clear that it is
a fundamental process in correct formation of organs. Like in the hindbrain,
in which its particular transient segmentation converts it in a fantastic model
to work with.

In this work we decided to elucidate the process of hindbrain patterning
using zebrafish, which offers many more advantages compared to the
classical animal models and among them the possibility of 7z »ivo and genetic
studies. We combine classical ## vitro approaches with the most modern
advances in the confocal microscopy that nowadays allow us to observe what
happens inside every single cell during time. Only with this possibility we
could understand first cellular behaviours and then the molecular
mechanisms.

We were able to comprehend how the cells behave to form linear boundaries
in hindbrain segments, the mechanism involved in restriction maintenance
and finally how a special population is originated in the interface of these

segments.



During this work I could make a short stay in the laboratory of Nadine
Peyrieras (Gif-sur-Yvette, France) where I had the possibility to acquire a
valuable knowledge in 3D+time imaging. I performed several time-lapse
videos to visualize the behaviour of specific cell population in the hindbrain
and I could also work with specific software dedicated to the acquisition and
the treatment of data imaging.

Our results made step forward in the field of basic developmental biology
and confirm again that exists a link between gene regulation and the
biomechanics in morphogenetic processes and importantly that many more
mechanisms than expected are conserved between vertebrates and flies.

Part of this work is now in the process of second revision by an international
journal (see annex). At this very same time, we are performing other
experiments to be included with the last part of thesis and send it for
publication. The work was presented in different national and international
meetings: in the Buropean Zebrafish Meeting 2013, in the International
Zebrafish development meeting 2012, Barcelona Developmental Biology

Joint Retreat 2011, EMBO frontiers in sensory and Development 2011.
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INTRODUCTION






1. Patterning and regionalization during embryogenesis

1.1 Embryonic development

Embryonic development is the biological event by which a multicellular
organism is generated from a fertilized egg. This consists in a complex
temporal and spatial coordination of the following cell- and tissue- processes:

cell division, ¢

ell differentiation and growth, patterning, and morphogenesis.
Developmental processes are mutually influencing and controlling and finally
they generate organized structures, such functional tissues and organs in the

adult, from a group of multipotent embryonic cells.

During development, embryonic cells gradually acquire complexity and lose
potentiality of differentiation, passing through different states in which
eventually they are committed to a specific cellular fate. The genetic program
of development is established by a subgroup of genes named developmental
genetic toolkit (Carroll, 2005) conserved even from very evolutionary distant
species. Toolkit genes codify for both transcription factors that modulate the
expression of other genes, and for members of signaling pathways called
morphogenes. Those genes are fundamental for controlling the embryonic
patterning that represents the mechanism by which an homogeneous tissue
assumes complete multiple forms and functions; in other words, the ability

to generate differences in an undifferentiated territory.

The first patterning event is during the gastrulation period when, after
several events of morphogenesis and cell-migration in the developing
embryo, the body plan is established and the main axes are formed:
anteroposterior (AP), dorsoventral (DV), left-right (LR), and in triblastic
animals the three germ layers are generated (endoderm, mesoderm and
ectoderm). After gastrulation, organogenesis occurs and the definitive adult

structures are generated.



1.2. Mechanisms of patterning

Embryonic cells or tissues use different strategies to create patterns that can
be classified as i) cell autonomous mechanisms, ii) inductive mechanisms, or

1ii) morphogenetic mechanisms (Fig.1).
1.2.1 Cell autonomous mechanisms

In different organisms, the egg can contain proteins or mRNAs differentially
distributed that can result in an asymmetric heritance of the cells during
oogenesis. This strategy is used very often to generate differences among
cells in development and the best-studied case is D. melanogaster oocyte that is
patterned by the gonads that assembly the determinants in specific domains

(Langdon and Mullins, 2011).

An analogue case is when, later in development, embryonic cells transform
their internal polarity of transcripts or proteins in two daughter cells
containing different material. Asymmetric mitosis is found also in Drosophila
during neuroblast generation (Doe and Bowerman, 2001) and also in other
animal groups like nematodes (Bossinger and Cowan, 2012) and many others

(Freeman, 1976).
1.2.2 Inductive mechanisms

Cells can communicate to the neighboring tissues by the secretion of
diffusible or by membrane-bound molecules. In this mechanism class the
tissue.pattern changes as a direct consequence of cell-fate change after the
interpretation of the signals received. The territories that are able to instruct
the closest tissues -the embryonic organizers- are defined in different
organisms at the gastrula stage. In Xengpus for example, the organizer is
called the Nieuwkoop center, which sends signals that induce the formation

of the mesoendoderm (Joubin and Stern, 2001).
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Figure 1. Schematic representation of basic developmental mechanisms.
Division of an heterogeneous egg: different shedding of the egg represents
distribution of different molecules inherited by different blastomeres. Asymmetric
mitosis: determinants differentially localized in the mother cell result in different
daughter cells. Hierarchic induction: inducing cells affect neighboring cells.
Emergent induction: inducing cells affect neighboring cells, which signal back.
Directed mitosis: organization of mitotic spindle orientation affects tissue growth.
Differential growth: tissue shape is altered by different rates of cell division.
Apoptosis: new patterns are created by apoptosis of specific cells. Migration: cells
can migrate to a new position. From Salazar-Ciudad et al., 2003.

a)Hierarchic mechanism

Generally the organizer acts in a hierarchic mechanism (Salazar-Ciudad et
al., 2000) in which it sends the inductive stimulus and the receiving cells
cither only receive it or either respond back, but in such a way that the back-
signal does not affect the capacity of the first territory to maintain the signal.

This is the classical way as the organizer works.

The organizer can establish a morphogen-gradient that can influence the
closest tissues respecting the French Flag model (Fig.2a): a scenario in which
a gradient of secreted signal causes a concentration-dependent activation of

target genes in non-overlapping domains across a field of initially



undifferentiated cells, and this can create different or periodic patterns. In

this context the receiving cells interpret positional identity information.

b) Emergent mechanism

Another case is the emergent genetic mechanism in which receiving cells
or territories the back-signal is itself an inductive stimulus, and affects the
first signaling territory in a way that there is a mutual induction upon cell

contact (Salazar-Ciudad et al., 2000).

One example is the reaction-diffusion model proposed by Turing in 1952
(Fig.2b), in which dynamic interactions between activator and inhibitor
molecules in an initial uniform tissue can result in the generation of periodic
patterns. This relevance has been recently demonstrated for the digit
patterning in limb development and probably in other systems (Marcon and

Sharpe, 2012).

The Notch-Delta system represents the best known example of cell-to-cell
reciprocal communication: involved in the so-called processes of lateral

inhibition and lateral induction (Artavanis-Tsakonas et al., 1999).

1.2.3 Morphogenetic mechanisms

Different cellular processes can be involved in patterning the tissue rather
than in signaling; these mechanisms change the relative arrangement of the

cells in the space.

Directed mitosis refers to the capability of modifying and to orientate in
the same way the mitotic spindle in order to force cells to position at specific
place. This strategy is used during neuroblast generation in the fruitfly
(Sousa-Nunes and Somers, 2013) where asymmetric mitosis determine which
cell will be a neuroblast but then its position is controlled by this
morphogenetic mechanism. The first divisions of C. elgans are also governed

by this mechanism (Sawa, 2012).



Another strategy is differential growth, where cells with different fate
divide at different rates, such in the formation of long bones in vertebrates

(Sandell and Adler, 1999).

Apoptosis of specific cells in developing tissues after interaction of
surrounding cells is responsible of the generation of patterns in different
systems: development of neural circuitry (Kuan et al., 2000), generation of
the digits in limb development (Chen and Zhao, 1998) or the correct

formation of outflow tract and valves of the heart (Poelmann et al., 2000).

Finally cells can change their relative position without changing their fate by
migration. This can be driven by: chemokinesis, speed random movement,
chemotaxis, and directional migration in response to chemical gradients or
haptotaxis insoluble substrate gradients. For example, neural crest cells are a
migratory population that responds to chemotactic stimuli (Erickson,

1988;Kubota and Ito, 2000).

Collective migration is the more interesting mechanism of this category.
This mode differs from single cell migration in that cells remain connected as
they move, which results in migrating cohorts and varying degrees of tissue
organization. Collective migration of cohesive groups of cells is particularly
common during embryogenesis and drives the formation of many complex
tissues and organs such as: the migration of the primordium of the lateral
line in zebrafish (reviewed in(Lecaudey et al, 2008), during epiboly in
zebrafish (Lepage and Bruce, 2010), and for trachea branching in fruitfly
(Affolter and Caussinus, 2008).
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Figure 2. Positional information and Turing model. a) Wolpert French flag
model. Six different thresholds of a unique morphogene-concentration gradient
settle the boundary of a periodic fate (blue cells). b) Turing pattern generated by the
interaction of diffusible molecules. On the left, Activator (A) promotes itself and
activates its own inhibitor (I). In the space a periodic pattern is established where A
and I are in phase. On the right A auto-activates itself and consumes its own
substrate (S) that in turn activates A. In the space a periodic pattern is established
where A and I are out of phase. From Marcon and Sharpe, 2012.

1.3 The concept of segmentation

In different embryonic territories a tissue is divided in repeated sequences of
the same unit along one body axis; this is a strategy adopted by the organism
to create very similar structures but displaying small differences that are

reflected in the anatomy of the adult (Fig.3).

Each segment or compartment is morphologically distinguishable, defined
by a combinatory of genes that confers an identity to the cells of the same
segment, and they are separated by boundaries that prevent cell
intermingling. Segmental organization was initially described in the
embryonic ectoderm of Drosophila melanogaster (Akam, 1987), where the
embryo is regionalized along the AP axis in several segments that will

generate different structures of the head, thorax and abdomen.

In vertebrates two embryonic territories are segmented: the hindbrain and
the somites. It is still controversial if the anterior vesicle of the brain -the
forebrain- is segmented during development (Larsen et al., 2001; Puelles and

Rubenstein, 2003; Shimamura et al., 1995).



The ability to maintain cells segregated and create borders between them is a
key process in development and it has been extensively studied; in particular,
the hindbrain represents a perfect vertebrate system for this purpose. In this
sense extensive effort has been spent to understand the signaling pathways
and transcription factors involved in regional organization of embryonic

tissues.
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Figure 3. Representation of compartments in developing D. melanogaster
and in the vertebrate embryo. Red and blue are used to illustrate the
compartments. A) Diagram of fruitfly embryo during stages 8-11; B) and C) larval
imaginal discs. D) Adult frutifly. E) Mouse embryo at 12.5 days post coitum (dpc)
showing developing brain and somites. F) Boundaries of the neural tube: ctx, cortex;
dt, dorsal thalamus; mid, midbrain; r1—16, hindbrain segment thombomeres 1-6; st,
striatum; vt, ventral thalamus; zli, zona limitans intrathalamica. G) Adult mouse
brain. The forebrain gives rise to the two anterior lobes and the cortex. Next lobe is
the cerebellum. The last structure at the base is the hindbrain, where rthombomeric
segmentation is lost in the adulthood. H) Presomitic mesoderm of extending
embryo. Solid colors ate formed somites, divided by C|R, and the dotted patterns
are cells with emerging identities. I) The architecture of the axial skeleton of the
mouse. Caudal somite forms ossified bone of the vertebral body and pedicle, rostral
somite forms the spinous process. From Dahmann et al., 2011.
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1.4 Zebrafish as a model system to study developmental biology

Since 20 years a new animal model is acquiring popularity in the scientific
community: the zebrafish (Danio rerio). The zebrafish is a small tropical fish
that lives in rivers of northern India and Pakistan, Nepal and Bhutan. Its
name is given by the characteristic stripes all along the body and the fins.
Adult zebrafish measures 4-5 cm in length. Sexual maturity is enriched at 3-4
months and adult pair can generate 200 eggs per week in a single day.
Zebrafish embryos are transparent and embryonic development is
completely external and rapid: at 24 hours post fertilization (hpf) all the
major organs are formed and at 3 days post fertilization (dpf) the fish

hatches and it starts to swim.

In the last ten years several transgenic fish lines expressing fluorescent
reporter proteins or functional genes have been reported and also a large
number of gene-mutants has been isolated and characterized. Zebrafish
shares with humans similar physiology, organs and also the 70% of the
genome that is completely sequenced. The easy manipulation of the embryos
gives the possibility of mRNAs or plasmidic DNAs injections for gain-of-
function experiments, or injection of morpholinos for knock-down of target

genes.

Finally, zebratfish is becoming famous in drug discovery as pre-clinical model
system for High-Content-Screening (HCS) tests. The reduced dimensions of
embryos and larvae and its rapid development enables this model to fill the
gap between 7 vitro cell culture test, relatively cheap but with limitation in
terms of scientific relevance, and 7z vivo studies with murine models, much
more effective but very expensive (Parng et al., 2004; Terriente et al., 2012;

Terriente and Pujades, 2013).



2. The hindbrain as a model system for studying

segmentation

2.1 Neurulation process in teleost is different compared with amniotes

After gastrulation in vertebrates, in the antetior part of the embryo, signals
from surrounding tissues induce the ectoderm to thicken and then to form
the neural plate, that after folding it will form the neural tube, the
primordium of the Central Nervous System (CNS) This process is called
“primary neurulation”, different, from the “secondary neurulation” in the

osterior part where an epithelial tube is formed by mesenchimal cell
p p p Y

population that condenses to form a solid rod.

In amniotes the neural plate organizes as a single cell layered epithelium, then
two neural folds are formed at the lateral extreme of it, they elevate and
converge to the midline and the neural plate invaginates inside. A free space
in the center of the forming tube, called neural groove, is generating by the
initial elevation of the neural plate (Clarke, 2009; Lowery and Sive, 2004)
(Fig.4B).

In teleost this process occurs in a different way, because the epithelialization
of the cells occurs during neurulation, such as the neural plate cavitates
rather than invaginates and the apical lumen is formed after the complete
tube is formed. The neural plate generates a solid neural keel and later neural
rod while the cells suffer a global rearrangement and once they are

completely epithelialized they create the lumen (Fig.4A).

Neural plate cells converge to the midline where they complete a
mediolaterally-oriented cell division, the so-called crossing or C-division.
One daughter cell is deposited on the left hand side of the neural keel or rod
and the other daughter cell on the right hand side. The daughter cell that
stays on its side of origin is always the one closest to its ipsilateral basal

surface and the crossing daughter is always the one closest to the midline.



Once C-division is formed the daughter cells progressively separate and form

a lumen (Tawk et al., 2007).

2. Columnarization 3. Neural keel formation 4. Neural rod formation

Figure 4. The neural tube is formed by two different mechanisms in teleost
and amniotes. A) In teleost an initial epithelium columnarizes to form the neural
plate, which then forms a solid neural keel and a tube. The midline of the tube
becomes distinct and a lumen opens from ventral to dorsal. The relative position of
neural plate cells is maintained during neural tube formation (red and green cells). B)
During primary neurulation in amniotes the neural tube is formed by
columnarization of an existing epithelium that rolls and folds. The cavitation is
formed during the closure of the tube. Modified form Lowery and Sive, 2004.

2.2 Anatomy of the hindbrain

During the process of neurulation the neural tube is regionalized in three
different brain vesicles along the AP axis: forebrain, midbrain and hindbrain,

and the spinal cord that it develops as a narrow tube.

The forebrain will give rise to telencephalon and diencephalon, the midbrain
to the mesencephalon and the hindbrain to the metencephalon and the
myelencephalon. The metencephalon will form the cerebellum, and the

myelencephalon will give rise to the pons and the medulla oblongata (Fig.5).

The neurons located in the cerebellum generate nerve centers responsible for
pain relay to the head and neck, auditory connections, balance control,
tongue, neck and eye movement, as well as breathing, gastrointestinal and
heart rate control. The cerebellum is an ancient component of the vertebrate
brain and its functions derive on it evolutionarily conserved structure and
circuitry. A reminiscent of cerebellar structure is found in cartilaginous fist
although it differs from the teleost cerebellum (Altman and Bayer, 1997,
Butler, 2005; Nieuwenhuys, 1967).
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The medulla oblongata is responsible for regulating several basic functions
of the autonomic nervous system such as respiration and heartbeat, and
contains the so called “bulbar reflexes” (vomiting, coughing, sneezing, and

swallowing).

The pons function deals primarily with sleep, respiration, swallowing,
bladder control, hearing, equilibrium, taste, eye movement, facial

expressions, facial sensation, and posture.

pons (metencephalon)

Cerebellum (metencephalon)

medula oblungata (myelencefaphalum)

spinal cord

sagittal view dorsal view

Figure 5: Encephalic trunk of an adult brain. On the left, sagittal view and on
the right, dorsal view of an adult human brain. The derived structures from the three
brain vesicles are colored in: yellow for forebrain, red and orange for midbrain and
blue and green for hindbrain and spinal cord. Pons, cerebellum, medula oblongata
and spinal cord are indicated, Adapted from Adult derivatives of the Forebrain,
Midbrain and Hindbrain. Elsevier.

2.3 Patterning the hindbrain: the generation of rhombomeres

The hindbrain is segmented along the AP axis in a sequence of 7-8
metameric structures called rhombomeres, visible like a series of bulges in
the neuroepithelium (Fig.6). That process is responsible of the juxtaposition
of cranial nerves exit points, the correct differentiation of neuronal types, the
right migratory stream of neural crest cells and ultimately for the formation
of the mature adult structure (Lumsden and Keynes, 1989; Lumsden and

Guthtie, 1991 ;Sechrist et al., 1993; Trainor and Krumlauf, 2001).
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The segmentation dictates the timing of neuronal differentiation, which is
delayed in the odd-rhombomeres, and also its spatial organization: clusters of
neurons are present only at the center of the thombomeres and in the para-
boundary territories generating a stereotypic neuronal distribution.
Rhombomeric patterning generates the so-called two-segment repeats: one

odd- and one even-rhombomere form a unit repeated three times (Fig.0).

The exit points of the motor system ate present only in the odd-
rhombomeres and the neurons born in the even-rhombomeres project their
axons to the exit point of the anterior adjacent thombomere; in this way the
motor nerves are formed in 12 (mV), r4 (mVII) and r6 (mIX) (Lumsden and

Keynes, 1989).

Neural cell crest cells (NCCs) of odd- and closest even-rhombomere follow
the migratory stream in the same pattern: from r1-2 to branchial arch (BA) 1
(BA1), from r4 to BA2 and from 16-7 to BA3. Rhombomere 3 does not
contribute to neural crest at all, and from r5 some NCCs start to migrate and
they stop in the posterior-lateral periotic mesenchyme, so they do not follow

to the branchial arch (Kulesa et al., 2004; Sechrist et al., 1993).

The hindbrain is also patterned along the DV axis giving rise to different
neuronal types according to their position of origin (reviwed in Cordes,
2001). All the motor cranial nerves are contained in the dorsal domain and
they are subdivided in three classes, according to their final target: visceral
motor nuclei (vin) that innervate parasympathetic ganglia associated with
lachrymal and salivary glands, or the neuronal plexus that innervates smooth
muscles; somatic motor nuclei (sm) innervating the paraxial and prechordal
mesoderm derived-muscles, and branchial motor nuclei (bm) that innervate

the muscles in the branchial arches.

The branchiomotor, visceromotor and vestibuloacoustic axons converge on
communal exit points in the dorsal domain, while somatic motor neurons

leave the neural tube ventrally in small clusters. The ventral part of the
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hindbrain is formed by the sensory components of the individual cranial
ganglia developed from sensory placodes or derived from neural crest cells.
The cell bodies of sensory neurons are positioned outside the neural tube

and they project their axons to the brainstem.

A part of sensory and motor neurons the hindbrain is composed also by a
population of interneurons, the reticular neurons that are involved in
modulation of pain sensation, arousal and rhythmic breathing. They can be
classified in 8 different subpopulations depending on their axonal trajectories

(Cordes, 2001).
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Figure 6. Representation of a chick hindbrain segmentation in a dorsal view.
On the right, the formation of motor nuclei (blue) and the exit points of their
efferent nerves from rhombomeres 2, 4, 6 and 7. The trigeminal (mV), facial (mVIII)
and glossophatryngeal cranial (mIX) nerves project into the first (b1) second (b2) and
third (b3) branchial arches (BA). The vagus nerve (mX) innervates a large part of the
body. Green arrows represent neural crest cells stream from corresponding
rhombomeres migrating to the branchial arches. On the left, the otic vesicle (ov) and
the position of the cranial sensory ganglia (gV and gVII-gXI) are indicated, and the
segmental expression of Hox genes in color-coded. FP: floor plate, mVI, mXII:
somatic motor neurons. From Kiecker and Lumsden, 2005.

2.4 Cell lineage restriction of rhombomeric cells

Pioneering work in the chick hindbrain, involving labeling of neuroepithelial
cells with a lipophilic dye, identified cell lineage restriction boundaries at the
borders between rhombomeres (Fraser et al., 1990), demonstrating that
rthombomeres are compartments of cell-lineage (Fig.7). They performed
single-cell labeling before and after the appearance of morphological
boundaries and showed that the labeled clones were completely restricted to
a given rhombomere when the single-cell labeling was done after the
appearance of morphological barriers, but surprisingly labeled clones were
also confined to a specific thombomere before the appearance of the
boundaries. They speculated that, a part of the barrier generating the
morphological boundaries an alternative mechanism for cell restriction had

to be present.
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Single neuroepithelial cells labeled at early and late stages and the labeled clones mapped at 2 days

Early stage labeling Pattern of clones Late stage labeling
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Figure 7. Cell lineage restriction of rhombomeric cells. At the center,
representation of a dorsal view of the hindbrain after removal of the roof plate. In
the left side of the neural tube, clones generated from single cells marked before the
appearance of thombomeric boundaries (5ss). Red clones do not respect boundaries;
orange clones are present in two adjacent rhombomeres. On the right, blue clones
generated from single cells traced after morphological boundaries are formed. All
clones respect rhombomeric boundaries. Adapted from (Fraser et al., 1990).

Those results were confirmed more recently using genetic-cell tracing
(Jimenez-Guti et al., 2010). The strategy was based on the use of knock-in
alleles of ubiquitous expression that allowed unrestricted clonal analysis of
cell lineage from the two-cell stage to the adult mouse. Combining this
analysis with statistical and mathematical tools they showed that there was
lineage compartmentalization along the anteropostetior axis from very early
stages of mouse embryonic development. (E5.5), indicating that patterning
along this axis might involve restrictions of cell dispersion at specific axial
positions; probably a cell autonomous mechanism participate to maintain

cells separated.
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2.5 Boundary refinement leads to correct thombomere formation

The expression limits of the transcription factors and some of their
downstream targets are initially diffuse, but eventually sharpen and prefigure
the positions of rhombomeric boundaries. A rhombomere boundary can
initially be considered as the interface between adjacent segments; however, a
“boundary zone”, displaying specific cell types, cell behaviors, histology and
gene expression, subsequently develops at particular interfaces between
segments (Cooke et al., 2005; Pasini and Wilkinson, 2002). Over the same
period, morphological boundaries appear, followed by the expression of
boundary-specific markers. How this gradual sharpening of gene-expression
occurs, and how boundaries are subsequently maintained, are important

questions to our understanding of developmental regionalization.

Sharpening of molecular boundaties can occur mainly by two mechanisms:
cells on the "wrong" side of a boundaty can switch their identity to that of
their neighbors (cell plasticity), or they can move across it by a cell-adhesion

based mechanism (cell-sorting) (Cooke and Moens, 2002) (Fig.8).

Cell plasticity

At the beginning of segmentation rhombomeric cells with an initial fate that
are located in the boundaries and surrounded by cells of another identity, are
able to change their fate due to the contact with the new environment.
Several lines of evidence suggest that cell plasticity —the ability of a cell to
modulate its segment identity in response to its surroundings- may also play
a role. Transplantation or functional experiments have shown that individual
cells can readily change their AP identity after transplantation to a different
rhombomere (Giudicelli et al., 2001; Schilling and Knight, 2001; Trainor and
Krumlauf, 2001; Zhang et al, 2012). In this context the cells stop the
expression of one rhombomeric genetic program and switch on another one.
This model implies that cells are not fully committed during segmentation

and they can change according to their position, via cell-cell interaction or
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local signal stimulus. What is the signaling process that drives cells in the

wrong segment to change their identity remains to be determined.

‘ 3 Cell plasticity .

Cell sorting

Figure 8. The two proposed models for thombomeric boundary refinement. In
situ hybridization for &rox20 before boundary refinement at Iss in A), or after at
10ss F), and their windowed parts are schematically represented in B) and E),
respectively. Dark violet cells are 13 cells and white cells are 12 cells. C) Cell
plasticity, cells of an initial fate influenced by the surrounding territory change their
identity: white-r2 cells acquire 13 character and activate £7x20 transcript; dark-violet-
3 cells down-regulate £7x20 gene, both are colored as light violet cells. D) Cell
sorting model: cells of specific identity are excluded from the wrong territory and
move to the rhombomere where they belong (black arrows). Both models result in a
sharped border of rhombomeric-restricted gene expression.

Cell sorting

The other mechanism proposed is based on the cell sorting of thombomeric
cells, meaning that those same cells have the capability to sort out from the
territory within cells of another fate. This model involves different cell
repulsion/affinity between cells. Eph receptors and their Ephrin ligands are
expressed in complementary rhombomere-restricted domains in the

hindbrain and interactions between Eph- and Ephrin-expressing cells cause a
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repulsive response that is thought to drive cell sorting (Mellitzer et al., 1999;
Xu et al., 1999). However, recent results have demonstrated that the main
role of EphA4 and EphrinB2 is to promote cell adhesion within the
rhombomeres where they are expressed, since cells lacking either protein sort
out from cells that express them in mosaic embryos (Cooke et al., 2005;
Kemp et al.,, 2008). How the distinct adhesive and repulsive functions of the
Eph/Ephrin system separately contribute to boundary formation is still

unknown.

Eph receptors comprise two protein families: EphA and EphB, based on
sequence homology and they respectively bind EphrinsA and EphrinsB.
Ephrins are transmembrane or GPI-membrane bound ligands, thus

Eph/Ephrins signaling requites cell-to-cell interaction.

The EphA receptors bind specifically to Ephrin-A ligands while the EphB
receptors bind to Ephrin-B ligands. The only known exception is EphA4
that binds Ephrin-B as well as EphrinA ligands (Cooke et al., 2001).

In the hindbrain EphA4 is expressed in 3 and 5, EphB4a is expressed 12, £3,
5 and 16, while EphrinB3 is expressed in 12, r4, 16 and Ef#B2 is expressed in
rl, 4, 7 (Xu et al., 2000). As seen in Figure 10, the interface between and
odd- and even-rhombomeres coincides within the limit of expression of an
Eph/Ephrtin pair (Fig.9).

M 2 @ 4 15

EphA4
EphB

enB3J|
elnB2a ﬁ
Figure 9. Expression profile of Eph/Ephrin molecules in the hindbrain.
Domains of expression of Eph receptors (EphA4 and EphB4a) that bind Ephrin-B
types (EphrinB3 and EphrinB2a) in the zebafish hindbrain. Rhombomere boundary

is generated at the interface of at least one Eph/Ephrin pait, indicated on the right.
From (Cooke et al., 2005).
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The role for Eph/Ephrin in boundary formation was initially discovered in
in vitro assays (Mellitzer et al., 1999; Wizenmann and Lumsden, 1997). Cells
of different rhombomeric source (odd- and even-origin) were labeled and
mixed in culture, and after a period of incubation even-rhombomeric cells

were completely separated from odd-identity ones.

Experiments in zebrafish embryos demonstrated that overexpression of
Efnb2 in t3 and t5 causes sorting of these cells to the boundaries (Xu et al.,
1999). Moreover, loss-of-function of EphA4 and Efnb2A by morpholinos
injection results in unshaped boundaries, incorrect neuronal patterning and
loss of boundary cells (Cooke et al., 2005). Cell transplantation experiments
showed that EphA4 main role is maintaining the adhesion properties of 13
and 15 (Cooke et al., 2005). Finally, Efnb2A and EphA4 are as well involved
in the organization of the neural keel cells during cross-midline cell divisions

(Kemp et al., 2009).
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3. Genes and morphogenes patterning the AP axis

The segmented rhombomeric structure is the result of gradual patterning. In
the neural plate morphogenes released from signaling centers, present in the
surrounding tissue and within the neural plate, intervene to instruct the
future hindbrain via the activation of specific hindbrain regulatory networks.
There is not a restrict hierarchy of functions in this process but it is the

mixture of multiple signals that I will try to summarize in this this part.

3.1 Retinoic Acid (RA) is responsible for the initiation of the patterning

Retinoic acid is classical morphogen acting in different cell types and tissues
during embryonic development. The source of this morphogen are the
tissues expressing the synthetizing enzyme Raldh7-4 that is released it in the
surrounding territories (Duester et al., 2003;Dupe et al., 2003;McCaffery et
al., 1991;Niederreither et al., 1997); to counteract that synthesis, members of
the RA degradation-Cyp26 family are expressed in the regions where RA

activity has to be inhibited.

Raldh2 is present at somitic stage in the presomitic mesoderm flanking the
hindbrain and in the most anterior somites but absent in most caudal region
of the embryo; then the Ra/dh2-expressing tissue regresses caudally in the
extending vertebrate body axis generating a RA-rostrocaudal dynamic
gradient (Begemann et al., 2001;Berggren et al,, 1999;Niederreither et al.,
1997). Before segmentation all the hindbrain is exposed to that gradient, and
as development proceeds only the caudal part is under the influence of RA

(Figs.10,12).

In zebrafish a combination of modeling and experimental approaches
showed the role of RA gradient during hindbrain development. Implantation
of RA-coated beads and cell transplantation in RA-deficient zebrafish
embryos demonstrated that RA transmits positional information even at

long-range distance (White et al., 2007). It was shown in this work that RA
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and FGF synergize to generate a robust patterning, controlling the

expression of Cyp26al expression.

Excess to retinoid exposure, before or during neurulation, leads to
teratogenic changes in the hindbrain, such as the shortening of the pre-otic
region of the hindbrain in the fetus (Morriss, 1972). Similar effects of
retinoid exposure, with an apparent loss of the pre-otic hindbrain, were
observed in mouse (Morriss-Kay et al., 1991), in Xengpus (Durston et al.,
1989;Papalopulu et al., 1991) and zebrafish embryos (Holder and Hill, 1991).
Retinoid deficiency has the opposite teratogenic effects: in vitamin A
deficient (VAD) animal models the posterior hindbrain is anteriorized, but
the anterior hindbrain appears normal (Dersch and Zile, 1993;Thompson et
al, 1969).Cyp26 genes are expressed in the anterior hindbrain during
development, where they are normally required for patterning. Their
depletion causes a posteriorization of the hindbrain, and their overexpression
is responsible of the opposite effect (de Roos et al.,, 1999;Hollemann et al.,
1998). Thus, the teratogenic effects of retinoid excess and deficiency seem to
be complementary in the hindbrain, targeting predominantly anterior (r1—4)

and posterior (r4—8) territories, respectively.
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Figure 10. FGFs and RAs gradients in the hindbrain. Models showing the RA
gradient (ted), cross-inhibition and auto-activation of Krox20 and Hoxal/b1 at
boundaries of 13 and 5. This influences the FGF signaling (green), initially from a

postetior source and later from r4, and together with Spry4-mediated negative
feedback, on Krox20 induction. From Schilling et al., 2012.

3.2 Fibroblast Growth Factors (FGFs) signaling in the hindbrain

Fibroblast growth factors (FGFs) are another important signaling pathway

during hindbrain development.

The principal source of FGFs that instruct the anterior part of hindbrain (r1)
is the IsO. The IsO secretes different FGF members (FGF8, FGF17,
FGF18) and in particular FGF8 is considered the principal molecule exerting
patterning functions (Raible and Brand, 2004). When implanted in rostral
mesencephalon or diencephalon embryos FGF-8 coated beads can mimic
isthmus effects, by inducing IsO-related genes and generating cerebellar
structures (Crossley et al., 1996;Shamim and Mason, 1999). Partial effects are

generated when FGF-beads are implanted in the myelencephalon, they can
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activate En2 and Pax2 related genes but not induce the formation of ectopic

structures.

In chick and mouse FGF3 acts alone to instruct the surrounding territory
(Lombardo et al., 1998; McKay et al., 1996) and it is dynamically expressed
(Mahmood et al., 1995), in chick is initially expressed in pr4-5 (HH9) until
the first boundaries are visible (HH15) then it fades in 14 and it is maintained
in r5-6; at the same time is started to be expressed in interhombomeric
boundaries and once the hindbrain is completely segmented it is maintained

in 16 and in all boundaries.

In zebrafish, r4 represents a source of FGFs, since Fgf3 and Fgf§ start to be
expressed in pr-r4 at the presomitic stage (Maves et al., 2002) and they are
maintained until rhombomeric boundaries are visible. Fgf3 and Fgf8 pattern
the posterior hindbrain and they are involved in inducing and patterning the
otic placode (Abello et al., 2010; Kwak et al., 2002; Lecaudey et al., 2007;
Leger and Brand, 2002; Maves et al., 2002; Walshe et al., 2002) (Fig.10).

Depletion of only one of the Fgf members, analyzing Fgf3 morphant or ace
mutant (Fgf& hypomorph mutant), does not alter normal hindbrain
development; however when both are affected, by co-injection of Fgf3 and
Fgf8 morpholinos or injection of Fgf3 morpholino in ace mutants, showed
defects in rthomboencephalon pattering (Maves et al., 2002). Gain- and loss-
of-function approaches for g3 and Fgf§ showed requirement of Fgf8 for
expression of Er and Pea3, two ETS domain transcription factors that are

direct targets of the activity of the FGF pathway (Raible and Brand, 2001).

FGFs are required to specify rhombomeres close to r4, in particular 15 and
r6 and also for correct neural development, since their overexpression
induces ectopic Krox20 and val/ Kreisler (Marin and Charnay, 2000; Maves et
al., 2002) and indirectly induce Hox genes (Aragon et al., 2005; Aragon and
Pujades, 2009).
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During development of the hindbrain FGFs activity is progressively
restricted to stripes at the centers of the rhombomeres, where it becomes
necessary for neural specification of oligodendrocyte progenitors and
astroglia through the regulation of Sox9, a gliogenic transcription factor the
function of which we show to be conserved in the zebrafish hindbrain

(Esain et al., 2010) (Fig.10).

3.3 Anteroposterior identity is given by Hox genes

Hox proteins are helix-loop-helix transcription factors encoded by related
Hox family genes organized in different chromosomic clusters. Hox genes
regulate the specification of AP positional cell identity in different species
during embryonic development (Krumlauf, 1994;McGinnis and Krumlauf,
1992).

Their regulation respect the so-called spatial and temporal colinearity: the
position of the Hox gene within the cluster correlates with the time and the
domain of expression in the embryo (Duboule and Dolle, 1989); posterior
compartments express more Hox genes compared to the anterior ones and

that different combination confers AP identity.

In the hindbrain the AP borders of Hox gene expression are tightly linked to
rhombomeric segments (Figs.11-12) (Keynes and Krumlauf, 1994; Lumsden
and Krumlauf, 1996; Maconochie et al., 1996). Hox genes within a given
paralogous group (PG) generally have the same boundaries of gene
expression. Thus, members from Hox groups 2, 3, and 4 have anterior

borders that map to the 12/13, t4/15, and 16/17 boundaties, respectively.

Loss-of-function of Hox genes in vertebrates leads to partial homeotic
transformations of the hindbrain, and gain-of-function leads to the opposite
effect, thus the caudalization of anterior rhombomeres (Barrow and
Capecchi, 1996; Bell et al, 1999; Carpenter et al, 1993; Chisaka and
Capecchi, 1991; Chisaka et al., 1992; Gavalas et al., 1997; Gendron-Maguire
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et al., 1993; Goddard et al., 1996; Rijli et al., 1993; Studer et al., 1998). These
partial effects compared with fully homeotic changes in Drosophila mutants
can be explained by the redundancy of Hox genes of the same paralogous

group expressed in the same thombomere.

Several evidences demonstrated that the initiation of Hox expression implies
the RA and FGFs pathways. In support to that, regulatory studies indicate
that RA directly activates some Hox genes: Hoxal, Hoxb1, Hoxa4, Hoxb4,
and Hoxd4 genes though the RA-Response Elements (RARESs) located in the
regulatory regions of the Hox genes (Marshall et al., 1994;Packer et al., 1998;
Studer et al., 1998; Zhang et al., 2000).

Hox transcription factors interact always with the TALE superfamily
cofactors to regulate gene expression. This family include: i) the MEIS
subfamily to which belong Meis and Prep in vertebrates, and Hzb in
Drosophila (Kurant et al., 1998; Moskow et al., 1995; Rieckhof et al., 1997);
and i) Drosophila Exd and vertebrate Pbx7-4, members of the polycomb
superfamily (Monica et al., 1991; Poppertl et al., 2000).
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Figure 11. Segmental gene expression in the hindbrain. Rhombomeric
boundaries are represented on the top. The shading of the rectangles represents the
relative levels of gene expression at 9dpc mouse embryo. Absence of shedding
indicates that expression is transient in that region and by this stage it has been
down-regulated. On the right the list of the genes segmentally expressed grouped by
families or by function. Modified from (Schneider-Maunoury et al., 1998).

3.4 Other transcription factor involved in hindbrain segmentation

3.4.1 vHufl confers caudal character to the hindbrain

vHunfl (variant hepatocyte nuclear factor is a homeodomain transcription
factor transiently expressed in the caudal hindbrain (Aragon et al., 2005)
(Figs.11-12). In the zebrafish, FGF and RA signalling activate the expression
of vHunf! in the presumptive t5 and r6 (Hernandez et al., 2004), through the
RARE elements located in the fourth intron of »Huf7 gene (Pouilhe et al.,
2007).
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Gain-of-function of vHnf! results in activation of t5-r6 specific genes by
repressing r4 genes (Aragon et al., 2005; Wiellette and Sive, 2003) and this is
done directly through FGF3 MAPK signalling (Aragon and Pujades, 2009).
Conversely, depletion of »Hnufl results in postetior expansion of hoxb1
whereas &rnx20 expression is reduced in 15, and expression of Kresler
(valentino) in r5 and 16 is abolished (Sun and Hopkins, 2001). Experiments
made in mouse have shown that #»Hzuf7 regulates expression in r5 and r6 by
directly binding to the Kreisler gene and two Kreisler-binding sites are
responsible of the #Hnf! expression in r5 and 16, demonstrating that a direct

positive feedback is formed by Kreisler and vHuf? (Kim et al., 2005).

vHnf1 is involved as well in the establishment of the r4/t5 boundary. £4/t5
boundary is positioned by the complementary expression of two homeobox
genes that converge at a common border that is the prospective t4/15
boundary: a member of the Iroguois (Irx) gene family is expressed antetior to
t4/15 boundary while »Hnf1 is expressed postetiotly. In zebrafish, the t4/15
boundary forms at the interface between the expression territories of irx7/
rostrally and #hnf! caudally. Functional experiments demonstrated that these
two transcription factors position the boundary by mutual repression
(Lecaudey et al., 2004). In mice, the #»Hxuf! function is conserved but Irx3 is
the Irx gene involved in the establishment of the r4/r5 boundary, and »Hunf1-
/- mutants display a posterior expansion of Irx3 (Sitbu et al., 2005). Irx/ Hnf1
gene pair responsible for r4/r5 boundaty formation was evolutionary
conserved in vertebrates, since IrxA is expressed in the anterior hindbrain
from r1-r4, and hnfl is expressed in the posterior hindbrain, in an identical

manner to that seen in other vertebrates (Jimenez-Guri and Pujades, 2011).
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3.4.2 MafB/ Kreisler specifies t5-1r6

MafB/Kreisler is a member of the MAF leucine zippet-containing
transcriptional factors (Kataoka et al., 1994) and its orthologue in zebrafish is
called valentino (Val) (Moens et al., 1996). MafB/Kreisler is eatly expressed in
the prospective r5-r6 territory and is maintained in r5 and r6 once these

rhombomeres are established (Eichmann et al., 1997) (Figs.11-12).

MafB/ kreisler confers caudal identity to 5 and r6 by regulating other AP
positional identity genes. Gene regulation analyses showed that MafB/ Kreisler
activates Hoxa3 and Hoxb3 in r5 and r6 by directly binding to the their
promoters (Krumlauf et al., 1997; Manzanares et al., 1999; Manzanares et al.,
2001), in co-operation with Krox20 (Manzanares et al., 2002). MafB mutation
in mouse is classically known as Kreisker (Cordes and Barsh, 1994) and it is
characterized by the lack of morphological segmentation posterior to t3/14
boundary McKay et al., 1994). The t5-r6 region is reduced in size and the
expression of different rhombomeric-restricted genes is altered (Cordes and
Barsh, 1994; McKay et al., 1994). Krox20 expression is lost while Hoxb1 is
expanded caudally from r4 (Frohman et al, 1993; McKay et al, 1994).
Conversely, ectopic expression of MafB in 14 results in a Hoxbl
downregulation, suggesting that in in r5 and r6 MafB represses Hoxb1
(Giudicelli et al., 2003). Inactivation of »a/ in zebrafish also leads to loss of
segmentation postetior to r3/r4, defects in otic development and a reduced
and misspecified £5-16 territory (Kwak et al., 2002; Moens et al., 1996; Prince
et al,, 1998).

Ectopic expression of MafB in chick demonstrates that MafB is able to
induce its own expression in a cell-autonomous manner in territories caudal
to the 12/13 boundary, suggesting that once MafB is induced it maintains its

own expression in the caudal hindbrain (Giudicelli et al., 2003).

Recently, functional analysis of the »Hnfl regulatory regions in mouse

suggested that this gene can be directly regulated by Ma/B (Pouilhe et al.,
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2007). MafB expression in the caudal hindbrain is dependent on FGF signals
and #Hunf1 expression (Aragon et al., 2005; Hernandez et al., 2004; Kim et al.,
2005; Marin and Charnay, 2000; Wiellette and Sive, 2003) .

3.4.3 Krox20 is responsible for the segmentation of £3 and 5

Krox20 is a zinc finger transcription factor expressed early during
development in the presumptive r3 and r5 of the hindbrain and then
maintained once 3 and r5 are established (Figs.11-12)). The analysis of
Krox20 null mice reveals that those territories are formed but are
progressively eliminated, suggesting that this gene is fundamental for r3 and
5 maintenance (Schneider-Maunoury et al., 1997; Voiculescu et al., 2001).
The loss of these segments results in the absence of axonal projections and
in the adjacent-rhombomere normal development. Krox20 synergizes with

Hoxal to specify 13 character (Helmbacher et al., 1998).

Krox20 confers odd-identity to the hindbrain territories and also directly
regulates Hoxb2, Hoxa2? in 13 and 15 and it promotes the expression of
Hoxb3 only in 15 (Maconochie et al., 1996;Nonchev et al., 1996). Krox20
directly regulates EphA4, a member of Eph-receptor family, involved in the
adhesion properties of odd-thombomeres (Manzanares et al., 2002). Krox20
also acts as a negative regulator and it represses Hoxbh! expression in r3

(Garcia-Dominguez et al., 20006).

Krox20 activation is the result of the integration of the inputs from different
signalling pathways, such as Wnt, RA and FGF, but also from the activity of
several transcription factors (Aragon et al, 2005; Chomette et al., 2006;

Marin and Charnay, 2000; Wiellette and Sive, 2003).

In zebrafish and chick, FGF signalling is necessary to activate the
appropriate onset of Krox20 expression (Aragon and Pujades, 2009; Walshe
et al., 2002), through the action of Sprouty gene 4 ($pr4), FGF negative-
feedback regulators (Labalette et al., 2011).
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In 5, »Hnf1 and MafB initiate Krox20 expression (Wiellette and Sive, 2003)
and then it is maintained by an autoregulatory loop (Chomette et al., 2000;
Giudicelli et al., 2001). It was shown that both cell-autonomous and non cell-
autonomous mechanisms contribute to the recruitment of cells to £3 and t5
(Giudicelli et al., 2001; Voiculescu et al., 2001). Krox20 is activated by Hoxb1
in r3-r4 border (Wassef et al., 2008) and also Hox/Pbx proteins intervene in
its expression (Chomette et al., 2006; Wassef et al., 2008). In zebrafish Iro7

and Mezs1.7 are responsible for Krox20 regulation in 13 (Stedman et al., 2009).
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Rhombomeric hindbrain

Figure 12. Gene regulatory network involved in the patterning of the
hindbrain. A) Before the appearance of the thombomeres. Retinoic gradient (RA) is
represented by yellow background produced by Raldh2 enzyme expressed in the
somites flanking caudal hindbrain. Hoxa? and Hoxb1 (green) expression is activated
by RA. Hoxb1 induces Krox20 (red) expression in the presumptive r3. In zebrafish,
mutual repression of 77 (purple) and whnfl (orange) divides the anterior and
postetior hindbrain. whnfl induces kreisler expression and both transcription factors
synergize to activate £rox20 in presumptive 15 (pr5). B) Gene regulatory network
once rhombomeres appear. Borders of gene expression coincide with segmentation.
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Krox20 and Hoxb1 expression patterns become localized to specific rhombomeres
and Hoxal expression is switched off. The expression of Hox genes is mediated by a
crossregulatory loop: Hoxb1 regulates group 2 paralogues (dark blue) expression in
r4); upstream regulators like Krox20 and Kreisler and in response to RA (group 4
paralogues in dark green). RA domain has been postetiorized. Darker blue shading
indicates that several Hox genes display higher levels of expression in different
rhombomeres: Hoxb2, Hoxa2 in £3 and 5. Different Hox genes autoregulate (circular
arrows). From (Alexander et al., 2009).

31



4. Embryonic compartments and boundaries

The generation of a compartment is strictly linked to the formation of
boundaries. Two types of boundaries can be described in undifferentiated
tissues, depending on what the cells do upon perturbation. Cells can freely
move across the borders, adopting the fate of the other compartment so we
will refer to non-lineage boundary and in this case the fate determination
requires continuous external signal that directs cells in changing fate but
maintaining the integrity of the boundary and a posterior physical restriction
can intervene to restrict cell mixing. Conversely, the cells can inherit the fate
and there is no requirement of external instruction, in this cases the cell
intermingling and has to be restricted and the boundary has to be maintained
by a mechanism present in the undifferentiated tissue to counteract the
major deformations that can suffer the tissue: morphogenesis and cell
division. This type of lineage-boundaries, also called compartment
boundaries, was identified in insects by lineage experiments (Garcia-Bellido
et al, 1973; Lawrence, 1973). Doing genetic mosaics during -ecatly
development clones derived from those marked cells never crossed the
borderline in the adult structure, and defined the so-called compartment.
Subsequently it was demonstrated that gene expression domain defined the

compartment (Kornberg et al., 1985).

4.1 Compartments and boundaries in D. melanogaster

In D. melanogaster, the discovery of compartment boundaries generated the
rationale that genes define the territory where they are expressed and that
confers identity to the cells belonging to it. They were called ‘selector genes’
(Garcia-Bellido et al.,, 1973). Their depletion eliminates that territory and

their ectopic expression can give identity to the cells expressing it.

The best example of a selector gene is Engrailed, a homeodomain-cointaning

transcription factor that is specifically expressed in the posterior segment
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both in the embryonic ectoderm and in the imaginal wing disc. Its expression
is complementary to Imvected domain (Garcia-Bellido and Santamaria, 1972)
(Fig.13). In the AP boundary region of the wing imaginal disc a cell-lineage
restriction boundary population is formed, which is able to instruct the
closest territory by the expression of the morphogen Decapentaplegic (dpp)
(Capdevila et al., 1994; Lecuit et al., 1996; Nellen et al., 1996).

The wing imaginal disc is compartmentalized also along the DV axis. Hh
activity regulates the expression of wg and zen (vr), an EGER ligand, in a
group of cells in the most ventral and the most dorsal part of the A
compartment, respectively. sz is a morphogene that diffuses and generates a
gradient that maintains its own expression and also activates apterous (ap)
(Basler and Struhl, 1994; Simcox et al.,, 1996). This gene represents another
selector gene expressed in the dorsal segment that confers dorsal character

and avoids the cell intermingling with ventral cells (Milan et al., 2001).

The dorsal segment of the wing disc expresses fringe, a Notch modulator,
controlled by Apterous, that in turn activates Notch ligands de/ta (d)) and
serrate (ser) respectively in the ventral and the dorsal part of the boundary, via
lateral inhibition (de Celis et al.,, 1996; Diaz-Benjumea and Cohen, 1993).
After the establishment of the boundary, boundary cells express another
morphogen, wingless (wg), which controls the wing margin patterning (de

Celis et al., 1996; Diaz-Benjumea and Cohen, 1993; Micchelli et al., 1997).

Recently, in silico and in vivo approaches have modeled and tested regulatory
network responsible for DV patterning and unveiled a new property for the
formation of boundary cells: refractoriness. The cells at the DV border
display high levels of Notch pathway that, via Cut protein, makes them
become refractory to wg signaling (Buceta et al., 2007; Canela-Xandri et al.,

2008). This is necessary for correct formation of DV boundary.
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Figure 13. Compartments and local centers in the wing imaginal disc. a) The
developing wing is subdivided in AP lineage-restriction boundary expressing
Decapentaplegic (DPP, orange). Posterior segment expresses Engrailed that activates
Hedgehog signaling. HH is responsible of boundary formation. b) Dorsal
compartment express Apzerous (light blue) responsible of the Delta and Serrate
Notch-ligands at the DV boundary (dark blue). DV boundary expresses wingless
(WG) morphogen that regulates patterning of the wing margin. From (Kiecker and
Lumsden, 2005).

4.2 Forebrain boundaries in the vertebrate CNS

Like the hindbrain, the forebrain is characterized by the presence of bulges
and constrictions. Analyzing the morphology and the expression profiles of
several neural markers it was initially proposed that the forebrain was
composed by six lineage-compartments, the prosomeres. The posterior three
(p1-p3) form the diencephalon whereas the anterior ones (p4-p6) represent
hypothalamus and telencephalon (Reichert, 2002). However, fate-mapping
analysis demonstrated that between the three prosomeres cells are able to
cross the supposed boundary between the prosomeres showing that there is
no cell lineage restriction (Larsen et al., 2001) evidence were published for
anteroposterior lineage restriction These results led to the conclusion that
the only lineage-boundaries in the forebrain are: the Pallial-Subpallial
Boundary (PSB), between the cortex and the lateral ganglionic eminence; the
Diencephalon-Midbrain Boundary (DMB); the border between the thalamic
and prethalamic primordial called Zona Limitans Intrathalamica (ZLI); and

the mid-hindbrain boundary (MHB) (Fig.14).
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In particular ZLI is much closer to a compartment than to a boundary
(Larsen et al., 2001); the presumptive ZLI (prZLi) territory is characterized
by a gap of lunatic fringe (Ifng) expression in the forebrain but prZLI is
positive for Wnt8b, subsequently narrower and it forms the definitive ZLI

marked by $hb expression (Zeltser et al., 2001).

4.3 Somites are generated by a clock and wavefront mechanism.

In a vertebrate developing embryo, the presomitic mesoderm (PSM) is
subdivided in somites, bilaterally blocks of epithelial cells deposited close to
the neural tube in the anteroposterior axis. Somites will form skeletal muscle,
cartilage, tendons, endothelial cells and dermis (Benazeraf and Pourquie,

2013; Gossler and Hrabe de Angelis, 1998).

The somitogenesis requires a molecular mechanism driven by a molecular
oscillator: the ‘segmentation clock’. The cells display a periodic expression of
Notch-pathway genes, called cyclic-genes; they appear as a wave of
transcription sweeping along the PSM in a caudo-rostral progression during

the formation of each somite (Cooke, 1981; Dequeant and Pourquie, 2008).

The Thx6 transcription factor is homogenously expressed in all PSM
anteriorly limited by the previous generated somite and this anterior border
represents the wavefront (Oginuma et al., 2008; Yasuhiko et al., 2008).
Notch is oscillatory expressed in the PSM and it represents the clock
(Maroto and Pourquie, 2001). Once the Notch receptor (Nozh! and/or
Notch2) is activated in the posterior half of the prospective somite, the signal
is transduced to the ubiquitously expressed RBPJk, which in turn activates
the potential bHLH target genes Mesp?, Mesp2 and Hes5 (Morimoto et al.,
2005; Morimoto et al., 2007; Takahashi et al., 2010). Mesp2 is the central
transcription factor in new somite formation. During each cycle of somite
formation, in the anterior limit of Thx6 expression, Thx6 and the temporal
pulse of Notch activates Mesp2 that in turn activates Ripply (Kawamura et al.,

2005; Morimoto et al., 2007; Takahashi et al., 2010), which repress the same
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Mesp2 in the forming somite and Thx6 in all the forming somite (Takahashi
et al.,, 2010).

In this way the Thx6 switch off moves the anterior limit of the wavefront
posteriorly, in order to generate a new round of somite formation. Megp2
activates Lfzg in the rostral half of the somite, which in turn suppresses
Notch activity and this causes the direct oscillation of this pathway. This
gene is also responsible for the activation of EphA4 (Nakajima et al., 2000;
Nomura-Kitabayashi et al., 2002), which is responsible for the appearance of
morphological boundaries in the somites. This is done by the interaction
with Ephrin2, expressed in the caudal half of the anterior somite (Julich et al.,
2009). Mesp2 can be seen as a non-lineage boundary selector gene for the

rostral somite

4.4 Boundary cells acting as secondary organizers: the Mid-Hindbrain

Boundary (MHB)

The stabilization of signalling centres that instruct surrounding territories is a
fundamental feature of compartment boundaries. The boundary between the
midbrain and the hindbrain (MHB), plays a central role for the correct
development for the midbrain and the cerebellum (Liu and Joyner, 2001;
Raible and Brand, 2004; Wurst and Bally-Cuif, 2001). This boundary is also
called isthmic organizer (IsO) (Fig.14).

The MHB is established at the interface of the expression domains of the
homeobox genes O7x2, expressed in presumptive forebrain and midbrain,
and Gbx2 (expressed in the anterior hindbrain). Functional studies
demonstrated that Gbx2/Ofx2 mutually repress to establish and maintain the
MHB. Cell-tracing experiments combined with gene expression pattern at
single-cell level during midbrain and hindbrain segregation demonstrated
that MHB consist in a lineage-restricted boundary (Langenberg and Brand,
2005).
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MHB was considered to be the only organizer in the developing CNS, since
cell transplantation of the MHB into ectopic parts of the neural tube results
in the induction of midbrain and cerebellum, and the implantation of beads
soaked with FGI8 mimics the effect of the MHB (Crossley et al., 1996). Like
the gastrula organizer, the MHB can induce cellular fates in a non-
autonomous manner (Sato et al., 2001). Studies made in Fgf§ mutant mice
and zebrafish confirm the essential role of FGFS8 in the correct generation of
midbrain and hindbrain (Chi et al., 2003; Reifers et al., 1998). Although
transplantation experiments showed organizing functions of the MHB, they
revealed that the competence to respond to MHB-signals is postetior to the

ZLI (Kobayashi et al., 2002).

Wntl is another signalling factor that was initially thought to have the same
role of FGF8. Its expression is present thought the midbrain and then it
becomes restricted to the MHB, ovetlapping Fgf8 domain. Dramatic
midbrain defects are found in Wx#7 mutant mice, but the ectopic expression
of this gene does not show the effects of FGFs (Liu and Joyner, 2001; Wurst
and Bally-Cuif, 2001).
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Figure 14. Boundaries and local signaling centers in the developing CNS.
Lateral view of chick embryonic brain. a) In HH13 chick embryos are visible:
anterior and posterior borders of the presumptive zona limitans intrathalamica
(PrZLI), mid-hindbrain boundary (MHB) and interhombomeric boundaries (r1-17).
MHB and r4 and hindbrain boundaries act as signalling centers. b) Stage HH-24
embryo Other compartment boundaries appear: pallial-subpallial boundary (PSB),
diencephalon-midbrain  boundary (DMB) but intethombomeric boundaries
disappeared. Major local signalling centers at this stage are ZLI and MHB. Anterior
to the left, dorsal to the top. Arrows represent bidirectional signals. Hth,
hypothalamus; Ptec, pretectum; Pth, prethalamus; Tel, telencephalon; Th, thalamus.
From Kiecker and Lumsden, 2005.

4.5 Hindbrain boundaries and the boundary cell population

Once the molecular rthombomeric borders are refined and the hindbrain is

segmented, a new cell population arises at the interface between adjacent
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rhombomeres, the boundary cell population (Fig.14a). They showed a
characteristic triangular-elongated cell shape and express specific molecular
markers such as Rfig, Foxb1.2 and SemaZa, and they are sources of signaling
molecules such as Wnut1 (Amoyel et al, 2005) and signaling centers
(Gonzalez-Quevedo et al., 2010; Terriente et al., 2012). However, their fate is

still unknown.

It is controversial which is the molecular mechanism responsible for the
correct formation of boundary cells: evidences in zebrafish suggested that
the Notch pathway is involved in boundary cell affinity and their segregation
into the boundaties (Cheng et al., 2004). The Eph/Ephrin system can also
have a role in boundary cell generation. Ephs and Ephrins are expressed in
complementary rhombomere-restricted domains, each segment boundary
forms at the interface between one or more receptor-ligand pair.
Interestingly, Epha4/Ephrinb2a-double morphant zebrafish embryos
showed the complete absence of Rfizg-boundary marker (Cooke et al., 2005).
The authors suggest that Eph/Ephrin signaling at interhombomeric
boundaries can let the cells juxtaposed into the borders differentiate into

boundary cells.

Boundary cells have a reduced cell proliferation and reduced interkinetic
nuclear migration (INM), which let to conclude that the role of boundary
cells can be to stabilize thombomeric borders (Amoyel et al., 2005; Guthrie
and Lumsden, 1991; Guthrie et al., 1991; Heyman et al., 1993; Heyman et al.,
1995; Lumsden and Keynes, 1989; Sela-Donenfeld et al., 2009).

An alternative role for boundaries would be the anteroposterior organization
of neurogenesis in the hindbrain (Hanneman et al., 1988; Metcalfe et al,,
1986; Trevarrow et al.,, 1990). In fact, primary reticulospinal neurons are
generated at thombomeric centre, glial cells developed close to boundaries,
so boundaries can have a role regulating position and cell differentiation

acting as signaling centers.
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Boundary cells express Radical fringe (Rfng) a modulator of Notch pathway,
which prevents neurogenesis of the same boundary cells and activates De/za
expression in non-boundary region by lateral induction (Cheng et al., 2004;
Qiu et al,, 2004). This role it was confirmed recently by other evidences
where it was showed that boundaries are able to instruct the fate of
surrounding cells by the expression of morphogen wntl, activating Rfug
(Cheng et al, 2004). Knock-down of Wnt pathway components by
morpholinos showed that Wnt signaling is important for the integrity of the
boundaries and neurogenesis patterning of the rhombomeres (Amoyel et al.,
2005; Dorsky et al., 2003; Riley et al., 2004).

Recently it was also shown that rhombomeric boundaries express two
semaphorins (Sema3fb and Sema3gh) that are required for maintaining the
spatial organization of the entire hindbrain by correctly positioning neuronal
populations (Gonzalez-Quevedo et al., 2010), which in turn are fundamental

for patterning neurogenesis (Terriente et al., 2012).
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5. Molecular mechanisms of boundary refinement

The process of compartmentalization first involves formation of an interface
between adjacent segments, and this is followed by the induction of a
specialized population of boundary cells at the interface that act as signaling
center further patterning the tissue. There has been significant progress in
uncovering mechanisms that underlie the segregation of cell populations and

formation of boundaries.

Boundary formation can be caused by repulsion of cells of different type,
cells that find themselves in another territory actively move to the one where
they belong by selectively affinity (Steinberg and Gilbert, 2004). Another
situation is the one where the cells display a non-directional movement that
enables them to experience several cell-contacts and cell adhesion differences
produce forces that generate segregation (Steinberg, 1963). In general this
represents the formal difference between cell repulsion and cell affinity;

however, both mechanisms can be driven by different molecular pathways.

Independently of which is the cellular mechanism that lead to the generation
of the linear and sharp boundary, after hedge refinement the cells are no
more freely to cross the borders even changing fate. Thus, it needs to be a
mechanism to maintain the boundary upon tissue deformation, which

normally are morphogenesis and cell division.

Three are the main mechanisms described in boundary formation and
maintenance. The first was already introduced in the previous chapter and is
about Eph/Ephrin signaling, the second involves the cadherin-mediated
adhesiveness, and the third is based on the cell cortex tension generated by

actomyosin contraction.
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5.1 Eph/Ephtin signaling

In two adjacent cells Eph/Ephrin interaction activates the bi-directional
signal transduction into both the Eph receptor cell (a process called
“forward signaling”) and the ligand cell (“reverse signaling”), and both of
them (Pitulescu and Adams, 2010). The involve phosphorylation of tyrosine
sites in the intracellular domain. Forward ephrinBs reverse signal leads to the
phosphorylation of the C-terminal PDZ motif, the binding to cytoplasmic
adapters and PDZ proteins. This cytoplasmic domain is not present in
EphrinAs, which activate the downstram cascade of Src family kinases
(SFKs) and phosphoinositide 3-kinase (PI3K), involving the co-receptor
transduction (Davy et al., 1999; Davy and Robbins, 2000) (Fig.15b). It has
been shown that TrkB and p75 neutrophin receptor act as co-receptors and
after cis-interaction with EphrinA they increase their intracellular signal

(Matler et al., 2008).

Eph and ephrin molecules can cs-interact in the same cell, this type of
binding can be linked to interfering with the interaction with ligand
presented on adjacent cell (Carvalho et al., 2006). This mechanism has been
proposed to be involved in the developing visual system where the
establishment of a gradient of signaling-competent receptor can be generated
by the partial co-expression of EphAs and EphrinAs (Carvalho et al., 2000;
Flanagan, 2006; Hornberger et al., 1999).

Bidirectional signal regulates different biological processes such as:
differentiation, proliferation and cell migration. The Eph/Ephtin interaction
can lead to repulsive signal that generate segregation of two initially mixed
Eph- and ephrin-expressing cells, like previously explained in the case of the

hindbrain (Fig.15c).

42



A ephrin-A ephrin-B
. PDZ binding B reverse reverse
o‘er“{‘alz;r Gp| anchor cytoplasmlc ’ signaling * signaling
e,
bmdmg
extra-
cellular g"%gm’g
: cis
Cys-rich sigrrr?iirr?g inhibition
FN type Il
intra- Y] TM region repulsmn cell sorting
cellular Y] Kkinase
Yl SAM
PDZ —
binding
EphA EphB
D initiation of binding oligomerization

EEEE .[
»aro oIo 0 gfg @@ o

E [ ligand

deavage

“ trans *
endocytosis

endocytosis

Figure 15. Eph/Ephrin structure, signaling and mechanism of action. A)
Structure of Eph-receptors and ephrin-ligands. Cysteine (Cys)-rich, fibronectin (FN)
type 111, SAM domains, transmembrane (TM) regions and tyrosine phosphorylation
sites (Y) are indicated. EphA receptors typically bind ephrin-A (GPI-anchored
ligands) and EphB receptors bind ephrin-Bs (arrows). B) Eph/Ephrin interactions:
trans-activating bidirectional signal. Cis-interaction impairs transduction of signal. C)
Eph/Ephtin interaction result in repulsive signal important for cell migration and
cell sorting. D) Eph/Ephrin proteins form heterotetramets to initiate the signal
oligomerization, they expands laterally through Eph/Ephtin cis-interaction. E)
EphA/ephrinA interaction leads to association of metalloprotease which cleavages
the ligand, mediates endocytosis of the complex and end the cell-to-cell interaction.
F) Eph/Ephtin can generate repulsion also by trans-endocytosis of the complexes in
both forward or reverse directions. From Pitulescu and Adams, 2010.

The role of Eph/Ephtin system in cell segregation 7z vivo has been described
in different tissues during development (Gale et al., 1996). Complementary
expression of Eph receptor and ephrin ligand is found in other developing

tissues where a boundary refinement is discovered, like in somitogenesis
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(Barrios et al., 2003; Julich et al., 2009) and limb cell segregation (Compagni
et al., 2003; Davy et al., 2004).

Eph and ephrin molecules can undergo #rans-endocytosis (Fig.15f). This was
proposed to mediate cell repulsion of Eph-receptor and Ephrin-cell. After
Eph/Ephtin binding of two adjacent cells, the receptor-ligand complex can
be internalized into the Eph- or Ephrin-expressing cell and this can result in
the ending of the cell-adhesion (Lauterbach and Klein, 2006; Mann et al.,
2003; Marston et al., 2003; Zimmer et al., 2003) (Fig.15f).

5.1.1. Eph/Ephrin pathway in integrin clustering and activation durin
somitogenesis

In the presomitic mesoderm Eph/Ephtin signaling is involved in the
epithelialization of mesenchimal cells (Barrios et al., 2003). EphA4 is
expressed in the anterior half and EphrinB2 in the postetior half of the
generating somites. Within the tissue, interplay between Eph/Ephrin
signaling and ligand-independent integrin clustering drives restriction of de
novo ECM production to somite boundaries (Julich et al, 2009). The
intersomitic boundary is stabilized by an integrin a5-dependent
accumulation of fibronectin matrix (Julich et al., 2005; Koshida et al., 2005).
The receptor-ligand interaction leads the phosphorylation of cytoplasmic
domain of EphA4 and this causes the clustering and activation of Integrin
a5 in the surface of contact between the two cell populations. The integrin
clustering generates the accumulation and polymerization of fibronectin
matrix fibers in the extracellular space that it will behave as physical barrier,
avoiding cell intermingling between two different somites (Julich et al., 2009)

(Fig. 16).

These findings demonstrate that initially Eph/Ephrin interactions refine
boundaries and then they recruit extracellular matrix to maintain cell

populations segregated.
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Figure 16. Model of Itgab activation and FIN matrix assembly along somite

borders in zebrafish. Itgol5 is trans-inhibited in a non-cell autonomous way within
the cells of the same forming somite (red); but it is activated (green) in the contact
surface of two adjacent somites allowing the coating of the paraxial mesoderm with

FN matrix (yellow). Itgal5 is activated at the interface of the Ephrinb2a- and EphA4-

expression domains. EphA4 highest activation leads to Itgo5 clustering and
subsequent FN matrix assembly (arrowheads). From Julich et al., 2009.

5.1.2 Eph/Ephrin signaling in adhesiveness

Another mechanism by which Eph/Ephrin signaling can drive segregation is
that cell repulsion creates differential adhesion between cells of different
compartments (Steinberg, 2007) by controlling the subcellular localization of
E-cadherin (Cortina et al., 2007) (Fig.17).

EphB receptors interact with E-cadherin and with the metalloproteinase
ADAMI10 at sites of adhesion. Their activation induces shedding of E-
cadherin by ADAMI0 at interfaces with EphrinB-expressing cells. This
process results in asymmetric localization of E-cadherin and, as a
consequence, in differences in cell affinity between EphB-positive and
ephrinB-positive cells (Hattori et al., 2000; Janes et al., 2005). Recent studies
in epithelial cells revealed a mechanism by which EphB/EphrinB
interactions regulate the formation of E-cadherin-based adhesions: when

mixing EphB3- and Bl-expressing cell populations iz vitro, upon
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EphB3/EphrinB1 binding ADAM10 metalloproteinase is recruited in the
contact surface of between the cells of the different populations (Solanas et
al., 2011) (Fig.17). ADAMI1O0 is responsible of the cleavage of E-cadherin
interacting with the two cells and it causes differential adhesion and
contributing to cell segregation of the two cell populations. Moreover the
expression of dominant-negative ADAMI10 in the intestine causes the mis-
positioning of the cells in the stem niche that is normally regulated by

EphB3 protein (Solanas et al.,, 2011).

Ephrin-BE=S: =225 EphB
- ADAM10

E-cadherin E-cadherin

Figure 17. Model for cell sorting induced by EphB/EphrinB signaling.
EphB/EphrinB complex activates ADAMI0 locally, which mediates E-cadherin
shedding of the contacts between EphB- and EphrinB expressing cell. Asymmetry
of E-cadherin interactions decreases affinity between and two populations and
results in cell sorting. Adapted from (Solanas et al., 2011)

5.2 Differential adhesion mediated by cadherins

Mechanical forces can contribute to the segregation of cells in the same way
that superficial tension is generated contacting oil with water. This theory
takes the name of Differential Adhesion Hypothesis (DAH) and it was
formulated by Steinberg in the 1963 (Steinberg, 1963).

Cells and tissues minimize their free energy and surface-area by reducing at
the minimum cell-cell adhesion interaction and as a result cells with different
adhesion do not intermingle and a linear boundary between compartments is
generated. This hypothesis involves the role of cadherins, proteins that

mediate cell-interaction.

Cells expressing same levels of proteins that mediate cell-interaction interact

stronger one with each other than with cells expressing different levels; they
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enrich the lowest level of global free energy in which the maximal contact
between cells with the higher mutual affinity. In this hypothesis the level of
cadherins expressed per cell in both cell populations is a crucial issue.

The genetic modulation of the cadherin levels has been studied during
embryonic development: in mouse forebrain they showed a role for R-
cadherin and cadherin-6 in cell segregation (Inoue et al, 2001); in D.
melanogaster follicles the oocyte is correctly located thanks to DE-cadherin
(Godt and Tepass, 1998), and the partition of the spinal cord motor neurons
is mediated by MN-cadherin (Price et al., 2002).

5.3 Cell cortex tension

Cell segregation can be driven by tension and contraction of cell-surface
instead of differential adhesion (Harris, 1976). Using atomic force
microscopy (ATM) it was demonstrated that during zebrafish gastrulation
different germ layers are segregated by actomyosin-dependent cell-cortex
tension (Krieg et al., 2008). Ectodermal cells show less cohesivity compared
with mesoendodermal cells but a higher cell-cortex tension regulated by

Nodal signaling.

Several works point to actomyosin cables as major players in restricting the
intermingling of different cell populations. The local enrichment of
contractile elements such as F-actin and Myosin 1l in boundaries has been
reported previously in Drosophila in the parasegment boundaries of the
embryonic epidermis (Monier et al., 2010), and in the AP and DV
boundaries of the different larval imaginal discs (Becam et al., 2011; Curt et
al., 2013; Landsberg et al., 2009; Major and Irvine, 2006). Experiments of
laser ablation of cell bonds showed that it generates an approximately 2.5

higher tension compared with non-boundary tissues (Landsberg et al., 2009).

Lately, combination of theory and quantitative experiments helped to
understanding the physical mechanisms shaping these imaginal disc

boundaries. Vertex models based 7z silico analysis of wing imaginal disc
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morphogenesis showed that interplay between cytoskeleton mechanics
(actomyosin cable), cell cycle, cell growth and cell signaling is required for
correct shaping of DV organizer (Canela-Xandri et al,, 2011). In addition,
experiments in the same system revealed that the roughness of the DV
compartment boundary is dynamic and it decreases during development.
This decrease correlates with increased cell bond tension along the boundary
(Aliee et al., 2012). Therefore, they proposed that higher cell tension at the
boundary, oriented cell division and cell elongation of the tissues are the

three variables responsible for the linearity of the boundaries.

It was shown that Notch is involved in DV affinity at the boundaries mainly
repressing Bantam miRNA activity at the border of the segment. Decreased
Notch leads to lower level of Bantam at the boundaties, thus in turn drives
reduced proliferation rate and an actin accumulation, via Enabled (Ena), an
actin regulator. This is required for the establishment of actomyosin cables
preventing cell mixing. Later, boundary cells are formed and they activated
Notch pathway that induces Cut expression. Cut is required to repress Ena
protein and an actomyosin cable is formed at the interface between

boundary and non-boundary population (Becam et al., 2011) (Fig.18).

Another work showed that accumulation of non-muscle myosin II in AP and
DV compartment boundaries is mediated by Hox gene Ultrabithorax
differentially expressed in the segments, even in the absence of Notch and

Hedgehog (Curt et al., 2013).
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Figure 18. DV affinity boundary is maintained by the role of bantam miRNNA
and Cut. a) In mid third instar (mid-L3) wing imaginal discs, low level of Notch (N)
activity (green) reduces the activity of bantam, this causes an accumulation of Ena
(light green), a bantam target. Ena decreases proliferation rates at the DV boundary.
b) In late third instar (late-1.3) boundary population (red) and non-boundary cells are
distinguished. High levels of Notch activity induces Cut expression, which in turn
represses Ena protein; this establishes actomyosin cables at the border between
boundary and non-boundary cells (green). From Becam et al., 2011.

Evidences in the parasegmental ectodermal tissues demonstrated the
involvement of Myosin II in the impairment of cell mixing between the
anterior and the posterior segment; a sharp boundary is regenerated after cell
division that challenges the border. Very elegant experiments by
chromophore-assisted laser- inactivation (CALI) of Myosin II specifically at
the boundaries, results in cell-mixing of the two segments demonstrating the
importance of the tension generated by the actomyosin cable (Monier et al.,

2010) (Fig.19).
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Figure 19. CALI inactivation of the Myoll cable causes cell sorting defects at
PS boundaries. A) Movie frames showing results of CALI on the PS boundary
(dashed box) in embryos expressing MRILLC—-GFP. In the presence of a dividing
anterior boundary cell (colored red), CALI inactivation of Myoll at the cable leads to
an irregular PS boundary (dashed line, right panel). After division, one daughter cell
invades the posterior compartment. B) Model of cell sorting at Drosophila embryonic
lineage restriction boundaries. Adapted from Monier et al., 2010.

In general all those evidences support the presence of an alternative
adhesion-independent mechanism that plays a central role in cell sorting;
moreover different signaling pathway are shown to activate the accumulation

of F-actin and non-muscle myosin, like wingless and Notch.

5.4 F-actin and myosin II

Actin is a 42-kDa globular protein (G-actin) that it is arranged in a head-to
tail conformation to form filamentous actin (F-actin). The actin filaments or
microfilaments are one of the three components of the cytoskeleton and are
double-stranded helical polymers of actin with a diameter of 5-9 nm. They
appear like flexible structure and they are organized as linear bundles,
dispersed throughout the cell but mostly concentrated in the cell-cortex. In
response to different stimuli microfilaments are continuously assembled and

disassembled in a nucleation and polymerization process. They are involved
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in different essential cellular processes like cell motility, cell contraction and
cell division and they are generally associated with several actin-binding
proteins (ABP) and the most important are myosins.

Myosins are a superfamily of ATP-dependent motor proteins that play a
central role in muscle contractility and they are involved in several eukaryotic
motility processes. Myosins interact with actin filaments to produce tension
(Fig19). This superfamily is composed by different members that differ for
functions and structure and among them non-muscle myosin 1I (NMII) is
one of the most interesting. It is composed by three different peptides: two
heavy chains two regulatory chains and two essential light chains that
stabilize the heavy chain structure. NMII interacts with microfilaments to
form actomyosin structures that have a fundamental role in: i) cellular
shaping and movement, like cell migration and cell adhesion; ii) epithelial cell
polarization, when present in the epithelial cell junction; iii) other
developmental processes such as gastrulation, trachea formation, dorsal
closure, morphogenesis of the neural tube (reviewed in Vicente-Manzanares

et al., 2009).

assembly-incompetent assembly-competent

A 0s bly-incomp NMIl 65 bly-comp NM Il
Globular head domain

(actin binding and
Mg?*-ATPase motor domains)

Heavy chain

MOK YOK

L J
Coiled-coil rod domain =
Non-helical tail

HVIM = MHC phosphorylation

Figure 20. Domain structure of NMII. A) The subunit and domain structure of
non-muscle myosin II (NM II), which forms a dimer through interactions between
the o-helical coiled-coil rod domains. The globular head domain contains the actin-
binding regions and the enzymatic Mg?*-ATPase motor domains. The essential light
chains (ELCs) and the regulatory light chains (RLCs) bind to the heavy chains at the
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lever arms that link the head and rod domains. In the absence of RLC
phosphorylation, NMII forms a compact molecule through a head to tail interaction.
This results in an assembly-incompetent form (10S; left) that is unable to associate
with other NMII dimers. On RLC phosphorylation, the 10S structure unfolds and
becomes an assembly-competent form (6S). S-1 is a fragment of NMII that contains
the motor domain and neck but lacks the rod domain and is unable to dimerize.
Heavy meromyosin (HMM) is a fragment that contains the motor domain, neck and
enough of the rod to effect dimerization. B) NMII molecules assemble into bipolar
filaments through interactions between their rod domains. These filaments bind to
actin through their head domains and the ATPase activity of the head enables a
conformational change that moves actin filaments in an anti-parallel manner. Bipolar
myosin filaments link actin filaments together in thick bundles that form cellular
structures such as stress fibres. From Vicente-Manzanares et al., 2009.
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Obijectives

The control of cell movements to generate and maintain the precision of
tissue organization is of central importance for the development of the
hindbrain and there is consequently much interest in identifying the
underlying cellular and molecular mechanisms. The process of
compartmentalization first involves formation of an interface between
adjacent segments, and this is followed by the induction of a specialized
population of boundary cells at the interface that act as signaling center
further patterning the tissue. There has been significant progress in
uncovering mechanisms that underlie the segregation of cell populations and
formation of boundaries in other systems; however in the hindbrain, many

questions still remain.

In this thesis we wanted to answer some of these biological questions using
zebrafish embryos as model system. Thus, the specific objectives of this

work are the following:

a) To comprehend the cellular mechanism responsible of refinement
of gene expression in the rhombomeric boundaries.

b) To unveil the mechanism that accounts for rhombomeric cell
segregation;

¢) To dissect the molecular effectors of the cell sorting;

d) To understand which is the origin of the hindbrain boundary cells

and their behavior.
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1. Characterization of two krox20 reporter transgenic

lines

1.1 Expression and function of krox20

Krox20 encodes a zinc-finger transcription factor (Chavrier et al., 1988) that
is involved in both hindbrain patterning and specification of odd
rhombomeric identity (Voiculescu et al., 2001). It is expressed specifically in
the developing 13 and r5 and it is one of the carliest genes expressed in a

segmental pattern (Schneider-Maunoury et al., 1993; Wilkinson et al., 1989).

In zebrafish, &7x20 expression starts at 100%-epiboly/tailbud stage initially
in presumptive rhombomere 3 (pre-r3) and at 0-1ss is activated in pre-r5 like
two not linear stripes; then the territory of &nx20 expression is expanded in
both rhombomeres and first the stripes become more linear and then they
convert into two non-adjacent blocks of expression. At Gss gene expression
boundaries start to be refined and at 10ss are completely sharpened, and 3
and r5 look two equal not adjacent squared blocks. &7x20 expression is
maintained in 13 and 15 until 30hpf (data not shown), when the expression is

downregulated firstly in 13 and later in r5.

Krox20 directly regulates the expression of numerous genes also involved in
AP patterning, like Hox genes of the paralogous groups 1 to 3, such as
Hoxh1, Hoxa2, Hoxb2 and Hoxb3 (Giudicelli et al., 2001; Manzanares et al.,
2002;Nonchev et al., 1996; Nonchev et al., 1996; Seitanidou et al., 1997;
Vesque et al., 1996) and directly activates the expression of the receptor
tyrosine kinase gene EphA4 in t3 and 5, which is involved in the cell
sorting (Theil et al., 1998). Krox20 has also been shown to activate both
cell-autonomously and non-cell-autonomously its own expression (Giudicelli

etal., 2001).
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Krox20 knock-out mice showed loss of 13 and 15 territories (Schneider-
Maunoury et al., 1993), leading to mis-specification of these segments, and
the fate of prospective 13 and r5 cells in mutant mice show that r3 acquires

2 and r4 identity, and t5 acquires 16 identity (Voiculescu et al., 2001).

1.2 Transcriptional reporters of krx20 expression

Our objective was to search for a transcriptional reporter of £7x20 in order
to perform an in vivo tracking of &rx20-expressing cells. We took advantage
from the work done in understanding the regulatory sequences of £rx20 and
also the effort in generating enhancer trap screenings, and we selected
tg[elA:GFP] and Mu4127 reporter lines (Fig.21). Therefore, we
characterized the onset and expression of fluorescent reporters in r3 and r5

in these transgenic fish lines (Fig.22).

M14127 tg[r3/5:KalTA4] enhancer trap

KalTA4 Bl 5xUAS | E1B|| mCherry [[Gl] pA
4xKaloop

4xUAS | E1B

tg[elA:GFP]

cAr3/r5:krox20 GFP

Fig. 21 Scheme of the inserted transgenes in the fish lines. Mi4127 is an
enhancer trap inserted in the Amx20 locus. 4xKaloop is a UAS-GFP driver,
tg[elA:GFP] expresses GFP under the control of chick element A.

Initially, £7x20 displays a jagged border of expression in r3 and r5 boundaries
at 10hpf, but becomes sharply defined at 14hpf (Fig.22A-B, see arrow in C).

tglelA:GFP

The expression of £&7x20 in the hindbrain is regulated by three enhancer
elements (A, B and C) located in very far upstream of the gene (200kb) and
conserved between chick, mouse and human. Those elements have different
roles: element B is responsible of the initiation of &7x20 expression in r5;

element C is responsible of the initiation of the expression both 13 and r5;
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and element A is involved in the maintenance of &mx20 expression. The
sequence and position of these elements are mainly conserved in different
species, although element A in zebrafish is conserved in position and
function, but not fully conserved in sequence (Chomette et al., 2006; P
Gilardi, personal communication). We obtained tg[elC:GFP] and

tg[elA:GFP] stable lines from P Charnay laboratory (Paris, France).

We initially considered to use the tg[elC:GFP]; however after first analyses
of GFP expression we observed likeness of the transgene and dropped it for

our study (data not shown).

In tg[elA:GFP] the gfp transcript is detected by ISH slightly later in respect
with endogenous £x20 (Fig. 22A,K). At 1ss few cells start to express gp in
pre-t3 (Fig.20K); this region expands and by 3ss (Fig.22L). By 10ss the
territory of gp-expression fully coincides with the endogenous 420,
although t5 expresses the transgene at lower level compared with 3
(Fig.22N-0). Double fluorescent in situ hybridization (FISH) for 720 and
kalta4 showed that expression border of both endogenous and transgene
petfectly overlaps at 14hpf once boundaries are refined (Fig.22N,R). More
importantly for our study GFP protein is already detected at 3ss by immune

staining at the stage where the boundaries are still jagged (Fig.22Q).

Therefore, tgelA:GFP] spatially recapitulates £rx20 expression, first in 3

and then in r3 and 5 with a slight delay in time
Mi4127

Enhancer trap screenings offer big opportunities to capture a transcriptional
reporter of a gene of interest. The group of RW Koster (Neuherberg,
Germany) isolated a £7x20 enhancer trap fish line (M4127). They were able
to map the insertion of the cassette 3kb downstream of the gene by nested

inverse-PCR (Distel et al., 2009).
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The enhancer trap construct contains an optimized version of GAL4 for
zebrafish (KalTA4Gl) controlled by a nothocord specific enhancer (#whh),
followed by 5xUAS copies controlling the expression of KCherryGI (Fig.21).

In Mu4127, the Kalta4 transgene is activated at 1ss (Fig.22F-G)
contemporaneously in pre-t3 and pre-r5, but half-an-hour later compared
with endogenous A7x20. The number of cells expressing Ka/ta4 increases
with the time and by 10ss Ka/fa4 is expressed in full £3 and r5 (Fig.221-]); by
10ss the £rnx20 expression domain corresponded with the expression of the

reporter gene (Fig.22]).

The characterization of the two transgenic fish lines revealed that both,
kaltad and gfp reporters mRNA and GFP protein in tg[elA:GFP], display
earlier (11hpf) fuzzy boundaries of the expression and then sharp borders by
14hpf, as is the case for A&mx20 (Fig.22B,G,L, see arrows in C,HM and
arrows in Q). Thus, even with slight differences in time, tg[eleA:GFP] and
Miui4127 are transcriptional reporters of 4720 and the transgenes are

activated during the entire segmentation process.
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Figure 22. Characterization of the fish transgenic lines used in the study. (A-
O) Spatio-temporal characterization of the expression of the transgene (&a/ta4, gfp) in
the different transgenic lines by in situ hybridization compared with endogenous
expression of A&mx20 in wt embryos. Note that at early stages of embryonic
development in all zebrafish strains, A7x20, kalt4 or gfp-positive cells are found
surrounded by cells of different identity (C,H,M, for magnifications, see arrows);
later on, clear and sharp gene-expression domains are generated (D,IN). (E,J,O)
Single-FISH for 4&rox20 and double-FISH for &7x20 and the reporter in both
transgenic lines. (P-R) Spatio-temporal characterization of the reporter fluorescent
protein expression in the two different transgenic lines. (P,R) embryos were injected
with mRNA driving expression to the plasma membrane such as lyn:GFP and or
memb:mCherry. Note that GEP protein expression is activated as early as 3ss (Q) in
cells located in ectopic thombomeres. Dorsal views with anterior to the left.
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2. Refinement of molecular boundaries in the

hindbrain by cell sorting

The segregation of rthombomeric cell populations involves the formation of
a sharp interface between adjacent segments with different identity. The
segregation of cells and the formation of well-defined boundaries can be
visualized by observing gene expression within the thombomeres. Initially,
krx20 displays a jagged border of expression in 13 and r5 boundaries at
10hpt (Fig 22B-C, see arrow in C) but becomes sharply defined at 14hpf (Fig
22D-E; (Cooke and Moens, 2002). Gene expression boundary sharpening
can occur by a number of possible mechanisms: cells on the "wrong" side of
a boundary can move across it by a cell-adhesion/repulsion based
mechanism —cell sorting- (Cooke et al., 2005; Kemp et al., 2009; Xu et al,,
1999); or they can switch their identity to that of their neighbors —cell
plasticity— (Schilling and Knight, 2001; Zhang et al., 2012); however there is
no a clear picture about the main mechanism applying. To study deeper how
this molecular refinement is generated we analyzed the behavior of cells with
different thombomeric identities during early embryonic development.

Because the two lines recapitulate the dynamics of £7x20 expression next we
used them to trace rhombomeric cells using two approaches: i) 7 vivo
imaging to follow single cells from different rhombomeres, using
tg[elA:GFP| embryos injected with H2B-mCherry; and i) fake cell-tracing

analysis in fixed embryos.

2.1 In vivo time-lapse of tg[elA:GFP] reveals the cell sorting

mechanism

Transgenic reporter lines expressing fluorescent proteins offer the possibility
to perform in vivo experiments by time-lapse in order to understand how
development occurs at tissue level in 3D+time; moreover cellular tracking

showed how a single cell behave in a specific-territory. We decided to apply
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this approach to out system to comprehend the cellular mechanism involved
in the patterning using tg[elA:GFP] since the fluorescent reporter is detected
earlier compared with M1i4127.

To explore the behavior of groups of cells in adjacent territories we followed
several individual cells by time-lapse analysis during 5h (from 11 to 16hpf).
In order to visualize the cell nuclei, we injected 4-8-cell stage embryos with
H2B-mCherry mRNA. Like this we have a mosaic mCherry expression, and
GFP cytoplasm staining in r3 and r5 (n=3). We in vivo imaged the hindbrain
of embryos from ~11hpf (3ss) until the end of hindbrain patterning
(18hpf=18ss) (Fig.23).

The rational of the experiment is that since we can know the final fate of an
individual cell by the expression of GFP, if we back-track the cells we can

allocate their origin and therefore see whether cells changed their fate.

Single red nuclei of GFP-positive and GFP-negative cells mainly located in
the r3-16 region (n=43), and at different positions along the thombomeres
(close/far to the boundary) were manually back-tracked. This means that
cells that by the end of the movie were located in given positions of the
hindbrain were followed back to their original positions at the beginning of

the movie.

As shown in Fig. 23 and Movie 1, analysis of several individual cell
trajectories indicated that cells that at the beginning of the analysis (11hpf)
were in the nearby of their future position but somehow intermingled
(Fig.23; see mixed light blue, green and yellow dots in A’-C’), were sorted out
from the neighboring territory with distinct molecular identity by the end of
the analysis (Fig.23; see segregated light blue, green and yellow dots in D’-F).
In Movie 1 it can be observed that cells do not migrate long distances, but
they mainly intermingle. Thus, cells that are early located in the fuzzy
boundary region, end up segregated along the sharp boundary of gene

expression.
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Interestingly, the onset of GEFP expression in 15 is during the video recording
(~4ss), and all GFP-positive cells switched on the reporter at the same
moment and they maintain the expression until the end of the video. On the
other hand, GFP-negative cells never switch it on. Cells of all thombomeres
undergo symmetric cell division and the progeny never changes the fate. As
expected, all cells maintain their relative position along the AP without

further migrations.

t=55"11" t=1h50"12" t = 2h 45’ 33" t = 3h 40' 44" t = 4h 35'55”

r3 r4 4 5 6 5
3 11hpf

Figure 23. Global cell-tracking shows that rhombomeric cells maintain their
fate and relative position. Time-lapse of an embryo at 11hpf where several single
cell trajectories within r3-r6 were back-tracked and overlaid; not all the 43 are shown
to avoid overlapping of multiple points. Merge of green and red channels, displaying
in green the emergence of r3 first and later 5 and in red all labeled cell nuclei; (A’-
F’) Green channel displayed in white, to observe the appearance of 13 first and then
15, and the position of tracked-cells with colored dots. Blue dots correspond to r4-
cells, yellow dots to r5-cells and green dots to r6-cells. See Movie 1 for original data.
Note that cells at the boundaries that at the last time point are segregated were
mixed at the beginning of the movie. Dorsal views with anterior to the left.

In another set of experiments we focused on detailed cell trajectories in the
vicinity of rthombomeric borders and followed iz vivo single £5 or 16 cells by
tracking cell nuclei. We observed that cells located on either side of the r5/16
boundary did not change their molecular identity (Fig.24, see blue dots for
single cells, Movies 2-3). r5 GFP-positive cells were kept into t5 and
maintained the GFP during the length of the movie (Fig.24, see blue dot and
white arrow for a given example; Movie 2). 16 GFP-negative cells behaved in
a similar manner, namely, 16 cells that incurred into the t5 territory were
sorted out and never changed their molecular identity even after cell division

(Fig.24, see blue dots and white arrows; Movie 3). These results show that
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when cells of a given identity are found within an environment of different

identity are sorted out.

t=0 t=17'58" [ t=3556" t=53'54 t=1h11'52" — t=1h29'50’ ]
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Figure 24. Tracking of single cells shows that rhombomeric cells are sorted
out from territories with different rhombomeric identity. In vivo imaging of
tg[elA:GFP] embryos injected with H2B-mCherry mRNA at 4-8cell stage. (A-L)
Time-lapse of an embryo from 12hpf onwards: (A-F) a single GFP-positive cell
from r5 (see blue dot pointed with white arrow); (G-L) a single GFP-negative cell
from r6 that divides in two GFP-negative cells (see blue dots pointed with white
arrows).

These results support cell sorting as the mechanism operating in the
refinement of molecular rhombomeric boundaries in  zebrafish,

independently of the identity of the cell.

2.2 Fake-cell tracing of the two transcriptional reporters

However, to fully support this hypothesis we did a fake cell-tracing analysis

in the transgenic zebrafish lines tg[elA:GFP] and Mu4127.

The rationale of the experiment was that cells expressing £rx20 will switch
on the reporter gene mCherry/gfp and then mCherry/GFP proteins will be
synthesized. Since fluorescent proteins are more stable than 720 mRNA,
we will be able to trace cells that once activated £7x20 by the expression of
the fluorescent reporter even at a stage when normally £7x20 gene has
already been switched off. If cell plasticity was the cellular mechanism used

by the cells to generate the pattern we would find ectopic fluorescent cells in
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2, r4 or 16 that no longer expressed £&7x20 mRNA at late developmental
stages (18hpf). On the other hand, if cell sorting was the main mechanism
accounting for the sharpening of gene expression we should not expect any
ectopic fluorescent cells, since £7x20 cells located in the “wrong” side (12, r4
and r6) would segregate to the “right” side (t3 and r5). Following this
hypothesis, we performed fluorescent 7z situ hybridization for Amx20
combined with antibody staining to detect the reporter fluorescent protein

followed by confocal analysis (Fig.25).

When expression of &rx20 was analyzed in embryos at 18hpf (once
molecular boundaries have been cleatly refined), no ectopic £mx20-cells were
found in 12, r4 or r6 in any of the transgenic lines (Fig.25A,D). Moreover, in
these same embryos no ectopic GFP-positive cells were observed
(Fig.25B,E). Accordingly, the big majority of cells expressing GFP also
expressed Amx20 mRNA (Fig.25CF). To quantify this, we counted the
number of cells close to boundary regions that expressed both £7x20 and
GFP, and found that over 95% of the cells in any of the rhombomeric
boundaries shared both markers (Fig.25]-K). Since we observed jagged
expression of mCherry and gfp at early developmental stages (see arrows in
Fig.22H,M,Q), these results strongly suggest that cell sorting plays a major
role in the sharpening of &7x20 expression. However, to unveil any possible
cell plasticity events that can have a compensatory effect correcting errors or
noise but could be masked by the strength of the sorting mechanism, we
knocked-down EphA4 function, which plays a known role in cell sorting (Xu
et al,, 1999). When EphA4 was downregulated, boundaries were jagged but
all GFP-positive cells still expressed &mx20 (Fig.25G-1; see white arrow head
pointing to an isolated cell expressing both markers). Cells not expressing
krx20, did not have any GFP either (Fig.25H-I; see white arrows). No
changes were detected when different rhombomeric boundaries were

analyzed (Fig.25]J-K), pointing to cell sorting as the sharpening mechanism in
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all hindbrain boundaries -independent of the cell position along the antero-

posterior (AP) axis.
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Figure 25. Cell sorting is the main cellular mechanism involved in molecular
boundary refinement. (A-I) Fluorescent £7x20 in situ hybridization (red) followed
by anti-GFP immunostaining (green) to detect the expression of the reporter gene
under the control of &mx20 in the different transgenic zebrafish lines: (A-C)
tg[elA:GFP] and (D-F) double transgenic Mi4127 4xKaloop embryos, which
express GIP in r3 and r5; (G-I) tg[elA:GFP] embryos injected with MO-EphA4a.
Note that in all cases cells co-express £7x20 (red) and GIFP (green). Even when cell
sorting is disrupted after morpholino-injection and a given cell is found isolated it
expresses either both markers (see white arrow heads), or it expresses none (see
white arrows). All images are dorsal views with anterior to the left. (J-K).
Quantification of cells expressing £7x20 and GFP in the vicinity of all rhombomeric
boundaries. Green bars: tg[elA:GFP] embryos; dashed bars: tg[elA:GFP] embryos
injected with MO-EphA4a; grey bars: tg[elA:GFP] embryos injected with MO-
CTRL.
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3. Unveiling the mechanisms of rhombomeric cell

segregation
3.1 Timing of appearance of morphological rhombomeric boundaries

Previous evidences showed that the border of expression of transcription
factors prefigures the position of the morphological rhombomeric
boundaries (Maves et al., 2002). As shown above, once gene expression
domains achieve sharp boundaries due to cell sorting, morphological
boundaries are visible as shallow indentations on the outside of the neural
tube and cell mixing is restricted between rhombomeres. In zebrafish,
hindbrain morphological boundaries are visible around 15hpf (Maves et al.,
2002). In addition, we know that cells belonging to different thombomeres
do not intermingle (Fraser et al., 1990;Jimenez-Guri et al., 2010). Thus we
decided to investigate when morphological boundaries were firstly visible
and how was their order of appearance. We did so by time-lapse analysis by
injecting wild type embryos with 4n-GFP mRNA to visualize the cell contour

and this allow to detect morphological changes of tissues.

In vivo imaging shows constriction in the neuroepithelium starts to be visible
from 12ss (Fig.206A). At 13ss and 14ss the thombomeres are like highly
compact bulges of cells (Fig. 26B-C); the contact between boundary cells of
different segments is a linear boundary but in their internal side there are
verging to the center of the rhombomere, this cause the triangular cell shape
characteristic of these cells (Fig.26B’); we defined these changes as formation

of morphological boundaries.

Thus three types of cell morphologies are observed: i) rounded cells that are
cells undergoing mitosis (purple cell); ii) cells within the rhombomere that
are spindle shaped and narrow apically and basally (blue cell), and iii)

boundary cells with a characteristic triangular shape (orange cell) (Fig.26B).
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Figure 26. Cell shape changes according to their position within the
rhombomere. Dorsal views of time-lapse video of a wt embyo injected with Jyz-
GFP mRNA where three snapshots at 12ss (A)