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ABSTRACT The development of multicellular organisms involves three main events: differentiation,
growth, and morphogenesis. These processes need to be coordinated for a correct developmental
program to work. Mechanisms of cell segregation and the formation of boundaries during develop-
ment play essential roles in this coordination, allowing the generation and maintenance of distinct
regions in an organism.These mechanisms are also at work in the nervous system.The process of
regionalization involves first the patterning of the developing organism through gradients and the
expression of transcription factors in specific regions. Once different tissues have been induced,
segregation mechanisms may operate to avoid cell mixing between different compartments.Three
mechanisms have been proposed to achieve segregation: (1) differential affinity, which mainly
involves the expression of distinct pools of adhesion molecules such as members of the cadherin
superfamily; (2) contact inhibition, which is largely mediated by Eph-ephrin signaling; and (3)
cortical tension, which involves the actomyosin cytoskeleton. In many instances, these mecha-
nisms collaborate in cell segregation. In the last three decades, there have been several advances
in our understanding of how cell segregation and boundaries participate in the development of
the nervous system. Interestingly, as in other aspects of development, the molecular players are
remarkably similar between vertebrates and invertebrates. Here we summarize the main concepts
of cell segregation and boundary formation, focusing on the nervous system and highlighting the

similarities between vertebrate and invertebrate model organisms.
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Introduction

A striking feature of multicellular organisms is that they have
an intrinsic order in their structure; in other words, they are not a
homogeneous mixture of cells. In a broad sense, there are three
kinds of processes that shape the development of multicellular
organisms: growth, differentiation, and morphogenesis. The mecha-
nisms of morphogenesis were very hard to decode at the dawn of
the discipline of developmental biology. Today, the unraveling of
developmental mechanisms is possible due to the high quality of
the available microscopy techniques. It has been known for a long
time that intercellular interactions are responsible for the phenom-
ena of morphogenesis that allow the rearrangement of tissues.
However, what prevents the mixing of different cell populations
during these processes? Cell segregation mechanisms that inhibit
cellintermingling to separate distinct cell populations with different
properties within a tissue have been described. Furthermore, the
formation of boundaries, which can be helped by cell segregation,

is also critical to couple growth and patterning in a rapidly growing
embryothatisincreasing its complexity. These boundaries can have
different properties. In some cases there are interfaces between
populations of cells, while in other cases, these borders are formed
by cells that can also act as signaling centers that contribute to
the patterning of tissues (Batlle and Wilkinson, 2012). Models that
consideronly gene regulatory networks and cellular signaling would
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fall short when we consider the many processes involved in the
morphogenesis of an organism, such as cell division, change in
cell shape and cell migration. All of these processes are standard
phenomena that occur during the development of any multicellular
organism (Fagotto, 2014).

Seminal work from Townes and Holtfreter (Steinberg and
Gilbert, 2004, Townes and Holtfreter, 1955) set the foundations
for understanding the underlying mechanism of cell segregation.
They found that dissociated embryonic cells segregate and clus-
ter following their layer of origin. Using these observations as a
starting point, Steinberg and colleagues introduced the differential
adhesion hypothesis in 1960s to explain why groups of cells are
segregated into distinct regions during embryo development. More
than thirty years later, it was shown that the differential expression
of cadherin proteins could lead to segregation of transfected cul-
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Fig. 1. Steps in organism compartmentalization. (A) Schematics showing
the steps of compartmentalization in animals. Left, Drosophila and right
represent zebrafish. Early in development, morphogen gradients establish
the axial pattern of the embryo, this leads to the expression of transcription
factors in specific regions of the embryo. TF can control the expression of
distinct molecules that will control tissue separation such as cell adhesion
molecules. (B) Steps in boundary formation, first an initially homogeneous
tissue responds to gradients (l). These gradients will generate changes in
the expression profile along the tissue making adjacent regions distinct of
each other. TFs will be switch on in different regions to establish territories
and cross-repression between them will resolve mixed identity (l1). Initially,
boundaries will be fuzzy (lll). Finally, cell-sorting mechanisms will produce
a sharp interface between the two regions (IV).

tured cells into aggregates (Nose et al., 1988). Furthermore, the
expression of different quantities of the same cadherin can have
the same effect (Steinberg and Takeichi, 1994). More recently, it
was shown that other molecular entities could also participate in
cell segregation (see below).

The first boundaries described in detail were those seen dur-
ing embryogenesis and wing imaginal development of the fruit fly
Drosophila melanogaster. These studies revealed that tissues are
organized into compartments (Batlle and Wilkinson, 2012, Bryant,
1970, Garcia-Bellido et al., 1973) which allows each territory to
acquire a discrete identity (Irvine and Rauskolb, 2001). Compart-
ments are understood as subdivisions of embryonic tissues formed
by cell populations that do not intermingle with their neighbors.

During development, the embryonic tissue is initially patterned
by long-range signals thatinduce specific regionalterritories. Then,
the original pattern is translated into differential expression of
transcription factors (TFs) that give identity to each region. Cells
at the border may acquire mixed identities which are resolved by
cross repression of the participant TFs to ensure mutually exclusive
identities. In general, the borders between these territories are
fuzzy at the beginning. Later, local interactions between border
cells generate a sharp interface (Dahmann and Basler, 1999).
Additionally, developing tissues have a high rate of cell division,
and undergo morphogenetic movements such as convergent
extension. Both processes can lead to cell intercalation and
therefore impose important challenges to compartment separation
(Dahmann et al., 2011). A basic sequence of boundary formation
is depicted in Fig. 1.

Several boundaries can be recognized in the nervous system.
Although most of the attention has been given to vertebrate mod-
els, such as Chick, Zebrafish, and Mice, recent papers showed
striking compartmentalization in the fly brain. Additionally, cell
segregation mechanisms that do not form boundaries, operate
in the nervous system to separate brain nuclei in vertebrates and
are also present in the Drosophila visual system.

In this review, we start by describing the general principles of
cell segregation and boundaries. Next, we give some examples
of how these events are achieved in the vertebrate and inverte-
brate nervous system. Thus, our aim is to give a glimpse into the
fundamental mechanisms behind these processes that are highly
conserved during animal evolution.

General principles of cell segregation and boundary
formation

In this section we will address basic aspects of cell segregation
andboundary formation that have beenidentified in several organ-
isms and tissues. A first important aspect is that cell segregation
does not necessarily imply the formation of a boundary, although
cell segregation is required in specific types of boundaries. An-
other crucial aspect of boundaries is that they will not necessarily
produce a direct anatomical readout of their initial position. For
instance, in Drosophila, the parasegments of the embryo do not
give rise to anatomical separations similar to the anteroposterior
boundary of the wing disc. On the other hand, the boundaries of
vertebrates, although they can go unnoticed at the beginning, give
rise to physical separation between embryonictissues. This aspect
is seen, for instance, in the early separation between ectoderm
and mesoderm (Fagotto, 2014).
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Gene expression and tissue boundaries

Two terms have been used to describe territories in
the embryo. First, gene expression boundaries that can
be separated into two categories: lineage boundaries
and non-lineage boundaries. Lineage boundaries are
those that restrict clone expansion (here the identity is
stably inherited by each daughter cell) and are also called
“compartmentboundaries”. Inthese boundaries, signaling
pathways that control differentiation do notneed a constant
input, because the fate of cells on either side of a border
is stably inherited. Lineage boundaries include the classic
examples delimiting compartments in insects such as
the wing disc and the hindbrain segments in vertebrates
(Tepass et al., 2002, Umetsu et al., 2014). Examples of
lineage boundaries will be discussed in the next sections.
On the other hand, when a clone could contribute to both
sides of the boundary, the term non-lineage boundary
is used. In this case, non-autonomous mechanisms will
maintain the identity using patterning signals. Therefore,
if a cell moves to another compartment, it switches its
fate to match that compartment. Thus, in non-lineage
boundaries, cell plasticity of the differentiation state is a
fundamental property. A classic example of this type of
border is the notum/wing boundary in Drosophila (Diez
del Corral et al., 1999). Unlike boundaries of the wing
territory, which are lineage boundaries, cells can freely
move through the notum/wing territory. It has been demonstrated
that the EGF-like ligand Vein signals through its receptor EGFR
to induce notum cells by antagonizing wing development and by
activating notum-specifying genes (Wang et al., 2000). Furthermore,
EGF signaling is required persistently in the notum region to main-
tain expression of notum- genes (Zecca and Struhl, 2002), this is
a landmark of this type of boundary, in which signals are required
continually to maintain the fate of a given compartment. In the
case of vertebrates, somite boundaries are examples of this type
of boundary (Kulesa and Fraser, 2002). Fig. 2 shows a comparison
between these two concepts. A second concept is tissue boundary,
which refers to an absolute limit to cell intermingling, and therefore
supported by physical constraints. However, this term is used for
every kind of physical boundary that includes not only those derived
from the separation of two distinct cell populations, but also from the
apposition of two previously formed populations (Fagotto, 2014).

Generation and maintenance of boundaries

In vitro re-aggregates used by Townes and Holtfreter were iso-
lated from the embryo after the tissues are formed. In this condition
cell types segregate after being completely intermingled. Although
this is not the situation in normal development in which cells are
spatially organized, segregation can occur at the borders where
there is local intermingling.

Several mechanisms have been proposed to be involved in the
generation and maintenance of different compartments. One of the
models proposed to drive cell segregation involves the behavior of
two cellular populations that do not mix due to mechanical forces
and tension, in analogy to what occurs at the molecular level after
mixing oil and water. Thus, different affinities between the two cell
populations will give rise to tension atthe interface. Hence, cohesive
forces are stronger between similar cells (homotypic interactions)
and weaker between the different populations (heterotypic interac-
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Fig. 2. Lineage and non-lineage boundaries. The wing disc of Drosophila gives
rise to the wing and the notum (the dorsal part of the fly thorax). While in the wing
blade region (left, blue and yellow area) the boundary between the dorsal and ven-
tral compartments is a lineage boundary, the notum/wing (right) is a non-lineage
boundary (see text for details).
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tions) (Batlle and Wilkinson, 2012). This model is supported by the
assays in which cells from different embryonic layers were dissoci-
ated, mixed and later allowed to re-aggregate. This experiment did
not only produce segregation of cells from different layers to distinct
regions but also the segregation of cells with more cohesive forces
to the center of the tissue, something that has been observed in
several studies (Batlle and Wilkinson, 2012, Townes and Holtfreter,
1955). Amathematical framework was derived from theoretical work
by Malcolm Steinberg, to explain the sorting of a group of cells
from aggregates (Steinberg, 1963) leading to the differential affinity
hypothesis. The underlying explanation for the model is based on
affinity differences that could exist between compartments (Irvine
and Rauskolb, 2001). The molecular nature of the proteins involved
in establishing these differences may vary, but the cadherin fam-
ily of cell adhesion molecules is a strong candidate (Halbleib and
Nelson, 2006). Consistently with this hypothesis, overexpression
of Drosophila E-Cadherin (E-Cad) in a clone of cells in the wing
disc produced segregation from the neighboring cells, resulting
in circular clones (Dahmann and Basler, 1999). This observation,
however, does not prove the involvement of E-Cad in wing compart-
mentalization since E-Cad mutant cells do not trespass the border.
On the other hand, the expression of a dominant-negative form of
E-Cad did not preclude cell segregation in the notochord-somite
boundary. Therefore, cadherins are not always responsible for cell
segregation and border formation (Batlle and Wilkinson, 2012,
Reintsch et al., 2005). Other examples of cadherin participation in
these phenomena will be discussed later.

An additional mechanism, not mutually exclusive with cell
adhesion, is contact inhibition. This mechanism is generated by
interactions between populations of cells at the interface, prevent-
ing intermingling. Interestingly, this type of mechanism seems to
be involved in cancer (Abercrombie, 1979, Batlle et al., 2002).
Contact inhibition is elicited by heterotypic interactions, and the
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most commonly observed molecular system involved is the clas-
sic axon guidance pair Eph receptor and ephrin ligand (Cayuso et
al., 2015, Kania and Klein, 2016, Pasquale, 2008, Wu et al., 2019,
Xu et al., 1999). An Interesting possibility suggested initially was
that Eph-ephrin signaling could lead to cell segregation through the
modulation of cell adhesion (Steinberg, 2007). Studies in cell culture
and in the intestinal epithelium showed that EphB3-ephrinB1 bind-
ing gives rise to the redistribution of E-Cad (Cortina et al., 2007).
Additionally, Eph receptors can interact with the metalloproteinase
ADAM-10 leading to the cleavage of E-Cad and loss of adhesion
(Solanas et al., 2011). However, work in cell culture and Xenopus
embryos, including mathematical modeling of cell segregation and
boundary formation, do not support a model in which cell adhesion
has a major contribution to Eph signaling. Instead, cell repulsion
and high heterotypic interfacial tension between tissues are the
main mechanisms (Canty et al., 2017, Taylor et al., 2017). A classic
example of Eph action in nervous system boundary maintenance is
discussed below.

A third well-studied mechanism involves cortical tension gener-
ated at the border. The molecular system responsible for this is
actomyosin-mediated contraction (Batlle and Wilkinson, 2012, Murrell
etal.,2015). Although the upstream signaling pathways are stillunder
investigation, there is evidence in vertebrates, that Eph signaling can
increase actomyosin contraction (Calzolari et al., 2014, Cayuso et
al., 2019), while in Drosophila, signaling pathways such as Wingless
and Notch can lead to actomyosin accumulation (Becam et al., 2011,
Major and Irvine, 2005, Major and Irvine, 2006, Monier et al., 2010).

Boundaries in nervous system development

As noted above, boundaries have been identified in different
structures of the animal body, including the nervous system. Although
anatomical observations indicate that the nervous system may have
severalboundaries, scientists have focused on afew modelstoinves-
tigate the mechanisms behind nervous system compartmentalization.
It is important to note that the mechanistic knowledge is variable
depending on the system studied. In some cases, there is in-depth
knowledge on mechanisms of the specification between compart-
ments but not on the downstream effectors that allow cell segregation
or physical separation. In other cases, research has focused mainly
on effector pathways that drive cell segregation, but little is known
aboutthe upstreamtranscription factors thatregulate their expression
in specific locations. Consequently, there are only a few examples
in which patterning and cell segregation and/or boundary formation
have been identified for a given system. Finally, segregation can be
observed at several levels. We will focus on gross segmentation of
the nervous system and we will also give examples of the formation
of nuclei or neuropils that also require cell segregation mechanisms.

Boundaries and cell segregation in the vertebrate
nervous system

Forebrain

The segmentation in the forebrain, although less evident than
hindbrain segmentation (discussed below), was proposed long ago
(Figdor and Stern, 1993, Kiecker and Lumsden, 2005). The forebrain
(anteriorregion ofthe brain) is organized according to the “prosomeric
model”into sixtransverse subdivisions, identified as prosomeres. The
three more posterior divisions (p1-p3) subdivide the diencephalon

while the anterior divisions (p4—p6) divide the secondary prosen-
cephalon, which includes the hypothalamus and the telencephalon
(Rubenstein et al., 1994). Unlike the clear divisions in the hindbrain
observed with molecular markers, the situation of the forebrainis less
clear since the expression domains of various segmentation markers
are highly dynamic concerning its anatomical subdivisions (Kiecker
and Lumsden, 2005). Furthermore, many proposed boundaries of
this model, based on expression patterns are not boundaries of
lineage restriction (Larsen et al., 2001). Indeed, only a handful of
cell lineage restriction boundaries have been found in the forebrain:
the pallium-subpallium boundary (PSB), the diencephalon—-midbrain
boundary (DMB), and the interface between the thalamic and the
prethalamic primordia, known as, the zona limitans intrathalamica
(Kiecker and Lumsden, 2005, Puelles and Rubenstein, 2003). We
will describe the mechanisms involved in the formation of some of
these boundaries.

The pallial-subpallial boundary (PSB)

As in hindbrain boundaries (see below), the only region in the
PSB where lineage restriction occurs is the ventricular zone. In the
mantle zone, the neuronal cell progeny can cross freely (Kiecker and
Lumsden, 2005). The PSB boundary is defined early in development
by complementary expression of two transcription factors. Pax6
in the cortex and DIx in the basal ganglia (Stoykova et al., 1996).
Mutations in the gene Pax6, induce developmental abnormalities
in the central nervous system (CNS) and the eye. In the brain, the
PSB is disorganized, and the structures of the thalamus are aberrant
(Stoykova et al., 1997).

Interestingly, cells from the cortex and striatum differ in their ad-
hesive properties. Short-term aggregation assays showed that cells
from the cortex segregate from striatum cells during early stages
(Gotz et al., 1996). Strikingly, this behavior is lost in Pax6 mutants,
where the cells do not sort out from the aggregates (Stoykova et
al., 1997). The reason seems to be an effect on the expression of
a member of the cadherin superfamily of cell adhesion molecules.
Cadherins were the first molecules to be suspected of underlying cell
segregation and boundary formation. However, in vivo examples of
their function are not abundant. In the developing telencephalon of
mice, differential cadherin expression defines neighboring regions.
Cadherin-6 (Cdh6) outlines the lateral ganglionic eminence (LGE),
while Cadherin-4 (Cdh4) does so with the future cerebral cortex,
and then is co-expressed with Pax6. Interestingly loss of expres-
sion of Cadherin-4 is observed in Pax6 mutants while no changes
are observed in Cdh6 expression. The interface between these two
cadherins generates a boundary for cell lineage restriction at em-
bryonic day 10.5 (Inoue et al., 2001). In this context, electroporation
of Cdh6 at the boundary leads to the movement of cells from the
cortex towards the LGE, where normal Cdh6 expression occurs.
However, sorting defects are not observed in Cdh6 mutant animals,
suggesting the presence of compensatory mechanisms. The sorting
of ectopic Cdh6-expressing cells in the cortex is hampered when the
experiment is performed in the mutant animals. Hence, the above
experiments demonstrate arole of differential expression of cadherins
in cell segregation.

The midbrain-hindbrain boundary (MHB)

The boundary between the developing midbrain and hindbrain
(known as the MHB) is also known as the isthmus. The MHB has
been utilized as a model for local signaling centers in the developing
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brain. The MHB is essential for the generation of the midbrain and the
cerebellum (Kiecker and Lumsden, 2005). Although the core network
that regulates MHB formation has been well defined, novel genetic
and mechanistic processes that interact with core components are
still under investigation. The MHB can induce surrounding cells to
change fate and become ectopic midbrain and hindbrain cells if it
is transplanted to other regions of the brain (Joyner et al., 2000).
Thus, the MHB is a special kind of boundary that not only divides
two compartments but it also has inductive properties. The position
of the MHB is determined at the interface of the expression of two
transcription factors, Otx2 and Gbx1/2. In this interface, a signaling
network, including FGF8 (Fibroblast Growth Factor 8), Wnt1, and
a set of transcription factors (Pax2/5/8 and Eng1/2), induces the
formation of MHB and is also needed for its maintenance (Dworkin
and Jane, 2013).

The importance of the Otx-Gbx transcription factor pair has also
been studied in mice. The results indicate that Otx2 mutants show
expanded anterior limit expression of Gbx; while Gbx2 mutants
display posterior expansion of the Otx2 expression domain. On the
other hand, double Otx2 and Gbx2 mutants do not show problems in
the expression of MHB markers but they do in the position in which
this takes place. In double mutants, the expression of these genes
is observed in a wider anterior area of the neuroectoderm (Li and
Joyner, 2001).

Initial work in the chick suggested that the MHB was not a lineage
restriction boundary. Using ionophoretic labeling, Jungbluth et al.,
found that cells from adjacent territories intermingle without obstruc-
tion (Jungbluth et al., 2001). However, in this study cell movements
were not followed directly. On the other hand, in zebrafish, time-lapse
experiments demonstrated the existence of lineage restriction, which
is probably established during late gastrulation (Langenberg and
Brand, 2005). Today, it is accepted that this boundary indeed oper-
ates as a lineage restriction border as in other regions of the neural
tube (Langenberg and Brand, 2005).

Hindbrain

An extensively studied example of boundary formation is the seg-
mentation of the vertebrate neuroepithelium into the anteroposterior
axis, in which a special focus has been given to the posterior part of
the brain, the hindbrain. The hindbrain is formed by a characteristic
sequence of seven or eight bulges, termed rhombomeres, which are
known to be lineage restriction compartments (Fraser et al., 1990,
Guthrie et al., 1991, Kiecker and Lumsden, 2005).

During embryonic development, the neuroepitheliumis morphologi-
cally characterized by a series of constrictions and bulges. Most of
these structures appear only transitorily during this stage. However,
it should be clarified that this segmentation pattern is incomplete, as
no lineage restriction has been detected along the floorplate, where
morphological landmarks are not present (Fraser etal., 1990, Kiecker
and Lumsden, 2005).

There are boundary cells between rhombomeres. However,
formation of boundary cells is not the primary cause of cell lineage
restriction between rhombomeres. Removing boundary cells in the
chick embryo does not affect cell segregation between adjacent
rhombomeres. After surgical ablation, boundaries are reconstructed
between opposing rhombomeres, while under conditions of boundary-
loss by local application of Retinoic acid (RA), segregation is also
maintained (Guthrie and Lumsden, 1991, Nittenberg et al., 1997).
Thus, these experiments support the idea that separation is not the
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productof mechanical restriction by boundary cellsinthe interface. The
use of the classical dissociation-reaggregation assays demonstrates
that there are different cell affinity properties among rhombomeres.
Indeed, cell-mixing from two even- or two odd-numbered rhombo-
meres led to homogenously mixed aggregates, while even and odd
cells segregate to form separate domains in aggregates derived
from two adjacent rhombomeres (Wizenmann and Lumsden, 1997).
Furthermore, donor-to-host transplantation experiments between r3/
r4 and r4/r5 form new boundaries; in contrast, r3/r5 or r4/r6 grafts
form compound rhombomeres without a boundary supporting the
same conclusion (Guthrie and Lumsden, 1991). Therefore, different
cell properties with two-segment periodicity are responsible for cell
segregation in the hindbrain.

As in multiple other systems, an initial graded signal induces
specific transcription factors that give identity to distinct regions of the
CNS (brain and spinal cord). In the case of hindbrain segmentation,
the molecular gradients involved are Wnt, RA and FGF (Addison
and Wilkinson, 2016, Schilling et al., 2012). RA generates a noisy
gradient that is decreased by expression of intracellular RA binding
proteins (Sosnik et al., 2016). This noise generates mixed identities
in border cells, leading to the co-expression of Hoxb1 (r4 TF) and
Krox20 (r3 and r5 TF, also termed Egr2) which seems to be resolved
by mutual repression. This process contributes with the generation
of sharp borders between rhombomeres (Sosnik et al., 2016, Zhang
etal., 2012).

Once the basic pattern is achieved and molecular distinction has
been established between rhombomeres, cell segregation is com-
manded by the complementary expression of the receptor EphA4
(which is expressed in r3 and r5) and ephrinB3, a ligand involved
in contact inhibition (expressed in r2, r4 and r6). Upon activation of
the EphA4 in odd rhombomeres by ephrinB3, the forward signaling
is triggered (Kania and Klein, 2016). This signal is necessary for
cell repulsion and segregation at the boundaries between these
different compartments. The maintenance of border sharpness is
controlled by the formation of actomyosin cables. Inhibition of these
cables using either blebbistatin, an inhibitor of myosin Il, or rock-out,
a blocker of Rho Kinase, leads to the presence of ectopic cells that
cross to adjacentrhombomeres (Calzolari et al., 2014). Strikingly, the
same molecular mechanism that regulates border sharpening also
regulates the expression of boundary cell markers (Cayuso et al.,
2019). In this case, actomyosin contraction leads to the activation of
Taz, a protein that connects tension and gene expression (Cayuso
etal., 2019). Thus, in this case, the same effector regulates cortical
tension and the formation of boundary cells.

Conclusions about the function of boundary cells between rhom-
bomeres have changed over time. In initial studies, it was shown that
there was reduced cell proliferation in the boundary region. In the
chick embryo, the density of mitotic cells is higher near the center of
rhombomeres than in boundary regions (Guthrie et al., 1991). This
observation supported the interpretation that this difference may
reduce the difficulties during times of extensive tissue growth. How-
ever, recent work from several groups has changed this view. Careful
examination of neural stem cell markers during chick development,
has shown that boundary cells express SOX2 and other stem cell
markers, which indicates that these cells constitute a pool of neural
progenitors (Peretz et al., 2016). This has also been confirmed in
zebrafish, in which boundary cells have higher proliferation rates
than rhombomere regions during early stages. Strikingly, boundary
cell proliferation is downstream of mechanical cues that act on the
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Yap/Taz pathway (Voltes et al., 2019).

In addition to cell segregation mechanisms that sort misplaced
cells back to their region of origin, cell plasticity (a concept gener-
ally related with non-lineage boundaries) has also been observed
during zebrafish hindbrain development. Aregulatory loop between
Krox20 and RA has been described, in which RA positively regulates
the expression of Krox20. However, there is less available RA in
even-numbered rhombomeres because of the higher expression of
RA-degrading enzymes cyp26b1 and cyp26c1. These enzymesare,
in turn, repressed in r3 and r5 by Krox20. This mechanism is part
of a community regulation of RA signaling to help the maintenance
of segmental identity (Addison et al., 2018).

Another factor that may participate in the maintenance of
boundaries is the extracellular matrix (ECM). However, although it
is known that ECM accumulates between rhombomeres, its func-
tional significance has not been yet addressed in the hindbrain. On
the other hand, the participation of a fibronectin-based ECM has
been demonstrated for the maintenance of somite compartments
(Dahmann et al., 2011).

Cell segregation in the formation of nervous system nuclei

Besides the segmentation of the nervous system into compart-
ments at the macroscopic level, organization can also be observed
at smaller scale; neurons with similar functions cluster into discrete
structures. Forexample, the lamination observedinthe cerebral cortex
is also based on segregation of different cell populations (Price et
al., 2002). The most common way of organization of neurons in the
nervous system is the formation of nuclei in the brainstem and spinal
cord (Pereanu et al., 2010). In the spinal cord, the segregation of
functionally related motor neurons of the lateral motor column (LMC)
into clusters (termed motor pools) has been investigated in some
detail (Price et al., 2002). Distinct motor pools can be recognized by
their specific profile of TF expression. Furthermore, ithas been shown
that type Il cadherins are expressed in particular subsets of motor
pools (Price et al., 2002). In this context, MN-Cadherin (MN-Cdh)
allows the distinction between two motor pools: eF, which expresses
MN-Cdh, and A, which does not. Although ectopic expression of
MN-Cdh in eF and A motor pools does not change the number of
total neurons in each pool, it produces the intermingling of eF with
A neurons. Consistently, expression of a dominant negative form of
MN-Cdh in A neurons induced their mixing with eF neurons (Price
et al., 2002). These findings demonstrate a function MN-Cdh in cell
segregation. Although, itis unclear what are the transcription factors
responsible for the expression of cadherins in particular motor pools,
Hox genes are good candidates. Indeed, double mutant Hoxc10 and
Hoxd10 mice, display severe identity defects in motor pools and
failure of presumptive lateral LMC neurons to migrate toward their
normal position in the spinal cord (Wu et al., 2008).

In summary, several mechanisms participate in the formation
and maintenance of boundaries, and in the segregation of distinct
cell populations in the nervous system of vertebrates. Interestingly,
although some differences seem to arise when investigating dif-
ferent regions, common molecular players have been discovered.

Boundaries and cell segregation in the Drosophila ner-
vous system

Drosophila is one of the first organisms where boundaries were
observed and studied mainly in the wing disc (Dahmann and Basler,

1999, Vincent, 1998). Initial studies showed that clonally related cells
became restricted to specific wing regions during larval development
(Bryant, 1970, Garcia-Bellido et al., 1973) suggesting the presence
of boundaries of lineage restriction. Further research demonstrated
the participation of several signaling pathways and cell-cell interac-
tion proteins in the formation and maintenance of two borders, the
anteroposterior (AP) and dorsoventral (DV) boundaries (Blair and
Ralston, 1997, Dahmann and Basler, 1999, Milan et al., 2001, Shen
and Dahmann, 2005). Interestingly, a recent RNAi-based screening
identified Eph as a necessary factor for the maintenance of the AP
boundary (Umetsu et al., 2014), supporting a conserved role of this
protein in lineage restriction. In contrast to the extensive knowledge
about wing boundaries, much less has been explored regarding the
fly nervous system. In this section, we begin by describing bound-
aries in the segmentation of the embryonic brain and later focus
on the development of the optic lobe as a novel system to study
the cellular and molecular basis of cell segregation during nervous
nuclei development.

Embryonic brain

The segmentation program of the Drosophila embryo has been
extensively studied (Hartenstein and Wodarz, 2013). While the
epidermis of the embryo is organized into segments, gene expres-
sion data largely supports the view that another segmentation
unit, which is out of face with segments, is also present. These
units termed “parasegments” were described by Martinez-Arias
and Lawrence (Martinez-Arias and Lawrence, 1985) and include
the posterior compartment of a segment that expresses the gene
engrailed (en, a transcription factor) and the anterior compartment
of the following segment, which expresses wingless (wg, the fly
homolog of Wnt) (Deutsch, 2004).

The insect CNS is composed of the ventral nerve cord (VNC),
located in the trunk region and the brain. In the first step of CNS
development, the ectoderm is differentiated into neurogenic and
non-neurogenic regions by the products of early dorsoventral and
segment polarity patterning genes (Hartenstein and Wodarz, 2013,
Skeath et al., 1992). There is a ventral neurogenic region, which
givesrisetothe VNC, and the procephalic neurogenic region, which
developsintothe brain. The identity of each neuroblastis set mainly
by positional information within the neuroectoderm, and temporal
cues (Technau et al., 2006). Interestingly, the parasegmental unit
is maintained in the VNC. The VNC of Drosophila embryo has a
clear metameric organization. Each unitcalled neuromere is formed
by the delamination of neuroblasts when the germ band displays
parasegmental organization (Deutsch, 2004).

Although the mechanisms maintaining neuroblast segregation
after delamination have notbeen elucidated, recent work described
boundaries, which behave as boundaries of lineage restriction
in the ectoderm of the embryo and prevent cell mixing between
parasegments (Monier et al., 2010). These boundaries occur
during the same stages of neuroblast delamination, and therefore
defects in their formation could affect the organization of the neu-
roectoderm before neuroblast delamination. It was shown, using a
combination of expression analysis, genetic and pharmacological
tools, that actomyosin cables are assembled at the boundaries in
which a membrane alignment is observed in border cells. Strik-
ingly, the critical challenge to embryonic boundaries is the division
of boundary cells, which deforms the boundary. Inactivation of the
actomyosin cable leads to cell sorting defects at parasegment
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boundaries during cell division (Monier et al., 2010). Thus, as in
zebrafish rhombomeres, actomyosin cables are essential for the
maintenance of borders in the Drosophila embryo.

The Drosophila brain is originated from the anterior neuroecto-
derm, which gives rise to the procephalic or pregnathal neuroec-
toderm. Developmental and evolutionary evidence demonstrates
that the brain comprises six neuromeres (lto et al., 2014): the
protocerebrum (PR), deutocerebrum (DE); tritocerebrum (TR); and
the mandibular (MN), maxillary (MX), and labial (LB) neuromeres.
Two more prominent subdivisions termed cerebral ganglia, which
includes PR, DE, and TR, and the gnathal ganglia, which com-
prises MN, MX, and LB define the position of brain compartments
relative to the esophagus (lto et al., 2014). In evolutionary terms,
it has been proposed that the compartments of the fly brain in the
anteroposterior axis are homologous to vertebrate brain compart-
ments. Thus, the PR would be equivalent to the forebrain, the DE
to the midbrain and the TR plus the gnathal ganglia to the hindbrain
(Ghysen, 2003, Hirth et al., 2003, Urbach, 2007).

Similartowhatis observedinthe VNC, boundaries between brain
segments are defined by segment polarity genes and dorsoventral
patterning genes (Urbach and Technau, 2003). A striking feature
of the segmentation of the fly brain is the proposed conservation
of the MHB boundary found in vertebrates. As mentioned before
for the vertebrate brain, the MHB is defined by the expression
of Otx genes expressed in the anterior region, which include the
forebrain and anterior midbrain; Hox genes in the posterior region
(hindbrain); and Pax2, Pax5 and Pax8 genes in the intervening
region (MHB). In Drosophila, the most anterior aspect of the brain
primordia expresses the Otx-orthologue orthodenticle. This protein
is located in the protocerebrum and anterior deutocerebrum of
the embryonic brain, while the hox gene labial is expressed in the
posterior region (Hirth et al., 2003). In Drosophila, the Pox neuro
(Poxn) and Pax2genes are the orthologues of vertebrate Pax2/5/8
(Fu and Noll, 1997, Noll, 1993). They are expressed in a territory
encompassing the posterior part of the DE and the anterior region of
the TR. This region has been called the deutocerebral-tritocerebral
boundary (DTB).

Interestingly, unplugged(unpg), whichis the orthologue of Gbx2,
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is also expressed in the fly brain. As in vertebrates, unpg/Gbx2 is
expressed in a complementary pattern with Otd/Otx, in which the
posterior limit of Otx expression coincides with the anteriormost
limit of unpg/Gbx2. Another similarity between MHB and DTB was
revealed by loss of function experiments of Otd and Unpg. otd null
mutants fail to generate the PR (Hirth et al., 1995). In this context,
the anterior border of unpg expression extends anteriorly into the
anterior deutocerebrum. On the other hand, unpg mutants display
a shift in the posterior limit of otd expression expanding it into the
posterior deutocerebrum. Thus, otd and unpg control each other
expression at the boundary of their expression domains, as inter-
actions between Otx and Gbx2 observed in the MHB.

Not surprisingly there are also differences in the gene network
operating in MHB and DTB. While in vertebrates the inactivation
of Pax2, Pax5, En1 or FGF8 leads to the absence of midbrain and
cerebellum, in Drosophila, no evident brain defects are observedin
mutants of orthologues of some members of this network. Further-
more, their expression timing does not fit with having a function in
the specification of this structure. Some of the similarities described
between Drosophila and vertebrates are depicted in Fig. 3.

Cell segregation in the development of the optic lobe
Besides the compartmentalization into neuromeres in the
trunk and brain of the embryo, it has long been recognized that
as in vertebrates, the Drosophila neuromeres are organized into
smaller compartments. In Drosophila, the neuropile is subdivided
into anatomically discrete regions, which are rich in terminal neu-
rite branching and synapses (Pereanu et al., 2010). It is in these
regions that signal processing takes place. Layers of glial cells
populate the boundaries of these compartments, and the bundles
of axon fibers that communicate compartments. For example, in
the brain, en gene expression is found in neuroblasts located in
the posterior boundary of each neuromere; while later in devel-
opment, en-expressing neurons innervated brain regions in the
same area of the neuromere of origin (Kumar et al., 2009). This
pattern of organization is also observed with other neuronal popu-
lations in the brain and trunk. The signaling networks dedicated
to controlling this type of compartmentalization may be similar to

B
| Telencephalon |
| Diencephalon
Midbrain

MHB
Hindbrain / Rhombomeres 1-7

Fig. 3. Proposed homology in the regionalization of the nervous system between Drosophila and vertebrates. (A) The fly embryonic central
nervous system and (B) that of zebrafish. MHB, midbrain-hindbrain boundary; DTB, deuterocerebrum-tritocerebrum boundary.
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the mechanisms discussed above for cell segregation. In the next
section, we discuss recent work on the Drosophila optic lobe as
an example of neuropil segregation.

The optic lobe is unique in the sense that it is not present in
the fly embryo. All the structures are developed during the larval
stage by neuroblasts generated de novo. The optic lobe is the
entrance point for the visual information coming from the retina.
It is composed of four ganglia lamina, medulla, lobula, and lobula
plate. The optic lobes process all the visual information, and then
convey this information to the optic glomeruli in the central brain
(Apitz and Salecker, 2014, Contreras et al., 2019, Ngo et al., 2017,
Perry et al., 2017). The development of this structure begins with
the formation of the optic placode, which originates from a group
of 30-40 cells located in the posterior region of the procephalic
region, around stage 11 of embryonic development (Contreras
et al., 2019, Hartenstein and Campos-Ortega, 1984). Then, in
the larval stage, the developing optic lobe differentiates into two
groups of cells, the inner proliferation center (IPC), which gives
rise to the lobula and the lobula plate; and the outer proliferation
center (OPC) that originates the medulla and lamina. These two
structures are in close proximity, and their progeny will connect
extensively during development. However, to secure the correct
assembly of the optic lobe, segregating mechanisms are crucial
for maintaining cell populations from these two regions apart from
each other.

To keep OPC and IPC cells separated, the participation of
attractive and repulsive molecules is necessary. Two pairs of
ligand-receptors involved in axon guidance are required in this
context. One is the well-known Netrin-DCC/Unc5 signaling (Hand
and Kolodkin, 2017, Lai Wing Sun et al., 2011). In Drosophila
there are two paralogues of Netrin, NetA, and NetB, and double
mutants show the invasion of IPC cells into the OPC region, which
disrupts neuropil development. This event leads to a disordered
architecture of the different neuropils in the adult stage (Suzuki et
al., 2018). The other pathway involved is Slit-Robo, which as in
the development of the embryonic VNC (Blockus and Chedotal,
2016, Dickson and Gilestro, 2006), also collaborates with Netrin
signaling in the assembly of the optic lobe. Slit-Robo has been
implicated in cell segregation between lamina and lobula, and
lobula and medulla. The distal neurons present at the edges of
the lobula cortex invade the lamina in slitand robo loss of function
conditions (Tayler et al., 2004). Furthermore, cell-specific loss of
function experiments demonstrated that Slit expression in glial
cells present at the interfaces between lamina and lobula plate,
and that of lamina and medulla are required for the optic lobe
segregation (Caipo et al., 2020, Suzuki et al., 2018, Tayler et al.,
2004). Additionally to glial expression, Slit secretion by neurons
from the medulla is essential for cell segregation in this region of
the brain (Caipo et al., 2020).

Robo proteins have a differential expression pattern in the optic
lobe (Tayler et al., 2004). Loss of function of robo2 and robo3 pro-
duce ectopic IPC cells in the medulla cortex zone. Consistent with
functional data, Robo3 is expressed in medulla cells and Robo2 in
lobula complex cells. Interestingly, GPC neurons, which migrate
and locate at the interface between medulla and lobula, also se-
crete Slit and contribute to cell segregation (Suzuki et al., 2016).
Although Robo1 is expressed without a preference for a specific
neuropil, its loss of function has not been addressed in this context.

Eph-ephrin signaling function in boundary formation is well

known in vertebrates, and recently it has become more relevant
in invertebrates, as it was shown above. However, there is little
research in Drosophila regarding this signaling pathway in the
nervous system. Work on the optic lobe showed that Eph and
its ligand ephrin are essential for axon guidance (Dearborn et
al., 2002, Dearborn et al., 2012). Although cell segregation is not
directly evaluated, some phenotypes involving defects in the mor-
phology of the medulla seem similar to those reported for slit and
robo2/3 loss of function mutants However, additional work needs
to be done to determine whether there is an invasion of adjacent
neuropil compartments.

The eggheadgene (egh), which encodes a glycosyltransferase,
is also required for cell segregation in the optic lobe (Fan et al.,
2005). egh mutants produce a similar phenotype as slit and robo
loss of function mutants (Tayler et al., 2004). However, egh seems
to function in an independent pathway because the egh mutation
does not change Slitor Robo levels (Fan etal., 2005). Thus, further
experiments are needed to determine which signaling pathway
requires egh to work properly.

During cell segregation between neuropils in the brain of Dro-
sophila, two signaling pathways act together: Net-Fra/Unc5 and
Slit-Robo. This is essential not only for the localization of neuronal
cell bodies but also for the navigations of their axons. In this case,
the downstream signals have not been discovered yet. However,
Slit-Robo signaling, for instance, has been shown to regulate
the expression of cadherins in other contexts (Rhee et al., 2007,
Shiau and Bronner-Fraser, 2009), which are excellent candidates
to test in this case.

Conclusions and future perspectives

Biologists first started to think about how zygotes give rise to
embryos in a choreography of cell rearrangements in the 1800s.
Today, there is a massive body of evidence to support the idea
that cell interactions are a driving force during development. These
interactions allow cells to differentiate and form tissues, and also to
establish and maintain boundaries that will allow the organization
of tissues, organs, and the organism itself.

From the data presented here, it is clear that there are some
common themes regarding boundary formation and cell segregation
during nervous system development in invertebrates and verte-
brates, including mammals. In both cases, first there is a pattern-
ing of the neuroepithelium that requires the action of morphogen
signals and transcription factors, which will often repress each other
to generate distinct compartments as mentioned before. There
are many transcription factors and signaling pathways shared at
this stage. In the step of cell segregation, actin cables are found
in Drosophila and vertebrate segments. A difference may be the
case of cell-cell adhesion since there are no examples showing
its importance in the Drosophila nervous system development.
However, this may be the consequence of lack of research in this
area. Besides, there is also the lack of data regarding the partici-
pation of the Eph-ephrin signaling in cell segregation during the
development of the Drosophila nervous system. Thus, Eph and
ephrin mutants need to be described in more detail to arrive at a
conclusion. Thisis a very interesting topic to be addressed in future
research. Another interesting point to investigate is whether the
Slit-Robo and Netrin-DCC signaling pathways, which are in general
not mediating cell-cell contact type of interactions, are involved in
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boundary formation in the vertebrate nervous system and what
would the downstream effectors be in this case. The cytoskeleton
is a possibility since both pathways are known to regulate actin
dynamics. However, at least in the case of Robo, it has also been
shown to regulate cell adhesion, contact inhibition of locomotion
and the formation of the basal membrane (Blockus and Chedotal,
2016, Kim et al., 2019, Ypsilanti et al., 2010).

In summary, many questions are still open in the field of cell
segregation and boundary formation. The use of vertebrate and
invertebrate models will continue to contribute to our better under-
standing of the cellular and molecular basis of these processes.
We hope that future research will help to fill in the gaps, especially
on the molecular mechanisms that are still unclear.

Acknowledgement

We would like to thank Esteban Contreras for critically revising the
manuscript. This work was supported by CONICYT FONDECYT-Regular
1191424 (CO).

References

ABERCROMBIE, M. (1979). Contact inhibition and malignancy. Nature 281: 259-262.

ADDISON, M. and WILKINSON, D.G. (2016). Segment Identity and Cell Segregation
in the Vertebrate Hindbrain. Curr Top Dev Biol 117: 581-596.

ADDISON, M., XU, Q., CAYUSO, J. and WILKINSON, D.G. (2018). Cell Identity
Switching Regulated by Retinoic Acid Signaling Maintains Homogeneous Seg-
ments in the Hindbrain. Dev Cell 45: 606-620 e3.

APITZ, H. and SALECKER, I. (2014). A challenge of numbers and diversity: neuro-
genesis in the Drosophila optic lobe. J Neurogenet 28: 233-249.

BATLLE, E.,HENDERSON, J.T.,BEGHTEL, H., VAN DEN BORN, M.M., SANCHO, E.,
HULS, G., MEELDIJK, J., ROBERTSON, J., VAN DE WETERING, M., PAWSON,
T. et al., (2002). Beta-catenin and TCF mediate cell positioning in the intestinal
epithelium by controlling the expression of EphB/ephrinB. Cell 111: 251-263.

BATLLE, E. and WILKINSON, D.G. (2012). Molecular mechanisms of cell segregation
and boundary formation in development and tumorigenesis. Cold Spring Harb
Perspect Biol 4: a008227.

BECAM, I., RAFEL, N., HONG, X., COHEN, S.M. and MILAN, M. (2011). Notch-
mediated repression of bantam miRNA contributes to boundary formation in the
Drosophila wing. Development 138: 3781-3789.

BLAIR, S.S. and RALSTON, A. (1997). Smoothened-mediated Hedgehog signalling
is required for the maintenance of the anterior-posterior lineage restriction in the
developing wing of Drosophila. Development 124: 4053-4063.

BLOCKUS, H. and CHEDOTAL, A. (2016). Slit-Robo signaling. Development 143:
3037-3044.

BRYANT, P.J. (1970). Cell lineage relationships in the imaginal wing disc of Drosophila
melanogaster. Dev Biol 22: 389-411.

CAIPO, L., GONZALEZ-RAMIREZ, M.C., GUZMAN-PALMA, P., CONTRERAS, E.G.,
PALOMINOS, T., FUENZALIDA-URIBE, N., HASSAN, B.A., CAMPUSANO, J.M.,
SIERRALTA, J. and OLIVA, C. (2020). Slit neuronal secretion coordinates optic
lobe morphogenesis in Drosophila. Dev Biol 458: 32-42.

CALZOLARI, S., TERRIENTE, J. and PUJADES, C. (2014). Cell segregation in the
vertebrate hindbrain relies on actomyosin cables located at the interhombomeric
boundaries. EMBO J 33: 686-701.

CANTY, L., ZAROUR, E., KASHKOOLI, L., FRANCOIS, P. and FAGOTTO, F. (2017).
Sorting at embryonic boundaries requires high heterotypic interfacial tension.
Nat Commun 8: 157.

CAYUSO, J., XU, Q., ADDISON, M. and WILKINSON, D.G. (2019). Actomyosin
regulation by Eph receptor signaling couples boundary cell formation to border
sharpness. Elife 8: e49696.

CAYUSO, J., XU, Q. and WILKINSON, D.G. (2015). Mechanisms of boundary forma-
tion by Eph receptor and ephrin signaling. Dev Biol 401: 122-131.

CONTRERAS, E.G., SIERRALTA, J. and OLIVA, C. (2019). Novel Strategies for the
Generation of Neuronal Diversity: Lessons From the Fly Visual System. Front

259

Mol Neurosci12: 140.

CORTINA, C., PALOMO-PONCE, S., IGLESIAS, M., FERNANDEZ-MASIP, J.L., VIV-
ANCOS,A., WHISSELL, G.,HUMA, M., PEIRO, N., GALLEGO, L., JONKHEER, S.
etal., (2007). EphB-ephrin-B interactions suppress colorectal cancer progression
by compartmentalizing tumor cells. Nat Genet 39: 1376-1383.

DAHMANN, C. and BASLER, K. (1999). Compartment boundaries: at the edge of
development. Trends Genet 15: 320-326.

DAHMANN, C., OATES, A.C. and BRAND, M. (2011). Boundary formation and
maintenance in tissue development. Nat Rev Genet 12: 43-55.

DEARBORN, R., JR., HE, Q., KUNES, S. and DAL, Y. (2002). Eph receptor tyrosine
kinase-mediated formation of a topographic map in the Drosophila visual system.
J Neurosci 22: 1338-1349.

DEARBORN, R.E., JR., DAI, Y., REED, B., KARIAN, T., GRAY, J. and KUNES, S.
(2012). Reph, a regulator of Eph receptor expression in the Drosophila melano-
gaster optic lobe. PLoS One 7: €37303.

DEUTSCH, J.S. (2004). Segments and parasegments in arthropods: a functional
perspective. Bioessays 26: 1117-1125.

DICKSON, B.J. and GILESTRO, G.F. (2006). Regulation of commissural axon
pathfinding by slit and its Robo receptors. Annu Rev Cell Dev Biol 22: 651-675.

DIEZ DELCORRAL, R.,AROCA, P., JL, G.M.-S., CAVODEASSI, F. and MODOLELL,
J. (1999). The Iroquois homeodomain proteins are required to specify body wall
identity in Drosophila. Genes Dev 13: 1754-1761.

DWORKIN, S. and JANE, S.M. (2013). Novel mechanisms that pattern and shape
the midbrain-hindbrain boundary. Cell Mol Life Sci 70: 3365-3374.

FAGOTTO, F. (2014). The cellular basis of tissue separation. Development 141:
3303-3318.

FAN, Y., SOLLER, M., FLISTER, S., HOLLMANN, M., MULLER, M., BELLO, B., EG-
GER, B., WHITE, K., SCHAFER, M.A. and REICHERT, H. (2005). The egghead
gene is required for compartmentalization in Drosophila optic lobe development.
Dev Biol 287: 61-73.

FIGDOR, M.C. and STERN, C.D. (1993). Segmental organization of embryonic
diencephalon. Nature 363: 630-634.

FRASER, S., KEYNES, R. and LUMSDEN, A. (1990). Segmentation in the chick
embryo hindbrain is defined by cell lineage restrictions. Nature 344: 431-435.
FU, W. and NOLL, M. (1997). The Pax2 homolog sparkling is required for develop-

ment of cone and pigment cells in the Drosophila eye. Genes Dev 11: 2066-2078.

GARCIA-BELLIDO, A., RIPOLL, P. and MORATA, G. (1973). Developmental com-
partmentalisation of the wing disk of Drosophila. Nat New Biol 245: 251-253.

GHYSEN, A. (2003). The origin and evolution of the nervous system. Int J Dev Biol
47: 555-562.

GOTZ, M., WIZENMANN, A., REINHARDT, S., LUMSDEN, A. and PRICE, J. (1996).
Selective adhesion of cells from different telencephalic regions. Neuron16:551-564.

GUTHRIE, S., BUTCHER, M. and LUMSDEN, A. (1991). Patterns of cell division and
interkinetic nuclear migration in the chickembryo hindbrain. J Neurobiol22: 742-754.

GUTHRIE, S. and LUMSDEN, A. (1991). Formation and regeneration of rhombomere
boundaries in the developing chick hindbrain. Development 112: 221-229.

HALBLEIB, J.M.and NELSON, W.J. (2006). Cadherins in development: cell adhesion,
sorting, and tissue morphogenesis. Genes Dev 20: 3199-3214.

HAND, R.A. and KOLODKIN, A.L. (2017). Netrin-Mediated Axon Guidance to the
CNS Midline Revisited. Neuron 94: 691-693.

HARTENSTEIN, V. and CAMPOS-ORTEGA, J.A. (1984). Early neurogenesis in
wild-type Drosophila melanogaster. Wilehm Roux Arch Dev Biol 193: 308-325.

HARTENSTEIN, V. and WODARZ, A. (2013). Initial neurogenesis in Drosophila.
Wiley Interdiscip Rev Dev Biol 2: 701-721.

HIRTH, F., KAMMERMEIER, L., FREI, E., WALLDORF, U., NOLL, M. and REICHERT,
H. (2003). An urbilaterian origin of the tripartite brain: developmental genetic
insights from Drosophila. Development 130: 2365-2373.

HIRTH, F., THERIANOS, S., LOOP, T., GEHRING, W.J., REICHERT, H. and FURU-
KUBO-TOKUNAGA, K. (1995). Developmental defects in brain segmentation
caused by mutations of the homeobox genes orthodenticle and empty spiracles
in Drosophila. Neuron 15: 769-778.

INOUE, T., TANAKA, T., TAKEICHI, M., CHISAKA, O., NAKAMURA, S. and OSUMI,

N. (2001). Role of cadherins in maintaining the compartment boundary between
the cortex and striatum during development. Development 128: 561-569.



260 M. C. Gonzdlez-Ramirez et al.

IRVINE, K.D. and RAUSKOLB, C. (2001). Boundaries in development: formation and
function. Annu Rev Cell Dev Biol 17: 189-214.

ITO, K., SHINOMIYA, K., ITO, M., ARMSTRONG, J.D., BOYAN, G., HARTENSTEIN,
V., HARZSCH, S., HEISENBERG, M., HOMBERG, U., JENETT, A. et al., (2014).
A systematic nomenclature for the insect brain. Neuron 81: 755-765.

JOYNER, A.L.,, LIU, A. and MILLET, S. (2000). Otx2, Gbx2 and Fgf8 interact to posi-
tion and maintain a mid-hindbrain organizer. Curr Opin Cell Biol 12: 736-741.
JUNGBLUTH, S., LARSEN, C., WIZENMANN, A. and LUMSDEN, A. (2001). Cell

mixing between the embryonic midbrain and hindbrain. Curr Biol 11: 204-207.

KANIA, A. and KLEIN, R. (2016). Mechanisms of ephrin-Eph signalling in develop-
ment, physiology and disease. Nat Rev Mol Cell Biol 17: 240-256.

KIECKER, C. and LUMSDEN, A. (2005). Compartments and their boundaries in
vertebrate brain development. Nat Rev Neurosci 6: 553-564.

KIM, M., LEE, C.H., BARNUM, S.J., WATSON, R.C,, LI, J. and MASTICK, G.S.
(2019). Slit/Robo signals prevent spinal motor neuron emigration by organizing
the spinal cord basement membrane. Dev Biol 455: 449-457.

KULESA, P.M. and FRASER, S.E. (2002). Cell dynamics during somite boundary
formation revealed by time-lapse analysis. Science 298: 991-995.

KUMAR, A., FUNG, S., LICHTNECKERT, R., REICHERT, H. and HARTENSTEIN,
V. (2009). Arborization pattern of engrailed-positive neural lineages reveal neu-
romere boundaries in the Drosophila brain neuropil. J Comp Neurol 517: 87-104.

LAl WING SUN, K., CORREIA, J.P. and KENNEDY, T.E. (2011). Netrins: versatile
extracellular cues with diverse functions. Development 138: 2153-2169.

LANGENBERG, T. and BRAND, M. (2005). Lineage restriction maintains a stable
organizer cell population at the zebrafish midbrain-hindbrain boundary. Develop-
ment 132: 3209-3216.

LARSEN, C.W., ZELTSER, L.M. and LUMSDEN, A. (2001). Boundary formation and
compartition in the avian diencephalon. J Neurosci 21: 4699-4711.

LI, J.Y. and JOYNER, A.L. (2001). Otx2 and Gbx2 are required for refinement and
not induction of mid-hindbrain gene expression. Development 128: 4979-4991.

MAJOR, R.J. and IRVINE, K.D. (2005). Influence of Notch on dorsoventral com-
partmentalization and actin organization in the Drosophila wing. Development
132: 3823-38383.

MAJOR, R.J. and IRVINE, K.D. (2006). Localization and requirement for Myosin I
at the dorsal-ventral compartment boundary of the Drosophila wing. Dev Dyn
235: 3051-3058.

MARTINEZ-ARIAS, A. and LAWRENCE, P.A. (1985). Parasegments and compart-
ments in the Drosophila embryo. Nature 313: 639-642.

MILAN, M., WEIHE, U., PEREZ, L. and COHEN, S.M. (2001). The LRR proteins
capricious and Tartan mediate cell interactions during DV boundary formation in
the Drosophila wing. Cell 106: 785-794.

MONIER, B., PELISSIER-MONIER, A., BRAND, A.H. and SANSON, B. (2010). An
actomyosin-based barrier inhibits cell mixing at compartmental boundaries in
Drosophila embryos. Nat Cell Biol 12: 60-69.

MURRELL, M., OAKES, P.W., LENZ, M. and GARDEL, M.L. (2015). Forcing cells into
shape: the mechanics of actomyosin contractility. Nat Rev Mol Cell Biol16: 486-498.

NGO, K.T., ANDRADE, I. and HARTENSTEIN, V. (2017). Spatio-temporal pattern
of neuronal differentiation in the Drosophila visual system: A user’s guide to the
dynamic morphology of the developing optic lobe. Dev Biol 428: 1-24.

NITTENBERG, R., PATEL, K., JOSHI, Y., KRUMLAUF, R., WILKINSON, D.G.,
BRICKELL, P.M., TICKLE, C.and CLARKE, J.D. (1997). Cellmovements, neuronal
organisation and gene expression in hindbrains lacking morphological boundaries.
Development 124: 2297-2306.

NOLL, M. (1993). Evolution and role of Pax genes. Curr Opin Genet Dev 3: 595-605.

NOSE, A., NAGAFUCHI, A. and TAKEICHI, M. (1988). Expressed recombinant
cadherins mediate cell sorting in model systems. Cell 54: 993-1001.

PASQUALE, E.B. (2008). Eph-ephrin bidirectional signaling in physiology and dis-
ease. Cell 133: 38-52.

PEREANU, W., KUMAR, A., JENNETT, A., REICHERT, H. and HARTENSTEIN, V.
(2010). Development-based compartmentalization of the Drosophilacentral brain.
J Comp Neurol 518: 2996-3023.

PERETZ,Y.,EREN, N., KOHL,A.,HEN, G., YANIV, K., WEISINGER, K., CINNAMON,
Y.and SELA-DONENFELD, D. (2016). Anew role of hindbrain boundaries as pools
of neural stem/progenitor cells regulated by Sox2. BMC Biol 14: 57.

PERRY, M., KONSTANTINIDES, N., PINTO-TEIXEIRA, F. and DESPLAN, C. (2017).
Generation and Evolution of Neural Cell Types and Circuits: Insights from the
Drosophila Visual System. Annu Rev Genet 51: 501-527.

PRICE, S.R., DE MARCO GARCIA, N.V., RANSCHT, B. and JESSELL, T.M. (2002).
Regulation of motor neuron pool sorting by differential expression of type Il cad-
herins. Cell 109: 205-216.

PUELLES, L. and RUBENSTEIN, J.L.R. (2003). Forebrain gene expression domains
and the evolving prosomeric model. Trends Neurosci 26: 469-476.

REINTSCH, W.E., HABRING-MUELLER, A., WANG, R.W., SCHOHL, A. and FAG-
OTTO, F. (2005). beta-Catenin controls cell sorting at the notochord-somite
boundary independently of cadherin-mediated adhesion. J Cell Biol170: 675-686.

RHEE, J., BUCHAN, T., ZUKERBERG, L., LILIEN, J. and BALSAMO, J. (2007).
Cables links Robo-bound Abl kinase to N-cadherin-bound beta-catenin to mediate
Slit-induced modulation of adhesion and transcription. Nat Cell Biol 9: 883-892.

RUBENSTEIN, J.L., MARTINEZ, S., SHIMAMURA, K. and PUELLES, L. (1994). The
embryonic vertebrate forebrain: the prosomeric model. Science 266: 578-580.

SCHILLING, T.F, NIE, Q. and LANDER, A.D. (2012). Dynamics and precision in
retinoic acid morphogen gradients. Curr Opin Genet Dev 22: 562-569.

SHEN, J. and DAHMANN, C. (2005). The role of Dpp signaling in maintaining the
Drosophila anteroposterior compartment boundary. Dev Biol 279: 31-43.

SHIAU, C.E. and BRONNER-FRASER, M. (2009). N-cadherin acts in concert with
Slit1-Robo?2 signaling in regulating aggregation of placode-derived cranial sensory
neurons. Development 136: 4155-4164.

SKEATH, J.B., PANGANIBAN, G., SELEGUE, J. and CARROLL, S.B. (1992). Gene
regulation intwo dimensions: the proneural achaete and scute genes are controlled
by combinations of axis-patterning genes through a common intergenic control
region. Genes Dev 6: 2606-2619.

SOLANAS, G., CORTINA, C., SEVILLANO, M. and BATLLE, E. (2011). Cleavage
of E-cadherin by ADAM10 mediates epithelial cell sorting downstream of EphB
signalling. Nat Cell Biol 13: 1100-1107.

SOSNIK, J., ZHENG, L., RACKAUCKAS, C.V., DIGMAN, M., GRATTON, E., NIE,
Q. and SCHILLING, T.F. (2016). Noise modulation in retinoic acid signaling
sharpens segmental boundaries of gene expression in the embryonic zebrafish
hindbrain. Elife 5: e14034.

STEINBERG, M.S. (1963). Reconstruction of tissues by dissociated cells. Some
morphogenetic tissue movements and the sorting out of embryonic cells may
have a common explanation. Science 141: 401-408.

STEINBERG, M.S. (2007). Differential adhesion in morphogenesis: a modern view.
Curr Opin Genet Dev 17: 281-286.

STEINBERG, M.S. and GILBERT, S.F. (2004). Townes and Holtfreter (1955): directed
movements and selective adhesion of embryonic amphibian cells. J Exp Zool A
Comp Exp Biol 301: 701-706.

STEINBERG, M.S. and TAKEICHI, M. (1994). Experimental specification of cell sort-
ing, tissue spreading, and specific spatial patterning by quantitative differences
in cadherin expression. Proc Natl Acad Sci USA 91: 206-209.

STOYKOVA, A., FRITSCH, R., WALTHER, C. and GRUSS, P. (1996). Forebrain
patterning defects in Small eye mutant mice. Development 122: 3453-3465.
STOYKOVA, A., GOTZ, M., GRUSS, P. and PRICE, J. (1997). Pax6-dependent
regulation of adhesive patterning, R-cadherin expression and boundary formation

in developing forebrain. Development 124: 3765-3777.

SUZUKI, T., HASEGAWA, E., NAKAI, Y., KAIDO, M., TAKAYAMA, R. and SATO,
M. (2016). Formation of Neuronal Circuits by Interactions between Neuronal
Populations Derived from Different Origins in the Drosophila Visual Center. Cell
Rep 15: 499-509.

SUZUKI, T, LIU, C.,KATO, S., NISHIMURA, K., TAKECHI, H., YASUGI, T., TAKAYAMA,
R., HAKEDA-SUZUKI, S., SUZUKI, T. and SATO, M. (2018). Netrin Signaling
Defines the Regional Border in the Drosophila Visual Center. iScience 8: 148-160.

TAYLER, T.D., ROBICHAUX, M.B. and GARRITY, P.A. (2004). Compartmentaliza-
tion of visual centers in the Drosophila brain requires Slit and Robo proteins.
Development 131: 5935-5945.

TAYLOR, H.B., KHUONG, A., WU, Z., XU, Q., MORLEY, R., GREGORY, L., POLIA-
KOV, A., TAYLOR, W.R. and WILKINSON, D.G. (2017). Cell segregation and
border sharpening by Eph receptor-ephrin-mediated heterotypic repulsion. J R
Soc Interface 14: 20170338.

TECHNAU, G.M., BERGER, C. and URBACH, R. (2006). Generation of cell diversity



Cell segregation and boundaries in neural development

and segmental pattern in the embryonic central nervous system of Drosophila.
Dev Dyn 235: 861-869.

TEPASS, U., GODT, D. and WINKLBAUER, R. (2002). Cell sorting in animal develop-
ment: signalling and adhesive mechanisms in the formation of tissue boundaries.
Curr Opin Genet Dev 12: 572-582.

TOWNES, P.L. and HOLTFRETER, J. (1955). Directed movements and selective
adhesion of embryonic amphibian cells. J Exp Zool 128: 53-120.

UMETSU, D., DUNST, S. and DAHMANN, C. (2014). An RNA interference screen for
genes required to shape the anteroposterior compartment boundary in Drosophila
identifies the Eph receptor. PLoS One 9: e114340.

URBACH, R. (2007). A procephalic territory in Drosophila exhibiting similarities and
dissimilarities compared to the vertebrate midbrain/hindbrain boundary region.
Neural Dev 2: 23.

URBACH, R. and TECHNAU, G.M. (2003). Segment polarity and DV patterning gene
expression reveals segmental organization of the Drosophila brain. Development
130: 3607-3620.

VINCENT, J.P. (1998). Compartment boundaries: where, why and how? Int J Dev
Biol 42: 311-315.

VOLTES, A, HEVIA, C.F., ENGEL-PIZCUETA, C., DINGARE, C., CALZOLARI, S.,
TERRIENTE, J., NORDEN, C., LECAUDEY, V. and PUJADES, C. (2019). Yap/
Taz-TEAD activity links mechanical cues to progenitor cell behavior during zebraf-
ish hindbrain segmentation. Development 146: dev176735.

261

WANG, S.H., SIMCOX, A. and CAMPBELL, G. (2000). Dual role for Drosophila epi-
dermal growth factor receptor signaling in early wing disc development. Genes
Dev 14: 2271-2276.

WIZENMANN, A. and LUMSDEN, A. (1997). Segregation of rhombomeres by dif-
ferential chemoaffinity. Mol Cell Neurosci 9: 448-459.

WU, Y., WANG, G., SCOTT, S.A. and CAPECCHI, M.R. (2008). Hoxc10 and Hoxd10
regulate mouse columnar, divisional and motor pool identity of lumbar motoneu-
rons. Development 135: 171-182.

WU, Z., ASHLIN, T.G., XU, Q. and WILKINSON, D.G. (2019). Role of forward and
reverse signaling in Eph receptor and ephrin mediated cell segregation. Exp
Cell Res 381: 57-65.

XU, Q., MELLITZER, G., ROBINSON, V. and WILKINSON, D.G. (1999). In vivo cell
sorting in complementary segmental domains mediated by Eph receptors and
ephrins. Nature 399: 267-271.

YPSILANTI, A.R., ZAGAR, Y. and CHEDOTAL, A. (2010). Moving away from the
midline: new developments for Slit and Robo. Development 137: 1939-1952.
ZECCA, M. and STRUHL, G. (2002). Subdivision of the Drosophila wing imaginal

disc by EGFR-mediated signaling. Development 129: 1357-1368.

ZHANG, L., RADTKE, K., ZHENG, L., CAl, A.Q., SCHILLING, T.F. and NIE, Q.
(2012). Noise drives sharpening of gene expression boundaries in the zebrafish
hindbrain. Mol Syst Biol 8: 613.



Further Related Reading, published previously in the Int. J. Dev. Biol.

Sonic hedgehog in vertebrate neural tube development
Marysia Placzek and James Briscoe

Int. J. Dev. Biol. (2018) 62: 225-234
https://doi.org/10.1387/ijdb.170293jb

Segmentation of the chick central and peripheral nervous systems
Roger Keynes and Geoffrey Cook

Int. J. Dev. Biol. (2018) 62: 177-182
https://doi.org/10.1387/ijdb.170297rk

Emerging roles for HOX proteins in synaptogenesis
Francoise Gofflot and Benoit Lizen

Int. J. Dev. Biol. (2018) 62: 807-818
https://doi.org/10.1387/ijdb.180299fg

Specification of sensory placode progenitors: signals and transcription factor networks
Andrea Streit

Int. J. Dev. Biol. (2018) 62: 195-205

https://doi.org/10.1387/ijdb.170298as

Patterning the nervous system through development and evolution
Alain Ghysen, Christine Dambly-Chaudiere and David W. Raible

Int. J. Dev. Biol. (2010) 54: S1-S14
https://doi.org/10.1387/ijdb.103182ag

The origin and evolution of the nervous system
Alain Ghysen

Int. J. Dev. Biol. (2003) 47: 555-562
http://www.intjdevbiol.com/web/paper/14756331

Development of axon pathways in the zebrafish central nervous system
Jensen Hjorth and Brian Key

Int. J. Dev. Biol. (2002) 46: 609-619
http://www.intjdevbiol.com/web/paper/12141449

THE INTERNATIONAL JOURNAL OF

DEVELOPMENTAL
BIOLOGY

Volume 61 Nos. 10/11/12 Special Issue

A
\,\-‘ Tass.
AN S

. ) - - o \ i
The Amphioxu§ Model System . v /, MOUEL mﬁ@ﬁk,{w g

-

gt Y
! "@}»‘”‘{‘!_ iy

B

\ “Special-issue 1998+

Voliie, 42.No. 7
Iy .

-7k
)

) s L

The Spemann-Mangold Organizer



http://www.intjdevbiol.com/web/issues/contents/vol/42/issue/7
http://www.intjdevbiol.com/web/issues/contents/vol/45/issue/1
http://www.intjdevbiol.com/web/issues/contents/vol/62/issue/1-2-3
http://www.intjdevbiol.com/web/issues/contents/vol/61/issue/10-11-12

