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GENERAL INTRODUCTION
The cerebellum and its functions

The cerebellum (the Latin word for little brain) has largely been one of the most
studied structures of the brain (Glickstein et al., 2009). A considerable part of our
knowledge on cerebellar cellular structure and histogenesis is due to Ramon y Cajal (for
a deep review, see Puelles, 2009), who is considered one of the founding fathers in the
study of the cerebellum (see Fig. 1). From the time of his discoveries up to now, much
of what is known about the development, structure and function of the cerebellum is
based on classical anatomical tools such as Golgi staining, neuroanatomical tract

tracing, immunostaining and a number of genetic tools.

Figure 1. The elements of the cerebellar cortex. A, Purkinje cell; B, basket cell; C,
climbing fiber; D, Purkinje cell axon with collaterals; E, granule cell; F, parallel fiber; G, mossy
fiber rosette; H, basket of the basket cells axon. From Ramon y Cajal’s Croonian Lecture
(Ramon y Cajal, 1894). Taken from Glickstein et al. (2009).

The cerebellum displays several features that make it highly amenable to study

the genetic specification and morphogenetic processes that are at the basis of the



structural complexity of the adult brain. First, it represents 10% of the total brain’s
volume, but contains more than half of its neurons, which become organized in a
discrete number of cell layers and give rise to a highly organized circuitry (see below).
Second, the cerebellum presents a protracted development that allows a detailed study
of its early regionalization and morphogenesis, which in turn helps to understand how
the adult cerebellar architecture is achieved. Third, the understanding of these
morphogenetic processes will help to know the basis of a large spectrum of cerebellar
disorders.

Other of the reasons that explain why the cerebellum is attracting a growing
number of scientists is the increasing awareness of its multiple roles (Manto and Haines,
2012). It is well known that the cerebellum integrates sensorial and motor information
(for review, see Delgado-Garcia, 2001). It is involved in the coordination of voluntary
movements (by controlling the timing and pattern of muscle activation), in the
regulation of muscle tone and in the maintenance of body balance and posture. The
cerebellum is also involved in motor learning, i.e., it plays a major role in adapting and
fine-tuning motor programs to make accurate movements through a trial-and-error
process (see Thach, 1998). A well-known example of motor learning is the vestibulo-
ocular reflex (Ito, 1984; Allman, 2003; Yoshikawa et al., 2004), in which the
cerebellum allows the retinal image getting stabilized (i.e., not blurred by the
movement). More recently described functions include the involvement of the
cerebellum in cognitive and emotional processes such as associative learning, emotional
conditioning, relational memory or spatial cognition. Motor learning and cognitive
processes were observed not only in mammals, but also in other vertebrate groups as
bony fishes (Rodriguez et al., 2005). Furthermore, the cerebellum is also responsible for

the analysis of the lateral line information in most of anamniota vertebrates (Puzdrowski



and Leonard, 1993), as well as in the electroreception in fishes that generate electrical

fields and those who have electroreceptors (Butler and Hodos, 2005).

Cerebellar gross anatomy
The mammalian cerebellum consists of two major parts (Fig. 2): the cerebellar
deep nuclei (or cerebellar nuclei) and the cerebellar cortex, which contains almost all of
the neurons in the cerebellum. Two major fissures run mediolaterally dividing the
cerebellar cortex into three primary subdivisions. The posterolateral fissure separates
the flocculonodular lobe from the cerebellar body, and the primary transverse fissure

separates the cerebellar body into a posterior lobe and an anterior lobe.
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Figure 2. Drawing of a sagittal section to show the major structures of the
cerebellar system in mammals, including the deep cerebellar nuclei and the cerebellar

cortex. Adapted from Purves et al. (2001).

In birds and mammals, the cerebellum is also divided sagittally into different

zones that run from medial to lateral (Fig. 3). The cerebellar body (central vermis) is



located along the midsagittal plane of the cerebellum while two paired hemispheres are
located laterally. These anatomical subdivisions correspond to the three major
functional subdivisions of the cerebellum, as illustrated by Larsell (1937) and Dow
(1942). The vestibulocerebellum is constituted by the floculonodular lobe (or auricle)
and mostly receives inputs from the vestibular and reticular systems. It is responsible
for maintaining body balance and eye movements. The spinocerebellum corresponds to
the cerebellar body or central vermis and is mainly connected with the spinal cord. It
controls the axial musculature (body movements and proximal regions of the limbs).
The pontocerebellum correspond to the lateral hemispheres. It is involved in the
planning and timing of movements of the distal parts of the limbs and in the cognitive

functions of the cerebellum (Sarnat and Netsky, 1981; Pollok et al., 2006).

Hemisphere  Vermis Hemisphere

Anterior Lobe

————— Posterior Lobe

Flocculonodular Lobe

Vestibulocerebellum

Yo Spinocerebellum

D Pontocerebellum

Figure 3. Anatomy and organization of the cerebellum, using the Larsell’s
nomenclature (Larsell, 1967). Taken from Walker et al. (1990).



Histology and connectivity of the cerebellar cortex

The cerebellar cortex is the superficial gray matter of the cerebellum. It contains
cell bodies, dendrites and axons of different cell types that are organized in three cell
layers (for review, see Butler and Hodos, 2005). In amniota, the outermost layer is
named molecular layer and contains stellate and basket cells, the latter located at basal
(inner) positions. It is followed by the Purkinje layer, which contains Purkinje cells. The
granular layer is located next and contains granule and Golgi cells. Inner to these three
cell layers is the fibrous layer or white matter (for review, see Delgado-Garcia, 2001).
In addition to this, there are a few cell types which are only present in some groups of
gnathostomes, such as Lugaro, brush, candelabrum, and eurydendroid cells (Lainé and
Axelrad, 1994; Pushchina and Varaksin, 2001; Ito, 2006; Campbell et al, 2007; Meek et
al, 2008).

The cerebellum is able to carry out all of its functions due to all the information
that receives from multiple pathways and from different regions of the brain. Cerebellar
input from different precerebellar nuclei can be divided into three major cerebellar
afferents: mossy fibers, climbing fibers and fibers of diffuse termination. Mossy fibers
originate in the pontine nuclei, the spinal cord, the brainstem reticular formation, and
the vestibular nuclei (see Fig. 2) and they project onto the cerebellar nuclei and onto
granule cells in the cerebellar cortex. The granule cells send axons up toward the
cortical surface. Each axon bifurcates in opposite directions in the molecular layer.
These parallel fibers run parallel to the folds of the cerebellar cortex, where they make
excitatory synapses with Purkinje cells along the way. The firing of each Purkinje cell
can be influenced by thousands of mossy fibers. Climbing fibers originate exclusively in

the contralateral inferior olive (see Fig. 2) and project onto the cerebellar nuclei and



onto the Purkinje cells of the cerebellar cortex. Each Purkinje cell receives a single
input from a single climbing fiber. Fibers of diffuse termination originate mainly from
locus coeruleus (noradrenergic), pedunculopontine nucleus (cholinergic) and raphe
nucleus (serotoninergic). Their endings were described in the three layers of the
cerebellar cortex (for review, see Delgado-Garcia, 2001; Sillitoe et al., 2012).

Purkinje cells are considered key cells in the cerebellum, since they constitute
the sole output of the cerebellar cortex. Their action is regulated directly or indirectly by
cerebellar interneurons and afferent fibers. Then Purkinje cells send the integrated
information to the deep cerebellar nuclei, which in turn constitute the output of the

cerebellum.

Evolutionary history of the cerebellum

It has largely been a matter of debate whether a cerebellar anlage is present in
agnatha or jawless vertebrates. To date, there is no complete agreement about whether
the cellular extension in myxinoids or the small plate in adult petromyzonts over the
fourth ventricle would correspond to a cerebellar anlage or not (Johnston, 1902a,b; for
review, see Larsell, 1947; Nieuwenhuys, 1967; Schnitzlein and Faucette, 1969; Butler
and Hodos, 2005; Murakami and Watanabe, 2009). However, a true cerebellum with
functional subdivisions, typical stratification and main cell types (see above) is
observed only in gnathostomes (jawed vertebrates). Tracing studies further support the
absence of cerebellum in agnatha (for a review, see Northcutt, 2002). Therefore, the
cerebellum is recognized as an evolutionary innovation at the agnathan-gnathostome
transition. The appearance of the cerebellum is concurrent with that of the jaw and,
consequently, with the appearance of new ways of feeding and more active locomotion

(for a review, see Northcutt, 2002).



All gnathostomes present a vestibulocerebellar subdivision constituted by the
cerebellar auricle (Fig. 4A), also named caudal lobe, or vestibulolateral lobe. In land
vertebrates, the cerebellar auricle is known as flocculonodular lobe, and it is generally
downsized because of the disappearance of the lateral line system (Larsell, 1967;
Schnitzlein and Faucette, 1969; for review, see also Nieuwenhuys, 1967).

The spinocerebellar subdivision corresponds to the cerebellar body, which
shows a huge variability in size, shape and complexity among different groups of
gnathostomes and also within the same group, in part due to the existence of
hypertrofies and regressions through evolution (Eccles, 1969). The cerebellar body in
amphibians and reptiles shows a very simple structure, which consists on a flat plate or
a plate with a small curvature (Butler and Hodos, 2005). In contrast, the cerebellum of
fishes appears more complex than that of amphibians and reptiles. Fishes generally
develop a folded cerebellar body (Fig. 4B), including cases of double-folded (as in
dogfish), multifolded (as in the sting ray) and hyperfolded (as in mormyrids) cerebellar
bodies. In addition, the rostral part of the cerebellar body of bony fishes grows to give
rise to the cerebellar valvula (Nieuwenhuys, 1967; Pouwels, 1978; Butler and Hodos,
2005; Candal et al., 2005), which is absent in other gnathostomes. Much higher degree
of complexity is found in birds and mammals, who in addition to a multifolded
cerebellar body (known as central vermis; see above) present a pontocerebellum

consisting of lateral hemispheres.
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Figure 4. A. Schematic representations of the main parts of the cerebellum in different
groups of vertebrates. Note that lateral hemispheres were not illustrated in birds. B. Schematic
representations of sagittal sections of the cerebellar cortex in different groups of vertebrates,
showing different degrees of folding. Taken from Butler and Hodos (2005).

The cerebellum of cartilaginous fishes
Chondrichthyans or cartilaginous fishes include holocephala (as chimaera) and
elasmobranchs, which include sharks, skates and rays (Fig. 5). Cartilaginous fishes are
at the base of the gnathostome lineage. Because the cerebellum is considered an
evolutionary innovation that occurred at the agnatha-gnathostome transition,
cartilaginous fishes are recognized as the gnathostome group that present a cerebellum
with the most primitive features and, therefore, they represent a key phylogenetic group

to study the ancestral condition of the cerebellum.
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Figure 5. Taxonomic classification of chondrichthyans. Taken from Compagno (1977).

Gross anatomy of the cerebellum

Among elasmobranchs, a large variety has been observed as regards the
allometry of the cerebellar system (Yopak and Montgomery, 2008). In spite of this
variety, two main divisions are present in the cerebellum of all elasmobranch fishes: the
cerebellar auricle and the cerebellar body, which are separated by the posterolateral
fissure. This fissure is present in all groups of gnathostomes (Larsell, 1967). The
cerebellar auricle is related with the ocatovolateral or acoustic-lateral system, which
includes auditory, vestibular and lateral line systems. Although most fishes show a
caudal lobe or vestibulolateral lobe, auricles as lateral projections with ear-like shape
are only observed in chondrichthyans (Fig. 6), chondrosteans and urodele amphibians.
The cerebellar auricle in these groups is mostly subdivided into upper and lower leaves,
anteromedially and caudolaterally located each other respectively. Both are joined
rostrolaterally, forming the lateral recess of the fourth ventricle, covered by the choroid

plexus.
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Figure 6. Dorsal and lateral views of adult brain in the shark Scyliorhinus canicula,

showing the cerebellar body and paired auricles. Taken from Rodriguez-Moldes (2011).

A high variety was also found as regards the degree of folding of the cerebellar
body (Lisney et al., 2008; Figure 7). While rays show a highly folded cerebellar body
(Hoffman, 1999), in other elasmobranchs a bilobed cerebellar body is common, which
is divided by the primary transverse fissure or fissura prima (Larsell, 1967). Different
degrees of folding are not only affected by the phylogeny, but also by the ecology of
different species. For instance, benthic species have a smoother cerebellum (schematic
drawings in Fig. 7), as has been described by Lisney et al. (2008). In addition, the
cerebellar body is bilaterally divided by a longitudinal fissure (Fig. 7). In contrast to
other gnathostomes, the inner part of the cerebellum shows a wide ventricle, which

corresponds to an expansion of the fourth ventricle.
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Proscymnodon plunketi ﬂ;\f’é&%ygon feritin
(plunket shark) (bluespotted maskray)

Gymnura australis (myliobatiform)

Figure 7. Dorsal and lateral views of cerebellum in four different species of
chondrichthyans showing different degrees of folding. Adapted from Lisney et al. (2008) and
Yopak et al. (2010).

Histology and connectivity of the cerebellar cortex

A wide number of studies have contributed to what is known about the gross
anatomy, histology and connectivity of the cerebellar cortex in adult cartilaginous fishes
(Schaper, 1898; Houser, 1901; Ariéns Kappers et al., 1936; Larsell, 1967,
Nieuwenhuys, 1967; Nicholson et al., 1969; Kuhlenbeck, 1975; Smeets et al., 1983,
Alvarez-Otero, 1990; Alvarez-Otero et al., 1995; Anadodn et al., 2009). Several cell
layers are distinguished, from marginal to ependymal levels, in the cerebellar cortex:
the molecular layer (containing stellate cells), the Purkinje layer (with Purkinje cells),
and the fibrous layer (containing axons of Purkinje cells and processes of cerebellar
afferents). The granular layer (containing Golgi and granule cells) is restricted to
paramedian levels, where cells are grouped into a pair of paramedian eminences, also

known as granular eminences (for review, see New, 2001; Alvarez-Otero, 1990). These

13



eminences are rostrocaudally extended from the anterior medullary velum up to most

caudal levels, and continued in the auricle (Fig. 8).

300yt
—

Figure 8. A. Lateral view of the hindbrain of the shark Scyliorhinus canicula sectioned
longitudinally (A), horizontally (B; the dorsal part of the cerebellar body has been removed) and
transversally (C, D). CB, cerebellum; DON, dorsal octaval nucleus; GR, granular layer; LAL,
lower auricle leaf; MOL, molecular layer; MON, medial octaval nucleus; OLA, octavolateral

area; PL, Purkinje layer; UAL, upper auricle leaf. Taken from Rodriguez-Moldes (2011).

The fibrous layer is not well defined in the auricle leaves. A few dissimilarities
also exist between them. The upper auricle leaf shows three layers: molecular
(marginal), Purkinje (intermediate) and granule (ventricular) layers. The granular layer
of this auricle leaf is grouped in two paramedian eminences (continuation from those of
the cerebellar body), which are fused in the median plane as a bridge over the fourth
ventricle. Instead, the lower auricle leaves are not fused in the median plane. The
molecular layer is located marginally, they present relatively low quantity of Purkinje
cells, and the granular layer is located in the ventricular zone. The molecular layer is

continuous with the cerebellar crest over the octavolateral area or lateral line lobe.
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A similar histology to that of the cerebellar cortex is also present in other
structures known as cerebellar-like structures, which mainly include parts of the
octavolateral and electrosensory systems (Montgomery et al., 2012).

The neurochemical signature of different cell types in the cerebellar cortex of the
shark Scyliorhinus canicula has also been previously described by our group, including
Pax6-immunoreactive (-ir) granule cells (Rodriguez-Moldes et al., 2008), Glycine-ir
Golgi cells (Anadon et al., 2013), or calretinin-ir Golgi and stellate cells (Anadén et al.,
2009). Components of GABAergic, cholinergic and serotoninergic systems were also
described in the cerebellar cortex (Alvarez-Otero and Anadon, 1992; Alvarez-Otero et
al., 1995; Anadon et al., 2000; Carrera et al., 2008). Furthermore, different subtypes of
cells in the cerebellar nucleus were described in detail (Alvarez-Otero et al., 1996).

These studies have contributed to verify that main cellular components of the
mammalian cerebellum (Purkinje, stellate, granule and Golgi cells) are represented
primarily in cartilaginous fishes and that intercellular connectivity appear to be very

similar to that of other gnathostomes (for review, see Alvarez-Otero, 1990).

Origin and development of cerebellum and cerebellar connections

Classical anatomical studies combined with current molecular techniques are
excellent complementary tools to gain knowledge about early regionalization and
morphogenesis of the cerebellum, which in turn is crucial to understand how the adult
cerebellar architecture is achieved. Some developmental studies about the cerebellum
of the shark S. canicula (the lesser spotted dogfish) have been carried out recently
(Rodriguez-Moldes et al, 2008; Chaplin et al., 2010). This species is now considered a
model species in Evo-Devo studies (Coolen et al., 2009), a relatively new field that

relates evolutionary and developmental studies.
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Early specification of the cerebellum

The genoarchitectonic analysis has revealed as an essential tool to define the
embryonic origin of specific regions of the adult brain (Puelles and Ferrdn, 2012;
Sillitoe et al., 2012). Distinct domains are specified under the influence of local
environmental signals located at specific locations of the developing neural primordium.
Initially, the neural tube is divided into three vesicles: forebrain (prosencephalon),
midbrain (mesencephalon), and hindbrain (rhombencephalon). Thus, the hindbrain
becomes organized into a series of repeated segments (rhombomeres) which exhibit
individual identities by expression of a unique combination of genes. By contrast,
immediately anterior to the hindbrain, the midbrain is patterned by a graded signal from
an organiser tissue (the isthmus) located at the boundary between midbrain and
hindbrain (reviewed by Irving and Mason, 2000). The development of the cerebellum
depends on the isthmic organizer (1sO), which controls anterior hindbrain and midbrain
regionalization (for review, see Sato and Joyner, 2009).

There is a broad network of genes related to the IsO (Fig. 9). Among them the
transcription factors Otx2 and Gbx2 are particularly relevant, because they determine
the location of the organizer (Simeone, 2000), where the main signaling molecule will
correspond to Fgf8. This signaling molecule is responsible for the formation of the
cerebellum by activating the expression of several genes involved in the early patterning

of this structure, such as Engrailed2 (for review, see Hidalgo-Sanchez et al., 2005).
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Figure 9. Expression pattern of the Otx2, Gbx2, Fgf8, Lmx1b, En2 and Irx3 genes in

mouse and chick embryos. Taken from: Liu et al., 1999; Cohen et al., 2000; Kobahashi et al.,
2002; Hidalgo-Sanchez et al., 2005; Guo et al., 2010; and Liu et al., 2010.

The cerebellum originates from the alar part of the most rostral hindbrain.
However, there is no complete agreement whether the cerebellum is exclusively formed
form the first rhombomere, or also partially from the caudal midbrain and the second
rhombomere (Marin and Puelles, 1995; Wingate and Hatten, 1999; Sotelo, 2004;
Tumpel et al., 2008).

The regionalization map of the isthmus outlined by the expression of these genes
appears well conserved throughout evolution (Urbach, 2007). Outlining the IsO in
elasmobranch fishes based on gene expression will be extremely useful to define the
embryonic origin of the adult cerebellum of elasmobranch. Since the cerebellum is an
evolutionary innovation of gnathostomes (see above), commonness or dissimilarities
found in the 1sO of chondrichthyans with respect to other vertebrates could explain what
genetic changes in this organizer are at the base of the evolutionary origin of the
cerebellum.

Cerebellar morphogenesis

The study of cerebellar development in cartilaginous fishes from the time of its

early specification to the acquisition of mature features- is also essential to assess the
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degree of evolutionary conservation of cerebellar morphogenesis. In gnathostomes,
once the location where the cerebellum will be formed becomes determined, two
thickenings (rhombic lips) of the alar part of the rostral hindbrain grow and fuse in the
median plane (Fig. 10), to form first the cerebellar plate and then the cerebellar body

and auricles.
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Mesencephalon rhombic lip
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\ 4th ventricle
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rhombic lip

Figure 10. Schematic drawing of the rhombic lips. Taken from Glikstein et al. (2007).

The cerebellar anlage is firstly distinguished by the presence of anatomical
boundaries as the isthmic fissure (rostral boundary). Then the posterolateral fissure (the
boundary between the cerebellar body and the cerebellar auricle) appears, followed by
the primary transverse fissure (the boundary between the rostral and caudal lobes of the
cerebellar body), as illustrated in Figure 11. These fissures are maintained throughout
development and they still delimit the main subdivisions of the adult cerebellum (see
above). Depending on the species, more fissures can also appear in the cerebellar cortex

(for review, see Nieuwenhuys, 1967).
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Figure 11. Schematic representation of the cerebellar development in humans. Taken

from ten Donkelaar et al., 2003.

As development progresses the different cell types become organized by
multiple migrations from two independent proliferative regions: the ventricular zone,
which is the source of cells of the deep cerebellar nuclei, Purkinje cells and
interneurons; and the external granular layer, which is the source of granular cells (for
review, see Sotelo, 2004). Although the existence of the external granular layer in fishes
has been questioned (Chaplin et al., 2010), there is evidence of its existence in teleosts
(Wullimann et al., 2011) and cartilaginous fishes, as previously described by our group
(Rodriguez-Moldes et al., 2008). In fishes, neurogenesis continues throughout life, as
has been described in teleosts (Candal et al., 2005; Zupanc et al., 2005; Kaslin et al.,

2009) and cartilaginous fishes (Margotta, 2007; Rodriguez-Moldes et al., 2008).
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Late in cerebellar development, different territories also appear in the median-
lateral axis of the cerebellar cortex. This process, known as compartmentalization, gives
rise to a zebra-like pattern with multiple parasagittal bands, which is related to the
topography of cerebellar afferents (Sillitoe et al., 2010). This zebra-like pattern was
described in amniota species (for review, see Herrup and Kuemerle, 1997) but, to date,
there is no evidence of this multiple banding pattern in fishes (Vecino and Ekstrom,
1991; Puzdrowski, 1997).

Recent studies made evident that S. canicula is especially suitable for
developmental studies about the cerebellum under an evolutionary perspective
(Rodriguez-Moldes et al., 2008; Chaplin et al., 2010): first, they are at a key
phylogenetic position to analyse changes that occur at the agnathan-gnathostome
transition; second, despite its basal position in the gnathostome lineage, the cerebellum
presents the basic anatomical subdivisions (cerebellar auricles and cerebellar body),
which eases the understanding of the morphogenetic processes that lead to most
complex cerebellar organizations as those found in mammals; third, they present a
protracted development and through life neurogenesis, which allows a detailed study of
such morphogenetic processes. Despite these advantages, studies about cerebellar
morphogenesis in elasmobranch fishes are scarcer than in other vertebrate groups. To
our knowledge, these studies are limited to a few classical reports (for review, see
Larsell, 1967) and two recent works on neurogenic processes (Rodriguez-Moldes et al.,

2008; Chaplin et al., 2010).

Cerebellar connections: New perspectives in cartilaginous fishes

Afferent and efferent cerebellar connections appear to be conserved throughout

evolution (New, 2001). Some studies in adults of different species of cartilaginous
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fishes (reviewed in Nieuwenhuys, 1967; Northcutt, 1978; Smeets et al., 1983; Schmidt
and Bodznick, 1987; Fiebig, 1988; Smeets, 1998; Puzdrowski and Gruber, 2009)
revealed that precerebellar nuclei were comparable to those of mammals (Fig. 12).
However, developmental studies are lacking, though they are essential for
understanding the origin and evolution of precerebellar nuclei. The lesser spotted
dogfish represents an adequate species for studying the development of cerebellar
connections because its cerebellum is simpler and smother than that of batoids, in which
cerebellar connections were previously reported; Fiebig, 1988; Puzdrowski and Gruber,
2009. Understanding the development of these connections in gnathostomes with
relatively simple cerebellums can provide insight into basic principles of cerebellar

connectivity.
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Figure 12. Schematic representation of the cerebellar afferents (a, c) and efferents (b) of

the cerebellar body in an elasmobranch (Platyrhinoidis triseriata). Taken from Fiebig (1988).
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The origin of precerebellar nuclei: rhombic lip derivatives

Precerebellar nuclei of the hindbrain emerge mainly from the upper rhombic lips
and also from caudal or lower rhombic lips. Then, precursors of different precerebellar
nuclei reach their final position by several complex migrating pathways (Fig. 13), which
have been well described in amniota (for review, see Sotelo, 2004; and Sotelo and
Chedotal, 2005) and bony fishes (Wullimann et al., 2011), but not in basal

gnathostomes. If similar pathways occur early in gnathostomate evolution warrants

further research.
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Figure 13. Schematic drawings of migrating pathways from rhombic lips. Taken from
Puelles et al. (2008).
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RATIONALE AND AIMS OF THE THESIS

The cerebellar development has been widely studied, not only because it is
crucial for a better understanding of the complex structure of the adult cerebellum and
the origin of many cerebellar disorders, but also because of its importance in
evolutionary studies. Indeed, the identification of similarities and differences among
species throughout development is essential in comparative studies. These studies have
led to know that, while the cerebellum is the structure of the brain with highest
variability as regards gross morphology at maturity, all jawed vertebrates appear to
present similar developmental processes and a basic (common) cellular network. Thus,
understanding the simplest morphogenetic processes and resulting structures, may serve
as an essential framework to understand the most complex developmental outcomes.

Cartilaginous fishes, which are at the base of the gnathostome lineage, appear
especially suitable for studying the development of the cerebellum. Since the
cerebellum is considered an evolutionary innovation that occurred at the agnatha-
gnathostome transition, cartilaginous fishes represent a key phylogenetic group to gain
insight into the ancestral condition of the formation of the cerebellum. In spite of this,
only a few studies have been performed dealing with the development of the cerebellum
in this animal group.

Among cartilaginous fishes, the lesser spotted dogfish (Scyliorhinus canicula) is
actually considered as a model species in evolutionary developmental (Evo-Devo)
studies. This species presents some features that make it particularly suitable for the
study of the development of the cerebellum and its connections, including the presence
of a large cerebellum (relative to the total body size) that present a protracted

development and the basic anatomical subdivisions found in the cerebellum of all other
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gnathostomes. Therefore, we have used S. canicula as the animal model to study the
development of the cerebellum and the precerebellar nuclei.
The aims of the present Thesis are:

- To know the degree of evolutionary conservation of the gene expression-based
regionalization of the isthmus (that is involved in the early cerebellar patterning)
by analyzing the genoarchitecture of the rostral hindbrain at pharyngula stages.
The comparative analysis of our results with that of other vertebrates could help
to understand what genetic changes are at the base of the evolutionary origin of
the cerebellum. The results are presented in the Chapter 1, entitled:
Genoarchitecture of the rostral hindbrain of a shark: basis for understanding
the emergence of the cerebellum at the agnathan-gnathostome transition.

- To perform a close monitoring of the development of the cerebellum, mainly
based on the identification of anatomical landmarks, changes of the gross
anatomy and cerebellar compartmentalization throughout development. These
results will be framed in discrete developmental periods, which will serve as
framework not only for future work in this species, but also to search for
anatomical homologies across vertebrates. The results are presented in the
Chapter 2, entitled: Origin and development of cerebellum and cerebellum-
related structures in a shark.

- To analyze the development and neurochemical signature of the precerebellar
nuclei. Our results will shed light on the basal pattern of cerebellar connectivity
and on the degree of evolutionary conservation of this pattern. The results are
presented in the Chapter 3, entitled: Development of the cerebellar afferent

system in the shark Scyliorhinus canicula: Insights into the basal organization of

precerebellar nuclei in gnathostomes.
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To search for new experimental approaches that can help to solve some
challenging questions, as the exact identification of different rhombic lips
derivatives from early to late developmental stages. Since genetic fate mapping
has been applied in other fishes to investigate this question, we aimed to be
acquainted with this technique and explore its possible application in our animal
model. A short report on the stay in the laboratory of the Professor Reinhard

Koster is presented in the Appendix 1.

33



34



CHAPTER 1
)

GENOARCHITECTURE OF THE ROSTRAL HINDBRAIN
OF A SHARK: BASIS FOR UNDERSTANDING THE
EMERGENCE OF THE CEREBELLUM AT THE
AGNATHAN-GNATHOSTOME TRANSITION

Some results of the present work appear published in the article:

- Rodriguez-Moldes I, Carrera |, Pose-Méndez S, Quintana-Urzainqui I, Candal E, Anadon R, Mazan S,
Ferreiro-Galve S. 2011. Regionalization of the shark hindbrain: a survey of an ancestral organization.
Front Neuroanat 5:1-14.






Genoarchitecture of the rostral hindbrain of a shark: basis for
understanding the emergence of the cerebellum at the agnathan-

gnathostome transition

INTRODUCTION

Two prominent external constrictions divide the early vertebrate brain into three
main vesicles: hindbrain (or rhombencephalon), midbrain (or mesencephalon), and
forebrain (or prosencephalon). The isthmic organizer (IsO), located at midbrain-
hindbrain boundary or MHB, is a secondary organizer that controls the formation of
optic tectum rostrally and the cerebellum caudally (for review, see Martinez, 2001;
Aroca and Puelles, 2005; Nakamura et al., 2008). A complex network of genes is
involved in this process. Firstly, the transcription factors Otx2 and Gbx2 determine the
correct positioning of the isthmic organizer at MHB (Simeone, 2000) and Lmx1b is
responsible for the initiation and maintenance of Fgf8 expression, which in turn is the
main signaling molecule of the isthmic organizer (O’Hara et al., 2005; Guo et al, 2007).
The Iroquois and Engrailed genes are also related to the isthmic territory and involved
in cerebellum development, since Irx3 and En2 act as repressor and activator,
respectively, of the appearance of the cerebellum (for review, see Gémez-Skarmeta and
Modolell, 2002; Hidalgo-Sanchez et al., 2005). These genes have intricate relationships
between them, activating and/or inhibiting each other (for review, see Liu and Joyner,
2001), which appear well conserved throughout evolution (Urbach, 2007). As well,
these genes execute other important functions. In particular, cells expressing En2
migrated from the neural crest at isthmic levels to participate in the patterning of the

mandibular arch (Knight et al., 2008).
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Although an isthmus organizer-like is present from hemichordates (Pani et al.,
2012), the cerebellum is an evolutionary innovation of gnathostomes or jawed
vertebrates, concurrently with the jaw and, consequently with predation in vertebrates.
Because cartilaginous fishes present the most primitive features of gnathostomes, they
are closer to the ancestral condition of jawed vertebrates, and may shed light on the
emergence of the cerebellum at the agnathan-gnathostome transition. However, the
knowledge about the isthmic territory mainly comes from studies in mammals (for
review, see Joyner et al., 2000), birds (Hidalgo-Sanchez et al., 2005), amphibians
(Glavic et al., 2002) and teleost fishes (Jaszai et al., 2003). In basal gnathostomes as
cartilaginous fish, circumstantial information about this territory, so closely related to
the cerebellum emergence, comes from developmental studies about fin and mesoderm
in the shark Scyliorhinus, in which the expression of isthmus-related genes as En-1 and
En-2 is shown (Tanaka et al., 2002; Adachi et al. 2012).

The genoarchitecture corresponds to the description of neural structure in terms
of discrete gene expression patterns (for review, see Puelles and Ferran, 2009). Because
understanding the phylogenetic and ontogenetic aspects of the genoarchitecture of the
rostral hindbrain and, in particular of this organizer, are fundamental to advance our
knowledge on the cerebellum emergence, we have analyzed the genoarchitecture of the
rostral hindbrain of the shark Scyliorhinus canicula or lesser spotted dogfish by
studying the expression pattern of the ScOtx2, ScGbx2, ScFgf8, ScLmxlb, Sclrxl,
Sclrx3 and ScEn2 genes and the distribution of Pax6 protein at pharyngula stages. To
analyze the degree of evolutionary conservation of the gene expression patterns found in
this basal vertebrate, a comparative study was also performed. The similarities with
more complex organisms will show the degree of conservation of the gene expression

patterns in the isthmic territory and will allow the establishment of subdivisions of the
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rostral hindbrain in shark during early patterning of the cerebellum. On the other hand,
dissimilarities with respect to simpler organisms (agnatha and invertebrates) could
correspond with potential causes of the cerebellar evolutionary innovation in basal

gnathostomes.

MATERIAL AND METHODS
Experimental animals and tissue preparation

Embryos of the lesser spotted dogfish (Scyliorhinus canicula) were supplied by
the Marine Biological Model Supply Service of the CNRS UPMC Roscoff Biological
Station (France) and the Estacion de Bioloxia Marifia da Grafa (Galicia, Spain).
Additional embryos and juveniles were kindly provided by the Aquaria of Gijon, O
Grove and A Corufia (Spain). A total of 20 embryos at early (stages 19-20) and late
(stages 24-25) pharyngula stages were analyzed. Embryos were staged on the basis of
their external features according to Ballard et al. (1993). Adequate measures were taken
to minimize animal pain or discomfort. All procedures conformed to the guidelines
established by the European Communities Council Directive of 22 September 2010
(2010/63/UE) and by the Spanish Royal Decree 53/2013 for animal experimentation,
and were approved by the Ethics Committee of the University of Santiago de
Compostela.

Specimens were anaesthetized with 0.5% tricaine methane sulphonate (MS-222;
Sigma) in seawater. Embryos were fixed by immersion in phosphate buffered 4%
paraformaldehyde. Then, the fixative was removed with saline phosphate buffer. Some
embryos were cryoprotected with 30% sucrose in phosphate buffer, embedded in NEG

50rm (Thermo Scientific, Kalamazoo, MI), frozen with liquid nitrogen-cooled
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isopentane and cut on a cryostat. Parallel series of transverse and sagittal sections (18-
20pm thick) were mounted on Superfrost Plus slides (Menzel-Glasser®, Madison, W1).
In situ hybridization on whole mount embryos and on sections

We applied in situ hybridization for ScFgf8 (Compagnucci et al., 2013), ScEn2,
ScGbx2, Sclrx1, Sclrx3, ScLmx1b, and ScOtx2 (Germot et al., 2001; Plouhinec et al.,
2005) genes. These probes were selected from a collection of S. canicula embryonic
cDNA library (mixed stages, S9 to 22), submitted to high throughput EST sequencing
(coord. Dr. Sylvie Mazan at the Station Biologique de Roscoff, France). cDNA
fragments, kindly provided by Dr. Mazan, were cloned in pSPORT vectors. Sense and
antisense  digoxigenin-UTP-labeled and fluorescein-UTP-labeled probes were
synthesized directly by in vitro transcription using as templates linearized recombinant
plasmid DNA (Otx2 probe) or cDNA fragments prepared by PCR amplification of the
recombinant plasmids (ScFgf8, ScEn2, ScGbx2, Sclrx1, Sclrx3 and ScLmx1b probes).

In situ hybridization in whole mount and on cryostat sections was carried out
following standard protocols (Coolen et al., 2007). Briefly, sections were permeabilized
with proteinase K, hybridized with sense or antisense probes overnight at 65°C (in
sections) or 70°C (whole mount) and incubated with the alkaline phosphatase-coupled
anti-digoxigenin and anti-fluorescein antibody (1:2000, Roche Applied Science,
Manheim, Germany) overnigh at 4°C. The color reaction was performed in the presence
of BM-Purple and FastRed tablets (Roche). Control sense probes did not produce any
detectable signal.

Immunohistochemistry

Combination of in situ hybridization on sections with immunohistochemistry for

the rabbit polyclonal anti-Pax6 (Covance) was also carried out at stages 24 and 25

following standard protocols (for details see Rodriguez-Moldes et al., 2011). Details
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about the specificity of antibody in Scyliorhinus canicula were previously proved by
preadsorption with the respective blocking peptide (see Ferreiro-Galve et al., 2012).
Imaging

In toto embryos were analyzed in the Olympus SZX12 stereo microscope fitted
with an Olympus DP12 color digital camera. Photomicrographs were taken with an
Olympus DP70 color digital camera fitted to a Provis photomicroscope equipped for
fluorescence with appropriate filter combinations. For presentation, some color
photomicrographs were converted to gray scale, and brightness and contrast adjusted
using Adobe Photoshop 7.0. Plate photomontage, schemes and lettering were made with

Corel Draw X6 and Adobe Photoshop 7.0.

RESULTS

We have studied the genoarchitectonic aspects at midbrain-hindbrain boundary
(MHB) and the most rostral hindbrain during the early regionalization of the cerebellum
in the lesser-spotted dogfish. We have focused the study on early and late pharyngula
stages (stages 19/20 and 24/25, respectively) because they correspond to the period just
before the cerebellar primordium appearance (stages 19/20) and the period when the
rhombic lips become evident (stages 24/25), as showed in the further study about the
cerebellum morphogenesis (see Chapter 2). In addition, equivalences between these
developmental stages and those of other vertebrates are based on similarities in the
reported gene expression patterns and external morphological features. Here we present
the expression pattern of the ScOtx2, ScGbx2, ScFgf8, ScLmx1b, Sclrx1, Sclrx3 and
ScEn2 genes in the rostral hindbrain and caudal midbrain.

The in situ hybridization results obtained from whole mount and cryostat

sections, did not yield significant differences between early (stages19/20) and late
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(stages 24/25) pharyngula stages as regards the expression of most of the genes studied
here in the rostral hindbrain (Figs.1 and 2).

Expression pattern of isthmus related genes in whole mount embryos

At stages 20 and 24 ScOtx2 and ScGbx2 positive domains appeared to be
complementary. Strong Otx2 expression was found in the forebrain and midbrain (Fig.
1A,B), while Gbx2 was expressed in the hindbrain (Fig. 1C,D) and thus delimited the
boundary between midbrain and hindbrain (MHB; black arrows in Fig. 1). Caudal to the
line where ScOtx2 and ScGhx2 abutted, a conspicuous band of ScFgf8 expression was
observed at stages 20 and 24 (Fig. 1E,F), similarly to that reported by Compagnucci et
al. (2013). At early pharyngula, ScLmx1b gene was also expressed in a band of cells in
the caudal midbrain, which apparently abutted with that expressing Fgf8, though it is
also extended marginally in rostral (up to the forebrain) and caudal (along the
hindbrain) domains (Fig. 1G). In late pharyngula, the ScLmx1b positive band at MHB
appeared thinner and partially overlaid the ScFgf8 band (white arrows in Fig. 1F,H).

The gene Sclrxl was expressed rostrally to the MHB. At stages 20 and 24, the
caudal limit of the positive domain roughly coincided with that of ScOtx2, while it
extended rostrally up to the caudal forebrain (Fig. 11,J). The expression pattern of
Sclrx3, showed a conspicuous negative gap at MHB and two positive domains, one
caudal along the hindbrain, and other rostral, which extended up to the caudal forebrain
at stage 20 and more rostrally at stage 24 (Fig. 1K,L). Furthermore, at stage 24 the
expression in the midbrain tegmentum decreased and consequently the negative gap
appeared enlarged at this level (outlined arrows in Fig. 1K,L).

ScEn2 is highly expressed in the MHB and its expression decreased gradually
both rostrally and caudally (Fig. 1M-0). The caudal limit of the domain appeared to

coincide with the area of the upper rhombic lip located rostrally to the lateral recess,
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while the rostral edge roughly coincided with the rostral limit of the mesencephalic

tegmentum (Fig. 10).

Boundaries among the expression domains of isthmus related genes

To better discern the degree of overlapping among the expression domains of
these genes at MHB, we performed single and double labeling on sections. Comparison
of the expression patterns of ScGbx2 and ScOtx2 allowed us to see that they do not
overlap but just abut at MHB (compare midsagittal section in Fig. 2A,B), although a
few cells expressing both ScOtx2 and ScGbx2 genes were observed in the
neuroepithelium (not shown). Likewise, ScOtx2 domain abutted with ScFgf8 domain at
MHB (Figs. 2C,D), except for a tiny overlapping consisting of a few weakly labeled
cells in the neuroepithelium (insets in Fig. 2C,D) and a conspicuous negative gap at
parasagittal level (asterisk in Fig. 2E,F). Interestingly, the sequential analysis of sagittal
sections from medial to lateral levels revealed that in some sections the isthmic or
meso-rhombencephalic fissure and isthmic fovea were located within the ScOtx2
positive domain and rostrally to the ScFgf8 positive area (Fig. 1A-F,L).

The ScGbx2 and Sclrxl domains were also abutting at MHB (Fig. 2G,H). The
ScLmx1b and ScFgf8 domains abutted at parasagittal levels (Fig. 21), except for a thin
marginal area of expression that extended caudally. However, at midsagittal levels
ScLmx1b extended rostro-caudally, clearly overlaying the ScFgf8 domain (Fig. 2J). The
ScFgf8-Sclrx3 combination showed that the rostral limit of the Sclrx3 domain in the
hindbrain roughly coincided with the caudal edge of ScFgf8 domain (arrowhead in Fig.
2K) except for the median-alar portion, where both genes overlapped (inset in Fig. 2L).
On the other hand, the caudal limit of the Sclrx3 domain in the midbrain appeared

adjacent to the anterior limit of SCEn2 expression (outlined arrows in Fig. 2K,L,M). The
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ScEn2 gene showed that the limit of expression extended beyond the MHB (Fig. 2L)
both partially in the midbrain and hindbrain. Comparing to Pax6, at stage 24 the Pax6
protein appeared only extended up to the rl1-r2 boundary and not abutting with SCEn2
(compare Fig. 2M,N). Shortly after, at stage 25 the Pax6 protein appeared rostrally
extended and roughly abutted (as a meeting of gradients of expression) at the half of rl
with the caudal limit of ScEn2 positive domain (Fig. 20,P). Ventrally at parasagittal
levels, the ScEn2-Pax6 boundary appeared to coincide with the caudal edge of the

ScFgf8 positive area, and not at the half of r1 (compare Fig. 21,M,0,P).

DISCUSSION
General considerations on the regionalization of the midbrain-hindbrain boundary

There are several models for defining the regionalization around midbrain-
hindbrain boundary or MHB. Terminology referring to what is considered isthmic
organizer is quite diverse: it has been either defined as the area comprising the most
caudal and rostral portions of the midbrain and hindbrain respectively (Matsunaga et al.,
2002; Hidalgo-Sanchez et al., 2005; O’Hara et al., 2005), or as the most rostral area of
the hindbrain (Aroca and Puelles, 2005). This controversy arises because these authors
have found genes with organizer activity both in midbrain (as Engrailed) and hindbrain
(as Fgf8). Although our results cannot ascertain these hypothesis, we consider the
isthmic organizer as the territory expressing ScFgf8.

The subdivision of the rostral hindbrain is also in open debate and there is no
agreement about whether the isthmic organizer is included in the rhombomere 1 or rl
(Zervas et al., 2004) or should be considered separately as rhombomere 0 or r0 (Moens
and Prince, 2002; Aroca and Puelles, 2005). Of note, the latter does not obey all the

features of a true rhombomere, such as morphologically distinguishable limits from r1.
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Moreover, the existence of some migrated cells from the midbrain has been described
(Jungbluth et al., 2001), which does not usually occurs across rhombomeres. However,
our results about a gene expression compartment in the lesser spotted dogfish (see
below) support the existence of a rO as in other vertebrates (Aroca and Puelles, 2005).
There has been also some controversy about the origin of the cerebellum,
whether it emerges from rostral hindbrain and caudal midbrain (Martinez and Alvarado-
Mallart, 1989; Hallonet et al., 1990; Hallonet and Le Douarin, 1993; Millet et al., 1996)
or exclusively from the rostral hindbrain (for review, see Sotelo, 2004; and Hidalgo-
Sanchez et al., 2005). In fact, whether a dual neuromeric origin of the cerebellum exists
or not, cannot be completely ascertained because of the existence of an early transient
intercompartmental cell mixing (Zervas et al., 2004). However, a reminiscent
intermingle of cells also occurs between other rhombomeres (for review, see Zervas et
al., 2004). On the basis of present results, and although the cerebellar primordium
appeared located exclusively in the area of genes with hindbrain positive domains (as
ScGhx2 gene), we cannot determine whether the origin of the cerebellum is exclusive

from the hindbrain or some contribution occurs from the midbrain.

Genoarchitecture of the MHB in S. canicula. Comparison to other gnathostomes
The striking morphological resemblance between early embryos of the lesser
spotted dogfish (stages 19/20 and 24/25), and those of chick (HH10/14-15 and
HH19/20) and mouse (E8,5 and 9,5/10,5), which roughly coincide with the counterpart
stages proposed by Rodriguez-Moldes et al. (2011), greatly facilitates the comparative
study at these stages. Comparative study to other anamniota, as bony fishes and
amphibian was also carried out. In general, we observed that the expression pattern of

the isthmus related genes in the lesser spotted dogfish is quite similar to that of other
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gnathostomes (see below), as those of mouse published by the Allen Brain Institute

(Allen Brain Atlas data portal, http://.brain-map.org). Moreover, double combinations

of in situ hybridization for the respective S. canicula genes also showed similar
boundaries among them, and therefore, almost the same expression patterns of isthmus
related genes (see below).

The reliability of the ScOtx2 probe has been previously demonstrated in S.
canicula in studies on the ear and eye development (Mazan et al, 2000; Plouhinec et al,
2005). Additionally, the present results show that the caudal limit of the brain ScOtx2
positive domain in forebrain and midbrain coincides just at MHB, as in other
gnathostomes [xenopus (Glavic et al., 2002), zebrafish (Jaszai et al., 2003), chick
(Hidalgo-Sanchez et al., 2005) and mouse (for review, see Joyner and Millet, 2000)].
Although the expression of ScGbx2 was not previously described in S. canicula, its
positive domain in the hindbrain, abutting with ScOtx2 domain, matches with that
described in other jawed vertebrates [xenopus (Glavic et al., 2002), zebrafish (Kikuta et
al., 2003; Rhinn et al., 2003), chick (Hidalgo-Sanchez et al., 2005) and mouse (for
review, see Joyner and Millet, 2000)], although in xenopus and zebrafish Gbx2
expression is excluded from the posteriormost portion of the embryo (for review
Hidalgo-Séanchez et al., 2005). The similarities we observed in S. canicula with respect
to other gnathostomes allow identifying the location of the MHB in this species (see
Fig. 3).

The Fgf8 positive band observed at pharyngula stages (present results;
Compagnucci et al., 2013) and even later (Compagnucci et al., 2013), corresponds to
the rhombomere 0 as described Aroca and Puelles (2005). In addition, the interface
abutting Fgf8 and Otx2 observed in present results matches well with what was

described in other gnathostomes [xenopus (Glavic et al., 2002), zebrafish (Inoue et al.,
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2008), chick (Hidalgo-Sanchez et al., 2005) and mouse (for review, see Joyner and
Millet, 2000)]. Additional similarities were observed, as the overlapping of a few
ScFgf8 positive cells in the Otx2 positive domain (present results) which has been
previously described in chick (Hidalgo-Sanchez et al., 2005). Furthermore, the negative
gap between ScFgf8 and ScOtx2 could correspond to that observed in mouse (see Fig. 2
in Sotelo, 2004), and transiently in the midbrain of chick (Millet et al, 1996). This
negative gap may be involved in morphogenetic movements for the completion of the
isthmic constriction, as it has been suggested in chick (Millet et al., 1996; Adams et al.,
2000). However, other possibilities cannot ruled out, i.e., it could be an area for free cell
intermixing between midbrain and hindbrain (Zervas et al., 2004), or it could be related
with the small triangular mass described by Alvarado-Mallard as a part of the
mesencephalon giving rise to cerebellum (for review, see Sotelo, 2004).

Some differences were also observed, as the location of the isthmic constriction
that in S. canicula is located partially within the ScOtx2 positive area early on
development (present results), differently from that occurring in chick and mouse,
where it is found caudal to the Otx2 domain (Millet et al., 1996).

The expression pattern of ScLmxlb also appears similar to its ortholog in
zebrafish (O’Hara et al., 2005; Cheng et al., 2007), xenopus (Haldin et al., 2003), chick
(Adams et al., 2000) and mouse (Mishima et al., 2009; Liu et al., 2010). Furthermore, in
chick and mouse, the Lmx1b positive domain temporarily covers the MHB and
progressively becomes restricted to the caudal midbrain, (Adams et al., 2000; Guo et al.,
2007; Mishima et al., 2009). A decrease of expression of Lmx1lb from early to late
pharyngula stages was also observed in S. canicula (present results).

The expression of Iroquois genes roughly coincides with that reported in other

gnathostomes. On one hand, the Irx3 gene shows two domains (rostral and caudally to
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the MHB respectively) and, as in the lesser spotted dogfish (present results), a negative
gap in the isthmic area was found in chick (Fig. 2 in Kobayashi et al., 2002), mouse
(Bosse et al., 1997; Cohen et al., 2000), and zebrafish (Tan et al., 1999). In xenopus,
Xiro3 was expressed in the MHB at early stages, but its expression becomes reduced in
this area later in development (Bellefroid et al., 1998; Rodriguez-Seguel et al., 2009).
On the other hand, the rostral domain of expression of Sclrx1 appears similar to that of
other gnathostomes. However, a caudal expression domain was also described in mouse
and zebrafish (Cohen et al., 2000; Cheng et al., 2001, 2007), differently from that we
observed in the lesser spotted dogfish. Nevertheless, in most of jawed vertebrates this
gene is not expressed at MHB (Cohen et al., 2000; Cheng et al., 2001, 2007; present
results), except in xenopus, (Glavic et al., 2002).

The great similarity of the expression pattern of isthmus related genes in the
lesser spotted dogfish to those of other gnathostomes allowed us to identify the MHB
and rhombomere 0, which correspond to the ScFgf8/ScGbx2/ScEn2-positive and Sclrx3-
negative domain, just caudal to the midbrain Sclrx1/ScOtx2/ScLmx1b-positive domain

(see Fig. 3).

Regionalization of the upper rhombic lip
The expression pattern of the gene En2 was previously described around the
MHB in Scyliorhinus torazame, a close related shark species to S. canicula, (Adachi et
al., 2012). The expression pattern appears to be the same as we observed in the lesser
spotted dogfish (present results), as well as in other jawed vertebrates [xenopus (Koenig
et al., 2010), zebrafish (Lekven et al., 2003), chick (Hidalgo-Sanchez et al., 2005) and
mouse (Liu et al., 1999)]. The expression pattern of a close related gene (Enl) was also

previously described in S. canicula (Tanaka et al., 2002), whose positive domain at
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MHB appears very similar to that of ScEn2 (present results). Regarding to the
distribution of Pax6 protein in the lesser spotted dogfish, it appeared slightly delayed
with respect to the expression of the ScPax6 gene, as it was described in r1 (Derobert et
al., 2002; Ferreiro-Galve, 2010) at earlier stages than the Pax6 protein (present results).
Similarly, a delay of Pax6 expression in rl was described in mouse, in which the Pax6
was firstly observed up to the rl-r2 boundary and progressively appeared in rl
(Takahashi and Osumi, 2011).

The anterior limit of Pax6 roughly abutted with the posterior limit of ScEn2
positive domain at the half of the rhombomere 1. This result allows the recognition of
rostral and caudal regions in this rhombomere (Fig. 3). However, ventrally at
parasagittal levels, the boundary abutting ScEn2-Pax6 roughly coincides with the caudal
edge of rhombomere 0 (Fig. 3), as we previously described (Rodriguez-Moldes et al.,
2011). In zebrafish En2 also appears roughly abutting with Pax6 (Scholp et al., 2003).
Furthermore, the GAD-DCX cells previously described at the most rostral part of r1 or
r0-rl boundary (Rodriguez-Moldes et al., 2011), which may correspond to migrating
neuroblasts from the upper rhombic lip or rl (see Chapter 3), appear to abut with the
caudal edge of ScFgf8 expression domain and to overlap with the ScEn2 positive
domain in the rostral half of the r1 (present results). A subdivision of r1 into two halves,
as proposed in S. canicula (present results), was also established in mammals (Aroca
and Puelles, 2005; Liu et al., 2010; Sato and Joyner, 2009).

The fact that both rO-rl and rla-rlb boundaries are not clearly defined
morphologically could be due to a delay in the morphogenesis of this rostral hindbrain
region with respect to more caudal rhombomeres, as previously suggested by Aroca and

Puelles (2005).
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Comparison to invertebrates and agnatha

As the cerebellum is an evolutionary innovation of gnathostomes, the
dissimilarities with respect to simpler organisms could explain why the isthmic
organizer acquired the ability to induce the formation of the cerebellum for the first time
in evolution, probably in the ancestor of jawed vertebrates.

An isthmic organizer-like exists from hemichordates, although it is not located at
Otx-Gbx boundary and En gene does not overlap with Fgf8 expression domain (Pani et
al., 2012), which is different from shark (present results) and other vertebrates (see
above). These genes are also present in basal chordates although their expression
patterns are not all the same as those observed in vertebrates (for review, see Holland,
2013). In cephalochordates (amphioxus), an Otx-Gbx boundary is present, but signaling
molecules as Fgf8 are expanded and not restricted to the area equivalent to MHB
(Holland, 2005, 2013; Castro et al., 2006; Holland and Short, 2008; Bertrand et al.,
2011) as they seem to have secondarily lost some developmental mechanisms in
comparison to hemichordates (for review, see Pani et al., 2012). The expression patterns
of isthmus related genes in urochordates, as ascidia (Ikuta and Saiga, 2007) also showed
dissimilarities from what was observed in shark (present results) and other vertebrates
(for review, see Castro et al., 2006), such as the loss of the Gbx gene and therefore, the
absence of a homologous MHB (Wada et al., 2003; Ikuta and Saiga, 2007). Therefore,
as Pani et al. (2012) suggested, at least a partial 1sO-like signaling center pre-dates
vertebrates.

Comparing to agnatha (basal vertebrates), the expression pattern of an array of
genes related to the MHB matches well with those of other vertebrates (for review, see
Kuratani et al., 2002) and lesser spotted dogfish (present results). For instance, the

caudal limit of Otx expression in lamprey, coincides at the caudal edge of the midbrain
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(Tomsa and Langeland, 1999; Murakami et al., 2001; Suda et al., 2009), the Fgf8 was
restricted to the MHB (Rétaux and Kano, 2010; Sugahara et al., 2011) and the En gene
was expressed overlaying the MHB (Matsuura et al., 2008; Hammond et al., 2009).
However, the Gbx gene has not been described in lamprey yet. Nevertheless,
dissimilarities between agnatha and gnathostomes also exist. The IrxA gene in lamprey,
ortholog to the Irx1/3 of gnathostomes, does not show a negative gap of expression at
MHB (Jiménez-Guri and Pujades, 2011), differently from that observed in the lesser
spotted dogfish (present results). The Irx3 has been described as repressor of the
cerebellum (for review, see GOmez-Skarmeta and Modolell, 2002). In fact, mice
deficient for the expression of Irx2 (which is involved in the formation of the
cerebellum), did not present the negative gap of Irx3 expression at MHB (Lebel et al.,
2003). Besides, ziro3 in zebrafish appears expressed in the MHB only after the
formation of the cerebellum (Tan et al., 1999). Therefore, it cannot be ruled out the
possibility that the induction of the cerebellum must be directly or indirectly related to
the appearance of new Iroquois isoforms due to genetic duplication in gnathostomes
(Kerner et al., 2009) and to the down-regulation of Irx3 at MHB. In addition to the
genetic duplications that occur in agnatha-gnathostomate transition (Kerner et al.,
2009), our results also support some hypothesis previously proposed for explaining the
cerebellar innovation in gnathostomes, such as the absence of Pax6 expression in the
rhombic lip in lamprey, different from that occurs in gnathostomes (for review, see
Kuratani et al., 2002). In the lesser spotted dogfish, like in other gnathostomes, Pax6 is
expressed in the rhombic lip and cerebellum (Rodriguez-Moldes et al., 2008, 2011).

To activate the pathways involved in the formation of the cerebellum, it is
necessary that some genes reach a high threshold of expression and be expressed long

enough, such as in the case of Fgf8 (Sato and Nakamura, 2004; Sato and Joyner, 2009)
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or Gbx2 (Waters and Lewandoski, 2006). Therefore, though the expression patterns of
isthmus related genes appear very similar in agnatha and gnathostomes, it could be
possible that the level of expression of the respective genes in lamprey would not be
high enough.

Therefore, the emergence of the cerebellum for the first time in the ancestor of
gnathostomes might have been a very gradual process from simpler organisms. So,
although mostly of isthmus related genes expression patterns coincide between jawless
and jawed vertebrates, small differences in the agnatha-gnathostomate transition would

be a key for the evolutionary innovation of the cerebellum.

Evidence of concurrent evolutionary innovation of the cerebellum and jaw

It is widely accepted that both the cerebellum and the jaw are a concurrent
evolutionary innovation of gnathostomes (for review, see Northcutt, 2002). In fact, the
appearance of these structures allowed big changes in the evolutionary history of
vertebrates, as the predation and so the necessity of controlling more complex body
movements. Nevertheless, whether mechanisms involved in early patterning of both
structures are also closely related or not, it is not completely understood yet.

The origin and development of the jaw has been extensively studied. The jaw is
mostly derived from the first branchial arch (brl) or mandibular arch, whose cells in
turn correspond to neural crest cells that have migrated from isthmic levels (for review,
see Logan et al., 1993). Furthermore, in the brl some isthmus related genes (as Otx2,
Fgf8 and En2) are also expressed, which are involved in early patterning of the jaw
(Logan et al., 1993; Matsuo et al., 1995; Abu-Issa et al., 2002; Knight et al., 2008).
Likewise, in cartilaginous fishes, these genes have been described in relation to the brl

and jaw development and also in the MHB (Adachi et al., 2012; Compagnucci et al.,
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2013). Therefore, as in the MHB and brl (mainly derived from neural crest of isthmic
levels) an array of genes in common is expressed, data about the expression patterns of
isthmus related genes in S. canicula (present results; Adachi et al., 2012; Compagnucci
et al., 2013) could indicate a high degree of conservation in a possible close relation of

genetic networks involved in the early patterning of the cerebellum and jaw.

CONCLUSIONS

Similarities observed between the lesser spotted dogfish and other gnathostomes
show the high degree of conservation of the expression patterns of isthmus related genes
and support the hypothesis that the chondrychthyan pattern reveals the ancestral
condition of cerebellar formation. Additionally, it allowed the recognition of the
boundaries between rO-rl1 and rla-rlb in the rostral hindbrain. On the other hand, the
dissimilarities found with respect to other anamniota species reveal that those features
were secondarily derived.

While invertebrates present particular combinations of various isthmus related
genes at the 1sO-like signaling center, only vertebrates present a whole set of isthmus
related genes with conserved expression patterns. Our results support previously
proposed hypothesis for explaining the cerebellar origin. Although more
genoarchitectonic studies in basal gnathostomes and agnatha would be necessary, small
dissimilarities we observed between them might give a clue to clarify why the isthmic
organizer acquired the ability to induce the formation of the cerebellum in the ancestor

of jawed vertebrates.
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Figure 1. Panoramic and details of lateral views of S. canicula embryos at stages 19, 20
and 24 showing in situ hybridization reactions in whole mounts for: ScOtx2 (A,B), ScGbx2
(C,D), ScFgf8 (E,F), ScLmx1b (G,H), Sclrx1 (1,J), Sclrx3 (K,L) and ScEn2 (M-O) genes in the
rostral hindbrain and adjacent brain areas. Black arrows (in A-L,O) indicate the midbrain-
hindbrain boundary. White arrows (in F,H) indicate possible overlapping of Fgf8 and Lmx1b
positive domains. Outlined arrows in K,L,M indicate the mesencephalic tegmentum. Note that
for any marker, the signal at stage 20 is higher than at stage 24. br1-3, branchial archs 1-3; Mes,
mesencephalon; MHB, midbrain-hindbrain boundary; Pros, prosencephalon; Rh,
rhombencephalon.
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Figure 2. Midsagittal (A-D,J,L) and parasagittal (E-1,K,M-P) sections of S. canicula
embryos at 24 (G-N) and 25 (A-F,0,P) stages hybridized for the indicated gene markers (upper
left). Black arrows indicate the midbrain-hindbrain boundary. A-F. Details of ScGbx2, ScOtx2
and ScFgf8 positive domains. Insets in C and D show a few cells expressing both ScFgf8 and
ScOtx2 genes. The FastRed labeling was (accidentally) removed after secondarily revealed the
Otx2 with BM-Purple (in B,C and F). Asterisk (in E,F) indicates a negative gap for the
expression of ScFgf8 and ScOtx2. G-M. Details (G-1,K,M) and panoramic views (J,L) of double
(G-L) or single (M) labeling of ScGhx2-Sclrx1 (G,H), ScFgf8-ScLmx1b (1,J), ScFgf8-Sclrx3
(K,L), and ScEn2 (M) genes. Insets in J and L show overlapping domains of expression.
Arrowhead (in K) indicates the interface abutting ScFgf8 and Sclrx3 positive domains. Outlined
arrows (in K,L,M) indicate the interface roughly abutting Sclrx3 and ScEn2 positive domains.
N-P. Single labeling of the Pax6 protein (N) and double labeling of the expression of the SCEn2
gene and Pax6 protein (O,P). Cbp, cerebellar plate; Isfo, isthmic fovea; I\Vv, fourth ventricle;
Mes, mesencephalon; MHB, midbrain-hindbrain boundary; mrf, meso-rhombencephalic fissure
; OT, optic tectum; Pros, prosencephalon; r1-4, rhombomeres 1-4; Rh, rhombencephalon; RL,
rhombic lip. Scale bar = 200 pm in A-1,K,M-P; 500 pmin J,L.
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Figure 3. Schematic drawings of sagittal (A,C) and dorsal (B,D) views of S. canicula
embryos at stages 24/25 showing the expression pattern of the ScOtx2, ScGbx2, ScFgf8,
ScLmx1b, Sclrx1, Sclrx3 and ScEn2 genes. The diagram in E summarizes the distribution of
domains of expression in S. canicula at midbrain, midbrain-hindbrain boundary, and rostral
hindbrain. Bars indicate roughly the extension of the expression domains. Thin line in Lmx1b
and Irx3 indicate the rostro-caudal extension of the expression pattern in the marginal zone.
Anterior levels correspond the right side. br1-3, branchial archs 1-3; I\VVv, fourth ventricle; LRL,
lower rhombic lip; Mes, mesencephalon; MHB, midbrain-hindbrain boundary; ot, otic vesicle;
OT, optic tectum; Pros, prosencephalon; r1-4, rhombomeres 1-4; Rh, rhombencephalon; URL,
upper rhombic lip.
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CHAPTER 2
e

ORIGIN AND DEVELOPMENT OF CEREBELLUM
AND CEREBELLUM-RELATED STRUCTURES IN A SHARK






Origin and development of the cerebellum and cerebellum-related

structures in a shark

INTRODUCTION

The cerebellum is a brain structure shared by all gnathostomes or jawed
vertebrates. During the anterior-posterior patterning, the alar walls of the metencephalon
grow up giving rise to the rhombic lips, which join at the midline to originate the
cerebellar anlage. In jawless vertebrates (agnatha), a cerebellar anlage is present but
whether it corresponds to a true cerebellum has largely been a matter of debate (for
review, see Larsell, 1947; Nieuwenhuys, 1967; Schnitzlein and Faucette, 1969; Butler
and Hodos, 2005; Murakami and Watanabe, 2009). The gnathostome-like cerebellum
and cerebellar related nuclei are currently thought to have emerged in the gnathostome
lineage because agnathans lack the cell types that define the cerebellum, i.e., they lack
Purkinje cells (Lannoo and Hawkes, 1997) and granule cells (for review, see Kuratani et
al., 2002). Similarities among different vertebrates are observed at early stages and, as
development proceeds, many differences arise due to phylogenetic divergence.
Paradoxically, this makes the cerebellum extremely variable in size and shape despite
its highly conserved basic structure through evolution. In fact, existing cerebellar
morphologies are countless (Nieuwenhuys, 1967; Butler and Hodos, 2005). However, a
great harmony and preservation leads all through phylogeny both at macroscopic (main
cerebellar subdivisions) and microscopic (citoarchitectonic) levels. The basic
macroscopic division in all gnathostomes consists on auricles (or floculonodular lobe)
and cerebellar body, which are separated by the posterolateral fissure. Though, some
groups present special structures, as the lateral hemispheres (conspicuous in mammals

and weak in birds) and the cerebellar valvula, present in bony fishes (for review, see
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Nieuwhenhuys, 1967; Sarnat and Netsky, 1981; Butler and Hodos, 2005; Voogd and
Glickstein, 1998). At microscopic level, the somas of the cerebellar cells are organized
in the cerebellar cortex. All vertebrates share the same main cell types distributed in
molecular, Purkinje and granular cell layers, although some groups of vertebrates
present peculiar cell types in the cerebellar cortex, and the relative location of these
layers can vary among different groups of vertebrates (for review, see Sarnat and
Netsky, 1981; Alvarez-Otero and Anadon, 1992; Alvarez-Otero et al., 1995; Hibi and
Shimizu, 2011). A similar histology to that of the cerebellar cortex is also present in
other structures known as cerebellar-like structures that share a common genetic-
developmental program (Montgomery et al., 2012) and mainly include parts of the
octavolateral and electrosensory systems. It has been suggested that cerebellum-like
structures were the evolutionary antecedent of the cerebellum and that the cerebellum
arose through a change in this genetic-developmental program (Montgomery et al.,
2012). Therefore, there is no complete agreement on whether the cerebellum itself is a
cerebellar-like structure or should be considered separately (Devor, 2000; Bell, 2002;
Montgomery et al., 2012). What is well known is that the development of these areas is
closely related, because both cerebellar body and other cerebellar-like structures emerge
from the somatosensorial area of the hindbrain (Bell, 2002).

The study of cerebellar development is essential, not only for understanding its
complex framework or the origin of certain diseases (Utsunomiya et al., 1998; ten
Donkelaar et al., 2003), but also for evolutionary studies, since the identification of
similarities and differences among species throughout development is critical in
comparative studies. Cerebellar morphogenesis (i.e., the process for getting the mature
shape of the cerebellum) has been widely studied in mammals (Altman and Bayer,

1985; Herrup and Kuemerle, 1997; ten Donkelaar et al., 2003; Triulzi et al., 2005;
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Prayer et al., 2006; Sudarov and Joyner, 2007; Cheng et al., 2010) and there are also
some studies in other gnathostome groups including fishes (Larsell, 1925, 1934, 1967;
Pouwels, 1978; Candal et al., 2005). Cartilaginous fishes or chondrichthyans are a key
group in developmental and evolutionary studies about the cerebellum because they
represent the earliest vertebrate group with cerebellum. Thus, they could help to explain
how the cerebellum of the ancestors of jawed vertebrates could be, i.e., they are closer
to the basic pattern present in the earliest gnathostomes. Besides, the cerebellum of
cartilaginous fishes, at difference of bony fishes, has not secondarily derived structures
and for this, it appears more suitable for understanding the most complex cerebellar
organization through the simplest one.

The organization of the cerebellum in chondrichthyans as sharks, skates and
rays (elasmobranchs) has been fairly detailed in adults (Schaper, 1898; Houser, 1901;
Ariéns Kappers et al., 1936; Larsell, 1967; Nieuwenhuys, 1967; Nicholson et al., 1969;
Kuhlenbeck, 1975; Smeets et al., 1983; Alvarez-Otero, 1990; Alvarez-Otero et al.,
1995; Anaddn et al., 2009), but developmental studies are very scarce in these
cartilaginous fishes. Classic developmental studies were mainly focused on the anatomy
of cerebellum in squalomorph sharks (Sterzi, 1912; Palgrem, 1921; Rideberg, 1961;
Larsell, 1967; Nieuwenhuys, 1967) being especially detailed that performed in Squalus
by Larsell (1967). Nowadays, the galeomorph Scyliorhinus canicula is considered a
generalized model in evolutionary developmental (Evo-Devo) studies (Coolen et al.,
2009). Furthermore, recent studies made evident that this species is especially suitable
for studying any aspects of the cerebellar development (Rodriguez-Moldes et al., 2008;
Chaplin et al., 2010; see Chapter 3), a value that is also strengthened by a fairly good

knowledge of the cytoarchitecture, connections and physiology of the cerebellum in this
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species (Paul and Roberts, 1975; Smeets et al., 1983; Alvarez and Anaddn, 1987, 1992;
Alvarez-Otero et al., 1993, 1995; Anaddn et al., 2009).

The combination of classical anatomical studies with current molecular
techniques provides excellent complementarity to reach a better understanding of the
development, as has been illustrated by Puelles and Ferrdn (2012), since gene marker
analysis solve controversies about the source and development of different brain
regions. Genes Engrailed-2 (En2) and Otx2 are well known by their important roles in
the cerebellar patterning since early stages (at midbrain-hindbrain boundary (MHB);
Hidalgo-Sanchez et al., 2005), until late in development (in the intracerebellar
regionalization; Herrup and Kuemerle, 1997; Frantz et al., 1994). The HoxA2 gene,
which is the only Hox gene expressed in the rhombomere 2 (r2; Tlmpel et al., 2008;
Alexander et al., 2009), may help in the identification of the accurate origin of the
auricle (for review, see Wingate and Hatten, 1999; Timpel et al., 2008), since at present
it is not clear if it exclusively comes from rl (Wingate and Hatten, 1999), or also from
r2 (Marin and Puelles, 1995). Although some anatomical markers, such as the isthmic
or meso-rhombencephalic fissure, are not always consistent with the limits established
by gene markers, others match rather well and, in combination with gene expression,
appear to be reliable landmarks for distinguishing different brain territories during
development. In fact, the expression of certain genes not only coincides with the
anatomical landmarks but also directly influences their formation. That is the case of
En2, which is critical for the formation of the main fissures during the cerebellar
morphogenesis (Cheng et al., 2010).

In the present work a detailed analysis of cerebellar development in S. canicula
was carried out by using both morphological and gene markers. We describe the gross

anatomy of the cerebellum and related structures as well as the morphological
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landmarks throughout development and postembryonic stages. Anatomical results were
compared with the expression pattern of Otx2, En2 and HoxA2 genes, which supported
particular boundaries within the cerebellum. In order to assess the degree of
evolutionary conservation of cerebellar morphogenesis, a comparison of our results with
that previously reported in Squalus and other vertebrates was also performed.

As cartilaginous fishes were the earliest vertebrate group with cerebellum, the
identification of territories in these basal gnathostomes on the basis of gene expression
and anatomical landmarks, together with cross-species comparison, will shed light on

the ancestral condition of the cerebellum and cerebellar-related structures.

MATERIAL AND METHODS
Experimental animals and tissue preparation

Embryos of the lesser spotted dogfish (S. canicula) were supplied by Marine
Biological Model Supply Service of the CNRS UPMC Roscoff Biological Station
(France) and the Estacion de Bioloxia Marifia da Grafia (Galicia, Spain). Additional
embryos and juveniles were kindly provided by the Aquaria of Gijon, O Grove and A
Corufia (Spain). A total of 30 embryos were analyzed (which ranged from stage 20 to
prehatching), and staged on the basis of their external features according to Ballard et al.
(1993). Additionally, 5 juveniles and 2 adults were studied. Adequate measures were
taken to minimize animal pain or discomfort. All procedures conformed to the
guidelines established by the European Communities Council Directive of 22
September 2010 (2010/63/UE) and by the Spanish Royal Decree 53/2013 for animal
experimentation, and were approved by the Ethics Committee of the University of

Santiago de Compostela.
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Specimens were anaesthetized with 0.5% tricaine methane sulphonate (MS-222;
Sigma) in seawater. Embryos were fixed by immersion in phosphate buffered 4%
paraformaldehyde, while prehatching, juveniles and adults were intracardially perfused
with the same fixative. For in toto analysis of normal material the tissue was preserved
in saline phosphate buffer, and the brain was excised in some specimens. In the case of
sections, the fixative was removed with saline phosphate buffer. Then tissue was
cryoprotected with 30% sucrose in phosphate buffer, embedded in NEG 501y (Thermo
Scientific, Kalamazoo, MI), frozen with liquid nitrogen-cooled isopentane and cut on a
cryostat. Parallel series of transverse and sagittal sections (18-20um thick) were
mounted on Superfrost Plus slides (Menzel-Glésser®, Madison, WI). In order to
facilitate the identification of morphological landmarks, some sections were stained
with  haematoxylin-eosin.  Furthermore, sections processed with  diverse
immunohistochemical markers were also used for the analysis of gross anatomy but the
results for such labeling were not described.

Immunohistochemistry

Single fluorescent labeling was performed after incubation with goat polyclonal
anti-aldolase-C (Aldo-C, Santa Cruz) antibody at stage 34, and double fluorescent
labeling with the goat polyclonal anti-doublecortin (DCX, Santa Cruz) and rabbit
polyclonal anti-glial fibrillary acidic protein (GFAP, Dako) antibodies in juveniles.
Light field labeling was performed after incubation with mouse monoclonal anti-
proliferating cell nuclear antigen (PCNA, Sigma) antibody in adult specimens. Source
and working dilution of the antibodies is indicated in Table 1. The
immunohistochemistry was performed by standard procedures as previously described

(for details see Ferreiro-Galve et al., 2010). Details about the specificity of DCX, GFAP
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and PCNA antibodies in S. canicula brain have been previously published (Quintana-
Urzainqui et al., 2012; see Chapter 3).
Western blot

The specificity of the goat polyclonal Aldo-C antibody was tested by Western
blot analysis of brain protein extracts of adult lesser spotted dogfish by standard
procedures (for details about the preparation of brain extracts and blotting procedure,
see Anadon et al., 2000; Carrera et al., 2012). In this blot, the Aldo-C antibody stained a
single protein band of about 40 kDa (Fig. 1). As a positive control, staining of other
antigens was carried out in parallel (see Chapter 3). ProSieve protein standards (Lonza,
Rockland, ME) were used as molecular weight markers.

In situ hybridization on sections

We applied in situ hybridization for ScHoxA2 (Oulion et al., 2010; Rodriguez-
Moldes et al., 2011), ScEn2 and ScOtx2 (Germot et al., 2001; Plouhinec et al., 2005).
These probes were selected from a collection of S. canicula embryonic cDNA library
(mixed stages, S9 to S22) submitted to high throughput EST sequencing (coord. S.
Mazan). Sense and antisense digoxigenin-UTP-labeled probes were synthesized directly
by in vitro transcription using as templates linearized recombinant DNA plasmids (Otx2
probe) or cDNA fragments prepared by PCR amplification (SCEn2, ScHoxA2 probes).
In situ hybridization on cryostat sections was carried out in stages 31, 32 and
prehatching embryos following standard protocols (Coolen et al., 2007). Briefly,
sections were permeabilized with proteinase K, hybridized with sense or antisense
probes overnight at 65°C and incubated with the alkaline phosphatase-coupled anti-
digoxigenin antibody (1:2000, Roche Applied Science, Manheim, Germany) overnight
at 4°C. The color reaction was performed in the presence of BM-Purple (Roche).

Control sense probes did not produce any detectable signal.
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Imaging

Anatomical analysis of normal material (in toto brains) was studied in the
Olympus SZX12 stereo microscope fitted with an Olympus DP12 color digital camera.
Photomicrographs were taken with an Olympus DP70 color digital camera fitted to a
Provis photomicroscope equipped for fluorescence with appropriate filter combinations.
Double labeled samples were studied with a spectral confocal laser scanning
microscope (Leica TCS-SP2, Wetzlar, Germany). For presentation, some color
photomicrographs were converted to gray scale, and brightness and contrast adjusted
using Adobe Photoshop 7.0. Plate photomontage, schemes and lettering were made with

Corel Draw X6 and Adobe Photoshop 7.0.

RESULTS

To define boundaries and development of structures related to cerebellum, we
basically followed the terminology used by Larsell (1967), Smeets and Nieuwenhuys
(1976), Smeets et al. (1983), and Carrera et al (2012). Based on the changes observed in
the gross anatomy of the cerebellum of the lesser spotted dogfish through development,
we have distinguished three developmental periods that are summarized in Table 2.
Main changes in the gross anatomy during these periods can be observed in normal
material from dorsal view (see Fig. 2). Upper and lower rhombic lips were roughly
discerned one from each other in stage 20 embryos (Fig. 2A).During the first period
(Fig. 2B-E), the cerebellar plate or anlage of the cerebellum is formed because of the
fusion of the upper rhombic lips. During the second period (Fig. 2F-H) the cerebellar
anlage turns into the primordia of cerebellar body and the upper auricle leaf, while the
lower auricle leaf is formed from the adjacent somatosensorial area. Finally, the third

developmental period (Fig. 2I) mostly corresponds to maturation and growth of the

76



cerebellar system. A comprehensive study was performed on sagittal and transverse
sections throughout these periods (see below), which allowed us to accurately detail
when the cerebellar plate turns into the cerebellar body and when the auricles are
formed, as well as the progressive rostral-to-caudal formation of four bending points

that will serve as anatomical landmarks.

First period: early developmental period of cerebellum (stages 24-29)

Very early on development, the dorsal (alar) part of metencephalon (rostral
hindbrain) had progressively grown up to give rise to the upper or rostral rhombic lips
(compare Fig. 2A and 2B), which were clearly distinguished in sagittal sections from
stages 23-24 (Figs. 3A, B, 4A). The meso-rhombencephalic fissure (mrf) or isthmic
constriction was already visible in these early embryos in the anterior limit of the
cerebellar primordium, which corresponds to the first point of flexure (number 1 in
Figs. 3A, 4A). Shortly after, at stage 25, the onset of the fusion of the rhombic lips took
place at rostral levels (Figs. 2C, 4B), which gave rise to an incipient cerebellar plate.
Later on, at stage 27, the incipient cerebellar plate extended caudalwards (Figs. 2D, 3C,
D). Shortly after (stage 28, Fig. 4C, D), the second point of flexure emerged, which
defines the prospective dorsoventral boundary in the anterior part of the cerebellum
(number 2 in Fig. 4C).

At stage 29 (Figs. 2B, 4E, F and 5A-E), the paired cerebellar plates extended
caudalwards and grew medially so that they increased in size and width (Fig. 2E, 4E),
although they were still separated by an ependimary raphe (Fig. 5B). The third point of
flexure, which defined the prospective dorsoventral boundary of the posterior part of the
cerebellum, started to be distinguished from sagittal view (number 3 in Fig. 4F).

Additionally, new sulci were distinguished in transverse sections, which were located
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ventrally to the cerebellar plate. We call X to the sulcus that delimit the cerebellar plate
and upper rhombic lips at intermediate levels of the cerebellum (Figs. 5B, C), which
could correspond to the ventral boundary of the prospective cerebellar cortex. We call
X’ to the sulcus that delimited the upper rhombic lips at caudal levels (Fig. 5D). At
more caudal levels, the intermediate dorsal sulcus and the sulcus of His were also

distinguished (Fig. 5E).

Second period: intermediate developmental period of cerebellum
(stages 30 and 31)

From stage 30 (Figs. 2F, 6A-E and 7A) the primordium of the cerebellar
peduncle became progressively noticeable (CPp in Figs. 6C, 7A), due to the appearance
of the sulcus e. During this stage, the cerebellar plate started to bend, as the first and
second points of flexure became more conspicuous, which shaped the cerebellar body
rostrally. Additionally, the fourth point of flexure was observed as a weak groove that
delimited the boundary between the prospective cerebellar body and upper auricle leaf
(Fig. 2F). Because it represents the limit between cerebellar body and upper auricle leaf,
it must correspond to the posterolateral fissure.

At stage 31 (Figs. 2G, H, 6F-O, 7B-D, 8A-D) the cerebellar plate and the
primordium of upper auricle leaf were progressively turning into the cerebellar body
and the upper auricle leaf respectively (compare Figs. 6F-J and 6K-0), in part because
the posterolateral fissure and the other points of flexure became more noticeable
(numbers 1-4 in Figs. 7B and 8A, C). At early stage 31 the onset of the bending of
caudal cerebellar anlage was observed in transverse view as a small elevation (compare
Fig. 6G and 6H). As well, the upper auricle leaf primordium began to form, being

visible as a small elevation and thinning in transverse sections (Fig. 61) or as a bending
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in sagittal sections (Figs. 7B, 8A, B). Then, at intermediate stage 31, the cerebellar plate
continued to bend rostral and caudally by the points of flexure to eventually acquire the
mature-like shape of the cerebellar body and upper auricle leaf. The lower auricle leaf
was not seen yet, even at lateral level. At the end of this stage, the cerebellum got the
mature (caudally closed) shape of cerebellar body (Figs. 2H, 6K-N, 7C, 8C, D), and the
protuberance of the cerebellar peduncle became patent (CP in Fig. 6L). In addition, the
primordium of the lower auricle leaf emerged, delimited by the sulcus X’ and the
boundary with the octavolateral area (Fig. 6M-0O). The formation of the lower auricle
leaf appears to be by a process of eversion of the area located rostrally to the
octavolateral area (growing up in a dorso-caudal direction), as seen in a parasagittal

view (Figs. 7D, 8D).

Third period: late developmental period of cerebellum (stage 32-adult)

The completion of the mature shape (similar to that observed in juveniles) was
already observed at early stage 32 (Figs. 21, 9A-E, 10A, B). At this stage, a transverse
fissure was observed in the external part of the cerebellar body at the level of the
cerebellar peduncle (prf in Figs. 21, 10A). It corresponds to the primary transverse
fissure or fissura prima, which divides the cerebellum into the anterior (smaller) and
posterior (higher) lobes. At early stage 32, the cerebellar cortex became considerably
thicker with respect to previous stages. The paramedian granular eminences started to
be distinguished as longitudinal paired prominences (Fig. 9A, B) because of the
condensation of granular cells (as described by Rodriguez-Moldes et al., 2008) and the
upper and lower auricle leaves became patent by the accentuation of the sulcus X’ (Fig.

9C-E).
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At late stage 32 the longitudinal fissure that divides the cerebellar body into left
and right parts became very conspicuous and visible in transverse view as an external
median sulcus (Fig. 9F-J). Throughout this period, auricles were progressively much
more noticeable (Figs. 9H-J, 10A, B). The upper auricle leaf (that is a caudal
prolongation of the cerebellar body; Figs. 10A, B), and the lower auricle leaf (adjacent
to the octavolateral area; Fig. 10B), clearly joined laterally (Figs. 9C-E,H-J).

At prehatching stages (stages 33 and 34; Figs. 10C, D and 11A-F), the size of
the cerebellum was notably increased with respect to previous stages (Fig. 10C, D) and
the auricles were observed as patent paired lateral protuberances (Fig. 11A, D, E).
Furthermore, a new small bulge appeared, probably equivalent to the lobus posticus
described in the developing Squalus by Larsell (1967), which is flanked by the caudal
cerebellar body and the upper auricle leaf (Lpost in Figs. 10D, 11F).

In postnatal specimens (Fig. 9K-O, 10E, F, 11G-O), the cerebellar cortex
became thicker (Figs. 9K-O, 11G-M) and the cerebellar body continued to extend over
the optic tectum (Figs. 10E, F, 11H, K). In juveniles, the primary transverse fissure
became more noticeable and other small clefts were also observed at marginal level
(Figs. 10E, F, 11G, I). To study this fissures more in detail, we performed
immunohistochemistry with DCX and GFAP, which have been used as markers of
migrating neuroblasts and radial glia, respectively, and are known to be associated to
fissuration during cerebellar morphogenesis (Sudarov and Joyner, 2007; Ma et al.,
2012). While in the cortex the GFAP-immunoreactive radial glia appeared organized in
parallel, in the clef single labelled DCX or GFAP processes appeared in a fan shaped
bundle (detail in Fig. 11G”).

In adults, clefts were conspicuous, and the cerebellar body became much more

extended than in juveniles, both rostral and caudalwards (Fig. 11K). The observation of
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the roof of the cerebellar body from ventral view (inner surface) showed that the
granular eminences were smooth in juveniles and with striking folds and sulci in adults
(compare Fig. 11J and 11L). The two largest folds observed in the adult may correspond
to the deepest external grooves observed dorsally (compare asterisks in Figs. 11K and
11L). Immunohistochemistry with a marker of proliferation (proliferating cell nuclear
antigen; PCNA) revealed proliferating cells all along the median ventricular zone (a
proliferating zone previously described in adult cerebellum by Rodriguez-Moldes et al.,
2008), and also within the transversally oriented inner fissures (Fig. 11M). On the other
hand, the granular eminences of the ventral part of the cerebellar body appeared smooth,
both in juveniles and adults. The auricles were already rostralward tilted in juveniles
but, differing from adults, the lower auricle leaf did not appear to be more caudally
extended than the upper auricle leaf (detail in Fig. 11N). At adulthood, both auricles

appeared to be bigger and much more curved (Fig. 110).

Gene expression patterns at intermediate and late cerebellar development

We studied the expression pattern of some genes (ScEn2, ScHoxA2 and ScOtx2)
at intermediate developmental stages (i.e., when the biggest changes occur in the
cerebellum; Figs. 12A-F) and late development (up to completion of the mature shape;
Fig. 12G-J), with two main objectives: (1) to assess whether cerebellar auricles are
originated from rl and/or r2; and (2) to investigate to what extent the boundaries of
gene expression match with the aforesaid anatomical landmarks.

The ScHoxA2 gene was previously shown to be expressed in the r2 and to
delimit the r1-r2 boundary at pharyngula stages (Rodriguez-Moldes et al., 2011). In the
present work we show that the expression of this gene was maintained later on

development, at least until stage 32 (Fig. 12A-C, H). This allowed us to identify r2 at
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the beginning of the third developmental period of the cerebellum. At early stage 31
(Fig. 12A-C), ScHoxA2 expression was observed in the rhombencephalic tegmentum,
including that of r2 (identified by the position of the trigeminal nerve root); the anterior
limit of expression was caudal to the extension of the cerebellum. This expression
pattern appeared homogeneous in the median-lateral axis (Fig. 12A-C). Interestingly,
there was no expression of ScHoxa2 in the area identified as the primordium of the
upper auricle leaf.

The expression of En2 gene was previously analysed on early development in
other galeomorph species (Scyliorhinus torazame) and was reported to be expressed
around the midbrain-hindbrain boundary (Adachi et al., 2012). In S. canicula ScEn2
showed a similar expression pattern early on development (see Chapter 1) and until
late in development (Fig. 12D, E, G, I, J). At early stage 31, a strong SCEn2-expression
was observed in the area adjacent to the posterolateral fissure, which had been identified
as the upper auricle primordium. As regards the cerebellar plate, the expression of
ScEn2 was not homogeneus in the rostrocaudal axis (the strongest signal was found in
the rostral half). However, the level of expression was homogeneous at median and
lateral levels, with moderate signal along the entire cerebellum (not shown). Other areas
that also expressed ScEn2 were the caudal portion of the optic tectum, the
mesencephalic tegmentum and the rostral rhombencephalic tegmentum (Fig. 12D, E).

ScOtx2, whose expression in the rostral brain was also observed at pharyngula
stages (Mazan et al., 2000; Plouhinec et al., 2005; see Chapter 1), was also expressed
later in development (present results). At intermediate stage 31, when the cerebellar
body and upper auricle leaf became clearly distinguishable (Fig. 12F), ScOtx2 was
expressed in the upper auricle leaf from median to lateral levels; two positive areas of

expression were also observed at paramedian levels of the cerebellar body, one that
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extends through its rostral half and other that extends between the third point of flexure
and the posterolateral fissure (Fig. 12F).

Then, at late cerebellar development (stage 32, when the lower auricle leaf was
also noticeable), the expression of SCEn2 was observed in the upper auricle leaf; in the
cerebellar body ScEn2-expression was caudally extended though the signal was more
intense at paramedian levels. At this stage the ScHoxA2 expression appeared in the
rhombencephalic tegmentum and marginally in the cerebellum, but it was not expressed
in either upper or lower auricle leaves. As development proceeded, in prehatching
embryos, the expression of ScEn2 was maintained in the upper auricle leaf, and
restricted to a single paramedian area in the cerebellar body (Fig. 121, J). At the same
stage most of Purkinje cells were positive for the anti-Aldo-C antibody (Fig. 12K), a

marker of Purkinje cells.

DISCUSSION

The present results give evidence of the process of cerebellar morphogenesis in a
species representative of galeomorph sharks, characterized by their elaborated
(Northcutt, 1977) or Type Il brains (which present extensive migration of neuronal cell
bodies away from the periventricular surface; for review, see Butler and Hodos, 2005),
similar to those of teleosts and amniotes. Our results in S. canicula, together with that
obtained earlier by Larsell (1967) in a squalomorph shark (with laminated or Type I
brains, which present limited migration of cells away from the periventricular surface;
see Butler and Hodos, 2005), reveal that the early development of the cerebellum in
cartilaginous fishes follows a similar pattern in all gnathostomes: it originates from two
lateral swellings or rhombic lips, which make up paired cerebellar plates that bind in the

medial region to result in an elongated tube while leaving a small midline ependymal
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raphe. Later, the impar cerebellar plate enlarges and undergoes a series of folds to give
rise to the cerebellar body and auricles, which form part of the vestibulolateral system.
Differences in the mode of growth (evagination, invagination or eversion; for review,
see Nieuwenhuys, 1967) and in the bending process will cause the huge variability of
the external cerebellar morphology observed among the different groups of
gnathostomes (Butler and Hodos, 2005). This wide variability also exists within
elasmobranchs, whose dissimilarities are believed to be due to evolutionary divergence
and also to differences in their ecology, adapted behaviors or enhanced cognitive
capabilities (Yopak et al., 2007; Lisney et al., 2008; Yopak and Montgomery, 2008).
Therefore, while the origin of the cerebellum from the alar region of the
hindbrain is very similar in all gnathostomes, the morphology in adults becomes quite
different. Accordingly, we wondered at what point in the development of the
cerebellum, main differences with respect to other species arise. We also aimed to know
if developmental genes that are responsible for the rostral hindbrain patterning and
involved in cerebellar regionalization in other vertebrates could play the same role in

basal gnathostomes.

Comparison to other elasmobranch species
The developmental stages proposed in S. canicula and their counterparts in
Squalus acanthias (Table 2) were mainly based on changes of the cerebellar
morphology throughout the embryonic period and postnatally in both shark species
(present results and Larsell, 1967). Early in cerebellar development, Larsell (1967)
described a rudimentary cerebellum in 7-8mm-embryos of Squalus, which consisted in
a thickened area on each side of the midline of the hindbrain roof and immediately

behind to the isthmic fold; these bilateral halves were connected across the midline by a
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narrow thinner zone. We consider that these stages would be equivalent to the stages
23-24 and 25 of S. canicula, when (1) the meso-rhombencephalic fissure and rhombic
lips became noticeable and (2) the fusion of rhombic lips begins, respectively.

In addition, we consider that embryos of S. canicula at stages 28-29 might be
homologous to 22mm-embryos of Squalus, on the basis of the similarities noted in the
cerebellar shape from sagittal view.

The emergence of the posterolateral fissure as a faint furrow in S. canicula
stage-30 embryos (at the beginning of the second developmental period) led us to
consider embryos of this stage as equivalent to 32mm-embryos of Squalus.
Furthermore, according to Larsell (1967), the margin of the lateral recess in Squalus
was observed as a tenial attachment that should demarcate the position of the
primordium of the upper auricle leaf, which has been also observed in S. canicula at this
stage. In Squalus the formation of the cerebellar body was next illustrated from the
dorsal arching of the cerebellar plate that occurs in 32mm embryos to the elongated
bursa observed in 50mm embryos; in its turn, the pars medialis (median part of the
upper auricle leaf) continues almost horizontally caudalward (Larsell, 1967).
Accordingly, embryos of S. canicula at early stage 31 may be equivalent to 50 mm-
embryos of Squalus. In the cerebellum of Squalus embryos of 60mm, the swelling in the
pars ventralis (or eminentia ventralis cerebellaris) described by Larsell (1967) could
correspond to the incipient swelling of the cerebellar peduncle, that in the lesser spotted
dogfish occurred at intermediate stage 31. Although the resemblance of the cerebellar
contour is evident, there are some differences between both species at this stage, as the
auricles of Squalus embryos were ear-like shaped, while in Scyliorhinus this was not
observed until late S31, coinciding with the onset of the lower auricle leaf formation.

Later on, in Squalus embryos of 80 mm, the cerebellum was described as the pars
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medialis submerged beneath a caudal projection of the corpus cerebelli (Larsell, 1967),
which could correspond to the incipient upper auricle leaf beneath the cerebellar body
(as a closed structure) observed in S. canicula embryos at late stage 31.

The description of an expansion of the dorsal part of cerebellar body both
rostrally and caudally, the reduction of the cerebellar base to a peduncle-like
constriction and the apparition of the sulcus primus (transverse or primary transverse
fissure) in advanced Squalus embryos (120mm in length) may correspond to the events
we described in Scyliorhinus at stage 32. Of note, transverse grooves were not described
in classical studies in the cerebellum of Scyliorhinus canicula (Nieuwhenhuys, 1967;
Smeets et al., 1983), probably due to the fact that they are less conspicuous than in other
species. Postnatally, both in newborns specimens of the lesser spotted dogfish and in
spiny dogfish pups of 150-170 mm, the auricles were extended dorsalward on either
side of the cerebellar body. Later on, as the brain elongated, the auricles tilted forward
their longitudinal axis and became nearly horizontal at adulthood in both species
(Larsell, 1967; present results).

In summary, similarities in the cerebellar development were noticeable between
both species and reveal a high degree of conservation within elasmobranchs. However,
a few dissimilarities were observed in stages we proposed as equivalent, mainly due to
some disparity in the time of maturation of the auricles with respect to the cerebellar
body. These dissimilarities could be at the base of interspecific differences observed in

adults.

Comparison to other gnathostomes

The variability of cerebellums in different groups of gnathostomes is enormous.

In order to carry out a comparative study on cerebellar morphogenesis we will pay
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attention to particular aspects of the development, as the mode of growth (by
evagination, invagination or eversion), the presence of the major components of the
cerebellum, the ontogeny of the main cerebellar fissures (posterolateral and primary
transverse fissures) and when the completion of the mature shape takes place in the
different gnathotosmate groups.

The growth of the cerebellum by evagination that we observed in S. canicula
(present results) appears to be the same as that present in other cartilaginous fishes and
in most gnathostomes studied so far (for review, see Niewenhuys, 1967). However, it
differs from some reptiles, in which the cerebellum grows by eversion (for review, see
Niewenhuys, 1967). The morphology of the cerebellar body then changes from flat (as
in turtle) to folded (as in lungfish), curved (in alligator), reverse curved (lizard), double
folded (present results in S. canicula) or multifolded (pigeon), as has been extensively
reviewed by Butler and Hodos (2005). A peculiar cerebellar structure was found in
chondrosteans due to the fact that cerebellar anlage folds inward and fuse in the median
plane (Vazquez et al., 2002). The cerebellar ventricle also varies from wide (as in
cartilaginous fishes; present results and Butler and Hodos, 2005) to virtually obliterated
(as in some actinopterygians and sarcopterygians; Nieuwenhuys, 1967; Pouwels, 1978;
Butler and Hodos, 2005; Candal et al., 2005).

Most gnathostomes share the major components of the cerebellum, i.e, the
cerebellar body and the auricles. Despite this commonness, some additional
developmental processes may occur as development progresses, which are particular of
some groups. Such is the case of the cerebellum of ray-finned fishes, the rostral part of
which grows to give rise to the cerebellar valvula (Nieuwenhuys, 1967; Pouwels, 1978;
Butler and Hodos, 2005; Candal et al., 2005). Most actinopterygians and

sarcopterygians develop auricles as lateral projections that appear similar to those of
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cartilaginous fishes. However, the auricles were absent in teleosts (Nieuwenhuys, 1967;
Nieuwenhuys et al.,, 1998; Vazquez et al., 2002), probably due to secondary
evolutionary divergence.

The ontogeny of the fissures also appears roughly well conserved throughout
evolution. In S. canicula, the meso-rhombencephalic fissure appears first, followed by
the posterolateral fissure. The same sequence was observed in bony fishes
(Nieuwenhuys, 1967; Pouwels, 1978; Candal et al., 2005), amphibians and reptiles
(Larsell, 1934), birds (for review, see Nieuwenhuys, 1967), and mammals (Herrup and
Kuemerle, 1997; ten Donkelaar et al., 2003; Triulzi et al., 2005; Prayer et al., 2006). Of
note, in some amphibians (anurans) and reptiles, in opposite way to that observed in
cartilaginous fishes, the posterolateral fissure is reduced because of the reduction of the
vestibulocerebellum as development proceeds. This is related to the disappearance of
lateral line organs (during metamorphosis in amphibians), which are absent in not
aquatic animals (Larsell, 1934; Nieuwenhuys, 1967; Sarnat and Netsky, 1981).

In S. canicula the appearance of the posterolateral fissure is followed by that of
the primary transverse fissure or fissura prima (present results). The same has been
reported in reptiles (Larsell, 1934), chick (Niewenhuys, 1967), rats and humans
(Herrup and Kuemerle, 1997; ten Donkelaar et al., 2003; Triulzi et al., 2005; Prayer et
al., 2006). In chick it has been additionally pointed that the primordium of the
posterolateral fissure is detected near the attachment of the tela choroidea when the
cerebellum is made up of two bilateral thickenings unfused at the midline, and then
temporarily becomes much less apparent than the fissura prima (Pefia-Melian et al.,
1986). In mouse, unlike in S. canicula and other mammals, the fissura prima was
described before the posterolateral fissure (Sudarov and Joyner, 2007; Cheng et al.,

2010). These discrepancies could be related to misinterpretations in the identification of
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the posterolateral fissure because of its proximity to the attachment of the choroid
plexus.

Possible equivalences and/or dissimilarities with other vertebrates were also
analyzed with respect to the completion of the mature shape of the cerebellum at birth.
In S. canicula the posterolateral fissure appears in late stage 30 embryos, the cerebellar
body overlays the upper auricle leaf at stage 31 and the cerebellar crest overlays
octavolateral area in stage 32 embryos (roughly three months before hatching). These
processes in trout have been described at late embryos, hatching and fry fishes,
respectively (Candal et al., 2005), which means that the completion of the mature shape
occurs postnatally. The completion of the mature shape also occurs postnatally in
sturgeon (chondrostean; for review, see Gomez et al., 2004). On the contrary, in birds
and mammals it appears that the acquisition of mature shape occurs prenatally (Pefa-
Melian et al., 1986; ten Donkelaar et al., 2003), as in S. canicula.

While the cerebellum begins to differentiate very early on development, it is one
of the latest brain structures to mature. Fissuration and foliation have been also utilized
as indicator of degree of cerebellar maturation. Indeed, in amniotes there is a
progressive augment of fissuration of second and third order (Pefia-Melian et al., 1986),
which in humans continues for many months after birth (Triulzi et al., 2005; Prayer et
al., 2006). In the lesser spotted dogfish (present results), a higher folding was observed
in adults with respect to juveniles, both at outer and inner walls.The outer and inner
folding observed in the lesser spotted dogfish is consistent with that observed in other
cartilaginous fishes, but different from birds and mammals, which present only outer
folding (for review, see Nieuwenhuys, 1967). In S. canicula, the fan shaped bundle of
glial processes in the base of the small fissures could indicate a possible role of glial

cells in the fissuration, as in mammals (Ma et al., 2012). However, in mammals, the
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granule cells of the external granular layer (secondary proliferative matrix) are also
involved in the formation of fissures. Granule cells, influenced by the signal from
Purkinje cells, are displaced along the radial glia towards the inner of the cerebellar
cortex (Sudarov and Joyner, 2007; Cerri et al., 2010). In S. canicula there is not
marginal proliferation from stage 32 (Rodriguez-Moldes et al., 2011), when the fissura
prima emerges, which could indicate a slightly difference in the process of cerebellar
fissuration with respect to mammals. A possible explanation could also be by tension
forces along parallel fibers, as previously proposed in mammals (Van Essen, 1997).

The features of S. canicula cerebellum observed only in adults (folds affecting
the entire cerebellar cortex, auricles rostrally tilted, and the lower auricle leaf much
more caudally extended than the upper auricle leaf), could correspond to the continuous
growth of the cerebellar body and auricles along the lifetime. Indeed, proliferation in the
cerebellum up to adulthood has been understood as a feature of fishes in general, since it
was described in the cerebellum of adult elasmobranchs (Margotta, 2007; Rodriguez-

Moldes et al., 2008) and teleosts (Zupanc et al., 2005; Kaslin et al., 2009).

Origin of the auricles: genoarchitectonic evidence
The expression pattern of the genes studied in the present work was fairly
consistent with the anatomical landmarks described above and was similar to that
reported in mammals by the Allen Brain Institute (Allen Brain Atlas data portal,

http://.brain-map.orq).

To date, there is no agreement about which rhombomere is at the source of the
auricles, i.e., whether they originate exclusively from rl (for review, see Wingate and
Hatten, 1999; see also Edison et al., 2004), at least in part from r1 (Volkman et al.,

2008), or entirely from r2 (Marin and Puelles, 1995). To solve this question, we
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analysed the expression of the En2 and that of HoxA2 gene, which has been previously
used as a marker of r2 since its rostral limit of expression coincides with the rl/r2
boundary (Tumpel et al., 2008; Alexander et al., 2009). Our results about ScEn2
expression also support the origin of the auricle from rl. The expression of SCEn2 in
the cerebellar area located caudal to the posterolateral fissure confirm our identification
of this territory as the upper auricle leaf primordium (at early stage 31) that will give
rise to the upper auricle leaf (at stage 32).

In S. canicula, ScHoxA2 is expressed in the rhombencephalic tegmentum
including the octavolateral area but not in the upper or lower auricle leaves, which
support that they entirely derive from rl (Fig. 13). Moreover, the lower auricle leaf,
located just caudally to the lateral recess of the fourth ventricle (in the most caudal part
of rl) appears to correspond to a small ScHoxA2-negative area (Rodriguez-Moldes et
al., 2011) that is maintained throughout development (present results). Of note, a
ScHoxA2-positive domain was observed dorsally to the dorsal octaval nucleus (red
domain in Fig. 13), which was classically identified as belonging to the auricle, as it
contains a dense population of cells that express Pax6 (Ferreiro-Galve, 2010), a marker
of granular cells (Rodriguez-Moldes et al., 2008). While this result could indicate that
part of the lower auricle leaf derives from r2, we think that this domain actually
correspond to a transition cerebellar-like structure in between the auricle and the
octavolateral area since this area also presents a low density of serotoninergic fibers (not
shown) with respect to the ScCHoxA2 negative area that we identified as lower auricle
leaf. In late embryos, ScHoxA2 was also expressed in rl derived structures (i.e., in the
cerebellar body at stage 32), which could be due to a shift of function of the gene at this

advanced developmental stage.
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In mammals, a small HoxA2 negative domain is observed caudally to the upper

rhombic lip (Allen Brain Atlas data portal, http://.brain-map.org). However, this domain

does not develop as a lower auricle leaf. As this structure mainly receives lateral line
imput (Schmidt and Bodznick, 1987), the absence of the lower auricle leaf could imply

that it disappears through evolution along with the lateral line system.

Antero-posterior and median-lateral compartmentalization of the cerebellum

The delimitation of domains along the anterior-posterior axis is involved in the
development of different functional regions (Frantz et al., 1994). Main domains in the
cerebellum, which become compartmentalized under the influence of particular genes,
are expected to be conserved throughout evolution. We have accordingly studied if the
pattern of expression of SCEn2 and ScOtx2 in the cerebellum S. canicula is compatible
with a role of these genes in the compartmentalization of this structure. Labeling of
ScEn2 was observed in the rostral half of the cerebellum at stage 31. This anterior-
posterior distribution of SCEn2 in S. canicula appears very similar to that described in
mammals (Herrup and Kuemerle, 1997), where this gene has been reported to be
important for the development, compartmentalization and fissuration of the cerebellum
(Millen et al., 1994; Cheng et al., 2010; Orvis et al., 2012). Accordingly, we have
considered the possibility that SCEn2 in S. canicula can be delimiting the prospective
anterior lobe of the cerebellar body and possibly determining the location of the fissura
prima, which begins to form at paramedian levels.

The ScOtx2 gene in S. canicula was also expressed in different domains along
the rostro-caudal axis: one paramedian domain in the rostral half of the cerebellar body,
one paramedian domain between the third point of flexure and the posterolateral fissure,

and a domain extending through the upper auricle leaf. Except for the most rostral
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domain, this pattern of expression is highly reminiscent of that described in mammals,
where Otx2 has been reported to be involved in the anterior-posterior cerebellar
patterning (Frantz et al., 1994; Herrup and Kuemerle, 1997; Cheng et al., 2010).

By analysing the expression of ScEn2, we also sought to know if it could be
involved in the median-lateral compartmentalization of the cerebellum, as has been
reported for mammals (for a review, see Herrup and Kuemerle, 1997; Sillitoe et al.,
2008). Indeed, in mammals En2 is widely expressed in many cell types along a wide
domain early in development, and later mainly in granule cells distributed into seven
parasagittal bands, with the highest level of expression medially (Davis and Joyner,
1988; Davis et al., 1988; Wilson et al., 2011). In S. canicula, ScEn2 it is widely
expressed in the cerebellar body at stage 32, and becomes restricted to a single
paramedian band (the granular layer), at stage 34. The ScEn2 positive domain in the
lesser spotted dogfish could then correspond to the median En2 positive area of the
cerebellar vermis on mammals. However, contrary to that found in mammals, in S.
canicula we found no evidence of a longitudinal pattern consisting of parasagittal
bands, which is an indication that the median-lateral compartmentalization of the
cerebellum of cartilaginous fishes is simpler to that of mammals. Absence of a
longitudinal banding pattern for En2 expression was also observed in the cerebellum of
bony fish (Vecino and Ekstrém, 1991).

The analysis of the expression of Aldo-C (zebrin) in S. canicula allowed us to
further investigate the presence of a median-lateral compartmentation of the cerebellum,
since in birds (Pakan et al., 2007; Marzban et al., 2010) and mammals (Lerlerc et al.,
1990; Namba et al., 2011), this marker was reported to be expressed in a zebra-like
pattern of parasagittal bands. In S. canicula, Aldo-C was observed in a single band

consisting of Purkinje cells. Therefore, one En2 positive band was found paramedially
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in the granular layer, while an Aldo-C positive band was found laterally in the Purkinje
layer at each side of the cerebellum. This supports the simple median-lateral
compartmentalization as inferred by means of SCEn2. A single zebrin-ir band was also
described in other fishes, including the stingray (Puzdrowski, 1997) and the zebrafish
(Meek et al., 1992), which implies that a subdivision in multiple parasagittal bands did
not occur in the ancestral cerebellum, as has been previously suggested (Puzdrowski,

1997).

CONCLUSIONS

The classification of cerebellar development in S. canicula into three
developmental periods allows a more systematic study in this species, which is useful
not only from the anatomical point of view, but also as a framework for future
immunohistochemical and genoarchitectonic studies about the development of the
cerebellum. Significant interspecific differences in cerebellar developmental processes
were not observed between S. canicula (present results) and Squalus (Larsell, 1967),
which allowed us identifying possible equivalent embryonic stages between
galeomorphs and squalomorphs. The acquisition of the mature shape of the cerebellar
body and auricles at stage 32 in S. canicula would justify considering this stage as the
beginning of the maturity in relation to the morphology of the cerebellum, though the
cerebellum continues growing throughout life. However, this does not apply to other
jawed vertebrates, because the completion of the mature shape of the cerebellum is
acquired later in bony fishes than in dogfish.

The use of fissures as anatomic landmarks during cerebellar development was
supported by molecular evidence and comparative studies. Moreover, the order of

appearance of the main cerebellar fissures should be considered as an important
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developmental feature of the cerebellum in gnathostomes, as it appeared roughly
maintained through evolution. On the other hand, the process of cerebellar
morphogenesis in the lesser spotted dogfish highly differs from that of bony fishes and
some reptiles since early on development, while it appears to be closer to that of
mammals. This points to the cerebellum of elasmobranchs as an adequate model to
study the possible ancestral condition of jawed vertebrates. The results obtained here
by combining anatomical observations with molecular assays led us to propose that both
the upper and lower auricle leaves originate from rl. The expression pattern of the
genes ScEn2 and ScOtx2 also support the anatomical landmarks and provided a
subdivision of the cerebellum into transverse domains, which appeared well conserved
throughout evolution. On the other hand, the absence of a multiple banding pattern in
the median-lateral axis could be indicative of a simple compartmentalization in basal

gnathostomes consisting of a single paramedian and two lateral bands.
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Abbreviations

AMV
Aur

c

Cb
CbCr
Chdp
Chp

Cbvp ventral part of the cerebellar body

ChP
CP
CPp
DON
e
ERa
FL
fmi
GE
GL
IlIn
IS
Isfo
Vv
IXn
LAL

LPost
LR
LRL
MedE

anterior medullary velum
auricles

caudal

cerebellum

cerebellar crest

dorsal part of the cerebellar body

cerebellar plate or cerebellar

primordium

choroid plexus
cerebellar peduncle
cerebellar peduncle primordium
dorsal octaval nucleus
sulcus e

ependymary raphe
fibrous layer

inferior median fissure
granular eminence
cerebellar granular layer
oculomotor nerve
isthmus

isthmic fovea

fourth ventricle
glossopharyngeal nerve
lower auricle leaf
longitudinal fissure
lobulus posticus

lateral recess

lower rhombic lip

median eminence
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Mes
MOL
MON
mrf
nlla
OLA
oT
PL

prf

Pros

ri-8
Rh
sid
Siv
sIH
smi
sms
UAL
UALp
URL
VIlim
Vllin
Vlin
VIS
Vn

X’

mesencephalon

cerebellar molecular layer
medial octaval nucleus
meso-rhombencephalic fissure
anterior lateral line nerve
octavolateral area

optic tectum

Purkinje layer

posterolateral fissure

primary transverse fissure
prosencephalon

rostral

rhombomeres 1-8
rombencephalon

intermediate dorsal sulcus
intermediate ventral sulcus
His sulcus

median inferior sulcus
median superior sulcus

upper auricle leaf

upper auricle leaf primordium
upper rhombic lip
magnocellular octaval nucleus
octaval nerve

facial nerve

viscerosensorial area
trigeminal nerve

sulcus X

sulcus X’



Table 1. Primary and secondary antibodies used in this study.

Primary Working Secondary Working
antibody Source dilution  antibody Source dilution
DCX Polyclonal goat anti-DCX 1:100 488-conjugated Alexa Fluor 1:100
Santa Cruz Biotechnology, donkey anti-goat Molecular Probes
Santa Cruz, CA
GFAP Polyclonal rabbit anti-GFAP 1:500 546-conjugated Alexa Fluor 1:200
Dako, Glostrup, Denmark donkey anti-rabbit Molecular Probes
Aldo-C Polyclonal goat anti-Aldo-C 1:100 488-conjugated Alexa Fluor 1:100
Santa Cruz Biotechnology, donkey anti-goat Molecular Probes
Santa Cruz, CA
PCNA Monoclonal mouse anti-PCNA  1: 1000  goat anti-mouse Dako, Glostrup, 1:100

Sigma, St Louis, MO

Denmark

Table 2. Correlation among developmental stages of Scyliorhinus canicula accordingly
with their external features as proposed by Ballard et al. (1993), age (from “day 1”, when they
were laid naturally), body size, extent of cerebellar morphogenesis and developmental periods.
Counterpart developmental stages of Scyliorhinus canicula and Squalus acanthias were

proposed based on the changes of the gross anatomy of the cerebellum (Larsell, 1967; present

results).
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Table 2

cortex

Squalus
acanthias
Scyliorhinus canicula (Larsell,
1967)
Stage External features Age Body External cerebellar morphology Main Body size
(Ballard et al., 1993) (days) size during development (present morphogenetic (mm)
(mm) results) processes of Cb
(present results)
24 Pharyngeal sets C1-C4  30-31,5 10-12 Meso-rhombencephalic fissure 5 7
are open becomes noticeable <
Rhombic lips become noticeable @
8
G
al| 25 Set C5 are open 31-38 13-15  Onset of rhombic lips fusion § 8
g rostrally ;30
w 27 Mouth is diamond- 42-46 17-20  Cerebellar plate becomes T
= shaped evident ®
-5 Gill filaments buds 2
Y| 28 Mouth is traverse oval ~ 46-51 21-23  Cerebellar plate curvature starts =
shaped to form rostrally E
29 Mouth as an arched 49-53 23,5- Intermedio-caudal flexion of the < 22
line 30 cerebellar plate starts to form bS] 6
Incomplete circle of % &
eye pigment - 2
30 Complete circle of eye 52-60 31-33 Posterolateral fissure as a faint 32
pigment furrow
E
g
31E Rostrum as a 60-67 34-36 Primordium of cerebellar body 3 50
(a) detectable protrusion rostrally and higher flexion of 2
g Yolk begins to be the caudal cerebellar plate _g
w transferred to the Primordium of the upper auricle S
fa internal sac leaf 5
% 31M 67-74 36-38  Evident incipient cerebellar P 60
brrd body and upper auricle leaf o
u Conspicuous cerebellar E
peduncle <
31L Rostrum increases in 74-80 38-40  Cerebellar body as a closed bS] 80
size structure 5
Maximum Primordium of the lower auricle ©
development of gill leaf g
filaments -
32E Pigment completely 75-92 40-48 Patent cerebellar body and 120
covers eyes auricles
Transverse fissure becomes
noticeable
Conspicuous longitudinal fissure
8 32M/L  Pigment of the body 92-125 49-67  Granular eminences become
E increases noticeable
o | PH The external yolk is 115-175 68-82  Growth and maturation of c
E shrinking in size (33) cerebellar body and auricles 2
'J__: The external yolk is S
button-like (34, w©
hatching) E
Juv Posthatching 82> External folding of the & 150-170
cerebellar cortex §
Adult Sexual maturation Inner folding of the cerebellar 8
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Figure 1. Immunoblot of SDS-polyacrylamide gel of S. canicula adult brain protein

extracts stained by anti-aldolase-C (Aldo-C), which showed single band of about 40 kDa.

106



74 kDa

49 kDa

38 kDa

25 kDa

FIGURE 1

107



Figure 2. Schematic drawings of cerebellar development from dorsal view. For
abbreviations, see list. Scale bar = 300 um in A-C, F-H; 400 pm in I; 600 um in D, E.

Figure 3. Schematic drawings of sagittal sections of the brain (without telencephalon)
at paramedian and parasagittal levels of the cerebellum. The level of the sections in the Figure 5
(grey lines) is also indicated. Number 1 (in red) indicates a bending point or point of flexure in
the cerebellum, and grey arrows indicate bending movements in the cerebellar primordium. The
exit of some cranial nerves (V, VII and VIII) is also represented. For abbreviations, see list.
Scale bar = 200 um in A-D.

Figure 4. Representative images of the cerebellum in sagittal (A, D, F) and transverse
(B) sections, and from dorsal view (C, E) of embryos at stages 24 (A), 25 (B), 28 (C, D) and 29
(E, F). Numbers 1-3 (in red) indicate bending points or points of flexure in the cerebellum. For
abbreviations, see list. Scale bar =300 um in A, B, D, F; 600 um in C, E.

Figure 5. Schematic drawings of transverse sections of the cerebellum and
rhombencephalon at stage 29. The level of the sections is indicated in Fig. 3C. The exit of the V

cranial nerve is also represented. For abbreviations, see list. Scale bar = 500 um in A-E.
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Figure 6. Schematic drawings of transverse sections of the cerebellum and
rhombencephalon at stages 30 (A-E) and 31 (F-O). The level of the sections is indicated in Fig.
8A, C. The exit of the V cranial nerve is also represented. For abbreviations, see list. Scale bar =
500 pm in A-O.

Figure 7. Representative images of the cerebellum in transverse (A) and sagittal (B-D)
sections of embryos at stages 30 (A) and 31 (B-D). Numbers 2-4 (in red) indicate bending
points or points of flexure in the cerebellum. For abbreviations, see list. Scale bar = 200 pm in
D; 300 pm in A-C.

Figure 8. Schematic drawings of sagittal sections of the brain (without telencephalon)
at paramedian and parasagittal levels of the cerebellum at stage 31. Grey lines indicate the level
of the sections in Fig. 6F-O. Numbers 1-4 (in red) indicate bending points or points of flexure in
the cerebellum, and grey arrows indicated bending movements in the cerebellar primordium.
The exit of some cranial nerves (I1l and VIII) is also represented. For abbreviations, see list.
Scale bar = 500 um in A-D.
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Figure 9. Schematic drawings of transverse sections of the cerebellum and
rhombencephalon at stages 32 (A-J) and juveniles (K-O). The level of the sections is indicated
in Fig. 10A, E. The exit of the Ila and VIII cranial nerve is also represented. For abbreviations,
see list. Scale bar = 500 pm in A-O.

Figure 10. Schematic drawings of sagittal sections of the brain (without telencephalon)
at paramedian and parasagittal levels of the cerebellum at stage 32 (A, B), prehatching embryos
(C, D) and juveniles (E, F). The level of the sections in Fig. 9A-E, and 9K-O is also indicated.
Numbers 1-4 (in red) indicate bending points or points of flexure in the cerebellum, and grey
arrows indicate bending movements in the cerebellum. The exit of some cranial nerves (VIII, IX
and X) is also represented. For abbreviations, see list. Scale bar = 200 pm in A, B; 500 pm in C-
F.
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Figure 11. Representative images of the cerebellum in toto normal material (A, D, E,
H-L, N, O), and in horizontal (B, C), transverse (F) and sagittal (G, M) sections, in prehatching
embryos (A-F), juveniles (G-J, N) and adults (K-M, O). A-E. Images showing the mature ear-
like shape of cerebellar auriles. F. The level of the section in F is indicated in the scheme. G.
Section to show DCX- and GFAP-ir processes in a fan shaped bundle. The squared area
corresponds to the detail in G'. H-J. The cerebellum of a juvenile was dissected as indicated in
H to h<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>