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Introduction

The cerebellum is a part of the central nervous system (CNS) very well conserved within
the vertebrates. Several evidences from the neuroanatomy, electrophysiology and gene
expression studies, as well as from knockout phenotypes, demonstrate that the cerebellum is a
highly organized structure, with a remarkably somatotopy in the latero-lateral and
rostro-caudal axes, necessary for its functional role in integration of sensory perception and the
coordination of voluntary movements. For these reasons, neurodevelopment represents a very
important moment of embryogenesis, being involved in a precisely orchestrated sequence of
molecular and cellular events. A premature interruption of any of these events during human
brain development may lead an imbalance between excitatory and inhibitory circuits and it is
responsible of motor, cognitive and behavioral deficits in childhood. Although in the past
decades some disturbances of the cerebral white matter have been considered at the base of
these deficits, it is now well known that an additional and clinically important component of
neuronal/axonal disturbances can be due to abnormalities in the development of the
cerebellum.

Over the past decades, the study of stem cells has focused on their possible role in the
development and treatment of several neurological disease including Parkinson’s disease,
Alzheimer’s disease, epilepsy, autism spectrum disorders.

A new branch of medicine called “regenerative medicine” aimed to exploit the potentials
of these stem cells in order to replace damaged tissues in the adult organism and to produce
new ones.

The great majority of studies regarding brain development have been focused on animal

models.



This work is aimed to study the human cerebellum development and to focus on the
identification of stem/progenitor cell markers that may play a key role during human cerebellar
neurogenesis. These molecular markers may represent possible targets of potential

regenerative therapy during the first weeks of postnatal life.



Establishment and organization of the cerebellar anlage

During embryogenesis, at the end of the 4™ week of gestation, the most anterior portion of
the neural tube is undergoing drastic changes during early development, generating the three
primary brain vesicles: the forebrain (prosencephalon), the midbrain (mesencephalon) and the
hindbrain (rhombencephalon). Caudal neural tube maintains a cylindrical shape while
generating the spinal cord. As development proceeds, during the 5™ week of gestation, the
prosencephalon is further subdivided into the telencephalon and diencephalon and the
rhombencephalon into the metencephalon and myelencephalon for a total of five secondary
brain vesicles (Fig. 1).

Each vesicle gives rise to specific structures in the adult brain and spinal cord:

- the telencephalon gives rise to the cerebral cortex;

- the diencephalon gives rise to the thalamus, epythalamus and hypothalamus;
- the mesencephalon gives rise to the midbrain;

- the metencephalon gives rise to the pons and cerebellum;

- the myelencephalon gives rise to the medulla oblongata and the spinal cord.
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Figure 1. Human brain at the 5" week of gestation



The discovery that putative regulatory genes are expressed in regionally restricted patterns
in the developing neural tube has provided new tools for defining histogenic domains and their
boundaries at higher resolution. In the rhombencephalon, these regions are termed
rhombomeres (r) that, from anterior to posterior, are known as rO (the isthmus) and rl-r7,

followed by the pseudorhombomeres r8-r11.



The mature cerebellar cortex

The cerebellum is located dorsally to the brainstem and inferiorly to the occipital lobes of
the cerebral hemispheres; it has two major components: the cerebellar cortex and the cerebellar
nuclei. In mammals, the cerebellar cortex consists of the vermis (or midline region) that is
derived from the corpus cerebelli, as well as the flocculus, located laterally and derived from
the auricles, and the hemispheres which are found only in mammals and birds [1,2]. The
cerebellar cortex overlies the cerebellar nuclei. From medial to lateral, these are the fastigial,
anterior interposed (or emboliform), posterior interposed (or globose) and lateral (or dentate)
nuclei. The cerebellar nuclei, together with some vestibular nuclei, are the targets of the
afferent projections from the cerebellar cortex [3,4].

The cerebellar lobes are pleated by an elaborately folded cortex; the lobes can be
subdivided into ten rostro-caudal lobules (I-X). Lobes and lobules constitute the traditional
way to describe cerebellar anatomy.

Superficially, the mature cerebellar cortex comprises a simple and uniform three-layered
structure (Fig. 2). At the outside, beneath the pial surface, lies the molecular layer, which
consists primarily of neurites, the dendritic trees of the Purkinje cells. In addition to Purkinje
cell neurites, the molecular layer contains the cell bodies of some inhibitory interneurons, such
as basket cells and stellate cells, that modulate Purkinje cell firing. The molecular layer is
separated from the underlying granular layer by the Purkinje cell layer, a monolayer of large
Purkinje cell somata. The granular layer consists of small and densely packed somata of
granule cells, the most numerous neurons of the cerebellum.

The cerebellar cortex is organized around the Purkinje cells, discovered by the Czech
anatomist Jan Evangelista Purkinje in 1837, and perhaps the first neurons to be recognized.

Purkinje cells have elaborate and characteristics dendritic arbors in the molecular layer. The



dendrites consist of both smooth shafts and dendritic spines, each of them with distinct synaptic
connections: climbing fibers and stellate interneurons terminate on the smooth dendritic shefts,
whereas parallel fibers terminate on the dendritic spines [5].

The granule cells are the most numerous neurons of the cerebellum and outnumber
Purkinje cells 1000-fold [6]. The somata of the granule cells are packed into the granular layer.
Three to five short dendrites extends from the soma and terminate in synaptic glomeruli in the
granular layer where they receive excitatory input from mossy terminal fibers and inhibitory
input from Golgi cell axons. The granule cell axons extend into the molecular layer where they
bifurcate and run mediolaterally as long parallel fibers that form glutamatergic synapses on the
dendritic spines of Purkinje cells. In addition to granule cells, another class of excitatory
interneurons has recently been recognized, the unipolar brush cells [7]. They receive excitatory
input from mossy afferent fibers, which relay to multiple granule cells, thereby amplifying the
effects of specific mossy fibers pathways. The cerebellar cortex contains several classes of
inhibitory interneurons that include basket cells and stellate cells, confined to the molecular
layer [8]. Basket cells are small multipolar interneurons located close to the Purkinje cell
somata. Their dendrites extend through the molecular layer where they receive inputs from the
parallel fibers. The basket cells axons envelop the Purkinje cell somata (the so-called “baskets”)
and terminate on the Purkinje cell somata. Stellate cells are small, star-shaped interneurons that
have their somata further away from the Purkinje cell layer. Like basket cells, stellate cells are
also excitated by parallel fibers: they terminate on the Purkinje cell dendrites shafts. Two
classes of inhibitory interneurons are located in the granular layer: Golgi cells and Lugaro cells.
Golgi cell axons form GABAergic inhibitory synapses on granule cell dendrites. Lugaro cells
have widespread connections that span many Purkinje cells and seem to play a prominent role

in the integration of cerebellar activity.

10



Corteccia cerebellare

Terminazioni

eccitatorie —s —s .
Fibre parallele

(assoni delle
cellule granulari)

Terminazioni — —
inibitorie —

Fibre parallele (sezionate)

Cellule di Purkinje (inibitorie)

Dendriti delle cellule
di Purkinje
Cellula stellata esterna (inibitoria)

Cellula a canestro
(inibitoria)

Ai nuclei cerebellari profondi

Cellule di Golgi
Cellule granulari (stellate interne) (inibitorie)
(eccitatorie)

Strato
molecolare

Strati delle celluls

, } di Purkinje
,»‘ \

3 >Strato
- ( dei granuli

Sostanza
bianca

v

Assone di cellula
di Purkinje

Fibra rampicante
(eccitatoria)

N—

Glomeruli

g
\ Fibre muscoidi (eccitatorie)
Assone varicoso dal locus coeruleus

(noradrenergico)

Assone di cellula di Purkinje

Fibra rampicante (eccitatoria)
41

Figure 2. Anatomic cytoarchitecture of the three-layered cerebellar cortex
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Products of the cerebellar anlage

The cerebellar anlage is comprised of two proliferative zones from which all neurons are
generated: the ventricular zone (VZ) lining the dorsal aspect of the 4™ ventricle, which
generates inhibitory neurons, and the rhombic lip at the dorsal portion of rhombomere 1, which
generates the excitatory neurons [9-11]. The distinction between the GABAergic lineage (e.g.
Purkinje cells) and the glutamatergic lineage (e.g. granule cells) is conserved across vertebrates
[12]. The VZ generates neuronal precursors fated to adopt GABAergic phenotypes, that is the
inhibitory neurons of the cerebellum. The cerebellar VZ is delineated by the selective
expression of the bHLH pancreas transcription factor Ptfla. Indeed, deletion of Ptfla in the
mutant mouse, result in the loss of the entire cerebellar cortex [9]. The rhombic lip generates
the glutamatergic neurons of the cerebellum, including the granule cells, most of unipolar
brush cells and glutamatergic projection neurons of the cerebellar nuclei [13,14]. Granule cells
are so numerous, more than 99% of the neurons in the cerebellum; this amount is due to a
massive amplification of cells by the rhombic lip. This is achieved through the formation of a
secondary germinal epithelium, the external granular layer (EGL). To this end, a cohort of
rhombic lip-derived glutamatergic progenitors moves tangentially over the cerebellar surface
to generate the EGL. These cells are fated to give rise to granule cells [15,16]. Rhombic lip

progenitors express the proneural gene Atohl/Mathl [17].
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Stem/progenitor cells

During development, neural stem cells (NSCs) give rise to all the neurons of the
mammalian Central Nervous System (CNS).

Usually, three criteria are applied to define a cell as a stem cell:
< self-renewal, ideally for an unlimited number of cell divisions;
< unspecialized: a stem cell is not has not any tissue-specific structures and, because of this,

it is unable to perform specialized functions;
< multipotency, that is the ability to give rise to numerous types of differentiated cell in a

process called differentiation.

The self-renewal of neural stem cells can occurs either by two different mitotic cell
divisions: symmetrical and asymmetrical divisions (Fig. 3) [18]. The symmetric cell division
generate two daughter cells identical to mother cell, which remain in the pool increasing the
number of stem cells [19].

During the asymmetric division, can be generate one daughter cell that is identical to the

mother cell and a second cell type that undergo to differentiation.
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Figure 3. Symmetrical and asymmetrical divisions of stem cells

Stem cells have different potentials to differentiate into multiple cell types. According to

their potential of differentiation, stem cells are classically distinguished into:

» Totipotent stem cells: stem cells can differentiate into embryonic and extraembryonic cell

types, produced from the fusion of an egg and sperm cell;

> Pluripotent stem cells: they are characterized by a potential of differentiation to all cell

types of the adult organism and to self-renewal. These cells appear at the blastocyst stage

(4-14 days after fertilization) and they are capable of differentiating into embryonic tissues

organized in three different germ layers (ectoderm, mesoderm and endoderm);
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»  Multipotent stem cells: they are stem cells able to differentiate into a number of cell types,
but only those of a closely related family of cells;
» Unipotent stem cells: these cells are present in adult tissues. They maintain self-renewal

property and they can differentiate only in one cell type of the tissue to which they belong.

Stem/progenitor cells niches in the developing human cerebellum

Cortical neurogenesis involve cell proliferation, migration and differentiation and leads to
the three-layered structure, constituting by neuronal and glial cells [20]. During neurogenesis,
neuronal and glial cells are generated from a common source, the proliferating neuroepithelial
cells (NECs), which arise from the neural tube. A variety of signaling pathways are known to
act during the process of neurogenesis [21]. These internal signals include Sonic hedgehog
protein (Shh), Notch, Wnt/Bcatenin signaling, Fibroblast Growth Factor (FGF) and Epidermal
Growth Factor (EGF), and they are controlled by different genes that carry information for all
the structures and functions of a cell [22-25]. In addition to this, evidence has emerges that
epigenetic modifications such as DNA methylation and histone modifications are involved in
the control of temporal and spatial gene expression during neurogenesis [26-28].

During the early stages of development, the neural tube is composed of a single layer of
cells, the neuroepithelial cells, which form the neuroepithelium. The neuroepithelium looks
layered (“pseudostratified”), because the nuclei of neuroepithelial cells migrate up and down
the apical-basal axis during the cell-cycle [29]. The characteristic pseudostratification is
mainly due to the interkinetic nuclear migration. Neuroepithelial cells show typical epithelial

features and are highly polarized along their apical-basal axis.
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Cerebellar cortical neurogenesis begins around the 7" week of gestation in the ventricular
zone when NECs undergo to asymmetric division: through the property of self-renewal, a NEC
can give rise to a daughter cell identical to the mother cell and capable of self-renewal; the
other daughter cell becomes either an apical intermediate progenitor, a basal progenitor or a
newborn neuron. After the onset of neurogenesis, NECs give rise to a distinct, but related, cell
type, the apical radial glial cells (aRG), which exhibit residual neuroepithelial as well as
astroglial properties [30,31]. Radial glial cells form radial glial fibers extending from from
their apical and basal poles [32]. Like NECs, aRG undergo interkinetic nuclear migration in the
ventricular zone. During neurogenesis progression, aRG cells switch from proliferation to
differentiation. Apical intermediate progenitors, basal intermediate progenitors and basal
radial glia can be generated either from NECs or aRG. Both types of basal progenitor cells are
not attached to the ventricular surface and do not undergo interkinetic nuclear migration.

The accumulation of basal progenitor cells originate the subventricular zone, a germinal
layer located above the ventricular zone [33,34]. Apical intermediate progenitor maintain
contact only with the ventricular surface. Apical progenitor cells in the ventricular zone and
basal progenitor cells in the subventricular zone are generally considered to represent the major
source of cortical neurons [35]. For this reason, these two germinal zones represent a
stem/progenitor cell niches in the developing human cerebellum [36]. During CNS
development, radial glia exerts a dual function as a progenitor for neurons and glia as a
structural scaffold to guide migration and homing of postmitotic cells. Radial glia follows a
peculiar evolution during cerebellar development. Radial glial cells undergo a progressive
morphological transformation into Bergmann glia (BG) that provide to guide the migration of
different cell types and regulate the directional elongation of axons and dendrites [37]. Once

that neurogenesis is complete, radial glial cells differentiate into glial lineage.
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The EGL is composed of actively dividing cells representing by the granule cell precursors
(GPCs) that arise from the rhombic lip and migrate anteriorly over the surface of the
developing cerebellar anlage [38]. During cerebellar development, GPCs move inward from
the EGL, along Bergman glial fibers, to form the internal granular layer (IGL) (Figure 4). The
developing human cerebellar cortex consist of four layers: the outer external granular layer
(EGL), the molecular layer, the Purkinje cell layer and the deepest internal granular layer (IGL).

The EGL is a transient layer that disappear up to 1 year postnatally.

Figure 4. Schematic representation of migration of granule precursor cells along Bergmann glial

fibers, from the external granular layer towards the internal granular layer
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Cortical stem/progenitor cells markers

Several immunohistochemical markers have been used in previous experimental studies
for the identification of stem/progenitor cells in the developing human cerebellum. This study
is focus on the expression, by immunohistochemistry, of different proteins that play a key role
in the mammalian CNS development: SOX2, Pax6, Pax2, WTI1, Nestin, Vimentin and

Calretinin.

S0X2

The transcription factor SOX2 [Sex determining region of Y chromosome (Sry)-related
high mobility group box2] belongs to the SOX family of transcription factors characterized by
the presence of a homologous sequence known as HMG (high mobility group) box, a DNA
binding domain highly conserved among species [39-41]. SOX genes encode putative
transcriptional regulators
implicated in cell fate during development and in different developmental processes control
[42,43]. Experimental studies showed that SOX2 is expressed during the development of the
mammalian central nervous system [44-46]. However, the expression of SOX2 persists also in
adulthood, where SOX2 is found in the NSCs of the subventricular zone of the lateral
ventricles and in the subgranular zone of the dentate gyrus of the hippocampus [47].
Experimental studies demonstrated that a constitutive expression of SOX2 maintains the
properties of stem cells and inhibits neuronal development [48]. Therefore, SOX2 is highly
expressed in proliferating neural progenitor cells, maintaining the self-renewal property
[49,50], and it is down-regulated upon differentiation to post-mitotic neuronal and glial cells

[51].
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WTl1

Wilms’ tumor 1 (WT1) protein is a zinc finger transcription factor encoded by the human
gene WTI involved in the onset of Wilms’ tumor, the most common primary renal tumor in
childhood [52]. WTI gene has a lenght of ~50 kb and consists of 10 exons (Call KM et al.,
1990). and it shares a high degree of structural homology with the early growth response (EGR)
transcription factor family [53,54]. The WTI1 protein regulates the transcription of several
genes and acts both as activator and as transcriptional co-activator or as repressor of gene
expression [55]. Study on knock-out mice showed that WT1 is required for heart, spleen and
adrenal gland development and for CNS development [56-59]. WTI is involved in the
development of several human organs during embryogenesis [59,60], including developing
kidney [61,62]. Recent studies demonstrated that WT1 is an important marker involved in
human CNS development, being expressed in radial glial cells during early phases of gestation

[59].

Pax2

Pax2 belongs to the highly conserved DNA-binding paired box domain family which
constitutes a group of developmental genes that encode several nuclear transcription factors.
These genes play an important role in early mammalian embryogenesis, including kidney
development [63]. Pax2 is a target of transcriptional suppression by WT1 during normal
kidney development and it has been reported to be expressed during the formation of CNS in
experimental animal studies, including eye development [64-67]. A number of researches
showed that Pax2 was expressed in a subsets of post-mitotic neurons from different regions of

CNS [68,69].
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Pax6

Pax6 (paired box gene 6) belongs to the family of PAX gene class and encodes for a
transcription factor containing a paired domain and a paired-type homeo-domain [70]. Pax6
plays a critical role in brain and eye development [71-73]. In the CNS, it is involved in
neuronal specification, neuronal migration and axonal extension [74,75]. In the mouse

cerebellum, Pax6-immunoreactive cells were found in migrating granule cell precursors from

the EGL [76].

Nestin

Nestin is a cytoskeleton-associated class VI intermediate protein (IF) and it is a key
regulator of various intracellular proteins involved in cell growth and differentiation [77].
Nestin regulates neural stem cell migration via controlling the cell contractility in murine
neurogenesis studies [78]. During embryogenesis, Nestin expression is downregulated and
gradually replaced by cell type-specific intermediate filaments such as Neurofilaments (NF) in

neurons and Glial fibrillary acid protein (GFAP) in glial cells [79].

Vimentin

Vimentin is a III intermediate filament protein and acts as a crucial cytoskeletal component
of mesenchymal cells being involved in cell migration and in epithelial-to-mesenchymal
transition (EMT) [80]. During the reverse process, the mesenchymal to epithelial transition
(MET), Vimentin is downregulated and consequently cell motility decreases and cell adopt
epithelial features. Vimentin is overexpressed in various epithelial cancers, including prostate

cancer, gastrointestinal tumors, CNS tumors, breast cancer, malignant melanoma and lung
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cancer [81,82]. Vimentin play a key role during CNDS development, being expressed in radial

glial cells during the early stages of gestation [83].

Calretinin

Calretinin (CR) is a calcium-binding protein (CaBPs) involved in the maintenance of
intracellular calcium homeostasis. Similarly as other CaBP parvalbumin and calbindin, CR
also belongs to the EF-family of CaBPs, characterized by six domains with different affinity to
bind calcium ions [84]. Immunoreactivity to CR has been reported in different areas of the
central nervous system of various animal species [85]. The study by Yew D.T. and coworkers
[86] demonstrated that, in the developing human cerebellum, CR appeared approximately at
the 21% week, more later than calbindin and parvalbumin, its expression increasing with
developmental age. Since the 21 week, CR-immunostaining cells was found in Purkinje cells,
basket cells and in neurons of deep nuclei [86]. Few data regarding the distribution of CR in
the human cerebellum during postnatal development and adulthood have been reported [87], as

well as the distribution of calretinin in granule cells in the adult human cerebellar cortex [88].
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Aim of the study

The aim of this study was to identify the stem/progenitor cell markers, by
immunohistochemistry, in order to highlight the cortical neurogenesis niches during the
different gestational ages. To this end, the following stem/progenitor cell markers have been
utilized: Sox2, Pax6, Pax2, WT1, Nestin, Vimentin and Calretinin. The expression of these
markers have been compared with the expression of those markers of mature neurons and glial
markers including Neurofilament (NF), neuron specific enolase (NSE), Synaptophysin (Syn),
Glial fibrillary acid protein (GFAP) and S1008.

Evaluating both stem/progenitor and mature cell markers lead to the identification of
multiple stages of differentiation of neuronal and glial progenitors during gestation, in order to

better understand the development of human cerebellar cortex.
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Materials and methods

The expression of different markers was investigated in human cerebellar specimens of 20
human fetuses aging from 11 to 38 weeks of gestation that we received from the Obstretric
Division of the University of Cagliari. Regarding the cause of death, some of these fetuses
underwent voluntary termination of pregnancy (VTOP); placental detachment was the cause of
death in other cases and in another case therapeutic abortion followed the diagnosis of
diaphragmatic hernia. All the fetuses examined had no brain congenital malformation.

Cerebellar samples have been histologically and immunohistochemically studied. Samples
were fixed in 10% buffered formalin, routinely processed, and paraffin-embedded. Serial 3
um-tick sections were obtained from each paraffin block; after dewaxing and rehydrating, one
section was stained with hematoxylin-eosin, while the others were pre-treated for
immunohistochemistry, with 10 minutes heat-induced epitope retrieval in buffer pH 9.00
(EnVision™ FLEX Target Retrieval Solution High pH;, Dako Denmark A/S, Glostrup,
Denmark; Code K8004). Slides were then incubated for 20 minutes at room temperature with
the antibodies reported in Table 1. Staining procedures were performed by Envision™ FLEX+
(Dako; Code K8002) Detection System and AutostainerLink 48 instrument following dealer’s
instructions. Data were obtained by evaluation of positivity (+) and negativity (-) for the

immunoreactivity of these markers in each cerebellar sample.
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Antibody Dilution
WT1 1:100
Vimentin 1:500
Nestin 1:200
Pax2 1:400
GFAP 1:100
NSE 1:200
Synaptophysin 1:20
S100pB 1:2000
Neurofilament 1:50
SOX2 1:50
Pax6 1:50
Calretinin 1:1000

Source
Mouse monoclonal 6F-H2
Mouse monoclonal 3B4
Mouse monoclonal 10C2
Mouse monoclonal 3C7
Rabbit polyclonal
Mouse monoclonal BBS/NC/VI-H14
Mouse monoclonal SY38
Rabbit polyclonal
Mouse monoclonal 2F11
Mouse monoclonal E-4
Mouse monoclonal
Mouse monoclonal

Table 1. Antibodies used in this study

Company Code
Dako M-3561
Dako M-7020
Dako SC-23927

Abnova H00005076-M01

Novocastra NCL-GFAP-GA5
Dako M-0873
Dako M-0076
Dako Z-0311
Dako M-0762

Santa Cruz SC-365823

Santa Cruz SC-53108
Dako M-7245
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Results
Stem/progenitor cells markers

SOX2

From the 11" to the 15" week, immunostaining for SOX2 was particularly strong in both
ventricular and subventricular zones, while in the intermediate and in the cortical zones ther
immunostaining was weaker. At this gestational ages, especially at the 11" week, the
ventricular and subventricular zones have a large thickness in comparison with the other zones
of the developing human cerebellum (Figures 5). SOX2 nuclear immunoreactivity higtlights
the nuclei of stem/progenitor cells in the ventricular and subventricular zones and in the
newborn cells migrating from the ventricular and subventricular niches towards the cortical
surface (Figure 6).

From the 18" to the 21™ gestational week, SOX2 immunoreactivity showed a lesser intensity
and a reduced distribution in the ventricular and subventricular niches and in the other
cerebellar zones (Figures 7, 8).

Between 30" and 34™ gestational week, the thickness of the ventricular and subventricular
zones is visibly reduced in comparison with the previous weeks. Scattered SOX2-positive cells
were also detected in migrating newborn neurons in the intermediate and in the cortical zones
(Figures 9, 10).

No reactivity for SOX2 was detected in the cortical layers at the 38" week.
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4th ventricle

Figure 5. Gestational week 11. SOX2 nuclear reactivity in stem/progenitor cells in the VZ (arrows), in

the SVZ (open arrowheads) and in migrating progenitor cells in the inner zone (arrowheads)
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pial surface

Figure 6. Gestational week 15. A: SOX2 nuclear immunoreactivity in the VZ (arrows), in the SVZ (red
arrows) and in the inner zone (green arrows).B: SOX2 immunoreactivity in migrating progenitor cells

in the inner zone (green arrrows) and in the cortical surface (arrows)

Figure 7. Gestational week 18. A: SOX2 nuclear immunoreactivity in the VZ (arrows), in the SVZ (red

arrows) and in the inner zone (green arrows). B: SOX2 nuclear immunoreactivity in migrating newborn
cells in the inner zone (green arrows), in the Purkinje cell layer (red arrows) and in the cortical surface

(arrows)
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pial surface

Figure 8. Gestational week 21. A: SOX2 immunoreactivity in stem/progenitor cells in the VZ (arrows),
in the SVZ (red arrows) and in the inner zone (green arrows). B: SOX2 immunoreactivity in migrating
progenitor cells in the cortical surface (arrows), in the Purkinje cell layer (red arrows) and in the internal

granular layer (green arrows)

Figure 9. Gestational week 30. A: SOX2 immunoreactivity in stem/progenitor cells in the VZ (arrows),

in the SVZ (red arrows) and in the inner zone (green arrows). B: SOX2 immunoreactivity in the cortical

surface (arrows), in the Purkinje cell layer (red arrows) and in the internal granular layer (green layer)
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pial surface

Figure 10. Gestational week 34. A: SOX2 reactivity in stem/progenitor cells in the VZ (arrows), in the
SVZ (red arrows) and in the inner zone (green arrows). B: SOX2 reactivity in migrating progenitor cells
in the cortical surface (arrows), in the Purkinje cell layer (red arrows) and in the internal granular layer

(green arrows)

WT1

From the 15" to the 18" week of gestation, WT1 immunostaining was particularly strong in
the cytoplasm of radial glia fibers extending from the ventricular zone towards the pial zone.
Nuclei of progenitor cells in both ventricular and subventricular zones, as well as those of
cortical neurons, did not show reactivity for WT1 (Figures 11, 12).

At the 21% week of gestation, WT1 cytoplasmic expression was detected in radial glia fibers
extending from the ventricular and subventricular zones, evidencing a decrease in the number
of radial glia fibers. Nuclei of both progenitor cells in the ventricular and subventricular zones
and those of postmitotic cells showed no reactivity for WT1 (Figure 13).

At the 34" week of gestation, a mild WT1 cytoplasmic immunoreactivity was detected in the
ventricular and subventricular zones, as well as in the cortical layers. A strong WT1 expression

was observed in the epithelium of small blood vessels in the cortical layers (Figure 14).
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At the 38" week of gestation, whereas a mild reactivity for WT1 was detected in cell

extensions in the cortical surface, the immunostaining for this antibody was mainly observed

in the epithelium of cortical small blood vessels (Figure 15).

Figure 11. Gestational week 15. A: WT1 expression in the cytoplasm of progenitor cells extensions in
the VZ (black arrows), in the SVZ (red arrows) and in the inner zone (green arrows). B: WT1
expression in the cytoplasm of progenitor cells extensions migrating towards the cortical layers (red

arrows) and the pial surface (black arrows)
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Figure 12. Gestational week 18. A: WT1 expression in the cytoplasm of progenitor cells extensions in
the VZ (black arrows), in the SVZ (red arrows) and in the inner zone (green arrows). B: WT1
expression in the cytoplasm of progenitor cells extensions migrating towards the pial surface (black
arrows), the molecular layer (red arrows), the Purkinje cell layer (orange arrows) and in the inner zone

(green arrows)

h §iS | pial surface,

Figure 13. Gestational week 21. A: WT1 expression in the cytoplasm of progenitor cells extensions in
the VZ (black arrows), in the SVZ (red arrows) and in the inner zone (green arrows). B: WT1
expression in the cytoplasm of progenitor cells extensions migrating towards the pial surface (black
arrows), the molecular layer (red arrows), the Purkinje cell layer (green arrows) and in the inner zone

(orange arrows)

pial surface
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Figure 14. Gestational week 34. A: WT1 expression in the epithelium around small blood vessels in the

SVZ (red arrows) and in the inner zone (green arrows). B: WTI1 expression in the cytoplasm of

progenitor cells extensions migrating towards the pial surface (black arrows), the molecular layer (red

arrows) and in the epithelium around small blood vessels (green arrows)

pial surface
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Figure 15. Gestational week 38. WT1 expression in the epithelium around small blood vessels in the

cortical layers (red arrows) and a mild reactivity for WTT1 in cell extensions in the cortical surface (black

arrow)

Vimentin

From the 15" to the 18™ week of gestation, Vimentin immunoreactivity was detected in the

ventricular and subventricular zones, being restricted to cytoplasmic projection of radial glia

cells extending from the ventricular zone towards the cortical zone. No immunostaining for

Vimentin was detected in nuclei of radial glia cells (Figures 16, 17).

32



At the 21% week of gestation, Vimentin immunoreactivity evidenced a decrease in radial glia
projections extending from the ventricular and subventricular zones (Figure 18).

At the 34™ week of gestation, a mild Vimentin immunopositivity was found in the ventricular
zone, as well as in the epithelium of small blood vessels in the subventricular zone. At the same
gestational age, Vimentin-positive radial glia projections were observed in the cortical layers
(Figure 19).

At the end of gestation, no reactivity for Vimentin was found in cortical radial glia projections,

being restricted only in the cortical epithelium of small blood vessels (Figure 20).

surface

Figure 16. Gestational week 15. A: Vimentin expression in the cytoplasm of progenitor cell projections
in the VZ (black arrows), in the SVZ (red arrows) and in the inner zones (green arrows). B: Vimentin
immunoreactivity in the cytoplasm of progenitor cell projections reaching the cerebellar cortex (black

arrows)
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Figure 17. Gestational week 18. A: Vimentin immunoreactivity in the cytoplasm of progenitor cell

projections in the VZ (black arrows), in the SVZ (red arrows) and in the inner zone (green arrows). B:
Vimentin immunoreactivity in progenitor cell projections in the pial surface (red arrows) and migrating

progenitor cell projections in the cortical layer (black arrows)

pial surface

Figure 18. Gestational week 21. A: Vimentin expression in the cytoplasm of progenitor cell projections
in the VZ (black arrows), in the SVZ (red arrows) and in the inner zones (green arrows). B: Vimentin
immunoreactivity in the cytoplasm of progenitor cell projections reaching the cerebellar cortex (black

arrows)
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Figure 19. Gestational week 34. A: Vimentin immunoreactivity in the citoplasm of progenior cell
projection in theVZ (black arrows) and in the SVZ (red arrows) and also in the epithelium around small
vessels in the inner zone (green arrows). B: Vimentin immunoreactivity in progenior cell projection in
the pial surface (black arrows) and in the molecular layer (red arrows) and in the epithelium around

small vessels in the inner zone (green arrows)

pial surface
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Figure 20 Gestational week 38. Vimentin immunoreactivity in scattered progenitor cell projections in
the pial surface (black arrow) and in the epithelium around small vessels in the different cortical layers

(red arrows)
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Nestin

From the 15% to the 21% week of gestation, a strong Nestin cytoplasmic immunoreactivity was
detected in the ventricular and subventricular zones, as well as in the cortical layers. At higher
magnification, immunostaining for Nestin was detected in the projection of radial glia cells
extending from the ventricular zone towards the cortical zone (Figures 21, 22, 23). At 215 week
of gestation, we found a lesser the number of cortical radial glia fibers positive for Nestin
(Figure 23).

At the 34" week of gestation, no reactivity for Nestin was found in radial glia projection from
the ventricular zone, while the epithelium around blood vessels and the progenitor cell
extensions in the molecular layer showed a mild immunoreactivity for this antibody (Figure
24).

At the 38" week of gestation, immunoreactivity for Nestin was only restricted to the epithelium

of small cortical blood vessels (Figure 25).

Figure 21. Gestational week 15. A: Nestin cytoplasmic expression in progenitor cells projections in the
VZ (black arrows), in the SVZ (red arrows) and in the inner zone (green arrows). B: Nestin
cytoplasmatic expression in progenitor cell projections in the pial surface (black arrows) and in the

cortical layers (red arrows)
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Figure 22. Gestational week 18. A: Nestin cytoplasmic expression in progenitor cells projections in the
VZ (black arrows), in the SVZ (red arrows) and in the inner zone (green arrows). B: Nestin
cytoplasmatic expression in progenitor cell projections in the molecular layer (black arrows), in the

Purkinje cell layer (red arrows) and in the inner zone (green arrows)

pial surface
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Figure 23. Gestational week 21. A: Nestin immunoreactivity in progenitor cell extensions in the VZ
(black arrows), in the SVZ (red arrows) and in the inner zone (green arrows). B: Nestin
immunoreactivity in progenitor cell extensions in the molecular layer (black arrows) and in the inner

zone (red arrows)
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Figure 24. Gestational week 34. A: Immunoreactivity for Nestin in the epithelium around small vessels
in the SVZ (black arrows). B: Mild immunoreactivity for Nestin in progenitor cell extensions in the

molecular layer (black arrows)

pial surface

Figure 25. Gestational week 38. Immunoreactivity for Nestin in the epithelium around small vessels in

the molecular layer (black arrows) and in the inner zones (red arrows)
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Pax2

From the 15" to the 18" week of gestation, Pax2 immunoreactivity progressively increased
from the ventricular and subventricular zones towards the pial zone. At higher magnification,
Pax2 highlights the nuclei of progenitor cells in the ventricular and subventricular zones, as
well as the nuclei of cortical progenitor cells (Figures 26, 27).

By the 21% week of gestation, nuclear immunoreactivity for Pax2 decreased both in the
ventricular and subventricular zones and in the cortical layers (Figure 28).

At the 34" week of gestation, Pax2 showed a mild reactivity in scattered cells in the ventricular

and subventricular zones and in the cortical layers (Figure 29).

pial surface

Figure 26. Gestational week 15. A: Pax2 nuclear expression in stem/progenitor cells in the VZ (black
arrows), in the SVZ (red arrows) and in the inner zone (green arrows). B: Pax2 nuclear expression in

stem/progenitor cells in the pial surface (red arrows) and in the inner zone (green arrows)
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Figure 27. Gestational week 18. A: Pax2 nuclear expression in stem/progenitor cells in the VZ (black
arrows), in the SVZ (red arrows) and in the inner zone (green arrows). Insert: 50 um. B: Pax2 nuclear

expression in stem/progenitor cells in the pial surface (black arrows) and in the inner zone (red arrows)

pial surface

Figure 28. Gestational week 21. A: Pax2 nuclear expression in stem/progenitor cells in the VZ (black
arrows), in the SVZ (red arrows). B: Pax2 nuclear expression in migrating progenitor cells in the

cortical surface (black arrows), in the molecular layer (red arrows) and in the inner zones (green arrows)
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Figure 29. Gestational week 34. A: Pax2 nuclear expression in stem/progenitor cells in the VZ (black
arrows), in the SVZ (red arrows) and in the inner zone (green arrow). B: Pax2 nuclear expression in
migrating progenitor cells in the cortical surface (black arrows), in the Purkinje cell layer (red arrows)

and in the inner zone (green arrows)

Pax6

While at the 11 week of gestation we did not found immunoreactivity for Pax6, from the 20™
to the 34" week of gestation, nuclear PAX6 immunostaining highlighted granule cell
precursors in the cerebellar external granular layer (EGL). At higher magnification, Pax6
highlights the nuclei of granule cell precursors. Scattered PAX6-positive cells were also
detected in the inner zone, suggesting the migration of these progenitor cells from the external
granular layer towards the internal granule layer (Figures 30, 31).

At the 38" week of gestation, we observed an increase in the number of Pax6-immunoreactive

cells in the cortical layers (Figure 32).
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Figure 30. A: Gestational week 20. Pax6 immunoreactivity in the nuclei of granule cell precursors
(GCPs; black arrows) in the external granular layer (EGL) migrating towards the internal granular layer
(IGL; open arrowheads). B: Gestational week 24. Pax6 immunoreactivity in the nuclei of GCPs (black

arrows) in the EGL migrating towards the IGL (open arrowheads)

pial surface

Figure 31. A: Gestational week 30. Pax6 immunoreactivity in the nuclei of GPCs in the EGL (black
arrows) migrating cells towards the IGL (open arrowheads). B: Gestational week 34. Pax6
immunoreactivity in the nuclei of GPCs in the EGL (black arrows) migrating towards the IGL (open

arrowheads)
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Figure 32. Gestational week 38. Pax6 immunoreactivity in the nuclei of GPCs in the EGL (black
arrows), in migrating GPCs in the molecular layer (open arrowheads) and in migrating GPCs in the

IGL (arrowheads)

Calretinin

Whereas at 11 weeks of gestation, Calretinin (CR) immunoreactivity was not detected in
cerebellar samples, from the 18" to the 38" week CR was expressed in migrating Purkinje cell
from the ventricular neuroepithelium towards the cortex, and in different interneuronal
populations that migrate from the germinal neuroepithelium towards the cerebellar cortex.
Interneurons such as Golgi cells and UBCs appeared to be stain by CR from the 18™ week, in
contrast to Lugaro cells that appeared at the 20" week (Figures 33-38).

By the 30" week, CR was also expressed in the cytoplasm of granule cells in the internal

granular layer (Figure 36-38).
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A different immunohistochemical localization of CR was found in the Purkinje cells during
development of human cerebellum. At the 30" week, CR was expressed in Purkinje cells
arranged in an evident monolayer; in these cells, the expression was mainly detected at the cell
membrane level (Figure 36). At the 34 week, the intensity of CR immunoreactivity increased
in Purkinje cells of the monolayer. At this gestational age, CR immunostaining was found at
the cell surface and also in Purkinje cell dendrites (Figure 37). At the 38" week, some Purkinje
cells maintained CR expression at the whole cell surface, in the vast majority of Purkinje cells
CR expression was punctuate at the cell surface. Other Purkinje cells were almost completely

negative (Figure 38).
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Figure 33. Gestational week 18. A: CR expression in migrating Purkinje cells (red arrows), Golgi cell

(green arrow) and unipolar brush cell (black arrow) from the SVZ. B: CR expression in migrating
Purkinje cells (black arrows). Insert: 50 um. C: CR expression in migrating round cells concerning to

cerebellar Golgi cells (black arrows). D: CR expression in migrating unipolar brush cell (black arrow)
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Figure 34. Gestational week 20. A: Immunoreactivity for CR in migrating Purkinje cells (black arrows),

Golgi cell (green arrow) and unipolar brush cell (red arrow) from the SVZ. B: Immunoreactivity for CR
in migrating Purkinje cells (black arrows). Insert: 50 pm. C: CR immunoreactivity in migrating Golgi
cell (black arrow) and unipolar brush cell (red arrow). D: Immunoreactivity for CR in migrating Lugaro

cell (black arrow)
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Figure 35. Gestational week 24. A: CR expression in migrating Purkinje cells (black arrows) and Golgi
cell (green arrow) from the SVZ. B: CR expression in migrating Purkinje cells (black arrows). Insert:
50 um. C: CR expression in migrating Golgi cells (black arrows). D: CR expression in migrating

unipolar brush cell (black arrow)
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Figure 36. Gestational week 30. A: Immunoreactivity for CR in the cell membrane of Purkinje cells

(black arrows). Insert: 50 um. CR immunoreactivity in granule cells (green arrows). Insert: 50 um. B:
Immunoreactivity for CR in migrating Purkinje cells (black arrows). C: CR immunoreactivity in
migrating Lugaro cell (black arrow) and in Golgi cell (red arrow). D: Immunoreactivity of CR in

migrating unipolar brush cell (black arrow)
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Figure 37. Gestational week 34. A: Immunoreactivity for CR in the cell surface of Purkinje cells (black

arrows). CR immunoreactivity in granule cells (green arrows). Insert: 50 pm. B: CR immunoreactivity
in migrating Purkinje cells (black arrows). Insert: 50 um. C: Immunoreactivity for CR in migrating
unipolar brush cell (black arrow) and in Golgi cell (red arrow). D: Immunoreactivity of CR in migrating

Lugaro cell (black arrow)
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Figure 38. Gestational week 38. A: CR expression in the cell membrane of Purkinje cells (black arrow).

Negative expression for CR in some Purkinje cells (red arrow). CR expression in granule cells (green
arrows). Insert: 50 um. B: CR expression in migrating Purkinje cells (black arrows) and unipolar brush
cell (red arrow). Insert: 50 um. C: CR expression in migrating Lugaro cell (black arrow). D: Expression

of CR in migrating Golgi cell (black arrow)
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Mature neuron cell markers

Neurofilament (NF)

From the 15" to the 34™ week, a strong immunoreactivity for NF-L was detected in
cytoplasmatic projections of intermediate progenitor cells (iPCs) in the SVZ. No reactivity was
found in the VZ (Figures 39-42).

At the same gestational ages, NF-L immunoreactivity was also detected in the cytoplasm of
neuron projections reaching the cerebellar cortex (Figures 39-42).

At the 34" and the 38™ week, a strong nuclear and cytoplasmatic expression was found in the
Purkinje cells in the Purkinje cell layer, highlighting also the Purkinje cell dendrites in the

molecular layer (Figures 43, 44).

Figure 39. Gestational week 15. A: Immunoreactivity for NF-L in the cytoplasm of progenitor cells

projections in the SVZ (black arrows) and in the inner zones (red arrows). Insert: 50 pum. B:
Immunoreactivity for NF-L in the cytoplasm of progenitor cells projections in the pial surface (black

arrows) and in the inner zones (red arrows). Insert: 50 pm
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Figure 40. Gestational week 18. A: Immunoreactivity for NF-L n the cytoplasm of progenitor cells
projections in the SVZ (black arrows) and in the inner zones (red arrows). Insert: 50 um. B:
Immunoreactivity for NF-L in the cytoplasm of progenitor cells projections in the Purkinje cell layer

(black arrows) and in the inner zones (red arrows)

Figure 41. Gestational week 21. A: Immunoreactivity for NF-L in the cytoplasm of progenitor cells
projections in the SVZ (black arrows) and in the inner zones (red arrows). B: Immunoreactivity for
NF-L in the cytoplasm of progenitor cells projections in the Purkinje cell layer (black arrows) and in the

inner zones (red arrows). Insert: 50 um
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Figure 42. Gestational week 34. A: Immunoreactivity for NF-L in the cytoplasm of progenitor cells
projections in the SVZ (black arrows) and in the inner zones (red arrows). B: Immunoreactivity for
NF-L in the cytoplasm of progenitor cells projections in the Purkinje cell layer (arrows) and in the inner

zones (red arrows). Insert: 50 pm

Figure 43. Gestational week 38. Immunoreactivity for NF-L in the cytoplasm of progenitor cells
projections in the pial surface (arrows), in the molecular layer (red arrow), in the Purkinje cell layer

(green arrows) and in the inner zones (orange arrows). Insert: 50 pm
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NSE (neuron specific enolase)

From the 15" to the 18" week, a strong nuclear and cytoplasmatic immunoreactivity for NSE
was found in progenitor cells in the VZ, SVZ and in the intermediate zone (Figures 44, 45).
At the 21% and the 34™ week, a mild expression for NSE was detected in the VZ (Figures 46,
47).

From the 15% to the 38th week, a strong immunoreactivity for NSE was also observed in
progenitor cells in the cortical zones.

By the 34™ week, to the 38" week, NSE expression was found, at the cytoplasmatic but not

nuclear level, in Purkinje cells in the Purkinje cell layer of the cerebellar cortex (Figure 48).

pial surface

Figure 44. Gestational week 15. A: Immunoreactivity for NSE in the cytoplasm of progenitor cells
projections in the VZ (black arrows), in the SVZ (red arrows) and in the inner zones (green arrows).
Insert: 50 pm. B: Immunoreactivity for NSE in the cytoplasm of progenitor cells projections in the

cortical intermediate zones (red arrows)
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Figure 45. Gestational week 18. A: Immunoreactivity for NSE in the cytoplasm of progenitor cells
projections in the VZ (black arrows), in the SVZ (red arrows) and in the inner zones (green arrows).
Insert: 50 pm. B: Immunoreactivity for NSE in the nuclei and cytoplasm of progenitor cells in the pial

surface (black arrows), in the molecular layer (red arrows), and in the inner zones (green arrows)

pial surface

Figure 46. Gestational week 21. A: Immunoreactivity for NSE in the cytoplasm of progenitor cells

projections in the SVZ (black arrows) and in the inner zones (red arrows). B: Immunoreactivity for NSE

in cytoplasmatic and nuclear progenitor cells in the cerebellar cortical zones
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Figure 47. Gestational week 34. A: Immunoreactivity for NSE in the nuclei and cytoplasm of progenitor
cells in the VZ (black arrows) and in the SVZ (red arrows). B: Immunoreactivity for NSE in the nuclei
and cytoplasm of progenitor cells in the pial surface (black arrows) and in the Purkinje cells (red

arrows). Insert: 50 pm

pial surface

Figure 48. Gestational age 38. Immunoreactivity for NSE in the nuclei and cytoplasm of progenitor

cells in the molecular layer (black arrows) and in the inner zones (red arrows). Insert: 50 pm
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Mature glial markers

S100p

At the 15" week of gestation, immunoreactivity for S100B was detected in the nuclei and
cytoplasm of scattered astrocyte-like cells localized in the inner zone and in the cortical layers.
No significant staining was observed in the ventricular zone (Figure 49).

From the 18™ to the 34" week of gestation, immunoreactivity for S100p was also found in the
ventricular and subventricular zones (Figures 50, 51), although at the 34" week this staining
was weaker than in the previous developmental stages (Figure 52).

After the 34" until the 38" week of gestation, nuclear and cytoplasmatic immunoreactivity for
S100B was particularly strong in the cortical layers, being localized in the cytoplasm of glial
projections in the molecular layer and in glial projections around the Purkinje cells in the

Purkinje cell layer, and also in nuclei of progenitor glial cells in the inner zone (Figure 53).

Figure 49. Gestational age 15. A: Immunoreactivity for S100p in scattered progenitor cells in the SVZ

(black arrows) and in the inner zone (red arrow). B: Immunoreactivity for S100f in progenitor cells in

the cortical zones. Insert: 50 um
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Figure 50. Gestational week 18. A: Immunoreactivity for S100B in progenitor cells in the VZ (arrows),
in the SVZ (red arrows) and in the inner zones (green arrows). Insert: 50 um. B: Immunoreactivity for
S100p in progenitor cells in the pial surface (black arrows), in the molecular layer (red arrows), in the

Purkinje cell layer (green arrows) and in the inner zones (orange arrows)

pial surface

Figure 51. Gestational week 21. A: Immunoreactivity for S100p in progenitor cells in the VZ (arrows),
in the SVZ (red arrows) and in the inner zones (green arrows). Insert: 50 um. B: Immunoreactivity for
S100p in progenitor cells in the pial surface (black arrows), in the molecular layer (red arrows), in the

Purkinje cell layer (green arrows) and in the inner zones (orange arrows)
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Figure 52. Gestational week 34. A: Immunoreactivity for S100p in progenitor cells in the VZ (arrows),

in the SVZ (red arrows) and in the inner zones (green arrows). B: Immunoreactivity for S100p in
progenitor cells in the pial surface (black arrows), in the Purkinje cell layer (red arrows) and in the inner

zones (orange arrows)

pial surface

Figure 53. Gestational week 38. Immunoreactivity for S100p in progenitor cells in the pial surface
(black arrows), in the molecular layer (red arrows), in the Purkinje cell layer (green arrows) and in the

inner zones (orange arrows)
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GFAP

At the 15" week of gestation, immunoreactivity for GFAP was detected in the cytoplasmatic
radial glial projections in the ventricular zone and in the subventricular zone, reaching the
cortical layers (Figure 54).

From the 18% to the 34™ week of gestation, that immunostaining for GFAP increased both in
the ventricular and in the subventricular zone (Figure 55, 57). Moreover, a strong nuclear and
cytoplasmatic expression of GFAP was detected in glial cells of the intermediate zone in
absence of reacivity of mature neurons. At the same gestational ages, immunoreactivity for
GFAP was also detected in the cortical layers.

At the 38" week of gestation, a strong nuclear and cytoplasmatic expression of GFAP was
found in mature glial cells, being well characterized in the molecular layer, around the soma of

the Purkinje cells and in the internal granular layer (Figure 58).

Figure 54. Gestational week 15. A: Immunoreactivity for GFAP in radial glial projections in the VZ

(black arrows), in the SVZ (red arrows) and in the inner zone (green arrows). B: Immunoreactivity for

GFAP in radial glial projections in the pial surface (black arrow) and in the inner zones (red arrows)
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Figure 55. Gestational week 18. A: Immunoreactivity for GFAP in radial glial projections in the VZ
(black arrows) and in the SVZ (red arrows). Insert: 50 pm. B: Immunoreactivity for GFAP in radial glial

projections in the cortical zones (black arrows)

Figure 56. Gestational week 21. A: Immunoreactivity for GFAP in radial glial projections in the VZ

(black arrows) and in the SVZ (red arrows). Insert: 50 pm. B: Immunoreactivity for GFAP in radial glial

projections in the cortical zones (black arrows)
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Figure 57. Gestational week 34. A: Immunoreactivity for GFAP in radial glial projections in the VZ
(black arrows), in the SVZ (red arrows) and in the inner zone (green arrows). B: Immunoreactivity for
GFAP in radial glial projections in the pial surface (black arrows), in the molecular layer (red arrows)

and in the inner zone (green arrows)

Figure 58. Gestational week 38. Immunoreactivity for GFAP in glial projections in the pial surface
(black arrows), in the molecular layer (red arrows), in the Purkinkje cell layer (orange arrows) and in the

inner zone (green arrows)
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Discussion

The development of the human cerebellum, as well as for other organs, represents a very

tricky period of embryogenesis, being characterized by critical molecular and cellular events
including proliferation, migration and differentiation of multiple cell types. Previous studies,
carried out on experimental models, evidenced that immunohistochemistry may allow the
identification of different neural and glial precursor cells in the different cerebellar zones
during development. This study confirms other previous researches focused on the developing
cerebellum based on immunohistochemistry as a useful tool for the identification of
stem/progenitor cells. Hence, immunoreactivity for several molecular markers allow the
identification of different stages of differentiation of the neuronal and glial lineages.
As it has already been described, human cortical neurogenesis begins in the ventricular and
subventricular zones when NECs undergo to asymmetric divisions giving rise to progenitor
cells of the developing cerebellar cortex, radial glial cells and intermediate progenitor cells,
which are generally considered to represent the major source of cortical neurons.

Stem cell self-renewal and progenitor cell differentiation is regulated by specialized
microenviroment - or “niche”- in which these cells reside. Indeed, the ventricular and
subventricular zones, surrounding the 4" ventricle, are considered the “stem/progenitor cell
niches” of the developing cerebellar cells. Such niches are composed of soluble factors as well
as membrane bound molecules and extracellular matrix (ECM). In addition, to promote normal
growth and tissue homeostasis, progenitor cell niches are particularly rich in blood vessels.
Blood vessels are formed by vascular endothelial cells and mural cells and they are generally
required to provide cells and tissues with oxygen and nutrients [89].

The most relevant finding of this study is the ability of the different immunohistochemical

markers to highlight the different zones of the developing human cerebellum, focusing on the
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stem/progenitor cell niches. Indeed, immunohistochemistry allow to identify the presence of
stem/progenitor cells inside the ventricular and subventricular zones during human cerebellar
development. Nuclear expression of SOX2 and Pax6 allow to the identification of
stem/progenitor niches during cerebellar corticogenesis.

This study shows a predominant expression of SOX2 in the nuclei of stem/progenitor cells
in the ventricular and subventricular zones and, because this marker has been detected by the
11" week of gestation, we can affirm that this transcription factor represent one of the earlier
stem/progenitor cell marker in the developing human cerebellum. These data confirm previous
experimental studies carried out on mice in which SOX2 was expressed during the
development of the CNS. In our data, SOX2 expression was found in progenitor intermediate
cells located in the ventricular and subventricular zones as well as in newborn neurons
migrating from the neuroepithelium towards the pial surface. The strongest expression for
SOX2 has been found between the 11% and the 18™ week of gestation.

Nuclear expression of PAX6 was observed from 20 to 38 weeks of gestation, being
restricted to the external granular layer (EGL). Our study demonstrates that, in the
development of human cerebellum, precursor cells of the EGL are PAX6+ and give rise to the
granular cells of the human cerebellum. We also observed immunoreactivity for PAX6 both in
granule cell precursors in the EGL and in migrating granule cell precursors in the internal
granular layer (IGL) from the 20™ gestational week to term. These data confirm experimental
studies in the developing mouse cerebellum that demonstrated PAX6 expression in granule cell
progenitors in the EGL and in those cells migrating from the EGL towards the IGL [90].

Another interesting finding emerging from our study is the expression of several markers
of radial glial cells: Vimentin, Nestin and WT1. The cytoplasmatic expression of these three
markers highlights the function of radial glial cells that, thanks to their parallel long fibers,

represent the most important guide for the radial migration of newborn neurons from the
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ventricular and subventricular zone towards the pial surface. In this study, the expression of
these markers have been detected from the 15" to the 21 week of gestation; after that, the
expression decreased until the 34" gestational week and disappeared at the 38" week. In fact,
once the neuronal migration is complete the radial glial fibers in the cortical layers disappeare
and they differentiate in glial lineages giving rise to astrocytes, oligodendrocytes or ependymal
cells.

Nestin has been reported to be expressed in neural stem cells. Nestin is expressed in many
dividing cell types during development of the CNS and other anatomical structures. In this
study, Nestin immunoreactivity was mainly localized in radial glial cells in the ventricular and
subventricular zones and in radial glial projections in the intermediate zone and in the pial
surface. At the 34" week of gestation, a mild reactivity for Nestin was observed in the cortical
layers and it disappears at term. These findings revealed Nestin as a possible marker involved
in neural proliferation and migration during the development of human cerebellum. Moreover,
this study indicates Vimentin as a useful marker for radial glial cells in the developing human
cerebellum. WT1 highlights also radial glial fibers in early stages of CNS development. WT1
is a transcription factor highly expressed in several organs during human and mouse
embryogenesis. In this study, the strong expression of WT1 in radial glial fibers in the first half
of gestation indicates a possible role for this transcription factor in cell migration and
differentiation during neurogenesis. These data confirm other data from a previous study of our
group carried out on human fetuses in which WT1 was found in radial glial fibers in the
developing human cerebral cortex [91]. On these bases, WT1 may be considered a useful
marker of radial glial cells during human brain development.

Another interesting finding of this study is the expression of the transcription factor Pax2.
Pax2 nuclear immunoreactivity was observed in all the developmental phases of human

cerebellum. This antibody highlights the progenitor cells in the ventricular and subventricular
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zone, the migrating newborn neurons of the inner zone and those reaching the cortical surface.
The expression of Pax2 decreased during the advanced stages of development and in particular
after the 34" week, in which a mild immunoreactivity was detected in scattered cells of the
cerebellar cortical layers.

Regarding the expression of markers in mature neurons, the absence of immunoreactivity
of NF, GFAP and NSE before the 15" week reflects the lack of maturation of glial and neuronal
cells in the early phases of human cerebellar development.

NSE is a glycolitic protein known to be expressed in central and peripheral neurons and
also in neuroendocrine cells [92]. This protein is generally considered a marker involved in
neural differentiation [93]. In this study NSE is expressed in progenitor cells inside the
ventricular and subventricular neuroepithelium from the 15" until the 21t week of gestation, as
well as in progenitor cells of the cortical layers. At the 34" week, the immunoreactivity for
NSE in the germinal neuroepithelium decreased, in contrast to the evident reactivity in the
cortical layers from the 34™ to the 38" week of gestation.

Neurofilament is an intermediate filament that represents a major component of the
neuronal cytoskeleton being particularly abundant in axons. Neurofilaments are important for
the radial growth of axons during development and the transimission of electrical firing [94]. In
this study, the expression of NF in the developing human cerebellum has been detected from
the 15" week both in the SVZ and in the cerebellar cortex, whereas the VZ showed no
reactivity for NF. By the 34" week of gestation, the immunoreactivity for NF was particularly
strong in the Purkinje cell layer of the cerebellar cortex, highlighting the dendrites of Purkinje
cells.

S100pB is a protein of the S100 protein family that represents a glial-specific marker
primarily expressed in astrocytes [95]. Several studies have been demonstrated the expression

of S100f in human fetal hippocampus, enthorial cortex and occipital cortex [96]. In this study,
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at the 15" week S100B is expressed in scattered cells in the SVZ and in the cerebellar cortex; its
immunostain increased in the followed ages, when it become evident also in the VZ. At the 38
week, S100p is expressed in the nuclei of glial cells of the inner zone and, at cytoplasmic level,
in the glial projections in the molecular layer.

Glial fibrillary acid protein (GFAP) is an intermediate protein expressed in glial cells
including astrocytes and ependymal cells [97]. A strong immunoreactivity for GFAP was
detected from the 18" week, being localized in the cytoplasm of immature glial projections in
the VZ and in the SVZ and in scattered glial projections in the cerebellar cortex. From the 21%
to term, the number of radial glial projection GFAP-positive increased, as well as those in the
cerebellar cortex, showing that the gliogenesis mainly occurs in the second half of gestation.
Hence, when neuronal migration is completed, radial glial progenitors can differentiate into

glial lineages.
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Conclusions

In conclusion, this study show the relevant role of the immunohistochemistry as a useful tool
for the detection of multiple stage of differentiation of neuronal and glial progenitor cells
during the human cerebellar development. Future studies are needed in order to evaluate
mRNA expression of these markers and to evaluate other markers of stem/progenitor cells in
other gestational ages, in order to better clarify their role in cell proliferation, migration and

differentiation of the human cerebellum during development, post-natal and adult life.
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