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ABSTRACT Avian cerebellum, a highly conserved, laminated and foliated structure, provides an ex-
cellent model for developmental studies. During the intermediate embryonic stages, granule cell pro-
genitor proliferation and the inwards migration of post-mitotic granule cells have been implicated in
the morphogenesis of cerebellar cortex cytoarchitecture and foliation. The present study questioned
the spatio-temporal expression pattern of pleiotrophin, an extracellular matrix growth factor, during the
morphogenesis of embryonic cerebellum, and the roles of ionotropic AMPA glutamate receptors and the
diffusible neuromodulator nitric oxide (NO) in the proliferation pattern of EGL granule cell progenitors. To
this end, the density of proliferating cells in the developing embryonic external granule layer (EGL) was
determined following acute treatment with AMPA receptor antagonist CNQX or NO synthase inhibitor
L-NAME, at embryonic stages HH38-41 (E12-E15 days), by means of BrdU immunohistochemistry and
double immunofluorescence. Importantly, at earlier stages, pleiotrophin-like immunoreactivity showed
high expression levels in the EGL that gradually decreased, persisting within the growing folia apices, later
in development. Interestingly, blockage of AMPA receptors had no effect; while NOS inhibition resulted in
transient age- and region-specific increases of EGL granule progenitor cell proliferation at earlier stages,
but decreased the post-mitotic granule cells at folia apices, at a later stage HH41 (E15 day). Overall, NO
had a transient anti-proliferative effect in EGL similar to mammalian cerebellum, acting as a modulator
of the EGL function at different stages, suggesting its possible implication in complex processes guiding
cerebellar cytoarchitecture and folia formation.
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Introduction

Cerebellum is a highly conserved foliated key-brain structure
for the integration of sensory perception and the coordination of
voluntary movements. During cerebellum development, in both
avian and mammalian embryonic cerebellum, primary granule cell
precursors migrate tangentially away from the lateral recesses of
the fourth ventricle, the rhombic lip, to form a transient second-
ary germinal zone, the external granule cell layer (EGL) (Hanaway,
1967; Hallonet et al., 1990). EGL gradually becomes thicker and
develops acomplex cytoarchitecture with an outer zone of prolifer-
ating cells generating the granule cells and an inner pre-migratory
zone of accumulating non-dividing, post-mitotic cells (Feirabend,
1990; Hanzel et al., 2019). Immature granule cells migrate radially

inwards, along Bergmann glial fibers through the Purkinje cells to
form the inner granule cell layer (Rakic, 1971; Stamatakis et al.,
2004; Mecha et al., 2010; Buffo and Rossi, 2013). Studies in mam-
malian and avian cerebellum highlight the role of Bergmann glial
cells in participating in the cerebellum cytoarchitecture (Sudarov
and Joyner, 2007; Kommata and Dermon, 2018).

Abbreviations used in this paper: AMPA, a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor; BrdU, 5-bromo-deoxy-uridine; CNQX, 6-cyano-
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fissure base; FA, folium apex; GIuR2/3, glutamate receptor subunits 2,3; HH,
Hamburger—Hamilton stages;L-NAME, L-NG-Nitroargininemethylester; NO, nitric
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While the early mechanisms of cerebellum ontogenesis are well
known, the later precise spatial and temporal events necessary to
transform the avian cerebellum to a complex foliated structure
with parallel lobules separated by deep fissures are not clear. A
thorough study (Sudarov and Joyner, 2007) showed that EGL plays
a pivotal role in the formation of cerebellum fissure architecture,
while granule cells provide the driving physical force in the multi-
cellular anchoring centers at the fissure bases, which along with
coordinated action of granule, Purkinje cells and Bergmann glial
fibers determine the shape of the folia. Interestingly, it has been
suggested that the folding of the inner granule cell layer precedes
the thickening and subsequent folding of the overlying EGL (Pena
Melianetal., 1986). Inturn, external granule cell proliferation pattern
also contributes to the avian and mammalian cerebellar cytoarchi-
tecture and fissure formation (Mecha et al., 2010; Kommata and
Dermon, 2018). There is evidence to suggest that signal molecules
e.g. neurotransmitters, sonic hedgehog, (Mechaetal.,2010), growth
factors and components of the extracellular matrix (Zagris, 2001)
participate in the developmental events of cerebellar histogenesis.
For example, granule cell precursors express pleiotrophin (PTN), a
pro-migratory secreted cytokine thatreducestherate of granule cells
migration (Basille-Dugay et al., 2013) indicating a contribution by
PTN to rodent cerebellar cortex development (Hamza et al., 2016).
In addition, immature granule cells express excitatory glutamate
receptors (Voukelatou et al., 1986; Mitsacos et al., 1990) and nitric
oxide synthase (NOS) (Dermon and Stamatakis, 1994), possibly
representing sites of interaction of NO and glutamate transmis-
sion signaling. While glutamate receptors have the potential to
regulate neuronal NOS expression in the developing cerebellar
granule cells, their role in avian cerebellum morphogenesis has
yet to be determined.

Nitric oxide (NO),a gas signal molecule produced by the neuronal
isoform of nitric oxide synthase (NOS), catalyzing the reaction of
arginine to citrulline, is known to influence various physiological
procedures and developmental events in the nervous system. Due
toitsdiffusible nature, NOis characterized by a spatial postsynaptic
action. Most notably, stimulation of ionotropic NMDA and AMPA
glutamate receptors, trigger endogenous NO formation and cGMP
signaling in hippocampal and cortical neurons (Giesen et al., 2020)
as well as in the developing cerebellum (Southam et al., 1991). In
turn, the NO release modulates glutamate transmission within
glutamatergic neurons, downregulating AMPA receptors (Bingor
et al., 2020) thus playing an important role in the major excitatory
transmission in developing and adult brain.

Evidence supports the regulatory role of NO in the stem cell
fate. Studies have shown that NO affects cell proliferation and
adult neurogenesis, possibly contributing to the transition from
cell proliferation to differentiation. Indeed, in the developing rodent
brain, a transient elevation of NOS expression correlates with the
cessation of the division of committed precursor cells and with the
beginning of their differentiation (Bredt and Snyder, 1994). Although
these observations are consistent with the notion that NO has an
anti-proliferative activity, the precise role of NO in avian EGL cell
proliferation and cerebellar cortex foliation needs to be clarified.

To better understand the role of EGL in the foliation events of
chick cerebellum, the present study explored whether NO and a
glutamate receptor antagonist have a differential effect in the pro-
genitor granule cell proliferation at the folia apex or fissure base of
the developing folium. To this end, the NOS inhibitor, L-NAME or the

selective non-NMDA glutamate AMPA receptor antagonist, CNQX,
were appliedinovo, during the intermediate embryonic stages when
fissure formation takes place and maximum EGL proliferation is
followed by massive inwards granule cell migration (stages HH40-
HH41, E14-E15 days). For this purpose, we studied the differential
expression pattern of pleiotrophin (PTN also known HARP) during
the embryonic stages under study.

Results

Embryonic cerebellum at E10 day (HH36) has a smooth surface
that later in development is transformed into a surface of marked
folding with deep fissures giving rise to transverse folia or lobules.
Cerebellar foliation and sulcus formation are evident at E11 day of
incubation in accordance with the observations made by Feirabend
(Feirabend, 1990). By E12 day (HH38), a primitive molecular layer,
an external granular layer and inner granular layer emerge. At day
E15 (HH41) all layers are distinct, the Purkinje cells appear to be
organized in 1-2 rows and at mid-sagittal plane all primary lobules
are present while secondary foliation is developed in folia V, VI, VIII
and IX. A schematic drawing of folium VIl with secondary apices
and fissure bases is shown in Fig. 1.

Transient expression pattern of Pleiotrophin during embryonic
development of chick cerebellum

Interestingly, high PTN-like expression was detected at the
earlier embryonic stage studied, showing intense and diffuse stain-
ing with increased expression at the external granule layer (EGL)
of the developing lobules (Fig. 2 A,B) at E10-E12 days (HH36+ to
HH38). At E13-E15 days (HH39-HH41), PTN-like immunoreactivity
gradually declined with age, but specifically persisted at the EGL
lobule apices (FA) contrasting with the impressive reduction at
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Fig. 1. Schematic representation of folium VIII. The areas of interest used
to quantify the proliferating cells (BrdU+ cells) within EGL are outlined in
squares, depicting sub-folium apices (FAT, FA2) and fissure bases (FB).
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the bases of the fissures (FB) (Fig. 2 D-I). In addition, PTN-like im-
munoreactivity was present in the inner granule cell layer, showing
diffuse labeling. Purkinje cell bodies and their proximal dendrites
were clearly notlabeled, but PTN-like immunoreactivity was associ-
ated with neural and glial elements within the immature Purkinje
cell and granule cell layers. At the earlier embryonic stage studied
(HH36+), PTN expression was found in both the EGL zone and the
main cerebellum body adjacent to the GIuR2/3 immunoreactivity
in the immature Purkinje cell layer (Fig. 3 A-C).

The possible anatomical relation between pleiotrophin and the
mitotically active granule progenitor cells in the EGL was studied
using BrdU+/PTN doubleimmunofluorescence. Atthe E10 day, EGL
and the inner granule cell layer showed intense PTN expression
(Fig. 3 D,D). PTN-like immunoreactivity was in close association
and/or partly co-localized with a population of BrdU+ cells in the
EGL. At E14 day, EGL folium apex included higher density of PTN-
like labelling (Fig. 3 F,F") compared with that of the fissure base (3
E,E). Interestingly, a significant association of PTN labelling with
BrdU+ cells was determined.

CNQX treatment did not influence EGL cell proliferation in fissure
base or folia apex

The possible differential effect of CNQX,anon-NMDA antagonist
(Fig. 4), onthe granule cell proliferation rate of EGL zone of cerebel-
lum was studied at E14-E15 days, when a massive inwards granule
cell migration takes place to shape the final cerebellar architecture.
Preliminary experiments of CNQX application at earlier stages
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Fig. 2. PTN expression at mid-
sagittal level of chicken cer-
ebellumatE11-E14 embryonic
days. PTN immunoreactivity
was found at the cerebellum
body and the external granule
layerat (A)E11,(B)E12and(C)
E14 days. PTNimmunoreactiv-
ity in the external granule layer
at (D, G) E13 day, (E, H) E14
day and (F, 1) E15 day, exhibited
higher densities at (G, H, I) the
lobe apices compared with (D,
E, F) the fissure bases.

HH38-HH39 (E12-E13 days) had a great impact on the survival of
the embryos. At stage HH40 (E14 day), acute (4h, 5mM) CNQX
application showed a trend in decreasing the proliferation rate of
BrdU+ cells (Fig. 4 A,B), with no statistically significant effect on
either fissure base (F,,=0.814 P=0.390) or folia apex (F,,=0.051
P=0.826, Fig. 4C).

NOS inhibition showed a differential effect on EGL cell prolifera-
tion depending on the developmental stage and folium sub-region

Granule cell genesis was evaluated following 4 hours of acute
treatment of the NOS inhibitor L-NAME (Fig. 5). At fissure base,
statistical analysis showed no significant interaction (F, ,=2.135,
p=0.142) but only a simple main effect (F, ,=5951 P=0.029). In
contrast,aninteraction effect of treatmentand developmental stage
was found in folia apex (F, ,=4,299 P= 0.021), specifically at E12
(t,=-4,51,P=0.006) and E15 days (t,=3.44 P=0.026) (Fig. 5C). AtE12
day (HH38) (Fig. 5A) a significant increase in BrdU+ cell density of
EGL zone was observed specifically in both sub-folium apices, FA1
(t,=-3.143P=0,035) and FA2 (t,=-5,295 P=0.006). In contrast,at E15
day (HH41) (Fig. 5B), the number of BrdU+ cells showed a decrease
inboth sub-foliumapices, following L-NAME treatment, FA1 (t,=5,422
p=0,006) and FA2 (t,=3,464 P=0.026). Interestingly, NOS inhibition
did not show an interaction of treatment and developmental stage
in the density of BrdU+ proliferating cells in the fissure base (Fig.
5C). Thesefindings suggest that during the time window examined,
inhibition of NOS activity had developmental stage- and folium sub-
region- specific effects on granule cell proliferation.
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Discussion

The proliferation of granule cell precursors, along with the Pur-
kinje cell layer folding and the orientation of Bergman glial fibers,
areknown to contribute to mammalian cerebellum cytoarchitecture
and foliation (Sudarovand Joyner, 2007). Itis awell-known fact that
chicken EGL begins to form at E6 day of incubation (HH32), and by
E10day (HH36) it covers most of the cerebellar cortex reachingits
maximum at stage HH41 (E15 day) (Hanaway, 1967). Considering
the differencesinthe EGL cell proliferation rate between the folium
base and apex (Kommata and Dermon, 2018), we hypothesized
a possible role of glutamate AMPA receptors or NO signaling in
shaping these differences contributing to the folium formation.
Indeed, inhibition of NO synthase activity resulted in a statistically
significant interaction effect on the mitotic activity within the EGL
covering the apex of primary and secondary sulcus of folium VIII,
while blockage of AMPA receptors by CNQX had no effect. Inter-
estingly, pleiotrophin showed a transient spatio-temporal expres-
sion pattern, persisting at EGL folia apex, suggesting its possible
involvement in folium growth.

EGL covering the fissure apex showed a higher expression of
pleiotrophin-like immunoreactivity

Pleiotrophin (PTN), a 136-amino acid sequence, binds the pro-
teoglycans syndecan 3 (SDC-3) and protein tyrosine phosphatase
¢ (PTPY) and is conserved throughout various species (Rauvala,
1989). In mammals, pleiotrophinis known to be strongly expressed
at birth in a strictly spatio-temporal pattern (Rauvala, 1989).
Pleiotrophin-like immunoreactivity in chick embryonic cerebellum
was generally in line with that previously described in mammals,
showing high density of diffuse labeling withinthe EGL and the main

0.1 mm Fig. 3. Doubleimmunofluorescence

of the PTN expression in asso-
ciation with GluR2/3 glutamate
AMPA receptors and proliferating
granule progenitor cells in EGL.
(A-C) Expression pattern of PTN
in the EGL and cerebellum body is
complementaryto GIuR2/3intheim-
mature Purkinje celllayeratE10day.
(D-F’) Co-localization of pleiotrophin
with the BrdU+ cells in the external
granulelayer of the developing chick
cerebellum. (D, D’) At E10 day, PTN
was found in close association with
EGL BrdU+ cells. (E, F’) At E14 day,
pleiotrophin was co-localized with
a population of proliferating BrdU+
cells at the external granule layer
of (E, E') fissure base and (F, F’)
folium apex. Insert squares in D, E,
F are shown in higher magnification
inD',E, F.

body of chick cerebellum atthe earlier stages studied. Pleiotrophin
(PTN) has been shown to regulate rodent cerebellar histogenesis,
participating in the radial migration of granule cells progenitors
through the molecular layer (Basille-Dugay et al., 2013). There is
also evidence suggesting that PTN participates in Purkinje cells
morphogenesis, inducing an atrophy of the Purkinje cell dendritic
tree mediated via chondroitin sulfate proteoglycan, PTP signaling
(Tanaka et al., 2003), both by direct activation on PTPZ receptors
exposed onthe neuronal membrane and by activation on the same
receptors on Bergman glial cell (Buffo and Rossi, 2013). In sup-
port, perinatal PTN administration in mice induced a significant
decrease of the surface of the dendritic tree associated with an
increase in excitatory postsynaptic transmission and an abnormal
somatic localization of granule cells parallel fiber connections
(Hamza et al., 2016).

Although there are suggestions that PTN is expressed in the
radialfibersinrats, evidence fromthe developing mouse cerebellum
demonstrated that PTNis probably not produced by the Bergmann
glial cells but by a different cell population that could release it
into the extracellular matrix (Basille-Dugay et al., 2013). Interest-
ingly, the same study showed that EGL and cultured granule cells
exhibited strong PTN expression, indicating that the granule cell
progenitors could be the major source of cerebellar PTN. However,
the PTN receptor PTPZ was found to be expressed in radial glial
fibers, around the Bergmann and the Purkinje cell bodies but not
in the EGL (Basille-Dugay et al., 2013). Likewise, in the present
study, we found a similarly high pleiotrophin expression within the
EGL, further suggesting that granule cell progenitors may express
PTN, influencing chick cerebellum morphogenesis. However, future
studies are necessary to detemine whether the PTN signaling in
embryonic chick cerebellar cortex is also mediated via receptors



located in the Purkinje and/or the Bergmann cells, as suggested
for the mouse cerebellum. In addition, the transient PTN expres-
sion profile in EGL was characterized by a close association, as
well as a partial co-localization with BrdU+ cells, favoring the hy-
pothesis of PTN'’s potential to influence granule cell proliferation,
maturation and initiation of migration. Indeed, high PTN expres-
sion persisted specifically in the external granular layer covering
the growing folia apices, which are characterized by a higher rate
of proliferating cells compared with the fissure bases. Therefore,
higher PTN expression coincided with higher mitotic activity of
granule progenitor cells, suggesting that PTN is important for
maintaining the newborn granule cell production rate in the folia
apex supporting normal folium growth. This notion is supported
by the fact that adult hippocampal neural stem cells continuously
release pleiotrophin as a signal to maintain the functional neural
stemniche and regulate the maturation of newly generated newborn
neurons (Tang et al., 2019).

Blockage of glutamate AMPA receptors had no effect on EGL cell
proliferation rate

Purkinje cells, the largest neuronal cell type in the cerebellar
cortex with the most elaborate synaptic interactions in the cer-
ebellum, play a critical role in the proliferative activity of granule
cell progenitors (Sudarov and Joyner, 2007; Mecha et al., 2010).
Glutamate AMPA receptors, the primary mediators of fast excitatory
synaptic transmission in the vertebrate brain, often co-localized
with NMDA receptors, are the dominant glutamate receptors in
Purkinje cells including GluR2/3 receptor subunits (Monyer et al.,
1991). Functionally,ionotropic AMPA glutamatergic receptors have
been implicated in synaptic plasticity, remodeling, LTD modulating
the influx of Na+ into the Purkinje cell dendrites (Kuruma et al.,
2003). Quantitative autoradiographic studies have shown that [*H]
CNQX binding sites of non-
NMDA glutamate receptors A
are densely localized in the
molecular layer of chick
cerebellum (Mitsacos et al.,
1990; Zavitsanouetal., 1994).
Importantly, the AMPA-type
glutamate receptors are
the first ionotropic GIuRs to
appear during chick brain i
development (Voukelatou et o
al., 1986) and can regulate da S
differentiation and plasticity
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events even before synaptogenesis. Interestingly, while AMPA
receptors are present in chick cerebellum during the embryonic
stages studied, acute treatment with the AMPA receptorantagonist
CNQX had no effect on the EGL granule cell proliferation pattern
of the sub-regions of growing VIl lobule.

Previous studies have shown how glutamate AMPA recep-
tors affect the telencephalic ventricular and subventicular zone.
Specifically, administration of T0uM CNQX tended to prolong the
duration of cell cycle in the ventricular zone (Haydar et al., 2000),
while NMDA and AMPA glutamate receptor antagonists increased
granule cell neurogenesis from pre-existing neural precursors in
hippocampal slice cultures (Poulsen et al., 2005). Although there
is evidence of the effect of AMPA receptors upon cortical and
hippocampal neural progenitors, the present study showed that
this is not the case for cerebellar granule cell progenitors, at least
during the embryonic stages HH40-HH41 (E14-E15 days) studied,
when lobule elongation is accompanied by maximum EGL cell
proliferation and migration. It must be noted here that unlike the
ventricular zone neural precursors, EGL granule progenitor cells di-
vide symmetrically to expand the progenitor pool and subsequently
producedifferentiated neurons, and therefore may involve different
signaling. Whether or not glutamate AMPA receptors participate
in foliation events of chick cerebellum via different mechanisms,
e.g. granule cell migration or other activity-depended interactions
of granule and Purkinje cells, needs to be further investigated.

Inhibition of NOS showed transient complex effects on EGL cell
proliferation at the folia apices

Nitric oxide (NO) synthesized by neuronal nitric oxide synthase
isimplicated in developmental processes of neuronal survival, dif-
ferentiation, precursor proliferation and neurotransmission. Nitric
oxide is known to act as a negative regulator of neurogenesis in
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mammalian granule cell precursor proliferation, promoting its
survival and differentiation (Contestabile, 2012). Meanwhile, stud-
ies in knocked down mice for the neuronal nitric oxide synthase
isoforms resulted in neuronal precursor proliferation decreases
in the olfactory epithelium (Chen et al., 2004). In embryonic chick
cerebellum,NOS expression has been showntoincrease with age,
with NOS expressing fibers found to run radially through the cer-
ebellar cortex from the inner granule layer to the external granule
layer (Dermon and Stamatakis, 1994). Interestingly, in the present
study, pharmacological NOS inhibition exhibited both positive and
negative effects, influencing transiently cerebellum EGL granule
cell proliferation at the folium apex, depending on the develop-
mental stage. Specifically, at E12 day, when EGL is increasing in
thickness, acute NOS inhibition resulted in a significant increase
in BrdU+ cell density at the folium apex, in accordance with the
negative role of NO in neurogenesis. In support, previous studies
have shown that the pharmacological inhibition of NOS increased
proliferation of neural precursors isolated from the postnatal
mouse subventricular zone (Matarredona et al., 2004), and in the
chick neural tube (Plachta et al., 2003). However, at a later devel-
opmental stage - HH41 (E15 day) - NOS inhibition decreased the
density of folia apex EGL BrdU+ cells, possibly suggesting that at
this stage NO has a positive role in newborn post-mitotic granule
cell survival. Indeed, at that stage, a massive inwards migration

of immature granule cells begins, suggesting a possibly different
physiological role of NO from previous stages, when the pool of
progenitor cells is rapidly increasing. Moreover, in vitro studies in
granule cell cultures indicate that NO reduction increased apop-
totic death and that NO is necessary to sustain the survival of
differentiating granule neurons (Ciani et al., 2002). It is therefore
suggested that NO reduction, by NOS inhibition at E15 day, may
have an impact on the survival of BrdU+ newborn granule cells
at the pre-migratory EGL zone. In accordance with our findings, a
study in rat pups reported that pharmacological blockade of nitric
oxide during a restricted time window of the first three postnatal
days resulted in an increased proliferation rate, but not at later
(postnatal days 3 to 7) developmental stages (Ciani et al., 2006).
At present, the underlying mechanisms of the transient NO
effects upon chick granule cell proliferation are not known. A
hypothesis may involve different NO signaling in relation to a
homeostatic role of NO at the different developmental stages. In
other words, NO may serve as a negative regulator at early stages
when the precursor cell pool needs to be controlled to avoid ex-
cessive growth, while at later stages, when cell progenitors are
reduced and post-mitotic cells are produced, NO signaling may
act positively on newborn cell survival. The NO signaling down-
regulating mammalian granule cell precursors is antagonistic
to Shh cellular cascades (Contestabile, 2012) and is thought to
involve cGMP. In rat cerebellar slices,

A Embryonic day 12 B Embryonic day 15 most NO-induced cGMP was found
in glial cells, and is thus involved in
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on the Purkinje cell somata. From E15 day, NOS is expressed by
themigrating granule cells and their formation of parallel fibers left
behind in the molecular layer (Dermon and Stamatakis, 1994). In
agreement, NO signaling appears to stimulate granule cell migra-
tion and maturation of parallel fibers in mammalian cerebellum
(Tellios et al., 2020). Furthermore, inhibition of endogenous NOS
activity by L-NAME appeared to delay Purkinje cell dendritic branch-
ing (Tellios et al., 2020), implying that NO producing granule cell
excitatory parallel fibers may contribute to Purkinje cell normal
maturation and cerebellar cytoarchitecture. Overall, the present
study provides evidence of the role of nitric oxide as a modulator
of neurogenesis in avian cerebellum similar to mammals, with
transient effects on granule cell genesis, negatively influencing
EGL cell proliferation depending on the developmental stage.
Further studies are necessary to clarify the possible underlying
mechanisms of the NO role in chick cerebellar cortex morphogen-
esis, acting as a modulator of EGL physiological functions during
the different developmental stages.

Materials and Methods

Experimental animals, treatments and tissue preparation

Fertilized chicken eggs (Gallus domesticus), were incubated
in a humidified brooder at 37.8°C. The first day of the incuba-
tion was assigned as embryonic day 0 (EQ). At E12 to E17 days
(HH38-HH43; Hamburger and Hamilton, 1992), L-N¢-Nitroarginine
methyl ester (L-NAME saline solution, (3mg/200ul, 56mM), or
6-cyano-7-nitroquinoxaline-2.3-dione selective AMPA antagonist
(CNQX saline solution, 0,3mg/200ul, 5mM) were applied in ovo,
under sterile conditions. Injections of 200ul were performed on
the air sac known to permit rapid entrance into the blood stream.
Matched control embryos were treated with saline. In addition,
control embryos from E10 to E17 days were used to determine
pleiotrophin expression pattern.

To label mitotically active cells, the 5-bromo-deoxy-uridine
(BrdU) method was applied, based on the BrdU, a thymidine ana-
logue, incorporated into the DNA during the S-phase of the cell
cycle (Stamatakis et al., 2004). At all stages studied, one hour
following acute treatment with L-NAME or CNQX, embryos were
injected in the air sac, with BrdU) (80ug/gr egg weight in physi-
ological saline, 5mM), and were allowed to survive for 3 hours. It
should be noted that a single injection of BrdU labels the nuclei
of cells that are in the S-phase, but not the nuclei of proliferating
cells that are in other phases of the cell cycle.

Following treatment, embryos were anaesthetized and trans-
cardially perfused with 0.9% saline and then by a fixative solution
(4% paraformaldehyde, PFA, in 0.1 M phosphate buffer, pH=7.4).
The brains were removed, cryoprotected at 4°C overnight in 20%
sucrose in 4% PFA, frozen in isopentane at -40°C and kept at
-80 °C until processing. Mid-sagittal sections, 20um thick, were
prepared using a cryostat/cryotome (Leica CM 1500). Cutting
protocol was adjusted per developmental stage allowing serial
sections distance of 120 pm at E12 day and 160 ym at E15-17
days. Sections were thaw-mounted on gelatin-coated slides and
processed for single and double immunohistochemistry.

All experimental procedures were in accordance with Greek
(PD 56/2013) and EU (Directive 63/2010) legislation on the care
and use of experimental animals. Efforts were made to minimize
animal suffering and to reduce the number of animals used.
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Immunohistochemisty

For BrdU immunohistochemistry, sections were incubated for
2h in 50% formamide/2xSSC in 65°C, to denature DNA, followed
by 2N HCI for 30 min at 37 °C. The sections were then rinsed in
PBS (4x 5 min and 1x 10 min), immersed in blocking solution (5%
BSA, 1% horse normal serum, 0.1% Triton X-100 in PBS) for 30
min, at room temperature and incubated overnight at 4°C with a
mouse anti-BrdU monoclonal antibody (Becton-Dickinson), diluted
1:100 in 0.1% Triton X-100 in PBS. Sections were then rinsed in
PBS (3x5 min), incubated in biotinylated anti-mouse IgG antibody
(Vector Labs, 1:200 in PBS) for 2 h at room temperature. They
were then rinsed in a 0.1% Triton X-100 in PBS, pH=7.4, incubated
in an avidin—biotin—peroxidase solution (Vector labs, ABC elite kit;
solutions A and B diluted 1:100 in 0.1% Triton X-100 in PBS) for 1
h in the dark at room temperature (Dermon et al., 2002; Kommata
and Dermon, 2018), followed by consecutive rinsing in PBS. BrdU-
positive cells were visualized using diaminobenzidine (DAB, Vector
Labs SK-4100) as chromogen. The reaction was terminated by
repeated washes in cold PBS, pH=7.4. Sections were dehydrated
and coverslipped with Entellan (Merck).

Singleimmunohistochemistry was applied in adjacent sections
for the determination of the expression pattern of a growth factor
with high affinity for heparin, pleiotrophin (PTN). Specifically, a goat
Anti-Human Pleiotrophin/PTN Antigen Affinity-purified Polyclonal
Antibody (R&D systems Catalog # AF-252-PB) was used. Briefly,
sections were allowed to dry, followed by a 7 min wash in H,0,
(1.5%) and immersion in blocking solution (5% BSA, 1% normal
horse serum, 0.1% Triton X-100 in PBS) for 30 min at room tem-
perature. Sections were then incubated for two overnights at 4°C
with goat anti-PTN (1:200). On the third day, sections were rinsed
in PBS (3x5 min), incubated in biotinylated anti-goat IgG antibody
(Vector Labs, 1:200 in PBS) for 2 h at room temperature, rinsed in
a 0.1% Triton X-100 in PBS, pH=7.4, and incubated in an avidin—
biotin—peroxidase solution (Vector labs, ABC elite kit; solutions
A and B diluted 1:100 in 0.1% Triton X-100 in PBS) for 1 h in the
dark at room temperature, visualized using DAB as chromogen.
Sections were dehydrated and cover-slipped with Entellan (Merck).

Double immunofluorescence

To determinethe anatomical relations of Pleiotrophin-like expres-
sionwiththe active proliferating EGL BrdU+ cells and GIluR2/3 AMPA
receptor subunits, double immunofluorescence was performed.
Adjacent sections were washed (2x5min) in phosphate buffer
(0.01MPBS pH 7.4),immersed in blocking solution (5%BSA, 0.15%
NHS, PBST) for 30 min at room temperature and incubated for two
overnights at 4°C with a cocktail of a combination of the primary
antibodies of mouse anti-BrdU with goat anti-Pleiotrophin (BrdU/
PTN) and goat anti-Pleiotrophin with rabbit anti-GluR2/3 (Chemi-
con, Catalog # 07-598, PTN/GIuR2/3) in PBST. On the second day,
sections were incubated with a cocktail of appropriate secondary
antibodies (Alexa fluor Molecular Probes, 1:400) for 2 hours atroom
temperature, donkey anti-goat 488 and donkey anti-mouse 555 (for
BrdU/PTN), donkey anti-goat 488 and donkey anti-rabbit 555 (for
PTN/GIuR2/3). Sections were dried in the dark and coverslipped
using a mounting medium (Vector Labs, H-1400).

Specificity of antibodies
To test the antibodies’ specificity, negative control experiments
were carried out in adjacent sections, with the omission of the
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primary antibodies or the secondary antibody and the application
of secondary antibodies, mismatched for species. All control ex-
periments resulted in no immunohistochemical staining of PTN,
GluR2/3 or BrdU.

A purified mouse anti-BrdU, Clone B44 (Becton Dickinson) was
used to detect active proliferating cells showing similar staining
with previous studies (Dermon et al., 2002; Stamatakis et al., 2004)
A rabbit polyclonal anti-Glutamate AMPA R2/3, against synthetic
peptide corresponding to amino acids 864-883 of the C-terminus
of rat GIuR2 which recognizes human, rat, mouse, monkey and
chicken GluR2/3, was used. By immunoblotting of rat brain tissue
homogenates, the antibody stains a single band co-migrating with
GIuR2 and GIuR3 at approximately 110kDa (Chemicon datasheet)
andat98kDain chick cerebellum (Piresetal.,2010). The expression
patternin Purkinje cell somataand apical dendrites observedinthe
present study is similar to that in the mammalian cerebellum. The
PTN antibody used is an antigen affinity-purified polyclonal goat
IgG that detects human pleiotrophin in direct ELISAs and Western
blots (R&D, specification sheet). The present expression pattern
in chick cerebellar cortex has similar features to that previously
reported for mammalian cerebellum (Basille-Dugay et al., 2013).

Microscopic quantification, statistical analysis, photomicrograph
production

Sections were observed using a light microscope and fluores-
cence microscope (Nikon Optiphot-2). High-resolution microscopic
images were captured using a color CCD Sony DXC-950P camera
connectedtothe microscope. Figures were prepared for publication
with Adobe Photoshop CS5 (Adobe System Inc., San Jose, CA).

Cerebellarlobules/folia were numbered from I to X (from rostral
to caudal) and were identified based on the Larsell's nomenclature
(1967). The primary folia are the main folia, whereas the second-
ary folia are formed after subfoliation of the primary folia during
embryonic development of the cerebellum (Feirabend, 1990). The
rate of proliferating cells was expressed as the density of BrdU+
cells (BrdU*cell number/ surface um?) within the different sub-folia
regions (Fig. 1) studied at mid-sagittal levels of the growing lobule
VIII (X600), known to receive pontine, trigeminal and hippocampal
afferents (Arends and Zeigler, 1989; Liu et al., 2012). Specifically,
the mitotically active cells were determined at the most folded
part of the fissure (fissure sulcus or base, FB) and at the apex area
of the developing folium (folium apex, FA) (Fig. 1), as previously
described (Bowers and Atkins, 2004). The number of BrdU+ cells
was determined within the EGL of FB or FA areas, using a measure-
ment frame of 0.06mm?. The quantification of the EGL surface and
BrdU+ cells was performed in 3-4 embryos per stage, in at least 3
sections at mid-sagittal level per cerebellum. Statistical analysis
of two-way analysis of variation (ANOVA) was applied, followed
by independent comparison t-test (when a significant interaction
was found). Using SPSS Statistics (V22), analyses of the CNQX
and L-NAME effects on the BrdU+ cell density within EGL FA or
FB surfaces (um?), were performed with treatment and age as
independent variables. A probability level of 5% (P<0.05) was
considered statistically significant.
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