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Figure 3-9. FGF18" radial glia-like cells are found in the ventral SVZ of young
FGF18Lineage mice brain. A subset of FGF18* cells co-expresses GFAP at the medial
(B-B’) and ventral wall (C-C’) (white arrows). (C”) FGF18" cells in the ventral SVZ
exhibit long basal processes extending within the niche (blue arrows) and apical
endings. (D) Comparative quantification shows a greater number of Tomato® radial
glia-like cells in the ventral SVZ of young long chase mice (n=3; 115:§+),%0,7/-.) than
adult long chase mice (n=3; 256$+),$0,7-.). ;</.=/,=$),," ,$-(§-.=>/<)=$04%),," 30/, (.
Scale bar: 50um; 100 um. LS, Lateral septum; LV, Lateral ventricle; Str., Striatum;
vS.,Ventral septum
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Figure 3—10. Characterisation of Tomato expression in young FGF18L"°29¢ mice
brains. (A) Vertical diagonal band. (B-C) The number of Tomato™ neurons in the
cerebral cortex of long chase young mice appeared to be higher than the number of
Tomato* neurons in the cortex of adult long chase mice. (D, F, H) Lineage traced cells
are not detected in the GFAP™ glia region of the RMS and in the OB of short chase
young mice. (E,G,l) Tomato* cells are observed in the RMS and OB of long chase
young mice. Atlas images are from the Mouse Brain Library
(http://www.mbl.org/mbl_main/atlas.html). Approximate Bregma coordinates in the
bottom corners. Scale bars: 50 um. AoL., Anterior olfactory nucleus; Ctx., Cortex;
GcL., Granule cell layer; ov., Olfactory ventricle; pGl., periglomerular layer; Pir.,
piriform cortex; VDB., vertical diagonal band.
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Figure 3—11. FGF18* cells are not actively proliferating cells in the Adult V-SVZ.
Immunostaining of adult long chase brains for the endogenous proliferating marker
PCNA revealed that, at the medial wall of the V-SVZ, FGF18* cells mingle with or sit
adjacent to PCNA* proliferating cells along the posterior-anterior axis. Bregma

coordinates in the bottom corners. Scale bars: 50 um or 100um. C.C., corpus
callosum; LS, Lateral septum; LV, Lateral ventricle; Str., Striatum.
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Figure 3—12. FGF18* cells do proliferate in early postnatal brains. (A) FGF18* cells
mainly reside in the ventral wall of the lateral ventricle in short chase brains.
Immunostaining for the proliferating cell marker PCNA revealed that FGF18* cells
proliferate at the ventral wall (C-C”) but not the medial wall (B-B”) of the ventricle in
short chase mice. (D) In long chase mice, proliferating FGF18* cells are detected at
the lateral, medial (E-E”) and ventral walls (F-F”) of the ventricle. White arrows
indicate Tomato® PCNA* cells. Scale bars: 50 um or 100um. LS, Lateral septum; LV,
Lateral ventricle; Str., Striatum; vS.,Ventral septum.
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4 — DISCUSSION
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The generation of new functional neurons in specific regions of the mammalian
nervous system has redefined the structural and functional plasticity of the adult brain.
In this context, the FGF members participating in the process of adult neurogenesis
have yet to be fully established. For the first time, this study characterises in detalil
FGF18 expression in the V-SVZ niche of the adult mouse brain, elucidating putative

roles that this signalling factor could exert in OB neurogenesis (Fig. 4-1; 4-2).

4.1 — FGF18 contributes to the compartmentalisation and
regulation of the V-SVZ in the adult mouse brain.

Through the use of a FGF18CreERT2::Rosa26-tdTomato (FGF18-¢a9¢) mouse line
(Hagan et al 2019) and a pulse-chase system, the domain of FGF18 expression was
shown to be confined to the dorsal and medial walls of the lateral ventricles, both in
short and long chase adult mice (Fig. 4.1). A first screening of the morphological
characteristics and distribution of the FGF18* cells, within the niche, suggests a
variation in the FGF18-mediated regulation of the V-SVZ activity postnatally. Clearly,
FGF18 expression at the medial wall, adjacent to the septum, generates great interest
for being a far less studied region than the lateral wall. As already stated in previous
chapters of this thesis, the NSCs populate the lateral, medial and dorsal walls of the
lateral ventricle (Chp. 1.2.2). The anatomical location of the NSC pool along the walls
of the ventricle highlights differences both in the NSCs’ identity and in the mechanisms
regulating their behaviour (Fiorelli et al 2015, Fuentealba et al 2015). Identifying the
regulatory signalling molecules and their corresponding receptors that support and
mediate the neurogenic activity of different aspects of the niche is therefore

fundamental.
4.1.1 — NSCs quiescence / activation

It has been demonstrated that FGF2 represents a signalling source for NSCs
proliferation and differentiation within the SVZ neurogenic niches (Woodbury & lkezu
2014, Yoshimura et al 2001). My findings reveal that at the dorsal and, particularly, at
the medial walls of the lateral ventricle a subset of FGF18* cells co-express the stem
cell markers GFAP and Sox2. Given the lack of functional analyses yet, it can only be
speculated that FGF18 regulates the transitory mechanism of NSCs from an actively
dormant (quiescence) state to activation. This could be mediated by signalling through
the receptor FGFR3 for which FGF18 shows great affinity (Hoshikawa et al 2002,
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Olsen et al 2006). Transcriptomic analysis has shown that FGFR3 is implicated in the
signalling process regulating quiescence and early activation of NSCs in the adult mice
V-SVZ (Dulken et al 2017). This is because FGFR3 correlates with astrocytes markers
(Ntsr2, Gja1) but not with early neuronal markers associated with the late-aNSC
population (DIx-1/-2) during the mid- to late-activation period of the NSCs. Future
studies using scRNA-sequencing of the FGF18* cells, FGF18 ChiP-sequencing and
RT-PCR analyses for the FGF18 ligand and corresponding receptors, could be
performed in combination with in vitro neurospheres’ assays to assess the
transcriptional level and program of FGF18 in the adult V-SVZ, as well as, to identify
a FGF18-FGFR3 binding activity. Understanding the gene network set regulated by
FGF18 will further specify the signalling domain of FGF18 in the adult V-SVZ, its
involvement in the quiescence-activation of the NSCs populating this niche and the

time window of this process.

4.1.2 - FGF18 may signal through the CSF

It is important to note that FGF18, as part of the FGF8 subfamily, can signal through
its corresponding receptor by targeting the cell from which it is secreted (autocrine) or
targeting a nearby cell (paracrine) (Ornitz & Itoh 2015). The identification of FGF18*
cells in the epithelia of the choroid plexus suggests that it could both work cell
autonomously within the V-SVZ or be secreted by the choroid plexus into the lumen
of the ventricle, filled with CSF, to regulate the neurogenic activity of the niche. The
CSF represents an integral part of the niche microenvironment. It functions not only
as a buffer for the brain, but it also influences cells’ functionality in the V-SVZ niche
and its disruption leads to dysfunctions in cortical development and subsequent
neurological deficiencies (Bjornsson et al 2015, Obernier & Alvarez-Buylla 2019,
Owen-Lynch et al 2003). FGF2 has previously been demonstrated to regulate the
activity of the NSCs in the adult V-SVZ via its secretion from the choroid plexus and
paracrine signalling effect through the CSF (Falcao et al 2012, Johanson et al 2004,
Porlan et al 2013). Douet and colleagues (Douet et al 2013) defined the details of this
process where FGF2 diffuses through the ependymal layer, via the interstitial cleft
channels of the ependymocytes, to reach fractones and NSCs. Fractones are
fragments of the ECM that sequesters growth factors from the lateral ventricle in the
ventricular walls where they are activated via heparin-binding mechanisms. From the

data collected in this study, it may be speculated that FGF18 is released by the choroid
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plexus in the CSF and contributes to NSCs and progenitors’ activity by entering the
ependyma layer. Future studies that look at FGF18 secretion into the CSF could
confirm this hypothesis.

4.1.3 — Barrier Function

The specialized microenvironment in which the V-SVZ niche is endowed is necessary
for maintaining the proliferative and neurogenic state of NSCs and progenitor cells.
While GFAP and Sox2 are commonly identified as stem cell markers, their expression
domain includes RGCs’ derivatives too, such as ependymal cells. Most ependymal
cells are post-mitotic non-regenerative cells that guarantee a barrier and filtration
system for the CSF. The transcriptional profile of these cells identifies a close
association with quiescent NSCs markers, including Sox2 (Stratton et al 2019).
Immunolabelling with Sox2 revealed a co-expression with FGF18* cells, particularly at
the medial wall. While Sox2 is recognised as a marker for NSCs, it is unlikely that all
the FGF18* cells present a ‘stem’ capacity in this region, leading to the hypothesis
that FGF18 could have a dual expression/role in the medial wall as a marker for both
ependymal and NSCs. Indeed, the compact arrangement of these cells and their
distribution on three cellular layers of the niche suggests FGF18 could also exert a
barrier function. This is supported by immunostaining with markers of ependymal cells
(Doetsch et al 1999a) (Karpowicz et al 2009).

Previous studies have correlated S1003 expression and activity to the ependymal
layer, defining a condition in which cells lose their stem potential and acquire a mature
state in vitro (Raponi et al 2007). The stem-cell like ability of ependymal cells has
always been debated with some considering these as postmitotic cells able to act as
dormant NSCs that become activated in response to injury (Johansson 1999,
Panayiotou & Malas 2013). At E15.5, GFAP* RGCs commit to an ependymal or B cell
fate (Fuentealba et al 2015) but mature ependymal cells lose GFAP expression and
develop motile cilia in the postnatal brain (Young et al 2013). However, data have also
shown that the ependymal layer doesn’t de-differentiate following an injury (e.g.,
stroke). Instead, it supports regeneration by increasing their level of GFAP expression.
As a result, the gene set shared with NSCs purely derives from their ancestorial origin
and the gene set related to cilia is what distinguishes them from the stem cell and
progenitor lineage (Shah et al 2018). It would be interesting to perform future in vivo
studies that could test ependymal layer damage and loss, usually observed during an
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injury and ageing. For example, through intraventricular injections of specific agents
that target the ependyma (e.g., neuraminidase denudation) (Luo et al 2008) and a
subsequent measurement of the FGF18 Ilevels within the V-SVZ niche

microenvironment through RT-PCR.

4.2 — FGF18: a potential role in the neuronal supply to the OB

The implication of FGF18 in the neurogenic activity of the adult V-SVZ is reinforced by
the finding of lineage traced FGF18* cells migrating within the GFAP* glia cell tube of
the RMS in long but not short chase mice. Consistent with previous analyses
characterising the migratory mode of cells populating this region (Lois et al 1996,
Martinez-Molina et al 2011), the data show that Tomato* cells are encompassed by
GFAP* astrocytes and migrate tangentially as chains until they reach the OB proximity
where they acquire a radial orientation (Fig. 3-5C’-C’’). The morphological identity of
these cells characterised by actively extending and retracting leading processes
support their locomotory motion to the OBs, suggesting that FGF18-mediated activity
in the V-SVZ region is accountable for the generation of migrating neuroblasts that
ultimately reach the OBs and differentiate into neurons.

Petreanu and Alvarez-Buylla (Petreanu & Alvarez-Buylla 2002) classified the
maturation phases and differentiation timing that the newly generated olfactory
neurons undergo, in P60 mice (Fig.3-8A). In this study migrating neuroblasts,
immature granule cells and maturing neurons were observed in their final phases of
maturation, as aforementioned discussed (Chp. 3.4), in the rostral OBs of long chased
mice only. It should be mentioned that it cannot be presumed, at this stage, that all
the detected neurons will survive and/or build a synaptic connectivity with the pre-
existing circuit over time. Indeed, apoptosis is a fundamental homeostatic mechanism
adopted by the neural system to balance the integration of neurons and scale their
number (Ryu et al 2016). Therefore, apoptosis assays could be implemented in the
future studies to investigate Tomato expression in relation to this process.

The survival, integration and maturation of adult newborn neurons requires inputs from
surrounding cells such as the mitral cells and sensory neurons (Panzanelli et al 2009)
but also connections with other regions such as the AON and the piriform cortex (Arisi
et al 2012, Libbrecht et al 2021). Potentially, the identification of Tomato* neurons in
the AON is the result diversion of the neuroblasts migratory path to the OB. Future
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studies could extend the analysis of the FGF18 expression domain to the olfactory
epithelium, important for sending olfactory inputs to the OB, but also use of mouse
models lacking the OB to determine whether FGF18 fails to thrive neurogenesis or

not.

4.3 — Age-Dependent changes in FGF18 is the regulation of V-SVZ
neurogenesis

Jin and colleagues (Jin et al 2003) showed that FGF2 and EGF infusion in the lateral
ventricle of aged mice reversed the neurogenic capability of the V-SVZ at a level
comparable to untreated young mice. Modifications in the ECM composition also
affects FGF signalling (Yamada et al 2017), resulting in an impaired neurogenesis in
the aged V-SVZ. In the current study, the increase in Tomato* cell number in the OBs
and RMS of early postnatal FGF18-"¢29¢ |ong chase mice, when compared to adult
long chase mice, points to a decrease in FGF18 activity over time. In the V-SVZ,
FGF18 expression and cell distribution resembles the pattern observed in the adult
brain. Interestingly, FGF18™ cells were not detected in the dorsal V-SVZ niche of young
short and long chase mice. However, the morphological characteristics of the FGF18*
cells observed in the ventral region of younger mice correlate with RGC populations
which are characterised by extending basal processes and apical endings (Obernier
& Alvarez-Buylla 2019) (Fig. 4-1). Cells with this radial glia morphology also showed
a GFAP* staining thus, indicating that FGF 18 labels a population of NSCs in this region
which is potentially accountable for the generation of the progenitor and neuroblasts
observed in the medial and lateral walls of the ventricle in long chase mice. The
dramatic decrease in FGF18* radial glia-like cells in the V-SVZ of adult long chase
mice (Fig. 3-9D; 4-1) suggests that, with ageing, the NSC pool of the V-SVZ depletes
possibly following the NSCs’ asymmetric division, steady differentiation into progenitor
cells and reduction in cell proliferation (Conover & Shook 2011, Obernier et al 2018).
The decrease in the neurogenic activity of the niche detected in the adult brain,
compared to the early postnatal brain, is also associated with a reduction in the
proliferating activity of FGF18" cells which could be caused by a decrease in
proliferation or lengthening of the cell cycle in progenitors (Luo et al 2006).
Remarkably, Tomato* neurons were detected in other regions of the brain such as the
septum and VDB of younger mice, but not adult mice. The identification of Tomato*
neurons in the cortex of early postnatal mice could be the result of FGF18 activity
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retained from embryonic development. Indeed, FGF18 has previously shown to
support the process of cortical laminar patterning through the coordination of neuronal
migration and cell body positioning (Hasegawa et al 2004). As a result, future studied
could investigate the expression of FGF18" cells in the SVZ of late embryos or even
in younger brains, before P7/P15. This rises more possibilities on the diverse roles of
FGF18 in the early postnatal brain and gives foundations for future studies on the role
of FGF18 in the V-SVZ-mediated neurogenesis from embryonic development

throughout ageing.
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Figure 4—1. Distribution of FGF18-expressing cells in the V-SVZ of adult and
young mice. Tomato expression (FGF18* cells) was observed at the dorsal and
medial walls of the lateral ventricle in the adult V-SVZ. Scattered FGF18* cells also
distributed at the lateral wall in long chase mice only. In young mice, FGF18* cells
were observed at the medial and ventral wall of the ventricle in both mice. Tomato*
radial glia-like cells were observed at the ventral wall. FGF18* cells distributed at the
lateral wall in young long chase mice. c.c., corpus callosum; D, dorsal wall; L, lateral
wall; M, medial wall; V, ventral wall; Str., striatum; Spt., septum.
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