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ABSTRACT

THE ROLE OF EGFR AND JAK/STAT SIGNALING
DURING REGENERATIVE NEUROGENESIS IN THE
ZEBRAFISH OLFACTORY EPITHELIUM

The zebrafish olfactory epithelium (OE) has an exceptional neurogenic capacity,
which supports the continuous turnover olfactory sensory neurons (OSNs) and efficient
regeneration after injury. These processes depend on the presence of a dual stem cell
system that is comprised of globose (GBCs) and horizontal basal cells (HBCs), which
selectively contribute to maintenance of the intact and repair of the injured OE, re-
spectively. Transcriptome profiling of the injured OE revealed strong upregulation of
the HB-EGF. Exogenous stimulation and pharmacological inhibition of HB-EGF sig-
naling show a selective effect on HBCs, suggesting that HB-EGF is a key signal for
OE regeneration. Among the known cell surface receptors for HB-EGF, only the tran-
script levels of ErbB1/EGFR are upregulated in response to injury. EGFR expression
localizes to HBCs, suggesting that HB-EGF signals through EGFR to activate injury-
responsive HBCs. To investigate the roles of EGFR and JAK/STAT signaling on OSN
neurogenesis, the effect of pharmacological inhibition of the pathways on maintenance
and repair neurogenesis were evaluated. Inhibition of EGFR signaling resulted in the
suppression of basal proliferative activity, which, however, only slightly reduced the
rate of OSNs turnover in the intact OE. In the injured tissue, on the other hand,
EGFR inhibition resulted in a dramatic impairment of OSN regeneration by prevent-
ing the induction of HBC proliferation. A similar impairment in OSN regeneration
could also be observed when JAK/STAT signaling was inhibited. Tissue analysis of
JAK/STAT activation pointed to an injury-responsive population that is distinct from
HBCs. These results suggest that both EGFR and JAK/STAT signaling are necessary
for repair neurogenesis but that they are active in distinct populations of the OSN

lineage.



OZET

EGFR VE JAK/STAT YOLAGININ ZEBRABALIGI
OLFAKTOR EPITELINDEKI REJENERATIF
NOROJENEZDEKI ROLU

Zebrabaligy olfaktor epiteli (OE), olfaktér duyu néronlarimin (OSN’ler) siirekli
iretimini saglayan ve hasardan sonra verimli rejenerasyonu destekleyen, olagantistii
norojenik kapasiteye sahiptir. Bu stirecler, sirasiyla saglam OE’nin bakimina ve hasarh
OFE’nin onarmmina segici olarak katkida bulunan kiiresel (GBC’ler) ve yatay bazal
hiicrelerden (HBC’ler) olusan ikili bir kok hiicre sistemine aglidir. Bunlarim aktivitesi,
farkli doku kogullarini yansitan farkli molekiiler tetikleyicilere bagh gortinmektedir.
Transkriptom profillemesi, HB-EGF’nin giiclii bir yiikselig gosterdigini ortaya ¢ikardi.
HB-EGF yolaginin uyarimi ve farmakolojik inhibisyonu, HBC’lere segici olarak etki
gosterir, bu da HB-EGF'nin OE rejenerasyonu i¢in énemine isaret eder. HB-EGFnin
hiicre yiizeyi reseptorleri arasinda, hasarda, yalnizca ErbB1/ EGFR’ nin transkript
seviyeleri yiikselig gosterir. EGFR'nin mRNA ekspresyonu, HBC’ lerde lokalize olur ve
bu, HB-EGF’nin, hasara duyarli HBC’ lerde aktiviteyi yaymak i¢cin EGFR’yi kullan-
abilecegini one siirer. EGFR ve JAK/STAT yolaklarmin OSN noérogenezi tizerindeki
rollerini aragtirmak i¢in yolaklarin farmakolojik inhibisyonunun, OSN bakim ve onarim
norogenezine olan etkisi degerlendirildi. EGFR sinyalinin inhibisyonu, bazal proliferatif
aktivitenin baskilanmasiyla sonuclandi, ancak bu, bozulmamig OE’de yeni olugturulan
OSN’lerin sayisi sadece biraz azaltti. Ote yandan, yarall dokuda EGFR inhibisy-
onu, HBC proliferasyonunun indiiklenmesini onleyerek rejenerasyonunun dramatik bir
sekilde bozulmasima neden oldu. Rejenerasyonda benzer bir bozulma JAK/STAT
sinyali inhibe edildiginde de gézlemlendi. JAK/ STAT aktivasyonunun doku analizi,
HBC’lerden farkli, yaralanmaya duyarli bir popiilasyona isaret etti. Bu sonuclar, hem
EGFR hem de JAK/STAT sinyalinin onarim norogenezi i¢in gerekli oldugunu, ancak

bunlarin OSN neslinin farklh hiicre popiilasyonlarinda aktif olduklarini gostermektedir.
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1. INTRODUCTION

1.1. Adult Neurogenesis and Regeneration

Adult neurogenesis describes the generation and differentiation of nerve cells from
neuronal stem/progenitor cells that are active in the postnatal nervous system. The
process also includes the migration and functional integration of adult-born neurons
into existing circuitries. Despite being a widely studied topic in the 21st century,
the phenomenon of adult neurogenesis was subject to a long and controversial debate
following its first appearance in the scientific literature. In addition to his detailed
observations concerning the structure of and connectivity within the central nervous
system (CNS), Santiago Ramon y Cajal described the nervous system to be “fixed”
and “immutable”, and as a structure which lacks the postnatal generation of neurons
(Cajal, 1913). This view, which became a central dogma of neurobiology, resulted in
the widespread neglect and scientific doubt of pioneering work that was performed in

the field of adult neurogenesis until the late 1990s.

In addition to arguments originating from the belief that newly born neurons
would disturb the stability and function of existing neural circuitries, early studies of
adult neurogenesis were also hampered by methodological limitations. A technique that
dominated early studies of neurogenesis was the labelling of mitotically active cells by
the incorporation of radioactive 3H-thymidine and was first used to study the dentate
gyrus of rats (Altman and Das 1965; Kaplan and Hinds 1977), the amygdala (Bayer,
1980), and the olfactory bulb (Kaplan and Hinds 1977). Yet, skepticism rooting from
the lack of proper neuronal markers and the delicacy of performing the 3H-thymidine
labelling technique resulted in a heated controversy and strong disbelief within the
scientific community (Owji and Shoja, 2019). Even though the resolving power of elec-
tron microscopy allowed for the visualization of detailed neuronal structures that were
associated with the labeled cells in the rat (Kaplan and Hinds, 1977; Kaplan, 1981)
and primate brain (Kaplan, 1983), the first demonstration of the true neuronal identity

of adult-born brain cells dates back to 1988 (Alvarez-Buylla and Nottebohm, 1988).



In these studies, the fluorogold retrograde tracing technique was used on canary brains
to visualize neural connections from the synapse to the cell body. The co-staining
of tracer-positive cells in combination with 3H-thymdine labelling strongly suggested
that the newborn cells in the canary brain were indeed neurons. The invention of a re-
lated but simpler birthdating technique, the incorporation of 5-bromo-2’-deoxyuridine
(BrdU) into newly synthesized DNA during cell divisions, also allowed for the simul-
taneous immunohistochemical detection of neuronal markers. This approach enabled
the easy and indisputable identification of neurogenic activity in the mammalian and

non-mammalian brain (Eriksson et al., 1998; Gould et al., 1999; Kaslin et al., 2008).

Despite the fact that life-long neurogenesis has now been demonstrated in a large
number of vertebrate species, the neurogenic rate and the number of active brain re-
gions appears to correlate inversely with the degree of evolutionary complexity (Kaslin
et al., 2008; Augusto-Oliveira et al., 2019). While a generally high neurogenesis rate
is observed in birds, reptiles, amphibians, and teleost fish, a much lower incidence
typically occurs in mammalian species (Kaslin et al., 2008). The difference may par-
tially be explained by the observation that adult neurogenesis in lower vertebrates
contributes considerably to postnatal brain growth (Bottjer et al., 1985; Lopez-Garcia
et al., 1984; Gaze and Keating, 1972; Johns and Easter, 1977), whereas the process
predominantly supports neuronal turnover and replacement of dying cells in mammals
(Kaslin et al., 2008). However, the demand for neural plasticity may also contribute
to selective neurogenesis in the brains of higher vertebrates. In the mammalian brain,
steady but low-rate adult neurogenesis is restricted to two dominant brain regions, the
ventricular-subventricular zone (V-SVZ) of the lateral ventricles and the subgranular
zone (SGZ) of the dentate gyrus of the hippocampus (Kempermann, 2015). The neu-
ronal precursors generated in the V-SVZ migrate a long distance through the rostral
migratory stream and eventually differentiate into inhibitory GABA-ergic interneurons
that integrate into olfactory bulb circuitries (Luskin, 1993; Lois and Alvarez-Buyylla
1994; Betarbet et al. 1996; Carleton et al. 2003). From the SGZ, neuronal precursors
only travel a short distance to the overlying layers of the dentate gyrus where they
become functional granule cells (Cameron et al. 1993; Eriksson et al. 1998; Seri et al.

2001; Kempermann et al. 2004; Seri et al. 2004).



In contrast, in the non-mammalian vertebrate brain, neurogenesis occurs in nu-
merous mitotically active regions and the newborn neurons integrate into a larger
variety of diverse brain structures (Doetsch and Scharff 2001; Zupanc 2001; Garcia-
Verdugo et al. 2002). For instance, neurogenic regions in the songbird brain largely
distribute along the ventral and dorsal reaches of the lateral wall of the lateral ventricles
(Alvarez-Buylla et al. 1990). Different from mammalian species, neuronal precursors
originating from the V-SVZ also migrate to the basal ganglia (Alvarez-Buylla et al.,
1994) and several other telencephalic structures (Alvarez-Buylla and Kirn 1997). The
best studied among these regions is the higher vocal center (HVC) in which seasonal
incorporation of newly born neurons occurs throughout adulthood (Nottbohm, 1985;
Alvarez-Buylla et al., 1990; Kirn et al., 1991; Scharff et al., 2000). The seasonal growth
of specific brain structures in songbirds has been associated with specific brain func-
tions, such as song learning, spatial navigation and acoustic pattern separation, which
occur repeatedly during defined annual phases (Beecher and Brenowitz, 2005; Bing-
man et al., 2003). Neurogenesis studies have also been conducted on lizards, snakes
and turtles within the reptile taxon. From these studies, the olfactory bulb, striatum,
anterior dorsal ventricular ridge, nucleus sphericus, and the cerebellum have all been
demonstrated to generate new neurons in adult organisms (Lopez-Garcia and Martinez-
Guijarro, 1988; Garcia-Verdugo et al., 1989; Perez-Sanchez et al., 1989; Marchioro et
al., 2005). The neurogenic rate and the number of sites of adult neurogenesis are even
higher in amphibians and fish, which, in addition to constitutive neurogenesis, also
show efficient recovery from brain injury in contrast to mammalian species (Kaslin et

al., 2008; Kizil et al., 2012; Alunni and Bally-Cuif, 2016; Labusch et al., 2020).



1.2. Neurogenesis in Tissue Maintenance and Regeneration

Proliferative activity in the non-mammalian brain either supports the growth of
the entire brain or selectively of mitotically active brain regions, which often include
sensory centers (Kaslin et al., 2007). The life-long addition of new neurons into these
systems, therefore, suggests an important contribution of the constitutive neurogen-
esis process to the continued postnatal development of sensory structures. In other
instances, constitutive neurogenesis contributes to the maintenance of the tissue home-
ostasis by promoting cell turnover and replacement of dying neurons (Rakic, 2002).
In addition, acute episodes of accelerated neurogenesis may also occur in response to
disturbances in tissue integrity by acute injury or damage. Often regenerative neuro-
genic activity is transient and subsides with the re-establishment of tissue homeostasis
(Alunni and Bally-Cuif, 2016). Hence, both the active repression of the regenerative
processes in the intact brain and the propagation of the regenerative neurogenesis in
response to injury must be tightly controlled by spatial and temporal cues within the
cellular and molecular niche that surrounds neuronal stem cells (NSCs), which enable

nervous system regeneration (Diotel et al., 2020).

Often, regenerative neurogenesis involves the activation of NSCs that are quies-
cent or dormant under physiological conditions (Becker and Becker, 2008; Kaslin et
al., 2008; Reimer et al., 2008; Fleisch et al., 2011). Radial glial cells and cells with
neuroepithelial-like characteristics function as NSCs in the neural tube of the devel-
oping vertebrate CNS (Alvarez-Buylla et al., 2001; Ever and Gaiano 2005; Gtz and
Barder 2005). During late embryogenesis, the radial glial cells either disappear or
transform into persistent astrocyte-like stem cells and oligodendrocyte progenitors in
mammals, which maintain their capacity to participate in constitutive and regenerative
neurogenesis during adulthood (Miyata et al., 2004; Levison and Golman; 1993). In
contrast, radial glia cells remain the major neural stem cell type in the adult brain
of non-mammalian species (Garcia-Verdugo et al., 2002; Kalman, 2002). Additional
neuroepithelial-like cell populations which express both neural and glial progenitor
characteristics, have also been identified in zebrafish brain (Raymond and Easter, 1983;

Kaslin et al., 2008; Ganz et al., 2010; Ito et al., 2010).



The composition of intermediate filaments of glia has been shown to be altered
in several processes and instances, such as development, across phylogeny, and during
regeneration (Margotta and Morelli, 1997; G6tz et al., 2002; Pekny and Pekna, 2004).
In addition to their usefulness as cell-type specific markers, these observations also
suggest a complex functional relationship between intermediate filament composition,

neurogenic capacity, and activation of quiescent NSCs during regeneration.

Unlike constitutive neurogenesis, which mainly produces nerve cells, unfolding of
a successful regenerative response also requires the generation of other nervous tissue
constituents, such as glial, structural, and supportive cells (Goldman, 2005; Zhang et
al., 2005). Even though the generation of these cell types is a necessary component of
the response, the generation of glial cells and the activation of intermediated filaments
following CNS injury often results in glial scar formation and astrogliosis (Fitch and
Silver, 2009). The formation of glial scars by reactive astrocytes, the activation of
microglia, and the release of inhibitory molecular signals and membrane components
from injured oligodendrocytes, have all been shown to impede axon outgrowth, re-
generation, and remyelination (Fawcet and Asher, 1999; Fitch and Silver, 2009). The
process is often accompanied by the development of chronic inflammation around the
injury site (Yang et al., 2020; Qui et al., 2000). Scar-free wound healing, on the other
hand, occurs in the teleost brain and provides a permissive environment for efficient
regeneration, which includes the generation of new neurons, the unimpeded outgrowth
of dendrites and axons, and the reestablishment of long-distance neuronal connections
(Diotel et al., 2020). In addition to these favorable properties, other properties of the
teleost brain stem cell niche have been extensively studied in the pursuit of identify-
ing important processes and molecular players that support or enhance regeneration

(Zupanc and Sirbulescu, 2012; Cosacak et al., 2015).



1.3. The Olfactory Epithelium as a Model of Adult

Olfaction, the conscious and subconscious detection of chemical molecules from
the environment, is an integral part of animal life and is the basis for many important
behaviors, such as foraging, avoidance of predators, and mate choice (Nielsen et al.,
2015). The detection of odorants is mediated by olfactory receptor proteins, which
are expressed by olfactory sensory neurons (OSNs) that are located in the peripheral
olfactory epithelium (OE; Ottoson and Shepard, 1966; Mombaerts, 2004). To detect
odorants, the OSNs must be in direct contact with the environment (Farbman, 1990).
This prerequisite property makes them vulnerable to environmental insults, such as
infectious agents and cytotoxic substances (Moulton, 1974). As a potential defense
mechanism, the OSNs have a short life-span that ranges between 30 to 90 days in
mammals (Graziadei and Graziadei, 1979; Wilson and Raisman, 1980; Mackay-Sim
and Kittel, 1991) and are continuously replaced in all vertebrates, including humans,
to maintain sensory function throughout life (Calvo-Ochoa et al., 2020). In addi-
tion to maintaining the life-long turnover of OSNs by constitutive neurogenic activity,
the OE has also been shown to be resilient to acute injury and is able to regenerate
both neuronal and non-neuronal cell types to regain functional integrity of the tissue
(Constanzo, 1985). Thus, the OE is an insightful model that allows the simultaneous
study of maintenance and repair neurogenesis under different tissue conditions and
the elucidation of differences and similarities in the cellular and molecular signals that

contribute to each process (Calvo-Ochoa et al., 2020).



1.3.1. The Structure and Cellular Constituents of the Mammalian OE

Among mammals, the anatomical structure and cellular organization of the ro-
dent OE has been studied most extensively (Dorman, 2010). The tissue inside of the
nasal cavity of rodents is highly convoluted, forming protrusions into the nasal lumen
that give rise to the turbinates. The OE lines the surface of the turbinate structures,
which increases the surface area that is available for the detection of odorants (Green
et al., 2012). In addition to OSNs, the OE includes two major non-neuronal cell types,
the sustentacular glial cells (SCs) and basal progenitor cells, which support OSN neu-
rogenesis. The nuclei or cell bodies of OSNs, SCs, and progenitor cells form discernable
layers in the pseudostratified epithelium, with progenitors, immature neurons, mature
neurons, and SCs occurring in basal to apical order (Graziadei and Graziadei, 1979;

Nomura et al., 2004).

The apical-most layer of the OE is tightly packed with cell bodies of SCs in the
rodent OE (Vogalis et al., 2005). These cells have a columnar morphology and are
capped with microvilli (Farbman, 1992). The SCs constitute the tissue specific glial
cells, which provide structural and functional support to the OE and are involved
in several processes, including maintenance of a defined ionic milieu, detoxification,
phagocytosis of dead cells, and buffering of extracellular K+ (Getchell and Getchell,
1982; Ding and Coon, 1988; Getchell and Mellert, 1991; Chen et al., 1992). In line with
their integral role in supporting sensory function, their selective loss has been found to

be a major trigger for repair neurogenesis in the OE (Herrick et al., 2017).

The layers just below the SC cell bodies are occupied by mature OSNs, which
are bipolar neurons that protrude their ciliated single dendrites above the SC layer at
the apical surface. They send a single unmyelinated axon to basal layers which exits
the OE through the cribriform plate and conveys sensory information to OB glomeruli.
Odorant detection occurs on receptors that are located on the cilia that contact the
lumen of the nasal cavity (Farbman, 1992). Every OSN expresses only a single member
of the olfactory receptor gene family (Song et al., 2008) and OSNs expressing the

same receptor converge onto a pair of specific glomeruli in the OB (Mombaerts, 2006).



Immature OSNs are found to be located between the layers formed by mature OSNs
and progenitor cells and migrate vertically to more apical layers as they mature into

functional cells (Schwob et al., 2017).

The basal-most layers are occupied by two morphologically and functionally dis-
tinct stem cell populations, which form two discernable layers (Andres, 1965; Graziadei
and Graziadei, 1979). Globose basal cells (GBCs) represent a heterogeneous popula-
tion of stem, committed progenitor, and immediate precursor cells, which are round-
shaped and mitotically active in the intact OE (Schwartz Levey et al., 1991; Huard and
Schwob, 1995). The continuous mitotic activity of paired box protein 6 (Pax6)- and sex
determining region Y-box2 (Sox2)-expressing GBCs supplies the constant replacement
of dying OSNs as well as other cell types (Goldstein et al., 1998; Chen et al., 2004).
GBCs, therefore represent a multipotent stem cell population that contributes to main-
tenance neurogenesis in the intact OE (Cau et al., 1997; Manglapus et al., 2004; Guo et
al., 2010). As they progress through the lineage, Pax6- and Sox2-expressing GBCs give
rise to transit amplifying GBCs, which are committed to a neuronal fate by expressing
the basic helix-loop-helix transcription factor Ascll(Krolewski et al., 2012). Committed
progenitor cells in turn give rise to the neuronal differentiation marker-1- (NeuroD1-)
and Neurogenin-1-expressing immediate neuronal precursor subpopulations of GBCs,

which are capable of developing into OSNs (Cau et al., 1997).

HBCs on the other hand, represent a homogenous population of stem cells, which
are found to be mitotically quiescent under physiological conditions and occupy the
basal-most layer just above the basal lamina (Leung et al., 2007). They show a flattened
morphology and express Keratin 5 and 14 (Schwartz Levey et al., 1992), intercellular
adhesion molecule-1 (Carter et al., 2004), and the transcription factor tp63 (Packard
et al., 2011). HBCs form the reserve stem cell population of the OE, which only
become activated when the tissue integrity is severely compromised (Herrick et al.,
2017). Activated HBCs proliferate and differentiate into GBCs, which, in turn, generate
neuronal and non-neuronal lineages to reconstitute the damaged tissue (Leung et al.,

2007).



1.3.2. Structural Differences of the Zebrafish OE

The structure and cellular organization of the zebrafish OE shows a high degree
of structural and cellular similarity to the mammalian OE (Calvo-Ochoa et al., 2020).
However, some profound differences also exist. In addition to the main OE, a distinct
sensory structure for the detection of pheromones and kairomones, the vomeronasal
organ, can be recognized in rodents (Firestein et al., 2001) but is absent in zebrafish.
In zebrafish, the single OE acquires the function of vomeronasal organ and facilitate
the detection of both odorants and pheromones as a common olfactory organ (Wang

et al., 2020).

The zebrafish OE consists of several bilaterally symmetrical lamellae, which con-
verge onto a central midline structure, the median raphe. The overall structure of
the lamellar pattern gives the olfactory organ a rosette-shaped appearance (Byrd and
Brunjes, 1995; Hansen and Zeiske, 1998). The neuroepithelial tissue, harboring both
the neuronal and non-neuronal cell types, forms U-shaped sheets between neighbor-
ing lamellae. Similar to the turbinate structure, the lamella organization increase the
area that is available for odorant detection (Calvo-Ochoa et al., 2020). As can be
demonstrated by different general neuronal and OSN-specific markers, the occurrence
of OSNs within the epithelial folds is restricted to the inner zones and is surrounded
by a ring of cells with motile cilia (Celik et al., 2002; Sato et al., 2005; Igbal and
Byrd-Jacobs 2010; Bayramli et al. 2017). The sensory region, which is occupied by
OSNs, extends approximately over two-thirds of each epithelial fold and covers the area
between the interlamellar curves (ILCs) at the inner edge and the peripheral tissue,
which is solely occupied by nonsensory cells (Bayramli et al., 2017). The sharp transi-
tion between the sensory region and the nonsensory peripheral tissue is referred to as

the sensory/nonsensory border (SNS; Bayramli et al., 2017).
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Figure 1.1. Schematic representation of the zebrafish OE. A. Position of the OE in
the head and its connectivity to the brain. Tel: Telencephalon. B. Horizontal view of

the OE. C. Organization of the lamellae.

The nuclei and cell bodies of the different cells within the zebrafish OE show a
pseudostratified organization (Hansen and Zeiske, 1998). However, in contrast to the
rodent OE, the apical regions of the zebrafish OE is almost solely occupied by OSN
cell bodies and not by SCs. Resulting from their inverted morphology in zebrafish, SC
cell bodies that can be labelled by staining against cytokeratin type-II and/or Sox2
occupy suprabasal layers in the zebrafish OE (Demirler et al., 2020, Demirler, 2021).
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In rodents, GBCs are located in basal layers just above HBCs throughout the entire
OE (Schwob et al., 2016). However, in zebrafish, they found restricted to specialized
zones of maintenance neurogenesis at the ILC and SNS as can be detected by in-
situ hybridization against ascll (Bayramli et al., 2017) and immunostaining against
Sox2 (Kocagoz, 2021). Their localized distribution also restricts mitotic activity in
the intact zebrafish OE to the ILC and SNS (Byrd and Brunjes, 2001; Oehlmann et
al., 2004), in contrast to the homogenous distribution of proliferating GBCs in the
rodent OE (Schwob et al., 1992). Hence, in the intact OE, immature neurons are
born exclusively at the ILC and SNS. As a consequence, in addition to the vertical
migration of immature neurons from the suprabasal to apical layers, newborn OSNs of
the zebrafish OE migrate radially towards the center of the sensory region (Bayramli
et al., 2017). HBC-like cells in the zebrafish OE show a high degree of functional and
morphological similarity to rodent HBCs. They are located basally, have flattened
cellular profiles, and exhibit no, or very little, neurogenic mitotic activity in the intact

OE (Kocagoz, 2021, Demirler, 2021).
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Figure 1.2. Cellular composition of the sensory OE.
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1.3.3. Maintenance Neurogenesis in The OE

The unprotected nature of OSNs against environmental stressors and toxicants
results in the constant loss of cells (Moulton, 1974). To overcome this loss and to
maintain the functional integrity of the tissue, OSNs in the rodent OE have a high
turnover rate and are continuously replaced throughout life (Schwob, 2002; Ferretti,
2011). Ome important aspect contributing to the high OSNs turnover rate is related
to their inherently limited lifespan. The observation of dying cells in the absence of
environmental stressors (Hinds et al., 1984) and the detection of apoptotic neurons in
the intact OE (Cowan and Roskams, 2002) support the existence of intrinsic programs
that regulate OSN lifespan. However, studies aiming to determine the exact lifespan
of individual OSNs in the rodent OE demonstrated conflicting results. In one study,
using thymidine labelling, 10 % of the labelled OSNs have been shown to persist in the
OE beyond 6 to 12 months (Hinds et al., 1984). In a second study, using a retrograde
tracing technique, labelled OSNs have been shown to survive for only 90 days after
injection (Mackay-Sim and Kittel, 1991). A mean OSN lifetime of 37.5 days has been
reported in a recent study using a genetic labelling strategy (Holl, 2018). The same
study, however, also reports a small population of OSNs which survived for more much
longer and cells persisted for up to 12 months. This emphasizes heterogeneity within
OSN population, which should be considered in experimental setups using the bulk
labelling of different OSN subpopulations. Yet, the lack of selectivity of the techniques
for labelling OSNs of the same age could also explain the observation of different

lifetimes in the same experimental setup (Calvo-Ochoa et al., 2020).

By using BrdU pulse labelling, the mean life span of OSNs has been measured
to be 28.5 days in zebrafish (Bayramli et al., 2017), demonstrating their conserved
intrinsic high turnover rate. An evidence supporting this control mechanism found.
Even though caspase-3 labelling could not identify apoptotic OSNs (Bayramli et al.,
2017), deoxynucleotidyl transferase dUTP nick end labelling- (TUNEL) assay high-
lighted a large number dying cells, suggesting the existence of an alternative cell death
mechanism for senescent OSNs in the zebrafish OE (Calvo-Ochoa et al., 2020). These

observations emphasize a possible intrinsic control of OSN lifespan in the zebrafish OE.
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Radioactive 3H-thymidine-labelling of the intact rodent OE shows a homogenous
distribution of mitotic activity along suprabasal layers throughout the entire tissue
(Schwob et al., 1992). Immature OSNs, which show the expression of growth-associated
protein 43 (GAP-43) but lack expression of the mature marker olfactory marker protein
(OMP) have been shown to be born basally. As they mature, they migrate vertically
towards more apical layers where cell bodies of functional OSNs are located (Iwema

and Schwob, 2003).

In contrast to rodents, mitotic activity in the intact zebrafish OE is found to
be restricted to specific neurogenic zones. Multiple studies using different techniques
for the labelling of mitotic activity showed that proliferative cells in the zebrafish OE
almost exclusively occur within basal layers at the ILC and SNS (Byrd and Brunjes
2001; Oehlmann et al., 2004; Igbal and Byrd-Jacobs 2010; Bayramli et al. 2017), while
the rest of the sensory region is largely devoid of mitotic activity. Immature OSNs are
generated close to the sites of mitotic activity as shown by in situ-hybridization against
the neuronal commitment markers asclla and delta-like a (dla) or the neuronal differ-
entiation markers neurod4 and gap43 in combination with BrdU birthdating (Bayramli
et al., 2017). Newborn OSNs generated at the ILC and SNS migrate radially along
the lamellae as demonstrated by analyzing the tissue distribution of cells expressing
sequential cell markers for different phases of neuronal differentiation or by successive
labelling of newborn cells with different thymidine analogs. These cells successively
invade the inner zones of the sensory region as they mature and are eliminated in the

center of the sensory region as they age (Bayramli et al., 2017).
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1.3.4. Regeneration of The OE

In contrast to the overall poor recovery of CNS structures and regeneration of
neurons in mammals, the peripheral OE has been shown to reconstitute successfully
even after severe injury (Schwob et al., 2018). Starting with pioneering studies in
rodents that employed an experimental nerve injury method (Nagahara, 1940), the
successful regeneration of the OE has been demonstrated multiple times using differ-
ent experimental paradigms (Schwob, 2002) and species (Calvo-Ochoa et al., 2020).
Perturbations in tissue integrity, either by direct physical and chemical injury or by
genetic ablation of defined cell types, not only allow for a close examination of the
cellular events that take place during OE regeneration but also the identification of
the molecular players that contribute to repair and maintenance neurogenesis. The
time that is necessary for full functional recovery to occur largely depends on the
type and the extent of the injury but may also be influenced by organismal age and

species-specific differences (Brann and Firestein, 2014).

The use of cytotoxic agents generally results in the nonselective damage of all
resident cells, which may be analogous to the naturally occurring injury that results
from exposure to pathogens and environmental toxins (Schwob, 2002). Irrigation of
the OE with zinc sulfate (ZnSO4) solution causes the death of all OE cell types and
disruption of tissue integrity in rodents, which are reconstituted within only 30 days
(Matulionis, 1975). Similarly, exposure to the toxic gas methyl bromide (MeBr) results
in a nonselective, global loss of cells in the OE (Hallier et al., 1994; Yang et al., 1995)
and the duration required for recovery ranges between 4 to 6 weeks (Schwob et al.,

1995).

In zebrafish, irrigation with the non-ionic detergent Triton X-100 can be used to
apply direct injury to the OE (Igbal and Byrd-Jacobs, 2010). Concentration, duration
of the exposure, and the number of repetitive pulses have been shown to result in
injuries of different degree and severity (Paskin et al., 2011). Two minutes exposure
to 0.7 % Triton X-100 results in the destruction of more than half of the OSNs within
1 day. Complete reconstitution of the OE is quite fast (Igbal and Byrd-Jacobs, 2010).
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Occurs within only 2 to 5 days following the manipulation (Igbal and Byrd-Jacobs,
2010). Multiple pulses of application, on the other hand, extends the duration of the
recovery to 21 days (Paskin et al., 2011). Insertion of wax plug into the naris in an
attempt to induce sensory deafferentation of the OB results in an almost complete
loss of the entire OE structure. Surprisingly, the OE regains a rosette-like appearance
within only one week and the system reaches full functional capacity within 3 weeks

(Scheib et al., 2019).

Lineage tracing analysis from HBCs in the intact rodent OE and after MeBr
exposure shows that, even though they are largely quiescent under physiological condi-
tions, injury selectively activates HBC proliferation and their differentiation into GBCs,

which contribute to both neuronal and nonneuronal lineages (Leung et al., 2007).

As described above, the proliferative and neurogenic activity in the intact ze-
brafish OE is restricted to ILC and SNS while the remainder of the sensory region
is largely devoid of proliferative and neurogenic activity (Igbal and Byrd-Jacobs 2010;
Bayramli et al., 2017). Following nasal irrigation with Triton X-100, an almost uniform
pattern of proliferative activity is observed that includes the region between the ILC
and SNS (Igbal and Byrd-Jacobs, 2010; Demirler et al., 2020). Co-immunostaining
with BrdU and the HBC marker keratin 5 (Krt5) shows that HBCs are activated in re-
sponse to tissue injury (Demirler et al., 2020). The occurrence of Ascll+ GBCs in the
sensory OE following injury suggests that, similar to the rodent OE, HBCs prolifera-
tion gives rise to a transient population of GBCs in the zebrafish OE, which ultimately

reconstitutes the OE (Kocagdz, 2021).

Regeneration studies that utilize selective ablation methods bear interpretations,
which are equally related to both maintenance and repair neurogenesis. Selective loss of
OSNs can be induced by removal of the OBs or transection of the olfactory nerve. While
the rodent OE never fully recovers from this intervention (Carr and Farbman,1992,
1993; Schwob et al., 1992), proliferative activity is increased exclusively in GBCs, while
no effect on the HBC activation could be observed (Schwartz Levey et al., 1991). The

activity of GBCs are influenced by neuronal cell death (Schwartz Levey et al., 1991).
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Which is in line with their role in the constant generation of new OSNs. In contrast,
HBC activation appears to depend on the selective loss of SCs, which has been shown
to be the major trigger for regenerative neurogenesis (Herrick et al., 2017). Interest-
ingly, selective ablation of OSNs by axotomy results in an increase in proliferative but
not neurogenic activity of HBCs in the zebrafish OE (Kocagoz, 2021), suggesting the
existence of a distinct control mechanism of HBC activity through OSN death that is
different from the rodent OE.

1.4. Molecular Regulators of OE Neurogenesis

To preserve tissue function, new OSNs must be generated at appropriate rates in
the intact OE and also at remarkable speed after injury (Demirler et al., 2020; Calvo-
Ochoa et al., 2021). An important aspect of both maintenance and repair neurogenesis
is that exactly the right number of OSNs needs to be generated. Preventing excessive
proliferation and OSN generation is important for the avoidance of neuroblastoma-like
cancers (Bailey and Barton 1975; Yamate et al. 2006; Parker et al. 2010), but also
stem cell depletion (Post and Clevers, 2019), and dysfunctions in odor discrimination
(Fleischmann et al., 2008). Therefore, the accuracy of constitutive neurogenesis and
regenerative responses is very important and must be tightly regulated by molecular

signals that convey information between the tissue and GBC/HBC progenitor cells.

As previosly mentioned, selective loss of OSNs exclusively activates GBCs but
has no noticeable effect on HBC proliferation in rodents (Leung et al., 2007). It has
been shown that leukemia inhibitory factor (LIF) is upregulated in the OE following
bulbectomy (Nan et al., 2001; Getchell et al., 2002) and that LIF expression localizes
to dying OSNs (Bauer et al., 2003). Exclusive expression of the LIFR receptor in GBCs
and the reduction in proliferation rate in response to LIF knock-out demonstrates that
LIF signaling is an important stimulator of GBCs activity that correlates with the loss

of OSNs following axotomy (Kim et al., 2005).

The activity of GBCs is also negatively regulated by the density of OSNs in the
rodent OE. The transforming growth factor- (TGF /) superfamily could be an example.
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The TGFfS is generally known for their negative effects on cell proliferation (Shou
et al., 1999). Growth and differentiation factor 11 (GDF11; aka bone morphogenic
protein 11), a member of the TGF 3 superfamily, is expressed in immature and mature
OSNs and has been shown to cause temporary cell cycle arrest in neuronal progenitor
subpopulation of GBCs (Wu et al., 2003). Thus, increasing levels of GDF11 may
restrain GBC activity when a sufficiently large number of OSNs is reached in the

intact tissue or after injury.

Interestingly, not the loss or density of OSNs but damage to SCs triggers the
propagation of repair neurogenesis in rodent OE (Herrick et al., 2017), emphasizes
the integral role of SCs in maintaining tissue homeostasis. The maintenance of a self-
renewing quiescent HBC state in the intact OE is controlled by the expression of the
transcription factor tp63 (Fletcher et al. 2011; Schnittke et al. 2015). It has been shown
that expression of tp63 is driven by active Notch signaling in HBCs and that knockout
of Notch1 results in HBC differentiation. Among Notch ligands, Jagged1 is exclusively
expressed in SCs. Thus, it was suggested that the loss of SCs disrupts Jagged1/Notch
signaling and triggers a decline in tp63 in HBCs after injury. In turn, HBCs respond
with mitotic activity, which results in increased OSN neurogenesis (Herrick et al., 2017).
The fact that activation of HBCs depends on loss of SCs rather than OSNs suggest the
existence of an internal control mechanism, which aims to keep HBCs in a reserve stem
cell state, which becomes active only when the tissue integrity is severely compromised

but is unresponsive to the daily loss of OSNs that are eliminated by age.

Damage-associated molecular patterns (DAMPs) are a heterogeneous group of
molecules which have physiological functions inside cells but are recognized as alerting
motifs that stimulate immune and regenerative responses when they are released from
dying or damaged cells (Venereau et al., 2015). Extracellular adenosine triphosphate
(ATP) is recognized as a DAMP in various tissues and has been shown to be involved in
modulating mitotic activity in adult neurogenic niches (Suyama et al., 2012, Cao et al.,
2013). Thus, extracellular ATP, which could be released from dying or damaged OSNs,
might also have a role in the positive regulation of OE neurogenesis. In the mouse OE,

ATP stimulation triggers the activation of basal cell populations (Hayoz et al., 2012).
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By both evoking Ca2+ transients in basal cells through SCs (Hegg et al., 2009) and
by upregulating the expression of proliferation-promoting molecules in OSNs and SCs
(Jia and Hegg, 2010). Our group has also shown that ATP stimulation triggers Ca2+
transients in the zebrafish OE, predominantly in GBCs, HBCs, and SCs through P2-
type purinergic receptors and that exogenous application of ATP stimulates selective

proliferation of GBCs but not of HBCs (Demirler et al., 2020).

Different from tissue maintenance, an immune response almost always accom-
panies injury and tissue repair (Karin et al., 2016). Therefore, interactions between
tissue-resident cells and immune cells may also be an integral part of regulating tissue
repair (Gurtner et al., 2008). In fact, tissue repair in mammals has been shown to oc-
cur in three successive stages: inflammation starting with the recruitment of immune
cells by pro-inflammatory cytokines that are released from tissue-resident cells, new
tissue formation, and remodeling (Karin and Clevers, 2016). Increased inflammatory
cell infiltration and expression of the pro-inflammatory cytokine tumor necrosis factor-
(TNF) occur in the mouse OE following injury, which suggests a similar interaction
between the immune system and OE regeneration. Loss of TNF- receptor (TNFR1)
which cause significantly lower expressiona of cytokine and chemokines in HBCs and
failed recruitment of immune cells, results in impeded proliferation of HBCs (Chen et

al., 2017).
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1.5. EGFR, Its Ligands and Downstream Targets in Regulating

Neurogenesis

The Epidermal Growth Factor Receptor (EGFR) belongs to the ErbB family of
Receptor Tyrosine Kinases (RTKs; Schlessinger, 2002; Ayati et al., 2020). The ErbB
family include four members, EGFR (ErbB1), ErbB2, ErbB3, and EbB4 (Wieduwilt
and Moasser, 2008). These receptors are single pass transmembrane glycoproteins that
contain an extracellular ligand binding domain, a transmembrane domain, and an in-
tracellular tyrosine kinase domain (Wieduwilt and Moasser, 2008). Ligand binding
stimulates homo- or heterodimerization of ErbB subunits, which results in the activa-
tion of their tyrosine kinase activity (Linggi and Carpenter, 2006). Autophosphoryla-
tion of the receptor leads to receptor activation (Linggi and Carpenter, 2006). EGFR
consists of an ErbB1 homodimer and functions as a cell surface receptor for seven
known ligands, epidermal growth factor (EGF), heparin-binding EGF-like growth fac-
tor (HB-EGF), tumor necrosis factor alpha (TNF), Epigen, Epiregulin, Betacellulin
and Amphiregulin (Knudsen et al., 2014). Upon activation, EGFR can stimulate a
variety of downstream signaling pathways, including PISK-Akt, MAPK, PLC-1-PKC,
SRC kinases, and JAK/STAT signaling (Wee and Wang, 1999). The cellular outcome
of the activation of EGFR signaling often is context-dependent and varies greatly be-
tween different tissues and physiological states and is influenced both by the ligand
and the downstream transduction pathway that is activated by EGFR signaling. The
interconnected nature of these pathways allows EGFR activation to stimulate a com-
plex signaling network, which propagate a wide variety of diverse cellular responses,
including cell proliferation, differentiation, migration, and survival (Wells, 1999, Wee
and Wang, 2017). These responses have been found to contribute to the development,
homeostasis, and repair of various tissues, including the nervous system (Peus et al.,

2000; Repertinger et al., 2001; Chen et al., 2016; Romano and Bucci, 2020).

Neurogenesis in rat brain begins around E9, and reaches a peak by E13, which
coincides with strong EGFR expression rising around the same time. The expression
of EGFR can be detected in the V-SVZ progenitor cells, as well as in the astrocytes,

oligodendrocytes, and specific populations of neurons (Mazzoni and Kenigsberg, 1994).
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Mice lacking EGFR expression show defects in the formation of cortical layers caused
by the combinatorial effects of reduced differentiation of neural progenitors, decreased
proliferation of astrocytes, as well as impairment of the migration of neurons. In ad-
dition, loss of EGFR expression results in postnatal neurodegeneration resulting from
massive neuronal cell death, which is promoted both cell autonomously by increased
apoptosis of neurons and non-cell autonomously by the lack of a sufficient number of
supporting astrocytes (Sibilia et al., 1998). Conversely, increasing the level of EGFR
signaling or stimulation with EGFR ligands appears to increase differentiation of pro-
genitor cells and proliferation of astrocytes, respectively (Burrows, 1997, Simpson et
al., 1982). While stimulation with EGF has been shown to induce the migration of
neurons from the lateral ventricles to adjacent areas (Craig et al., 1996), EGF and TNF
were also found to regulate the survival of midbrain and cortical neurons (Kornblum
et al., 1990; Casper et al., 1991; Alexi and Hefti, 1993). Therefore, EGFR signaling
may be critically involved in CNS development by regulating cell proliferation, dif-
ferentiation, and survival as well as guiding the migration of neurons and glial cells
towards destined cortical layers (Tucker et al., 1993, Sibilia et al., 1998, Puehringer et
al., 2013).

Many cellular processes, which are required for the proper development of an
organ, are also utilized during the maintenance of tissue homeostasis and in tissue
repair. Hence, not surprisingly, EGFR signaling is also expressed in various adult
tissues, including the nervous system, and is involved in the preservation of tissue
integrity as well as recovery from tissue injury in adulthood (O’Loughlin et al., 1985;
Poulsen et al., 1986; Beauchamp et al., 1990; Stoll et al., 2001; Carver et al., 2002;
Abe et al., 2009). EGFR has been shown to be expressed in the neurogenic niches
of the adult CNS to regulate both the maintenance of NSC/NPC pools (Robsen et
al., 2018) and the generation of neural cell diversity (Miyata et al., 2001; Noctor et
al., 2001). Notch signaling typically maintains the identity and self-renewing state
of NSCs (Hitoshi et al., 2002) and interactions between EGFR and Notch signaling
control the size of their pool by regulating proliferation and differentiation (Aguirre et
al., 2010). Self-renewal capacity of the NPCs on the other hand, is controlled mainly
by the persistence of the Sox2 expression (Kondo and Raff, 2004; Brazel et al., 2005).
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Positive feedback loop between Sox2 and EGFR signaling appears to be involved in
the regulation of their self-renewal (Hu et al., 2001). EGFR signaling also contributes
to the neural cell diversity by regulating cell fate choices in NPCs (Sun et al., 2005).
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Figure 1.3. EGFR signaling.

Among the downstream targets of EGFR, PI3K-Akt, MAPK and JAK/STAT sig-
naling was previously implicated in regulating embryonic and adult neurogenesis and
regeneration (Chen et al., 2016). Through activation of RTKs, PI3K becomes phos-
phorylated and it stimulates the activation of Akt via a multistep process. Activation
of the Akt in turn regulates cellular processes like growth, proliferation and survival
(Hemmings and Restuccia, 2012). The activity of the PI3K-Akt signaling was shown
to be critical for the regulation of proliferation and maintenance of the progenitor state
of the NPCs during hippocampal neurogenesis (Peltier et al., 2006). MAPK signaling
is initiated via the activation of a common phosphorylation cascade via ligand binding
to RTKs, GPCRs or cytokine receptors, which ends up with the activation of different
MAPKs (Guo et al., 2020). The MAPK family includes three major protein kinases,
the extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and
p38 MAPK, which become activated in response to different stimuli and result in dif-

ferent cellular consequences (Owens and Keyse, 2007; Kyriakis and Avruch, 2012).
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Different isoforms of JNKs show differential distribution in distinct early progenitor
cells in the adult hippocampus and were shown to have a common role in controlling
their pool size (Castro-Torres et al., 2018). While ERK and PI3K-Akt signaling were
shown to be involved in controlling the size of NPC pool by negatively regulating the
self-renewal in the embryonic CNS (Rhim et al., 2015), their crosstalk is necessary for
injury-induced neurogenesis in adult CNS NPCs in vitro (Sung et al., 2007). Mem-
bers of the Janus kinase (JAK) and Signal Transducer and Activator of Transcription
(STAT) protein families together comprise the JAK/STAT intracellular signaling path-
way (Aaronson and Horvath, 2002). Activation of JAK/STAT signaling occurs through
the activation of different growth factor, cytokine, and hormone receptors (Bousoik and
Montazeri Aliabadi, 2018). Essentially, the activated receptor activates JAK, which
then phosphorylate STAT proteins. Phosphorylation of STATs leads to their dimeriza-
tion and subsequent translocation into the nucleus, where they regulate gene expression
by acting as transcription factors (Nicolas et al., 2013). Synergistic action of ERK and
JAK/STAT signaling was also shown to be necessary for NSC and NPC proliferation
and differentiation in the adult SVZ under physiological conditions (Gomez-Nicola et
al., 2011; Pereira et al., 2015). Role of JAK/STAT signaling in regeneration has been
characterized the best in spinal cord within the CNS, where it was suggested to attain
both protective and regenerative functions with the time-dependent action of different

members of its signaling components (Wang et al., 2014).

Much less is known about the role of EGFR signaling in regulating OSN neu-
rogenesis under physiological and injury conditions. EGFR is expressed by HBCs in
the rodent OE (Krishna et al., 1996; Gilbert et al., 2015; Chen et al., 2020). A recent
study showed that activation of EGFR signaling by the non-canonical activator neural
glial-related cell adhesion molecule (NrCAM) promotes the HBC activity and that inhi-
bition of the EGFR prevents OE regeneration after methyl bromide lesions (Chen et al.,
2020). Transcriptome analysis of the intact and injured zebrafish OE shows that among
the various EGFR ligands, HB-EGF is selectively and transiently upregulated during
the first 24 h following Triton X-100 lesions (Kocagéz, 2021). Exogenous stimulation
with recombinant HB-EGF promotes HBC proliferation and the OSN neurogenesis. In
contrast, inhibition of the HB-EGF signaling supressess the OSN regeneration. Inhi-



23

bition of matrix metalloproteases, which cleave and activate HB-EGF (Higashiyama
and Nanba, 2005) or direct sequestration of HB-EGF by CRM197 (Dateoka et al.,
2012) diminishes the number of OSNs that have been regenerated by 5 d following OE
damage (Sireci, unpublished). Thus, EGFR signaling may be an important regulator
of the injury response in the zebrafish OE. In the framework of this thesis, the contri-
bution of EGFR activity and the candidate downstream target JAK/STAT have been

investigated in detail.
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2. PURPOSE

Transcriptome analysis of intact and injured zebrafish OE samples revealed a
strong injury-induced upregulation in the expression levels of HB-EGF and related
signaling components (Kocagoz, 2021). Intranasal administration of human recombi-
nant HB-EGF stimulates an increase in neurogenic cell proliferation, which resembles
repair neurogenesis from HBCs (Kocagéz, 2021). Inhibition of HB-EGF signaling by
direct sequestration or inhibition of matrix metalloproteases, which prevents the re-
lease of the active extracellular signaling domain of HB-EGF, results in an impairment
of OSN neurogenesis and OE regeneration in response to injury (Kocagoz, 2021; Sireci,
unpublished). These findings show that HB-EGF is both necessary and sufficient to
induce repair neurogenesis in the zebrafish OE and suggest that HB-EGF is a key
molecular signal during OE regeneration. Among the known cell surface receptors of
HB-EGF, only the expression levels of EGFR are upregulated in response to injury
(Kocagoz, Demirler, and Fuss, unpublished). EGFR expression can be detected in
HBCs in the intact OE (Giiler, 2021), suggesting that HB-EGF might signal through
EGFR to stimulate the activation of HBCs during repair neurogenesis. However, the
significance of EGFR signaling and its candidate downstream signaling components to
OE regeneration remain elusive. In the work presented in this thesis, the contribution
of EGFR and JAK/STAT, as one candidate intracellular effector of EGFR signaling,

to maintenance and repair neurogenesis were examined.

For the functional characterization of EGFR signaling in the context of mainte-
nance and repair neurogenesis, two set of experiments were performed. Firstly, pro-
liferative activity in the intact and injured OEs were evaluated in a quantitative and
spatial analysis of mitotic cell divisions in control animals and under pharmacological
inhibition of EGFR signaling by PD153035. In a second experiment, the contribution
of EGFR signaling to OSN neurogenesis and OE regeneration were evaluated by a

quantitative analysis of the efficiency of OSN generation in response to injury.
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Similar experiments were performed to investigate the functional contribution of
JAK/STAT signaling to maintenance and repair neurogenesis in the zebrafish OE. The
rate and tissue distribution of cell proliferation was examined in the intact and injured
OEs under pharmacological inhibition of JAK/STAT signaling by JSI-124 and were
compared to control animals that did not receive the inhibitor. In a second series of
experiments, the contribution of JAK/STAT signaling to OSN neurogenesis and OE
regeneration were quantified by assessing the presence of OSNs at defined time points

following tissue injury.

In order to determine whether JAK/STAT signaling is active under different tis-
sue conditions, the activity of JAK/STAT signaling was analyzed in intact and injured
OEs samples using immunoreactivity against the activated effector pSTAT3. The iden-
tities of cell populations which JAK/STAT signaling is active during maintenance and
repair neurogenesis were further determined by examining pSTAT3-positive cells for
the expression of the general stem cell marker Sox2, colocalization with the proliferation

marker BrdU, and spatial analysis of their apicobasal and radial position.

Lastly, to determine a candidate relationship between HB-EGF and JAK/STAT
signaling, the spatial activation pattern of JAK/STAT signaling upon human recombi-
nant HB-EGF stimulation was determined using anti-pSTAT3 immunoreactivity and
compared to control and injured OFE samples. The identity of the cell populations that
were activated in response to HB-EGF stimulation was further determined by colo-
calization with Sox2 expression and BrdU labeling, and analysis of their spatial tissue

distribution.
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3. MATERIALS AND METHODS

3.1. Materials

3.1.1. Fish

Adult zebrafish (Danio rerio, > 6 months of age) of the AB/AB strain (ZFIN
ID: ZDB-GENO-960809-7) and animals bred from founders that were obtained from
a local pet store were used in all experiments. Fish were maintained in the Animal

Facility (Vivarium) of Bogazigi University Center for Life Sciences and Technologies.

3.1.2. Equipment and Supplies

All equipment and disposable and non-disposable supplies are listed with their

manufacturer in the Appendix B.

3.1.3. Buffers and Solutions

A complete list of all chemicals, buffers, reagents, solutions, and antibodies that

were used in this study are provided with their manufacturer in the Appendix A.



27

3.2. Methods

3.2.1. Fish Maintenance

Adult zebrafish (Danio rerio, > 6 months of age) of the AB/AB strain (ZFIN ID:
ZDB-GENO-960809-7) and animals bred from founders that were obtained from a local
pet store were used in all experiments. Animals were kept at a constant temperature
of 28°C and a 14/10 hours light-dark cycle and maintained at the AAALAC-accredited
Vivarium of the Center for Life Sciences and Technologies at Bogazigi University. Fish
were kept at a maximum density of 5 fish/l in either 1, 3, or 10 | tanks. The circu-
lating tank water was controlled by an automated fish maintenance system (Aquatic
Habitats), which is equipped with concomitant filtration, heating, ventilation, and UV
sterilization units. Water quality was maintained by regular supply of artificial fresh-
water to balance ion homeostasis and to dilute accumulating metabolic waste products.
Artificial freshwater was prepared by dissolving 2 g sea salt, 7.5 g sodium bicarbonate,
and 0.84 g calcium sulfate in 100 liters of reverse osmosis water. Flake food, live and /or

frozen brine shrimp (Artemia sp.) larvae were used to feed fish twice daily.

The use of experimental zebrafish for this study was approved by the Institutional
Ethics Board for Animal Experiments at Bogazici University (BUHADYEK) under title
2020-17 (“The role of heparin-binding epidermal growth factor (HB-EGF) signaling
during regenerative neurogenesis in the zebrafish olfactory epithelium”). All relevant
international, national, and institutional guidelines for the care and use of animals were
followed, including the National Animal Protection Act (Turkish national law number
5199, “Hayvanlar1 Koruma Konunu”, published 24.06.2004), the directive 2010/63/EU
of the “Furopean Parliament and the Council of 22. September 2010 on the Protection
of Animals Used for Scientific Purposes” and the “Guide for the Care and Use of
Laboratory Animals” (NRC2011) of the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC).
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3.2.2. BrdU Incorporation Assay

To label mitotically active cells, the thymidine analog 5-Bromo-2’-deoxyuridine
(BrdU; AppliChem) was dissolved freshly in aerated freshwater at a concentration
of 30 mg/l. Fish were transferred to and incubated in the BrdU solution in a dark
container at 28°C for up to 24h in the same solution. If longer incubation times
were required, the BrdU water was exchanged for freshly prepared solution at 24h
intervals. BrdU incorporation was visualized using anti-BrdU immunohistochemistry

on OFE tissue sections.

3.2.3. Induction of OE Degeneration

To induce degenerative lesions to the OE, fish were treated by nasal irrigation with
the non-ionic detergent Triton X-100 (AppliChem) according to Igbal and Byrd (2010).
Briefly, fish were anesthetized in tank water containing 160 mg/mL MS222 (Sigma)
until opercular movements slowed down and fish became unresponsive to tactile stimuli.
Anesthetized fish were placed into the groove of a wet sponge to keep them stationary
during the procedure. Under a stereomicroscope, the olfactory cavity was filled with
about 1 pl of a solution containing 1% Triton X-100 and 0.1% phenol red (AppliChem)
dissolved in 0.1 M PBS that was applied to the left naris with a pulled-out glass capillary
using an Eppendorf FemtoJet Express microinjector. The Triton solution was applied
twice at 45 sec intervals over a total time course of 90 sec. The detergent was washed
out from the olfactory cavity immediately at the end of the lesion period with a stream
of freshwater delivered from a Pasteur pipette. Following the procedure, fish were put

back into tank water and observed until the initiation of ordinary movement.
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3.2.4. Stimulation of the OE with human-recombinant HB-EGF

A total of 1 pg human recombinant HB-EGF (RD Systems) were given to fish
weighing approximately 1 g. Fish were anesthetized in tank water containing 160
mg/mL MS222 (Sigma) until the opercular movements slowed down. Anesthetized fish
were placed into the groove of a wet sponge with the dorsal side facing up. Afterwards, a
200 pl micropipette tip connected to a container containing an 80 mg/L MS222 solution
through a plastic hose was placed into the mouth of fish for continuous perfusion.
After the flow rate of the anesthetic was adjusted using an attached plastic switch, fish
received 80 mg/L MS222 solution orally until the end of the procedure. Approximately
2.5 ul of a solution containing 200 ng/ul HB-EGF dissolved in 0.1% BSA (New England
Biolabs) /PBS solution were given over 30 min in pulses repeating in every 30 seconds.
Fish were given an additional 2-3 min for the complete absorption of the solution before
being placed back to their tanks. The same procedure was followed for a second round
of HB-EGF stimulation on the next day. Following the stimulation, fish were placed

into BrdU-containing tank water for a 24 h incubation period.

3.2.5. Intraperitoneal Injection of Pharmacological Agents

For systemic inhibition of EGFR and JAK/STAT signaling, fish weighing ap-
proximately 1 g received 80 pug of PD153035 (Sigma) and 1 pg of JSI-124 (Tocris),
respectively. Fish were anesthetized in tank water containing 160 mg/mL MS222 until
the opercular movements slowed down. Afterwards, the fish were placed into the groove
of a wet sponge with their abdomen facing upwards. The signaling pathway inhibitors
were injected intraperitoneally into the midline of the abdomen, just anterior to the
anal fin, by using a 0.5 ml U100 insulin syringe (Beckon Dickinson) with a 30G sized
needle. For the pharmacological inhibition of EGFR, fish received, a maximum volume
of 30 ul of 2.7 pg/pul PD153035 dissolved in 33.3 % DMSO (Sigma)/PBS solution in
every dose. For the establishment of identical control conditions for the PD153035
treatment, fish received a maximum volume of 30 pul of the 33.3 % DMSO/ PBS solu-
tion in every dose. For the pharmacological inhibition of the JAK/STAT signaling, fish
received, a maximum of 30 ul of the 33.3 ng/ul JSI-124 dissolved in 6.7 % DMSO/PBS.
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For the establishment of identical control condition of the JSI-124 treatment, fish re-
ceived a maximum volume of 30 ul of 6.7 % DMSO/PBS solution.

3.2.6. OE Dissection

In order to dissect the OE, fish were euthanized by prolonged incubation in MS-
222, decapitated, and the heads were transferred to a dissection pad filled with ice-cold
1 x PBS. Using fine forceps (Drummond No 5; Fine Science Tools), first the cranial
bones were removed, then the OEs were gently detached from remaining bones that

form the nasal cavity and residual skin.

3.2.7. OE Cryosectioning and Sample Preparation

Dissected OEs were mounted in rubber molds filled with optimum cutting tem-
perature O.C.T. medium (Sakura Finetek) and stored at -20°C until completely frozen.
Frozen samples were then transferred to a LEICA CM3050S cryostat, pre-cooled at -
22°C object and -20°C chamber temperatures. The frozen O.C.T. bricks were removed
from the rubber molds and positioned onto the cryostat stage and cut into sections of
12 pm thickness. Sections were carefully collected onto positively charged glass slides
(Superfrost®) Plus; Thermo Scientific). Specimen which were used in standard im-
munohistochemistry experiments were heat dried for 1 hour and 15 minutes at 60°C in
a hybridization oven. To be used in immunohistochemistry experiments which require
antigen-retrieval, the specimen were air dried at room temperature (RT) overnight.
Both specimens were either used immediately or stored at -80°C before immunohisto-

chemistry.

3.2.8. Immunohistochemistry on OE Cryosections

OE cryosections were allowed to obtain room temperature for 10 minutes and
the edges of the glass slides were sealed with a PAP-pen (Liquid Blocker) in order to
prevent leakage of liquid. Samples were then rehydrated in 1x PBS for 5 minutes before

the tissue was fixed with 4% paraformaldehyde (PFA) in 1x PBS (pH 7.4) for 15 min.
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Slides were transferred to the Coplin jars and washed with 1x PBST for 10 min for
three times. Nuclei were permeabilized by a 15 min incubation in 4 N HCI in Coplin
jars (VWR) for BrdU-immunostaining. Afterwards, slides were washed again with 1x
PBST for 10 min each for 3 times. Slides were blocked with 3% (w/v) bovine serum
albumin BSA in 0.1% PBST for 1 h in a moist chamber at room temperature. At the
end of the blocking period, the blocking solution was discarded and slides were covered
with primary antibody solution prepared in 3% BSA. Slides were incubated overnight
at 4°C in a moisturized chamber. Dilutions of antibodies were as follows: mouse anti-
human neuronal protein (HuC/D; Life Technologies, 16A11, 1661237) 1:500, rat anti-
BrdU (Abcam, BU1/75 (ICR1), ab6326) 1:500. Following incubation, the samples
were washed with 1x PBST for 10 min each for three times at room temperature.
Afterwards slides were covered with secondary antibody solution dissolved in 3% BSA
and incubated for 2 hours at room temperature. Secondary antibody dilutions were as
follows: anti-mouse Cyanine®)5 (CY5-647; Jackson Immuno Research, polyclonal, 715-
175-151) 1:250, anti-rat Cyanine®?2 (CY2-488; Jackson Immuno Reseach, polyclonal,
712-225-153) 1:250. At the end of the incubation, samples were washed in 1x PBS for
10 min each for three times. Immunoreactivity against HuC/D and BrdU was analyzed

on a confocal microscope.

3.2.9. Heat-induced Antigen-Retrieval for pSTAT3 Immunostaining

OEs were dissected in ice-cold 1x TBS and transferred to 1.5 ul Eppendorf tubes
containing 4% PFA for overnight fixation at 4°C on a nutator (Polymax 2040; Hei-
dolph). On the following day, OEs were washed in 1.5 ul Eppendorf tubes placed on
a nutator at 4°C for 15 min each for three times. Then, the OEs were embedded in
O.C.T. medium and stored at -20°C until completely frozen. Afterwards, OEs were
cut to 12 pum thick sections on the cryostat and collected onto positively charged slides

and air dried overnight at RT.

The slides were then rehydrated in 1x TBS for 10 minutes before the antigen
retrieval procedure. For antigen retrieval, 200 ml of Sodium Citrate Buffer (10 mM

Na3C6H507, 0.05% Tween 20, pH 6) per slide was heated in a glass beaker to 100°C.
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Meanwhile, a water bath was heated to 95°C. The Sodium Citrate Buffer solution was
poured into plastic boxes and slides were placed into the solution and transferred im-
mediately onto the water bath and incubated for 40 min. After the antigen retrieval
step, slides were transferred to 1x TBS immediately and cooled for 10 min at RT. The
edges of the slides were covered with PAP-pen (Liquid Blocker) in order to prevent
leakage. Afterwards, slides were transferred to Coplin jars containing 4 N HCI for
BrdU immunostaining for 15 min. Samples were then washed with 1x TBST for 15
min each for four times. Afterwards, slides were blocked with 5% goat serum dissolved
in 0.1% TBST for 1 h. After blocking, slides were covered with primary antibody solu-
tion dissolved in 5% goat serum in 0.1% TBST and incubated for 2 d at 4°C. Antibody
concentrations for this experiment were as follows: mouse anti-pSTAT3 (MBL Life
Science, PS3/1, D128-3) 1:200, rabbit anti-Sox2 (Genetex, polyclonal, GTX124477)
1:1000, rat anti-BrdU 1:500. Following the primary antibody incubation, slides were
washed with 1x TBST for 15 min each for four times. Afterwards, slides were covered
with secondary antibody solution dissolved in 5% goat serum in 0.1% TBST and in-
cubated for 1 day at 4°C. Secondary antibody concentrations used in this experiment
were as follows: anti-mouse CY5-647 1:250, anti-rabbit Alexa-555 (Thermo Fisher Sci-
entific, polyclonal, A32732) 1:800, anti-rat CY2-488 1.250. On the following day, slides
were washed with 1x TBS for 15 minutes for four times and visualized using confocal

microscopy.

3.2.10. Confocal Microscopy

Tissue samples that were stained by immunohistochemistry were visualized on
Leica SP5-AOB or SP8 confocal microscopes (Leica Microsystems). Digital images
with 1024x1024 and 2048x2048 pixel resolution were taken using 20X and 40X lenses,

respectively.
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3.2.11. Image Processing, Cell Quantification and Statistics

Acquired digital images were stored and transferred in the Leica image file (lif)
format. The FIJI image processing software was used for image processing (Schindelin
et al., 2012). Proper brightness and contrast adjustments were made depending on the
staining quality of the samples. For the positional profiling of labelled and co-labelled
cells, first, the center of the vertical midline of the OE sections were determined using
the line drawing tool. A horizontal line stretching between the center of the vertical
midline and either right or left peripheral edge of the OE was drawn and the length
was measured. By defining this line as the horizontal midline, a rectangular region
of interest (ROI) with the vertical height of two/thirds of the horizontal length was
generated and cropped. The same procedure was then applied to the hemi OE on the
opposite side of the section. A total of 10 cropped images representing hemi OEs of five
tissue sections were generated for each of four experimental group for each experiment
saved in the tagged image file format (tiff). Using a custom macro (Demirler, 2021), the
positions of labelled and co-labelled cells in the cropped images were marked separately
in their designated color channels and saved as separate ROIs. Afterwards, the number
and positions of cells within each ROI were counted into ten equidistant bins using a

custom FIJI macro and corrected using R software scripts (R Core Team).

The Fiji image processing software was further used for the quantification of the
normalized area covered by HuC/D™ cells. First, the channels of the acquired digital
images were split. The channel corresponding to HuC/D-immunostaining was selected
and saved in the tiff format for all five OE sections for each of the four experimental
groups for every experiment. Afterwards, all single channel images were converted into
binary representations and saved in tiff format. Binary images were then manually
thresholded using signal thresholding tool and the area covered by signal was measured
using build-in FIJI functions. Using the polygon drawing tool the circumference of the
OE section was outlined and the selected ROI corresponding to total OE area was
measured as a reference. The fractional area covered by HuC/D* cells in the OE was

calculated and normalized to control group in Microsoft Excel (2018).
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For the statistical analysis of the data, one-way analysis of variance (ANOVA)
with post-hoc Tukey honestly significant difference (HSD) test was performed using
Prism Software v7 (Graph Pad, USA). Graphs were drawn in Prism Software v7 and
edited using Illustrator CS6 (Adobe, USA).
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4. RESULTS

HB-EGF is a membrane bound glycoprotein and a member of the EGF family
which signals through EGFRs (Nakamura et al., 1995). Signaling through EGFRs has
been known for its effects on cell proliferation, migration, adhesion and differentiation
(Wee and Wang, 2017). A positive effect of soluble HB-EGF on wound healing has
also been demonstrated in different animal models including zebrafish (Wan et al.,
2012; Dao et al., 2018). Gene expression analysis of injured OE samples showed a
rapid and transient upregulation in the levels of one of the zebrafish paralogs of HB-
EGF, hbegfa and its related extracellular signaling components in zebrafish as early
as 4 h post injury (Kocagdz, 2021). Exogenous activation and deactivation of HB-
EGF shedding by metalloproteases or direct inhibition of soluble HB-EGF showed
that HB-EGF is necessary and sufficient to induce OE regeneration (Kocagoz, 2021;
Sireci, unpublished). HB-EGF predominantly binds to ErbB1 homodimers (EGFR) or
ErbB1/ErbB4 heterodimers with high affinity (Higashiyama et al., 2008). Among the
ErbB family, only the transcript levels of ErbB1 zebrafish paralog, egfra is selectively
upregulated during injury (Kocagoz, Demirler, and Fuss, unpublished). Furthermore,
egfra is expressed in the basal-most layer by tp63" HBCs (Giiler 2021), suggesting that
EGFR might be the target receptor for HB-EGF during OE regeneration. However, the
importance of EGFR and candidate downstream signal transduction components and

their individual contribution to regenerative OE neurogenesis have not been studied.

In the light of these findings, the main aim of this study was to further examine
EGFR signaling and the JAK/STAT pathway as one of the candidate intracellular
components of HB-EGF signaling and to characterize their function in OE regenera-
tion. PD153035 is a small molecule inhibitor of EGFR, that competes with ATP for
the phosphorylation of the Tyrosine kinase domain of the receptor, hence, it inhibits
the activation of EGFR by preventing autophosphorylation (Fry et al., 1994). To
characterize the role of EGFR signaling during OE neurogenesis, cell proliferation and
neurogenesis assays were performed on intact and Triton X-100 (TrX)-treated tissue

samples in the presence of the inhibitor and compared to untreated control samples.
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Candidate signal transduction pathways downstream of EGFRs include PI3K-
Akt, MAPK and JAK/STAT signaling (Wee and Wang, 2017). The functional con-
tribution of JAK/STAT signaling during constitutive and regenerative OSN neuroge-
nesis was examined by using JSI-124, a small molecule inhibitor of JAK2 and STAT3
(Blaskovich et al., 2003). In addition, the activation of JAK/STAT signaling in re-
sponse to stimulation of the OE with recombinant HB-EGF was further investigated
by using a specific antibody against the STAT3 protein phosphorylated at Tyr708
(pSTAT3). The antibody was also utilized to examine the spatial pattern of activated

cells under physiological conditions and following tissue damage.

4.1. The Effect of EGFR Inhibition on Cell Proliferation and OE

Regeneration

EGFR is a target receptor for the signaling molecules EGF, TGF«a, Amphireg-
ulin, Epigen, and Betacellulin in addition to HB-EGF (Singh et al., 2016). Activation
of EGFR via different signal molecules has been shown to have different cellular con-
sequences, in part, because different downstream signaling transduction pathways are

favored in response to these ligands (Wee and Wang, 2017).

In order to investigate the effect of EGFR inhibition on OE neurogenesis two
set of experiments were performed, by evaluating the effect of EGFR inhibition on the
early proliferative and the late neurogenic responses. While the early analysis evaluates
the effect of EGFR inhibition on the rate and spatial pattern of mitotic activity that
can be observed during maintenance and repair neurogenesis, the late analysis aims
to uncover the effect of EGFR inhibition on OE regeneration and restoration of the
OSN population. The late analysis includes an evaluation of the efficiency of OSN

neurogenesis and the analysis of cell fate determination of the newly generated cells.
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4.1.1. The Effect of EGFR Inhibition on Cell Proliferation

To characterize the role of EGFR inhibition on cell proliferation that occurs
during maintenance and repair neurogenesis, adult fish (n=3) were treated with 80 ug
of the EGFR inhibitor PD153035 via intraperitoneal injection, 4 h before, 4 h after,
and at the time of the nasal irrigation with TrX. To establish comparable control
conditions, the vehicle DMSO was used in an identical experimental setup. For each
experimental group, fish were continuously incubated in 30 mg/1 BrdU containing tank
water for 24 h immediately following the lesion. At the end of the incubation period,
OEs were dissected immediately and analyzed for BrdU-immunoreactivity along with
immunohistochemistry against the pan-neuronal marker HuC/D which labels mature

OSNSs, to visualize the success and extent of the tissue lesion (Figure 4.1).

For each experimental condition, namely PD153035-intact, PD153035-injured,
DMSO-intact, DMSO-injured, five 12 pum sections were selected from each fish for
quantitative analysis. Rectangular regions of interest (ROIs; indicated as dashed boxes
in the top row of Figure 4.1) with the horizontal width of one hemi-OE stretching
between the ILC and the peripheral edge of the tissue section, and a vertical height of
two/thirds of this dimension were selected. The selections comprise about three full
epithelial folds of one side of the intact OE. The selected folds project perpendicular
from the midline raphe and are roughly of equal length, which simplifies accurate
measurements of the positions of labeled cells by projecting the position of labeled
cells onto the radial dimension of the OE. This quantification method was preferred
over measurements of individual lamellae or epithelial folds because their structure
becomes severely compromised and difficult to identify in TrX-lesioned tissue, especially
at early time points after the lesion when OSNs are largely absent. The method, thus,
allows for an accurate comparison of identical OF regions from intact and injured OEs
that is largely independent of tissue conditions and integrity. Independent ROIs were
generated from the left and right side of each OE section and the number and position
of BrdU™ cells within each ROI were counted into ten equidistant bins along the radial
dimensions between the ILC and peripheral circumference of the tissue sections using

a custom macro in Fiji (Demirler, 2021).
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Figure 4.1 depicts representative images of HuC/D (cyan) and BrdU (red) dou-
ble immunostaining on horizontal sections of intact and TrX-injured OEs of DMSO-
(left) and PD153035-treated (right) fish. In intact OEs, immunohistochemistry against
HuC/D labels OSNs that are restricted to the sensory region within the center of the
OE. The labeled area extends roughly over two-thirds of the tissue dimension and is
characterized by a sharp transition in the occurrence of HuC/D-positive and HuC/D-
negative cells at the sensory/non-sensory border (SNS). In contrast, treatment with
1% TrX results in a dramatic loss of HuC/D immunoreactivity as a consequence of
OSN injury. However, occasional patches of labeled cells can be observed. Remaining
HuC/D-positive cells often occupy the ILCs, probably, because the detergent did not
enter these narrow spaces effectively. BrdU™ cells, which are indicative of mitotic ac-
tivity can be observed at the ILC and within the nonsensory region of the intact OE, as
previously described (Bayramli et al., 2017), regardless whether the fish were treated
with DMSO or PD153035. However, PD153035 treatment appears to slightly reduce
the number of BrdU™ cells, predominantly around the SNS and within the non-sensory
region. As can be seen in the representative image of the DMSO-control group (Figure
4.1, left), chemical insult to the OE results in a randomized distribution of BrdU™cells
along the radial dimensions of the OE. Labelled cells become evenly distributed and
can be observed in regions that correspond to the sensory OE, which is largely devoid
of BrdU™ cells in the intact tissue. Importantly, treatment with PD153035 severely
reduced the overall number of BrdU™ cells in the injured tissue, including the occur-
rence of injury-induced mitotic cells in the sensory OE. The bottom panel of Figure 4.1
depicts higher power views of the BrdU staining pattern for selected ROIs for which
the respective epithelial regions have been indicated below. PD153035 treatment ap-
pears to reduce the number of BrdU™ cells across all regions (ILC, core sensory, SNS,

non-sensory) of the injured OE in comparison to DMSO-treated control animals.
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DMSO | PD153035 |

Intact OE 1% Triton X-100 Intact OE 1% Triton X-100

BrdU [24h]

| BrdU [24h]

ILC core-sensory SNS | |ILC core-sensory SNS | IILC core-sensory SNS | |ILC core-sensory SNS

Figure 4.1. Effect of PD153035 on proliferation rate in the intact and 1 dpl OE.
Immunohistochemistry against BrdU (red) and HuC/D (cyan) in DMSO- and
PD153035-treated fish. Scale bars: 100 pm.
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To better describe the effect of EGFR inhibition by PD153035 treatment quanti-
tatively, positional counts of BrdU™ cells were performed on selected rectangular areas.
Figure 4.2.A depicts the average number of proliferating cells that can be observed
across the whole OE regions (top), within the combined ILC/SNS (radial index 0.05
and 0.65-0.75, middle)), and the core-sensory region ((radial index 0.25-0.45; bottom)).
An average number of 79.4 + 0.4 (mean + SEM) BrdU™ cells can be observed per hemi-
OE within the intact tissue of DMSO-treated fish (10 hemi-OEs from 5 tissue sections
of 3 fish). Injury with TrX resulted in a 1.5-fold increase in the number of BrdU™ cells.
In which, 118.9 £+ 0.4 cells could be observed. Treatment with PD153035 resulted in
a decrease in the basal proliferation rate in the intact OE compared to DMSO-treated
control animals (PD153035: 42.2 £ 0.3 cells/hemi OE; DMSO: 79.4 + 0.4 cells/hemi
OE). More importantly, however, PD153035 treatment also prevented the typical in-
crease in the number of mitotically active cells in the injured OE. In fish injected with
the PD153035 inhibitor, the number of BrdU™ cells only reached up to 49.6 £ 0.3 cells,
which represents a modest 1.2-fold difference between the injured and intact OE but
was 2.4-fold lower compared to the DMSO control condition. To test the significance
of the observed differences, a one-way ANOVA, followed by a post hoc Tukey HSD test
(F (3,12) = 62.6) has been performed on BrdU™ cell counts for all experimental groups.
As indicated in the graph, injury stimulated a statistically significant increase in the
number of BrdU™ cells between the intact and injured OEs of DMSO-treated fish (p
= 8.2 x 107%). In contrast, no significant difference among the intact and injured OEs
of PD153035-treated fish could be observed (p = 0.6652). PD153035-treatment also
significantly reduced the rate of cell proliferation observed in the intact and injured
OEs compared to DMSO treatment (intact, DMSO vs PD153035: p = 4.6 x 1077);
injured, DMSO vs PD153035: p = 2.0 x 10714).

To further pinpoint which regions of the OE were affected from the inhibition
of EGFR signaling by PD153035 treatment, the regions of maintenance neurogenesis
at the ILC and SNS region and the injury-responsive core sensory OE were evaluated
independently (Figure 4.2.A, middle and bottom, respectively). While, 43.8 + 2.8
BrdU™ cells can be counted in the ILC/SNS of DMSO-treated intact OEs, only 24.5
+ 2.1 cells found PD153035-treated animals. Similarly, PD153035-treatment caused
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a decrease in the number of BrdU™ cells in the injured ILC/SNS (15.1 £ 1.7 cells),

compared to DMSO-treated fish (38.6 4 2.2 cells; p = 2.0 x 10719, one-way ANOVA,
post hoc Tukey HSD (F (3,12 = 33.5).
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Figure 4.2. Analysis of the proliferative activity in the intact and 1 dpl OE of DMSO-

and PD153035-treated fish. A. Positional profiling of BrdU-positive cells. B.

Distribution of BrdU-positive cells in the intact and injured OE.
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The injury-stimulated increase in the number of BrdU™ cells was more pro-
nounced in the core-sensory region in which a 4-fold increase in the number of labeled
cells could be observed in DMSO-treated fish (ctrl: 8.8 + 1.3 cells; TrX: 38.8 &+ 2.5
cells; one-way ANOVA, post-hoc Tukey HSD (F (3,12) = 78.9), p = 5.0 x 107 *°). In the
core-sensory region of the PD153035-treated intact and injured OEs, only 4.1 £ 0.6 and
16.5 £ 1.9 BrdU™ cells could be detected, respectively (p= 9.5 x 107%). Even though
this difference still amounts to a 4-fold increase between the intact and injured OEs,
the strength of this injury-induced increase was found to be dramatically impaired in
the PD153035-treated experimental groups compared to DMSO-treated experimental
groups (p = 9.5x 1075 and p = 5.0 x 10715, respectively). Thus, PD153035 treatment
appears to both reduce the base proliferation rate in all regions of the intact OE and

prevented the development of a robust response to injury.

The positional distribution of proliferating cells for each group is depicted in Fig-
ure 4.2.B. In the DMSO-treated intact OE, BrdU™ cells exhibit a bimodal distribution
that peaks around the ILC and SNS. In the case of the PD153035-treated intact OE,
an overall mild decrease in the number of BrdU™ cells can be observed in all OE re-
gions compared to DMSO-treated samples. However, a more pronounced decrease is
observed in the SNS, which distorts the originally bimodal distribution. Among these
inhibitor effects, only the decrease in the SNS region was found to be significant (ILC:
0.0793, one-way ANOVA, post-hoc Tukey HSD (F (312) = 11.9); core-sensory: 0.2332,
(F(3,12) = 78.9), SNS: 4.3 x 10_y, (F (3,12) = 33.9). In DMSO-treated injured OEs, an
increased number and almost homogenous distribution of BrdU™ cells can be observed
in the core-sensory region (38.8 £ 2.5 cells) compared to DMSO-intact control fish (8.8
+ 1.3 cells). While the even distribution of proliferating cells is conserved in PD153035-
treated animals, the number of BrdU™ cells appears to be dramatically decreased (16.5
+ 1.9 cells) along the entire radial dimension compared to the DMSO-treated injured
OE, including the core-sensory OE.

Taking together, inhibition of EGFR by PD153035 resulted in a decrease in the
rate of cell proliferation that occur during both maintenance and the repair neurogen-

esis. The inhibitory effect of PD153035 was selective for the SNS region in the intact.
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In contrast, the inhibitory effect did not disrupt the random distribution of proliferat-
ing cells that occurs during repair neurogenesis but resulted in a decreased rate of cell

proliferation along all radial dimensions of the OE.

4.1.2. The Effect of EGFR Inhibition on the OE Regeneration

As shown above, PD153035 has a strong inhibitory effect on cell proliferation
both during maintenance and repair neurogenesis. In order to further characterize
the role of EGFR signaling in OE regeneration, the efficiency of OSN neurogenesis
in PD153035-treated animals was analyzed and compared to DMSO-treated animals
(n=3). Two critical measures, the number of BrdU™ cells that can be labeled at the
peak of mitotic activity in the injured OEs between 48 and 72 h post lesion (hpl) and
the contribution of newly generated cells to the pool of HuC/D* OSNs were evaluated.

For both of analyses, PD153035 was injected 4 h before, 4 h after, and during
the nasal irrigation with TrX and fish were incubated in BrdU-containing tank water
between 48 and 72 hpl. All samples were analyzed for BrdU and HuC/D immunoreac-
tivity at 5 d post lesion (5dpi).

Representative images of HuC/D (cyan) and BrdU (red) double immunostaining
on horizontal sections of intact and TrX-injured OEs of DMSO- (left) and PD153035-
treated fish (right) are depicted in Figure 4.3. In the intact OE of both the DMSO-
and PD153035-treated fish, HuC/D immunostaining labels the characteristic restricted
pattern of HuC/D™ OSNs in sensory OE region. As previously indicated in Figure 4.1,
chemical lesion to the OE results in an almost complete degeneration of HuC/D* OSNs
at 24 hpl. Thus, HuC/D immunostaining in the injured OEs at 5 d post lesion (dpl)
largely represents regenerated OSNs. While an almost complete regeneration can be
observed after injury in DMSO-treated animals, HuC/D* OSNs only occupy small
tissue patches around the ILC and the surrounding inner regions in PD153035-treated
injured OEs. In addition to the visualization of mitotic activity zones, BrdU/HuC/D
co-immunostaining also marks the progeny of cells that were labelled during the two-

day incubation period between 72 and 120 hpl in this experimental setup.
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Figure 4.3. Effect of PD153035 on proliferation and neurogenesis rate in the intact
and 5 dpl OE. Immunohistochemistry against BrdU (red) and HuC/D (cyan) in
DMSO- and PD153035-treated fish. Scale bars: 100 pm.

In intact OEs of DMSO- and PD153035-treated animals, BrdU* cells largely
occupy the ILC and SNS/nonsensory region. However, a slightly increased number mi-

totic activity in the core-sensory region of PD153035-treated animals can be observed.
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The injured OE of the both experimental groups show the expected increase and char-
acteristic random distribution. However, in PD153035-treated fish, these cells often
appear to form clusters in the sensory region compared to their uniformly dispersed

appearance in control group.

Moreover, BrdU™ cells in PD153035-treated injured OEs are largely restricted to
basal layers, whereas they also occupy more apical layers in DMSO control animals.
The two bottom panels of Figure 4.3 depict higher power views of the BrdU and
HuC/D/BrdU staining pattern for selected ROIs, which have been indicated in the
images at the top. The slightly increased mitotic activity in the core-sensory region
of PD153035-treated intact OEs is observed to be not neurogenic as indicated by the
absence of HuC/D co-immunostaining and appears to originate largely from within the
lamina propria. The dispersed pattern of HuC/D™ /BrdU™" cells in the sensory region
of injured OEs from the DMSO control group seems to be largely related to neurogenic
mitotic activity, which is absent in PD153035-treated animals. Thus, in the presence
of PD153035, injury results in increased mitotic activity within the basal layers of the
sensory OE, which, however, remains largely non-neurogenic as late 5 dpl. Newborn
OSNs can also be observed in some, but not all, ILCs of PD153035-treated injured OEs,
the only region where HuC/D* OSNs are present, most likely as a result of ongoing

maintenance neurogenesis at these sites.

4.1.2.1. Evaluation of the Efficiency of OSN Neurogenesis.. To obtain a quantitative

descriptor for the efficiency of OSN neurogenesis in response to injury, the area covered
by HuC/D" OSNs relative to the total OE area of was measured using signal threshold-
ing and pixel counting in Fiji. For the measurement of area covered by HuC/D* OSN,
the channel corresponding to the HuC/D staining was selected, manually thresholded,
and the images converted into binary representations. For the measurement of total
OE area, the polygon drawing tool was used to outline the circumference of OE section
and then the area of the selected ROI was measured. The area covered by HuC/D*
OSNs relative to the total OEs was calculated and normalized to DMSO-treated intact

OEs at 5dpl and compared across different experimental groups.
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Figure 4.4. Analysis of proliferative and neurogenic activity in the intact and 5 dpl
OE after PD153035 treatment. A. The efficiency of OSN neurogenesis. B. Total

number of newly generated cells.

Figure 4.4.A represents the normalized HuC /D™ areas of the experimental groups.
In DMSO-treat injured OEs, area covered by HuC/D* OSNs reaches 71.4 4+ 4.7 % of in-
tact OE values, a regeneration rate which is accepted to be successful (Kocagoz, 2021).
Also, similar to previously described values for this time point (Kocagéz, 2021). How-
ever, the area covered by HuC/D™ cells is reduced to 29.9 + 2.9 % in PD153035-treated
injured OEs. Thus, PD153035 significantly reduced the area covered by regenerated
OSNs in response to injury (one-way ANOVA post-hoc Tukey HSD (F (3 56) = 85.6); p
= 7.5 x 1071%), while it had no effect on intact OEs (p = 0.7766). Thus, inhibition of
EGFR signaling by PD153035, significantly reduces the rate of OSN regeneration com-
pared to vehicle-treated control animals. Surprisingly, however, the number of BrdU™
cells, which represent mitotically active cells that did not generate or develop into ma-
ture OSNs over the course of the experiment was also increased in PD153035-treated

animals at 5 dpl (Figure 4.4.A, right).
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4.1.2.2. Contribution of Newly Generated Cells to OSN Neurogenesis. For evaluating

the effect of PD153035 on OSN neurogenesis, the mitotic activity observed between
48 and 72 hpl and the resulting cell-fates of newborn cells was analyzed. For each
condition, rectangular ROIs (indicated as dashed boxes in the top row of Figure 4.3)
were selected from five sections per fish for quantitative analysis as previously described.
Independent ROIs were generated from the left and right side of each OE section and
the number and position of single BrdU' and BrdU*/HuC/D" double positive cells
within the ROIs were counted into ten equidistant bins along the radial dimensions

using a custom macro in Fiji.

Figure 4.4.B shows the total cell counts of BrdU™ cell for each experimental group.
Injury causes the total number of BrdU™ cells to increase 2.2-fold from 180.8 4 10.3 to
389.0 4+ 33.2 in DMSO-treated animals. This increase accounts for a highly significant
difference between the intact and injured OEs of the DMSO-treated fish (p = 3.5 x
10%; one-way ANOVA, post-hoc Tukey HSD, F (512) = 19.3). In PD153035-treated
animals a milder 1.5-fold increase was observed, in which 200.8 + 16.3 and 294.2 +
18.9 cells could be detected in the intact and injured OEs, respectively. Although not
as pronounced as the increase observed in controls, the difference between intact and
injured OEs of the PD153035-treated animals was also found to be significant (p =
0.0156). PD153035 treatment results in a 2.4-fold decrease in the efficiency of OSN
regeneration at 5 dpl (Figure 4.4.A), which might be the consequence of the reduced
number of BrdU* cells in the injured OEs of PD153035-treated animals compared to
DMSO controls (p = 0.0136). However, PD153035 treatment seems to only slightly
alter the total number of newly generated cells. Therefore, the strong reduction in the
number of regenerated OSNs cannot be solely explained by the change in the captured
mitotic activity of 3 dpl. Examining the cell fates of newly generated cells by counting
single BrdU- and BrdU/HuC/D-double-positive cells in different epithelial positions
appears to be helpful to gain further insight into the nature of the inhibitory effect.

Figure 4.5.A represents the average number of single BrdU™ cells that can be
observed in the total (left), the combined ILC/SNS region (middle), and the core-

sensory region (right) of the intact and injured OEs of the each experimental group.



48

While an average number of 134.6 £ 5.6 cells can be observed per hemi-OE across the
intact OE (10 hemi-OEs from 5 tissue sections of 3 fish), injury caused a slight increase
in the number of labelled cells in DMSO-treated animals (156.1 4+ 10.9). A similar
number of 169.7 & 11.4 single BrdU* cells could be observed in PD153035-treated
intact OEs. Surprisingly, injury caused a more pronounced 1.5-fold increase in the
average number of single BrdU™ cells in the PD153035-treated fish (252.6 4 18.2 cells).
The increased number of siingle BrdU™ cells observed in the DMSO-treated injured
OEs and PD1530335-treated intact OEs relative to DMSO-treated intact OEs was not
found to be significant in both cases (DMSO-injured: p = 0.6208; PD153035-intact:
p = 0.2046; one-way ANOVA, post-hoc Tukey HSD, F (312) = 16.8). In contrast,
PD153035-treatment resulted in a highly significant increase in the average number of
single BrdU™ cells in the total OE after injury relative to unlesioned inhibitor-treated

control OEs (p = 5.0 x 77).

To further determine the origin of these difference, the ILC/SNS and core sensory
OE were scored separately. The average number of single BrdU* cells observed in
the ILC/SNS region of the different experimental groups is shown in Figure 4.5.A
(middle). An average number of 63.7 + 3.3 and 62.9 + 4.9 single BrdU™ cells can
be counted in DMSO-treated intact and injured OEs, respectively (p = 0.9994; one-
way ANOVA, post-hoc Tukey HSD, F (512) = 3.7). Thus, injury does not induce
increased mitotic activity in the regions of maintenance neurogenesis. In PD153035-
treated intact and injured OEs, an average number of 70.7 + 4.9 and 83.3 + 5.8
single BrdU™ cells could be detected, respectively. None of the statistical comparisons
between experimental groups reached significance, suggesting that base mitotic activity
at the ILC/SNS resumes normally in the lesioned OE at this experimental time point,
although a small increase in the number of labeled cells could be detected in the

presence of the inhibitor.

Figure 4.5.A (right) represents the average number of single BrdU%cells in the
core-sensory region of all experimental groups. While an expectedly low number of
10.1 &+ 1.4 single BrdU* cells can be observed in this region in DMSO-treated intact
OEs, injury induces a 3-fold increase in the number of labelled cells (37.5 £ 2.7 cells).
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Similar to ILC/SNS, the basal proliferation rate seems to be modestly increased in
the core sensory region in response to PD153035 in the intact tissue (25.1 4 2.1 cells).
Interestingly, a similar 3-fold increase occurs after injury (83.7 + 6.0 cells). It should be
noted, however, that this elevated number of cells in the core-sensory OE corresponds
to an 8-fold higher rate compared to intact OEs of the DMSO-treated animals (DMSO-
intact: 10.1 + 1.4; PD153035-injured: 83.7 + 6.0 cells). The differences among the
intact and injured OEs of DMSO- and PD153035-treated fish were both significant.
However, the injury-induced increase in the average number of single BrdU™ cells
observed in the core-sensory region is found to be more pronounced under the effect of
PD153035-treatment (DMSO: p = 1.9 x ~%; PD153035: p = 1.6 x 10~'*). Therefore, the
overall increase in the average number of single BrdU™ cells observed across the total
OE after injury in PD153035-treated fish seems to be almost completely attributable

to the increase that occurs in the core-sensory region (Figure 4.4.B, right).

Figure 4.5.B represents the average number of HuC/D*/BrdU* double positive
cells that can be observed in the total (left), the combined ILC/SNS (middle), and
the core-sensory (right) region of the OE. A 5-fold increase, which causes the average
number of double positive cells to change from 46.2 + 8.7 to 232.0 + 26.4, could
be noticed in the OE of DMSO-treated fish after injury. In PD153035-treated fish
however, this injury-induced induction is found to be much lower, and only 31.1 +
10.0 and 37.0 4+ 5.3 double positive cells could be detected in intact and injured total
hemi-OEs, respectively. While the injury-induced difference among PD153035-treated
fish was not significant (one-way ANOVA, post-hoc Tukey HSD, F (3 19) = 40.6, p =
0.9928), the difference was found to be highly significant among DMSO-treated intact
and injured hemi-OEs (p = 2.8 x 10712). Thus, PD153035 appears to selectively block

OSN neurogenesis in response to injury.

Similar to the analysis for single BrdU™ cells, ILC/SNS and core sensory region
were scored independently to gain further insight into their differential behavior. The
average number of double-positive cells observed in the ILC/SNS regions of the hemi-
OEs is depicted in Figure 4.5.B (middle). An average number of 30.6 + 5.3 and 37.7
+ 4.8 double-positive cells could be counted in DMSO-treated intact and injured OEs.
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PD153035 treatment resulted in a reduction in both the base rate of mitotic activity
and the response to injury at the sites of maintenance neurogenesis at the ILC and SNS.
While an average number of 17.3 £+ 4.5 double-positive cells can be seen in PD153035-
treated intact OEs, only 5.2 4+ 1.1 cells were found after injury. However, none of these
changes were found to be significant (DMSO: p = 0.7245 and PD153035: p > 0.9999;
one-way ANOVA, post-hoc Tukey HSD, F (5 19) = 4.4).
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Figure 4.5. Analysis of the cell fates of the newly generated cell populations in the
intact and 5 dpl OE after PD153035 treatment. A. Positional profiling of single
BrdU-positive cells. B. Positional profiling of HuC/D/BrdU-double positive cells.

More importantly, the OSN neurogenesis, as indicated by the presence of the
BrdU/ HuC/D-double positive cells, was severely reduced in core-sensory region, which
shows the largest change number in response to injury. Figure 4.5.B (right) represents

the average number of double-positive cells in the core-sensory region of hemi-OEs.



o1

While an expectedly low number of 3.3 £ 0.7 BrdU"/HuC/D™ cells can be found
in the intact OEs of DMSO-treated fish, a dramatic 40-fold increase to 130.0 4+ 16.1
double-positive cells can be detected after injury. In contrast, a similar injury-induced
increase did not occur in PD153035-treated fish. An average number of 4.1 £+ 1.6
and 17.1 £+ 3.0 cells can be counted in PD153035-treated intact and injured OEs,
respectively. While the injury-induced increase observed in the DMSO-treated fish
is found to be highly significant (p = 3.0 x 107*; one-way ANOVA, post-hoc Tukey
HSD, F (3,12) = 53.3), the increase observed in the PD153035-treated fish did not reach
significance (p = 0.6907). The residual increase that occurs in the core-sensory OE
appears to be responsible for the small increase in newly generated OSNs that can be

observed across the total OEs after injury.

Although injury induced an increase in the number of single BrdU™ cells in the
core-sensory region of the DMSO-treated fish (p = 1.9 x 107%), the increase was more
pronounced in PD153035-treated fish, where the pattern assumes an almost homoge-
nous distribution of cells across the hemi-OE (Figure 4.6.B., left). The increase that
results from the PD153035 treatment was found to be highly significant in the core-
sensory OE (p = 7.9 x 107*). As expected, injury induces a substantial increase in
the average number of double-positive cells across the sensory region of DMSO-treated
fish (Figure 4.6.B, right). This increase resulted in the formation of a highly signif-
icant difference among the intact and injured OEs of the DMSO-treated fish along
the core-sensory region (p = 3.0 x 107'%). PD153035-treated and injured OEs have
a similar distribution of double-positive cells which peaks around the central margin
of the core-sensory but gradually approaches zero towards the SNS. Despite having a
similarly shaped distribution, the average number of double-positive cells observed in
the sensory region of the PD153035-treated injured OEs was dramatically decreased.
No significant difference could be detected in the number of double positive cells ob-
served in the core-sensory region of the PD153035-treated intact and injured OEs (p
= 0.6907).
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Figure 4.6. Distribution of single BrdU and HuC/D/BrdU double positive cells in the
DMSO- and PD153035-treated OEs. A. Intact OE. B. 5dpl OE.

In summary, PD153035 caused an impairment in OSN regeneration. This effect
can be partly explained by a decrease in the overall number of cells that are newly
generated in response to injury at 5 dpl in the presence of inhibitor. However, the re-
sults showed that in contrast to newly generated OSNs, the number of newly generated
non-neuronal cells did not show a decrease, but, in fact, a highly significant increase.
Therefore, a selective decrease in the contribution of the 3 dpl proliferative activity to
OSN lineages seems to be the actual cause of the dramatic impairment in OSN regen-
eration. The non-neuronal cells that occur in the injured OEs could indicate either
stem cells or differentiated non-neuronal cells. Due to lack of additional cell identity

markers in zebrafish, it is not possible to discriminate between these two cell types.
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The effect might be explained by a delay in regenerative response caused by PD153035
treatment by postponing the initial generation of GBCs from HBCs that occurs during

the early phase after injury to a later time point.

Therefore, the increased number of non-neuronal single BrdU™ cells might in-
dicate proliferative stem cells, which show late activity due to the inhibition of their
proliferative activity between 1 and 3 dpl after PD153035 treatment. The resemblance
of the multiple BrdU*" basal layers observed at 5 dpl after PD153035 treatment to
multiple layers formed by Sox2-expressing cells at 2dpl (Kocagoz, 2021; Kocagoz et al.,
2022) further supports this interpretation.

4.2. The Effect of JAK/STAT Inhibition on Cell Proliferation and OSN

Neurogenesis

The common signaling routes that convey intracellular activity downstream of
EGFRs include the PI3K-Akt, MAPK and JAK/STAT pathways (Wee and Wang,
2017). The negative effect of EGFR inhibition on cell proliferation and OE neuro-
genesis has been demonstrated previously in the framework of this thesis. In order
to investigate the possible contribution of JAK/STAT signaling on OE neurogenesis
two set of experiments were performed by evaluating the early and late neurogenic re-
sponses under JAK/STAT inhibition similar to the analysis described for EGFR. While
the early analysis examines the early effect of JAK/STAT signaling inhibition on cell
proliferation observed during maintenance and repair neurogenesis, the late analysis

aims to evaluate the efficiency of OSN regeneration in terms of newly generated OSNs.
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4.2.1. The Effect of JAK/STAT Signaling Inhibition on Cell Proliferation

In order to functionally characterize the effect of JAK/STAT signaling on cell
proliferation, the small molecule inhibitor JSI-124 was utilized. JSI-124 selectively
inhibits the phosphorylation of JAK2 and STAT3 and therefore prevents the activa-
tion of JAK/STAT signaling (Blaskovich et al., 2003). Fish (n=3) received 1 ug of
the inhibitor JSI-124 dissolved in DMSO intraperitoneally, 6 h before, at the time of
the nasal irrigation with 1 % TrX, and 6 h after. To establish comparable control
conditions, the vehicle DMSO was used in an identical experimental setup. For the
examination of the effect of JAK/STAT signaling on cell proliferation, fish were in-
cubated in 30 mg/l BrdU-containing tank water for 24 h. Afterwards, the OEs were
dissected immediately and analyzed for BrdU-immunoreactivity along with immuno-
histochemistry against HuC/D. For each condition (JSI-124-intact, JSI-124-injured,
DMSO-intact, DMSO-injured), five 12 um sections were selected from each of three

fish for quantitative analysis on selected rectangular ROIs as described previously.

Figure 4.7 shows representative images of immunohistrochemistry against HuC /D
(cyan) and BrdU (red) on OE horizontal sections of intact and TrX-injured OEs of
DMSO- and JSI-124-treated fish. Similar to the previous results, HuC/D labels OSNs
that are restricted to the sensory region in intact OEs, while in the TrX-injured OEs,
HuC/D-immunostaining is reduced to occasional patches of cells appear in several
lamellae. Both the DMSO- and JSI-124-treated intact OEs shows BrdU™ cells at the
ILC and in the SNS/nonsensory region, which is characteristic in the intact tissue
(Bayramli et al., 2017, Demirler et al., 2020). However, the number of BrdU™ cells
appear to be increased in the JSI-124-treated OE.

Injured control OEs show an almost homogenous distribution of BrdU™" cells
across the OE as observed in experiments described in the previous part. Interestingly,
the pattern of BrdU™ cells in the JSI-124-treated injured OE largely resembles that of
intact control. The higher power views of the BrdU staining pattern for selected ROIs

(indicated as dashed boxes in the images at the top) are depicted in the bottom panel.
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JSI-124 treatment seems to increase the occurrence of BrdU™ cells mainly in
the ILC and core-sensory region of the intact OE compared to DMSO-treated fish.
The DMSO-treated injured OE shows an increased number of BrdU™ cells within the
core-sensory region, characteristic of the injury condition (Kocagoz, 2021). This injury-
induced increase in the core-sensory region seems to be suppressed in JSI-124-treated

fish and the overall distribution pattern of BrdU™T cells loosely resembles the intact

OEs.
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Figure 4.7. Effect of JSI-124 on proliferation rate in the intact and 1 dpl OE.
Immunohistochemistry against BrdU (red) and HuC/D (cyan) in DMSO- and
JSI-124-treated fish. Scale bars: 100 pm.
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To describe the changes that occur in tissue homeostasis and in response to tissue
injury following JSI-124 treatment with more detail, the full radial profiles of mitoti-
cally active cells were plotted. Figure 4.6 represents the radial distribution profiles of
single BrdU™ (left) and HuC/D"/BrdU™" (right) that can be observed in intact (top)
and injured (bottom) OEs of DMSO- and JSI-124-treated fish. DMSO-treated intact
OEs show the expected bimodal distribution, which is characterized by a low number
of single BrdU* cells in the core-sensory OE and increased activity at the ILC and
SNS/nonsensory region. Although, JSI-124 treatment resulted in an increased number
of single BrdU" cells within the core-sensory region and the SNS in the intact OEs
compared to DMSO-treated fish, only the difference in the core-sensory region reached
significance (core-sensory: p = 0.0182; SNS: 0.6713; one-way ANOVA, post-hoc Tukey
HSD, F (3,12) = 0.9390). In contrast, PD153035 treatment causes a decrease in the
average number of HuC/D*/BrdU* double-positive cells around the ILC and SNS in
intact OEs and slightly suppresses the bimodal distribution pattern of double-positive
cells that peaks around the ILC and SNS (Figure 4.6.A, right). However, only the
decrease observed at the ILC reached significance (ILC: p = 0.0467; one-way ANOVA,
post-hoc Tukey HSD, I (3 12y = 23.2; SNS: p = 0.7384; one-way ANOVA, post-hoc
Tukey HSD, F (3,12) = 3.7).

To describe the effect of JAK/STAT signaling inhibition by JSI-124 quantita-
tively, the number of BrdU™ cells in the whole OE, at the ILC/SNS, and core-sensory
region were evaluated separately. Figure 4.8.A depicts the number of proliferating cells
that can be observed in total hemi-OEs (top), the combined ILC/SNS (middle), and
the core-sensory region (bottom) for all experimental groups. In DMSO-treated fish,
an average number of 33.7 & 2.7 BrdU™ cells can be observed per hemi-OE within
the intact tissue (10 hemi-OEs from 5 tissue sections of 3 fish). JSI-124-treatment
results in an increase in the basal proliferative activity in the intact OE, compared
to DMSO-treated fish, in which a 1.7-fold higher number of BrdU* cells (57.8 £+ 3.7
cells/hemi-OE) could be counted. A more pronounced 2.2-fold increase however, was
observed within the DMSO-treated control animals after TrX treatment. The number

of BrdU™ cells increased to 73.3 & 5.3 in the injured OE of these animals.
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In JSI-124-treated fish on the other hand, the number of BrdU™ cells shows no
additional increase in response to TrX treatment (intact: 57.8 £ 3.7 cells/hemi-OE;
injured: 58.3 £ 3.9 cells/hemi-OE). Thus, treatment with JSI-124 resulted in 1.3-fold
lower number of BrdU™ cells in the injured OE compared to DMSO-treated animals
(DMSO: 73.3 + 5.3 cells/hemi-OE; JSI-124: 58.3 &+ 3.9 cells/hemi-OE). As indicated
in the graph (Figure 4.8.A, top), JSI-124 treatment results in a significant increase in
the basal proliferative activity in the intact OE when compared to DMSO-treatment
(p = 0.0001; one-way ANOVA post hoc Tukey HSD (F (3,12) = 16.2). Injury with TrX
treatment also results in a highly significant increase in the total number of BrdU™
cells in the DMSO-treated fish (p = 1.9 x 107?). In JSI-124-treated fish, however, no
statistically significant difference could be detected between the intact and injured OE
(p = 0.9998). Thus, JSI-124 treatment results in a significant decrease in the number
of BrdU™ cells observed in the injured OE compared to DMSO treatment (p = 0.0500).

To pinpoint the effect of JSI-124 treatment in the neurogenic regions of the in-
tact tissue, the ILC and SNS were evaluated together (Figure 4.8.A, middle). All
experimental groups showed similar numbers of BrdU™* cells in this region. While an
average number of 19.0 & 2.0 BrdU™ cells could be found in the DMSO-treated intact
OE, this number increases slightly to 22.0 £+ 2.3 with injury. A slight increase in the
number of BrdU cells (25.7 £ 2.3 cells) could also be observed in the JSI-124-treated
intact OEs compared to DMSO controls. However, injury by TrX treatment, resulted
in a decreased number of 19.1 £+ 1.7 BrdU™ cells in JSI-124-treated fish. None of the
differences between experimental groups were significant (DMSO-intact/injured: p =
0.7108; DMSO-intact/JSI-124-intact: p = 00961; JSI-124-intact/injured: p = 0.1094;
one-way ANOVA post-hoc Tukey HSD F (319) = 2.4). Thus, JSI-124 treatment did
not show evidence for any effect on cell proliferation at the neurogenic regions for tissue

maintenance.
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Figure 4.8. Analysis of the proliferative activity in the intact and 1 dpl OE of DMSO-

and JSI-124-treated fish. A. Positional profiling of BrdU-positive cells. B.

Distribution of BrdU-positive cells in the intact and injured OE.

Next, proliferative activity of the injury-responsive core-sensory region was exam-

ined (Figure 4.8.A, bottom). A small average number of 3.2 + 0.3 BrdU™* cells could

be observed in DMSO-treated control fish, characteristic of the previously established

uninjured OE conditions. Injury with 1% Triton X-100 treatment caused the number

of BrdU™ cells to increase 6.8-fold to 21.8 + 2.3 cells in DMSO-treated animals.



29

An injury-induced increase was also observed in JSI-124-treated fish, in which
an average number of 9.0 £+ 1.2 and 15.6 £ 2.0 BrdU™" cells can be seen in intact and
injured OEs, respectively. This difference only accounts for a small, 1.7-fold increase
in the average number of BrdU* cells in response to injury. The average number of
BrdU™ cells in the core-sensory region of the JSI-124-treated injured OE was found to
be 1.4-fold lower than in DMSO controls.The difference between DMSO-treated fish
in response to injury was found to be highly significant (p = 2.1 x 107!!; one-way
ANOVA, post hoc Tukey HSD, F (312) =22.7). In contrast, after TrX-injury in JSI-
124-treated fish, the increase in the number of BrdU cells was significantly impaired (p
= 0.0340). Although JSI-124-treatment increases the average number of BrdU™ cells
observed in the intact OE, the difference did not reach significance (p = 0.0776).

The radial distribution profiles of proliferating cells in intact OEs of each group
are depicted in the top graph of Figure 4.8.B. In DMSO-treated intact OEs, the
characteristic bimodal distribution of BrdU™ cells that peaks around the ILC and
SNS/nonsensory region can be observed. JSI-124 treatment caused the proliferative
activity to increase in nearly all regions of the intact OE without disrupting the bi-
modal distribution pattern of BrdU™" cells. Among the regions within the sensory OE,
the ILC and the core-sensory region seems to be most affected by the JSI-124 treatment
and only a small increase could be observed in the SNS region. Only the individual
increase observed in the ILC of the intact OE in response to JSI-124 treatment reached
significance (ILC: p = 0.0043; one-way ANOVA post-hoc Tukey HSD, F (5 12) = 4.2;
core-sensory: p= 0.0776, F (3 19) = 22.7; SNS: p = 0.9861, F(3, 12) = 2.9).

Distribution profiles in injured OEs depicted in the bottom Figure 4.8.B. Interest-
ingly, the distribution of BrdU™* cells in the DMSO-treated injured OE do not resemble
the previously established pattern at 1 dpl (Kocagdz, 2021), which could also observed
in PD153035 (Figure 4.2.B). The distribution curve starts with 9.7 + 1.2 BrdU™" cells
at the ILC and shows one of the highest number of BrdU™ cells in the next radial
position (11.1 + 1.3 cells, radial index: 0.15). In the next position, which corresponds
to the first segment of the core-sensory, a large decrease follows peak of activity, in

which only an average number of 5.4 £ 0.7 could be seen (radial index: 0.25).
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In the subsequent segments, average number of BrdU™ cells starts to increase
again and a second peak of mitotic activity emerges between the core-sensory region
and the SNS region (11.3 £ 0.8 cells;; radial index: 0.55). Following this second peak
of mitotic activity, the average number of BrdU™ cells starts to decrease again and
shows the lowest number of 4.8 + 0.6 cells in the peripheral-most segment of the SNS
region (radial index: 0.75). Therefore, in this experiment the DMSO-treated injured
OE shows a bimodal distribution of proliferative activity, rather than the homogenous
distribution which was regularly observed at 1 dpl (Kocagoz, 2021). The reason for
this deviation is unclear but most likely reflects a difference between animals rather

than a specific effect of DMSO treatment.

In JSI-124 treated injured OE, BrdU™ cells peak around the ILC and shows
an almost homogenous distribution in the rest of the OE regions. Because of the
second peak of mitotic activity in DMSO-treated fish, a large difference can be observed
between DMSO- and JSI-124-treated animals from the beginning of core-sensory region
until the peripheral edge of SNS. In the position at which the second peak of mitotic
activity emerges in the DMSO-treated OE (radial index: 0.55), the difference between
the DMSO- and JSI-124-treated OE is maximal. While 11.3 + 0.8 cells observed in
the DMSO-treated OE, only 4.4 4 0.7 cells observed in the JSI-124-treated OE. This
difference corresponds to a 2.6-fold decrease in the number of BrdU™ cells after JSI-
124 treatment and was found to be highly significant (radial index: 0.55: p = 1.3 x
10~%; one-way ANOVA post-hoc Tukey HSD, F (3,12) = 28.1). However, neither the
difference observed in the core-sensory region nor in the SNS could reach significance
(core sensory: p = 0.0525; one-way ANOVA post-hoc Tukey HSD, F (3 19) = 22.7; SNS:
p = 0.1473; F(3, 12) = 2.9).

The BrdU™ cell profiles of the DMSO-treated injured OEs did not resemble that of
injured OEs established for this time point (Kocagoz, 2021). However, when compared
to established control conditions in lesioned OEs, the mitotic activity in JSI-124-treated
animals appears to be reduced in the sensory OE, suggesting inhibition of JAK/STAT
signaling reduces injury-induced cell proliferation. Nevertheless, an experimental error

can be suspected in the DMSO group was used in this experiment.
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Although no difference was detected in the BrdU™ cell profiles of the intact OE
compared to established control conditions (Kocagoz, 2021), the possibility remains
that a similar experimental error could also affect the intact OE. Which, however,
was not detectable from the BrdU™ cell distribution profiles. Therefore, in order to
understand if the observed discrepancy in the proliferative activity pattern was due
to an experimental error, and if so, to which extent, a second set of DMSO-control
fish was prepared (n = 3; data not represented here). In these samples, injured OE
also showed the characteristic distribution profiles of BrdU™ cells observed regularly in
other control samples, further supporting the idea that an experimental error occurred
in the preparation of first control group. In order to understand the extent of this
experimental error, the intact OE samples of the second control group was compared
to first control and the JSI-124-treated group. The proliferative activity in the second
control group was found to be much higher than in the first control group. Also, when
compared to the second control group, the effect of JSI-124 treatment was found to be
different from the results presented in this chapter. While JSI-124 treatment was found
to be significantly increase the proliferative activity observed in the ILC compared to
first control group, it was found to be significantly decreased the proliferative activity

observed across all positions of the sensory region compared to second control group.

In conclusion, considering the discrepancies observed between the control groups
and the conflicting results obtained from the evaluation of the effect of JSI-124 treat-
ment, the results presented in this chapter appear to be unreliable. Therefore, the effect
of JAK/STAT signaling inhibition by JSI-124 treatment on cell proliferation remains

inconclusive and needs to be evaluated by a repetition of this experiment.
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4.2.2. The Effect of JAK/STAT Signaling Inhibition on the Efficiency of
OSN Regeneration

In order to understand the role of JAK/STAT signaling in regeneration, the
efficiency of OSN neurogenesis was analyzed in JSI-124-treated fish and compared to
DMSO controls (n=3). Fish received 1 ug of the inhibitor JSI-124 dissolved in DMSO
intraperitoneally, 6 h before, at the time of the nasal irrigation with 1 % TrX, and 6
h after the TrX treatment. Afterwards, fish were incubated in regular tank water and

samples were analyzed for HuC/D-immunoreactivity at 5 dpl.

To obtain a quantitative assessment of the efficiency of OSN neurogenesis in
response to injury, the area covered by HuC/D* OSNs relative to the total OFE area
was measured as previously described. The fractional areas were then normalized to

the DMSO-treated intact OEs and compared across different experimental groups.

Figure 4.9.A depicts the representative images of immunohistochemistry against
HuC/D (cyan) on horizontal sections of the intact (left) and injured OEs (right) of
DMSO- (top) and JSI-124-treated (bottom) fish. Regardless of the treatment, in the
intact OE, HuC/D immunostaining labeled a restricted area, which corresponds to
the sensory region occupied by OSNs. In DMSO-treated fish, the pattern of HuC/D-
immunostaining in the injured OE at 5 dpl largely resembles the pattern of the intact
OEs. This appearance is consistent with previously described HuC/D immunostainings
observed in control samples at 5 dpl (Kocagdz, 2021) and indicates the almost complete
recovery of DMSO-treated injured OEs. The pattern and density of HuC/D* cells in
the JSI-124-treated injured OE on the other hand, did not resemble that of control
samples at 5 dpl (Kocagéz, 2021). HuC/D-immunostaining only labeled fragmented
patches of cell clusters predominantly located near to the inner edge of the sensory
region, rather resembling the HuC/D™ cell pattern of earlier time points after injury
(Kocagoz, 2021). As previously described, TrX treatment results in an almost complete
loss of HuC/D* OSNs in the OE at 1 dpl (Kocagoz, 2021), which was also observed
in experiments described above (Figure 4.7). Hence, the HuC/D immunostaining in

JSI-124-treated injured OE at 5dpl most probably labeled newly generated OSNs.
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Therefore, JSI-124-treatment appears to either slow down or to prevent the efficiency

of the OSN regeneration after TrX treatment.
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Figure 4.9. Effect of JSI-124 on regeneration. A. Immunohistochemistry against

HuC/D (cyan) on the intact and 5 dpl OE. B. The efficiency of OSN neurogenesis.

The results of the analysis of the effect of JSI-124 treatment on regeneration are
shown in Figure 4.9.B, which represents the normalized HuC /D™ areas of all groups. As
already recognized in the Figure 4.9.A, the majority of the OSNs in the DMSO-treated
injured OE were found to be regenerated. The area covered by HuC/D* OSNs reaches
70.8 + 4.2 % of intact OE values. As expected from the resemblance of the HuC/D-
staining pattern between DMSO-treated injured OEs (Figure 4.9.A) and previously
established control samples, the recovery rate appears in a range. In the range of that

was previously observed at the same time point (81.3 + 10.1%; Kocagoz, 2021).
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Full recovery of the injured zebrafish OE appears at the seventh day of regener-
ation at which it reaches too 97.4 + 7.4%, a value that is statistically similar to the
values off unlesioned controls. At 5 dpl, on the other hand, the difference betweeen the
intact and injured OEs of the DMSO group was found to be still significant (p = 6.0
x 107°; one-way ANOVA, post-hoc Tukey HSD, F (3 12) = 63.26).

In JSI-124 treated intact OEs, the area covered by HuC/D* OSNs found to
be not significantly different from the values of DMSO-treated fish (96.4 + 3.1%; p
= 0.9690; Figure 4.9.B). As expected from the observed fragmented appearance of
HuC/D immunostaining pattern in injured OE (Figure 4.9.A), only a small fraction
of the OSNs were found to be regenerated in JSI-124-treated animals (Figure 4.9.B).
The area covered by HuC/D*™ OSNs only amounts to 26.9 + 2.0% of intact DMSO
controls. This value corresponds to a percentage which was previously observed at 1 dpl
during the degeneration of OSNs following injury (Kocagoz, 2021). Since the recovery
rate was not analyzed previously between 1 dpl and 3 dpl, it was not possible to
identify the exact time point to which the JSI-124-treated injured OE shows similarity.
However, the area covered by HuC/D* OSNs may corresponds to a recovery rate that
is characteristic for a time point between 1 and 2 dpl (Kocagoz, 2021). Therefore,
it can be assumed that the pattern observed in JSI-124-treated injured OE might
represent a stage at which regeneration of OSNs has just started. Due to the technical
problems with BrdU labelling during this experiment, the proliferative activity could
not be determined in this experiment. Thus, it is not possible to discriminate between
OSNs that were newly generated and OSNs that sustained the injury. Nevertheless, the
recovery rate was dramatically decreased when fish were treated with JSI-124, which
accounts for a highly significant difference between the injured OEs of the DMSO- and
JSI-124-treated fish (p = 7.1 x 107?) and between the intact and lesioned OE of the
JSI-124 group (p = 7.3 x 10712).

In summary, inhibition of JAK/STAT by JSI-124, significantly reduces the effi-
ciency of OSN regeneration compared to DMSO controls. In order to further evaluate
the effect of JSI-124 treatment on OE regeneration, additional experiments including

the labelling of proliferative activity at early and late time points should be performed.
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These additional experiments would help to properly evaluate a possible relationship
between EGFR and JAK/STAT signaling. Regardless of the experimental errors and
limitations of the experiments, JSI-124 treatment results in a dramatic decrease in the
recovery rate to a similar extent as EGFR signaling inhibition by PD153035 (Figure
4.4.A). Considering this similarity, EGFR and JAK/STAT signaling seems to con-
tribute to related events during OE regeneration. Therefore, an interaction between

these two pathways during the progression of a regenerative response could be assumed.

4.3. Activation Pattern of JAK/STAT Signaling in the Intact and Injured
OE

In order to investigate whether JAK/STAT signaling is activated in the OE under
physiological conditions or during regeneration, immunoreactivity against the phos-
phorylated STAT3 protein (pSTAT3) was probed on intact and injured OE samples
(n=1 fish). Following nasal irrigation with 1% Tr X-100, fish were incubated in BrdU-
containing tank water for 24 h and transferred to regular tank water for another 24 h
incubation. Afterwards, the OEs were dissected at 48 hpl and immunostained against
pSTATS3, Sox2, and BrdU. The experimental time point of 48 hpl was chosen for anal-
ysis because the tissue integrity is severely compromised at 24 hpl and did not sustain
the harsh antigen-retrieval treatment that was required for the pSTAT3 staining in

preliminary trials.

Figure 4.10 and Figure 4.11 depict the representative images of the immunohisto-
chemistry against pSTAT3- (green), Sox2- (red), and BrdU (blue) on the intact (Figure
4.10) and injured OE (Figure 4.11). The B panels of both figures depict the selected
higher power views of the pSTAT3 immunostaining pattern for selected ROIs, which
represent the sensory region of the OE as determined by the multi-layered and apically
intrusive Sox2-labeling pattern at the transition between the sensory OE and the SNS
as previously described (Demirler et al., 2020; Demirler, 2021). In both the intact and

injured OE, pSTAT3 generally labeled the cytoplasm.
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Some labelled areas were identified as clusters of cells which showed a larger
morphology that most likely includes multiple cells. When examined carefully, some
pSTAT3™ profiles could be observed with multiple nuclear spaces that were elongated in
both horizontal and/or vertical axes (Figure 4.10.B, asterisk). During repair, pSTAT3™"
cell profiles presented with enlarged globular morphologies with possibly multiple nu-
clear spaces along the radial axis of the tissue (Figure 4.11.B, asterisks). However, the
close proximity of pSTAT3™ profiles to each other made it difficult to identify individ-
ual cells. The structures which did not show these indications and could be identified

as individual cells are indicated with arrowheads in both Figure 4.10 and 4.11.

As described above, inhibition of JAK/STAT signaling results in reduced or de-
layed OSN regeneration (Figure 4.9). On the other hand, the effect of JAK/STAT
signaling inhibition on cell proliferation and the OFE regions affected by the inhibition
could not be determined. Thus, the identity of cells in which JAK/STAT signaling
is active still remains elusive. The initial hypothesis was that JAK/STAT signaling
may be active in HBCs. HBCs in the zebrafish OE co-express Krt5, tp63, and Sox2,
of which Krt5 and tp63 are exclusively expressed by HBCs (Demirler et al., 2020;
Kocagoz, 2021). However, the possibility that cells in which the JAK/STAT signal-
ing is active are different from HBCs also exists and could comprise injury-induced
GBC-like cells. Although anti-Sox2 staining labels multiple non-neuronal cell popula-
tions in addition to HBCs, the various morphological and positional characteristics of
Sox2-postive cells allows for the discrimination between different cell types (Demirler
et al., 2020; Demirler, 2021). Therefore, co-immunolabelling against Sox2 expression

was performed in an attempt to identify cells in which JAK/STAT signaling is active.

The arrowheads in Figure 4.10.B and Figure 4.11.B indicate pSTAT3" and |,
pSTAT3*/ Sox2*, pSTAT3"/BrdU*, and pSTAT3" / Sox2*/ BrdU™ individual cells
which are located in sensory region. Together with HuC/D™ OSNs, Sox2" cells com-
prise nearly all cell types in the sensory OE, except for a few, supposedly intermediate
neuronal precursors and/or immature neurons which are neither Sox2* nor HuC/D™

and preferentially locate to the ILC and SNS in intact OE (Demirler et al., 2020).



67

As previously shown, Sox2™ cells comprise Krt5t HBCs with horizontally elon-
gated nuclear morphology at the basal layer, Ascll+ GBCs that are more globular and
which are located in suprabasal layers at the ILC and SNS, and CKII+ SCs that show
vertically elongated columnar nuclear morphologies in suprabasal layers throughout
the sensory OE (Demirler, 2021). In this experimental setup, BrdU™ cells indicate
both activated stem/progenitor/precursor cells in the first 24 h and also their progeny
generated during the entire 48 h period. Figure 4.10.C and Figure 4.11.C shows the
ROIs indicated in B parts of the figures and include the cell populations representing
the majority of the pSTAT3+ cell profiles observed in the sensory region of the intact
and injured OEs.

In the intact OE, pSTAT3+ cells are found largely to be located in the ILC,
the SNS, and the non-sensory region. Occasional cells can also be seen in the core-
sensory OE (Figure 4.10.A). Overall, the distribution of pSTAT3+ cells resembled the
distribution of proliferative cells in the intact OE, which were previously described
in the experiments detailed above. The pSTAT3+ cells in the sensory OE generally
occupied basal portion of the epithelium as shown in the Figure 4.10.B, which are
generally occupied by stem, progenitor, precursor and immature neurons (Bayraml,
2016; Demirler et al., 2020; Kocagoz, 2021; Demirler, 2021). However, a few cells
with more apical orientation could also be detected in different tissue sections which
are not shown here. The cells occupying the sensory OE were found to have various
morphologies. The majority of the cells appeared to be globular, but some cells with
horizontally elongated morphology or with irregular profiles could also be observed
(Figure 4.10.C). Together with their biased distribution towards proliferative zones,
their basal orientation, and their predominantly globular or horizontal morphologies
strongly suggest that pSTAT3-positive have stem/progenitor and/or immature OSN

cell identities in the intact OE.
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Figure 4.10. JAK/STAT signaling is active in the intact OE. A. Activity pattern. B.
Co-localization of pSTAT3- (green) positive cells with Sox2- (red) and BrdU- (blue)
cells. C. Images of the selected cell clusters. Scale bars: 100 pm (A, B), 10 pm (C).
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Among the pSTAT3" in the intact sensory OE, all the possible combinations of
single-, pSTAT3' /Sox2* or pSTAT3" /BrdU* double-, and triple (pSTAT3" /Sox2*
/BrdUT) cells could be identified. However, single-positive cells accounted for majority
of pSTAT3" cells (Figure 4.10.B). A small portion of pSTAT3" cells in basal layer
were also Sox2", indicating HBC- and GBC-like cells as a small subpopulation of cells
with active JAK/STAT signaling. These results show JAK/STAT is active mainly in
neuronal progenitor, precursor and/or immature OSNs. In addition, low co-localization
with BrdU indicates a higher probability of immature OSN identity, since neuronal
progenitor and precursor cells have a constant base proliferative activity which would
be expected to be captured during the incubation period. However, it should also be
noted that, BrdU appears to label only a low number of cells compared to BrdU staining
applied on equivalent intact OE samples that have not been subjected to the antigen
retrieval protocol. Thus, BrdU labeling in this procedure may underrepresent the actual
numbers of proliferative cells or their progeny with activated JAK/STAT signaling and

leaves the possibility of these cells to have progenitor or precursor identities.

In the injured OE, the distribution of pSTAT3" cells in the sensory region ap-
pears to be less defined. More cells and cell clusters also appear in the core-sensory
region compared to the largely bimodal distribution of pSTAT3™ cells biased towards
the ILC and SNS in the intact OE (Figure 4.11.B). This observation is consistent with
identities of pSTAT3" cells suggested above, since activated HBCs give rise to these
cell types across all positions of the sensory OE upon injury (Kocagoz, 2021). Injury,
by inducing an increase in the number of BrdU" cells in the core-sensory region, re-
models the bimodal distribution observed in the intact OE and results in a homogenous
distribution of proliferative activity (Kocagoz, 2021; Kocagoz et al., 2022). It is possi-
ble that distinct cell types would have active JAK/STAT signaling in the injured OE.
Therefore, the increased occurrence of pSTAT3" cells in the core-sensory region might
also suggest a relationship between JAK/STAT signaling and injury-induced activation
of proliferative activity. Thus, single pSTAT3" cells, which form the majority even in
damage condition, eliminates the possibility of HBC- or Sox2-expressing GBC-like cells
to have active JAK/STAT pathway.
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Since the same antigen retrieval protocol was applied, the relatively low BrdU
labelling also occurs in the injured OE samples. Low labelling appears in all sam-
ples which were subjected to antigen retrieval protocol, however, when compared to
corresponding equivalent samples, the problem was observed to be more severe in the
injured OE, probably caused by the additional decomposition of the tissue resulting
from the TrX treatment. In addition, as seen in Figure 4.11.C, pSTAT3" cells appear
to be slightly more apically located in the injured OE compared to the intact OE. This
observation is consistent with an assumed neuronal progenitor or immature neuron
cell identity since Ascll™ cells, which represent their common parental origin, are also

found in more apical layers in the injured relative to the intact OE (Kocagdz, 2021).

According to their morphology, radial position, apicobasal localization and Sox2-
expression, pSTAT3™ cells seem to represent neuronal progenitor, precursors and/or
immature neurons in the intact OE. The increased occurrence in the core-sensory region
and the transition from mainly basal to more apically located cells observed with active
JAK/STAT signaling pathway upon injury is consistent with these proposed identities.
However, is mainly indicative of the proliferative activity in the OSN lineage in the ze-
brafish OE. Exact identities of these cells could only be determined with additional spe-
cific cell identity markers, which can withstand the antigen retrieval protocol. On the
other hand, the general lack of Sox2-positive cells with active JAK/STAT pathway sug-
gests that these cells are definitely not HBC or cells of the early GBCs lineage. Initial
findings show that human-recombinant HB-EGF increases cell proliferation from basal
cell layers in the core-sensory OE that are occupied by HBCs (Kocagoz, 2021; Sireci
unpublished), that egfra expression localizes to HBCs (Guler, master’s thesis). These
different distributions of pSTAT3™" cells largely reject the hypothesis that JAK/STAT
signaling directly works downstream of HB-EGF/EGFR signaling in HBCs.
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Figure 4.11. JAK/STAT signaling is active in the 2 dpl OE. A. Activity pattern. B.
Co-localization of pSTAT3- (green) positive cells with Sox2- (red) and BrdU- (blue)
cells. C. Images of the selected cell clusters. Scale bars: 100 ym (A, B), 10 ym (C).
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4.4. Activation Pattern of JAK/STAT Signaling Upon Stimulation with
human recombinant HB-EGF

HB-EGF and EGFR signaling seem to act directly on HBCs, while the majority
of pSTAT3+ cells seem to represent a cell population that is distinct from HBCs.
Nevertheless, activation of JAK/STAT signaling is necessary for a full regeneration
response. Thus, even though the two signaling pathways may not be active in the same
cell, they may be involved in the activity of cells at different stages within the same
lineage. To examine whether soluble HB-EGF induces the activation of JAK/STAT
signaling, an experiment was designed in which one OE (n=1) was stimulated with
intranasal administration of 200 ng/pl human recombinant HB-EGF dissolved in 0.1%
BSA/PBS for 20 minutes in two consecutive days and the other nose was kept as a
control. After the second HB-EGF administration, fish were immediately incubated
in BrdU-containing tank water for 24 h to label cells which are activated in response
to HB-EGF stimulation. Afterwards, OEs were dissected immediately at 24 h post
administration (hpa) and analyzed for pSTAT3, Sox2 and BrdU-immunoreactivity.
Experimental time of analysis was chosen as 24 hpa since this was the earliest time point
at which the effect of HB-EGF-stimulation has been analyzed previously (Kocagoz,
2021).

Figure 4.12.A depicts the representative images of the pSTAT3- (green), Sox-2-
(red) and BrdU-immunostaining (blue) on the control (top) and HB-EGF-stimulated
hemi-OEs (bottom). Surprisingly, even though the same staining protocol was applied,
the quality of the pSTATS3 staining appears to be very low compared to the same
staining on intact and injured OEs (Figure 4.10 and 4.11). The total of 40 minutes
incubation of fish outside of water during the HB-EGF-stimulation might be probable
reason of low staining quality by causing tissues to dry unintentionally. Figure 4.12.B,
depicts the selected higher power view of the pSTAT3 staining pattern for selected
ROI which represent the sensory region of the OE as determined by exploiting the
transitioning pattern of Sox2-labelling as previously described (Demirler et al., 2020;

Demirler, 2021).
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Arrowheads in Figure 4.12.B indicate pSTAT3", pSTAT3"/ Sox2*, pSTAT3"/
BrdUT and pSTAT3"/Sox2*/BrdU™ cells located in the sensory region of the intact
OE, respectively. The signals which could not be identified as individual cells due to the
low staining quality in control and HB-EGF-stimulated OE and due to the clustering

of cells in the injured OE are indicated with asterisks.

In the unstimulated control OE, pSTAT3" cells largely occupy basal layers and
majority appear biased towards the ILC and the SNS and occasional cells can be
seen in in the core-sensory region (Figure 4.12.B, left), similar to the intact OE
(Figure 4.10.B). However, their morphologies could not be directly compared due
to the low staining quality. Similarly, among all the existing populations of sin-
gle pSTAT3*, pSTAT3" /Sox2™, pSTAT3*/BrdU™ and pSTAT3" /Sox2* /BrdU™ cells,
single pSTAT3" cells seem to represent the majority of cells. Since the exact antigen
retrieval protocol is applied on these samples, BrdU also appears to label a low num-
ber of cells compared to equivalent samples of control and HB-EGF-stimulated OE

(Kocagdz, 2021), which were not subjected to antigen retrieval protocol, as expected.

Exogenous stimulation of the OE with recombinant HB-EGF seems to increase
the occurrence of pSTAT3" cells across a wider segment of the core-sensory region
while maintaining a bias towards the ILC and SNS region (Figure 4.12.A, bottom).
The increase in the core-sensory region somewhat resembles the increase observed in
the occurrence of pSTAT3™ cells with the injury (Figure 4.11.A) and is consistent
with the pattern of activation of cell proliferative after HB-EGF-stimulation at 24 hpa
as previously described (Kocagoz, 2021). The increase of pSTAT3* cells in radial
positions where HB-EGF-stimulation increases the proliferative activity is suggestive

of a functional relationship between HB-EGF activity and JAK/STAT signaling.
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Figure 4.12. HB-EGF stimulation activates JAK/STAT signaling. A. Activation
pattern. B. Co-localization of pSTAT3- (green) positive cells with Sox2- (red) and
BrdU- (blue) cells. Scale bars: 100 pm.
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Figure 4.12.B depicts selected higher power view of the pSTAT3 staining pat-
tern for selected ROIs, which represent the sensory region of the HB-EGF-stimulated
OE. To accurately compare the injured and HB-EGF-stimulated OE in the means
of JAK/STAT signaling activation, Figure 4.12.B also includes selected higher power
view of the injured OE sample (right) which was examined in the previous experi-
ment. Arrowheads in the Figure 4.12.B (middle) and (right) indicate single pSTAT3*,
pSTAT3* /Sox2", pSTAT3" /BrdU™ and pSTAT3" /Sox2" /BrdU™ cells located in the
sensory region of the HB-EGF-stimulated and injured OE, respectively. Different from
injured OE which shows slightly more apically located pSTAT3" cell populations com-
pared to control OE, all the populations seem to largely occupy basal layers in the HB-
EGF-stimulated OE. With HB-EGF-stimulation, the occurrence of pSTAT3™ cells can
be seen to be increased across all positions in the sensory region, with more pronounced
increases at the ILC and in the core-sensory region. The number of pSTAT3* /Sox2*,
pSTAT3*/BrdU*t and pSTAT3"/Sox2" /BrdU™ cells remain largely the same in the
HB-EGF stimulated OE compared to control. Therefore, the increase observed in the
number of pSTAT3™ cells with the HB-EGF-stimulation largely occur in the favor of

single pSTAT3™ cells similar to injury conditions (Figure 4.11.B).

As previously mentioned, HB-EGF-stimulation increases proliferative activity
across the OE, with a significant bias towards the core-sensory region (Kocagéz, 2021).
Since this region is exclusively occupied by HBCs in the intact OE, it has previously
been suggested that HB-EGF selectively regulates HBC activity (Kocagoz, 2021). How-
ever, this conclusion was not supported by simultaneous staining with markers for HBC
identity. HBCs in the zebrafish OE co-express Krt5, Sox2 and tp63 (Demirler et al.,
2020). In the core-sensory region, Sox2-expressing cells form two discernable layers.
With flattened HBC nuclei occupying the basal-most layer and vertically elongated SC
nuclei occupying suprabasal layers just above HBCs (Demirler et al., 2020). Therefore,
by profiting from this previously established differences, the identity of cells, which are

activated in response to HB-EGF stimulation, could be determined.
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Figure 4.13.A depicts the selected higher power views of the BrdU and Sox2 stain-
ing pattern for selected ROIs which represent the sensory region of the intact (left) and
HB-EGF-stimulated (right) OE. White arrowheads indicate BrdU* and Sox2* /BrdU™
cells. Yellow arrowheads indicate single BrdU™ cells in the Sox2/BrdU images. The
core-sensory region of the control OE shows a low number of BrdU™ cells, characteristic
of uninjured control conditions. This low proliferative activity was previously shown
to result in symmetric HBC divisions and to largely contribute to expansion of the
HBC pool in the zebrafish OE (Demirler, 2021). An almost complete co-localization of
BrdU with flattened Sox2* cell nuclei occupying the basal-most layer validates these
findings. Stimulation with HB-EGF increases the number of BrdU™ cells occupying
the core-sensory region at 24 hpa. The increased number of BrdU cells that co-localize
with Sox2 staining and occupy the basal-most layer suggests that HB-EGF activates
the HBCs. A low number of single BrdU™ cells also can be observed in the same region,

which are indicated with yellow arrowheads.

To further dissect the relationship between HB-EGF and JAK/STAT signaling,
co-localization of the cells which were activated in response to HB-EGF-stimulation and
cells in which the JAK/STAT signaling is active were evaluated in Figure 4.13.B. Yellow
arrowheads indicate BrdU™ cells in the core-sensory region and which were activated
in response to HB-EGF stimulation, while white arrowheads indicate pSTAT3* cells.
BrdU™ and the pSTAT3™ cells predominantly occupy the basal-most layer, however,

almost never co-localize.

In conclusion, exogenous human recombinant HB-EGF stimulation seems to in-
crease the occurrence of cells with activated JAK/STAT signaling in the core-sensory
region, however, not in cells that are directly responsive to HB-EGF. Cells that are
positive for pSTAT3 are induced in the core-sensory region with injury (Figure 4.11).
Exogenous human recombinant HB-EGF stimulates a similar increase in the number
of pSTAT3™ cells in the core-sensory region, many of which are observed to be sin-
gle pSTAT3" cells. Therefore, considering the similarities in the activation pattern
of JAK/STAT signaling upon injury and HB-EGF-stimulation, a relationship between
HB-EGF and JAK/STAT signaling during injury-induced repair might be suggested.
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However, different from TrX-treatment, HB-EGF-stimulation seems increase the num-
ber of pSTAT3" cells also in the ILC. One other difference appears in the apicobasal
position of pSTAT3" cells in the core-sensory region. While the pSTAT3™ cells appear
to be slightly more apically oriented in the injured OE, they almost exclusively oc-
cupy basal layers in the HB-EGF-stimulated OE. The differences might be suggested
to be the result of differences in the experimental time of analysis or the additional
structural changes accompanying the injury. The difference in tissue distribution of
HB-EGF-responsive cells and cells in which JAK/STAT signaling is activated suggests
that HB-EGF does not activate HBCs by JAK/STAT signaling. However, JAK/STAT

signaling appears to become activated during later stages of the HBC lineage.
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Figure 4.13. JAK/STAT signaling is not active in cells activated by HB-EGF. A. Cell
populations activated by HB-EGF. B. Co-localization of pSTAT3- (green) positive
cells with Sox2/BrdU- (magenta) double positive cells. Scale bars: 100 pm.
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5. DISCUSSION

In the work presented in this thesis, the individual roles of EGFR and JAK/STAT
signaling were investigated during OE maintenance and regeneration. Two sets of
experiments aiming at an understanding of whether signaling pathway inhibition in-
fluences injury-induced progenitor cell proliferation immediately after injury and/or
the regeneration of OSNs at 5 dpl were performed using small molecule inhibitors of
the EGFR and JAK/STAT signaling pathways. Inhibition of EGFR signaling with
PD153035 treatment resulted in a decrease in the rate of cell proliferation both in the
intact and injured OE. However, when the rate of OSN neurogenesis and the efficiency
of regeneration were analyzed, PD153035 treatment was found to predominantly pre-
vent injury-induced repair neurogenesis while only a minor decrease in the number of
newly generated OSNs could be identified during maintenance neurogenesis. Due to
technical problems with control animals, the effect of the JAK/STAT inhibitor JSI-124
on the rate of cell proliferation could not be determined with full certainty. Neverthe-
less, JSI-124 treatment significantly impaired OSN regeneration at 5 dpl and caused
a similar decrease in OSN recovery rate as EGFR inhibition. Thus, the inhibition
of EGFR and JAK/STAT signaling have common effects by preventing the unfold-
ing of a successful regenerative response in the zebrafish OE. Therefore, EGFR and
JAK/STAT signaling might be active in the same cell lineage and contribute to re-
lated events during repair neurogenesis. However, the exact cell types in which the two
pathways are active and the detailed mechanisms which are regulated by their activity

remain elusive.
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5.1. EGFR and JAK/STAT in Tissue Maintenance and Regeneration

During development in mammals, EGFR signaling plays fundamental roles in
embryogenesis and organogenesis of lungs, kidneys, heart, bone and epithelial tissues
(Chen et al., 2016). For instance, during preimplantation, EGFR signaling through
EGF and TGFa has been shown to regulate protein synthesis, cell number, and blas-
tocyte expansion (Hardy and Spanos, 2002; Richter, 2008; Zeng and Harris, 2014). In
lung development, EGFR null mice show reduced branching and defects in alveolariza-
tion (Miettinen et al., 1997). TGFa has also been demonstrated to be expressed during
kidney development and it has been suggested that EGFR signaling contributes to the
determination of the final number of nephrons and the maintenance of collecting duct
morphology (Goodyer et al., 1991; Rogers et al., 1992; Ishibe et al., 2009). In heart
development, EGFR activation via HB-EGF has been implicated in the differentiation
of valve mesenchymal cells (Iwamoto et al., 2003). While EGFR signaling has no di-
rect effect on the proliferation and differentiation of chondrocytes, it has been shown
to affect bone formation through interactions with receptor activator of NF-B (RANK)
and its ligand, and matrix metalloproteinases (Zhang et al., 2011). In addition, it also
controls the development of epithelial lining organs by directly regulating epithelial
cell proliferation and differentiation (Sibilia and Wagner, 1995; Threadgill et al., 1995;
Hansen et al., 1997).

Commonly, cellular processes, which are required for the proper development of
a tissue or organ, are also utilized during the maintenance of tissue homeostasis and
during repair. Hence, not surprisingly, EGFR signaling is also expressed in various
adult tissues and is involved in the preservation of tissue integrity as well as the recovery
from injury in adulthood (O’Loughlin et al., 1985; Poulsen et al., 1986; Beauchamp et
al., 1990; Stoll et al., 2001; Carver et al., 2002; Abe et al., 2009). Under physiological
conditions, EGFR is expressed in the adult skin, heart, gastrointestinal system, liver
and pancreas (O’Loughlin et al., 1985; Poulsen et al., 1986; Beauchamp et al., 1990;
Stoll et al., 2001; Carver et al., 2002; Abe et al., 2009). In the skin, the keratinocyte
stem cells express EGFR (Mascia et al., 2003 ) and their self-renewal and survival is

regulated by EGFR ligand Amphiregulin (Peipkornn et al., 1996; Noma et al., 2007).
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In the heart, activation of 1-adregenergic receptors causes EGFR transactivation, which
promotes survival of cardiac myocytes (Noma et al., 2007). Hepatocytes of the liver
express high levels of EGFR and TGFa acts as a major regulator of their proliferation
(Carver et al., 2002). In the gastrointestinal system, EGFR attains proliferative and
anti-apoptotic roles in the gut via multiple ligands. G protein-coupled peptide YY
neuropeptide receptor Y1 subtype activation stimulates EGFR signaling and promotes
proliferation of gut epithelial cells (Mannon et al., 2000). In addition, it has been shown
that glucagon-like peptide-2 secretion by enteroendocrine cells stimulated by nutrient
ingestion also promotes EGFR activation by increasing the expression of the EGFR
ligands, Epiregulin, Amphiregulin and HB-EGF, which further stimulates proliferation
by suppressing apoptosis of crypt cells (Yusta et al., 2009). Lastly, in the pancreas,
while EGFR activation via Amphiregulin, Betacellulin, EGF and HB-EGF stimulates
the proliferation of all pancreatic cell types and result in organ growth (Ohlsson et
al., 1997; Rescan et al., 2005; Wang et al., 2010), transactivation via glucagon-like
peptide-1 promote -cell proliferation (Buteau et al., 2003).

Although they share many similarities, tissue maintenance and repair differ vastly
in the nature of their response and the mechanism of their regulation. While tissue
maintenance contributes to the continuous turnover and survival of resident cell types,
tissue repair progresses as an acute response and ceases upon restoration of tissue
integrity. Different from tissue maintenance, an immune response is typically found
to accompany tissue repair in many cases (Fang et al., 2021). Therefore, regulation
of these separate processes by EGFR often requires distinct upstream and/or down-
stream signaling elements and regulation of tissue repair may additionally involve the
cross-talk between EGFR signaling and immune responses (Chen et al., 2016). It has
been demonstrated that the EGFR ligands, EGF, TGFa, and HB-EGF are generally
involved in tissue repair by regulating both regenerative and immune responses (Chen

et al., 2016).

The cellular mechanisms regulated by JAK/STAT signaling has been studied
best in Drosophila and subsequent work in vertebrates demonstrated the conservation

of JAK/STAT signaling during development, tissue maintenance and, regeneration.
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(Herrera and Bach, 2019). In the fly, activation of JAK/STAT signaling regulates the
survival of developing wing disc cells and stem cells of the adult testis via a common
mechanism of promoting the expression of the anti-apoptotic gene diapl (Hasan et al.,
2015; Betz et al., 2008; Recasens-Alvarez et al., 2017). In the mouse, the survival of
cells both in embryonic and adult tissues was shown to be reduced when components of
JAK/STAT signaling were disrupted (Yoshida et al., 1996; Onishi and Zandstra, 2015;
Kleppe et al., 2017). Expression of anti-apoptotic Bel-2 family genes was also shown to
be dependent on STAT in vitro (Catlett-Falcone et al., 1999. In Drosophila, increased
cytokine secretion and subsequent JAK/STAT signaling activation induces survival
and proliferation of cells during wing disc regeneration (Katsuyama et al., 2015; La
Fortezza et al., 2016). While a similar induction in the levels of IL-11 and IL-6 was
observed early during Xenopus tail regeneration (Tsujioka et al., 2017), deficiency of il-
6, its receptor gp130, or stat3 was shown to impair mouse liver regeneration (Cressman
et al., 1996; Taub, 2004). JAK/STAT signaling was also implicated in zebrafish, in
which its involvement was shown to be crucial for the proper regeneration of multiple
tissues, including heart (Fang et al., 2013), retina (Zhao et al., 2014) and inner ear
(Liang et al., 2012).

5.2. EGFR Expression in The OE

Prompted by initial in vitro studies showing stimulatory effect of the EGFR
ligands TNF and EGF on dissociated OE cells and organotypic OE cultures (Ma-
hanthappa and Schwarting, 1993; Farbman, 1994; Farbman and Buchholz, 1996), the
expression of EGFR in the rodent OE was examined in multiple studies in a pursuit
of identifying populations which are responsive to EGFR ligands. Utilizing in situ
real-time polymerase chain reaction, EGFR mRNA was found to be localized to basal
OE layers. While mRNA expression in a layer of two to three cells at basal of the
OE suggested that both HBCs and GBCs express EGFR, (Krishna et al., 1996), sub-
sequent studies have shown EGFR is almost exclusively expressed by HBCs at protein
level (Holbrook et al., 1995; Chen et al., 2020). However, low level EGFR protein ex-
pression could also be detected in the apical-most layer (Holbrook et al., 1995), which
is tightly packed with SC cell bodies in the rodent OE (Vogalis et al., 2005).
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Preliminary studies from our group on egfra (erbbl) expression by in situ hy-
bridization showed that egfra expression also localizes to basal and apical layers in the
intact zebrafish OE (Giiler, 2021). The expression of egfra in the basal layers showed
a high degree of co-localization with tp63, which is exclusively expressed by HBCs
(Demirler et al., 2020). However, a low number of egfra-expressing tp63-negative cells
could also be detected in the basal OE. Therefore, HBCs seem to form the majority
of EGFR-expressing cells , however, a small number of GBCs or immature neurons
might also be included (Gdiler, 2021). Due to their inverted morphology, SC cell bodies
occupy suprabasal layers in the zebrafish OE rather than forming an apical layer. The
apical layers on the other hand, is almost exclusively occupied by OSN cell bodies
(Demirler et al., 2020). Accordingly, egfra expression in apical layers was found to
often co-localize with HuC/D, showing that a subpopulation of mature OSNs may also
express egfra. The nature and exact identity of these cells, however, remains obscure.
Suprabasal layers, on the other hand, were found to be negative for egfra expression,
suggesting that, different from the rodent OE, SCs in the zebrafish OE do not express
EGFR.

5.3. pSTAT3 Expression in The OE

JAK/STAT signaling functions as a transducer of several cellular signals down-
stream of the activation of various cell surface receptors (Bousoik and Montazeri Ali-
abadi, 2018). Activation of the receptor causes phosphorylation and activation of JAKs
(Rawlings et al., 2004). Subsequently, JAKs phosphorylate each other and STATSs
(Rawlings et al., 2004). Phosphorylation, in addition to certain other types of post-
transcriptional modifications cause STATSs to become activated and to dimerize (Yuan

et al., 2005; Rebe et al., 2013).

Immunostaining against pSTAT3 in the zebrafish OE labels the cytoplasm of
structures, which were identified as isolated clusters of cells that include a collection of
cellular morphologies under both physiological and injury conditions. While the ma-
jority of pSTAT3™ cells present with a round morphology, different cell morphologies,

for example flattened or irregular profiles, could also be seen.
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HBCs in the zebrafish OE have a flat morphology, which can be visualized by
cytoplasmic staining against Krt5 or nuclear staining against Sox2 and tp63 (Demirler
et al., 2020). Although not as well defined as the HBCs, due to the lack of cytoplasmic
markers that are specific to the GBC lineage in zebrafish, Sox2- and Ascll-expressing
GBCs have more spherical morphologies in comparison to HBC-like cells as implicated
by their round-shaped nuclei (Demirler et al., 2020, Kocagéoz, 2021). In addition to
GBCs, a spherical morphology is also characteristic for other cell populations in the

zebrafish OE, such as OSNs and SC-like cells (Demirler et al., 2020).

In the intact OE, pSTAT3+ cells are mainly observed at the ILC and SNS and
occasional cells can be seen at random positions across the core-sensory region. Inter-
estingly, these cells often form dense clusters of 3 to 10 cells that are tightly connected
to each other. In the rodent OE, proliferative activity of GBCs residing in basal layers,
give rise to OSNs across all positions of the OE under physiological conditions and
result in a homogenous pattern of mitotic activity (Schwob, 2002). Different from the
rodent OE, generation of new OSNs takes place at specialized proliferation zones at the
ILC and SNS in the intact zebrafish OE where Ascll- and Sox2-expressing GBCs reside.
The core-sensory region on the other hand, is completely devoid of GBCs in the ab-
sence of injury and shows no or only little neurogenic mitotic activity (Kocagoz, 2021).
However, a small number of HBCs were also found to contribute to low but persistent
proliferative activity in more central OE positions (Demirler, 2021). Including non-
neurogenic mitotic activity in the nonsensory OE, the zebrafish OE shows a bimodal
distribution of proliferative cells, which peaks around the ILC and SNS /nonsensory bor-
der (Bayramli et al., 2017). From this perspective, the expression pattern of pSTAT3
resembles the bimodal distribution of proliferating cells and suggests a relationship

between pSTAT3-positive cells and GBCs.

In contrast, pSTAT3" cells randomly occur at radial dimensions of the injured
sensory OE during regeneration. Following injury, OSN regeneration takes place across
the entire OE with the novel occurrence of increased neurogenic mitotic activity in the
core-sensory region (Kocagoz, 2021). The core-sensory is occupied by dormant HBCs,

which only self-renew to maintain the availability of their pool in the absence of injury.
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After injury, HBCs become activated and generate a transient population of GBCs that
restore the OSN population (Kocagoz, 2021). The resemblance between the transitions
that occurs in the pSTAT3 staining pattern and the induction of mitotic activity further
support a possible relationship between pSTAT3 expression and mitotic activity in
GBCs. However, it is not certain at this time whether pSTAT3 occurs in stem and/or
progenitorcell populations to work in a direct way to induce their proliferation or in
non-stem cell populations to indirectly stimulate the activity of stem and/or progenitor

cells.

In the zebrafish sensory OE, different cell types are preferentially distributed
within different apical to basal layers. While the apical layers are largely occupied by
the cell bodies of different types of HuC/D-expressing mature OSNs; basal layers harbor
multiple types of non-neuronal cells. Just underneath the layers formed by OSNs, Sox2-
and cytokeratin type II-expressing SCs occupy suprabasal layers (Demirler et al., 2020).
In contrast, the basal most layer of the sensory OE is occupied by Krth-, Sox2- and
tp63-expressing HBCs (Demirler et al., 2020). In addition, Sox2- and Ascll-expressing
GBCs can be found slightly more apically oriented and just above the HBCs at the
ILC and SNS in the intact OE or across the entire sensory OE after injury (Kocagoz,
2021). The heterogeneous populations of Sox2- and HuC/D-expressing cells together
comprise almost every cell type residing in the sensory OE (Demirler et al., 2020).
However, a very small number of cells that do not express either Sox2 or HuC/D can
also be observed around the ILC and SNS, supposedly representing a transient neuronal
precursor subpopulation of the late GBC lineage or immature neurons which lost their
Sox2 expression but have not fully matured into OSNs (Demirler et al., 2020). In both
the intact and injured OE, only a few basally oriented pSTAT3-expressing cells can be
seen to express Sox2, indicating that HBCs and GBCs comprise only a small fraction of
the cell populations labeled by pSTAT3. The identity of the majority of pSTATS3 cells
remains unknown but could overlap with transient neuronal progenitor cells or early

immature neurons based on the absence of marker expression and their basal positions.

One possibility to discriminate between neuronal progenitor cells and immature

neurons could be examine their proliferative activity through labelling with markers.
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Cells that label positive for pSTAT3 shows very little co-localization with the prolif-
eration marker BrdU. However, antigen retrieval methods were used to successfully
visualize pSTAT3+ cells, which appears to reduce the number of BrdU-positive cells.
Thus, co-localization of pSTAT3 and BrdU may have been underestimated in this
study. Utilizing different methods for labelling of proliferative activity, which sustains
antigen retrieval conditions, might help to further characterize the proliferative state
of pSTAT3-positive cells directly. In addition to usage of different labelling meth-
ods, co-staining with markers for the different stages of neuronal commitment, such
as NeuroD1 and Neurogenin-1 could also help to further dissect the exact identity of
pSTAT3-expressing cells. Nevertheless, preliminary observations described in this the-
sis, strongly suggest that pSTAT3-positive cells include late neuronal precursor cells

and immature neurons.

5.4. Maintenance vs Repair

The zebrafish OE has the ability to undergo continuous turnover of OSNs (Bayra-
mli et al., 2017) and to regenerate rapidly after acute injury (Kocagoz, 2021). This
ability is based on the presence of a dual stem cell system that is comprised of GBC
and HBCs (Bayramli et al., 2017; Kocagoz, 2021). GBCs represent a heterogeneous
population of cells, whose continuous mitotic activity is responsible for the persistence
of maintenance neurogenesis in the intact OE (Bayramli et al., 2017). HBCs on the
other hand, are found dormant under physiological conditions and become activated in
response to injury and contribute to tissue repair (Kocagoz, 2021). In addition to their
dependence on distinct stem cell populations, maintenance and repair neurogenesis also
show distinguishable spatial patterns of mitotic activity (Kocagdz, 2021), which can
be used to discriminate between these two processes by analyzing the distribution of

mitotic activity across the OE under different tissue conditions.

The GBCs are found exclusively in basal and suprabasal layers of the dedicated
zones of maintenance neurogenesis at the ILC and the SNS region in the intact tissue
(Kocagoz, 2021). The HBCs on the other hand, are located at the basal-most layer

across all positions of the whole sensory OE (Kocagoz, 2021;Demirler et al., 2020).
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While the continuous mitotic activity of GBCs generates peaks of cell proliferation at
ILC and SNS (Bayramli, 2015; Bayramli et al., 2017), the core-sensory OE is largely
devoid of mitotic activity because of the dormant state of HBCs under physiologi-
cal conditions (Bayramli, 2015; Kocagoz, 2021). Continuous mitotic activity at ILC
and SNS and the low mitotic activity in the core-sensory OE, collectively generate a
bimodal distribution of proliferative cells in the sensory OE (Bayraml, 2015). Upon
injury, HBCs become activated and result in a homogenous distribution of proliferative
activity across the entire sensory OE, which is characterized by a dramatic increase
in proliferative activity across the core-sensory OE (Kocagoz, 2021). The differential
proliferative activity pattern of maintenance and repair neurogenesis allows to discrim-
inate between the GBC and HBC activity without the need of additional markers.
While selective changes in proliferative activity at the ILC and SNS can be interpreted
as an effect on GBC-driven maintenance neurogenesis, changes in the core-sensory OE
could be interpreted as activation of HBCs and repair neurogenesis (Calvo-Ochoa et

al., 2021).

Intranasal administration of human recombinant HB-EGF was previously shown
to significantly increase cell proliferation and OSN neurogenesis in the core-sensory
region (Kocagoz, 2021). The observation that HB-EGF activates Sox2-expressing cells
occupying the basal-most layer of the core-sensory OE, which is exclusively occupied
by HBCs but not GBCs (this study), supports the hypothesis that HB-EGF activates
dormant HBCs and stimulate repair neurogenesis. HB-EGF signals through EGFR
(ERBB1 homodimer) and ERBB1/ERBB4 heterodimers (Paria et al., 1999; Iwamoto
et al., 1999). Injury selectively upregulates the expression levels of only one member of
the EGF receptor family, ERBB1 (Kocagoz, Demirler, and Fuss, unpublished). In order
to investigate whether HB-EGF uses the EGFR/JAK/STAT signaling path to induce
the activation of HBCs, the effects of EGFR and JAK/STAT signaling inhibition on
maintenance and repair neurogenesis has been investigated by utilizing small molecule

inhibitors of EGFR and JAK2/STATS3 signaling in the work presented in this thesis.
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While EGFR inhibition by PD153035 treatment results in a decrease in overall
proliferative activity in the intact OE after a 1 d incubation period, no difference could
be detected in the total number of newly generated cells after 5 d. The discrepancy
between the early and late time points could result from insufficient inhibition of EGFR
signaling by PD153035 since the fish received the inhibitor only at the beginning of
the 5 d analysis period. The inhibitory effect of PD153035 on the intact OE is selec-
tively seen on proliferative activity around the SNS after 1 d incubation period. In
contrast, no significant decrease was observed in the proliferative activity of the ILC.
This difference among the response of the ILC and SNS to the inhibitor suggests an
internal heterogeneity among the neurogenic niches of the ILC and SNS, which renders

the proliferative activity of the SNS region more susceptible to EGFR inhibition.

For instance, the ILC and SNS have been shown to be non-equivalent in their
proliferative activity (Bayramli et al., 2017). Markedly, the neuronal progeny generated
in those regions have been shown to have different propensities for OSN subtypes and
odorant receptor gene choice. From these findings, it has previously been suggested that
the ILC and SNS may contain different subtypes of stem cells contributing preferentially
to microvillus and ciliated OSNs. Despite the lack of evidence, this observed selective
effect might also suggest a difference in the EGFR expression of GBCs occupying the
ILC and SNS regions. In this context, GBCs which are exclusively located at the SNS
but not in ILC may express EGFR, which selectively regulates their activity.

However, another argument that could be put forward to explain the observed
difference to EGFR inhibition may be technical and results from the looser definition
of SNS region compared to the ILC. The analysis of the positions of BrdU* cells was
performed on the selected rectangular ROIs of the OEs. Due to the curved nature of
the OE, the length of the epithelial folds that are included in the ROIs differ slightly.
Since ILC regions of the different epithelial folds are generally located at approximately
identical positions relative to the midline raphe, it can be accurately identified and
consistently scored by the radial index system. In contrast, location of the SNS and
the nonsensory region vary between differently sized epithelial folds and could cause an

error when positions of marker-positive cells are projected onto horizontal dimensions.
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This inaccuracy may contribute to the observed difference in the inhibitory effects of
PD153035 between the neurogenic zones at the ILC and SNS. Repetition of the analysis
performed on normalized individual epithelial folds rather than areas including multiple

folds of different length would help to accurately identify the positions of BrdU™ cells.

Although no difference in the total number of newly generated cells could be
observed after 5 d in PD153035-treated fish, the number of newly generated neurons
in the ILC was found to be decreased. Therefore, EGFR inhibition appears to af-
fect the ongoing maintenance neurogenesis. Interestingly, however, neither stimulation
with HB-EGF (Kocagoz, 2021) nor direct inhibition of HB-EGF (Sireci, unpublished)
was found to affect maintenance neurogenesis. Since HB-EGF stimulation would be
expected to affect GBCs if they also express EGFR, the observed effect of PD153035
treatment on GBCs seems to be not related with the inhibition of EGFR. PD153035
inhibits the activation of EGFR by preventing the autophosphorylation of ERBB1 (Fry
et al., 1994). Therefore, the observed decrease, rather suggested to be resulted from
the residual effect of PD153035 on other certain members of the EGFR family since
ERBBI1 also forms heterodimers with different ERBBs which do not have affinity for
HB-EGF (Yarden and Sliwkowski, 2001). In fact, ERBB1 was also shown to be capable
of forming heterodimers with RTKs from families that are different from the ERBB
family (Wheeler et al., 2008; Tanizaki et al., 2011; Iyer et al., 2016). Usage of different
inhibitors targeting different RTKs in similar experimental setups might help to further

understand the observed effect of PD153035 treatment on maintenance neurogenesis.

HBCs in the intact OE are quiescent (Kocagoz, 2021) and show very rare prolif-
erative activity (Demirler, 2021). The transition between maintenance and the repair
neurogenesis responses can be detected by the substantial increase in proliferative ac-
tivity in the core-sensory region that goes along with the injury-induced activation of
HBCs (Kocagoz, 2021). EGFR inhibition results in a dramatic decrease in the total
proliferative activity by 1 dpl. Therefore, it can be suggested that EGFR signaling
plays an important role in injury-induced stimulation of the proliferative activity of

HBCs.
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The low proliferative activity of HBCs in the intact zebrafish OE largely originates
from symmetric cell divisions contributing to their self-renewal (Demirler, 2021). In
response to injury, HBCs start to proliferate asymmetrically and generate GBCs in the
rodent (Schwob et al., 2017) and zebrafish OE (Kocagoz, 2021). GBCs, in turn, give
rise to neuronal and non-neuronal cell populations and repopulate the OE after injury
(Schwob et al., 2017). The unique appearance of Sox2- and Ascll-expressing GBCs in
the core-sensory region after injury, suggests that the proliferative activity of HBCs
in the injured zebrafish OE also includes asymmetric cell divisions (Kocagoz, 2021).
Therefore, the transition of the HBC cell divisions from symmetric to asymmetric

might be suggested to be one other important aspect of the injury-induced activation

of HBCs.

When the distribution profiles of newly generated cell populations in the intact
OE is analyzed, EGFR signaling inhibition is found to significantly increase the number
of newly generated non-neuronal cell populations that stain positive for the proliferation
marker BrdU but not for the neuronal marker HuC/D in the core-sensory region after 5
d incubation period. Although it is not possible to determine the exact identity of these
cell populations without the usage of additional markers, their appearance in the basal
OE suggests that they might be HBCs. Therefore, EGFR signaling inhibition seems
to stimulate the proliferation of HBCs in the intact OE. The lack of neuronal cells in
the injured OE in the presence of EGFR inhibition suggests that this expansion does
not result from the stimulation of asymmetric cell divisions. The appearance of this
expanded population resembling HBCs on the other hand, suggests that they might be
the result of an increased rate of symmetric cell divisions. Therefore, a dual role for
EGFR signaling in the stimulation of the proliferative activity and suppression of the

symmetric cell divisions of HBCs during repair neurogenesis could be suggested.

Despite the dramatic decrease in proliferative activity observed during 1 dpl, the
total number of newly generated cells at 5 dpl was found to be only slightly decreased
in response to EGFR inhibition. Considering similar discrepancy in the strength of
the inhibitory effect of PD153035 treatment observed in the intact OE, the inhibitor

treatment might have been insufficient over the entire time course of the experiment.
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Nevertheless, the contribution of these newly generated cells to neuronal pool was
found to be dramatically decreased. The number of newly generated non-neuronal
cells on the other hand, were found to be increased after EGFR inhibition. Since
this experiment did not include cell identity markers which could discriminate between
stem and non-stem cell populations, the exact identity of these increased number of
newly generated non-neuronal cells could not be determined. However, considering the
suggested effect of EGFR inhibition in preventing the activation of HBCs during 1 dpl,
the decreased number of recovered OSNs might indicate a delay in the regenerative
response resulting from postponing the initial generation of neuronal progenitor cells
to the later days which the inhibitor becomes ineffective. In this context, the increased
number of non-neuronal cells might represent HBCs which become activated with the
disappearance of the inhibitory effect and /or neuronal progenitor cells which could only

recently start to repopulate the OSNs.

Usage of additional cell identity markers but also examination of later time points
is essential to confirm the hypothesis that EGFR signaling results in a delay in the mat-
uration of OSNs. A variety of findings suggest the involvement of EGFR signaling in
the activation of HBCs both in the zebrafish (Kocagoz, 2021; Giiler, 2021; Sireci un-
published; this study) and in rodent OE (Holbrook et al., 1995; Chen et al., 2020).
However, although EGFR signaling inhibition caused a drastic decrease early in regen-
eration, it did not result in the complete loss of proliferative activity observed during 1
dpl (Figure 4.2) and proliferative activity observed during later phases of regeneration
resumed normally in the zebrafish OE (Figure 4.5.B). Since not the exclusive prolif-
erative activity of HBCs but the collective proliferative activity of all cell types were
examined, involvement of other cell types, which do not depend on EGFR signaling,

to repair neurogenesis might be suggested.
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However, even in the rodent OE, where the proliferative activity of HBCs was
exclusively examined, EGFR signaling inhibition does not result in a complete loss of
HBC activity and although their regeneration is delayed, OSNs eventually arise (Chen
et al., 2020). In order to understand whether the insufficient inhibition of EGFR
signaling or the involvement of other factors in their activation is the reason behind the
incomplete effects and to see to what extent the activity of other cell types overcome the
absence of HBC activity during regeneration, additional experiments including longer

time period inhibition of EGFR signaling should be performed.

JAK/STAT signaling inhibition with JSI-124 treatment results in an increase in
the total proliferative activity in the intact OE at the end of 1 d incubation period.
When the distribution profiles of proliferative activity in the intact OE was analyzed,
JAK/STAT signaling inhibition was found to significantly increase the proliferative
activity observed in the ILC. In contrast, proliferative activity at the SNS was found
not to be affected by JAK/STAT signaling inhibition. As mentioned above, the ILC and
SNS were suggested to contain different subtypes of GBCs (Bayramli, 2016). Similarly,
the differential effect of JAK/STAT signaling inhibition on the ILC and SNS might also
suggest the differential distribution of cell surface receptors that activate JAK/STAT
signaling in GBCs at the ILC and SNS. In this context, the proliferative activity of
GBCs occupying the ILC, which may have a denser expression of cell surface receptors,

can be suggested to be negatively by JAK/STAT inhibition.

Again, since selected rectangular ROIs but not individual epithelial folds were
used for the analysis of the positions of BrdU™ cells, a similar technical error in the
identification of the dimensions of the SNS region might have contributed to differences
in this experiment. In this context, the increased number of BrdU™ cells in the SNS
might be falsely assigned from cells within the non-sensory region. Repetition the
analysis on normalized individual epithelial folds may help to determine the exact

effect of JAK/STAT signaling inhibition on maintenance neurogenesis.

While EGFR and JAK/STAT signaling inhibition seems to have opposing effects

on maintenance neurogenesis, they found to similarly suppress the activity at 1 dpl.
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Therefore, the activity of EGFR and JAK/STAT signaling might suggested to con-
tribute to related events during repair neurogenesis. The results of the experiments
evaluating the effect of EGFR signaling inhibition on OE proliferation and neuroge-
nesis suggested the involvement of EGFR signaling in the activation of HBCs during
repair neurogenesis. However, when the proliferative activity of the core-sensory re-
gion was analyzed after JSI-124 treatment, no significant difference could be observed.
Therefore, it might be suggested that JAK/STAT signaling is not involved in the reg-
ulation of HBC activity directly. Yet, this problem rather seems to be resulting from
the unusual proliferative activity pattern of the control group. In contrast to the ho-
mogeneous distribution pattern which is regularly observed at 1 dpl (Kocagoz, 2021),
the control group exhibits a bimodal distribution pattern of proliferative activity which
peaks around the ILC and in an intermediate position between the core-sensory and

SNS region.

When a second set of control group was prepared in the pursuit of determining
if the unusual pattern observed in the first control group was an experimental error,
the characteristic homogenous distribution of proliferative activity was seen. However,
when the distribution profiles of the intact OEs of the second control group was com-
pared with the JSI-124 treated OEs, the distribution profiles of JSI-124-treated OEs
appeared as a flat line below the second control group, showing significant decreases
across all positions of the sensory OE. Thus, conflicting results regarding the effect of
JSI-124 treatment on maintenance neurogenesis were obtained. Therefore, although
no discrepancy observed in the distribution profiles of the proliferative activity, the
intact OEs of the first control group also seems to be affected from this suggested

experimental error.

Another technical difference is that during the preparation of the first and second
control group samples, different batches of the same BrdU antibody was used. Prob-
lems that occurred later in the BrdU labelling in other experimental with the same
antibody batch which was used for the preparation of the first control group, suggests

the existence of a problem in the BrdU labelling also in this experiment.
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When the intact OEs of the first and second control group was compared, the
total proliferative activity of the second control group was found to be much higher
without showing any discrepancy in the characteristic bimodal distribution pattern of
proliferative cells. The total number of BrdU™ cells observed in the second control
group appeared to be similar to the numbers observed previously in the intact OE
samples. Consequently, the numbers observed in the first control group also appears

to be much lower compared to the intact OE samples.

Therefore, the suggested experimental error seems to result from the low labeling
efficiency of BrdU cells in this particular experiment. This relatively low efficiency
seems to become even lower when the tissue integrity was compromised, resulting
in the formation of an unusual distribution pattern of proliferative activity observed
exclusively in the injured OEs. Since the same antibody batch was also used for
the preparation of the JSI-124-treated samples, the number of co-labelled cells may be
underrepresented. However, it is hard to determine the exact outcome of this inefficient
labeling in the JSI-124 treated samples since the tissue conditions resulting from the
JAK/STAT signaling inhibition, which might affect the severity of labeling problem
remains unknown. Collectively, these observations suggest that the results obtained
in this experiment are somewhat unreliable and the effect of JSI-124 treatment on the
intact and injured OE remains inconclusive. Repetition of the experiment is necessary
to identify the role of JAK/STAT signaling in the proliferative activity of maintenance

and repair neurogenesis.
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5.4.1. Source of EGFR Ligands and Stimulation

In rodent OE, EGFR is exclusively expressed by HBCs (Holbrook et al., 1995;
Chen et al., 2020) and the pharmacological inhibition of EGFR upon injury was shown
to significantly suppress the activation of HBCs and resulted in a decrease in their
proliferation rate (Chen et al., 2020). Expression of egfra in the tp63* cells (Giiler,
2021), suggests the existence of a similar role for EGFR signaling in the injury-induced
activation of HBCs. In the same study using EGFR inhibition, injury-induced cleav-
age of NrCAM by matrix metalloproteases was suggested to be the trigger for dormant
HBC activation through the activation of EGFR (Chen et al., 2020). Therefore, in
order to provide HBC activation selectively upon injury, the activation of EGFR de-
pends on a ligand which is selectively expressed or activated in the injured zebrafish
OE. Among the known ligands of EGFR, transcript levels of one of the paralogs of
HB-EGF, hbegfa, shows the strongest upregulation during injury along with signaling
components that are related to its activation (Kocagdz, 2021). Stimulation with human
recombinant HB-EGF increases the proliferative activity of cells (Kocagoz, 2021; this
study) which appears to include HBCs according to their position, apicobasal orienta-
tion, and marker expression (Demirler, 2021; Kocagdz, 2021; this study). Inhibition of
HB-EGF signaling in the injured OE on the other hand, through either direct inhibition
of HB-EGF by its sequestration (Mitamura et al., 1995; Dateoka et al., 2012) or by us-
age of broad spectrum MMP inhibitors, which prevent HB-EGF ectodomain shedding
(Higashiyama and Nanba, 2004), resulted in impaired proliferative activity (Kocagoz,
2021; Sireci, unpublished). The overlapping effects of EGFR signaling inhibition and
the activation and deactivation of the HB-EGF signaling on the proliferative activity
of regions occupied by HBCs suggest an interaction between HB-EGF and EGFR in
the injury-induced activation of HBCs in the regenerating zebrafish OE.
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5.4.2. Effect of EGFR Signaling Inhibition on OSN Neurogenesis

The proliferative activity of HBCs in the intact zebrafish OE largely contribute
to their self-renewal and was shown to be rarely neurogenic (Demirler, 2021). In
response to injury, HBCs proliferate and generate GBCs to repopulate the neuronal cell
populations of the OE after injury (Schwob et al., 2017). Similarly, the proliferative
activity in the injured zebrafish OE is also neurogenic and results from the unique
generation of Sox2- and Ascll-expressing GBCs from activated HBCs (Kocagdoz, 2021).
As discussed above, the decrease observed in the proliferative activity of zones occupied
by HBCs suggests that EGFR signaling might have a role in the activation of HBCs.
In order to gain further insight into the role of EGFR signaling in repair neurogenesis,
the overall neuronal regeneration efficiency and the contribution of the mitotic activity
observed during the 3 dpl to the newly generated neuronal populations found at 5dpl

upon EGFR inhibition were examined.

Under normal conditions, OE would regenerate 81.3 4= 10.1% of its OSNs by 5dpl
(Kocagoz, 2021). In PD153035-treated injured OEs, this rate only reaches up to 29.9 +
2.9 % and majority of the cells that are generated were found to be non-neuronal cells
(Figure 4.4). Due to the lack of cell type specific markers these cells comprising the
majority of the newly generated cell populations in the PD153035-treated OE could
only be identified as non-neuronal cells. Therefore, the possibilities of them to be
proliferative stem cells, undifferentiated cells, and also differentiated cell types other
than neurons will be discussed. Regardless of the identity of the newly generated cell
types, in contrast to the dramatic decrease in the proliferative activity that is seen upon
PD153035-treatment at 1 dpl, PD153035-treatment only resulted in a small decrease in
total proliferative activity at 5 dpl. Therefore, insufficient inhibition of EGFR signaling

also should be considered while evaluating the results.

Although the identity of single BrdU* cells cannot be determined, newly gener-
ated OSNs can clearly be seen to comprise majority of the BrdU™ cell populations at
5 dpl in controls. Therefore, at the normal pace of regeneration, activity captured at 3

dpl substantially contributes to the generation of fully differentiated cell types at 5dpl.
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If the non-neuronal populations observed in the PD153035-treated injured OE at 5dpl
are assumed to be proliferative stem cells and/or undifferentiated cells, a delay in the
maturation of newly generated cell types can be suggested. The process of regenerating
most OSNs takes three to five days in zebrafish OE (Bayramli et al., 2017). The second
day of the regeneration is when GBC progenitor cells are generated which can be iden-
tified by their Ascll and Sox2 expression (Kocagoz, 2021). The lack of the Ascll signal
in the OE at 1 dpl suggests that this time point defines the differentiation period of
HBCs into multipotent progenitor subpopulation of the GBCs. PD153035 treatment,
as indicated by the dramatic decline in the cell proliferation across all positions of the
sensory region in the injured OE at 1dpi (Figure 4.2), suppresses the progression of a
regenerative response to some extent. Therefore, by postponing the initial generation

of GBCs, PD153035 treatment might result in a delay in the maturation of OSNs.

If the non-neuronal cells comprise fully differentiated non-neuronal cells or ex-
panded HBC/GBC populations, then an additional role for EGFR signaling in lineage
commitment can be suggested. With the usage of multiple single cell techniques, it
has been shown that HBCs in the rodent OE acquire a common transitional state after
injury, which is unique to regeneration (Fletcher et al., 2018). However, as revealed by
gene expression profiles showing the enrichment of different sets of genes in different
subsets of HBCs, they start to show heterogeneity in their population early after their
activation. When the progeny generated from a subset of HBCs which express Hopx,
a transcription factor which is implicated to be related with intestinal land hair follicle
stem cell identity (Takeda et al., 2011), were traced by inducing HopxCreER 1 d post
MeBr lesion, the resulting population at 14 dpl were shown to be completely comprised
of sustentacular cells and neurons but not of self-renewing HBCs (Gadye et al., 2017).

As predicted, lineage committed cells occur early in the activated HBC populations

(Gadye et al., 2017).

The appearance of Ascllt GBCs in the core-sensory at 2 dpl (Kocagoz, 2021)
also suggests that HBCs which are committed to generate differentiated cell types also
occur early in the injured zebrafish OE. Therefore, if EGFR has a role in the regulation
of lineage commitment of some subsets of HBCs, it can be affected by the PD153035.
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Since EGFR inhibition by PD153035-treatment was shown to be decreased, it might
be assumed that EGFR has an additional role in neuronal lineage commitment in a
subset of HBCs. In the absence of Sox2, HBCs are found to be defective in neurogenesis
since they were not able to differentiate into neuronal lineage restricted GBCs and only
show self-renewal and give rise to sustentacular cells (Packard et al., 2016; Gadye et al.,
2017). Contrasting to its role in the rodent OE, Sox2 expression is mostly related to
maintenance and multipotency of stem cells in other tissues (Pevny and Nicolis, 2010).
In the SVZ, Sox2 is essential for the self-renewal of NPCs (Brazel et al., 2005; Kondo
and Raff, 2004). A positive feedback loop between EGFR signaling and Sox2 expression
was found to positively regulate their self-renewal capacity (Hu et al., 2010). Although
the function of Sox2 in OE is different from other tissues, similar feedback loop might

explain the observed selective decrease in the formation of neuronal populations.

5.4.3. Effect of JAK/STAT Signaling Inhibition on OSN Neurogenesis

Inhibition of JAK/STAT signaling with JSI-124 treatment also causes a signifi-
cant decrease in the efficiency of OSN regeneration of injured OEs, in which the area
covered by HuC/D* OSNs only reaches up to 26.9 + 2.0% of the control values. The
decreased number of HuC/D* OSNs was found to be in the range of values that were
previously observed between the 1 dpl and 3 dpl (Kocagoz, 2021). Once degeneration
is almost complete at 1 dpl, the OE starts to repopulate with OSNs, which result in the
recovery of 86.5 + 10.2% of the OSN populations by 3 dpl (Kocagoz, 2021; Kocagoz
et al., 2022). Thus, JSI-124 treatment seems to either completely prevent the regen-
eration of OSNs, in which only the degenerating OSN populations could contribute to
the relative area covered by HuC/D™ cells, or slowed down the recovery rate resulting

in a dramatic decrease in the number of newly generated OSNs.

Regardless of the state of the OSNs in JSI-124-treated injured OEs, the recovery
appears to be impaired. Therefore, the function of the JAK/STAT signaling in the
injured OE could be suggested to be contribute to regeneration of OSNs. Considering
the resemblance of the effects of PD153035 and JSI-124 treatment, a relationship be-
tween EGFR and JAK/STAT signaling during OE regeneration might be suggested.
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Due to the problems that occurred with the BrdU labelling, the effect of JAK/STAT
inhibition on the proliferative activity of zones dedicated to maintenance and repair
neurogenesis but also the proliferative activity of the cell populations which have ac-
tivated JAK/STAT signaling could not be determined. Thus, the underlying effect of
JAK/STAT signaling inhibition resulting in this dramatic impairment in OE regener-

ation remains unknown.

5.5. Are EGFR and STAT3 Active in the Same Cell Types?

Intranasal administration of human recombinant HB-EGF results in an increase
in the number of pSTAT3+ cells in the core-sensory region. The increased occurrence
of pSTAT3+ cells in the core-sensory region also occurs in response to injury and repre-
sents an important difference that is characteristic for the transition from maintenance
to repair neurogenesis. Observation of a similar transition in the pattern pSTAT3+
cells suggest a relationship between HB-EGF and JAK/STAT signaling in the reg-
ulation of regenerative neurogenesis. However, it is not certain if HB-EGF directly

activates JAK/STAT signaling as a downstream target to stimulate cell proliferation.

As previously discussed, the basal position and lack of Sox2 expression observed in
pSTAT3-positive cells suggest a neuronal lineage committed progenitor /precursor cell
or immature neuron identity for these cells. In addition to previous findings suggesting
the selective involvement of HB-EGF signaling in the regulation of repair neurogenesis,
human recombinant HB-EGF also has been shown to activate Sox2-expressing cells
located at the basal most layer of the sensory OE in the work presented in this thesis,
further supporting the idea that HB-EGF selectively activates dormant HBC-like cells.
Furthermore, the effects of EGFR inhibition on the cell proliferation and neurogenesis
suggests a role for EGFR signaling in the propagation of a regenerative response.
These findings collectively suggest that HB-EGF stimulated EGFR signaling activation
results in the selective activation of HBC-like cells in order to propagate a regenerative

respoinse.



99

Therefore, it can be concluded that JAK/STAT signaling does not work as a direct
downstream target of HB-EGF in HBCs. The observed increase in the activation of
JAK/STAT signaling in response to HB-EGF stimulation could be explained by the
generation of pSTAT3+neuronal lineage-committed cell subpopulation of GBC-like
cells resulting from the increased proliferative activity of HBC. Therefore, HB-EGF
might suggested to activate JAK/STAT signaling later in the HBC lineage.

5.6. Relationship with Other Niche Factors and Signaling Events

Both the persistence of maintenance and injury-induced propagation of repair
neurogenesis are complex in the way that they require the regulation of multiple cel-
lular and molecular events. The results showing the involvement of different signaling
pathways in the OSN lineage suggest a relationship between these pathways in order

to generate a collective action during different modes of neurogenesis.

To both preserve the dormant state during physiological conditions and to provide
the activation of a regenerative response, HBC activity must be under the control of
injury-specific cues. In the transcriptome analysis performed on intact and injured OE
samples, in addition to HB-EGF (Kocagoz, 2021, Sireci, unpublished), the cytokines
IL-6 and Leptin were also found to be uniquely expressed in the injured OE (Demirler,
2021). The stimulatory effect of human recombinant HB-EGF on the proliferation of
basally located Sox2 expressing cells (this study) and the stimulatory effect of IL-6 on
the HBCs (Demirler, 2021) suggests their synergistic relationship in the injury-induced
proliferative activity of HBCs. However, while the increased proliferative activity re-
sulting from the IL-6 largely contribute to the HBC pool expansion (Demirler, 2021),
HB-EGF stimulates neurogenic cell proliferations of HBCs (Kocagoz, 2021). Therefore,
HB-EGF might suggested to additionally promote asymmetric cell divisions of HBCs

contributing to their injury-induced activation.

Among the downstream signaling components which become activated through
the activation of EGFR signaling, the transcript levels of the components of MAPK
signaling show an injury-induced upregulation in the zebrafish OE (Demirler, 2021).
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Inhibition of MAPK signaling impairs the rate of cell proliferation and neurogenesis se-
lectively during repair neurogenesis (Dokuzluoglu, unpublished). Preliminary results of
the experiments evaluating the effect of the inhibition of PI3K-Akt signaling also impli-
cates impairments the cell proliferation observed during repair neurogenesis. Therefore,
HB-EGF might suggested to activate MAPK and PI3K-Akt signaling through EGFR

to transduce signals related to HBC activation.

Our research group previously identified the effect of Wnt agonists and antago-
nists on the sites of both maintenance and repair neurogenesis in zebrafish OE. Ex-
pression of -catenin localizes to the maintenance neurogenesis sites under physiological
conditions and the expression is found to be dispersed across the sensory OE dur-
ing regeneration (Eski, 2018). These findings and upregulation of the components of
Wnt signaling during the early phases of regeneration suggest a common role for Wnt
signaling in the activation of the proliferative activity of both types of stem cell popu-
lations located in the OE. Therefore, MAPK and PISK-Akt signaling together with the
downstream components of cytokine signaling might suggested to converge on Wnt/
-catenin signaling to stimulate the HB-EGF and IL-6-induced proliferation of HBCs
during repair neurogenesis. A similar observation has been made in the regenerating

zebrafish retina (Wan et al., 2014; Zhao et al., 2014).

5.7. Proposed Model

A dual stem cell system underlies the abilities of the zebrafish OE to facilitate
continuous turn-over of OSNs and regenerate fully after acute injury (Bayramli et al.,
2017; Demirler et al., 2020; Kocagdz, 2021). This dual stem cell system is comprised of
GBCs (Bayramli et al., 2017) and HBCs (Demirler et al., 2020; Kocagoz, 2021). GBCs
are found exclusively located in the ILC and SNS and their continuous proliferative ac-
tivity contribute to the turn-over of OSNs during maintenance neurogenesis (Bayramli,
2016; Bayramli et al., 2017). During maintenance neurogenesis, multipotent progeni-
tor populations of GBCs give rise to neuronal lineage committed GBCs. After the loss
of Sox2-expression, later in the lineage commitment, JAK/STAT signaling becomes

activated in neuronal lineage-committed GBCs.
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Figure 5.1. Proposed model of maintenance and repair neurogenesis.

Injury to the OE stimulates the expression and secretion of HB-EGF. HB-EGF
released from OE cell populations activate dormant HBCs via increasing their prolifer-
ative activity and stimulating their asymmetric cell divisions through EGFR signaling.
Activated HBCs start to generate multipotent progenitor GBCs. Later in the neuronal
lineage commitment, JAK/STAT signaling becomes activated in GBCs and regulate

the OSN regeneration during repair neurogenesis.
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APPENDIX A: Chemicals and Reagents

Table A.1. List of chemicals and reagents

Chemical / Reagent

Manifacturer

5- Bromo-2’- Deoxyuridine (BrdU)
BioChemica A2139, 0005

AppliChem, Germany

Anti-rabbit Alexa Flour® 555

Life Technologies, USA

Anti-mouse-HUC/D antibody, 1661237

Life Technologies, USA

Anti-mouse-phospho-STAT3 (Tyr708)
Antibody, D128-3

MBL Life Science, Japan

Anti-rabbit-Sox2 antibody

Life Technologies, USA

Bovine Serum Albumin (BSA)

New England Biolabs, USA

Calcium Sulfate (CaSQa)

Alfa Aesar, Germany

Dimethyl Sulphoxide (DMSO)

Sigma-Aldrich, USA

Hydrochloric Acid (HCI)

Merck, Germany

Human recombinant HB-EGF

R&D Systems, USA

JSI-124, 1571

Tocris, UK

Optimum Cutting Temperature

Compound (OCT), 4583

Sakura Finetek, USA

Paraformaldehyde (PFA), P6148-1kg

Sigma-Aldrich, USA

PD153035, SML0564

Sigma-Aldrich, USA

Phenol Red, A7615,01001

AppliChem, USA
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Table A.2. List of chemicals and reagents (cont.)

Potassium Chloride (KCI), P9541

Sigma-Aldrich, USA

Potassium Sulfate Monobasic (KH2PO4)

Sigma-Aldrich, USA

Sodium Bicarbonate (NaHCO3)

Aquatic Habitats, USA

Sodium Chloride (NaCl), S7653

Sigma-Aldrich, USA

Sodium Citrate Tribasic Dihydrate

Sigma-Aldrich, USA

Sodium Phosphate Dibasic

Sigma-Aldrich, USA

Triton X-100, A4975

AppliChem, Germany

Tricane (MS-222)

Sigma-Aldrich, USA

Trizma® Base, T6066

Sigma-Aldrich, USA

Tween®20, 11332465001

Roche, Germany

Table A.3. Solutions and Buffers

Buffer / Solution

Preparation / Content

10X PBS Stock Solution

Dissolve 80g NaCl, 14.4g NazPOa,
2.4g KH2PO4, and 2g KCl in
ddH20 to a final 1.0 L volume
Stir until the all the components
are dissolved
- Sterilize by autoclaving
- AdjustpHto 7.4




125

Table A.4. Solutions and buffers (cont.)

1IX PBST

Filtrate 100 ml 10X PBS solution
via vacuum filtration
Adjust final volume to 1.0 L by
adding ddH-.0

- Add 5 ml Tween-20

10X TBS Stock Solution

Dissolve 80.1g NaCl, 60.6g
Trizma® base, and 2.g KCl in
ddH-0 to a final 1.0 L volume

Stir until the all the components
are dissolved
- Sterilize by autoclaving
- AdjustpHto 7.4

IX TBST

Filtrate 100 ml 10X TBS solution
via vacuum filtration
Adjust final volume to 1.0 L by
adding ddH.0

- Add 5 ml Tween-20

1M Tris Buffer Solution

Dissolve 30.3 g Trizma® base in
ddH20 to a final volume of 250
ml.

- Adjust pHt0 9.0
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Table A.5. Solutions and buffers (cont.)

4% Paraformaldehyde (PFA) Solution

Add 4 g PFA in 75 ml ddH20
preheated to 60°C in water bath
To dissolve PFA, raise the pH by
adding a few droplets of NaOH
until a clear solution is formed
Add 10 ml 10X PBS and mix
until there is no precipitation

- AdjustpHto 7.4
Complete the solution to a final
volume of 100 ml by adding
ddH20

- Filtrate the solution using
vacuum filtration
- Store at 4°C

10 mM Sodium Citrate Buffer Solution

Dissolve 2.9g Na3sCsHsO7 in
ddH20 to a final volume of 1.0 L
- AdjustpHto 6
- Add 5 ml Tween-20

3% BSA Solution

Dissolve 3g BSA in 100 ml 1X
PBST solution
Mix well until a clear solution is
formed
Filtrate the solution with a 0.22
ul syringe filter
- Store at -20°C
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Table A.6. Solutions and buffers (cont.)

5% Goat Serum Solution

Heat inactivate the serum for 30
min at 56°C

Take 5 ml serum and complete the

volume to 100 ml with 1X TBST
and mix well
- Store at -20°C

1% Triton X-100 Solution

Add 10 p Triton X-100 to 790 pl
1X PBS and mix well
After the detergent is completely
dissolved add 200 pl Phenol Red
- Mix until you get a reddish

solution

10 mM PD153035 Stock Solution

Dissolve 5 mg PD153035 in 1250
ml DMSO

Mix to dissolve and heat briefly if
necessary

- Store at 4°C

1mM JSI-124 Stock Solution

Dissolve 1 mg JSI-124 in 1.94 ml
DMSO and mix to dissolve
- Store at -20°C

PD153035 IP Injection Solution

Take 10 pl of 10mM PD153035
Stock Solution and dissolve in 1X

PBS to a final volume of 30 ul

JSI-124 IP Injection Solution

Take 2 pl of I1mM JSI-124 Stock
Solution and dissolve in 1X PBS

to a final volume of 30 pl
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APPENDIX B: Disposable And Non-disposable Equipment

Table B. 1. List of disposable and non-disposable equipment

Equipment Manifacturer
-20°C Freezer Ugur, Turkey
-80°C Freezer, Farma 723 Thermo Elektron Corp., USA
4°C Room Birikim Elektrik, Turkey
Aguatic Habitats Pentair Aquatic Eco-systems, Inc., USA
Beaker IsoLab, Germany
Capillary glass (1.00 mm x 0.75 mm x 10*”) Warner Instruments, USA
Coplin Staining Jar with Cover VWR, USA
Confocal Microscope, SP5-AOBS Leica Microsystems, USA
Confocal Microscope, SP5-A0BS Leica Microsystems, USA

Software LAS AF

Confocal Microscope, TCS SP8 Leica Microsystems, USA

Confocal Microscope, TCS SP8 Leica Microsystems, USA
Software LAS AF

Cryostat CM3050S Leica Biosystems, Germany
Dishwasher, Melabor G 7783 Miele, Germany
Fiji Image J Software Developed at NIH
Forceps, FST Dumont, Switzerland
GELoader tips, 0.5-20 pl Eppendorf, Germany
Glass bottle Isolab, Germany

Glass Slides - Superfrost® Plus Thermo Scientific, USA




Table B.2. List of disposable and non-disposable equipment (cont.)
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Graduate cylinder

Isolab, Germany

Ice Flaker

Brema, Italy

IKA Color Squid magnetic stirrer

IKA works, Inc., USA

Incubator

Niive, Turkey

Magnetic stirrer and heater, MK 318

Niive, Turkey

Microinjector, FemtoJet

Eppendorf, Germany

Micropipette tips (2-1000 ul)

CAPP, Germany

Micropipettes (2-1000 ul)

Eppendorf, Germany

Nutator, Polymax 2040

Heidolph, Germany

Orbital shaker, Rotamax 120

Heidolph, Germany

P-97 Micropipette Puller

Sutter Instrument, Co., USA

Parafilm ™

Parafilm, USA

pH-meter, pH315i

WTW, Germany

Refrigerator

Arcelik, Turkey

Stereomicroscope

Zeiss, Germany

Super PAP Pen

Liquid Blocker, Japan

Swiftlock Front loading Autoclave

Astell, UK

Syringe filter, 0.22 um, 99722

TPP, Switzerland

Vortex- Genie 2

Scientific Industries, Inc., USA

Water Bath, WNB 10

Memmert, Germany

U-100 insulin needle (30G)

Beckon Dickinson, USA




