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Abstract

1 Abstract

The transition of tetrapods to terrestrial habitats is concomitant with the adaptation of the
olfactory system (OS) to the environment. This is reflected at the anatomical and functional
levels with the formation of different subsystems, including cell subpopulations that exhibit
distinct protein expression at the molecular level. The expression patterns of specific proteins
vary between different species, although the olfactory systems show general anatomical
similarities. For instance, in fish the calcium-binding protein S100Z is expressed in different
cell types in their olfactory epithelium, while in mammals it is associated with cells within the
vomeronasal organ (VNO). In the course of my thesis, | analyzed the expression pattern of
S100Z in the OS of the anuran Xenopus laevis. Using immunohistochemistry in whole mount
and slice preparations | identified a subgroup of S100Z expressing olfactory receptor neurons
(ORNS) in the larval main OS and in the middle cavity of adult Xenopus laevis. In larval animals,
these ORNs showed a lateral distribution bias in the olfactory epithelium and exclusively
projected into the intermediate and lateral glomerular cluster. In conclusion, S100Z expression
in the OS of Xenopus laevis is exclusively associated with the main OS and not with the VNO.

Maintaining regenerative capacity is essential for the OS because of its exposed position to
toxic substances or physical trauma. This capacity is attributed to the presence of two main
cell types. Firstly, the basal cells of the olfactory epithelium, which are neuronal stem cells and
support constant renewal by developing new supporting cells and ORNs. Secondly, the
olfactory ensheathing cells (OECs), which enwrap the axons of ORNs until they project into
the olfactory bulb (OB) in the forebrain. To date, the existence and role of OECs in the OS of
Xenopus laevis have not been investigated in detail. | found vimentin expressing OECs
enwrapping ORN axon bundles from the epithelium until the OB in larval Xenopus using
immunohistochemistry. The presence of fibroblasts and macrophages in the olfactory nerve
(ON) was determined through the utilization of immunohistochemistry and transgenic Xenopus
lines. Unilateral ON transection induced a temporary transient and dynamic phosphorylation
of the ribosomal protein S6 in these non-neuronal cells. In summary, | identified various cell
types within the ON which protein expression is influenced by ON injury. The exact function of

phosphorylated ribosomal protein S6 in the OS of Xenopus is still unknown.
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2 Zusammenfassung

Der Ubergang der Tetrapoden zu terrestrischen Lebensraumen geht einher mit der Anpassung
des Geruchssystems an die Umwelt. Dies spiegelt sich auf anatomischer und funktioneller
Ebene in der Bildung verschiedener Subsysteme wider, einschlie3lich Zellsubpopulationen,
die eine unterschiedliche Proteinexpression auf molekularer Ebene aufweisen. Die
Expressionsmuster spezifischer Proteine variieren zwischen den verschiedenen Arten, obwohl
die Geruchssysteme allgemeine anatomische Ahnlichkeiten aufweisen. So wird
beispielsweise das Kalzium-bindende Protein S100Z bei Fischen in verschiedenen Zelltypen
des Riechepithels exprimiert, wahrend es bei Saugetieren mit Zellen im Vomeronasalorgan
(VNO) assoziiert ist. Im Rahmen meiner Dissertation habe ich das Expressionsmuster von
S100Z im olfaktorischen System des Anuren Xenopus laevis untersucht. Mittels
Immunhistochemie, in intakten- und geschnittenen Praparaten, identifizierte ich eine
Untergruppe von S100Z exprimierenden olfaktorischen Rezeptorneuronen (ORNS) im larvalen
olfaktorischen Hauptriechsystem und in der mittleren Kavitat des erwachsenen Xenopus
laevis. In larvalen Tieren, zeigten diese ORNSs eine laterale Verteilung im Riechepithel und
projizierten ausschlie3lich in den intermedidren und lateralen glomeruléren cluster.
Zusammenfassend lasst sich sagen, dass die Expression von S100Z im Geruchssystem von
Xenopus laevis ausschlieB3lich mit dem Hauptgeruchssystem und nicht mit dem VNO assoziiert

ist.

Die Aufrechterhaltung der Regenerationsfahigkeit hat fir das olfaktorische System eine
essentielle Bedeutung, da es aufgrund der exponierten Lage toxischen Substanzen oder
physischen Traumata ausgesetzt ist. Die Regenerationsfahigkeit wird auf das Vorhandensein
von zwei Hauptzelltypen zuriickgefuhrt. Zum einen, den Basalzellen des olfaktorischen
Epithels, bei welchen es sich um neuronale Stammzellen handelt, die fur eine konstante
Erneuerung von Zellen sorgen, indem sie neue Stitzzellen und ORNSs bilden. Zum anderen,
den olfaktorischen Hiuillzellen, die die Axone der ORNs umbhiillen, bis diese den Bulbus
olfactorius (OB) im Vorderhirn erreichen. Bisher wurden die Existenz und die Rolle der OECs
im Riechsystem von Xenopus laevis noch nicht im Detail untersucht. Mittels
Immunohistochemie fand ich Vimentin exprimierende OECs, die ORN-Axon Bindel vom
Epithel bis zum OB in larvalen Xenopus umhtillen. Das Vorhandensein von Fibroblasten und
Makrophagen im olfaktorischen Nerv (ON) wurde mittels Verwendung von
Immunohistochemie und transgenen  Xenopus-Linien nachgewiesen. Unilaterale
Nervdurchtrennung fiihrte zu einer voribergehenden und dynamischen Phosphorylierung des
ribosomalen Proteins S6 in diesen nicht-neuronalen Zellen. Zusammenfassend habe ich
verschiedene Zelltypen innerhalb des ON identifiziert, deren Proteinexpression durch eine ON-
Verletzung beeinflusst wird. Die genaue Funktion des phosphorylierten ribosomalen Proteins

S6 im olfaktorischen System von Xenopus ist noch unbekannt.
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4 Scientific background

4.1 The sense of smell

The olfactory system (OS) is a central sensory organ in animals, enabling the perception and
discrimination of odorant stimuli (Eisthen & Polese, 2007; Zarzo, 2007; Korsching, 2016). It
influences essential behaviors, including foraging, prey acquisition, reproduction, social
interactions, and danger avoidance (Ache & Young, 2005; Eisthen & Polese, 2007; Zarzo,
2007; Weiss, Manzini, et al., 2021; Manzini et al., 2022). Despite phylogenetic diversity, the
OS remains structurally and functionally similar across species (Eisthen, 2002; Ache & Young,
2005; Eisthen & Polese, 2007; Weiss, Manzini, et al., 2021; Manzini et al., 2022; Hawkins et
al., 2024).During the course of evolution, it has adapted to diverse environments and is present
in aquatic and terrestrial vertebrates, as well as invertebrates (Ache & Young, 2005; Eisthen
& Polese, 2007; Weiss, Manzini, et al., 2021). The adaptability has facilitated the colonialization
of various ecological niches. At the cellular, molecular, and anatomical levels, the OS consists
of several specialized subsystems (Manzini et al., 2022). These subsystems differ in olfactory
receptor protein expression, sensory neuron positioning in the nasal cavity, signaling
mechanisms for odor transduction, and axonal projections to specific regions of the olfactory
forebrain (Breer et al., 2006; Eisthen & Polese, 2007; Munger et al., 2009).

4.2 Odorants and vertebrate olfactory receptor proteins

Olfaction in vertebrates begins when odorant molecules (odorants) interact with olfactory
receptor proteins. To process these signals, the OS performs a dual function of detecting
odorants and analyzing the chemical composition of the environment (Ache & Young, 2005;
Manzini et al., 2014; Manzini et al., 2022; Wyatt, 2015).

Odorants are chemical molecules that differ in size, shape, charge, and functional groups
(Ache & Young, 2005; Malnic et al., 1999; Manzini et al., 2022). The OS is typically exposed
to complex odorant mixtures rather than single compounds (Manzini et al., 2022). These
include airborne and waterborne compounds from diverse chemical classes (Hoover, 2010;
Keller & Vosshall, 2016). Airborne odorants must be volatile, such as alcohols, aldehydes,
amines, hydrocarbons, organic acids, esters, and ethers (Johnson & Leon, 2007; Nara et al.,
2011). Waterborne odorants have to be water-soluble, such as amino acids, bile acids,

nucleotides, steroids and prostaglandins (Hara, 1994; Hoover, 2010).

Odorants may travel from few centimeters to kilometers, undergoing physical and chemical
transformations that influence their detectability before binding to olfactory receptor proteins
(Eisthen & Polese, 2007; Manzini et al., 2022). Olfactory receptor proteins are located on the
membrane of the apical appendages (cilia or microvilli) of olfactory receptor neurons (ORNS),
which are embedded in the olfactory epithelium (Bear et al., 2016; Glezer & Malnic, 2019). To

process the vast diversity of environmental chemicals, organisms employ receptor repertoires,
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signaling pathways, and anatomically segregated subsystems (Kaupp, 2010). However,
biophysical constraints limit olfactory receptor proteins to interacting with subsets of chemical
molecules enabling odor discrimination (Bear et al., 2016). The dimensionality of chemical
space and the diversity of encountered stimuli have driven the evolution of multiple olfactory
receptor gene families. These families encode an extensive repertoire of transmembrane
receptor proteins, serving as chemosensors across animal evolution (Bear et al.,, 2016;
Manzini et al., 2022; Niimura & Nei, 2007). Since my work focuses on the vertebrate OS, | will

introduce the vertebrate olfactory receptor families relevant for fish, amphibians, and rodents.

The majority of vertebrate olfactory metabotropic receptors belong to the G protein-coupled
receptors (GPCR) characterized by seven-transmembrane domains (Spehr & Munger, 2009;
Kaupp, 2010). In vertebrates, most ORNs express a single olfactory receptor gene from one
of four main GPCR multigene families: Odorant receptors (OR-type), Trace Amine Associated
Receptors (TAARs), Vomeronasal Type 1 Receptors (V1Rs), and Vomeronasal Type 2
Receptors (V2Rs) (Figure 1). Additionally, other receptor types contribute to olfaction in
rodents, including Formyl Peptide Receptors (FPRs), and membrane spanning four-pass
proteins (MS4A) (Figure 1; Bear et al., 2016; Dalton & Lomvardas, 2015; Manzini et al., 2022).

4.2.1 Odorant receptors

The first discovered rhodopsin-type GPCR multigene family was named "odorant receptors"
(OR-type; Figure 1; Buck & Axel, 1991; Niimura, 2009). OR-type receptors form the largest
olfactory receptor family and are present in all vertebrates, though the number of functional
genes varies across species (Zhang & Firestein, 2002; Niimura, 2009). The vertebrate OR-
type genes are subdivided into type 1 and type 2, each with several subfamilies (Niimura &
Nei, 2007; Niimura, 2009). A distinct nhomenclature is employed for mammalian OR-type
receptors: class | (subfamily a and ) ORs and class Il (y) ORs (Niimura, 2009).

About 1000 distinct OR-types have been identified in mammals (Krautwurst et al., 1998;
Malnic, 2007; Malnic et al., 1999; Nara et al., 2011; Saito et al., 2009). They primarily bind
small volatile molecules such as alcohols, ketones, esters, and aldehydes (Nara et al., 2011;
Saito et al., 2009) and operate via a combinatorial coding system, where each odorant is
recognized by multiple OR-types. (Malnic et al.,, 1999). This mechanism enables the
discrimination of millions of odorants (Malnic et al., 1999; Malnic, 2007). A comprehensive
study of Saito et al. (2009) analyzed the ligand specificity of OR-type genes. They
demonstrated that mammalian class | OR-types typically detect more hydrophilic, water-

soluble, compounds than class Il OR-types.

During the transition to a terrestrial lifestyle, the number of OR-type genes changed based on
environmental needs (Niimura, 2009). In mammals, birds, and reptiles, class | OR-type genes,

which detect water-soluble odorants, were reduced, while class Il OR-type genes expanded.
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Amphibians, adapted to both aquatic and terrestrial environments, continue to possess OR-

type genes for both airborne and water-soluble odorants (Niimura, 2009).

N
=
N N -y N =
C C C C N
OR-type TAAR FPR V2R MS4A/GC-D
type A "rhodopsin-like” type C four-pass
metabotrophic transmembrane
glutamate receptor/ Receptor
receptor-like guanylate cyclase
seven pass transmembrane G-protein coupled

Figure 1: Olfactory receptors in vertebrates. Most vertebrate olfactory receptor proteins are G-protein
coupled receptors (GPCRs) with seven transmembrane domains, which either belong to type A or type
C. The exception is the four-pass transmembrane-spanning 4A receptor (MS4A), which often
colocalizes with guanylyl cyclase D (GC-D). FPR formyl peptide receptor; MS4A/GC-D four-pass
transmembrane-spanning receptor with guanylyl cyclase D; OR-type odorant receptor; TAAR trace
amine-associated receptor; V1R vomeronasal type 1 receptor; V2R vomeronasal type 2 receptor.

4.2.2 Trace amine-associated receptors

Trace amine-associated receptors (TAARS) form a second olfactory receptor subfamily within
the rhodopsin-like class A GPCRs (Figure 1; Borowsky et al., 2001; Hashiguchi & Nishida,
2007; Liberles & Buck, 2006; Lindemann & Hoener, 2005). TAARSs are present in the olfactory
epithelia of mammals, amphibians, birds, and fish (Borowsky et al., 2001; Gloriam et al., 2005;
Liberles & Buck, 2006; Hashiguchi & Nishida, 2007; Dieris et al., 2021), though their
evolutionary origin remains debated (Dieris et al., 2021). TAAR genes are found in
cartilaginous jawed fishes, with ray-finned fishes possessing a particularly large repertoire
(Gloriam et al., 2005; Hashiguchi & Nishida, 2007; Sharma et al., 2019; Syed et al., 2023).
Zebrafish (Danio rerio) have 112 taar genes, while later-diverging vertebrates retain fewer,
including 15 in mice, six in Xenopus tropicalis, six in humans, and three in chickens (Gloriam
et al., 2005; Lindemann et al., 2005; Liberles & Buck, 2006; Hashiguchi & Nishida, 2007;
Hussain et al., 2013). The extensive TAAR diversity in teleost fish suggests an essential role
in aquatic olfaction (Hashiguchi & Nishida, 2007; Dieris et al., 2021).

In vertebrates, olfactory TAARs can recognize volatile or water-soluble trace amines
(Borowsky et al., 2001; Lindemann & Hoener, 2005; Lindemann et al., 2005; Xu & Li, 2020),
which are structurally similar to biogenic amines but occur at much lower concentrations (Berry,
2004; Xu & Li, 2020). A common process that produces volatile trace amines is the
decarboxylation of amino acids. Some TAAR agonists are present in animal body fluids or

decaying foods and can mediate specific animal behaviors, including sexual attraction,
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predator avoidance, and aversive response, which are critical for animal survival and
reproduction (Xu & Li, 2020). TAARs also play a significant role in pheromone-mediated
behaviors across species, although vomeronasal receptors were initially considered the

primary pheromone detectors.

4.2.3Vomeronasal type 1 receptors

The type 1 vomeronasal receptor (V1R) multigene family was first identified in the vomeronasal
organ (VNO) of mice (Dulac & Axel, 1995). The VNO, present in most terrestrial tetrapods, is
a distinct olfactory organ with unclear evolutionary origins and functions (Eisthen, 1997;
Munger et al., 2009). V1Rs belong to the class A rhodopsin-like GPCRs (Figure 1; Spehr &
Munger, 2009) and are found in species from teleost fish to humans (Pfister & Rodriguez,
2005; Saraiva & Korsching, 2007; Shi & Zhang, 2007). In fish, this receptor family is termed
olfactory receptor class A-related GPCRs (ORA) because these receptors were already
involved in olfaction before the VNO evolved in tetrapods. Unlike tetrapods, fish possess a
single olfactory organ per side of the head, composed of lamellae lined with olfactory
epithelium, without a distinct VNO (see chapter 4.3.1; Pfister & Rodriguez, 2005; Saraiva &
Korsching, 2007).

Systematic analysis revealed that mice's V1Rs function as highly sensitive pheromone
detectors, identifying small organic pheromones important for social and sexual
communication (Leinders-Zufall et al., 2000). Pheromones, defined as substances secreted by
one individual and perceived by another of the same species, influence behavior and
physiology, particularly in mating, sexual recognition, and neuroendocrine responses (Karlson
& Luscher, 1959; Silva & Antunes, 2017).

4.2.4Vomeronasal type 2 receptors
Shortly after the identification of V1Rs, a second vomeronasal receptor family, the
vomeronasal type 2 receptors (V2Rs), was discovered in a distinct subset of neurons within
the rodent VNO (Herrada & Dulac, 1997; Matsunami & Buck, 1997; Ryba & Tirindelli, 1997).
Unlike previously mentioned receptor families, V2Rs belong to class C GPCRs, which are more
closely related to metabotropic glutamate receptors and possess a larger extracellular NH,-
terminus (Figure 1; Dulac & Torello, 2003; Manzini et al., 2022; Mombaerts, 2004, Tirindelli et
al., 1998). V2Rs bind water-soluble peptides and pheromones (Leinders-Zufall et al., 2000;
Shi & Zhang, 2007; Munger et al., 2009), enabling the detection of molecules dispersed in

aguatic environments (Silva & Antunes, 2017).

The V2R gene repertoire varies across species, likely influencing specific behaviors (Shi &
Zhang, 2007). Since fish lack a VNO, V2R homologous in fish are termed olfactory class C
GPCRs (OIfC; Manzini & Korsching, 2011). These receptors were first identified in

cartilaginous fish (Manzini & Korsching, 2011). In cartilaginous fish, nearly all olfactory receptor
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genes belong to the V2R/OIfC family, suggesting their primary role in olfaction (Sharma et al.,
2019; Syed et al., 2023). In teleost fish, the OIfC gene family exhibits substantial variation in
size (Bjarnaddttir et al., 2005; Cao et al., 1998; Johnstone et al., 2009; Yang et al., 2019).
Within amphibians, the V2R family expanded considerably, reaching its largest known size in
Xenopus tropicalis, which possesses 270 intact genes and over 400 pseudogenes (Shi &
Zhang, 2007; Nei et al., 2008; Silva & Antunes, 2017). Studies in Xenopus laevis suggest that
amino acids may serve as V2R ligands (Syed et al., 2013, 2017).

Reptiles maintain a relatively large V2R repertoire, whereas some mammalian lineages lack
functional V2Rs (Shi & Zhang, 2007; Silva & Antunes, 2017). In rodents, V2Rs are implicated
in pheromone-induced male aggression and the detection of water-soluble pheromones in
urine (Leinders-Zufall et al., 2004; Kimoto et al., 2005; Brennan & Zufall, 2006; Haga et al.,
2010; Chamero et al., 2012). Overall, the V2R gene family exhibits high variability in later
diverging vertebrates (Shi & Zhang, 2007).

4.2.5 Other olfactory receptors

In recent years, additional olfactory receptor types have been identified. In 2009 formyl peptide
receptors (FPRs) were discovered as olfactory receptors in rodents (Liberles et al., 2009;
Riviere et al., 2009). These class A, rhodopsin-like GPCRs are expressed in microvillous
receptor neurons of the VNO and bind structurally diverse peptides or proteins linked to
inflammation and disease, enabling the detection of pathogens or diseased conspecifics
(Figure 1; Kaupp, 2010; Liberles et al., 2009; Mohrhardt et al., 2018; Munger et al., 2009;
Riviére et al., 2009; Spehr & Munger, 2009).

Another olfactory receptor family, the membrane-spanning four-pass proteins (MS4A), is co-
expressed with guanylyl cyclase (GC-D) in a subset of rodent receptor neurons (Figure 1;
Bloom et al., 2020; Greer et al., 2016; Juilfs et al., 1997; Leinders-Zufall et al., 2007). Receptors
encoded by this gene family are four-pass transmembrane proteins with both, the COOH- and
NH2-termini located intracellularly (Greer et al., 2016) and detect conspecific and predator-
derived chemosignals, gases, pheromones, and food-related odorants, triggering behavioral
responses (Munger et al., 2010; Greer et al., 2016; Mohrhardt et al., 2018; Bloom et al., 2020;
Zimmerman & Munger, 2021).

Since FPRs and MS4As appear to be rodent-specific and have not been detected in other
vertebrate olfactory systems, their cellular signaling mechanisms will not be discussed further

in this work.
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4.3 Components of the vertebrate OS and transduction mechanisms

In vertebrates, odor molecules bind to olfactory receptor proteins, initiating the sense of smell
(Bear et al., 2016; Glezer & Malnic, 2019). These receptors are located on the cilia or microvilli
of ORNSs within the nasal olfactory epithelium (Munger et al., 2009; Bear et al., 2016). In order
to study the cellular composition of the OS, it is of fundamental importance to know how the
system is structured and how its anatomy and morphology changes during development and

regeneration.

4.3.1 Organization of the vertebrate OS
The OS of vertebrates consists of the peripheral olfactory epithelium (OE) in the nose, the
olfactory nerve (ON), the olfactory bulb (OB) and higher olfactory brain centers in the cortex
(Bear et al., 2016; Manzini et al., 2022). Early diverging vertebrates, like fish, have a single
olfactory OE and OB on each side of the head (Hamdani & Dgving, 2007). During evolution,
many vertebrates have developed distinct subsystems within the OS. Reptiles and amphibians
have evolved a dual OS, comprising a main and an accessory OS which differ in anatomical,
cellular and molecular characteristics (Manzini et al., 2022; Taniguchi et al., 2007; Taniguchi
& Taniguchi, 2014; Weiss et al., 2021). The main OE (MOE) and the main OB (MOB) build the
main system, while the accessory system consists of the accessory OB (AOB) and the VNO
epithelium (Breer et al., 2006; Munger et al., 2009; Bear et al., 2016; Mohrhardt et al., 2018).
In rodents, the OS is even more subdivided, incorporating additional specialized structures
such as the Grueneberg ganglion, the septal organ of Masera, and the guanylate cyclase-D
necklace system (Munger et al., 2009; Fleischer, 2021; Zimmerman & Munger, 2021). Despite
the functional differences across vertebrates, such as the response to different odorant
molecules, the expression of different olfactory receptors, the use of distinct signaling
cascades, and the connection to different higher brain centers, the overall organization of the

OS remains highly conserved (Manzini et al., 2022; Munger et al., 2009).

The OE has a pseudostratified organization that is divided into three characteristic cell layers
and cell types (Figure 2; Morrison & Costanzo, 1992). The basal cell layer is made up of a
number of round and polyhedral basal cells (BCs) that are found close to the basal lamina.
BCs serve as stem and progenitor cells, generating new ORNs and supporting cells for tissue
maintenance and regeneration (Figure 2; Astic & Saucier, 2001; Beites et al., 2005; Schwob,
2002). Morphologically, BCs include two subtypes: horizontal BCs, which directly contact the
basal lamina, and globose BCs, located above them (Calof & Chikaraishi, 1989; Calof et al.,
2002). Globose BCs are the primary stem cell population, generating all differentiated cell
types in the OE. Horizontal BCs function as reserve stem cells, remaining quiescent until

activated for instance by injury (Schnittke et al., 2015).
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The supporting cell layer is made up of the somata of non-neuronal column-shaped
sustentacular supporting cells (SCs) that are arranged in columns at the apical border of the
OE. SCs terminate on the basal lamina, with their so called “endfeet’, and extend thin
prolongations through the entire width of the epithelium (Figure 2; Hassenkléver et al., 2008;
Rafols & Getchell, 1983). SCs share features with glial cells, providing structural and chemical
support by insulating ORNs (Okano & Takagi, 1974; Voigt et al., 1993; Suzuki et al., 1996;
Hansen et al., 1998). They also contribute to signal transduction and regulate extracellular ion

concentrations (Hegg & Lucero, 2006; Hassenklover et al., 2008).

The ORN layer consists of bipolar ORN somata, primarily located in the middle of the OE, each
extending a single dendrite to the apical surface (Figure 2). Every dendrite terminates in a
knob-like structure with cilia or microvilli bearing olfactory receptors (Eisthen, 1992; Hansen et
al., 1998; Schild & Restrepo, 1998; Spehr & Munger, 2009). Additional ORN types , such as
crypt cells in fish (Hansen & Finger, 2000), and kappe and pear-shaped neurons in zebrafish
(Ahuja et al., 2014; Wakisaka et al., 2017) have been identified. Hybrid ORNs with both cilia
and microvilli occur in some birds and reptiles (Graziadei & Bannister, 1967; Hansen, 2007,
Wakabayashi & Ichikawa, 2008). Typically, each ORN expresses a single olfactory receptor
gene (monogenic expression) from one allele (monoallelic expression; Malnic et al., 1999;
Manzini et al., 2022; Mombaerts, 2004).
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Figure 2: Schematic overview of the cellular organization and layers in the olfactory system of
vertebrates. The olfactory epithelium contains three main cellular components: the olfactory receptor
neurons (ORNS), non-neuronal supporting cells (SC) and olfactory stem cells, the basal cells (BC). BCs
are precursors of ORNs and SCs and possess the ability of neurogenesis throughout life. The cell bodies
of SCs are located in the apical layer of the OE, the cell bodies of the bipolar ORNs are located in the
olfactory receptor neuron layer in the middle of the epithelium, and the BCs are located basal in the
epithelium in the basal cell layer close to the basal lamina. Axons of the ORNs are enwrapped by
olfactory ensheathing cells (OEC), grow through the basal lamina of the OE and enter the olfactory bulb
(OB). The axons of ORNs converge into olfactory glomeruli in the glomerular layer of the OB. There
they form synapses with dendrites of second order neurons called mitral/tufted cells (MTCs), which cell
bodies are localized in the mitral cell layer of the OB, which project their axons to higher brain centers.
In addition, axons of the ORNs form synapses with interneurons like periglomerular cells (PGC)
Dendrites of granule cells form modulatory synapses with dendrites of MTCs and are the most common
type of interneurons. The cell bodies of granule cells are localized in the granule cell layer of the OB.
Adapted and modified from (Manzini, 2015).
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Despite the vast diversity of receptors that are currently understood, the intracellular signaling
pathways are highly conserved throughout vertebrates (Manzini & Korsching, 2011; Schild &
Restrepo, 1998). Two well-studied mechanisms include a cyclic adenosine monophosphate
(cAMP)-dependent transduction pathway linked to OR- and TAAR-type receptors in ciliated
ORNs, and a cAMP-independent transduction pathway associated with V1R/ORA- and
V2R/OIfC-type receptors in microvillous ORNs (Figure 3 and 4; Firestein et al., 1991; Manzini
& Korsching, 2011; Nakamura & Gold, 1987).

4.3.1.1 cAMP-dependent signaling pathway in ciliated ORNs
Guorr, the a-subunit of a heterotrimeric G-protein, has been identified as a key component of
the signal transduction cascade in mouse ciliated ORNs (Jones & Reed, 1989). Binding of an
extracellular ligand to the GPCRs triggers the exchange from guanosine diphosphate (GDP)
to guanosine-5'-triphosphate (GTP) in the binding domain of Gqar (Figure 3).This leads to the
dissociation of the By-dimer and the activation of membrane-bound adenylate-cyclase |l
(ACIII (Figure 3; Bakalyar & Reed, 1990; Pace et al., 1985). Adenosine-5"-triphosphate (ATP)
is transformed by ACIII into cAMP, a second messenger. Cyclic nucleotide gated (CNG) ion
channels are opened by intracellular cAMP, allowing an influx of cations like Na* and Ca?* from
the external mucus (Nakamura & Gold, 1987). A receptor potential is created by the cation
influx and the Ca?" influx leads to a CI efflux through calcium-activated anoctamin (ANO)-2
chloride channels (Figure 3; Billig et al., 2011; Kleene & Gesteland, 1991; Kurahashi & Yau,
1993). This leads to the depolarization of the cell and triggers action potential generation, which

enables the transmission of odorant-related information to the cells of the OB.
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Figure 3: Schematic of the cAMP-dependent signaling pathway in ciliated ORNs. OR-type and
TAARs are generally expressed by ciliated ORNs in the main olfactory epithelium of rodents. These
receptor types are associated with an intracellular signaling pathway that depends on Gaor, Which
triggers the activation of adenylate cyclase Il (ACIIl), thereby producing cAMP. Consequently, increases
in intracellular cAMP promote the influx of cations and the efflux of anions. The ligands displayed for
each type of receptor are generalized to all vertebrates. ACIIl adenylate cyclase IlI; ANO2 anoctamin-2
chloride channel; ATP Adenosine-5"-triphosphate; cAMP cyclic adenosine monophosphate; CNG Cyclic
nucleotide gated; OR-type odorant receptor; ORNs olfactory receptor neurons; TAAR trace amine
associated receptor.

12



Scientific background

4.3.1.2 cAMP-independent signaling pathway in microvillous ORNs

Inositol-1,4,5-trisphosphate (IP3), diacylglycerol (DAG), and the transient receptor cation
channel type 2 (TRPC2) are the primary constituents of cAMP-independent transduction
mechanisms (Figure 4). Extracellular odorant ligands bind to the GPCRs, GTP-bound Ggoii2
dissociates and the By-dimer activates the membrane-bound phospholipase C (PLC). PLC
catalyzes the production of DAG and IP3 (Rinnenburger et al., 2002). Two pathways are used
by the second messengers, DAG and IP3, to initiate the CaZ*-influx: DAG triggers the transient
receptor cation TRPC2-dependent calcium and sodium influx (Lucas et al., 2003), whereas
IP3 mediates the intracellular calcium influx (Figure 4; Yang & Delay, 2010). As a result,
increased intracellular calcium levels amplify the receptor potential by opening chloride
channels and causing enough membrane depolarization to trigger action potential generation
(Yang & Delay, 2010).
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Figure 4: Schematic of the cAMP-independent signaling pathway in microvillous ORNs. Rodents'
VNO contains microvillous ORNSs that express V1Rs associated with Gaiz or V2Rs associated with Geo.
The cAMP-independent signaling pathway uses a membrane bound phospholipase C (PLC) and a
TRPC2 dependent influx of cations. The ligands displayed for each type of receptor are generalized to
all vertebrates. DAG diacylglycerol; IP3 inostitol-1-4-5-triphosphate; ORNs olfactory receptor neurons;
PLC phospholipase C; TRPC2 receptor cation channel C2; V1R vomeronasal type 1 receptor; V2R
vomeronasal type 2 receptor.

In summary, olfactory receptors detect odorants and activate intracellular G proteins, triggering
second messenger cascades that open ion channels and depolarize the sensory cell (Ache &
Young, 2005; Kaupp, 2010; Manzini et al.,, 2022; Spehr & Munger, 2009). This process
converts a chemical stimulus into an electrochemical signal transmitted by neurons (Bear et
al., 2016).

The unmyelinated axons of ORNs converge into fascicles, forming the ON. In rodents, ON
fibroblasts surround these axonal bundles, creating a perineurium-like structure, with a small
number of ON macrophages positioned externally (Li et al., 1998; Wright et al., 2020). Olfactory

glia, also known as olfactory ensheathing cells (OECSs), encircle bundles of ten to hundred
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ORN axons from the basal lamina of the OE to the glomerular layer of the OB (Figure 2;
Doucette, 1993; Higginson & Barnett, 2011; Pellitteri et al., 2010; Sonigra et al., 1999).

The ON connects the OE with the OB in the anterior telencephalon. Axons of ORNs expressing
the same olfactory receptor allele converge on a small number of common target structures in
the OB known as glomeruli (Ressler et al., 1994; Feinstein & Mombaerts, 2004; Munger et al.,
2009). A glomerulus is a dense neuropil network and consists of the terminal branches of
ORNs and dendrites of interneurons and projection neurons, which axons project to higher
brain centres (Figure 2; Bear et al., 2016; Nagayama et al., 2014). The number of innervated
glomeruli and their connectivity patterns vary by species, developmental stage, and olfactory
subsystem (Eisthen & Polese, 2007; Weiss, Jungblut, Pozzi, Zielinski, et al., 2020; Weiss,
Manzini, et al., 2021; Offner et al., 2023).

4.4 Functional and molecular segregation of olfactory input and projections
Three decades after the discovery of olfactory receptor genes, studies have shown that ORNs
expressing the same receptor are distributed in a mosaic-like pattern within the OE, mixed with
different ORN populations (Ressler et al., 1994; Vassar et al., 1994; Mombaerts et al., 1996;
Syed et al., 2023). While these distributions vary among receptor genes, they broadly overlap
(Syed et al., 2023). This "half-random" organization has been observed in fish, frogs, rats, and
mice (Kowatschew & Korsching, 2022; Miyamichi et al., 2005; Syed et al., 2013, 2023; Weth
et al., 1996; Zapiec & Mombaerts, 2020).

In fish, OR-type receptors, TAARs, V1Rs, and V2Rs are expressed by different ORN-types
within the single OE (Hamdani & Dgving, 2007; Olivares & Schmachtenberg, 2019; Manzini et
al., 2022). Amphibians exhibit the first segregation of receptor gene families between the MOE
and VNO (Eisthen, 1992; Manzini & Schild, 2010; Weiss, Manzini, et al., 2021). In Xenopus
laevis, OR-type receptors, TAARs, V1Rs, and ancestral V2Rs are found in the main OE, while
later-diverging V2Rs are restricted to the VNO (see Figure 5; Date-Ito et al., 2008; Freitag et
al., 1995; Gliem et al., 2013; Hagino-Yamagishi et al., 2004; Manzini et al., 2022; Syed et al.,
2013; Weiss et al., 2021). Thus, vomeronasal receptors are not entirely restricted to the VNO,
resulting in an incomplete separation of the main and accessory pathways (Date-Ito et al.,
2008; Eisthen, 1992; Syed et al., 2013, 2017; Weiss, Manzini, et al., 2021). In mammals,
olfactory receptor gene expression is typically segregated: OR-type receptors, TAARSs, and
MS4As are found in ORNs of the MOE, while V1Rs, V2Rs, and FPRs are restricted to receptor
neurons in the VNO (Breer et al., 2006; Fleischer, 2021; Greer et al., 2016; Liberles et al.,
2009; Liberles & Buck, 2006; Manzini et al., 2022; Mombaerts, 2004; Munger et al., 2009).
Additionally, the Grueneberg ganglion and septal organ express subsets of TAARSs, V1Rs, and
OR-type receptors (Breer et al., 2006; Fleischer, 2021; Manzini et al., 2022; Munger et al.,
2009).
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Axons of ORNs expressing the same olfactory receptor allele converge on specific glomeruli
in the OB through molecular sorting and axonal guidance (Ressler et al., 1994; Vassar et al.,
1994; Feinstein & Mombaerts, 2004; Mombaerts, 2006). The distribution of ORNs expressing
the same receptor and their axonal projections in the OB vary by species and olfactory

subsystem.

4.4.1 Olfactory adaptations in amphibians

Amphibians are particularly interesting for studying adaptations required for both terrestrial and
aquatic olfaction. Most species have an aquatic larval stage followed by an adult that lives
more or less independently from the water (Weiss, Manzini, et al., 2021; Woodley, 2015). Their
olfactory receptor repertoire must be capable of detecting both waterborne and airborne
odorants, reflecting their developmental stage and lifestyle (Shi & Zhang, 2007; Silva &
Antunes, 2017). The secondary aquatic frog Xenopus laevis has adapted to live an almost
exclusive aquatic lifestyle, but occasionally moves across land in search of water bodies or
food (Du Plessis, 1966; Measey, 2016). Adult animals have both an air-nose and a water-nose.
Both, their aquatic lifestyle and their evolutionary intermediate position between fish and
terrestrial vertebrates, are reflected in their olfactory receptor repertoire (Dittrich et al., 2016;
Hansen et al., 1998; Reiss & Eisthen, 2008; Weiss et al., 2021).

4.4.2 Structural and functional reorganization of the OS during metamorphosis

Larval and adult Xenopus laevis differ in nasal cavity morphology and olfactory receptor
expression. The nasal cavity of tadpoles consists of a half-moon shaped main OE, also known
as principal cavity (PC), and a spatial separated more oval-shaped VNO (Figure 5). During
metamorphosis, the larval main OE is functionally reorganized in the PC and a new OE forms
the middle cavity (MC), while the VNO is retained (Figure 5, Altner, 1962; Dittrich et al., 2016;
Hansen et al., 1998; Weiss, Manzini, et al., 2021). In adults, the VNO, the PC, and the MC are
interconnected (Woodley, 2014). A valve directs air to the PC (also known as an air-nose) and
water to the MC (also known as a water-nose). Throughout life, the VNO remains water-filled
(Altner, 1962; Weiss et al., 2021; Woodley, 2014).

The larval MOE harbors both, ciliated and microvillous ORNSs, while the VNO of tadpoles and
adults exclusively contains microvillous ORNSs (Figure 5). In adults, the PC harbors only ciliated
ORNSs, whereas the MC is lined with both ciliated and microvillous ORNs (Figure 5; Weiss et
al., 2021; Hansen et al., 1998; Woodley, 2014).

15



Scientific background

Larval OE Adult OE
MOE VNO ;’ PC (MC VNO
ooy Y ¥y y
éll ¢ ol @
M) )
ciliated . ciliated / /
microvillious ||microvillious ciliated || microvillious ||microvillious
ORI ORI - ORI
TAAR V2R N - TAAR W~ V2R
V2R V2R

. MOB
TRPC2
TRPCZ . Gao Gaolf  Gaolf
Gao Gal

Figure 5: Subsystem segregation in the larval and adult olfactory system of Xenopus laevis. The
schematic summarizes a simplified overview of the olfactory subsystems in both larval and adult
Xenopus laevis. The morphological types of ORNs and their receptors expressed in different olfactory
organs are represented by the boxes on top. Only the left side of the system is shown. The clawed frog
has a clearly segregated VNO-AOB pathway. The adult frog's main OE (MOE) is separated into two
areas: the principal cavity (PC) and the middle cavity (MC), which innervate different zones of the main
OB (MOB) and are linked to aquatic and aerial olfaction, respectively. The depicted schemes are mainly
based on the following publications and reviews: (Gliem et al., 2013; Manzini & Schild, 2010; Syed et
al.,, 2013, 2017; Weiss, et al., 2021; Weiss, Manzini, et al., 2021) and the scheme is adapted and
modified from (Weiss, Manzini, et al., 2021). A anterior; AOB accessory olfactory bulb; D dorsal; L lateral;
M medial; MC middle cavity; MOB main olfactory bulb; MOE main olfactory epithelium; OE olfactory
epithelium; OB olfactory bulb; ON olfactory nerve; OR | odorant receptor-type I; OR Il, mammalian class
lI/'y subfamily of odorant receptor; P posterior; PC principal cavity; TAAR trace amine associated
receptor; V ventral; VIR vomeronasal type 1 receptor; V2R vomeronasal type 2 receptor; VNO
vomeronasal organ.
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4.4.3 Distribution pattern of olfactory receptors in the larval and adult Xenopus

epithelia
The microvillar ORNSs in the larval and adult VNO of Xenopus laevis express V2Rs and rely on
Gw and TRPC2 for signal transduction (Gliem et al., 2013; Hagino-Yamagishi et al., 2004;
Sansone et al., 2014; Syed et al., 2013). Although the VNO and MOE are anatomically distinct,
vomeronasal receptor expression is not strictly confined to the VNO (Woodley, 2014). In
Xenopus, V1Rs are exclusively expressed in the larval MOE and the adult MC and PC, but not
in the VNO (Date-Ito et al., 2008; Gliem et al., 2013). Additionally, more ancestral V2Rs are
expressed by ORNs whose somata are located in more basal layers in the larval MOE and the
adult MC, whereas later diverging V2Rs are restricted to the VNO (Date-Ito et al., 2008;
Hagino-Yamagishi et al., 2004; Sansone et al., 2014; Syed et al.,, 2013, 2017). The
classification of the PC as the adult "air-nose" is further supported by the preferential
expression of OR-type receptors from the OR Il subfamily, which expanded in terrestrial
vertebrates, in both the larval MOE and the adult PC (Freitag et al., 1995). Moreover, TAARS
are expressed in the larval MOE as well as in the PC and MC of adults (Gliem et al., 2009).
TAARs and ORs are typically expressed by ciliated ORNs (Firestein et al., 1991; Manzini &
Korsching, 2011; Nakamura & Gold, 1987).

4.4.4 Axonal projection patterns in the olfactory bulb of olfactory receptor neurons

expressing the same receptor are quite similar in larval and adult Xenopus
In amphibians, the ORNs of the MOE project their axons to the MOB, and the sensory neurons
of the VNO project their axons to the AOB (Woodley 2014). In Xenopus laevis, distinct regions
of the olfactory epithelia project to distinct areas of the main OB (see Figure 5). In adults, ORNs
from the PC project their axons to the dorsal MOB, while ORNs from the MC project their axons
to the ventral MOB (Saito & Taniguchi, 2000). The axonal projections of larval and adult
Xenopus laevis can be divided into two functional streams: the lateral cluster of glomeruli is
primarily amino acid sensitive, cCAMP-independent, and most likely mediated by microvillous
ORN:Ss that express V1Rs or V2Rs and use the Gqo protein for signaling. (Figure 5; Gliem et al.,
2013; Hawkins et al., 2024; Manzini et al., 2007; Nakamuta et al., 2011; Syed et al., 2017). In
contrast, the medial cluster of glomeruli is sensitive to alcohols, ketones, bile acids, amines,
and aldehydes, cAMP-dependent, uses Ggorr for signaling, and form part of putatively ciliated,
primarily OR-type (or possibly TAARs) expressing, ORNs (Figure 5; Gliem et al., 2013; Manzini
et al., 2007; Nakamuta et al., 2011). The expression of olfactory receptors in both the dendrites
and the axons of receptor neurons is crucial for the creation of a glomerular map via axonal
projections to the OB (Mombaerts, 2006; Offner et al., 2023; Weiss et al., 2021; Weiss et al.,
2020). Despite significant progress, key molecular markers are still needed to clearly

differentiate olfactory receptor families and neuronal subtypes in the OS of Xenopus laevis.
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4.5 Neurogenesis and regenerative capacity of vertebrates

Neurogenesis continues throughout development and adult life in specific areas of the
vertebrate central nervous system (Altman, 1962; Brann & Firestein, 2014; Fairless & Barnett,
2005; Graziadei & Graziadei, 1979 a,b; Mackay-Sim & Kittel, 1991). These areas include the
subgranular zone, which generates granule cells for the hippocampus; the subventricular zone,
which produces interneurons for the OB; and the olfactory epithelia, the OE and VNO, where
BCs, the neural stem cells, generate new excitatory ORNs and SCs throughout life (Altman,
1962; Brann & Firestein, 2010; 2014; Kaplan & Hinds, 1977; Liao et al., 2024; Graziadei &
Graziadei, 1979b; Schwob, 2002). Due to the ORNs' exposed position in the OE, this is
necessary, because they are easily damaged by exposure to harmful chemicals, infections,
pollutants, or injuries (Manzini, 2015; Schwob, 2002). The ability of ORNSs for continual axon
growth and successful targeting into the corresponding glomerular regions in the OB is
facilitated, by OECs, the glial cells of the OS (Barton et al., 2017; Doucette, 1990; Ekberg et
al., 2012; Ekberg & St John, 2014; Key & St John, 2002; Mackay-Sim & Kittel, 1991; Raisman,
1985)

4.5.1 Influence and characteristics of olfactory ensheathing cells during regeneration
OECs are a special type of glia cells, which can migrate from the peripheral into the central
nervous system (Doucette, 1990; Ekberg et al., 2012; Raisman, 1985). They can survive and
renew throughout life (Chehrehasa et al., 2010; Ekberg et al., 2012; Liao et al., 2024). OECs
encircle and guide ORN axon bundles, support their growth with a diverse neurotrophic profile,
and assist in axon sorting for projection into the corresponding glomerular regions of the OB
(Boruch et al., 2001; Chehrehasa et al., 2010; Windus et al., 2011; Ekberg et al., 2012; Liao et
al., 2024). They also serve as innate immune cells in the OS, phagocytosing ON fragments
and apoptotic ORNs (Nazareth, Lineburg, et al., 2015; Su et al., 2013). In vitro studies have
shown that OECs secrete neurotrophic factors and express distinct markers depending on their
location along the ORN axons (Boruch et al., 2001; Woodhall et al., 2001; Chehrehasa et al.,
2010; Ekberg et al., 2012). These characteristics make OECs promising candidates for nerve
injury treatments (Ekberg et al., 2012; Barton et al., 2017; Murtaza et al., 2022; Huang et al.,
2024; Liao et al., 2024). However, their exact mechanisms remain poorly understood, and the
majority of data come from mammalian models (Pellitteri et al., 2010; Ekberg et al., 2012;
Bettini et al., 2019; Murtaza et al., 2022; Huang et al., 2024; Liao et al., 2024). The absence of
OEC-specific markers further complicates research (Reshamwala et al., 2020). But
nevertheless, early branching vertebrates, like amphibians demonstrate enormous ability for
brain and OS regeneration (Alesci et al., 2022). Comparative neurobiology of the olfactory
systems, particularly OECs across species, could advance our understanding of neuronal

degeneration and regeneration.
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4.5.2 Regenerative capacity and OECs in Xenopus laevis

The principles governing cell turnover in the OS and the characteristics of the neural stem cells
in the OE are conserved across vertebrates (Manzini et al., 2022; Schwob et al., 2017; Sokpor
et al., 2018). Stem cell proliferation and cell death take place during the process of natural
turn-over and following OS injury (Brann & Firestein, 2014; Graziadei & Metcalf, 1971,
Graziadei & Graziadei, 1979b; Schwob, 2002; Schwob et al., 2017). Amphibians, with their
high OS regenerative capacity, provide an opportunity to study the evolution of olfaction in air
and water environments (Schwob, 2002; Cheung et al., 2014; Weiss, Manzini, et al., 2021,
Alesci et al., 2022). In Xenopus laevis, the OS is fully functional during the larval stage (Alesci
et al., 2022). Many data about the cellular structure, neuronal circuity, and function of the
anuran sense of smell have been acquired from research of the African clawed frog Xenopus
laevis (Weiss, Manzini, et al., 2021). The transparency of its tissues, peripheral location, and
organized cellular composition make it an ideal model for studying stem cell, axon, and
synaptic differentiation (Alesci et al., 2022; Manzini, 2015).

In Xenopus laevis, ORN axons reach the OB in developing stages 37/38 (Nieuwkoop & Faber,
1994; Byrd & Burd, 1991), where they form glomerular synapses, which are well developed by
stage 40 (Byrd & Burd, 1991; Hansen et al., 1998). During metamorphosis, the OS gradually
reorganizes without losing its ability to process olfactory information. The system undergoes a
substantial rewiring and the majority of ORNs are replaced (Dittrich et al., 2016; Manzini,
2015). Like all adult vertebrates, Xenopus maintains constant ORN turnover after
metamorphosis (Hansen et al., 1998; Dittrich et al., 2016). In addition, the OS of larval Xenopus
laevis regenerates with high accuracy after ON lesion (Cervino et al., 2017; Hawkins et al.,
2017, 2024; Manzini, 2015; Terni et al., 2017). However, little is known about the role and
function of OECs during regeneration in Xenopus. Putative OECs exhibit phagocytic activity in
the ON at all developmental stages (Burd, 1991), though a specific marker for Xenopus OECs
remains unidentified. Research in non-mammalian species could provide crucial insights into

OEC function and their potential for treating nerve injuries.
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4.6 Aims of the thesis

During tetrapod evolution, the olfactory system has increasingly diverged into functionally and
morphologically distinct subsystems. While teleost fish possess a single peripheral olfactory
surface, tetrapods exhibit separate primary and accessory olfactory organs: the main olfactory
epithelium (MOE) and the vomeronasal organ (VNO). This segregation extends to the brain,
where olfactory projections target the main and accessory olfactory bulbs. In amphibians, as
in other tetrapods, the VNO is distinct but not fully separated at the molecular level, as olfactory
receptor neurons with different identities remain interspersed in the MOE. S100 calcium-
binding protein Z (S100Z), a less characterized member of the S100 protein family, is
associated with the VNO in mammals and a specific subpopulation of cells in the olfactory
placode of zebrafish. This thesis investigates S100Z expression in Xenopus laevis, an

amphibian model.

Aims of this part are:
1. ldentification of cell types in the olfactory epithelium that express S100Z and
subsequent analysis of their distribution within the epithelium
Investigation of the axonal projection of S100Z expressing ORNs in the OB

3. Comparison of the larval and adult expression pattern of S100Z in the OS

The second part of this thesis examines the regenerative capacity of the olfactory system in
Xenopus laevis larvae, which relies on basal cells in the epithelium and olfactory ensheathing
cells (OECSs) in the olfactory nerve (ON). While basal cells function in this organism is relatively
well studied, the properties of non-neuronal OECs remain largely unexplored. This thesis
examines non-neuronal cell populations in the olfactory nerve of Xenopus laevis larvae, their
morphological diversity, and the activity-dependent phosphorylation of ribosomal proteins

following nerve transection.

Aims of this part are:
1. Identification of different cell types in the ON
2. Analysis of different morphologies of putative OECs labelled by single-cell
electroporation
3. Investigation and analysis of the dynamic and activity dependent phosphorylation of

ribosomal protein S6 in non-neuronal cells in the ON after lesion in larval Xenopus

20



Publications

5 Publications

5.1 1st publication: S100Z is expressed in a lateral subpopulation of olfactory
receptor neurons in the main olfactory system of Xenopus laevis
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1 | INTRODUCTION

Calcium (Ca®*} is a ubiguitous intracellular messenger, which
influences and regulates a variety of cellular processes in mul-
tifaceted ways (Berridge et al., 2003; Carafoli et al., 2001).
Ca’* signaling fundamentally depends on intracellular Ca®*

Abstract

In contrast to other S100 protein members, the function of S100 calcium-binding
protein Z (S100Z) remains largely uncharacterized. It is expressed in the olfactory
epithelium of fish, and it is closely associated with the vomeronasal organ (VNO) in
mammals. In this study, we analyzed the expression pattern of S100Z in the olfac-
tory system of the anuran amphibian Xenopus laevis. Using immunchistochemistry
1n whole mount and shee preparations of the larval olfactory system, we found exclu-
sive S100Z expression in a subpopulation of elfactory receptor neurons (ORNs) of
the main olfactory epithelium (MOE). S100Z expression was not co-localized with
TP63 and cytokeratin type II. ruling out basal cell and supporting cell identity. The
distribution of S100Z-expressing ORNs was laterally biased, and their average num-
ber was significantly increased in the lateral half of the olfactory epithelium. The
axons of 8 100Z-positive neurons projected exclusively into the lateral and interme-
diate glomerular clusters of the main olfactory bulb (OB). Even after metamorphic
restructuring of the olfactory system, S100Z expression was restricted to a neuronal
subpopulation of the MOE, which was then located in the newly formed middle cav-
ity. An axonal projection into the ventro-lateral OB persisted also in postmetamorphic
frogs. In summary, S100Z is exclusively associated with the main olfactory system in
the amphibian Xenapus and not with the VNO as in mammals, despite the presence
of a separate accessory olfactory system in both classes.

KEYWORDS
amphibian, calcinm-binding protein. frog, larval, olfaction, tadpole. vomeronasal organ

concentration changes in complex spatio-temporal patlerns
(Berridge et al., 2000). These signals are detected, modu-
lated. and transduced by a diverse set of molecular elements,
including Ca®*-binding proteins, to regulate cell physiology
(Elies et al., 2019: Yafiez et al., 2012). The superfamily of
Ca’*-hinding proteins with EF-hand motif plays a key role in
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this process by buffering cytosolic Ca™*, fine-tuning the spa-
tial and temporal properties of Ca™ signals and mediating
functional changes (Schwaller, 2020),

The S100 protein family is a distinct class of EF-hand Ca?*-
binding proteins and has only been identified in vertebrates
(Gonzalez et al., 2020). It consists of more than 20 known
members that exhibit cell type-specific expression {Gonzalez
et al,, 2020}, A shared feature of S100 proteins is a charac-
teristic dimeric architecture, where each monomer contains
two EF-hand motifs connected by a flexible linker region
(Santamaria-Kisiel et al., 2006). Binding of Ca®* leads to con-
formational changes in these regions that ultimately facilitate
the interaction with target proteins to regulate their activity
(Santamaria-Kisiel et al., 2006). 5100 proteins are involved in
cell differentiation and proliferation, cell motility, apoptosis,
regulation of enzymes, immune homeostasis, and modulation
of membrane-cytoskeletal interactions, among others (Gonza-
lex et al., 20200}, It has been well-established in both humans
and rodents that S100 dysregulation can be the cause of
various diseases such as cancer, inflammatory/autoimmune
conditions, diabetes, and neurodegenerative diseases (Gonza-
lez et al., 2020; Singh & Ali, 2022). S100 proteins play an
important role also in neurons, where they directly modulate
ion channels shaping neuronal activity (Hermann et al., 2012).
Notably, 5100 proteins not only act as intracellular regula-
tors but some members are secreted into extracellular space
to exert effects on distant cells (Donato, 2003).

5100 calcium-binding protein Z (s/00z) is a less well-
characterized member of the SI100 protein family. The
function of S100Z is still largely unknown, but the studies
available suggest an important role in the olfactory system.
In larval zebrafish, 700z expression is exclusively found in
the olfactory placode and is restricted to a subpopulation of
cells, presumably neurons { Kraemer et al., 2008). In the olfac-
tory organ of adult zebrafish, the regions comprising olfactory
receptor neurons (ORNs) express 5100z (Dienis et al., 2021).
In mammals. 5100z is associated with the accessory olfactory
system, specifically the vomeronasal organ (VNO; Hecker
et al., 2019} Notably, the evolutionary reduction/loss of the
VNO in aguatic mammals, several bats, and primates coin-
cides with an inactivation of the 5100z gene (Hecker et al.,
2019).

During tetrapod evolution. the olfactory system shows a
trend toward functional and morphological segregation into
distinet subsystems (Bear et al., 2016). While teleost fish have
a peripheral olfactory organ with a single sensory surface,
tetrapods have distinet main and accessory olfactory organs:
the main olfactory epithelium (MOE) and the VNO (Bear
et al., 2016; Mohrhardt et al., 2018; Weiss et al., 2021). The
different subsystems are also separated at the level of the
brain, where the olfactory projections target a main and an
accessory olfactory bulb (AOB; Bear et al., 2016; Mohrhardt
et al., 2018: Weiss et al., 2021). Olfactory sensory neurons

associated with these subsystems differ in their morphol-
ogy and molecular properties, like olfactory receptor gene
family expression and transduction machinery (Bear et al.,
2016; Mohrhardt et al., 2018; Weiss et al., 2021). Although
amphibians present a distinct VNO, as other tetrapods, the
organizational division is incomplete and ORNs with different
maolecular identities are intermingled in the MOE (Date-Ito
et al., 2008; Gliem et al., 2001 3; Sansone, Hassenkléver, et al.,
2014; Sansone, Syed, et al., 2014; Syed et al., 2013; Weiss
etal., 2021).

Since 5100z has been linked to the VNO in mammals,
this raises the question of how it is distributed in basal
tetrapods, the amphibians. Here, we examined whether the
expression of s 100z is always strictly associated with the VNO
in an anuran amphibian. We applied immunohistochemistry
to investigate the expression pattern of S 1007 in the pre- and
postmetamorphic olfactory system of Xenopus laevis.

2 | MATERIALS AND METHODS

2.1 | Animals

Wildtype albino X, faevis (both sexes) and transgenic albino
paired box 6 (pax6)-green flucrescent protein (GFP) [Xla.Tg
(paxti: GFP; emv: DsRED)P (xenopusresource.org) bred
into an albino background in our lah] X. faevis were used.
They were kept and bred at the animal hushandry facility
of the Institute of Animal Physiology of the Justus-Liebig-
University Giessen. Tanks with volumes of 1.8—7.5 L. and
constant water circulation at 19-22°C were used. Tadpoles
were fed with a mixture of Spirulina and Chlorella algae
(MS-Tierbedarf) and frogs with ESF 10 Krallenfrosch Extru-
dat {Granovit AG). Tadpoles of stages 48—52 were used as a
representative of the premetamorphic developmental phase,
and froglets of stage 66 were used as a representative of
the post-metamorphic developmental phase (Nieuwkoop &
Faber, 1994). All animal procedures were performed in accor-
dance with the guidelines of Laboratory animal research of
the Institutional Care and Use Committee of the University of
Giessen (649 _M).

Before experimental procedures, animals were anesthetized
using 0.02% MS-222 (ethy]l 3-aminobenzoate methanesul-
fonate, TCI Tokio Chemicals) in tap water. Anesthetized
animals were killed by severing the transition between the
brainstem and spinal cord. Tissue blocks containing the noses
and the rostral part of the telencephalon were excised.

2.2 | General labeling of ORNs

In some samples, we labeled sensory neurons by using a bio-
eytin backfill. Within the tissue blocks, we transected both
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ON'ss with fine scissors without damaging surrounding tissue
and placed Biocytin (e-biotinoyl-L-lysine, Molecular Probes,
ThermoFisher Scientific) crystals into the lesioned ONs. With
this approach, all ORNs of the olfactory organ that have an
axon at the transection site were labeled. The lesion was
closed with tissue adhesive (Histoacryl L; Braun) and tissue
blocks were incubated for 1 h at room temperature in frog
Ringer solution (98 mM NaCl, 2 mM KCI, 1 mM CaCl,,
2 mM MgCl,, 5 mM Na-pyruvate, 5 mM glucose, 10 mM
HEPES, pH 7.8, osmolarity of 230 mOsmol/l).

2.3 | Fixation

All samples were fixed in 4% formaldehyde for 1 h at room
temperature and washed three times, each 10 min, with
phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCI,
8 mM Na,HPO,, 1.4 mM KH,PO,, dissolved in purified
water, pH 7.4).

2.4 | Whole mount and tissue slice
preparation

We either used whole mount preparations or tissue slices for
labeling. In whole mounts, we investigated the whole olfac-
tory system by cutting the olfactory nerves (ONs) close to the
noses and extracting the entire brain from the tissue block.
The complete olfactory epithelium was preserved and pro-
cessed independently. We did not use any embedding medium
for the tissue blocks. For the preparation of tissue slices of
the olfactory system, we glued tissue blocks directly onto the
stage of a half-automatic vibratome (VT1200S; Leica Biosys-
tems). Tissue blocks containing the olfactory epithelium were
sliced horizontally at 200-250 gm thickness, whereas OB
slices were sliced at 330 gm thickness.

2.5 | Immunohistochemistry

All tissues were permeabilized using phosphate-buffered
saline containing 0.2% Triton-X100 (PBST: Carl Roth) three
times, cach 10 min, and non-specific binding was blocked
with 2% normal goat serum (NGS: MP Biomedicals) for 1
h at room temperature. The samples were incubated with pri-
mary antibodies (1:100) in PBST and 2% NGS at 4°C for 68 to
72 h with one or two of the following antibodies: anti-Homo
sapiens S100Z (MBS2033797, polyclonal, derived from rab-
bit; BioTrend); anti-X. laevis cytokeratin type II (Cytok II:
1hS, RRID:AB_528323, monoclonal, derived from mouse;
deposited to the Developmental Studies Hybridoma Bank by
Klymkowsky. M.); anti-calretinin (6B3, RRID:AB_10000320
monoclonal, derived from mouse, Swant); anti-neural cell

adhesion molecule 1 (NCAMI; 4d, RRID:AB_528389,
monoclonal, derived from mouse, deposited to the Devel-
opmental Studies Hybridoma Bank by Rutishauser, U.);
anti-beta tubulin (TUBB: E7. RRID:AB_528499, mono-
clonal, derived from mouse, deposited to the Developmen-
tal Studies Hybridoma Bank by Klymkowsky, M.): anti-
TP63 (ab735, RRID:AB_305870, monoclonal, derived from
mouse, Abcam). The human S100Z protein (NCBI Ref-
erence Sequence: XP_054207898.1) shows an amino acid
identity similarity of ~75% and ~87% positives, compared
to the translated mRNA sequence of the X. laevis L/S
homeologs (NM_001097818.2, XM_041580516.1: tblastn).
Green fluorescent protein signals were enhanced with anti-
GFP (ab1218, RRID:AB_29891 1, monoclonal, derived from
mouse; Abcam). The primary antibodies were washed off
with PBS three times, each 10 min.

The samples with biocytin-backfilled ORNs were addition-
ally incubated in Alexa 488-conjugated streptavidin (Molecu-
lar Probes, Thermo Fisher Scientific) at a final concentration
of 5 ug/mL in PBST for 5 h and repeatedly rinsed in PBS.
They were incubated with the secondary antibodies Alexa
Fluor 594 goat anti-rabbit (Invitrogen, Thermo Fisher Sci-
entific; 1:250) in PBS with 2% NGS at 4°C for 68 to
72 h.

All other samples were incubated with the secondary anti-
bodies Alexa Fluor 488 goat-anti mouse or/and Alexa Fluor
488 or 594 goat-anti rabbit (Invitrogen, Thermo Fisher Scien-
tific; 1:250) in PBS with 2% NGS at 4°C for 68 to 72 h. The
secondary antibodies were washed off with PBS three times,
each 10 min.

In samples with only one primary antibody application,
cell nuclei were labeled with 10 gg/mL propidium iodide
(Molecular Probes, Thermo Fisher Scientific) for 15 min
and subsequently washed three times with PBS, each 10
min. It was standard procedure to perform negative antibody
controls.

2.6 | Image acquisition and processing
Samples were transferred into a recording chamber in PBS
and stabilized with a platinum frame stringed with nylon
threads. The OBs were imaged with the ventral surface up and
the olfactory epithelia were imaged with the dorsal surface up.
The image stacks were acquired using multiphoton
microscopy (AIR MP: Nikon) at an excitation wavelength
of 780 nm. Axial resolution of OB and MOE samples
was 3 and 2 um, respectively. Fluorescence emission was
detected with three different detectors (blue 400-492 nm,
green 500-550 nm, red 601657 nm). The brightness and
contrast of the image stacks were adjusted using the image
processing software ImageJ (Schindelin et al., 2012) and
median filtering was applied to reduce image noise when
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necessary. Pigmentation-derived autofluorescence was math-
ematically removed by subtracting the blue channel from the
other channels using the image calculator function in ImagelJ.
Images showing the whole olfactory system of adult animals
were combined from multiple image stacks using a stitching
algorithm (Preibisch et al., 2009).

2.7 | Data analysis

S100Z-positive cells of the MOE were manually counted
using ImageJ. The MOE was divided into smaller z-stacks (six
to ten substacks) from dorsal to ventral. In all image planes,
the basal and apical boundaries of the OE were traced with
the freehand tool. These reference outlines were used for the
distribution analysis of S100Z-positive cells. Each cell soma
showing fluorescence signal was manually outlined using the
region of interest (ROI) manager of Image). The absolute
position of each cell was defined as the centroid of cell soma
outline. The relative position within the MOE was defined
as the angle from the center of the fluid-filled nasal cavity.
A vector through the average coordinates of the basal and
apical boundary regions was identified as a good proxy for
the middle of the MOE. We connected the position of each
identified cell to the apical boundary central point and calcu-
lated the angle to the central vector (see also Figure 3a). An
angle of 0 was defined at a position directly in the middle
of the lateral to medial axis of the MOE. Negative and posi-
tive angles indicated lateral and medial positions, respectively.
The distribution pattern of the labeled cells was evaluated

in Python (code and data are a
22029/jlupub- 18280). We identified and quantified the dis-

ailable at https://doi.org/10

tribution of biocytin-backfilled ORNs as a control using the
same protocol.

2.8 | Statistics
Statistical difference was analyzed using Kruskal-Wallis
paired samples test with Bonferroni correction.

3 | RESULTS

3.1 | S100Z expression in the olfactory
system of larval X. laevis

Immunohistochemical processing of the olfactory system of
premetamorphic X. laevis with an antibody against S100Z
leads to strong labeling in both the MOE and OB (Figure 1).
We found S100Z expression in bipolar cells with an api-
cal dendritic knob, throughout the whole MOE, resembling
ORNSs (Figure 1a). We identified fibers connected to labeled
cells as axons that were clearly projecting into the ON and

100 ym

FIGURE 1
larval Xenopus laevis. (a) Immunohistochemical staining for S100Z

S100Z expression in the main olfactory system of

revealed cells with neuron-like morphology, bipolar shape with
dendritic knobs, throughout the whole MOE of the peripheral olfactory
organ. The axon-like processes of S100Z-positive cells extended into
the ON. (b) Axons of S 100Z-positive cells projected into glomeruli
within the glomerular layer of the OB in premetamorphic tadpoles. No
S100Z-positive cell bodies were visible in the different layers of the
OB. Structures of the olfactory system and glomerular clusters are
outlined with a dotted white line. A, anterior; IC, intermediate cluster;
L. lateral; LC, lateral cluster: M, medial; MOE, main olfactory

epithelium; OB, olfactory bulb: ON, olfactory nerve: P. posterior

subsequently into glomerular clusters of the OB (Figure 1b).
Within the OB, we found no S100Z-positive cell bodies.

3.2 | S100Z expression restricted to ORNs

We performed complementary immunohistochemistry in
premetamorphic X. laevis to confirm the neuronal iden-
tity of labeled cells and to check for other cell types that
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FIGURE 2 SI100Z expression exclusively in ORNs. (a) Schematic overview of the peripheral olfactory organ of premetamorphic X. laevis. The
major cell types of the main olfactory epithelium are highlighted. (b) Stem cell marker TP63 (magenta) was localized in cell nuclei in basal cell
layers, highlighting basal stem cells. S100Z-positive cells (yellow) occurred in more intermediate layers of the olfactory epithelium. No
co-localization of S100Z and TP63 was found. (¢) Supporting cells expressing cytokeratin type Il (Cytok I1. magenta) did not express S100Z
(yellow). (d) Membrane-localized NCAMI1 (magenta) is a marker for developing neurons. A subset of S100Z-cxpressing cells (yellow) was clearly
surrounded by NCAMI immunoreactivity (white dotted circle) and dendrites showed co-localization. (¢) Microtubules were labeled with antibodies
against beta tubulin (TUBB, magenta). TUBB was found at cellular boundaries and apical appendages, presumably cilia (arrow). S100Z signal only
clearly occurred in soma, dendrite, and knob. (f) Individual S100Z-positive neurons show no co-localization of S100Z and TUBB in their dendritic
appendages. TUBB expression is expected in cilia, whereby S100Z was located in shorter protrusions from the dendritic knob, potentially indicating
microvilli (white dotted circle). MOE, main olfactory epithelium; NC, nasal cavityl: OB, olfactory bulb; ON, olfactory nerve; ORN, olfactory

receplor neuron

potentially express S100Z (Figure 2). Tumor protein 63 Supporting cells were labeled with an antibody against

(TP63) is expressed in reserve horizontal stem cells in the
olfactory epithelium (Schnittke et al., 2015). Antibody label-
ing against TP63 was localized in cell nuclei in the basal
cell layers of the olfactory epithelium, while S100Z-positive
cells were located in more intermediate layers (Figure 2b).
We found no co-localization of TP63 in S100Z-positive

cells.

Cytok II and revealed their typical morphology with apical
cell soma positions and thin processes connecting to the basal
lamina of the MOE (Figure 2¢). We found no co-localization
of labeled supporting cells and S100Z.

An antibody against NCAMI was used to label immature
ORNs within the MOE (Cervino et al., 2017). We found
NCAM 1 expression in many S100Z-positive cells, and it was
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localized to the plasma membrane at the cell soma and in
dendritic and axonal processes (Figure 2d).

We applied an antibody against TUBB to check if S100Z-
positive neurons possess cilia as dendritic knob appendages.
TUBB immunoreactivity was located in the intermediate level
of the olfactory epithelium at cell boundaries and in long cilia
at the apical interface to the nasal cavity (Figure 2¢). In gen-
eral, the TUBB signal extended more apically than the S100Z
signal (arrow). S100Z-immunoreactivity was located in den-
drites and the connected knobs of ORNs but was not apparent
in TUBB-positive cilia (Figure 2f, white dotted oval). This
indicated that S100Z was expressed in microvillars rather than
ciliated ORNs.

In summary, we found that S100Z expression occurred
exclusively in ORNs within the MOE of premetamorphic X.
laevis larvae with specific projections into the lateral and
intermediate glomerular cluster of the OB.

3.3 | Laterally biased distribution of
S100Z-expressing ORNs in the MOE

The fact that projections of S100Z-positive axons were
not connecting to the medial OB raises the question how
S100Z-expressing ORNs are distributed within the olfac-
tory organ. We manually counted and identified the position
of all S100Z-positive ORNs in image stacks of the MOE
of premetamorphic animals (n = 11 larvae; Figure 3). For
each ORN, we determined the angle from the center of the
MOE as a measure of lateral to medial position within the
MOE (Figure 32). The population of S100Z-expressing ORNs
showed a bimodal distribution with a strong bias to the lat-
eral side of the MOE (Figure 3b). On average, significantly
more S100Z-positive ORNs were found in the lateral half of
the olfactory epithelium of cach animal than in the medial
half (p = .0035, Figure 3c¢). This was consistently found in
every animal analyzed (Figure 3d). We counted and identi-
fied biocytin-positive cells (n = 4 larvae) to test if ORNs
were generally more frequently found in the lateral MOE.
The distribution of the total ORN population is approxi-
mately symmetric and centered around the middle of the
MOE (Figure 3b). No significant difference between the mean
number of biocytin-positive cells was apparent between the
lateral and medial MOE (p = .08326). The comparison of
biocytin- and S100Z-positive distributions also suggested that
the centrally located ORNs had a reduced probability for
S100Z expression. On an apical to basal axis, the lateral and
medial S100Z-positive ORNs did not differ in distribution
(Figure 3¢). Nevertheless, we found a tendency that S100Z-

expressing ORN somata were located more apically in more
ventral layers on the medial half of the MOE (Figure 3f).

3.4 | S100Z expression in ORNs without
axon and pax6-expressing cells

We wanted to obtain more information about the maturity of
S100Z-expressing neurons and labeled ORNSs through their
axons via transection of the ON using a biocytin backfill
in premetamorphic X. laevis (Figure 4a-¢). All ORNs with
a well-developed axon at the transection site were labeled.
Growing neurons that have not developed an extended axon
yet are excluded from this labeling approach. We found that a
biocytin backfill led to the widespread labeling of ORNs in the
MOE (Figure 42). Concurrent labeling with S100Z in a sub-
set of biocytin-filled neurons supports our previous finding of
ORN-specific expression of S 100Z (Figure 4a). We found par-
tially overlapping subsets of ORNs labeled with biocytin and
S100Z (Figure 4a). Furthermore, the biocytin-streptavidin
backfill was observable in the axonal projections of ORNs into
the AOB and in all glomerular clusters of the OB, namely,
the lateral (LC), intermediate (IC), small (SC), and medial
clusters (MC; Figure 4b). Only in the L.C and IC, we found
co-localization of S100Z and biocytin-streptavidin but not in
all glomeruli (Figure 4b). Notably, no S100Z signal occurred
in the projections to glomeruli of the AOB (Figure 4b). Con-
sistent with this, we also found generally no S100Z expression
in the peripheral VNO (Figure 4c). S100Z expression was
always restricted to the MOE.

pax6 is one of the main developmental regulators in ver-
tebrates and cellular expression has been well-studied in the
OB, pallium, and telencephalon of Xenopus (Daume et al.,
2022; Moreno et al., 2008; Stoykova & Gruss, 1994). We
used an albino pax6-GFP transgenic Xenopus line to visu-
alize developing neurons within the premetamorphic MOE.
pax6-dependent GFP expression was distributed through-
out the whole MOE (Figure 4d). Many S100Z-expressing
cells showed co-localization with pax6-GFP signal, but we
also found S100Z-positive cells without pax6 expression
(Figure 4d). The axonal projections of pax6-positive ORNs
projected broadly into all glomerular clusters of the OB
(Figure 4c). A subset of pax6-positive glomeruli in the LC
showed co-localization with S100Z, while another group was
devoid of S100Z (Figure 4¢). Note that also pax6-positive cell
somata were found in the mitral and granule cell layers of OB,
and that these exhibited no S100Z signal.

Our findings demonstrate that SI00Z was expressed in a
subgroup of pax6-positive ORNs as well as in developing

AP0 PUE S | 1 205 THTO0TO0] B0 IO 2RO S, TR TIGNTSNN( 5 STRITNGNTHL 1O A3 fia ARIGEIEIO R B POPOOER] O VTS

o

oo Ko K

0] SUORN0) DAY HENIIN 3 K POUIIGT AT S V() 1 JO SO 1) LIERIY HHO S

26



Publications

KAHL ET AL Wi LEYL

(a) (b) (c)
10 600 =
| == s100z 4 s
o £33 biocytin 500 ~ .
E 1 ?400-
L f o -
1~ s
w
2 -

8
PR

=3
|
o

T T
-100 0 100 -100 0 100 latoral medial
lateral |- medial \ateral ~|— madial olfactory epithelium position
angle from center [*] angle from center [*]
(d) (e) (U]
600 10 =
- lateral )
- medial
500 % 08 -
2 )
8 400 - -i 1
g ‘g %G 0.6 /
2 300 - 1 ;
g g £1 o4 -
N 3 23 ,
8 200 N 28 | 270
» : e
100 w 02 -
0  A—— 00 s B B e e |
1234567809101 00 02 04 06 08 10 0 20 40 €0 80 100
animal basal «|—- apical dorsal «|— ventral
relative position z-plane

FIGURE 3 Laterally shifted distribution of S100Z-positive cells. (a) Maximum projection of a larval X. laevis MOE with an overlay of all
S100Z-positive cells. The color gradient from blue (lateral) to red (medial) indicates the angular position within the MOE (zero equals the middle of
the MOE). Crosses mark the average coordinates of the manually drawn apical and basal MOE boundaries. Angles were determined between each
cell position and the vector that defined the middle of the MOE (dashed line). (b) The bimodal distribution of S100Z-positive cells (blue) was shifted
toward a lateral position (n = 11 larvac). The general ORN population was labeled via a biocytin backfill and showed a unimodal distribution
centered around the middle of the MOE (gray. n = 4 larvae). (¢) The mean number of S100Z-positive cells in the lateral MOE was significantly
higher than in the medial MOE (n = 11 larvae). Kruskal-Wallis test. **, p < .01. (d) The number of S100Z-positive cells in the lateral MOE was
always higher than in the medial MOE in all animals investigated (n = 11 larvae). (¢) The relative position within the MOE on the apical-basal axis
was not different between the lateral and medial S100Z-positive populations, a tendency toward a more basal position on the lateral side
notwithstanding. (f) The medial S100Z-positive population featured a correlation between the position on the ventral-dorsal and basal-apical axis.
Cells deeper in the medial MOE were shifted to apical positions. MOE, main olfactory epithelium.

ORNS that have not yet made axonal contact with the OB of ~ MC and calretinin-expressing cell bodies in more posterior
premetamorphic X. laevis larvae. OB layers (Figure 5b).

Within the lateral glomerular cluster, individual glomeruli

were either positive for calretinin/S100Z or showed a co-

3.5 | Distinct, partially overlapping localization of both proteins (Figure 5b). The glomerular
localization of S100Z and calretinin organization of the LC was different in each animal inves-

tigated (Figure 5¢). This was also found for the patterns of
We compared the observed S 100Z pattern with another Ca®* - calretinin and S100Z occurrence in glomeruli. In all larval

binding protein, calretinin (calb2). In premetamorphic X. animals surveyed, we found roughly similar, but never identi-
laevis, both calretinin and S100Z occurred in ORNs across cal, spatial glomerular distribution patterns of calretinin and
the whole MOE (Figure 5a). Here, the two Ca®*-binding pro- S100Z (Figure 5¢). The most lateral glomeruli of the LC were
teins showed distinct, but partially overlapping, expression mostly only S100Z- or calretinin-positive and rarely posi-
patterns (Figure 52). In the OB, we found axonal projections tive for both (Figure 5¢, asterisk). Glomeruli situated toward
of calretinin-positive ORNs in glomeruli of the AOB, LC, and the center of the LC were more frequently double positive,
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FIGURE 4 Mature and immature receptor neurons express S 100Z exclusively in the MOE and not in the VNO of X. laevis tadpoles. (a)
Biocytin-streptavidin-stained ORNs (magenta) and S100Z-positive ORNs (yellow) were present throughout the whole MOE. Some ORNs showed
co-localization with both proteins (highlighted with circles). (b) The axonal projection of biocytin-streptavidin labeled ORNs (magenta) was found in
all glomerular clusters within the main OB and AOB of X. laevis tadpoles, but axonal projection of S100Z-positive neurons (yellow) was exclusively
detected in the LC and IC. (¢) Biocytin-streptavidin stained ORNs (magenta) were located in the VNO and MOE of X. laevis tadpoles
S100Z-expressing neurons (yellow) occurred in the MOE. (d) Immature pax6-positive cells (magenta) and S100Z-positive ORNs (yellow) were
present throughout the whole MOE. Although many, not all cells were double positive (e.g., white dotted oval). (¢) Axonal projections of
pax6-positive ncurons, indicating an immature status, were detected in the LC and MC within the glomerular layer and different cell types (magenta)
within the OB. Some, but not all glomeruli within the LC, showed co-localization for S100Z and pax6. A, anterior: AOB, accessory olfactory bulb:
IC, intermediate cluster; L, lateral; LC, lateral cluster; M, medial; MC, medial cluster; MOE, main olfactory epithelium; OB, olfactory bulb; ON,

olfactory nerve; ORN, olfactory receptor neuron; P, posterior; SC, small cluster; VNO, vomeronasal organ

@

28



Publications

KAHL ET A1

WILEY -2

pre-metamorphic p - . 100 um

y

M

50 ym

= 100 ym

pre-metamorphic

FIGURE 5 Distinct, but partially overlapping expression patterns of calretinin/S100Z. (a) In premetamorphic X. laevis, ORNs across the
whole MOE expressed calretinin (magenta) and S100Z (yellow). Not all but many cells showed co-localization of the two calcium-binding proteins
(e.g., white dotted circles). (b) In premetamorphic animals, the axonal projection of calretinin-expressing neurons (magenta) targeted the AOB, LC,
and MC. Within the LC, calretinin- and S100Z-positive (yellow) glomeruli were detected and some were double-positive (white dotted ovals). (¢c)
Expression patterns of calretinin (magenta) and S100Z (yellow) in glomeruli of the lateral cluster in four different premetamorphic animals. The
expression patterns were very variable between individuals, but some trends for recurring patterns were apparent. The outer lateral glomeruli within
the LC had the tendency to be either SI00Z- or calretinin-positive (asterisks), whereas in the medial part of the LC, more glomeruli were
S100Z-positive. The most caudal glomerulus in the middle of the LC was often double positive for S100Z/calretinin (arrows). (d)
Immunohistochemical staining for calretinin (magenta) labeled neurons throughout the whole VNO in premetamorphic animals, but no S100Z
expression (yellow) was found in the VNO. A anterior: AOB, accessory olfactory bulb; L, lateral; LC, lateral cluster: M, medial: MC, medial cluster:
MOE, main olfactory epithelium; ORN, olfactory receptor neuron; P, posterior; VNO, vomeronasal organ

notably a caudally oriented glomerulus was found in many axons originated from vomeronasal receptor neurons from the
animals (see Figure 5c, arrow). Calretinin expression was also VNO that also showed calretinin expression but no S100Z
apparent in axons that project to the AOB (Figure 5b). These expression (Figure 5d).

i

vl ®

a0 2% THON

- I 01

)

29



Publications

| WILEY

KAHL BT A1

(@) post-metamorphic

MiC 100 pm

post-
metamorphic

FIGURE 6

S100Z expression restricted to the middle cavity after metamorphosis. () In postmetamorphic X. laevis calretinin-positive neurons

(magenta) were localized in the middle cavity (MiC) and principal cavity (PC). SI00Z expression (yellow) occurred only in ORNs of the MiC. (b) In

postmetamorphic animals, S100Z-expressing neurons within the olfactory epithelium of the MiC exclusively projected into the lateral glomerular

cluster. No expression of S100Z was found in the PC. (¢) Immunohistochemical staining for calretinin (magenta) labeled neurons throughout the

whole VNO in postmetamorphic animals. No S100Z expression (yellow) was detected in the VNO. A, anterior: L, lateral: LC, lateral cluster: M,

medial; MiC, middle cavity; ON, olfactory nerve; ORN, olfactory receptor neuron; P, posterior; PC, principal cavity; VNO, vomeronasal organ

3.6 | S100Z expression limited to the middle
cavity after metamorphosis

During metamorphic remodeling of the olfactory system,
the larval MOE is functionally reorganized in the principal
cavity , and a new olfactory epithelium forms the middle
cavity (for review, see Weiss et al., 2021). The air-filled prin-
cipal cavity is thought to be specialized for airborne odor
detection, whereas the middle cavity is a reproduced larval
MOE presumably specialized for waterborne odor detec-
tion. After metamorphosis, we found calretinin in ORNs
of the middle and principal cavity of the olfactory sys-
tem, whereas S100Z-expressing neurons were only detectable
in the middle cavity (Figure 6a). Comparable to the larval
situation, S100Z-expressing ORNs from the middle cavity
exclusively projected into the lateral glomerular cluster of
the postmetamorphic OB (Figure 6b). Also, no expression
of S100Z occurred in the VNO (Figure 6¢). Calretinin, on
the other hand, could be detected in neurons of the VNO
(Figure 6¢).

4 | DISCUSSION

4.1 |
system

S100Z expression in the olfactory

The Ca*-binding protein family S100 has only been found
in vertebrates and is expressed non-ubiquitously (Gonzalez
etal., 2020). Although not very well characterized, S100Z has
been shown to be expressed in the olfactory system of fish and
mammals (Capsoni et al., 2021; Dieris et al., 2021; Hecker
etal., 2019; Kraemer et al., 2008). Antibodies against bovine
S100A/S100B reveal S100-immunoreactivity in crypt cells of
the fish olfactory rosette and are a recognized marker for this
neuronal subtype (Bettini et al., 2017; Germana et al., 2004),
Crypt cells express a single v/r-related ora gene (Oka et al.,
2012), and they converge into a single mediodorsal glomeru-
lus that is activated by kin odor after olfactory imprinting
(Ahuja et al., 2013; Biechl et al., 2017; Gayoso et al., 2012;
Kress et al., 2015). The specificity of these antibodies has
been reported to be highly sensitive to sample preparation
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prior to immunolabeling, and with this ambiguity also, other
microvillous-like olfactory neurons are labeled (Oka et al.,
2012). Therefore, the interpretation of earlier reports on S100
expression in non-mammalian species is not straightforward.
In fact, it has been shown that zebrafish crypt cells do not
even express s/00 genes and that the antibody may recognize
a non-S100 protein, whereas in microvillous-like cells, the
antibody actually labels S100Z (Ahuja et al., 2013; Oka et al.,
2012). The same antibody has been also shown to label ORNs
in larval X. laevis (Kerschbaum & Hermann, 1992). Using
another antibody raised specifically against H. sapiens S100Z,
we found labeling in a restricted population of ORNSs of the
main olfactory system of X. laevis. We have performed large-
scale RNAseq experiments that support our findings (Data
unpublished). A binding protein of S100 occurs in olfactory
neuron cilia of another anuran, Rana catesbeiana, and thus
suggests a role in olfactory transduction (Miwa & Kawamura,
2003).

4.2 | Partially overlapping expression of
Ca**-binding proteins

Generally, many members of different Ca>*-binding protein
subfamilies are expressed in a restricted pattern and serve as
a marker for separate neuronal populations in the vertebrate
central nervous system (Braubach et al., 2012; Kress et al.,
2015: Morona & Gonzilez, 2013). In the olfactory system,
calretinin expression is restricted to neuronal cell populations
(Germana et al., 2007). In zebrafish, calretinin is found most
strongly in ciliated olfactory sensory neurons, which broadly
project to the OB (Braubach et al., 2012; Kress et al., 2015;
but see Koide et al., 2009). In this study, most ORNSs of the
Xenopus MOE were calretinin-positive (see also Daume et al.,
2022).

In fish and amphibians, calretinin is an accepted marker of
mature ORNSs, but calretinin expression in embryonic mice
is restricted to a limited period during neuronal maturation
(Wei et al., 2013). A neuroprotective function of calretinin is
proposed for epileptic seizures, but the function of calretinin
in the olfactory system remains unclear (Capsoni et al., 2021
Qi et al,, 2022).

We cannot link calretinin expression to specific neuronal
features or identities, and no clear pattern of co-expression
with S100Z was found. Furthermore, we did not observe any
consistent expression patterns across the glomerular array in
different animals. This implies that the mapping of ORN pop-
ulations expressing these proteins in the Xenopus OB is not
stereotypical. This inference is backed by functional measure-
ments, which demonstrate that the glomerular odor map to
amino acid odorants is neither stereotypically or chemotopi-
cally arranged in the Xenopus OB (Offner et al., 2023). We
observed one particular, caudally oriented glomerulus in the
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LC, which was S100Z/calretinin-positive in many animals. It
will be interesting to investigate if this glomerulus features
some stereotypical properties, like location, function or odor
sensitivity.

4.3 | S100Z is not associated with the VNO
in Xenopus

In mammals, s/00z has previously been associated with the
accessory olfactory system, particularly the VNO. Surpris-
ingly, we did not detect any S100Z expression in the VNO of
pre- nor postmetamorphic Xenopus. In a large-scale screen-
ing of mammalian genomes, it was found that a reduction
of the vomeronasal system is accompanied by a convergent
inactivation of s/00z, the transduction channel frpc2, the
aldehyde oxidase Aox2 involved in odorant degradation, and
the uncharacterized Msinl (Hecker et al., 2019). Conversely,
the inactivation of these genes predicts a vomeronasal sys-
tem reduction in semi-aquatic mammals, namely, otters and
phocid seals (Hecker et al., 2019).

Ecological factors such as the terrestrial or aquatic envi-
ronment can influence the evolution of olfactory system
adaptations (Burguera et al., 2023; Kishida, 2021; Weiss
et al.,, 2021). The functional prioritization of selected compo-
nents of the olfactory system is common among vertebrates
and can lead to the enhanced or dec d expression of
particular families of olfactory receptor genes (Bear et al.,
2016; Kishida, 2021; Taniguchi & Taniguchi, 2014). For
instance, multiple lineages of ray-finned fish have indepen-
dently expanded their olfactory receptor gene families, and
this expansion is especially evident in nocturnal amphibious
fish (Burguera et al., 2023). Such changes can also result in
alterations to the occurrence of cellular properties that are
associated with either the main or accessory olfactory system.
In cartilaginous fish, the v2r/OIfC family of olfactory receptor
genes is dominant over the OR family, and only microvillous
ORN:S are present in the olfactory organ (Syed et al., 2023).

The most extreme adaptation of the olfactory system com-
pletely reduces either the main or accessory system in favor of
the other. Among secondarily fully aquatic mammals, baleen
whales (Mysticeti) possess only a reduced main olfactory
organ and lack a VNO (Kishida et al., 2015). No VNO is
apparent in birds, so they depend entirely on their sense
of smell through the main olfactory system (Taniguchi &
Taniguchi, 2014). On the other hand, fully aquatic sea snakes
(Hydrophiins) lack a functional main olfactory system and
instead rely on a vomeronasal system (Kishida, 2021).

Our study emphasizes that the expression of s/00z in non-
mammalian species cannot be directly linked to the VNO.
This makes s/00z a less reliable predictor for a reduction
of the VNO as a whole or the molecular machinery con-
nected to it. It will be interesting to investigate the s/00z
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expression in animals with olfactory system reductions and
other non-mammalian vertebrates in general.

4.4 | S100Z expression pattern correlates
with microvillous ORNs and trpc2

In non-tetrapod groups, without a distinct VNO, the expres-
sion of rrpe2 is still linked to the MOE (Bear et al., 2016).
In the MOE, the major two neuronal subpopulations are cili-
ated and microvillous ORNs (Gliem et al., 2013). In the single
olfactory sensory epithelium of bony and cartilaginous fishes,
trpe2 is expressed in microvillous ORNs (Sato et al., 2005;
Syed et al., 2023). In early diverging tetrapods, like amphib-
ians, the expression pattern is in an intermediate state. In
larval Xenopus, trpe2 expression is not restricted to the VNO
but also occurs broadly in the MOE (Sansone, Syed, et al.,
2014). After metamorphosis, 17pc2 is expressed in the VNO
and in the olfactory epithelium of the water-exposed middle
cavity but not in the air-exposed principal cavity (Syed et al.,
2017). The pattern in the MOE is mirrored by our observed
expression pattern of S100Z. This indicates a common cellu-
lar identity that expresses S100Z and TRPC2, at least partially
overlapping.

We found indications that S 100Z-positive ORNs possess no
cilia and that further supports that they belong to the microvil-
lous subpopulation. Also, the absence of S100Z-positive cells
in the postmetamorphic principal cavity supports this fact.
After metamorphic reorganization, no microvillous, but only
ciliated ORNS, can be found in the principal cavity (Hansen
et al., 1998). Itis unclear if S100Z is expressed by the whole
population of microvillous ORNs in the MOE.

Microvillous ORNs expressing trpc2 are thought to share
a common molecular identity with a non-cyclic adeno-
sine monophosphate (cAMP)-dependent transduction path-
way and expression of carly-derived v2r family olfactory
receptor genes (Gliem et al., 2013; Hansen et al., 2004; Sato
et al., 2005; Syed et al., 2013, 2017). Interestingly, microvil-
lous ORNs from the MOE and the VNO of X. laevis express
distinct subfamilies of v2r genes. Xenopus larvae show exclu-
sive expression of late diverging v2r genes in the VNO, while
ancestral v2r genes are restricted to the MOE (Syed et al.,
2013). During metamorphosis, the MOE gradually loses its
larval expression of ancient V2Rs as it transforms into the air
nose (principal cavity). In the basal layers of the newly formed
walter nose (middle cavity), ancient v2r gene expression starts
to emerge (Syed et al.,, 2017). This suggests ancestral v2r
olfactory receptor genes as likely candidates to be expressed
by S100Z-positive ORNs. This is an important hypothesis to
test in future experiments.

The functional identity of S100Z-expressing ORNs is not
known yet, but V2Rs have been connected to the detection

of amino acids (DeMaria et al., 2013; Syed et al., 2017). In
larval Xenopus, amino acid-responsive ORNs with a phos-
pholipase C (PLC)-dependent transduction pathway show a
laterally biased distribution (Gliem et al., 2013; Sansone, Has-
senklover, etal., 2014; Sansone, Syed, etal., 2014; Syed et al.,
2013). This lateral bias is also present in the glomerular array
of the OB (Gliem et al., 2013). Since S100Z expression in the
OB is also lateralized, it would be interesting to test whether
S100Z-positive glomeruli are sensitive to amino acid odors.

4.5 | Conclusion

The transition to terrestrial habitats of tetrapods is accompa-
nied by the evolutionary tendency to develop distinct olfactory
subsystems, for example, the main and vomeronasal olfac-
tory organ with separate brain circuitry. This trend at the
anatomical level is also reflected at the molecular level,
which eventually forms distinct olfactory sensory neuron sub-
populations with differential gene expression patterns. In
amphibians, this molecular segregation is in an intermediate
state, despite distinct anatomical peripheral olfactory organs.
This is also supported by strict S100Z expression in the main
olfactory system and no expression in the VNO. This under-
lines that the molecular identity of amphibian vomeronasal
olfactory neurons is not identical to mammals, including the
expression of SI00Z. Since the function of s/00:z is still
unclear, one can only speculate about the consequences. A
functional importance in a specific olfactory neuron sub-
population could be hypothesized and it is possible that the
association of s/00z with vomeronasal sensory neurons in the
mammalian lineage confers functional benefits.
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ABSTRACT

Olfactory ensheathing cells (OECs) play a crucial role in supporting the continuous turnover of olfactory receptor neurons by
promoting axon growth and targeting. While OECs have been extensively studied in mammals for their potential in treating
nerve injuries, little is known about these cells in non-mammalian vertebrates. We identified and characterized the morphol-
ogy of OECs, fibroblasts, and macrophages in the olfactory system of Xenopus laevis larvae. Additionally, we used antibod-
ies against phosphorylated ribosomal protein 56 (p-rpS6) to visualize the activation of non-neuronal cells in the olfactory
nerve (ON) after transection, Various non-neuronal cells in the ON, including OECs, fibroblasts, and macrophages, showed
a transient increase in the p-rpS6 signal following transection. Our study provides the first description of non-neuronal cells
populating the ON of larval X. laevis, and it suggests that rpS6 phosphorylation in these cells may be essential after injury and
potentially supports regeneration of the ON. These findings contribute to a broader understanding of OECs and their role in

nerve regeneration across species.

1 | Introduction

The olfactory system in vertebrates exhibits a remarkable capac-
ity for regeneration, particularly in the replacement of olfactory
receptor neurons (ORNs; Astic and Saucier 2001; Schwob 2002;
Manzini 2015). When ORNs reach the end of their lifespan or
if they are damaged, e.g., by exposure to toxins, infections, or
injury, they undergo apoptosis and for necrosis and are replaced
by new neurons (Deckner et al. 1997, Astic and Saucier 2001;
Brenneman et al, 2002; Schwob 2002; Manzini 2015; Hawkins
et al. 2017, Werner and Nies 2018). New ORNs differentiate
from a heterogeneous population of neuronal stem cells located
in basal layers of the olfactory epithelium {(OE; Schwob 2002;

Ekberg et al, 2012; Manzini 2015) and subsequently extend un-
myelinated axons to synaptically connect with projection neu-
rons and interneurons of the olfactory bulb (OB) in the anterior
telencephalon (Moreno-Flores et al. 2002; Manzini et al, 2022).

The olfactory nerve (ON) is a critical component of the olfac-
tory system, composed of bundles of ORN axons and sev-
eral populations of non-neuronal cells, including olfactory
ensheathing cells (OECs), fibroblasts, and macrophages. OECs
constitute a heterogeneous class of molecularly and function-
ally diverse glial cells that ensheathe bundles of ORN axons
along the ON (Doucette 1993; Sonigra et al. 1999; Chuah and
West 2002; Pellitteri et al. 2010; Su and He 2010; Higginson

Abbreviations: OF, olfactory bulb; OF, olfactory epithelium; OECs, olfactory ensheathing cells; ON, olfactory nerve; ORNs, olfactory receptor newrons; p-rp3a,

phasphorylated ribesomal protein S6.
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and Barnett 2011; Ekberg et al. 2012; Ekberg and St John 2014;
Manzini et al, 2022), Axon bundles of ORNs are also surrounded
by fibroblasts, which form a perineurium-like structure (Li
et al. 1998, 2005; Wright et al. 2020). In addition, the ON is pop-
ulated by a small number of macrophages (Li et al. 1998, 2005;
Wright et al. 2020).

The unambiguous identification of OECs is inherently difficult.
In mammals, OECs have been shown to express, among others,
vimentin, glial fibrillary acidic protein (GFAP), the calcium-
hinding protein S100£, neural cell adhesion molecules {(NCAMs),
p75 neurotrophin receptors (p73NTR), neuropeptide Y, and sev-
eral axon guidance molecules{Barnett and Chang 2004; Pellitteri
et al. 2010; Higginson and Barnett 2011; Ekberg et al. 2012;
Rawji et al. 2013; Oprych et al. 2017). Among those, particu-
larly vimentin, a major intermediate filament protein (Ivaska
et al. 2007), has been a helpful marker of OECs (Franceschini
and Barnett 1996; Schwob et al. 1986; Ramon-Cueto and
Avila 1998; Au and Roskams 2003; Lazzari et al. 2013). The
transcription factor sex10, on the other hand, has been shown
to label developing OECs in different vertebrate taxa (Barraud
et al. 2010, 2013; Forni et al. 2011; Pingault et al. 2013; Oprych
et al. 2017, Perera et al. 2020). None of these markers, however,
is suitable for identifying all types of OECs. Fibronectin, an es-
sential element of the extracellular matrix, is known to be ex-
pressed in fibroblasts (Ibanez et al. 2007) and has been used to
mark fibroblasts in the mammalian ON (Li et al. 2008; Oprych
et al. 2017). Macrophage-expressed gene 1 (mpegl), which en-
codes the pore-forming protein perforin-2, is evolutionarily con-
served and commonly expressed in macrophages, making it a
reliable marker for macrophage identification (Ellett et al. 2011;
Bayly-Jones et al. 2020; Ferrero et al. 20200,

Among the non-neuronal cells of the ON, most information is
available about OECs, While initially believed to originate from
the olfactory placode, OECs are now widely aceepted to derive
from the neural crest (Chuah and Au 1991; Valverde et al, 1992;
Barraud et al. 2010; Forni et al. 2011; Katoh et al. 2011;
Nakajima et al. 2013; Denaro et al. 2022). The promotion of
continuous growth and the targeted pathfinding of ORN axons
and the phagocytosis of axonal debris within the ON are un-
doubtedly the key functions of OECs (Doucette 1993; Key and
St John 2002; Pellitteri et al. 2010; Su and He 2010; Ekberg
et al. 2012; Su et al, 2013; Ekberg and St John 2014; Nazareth
et al. 2015; Barton et al. 2017; Denaro et al. 2022; Denaro
et al. 2022; Manzini et al. 2022; Zhang et al. 2023). Additionally,
OECs are involved in regulating the immune response within
the ON (Chen et al. 2025).

OECs have been shown to support neural repair in the olfac-
tory system and, after implantation, also in other regions of the
nervous system (Su and He 2010; Ekberg et al. 2012; Roet and
Verhaagen 2014). Their potential to promote spinal cord regen-
eration has been well studied (Raisman 2001: Barton et al. 2017;
Huang et al. 2024), showing promising but still inconsistent out-
comes (Mackay-Sim 2005; Ekberg et al. 2012; Yao et al. 2018).
The underlying molecular mechanisms, i.e., the secretion and
regeneration-supporting functions of adhesion molecules, extra-
cellular matrix proteins, and growth factors (Bailey et al. 1993;
Pellitteri et al. 2010; Barton et al. 2017; Russo et al. 2020), are not
vet fully elucidated.

While extensive research has been conducted on OECs in mam-
mals, information about OECs in non-mammalian vertebrates is
very limited (e.g., see Quintana-Urzainquiet al, 2014; Docampo-
Seara et al. 2022: catshark; Kreutzberg and Gross 1977, Lazzari
et al, 2013, 2014; teleosts; Daston et al, 1990; Burd 1991, 1992;
Huang et al. 2005; Lazzari et al. 2016: adult and metamorphic
amphibians).

Larvae of the African clawed frog Xenopus laevis are particu-
larly suitable for studying injury-mediated neuronal regener-
ation processes and are widely used in regenerative biology
(Manzini 2015, Cervinoet al. 20017; Hawkins et al, 2017; Hawkins
et al, 2024; Terni et al, 2017; Lara et al. 2024). Nevertheless, the
morphology and functions of OECs in Xenopus remain largely
unclear. The present study aims to identify and describe OECs
and other non-neuronal cells in the larval Xenopus ON using
transgenic animal lines, immunohistochemistry, and single-cell
electroporations. In addition, we describe activity changes in
non-neuronal cells of the ON, including OECs, that occur after
injury of the olfactory system.

2 | Materials and Methods
2.1 | Animals

To obtain our results, we used wild-type, albino, and transgenic
sox10-GFP [Xla.Tg (sox10:GFPY™] and mpegl-GFP [Xla.Tg
(Dre.mpegleGFP;eryga:mCherry)* ™| (xenopusresource.org)
larvae of X. laevis (both sexes). The larvae were maintained
and raised in the breeding colony at the animal facility of the
Institute of Animal Physiology at Justus Liebig University of
Giessen, Premetamorphic larvae with well-developed olfac-
tory systems, ranging from developmental stages 48 to 52, were
used (staged after Nieuwkoop and Faber 1994). The animals
were kept in water tanks (7.5L) at a temperature of 19°C-22°C
(pH 7.8) and fed with algae (Hobby, Mikrozell, Dohse Aquaristik
GmbH und Co. KG).

2.2 | ON Transection

As an injury model for nearonal damage in the olfactory sys-
temn, we unilaterally transected an ON of larval X. laevis (also
see Hawkins et al, 2017, Hawkins et al. 2024), The larvae were
anesthetized in 0.02% MS-222 (ethyl 3-aminobenzoate meth-
anesulfonate; Sigma-Aldrich). The ON was then transected
with fine scissors without damaging the surrounding tissue.
The wound was then closed with tissue adhesive (Histoacryl L;
Braun). After this procedure, the animals were transferred to a
beaker with fresh tap water for recovery. At different time inter-
vals after injury, transected animals were again anesthetized in
0.02% MS-222 and killed by severing the brain and spinal cord
with a scalpel. Subsequent experiments were performed on ex-
cised tissue blocks containing the OE, ONs, and OB.

2.3 | ORN Labeling via Electroporation

To visualize ORN axons in the ON, fluorophore-coupled dextran
(Alexa 488 or Alexa 594; 10,000 MW, Molecular Probes, Thermo
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Fisher Scientific) was introduced into ORNs via electroporation
(for details, see Hassenkliver and Manzini 2014), X laevis lar-
vae were anesthetized in 0.02% MS-222, and dye crystals of dex-
tran were introduced and dissolved into both nasal cavities. Two
platinum electrodes were placed, one inside the nasal cavity and
the other at the tissue surrounding the nostril. The electrodes
were connected to a voltage pulse generator (ELP-01D; npi
Electronics), and six pulses {15V, 25ms duration at 2Hz) with
alternating polarity were applied (also see Weiss et al. 2018).
The procedure was repeated with the other nasal cavity. After
electroporation, the animals were transferred to a beaker filled
with fresh tap water for recovery. The right ON was transected
3 or 4days after electroporation (see section above). The animals
were sacrificed at different time points after ON transection
(Lh, 3h, 6h, 12h, 24k, 48h, 72h, 1week, 2weeks, 3weeks, and
7weeks) and further processed. To visualize the regenerated ON
at later time points after transection, the ONs of the animals
were first transected (see section above) and then electroporated
3days before they were killed and further processed.

2.4 | Whole Mount Preparation
and Immunohistochemistry of the Olfactory System

To label different cell types and to visualize changes in the ON
and OB after unilateral ON transection, we performed immuno-
labeling on tissue slices of the olfactory system. Animals were
anesthetized (as described above) and killed by severing the
brain at its transition to the spinal cord with a scalpel. Tissue
blocks with complete olfactory systems containing the OE, ONs,
and OB were cut out with fine scissors and fixed in 4% Roti-
Histofix (Roth, pH 7) for 1h at room temperature on a shaker in
an Eppendorf tube. Subsequently, the tissue blocks were washed
in 0.1M phosphate buffer saline (PBS), glued onto a vibratome
stage (VT 12008, Leica), and cut horizontally into 300 um thick
slices, Tissue slices were permeabilized with PBST (PBS con-
taining 0.2% Triton X100; Carl Roth), and non-specific binding
‘was blocked with 2% normal goat serum (NGS; MP Biomedicals)
for 1h. Slices were incubated over two nights at 4°C with the
following primary antibodies: anti-vimentin (14h7, RRID:
AB_528507, monoclonal, derived from mouse, Developmental
Studies Hybridoma Bank); anti-fibronectin (MAS-11981, RRID:
AB_10982280, monoclonal, derived from mouse, Thermo Fisher
Scientific); anti-phospho-56 ribosomal protein (Ser235/236)
(48585, RRID: AB_916156, monoclonal, derived from rabbit,
Cell Signalling Technology); anti-HuC/HuD (HuC/D) (A-21271,
RRID: AB_221448, monoclonal, derived from mouse, Thermo
Fisher Scientific). Green fluorescent protein (GFP) signals of
transgenic animals were enhanced with anti-GFP {abl218,
RRID: AB_298911, monoclonal, derived from mouse; Abcam).

Primary antibodies were diluted in 2% NGS/PBST (anti-
vimentin, anti-phospho-56 ribosomal protein [Ser235/23a],
anti-HuC/D: 1:250, anti-fibronectin: 1:100, anti-GFP: 1:50) and
washed off with PES after the incubation period. Subsequently,
Alexa 488 or 594.conjugated goat anti-mouse or anti-rabbit sec-
ondary antibodies (Invitrogen, Thermo Fisher Scientific) were
applied at a dilution of 1:250 in 2% NGS/PBS over one night. The
secondary antibodies were washed off with PBS. To stain cell
nuclei, the tissue samples were incubated for 20min in 10pg/mL
propidium iodide (Molecular Probes, Thermo Fisher Scientific).

After repeated washing with PBS, the slices were transferred
into a small petri dish filled with 50011 PES and stabilized with
a platinum frame stringed with nylon threads.

2.5 | Sparse Cell Electroporation to Label
Individual Cells of the ON

To examine and visualize the morphology of individual cells in
the ON, cells of the ON were labeled using single-cell electro-
poration. Tissue blocks, containing the entire olfactory system,
were cut out with fine scissors (as described above) and trans-
ferred into frog saline ringer (98 mM NaCl, 2mM KCI, ImM
CaCl,, 2mM MgCL,, 5mM glucose, 5mM Natrium-pyruvate,
10mM HEPES; 230 mOsmol/l, pH 7.8). The palatial tissue cov-
ering the ventral side of the ON and OB was removed. The sam-
ples were transferred, with the ventral surface facing up, into a
small petri dish with a recess in the middle, filled with 500pL
frog saline ringer, and stabilized with a platinum frame stringed
with nylon threads. The samples were then placed under a mi-
croscope with fluorescent illumination.

Electroporation micropipettes were produced from borosili-
cate glass capillaries (inner diameter 0.86 mm, outer diameter
1.5 mm, length 10cm, Hilgenberg) with a horizontal micropipette
puller (Model P-1000, Sutter Instruments). The micropipettes
were filled with 3pL Alexa 488 or Alexa 594 dextran solution
(10kDaMW, 3mM in frog saline ringer, Life Technologies,
Invitrogen, Thermo Fisher Scientific) and mounted on the head
stage of an Axoporator 800 A (Molecular Devices). This head
stage includes a silver wire electrode coated with silver chloride.
A reference electrode connected to the Axoporator was placed
near the tissue block to close the electrical circuit,

After positioning the micrepipette in the frog saline ringer (see
above), it was directed toward the ONs using a micromanipu-
lator (PatchStar, Scientifica). When the pipette was in contact
with a cell of interest, a train of positive square voltage pulses
(S0W, 300us, 300Hz for S00ms) was triggered to transfer the
charged dye along an electric field into a single cell (also see
Weiss et al, 2018), Samples were fixed in 4% Roti-Histofix (Roth,
pH7) for 1h at room temperature. The tissue blocks were then
washed in 0.1 M PBS, and nuclear staining was performed with
propidium iodide (see above).

2.6 | Multiphoton Imaging

The ONs and the OB were observed using an upright multi-
photon microscope (A1R-MP, Nikon). Images were acquired
with an excitation laser wavelength of 780nm as virtual stacks
with a z-resolution of 1-3pm. Fluorescence emission was de-
tected with three different detectors (blue 400-492Znm, green
500-550nm, and red 601-657 nm).

2.7 | Image and Data Processing
The brightness and contrast of the image stacks obtained from

scans of the multi-photon microscope were adjusted using the
image processing software Imagel (Schindelin et al. 2012).
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When excited by the multiphoton laser, pigments showed strong
autofluorescence and were visible as supersaturated image
arcas. The blue emission detector (400-492 nm) was used (o
identify autofluorescence. As we never used samples with blue
marker fluorophores, no fluorescence was expected in the blue
channel. This allowed mathematical subtraction of autofluores-
cence (blue detector signal) from the other channels. The vol-
ume viewer in Imagel was used to create virtual cross-sections
of the ONs. A median filter with a radius of 0.5 pixels was applied
to all planes of the image stacks to reduce background noise.
After processing, the images were arranged and annotated with
Inkscape (inkscape.org).

In the present study, we used immunohistochemistry against
phosphorylated ribosomal protein 36 (p-rpS6) as a proxy for
cellular responses after ON transection and during regener-
ative processes (Knight et al. 2012; Biever et al. 2015; Ring
et al. 2023). To quantify cellular activity based on p-rpSé
stainings in unilaterally ON-transected animals, ON/OB
hemisphere samples of the same animal were acquired with
identical multi-photon microscope settings (gain, laser power,
and scan parameters). Supersaturated areas in image stacks
were mathematically subtracted as described above. Image
stacks were individually cropped in the y-direction to exclude
cellular p-rp36 signals from the OB. The cropping range was
determined manually, and the final image size was similar
on the transected and non-transected sides of the animal, A
Gaussian filter (g = 35) was applied to all planes to estimate the
background signal, which was then subtracted from the image
stacks. Then, all image planes were median-filtered with a
three-pixel radius. To measure the effect of ON transection on
the p-rpSe signal, we calculated a ratio of the cumulative p-
rpS6 signal intensity between transected and non-transected
ON of the same animal (transected/non-transected). Data
analysis was performed using custom-written scripts in
Python 3 in Jupyter Notebook (code available under https://
dol.org/10,22029/jlupub-19833),

2.8 | Statistical Analysis

The results are presented as mean +standard deviation unless
otherwise stated. Statistical significance was determined by the
Kruskal-Wallis test, followed by Dunn's multiple comparison
post hoc test. We compensated for the family-wise error rate
using the Bonferroni-Holm method.

3 | Results

3.1 | The ON Is Populated by Ensheathing Cells,
Fibroblasts, and Macrophages

The cellular composition of the ON of X. laevis is still largely
unknown. To visualize OECs, fibroblasts, and macrophages, we
performed immunolabeling on tissue slices of the olfactory sys-
tem of wild-type and transgenic animals.

Using a sox10-GFP transgenic Xenopus line, we identified
a small number of round-shaped cells primarily located
near the surface of the ON (Figure 1A-D). The localization,

number, and morphology of these cells are not consistent with
deseriptions of mature OECs. These cells could, however, pos-
sibly be developing immature OECs, Immunolabeling against
vimentin stained cells in the ON and the nerve layer of the
OB. These cells exhibited a fusiform bipolar morphology char-
acterized hy thin extensions originating from their centrally
located nuclei (Figure 1E). In cross-sections of the ON, we
found that the vimentin-positive cells were present through-
out the whole nerve (Figure 1F-H). On average, each ON
contained 316+ 33 vimentin-positive cells (n=3 ONs). These
cells consistently surrounded unstained areas of the ON,
containing ORN-axons (Figure 1G. asterisk; supplementary
Figure 51). The localization, number, and morphology of these
cells are consistent with earlier deseriptions of OECs in dif-
ferent species (Doucette 1993; Sonigra et al. 1999; Chuah and
West 2002; Pellitteri et al. 2010; Su and He 2010; Higginson
and Barnett 2011; Ekberg et al. 2012). An antibody against
fibronectin labeled spindle-like and oval-shaped cells, which
were located on the surface of the ON (Figure 1 J-K). These
cells encased the ON along its entire length (Figure 11-L).
On average, each ON contained 37+9 fibronectin-positive
cells (n=3 ONs). The localization, number, and morphology
of these cells are consistent with earlier descriptions of fibro-
blasts in different species (Li et al. 2008; Oprych et al. 2017).
Using a mpegl-GFP transgenic Xenopus line, we identified a
small number of round to oval-shaped macrophages mainly
located on the surface of the ON and in some cases in the
nerve layer of the OB (Figure 1M-F). On average, each ON
contained 4+ 1 mpegl-GFP-positive cells (n= 3 ONs).

Together, the location within the ON, morphology, and expres-
sion pattern of specific markers allowed us to identify at least
three distinct cell types: vimentin-positive putative OECs,
fibronectin-positive  putative fibroblasts, and mpegl-GFP-
positive putative macrophages. Among all cells stained with the
three adopted markers, ~89% were vimentin-positive, ~10% were
fibronectin-positive, and ~1% were mpegl-GFP-positive,

3.2 | Electroporated Cells of the ON Can Be
Classified Into Two Main Morphological Types

We performed single-cell electroporations to visualize the
morphology of individual non-neuronal cells of the ON.
Electroporation of fluorescently-tagged dextran labeled the cy-
tosol, including the various appendages of cells.

We performed single-cell electroporations in 14 larvae of X.
laevis and stained 74 individual cells within the ON. The 74 la-
beled cells could be categorized into two main morphological
types (Figure 2). In deeper layers of the ON, the cells exhibited
a fusiform bipolar morphology featuring two extensions origi-
nating from the centrally located nucleus (nucleus not stained
in Figure 2A). The length of the cell shown in Figure 2A is
approximately 70pm. Figure 2B shows an orthogonal projec-
tion of another ON with an electroporated fusiform bipolar
cell. Of the 74 individual stained cells, 49 had fusiform bipolar
morphologies similar to those shown in Figure 2A,B. In more
superficial layers of the ON, the electroporated cells had a
considerably different morphology (Figure 2C,D). These cells
(yellow) had a more compact, flat, and sheet-like morphology,
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FIGURE1 | Identification of non-neuronal cells within the olfactory nerve. (A) sox10-positive cells (cyan) within the ON. (B-D) Orthogonal pro
| y £ I
antertor-posterior axis of the ON. (B) anterior; (C)

jections of the same Image stack as in A, visualizing sections at three different locations on ti
he ON. (E) Vimentin-positive cells (cyan)

some soxI0-positive cells located on the surface of t

intermediate; and (D) posterlor. White arrows point at

with a spindle-like bipolar morphology are found throughout the ON and the nerve layer of the OB, (F~-H) Orthogonal projections of the same image

zing sections through the ON. (F) anterlor; (G) intermediate; and (H) posterior, close to the OB. White arrows point at some

stack as In E, visy
vimentin-positive cells. The asterisk indicates vimentin-positive cells surrounding unstained areas within the ON. (I) Fibronectin-positive cells

(cyan) have a long, flat, and oval-shaped morphology and are localized on the surface of the ON. (J-L) Orthogonal projections of the same image stack

as in I, visualizing sections through the ON. (J) anterior; (K) intermediate; and (L) posterior, close to the OB. Fibrenectin-positive cells encase the

whole ON (white arrows), (M) mpegI-positive macrophages (cyan) of different sizes have a round to oval-shaped morphology and are predominantly

located on the surface of the ON and within the OB. (N-P) Orthogonal projections of the same image stack as in M, visualizing sections through the

1

ON. (N) anterior; (O) intermediate; and (P) posterior, close to the OB. White arrows point at macrophages. Similar results were obtained in all ani-
mals investigated (sox10: 4 animals; vimentin: 6 animals; fibronectin: 10 animals; mpeg!l: 8 animals). Cell nuclei were |

(PI, magenta). A, anterior; D, dorsal; L, lateral; M, medial; MOB, main olfactory bulb; ON, olfactory nerve; P, posterior; V, ventral

beled with propidium iodide
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electroporated

- ~

N

FIGURE 2 | Electroporated non-neurcnal cells in the olfactory nerve can be grouped into two maln categories. (A) Example of a fusiform bi

polar cell situated in deeper layers of the ON with two extensions {vellow) originating from the centrally located nucleus (not stained; arrow). (B)
Orthogonal projections of another ON. The arrow indicates the nucleus (magenta) of an electroporated fusiform bipolar cell. The extension of this
cell {yellow) forms a circle around an empty area of the ON. (C) Two electroporated cells with a flat, sheet-like morphology located on the surface of
the ON (yellow). Arrows label protrusions originating from the centrally located nuclei (magenta). (D) Orthogonal projections of another ON. The
arrow indicates an electroporated cell with a flat, sheet-like morphology {yellow). Cell nuclel were labeled with propidium iedide (P1. magenta). ON,

olfactory nerve.

with several protrusions originating from the centrally located
nuclei (magenta). The length of the cells shown in Figure 2C is
approximately 30pum. Of the 74 individual stained cells, 25 had
morphologies like those shown in Figure 2C,D.

In conclusion, non-neuronal cells labeled via single-cell electro-
poration in the ON can be grouped into two main types: fusi-
form bipolar and flat, sheet-like.

3.3 | ON Transection Leads to Phosphorylation
of rpS6 in Non-Neuronal Cells in the ON

We performed immunolabelings of the olfactory system of lar-
val X, laevis with an antibody against p-rpS6 24h after unilat-
eral nerve transection.

Expression of p-rpS6 was observable in cells of the ON, the ON
layer of the OR, the glomerular layer, and the projection neu-
ron laver of the OB (Figure 3A,B). In the OB, labeled cells were
present on both the non-transected and transected sides. In the
ON, on the other hand, p-rpSé-positive cells were mainly found
on the transected side. Phosphorylated rpS6 evoked a strong
cytoplasmic staining in cells with fusiform bipolar morphology
(Figure 3C). Cell nuclei stained with propidium iodide were lo-
calized in the center of these cells (Figure 3C). Cross-sectional
rendering of the ON revealed that p-rpS6-positive cells were
present throughout the whole width of the ON (Figure 30). We
regularly observed that these cells surrounded empty areas of
the ON {Figure 3D, asterisks), which contained axons of ORNs
(see supplementary Figure 51).

To distinguish the activated cell types within the ON, we per-
formed immunchistochemistry using previously identified
markers (see Figure 1) and an antibody against p-rp56.

Vimentin-positive cells, most likely OECs (see also Figure 1),
in the ON and the nerve layer of the OB also expressed p-rpSé
(Figure 4A). A high number of double-positive cells for both p-
rpS6 and vimentin could be observed (Figure 4B, arrows). The

double-positive cells had a fusiform bipolar morphology, indi-
cating that most of these cells are OECs (Figure 4B). However,
the number of vimentin-positive cells was higher and more
widespread than the p-rpSé-positive cells. This observation can,
in part, be explained by the fact that the antibody against vimen-
tin, in addition to cells of the ON, also stained a network of fibers
spreading through the whole OB in both the non-transected and
transected sides (Figure 4A, Supplementary Figure 52). They
were previously identified as processes of radial plial cells (see
discussion).

Using transgenic sox1(0-GFP Xenopus larvae, we identified
several soxl0-positive cells in the ON also expressing p-rpSe
(Figure 5A), The sox10 and p-rpS6 double-positive cells had a
round shape and were mainly localized near the surface of the
ON (Figure 5A). Double-staining with antibodies against fi-
bronectin and p-rpSé double-labeled several elongated cells with
a spindle-like morphology located on the surface of the ON, and
some cells that were oval-shaped (Figure 5B, arrows). These
observations showed that only a few fibronectin-positive fibro-
blasts were activated after transection and expressed p-rpS6.
Using the transgenic mpegl Xenopus larvae, we also observed
that ON macrophages expressed p-rpS6 after nerve transection.
The macrophages were located on the surface of the ON and the
transition area between the ON and the OB (Figure 5C, arrow).

In addition to the stainings in the ON and the nerve layer of the
OB, p-rpS6-positive cells were also observed in the glomeru-
lar and mitral cell layers of the OB. The localization of the p-
rpSa-positive cells in these layers suggested that these cells are
projection neurons and/or periglomerular cells. The neuronal
identity of these cells was confirmed by co-labeling with HuC/
HuD neuronal protein (HuC/D), known to label neuron-specific
ELAV/Hu RNA binding proteins { Wei and Lai 2022), and p-rp56
(Supplementary Figure S3).

Together, we found a high expression of p-rp86 in non-neuronal
cells of the ON 24 h after nerve transection. Several non-neuronal
ON cells, including numerous OECs, fibroblasts, and macro-
phages, were among the p-rpS6-positive cells. The expression of
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FIGURE 3 Olfactory nerve transe

and OB. In the projection neuron layer of the OB, labeled cells are present on both the non-trar

OB and the ON, stained cells are present only on the transected side. (C)

tion induces phosphorylation of rpSé in non-neuronal cells. (A and B) p-rpSé (green) labeled cells in the ON

ed and transected sides. In the nerve layer of the

Close-up of the encircled area in (A). The p-rpS6-expressing cells in the ON

have a fusiform bipolar morphology (white arrow). (D) Cross-section through the nerve shown in A. Stained cells are present across the entire width

of the ON (white arrow) and surround circular unstained gaps (white asterisk). Similar results were obtained in all animals investigated (n=6).

Cell nuclei were labeled with propidium iodide (PI, magenta). A, anterior; AOB, accessory olfactory bulb; at, after transection; D, dorsal; L, lateral;

LV, lateral ventricle; M, medial; MOB, main olfactory bulb; nts, non-transected side; ON, olfactory nerve; P, posterior; ts, transected side; V, ventral.

p-rpS6 was strong in transected ONs and the ipsilateral nerve
layer of the OB. We conclude that p-rpSé is an excellent marker
for injury-dependent activation of non-neuronal cells in the ol-
factory system of larval X. laevis

3.4 | Non-Neuronal Cells in the ONs Are
Temporarily Activated Within 1-48h After
the Transection of the ON

To investigate the time course of activation of non-neuronal
ON cells, we unilaterally transected the ON of X. laevis larvae
and examined the p-rpSé signal at different time points after
transection. We calculated a ratio of the cumulative p-rpSé sig
nal between the transected and non-transected sides for each
animal.

In non-transected control animals, the p-rpSé signal was
equal in both ONs with a mean signal ratio of 1.0£0.3. We in-

vestigated multiple time points, ranging from 1h to 7
after ON transection, and the median p-rpSé signal ratio was

weeks,

statistically not equal across all samples (Figure 6A, Kruskal-
Wallis, p=2*10""). ON transection led to a noticeable but not
significant increase in p-rpSé signal on the transected side al-
ready after 1h (Figure 6A-C). This trend was observable with
continuously elevated p-rpS6 signal ratios until 24 h after tran-
section. After 24h, the p-rpSé signal ratio was significantly
increased to 5.2+2.9 (p<0.03). After 48h, we observed a sub
stantial decrease in the signal to a ratio of 1.4+ 0.6. This trend
continues with highly significant activity differences measured
between 24h and 7days (p<0.001), l4days (p<0.01), and
21days (p<0.001) after transection (Dunn's post hoc test with
the Bonferroni-Holm correction).

In addition to the transient elevation of the p-rpSé signal, we also
observed spatial dynamics of the signal localization (Figure 6C).
One hour after the ON transection, the p-rpS6 signal was mainly
limited to the ON, and nearly no signal was found in the nerve
layer of the OB. Six hours after transection, the signal was also
visible in the nerve layer of the OB. Twenty-four hours after
transection, p-rpSé-positive cells were visible along the entire
ON and within the nerve layer of the OB.
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24 hours at

FIGURE 4

Vimentin and p-rpSé are co-expressed in cells of transected olfactory nerves. (A) Vimentin (magenta) and p-rpS6 (green) labeled

cells populating the transected ON and the nerve layer of the OB. In addition, some ON and OB cells were labeled either by vimentin or p-rpS6. (B)

A close-up of the area encircled in A shows the co-local

arrows indic

zation of vimentin and p-rpS6 in ON cells and their morphology in more detail. The white

ells labeled by both markers (upper panel: p-rpS6 channel; middle panel: vimentin channel; lower panel: overlay of both channels).

Similar results were obtained in all animals investigated (n=9). Note that the images in A and B result from individually recorded image stacks. A,

anterior; AOB, accessory olfactory bulb; at, after transection; D, dorsal;

olfactory nerve; P, posterior; ts, transected side; V, ventral

In addition, the connectivity of ORN axons and the morphology
of glomeruli in the OB were observed by labeling ORN axons
via electroporation. ON transection induced degradation of
ORN axons. Over the first week after nerve transection, the OB
area innervated by ORN axons gradually decreased on the tran-
sected side (Figure 6C; magenta axons). Seven days after nerve
transection, most transected axons were already decomposed
(Figure 6C; compare with Figure 6B, control side). Twenty-one
days after unilateral nerve transection, axons of newly formed
ORNs (Figure 6C) had already extensively innervated the OB,
and the reinnervation of the OB was widely completed after
49days (Figure 6C, white axons).

In summary, non-neuronal cells in the transected ON featured
a transient increase in p-rpS6, indicating that the activation of
these cells was induced by ON transection. This activation be-
gins within 1h after the transection and reaches its peak after
24h. Furthermore, we observed that the p-rpSé signal spreads
from the ON to the OB within the first 24h after transection.
Within 7days after ON transection, the p-rpSé signal returns to
control conditions.

lateral; LV, lateral ventricle; M. medial; MOB, main olfactory bulb; ON,

4 | Discussion

In the present study, we characterized several classes of non-
neuronal cells populating the ON of larval X. laevis. We provide
evidence that the ON houses OECs, fibroblasts, and macro-
phages. Furthermore, by employing the phosphorylation of rpS6

as a proxy for cellular activation, we show that several classes

of non-neuronal cells of the ON are transiently activated upon
nerve injury. Possible physiological functions of the activation of
these non-neuronal cells are discussed.

4.1 | Identification and Localization
of Non-Neuronal Cells Within the ON of Larval
X. laevis

Sox10 is known to be expressed in developing OECs in various
vertebrate taxa (Barraud et al. 2010, 2013; Forni et al. 2011;
Pingault et al. 2013; Oprych et al. 2017; Perera et al. 2020),
and it is used as a marker for cells derived from the neural
crest (Alkobtawi et al. 2018; Yang et al. 2020). Based on this
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FIGURE S

in cells of transec

Non-neuronal cells express

ed ON and th

positive macrophages in the transec

signal (green), the intermediate column shows the sox10, fibronectin, and mpeg! signa.

Similar results were obtained in all animals investigated (sox10: 10 anima

tion; D, dorsal; L, lateral: M, medial; MOB, main olfactory bulb; ON,

information, we hypothesized that soxI0 could be expressed
in OECs of Xenopus larvae. Using a sox10-GFP Xenopus line,
we identified a small number of sox10-GFP positive cells with
a round-shaped morphology located within and on the surface
of the ON (see Figures 1 and 5). The morphology, localization,
and number of sox10-GFP positive cells indicate that these cells
are not mature OECs nor other known non-neuronal cells of the
ON. We currently do not know the identity of these soxI0-GFP
positive cells present in the ON of larval Xenopus. These cells

d ONs (arrows). (B) Co-localization of fibronectin and p-rpSé in flat oval-shaped cells of the t

> transition area between the ON and the OB (arrows). The

; fibronectin: 10 animals; mpegl: 7 animals). A, anterior; at,

the activity marker p-rpS6 after olfactory nerve transection. (A) p-rpS

ansected ON (arrows). (C) p-rpSé

left-hand column shows the p-rpSé

red images,

ragenta), and the right-hand column shows iy

er transec

factory nerve; p, posterior; ts, transected side; V, ventral

may be developing, immature precursors on their way to becom
ing mature OECs.

Next, we employed an antibody against vimentin, a known
component of the mammalian OEC intermediate filaments
(Franceschini and Barnett 1996). In the ON, vimentin-positive
cells exhibited a long, fusiform bipolar morphology and en
sheathed bundles of ORN axons throughout the ON. Thereby,
vimentin-positive structures resembled filamentous cytoskeletal
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B nts control

24 hours at

72 hours at

100 pm

FIGURE 6 | Non-neuronal cells of the olfactory nerve feature transient phosphorylation of rpSé after olfactory nerve transection. (A) Boxplot of p
rpS6 immunohistochemically labeled cells at different time points after unilateral ON transection. A ratio of cumulative pixel intensities between the
transected and non-transected ON of the same animal was calculated to measure changes in activity. Individual data for each animal is marked with grey
24h,n=10;48h, n=12;72h,n=4,7d, n=8:14d, n= 3). The black hor

izontal line indicates the median signal ratio of the animals in the same group. (B) Image of the ON and the OB of a non-transected animal {(white, axons

121d,n=6;49d, n=

2h.n

circles(ctrl, n=11;1h, n=4;3h,n=4,6h,n

of ORNS; green, p-rpS6). The axons of ORNs were stained by nasal electroporation of fluorescent dextrans. The glomerular clusters are outlined with a
dotted white line, Several p-rpSé-positive cells (green) were visible in the glomerular and the projection neuron layer of the OB. (C) Transection-induced
phosphorylation of rpSé in non-neurenal cells of the ON and nerve layer of the OB (different time points after transection). Axons of ORNs (magenta)
were labeled by nasal electroperation of fluorescent dextrans before ON transection. The transection of the ON induced gradual axonal degradation in
the OB. Seven weeks after ON transection, the reinnervation by ORN axons of the OB was reestablished. The axons of regenerated ORNs (white) were

labeled by nasal electroporation of dextran 3days before sample preparation and immunohistochemistry. A, anterior; AOB, accessory olfactory bulb; at,

after transection; d, days: D, dorsal; Elp., electroporated; h, hours; IC, intermediate cluster; L, lateral; LC, lateral cluster; LV, lateral ventricle; M, medial;

small cluster; V, ventral. Statistical signit-
<0.001)

MC, medial cluster; MOB, main olfactory bulb; nts, non-transected side; ON, olfactory nerve; P, pasterior; SC

icance was tested using the Kruskal-Wallis test followed by Dunn's post hoc test with Bonferroni-Holm correction (*, p<0.05; **, p<0.01; ***,

elements (see Figure 1), Together, the characteristic vimentin West 2002; Pellitteri et al. 2010; Su and He 2010; Higginson
staining is in line with the description of OEC in many verte- and Barnett 2011; Ekberg et al. 2012; Manzini et al. 2022). It is
brate species (Doucette 1993; Sonigra et al, 1999; Chuah and thus very likely that most vimentin-positive cells in the ON of
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larval X, laevis are indeed OECs. As vimentin is also expressed
in fibroblasts (Cheng et al. 2016; Tallquist and Melkentin 2017;
Sliogeryte and Gavara 2019), we can, however, not exclude that
a subgroup of the vimentin-positive cells represents fibroblasts.
In addition, vimentin also stained many cells within the OB (see
Figure 4 and Supplementary Figure S2). In Xenopus, these cells
have already been identified as radial glia extending from the
surface of the lateral ventricles to the surface of the OB (Nezlin
etal. 2003; Huang et al. 2005).

To label fibroblasts, we used an antibody against fibronectin,
a glycoprotein known to be expressed in this cell type (Thanez
et al. 2007). We identified several spindle-like and oval-shaped
fibronectin-positive cells localized in the superficial layers of the
ON (see Figures 1 and 4).

Using an mpegl-GFP transgenic Xenopus line, we identified a
small number of round to oval-shaped cells located in superfi-
cial positions of the ON (see Figures 1 and 4). Given that mpegl
is predominantly expressed in macrophage lineages (Ellett
et al. 2011; Bayly-Jones et al. 2020; Ferrero et al. 2020), we clas-
sified these cells as macrophages.

Together, these findings indicate that the identity and distri-
bution of non-neuronal cells in the ON of larval X, laevis are
comparable to that found in rodents; OECs surround bundles
of ORN axons, fibroblasts form a structure resembling the
perineurium, and the number of macrophages on the surface
of the ON is relatively low. Our results, however, show that,
unlike in rodents, fibroblasts in Xenopus do not ensheath
nerve fascicles but rather ensheath the whole ON. Also, macro-
phages are solely located on the surface of the ON and are not
present on the surface of individual nerve fascicles. Figure 7
summarizes our findings and renders the cellular composition
of the ON in larval X. laevis.

4.2 | Distinct Morphologies of Putative Olfactory
Ensheathing Cells in the ON of Larval X. laevis

Using antibodies against vimentin, p-rp86, and single-cell elec-
troporations, we identified putative OECs with two morphologies:
fusiform bipolar and flat sheet-like. While putative OECs identi-
fied with antibodies against vimentin and p-rpS6 had a mainly
fusiform bipolar morphology (Figures 1, 3, and 4), single-cell

Xenopus laevis
larva

FIGURE 7 | Scheme summarizing the cellular composition of the peripheral olfactory system and olfactory nerve in larval Xenopus laevis. (A)

The main olfactory epithelium (MOE) contains three main cellular components: olfactory receptor neurons (ORN). non-neuronal supporting cells

(8C), and olfactory stem cells/basal cells (BCs). Olfactory receptor neurons extend their axons through the basal lamina of the OF, the olfactory nerve

{ON), and enter the ol factory bulb (OB), where they converge into ol factory glomeruli. In the ON, ORN axons are enwrapped by olfactory ensheathing
cells (OECs), which ensheathe several axons into fascicles. The ONM is surrounded by fibroblasts, which form a perineurium-like structure. A small

number of macrophages are located outside this perineurium. The rectangle on the schematic of the larva (right-hand side) indicates the location of

the schematic shown on the lefi-hand side. (B) Mustration of a cross-section through the ON showing the location and arrangement of ORN axons,
QECs, fibroblasts, and macrophages. A, anterior; AOB, accessory olfactory bull; BC, basal cell; IC, intermediate cluster; L, lateral; LC, lateral cluster;
M, medial; MC, medial cluster; MOB, main olfactory bulb: MOE, main alfactory epithelinm; ON. olfactory nerve; ORN, olfactory receplor neuron;

05, olfactory system; P, posterior; 5C, supporting cell.
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electroporations revealed cells with an additional morphology, Le.,
flat sheet-like. In contrast to fusiform bipolar cells, the flat sheet-
like cells were always located in more superficial layers of the ON.
Very likely, OECs with different morphologies fulfil different fune-
tions. It would, therefore, be very interesting to investigate if there
are any shifts in abundance of either type after ON injury. We will
tackle this question in future studies,

It has been shown that vertebrate OECs are a heterogeneous cell
population varying in size and morphology (e.g.. elongated, flat-
tened and branched), capable of switching between these maor-
phologies (Doucette 1993; Sonigra et al. 1999; van den Pol and
Santarelli 2003; Barnett and Chang 2004; Huang et al. 2008,
2024; Pellitteri et al. 2010; Ekberg et al. 2012). Based on this in-
formation, we assume that the identified flat sheet-like cells in
the ON of larval Xenopus are a type of OEC. This strongly sug-
gests that the morphology of OECs in larval Xenopus is generally
similar to that in other vertebrates. Nevertheless, further studies
are needed to clarify the morphological diversity of OECs in this
larval amphibian.

4.3 | Phosphorylated rp56 is a Suitable Marker
for an Injury-Mediated Activation of Non-Neuronal
Cells in the ON

Phosphorylation of rpS6, a component of the 408 ribosomal sub-
unit invelved in translation, is broadly used as a readout of the
mammalian target of rapamycin complex 1 signaling activation
and/or as a neuronal activity marker (Meyuhas 2008, 2015; Biever
et al. 2015). The phosphorylation of rpS6 was initially noticed in
rat liver regeneration (Gressner and Wool 1976), and later it was
found that it is promoted by different pharmacological stimuli
and enhanced in a variety of physiological and pathophysiologi-
cal conditions (Wool et al. 1995; Ruvinsky and Meyuhas 2006;
Biever et al. 2015). In mouse hepatocytes, growth factors were the
primary mechanism responsible for stimulating rpSe phosphory-
lation (Pende et al, 2004). The exact biological rale of the phosphor-
ylation of rpS6 is, however, still not determined (Biever et al, 2015).

Here, we aimed to monitor the injury-induced activation of non-
neuronal cells in the peripheral olfactory system of larval X,
laevis, In initial experiments, we observed that 24 h after unilat-
eral ON-transection, many non-neuronal cells were positive for
p-rpS6 within the transected ON and the nerve layer of the ipsi-
lateral OB (Figure 3). Thereby, cells of all previously identified
subgroups (sox10-, vimentin-, fibronectin-, and mpegi-positive
cells) were activated (Figures 4 and 5) and probably contribute
to reparative processes within the ON.

It is well established that OECs are the primary phagocytic cells
in the peripheral olfactory system and serve as the primary im-
mune cells of the ON (Su et al. 2013; Nazareth et al. 2015). They
hind, produce, and secrete a variety of proteins, such as cyto-
kines/neurotrophins, which act on surrounding cells (Boruch
et al, 2001; Woodhall et al. 2001; Nazareth et al. 2015; Barton
et al. 2017; Wright et al. 2020). Among others, through the se-
cretion of anti-inflammatory mediators, OECs can modulate the
immune response, potentially reducing inflammation and pro-
moting regeneration by influencing the activity of other immune
cells (Denaro et al. 2022; Chen et al. 2025). Also, it has long been

known that OECs are involved in the promotion of continuous
growth and the targeted pathfinding of ORN-axons within the ON
(Doucette 1993; Key and 5t John 2002; Ekberg et al, 2012; Ekberg
and St John 2014; Barton et al. 2017; Denaro et al. 2022).

Fibroblasts have been shown to produce various cytokines
and growth factors, which can activate multiple signaling
cascades, including the Ras/Raf/MEK/Erk/MAP kinase and
phosphatidylinositol-3-kinase  (PI3K)AKT signaling path-
ways (Meyuhas 2015; Zhang 2017; Plikus et al. 2021). These
signaling cascades can lead to the phosphorylation of rpSe
(Meyuhas 2015). Additionally, during tissue development, ho-
meostasis, repair, and disease, fibroblasts secrete extracellular
matrix components (Lendahl et al. 2022). These characteristics
of fibroblasts may also mediate reparative effects during the re-
generation of ON in X. laevis.

Macrophages express a diverse array of plasma membrane recep-
tors, enabling them to recognize various endogenous and exoge-
nous ligands (Taylor et al. 2005). Similar to OECs, macrophages
are also phagocytic immune cells that have been documented to
engulf and degrade apoptotic neuron debris in the CNS (Hume
etal. 1983; Napoli and Neumann 2009; Su et al. 2013). However,
the ON is almost devoid of macrophages, and ORN axons are
not in direct contact with macrophages (Su et al. 2013; Nazareth
et al. 2015; Barton et al. 2017; Wright et al. 2020). Our obser-
vation that macrophages on the surface of the ON are positive
for p-rpS6 suggests that these cells respond to the secretion of
signaling molecules from OECs, fibroblasts, and/or other sur-
rounding cells in response to injury.

Together, our results show that after ON-transection, phosphor-
ylation of rpSé, i.e., activation, occurs in subgroups of several
non-neuronal cell types of the ON, The activation of these cells
is likely involved in modulating the immune response and con-
trolling degenerative and regenerative processes,

4.4 | Time Course of the Injury-Mediated
Phosphorylation of rpS6 in Non-Neuronal Cells
of the ON

The time course of degeneration and functional regeneration
of the olfactory system upon ON-transection in larval X, laevis
has been thoroughly investigated (Cervino et al. 2017; Hawkins
et al. 2017, 2024). After the transection of the ON, all mature
ORNs degenerate, and new ORNs are immediately formed from
neuronal stem cells of the OE. One week after transection, the
first axons of newly formed ORNs reach the OB and start the
synaptic reconnection with OB neurons. Seven weeks after ON-
transection, all connections are functionally reestablished, and
after 7 to 9weeks, characteristic odorant-induced behavior reap-
pears (Cervino et al. 2017; Hawkins et al. 2017, 2024).

Building on the above findings and our observation that non-
neuronal cells in the ON are activated, i.e., p-rpSé-positive,
24 h after ON transection, we set out to analyze the temporal
dynamics of this activation. Increased p-rpS6 levels were detect-
able within 1h after transection, peaked after 24 h, and sharply
declined after 48h (see Figure 6). One hour after transection,
p-rpS6-positive cells were confined to the immediate vicinity of
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the injury site, Six hours after transection, their number had in-
creased, and they were located along the entire ON up to the ros-
tral portion of the nerve layer of the OB (Figure 6C). After 24 h,
p-rpSei-positive cells were abundantly distributed throughout
the ON and across the entire nerve layer of the OB (Figure 6C).
Since it is known that non-neuronal cells of the ON can secrete
a variety of signaling molecules (Boruch et al. 2001; Woodhall
et al. 2001; Meyuhas 2015; Nazareth et al. 2015 Barton
et al. 2017; Zhang 2017; Wright et al. 2020; Plikus et al. 2021;
Hsueh et al. 2024), the observed widespread activation likely
results from the diffusion of signaling molecules released by ini-
tially activated cells at the injury site, triggering the activation of
neighboring cells.

Alterations in the phosphorylation level of rpS6 were also ob-
served in response to traumatic brain injury in rats as early as
30min to 24h after injury (Chen et al. 2007). Given that the
mammalian target of rapamycin signaling pathways and the
phosphorylation of rpS6 promote cellular and neuronal syn-
aptic growth and repair (Ruvinsky and Meyuhas 2006; Chen
et al. 2007}, it can be speculated that activation of these path-
ways may also contribute to the regenerative capacity of the ol-
factory system after nerve injury. It would, therefore, be exciting
to study whether rapamycin-assisted inhibition of the mamma-
lian target of rapamycin-complex 1 inhibition, which would re-
sult in a decreased phosphorylation of rpSé (Biever et al. 2015),
influences the immune response and the overall regenerative
capacity of the olfactory system.

5 | Conclusion

Using transgenic Xenopus lines, single-cell electroporations,
and various cell-type-specific markers, we identified sev-
cral non-neuronal cell types that populate the ON of larval
X. laevis, including OECs, fibroblasts, and macrophages.
Furthermore, we described the spatial localization of these
cell types within the ON, Their spatial distribution in Xenopus
is similar to the distribution of these cell types in the ON
of mammalian species. However, unlike in mammals, in
Xenopus, fibroblasts do not ensheath nerve fascicles but rather
ensheath the whole ON. Additionally, unlike in other mam-
mals, macrophages are located on the surface of the ON and
are not present within the ON itself. Furthermaore, we used
the phosphorylation of rpS6 as a proxy for cellular activation
after injury. Various non-neuronal cell types within the ON
showed an increased p-rpS6 signal as early as 1 h to 24 h after
ON transection. Morphology, expression of cell type-specific
proteins, location, and injury-induced activity suggest that
the described rpS6-expressing cells are a mixture of OECs,
fibroblasts, and macrophages. Our results show that upon
ON transection, the phosphorylation level of rpS6 transiently
increases, suggesting that it may be an essential mechanism
SUpporting regenerative processes.

Together, the present study provides the first description of
non-neuronal cells of the ON of larval X. laevis and their injury-
induced activation. The results of this study provide the basis
for further investigations on how the various non-neuronal cell
types of the ON support regenerative processes in the olfactory
systemn of larval X. laevis,
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6 General discussion

6.1 S100Z expression in the olfactory system of larval and adult Xenopus laevis
The distribution of calcium-binding proteins in the olfactory system (OS) of Xenopus laevis
remains poorly characterized. To address this, a detailed analysis of S100Z expression was
conducted. My results revealed that a subpopulation of ORNs in the main OS expresses
S100Z. Using immunohistochemistry and distribution analysis of S100Z expressing cells, |
found that S100Z-expressing ORNs were located more laterally in the OE and the axons of
these cells projected exclusively into the lateral and intermediate glomerular clusters of the
main OB. In postmetamorphic frogs, the S100Z expression was restricted to the middle cavity
(MC) of the MOE and the axonal projection into the ventro-lateral OB persisted. This pattern
aligns with previous findings on ancestral V2R-expressing neurons in Xenopus laevis (Gliem
et al., 2013; Syed et al., 2013, 2017). Notably, S100Z is exclusive to the main OS in Xenopus,
whereas in mammals, it is associated with the VNO (Hecker et al., 2019). These findings
highlight how OS adaptations are influenced by ecological factors such as terrestrial or aquatic

environments (Kishida, 2021; Weiss, Manzini, et al., 2021).

6.1.1 Expression of calcium-binding protein S100 in neurons in the OS
Calcium (Ca?!) is a versatile intracellular secondary messenger that regulates numerous
cellular processes (Berridge et al., 2003; Elies et al., 2020). Since Ca*" overload can be
cytotoxic, a homeostatic system maintains ionic balance (Elies et al., 2020). A wide range of
molecular components, including calcium-binding proteins (CBPs), play a key role in Caz*
homeostasis and regulate various signaling pathways (Carafoli et al., 2001, Elies et al., 2020).
A characteristic of many CBPs is an EF-hand calcium-binding motif, which binds Ca*" and
regulates target proteins through conformational changes (Chazin, 2011; Zimmer et al., 2013;
Gonzalez et al., 2020). With more than 20 currently known members, the S100 proteins build
the mayor family of the EF-hand superfamily and are exclusive to vertebrates (Gonzalez et al.,
2020). They mediate intra- and extracellular regulatory functions, influencing target cells
through paracrine and autocrine signaling (Donato et al., 2013; Donato, 2001; Gonzalez et al.,
2020). Following Ca?*-binding, S100 proteins undergo conformational changes that enable
interactions with target proteins, including receptors and other S100 members (Van de Graaf
et al., 2003; Chazin, 2011; Ozorowski et al., 2013; Wafer et al., 2013; Zimmer et al., 2013).
Each S100 family member exhibits a unique expression pattern across different tissues and
cell types (Gonzalez et al., 2020), and directly modulates ion channels in neurons, shaping

neuronal activity (Hermann et al., 2012).

S100 protein expression has been demonstrated in the OS of various species (Hansen &
Finger, 2000; Hansen & Zielinski, 2005; Hecker et al., 2019; Korsching, 2020). In fish, crypt

cells within the olfactory rosette are characterized by their distinct morphology and S100
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immunoreactivity (Hansen & Finger, 2000; Hansen & Zielinski, 2005; Korsching, 2020). In
Zebrafish, crypt cells express a single ORA- (V1R-like) gene and project to a single
mediodorsal glomerulus in the OB (Ahuja et al., 2013). Furthermore, some microvillous ORNs
were also labelled by using the common S100 antibody to label crypt cells (Germana et al.,
2004; Oka et al., 2012). S100 immunoreactivity has also been detected in sensory cells of
amphibians like Rana catesbeiana (Miwa & Kawamura, 2003) and Xenopus laevis
(Kerschbaum & Hermann, 1992), as well as in newly formed ORNSs of rats (Sicard et al., 1998)
and the OS of rodents in general (Hecker et al.,, 2019). Prior to my research, our group
undertook large-scale RNA sequencing experiments on the OS of Xenopus laevis larvae.
These experiments revealed an increase in the expression of the calcium-binding protein
S100Z, a less well-characterized member of the S100 family. Although its function in the OS

remains unclear, existing data suggest an important role in olfactory processes.

6.1.2 A lateral subpopulation of ORNs in Xenopus laevis main OS expresses S100Z
In larval zebrafish, s100z expression is restricted to the olfactory placode and a subpopulation
of cells, most likely neurons (Kraemer et al., 2008). In adults, it is present in ORN-containing
regions of the olfactory organ (Dieris et al., 2021). However, studies indicate that S100
antibody specificity in zebrafish is highly sensitive to sample preparation, leading to unintended
labeling of microvillous-like cells (Oka et al., 2012). Additionally, the commonly used bovine
antibody may misidentify a non-S100 protein in crypt cells, which do not express s100 genes,
while correctly labeling S100Z in microvillous-like cells (Oka et al., 2012; Ahuja et al., 2013).
The same antibody has been used to label ORNs in larval Xenopus laevis (Kerschbaum &
Hermann, 1992), complicating the interpretation of earlier S100 expression studies in non-
mammalian species. In mammals, s100z is associated with the VNO of the accessory OS
(Hecker et al., 2019).

Using a specific antibody raised against Homo sapiens S100Z, | identified a restricted
population of S100Z expressing ORNs in the main OS of Xenopus laevis (Kahl et al., 2024).
Their cell bodies were distributed throughout the epithelium, consistent with Kerschbaum et al.
(1992), who observed S100-immunoreactive material located at various depths in the
epithelium of Xenopus. However, | found a lateral bias in the distribution of S100Z expressing
ORNs in the main OE. Additionally, my findings suggest that their dendritic knobs possess
microvilli. In postmetamorphic animals, | observed that S100Z expression was confined to the
MC. Following metamorphic reorganization, the PC contains only ciliated ORNs, while the MC
contains both ciliated and microvillous (Hansen et al., 1998). It remains unclear whether S100Z

is expressed by all microvillous ORNSs in the main OE.

Furthermore, | observed that the axons of S100Z expressing ORNs nearly exclusively

projected into the lateral glomerular cluster in the OB. Xenopus laevis larvae have two
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prominent odor processing streams in their OS (Gliem et al., 2013; Hawkins et al., 2024). One
stream consists of ciliated ORNs using a cAMP-dependent transduction cascade, which
project their axons into the medial glomerular cluster in the OB and respond to odorants like
ketones and aldehydes (Gliem et al., 2009; Gliem et al., 2013; Hawkins et al., 2024; Manzini
& Schild, 2010). The other stream consists of microvillous ORNs using a cAMP-independent,
TRPC2-dependent pathway, projecting to the lateral glomerular cluster and responding to
amino acids (Gliem et al., 2013; Hawkins et al., 2024; Lucas et al., 2003; Manzini & Schild,
2010; Sansone et al., 2014; Syed et al., 2017).

In non-tetrapods without an anatomically separated VNO, TRPC2 is restricted to the MOE
(Bear et al., 2016). Microvillous ORNs in bony and cartilaginous fish express trpc2 (Sato et al.,
2005; Syed et al., 2023) In Xenopus larvae, TRPC2 expression is widespread in the MOE and
VNO (Figure 5;Sansone, Syed, et al., 2014). Following metamorphosis, TRPC2 remains only
in the water-exposed MC and the VNO, but not in the air-exposed PC (Syed et al., 2017).
Interestingly, in Xenopus laevis different subfamilies of the V2R receptor genes are expressed
by microvillous ORNs in the MOE and VNO. In larval Xenopus more ancestral v2r genes are
restricted to the MOE, while in the VNO exclusive expression of later diverging v2r genes was
observed (Syed et al., 2013). During metamorphosis, the MOE changes into the PC (air-nose)
and gradually stops expressing ancestral V2Rs. Their expression shifts to the basal layers of
the developing MC (Syed et al., 2017). Meanwhile, V1Rs are exclusively expressed in the main
OS of Xenopus (Date-lto et al., 2008). Given this before mentioned patterns and my
observations of S100Z expression, | hypothesize that S100Z is associated with microvillous
ORNSs expressing ancestral V2Rs and utilizing a cAMP-independent transduction pathway.
This could be tested through in situ hybridization using probes against trpc2, S100Z, and
selected V1R and V2R genes.

While V2Rs have been linked to amino acids detection, the function of S100Z-expressing
ORNSs remains unclear (DeMaria et al., 2013; Syed et al., 2017). In Xenopus larvae, amino
acid-responsive ORNSs using a PLC-dependent, cAMP-independent pathway show a lateral
distribution in the OE, which is mirrored in the lateral glomerular clusters of the OB (Gliem et
al., 2013; Sansone et al., 2014; Sansone, Syed et al., 2014; Syed et al., 2013). Given the
lateralized expression of S100Z in the OB, it would be valuable to investigate whether S100Z-

positive glomeruli are sensitive to amino acids.

Immunohistochemical studies of another anuran, Rana catesbeiana, revealed that a binding
protein of S100 is localized in olfactory neuron cilia in the OE, indicating a role in olfactory
transduction (Miwa & Kawamura, 2003). Based on this, | assume that S100Z may also be
present in ORN microvilli and play a role in transduction, though its exact function remains

unknown. However, CBPs are known to influence excitability of neurons, with some S100
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proteins modulating electrical activity and interacting with ion- and ligand-gated channels
(Kerschbaum & Hermann, 1992; Hermann et al., 2012). S100 proteins experience a
conformational shift after Ca?* binding that permits interaction with target proteins (Van de
Graaf et al., 2003; Chazin, 2011; Hermann et al., 2012; Ozorowski et al., 2013; Wafer et al.,
2013; Zimmer et al., 2013), including enzymes, cytoskeletal components, transcription factors,
scaffolding proteins, unsaturated fatty acids, channels, receptors, signaling molecules, and
toll-like receptor ligands (Donato et al., 2013; Donato, 2003; Hermann et al.,, 2012).

Investigating S100Z’s role in the OS could provide valuable insights into its function.

6.1.3 Different, partially overlapping distribution for calretinin and S100Z expressing

ORNs
In the central nervous system of vertebrates, CBPs are often expressed in distinct neuronal
populations and serve as molecular markers (Braubach et al., 2012; Morona & Gonzélez,
2013). In my research, | also examined calretinin, another CBP than S100Z, known to be
expressed in OS neurons (Germana et al., 2007). While calretinin labels mature ORNSs in fish
and amphibians, its expression in embryonic mice is transient during neuronal maturation
(Koide et al., 2009; Braubach et al., 2012; Wei et al., 2013). Although a neuroprotective role in
epileptic seizures has been suggested, its function in the OS remains unclear (Capsoni et al.,
2021; Qi et al., 2022). In my study, most ORNs in the main and accessory OS were calretinin-
positive and projected in nearly all glomerular clusters in the OB. However, no clear pattern of
co-expression with S100Z was found in the OE or OB (Kahl et al., 2024). This aligns with
functional measurements showing that the glomerular odour map for amino acid odorants is
not chemotopically or stereotypically organized in the Xenopus OB (Offner et al., 2023). Thus,
no clear pattern of co-expression with S100Z was found and calretinin expression cannot be

linked to specific neuronal features or identities yet (also see Daume et al., 2022).

In summary, CBPs may contribute to odorant signal transduction in Xenopus laevis. Functional
studies on S100Z- and/ or calretinin-expressing cells could clarify its role in the OS. My findings
indicate that S100Z serves as a valuable marker for immunohistochemical characterization of

a distinct ORN subpopulation in larval and adult Xenopus laevis.

6.1.4 The lack of association of S100Z to the VNO of Xenopus
In the field of neurobiology, the original idea of the VNO as an exclusive pheromone detector,
distinct from the odorant-sensitive main OE, has proven to be oversimplified (Eisthen, 1992,
1997; Weiss, Manzini, et al., 2021). Studies show that the main OE can also detect social
olfactory cues, and both the main and accessory OS perform partially overlapping, parallel
functions (Mohrhardt et al., 2018; Weiss, Manzini, et al., 2021). Since the anatomically distinct
VNO was only observed in terrestrial tetrapods and is absent in many secondarily aquatic

tetrapods, it was originally thought to be an adaptation to life on land (Bertmar, 1981; Weiss,
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Manzini, et al., 2021). While this could explain the existence of the accessory OS in adult frogs,
it does not explain its presence in aquatic larvae of amphibians or an primordial VNO in earlier
diverging vertebrates, such as lungfish (Eisthen, 1992; Gonzalez, 2010; Nakamuta et al., 2012;
Chang et al., 2013; Weiss, Manzini, et al., 2021). Indeed, tadpoles possess a functionally tuned
MOE to detect waterborne stimuli (Figure 5; Manzini & Schild, 2010) as well as a well-
developed VNO (Figure 5; Jungblut et al., 2021; Weiss, Manzini, et al., 2021). Furthermore,
adult anurans maintain the VNO after metamorphosis in addition to another water nose, such
as the MC in Xenopus laevis (Eisthen, 1997; Reiss & Eisthen, 2008; Dittrich et al. 2016; Weiss,
Manzini et al. 2021). The precise functional distinction between the water nose and the adult
frogs' water-filled VNO remains unclear (Weiss, Manzini, et al., 2021). Molecular data suggest
that the OS of amphibians represents a transitional state between the single olfactory
epithelium in fish and the fully segregated mammalian OS. In Xenopus laevis V1Rs are
exclusively expressed in the main OS, while V2Rs are found in the larval MOE and VNO, as
well as in the adult MC and VNO (Date-Ito et al., 2008; Hagino-Yamagishi et al., 2004; Syed
et al., 2013, 2017).

The VNO and the AOB, the two main components of the accessory OS, are regressed in
aguatic mammals, a number of bats, and primates (Hecker et al., 2019). The CBP S100Z has
been linked to the VNO in mammals (Hecker et al., 2019). Unexpectedly | found no expression
of S100Z in the pre- or postmetamorphic VNO of Xenopus laevis (Kahl et al., 2024). Hecker et
al. (2019) identified a parallel reduction of the accessory OS in Catarrhini (apes), Cetacea
(whales, dolphins, and porpoises), Chiroptera (bats), and manatees (Trichechus manatus),
coinciding with the convergent inactivation of s100z, the transduction channel trpc2, the
aldehyde oxidase Aox2 involved in the odorant degradation, and the uncharacterized Msinl. In
semi-aquatic mammals, such as otters and phocid seals, a reduced accessory OS is expected

if these genes are deactivated (Hecker et al., 2019).

OS evolution is influenced by ecological factors, including habitat (Hecker et al., 2019; Kishida,
2021; Weiss, Manzini, et al., 2021; Burguera et al., 2023). Vertebrates frequently prioritize
certain OS components over others, which can result in either increased or decreased
expression of specific olfactory receptor genes (Taniguchi & Taniguchi, 2014; Bear et al., 2016;
Kishida, 2021). During the transition from aquatic to terrestrial life, the number of OR-type
genes fluctuated (Niimura, 2009). In mammals, birds, and reptiles, class Il OR-type genes
increased while class | genes, which primarily detect water-soluble compounds, declined
(Saito et al., 2009). In contrast, amphibians, adapted to both environments, retain both OR
types (Niimura, 2009). Based on these findings and my results, that S100Z is not associated
with the VNO in Xenopus laevis, | hypothesize that S100Z expression may represent an

adaptive response to the species' habitat.
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All'in all, my findings indicate that in non-mammalian species, S100Z expression is not directly
associated with the VNO, making it an unreliable marker for VNO reduction or the molecular
machinery associated with it. Further investigation into S100Z expression across non-
mammalian vertebrates, particularly in species with OS reductions, would be interesting (Kahl
et al., 2024).

6.2 Organization of the olfactory nerve

Immunohistochemical identification of the cellular composition of the olfactory nerve (ON) of
larval Xenopus laevis has not yet been thoroughly described and thus a detailed ultrastructural
analysis was undertaken. My analysis identified three different non-neuronal cell-types;
macrophages, fibroblasts and OECs, consistent with findings in rodents (Li et al., 2005; Wright,
2020). In Xenopus, as well as in rodents, ORNs from the OE project their axons into the OB in
the forebrain (Nezlin & Schild, 2000; Eisthen & Polese, 2007). Bundled ORN axons of larval
Xenopus laevis form ON fascicles, which are ensheathed by OECs (Kahl et al. 2025). Unlike
in rodents where fibroblasts ensheathe nerve fascicles (Li et al., 2005), fibroblasts in Xenopus
surround the whole ON (Kahl et al., 2005). Also macrophages were found solely on the outside
of the ON and were not present on the surface of individual nerve fascicles like in rodents (Li
et al., 2005; Wright et al. 2020; Kahl et al., 2025). Single-cell electroporation in the ON revealed
two different morphologies of putative OECs: bipolar fusiform and flat-sheet like, also
consistent with in vivo and in vitro observations in rodents (Barnett & Chang, 2004). Using
transgenic Xenopus lines, immunohistochemistry, and multiphoton-microscopy | found
transient activation via phosphorylated ribosomal protein S6 235/236 in these non-neuronal
cells after ON transection. This demonstrates that the cellular composition of the larval
Xenopus laevis ON is structurally similar to that of other vertebrates, with non-neuronal cells
also influenced by ON injury. Thus, Xenopus laevis is a suitable model for studying non-

neuronal cell characteristics during vertebrate regeneration.

6.2.1 Identification of olfactory ensheathing cells in Xenopus laevis is difficult due to

lack of specific markers
Throughout life the OS has a unigue neurogenic niche in which ORNs are replaced (Murtaza
et al., 2022). Due to the olfactory neuroepithelium’s exposure to the external environment there
is a continuous turnover of ORNs. Newly generated ORNSs are supported and guided by OECs,
a unique type of glia cells. In human and mouse brain , glial cells, comprising about half of the
central nervous system cells (Von Bartheld et al.,, 2016; Allen & Lyons, 2018), regulate
neurogenesis, axon development, neuronal migration, synapse formation, and circuit function
(Allen & Lyons, 2018). OECs are found in the periphery in the lamina propia beneath the
olfactory mucosa and encircle the axons of ORNs from the OE to the nerve fibre layer of the
OB (Chuah & West, 2002; Graziadei & Graziadei, 1979a,b; Murtaza et al., 2022). They share

morphological and molecular characteristics with Schwann cells and astrocytes (Beiersdorfer
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et al., 2020; Lakatos et al., 2000; Murtaza et al., 2022; Nazareth et al., 2019), but can be
distinguished by their marker protein expression and response to stimuli (Moreno-Flores et al.,
2002).

OECs provide structural support and migrate alongside newly forming olfactory axons to
facilitate neuronal regeneration (Doucette, 1990; Ekberg et al., 2012; Tennent & Chuah, 1996).
They are also considered key innate immune cells of the OS, capable of transitioning from a
resting to a phagocytic state to clear axonal debris and bacteria (Murtaza et al., 2022;
Nazareth, Lineburg, et al., 2015; Nazareth et al., 2015; Su et al., 2013). Due to the diverse
biological functions, OECs are being investigated for nervous system repair, particularly in
spinal cord injury, with promising but variable outcomes in humans and animals (Reshamwala
et al., 2020; Murtaza et al., 2022). However, the absence of specific OEC markers remains a
major challenge in the field (Ekberg et al., 2012; Reshamwala et al., 2020).

OECs express various markers both in vitro and in vivo, but their overlap with other cell types,
such as fibroblasts, complicates clear identification (Au & Roskams, 2003; Oprych et al., 2017,
Yao et al., 2018). Rodent studies commonly use p75NTR, GFAP, S100, vimentin, and nestin
for OEC identification, while fibronectin and Thy-1 serve as negative selection markers for
fibroblasts (Au & Roskams, 2003; Oprych et al., 2017; Reshamwala et al., 2020). Additional
markers like Sox10 have been used in some mammalian studies (Barraud et al., 2010; Ingram
et al., 2016; Oprych et al., 2017), but none are OEC-specific (Barnett & Chang, 2004; Pellitteri
et al., 2010; Higginson & Barnett, 2011; Lazzari et al., 2014). While research on mammalian
OECs has expanded, their cellular characteristics, function, and specific markers remain poorly
understood in non-mammalian vertebrates (Lazzari et al., 2016). However, studies in fish and
amphibians suggest that conventional mammalian OEC markers can also be applied to these
species (Huang et al., 2005; Lazzari et al., 2013, 2014, 2016; Quintana-Urzainqui et al., 2014;

Docampo-Seara et al., 2022).

In the course of my work, immunostainings using antibodies against GFAP, S100, p75NTR
and the transgenic Sox10 Xenopus line did not yield any specific OEC staining in the OS of
Xenopus laevis larvae. By using a specific Xenopus-vimentin antibody | found vimentin
expressing cells with different morphologies in the ON and OB of Xenopus laevis larvae. The
OB's long radial cells were highly specific to radial glia in both location and morphology. Radial
glial cells are precursor cells of the central nervous system producing most neurons and glia,
either directly or via intermediate progenitors (Allen & Lyons, 2018). In addition radial glia
escort extending cells and send processes from the lateral ventricles to the OB (Nezlin et al.,
2003; Allen & Lyons, 2018). Using a different vimentin antibody than | did, Huang et al. (2005)
found that the central regions of the OB in Xenopus larvae had the same distribution of

vimentin-positive cells. Moreover vimentin-immunopositivity was observed in the glomerular
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and ON layer of the goldfish (Carassius auratus; Lazzari et al., 2013) and in radial glia in the
urodele Triturus carnifex (Lazzari et al., 1997). Additionally, to the observed vimentin-
expressing radial glia in the OB of Xenopus, | found vimentin expressing cells in the ON, which
had a long bipolar fusiform morphology and ensheathed bundles of ORN axons throughout the
whole ON until reaching the OB (Kahl et al., 2025). Vimentin was mostly expressed in the cells'
filamentous and cytoskeletal components. All of the before mentioned observations of
vimentin-expressing cells in Xenopus larvae's ON are highly specific to OECs, which let me
assume that these cells are OECs. | cannot be completely certain that all of the vimentin-
positive cells in the ON shown in this work are OECs because of their similarities to other cells,
such as the morphology and location of fibroblasts superficially of the ON. Moreover, vimentin
is also frequently used as a marker to label cellular activities in cultured mouse cardiac or
human and mouse dermal fibroblasts (Cheng et al., 2016; Tallquist & Molkentin, 2017;
Sliogeryte & Gavara, 2019). In summary, vimentin does not exclusively identify OECs in
Xenopus laevis larvae, but can be used to label at least a high number of cells which resemble
the typical OEC morphology in the ON.

6.2.2 The cellular composition and spatial distribution of OECs, macrophages and

fibroblasts in the ON of Xenopus laevis larvae has similarities with findings in rodents
In the ON of rodents OECs create channel-like structures, which offer excellent structural
support for extending axons (Li et al., 2005; Nazareth et al., 2019; Wright et al., 2020).
Similarly, in Xenopus, | found vimentin expressing OECs enwrapping ORN axon bundles and
building a channel like structure in both intact and transected ONs. Fibroblasts of rodents
ensheathe nerve fascicles (Li et al., 2005), while fibronectin-expressing fibroblasts in Xenopus
laevis create an outer perineurial-like layer (Kahl et al., 2025). Macrophages are located solely
on the surface of the ON in Xenopus laevis larvae, while in mice a small number of
macrophages are present on the surface of individual nerve fascicles (Wright et al., 2020).
Both, OECs and fibroblasts of mice express macrophage migration inhibitory factor, which
causes in co-culture a segregation between OECs and macrophage cell line (Wright et al.,
2020). The absence of macrophages from ON fascicles is thought to be caused in part by the
macrophage migration inhibitory factor (Wright et al., 2020). OECs of rodents are responsible
of removing ORN axonal debris during the olfactory systems natural turnover and following
injury (Nazareth, Lineburg, et al., 2015, Su et al., 2013) and can phagocytose bacteria (Vincent
et al., 2007; Leung et al., 2008; Herbert et al., 2012; Panni et al., 2013). OECs are therefore
the main phagocytes of ON fascicles rather than macrophages. They also show the ability to
phagocytose significant amounts of axonal debris both in vivo and in vitro; a function that is
probably essential for regeneration (He et al., 2014; Nazareth, Lineburg, et al., 2015; Su et al.,

2013; Wright et al., 2020). Whether Xenopus OECs perform similar functions during natural
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turnover and after injury remains to be determined. Overall, my findings indicate that the

cellular composition and organization of the ON in Xenopus is similar to those in rodents.

6.2.3 Different morphologies of putative OECs in the ON of Xenopus laevis larvae
Vertebrate OECs are a heterogeneous cell population with different morphologies, sizes and
antigen profiles, with the capability to switch between the different morphologies (Doucette,
1993; Sonigra et al., 1999; Van Den Pol & Santarelli, 2003; Barnett & Chang, 2004; Huang et
al., 2008, 2024; Pellitteri et al., 2010; Ekberg et al., 2012). In mammals, OECs with at least two
morphologies, fusiform bipolar and flat sheet-like, have been described (Barnett & Chang,
2004; Huang et al., 2008).Using immunohistochemistry with antibodies against vimentin and
single-cell electroporation, | also identified these two different morphologies of putative OECs
in larval Xenopus laevis (Kahl et al., 2025). The vimentin positive cells had a fusiform bipolar
morphology, while the single labelled cells revealed the additional morphology of flat sheet-
like putative OECs as well as fusiform bipolar cells. Flat sheet like cells were located in more
superficial layer of the ON. The bipolar fusiform cells also in deeper layers (Kahl et al., 2025).
The putative OECs in larval Xenopus laevis likely have diverse functions, as in vitro studies
with morphologically different OECs suggested possible different functions that still need to be
investigated in more detail (Pixley, 1992; Huang et al., 2008; Ekberg et al., 2012). According
to my findings, OEC morphology in Xenopus laevis larvae is largely comparable to that of
rodents. Nevertheless, more research is required to fully understand the morphological

diversity and the different functions of OECs in this species.

6.2.4 ON-transection induces transient phosphorylation of rpS6 235/236 in non-

neuronal cells of the ON of Xenopus laevis larvae
Head trauma or infections that harm the OS can cause olfactory dysfunction in humans (Doty
et al., 1997; Meisami et al., 1998). Mistargeted ORN axons during OB reinnervation may result
in odor perception loss after damage (Yee & Costanzo, 1998; Vedin et al., 2004). When the
mammalian OE recovers from lesions that are not too severe, there is usually a complete re-
colonisation of the OE with ORNs with high accuracy in terms of OE topography of olfactory
receptor identity (Schwob et al., 1999; Iwema et al., 2004). But to effectively transmit olfactory
information, these newly formed ORNs need to project their axons into the OB and create
functional connections in the appropriate glomerulus. During normal development and
maintenance of the mammalian OS, ORNs with the same olfactory receptor identity project
their axons to particular subsets of glomeruli in the OB (Mombaerts et al., 1996), forming a
representative topographical map of receptor identity in the central nervous system (Strotmann
et al., 2000; Schaefer et al., 2001; Costanzo & Kobayashi, 2010). Accurate axon targeting is
also made possible by an important interaction between ORNs and OECs. Both in their natural
location and after injury and transplantation, OECs support neural regeneration through a

variety of mechanisms, such as direct interaction with axons and support (Doucette, 1990),
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neurotrophic and guidance factor secretion (Barnett & Riddell, 2004; Toft et al., 2013; Barton
et al., 2017), phagocytosis of axonal debris (Nazareth, Lineburg, et al., 2015; Su et al., 2013),
and efficient migration and integration with other cell types, including microglia and astrocytes
(Lakatos et al., 2000, 2003; Vincent et al., 2007; Leung et al., 2008; Panni et al., 2013).

OECs enwrap hundreds of ORN axons along the ON from the OE to the OB, provide axon-
growth promoting properties, maintain axon-axon interactions, and support the segregation of
ORN bundles to target different regions of the OB (Ramon-Cueto & Valverde, 1995; Schwaob,
2002; Barraud et al., 2010; Ekberg et al., 2012). In addition other non-neuronal cell types, such
as fibroblasts and macrophages, are present in the ON (Li et al., 2005). Investigating the role
of different non-neuronal cells in neurogenesis could improve therapies to cure malfunction of
the OS.

As part of my thesis | examined the presence of non-neuronal cells in the ON and their activity
after injury. Immunohistochemistry against phosphorylated ribosomal protein S6 235/236 (p-
rpS6) was applied to assess the temporal dynamics of this activity. Ribosomal protein S6 is an
integral element of the 40S ribosomal subunit and plays a role in translation (Biever et al.,
2015). Its phosphorylation serves as a marker for neuronal activity or as an indicator of the
mammalian target of rapamycin (MTOR) complex 1 signaling activation (Biever et al., 2015).
The mTOR signaling pathway regulates essential cellular processes, including growth,
proliferation, protein synthesis, metabolism, and autophagy (Ruvinsky & Meyuhas, 2006;
Laplante & Sabatini, 2012). The ribosomal protein S6 contains several phosphorylation sites
that are phosphorylated in a sequential fashion, starting with serine 236 and progressing to
serine 235, 240, 244, and 247 (Martin-Pérez & Thomas, 1983; Wettenhall et al., 1992;
Meyuhas, 2008, 2015). Studies in mice have shown increased rpS6 phosphorylation in
response to growth factors, glucose, and amino acids, linking it to protein synthesis, cell

growth, and glucose homeostasis (Biever et al., 2015; Meyuhas, 2015; Ring et al., 2023).

In the course of my thesis | transected one ON in Xenopus larvae to induce an acute injury.
This transection resulted in a transient increase of p-rpS6 expression in non-neuronal cells in
the ON already one hour after transection (Kahl et al., 2025). Twenty-four hours after injury,
the increase in p-rpS6 positive cells was at its highest and significantly decreased until seven
days after transection. Thereafter, no further increase in p-rpS6 was observed up to seven
weeks after transection. In consistence with my results, it was shown that rats who had
experienced traumatic brain injury also experienced changes in p-rpS6 levels. Chen et al.
(2007) used western blot analysis to find that p-rpS6 levels in the ipsilateral parietal cortex and
hippocampus significantly increased between thirty minutes and twenty-four hours after injury
(Chen et al., 2007). Additionally, | observed an increase of p-rpS6 in mitral-tufted cells in the

contralateral OB of Xenopus laevis larvae twenty-four hours after transection, possibly
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influenced by contralateral ORNs projections (Ebbesson et al., 1986; Nezlin & Schild, 2005;
Kludt et al., 2015).

Recent studies in mammals show that p-rpS6 occurs in all skin layers and cell types, including
keratinocytes, fibroblasts, and endothelial cells, in response to skin injury (Ring et al., 2023).
This resulted in the creation of a zone of activation that surrounded the area of the original
injury site within minutes and persisted until healing was finished. It was suggested that p-rpS6
is a modulator but not a driver of healing because mice unable to phosphorylate rpS6 exhibited
an initial acceleration of wound closure but results in impaired healing (Ring et al., 2023). Given
that in my study the expression of p-rpS6 in non-neuronal cells of the ON in Xenopus was only
temporary and given that macrophages, fibroblasts, and OECs are known to be involved in
regenerative processes, rpS6 phosphorylation may also act as a modulator in this process.
Furthermore, since rpS6 phosphorylation and the mTOR signaling pathways support the
growth and repair of cellular and neuronal synapses (Ruvinsky & Meyuhas, 2006; Chen et al.,
2007), these pathways might enhance OS regeneration after nerve damage. Future studies
should explore whether rapamycin-induced mTOR-complex 1 inhibition, reducing rpS6

phosphorylation, affects this regenerative capacity (Biever et al., 2015).

As long as there is no damage to the OB or other parts of the central nervous system, ON
injuries fully regenerate in one to two months (Holbrook & Leopold, 2006; Barton et al., 2017).
However, depending on the species, age, developmental stage, and severity of the injury,
recovery from injury can vary in duration, accuracy, and extent (Schwob, 2002; Hawkins et al.,
2017, 2024; Schwob et al., 2017). Recently, it was demonstrated that following bilateral ON
transection, the OS of Xenopus laevis larvae regenerates with high accuracy within seven to
nine weeks, resulting in the rehabilitation of odor-guided behavior (Hawkins et al., 2024). In
the course of my study, | provoked an acute injury by transecting one ON. This caused gradual
axonal degradation in the ON and OB in the larvae, which was also shown by Hawkins et al.
(2017; 2024). After nerve transection, the axon terminals distal to ON injury remained intact
and visible for one to forty-eight hours. Axonal debris were found between forty-eight- and
seventy-two-hours following transection. Newly formed ORN axons were identified in the ON
and MOB one and two weeks following transection, which is consistent with the findings of
Cervino et al. (2017) and Hawkins et al. (2017). Also, in line with the findings of Hawkins et al.
(2017; 2024), my study showed morphological regeneration seven weeks following nerve
damage in the OS (Kahl et al., 2025). The recovery of the OB network in rodents following ON
damage or transection is less precise. Even though the OB is principally reinnervated by ORN
axons, the resulting odor map in the OB is not precisely reformed (Costanzo, 2000, 2005;
Christensen, 2001; Schwob, 2002; Murai et al., 2016). The distinct ORN regeneration time
courses in rodents and amphibians could be the cause of the recovery discrepancies (Hawkins

et al., 2024). In rodents, Murai and colleagues found that the OE lost all of its ORNSs fourteen
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days after the ON injury, and that the reinnervation of the OB was still incomplete forty-two
days after injury (Murai et al., 2016). As a result, mitral-tufted cell dendritic connectivity was
disrupted, and it took eighty-four days for it to fully recover (Murai et al., 2016). Axons from the
ORNSs in Xenopus, on the other hand, likely reach the OB before a loss of post-synaptic targets
takes place because ORNs in the OE already regenerate in one week (Hawkins et al., 2017,
2024).

Rodent studies indicate that OEC behavior depends on the type of nerve injury. After unilateral
bulbectomy in mice, Chehrehasa et al. (2010) observed that OEC:s filled the cavity created by
the procedure before new axons grew into it. Following OB ablation, it was investigated that
the OECs in the accessory OB also proliferate (Chehrehasa et al., 2014). In contrast, OECs
did not divide or migrate following ON transection in rats (Li et al., 2005). Instead, they were
actively phagocytic, removing axonal debris, and they provided continuous open channels for
the regeneration of newly formed axons (Li et al., 2005). In my experiments, after transecting
one ON of Xenopus larvae, | observed that a mixture of non-neuronal cells, including OECs,
responded by expressing p-rpS6. Unfortunately, the exact function of these cells and how they

continue to function during the regeneration process is still unclear.

While most knowledge on OEC biology comes from rodent studies, OECs have also been
isolated from humans, dogs, pigs, and primates (Imaizumi et al., 2000; Féron et al., 2005;
Rubio et al., 2008; Techangamsuwan et al., 2008; Carwardine et al., 2017). Their proliferation
and response to growth factors vary fundamentally across species (Wewetzer et al., 2011,
Murtaza et al., 2022), suggesting potential differences in their role during regeneration. Further
research, including studies in amphibians, is essential to explore their therapeutic potential for

OS injuries.
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7 Summary

The transition of tetrapods to terrestrial habitats required specific adaptations of the OS to cope
with new environmental challenges, including increased exposure to harmful influences. This,
among others, necessitated the maintenance of regenerative capacities of the OS. While
distinct subpopulations of olfactory cells emerged across species, molecular marker
expression varies significantly. One such marker, S100Z, a less well-studied calcium-binding
protein, has been associated with specific cell subpopulation in the OE of fish and the VNO of
mammals. This raises the question of how S100Z is distributed in the OS of amphibians such
as Xenopus laevis. In the first part of my thesis, | aimed to investigate the distribution pattern
of S100Z in the olfactory system of pre- and postmetamorphic Xenopus laevis. Using
immunohistochemistry, | characterized a subset of S100Z expressing ORNs within the MOE
of premetamorphic, and the MC of postmetamorphic animals. There was no S100Z expression
in the accessory OS. Within the premetamorphic larval MOE there was a laterally shifted
distribution of S100Z-positive cells. The axons of S100Z expressing cells exclusively projected
into the intermediate and lateral glomerular clusters within the OB. The co-localization pattern
of S100Z and calretinin appeared variable, with no stereotypical expression. These findings
suggest that, unlike in mammals, S100Z expression in Xenopus laevis is not associated with

the VNO, indicating an intermediate evolutionary state.

An important non-neuronal cell type for regenerative processes in the OS are OECs, which
have not been investigated in detail in Xenopus laevis, yet. Additionally, a definitive OEC
marker is still lacking across species. As an amphibian bridging both aquatic and terrestrial life
stages, Xenopus laevis, serves as a valuable model to investigate OS adaptations at the
cellular and molecular levels. Regarding OECs in the ON of Xenopus laevis, | identified and
distinguished three non-neuronal cell types: putative OECs, macrophages, and fibroblasts.
Vimentin emerged as a promising immunohistochemical marker for OECs in the ON, although
it also labelled radial glia in the OB. Single-cell electroporation revealed at least two
morphological OEC subtypes: bipolar fusiform and flat-sheet cells. To investigate regenerative
responses, | analyzed the expression of the activity marker rpS6 following unilateral ON

transection and found a transient increase of p-rpS6 in non-neuronal cells after ON transection.
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8 Outlook

The transition from a fully aquatic existence to a terrestrial one necessitated a range of
adaptations in the olfactory system, including anatomical, molecular, and functional
modifications, crucial for the survival of organisms on land. In the first part of my thesis, |
focused on the immunohistochemical expression pattern of S100Z within the OS of pre- and
postmetamorphic Xenopus laevis, a secondary aquatic amphibian. Although a subgroup of
ORNs expressing S100Z was identified, several questions remain unanswered. A
comprehensive investigation into the function of S100Z within the OS is necessary. The
creation of transgenic animals that express a genetically encoded calcium indicator in S100Z
positive neurons could enable a range of new experiments. Ca?*- imaging of the OE and OB
would enable the identification of potential ligands for S100Z-positive cells. Additionally, the
identification of the odorant receptors utilized by the S100Z-expressing neurons to transmit
signals is a critical research focus. In-situ hybridization studies would be really promising
experiments, since this approach would facilitate the creation of specific probes directed
against the target RNA of various olfactory receptor families, in addition to S100Z. This
technique may also offer further insights into the presence of cilia or microvilli on dendritic
knobs of S100Z-expressing neurons.

The OS maintains lifelong regenerative capacity. Two main cell types are involved in this
process: the BCs and the OECs. In the second part of my thesis, | focused identifying different
non-neuronal cell-types, including OECs, in the ON of Xenopus laevis larvae. Although | found
promising molecular markers for different non-neuronal cell types, several questions remain
unanswered. A key challenge is the identification of an exclusive OEC marker, crucial for
distinguishing the various cell types within the ON. Additionally, a comprehensive study of
transgenic macrophage animals is necessary to explore how macrophages respond to injury
in the OS of Xenopus laevis. A central question is the function and necessity of the
phosphorylation of rpS6 after ON transection. Is this phosphorylation an essential component
of functional regeneration? Studies using the kinase inhibitor rapamycin may provide promising
results. This method might also explain why p-rpS6 was also phosphorylated in MTC within
the OB. By improving the knowledge of OEC behavior during regeneration processes these

findings might contribute to the development of new therapies for nervous system injuries.
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Used tools

10 Used tools
To improve and paraphrase my self-written sentences, | occasionally used the writing tools
DeepL (https://lwww.deepl.com/de/translator) and Scribbr

(https://www.scribbr.com/paraphrasing-tool/).
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Attachments

11 Attachments
11.1 Supplementary figures of the 2"9 Paper

Supplementary figure 1. Phosphorylated rpS6-positive olfactory ensheathing cells ensheathe
bundles of olfactory receptor neuron axons. Transversal view of a transected olfactory nerve
(encircled by a white dotted line). Olfactory ensheathing cells (green) stained with an antibody against
phosphorylated rpS6 enwrap bundles of olfactory receptor neuron axons (magenta) and form tunnel-
like structures (white asterisks). Olfactory receptor neuron axons were labeled by nasal electroporation
of fluorescent dextrans. Abbreviations: A anterior; D dorsal; L lateral; M medial; P posterior; V ventral.

Supplementary figure 2: Vimentin- and phosphorylated rpS6-positive cells in the non-transected
olfactory nerve and olfactory bulb. Vimentin (magenta) was detectable in cells of the olfactory nerve
and radial glial cells in the olfactory bulb. Phosphorylated rpS6-positive cells (green) were localized in
the glomerular-, mitral-, and granule cell layers of the olfactory bulb. Similar results were obtained in all
animals investigated (n =9). Abbreviations: A anterior; AOB accessory olfactory bulb; D dorsal; L lateral;
LV lateral ventricle; M medial; OB olfactory bulb; ON olfactory nerve; P posterior; V ventral.
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Supplementary figure 3: Co-localization of HuUC/D and phosphorylated rpS6 in the olfactory bulb
after transection of the olfactory nerve. (S3A) A subgroup of neurons labeled with an antibody against
HuC/D (magenta) in the olfactory bulb are also stained with an antibody against phosphorylated rpS6
(green). A strong staining against phosphorylated rpS6 of non-neuronal cells is present in the olfactory
nerve. (S3B) Close-ups of the area included in the dotted square in S3A. Upper image: green channel;
middle image: magenta channel; lower image: both channels merged. The arrows indicate a double-
stained neuron (HuC/D and phosphorylated rpS6). Similar results were obtained in all animals
investigated (n = 8). Abbreviations: A anterior; AOB accessory olfactory bulb; D dorsal; L lateral; LV
lateral ventricle; M medial; MOB main olfactory bulb; ON olfactory nerve; P posterior; V ventral.
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(Abbreviations used for Scientific Background and General Discussion)

ACHI oo Adenylate-cyclase |l
ANO2 ..., Anoctamin-2
AOB ..., Accessory olfactory bulb
ATP ., Adenosine-5’-triphosphate
BCS e Basal cells
CaZ2+ Calcium
CAMP .......... Cyclic adenosine monophosphate
CBPS ..o, Calcium-binding proteins
CNG .o, Cyclic nucleotide gated
DAG ..o Diacylglycerol
FPRS ..o, Formyl peptide receptors
GC-D oo, Guanylyl cyclase
GDP ..o Guanosine diphosphate
GPCR ....coiviie G protein-coupled receptors
GTP i, Guanosine-5’-triphosphate
IP3 . Inositol-1,4,5-triphosphate
MC Middle cavity
MOB ..o Main olfactory bulb
MOE ..., Main olfactory epithelium
MTC ., Mitral/ tufted cell
MTOR ............ Mammalian target of rapamycin

MS4A ...Membrane spanning four-pass proteins

OB i Olfactory bulb
OE .o, Olfactory epithelium
OECS ..cocvvvvvinnnn, Olfactory ensheathing cells
OIfC .o, Olfactory class C GPCRs
ON o, Olfactory nerve
ORA ............ Olfactory receptor class A-related
ORNS .....cvviiiinnn, Olfactory receptor neurons
OR-type ..o, Odorant receptors
OS Olfactory system
PC Principal cavity
PLC e, Phospholipase C
p-rpS6 .......... Phosphorylated ribosomal protein

S6 235/236
S100Z ............. S100 calcium-binding protein Z
SCS i Supporting cells
TAARS ........ Trace amine-associated receptors

TRPC2 Transient receptor cation channel type 2

VIRS ....covvnnnn. Vomeronasal type 1 receptors
V2RS ..o, Vomeronasal type 2 receptors
VNO ..o Vomeronasal organ
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