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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, I analyzed the expression pattern of 

S100Z in the OS of the anuran Xenopus laevis. Using immunohistochemistry in whole mount 

and slice preparations I 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. I 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, I 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 Übergang der Tetrapoden zu terrestrischen Lebensräumen geht einher mit der Anpassung 

des Geruchssystems an die Umwelt. Dies spiegelt sich auf anatomischer und funktioneller 

Ebene in der Bildung verschiedener Subsysteme wider, einschließlich Zellsubpopulationen, 

die eine unterschiedliche Proteinexpression auf molekularer Ebene aufweisen. Die 

Expressionsmuster spezifischer Proteine variieren zwischen den verschiedenen Arten, obwohl 

die Geruchssysteme allgemeine anatomische Ähnlichkeiten aufweisen. So wird 

beispielsweise das Kalzium-bindende Protein S100Z bei Fischen in verschiedenen Zelltypen 

des Riechepithels exprimiert, während es bei Säugetieren 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 Präparaten, identifizierte ich eine 

Untergruppe von S100Z exprimierenden olfaktorischen Rezeptorneuronen (ORNs) im larvalen 

olfaktorischen Hauptriechsystem und in der mittleren Kavität des erwachsenen Xenopus 

laevis. In larvalen Tieren, zeigten diese ORNs eine laterale Verteilung im Riechepithel und 

projizierten ausschließlich in den intermediären und lateralen glomerulären cluster. 

Zusammenfassend lässt sich sagen, dass die Expression von S100Z im Geruchssystem von 

Xenopus laevis ausschließlich mit dem Hauptgeruchssystem und nicht mit dem VNO assoziiert 

ist. 

Die Aufrechterhaltung der Regenerationsfähigkeit hat für das olfaktorische System eine 

essentielle Bedeutung, da es aufgrund der exponierten Lage toxischen Substanzen oder 

physischen Traumata ausgesetzt ist. Die Regenerationsfähigkeit wird auf das Vorhandensein 

von zwei Hauptzelltypen zurückgeführt. Zum einen, den Basalzellen des olfaktorischen 

Epithels, bei welchen es sich um neuronale Stammzellen handelt, die für eine konstante 

Erneuerung von Zellen sorgen, indem sie neue Stützzellen und ORNs bilden. Zum anderen, 

den olfaktorischen Hüllzellen, die die Axone der ORNs umhüllen, 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 Bündel vom 

Epithel bis zum OB in larvalen Xenopus umhüllen. Das Vorhandensein von Fibroblasten und 

Makrophagen im olfaktorischen Nerv (ON) wurde mittels Verwendung von 

Immunohistochemie und transgenen Xenopus-Linien nachgewiesen. Unilaterale 

Nervdurchtrennung führte zu einer vorübergehenden 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, I 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 nomenclature is employed for mammalian OR-type 

receptors: class I (subfamily α and β) ORs and class II (γ) 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 I OR-types typically detect more hydrophilic, water-

soluble, compounds than class II 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 I OR-type genes, 

which detect water-soluble odorants, were reduced, while class II 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).  

 

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). TAARs 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. 

4.2.3 Vomeronasal 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 

& Lüscher, 1959; Silva & Antunes, 2017).  

4.2.4 Vomeronasal 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 NH₂-

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 

aquatic 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 (OlfC; 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/OlfC family, suggesting their primary role in olfaction (Sharma et al., 

2019; Syed et al., 2023). In teleost fish, the OlfC gene family exhibits substantial variation in 

size (Bjarnadóttir 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; 

Rivière 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; 

Rivière 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 ORNs 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 & Døving, 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; Hassenklöver 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; Hassenklöver 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/OlfC-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 

Gαolf, the α-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 Gαolf (Figure 3).This leads to the 

dissociation of the βγ-dimer and the activation of membrane-bound adenylate-cyclase III 

(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 Ca2+ from 

the external mucus (Nakamura & Gold, 1987). A receptor potential is created by the cation 

influx and the Ca2+ influx leads to a Cl- 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. 

 

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 Gαolf, which 
triggers the activation of adenylate cyclase III (ACIII), 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. ACIII adenylate cyclase III; 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. 
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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 Gαo/i2 

dissociates and the βγ-dimer activates the membrane-bound phospholipase C (PLC). PLC 

catalyzes the production of DAG and IP3 (Rünnenburger et al., 2002). Two pathways are used 

by the second messengers, DAG and IP3, to initiate the Ca2+-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).  

 

Figure 4: Schematic of the cAMP-independent signaling pathway in microvillous ORNs. Rodents' 
VNO contains microvillous ORNs that express V1Rs associated with Gαi2 or V2Rs associated with Gαo. 
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 (OECs), 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 & Døving, 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, TAARs, 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 TAARs, 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 ORNs, while the VNO of tadpoles and 

adults exclusively contains microvillous ORNs (Figure 5). In adults, the PC harbors only ciliated 

ORNs, whereas the MC is lined with both ciliated and microvillous ORNs (Figure 5; Weiss et 

al., 2021; Hansen et al., 1998; Woodley, 2014).  
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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 I odorant receptor-type I; OR II, mammalian class 
II/γ subfamily of odorant receptor; P posterior; PC principal cavity; TAAR trace amine associated 
receptor; V ventral; V1R 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 ORNs in the larval and adult VNO of Xenopus laevis express V2Rs and rely on 

Gαo 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 II 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, cAMP-independent, and most likely mediated by microvillous 

ORNs that express V1Rs or V2Rs and use the Gαo 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 Gαolf 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 ORNs 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. Identification of cell types in the olfactory epithelium that express S100Z and 

subsequent analysis of their distribution within the epithelium 

2. 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 (OECs) 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   
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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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5.2 2nd Publication: Olfactory nerve transection transiently activates olfactory 

ensheathing cells in Xenopus laevis larvae 
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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, I 

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 (Ca2+) is a versatile intracellular secondary messenger that regulates numerous 

cellular processes (Berridge et al., 2003; Elíes et al., 2020). Since Ca2+ overload can be 

cytotoxic, a homeostatic system maintains ionic balance (Elíes et al., 2020). A wide range of 

molecular components, including calcium-binding proteins (CBPs), play a key role in Ca²⁺ 

homeostasis and regulate various signaling pathways (Carafoli et al., 2001; Elíes et al., 2020). 

A characteristic of many CBPs is an EF-hand calcium-binding motif, which binds Ca2+ 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 Ca2+-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 (Germanà 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 ORNs 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, I 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, I 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, I 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 ORNs in the main OE.  

Furthermore, I 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-Ito et al., 2008). Given this before mentioned patterns and my 

observations of S100Z expression, I hypothesize that S100Z is associated with microvillous 

ORNs 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 

ORNs remains unclear (DeMaria et al., 2013; Syed et al., 2017). In Xenopus larvae, amino 

acid-responsive ORNs 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, I 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 Ca2+ 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 & González, 

2013). In my research, I also examined calretinin, another CBP than S100Z, known to be 

expressed in OS neurons (Germanà et al., 2007). While calretinin labels mature ORNs 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; González, 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 

aquatic 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 I 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 Mslnl. 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 II OR-type genes 

increased while class I 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, I 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 I 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 unique 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 ORNs 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, S100β, 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 I 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 I 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, I 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. I 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, I 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, I 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 (Ramón‐Cueto & Valverde, 1995; Schwob, 

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 I 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 I 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, I 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, I 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 ORNs 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 

ORNs 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 OECs 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, I 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, I aimed to investigate the distribution pattern 

of S100Z in the olfactory system of pre- and postmetamorphic Xenopus laevis. Using 

immunohistochemistry, I 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, I 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, I 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, I 

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. Ca2+- 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, I focused identifying different 

non-neuronal cell-types, including OECs, in the ON of Xenopus laevis larvae. Although I 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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Breer, H., Zufall, F., & Boehm, T. (2004) MHC Class I Peptides as Chemosensory Signals 
in the Vomeronasal Organ. Science (80-. )., 306, 1033–1037. 

Leinders-Zufall, T., Cockerham, R.E., Michalakis, S., Biel, M., Garbers, D.L., Reed, R.R., 
Zufall, F., & Munger, S.D. (2007) Contribution of the receptor guanylyl cyclase GC-D to 
chemosensory function in the olfactory epithelium. Proc. Natl. Acad. Sci., 104, 14507–
14512. 

Leinders-Zufall, T., Lane, A.P., Puche, A.C., Ma, W., Novotny, M. V., Shipley, M.T., & Zufall, 
F. (2000) Ultrasensitive pheromone detection by mammalian vomeronasal neurons. 
Nature, 405, 792–796. 

Leung, J.Y.K., Chapman, J.A., Harris, J.A., Hale, D., Chung, R.S., West, A.K., & Chuah, M.I. 
(2008) Olfactory ensheathing cells are attracted to, and can endocytose, bacteria. Cell. 
Mol. Life Sci., 65, 2732–2739. 

Li, Y., Field, P.M., & Raisman, G. (1998) Regeneration of Adult Rat Corticospinal Axons 
Induced by Transplanted Olfactory Ensheathing Cells. J. Neurosci., 18, 10514–10524. 

Li, Y., Field, P.M., & Raisman, G. (2005) Olfactory ensheathing cells and olfactory nerve 
fibroblasts maintain continuous open channels for regrowth of olfactory nerve fibres. Glia, 
52, 245–251. 

Liao, J., Zhu, F., Liu, Y., Liu, S., Liu, Z., & Zhang, W. (2024) The role of olfactory ensheathing 
cells in the repair of nerve injury. Eur. J. Pharmacol., 966, 176346. 

Liberles, S.D. & Buck, L.B. (2006) A second class of chemosensory receptors in the olfactory 
epithelium. Nature, 442, 645–650. 

Liberles, S.D., Horowitz, L.F., Kuang, D., Contos, J.J., Wilson, K.L., Siltberg-Liberles, J., 
Liberles, D.A., & Buck, L.B. (2009) Formyl peptide receptors are candidate chemosensory 
receptors in the vomeronasal organ. Proc. Natl. Acad. Sci., 106, 9842–9847. 

Lindemann, L., Ebeling, M., Kratochwil, N.A., Bunzow, J.R., Grandy, D.K., & Hoener, M.C. 
(2005) Trace amine-associated receptors form structurally and functionally distinct 
subfamilies of novel G protein-coupled receptors. Genomics, 85, 372–385. 

Lindemann, L. & Hoener, M.C. (2005) A renaissance in trace amines inspired by a novel GPCR 
family. Trends Pharmacol. Sci., 26, 274–281. 

Lucas, P., Ukhanov, K., Leinders-Zufall, T., & Zufall, F. (2003) A Diacylglycerol-Gated Cation 
Channel in Vomeronasal Neuron Dendrites Is Impaired in TRPC2 Mutant Mice. Neuron, 
40, 551–561. 

Mackay-Sim, A. & Kittel, P. (1991) Cell dynamics in the adult mouse olfactory epithelium: a 
quantitative autoradiographic study. J. Neurosci., 11, 979–984. 

Malnic, B. (2007) Searching for the Ligands of Odorant Receptors. Mol. Neurobiol., 35, 175–
181. 

Malnic, B., Hirono, J., Sato, T., & Buck, L.B. (1999) Combinatorial Receptor Codes for Odors. 
Cell, 96, 713–723. 

Manzini, I. (2015) From neurogenesis to neuronal regeneration: the amphibian olfactory 
system as a model to visualize neuronal development in vivo. Neural Regen. Res., 10, 
872. 

Manzini, I., Frasnelli, J., & Croy, I. (2014) Wie wir riechen und was es für uns bedeutet. HNO, 
62, 846–852. 

 



References 

76 

Manzini, I., Heermann, S., Czesnik, D., Brase, C., Schild, D., & Rössler, W. (2007) Presynaptic 
protein distribution and odour mapping in glomeruli of the olfactory bulb of Xenopus laevis 
tadpoles. Eur. J. Neurosci., 26, 925–934. 

Manzini, I. & Korsching, S. (2011) The peripheral olfactory system of vertebrates: molecular, 
structural and functional basics of the sense of smell. e-Neuroforum, 17, 68–77. 

Manzini, I. & Schild, D. (2010) Olfactory Coding in Larvae of the African Clawed Frog Xenopus 
Laevis, The Neurobiology of Olfaction. 

Manzini, I., Schild, D., & Di Natale, C. (2022) Principles of odor coding in vertebrates and 
artificial chemosensory systems. Physiol. Rev., 102, 61–154. 

Martin-Pérez, J. & Thomas, G. (1983) Ordered phosphorylation of 40S ribosomal protein S6 
after serum stimulation of quiescent 3T3 cells. Proc. Natl. Acad. Sci., 80, 926–930. 

Matsunami, H. & Buck, L.B. (1997) A Multigene Family Encoding a Diverse Array of Putative 
Pheromone Receptors in Mammals. Cell, 90, 775–784. 

Measey, J. (2016) Overland movement in African clawed frogs (Xenopus laevis): a systematic 
review. PeerJ, 4, e2474. 

Meisami, E., Mikhail, L., Baim, D., & Bhatnagar, K.P. (1998) Human Olfactory Bulb: Aging of 
Glomeruli and Mitral Cells and a Search for the Accessory Olfactory Bulb a. Ann. N. Y. 
Acad. Sci., 855, 708–715. 

Meyuhas, O. (2008) Chapter 1 Physiological Roles of Ribosomal Protein S6: One of Its Kind. 
In International Review of Cell and Molecular Biology. pp. 1–37. 

Meyuhas, O. (2015) Ribosomal Protein S6 Phosphorylation. In International Review of Cell 
and Molecular Biology. Elsevier Ltd, pp. 41–73. 

Miwa, N. & Kawamura, S. (2003) Frog p26olf, a molecule with two S100‐like regions in a single 
peptide. Microsc. Res. Tech., 60, 593–599. 

Miyamichi, K., Serizawa, S., Kimura, H.M., & Sakano, H. (2005) Continuous and Overlapping 
Expression Domains of Odorant Receptor Genes in the Olfactory Epithelium Determine 
the Dorsal/Ventral Positioning of Glomeruli in the Olfactory Bulb. J. Neurosci., 25, 3586–
3592. 

Mohrhardt, J., Nagel, M., Fleck, D., Ben-Shaul, Y., & Spehr, M. (2018) Signal Detection and 
Coding in the Accessory Olfactory System. Chem. Senses, 43, 667–695. 

Mombaerts, P. (2004) Genes and ligands for odorant, vomeronasal and taste receptors. Nat. 
Rev. Neurosci., 5, 263–278. 

Mombaerts, P. (2006) Axonal Wiring in the Mouse Olfactory System. Annu. Rev. Cell Dev. 
Biol., 22, 713–737. 

Mombaerts, P., Wang, F., Dulac, C., Chao, S.K., Nemes, A., Mendelsohn, M., Edmondson, J., 
& Axel, R. (1996) Visualizing an Olfactory Sensory Map. Cell, 87, 675–686. 

Moreno-Flores, M.T., Díaz-Nido, J., Wandosell, F., & Avila, J. (2002) Olfactory Ensheathing 
Glia: Drivers of Axonal Regeneration in the Central Nervous System? J. Biomed. 
Biotechnol., 2, 37–43. 

Morona, R. & González, A. (2013) Pattern of calbindin‐D28k and calretinin immunoreactivity 
in the brain of Xenopus laevis during embryonic and larval development. J. Comp. 
Neurol., 521, 79–108. 

Morrison, E.E. & Costanzo, R.M. (1992) Morphology of olfactory epithelium in humans and 
other vertebrates. Microsc. Res. Tech., 23, 49–61. 



References 

77 

Munger, S.D., Leinders-Zufall, T., McDougall, L.M., Cockerham, R.E., Schmid, A., 
Wandernoth, P., Wennemuth, G., Biel, M., Zufall, F., & Kelliher, K.R. (2010) An Olfactory 
Subsystem that Detects Carbon Disulfide and Mediates Food-Related Social Learning. 
Curr. Biol., 20, 1438–1444. 

Munger, S.D., Leinders-Zufall, T., & Zufall, F. (2009) Subsystem organization of the 
mammalian sense of smell. Annu. Rev. Physiol., 71, 115–140. 

Murai, A., Iwata, R., Fujimoto, S., Aihara, S., Tsuboi, A., Muroyama, Y., Saito, T., Nishizaki, 
K., & Imai, T. (2016) Distorted Coarse Axon Targeting and Reduced Dendrite Connectivity 
Underlie Dysosmia after Olfactory Axon Injury. eNeuro, 3, ENEURO.0242-16.2016. 

Murtaza, M., Mohanty, L., Ekberg, J.A.K., & St John, J.A. (2022) Designing Olfactory 
Ensheathing Cell Transplantation Therapies: Influence of Cell Microenvironment. Cell 
Transplant., 31, 9636897221125684. 

Nagayama, S., Homma, R., & Imamura, F. (2014) Neuronal organization of olfactory bulb 
circuits. Front. Neural Circuits, 8, 1–19. 

Nakamura, T. & Gold, G.H. (1987) A cyclic nucleotide-gated conductance in olfactory receptor 
cilia. Nature, 325, 442–444. 

Nakamuta, S., Nakamuta, N., & Taniguchi, K. (2011) Distinct axonal projections from two types 
of olfactory receptor neurons in the middle chamber epithelium of Xenopus laevis. Cell 
Tissue Res., 346, 27–33. 

Nakamuta, S., Nakamuta, N., Taniguchi, K., & Taniguchi, K. (2012) Histological and 
Ultrastructural Characteristics of the Primordial Vomeronasal Organ in Lungfish. Anat. 
Rec., 295, 481–491. 

Nara, K., Saraiva, L.R., Ye, X., & Buck, L.B. (2011) A Large-Scale Analysis of Odor Coding in 
the Olfactory Epithelium. J. Neurosci., 31, 9179–9191. 

Nazareth, L., Chen, M., Shelper, T., Shah, M., Tello Velasquez, J., Walkden, H., Beacham, I., 
Batzloff, M., Rayfield, A., Todorovic, M., Beagley, K.W., St John, J.A., & Ekberg, J.A.K. 
(2019) Novel insights into the glia limitans of the olfactory nervous system. J. Comp. 
Neurol., 527, 1228–1244. 

Nazareth, L., Lineburg, K.E., Chuah, M.I., Tello Velasquez, J., Chehrehasa, F., St John, J.A., 
& Ekberg, J.A.K. (2015) Olfactory ensheathing cells are the main phagocytic cells that 
remove axon debris during early development of the olfactory system. J. Comp. Neurol., 
523, 479–494. 

Nazareth, L., Tello Velasquez, J., Lineburg, K.E., Chehrehasa, F., St John, J.A., & Ekberg, 
J.A.K. (2015) Differing phagocytic capacities of accessory and main olfactory ensheathing 
cells and the implication for olfactory glia transplantation therapies. Mol. Cell. Neurosci., 
65, 92–101. 

Nei, M., Niimura, Y., & Nozawa, M. (2008) The evolution of animal chemosensory receptor 
gene repertoires: roles of chance and necessity. Nat. Rev. Genet., 9, 951–963. 

Nezlin, L.P., Heermann, S., Schild, D., & Rössler, W. (2003) Organization of glomeruli in the 
main olfactory bulb of Xenopus laevis tadpoles. J. Comp. Neurol., 464, 257–268. 

Nezlin, L.P. & Schild, D. (2000) Structure of the olfactory bulb in tadpoles of Xenopus laevis. 
Cell Tissue Res., 302, 21–29. 

Nezlin, L.P. & Schild, D. (2005) Individual olfactory sensory neurons project into more than one 
glomerulus in Xenopus laevis tadpole olfactory bulb. J. Comp. Neurol., 481, 233–239. 

Nieuwkoop, P. D., & Faber, J. (Eds.). (1994). Normal table of Xenopus laevis (Daudin). Garland 
Science. 



References 

78 

Niimura, Y. (2009) Evolutionary dynamics of olfactory receptor genes in chordates: interaction 
between environments and genomic contents. Hum. Genomics, 4, 107–118. 

Niimura, Y. & Nei, M. (2007) Extensive Gains and Losses of Olfactory Receptor Genes in 
Mammalian Evolution. PLoS One, 2, e708. 

Offner, T., Weiss, L., Daume, D., Berk, A., Inderthal, T.J., Manzini, I., & Hassenklöver, T. 
(2023) Functional odor map heterogeneity is based on multifaceted glomerular 
connectivity in larval Xenopus olfactory bulb. iScience, 26, 107518. 

Oka, Y., Saraiva, L.R., & Korsching, S.I. (2012) Crypt Neurons Express a Single V1R-Related 
ora Gene. Chem. Senses, 37, 219–227. 

Okano, M. & Takagi, S.F. (1974) Secretion and electrogenesis of the supporting cell in the 
olfactory epithelium. J. Physiol., 242, 353–370. 

Olivares, J. & Schmachtenberg, O. (2019) An update on anatomy and function of the teleost 
olfactory system. PeerJ, 7, e7808. 

Oprych, K., Cotfas, D., & Choi, D. (2017) Common olfactory ensheathing glial markers in the 
developing human olfactory system. Brain Struct. Funct., 222, 1877–1895. 

Ozorowski, G., Milton, S., & Luecke, H. (2013) Structure of a C-terminal AHNAK peptide in a 
1:2:2 complex with S100A10 and an acetylated N-terminal peptide of annexin A2. Acta 
Crystallogr. Sect. D Biol. Crystallogr., 69, 92–104. 

Pace, U., Hanski, E., Salomon, Y., & Lancet, D. (1985) Odorant-sensitive adenylate cyclase 
may mediate olfactory reception. Nature, 316, 255–258. 

Panni, P., Ferguson, I.A., Beacham, I., Mackay-Sim, A., Ekberg, J.A.K., & St John, J.A. (2013) 
Phagocytosis of bacteria by olfactory ensheathing cells and Schwann cells. Neurosci. 
Lett., 539, 65–70. 

Pellitteri, R., Spatuzza, M., Stanzani, S., & Zaccheo, D. (2010) Biomarkers expression in rat 
olfactory ensheathing cells. Front. Biosci. (Schol. Ed)., 2, 289–298. 

Pfister, P. & Rodriguez, I. (2005) Olfactory expression of a single and highly variable V1r 
pheromone receptor-like gene in fish species. Proc. Natl. Acad. Sci., 102, 5489–5494. 

Pixley, S.K. (1992) The olfactory nerve contains two populations of glia, identified both in vivo 
and in vitro. Glia, 5, 269–284. 

Qi, Y., Cheng, H., Wang, Y., & Chen, Z. (2022) Revealing the Precise Role of Calretinin 
Neurons in Epilepsy: We Are on the Way. Neurosci. Bull., 38, 209–222. 

Quintana-Urzainqui, I., Rodríguez-Moldes, I., & Candal, E. (2014) Developmental, tract-tracing 
and immunohistochemical study of the peripheral olfactory system in a basal vertebrate: 
insights on Pax6 neurons migrating along the olfactory nerve. Brain Struct. Funct., 219, 
85–104. 

Rafols, J.A. & Getchell, T. V. (1983) Morphological relations between the receptor neurons, 
sustentacular cells and Schwann cells in the olfactory mucosa of the salamander. Anat. 
Rec., 206, 87–101. 

Raisman, G. (1985) Specialized neuroglial arrangement may explain the capacity of 
vomeronasal axons to reinnervate central neurons. Neuroscience, 14, 237–254. 

Ramón‐Cueto, A. & Valverde, F. (1995) Olfactory bulb ensheathing glia: A unique cell type 

with axonal growth‐promoting properties. Glia, 14, 163–173. 

Reiss, J.O. & Eisthen, H.L. (2008) Comparative Anatomy and Physiology of Chemical Senses 
in Amphibians. In Sensory Evolution on the ThresholdAdaptations in Secondarily Aquatic 
Vertebrates. University of California Press, pp. 42–63. 



References 

79 

Reshamwala, R., Shah, M., Belt, L., Ekberg, J.A.K., & St John, J.A. (2020) Reliable cell 
purification and determination of cell purity: crucial aspects of olfactory ensheathing cell 
transplantation for spinal cord repair. Neural Regen. Res., 15, 2016–2026. 

Ressler, K.J., Sullivan, S.L., & Buck, L.B. (1994) Information coding in the olfactory system: 
evidence for a stereotyped and highly organized epitope map in the olfactory bulb. Cell, 
79, 1245–1255. 

Ring, N.A.R., Dworak, H., Bachmann, B., Schädl, B., Valdivieso, K., Rozmaric, T., Heimel, P., 
Fischer, I., Klinaki, E., Gutasi, A., Schuetzenberger, K., Leinfellner, G., Ferguson, J., 
Drechsler, S., Mildner, M., Schosserer, M., Slezak, P., Meyuhas, O., Gruber, F., Grillari, 
J., Redl, H., & Ogrodnik, M. (2023) The p-rpS6-zone delineates wounding responses and 
the healing process. Dev. Cell, 58, 981-992.e6. 

Rivière, S., Challet, L., Fluegge, D., Spehr, M., & Rodriguez, I. (2009) Formyl peptide receptor-
like proteins are a novel family of vomeronasal chemosensors. Nature, 459, 574–577. 

Rubio, M., Muñoz-Quiles, C., & Ramón-Cueto, A. (2008) Adult olfactory bulbs from primates 
provide reliable ensheathing glia for cell therapy. Glia, 56, 539–551. 

Rünnenburger, K., Breer, H., & Boekhoff, I. (2002) Selective G protein βγ-subunit compositions 
mediate phospholipase C activation in the vomeronasal organ. Eur. J. Cell Biol., 81, 539–
547. 

Ruvinsky, I. & Meyuhas, O. (2006) Ribosomal protein S6 phosphorylation: from protein 
synthesis to cell size. Trends Biochem. Sci., 31, 342–348. 

Ryba, N.J.P. & Tirindelli, R. (1997) A New Multigene Family of Putative Pheromone Receptors. 
Neuron, 19, 371–379. 

Saito, H., Chi, Q., Zhuang, H., Matsunami, H., & Mainland, J.D. (2009) Odor coding by a 
Mammalian receptor repertoire. Sci. Signal., 2, ra9. 

Saito, S. & Taniguchi, K. (2000) Expression patterns of glycoconjugates in the three distinctive 
olfactory pathways of the clawed frog, Xenopus laevis. J. Vet. Med. Sci., 62, 153–159. 

Sansone, A., Hassenklöver, T., Syed, A.S., Korsching, S.I., & Manzini, I. (2014) Phospholipase 
C and Diacylglycerol Mediate Olfactory Responses to Amino Acids in the Main Olfactory 
Epithelium of an Amphibian. PLoS One, 9, e87721. 

Sansone, A., Syed, A.S., Tantalaki, E., Korsching, S.I., & Manzini, I. (2014) Trpc2 is expressed 
in two olfactory subsystems, the main and the vomeronasal system of larval Xenopus 
laevis. J. Exp. Biol., 217, 2235–2238. 

Saraiva, L.R. & Korsching, S.I. (2007) A novel olfactory receptor gene family in teleost fish. 
Genome Res., 17, 1448–1457. 

Sato, Y., Miyasaka, N., & Yoshihara, Y. (2005) Mutually Exclusive Glomerular Innervation by 
Two Distinct Types of Olfactory Sensory Neurons Revealed in Transgenic Zebrafish. J. 
Neurosci., 25, 4889–4897. 

Schaefer, M.L., Young, D.A., & Restrepo, D. (2001) Olfactory Fingerprints for Major 
Histocompatibility Complex-Determined Body Odors. J. Neurosci., 21, 2481–2487. 

Schild, D. & Restrepo, D. (1998) Transduction mechanisms in vertebrate olfactory receptor 
cells. Physiol. Rev., 78, 429–466. 

Schnittke, N., Herrick, D.B., Lin, B., Peterson, J., Coleman, J.H., Packard, A.I., Jang, W., & 
Schwob, J.E. (2015) Transcription factor p63 controls the reserve status but not the 
stemness of horizontal basal cells in the olfactory epithelium. Proc. Natl. Acad. Sci., 112, 
E5068-77. 



References 

80 

Schwob, J.E. (2002) Neural regeneration and the peripheral olfactory system. Anat. Rec., 269, 
33–49. 

Schwob, J.E., Jang, W., Holbrook, E.H., Lin, B., Herrick, D.B., Peterson, J.N., & Hewitt 
Coleman, J. (2017) Stem and progenitor cells of the mammalian olfactory epithelium: 
Taking poietic license. J. Comp. Neurol., 525, 1034–1054. 

Schwob, J.E., Youngentob, S.L., Ring, G., Iwema, C.L., & Mezza, R.C. (1999) Reinnervation 
of the rat olfactory bulb after methyl bromide-induced lesion: Timing and extent of 
reinnervation. J. Comp. Neurol., 412, 439–457. 

Sharma, K., Syed, A.S., Ferrando, S., Mazan, S., & Korsching, S.I. (2019) The chemosensory 
receptor repertoire of a true shark is dominated by a single olfactory receptor family. 
Genome Biol. Evol., 11, 398–405. 

Shi, P. & Zhang, J. (2007) Comparative genomic analysis identifies an evolutionary shift of 
vomeronasal receptor gene repertoires in the vertebrate transition from water to land. 
Genome Res., 17, 166–174. 

Sicard, G., Féron, F., Andrieu, J.L., Holley, A., & Mackay-Sim, A. (1998) Generation of neurons 
from a nonneuronal precursor in adult olfactory epithelium in vitro. Ann. N. Y. Acad. Sci., 
855, 223–225. 

Silva, L. & Antunes, A. (2017) Vomeronasal Receptors in Vertebrates and the Evolution of 
Pheromone Detection. Annu. Rev. Anim. Biosci., 5, 353–370. 

Sliogeryte, K. & Gavara, N. (2019) Vimentin Plays a Crucial Role in Fibroblast Ageing by 
Regulating Biophysical Properties and Cell Migration. Cells, 8, 1164. 

Sokpor, G., Abbas, E., Rosenbusch, J., Staiger, J.F., & Tuoc, T. (2018) Transcriptional and 
Epigenetic Control of Mammalian Olfactory Epithelium Development. Mol. Neurobiol., 55, 
8306–8327. 

Sonigra, R.J., Brighton, P.C., Jacoby, J., Hall, S., & Wigley, C.B. (1999) Adult rat olfactory 
nerve ensheathing cells are effective promoters of adult central nervous system neurite 
outgrowth in coculture. Glia, 25, 256–269. 

Spehr, M. & Munger, S.D. (2009) Olfactory receptors: G protein‐coupled receptors and 
beyond. J. Neurochem., 109, 1570–1583. 

Strotmann, J., Conzelmann, S., Beck, A., Feinstein, P., Breer, H., & Mombaerts, P. (2000) 
Local Permutations in the Glomerular Array of the Mouse Olfactory Bulb. J. Neurosci., 20, 
6927–6938. 

Su, Z., Chen, J., Qiu, Y., Yuan, Y., Zhu, F., Zhu, Y., Liu, X., Pu, Y., & He, C. (2013) Olfactory 
ensheathing cells: the primary innate immunocytes in the olfactory pathway to engulf 
apoptotic olfactory nerve debris. Glia, 61, 490–503. 

Suzuki, Y., Takeda, M., & Farbman, A.I. (1996) Supporting cells as phagocytes in the olfactory 
epithelium after bulbectomy. J. Comp. Neurol., 376, 509–517. 

Syed, A.S., Sansone, A., Hassenklöver, T., Manzini, I., & Korsching, S.I. (2017) Coordinated 
shift of olfactory amino acid responses and V2R expression to an amphibian water nose 
during metamorphosis. Cell. Mol. Life Sci., 74, 1711–1719. 

Syed, A.S., Sansone, A., Nadler, W., Manzini, I., & Korsching, S.I. (2013) Ancestral amphibian 
v2r s are expressed in the main olfactory epithelium. Proc. Natl. Acad. Sci., 110, 7714–
7719. 

Syed, A.S., Sharma, K., Policarpo, M., Ferrando, S., Casane, D., & Korsching, S.I. (2023) 
Ancient and Nonuniform Loss of Olfactory Receptor Expression Renders the Shark Nose 
a De Facto Vomeronasal Organ. Mol. Biol. Evol., 40, 1–16. 



References 

81 

Tallquist, M.D. & Molkentin, J.D. (2017) Redefining the identity of cardiac fibroblasts. Nat. Rev. 
Cardiol., 14, 484–491. 

Taniguchi, K., Saito, S., Oikawa, T., & Taniguchi, K. (2008) Phylogenic Aspects of the 
Amphibian Dual Olfactory System. J. Vet. Med. Sci., 70, 1–9. 

Taniguchi, K. & Taniguchi, K. (2014) Phylogenic Studies on the Olfactory System in 
Vertebrates. J. Vet. Med. Sci., 76, 781–788. 

Techangamsuwan, S., Imbschweiler, I., Kreutzer, R., Kreutzer, M., Baumgärtner, W., & 
Wewetzer, K. (2008) Similar behaviour and primate-like properties of adult canine 
Schwann cells and olfactory ensheathing cells in long-term culture. Brain Res., 1240, 31–
38. 

Tennent, R. & Chuah, M.. (1996) Ultrastructural study of ensheathing cells in early 
development of olfactory axons. Dev. Brain Res., 95, 135–139. 

Terni, B., Pacciolla, P., Masanas, H., Gorostiza, P., & Llobet, A. (2017) Tight temporal coupling 
between synaptic rewiring of olfactory glomeruli and the emergence of odor‐guided 
behavior in Xenopus tadpoles. J. Comp. Neurol., 525, 3769–3783. 

Tirindelli, R., Mucignat-Caretta, C., & Ryba, N.J.P. (1998) Molecular aspects of pheromonal 
communication via the vomeronasal organ of mammals. Trends Neurosci., 21, 482–486. 

Toft, A., Tome, M., Barnett, S.C., & Riddell, J.S. (2013) A comparative study of glial and non‐
neural cell properties for transplant‐mediated repair of the injured spinal cord. Glia, 61, 
513–528. 

Van de Graaf, S.F.J., Hoenderop, J.G.J., Gkika, D., Lamers, D., Prenen, J., Rescher, U., 
Gerke, V., Staub, O., Nilius, B., & Bindels, R.J.M. (2003) Functional expression of the 
epithelial Ca(2+) channels (TRPV5 and TRPV6) requires association of the S100A10-
annexin 2 complex. EMBO J., 22, 1478–1487. 

Van Den Pol, A.N. & Santarelli, J.G. (2003) Olfactory ensheathing cells: Time lapse imaging 
of cellular interactions, axonal support, rapid morphologic shifts, and mitosis. J. Comp. 
Neurol., 458, 175–194. 

Vassar, R., Chao, S.K., Sitcheran, R., Nuñez, J.M., Vosshall, L.B., & Axel, R. (1994) 
Topographic organization of sensory projections to the olfactory bulb. Cell, 79, 981–991. 

Vedin, V., Slotnick, B., & Berghard, A. (2004) Zonal ablation of the olfactory sensory 
neuroepithelium of the mouse: effects on odorant detection. Eur. J. Neurosci., 20, 1858–
1864. 

Vincent, A.J., Choi-Lundberg, D.L., Harris, J.A., West, A.K., & Chuah, M.I. (2007) Bacteria and 
PAMPs activate nuclear factor kappaB and Gro production in a subset of olfactory 
ensheathing cells and astrocytes but not in Schwann cells. Glia, 55, 905–916. 

Voigt, J.M., Guengerich, F.P., & Baron, J. (1993) Localization and induction of cytochrome 
P450 1A1 and aryl hydrocarbon hydroxylase activity in rat nasal mucosa. J. Histochem. 
Cytochem., 41, 877–885. 

Von Bartheld, C.S., Bahney, J., & Herculano‐Houzel, S. (2016) The search for true numbers 
of neurons and glial cells in the human brain: A review of 150 years of cell counting. J. 
Comp. Neurol., 524, 3865–3895. 

Wafer, L.N., Tzul, F.O., Pandharipande, P.P., & Makhatadze, G.I. (2013) Novel interactions of 
the TRTK12 peptide with S100 protein family members: specificity and thermodynamic 
characterization. Biochemistry, 52, 5844–5856. 

 



References 

82 

Wakabayashi, Y. & Ichikawa, M. (2008) Localization of G protein alpha subunits and 
morphology of receptor neurons in olfactory and vomeronasal epithelia in Reeve’s turtle, 
Geoclemys reevesii. Zoolog. Sci., 25, 178–187. 

Wakisaka, N., Miyasaka, N., Koide, T., Masuda, M., Hiraki-Kajiyama, T., & Yoshihara, Y. 
(2017) An Adenosine Receptor for Olfaction in Fish. Curr. Biol., 27, 1437-1447.e4. 

Wei, H., Lang, M.-F., & Jiang, X. (2013) Calretinin is expressed in the intermediate cells during 
olfactory receptor neuron development. Neurosci. Lett., 542, 42–46. 

Weiss, L., Jungblut, L.D., Pozzi, A.G., O’Connell, L.A., Hassenklöver, T., & Manzini, I. (2020) 
Conservation of Glomerular Organization in the Main Olfactory Bulb of Anuran Larvae. 
Front. Neuroanat., 14, 1–8. 

Weiss, L., Jungblut, L.D., Pozzi, A.G., Zielinski, B.S., O’Connell, L.A., Hassenklöver, T., & 
Manzini, I. (2020) Multi‐glomerular projection of single olfactory receptor neurons is 
conserved among amphibians. J. Comp. Neurol., 528, 2239–2253. 

Weiss, L., Manzini, I., & Hassenklöver, T. (2021) Olfaction across the water-air interface in 
anuran amphibians. Cell Tissue Res., 383, 301–325. 

Weiss, L., Segoviano Arias, P., Offner, T., Hawkins, S.J., Hassenklöver, T., & Manzini, I. (2021) 
Distinct interhemispheric connectivity at the level of the olfactory bulb emerges during 
Xenopus laevis metamorphosis. Cell Tissue Res., 386, 491–511. 

Weth, F., Nadler, W., & Korsching, S. (1996) Nested expression domains for odorant receptors 
in zebrafish olfactory epithelium. Proc. Natl. Acad. Sci., 93, 13321–13326. 

Wettenhall, R.E., Erikson, E., & Maller, J.L. (1992) Ordered multisite phosphorylation of 
Xenopus ribosomal protein S6 by S6 kinase II. J. Biol. Chem., 267, 9021–9027. 

Wewetzer, K., Radtke, C., Kocsis, J., & Baumgärtner, W. (2011) Species-specific control of 
cellular proliferation and the impact of large animal models for the use of olfactory 
ensheathing cells and Schwann cells in spinal cord repair. Exp. Neurol., 229, 80–87. 

Windus, L.C.E., Chehrehasa, F., Lineburg, K.E., Claxton, C., MacKay-Sim, A., Key, B., & St 
John, J.A. (2011) Stimulation of olfactory ensheathing cell motility enhances olfactory 
axon growth. Cell. Mol. Life Sci., 68, 3233–3247. 

Woodhall, E., West, A.K., & Chuah, M.I. (2001) Cultured olfactory ensheathing cells express 
nerve growth factor, brain-derived neurotrophic factor, glia cell line-derived neurotrophic 
factor and their receptors. Mol. Brain Res., 88, 203–213. 

Woodley, S. (2015) Chemosignals, hormones, and amphibian reproduction. Horm. Behav., 68, 
3–13. 

Woodley, S.K. (2014) Chemical Signaling in Amphibians, Neurobiology of Chemical 
Communication. 

Wright, A.A., Todorovic, M., Murtaza, M., St John, J.A., & Ekberg, J.A. (2020) Macrophage 
migration inhibitory factor and its binding partner HTRA1 are expressed by olfactory 
ensheathing cells. Mol. Cell. Neurosci., 102, 103450. 

Wyatt, T. (2015) How Animals Communicate Via Pheromones. Am. Sci., 103, 114. 

Xu, Z. & Li, Q. (2020) TAAR Agonists. Cell. Mol. Neurobiol., 40, 257–272. 

Yang, C. & Delay, R.J. (2010) Calcium-activated chloride current amplifies the response to 
urine in mouse vomeronasal sensory neurons. J. Gen. Physiol., 135, 3–13. 

Yang, L., Jiang, H., Wang, Y., Lei, Y., Chen, J., Sun, N., Lv, W., Wang, C., Near, T.J., & He, 
S. (2019) Expansion of vomeronasal receptor genes (OlfC) in the evolution of fright 
reaction in Ostariophysan fishes. Commun. Biol., 2, 235. 



References 

83 

Yao, R., Murtaza, M., Velasquez, J.T., Todorovic, M., Rayfield, A., Ekberg, J., Barton, M., & St 
John, J. (2018) Olfactory Ensheathing Cells for Spinal Cord Injury: Sniffing Out the Issues. 
Cell Transplant., 27, 879–889. 

Yee, K.K. & Costanzo, R.M. (1998) Changes in odor quality discrimination following recovery 
from olfactory nerve transection. Chem. Senses, 23, 513–519. 

Zapiec, B. & Mombaerts, P. (2020) The Zonal Organization of Odorant Receptor Gene Choice 
in the Main Olfactory Epithelium of the Mouse. Cell Rep., 30, 4220-4234.e5. 

Zarzo, M. (2007) The sense of smell: molecular basis of odorant recognition. Biol. Rev., 82, 
455–479. 

Zhang, X. & Firestein, S. (2002) The olfactory receptor gene superfamily of the mouse. Nat. 
Neurosci., 5, 124–133. 

Zimmer, D.B., Eubanks, J.O., Ramakrishnan, D., & Criscitiello, M.F. (2013) Evolution of the 
S100 family of calcium sensor proteins. Cell Calcium, 53, 170–179. 

Zimmerman, A.D. & Munger, S.D. (2021) Olfactory subsystems associated with the necklace 
glomeruli in rodents. Cell Tissue Res., 383, 549–557. 

  



Used tools 

84 

10 Used tools  

To improve and paraphrase my self-written sentences, I occasionally used the writing tools 

DeepL (https://www.deepl.com/de/translator) and Scribbr 

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

11.1 Supplementary figures of the 2nd 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 HuC/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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12 List of abbreviations 

(Abbreviations used for Scientific Background and General Discussion) 

ACIII ………………………. Adenylate-cyclase III 

ANO2 ………………………………. Anoctamin-2 

AOB ……………………Accessory olfactory bulb 

ATP …………………Adenosine-5`-triphosphate 

BCs …………………………………….Basal cells 

Ca2+ ……………………………………...Calcium 

cAMP ………. Cyclic adenosine monophosphate 

CBPs …………………. Calcium-binding proteins 

CNG ……………………. Cyclic nucleotide gated 

DAG ………………………………..Diacylglycerol 

FPRs ……………….....Formyl peptide receptors 

GC-D …………………………...Guanylyl cyclase 

GDP ……………………Guanosine diphosphate 

GPCR ……………...G protein-coupled receptors 

GTP …………………Guanosine-5`-triphosphate 

IP3 …………………...Inositol-1,4,5-triphosphate 

MC …………………………………..Middle cavity 

MOB ………………………….Main olfactory bulb 

MOE …………………...Main olfactory epithelium 

MTC ……………………………..Mitral/ tufted cell 

mTOR …………Mammalian target of rapamycin 

MS4A ...Membrane spanning four-pass proteins 

OB ………………………………….Olfactory bulb 

OE …………………………...Olfactory epithelium 

OECs ……………….Olfactory ensheathing cells 

OlfC ……………………Olfactory class C GPCRs 

ON ………………………………...Olfactory nerve 

ORA …………Olfactory receptor class A-related 

ORNs ………………..Olfactory receptor neurons 

OR-type ……………………….Odorant receptors 

OS ………………………………Olfactory system 

PC …………………………………Principal cavity 

PLC ……………………………..Phospholipase C 

p-rpS6 ……….Phosphorylated ribosomal protein 

       S6 235/236 

S100Z ………….S100 calcium-binding protein Z 

SCs ………………………………Supporting cells 

TAARs ……..Trace amine-associated receptors 

TRPC2 Transient receptor cation channel type 2 

V1Rs …………….Vomeronasal type 1 receptors 

V2Rs …………….Vomeronasal type 2 receptors 

VNO …………………………Vomeronasal organ 
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