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ZUSAMMENFASSUNG

Zusammenfassung

Die olfaktorische Wahrnehmung ist fir eine Vielzahl von Funktionen von grolRer
Bedeutung, beispielsweise fir die Identifizierung, Kategorisierung und Diskriminierung von
Gerlchen, die Nahrungsselektion oder Fortpflanzung. Zur Aufnahme der Geruchsmolekile dienen
Geruchsrezeptoren der Nase, deren Aktivierung eine Signalkaskade zum zentralnervosen
olfaktorischen System ausldst. Das System verarbeitet die Reize Uber funktional unterschiedliche
Regionen, deren Zytoarchitektur im Nagergehirn aktuell groRtenteils bekannt ist. Die funktionalen
Unterschiede der Regionen hdngen jedoch dariber hinaus mit den unterschiedlichen

Rezeptorarchitekturen zusammen, die bisher kaum untersucht wurden.

Um die Funktionalitdt, Plastizitdt und Zellerneuerung des olfaktorischen Systems im
adulten Gehirn zu gewdhrleisten, werden im Prozess der adulten Neurogenese in der
subventrikuldren Zone neue Neuronen generiert, die Uber den rostralen migratorischen Strom
direkt zum Riechkolben migrieren. Studien zeigten, dass sich die Proliferationsrate durch kognitives
Training erhoéhte. Inwiefern sich die adulte Neurogenese und kognitives Training jedoch auf die
Rezeptorarchitektur der olfaktorischen Regionen auswirken, ist bislang nicht bekannt. Um diese
Frage zu beantworten, wurden in der vorliegenden Arbeit Rezeptorprofile aller olfaktorisch
relevanter Regionen von adulten mannlichen C57BL/6-Mausen untersucht. Dazu wurden die
Dichten glutamaterger (AMPA, Kainate, mGluy;s und NMDA), GABAerger (GABAs, GABAaprz und
GABAg), noradrenerger (a1 und o) und dopaminerger (D1s) Neurotransmitterrezeptoren mittels
guantitativer in-vitro-Rezeptor-Autoradiographie in Kombination mit der Zyto- und Myelo-
Architektur analysiert. Temozolomid wurde zur Supprimierung der adulten Neurogenese
verabreicht, die post-mortem quantitativ und qualitativ mittels immunhistochemischer BrdU-

Farbung Uberprift wurde.

Besonders im olfaktorischen Bulbus wurden nach Unterdriickung der adulten Neurogenese
abnehmende Rezeptordichten erwartet, da Neuroblasten der subventrikuldren Zone hierhin
migrieren. Beim kognitiven Training wurde aufgrund der zusatzlich gesteigerten Motorik eine
Verschiebung zu einem inhibitorischeren Rezeptorprofil vermutet. Fir trainierte Tiere mit
unterdriickter Neurogenese wurde von einer Anndherung an die Werte der Kontrolltiere
ausgegangen. Besonders in Hippocampus-assoziierten Regionen (z.B. die taenia tecta und der

entorhinale Kortex) wurde mit signifikanten Verdnderungen gerechnet.

Die Experimente ergaben eine heterogene Rezeptordichtverteilung in den untersuchten
olfaktorischen Regionen. Generell wurden hohe Rezeptordichten von mGlu,/s, GABAa@sz und GABAg
festgestellt. Noradrenerge Rezeptoren zeigten eine sehr heterogene Verteilung, wahrend der

dopaminerge Rezeptor Diss niedrige Konzentrationen aufwies, mit Ausnahme des Tuberculum
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ZUSAMMENFASSUNG

olfactorium und Nucleus endopiriformis. Signifikante Veranderungen der Rezeptorprofile wurden
durch kognitives Training beobachtet, bei denen Zunahmen von GABAa- (+135 % im akzessorischen
Bulbus) und mGluys-Rezeptoren (168 % im Nucleus endopiriformis) bei simultaner Abnahme der
NMDA-Rezeptordichten verzeichnet wurden. Die Supprimierung der adulten Neurogenese im
untrainierten Tier verdnderte die olfaktorische Rezeptorarchitektur teilweise signifikant, wahrend
sie im trainierten Tier nur geringe Veranderungen bewirkte. Ausgenommen davon war ein Anstieg
noradrenerger a-Rezeptoren in trainierten Tieren (ai: +30%,; az: +40%), die in untrainierten Tieren
nach Supprimierung der adulten Neurogenese signifikant anstiegen. mGlu,;s-Rezeptoren zeigten
keine Zunahme in trainierten Tieren mit supprimierter adulter Neurogenese, obwohl erhéhte
Rezeptordichten durch kognitives Training und die Suppression der adulten Neurogenese

beobachtet wurden.

Die multimodalen rezeptor-architektonischen Analysen der vorliegenden Arbeit bietet
neue Einblicke in die neurochemische Organisation des olfaktorischen Systems der Maus. Anhand
der Multirezeptorprofile konnten die Regionen in Cluster eingeteilt werden, die auf funktionale
Gemeinsamkeiten hinweisen. Dies kann als Basis fiir zukinftige funktionale Untersuchungen der
weniger bekannten olfaktorischen Regionen dienen. Da diverse neurologische Erkrankungen mit
einer Veranderung von Rezeptordichten einhergehen (z. B. Parkinson-Krankheit), konnten diese
Ergebnisse Ansdtze bei verschiedenen psychiatrischen (z. B. Depression, Angststérungen) und
kognitiven (z. B. Alzheimer-Krankheit) Erkrankungen bieten, bei denen eine gestorte adulte
Neurogenese beobachtet werden kann. Aullerdem bieten die Ergebnisse eine Basis flr zukinftige
Vergleichsstudien in Tiermodellen spezifischer Erkrankungen. Zuséatzliche Untersuchungen der
mRNA der Rezeptoren und deren Splice-Varianten kénnten fir pharmakologische Analysen neue

Ansatze bieten.



ABSTRACT

Abstract

Olfactory perception is essential for a variety of brain functions, such as odor identification,
categorization, and discrimination, food selection, and reproduction. Odorants bind on olfactory
receptors of the nose, inducing a signaling cascade to olfactory system in the brain. This system
processes the stimuli via functionally distinct regions, whose cytoarchitecture has been largely
studied in the rodent brain. The functional differences of the regions are based on distinct receptor

architectures, that have hardly been analyzed.

To ensure the functionality, plasticity, and cell renewal of the olfactory system in the adult
brain, the process of adult neurogenesis generates new neurons in the subventricular zone that
migrate directly to the olfactory bulb via the rostral migratory stream. Studies showed that
cognitive training has an enhancing effect on the proliferation rate in this process. Whether adult
neurogenesis and cognitive training affect the receptor architecture of the olfactory regions,
remains unclear. To address this question, the present work examined receptor profiles of all
olfactory relevant regions from adult male C57BL/6 mice. Therefore, densities of glutamatergic
(AMPA, kainate, mGluys, and NMDA), GABAergic (GABAa, GABAA@sz), and GABAg), noradrenergic (o
and a3), and dopaminergic (D1s) neurotransmitter receptors were analyzed by quantitative in vitro
receptor autoradiography in combination with the analysis of the cyto- and myelo-architecture.
Temozolomide was applied to suppress adult neurogenesis, which was quantitatively and

gualitatively verified post-mortem by BrdU immunohistochemical staining.

Upon suppression of adult neurogenesis, decreasing receptor densities were generally
expected, especially in the olfactory bulb, since newly generated neurons specifically arrive here.
During cognitive training, a shift to a more inhibitory receptor profile was suspected due to the
additional increase in motor activity. For trained animals with suppressed neurogenesis, an
approximation to the levels of control animals was assumed. Significant changes were expected
especially in the regions that are also associated with the hippocampus (e.g., the taenia tecta and

the entorhinal cortex).

The experiments revealed a heterogeneous receptor density distribution in the distinct
olfactory regions. In general, high receptor densities of mGluys, GABAa@mz, and GABAg were
revealed. Noradrenergic receptors showed a very heterogeneous distribution, whereas the
dopaminergic receptor Diss showed low concentrations, except in the olfactory tubercle and
endopiriform nucleus. Significant changes in receptor profiles were observed by cognitive training,
in which general increases of GABAA (+135% in the accessory olfactory bulb) and mGluys receptors
(168% in the endopiriform nucleus) were observed with a simultaneous decrease in NMDA

receptor densities. Suppression of adult neurogenesis in the untrained animal significantly altered
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the olfactory receptor architecture partially, while trained animals showed only minor alterations
upon suppression. This excluded an increase in noradrenergic a-receptors in trained animals (a;:
+30%; ay: +40%), which increased significantly in untrained animals after suppression of adult
neurogenesis. mGluyss-receptors showed no increase here, although increased densities were

observed by cognitive training and suppression of adult neurogenesis.

The multimodal receptor architectonic analyses of the present work provide new insights
into the neurochemical organization of the mouse olfactory system. Based on the multireceptor
profiles, regions could be classified into clusters indicating functional similarities. This may provide
a basis for future functional studies of the less studied olfactory regions. Since diverse neurological
diseases are associated with alterations in receptor densities (e.g., Parkinson's disease), these
results may provide approaches in various psychiatric (e.g., depression, anxiety disorders) and
cognitive (e.g., Alzheimer's disease) disorders where an impaired adult neurogenesis might be
considered. Furthermore, the results provide a basis for future comparative studies in
experimental animal models of specific conditions. Additional studies of the receptors' mRNA and

their splice variants could yield to new approaches for pharmacological studies.



INTRODUCTION

1. Introduction

The sense of smell is considered to be one of the phylogenetically oldest senses in vertebrates.
It is a chemical sense, as it is activated by the binding of chemical substances, the odorants. These
are bound by special receptors in the upper part of the nasal cavities, the olfactory epithelium,
whereupon a signal cascade is triggered. The signals are transmitted by the olfactory nerve through
several regions in the brain that form the olfactory system. The olfactory system is closely
connected to the limbic system, thus enabling subjective sensations of chemical stimuli. The
human sense of smell has long been thought to be rather underdeveloped, especially when
compared to rodents. However, the human olfactory system has almost the same density of
neurons as found in brains of other mammals. Humans can perceive and distinguish a wide range
of odors which can, among other things, affect our memories, behavior and appetite and are thus

just as sensitive as in other mammals (McGann, 2017).

Medical studies in the 215 century have shown that chemical senses are affected in multiple
disorders. For example, olfactory dysfunction was found to be an early indicator of
neurodegenerative diseases and schizophrenia (Albers et al., 2006). Since the olfactory pathway is
the only afferent tract that does not project directly to the thalamus, subconscious and instinctive
responses are facilitated (Courtiol and Wilson, 2015). In this way, the olfactory system performs
numerous functions, for example the hedonics, identification, categorization, and discrimination of
olfactory impressions. Particularly in the animal kingdom, food selection, early predator
perception, reproduction and other social interactions are linked to the subconscious processing of

olfactory.

The present work will focus on the mouse olfactory system, which is finely structured.
Odorants can be detected by more than 1000 olfactory receptors, allowing odors to be categorized
very accurately. Mice are a popular model organism for experimental studies since they are
uncomplicated to keep, reproduce quickly, have a rapid life cycle and the complete genome is
known to be 95% similar to that of humans (Chinwalla et al., 2002). Due to their similar genome,
they contract many diseases for the same genetic reasons, which can be caused by genetic
manipulation in experimental animal models (Simmons, 2008). Thus, especially in the mouse
model, it is important to achieve a comprehensive understanding of the olfactory system. The

detailed anatomy and summary of the distinct olfactory regions is given in chapter 1.1.
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Accessory
olfactory bulb

Main
olfactory bulb

Figure 1: The olfactory systems in the mouse brain

Schematic representation of the mouse nasal cavities and the central and peripheral olfactory regions. In the
mouse nasal cavities, primary olfactory sensory neurons receive odorants and convert them into chemical
signals that are projected directly via neurotransmitter release into the first procession station of the
olfactory system in the central nervous system. Initially, olfactory signals are detected via the olfactory
epithelium and the vomeronasal organ in the nasal cavities. The signals are directly transmitted via the
respiratory air. For odor transduction, olfactory sensory neurons (ORNs) are located in the olfactory
epithelium. ORNs are bipolar primary sensory neurons of the olfactory system. They have an apical dendrite
with G-protein-coupled receptors in the olfactory epithelium and an axon projecting to the main olfactory
bulb. Each ORN, approximately 6 - 10 million in total, contains only one type of receptor. They are embedded
in the olfactory epithelium by supporting cells and replaced by basal cells after apoptosis in four to eight
weeks. Axons of the olfactory and vomeronasal sensory neurons project to their corresponding regions in the
brain (main- and accessory olfactory bulbs). As ORNs are in permanent contact with the odor molecules in
respiratory air, particles and pathogens, their continual replacement is necessary. Therefore, adult
neurogenesis produces new neurons that are generated by neurogenic niches, the subventricular zone (SVZ)

and subgranular zone (SGZ) in the adult brain (Ming and Song, 2005).

After Ramon y Cajal concluded that ‘once development was ended, the founts of growth
and regeneration of the axons and dendrites dried up irrevocably’, the dogma that neurogenesis
was limited to the young, developing organism persisted (Ramon y Cajal, 1913b; Gross, 2000;
Colucci-D'Amato et al.,, 2006). Subsequent studies showed in rhesus monkeys that olfactory
receptor cells of the olfactory epithelium were able to regenerate after damage (Schultz, 1960),

and further findings suggested that neuronal regeneration is not unique to olfaction but is possible
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in multiple nervous systems (Farbman, 1992). Moreover, proliferation of neurons in the
subventricular zone (SVZ; Figure 1, Figure 5) along the lateral ventricles has been demonstrated in
the mouse brain (Lois and Alvarez-Buylla, 1993) and new neurons in the subgranular zone of the
dentate gyrus (SGZ; Figure 1) in the primate (Gould et al., 1999; Kornack and Rakic, 1999), and
human (Eriksson et al., 1998) brains were demonstrated. These studies ended the long-held central
dogma of neurogenesis in the adult brain. A detailed summary of the historical discovery of adult

neurogenesis and the process are given in chapter 1.2.

Now it is known that adult neurogenesis plays a crucial role in the olfactory system. Thousands
of adult neurons are integrated into existing neuronal circuits of the olfactory bulb every day
(Alvarez-Buylla et al., 2001). It is debated whether this process serves to maintain the olfactory
bulb circuitry, aids in the shaping of sensory information, supports olfactory learning processes,
and/or mediates odor memory (Lazarini and Lledo, 2011). Also unknown is the impact of adult
neurogenesis on the receptor architecture of the olfactory system, e.g., whether it can be seen as

an adaptive process that has a compensatory effect on altered receptor architecture during aging.
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Bregma level Main Olfactory Bulb
Accessory Olfactory Bulb
Anterior Olfactory Cortex
Dorsal Peduncle
Taenia Tecta, dorsal
Taenia Tecta, ventral
Piriform Cortex
Endopiriform Nucleus
Entorhinal Cortex, lateral
Entorhinal Cortex, medial
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Orbitofrontal Cortex, medial
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Figure 2: Schematic representation of the investigated olfactory areas
Coronal sections of the mouse (C57BL/6) brain along the anterior-posterior axis (related Bregma levels
alongside). The sagittal section is used for orientation of a particular area more locally. The areas examined
are marked with different colors (see legend). Dashed lines indicate non-olfactory areas. The gray areas
represent the fibrous pathways, whereas dark gray areas represent the subventricular zone. Boundaries

adapted by the Allen Brain Reference Atlas (Lothmann et al., 2021).
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1.1 Structure and connectivity of the mouse olfactory system

Odorants are absorbed by olfactory sensory cells in the nasal epithelium. These sensory cells
project subsequently to the main olfactory bulb (Figure 3), where the information is gathered in
glomeruli to synapse onto mitral/tufted cells (Ennis et al., 2007; Ennis, 2008a). These project via
the lateral olfactory tract to the cortical and subcortical regions of the olfactory system, that is
divided into a primary and a secondary cortex (Figure 2). The primary olfactory cortex includes
regions that receive direct input from the main and accessory olfactory bulb via the lateral
olfactory tract. These comprise (Figure 2) the taenia tecta (dorsal and ventral parts), the dorsal
peduncular cortex, the piriform cortex, the endopiriform nucleus, the anterior olfactory cortex, the
entorhinal cortex (medial and lateral parts), and the olfactory tubercle. The secondary olfactory
cortex consists of the olfactory network of the orbitofrontal cortex (medial, ventrolateral, and
lateral parts) (Shepherd, 1972; Haberly and Price, 1978; Haberly, 1985; Barbas, 1993; Ennis et al,,
2007; Ennis, 2008a; Doty, 2015; Ennis et al., 2015). In the following paragraphs, an overview of the

anatomy of the olfactory system is provided.

1.1.1 The main olfactory bulb

The main olfactory bulb is a paired bulge of the frontal wall of the prosencephalon and has
evolutionarily been shown to be a highly conserved structure. It is the first relay station of the
central nervous integration of odor information, while downstreaming brain regions provide the
subsequent interpretation of the incoming information (Shipley and Ennis, 1996). The main
olfactory bulb is located between Bregma level 4.28 mm and Bregma 2.8 mm at the rostral pole of
the nasal cavity, where it is connected with the olfactory epithelium via olfactory sensory neurons
for transmission of the received olfactory information. In rodents it is organized into six circular

layers (Figure 3A, D).

The outermost layer is the olfactory nerve layer. This is where the bundled axons of the
ORNs from the olfactory epithelium pass through, that collected and processed the odor
information. The layer consists of axons, glial cells, and astrocytes (Cajal, 1911b; Cajal, 1911a;
Doucette, 1989; Bailey and Shipley, 1993; Ennis et al., 2007). The axons of the olfactory sensory
neurons form spherical, neuropil-containing, round structures called glomeruli in the glomeruli
layer. There are up to 2000 glomeruli per bulb (50 — 100 um in diameter), isolated from each other
by astrocytes. In the glomeruli, the axons of the olfactory sensory receptor neurons synapse on
mitral, tufted, juxtaglomerular, periglomerular, and short axon cells (Cajal, 1911b; Cajal, 1911a3;

Pinching and Powell, 1971a; b; 1972; Ennis et al., 2007). Importantly for the diversity of scents, the
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axons of each olfactory sensory receptor type only converge on one to three specific glomeruli.
These activate selectively up to 30 mitral and 80 tufted cells per glomerulus (Shepherd, 1972), so
an odor-specific activity pattern is provided. Here and in the adjacent external plexiform layer,
olfactory information is processed for the first time. The external plexiform layer consists mainly of
tufted cells while the neighboring mitral layer contains mainly mitral cells (Cajal, 1890; Ennis et al.,

2007).

The relatively cell-poor internal plexiform layer contains axons and dendrites of granule
cells and mitral/tufted cells (de Olmos et al., 1978; Ennis et al., 2007). The soma of the granule cells
are located in the granule cell layer (Figure 3B, D), while the dendrites form the lateral olfactory
tract that projects to the olfactory cortex where the olfactory information is processed further

(Figure 3A, C).
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Figure 3: Connectivity scheme of the main olfactory bulb
The main olfactory bulb is the primary relay center for circuitry and transmission of olfactory information
from the olfactory epithelium to the olfactory system. A Cellular organization of the main olfactory bulb.
Axons of the olfactory receptor neurons (ORNs) enter the main olfactory bulb via the olfactory nerve layer
(onl) and project to the apical dendrites of the main neurons (mitral (MC) and tufted cells (TC)) of the
glomerular layer (gl). The gl contains different interneurons (periglomerular cells (PGC), short axon cells (sAC)
and astrocytes (AC) that process the information. The formation of synapses on the neurons of the gl results
in the appearance of spheroid nerve networks (Glomeruli olfactorii (GL)). In the external plexiform layer (epl),
the second processing level, additional interneurons such as granule cells (GC) and form dendrodendritic
synapses with lateral dendrites of the projection neurons. Across the mitral cell layer (mi) are cell bodies of
mitral cells, whose axons pass through the internal plexiform layer (ipl). The somata of granule cells are
located in the gcl, where the axons of mitral and tufted cells form the lateral olfactory tract that exits the
main olfactory bulb and projects to the olfactory cortex. Schematic overview based on data of Ennis et al.,,
2007. B Nissl-stained section of the main olfactory bulb (Bregma level 3.92 mm). C Myelin sheath staining of
the main olfactory bulb (Bregma level 3.92 mm) D Schematic illustration of the main olfactory bulb. Olfactory

nerve layer (onl), glomerular cell layer (gl), granule cell layer (gcl).
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1.1.2 The accessory olfactory bulb

The peripheral sensory organ of the accessory olfactory system of the mouse is the
vomeronasal organ, that is located in the vomer bone (Halpern and Martinez-Marcos, 2003). The
relay station of the vomeronasal organ is the accessory olfactory bulb, which is located between
Bregma level 3.56 mm and 2.96 mm in the mouse brain. It is also referred to as the Jacobson
organ, based on its discovery by the Danish anatomist Ludvig Jacobson (Jacobson et al., 1998). The
accessory olfactory system can be found in most vertebrates, but it has been assumed that there is
no accessory olfactory system in the adult human (Smith and Bhatnagar, 2000; Trotier et al., 2000;
Meredith, 2001). Studies demonstrated, that the vomeronasal organ has been lost in various taxa
like crocodiles, whales, some bats, and some primates (Eisthen, 1992; Meisami and Bhatnagar,
1998; Halpern and Martinez-Marcos, 2003). Because of its connection to the vomeronasal organ
and the amygdala, the accessory olfactory bulb has been reported to impact behavior, including
social, sexual/reproductive, and aggressive habits (Jacobson et al., 1998). However, the exact role is
still not entirely understood. Previous studies suggested that the accessory olfactory system had a
function in pheromone detection. This hypothesis has been debated, as the main olfactory bulb
also processes pheromones (Meredith, 1998; Halpern and Martinez-Marcos, 2003; Mucignat-

Caretta, 2010).

The accessory olfactory bulb (from superficial to deep) consists of the glomerular layer, the
mitral cell layer, and the granular layer (Figure 4). The axons of the vomeronasal receptor neurons
are bundled across the vomeronasal organ nerve layer and enter the glomerular layer of the
accessory olfactory bulb. The projections and architecture are similar to the main olfactory bulb (Jia
and Halpern, 1997; Meisami and Bhatnagar, 1998). Below the glomerular layer lies the mitral and
subjacent the granular cell layer. The mitral cell layer contains the mitral/tufted cells and axons of
granule cells. The mitral/tufted cell axons project through the glomerular layer directly to the bed
nucleus of the accessory olfactory tract, the medial and posteromedial nuclei of the amygdala and
the bed nucleus of the stria terminalis (Winans and Scalia, 1970; Scalia and Winans, 1975; von
Campenhausen and Mori, 2000; Salazar and Brennan, 2001; Mucignat-Caretta, 2010). The
amygdala projects back to the accessory olfactory bulb via the stria terminalis, regulating primary
olfactory and social odor processing (Raisman, 1972; Oboti et al., 2018). The bed nucleus of the
stria terminalis sends GABAergic projections to the mitral layer of the accessory olfactory bulb,
while the amygdaloid nuclei maintain glutamatergic connections to the granule layer of the
accessory olfactory bulb (Mucignat-Caretta, 2010). The granule cell layer contains the soma of the

granule cells (Figure 4).
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Figure 4: Connectivity scheme of the accessory olfactory bulb
The laminar patterns of the main and accessory olfactory bulb are very similar. Axons of the vomeronasal
receptor neurons (VRNs) enter the accessory olfactory bulb via the vomeronasal nerve layer (vnl) and project
on the apical dendrites of the mitral cells of the mitral cell layer (gl), forming glomeruli (GL). Periglomerular
cells (PGC), astrocytes (AC) and short axon cells (sAC) connect the cells and glomeruli in this layer. Astrocytes
(AC) and soma of mitral (MC) and tufted cells (TC) are located in the mitral cell layer (mi). Axons of mitral
cells pass through the granule cell layer (gr) and form the lateral olfactory tract with the axons of the main

olfactory bulb. Soma of granule cells (GC) are located in the gr. Schematic overview based on the data of

Mucignat-Caretta, 2010.
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1.1.3 The taenia tecta

The taenia tecta is composed of a dorsal and a ventral part. Dorsomedially to the anterior
olfactory cortex and the piriform cortex, the four-layered dorsal taenia tecta (also termed anterior
hippocampal continuation) adjoins (Haberly and Price, 1978). Caudally of the anterior olfactory
cortex, the three-layered ventral taenia tecta is located rostromedially (Haberly and Price, 1978).
The dorsal part is located between Bregma 2.46 mm and Bregma 1.34 mm and the ventral part

between Bregma level 2.46 mm and Bregma 1.98 mm.

Recent studies in mice have revealed that the dorsal part plays a role in the processing of
olfactory information and in communicating between the olfactory system and the hippocampal
formation. Overall, it is only known that the taenia tecta regions encode specific stimuli attributes.
The ventral taenia tecta has been suggested to play a role in the transformation of olfactory signals
into reward-directed behaviors (Shiotani et al., 2020). Further functional studies are still needed to

understand the function of this region (Cousens, 2020).

The dorsal taenia tecta receives olfactory input from the entorhinal cortex, the main
olfactory bulb and septal nuclei and projects to the hippocampal formation and back to the main
olfactory bulb (Wyss and Sripanidkulchai, 1983; Cleland and Linster, 2019). The ventral part
receives information from the main olfactory bulb, anterior olfactory cortex (lateral part), the
lateral entorhinal cortex and the piriform cortex and projects back to the main olfactory bulb,

piriform cortex, lateral anterior olfactory cortex and to the olfactory tubercle.

The Allen Brain reference atlas that was used for this work divided the layers of the dorsal
taenia tecta into layer |, layer Il, layer lll and layer IV, and the ventral taenia tecta into layer |, layer

Il and layer Il (Dong, 2008).
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1.1.4 The dorsal peduncular cortex

The four-layered dorsal peduncular cortex is located in the medial prefrontal cortex

between Bregma level 1.98 mm and Bregma 0.98 mm dorsal to the dorsal taenia tecta.

There is only a limited knowledge available for the dorsal peduncular cortex. It maintains
strong reciprocal projections with the lateral entorhinal cortex and piriform cortex and projects to
the olfactory tubercle, the main olfactory bulb (Haberly and Price, 1978), to lower brainstem
regions and to the trigeminal brainstem sensory nuclear complex (Akhter et al., 2014). Due to its
connections, it plays a role in blood pressure regulation and the suppression of conditioned anxiety
following extinction and addiction (Owens and Verberne, 2001; Vidal-Gonzalez et al., 2006; Peters
et al., 2009). The taenia tecta together with the dorsal peduncular cortex are often combined as
ventralmost prefrontal cortex, regulating the extinction learning (Peters et al., 2009). Extinction
learning is essential for the treatment of anxiety disorders, which have become more prevalent and

relevant in the past years.

The cytoarchitecture has been defined in previous studies in rats (Paxinos et al., 1980;
Peyron et al., 1997, Zilles, 2012; Akhter et al., 2014) to distinguish the dorsal peduncular cortex
from adjacent regions. Accordingly, the region can be divided into four layers: Layer | is slightly
broader than the adjacent regions. Layer Il displays (layer 1I/Ill) densely packed cells, which
facilitates the distinction from the dorsal taenia tecta. The Allen Brain reference atlas divided the

layers of the dorsal peduncular cortex into layer |, layer ll/1ll, layer V and layer Va (Dong, 2008).
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1.1.5 The piriform cortex

The three-layered piriform cortex is located laterally to the anterior olfactory cortex

between Bregma level 2.46 mm and Bregma -2.8 mm.

Functionally, the region could be divided into an anterior part for encoding molecular
features of the odorant and a posterior part for odor quality (Gottfried et al., 2006). In this work,
the region is not distinguished into two parts. With respect to the literature, the anterior piriform
cortex was analyzed. The piriform cortex plays a crucial role as a node for the distribution of
olfactory information to other brain regions (Nigri et al., 2013). This is reflected in its connectivity
to other olfactory regions like the main olfactory bulb (Collins et al.,, 1981), olfactory tubercle,
lateral entorhinal cortex, anterior olfactory cortex (lateral, dorsal, medial, posteroventral), ventral
taenia tecta and dorsal peduncular cortex (Haberly and Price, 1978). The piriform cortex is active
during memory and imagination (Bensafi et al., 2007) or associations with an odor (Gottfried et al.,
2004; Gonzalez et al., 2006) and links representations to olfactory inputs (Johnson et al., 2000).
Connections to the taenia tecta and the dorsal peduncular cortex maintain the integrity of sensory
inputs with behavior (Luskin and Price, 1983). Emotional and motivational sensory input is
subjectively evaluated through the connection to the amygdala and the olfactory tubercle (Luskin
and Price, 1983; lkemoto, 2007). The connection with the hippocampal formation is essential in
olfactory working memory (Luskin and Price, 1983; Zelano et al., 2009). Projections to the anterior
olfactory cortex provide the spatial orientation of the odor origin (Schoenfeld and Macrides, 1984;
Kikuta et al., 2010) to discriminate odors (Howard et al., 2009). There are also cortical projections
to the insula and the orbitofrontal cortex, which are associated with the piriform cortex in taste
perception (Ennis et al., 2007; Veldhuizen and Small, 2011). Due to connections to the substantia
nigra, the locus coeruleus, VTA and the raphe nuclei (Fallon and Loughlin, 1982; Datiche and
Cattarelli, 1996; Ennis et al., 2007), the piriform cortex represents the value of the odors, but not

the source (Zelano et al., 2007).

Layer | contains excitatory afferent and intrinsic granule cell connections. Layer Il is
characterized by cell bodies of pyramidal cells that branch into layer Ill (Linster and Hasselmo,

2001).
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1.1.6 The endopiriform nucleus

The endopiriform nucleus is located lateral to the piriform cortex between Bregma level
2.46 mm and -2.8 mm. It consists of a large group of densely packed multipolar neurons (Behan

and Haberly, 1999).

As a part of the primary olfactory cortex, the dorsal endopiriform nucleus receives
projections from the main olfactory bulb, the piriform, entorhinal and perirhinal cortex and
projects to the piriform, entorhinal, insular, orbital, perirhinal cortices, the olfactory tuberculum,
and the hippocampal formation. Both the piriform cortex and the dorsal endopiriform nucleus
share common target regions and play a role in epileptogenesis in the temporal lobe (Behan and
Haberly, 1999; Sugai et al., 2012; Vaughan and Jackson, 2014). The amygdala is directly connected
to the dorsal endopiriform nucleus (Ottersen, 1982; Luskin and Price, 1983; Canteras et al., 1992).
The dorsal endopiriform nucleus is thought to play a role in memory consolidation (Behan and

Haberly, 1999) and behaviors depending on olfactory convergence (Canteras et al., 1992).

17



INTRODUCTION

1.1.7 The anterior olfactory cortex

The anterior olfactory cortex is located caudally to the main olfactory bulb between
Bregma level 3.08 mm and 1.98 mm. The region has barely been studied and is also controversial in
its nomenclature. Pigache defined the olfactory region as the anterior olfactory nucleus since it had
neither columnar structures nor a three-layered structure and was instead divided into two zones
(Pigache, 1970). Arguments for the designation as a cortex were given by Haberly, since the region
showed cortical features (Haberly, 2001). For review see Brunjes et al., 2005. In this work, the
structure is referred to as the anterior olfactory cortex, in order to use the most recent

terminology.

The anterior olfactory cortex is a two-layered structure consisting of the superficial Pars
externa and the underlying Pars principalis. The pars principalis can be further subdivided into a
medial, lateral, dorsal and posteroventral part. All subregions of the anterior olfactory cortex
provide ipsi- and contralateral projections via the anterior commissure to the main olfactory bulb.
Fibers project to the piriform cortex, olfactory tubercle, ventral taenia tecta, orbitofrontal cortex,
and hypothalamus. The anterior olfactory cortex receives projections from the piriform cortex,
entorhinal cortex, orbitofrontal cortex and CA1 from the hippocampal formation (Haberly and
Price, 1978; Brunjes et al., 2005; Brunjes and Kenerson, 2010; Brunjes et al., 2011; Cleland and
Linster, 2019). Functionally, the anterior olfactory cortex plays a role in the top-down regulation of
the main olfactory bulb odor processing, odor learning and spatial coding for odor quality (Brunjes

et al., 2005; Rothermel and Wachowiak, 2014; Cleland and Linster, 2019).
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1.1.8 The entorhinal cortex

The entorhinal cortex borders medially and rostrally to the piriform cortex, dorsally and
caudally to the postrhinal cortex and caudally and laterally to the presubiculum and hippocampus
between Bregma level -2.80 mm and Bregma -5.34 mm. It is divided into a lateral and a medial

part.

The medial entorhinal cortex plays a role in the spatial processing domain of the cortex
through connections to the presubiculum, parasubiculum, retrosplenial and postrhinal cortex
(Witter et al., 2017). It receives olfactory input via connections to the hippocampus (Biella and de

Curtis, 2000).

The lateral entorhinal cortex is part of the inhibitory control of the olfactory memory trace
and plays a role in conditioned odor and context aversions (Ferry et al., 2006; Ferry et al., 2015;
Leitner et al., 2016). This is reflected by its connections with the amygdaloid complex, the dorsal
endopiriform cortex, the main olfactory bulb, the piriform cortex, the dorsal peduncular cortex, the
insular, the medial- and orbitofrontal regions and the prepiriform cortex (Krettek and Price, 1977;
Haberly and Price, 1978; Witter et al., 2017). It is involved in the processing of object information,
attention, and motivation due to connections to the insula, the medial and orbitofrontal cortex and
the perirhinal cortex (Witter et al., 2017). Projections to the hippocampus are essential for the

integration of olfactory information (Staubli et al., 1984; Chapuis et al., 2013; Leitner et al., 2016).

The entorhinal cortex shows a homogenous distribution of neurons over six layers. Layer |
of the medial part contains medium-sized excitatory pyramidal cells and stellate cells, while layer II
of the lateral part consists of large and medium-sized multipolar neurons and pyramidal cells. Some
of these cells cluster into sublayers (Witter et al., 2017). Layer Ill in both parts comprises spiny
excitatory pyramidal neurons (Tahvildari and Alonso, 2005) while layer IV and Va comprise larger
pyramidal neurons. In contrast to layer Va, layer Vb consists of smaller pyramidal cells (Canto and
Witter, 2012; Witter et al.,, 2017). In this work, the layers Il and VI are not further subdivided

because of a discontinuity in the finding of a border.
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1.1.9 The olfactory tubercle

The olfactory tubercle is located ventrally to the piriform cortex and medially to the ventral

taenia tecta between Bregma level 1.98 mm and Bregma 0.14 mm.

The region contributes to the state and attention-dependent odor discrimination by
modulating the behavioral odor discrimination (Gadziola et al., 2015), determining the odor source
(Zelano et al., 2005) and by participating in early attention processes of the olfactory code (Zelano
et al., 2005; Wesson and Wilson, 2010; 2011). Upon the conscious perception of odors, neurons of
the olfactory tubercle encode goal-directed behaviors (Gadziola and Wesson, 2016; Carlson et al.,

2018).

The olfactory tubercle receives projections from the main olfactory bulb, the piriform
cortex (Wesson and Wilson, 2011), dorsal endopiriform nucleus (Behan and Haberly, 1999), the
entorhinal cortex (Haberly and Price, 1978) and via the vomeronasal pathway from the amygdala
(Fallon et al., 1978). Non-olfactory inputs are provided by the hippocampus and the reward system,
the ventral tegmental region, and the nucleus accumbens (Wesson and Wilson, 2011; Cleland and
Linster, 2019). The olfactory tubercle projects back to the nucleus accumbens and is therefore
considered to be part of the ventral striatum (Cleland and Linster, 2019). It projects bilaterally to
the anterior olfactory cortex (Brunjes et al., 2005) and main olfactory bulb (Mohedano-Moriano et
al., 2012). The ventral tegmental region projects dopaminergic to the olfactory tubercle (Haberly

and Price, 1978).

It is a three-layered structure consisting of layer I, the plexiform or molecular layer, where
projections from the main olfactory bulb enter (Scott et al., 1980). The second layer, often referred
to as the pyramidal or dense cell layer, is the most densely populated layer, which includes the
Islands of Calleja. Layer Ill is the polymorphic layer. It is the thickest layer and receives input from
the piriform cortex (Luskin and Price, 1983; Schwob and Price, 1984; Unnerstall et al.,, 1984;
Cansler et al., 2020).
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1.1.10 The orbitofrontal cortex

The three parts of the orbitofrontal cortex (lateral, ventrolateral, dorsal) are located dorsal
to the accessory olfactory bulb and the anterior olfactory cortex between Bregma level 2.96 mm

and Bregma 1.98 mm.

It is activated by olfactory stimuli (Jones-Gotman and Zatorre, 1988; Zatorre et al., 1992;
Francis et al.,, 1999) and plays a role in olfactory associated learning by learning and reversing
stimulus-reinforcement associations and the integration of olfactory identity (Rolls, 2004). The
medial orbitofrontal cortex determines the level of accommodation for subjectively pleasant odors
while the lateral orbitofrontal cortex is active upon subjectively unpleasant odors (Rolls, 2004).
Lesions of the orbitofrontal cortex lead to impairments in odorant-discrimination learning

(Eichenbaum et al., 1980; Zatorre and Jones-Gotman, 1991; Onglr and Price, 2000).

The orbitofrontal cortex is strongly connected to the basolateral amygdala (Aggleton et al,,
1980; McDonald et al., 1996; Orsini et al.,, 2015) to process and integrate stimulus-reward
associations and cue-outcome associations (Schoenbaum and Roesch, 2005; Lucantonio et al.,
2015; Sharpe and Schoenbaum, 2016). While the lateral part of the orbitofrontal cortex contains
the secondary taste region (Baylis et al.,, 1995), the medial part includes the olfactory region
(Tanabe et al., 1975; Rolls and Baylis, 1994). Thus, the lateral orbitofrontal cortex is innervated by
the primary taste cortex (Baylis et al., 1995) and the medial orbitofrontal cortex by fibers of the
primary olfactory cortex (Johnson et al., 1968; Tanabe et al., 1975; Rolls, 2004). Overall, the
orbitofrontal cortex receives somatosensory, gustatory, auditory, visual (Barbas, 1988; 1993;
Cavada et al., 2000; Rolls, 2004) and spatial localization inputs (Lipton et al.,, 1999). It sends
projections to the entorhinal cortex (Insausti et al., 1987), the ventral tegmental region (Takahashi
et al., 2009), the dorsal striatum (Johnson et al., 1968; Zimmermann et al., 2018) and reciprocally

to the mediodorsal nucleus of the thalamus (Krettek and Price, 1977; Onglr and Price, 2000).
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1.2 Adult neurogenesis

The generation of new neurons in the adult brain is termed as adult neurogenesis. In the
early and middle 20" century, neuron generation was thought to occur exclusively during
embryonic and early postnatal development (His, 1904; Ramon y Cajal, 1913a). Joseph Altman was
the first to detect adult generated neurons in the rat hippocampus using [*H]-thymidine (Altman,
1962a; b; Altman and Das, 1965). This phenomenon was also confirmed by electron microscopy in
the hippocampus of cats and guinea pigs (Altman and Das, 1967; Das and Altman, 1971) and in the
olfactory bulb in the rodent brain (Kaplan and Hinds, 1977). Later, newly generated adult neurons

were also detected in the primate and human brain (Eriksson et al., 1998; Gould et al., 1999).

Subsequent studies of adult neurogenesis were enabled by a new immunofluorescence
method to detect proliferating cells by 5'-bromo-3'-deoxyuridine (BrdU), a synthetic thymidine
analogue (Eriksson et al., 1998). BrdU was first developed to visualize the proliferative index of
gliomas (Hoshino et al., 1989; Struikmans et al., 1997). Thereby, adult neurogenesis was revealed in
the human brain. Here, neuroblasts were not restricted to the subventricular zone (SVZ) and could

additionally be detected in the adjacent striatum (Bergmann et al., 2012; Ernst et al., 2014).

The properties of stem cells for self-renewal and multipotency are provided by specific
microenvironments, the neurogenic niches. Mammalian adult neurogenesis occurs in two germinal
regions, the SVZ and the subgranular zone of the hippocampal formation (SGZ). In both neurogenic
niches, neurogenesis involves the division of progenitor cells, including differentiation and
functional integration into the particular region: in the olfactory bulbar circuit via the SVZ or into
the hippocampal formation via the SGZ. While the SGZ provides new excitatory granule cells, the
SVZ generates GABAergic neuroblasts that differentiate into interneurons in the olfactory bulb

(Ming and Song, 2005).

The basis of adult neurogenesis are multipotent neural stem cells (NSCs). Multipotency
means that NSCs can differentiate into various neuronal and glial subtypes because they are
undifferentiated and mitotically active cells (Gage et al., 1995; Weiss et al., 1996; McKay, 1997,
Gage, 2000; van der Kooy and Weiss, 2000; Garthe et al., 2009). Furthermore, stem cells exhibit
the property of an unlimited ability to divide. When NSCs divide, a differentiation is made between
symmetric and asymmetric division. Symmetric division results in two identical daughter cells,
whereas asymmetric division results in a replicate of the parent stem cell and a differentiated
daughter cell. Because of their high proliferative activity, the direct descendants of stem cells
(lineage-specific progenitor cells) are called transient-amplifying cells. However, in contrast to stem
cells, they have a limited ability to divide and are predetermined to a specific differentiation

(neurons, astroglia, glia or oligodendroglia).
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Figure 5: Location, anatomy, and neurogenesis of the adult SVZ

A Schema of a sagittal section of the mouse brain. Subjacent to the corpus callosum (CC) is the location of
the lateral ventricle (LV) where the SVZ is located at the outer wall. SVZ-generated neuroblasts migrate
through the rostral migratory stream (RMS) to the main olfactory bulb (MOB) where they migrate radially
and differentiate into new interneurons. B Schema of a coronal section of the mouse brain (bregma level
1.18 mm). The SVZ is located laterally of the LV. C Cellular organization of the SVZ. The SVZ is composed of
different cell types: Ependymal cells (EC) separate the LV from the SVZ, astrocytes (AC), astrocyte-like B-type
stem cells (BC), transient amplifying C-type progenitor cells (PC), A-type neuroblasts (N) and blood vessels
(BV). D Stages of adult SVZ-neurogenesis. Neural stem cells (B-Type) proliferate and divide into transient
amplifying cells (C-Type) that differentiate into neuroblasts (A-Type). A- and B-cells form a tube-like
structure, the RMS, through which neuroblasts migrate in chains, differentiate, and maturate into
interneurons. At the MOB, the new mature neurons integrate in the granule and glomerular cell layers. The

figure is based on the data of Ming and Song, 2005.
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1.2.1 Adult neurogenesis in the subventricular zone

The SVZ is located along the lateral wall of the lateral ventricles (Figure 5). Here, adult
neurogenesis takes place in four developmental stages (Figure 5D): In the first stage (proliferation)
arise transient amplifying cells from multipotent stem cells at a low division rate (B-cells). The
second stage of development describes the fate specification. Here, the transient amplifying cells
(C-cells) differentiate into neuroblasts (A-cells) and immature neurons. Inhibitors of gliogenesis are
contributed by adjacent ependymal cells of the lateral ventricle and participate in determining the
neuronal fate. The third stage describes the migration of the immature neurons. Astrocytes sheath
the neurons, that are migrating through the rostral migratory stream into the main olfactory bulb
(Figure 5A). Here, they migrate radially into the glomerular and granule cell layers. Adult
neurogenesis also occurs in the accessory olfactory bulb, as interneurons are also renewed here
(Halpern and Martinez-Marcos, 2003; Nunez-Parra et al., 2011). The fourth developmental stage is
the synaptic integration. Immature neurons differentiate into interneurons of the main olfactory
bulb, including GABAergic granule cells, GABAergic and dopaminergic periglomerular cells, or

glutamatergic juxtaglomerular cells (Ming and Song, 2005).
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1.2.2 Determinants of subventricular zone adult neurogenesis

Adult neurogenesis is regulated by various factors and molecular mechanisms, for example
the neurogenic niche as a specific microenvironment (Louissaint et al., 2002; Licht and Keshet,
2015). Here, a cascade of signaling effectors constitutes the major impact on the sustainment of
adult neurogenesis (Shohayeb et al., 2018). Hormones, neurotropic growth factors, transcription
factors and neuro-inflammation also play critical roles in adult neurogenesis (for review see
Shohayeb et al.,, 2018). The glutamatergic signaling from astrocytes to neuroblasts with a
concomitant GABAergic control from neuroblasts to astrocytes exert the homeostatic control of
adult interneuron production and development (Platel et al, 2007). Glutamate receptors
(ionotropic and metabotropic) are expressed on NSCs in the SVZ, where they promote cell
proliferation, differentiation, and survival (Castiglione et al., 2008; Platel et al., 2010; Young et al,,
2011). GABA regulates the stem cell quiescence and neural progenitor cell fate decisions. GABAARS
are critical in the SVZ for proper maturation of granule cells and synaptic integration into the main
olfactory bulb. GABAergic modulation controls the increased plasticity in developing NSCs (Alfonso
et al, 2012; Pallotto and Deprez, 2014). Dopaminergic receptors (D; and D;) control the
proliferation and differentiation fate of neural progenitor cells in the SVZ (Baker et al., 2004;
Freundlieb et al., 2006; O'Keeffe et al.,, 2009). The understanding of the interrelationship of
neurotransmitters and adult neurogenesis could provide an important basis for pharmacological

approaches in disease models.

Extrinsic factors also affect adult neurogenesis. For example, physical activity increases
adult neurogenesis through an increase in the proliferation rate of progenitor cells in the SGZ (van
Praag et al., 1999a; van Praag et al., 1999b; Kronenberg et al., 2006) and SVZ (Jin et al., 2010; Chae
et al.,, 2014). However, only voluntary activity improved cell proliferation according to a study in
mice (van Praag et al., 1999b), whereas in rats, regular swim training caused an increase in

progenitor cell proliferation and maturation of the SVZ (Chae et al., 2014).
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1.2.3 Suppression of adult neurogenesis

The SVZ is the largest neurogenic niche of the adult mammalian brain, containing a large
pool of NSCs. SVZ-NSCs revealed similarities to proliferative glioblastoma stem cells in the
tumorigenesis of glioblastoma multiforme and are therefore evaluated as initiators of this
aggressive type of cancer (Beiriger et al., 2022). Studies demonstrated the migratory pattern of
NSCs from the SVZ to the tumor and clinical studies achieved success by irradiating the ipsilateral
SVZ (Gupta et al., 2012). Active NSCs can be eliminated by antimitotic treatments (Doetsch et al.,
1999a; lhrie and Alvarez-Buylla, 2011). Therefore, the antimitotic alkylating agent Temozolomide
(TMZ) has been applied in the past to treat recurrent or progressive glioblastoma in the progress
of cancer research since it is capable of transcending the blood-brain barrier (Stevens et al., 1987).
For detailed reviews on glioblastoma multiforme and adult neurogenesis see Capdevila et al.

(2017).
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Figure 6: Mechanism of the effect of Temozolomide

TMZ is hydrolyzed to MTIC (3-methyl-(triazen-1-yl)imidazole-4-carboxamide), the active metabolite that
translocated through the cell membrane into the cell nucleus. Here, MTIC transfers methyl groups on
guanine, leading to a break of double-strand DNA during replication. This leads to apoptosis (Schreck and

Grossman, 2018). Figure based on the work of Schreck and Grossman.

The imidazotetrazine derivative is a member of a class of polycyclic compounds consisting
of a tetrazine ring and an imidazole ring. As a precursor to the agent, TMZ hydrolyzes at
physiological pH to the pharmacologically significant alkylane 5-(3-methyltriazen-1-yl)imidazole-4-
carboxamide (MTIC) (Wilman, 1986; Darkes et al., 2002). MTIC further hydrolyzes to 5-amino-

imidazole-4-carboxamide (AIC) and methylhydrazine (Figure 6).
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The addition of methyl groups at the N7 and 06 positions of guanine and the O3 position
of adenine, results in the incorporation of thymine in place of cytosine during DNA replication
(Brindley et al., 1986; Tisdale, 1987; Marzolini et al., 1998; Garthe et al.,, 2009; Lee, 2016). This
induces cell cycle arrest at G2/M, resulting in rapid apoptosis-inducing effects in transient-
amplifying cells. Methylation of non-proliferative active cells is considered to be improbable

(Zucchetti et al., 1989).

However, only active NSCs that express the epidermal growth factor receptor can be
eliminated by TMZ, so quiescent NSCs remain as a regeneration pool for SVZ neuroblasts (Giachino

and Taylor, 2009).
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1.2.4 Adult neurogenesis in other brain regions

Adult neurogenesis has been demonstrated in several brain regions (for review see
Jurkowski et al. (2020)), e.g., the SGZ of the dentate gyrus of the hippocampal formation. In
contrast to the SVZ, five developmental stages have been identified here. NSCs spread from the
subgranular zone of the dentate gyrus with their radial projections into the granular cell layer and
their tangential projections along the granule cell layer and the hilus. In stage one (proliferation),
these NSCs give rise to transient amplification cells that further differentiate into immature
neurons in stage two (fate specification). During migration in developmental stage three, these
immature neurons migrate a short distance into the granule cell layer, where they align their
axons/dendrites during stage four (axon/dendrite targeting). Axon alignment occurs along the
mossy fiber tracts in the CA3 pyramidal cell layer, whereas dendrites extend to the molecular layer.
In the final stage (synaptic integration), new granule neurons are synaptically integrated into the
hippocampal formation (Altman and Das, 1965; Ming and Song, 2005; Kempermann et al., 2015;
Abbott and Nigussie, 2020).

Evidence for a hypothalamic neurogenesis has been found on the lateral wall of the third
ventricle in the adult rat brain (Evans et al., 2002; Markakis et al., 2004). This neurogenic niche
exhibits distinct zones with different degrees of proliferation (Pérez-Martin et al., 2010). Other
studies discussed the hypothalamic adult neurogenesis in social and metabolic functions and
sexual/mating behavior, but not in humans (Bernstein et al., 1993; Cheng et al.,, 2011; Lee and
Blackshaw, 2012; Recabal et al., 2017). Postnatally generated neurons have also been detected in

the striatum (Schldsser et al., 1999; Ernst et al., 2014).

In the cerebellum, the external germinal layer contributes to neurogenesis postnatally
(Altman and Bayer, 1997; Lee et al.,, 2005). Purkinje cells are thought to originate from the
ventricular zone of the cerebellum, whereas granule cells originate from the external germ layer.
Transplantation studies demonstrated the generation of other cell types (e.g., astrocytes,
oligodendrocytes, and various interneurons) from ventricular zone progenitor cells that migrate
postnatally to the cerebellar cortex (Hallonet et al., 1990; Zhang and Goldman, 1996; Lee et al,,
2005).
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1.3 Neurotransmitter receptors in the olfactory system

Over the past few years, knowledge of neurotransmitter receptors has expanded through
cellular, electrophysiological, and molecular techniques. The development of selective antagonists
and agonists enabled the identification of different receptor types and subtypes in
neuropharmacological experiments and radioactive ligand binding studies. Neurotransmitter
receptors can be found, for example, in the synaptic membrane of neurons. Because they are not
homogeneously distributed, they can be used in receptor autoradiography to determine region
boundaries. Thus, a change in distribution patterns could indicate a border of distinct regions (Zilles
et al., 1991; Zilles and Schleicher, 1991). Neurotransmitter receptors are frequently used as targets

in therapeutic treatment (Bonuccelli et al., 2009; Cremer et al., 2015a; Cremer et al., 2015b).

In the olfactory system, glutamatergic receptors have been shown to regulate mitral and
tufted cell excitability (Salin et al., 2001; Urban and Sakmann, 2002; Christie and Westbrook, 2006;
Blakemore et al., 2018). Metabotropic GABA receptors have been implicated in odor contrast and
odor discrimination learning (Smith and Jahr, 2002; McGregor et al., 2004; Shepherd, 2004;
Panzanelli et al., 2005; Sokolic and McGregor, 2007) and catecholaminergic receptors exhibit a

function in the reward response to odors (Doucette et al., 2011; Zhang et al., 2017).

In the following, the receptors of this work will be summarized concerning their

classification in glutamatergic, GABAergic, and catecholaminergic receptors.
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1.3.1 Glutamatergic receptors

Glutamate is the most important excitatory neurotransmitter in the mammalian brain.
Glutamate receptors are several receptor families and multiple subtypes, each with individual
pharmacological and physiological properties. There are three families of ionotropic glutamate
receptors with intrinsic cation-permeable channels: NMDA, AMPA, and kainate receptors (Sommer
and Seeburg, 1992) and eight receptor families of metabotropic G-protein coupled glutamate
receptors, mGlul to mGlu8 (Pin and Duvoisin, 1995; Cartmell and Schoepp, 2000). Overall,
ionotropic and metabotropic receptors are positive regulators of adult neurogenesis (Platel et al.,
2007). Glutamatergic neurotransmitters are stored in synaptic vesicles and are released into the
synaptic cleft in a Ca**-dependent manner upon depolarization (Greenamyre and Porter, 1994).
From here, they are released by Na*-dependent uptake carriers from neurons and glia (Tapiero et

al., 2002).

The AMPA receptor

The AMPA (a-Amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptor (AMPAR)
consists of four subunits (GIuR1, GIuR2, GluR3, and GluR4) that form homo- and heterotetramers
(Hollmann et al., 1989; Ozawa et al., 1998) including sodium- and potassium-dependent channels.
The receptor function is already active at the first synapse of olfaction. This is located between the
olfactory sensory neurons and the postsynaptic targets (mitral cells, tuft cells, and periglomerular
cells) in the olfactory bulb. This transition is subject to ongoing anatomical plasticity provided by an
increase in AMPA versus NMDA receptors (Grubb et al., 2008). AMPARs promote synchronous

mitral cell activity (Usrey, 2002) to ensure signal transduction between the glomeruli.

Glutamate is a positive regulator of adult SVZ neurogenesis (Platel et al., 2007). After
assuming that neuroblasts do not express AMPA and NMDA receptors (Carleton et al., 2003), Platel
and colleagues showed that neuroblasts already express functional AMPA/kainate receptors in the
SVZ (Platel et al.,, 2007). Upon inhibition of NMDARs, AMPARs/kainateRs showed increased cell
proliferation with decreased apoptosis rates (Brazel et al., 2005). In the pathological brain, AMPARs
modulated adult neurogenesis by promoting survival and proliferation of neural stem cells

(Lauterborn et al., 2000; Hachem et al., 2017).
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The kainate receptor

The kainate (2-carboxy-4-(1-isopropenyl)-3-pyrrolidine acetate) receptors (kainateR)
consist of three low affinity (GIuR5, GIuR6, GIuR7) and two high affinity (Kal and Ka2) groups.
Previously, these receptors were grouped together with AMPARs. In the olfactory bulb, kainate
agonists modulate excitatory and inhibitory transmission and are involved in olfactory information
coding circuits (Blakemore et al, 2018). Here, they are expressed on mitral/tufted and

periglomerular cells (Petralia et al., 1994; Davila et al., 2007).

In adult neurogenesis, kainateRs have been shown to be responsible for the proper

functionality of newborn neurons in the dentate gyrus (Zhu et al., 2021).

The NMDA receptor

The NMDA (N-methyl-D-aspartate) receptor (NMDAR) is composed of NR1, NR2A-D, and
NR3A subunits that act voltage-charged by ligand binding. Due to the slower release of glutamate
from the NR2A subunit (Lester et al., 1990) and the second binding site at the NR1 subunit
(Johnson and Ascher, 1987), the kinetics of NMDARs are slower than AMPARs and kainateRs.
Another unique feature of this receptor family is that it can be inhibited under resting conditions
via physiological Mg?*-ion (Ascher et al., 1988). NMDARs play a central role in the induction of long-
term potentiations (LTP) and long-term depression, leading to a major importance in learning and
memory (Collingridge et al., 2013). In the olfactory system, NMDARs are involved in olfactory

learning and memory (Xia et al., 2005) and odor preference learning (Lethbridge et al., 2012).

In adult neurogenesis, only 20 % of SVZ-Neuroblasts express functional NMDARs in the
neurogenic niche. However, upon entering the main olfactory bulb, the number increases to 100
%, which demonstrates the receptor function for the synaptic integration of neuroblasts (Platel et
al., 2010). In the process of synaptic integration, NMDARs support the morphological
differentiation of granule cells of the main olfactory bulb (Kelsch et al., 2012). Up to now, NMDARs
are known to be involved in all developmental stages of adult-born neurons in a activity-dependent

manner (Platel and Kelsch, 2013).

The metabotropic glutamate 2/3 receptor

Metabotropic glutamate receptors (mGIluR) belong to the family of G-protein-coupled

receptors that can modulate excitability via a second-messenger mechanism. G-proteins are
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membrane-bound proteins that are activated by extracellular ligands. These include, for example,
neurotransmitters, light, peptides, or intracellular. Stimulus binding results in a conformational
change of the mGIuR, which activates the G-protein. This activation leads to the functional
activation of transcription factors, enzymes, and ion channels. The activation results in an exchange
of G-protein-bound guanosine-5-triphosphate (GTP) to guanosine-5-diphosphate (GDP). Upon G-
protein inactivation, GTP is hydrolyzed back to GDP. Different G-protein couplings and ligand
selectivity divide mGIluRs into eight subtypes. Group | consist of mGIuR and mGIuR5, which are
mainly localized at postsynaptic sites. Group Il consists of mGIluR2 and 3, and group Il consists of
mGIuRs 4, 6, 7, and 8 (Conn and Pin, 1997). Both groups are mostly expressed presynaptically
(Pinheiro and Mulle, 2008).

The nomenclature of the groups resulted from their chronological detection, starting at
mGIuR1l (Houamed et al.,, 1991). Group | receptors are bound to Gq proteins and stunt
phospholipase C. This results in a Ca?* increase inside the cell and activation of protein kinase C
(Fagni et al., 2000). Group Il and IIl are coupled to Gi/Go-proteins, which inhibit adenylate cyclase.
This inhibition leads to a decrease in cAMP and inactivates protein kinase A (Niswender and Conn,

2010; Willard and Koochekpour, 2013; Suh et al., 2018).

The ligand LY341495 ((2S)-2-amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl)
propanoic acid), is an orthosteric antagonist of group Il and Il (Niswender et al., 2008). In
therapeutic form, it has an antidepressant effect and can lower the effective dose of ketamine (Pilc

et al., 2008; Patucha-Poniewiera et al., 2021).

In the olfactory system, knowledge about the mGluys receptor is unclear. It plays a role in
olfactory habituation, one of the oldest forms of sensory system learning (McNamara et al., 2008).
The receptor impacts mitral and granule cell signals in the external plexiform layer, implicating the
receptor in contrasting stimuli in the main olfactory bulb (Ennis et al., 2006; Heinbockel et al,,
2007). In general, mGluzRs activity suppresses glutamatergic excitability of mitral/tufted cells in the

main and accessory olfactory bulb (Dong and Ennis, 2018).

In adult neurogenesis, it has been shown that activation of mGlus and mGlus receptors
stimulates stem cell proliferation and neural progenitor cell survival (Di Giorgi-Gerevini et al., 2005;
Melchiorri et al.,, 2007; Dindler et al., 2018). Proliferating cells express active mGluysRs,

demonstrating a function in the regulation of NSCs (Dindler et al., 2018).
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1.3.2 GABAergic receptors

Gamma-aminobutyric acid (GABA) is the primary inhibitory neurotransmitter in the central
nervous system. Two classes of receptors mediate the binding of GABA neurotransmitters: GABAa
and GABAs. GABAARs are ionotropic receptors, while GABAgRs are metabotropic receptors.

Benzodiazepine binding sites are present on subunits of GABAARS (GABAaz)RS).

GABAergic signals are the major inhibitory regulators in the SVZ and RMS. In general, GABA
is considered here as a negative regulator of SVZ-neuroblasts (Nguyen et al., 2003; Liu et al., 2005;
Platel et al., 2007). Migration rates are also reduced by GABAergic signaling pathways (Bolteus and
Bordey, 2004).

The GABAareceptor

GABAARs are composed of different subunits (a-, B-, y-, A-, -, Tt-, 6-, and p-subunits as well
as splice variants), whose different compositions lead to distinct pharmacological and physiological
properties (Hevers and Liddens, 1998; Simon et al., 2004). The subunits form chloride ion channels
that open upon binding. When the receptors are activated, negatively charged ion influx into the
cell, impeding the cell's excitability. In the olfactory system, GABAARs are involved in contrasting
similar odor information in the main olfactory bulb (Wilson and Laurent, 2005). This process is
triggered via the inhibitory effect of GABAARs on granule cells interacting with mitral/tufted cells.
Periglomerular cells have a self-inhibitory effect induced by GABAARs that leads to an all-or-nothing

response, thus making a crucial contribution to the contrasting of odors (Smith and Jahr, 2002).

GABAARs in the entorhinal cortex regulate the duration of up-down states that are involved
in epileptiform bursts (Mann et al.,, 2009). A reduction in receptor density was observed in
temporal lobe epilepsy (Stefanits et al., 2019). The receptor is involved in the inhibition of anxiety
(Lewis and Gould, 2007) and reveal decreased densities in the entorhinal cortex of Alzheimer's

disease patients (Kwakowsky et al., 2018).

Upon their activation in neuroblasts, the rate of migration in the RMS (Bolteus and Bordey,
2004; Heck et al., 2007) and number of proliferative SVZ neuroblasts (Nguyen et al., 2003; Liu et al.,
2005) is reduced. Due to the amount of GABAergic signals, NSCs receive information about the
available neuroblast pool, since GABARSs increase with increasing amounts of neuroblasts (Platel et

al., 2007).
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The GABAa-Benzodiazepine binding sites

Ligands with benzodiazepine binding sites modulate the inhibitory action of GABA
allosterically. The binding of a ligand results in a conformational change, which conversely exhibits
altered GABA affinity. In pharmacology, diazepam and flunitrazepam are well-known ligands of the
benzodiazepine binding sites. When bound, they enhance GABAergic action on GABAaRs (Hunt,
1983; Sieghart, 1995).

In the olfactory system, GABAa@szRs have been implicated in selectively impairing olfactory
discrimination learning (Sokolic and McGregor, 2007). While these receptors are increased in the
orbitofrontal cortex of schizophrenic patients (Kiuchi et al., 1989), they, are decreased by 40% in

the brains of Alzheimer's disease patients (Jansen et al., 1990).

Flumazenil, a ligand for GABAagzRs, is an antagonist of midazolam, a drug that is used in
pediatric anesthesia (Yu et al.,, 1990). It has been shown that a too-early intake limits the
proliferation of NSCs in adulthood, exerting a negative effect on adult neurogenesis (Doi et al.,
2021). On the other hand, type 2 progenitor cells in the adult hippocampus express GABAAaRs,

which can stimulate neuronal differentiation (Deisseroth and Malenka, 2005; Wang et al., 2005).

The GABAg receptors

GABAgRs are G-protein-coupled proteins that produce slow and long-lasting inhibition via
Gi/Go-protein activation. This effect is mediated by the activation of K*-ion channels, which in turn
leads to inactivation of Ca?*-ion channels and thus inhibition of adenylate cyclase. The receptors

are heterodimers that are composed of R1 and R2 subunits (Bettler et al., 2004).

In the olfactory bulb, GABAgRs regulate the sustained currents of Na*- and K* to mitral cells,
thereby increasing the efficacy of synaptic potentials (Li et al., 2017). Periglomerular cells exhibit
presynaptic inhibition on olfactory sensory neurons, accessing them via GABAgRs at axonal
terminals (Aroniadou-Anderjaska et al., 2000; Murphy et al., 2005; Wachowiak et al., 2005). Thus,
GABAgRs modulate sensory inputs to the main olfactory bulb. Growing axons of olfactory receptor
neurons also express GABAgRs to control their own growth upon entry into the glomerular layer
(Priest and Puche, 2004). GABAgRs control feedback from the primary olfactory cortex to the main
olfactory bulb (Mazo et al., 2016).

In adult neurogenesis, an inhibition of GABAgRs leads to an increase in proliferation (Felice
et al., 2012). In general, in the adult hippocampus, GABAgRs were found to act as inhibitors of adult

neurogenesis and thus proliferation of NSCs (Giachino et al., 2014; Song et al., 2021).
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1.3.3 Catecholaminergic receptors

Catecholaminergic receptors can be subdivided in adrenergic a-receptors and
dopaminergic receptors. The receptors are G-protein-coupled and thus have an effect on adenylyl

cyclase and stimulation of phosphatidylinositol hydrolysis (Caron and Lefkowitz, 1993).

The Alpha-1 adrenergic receptor

ai-receptors (aiR) consist of subtypes aia, ais, and aic (Bylund, 1992). They are activated
upon the binding of norepinephrine and epinephrine. They are involved in the modulation of
attention and memory (Sirvio and MacDonald, 1999) and in the activation of GABAergic

interneurons (Papay et al., 2006; Gupta et al., 2009).

In the olfactory system, a;Rs increase the excitatory response of mitral cells to a low input
from olfactory nerves (Ennis, 2008a; Ennis, 2008b), so aiRs regulate weaker olfactory stimuli in the
main olfactory bulb. Higher concentrations of norepinephrine at a1Rs increase excitability, whereas
low concentrations seem to have no effect (Nai et al., 2010). The concentration of norepinephrine
varies with the neuronal activity of the locus coeruleus, which causes an increase in norepinephrine
cell activity upon excitation by novel odors (Linster et al., 2011). In synchronous mitral/tufted cells,
their activity is important in excitatory-rewarding or inhibitory non-rewarding olfactory responses
(Doucette et al., 2011). Thus, a1Rs are essential for the discrimination of chemically similar odors
(Mandairon et al.,, 2008). In the entorhinal cortex, aiRs block epileptiform activity induced by

norepinephrine (Stanton et al., 1987).

To date, the function of the receptor in adult neurogenesis is unclear. A study has shown
that it plays a regulatory role in the survival of new neurons and the apoptosis of astrocytes in
adult neurogenesis (Gupta et al.,, 2009). Activation of aiRs has a positive effect on vascular
endothelial growth factors (Gonzalez-Cabrera et al., 2003), which in turn increase proliferation of

neuronal progenitor cells (Jin et al., 2002).

The Alpha-2 adrenergic receptor

az-Receptors (azR) consist of the three pharmacological subtypes aaa, s, and ayc. All
subtypes inhibit adenylate cyclase via Gi/G, proteins. This activates K*-ion channels and inhibits
Ca?*-channels so that the concentration level of cAMP is reduced (Limbird, 1988; Bylund, 1992).

a2Rs acts inhibitory in blood pressure regulation and pain perception (Starke et al., 1989; Ruffolo
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et al., 1993). Norepinephrine, acting at asRs, is involved in the formation of the partner recognition
memory of the accessory olfactory bulb by facilitating NMDA-dependent LTPs at the mitral cell-to-
granule cell synapse by disinhibition of mitral cells (Huang et al., 2018) and granule cells of the
main olfactory bulb (Nai et al., 2010). In the entorhinal cortex, adrenergic receptors have been
shown to inhibit excitatory synaptic transmission (Pralong and Magistretti, 1995) and reduce

induced epileptiform discharges (Stoop et al., 2000).

The receptor is essential for the plasticity of adult neurogenesis by promoting
differentiation (Karkoulias et al., 2006). In the SGZ, a;Rs expressed on progenitor cells decrease
adult neurogenesis, leading to a positive effect in chronic antidepressant treatments (Yanpallewar
et al., 2010). In the SVZ, the receptor has an effect in the protection against neuronal death and

thus at promoting function in the survival of neuroblasts (Bauer et al., 2003; Jhaveri et al., 2014).

The Dopamine receptor

Dopamine receptors can be divided in two types: the D1-type includes D; and Ds receptors.
The D2-type includes D, D3, and D4 receptors (Andersen et al., 1990; Sibley and Monsma, 1992;
Vallone et al., 2000). D1- and D2-type receptors differ mainly on their modulation of adenylate
cyclase. While D1- types are positively coupled to adenylate cyclase and lead to an activation, D2-

types are negatively coupled (Spano et al., 1978; Kebabian and Calne, 1979).

Dopamine is involved in a variety of neural functions, such as cognition, working memory,
attention, emotion, reward, feeding, motor function, sleep, et cetera. (Snyder et al., 1970; Missale
et al., 1998; Sibley, 1999). In the olfactory system, D1- type receptors co-modulate olfactory
conditioning (Weldon et al., 1991). The receptors play a key role in Parkinson's disease, in which
striatal dopaminergic innervations are degraded (Ehringer and Hornykiewicz, 1960; Pasquini and
Pavese, 2021). Thereby, they are of pharmacological interest in the treatment of brain diseases due

to their diversity (Beaulieu and Gainetdinov, 2011).

It was shown that a D1- type agonist causes the survival of newborn neurons in the SGZ,
whereas the D2-type agonist had no effect on either proliferation or survival (Takamura et al,,
2014). In the SVZ, dopamine exerts an impact on the proliferation rate of adult neurogenesis (Baker
et al., 2004; O'Keeffe et al., 2009; Doze and Perez, 2012; Mishra et al., 2019; Garcia-Garrote et al.,,
2021).
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1.4 Receptor autoradiography

The methodology of autoradiography is used to visualize radioactively labeled targets.
Receptor autoradiography is a form of this technique that involves the labeling of receptor-specific
ligands via radioactive isotopes in order to subsequently visualize the binding sites of a receptor.
The radiation from radioisotopes produces a latent image the so-called receptor-autoradiogram.
The weaker the radiation, the longer exposure times are required. In its subsequent photographic
processing, the radiation is detectable by a darkening similar to a black-and-white photograph. The
amount of radiolabeled detected receptors corresponds to the amount of receptors in the tissue.
Thus, receptor autoradiography is an imaging technique that is used to localize and quantify

receptor binding sites (Zilles and Schleicher, 1991).

In the 1970s, receptor binding techniques were established for opiate and dopamine
receptors (Kuhar et al.,, 1973; Seeman et al., 1975), which, together with computer-assisted
imaging techniques, represented a milestone in imaging research (Zilles et al., 1986; Schleicher and
Zilles, 1988). In vitro receptor autoradiography provided an imaging technique that combined
guantitative and qualitative features. Especially in brain research, the method is appropriate to
visualize the chemoarchitectonic organization of regions, especially of the cortex (Zilles et al,,
1986). The different receptor distribution patterns in distinct regions of the brain can be used to
define borders between regions of interest (Zilles et al., 1991; Scheperjans et al.,, 2005) and
provides evidence of functionally (dis-)similar brain regions (Zilles et al., 1991; Zilles and Palomero-
Gallagher, 2001; Zilles et al., 2002a; Zilles et al., 2004). The method generates high spatial
resolution images (< 100 um) of whole tissues. Thus, a receptor can be visualized directly in several
brain regions in one slice (whole hemisphere autoradiography) Hall et al. (1998). Due to the fact
that the brain sections are very thin, the successive tissue sections can be incubated with different
radioligands, resulting in multiple receptor autoradiograms for one region. In this context, the

method is most useful in combination with histological stained sections.

Since it is a postmortem technique, pre- and postmortem factors may influence ligand
binding, which should be mentioned as an individual hypothetical limitation. In particular, the
postmortem extraction and handling of the brain are a crucial factor for the quality of the method.
Here, vacuum freeze-drying of unfixed tissue sections turned out to be suitable in order to avoid
damaging of the receptor protein structure (Stumpf and Roth, 1964; Zilles et al., 2002b). In
addition, there is a need for selective and highly sensitive radiolabeled receptor ligands with low
nonspecific binding, which makes the method very cost intensive. Receptor autoradiography was
chosen for this work as it provided the visualization of the ten different receptors, has a high

resolution and the images remain available for analysis in the future due to digitization.
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1.5 Aims and objectives

The present thesis is part of a larger project, therefore the autoradiograms were already
present, and provided for analysis in the context of this work. The aim of this work is the
investigation of the impact of adult neurogenesis and cognitive training on the receptor

architecture of the mouse olfactory system.

Considering the functional heterogeneity of the mouse olfactory system, the first
experiment is conducted to analyze the receptor architecture of the olfactory regions. The
anatomy and receptor distribution should be visualized by receptor autoradiographic analyses in
combination with cytoarchitectonic mapping. Based on the correlation of receptor architecture
and functionality of a region, further analyses aim to provide a functional interpretation of less
known regions (taenia tecta, dorsal peduncular cortex, anterior olfactory cortex). A distinct
receptor profile is expected for each olfactory region, which will subsequently be classified into
clusters based on its (dis-)similarities in the receptorarchitecture. Hierarchical cluster analysis and a

heat map will reveal which receptors contributed most to the cluster formations.

The functional role of receptors in adult neurogenesis has been a growing part of
investigations. To date, the impact of adult neurogenesis on the receptor profiles has not been
addressed. Therefore, mouse brains with suppressed adult neurogenesis should demonstrate the
alterations of receptor densities in olfactory regions. In a second experiment, the successful
suppression of adult neurogenesis should be verified by a quantitative evaluation of
immunohistochemically BrdU-labeled cells in the main olfactory bulb. The number of labeled cells
should be collected for every experimental group. The cell quantity of untreated animals to TMZ-
treated animals should then reflect a successful inhibition. Based on the results of this experiment,
the third step of this work will determine the alterations in the olfactory receptor architecture
upon the suppression of adult neurogenesis. The receptor densities of 14 olfactory regions of ten
control animals will be compared to the respective densities of ten TMZ-treated animals by
receptor autoradiography. A general pattern alteration in the treated animals is expected,
particularly for inhibitory receptors. In all subsequent experiments, receptor densities should be
determined by receptor autoradiography with subsequent data computation and statistical

evaluation.

In the fourth experiment, the impact of cognitive training on the receptor architecture of
the olfactory system should be analyzed. Receptor densities of ten trained animals will be
compared to the densities of control animals. Higher GABAR concentrations are expected in
trained animals. The fifth experiment will determine if the olfactory receptor architecture of

trained mice will be altered after suppression of adult neurogenesis. The olfactory receptor
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densities of trained, untreated mice will be compared to concentrations of trained, TMZ-treated
animals. Cognitive training and adult neurogenesis are expected to exert a contrary impact, so
minor changes are expected. In this comparison, a long-time study could be of great interest since

the impact of a lack in proliferating cells could increase over time.

The sixth experiment should reveal the impact of both determinants on the olfactory
receptor concentrations. Densities of trained animals with suppressed adult neurogenesis will be
compared against densities of control animals. A regulating and stabilizing effect of cognitive
training on the receptor architecture in the TMZ-treated animals is expected, so only minor
differences are supposed. In the seventh experiment, cognitive training will be analyzed as a
modifying factor in suppressed adult neurogenesis. The receptor patterns of both TMZ-treated
groups will be examined. If cognitive training has a greater effect on the receptor architecture than
adult neurogenesis, the values of the trained animals should be more similar to those of the

control animals. In general, higher receptor levels are expected for trained TMZ-treated animals.

The final, eighth experiment will further evaluate the impact of cognitive training on
receptor densities of the olfactory system in adult mice with impaired neurogenesis. Therefore, the
relative data of the third experiment will be compared against those of the fifth experiment.
Graphical plotting of both relative receptor alterations in a fingerprint will display whether the
effect of an absent adult neurogenesis is reduced in the trained animal due to cognitive training. A
heat map should visualize which receptors or regions differ the most. GABAergic receptors are

expected to exert the most differences in this comparison.

39



MATERIAL & METHODS

2. Material and Methods

The present work focused on the analysis of immunohistochemical and receptor
autoradiographic data of the olfactory system in mice. It is based on receptor autoradiographic and
immunohistochemical images as well the performance of behavioral tests and treatment of
animals that were performed earlier. It is part of a large experiment and included the histology and
digitization of receptor autoradiographs and immunohistochemical images for half of the
experimental animals. In this chapter, the whole spectrum of applied methods is briefly

summarized, in order to provide the necessary context for interpreting the results of the study.

2.1 Animals

The project included 180 mice of strain C57BL/6 (Janvier Labs, Germany) 60 animals were
part of the present thesis. To exclude possible sex effects, only male animals were examined
(Ormerod et al., 2004; Tanapat et al., 2005; Bowers et al., 2010; Hyer et al., 2017; Hyer et al., 2018;
Yagi and Galea, 2019).

The animals (eight weeks old, approximately 30 g body weight) were kept in groups of five
mice each in a cage (37x22x15 cm) in enriched environment (van Praag et al., 2000; Wirbel, 2001;
Wolfer et al., 2004). They were kept in a 12-h dark-light rhythm with food and water ad libitum. All
experiments were performed according to the German Animal Welfare Act (Az.87-
51.04.2010.A250) and the guidelines of the State Office for Nature, Environment and Consumer
Protection (LANUV, NRW, Germany) and in agreement with the National Institute of Health Guide

for Care and Use of Laboratory Animals.

As shown in Table 1, the project included three categories of animals: the control animals,
the animals that underwent cognitive training and the animals for immunohistochemical control of
the suppression of adult neurogenesis. Every category included two groups: the control group (CG)

and the group with suppressed adult neurogenesis (TMZ).
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This resulted in the following groups for receptor autoradiography:

- Control animals in enriched environment (control group; CG; n = 10)

- Animals in enriched environment with suppressed neurogenesis (CGruz; n = 10)

- Animals in enriched environment, that received cognitive training (MWMcg; n = 10)

- Animals in enriched environment with suppressed neurogenesis, that received cognitive

training (MWMrmz; n = 10)

Table 1: Overview of the group design

Control groups

(+ Nacl)
control = 10 animals CG
training | 10 animals = MWMce
+ BrdU 10 CG animals

10 MWMcG animals

Treatment groups

(+ T™MZ)
10 animals CGvz
10 animals = MWMmmz

10 CGtmz animals

10 MWM1mz animals

2.1.1 Treatments

Following the protocol of Garthe and colleagues, four TMZ treatment cycles were
performed (Garthe et al.,, 2009): animals in the TMZ group were injected intraperitoneal with a
dose of 25 mg/kg body weight for four weeks on three consecutive days, followed by a four-day
rest period for convalescence (Figure 7). 20 animals were treated with NaCl according to the same
schedule and volume as TMZ. Animals were weighted before each application and the amount of

TMZ was adjusted to the current weights.

NacCl
I||| I||| I||| ,||| A
| Il 1l \Y V X1

weeks

Figure 7: Application scheme of experimental procedures in animal studies.

Application of TMZ (dark green) on three consecutive days (rectangles) over a period of four weeks (x-axis).
Following application of BrdU for another three consecutive days. Eight weeks after the last TMZ

administration (13 weeks after the start of pharmaceutical application), the animals were perfused.
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Adult neurogenesis was detected by labelling proliferating cells using 5'-bromo-2'-
deoxyuracil (BrdU). Animals were treated with BrdU at a daily dose of 50 mg/kg for three
consecutive days by intraperitoneal injection 5 weeks after initial inhibition of adult neurogenesis

(Figure 7).

2.1.2 Training

20 animals underwent cognitive training in form of well standardized behavioral tests
(Zilles et al., 2000; Deacon and Rawlins, 2006; Vorhees and Williams, 2006; Garthe and
Kempermann, 2013). The direct analysis of these tests (time duration, paths, performance) was
part of another thesis (Jordens, 2012). First, the animals underwent cognitive training in the Y-
maze. Second, T-maze studies were conducted. Both tests provided food rewards (Froot Loops,
Kellogg’s). For social facilitation, all animals of the same home cage were placed together during

cognitive training. Third, Morris Water Maze was performed in a daily inter-trial interval.

2.1.3 Brain preparation

Animals were anesthetized intraperitoneal with 60 mg/ml pentobarbital. Subsequently,
animals were perfused transcardially with 0.9% NaCl followed by paraformaldehyde (PFA, 4% in 0.1
M phosphate buffer pH 7.4). Animals were decapitated, brains were removed from the skull, and
shock-frozen using isopentane (2-methylbutane) at -40 °C, and stored at -70 °C. For this thesis,
there were 60 brains in total. 40 brains were used for receptor autoradiography and 20 brains for

immunohistochemistry.

2.2 Tissue processing

The brains were mounted on a block in a cryostat microtome (-20 °C; CM 3050, Leica; 2800
Frigocut, Reichert-Jung). At -13 °C, the preparation was subsequently cut into coronal sections.
Coverslips were coated with chromium-potassium gelatin and refrigerated to melt the sections
onto these slides after they were cut. Thereafter, sections were freeze-dried overnight at -25 °C
under vacuum in a desiccator containing silica gel. Subsequently, the sections were stained

differently depending on the following experiments.

The brains for receptor autoradiography were sectioned at a thickness of 15 um, from Bregma

level 3.8 mm to Bregma -3.6 mm in about 30 series. Each series included 14 sections. This resulted
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in approximately 400 sections per animal and up to 700 sections per ligand. Series 6, 11, 16 and 21
were stained alternately with unbound ligands to control the staining quality. The cutting scheme
can be found in Supp. Tab. 1. Brains for immunohistochemical methods were cut with a section

thickness of 32 um and were stained with a triplicate stain BrdU/NeuN/GFAP.

2.2.1 Histology

Silver staining of cell bodies was performed according to an established protocol (Merker,
1983; Uylings et al., 1999). Cryo-sections were fixed at room temperature in neutral buffered
formalin (4%) overnight. After immersion in distilled water for 1 min, sections were incubated in
4% formic acid for 3 hours and then in formic acid/H,0, overnight (Supp. Tab 2). The following day,
the sections were rinsed (1 min, distilled water, flowing) and incubated 2 times for 5 min in 1%
acetic acid in distilled water. After preparation of developer solutions A, B, and C (see Supp. Tab. 2),
the sections were developed for 15-30 min by a continuously dipping the slide in developer
solution C. When the desired intensity was achieved the staining procedure was stopped in 1%
acetic acid (5 min) and the sections were rinsed for 5 min under running distilled aqua.
Subsequently, the sections were fixed with fixative solution (Supp. Tab. 2; T-max, Kodak, Germany)
for 2 min, again immersed in distilled water for 5 min, and finally dehydrated in an ascending
alcohol series (70%, 80%, 90%, 96%, 100%) and xylene (2 times) for 2-5 min each. DPX (Sigma,

Germany) was used to cover the tissue sections. Details are provided in Supp. Tab. 2.

Staining of myelin was performed according to an established protocol of a modified silver

staining method (Gallyas, 1971) as outlined in Supp. Tab. 3.
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2.2.2 Immunohistochemistry

BrdU-Immunohistochemical labeling was carried out as described previously (Kempermann
et al.,, 2003) to detect adult neurogenesis in the olfactory bulb and simultaneously control its
suppression using TMZ. In short (Supp. Tab. 4): Following preparation, brains were post-fixed in
4% PFA for 24 hours and then incubated in 30% sucrose solution for an additional 24 hours at 4 °C.
The fixed brains were frozen at -70 °C and finally cut into 32 um thick coronal tissue sections using
a freezing microtome (Leica, Bensheim; Germany). For further processing, the sections were stored

at 4 °Cin glycol solution.

For immunohistochemical detection of BrdU-positive cells (BrdU+), the tissue sections
were first incubated in 0.5% H,0, in phosphate-buffered saline (0.12 M, pH 7.4; PBS) for 30 min to
block tissue peroxidase activities. To denature DNA and thus facilitate accessibility to BrdU, the
sections were incubated in 2 M HCI (30 min, 45 °C). This was followed by neutralization in 0.1 M
borate buffer (pH 8.5). After repeated rinses (5 — 20 times) with PBS, the sections were incubated
overnight at 4 °C with the primary antibody in PBS, 0.1% Triton X-100, and 0.1 % sodium azide.
Further rinsing (5 — 20 times, PBS) was followed by one-hour incubation with the second antibody

in PBS and TritonX-100 (0.12 M, pH 7.4) at room temperature.

A one-hour incubation in ABC reagent (Vectastain, Vector Laboratories, Burlingame, CA)
was used for amplification according to the avidin-biotin principle. The final staining reaction was
performed with 0.5 mg/ml 3.3'-diaminobenzidine (DAB, Sigma, Germany), 0.0025 mg/ml
ammonium nickel sulfate (Sigma, Germany), 2 mg/ml D-glucose (Sigma, Germany), 0. 4 mg/ml
ammonium chloride (VWR Merck, Germany), 0.4 mg/ml cobalt chloride-6-hydrate (Merck) in
sodium buffer (pH 6.0), and 1 mg/ml glucose oxidase (Sigma, Germany). The tissue sections were

subsequently rinsed in PBS (5 — 20 times) again and then mounted on microscope slides.
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2.2.3 Receptor autoradiography

Quantitative receptor autoradiography was used to detect receptor densities in a region of
interest in histological sections. Ligands bound to [3H]-tritium were used for optical labelling of
neurotransmitter receptors. Tritium is a stable isotope hydrogen that is present in all receptors, it
does not cause structural changes, and it is comparatively safe to handle due to its low-energy

irradiation (Zilles and Schleicher, 1991).
[*H] radioligands

The following ten receptors were studied including their ligands:
Glutamatergic receptors:

- Agonist [*H]-AMPA for the ionotropic receptor a-Amino-3-hydroxy-5-methyl-4-isoxazol-
Propionic acid (AMPAR)

- Agonist [*H]-Kainate for the ionotropic receptor Kainate (KainateR)

- Antagonist [?H]-MK-801 for the ionotropic receptor N-Methyl-D-Aspartate (NMDAR)

- Antagonist [®H]-LY-341495 for the metabotropic group Il receptor (mGlu,3R)

GABAergic receptors:

- Agonist [*H]-Muscimol(5-(Aminomethyl)-isoxazol-3-ol) for the ionotropic receptor y-Amino-
butyric acid A (GABAAR)

- Agonist [*H]-flumazenil for the ionotropic GABA,s receptor associated benzodiazepine
binding site (GABA@s2R).

- Agonist [?H]-CGP54626 for the metabotropic receptor y-Amino-butyric acid B (GABAgR)

Noradrenergic receptors:

- Agonist [*H]-Prazosin for the metabotropic alpha-1 adrenergic receptor (a:R)

- Antagonist [®H]-RX-821002 for the metabotropic alpha-2 adrenergic receptor (azR)
Dopaminergic receptor:

- Antagonist [?H]-SCH23390 for the metabotropic group I/V dopaminergic receptor (Dy/sR)
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Binding protocol

Details of concentrations (ligands, competitor, buffers), incubation conditions (time,
temperature) and washing procedures are given in Supp. Tab. 5. Radiolabeling of neurotransmitter
receptors followed a standardized protocol consisting of three steps (Zilles et al., 2002a; Schleicher
et al., 2005; Palomero-Gallagher et al., 2009; Zilles et al., 2015; Zilles and Palomero-Gallagher,
2017; Palomero-Gallagher and Zilles, 2018; Lothmann et al., 2020; Lothmann et al., 2021).

During preincubation (1), endogenous substances that prevent binding of the tritium-
labelled ligands with the target receptor were removed from the tissue section and the tissue was
rehydrated. In the subsequent main incubation (2), the sections were incubated with [3H]
radioligands. Nonspecific binding sites were occupied, so simultaneous co-incubation with a
nonlabelled displacer was performed on sections of each series. When specific and nonspecific
binding of the [H]-ligand occurred, the binding was referred to as total binding (TB). If the
radioligand was displaced by the displacer due to higher affinity, the nonspecific binding (NB)
became visible. The specific binding (SB) resulted from the difference of the total binding and the
non-specific binding. Upon completion of binding (3), a washing step was performed to prevent

artifacts. Subsequent drying was followed by exposure to film sheets, revealing receptor binding.
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2.3 Data analysis

2.3.1 Quantification of BrdU* cells

Three to five sections of the main olfactory bulb with the lateral olfactory tract of each
animal (n = 20) were chosen for quantification. In each section, the three fluorescence channels
(BrdU: red, NeuN: blue; GFAP: green) were selected individually or in combination to ensure that
all BrdU-labeled cells were captured. In addition, cells labeled only with NeuN or/and GFAP were
also counted but are not part of this work. BrdU-labeled cells could be detected using the NeuN-
BrdU double staining by overlapping both fluorescence (blue and red) channels. For cell counting,
ZEN digital imaging software (blue edition, Zeiss, Germany) was used. The immunopositive cells
were marked in the image processing step of the software using the "Draw point of interest"
function. A color was specified in advance for each labelling. Once all signals were marked by hand,

the points of interest were counted by the software and reported as a table.

2.3.2 Quantification of receptor densities

Receptor autoradiographs were digitized using the AxioVision 4.8 imaging system with an
AxioCamHR (Carl Zeiss Microlmaging, Gottingen, Germany). lllumination was restricted to the size
of a tissue section by black foil to ensure constant and homogeneous light scatter. To exclude
further inhomogeneity due to differences in brightness, a reference image was generated at an
unexposed location. The correction of the subsequent image acquisitions based on the reference

image was done automatically by the image processing program.
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Figure 8: Computing densities in receptor autoradiographs

A Calibration curve of known radioactive co-exposure isotope standards used to calculate the concentration
of bound ligand. It provides a non-linear dependence of gray value and radioactive decay concentration. This
allows you to convert the gray value of the autoradiogram to the corresponding radioactive decay
concentration on a pixel-by-pixel basis. A gray level histogram of the converted autoradiogram (C) was
generated, followed by a linear contrast enhancement procedure. Here, the grayscale histogram is converted
into an array of 11 colors to visualize the density pattern in the autoradiograph (D). Boundaries are defined
by simultaneously using brain sections of the same level using cell body staining (B). A adapted by Zilles and
Schleicher, 1995 and Herold et al., 2014. E-| Illustrative diagram of border identification of color-coded
images showing the distribution and density of NMDA glutamate receptors at various Bregma levels (left, in
mm). The color scale of 11 equally distributed colors corresponds to the receptor density of the fmol/mg
protein. The color scale of each image is optimized to provide optimal visualization for different densities of
receptors. Therefore, the red ends correspond to the best visual fit for the examined structure, but this is not

necessarily the maximum density. Scale bars: B-E, 1.3 mm; F-H, 1.5 mm; |, 2 mm (Lothmann et al., 2021)

The autoradiographs were saved as 8-bit gray-scale images. The different shades of gray in

an image allowed to compute the intensity of the binding (Figure 8). On each slide with receptor
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autoradiographs, so-called microscales with known concentrations were applied and recorded.
Through these recordings, transformation curves can be generated for each slide showing the non-
linear correlation between gray levels and concentration of radioactivities in fmol/mg protein.

Processing was performed using MATLAB (MathWorks, USA).

To allow precise delineation of regions, histologically stained sections corresponding to the
same Bregma level of each autoradiograph of a series were compared. Subsequently, borders
were digitally plotted using a digital tablet, and receptor density values were correlated with the
image matrix based on the reference point system. To account for the specific saturation

conditions of the receptors, the values were individually corrected using the following equation:

Co = (Kp +L)
BT (A5 L)

The adjusted receptor concentration Cgg depends on the dissociation constant Kp, the
incubation concentration of the ligand L and its specific activity As. By using this equation, it is
possible to convert the gray values of the autoradiograph pixel by pixel into the absolute receptor

concentration for the investigated regions.
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2.4 Statistics and Visualizations

A total of 18 olfactory regions were examined, 14 were analyzed as part of this work.
Values for the anterior commissure/olfactory limb, lateral olfactory tract, the subependymal zone,
and substantia innominata were not included in the analyses. When evaluating the receptor
architectural sections, the mean and cortical receptor densities were determined for one
hemisphere per animal. For each olfactory region (n = 14), at least three sections per receptor (n =
10) and animal (n = 10 per group) were selected. Laminar receptor densities were determined
directly, and all individual region results were averaged per brain. To obtain an average region

value, the laminar results per region were summarized and averaged.

For further steps and optimal comparability between groups, the obtained values were
normalized over the number of animals per group. Thus, an overall mean value of one region was

obtained for each receptor per group.

2.4.1 Receptor Fingerprints

Receptor fingerprints (also known as net plots) were created to graphically display the
mean values of a region for each receptor in a group. Polar plots were also generated to graphically
display the mean values of all receptors for each region. Absolute polar plots were used for
category-internal comparisons (control versus TMZ-treated), whereas receptor fingerprints were

used to represent relative values for cross-category group comparisons.

Receptor fingerprints were standardized to a uniform coordinate system to provide
comparability of receptor architectural characteristics of a region in terms of shape and size.
Similarities in the fingerprints suggest similar characteristics in function and were therefore created

for the mean region values only, not for the laminar mean values.

2.4.2 Cluster Analysis

To examine the similarities and dissimilarities, of the receptor fingerprints in control
animals, the normalized averaged mean receptor concentrations were further analyzed using
multivariate distance analysis. Hierarchical cluster analysis (SPSS Statistics 26) was used to quantify
the level of similarity between the multireceptor balance of the olfactory region pairwise by
Euclidean distance. Subsequently, the result was visualized in 2D using nonlinear multidimensional

scaling. Via hierarchical cluster analysis (Ward linkage with Euclidean distances), the normalized
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mean values of the receptor densities were displayed in their relationships to each other in clusters
as a phylogenetic tree and as a heat map. As a measure of the stability of the clusters, a silhouette

analysis was performed, whose coefficient was intended to provide an evaluation of this analysis.

2.4.3 Statistical analyses

For statistical analysis (SPSS Statistics 26) of receptor densities of the control group, a
Friedman ANOVA was performed for each receptor across all subregions and layers. This was
followed by a Wilcoxon rank test for pairwise inter-subregion comparisons (Supp. Tab. 9 — Supp.
Tab. 21). For regional differences, a Dunn-Bonferroni post-hoc test was used for multiple

comparisons (Supp. Tab. 7).

The difference between BrdU-positive cells in a two-independent-groups comparison
(control vs. TMZ-treated) was tested with the non-parametrical Mann-Whitney-U-test, since the

variables were not normally distributed.

For group comparisons, a Friedman ANOVA with repeated measurements was performed
across all subregions and layers for each receptor to detect general differences in the
chemoarchitecture of the different regions of the olfactory system (categorial factors: Grouping
le.g.: CG vs. CGmuz] and receptor-groups; variables: regions). The Shapiro-Wilk-Test was used to
check for normal distribution. The distributions were significantly non-normal for most regions (p
value > .05). A pairwise, non-parametrically multifactorial Mann-Whitney-U-test was then
performed for pairwise inter-subregion comparisons. Differences were considered significant if

they were larger than 95% of the values under random distribution (null hypothesis; p <.05).
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3. Results

The following regions of the main and accessory olfactory bulb (Bregma level 3.56 mm),
the taenia tecta (dorsal, ventral) and piriform cortex (Bregma level 2.22 to 1.98 mm), the anterior
olfactory cortex and the orbitofrontal cortex (medial, ventrolateral, lateral; Bregma level 2.17 mm),
the dorsal peduncular cortex (Bregma level 1.98 mm) and the entorhinal cortex (Bregma level -2.92
mm) were mapped receptor-architectonically and analyzed for the different conditions. In detail,
these olfactory regions were examined in control animals, untrained animals with suppressed adult
neurogenesis, trained animals, and trained animals with suppressed adult neurogenesis. In general,
effects of adult neurogenesis and cognitive training on receptor architecture were observed on

regional and laminar levels.

3.1 The neurotransmitter receptor architecture of the mouse olfactory

system

The analysis of the receptor architecture of the olfactory system revealed a varying density
distribution of glutamatergic, GABAergic and catecholaminergic receptors in the main and
accessory olfactory bulb, dorsal peduncular cortex, anterior olfactory cortex, olfactory tubercle,
taenia tecta, entorhinal cortex, piriform cortex, endopiriform nucleus, and orbitofrontal cortex.
mGluysRs, benzodiazepine binding sites and GABAgRs showed high densities, while low densities
for aiRs and DysRs (except in the olfactory tubercle) were observed and presented as multi-
receptor density profiles (see Figure 9 — Figure 11). Mean neurotransmitter receptor densities
(fmol/mg protein) = SEM in all 14 investigated olfactory regions of the mouse olfactory system of
control mice (CG) are provided in Supp. Tab. 6. For statistical comparisons between these groups
see Supp. Tab. 7. Each receptor type was tested with Friedman ANOVA and further with pairwise
Dunn-Bonferroni post hoc test. Supp. Tab. 7 provides the significance and adjusted significance

with *p < .05.

Results were published in Lothmann et al., 2021.
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3.1.1 Receptor-specific differentiation of olfactory regions

Subdivisions of the olfactory system were identified in the images of Nissl-stained sections
according to the criteria by Lein et al. and used as a basis to analyze the receptor architecture of

the olfactory regions (Figure 9 — Figure 11; Supp. Tab. 6, Supp. Tab. 7).

Glutamatergic receptors

mGlu,,
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Figure 9: Distribution of glutamatergic receptors

Nissl stained and color-coded autoradiographs revealed the distribution pattern of glutamatergic receptor
(AMPA A-E, kainate F-J, NMDA K-O, mGluz/z P-T). Combination of Nissl stained sections on the left and the
corresponding color-coded autoradiographs on the right. Bregma levels and region boundaries (black and
white lines) according to Figure 2. Receptor densities (fmol/mg protein) are demonstrated by the color scale,
maximum receptor concentration of the section alongside the autoradiograph. Red color represents the
exemplary optimized representation, not the maximum receptor density of the region, while black indicates
the absence of receptor expression. Polar plots (E, J, O, T) show absolute density values with upper (mean
density + SEM) and lower (mean density — SEM) densities as color filled region. Receptor concentrations in
Supp. Tab. 6; statistical data in Supp. Tab. 7. Main olfactory bulb (MOB); accessory olfactory bulb (AOB),
anterior olfactory nucleus (AOC); taenia tecta, dorsal (TTd); taenia tecta, ventral (TTv); dorsal peduncular
cortex (DP); piriform cortex (PIR), dorsal endopiriform nucleus (EPd); entorhinal cortex, lateral (ENTI),
entorhinal cortex, medial (ENTm); orbitofrontal cortex, medial (ORBm); orbitofrontal cortex, lateral (ORBI),

orbitofrontal cortex, ventrolateral (ORBvI); olfactory tubercle (OT); nucleus accumbens (ACB).
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Glutamatergic receptors revealed a heterogenous picture in the olfactory system: while
mGlu,sRs were highly expressed in the endopiriform nucleus (1836 + 224 fmol/mg protein) and
the ventrolateral orbitofrontal cortex (4024 + 511 fmol/mg protein), AMPARs, kainateRs and
NMDARs displayed lower distributions than mGlu,;sRs  (Figure 9). Except for the orbitofrontal
cortex (Figure 9B, G), AMPARs (Figure 9A-E) and kainateRs (Figure 9F-J) consistently differed in
their concentrations in a contrary relationship. The lateral entorhinal cortex had the highest
concentration of AMPARs (1664 + 59 fmol/mg protein), while the endopiriform nucleus showed
the highest density of kainateRs (1624 + 95 fmol/mg protein). Except for the main olfactory bulb
(954 + 158 fmol/mg protein), NMDARs were found in high quantities (up to 3037 * 224 fmol/mg
protein in the lateral entorhinal cortex, for example). The medial (2091 + 301 fmol/mg protein) and
lateral entorhinal cortex (3037 + 224 fmol/mg protein) could be clearly subdivided by NMDAR
concentrations. In the orbitofrontal cortex, mGlu,;sRs were found in high concentrations (4024 +
511 fmol/mg protein). The mGluysR distinguished the accessory olfactory bulb (3948 + 376
fmol/mg protein) from the main olfactory bulb (2180 + 121 fmol/mg protein) and anterior olfactory

cortex (2365 fmol/mg protein, Supp. Tab. 6, 7).

GABAergic receptors

GABAergic receptors showed generally high concentrations in the olfactory system (Figure
10). While GABAAR densities were relatively low (803 + 93 fmol/mg protein) in the main olfactory
bulb and in the medial orbitofrontal cortex (1553 + 105 fmol/mg protein Supp. Tab. 6), they
showed high concentrations in the accessory olfactory bulb (2791 + 257 fmol/mg protein up to
6409 * 664 fmol/mg protein, Supp. Tab. 6). The accessory olfactory bulb revealed the highest
density of benzodiazepine binding sites, which indicated the border to the main olfactory bulb and
the border of the anterior olfactory cortex to the ventral part of the taenia tecta (Supp. Tab. 6).
The medial entorhinal cortex (6201 + 200 fmol/mg protein) displayed the highest GABAgR
expression. Low densities of GABAgRs (5003 + 404 fmol/mg protein) and GABAaRs (1393 + 172
fmol/mg protein) in the lateral region of the orbitofrontal cortex revealed changes in GABAR

densities across the regions of the orbitofrontal cortex (Supp. Tab. 6, Supp. Tab. 7).
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Figure 10: Distribution of GABAergic receptors

Nissl stained, and color-coded autoradiographs revealed the distribution patterns of GABAergic receptors
(GABAa, GABAA(z), GABAB). Designations and figure structure as in Figure 9. Receptor concentrations in Supp.

Tab. 6; statistical data in Supp. Tab. 7.

Catecholaminergic receptors

Our data revealed that a heterogenous distribution of noradrenergic receptors in the
olfactory system (Figure 11). The primary and secondary olfactory cortices had comparatively low
concentrations of aiRs, ranging from 513 + 67 fmol/mg protein in the lateral orbitofrontal cortex to
675 + 50 fmol/mg protein in the accessory olfactory bulb. Compared to the main olfactory bulb
(497 £ 32 fmol/mg protein, Supp. Tab. 6), azRs were high in density in the olfactory cortices (up to
1809 + 160 fmol/mg protein). When compared to the other studied receptors, DisRs (61 £ 6
fmol/mg protein in the main olfactory bulb) were less distributed (Figure 11). Only the olfactory

tubercle showed high expression patterns (5340 + 439 fmol/mg protein). The olfactory tubercle's

55



RESULTS - CG

boundary with the piriform cortex was clearly highlighted by high concentrations of DisRs in the

olfactory tubercle (Supp. Tab. 6, Supp. Tab. 7).

a

~ Nissl control

Figure 11: Distribution of catecholaminergic receptors

Niss| stained, and color-coded autoradiographs revealed the distribution patterns of catecholaminergic
receptors (ai, a2, Diss). Designations and figure structure as in Figure 9. Receptor concentrations in Supp.

Tab. 6; statistical data in Supp. Tab. 7.

3.1.2 Layer-specific receptor distributions

Individual receptor densities for each layer of all layered olfactory regions (all regions
except the dorsal endopiriform nucleus) and subregions (for the anterior olfactory cortex) were
calculated, resulting in specific receptor profile for each region (Figure 12 — Figure 18). Mean
neurotransmitter receptor densities (fmol/mg protein + SEM) in the layers of all 14 investigated

olfactory regions of the mouse olfactory system of control mice (CG) are provided in Supp. Tab. 8.
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For statistical comparisons of the laminar comparisons in every investigated region see further

Supp. Tab. 9 —Supp. Tab. 21.

The main and accessory olfactory bulb

main olfactory bulb &
accessory olfactory bulb

Bregma level 3.56 mm

NMDA

Figure 12: Color-coded layer-specific receptor distributions of the main and accessory olfactory bulbs
In the main olfactory bulb (A-J), the borders of the glomerular layer (gl) to the olfactory nerve layer (onl)
were revealed by high densities of NMDARs (p < .05), GABARs (p < .05), GABAagz)Rs (p < .05), and GABAgRs
(p < .05). High receptor densities of a:Rs demarked the border of the granular layer (gr) to the inner
plexiform layer (ipl; p < .05). In the accessory olfactory bulb (K-T), the distribution of kainateRs clearly
revealed the border of the mitral cell layer (mi) to the gr (p < .05) and glomerular layers (gl; p < .05).
GABAa@Bz)Rs were highly expressed in the gr in contrast to the gl (p < .05). Densities in fmol/mg protein.
Designations and figure structure as in Figure 9. For detailed receptor densities see Supp. Tab. 8. Statistical

analysis in Supp. Tab. 9 (MOB) and 10 (AOB). Scale bars: Nissl-Image, 1 mm; A-J, 400 um
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Except for AMPARs and a3Rs, all receptors were highly expressed in the glomerular layer of
the main olfactory bulb and the mitral layer of the accessory olfactory bulb (Supp. Tab. 8).
GABAa@nRs showed the highest densities in the deeper layers of the main olfactory bulb, while
mGluyssRs (Figure 12D) and GABAgRs (Figure 12G) showed significantly high concentrations in the
superficial layers (Figure 12F).

The accessory olfactory bulb's granular layer showed the highest expression of azRs and

D1sRs (Figure 121, J).

The primary and secondary olfactory cortices

GABAgRs (4223 + 345 fmol/mg protein; Figure 13G) and mGluysRs (2365 + 165 fmol/mg
protein) were found in high concentrations throughout the anterior olfactory cortex (for layer-

specific statistical analysis, see Supp. Tab. 11; Figure 13D).

The pars externa and pars principalis were separated by high mGlu,;s (Figure 13D),
GABAu@sz (Figure 13F), and a; (Figure 13H) receptor densities. The medial region was characterized
by high densities of AMPARs (1226 *+ 81 fmol/mg protein, Figure 13A) and GABAgRs (4608 + 423
fmol/mg protein, Figure 13G). High concentrations of a;Rs (2296 + 165 fmol/mg protein, Figure
131) and Dy/sRs (234 + 69 fmol/mg protein, Figure 13J) and low densities of GABAapzRs (1414 + 146
fmol/mg protein) clearly differentiated the dorsal part of the anterior olfactory cortex from the

other surrounding subregions (Figure 13F).

The posteroventral subregion showed high kainateR (1783 + 138 fmol/mg protein, Figure
13B) expression levels and low densities of mGluy;sRs (1846 + 115 fmol/mg protein, Figure 13D)
and asRs (Figure 13H). High NMDA (996 + 62 fmol/mg protein, Figure 13C) and GABAg (3629 + 328
fmol/mg protein, Figure 13G) receptor densities, as well as low GABAAR (565 * 21 fmol/mg protein)
concentrations (Figure 13E), separated the posteroventral subregion from the rest of the pars

principalis.

Except for kainateRs (1860 + 129 fmol/mg protein, Figure 13L) and DisRs (509 + 61
fmol/mg protein, Figure 13T), the dorsal peduncular cortex (Supp. Tab. 8, Supp. Tab. 12) had low

receptor concentrations in deep layer VI compared to layers | — IIl.
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Figure 13: Color-coded layer-specific receptor distributions of the anterior olfactory cortex and dorsal
peduncular cortex

In the anterior olfactory cortex (A-J), high receptor densities for AMPARs were observed, especially in the
medial part, compared to the adjacent dorsal region (p < .05). In the dorsal peduncular cortex (K-T),
mGluz3Rs were seen to be higher expressed in layer | than layer lI/Ill (p < .05). Densities in fmol/mg protein.
Designations and figure structure as in Figure 9. For detailed receptor densities see Supp Tab. 8. Statistical

analysis in Supp. Tab. 11 (AOC) and Supp. Tab. 12 (DP). Scale bars: Nissl-Image, 1 mm; A-J, 400 um.
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Figure 14: Color-coded layer-specific receptor distributions of the taenia tecta (dorsal/ventral)

In the dorsal part (TTd), the border of layer | to layer Il was demonstrated by AMPARs (p < .05) and
GABAAa@z)Rs (p < .05). In the ventral part, a clear difference from layer | to Il was revealed by kainateRs (p <
.05). Designations and figure structure as in Figure 9. For detailed receptor densities see Supp Tab. 8.

Statistical analysis in Supp. Tab. 13 (TTd) and Supp. Tab. 14 (TTv). Scale bars: Nissl-Image, 1 mm; A-J, 400 um

In both parts of the taenia tecta, glutamatergic receptors were high in expression levels
(Supp. Tab. 8). Glutamatergic (excluding kainateRs, Figure 14A-D) and GABAergic receptors (Figure
14E-F) were prominent in superficial layers I/Il, while a1Rs (341 + 43 fmol/mg protein) and DysRs
(594 + 62 fmol/mg protein) were abundant in deep layer IV (Figure 14l). GABAgRs showed the
highest densities in both regions' layer Il and were considerably more expressed in the dorsal
compared to ventral regions (dorsal: 4999 + 570 fmol/mg protein, ventral: 876 + 512 fmol/mg

protein, Figure 14G).
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The superficial layer | of the piriform cortex (Supp. Tab. 8) displayed high densities of
glutamatergic (NMDARs [2103 * 165 fmol/mg protein, Figure 14C], mGluyRs [4400 + 283 fmol/mg
protein Figure 14D]) and GABAergic (GABAARs [1169 = 77 fmol/mg protein, Figure 14E], GABAaszRs
[4193 + 205 fmol/mg protein, Figure 14F]) receptors, whereas deep layer lll had the highest
concentrations of azRs (1159 = 99 fmol/mg protein, Figure 141) and DysRs (368 + 51 fmol/mg
protein, Figure 14J).

GABAergic receptors (GABAa: 695 + 61 fmol/mg protein, GABAa@sz: 2791 + 257 fmol/mg
protein, GABAg: 4059 + 211 fmol/mg protein, Figure 15E-G) were prevalent in the endopiriform
nucleus (Supp. Tab. 6, Supp. Tab. 8). AMPARs (789 + 51 fmol/mg protein, Figure 15A) and a1Rs
(238 + 23 fmol/mg protein, Figure 15H) were low distributed, compared to other olfactory related

regions.
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Figure 15: Color-coded layer-specific receptor distributions in the piriform cortex and endopiriform nucleus

The border between layer | and Il was demonstrated by AMPARs (p < .05) and mGluy3Rs (p < .05). AMPARSs
were higher in layer Il, compared to layer Ill (p < .05). D1/sRs were highly expressed in layer Ill, compared to
layer Il (p < .005). Lower receptor densities of aiRs (p < .013) contrasted layer Il from layer Il. Densities in
fmol/mg protein. Designations and figure structure as in Figure 9. For detailed receptor densities see Supp

Tab. 8. Statistical analysis in Supp. Tab. 16. Scale bars: Nissl-Image, 1.2 mm; A-J, 400 pm
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The highest receptor densities were found in layer Il of the medial and lateral entorhinal
cortex. Layers II/lll of both regions (Supp. Tab. 8) displayed high densities of glutamatergic
receptors (NMDA [lateral: 3401 + 274 fmol/mg protein, medial: 2698 + 163 fmol/mg protein,
Figure 16C], mGluysRs [lateral: 3431 + 194 fmol/mg protein, medial: 3512 + 432 fmol/mg protein,
Figure 16D]) and GABAergic receptors (particularly GABAs medial with 7038 + 286 fmol/mg protein,
Figure 16E-G). The deep layers V/VI had high expression rates of kainateRs (lateral: up to 1710 +
112 fmol/mg protein in layer Vla, medial: up to 1309 + 107 fmol/mg protein in layer VI, Figure 16B)
and azRs (lateral: 2061 + 168 fmol/mg protein in layer V, medial: 2127 + 146 fmol/mg protein in
layer V, Figure 16H-J). Despite the low expression of NMDARs (lateral: 2123 + 187 fmol/mg protein,
medial: 1360 + 155 fmol/mg protein, Figure 16C) and GABAgRs (lateral: 4258 + 155 fmol/mg
protein, medial: 5276 + 471 fmol/mg protein, Figure 16G) in layer VI of both subdivisions
(compared to the expression densities in the other layers), their concentration in the medial part

was higher than the lateral part.
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Figure 16: Color-coded layer-specific receptor distribution of the entorhinal cortex
In the lateral part, NMDARs revealed the border of layer | to II/1ll (p < .05). AMPARs were highly expressed in
layer II/1ll, compared to layer | (p <.05) and V (p < .05). Layer V showed lower receptor densities of kainateRs
than layer VI (p < .05). In the medial part, GABAaRs revealed a border of layer V to VI (p = .04). Layer |
displayed a lower density of azRs in contrast to layer Il (p < .05). Densities in fmol/mg protein. Designations
and figure structure as in Figure 9. For detailed receptor densities see Supp Tab. 8. Statistical analysis in

Supp. Tab. 17 (ENTI) and Supp. Tab. 18 (ENTm). Scale bars: Nissl-Image, 1.5 mm; A-J, 200 um
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Except for kainateRs in layer VI (up to 1609 + 126 fmol/mg protein in the lateral part,
Figure 17B), the three regions of the orbitofrontal cortex (Supp. Tab. 8) showed high receptor
densities in layers I/l for glutamatergic AMPA (up to 1253 + 75 fmol/mg protein in the medial part),
NMDA (2741 + 237 fmol/mg protein in the medial part), mGluys (5193 £ 110 fmol/mg protein in
the lateral part) receptors (Figure 17A-D) and GABAergic GABAagz (5491 + 443 fmol/mg protein in
the lateral part) and GABAs (6482 + 530 fmol/mg protein in the ventrolateral part) receptors
(Figure 17E-G). While the medial and lateral parts showed high densities of noradrenergic oz (up to
575 + 84 fmol/mg protein in medial layer II/1ll) and a, (up to 802 + 35 fmol/mg protein in the
lateral layer 1) receptors, the ventrolateral region had high amounts (a1: 505 + 52 fmol/mg protein,
op: 767 + 35 fmol/mg protein) in layer | (Figure 17H-1). In deep layer VI, Dyis receptors were
generally low in concentration but highly expressed (up to 276 + 44 fmol/mg protein in the medial

part, Figure 17J).
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Figure 17: Color-coded layer-specific receptor distribution of the orbitofrontal cortex

In the medial part, particularly for kainateR and GABAagz)R, layer | expressed less receptor densities than
layer II, whereas NMDARs clearly revealed the border between layer Ill and IV (p < .05). In the ventrolateral
part, AMPARs (p < .05) and a2Rs (p < .05) showed the border of layer | to layer Il. GABAgRs (p < .05) were
highly expressed in layer Ill compared to layer IV, while kainateRs (p < .05) showed the border of layer Ill to
IV. In the lateral part, the differences of GABAsRs revealed the border of layer | to Il (p <.05). KainateRs were
lower in densities in layer Ill than in layer V (p < .05), while D1/sRs were denser in layer VI than in layer V (p <
.05). Densities in fmol/mg protein. Designations and figure structure as in Figure 9. For detailed receptor
densities see Supp. Tab. 8. Statistical analysis in Supp. Tab. 19 (ORBm), Supp. Tab. 20 (ORBvl) and Supp. Tab.
21 (ORBI). Scale bars: Nissl-Image, 800 um; A-J, 300 um
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The olfactory tubercle

Low receptor concentrations (excluding mGlu,;sRs [4837 + 283 fmol/mg protein, Figure
18D) separated the molecular layer | from the pyramidal layer Il in the olfactory tubercle (Supp.
Tab. 8). AMPA (layer |: 757 + 44 fmol/mg protein, layer II: 1381 + 98 fmol/mg protein; p < .05),
GABAg (layer I: 2131 £ 286 fmol/mg protein, layer II: 3344 + 316 fmol/mg protein; p <.05) and Dys
(layer I: 4529 + 404 fmol/mg protein, layer II: 6451 + 563 fmol/mg protein; p < .05) showed high

concentration differences between layer | and layer II.

High NMDA (1768 + 116 fmol/mg protein, Figure 18C) and GABAa (973 + 91 fmol/mg
protein, Figure 18E) receptor densities characterized the pyramidal layer Il. The polymorphic layer
Il was characterized by a comparison with layer Il for AMPARs (layer II: 1381 * 44 fmol/mg protein,
layer I1l: 1092 + 80 fmol/mg protein; p < .05), mGluysRs (layer Il: 4090 + 409 fmol/mg protein, layer
ll: 3487 + 248 fmol/mg protein; p = .028) and Dy/sRs (layer Il: 6451 + 563 fmol/mg protein, layer IlI:
5041 + 503 fmol/mg protein; p < .05).
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Figure 18: Color-coded layer-specific receptor distribution of the olfactory tubercle
The border from layer | to Il was clearly seen for mGluz/zRs and azRs (p < .05), as layer | expressed higher
receptor densities than layer Il. D1/sRs were strongly expressed in all layers of the olfactory tubercle, so the
layers were visually indistinguishable for the calculated maximal receptor expression (J). Densities in fmol/mg
protein. Designations and figure structure as in Figure 9. For detailed receptor densities see Supp Tab. 8.

Statistical analysis in Supp. Tab. 14. Scale bars: Nissl-Image, 1.2 mm; A-J, 400 um.
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3.1.3 Receptor fingerprints of the olfactory regions

To provide a direct comparison between the analyzed regions, so called receptor
fingerprints (Zilles et al., 2002a) were calculated for each region where densities were averaged

over all cortical layers or subdivisions (Figure 19, Supp. Tab. 6, Supp. Tab. 7).

Initially, fingerprints were created for each individual region, and revealed a number of
similarities: each fingerprint showed high values for GABAergic receptors, but different
concentrations of glutamatergic and catecholaminergic receptors. While the main and accessory
olfactory bulb were high in densities of GABAa@zRs, the remaining regions were dominated by
GABAgRs. In contrast, the olfactory tubercle showed similar concentrations for the GABAergic
receptors GABAaez and GABAg. Glutamatergic mGluysRs were prominent in most regions. The
endopiriform nucleus and lateral entorhinal cortex differed because the concentration of mGluysRs
was not as high, compared to the remaining receptors. DisRs were low in concentration in all
olfactory regions when compared to the other investigated receptors. Here, the olfactory tubercle

showed the highest concentrations of DissRs.

Based on these fingerprints and the observed similarities, multidimensional scaling has
been performed (Figure 19). It showed three large clusters (silhouette coefficient 0.4): (1) the
olfactory bulbs (main and accessory olfactory bulb), (2) regions of the primary and secondary
cortex, excluding the olfactory tubercle (3), which formed its own cluster. A heat map showed
region-specific densities and revealed the contribution of the examined receptors to the clustering

of the subdivisions as a color-coded graph based on mean densities (Figure 19).
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Figure 19: Dendrogram of the hierarchical cluster analysis
The heat map displays region-specific receptor densities according to their clusters (Figure 20). Receptor
densities (fmol/mg protein) are displayed by a color legend from blue (low) to red (high). Red color indicates
high values (> 3300 fmol/mg protein), while blue color displays lower values (< 3300 fmol/mg protein).

Designations in Figure 9 (Lothmann et al., 2021).

The cluster from the main olfactory bulb and accessory olfactory bulb resulted mainly from
similar values for AMPARs, kainateRs, GABAARs, and catecholaminergic receptors. In addition, the
remaining receptors mGlu,/s, GABAasz), and GABAg showed the same tendency. The high density of
GABAa@EnRs in the accessory olfactory bulb was striking. The levels in the main olfactory bulb were
high and almost higher than in the remaining olfactory regions. The receptors AMPA and a, were
lower expressed in the main and accessory olfactory bulb cluster than in the other regions. This

revealed a cluster for main and accessory olfactory bulb.

The cluster of the olfactory tubercle differed mainly in the high concentration of
dopaminergic Diss receptors. While this receptor was only marginally present in the olfactory
system, it is strongly expressed in the olfactory tubercle. This contrasts with the GABAergic
receptors, which were less distributed in the olfactory tubercle than in other regions. Also,
kainateRs occurred significantly less in their density in this region. aiRs exhibited their lowest

distribution in the olfactory tubercle.

The remaining regions were combined as one large cluster that could be further subdivided
into three smaller clusters. This resulted in a cluster of both parts of taenia tecta, the dorsal
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peduncular cortex and the dorsal endopiriform nucleus. The cluster differed mainly by an equal
concentration of GABAg, a; and DissRs. In general, the densities of the receptors in this group were

similar, but there were differences in the glutamatergic receptors and azRs within the cluster.

There is a cluster of both parts of the entorhinal cortex and the anterior olfactory cortex.
This subcluster showed similar concentrations of mGluy;sRs, GABAgRs, aiRs, azRs, and DissRs in
both regions. The density of ayRs in this subcluster was different from the other regions. The
regions of the orbitofrontal cortex clustered together with the piriform cortex. Only the low
concentrations of kainateRs and GABA4Rs distinguished the piriform cortex from the orbitofrontal
cortex here. A strong similarity in receptor distributions was observed in their total density values

and in their ratios to each other.
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Figure 20: Receptor fingerprints of 14 olfactory regions.
Mean densities (in fmol/mg protein) are provided for each individual receptor type, connected by a colored
line (colors are similar to the multidimensional 2D-scaling analysis). Receptor location of each fingerprint is
outlined in the first graph. The filled regions show the standard error between the upper and lower limits of
the mean receptor densities (+ SEM). Lower right: Receptor-driven multidimensional 2D-scaling of the
olfactory system. Based on the region-specific multi-receptor balance of all investigated receptors (averaged
over ten animals/hemispheres), the dots were created, representing the feature vector of each region. In
case the dots are closely arranged, a small Euclidean distance is represented. This shows a high similarity of
the receptor architecture of the investigated regions. The hierarchical cluster analysis resulted in a three-
cluster solution: the olfactory relay centers (blue), the cortical olfactory regions (violet) and the olfactory
tubercle (yellow). The olfactory tubercle shows the highest Euclidean distance (interruption of the X-axis,

dimension 1). For abbreviations see Figure 2; Lothmann et al. (2021).
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3.2 Suppression of adult neurogenesis

To prove the successful suppression of adult neurogenesis, fluorescence-labeled BrdU-
NeuN-double-labeled cells were counted for ten brains of every group and compared in both
categories (see 2.1.3). Cell proliferation was significantly decreased in TMZ-treated animals (Figure

21).

500 pm 3 i 500 um

100 pm

Figure 21: Evidence for an effective inhibition of adult neurogenesis in the mouse olfactory bulb
Immunofluorescence staining of the mouse main olfactory bulb with BrdU (red), NeuN (blue) and GFAP
(green) for control mice (CG; A, close up in E), mice with suppressed adult neurogenesis (CGtwvz; B, close up in
F), trained animals with intact adult neurogenesis (MWMcs; C, close up in G) and trained mice with

suppressed adult neurogenesis (MWMrwvz; D, close up in H).

Control animals (Figure 21A, E) expressed a higher total number of BrdU-positive cells, with
an average of 156 BrdU-positive cells in the main olfactory bulb, whereas TMZ-treated animals
(Figure 21B, F) had an average of 73 cells. Co-expression of BrdU-NeuN was also significantly higher
in control animals (301 + 43 positive cells) than in treated animals with suppressed adult
neurogenesis (115 + 39 positive cells). Double labeling BrdU-GFAP showed equivalent values in
both animals (control: 27 £+ 5; TMZ: 22 * 4; Figure 22). Thus, TMZ resulted in a significant decrease

in proliferative cells in the main olfactory bulb.
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Figure 22: Statistical proof of suppression of adult neurogenesis.

BrdU-positive cells shows the counted BrdU-expressing cells per section of the olfactory bulb. Only
immunohistochemical images of the main olfactory bulb were acquired, n = 3 per animal. The data show the
mean values of counted cells in untrained animals (left two bars) and trained animals (right two bars). Tested
were animals with intact adult neurogenesis (black bars) against animals with suppressed adult neurogenesis
(white bars). Error bars were calculated using + SEM. A nonparametric Mann-Whitney-U-test was used for
pairwise comparison (*p < .05). See Supp. Tab. 22 for detailed protein concentrations with associated p-

values.

The same was shown for cognitively trained animals. With 237 + 45 cells (mean cell
number) in the main olfactory bulb, trained animals (Figure 21C, G) expressed more BrdU-positive
cells than trained animals with suppressed adult neurogenesis (Figure 21D, H; 74 + 12 cells). The
number of cells that co-expressed BrdU-NeuN was significantly higher in MWMcs (511 + 104
positive cells) than in MWMnz (140 + 30). Like in untrained animals, the double-labeling of BrdU-
GFAP showed similar cell counts in both trained groups (MWMce: 21 = 5; MWMmwz: 27 £ 4 positive
cells; Figure 22). So, there was a significant decrease in proliferative cells in untrained and trained

TMZ-treated animals.
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3.3 The impact of inhibited adult neurogenesis on the receptor architecture

of the olfactory system

The mean densities (fmol/mg protein) of receptor binding sites for glutamate, GABA,
noradrenaline, and dopamine in the brains of control mice (CG) and mice with suppressed adult
neurogenesis (CGmvz) were evaluated by quantitative receptor autoradiography. The quantity of
GABAergic receptors increased significantly (GABAARs and GABAgRs; p < .05) with the suppression
of adult neurogenesis, while less NMDARs were detected in CGmvz. Noradrenergic receptors
revealed significant receptor increases in certain regions (dorsal peduncular cortex, medial
entorhinal cortex, olfactory tubercle, Supp. Tab. 23) of CGmuz. In general, the olfactory tubercle,
anterior olfactory bulb, the ventral taenia tecta and the medial entorhinal cortex proved showed

the largest changes among olfactory regions (Supp. Tab. 23, Supp. Tab. 24).

3.3.1 Neurogenesis suppression alters the olfactory receptor architecture

Mean neurotransmitter receptor densities (fmol/mg protein) + SEM in all 14 investigated
olfactory regions of the mouse olfactory system of control mice (CG) and mice with suppressed
adult neurogenesis (CGmvz) are provided in Supp. Tab. 23. For statistical comparisons between
these groups see further Supp. Tab. 24. Each receptor type was tested with non-parametric Mann-
Whitney-U test. Supp. Tab. 24 provides the percentage difference of absolute receptor
concentrations, the p-value, and correlation coefficient r. The data showed differences in receptor
concentrations in TMZ-treated mice, except for mGluys receptors that revealed no significant
differences in any olfactory region. Some receptors decreased in concentration (AMPARs,
NMDARs, DissRs) while most receptor densities increased (kainateRs, GABAARs, GABAazRs,

GABAGgRs, a1Rs, azRs) in concentration densities.
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Glutamatergic receptors

Figure 23: Color-coded autoradiographs revealed the distribution patterns of glutamatergic receptors

in control animals (left, control) and animals with suppressed adult neurogenesis (right, TMZ). The indicated
receptors (AMPA A-D, kainate F-I, NMDA K-N, mGluz/z P-S) refer to the respective row of the following
sections. AMPA receptors showed a decrease in density in the main olfactory bulb (-20.5%; p < .05). While
kainateRs increased in receptor concentration in the accessory olfactory bulb (+48.6%; p < .05), NMDARs
decreased here (-42.1%; p < .05). Bregma levels and region borders (black and white lines) like figure 2.
Specific receptor densities (fmol/mg protein) are encoded by the color scale, maximum receptor
concentration of the section alongside the autoradiograph. Red represents the ideal representation, not the
maximum receptor density of the region, while black indicates the absence of receptor expression. Polar
plots (E, J, O, T) display the mean densities (fmol/mg protein) of the measured receptor densities for control
(white) and animals with suppressed adult neurogenesis (blue). Filled regions mark the upper and lower
standard errors of the mean (+ SEM). Densities in fmol/mg protein. Designations and figure structure as in

Figure 9. For detailed receptor densities see Supp Tab. 22. Statistical analysis in Supp. Tab. 24.
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Significant differences in AMPA receptor densities between control and TMZ animals could only be
observed in the medial entorhinal cortex (-15.9%, p < .05) and the ventrolateral orbitofrontal
cortex (-20.5%, p < .05; Figure 23, Supp. Tab. 23, Supp. Tab. 24). Especially the medial entorhinal
cortex revealed low values for AMPARs after inhibition of adult neurogenesis (-15.9%, p < .05;

Figure 23, Figure 26, Supp. Tab. 23).

The mean densities of kainate receptors were similar in most of the analyzed regions in both
groups, with exception of three regions: the accessory olfactory bulb, the ventral taenia tecta and
the olfactory tubercle. In these regions, significant differences in kainate receptor densities were
found (p < .05). In the accessory olfactory bulb, the concentration was increased by 48% in the TMZ
group, while the densities were increased by 34.6%; p < .05 in the ventral taenia tecta and by

26.9%; p < .05 in the olfactory tubercle (Figure 23, Figure 26, Supp. Tab. 23, Supp. Tab. 24).

NMDA receptors were the only glutamate receptor displaying descending values in receptor
densities in the TMZ animal. Significant differences were found between the densities of NMDA
receptors in the brains of TMZ and control mice: in the accessory olfactory bulb (-42.1%; p < .05),
the entorhinal cortex (medial: -23.1%; p < .05, lateral: -34.6%; p < .05), the olfactory tubercle (-
19.9%,; p < .05), and the orbitofrontal cortex (medial: -21.9%; p < .05, lateral: -22.9%,; p < .05; Figure
23, Figure 26, Supp. Tab. 23, Supp. Tab. 24).

Mean densities of mGluysRs showed generally high receptor densities. However, no significant
differences were found between the densities of mGluzsRs in the brains of TMZ and control mice

(Figure 23, Figure 26, Supp. Tab. 23, Supp. Tab. 24).
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Figure 24: Color-coded autoradiographs reveal the distribution and density of GABAergic receptors
in control animals (left, control) and animals with suppressed adult neurogenesis (right, TMZ). The indicated
receptors (GABAx A-D, GABAapz F-l, GABAs K-N) refer to the respective row of the following sections.
GABAergic receptors generally showed increases in concentrations in CGrvz, for example GABAARs in the
dorsal taenia tecta (+47.4%; p < .05), GABAa@EzRs in the medial entorhinal cortex (+37.3%; p < .05), and
GABAGgRs in the olfactory tubercle (+57.6%; p < .05). Information about the color scale and polar plots (E, J,
0) in Figure 23. Densities in fmol/mg protein. Designations and figure structure as in Figure 9. For detailed

receptor densities see Supp. Tab. 23. Statistical analysis in Supp. Tab. 24.
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GABA\ binding sites showed heterogeneous differences between olfactory regions (Figure
24). Significant increases in receptor densities were observed in the dorsal taenia tecta (+47.3%; p
< .05), endopiriform nucleus (+24.4%; p < .05), dorsal peduncular cortex (+42.2%; p < .05), olfactory
tubercle (+31.37%; p < .05), and medial orbitofrontal cortex (+30.8%; p < .05) of CGmvz (Figure 24,
Figure 26, Supp. Tab. 23, Supp. Tab. 24).

BZ-binding sites revealed a tendency to increase in receptor concentration in CGmvz animals
(Figure 24). The increases were not significant for most of the olfactory regions, except the medial

entorhinal cortex (+37.3%; p< .05; Figure 24, Figure 26, Supp. Tab. 23, Supp. Tab. 24).

In general, GABAg receptors in most ROIs showed high receptor densities after suppression
of adult neurogenesis. Notably were the high receptor concentrations in the anterior olfactory bulb
(+25.8%; p < .05), the ventral taenia tecta (+49.6%; p < .05), the entorhinal cortex (lateral: +29.3%;
p < .05, medial: +10.9%,; p < .05), the medial orbitofrontal cortex (+41.4%; p < .05) and the olfactory
tubercle (+57.6%; p <. 05; Figure 24, Figure 26, Supp. Tab. 23, Supp. Tab. 24) of CGmwz.
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Figure 25: Color-coded autoradiographs revealed the distribution patterns of catecholaminergic receptors

in control animals (left, control) and animals with suppressed adult neurogenesis (right, TMZ). The indicated
receptors (a1 A-D, a2 F-I, Dis K-N) refer to the respective row of the following sections. Catecholaminergic
receptors showed a heterogenous picture, as alRs increased in the medial entorhinal cortex (+52.2%; p <
.05), whereas a»Rs increased in the olfactory tubercle (+59.8%; p < .05) of TMZ-treated animals.
Dopaminergic receptors decreased significantly in the dorsal endopiriform nucleus (-63.6%; p < .05).
Densities in fmol/mg protein. Designations and figure structure as in Figure 9. Information about the color
scale and polar plots (E, J, O) in Figure 23. For detailed receptor densities see Supp. Tab. 23. Statistical

analysis in Supp. Tab. 24.

The analyzed noradrenergic receptors (Figure 25, Figure 26) revealed a few differences
between CG and CGnyz animals. While the agonist a; decreased in concentrations exclusively in the
accessory olfactory bulb (-13.5%; p < .05), significant increases were observed in the endopiriform
nucleus (+35.6%; p < .05) and the medial entorhinal cortex (+52.2%; p < .05) of the CGmvz animals.

The antagonist a; revealed a significant increase in receptor concentration in CGmvz animals only in
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the olfactory tubercle (+59.8%; p < .05) at generally high receptor densities (Figure 25, Figure 26,
Supp. Tab. 23, Supp. Tab. 24).

The mean concentrations of the DisRs were particularly low compared to the other
receptors. Statistical tests indicated significantly decreased densities in the accessory olfactory bulb
(-32.7%; p < .05) and endopiriform nucleus (-63.6%; p < .05) in CGrvz animals (Figure 25, Figure 26,
Supp. Tab. 23, Supp. Tab. 24).
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GABAB GABAA
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Orbitofrontal Cortex, Orbitofrontal Cortex,
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Figure 26: Receptor fingerprints of the 14 investigated olfactory regions

Relative differences of mean densities [%] of CG versus CGrmz. Colors are similar to clusters of the
multidimensional 2D-scaling analysis. The positions of the receptors are shown schematically in the first

graph. The thicker dark gray loop marks the 0% level. Asterisks describe statistical significance (*p < .05).

81



RESULTS — CG vS CGrmz

3.3.2 Layer-specific alterations of the receptor architecture

Mean neurotransmitter receptor densities (fmol/mg protein) £ SEM in the layers of all 14
investigated olfactory regions of the mouse olfactory system of control mice (CG) and mice with
suppressed adult neurogenesis (CGmvz) are provided in Supp. Tab. 25. For statistical comparisons
between these groups see further Supp. Tab. 26. Each receptor type was tested with non-
parametric Mann-Whitney-U test. Supp. Tab. 26 provides the percentage difference of absolute
receptor concentrations, the p-value, and the sum of ranks W for the investigated layers and
receptors. Most receptors decreased in concentrations upon the direct comparison of the
concentration of the layers, but, overall, every layer showed an individual difference that is

represented Supp. Tab. 25.

Main olfactory bulb and accessory olfactory bulb

While AMPARs in the main olfactory bulb of CGmuz mice (Figure 31) showed a significant
decrease in the inner plexiform (-27.3%; p < .05), mitral cell (-19.3%; p < .05) and olfactory nerve
layer (-11.2%; p < .05), no significant changes were seen in the accessory olfactory bulb (Supp. Tab.
25, Supp. Tab. 26). KainateRs showed a receptor increase in the glomerular layer of the main
olfactory bulb (+11.4%; p < .05) and the accessory olfactory bulb (+216.1%; p < .05; Figure 32) due
to suppression of the adult neurogenesis. NMDARs decreased significantly in all layers of the
accessory olfactory bulb (all p <.05) in CGruwz. GABAA@szRs showed an concentration increase in the
inner plexiform layer of the main olfactory bulb (+25.8%; p < .05) and the mitral (+35.9%; p < .05)
and glomerular layers (+28.1%; p < .05) of the accessory olfactory bulb. While a1Rs in the mitral cell
layer (main: -11.8%; p < .05, accessory: -17.9%; p < .05) showed receptor decreases in both
regions, D1sRs were significantly less distributed in the inner/outer plexiform layer (inner: -28.2%;
p < .05; outer: -28.7%; p < .05) of the main olfactory bulb and the granular (-42.4%; p < .05) and
mitral cell layer (-33.1%; p < .05) of the accessory olfactory bulb (Supp. Tab. 25, Supp. Tab. 26) in
CGrmz.
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Primary olfactory cortex

In the anterior olfactory cortex (Figure 33), only the pars externa showed a strong receptor
decrease of AMPARs (-31.6%; p < .05) and kainateRs (-15.5%; p < .05) in CGmuz. In the same layer,
GABAgRs (+31.2%; p < .05) were significantly higher expressed. KainateRs (+24.4%; p < .05) and
GABAgRs (+22.8%; p < .05) increased in the medial part. NMDARs (+81.8%; p < .05) and GABAgRs
(+49.2%; p < .05) showed a strong increase in density in the postero-ventral part. In the dorsal part,
significantly less mGluy/sRs (-19.9%; p < .05) were expressed in CGrvz, While the concentration of
a1Rs (+38.5%; p < .05) increased. The lateral part revealed a receptor decrease in GABAaszRS (-
12.9%; p < .05) and concentration increases of GABAgRs (+30.7%; p < .05) and DiyssRs (+7.5%; p <
.05; Supp. Tab. 25, Supp. Tab. 26).

In the dorsal taenia tecta (Figure 34), receptor densities of GABAARs (+118.3%; p < .05) and
a1Rs (+40.1%; p < .05) increased in layer Il in CGrmz. In layer lll, GABAARs (+74.2%; p < .05) also
increased in concentration. Layer IV showed density increases of GABAsRs (+100.5%; p < .05) and

GABAGRs (+35.3%; p < .05; Supp. Tab. 25, Supp. Tab. 26).

In the ventral taenia tecta (Figure 35), layer | showed a decrease of NMDARs (-19.3%; p <
.05) with a simultaneous increase of mGluysRs (+61.4%; p < .05) in CGrvz animals. Layer |l showed
high densities of kainateRs (+36.8%; p < .05), while layer Il expressed significantly higher GABAaRs
(+154.1%; p < .05; Supp. Tab. 25, Supp. Tab. 26) upon suppression of adult neurogenesis.

In layer lI/Ill of the dorsal peduncular cortex (Figure 37), NMDARs (-23.4%; p < .05)
decreased significantly in concentration with a simultaneous increase in GABAARs (+88.9%; p < .05)
and azRs (+34.3%; p < .05) CGrvz. Layer V showed decreasing concentrations of mGlu,sRs (-13.4%;
p < .05) and increases of a;Rs (+85.8%; p < .05) . GABAaRs increased in all layers (up to +92.5%; p <
.05 in layer I; Supp. Tab. 25, Supp. Tab. 26). In layer | of the piriform cortex (Figure 38), only
NMDARs showed significant differences (-35.7%,; p < .05).

In both parts of the entorhinal cortex (lateral: Figure 39, medial: Figure 40) of CGmwz
animals, AMPARs decreased in concentrations in the superficial layers and highly in the deeper
layers. Layer VI of the lateral entorhinal cortex (Figure 39) revealed a strong decrease in AMPAR
concentration (-21.9%; p < .05), while the medial entorhinal cortex (Figure 40) decreased in layer |
(-49.5%; p < .05) and layer Il (-29.6%; p < .05), while it increased in layer V (+20.8%; p < .05).
NMDARs generally showed a strong, significant decrease (p <.05). GABAa@z)Rs increased in density,
particularly in layers I, (+29.0%; p < .05), lll (+26.7%,; p < .05) and IV (+21.9%; p < .05) of the lateral
part and layer Il (+72.4%; p < .05) and IV (+76.3%,; p < .05) of the medial part. GABAgRs increased in

the lateral part (p < .05) of CGmvz. While a;Rs showed a strong increase in the medial part (p < .05),
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azRs showed an increase in the deeper layers (IV: +22.1%; p < .05; V: +34.2%; p < .05; VI: +42.5%; p
< .05). D1sRs showed an increase in concentration in layer Ill of the lateral part of the entorhinal

cortex (+36.3%; p < .05; Supp. Tab. 25, Supp. Tab. 26) upon suppression of adult neurogenesis.

Layer | of the olfactory tubercle (Figure 36) showed strong receptor decreases of NMDARs
upon suppression of adult neurogenesis (-35.1%; p < .05), while GABAARs (+21.3 p < .05) increased.
NMDARs were decreased in layers lI/Ill (-23.0%; p < .05) of CGmvz Layer Il also revealed
concentration increases of aiRs (+19.6%; p < .05) and azRs (+58.0%; p < .05; Supp. Tab. 25, Supp.
Tab. 26).

Secondary olfactory cortex

KainateRs (-27.3%; p < .05) and mGluysRs (-12.6%; p < .05) showed a significant decrease in
layer I1/11l of the lateral orbitofrontal cortex, while NMDARs (I: -27.6%; p < .05; ll/1ll: -30.7%; p < .05;
VI: -24.9%; p < .05) were generally lower expressed in CGmvz. In the medial part, GABAergic
receptors showed a significant increase; GABAaRs in layer Il (+38.3%; p < .05) and II/1ll (+48.9%; p <
.05), GABAa@nRs in layer Il (+23.7%; p < .05) and V (+37.3%; p < .05) and all layers for GABAgRs (p <
.05). In layer | (+20.2%,; p < .05) of the lateral part, aiRs showed high densities while a,Rs revealed
low concentrations in layer | (-8.9%; p < .05) and VI (-16.8%; p < .05). D1ssRs revealed significant
increases in the ventrolateral part (layer |: +98.9%; p < .05; V: +62.2%; p < .05; VI: +27.1%; p < .05;

Figure 41; Supp. Tab. 25, Supp. Tab. 26) upon suppression of adult neurogenesis.
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3.4 Cognitive training and adult neurogenesis impact the olfactory receptor-

architecture

In this chapter, the impact of cognitive training on the receptor architecture of the
olfactory system will be described. First, the direct influence for the individual olfactory regions
(3.4.1) and their respective layers (3.4.1.1) were determined by comparing MWMcs against CG
(chapter 3.4.1).

Subsequently, the impact of adult neurogenesis in the trained (MWMc and MWMnmny;z)
animals was examined for the olfactory regions (3.4.2) and their respective layers (3.4.2.1). Next,
both factors were examined concurrently by comparing the receptor concentrations of trained
animals with suppressed adult neurogenesis (MWMrmvz) against the concentrations of control
animals (CG), each at the olfactory regional level (3.4.3) as well as on the laminar level (3.4.3.1). To
compare the receptor concentrations of suppressed adult neurogenesis in untrained and trained
animals, the regional (3.4.4.) and laminar (3.4.4.1) olfactory receptor densities of both groups with
suppressed adult neurogenesis (CGrvz vs. MWMryz) were compared. Finally, the different impacts
of adult neurogenesis were compared using relative data to analyze the impact of cognitive

training (CG/CGTMZ VS. MWMCG/MWMTMZ; 345)

Receptor fingerprints were generated for each type of comparison (Figure 26 — Figure 30).
In addition, figures were generated for each region showing all four studied groups (CG, CGmwz,

MWMcs, MWMnvz, Figure 31 — Figure 41).

3.4.1 Cognitive training alters the olfactory receptor profiles

Mean neurotransmitter receptor densities (fmol/mg protein) + SEM of all 14 investigated
olfactory regions of the mouse olfactory system of control mice (CG) and cognitively trained mice
(MWMcg) are provided in Supp. Tab. 27. For statistical comparisons between these groups see
further Supp. Tab. 28. Each receptor type was tested with non-parametric Mann-Whitney-U test.
Supp. Tab. 28 provides the percentage difference of absolute receptor concentrations, the p-
value, and correlation coefficient r. The data showed a difference in receptor concentration in
trained mice. Most receptors increased in concentration (mGluz/s, GABAARS, GABAa®zRS, GABAgRS,
a1Rs) due to cognitive training, while the other receptor densities decreased (AMPARs, kainateRs,

NMDARs, azRs, Dy/sRs) in densities.
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Figure 27: Receptor fingerprints of the 14 investigated olfactory regions
Relative differences of mean densities [%] of CG and MWMoce. Colors are similar to the multidimensional 2D-

scaling analysis. The positions of the receptors are shown schematically in the first graph. Asterisks describe

statistical significance (*p < .05, Supp. Tab. 28).
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Glutamatergic receptors

Different effects for glutamatergic receptors could be observed. AMPARs and NMDARs
exhibited decreasing concentrations due to cognitive training. While AMPARs decreased in
densities in the olfactory tubercle (-38.0%, p < .05) and the entorhinal cortex (medial: -32.6%, p <
.05; lateral: -29.8%, p < .05) they increased in the anterior olfactory cortex (29.9%, p < .05) in the
MWMce animals (Figure 27; Supp. Tab. 27, Supp. Tab. 28). KainateRs revealed an opposite picture
to AMPARs, as they showed an increase in receptor densities in the accessory olfactory bulb
(+15.5%, p < .05) and the lateral entorhinal cortex (+20.6%, p < .05) upon cognitive training, while
the anterior olfactory cortex showed a significant decrease (-12.4%, p < .05; Figure 27; Supp. Tab.

27, Supp. Tab. 28).

Also, in NMDARs, the olfactory tubercle revealed a significantly low receptor concentration
(-70.0%, p < .05) in MWMcg, similar to AMPARs. In general, NMDARs tended to decrease in
concentration due to cognitive training. Due to this, NMDARs appeared different from the other
three investigated glutamatergic receptors (Figure 27, Supp. Tab. 27, Supp. Tab. 28). Like AMPARs
and kainateRs, mGluy/Rs also showed a general significant increase. Here, the orbitofrontal cortex

was most prominent (+ 140.0%, p < .05; Figure 27; Supp. Tab. 27, Supp. Tab. 28).

GABAergic receptors

GABAergic receptors showed a heterogenous picture: strong receptor increases were
observed in all three receptor subtypes in brains of MWMecs animals. For GABAaRs, the increase
was prominent in the accessory olfactory bulb (+134.0%, p < .05), and the dorsal peduncular cortex
(+126.7%, p < .05). The main olfactory bulb (+104.6%, p < .05) also showed a particularly strong
receptor increase. The entorhinal cortex demonstrated little differences in receptor concentration

(Figure 27, Supp. Tab. 27, Supp. Tab. 28).

For GABAa@z)Rs, the orbitofrontal (lateral: +87.4%; p < .05, ventrolateral: +91.7% p < .05,
medial: +94.5%; p < .05) and entorhinal cortex (lateral: +87.2% p < .05, medial: +88.2% p < .05)
revealed highly increased receptor concentrations by cognitive training (Figure 27; Supp. Tab. 27,
Supp. Tab. 28). For GABAgRs, the strongest increases were found in the receptor densities of the
taenia tecta (dorsal: +58.3% p < .05, ventral: +70.8%; p < .05), the olfactory tubercle (+67.0%;p <
.05) and the medial orbitofrontal cortex (+67.2%; p < .05) of MWMce animals (Figure 27; Supp. Tab.
27, Supp. Tab. 28), compared to CG animals.

87



RESULTS — CG VS MW Mcg

Catecholaminergic receptors

Catecholaminergic receptors revealed different patterns of alterations in MWMcg animals:
While a;Rs showed an increase in the endopiriform nucleus (+25.4%; p < .05), and the entorhinal
cortex (lateral: +29.0%; p < .05; medial: +28.7%; p < .05), azRs revealed a significant decrease in
receptor densities in the main olfactory bulb (-46.7%; p < .05), the piriform cortex (-28.7%; p < .05)
and all subregions of the orbitofrontal cortex (lateral: -39.1%; p < .05, ventrolateral: -32.4%; p <

.05, medial: -29.0%; p < .05, Figure 27; Supp. Tab. 27, Supp. Tab. 28) of MWMpcs animals.

In DysRs, the main olfactory bulb (+46.8%; p < .05), the olfactory tubercle (-23.9%; p < .05),
the entorhinal cortex (lateral: +46.7%; p < .05, medial: +58.3%; p < .05) showed an increase in
receptor density with cognitive training, whereas the dorsal taenia tecta (-40.7%; p < .05), the
endopiriform nucleus (-71.1%; p < .05), the dorsal peduncular cortex (-29.5%; p < .05), and the
piriform cortex (-43.5%; p < .05) were increased in concentration (Figure 27; Supp. Tab. 27, Supp.

Tab. 28).
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3.4.1.1 Layer-specific alterations upon cognitive training

Mean neurotransmitter receptor densities (fmol/mg protein) + SEM in the layers of all 14
investigated olfactory regions of the olfactory system of control mice (CG) and trained mice
(MWMcg) are provided in Supp. Tab. 29. For statistical comparisons between these groups see
Supp. Tab. 30. Each receptor type was tested with non-parametric Mann-Whitney-U test. Supp.
Tab. 30 provides the percentage difference in receptor concentrations, the p-value, and the Z-
value for the investigated layers and receptors. All receptors revealed alterations in the layers of
olfactory regions, without demonstrating a general effect. For example, GABAaszRs were
decreased in the granule layer of the accessory olfactory bulb, while the concentration was

increased in the mitral and glomerular layer (Supp. Tab. 30) of MWMcg animals.

Main and accessory olfactory bulb

Glutamatergic receptors showed significant changes in the olfactory nerve layer of the
main olfactory bulb (AMPA: -46.2%; p < .05; kainate: -42.7%; p < .05; NMDA: -60.1%,; p < .05; Figure
31) and the glomerular layer of the accessory olfactory bulb (AMPA: +56.4%; p < .05; kainate:
+101.6%; p <.05; NMDA: -53.7%; p < .05; mGluys: + 224.6%; p < .05; Figure 32) of MWMcs animals.
GABAergic receptors were significantly increased in the glomerular layer of the accessory olfactory
bulb by cognitive training (GABAa: +538.7%; p < .05; GABAagz: +129.3%; p < .05; GABAg: +18.7%; p
< .05). Dopaminergic DysR were altered in the glomerular layer of the accessory olfactory bulb
(+76.8%; p < .05). The opposite was true for noradrenergic receptors: they were strongly altered in
the olfactory nerve layer in the main olfactory bulb (ai: -45.6%; p < .05; a: -47.8%; p < .05) but not
in the glomerular layer of the accessory olfactory bulb (a,: -46.7%; p < .05). The strongest changes
occurred in the glomerular layer of both regions. NMDARs (main: -60.1%; p < .05; accessory: -
55.3%; p < .05), GABAARs (main: +163.9%; p < .05; accessory: +538.7%; p < .05), GABA@EzRs (main:
+49.7%; p < .05; accessory: +129.3%; p < .05), and GABAgRs (main: +94.7%; p < .05; accessory:
+18.7%; p < .05) showed changes in both olfactory bulbs (Figure 31, Figure 32, Supp. Tab. 29,
Supp. Tab. 30) of MWMcs animals.

89



RESULTS — CG VS MW Mcg

Primary olfactory cortex

Changes in the dorsal part of the anterior olfactory cortex (Figure 33) in brains of MWMce
animals were significant. AMPARs (+45.7%; p < .05), NMDARs (-20.7%; p < .05), mGluysRs
(+162.9%; p < .05), GABAA@EzRs (+120.7%; p < .05), GABAgRs (28.2%; p < .05), aiRs (-17.6%; p < .05),
and ozRs (-21.5%; p < .05) differed from the densities of CG animals. The lateral part showed
significant deviations from CG animals in NMDARs (-50.2%; p < .05), mGluy;sRs (+127.8%; p < .05),
GABAa@EyRs (+43.2%; p < .05), and GABAgRs (+32.5%; p < .05); catecholaminergic receptors did not

differ significantly.

In the dorsal (Figure 34) and ventral (Figure 35) subregions of taenia tecta, the superficial
layers showed significant changes in NMDARs (dorsal: -45.5%; p < .05 (layer 1), -30.7%; p < .05
(layer Il); ventral: -56.7%; p < .05 (layer 1), -38.0%; p < .05 (layer Il)) and mGluysRs (dorsal: +100.4%;
p < .05 (layer I); +116.5%; p < .05 (layer Il); ventral: +106.2%; p < .05 (layer 1); +103.8%; p < .05
(layer IlI). GABAARs (dorsal: +91.8%; p < .05; ventral: +70.4%; p < .05) and GABAa@szRs (dorsal:
+73.9%; p < .05; ventral: +76.5%; p < .05) were mostly altered in layer II, but GABAgRs displayed
little changes here (dorsal: +50.2%; p < .05; ventral: +66.4%; p < .05) and significant differences in
layer | (dorsal: +63.1%; p < .05; ventral: +91.9%; p < .05) and IV (+55.8%; p < .05) of MWMce
animals. DyssRs revealed significant changes only in layer IV of the dorsal taenia tecta (-55.6%; p <

.05; Supp. Tab. 29, Supp. Tab. 30).

The olfactory tubercle (Figure 36) showed significant changes in receptor densities of
GABAergic (GABAa: +70.2%; p < .05; GABAgz): +48.3%; p < .05; GABAg: +80.6%; p < .05) receptors,
AMPARs (-46.9%; p < .05), and NMDARs (-67.8%; p < .05) in layer Il of MWMcs animals. Layer |
showed changes in kainateRs (-61.2%; p < .05), NMDARs (-85.8%; p < .05), and D1sRs (+27.4%; p <
.05).

In layer | of the dorsal peduncular cortex of MWMecs animals, strong changes were
observed in mGluysRs (-44.2%; p < .05) and GABAgRs (+60.0%; p < .05), with little alterations of
GABAa@EnRs (+42.1%; p < .05). Layer VI exhibited alterations in a,Rs (+36.5%; p < .05), and Dy/sRs (-
46.7%; p < .05; Supp. Tab. 29, Supp. Tab. 30) in MWMocganimals.

In the piriform cortex (Figure 38), layer Il showed differences for mGluyssRs (+173.0%; p <
.05) and D1ssRs (-57.5%; p < .05). In AMPARs (-28.2%; p < .05) and GABAa@ezRs (+70.1%; p < .05),
the highest differences were observed in layer Il (Supp. Tab. 29, Supp. Tab. 30) of cognitively

trained animals.

In the lateral part of the entorhinal cortex (Figure 39), the highest difference in layer | was

detected for mGluzs;sRs (+161.5%; p < .05), and the lowest in GABAagnRs (+55.9%; p < .05), and
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NMDARs (-43.1%; p < .05). AMPARs and kainateRs differed here, with changes in AMPARs running
from high (layer Il: -42.6%; p < .05; lll: -35.4%; p < .05) to low concentration differences (layer V: -
22.5%; p < .05), whereas kainateRs showed low (layer II: -24.5%; p < .05) to high (layer VI; 62.5%; p
< .05) differences in densities for MWMcg animals. In layer | and layer Il, opposite changes were
observed in noradrenergic receptors, as a;Rs showed the highest changes here (layer I: +59.9%,; p <
.05; II: +55.7%; p < .05), while azRs revealed almost no alterations. In layer lll - VI, the same was
observed in catecholaminergic receptors, except for a;Rs that showed high (up to -25.4%; p < .05
in layer VI) and aiRs low (+15.4%; p < .05) differences (Supp. Tab. 29, Supp. Tab. 30) in the
MWMce.

In the medial part (Figure 40), mGluzsRs (+116.2%; p < .05) and GABAgRs (+63.6%; p < .05)
changed significantly in layer Il. Layer V showed high differences in kainateRs (+35.4%; p < .05) and
NMDARs (-36.6%; p < .05). Layer IV revealed low noticeable differences in a1R density (+47.2%; p <

.05) in cognitively trained animals (Supp. Tab. 29, Supp. Tab. 30).

Secondary olfactory cortex

In the orbitofrontal cortex (Figure 41), medially mGluysRs (layer I: +127.1%; p < .05; Il:
+161.2%; p < .05) and GABAgRs (layer I: 91.3%; p < .05; Il: 83.1%; p < .05) were altered in the
superficial layers of cognitively trained animals. GABAagzRs differed in the deeper layers (layer V:
+118.8%; p < .05; layer VI: +124.0%; p < .05), AMPARs (lI/lll: +23.0%; p < .05) and GABAAaRs (lI:
+72.4%; p < .05; II/Ill: 492.6%; p < .05) in layer II, and lI/1ll of MWMce animals. In the ventrolateral
part of the orbitofrontal cortex, mGluy;sRs (V: +147.2%; p < .05; VI: +131.5%; p < .05) showed low
differences in layers V and VI, whereas kainateRs (V: -24.7%; p < .05) and GABAa@ezRs (V: +89.2%; p
< .05; VI: +143.3%; p < .05) displayed significant differences similarly to the medial part. The lateral
part revealed high differences in the receptor density of mGluysRs (I: +154.5%; p < .05; VI:
+163.3%; p < .05), GABAasRs (I: +31.4%; p < .05), and NMDARs (I: -52.5%; p < .05; VI: -50.1%; p <

.05), in trained animals.
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3.4.2 Impaired adult neurogenesis alters the olfactory receptor densities of

trained animals

Mean neurotransmitter receptor densities (fmol/mg protein £+ SEM) in all 14 investigated
olfactory regions of the olfactory system of MWMcs and MWMnmnyz are provided in Supp. Tab. 31.
For statistical comparisons between these groups see Supp. Tab. 32. Each receptor type was
tested with non-parametric Mann-Whitney-U test. Supp. Tab. 32 provides the percentage
difference in absolute receptor concentrations, the p-value, and correlation coefficient r. The data
showed a few differences in receptor concentration in MWMz. For example, the accessory
olfactory bulb decreased in receptor concentrations of kainateRs and mGluy/sRs, while densities for
GABAgRs increased significantly. Receptor Fingerprints are provided in Figure 28 for every olfactory

region and show the relative differences of the comparison in trained animals.

Glutamatergic receptors

There were no significant differences in AMPA receptor densities between MWMc¢s and
MWMvz (Figure 28, Supp. Tab. 31, Supp. Tab. 32). KainateRs revealed a significant difference in
the accessory olfactory bulb (-13.5%; p < .05; Figure 32), otherwise, there was no general
difference for this receptor in the olfactory system of the MWM~mz group. For NMDARs, only the
ventrolateral orbitofrontal cortex displayed a significant increase of receptor concentration
(+32.3%; p < .05; Figure 41). Metabotropic mGlu,ssR revealed two significant decreases in densities
for the piriform cortex (-13.3%; p < .05; Figure 38) and the accessory olfactory bulb (-22.3%; p <
.05; Figure 32;Figure 28; Supp. Tab. 31, Supp. Tab. 32) in MWM~yz animals.
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Figure 28: Receptor fingerprints of 14 olfactory regions

Relative differences of mean densities [%] of trained animals with active (MWMce) against trained animals
with suppressed adult neurogenesis (MWMrmz). Colors are similar to the multidimensional 2D-scaling

analysis. The positions of the receptors are shown schematically in the first row. Asterisks describe statistical

significance (*p < .05, Supp. Tab. 32).
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GABAergic receptors

There were no significant differences in receptor concentrations for GABAsRs and
GABAa@EyRs in the comparison of MWMce and MWMrz (Figure 28, Supp. Tab. 31). However, the
results were different for GABAgRs: There were significant increases in receptor densities for the
olfactory bulbs (main: -18.2%; p < .05; Figure 31; accessory: 35.6%; p < .05; Figure 32), the ventral
taenia tecta (-27.8%; p < .05; Figure 35) and the olfactory tubercle (-37.1%; p < .05; Figure 36;
Figure 28; Supp. Tab. 31, Supp. Tab. 32) in the MWMnmnyz group.

Catecholaminergic receptors

Upon examination of adult neurogenesis in trained animals, noradrenergic receptors
showed an increase in their receptor densities in the TMZ-treated group (Figure 28). The agonist
1R revealed significant increases in densities especially in the main olfactory bulb (+22.8%; p < .05;
Figure 31), the dorsal taenia tecta (+23.4%; p < .05; Figure 34), the dorsal peduncular cortex
(+30.6%; p < .05; Figure 37), the piriform cortex (+28.1%; p < .05; Figure 38) and the orbitofrontal
cortex (ventrolateral: +19.0%; p < .05; lateral: +20.1%,; p < .05; Figure 41). Also, the antagonist a;R
displayed significant increases in the main olfactory bulb (+32.5%; p < .05; Figure 31), the anterior
olfactory cortex (+38.2%; p < .05; Figure 33), the dorsal peduncular cortex (+30.6%; p < .05; Figure
37), the lateral entorhinal cortex (+18.6%; p < .05; Figure 39), and the orbitofrontal cortex (Figure
41; lateral: +34.2%; p < .05; ventrolateral: +48.4%; p < .05; medial: +32.7%; p < .05; Figure 28;
Supp. Tab. 31, Supp. Tab. 32) in MWMrmmgz.

The dopaminergic receptor D15 decreased in receptor densities but showed one significant
difference between MWMcs and MWMryz in the olfactory tubercle (-13.4%; p < .05; Figure 28;
Figure 36; Supp. Tab. 31, Supp. Tab. 32).
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3.4.2.1 Layer-specific alterations of the receptor architecture

Mean neurotransmitter receptor densities (fmol/mg protein = SEM) in the layers of all 14
investigated olfactory regions of the olfactory system of MWMcs and MWMrmyz are provided in
Supp. Tab. 33. For statistical comparisons between these groups see Supp. Tab. 34. Each receptor
type was tested with non-parametric Mann-Whitney-U test. Supp. Tab. 34 provides the
percentage difference in receptor concentrations, the p-value, and the sum of ranks W for the
investigated layers and receptors. All receptors revealed differences in the layers of olfactory

regions, without demonstrating a general effect.

Main and accessory olfactory bulb

Most of the analyzed receptors showed differences in the inner plexiform layer of the main
olfactory bulb of MWMmyz animals (Figure 31): NMDA (+33.4%; p < .05), mGluyss (-16.1%; p < .05),
GABA4 (-20.6%; p < .05), GABAg (-16.4%; p < .05), aa (+25.8%; p < .05) and a; (+50.7%; p < .05).
Simultaneously, the glomerular layer revealed differences for GABAaRs (-29.0%; p < .05), GABAgRs
(-112.0%; p < .05), a1Rs (+26.7%; p < .05) and a;Rs (+32.0%; p < .05). In the accessory olfactory bulb
(Figure 32), AMPARSs (-28.1%; p < .05), GABAx@Rs (+22.4%; p < .05) and GABAgRs (-19.1%; p < .05)
were altered in the mitral cell layer, while mGluysRs (-39.4%; p < .05) and GABAgRs (+86.3%; p <
.05) revealed differences in the glomerular layer, due to suppression of adult neurogenesis in the

trained animals (Supp. Tab. 33, Supp. Tab. 34).

Primary olfactory cortex

The anterior olfactory cortex (Figure 33) displayed alterations in the dorsal subregion for
NMDARs (+21.4%; p < .05), mGluysRs (-26.7%; p < .05), GABAARs (-28.3%; p < .05), GABAgRs
(+16.0%; p < .05), aiRs (+17.2%; p < .05), and azRs (+54.5%; p < .05). The posteroventral part
showed differences for kainateRs (+20.1%; p < .05) and azRs (+40.9%; p < .05), while the lateral
subregion exhibited increases in receptor concentrations of NMDARs (+33.6%; p < .05) and DisRs (-

22.9%; p < .05; Supp. Tab. 33, Supp. Tab. 34).

While layer Il of the dorsal taenia tecta (Figure 34) revealed alterations for a1Rs (+27.9%; p
< .05), layer IV showed differences for a;Rs (+15.9%; p < .05) in MWMnz. Differences for NMDARs
(+35.5%; p < .05) and a1Rs (+20.2%; p < .05) were prominent in layer I, whereas GABAgRSs (-4.9%; p
< .05) and aiRs (+24.9%; p < .05) were altered in layer I. The ventral taenia tecta (Figure 35)
displayed concentration differences for AMPARs (-16.1%; p < .05) and GABAgRs (-34.7%; p < .05) in
layer | and NMDARs in layer lll (-16.7%; p < .05; Supp. Tab. 33, Supp. Tab. 34) in TMZ-treated
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trained animals. In the olfactory tubercle (Figure 36), only GABAARs (-24.4%; p < .05), GABAgRS (-
40.9%; p < .05) and DyssRs (-21.6%; p < .05) were decreased in layer | of MWMszvz. The dorsal
peduncular cortex (Figure 37) revealed a few alterations in the investigated receptors. AMPARs
(+24.0%; p < .05) and mGluy;sRs (-17.3%; p < .05) differed in layer |, while layer V showed
alterations for noradrenergic a;Rs (+36.3%; p < .05) and azRs (+26.4%; p < .05; Supp. Tab. 33,
Supp. Tab. 34).

The piriform cortex (Figure 38) increased in density for aiRs in layer | (+30.5%; p <
.05) and layer Il (+35.0%; p < .05). Otherwise, glutamatergic mGluysRs decreased in densities in
layer Il (-15.5%; p < .05) and layer lll (-27.1%; p < .05). Also, AMPARs altered in layer Il (-20.2%; p <
.05) and kainateRs in layer | (-29.8%; p < .05; Supp. Tab. 33, Supp. Tab. 34) in TMZ-treated trained

animals.

Only a few changes were observed in the lateral entorhinal cortex (Figure 39) of MW Mz
In layer I, D1/sRs decreased upon suppression of adult neurogenesis in the trained animal (-25.5%; p
< .05). Layer Il showed a decrease for DisRs (-32.5%; p < .05) and an increase for GABAgRs (+23.8%;
p <.05). The most alterations were increases of aRs in layer Il (+24.2%; p < .05), layer IV (+21.8%;
p <.05) and layer V (+21.0%; p < .05). Eventually, AMPARs decreased in layer V (-22.2%; p < .05). In
the medial entorhinal cortex (Figure 40), only GABAgRs (-15.8%; p < .05) revealed a decrease and
azRs an increase (+25.0%; p < .05) in receptor concentrations, due to the suppression of adult

neurogenesis (Supp. Tab. 33, Supp. Tab. 34).

Secondary olfactory cortex

In the medial part of the orbitofrontal cortex (Figure 41) of MWMvz, noradrenergic
receptors revealed increases in receptor densities: a;Rs in layer lI/1Il (+14.5%; p < .05) and layer VI
(+16.5%; p < .05), azRs in layer I/l (+36.1%; p < .05), layer V (+33.5%; p < .05) and layer VI
(+45.3%; p < .05). Glutamatergic receptors decreased in layer Il (kainate: -24.0%; p < .05) and
increased in layer V (NMDA: +20.7%; p < .05). The ventrolateral part showed significant alterations
in layer | (NMDA: +30.7%; p < .05; a1: +29.1%; p < .05; az: +35.7%; p < .05) and layer VI (GABAA@sz): -
15.8%; p < .05; a1: +22.6%; p < .05; az: +24.4%; p < .05). Otherwise, NMDARs and a; were increased
in layer II/lIl (NMDA: +20.8%; p < .05; a,: +59.6%; p < .05) and layer V (NMDA: +37.4%; p < .05; au:
+71.3%; p <.05; Supp. Tab. 33, Supp. Tab. 34) in MWMnmuz.

The lateral subregion showed increased noradrenergic receptors in all layers: layer | (a:
+27.7%; p < .05), layer I/l (a1: +31.9%; p < .05; ay: +37.4%; p < .05), layer V (a1: +19.0%; p < .05;
ay: +42.8%; p <.05) and layer VI (a1: +19.9%; p < .05; Supp. Tab. 33, Supp. Tab. 34).
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3.4.3 Neurogenesis and training alter the olfactory receptor profiles

Mean neurotransmitter receptor densities (fmol/mg protein + SEM) in all 14 investigated
olfactory regions of the olfactory system of CG and MWMnmnyz are provided in Supp. Tab. 35. For
statistical comparisons between these groups see Supp. Tab. 36. Each receptor type was tested
with non-parametric Mann-Whitney-U test. Supp. Tab. 36 provides the percentage difference in
absolute receptor concentrations, the p-value, and correlation coefficient r. The data showed
multiple differences in receptor concentration in trained mice with suppressed adult neurogenesis.
For example, mGluys3Rs increased significantly in every region except the accessory olfactory bulb.
Also, GABAergic receptors increased significantly in most of the investigated areas. AMPARs,
kainateRs and dopaminergic DisRs decreased in concentrations for most of the investigated

regions in MWMryz animals.

Glutamatergic receptors

There were significant differences in AMPA receptor densities between CG and MWMry;z
(Figure 29; Supp. Tab. 35, Supp. Tab. 36). The concentrations in the anterior olfactory cortex
(+38.8%; p < .05; Figure 33), the ventral taenia tecta (-17.5%; p < .05; Figure 35), the piriform
cortex (-16.0%; p < .05; Figure 38), the entorhinal cortex (medial: -24.4%; p < .05; Figure 40; lateral:
-32.3%; p < .05; Figure 39) and the olfactory tubercle (-38.1%; p < .05; Figure 36) revealed a lower
concentration of AMPARs in MWMrwz (Figure 29; Supp. Tab. 35, Supp. Tab. 36).

Except for three olfactory regions, the mean densities of kainate receptors in both groups
were identical in most of the studied regions in MWMmz. In MWMnmnyz the concentration was
increased in the endopiriform nucleus (-22.3%; p < .05; Figure 38) and the medial orbitofrontal
cortex (-14.4%; p < .05; Figure 41), while densities increased (+28.7%; p < .05; Figure 39) in the
lateral entorhinal cortex (Figure 29; Supp. Tab. 35, Supp. Tab. 36) of MWMrmyz.

97



RESULTS — CG vS MW Mz

Main Olfactory Bulb Accesory Olfactory Bulb  Anterior Olfactory Cortex

Dorsal Peduncle Entorhinal Cortex, lateral Entorhinal Cortex, medial

; \,/ l:\{/:

| Cortex, Orbitofrontal Cortex, Orbitofrontal Cortex,
al ventrolateral lateral

Orbitofronta
medi

Figure 29: Receptor fingerprints of the 14 investigated olfactory regions

Relative differences of mean densities [%] of CG (control, active adult neurogenesis) and MWM~vz (trained
animals with suppressed adult neurogenesis). Colors are similar to the multidimensional 2D-scaling analysis.
The positions of the receptors are shown schematically in the first row. Asterisks describe statistical

significance (*p < .05, Supp. Tab. 36).
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In MWMmz, NMDA receptors were the only glutamate receptors with decreasing receptor
densities (Figure 29Figure 39). The concentrations of NMDA receptors in brains of MWM~vz and CG
were revealed to be significantly different: in the olfactory bulbs (main: -53.7%; p < .05; Figure 31;
accessory: -50.5%; p < .05; Figure 32), the ventral taenia tecta (-47.0%; p < .05; Figure 35); the
piriform cortex (-43.8%; p < .05; Figure 38); the endopiriform nucleus (-36.0%; p < .05; Figure 38),
the lateral entorhinal cortex (-41.0%; p < .05; Figure 39), the olfactory tubercle (-67.7%; p < .05;
Figure 36), and the orbitofrontal cortex (medial: -31.7%; p < .05; ventrolateral: -29.2%; p < .05;
lateral: -41.5%; p < .05; Figure 41; Figure 29; Supp. Tab. 35, Supp. Tab. 36) of MWMnmuz.

The mean densities of mGlu,sRs revealed increasing differences in MWMwz compared to
CG in all investigated regions except the accessory olfactory bulb (Figure 29). Statistical tests
revealed the highest differences in receptor densities in the anterior olfactory cortex (+105.8%; p <
.05; Figure 33), the endopiriform nucleus (+106.8%; p < .05; Figure 38) and the entorhinal cortex
(lateral: +118.2%; p < .05; Figure 39; medial: +125.5%; p < .05; Figure 40; Figure 29; Supp. Tab. 35,
Supp. Tab. 36).

GABAergic receptors

GABAa receptors differed significantly between the investigated brain regions. Significant
increases were observed in the main olfactory bulb (+83.8%; p < .05; Figure 31), the accessory
olfactory bulb (+114.2%; p < .05; Figure 32) and the dorsal peduncular cortex (+96.1%; p < .05;
Figure 37) in the brains of MWMnmyz (Figure 29; Supp. Tab. 35, Supp. Tab. 36).

In all studied regions, BZ-binding sites demonstrated increasing concentrations in MWMnyz
animals, except for the accessory olfactory bulb (Figure 29). The highest differences were observed
in the dorsal peduncular cortex (+81.0%; p < .05; Figure 37), the lateral entorhinal cortex (+97.1%;
p < .05; Figure 39), and the orbitofrontal cortex (medial: +95.6%; p < .05; ventrolateral: +84.9%; p <
.05; Figure 41; Figure 29; Supp. Tab. 35, Supp. Tab. 36).

GABAg receptor densities increased in most regions after adult neurogenesis was
suppressed. The high concentration in the anterior olfactory cortex (+42.5%; p < .05; Figure 33),
the dorsal taenia tecta (+54.0%; p < .05; Figure 34), the lateral entorhinal cortex (+65.5%; p < .05;
Figure 39) and the medial orbitofrontal cortex (+56.8%; p < .05; Figure 41) was significant (Figure
29; Supp. Tab. 35, Supp. Tab. 36) in MWMqwz.
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Catecholaminergic receptors

Low changes in noradrenergic receptors were found between CG and MWMrvz animals
(Figure 29). The agonist a;R revealed decreased concentrations primarily in the endopiriform
nucleus (+35.9%; p < .05; Figure 38), the entorhinal cortex (medial: +39.0%; p < .05; Figure 40;
lateral: +30.2%; p < .05; Figure 39), and the medial orbitofrontal cortex (+19.7%; p < .05; Figure 41).
The antagonist az;R demonstrated a significant increase in receptor concentration in the MWMryz
group in the olfactory bulbs (main: -29.4%; p < .05; Figure 31; accessory: -41.9%; p < .05; Figure
32), the anterior olfactory cortex (+24.5%; p < .05; Figure 33), the piriform cortex (-16.7%; p < .05;
Figure 38), the dorsal peduncular cortex (+40.3%; p < .05; Figure 37) and the lateral orbitofrontal
cortex (-18.3%; p < .05; Figure 41; Figure 29; Supp. Tab. 35, Supp. Tab. 36) in MWMTyyz.

The olfactory regions of the MWMryz animals revealed a heterogenous picture: while the
main olfactory bulb (+46.7%; p < .05; Figure 31) and the medial entorhinal cortex (+43.8%; p < .05;
Figure 40) revealed increasing concentrations, the endopiriform nucleus (-74.6%; p < .05; Figure
38) and piriform cortex (-43.2%; p < .05; Figure 38) exhibited decreasing receptor densities in
brains of MWMpwz (Figure 29; Supp. Tab. 35, Supp. Tab. 36).
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3.4.3.1 Layer-specific alterations of the receptor architecture

Mean neurotransmitter receptor densities (fmol/mg protein = SEM) in the layers of all 14
investigated olfactory regions of the olfactory system of CG and MWMrz are provided in Supp.
Tab. 37. For statistical comparisons between these groups see Supp. Tab. 38. Each receptor type
was tested with non-parametric Mann-Whitney-U test. Supp. Tab. 38 provides the percentage
difference in receptor concentrations, the p-value, and the Z-value for the investigated layers and
receptors. All receptors revealed differences in the layers of olfactory regions, without
demonstrating a general effect. For example, AMPARs showed increasing concentrations in the
anterior olfactory cortex of MWMmz while the densities decreased in the layers of the other

analyzed regions.

Main and accessory olfactory bulb

The most severe changes were found in the glomerular layer in both bulbs (Figure 31;
Figure 32) in the group comparison of GC versus MWMnmvz. GABAergic GABAA (main: +87.5%; p <
.05; accessory: +310.2%; p < .05), GABAa@z (main: +50.0%; p < .05; 125.0%; p < .05), GABAg (main:
+71.4%; p < .05; accessory: +121.1%; p < .05) receptors as well as NMDARs (main: -65.6%; p < .05;
accessory: -60.8%; p < .05) and mGluy;sRs (main: +21.5%; p < .05; accessory: +96.7%; p < .05)
revealed high differences in the trained animal with suppressed adult neurogenesis. However,
whereas NMDARs decreased, the other receptors increased in concentration. The mitral and
granule layers also demonstrated significant alterations, significantly GABAasznRs in the main
(mitral: +147.4%; p < .05; granule: +71.5%; p < .05) and accessory olfactory bulb (mitral: +115.1%; p
< .05; granule: -85.8%; p < .05). GABAARs showed little change in the mitral layer of the accessory
olfactory bulb, although the increase in receptor densities in the other two layers was high (Supp.

Tab. 37, Supp. Tab. 38).
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Primary olfactory cortex

The lateral anterior olfactory cortex (Figure 33) showed differences in a1Rs (-8.3%,; p < .05)
in MWMrwz. In contrast, AMPARs were increased in the dorsal (+36.0%; p <.05) and posteroventral
(+#55.1%; p < .05) regions in the trained animal, as well as in the pars externa (+35.3%; p < .05).
Here and in the lateral part, a;Rs (+28.4%; p < .05) were significantly higher in the trained animal.
NMDARs in the lateral part revealed a significant decrease in receptor density in the trained animal
(-33.4%; p < .05), whereas they increased in the posteroventral part (+24.8%; p < .05; Supp. Tab.
37, Supp. Tab. 38) of MWMrz.

The dorsal peduncular cortex (Figure 37) revealed huge differences among its layers. While
layer | showed a decrease in AMPARs (+23.2%; p < .05) in the trained animal, the receptor
increased in layer V (+57.3%; p < .05). The pattern was opposite for a;Rs, that were increased in
MWMryz in the other three layers (1I/Ill: +52.6%; p < .05; V: +63.3%; p < .05; VI: +71.5%; p < .05;
Supp. Tab. 37, Supp. Tab. 38).

In the taenia tecta (dorsal: Figure 34; ventral: Figure 35), a1Rs showed no difference in the
layers of both parts. The strongest changes were seen in NMDARs, that showed a significant
decrease in receptor density in layer | (-49.7%; p < .05) and layer Il (-26.6%; p < .05) of the dorsal
taenia tecta and in all layers of the ventral part (I: -71.0%; p < .05; II: -40.3%; p < .05; lll: -32.4%; p <
.05). Layer Il of both parts increased in kainateRs (dorsal: +41.6%; p < .05; ventral: +34.2%; p <
.05). In layer IV, the decrease in DisRs in the trained animal was significant (-53.4%; p < .05),
whereas GABAaRs increased here (+42.7%; p < .05) and in layer | (+57.3%; p < .05) of the ventral
part (Supp. Tab. 37, Supp. Tab. 38).

The piriform cortex (Figure 38) displayed a decrease in NMDAR densities in all three layers
(I: -55.1%; p < .05; II: -39.8%; p < .05; Ill: -38.9%; p < .05). AMPARs changed inconsistently in
MWMnwz, as the receptor decreased in layer Il (-42.7%; p < .05) but increased in layer Ill (+31.1%; p
< .05). DysRs also showed different changes, as the receptor hardly changed in layer | but

decreased significantly in layer lll (-55.8%; p <.05; Supp. Tab. 37, Supp. Tab. 38).

In the medial entorhinal cortex (Figure 40) in MWMsrvz, AMPARs decreased in layer | (-
55.7%; p < .05), 11 (-26.0%; p < .05), and VI (-25.8%; p < .05). NMDARs also decreased, but in layer |l
(-30.8%; p < .05), Il (-17.2%; p < .05), and V (-29.3%; p < .05). KainateR decreased in layer Ill (-
18.2%; p < .05) and increased in layer V (+34.6%,; p < .05), and VI (+39.1%; p < .05) but showed little
alteration in layer Il. In the lateral part (Figure 39), NMDARs (layer Il: -41.3%; p < .05) and AMPARs
(layer I: -44.1%; p < .05) decreased simultaneously in the superficial layers, whereas GABAagzRs

(layer llI: +96.6%; p < .05) and GABA4 (layer V: +29.1%; p < .05) increased in MWMrmyz. In contrast,
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layer VI revealed no change in AMPARs but an increase in KainateRs (+67.5%; p < .05) in MWMryz
(Supp. Tab. 37, Supp. Tab. 38).

In the olfactory tubercle (Figure 36), all layers revealed decreases in the receptor densities
of AMPARs (layer |: -34.3%; p < .05; Il: -40.7%; p < .05; lll: -37.1%; p < .05) and NMDARs (layer I: -
79.8%; p < .05; Il: -64.2%; p < .05; -59.4%; p < .05) in MWMnmnyz. KainateRs decreased in layer | (-
51.9%; p < .05) in the trained animal. Layer Il exhibited increases in mGluy;sRs (+88.7%; p < .05),
GABA4 (+49.2%; p < .05), and GABAaEz)Rs (+73.8%; p < .05; Supp. Tab. 37, Supp. Tab. 38).

Secondary olfactory cortex

In the orbitofrontal cortex of MWMryz (Figure 41), the medial part showed a decrease of
NMDARs in layer | (-60.0%; p < .05), Il (-36.0%; p < .05), and VI (-32.3%; p < .05). Catecholaminergic
receptors remained almost unchanged in all layers. Whereas layer | showed little alteration in
AMPARs and kainateRs, AMPARs increased in layer Il/lll (+28.6%; p < .05) while kainateRs
decreased in layer V (-30.7%; p < .05) simultaneously. Similar shifts were seen in the ventrolateral
part. Catecholaminergic receptors showed no change, whereas NMDARs decreased significantly
(layer I: -41.8%; p < .05). KainateRs were reduced in density only in the deeper layers (layer V: -
42.7%; p < .05), whereas they showed no alterations in the superficial layers. GABAgRs revealed a
significant increase in layer | (+74.9%; p < .05), as well as in the lateral part (+47.0%; p < .05). Here,
GABAARs also increased sharply (+74.7%; p < .05), but minor with increasing layer depth (layer VI:
+30.1%; p < .05). KainateRs exhibited a decrease in layer II/Ill (-32.0%; p < .05) and layer V (-36.1%;
p < .05) in MWMz. Notably, aiRs only differed in the lateral orbitofrontal cortex with a stronger
decrease in layer | (-15.0%; p < .05) to layer VI (-24.6%; p < .05; Supp. Tab. 37, Supp. Tab. 38).
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3.4.4 Training revealed alterations in animals with suppressed neurogenesis

Mean neurotransmitter receptor densities (fmol/mg protein £ SEM) in all 14 investigated
olfactory regions of the olfactory system of CGrvz and MWMnmny; are provided in Supp. Tab. 39. For
statistical comparisons between these groups see Supp. Tab. 40. Each receptor type was tested
with non-parametric Mann-Whitney-U test. Supp. Tab. 40 provides the percentage difference in
absolute receptor concentrations, the p-value, and correlation coefficient r. The data showed

multiple differences in receptor concentration in MWMnmuz without a general effect.

Glutamatergic receptors

There were significant differences in glutamate receptor densities between CGmvz and

MWMrv;z (Figure 30, Supp. Tab. 39, Supp. Tab. 40).

Trained animals exhibited a high concentration of AMPA receptor in the anterior olfactory
cortex (+53.4%; p < .05; Figure 33) and dorsal peduncular cortex (+23.8%; p < .05; Figure 37) with
suppressed adult neurogenesis compared to untrained animals with suppressed adult
neurogenesis. Receptor decreases were higher in MWMny;z, for example in the olfactory tubercle (-
34.0%; p < .05; Figure 36), and lateral entorhinal cortex (-33.8%; p < .05; Figure 39). KainateRs
showed higher densities in the lateral entorhinal cortex (+21%, p < .05; Figure 39) in the trained
animal, while there were decreased densities in the accessory olfactory bulb (-32.8%; p < .05;
Figure 32), the anterior olfactory cortex (-15.4%, p < .05; Figure 33), the endopiriform nucleus (-
22.5%, p < .05; Figure 38), and olfactory tubercle (-30.0%, p < .05; Figure 36). The densities of
NMDARs were significantly lower in MWMrwz than in CGrvz, for example, in the main olfactory bulb
(-32.6%, p < .05; Figure 31), the olfactory tubercle (-59.7%, p < .05; Figure 36), the piriform cortex (-
26.3%, p < .05; Figure 38), the medial (-12.5%, p < .05), and ventrolateral (-13.7.%, p < .05; Figure
41) orbitofrontal cortex. mGluysRs revealed contrary density changes, as there were high receptor
densities in MWMnz, especially in the anterior olfactory cortex (+91.4%, p < .05; Figure 33), the
endopiriform nucleus (+101.9%, p < .05; Figure 38), the dorsal peduncular cortex (+105.1%, p < .05;
Figure 37), the piriform cortex (+116.4%, p < .05; Figure 38), and lateral orbitofrontal cortex
(+102.97%, p < .05; Figure 30; Figure 41; Supp. Tab. 39, Supp. Tab. 40).

104



RESULTS — CGrmz VS MW Mz

Main Olfactory Bulb Accesory Olfactory Bulb  Anterior Olfactory Cortex

* ' x *
AN A PN Y

/ﬁ: ) ‘\. \
: & 7~ *

\\ ,/ N, N i

GABAA(BZ) % Y ¥ w Y
e et *
Taenia Tecta, dorsal Taenia Tecta, ventral Piriform Cortex Endopiriform Nucleus
* \ /N *
\\ / N

y \ f 9 Ve
E ™ / *
[ - Sk : e
N\ \ / \ y /

\ A 4 N\, N\ _' /

\ " Vi ‘\ 4

\ \ 7 ;
* -
Dorsal Peduncle Entorhinal Cortex, lateral Entorhinal Cortex, medial Olfactory Tubercle

%

s ] e o
Orbitofrontal Cortex, Orbitofrontal Cortex,
ventrolateral lateral
Y " A . A\
N\ ) N\ / ‘ ' < \
4 “ rd
% L % A/ A
*oRT N\ B i < Tk
A i N 4
Nt \/ N
* . ¥ *
* % *

Figure 30 Receptor fingerprints of the 14 investigated olfactory regions
Relative differences of mean densities [%] of CGrmz and MWMrwz. Colors are similar to the multidimensional

2D-scaling analysis. The positions of the receptors are shown schematically in the first row. Asterisks describe

statistical significance (*p < .05, Supp. Tab. 40).
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GABAergic receptors

GABAergic receptors were present in higher concentration in MWMsryz than in CGmuz. For
example, GABAaRs in the main olfactory bulb (+51.3%, p < .05; Figure 31), the accessory olfactory
bulb (+98.4%, p < .05; Figure 32), the dorsal peduncular cortex (+37.8%, p < .05; Figure 37), and the
orbitofrontal cortex (lateral: +43.2%, p < .05; ventrolateral: +46.9%, p < .05; medial: +22.6%, p <
.05; Figure 41) were significantly high in the trained animals than in the untrained group. Nearly
the same showed BZ-binding sites: GABAagsyRs revealed significantly high concentrations in
MWMpvz in the anterior olfactory cortex (+42.5%, p < .05; Figure 33), the taenia tecta (dorsal:
+37.3%, p < .05; Figure 34; ventral: +55.0%, p < .05; Figure 35), the dorsal peduncular cortex
(+65.5%, p < .05; Figure 37), the entorhinal cortex (lateral: +72.9%, p < .05; Figure 39; medial:
+25.2%, p < .05; Figure 40) and the ventrolateral orbitofrontal cortex (+63.8%, p < .001; Figure 41;
Figure 30; Supp. Tab. 39, Supp. Tab. 40).

GABAgRs were also significantly increased in the taenia tecta (dorsal: +33.0%, p < .05;
Figure 34; ventral: -17.6%, p < .05; Figure 35), the olfactory tubercle (-33.4%, p < .05; Figure 36),
and the entorhinal cortex (medial: +26.5%, p < .05; Figure 40; lateral: +27.9%, p < .05; Figure 39;
Figure 30; Supp. Tab. 39, Supp. Tab. 40).

Catecholaminergic receptors

Noradrenergic receptors showed low receptor concentrations in MWMnmvz. aiRs, for
example, were significantly increased in the accessory olfactory bulb (+20.3%, p < .05; Figure 32)
and the ventral taenia tecta (-25.1%, p < .05; Figure 35). In the lateral entorhinal cortex, there was
an increase in density (+19.2%, p < .05; Figure 39). azRs were particularly decreased in the main
olfactory bulb (-28.9%, p < .05; Figure 31), the accessory olfactory bulb (-40.5%, p < .05; Figure 32),
and the olfactory tubercle (-43.8%, p < .05; Figure 36) of the MWMnmwz group ( Figure 30; Supp. Tab.
39, Supp. Tab. 40).

Dopaminergic Di/sRs revealed a mixed picture: concentrations increased in the main
olfactory bulb (+43.7%, p < .05; Figure 31), the olfactory tubercle (+17.1%, p < .05; Figure 36) and
the medial entorhinal cortex (+34.7%, p < .05; Figure 40), while they decreased in the taenia tecta
(dorsal: -33.0%, p < .05; Figure 34; ventral: -38.0%, p < .05; Figure 35), the dorsal peduncular cortex
(-36.3%, p < .05; Figure 37) and the piriform cortex (-41.2%, p < .05; Figure 38; Figure 30; Supp.
Tab. 39, Supp. Tab. 40).
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3.4.4.1 Layer-specific alterations of the receptor architecture

Mean neurotransmitter receptor densities (fmol/mg protein = SEM) in the layers of all 14
investigated olfactory regions of the olfactory system of CGrvz and MWMrwz are provided in Supp.
Tab. 41. For statistical comparisons between these groups see Supp. Tab. 42. Each receptor type
was tested with non-parametric Mann-Whitney-U test. Supp. Tab. 42 provides the percentage
difference in receptor concentrations, the p-value, and the Z-value for the investigated layers and
receptors. All receptors revealed differences in the layers of olfactory regions, without

demonstrating a general effect.

Main and accessory olfactory bulb

In the main olfactory bulb of MWMrmwz (Figure 31), the outer plexiform layer showed
significant differences in mGluysRs (-42.1%; p < .05) whereas the glomerular layer revealed high
changes in receptor concentration in GABAergic receptors (GABAa: -34.0%; p < .05; GABAa@z): -
29.2%; p < .05; GABAg: -46.7%; p < .05; Figure 31). Minor differences were observed in both groups
in the olfactory nerve layer of the main olfactory bulb for mGlu,;sRs, GABAARS, and GABAa@enRs
(Supp. Tab. 41, Supp. Tab. 42).
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main olfactory bulb

Figure 31: Color-coded layer-specific autoradiographs of the main olfactory bulb
The receptor densities of all investigated receptors in the main olfactory bulb represented in color-coded
autoradiographs [in fmol/mg protein]. Color scale: Red represents the exemplary optimized representation,
not the maximum receptor density of the region, while black indicates the absence of receptor expression.
All results of the four groups are shown: Control (left), mice with suppressed adult neurogenesis (CGtwmz,
second column from left), trained mice (MWMcg, third column from left), and trained mice with suppressed
adult neurogenesis (MWMrwz, right). Nissl-stained section with corresponding scheme in the upper left. The
layers of the region are represented next to the scheme. Scale bars: A-J, Coronal slice: 1.3 mm; color coded
sections: 400 um; onl, olfactory nerve layer; gl, glomerular layer; mi, mitral layer; ipl, inner plexiform layer;

opl, outer plexiform layer; gr, granular layer; SEZ subependymal zone.
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High differences were observed in the glomerular layer of the accessory olfactory bulb of
MWMrnmz, significantly in kainateRs (Figure 32; +137.6%; p < .05) and GABAgRs (-63.0%; p < .05;
Figure 32). The mitral cell layer of the accessory olfactory bulb displayed differences in mGluysRs (-

40.6%; p < .05) and GABAz)Rs (-36.8%; p < .05; Supp. Tab. 41, Supp. Tab. 42) in MWMnuz.

accessory olfactory bulb

mGlugg

GABA,

Figure 32: Color-coded layer-specific autoradiographs of the accessory olfactory bulb

The receptor distribution of all investigated receptors in the accessory olfactory bulb represented in color-

coded autoradiographs [in fmol/mg protein]. Figure structure according to Figure 31. Scale bars: Coronal

slice: 1.3 mm; Magnifications: 400 um; gl, glomerular layer; mi, mitral layer; gr, granular layer.
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Primary olfactory cortex

In the anterior olfactory cortex of MWMnmny;z (Figure 33), significant changes were seen in
the lateral and posteroventral subregions. In the lateral part, mGluz;Rs and GABAa@szRs (-44.1%; p
< .05) were altered, otherwise only little changes in a;Rs (+23.3%; p < .05), and DysRs (+18.5%; p <
.05) were observed. In the posteroventral part, AMPARs (-40.7%; p < .05), NMDARs (+45.7%; p <
.05), and GABAGRs (-10.5%; p < .05) showed significant differences. In the pars externa, AMPARs (-
49.5%; p < .05), mGluyssRs (-42.7%; p < .05), GABAagzRs (-39.4%,; p < .05) and GABAgRs (-18.3%; p <
.05) showed high decreases (+41.9%; p < .05; Supp. Tab. 41, Supp. Tab. 42), except for NMDARs.

anterior olfactory cortex

Figure 33: Color-coded layer-specific autoradiographs of the anterior olfactory cortex

The receptor distribution of all investigated receptors in the anterior olfactory cortex represented in color-
coded autoradiographs [in fmol/mg protein]. Figure structure according to Figure 31. Scale bars: Nissl-Image,

800 um; A-J, 600 um; K-T, 200 um; m, medial; d, dorsal; |, lateral; pv, posteroventral; 1, pars externa.
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taenia tecta (dorsal)
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Figure 34: Color-coded layer-specific autoradiographs of the taenia tecta (dorsal)

The receptor distribution of all investigated receptors in the dorsal taenia tecta represented in color-coded
autoradiographs [in fmol/mg protein]. Figure structure according to Figure 31. Scale bars: Nissl-Image, 1 mm;

A-J, 400 pm.

The dorsal part of taenia tecta (Figure 34) increased in concentrations of NMDARs (+66.3%;
p < .05) and decreasing densities of mGlu,/sRs (-33.0%; p < .05), GABAa@enRs (-20.6%,; p < .05), and
GABAgRs (-19.2%; p < .05) in layer | of MWMruz. The same receptors also decreased in layer |l
(MGluysRs: -49.7%; p < .05; GABAagzRs: -26.7%; p < .05; GABAgRs: -20.6%; p < .05), layer llI
(mGluysRs: -49.0%; p < .05; GABAAgnRs: -27.4%; p < .05; GABAgRs: -38.6%; p < .05), and layer IV
(mGluysRs: -43.1%; p < .05; GABAaEzRs: -30.2%; p < .05; GABAgRs: -25.1%; p < .05), where also
02Rs (-33.7%; p < .05) and D1sRs (+87.7%; p < .05) displayed alterations in MWMnmvz (Supp. Tab. 41,
Supp. Tab. 42).

111



RESULTS — CGtmz VS MW Mtz

taenia tecta (ventral)
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Figure 35: Color-coded layer-specific autoradiographs of the taenia tecta (ventral)

The receptor distribution of all investigated receptors in the ventral taenia tecta represented in color-coded
autoradiographs [in fmol/mg protein]. Figure structure according to Figure 31.Scale bars: Nissl-image, 1 mm;

A-J, 400 pm.

The ventral part of taenia tecta (Figure 35) presented high receptor concentration
differences in layer | for NMDARs (+177.9%; p < .05), GABAasyRs (-40.5%; p < .05), GABAgRs
(+41.9%; p < .05) and aiRs (+68.6%; p < .05) of MWMrwz. Layer Il revealed increased receptor
densities for NMDARs (+49.8%; p < .05) and Dy/sRs (+54.5%; p < .05) and decreased concentrations
for mGluysRs (-49.4%; p < .05) and GABAa@ezRs (-33.1%; p < .05). Layer lll of the trained animals
increased densities for NMDARs (+51.3%; p < .05), GABAgRs (+14.8%; p < .05) and Dy/sRs (+95.2%; p
< .05) and decreased concentrations of mGluyssRs (-43.1%; p < .05) and GABAagnRs (-41.2%; p <
.05; Supp. Tab. 41, Supp. Tab. 42) in MWMrmy;z.

112



RESULTS — CGrmz VS MW Mtz
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Figure 36: Color-coded layer-specific autoradiographs of the olfactory tubercle
The receptor distribution of all investigated receptors in the olfactory tubercle represented in color-coded

autoradiographs [in fmol/mg protein]. Figure structure according to Figure 31. Scale bars: Nissl-Image, 1.2

mm; A-J, 400 pm.

In the olfactory tubercle (Figure 36), significant alterations of GABAa@szRs (-41.6%; p < .05)
and DysRs (-23.2%; p < .05) were seen in layer lll, whereas the same receptors were less altered in
layer |. Here, AMPARs (+36.8%; p < .05), kainateRs (+160.5%; p < .05), NMDARs (+221.1%; p < .05),
mGluysRs (-40.6%; p < .05), GABAgRs (+60.4%; p < .05) and a,Rs (+63.5%; p < .05) increased
significantly in concentrations in MWMmyz. In layer Il, the highest differences were observed in
NMDARs (+115.2%; p < .05), mGluysRs (-49.0%; p < .05), GABAgRs (+40.7%; p < .05) and a3Rs
(+65.9%; p < .05; Supp. Tab. 41, Supp. Tab. 42).

113



RESULTS — CGtmz VS MW Mtz

dorsal peduncular cortex
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Figure 37: Color-coded layer-specific autoradiographs of the dorsal peduncular cortex

The receptor distribution of all investigated receptors in the dorsal peduncular cortex represented in color-
coded autoradiographs [in fmol/mg protein]. Figure structure according to Figure 31. Scale bars: Nissl-Image,

800 um; A-J, 600 um; K-T, 200 pm.

In the dorsal peduncular cortex (Figure 37), layer | showed the highest alterations in
receptor concentration for AMPARs (-30.3%; p < .05), NMDARs (+32.0%; p < .05); mGluysRs (-
41.1%; p < .05), GABAARs (-29.5%; p < .05), and GABAxgzRs (-32.9%; p < .05) in MWMnwz. Layer I1/11]
decreased in concentrations of mGluy/3Rs (-56.5%; p < .05), GABAaRs (-23.8%; p < .05), GABAazRs
(-39.8%; p <.05) and increased in D1ssRs (+43.3%; p < .05). Layer V showed decreasing densities for
AMPARs (-37.0%; p < .05), mGluzssRs (-61.0%; p < .05), GABARs (-27.4%; p < .05), GABAagzRS (-
41.5%; p < .05), azRs (-37.3%; p < .05) and increasing concentrations for DysRs (+87.0%; p < .05) in
MWMvz. Overall, all receptors except GABAgRs and a;Rs revealed significant differences in layer VI

of MWMrwz (Supp. Tab. 41, Supp. Tab. 42).
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The piriform cortex (Figure 38 ) increased concentrations for AMPARs (+19.1%; p < .05),
kainateRs (+43.5%; p < .05), NMDARs (+43.0%; p < .05), mGluy/sRs (-54.2%; p < .05), GABAagzRs (-
37.6%; p < .05) and azRs (+49.6%; p < .05) in layer | relative to the other two layers. AMPARs were
highly increased in layer Il (+73.5%; p < .05), same as kainateRs (+33.8%; p < .05) and DysRs
(+59.8%; p < .05), while mGluysRs (-50.5%; p < .05) and GABAa@szRs (-37.6%; p < .05) decreased in
densities. Layer Ill decreased in densities of AMPARSs (-27.3%; p < .05), mGluyssRs (-54.7%; p < .05),
and GABAa@gzRs (-41.2%; p < .05) and increases of NMDARs (+31.2%; p < .05) and DysRs (+116.1%;
p <.05) in MWMnuz (Supp. Tab. 41, Supp. Tab. 42).
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Figure 38: Color-coded layer-specific autoradiographs of the piriform cortex and the endopiriform nucleus

The receptor distribution of all investigated receptors in the piriform cortex and endopiriform nucleus
(dorsal) represented in color-coded autoradiographs [in fmol/mg protein]. Figure structure according to

Figure 31. Scale bars: Nissl-Image, 1.2 mm; A-J, 400 um; EPd, dorsal endopiriform nucleus
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In all layers of the lateral entorhinal cortex (Figure 39) significant alterations of AMPARs
(from layer I: +39.7%; p < .05 to layer V: +89.0%; p < .05), mGluy3Rs (from layer I: -60.8%; p < .05 to
layer VI: -48.7%; p < .05), GABAa@szRs (from layer Il: -21.4%; p < .05 to layer VI: 49.2%; p < .05) and
GABAgRs (from layer I: -25.4%; p < .05 to layer VI: -20.8%; p < .05) were observed in MWMrz.
KainateRs increased in concentration in layer | (+61.6%; p < .05) and Il (+28.3%; p < .05) and
decreased in layer V (-28.4%; p < .05) and VI (-39.9%,; p < .05). a1Rs decreased in layer Il (-20.7%,; p
<.05), 11 (-20.7%; p < .05) and VI (-10.2%; p < .05) while D1/sRs increased their densities in MWMqmwz
in layer Il (+32.2%; p < .05) and layer Il (+26.9%; p < .05; Supp. Tab. 41, Supp. Tab. 42).

In the medial part of the entorhinal cortex (Figure 40), mGluysRs were decreased in
concentration in all layers in the trained animals (from layer I: -47.8%; p < .05 to layer VI: -59.6%,; p
< .05). Also, GABAgRs decreased in all layers, except layer | (from layer II: -15.9%; p < .05 to layer VI:
-20.5%; p < .05). GABAA@szRs only differed in concentrations in the deeper layers IV to VI (layer IV: -
10.03%; p < .05; layer V: -37.6%; p < .05; layer VI: -46.3%; p < .05). Layer | of the medial entorhinal
cortex showed an increase in densities for kainateRs (+42.6%; p < .05) and a decrease for GABAARs
(-25.1%; p < .05). Layer Il showed significant alterations for kainateRs (+29.0%; p < .05) and
decreased in concentrations of NMDARs (-13.8%; p < .05), while layer V showed altered differences
for AMPARs (+28.7%; p < .05), a;Rs (+21.1%; p < .05) and DysRs (-27.9%; p < .05) in MWM~vz. Layer
VI revealed decreased densities of a1Rs (-18.4%; p < .05) in the medial entorhinal cortex (Supp. Tab.

41, Supp. Tab. 42).
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Figure 39: Color-coded layer-specific autoradiographs of the lateral entorhinal cortex

The receptor distribution of all investigated receptors in the lateral entorhinal cortex represented in color-
coded autoradiographs [in fmol/mg protein]. Figure structure according to Figure 31. Scale bars: Nissl-Image,

1.5 mm; A-J, 200 pm
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Figure 40: Color-coded layer-specific autoradiographs of the medial entorhinal cortex

The receptor distribution of all investigated receptors in the medial entorhinal cortex represented in color-
coded autoradiographs [in fmol/mg protein]. Figure structure according to Figure 31. Scale bars: Nissl-Image,

1.5 mm; A-J, 200 pm
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Secondary olfactory cortex

The medial part of the orbitofrontal cortex (Figure 41) revealed differences in the
investigated receptor concentrations in all layers for mGluys (from layer I: -34.4%; p < .05 to layer
VI: -57.8%; p < .05) and GABAx@z (from layer I: -32.0%; p < .05 to layer VI: -46.3%; p < .05) in
MWMrvz. Layer | showed altered receptor concentrations for NMDARs (+55.1%; p < .05) and
GABAARs (-29.2%; p < .05), while layer Il increased in concentration of NMDARs (+19.2%; p < .05).
Layer lI/Ill displayed significant decreases in densities of AMPARs (-24.4%; p < .05), GABAgRs (-
18.4%; p < .05) and aiRs (-16.5%; p < .05). Concentrations of a;Rs were decreased in the trained
animals (-22.6%; p < .05; Supp. Tab. 41, Supp. Tab. 42).

The ventrolateral part (Figure 41) also revealed alterations in concentrations of mGluysRs
(from layer I: -53.3%; p < .05 to layer VI: -52.5%; p < .05) and GABA@szRs (from layer I: -35.5%; p <
.05 to layer VI: -38.4%; p < .05) in all layers. While layer | and Il increased in receptor density for
NMDARs (layer I: +32.3%; p < .05; lI/Ill: +19.9%; p < .05), GABARs decreased here (layer I: -48.0%;
p <.05; lI/1ll: -35.5%; p < .05). GABAgRs decreased in concentration in layer | (-24.6%; p < .05) and
aiRs in layer II/11l (-15.0%; p < .05). GABAARs decreased in density in layer V (-34.6%; p < .05) and
D1ssRs increased in layer VI (+29.6%; p < .05) in MWMwz (Supp. Tab. 41, Supp. Tab. 42).

The lateral orbitofrontal cortex (Figure 41) showed alterations in receptor concentrations
in all layers for mGlu,ssRs (from layer I: -50.2%; p < .05 to layer VI: -54.2%; p < .05), NMDARs (from
layer I: +33.1%; p < .05 to layer VI: +30.9%; p < .05) and GABAa@syRs (from layer I: -31.1%; p < .05 to
layer VI: -42.0%; p < .05). GABAARs were decreased in all layers (layer |: -46.6%; p < .05 to layer VI: -
33.7%; p < .05), except layer VI. GABAgRs decreased in concentrations in layer | (-16.7%; p < .05) of
the trained animals, while azRs increased in their densities in layer V (+24.5%; p < .05). DissRs
showed alterations with an increase of receptor concentrations in layer V (+44.9%; p < .05) in

MWMrmz (Supp. Tab. 41, Supp. Tab. 42).
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Figure 41: Color-coded layer-specific autoradiographs of the orbitofrontal cortex

The receptor distribution of all investigated receptors in the orbitofrontal cortex (I, lateral; m, medial; vl,
ventrolateral) represented in color-coded autoradiographs [in fmol/mg protein]. Figure structure according

to Figure 31. Scale bars: Nissl-Image, 800 um; A-J, 300 um
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3.4.5 Comparison of alterations in trained and untrained animals

Among all investigated receptors, significant differences in concentrations were observed
for NMDARs, GABAARs, GABAgRs, and azRs in both category comparisons (Figure 42). The
difference in the concentration of NMDARs was higher in untrained animals than in the trained
animals. GABAARs displayed high differences in their concentration alterations, significantly in the
dorsal taenia tecta (73%) and dorsal peduncular cortex (56%) of untrained animals. While GABAARs
in untrained animals displayed an increase in receptor densities in these regions, the difference
was smaller in trained animals. GABAgRs and a;Rs also revealed this picture: While GABAgRs were
altered significantly high in the ventral taenia tecta (77%) and olfactory tubercle (95%), azRs
showed a high difference in density alteration in the ventrolateral orbitofrontal cortex. The same
was true for kainateRs in the accessory olfactory bulb (62%) and DisRs in the ventrolateral
orbitofrontal cortex (54%). In untrained animals, Dy/sRs in the dorsal endopiriform nucleus showed
a decrease in receptor concentration due to suppression of adult neurogenesis but showed an

increase in concentration in trained animals (Figure 42).

AMPARs and GABAa@zRs showed minor alteration in concentrations, here the differences
between control and TMZ treatment are the same in both group comparisons. This was true for
the main olfactory bulb, taenia tecta, dorsal endopiriform nucleus, olfactory tubercle, piriform

cortex, the lateral entorhinal cortex, ventrolateral and lateral orbitofrontal cortex (Figure 42).

A heat map (Figure 42) showed the most significant percentages of changes for all regions,
regardless of increasing or decreasing values. This revealed that GABAgRs had the most significant
differences. When compared to the fingerprints, it can be seen that this is because GABAgRS in
untrained animals increased significantly in some cases due to suppression of adult neurogenesis,

while in trained animals they showed a decrease to stagnation.
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Figure 42: Heat map and dendrogram of all four groups
Differences between the untrained experimental group (CG vs. CGmvz, Figure 26) versus the trained
experimental group (MWMce and MWMrmvz, Figure 28). The relative differences of the respective group
comparisons [%] were compared with each other to highlight the effect of cognitive training in suppressed

adult neurogenesis. Red color indicates high different values, while blue color displays low differences.
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4. Discussion

The present studies show an impact of adult neurogenesis and cognitive training on the
receptor architecture of the mouse olfactory system. Instead of a general effect, individual regional

and laminar alterations of each receptor could be observed.

In the following, the receptor architecture of the olfactory system will be discussed
regarding glutamatergic, GABAergic, and catecholaminergic receptor densities of the olfactory
regions (chapter 4.1). It could be shown that the entire olfactory system can be classified into three
potentially functional groups and that the olfactory tubercle occupies a special position, so the
special role of the olfactory tubercle will be discussed (chapter 4.1.1). The other regions of the

olfactory system will be analyzed due to their clustering in functional similar groups (chapter 4.1.2).

The impact of cognitive training on the receptor level of the olfactory system will be
analyzed (chapter 4.2). Following, the influence of adult neurogenesis on the receptor architecture
of the olfactory system will be discussed for untrained (chapter 4.3) and trained (chapter 4.4)
animals. In these comparisons, the receptors are discussed in separate chapters according to their
excitatory (AMPA, kainate, NMDA, mGluyss, a1, Dis) or inhibitory (GABAA, GABAa@sz, GABAs, a2)

characteristics.
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4.1 The receptor architecture of the mouse olfactory system

Major parts of this chapter 4.1 including subchapters were published in Lothmann et al,,

2021.

Previous studies primarily focused on the receptor distributions in the main olfactory bulb
and the piriform cortex (for reviews see Shepherd, 2004; Ennis et al., 2007). Until now, the
receptor architecture of the dorsal and ventral taenia tecta, the dorsal peduncular cortex, and the
endopiriform nucleus have scarcely been analyzed. Additionally, the olfactory regions that were
identified so far have not yet been discussed as a comprehensive system. As a result, there is no
solid basis for the identification of changes in receptor balance associated with disorders in the
olfactory system. Several types of receptors are involved in neurodegenerative diseases (Armstrong
et al.,, 1994; Hawkes, 2006; Zhang et al., 2015; Kwakowsky et al., 2018) and dysfunctions
(Thompson et al., 2006; Yuan and Slotnick, 2014; Munster et al., 2020). Therefore, region- and
layer-specific receptor balances could provide evidence for pharmacological targets. For instance,
adrenoceptors serve as potential pharmacological targets for neurodegenerative and
neuropsychiatric disorders like depression and schizophrenia (Arponen et al.,, 2014). In the PET
tracer study by Arponen and colleagues, the highest a,C receptor concentration was thought to be
in the human olfactory tubercle and striatum, while our data and other studies revealed the
highest expression in the anterior olfactory cortex and entorhinal cortex in rodents (Scheinin et al.,
1994; Holmberg et al., 2003). In this work, receptor autoradiography was chosen for its higher

resolution compared to PET tracing.

4.1.1 The special role of the olfactory tubercle in the olfactory system

Based on the cluster analysis (see section 3.1.3), the olfactory tubercle constitutes a single
cluster due to its significant concentration of dopaminergic receptors, a result confirmed by earlier
studies (Wamsley et al.,, 1991; Duffy et al.,, 2000). In general, dopaminergic receptors become
active upon reward-promising odor stimuli, evidencing the role of the olfactory tubercle as a
motivational evaluation region for odor preferences (lkemoto, 2007; Zhang et al., 2017; Murata et
al., 2019). The neurochemical structure of the olfactory tubercle (Cansler et al., 2020) is of actual
interest. Its special role in olfaction originates from its function in the ventral striatum (de Olmos
and Heimer, 1999; Cansler et al., 2020), that is highly dopaminergic. Therefore, the categorization
of the olfactory tubercle to the striatal system was assumed (Knable et al.,, 1994; Sulzer et al.,
2016). However, further studies of the motor system are necessary to point to a definite

classification. As a multisensory region, the olfactory tubercle is also involved in odor-guided
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behavior (Fitzgerald et al., 2014; Murata et al., 2015; Murata, 2020). It also differs from the other
olfactory regions in its cytoarchitecture, since the trilaminar cortex contains special clusters of
granule cells, the islands of Calleja (Pigache, 1970) in layers Il and lll, where they receive input from
the main olfactory bulb (Bayer, 1985; Xiong and Wesson, 2016). The receptor architecture of the
olfactory tubercle showed lower receptor concentrations in its layer | than in layers Il and Ill. Only
mGluysRs were expressed highly in layer |, evidencing the direct input from the tufted cells of the

main olfactory bulb (Scott et al., 1980; Imamura et al., 2011; Xiong and Wesson, 2016).

The olfactory tubercle also exhibits significantly closer similarities to the ventral striatum in
embryogenesis (Bayer, 1985). Astrocytes of the olfactory tubercle and the ventral striatum arise
from subpallial progenitor cells of the ventricular zone (Torigoe et al., 2015). Together with the
piriform cortex, the olfactory tubercle evolves its striata chronologically prior to the olfactory
cortex (Schwob and Price, 1984b; a), so both regions might show advanced maturation and
function at early developmental stages (Wesson and Wilson, 2011). So, the distinct receptor
architecture of the olfactory tubercle may be due to its different embryogenesis. Whether a clear
affiliation of a multisensory area is needed remains open. Only the molecular architecture should

be known in order to be able to target or assess a region that is active in numerous functions.
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4.1.2 Molecular organization of the olfactory cortex in comparison to function

Regional receptor fingerprints indicate functional characteristics, if further receptor
profiles with related functional data is available (Zilles et al., 2002; Eickhoff et al., 2008; Palomero-
Gallagher et al., 2009; Zilles et al., 2015; Zilles and Palomero-Gallagher, 2017; Impieri et al., 2019).
Increasing amounts of available receptor fingerprints could evidence yet unknown functional

networks (Palomero-Gallagher et al. 2009; Palomero-Gallagher and Zilles 2018; Zilles et al. 2015).

The receptor fingerprints of the main and accessory olfactory bulbs were highly similar and
differed significantly from the receptor profiles of the cortical olfactory regions. Probably because
of their similar function, since both regions enable the uptake and processing of olfactory stimuli
(Mucignat-Caretta, 2010; Cleland and Linster, 2019). Cytoarchitectonic similarities could also lead
to this cluster, since both bulbs are similar in their prenatal development (Martin-Lépez et al,,
2012). Additionally, the laminar structure of the accessory olfactory bulb is similar to the main
olfactory bulb, but less distinctive (Larriva-Sahd, 2008). Up to now, only limited data on the

receptor architecture of the main olfactory bulb is available.

The primary and secondary olfactory cortex are involved in olfactory processing (Ennis et
al., 2015). They formed one cluster in the hierarchical cluster analysis, consisting of three smaller
clusters, that will following be discussed in detail: (1) the taenia tecta, the dorsal peduncular cortex
and the endopiriform nucleus; (2) the entorhinal cortex and the anterior olfactory cortex and (3)

the orbitofrontal cortex and the piriform cortex.

First cluster: the taenia tecta, dorsal peduncular cortex and endopiriform

nucleus

The dorsal peduncular cortex and the tecta taenia differed from other analyzed regions
due to their concentrations of glutamatergic receptors and densities of a,Rs. Until now, only
limited data for group Il mGluRs (McOmish et al., 2016), subunits of GABAaRs (Zhang et al., 1991)
and DiRs in pyramidal and GABAergic neurons of the taenia tecta (Santana et al., 2009) is available,
so comprehensive receptor profiles to address possible functions or system affiliations are missing.
Another problem is that the data of earlier studies cannot explicitly be related to the taenia tecta
or the dorsal peduncular cortex since all prefrontal regions were analyzed as one structure.
Knowledge regarding their functions is incomplete. The dorsal peduncular cortex and the taenia
tecta participate in extinction and associative learning and have connections to the piriform cortex,

the lateral entorhinal cortex, the olfactory tubercle, and the main olfactory bulb (Haberly and Price,
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1978; Ottersen, 1982; Wyss and Sripanidkulchai, 1983; Santiago and Shammah-Lagnado, 2005;
Peters et al., 2009; Cleland and Linster, 2019). High concentrations of kainateRs are characteristic
for both regions and contributed to the clustering. KainateRs are known in the etiology of epilepsy
(Falcdn-Moya et al., 2018) and may act as pharmaceutical targets. For this reason, it is appropriate
to particularly investigate the endopiriform nucleus with regard on its possible kainate-related role
in epilepsy. The function of the endopiriform nucleus also remains unclear but previous studies
assumed that it integrates olfactory information of the piriform cortex with gustatory information
of the gustatory cortex (Sugai et al., 2012). It is very similar to the piriform cortex (Hoffman and
Haberly, 1993; 1996; Demir et al., 1998), also in its strongly epileptogenic character. However, it
differs significantly in its receptor architecture, presumably due to its connection to the insular
cortex and the claustrum, thereby also processing non-olfactory information (Sugai et al., 2012).
Both regions are considered to be part of the limbic circuitry and originate in the lateral pallium
(Watson and Puelles, 2017; Bruguier et al., 2020). Further studies could provide insights in the

study of epilepsy and extinction learning.

Second cluster: the entorhinal cortex and the anterior olfactory cortex

The entorhinal cortex connects the olfactory system with the hippocampus (Haberly and
Price, 1978; Staubli et al., 1984; Chapuis et al., 2013; Leitner et al., 2016) and the anterior olfactory
cortex (Luskin and Price, 1983; Wyss and Sripanidkulchai, 1983; Mason et al., 2016; Cleland and
Linster, 2019). Dysfunctionality of the entorhinal cortex leads to memory loss, known from
Alzheimer's disease (Van Hoesen et al., 1986; Braak and Braak, 1991). AMPARs were highly
concentrated in layer Il and Ill of the lateral entorhinal cortex, whereas their densities differed
slightly across the layers of the medial entorhinal cortex. Here, AMPAR-mediated synaptic
responses are facilitated by dopaminergic Di1Rs (Glovaci et al., 2014), that were present, but not
highly concentrated (layer VI). The high receptor densities might relate to the significant role of

AMPARs in the pathology of Alzheimer’s disease (Armstrong et al., 1994).

Also, NMDARs were highly present in layer II/lll, probably because they are involved in
generating theta oscillations in the hippocampus and the entorhinal cortex to provide the encoding
spatial memory (Battaglia et al.,, 2011; Buzsaki and Moser, 2013; Gu et al., 2017). In the medial
entorhinal cortex, NMDARs affect the temporal transfer of information in the hippocampal
formation by gamma rhythm-generating microcircuits (Middleton et al., 2008). Also, NMDARs
showed increased concentrations in layer V of the medial entorhinal cortex compared to the other
layers, presumably because they participate in short-term plasticity here (Chamberlain et al,,

2008). High concentrations of mGlu,/sRs were observed in the entorhinal cortex, comparative to
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other studies (Ohishi et al., 1993; Fotuhi et al., 1994; Wright et al., 2013). Local functions of the

receptor remain unclear (Yoshida et al., 2008).

GABAa@BzRs play an important role in learning and the physiological regulation of the
memory storage (Venault et al., 1986; Lal et al., 1988; Izquierdo and Medina, 1991). In line with
these studies, GABAaszRs were highly expressed in the superficial layers 1I/lll of both entorhinal
subregions, which may be involved in the consolidation of memory. Additionally, GABAgRs were
high in densities throughout the entorhinal cortex. Here, GABAgRs suppress quantitative, activity-
independent glutamate release (Thompson et al., 2006) and thereby control spatial memory (Deng

et al., 2009).

Catecholaminergic receptors were mainly concentrated in the deep layers of the entorhinal
cortex, with the exception of DisRs, that were highly expressed in layer Il of the medial entorhinal
cortex. DiRs suppress the up-state of spontaneous slow oscillations in layer Il of the lateral
entorhinal cortex, thereby regulating the dendritic excitability of neurons in layer V (Rosenkranz
and Johnston, 2006; Batallan-Burrowes and Chapman, 2018). Due to the observed density patterns
of D1sRs and GABAaRs in layer Il of the medial entorhinal cortex, a regulation of GABAA release by

D1sRs could also be supposed here.

To date, the receptor level of the anterior olfactory cortex is barely analyzed. NMDARs
(Zhao et al., 2017) and kainateRs (Wisden and Seeburg, 1993) were observed, but information on
the subregions is missing. However, NMDARs are involved in the adaptation of olfactory input in
the anterior olfactory cortex (Zhao et al., 2017). Interestingly, glutamatergic receptors showed high
expression rates in distinct parts of the anterior olfactory cortex: AMPARs (medial), kainateRs

(posteroventral), NMDARs (lateral) and mGlu,3Rs (lateral and external).

GABAaRs and GABAgRs were observed in the anterior olfactory cortex (Bowery et al., 1987,
Zhang et al, 1991), but this thesis demonstrated that GABAgRs are significantly higher
concentrated than GABAARs here. Microinjections of muscimol into the anterior olfactory cortex
eliminated inhalation- and odor-evoked signals in the main olfactory bulb and therefore GABAARs
are more likely to be attributed to indirect modulation in the anterior olfactory cortex (Rothermel
and Wachowiak, 2014). The anterior olfactory cortex is connected with the hippocampus (Cleland
and Linster, 2019), suspecting the receptor function in memory regulation. It is part of the local
determination of the odor source (Kikuta et al., 2010), so it is evident that GABAgRs are involved in
spatial cognition in the entorhinal cortex and play a role in the odor-induced activity of
mitral/tufted cells of the main olfactory bulb through anterior olfactory cortex-to-granule cell
connection (Mazo et al., 2016). High densities were observed in the lateral and medial parts of the

anterior olfactory cortex, supporting their contribution to spatial orientation of odor sources.
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Contrary to the hypothesis of an equal receptor distribution (Meyer et al., 2006), there
were high differences in the subregions of the anterior olfactory cortex regarding the distribution
of noradrenergic receptors. a;Rs were particularly concentrated in the pars externa, while high
levels of a;Rs were observed in parts of the pars principalis (dorsal, medial, and posteroventral). Up
to now, there are no functional studies regarding catecholaminergic receptors in the anterior
olfactory cortex. However, a highly similar distribution pattern similar to the entorhinal cortex,
could indicate similar regulatory functions. The anterior olfactory cortex and the entorhinal cortex
play a key role in the development of neurodegenerative diseases, so further research is of
particular interest. Neurofibrillary tangles and neuritic plagues correlate with cell loss in the
anterior olfactory cortex (Esiri and Wilcock, 1984; Ohm and Braak, 1987; Ubeda-Bafion et al.,,
2020), while memory impairment in Alzheimer's disease is associated with the pathological
dysfunctionality of the entorhinal cortex (Van Hoesen et al.,, 1986; Braak and Braak, 1991).
Consequently, the cluster of entorhinal and anterior olfactory cortex could be interesting in the

research field of Alzheimer’s disease.

Third cluster: the orbitofrontal cortex and the piriform cortex

Both regions are functionally involved in olfactory discrimination (Staubli et al., 1987;
Critchley and Rolls, 1996; Schoenbaum et al., 1999; Lazic et al., 2007). Connections from the
piriform cortex to the orbitofrontal cortex and the amygdaloid complex (lllig, 2006) contribute to
olfactory dysfunction in Parkinson's disease (Lee et al., 2020). However, little is known about this
area cluster, so further research is necessary for additional conclusions at the organizational level
(Li et al.,, 2010; Xu et al., 2012; Cremer et al., 2015a; Cremer et al., 2015b; Zhang and Manahan-
Vaughan, 2015; Perez-Lloret and Barrantes, 2016; Kwakowsky et al., 2018)

AMPARs and NMDARs are necessary for the generation of LTPs in the piriform cortex
(Shepherd, 2004) and the early learning of olfactory preferences (Morrison et al., 2013; Mukherjee
and Yuan, 2016). Layer Il showed high levels of AMPARs (Petralia and Wenthold, 1992) NMDARs
(Petralia et al., 1994) and mGluy;Rs (Wada et al.,, 1998). NMDARs and mGlu,s;sRs are the only
glutamatergic receptors that are highly concentrated in layer |, presumably because the activity of

NMDARs increases by metabotropic agonists (Collins, 1993; Shepherd, 2004).

While the lateral and ventrolateral orbitofrontal cortices were similar in their receptor
profiles, the medial orbitofrontal cortex differed. KainateRs were significantly high in layer Ill, while
AMPARs were highly concentrated in layer | of all three orbitofrontal parts where simultaneously

the minimum concentration of kainateRs was present. The cluster of these two regions needs to be
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studied on a more functional level, as both regions have strong connections to multiple systems
and thus have an impact on information processing. The orbitofrontal cortex is not part of the
primary olfactory cortex because it has no direct connection to the main olfactory bulb. The region
processes sensory information on a secondary level. Although the piriform cortex is part of the
primary olfactory cortex, it also maintains several connections to regions of various systems. Thus,
the piriform as well as the orbitofrontal cortex show extensive processing pathways at the

secondary level, whose disturbance may have extensive consequences.
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4.2 Training enhanced regional GABAergic and mGluyz receptor distributions

in the olfactory system

The cognitive training led to numerous alterations. In the following, only the strongest
changes are reviewed: Among glutamatergic receptors, AMPARs were observed to significantly
decrease in densities in the olfactory tubercle, whereas kainateRs increased in the lateral
entorhinal cortex. NMDARs decreased in the main and accessory olfactory bulbs. GABAergic
receptors generally showed increases, such as GABAaRs in the dorsal peduncular cortex,
GABAagzyRs in the medial orbitofrontal cortex, and GABAgRs in the ventral taenia tecta.
Catecholaminergic receptors showed a heterogenous picture, as a;Rs increased in the entorhinal
cortex, whereas a,Rs decreased in the main olfactory bulb and orbitofrontal cortex. Dopaminergic
receptors decreased significantly in the dorsal endopiriform nucleus while they increased in the

entorhinal cortex. This chapter is divided into excitatory and inhibitory receptors.

Excitatory receptors

There was a striking decrease of AMPARs and NMDARs in the olfactory tubercle and the
entorhinal cortex of trained animals. NMDARs and AMPARs are known to be involved in the
completing of spatial memory tasks, mainly in the hippocampal formation (Liang et al.,, 1994;
Stecher et al., 1997). Here, NMDARs are expressed in high amounts particularly in CA1 and dentate
gyrus, where the receptor is essential for the induction of plasticity (long-term potentiation)
(Collingridge, 1985; Collingridge, 1992; Nicolle et al., 1996). All studied olfactory regions showed a
reduction of NMDARs. These decreases may suggest a possible prioritization, as an increase in
receptor would be more urgent in hippocampal regions. This assumption requires further analysis
of the receptor concentrations in the hippocampus for NMDARs in another experiment. However,
it is known that NMDA-antagonism negatively affects working memory in mice, so cognitive

training could have degraded binding sites for MK-801 (Kumar et al., 2015; Hurtubise et al., 2017).

AMPARs primarily decreased densities in the taenia tecta, olfactory tubercle, and
entorhinal cortex upon cognitive training. In the anterior olfactory cortex, AMPARs increased
significantly, which may be due to the relay of new olfactory stimuli by the experimental design: In
the animal's new environment are new sensory stimuli to be classified for the animal's orientation
by bilateral olfactory perception via the anterior olfactory cortex. Excitatory kainateRs, mGlu,;Rs
and DisRs increased in densities after cognitive training in the entorhinal cortex. Higher
concentrations of kainateRs are in line with their functional significance in spatial memory

acquisition and recall (Lowry et al., 2013). In contrast to the general decrease of NMDARs,
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mGluyssRs increased in the analyzed olfactory regions. It was previously shown in the mouse model
of schizophrenia that LY-379268 compensates excitatory and inhibitory deficits and thus can serve
as a pharmaceutical target (Engel et al., 2016). This leads to the question of a time-related
adaptation of receptors to multi-day cognitive training that resulted in an increase in mGluy/R

binding sites for LY-341495 due to the reduction of NMDARs.

In the hippocampus, DysRs are involved in spatial memory processing (da Silva et al., 2012),
confirming increasing receptor densities in the entorhinal cortex. The olfactory tubercle is known
to be a motivational evaluation region for olfactory preferences, since dopamine receptors get
activated in response to reward-promising olfactory signals (lkemoto, 2007; Zhang et al., 2017;
Murata et al., 2019). In the olfactory system, the dopamine increase could be triggered by the
motoric exercise, or goal attainment (reaching the platform of the MWM). Additionally, the food
reward of the performed T- and Y-maze experiments emitted odor stimuli, that could have led to
the receptor increase in the main olfactory bulb. This effect could be important in Parkinson
disease research, where dopamine depletion leads to a decrease in the proliferation rate in the
mouse olfactory bulb as well as in the dentate gyrus (Hoglinger et al., 2004). Thus, it would be
interesting to observe the receptor activity in brains of affected mice. Based on this, investigations

into preventive therapies prior to neurodegenerative loss might be initiated.

Inhibitory receptors

Cognitive training resulted in a significant increase of GABAARs. The training had a
particularly strong effect on the main olfactory bulb, accessory olfactory bulb, taenia tecta,
olfactory tubercle, dorsal peduncular cortex, and orbitofrontal cortex. A knockout study of a
subunit of GABAaRs in mice revealed that a low concentration of GABAa receptors in the
hippocampus resulted in better performance in the MWM (Collinson et al., 2002), so training was
more likely to decrease the amount of receptor. Since GABAergic afferents and GABAa receptor
activation favor neural stem cell differentiation in the adult hippocampus (Ge et al., 2007), an
increase in active GABAaR binding sites could also be expected in the main olfactory bulb as a
location of adult neurogenesis. Increased densities were also observed in the entorhinal cortex
(both parts), where patients with temporal lobe epilepsy (Stefanits et al., 2019) or Alzheimer's
disease (Kwakowsky et al., 2018) lack in GABAAR concentration. The significant receptor increases
in the orbitofrontal cortex might also be related to the increased amount of decisions the animal
had to make during the tasks, as the receptor is active in the orbitofrontal cortex during impulsive

choices (Swanson et al., 2015; Ucha et al., 2019). Briefly: Cognitive training could increase adult
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neurogenesis as indicated by a sharp increase of GABARs. Alternatively, cognitive training could

increase the receptor density which could favor an increased proliferation rate.

GABAa@EnRs were observed to be upregulated in all analyzed regions, except the accessory
olfactory bulb. Since GABAARs generally had a strong increase in concentration due to cognitive
training, an increase in GABAa@z)Rs was assumed. The increase in GABAaizRs might be explained by
the modulation of BZ agonists on GABAAR responses, that can increase the affinity of the receptors
(Gielen et al., 2012). This potentiation of the GABAAR response results in rapid synaptic inhibition,
an effect that made benzodiazepine binding sites a pharmacological target for the treatment of
anxiety disorders, epilepsy, and sleep disorders (Rudolph and M&hler, 2004; Jacob et al., 2012).
Nevertheless, the research on GABAa@szRs continues since they are known to have a modulatory
effect in learning and memory related processes (Rudolph and Knoflach, 2011; Hipp et al., 2021).
Therefore, knowledge about increasing receptor densities may be beneficial, especially in

pharmacological research.

GABAGgRs increased in regions of the olfactory system due to cognitive training, consistent
with the receptors' positive effect on spatial memory (Sahraei et al., 2019). Since the taenia tecta,
entorhinal cortex, and olfactory tubercle showed significant increases, the results are consistent
with the memory-specific training in the mazes. The increase in receptor in the anterior olfactory
cortex and piriform cortex is in line with a study that investigated the GABAg antagonist CGP55845
as a positive influence in odor discrimination learning (LaSarge et al., 2007; LaSarge et al., 2009).
Thus, the response of the receptor to cognitive training is of particular interest for research in
aging, as spatial reference memory and olfactory discrimination become progressively impaired

with ongoing age (LaSarge et al., 2007).

With the increase of GABAARs in the main olfactory bulb of trained animals, a decrease of
azR-density could be observed. This effect goes in line with the suppressive effect of a,Rs on the
GABAergic inhibition of mitral cells (Nai et al., 2009; Nai et al., 2010). Also striking was the
decrease in receptor density in the ventral taenia tecta, that is active in odor-driven reward-
oriented tasks (Shiotani et al., 2020). A striking aspect of these results was that the decreases of
ozRs in both regions were in the same ratio to the increases of GABAARs: when GABAaRs doubled in

concentration, azRs decreased by 50%.

In summary, this experiment revealed that cognitive training could cause a change in receptor
architecture. Certainly, motor control, individual anxiety perception, and sensory external stimuli

play a crucial role in this context.
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4.3 Impaired adult neurogenesis led to heterogenic alterations in olfactory

receptor profiles

Adult neurogenesis was successfully suppressed using TMZ. In CGrvz animals, AMPARs
were observed to significantly decrease densities in the main olfactory bulb, whereas kainateRs
increased here. Concentrations of NMDARs decreased in the accessory olfactory bulb. GABAergic
receptors generally showed higher densities: GABAARs in the dorsal taenia tecta, GABA@sz)Rs in the
medial entorhinal cortex, and GABAgRs in the olfactory tubercle. Catecholaminergic aiRs increased
in their concentrations in the medial entorhinal cortex, while ozRs increased in the olfactory

tubercle. Dopaminergic receptors decreased significantly in the endopiriform nucleus.

Excitatory receptors

Glutamate is a positive regulator of adult SVZ neurogenesis since AMPARs and kainateRs
increase cell proliferation and reduce apoptosis when NMDARs are blocked (Platel et al., 2007).
mGluz;sRs were highly expressed in the olfactory system (Lothmann et al.,, 2021) and on SVZ-
neuroblasts, where they support proliferation and survival of neuronal progenitor cells (Di Giorgi-
Gerevini et al., 2005). Additionally, excitatory subtypes of dopaminergic receptors increased the

proliferation rate as previously demonstrated (Baker et al., 2004; Doze and Perez, 2012).

The administration of TMZ decreased the densities of the investigated excitatory receptors
in all analyzed olfactory regions, except for kainateRs that increased. AMPARs decreased in density
in the accessory olfactory bulb, ventral taenia tecta, and the olfactory tubercle, while kainateRs
increased here. AMPA/KainateRs are expressed by neuroblasts in the SVZ and the granule cell layer
of the main olfactory bulb where kainateRs reduce neuroblast migration rates upon activation
(Carleton et al., 2003; Platel et al., 2007). KainateRs were the only glutamatergic receptors that
showed an increase in concentration. This might be due to the homeostatic control of neuroblast
production by GABA and glutamate: Astrocytes generate neuroblasts (Doetsch et al., 1999a) and
proliferate considerably stronger when the neuroblasts are eliminated (Doetsch et al., 1999b). The
amount of GABAergic receptors could be increased, as SVZ astrocytes do not express glutamate
receptors (Platel and Bordey, 2016) like AMPA (Plested and Mayer, 2007), kainate (Platel et al.,
2008), NMDA (Platel et al., 2010), or mGlus (Platel et al., 2008). As a consequence, the density of
kainate receptors might also increase, consistent with the hypothesis of Platel and colleagues
(Platel et al., 2008) that kainateRs act as a "backup mechanism" equal to GABAergic receptors in
order to regulate neuroblast migration. As a result, kainateRs act different than the other studied

glutamatergic receptors upon suppression of adult neurogenesis. However, densities of kainateRs
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did not change significantly in in the main olfactory bulb of CGmz mice, but in hippocampus-related
regions (taenia tecta and entorhinal cortex). This demonstrated the impact of adult neurogenesis
on KainateRs in the taenia tecta, speculating if this region is modulated by the SGZ, or SVZ, since it
is related to the hippocampal system where the SGZ provides proliferative stem cells. Thus,
kainateRs increased in response to the suppression. This could be due to the fact that fewer
GABAergic neuroblasts are replenished, so that kainateRs react as a glutamatergic backup for

GABA.

Adult hippocampal neurogenesis is modulated either negatively (Hu et al., 2008) or
positively (Hu et al., 2009) by NMDARs (Nacher and McEwen, 2006). In this work, the selective non-
competitive NMDAR antagonist MK-801 was used, a ligand which is known to inhibit cell
proliferation in the SVZ (Fan et al., 2012). Thus, the decrease of NMDARs upon suppression of adult
neurogenesis could demonstrate a direct impact of adult neurogenesis on the receptor and
hypothesizes a neurogenesis-supporting effect. Furthermore, NMDARs showed a significant
decrease in concentration in the entorhinal cortex, which also may indicate the influence of SGZ
neurogenesis. To date, it is not known if the neurogenic niches cooperate. Since the taenia tecta
and the entorhinal cortex are both parts of the hippocampal and olfactory systems, further

experiments could be done to determine the impact of both niches.

There were no significant effects of adult neurogenesis on the mGluysR density in the
olfactory system. The treatment with an mGluysR antagonist also failed to demonstrate a change

in proliferation (Di Giorgi-Gerevini et al., 2005).

Excitatory catecholaminergic receptors revealed significant alterations upon inhibition of
adult neurogenesis: The densities of a;Rs decreased in the accessory olfactory bulb, where aiRs
increase the GABAergic inhibition of mitral cells (Araneda and Firestein, 2006). A reduction of a;Rs
upon suppression of adult neurogenesis could lead to a neurogenesis-dependent effect of a;1Rs on
the functionality of the accessory olfactory bulb. Conditioning to diverse odor preferences is also
formed by noradrenergic input in the main olfactory bulb, where aiRs increase the excitability of
granule cells by GABAergic inhibition of mitral cells (Nai et al., 2010). The concentrations of D1sRs
were too low to display significant effects. However, the olfactory tubercle had a receptor profile
that corresponded more to the dopaminergic striatal profile than to that of the olfactory system
(Knable et al., 1994; Sulzer et al., 2016). Nevertheless, an influence of adult neurogenesis on the
receptor profile could be demonstrated here, which could either be related to the SVZ or supports

the hypothesis of striatal adult neurogenesis.

It is striking that only a few olfactory regions differed significantly in CGmwz animals. In

regions of the primary olfactory cortex, receptor concentrations decreased after suppression of
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adult neurogenesis (accessory olfactory bulb, endopiriform nucleus), whereas a part of the
secondary olfactory cortex (ventrolateral orbitofrontal cortex) displayed a significant increase in
dopaminergic receptor density. Dopamine has the potential to alter the functional connectivity of
the orbitofrontal cortex to other regions and thus act neuromodulatory in the dynamic
reconfiguration of functional networks (Clarke et al., 2014; Kahnt and Tobler, 2017). Therefore, it is
possible that the suppression of adult neurogenesis increased dopamine concentrations in the
orbitofrontal cortex, that resulted in decreased densities in the accessory olfactory bulb and

endopiriform nucleus.

In summary, excitatory receptors decreased in densities due to suppression of adult
neurogenesis, except kainateRs that increased in concentration. There was no region that showed
a difference in all excitatory receptors, and there was no excitatory receptor that was altered in all

olfactory regions in CGmuz mice.

Inhibitory receptors

GABAergic receptors play a modulatory role in all stages of adult neurogenesis. They have
an excitatory effect in immature neurons and an inhibitory effect in mature neurons (Pontes et al.,
2013). GABAARs increased in their concentration due to suppression of adult neurogenesis mainly
in the primary olfactory cortex and less in the olfactory bulbs, since neuroblasts are GABAergic. The
dorsal taenia tecta, olfactory tubercle, and dorsal peduncular cortex in particular revealed a
significant receptor increase. In contrast to this, adult neurogenesis seemed to have only a small
effect on the receptor density of GABAagzRs. Only the medial entorhinal cortex revealed a strong

increase in density.

In contrast to GABAa@szRs, GABAgRs increased the densities in several olfactory regions. The
increase in concentration was interesting in the anterior olfactory cortex, where presynaptic
GABAgRs are involved in the odorant-induced activity of mitral and tufted cells of the main
olfactory bulb by a special connection (Mazo et al., 2016). An increase in concentration could be
seen in the piriform cortex where GABAgRs regulate NMDARs, which in turn modulate the
formation of LTPs (Olpe et al., 1993; Truong et al., 2002). GABAgRSs increased simultaneously to the
decreasing concentrations of NMDARs in the piriform cortex. The inhibitory effect of GABAgRs
could thereby lead to a reduced pattern separation between odor categories in the orbitofrontal
cortex (Bao et al., 2016). So, a suppressed adult neurogenesis could result in an altered perception

of olfactory stimuli.
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An increase of GABAgRs was also seen in the entorhinal cortex. GABAgRs in the medial part
could suppress the glutamate release (Thompson et al., 2006), allowing GABAgRs to control the
entorhinal cortex excitability and thereby exert control over spatial awareness (Deng et al., 2009).
An increase in GABAgR densities could lead to a reduction in anxiety disorder and depression, since
a reduced receptor concentration could lead to anxiolytic behavior in mice (Jacobson et al., 2007;
Bravo et al., 2011; Fogaca and Duman, 2019). An anti-depressant effect has been demonstrated via
GABAGgR antagonists (Slattery et al., 2005), while a knockout study of the GABAg1, receptor subunit
demonstrated that it plays an important role in anxiety-associated cognitive processes (Jacobson et
al., 2007). Further studies in rats showed that the absence of adult neurogenesis led to depressive-
like symptoms that could be reversed by antidepressants (Malberg et al., 2000; Sahay and Hen,
2007; Mateus-Pinheiro et al., 2013; Micheli et al., 2018). However, the selection of an appropriate
mouse model in the field of psychiatric disorders is debatable, since clinical symptoms in anxiety
disorders and depression are of multifactorial character. Nevertheless, the change in receptor

patterns observed here may provide further evidence in the field of mental illness.

a2Rs increased in the olfactory tubercle and entorhinal cortex. In the entorhinal cortex,
azRs inhibit excitatory synaptic transmission (Pralong and Magistretti, 1995), which means that
increasing azR densities could result in a high inhibition rate. a,Rs show support in cognitive
functions of the prefrontal cortex, specifically working memory and attention, assuming a role in
the treatment of ADHD (Arnsten, 2010). Thus, increasing densities in the olfactory tubercle and the
entorhinal cortex could affect the motivational-striatal system. Furthermore, the concomitant
strong decrease in NMDARs supports the decline in excitatory transmission, further enhancing the

inhibitory influence.

In summary, densities of inhibitory receptors, especially GABAergic receptors, increased
due to the suppression of adult neurogenesis. This increase would be interesting for further
research on depression and anxiety disorders, as these psychiatric disorders continue to increase in
society. On the basis of this project, knowledge about the function of SVZ-neurogenesis could be

one of the hallmarks for psychological diseases.
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4.4 The effect of cognitive training in mice with impaired adult neurogenesis

Cognitive training is widely known to be a positive support for a healthy lifestyle. Our
results confirm a huge impact on the olfactory regions, seen in chapter 4.2. Contrary, an impaired
adult neurogenesis is described in the pathology of various disorders. This leads to the question to
what extent both factors act simultaneously if a counterbalance could be achieved or if one factor
predominates. In this chapter, untrained animals and trained (MWM) animals, each with
suppressed adult neurogenesis, are analyzed. The chapter is divided into excitatory and inhibitory

receptors.

Excitatory receptors

Only a few differences between the group of control animals with impaired adult
neurogenesis (CGrmvz) and the group of trained animals with impaired adult neurogenesis
(MWMnmvz) were statistically significant. Among the excitatory receptors, differences were only
evident for kainateRs in the accessory olfactory bulb, NMDARs in the ventrolateral orbitofrontal
cortex, mGluysRs in the accessory olfactory bulb, piriform cortex, aiRs in the main olfactory bulb,
dorsal taenia tecta, dorsal peduncular cortex, piriform cortex, orbitofrontal cortex, and DisRs in
the olfactory tubercle. No general effect was observed. Decreasing concentrations were seen for
kainateRs, D1/sRs, mGluysRs, whereas increasing receptor densities were seen for NMDARs and

aiRs.

The comparing of both group comparisons with each other (Figure 42), indicated that the
suppressed adult neurogenesis had a higher impact in the untrained animal than in the trained
group. The excitatory receptors revealed significant differences in the main olfactory bulb. While
AMPARs, NMDARs, and aiRs increased in MWM animals, they showed decreasing concentrations
or no alterations in untrained CG animals. Particularly in the main olfactory bulb, the impact of
adult neurogenesis would be noticeable since neuroblasts arrive here by the RMS. In the main
olfactory bulb, only AMPARs decreased in untrained animals, whereas no statistically significant
changes were seen in trained animals. So cognitive training had a stabilizing effect on the densities
of AMPARs. Contrary to this, concentrations of a;Rs were increased in MWMmyuz animals, but not in
CGmvz animals. The fact that cognitive training itself caused highly significant changes in the
receptor profile of the main olfactory bulb suggests that adult neurogenesis is enhanced by

cognitive training.

Trained animals showed a higher stability in their receptor architecture (MWMcs vs

MWMrwz), compared to untrained animals (CG vs CGrwvz). These results may show a positive effect
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of cognitive training in the affected brain. In the accessory olfactory bulb, the MWM animals
showed decreasing tendencies of excitatory receptors upon TMZ administration. In particular,
kainateRs exhibited increasing densities in CGmvz, while the concentration decreased in MWMrz
animals. Since increased KainateRs are associated with epilepsy, these results may suggest a

positive effect of cognitive training on the affected brain.

NMDARs were barely altered in MWMrvz, while they decreased in the CGrvz animals,
particularly in the accessory olfactory bulb and the entorhinal cortex. However, densities of
NMDARs were strongly decreased due to cognitive training (see chapter 4.2), but not altered
(except increased densities in the entorhinal cortex) in MWMmvz. Contrary to this is the decrease
of NMDARs in every group comparison, except for MWMcg vs. MWMnmwz. This could evidence that
cognitive training prevents the effect of a suppressed adult neurogenesis on the NMDAR
population in the olfactory system. mGluy;Rs were unaltered in the CG group, whereas they

decreased in densities in the accessory olfactory bulb and piriform cortex of the MWM group.

a1Rs were hardly comparable since both groups showed increasing tendencies. However, if
regions without alterations in receptor density were observed in MWM animals, the densities were
increased in the CG animals and vice versa. E.g., in the CG animal, TMZ-administration did not
reveal changes in receptor densities in the orbitofrontal cortex and main olfactory bulb, whereas
trained animals showed increased concentrations of a;Rs here. Only the lateral entorhinal cortex
and the ventral taenia tecta were unaltered in both groups. This suggests that both cognitive
training and adult neurogenesis have an impact on catecholaminergic receptors. More functional

data would be needed to assess this.

While DysRs barely revealed any changes in MWMny;z, they decreased in CGrvz (except for
the increase in the olfactory tubercle). Nevertheless, the density of DisRs is still on the same
density level as D1ssRs in the CG animals. This indicates that even with inhibited adult neurogenesis,
cognitive training maintains the density of DisRs at a constant level, at least in the olfactory

tubercle. Thus, an important supportive impact of cognitive training could be assumed.

In general, cognitive training seemed to stabilize the level of excitatory receptors. These
results are essential for the support of the brain by cognitive training in, e.g., memory processes
that are affected in dementia, Alzheimer’s, and Huntington's disease due to impaired adult
neurogenesis. Additionally, it is also interesting in the context of anxiety disorders, since the
chemical balance of the associated regions (in this case the dorsal peduncular cortex) could be

modulated by cognitive training either for prevention or complementary to therapeutic methods.
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Inhibitory receptors

Upon suppression of adult neurogenesis, the inhibitory receptors GABAas, GABAagz, GABAB,
and azRs revealed significant alterations in concentrations in trained and untrained animals.
However, GABA, and GABAaizRs did not show statistically significant differences in the comparison
of MWMce to MWMryz, suggesting the facilitation and simultaneous stabilization of adult
neurogenesis with cognitive training. The results of GABAgRs and a;Rs complemented each other in
the group comparisons: In CG animals, GABAgRs were significantly increased in the anterior
olfactory cortex, the ventral taenia tecta, the olfactory tubercle, the entorhinal cortex, and the
lateral orbitofrontal cortex. On the contrary, in MWM animals, GABAgRs decreased in the main
olfactory bulb, accessory olfactory bulb, the ventral taenia tecta, and olfactory tubercle. This may
be due to the fact that the receptor increased highly by cognitive training (see chapter 4.2). In
general, densities of GABAgR in CGruz were on the same level as in MWMce. This could lead to two
hypothesis: the increased number of GABAgRs could indicate a deficient state of the olfactory
system, or the receptor adapted to the suppressed neuroblast supply by limiting itself to a lower
receptor number to ensure a stability of the system. Interestingly, a previous study demonstrated
GABAGgRs antidepressant-like phenotypes that occurred after blocking GABAgRs (Cryan and Slattery,
2010), suggesting that low levels of GABAgRs could be used to prevent depression as a mental

iliness through cognitive training (Chan et al., 2020).

The increasing densities of a;Rs were striking in the anterior olfactory cortex, taenia tecta,
and dorsal peduncular cortex. This result could lead to new approaches in extinction learning, due
to the function of the taenia tecta and the dorsal peduncular cortex (Peters et al., 2009). The
anterior olfactory cortex supports odor processing and odor learning through connections to other
olfactory structures (Rothermel and Wachowiak, 2014; Cleland and Linster, 2019). Whether the
increase in density of the receptor could has a positive effect on the olfactory odor learning aspect

is uncertain.

In conclusion, the cognitive training stabilized the receptor density pattern, so the profiles
didn’t alter significantly after adult neurogenesis was suppressed. Consequently, cognitive training
was more likely to affect the receptor architecture of the olfactory system than adult neurogenesis.
Nevertheless, this hypothesis relates to a limited study time frame. In long-term studies, the
deficiency of new proliferative cells could probably not be compensated by cognitive training in the

long term.
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4.5 Sex differences in the rodent receptor architecture and impact on adult

neurogenesis

Only male mice were selected in the planning of this project. However, based on the
findings of the recent years, the problem of sex choices in experimental animals should be
highlighted. Pharmaceutical products are mainly based on male animals in most studies, which
might result in different outcomes in the female organism. According to the current state of
knowledge, it is known that female laboratory animals are also suitable for any kind of experiment
and their characteristics, such as a changing hormonal cycle, do not represent a limitation in the
analysis of the results. Therefore, an extension of the project with female experimental animals
would be beneficial for the conclusions of this project. In the process of these reflections, this
chapter will briefly summarize the studies regarding sex difference in adult neurogenesis and

neurotransmitter profiles of the brain.

Males and females have strong physiological differences due to their hormonal inequality.
Sex hormones, including gonadal hormones (androgens and estrogens) fluctuate and are known to
be the origin of sexual dimorphism with respect to behavior and adult neurogenesis in the
hippocampus (Mahmoud et al., 2016). In particular, the estrus cycle of females is responsible for a
strong cyclic fluctuation in hormone levels that is not observed in males in any comparable form.
Sexual experience, gestation, parturition, and lactation are special features of the female organism
that induce permanent alterations in the adult brain, including the hippocampal adult
neurogenesis. In general, gonadal hormones (progesterone, luteinizing hormone, estrogen,
estradiol) modulate the different stages of adult neurogenesis of the SGZ and SVZ, such as cell
proliferation and cell survival, in both male and female rodents (Mak et al., 2007; Galea, 2008;
Barha and Galea, 2010; Bowers et al., 2010; Leuner et al., 2010; Liu et al., 2010; Cheng et al., 2013;
Galea et al,, 2013; Chan et al., 2014, Barth et al,, 2015). Also, studies concerning stress hormones
that occur increased by the hormonal balance of female animals show that rats have 50% higher
proliferation throughout their estrous cycle during the proestrus phase than in the diestrus and
estrus phases (Westenbroek et al., 2004). Stress responses fluctuate more in cyclically altered
hormonal levels (Marques et al.,, 2016) and result in a substantial shift in neuroplasticity in the

prenatal phase that negatively affects cell proliferation in the adult brain (Mandyam et al., 2008).

Further, female sex hormones modulate synaptic transmission, which may lead to altered
responsiveness of hippocampal receptors (Yankova et al.,, 2001; Maejima et al., 2013) or
presynaptic neurotransmitter release (Yokomaku et al.,, 2003). Serotonin and dopamine in
particular are reported to be impaired in premenstrual dysphoric disorder, which is exclusively

dispositioned in females (Schmidt et al., 1998; Backstrom et al., 2003; Epperson et al., 2012). The
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effect of sex hormones on neurotransmitter systems varies. For instance, progesterone exerts
excitatory effects on glutamate responses (Hausmann and Guntlrkin, 2000) and GABAARs (van
Wingen et al., 2008), whereas estrogen has suppressive effects on GABA responses and also exerts
excitatory effects on glutamate transmission (Smith and Woolley, 2004). In particular, NMDARs
(Gazzaley et al., 1996; Woolley et al., 1997; Adams et al., 2004) and indirectly dopamine receptors

(Barth et al., 2015) are promoted by estrogen.

Also, at the level of receptor architecture, a significant sex-specific distinction in their
densities was found for the glutamatergic receptors AMPA, kainate, and NMDA in the rat
hippocampus (Palomero-Gallagher et al., 2003). Accordingly, male rats displayed higher densities
of these receptors than females. In addition, this study also showed a significant increase in
receptor concentrations in the female rodent brain in estrus, compared to diestrus. Thus,
modulation of sex-specific hormones on synaptic transmission and receptor architecture is evident.
In summary, there is a significant demand for comparative data from female experimental animals
and the current state of research is able to consider the hormonal cycle. Therefore, this work

provides a basis to look at comparative data from other sexes.
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4.6 Adult neurogenesis, learning and epilepsy

For a long time, only the hippocampus was the focus of research on the important topic of
epilepsy. It remained unconsidered that, just like the hippocampus, the olfactory system is
composed of regions with three- to five-layered allocortical structures. The piriform cortex and the

endopiriform nucleus are two of the regions now known for their high epileptogenic susceptibility.

The symptomatology of temporal lobe epilepsy lists early olfactory hallucinations (olfactory
auras) that are experienced subjectively and cannot be clearly localized (neuro)anatomically.
Olfactory ictal symptoms as an initial symptom of a focal seizure may vary, since it might be mis-
correlated to the environmental stimulus (Jacek et al., 2007; Elliott et al., 2009). Because of surgical
difficulties to study the regions of the olfactory system, progress in research is difficult to achieve,
although the olfactory system is of central scientific interest. However, a more accessible region is
the piriform cortex, which is predisposed to epileptic seizures because of its anatomy and its
central function in the olfactory system (Vaughan and Jackson, 2014). Injections into (among
others) this region of GABAA antagonists or kainic acid and other glutamatergic concentrations
resulted in bilateral tonic-clonic seizures. Therefore, prevention of an overexcitation of AMPARs or
NMDARs might prevent seizure (Piredda and Gale, 1986; Halonen et al., 1994; Tortorella et al,,
1997).

Moreover, kainic-acid-induced epilepsy caused an increased but abnormal neurogenesis in
the SGZ (Parent et al., 2007), thus a link between kainateRs, adult neurogenesis, and epilepsy has
already been demonstrated. Our data revealed no alteration of KainateR concentration by TMZ
administration in the control animal. However, upon the impact of cognitive training, receptor
alteration occurred in the lateral entorhinal cortex that is involved in the initiation of seizures
(Bernasconi et al., 1999; Xu et al., 2016). The effect of cognitive training on the initiation and
duration of epileptic seizures is part of current epilepsy research (Goldstein et al., 2004; Gorantla

et al., 2016; Leeman-Markowski and Schachter, 2017).

Cognitive training showed a reduction of NMDARs in the piriform cortex and endopiriform
nucleus, but also a blockade of NMDARs was found to be non-successful in the treatment of
epileptic seizures (Vaughan and Jackson, 2014). AMPARs did not reveal changes in their
concentration, so cognitive training cannot serve as a form of therapy to limit excitation of
glutamatergic AMPARs in this case. However, suppression of adult neurogenesis in the
endopiriform nucleus demonstrated a significant increase of GABAaRs, while cognitive training
increased the concentration only in the piriform cortex. Since GABAergic receptors regulate
NMDAR concentrations by blockade during low-frequency transmissions through

hyperpolarization, an increase in the receptor may be beneficial in the case of seizure reduction.
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GABAARs exhibit increased receptor densities in the trained animal, while GABAgRs increased in
regions where GABAARs were less altered (especially in the anterior olfactory cortex and entorhinal

cortex).

The endopiriform nucleus, although functionally barely studied, is a region with a crucial
role in temporal lobe epilepsy (Behan and Haberly, 1999; Majak and Morys, 2007). Here, an
increase in receptor densities of GABAA and a; could be observed, whereas Dy/sRs recorded a
strong decrease. A significantly low receptor density was evident during cognitive training.
Interestingly, increased DiR and decreased D;R function is involved in limbic epilepsy (Bozzi and
Borrelli, 2013), and therefore, a low receptor concentration of DiRs in the epileptogenic
endopiriform nucleus could be beneficial for patients to control epileptic seizures. Accordingly,
cognitive training and suppression of adult neurogenesis in this region may affect epileptogenic

activity.

The entorhinal cortex plays a role in seizure generation and propagation in temporal lobe
epilepsy through cell loss (Bernasconi et al.,, 1999). Our data showed a reduction in AMPARs
(medial part) and NMDARs (both) with a concomitant increase in the densities of GABAa@szRs
(medial), GABAgRs (both), and aiRs (medial) upon suppression of adult neurogenesis in the
entorhinal cortex. GABAgRs are responsible in shortening the duration of persistent states of
epileptic outbreaks in the entorhinal cortex (Mann et al., 2009; Nibber et al., 2017), thus an
increase could have a positive effect on epileptogenic seizures. Furthermore, since a;Rs block
norepinephrine-induced epileptic activity in the entorhinal cortex (Stanton et al., 1987), an
increase in concentration by TMZ administration may represent a positive impact on the clinical

profile of epilepsy.
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4.7 Conclusion and outlook

The findings on the receptor architecture of the olfactory system in the rodent brain
initiate further discussions. Since the olfactory system is responsible for a sense that shows first
symptoms in various neuronal diseases, the question about the chemical architecture of the
regions in the human brain emerges. The first part of the present work therefore provides a
comparative basis for future investigations in the human brain. Hierarchical cluster analysis of the
autoradiographic data revealed three functionally distinct cluster. Further functional experiments

are needed to confirm these clusters on a functional level.

This project revealed an impact of adult neurogenesis on the receptor architecture of the
olfactory system. There was no prove whether the differences were merely due to the absence of
ongoing neuronal plasticity, or whether a modulatory effect took place to compensate the lack of
new neurons. Further experiments are necessary to prove whether the neurogenic niches are
interconnected to compensate upon changes in the brain structure or whether certain regions can
be exclusively assigned to one niche. In general, most of the regions were altered in their receptor
profiles. A comparison of these profiles to those of experimental mouse models of human diseases
would be a useful next step for the interpretation of the data of this work. This could be essential in
the search for pharmaceutical research. Furthermore, an all-encompassing understanding of adult

neurogenesis is of great interest in regard to an increasingly aging population.

Cognitive training was shown to have a significant impact on the receptor architecture of
the olfactory system. Whether these alterations have a general positive effect on the olfactory
regions needs to be shown in further experiments. However, this observation is of interest for
neurodegenerative diseases, as often functional deficits of the olfactory system are part of the

early diagnosis of e.g., Alzheimer's or Parkinson's disease.

The extent to which cognitive training has a regulatory effect on the affected brain and its
neurotransmitter systems could be elucidated by the last part of this work. Behavioral data from
the trained animals from this project will need to be discussed and contextualized with the results

of this work.
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Supp. Tab. 25: Mean receptor densities of olfactory layers (CG versus CGtvz)

Supp. Tab. 26: Statistical analysis of the comparison of layer-specific receptor concentrations of CG
versus CGtmz

Supp. Tab. 27: Region-specific receptor concentrations of CG versus MWMcg

Supp. Tab. 28: Statistical analysis of the comparison of region-specific receptor concentrations of CG
versus MWMcg

Supp. Tab. 29: Mean receptor densities of olfactory layers (CG versus MWMcg)

Supp. Tab. 30: Statistical analysis of the comparison of layer-specific receptor concentrations of CG
versus MWMcg

Supp. Tab. 31: Region-specific receptor concentrations of MWMcg versus MWMrmz

Supp. Tab. 32: Statistical analysis of the comparison of region-specific receptor concentrations of
MWMce versus MWMrmvz

Supp. Tab. 33: Mean receptor densities of olfactory layers (MWMce versus MWMruz)

Supp. Tab. 34: Statistical analysis of the comparison of layer-specific receptor concentrations of
MWMce versus MWMrmmz

Supp. Tab. 35: Region-specific receptor concentrations of CG versus MWMrvz

Supp. Tab. 36: Statistical analysis of the comparison of region-specific receptor concentrations of CG
versus MWMruz

Supp. Tab. 37: Mean receptor densities of olfactory layers (CG versus MWMqrmz)

Supp. Tab. 38: Statistical analysis of the comparison of layer-specific receptor concentrations of CG
versus MWMrwvz

Supp. Tab. 39: Region-specific receptor concentrations of CGtmz versus MWMmuz

Supp. Tab. 40: Statistical analysis of the comparison of region-specific receptor concentrations of
CGrmz versus MWMrwvz

Supp. Tab. 41: Mean receptor densities of olfactory layers (CGrmz versus MW Mrwz)

Supp. Tab. 42: Statistical analysis of the comparison of layer-specific receptor concentrations of CGtmz

versus MWMrtwmz

187

235
240

245
247

249
254

259
262

264
270

275
278

280
284

289
292

294
300



Supp. Tab. 1: Sectioning protocol of mouse brains for autoradiography and staining methods including cell
body staining and myelin staining.
The section thickness was 16 um, start coordinate was bregma 3.8 mm and end coordinate was bregma -3.8
mm. Series 6, 11, 16 and 21 were distinguished by the fact that they included sections with non-specific
binding of the respective receptor, in which the binding of a displacer was observed to reveal actual specific

binding in the remaining sections, thus revealing the quality of the autoradiography.

Serien1-5,7-19,12-15,17-20, 22 - Ende Serie 6, 11, 16, 21

1 AMPA 1 AMPA

1b AMPA_UB
2 Kainate 2 Kainate

2b Kainate_UB
3 MK801 3 MK801

3b MK801_UB
4 LY341495 4 LY341495

4b LY341495 UB
5 Muscimol 5 Muscimol

5b Muscimol_UB
6 CGP54262 6 CGP54262

6b CGP54262_UB
7 Flumazenil 7 Flumazenil

7b Flumazenil_UB
8 SCH23390 8 SCH23390

8b SCH23390_UB
9 Raclopride/Fallypride 9 Raclopride/Fallypride

9b | Raclopride/Fallypride_UB
10 Cell body staining 10 Cell body staining
11 Myelin staining 11 Myelin staining
12 Prazosin 12 Prazosin

12b Prazosin_UB
13 RX812002 13 RX812002

13b RX812002_UB
14 Reserve 14 Reserve

14b Reserve_UB
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Supp. Tab. 2: Chemical composition of cell body staining

1. Fixation
Neutral buffered formalin

H,0 dest.

NaHzP04 . Hzo

NazHP04 . Hzo

Formaldehyde 37 — 40 %
2. H,0 dest. (flowing)
3. Pyridine acetic anhydride solution

Pyridine

Acetic anhydride

4. H,0 dest. (flowing)
5. Ammonium silver nitrate

Ammonium nitrate
Silver nitrate
Sodium hydroxide (4%)
6. Acetic acid (1%)
7. Developer solution
Stock A
H,0 dest.

Sodium carbonate anhydrous

Stock B
H,0 dest.

Ammonium nitrate
Silver nitrate

Tungstosilicic acid

Stock C
H,0 dest.

Ammonium nitrate

Silver nitrate

189

120 min

900 ml

4

6.5g

100 ml
2 x5 min
60 min
200 ml
100 ml
3x5min
30 min

03g
03g
09¢g

3 x 3 min
30 min
100 ml
1000 ml

50¢g

30 ml
1000 ml

2g
2g
10g

70 ml
1000 ml

2g
28



Tungstosilicic acid

Formalin (37%)

8. H,0 dest. (flowing)
9. Acetic Acid (1%)
10. Fixative solution
11. H,0 dest.

12. Ascending alcohol series
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10g

7.3 ml

5 min
5 min
10 min
5 min



1. Fixation

2. H,0 dest.
3. Formic acid (4%)

4. Formic acid/H,0,

5. H,0 dest. (flowing)
6. Acetic acid (1%)
7. Developer solution

A. Neutral buffered formalin

H,O dest.

NaH2PO4 . Hzo

NazHPO4 . Hzo

Formaldehyde 37 —40 %

B. Bodian's fixation mixture

EtOH (80%)

Formalin (37%)

Acetic acid (100%)

Formic acid
H,0O dest.

Formic acid
H,0, (30%)
H,O dest.

Stock A
H,0O dest.

Sodium carbonate anhydrous

Stock B
H,0O dest.

Ammonium nitrate
Silver nitrate

Tungstosilicic acid

191

Supp. Tab. 3: Chemical composition of myelin staining

120 min

900 ml

4

6.5g

100 ml

180 ml

10 ml

10 ml

2 x5 min
180 min
40 ml
1000 ml
Over night
100 ml
300 ml
600 ml
15 min
2 X 5 min
30 min
100 ml
1000 ml

50¢g

30ml
1000 ml

2g
2g
10g



Stock C 70 ml

H,0 dest. 1000 ml
Ammonium nitrate 28
Silver nitrate 2g
Tungstosilicic acid 10g
Formalin (37%) 7.3 ml
8. Acetic Acid (1%) 5 min
9. H,0 dest. (flowing) 5 min
10. Fixative solution 10 min
11. H,0 dest. 5 min

12. Ascending alcohol series
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Supp. Tab. 4: Monitoring of adult neurogenesis by immunofluorescence

Used primary and secondary antibodies with appropriate concentration. The performance of these

experiments is the content of a non-published work of the institute.

primary
antibodies

Anti GFAP

GFAP Polyclonal,
rabbit (Sigma-
Aldrich)

Anti BrdU
monoclonal,
rat (AbD
Serotec)

Anti NeuN

Monoclonal,
mouse
(Millipore)

BrdU

NeuN

1:500

1:100

1:1000

concentration
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primary antibodies

Biotin. Goat. Anti rabbit
(Dianova)

Biotin. Rabbit anti rat
(Vector Lab)

Biotin. Horse anti
mouse (Vector Lab)

concentration

1:200

1:200

1:200
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