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Summary&
 

Stress has been shown to influence neuroplasticity and is suspected to increase the risk for 

psychiatric disorders such as major depression and anxiety disorders. Additionally, the short variant of 

the human serotonin transporter (5-HTT) length polymorphism (5-HTTLPR) is suggested to increase 

the risk for the development of such disorders. While stress as well as serotonergic signaling are not 

only discussed to be involved in the development of psychiatric disorders, they are also known to 

influence hippocampal adult neurogenesis (aN). Therefore, it has long been suspected that aN is 

involved in the etiology of these illnesses. The exact role of aN in this context however, still remains to 

be clarified.  

In the present doctoral thesis, I am introducing two different studies, which had been carried 

out to assess possible changes in neuroplasticity and behavior as a result of 5-HTT genotype by stress 

interactions. In both studies, animals of the 5-HTT knock-out (5-HTT-/-) mouse line were used, which 

have been found to exhibit increased anxiety- and depression-related behavior, an altered stress 

response and decreased aggressive behavior. The aim of the first study, the so-called Spatial Learning 

study, had been to evaluate whether mice with altered levels of brain 5-HT as a consequence of lifelong 

5-HTT deficiency perform differently in two spatial memory tests, the Morris Water Maze (WM) and 

the Barnes Maze (BM) test prospectively differing in aversiveness. Mice of the Spatial Learning study 

were of male sex and six months of age, and where subjected to a total of 10 (BM) or 15 (WM) trials. 

My particular interest was to elucidate if there are genotype by treatment interactions regarding blood 

plasma corticosterone levels and, if neurobiological equivalents in the brain to the found behavioral 

differences exist. For this purpose I carried out a quantitative immunohistochemistry study, 

investigating stem cell proliferation (via the marker Ki67) and aN (via the immature neuron marker 

NeuroD), as well as expression of the two immediate early genes (IEGs) Arc and cFos as a markers for 

neuronal activity in the hippocampus. The aim of the second study, the chronic mild stress (CMS) 

study had been to evaluate whether the innate divergent depression-like and anxiety-like behavior of 

mice with altered levels of brain 5-HT as a consequence of 5-HTT-deficiency is altered any further after 

being subjected to a CMS paradigm. Two cohorts of one-year-old female mice had been subjected to a 

variety of unpredictable stressors. In order to exclude possible interfering influences of behavioral 

testing on corticosterone levels and the outcome of the quantitative immunohistochemistry study the 
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first cohort had been behaviorally tested after CMS while the second one had remained behaviorally 

untested. The objective of my part of the study was to find out about possible genotype by treatment 

interactions regarding blood plasma corticosterone as well as regarding aN in the hippocampus of the 

mice that had been subjected to CMS. For this purpose I performed a quantitative 

immunohistochemistry study in order to investigate the phenomenon of adult neurogenesis (via Ki67, 

NeuroD and the immature neuron marker DCX).  

Both studies led to interesting results. In the CMS study, we could not replicate the increased 

innate anxiety- and depression-like behavior in 5-HTT-/- mice known from the literature. However, 

with regard to the also well documented reduced locomotor activity, as well as the increased body 

weight of 5-HTT-/- mice compared to their 5-HTT+/- and 5-HTT+/+ littermates, we could 

demonstrate that CMS leads to increased explorative behavior in the Open Field Test and the 

Light/Dark Box primarily in 5-HTT+/- und 5-HTT+/+ mice. The Spatial learning study revealed that 

increased stress sensitivity of 5-HTT-/- mice leads to a poorer performance in the WM test in relation 

to their 5-HTT+/+ and 5-HTT+/- littermates. As the performance of 5-HTT-/- mice in the less 

aversive BM was undistinguishable from both other genotypes, we concluded that the spatial learning 

ability of 5-HTT-/- mice is comparable to that of both other genotypes. As far as stress reactivity is 

concerned, the experience of a single trial of either the WM or the BM resulted in increased plasma 

corticosterone levels, irrespective of the 5-HTT genotype. After several trials 5-HTT-/- mice exhibited 

higher corticosterone concentrations compared with both other genotypes in both tests. Blood plasma 

corticosterone levels were highest in 5-HTT-/- mice tested in the WM indicating greater aversiveness 

of the WM and a greater stress sensitivity of 5-HTT deficient mice. In the CMS study, the 

corticosterone assessment of mice of cohort 1, which had undergone behavioral testing before sacrifice, 

resulted in significantly elevated corticosterone levels in 5-HTT-/- mice in relation to their 5-HTT+/+ 

controls. Contrary, corticosterone levels in mice of cohort 1, which had remained behaviorally untested, 

were shown to be elevated / increased after CMS experience regardless of the 5-HTT genotype. 

Regarding neuroplasticity, the Spatial Learning study revealed higher baseline levels of cFos- and Arc-ir 

cells as well as more proliferation (Ki67-ir cells) and higher numbers of neuronal progenitor cells 

(NeuroD-ir cells) in 5-HTT-/- compared to 5-HTT+/+ mice. Moreover, in 5-HTT-/- mice we could 

demonstrate that learning performance in the WM correlates with the extent of aN. The CMS study, in 

which aN (DCX-ir cells), has also been found to be increased in 5-HTT-/- mice compared to their 5-

HTT+/+ littermates, yet only in control animals, did show hampered proliferation (Ki67-ir cells) in the 

hippocampus of all 5-HTT genotypes following CMS experience. Interestingly, the number of 

immature neurons (DCX-ir cells) was diminished exclusively in 5-HTT-/- mice in response to CMS.  
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From the Spatial Learning study we concluded, that increased IEG expression and aN levels 

observed in the hippocampus of 5-HTT deficient mice can be the neurobiological correlate of emotion 

circuit dysfunction and heightened anxiety of these mice and that 5-HTT-/- animals per se display a 

“stressed” phenotype as a consequence of long-life 5-HTT deficiency. Due to the different age and sex 

of the mice in the two studies, they cannot be compared easily. However, although the results of the 

CMS study seem to contradict the results of the Spatial Learning study at the first glance, they do 

support the conclusion of the Spatial Learning study by demonstrating that although CMS does have an 

impact on 5-HTT-/- mice on the neurobiological level (e.g. manifesting in a decrease of DXC-ir cells 

following CMS) CMS experience cannot add onto their heightened inborn stress-level and is almost 

ineffective regarding further changes of the behavior of 5-HTT-deficient mice. I thus propose, that 5-

HTT-/- mice as a result of lifelong altered 5-HT signaling display a stressed phenotype which 

resembles a state of lethargy and is paralleled by baseline heightened IEG expression and aN. It cannot 

be altered or increased by CMS, but it becomes most visible in stressful situations such as repeated 

spatial learning tests like the WM in which locomotor activity is required.  

 



 

Zusammenfassung&
 

Es ist bekannt, dass Stress die Neuroplastizität beeinflusst und es wird vermutet, dass dieser das 

Risiko erhöht eine psychische Erkrankung wie Depressionen oder Angststörungen zu entwickeln. 

Daneben wurde auch die kurze Variante des menschlichen Serotonintransporter (5-HTT)-Gens mit 

einem erhöhten Risiko für psychische Erkrankungen assoziiert. Stress und 5-HT werden jedoch nicht 

nur mit psychischen Erkrankungen in Verbindung gebracht, sondern sie sind auch bekannt dafür, dass 

sie die hippocampale adulte Neurogenese (aN) beeinflussen. Nicht zuletzt deswegen wird seit langem 

vermutet, dass die aN an der Ätiologie dieser Erkrankungen beteiligt ist. Dabei ist jedoch noch unklar, 

welche Rolle die aN hierbei spielt.  

In der vorliegenden Doktorarbeit stelle ich zwei verschiedene Studien vor, die durchgeführt 

wurden um mögliche Veränderungen in der Neuroplastizität und dem Verhalten aufgrund von 

Interaktionen zwischen dem 5-HTT Genotyp und Stress zu erforschen. In beiden Studien wurden Tiere 

der 5-HTT knock-out (5-HTT-/-) Mauslinie verwendet, die bekannt dafür sind, erhöhtes depressions- 

und angstähnliches Verhalten, sowie eine veränderte Stressantwort und verringertes aggressives 

Verhalten zu zeigen. Das Ziel der ersten Studie, der sogenannten Spatial Learning-Studie, war es 

herauszufinden ob Mäuse, die aufgrund des lebenslangen Fehlens des 5-HTT einen veränderten 5-HT-

Spiegel besitzen, im Morris Water Maze (WM) und dem Barnes Maze (BM), zwei Verhaltenstests, die 

das räumliche Gedächtnis überprüfen und sich potenziell in ihrer Aversivität unterscheiden, ein 

verändertes Verhalten zeigen. Die Mäuse der Spatial Learing-Studie waren männlich, sechs Monate alt 

und waren im Ganzen zehnmal dem BM und fünfzehnmal dem WM unterzogen worden. Mein 

spezielles Interesse galt der Untersuchung ob es Interaktionen zwischen Genotyp und Testbedingung 

gibt, die sich auf den Kortikosteron-Spiegel sowie auf neurobiologischer Ebene auswirken. Zu diesem 

Zweck führte ich eine quantitative immunhistologische Studie durch. In dieser untersuchte ich die 

hippocampale aN auf Ebene der Stammzellproliferation (über den Marker Ki67) und auf Ebene von 

jungen unreifen Neuronen (über neuronalen Vorläuferzell-Marker NeuroD) sowie die Expression der 

beiden Immediate Early Genes (IEGs) Arc und cFos, als Marker für neuronale Aktivität im 

Hippocampus. Das Ziel der zweiten Studie, in der Mäuse unterschiedlichen 5-HTT-Genotyps 

chronisch mildem Stress (chronic mild stress, CMS) ausgesetzt wurden, war es herauszufinden, ob das 

angeborene, verstärkte depressions- und angstähnliche Verhalten von 5-HTT-defizienten Mäusen noch 
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weiter durch den CMS moduliert wird. Hierfür wurden zwei Kohorten von einjährigen weiblichen 

Mäusen unterschiedlichen 5-HTT-Genotyps einer Auswahl an unvorhersehbaren Stressoren ausgesetzt. 

Die Mäuse der ersten Kohorte wurden nach dem CMS noch verschiedenen Verhaltenstests unterzogen, 

während die Mäuse der zweiten Kohorte nicht auf ihr Verhalten hin getestet wurden. Meine Aufgabe in 

dieser Studie zielte darauf, mögliche Interaktionseffekte zwischen dem 5-HTT-Genotyp und der 

Behandlung mit CMS in Bezug auf den Kortikosteron-Spiegel im Blutplasma sowie auf die aN im 

Hippocampus zu finden. Die aN wurde mithilfe der quantitativen Immunhistochemie und 

verschiedenen Markern einzelner aN-Stadien wie z.B. Ki67, NeuroD sowie DCX untersucht.  

Beide Studien führten zu interessanten Ergebnissen. Das aus der Literatur bekannte verstärkte 

depressions- und angstähnliche Verhalten der 5-HTT-/- Mäuse konnte im Rahmen unserer CMS-

Studie nicht repliziert werden. Jedoch gelang uns bezüglich der bereits von mehreren Studien ebenfalls 

dokumentierten reduzierten lokomotiorischen Aktivität, als auch dem erhöhten Gewicht der 5-HTT-/-

- im Vergleich zu den 5-HTT+/+-Mäusen der Nachweis, dass CMS vor allem in 5-HTT+/- und 5-

HTT+/+ Mäusen zu vermehrtem explorativem Verhalten im Open Field Test und in der Light/Dark 

Box führt. Die Spatial Learning-Studie zeigte, dass 5-HTT-/- Mäuse im Vergleich zu 5-HTT+/+ 

Mäusen im der WM-Tests, aber nicht der BM-Tests, eine schlechter Leistung an den Tag legten, dass 

aber  alle Mäuse unabhängig vom 5-HTT-Gentoyps gut räumlich lernen konnten. Im Hinblick auf die 

Stressantwort konnte gezeigt werden, dass ein einzelner Durchgang im WM oder BM zu einem vom 5-

HTT-Genotyp unabhängigen Kortikosteronanstieg im Blutplasma führte. Mehrere Durchgänge 

resultierten jedoch in beiden Tests in Genotyp-abhängigen Unterschieden der 

Kortikosteronskonzentrationen. Diese waren 5-HTT-/- Mäusen im Vergleich zu 5-HTT+/- und 5-

HTT+/+ Mäusen erhöht. Hierbei zeigten 5-HTT-/- Mäuse nach mehrfacher WM-Erfahrung, noch 

tendenziell höhere Kortikosteronkonzentrationen im Blutplasma als die Mäuse nach mehrfacher BM-

Erfahrung, was auf eine höhere Aversivität des WM sowie eine höhere Stresssensitivität der 5-HTT-/- 

Mäuse hindeutet. In der CMS-Studie resultierte die Untersuchung von Mäusen der Kohorte 1, die vor 

ihrem Tod noch Verhaltenstests unterzogen worden waren, unabhängig von ihrer CMS-Erfahrung in 

signifikant erhöhten Kortikosteronkonzentrationen in 5-HTT-/- im Vergleich zu 5-HTT+/- und 5-

HTT+/+ Mäusen. Im Gegensatz dazu waren die Kortikosteron-Werte der Kohorte 2, unabhängig 

vom Genotyp, in den CMS-Mäusen im Vergleich zu den Kontrollen siginikant erhöht. Die 

Untersuchung neuroplastischer Phänomene ergab im Rahmen der Spatial Learning-Studie in 5-HTT-/-, 

verglichen mit 5-HTT+/+-Mäusen, eine erhöhte Anzahl cFos- und Arc-immunreaktiven (ir) Zellen, 

eine erhöhte Anzahl neuronaler Vorläuferzellen (NeuroD-ir Zellen) sowie mehr proliferierende Zellen 

(Ki67-ir Zellen). Darüberhinaus konnte in 5-HTT-/- Mäusen gezeigt werden, dass die Leistung im 
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WM-Test mit der Anzahl neu gebildeter junger Neurone korreliert, was für die funktionelle Relevanz 

der aN spricht. Auch in der CMS Studie, war die aN (DCX-ir Zellen) in 5-HTT-/- gegenüber 5-

HTT+/+ Mäusen erhöht, wenn auch nur in Kontrolltieren. Außerdem konnte mit der CMS Studie 

gezeigt werden dass Stress, sowohl unabhängig vom Genotyp als auch in Interaktion mit dem 5-HTT-

/- Genotyp, die Proliferation, sowie die Anzahl unreifer Neurone verringert.  

Aus den Ergebnissen der Spatial Learning-Studie folgerten wir, dass die Expression von IEGs 

und das Ausmaß der aN im Hippocampus von 5-HTT-defizienten Mäusen das neurobiologische 

Korrelat von erhöhter Ängstlichkeit sein könnte, da 5-HTT-/- Mäuse aufgrund des ihnen lebenslang 

fehlenden 5-HTT von sich aus einen gestressten Phänotyp mitbringen. Aufgrund des unterschiedlichen 

Alters und Geschlechts der Mäuse dieser beiden Studien ist es nicht leicht die Ergebnisse dieser beiden 

Studien zu vergleichen. Dennoch unterstützen sie die Schlussfolgerung der Spatial Learning-Studie, 

selbst wenn die Ergebnisse der CMS Studie denen der Spatial Learning-Studie auf den ersten Blick zu 

widersprechen scheinen. Und zwar zeigen die Ergebnisse, dass CMS, obwohl er sich neurobiologisch, 

in Form einer Verringerung von DCX-ir Zellen, auf 5-HTT-/- Mäuse auswirkt, nichts in punkto des 

angeborenen erhöhten Stress-Levels ausrichten kann und beinahe wirkungslos ist im Hinblick auf das 

Verhalten der 5-HTT-/- Mäuse. Aus alledem folgere ich, dass 5-HTT-defiziente Mäuse aufgrund ihrer 

lebenslang veränderten 5-HT-Homöostase einen gestressten Phänotyp aufweisen, welcher sich u.a. 

durch eine verstärkte Lethargie bemerkbar macht, parallel dazu zeichnen sich die 5-HTT-defizienten 

Mäuse durch eine verstärkte Expression von IEGs sowie durch erhöhte aN aus. Die genannte 

verstärkte Lethargie kann durch CMS nicht verändert oder verstärkt werden sondern wird in 

Situationen mit erhöhtem Stress, z. B. in Verhaltenstests wie dem WM, welche körperliche Aktivität 

voraussetzen, besonders leicht erkennbar.  
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1 Introduction&

1.1 Adult(Neurogenesis(in(the(Mammalian(Hippocampus(

Neurogenesis constitutes the process in which neural stem or progenitor cells give rise to new 

nerve cells. Adult neurogenesis (aN), the birth of new neurons in the adult brain, was first discovered in 

the 1960s by Joseph Altman (Altman 1962; Altman & Das 1965; Altman & Das 1967)and forgotten 

soon after, until it was rediscovered in the 1980s and 1990s in various species from songbirds to 

primates including humans (Goldman & Nottebohm 1983; Barnea & Nottebohm 1996; P. Eriksson et 

al. 1998; Gould, Reeves, et al. 1999b). Substantial production of new neurons in the adult mammalian 

brain is restricted to two cortical regions, namely the subventricular zone of the lateral ventricle, and the 

dentate gyrus of the hippocampal formation.  

1.1.1 The&Hippocampus&

The hippocampal formation is a component of the medial temporal lobe memory system and is 

structured in the three characteristic laminae of the archicortex (Andersen et al. 2006). The key 

components of the hippocampal formation are the perirhinal cortex, the entorhinal cortex, the 

parahippocampal cortex, the subiculum, the cornu ammonis subfields 1-3 (CA 1-3), also called the 

hippocampus porper, and the dentate gyrus (DG) (Kandel et al. 2000). In the hippocampus proper 

(Figure 1.1) the three laminae are called stratum (str.) oriens, str. pyramidale und str. radiatum, in the 

DG (Figure 1.1) they are called hilus, granular cell layer (str. Granulosum; GCL) and molecular layer 

(str. Moleculare; ML) (Andersen et al. 2006).  
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Figure 1.1 Niss l - s ta ined  corona l  s e c t ion  through the  mouse  h ippocampus wi th  co lor  a c c en t ed  subreg ions .   
HP, hippocampus proper; CA1, CA1 field of the hippocampus; CA3, CA3 field of the hippocampus; sr, stratum 
radiatum of the hippocampus; sp, stratum pyramidale of the hippocampus; so, stratum oriens of the 
hippocampus; DG, dentate gyrus; ML, molecular layer of the dentate gyrus; GCL, granule cell layer of the 
dentate gyrus; SGZ, subgranular zone. 
 

The responsibility of the hippocampus lies in processing information for the establishment of 

explicit (declarative) memory (Guzowski et al. 2001; Kandel et al. 2000; Squire 1993). Explicit memory 

encompasses e.g. spatial memory, and contextual memory. Somatic, visual or auditory information, 

processed in the polymodal association areas (the prefrontal, limbic and parieto-occipital-temporal 

cortices) is conveyed to the parahippocampal and perirhinal cortices and travels from there to the 

entorhinal cortex. Starting from there, each region of the hippocampal formation is linked uni-

directionally in a so-called “tri-synaptic circuit” (Witter & Amaral 2004). First, the information travels 

via the perforant path through the surface layers (layers II and III) of the entorhinal cortex to the 

granule cells of the dentate gyrus. Secondly, the axons of these granule cells convey the information 

further to the proximal dendrites of the pyramidal cells of the CA3 via the mossy fiber system. The 

third projection occurs between pyramidal cells of the CA3 and those of the CA1 subfield via the 

Schaffer collateral system. Additionally the information travels from pyramidal cells of the CA3 to CA3 

pyramidal cells of the contralateral hippocampus through the commissural pathway. From the CA1 

subfield, the information travels to the subiculum and from there back to deep layers of the entorhinal 

cortex. Finally, from the entorhinal cortex the information is transported back to the parahippocampal 

and perirhinal cortices to be sent back to the association cortices where it is stored longterm as explicit 

memory (Lorente De Nó 1934; Blackstad 1956; BLACKSTAD 1958; Amaral 1978; Bayer 1985; Amaral 

& Witter 1989; WITTER 1989) Within the hippocampus, certain subregions have different 
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connectivities and functions. Moser and Moser suggested that the hippocampus is functionally different 

along its dorsoventral (septotemporal) axis (M. B. Moser & E. I. Moser 1998; Fanselow & Dong 2010). 

In rodents, spatial memory and episodic memory primarily appear to depend on the dorsal and not the 

ventral hippocampus (E. I. Moser 1995; Davachi & Wagner 2002; Broadbent et al. 2004). On the other 

hand, the ventral but not dorsal hippocampus is thought to mediate stress responses and therefore to 

be involved in emotional behaviour (Henke 1990; Herman et al. 1998; Fanselow & Dong 2010; Segal et 

al. 2010).  

 

Figure 1.2 Scheme o f  a  mouse  h ippocampus and sket ches  o f  corona l  bra in  s e c t ions .   
The sketches in the upper right corner display the location of the septal part oft he hippocampus in relation to 
the corpus callosum (emphasized in light gray), which still connects the right and left hemispheres at this point. 
In the lower right corner, the temporal hippocampus is displayed in relation to the corpus callosum, which at this 
point has split up into a left and a right part.  

1.1.2 Cell&types&characteristic&for&the&different&stages&of&adult&Neurogenesis&&

Hippocampal adult neurogenesis is restricted to a relatively limited area, the subgranular zone 

(SGZ) of the DG (red line in Fig. 1.2). Currently, adult neurogenesis is thought to consist of several 

developmental stages (Kempermann et al. 2004; Ming & Song 2005) that are characterized by 

morphologically distinct cells (inset in Fig. 1). In the SGZ of the DG two different types of adult neural 

stem cells (NSCs) can be found (no. 1 and 2 in Figure 1.2 B). Type 1 cells represent radial glia-like cells, 

and type 2 cells are non-radial neural progenitor cells (NPCs). Both are capable of self-replication but 

possibly have a reciprocal lineage relationship. They proliferate and their offspring (No. 3 in Figure 1.2 

B) differentiate and migrate into the granule cell layer of the DG, and show low proliferative potential. 
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Later, these cells extend their dendrites toward the molecular layer of the DG, and their axons extend 

into the hilus and the CA3 (No. 4-6 in Figure 1.2 B). Finally, the adult newborn neurons become 

functionally integrated into the hippocampal network, receiving inputs from the entorhinal cortex and 

sending outputs to hippocampal area CA3 and the hilus. However, not all newly formed cells survive, 

many of them die within a few days or weeks after generation (Dayer et al. 2003).  

 

Figure 1.3 The h ippocampus ,  one  o f  the  major  s i t e s  o f  adu l t  neurogenes i s .   
A) Photomicrograph of a Nissl-stained coronal section displaying the mouse hippocampal formation with color 
accented subregions. The dentate gyrus (DG), which consists of the molecular layer (ML), the granule cell layer 
(GCL), and the hilus (Hi), as well as the hippocampus proper, which can be subdivided tangentially into the 
cornu ammonis (CA) sectors CA1, CA2 (not indicated), and CA3 are displayed. The subgranular zone (SGZ), a 
narrow layer of cells located between the GCL and hilus of the DG, contains adult progenitor cells and is 
accentuated with red. B) Schematic representation of cells in different adult neurogenesis stages. The generation 
of new neurons in the DG can be divided into at least 6 stages. Two different types of adult neural stem cells 
reside at the SGZ of the DG. Cell No. 1 represents type 1 (radial) neural stem cells, and cells No. 2a/b represent 
non-radial neural stem cells, which possibly have a reciprocal lineage relationship and are capable of self-
replication. Cell No. 3 represents migratory progenitor cells, which show little proliferative action. Cells No. 4–6 
represent different stages of postmitotic newborn cells fated to finally become mature granule cells. (Image was 
published in M. M. Lee et al. 2013). 

1.1.3 Markers&for&different&stages&of&adult&Neurogenesis&

Typically, adult neurogenesis is detected via immunohistochemistry. This can either be 

performed using 5-bromo-2-deoxyuridine (BrdU) antibodies following intraperitoneal (i.p.) BrdU 

administration (Gratzner 1982) or using antibodies detecting different endogenous adult neurogenesis 

markers without the need for stressful i.p. treatment of the respective animals (Bohlen und Halbach 
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2011). BrdU can be given either once or a number of times, then incorporating into replicating DNA in 

place of thymidine (also called deoxythymidine). Neurons that have incorporated the injected BrdU 

during mitosis and which have subsequently differentiated into neurons, can be identified via double-

labeling with antibodies against neuron markers such as NeuN. The use of various antibodies detecting 

endogenous adult neurogenesis allows the further division of adult neurogenesis into different 

developmental stages, and allows the monitoring of neurogenesis at these different stages in the same 

hippocampus using serial sections. This is possible since the various developmental stages correlate 

with the expression of different markers (Bohlen und Halbach 2011). For the detection of cell 

proliferation at the initial phase of the birth of new neurons (adult neurogenesis) antibodies against the 

cell cycle marker Ki67 is commonly used (Kee et al. 2002). It should be mentioned, however, that 

antibodies against Ki67 detect mitotic cells regardless of their identity or fate (Gerdes et al. 1991; 

Scholzen & Gerdes 2000). Other very popular endogenous adult neurogenesis markers include i) 

nestin, an intermediate filament expressed in many, if not all, NPCs, ii) NeuroD, a basic helix-loop-

helix protein and a differentiation factor for neurogenesis in diverse species, iii) the polysialylated 

embryonic form of the neural cell adhesion molecule (NCAM), abbreviated to PSA-NCAM which has 

been found in cells that seem to be NPCs related to neural stem cells, iv) TUC (TOAD [turned on after 

division]/Ulip [UNC-33- like protein]/CRMP [collapsin response-mediator protein])-4 can be used as a 

marker for early postmitotic neurons but seems also to be expressed in mitotic cells during 

neurogenesis, and v) doublecortin (DCX), a protein that promotes microtubule polymerization, which 

is present in migrating neuroblasts and young neurons (for review see: (Bohlen und Halbach 2011). As 

DNA labeling by BrdU is potentially toxic, and therefore a confounding factor in some experiments, 

the importance of these adult neurogenesis-related antibodies for further investigations of the adult 

neurogenesis phenomenon is often underemphasized.  
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Figure 1.4 Markers  used  for  the  de t e c t ion  o f  c e l l  pro l i f e ra t ion  and neurogenes i s  in  rodent  h ippocampus 
t i s sue .  
At stages 1-5 of aN in the DG, different specific molecules are expressed by the newly formed cells. Stage 1: 
Proliferation of precursor cells. Stage 2: Differentiation of transiently amplifying cells. Stage 3: Migration of 
immature neurons into the granular cell layer. Stage 4 (Targeting): Immature and postmitotic extend their 
dendrites and axons. Stage 5: New granule cells are synaptically integrated into the network of the hippocampal 
formation. GFAP: Glial fibrillary acidic protein; Pax6: Paired box protein 6; NeuroD: neurogenic differentiation; 
PSA-NCAM: Polysialylated-neural cell adhesion molecule ; DCX: Doublecortin; Tuc4: TOAD [Turned On After 
Division]/ Ulip/CRMP 4; Tuj1: Neuron-specific class III β-tubulin; NeuN: neuronal nuclear antigen.  
 

Although, the physiological and behavioral role of adult neurogenesis is still under debate 

(Kempermann 2008; Deng et al. 2010; Burghardt et al. 2012; Glasper et al. 2012), nowadays it is well 

accepted that it carries on from the late embryonic stage through to old age. The re-discovery of 

hippocampal adult neurogenesis in the eighties and nineties by the groups of Goldman and Gould, as 

well as the discovery of aN in humans by Eriksson in 1998 has led to an explosion of research in 

neuroscience over the past two decades (Goldman & Nottebohm 1983; Barnea & Nottebohm 1996; P. 

Eriksson et al. 1998; Gould, Reeves, et al. 1999b).  

1.1.4 Positive&and&negative&modulators&of&Adult&Neurogenesis&

In the late 1990s, studies relying on the BrdU integration method, brought about a number of 

discoveries regarding the regulation of adult neurogenesis. Among the positive regulators are enriched 

environment, voluntary exercise, as well as learning and memory tasks (Kempermann et al. 1997; 
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Gould, Beylin, et al. 1999a; van Praag et al. 1999; van Praag et al. 2005). In 1997, Kempermann and his 

colleagues discovered that mice exposed to an enriched environment, namely a homecage equipped 

with a running-wheel, toys and tunnels, displayed significantly more new neurons than mice housed in a 

conventional cage (Kempermann et al. 1997). In addition, Henriette van Praag and co-workers 

demonstrated that voluntary running alone also resulted in an increase of BrdU-positive cells, indicating 

that physical activity can regulate hippocampal neurogenesis (van Praag et al. 1999). Other regulatory 

factors are neurotransmitters such as serotonin, which can both enhance the proliferation of NPCs and 

the production of new neurons (Gould 1999), gonadal hormones (Spritzer & Galea 2007; Galea et al. 

2006; Spritzer et al. 2011), and trophic factors such as brain-derived neurotrophic factor (BDNF) 

(Bekinschtein et al. 2011). Moreover, chronic antidepressant treatments markedly stimulate 

hippocampal neurogenesis (Malberg et al. 2000; Païzanis et al. 2007). Negative regulators of adult 

neurogenesis include binge alcohol exposure in adolescence (S. A. Morris et al. 2010) and oxidative 

stress (Taupin 2010). However, the most prominent negative regulators of adult neurogenesis are old 

age (Seki & Arai 1995; H. Kuhn et al. 1996; Kempermann et al. 1998; Amrein et al. 2011) and stress 

exposure during all ontogenetic phases (Gould et al. 1998; Gould, Beylin, et al. 1999a; Lucassen, 

Stumpel, et al. 2010b; Hanson et al. 2011; Mirescu et al. 2004). In addition to a genetic predisposition, 

stress can be looked upon as a key vulnerability factor in the development of various neuropsychiatric 

disorders. The intense regulation by stress (amongst other factors), strongly implicates adult 

neurogenesis in a variety of pathophysiological mechanisms. Therefore, one of the topics under intense 

research is the correlation between adult neurogenesis and the pathophysiology of psychiatric disorders 

like fear and anxiety (Santarelli et al. 2003; Saxe et al. 2006; Revest et al. 2009), major depression 

(Boldrini et al. 2009; Boldrini & Arango 2010; Lucassen, Stumpel, et al. 2010b; Anacker et al. 2011; 

Snyder et al. 2011) and schizophrenia (Reif et al. 2006). In a study by Schmitt et al., in which 5-HTT 

deficient mice where examined, showed that aN is influenced by the lack of the 5-HTT, even if aN 

differences between 5-HTT-/- and +/+ litters could exclusively be revealed in older, and not in young 

mice (Schmitt et al. 2007). 

1.2 The(Serotonergic(System(

The monoamine Serotonin is derived from the essential amino acid L-Tryptophane. It is 

synthesized in two steps. First tryptophane hydroxylase (TPH; in the brain TPH2) metabolizes L-

Tryptophane into 5-Hydrox-L-tryptophan (5-HTP), which is then decarboxylized into Serotonin (or 5-

Hydroxtryptamine; 5-HT) by 5-Hydroxytryptophan decarboxylase (Kandel et al. 2000).  
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Cell bodies of serotonergic neurons in the mammalian brain are found along the midline of the 

brain stem from the midbrain to the medulla oblongata. Here Serotonergic neurons are clustered into 

nine nuclei numbered B1-9 on a rostrocaudal axis (Kandel et al. 2000; K. P. Lesch & Waider 2012). 

Raphe neurons in the B1-B3 cell groups along the midline of the caudal medulla oblongata send 

descending projections to the motor and autonomic systems in the spinal cord. The raphe magnus 

nucleus (B4) at the level of the rostral medulla oblon projects to the spinal dorsal horn and is thought 

to modulate the perception of pain. The serotonergic groups in the pons and and midbrain (B5-B9) 

include pontine, dorsal (B6, B7) and median raphe nuclei (B9, B8, and B5) and project to virtually the 

whole of the forebrain. Serotonergic pathways play important regulatory roles in hypothalamic 

cardiovascular and thermoregulatotry control and modulate the responsiveness of cortical neurons, and 

influence sensory processing, cognition, emotional states, circadian rhythms, food intake, and 

reproduction (Kandel et al. 2000; K. P. Lesch & Waider 2012).  

1.2.1 The&Serotonin&Transporter&&

Ever since the 1960ies, brain monoamines, and serotonin in particular, have been suspected to 

be linked to different psychiatric conditions such as depression, anxiety, antisocial behaviour, and 

dependence (BUNNEY 1965; COPPEN 1967; Maas 1975; Heninger et al. 1996). Many studies have 

implicated genetic variability in two particular genes, both of which are responsible for the termination 

of the serontonergic signal. The first one, the enzyme monoamine oxidase (MAO) which accomplishes 

termination through catabolism via oxidative deamination by (Frazer & Hensler 1999). The other and 

probably the most important one is the 5-HT Transporter (5-HTT) which is responsible for the re-

uptake of Serotonin into the presynapse (Frazer et al. 1999; Frazer & Hensler 1999). It is one of the 

transporter molecules in neurons which support temporal and spatial buffering of neurotransmitter and 

neurotransmitter metabolite concentrations and which are responsible for cycling and recycling of 

transmitter molecules (Uhl & Johnson 1994). By removing 5-HT from the synaptic cleft the 5-HTT 

fine-tunes 5-HT neurotransmission and thus determines the magnitude and duration of postsynaptic 

receptor-mediated signaling (Blakely et al. 1994; Uhl & Johnson 1994). The 5-HTT is a Na+/Cl- 

dependent transport protein and is made up of 630 amino acids with 12 transmembrane domains. It 

was first cloned from rat brain in 1991 by Blakely and colleagues (Blakely et al. 1991). Two years later 

Ramamoorthy (Ramamoorthy et al. 1993) and colleagues were able to identify an identical human 

placental 5-HTT, and finally in 1994 Lesch et. al isolated human 5-HTT from brain and blood platelets 

(K.-P. Lesch et al. 1994). The human 5-HT gene was mapped to human chromosome 17q1 1.2 

(Ramamoorthy et al. 1993) and is organized in 14 exons spanning ~ 35kb (K.-P. Lesch et al. 1994). The 

5-HTT regulates the concentration of 5-HT in the extracellular space, therefore affecting the receiving 
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neurons as well as 5-HT turnover in the presynapse. Additionally, it is known to be a principal target 

for the most common anti-depressants such as the selective serotonin reuptake inhibitors (SSRIs), 

psychostimulants, as well as drugs of abuse including MDMA (“ecstasy”) and cocaine (Wellman et al. 

2007; Blakely et al. 1991; Blakely et al. 1994; Uhl & Johnson 1994; K. Lesch 2005; Narayanan et al. 

2011; Bengel et al. 1998). 

The 5-HTT has long been implicated in a variety of central nervous system (CNS) disorders, 

including depression (Tuomisto & Tukiainen 1976; Meltzer et al. 1981; Stanley et al. 1982). Moreover, 

altered 5-HTT expression in various types of psychiatric disorders has been well documented and 

indicates the importance of 5-HTT expression in maintaining normal brain function (Murphy et al. 

2004). Molecular genetic studies in humans have revealed several 5-HTT gene variations which 

comprise a repeat length-polymorphism in the transcriptional control region (5-HTT linked 

polymorphic region, 5-HTTLPR), resulting in a short (S) and a long (L) allele. The S-allele entails lower 

5-HTT mRNA/protein levels and is shown to be associated with personality traits of negative 

emotionality including anxiety, depression and aggressiveness (Lewejohann et al. 2010; Gardner et al. 

2009; K. Lesch et al. 1996; Holmes 2008; K. Lesch & Mossner 1998; Lanfumey et al. 2008; Canli & K. 

P. Lesch 2007; Lowry et al. 2005). 

1.2.2 The&Serotonin&Transporter&KnockYout&Mouse&

For a better understanding about how an altered serotonergic system due to different 5-HTT 

gene variants influences emotionality and behavior - and since rodents unlike humas do not posess a 

length variation in the promotor region - a 5-HTT deficient mouse line was generated by disrupting the 

gene via homologous recombination (Bengel et al. 1998). 

With the help of this method combined with subsequent crossbreeding, the different genotypes 

are generated. Wildtype (5-HTT+/+) mice are genetically unchanged and posess two active 5-HTT 

genes. Heterozygous (5-HTT+/-) animals display a reduction of 5-HTT expression by 50% and 

homozygous 5-HTT-knockout (5-HTT-/-) mice, in which the 5-HTT gene has been completely 

inactivated, cannot produce any 5-HTT molecules (Bengel et al. 1998). The result of the elimination (5-

HTT-/-) or reduction (5-HTT+/-) of the 5-HTT is that less serotonin can be transported back into the 

pre-synapse. Thus intracellular and extracellular 5-HT levels are changed from early stages of 

development onwards. In more detail, 5-HTT-/- mice show a 5 up to 13-fold increase of 5-HT 

concentrations in the extracellular space as evidenced by in vivo microdialysis in different brain regions 

including prefrontal cortex, striatum and substantia nigra (Fabre et al. 2000; Shen et al. 2004; Mathews 
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et al. 2004). In contrast, overall brain tissue levels of 5-HT are significantly (60-80%) reduced (Bengel et 

al. 1998).  

This lifelong reduced or absent 5-HTT function is associated with a complex series of adaptive 

changes at the neurochemical level such as the compensatory increased expression of the organic 

cationic transporter 3 in the hippocampus of 5-HTT-/- mice, the expression and function of different 

receptors and various neuroplasticity phenomena such as higher spinogenesis in the amygdala of 5- 

HTT-/- compared to 5-HTT+/+ mice (Schmitt et al. 2003; Schmitt et al. 2007; Nietzer et al. 2011; 

Fabre et al. 2000), for review see (Murphy & K.-P. Lesch 2008). In addition to baseline differential gene 

expression of 5-HTT-/- mice, 5-HTT-/- and 5-HTT+/+ animals react differently to acute stress: 

While 5-HTT+/+ mice immediately after being exposed to forced swimming for one minute were 

found to express genes in the amygdala that are related to neuroplasticity and adaptation to stressors, 5-

HTT-/- express genes more related to chronic stress and pathophysiology (Hohoff et al. 2013). 

Furthermore, 5- HTT deficient mice exhibit a changed behavioral phenotype. For instance, when 

characterizing 5-HTT-/- mice for anxiety-related behaviors via a battery of behavioral test consisting of 

the elevated plus maze, light-dark exploration test, emergence test as well as the open field test, Holmes 

and his colleagues found that 5-HTT-/-mice showed increased anxiety-like behavior and inhibited 

exploratory locomotion as compared to their +/+ littermates (Holmes et al. 2003). In an earlier study 

Holmes had already detected that mice lacking the 5-HTT are less aggressive than 5-HTT+/+ mice in 

the resident intruder test (Holmes, Murphy, et al. 2002a). Later this finding was and added onto by 

Lewejohann et al., when exposing mice of all three genotypes of the 5-HTT knock-out line to an 

enriched environment, which allowed the animals to show a wide variety of spontaneous behavioural 

patterns. In addition to the reduced aggressive behavior, he also found reduced locomotion, and 

increased socio-positive behaviour in 5-HTT-/- mice compared to their 5-HTT+/+ and 5-HAT+/- 

littermates (Lewejohann et al. 2010). Another characteristic of the 5-HTT-/- genotype along with 

reduced locomotor activity is late-onset obesity (Üçeyler et al. 2010). Moreover, a number of studies 

have already shown that anxiety-and/or depression-related behavior in 5-HTT deficient mice is 

exacerbated by stress exposure (Wellman et al. 2007; Heiming et al. 2009; Jansen et al. 2009).  

1.2.3 The&Serotonergic&System&and&Adult&Neurogenesis&

Most of the serotonergic neurons, which terminate in the hippocampal formation, origninate 

from the median raphe nuclei. In rats it is well established that serotonergic neurons of the median 

raphe nucleus predominantly project to the dorsal part of the hippocampal formation rather than in its 

ventral part (Vertes et al. 1999). Additionally, within the dorsal (anterior/septal) hippocampal formation 
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median raphe-neurons terminate within the granule cell layer of the dentate gyrus DG. Within the DG 

these projections are closely confined to the SGZ with more representations in the suprapyramidal 

(upper) blade than in the infrapyramidal (lower) blade of the DG (Vertes et al. 1999). When taking into 

account that Serotonin is a known positive modulator of aN in the hippocampus, it does not come as a 

surprise, that Jason S. Snyder and co-workers have found that aN in the granule cell population as a 

whole is higher in the DG of dorsal than in the ventral part of the hippocampus (Snyder et al. 2009).  

1.3 Stress(

Stress has been defined as a condition where an environmental demand exceeds the natural 

regulatory capacity of an organism, particularly in situations that include unpredictability and 

uncontrollability (Koolhaas et al. 2011). According to the classical concept by Hans Selye, all living 

organisms strive towards a dynamic equilibrium, which is called homeostasis and which is threatened by 

certain physical (e.g. noise, bright light, water deprivation, food deprivation) and psychological events 

that are known as ‘stressors’ (reviewed by (de Kloet et al. 2005). Selye distinguishes between positive 

stressors known as ‘eustress’ (e.g. wedding, birth of a child) and negative stressors known as 

‘distress’(Selye 1975). Another distinction is made between the severity (mild and severe) the 

predictability (predictable and non-predictable) and the duration of stressors (acute or chronic) 

(Koolhaas et al. 2011). Among the more severe stressors, or traumatic experiences are for instance 

combat, rape, childhood maltreatment or the sudden death of someone close. Such severe acute 

stressors are regarded as significant causal agents in the etiology of a number of neuropsychiatric 

disorders such as schizophrenia (Wahlberg et al. 1997; van Os et al. 2010), but predominantly in the 

development of anxiety disorders and depression (Caspi et al. 2003; van Praag et al. 2002; Pittenger & 

Duman 2008; Saveanu & Nemeroff 2012). Mild chronic stress in humans is usually experienced in a 

social context (e.g. in the workplace, in the family, social dominance, sexual arousal etc.). In order to 

investigate the impact such chronic mild stressors can have, especially when they are unpredictable, 

scientists have established an animal model called the unpredictable chronic mild stress paradigm.  

1.3.1 Unpredictable&Chronic&Mild&Stress&

Chronic, low grade stressors or “strains” have long since been suspected to be a causal factor of 

depression (Kanner et al. 1981; Willner et al. 1987). In order to investigate this asumption further, a 

paradigm, originally discribed by Katz and co-workers and refined by Willner et al., was established, in 

which rats were chronically subjected to a variety of unpredictable stressors (Katz et al. 1981; Katz 

1982; Katz 1984; Willner et al. 1987; Willner 1997). The requirement for this animal model of course 

was to simulate characteristic symptoms of depression. There are two core symptoms for the diagnosis 
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of major depression, namely depressed mood and anhedonia, defined as the loss of interest or pleasure. 

Since however, depressed mood cannot be modelled in animals, but anhedonia can, anhedonia is the 

essential symptom to simulate depression realistically (Willner et al. 1992). The chronic mild stress 

(CMS) model discribed by Willner et. al (1992), which involves the chronic sequential application, of a 

variety of extremely mild stressors to rats, has been found to do so, as  during 1-3 weeks exposure to 

CMS, rats display a reduction in sensitivity to rewards, which is usually monitored by a decrease in their 

consumption of palatable weak sucrose solution (Willner et al. 1992). Most importantly however, the 

effect evoked by this paradigm can be reversed by the administration of antidepressant drugs (Willner 

et al. 1987; Willner et al. 1992; Willner et al. 1996). Since then the validity oft he CMS model has also 

been confirmed for mice (Monleon et al. 1995). Moreover, animal chronic mild stress has been found 

to be characterized by endocrine changes similar to those seen in in depressed clinical patients (Heuser 

et al. 1994; Checkley 1996). Besides anhedonia, other depressive-like behavior as well as anxiety-like 

behavior could be revealed in behavioral tests of CMS-treated mice, the outcome however strongly 

depending on the genetic background of the treated mouse-strain (Mineur et al. 2006). Besides effects 

that CMS has on behavior, it is also known to decrease the cell proliferation and the survival of new-

born cells in the dentate gyrus (Vollmayr et al. 2007). 

1.3.2 HPA&axis&and&Glucocorticoid&signaling&

The experience of a stressful situation has a great impact on the hypothalamic-pituitary–adrenal 

(HPA) axis which is thus stimulated. HPA axis activity is governed by the secretion of corticotropin 

releasing hormone/factor (CRH/CRF) and vasopressin from the hypothalamus, which in turn activates 

the secretion of adrenocorticotrophic hormone (ACTH) from the pituitary to stimulate the secretion of 

the glucocorticoids (cortisol in humans and corticosterone in rodents) from the adrenal cortex. 

Released glucocorticoids then interact with their receptors in multiple body compartments including 

the brain (e.g. hippocampus, hypothalamus) where they serve a vital function in feedback inhibition of 

their own secretion. An important brain region involved in the neurocircuitry of stress is the 

hippocampus (Squire et al. 1992; Squire 1993; Senba & Ueyama 1997; Broadbent et al. 2004). 

Glucocorticoids regulate neuronal survival, neurogenesis and hippocampal volume, as well as the 

acquisition of new memories and the emotional appraisal of events (Pariante & Lightman 2008). 

HPA hyperactivity is regarded as causally linked to depression and to the modes of action of 

antidepressants (Holsboer 2001). Altered feedback inhibition in depressed patients resulting in HPA 

hyperactivity was demonstrated by use of the combined dexamethasone (DEX)/ CRH test, a refined 

laboratory test for psychiatric disorders. For this test, patients are administered DEX the night prior to 
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testing and then CRH the following afternoon (Heuser et al. 1994). Measurement of plasma cortisol 

and ACTH levels before, during and after CRH administration revealed that depressed patients release 

significantly more cortisol and ACTH after DEX and a CRH challenge in comparison with age-

matched controls. This so-called DEX/CRH-test phenomenon supports the assumption that 

psychiatric patients are prone to blunted glucocorticoid feedback regulation during the acute illness 

episode. Diminished glucocorticoid receptor (GR) expression or function has been postulated as 

causative factor (Heuser et al. 1994). Based on these findings, Ridder et al. generated GR-heterozygous 

mutant mice (GR+/-), which have a 50% reduction of GR protein levels in the brain (Ridder, 

Chourbaji, Hellweg, Urani, Zacher, Schmid, Zink, Hörtnagl, Flor, Henn, Schütz & Gass 2005a). Similar 

to depressed patients, these mice display reduced feedback inhibition of the HPA axis and a 

pathological DEX/CRH test in which higher levels of circulating glucocorticoids could be measured in 

response to the CRH challenge compared to GR- wildtype littermates.  

1.3.3 Glucocorticoids&and&aN&

Elevated levels of glucocorticoids, as for instance found in chronically stressed individuals, 

stimulate hippocampal glutamate release (Moghaddam et al. 1994) which in turn can diminish stem cell 

proliferation in the adult DG (Gould & Tanapat 1999). Thus, it does not come as a surprise that GR+⁄- 

mice display significantly less BrdU-positive cells in the DG compared to wildtype mice (Kronenberg et 

al. 2009). Behaviorally, GR+⁄- mice show increased learned helplessness, a well-established analogue of 

depression-like behaviour in mice (Ridder, Chourbaji, Hellweg, Urani, Zacher, Schmid, Zink, Hörtnagl, 

Flor, Henn, Schütz & Gass 2005b). Thomas and co-workers were able to show, in their study published 

in 2007, that acute psychosocial stress leads to a reduced number of new neurons in the DG of rats. 

Interestingly, stem cell proliferation itself remained unaltered, whereas short- and long-term survival of 

the new-born cells was decreased (Thomas et al. 2007). This implicates that acute social stress has a 

sustained impact on the integration of new-born cells into the hippocampal neural network by 

diminishing their chance of survival. On the other hand, a recent study showed that coping with 

intermittent social stress, which is an essential aspect of living in complex social environments, 

stimulates adult neurogenesis in adult monkeys (Lyons et al. 2010). On the basis of this finding, one 

could speculate that stress coping follows similar mechanisms as living in an enriched environment, 

which is known to prompt adult neurogenesis (Kempermann et al. 1997). 

HPA axis dysregulation and the adverse effect of increased glucocorticoid concentrations on 

adult neurogenesis may be one out of several possible causes of the well documented phenomenon of a 

decreased hippocampal volume in patients with mood disorders. Several forms of stress, and especially 
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repeated periods of stress, are suggested to cause a reduction of hippocampal volume. Among these are 

traumatic life events and early life stress such as childhood maltreatment which are often found to be a 

key component in the life history of patients with mood disorders such as post-traumatic stress-

disorder and major depression (M. E. Smith 2005; Pittenger & Duman 2008; Teicher et al. 2012).  

1.4 Learning,(Memory(and(the(plastic(brain(

In order to form memories, to encode them and store them, the brain acts not as a passive 

recorder of experiences, but as a dynamic system that creates and re-writes information. Originally it 

was thought that long-term memories are stable and essentially “hardwired”. Nowadays however it is 

believed that memories are encoded as dynamic spatio-temporal patterns of synchronized cellular 

activity within widespread neural networks and that this dynamic, reverberating activity progressively 

results in altered patterns of connectivity among the co-activated neurons. Moreover, we know that the 

mechanisms of plasticity in neural circuits that encode and store long-term memories are dynamic and 

ongoing throughout the life of a memory (reviewed by (Bruel-Jungerman et al. 2007)). Different types 

of learning are required to store different types of information. Implicit (non-declarative) memory 

contents for instance require procedural learning, associative learning (important for emotional 

responses and the basis for classical conditioning) or non-associative learning which describes the most 

simple form of learning found in the behavior of invertebrates (gill-withdrawal reflex of Aplysia) and in 

vertebrate reflexes such as fear responses and the eye blink (Bailey & Chen 1983; Sanes & Ison 1983; 

Schacter 1987; Graf & Schacter 1985). Explicit (declarative) memory contents like facts and events on 

the other hand require contextual and/or spatial learning which take place in the hippocampus (Kandel 

et al. 2000).  

1.4.1 Spatial&learning&and&spatial&learning&tests&for&rodents&

Spatial learning and memory is a field that was intensely investigated in the 1970ies and 80ies by 

researchers like Morris, Nadel, O’Keefe and Barnes (reviewed by (Nadel 1991)). Their research with 

rodents led to the cognitive map theory of hippocampal function, a theory about memory for spatial 

layouts and the ways in which animals use such a memory system for adaptive behavior in the world 

(Nadel 1991).  

The two most common spatial learning tests for rodents, the Barnes Maze (BM) (Barnes 1979) 

and the Morris Water Maze (WM) (R. Morris 1984) are similar tasks as they both measure the ability of 

a mouse to learn and remember the location of a target zone using a configuration of distal visual cues 

located around the testing area (Rudy et al. 1987; Harrison et al. 2006) and have proven useful in 
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detecting hippocampus-dependent cognitive deficits (Pompl et al. 1999). The procedures differ with 

regard to the motivation to learn the spatial task and therefore presumably bear different challenges for 

the tested mice. In addition, these two tests are suspected to vary in the stress they induce in the tested 

animal (Harrison et al. 2009).  

The BM takes advantage of the natural preference of rodents to avoid brightly lit open surfaces. 

Therefore no additional aversive stimuli are needed (Barnes 1979). The apparatus usually consists of a 

brightly lit circular platform that was elevated app. 120 cm above the floor. Twelve holes are arranged 

in a clock-face manner close to the edge of the platform. All but one of the holes are closed by short 

tubes. The residual hole is connected to the home cage of the tested animal via a wire mesh tunnel. The 

home cage is placed directly beneath the center of the platform to ensure that the mouse will not be 

able to see or smell the correct hole when it is being placed on the platform. (Barnes 1979; Lewejohann 

et al. 2010; Karabeg et al. 2013; Poucet et al. 1991; Bach et al. 1995; Pompl et al. 1999). 

The principle of the WM task is based on the animal’s desire to escape from the water (R. 

Morris 1984). Typically a rodent is placed into a small pool of water (usually 1 to 1.8 meter in diameter 

and 60 centimeters deep), which contains a translucent escape platform hidden a few millimeters below 

the water surface. Visual cues, such as colored shapes, are placed around the pool in plain sight of the 

animal. A sidewall above the waterline prevents the animal from being distracted, and from climbing 

out from the pool. When released, the subject swims around the pool in search of an exit while various 

parameters are recorded, including the time spent in each quadrant of the pool, the time taken to reach 

the platform (latency), and total distance traveled. Escape from the water reinforces a desire to quickly 

find the platform, and on subsequent trials (with the platform in the same position) subjects are able to 

locate the platform increasingly rapidly. This improvement in performance is assumed to be a result of 

learning and memory. 

That the WM is more anxiogenic or stressful, respectively than the BM had been suggested for 

a long time, until finally in 2009, Harrison and co-workers were able to confirm this suggestion 

impirically (Holmes, Wrenn, et al. 2002b; Pompl et al. 1999; Harrison et al. 2009). In their study, carried 

out with mice matched for performance on commonly-used anxiety tasks, they found that WM training 

induced greater increases in plasma corticosterone than did BM training, assessed 30 min. after the final 

session. They also detected that spatial learning was inversely correlated with corticosterone levels in 

the water maze but not the Barnes maze, which led them to the conlusion that performance on the 

water maze may be more affected by test-induced stress even within wild-type subjects of the same age 

and gender (Harrison et al. 2009).  
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In this context it is important to mention that hippocampus dependent learning has long since 

known to be influenced by stress. While transient mild stress for instance can enhance learning and 

memory(Luine et al. 1996), chronic or severe stress has been shown to severely impair hippocampus-

dependent memory in experimental animals (Conrad et al. 1996; Roozendaal et al. 1998; Diamond et al. 

1999; R. Sapolsky & Romero 2000; McEwen & R. M. Sapolsky 1995). A similar effect can be reached in 

rats via extended or high-dose treatment with glucocorticoids (Bodnoff et al. 1995; Roozendaal et al. 

1998). But also humans display specific impairments of hippocampus-dependent explicit memory after 

treatment with glucocorticoids (Newcomer et al. 1999; de Quervain et al. 2000) as well as  after stress 

(Shors 2006).  

1.4.2 Brain&plasticity&

Brain plasticity in learning & memory comprises four known mechanisms.  The first one is 

synaptic strengthening or Long-Term Potentiation (LTP), which occurs during learning (Bruel-

Jungerman et al. 2007).  By means of this mechanism, memories are stabilized and stored as 

modifications of synaptic strength within the existing neuronal circuits in an activity-dependent way 

(Hebb 1949; Bliss & Lomo 1973). The second mechanism, known as Long-Term Depression (LTD) is 

a form of activity-dependent long-lasting weakening of synaptic strength and my reflect a mechanism 

for forgetting or for weakening unused connections, which has been suggested to also play a role in 

play a role in learning (Bruel-Jungerman et al. 2007; Bock & Braun 1999). The third mechanism is 

Synaptogenesis and Synapse Remodeling, which is measured by means of changes in the number of 

spines or the spine density. It was found for instance in rat hippocampus 24 hrs after training using the 

trace eyeblink conditioning paradigm, an associative learning task that requires the hippocampus for 

acquisition (Leuner & Gould 2010). The last mechanism is neurogenesis, the birth and growth of new 

neurons (see above), which has been shown not only to be influenced by learning and memory 

processes in the adult (Gould, Beylin, et al. 1999a) but also to play an important role in spatial learing in 

rodents (Clelland et al. 2009). Elizabeth Gould for instance who had trained and tested rats in the 

Morris Water Maze, found out that place training in the Water Maze, where the animals had to find the 

location of a submerged platform increased the number of BrdU positive cells in the DG (Gould, 

Beylin, et al. 1999a). Using adult mice in which hippocampal neurogenesis was ablated, Clelland et. al 

found specific impairments in spatial discrimination in a spatial navigation radial arm maze task 

(Clelland et al. 2009). 

Bliss and Lømo discovered LTP when they examined the after-effects of repetitive stimulation 

on the perforant path fibers to the dentate gyrus of the rabbit hippocampi. They found that there was 
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an enduring increase in synaptic strength at dentate gyrus granule cell synapses (Bliss & Lomo 1973). 

This property, which is shared by neurons in many different cortical and subcortical regions is 

associated with rapid gene regulation intiated by Immediate Early Genes (IEGs) (Bruel-Jungerman et al. 

2007). For instance, learning processes involving patterned synaptic stimulation are followed by rapid 

expression of IEGs; (Kubik et al. 2007). These IEGs are also implicated as markers for neuronal 

activity as answer to stress (Weinberg et al. 2007).  

IEGs may be categorized into two functional classes: (1) regulatory transcription factors which 

control the transcription of other “downstream” genes, and (2) effector IEGs, which directly influence 

cellular functions (Kubik et al. 2007). One of the effector IEGs is activity-regulated cytoskeleton-

associated protein (Arc; also known as Arg3.1), an indicator of synapse specific modifications during 

neuronal plasticity (Link et al. 1995). In granule cells of the hippocampus its expression is strongly 

induced by NMDA receptor-dependent synaptic stimuli (Link et al. 1995; Lyford et al. 1995) and Arc 

mRNA and protein is localized to dendrites and spines after activity (Lyford et al. 1995; Steward et al. 

1998; Rodriguez et al. 2005). Arc not only plays multiple roles in synaptic regulation. For instance, Arc 

induction is required for late LTP and memory consolidation (Guzowski et al. 2000; Plath et al. 2006; 

Messaoudi et al. 2007). It was also found to underly a negative feedback control mechanism involving 

AMPA receptors (AMPAR)(V. R. Rao et al. 2006). First, synaptic activity triggers Arc expression and 

induces AMPAR surface delivery, then, Arc facilitates the endocytosis and consequentially the 

downregulation of AMPARs through its interaction with endocytic proteins endophilin 3 and dynamin 

2 (Chowdhury et al. 2006; Rial Verde et al. 2006). The decreased NMDA/ AMPA ratio closes the loop 

by inhibiting excessive Arc transcription. Arc has thus been found to play a pivotal role in LTD 

(Waung et al. 2008) and homeostatic plasticity (Shepherd et al. 2006). In summary, the function of Arc 

lies in memory consolidation and re-consolidation, which has been demonstrated in behavioral tasks 

such as spatial learning, fear conditioning, object recognition and taste aversion (Plath et al. 2006). 
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Figure 1.5 Scheme o f  the  main mole cu lar  s t eps  invo lv ed  in  synapt i c  s t r eng then ing/ LTP  
Receptor and kinase cascade activation results in synaptic receptor modification and nuclear transcription of 
immediate early genes. Some encode synaptic proteins, whereas others encode inducible transcription factors or 
regulatory transcription factors (RTFs) such as cFos, which in turn activates transcription of effector genes, 
leading to synthesis of the corresponding proteins required for persistent cell modification. LTP = long-term-
potentiation. (Image adapted from(Bruel-Jungerman et al. 2007)).  
 

The regulatory transcription factor cFos on the other hand is also called an inducible 

transcription factor because its rapid expression is controlled by pre-existing transcription factors such 

as cyclic-AMP-response-element-binding protein (CREB) (Herdegen & Leah 1998). It forms dimers 

with c-Jun, JunB and JunD but no homodimers (w/ c-fos) and can be part of the AP-1 transcription 

complex that binds to regulatory DNA sequences (Chiu et al. 1988; Rauscher et al. 1988). As part of 

the AP-1 transcription complex, cFos is responsible for transcription of tyrosine hydroxylase gene 

(Herdegen & Leah 1998). As tyrosine hydroxylase is the enzyme responsible for catalyzing the 

conversion of the amino acid L-tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA), cFos can be 

regarded as an upstream modulator of the dopaminergic, adrenergic and noradrenergic systems. In 

conclusion, cFos can be used as an indicator of recent increases in neuronal excitation and cellular 

processes that support neuroplasticity (VanElzakker et al. 2008).  
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1.5 Aim(of(this(thesis(

In the following chapters, two studies, using animals of the 5-HTT-/- mouse-line will be 

introduced.  

The aim of the first study, which in the following will be called the “Spatial Learning study”, 

was to evaluate whether mice with altered levels of brain 5-HT as a consequence of 5-HTT deficiency 

perform differently in two spatial memory tests, the WM and BM, prospectively differing in 

aversiveness, and which role stress plays in this context. Additionally, the brains of the tested mice were 

to be examined in order to find neuronal correlates of possible behavioral differences. Our co-

operation partner at the Otto Creutzfeldt Center for Cognitive and Behavioral Neuroscience at 

University of Münster, Lars Lewejohann and his Master Student Sandra Grauthoff had carried out the 

behavioral part of the Spatial Learning study. My part of the study was to examine the corticosterone 

levels and the brains of these mice via a quantitative immuno-histochemistry study in which I examined 

IEG expression and aN in the brains of these mice. 

The purpose of the second study, the “Chronic Mild Stress Study” was to investigate whether 

mice with altered levels of brain 5-HT as a consequence of 5-HTT-deficiency display differing 

depression-like and anxiety-like behavior after being subjected to a chronic mild stress (CMS) paradigm 

and again to see if there are neuronal correlates for possibly different behavior. Sandy Popp of the 

behavioral unit of the Division of Molecular Psychiatry, Department of Psychiatry, Psychosomatics and 

Psychotherapy, University of Würzburg had carried out the CMS paradigm as well as behavioral testing. 

My function in this study was to examine the corticosterone levels and to evaluate aN in a quantitative 

immuno-histochemistry study in the brains of the mice that had been subjected to the CMS paradigm. 

Additionally, I was interested in working out the influence of a battery of behavioral tests on the effects 

of a CMS- and a Control-group of mice.  
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2 Material&and&Methods&

2.1 Spatial(Learning(Study(

2.1.1 Animals&and&behavioral&testing&

Studied mice were bred and behaviorally tested by our co-operation partner by Lars 

Lewejohann and his master student Sandra Grauthoff from the Otto Creutzfeldt Center for Cognitive 

and Behavioral Neuroscience at University of Münster, Germany. All animals originated from the 

internal stock of 5-HTT deficient mice bred at the Department of Behavioural Biology at the 

University of Münster. The original breeding stock had been obtained from the Department of 

Psychiatry, Psychosomatics and Psychotherapy at the University of Würzburg, Germany, where these 

mice had been back-crossed on a C57BL/6 background (Bengel et al. 1998). Genotyping was 

accomplished using tissue samples to extract genomic DNA amplified by PCR. Subsequently, 5-HTT 

genotypes were identified by gel electrophoresis of DNA- fragments of either 225 bp (5-HTT+/+), 

272 bp (5-HTT −/−) or both (5-HTT+/−). The 6 months old male mice of all three genotypes 5-HTT 

knockout (-/-), 28 5-HTT heterozygous (+/-), and 28 5-HTT wild-type (+/+) were tested behaviorally 

by means of either the Barnes maze (BM; two trials per day) test or by using the Morris water maze 

(WM; three trials per day). In the BM, the mice performed two trials per day with a maximum duration 

of 300 seconds on five consecutive days. The escape hole remained constant for any given animal over 

the first four days of testing. The latency to find the correct hole, total number of errors, number of 

stops (zero velocity for 1s) and the path length was recorded by an automated tracking system 

(Lewejohann 2004). An error was defined as searching a hole that did not lead to the escape tunnel. At 

day five, the escape tunnel was switched to a different, randomly chosen hole as probe trials (trials 9 

and 10).  
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Figure 2.1 Scheme o f  a  typ i ca l  Barnes  Maze s e tup  
The setup consists of a circular platform with twelve holes, the animals homcage underneath the platform and a 
tunnel leading to the homecage, which is connected to one of the holes. Visual cues are mounted around the 
platform, for the mouse to see and a lamp, which brightly lights the area of the platform.  
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In the WM mice were tested at three trials per day over five consecutive days. Each trial had a 

maximum duration of 60 s and started by gently placing the mouse into the water with its head towards 

the pool wall on any of the three quadrants without the platform. If an animal found the platform 

within the 60 s, it was left to stay on the platform for 10 s. In cases the animals did not find the 

platform they were gently led to the platform by the experimenter (Sandra Grauthoff). Between the 

trials, all mice were placed back in their home cages using a spoon-net in order to avoid direct contact 

with the experimenter. The inter trial interval on each day was 15 minutes. On the last day, the platform 

was placed in a different quadrant and subsequently probe trials (trials 13, 14 and 15) were performed 

in order to measure the ability of the mice to generalize the task by re-learning a new position. All trials 

were tracked automatically by a digital tracking system assessing path-length, swimming speed, stops, 

and latency to escape from the water.  

 

Figure 2.2 Scheme o f  a  typ i ca l  Morr i s  Water  Maze s e tup  
The setup consists of a pool filled with water, a hidden platform, which the mouse is supposed to find, visual 
cues mounted around the pool, fort he mouse to see and a lamp, which brightly lights the area oft he pool.  

 

As the procedures differ with regard to the motivation to learn the spatial task they presumably 

bear different challenges for the tested mice. The experimenter was blind to the 5-HTT genotype of the 

mice tested in order to avoid any bias. In addition to the BM and WM group, naïve mice (left 

undisturbed) with no further testing formed a control group.  
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2.1.2 Glucocorticoid&analysis&

In order to further evaluate the effects of the two different learning tests (BM and WM) on 

stress physiology, trunk blood of mice from two separate cohorts, altogether consisting of 150 mice (45 

5-HTT-/-, 55 5-HTT+/-, 50 5-HTT) was taken. The first cohort was subjected to a single trial and the 

second one to three (BM) or four (WM) trials, the last of which was taking place on the second day. 

The learning tests were conducted as described above except for the reduced number of trials. 15 min 

after the start of the final trial the mice were anaesthetized with isoflurane and decapitated. In the first 

hormone cohort, naïve mice were used as an additional group to determine baseline corticosterone 

values. As mice were accumulated over time, the glucocorticoid analysis of the two hormone cohorts 

were carried out at two different time points. Samples from all groups were taken at the same time of 

day. Trunk blood was collected using heparinized capillaries, centrifuged for 5 min at 14800 × g and 

plasma was stored at -20°C for later evaluation. Plasma corticosterone concentrations were determined 

by enzyme linked immunosorbent assay (EIA, DE4164, Demeditec Diagnostics GmbH, Kiel, 

Germany) according to the manufacturer's recommendations. All standards, samples, and controls were 

run in duplicate concurrently. The intra- and inter-assay coefficients of variation were 3.3% and 6.0%, 

respectively.  

2.1.3 Quantitative&immunohistochemistry&

Brain Tissue 
Sixty hours after the last learning trial all mice of the behavior cohort (BM, WM, CONT)  were 

deeply anaesthetized with isoflurane and sacrified. Mouse brains were fixed for up to 72 h in 4% 

paraformaldehyde (PFA, dissolved in PBS, pH 7.5). Fixed brains were transported to our laboratory in 

Würzburg, where they were transferred to 10 and 20% sucrose in PBS. Brains were then frozen in pre-

cooled isopentane and stored at -80°C. There were a total of six experimental groups of mouse brains 

5-HTT+/+, C (n = 7); 5-HTT+/+, BM (n = 10); 5-HTT+/+, WM (n = 10); 5-HTT-/-, C (n = 7); 5-

HTT-/-, BM (n = 10); 5-HTT-/-, WM (n = 9). Serial coronal sections were cut at 50 μm on a freezing 

microtome. These free-floating sections were collected in a one-in-eight series, placed in 24-well plates 

each well filled with 1xTBS. 

Immunohis tochemistry  
In order to process brain slices for immunohistochemistry, they were washed three times for 5 

min with 1xTBS and subsequently incubated with 0.6% hydrogen peroxide in TBS for 30 min to inhibit 

endogenous peroxidase. Then, after another washing step with 1x TBS, sections transferred to 1.5 ml 

tubes filled with 0.01 M citrate buffer with a pH of 8.5 and placed into a waterbath, heated to 80°C for 
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35 min for antigen retrieval. After cooling down close to room temperature, the slices were 

retransferred to the 24- well plates. After washing with 1x TBS sections were incubated for one hour in 

a blocking solution containing normal horse or normal goat serum respectively [5% normal serum;  

0.25% Triton-X-100; 2% bovine serum albumin (BSA) in 1xTBS, pH 7.5]. Thereafter, sections were 

incubated in blocking buffer containing either the polyclonal anti-Ki67 antibody produced in rabbit 

(1:3000; VP-K451; Vector Laboratories; Burlingame, CA 94010 U.S.A.) the NeuroD [1:2000; made in 

goat; (N-19); sc-1084], Arc [1:2000; made in rabbit; (H-300); sc-15325] or c-Fos antibodies [1:8000; 

made in rabbit; (4); sc-52] (all three of them Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 48 h 

at 4 °C. After 48 hours, sections were washed again three times for 5 min in 1x TBS and incubated for 

1.5 h in biotinylated goat anti-rabbit or horse anti-goat secondary antibodies, respectively [Vector 

Laboratories; diluted 1:1000, in a solution containing 2% normal horse or normal goat serum; 0,25% 

Triton-X-100; 2% BSA, in TBS, pH 7,5]. Sections were then washed and processed with avidin-

biotinylated horseradish peroxidase complex in 1x TBS (Elite Kit; Vector Laboratories) for 1 h at room 

temperature. After another washing step the binding sites of the antibodies were visualized using 3,3'-

Diaminobenzidine (DAB Substrate Kit, Roche Diagnostics, Mannheim, Germany). The reaction was 

stopped by transferring the slices into 1xTBS. Subsequently sections were mounted on slides, were left 

to dry at least overnight and were coverslipped with VitroClud (R. Langenbrinck; Emmendingen, 

Germany).  

Quanti f i cat ion o f  immuno- labe led ce l l s  and s tat i s t i c s  
An Olympus BX51 microscope (Olympus, Hamburg, Germany) coupled to the Neurolucida 

imaging system (Microbrightfield, Inc., Willsiton, VT, USA) was used to acquire representative images 

from the examined specimens and to quantify cFos and Arc immunoreactive (ir) cells found in the 

GCL as well as Ki67 and NeuroD immunostained cells detected in the SGZ. Labelled cells were 

counted in both hippocampi in every eighth 50 μm thick section, recording the upper and lower layer 

of the SGZ/GCL separately. This resulted in an analysis of an average of 8 sections per mouse brain. 

Experimenters blind regarding the treatment and 5-HTT genotype of each brain did all the assessments. 

Immunopositive cells were counted at 20 x 1600 magnification using the serial section manager 

function of the Neurolucida software (Microbrightfield, Inc., Willsiton, VT, USA).  

For quantitative evaluation a fictive coronal separation plane along the septotemporal axis of 

the hippocampus was used to divide the data obtained from septal and temporal sections. The first 

section that showed the corpus callosum disconnected inside the two hemispheres was declared as the 

first section of the temporal part of the hippocampus. All sections before that point were considered to 
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hold the septal part of the hippocampus (between interaural 1.26 and 1.34 mm; Franklin & Paxinos, 

1997).  

Some sections were lost in the process of cutting or during free-floating immunohistochemistry, 

which resulted in an irregular number of sections. Therefore, those brains that had less than three 

sections within the septal or temporal part of the hippocampus were excluded from the evaluation of 

the septal or temporal hippocampus, respectively. After this adjustment, the mean number of 

immunopositive cells in the upper and/or lower layer of the SGZ/GCL was calculated per septal or 

temporal hippocampus per section for each brain. 

Two-way-ANOVA was used to analyze possible gene x environment interactions and effects 

that occur between the two independent variables, treatment and 5-HTT genotype, followed by post-

hoc t-tests with Bonferroni correction for multiple testing. Statistical evaluation was performed via 

SPSS (IBM Deutschland GmbH, Ehningen) and significance was defined as P ≤ 0.05. P-values of ≤ 

0.01 were considered to be highly significant and 0.05 < p < 0.1 was defined as a trend. Data are 

reported as mean values ± standard error of the mean (S.E.M). Spearman's rank correlation coeffcient 

was used to assess correlation between learning performance, represented by the area under the 

(learning-) curve (AuC) and numbers of immunoreactive cells in the DG. 

2.2 Chronic(Mild(Stress(Study(

2.2.1 Animals&and&behavioral&testing&

The 5-HTT deficient mice used, for behavioral experiments two seperate cohorts of mice were 

generated. The first cohort (cohort 1; generated in 2008/ 2011) consisted of 36 female littermate 

wildtype (5-HTT+/+; n=10), heterozygous (5-HTT+/+; n=12), and homozygous 5-HTT knockout 

(5-HTT-/-; n=14) mice. Since there were only 31 individual left to be examined histologically after 

behavioral testing, the cohort was restocked by additional 5-HTT+/- (n=2) and 5-HTT+/+ (n=3) 

mice in 2011. The second cohort (cohort 2; generated in 2011) consisted of 57 female littermate mice 

(5-HTT+/+; n=19, 5-HTT+/-; n=19 and 5-HTT-/-; n=19). Genotyping was accomplished as 

described in the materials and methods part of the Learning & memory study. Test animals were 

maintained in sibling groups until they underwent CMS procedures and behavioral testing at an age of 

12 ± 0,5 months. Animals were transferred to the behavioral lab one week prior to the initiation of 

experimental manipulations. Mice were housed individually (in polysulfone type II standard cages with 

woodchip bedding and nesting material) under a non-reversed 12-hour light/dark cycle (lights on at 

07:00 and lights off at 19:00) in a temperature and humidity controlled environment (21.5 ± 1°C and 55 
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± 5%, respectively). Food and water were provided ad libitum. Animals were randomly assigned to 

undergo chronic mild stress (CMS) for 25 consecutive days prior to behavioral testing or to be reared 

under standard facility conditions (control group) throughout the entire experimental period. During 

the course of behavioral analysis, mice were between 8 and 10 months of age. Experiments were 

designed in such a way that the number of animals used and their suffering was minimized. All animal 

protocols have been reviewed and approved by the review board of the Government of Lower 

Franconia and the University of Würzburg and conducted according to the Directive of the European 

Communities Council of 24 November 1986 (86/609/EEC). 

CMS and behavioral  t es t ing carr i ed out  by Sandy Popp 
Half of the animals of cohort 1 (5 5-HTT+/+, 6 5-HTT+/- and 7 5-HTT-/- mice) and half the 

anmials of cohort 2 (11 5-HTT+/+, 9 5-HTT+/- and 10 5-HTT-/- mice) were chronically exposed to 

unpredictable mild stressors for 25 consecutive days. The CMS procedure followed a fixed weekly 

schedule and consisted of a variety of commonly used stressors, including one period of overnight 

illumination (continuous light for 36h), one period of food deprivation for 15h, one period of water 

deprivation for 15h, two periods of tilted cage (30°) for 3h, two periods of exposure to an empty bottle 

for 3h, and four periods of restraint stress (confinement to a restricted space of 8x8x11cm within the 

home cage) for 1h. The other half of the cohorts 1 (5 5-HTT+/+, 6 5-HTT+/- and 7 5-HTT-/- mice) 

and 2 (8 5-HTT+/+, 10 5-HTT+/- and 9 5-HTT-/- mice) served as control groups for subsequent 

examination. Throughout the time course of CMS, non-stressed control animals remained undisturbed 

except for standard handling procedures (i.e. weighing and cage change).  

Sucrose consumption was measured the week prior to the chronic mild stress paradigm 

(baseline consumption) and during the last week of CMS. In a two-bottle choice paradigm, animals 

were allowed to drink 2.5% sucrose solution and tap water for four/six consecutive days. The intake of 

water and sucrose was measured every 24h by weighing the bottles and expressed as mean 

consumption in four days. Liquid intake was also assessed relative to body weight (mg/g). Bottles 

containing sucrose solution were renewed every 48h to prevent bacteria growth.  
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Figure 2.3 Timel ine  d i sp lay ing  o f  the  t r ea tments  app l i ed  to  mic e  o f  cohor t  2  in  choro log i ca l  order .  
This image displays the timeline for CMS mice. The same timeline, yet without CMS was applied to control mice. 
Sucrose consumption was measured during the first seven days before CMS and during the last five days of 
CMS. Mice were sacrificed 24 hours after the last stressor. CMS= Chronic Mild Stress. 
 
 

Behavioral testing was only applied to mice of cohort 1 and was performed immediately after 

the completion of the CMS paradigm, beginning with less stressful and ending with more stressful 

assays, including:  

The barrier test (BT), in which an empty type III Macrolon cage, divided in two halves by a plastic 

hurdle is used to test the exploratory drive oft he animal (Richter et al. 2011).  

The elevated plus-maze (EPM), in which an apparatus comprised two sets of opposing arms (30 x 5 

cm) extending from a central platform (5 x 5 cm) are enclosed by 15 cm high, opaque walls, is used to 

evaluate anxiety-like behavior in rodents. (Pellow et al. 1985).  

The open field test (OF) in which a well illuminated area, several times larger than the home cage, is 

used to test anxiety in rodents (Hall 1934; Walsh & Cummins 1976).  

The light/dark (LD) transition test, in which an apparatus consisting of a dark chamber and a 

brightly illuminated chamber is used to evaluate bright-space anxiety in mice by means of the number 

of entries of the mouse into the bright chamber and the duration of time spent there (Takao & 

Miyakawa 2006). 

Stress-induced hyperthermia (SIH), the measurement of changes of the core body temperature in 

response to a stressful event (Olivier et al. 2003). 

Fear conditioning (FC), a behavioral paradigm, used to test how well an animal learns to 

predict aversive events (reviewed by (Maren 2001)) and  

The forced swim test (FST), a test used to measure behavioral despair, or depression-like behavior in 

mice (Porsolt et al. 1977). Behavioral testing was performed during the animals' inactive light phase 

(between 08:00 and 16:00). 
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Figure 2.4 Timel ine  d i sp lay ing  o f  the  t r ea tments  app l i ed  to  mic e  o f  cohor t  1  in  chrono log i ca l  order .  
This image displays the timeline for CMS mice. The same timeline, yet without CMS, was applied to control 
mice. Sucrose consumption was measured during the first seven days before CMS and during the last five days of 
CMS. Mice were sacrificed 24 hours after the measurement of stress-induced hyperthermia. CMS= Chronic Mild 
Stress, EPM = Elevated Plus Maze, OF= Open Field Test; LDB= Light/Dark Box. 

2.2.2 Tissue&and&Blood&Collection&and&Determination&of&Serum&Corticosterone&Levels&

Animals of the six groups of cohort 1 (5-HTT+/+/CONT, n=5; 5-HTT+/-/CONT, n=6; 5-

HTT-/-/CONT, n=7; 5-HTT+/+/CMS, n=5; 5-HTT+/-/CMS, n=6; 5-HTT-/-/CMS, n=7) and 

cohort 2 (5-HTT+/+/CONT, n=8; 5-HTT+/-/CONT, n=10; 5-HTT-/-/CONT, n=9; 5-

HTT+/+/CMS, n=11; 5-HTT+/-/CMS, n=9; 5-HTT-/-/CMS, n=10) were deeply anesthetized with 

Forene® (Abbott, Baar, Switzerland) and sacrificed by cervical dislocation 24hrs after the last 

behavioral test (cohort 1) or after the last exposure to a stressor (cohort 2). Additionally, trunk blood 

was collected in order to examine serum corticosterone (CORT) levels in CMS and control animals of 

both cohorts.  

The brains were dissected and fixed in 4% freshly prepared paraformaldehyde (pH 7.4) at 4°C 

for 72h. Following fixation, brains were washed in 0,01M phosphate-buffered saline (1x PBS) and 

successively immersed overnight in 10 and 20% sucrose in 1x PBS. The tissue was then snap-frozen in 

isopentane (cooled down with dry ice) and stored until use at -80°C.  

The trunk blood was centrifuged at 4000 rpm for 10 minutes at 4°C, and plasma was then 

frozen at –20°C/ -80°C for later CORT level analysis via radioimmunoassay (ICN, Orangeburg, NY; 

sensitivity 0.017 ng/ml; the intra-assay coefficient was 6.1%), carried out by our co-operation partners 

in Maastricht.  
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2.2.3 Quantitative&immunohistochemistry&

Brain Tissue 
The brains of cohort 1 were cut into coronal 20 μm sections on a freezing microtome (Microm 

HM500 O; Thermo Fisher Scientific,). Sections were serially mounted on SuperFrost® Plus (Menzel, 

Braunschweig, Germany) microscopic slides to obtain 8 series from each brain.  

The brains of cohort 2 were cut into 50µm serial coronal sections on the same freezing 

microtome. These free-floating sections were collected in a one-in-eight series, placed in 24-well plates 

each well filled with 1xTBS. 

Immunohis tochemistry  
On the serially mounted frozen brain sections of cohort 1, the number of Ki-67-, NeuroD and 

doublecortin (DCX)-positive cells in the hippocampus was examined via immunohistochemistry 

Sections of one series were used to conduct a staining for Ki-67 (1:1000; VP-K451; Vector 

Laboratories; Burlingame, CA 94010 U.S.A.), an endogenous marker of proliferation that labels cells in 

all active phases of the cell cycle, (Scholzen & Gerdes 2000). Anti-DCX [ 1:100; made in goat;(C-18); 

sc-8066; Santa Cruz Biotechnology, Santa Cruz, CA, USA], a well-accepted marker of immature 

neurons, was used to examine neurogenesis in sections of another series (Brown et al. 2003; M. S. Rao 

& Shetty 2004)). NeuroD (goat anti-NeuroD, 1:200; Santa Cruz Inc., Heidelberg, Germany), a basic 

helix-loop-helix protein and transcription factor, which is expressed in late phases of neuronal 

determination and is crucial for the proliferation of neurons in the DG and for postnatal 

differentiation, (J. Lee et al. 1995; Tamimi et al. 1996; Miyata et al. 1999; Liu et al. 2000) was used to 

examine neurogenesis in sections of a third series. Prior to staining, tissue sections were allowed to 

thaw and dry for 20 min.  

For Ki-67 and NeuroD, staining assays followed the same protocol as follows: antigen retrieval 

was performed by placing the slides in 0,01 M citrate buffer (pH 6) and heating them in microwave 

(800W) for 15 min. after onset of boiling. After cooling and rinsing, endogenous peroxidases were 

quenched for 30 min in 0.6% H2O2 in TBS. After rinsing, nonspecific staining was blocked with 

blocking-serum I (1x TBS/ 0.25% of Triton-X/ 2% bovine serum albumin/ 5% normal serum as 

appropriate) for 60-90min and subsequently incubated in primary antibody diluted in blocking-serum 

overnight at 4°C. After incubation and subsequent washing, sections were incubated in biotinylated 

goat anti-rabbit or horse anti-goat secondary antibodies, respectively [Vector Laboratories; diluted 

1:400, in a solution containing 2% normal horse or normal goat serum; 0,25% Triton-X-100; 2% BSA, 
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in TBS, pH 7,5] for 1-2 h, followed by avidin-biotin-peroxidase complex (ABC elite kit, Vector Labs, 

Burlingame, CA) for 1 h at room temperature.  

For DCX, dried and rinsed (1x PBS) slices were treated according to the following protocol: 

endogenous peroxidases were quenched for 10 – 15 min with 3% H2O2 in methanol. After rinsing, 

antigen retrieval was carried out as mentioned above. After cooling and rinsing, nonspecific staining 

was blocked for 1,5 h with block-serum II (1x PBS/ 10% normal rabbit serum) and subsequently 

incubated in primary antibody diluted in block-serum II overnight at 4°C. After rinsing, slices are 

incubated for 30 min at room temperature with Histofine Simple Stain MAX PO (G). (NICHIREI 

BIOSCIENCES INC.; Tokyo, Japan)  

Both staining protocols were concluded by incubating slices with DAB Substrate (Roche 

Diagnostics, Grenzach, Germany). After rinsing in aqua dest., sections were dehydrated in increasing 

concentrations of ethanol, soaked in Xylene and cover-slipped in Vitro Clud (R. Langenbrinck, 

Germany). 

On the free floating brain sections of cohort 2, the number of Ki-67- and DCX-positive cells in 

the hippocampus was examined. To prepare them for staining these sections were washed three times 

for 5 min with 1xTBS and subsequently incubated with 0.6% hydrogen peroxide in TBS for 30 min to 

inhibit endogenous peroxidase. After another washing step with 1x TBS, wells were filled with 0.01 M 

citrate buffer with a pH of 8.5 and placed into a waterbath, heated to 80°C for 35 min for antigen 

retrieval. After allowing them to cool down close to room temperature, and another washing step in  1x 

TBS sections were incubated for 1.5h in a blocking solution containing normal horse or normal goat 

serum respectively [5% normal serum; 0.25% Triton-X-100; 2% bovine serum albumin (BSA) in 

1xTBS, pH 7.5]. Thereafter, sections were incubated in blocking buffer containing either the polyclonal 

anti-Ki67 antibody produced in rabbit (1:1000; VP-K451; Vector Laboratories; Burlingame, CA 94010 

U.S.A.) or the anti-DCX [1:500; made in goat;(C-18); sc-8066; Santa Cruz Biotechnology, Santa Cruz, 

CA, USA] for 48 h at 4 °C. After 48 hours, sections were washed again three times for 5 min in 1x TBS 

and incubated for 1.5 h in biotinylated goat anti-rabbit or horse anti-goat secondary antibodies, 

respectively [Vector Laboratories; diluted 1:1000, in a solution containing 2% normal horse or normal 

goat serum; 0,25% Triton-X-100; 2% BSA, in TBS, pH 7,5]. Sections were then washed and processed 

with avidin-biotinylated horseradish peroxidase complex in 1x TBS (Elite Kit; Vector Laboratories) for 

1h at room temperature. After another washing step the binding sites of the antibodies were visualized 

using 3,3'-Diaminobenzidine (DAB Substrate Kit, Roche Diagnostics, Mannheim, Germany). The 

reaction was stopped by transferring the slices into 1xTBS. Subsequently sections were mounted on 
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slides, were left to dry at least overnight and were coverslipped with VitroClud (R. Langenbrinck; 

Emmendingen, Germany).  

Quali tat ive  and quant i tat ive  evaluat ion o f  immuno- labe led ce l l s  
Cell counting regarding cohort 1 was done using the 10x objective of a Olympus BX 51 

(Olympus, Hamburg, Germany) microscope equipped with a motorized stage, video camera system and 

Neurolucida morphometry software (MBF Biosciences, Williston, VT). Numbers of proliferating cells 

(Ki67) and neural progenitor cells (NeuroD) and immature neurons (DCX), within the molecular layer 

(ML), granule cell layer (GCL), subgranular zone (SGZ) and Hilus (HL), throughout the rostrocaudal 

extent of the DG were recorded. The SGZ was defined as a two-nucleus thick region from the inner 

margin of the dentate GCL (Heine et al., 2004). All cell counts were made on coded slides by an 

investigator blind to genotype and treatment group. Every section displaying the hippocampal area in 

each of the three stained series was used for each animal and the total number of stained cells was 

recorded for both hemispheres separately. Resulting numbers were multiplied by eight to obtain the 

estimated total number of Ki-67-/NeuroD-/DCX-positive cells per SGZ, GCL, HL and ML of the 

DG. Additionally, every section displaying the hippocampus in the Nissl-stained series was used to 

measure the areas of HI, SGZ, GCL and ML of each DG. Measuring also was carried out using 

Neurolucida. From these values the volume of each DG as well as the mean number of the labeled cells 

per DG, counted in all sections per series was calculated for each mouse. Photomicrographs were 

recorded at 10-20x using the Neurolucida System. Regarding cohort 2, cell counting was carried out, 

using the same Olympus BX 51 (Olympus, Hamburg, Germany) microscope used with cohort 1. 

Numbers of proliferating cells (Ki67) and immature neurons (DCX), within the molecular layer (ML), 

granule cell layer (GCL), subgranular zone (SGZ) and Hilus (HL), in every 6th section throughout the 

entire rostrocaudal extent of the of the DG (300 µm apart) were recorded using the StereoInvestigator 

system (Microbrightfield Inc., Williston, VT, USA). In each animal, immunopositive cells were counted 

within counting frames (each measuring 150 x 150 µm) in every 15th section using the 40x objective 

lens. The numbers and densities of frames were determined by entering the parameter grid size (150 

x150 µm) in the optical fractionator component of the StereoInvestigator system. 

Stat is t i c s  
Two-way-ANOVA was used to analyze possible gene x environment interactions and effects 

that occur between the two independent variables, CMS-treatment and the 5-HTT genotype, followed 

by post-hoc t-tests with Bonferroni correction for multiple testing. Statistical evaluation was performed 

via Graph Pad Prism (GraphPad Software, Inc.; La Jolla, CA, USA) and significance was defined as P ≤ 
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0.05. P-values of ≤ 0.01 were considered to be highly significant and 0.05 < p < 0.1 was defined as a 

trend. Data are reported as mean values ± standard error of the mean (S.E.M).  
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3 Results&

3.1 Spatial(Learning(Study(

3.1.1 Results&of&the&behavioral&study&&

Our co-operation partners at the University of Münster carried out a study in order to evaluate 

if spatial memory is affected by the 5HTT genotype in mice per se and if there is an interaction with the 

aversiveness of different testing conditions (Karabeg et al. 2013). The aim of the study had been to 

evaluate whether mice with altered levels of brain 5-HT as a consequence of 5-HTT deficiency perform 

differently in two spatial memory tests, the WM and BM, prospectively differing in aversiveness. The 

results of the study revealed that 5-HTT-/- mice need more time to find the hidden platform compared 

to 5-HTT+/- and +/+ mice in the WM, but that this delay is primarily caused by an increased number 

of stops which have been identified as floating periods. Moreover, this poor WM performance 

improves in the course of the 12 WM trials to WT level (Figure 7.1 in Supplements). In contrast to the 

WM results, BM performance did not differ regarding escape latency, stops as well as errors between 

mice of all three 5-HTT genotypes, neither in the first BM trials nor in the final ones (Figure 7.2 in 

Supplements).  

In the light of these behavioral testing results, I was eager to find out about possible gene x 

treatment interactions regarding blood plasma corticosterone levels and, if neurobiological equivalents 

to the found performance differences exist. For this purpose, I, together with two undergraduate 

students (Sina Kollert and Magdalena Weidner), investigated the phenomenon of adult neurogenesis 

and IEG expression as a marker for neuronal activity in the hippocampus in addition to blood 

corticosterone levels as a marker for stress reactivity of these mice.  

3.1.2 BM&and&WM&experience&as&well&as&5DHTT&genotype&influence&corticosterone&levels&

Statistical analysis of the plasma corticosterone levels from mice of the first hormone cohort 

that had lived under control conditions (basal level) or experienced one BM or one WM trial, revealed 

no significant genotype effect (2-way ANOVA, F[2,89]=1.14; p=0.33). However, a highly significant 

treatment effect was found (2-way ANOVA, F[2,89]=137.40, p<0.0001, Figure 3.1 A). Bonferroni 

corrected post hoc t-tests detected that a single trial of the BM as well as a single trial of the WM 



Results& &

 34 

elevates corticosterone titers significantly compared to basal levels, regardless of the genotype (CONT 

vs. WM: t=23.2; p<0.001; CONT vs. BM t=18.54; p<0.001). Additionally, mean corticosterone 

concentrations were significantly higher for mice tested in the WM compared to mice tested in the BM 

(t-test: t=4.49; p<0.05). Although there was no significant gene by treatment interaction, it seems that 

5-HTT-/- mice exhibit higher corticosterone levels in the WM compared to the BM (Uncorrected t-

tests: t=1.94, p=0.07). This effect was neither found in 5-HTT+/+ mice nor in 5-HTT+/- mice. 

Corticosterone measured after a single trial on the second testing day (Figure 3.1 B) yielded a significant 

effect of genotype (ANOVA, F[2,46]=9.92, p<0.001). Bonferroni corrected post- hoc t-tests revealed 

significantly elevated corticosterone levels in 5-HTT-/- mice compared to 5-HTT+/+ mice (t-test, 

t=4.47, p<0.001) as well as significantly elevated corticosterone levels in 5-HTT+/- compared to 

HTT+/+ mice (t-test, t=2.83, p<0.05).  

Despite the fact that there was no significant gene by treatment interaction, uncorrected t-tests 

revealed significantly higher corticosterone levels in 5-HTT-/- mice versus 5-HTT+/+ mice in the BM 

(t-test, t=4.68, p<0.001) as well as the WM (t- test, t=4.46, p<0.001). 5-HTT+/- mice generally 

exhibited intermediate corticosterone levels. An uncorrected t-test showed that 5-HTT+/- had 

significantly higher levels than 5- HTT+/+ mice in the BM (t-test, t=3.55, p<0.01) but not in the WM. 

Noteworthy, 5-HTT-/- mice tested in the WM tended to show higher corticosterone stress hormone 

levels compared with mice of the same 5-HTT genotype tested in the BM (uncorrected t-test, t=1.88, 

p=0.09). Such a trend was found neither for the 5-HTT+/- nor for the 5-HTT+/+ mice. 

 

Figure 3.1: Corticosterone stress hormone concentration. 
(A) Trunk blood plasma samples taken 15 min after the mice either experienced a single trial in the barnes maze 
(BM) or in the water maze (WM) on day 1 of the testing procedures. ANOVA revealed a significant treatment 
effect. Post hoc analysis using Bonferroni corrected t-tests revealed highly significant differences for all 
genotypes between control and both tests as well as significant differences between BM and WM. An 
uncorrected t-test revealed that 5-HTT-/- mice tested in the WM exhibited higher values than 5-HTT-/- mice 
tested in the BM at trend-level (indicated by a broken line). (B) Trunk blood samples taken from mice 15 min 
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after the first trial on the second day in the respective learning tests. ANOVA revealed a highly significant effect 
of genotype. Uncorrected t-tests (indicated by broken lines) revealed highly significant differences between 5-
HTT-/- and 5-HTT+/+ mice in BM and WM as well as between 5-HTT+/- and 5-HTT+/+ mice exclusively 
in the BM. As in (A), 5-HTT-/- mice tested in the WM exhibited higher values than 5-HTT-/- mice tested in the 
BM at trend-level. Bars represent the mean concentration, whiskers express + SEM. #=p<0.1; *=p<0.05; 
**=p<0.01; ***=p<0.001. 

3.1.3 Quantitative&assessment&of&markers&for&neuronal&activity&and&the&phenomenon&of&

adult&neurogenesis&in&the&hippocampus&

The quantitative immunohistochemistry study was carried out, in order to see if there are 

neurobiological correlates for the above mentioned greater stress sensitivity and the resulting 

performance differences of 5-HTT-/- mice, compared to their 5-HTT+/- and +/+ littermates, in the 

more stressful WM.  

5-HTT genotype has an inf luence  on the number o f  c e l l s  express ing the two di f f erent  
IEGs cFos and Arc 

We examined the brains of 5-HTT+/+, 5-HTT+/+ and 5-HTT-/- mice, which had been 

subjected either to the control condition (undisturbed in home cage) or to one of the two spatial 

learning tests (BM or WM). Quantitative immunohistochemistry exclusively revealed 5-HTT genotype 

effects irrespective of the treatment. Cell counts for cFos and Arc were found to be higher in 5-HTT-

/- compared to 5-HTT+/+ mice in any of the examined hippocampus subregions (Fig. 3.2). Statistical 

analysis detected that the number of cFos-ir cells in 5-HTT-/- mice was significantly higher compared 

to 5-HTT+/+ mice in the upper blade of the GCL (F[1,47]=11.845; p=0.001) as well as in the total 

GCL (F[1,47]=8.498; p=0.005). These effects were discovered exclusively in the septal hippocampus, 

whereas no significant effects regarding cFos cell counts could be found in the temporal part of the 

hippocampus (Fig. 3.2 B).  

Arc-ir cell counts were also found to be significantly higher in the 5-HTT-/- compared to 5-

HTT+/+ mice in the upper blade of the GCL and in the total GCL. Here, the effect was found in both 

the septal (upper blade: F[1,45]=4.648; p=0.036; total GCL: F[1, 45]=4.723; p=0.035) and the temporal 

hippocampus (upper blade: F[1,35]=4.672; p=0.038; total GCL: F[1, 35]=4.684; p=0.037) (Fig. 3.2 D). 
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Figure 3.2 Incr eased  number  o f  c e l l s  expres s ing  the  immedia t e  ear ly  g enes  cFos  and Arc  in  the  granule  c e l l  
layer  o f  the  h ippocampus o f  5-HTT-/- compared  to  5-HTT+/+ mice .   
Quantitative immunohistochemistry study using the ABC method and DAB as substrate of the peroxidase 
exclusively revealed significant differences of the number of cFos and Arc-immunoreactive (ir) cells between 
mice of the two 5-HTT genotypes investigated. Different treatments such as the experience of BM, WM or none 
of both experiences (in the control group, in which mice were left undisturbed in their home cage) do not seem 
to have a significant impact on the expression of these two immediate early genes.  (A) Representative image of 
the dentate gyrus of the hippocampus after cFos immunohistochemistry. Most of the cFos-ir cell nuclei (dark 
brown) are located in the granule cell layer. (a) Higher magnification of cFos-ir cell nuclei in the GCL as 
indicated by arrows. (C) Quantitative evaluation of cFos-ir cells. Septal and temporal hippocampus as well as 
suprapyramidal and infrapyramidal blade of the GCL were analyzed separately. (B) Representative image of the 
dentate gyrus after Arc immunohistochemistry. Most of the Arc-ir cells are located in the GCL. (b) Higher 
magnification of Arc-ir cells bodies (indicated by black arrows) exhibiting also stained processes (indicated by 
grey arrow heads). (D) Quantitative evaluation of Arc-ir cells. Septal and temporal hippocampus as well as 
suprapyramidal and infrapyramidal blade of the GCL were analyzed separately. Two-way ANOVA, data is 
expressed as arithmetic mean of the number of ir-cells per section +SEM; #=p<0.1; *=p<0.05; ***=p≤ 0.005. 
GCL, granule cell layer; SGZ, subgranular zone; Hi, hilus; CONT, control mice; BM, barnes maze tested mice; 
WM, Morris water maze tested mice. Scale bar in A represents 200 µm for A and B, Scale bar in a represent 60 
µm in a and b.  

Adult  neurogenes i s  i s  in f luenced by 5-HTT genotype as wel l  as  spat ia l  l earning tes ts  
The number of cells positive for the proliferation marker Ki-67 is significantly increased in 5-

HTT-/- mice compared to 5-HTT+/+ animals (Fig. 3.3 B). These 5-HTT genotype effects could be 

revealed in the upper blade of the SGZ (F[1, 45]=4.123; p=0.048) of the septal hippocampus as well as 
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in the lower blade of the SGZ (F[1, 41]=4.166; p=0.048) and the total (upper & lower) SGZ (F[1, 

41]=4.578; p=0.038) of the temporal hippocampus. There was however no main effect of treatment. 

Yet, a significant 5-HTT genotype x treatment interaction of Ki67-ir cells in the total SGZ of the septal 

hippocampus could be found (Fig. 3.3). In 5-HTT+/+ mice, the number of Ki67-ir cells was 

significantly increased in mice subjected to the WM compared to untreated (control) animals (t=-2.61; 

p=0.021), whereas the number of Ki67-positive cells in 5-HTT+/+ BM and control mice as well as in 

5-HTT-/- mice of all treatment groups did not differ. Moreover, a trend towards higher amounts of 

Ki67-ir cells in 5-HTT-/- compared to 5-HTT+/+ could be found in the naïve control groups (t=-

1.99; p=0.084), whereas in the BM and WM groups this 5-HTT genotype effect couldn`t be revealed. 

The number of cells expressing NeuroD, a marker for immature neurons, was significantly 

increased in 5-HTT-/- compared to 5-HTT+/+ mice in the upper blade of the SGZ (F[1, 40]=4.181; 

p=0.048) as well as in the total SGZ (F[1, 40]=4.263; p=0.045) in the temporal part of the 

hippocampus (Fig. 3.3 D). 
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Figure 3.3 Incr eased  number  o f  c e l l s  expres s ing  the  two adu l t  neurogenes i s  marker  Ki67 and NeuroD in 
the  granule  c e l l  layer  o f  the  h ippocampus o f  5 -HTT-/- compared  to  5-HTT+/+ mice  and gene  by  
env i ronment  in t e rac t ion  o f  the  number  o f  Ki67-pos i t i v e  pro l i f e ra t ing  c e l l s  in  the  to ta l  SGZ o f  the  s ep ta l  
h ippocampus .  
Quantitative immunohistochemistry study using the ABC method and DAB as substrate of the peroxidase 
exclusively revealed significant differences of the number of Ki67 and NeuroD-immunoreactive (ir) cells 
between mice of the two 5-HTT genotypes (5-HTT-/- and 5-HTT+/+) investigated. Different treatments such 
as the experience of BM, WM or none of both experiences (in the control group, in which mice were left 
undisturbed in their home cage) do not seem to have a significant impact on the expression of these adult 
neurogenesis markers.  In total SGZ of 5-HTT+/+ mice after WM treatment, the number of Ki67-ir cells was 
significantly increased vs. naïve 5-HTT+/+ mice. Additionally, a trend towards higher amounts of Ki67-ir cells 
in naïve 5-HTT-/- compared to naïve 5-HTT+/+ was found in total SGZ. (A) Representative image of the 
dentate gyrus of the hippocampus after Ki67 immunohistochemistry. Most of the Ki67-ir cell nuclei (dark 
brown) are located in the subgranular zone (SGZ). (a) Higher magnification of Ki67-ir cell nuclei in the SGZ as 
indicated by arrows. (C) Quantitative evaluation of Ki67-ir cells. Septal and temporal hippocampus as well as 
suprapyramidal and infrapyramidal blade of the GCL were analyzed separately. (B) Representative image of the 
dentate gyrus after NeuroD immunohistochemistry. Most of the NeuroD-ir cell nuclei are located in the SGZ. 
(b) Higher magnification of NeurD-ir cell nuclei in the SGZ as indicated by arrows. (D) Quantitative evaluation 
of NeuroD-ir cells. Septal and temporal hippocampus as well as suprapyramidal and infrapyramidal blade of the 
GCL were analyzed separately. Two-way ANOVA, data represent arithmetic means of the number of ir-cells per 
section + SEM;  #=p<0.1; *=p<0.05. GCL, granule cell layer; SGZ, subgranular zone; Hi, hilus; CONT, control 
mice; BM, barnes maze tested mice; WM, Morris water maze tested mice. Scale bar in A represents 200 µm for A 
and B, Scale bar in a represent 60 µm in a and b.  

Learning per formance o f  5-HTT-/- mice  in the WM is corre lated with the extent  o f  adul t  
neurogenes is   

Applying the Spearman`s test the only linear dependence between the escape latency (area 

under the learning curve; AuC) and the number of new-born immature neurons immunoreactive for 

NeuroD could be found in the temporal hippocampus of 5-HTT-/- mice tested in the WM (Fig. 3.4). 

In more detail, we discovered a significant negative correlation of learning performance in the WM and 

the number of NeuroD-ir cells in both the upper blade (Spearman’s r (rs) =-0.72, p=0.036,) and the 

whole blade (rs=-0.69, p=0.043) of the SGZ. Moreover, a trend towards a negative correlation could 

also be found in the lower blade of the SGZ (rs=-0.63, p=0.076). 
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Figure 3.4 In 5-HTT-/- mice  sub j e c t ed  to  the  WM a low number  o f  NeuroD pos i t i v e  c e l l s  i s  co rr e la t ed  
wi th  a  poor  per formance  in  the  Morr i s  Water  Maze .   
Applying the Spearman`s test in the quantitative immunohistochemistry study using the ABC method and DAB 
as substrate of the peroxidase revealed a linear dependence between the learning performance (decreasing 
learning performance is expressed as increasing area under the learning curve; AuC) and the number of NeuroD-
immunoreactive (ir) cells could be found in the temporal hippocampus of 5-HTT-/- WM mice. A significant 
correlation between AuC and the number of NeuroD-ir (Data represent arithmetic mean per section) cells in 
both, the upper blade of the subgranular zone (SGZ) as well as the total SGZ. A trend towards a negative 
correlation was found in the lower blade of the SGZ.  
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3.2 Chronic(Mild(Stress(Study(

3.2.1 Results&of&the&behavioral&study&&

The purpose of the CMS-behavioral tests carried out by Sandy Popp was to evaluate whether 

mice with altered levels of brain 5-HT as a consequence of 5-HTT-deficiency display altered 

depression-like and anxiety-like behavior after being subjected to a CMS paradigm.  

The results of the study revealed that 5-HTT-/- mice (of both, cohort 1 and 2) have 

significantly higher body weights than 5-HTT+/- and 5-HTT-/- mice (Fig. 7.3 A in Supplements; 

diagrams display results of cohort 1). However, general liquid intake during the baseline sucrose 

consumption test did not differ between the three genotypes (Fig. 7.3 B in Supplements; diagrams 

display results of cohort 1), suggesting that increased body weights in 5-HTT-/- mice are not due to 

altered ingestive behavior (Due to technical problems with the drinking bottles during the test with 

mice of cohort 2, no reliable data for fluid consumption is available).  After exposure to three weeks of 

CMS, sucrose consumption (Fig. 7.4 C in Supplements) and general liquid intake (Fig. 7.4 D in 

Supplements) tended to decrease in CMS mice as compared to CONT, indicating that CMS induced 

anhedonia-like behavior. However, the anhedonic effect was most pronounced in stressed 5-HTT+/+ 

mice compared to their respective controls. In the FST, no differences between groups or genotypes 

were observed regarding the latency to start floating (Fig. 7.4 A in Supplements) and the cumulative 

time spent floating (Fig. 7.4 B in Supplements), reflecting that neither CMS nor 5-HTT genotype 

induced behavioral despair. 5-HTT-/- mice displayed pronounced hypoactivity in several exploration-

based tests. In the EPM and OF, 5-HTT-/- mice traveled significantly shorter distances (Fig. 7.5 A and 

C in Supplements) and made less vertical rears (Fig. 7.5 B and D in Supplements) as compared to 5-

HTT+/- and 5-HTT+/+ mice. Moreover, 5-HTT-/- mice showed significantly enhanced latencies to 

enter the dark compartment of the LDB (Fig. 7.5 E in Supplements), again arguing for reduced 

exploratory activity. In addition, stressed mice displayed enhanced exploratory activity and/or curiosity 

when compared to controls, as reflected by an increased number of vertical rears in the OF (Fig. 7.5 D 

in Supplements) and LDB (Fig. 7.5 F in Supplements) and longer center distance in the OF (Fig. 7.6 D 

in Supplements). Furthermore, stressed 5-HTT+/- and – to a lesser extent – 5-HTT+/+ mice made 

more transitions between the dark and lit compartment of the LDB (Fig. 7.6 F in Supplements), 

indicating that CMS increased activity/curiosity in 5-HTT+/- and 5-HTT+/+ mice, whereas CMS had 

little to no effect on exploratory activity in 5-HTT-/- mice. No differences between groups or 

genotypes were found for the time spent on the open arms of the EPM (Fig. 7.6 A in Supplements), 

the time spent in the center of the OF (Fig. 7.6 C in Supplements) and the time spent in the lit 
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compartment of the LDB (Fig. 7.6 E in Supplements), suggesting that neither CMS nor 5-HTT 

genotype affected classical measures of anxiety-like behavior.  

Building up on these results, the purpose of my part of the study was to find out about possible 

gene x treatment interactions regarding blood plasma corticosterone as well as regarding aN in the 

hippocampus in the mice that had been subjected to CMS. For this, I investigated the phenomenon of 

adult neurogenesis in mice of cohorts 1 (behaviorally tested) and 2 (behaviorally non-tested; together 

with the two undergraduate students Stephanie Pinzel and Sahab Arinrad) in addition to blood 

corticosterone levels as a marker for stress reactivity of these mice.  

3.2.2 Corticosterone&Levels&in&CMS&treated&mice&&

Plasma corticosterone was measured in mice that experienced CMS and behavioral testing 

(cohort 1) and in mice that experienced CMS without behavioral testing (cohort 2). Data were analyzed 

via 3-way ANOVA with cohort, treatment and genotype as between-subject factors. ANOVA revealed 

a significant cohort x treatment interaction, F[1,83]=17.18; p<0.001. Follow-up analysis revealed a 

significant genotype effect for plasma corticosterone levels in mice of cohort 1 (figure 3.5 A), which 

had been behaviorally tested after either living under control conditions or experiencing CMS (2-way 

ANOVA, F[2,30]=4.22; p=0.02). Bonferroni corrected post hoc t-tests detected that 5-HTT-/- mice 

had significantly higher corticosterone levels compared to 5-HTT+/+, regardless of the treatment 

group (5-HTT+/+ vs. 5-HTT-/-: t=2.732; p<0.05). By contrast, statistical analysis of plasma 

corticosterone levels in mice of cohort 2 (figure 3.5 B), which had either lived under control conditions 

or experienced CMS, revealed a significant treatment effect (2-way ANOVA, F[1,53]=67.12; 

p<0.0001), reflecting that mice which had experienced CMS prior to sacrifice had greatly elevated 

CORT levels compared to mice that had lived under control conditions. A direct comparison of cohort 

1 and cohort 2 revealed a significant cohort by treatment effect (2-way ANOVA, F[1,91]=20.17; 

p<0.0001). Bonferroni corrected post-hoc t-tests revealed significantly elevated corticosterone levels in 

behaviorally tested compared to behaviorally non-tested CONT mice (t-test, t=6.793, p<0.001) as well 

as significantly elevated corticosterone levels in behaviorally non-tested CMS mice versus CMS mice (t-

test, t=6.893, p<0.001; figure 3.5 C). These findings indicate that the behavioral testing battery, which 

was performed in order from less to more aversive experiments, masked the effect of CMS by 

increasing plasma CORT in control animals. 
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Figure 3.5 Cort i co s t e rone  l ev e l s  in  CMS trea t ed  and behav iora l l y  t e s t ed  and non - t e s t ed  mice    
(A) Trunk blood plasma samples of mice that had lived either under control conditions (CONT) or experienced 
CMS, taken 24hrs after the last behavioral test (cohort 1). ANOVA revealed a significant genotype effect. Post 
hoc analysis using Bonferroni corrected t-tests revealed a significant difference between 5-HTT-/- mice and 5-
HTT+/+ mice. (B) Trunk blood plasma samples of mice that had lived either under control conditions (CONT) 
or experienced CMS, taken 24hrs after the last exposure to a stressor (cohort 2). ANOVA revealed an extremely 
significant treatment effect, which states that CMS mice exhibited higher values than CONT mice. (C) 
Comparison of cohorts 1 and 2. ANOVA revealed an extremely significant cohort by treatment. Bars represent 
the mean concentration, whiskers express + SEM. *=p<0.05; ***=p<0.001. 

3.2.3 Quantitative&assessment&of&markers&for&adult&neurogenesis&in&the&hippocampus&of&

CMS&treated&and&behaviourally&tested&mice&

In order to see if CMS treatment influences different stages of aN, immunohistochemical 

stainings were carried out with antibodies against proliferation marker Ki67, immature neuron marker 

DCX and neuronal progenitor marker NeuroD. For quantitative analysis, Ki67,  NeuroD- and DCX-ir 

cells were counted in the suprapyramidal and infrapyramidal blade of the GCL and SGZ. Addtionally 

Ki67-ir cells were counted in the ML, and the hilus. As there were only few cells counted in the ML and 

no significant effects arose from statistical analyses and above all, it is highly unlikely for aN to take 

place in this hippocampal region, the ML data will not be shown.  
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Figure 3.6 Photomicrographs  o f  the  denta t e  gyrus  o f  the  h ippocampus d i sp lay ing  Ki67- i r ,  NeuroD-ir  and 
DCX-ir  c e l l s .  
Immunhistochemistry via the ABC method with DAB as a substrate for the peroxidase was applied using Ki67 
as a marker for proliferation, NeuroD as a marker for neuronal progenitor cells and DCX as a marker of 
immature neurons. (A) Representative image of the dentate gyrus with Ki67-ir (immunoreactive) cells. Most of 
the Ki67-ir cell nuclei (dark brown) are located in the subgranular zone (SGZ). (a) Higher magnification of Ki67-
ir cell nuclei in the SGZ as indicated by black arrows. (B) Representative image of the dentate gyrus with 
NeuroD-ir cells. Most of the NeuroD-ir cell nuclei are located in the SGZ. (b) Higher magnification of NeurD-ir 
cell nuclei in the SGZ as indicated by black arrows. . (C) Representative image of the dentate gyrus with DCX-ir 
cells. Most of the DCX-ir cell bodies are located in the SGZ. (c) Higher magnification of a DCX-ir cell (white 
arrowhead) with dendritic extension (gray arrowhead) in the SGZ. GCL, granular cell layer; SGZ, subgranular 
zone; Hi, hilus. Scale bar in C represents 200 µm for A,B and C, Scale bar in c represent 60 µm in a, b and c. 
 

5-HTT genotype as wel l  as  CMS have an inf luence  on the number o f  pro l i f erat ing ce l l s  
In mice of cohort 1, which had been behaviorally tested, statistical analysis of Ki67-ir cell 

counts in the suprapyramidal blade of the SGZ, revealed a significant treatment x genotype interaction 

(2-way ANOVA: F(2,30)=3.548; p=0.0414). Bonferroni corrected post hoc t-tests showed that CMS 

treatment increases Ki67-ir cells in 5-HTT+/+ mice (t=2.987; p<0.05; figure 3.7 A). After CMS 5-

HTT+/+ mice have significantly more Ki67-ir cells than 5-HTT+/-(t=2.563; p<0.05; figure 3.7 A) and 
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5-HTT-/- mice (t=2.752; p<0.05; figure 3.7 A). In the infrapyramidal SGZ 2-way ANOVA also 

resulted in a treatment x genotype interaction (F(2,30)=4.195; p=0.0247). Bonferroni corrected post 

hoc t-tests again discovered that CMS increases Ki67-ir cells significantly in 5-HTT+/+ mice (t=2.856; 

p<0.05; figure 3.7 B). Additionaly, after CMS 5-HTT+/+ mice have significantly more Ki67-ir cells in 

the infrapyramidal blade of the SGZ than 5-HTT-/- mice (t=2.932; p<0.05; figure 3.7 B). These effects 

are confirmed when pooling the data of supra- and the infrapyramidal blades (2-way ANOVA of total 

SGZ:  Treatment x genotype interaction; F(2,30)=4.003; p=0.0288; Bonferroni corrected post hoc t-

tests: CMS/  5-HTT+/+ vs. 5-HTT+/-, t=2.511; p<0.05; CMS/  5-HTT+/+ vs. 5-HTT-/-, t=2.941; 

p<0.05; 5-HTT+/+/  CONT vs. CMS, t=3.076; p<0.05; figure 3.7 C). Statistical analysis of data from 

all regions of the hippocampus (shown as total DG: ML, GCL, SGZ and hilus) pooled together also 

detected a treatment x genotype interaction (2-way ANOVA of total DG: F(2,30)=5.157; p=0.0119). In 

the total DG Bonferroni corrected post hoc t-tests showed that exposure to CMS results in a highly 

significant increase of Ki67-ir cells of 5-HTT+/+ mice (t=3.293; p<0.01; figure 3.7 D) and that after 

CMS 5-HTT+/+ mice have significantly more Ki67-ir cells than 5-HTT-/- mice (t=2.964; p<0.05; 

figure 3.7 D). 

 
Figure 3.7 Cohor t  1 :  CMS interac t s  w i th  g eno type ,  a f f e c t ing  pro l i f e ra t ion  SGZ and to ta l  DG  
Quantitative immunohistochemistry using Ki67 as a marker for proliferation and the ABC method with DAB as 
substrate of the peroxidase exclusively revealed significant CMS-treatment by 5-HTT-genotype interaction 
effects regarding the number of Ki67-immunoreactive (ir) cells. In the supra- and infrapyramidal blades of the 
SGZ as well as the total SGZ and the total DG (ML, SGZ, GCL & Hilus), CMS treatment increases Ki67-ir cells 
in 5-HTT+/+ mice compared to untreated 5-HTT-mice and after CMS 5-HTT+/+ mice have significantly 
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more Ki67-ir cells than 5-HTT-/- mice. Additionally, in the supra pyramidal blade and the total SGZ 5-
HTT+/+ mice also have higher Ki67-ir cells after CMS than 5-HTT+/- mice. (A) Quantitative evaluation of 
Ki67-ir cells in the suprapyramidal blade. (B) Quantitative evaluation of Ki67-ir cells in the infrapyramidal blade. 
(C ) Quantitative evaluation of Ki67-ir cells in the total SGZ. (D) Quantitative evaluation of Ki67-ir cells in the 
total DG. Two-way ANOVA, data represent arithmetic means of the number of ir-cells per section + SEM;  
*=p<0.05. **=p<0.01; SGZ, subgranular zone; DG, dentate gyrus; CONT, control mice; CMS, chronic mild 
stress mice.  
 

2-way ANOVA performed for the Ki67-ir cell counts in the hilus resulted in a genotype effect 

(F(2,30)=5.746; p=0.0077; figure 3.8). 5-HTT+/- mice have the highest amount of Ki67-ir cells in the 

hilus. According to Bonferroni corrected post hoc tests, the difference between Ki67-ir cells in 5-

HTT+/+ and in 5-HTT+/- mice is highly significant (t=3.290; p<0.01; figure 3.8). Additionally there 

is a trend towards a difference between Ki67-ir cells in 5-HTT-/- and in 5-HTT+/- (t=2.431; p<0.1; 

figure 3.8). 

 
Figure 3.8 Cohor t  1 :  Higher  numbers  o f  pro l i f e ra t ing  c e l l s  in  5-HTT+/- mice  compared  to  5-HTT+/+ 
and 5-HTT-/-  mice  
Quantitative immunohistochemistry using Ki67 as a marker for proliferation and the ABC method with DAB as 
substrate of the peroxidase, exclusively revealed a significant main effect of genotype regarding the number of 
Ki67-immunoreactive (ir) in the hilus. 5-HTT+/- mice have highly significant more Ki67-ir cells than 5-
HTT+/+  mice. Additionally there is a trend for 5-HTT+/- mice to have significantly more Ki67-ir cells than 5-
HTT-/- mice. Two-way ANOVA, data represent arithmetic means of the number of ir-cells per section + SEM;  
#=p<0.1, **=p<0.01; CONT, control mice; CMS, chronic mild stress mice.  
 

Neither  Genotype nor CMS have an e f f e c t  on the number o f  neuronal  progeni tor  ce l l s  
In mice of cohort 1, statistical analysis (2-way ANOVA) of NeuroD-ir cell counts (figure 3.9) 

revealed no significant main effects of 5-HTT-genotype, CMS-treatment or even CMS-treatment by 5-

HTT-genotype, neither in the suprapyramidal blade of the SGZ (treatment x genotype: F(2,30)=1.881, 

p>0.1; genotype: F(2,30)=0.8371, p>0.1; treatment: F(2,30)=1.744, p>0.1), in the infrapyramidal blade 

of the SGZ (treatment x genotype interaction: F(2,30)=1.881, p>0.1; genotype: F(2,30)=0.8371, p>0.1; 

treatment: F(2,30)=1.744, p>0.1), in the total SGZ (treatment x genotype interaction: F(2,30)=1.739, 

p>0.1; genotype: F(2,30)=0.8371, p>0.1; treatment: F(2,30)=1.560, p>0.1), nor in total DG (SGZ & 
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GCL; treatment x genotype interaction: F(2,30)=1.911, p>0.1; genotype: F(2,30)=0.9026, p>0.1; 

treatment: F(2,30)=1.170, p>0.1) . 

 
Figure 3.9 Cohor t1 :  Nei ther  Genotype  nor  CMS have  an e f f e c t  on  the  number  o f  NeuroD-ir  c e l l s   
Quantitative immunohistochemistry using NeuroD as a marker for proliferation and the ABC method with DAB 
as substrate of the peroxidase exclusively revealed no significant main effects of genotype or treatment nor a 
significant treatment by genotype interaction. Regarding the number of NeuroD-immunoreactive (ir) cells in the 
supra- and infrapyramidal blades of the SGZ as well as the total SGZ and the total DG (SGZ & GCL).  (A) 
Quantitative evaluation of NeuroD-ir cells in the suprapyramidal blade. (B) Quantitative evaluation of NeuroD-ir 
cells in the infrapyramidal blade. (C ) Quantitative evaluation of NeuroD-ir cells in the total SGZ. (D) 
Quantitative evaluation of NeuroD-ir cells in the total DG. Two-way ANOVA, data represent arithmetic means 
of the number of ir-cells per section + SEM; SGZ, subgranular zone; DG, dentate gyrus; CONT, control mice; 
CMS, chronic mild stress mice. 
 

A 5-HTT genotype by CMS-treatment interac t ion af f e c t s  the number o f  immature neurons 
in the SGZ 

In mice of cohort 1, a significant CMS-treatment by 5-HTT-genotype interaction was 

discovered in the suprapyramidal blade of the SGZ, (2-way ANOVA: F(2,30)=3.548; p=0.0414) 

regarding the number of DCX-ir cells. Bonferroni corrected posthoc t-tests showed that CMS 

treatment increases DCX-ir cells in 5-HTT+/+ mice compared to 5-HTT+/-mice(t=2.987; p<0.05; 

figure 3.10 A). After CMS 5-HTT+/+ mice have significantly more DCX-ir cells than 5-HTT+/-

(t=2.374; p<0.05 ; figure 3.10 A). In the infrapyramidal as well as the total SGZ and the total DG (SGZ 

& DG), 2-way ANOVA also resulted in a treatment x genotype interaction (infrapyramidal: 
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F(2,30)=3.423; p=0.0485; total SGZ: F(2,30)=3.423; p=0.0485; total DG: F(2,30)=3.258; p=0.054), 

however in neither of the regions, bonferroni corrected post hoc t-tests revealed significant differences 

between the genotypes. 

 
Figure 3.10 Cohor t  1 :  CMS incr ease s  the  number  o f  immature  neurons  in  the  SGZ o f  5 -HTT+/+ mice  
compared  to  5-HTT-/- mice .   
Quantitative immunohistochemistry using DCX as a marker for proliferation and the ABC method with DAB as 
substrate of the peroxidase exclusively revealed significant CMS-treatment by 5-HTT-genotype interaction 
effects regarding the number of DCX-immunoreactive (ir) cells in the supra- and infrapyramidal blades of the 
SGZ as well as the total SGZ and the total DG (SGZ & GCL). Only in the suprapyramidal blade Bonferroni 
corrected t-tests revealed that 5-HTT+/+ mice have significantly more DCX-ir cells than 5-HTT+/- mice. (A) 
Quantitative evaluation of DCX-ir cells in the suprapyramidal blade. (B) Quantitative evaluation of DCX-ir cells 
in the infrapyramidal blade. (C) Quantitative evaluation of DCX-ir cells in the total SGZ. (D) Quantitative 
evaluation of DCX-ir cells in the total DG. Two-way ANOVA, data represent arithmetic means of the number 
of ir-cells per section + SEM; *=p<0.05.; SGZ, subgranular zone; DG, dentate gyrus; CONT, control mice; 
CMS, chronic mild stress mice.  
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3.2.4 Quantitative&assessment&of&markers&for&adult&neurogenesis&in&the&hippocampus&of&

CMS&treated&and&behaviorally&nonYtested&mice&

In order to reappraise if the effects we saw regarding the proliferation and aN in the 

hippocampi of the mice of cohort 1 where a result of CMS treatment, or rather the consequence of the 

behavioral testing battery, we had generated another cohort of mice. These mice of what we named 

cohort 2, had received the same treatment as mice of cohort 1 except that they were sacrificed one day 

after the last stressor, without being subjected to behavioral testing of an sort. With the brains thus 

received we again carried out immunohistochemical stainings with antibodies against proliferation 

marker Ki67, and immature neuron marker. For quantitative analysis, Ki67 DCX-ir cells were counted 

in the suprapyramidal and infrapyramidal blade of the SGZ.  

CMS decreases  the number o f  pro l i f erat ing ce l l s  in mice  that  had not  undergone behavioral  
t es t ing 

In mice of cohort 2, statistical analysis of Ki67-ir cell counts with 2-way ANOVA in the 

suprapyramidal and the infrapyramidal blade of the SGZ as well as in the total SGZ, revealed 

significant treatment effects, which demonstrate that CMS decreases the number of Ki-67-ir cells 

(suprapyramidal: F(1,49)=10.69; figure 3.11 A; p=0.0020; infrapyramidal: F(1,49)=4.495; p=0.0391; 

figure 3.11 B ; total SGZ: F(1,49)=8.363; p=0.0057; figure 3.11 C).  
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Figure 3.11 Cohor t  2 :  CMS decr ease s  pro l i f e ra t ion  in  the  SGZ o f  behav iora l l y  non- t e s t ed  mice  
Quantitative immunohistochemistry using Ki67 as a marker for proliferation and the ABC method with DAB as 
substrate of the peroxidase exclusively revealed significant CMS-treatment effect regarding the number of Ki67-
immunoreactive (ir) cells. In the supra- and infrapyramidal blades of the SGZ as well as the total SGZ, CMS 
treatment decreases Ki67-ir cells in all mice regardless of genotype. (A) Quantitative evaluation of Ki67-ir cells in 
the suprapyramidal blade. (B) Quantitative evaluation of Ki67-ir cells in the infrapyramidal blade. (C) 
Quantitative evaluation of Ki67-ir cells in the total SGZ. Two-way ANOVA, data represent arithmetic means of 
the number of ir-cells per section + SEM;  *=p<0.05. **=p<0.01; SGZ, subgranular zone; CONT, control mice; 
CMS, chronic mild stress mice.  
 

Undisturbed 5-HTT-/- mice  d isp lay the highest  numbers o f  immature neurons and CMS-
treatment decreases  the number o f  immature neurons in 5-HTT-/- mice  

In mice of cohort 2, a highly significant CMS-treatment by 5-HTT-genotype interaction was 

detected in the suprapyramidal blade of the SGZ (2-way ANOVA: F(2,47)=5.906; p=0.0052) regarding 

the number of DCX-ir cells. Bonferroni corrected posthoc t-tests showed that undisturbed (CONT) 5-

HTT-/- mice have significantly higher numbers of DCX-ir cells compared to CONT 5-HTT+/+ mice 

(t=3.849; p<0.001; figure 3.12 A). Addtionally CMS decreases the number of DCX-ir cells in 5-HTT-/- 

mice compared to CONT 5-HTT-/- mice (t=4.700; p<0.001; figure 3.12 A). In the infrapyramidal 

blade, 2-way ANOVA only resulted in a trend towards a treatment effect, with CMS treated mice 

displaying lower numbers of DCX-ir cells thatn CONT animals (F(1,47)=3.308; p=0.0753;). Finally, 

when analyzing both blades of the SGZ together again a highly significant CMS-treatment by 5-HTT-

genotype interaction was detected (2-way ANOVA: F(2,47)=7.839; p<0.01). Again, bonferroni 

corrected posthoc t-tests showed that undisturbed (CONT) 5-HTT-/- mice have significantly higher 



Results& &

 50 

numbers of DCX-ir cells compared to CONT 5-HTT+/+ mice (t=3.369; p<0.01; figure 3.12 C) and 

that CMS decreases the number of DCX-ir cells in 5-HTT-/- mice compared to CONT 5-HTT-/- 

mice (t=4.258; p<0.001 ; figure 3.12 C). 

 
Figure 3.12 Cohor t  2 :  CMS interac t s  w i th  5-HTT-/- geno type  and decr eases  the  number  o f  immature  
neurons  in  the  SGZ.  
Quantitative immunohistochemistry using DCX as a marker for proliferation and the ABC method with DAB as 
substrate of the peroxidase revealed significant CMS-treatment by 5-HTT-genotype interaction effects regarding 
the number of DCX-immunoreactive (ir) cells in the suprapyramidal blade oft he SGZ as well as the total SGZ. 
Bonferroni corrected t-tests revealed that 5-HTT-/- mice have significantly more DCX-ir cells than 5-HTT+/+ 
and that CMS decreases the number of DCX-ir cells in 5-HTT-/- mice. (A) Quantitative evaluation of DCX-ir 
cells in the suprapyramidal blade. (B) Quantitative evaluation of DCX-ir cells in the infrapyramidal blade. (C ) 
Quantitative evaluation of DCX-ir cells in the total SGZ. Two-way ANOVA, data represent arithmetic means of 
the number of ir-cells per section + SEM; #=p<0.1;  **=p<0.01; ***=p<0.001; SGZ, subgranular zone; 
CONT, control mice; CMS, chronic mild stress mice.  
 

In summary, the results of the examination of cohort 2 clearly revealed a CMS treatment effect 

regarding proliferation, with CMS decreasing the number of Ki67-ir cells in general. Additionally, CMS 

treatment interacts with 5-HTT-genotype to decrease immature neurons in 5-HTT-/- mice. This stands 

contrary to the results of the examination of proliferation and aN in cohort 1. Here a gene x treatment 

effect regarding the number of Ki-67-ir cells had been revealed, with CMS increasing proliferation 

exclusively in 5-HTT+/+ mice. Additionally, a CMS treatment effect on the number of immature 

neurons had been found with CMS in general increasing the number of DCX-ir cells.  
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4 Discussion&
 

In both studies introduced in this doctoral thesis, animals of the 5-HTT-/- mouse line were 

used. Mice in the Spatial Learning study were of male sex and six months of age, while mice in the CMS 

study where one year old females. In the Spatial Learning study, mice experienced WM-stress, which 

could be classified as a predictable stressor, as the mice where subjected to a total of 10 (BM) or 15 

(WM) trials. Contrary to this, mice of the CMS study where subjected to a number of unpredictable 

stressors. As far as behavior is concerned, both studies showed that 5-HTT-/- mice display hypo-

locomotion. While predictable WM-stress decreases locomotor activity from trial to trial, during the 

same day, in 6 months old male 5-HTT-/- mice, unpredictable CMS does not further decrease 

locomotor activity displayed in OF, EPM or LDB in 1-year old female 5-HTT-/-. On the other hand 

there is significant increase of rearing behavior in the LDB and a trend towards an increase of rearings 

in the OF in response to CMS independently of the genotype. Concerning Neuroplasticity, the Spatial 

Learning study revealed higher amounts of cFos- and Arc-ir cells in 5-HTT-/- compared to 5-

HTT+/+ mice at baseline. Regarding aN, 5-HTT-/- exhibited more proliferation (Ki67-ir cells) and 

neuronal progenitor cells (NeuroD-ir cells) than 5-HTT+/+. Additionally, a genotype by treatment 

interaction showed that WM and not BM treatment leads to an increase of proliferation in 5-HTT+/+ 

mice. Moreover, a positive correlation between the number of NeuroD-ir cells in 5-HTT-/- mice 

subjected to the WM and their overall performance (AuC) could be found revealing that mice with 

lower numbers of NeuroD-ir cells performed worse in the WM. Within the scope of the CMS study, 

investigation of the brains of mice of cohort 2, which had only experienced CMS and had not been 

behaviorally tested, revealed that non-stressed 5-HTT-/- exhibited significantly more immature 

neurons than their non-stressed 5-HTT+/+ littermates. On the other hand, a decrease in proliferation 

in response to stress, as well as a decrease in the number of immature neurons in 5-HTT-/- mice as a 

response to stress was detected. This was in accordance with result of the assessment of the 

corticosterone levels, which showed a clear increase in corticosterone levels in response to the CMS 

treatment. Examination of the brains of mice of cohort 1 had not resulted in a treatment effect, neither 

had the examination of their corticosterone levels, which shows clearly that the effect of the CMS 

paradigm had been washed out by the behavioral testing battery.  
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4.1 Spatial(Learning(Study(

The aim of this study was to evaluate whether mice with altered levels of brain 5-HT as a 

consequence of lifelong 5-HTT deficiency perform differently in two spatial memory tests, the WM 

and the BM, prospectively differing in aversiveness. Moreover, we asked whether neurobiological 

equivalents to possible learning differences exist. For this purpose, we investigated the phenomenon of 

adult neurogenesis and IEG expression as a marker for neuronal activity in the hippocampus in 

addition to blood corticosterone levels as a marker for stress reactivity of these mice.  

4.1.1 Summary&and&Interpretation&of&the&Behavioral&Results&

rom numerous studies, it is known that the lifelong reduced or absent 5-HTT function is 

associated with multiple changes at the behavioral level compared to 5-HTT+/+ littermates (for review 

see: (Murphy & K.-P. Lesch 2008)). As far as the behavioral phenotype of 5-HTT mutant mice is 

concerned, it has been found to primarily include increased anxiety– and depression-related behavior, 

reduced aggression, but also deficits in fear extinction recall (Holmes et al. 2003; Wellman et al. 2007; 

Murphy & K.-P. Lesch 2008; Narayanan et al. 2011; Heiming et al. 2013). However, so far only little 

was known about the influence of the 5-HTT on cognitive functions. Thus, the behavioral study by 

Lars Lewejohann and his Master Student Sandra Grauthoff provides first insights into spatial learning 

capacities of mice deficient for the 5-HTT using two different learning tests: the WM and the BM 

(Karabeg et al. 2013). They found, that 5-HTT null mutant mice required more time to find the hidden 

platform in the WM, compared to 5-HTT+/- and 5-HTT+/+ mice. But as the overall swimming 

distance of the 5-HTT-/- mice was not altered their more frequent floating behavior (stops) led to 

reduced overall swimming speed levels, which finally resulted in this delayed learning performance. Yet, 

this interrupted movement of 5-HTT null mutant mice is unique to the WM test, as in the BM test 5-

HTT-/- mice did not stop walking more frequently than 5-HTT+/- and 5-HTT+/+ mice. On the 

other hand, 5-HTT-/- mice advanced in the course of the 12 WM test trials to 5-HTT+/+ levels, so 

that in the last trials mice of all three 5-HTT genotypes showed similar learning performance. It was 

concluded, that these results point towards a comparable spatial learning capacity of 5-HTT-/-, 5-

HTT+/- and 5-HTT+/+ mice, but that there are some time-dependent performance differences in the 

WM, but not in the BM. 

Lars Lewejohann suggested that the observed floating behavior observed in 5-HTT-/- mice 

might resemble the “immobility time” known from the forced swim test, which is discussed to be a 

behavioral correlate of despair and thus indicates depression-like behavior. As a consequence, floating 

in the WM could reflect a state of despair indicating that 5-HTT-/- mice gave up active coping with the 
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challenging situation earlier than both other genotypes (Karabeg et al. 2013). Initially, 5-HTT-/- mice 

did not differ from 5-HTT+/- and 5-HTT+/+ mice regarding the extent of floating, instead their 

number of floatings increased in the course of three subsequently performed trials per day during the 

first three days of the WM training session. This was found to resemble the results of two different 

studies performed by the groups of Wellman (Wellman et al. 2007) and Carroll (Carroll et al. 2007) who 

showed that 5-HTT-/- mice exhibit significantly increased depression-related behavior compared to 5-

HTT+/- and 5-HTT+/+ mice exclusively in response to repeated forced swimming, but not to a 

single exposure to the forced swim test.  However, as the exaggerated floating behavior returned to 

baseline level during the first trial of the following days (day 2 and 3), and the fact that this increased 

immobility of 5-HTT-/- mice was unique to the more aversive WM test gives the idea that 5-HTT-/- 

mice are more sensitive to the aversive situation and show more despair during the second and third 

WM trial than their 5-HTT+/- and 5-HTT+/+ littermates instead of actively coping with the stressful 

situation.  

4.1.2 Corticosterone&levels&in&mice&deficient&for&the&5YHTT,&tested&in&WM&and&BM&

In contrast to the WM the BM does not utilize the fear of drowning as a strongly aversive 

stimulus, and was already shown to result in lower blood plasma stress hormone levels (Harrison et al. 

2009). On top of that, spatial learning was shown to be inversely correlated with corticosterone levels in 

the WM, but not in the BM, suggesting that performance in the WM may be more prone to test-

induced stress (Harrison et al. 2009). The aversiveness of the WM is further corroborated by the fact 

that WM induces hypothermia.  For instance, Streijger et. al have reported, that a 2 min swim in the 

WM decreases the core body temperature by 4.5°C  (Streijger et al. 2009) and five swims of 45 sec with 

a very  short inter trial interval are reported to lead to a rectal temperature drop of 9°C (Iivonen et al. 

2003). Moreover, it is well-known from other behavioral tasks that high levels of stress can influence 

the animal's performance (Hölscher 1999). The significantly increased corticosterone levels detected in 

WM-tested compared to BM-tested mice 15 min after the start of one single trial, are in accordance 

with the study of Harrison and co-workers (Harrison et al. 2009), interestingly however, this was not 

found in mice after the first trial on the second testing day. Although there was no significant gene by 

treatment interaction WM-tested 5-HTT deficient mice tended to exhibit higher corticosterone 

concentrations compared to mice of the same 5-HTT genotype after BM experience in both stress 

hormone cohorts. Moreover, repeatedly experiencing any of the two spatial learning tests resulted in 5-

HTT genotype differences with highest plasma corticosterone levels in 5-HTT-/- mice, while 5-

HTT+/+ mice seemed to habituate regarding their stress response. These 5-HTT genotype differences 

are in accordance with former studies analyzing glucocorticoid and ACTH levels in mice of different 5-
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HTT genotypes in response to stressors such as handling and injection (Q. Li et al. 1999; Jiang et al. 

2009). Furthermore, an exaggerated adrenalin/epinephrine release into plasma could be shown as a 

reaction to 15 min of immobilization (Armando et al. 2003), whereas tyrosine hydroxylase mRNA 

expression after this type of acute stress in 5-HTT+/+ and 5-HTT-/- mice was not changed. In line 

with most previous studies, the 5-HTT-/-, 5-HTT+/- and 5-HTT+/+ mice used in the present study 

(Karabeg et al. 2013) exhibit similar basal glucocorticoid levels (Tjurmina 2002; Tjurmina et al. 2004; 

Jansen et al. 2009; Bartolomucci et al. 2010). For this reason, it is proposed that the observed 5-HTT 

genotype differences after repeated spatial learning test performance can be regarded as a result of a 

gene by stress experience interaction and that it points towards an altered stress sensitivity of 5-HTT 

deficient mice. This increased stress sensitivity of the tested 5-HTT deficient animals in combination 

with the assumed different levels of aversiveness of BM and WM might explain inferior learning 

performance in the WM as an altered responsiveness of 5-HTT-/- mice towards a seemingly 

inescapable aversive WM environment without actually affecting spatial learning abilities per se.  

Comparable to the results of 5-HTT deficient mice or rats, human individuals carrying the S-

allele of the 5-HTT gene exhibit a greater reactivity to stress. This relation is supported by human 

imaging studies, which have found that carriers of the S-allele display greater amygdala activation in 

response to fearful stimuli (Hariri et al. 2002), that is dependent on 5-HTT availability (Rhodes et al. 

2007). Besides that, stressful life events were shown to correlate with the severity and number of 

episodes of major depression in the individuals carrying lower expressing 5-HTT genes (Caspi et al. 

2003; Zalsman et al. 2006). Additionally, cognitive deficits in memory and decision-making have been 

found to be present early in the course of major depressive disorder (Trivedi & Greer 2014). On the 

other hand, it has also been reported that carriers of the L-allele, who had recovered from depression 

were more vulnerable later on to an increase in depressive symptoms than those carrying the S-allele 

(Moreno et al. 2002). Moreover, Roiser had demonstrated, that L-allele carriers showed inferior 

cognitive performance than S-allele carriers in a visual planning task as well as in an attentional test that 

measures the ability to withhold an intentional motor response based on the emotional valence of 

words (Roiser et al. 2006; Roiser et al. 2007).  
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4.1.3 Interpretation&of&the&Results&of&the&Quantitative&Immunohistochemistry&Study&

Increased number o f  IEG-posi t ive  ce l l s  in the hippocampus o f  5-HTT-/- mice  compared 
to 5-HTT+/+ l i t t ermates  point  to  higher  base l ine hippocampal ac t iv i ty  l eve l s  in mice  
with l i f e long 5-HTT def i c i ency  

Immunocytochemistry as well as in mRNA-studies IEG protein/mRNA expression had been 

shown to peak within the first hours (protein) or even minutes (mRNA expression) after different 

learning tests or stress exposure and then return to baseline after a maximum of 24 hrs  (Link et al. 

1995; Bertaina-Anglade et al. 2000; Wallace et al. 1998; Guzowski et al. 2001). Therefore we were aware 

that the chosen time-point was not ideal for IEG expression analysis related to effects of the exposure 

to the different test apparatuses. However, as the survival time of 60 hrs after 5 days of learning test 

exposure seems to be perfect for the analysis of early neurogenesis stages we decided to quantify the 

number of cFos- and Arc-positive cells in the DG of our mice (behavior-cohort) sacrificed 60 hrs after 

the last spatial learning test. This was done, as we aimed at testing the hypothesis suggested by (Nietzer 

et al. 2011) that 5-HTT-/- brains display a “stressed” morphological phenotype and hoped to find 

increased numbers of IEG-expressing cells in the hippocampus of 5-HTT-/- compared to 5-HTT+/+ 

mice.   

As expected, we did not detect differences between the number of Arc positive cells in mice of 

the different treatment groups (CONT, BM, WM), but overall 5-HTT genotype effects with 

significantly higher number of Arc-ir cells in the DG of 5-HTT-/- mice compared to 5-HTT+/+ mice 

(Karabeg et al. 2013). In contrast to our results, significantly reduced Arc mRNA expression was 

detected in the whole hippocampus of 5-HTT deficient rats, irrespective of hippocampal subregions 

and different layers (Molteni et al. 2009). Additionally, Eriksson et al. found that Flinders sensitive line 

(FSL) rats display emotional memory impairments accompanied by reduced Arc mRNA expression 

specifically in brain regions implicated in cognitive processing such as the dentate gyrus (T. M. Eriksson 

et al. 2012). These results, however, do not necessarily contradict our results, as our study analyzed the 

total number of Arc-ir cells and exclusively focused on the granule cell layer of the DG (Karabeg et al. 

2013). The fact that both, the Molteni study using 5-HTT deficient rats and our study using 5-HTT 

deficient mice revealed 5-HTT genotype dependent alterations in baseline Arc expression may be 

explained by a compensatory mechanism in response to the lifelong altered extracellular and 

intracellular 5-HT-levels, which could be the neurobiological correlate of heightened anxiety. This 

notion is supported by the fact that serotonergic signaling and Arc thus have opposing effects on 

AMPA type glutamate receptor (AMPAR)-trafficking. While serotonergic signaling enhances trans-

synaptic signaling efficiency via the insertion of AMPARs into synapses at postsynaptic neurons (K. P. 
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Lesch & Waider 2012),  Arc expression is reciprocally regulated by activity and facilitates the 

endocytosis of certain AMPARs resulting in reduced AMPARs surface expression (Chowdhury et al. 

2006). The latter possibly resulting in an increase of the threshold for LTP followed by altered learning 

and memory processes. From the results of our quantitative immunohistochemistry study we cannot 

tell if Arc is overexpressed in single cells of the DG in 5-HTT-/- compared to 5-HTT+/+ mice. Yet, 

one could speculate that having more cells expressing Arc at baseline coincides with the overexpression 

in single cells.  

Regarding cFos, significantly increased numbers of cFos-ir cells were found in the septal 

hippocampus of 5-HTT-/- compared to 5-HTT+/+ mice (Karabeg et al. 2013). From a number of 

older studies it is known that cFos is upregulated in the DG in response to various acute stressors 

including immobilization, noxious stimulation and hyper osmotic stress (Senba et al. 1994; Senba & 

Ueyama 1997) as well as in response to chronic defeat (Matsuda et al. 1996). Interestingly, chronic 

restraint stress has also been found to cause a significant increase in 5-HT (Adell et al. 1988).  This 

gives reason to assume that 5-HTT-/- mice, which have higher basal extracellular 5-HT levels and thus 

resemble the mentioned chronically stressed mice, are closer to a “stress threshold” than 5-HTT+/+ 

mice. Beyond that, it is known that chronic restraint stress causes atrophy of apical dendrites in CA3 

pyramidal neurons of the hippocampus (Watanabe, Gould, Cameron, et al. 1992b; Watanabe, Gould & 

McEwen 1992a; Watanabe, Gould, Daniels, et al. 1992c; Magarinos & McEwen 1995; Magariños & 

McEwen 1995; Sunanda et al. 1995) and that this atrophy is correlated with impaired spatial memory 

performance. Interestingly, the atrophy as well as the impairment could be reversed by lowering 

extracellular 5-HT pharmacologically in the septal hippocampus (Luine et al. 1994; Conrad et al. 1996). 

Finally, the increased baseline expression of the two IEGs Arc and cFos shown in this study 

may have promoted the pronounced stress sensitivity of 5-HTT-/- mice. Thus, elevated Arc and cFos 

protein levels could represent a “stressed” brain phenotype in consequence of lifelong 5-HTT 

deficiency, thereby presenting the neurobiological correlate of increased stress sensitivity and 

heightened anxiety of 5-HTT-/- animals.  

Increased adul t  neurogenes i s  in the hippocampus o f  5-HTT-/- mice  compared to 5-
HTT+/+ l i t t ermates  indicates  a compensatory mechanism for  l i f e long increased 
extrace l lu lar 5-HT leve l s  

5-HTT genotype effects regarding proliferation (Ki67) and neurogenesis (NeuroD) comprise 5-

HTT-/- mice displaying more immunoreactive cells than 5-HTT+/+ animals. Schmitt et al. have 

already achieved similar results in 2007, albeit only in aged (14 months old), and not in young adult 

mice. These results are quite feasible when keeping in mind that, first, the lack of 5-HT clearance in 
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these mice results in a persistent 5 to 13-fold increase of 5-HT concentrations in the extracellular space 

(Shen et al. 2004; Fabre et al. 2000), and second, that 5-HT is a positive modulator of stem cell 

proliferation and neurogenesis in the adult hippocampus (Brezun & Daszuta 2000; Banasr et al. 2006; 

Benninghoff et al. 2010). In a recent study, immunoreactivity for the neurogenesis marker doublecortin 

was discovered to be increased in the dentate gyrus of 5-HTT-/- rats in comparison with 5-HTT+/+ 

rats (Schipper et al. 2011). By feeding 5-HTT-/- animals a special diet, Schipper et al. were able to 

normalize both, increased anxiety-like behavior of 5-HTT-/- rats and altered neurogenesis level. This 

led them conclude, that the behavioral effect of their special diet was probably conveyed via 

normalizing neurogenesis (Schipper et al. 2011). Thus, increased stem cell proliferation and 

neurogenesis in 5-HTT-/- animals can be discussed as neurobiological correlates to the increased 

anxiety-like behavior of 5-HTT-/- mice and rats. 

Beyond the overall increased aN levels in 5-HTT deficient compared to 5-HTT+/+ mice, our 

statistical tests revealed a significant gene by environment interaction of Ki67-ir cells in the SGZ of 

total DG. The number of Ki67-ir cells was shown to be different between naïve and WM-tested 5-

HTT+/+ mice, with those tested in the WM displaying more proliferating cells in the SGZ than naïve 

animals. Moreover, naïve 5-HTT-/- mice already exhibited a trend towards higher numbers of 

proliferating cells compared to 5-HTT+/+ mice, whereas there was neither a significant difference 

between the two genotypes after BM or WM nor a significant effect of treatment within 5-HTT-/- 

mice (Karabeg et al. 2013). Considering that stress decreases aN (Gould & Tanapat 1999; Ehninger & 

Kempermann 2006; Lucassen, Meerlo, et al. 2010a; M. M. Lee et al. 2013), and that 5-HT increases aN 

(Gould 1999), these lacking effects might be the result of the antagonistic effects of increased 5-HT-

levels on the one hand, and the increased stress sensitivity of 5-HTT-/- mice on the other hand. There 

were two studies dealing with the impact of WM-testing on hippocampal aN in the rat. Interestingly, 

they resulted in contradictory outcomes. The first one, probably the most well known study to convey 

the enhancing effects of spatial learning on aN, was carried out by Gould and colleagues in 1999 

(Gould, Beylin, et al. 1999a). In their experiment rats were exposed to 4 WM trials per day for 4 

consecutive days with a maximum trial duration of 60 s. The number of proliferating cells was 

increased in rats that had undergone hippocampus-dependent spatial learning in the WM compared to 

all control groups (including a swim-stress group) (Gould, Beylin, et al. 1999a). In the second study, 

Namestkova and co-workers (Namestkova et al. 2005) subjected rats to the same procedure, but for 15 

consecutive days. This long-lasting treatment caused a significant decrease in progenitor cell 

proliferation in the granule cell layer of the hippocampus compared to controls (Namestkova et al. 

2005). In our study mice were subjected to WM training on 5 consecutive days and thus resembling the 
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Gould et al. study more than the Namestkova et al. study. Therefore, the detected increase of 

proliferating cells in WM trained 5-HTT+/+ mice found in our study may be regarded as a result of 

spatial learning.  

The finding that there was no significant difference between the differently treated 5-HTT-/- 

mice, including the fact that there was already a trend towards higher numbers of proliferating cells in 

naïve 5-HTT-/- vs. 5-HTT+/+ mice suggests that this embodies a ceiling effect, that 5-HTT-/- mice 

are closer to a “stress threshold” than 5-HTT+/+ mice. This notion is substantiated by the fact that a 

comparable ceiling effect was already described by Nietzer and co-workers, who found higher 

spinogenesis in the amygdala in naïve 5-HTT-/- vs. 5-HTT+/+ mice (Nietzer et al. 2011). As stress-

dependent effects were not detected in 5-HTT-/- animals, the authors concluded that these mice per se 

display a “stressed” morphological phenotype as a consequence of long-life 5-HTT deficiency (Nietzer 

et al. 2011). We suggest that such ceiling effects act as a part of a compensatory mechanism, which 

probably sensitizes or desensitizes for future additional stress experience. Additionally, it may explain 

why spatial learning over a moderate time in the WM – normally a positive modulator of progenitor cell 

proliferation (Gould, Beylin, et al. 1999a) – had no effect on proliferation in the SGZ of 5-HTT 

deficient mice.  

Regarding the number of NeuroD-ir cells, a correlation between the number of NeuroD-ir cells 

in 5-HTT-/- mice subjected to the WM and their overall performance (Area under the learning curve; 

AuC) could be found revealing that mice with lower numbers of NeuroD-ir cells performed worse in 

the WM (Karabeg et al. 2013). The modulation of aN by WM test experience and the detected 

correlation between the number of newborn neurons and the learning performances point to an 

important role of this neuroplasticity phenomenon in the handling of stress and in learning and 

memory processes. This discovery is consistent with a study of human hippocampal neurogenesis by 

Coras and colleagues showing that patients with low numbers of proliferating progenitor cells and new-

born neurons in vivo and in vitro showed a severe learning and memory impairments (Coras et al. 

2010).  

Different  hippocampal subreg ions with di f f erent  connec t iv i t i e s  and funct ion  
Moser and Moser suggested that the hippocampus is functionally different along its 

septotemporal axis (M. B. Moser & E. I. Moser 1998). In rodents, spatial and episodic memory appears 

to depend on septal but not temporal hippocampus (E. I. Moser 1995; Davachi & Wagner 2002; 

Broadbent et al. 2004). On the other hand, the temporal but not the septal hippocampus is thought to 

mediate stress responses and thus emotional behavior (Henke 1990; Herman et al. 1998; Fanselow & 
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Dong 2010; Segal et al. 2010). In rats it is well established that serotonergic neurons of the median 

raphe nucleus primarily project to the septal part of the hippocampal formation rather than in its 

temporal part (Vertes et al. 1999). Additionally, within the septal hippocampal formation median raphe 

neurons terminate throughout the rostrocaudal extent of the DG. Within the DG these projections are 

closely confined to the SGZ with more representations in the suprapyramidal blade than in the 

infrapyramidal blade of the DG (Vertes et al. 1999). Considering this, it is not surprising, that most 

significant 5-HTT genotype effects regarding cell activation (Arc/ cFos) or neurogenesis (Ki67/ 

NeuroD) were found in the suprapyramidal blade of the DG. However, only environmental factors like 

spatial experience, transient forebrain ischemia, or kainic acid administration, have been found to cause 

region specific effects regarding IEG-expression, aN and or even morphological changes (Lawston et 

al. 2000; Choi et al. 2003; Choi et al. 2007; Chawla et al. 2005; Leuner & Gould 2010). So far, this is the 

first study showing region-specific genotype differences in aN and the number of IEG expressing cells.  

In summary, our BM and WM results point to comparable spatial learning capabilities of mice 

with different 5-HTT genotypes, but the performance differences of 5-HTT deficient mice in the WM 

task support a role for the 5-HTT in the hippocampally-mediated interaction between stress and spatial 

learning performance. Moreover, we suggest that increased IEG expression and aN levels observed in 

the hippocampus of 5-HTT deficient mice can be the neurobiological correlate of emotion circuit 

dysfunction and heightened anxiety as 5-HTT-/- animals per se display a “stressed” phenotype as a 

consequence of long-life 5-HTT deficiency. The experience of BM and WM tests results in either 

altered or even absent neuroadaptive increases in IEG and aN marker expression in 5-HTT-/- animals 

reducing adequate compensation processes and resulting in exaggerated behavioral responses e.g. in the 

more aversive WM.  

4.2 Chronic(Mild(Stress(Study(

The aim of this study was to evaluate whether mice with altered levels of brain 5-HT as a 

consequence of lifelong 5-HTT deficiency respond with a further increase of depression-like and 

anxiety-like behavior after being subjected to a chronic mild stress (CMS) paradigm. As CMS is a well 

established animal model for depression, we were looking for possible 5-HTT-genotype by CMS-

treatment interactions regarding aN in the hippocampus in addition to blood corticosterone levels as a 

marker for stress reactivity of these mice in two different cohorts of mice. The first cohort (cohort 1) 

had been subjected to an extensive testing battery after CMS and cohort 2 had remained behaviorally 

untested.  
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4.2.1 Summary&and&Interpretation&of&the&Behavioral&Study&

One-year-o ld f emale  5-HTT def i c i ent  mice  have a s igni f i cant ly  higher body weight 
compared to the ir  5-HTT+/+ and 5-HTT+/- l i t t ermates  

Weight measurements taken by Sandy Popp as part of the present study, revealed that the 

tested one-year-old 5-HTT-/- mice had a significantly higher body weight than 5-HTT+/+ and 5-

HTT+/- mice, which is in accordance with earlier findings by Üceyler et al. and Holmes et al. (Üçeyler 

et al. 2010; Holmes, Yang, et al. 2002c). Üceyler and co-workers, who concluded from the results of 

their study in 2010 that lifelong low brain serotonin level due to the 5-HTT-/- genotype leads to 

reduced physical activity and low BDNF, resulting in late-onset obesity. However, they also found that 

although a lack of the 5-HTT is a genetic vulnerability factor for obesity, female gender is protective 

(Üçeyler et al. 2010). The result of the present study contradicts the Üceyler study and suggests that 

female gender does not protect form becoming obese. However, our study is in line with an earlier 

study by Sookoian and colleagues, who examined adolescent human subjects and had found that the S 

allele of the SLC6A4 promoter variant was a risk factor for overweight, independently of gender, as 

well as with the study by Holmes et al. (Sookoian et al. 2007; Holmes, Yang, et al. 2002c). 

Motor ac t iv i ty  i s  decreased by 5-HTT def i c i ency and increased by CMS exper ience   
Earlier studies have examined behavioral alterations in 5-HTT−/− mice, reporting, overall 

hypo-locomotion (Kalueff et al. 2007; Kalueff et al. 2006). Therefore it does not come as a surprise, 

that the locomotor profiles of 5-HTT-/- mice, be it the distance travelled in the Elevated Plus Maze 

(EPM) or the Open Field (OF), the number of rears in the EPM or the OF, or the latency to change 

compartments in the Light/Dark Box (LDB), strikingly demonstrates their lack of physical activity 

compared to their 5-HTT+/- and 5-HTT+/+ littermates. Curiously, significantly higher numbers of 

rears in the lit compartment of the LDB and a trend towards a higher number of rears in the OF 

displayed by mice subjected to CMS, seems to demonstrate a contrary effect of CMS on motor activity, 

independently of the genotype. Increased motor activity by CMS has already been shown in earlier 

studies, albeit mostly regarding the distance travelled in the OF (Harris 1997; GRONLI et al. 2005). 

Grønli and co-workers for instance revealed that rats tended to exhibit higher activity in the center 

squares of the OF after prior exposure to CMS. They suggest that this may represent a model of the 

psychomotor agitation observed in some depressed humans(GRONLI et al. 2005). Now, one might ask 

why this treatment effect only appears in the form of increased rearings and not in an increased 

distance travelled in the EPM and the OF as was the case in the other mentioned studies (Harris 1997; 

GRONLI et al. 2005). The explanation is actually quite simple, when taking a closer look at the graphs, 

depicting the distance travelled in the EPM and the OF, which reveal that the distance travelled is 



Discussion& &

 61 

slightly increased, yet not enough to be significant. As the time the mouse spends making rearings 

cannot be spent travelling a horizontal distance, the increase in the distance travelled does not become 

significant.  

Depress ion-re lated behavior :  Neither  genotype nor CMS af f e c t  behavior  a f t er  one exposure 
o f  forced swim and only CMS has an e f f e c t  on sucrose  pre f erence 

The forced swim test is used frequently to test behavioral despair in rodents (Porsolt 1979). In 

the present study neither a genotype x treatment effect, nor main-effects for genotype or treatment 

were found regarding the depression-related immobility time in the forced swim test. Prior studies have 

found increased immobility in 5-HTT-/- compared to their 5-HTT+/+ littermates, (Wellman et al. 

2007; Carroll et al. 2007; Holmes, Yang, et al. 2002c; Lira et al. 2003). However, often this outcome was 

only true if the mice had experienced repeated exposure to the FST (Carroll et al. 2007; Wellman et al. 

2007). Additionally, whether or not the mouse reacts with increased immobility, seems to depend 

strongly on the background strain of the animal (Holmes, Yang, et al. 2002c; Holmes et al. 2003). In the 

study by Holmes and co-workers for instance, 5-HTT-/- mice on the 29S6/SvEvTac background 

exhibited increased immobility in the forced swim test compared to their 5-HTT+/+ littermates, while 

5-HTT-/- mice on the C57BL/6J background, showed equal levels of immobility (Holmes, Yang, et al. 

2002c). Like Holmes, the present study used 5-HTT deficient mice backcrossed to the C57BL/6J 

strain, exposing them only once to the FST and like Holmes, we found no significant effect of 

genotype on immobility time for mice in the FST. We however suspect that, according to the findings 

of Wellman and Carroll, if our mice had been exposed to the FST repeatedly, we would have found 

depression-related behavior. CMS on the other hand is well known to evoke increased immobility times 

in the forced swim test, even when mice were exposed only a single time (Solberg et al. 1999; 

Tannenbaum et al. 2002; Strekalova et al. 2004). This inconsistency of our result with the literature 

might again be explained by another factor masking the CMS effect. This factor might be found in the 

fact  that the forced swim test was one of the last two behavioral tests in a large battery of tests 

including fear conditioning (data not shown), taking place app. three weeks after the end of the CMS 

paradigm. In contrast, in the other studies, mice were either exposed to the FST no later than one week 

after the stress procedure had ended (Tannenbaum et al. 2002; Strekalova et al. 2004) or there were no 

other stressful experiences in-between the stress procedure and the FST (Solberg et al. 1999).  

Sofar nobody has assessed anhedonia after CMS in the 5-HTT deficient mouse strain. 

However, Allan Kalueff and his colleagues reported in 2006, that unhandled 5-HTT-/-, 5-HTT+/+ 

and 5-HTT+/- on the genetic background of C57BL/6J mice, evaluated in the sucrose preference test, 

showed similar sucrose preference, indicating an unaltered hedonic state (Kalueff et al. 2006). In 
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accordance with these findings, only CMS and not genotype seems to have an influence on the sucrose 

preference of the mice in our study, as demonstrated by the trend towards a treatment effect regarding 

sucrose consumption after CMS. 

Anxiety-re lated behavior  i s  e l evated by 5-HTT def i c i ency as wel l  as  by CMS in 
combinat ion with 5-HTT def i c i ency  

Notably, 5-HTT-/- mice travelled a significantly smaller distance on the open arm of the EPM 

than mice of the other two genotypes, and thus displayed a general suppression of exploratory behavior 

in the test. At the same time, this behavior in 5-HTT-/- mice is not affected by prior CMS experience. 

A similar outcome of the EPM test has already been achieved by Carroll and co-workers (Carroll et al. 

2007), who had tested postnatally stressed and non-stressed mice of all three genotypes of the 5-HTT-

/- strain. They had proposed that such a profile could result from either a profound anxiety-like 

phenotype that reduces exploratory behavior per se or a non-specific reduction in locomotor behavior 

(Carroll et al. 2007). In the OF however CMS treated mice displayed enhanced exploratory activity 

when compared to controls as reflected by longer center distances. This result overlaps with the result 

by Gronli et al, who had placed rats into an open field and had found that the rats tended to have 

higher activity in the center squares in the open field. They argued that this may represent a model for 

the psychomotor agitation observed in some depressed patients (GRONLI et al. 2005). Additionally, 

CMS-treated 5-HTT-/- mice made fewer transitions between the lit and the dark compartment of the 

Light/Dark Box than CMS treated mice of the two other genotypes. This again may be a consequence 

of their overall lack of activity due to their higher body weight.  

4.2.2 Corticosterone&levels&in&two&different&cohorts&of&CMS&treated&5YHTTYdeficient&mice&

The corticosterone assessment of mice of cohort 1, which had undergone an extensive 

behavioral testing battery before sacrifice, resulted in significantly elevated corticosterone levels in 5-

HTT-/- mice relative to their 5-HTT+/+ littermates. Contrary, corticosterone levels in mice of cohort 

2, which had remained behaviorally untested, were CMS-dependently elevated, regardless of genotype. 

Different from our results attained by examining the mice of cohort 1, a study by Li et al. had shown 

that 5-HTT -/- mice have significantly reduced basal plasma corticosterone levels compared to their 

wild type and heterozygous littermates, while Tjurmina and co-workers had found that there is no 

significant difference in the corticosterone levels of unstressed 5-HTT-/- compared to their 5-

HTT+/+ littermates (Q. Li et al. 1999; Tjurmina 2002; Tjurmina et al. 2004). Our results of cohort 2 

however are in accordance with the discovery of Tjurmina and co-workers that plasma levels of 

unstressed mice of the 5-HTT-/- strain do not differ between genotypes and that corticosterone levels 

increased in all genotypes, after stress (Tjurmina 2002; Tjurmina et al. 2004). Our findings from cohort 
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2 together with the fact that there was no sign of a stress effect in the corticosterone levels of cohort 1, 

we concluded that it is very unlikely that the actual stress treatment, but rather the extensive testing 

battery caused the effect. This idea is reinforced by the outcome of a direct comparison of the two 

cohorts presenting a cohort (behavioral testing) by treatment effect. This effect states that there is a 

significant difference regarding corticosterone levels between behaviorally tested and non-tested 

CONT mice and confirms the grave effect that the behavioral battery had on these mice, masking the 

underlying stress effect. On the other hand, the genotype effect found in cohort 1, which is missing in 

cohort 2 as well as the findings by Tjurmina et al. may actually be a response to the behavioral testing 

battery, which in this context simply appears to be a continuation CMS paradigm or even a more severe 

chronic unpredictable stress-paradigm, since the behavioral battery alone is enough to elevate the 

corticosteron level to a certain maximum that cannot be overrun by CMS experience alone or CMS 

experience in combination with behavioral testing.  

4.2.3 Interpretation&of&the&results&of&the&quantitative&assessment&of&markers&for&adult&

neurogenesis&in&the&hippocampus&of&CMS&treated&5YHTT&deficient&mice&

In mice of cohort 2, which have not been subjected to behavioral tests, we have found that 

CMS decreases the number of Ki67-ir cells, regardless of the genotype. First of all, this discovery 

complements the fact that CMS increased the corticosterone levels in the same mice and clearly shows 

that the CMS paradigm affects proliferation in a negative way. Moreover, these results reflect exactly 

what is expected when considering previous findings by other work groups, stating that CMS decreases 

proliferation due to the hampering effect of corticosterone(Alonso et al. 2004; Heine et al. 2004; Wong 

& Herbert 2006). Regarding the number of immature neurons in the suprapyramidal blade and in both 

blades of the SGZ (total SGZ) we could show, that CMS and 5-HTT-genotype have interacting effects. 

Among undisturbed control mice, 5-HTT-/- mice have significantly higher numbers of DCX-ir cells 

compared to their undisturbed 5-HTT+/+ littermates. This matches what has been found by Schipper 

et al. in 5-HTT-/- rats, which had significantly higher amounts of DCX-ir cells in the DG than their 5-

HTT+/+ littermates (Schipper et al. 2011). Since 5-HTT-/- mice have lifelong elevated levels of 5-HT, 

this finding again is in accordance with earlier findings, stating, that increased levels of 5-HT increase 

aN (Banasr et al. 2004; Brezun & Daszuta 2000; Benninghoff et al. 2010; Schmitt et al. 2007). Yet, we 

also discovered that only 5-HTT-/- mice and not their 5-HTT+/+ and 5-HTT+/- littermates, react to 

CMS by generating a significantly lower number of immature neurons in the suprapyramidal blade and 

the total SGZ compared to undisturbed 5-HTT-/- animals. Which suggests that 5-HTT+/+ and 5-

HTT+/- mice remain unaffected by CMS in these regions. This gene x treatment interaction is contrary 

to our earlier findings regarding proliferation as well as to the broad opinion that both, proliferation 
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and survival are negatively affected by corticosterone (Schoenfeld & Gould 2012). Moreover, it 

suggests that 5-HT and corticosterone, which have clearly been shown to have opposing effects, 

accumulate in this case, resulting in a significant decrease of immature neurons. It is therefore quite 

likely that there are other factors in the background, driving the 5-HTT-genotype by CMS-treatment 

interaction at hand. The most likely candidate for such a factor is brain-derived neurotrophic factor 

(BDNF), a key player in neuronal plasticity, which is implicated in the etiology and treatment of 

depression (Duman 1998; Karege et al. 2005; M. Kuhn et al. 2014). BDNF in the dentate gyrus of the 

hippocampus is reported to be decreased by stress (Duman 1998; M. A. Smith et al. 1995) as well as by 

the 5-HTT-genotype (Molteni et al. 2010). While Molteni et al. were able to show that chronic 

treatment of rats with the SSRI fluoxetine increases BDNF gene expression, they could also show that 

BDNF expression is reduced in 5-HTT-/- rats and concluded that this reduction is not a consequence 

of adult impairment of the transporter, but rather due to the long-lasting impact of impaired 5-HTT 

function during development. Above all that increased adult neurogenesesis following treatment with 

antidepressants is accounted to BDNF and impaired BDNF signaling has been shown to result in 

impaired neurogenesis (Y. Li et al. 2008; Sairanen et al. 2005). From the results of their study Sairanen 

and his co-workers conclude that BDNF signaling is required for the long-term survival of newborn 

neurons in mouse hippocampus (Sairanen et al. 2005). Altogether, this could be an explanation why we 

see the CMS-treatment by 5-HTT-genotype interaction in DCX-ir cells but not in Ki67-ir cells.  

In mice of cohort 1, which have been subjected to behavioral tests subsequent to the 30 days of 

the CMS paradigm, we have found 5-HTT-genotype by CMS-treatment effects regarding proliferating 

cells throughout the SGZ, which suggest that CMS in these mice only has an effect on proliferation in 

5-HTT+/+ mice and not in 5-HTT-/- or 5-HTT+/- mice. To be more specific, the “add-on” of CMS  

to the behavioral battery seems to increase the number of Ki-67 positive cells in 5-HTT+/+ mice, 

while it remains the same in the two other genotypes. Only in the hilus a significant genotype effect was 

found, here proliferation is highest in 5-HTT+/- mice. At the same time, we find an increased number 

of DCX positive cells in CMS treated 5-HTT+/+ mice compared to 5-HTT+/- mice albeit only 

significant in the suprapyramidal blade of the SGZ. Statistically, there is neither a genotype effect nor a 

CMS-treatment effect regarding the number of neuronal progenitor cells. When looking at the graphs 

showing the number of Neuro-D positive cells however, one can clearly discover a similar pattern as in 

the graphs displaying the number of DCX positive cells. Again CMS treated and behaviorally tested 5-

HTT+/+ mice seemingly display a higher extent of aN compared to mice of the other groups. Thus it 

seems that CMS in addition to the effects of behavioral testing evokes a 5-HTT-genotype by CMS-

treatment interaction which solely appears in 5-HTT+/+ mice, manifesting itself in a significant 
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increase of proliferation, and immature neurons. In other words, regarding aN, the other two genotypes 

remain unaffected by the CMS treatment in addition to the behavioral testing battery. Above that, 

stress is known to be accompanied by elevated HPA activity, which results in the release of 

glucocorticoids into the blood. Mice of cohort 1, however show a contrary reaction to CMS, with 5-

HTT+/+ mice reacting with an increase of aN to CMS. Additionally, none of the mice of cohort 1 

display increased corticosterone levels in response to CMS. In general, glucocorticoids appear to inhibit 

adult neurogenesis in the dentate gyrus, as exogenous administration of corticosterone to rodents were 

shown to produce a decrease in the number of proliferating cells and surviving new granule neurons 

(Cameron & Gould 1994; Wong & Herbert 2006; Brummelte & Galea 2010). Hence it is not surprising 

that mice which do not show a corticosterone reaction to CMS, do not display a decrease in aN.  

The question now is, why there was no significant physiological stress reaction found after CMS 

in mice of cohort 1. The answer springs to mind when considering the outcome of the corticosterone 

assessment in cohort 2. Mice of this cohort were treated in the same way as those of cohort 1, with the 

one difference, that they hadn’t been behaviorally tested after CMS. These mice of cohort 2 indeed 

show a significant CMS effect, with CMS increasing corticosterone levels in all animals regardless of 

genotype. All together this leads to the assumption, that the reason for this surprising outcome might 

be an effect of the extensive behavioral testing battery. Another possibility might be, that the behavioral 

testing experience in CMS treated 5-HTT+/+ animals has the same effect as does physical exercise on 

otherwise untreated rodents (van Praag et al. 1999; Kronenberg et al. 2006). This thought is quite 

feasible when considering that 5-HTT+/+ mice have been shown to display significantly higher 

locomotor activity than 5-HTT-/- mice in all of the behavioral tests.  

The outcome of the quantitative immunohistochemistry study shows that the CMS procedure, 

which has been proven successful by the sucrose preference test as well as the measurements of the 

corticosterone levels, but didn’t influence behavior in 5-HTT-/- mice, does have an impact on these 

mice on the molecular level. Moreover, as we primarily learned by the study using the brains of cohort 

2, 5-HTT genotype and CMS influence the number of Ki67- and DCX-ir cells differently, namely, CMS 

alone negatively influences proliferation (Ki67), while CMS interacts with the 5-HTT-genotype 

regarding survival and differentiation (DCX). 

4.3 Overall(Discussion(

The results of the Spatial Learning study and the CMS study are not easily compared since the 

mice used were one-year old females in the CMS study and six months old males in the Spatial 

Learning study. Moreover, the two stressors applied had completely different characteristics. While 
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WM-Stress is a more severe, immediate and predictable stressor, linked to locomotor activity, CMS is 

mild, unpredictable but long lasting, without the demand of locomotor activity. Additionally, the WM 

in itself is a behavioral test, which just so happens to be stressful and has an immediate impact on the 

outcome of the test. CMS on the other hand is a stress paradigm and its impact on animal behavior 

needs to be tested in separate tests much like the WM or the BM test. Therefore it is not surprising that 

CMS has a different effect on proliferation than short-term WM- or BM-stress, with CMS decreasing 

proliferation (cohort 2) and WM- or BM-stress having only a small effect. The missing genotype effect 

regarding proliferating cells in the CMS study on the other hand, might be a consequence of the 

differing age of the mice tested in the two studies and of the fact that we had a purely male cohort in 

the Spatial Learning study and a purely female cohort in the CMS study. However, there are also 

similarities in the outcomes of the two studies. Upon comparing the results of the corticosterone level 

assessment of the Spatial Learning study and those the CMS study, we find that among those mice that 

had experienced more severe stress (Spatial learning: blood sample taken on day 2; CMS: blood sample 

taken after behavioral testing in cohort 1) 5-HTT-/- mice displayed significantly higher corticosterone 

levels than their 5-HTT+/+ littermates. This genotype effect is not found among mice which have 

experienced moderate stress (Spatial learning: blood sample taken on day 1; CMS: blood sample taken 

after CMS in cohort 2). Additionally, preliminary data (not shown) from a more thorough evaluation of 

the number of DCX-ir cells in the hippocampus of cohort 2 from the CMS study points towards more 

significant effects in the suprapyramidal blade of the temporal hippocampus, which would be in line 

with the results regarding aN in the Spatial Learning study, and indicates that both forms of stress 

(WM-/BM-stress and CMS) primarily influence neuronal networks that, are involved in the processing 

of stress and emotion (Henke 1990; Herman et al. 1998; Fanselow & Dong 2010; Segal et al. 2010; 

Vertes et al. 1999).  

4.4 Study(Limitations(

It should be noted that the present study has some limitations. First of all, since we set out to 

investigate aN as well as IEG expression in the Spatial Learning study, we had to compromise on the 

time point of sacrifice. We thus had met the perfect time-point in order to see proliferation and 

migration in response to WM- and BM-treatment, but were too late for IEG expression in reaction to 

the treatment. However, one must consider that in order to have the best of both worlds, aN and IEG-

expression, double the amount of mice would have been necessary. Another limitation was the group 

size in cohort 1 of the CMS study, as the number of usable individuals for the immunohistochemistry 

study unfortunately had shrunk during behavioral testing. The final group size could only be reached by 

adding individuals to the cohort at a later time point. As far as the assessment of aN is considered one 
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must keep in mind, that Ki67 can never tell the whole story, as it a marker for all proliferating cells and 

not only potential new neurons.  

4.5 Conclusion(

Taken together, the present data suggest that 5-HTT-/- mice react to WM stress and not CMS 

stress with altered behavior. While stress experienced in the WM leads to a poorer performance of 5-

HTT-/- mice in this spatial learning test in relation to their 5-HTT+/+ littermates, CMS does not lead 

to altered depression- or anxiety-like behavior in 5-HTT-/- mice. Moreover, the results of the less 

stressful BM test illustrated that 5-HTT-/- mice are equally good spatial learners as their 5-HTT+/- 

and 5-HTT+/+ littermates. In neuroplasticity, the Spatial Learning study revealed higher amounts of 

cFos- and Arc-ir cells at baseline as well as more proliferation (Ki67-ir cells) and neuronal progenitor 

cells (NeuroD-ir cells) in 5-HTT-/- compared to 5-HTT+/+. The CMS study, in which aN (DCX-ir 

cells), has also been found to be increased in 5-HTT-/- mice compared to their 5-HTT+/+ littermates, 

yet only in control animals, did show decreases in proliferation, as well as in immature neurons in 5-

HTT-/- mice in response to stress. From the Spatial Learning study we concluded, that increased IEG 

expression and aN levels observed in the hippocampus of 5-HTT deficient mice can be the 

neurobiological correlate of emotion circuit dysfunction and heightened anxiety as 5-HTT-/- animals 

per se display a “stressed” phenotype as a consequence of long-life 5-HTT deficiency. Although the 

results of the CMS study seem contrary at the first glance, they do support this conclusion, by 

demonstrating that although CMS does have an impact on 5-HTT-/- mice on the neurobiological level, 

manifesting in a decrease of DXC-ir cells in response to CMS, CMS experience cannot add onto their 

heightened inborn stress-level and is simply ineffective regarding the behavior of 5-HTT-deficient 

mice. Looking at the results of the behavioral tests once more, we find that 5-HTT-/- mice are prone 

to late onset obesity and that they display decreased locomotor activity. As expected, we found elevated 

anxiety-like behavior in 5-HTT-deficient mice, which however, is mostly seen in tests that require 

locomotor activity and may very well be a result of their lacking agility. Hence, this behavior may only 

be mistaken for anxiety-like behavior. Although, the 5-HTT-/- mouse line is commonly regarded as a 

model for anxiety our results rather suggest that 5-HTT-/- mice as a result of lifelong altered 5-HT 

signaling are in a constant state of lethargy or fatigue, which incidentally is a well known symptom in 

human depressed patients and often comes along with reduced interest and guilt (Baldwin & 

Papakostas 2006). I thus conclude, that 5-HTT-/- mice as a result of lifelong altered 5-HT signaling are 

in a constant state of lethargy, which is paralleled by baseline heightened IEG expression and aN. It 

cannot be altered or increased by CMS, but it becomes most visible in stressful situations such as 

behavioral tests like the WM in which locomotor activity is required. 
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4.6 Outlook(

The current doctoral thesis did not include all the behavioral data from the CMS study. 

Probably the most important behavioral test that has so far not been evaluated is the fear conditioning 

with mice of cohort 1. This may shed some light on the so far rather ambiguous results regarding 

anxiety-like behavior, which may just have been hypo-locomotion. On the neurobiological level one 

might consider to look at BDNF expression in combination with markers for aN after subjecting mice 

of the 5-HTT-/- strain to a long-lasting and hence more stressful version of the WM, which has been 

shown to reduce proliferating cells in rats. This may provide insight, if BDNF is really the factor in the 

background, driving the 5-HTT-genotype by stress interaction which is capable of overriding the 

promoting effect of increased 5-HT on aN shown in the present work.   
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6 Abbreviations&
 

5-HT Serotonin (or 5-Hydroxtryptamine; 5-HT) 

5-HTP 5-Hydrox-L-tryptophan (5-HTP),  

5-HTT+/+ 5-HTT Wildtype 

5-HTT+/- 5-HTT Heterozygous 

5-HTT-/- 5-HTT-knockout 

 

A 

aN  Adult neurogenesis 

ACTH adrenocorticotrophic hormone 

AMPA α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

AMPAR AMPA receptor 

ANOVA analysis of variance 

AUC Area under the learning curve 

 

B 

BM  Barnes maze  

BrdU 5-bromo-2-deoxyuridine 

BSA  bovine serum albumin 

BT  Barrier test 

 

C 

CA  Cornu ammonis subfields 

CMS  Chronic mild stress 

CORT Corticosterone 

CREB Cyclic-AMP-response-element-binding protein 

CRF  Corticotropin releasing factor 

CRH Corticotropin releasing hormone 

CRMP collapsin response-mediator protein 
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D 

DAB Diaminobenzidine 

DCX Doublecortin 

DG  Dentate gyrus 

 

E 

EPM Elevated plus-maze 

 

F 

FC  Fear conditioning 

FST  The forced swim test  

 

G 

GCL  Granular cell layer 

GR  Glucocorticoid receptor 

GR+/- GR-heterozygous mutant mice  

 

H 

HPA Hypothalamic-pituitary–adrenal 

hrs  Hours 

 

I 

i.p.  Intraperitoneal 

IEG  Immediate Early Gene 

ir  Immunoreactive 

 

L 

L-allele Long allele 

L-DOPA L-tyrosine to L-3,4-dihydroxyphenylalanine 

LD  Light/dark box 

LTD  Long-Term Depression 

LTP  Long-Term Potentiation 
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M 

MAO Monoamine oxidase 

min  Minutes 

ML  Molecular layer 

ml  Milliliters 

MDMA 3,4-Methylendioxy-N-methylamphetamin 

µm  Mikrometers 

 

N 

NMDA N-methyl-D-aspartate  

NMDAR NMDA receptor 

NPC  Neural progenitor cells 

NSC  Neural stem cells  

 

O 

OF  Open field test 

 

P 

PBS  Phosphate buffered saline 

PSA-NCAM Polysialylated embryonic form of the neural cell adhesion 

molecule  abbreviated to PSA-NCAM 

 

S 

s  Seconds 

S-allele Short allele 

SGZ  Subgranular zone 

SIH  Stress-induced hyperthermia 

str.  Stratum  

SSRI  Selective Serotonin reuptake inhibitor 

 

T 

TBS   Tris-buffered saline  

TOAD turned on after division 

TPH  Tryptophane hydroxylase 
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TUC  TOAD/ Ulip /CRMP -4  

 

U 

Ulip  UNC-33- like protein 

 

W 

WM  Morris water maze  
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7 Supplements&

7.1 Spatial(Learning(Study(

 

 

Figure 7.1 Learning performance in the Morris water maze.  
Mice of all three genotypes (5-HTT+/+, 5-HTT+/-, 5-HTT-/-) were tested three times per day for 4 
consecutive days (acquisition phase; trials 1 - 12) in a circular pool with a hidden platform 1 cm below the water 
surface. On the fifth day, the position of the platform was switched in order to evaluate re-learning (porbe trials; 
trials 13-15). (A) Learning curve for the latency to find the platform. RM-ANOVA revealed a significant effect of 
trial (indicating learning performance) and a significant genotype effect. (B) The area under the learning curve 
(AuC) was calculated for each individual for statistical comparison of learning in the acquisition phase. ANOVA 
revealed a significant effect of genotype. Post hoc analysis using Bonferroni corrected t-tests revealed significant 
differences between 5-HTT-/- and both other genotypes. (C) Curve depicting the number of stops for each trial. 
RM-ANOVA revealed a significant effect of trial and genotype. (D) The AuC for the number of stops revealed a 
significant effect of genotype. Post hoc analysis using Bonferroni corrected t-tests revealed significant differences 
between 5-HTT-/- and both other genotypes. Data in all figures represent means + SEM. ***=p<0.001.  
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Figure 7.2 Learning performance in the Barnes maze task.  
Mice of all three genotypes (5-HTT+/+, 5-HTT+/-, 5-HTT-/-) were tested twice per day on 4 consecutive days 
(acquisition phase; trials 1 - 8) on a circular platform with 12 holes of which one led back to the home cage. On 
the fifth day, the position of the correct hole was switched in order to evaluate re-learning (probe trials; trials 9 - 
10). (A) Learning curve for the latency to enter the right hole. RM-ANOVA revealed a significant effect of trial 
(indicating learning performance) but no genotype effect. (B) The area under the learning curve (AuC) was 
calculated for each individual for statistical comparison of learning in the acquisition phase. ANOVA revealed no 
significant effects of genotype. (C) Curve depicting the number of stops during each trial. (D) Learning curve of 
the number of errors. For stops (C) and errors (D) RM-ANOVA revealed a significant effect of trial indicating 
learning performance but no genotype effect. Data in all figures represent means + SEM. 
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7.2 Chronic(Mild(Stress(Study(

 

Figure 7.3 Body  Weight  and Sucrose  Pre f e r ence  Tes t  in  CMS trea t ed  and behav iora l l y  t e s t ed  5-HTT 
de f i c i en t  mic e  ( cohor t  1)  
Mice of all three genotypes (5-HTT+/+, 5-HTT+/-, 5-HTT-/-), half of them treated in the Chronic Mild Stress 
(CMS) paradigm, the other half left undisturbed in their home cages (CONT) were tested for sucrose 
consumption and were later on subjected to an extensive behavioral testing battery (cohort 1). Body Weight was 
assessed twice a week throughout the CMS treatment period and the behavioral testing phase. Graph A displays 
the mean across all body weight measurements. Graph B shows the overall fluid consumption (sucrose solution 
+ water) before CMS treatment. Two-way ANOVA revealed significant genotype effects regarding body weight.  
Data in all figures represent means + SEM.  **=p<0.01.  
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Figure 7.4 Depress ion - l ike  behav ior  and anhedonia  in  CMS trea t ed  5-HTT de f i c i en t  mic e  
Mice of all three genotypes (5-HTT+/+, 5-HTT+/-, 5-HTT-/-), half of them treated in the Chronic Mild Stress 
(CMS) paradigm, the other half left unhandled in their homcages and served as the control group (CONT) were 
tested for sucrose consumption and were lateron subjected to an extensive behavioral testing battery (cohort 1). 
Graph A and B display the outcome of the forced swim test, regarding the latency to start floating (A) and the 
time spent floating (B). Graph C and D show the result of the sucrose preference during the last week of CMS 
treatment, focusing on the consumption of sucrose flavored water (C) and overall fluid consumption (D) over 
four consecutive days.  Two-way ANOVA revealed a highly significant genotype x treatment effect in the overall 
fluid consumption. Data in all figures represent means + SEM.  **=p<0.01. 
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Figure 7.5 Locomotor  a c t iv i t y  o f  CMS trea t ed  5-HTT de f i c i en t  mic e  
Mice of all three genotypes (5-HTT+/+, 5-HTT+/-, 5-HTT-/-), half of them treated in the Chronic Mild Stress 
(CMS) paradigm, the other half left unhandled in their homcages and served as the control group (CONT) were 
tested for sucrose consumption and were lateron subjected to an extensive behavioral testing battery. Graph A 
and B show the outcome of the Elevated Plus Maze test, regarding the distance travelled (A) and the number of 
rears (B). Graph C and D show the result of the Open Field test, regarding the distance travelled (C) and the 
number of rears (D).  Graph E and F show the result of the Light/Dark Box test, regarding the latency to enter 
the dark compartment (E) and the number of rears in the lit compartment (F).  Two-way ANOVA mostly 
revealed significant genotype effects (A-E). Treatment effects were found in the number of rears in the Open 
Field test, as well as in the lit compartement of the Light/Dark Box. Data in all figures represent means + SEM.  
#=p<0.1; *=p<0.05; **=p<0.01; ***=p<0.001. 
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Figure 7.6 Anxie ty - l ike  behav ior  in  CMS trea t ed  5-HTT de f i c i en t  mic e  
Mice of all three genotypes (5-HTT+/+, 5-HTT+/-, 5-HTT-/-), half of them treated in the Chronic Mild Stress 
(CMS) paradigm, the other half left unhandled in their homcages and served as the control group (CONT) were 
tested for sucrose consumption and were lateron subjected to an extensive behavioral testing battery. Graph A 
and B show the outcome of the Elevated Plus Maze (EPM) test, regarding the time spent in the open arm (A) 
and the distance travelled in the open arm (B). Graph C and D show the result of the Open Field test, regarding 
the time spent in the center of the open field (C) and the distance travelled in the center (D).  Graph E and F 
show the result of the Light/Dark Box test, concerning the time spent in the lit compartment (E) and the 
number of transitions between lit and dark compartment (F).  Two-way ANOVA revealed a significant genotype 
effect in the distance travelled in the open arm of the EPM and significant genotype x treatment interaction 
effects regarding the number of transitions in the Light/Dark Box test. Data in all figures represent means + 
SEM.  #=p<0.1; *=p<0.05; **=p<0.01; ***=p<0.001. 
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