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ABSTRACT 

It has been suggested that regulatory acetylation and deacetylation is considerably more 

widespread than presently appreciated, acting in a manner similar to phosphorylation and 

dephosphorylation. However, a change in acetylation has not only been recognized to be important 

for signaling molecules being a key means of signal transduction, but it is also important as 

epigenetic mark when the acetylation state of core histones is changed which strongly influences 

the architecture of the chromatin, thus, modulating gene activity. The balance between histone 

acetylation and deacetylation is mediated by opposing activities of two large protein families, the 

histone acetyltransferases (HATs) and the histone deacetylases (HDACs). Though HATs and HDACs 

have also non-histone proteins among their targets including transcription factors, cytoskeletal 

proteins and numerous metabolic enzymes, they received their name form their first identified 

targets, the histones which turns acetylation/deacetylation into an epigenetic mark. The following 

work focused on the studies of HDACs as epigenetic modulators. Epigenetic mechanisms seem to 

serve a potential role in many biological processes and pathologies and also play a pivotal role in 

the emerging field of neuroepigenetics. Thus, epigenetic mechanisms in the central nervous system 

(CNS) are just beginning to be understood and represent an exciting area of contemporary 

molecular and behavioral neuroscience. Therefore, we conducted comprehensive gene expression 

mapping of all 11 classical HDACs (class I, II and IV) throughout the murine brain in adulthood using 

in situ hybridization (ISH) analysis and imaging technologies. Our established atlas of Hdac mRNA 

expression reveales that all classical HDACs are expressed throughout the adult murine brain, each 

member having a unique and distinct expression pattern suggesting crucial and non-redundant 

roles for distinct HDAC members.  

Especially in neurobiology the generation of mouse mutants harboring targeted inactivation of a 

desired gene or overexpression of a distinct gene in specific brain regions is used as a powerful tool 

to analyze a gene’s role in complex brain functions such as learning and emotional behavior. 

However, to induce a conditional knockout or overexpression within genetic mouse models via the 

Cre/loxP system, no stress-free tamoxifen application was known at the beginning of the thesis and 

therefore, we established a tamoxifen administration in mice via food pellets. We determined as 

the best compromise between recombination efficacy and aversive effects of tamoxifen food (i.e. 

on body weight) for the spatio-temporal control of either overexpression or knockout studies in 

principal forebrain neurons by the use of the Camk2a-CreERT2 mouse line the following treatment 

scheme: mice are fed seven days with tamoxifen chow followed by a seven day wash-out phase 

with standard diet prior phenotypical analysis or behavioral testing.   
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Furthermore, we were interested in revealing brain-specific functions of two class I HDACs, namely 

HDAC1 and HDAC3. We established respective conditional mouse models and induced the 

knockouts in principal forebrain neurons in adulthood via the previously described tamoxifen food 

strategy. We could show that both enzymes are ubiquitously expressed throughout various murine 

tissues including the central nervous system. Hdac1 mRNA expression throughout the adult murine 

brain is more general and weak with higher and specific expression only in the dentate gyrus (DG), 

whereas Hdac3 mRNA is higher expressed all over the brain and ranks as the HDAC with the third 

highest expression level. Both conditional mouse models were subjected to several tests and 

comprehensively phenotyped under basal and chronically stressed conditions. Our results revealed 

for conditional Hdac1 knockout mice a phenotype which is decreased in anxiety-related behavior 

under basal conditions and which is missing under chronically stressed conditions suggesting a role 

for HDAC1 in shaping of anxiety-related behavior. Furthermore, HDAC1 seems not to be involved 

in learning and memory processes. In contrast, conditional Hdac3 knockout mice showed no overt 

phenotype in regard to emotional behaviors, but were strongly impaired in memory formation 

indicating that HDAC3 is important for learning and memory formation processes. Thus, our data 

indicates that HDAC1 and HDAC3 are not complementary to each other and are involved in totally 

different physiological and pathophysiological processes. 
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ZUSAMMENFASSUNG 

Die Acetylierung und Deacetylierung spielt eine größere Rolle als ihr bisher zugetragen wurde, in 

Funktion und Tragweite ähnlich der der Phosphorylierung und Dephosphorylierung. Hierbei ist zum 

einen die Änderung des Acetylierungsmusters von Signalmolekülen als Schlüsselfunktion in vielen 

Signaltransduktionswegen wichtig, zum anderen aber auch die Änderung des Acetylierungsgehalts 

von Histonen, welcher wiederum starken Einfluss auf die Architektur des Chromatins ausübt und 

somit die Transkriptionsrate vieler Gene verändert. Die Balance zwischen Acetylierung und 

Deacetylierung wird durch zwei sich entgegenspielende große Proteinfamilien, den Histon 

Acetyltransferasen (HATs) und den Histon Deacetylasen (HDACs), reguliert. Der Name beider 

Proteinfamilien hat seinen Ursprung in deren Hauptsubstraten, den Histonen, welche die 

Acetylierung/Deacetylierung zu einer epigenetischen Markierung machen, obwohl natürlich auch 

andere Moleküle wie Transkriptionsfaktoren, Proteine des Zytoskeletts oder zahlreiche 

metabolische Enzyme zu ihren Zielstrukturen zählen. Die folgende Arbeit konzentriert sich auf die 

HDACs als epigenetische Modulatoren. Hierbei ist zu erwähnen, dass epigenetische Mechanismen 

eine ganze Reihe von Funktionen innehaben, sowohl in biologischen und pathologischen Prozessen 

als auch im aufstrebenden Feld der Neuroepigenetik. Die Forschung ist gerade erst dabei, 

epigenetische Mechanismen im Bereich des zentralen Nervensystems aufzudecken und zu 

verstehen, was ein sehr spannendes Thema auf dem Gebiet der molekularen Neurowissenschaften 

und Verhaltensforschung darstellt. Deshalb haben wir eine ausführliche Expressionsstudie aller elf 

klassischen HDACs (Klasse I, II und IV) im adulten Gehirn der Maus mit Hilfe von in situ 

Hybridisierungsanalysen durchgeführt. Der von uns entwickelte Altas, der die Expression der Hdac 

mRNA Transkripte darstellt, zeigt, dass alle HDACs im adulten murinen Gehirn exprimiert sind und 

zwar jeweils mit einem einzigartigen und ganz spezifischen Expressionsmuster, was darauf 

hindeutet, dass die einzelnen HDAC Proteine kritische und nicht-redundante Funktionen im Gehirn 

zu übernehmen scheinen. 

Gerade in der Neurobiologie ist die Verwendung genetischer Mausmutanten, die eine gezielte 

Inaktivierung bzw. Überexpression eines gewünschten Gens ermöglichen von extremer Wichtigkeit 

und wird oft als sehr machtvolles Werkzeug zur Analyse komplexer Genfunktionen wie 

Lernprozessen oder Verhaltensanalysen eingesetzt. Zu Beginn der Thesis gab es jedoch keine 

stressfreie Methode, um die konditionale Geninaktivierungen/Genüberexpression in Mäusen 

mittels des Cre/loxP Systems durch die Gabe von Tamoxifen zu induzieren. Deshalb haben wir die 

Tamoxifenzufuhr bei Mäusen durch die Gabe von tamoxifenhaltigem Futter etabliert und als besten 

Kompromiss zwischen der Effizienz der Rekombination und den aversiven Effekten des 
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tamoxifenhaltigen Futters (z.B. auf das Körpergewicht) konnten wir für die zeitlich und räumlich 

kontrollierte Inaktivierung/Überexpression eines Gens in den Prinzipalneuronen des Vorderhirns 

mit Hilfe der Mauslinie Camk2a-CreERT2 folgende Strategie bestimmen: Die Mäuse werden sieben 

Tage mit dem tamoxifenhaltigen Futter versorgt, gefolgt von einer siebentägigen Phase mit 

normalem Futter, in der das Tamoxifenfutter aus dem Körper der Mäuse ausgespült werden kann.  

Des Weiteren hatten wir großes Interesse an den Gehirn-spezifischen Funktionen zweier Klasse I 

HDACs, den Enzymen HDAC1 und HDAC3. Unter Verwendung konditionaler Mausmodelle, in denen 

durch die zuvor etablierte und beschriebene Strategie mittels des tamoxifenhaltigen Futters die 

Geninaktivierung in allen Prinzipalneuronen des Vorderhirns im adulten Tier induziert wurde, 

konnten wir zeigen, dass beide Enzyme ubiquitär exprimiert sind. HDAC1 und HDAC3 sind sowohl 

in diversen Organen als auch im zentralen Nervensystem exprimiert. Die Expression der mRNA von 

Hdac1 jedoch ist im Gehirn eher schwach und nur in ganz bestimmten Regionen stärker vorhanden, 

wie zum Beispiel im gyrus dentatus (DG) des Hippocampus. Verglichen mit HDAC1, zeigt HDAC3 

hingegen gehirnweit eine generell höhere Expression und gilt unter allen klassischen HDACs als das 

mit der dritt höchsten Expressionsrate im murinen Gehirn. Beide konditionalen Mausmodelle 

wurden anhand diverser Verhaltensanalysen phänotypisiert und auch unter verschiedenen 

Bedingungen (stressfrei und chronischer Stress) getestet. Unsere Studien ergaben für Mäuse mit 

konditionaler Hdac1 Inaktivierung einen prägnanten Phänotyp, der eine Reduktion des 

Angstverhaltens unter basalen Bedingungen aufweist, welche aber unter chronisch gestressten 

Bedingungen ausbleibt und somit für HDAC1 eine Rolle in der Angstkontrolle vorschlägt. HDAC1 

scheint jedoch nicht involviert in Lernprozessen und Erinnerungen. Im Gegensatz dazu konnten wir 

in den Mäusen mit konditionaler Hdac3 Inaktivierung keinen Phänotyp oder Änderung des 

emotionalen Verhaltens beobachten. Aber die Mäuse hatten große Defizite in Bezug auf 

Lernprozesse bzw. das Erinnerungsvermögen. Somit weisen unsere Ergebnisse darauf hin, dass die 

Enzyme HDAC1 und HDAC3 nicht komplementär zueinander agieren und mit komplett 

unterschiedlichen physiologischen und pathophysiologischen Prozessen assoziiert werden. 
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1 INTRODUCTION 

1.1 Epigenetics – a brief glance at the history and definitions 

Epigenetics as one of the most exciting contemporary and rapidly expanding research fields is 

portrayed in the press as a young and revolutionary new science. There are thousands of scientific 

articles arising since the beginning of the twenty-first century focusing on epigenetics, its 

mechanisms and relevance. But what does epigenetics mean?     

Today’s scientists working in the field of epigenetics, describe the term as follows: “Epigenetics has 

always been all the weird and wonderful things that can’t be explained by genetics.” (Denise Barlow, 

Vienna, Austria); “DNA is just a tape carrying information, and a tape is no good without a player. 

Epigenetics is about the tape player.” (Bryan Turner, Birmingham, UK); “Information management 

in the nucleus means that some of the genetic information is very very tightly packaged in the 

genome. Then there is genetic information that has to be on and active all the time, house-keeping 

genes for example. So epigenetics is a bit like information management at home, something that 

you need all the time you will not store away, but your old school records you keep packed in boxes 

in the attics.” (Peter Becker, Munich, Germany). 

In biology there have always been words that have different meanings for different people. 

However, epigenetics is an extreme case. For a long time, each author had his own idea for defining 

epigenetics, because it has several meanings with independent roots. A brief look at the history 

demonstrates that human beings were concerned with the idea of epigenetics already more than 

2000 years ago. Thus, the Greek philosopher Aristotle described in his book ‘On The Origins of 

Animals’ (written ca. 350 BC) the notion of epigenetics by telling that the adult form of an embryo 

develops through gradual stages (Hurd, 2010; Rall, 1997). This debate prevailed into the nineteenth 

century, when Gregor Mendel realized that inheritance and development can be studied 

separately. However, his opinion was widely ignored as the leading biologists of his days considered 

inheritance and development to be the same problem (Robin Holliday, 2006; Sandler & Sandler, 

1985). Whilst the field of genetics flourished in the first half of the twentieth century, the field of 

embryology and development was sidelined. Hence, it is remarkable that the first one who took the 

problem of development into account again, was one of the great pioneers in genetics. So Thomas 

Hunt Morgan described in 1910 “We have two factors determining characters: heredity and the 

modification during development.” (Robin Holliday, 2006; Hurd, 2010; Morgan, 1910). This 

modification during development is referred to as epigenetics. Nevertheless, the strict separation 
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between genetics and developmental biology remained until the middle of the twentieth century, 

when a few leading biologists like Conrad Hal Waddington and Ernst Hadorn realized that the two 

fields were indeed related and should come together in a common discipline (Robin Holliday, 2006; 

Hurd, 2010). Waddington remarked in the late 1930s “It is, surely, obvious that the fertilized egg 

contains constituents which have definite properties which allow only a certain limited number of 

reactions to occur; in so far as this is true, one may say that development proceeds on a basis of the 

‘preformed’ qualities of the fertilized egg. But equally it is clear that the interaction of these 

constituents gives rise to new types of tissue and organ which were not present originally, and in so 

far development must be considered as ‘epigenetic’.” (Hurd, 2010; Waddington, 1939). He further 

pronounced that “One might say that the set of organizers and organizing relations to which a 

certain piece of tissue will be subject during development make up its ‘epigenetic constitution’ or 

‘epigenotype’; then the appearance of a particular organ is the product of the genotype and the 

epigenotype, reacting with the external environment.” (Waddington, 1939). In 1942, Waddington 

introduced the term epigenetics as a portmanteau of the word epigenesis and genetics 

(Waddington, 1939, 1942). He defined it as “The branch of biology which studies the causal 

interactions between genes and their products which bring the phenotype into being” (Dupont, 

Armant, & Brenner, 2009; Waddington, 1968). However, when Waddington coined the term, the 

physical nature of genes and their role in heredity was not known. He used it as a conceptual model 

of how genes might interact with their surroundings to produce a phenotype and proposed the 

concept of an ‘epigenetic landscape’ used as a metaphor for biological development to represent 

the process of cellular decision making (Hurd, 2010; Waddington, 1957). As mentioned before, 

there was another influential and leading developmental biologist in the middle of the twentieth 

century who realized as well that sooner or later the two disciplines, genetics and embryology, 

would coalesce. This was Ernst Hadorn in Zurich who was very successful in studying lethal factors 

and the development of imaginal disks in Drosophila. However, he was all his career long concerned 

about one question: “What are the mechanisms that govern development and what are the roles 

of the nucleus with its genes on the one hand and the surrounding cytoplasm on the other?” (Robin 

Holliday, 2002, 2006; Nöthiger, 2002). Another notable biologist during the mid-twentieth century 

who wanted to make connections between genetics and development was Richard Goldschmidt 

who hypothesized epigenetic theories for evolution, but his views were quite controversial which 

have earned him a reputation as a ‘scientific heretic’ (Dietrich, 2003; Goldschmidt, 1940; Robin 

Holliday, 2006). Besides Goldschmidt, two other great general biologists and evolutionists, Julian 

Huxley and John Haldane, contributed to develop the triad of ‘genetics-development-evolution’ 

(Robin Holliday, 2006; Huxley, 1956). In the second half of the twentieth century the field of 
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epigenetics gained several proponents like David Nanney, Martha Berry, Gideon Daniel Searle, Boris 

Ephrussi and Joshua Lederberg. Nonetheless, each of them had his own idea of the meaning of 

epigenetics, thus, definitions depend on the author and the year they were put forward (Haig, 2004; 

Robin Holliday, 2006; Nanney, 1958).  

Nevertheless, there has been an explosive revolution in the field of epigenetic research in the 

1990s. A renewed interest in genetic assimilation elucidating the molecular basis of Waddington’s 

observations, and discoveries like involvement of epigenetic alterations in pathological processes 

paved the way for epigenetics to become not a new but exciting and extremely promising research 

branch. In line with this notable break-through much effort has been put into unraveling epigenetic 

mechanisms and further definitions of the term epigenetics arose which are contemporarily in use. 

Therefore, Robin Holliday proposed in 1990 to define epigenetics as “The study of the mechanisms 

of temporal and spatial control of gene activity during the development of complex organisms”. 

Thus, the term ‘epigenetic’ can be used to describe anything other than DNA sequence that 

influences the development of an organism (Robin Holliday, 1990, 2002, 2006). Functional 

morphologists are probably more familiar with Susan Herring’s definition of epigenetics as “The 

entire series of interactions among cells and cell products which lead to morphogenesis and 

differentiation” (Haig, 2004; Herring, 1993), whereas molecular biologists rather use the definition 

of Arthur Riggs (1996): “The study of mitotically and/or meiotically heritable changes in gene 

function that cannot be explained by changes in DNA sequence” (Haig, 2004; Robin Holliday, 2006; 

Arthur D Riggs, 1996). The more discoveries and involvements of epigenetic mechanisms are made, 

the more definitions or redefinitions are required. Thus, in 2007 Adrian Bird described epigenetics 

in regard to heritable changes: “The structural adaptation of chromosomal regions so as to register, 

signal or perpetuate altered activity states” (Bird, 2007). Whereas one of the latest definitions is 

expressed by Danny Reinberg in 2010: “Those processes that ensure the inheritance of variations  

(-genetics) above and beyond (epi-) changes in the DNA sequence” (Bonasio, Tu, & Reinberg, 2010; 

Hurd, 2010). Although there are so many definitions with several different connotations for the 

term epigenetics we finally can combine all to a minimum fundamental description of ‘epigenetics’ 

as a type of molecular and cellular ‘memory’ that results in stable changes in gene expression 

without alterations to the DNA sequence itself. 
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1.2 The importance of epigenetic mechanisms 

When Waddington coined the word ‘epigenetics’ he related genes and gene action to development 

without knowing the underlying mechanisms. For a long time, scientists have sought to explain 

fundamental questions regarding phenomena such as cellular differentiation during embryonic 

development, X-chromosomal inactivation, genomic imprinting and transcriptional silencing of 

transposons. As time went on also the pivotal role of epigenetic mechanisms was well-characterized 

in pathological processes involved in cancer. Taking all the findings in epigenetic research during 

the last decades into account, it is nonetheless apparent that there are certain discoveries that still 

demand an epigenetic explanation. Thus, epigenetic mechanisms have been implicated to be the 

mediators of several functions also within the central nervous system which raises questions such 

as: What is the impact of epigenetic mechanisms on neural development and behavior, and what 

is the potential role of these mechanisms in neurological and psychiatric disorders? All these 

findings and questions highlight the need for epigenetic mechanisms. 

However, in order to understand and deal with epigenetic mechanisms, it is important to first 

characterize chromatin and its structure. Chromatin is the reason why two meters of genomic DNA 

can be packed and stored within a 6 µm thin cell nucleus (Alberts et al., 2002; Kornberg, 1974). It is 

the higher structured order of DNA and associated proteins (Figure 1.A). At the heart of chromatin 

structure there are highly conserved histone proteins that function as building blocks to package 

the eukaryotic DNA into the most fundamental subunit of the chromatin, the nucleosome core 

particles. These are made up of 147 base pairs of genomic DNA wrapped around a disc-shaped core 

histone protein octamer that contains a histone 2xH3/2xH4 heterotetramer flanked by two 

H2A/H2B heterodimers. This highly conserved nucleoprotein complex occurs essentially every 200 

± 40 base pairs throughout all eukaryotic genomes and they are linked with one another due to 

some base pairs of linker DNA and the histone protein H1 (Arents, Burlingame, Wang, Love, & 

Moudrianakis, 1991; Cosgrove & Wolberger, 2005; Hurd, 2010; Jenuwein & Allis, 2001; Kornberg & 

Lorch, 1999; Kornberg, 1974; Luger, Mäder, Richmond, Sargent, & Richmond, 1997; McGhee, 

Felsenfeld, & Eisenberg, 1980; Strahl & Allis, 2000). Nucleosome core particles and linker DNA plus 

H1 form a nucleosome which assemble themselves into higher-order structures and bundle 

together with non-histone proteins to form chromatin fibers which further condense to build up 

the chromosome. Chromatin fibers are highly dynamic structures and exist in several transient 

states of compaction to regulate the accessibility of the DNA which is important for cellular 

processes such as transcription/gene expression, replication, repair and recombination. The two 
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Figure 1. Chromatin formation and structure. (A) Chromatin is the complex of DNA and proteins that makes 

up chromosomes. The nucleic acids form a double helix consisting of double-stranded DNA. The major 

proteins involved in chromatin are histone proteins. The DNA is wrapped around a histone octamere 

consisting of two H2A/H2B heterodimers and one 2xH3/2xH4 heterotetramer making up a nucleosome core 

particle which in turn forms together with the linker DNA and the histone H1 a nucleosome. These assemble 

themselves to higher-ordered structures to form chromatin fibers and further condense to build up the 

chromosomes. (B) The chromatin structure is highly dynamic and exists in several interstages with two 

extrema, namely euchromatin (transcriptionally active) and heterochromatin (transcriptionally inactive), 

which are strongly influenced by various modifications. 
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extreme states chromatin inhabits are heterochromatin and euchromatin, but the transition is 

highly dynamic through transient interstages (Figure 1.B). Heterochromatin corresponds, in 

general, to genome regions that are highly condensed and possess inactive and transcriptionally 

silent genes.  

Within heterochromatin, the DNA renders itself inaccessible to regulatory components of the 

transcription-promoting machinery. It is usually methylated in the dinucleotide CpG islands and 

histones are markedly hypoacetylated. By contrast, euchromatin refers to the transcriptionally 

active and decondensed regions of the genome and is highly accessible to nucleases. The CpG 

islands exist more in an unmethylated manner and histones, especially H3 and H4, are 

hyperacetylated (Arney & Fisher, 2004; Cosgrove & Wolberger, 2005; André Fischer, Sananbenesi, 

Mungenast, & Tsai, 2010; Kosak & Groudine, 2004; Owen-Hughes & Bruno, 2004; Quina, 

Buschbeck, & Di Croce, 2006). 

It has long been appreciated that gene expression requires the orchestrated effort of not only 

transcription factors, but also the protein complexes that modify chromatin structure. Alterations 

in chromatin structure are exerted through epigenetic mechanisms which mainly rely on DNA 

modification on the one hand and histone modification on the other. The first epigenetic 

mechanism described was DNA methylation, a covalent modification that triggers heritable gene 

silencing (Griffith & Mahler, 1969; R Holliday & Pugh, 1975; Robin Holliday, 2006; Kiefer, 2007; 

Levenson & Sweatt, 2005; A D Riggs, 1975). Within a biochemical reaction catalyzed by DNA 

methyltransferases (DNMTs) a methyl group is attached to a cytosine DNA nucleotide (Figure 2). 

DNA-methylation typically occurs in the context of paired symmetrical methylation of a CpG site, in 

which a cytosine nucleotide is located next to a guanidine nucleotide. In the bulk of genomic DNA 

most single CpG sites are heavily methylated while clusters of CpG sites the so-called CpG islands 

remain unmethylated. Cytosine methylation triggers gene silencing in two ways, first, the 

methylated DNA itself may physically impede the binding of transcription factors, and second, 

methylated DNA attracts proteins like the methyl-CpG-binding domain proteins (MBDs) which in 

turn recruit co-repressor complexes harboring other chromatin remodeling proteins such as 

histone deacetylases (HDACs) and histone methyltransferases (HMTs). Thereby a positive feedback 

loop between DNA methylation and histone methylation, another fundamental epigenetic silencing 

mark, is fueled (Choy et al., 2010; Fujita et al., 2003; Fuks et al., 2003; Kiefer, 2007). Equally 

important and coupled with DNA methylation is the DNA demethylation, which is carried out by 

either TET enzymes (Ten-eleven translocation methylcytosine dioxygenase) or AID/APOBEC 

enzymes (a group of cytidine deaminases). The DNA demethylation process is necessary for 

http://www.whatisepigenetics.com/glossary/cpg-site/
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epigenetic reprogramming and also directly involved in many important disease mechanisms such 

as tumor progression (Baylin, 2008; Egger, Liang, Aparicio, & Jones, 2004). 

 

 

 

Figure 2. Epigenetic mechanisms. Modifications either on DNA or histone proteins trigger chromatin 

remodeling. Posttranslational modifications of specific amino acid residues within the N-terminal tails of core 

histone proteins such as lysine acetylation and serine phosphorylation are known to activate gene expression. 

In repressed chromatin regions, mainly DNA cytosine and histone lysine methylation can be found.  

 

Along with DNA methylation there are specific modifications on the protein level which act as 

epigenetic mechanisms to alter chromatin structure, hence influencing transcription levels. These 

posttranslational modifications such as acetylation, methylation, ADP-ribosylation, ubiquitination, 

citrullination and phosphorylation are catalyzed by specific enzymes and are exerted on amino acid 

residues located within the N-terminal tails of nucleosomal histones (Figure 2). More than 30 sites 

within each of the four octameric histones are known to be accessible for distinct modifications 

which are not only stabilizing or destabilizing the interaction between histone proteins and the 

underlying DNA within the chromatin structure, but also serve to recruit other proteins form the 

regulatory machinery by specific recognition of the modified histone via distinct protein domains 

(Jenuwein & Allis, 2001; McNairn & Gilbert, 2003; Quina et al., 2006; Wolffe & Hayes, 1999). 

Individual histones may even acquire a series of modification marks in close proximity to each other. 

The collectivity of these histone marks, either at the local or the genomic level, and the appropriate 

prediction of the transcriptional state is known as the so-called ‘histone code’ (Cosgrove & 



INTRODUCTION 
 

 
23 

 

Wolberger, 2005; Featherstone, 2002; Fischle et al., 2002; Fischle, Wang, & Allis, 2003; Jenuwein & 

Allis, 2001; Quina et al., 2006; Strahl & Allis, 2000; Turner, 2000). Major players in histone 

modification are the histone deacetylases (HDACs) which will later be discussed in detail. 

With the discovery of non-coding RNA molecules new components involved in epigenetic processes 

were found (Baulcome, 2005; Filipowicz, 2005; Sontheimer & Carthew, 2005). These regulatory 

molecules are transcribed from DNA, but are not further translated into proteins, and comprise 

with their activities new controls for gene expression at the transcriptional and post-transcriptional 

level. The huge amount of non-coding RNAs can be divided into two major groups depending on 

their size. Small non-coding RNAs are not longer than 30 nucleotides and are sub-grouped into 

microRNAs (miRNAs), short interfering RNAs (siRNAs) and piwi-interacting RNAs (piRNAs). MiRNAs 

mediate posttranscriptional gene silencing by binding with a complementary sequence to a specific 

target messenger RNA (mRNA) and inducing cleavage, degradation or blocking of translation. 

SiRNAs function in a similar way as miRNAs and cause degradation of the targeted mRNA, but in 

addition siRNAs are able to induce heterochromatin formation. Last, but not least, piRNAs, which 

are so-called due to their interaction with the piwi family of proteins, primarily function in 

chromatin regulation and the suppression of transposon activity in germline and somatic cells. The 

other major group of non-coding RNAs comprises longer RNA molecules which are in general made 

up of more than 200 nucleotides. These can complex with chromatin-remodeling enzymes and 

recruit their catalytic activity to specific sites in the genome, thereby regulating transcription and 

posttranscriptional processes. However, both major groups, the small and large non-coding RNA 

molecules, find their role in epigenetic processes like heterochromatin formation, histone 

modification, DNA methylation targeting and gene silencing (Brennecke et al., 2007; Carthew & 

Sontheimer, 2009; Collins, Schönfeld, & Chen, 2011; Cui, Zhang, Ko, & Kim, 2009; Dogini et al., 2014; 

André Fischer, Sananbenesi, Schrick, Spiess, & Radulovic, 2004; Gavazzo, Vassalli, Costa, & Pagano, 

2013; Hsieh & Gage, 2004; Hüttenhofer, Schattner, & Polacek, 2005; Kaikkonen, Lam, & Glass, 2011; 

Mercer & Mattick, 2013; Sontheimer & Carthew, 2005). 
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1.3 The family of histone deacetylases (HDACs) as epigenetic 

modifiers 

It has been suggested that regulatory acetylation/deacetylation is considerably more widespread 

than presently appreciated, acting in a manner similar to phosphorylation and dephosphorylation 

(Gregoretti, Lee, & Goodson, 2004; Kouzarides, 2000). However, as an epigenetic mark, the 

acetylation state of core histones is strongly influencing the architecture of the chromatin, thus, 

modulating gene activity (Cress & Seto, 2000). In general, increased levels of acetylation 

(hyperacetylation) are associated with transcriptionally active genes, as it contributes to the 

decondensed chromatin state and maintains the unfolded structure of the nucleosome, whereas 

decreased levels of acetylation (hypoacetylation) usually mark inactive genes causing a repression 

of transcriptional activity (Davie et al., 2008; de Ruijter, van Gennip, Caron, Kemp, & van Kuilenburg, 

2003; Delcuve, Khan, & Davie, 2012; Forsberg & Bresnick, 2001; Groth, Rocha, Verreault, & 

Almouzni, 2007; Ito, Barnes, & Adcock, 2000; Johnstone, 2002; Marmorstein, 2001; Shahbazian & 

Grunstein, 2007; Shogren-Knaak et al., 2006; Tse, Sera, Wolffe, & Hansen, 1998; X. Wang, He, 

Moore, & Ausio, 2001). Histone acetylation occurs mainly at lysine residues, located within the 

freely accessible N-terminal tails of the nucleosomal histone proteins. The balance between histone 

acetylation and deacetylation is mediated by opposing activities of two large protein families, the 

histone acetyltransferases (HATs) and the histone deacetylases (HDACs) (Delcuve et al., 2012; H.-J. 

Kim & Bae, 2011; Sweatt, Nestler, & Michael, 2013). There are about 30 known HATs in humans 

which can be grouped into five families based on subcellular localization, structure and function. As 

epigenetic regulators, HATs catalyze the direct transfer of an acetyl group from the co-factor acetyl-

CoA to the ε-NH+ group of the lysine residues, thus, neutralizing the positive charge which increases 

DNA accessibility or serves as a binding site for chromatin remodeling complexes (Lau et al., 2000; 

Richman, Chicoine, Collini, & Cook R.G. Allis, 1988; Sweatt et al., 2013; Tanner, Langer, & Denu, 

2000). 

The counteracting enzymes are the histone deacetylases (HDACs). Like acetylation, the 

deacetylation of a lysine ε-amino group was first discovered on histones and gives the HDACs their 

name, which is actually a misnomer and the enzymes should be more accurately described as ‘lysine 

deacetylases’ as lysine amino acid side chains are acetylated in a wide variety of cellular proteins 

besides just histones. Hence, HDACs have histones and non-histone proteins among their 

substrates including transcription factors, cytoskeletal proteins and numerous metabolic enzymes 

(Delcuve et al., 2012; Gregoretti et al., 2004; H.-J. Kim & Bae, 2011; Sweatt et al., 2013). In the sense 
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of epigenetic regulation, the predominant substrates of HDACs are of course the histone molecules. 

Acetylation and deacetylation takes exclusively place at lysine residues, which protrude in an N-

terminal tail out of the histone molecules and the nucleosome. Predestined targets are distinct 

lysine residues of histone 3 (H3: H3K9, H3K14, H3K27)) and histone 4 (H4: H4K5, H4K8, H4K12, 

H4K16, H4K20) (Figure 3) (Jenuwein & Allis, 2001; Peleg et al., 2010; Turner, 2000). The removal of 

an acetyl group from lysine side chains of the histones reconstitutes their positive charge which in 

turn stabilizes the interaction between histones and the negatively charged DNA inducing the 

formation of a compacted, transcriptionally repressed chromatin structure. Indeed, HDACs are 

often found to be part of co-repressor complexes. However, this repressing model reflects an 

oversimplification of the role of HDACs in epigenetic regulation as genetic experiments in 

Drosophila and yeast have indicated that deacetylase activity can contribute to gene activation as 

well (Gregoretti et al., 2004; Grozinger, Chao, Blackwell, Moazed, & Schreiber, 2001; Kurdistani & 

Grunstein, 2003; Marmorstein, 2001). 

 

 

 

Figure 3. Predestined lysine side chains of histone molecules. Acetylation/deacetylation of histones takes 

exclusively place at lysine residues, located within the N-terminal tails, which protrude out of the nucleosome. 

Predominant targets are H3K9, H3K14, H3K27, H4K5, H4K8, H4K12, H4K16 and H4K20. [H = histone; K = lysine 

residue] 
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HDACs are members of an ancient enzyme family found in plants, animals, fungi, archaebacteria 

and eubacteria. They can be divided into two main categories, the classical HDACs and the sirtuins, 

which are completely different in their characteristics and are only categorized into one and the 

same family of proteins due to their ability to deacetylate their substrates. The sirtuins will not be 

subject of discussion in the following and only for completeness they will be described briefly: seven 

members (Sirt1-7) belong to the group of sirtuins, which all deacetylate lysine ε-amino groups 

depending on NAD+ as cofactor, but they differ in their substrates and biological function (de Ruijter 

et al., 2003; Gregoretti et al., 2004; Grozinger et al., 2001; Grozinger, Hassig, & Schreiber, 1999; 

Leipe & Landsman, 1997; Marmorstein, 2001; Shore, 2000). In the following the term HDACs will 

refer to the eleven members of the conventional HDAC family and not to the sirtuins. All eleven 

classical HDACs are metalloenzymes and have in common to act in a Zn2+-dependent manner. Their 

catalytic domain is formed by a stretch of approximately 390 amino acids consisting of a set of 

highly conserved residues which form a gently curved tubular pocket with a wider bottom at the 

active site. Removal of an acetyl group from substrates occurs via a charge-relay system, consisting 

of two adjacent histidine residues, two aspartic residues (separated from one another by 

approximately 6 amino acid residues and located approximately 30 amino acid residues 

downstream from the two histidine residues) and one tyrosine residue (located approximately 123 

amino acid residues downstream from the two aspartic residues). The Zn2+ ion as cofactor is an 

essential component of the charge-relay system and bound at the bottom of the pocket (Buggy et 

al., 2000; de Ruijter et al., 2003; Finnin et al., 1999; Sweatt et al., 2013). Members of the classical 

HDAC family can be divided into three classes based on their sequence similarity to yeast 

(Saccharomyces cerevisiae) counterparts (Figure 4). Class I HDACs, closely related to the 

transcriptional regulator RPD3 of Saccharomyces cerevisiae, comprise HDAC1, HDAC2, HDAC3 and 

HDAC8. Class II HDACs (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9 and HDAC10) share domains with 

similarity to the yeast HDA1 and can be further phylogenetically divided into subclass IIa (HDAC4, 

HDAC5, HDAC7 and HDAC9) and subclass IIb (HDAC6 and HDAC10). Class IV consists of only one 

member, the HDAC11 protein. Class III resembles the class of the seven sirtuins described earlier 

(Bjerling et al., 2002; de Ruijter et al., 2003; Fischle, Dequiedt, et al., 2001; L. Gao, Cueto, Asselbergs, 

& Atadja, 2002). 

As mentioned before, all members of classical HDACs share their common catalytic motif which is 

highly conserved and essential for their deacetylating activity (Figure 5.A), and they can be 

distinguished by their phylogenetic similarities to yeast counterparts which makes the 

differentiation into groups possible. Additionally a unique N-terminal sequence is only found in 

class II enzymes which results in high molecular weight proteins, whereas class I and class IV 
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enzymes are rather small proteins (Grozinger et al., 1999; H. Y. Kao et al., 2001; H. Y. Kao, Downes, 

Ordentlich, & Evans, 2000; Wade, 2001). Furthermore, the classes vary in their distribution within 

various tissue. Currently it is thought that HDACs of class I are expressed in most cell types and 

tissues, whereas the distribution of class II HDACs is more restricted, although recent studies show 

that most tissues express at least one member of class II enzymes. To exert their main function, the 

deacetylation of histone proteins, the HDAC enzymes are required to be in the cell nucleus, 

therefore, all classical HDACs, with few exceptions, comprise a nuclear localization signal (NLS) 

(Figure 5.B). A second way to translocate to the nucleus is the binding to other HDAC proteins, 

which is possible through a HDAC association domain (HAD) located in the N-terminal portions of 

the proteins which allows homo- or heterodimerization. Some HDACs, mainly members of class II, 

can be cytosolic as well and harbor therefore a nuclear export signal (NES). These enzymes are able 

to shuttle in and out of the nucleus in response to various internal and external stimuli of the cell 

(Figure 5.C) (Bertos, Wang, & Yang, 2001; Buggy et al., 2000; de Ruijter et al., 2003; Fischle, 

Dequiedt, et al., 2001; Gregoretti et al., 2004; W.-M. Yang, Tsai, Wen, Fejer, & Seto, 2002). In the 

following section, all eleven members of the classical HDAC family are described individually in 

more detail. The focus lies on two class I proteins, namely HDAC1 and HDAC3, as these two enzymes 

are the main subject of this work. 

 

 

 

Figure 4. Evolutionary relationship between classical HDACs. Schematic representation of the phylogenetic 

division of all eleven classical HDAC members. Class I HDACs are depicted in blue and can be grouped together 

due to their high sequence similarity to the Saccharomyces cerevisiae protein RPD3. Class II HDACs are all 

highly homologous to their yeast counterpart HDA1 and can be divided into class IIa (HDAC6 and HDAC10) 

and class IIb (HDAC4, HDAC5, HDAC7, HDAC9). HDAC11 forms a separate class, but is more similar to class I 

members than class II members. Class III comprises the seven sirtuins and is therefore not depicted. Adapted 

from (de Ruijter et al., 2003; Gregoretti et al., 2004). 
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1.3.1 Describing the low molecular weight class I HDACs 

1.3.1.1 HDAC1 and HDAC2 are exclusively nuclear proteins and important chromatin 

remodelers 

HDAC1 (originally called HD1) was the first protein found to possess histone deacetylase activity in 

mammals. With its purification and cloning in 1996 a major breakthrough in the study of histone 

deacetylases was achieved (Kijima, Yoshida, Sugita, Horinouchi, & Beppu, 1993; Taunton, Hassig, & 

Schreiber, 1996; Yoshida, Horinouchi, & Beppu, 1995). The predicted amino acid sequence derived 

from the full-length cDNA sequence of HDAC1 revealed for both, the human and mouse HDAC1 

protein, to be highly similar to the yeast transcriptional regulator RPD3 (Bartl et al., 1997; Furukawa 

et al., 1996; Vidal & Gaber, 1991). After the discovery of HDAC1, a transcriptional co-repressor 

protein also showing high homology to yeast RPD3 was identified in the same year from a yeast 

two-hybrid experiment and later called HDAC2 as it contains deacetylase activity as well (W M Yang, 

Inouye, Zeng, Bearss, & Seto, 1996; Wen Ming Yang, Yao, Sun, Davie, & Seto, 1997). HDAC1 and 

HDAC2 possess a high degree of similarity with an overall sequence identity in mammals of 

approximately 82% and an almost identical genomic organization (de Ruijter et al., 2003; Khier, 

Bartl, Schuettengruber, & Seiser, 1999). Indeed, HDAC1 and HDAC2 arose most probably from a 

relatively recent gene duplication (Gregoretti et al., 2004). The Hdac1 gene maps to mouse 

chromosome 4 and human chromosome 1p34.1 and is about 30 kb in length, comprising 14 exons 

interrupted by 13 introns (Furukawa et al., 1996; Khier et al., 1999). The Hdac1 open reading frame 

is 1446 bp long and encodes a protein of 482 amino acids with a molecular mass of approximately 

55 kDa (Bartl et al., 1997; Furukawa et al., 1996; Taunton et al., 1996). The HDAC1 protein is mainly 

characterized by the catalytic domain at the N-terminus, which forms the major part of the protein 

(Figure 5.A). However, the structural and functional organization of the protein can be divided into 

three domains: (1) the N-terminal HDAC association domain (HAD; residues 1-53), which is essential 

for homo- and heterodimerization; (2) the central zinc-binding catalytic domain termed HDAC 

consensus motif (residues 25-303), which is highly conserved and forms the active site pocket; (3) 

the C-terminal lysine-rich domain (residues 438-482) which contains the nuclear localization signal 

(NLS) KKAKRVKT and the IACEE motif involved in the interaction with the pocket proteins pRb, p107 

and p130, which are important enzymes for cell cycle regulation and progression, apoptosis and 

cell maturation (Figure 4.A and 4.B) (Brehm et al., 1998; Cress & Seto, 2000; Ferreira, Magnaghi-

Jaulin, Robin, Harel-Bellan, & Trouche, 1998; H. Y. Kao et al., 2000; J. Li et al., 2000; Magnaghi-Jaulin 

et al., 1998; Taplick et al., 2001; Wade, 2001). The Hdac2 gene located on mouse chromosome 10 

and human chromosome 6q21 is similar in size compared to Hdac1 and also consists of 14 exons 
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and 13 introns. The encoded protein comprises 488 amino acids with a molecular mass of 

approximately 55 kDa. The protein organization into the three functional and structural domains is 

identical with HDAC1 (Figure 4.A and 4.B) (Cress & Seto, 2000; de Ruijter et al., 2003; Wade, 2001).  

 

 

 

Figure 5. Characterization of the classical HDAC proteins. (A) Schematic representation of the structural 

composition of HDAC1-11. All classical HDACs have a highly conserved catalytic motif in common (depicted 

by black boxes), which is essential for the enzymes’ ability to deacetylate their substrates. Members of class 

I HDACs (HDAC1, HDAC2, HDAC3 and HDAC8) and the class IV HDAC (HDAC11) are rather small proteins, 

whereas class II HDACs (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9 and HDAC10) are high molecular weight 

proteins. (B) The human and murine homologues of class I and class IV enzymes comprise exactly the same 

number of amino acids, whereas class II enzymes differ all slightly in size comparing human and murine 

homologues. (C) Class I HDACs HDAC1 and HDAC2 are exclusively nuclear proteins. HDAC3 possesses an NLS 

and NES and thus, can shuttle in and out of the nucleus. The small HDAC8 is also found in both compartments 

although it exhibits neither an NLS nor an NES and can only shuttle due to specific non-HDAC interaction 

partners. Class II enzymes do have a distinct amount of cytoplasmic substrates and thus, can be found in both, 

the cytosol and nucleus. The only exception is HDAC6 which is only found in the cytoplasm, where it fulfills 

its function acting on non-nuclear substrates. [aa = amino acid; HAD = HDAC association domain;  

MW = molecular weight; NES = nuclear export signal; NLS = nuclear localization signal] Adapted from (de 

Ruijter et al. 2003; www.ensembl.org). 
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The localization of HDAC1 and HDAC2 is mainly nuclear, due to the lack of a nuclear export signal 

(NES) and both have the ability to homodimerize or heterodimerize with each other or further 

HDAC proteins (Figure 5.B and 5.C). Interestingly, Taplick and colleagues could show that a 

truncated HDAC1 protein lacking the NLS can still translocate into the nucleus through association 

with an intact HDAC1 protein suggesting that the homodimerization seems to play a pivotal role in 

enzyme activity (de Ruijter et al., 2003; Johnstone, 2002; Taplick et al., 2001). Furthermore, HDAC1 

seems to influence the expression of HDAC2 and vice versa. The transcription of the Hdac1 gene is 

highly regulated. Its promoter, lacking a TATA box consensus sequence, is rich in GC content and 

contains two other regulatory sequences (CCAAT and a distal GC box), both, promoting the 

assembly of transcription factors and thus being crucial for the full activity of the gene. 

Transcription factors of the NF-Y (nuclear factor Y) and SP (small protein) family have been found 

to regulate the transcriptional activation or repression of the Hdac1 gene synergistically by 

recruiting either HATs or HDACs, respectively, to the Hdac1 promoter, indicating that the Hdac1 

transcription is regulated by the balanced action of acetylating and deacetylating enzymes. In 

particular, the HDAC1 protein has been found to be recruited to its own promoter, suggesting the 

existence of a negative feedback loop to regulate its own expression level (Hauser, 

Schuettengruber, Bartl, Lagger, & Seiser, 2002; Schuettengruber, Simboeck, Khier, & Seiser, 2003). 

As briefly mentioned before, the often co-expressed HDAC1 and HDAC2 enzymes strongly 

dependent on homo- and heterodimerization to be active, but, the proteins are also target of 

various posttranslational modifications. Thus, phosphorylation of serine residues within the C-

terminal portion of HDAC1 and HDAC2 seems to cause a slight, but significant increase in their 

enzymatic activity. Other known posttranslational modifications of HDAC1 and HDAC2 are 

sumoylation and acetylation (R. Cai et al., 2001; David, Neptune, & Depinho, 2002; de Ruijter et al., 

2003; Galasinski, Resing, Goodrich, & Ahn, 2002; Goldberg, Allis, & Bernstein, 2007; Pflum, Tong, 

Lane, & Schreiber, 2001; Taplick et al., 2001). 

In addition to the regulation of HDAC1 and HDAC2 by posttranslational modifications, a second 

means of regulating enzymatic activity is given via the availability of co-repressors and complex 

formation. HDAC1 is generally found together with HDAC2 in multi-protein complexes consisting of 

proteins necessary for modulating their deacetylase activity and for binding DNA. Within these 

complexes, various transcription factors can target HDAC1 and HDAC2 to specific promoters to 

exert their function (de Ruijter et al., 2003; Y Zhang et al., 1999). To date, three complexes 

containing HDAC1 and HDAC2 have been characterized in mammals: (1) the co-repressor complex 

SIN3 (named after its characteristic element mSin3A); (2) the NuRD (nucleosome remodeling and 

deacetylating) complex; (3) and the CoREST (co-repressor for elemt-1-silencing transcription factor) 



INTRODUCTION 
 

 
31 

 

complex (Figure 6) (Ayer, 1999; de Ruijter et al., 2003; Grozinger et al., 2001; Hui Ng & Bird, 2000). 

The SIN3 complex and the NuRD complex consist of the same core complex containing HDAC1, 

HDAC2, retinoblastoma-associated protein 46 (RbAp46) and RbAp48, a protein originally co-

purified with human HDAC1, which is able to bind histone H4 directly. Besides the core complex, 

additional cofactors are crucial to possess maximal HDAC activity. These are for the SIN3 complex 

mSin3A (transcriptional regulatory protein), SAP18 and SAP30, whereas the NuRD complex is 

enriched by Mi2α/Mi2β (also called CHD3/CHD4) and MTA2 (Ashburner, Westerheide, & Baldwin, 

2001; Brehm et al., 1998; de Ruijter et al., 2003; Galasinski et al., 2002; Heinzel et al., 1997; Taunton 

et al., 1996). In contrast, the CoREST complex is composed of HDAC1, HDAC2, CoREST and LSD1, a 

recently identified lysine-specific histone demethylase (Grozinger et al., 2001, 1999; Yujiang Shi et 

al., 2004). 

 

 

Figure 6. HDAC1 and HDAC2 containing multi-protein complexes. Generally both enzymes, HDAC1 and 

HDAC2, are found together in the same complexes: SIN3 complex, NuRD complex and COREST complex. Sin3 

and NuRD complexes share the same core (HDAC1, HDAC2, RbAp46 and RbAp48). All complexes target 

HDAC1 and HDAC2 to specific promoters to exert their function. [RbAp = retinoblastoma-associated protein; 

CoREST = co-repressor for elemt-1-silencing transcription factor; LSD = lysin-specific histone demethylase]  

 

The repressive function of HDAC1 plays a critical role in various biological processes including cell 

cycle progression, proliferation and differentiation (Bartl et al., 1997; Lagger et al., 2002; Mal, 

Sturniolo, Schiltz, Ghosh, & Harter, 2001; Puri et al., 2001). However, increasing evidence indicates 

that HDAC1 also influences other cellular activities such as DNA replication and chromosome 

segregation via mechanisms that do not involve transcriptional repression (Austin & Marsh, 1998; 



INTRODUCTION 
 

 
32 

 

R. L. Cai, Yan-Neale, Cueto, Xu, & Cohen, 2000; David, Turner, Yao, Protopopov, & DePinho, 2003; 

Johnson, Padget, Austin, & Turner, 2001; Tsai et al., 2000; Vaute, Nicolas, Vandel, & Trouche, 2002). 

Analysis of knockout mouse models could prove an essential role for HDAC1 in mouse embryonic 

development as the disruption of both alleles leads to lethality before E10.5 (Lagger et al., 2002). 

Furthermore, there is evidence that HDAC1 is involved in cellular defense against viral infections 

and it plays a pivotal role in pathological processes such as tumor formation and progression (Glaser 

et al., 2003; Gwack, Byun, Hwang, Lim, & Choe, 2001; F. Lu et al., 2003). The biological roles of 

HDAC2 are similar to those of HDAC1 and in many functions the two enzymes can complement for 

each other. However, knockout studies of HDAC1 and HDAC2 show that there indeed need to be 

mechanisms which require essential roles of either HDAC1 or HDAC2 (Guan et al., 2009; 

Montgomery et al., 2007). 

1.3.1.2 HDAC3 shuttles in and out of the nucleus 

The excitement in the field of histone deacetylases did not end with the discoveries of HDAC1 and 

HDAC2. Shortly afterwards three research groups reported independently on the identification of 

an additional human enzyme with deacetylase activity, named HDAC3. It is the third member out 

of four belonging to class I HDACs sharing a high sequence similarity with the yeast RPD3 yet distinct 

from HDAC1 and HDAC2 (Emiliani, Fischle, Van Lint, Al-Abed, & Verdin, 1998; Wen Ming Yang et al., 

1997).  The Hdac3 gene is localized on mouse chromosome 18 and human chromosome 5q31, spans 

over 13 kb and contains 15 exons (de Ruijter et al., 2003; Mahlknecht, Bucala, Hoelzer, & Verdin, 

1999; Mahlknecht, Emiliani, Najfeld, Young, & Verdin, 1999). Its open reading frame comprises 1284 

bp and encodes a protein of 428 amino acids with a molecular mass of approximately 50 kDa 

meaning that it is slightly smaller in size compared to HDAC1 and HDAC2 (Figure 5.B) (Emiliani et 

al., 1998; Mahlknecht, Emiliani, et al., 1999; Wen Ming Yang et al., 1997). HDAC3 has the same 

domain structure as described for HDAC1 and HDAC2 (Figure 5.A). The highly conserved catalytic 

domain in the N-terminal portion of the protein (amino acid residues 4-316) possesses high 

sequence similarities with the domains of HDAC1 (62.3% of identity) and HDAC2 (61.0% of identity). 

However, HDAC3 lacks a small segment corresponding to the extreme N termini of HDAC1 and 

HDAC2 and also regions that correspond to the C termini of HDAC1 and HDAC2 are absent  

(HDAC1: 399-482; HDAC2: 400-488) suggesting that both HDAC3 ends possess unique functions 

that are distinct from other class I HDACs. In addition to the nuclear localization signal (NLS) which 

is present in all class I HDACs, a functional nuclear export signal (NES) resides in HDAC3 between 

residues 180-313, allowing the HDAC3 protein to shuttle in and out of the nucleus in almost all cell 
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types to fulfill its function (Figure 5.B and 5.C) (de Ruijter et al., 2003; Takami & Nakayama, 2000; 

W.-M. Yang et al., 2002).  

HDAC3 mainly self-associates in dimers and trimers to be active, but also hetero-oligomerization 

with other HDACs is possible, although only detected to a small extent. Endogenous HDAC3 only 

associates with HDAC4, whereas the oligomerization with other class II HDACs, namely HDAC5, 

HDAC7, HDAC9 and HDAC10 is only detected when HDAC3 is bound within one of the multi-protein 

complexes. These co-repressor multi-protein complexes relying on HDAC3 activity are NCoR 

(nuclear receptor corepressor) and SMRT (silencing mediator for retinoid and thyroid hormone 

receptors) (Bertos et al., 2001; Fischle, Dequiedt, et al., 2001; Fischle et al., 2002; Grozinger et al., 

1999; H. Y. Kao et al., 2000; Tong, Liu, Bertos, & Yang, 2002; W.-M. Yang et al., 2002; Zhou, Richon, 

Rifkind, & Marks, 2000). However, NCoR and SMRT do not only bind HDAC3, but can also stimulate 

its activity via a conserved deacetylase-activating domain (DAD) (Guenther et al., 2000; Wen et al., 

2000; J. Zhang, Kalkum, Chait, & Roeder, 2002). 

After the discovery of HDAC3, its biological function has been extrapolated from the knowledge of 

HDAC1 and HDAC2. However, HDAC3 possesses many unique biological functions. With its 

repressive action on transcription it is not only involved in cell cycle control, but also critically 

regulates ribosome biogenesis. Embryonic lethality of knockout mice at E10.5 emphasizes its 

unique and important function in development (Dangond et al., 1998, 1999; Glaser et al., 2003; 

Robyr et al., 2002).   

 

1.3.1.3 HDAC8, the smallest member of class I HDACs 

In the year 2000 the forth class I human HDAC was identified and called HDAC8, because at that 

time seven human HDACs had already been discovered falling into class I (HDAC1, HDAC2, HDAC3) 

and class II (HDAC4, HDAC5, HDAC6, HDAC7) (Buggy et al., 2000; Hu et al., 2000; Van den Wyngaert 

et al., 2000). The Hdac8 gene is localized in mammals on the chromosome X and is organized into 

11 exons over a total length of approximately 25 kb. The Hdac8 open reading frame encodes a 

protein of 377 amino acid residues resulting in a size of approximately 45 kDa, thus, representing 

the smallest class I HDAC protein (Buggy et al., 2000; Van den Wyngaert et al., 2000). Phylogenetic 

tree analyses place HDAC8 closely to the evolutionary boundary between class I and class II HDACs 

(Figure 4) and this may represent a key point that distinguishes class I and class II HDACs in humans 

due to HDAC8 diverging early in evolution from other class I HDACs . However, amino acid sequence 

comparisons indicate that HDAC8 is most closely related to HDAC3 with an overall sequence 
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identity of 34% and exhibits the highest conservation within the catalytic domain. Compared with 

the three other class I HDACs, HDAC8 lacks 50-111 amino acids in the C-terminal portion of the 

enzyme (Figure 5.A). As this part is essential for multi-protein complex formation and modulation 

of enzymatic activity via posttranslational modifications within these other HDACs, this suggests 

that HDAC8 is regulated differently or entirely different regions of the protein surface are utilized 

for its recruitment and modulation (Buggy et al., 2000; David et al., 2002; de Ruijter et al., 2003; 

Finnin et al., 1999; Hu et al., 2000; Pflum et al., 2001; Somoza et al., 2004; Van den Wyngaert et al., 

2000). In fact, HDAC8 is unlike all other class I HDACs posttranslationally modified within the 

N-terminal and not the C-terminal part of the protein (David et al., 2002; Galasinski et al., 2002; Hu 

et al., 2000; H. Lee, Rezai-Zadeh, & Seto, 2004; W.-M. Yang et al., 2002). Furthermore, due to the 

lack of the C-terminal extension, also the nuclear localization signal (NLS) is missing (Figure 5B.). 

However, overexpressing studies (necessary due to low abundance of HDAC8 under physiological 

conditions) could show, that HDAC8 resides within the nucleus, most probably due to a stretch of 

basic amino acid residues within the catalytic domain (Arg164-Lys168: RLRRK) (Figure 5.C) (Ayer, 1999; 

Hu et al., 2000; Van den Wyngaert et al., 2000; W.-M. Yang et al., 2002).  

Further studies could show, that despite the possible existence of two HDAC8 mRNA species (a 

short transcript of approximately 2 kb and a longer with approximately 2.4 kb) an apparently unique 

HDAC8 protein exists. This was first thought to be ubiquitously expressed in various human tissues 

and cells, but later on it was proved that HDAC8 is rather expressed in a restricted manner, i.e. in 

normal human cells showing smooth muscle differentiation, skull, kidney, lung, heart and distinct 

regions of the brain. Unexpectedly, the enzyme has also been found to be predominantly cytosolic 

and co-localizes and associates with the smooth muscle actin cytoskeleton. This differences in 

protein subcellular localization in regard to earlier studies may have been the result of an improper 

folding of overexpressed N-terminally tagged protein constructs, possibly hindering the HDAC8 

localization to the cytoplasm. Global deletion of HDAC8 in mice leads to perinatal lethality due to 

skull instability and underlines the role of HDAC8 in skull morphogenesis (Buggy et al., 2000; 

Haberland, Montgomery, & Olson, 2009; Hu et al., 2000; Van den Wyngaert et al., 2000; Waltregny 

et al., 2004, 2005).  
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1.3.2 Describing the high molecular weight class II HDACs 

1.3.2.1 Class IIa HDACs, HDAC4, HDAC5 and HDAC7 

The members of class II HDACs (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9 and HDAC10) possess 

domains with significant sequence similarity to the deacetylase domain of the yeast histone 

deacetylase 1 (HDA1) and resemble rather large proteins compared to class I HDACs (Rundlett et 

al., 1996). HDAC4, HDAC5 and HDAC7 are found in the same branch of the phylogenetic tree and 

represent the HDAC subgroup class IIa (Figure 4). They share high sequence similarities with an 

overall identity of 70% between HDAC4 and HDAC5, followed by 58% identity for HDAC4 and HDAC7 

and 57% identity for HDAC5 and HDAC7 (de Ruijter et al., 2003; Gregoretti et al., 2004). The genomic 

locus of HDAC4 is on mouse chromosome 1 and human chromosome 2, for HDAC5 on mouse 

chromosome 11 and human chromosome 17 and for HDAC7 on mouse chromosome 15 and human 

chromosome 12. They are all composed of 24-29 exons, corresponding almost exactly to 

homologous segments within the coding regions of the three genes. However, the loci themselves 

vary greatly in size, ranging from only approximately 18 kb for Hdac7 to 350 kb for Hdac4. The 

encoded proteins are all large in size (≈ 105-120 kDa) and share their general structural composition 

(Figure 5.A). Within the extended N-terminus, in all three proteins an NLS can be found, but only 

HDAC5 exhibits in addition an NES (Figure 5.B). Highly conserved domains within all three proteins 

are the binding domains for C-terminal binding protein (CtBP), myocyte enhancer factor 2 (MEF2) 

and 14-3-3 (a cytosolic anchor protein) located within the N-terminal half.  The catalytic domain is 

located within the C-terminal portion of the proteins which makes them different in organization 

from the small class I HDACs (Figure 5.A) (Lemercier et al., 2000; Sparrow et al., 1999; A. H. Wang 

et al., 1999, 2000). 

The functional role of HDAC4, HDAC5 and HDAC7 is strongly dependent on their interaction 

partners, posttranslational modifications, subcellular localization and tissue-specific expression 

levels (Figure 5.C). Numerous interactions are possible due to the large N-termini and allude a 

bewildering array of possible roles and regulation of various target promoters. Interestingly, 

HDAC4, HDAC5 and HDAC7 associate also with HDAC3 via co-recruitment to the SMRT/NCoR 

complex (Fischle, Kiermer, Dequiedt, & Verdin, 2001; Fischle et al., 2002; Fischle, Dequiedt, et al., 

2001; W.-M. Yang et al., 2002). The enzymatic activity is furthermore regulated by posttranslational 

modifications as phosphorylation of the 14-3-3 binding sites within the N-terminal part of the 

proteins. HDAC4 was also identified to be conjugated to the small ubiquitin-like modifier-1 (SUMO-

1) and to be cleaved by caspases 2 and 3 in response to pro-apoptotic stimuli (Kirsh et al., 2002; Liu, 



INTRODUCTION 
 

 
36 

 

Hu, D’ercole, & Ye, 2009; Paroni et al., 2004). The variable subcellular localization of HDAC4, HDAC5 

and HDAC7 due to signal-dependent nucleoplasmic shuttling is a hallmark of the three class IIa 

HDACs and for differentiating muscle cells a clear model exists. The three proteins can shuttle in 

and out of the cell-nucleus in dependence of their phosphorylation status within different stages of 

muscle cell differentiation. Thus, HDAC4 is transported upon phosphorylation out of the nucleus 

and retained by 14-3-3 within the cytosol in pre-differentiating cells, while HDAC5 and HDAC7 still 

reside in the nucleus. These two proteins are transported into the cytosol only in differentiating 

cells in which HDAC4 is already dephosphorylated and translocated back to the nucleus. This model 

suggest that HDAC5 and HDAC7 complement for HDAC4 and vice versa to control the differential 

regulation of gene expression during various stages of differentiation in muscle cells (Bertos et al., 

2001; Dressel et al., 2001; H. Y. Kao et al., 2001; Kumar et al., 2005; McKinsey, Zhang, Lu, & Olson, 

2000; Miska et al., 2001; Wu, Li, Park, & Chen, 2001). It is widely known, that unlike the ubiquitously 

expressed class I HDACs, members of class IIa are expressed in a more tissue-restricted manner. 

However, further studies suggest that this assumption is not true and the reality is a bit more 

complex. Thus, class IIa HDACs are widely expressed, but they are clearly expressed much more 

strongly in a limited subset of cells. HDAC4 and HDAC5 are for example particularly expressed in 

brain, heart and skeletal muscle, whereas HDAC7 shows high expression levels within heart, thymus 

and lung. The transient expression of class IIa HDACs in specific cell types suggests that these 

enzymes might play important roles in the development of tissues with low overall expression levels 

such as in the heart, skeletal muscle and the immune system (Dequiedt et al., 2003; Fischle et al., 

1999; Fischle, Dequiedt, et al., 2001; Grozinger et al., 1999; H. Y. Kao et al., 2000; Verdel & Khochbin, 

1999; A. H. Wang et al., 1999; Zhou, Marks, Rifkind, & Richon, 2001; Zhou et al., 2000). For HDAC7 

knockout studies exist, showing that global deletion of HDAC7 in mice results in the defects of 

endothelial cells-cells contacts and consequent dilation and rupture of blood vessels (Chang et al., 

2006). 

 

1.3.2.2 HDAC6 a rather unique enzyme among classical HDACs 

With the characterization of HDAC6 in 1999 the first evidence of non-nuclear and non-histone-

associated activity for an HDAC member was proved (Grozinger et al., 1999). As a class II HDAC 

member, HDAC6 resembles to the yeast HDA1, although the identity with other human HDACs is 

low and phylogenetic analyses indicate that it is evolutionarily most closely related to HDAC10 

(Figure 4) (P. Marks et al., 2001; Yoshida et al., 2001). HDAC6 is like HDAC8 an X-linked HDAC with 

a gene size of 23 kb in humans comprising 29 exons. The open reading frame encodes a protein of 
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1215 amino acids resulting in a size of approximately 130 kDa (Figure 5.B). The protein resembles a 

rather unique enzyme within the classical HDAC family as it contains not only two tandem catalytic 

domains, but also a zinc finger motif that is absent in other HDAC members (Figure 5.A). This motif 

is also known as a BUZ (binding-of-ubiquitin zinc) finger or as a HUB (HDAC6-USP3, and Brap2-

related zinc) finger and intriguingly is found almost exclusively in deubiquitinating enzymes, 

suggesting that HDAC6 might be functionally connected to protein ubiquitination (Bertos et al., 

2001; de Ruijter et al., 2003; Grozinger et al., 1999; Hook, Orian, Cowley, & Eisenman, 2002; Kovacs 

et al., 2005). Among the 11 identified classical human HDAC members, HDAC6 is uniquely localized 

to the cytoplasm under most conditions and exerts its deacetylation function only on non-histone 

targets such as tubulin to regulate microtubule-dependent cell motility (Figure 5.C) (Hubbert et al., 

2002; Yu Zhang et al., 2003). Global deletion of HDAC6 in mice suggests that HDAC6 is a critical 

component of stress granules involved in the cellular stress response (Kwon, Zhang, & Matthias, 

2007). 

 

1.3.2.3 HDAC9 is related in structure and function to class IIa HDACs 

HDAC9 is a member of class II HDACs related to the subgroup IIa (HDAC4, HDAC5 and HDAC7). The 

mouse Hdac9 is located on chromosome 12 with a size of 150 kb and 40 exons encode a protein 

consisting of 1088 amino acids (120 kDa), whereas the human gene is localized on chromosome 7 

and covers 500 kb with 38 exons encoding a 1066 amino acid protein (120 kDa) (Figure 5.A and 5.B). 

Both species encode besides the long variant also shorter transcripts. The protein organization 

differs to the organization of the related class IIa HDACs, as HDAC9 exhibits its catalytic domain 

within the N-terminal part and inhabits a long C-terminal extension. In its features HDAC9 largely 

resembles HDAC4, HDAC5 and HDAC7 as it has also several interaction partners and is regulated by 

nucleocytoplasmic signaling. An important function in muscle cell differentiation is suggested for 

HDAC9 in line with class IIa HDACs (Bertos et al., 2001; de Ruijter et al., 2003; Grozinger et al., 1999; 

Pflum et al., 2001; Zhou et al., 2001). Furthermore, HDAC9 knockout studies in mice show that 

HDAC9 seems to play an important role in adipose tissue dysfunction and systemic metabolic 

disease during high-fat feeding (Chatterjee et al., 2014). 
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1.3.2.4 HDAC10 acts rather as recruiter than as deacetylase 

HDAC10 as the latest identified class II HDAC is most similar to HDAC6, although they differ strongly 

in size (Guardiola & Yao, 2002). Human Hdac10 could be identified on chromosome 22 with a size 

of only 6 kb, comprising 20 exons and encoding a protein of 669 amino acids resulting in a size of 

approximately 70 kDa (Figure 5.A and 5.B). The murine homologue is located on chromosome 15 

and almost identical in size to human HDAC10 (D. D. Fischer et al., 2002). HDAC10 possesses its 

catalytic domain on the N-terminus and contains like HDAC6 a putative second catalytic domain. In 

HDAC10, however, this domain is not functional. The protein also harbors a nuclear export signal 

(NES) which allows the protein to locate not only within the nucleus, but also in the cytoplasm 

(Figure 5.C). When HDAC10 is found within the nucleus, it is mostly tethered to a promoter and 

represses transcription independently of its deacetylase activity. HDAC10 is found to interact with 

the class I HDACs HDAC1, HDAC2 and HDAC3 and with class II HDACs HDAC4, HDAC5 and HDAC7 

suggesting a role as HDAC recruiter rather than as deacetylase (de Ruijter et al., 2003; Guardiola & 

Yao, 2002; H.-Y. Kao, Lee, Komarov, Han, & Evans, 2002; Tong et al., 2002). 

 

1.3.3 Describing the sole class IV HDAC member HDAC11 

With the discovery of HDAC11 in 2002, the latest member of eleven known classical HDACs was 

identified. Phylogenetic analyses could show, that HDAC11 appears to be most closely related to 

HDAC3 and HDAC8, but the overall sequence identity is limited (Figure 4). Thus, a new group with 

only HDAC11 as member was established. This group is called class IV HDAC as class III was already 

occupied by the sirtuins, which do not belong to the classical HDACs, but to the HDAC superfamily. 

The HDAC11 gene maps to human chromosome 3, is 26 kb in size and possesses 10 exons encoding 

the smallest HDAC enzyme with only 347 amino acids and a molecular mass of 40 kDa (Figure 5.A 

and 45.B). The catalytic domain is situated within the N-terminal portion of the protein and contains 

conserved amino acid residues in the catalytic core regions shared by both, class I and class II 

HDACs. The subcellular localization of HDAC11 is within the nucleus, although it was found to 

interact with the mainly cytoplasmic HDAC6 (Figure 5.C) (Bertos et al., 2001; de Ruijter et al., 2003; 

L. Gao et al., 2002). Global deletion of HDAC11 in mice identified the enzyme to be a novel 

epigenetic regulator of myeloid derived suppressor cell expansion and to function in tumor growth 

(Sahakian et al., 2015).   
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1.4 HDAC inhibitors are useful epigenetic tools and therapeutic 

compounds 

HDAC inhibitors (HDACi) are attractive therapeutic agents for the treatment of various diseases, 

especially used in anti-cancer therapy. Most anti-cancer drugs are cytotoxic agents that act in a 

rather non-selective manner, but HDAC inhibitors appear to interfere with the mechanisms 

underlying tumor development (Mahlknecht & Hoelzer, 2000; Tan, Cang, Ma, Petrillo, & Liu, 2010). 

Furthermore, HDACi contributed to the discovery of HDACs and were used as important tools for 

cloning HDAC cDNAs. Hence, the first HDAC was identified after isolation from a human T-cell line 

using a trapoxin-based affinity matrix (Bartl et al., 1997; Kijima et al., 1993; Taunton et al., 1996; 

Yoshida et al., 2001). The first studies concerning HDACs used HDACi and even today a large portion 

of our knowledge about HDAC functions is obtained via inhibitor studies. Similar to the HDAC 

proteins, the HDACi are structurally diverse. Their origin can be both, natural and synthetic, but all 

of them can be categorized into four structural groups: (1) the short-chain fatty acids; (2) the 

hydroxymates; (3) the benzamides; and (4) the cyclic tetrapeptides (Table 1) (Dokmanovic, Clarke, 

& Marks, 2007; Heerboth et al., 2014). The first compound described as inhibitor of HDAC activity 

is the synthetic HDACi sodium butyrate which belongs to group (1) of HDACi. To be effective, its 

concentration needs to reach more than millimolar levels which causes effects on other proteins 

than HDACs and might also perturb the cytoskeleton and cell membrane. In addition, its low 

specificity against distinct HDACs leads to many side effects and strongly suggests to use this HDACi 

with caution (Candido & Davie, 1978; André Fischer et al., 2010; Guan et al., 2009). In the early 

1990s two natural HDACi, trichostatin A (TSA) and trapoxin (TPX) were identified when used as 

fungal antibiotics. Both inhibit effectively HDACs and need to reach only nanomolar concentrations. 

However, also these two compounds are not very specific, but act in a broad spectrum within the 

HDAC arena (Dokmanovic et al., 2007; Heerboth et al., 2014; Kijima et al., 1993; Richon et al., 1998; 

Yoshida, Kijima, Akita, & Beppu, 1990). The first HDACi which was approved for clinical use by the 

Food and Drug Administration is vorinostat, also known as SAHA (suberoylanilide hydroxamic acid). 

It blocks cancer cell proliferation effectively already when applied in nanomolar concentrations 

(Alarcón et al., 2004; Guan et al., 2009). However, vorinostat has multiple targets and also induces 

many side effects such as diarrhea, fatigue, nausea and anorexia (Dokmanovic et al., 2007; Duvic et 

al., 2007; Heerboth et al., 2014; P. A. Marks & Breslow, 2007; Richon, 2006). Another HDACi is 

valproic acid, primarily effective against class I HDACs and being one of the first compounds linking 

the field of epigenetic chromatin plasticity with various brain disorders and psychiatric diseases 

such as Alzheimer’s disease, schizophrenia, bipolar disorders, seizure disorders and major  
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Table 1. HDAC inhibitors (HDACi). HDACi can be both, natural and synthetic, and they are structurally diverse. 

Thus, they can be categorized into four structural groups: short-chain fatty acids, hydroxamic acids, 

benzamides and cyclic tetrapeptides. Some compounds are already approved and used as therapeutic agents, 

others are in clinical trials or only used in research laboratories. [TSA = trichostatin A; SAHA = suberoylanilide 

hydroxamic acid] 

 

depression (Casey et al., 2003; André Fischer et al., 2010; Andre Fischer, Sananbenesi, Wang, 

Dobbin, & Tsai, 2007; Flood, Choinski, Marino, & Gasior, 2009; Haddad, Das, Ashfaq, & Wieck, 2009; 

L. Li, Suzuki, Mori, & Greengard, 1993; Tremolizzo et al., 2005). Although HDACs appear widespread 

on DNA as chromatin structure remodelers, HDACi only affect 2-10% of expressed genes. 

Accordingly, this demonstrates the potential for specificity in using HDACi especially in the 

treatment of neuropsychiatric diseases to prevent extreme side effects as individual HDACs seem 

to serve distinct functions within the adult brain. Therefore, more specific HDACi like MS-275 

(preferentially inhibits HDAC1) and RGFP136 (preferentially inhibits HDAC3) are currently in use in 



INTRODUCTION 
 

 
41 

 

several studies. Moreover, it is indispensable that more information of the distinct roles of each 

individual HDAC member is acquired (André Fischer et al., 2010; Guan et al., 2009; McQuown et al., 

2011). 
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1.5 Neuroepigenetics – an emerging field with tremendous impact 

on brain development, learning, behavior and neuropathology 

The role that epigenetic mechanisms play in phenomena such as cellular differentiation during 

embryonic development, X-chromosomal inactivation and cancer is well-characterized, but the 

field of neuroepigenetics, which is also referred to as behavioral epigenetics, meaning the roles of 

epigenetic mechanisms in the central nervous system (CNS) is just beginning to be understood and 

is one of the most exciting areas of today’s molecular and behavioral neuroscience. A search for 

‘epigenetic’ in the pubmed database revealed at the beginning of 2016 more than 45957 papers, 

but only about 4427 are linked to brain-related studies. Dealing with neuroepigenetics means to 

shift our understanding of several fundamental concepts of traditional epigenetics and cognitive 

neurobiology. When thinking of heredity as the traditional aspect to define epigenetics, this leads 

immediately to a violation of mature neurons considering their non-dividing nature. Nevertheless, 

it is clear that epigenetic molecular mechanisms are active in non-dividing neurons in the nervous 

system and are implicated to be important mediators in numerous brain processes such as 

development, the brain-regulated maintenance of homeostasis within the body, sensorimotor 

ability, adult neurogenesis, modulation of neural behavior and neural plasticity, higher brain 

functions like cognition, memory and learning, and development of neurologic and psychiatric 

disorders (Bird, 2007; Farah & Hook, 2008; Ravi & Kannan, 2013; Sweatt et al., 2013; Volmar & 

Wahlestedt, 2014). Furthermore, nowadays studies in behavioral epigenetics could show that the 

historical dichotomy between ‘nature’ (genes) and ‘nurture’ (environment and experience) is a false 

one. Thus, the historic model with separate and distinct influences of genes and the environment 

is incorrect. Fundamental questions regarding animal behavior can be explained by putative factors 

such as early life stress, adversity, abuse and social interactions, and these behavioral patterns are 

not essentially ingrained, immutable and only determined by the genetic make-up. Genes and 

experience are mechanistically interwined and epigenetic mechanisms contribute to this 

interwining (Farah & Hook, 2008; Ravi & Kannan, 2013; Sweatt et al., 2013).  

 

1.5.1 Epigenetic regulation during brain development with a special focus 

on HDAC involvement 

The epigenetic mechanisms regulating transcription within the CNS upon organismal experience 

and cellular signaling are the same found in all other cells and tissue. Thus, the remodeling of 
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chromatin structure via several modifications of the DNA and associated histones displays the 

central aspect in regulating gene expression in neural cells and systems. Epigenetic molecular 

mechanisms drive neurodevelopment and stem cell fate. The CNS develops out of cells arisen from 

neuroepithelial cells and neural stem cells (NSC), which undergo diverse processes due to changes 

in their epigenetic state in response to extrinsic factors to form all the cell types found in the CNS. 

For instance a core process in the formation of neurons is given by the epigenetic regulation of 

promoters of genes that are essential to be expressed in neurons. These genes have a neuron-

restrictive silencer element (NRSE) within their promoter regions which leads to a complete 

silencing within all other cell-types except neurons (L. Li et al., 1993; Maue, Kraner, Goodman, & 

Mandel, 1990; Mori, Schoenherr, Vandenbergh, & Anderson, 1992; Sweatt et al., 2013). Thus, 

within neurons, the epigenetic machinery needs to be modified that the NRSE cannot fulfill its 

repressive function. The REST protein, which is ubiquitously expressed, was the first transcription 

factor found to bind to the NRSE to repress gene expression. REST is acting in concert with other 

repressive components and can be found in complexes together with SIN3A/HDAC1 or 

CoREST/HDAC2. Thus, the REST-dependent gene silencing involves a decrease in histone acetylation 

(Z. F. Chen, Paquette, & Anderson, 1998; Chong et al., 1995; Grimes et al., 2000; Y. Huang, Myers, 

& Dingledine, 1999; Naruse et al., 2004; Paquette, Perez, & Anderson, 2000; Ravi & Kannan, 2013; 

Sweatt et al., 2013). Furthermore, the brain development is influenced by the quality of the 

prenatal and early postnatal environment and has consequences on adult behavior. Thus, persisting 

epigenetic marks are acquired through early-life experiences via epigenetic mechanisms and these 

marks cause lasting cellular effects which are responsible for the basis of adult behavior including 

vulnerability to stress, susceptibility to diseases and cognitive deficits. HDACs are demonstrated to 

be often involved in theses epigenetic processes. Hence, the positive effects of high-grooming 

maternal care on offspring brain development was not only linked to DNA methylation, but also to 

histone acetylation (André Fischer et al., 2010; Skinner, 2011; Weaver et al., 2004, 2005). 

However, although global loss of HDAC1 leads to early embryonic lethality (E10.5), studies could 

show that HDAC1 has no individual role in neuronal development. Mice lacking HDAC1 or HDAC2 

individually in neuronal precursor cells showed no overt histoarchitechtural phenotype and the 

immature neurons could differentiate normally into mature neurons. Only the deletion of both, 

HDAC1 and HDAC2, caused abnormal development as differentiation of progenitors into mature 

neurons was not possible anymore. The severe effects of the neuronal double knockout (KO) of 

HDAC1 and HDAC2 lead to early embryonic lethality at E7.5 (Lagger et al., 2002; Montgomery, 

Hsieh, Barbosa, Richardson, & Olson, 2009). HDACs appear also to be involved in synapse 

development. Studies with differentiated murine hippocampal cells showed a pronounced increase 
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in the maturation of synaptic function as well as a modest increase in synapse number when treated 

with HDAC inhibitors (e.g. TSA, valproic acid). Mice with conditional null alleles for HDAC1 and 

HDAC2 could prove that these two enzymes form a developmental switch that controls excitatory 

synapse maturation and function. In addition also the knockdown of HDAC2 alone decreased the 

synaptic activity, but the loss of HDAC1 had no apparent effect in synapse development (Akhtar et 

al., 2009). Furthermore, analysis of cell type-specific and developmental stage-specific expression 

of HDAC1 and HDAC2 in the mouse cerebellum suggests a potential role for HDAC1 in cell 

proliferation and for HDAC2 in cell migration and differentiation within the developing cerebellum 

(Yoo, Larouche, & Goldowitz, 2013). The class II HDAC members HDAC5 and HDAC6 seem also to 

be involved in the development of the CNS. Hence, HDAC5 has been implicated in the proliferation 

of NSC via its co-recruitment with LSD1 to the promoter of target genes downstream of TLX 

(NR2E1), an essential regulator of the maintenance and self-renewal of neural stem cells in 

embryonic and adult brains (André Fischer et al., 2010; W. Li et al., 2008; Yanhong Shi et al., 2004; 

Sun et al., 2010). HDAC6 was demonstrated to be important for cellular processes such as neuronal 

transport and the cytoskeletal network during brain development (André Fischer et al., 2010; Y. 

Gao et al., 2007). 

Furthermore, several contemporary studies concerning the roles of epigenetic mechanisms in the 

functioning of the adults’ CNS are focusing on adult neurogenesis as the widely held dogma, that 

there is no new generation of neurons in the adult CNS, collapsed during the last decades due to 

new and fascinating studies (Eriksson et al., 1998; Sweatt et al., 2013).  

 

1.5.2 The contribution of epigenetic mechanisms related to HDACs to 

memory formation and learning 

In the last decade, epigenetic markers have also emerged as important regulators for consolidation 

and maintenance of memory and learning behavior. Numerous studies could prove that epigenetic 

marks, especially DNA methylation are actively and transiently regulated in post-mitotic neurons of 

adult rodents, honeybees, aplysia and drosophila during learning processes (Chwang, O’Riordan, 

Levenson, & Sweatt, 2006; Gupta et al., 2010; Kilgore et al., 2010; Levenson & Sweatt, 2005; 

Levenson et al., 2004; Lockett, Helliwell, & Maleszka, 2010; Lubin & Sweatt, 2007; Maddox & Schafe, 

2011; C. A. Miller, Campbell, & Sweatt, 2008; L. Miller et al., 2011). But also other chromatin 

remodeling mechanisms like acetylation induce lasting changes in behavior due to stimulus-specific 

cellular and molecular changes and will consolidate a memory into an everlasting trace. Most 
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studies linking histone acetylation to learning processes and memory were conducted using HDAC 

inhibitors and could show that increased histone acetylation is associated with enhanced cognition 

(Korzus, Rosenfeld, & Mayford, 2004; Levenson & Sweatt, 2005; Swank & Sweatt, 2001; Volmar & 

Wahlestedt, 2014). Histone acetylation was especially shown to be involved in critical steps during 

the stabilization of short-term memory into long-term memory in wild-type mice (Korzus et al., 

2004; Swank & Sweatt, 2001; Volmar & Wahlestedt, 2014). In aged mice or neurodegenerative 

mouse models linked to Alzheimer’s disease the treatment with the pan-HDAC inhibitor sodium 

butyrate could restore a broad histone acetylation pattern which is usually found in mice with 

enhanced cognitive behavior due to environmental enrichment (Andre Fischer et al., 2007; Frick, 

Stearns, Pan, & Berger-Sweeney, 2003; F. L. Huang, Huang, Wu, & Boucheron, 2006; Peleg et al., 

2010; Pereira et al., 2007).  

However, different HDACs appear to have specific roles in different types of learning and memory.  

Guan and colleagues for instance identified HDAC2, but not HDAC1, to be a negative regulator of 

associative and spatial memory via overexpression and knockout studies (Guan et al., 2009). 

Furthermore, with the use of MS-275, a specific HDAC1 inhibitor, and virus-induced overexpression 

of HDAC1 within the hippocampal formation of adult mice, HDAC1 was proved to enhance the 

extinction of contextual fear memories (Bahari-Javan et al., 2012). HDAC3 was shown to act as 

negative regulator of long-term memory formation as the inhibition of HDAC3 enhances long-term 

object recognition memory in mice and this is linked to an increase in H4K8 acetylation (Malvaez, 

Sanchis-Segura, Vo, Lattal, & Wood, 2010; McQuown et al., 2011). The most recent finding of the 

role of class I HDACs in fear memory is that the phosphorylated form of a well-approved drug for 

treatment of multiple sclerosis, namely fingolimod (FTY720), inhibits members of class I HDACs and 

facilitates fear memories (Hait et al., 2014). For class II HDACs, the role of HDAC4 is described to be 

important for synaptic plasticity and thus, for memory formation. Studies where HDAC4 was 

silenced or truncated showed impairments in spatial learning and memory in mice (M.-S. Kim et al., 

2012; Sando et al., 2012). HDAC5 was shown not to be involved in spatial learning, but to be crucial 

for context- and tone-dependent fear memory formation (Agis-Balboa, Pavelka, Kerimoglu, & 

Fischer, 2013; M.-S. Kim et al., 2012). In 2013 a novel HDAC inhibitor, crebinostat, was identified 

which inhibits the class I HDACs HDAC1, HDAC2 and HDAC3 as well as the class II HDAC HDAC6. 

Wild-type mice treated with this inhibitor showed improved fear learning. Cultured primary 

neurons of these mice showed on the molecular level an increase in Bdnf and granulin expression 

and more synapsin 1 punctae suggesting upregulation of its dendritic density (Fass et al., 2013).   
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1.5.3 Neuropsychiatric diseases triggered by epigenetic mechanisms 

involve HDACs 

Considering all the important roles of epigenetic mechanisms in the CNS for normal brain function 

and behavior, it is not surprising that a dysregulation of the epigenetic machinery is associated with 

a variety of neuropsychiatric diseases. Hence, HDACs have been shown to be implicated in the 

pathogenesis of Alzheimer’s disease, Huntington’s disease, traumatic brain injury, post-traumatic 

stress disorder, addiction and depression (Agis-Balboa et al., 2013; Broide et al., 2007; Covington 

et al., 2009; Fass et al., 2013). The inhibition of distinct HDAC isoforms has for instance been 

reported to improve symptoms of depression, bipolar disorders and schizophrenia (Benes et al., 

2007; Covington et al., 2009; Hobara et al., 2010; Kurita et al., 2012). Thus, the HDAC1 specific 

inhibitor MS-275 was shown to restore a normal acetylation state of histone H3K14 when applied 

to the nucleus accumbens of mice subjected to the chronic social defeat stress paradigm and 

elicited a significant antidepressant effect. Furthermore, the down-regulation of CAMKII, CREB, 

ERK, REST and nAchR expression which is associated with stress could be reversed by MS-275 

treatment (Covington et al., 2009). Comprehensive studies and reports show a strong correlation 

between the histone acetylation pattern and the expression of distinct HDACs in response to 

commonly prescribed drugs for antidepressant treatment and mood stabilizer in specific brain 

regions such as the nucleus accumbens, striatum, cingulate cortex, amygdala and hippocampus 

(Benes et al., 2007; Hobara et al., 2010; Ookubo, Kanai, Aoki, & Yamada, 2013; Rudenko & Tsai, 

2014; Volmar & Wahlestedt, 2014). 

The expression of HDAC1 was shown to be elevated in neurons under hypoxia conditions, in post-

mortem brain samples of schizophrenia patients and in a mouse model for Huntington’s disease 

suggesting a specific role for HDAC1 in the pathogenesis of various brain disorders (Benes et al., 

2007; André Fischer et al., 2010; Haberland et al., 2009; Sharma, Grayson, & Gavin, 2008; Z. Wang 

et al., 2011). In contrast to these findings, other studies implicated the loss of HDAC1 to be involved 

in neurodegeneration suggesting rather a neuroprotective than a neurotoxic function for HDAC1. 

Hence, inactivation of HDAC1 by p25 in the CK-25 mouse model of rapid neurodegeneration 

precedes Alzheimer’s-like disease resulting in double-stranded DNA breaks, aberrant cell-cycle 

protein expression and neuronal death. Likewise, the HDAC1 gain-of-function was protective 

against ischemia-induced neuronal death in a stroke model and furthermore, HDAC1 was also 

found to be neuroprotective in a Caenorhabditis elegans model of Huntington’s disease (Bates, 

Victor, Jones, Shi, & Hart, 2006; Cruz, Tseng, Goldman, Shih, & Tsai, 2003; André Fischer et al., 2010; 

D. Kim et al., 2008). However, HDAC1 inhibition appears to be advantageous in some cases, whereas 
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in other situations the inhibition contributes to disease progression.  About other class I HDACs and 

their involvement in neurological diseases only little is known. HDAC3 was shown to be neurotoxic 

in Huntington’s disease and the expression of HDAC8 is significantly correlated with the occurrence 

of neuroblastoma (Bates et al., 2006; André Fischer et al., 2010; Oehme, Deubzer, Lodrini, Milde, & 

Witt, 2009; Oehme, Deubzer, Wegener, et al., 2009). The class II HDAC member HDAC4 seems to 

exert a neurotoxic function under certain conditions. Thus, the specific overexpression of HDAC4 in 

cerebellar granular neurons promotes neuronal cell death and recent studies revealed for HDAC4 

a role in regulating muscle gene transcription in response to neural activity at the neuromuscular 

junction and therefore implicated HDAC4 in the etiology of neuromuscular diseases such as ALS 

(amyotrophic lateral sclerosis). Furthermore, a genetic association study found an HDAC4 SNP 

(single nucleotide polymorphism) to be associated with schizophrenia in a Korean population 

(Bolger & Yao, 2005; Cohen et al., 2007, 2009; André Fischer et al., 2010; T. Kim, Park, Kim, Chung, 

& Kim, 2010; Williams et al., 2009). Another class II HDAC member, HDAC5, appears to be a critical 

regulator of adaptive responses to chronic stress and cocaine consumption, whereas HDAC6 is 

described to be both, neuroprotective and neurotoxic dependent of the disorder it is implicated 

with (Ding, Dolan, & Johnson, 2008; Fiesel et al., 2010; André Fischer et al., 2010; Kwiatkowski et 

al., 2009; J. Y. Lee, Nagano, Taylor, Lim, & Yao, 2010; Ling et al., 2010; Pandey et al., 2007; Perez et 

al., 2009; Renthal et al., 2007; Tsankova et al., 2006).  
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2 AIM OF THE THESIS 

 

The role that epigenetic mechanisms play in phenomena such as cellular differentiation during 

embryonic development, X-chromosomal inactivation and cancer is well-characterized, but the 

field of neuroepigenetics, which is also referred to as behavioral epigenetics, meaning the roles of 

epigenetic mechanisms in the central nervous system (CNS) is just beginning to be understood and 

is one of the most exciting areas of today’s molecular and behavioral neuroscience. When thinking 

of heredity as the traditional aspect to define epigenetics, this leads immediately to a violation of 

mature neurons considering their non-dividing nature. Nevertheless, it is clear that epigenetic 

molecular mechanisms are active in non-dividing neurons in the nervous system and are implicated 

to be important mediators in numerous processes which are regulated by the brain such as 

development, the maintenance of homeostasis within the body, sensorimotor ability, adult 

neurogenesis, modulation of neural plasticity, higher brain functions like cognition, memory and 

learning, emotional behavior and development of neurologic and psychiatric disorders (Bird, 2007; 

Farah & Hook, 2008; Ravi & Kannan, 2013; Sweatt et al., 2013; Volmar & Wahlestedt, 2014). 

There are many epigenetic mechanisms and enzymes to study, but we focus on histone  

deacetylases (HDACs) as it has been suggested that regulatory acetylation/deacetylation is 

considerably more widespread than presently appreciated, acting in a manner similar to 

phosphorylation and dephosphorylation (Gregoretti et al., 2004; Kouzarides, 2000). However, as an 

epigenetic mark, the acetylation state of core histones is strongly influencing the architecture of 

the chromatin, thus, modulating gene activity (Cress & Seto, 2000). Therefore, we define the 

following aims of the thesis: 

(1) Up to date, the expression of classical HDACs within the adult brain is for rodents only 

described in rats (Broide et al., 2007), but for mice a detailed description is missing. 

Therefore, we intend to conduct a comprehensive gene expression mapping of the eleven 

classical HDACs (class I: HDAC1, HDAC2, HDAC3 and HDAC8; class II: HDAC4, HDAC5, 

HDAC6, HDAC7, HDAC9 and HDAC10; class IV: HDAC11) throughout the adult murine brain. 

With the development of an HDAC1-11 gene expression atlas we would like to provide 

some information to answer the following questions: Are all classical HDAC members 

generally expressed in the murine brain and if yes, do they have specific expression 

patterns? How is the expression level of individual HDACs? Which HADCs are present in 

distinct brain regions?  
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(2) Transgenic overexpression or knockout mouse models are frequently used in many 

research laboratories since decades. Especially in neurobiology the generation of mouse 

mutants harboring targeted inactivation of a desired gene or overexpression of a distinct 

gene in specific brain regions is used as a powerful tool to analyze a gene’s role in complex 

brain functions such as learning, memory, emotional behavior, synaptic plasticity as well as 

neurogenesis and neuronal cell death (Anagnostopoulos, Mobraaten, Sharp, & Davisson, 

2001; Bolivar, Cook, & Flaherty, 2000; C. Chen & Tonegawa, 1997; Erdmann, Schütz, & 

Berger, 2007). However, often the disruption of a gene is detrimental and causes embryonic 

or developmental abnormalities leading up to embryonic or postnatal lethality. Therefore, 

the overexpression or knockout of genes often requires spatial and/or temporal control. 

An elegant and most frequently used tool to bypass severe side effects of overexpression 

or knockout studies is the spatio-temporal control via the Cre/loxP system. In neurobiology 

and especially when working in behavioral analyses of mice, the induction of the gene 

knockout or overexpression via the activation of the Cre/loxP system is often a critical step 

as the activating agent tamoxifen is applied to mice by injections or gavaging which both 

impose considerable stress on mice. Therefore, we aim to establish the application of 

tamoxifen via food pellets to induce stress-free gene ablation or overexpression. To gain 

more information about the optimal duration and the efficacy of tamoxifen treatment via 

food, we intend to apply the tamoxifen via food to mice for different durations and to 

analyze comprehensively the mice’s drinking and feeding behavior as well as their body 

weight change. 

(3) Analysis of knockout mouse models could prove an essential role for HDAC1 in mouse 

embryonic development as the disruption of both alleles leads to lethality before E10.5 

(Lagger et al., 2002). The biological roles of HDAC1 and HDAC2 are often described to be 

redundant and it is known that they often complement for each other. However, especially 

in the brain it was shown, that there indeed need to be mechanism which require essential 

roles of either HDAC1 or HDAC2 (Guan et al., 2009; Montgomery et al., 2007). Therefore, 

we are interested in generating a conditional HDAC1 knockout mouse model to dissect the 

brain-specific functions of HDAC1. In a first step we intend to analyze HDAC1-lacZ reporter 

mice to define the HDAC1 expression throughout the adult murine brain and throughout 

various tissues and organs of the whole body. Furthermore, we would like to establish a 

spatio-temporal controlled HDAC1 disruption in mice with the use of a tamoxifen inducible 

Cre/loxP system driven by the Camk2a promoter. With the use of this mouse model and its 
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behavioral phenotyping, we hope to gain insights in HDAC1 function in the adult forebrain 

especially in regard to emotional behavior, stress compensation and memory formation. 

(4) Shortly after the discovery of HDAC1 and HDAC2, a third enzyme with deacetylating activity 

was identified (HDAC3). The biological function of HDAC3 has been extrapolated from the 

knowledge on HDAC1 and HDAC2. However, HDAC3 possesses many unique biological 

functions and embryonic lethality of knockout mice at E10.5 emphasizes its unique function 

in development (Dangond et al., 1998, 1999; Emiliani et al., 1998; Glaser et al., 2003; Robyr 

et al., 2002; Wen Ming Yang et al., 1997). Like previously described for HDAC1, we also 

want to gain more insight into roles of HDAC3 concerning the CNS and its functions via 

conditional knockout mouse models. With the generation of lacZ reporter mice we intend 

to gain more insights in HDAC3 expression throughout the adult murine brain and 

throughout various tissues and organs of the whole body. Furthermore, we are interested 

in specific roles of HDAC3 in the adult forebrain in regard to emotional behavior, stress 

compensation and memory formation. Therefore, we intend to generate and phenotype a 

conditional HDAC3 knockout mouse model which is spatio-temporally controlled via the 

use of a tamoxifen inducible Cre/loxP system driven by the Camk2a promoter. 
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3 MATERIAL AND METHODS 

3.1 Material 

3.1.1 Buffers and Solutions 

All buffers and solutions were prepared using Millipore Q-distilled water (H2Obidest). Chemicals were 

purchased from Sigma-Aldrich (Munich, Germany), Carl Roth (Karlsruhe, Germany) and Merck 

(Darmstadt, Germany) unless indicated otherwise. 

 

3.1.1.1 Buffers for agarose gel electrophoresis 

1x TRIS acetate EDTA (TAE) buffer 

4.84 g tris(hydroxylmethyl)-aminomethan (TRIS) 

1.142 ml acetic acid 

20 ml 0.5 M ethylenediaminetetraacetic acid (EDTA), pH 8.0 

800 ml H2Obidest 

adjusted to pH 8.3 

adjusted to a volume of 1 liter with H2Obidest 

 

6x DNA loading buffer (orange) 

1 g orange G 

10 ml 2 M Tris-HCl, pH 7.5 

150 ml glycerol 

adjusted to a  volume of 1 liter with H2Obidest 

 

3.1.1.2 Buffers and solutions for in situ hybridization (ISH) 

Diethylpyrocarbonate (DEPC)-H2O 

1 ml DEPC 

adjusted to a volume of 1 liter with H2Obidest 

2x autoclaved 
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10x phosphate buffered saline (PBS)/DEPC-H2O 

1.37 M NaCl 

27 mM KCl 

200 mM Na2HPO4 x 12 H2O 

20 mM KH2PO4 

adjusted to pH 7.4 

adjusted to a volume of 1 liter with DEPC-H2O 

incubated overnight 

2x autoclaved 

 

20% paraformaldehyde (PFA) 

20% (w/v) PFA 

adjusted to pH 7.4 

adjusted to a volume of 1 liter with 1x PBS/DEPC-H2O 

 

10x triethanolamine (TEA) 

1 M TEA 

adjusted to pH 8.0 

adjusted to a volume of 1 liter with DEPC-H2O 

incubated overnight 

2x autoclaved  

 

20x standard saline citrate (SSC) 

3 M NaCl 

300 mM sodium citrate 

adjusted to pH 7.4 

adjusted to a volume of 1 liter with DEPC-H2O 

incubated overnight 

2x autoclaved  
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Hybridization-mix (hybmix) 

50 ml formamide 

1 ml 2 M Tris-HCl, pH 8.0 

1.775 g NaCl 

1 ml 0.5 M EDTA, pH 8.0 

10 g dextransulphate 

0.02 g ficoll 400 

0.02 g polyvinylpyrrolidone 40 (PVP40) 

0.02 g bovine serum albumin (BSA) 

5 ml tRNA (10 mg/ml) 

1 ml carrier DNA (salmon sperm, 10 mg/ml) 

4 ml 5 M dithiothreitol (DTT) 

stored as 1 to 5 ml aliquots at -80°C 

 

Hybridization chamber fluid 

250 ml formamide 

50 ml 20x SSC 

200 ml H2Obidest 

 

5 M DTT/DEPC 

7.715 g DTT 

4 ml DEPC-H2O 

the falcon tube was shaken until the powder was nearly dissolved 

adjusted to a volume of 10 ml with DEPC-H2O 

 

10x proteinase K buffer/DEPC 

500 ml 1 M Tris-HCl, pH 7.5 

100 ml 0.5 M EDTA, pH 8.0 

adjusted to a volume of 1 liter with DEPC-H2O 

autoclaved 
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5x NTE 

146.1 g NaCl 

50 ml 1 M Tris-HCl, pH 8.0 

50 ml 0.5 M EDTA, pH 8.0 

adjusted to a volume of 1 liter with DEPC-H2O 

incubated overnight 

autoclaved 

 

3.1.1.3 Buffers and solutions for Western blotting 

Radio-immune precipitation (RIPA) lysis buffer 

50 mM Tris, pH 8.0 

150 mM NaCl 

0.1% SDS 

1.0% Nonidet P40 (NP40) 

0.5% sodium deoxycholate 

 

4x loading buffer 

50% glycerol 

125 mM Tris-HCl, pH 6.8 

20% sodium dodecyl sulfate (SDS) 

1% bromphenol blue 

5% β-mercaptoethanol 

 

12% resolving gel for SDS PAGE (10 ml) 

3.3 ml H2Obidest 

4.0 ml 30% acrylamide mix 

2.5 ml 1.5 M Tris-HCl, pH 8.8 

0.1 ml 10% SDS 

0.1 ml 10% ammonium persulfate (APS) 

0.004 ml tetramethylethylenediamine (TEMED) 
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5% stacking gel for SDS PAGE (1 ml) 

0.68 ml H2Obidest 

0.17 ml 30% acrylamide mix 

0.13 ml 1.0 M Tris-HCl, pH 6.8 

0.01 ml 10% SDS 

0.01 ml 10% APS 

0.004 ml TEMED 

 

10x running buffer for SDS PAGE 

30.3 g Tris 

144 g glycine 

50 ml 20% SDS 

adjusted to a volume of 1 liter with H2Obidest 

 

Transfer buffer 

400 ml methanol 

6.06 g Tris 

28.8 g glycine 

adjusted to pH 8.3 

adjusted to a volume of 2 liter with H2Obidest 

 

10x TBS 

12.11 g Tris 

87.66 g NaCl 

adjusted to pH 7.6 

 

1x TBS-T 

900 ml H2Obidest 

100 ml 10x TBS 

0.1 ml tween-20 

(for 5% milk solution 5 g of milk powder were dissolved in 100 ml TBS-T) 
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3.1.1.4 Buffers and solutions for lacZ staining 

LacZ-fix 

4% PFA/PBS, pH 7.4 

0.005 M ethylene glycol tetraacetic actid (EGTA) 

0.001 M MgCl2 

adjusted to a volume of 50 ml with 0.1 M PBS, pH 7.4 

 

LacZ wash buffer 

0.002 M MgCl2 

0.01% deoxycholate 

0.02% Nonidet P40 (NP40) 

adjusted to a volume of 0.5 liter with 0.1 M PBS, pH 7.4 

 

LacZ staining solution 

0.1% X-Gal 

0.005 M potassium-ferrocyanide 

0.005 M potassium-ferricyanide 

adjusted to a volume of 50 ml with lacZ wash buffer 

 

3.1.1.5 Other buffers and solutions 

10x phosphate buffered saline (PBS) 

1.37 M NaCl 

27 mM KCl 

200 mM Na2HPO4 x 12 H2O 

20 mM KH2PO4 

adjusted to pH 7.4 

adjusted to a volume of 1 liter with H2Obidest 

incubated overnight 

2x autoclaved 
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Cryoprotection solution 

125 ml ethyleneglycol 

125 ml glycerol 

250 ml 1x PBS 

 

3.1.2 Media for bacterial cultures 

Lysogeny broth (LB) medium 

1% (w/v) bacto-tryptone (BD) 

0.5% (w/v) bacto-yeast-extract (BD) 

1.5% (w/v) NaCl 

adjusted to pH to 7.4 

autoclaved 

 

LB agar plates 

1% (w/v) bacto-tryptone (BD) 

0.5% (w/v) bacto-yeast-extract (BD) 

1.5% (w/v) NaCl 

1.5% (w/v) bacto-agar (BD) 

adjusted to pH 7.4  

autoclaved  
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3.1.3 Oligonucleotides 

3.1.3.1 Primers used for ISH probe cloning procedures 

name sequence PCR product 

Hdac1_cDNA_F3 5‘-AAGGAGGAGAAGCCAGAAGC-3‘ 
503 bp  

Hdac1_cDNA_R3 5’-CAAAAAGGAAGCTAGGCTATCAA-3’ 

Hdac1_cDNA_delta_F2 5’-GTCCTCACAAAGCCAATGCT-3’ 
151 bp 

Hdac1_cDNA_delta_R2 5’-CCATCAAACACCGGACAGT 

Hdac2_cDNA_F2 5’-TATTATGGCCAGGGTCATCC-3’ 
518 bp 

Hdac2_cDNA_R3 5’-GTCATCACGCGATCTGTTGT-5’ 

Hdac3_cDNA_F2 5’-TATGGTTTCCCCAGGTCTGA-3’ 
547 bp  

Hdac3_cDNA_R 5 ’-TCATCTGTTTCCTTTTCACATCA-3’ 

Hdac3_cDNA_delta_F2 5’-GAAACACTGGGCAGTCATCA-3’ 
159 bp 

Hdac3_cDNA_delta_R2 5’-GATCGTCTTCAAGCCTTACCA-3’ 

Hdac4_cDNA_F1 5’-CTGATTGAGGCGCAAAAGTGTGAG 

AAGGAAG-3' 
566 bp  

Hdac4_cDNA_R1 5’-GACTGTGGGATTGTGGGTAAGAA 

TCAAATGTTAAGC-3’ 

Hdac5_cDNA_F2 5’-CCACTGGGTGGCTATTCTGT-3’ 
498 bp  

Hdac5_cDNA_R2 5’-TCACAATGATGAAGCCCAGA-3’ 

Hdac6_cDNA_F2 5’-TGGAGGTCAGGACATGAACA-3’ 
647 bp  

Hdac6_cDNA_R2 5’-CCCGTTGTCTCCTTCAATGT-3’ 

Hdac7_cDNA_F2 5’-GTGGCCTTTCTCAGGTTCTG-3’ 
561 bp  

Hdac7_cDNA_R2 5’-ATACCCTCTTGCACGCACTC-3’ 

Hdac8_cDNA_F2 5’-ACAGAGGAGCAGGAACTGGA-3’ 
565 bp  

Hdac8_cDNA_R2 5’-CCAGGACAGCATCATTGAGA-3’ 

Hdac9_cDNA_F2 5’-CTGGGAATGTGACCGAAAAT-3’ 
598 bp 

Hdac9_cDNA_R2 5’-TGGATCTGCTGCTGGTATTG-3’ 

Hdac10_cDNA_F1 5’-CAGAGGAAGAGTTGGGCTTG-3’ 
561 bp  

Hdac10_cDNA_R1 5’-GAAAGGCAGCCAAATAGTCG-3’ 

Hdac11_cDNA_F1 5’-TGAAAACACGTTTGGGATGA-3’ 
569 bp  

Hdac11_cDNA_R3 5’-GTCTGGTCCAGGTCAGTGGT-3’ 
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3.1.3.2 Primers used for genotyping 

name sequence PCR product 

Hdac1_EU_wt_F 5‘-TCCAGTGCCCCTCTGGCTCC-3‘ wild-type: 472 bp 

lacZ: 219 bp  

floxed: 617 bp 

Hdac1_EU_frt_F 5’-TACCGCGTCGAGAAGTTCCT-3’ 

Hdac1_EU_R1 5’-AATGTAAGCCAAAACACCAAGC-3’ 

HDAC1_DEL_F1 5‘-GCCAAGGCTACAGAGAAAGTC-3‘ 
floxed: 732 bp and 1158 bp 

knockout: 392 bp 
HDAC1_DEL_R1 5’-CTTACATCTCTGCATCTGCTTG-3’ 

HDAC1_DEL_R2 5’-GGTGGGACCACCTCATCTCAAAG-3’ 

Hdac3_EU_frt_F1 5‘-CACTGGGTGAAGGTGCCTGCC-3‘ wild-type: 756 bp 

lacZ: 341 bp 

 floxed: 890 bp 

Hdac3_EU_frt_R1 5’-GCCACCCAACTGACCTTGGGC-3’ 

Hdac3_EU_frt_R2 5’-CCCCGGCCTCCCAGTGATTG-3’ 

Hdac3_EU_frt_F1 5‘-CACTGGGTGAAGGTGCCTGCC-3‘ 
floxed: 890 bp and 1321 bp 

knockout: 473 bp 
Hdac3_EU_frt_R2 5’-CCCCGGCCTCCCAGTGATTG-3’ 

Hdac3_EU_Cre_R1 5’-GCACACGCTGCCCCTCCTAC-3’ 

Flipase_fwd 5’-TTCGAATCATCGGAAGAAGC-3’ 
flp: 413 bp  

Flipase_rev 5’-TTGCCGGTCCTATTTACTCG-3’ 

i-Cre1 5‘-GGTTCTCCGTTTGCACTCAGGA-3‘ 
wild-type: 290 bp 

i-Cre-mutant: 375 bp 
i-Cre2 5’- CTGCATGCACGGGACAGCTCT -3’ 

i-Cre3 5’- GCTTGCAGGTACAGGAGGTAGT-3’ 
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3.1.4 Riboprobes for in situ hybridization (ISH) 

name antisense 
transcript 

vector accession no. bp 

Hdac1-3 T7 pCRII-TOPO NM_008228 1479 - 1981 

Hdac1-delta T7 pCRII-TOPO NM_008228 248 - 398 

Hdac2-2 T7 pCRII-TOPO NM_008229 278 - 795 

Hdac3-2 T7 pCRII-TOPO NM_010411 1422 - 1968 

Hdac3-delta T7 pCRII-TOPO NM_010411 210 - 368 

Hdac4-1 SP6 pCRII-TOPO NM_207225 3216 - 3781 

Hdac5-2 T7 pCRII-TOPO NM_001284248 3725-4222 

Hdac6-2 SP6 pCRII-TOPO NM_010413 3390 - 4036 

Hdac7-2 T7 pCRII-TOPO NM_001204278 3549 - 4109 

Hdac8-2 T7 pCRII-TOPO NM_027382 212 - 776 

Hdac9-2 T7 pCRII-TOPO NM_024124 1178 - 1775 

Hdac10-1 SP6 pCRII-TOPO NM_199198 419 - 979 

Hdac11-3 T7 pCRII-TOPO NM_144919 1854 - 2422 

LacZ SP6 pCRII-TOPO NM_00404 192 - 569 

 

3.1.5 Antibodies 

name species denotation company 

anti-HDAC1 rabbit PA1-860 Thermo Scientific, Darmstadt, Germany 

anti-HDAC3 rabbit ab16047 Abcam, Cambridge, UK 

anti-β-actin rabbit 4967 Cell Signaling Technology, Darmstadt, 

Germany 

anti-rabbit-IgG HRP mouse 7074 Cell Signaling Technology, Darmstadt, 

Germany 
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3.1.6 Escherichia coli (E. coli) strains 

strain genotype company 

DH5α fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ) 

M15 gyrA96 recA1 endA1 thi1 hsdR17 

Invitrogen, Darmstadt, 

Germany 

 

3.1.7 Animals 

Female and male C57BL/6 mice were used as wild-type mice for breeding, in situ hybridization and 

lacZ staining. 

Conditional HDAC1 knockout mice were obtained by breeding HDAC1-lacZ reporter mice from the 

European Conditional Mouse Mutagenesis Program (EUCOMM; http://www.knockoutmouse.org 

/about/eucomm). This heterozygous Hdac1+/lacZ reporter mice were generated following a targeted 

trapping strategy of the Hdac1 gene locus using the ES cell clone with the following clone ID: 

EPD0028_5_A01. 

Conditional HDAC3 knockout mice were obtained by breeding HDAC3-lacZ reporter mice from the 

European Conditional Mouse Mutagenesis Program (EUCOMM; http://www.knockoutmouse.org 

/about/eucomm). This heterozygous Hdac3+/lacZ reporter mice were generated following a targeted 

trapping strategy of the Hdac3 gene locus using the ES cell clone with the following clone ID: 

EPD0028_3_D01. 

In the chronic social defeat stress paradigm dominant male CD1 mice were used as resident.  
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3.2 Methods 

3.2.1 Microbiological methods 

3.2.1.1 Preparation of electrocompetent bacteria 

For cloning of plasmid DNA, electrocompetent Escherichia coli (E. coli) bacteria of the conventional 

strain DH5α were used and prepared as follows. An overnight 50 ml culture was inoculated with 

the frozen glycerol-stock of DH5α. After vigorous shaking overnight at 37 °C, the pre-culture was 

transferred to 500 ml LB medium and incubated on an orbital shaker at 37 °C. The growth of the 

bacteria solution was checked regularly with a spectrophotometer (DU 530 Life Science UV/Vis 

Spectrophotometer, Beckman) at 600 nm wavelength until it reached an optical density (OD) of 0.5-

0.6. The bacteria suspension was split into four 250 ml centrifugation bottles and cooled down on 

ice for 30 minutes. From here, all procedures were performed at 4°C. The tubes were centrifuged 

at 4000x g for 15 min at 4 °C. The supernatants were discarded and each of the pellets was carefully 

resolved in 150 ml of ice-cold H2Obidest. Bacteria were centrifuged again at 4000x g for 15 min at 4°C. 

Each of the bacteria pellets were resolved a second time in 80 ml of ice cold H2Obidest and centrifuged 

again at 4000x g for 15 min at 4 °C. Each pellet was then carefully resolved in 6 ml of 10% glycerol 

diluted in H2Obidest. Bacteria suspensions were then transferred to two 30 ml centrifugation plastic 

tubes and centrifuged at 4000x g for 15 min at 4 °C. Each pellet was dissolved in 1 ml of 10% glycerol 

in H2Obidest, bacteria suspensions were combined and split in 20 μl aliquots, frozen on dry-ice and 

stored at -80°C. The transformation efficiency (# of colonies/μg plasmid DNA) was determined for 

each batch by transformation of 10 pg and 100 pg pUC18 control plasmid. Usually, preparations of 

electrocompetent bacteria had a transformation efficiency of 108-109 colonies/ 1 μg plasmid DNA. 

 

3.2.1.2 Transformation of electrocompetent bacteria 

For one transformation, one aliquot of electrocompetent E. coli was thawed on ice and 1-2 μl of a 

ligation reaction or 10-100 pg of circular plasmid DNA were added. The suspension was mixed 

carefully and then transferred into a 1 mm electroporation cuvette (VWR). Electroporation was 

carried out using a Biorad electroporation system following the manufacturer’s instructions (1800 

V, 25 μF capacitance, 200 Ω resistance). After the electroporation pulse bacteria were transferred 

immediately to 1 ml pre-warmed LB medium and incubated at 37°C, shaking vigorously, for 30-60 

min. Afterwards dilutions of the electroporated bacteria were plated on LB agar plates containing 
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the appropriate antibiotic for selection and incubated overnight at 37°C. Typically, 100 μg ampicillin 

or 50 μg kanamycin per ml LB medium were used for selection of transformed clones.  

 

3.2.1.3 Glycerol stocks 

For long-term storage, 750 µl of an overnight bacteria culture was mixed with 250 µl 80% glycerol 

and frozen at -80°C. 

 

3.2.2 Preparation and analysis of nucleic acids 

3.2.2.1 RNA isolation 

Total RNA was prepared from brain tissue using TRIzol reagent according to the manufacturer’s 

protocol (Invitrogen, Darmstadt, Germany). cDNA was derived from this RNA using Reverse 

Trancriptase Superscript II from Invitrogen and oligo-dT primers following the manufacturer’s 

protocol (Invitrogen, Darmstadt, Germany). Aliquots of the cDNA were utilized as templates for 

cloning riboprobes.  

 

3.2.2.2 Preparation of plasmid DNA from bacteria 

Plasmid DNA was isolated from transformed bacteria using plasmid isolation kits from Qiagen 

(Hilden, Germany) following the manufacturer’s instructions. The Qiagen MiniPrep Kit was used for 

screening of correctly transformed clones and the Qiagen Plasmid Maxi Kit, Qiagen HiSpeed Plasmid 

Maxi Kit, or Qiagen Plasmid Maxi Kit Plus were used for higher yield plasmid preparations.  

For MiniPreps, a single colony was inoculated in 5 ml LB medium with the appropriate antibiotic 

overnight at 37°C. For MaxiPreps, either 500 μl of an overnight MiniPrep culture, or the appropriate 

glycerol-stock of bacteria was added to 250 ml LB medium with antibiotic and incubated overnight 

at 37°C with vigorous shaking. 

 



MATERIAL AND METHODS 
 

 
64 

 

3.2.2.3 DNA preparation from mouse tail tissue 

For PCR genotyping of transgenic mice, tail tissue was digested in 100 µl 50 mM NaOH for 30 min 

at 99°C followed by a neutralization step using 30 µl 1 M Tris-HCl (pH 7.0) and stored at 4°C. 1-2 µl 

of the tail laysates were used as template for PCRs. 

 

3.2.2.4 Agarose gel electrophoresis 

For separation of DNA by gel electrophoresis, agarose (Invitrogen, Darmstadt, Germany) was boild 

in 1x TAE buffer with agarose concentration depending on DNA fragment size. For fragments 

between 100 and 1000 bp 2% agarose gels were chosen. For larger fragments 0.8-1% agarose gels 

were applied. 0.1 µg/ml ethidiumbromide was added to boiled and liquid agarose in 1x TAE which 

was split in a gel electrophoresis chamber (PeqLab, Erlangen, Germany). DNA were mixed with 6x 

sample buffer and loaded onto the gel. As size marker the smart ladder (Eurogentec, Brussels, 

Belgium) was used. Electrophoresis was carried out with 80-140 V for 1-2 h. Separated DNA 

fragments were detected with a UV light camera (Biometra, Göttingen, Germany). 

 

3.2.2.5 Photometric measurement of DNA and RNA concentrations 

DNA or RNA concentration was measured in duplicates in a UV photometer Gene Quant II 

(Pharmacia Biotech, Uppsala, Sweden) at 260 nm. Samples were diluted in H2Obidest. At a wavelength 

of 260 nm and a cuvette thickness of 1 cm an optical density (OD) of 1 corresponds to a 

concentration of 50 μg/ml for double stranded DNA, 33 μg/ml for single stranded DNA and 40 μg/ml 

for RNA. The concentration of the sample (X) was therefore OD260 × T × dilution factor = X μg/ml, 

with T being 50 μg/ml for double stranded DNA, 33 μg/ml for single stranded DNA and 40 μg/ml for 

RNA. 

 

3.2.2.6 Restriction digest of plasmid DNA and PCR products for analytical purposes 

For digestion of plasmid DNA or PCR products 2-4 units (U) per restriction enzyme (Fermentas, 

Darmstadt, Germany or New England Biolabs (NEB), Ipswich, USA) were used per μg of DNA or per 

25 µl PCR reaction. The reaction conditions and the type of buffer were chosen following the 

manufacturer’s instructions. The restriction digest was incubated for 1 hour at 37°C (unless a 
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different temperature was recommended for the used enzyme) and fragment sizes were 

subsequently analysed using agarose gel electrophoresis. 

 

3.2.2.7 Sequencing 

Sequencing reactions were carried out by Sequiserve (Vaterstetten, Germany) or GATC-Biotech 

(Konstanz, Germany). The sequencing results were analysed using the software Vector NTI Advance 

11 (Invitrogen, Darmstadt, Germany). 

 

3.2.3 Polymerase Chain Reaction (PCR) 

For genotyping PCRs and to amplify specific cDNA fragments for expression vector cloning, 

polymerase chain reactions (PCRs) were performed using the Thermoprime Plus DNA polymerase 

(ABgene, Hamburg, Germany) as follows: 

PCR reaction:                   

1 µl   cDNA/genomicDNA 

1 µl    primer forward (10 pmol) 

1 µl    primer reverse (10 pmol) 

1 µl   dNTPs (dATP, dTTP, dGTP; 10 mM each; Roche, Basel Switzerland) 

5 µl   10x reaction buffer IV (ABgene/ThermoScientific, Darmstadt, Germany) 

3 µl   MgCl2 solution (25 mM; ABgene/ThermoScientific, Darmstadt, Germany) 

0.5 µl   Thermoprime Plus DNA polymerase (5 U/µl; ABgene/ThermoScientific,  

Darmstadt, Germany) 

37.5 µl   H2Obidest 

50 µl   final volume 

 

PCR was carried out in a thermocycler (GeneAmp PCR Sytem 9700, Applied Biosystems, Darmstadt, 
Germany) with the following temperature settings: 
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PCR program: 

94°C   2 min 
--------------------------------------------------------------------------------------- 

94°C   30 sec 

x1°C   30 sec                             (35 cycles) 

72°C   x2 sec 
--------------------------------------------------------------------------------------- 

72°C   5 min 

4°C   ∞ 

Annealing temperature (x1) and elongation time (x2) were chosen in depencence of the melting 

temperature of the primers and the amplicon size.  

 

3.2.4 Cloning techniques 

3.2.4.1 Restriction digest of plasmid DNA and PCR products for preparative purposes 

For digestion of plasmid DNA or PCR products 2-4 units (U) per restriction enzyme (Fermentas, 

Darmstadt, Germany or NEB, Ipswich, USA) were used per μg of DNA or per 25 µl PCR reaction. The 

reaction conditions and the type of buffer were chosen following the manufacturer’s instructions. 

The restriction digest was incubated overnight at 37°C (unless a different temperature was 

recommended for the used enzyme). Desired fragments were purified either by using a PCR 

Purification Kit from Qiagen (Hilden, Germany) following the manufacturer’s instructions or by gel 

extraction. 

 

3.2.4.2 DNA gel extraction 

For purification of DNA fragments out of an agarose gel a gel with 1% agarose was poured and 

fragments were separated. The desired DNA fragment was cut out under UV light and purified using 

the QIAquick Gel Extraction Kit from Qiagen (Hilden, Germany) following the manufacterer’s 

instructions. DNA was eluted using 30 µl of H2Obidest. Extracted DNA concentration was estimated 

using agarose gel electrophoresis and different amounts of the DNA marker smart ladder.  
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3.2.4.3 Ligation of DNA fragments 

For the ligation of the linearized vector and the insert, a molar ratio of 1:3, 1:6 or 1:9 of vector:insert 

was used. In general, 100 ng of vector DNA and 3x, 6x or 9x of insert, in molar ratio, were mixed. 

For very short inserts (<500 bp) a molar ratio of 1:15 was used. T4 DNA ligase buffer and 5 U of T4 

DNA ligase (Fermentas, Darmstadt, Germany) were added in a total volume of 10-15 μl. The 

reaction was incubated overnight at 16°C. Afterwards, 1-2 μl of the ligation reaction were used for 

transformation into electrocompetent bacteria.  

 

3.2.4.4 TOPO TA cloning 

TOPO TA cloning from Invitrogen (Darmstadt, Germany) is based on the biochemical properties of 

DNA topoisomerase type I. PCR products with A-overhangs, derived from PCR reactions carried out 

with Taq DNA polymerase (Roche, Basel, Switzerland) are inserted into a cut vector which carriers 

T-overhangs with covalently bound topoisomerase. 

Probes for ISH were cloned into the pCRII-TOPO vector (Invitrogen, Darmstadt, Germany) following 

manufacturer’s instructions. The pCRII-TOPO vector contains among others SP6 and T7 promoters 

which allow in vitro transcription.  

For blue-white selection of the colonies, 40 µl of 40 mg/ml X-Gal in dimethylformamide (DMF) 

solution were previously added to LB-agar plates. After overnight incubation at 37°C white colonies 

were picked for screening. 

 

3.2.5 In situ hybridization (ISH) 

ISH using 35S-labeled cRNA probes was performed following a protocol which is a modified version 

of  the procedure described from Dagerlind and colleagues (Dagerlind, Friberg, Bean, & Hökfelt, 

1992) and is well-established at the MPI of Psychiatry.   
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3.2.5.1 Tissue preparation 

2-3 months old male mice were sacrificed by an overdose of isoflurane (Forene, Abbott, Wiesbaden, 

Germany) followed by decapitation. Brains were carefully removed, immediately shock-frozen on 

dry-ice and stored at -80°C. 

For quantitative and qualitative ISH frozen brains were mounted in different directions on 

polyfreeze tissue freezing medium (Polyscience Inc., Warrington, PA, USA) for subsequent cutting 

with a HM 560 M cryostat (Microm/ThermoScientific, Darmstadt, Germany). Consecutive sections 

were prepared with a thickness of 20 µm in coronal or sagittal orientation, mounted on super frost 

plus microscope slides (Menzel/ThermoScientific, Darmstadt, Germany), dried on a 37°C warming 

plate and stored at -20°C until further processing. 

 

3.2.5.2 Preparation of radioactive riboprobes 

All cDNA inserts used as templates for the generation of the radiolabeled cRNA probes were cloned 

in pCRII-TOPO vectors and contain SP6 and T7 promoters. Therefore, for template amplification 

PCRs SP6 and T7 primers were used in the following protocol. 

PCR for template amplification:                   

1 µl   plasmid template 

1 µl    primer forward (10 pmol) 

1 µl    primer reverse (10 pmol) 

1 µl   dNTPs (dATP, dTTP, dGTP; 10 mM each; Roche, Basel Switzerland) 

5 µl   10x reaction buffer IV (ABgene/ThermoScientific, Darmstadt, Germany) 

3 µl   MgCl2 solution (25 mM; ABgene/ThermoScientific, Darmstadt, Germany) 

0.5 µl   Thermoprime Plus DNA polymerase (5 U/µl; ABgene/ThermoScientific,  

Darmstadt, Germany) 

37.5 µl   H2Obidest 

50 µl   final volume 
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PCR program: 

94°C   3min 
--------------------------------------------------------------------------------------- 

94°C   30 sec 

67°C   30 sec                             (35 cycles) 

72°C   60 sec 
--------------------------------------------------------------------------------------- 

72°C   5 min 

4°C   ∞ 

To prevent RNA degradation all possible precautions were taken to avoid RNase activity. 

In vitro transcription and radiolabeling: 

x µl (200 ng)  PCR product 

x µl   H2O-DEPC 

3 µl    10x transcription buffer  (Roche, Basel, Switzerland) 

3 µl   NTP-mix (rATP, rCTP, rGTP; 10 mM each; Roche, Basel, Switzerland) 

1 µl   0.5 M DTT 

1 µl   RNasin (RNase-inhibitor; 40 U/µl; Roche, Basel, Switzerland) 

6 µl 35S-thio-rUTP (12.5 mCi/mM; 1250 Ci/mml; Perkin Elmer, Waltham, MA, 

 USA) 

1 µl T7 or SP6 RNA polymerase (20 U/µl; Roche, Basel, Switzerland) 

30 µl final volume 

After pipetting, the reaction samples were gently mixed by tapping the Eppendorf tubes and spun 

down quickly. Then the samples were incubated for a total of 3 hours at 37°C. After 1 hour another 

0.5 µl of RNA polymerase was added. 

To destroy the DNA template after the incubation, 2 µl of RNase-free DNase I (10 U/µl; Roche, Basel, 

Switzerland) were added and samples were incubated another 15 min at 37°C. Afterwards the 

radiolabeled riboprobes were purified with the use of the Qiagen RNeasy Kit (Qiagen, Venlo, 

Netherlands). RNA was diluted in 100 µl of RNase-free water and for quantification purposes, 1 µl 

of each probe was measured in 2 ml scintillator solution (Zinsser Analytic, Frankfurt, Germany) in a 

beta-counter (LS 6000 IC, Beckmann Coulter). For ISH 35,000 to 70,000 cpM/µl and 90 µl/slide (7 

Mio/slide) were necessary. 

 



MATERIAL AND METHODS 
 

 
70 

 

3.2.5.3 Pre-treatment of brain slices 

Cryo-slides with brain slices were taken out from their storage at -20°C and warmed up for about 1 

hour at room temperature while still sitting in their boxes. Then they were spread out on a clean 

tissue and dried for another 15 minutes before they were placed in special racks for further 

treatment. 

Pre-treatment procedure: 

1. fixation 10 min  4% PFA/PBS/DEPC-H2O  ice-cold (4°C) 

2. rinsing 3x 5 min PBS/DEPC-H2O 

3.   10 min  0.1 M TEA-HCl (pH 8.0)  add 600 µl acetic anhydride to  

200 ml of rapidly rotating TEA 

4. rinsing 2x 5 min 2x SSC/DEPC-H2O 

5. dehydration 1 min  60% ethanol/DEPC-H2O 

6.  1 min  75% ethanol/DEPC-H2O 

7.  1 min  95% ethanol/DEPC-H2O 

8.  1 min  100% ethanol 

9.  1 min   chloroform  

10.  1 min  100% ethanol 

11.  1 min  95% ethanol/DEPC-H2O 

12. air-drying (dust free) 

 

3.2.5.4 Hybridization of riboprobes 

An appropriate amount of hybridization mix (hybmix) containing the riboprobe was prepared. 90 

to 100 µl hybmix containing 3.5 to 7 million counts per slide were required. 

The riboprobe in hybmix was incubated for 2 minutes at 90°C, shortly cooled down on ice and then 

put on room temperature. The solution was pipetted onto each slide and coverslips were carefully 

put on top while avoiding air bubbles on brain slices between cryo-slide and coverslip.  

The slides were carefully placed in a hybridization chamber containing hybridization chamber fluid 

to prevent drying out of the hybmix and the chamber was sealed with adhesive tape. The chambers 

were put overnight (up to 20 hours) into an oven with 55-68°C. 
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3.2.5.5 Washing of brain slices 

After the hybridization procedure, the coverslips were removed from the cryo-slides and the brain 

slices were washed. 

Washing procedure: 

1. 4x 5min 4x SSC     RT 

2.  20 min  NTE (20 µg/ml RNaseA)   37°C add 500 µl RNaseA 

         (10 mg/ml) to 250 ml 

3.  2x 5min 2x SCC/1 mM DTT   RT 50 µl of 5 M DTT to 250 ml 

4.  10 min  1x SCC/1 mM DTT   RT 50 µl of 5 M DTT to 250 ml 

5.  10 min  0.5x SCC/1 mM DTT   RT 50 µl of 5 M DTT to 250 ml 

6.  2x 30 min 0.1x SCC/ 1 mM DTT   64°C 50 µl of 5 M DTT to 250 ml 

7. 2x 10 min 0.1x SCC    RT 

8. 1 min  30% EtOH in 300 mM NH4OAc  RT 

9. 1 min  50% EtOH in 300 mM NH4OAc  RT 

10. 1 min  70% EtOH in 300 mM NH4OAc  RT 

11. 1 min  95% EtOH in 300 mM NH4OAc  RT 

12. 2x 1 min 100% EtO    RT 

13. air-drying (dust free) 

 

3.2.5.6 Autoradiography 

Dried ISH sections were exposed to a special high performance X-ray film (BioMax MR from Kodak, 

Rochester, NY, USA) for one to three days dependent on signal intensity. 

 

3.2.5.7 Dipping radiolabeled brain slices in silver staining solution 

For qualitative expression analysis, slides were dipped for about 4 seconds in a pre-warmed KODAK 

NTB2 photographic emulsion (KODAK, Rochester, NY, USA) and air-dried overnight at RT. The next 

day, slides were packed into light-tight black boxes with sufficient desiccant (silica gel capsules), 

labelled and sealed with tape. Depending on signal intensity detected on the X-ray film, the slides 

were stored in the dark at 4°C for three to four weeks and then developed. 
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For development of silver stained slices, the boxes were equilibrated to room temperature for 2 

hours while still sealed. The slides were developed in KODAK D 19 developer (SIGMA P5670) for 3 

min at room temperature, rinsed for 30 sec under the tap and fixed with KODAK fixer for 5 min. 

Afterwards slides were rinsed under running tap water for another 25 minutes. With the use of a 

strong razor blade the emulsion was scratched from the back side of slides and the slides were air-

dried at room temperature in the light. 

 

3.2.5.8 Nissl staining 

Brain sections on developed slides were counterstained with the synthetic dye cresyl violet. This 

basic aniline dye is able to stain the RNA of the rough endoplasmatic reticulum, called Nissl 

substance, in the cytoplasm of neurons within the brain sections. 

Staining procedure: 

1. 20 min  0.5% Cresyl violet acetate 

2.  1 min  water 

3. 2x 1 min 70% ethanol 

4. 1 min  96% ethanol + 1 ml of acetic acid 

5. 2x 1 min 96% ethanol 

6.  2x 1 min  100% ethanol 

7. 2x 5min xylol 

 

3.2.5.9 Figure preparation 

Photomicrographs (brightfield for brain sections on X-ray film; darkfield for dipped brain sections) 

were taken on a Zeiss Axioplan microscope equipped with a Zeiss AxioCam MRc digital camera. 

Image processing in Adobe Photoshop included adjustments of total tonal value, brightness, 

contrast, sharpness and image size (no partially modifications, only on whole section). 

 

3.2.6 Western blot analysis 

Tissue was lysed in RIPA buffer containing protease inhibitors (complete protease inhibitor tablets, 

Roche, Basel, Switzerland). Protein concentrations were measured using Bradford assay and the 
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adequate amount of loading buffer was added. Samples were incubated at 95°C for 5 min to 

denaturate the proteins and subsequently put on ice. 30 µl of each sample and 10 µl of the pre-

stained protein ladder PageRulerTM (Fermentas, Darmstadt, Germany) were separated on a 12% 

SDS-PAGE gel for 3 hours at RT, 100 V and subsequently transferred onto a PVDF membrane 

(Millipore, Darmstadt, Germany) overnight at 4°C, 25 V. For both steps, WB chambers from Bio-Rad 

(Hercules, CA, USA) were used. The next day, membranes were blocked for 1 hour in 5% milk 

powder in TBS-T at RT. Incubation of the first antibody, diluted in 5% milk in TBS-T, was carried out 

overnight at 4°C while rotating. Afterwards, membranes were washed 3x 10 min with TBS-T and 

followed by the incubation with the secondary antibody (Cell Signaling, Cambridge, UK), diluted in 

5% milk powder in TBS-T, for 1 hour at RT at a rotator. Afterwards, membranes were washed 3x 10 

min with TBS-T and immunoreactive bands were detected using ECL detection kit (Millipore, 

Darmstadt, Germany) and a Kodak film was developed using an automated development machine 

(XP 2000, Kodak, Rochester, NY, USA). 

 

3.2.7 Animal housing 

In all experiments mice were housed under standard laboratory conditions (12 hours light-dark 

cycle with lights on between 7:00 a.m. and 7:00 p.m.; 22±1°C; 55±5% humidity) with food and water 

ad libitum.  All animal breeding and experiments were conducted in accordance with the ‘Guide for 

the Care and Use of Laboratory Animals of the Government of Bavaria’.  

Litters at the age of 3 to 4 weeks were separated from dams, numbered by ear-punching and a 

small tail biopsy was taken for genotyping. Mice were housed at three to five animals per cage with 

the same gender, when not in breeding. 

 

3.2.8 Behavioral testing 

In all experiments male mice in the adult age between two and three months were separated and 

habituated to single housing and test room conditions for a period of two weeks. At the same time 

the mice were fed with tamoxifen chow (LASvendi, Soest, Germany) for 7 days when 

knockout/recombination via the Cre/loxP system was desired, followed by a 7 day wash-out phase 

with standard diet prior to behavioral experiments. In addition, animals underwent a few days 

before testing a general health check including fur and general physical conditions as well as 
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bodyweight analysis to ensure that behavioral findings are not confounded by the animals’ health 

conditions. The testing procedure occurred between 8:00 a.m. and 1:00 p.m. to minimize the 

influence of hormonal circadian variations (Lightman et al., 2008). Before the introduction of each 

mouse, all behavioral apparatus were cleaned with water to eliminate sensory traces. To limit 

additional stress effects induced by each test itself, the order of tests was performed from least to 

most stressful (Kalueff & Murphy, 2007). Random distribution of genotype, condition and 

treatment groups excluded an apparatus bias. Animal tracking was accomplished by an automated 

video tracking software (Anymaze; Stoelting Co., Wood Dale, IL, USA). 

 

3.2.8.1 Open field (OF) test 

The open field (OF) test, first described for rats’ emotional behavior testing by Hall in 1934, is a 

common test used for the characterization of locomotor activity and explorative behavior in a novel 

environment. The test is based on creating a conflict between the mice exploratory drive and its 

natural fear of an unprotected novel environment (Prut & Belzung, 2003). The apparatus consists 

of an enclosed square arena (50 x 50 x 40 cm) and is made of grey polyvinylchloride (PVC). The 

arena is virtually divided into two zones, an inner zone (25 x 25 cm) and an outer zone. During 

testing, both arenas were illuminated equally with less than 15 lux. All mice were placed in the 

upper left corner of the apparatus, facing the wall at the beginning of the trial. Testing duration was 

30 or 15 minutes (depending on number of animals to be tested at the same day), usually only the 

first 15 minutes divided into three segments of five minutes were used for analyzing. Parameters 

of interest included the total distance travelled, inner zone exploration time and the time of 

immobility. 

 

3.2.8.2 Elevated plus maze (EPM) test 

The elevated plus maze (EPM) test is one of the most validated tests of anxiety in rodents. Derived 

from Montgommery’s studies in 1955 on the relationship between novelty, fear and exploration in 

rodents, Habdle and Mithani developed this test in 1984, creating a typical approach-avoidance 

conflict. The natural explorative tendency of mice is in opposition to the innate fear of illuminated, 

elevated and unprotected areas (R. J. Rodgers & Dalvi, 1997). 
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The apparatus was made of grey PVC and consists of a plus-shaped platform with two opposing 

open arms (30 x 5 x 0.5 cm) and two opposing enclosed arms (30 x 5 x 15 cm) which are connected 

by a central are (5 x 5 cm). The whole device is elevated 50 cm above the floor. Illumination was 25 

Lux within the open arms and less than 10 lux within the closed arms. The trial duration was set to 

5 or 10 minutes (depending in number of animals to be tested at the same day) and usually only 

the first 5 minutes were analyzed. Animals were placed in the center zone of the apparatus facing 

the left closed arm. Parameters of interest included open arm time versus closed arm time, latency 

until first open arm entry (four paw criterion), number of open arm entries, time of immobility and 

total distance travelled. 

 

3.2.8.3 Dark/light box (DaLi) test 

The dark/light box (DaLi) test is based on the innate aversion of rodents to brightly illuminated areas 

and on the spontaneous exploratory behavior of rodents in response to mild stressors, that is, novel 

environment and light to assess anxiety-related behavior (J. Crawley & Goodwin, 1980). The 

apparatus is a box consisting of one compartment (30 x 20 x 25 cm) made of black PVC (dark) and 

a second compartment (30 x 20 x 25 cm) made of white PVC (light) which are connected through a 

tunnel (4 x 7 x 10 cm). The black compartment was illuminated with less than 5 lux and the white 

compartment was brightly illuminated with an intensity of 680-700 lux. Each animal was placed into 

the dark compartment facing the upper left corner. The trial duration was set to 5 minutes and the 

following parameters were analyzed to assess anxiety-like behavior: time spent in lit compartment 

versus dark compartment, latency until the first full entry (four paw criterion) and the number of 

full entries into the lit compartment. 

 

3.2.8.4 Forced swim test (FST) 

The forced swim test (FST) introduced by Porsolt in 1977, is one of the most frequently used model 

to assess stress-coping/depression-like behavior in rodents (Cryan & Mombereau, 2004; Porsolt, 

Bertin, & Jalfre, 1977). The test is based on the observation that mice develop an immobile posture 

in an inescapable cylinder filled with water after an initial period of escape-directed movements. 

Three behavioral patterns are classified in this paradigm: floating (interpreted as despair), 

swimming (interpreted as neutral behavior) and struggling (interpreted as escape-orientated 

behavior) (Ohl, 2005). 



MATERIAL AND METHODS 
 

 
76 

 

Each animal was gently placed into a glass beaker (diameter: 13 cm, height: 24 cm, filled with 2 liter 

of water, temperature: 21±1°C) and the behavior during a 6 minutes test period was recorded. The 

animals were removed from the cylinder, dried with a towel and put back in their home cages. 

The parameters floating (immobile posture with only small movements to keep balance), swimming 

(directed locomotion by movement of the hind legs) and struggling (strong escape-orientated 

action) were scored by an experienced observer, blind to genotype, condition or treatment of the 

animals.  

 

3.2.8.5 Social approach/avoidance (SA) test 

The social approach/avoidance (SA) test was established by Berton and colleagues (Berton et al., 

2006). The test consists of two trials. In the first trial, each test mouse was introduced for 2.5 

minutes into an enclosed square arena (50 x 50 x 40 cm), made up of grey polyvinylchloride (PVC), 

containing a very small empty wire mesh cage which was located at the middle of one side of the 

arena. The small field around the cage is marked as the interaction zone). During the second trial 

an unfamiliar male CD1 mouse was put into the wire mesh cage, allowing for nose contact between 

the bars, but prevented fighting. The time spent within the interaction zone in the first trial and the 

time spent interacting with unfamiliar mouse in the second trial were analyzed. 

 

3.2.8.6 Female urine sniffing test (FUST) 

The female urine sniffing test (FUST) designed for reward-seeking behavior was adopted and 

performed according to the protocol from Malkesman and colleagues (Malkesman et al., 2010). 

Animals were habituated to a sterile cotton-tip in their home cages one hour before testing. The 

test comprised three stages, all conducted under non-aversive conditions (2-3 lux) within the 

animal’s home cages. In the first trial (water trial) the animals were exposed for 3 minutes to a 

cotton tip dipped in sterile water. After an interval of 45 minutes, the mice were exposed to a 

second cotton tip dipped in fresh female urine, which was previously collected from the females` 

estrus (urine trial). The sniffing time of both, water and urine trial were analyzed. 
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3.2.8.7 Chronic social defeat stress (CSDS) paradigm 

The chronic social defeat stress (CSDS) paradigm was established by the research group of Matthias 

Schmidt at the MPI of Psychiatry, based on the protocol of Berton and colleagues (Berton et al., 

2006; Wagner et al., 2011). To describe briefly, test mice were submitted to chronic social defeat 

stress for 21 consecutive days. Therefore, they were introduced into the home cage of a dominant 

CD1 resident mouse for no longer than 5 min and subsequently defeated. Following defeat, animals 

spent 24 hours within the same cage, but separated via a holed steel partition, enabling sensory, 

but not physically contact. Every day chronically defeated mice were exposed to a new unfamiliar 

resident. Control animals were housed in their home cages throughout the course of the 

experiment. All animals were handled daily, as well as the body weight was assessed daily and the 

fur status was checked every 3-4 days. The fur was evaluated as describe before by Mineur and 

colleagues (Mineur, Prasol, Belzung, & Crusio, 2003). 

 

3.2.8.8 Acute stress response and sampling during CSDS paradigm 

On day 19 of the chronic social defeat stress procedure, test animals were subjected to an acute 

stress challenge in form of the FST for 6 minutes. Blood samples were collected by tail cut 15 

minutes after the start of the FST and corticosterone plasma concentrations were measured using 

a radioimmune assay according the manufacturer’s manual (sensitivity 6.25 ng/ml; MP Biomedicals 

Inc., Santa Ana, CA, USA). Animals were sacrificed by an overdose of isoflurane (Forene, Abbott, 

Wiesbaden, Germany) followed by decapitation on day 21 of the experiment. In order to obtain 

basal coticosterone levels, trunk blodd was collected and processed. Thymus and adrenal glands 

were removed and stored in Ringer’s solution. In order to determine the organ weight, additional 

surrounding tissue was removed and the thymi and adrenal glands were weighted. 

 

3.2.8.9 Water Cross Maze (WCM) test 

The water cross maze (WCM) test was used to assess spatial learning via allocentric navigation of 

mice and it was established by the research group of Carsten Wotjak at the MPI of Psychiatry, based 

on Tolman’s work from 1946 (Kleinknecht et al., 2012; Tolman, Ritchie, & Kalish, 1946). The used 

material for the plus-shaped maze is 1 cm thick clear acrylic glass to allow for visual orientation via 

distant extra-maze cues in the experimental room. Each of the four maze arms were equal in size 
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(50 x 10 x 30 cm) and clockwise labeled as North, East, South and West. When using the spatial 

learning protocol, in all trials a submerged platform (8 x 8 x 10 cm) was positioned at the end of the 

West arm and the maze was filled with fresh tap water (21±1°C) up to 11.5 cm level each day prior 

before testing. A metal grid (9 x 9 cm) was used to remove the animal from the maze after the end 

of each trial. The testing room was dimly illuminated (15-20 lux) and the room contained several 

distant visual cues such as a sink, a chair, a cupboard, doors and a clock. 

Animals were gently put into the water at the starting position described within the particular 

protocol, facing the wall of the maze. The experimenter remained standing motionless behind the 

current starting arm during the total time of the trial. Parameters of each trial were recorded and 

as soon as the animal reached the platform, the animal was placed back into its home cage, which 

was subsequently put under an infrared light to dry and warm the animals. After each run, the walls 

of the maze were wiped dry and the water was stirred between the four arms every three runs in 

order to avoid urine and pheromones influence on swimming paths. Animal feces were removed 

with the use of a metal strainer. Each animal was tested on five consecutive days, six times a day in 

groups of six, resulting in an intertrial interval of about 10 minutes for each animal. The platform 

was in all trials located at the end of the West arm, while the starting point of the mice altered 

between North and South arm in a pseudorandom manner displayed in Table 2. Thus, to perform 

accurately, mice needed to orientate spatially. 

Parameters used as performance indicators are the accuracy and the number of accurate learners. 

The accuracy indicated the success or failure of the mouse to swim the correct path to the platform. 

Specifically, the mouse is counted as accurate if it does not enter other arms except the goal arm 

(platform arm), but enters the goal arm right away and climbs onto the platform within a distinct 

period of time. In this case, the run is given the value 1 (= accurate), otherwise the mouse is counted 

as 0 (= not accurate). The sum of correct runs is divided by the total number of runs and the 

percentage calculated (sum of correct runs /6*100). Given the natural tendency of mice to explore, 

one error is permitted, which then manifests in an accuracy of 83.3% as the bottom threshold for a 

mouse to be considered as accurate. The second parameter is given by the number of accurate 

learners and indicates the percentage of animals of a particular group performing accurately. 
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day run 1 run 2 run 3 run 4 run 5 run 6 

1 S N N S S N 

2 N S S N N S 

3 S N N S S N 

4 N S S N N S 

5 S N N S S N 
 

Table 2. Training protocol for spatial learning using the water cross maze (WCM). Mice were tested 6 runs 

a day on five consecutive days. The starting position varied for every trial and every day between South (S) 

and North (N) arm and therefore was not foreseeable for mice. 

 

 

3.2.9 Statistics 

Data output and statistical analysis were performed with the use of the computer programs 

GraphPad Prism 5 and SPSS 16.0. All results are shown as means ± standard error of the mean 

(SEM). Significance was accepted with p < 0.05. Data sets were tested by the appropriate analysis 

of variance (ANOVA) model. To examine performance in the basal behavioral screen, One-way 

ANOVA and Student’s t-test was employed, whereas effects of genotype and stress on behavior 

and neuroendocrine data Two-way ANOVA and repeated-measures ANOVA (for comparison of 

multiple time points) were used. To examine performance in the WCM task Two-way repeated 

measures ANOVA was employed. The appropriate post-hoc test was performed after acceptance 

of significant p-values. 
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4 RESULTS 

4.1 Distribution of the classical HDACs throughout the adult 

murine brain 

Up to date, the expression of classical HDACs within the adult brain for rodents has only been 

described in rats (Broide et al., 2007), but for mice a detailed description is missing. Therefore, a 

comprehensive gene expression mapping of the eleven classical HDACs (class I: HDAC1, HDAC2, 

HDAC3 and HDAC8; class II: HDAC4, HDAC5, HDAC6, HDAC7, HDAC9 and HDAC10; class IV: HDAC11) 

was conducted throughout the adult murine brain using radioactive in situ hybridization (ISH) and 

exposure to photo emulsion. For each single HDAC member a highly specific sequence was chosen 

for designing respective riboprobes to detect endogenous Hdac1-11 mRNA levels. The sequences 

were selected carefully using external data base information as all eleven classical HDACs display 

high homologies to each other (Table 3). The highest homology among cDNA sequences exists for 

Hdac1 and Hdac2, two class I HDACs, which most probably arose from a relatively recent gene 

duplication (Gregoretti et al., 2004). The smallest homology was observed for two class II HDACs, 

Hdac6 and Hdac7, but it still reaches a value of 51% identity among cDNA sequences. Nevertheless, 

for all eleven HDACs a specific probe which only detects the distinct member was identified (Figure 

7). All probes are similar in size, ranging from 500-650 bp and were chosen to hybridize within the 

translated region of the mRNA. However, for some probes a highly-specific region could only be 

found within the 3’ untranslated region (3’UTR). 

With the use of these carefully designed antisense riboprobes radioactive high-resolution ISH was 

performed. For a first glance, probes were hybridized on sagittal brain sections which proved that 

all eleven classical Hdacs are expressed within the adult murine brain (Figure 8). Interestingly, no 

expression pattern looks like the other and the Hdac isoforms showed both, overlapping and 

distinct expression patterns throughout the murine brain. This supports the idea that each HDAC 

isoform inhabits a crucial and non-redundant role within the adult mammalian brain. Having a 

closer, but still overall look, the expression pattern of the only class IV member, Hdac11, attracts 

attention as this member is the highest expressed Hdac regarding signal intensity and number of 

brain regions where it is expressed suggesting that HDAC11 is a predominant and important player 

among HDACs in the adult brain. In expression strength Hdac11 is directly followed by the class II 

HDAC member Hdac5, whereas the class I HDAC member, Hdac3 ranks place three. Thus, from each 

class of classical HDACs one member is present among the top three of highest expressed Hdacs. 
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The lowest expression could be detected for Hdac10 (class II), which is not only generally low in 

expression levels, but also within respect to the number of brain regions showing expression at all. 

It should also be noted, that Hdac1, Hdac2, Hdac3, Hdac5, Hdac7, Hdac8, Hdac9 and Hdac11 are 

broadly expressed, whereas Hdac4, Hdac6 and Hdac10 seem rather to be expressed in very distinct 

brain regions. 

For a detailed description of the expression levels of Hdac1-11, series of coronal brain slices 

throughout the brain were generated and analyzed at least from three separate animals (Figures 9-

11). Qualitative and quantitative analysis of signal intensity of each Hdac was performed for more 

than 50 brain regions of the adult murine brain with the use of autoradiographs  and assessment 

of silver grains following exposure of radiolabeled brain sections to photoemulsion (Table 4). Signal 

intensities were scored from low to high (0-5) and global expression levels were calculated as the 

sum of regional expression values, with the rank order of expression levels listed below (Table 4).  

 

Hdac 1 2 3 4 5 6 7 8 9 10 11 

1 100 68 61 64 62 67 67 54 61 53 58 

2  100 56 63 60 67 63 53 60 53 57 

3   100 67 64 69 67 53 61 55 58 

4    100 65 54 60 65 67 62 60 

5     100 51 59 65 66 62 60 

6      100 53 66 57 67 64 

7       100 67 59 63 62 

8        100 59 56 58 

9         100 58 55 

 10          100 55 

11           100 

 

Table 3. Classical Hdacs show high degree of sequence homology. cDNA sequences of Mus musculus Hdac1-

11 were aligned using the freely available web program ClustalW2 to determine the degree of homology in 

% (http://www.ebi.ac.uk/Tools/msa/clustalw2/). cDNA sequences were obtained from the public data base 

Ensembl (http://www.ensembl.org). [Gene Accession Number/Ensembl transcript IDs: Hdac1 

NM_008228/ENSMUST00000102597; Hdac2 NM_008229/ENSMUST00000019911; Hdac3 

NM_010411/ENSMUST00000043498; Hdac4 NM_207225/ENSMUST00000008995; Hdac5 NM_001284248/ 

ENSMUST00000 107152; Hdac6 NM_10413/NM_ENSMUST00000115642; Hdac7 NM_001204278/ 

ENSMUST00000116408; Hdac8 NM_027382/ENSMUST 00000087916; Hdac9 NM_024124/ 

ENSMUST00000110819; Hdac10 NM_199198/ENSMUST00000082197; Hdac11 NM_144919/ 

ENSMUST00000041736;] 

http://www.ebi.ac.uk/Tools/msa/clustalw2/
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Figure 7. Localization of antisense nucleotide probes designed for ISH of Mus musculus Hdac1-11. Each ISH 

probe (depicted in orange) is highly specific for the corresponding Hdac. Some riboprobes were chosen to 

hybridize to the 3’ untranslated region (UTR) as no other specific sequence of 500-650 bp in length could be 

found. cDNA sequences were obtained from the public data base Ensembl (http://www.ensembl.org). [Gene 

Accession Number and Ensembl Transcript IDs are depicted in parentheses; black rectangles represent exons; 

blue and shaded rectangles represent 5’ and 3’ UTRs.] 

 

http://www.ensembl.org/
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Figure 8. Distribution of Hdac1-11 mRNA within the adult murine brain. The expression of Hdac1-11 was 

analyzed by ISH using 35S-labeled riboprobes highly specific for the respective Hdac member. Depicted are 

representative dark-field photomicrographs of 20 µm-thick sagittal brain sections hybridized with the 

indicated probe, showing the expression pattern through the whole mouse brain from the olfactory bulb to 

the brain stem for each classical Hdac member. As a control experiment brain sections were in addition 

hybridized with the appropriate sense probe of all used riboprobes (data not shown).  

 

Three members of class I HDACs, Hdac2, Hdac3 and Hdac8, are globally expressed with a moderate 

expression intensity throughout the adult murine brain and only one member, Hdac1, shows a low 

expression brain-wide and a distinct expression in a few brain regions. The highest expression of 

Hdac1 scores a value of 2.5 and is found in the granular cell layer of the dentate gyrus (DG) and the 

medial habenula of the thalamus. The second highest expression (score 2.0) is present in the 

granular cell layers of the olfactory bulb and the cerebellum, the choroid plexus and the 

paraflocculus. Scores with values of 1.5 prove the expression of Hdac1 in the glomerular layer of 

the olfactory bulb and the hippocampus (CA1, CA2 and CA3 pyramidal layer). However, all other 

analyzed brain-wide expression reaches a value of 1.0 except brain regions with no expression like 

the radiatum cell layer and the lacunosum moleculare of the hippocampus and the molecular layer 

and purkinje cell layer of the cerebellum (Figure 8 and 9, Table 4). HDAC1 and HDAC2 are known to 
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be arisen from a relatively recent gene duplication event and the two enzymes are found within the 

same multi-protein complexes, thus being often redundant in function. However, throughout the 

brain, Hdac2 is definitely expressed to a higher extent within mice proposing a broader significance 

for this enzyme than for HDAC1 within brain processes and function. Besides its overall higher 

expression, Hdac2 is specifically expressed within the granular cell layer of the olfactory bulb and 

the hippocampal formation (CA1, CA2 and CA3 pyramidal layer and dentate gyrus) with scores 

between 3 and 3.5 (Figure 8 and 9, Table 4). Medium expression of Hdac2 (scores 2 and 2.5) were 

detected in the glomerular layer of the olfactory bulb, cortical structures like perirhinal cortex, 

visual cortex, ectorhinal cortex and piriform cortex, the amygdala, the medial habenula, the 

hypothalamus (medial and lateral preoptic nucleus and dorsomedial nucleus) and in the granule 

cell layer of the cerebellum. Low expression was found in the anterior olfactory nucleus of the 

olfactory bulb, the dorsal tenia tecta, several cortical structures, the septum, the choroid plexus, in 

almost all analyzed thalamic structures, in all analyzed regions of the pons and the medulla and in 

the purkinje cell layer of the cerebellum. 

Hdac3 ranks in the list of all elven Hdacs as the one with the third highest expression level when 

considering the overall expression in the brain. Distinct areas where HDAC3 seems to fulfill 

important roles due to its high expression level are especially within the granular cell layer of the 

olfactory bulb (3.0), cortical structures (all analyzed regions score a value of 2.0-2.5), the caudate 

putamen (2.0), the nucleus accumbens (2.0), the globus pallidus (2.0), the septum (2.0), the 

hippocampal formation (CA1, CA2 and CA3 pyramidal cell layer and granular cell layer of the 

dentate gyrus: 2.5-3.0), parts of the pons (dorsal raphe nucleus, interpenduncular nucleus, 

pendunculopontine tegmental: 2.0-2.5), the cerebellum (granular cell layer: 2.5) and all parts of the 

medulla except the facial nucleus (Figure 8 and 9, Table 4).  

Hdac3 is followed in expression intensity by the fourth member of class I HDACs, Hdac8, which is 

highly expressed especially in the glomerular layer of the olfactory bulb (3.0) and the cerebellum 

(granular cell layer and purkinje cell layer) reaching score values of 4. Moderate expression levels 

are present in brain regions like the granular cell layer of the olfactory bulb (2.0), the nucleus 

accumbens (2.5) the hippocampus (CA1, CA2 and CA3 pyramidal cell layer and molecular cell layer 

of the DG: 2.0-2.5), the medial habenula (2.0), the periventricular nucleus of the hypothalamus (2.0) 

and the facial nucleus of the medulla (2.0). All other analyzed brain structures show low expression 

of Hdac8 except the olfactory tubercle and the molecular layer of the cerebellum where no 

expression was identified (Figure 8 and 9, Table 4).  
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Figure 9. Detailed representation of the expression pattern of class I Hdacs. Qualitative ISH analysis of 

Hdac1, Hdac2, Hdac3 and Hdac8 mRNA using specific 35S-labeled riboprobes. Depicted are representative 

dark-field photomicrographs of a series of 20 µm-thick coronal brain sections hybridized with the indicated 

probe. As a control experiment brain sections were in addition hybridized with the appropriate sense probe 

of all used riboprobes (data not shown). 

 

Class II HDACs (Hdac4, Hdac5, Hdac6, Hdac7, Hdac9 and Hdac10) include with Hdac5 the Hdac 

isoform which ranks place two in expression intensity, but with Hdac10 also the lowest expressed 

isoform (autoradiographic material with a longer incubation time was taken to enhance signal for 

visualization). Hdac4, Hdac6 and Hdac10 show a low expression level throughout the adult murine 

brain and if expression is present, it is only detectable in distinct brain areas. Thus, Hdac4 is 

specifically expressed to a high level in the glomerular and granular cell layer of the olfactory bulb 

(3.0-4.0), whereas Hdac6 shows its highest expression with a score value of 2.5 in the granular cell 

layer of the DG of the hippocampal formation. Hdac10’s highest expression reaches only a score of 

1.5, which was found in the granular cell layer of the DG of the hippocampal formation and the 

granular cell layer of the cerebellum (Figure 8 and 10, Table 4). 

The other class II members Hdac5, Hdac7 and Hdac9 show brain-wide a higher expression. Hdac5 

expression reaches top values of 5.0 and 4.5 in the olfactory bulb (glomerular and granular cell 
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layer), the medial habenula and the granular cell layer of the cerebellum. Expression levels of 3.0 

were detected in all analyzed cortical structures, the hippocampal formation (CA1, CA2 and CA3 

pyramidal cell layer and granular cell layer of the DG), the periaqueductal grey of the pons and the 

facial nucleus of the medulla. The rest of the analyzed regions show expression levels around 2.0 

and 2.5 (Figure 8 and 10, Table 4). 

Hdac7’s highest expression is present in the granular cell layer of the DG of the hippocampus (3.5), 

which is followed by the expression in the glomerular and granular cell layer of the olfactory bulb 

(2.0), all analyzed cortical structures (2.0), the CA2 pyramidal cell layer of the hippocampus (2.0), 

the paraventricular nucleus of the midbrain (2.0) and the cerebellum (granular and purkinje cell 

layer: 2.0). All other regions show only expression levels with a score of 0.5-1.5 (Figure 8 and 10, 

Table 4). 

Hdac9 expression levels are also of top scores with a value of 5.0 in the olfactory bulb (glomerular 

and granular cell layer). The moderate expression level lies between 3.0 and 3.5 and was detected 

in cortical structures, the hippocampus (CA1, CA2 and CA3 pyramidal cell layer), the paraventricular 

nucleus of the thalamus and the cerebellum (granular and purkinje cell layer). Furthermore, Hdac9 

expression with scores of 2.5 were identified in the anterior olfactory nucleus and the medial 

habenula. All other analyzed regions show only low expression with values of 0.5 and 1.0 (Figure 8 

and 10, Table 4). 

Having a closer look on the only class IV HDAC member, Hdac11, it is clear, that this isoform scores 

not only values of 5, but is also expressed in almost all analyzed brain regions. Being the highest 

expressed classical HDAC suggesting that it serves highly important functions within the adult 

murine brain. To better visualize the specific expression pattern of Hdac11 signal intensities were 

decreased in the depicted photomicrographs (Figure 8 and 11, Table 4).  

With these experiments we could establish an atlas of Hdac1-11 expression throughout the adult 

murine brain, which shows highly specific and distinct expression patterns for each Hdac suggesting 

for each member a crucial, non-redundant role within neurological processes and brain functions. 

This indicates the importance to characterize each single HDAC to identify potential drug targets 

for the treatment of neuropsychiatric diseases without creating severe side effects through 

disturbances of other HDAC members. 
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Figure 10. Detailed representation of the expression pattern of class II Hdacs. Qualitative ISH analysis of 

Hdac4, Hdac5, Hdac6, Hdac7, Hdac9 and Hdac10 mRNA using specific 35S-labeled riboprobes. Depicted are 

representative dark-field photomicrographs of a series of 20 µm-thick coronal brain sections hybridized with 

the indicated probe. For Hdac10 autoradiographic material with a longer incubation time was used to 

enhance the signal for visualization. As a control experiment brain sections were in addition hybridized with 

the appropriate sense probe of all used riboprobes (data not shown). 
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Figure 11. Detailed representation of the expression pattern of Hdac11 as the only class IV member. 

Qualitative ISH analysis of Hdac11 mRNA using a specific 35S-labeled riboprobe. Depicted are representative 

dark-field photomicrographs of a series of 20 µm-thick coronal brain sections hybridized with the Hdac11 

specific probe. To better visualize the specific expression pattern of Hdac11 signal intensities were decreased 

in the depicted photomicrographs. As a control experiment brain sections were in addition hybridized with 

the appropriate sense probe (data not shown). 
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Table 4. Determination of expression levels of Hdac1-11 within the adult murine brain. Semi-quantitative 

expression analysis was conducted throughout more than 50 brain regions using 20 µm-thick coronal and 

sagittal brain sections hybridized with 35S-labeled antisense riboprobes against Hdac1-11 mRNA and exposed 

to autoradiographic photo emulsion. Expression intensity was scored from low to high (0-5). For expression 

levels which were not uniform within the indicated brain region, the intensity depicted corresponds to an 

estimated overall mean in this region. 
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4.2 Establishing the oral application of tamoxifen via chow to 

activate the Cre/loxP system in conditional transgenic mouse 

models 

The Cre/loxP system is the most frequently used tool for spatio-temporal overexpression or 

inactivation of genes by-passing embryonic and postnatal lethality. In order to achieve a tight 

temporal control, the recombinase Cre has been fused to a mutated estrogen receptor (ER) ligand-

binding domain which is insensitive to endogenous estrogen, but sensitive to tamoxifen. In the 

absence of tamoxifen, the fusion protein is retained in the cytoplasm through binding of the ER 

ligand-binding domain to the heat-shock protein 90 (HSP90) complex (Figure 12) (Feil, Wagner, 

Metzger, & Chambon, 1997). Upon tamoxifen binding to the ER ligand binding domain, the fusion 

protein is released from the complex and translocates due to the nuclear localization signal (NLS) 

artificially fused to Cre into the nucleus, where Cre-mediated recombination between loxP sites 

takes place. To obtain spatial control of gene overexpression or deletion, Cre expression can 

additionally be regulated by a specific promoter. 

At the beginning of the thesis, there was no stress-free method for tamoxifen administration in 

mice available. In rodents, the most frequently used chemical form of tamoxifen is  

4-hydroxytamoxifen (4-OHT), dissolved in alcohol and/or oil, administered usually by repeated 

intraperitoneal (i.p.) injections, supplied by gavaging or via the drinking water. However, i.p. 

injections and gavaging impose considerable stress on mice, whereas administration via drinking 

water is hampered by poor solubility (0.5 mg/ml at 37°C). Thus, feeding the animals with tamoxifen 

enriched chow would be an elegant way to reduce handling distress on mice, effort and costs. There 

are studies which describe the use of tamoxifen enriched chow, but high 4-OHT doses (2.5 mg/g) 

are needed meaning that mice consume up to 20% of the acute lethal dose. Even there are no 

severe side-effects described so far, the administration via 4-OHT chow is limited by poor 

acceptance in mice due to the bitter taste of the food pellets (Agger, Santoni-Rugiu, Holmberg, 

Karlström, & Helin, 2005; Brocard et al., 1997; Casanova et al., 2002; Forde, Constien, Gröne, 

Hämmerling, & Arnold, 2002; Indra et al., 2005; Kostetskii et al., 2005; Leone et al., 2003; M. Li et 

al., 2000; Metzger & Chambon, 2001; Mijimolle et al., 2005; Moosmang et al., 2003; Petrich, 

Molkentin, & Wang, 2003; Sohal et al., 2001; Xiao et al., 2001; Yu, Dews, Park, Tobias, & Thomas-

Tikhonenko, 2005). 

Kiermayer and colleagues described the use of soy-free chow containing another chemical form of 

tamoxifen (tamoxifen citrate salt (TCS)) produced by LASvendi (Soest, Germany) (Kiermayer, 
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Conrad, Schneider, Schmidt, & Brielmeier, 2007). In this chow, the tamoxifen dose can be kept at a 

minimum level of 400 mg/kg due to the use of TCS and the absence of the tamoxifen antagonist 

soy genistein which can be found in high concentrations in conventional chow. Thus, the total 

tamoxifen uptake can be minimized and the chow is more accepted by the rodents as the bitter 

taste is kept within a limit compared to high concentration 4-OHT soy-rich chow.  

 

 

 

 

Figure 12. Activation of the Cre/loxP system using tamoxifen administration. (A) Cre recombinase fused to 

a mutant estrogen receptor ligand-binding domain (ER) associates within the cell with the heat-shock protein 

90 (HSP90) and the complex is retained within the cytoplasm. (B) Tamoxifen (Tam) interrupts the complex 

and leads to free Cre-ER. (C) When Cre-ER is not bound to HSP90 anymore, it immediately translocates due 

to a nuclear localization signal (NLS) to the cell nucleus. (D) Cre-ER causes recombination between loxP sites, 

e.g. deletion of loxP-flanked DNA sequences. 
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The TCS enriched soy-free chow was shown to be effective in a heart-specific inactivation of 

thioredoxin reductase 2 (Kiermayer et al., 2007). To extent the use of the described TCS chow to 

brain-specific gene overexpression or disruption, we addressed the question, if the tamoxifen 

administered via the described TCS food pellets will result in efficient CreERT2- mediated 

recombination within the central nervous system (CNS). 

 

4.2.1 Oral tamoxifen administration via food pellets in CRH overexpressing 

mice 

To establish the oral application of tamoxifen via TCS chow to activate the Cre/loxP system within 

the CNS, we used the conditional transgenic mouse line CRH-COEiFB (corticotropin-releasing 

hormone conditional overexpression inducible forebrain) which was previously developed in our 

lab (Figure 13) (Erdmann et al., 2007; A. Lu et al., 2008; Refojo et al., 2011). Therefore, the 

conditional Crh overexpressing mouse line (CRH-COE) which combines a knockin of a single copy of 

the murine Crh cDNA into the ROSA26 locus with the Cre/loxP system, was bred to the Camk2a-

CreERT2 (calcium/calmodulin-dependent protein kinase type 2 alpha chain promoter driven Cre 

fused to estrogen receptor ligand binding domain type 2) mouse line (Refojo et al., 2011). To allow 

a spatio-temporal control of Crh overexpression, a Stop cassette flanked by loxP sites (parallel 

orientation) was introduced upstream of the Crh sequence. Upon CreERT2-mediated recombination 

in CRH-COEiFB animals, Crh will be specifically expressed in principle forebrain neurons. 

Furthermore, the Crh sequence is followed by an IRES-lacZ reporter gene, which can be detected 

by ISH analysis to monitor induction of Cre activity. The Cre mouse line is described in more detail 

in chapters 4.3. and 4.4.  
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Figure 13: Description of the CRH-COEiFB mouse line. The mouse line was generated by breeding Camk2a-

CreERT2 mice to the CRH-COE mouse line. The Camk2a-CreERT2 mouse is expressing the CreERT2 fusion protein 

under the control of the regulatory elements of the mouse Camk2a gene. The CRH-COE mouse line harbors 

a knock-in of Crh followed by IRES-lacZ in the ROSA26 locus. A floxed stop cassette preceding the Crh cDNA 

prohibits Crh and lacZ overexpression prior to Cre-mediated recombination. Within the CRH-COEiFB mice, the 

overexpression is induced by Cre-mediated excision of the Stop cassette. 

 

 

 

4.2.1.1 Tamoxifen administration via food pellets results in efficient CreERT2-mediated 

recombination in the CNS 

In a first approach we divided male animals of the line CRH-COEiFB in eight groups differing in the 

time fed with TCS chow (Table 5). Each group consisted of four littermates, two overexpressing 

mice CRH-COEiFB (homozygous for Crh knock-in, hemizygous for Camk2a-CreERT2) and two control 

mice CRH-COECTRL (homozygous for Crh knock-in, no Camk2a-CreERT2). Animals were sacrificed 

immediately after tamoxifen treatment. 

 



RESULTS 
 

 
95 

 

group 
tamoxifen  

administration 
1 4 days 

2 8 days 

3 12 days 

4 16 days 

5 20 days 

6 4 weeks 

7 5 weeks 

control no tamoxifen 
 

Table 5: First approach of tamoxifen administration via food pellets. Animals of the CRH overexpressing 

mouse line were grouped differing in the duration of tamoxifen treatment. Each group consisted of two 

overexpressing CRH-COEiFB and two control CRH-COECTRL male mice. Animals were fed with TCS chow for the 

indicated period of time. 

 

For determination of the efficacy of tamoxifen applied to mice by oral administration, the mRNA 

expression of lacZ was analyzed using in situ hybridization (ISH) on brain sections. A radiolabeled 

lacZ riboprobe was used for indirect determination of the Crh overexpression as the lacZ gene as 

well as the transgenic Crh gene are only transcribed upon successful deletion of the Stop cassette 

by CreERT2. CRH-COEiFB mice of all groups except the control group (no tamoxifen) displayed high 

lacZ mRNA expression within the dentate gyrus, CA1 region, CA2 region and CA3 region of the 

hippocampus as well as in the cortex without showing a hemispheric difference (Figure 14). Thus, 

the tamoxifen administered by TCS chow crossed the blood-brain barrier and activated Cre-

mediated overexpression of Crh and lacZ already within 4 days of tamoxifen treatment. Animals of 

the control group displayed only a background signal indicating inactive CreERT2 as no tamoxifen 

was applied. No lacZ signal was detected in CRH-COECTRL mice lacking CreERT2 (data not shown). 
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Figure 14. Analysis of lacZ expression upon tamoxifen treatment (first approach). Expression of lacZ is 

demonstrated by in situ hybridization (ISH) using a lacZ-specific radiolabeled riboprobe detecting transgenic 

lacZ mRNA expression. Depicted are representative bright-field photomicrographs of autoradiographs of 20 

µm-thick coronal brain sections CRH-COEiFB mice which were fed with TCS chow for the indicated periods of 

time. All animals except the control (0 days) display high lacZ mRNA expression within the dentate gyrus, CA1 

region, CA2 region and CA3 region of the hippocampus as well as in the cortex, being characteristic for CreERT2 

expression under the control of the Camk2a promoter. 

 

 

group 
tamoxifen  

administration 
tamoxifen 
wash-out 

1A 2 days 7 days 

1B 2 days - 

2A 4 days 7 days 

2B 4 days - 

3A 6 days 7 days 

3B 6 days - 

4A 8 days 7 days 

4B 8 days - 

    control no tamoxifen 15 days 

 

 

Table 6: Second approach of tamoxifen administration via food pellets. Animals of the CRH-overexpressing 

mouse line were grouped differing in the duration of tamoxifen treatment and tamoxifen wash-out time with 

standard diet. Each group consisted of four overexpressing CRH-COEiFB and four control CRH-COECTRL male 

mice. Animals were fed with TCS chow and/or standard diet (tamoxifen wash-out) for the indicated period of 

time. 
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Figure 15. Analysis of lacZ expression upon tamoxifen treatment (second approach). Expression of lacZ is 

demonstrated by in situ hybridization (ISH) using a lacZ-specific radiolabeled riboprobe detecting transgenic 

lacZ mRNA expression. Depicted are representative bright-field photomicrographs of autoradiographs of  

20 µm-thick coronal brain sections of the hippocampus and cortex of overexpressing CRH-COEiFB (half brain 

slice on right side) and control CRH-COECTRL (half brain slice on left side) mice for each group. Groups were 

fed with TCS chow for indicated periods of time. Mice of several groups (upper row) were exposed to an 

additional wash-out time of seven days by using standard diet. Animals of the other groups (second row) 

were sacrificed immediately after TCS chow treatment. The lower row displays the control group with 

standard diet only. All CRH-COEiFB animals except the control (0 days TCS chow) display high lacZ mRNA 

expression within the dentate gyrus, CA1 region, CA2 region and CA3 region of the hippocampus. Animals 

with longer TCS chow treatment also show lacZ expression within the cortex. 

 

According to these results, we performed a second screening experiment, narrowing down the time 

window of TCS chow treatment to gain more insights into the temporal control of CreERT2 activity. 

Thus, we divided mice of the line CRH-COEiFB in nine groups, each consisting of four overexpressing 

CRH-COEiFB and four control CRH-COECTRL animals. The groups differed in time exposed to TCS chow 

with/without a seven-day wash-out phase by using standard diet (Table 6).  

To verify that even these short-term tamoxifen administrations are able to induce CreERT2-

mediated Crh overexpression in CRH-COEiFB mice, we analyzed the lacZ expression by ISH on brain 

sections using the same radiolabeled lacZ-specific riboprobe as described in the first approach. 

Overexpressing CRH-COEiFB mice of all tested groups displayed a distinct lacZ expression within the 

dentate gyrus, CA1 region, CA2 region and CA3 region of the hippocampus, which is increasing with 
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the treatment time (Figure 15). Hence, two days of tamoxifen administration (with/without wash-

out time) already caused CreERT2-mediated recombination. However, broader expression covering 

also the cortex was only detected in animals treated for six and eight days with tamoxifen 

(with/without wash-out time) suggesting that it is possible to induce with short tamoxifen 

administration (2-4 days) a hippocampus-specific recombination. Control CRH-COECTRL mice 

presented for all groups only a background signal (probably due to unspecific binding of the 

riboprobe) which was also observed in mice of the control group with 0 days tamoxifen treatment, 

but 15 days standard diet. 

 

4.2.1.2 Tamoxifen administration via food pellets changes feeding behavior of CRH 

overexpressing mice 

Due to tamoxifen enrichment the TCS chow displays a characteristic bitter taste, which might cause 

problems in feeding behavior of adult mice habituated to standard diet. For that reason we studied 

in the previously described more detailed second approach also the food intake and water 

consumption of mice treated with TCS chow.  

All tested animals displayed a food intake of 20 ± 10% of their own body weight within 24 hours 

regardless of the offered chow meaning that all mice accept the TCS chow in general without having 

severe problems in feeding (Figure 16). Looking closer at the feeding data, we detected within this 

20 ± 10% range a difference between TCS chow and standard diet. Mice realized that they were 

exposed to a different kind of food pellets and consumed less chow during tamoxifen treatment 

(Figure 16.A) (2 days Tam: Repeated-measures ANOVA, post-hoc test, ## p < 0.01; 8 days Tam: 

Repeated-measures ANOVA, post-hoc test, ## p < 0.01). Animals transferred back to standard diet 

after TCS chow (with wash-out time) exhibited all a peak in food intake within the first 24 hours 

after pellet exchange coming then back to a slightly higher mean value compared to the TCS 

treatment suggesting that the mice preferred standard diet. However, also the control group (no 

tamoxifen) shows changes in food intake probably due to the weekly cage change for hygenic 

reasons. 

Since tamoxifen treatment causes Crh overexpression in half of all analyzed animals (CRH-COEiFB), 

we wanted to make sure, that there is no genotype-specific effect in feeding behavior. Thus, we 

analyzed the data in more detail in dependence of the animals’ genotype (Figure 17). We could not 

observe any differences in food intake between the overexpressing CRH-COEiFB and control CRH- 
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Figure 16. Determination of food intake of CRH-COEiFB mice treated with TCS chow. The food intake is 

presented in % of the body weight (taken before treatment start) over the time. (A) An accumulative 

description and overview of all groups, which are represented in detail in B-E. All animals accept the TCS 

chow, but consume significantly less food at day 2 and day 8 when compared to the feeding behavior of 

animals treated with standard diet. (B-E) Mice of all groups show a slightly decreased food intake when fed 

with TCS and a sudden increase when TCS chow is exchanged by standard diet. │ Data are presented as mean 

± SEM; n = 8-64; ## p < 0.01, Repeated-measures ANOVA, post-hoc test; Tam = tamoxifen. 
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Figure 17. Excluding effects of CRH overexpression on food intake. The food intake is presented as percent 

of the body weight (taken before treatment start) over the time. Crh overexpressing (CRH-COEiFB) mice display 

the same characteristics in food intake as their control (CRH-COECTRL) littermates. (A,C,E,G) Mice of groups 

with a seven day wash-out time by standard diet. Animals of both genotypes present in each group a specific 

peak when TCS chow is exchanged by standard diet. (B,D,F,H) Mice of groups without wash-out time but 

sacrificed immediately after TCS chow treatment do also not present any genotype effect. (I) Animals of 

control group. │ Data are presented as mean ± SEM; n (CRH-COEiFB) = 4; n (CRH-COECTRLl) = 4; Repeated-

measures ANOVA.  
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Figure 18. Determination of water intake of CRH-COEiFB mice treated with TCS chow. The water intake is 

presented as percent of the body weight (taken before treatment start) over the time. (A) An accumulative 

description and overview of all groups, which are represented in detail in B-E. Animals fed with TCS chow 

consume significantly less water at day 2, 4 and 6 days of TCS chow treatment when compared to animals 

treated with standard diet. (B-E) Mice show a sudden increase in water intake when TCS chow is exchanged 

by standard diet. │ Data are presented as mean ± SEM; n = 8-64; # p < 0.05, ### p < 0.001, Repeated-measures 

ANOVA, post-hoc test; Tam = tamoxifen. 
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Figure 19. Excluding effects of CRH overexpression on water intake. The water intake is presented as percent 

of the body weight (taken before treatment start) over the time. Crh overexpressing (CRH-COEiFB) mice display 

the same characteristics in water consumption as their control (CRH-COECTRL) littermates. (A,C,E,G) Mice of 

groups with a seven day wash-out time by standard diet. Animals of both genotypes present in each group 

the specific peak when TCS chow is exchanged by standard diet. (B,D,F,H) Mice of groups without wash-out 

time but sacrificed immediately after TCS chow treatment do also not present any genotype effect. (I) Animals 

of control group. │ Data are presented as mean ± SEM; n (CRH-COEiFB) = 4; n (CRH-COECTRLl) = 4; Repeated-

measures ANOVA. 
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Furthermore, we analyzed the water consumption of these mice (Figure 18). Animals of all groups 

tested (no consideration of genotype) displayed a water intake of 15 ± 5% of their own body weight. 

However, we detected within this range for treatments of 2, 4 and 6 days a significant decrease in 

water consumption for animals treated with TCS chow (Figure 18.A) (2 and 4 days Tam: Repeated-

measures ANOVA, post-hoc test, ### p < 0.001; 6 days Tam: Repeated-measures ANOVA, post-hoc 

test, # p < 0.05). As the animals still consume enough water, this should not display any problems. 

We described for feeding behavior, that animals exhibit a peak in food intake within the first 24 

hours after pellet exchange which was also observed for water consumption (Figure 18) as well as 

the genotypic independence of the results (Figure 19).  

 

 

 

 

 

 

Figure 20. Body weight change of CRH-COEiFB mice treated with TCS chow. Illustration of body weight change 

in percent during test time. (A) No severe body weight changes were detected during test time except for the 

group which was fed 6 days with Tam chow. Data are presented as mean ± SEM; n = 8; *** p ˂  0.001, Student’s 

t-test. (B) All groups were additionally split into the two genotypes overexpressing (CRH-COEiFB) (depicted by 

striped columns) and control (CRH-COECTRL) (depicted by dotted columns) to assess whether there is any 

genotype-specific effect. │ Data are presented as mean ± SEM; n (CRH-COEiFB) = 4; n (CRH-COECTRL) = 4; 

Student’s t-test. 
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In line with the described feeding behavior (food intake and water consumption) the body weights 

of mice did not significantly change during treatment except for the group which was fed six days 

with TCS chow. These mice did not show any habituation to the food compared to mice of all other 

groups (Figure 20.A). No genotype-effect related to CRH overexpression was detected for body 

weight changes (Figure 20.B). 

To summarize the findings in establishing the oral application of tamoxifen via chow to activate the 

Cre/loxP system in conditional transgenic mice, we can conclude that already short times (2 days) 

of TCS chow treatment are sufficient to enable CreERT2-mediated recombination within the CNS. 

Furthermore, we demonstrated that there is a correlation between recombination efficacy and 

time of Tam treatment reaching a saturation after about 6 days of treatment. In addition, we could 

show, that there is no need to be concerned, that TCS chow treatment caused severe disturbances 

in feeding behavior or body weight change. Therefore, we recommend to treat animals 7 days with 

Tam chow followed by a 7 days wash-out phase with standard diet prior testing to obtain efficient 

recombination within brain cells. 
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4.3 Genetically dissecting brain-specific functions of histone 

deacetylase 1 (HDAC1) 

4.3.1 Generation of conditional Hdac1 knockout mice 

As we could show in chapter 4.1, that classical HDACs are widely expressed throughout the adult 

murine brain and they show all a distinct and unique pattern which suggests a specific role for each 

single HDAC member. However, HDAC1 and HDAC2 arose most probably from a recent gene 

duplication event and therefore, one could imagine that they fulfill similar functions (Gregoretti et 

al., 2004). Indeed, HDAC1 and HDAC2 are often found within the same multi-protein complexes, 

but embryonic lethality of total HDAC1 knockout animals and the divergent expression patterns of 

HDAC1 and HDAC2 strongly suggest that HDAC1 and HDAC2 cannot be redundant in all of their 

functions (de Ruijter et al., 2003; Lagger et al., 2002; Y Zhang et al., 1999). Therefore, we generated 

conditional Hdac1 knockout animals to specificially investigate the neuronal function of HDAC1. 

4.3.1.1 Analysis of Hdac1-expression using lacZ reporter mice 

We obtained Hdac1-lacZ reporter mice (Hdac1tm1a(EUCOMM)wtsi) from the European Conditional Mouse 

Mutagenesis Program (EUCOMM; http://www.knockoutmouse.org/about/eucomm; tm1a = 

targeted mutation 1a; wtsi = Wellcome Trust Sanger Institute) and used them for generation of 

conditional knockout mice lacking HDAC1 in principal forebrain neurons in adulthood. Hdac1-lacZ 

mice are viable only as heterozygotes (Hdac1tm1a(EUCOMM)wtsi) as the reporter allele disrupts Hdac1 

and HDAC1 homozygous knockout animals die at E10.5 (Lagger et al., 2002). The murine wild-type 

locus of Hdac1 is located on chromosome 4 and spans about 30 kb. The gene comprises 14 exons 

and 13 introns and exhibits an open reading frame of 1446 bp (Bartl et al., 1997; Furukawa et al., 

1996; Khier et al., 1999; Taunton et al., 1996). The mutant reporter allele was generated using a 

targeted trapping strategy (Figure 21.A). The gene trap cassette is integrated into intron 2 and 

consists of a splice acceptor (engrailed 2 splice acceptor: En2 SA), a lacZ gene driven by an internal 

ribosomal entry site (IRES-lacZ), a phosphoglycerate kinase (PGK) promoter driven neomycin 

resistance gene (neo) and a poly-adenylation signal (simian virus 40 poly-adenylation signal: SV40 

pA signal). This cassette is flanked by two frt sites in parallel orientation followed by two loxP sites 

in parallel orientated flanking exon 3. The splice acceptor (SA) and the internal ribosomal entry site 

(IRES) of the lacZ gene is necessary that the lacZ-reporter is driven by the endogenous Hdac1 

promoter elements. Thus, the first two exons of Hdac1 are transcribed, but no functional HDAC1 

protein can be translated from this fusion transcript. β-galactosidase (expressed by the lacZ gene) 

http://www.knockoutmouse.org/about/eucomm
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and the neomycin make up a fusion protein. The frt sites are recognized by the yeast enzyme Flp 

and loxP sites are recognition sites for the yeast Cre recombinase. 

To genotype mice for the presence of the reporter allele, a triple-primer genotyping PCR was 

established using two forward primers and one reverse primer (Figure 21.B). Forward primer 1 (F1: 

Hdac1_EU_wt_F) and reverse primer 1 (R1: Hdac1_EU_R1) anneal to a DNA sequence present 

within the wild-type DNA sequence of Hdac1 and produce a PCR product of 472 bp within the wild-

type locus (Figure 21.C). In general, this primer pair can also create a PCR product in the lacZ mutant 

allele, but the sequence to be amplified is more than 5 kb long and the extension time of the PCR 

product is set to produce only smaller products up to 700 bp. Thus, the lacZ allele is only detected 

with the second gene trap cassette targeting vector-specific forward primer (F2: Hdac1_EU_frt_F) 

which amplifies together with R1 a PCR product of 219 bp (Fig. 21.B and C). 

We used the Hdac1-lacZ reporter mice to shed light on Hdac1 expression in addition to the ISH 

described earlier (Figure 22.A-C). A lacZ-based reporter mouse line enables a straight-forward 

screening of expression of a gene of interest. Expression analysis can be performed on sections or 

even whole organs. Heterozygous male Hdac1-lacZ reporter mice (Hdac1tm1a(EUCOMM)wtsi) were 

sacrificed at the age of 2-3 months, various organs were removed and subsequently stained for lacZ 

expression (Figure 22.A). We could show that Hdac1 is more or less ubiquitously expressed and 

detectable in many tissues (e.g. heart, kidney, adrenal gland, liver, lung, pituitary, skin, spinal cord, 

spleen, thymus) which goes in line with the literature which describes, that class I HDACs are 

broadly expressed within various tissues and especially HDAC1 was shown to be important for heart 

physiology (Montgomery et al., 2007). Furthermore, we used the Hdac1-lacZ (Hdac1tm1a(EUCOMM)wtsi) 

reporter mice to determine the expression level of HDAC1 throughout the adult murine brain 

(Figure 22.B). LacZ staining confirms the ISH for Hdac1 mRNA (Figure 22.C). In particular the low 

expression throughout the entire brain is clearly visible. In addition, distinct expression with high 

intensity is only detected in a few brain regions such as the granular cell layer of the dentate gyrus 

(DG), the olfactory bulb (data not shown) and the cerebellum (Fig. 22.B). 
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Figure 21. Schematic representation of the Hdac1 wild-type locus and the lacZ reporter allele generated by 

targeted trapping. (A) Hdac1 wild-type allele with 14 exons (E: depicted in light green) and respective 

reporter allele which was generated using a targeted trapping strategy of the Hdac1 gene locus. │ frt = Flp 

recognition target: depicted in orange; EN2 SA = engrailed 2 splice acceptor: depicted in violet;  

IRES-lacZ = internal ribosomal entry site-lacZ: depicted in blue; PGK neo = phosphoglycerate kinase promoter 

driven neomycin resistance gene: depicted in green; SV40 pA = simian virus 40 poly-adenylation signal: 
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depicted in light blue; Cre recognition target =  loxP site: depicted in yellow; (B) Schematic representation of 

genotyping strategy to identify mice carrying the Hdac1-lacZ reporter allele. Identification of wild-type and 

mutant alleles by genotyping PCR using a forward primer (F1: Hdac1_EU_wt_F) and a reverse primer (R1: 

Hdac1_EU_R1) annealing to wild-type sequences, whereas a third primer (forward primer 2; F2: 

Hdac1_EU_frt_F) anneals to a sequence within the gene trap cassette. (C) Genotyping of Hdac1-lacZ reporter 

mice by PCR depicting results of a wild-type and a heterozygous reporter mouse, respectively. Primer F1 and 

R1 produce a 472 bp wild-type product and primer F2 and R1 produce a 219 bp lacZ product. [EUCOMM; 

http://www.knockoutmouse.org/about/eucomm] 

 

 

 

http://www.knockoutmouse.org/about/eucomm


RESULTS 
 

 
111 

 

 

 

Figure 22. Hdac1 expression revealed by Hdac1-lacZ reporter mice. (A) Whole mount lacZ staining of various 

organs of heterozygous Hdac1-lacZ reporter mice. Organs were removed from heterozygous male Hdac1-lacZ 

reporter mice and wild-type mice after animals were sacrificed and subsequently lacZ stained. As  

β-galactosidase is expressed under the control of the Hdac1 promoter the staining resembles the endogenous 

HDAC1 expression pattern. Unspecific staining was excluded by positive controls like colon and stomach 

which contain bacteria expressing naturally β-galactosidase and therefore show a positive staining for both, 

reporter and wild-type mice. (B) LacZ staining of 40 µm-thick coronal brain sections of wild-type mice (left 

side) and Hdac1-lacZ reporter mice (right side). The lacZ staining in reporter mice resembles HDAC1 

expression. (C) For comparison qualitative ISH analysis of Hdac1 using a specific radiolabeled riboprobe was 

performed. Depicted are representative dark-field photomicrographs of a series of 20 µm-thick coronal brain 

sections of a wild-type mouse hybridized with the indicated probe to show Hdac1 expression on mRNA level. 

 

4.3.1.2 Establishment of conditional Hdac1 knockout mice 

To establish conditional Hdac1 knockout mice, we bred heterozygous Hdac1-lacZ 

(Hdac1tm1a(EUCOMM)wtsi) reporter mice to Flp-Deleter mice (Figure 23) (Rodriguez et al., 2000). Bred 

with the Hdac1-lacZ reporter mice, the Flp recombinase recognizes the two parallel orientated frt 

sites within the Hdac1 locus and deletes the enframed sequence including the reporter cassette 

between the two frt sites (Figure 24.A). Thus, in the heterozygous offspring carrying the Flp 

recombinase the Hdac1 gene is not disrupted anymore, however the loxP sites flanking the critical 

exon three (“floxed” exon) are still present and thus provide the means for a conditional 

inactivation. In these heterozygous floxed mice (Hdac1+/lox, Flp deleter) the Hdac1 gene can be 

properly transcribed from both alleles. To generate conditional knockout mice and to by-pass 

embryonic lethality linked to constitutive loss of HDAC1, we bred the heterozygous floxed mice with 
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tamoxifen inducible Cre line. As a Cre driver, we chose Camk2a-CreERT2 mice (Erdmann et al., 2007). 

By the choice of the Camk2a-CreERT2 line we achieved temporally controlled somatic mutagenesis 

by the use of tamoxifen administration in the adult stage and exclude developmental effects, 

adaptive changes and in particular embryonic lethality. Furthermore, the CreERT2 is expressed 

under the control of the regulatory element of the Camk2a gene and therefore we have a spatially 

restricted Cre expression to induce the Hdac1 knockout only in principal neurons of the adult 

forebrain. Conditional Hdac1 knockout mice (Hdac1lox/loxCamk2a-CreERT2 referred to as Hdac1-cKO) 

and control littermates (Hdac1lox/lox referred to as Hdac1-CTRL) were obtained by the breeding 

strategy depicted in Figure 23. 

 Upon tamoxifen treatment via the strategy developed in chapter 4.2, Cre recombination was 

achieved in all principal forebrain neurons deleting Hdac1 exon three which leads to a frame-shift 

and to a premature stop codon resulting in a non-functional HDAC1 enzyme.  

The above mentioned triple-primer genotyping PCR was not only used to genotype mice for the 

presence of the Hdac1 wild-type and lacZ reporter allele, but also to assess the floxed allele (Figure 

24.B and C). Therefore, the forward primer 1 (F1: Hdac1_EU_wt_F) and reverse primer 1  

(R1: Hdac1_EU_R1) were used to amplify also a PCR product in the floxed allele which is bigger than 

the allele of the wild-type locus (617 bp versus 472 bp). The second forward primer  

(F2: Hdac1_EU_frt_F) still creates together with R1 only in the lacZ locus a product with a size of 

219 bp. Thus, the triple PCR is able to distinguish genotypes of Hdac1+/+ (wild-type), Hdac1+/lacZ 

(heterozygous reporter), Hdac1+/lox (heterozygous floxed) and Hdac1lox/lox (homozygous floxed). Two 

additional PCRs to detect the Flp and CreERT2 were performed on genomic tail DNA of each animal 

(data not shown). 

For successful disruption of Hdac1 within principal neurons of the adult murine forebrain, mice 

were fed seven days with tamoxifen chow and sacrificed after another seven days of wash-out. 

Brain slices were analyzed via ISH using a riboprobe detecting specifically exon 3 of the Hdac1 mRNA 

(Figure 25). We could demonstrate especially in the hippocampus the loss of Hdac1 expression in 

conditional Hdac1 knockout animals on mRNA level. The conditional knockout of Hdac1 was further 

validated on protein level. Western blot (WB) analysis clearly reveals reduced HDAC1 expression in 

hippocampal lysates of Hdac1-cKO mice compared to Hdac1-CTRL littermates. However, the small 

amount of remaining HDAC1 protein in the knockout animals detected by WB analysis originate 

from cells (i.e. glia cells) which do not express CreERT2. In all subsequent experiments, we used 

Hdac1lox/lox Camk2a-CreERT2 mice (Hdac1-cKO) and their control littermates (Hdac1lox/lox Camk2a-

CreERT2 = Hdac1-CTRL).  
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Figure 23. Breeding scheme to generate conditional Hdac1 knockout mice. Heterozygous Hdac1-lacZ 

reporter mice (Hdac1+/lacZ) were bred to Flp-Deleter mice for removal of the selection cassette. 

Recombination between the two frt sites restored Hdac1 expression and left the critical exon 3 flanked by 

loxP sites (“floxed”). Hdac1+/lox Flp-Deleter mice were bred to the hemizygous inducible Cre-driver Camk2a-

CreERT2  resulting in Hdac1+/loxCamk2a-CreERT2 which were bred to homozygous floxed mice (Hdac1lox/lox) to 

finally obtain homozygous conditional Hdac1 knockout mice (Hdac1lox/loxCamk2a-CreERT2 = Hdac1-cKO) and 

within the same breeding control littermates (Hdac1lox/lox = Hdac1-CTRL). 
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Figure 24. Schematic representation of the Hdac1 wild-type locus, lacZ allele, floxed allele and knockout 
allele generated by targeted trapping and subsequent excision via Flp and Cre. (A) Hdac1 wild-type allele 
comprising 14 exons (E: depicted in light green), reporter allele generated by the targeted trapping strategy, 
floxed allele obtained via Flp-mediated recombination of the reporter allele and knockout allele after further 
Cre-mediated recombination. │ frt = Flp recognition target: depicted in orange; EN2 SA = engrailed 2 splice 
acceptor: depicted in violet; IRES-lacZ = internal ribosomal entry site-lacZ: depicted in blue;  
PGK neo = phosphoglycerate kinase promoter driven neomycin resistance gene: depicted in green; SV40 pA 
= simian virus 40 poly-adenylation signal : depicted in light blue; Cre recognition target =  loxP site: depicted 
in yellow; (B) Schematic representation of genotyping strategy to identify mice carrying the Hdac1 wild-type 
allele, lacZ reporter allele or floxed allele. Identification of wild-type, reporter and floxed alleles was possible 
by genotyping PCR using a forward primer (F1: Hdac1_EU_wt_F) and a reverse primer (R1: Hdac1_EU_R1) 
annealing to wild-type sequences, whereas a third primer (forward primer 2; F2: Hdac1_EU_frt_F) anneals to 
a sequence within the gene trap cassette. (C) Genotyping of Hdac1-lacZ reporter mice and floxed Hdac1 mice 
by PCR depicting results of a heterotzygous floxed mouse, a wildtype mouse and a heterozygous reporter 
mouse, respectively. Primer F1 and R1 produce a 472 bp wild-type product and a 617 bp floxed product, 
whereas primer F2 and R1 produce a 219 bp lacZ product. 

 

 

Figure 25. Verification of HDAC1 disruption in conditional Hdac1 knockout mice upon tamoxifen treatment. 

Hdac1-cKO and Hdac1-CTRL mice were fed for 7 days with tamoxifen chow and analyzed after a 7 day wash-

out phase via in situ hybridization (ISH) and Western Blot analysis (WB). The left panel shows qualitative ISH 

analysis using a radiolabeled riboprobe which specifically detects exon 3 of the Hdac1 mRNA. Depicted are 

representative bright-field photomicrographs of autoradiographs of 20 µm-thick coronal brain slices of 

control (left side) and conditional knockout (right side) mice. The right panel shows WB against HDAC1 of 

hippocampal lysates of control and conditional knockout animals.  
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4.3.2  Behavioral characterization of conditional Hdac1 knockout mice 

lacking HDAC1 in principal forebrain neurons 

4.3.2.1 Basal behavioral screening of conditional Hdac1 knockout mice 

For a comprehensive basal behavioral characterization of mice lacking HDAC1 in principal forebrain 

neurons, Hdac1-cKO mice and Hdac1-CTRL littermates were tested. To assess the same conditions 

for all mice, both genotypes were fed 7 days with tamoxifen chow followed by a 7 day wash-out 

phase using standard diet prior testing. Four tests were conducted within seven days following the 

schedule depicted in Figure 26 to assess locomotion and explorative, anxiety-related, depression-

related and stress-coping behavior. 

 

 

 

 

Figure 26. Testing schedule for basal emotionality screen of conditional Hdac1 knockout mice. Each test 

was followed by one day rest for the animals before conducting the next test. │ EMOLAB = emotionality lab; 

OF = open field test; EPM = elevated plus maze test; DaLi = dark/light box test; FST = forced swim test. 
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Figure 27. Analysis of conditional Hdac1 knockout mice in the open field (OF) test. (A) No significant 

difference was observed in total distance travelled (B) nor in time spent immobile. (C-D) The total test was 

also analyzed in segments of 5 minutes. Also here, no significant difference was revealed between the two 

genotypes. (E-F) To observe anxiety-related and explorative behavior, the number of inner zone entries and 

inner zone time was analyzed. Again no difference was observed. │Test duration analyzed: 15 minutes; Data 

are presented as means ± SEM; n = 10-12; Hdac1-CTRL = control littermate; Hdac1-cKO = conditional Hdac1 

knockout mouse. 
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The open field (OF) test was used to assess locomotor activity as well as explorative behavior and 

anxiety-related behavior. Analysis of data for the first 15 minutes of the OF test indicated that there 

was no difference in locomotion of conditional Hdac1 knockout mice compared to control 

littermates, neither in total distance travelled (Figure 27.A), nor when split into segments of five 

minutes (Figure 27.C). Anxiety-related behavior was assessed using parameters such as total time 

spent immobile (Figure 27.B), time spent immobile within segments of five minutes (Figure 27.D), 

number of entries to the inner zone (Figure 27.E) and total time spent in the inner zone (Figure 

27.F), which all revealed no significant difference between the two genotypes as well.   

 

 

 

 

Figure 28. Analysis of conditional Hdac1 knockout mice in the elevated plus maze (EPM) test. (A) Hdac1-

cKO mice showed an increase in total distance travelled within the EPM test. (B) HDAC1-cKO mice entered 

more often the open arm and (C) the open arm time was significantly increased as well. (D) Furthermore, the 

measurement of the latency to the first open arm entry revealed an earlier entry of Hdac1-cKO mice. │Test 

duration analyzed: 5 minutes; Data are presented as means ± SEM; n = 10-12; # p < 0.05, ## p < 0.01, Student’s 

t-test; Hdac1-CTRL = control littermate; Hdac1-cKO = conditional Hdac1 knockout mouse. 
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The elevated plus maze (EPM) test was used to assess anxiety-related behavior. Test data was 

analyzed for a duration of five minutes. A Student’s t-test revealed a significant increase of total 

distance travelled (# p < 0.05) (Figure 28.A), number of open arm entries (## p < 0.01) (Figure 28.B), 

open arm time ((## p < 0.01) (Figure 28.C) and a decrease of the latency to first open arm entry (# 

p < 0.05) (Figure 28.D) for the conditional Hdac1 knockout mice compared to control littermates 

suggesting a decrease in anxiety-related behavior due to the loss of Hdac1 expression. 

The dark/light box (DaLi) test was used as an additional test to assess anxiety-related behavior in 

conditional Hdac1 knockout mice. As this test is more aversive than the EPM test, the DaLi test was 

performed afterwards. However, in comparison to the EPM test, the DaLi test revealed no 

significant difference in the innate aversion of mice to brightly illuminated areas between 

conditional Hdac1 knockout mice and control littermates (Figure 29.A). Also the other analyzed 

parameters such as entries into the lit compartment (Figure 29.B), latency to first lit compartment 

entry (Figure 29.C), the total distance travelled (Figure 29.D) and the distance travelled either in the 

lit compartment (Figure 29.E) or in the dark compartment (Figure 29.F) did not reveal any difference 

in anxiety-related behavior between the two genotypes.  

To assess stress-coping and depression-related behavior in conditional Hdac1 knockout mice, the 

forced swim test (FST) was performed. The analysis of the FST using the Student’s t-test revealed 

that conditional Hdac1 knockout mice differ in the two active stress-coping parameters in their 

behavior. Knockout mice struggled significantly less (# p < 0.05) (Figure 30.A), but increased their 

time swimming (### p < 0.001) (Figure 30.B) compared to control mice, whereas the time of 

behavioral immobility (floating) did not differ significantly between the two genotypes (Figure 

30.C).  

In summary of the behavioral results of the basal emotionality screen it emerges that conditional 

Hdac1 knockout mice did not show any deficits in locomotor activity, but showed a decreased 

anxiety-related behavior in the EPM test, although this phenotype was not observed in the DaLi 

test. Furthermore, conditional Hdac1 knockout mice differed from control littermates in their active 

stress-coping behavior in the FST showing a lower amount of struggling with a simultaneously 

increased swimming time. 

To rule out, that the tamoxifen chow or the Cre recombinase caused an overall effect and might 

influence the obtained data, we conducted two additional control experiments in the same 

behavioral test battery (tamoxifen chow data not shown; Cre recombinase data shown in 

supplements). 
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Figure 29: Analysis of conditional Hdac1 knockout mice in the dark/light box (DaLi) test. (A) The time spent 

in the lit compartment, (B) the number of entries to the lit compartment and (C) the latency to first lit 

compartment entry revealed no difference between Hdac1-cKO and Hdac1-CTRL mice. (D) The total distance 

travelled during the whole test, as well as the (E) distance travelled either in the lit or (F) in the dark 

compartment did not differ between the two genotypes. │ Test duration analyzed: 5 minutes; Data are 

presented as means ± SEM; n = 10-12; Hdac1-CTRL = control littermate; Hdac1-cKO = conditional Hdac1 

knockout mouse. 
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Figure 30: Analysis of conditional Hdac1 knockout mice in the forced swim test (FST). (A) The time Hdac1-

cKO mice spent struggling was significantly decreased, (B) whereas the time the Hdac1-cKO mice spent 

swimming to cope with the situation was significantly increased compared to the control group. (C) However, 

most of the time, animals of both groups were floating, a passive stress coping behavior to overcome the 

desperate situation. │ Test duration analyzed: 6 minutes; Data are presented as means ± SEM; n = 12; # p < 

0.05, ## p < 0.01, ### p < 0.001, Student’s t-test; Hdac1-CTRL = control littermate; Hdac1-cKO = conditional 

Hdac1 knockout mouse. 
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4.3.2.2 Effects of chronic social defeat stress (CSDS) on conditional Hdac1 knockout mice 

Since HDACs are main epigenetic mediators and thus, play a pivotal role in gene x environment 

interactions, we subjected conditional Hdac1 knockout mice to three weeks of chronic social defeat 

stress (CSDS) to assess whether the Hdac1 knockout in principal neurons of the forebrain in 

adulthood has any impact on the animals’ stress response (Berton et al., 2006; Wagner et al., 2011). 

Therefore, animals were categorized into four groups having the two genotypes Hdac1-CTRL and 

Hdac1-cKO and two different conditions (basal: undefeated; stress: defeated). All animals were fed 

seven days with tamoxifen chow starting at the day of the first defeat and followed by a seven day 

wash-out phase prior testing (Figure 31). 

 

 

 

Figure 31. Schematic representation of the chronic social defeat stress (CSDS) paradigm and behavioral 

phenotyping of conditional Hdac1 knockout mice. Animals were submitted to CSDS for 21 consecutive days. 

Therefore, they were introduced into the home cage of a dominant CD1 resident mouse until defeated, but 

for no longer than 5 min. Following defeat, animals spent 24 hours within the same cage, but separated via a 

holed steel partition, enabling sensory, but not physically contact. Every day chronically defeated mice were 

exposed to a new unfamiliar resident. Control animals were housed in their home cages throughout the 

course of the experiment. All animals were handled daily, the body weight was assessed daily and the fur 

status was checked every 3-4 days. The fur was evaluated as describe before by Mineur and colleagues 

(Mineur et al., 2003). Tam application via food pellets was performed within the first 7 days of the deafeat. 

Behavioral phenotyping included OF test, SA test, FUST, EPM and FST. │ CSDS = chronic social defeat stress; 

Tam = tamoxifen; OF = open field; SA = approach/avoidance; FUST = female urine sniffing test; EPM = elevated 

plus maze; FST = forced swim test. 
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In order to control for the effectiveness of the CSDS paradigm, physiological parameters such as 

body weight progression, fur state and weight of adrenal glands and thymus were assessed. Both 

genotypes of mice (Hdac1-CTRL and Hdac1-cKO) showed similar characteristic physiological 

changes evoked by the CSDS (Figure 32). These included a progressive increase in body weight 

(Repeated-measures ANOVA, * p < 0.05) (Figure 32.A), a decrease in fur quality (Repeated-

measures ANOVA, * p < 0.05) (Figure 32.B), an enlargement of adrenal glands (One-Way ANOVA, 

*** p < 0.001) (Figure 32.C) and an atrophy of the thymus (One-Way ANOVA, ** p < 0.01) (Figure 

32.D). 

Furthermore, it is known that stress enhances plasma corticosertone levels. Therefore, basal levels 

of corticoserone were assessed in all four groups in blood plasma during the circadian nadir in the 

morning (Figure 33.A). Blood samples were taken 15 and 90 minutes after the onset of a forced 

swim test as acute stressor to obtain corticosterone levels as response to the stressor (Figure 33.B) 

and the subsequent recovery from this stressful event (Figure 33.C).  However, statistical analysis 

showed no significant differences in the corticosterone levels, no genotype, nor a condition effect 

was observed. 

The chronic social defeat stress (CSDS) paradigm was established by the research group of Mathias 

Schmidt at the MPI of Psychiatry, based on the protocol of Berton and colleagues (Berton et al., 

2006; Wagner et al., 2011). To describe briefly, test mice were submitted to chronic social defeat 

stress for 21 consecutive days (Figure 31). Therefore, they were introduced into the home cage of 

a dominant CD1 resident mouse for no longer than 5 min. During this time the intruder was 

defeated.  
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Figure 32. Analysis of physiological parameters of conditional Hdac1 knockout mice during and after the 

chronic social defeat stress (CSDS) paradigm. (A) Body weight of mice was assessed every day and is depicted 

as percentage of the starting weight at day one of defeat. Animals of all groups gained body weight 

throughout the experiment, especially within the first days. However, animals of both stressed groups gained 

significantly body weight compared to basal groups at day 14 and 21 of the experiment, whereas both basal 

groups showed a steady body weight progression throughout week 2 and 3 of the. (B) The fur status index 

was assessed every three or four days. An increase in fur state index is associated with a decrease in fur 
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quality. Fur state index reached a significantly higher score for both stressed groups compared with the basal 

groups. (C) After mice were sacrificed, adrenal glands and (D) thymi were dissected at day 21 and analyzed in 

relation to the animal’s body weight. The weight of adrenal glands was significantly increased for both 

stressed groups, whereas the thymus weight was significantly decreased. │ Data are presented as means  

± SEM; n = 12; * significantly different from control condition of same genotype, * p < 0.05, ** p < 0.01, *** 

p < 0.001, for (A) and (B) Repeated-measures ANOVA, for (C) and (D) One-Way ANOVA; CSDS = chronic social 

defeat stress; Hdac1-CTRL = control littermate; Hdac1-cKO = conditional Hdac1 knockout mouse. 

 

 

 

Figure 33. Analysis of corticosterone levels of conditional Hdac1 knockout mice subjected to the chronic 

social defeat stress (CSDS) paradigm. (A) Plasma corticosterone levels were analyzed for all four groups in 

the morning (a.m.) to obtain basal values. No genotype or condition effect was assessed. (B) Corticosterone 

levels were analyzed 15 min after the onset of the forced swim test (FST) as acute stressor. No genotype or 

condition effect was assessed. (C) 90 min after the start of the FST, corticosterone levels were analyzed. All 

groups recovered well from the stress indicated by low corticosterone levels. │ Data are presented as means 

± SEM; n = 12; Two-Way ANOVA; CSDS = chronic social defeat stress; FST = forced swim; Hdac1-CTRL = control 

littermate; Hdac1-cKO = conditional Hdac1 knockout mouse. 
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Five behavioral tests were conducted in week three of the CSDS paradigm within five consecutive 

days (Figure 31) to assess locomotion, explorative, social, reward-seeking, anhedonic, anxiety-

related, depression-like and stress-coping behavior. 

The open field (OF) test was used to identify locomotor activity and explorative behavior as well as 

anxiety-related behavior. Test data were analyzed for the first 15 minutes of the test and revealed 

a condition effect for locomotion indicated by total distance travelled (Two-Way-ANOVA, * p < 0.05) 

(Figure 34.A) as well as a condition effect for time immobile (Two-Way-ANOVA, * p < 0.05) (Figure 

34.B), inner zone entries (Two-Way-ANOVA, * p < 0.05) (Figure 34.E) and time spent in the inner 

zone (Two-Way-ANOVA, * p < 0.05) (Figure 34.F) indicating an increased anxiety-related behavior 

of defeated mice independent of genotype (Hdac1-CTRL versus Hdac1-cKO). A detailed analysis of 

the total distance travelled (Figure 34.C) and time immobile (Figure 34.D) in three segments of five 

minutes each, proved only an overall condition effect over the total duration of the test. A genotype 

effect was not observed for any of the analyzed parameters. 

A variety of neurological and psychiatric disorders are characterized by deficits in social behavior. 

Therefore, we were interested in testing the defeated conditional Hdac1 knockout mice in the social 

approach/avoidance (SA) test. However, the analysis showed that the social behavior was not 

disrupted or influenced by the Hdac1 knockout or CSDS paradigm (Figure 35.A+B). 
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Figure 34. Analysis of the behavior of conditional Hdac1 knockout mice in the open field (OF) during the 

chronic social defeat stress (CSDS) paradigm. (A) A significant difference was observed in total distance 

travelled and (B) time immobile between the two conditions (basal and stress), but no genotype effect was 

detected. (C-D) The total test was also analyzed in segments of 5 minutes. However, for the single segments 

no significance was reached. (E-F) To observe anxiety-related and explorative behavior, the number of inner 

zone entries and inner zone time was analyzed and exhibited a condition effect as well. │ Test duration 

analyzed: 15 minutes; data are presented as means ± SEM; n = 12; * significantly different from control 

condition of same genotype, * p < 0.05, Two-Way ANOVA; OF = open field; CSDS = chronic social defeat stress; 

Hdac1-CTRL = control littermate; Hdac1-cKO = conditional Hdac1 knockout mouse. 

 

 

 

 

 

Figure 35. Analysis of conditional Hdac1 knockout mice in the social approach/avoidance (SA) test during 

the chronic social defeat stress (CSDS) paradigm. (A) No significant difference was observed for the 

interaction time with the social target in the second part of the test. (B) The time immobile showed no 

difference in regard to condition or genotype as well. │ Test duration analyzed: 2.5 minutes; data are 

presented as means ± SEM; n = 12; SA = social approach/avoidance; CSDS = chronic social defeat stress; 

Hdac1-CTRL = control littermate; Hdac1-cKO = conditional Hdac1 knockout mouse. 

 

To gain more insight into behavioral alterations caused by the interaction of the missing HDAC1 

enzyme and chronic stress, anhedonic behavior was assessed using the female urine sniffing test 

(FUST). Already within the first trial, when the cotton tips were soaked with water, mice with the 

control genotype exhibited a significant stress effect in sniffing time (Two-Way-ANOVA, ** p < 0.01) 

(Figure 36.A), whereas the conditional Hdac1 knockout mice seemed to compensate this effect and 

did not show a condition effect in this trial. However, analyzing the urine trial, control mice seemed 

to minimize the condition effect evoked in the water trial, but the conditional Hdac1 knockout mice 

showed a decreased sniffing time proposing a dramatic increase in anhedonic behavior between 
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undefeated and defeated mice in relation to the deleted HDAC1 enzyme (Hdac1-CTRL: Two-Way-

ANOVA, * p < 0.05; Hdac1-cKO: Two-Way-ANOVA, *** p < 0.001) (Figure 36.B). 

 

 

 

Figure 36. Analysis of conditional Hdac1 knockout mice in the female urine sniffing test (FUST) during the 

chronic social defeat stress (CSDS) paradigm. (A) In the water trial, defeated mice from the control group 

sniffed significantly less at the water-soaked tip compared to the undefeated control mice. No condition 

effect was observed for the Hdac1-cKO mice. (B) However, the urine trial showed still a condition effect for 

mice with Hdac1-CTRL genotype and also a highly significant condition effect for Hdac1-cKO mice. │ Test 

duration analyzed: 3 minutes; data are presented as means ± SEM; n = 12; * significantly different from 

control condition of same genotype, * p < 0.05, ** p < 0.01, *** p < 0.001, Two-Way ANOVA;  

FUST = female urine sniffing test; CSDS = chronic social defeat stress; Hdac1-CTRL = control littermate; Hdac1-

cKO = conditional Hdac1 knockout mouse. 

 

The elevated plus maze (EPM) test was used to assess anxiety-related behavior in chronically 

stressed animals. We could detect condition effects for parameters like total distance travelled 

(Two-Way-ANOVA, ** p < 0.05) (Figure 37.A), open arm entries (Two-Way-ANOVA, * p < 0.05) 

(Figure 37.B) and open arm time (Two-Way-ANOVA, * p < 0.05) (Figure 37.C) for both genotypes 

indicating that chronically stressed animals explore less and revealed increased anxiety-related 

behavior.  Analysis of the latency to first open arm entry revealed a condition effect for the Hdac1-

cKO animals (Two-Way-ANOVA, ** p < 0.01), a genotype effect under basal conditions (Two-Way-

ANOVA, post-hoc test, ## p < 0.01), i.e. a genotype by condition interaction (Figure 37.D) and that 

the decrease of anxiety-related behavior in Hdac1-cKO mice observed under basal conditions in the 

previous experiment of the basal emotionality screen is reverted when mice are exposed to stress 

(compare Figure 28). However, the basal groups do not show the strong effect observed before 
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(Figure 28), but the same trend in the direction of decreased anxiety-related behavior in Hdac1-cKO 

mice is still visible. The loss of the strong effect with respect to decreased anxiety-related behavior 

of basal groups might be explained by the daily handling of the animals which might influence the 

behavior in comparison to totally naive animals. 

 

 

 

Figure 37. Analysis of conditional Hdac1 knockout mice in the elevated plus maze (EPM) test during the 

chronic social defeat stress (CSDS) paradigm. (A) The total distance travelled was decreased in both groups 

of defeated animals compared to the groups under basal conditions. (B) Also the open arm entries and (C) 

open arm time underscore a condition effect for both genotypes. (D) For the latency to the first open arm 

entry, a condition effect was observed for the Hdac1-cKO mice, but not for the Hdac1-CTRL mice. Under basal 

conditions a genotype effect could be detected as well. │ Test duration analyzed: 5 minutes; Data are 

presented as means ± SEM; n = 12; * significantly different from control condition of same genotype,  

* p < 0.05, ** p < 0.01, Two-Way ANOVA; # significantly different from control genotype of same condition, 

## p < 0.01, Two-Way ANOVA, post-hoc test; EPM = elevated plus maze; CSDS = chronic social defeat stress; 

Hdac1-CTRL = control littermate; Hdac1-cKO = conditional Hdac1 knockout mouse. 
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The last test in the battery during the third week of the CSDS was the forced swim test (FST) to get 

an idea of depression-related or stress-coping behavior of defeated and undefeated conditional 

Hdac1 knockout mice. While assessing the two active stress-coping behavior types (struggling and 

swimming), we could show that both genotypes showed a condition effect in the amount of 

struggling which was higher for the defeated groups compared with undefeated groups (Two-Way-

ANOVA, * p < 0.05) (Figure 38.A). Furthermore, we could show for both conditions a genotype effect 

with a significant decrease in the struggling amount of Hdac1-cKO mice compared to control groups 

(Two-Way-ANOVA, post-hoc test, # p < 0.05). The parameter swimming revealed only a condition 

effect for the knockout animals (Two-Way-ANOVA, * p < 0.05) (Figure 38.B). The third analyzed 

parameter, the passive stress-coping behavior floating showed no effects at all (Figure 38.C). 

Comparing the basal groups of Fig. 38 with the first basal screen of emotionality (Figure 30), Hdac1-

cKO mice show the same effect in struggling, a trend in the same direction of the effect in swimming 

and a missing effect in both screens with regard to floating. 

To summarize the main finding: when conditional Hdac1 knockout mice were exposed to chronic 

stress by using the CSDS paradigm, stressed mice with no regard to genotypes showed a decrease 

in locomotor activity and an increase in anxiety-related as well as active stress-coping and 

anhedonic behavior. Furthermore, in the elevated plus maze test, an inverted phenotype was 

detected when conditional Hdac1 knockout mice were chronically stressed (CSDS): Hdac1-cKO mice 

showed decreased anxiety-related behavior compared to control mice under basal conditions. But 

when subjected to stress, the Hdac1-cKO mice expressed increased anxiety-related behavior. The 

forced swim test revealed a decrease in struggling time for Hdac1-cKO mice compared with Hdac1-

CTRL mice for both conditions (basal and CSDS). 
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Figure 38: Analysis of conditional Hdac1 knockout mice in the forced swim test (FST) during the chronic 

social defeat stress (CSDS) paradigm.  (A) For the active stress-coping behavior struggling, data analysis 

revealed a condition effect for both genotypes, as well as a decreased amount in struggling for Hdac1-cKO 

mice compared to Hdac1-CTRL mice of same conditions. (B) For the second active stress-coping behavior, 

swimming, only a genotype effect under defeated conditions was observed, whereas (C) the passive stress-

coping behavior showed no effect at all. │ Test duration analyzed: 6 minutes; Data are presented as means ± 

SEM; n = 12; * significantly different from control condition of same genotype, * p < 0.05, ** p < 0.01, Two-

Way ANOVA; # significantly different from control genotype of same condition, # p < 0.05, Two-Way ANOVA, 

post-hoc test; FST = forced swim test; CSDS = chronic social defeat stress; Hdac1-CTRL = control littermate; 

Hdac1-cKO = conditional Hdac1 knockout mouse. 
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4.3.2.3 Cognitive performance of conditional Hdac1 knockout mice 

Epigenetic mechanisms and especially HDACs have emerged as important regulators for 

consolidation and maintenance of memory and learning behavior (Korzus et al., 2004; Levenson & 

Sweatt, 2005; Swank & Sweatt, 2001; Volmar & Wahlestedt, 2014). Numerous studies could prove 

that epigenetic marks are actively and transiently regulated in post-mitotic neurons of adult 

rodents, honeybees, aplysia and drosophila during learning processes (Chwang et al., 2006; Gupta 

et al., 2010; Kilgore et al., 2010; Levenson & Sweatt, 2005; Levenson et al., 2004; Lockett et al., 

2010; Lubin & Sweatt, 2007; Maddox & Schafe, 2011; C. A. Miller et al., 2008; L. Miller et al., 2011). 

Therefore, chromatin remodeling mechanisms like acetylation induce lasting changes in behavior 

due to stimulus-specific cellular and molecular changes and will consolidate a memory into an 

everlasting trace. Most studies linking histone acetylation to learning processes and memory were 

conducted using HDAC inhibitors and could show that increased histone acetylation is associated 

with enhanced cognition (Korzus et al., 2004; Levenson & Sweatt, 2005; Swank & Sweatt, 2001; 

Volmar & Wahlestedt, 2014). Histone acetylation was especially shown to be involved in critical 

steps during the stabilization of short-term memory into long-term memory in wild-type mice 

(Korzus et al., 2004; Swank & Sweatt, 2001; Volmar & Wahlestedt, 2014). Furthermore, HDACs have 

been implicated in the pathogenesis of neurodegenerative diseases like Alzheimer’s disease (Agis-

Balboa et al., 2013; Broide et al., 2007; Covington et al., 2009; Fass et al., 2013). To get a first glance 

at the impact of HDAC1 loss in the murine forebrain in adulthood on memory and learning 

processes, we analyzed conditional Hdac1 knockout mice in the water cross maze (WCM) applying 

a protocol to assess hippocampus-dependent spatial learning.  
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Figure 39: Analysis of conditional Hdac1 knockout mice in the water cross maze (WCM). (A) Spatial memory 

was evaluated by the accuracy indicating the success or failure of the mouse to swim the correct path to the 

platform. (B) A second parameter to interpret performance in the WCM is given by the number of accurate 

learners per group per day. │ Data are presented as means ± SEM; n = 12; Repeated-measures ANOVA; area 

between grey dashed lines = accuracy; WCM = water cross maze; Hdac1-CTRL = control; Hdac1-cKO = 

conditional Hdac1 knockout mouse. 

 

The analysis of the performance of Hdac1-cKO mice in the WCM is indicated by the percent of 

accuracy (Figure 39.A). Given the natural tendency of mice to explore, one error within six trials per 

training day is permitted, which then manifests in an accuracy of 83.3% as the bottom threshold for 

a mouse to be considered as accurate. This threshold value was exceeded at training day five for 

both groups, Hdac1-cKO mice and Hdac1-CTRL mice, indicating that the mice did not suffer from 

any deficits in learning ability when Hdac1 is lacking in principal forebrain neurons. A second 

parameter to assess the cognitive behavior in the WCM was provided by the number of accurate 

learners of each group displaying a high learning performance for all animals independent of 

genotype (Figure 39.B).  
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In summary, it emerges in a first cognitive screen, that the HDAC1 enzyme missing in the murine 

forebrain in adulthood did not cause any deficits in memory and learning processes indicating that 

HDAC1 probably does not inhabit a crucial role in spatial learning. 
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4.4 Genetically dissecting brain-specific functions of histone 

deacetylase 3 (HDAC3) 

4.4.1 Generation of conditional Hdac3 knockout mice 

Compared to the ubiquitous Hdac1 expression throughout the adult murine brain, we showed in 

chapter 4.1 a distinct expression pattern for another class I HDAC, namely Hdac3. Hdac3 ranks 

among all eleven classical HDACs as the third highest expressed one within the adult murine brain. 

However, not only the expression intensity scores a high value, but also the number of brain regions 

where it is expressed is high. Like HDAC1, also HDAC3 seems to be detrimental in mouse 

development and knockout mice of Hdac3 die at E10.5 (Dangond et al., 1998, 1999; Glaser et al., 

2003; Robyr et al., 2002). Therefore, we established conditional Hdac3 knockout animals to 

investigate the neuronal function of HDAC3. 

4.4.1.1 Analysis of Hdac3-expression using lacZ reporter mice 

As before described for HDAC1, we also obtained Hdac3-lacZ reporter mice (Hdac3tm1a(EUCOMM)wtsi) 

from the European Conditional Mouse Mutagenesis Program (EUCOMM; 

http://www.knockoutmouse.org/about/eucomm; tm1a = targeted mutation 1a; wtsi = Wellcome 

Trust Sanger Institute) and used them for generation of conditional knockout mice lacking HDAC3 

in principal forebrain neurons in adulthood. HDAC3 total knockout animals die at E10.5 (Dangond 

et al., 1998, 1999; Glaser et al., 2003; Robyr et al., 2002), therefore our Hdac3-lacZ mice are viable 

only as heterozygotes (Hdac3tm1a(EUCOMM)wtsi) as the reporter allele disrupts the Hdac3 allele. The 

murine wild-type locus of Hdac3 is located on chromosome 18 and spans about 13 kb. The gene 

comprises 15 exons and 14 introns and exhibits an open reading frame of 1284 bp (de Ruijter et al., 

2003; Mahlknecht, Bucala, et al., 1999; Mahlknecht, Emiliani, et al., 1999). The LacZ mutant allele 

with an inserted cassette was generated using a targeted trapping strategy of the wild-type locus 

of Hdac3 (Figure 40). The gene trap cassette is the same used for HDAC1 and is integrated into 

intron 2 of Hdac3. It also consists of a splice acceptor (engrailed 2 splice acceptor: En2 SA), a lacZ 

gene driven by an internal ribosomal entry site (IRES-lacZ), a phosphoglycerate kinase (PGK) 

promoter driven neomycin resistance gene (neo) and a poly-adenylation signal (simian virus 40 poly-

adenylation signal: SV40 pA signal). This cassette is flanked by two frt sites in parallel orientated 

followed by two loxP sites in parallel orientated flanking the critical exon 3. The splice acceptor (SA) 

and the internal ribosomal entry site (IRES) of the lacZ gene is necessary that the lacZ-reporter is 

driven by the endogenous Hdac3 promoter elements. Thus, the first two exons of Hdac3 are 

http://www.knockoutmouse.org/about/eucomm
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transcribed and afterwards the translation is disrupted due to a premature stop codon.  

β-galactosidase (expressed by the lacZ gene) and the neomycin make up a fusion protein. The frt 

sites are recognized by the yeast enzyme Flp and loxP sites are recognition sites for the yeast Cre 

recombinase. 

Similar to the procedure for HDAC1, a triple-primer genotyping PCR was established using one 

forward primer and two reverse primers to genotype mice for the presence of the reporter allele 

(Figure 40.B). Forward primer 1 (F1: Hdac3_EU_frt_F1) and reverse primer 1 (R1: Hdac3_EU_frt_R1) 

anneal to a DNA sequence present within the wild-type DNA sequence of Hdac3 and produce a PCR 

product of 756 bp within the wild-type locus (Figure 40.C). In general, this primer pair can also 

create a PCR product in the lacZ mutant allele, but the sequence to be amplified is more than 5 kb 

long and the extension time of the PCR product is set to produce only smaller products up to 1 kp. 

Thus, the lacZ allele is only detected with the second gene trap cassette targeting vector-specific 

reverse primer (R2: Hdac3_EU_frt_R2) which amplifies together with F1 a PCR product of 341 bp 

(Fig. 40.B and C). 

To describe the expression pattern of Hdac3, we used not only the earlier described ISH analysis 

(chapter 4.1), but also used the Hdac3-lacZ reporter mice (Figure 41.A-C). As mentioned in chapter 

4.3 for HDAC1, a lacZ-based reporter mouse line enables a straight-forward screening of expression 

of a gene of interest. Expression analysis was therefore performed on brain sections and whole 

organs. Heterozygous male Hdac3-lacZ reporter mice (Hdac3tm1a(EUCOMM)wtsi) were sacrificed at the 

age of 2-3 months, various organs were removed and subsequently stained for lacZ expression 

(Figure 41.A). We could show that Hdac3 is more or less ubiquitously expressed and detectable in 

many tissues (e.g. diaphragm, heart, kidney, adrenal gland, liver, lung, pituitary, spinal cord, spleen, 

thymus, tongue) which goes in line with the literature which describes, that class I HDACs are 

broadly expressed within various tissues (de Ruijter et al., 2003). Furthermore, we used the Hdac3-

lacZ (Hdac3tm1a(EUCOMM)wtsi) reporter mice to determine the expression level and pattern of HDAC3 

throughout the adult murine brain (Figure 41.B). LacZ staining confirms the ISH for Hdac3 mRNA 

(Figure 41.C). HDAC3 as the third highest expressed classical HDAC shows a high expression level in 

intensity as well as numerous brain regions, where it is expressed. However, the highest expression 

could be detected in cortical structures, the hippocampal formation and the cerebellum (Fig. 41.B). 
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Figure 40. Schematic representation of the Hdac3 wild-type locus and the lacZ reporter allele generated by 

targeted trapping. (A) Hdac3 wild-type allele with 15 exons (E: depicted in light green) and respective 

reporter allele which was generated using a targeted trapping strategy of the Hdac3 gene locus. │ frt = Flp 

recognition target: depicted in orange; EN2 SA = engrailed 2 splice acceptor: depicted in violet;  

IRES-lacZ = internal ribosomal entry site-lacZ: depicted in blue; PGK neo = phosphoglycerate kinase promoter 

driven neomycin resistance gene: depicted in green; SV40 pA = simian virus 40 poly-adenylation signal : 

depicted in light blue; Cre recognition target =  loxP site: depicted in yellow; (B) Schematic representation of 

genotyping strategy to identify mice carrying the Hdac3-lacZ reporter allele. Identification of wild-type and 
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mutant alleles by genotyping PCR using a forward primer (F1: Hdac3_EU_frt_F1) and a reverse primer (R1: 

Hdac3_EU_frt_R1) annealing to wild-type sequences, whereas a third primer (reverse primer 2; R2: 

Hdac3_EU_frt_R2) anneals to a sequence within the gene trap cassette. (C) Genotyping of Hdac3-lacZ 

reporter mice by PCR depicting results of a wild-type and a heterozygous reporter mouse, respectively. Primer 

F1 and R1 produce a 756 bp wild-type product and primer F1 and R2 produce a 341 bp lacZ product. 

[EUCOMM; http://www.knockoutmouse.org/about/eucomm] 

 

 

 

 

http://www.knockoutmouse.org/about/eucomm
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Figure 41. Hdac3 expression revealed by Hdac3-lacZ reporter mice. (A) Whole mount lacZ staining of various 

organs of heterozygous Hdac3-lacZ reporter mice. Organs were removed from heterozygous male Hdac3-lacZ 

reporter mice and wild-type mice after animals were sacrificed and subsequently lacZ stained. As β-

galactosidase is expressed under the control of the Hdac3 promoter the staining resembles the endogenous 

HDAC3 expression pattern. Unspecific staining was excluded by positive controls like colon and stomach 

which contain bacteria expressing naturally β-galactosidase and therefore show a positive staining for both, 

reporter and wild-type mice. (B) LacZ staining of 40 µm-thick coronal brain sections of wild-type mice (left 

side) and Hdac3-lacZ reporter mice (right side). The lacZ staining in reporter mice resembles HDAC3 

expression. (C) For comparison qualitative ISH analysis of Hdac3 using a specific radiolabeled riboprobe was 

performed. Depicted are representative dark-field photomicrographs of a series of 20 µm-thick coronal brain 

sections of a wild-type mouse hybridized with the indicated probe to show Hdac3 expression on mRNA level. 

 

4.4.1.2 Establishment of conditional Hdac3 knockout mice 

We established conditional Hdac3 knockout mice by using the same strategy described for HDAC1 

(chapter 4.3.1.2) and thus we only want to briefly mention it here: breeding of heterozygous Hdac3-

lacZ reporter mice to Flp-Deleter mice (Figure 42 and 43.A) results in mice carrying the means for a 

conditional inactivation by the “floxed” exon three. These heterozygous floxed mice (Hdac3+/lox, Flp 

deleter) were bred to mice of a tamoxifen inducible Cre line. As a Cre driver, we chose also here the 

Camk2a-CreERT2 mice (Erdmann et al., 2007). By the choice of the Camk2a-CreERT2 line we achieved 

temporally controlled somatic mutagenesis by the use of tamoxifen administration in the adult 

stage and exclude developmental effects, adaptive changes and in particular embryonic lethality. 

Furthermore, the CreERT2 is expressed under the control of the regulatory element of the Camk2a 

gene and therefore we have a spatially restricted Cre expression to induce the Hdac3 knockout only 
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in principal neurons of the adult forebrain. Conditional Hdac3 knockout mice 

(Hdac3lox/loxCamk2aCreERT2 referred to as Hdac3-cKO) and control littermates (Hdac3lox/lox referred 

to as Hdac3-CTRL) were obtained by the breeding strategy depicted in Figure 42. 

Upon tamoxifen treatment via the strategy developed in chapter 4.2, Cre recombination was 

achieved in all principal forebrain neurons deleting Hdac3 exon three which leads to a frame-shift 

and to a premature stop codon resulting in a non-functional HDAC3 enzyme.  

The above mentioned triple-primer genotyping PCR was not only used to genotype mice for the 

presence of the Hdac3 wild-type and lacZ reporter allele, but also to assess the floxed allele  

(Figure 43.B and C). Therefore, the forward primer 1 (F1: Hdac3_EU_frt_F1) and reverse primer 1 

(R1: Hdac3_EU_frt_R1) were used to amplify also a PCR product in the floxed allele which is bigger 

than the allele of the wild-type locus (890 bp versus 756 bp). The second reverse primer  

(F2: Hdac3_EU_frt_R2) still creates together with F1 only in the lacZ locus a product with a size of 

341 bp. Thus, the triple PCR is able to distinguish genotypes of Hdac3+/+ (wild-type), Hdac3+/lacZ 

(heterozygous reporter), Hdac3+/lox (heterozygous floxed) and Hdac3lox/lox (homozygous floxed). Two 

additional PCRs to detect the Flp and CreERT2 were performed on genomic tail DNA of each animal 

(data not shown). 

For successful disruption of Hdac3 within principal neurons of the adult murine forebrain, mice 

were fed seven days with tamoxifen chow and sacrificed after another seven days of wash-out. 

Brain slices were analyzed via ISH using a riboprobe detecting specifically exon 3 of the Hdac3 mRNA 

(Figure 44). We could demonstrate especially in the hippocampus and cortical structures the loss 

of Hdac3 expression in conditional Hdac3 knockout animals on mRNA level. The conditional 

knockout of Hdac3 was further validated on protein level. Western blot (WB) analysis clearly reveals 

reduced HDAC3 expression in hippocampal lysates of Hdac3-cKO mice compared to Hdac3-CTRL 

littermates. However, the small amount of remaining HDAC3 protein in the knockout animals 

detected by WB analysis originated from cells (i.e. glia cells) which do not express CreERT2. In all 

subsequent experiments, we used Hdac3lox/lox Camk2aCreERT2 mice (Hdac3-cKO) animals and their 

control littermates (Hdac3lox/lox Camk2aCreERT2 = Hdac3-CTRL). 
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Figure 42. Breeding scheme to generate conditional Hdac3 knockout mice. Heterozygous Hdac3-lacZ 

reporter mice (Hdac3+/lacZ) were bred to Flp-Deleter mice for removal of the selection cassette. 

Recombination between the two frt sites restored Hdac3 expression and left the critical exon 3 flanked by 

loxP sites (“floxed”). Hdac3+/lox Flp-Deleter mice were bred to the hemizygous inducible Cre-driver Camk2a-

CreERT2  resulting in Hdac3+/loxCamk2a-CreERT2 which were bred to homozygous floxed mice (Hdac3lox/lox) to 

finally obtain homozygous conditional Hdac3 knockout mice (Hdac3lox/loxCamk2a-CreERT2 = Hdac3-cKO) and 

within the same breeding control littermates (Hdac3lox/lox = Hdac3-CTRL). 
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Figure 43. Schematic representation of the Hdac3 wild-type locus, lacZ allele, floxed allele and knockout 
allele generated by targeted trapping and subsequent excision via Flp and Cre. (A) Hdac3 wild-type allele 
comprising 15 exons (E: depicted in light green), reporter allele generated by the targeted trapping strategy, 
floxed allele obtained via Flp-mediated recombination of the reporter allele and knockout allele after further 
Cre-mediated recombination. │ frt = Flp recognition target: depicted in orange; EN2 SA = engrailed 2 splice 
acceptor: depicted in violet; IRES-lacZ = internal ribosomal entry site-lacZ: depicted in blue; PGK neo = 
phosphoglycerate kinase promoter driven neomycin resistance gene: depicted in green; SV40 pA = simian 
virus 40 poly-adenylation signal : depicted in light blue; Cre recognition target =  loxP site: depicted in yellow; 
(B) Schematic representation of genotyping strategy to identify mice carrying the Hdac3 wild-type allele, lacZ 
reporter allele or floxed allele. Identification of wild-type, reporter and floxed alleles was possible by 
genotyping PCR using a forward primer (F1: Hdac3_EU_frt_F1) and a reverse primer (R1: Hdac3_EU_frt_R1) 
annealing to wild-type sequences, whereas a third primer (reverse primer 2; R2: Hdac3_EU_frt_R2) anneals 
to a sequence within the gene trap cassette. (C) Genotyping of Hdac3-lacZ reporter mice and floxed Hdac3 
mice by PCR depicting results of a heterotzygous floxed mouse, a wildtype mouse and a heterozygous 
reporter mouse, respectively. Primer F1 and R1 produce a 756 bp wild-type product and a 890 bp floxed 
product, whereas primer F1 and R2 produce a 341 bp lacZ product. 

 

 

Figure 44. Verification of HDAC3 disruption in conditional Hdac3 knockout mice upon tamoxifen treatment. 

Hdac3-cKO and Hdac3-CTRL mice were fed for 7 days with tamoxifen chow and analyzed after a 7 day wash-

out phase via in situ hybridization (ISH) and Western Blot analysis (WB). The left panel shows qualitative ISH 

analysis using a radiolabeled riboprobe which specifically detects exon 3 of the Hdac3 mRNA. Depicted are 

representative bright-field photomicrographs of autoradiographji9s of 20 µm-thick coronal brain slices of 

control (left side) and conditional knockout (right side) mice. The right panel shows WB against HDAC1 of 

hippocampal lysates of control and conditional knockout animals. 
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4.4.2  Behavioral characterization of conditional Hdac3 knockout mice 

lacking HDAC3 in principal forebrain neurons 

4.4.2.1 Basal behavioral screening of conditional Hdac3 knockout mice 

As we showed before for HDAC1 (chapter 4.3.2.1), we also performed a comprehensive basal 

behavioral characterization of conditional Hdac3 knockout mice. Therefore, mice lacking HDAC3 in 

principal forebrain neurons (Hdac3-cKO) and Hdac3-CTRL littermates were tested. To induce the 

knockout, we also used the previously described tamoxifen strategy (chapter 4.2.) and conducted 

four tests within seven days following the schedule depicted in Figure 45 to assess locomotion and 

explorative, anxiety-related, depression-related and stress-coping behavior. 

 

 

 

 

 

Figure 45. Testing schedule for basal emotionality screen of Hdac3 conditional knockout mice. Each test 

was followed by one day rest for the animals before conducting the next test. [OF = open field; EPM = elevated 

plus maze; DaLi = dark/light box; FST = forced swim test] 
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To assess locomotor activity as well as explorative behavior and anxiety-related behavior of 

conditional Hdac3 knockout mice and control littermates, we used the open field (OF) test. No 

difference in locomotion of conditional Hdac3 knockout mice compared to control littermates, 

neither in total distance travelled (Figure 46.A), nor when split into segments of five minutes (Figure 

46.C) were found when data was analyzed for the first 15 min of the OF test. Anxiety-related 

behavior was assessed using parameters such as total time spent immobile (Figure 46.B), time spent 

immobile within segments of five minutes (Figure 46.D), number of entries to the inner zone (Figure 

46.E) and total time spent in the inner zone (Figure 46.F), which all revealed no significant difference 

between the two genotypes as well.   

Another test to assess anxiety-related behavior was the elevated plus maze (EPM) test. Mouse 

behavior was analyzed for five minutes, but no significant variation was observed between Hdac3-

cKO and Hdac-CTRL mice as the values for the total distance travelled throughout the test (Figure 

47.A), the number of open arm entries (Figure 47.B), the time spent on the open arm (Figure 47.C) 

and the latency to first open arm entry (Figure 47.D) did not reach significance in their difference.  

Furthermore, a third test was used to analyze mice behavior in regard to anxiety-related behavior. 

This was the dark/light box (DaLi) test which is a more aversive test than the EPM test. The DaLi test 

revealed no significant difference in the time spent in the aversive surrounding of the lit 

compartment (Figure 48.A), but the Student’s t-test showed that Hdac3-cKO mice visited the lit 

compartment more frequently than their control littermates (# p < 0.05) (Figure 43.B). However, 

the latency to the first entry to the lit compartment was for both groups similar (Figure 48.C). The 

total distance mice travelled throughout the 5 minutes test time was also similar (Figure 48.D), but 

differed for the distance travelled within the lit compartment (Figure 48.E). Thus, the Student’s t-

test revealed a significantly higher value for the Hdac3-cKO mice (# p < 0.05), whereas the distance 

travelled within the dark compartment was similar again (Figure 48.F). 

To assess stress-coping and depression-related behavior in conditional Hdac3 knockout mice, the 

forced swim test (FST) was performed. However, Hdac3-cKO revealed neither a differences in active 

stress-coping behavior (struggling and swimming) (Figure 49.A and B) nor in the passive stress-

coping parameter floating (Figure 49.C) when compared to Hdac3-CTRL mice.  
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Figure 46. Analysis of conditional Hdac3 knockout mice in the open field (OF) test. (A) No significant 

difference was observed in total distance travelled (B) nor in time spent immobile. (C-D) The total test was 

also analyzed in segments of 5 minutes. Also here, no significant difference was revealed between the two 

genotypes. (E-F) To observe anxiety-related and explorative behavior, the number of inner zone entries and 

inner zone time was analyzed. Again no difference was observed. │Test duration analyzed: 15 minutes; Data 

are presented as means ± SEM; n = 10-12; Hdac3-CTRL = control littermate; Hdac3-cKO = conditional Hdac3 

knockout mouse. 
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Figure 47. Analysis of conditional Hdac3 knockout mice in the elevated plus maze (EPM) test. (A) Hdac3-

cKO mice showed no difference in total distance travelled within the EPM test when compared to Hdac3-

CTRL mice, (B) nor did Hdac3-cKO differ from Hdac3-CTRL mice with respect to open arm entries or (C) time 

spent in the open arm. (D) Also the latency to the first open arm entry was not significantly different between 

the two genotypes. │ Test duration analyzed: 15 minutes; Data are presented as means ± SEM; n = 11-13; 

Hdac3-CTRL = control littermate; Hdac3-cKO = conditional Hdac3 knockout mouse. 
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Figure 48: Analysis of conditional Hdac3 knockout mice in the dark/light box (DaLi) test. (A) The time spent 

in the lit compartment revealed no significant difference between Hdac3-cKO and Hdac3-CTRL mice. (B) The 

number of entries to the lit compartment reached a significantly higher value for Hdac3-cKO, but (C) the 

latency to first lit compartment entry was similar for both genotypes as well as D) the total distance travelled 

during the whole test. (E) However, the distance travelled in the lit compartment was significantly higher for 

Hdac3-cKO mice, whereas (F) the distance travelled in the dark compartment again did not differ between 
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the two genotypes. │ Test duration analyzed: 5 minutes; Data are presented as means ± SEM; n = 9-13; # p < 

0.05, Student’s t-test; Hdac3-CTRL = control littermate; Hdac3-cKO = conditional Hdac3 knockout mouse. 

 

 

 

Figure 49: Analysis of conditional Hdac3 knockout mice in the forced swim test (FST). (A) Hdac3-cKO mice 

revealed no difference in active stress-coping behavior shown by struggling and (B) swimming when 

compared to Hdac3-CTRL. (C) Also the passive stress-coping parameter floating was not changed. │ Test 

duration analyzed: 6 minutes; Data are presented as means ± SEM; n = 11-13; Student’s t-test;  

Hdac3-CTRL = control littermate; Hdac3-cKO = conditional Hdac3 knockout mouse. 

 

In summary of the behavioral results of the basal emotionality screen it emerges that conditional 

Hdac3 knockout mice did not show any deficits in locomotor activity, nor in anxiety-related or 

stress-coping behavior. 

To rule out, that the tamoxifen chow or the Cre recombinase did not cause an overall effect and 

might influence the obtained data, we conducted two additional control experiments in the same 

behavioral test battery (tamoxifen chow data not shown; Cre recombinase data shown in 

supplements). 
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4.4.2.2 Effects of chronic social defeat stress (CSDS) on conditional Hdac3 knockout mice 

As we mentioned before, HDACs as main epigenetic mediators play a pivotal role in gene x 

environment interactions. Therefore, we also subjected conditional Hdac3 knockout mice to three 

weeks of chronic social defeat stress (CSDS) to assess whether the Hdac3 knockout in principal 

neurons of the forebrain in adulthood has any impact on the animals’ stress response (Berton et 

al., 2006; Wagner et al., 2011). Therefore, animals were categorized into four groups having the 

two genotypes Hdac3-CTRL and Hdac3-cKO which were introduced earlier and two different 

conditions (basal: undefeated; stress: defeated). All animals were fed seven days with tamoxifen 

chow starting at the day of the first defeat and followed by a seven day wash-out phase prior testing 

(Figure 50). 

 

 

Figure 50. Schematic representation of the chronic social defeat stress (CSDS) paradigm and behavioral 

phenotyping of conditional Hdac3 knockout mice. Animals were submitted to CSDS for 21 consecutive days. 

Therefore, they were introduced into the home cage of a dominant CD1 resident mouse until defeated, but 

for no longer than 5 min. Following defeat, animals spent 24 hours within the same cage, but separated via a 

holed steel partition, enabling sensory, but not physically contact. Every day chronically defeated mice were 

exposed to a new unfamiliar resident. Control animals were housed in their home cages throughout the 

course of the experiment. All animals were handled daily, the body weight was assessed daily and the fur 

status was checked every 3-4 days. The fur was evaluated as describe before by Mineur and colleagues 

(Mineur et al., 2003). Tam application via food pellets was performed within the first 7 days of the deafeat. 

Behavioral phenotyping included OF test, SA test, FUST, EPM and FST. │ CSDS = chronic social defeat stress; 

Tam = tamoxifen; OF = open field; SA = approach/avoidance; FUST = female urine sniffing test; EPM = elevated 

plus maze; FST = forced swim test. 
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Physiological parameters such as body weight progression, fur state and weight of adrenal glands 

and thymus were assessed in order to control for the effectiveness of the CSDS paradigm  

(Figure 51). Although there were no effects visible for body weight progression nor for the weight 

of adrenal gland, the characteristic physiological changes evoked by the CSDS were visible for fur 

status and thymus weight. Thus, the fur quality was decreased for stressed control animals when 

compared to unstressed control littermates (Repeated-measures ANOVA, ** p < 0.01,  

*** p < 0.001) (Figure 51.B). Furthermore, the fur status indicated also a genotype effect for the 

stressed groups as Hdac3-cKO mice kept the state of fur quality whereas Hdac3-CTRL mice lost fur 

quality with the time (Repeated-measures ANOVA, ### p < 0.001, post-hoc test) (Figure 51.B). In 

addition, the thymus atrophy was observed as expected for both stressed groups (Two-Way 

ANOVA, *** p < 0.001) (Figure 51.D). 

Moreover, it is known that stress enhances plasma corticosterone levels and therefore, we assessed 

in all four groups in blood plasma during the circadian nadir in the morning basal levels of 

corticosterone (Figure 52.A). Blood samples were taken 15 and 90 minutes after the onset of a 

forced swim test as acute stressor to obtain corticosterone levels as response to the stressor (Figure 

52.B) and the subsequent recovery from this stressful event (Figure 52.C).  However, statistical 

analysis showed no significant differences in the corticosterone levels between the two conditions 

(basal and stress) in the circadian nadir in the morning, but revealed a genotype effect with an 

increase of corticosterone level in Hdac3-cKO mice in response to CSDS (Repeated-measures 

ANOVA, # p < 0.05, post-hoc test) (Figure 52.A). The corticosterone levels after the acute stress and 

after the recovery from the acute stress event were unremarkable and showed no effect. 

As mentioned before, the chronic social defeat stress (CSDS) paradigm was established by the 

research group of Mathias Schmidt at the MPI of Psychiatry, based on the protocol of Berton and 

colleagues (Berton et al., 2006; Wagner et al., 2011). To describe briefly, test mice were submitted 

to chronic social defeat stress for 21 consecutive days (Figure 50). Therefore, they were introduced 

into the home cage of a dominant CD1 resident mouse for no longer than 5 min. During this time 

the intruder was defeated 
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Figure 51. Analysis of physiological parameters of conditional Hdac3 knockout mice during and after the 

chronic social defeat stress (CSDS) paradigm. (A) Body weight of mice was assessed every day and is depicted 

as percentage of the starting weight at day one of defeat. Animals of all groups gained body weight 

throughout the experiment, but no significant changes were detected between groups. (B) The fur status 

index was assessed every three or four days. An increase in fur state index is associated with a decrease in 

fur quality. The fur state index reached a significantly higher score for the stressed Hdac3-CTRL group 

compared to the unstressed Hdac3-CTRL group and the stressed Hdac3-cKO group. (C) After mice were 

sacrificed, adrenal glands and (D) thymi were dissected at day 21 and analyzed in relation to the animal’s 
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body weight. The weight of adrenal glands did not show any differences, whereas the thymus weight was 

significantly decreased in both stressed groups. │ Data are presented as means ± SEM; n = 12; * significantly 

different from control condition of same genotype, ** p < 0.01, *** p < 0.001, # significantly different from 

control genotype of same condition, ### p < 0.001, post-hoc test; for (A) and (B) Repeated-measures ANOVA, 

for (C) and (D) Two-Way ANOVA; CSDS = chronic social defeat stress; Hdac3-CTRL = control littermate; Hdac3-

cKO = conditional Hdac3 knockout mouse. 

 

 

 

 

Figure 52. Analysis of corticosterone levels of conditional Hdac3 knockout mice subjected to the chronic 

social defeat stress (CSDS) paradigm. (A) Plasma corticosterone levels were analyzed for all four groups in 

the morning (a.m.) to obtain basal values. No condition effect was assessed, but a genotype effect between 

the two stressed groups. (B) Corticosterone levels were analyzed 15 min after the onset of the forced swim 

test (FST) as acute stressor. No genotype or condition effect was observed. (C) 90 min after the start of the 

FST, corticosterone levels were analyzed. All groups recovered well from the stress indicated by low 

corticosterone levels. │ Data are presented as means ± SEM; n = 12; # significantly different from control 

genotype of same condition, # p < 0.05, Two-Way ANOVA, post-hoc test; Hdac3-CTRL = control littermate; 

Hdac3-cKO = conditional Hdac3 knockout mouse. 
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The third week of the CSDS paradigm was used for behavioral experiments and five tests were 

conducted within five consecutive days (Figure 50) to assess locomotion, explorative, social, 

reward-seeking, anhedonic, anxiety-related, depression-like and stress-coping behavior. 

The first test of the behavioral screening was the open field (OF) test to assess locomotor activity 

and explorative behavior as well as anxiety-related behavior. Mouse behavior was analyzed for the 

first 15 minutes of the test and revealed a condition effect for locomotion indicated by total 

distance travelled (Two-Way-ANOVA, * p < 0.05, *** p < 0.001) (Figure 53.A) as well as a condition 

effect for time immobile (Two-Way-ANOVA, * p < 0.05, ** < 0.01) (Figure 53.B). Additionally, both 

parameters showed a genotype effect within the stressed groups indicating that Hdac3-cKO mice 

travelled more (Two-Way-ANOVA, ## < 0.01, post-hoc) (Figure 53.A+C) and spent less time 

immobile (Two-Way-ANOVA, # p < 0.05, ## < 0.01, post-hoc) (Figure 47.B+D). A more detailed 

analysis of both parameters in segments of five minutes showed, that the effects are caused in the 

middle and the end of the test (Two-Way-ANOVA, * p < 0.05, ** < 0.01, *** p < 0.001) (Figure 

53.C+D). For the amount of inner zone entries, only Hdac3-CTRL mice showed a condition effect 

(Two-Way-ANOVA, *** p < 0.001) (Figure 53.E), whereas for the time the animals spent in the inner 

zone a condition effect was again observed for both genotypes (Two-Way-ANOVA, ** < 0.01) 

(Figure 53.F). In addition, the two stressed groups revealed for the parameter inner zone entries a 

genotype effect indicating that Hdac3-cKO mice entered more often the inner zone (Two-Way-

ANOVA, # p < 0.05, post-hoc) (Figure 53.E). 

The second test, the mice had to perform was the social approach/avoidance (SA) test, as various 

neurological and psychiatric disorders are characterized by deficits in social behavior. However, we 

could not observe any effect in the time the animals were interacting with the unfamiliar mouse 

(Figure 54.A), but the stressed animals of both genotypes showed an increase in immobility (Two-

Way-ANOVA, * p < 0.05) (Figure 54.B).  
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Figure 53. Analysis of the behavior of conditional Hdac3 knockout mice in the open field (OF) test during 

the chronic social defeat stress (CSDS) paradigm. (A) A significant difference was observed in total distance 

travelled and (B) time immobile between the two conditions (basal and stress). For both parameters an 

additional genotype effect was observed between the two stressed groups. (C-D) The total test was also 

analyzed in segments of 5 minutes with strong differences within segment two and three. (E-F) To observe 

anxiety-related and explorative behavior, the number of inner zone entries and inner zone time were 

analyzed. Inner zone entries revealed a condition effect for Hdac3-CTRL groups and a genotype effect for the 

stressed groups. The number of inner zone entries indicated a significant condition effect for both genotypes. 

│ Test duration analyzed: 15 minutes; data are presented as means ± SEM; n = 12; * significantly different 

from control condition of same genotype, * p < 0.05, ** p < 0.01, *** p < 0.001, Two-Way ANOVA; # 

significantly different from control genotype of same condition, # p < 0.05, ## p < 0.01, Two-Way ANOVA, 

post-hoc test;  OF = open field; CSDS = chronic social defeat stress; Hdac3-CTRL = control littermate; Hdac3-

cKO = conditional Hdac3 knockout mouse. 

 

 

 

 

Figure 54. Analysis of conditional Hdac3 knockout mice in the social approach/avoidance (SA) test during 

the chronic social defeat stress (CSDS) paradigm. (A) No significant difference was observed for the 

interaction time with the social target in the second part of the test. (B) The time immobile showed a 

condition effect for both genotypes with an increase in time immobile for stressed animals. │ Test duration 

analyzed: 2.5 minutes; data are presented as means ± SEM; n = 12; * significantly different from control 

condition of same genotype, * p < 0.05, Two-Way ANOVA; SA = social approach/avoidance; CSDS = chronic 

social defeat stress; Hdac3-CTRL = control littermate; Hdac3-cKO = conditional Hdac3 knockout mouse. 

 

With the use of the female urine sniffing test (FUST), we assessed anhedonic behavior in the 

conditional Hdac3 knockout mice. Already within the first trial, when the cotton tips were soaked 

with water, a genotype effect was observed under basal conditions indicating that Hdac3-cKO mice 

were less interested in the cotton tip compared to Hdac3-CTRL mice (Two-Way-ANOVA, # p < 0.05, 

post-hoc) (Figure 55.A). When analyzing the urine sniffing time, we observed an inverted genotype 
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effect for the basal groups with an increased sniffing time for Hdac3-cKO mice compared to control 

littermates (Two-Way-ANOVA, # p < 0.05, post-hoc) (Figure 55.B). Additionally, the Hdac3-cKO mice 

showed a condition effect with a decreased urine sniffing time for stress animals compared to the 

basal group of same genotype (Two-Way-ANOVA, ** p < 0.01) (Figure 55.B). 

 

 

 

 

Figure 55. Analysis of conditional Hdac3 knockout mice in the female urine sniffing test (FUST) during the 

chronic social defeat stress (CSDS) paradigm. A) In the water trial we could observe a genotype effect under 

basal condition with a significantly lower sniffing time for the Hdac3-cKO mice, but no effect for the stressed 

mice was visible. (B) However, the urine trial showed still a condition effect for Hdac3-cKO mice which 

behaved more anhedonic when stressed and a genotype effect under basal conditions with a less anhedonic 

behavior for the Hdac3-cKO mice. │ Test duration analyzed: 3 minutes; data are presented as means ± SEM; 

n = 12; * significantly different from control condition of same genotype, ** p < 0.01, Two-Way ANOVA; # 

significantly different from control genotype of same condition, # p < 0.05, Two-Way ANOVA, post-hoc test; 

FUST = female urine sniffing test; CSDS = chronic social defeat stress; Hdac3-CTRL = control littermate; Hdac3-

cKO = conditional Hdac3 knockout mouse. 

 

To gain more insight into anxiety-related behavior, mice were conducted to the elevated plus maze 

(EPM) test. As we could not detect any condition effect, nor a genotype effect in the EPM test within 

the first five minutes (Figure 56), we analyzed all parameters additionally for a test duration of 10 

minutes (Figure 57). However, the additional analysis revealed no condition effects and only a 

genotype effect for the parameter total distance travelled indicating the stressed Hdac3-cKO mice 

travelled significantly more compared to stressed Hdac3-CTRL mice (Two-Way-ANOVA, post-hoc 

test, ## p < 0.01) (Figure 57.A). Thus, stressed Hdac3 knockout animals showed an increase in 

locomotor activity during the EPM test. Anxiety-related behavior indicated by latency to first open 
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arm entry (Figure 57.B), open arm time (Figure 57.C) and latency to first open arm time (Figure 

57.D) did not show any effects. 

 

 

 

 

Figure 56. Analysis of conditional Hdac3 knockout mice in the elevated plus maze (EPM) test during the 

chronic social defeat stress (CSDS) paradigm (analysis of first five minutes). (A) No effect was observed in 

locomotion, (B) open arm entries, (C) open arm time or (D) the latency to the first open arm entry when 

analyzing the first five minutes of the test. │ Test duration analyzed: 5 minutes; Data are presented as means 

± SEM; n = 12; EPM = elevated plus maze; CSDS = chronic social defeat stress; Hdac3-CTRL = control littermate; 

Hdac3-cKO = conditional Hdac3 knockout mouse. 
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Figure 57. Analysis of conditional Hdac3 knockout mice in the elevated plus maze (EPM) during the chronic 

social defeat stress (CSDS) paradigm (analysis of first ten minutes). (A) When analyzing 10 minutes of the 

EPM test, we could observe for the total distance travelled a significantly increased genotype effect for the 

Hdac3-cKO mice. (B) But still no effects were observed for open arm entries, (C) open arm time or (D) the 

latency to the first open arm entry. │ Test duration analyzed: 10 minutes; Data are presented as means ± 

SEM; n = 12; # significantly different from control genotype of same condition, ## p < 0.01, Two-Way ANOVA, 

post-hoc test; EPM = elevated plus maze; CSDS = chronic social defeat stress; Hdac3-CTRL = control littermate; 

Hdac3-cKO = conditional Hdac3 knockout mouse. 

 

To get an idea of depression-related or stress-coping behavior of defeated and undefeated 

conditional Hdac3 knockout mice, we performed the forced swim test (FST). Analysis of the two 

active stress-coping behavior types (struggling and swimming) and the passive stress-coping 

behavior (floating) revealed no differences between genotypes or conditions (Figure 58) which was 

also shown in the first basal screen of emotionality (Figure 49).  
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Figure 58: Analysis of conditional Hdac3 knockout mice in the forced swim test (FST) during the chronic 

social defeat stress (CSDS) paradigm.  (A) For the active stress-coping behavior struggling no effect was 

detected as well as for (B) the parameter swimming and(C) the passive stress-coping behavior parameter 

floating. │ Test duration analyzed: 6 minutes; Data are presented as means ± SEM; n = 12; FST = forced swim 

test; CSDS = chronic social defeat stress; Hdac3-CTRL = control littermate; Hdac3-cKO = conditional Hdac3 

knockout mouse. 

 

To sum up: Conditional Hdac3 knockout mice were exposed to chronic stress by using the CSDS 

paradigm and we observed in stressed mice with no regard to genotypes a decrease in locomotor 

activity and an increase in anxiety-related behavior. The social approach/avoidance test showed a 

disruption of social behavior of stressed animals indicated by an increased amount of time the 

animals spent immobile. Furthermore, the female urine sniffing test revealed that stressed 
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conditional Hdac3 knockout mice were decreased in their anhedonic behavior due to the stress 

condition and thus, Hdac3-cKO animals sniffed more at the urine soaked tips compared to stressed 

control mice. 

4.4.2.3 Cognitive performance of Hdac3 conditional knockout mice 

In chapter 4.3.2.3 we already mentioned when describing the cognitive performance of conditional 

Hdac1 knockout mice, the importance and involvement of epigenetic mechanisms and especially 

of HDACs in the regulation and maintenance of memory consolidation and learning behavior. Most 

studies concerning learning and memory formation in regard to HDACs involve HDAC inhibitors. 

Furthermore, HDACs have been implicated in the pathogenesis of neurodegenerative diseases like 

Alzheimer’s disease (Agis-Balboa et al., 2013; Broide et al., 2007; Covington et al., 2009; Fass et al., 

2013). However, different HDACs appear to have specific roles in different types of learning and 

memory.  HDAC3 could be shown to act as negative regulator of long-term memory formation as 

the inhibition of HDAC3 enhances long-term object recognition memory in mice and this is linked 

to an increase in H4K8 acetylation (Malvaez et al., 2010; McQuown et al., 2011). To get a first glance 

at the impact of HDAC3 loss in the murine forebrain in adulthood on memory and learning 

processes, we analyzed conditional Hdac3 knockout mice in the water cross maze (WCM) applying 

a protocol to assess hippocampus-dependent spatial learning. 

The analysis of the performance of Hdac3-cKO mice in the WCM is indicated by the percent of 

accuracy (Figure 59.A). Given the natural tendency of mice to explore, one error within six trials per 

training day is permitted, which then manifests in an accuracy of 83.3% as the bottom threshold for 

a mouse to be considered as accurate. This threshold value was exceeded at training day five only 

for Hdac3-CTRL mice, but not for Hdac3-cKO mice. These mice showed a strong impairment in 

learning as they reached only 60% of accuracy at day three and could not further improve their 

performance by additional training days (Figure 59.A) (day 4: Repeated-measures ANOVA, post-hoc 

test, # p < 0.05; day5: Repeated-measures ANOVA, post-hoc test, ### p < 0.001) indicating that the 

deficit of Hdac3 in the principal forebrain neurons negatively influences the learning ability. A 

second parameter to assess the cognitive behavior in the WCM was provided by the number of 

accurate learners of each group displaying a high learning performance again for Hdac3-CTRL mice, 

but not for Hdac3-cKO mice, which did not reach values above 40% (Figure 59.B) (day 3: Repeated-

measures ANOVA, post-hoc test, # p < 0.05; day 4: Repeated-measures ANOVA, post-hoc test, ### 

p < 0.001; day5: Repeated-measures ANOVA, post-hoc test, ### p < 0.001). 
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Figure 59: Analysis of conditional Hdac3 knockout mice in the water cross maze (WCM). (A) Spatial memory 

was evaluated by the accuracy indicating the success or failure of the mouse to swim the correct path to the 

platform. (B) A second parameter to interpret mice performance in the WCM is given by the number of 

accurate learners per group per day. │ Data are presented as means ± SEM; n = 12; # p < 0.05, ### p < 0.001, 

Repeated-measures ANOVA, post-hoc test; area between grey dashed lines = accuracy; WCM = water cross 

maze; Hdac3-CTRLl = control; Hdac3-cKO = conditional Hdac3 knockout mouse. 

 

In summary, it emerges in a first cognitive task, that the HDAC3 enzyme missing in the murine 

forebrain in adulthood caused severe deficits and impairment in memory and learning processes 

indicating that HDAC3 plays a crucial role in spatial learning. 
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5 DISCUSSION 

5.1 Distribution of the classical HDACs throughout the adult 

murine brain 

So far, the role of epigenetic mechanisms has been well investigated in many cellular and 

organismal processes as well as in pathologies like cancer, while the field of neuroepigenetics is just 

beginning to evolve (Agis-Balboa et al., 2013; Bartl et al., 1997; Broide et al., 2007; Covington et al., 

2009; Fass et al., 2013; Glaser et al., 2003; Gwack et al., 2001; Lagger et al., 2002; Mal et al., 2001; 

Puri et al., 2001). Epigenetic mechanisms are important for chromatin remodeling to change gene 

expression profiles of not only dividing or differentiating cells, but also cells of non-dividing nature 

like mature neurons. A search for ‘epigenetic’ in the pubmed database revealed at the beginning of 

2016 more than 45957 papers, but only about 4427 are linked to brain-related studies. 

Nevertheless, it is obvious and clear from the few studies, that epigenetic mechanisms are 

implicated to be important mediators in numerous brain processes such as development, the brain-

regulated maintenance of body homeostasis, sensorimotor ability, adult neurogenesis, modulation 

of neural plasticity, higher brain functions like cognition, memory and learning, and development 

of neurologic and psychiatric disorders (Bird, 2007; Farah & Hook, 2008; Ravi & Kannan, 2013; 

Sweatt et al., 2013; Volmar & Wahlestedt, 2014).  Major players of the epigenetic machinery are 

the histone deacetylases (HDACs) which are able to modify chromatin structure due to 

deacetylation of histone proteins or of non-histone proteins such as transcription factors (Delcuve 

et al., 2012; Gregoretti et al., 2004; H.-J. Kim & Bae, 2011; Sweatt et al., 2013). In fact, it has been 

suggested that regulatory acetylation/deacetylation is considerably more widespread than 

presently appreciated, acting in a manner similar to phosphorylation/dephosphorylation 

(Gregoretti et al., 2004; Kouzarides, 2000). Taken together the importance of regulatory 

acetylation/deacetylation and the relatively small number of studies addressing neuroepigenetics, 

we were strongly interested in gaining more knowledge about the expression level and spatial 

distribution of classical HDACs throughout the adult murine brain. For rodents, the expression 

profile of Hdacs within the CNS was only described in rats so far, however a detailed description for 

the expression in mice is missing (Broide et al., 2007). But as we, and many other research groups, 

are working mainly with the mouse (Mus musculus) as model organism, we were keen on revealing 

the neural Hdac expression profile within the main organism of interest. Key research questions 

were: How does the spatial Hdac expression profile for the eleven classical HDAC members appear 

in the mouse? Are all Hdacs expressed and if they are, do they have distinct or overlapping 
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expression patterns? And even further, can we obtain any useful information about involvement of 

HDACs in diseases when we identify distinct brain regions of Hdac expression which are known to 

be involved in pathologies? 

With these questions in mind, we started to establish an atlas to comprehensively describe the 

mRNA expression pattern of all classical HDACs (HDAC1-11) throughout the adult murine brain. The 

analysis was conducted by using radioactive in situ hybridization (ISH) and assessment of silver 

grains following exposure of radiolabeled brain sections to photoemulsion. When designing highly 

specific antisense riboprobes for each single Hdac, we were facing the first difficulties as it turned 

out that all eleven classical HDACs are highly homologous to each other reflecting their close 

relationship. Indeed, the literature describes that HDAC1 and HDCA2 most probably arose from a 

recent gene duplication event of a common ancestor. This is strongly supported by our data 

showing that Hdac1 and Hdac2 cDNAs share highest homology with 68% similarity (de Ruijter et al., 

2003; Gregoretti et al., 2004; Grozinger et al., 2001, 1999; Leipe & Landsman, 1997; Marmorstein, 

2001; Shore, 2000). The lowest homology (Hdac6 and Hdac7) still reaches 51% of identity which 

means that they are closely related to each other. But having a homology does not imply that the 

proteins fulfill similar functions. We could show that every single conventional HDAC is expressed 

within the adult murine brain suggesting that they all seem to serve a specific role within neural 

processes and normal brain function. However, we could not only prove the presence of all classical 

HDACs within the brain, but we could also show that each enzyme exhibits its unique and distinct 

expression pattern. The spectrum of expression profiles is difficult to describe as some Hdacs like 

Hdac1 and Hdac10 are expressed more globally all over the brain, albeit at low level with exception 

of some brain regions like the dentate gyrus of the hippocampal formation and the cerebellum, 

which show higher intensities. Thus, these HDACs might be involved in more common and general 

functions which are important for the maintenance of many cells or systems within the brain. 

Hdac11 for example has in common with Hdac1 and Hdac10 that it is globally expressed as well, 

but it shows a very strong expression throughout the brain suggesting an important role in 

fundamental neural processes related to brain physiology. Although there is only little known about 

HDAC11 in general, the expression suggests that it is probably important in the brain. Other 

patterns were revealed for example for Hdac4. It is only expressed in very distinct brain regions and 

there it shows a relatively high expression whereas it is almost non-detectable in other brain 

regions. 

 To summarize the first and general impression of Hdac expression throughout the adult murine 

brain, similar results were observed as previously described for other organs and tissues besides 

the brain: class I HDACs are broadly expressed, whereas most class II HDACs show a more restricted 
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expression, but at least one member of class II HDACs is expressed in all analyzed brain regions 

suggesting again that acetylation/deacetylation is an important posttranslational modification 

relevant for brain physiology (Grozinger et al., 1999; H. Y. Kao et al., 2001, 2000; Wade, 2001). 

In comparison with the atlas for Hdac mRNA expression in rat, we could show equal results for both, 

the highest and lowest expressed HDAC member (Broide et al., 2007). Thus, in rats and in mice, the 

only class IV member Hdac11 scores as the highest expressed HDAC, whereas a class II HDAC 

(Hdac10) is the lowest expressed one. The second and third in expression intensity change their 

places when comparing rat and mouse. In the murine brain Hdac5 shows a higher expression and 

is followed by Hdac3. Rather strong differences were found for two class I HDACs (Hdac4 and 

Hdac8) and one class II member (Hdac9). Whereas, Hdac8 and Hdac9 are rather low expressed in 

the rat, these isoforms are highly expressed throughout the murine brain. In the case of Hdac4 it is 

the other way round (Hdac4 shows a rather low expression in mice). These results may suggest that 

distinct HDACs serve different functions in different organisms. 

Furthermore, we can see that overlapping expression exists comparing the individual expression 

profiles. HDACs often act in concert with other HDAC members, either by forming directly a 

heterodimer or by interacting with each other as being part of the same complexes. Therefore, it is 

clear, that they require co-localization. Thus, for example HDAC1 is well known to form dimers with 

HDAC2 and they are members of the same (co-)repressor complexes, whereas HDAC3 interacts 

with the class II member HDAC4 (Bertos et al., 2001; de Ruijter et al., 2003; Fischle et al., 2002; 

Fischle, Dequiedt, et al., 2001; Grozinger et al., 1999; Johnstone, 2002; H.-Y. Kao et al., 2002; Taplick 

et al., 2001; Tong et al., 2002; W.-M. Yang et al., 2002; Zhou et al., 2000). It is also known that some 

HDAC proteins cannot only influence their own gene expression via a negative feedback loop in 

dependence of acetylation states, but also the expression of other HDAC members. Hence, HDAC1 

is a good example which regulates the HDAC2 expression and vice versa (de Ruijter et al., 2003; 

Hauser et al., 2002; Johnstone, 2002; Schuettengruber et al., 2003; Taplick et al., 2001). Little is 

known about specific roles of each individual HDAC member in the body, and even less is known 

for the brain. But it would be important and very interesting to know, if some HDACs can 

compensate for each other in regions where they show an overlap in expression. Probably the 

overlap means for some HDACs to interact with each other or to have the same or even a synergistic 

role in this area. But which HDACs are these? This question goes in line with the problems we have 

in many pathologies of neuropsychiatric diseases. Often the prescribed drugs act in a broad 

spectrum against HDACs and therefore, it is difficult to obtain any information about individual 

roles of individual HDAC members. The problem is even bigger: these drugs not only inhibit the 



DISCUSSION 
 

 
167 

 

harmful HDACs in these pathologies, but the good HDACs as well, which may have detrimental 

consequences. 

Nevertheless, with our atlas of murine HDAC expression throughout the brain, we are able to 

provide an idea, in which brain regions which HDACs might play a pivotal role based on their 

expression. It might be possible to support studies from other research groups which are interested 

in distinct pathologies: being interested in a special neurological disease or pathology where it is 

known, that epigenetic modulation through acetylation states plays a crucial role; having then a 

closer look at the brain regions which are known to be involved in these diseases; extracting from 

the atlas which HDACs are expressed in these regions and investigating the potential role of this 

individual HDAC in the disease of interest. Of course, this description is oversimplified, but it 

illustrates our intention to establish this atlas. 

Epigenetic markers have also emerged as important regulators for consolidation and maintenance 

of memory and learning behavior. Numerous studies could prove that epigenetic marks are actively 

and transiently regulated in post-mitotic neurons of adult rodents, honeybees, aplysia and 

drosophila during learning processes (Chwang et al., 2006; Gupta et al., 2010; Kilgore et al., 2010; 

Levenson & Sweatt, 2005; Levenson et al., 2004; Lockett et al., 2010; Lubin & Sweatt, 2007; Maddox 

& Schafe, 2011; L. Miller et al., 2011). Furthermore, it has been shown that chromatin remodeling 

mechanisms like acetylation induce lasting changes in behavior due to stimulus-specific cellular and 

molecular changes and will consolidate a memory into a permanent trace. With the use of HDAC 

inhibitors various studies could link histone acetylation/deacetylation to learning processes and 

memory. They showed that an increase in histone acetylation is associated with enhanced cognition 

(Korzus et al., 2004; Levenson & Sweatt, 2005; Swank & Sweatt, 2001; Volmar & Wahlestedt, 2014). 

These findings go in line with studies showing that HDACs are overexpressed in AD mouse models 

and that treatment with the pan-HDAC inhibitor sodium butyrate could restore a broad histone 

acetylation pattern which is usually found in mice with enhanced cognitive behavior due to 

environmental enrichment (Andre Fischer et al., 2007; Frick et al., 2003; F. L. Huang et al., 2006; 

Peleg et al., 2010; Pereira et al., 2007). As the hippocampus is the part of the brain primarily 

responsible for short-term memory which is affected or even destroyed early in AD’s development, 

it is interesting to see which HDAC members are expressed. We could show with our expression 

analysis that in the pyramidal cell layer of the hippocampal formation all HDACs show a distinct 

expression with differences in their levels (high expression: Hdac11; medium expression: Hdac2, 

Hdac3, Hdac4, Hdac5, Hdac9; low expression: Hdac1; Hdac6, Hdac7, Hdac8, Hdac10), however only 

few Hdacs are expressed in the radiatum cell layer (Hdac5, Hdac7, Hdac8, Hdac9), the lacunosum 

moleculare (Hdac5, Hdac7, Hdac8, Hdac9) and the molecular layer of the dentate gyrus (Hdac5, 
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Hdac7, Hdac8). The hippocampus as a complex brain structure embedded deep into the temporal 

lobe plays a major role in learning and memory and is a plastic and vulnerable structure that gets 

damaged by a variety of stimuli. It is often affected in numerous neurological and psychiatric 

disorders (i.e. AD, PTSD, stress/depression, bipolar disorders, MS, Chorea Huntington) and 

therefore it might be useful to have the Hdac expression profile in mind, which might be 

illuminating for a lot of studies and investigations (Anand & Dhikav, 2012). 

Further involvements of HDACs in pathological processes are described through comprehensive 

studies and reports, which show a strong correlation between histone acetylation patterns and the 

expression of distinct HDACs in response to commonly prescribed drugs for antidepressant 

treatment and mood stabilizer in specific brain regions such as the nucleus accumbens, striatum, 

cingulate cortex, amygdala and hippocampus (Benes et al., 2007; Hobara et al., 2010; Ookubo et 

al., 2013; Rudenko & Tsai, 2014; Volmar & Wahlestedt, 2014). Having a look in our atlas makes 

clear, that not all Hdacs are expressed within the nucleus accumbens (no expression: Hdac2, Hdac6, 

Hdac10, Hdac11) and that Hdac8 is the highest expressed one. In contrast all Hdacs are present in 

the striatum except Hdac10 while Hdac5 shows the strongest expression. 

There are many more studies which demonstrate or even prove the involvement of HDACs within 

neurological and psychiatric diseases and these strongly underline the importance of our 

established atlas of Hdac expression patterns within the murine brain. In the following I would like 

to highlight some of these studies: The Hdac1 expression in the nucleus accumbens scores a value 

of 1.0 and this might be important for the study that MS-275, a HDAC1 specific inhibitor, was shown 

to restore a normal acetylation state of histone H3K14 when applied to the nucleus accumbens of 

mice subjected to the chronic social defeat stress paradigm and elicited a significant antidepressant 

effect (Covington et al., 2009). The Hdac1 expression in the nucleus accumbens might further 

correlate with the down-regulation of CAMK2, CREB, ERK, REST and NAchR expression, which is 

associated with stress, and could be reversed by HDAC1 inhibition via MS-275 treatment (Covington 

et al., 2009). The expression of HDAC1 has been shown to be elevated in neurons under hypoxia 

conditions in post-mortem brain samples of schizophrenia patients and in a mouse model for 

Huntington’s disease suggesting a specific role for HDAC1 in the pathogenesis of various brain 

disorders (Benes et al., 2007; André Fischer et al., 2010; Haberland et al., 2009; Sharma et al., 2008; 

Z. Wang et al., 2011). Therefore it is interesting to know how the physiological Hdac1 expression 

pattern looks like in these affected brain regions under pathophysiological conditions (i.e. Hdac1 

expression: cingulate cortex (1.0); piriform cortex (1.0); striatum (1.0); amygdala (1.0); 

hippocampus CA1, CA2, CA3 (1.5); medial habenula (2.5); paraventricular nucleus (1.0); central 
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medial thalamic nucleus (1.0); ventral tegmental area (1.0); substantia nigra pars compacta (1.0)). 

In contrast, other studies implicated the loss of HDAC1 to be involved in neurodegeneration 

suggesting rather a neuroprotective than a neurotoxic function for HDAC1 (Bates et al., 2006; Cruz 

et al., 2003; André Fischer et al., 2010; D. Kim et al., 2008). Another class I HDAC member, HDAC3, 

has been shown to act as negative regulator of long-term memory formation as the inhibition of 

HDAC3 enhances long-term object recognition memory in mice and this is linked to an increase in 

H4K8 acetylation (Hdac3 expression hippocampus: CA1, CA2 and CA3 (2.5); radiatum cell layer (0); 

lacunosum moleculare (0); DG granular cell layer (3.0); DG molecular cell layer (0)) (Malvaez et al., 

2010; McQuown et al., 2011). The most recent finding of the role of class I HDACs in fear memory 

is that the phosphorylated form of a well-approved drug for treatment of multiple sclerosis, namely 

fingolimod (FTY720), inhibits members of class I HDACs and facilitates fear memories (Hait et al., 

2014). For fear and anxiety disorders several brain regions are in the focus and it is interesting to 

have a closer look at the Hdac expression patterns in regions like the amygdala (Hdac1: 1.0; Hdac2: 

2.0; Hdac3: 1.5; Hdac4: 0.5; Hdac5: 2.0; Hdac6: 1.5; Hdac7: 0.5; Hdac8: 1.5; Hdac9: 0.5; Hdac10: 0; 

Hdac11: 3.0). In 2013 a novel HDAC inhibitor, crebinostat, was identified and inhibits the class I 

HDACs HDAC1, HDAC2 and HDAC3 as well as the class II HDAC HDAC6. Wild-type mice treated with 

this inhibitor showed enhanced fear learning. Cultured primary neurons of these mice revealed on 

the molecular level an increase in BDNF and granulin expression and the density of dentritic 

synapsin 1 punctae was up-regulated (Fass et al., 2013); HDAC3 was shown to be neurotoxic in 

Huntington’s disease (i.e. Hdac3 expression in: cortex (2.0-2.5); caudate putamen (2.0); globus 

pallidus (2.0))  and the expression of Hdac8 is significantly correlated with the occurrence of 

neuroblastoma (Bates et al., 2006; André Fischer et al., 2010; Oehme, Deubzer, Lodrini, et al., 2009; 

Oehme, Deubzer, Wegener, et al., 2009); For class II HDACs, the role of HDAC4 has been described 

to be important for synaptic plasticity and thus, for memory formation. Studies where HDAC4 was 

silenced or truncated showed impairments in spatial learning and memory in mice (Hdac4 

expression in hippocampus: CA1 and CA2 (2.0); CA3 (2.5); radiatum cell layer (0); lacunosum 

moleculare (0); DG granular cell layer (2.0); DG molecular cell layer (0)) (M.-S. Kim et al., 2012; 

Sando et al., 2012); Furthermore, HDAC4 seems to exert neurotoxic effects under certain 

conditions. Thus, the specific overexpression of HDAC4 in cerebellar granular neurons (physiological 

expression of Hdac4: 1.0) promoted neuronal cell death and recent studies revealed for HDAC4 a 

role in regulating muscle gene transcription in response to neural activity at the neuromuscular 

junction and therefore implicated HDAC4 in the etiology of neuromuscular diseases such as ALS 

(amyotrophic lateral sclerosis) (Cohen et al., 2007). In addition, a genetic association study found 

an HDAC4 single nucleotide polymorphism (SNP) to be associated with schizophrenia in a Korean 



DISCUSSION 
 

 
170 

 

population (Bolger & Yao, 2005; Cohen et al., 2007, 2009; André Fischer et al., 2010; T. Kim et al., 

2010; Williams et al., 2009). Another class II HDAC member, HDAC5 was shown not to be involved 

in spatial learning, but to be crucial for context- and tone-dependent fear memory formation (i.e. 

Hdac5 expression in amygdala: 2.0) (Agis-Balboa et al., 2013; M.-S. Kim et al., 2012); HDAC5 also 

appears to be a critical regulator of adaptive responses to chronic stress and cocaine consumption 

(i.e. Hdac5 expression in: ventral tegmental area (2.0); nucleus accumbens (2.0)), whereas HDAC6 

is described to be both, neuroprotective and neurotoxic depending on the disorder it is implicated 

with (Ding et al., 2008; Fiesel et al., 2010; André Fischer et al., 2010; Kwiatkowski et al., 2009; J. Y. 

Lee et al., 2010; Ling et al., 2010; Pandey et al., 2007; Perez et al., 2009; Renthal et al., 2007; 

Tsankova et al., 2006). 

However, HDACs are not only involved in pathological processes, but of course also in normal brain 

function and development. Some examples are: Global loss of HDAC1 leads to early embryonic 

lethality (E10.5), but studies could show that HDAC1 has no individual role in neuronal development 

although it is brain-wide expressed. Mice lacking HDAC1 or HDAC2 individually in neuronal 

precursor cells showed no overt histoarchitechtural phenotype and the immature neurons could 

differentiate normally into mature neurons. Hdac1 and Hdac2 show a strong overlapping 

expression profile in our atlas and therefore seem to substitute for each other. Only the deletion of 

both, HDAC1 and HDAC2, caused abnormal development as differentiation of progenitors into 

mature neurons was not possible anymore. The severe effects of the neuronal double knockout 

(KO) of HDAC1 and HDAC2 leads to early embryonic death at E7.5 (Lagger et al., 2002; Montgomery 

et al., 2009). HDACs also appear to be involved in synapse development. Studies with differentiated 

murine hippocampal cells showed a pronounced increase in the maturation of synaptic function as 

well as a modest increase in synapse number when treated with HDAC inhibitors. Mice with 

conditional null alleles for HDAC1 and HDAC2 could prove that these two enzymes form a 

developmental switch that controls excitatory synapse maturation and function. In addition, also 

the knock-down of HDAC2 alone decreased the synaptic activity, but the loss of HDAC1 had no 

apparent effect in synapse development (Hdac1 / Hdac2 expression in hippocampus: CA1, CA2 and 

CA3 (1.5 / 3.5); radiatum cell layer (0 / 0); lacunosum moleculare (0 / 0); DG granular cell layer (2.5 

/ 3.5); DG molecular cell layer (0 / 0))  (Akhtar et al., 2009). Furthermore, analysis of cell type-specific 

and developmental stage-specific expression of HDAC1 and HDAC2 in the mouse cerebellum 

suggests a potential role for HDAC1 in cell proliferation and for HDAC2 in cell migration and 

differentiation within the developing cerebellum (Hdac1 / Hdac2 expression in cerebellum: granular 

cell layer (2.0 / 2.5); molecular cell layer (0 / 0); purkinje cell layer (0 / 2)  (Yoo et al., 2013). However, 

different HDACs appear to have specific roles in different types of learning and memory. Guan and 
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colleagues for instance identified HDAC2, but not HDAC1, to be a negative regulator of associative 

and spatial memory via overexpression and knockout studies (Guan et al., 2009); The class II HDAC 

members HDAC5 and HDAC6 seem also to be involved in the development of the CNS. Hence, 

HDAC5 has been implicated in the proliferation of NSC via its co-recruitment with LSD1 to the 

promoter of target genes downstream of the orphan nuclear receptor TLX, an essential regulator 

of the maintenance and self-renewal of neural stem cells in embryonic and adult brains (André 

Fischer et al., 2010; W. Li et al., 2008; Yanhong Shi et al., 2004; Sun et al., 2010). HDAC6 was 

demonstrated to be important for cellular processes such as neuronal transport and the 

cytoskeletal network during brain development (André Fischer et al., 2010; Y. Gao et al., 2007). 

Concluding, it emerges that we were successful in establishing an atlas to comprehensively describe 

the mRNA expression of all classical HDACs (HDAC1-11) throughout the adult murine brain. All 

eleven HDAC members show high sequence similarities, but nevertheless, all are expressed within 

the adult murine brain, each with a distinct expression pattern. Comparing the results with studies 

of the rat brain, we could show equal results for the highest (Hdac11) and lowest (Hdac10) 

expressed HDAC member. However, differences were especially revealed for Hdac4, Hdac8 and 

Hdac9. Furthermore, many neurological and psychiatric diseases as well as normal brain processes 

involve HDACs and therefore it is highly important to have an expression atlas revealing the spatial 

distribution, expression level and patterns of co-expression of Hdacs in the main mammalian model 

organism in biomedical research. 
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5.2 Establishing the oral application of tamoxifen via chow to 

activate the Cre/loxP system in conditional transgenic mouse 

models 

Mouse models of transgenic overexpression or knockout mouse models are frequently used in 

many research laboratories since decades. The increase of gene activity (overexpression) or in 

contrast the loss of gene activity (knockout) often provide valuable insights into the physiological 

role of a gene of interest. The mouse as mammalian model organism shares approximately 70% of 

the protein-coding sequence with humans. Thus, the change in the mouse’s phenotype 

(appearance, behavior and other observable physical and biochemical characteristics) due to a gain 

or loss of gene activity can largely be translated to the human system. 

Especially in neurobiology mouse mutants with targeted inactivation of a desired gene or 

overexpression of a distinct gene in specific brain regions or cell types are used as powerful tools 

to analyze a gene’s role in complex brain function such as learning, memory, emotional behavior, 

synaptic plasticity as well as neurogenesis and neuronal cell death (Anagnostopoulos et al., 2001; 

Bolivar et al., 2000; C. Chen & Tonegawa, 1997; Erdmann et al., 2007). However, often the early 

inactivation of a gene is detrimental and causes embryonic or developmental abnormalities leading 

to embryonic or postnatal lethality. Therefore, overexpression and knockout of genes often needs 

to be under spatial and/or temporal control. An elegant and most frequently used tool to bypass 

severe side effects of overexpression or knockout studies is the spatio-temporal control via the 

Cre/loxP system. The conditional overexpression or ablation of a gene is achieved by the cell-type-

specific expression of the bacteriophage P1-derived Cre recombinase under the control of a distinct 

promoter. Thus, in the Cre expressing cells, the recombinase mediates excision of an essential part 

of the targeted gene/DNA sequence that has been flanked by two loxP recognition sequences in 

the same orientation (Branda & Dymecki, 2004; Deussing, 2013; Erdmann et al., 2007; Gu, Marth, 

Orban, Mossmann, & Rajewsky, 1994; Lewandoski, Wassarman, & Martin, 1997). To drive the 

spatial control of Cre expression in the brain, in most cases short promotor fragments of genes with 

the desired expression pattern have been cloned upstream of the Cre cassette. In order to target 

neurons in the adult brain that participate in important brain functions like learning, memory and 

long term potentiation, the Camk2a gene regulatory elements were chosen to drive Cre expression 

in the forebrain including limbic structures like hippocampus and amygdala (Erdmann et al., 2007; 

Tsien et al., 1996). In order to achieve a tight temporal control, the Cre recombinase was fused to 

a mutated estrogen receptor (ER) ligand-binding domain which results in binding to the heat-shock 
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protein 90 (HSP90) complex (Feil et al., 1997). Upon tamoxifen binding to the ER ligand binding 

domain, the fusion protein is released from the complex and translocates due to a nuclear 

localization signal (NLS) of Cre into the nucleus, where Cre-mediated recombination/deletion 

occurs (Feil et al., 1997; Hayashi et al., 2000; Indra et al., 1999; Metzger & Chambon, 2001). 

At the beginning of this thesis, there is no stress-free method for tamoxifen administration in mice 

existed. In rodents, the most frequently used chemical form of tamoxifen is 4-hydroxytamoxifen (4-

OHT), dissolved in alcohol and/or oil, administered usually by repeated intraperitoneal (i.p.) 

injections, supplied by gavaging or via the drinking water. However, i.p. injections and gavaging 

impose considerable stress on mice, whereas administration via drinking water is hampered by 

poor solubility (0.5 mg/ml at 37°C). Thus, feeding the animals with tamoxifen enriched chow would 

be an elegant way to reduce handling distress on mice, effort and costs. There are studies which 

describe the use of tamoxifen enriched chow, but high 4-OHT doses (2.5 mg/g) are needed meaning 

that mice consume up to 20% of the acute lethal dose. Even though there are no severe side-effects 

described so far, the administration via 4-OHT chow is limited by poor acceptance by mice due to 

the bitter taste of the food pellets (Agger et al., 2005; Brocard et al., 1997; Casanova et al., 2002; 

Forde et al., 2002; Indra et al., 2005; Kostetskii et al., 2005; Leone et al., 2003; M. Li et al., 2000; 

Metzger & Chambon, 2001; Mijimolle et al., 2005; Moosmang et al., 2003; Petrich et al., 2003; Sohal 

et al., 2001; Xiao et al., 2001; Yu et al., 2005). Kiermayer and colleagues described the use of soy-

free chow containing another chemical form of tamoxifen, tamoxifen citrate salt (TCS), produced 

by LASvendi (Soest, Germany) (Kiermayer et al., 2007). In this chow, the tamoxifen dose can be kept 

at a minimum level of 400 mg/kg due to the use of TCS and the absence of the tamoxifen antagonist 

soy genistein which can be found in high concentrations in conventional chow. Thus, the total 

tamoxifen uptake can be minimized and the chow is more accepted by the rodents as the bitter 

taste is kept within a limit compared to high concentration 4-OHT soy-rich chow. The TCS enriched 

soy-free chow was shown to be effective in a heart-specific inactivation of thioredoxin reductase 2 

(Kiermayer et al., 2007). To extend the use of the described TCS chow to brain-specific gene 

overexpression or disruption, we addressed the question, if the tamoxifen administered via the 

described TCS food pellets will result in efficient Cre-mediated recombination within the central 

nervous system (CNS). For this establishment of the tamoxifen chow, we chose to use an 

overexpressing mouse model providing a positive readout to assess the efficacy of tamoxifen 

treatment. Therefore, mice of the line CRH-COEiFB were fed with tamoxifen chow (LASvendi, Soest, 

Germany). These mice express the Cre recombinase spatially and temporally controlled by the 

Camk2a promoter which is active in principal neurons of the forebrain from postnatal day 9. 

However, the fusion to the ER ligand binding domain presents Cre recombinase activity providing 
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another level of temporal control by the timing of tamoxifen administration. Mice were only fed 

with tamoxifen chow in adulthood resulting not only in an overexpression of Crh within the 

forebrain, but also in expression of the reporter gene lacZ. LacZ mRNA was easily and sensitively 

detected by ISH analysis.  

In summary, various short-term (minimum 2 days) and long-term (maximum 5 weeks) tamoxifen 

administration periods with and without a wash-out phase (7 days) were carried out and analyzed. 

Both, the shortest and the longest administration showed high DNA recombination levels visible by 

lacZ expression. However, it seems that we can address the hippocampus already with short-term 

tamoxifen administration, whereas recombination in other structures like the cortex require longer 

phases of tamoxifen supply. This effect might also to some extent be explained by the higher cell 

density within the hippocampal pyramidal cell layer which might lead to an overestimation of the 

signal. The wash-out phase of seven days with standard diet even increased the number of 

recombined neurons and in addition allows to turn-over the tamoxifen before phenotypical 

analysis.  

As TCS chow is known to be bitter in taste, the feeding and drinking behavior of mice during 

tamoxifen treatment was observed. However, although the mice accepted the tamoxifen chow, the 

mean food consumption is slightly lower compared to normal food. When mice were transferred 

from TCS chow back to standard diet for the wash-out phase, we could observe a distinct peak in 

food intake within the first 24 hours after the transfer (no genotype effect was observed). When 

analyzing the water consumption, we could detect the same effects observed for food intake. Mice 

seem to detect the differences in taste between the two kinds of pellets and they seem to prefer 

the standard diet which might explain the strong increase in food intake after the change of the 

chow. As the food pellets are low in liquid content, the mice probably need to increase their water 

consumption as well. 

Taking these experiments and their results into account, we thus, suggest as the best compromise 

between recombination efficacy and aversive effects of tamoxifen food (i.e. on body weight) for 

the spatio-temporal control of either overexpression or knockout studies in principal forebrain 

neurons by the use of the Camk2a-CreERT2 mouse line the following treatment scheme: mice are 

fed seven days with tamoxifen chow followed by a seven day wash-out phase with standard diet 

prior phenotypical analysis or behavioral testing. 

 



DISCUSSION 
 

 
175 

 

5.3 Genetically dissecting brain-specific functions of histone 

deacetylase 1 (HDAC1) and histone deacetylase 3 (HDAC3) 

Genetically modified animal models such as knockout mice play a prominent role in the study of 

biological systems and pathways in many fields of biomedical research. The loss of gene activity 

often provides valuable clues about what a gene of interest is involved in and the knockout often 

causes changes in a mouse’s phenotype including appearance, behavior and observable physical 

and biochemical characteristics. With the use of conditional mouse mutants, a target gene of 

interest can even be specifically inactivated in distinct tissues and/or at a given time point to bypass 

the limitations of traditional knockouts like embryonic lethality. With our two knockout mouse 

models concerning HDAC1 and HDAC3, we focused on addressing brain-specific functions of either 

HDAC1 or HDAC3. HDAC1 is the first protein found to possess histone deacetylase activity and 

belongs to the large protein family of histone deacetylases. HDAC3 as the third member out of four 

belonging also to class I HDACs was discovered after HDAC1 and HDAC2 and shares also a high 

sequence homology with yeast RPD3 yet distinct from HDAC1 and HDAC2. HDACs are known to act 

as epigenetic modifiers and therefore, regulate the acetylation/deacetylation state of histone 

proteins which in turn change chromatin formation and structure to regulate gene expression (de 

Ruijter et al., 2003; Gregoretti et al., 2004; Kouzarides, 2000). Epigenetic mechanisms seem to serve 

a potential role in many biological processes and pathologies and also have fostered the emerging 

field of neuroepigenetics. Thus, epigenetic mechanisms in the central nervous system are just 

beginning to be understood and this is one of the most exciting areas of contemporary molecular 

and behavioral neuroscience. Furthermore, histone deacetylases do not only have histones as 

substrates, but also non-histone proteins and therefore serve multiple functions. HDAC1 and 

HDAC3 belong to class I HDACs which are usually found in the nucleus to fulfill their main function 

in epigenetic regulation by deacetylating histone molecules. The rather small proteins show a high 

sequence similarity between the human and mouse homologs. Thus, only three amino acids of 

HDAC1 are different within the whole sequence of 482 amino acids, whereas the HDAC3 enzyme in 

humans and mice comprise exactly the same amino acid sequence. Therefore, the results from the 

genetic mouse models targeting either Hdac1 or Hdac3 can be translated to potential functions of 

human HDAC1 or HDAC3, respectively.  

In a first step, we used Hdac1-lacZ reporter mice and Hdac3-lacZ reporter mice which both express 

the reporter gene lacZ as a fusion transcript consisting of the first two Hdac1 or Hdac3 exons and 

the IRES-driven lacZ sequence regulated by either the Hdac1 or Hdac3 promoter.  Mice of this line 
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were sacrificed and more than 20 organs and tissues were stained for lacZ expression, which 

demonstrates the expression pattern of HDAC1 or HDAC3 throughout the mouse body. From 

literature it is known that Hdac1 and Hdac3  are, like the other class I HDACs, ubiquitously expressed 

in almost all organs and tissues which we could confirm with our lacZ expression analysis as well 

(Montgomery et al., 2007). In addition, the lacZ staining of whole brain as well as brain sections 

showed that HDAC1 and HDAC3 are both specifically expressed within the murine brain revealing a 

unique expression pattern. Comparing the results of the lacZ staining of Hdac1-lacZ reporter mice 

with the Hdac1 mRNA expression (chapter 4.1), both revealed a weak Hdac1 expression throughout 

the brain in general and showed distinct and strong expression only in a few regions like the dentate 

gyrus. For Hdac3, both, the lacZ staining of Hdac3-lacZ reporter mice and the mRNA expression 

analysis (chapter 4.1) revealed a strong Hdac3 expression throughout the whole brain. The mRNA 

expression patterns of all eleven HDACs showed that Hdac3 ranks as the HDAC member with the 

third highest expression level when considering the overall expression in the brain. The lacZ staining 

also indicated a high expression level for Hdac3. Furthermore, both analyses, showed particularly 

intense expression in the granular cell layer of the olfactory bulb, cortical structures, the caudate 

putamen, the nucleus accumbens, the globus pallidus, the septum, the hippocampal formation, 

parts of the pons (dorsal raphe nucleus, interpenduncular nucleus, pendunculopontine tegmental 

nucleus), the cerebellum and all parts of the medulla except the facial nucleus. To specifically 

address HDAC1 or HDAC3 functions in the brain and to overcome the embryonic lethality of Hdac1 

or Hdac3 total knockout mice, first described for HDAC1 by Lagger and colleagues (Lagger et al., 

2002) and for HDAC3 by Dangond and colleagues (Dangond et al., 1998, 1999; Glaser et al., 2003; 

Robyr et al., 2002), but also shown by the viability of only heterozygous Hdac1- or Hdac3-lacZ 

reporter mice, we generated mouse models with a spatio-temporal control of the HDAC1 or HDAC3 

inactivation, respectively. Therefore, we used for both mouse models the elegant tool of the 

Cre/loxP system. For the spatial control, we chose an expression of the Cre driven by regulatory 

elements of the Camk2a gene in order to target specifically principal neurons in the adult forebrain. 

Thus, we can inactivate the Hdac1 or Hdac3 gene specifically in principal neurons of limbic 

structures such as hippocampus and amygdala (Erdmann et al., 2007; Tsien et al., 1996). 

In the literature, it is often described that the two class I HDAC members HDAC1 and HDAC2 are 

highly homologous. Indeed, they are known to share a DNA sequence similarity of more than 82%, 

which is the highest one among the HDACs (de Ruijter et al., 2003; Khier et al., 1999; W M Yang et 

al., 1996; Wen Ming Yang et al., 1997). There is also strong evidence that HDAC1 and HDAC2 most 

probably originate from a recent gene duplication event (Gregoretti et al., 2004). Furthermore, 

HDAC1 and HDAC2 often function together as heterodimers and they are found in the same co-
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repressor complexes which are known as SIN3, NuRD and CoREST (Ayer, 1999; de Ruijter et al., 

2003; Grozinger et al., 2001; Hui Ng & Bird, 2000). Both enzymes are exclusively found in the 

nucleus to fulfill their function. However, although they are often redundant in function and can 

substitute for each other, it is clear that they inhabit also distinct and unique roles. This is also 

indicated by the differences in their expression patterns shown in chapter 4.1. Hdac2 is especially 

expressed at a higher level throughout the whole brain when compared to Hdac1 expression.  

Furthermore, the knockout of Hdac1 is described to lead to embryonic lethality at E10.5 meaning 

that HDAC2 cannot fully substitute the HDAC1 during development. Here we intended to 

specifically investigate HDAC1 functions in brain regulation and dysregulation through the above 

described spatio-temporal Hdac1 knockout animals. 

Moreover, HDAC3 lacks a small segment corresponding to the extreme N terminus of HDAC1 and 

HDAC2 and also regions that correspond to the C terminus of HDAC1 and HDAC2 are absent 

(HDAC1: 399-482; HDAC2: 400-488) suggesting that both HDAC3 ends possess unique functions 

that are distinct from other class I HDACs. In addition to the nuclear localization signal (NLS) which 

is present in all class I HDACs, a functional nuclear export signal (NES) resides in HDAC3 between 

residues 180-313, allowing the HDAC3 protein to shuttle in and out of the nucleus in almost all cell 

types to fulfill its function (de Ruijter et al., 2003; Takami & Nakayama, 2000; W.-M. Yang et al., 

2002). HDAC3 mainly self-associates in dimers and trimers to be active, but also hetero-

oligomerization with other HDACs is possible, although this has only been detected to a small 

extent. Endogenous HDAC3 only associates with HDAC4, whereas the oligomerization with other 

class II HDACs, namely HDAC5, HDAC7, HDAC9 and HDAC10 is only detected when HDAC3 is bound 

within one of the multi-protein complexes. Comparing the expression patterns of Hdac3 and these 

five class II HDACS, it is clear that they show substantial overlap of signal (except Hdac10), especially 

in regions where Hdac3 is highly expressed (see above). Similar to the overlapping expression 

patterns, HDAC3 shares with HDAC5 to inhabit not only a NLS, but also a NES (Lemercier et al., 2000; 

Sparrow et al., 1999). The co-repressor multi-protein complexes relying on HDAC3 activity are NCoR 

(nuclear receptor corepressor) and SMRT (silencing mediator for retinoid and thyroid hormone 

receptors) (Bertos et al., 2001; Fischle et al., 2002; Fischle, Dequiedt, et al., 2001; Grozinger et al., 

1999; H. Y. Kao et al., 2000; Tong et al., 2002; W.-M. Yang et al., 2002; Zhou et al., 2000). However, 

NCoR and SMRT do not only bind HDAC3, but can also stimulate its activity via a conserved 

deacetylase-activating domain (DAD) (Guenther et al., 2000; Wen et al., 2000; J. Zhang et al., 2002). 

After the discovery of HDAC3, often its biological function has been extrapolated from the functions 

ascribed to HDAC1 and HDAC2. However, HDAC3 possesses many unique biological functions. With 

its repressive action on transcription it is not only involved in cell cycle control, but also critically 
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regulates ribosome biogenesis. Embryonic lethality of knockout mice at E10.5 emphasizes its 

unique function in development (Dangond et al., 1998, 1999; Glaser et al., 2003; Robyr et al., 2002). 

With our genetic Hdac3 mouse model we focused on addressing brain-specific functions of the 

enzyme.  

The temporal control of the gene inactivation of either Hdac1 or Hdac3 was induced by tamoxifen 

treatment in adulthood at an age of 8-12 weeks. We chose this time point because we did not want 

to obtain any disturbances in adult behavior due to a lack of either HDAC1 or HDAC3 in specific 

developmental stages. Previous studies on mice lacking HDAC1 or HDAC2 individually in neuronal 

precursor cells showed no overt histoarchitechtural phenotype and the immature neurons could 

differentiate normally into mature neurons. Only the deletion of both, HDAC1 and HDAC2, caused 

abnormal development as differentiation of progenitors into mature neurons was not possible 

anymore. The severe effects of the neuronal double knockout of Hdac1 and Hdac2 lead to early 

embryonic death at E7.5 (Lagger et al., 2002; Montgomery et al., 2009). In addition, HDACs appear 

also to be involved in synapse development. Studies with differentiated murine hippocampal cells 

showed a pronounced increase in the maturation of synaptic function as well as a modest increase 

in synapse number when treated with HDAC inhibitors. Mice with conditional null alleles for Hdac1 

and Hdac2 could prove that these two enzymes form a developmental switch that controls 

excitatory synapse maturation and function. In addition, also the knockdown of Hdac2 alone 

decreased the synaptic activity, but the individual loss of HDAC1 had no apparent effect on synapse 

development (Akhtar et al., 2009). However, less is known about the potential role of HDAC3 in 

such processes of brain development or brain maintenance. 

The quality of prenatal and early postnatal environment and experiences has consequences on 

adult behavior. Thus, persisting epigenetic marks are acquired through early-life experiences via 

epigenetic mechanisms and these marks cause lasting cellular effects which are responsible for the 

basis of adult behavior including positive aspects like greater courage and better learning as well as 

negative aspects like vulnerability to stress, susceptibility to diseases and cognitive deficits. HDACs 

have been demonstrated to be involved in theses epigenetic processes. Hence, the positive effects 

of high-grooming maternal care on offspring brain development was linked to histone acetylation 

(André Fischer et al., 2010; Skinner, 2011; Weaver et al., 2004, 2005). Moreover, fundamental 

questions regarding animal behavior can be explained by putative factors such as early life stress, 

adversity, abuse and social interactions, and these behavioral patterns are not essentially ingrained, 

immutable and only determined by the genetic make-up. Genes and experience are mechanistically 

interwined and epigenetic mechanisms contribute to this interwining (Farah & Hook, 2008; Ravi & 
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Kannan, 2013; Sweatt et al., 2013). With the conditional knockout of either Hdac1 or Hdac3 

specifically in principal forebrain neurons, we can address HDAC1 and HDAC3 functions in processes 

such as memory, learning and cognition or in emotional behavior. Of course, in regard to Hdac1 

and Hdac3 expression in the brain, it makes not only sense to investigate the role of HDAC1 and 

HDAC3 in these forebrain regions, but also in other neuronal or glial cell types throughout the brain, 

e.g. in the cerebellum based on the high expressions of both HDACs in this brain structure. Both, 

the expression analysis of Hdac1 on mRNA level (chapter 4.1) and the lacZ staining proved a high 

and distinct expression of Hdac1 in the Purkinje cell layer of the cerebellum. Furthermore, analysis 

of cell type-specific and developmental stage-specific expression of Hdac1 and Hdac2 in the mouse 

cerebellum suggests a potential role for HDAC1 in cell proliferation and for HDAC2 in cell migration 

and differentiation within the developing cerebellum (Yoo et al., 2013). The cerebellum plays 

especially an important role in balance and motor control. However, for our studies it was more 

important to generate a forebrain-specific knockout to study the HDAC1- and HDAC3-specific 

function in memory and cognitive processes, as well as emotional behavior as little is known about 

the particular role of HDAC1 and HDAC3. 

Human anxiety disorders are broadly grouped according to symptomology and responsiveness to 

pharmacological and psychological treatment with the use of the classification and diagnostic tool 

DSM-5 (diagnostic and statistical manual of mental disorders, fifth edition) (Bailey & Crawley, 2001; 

Nutt, 1990; Weiss, 2007). Generalized anxiety disorders and panic disorders are the two primary 

classifications of pathological anxiety in humans. In an attempt to assess anxiety in rodents, a wide 

range of behavioral testing paradigms has been developed (Bailey & Crawley, 2001; Borsini, Lecci, 

Volterra, & Meli, 1989; J. Crawley & Goodwin, 1980; File, 1980; Hall, 1934; Slotnick & Jarvik, 1966; 

Vogel, Beer, & Clody, 1971). Many of these tests induce a fearful response through an aversive 

event or anticipated aversive event. Others integrate an approach–avoidance conflict designed to 

inhibit an ongoing behavior that is characteristic for the animal, such as contrasting the tendency 

of mice to engage in exploratory activity or social investigation against the aversive properties of 

an open, brightly lit, or elevated space. The premise that basic physiological mechanisms underlying 

fear in rodents can be equated to similar mechanisms operating in humans provides a high degree 

of face validity for the paradigms (Cryan & Holmes, 2005; Ohl, 2005; R. J. Rodgers & Dalvi, 1997).  

Comprehensive studies show a strong correlation between histone acetylation patterns and the 

expression of distinct HDACs in response to commonly prescribed drugs for antidepressant 

treatment and mood stabilizer in specific brain regions such as the nucleus accumbens, striatum, 

cingulate cortex, amygdala and hippocampus (Benes et al., 2007; Hobara et al., 2010; Ookubo et 
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al., 2013; Rudenko & Tsai, 2014; Volmar & Wahlestedt, 2014). All these brain structures show a high 

expression level of Hdac3 and are addressed with both of our Hdac1 and Hdac3 knockout models. 

Up to date, most of the HDAC-related findings have been obtained through inhibitor studies. 

Therefore, we intended with our Hdac1 and Hdac3 knockout mice to specifically address the role 

of HDAC1 and HDAC3 in emotional behaviors such as anxiety.  

In a basic emotionality screening, we assessed the behavior of the conditional Hdac1 and Hdac3 

knockout animals in comparison to the control littermates using a battery of well-known and 

established tests. The first test was the OF test, which revealed for both, the conditional Hdac1 

knockout mice as well as the conditional Hdac3 knockout mice no deficits in locomotion. This was 

very important ensuring, that all effects, we obtained in these behavioral testings were 

independent of locomotor alterations. There might have been a potential role of either HDAC1 or 

HDAC3 in balance and motor control due to their high expression in the cerebellum (Yoo et al., 

2013), but in our conditional knockout mice, HDAC1 and HDAC3 are still expressed in the 

cerebellum as we specifically deleted Hdac1 or Hdac3, respectively, in the forebrain. Moreover, the 

OF test as initial screen for anxiety-related behavior did not show any significant difference 

comparing Hdac1 or Hdac3 conditional knockout animals with control littermates. Other well 

established tests screening for anxiety-related behavior are the EPM test and the DaLi test. The 

former is one of the most validated tests of anxiety in rodents. The natural explorative tendency of 

mice is in opposition to the innate fear of illuminated, elevated and unprotected areas. This 

approach–avoidance conflict results in behaviors that have been correlated with increases in 

physiological stress indicators. In contrast, administration of benzodiazepines and other anxiolytic 

treatments results in increased exploration of the open arms, without affecting general motivation 

or locomotion  (Bailey & Crawley, 2001; Bailey, Rustay, & Crawley, 2006; Gonzalez & File, 1997; 

Handley & Mithani, 1984; R J Rodgers, Johnson, Carr, & Hodgson, 1997; R. J. Rodgers & Dalvi, 1997). 

Parameters of interest included ‘open arm time versus closed arm time’, ‘latency until first open 

arm entry’, ‘number of open arm entries’, and ‘total distance travelled’. We observe in the EPM 

test that the conditional Hdac1 knockout mice showed reduced anxiety-related behavior indicated 

by all analyzed parameters. Thus, HDAC1 seems to be a negative regulator of anxiety-related 

behavior as the conditional Hdac1 knockout mice exhibit decreased anxiety. In contrast, we could 

not show any effects or changes in anxiety-related behavior of conditional Hdac3 knockout mice in 

the EPM when compared to control littermates. In addition, the DaLi test, a precursor to the EPM 

test, developed by Crawley and Goodwin provides another means of examining anxiety-related 

behavior in rodents. Here the mice are also exposed to a novel environment with both, protected 

(dark compartment) and unprotected (light compartment) areas. The conflict between the innate 
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aversion of rodents to brightly illuminated areas and the spontaneous exploratory behavior of 

rodents in response to mild stressors, that is, novel environment and light is thought to inhibit 

exploration. Most mice naturally demonstrate a preference for the dark, protected area. To assess 

anxiety-related behavior in this design a change in willingness to explore the illuminated, 

unprotected compartment is indispensable and reflected in an increase or decrease in analyzed 

parameters such as ‘number of transitions’ and ‘time spent in each compartment’ (Blumstein & 

Crawley, 1983; J. Crawley & Goodwin, 1980; J. N. Crawley, 1981). However, the DaLi test could not 

strengthen or support the findings of the EPM test for conditional Hdac1 knockout mice as these 

showed no overt phenotype when compared to control animals. Thus, it seems that conditional 

Hdac1 knockout mice loose the aversion against an unprotected area faster if this is an elevated 

open arm of the EPM test than a highly illuminated area. As a limitation of the DaLi test, it has been 

reported that dark/light transitions are likely to be cofounded by alterations in general activity, and 

it was suggested that the behavioral expression of decreased anxiety in the dark/light box may be 

determined by genetically based spontaneous exploration (Bourin & Hascoët, 2009; Ohl, 2005). For 

conditional Hdac3 knockout mice, the DaLi test did not show any change in anxiety-related behavior 

and therefore supports the results of the EPM test, but conditional Hdac3 knockout animals entered 

the lit compartment more often and traveled there a longer distances, whereas the total time the 

knockout animals spent in the lit compartment was not changed compared to control littermates. 

Thus, HDAC3 seems not to be involved in the regulation of anxiety-related behavior as the 

conditional Hdac3 knockout mice showed no overt phenotype. 

For further studies, we analyzed both mouse models, the conditional Hdac1  and Hdac3 knockout 

animals within the chronic social defeat stress (CSDS) paradigm (Berton et al., 2006; Wagner et al., 

2011). The decision to use this paradigm was based on two factors: The first one is the fact that 

HDACs are epigenetic modifiers which regulate gene x environment interactions. Therefore, it is 

interesting to learn more about the HDAC1- and HDAC3-specific roles when the subjects are 

exposed to chronic stress before behavioral phenotyping and thus to assess the importance of gene 

x environment interactions for the etiology of psychiatric disorders. The other factor is mainly valid 

for conditional Hdac1 knockout animal, since the HDAC1-specific inhibitor MS-275 was shown to 

restore a normal acetylation state of histone H3K14 when applied to the nucleus accumbens of 

mice subjected to the chronic social defeat stress paradigm which elicited a significant anti-

depressant effect. Thus, we were interested, if also the anxiety-related behavior is changed. 

Therefore, the animals were analyzed in the OF test and the EPM test analogous to the basal screen 

before. However, the OF test showed no significant effect between conditional Hdac1 knockout 

animals and control animals. We could only observe a condition effect revealing that chronically 
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stressed animals traveled less, were longer immobile and stayed less time in the inner zone. These 

condition effects reflect the efficacy of the chronic social defeat stress paradigm. When analyzing 

the EPM test data for conditional Hdac1 knockout mice, we found a significant genotype by 

condition interaction suggesting that the anxiety-related behavior in conditional Hdac1 knockout 

mice observed under basal conditions is reverted when mice are exposed to chronic stress. Here, 

HDAC1 as epigenetic regulator potentially modifies chromatin structure and gene expression in 

response to the environmental stimuli (chronic stress) in a way which reverts the phenotypical 

outcome. The basal effect was confirmed in the non-stressed group of the CSDS paradigm when 

analyzing parameters such as the ‘latency to first open arm entry’ of the two genotypes. The other 

parameters did not reach statistical significance (only trends were observed), but that might be due 

to handling of mice every day during the three weeks of chronic stress. In case of conditional Hdac3 

knockout animals, we were interested, if the anxiety-related behavior which is not changed under 

normal conditions is subjected to changes by chronic stress. Therefore, the animals were analyzed 

in the OF test and the EPM test analogous to the basic screening before. However, neither the OF 

test, nor the EPM test showed any differences, analogous to the previous basic screen suggesting 

again no specific role for HDAC3 in the expression of emotional behavior, i.e. anxiety-related 

behavior. 

Besides anxiety-related readouts, we were also interested in stress-coping and depression-related 

behavior in the conditional Hdac1 and Hdac3 knockout mice as some studies in the literature 

describe the inhibition of HDAC isoforms to be beneficial to treat symptoms of depression (Benes 

et al., 2007; Covington et al., 2009; Hobara et al., 2010; Kurita et al., 2012). Furthermore, the down-

regulation of CAMk2, CREB, ERK, REST and nAchR expression, which is associated with stress, could 

be reversed by MS-275 treatment (Covington et al., 2009). To get an idea if HDAC1 or HDAC3 play 

a role in maladaptive or pathological responses leading to depression-related behavior, we 

analyzed the conditional Hdac1 and Hdac3 knockout mice in the FST. This test was first introduced 

by Porsolt in 1977 and is one of the most frequently used models to assess stress-

coping/depression-related behavior in rodents. We assessed depression-related behavior in the 

basic emotionality screening as well as in the CSDS paradigm. In the former, the amount of 

struggling was decreased in the conditional Hdac1 knockout animals and this could be confirmed in 

the CSDS paradigm under basal conditions and was also visible following chronic stress. As a 

decrease in struggling means a decrease in despair, we might hypothesize that the conditional 

knockout of Hdac1 leads to an antidepressant-like effect. In contrast, under neither of the 

conditions any disturbances in stress-coping behavior caused by the ablation of HDAC3 was 

observed. 
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Furthermore, it is widely known that stress enhances plasma corticosterone levels. Therefore, basal 

levels of corticosterone were assessed for both mouse models (conditional Hdac1 and Hdac3 

knockout) in all animal groups tested in the CSDS paradigm during the circadian nadir in the 

morning. For conditional Hdac1 knockout animals no effects were observed, whereas a genotype 

effect was obtained for the stressed conditional Hdac3 knockout animals meaning that conditional 

Hdac3 knockout mice responded stronger to the chronic stress than the control animals did. To gain 

more insight in the behavioral alterations caused by the interaction of the missing HDAC1 or HDAC3 

enzyme and chronic stress, we assessed deficits in social behavior by the use of the SA test, which 

was established by Berton and colleagues (Berton et al., 2006) and represents social avoidance or 

fear of an unfamiliar interaction partner. When subjected to stress, some individuals develop 

maladaptive symptoms whereas others retain normal behavior (E. Lee et al., 2015). A variety of 

neurological and psychiatric disorders are characterized by deficits in social behavior. However, we 

could not observe any condition by genotype interaction in these tests, neither for conditional 

Hdac1 knockout mice nor for conditional Hdac3 knockout mice. Both, HDAC1 and HDAC3 do not 

seem to be dominantly involved in regulation of social interaction as mice seem to retain normal 

behavior although they are often made socially avoidant by the chronic social defeat procedure  

(E. Lee et al., 2015). As anhedonia is one of the core symptoms of depression, the behavior of the 

conditional knockout mice was also observed by the use of the FUST, which is a test designed for 

reward-seeking behavior and was adopted from Malkesman and colleagues (Malkesman et al., 

2010). However, we could not observe any changes in anhedonic behavior for conditional Hdac1 

knockout animals, but we saw, that HDAC3 seems to play an important role in hedonic behavior as 

the knockout mice were more interested in the tips soaked with female urine compared to control 

littermates.  

Finally, we were interested in the cognitive performance of the conditional Hdac1 and Hdac3 

knockout mice as previous studies have shown an involvement of HDACs in cognition compared to 

anxiety-related behavior (D. Kim et al., 2007; Korzus et al., 2004; Levenson & Sweatt, 2005; Malvaez 

et al., 2010; McQuown & Wood, 2011; Swank & Sweatt, 2001; Volmar & Wahlestedt, 2014). 

Chromatin remodeling mechanisms like acetylation have the potential to induce lasting changes in 

behavior due to stimulus-specific cellular and molecular changes and will consolidate a memory 

into an everlasting trace. However, most studies linking histone acetylation to learning processes 

and memory were conducted using HDAC inhibitors. These studies could show that increased 

histone acetylation is associated with enhanced cognition. Histone acetylation was especially 

shown to be involved in critical steps of stabilizing short-term memory into long-term memory in 

wild-type mice (Korzus et al., 2004; Levenson & Sweatt, 2005; Swank & Sweatt, 2001; Volmar & 
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Wahlestedt, 2014). In aged mice or neurodegenerative mouse models linked to Alzheimer’s disease 

the treatment with the pan-HDAC inhibitor sodium butyrate could restore a broad histone 

acetylation pattern which is usually found in mice with enhanced cognitive behavior due to 

environmental enrichment (Andre Fischer et al., 2007; Frick et al., 2003; F. L. Huang et al., 2006; 

Peleg et al., 2010; Pereira et al., 2007). However, different HDACs appear to have specific roles in 

different types of learning and memory.  Guan and colleagues for instance identified HDAC2, but 

not HDAC1, to be a negative regulator of associative and spatial memory via overexpression and 

knockout studies (Guan et al., 2009). Furthermore, with the use of MS-275, a HDAC1-specific 

inhibitor, and virus-induced overexpression of Hdac1 within the hippocampal formation of adult 

mice, HDAC1 was proven to enhance the extinction of contextual fear memories (Bahari-Javan et 

al., 2012). Moreover, HDAC3 was shown to act as negative regulator of long-term memory 

formation as the inhibition of HDAC3 enhances long-term object recognition memory in mice and 

this is linked to an increase in H4K8 acetylation (Malvaez et al., 2010; McQuown et al., 2011). 

With the conditional Hdac1 knockout and conditional Hdac3 knockout, both restricted to principal 

neurons of the forebrain we specifically addressed brain structures which are involved in memory 

processes. We used the water cross maze (WCM) to assess spatial learning via allocentric navigation 

of mice. As expected and before described by Guan and colleagues with the use of Hdac1 

overexpressing mice, our results support the idea that HDAC1 seems not to be involved in the 

regulation of spatial memory (Guan et al., 2009). In contrast, conditional Hdac3 knockout mice 

showed in comparison with control littermates a strong impairment in spatial learning. These were 

rather unexpected results having the above mentioned study in mind in which HDAC3 was 

described as a negative regulator of long-term memory formation (McQuown et al., 2011). 

However, this study used another cognition test, the object recognition test. Furthermore, the 

knockout was induced by viruses specifically injected only in the hippocampus. In our conditional 

knockout animals, Hdac3 is ablated in all principal neurons of the adult forebrain meaning that 

these neurons show all a change in histone acetylation patterns which might affect learning 

procedures. 

To sum up, our experiments with both, conditional Hdac1 and conditional Hdac3 knockout mice, 

showed that both enzymes, HDAC1 and HDAC3, are ubiquitously expressed in various murine 

tissues including the central nervous system. In addition, both enzymes seem to play a pivotal role 

in embryonic development as in both cases two null alleles cause embryonic lethality. With a spatio-

temporal knockout restricted to principal forebrain neurons in adult animals we could specifically 

address brain structures and systems which are involved in anxiety as well as in memory formation 
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processes. The conditional Hdac1 knockout leads under basal conditions to a decrease in anxiety-

related behavior suggesting HDAC1 to be important in the regulation of emotional behavior and 

perhaps involved in pathological processes leading to anxiety. However, under conditions of chronic 

stress, the decreased anxiety-related behavior in conditional Hdac1 knockout mice is abolished. 

Furthermore, the ablation of HDAC1 leads under basal and stressed conditions to a decrease in 

passive stress-coping/depression-related behavior. In the formation of spatial memory, we could 

not observe any involvement of HDAC1. On the other hand, the conditional Hdac3 knockout animals 

did not show changes in anxiety-related, nor in stress-coping/depression-related behavior under 

basal housing conditions, nor as a consequence of chronic stress, but the HDAC3 ablation lead to a 

severe impairment in learning and spatial memory formation. 
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6 GENERAL CONCLUSION AND OUTLOOK 

To shortly summarize all findings, it emerges that all classical HDACs are expressed throughout the 

adult murine brain, each member having a unique and distinct expression pattern. To induce a 

conditional knockout or overexpression within genetic mouse models via the Cre/loxP system, we 

established a stress-free tamoxifen application via food pellets. To handle aversive effects of 

tamoxifen food (i.e. on feeding and drinking behavior), but to ensure at the same time a high 

recombination efficacy, we established the following strategy to induce the 

knockout/overexpression of desired genes in principal forebrain neurons by the use of the Camk2a-

CreERT2 mouse line: mice are fed seven days with tamoxifen chow followed by a seven day wash-

out phase with standard diet prior phenotypical analysis or behavioral testing. To investigate the 

brain-specific functions of HDAC1 and HDAC3 we used respective conditional mouse models and 

induced the knockout in principal forebrain neurons in adulthood via the previously described 

tamoxifen food strategy. Both enzymes are as expected for class I HDAC members ubiquitously 

expressed in various murine tissues including the central nervous system (CNS). The detailed 

analysis of mRNA expression throughout the adult murine brain, revealed for Hdac1 mRNA a 

ubiquitous, but at the same time a weak expression, except for distinct brain regions, where 

stronger expression is present (i.e. the dentate gyrus (DG) of the hippocampus). Hdac3 is much 

higher expressed and emerges as the HDAC with the third highest brain-wide expression in the 

mouse.  Comprehensive phenotypical analysis of both conditional mouse models under basal and 

chronically stressed conditions, revealed that conditional Hdac1 knockout mice showed no 

cognitive phenotype, but a decrease in anxiety-related behavior under basal conditions, which is 

lost under conditions of chronic stress suggesting a role for HDAC1 in the management of anxiety-

related behavior. In contrast, conditional Hdac3 knockout mice showed no overt phenotype in 

regard to emotional behaviors, but were strongly impaired in memory formation indicating that 

HDAC3 is important for learning and memory formation processes. 

With the established atlas of comprehensive gene expression mapping of all classical HDACs within 

the adult murine brain, we obtained knowledge about the HDACs’ mRNA distribution. However, in 

a next step it would be interesting to confirm these results on protein level and further to determine 

via immunohistochemical analysis the cell types (neurons, astrocytes, oligodendrocytes and 

endothelial cells in the CNS) which express HDACs. It would also be of great interest to obtain more 

information about the epigenetic targets of classical HDACs addressing the question whether 

acetylation state of distinct histone proteins, even of distinct lysine residues within histone 

molecules are deacetylated through different HDACs.  
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The conditional Hdac1 or Hdac3 knockout animals should also be subjected to further 

investigations. For instance, it would be interesting to gain more information about the expression 

of other HDACs in the knockout animals, especially in those regions, where HDAC1 or HDAC3 are 

physiologically higher expressed and deleted in the knockout mice, i.e. the DG for HDAC1 or the 

whole hippocampal formation and cortical structures for HDAC3. Especially the expression of 

HDAC2 should be investigated in the conditional Hdac1 knockout animals, whereas HDAC4 

expression is more useful for the conditional Hdac3 knockout animals as these two HDAC members 

are direct binding partners and heterodimerize with HDAC1 or HDAC3, respectively. Therefore, ISH 

analysis of the mRNA expression and immunohistochemistry (staining of brain slices) for the protein 

and cell-specific expression, both methods followed by imaging, would be useful as well as 

immunohistochemistry (Western Blotting) applied on extracted brain tissues. With the 

immunohistochemistry on brain sections as well as extracted brain tissues, not only the HDAC2 and 

HDAC4 expression should be analyzed, but also if there are any changes in the acetylation states of 

specific lysine residues in distinct histones when comparing Hdac1 or Hdac3 knockout animals to 

control littermates. For a more detailed description of the phenotypes revealed for conditional 

Hdac1 or Hdac3 knockout animals in regard to anxiety-related behavior or memory performances, 

the mice should be subjected to further behavioral tests. Especially tests like a posttraumatic stress 

disorder (PTSD) model should be employed as this reflects anxiety-related behavior as well as 

memory performances. Furthermore, our conditional knockout models are perfect tools to 

investigate the relevance of the HDAC1 or HDAC3 ablation, respectively, before or after the 

traumatic event for development of a PTSD. It would also be worth, generating an Hdac1 and Hdac3 

double knockout mouse model which should be especially subjected to tests combining the two 

knockout phenotypes (deficits in anxiety-related behavior and memory performance) like the PTSD 

model. Of course the establishment of other knockouts of classical HDAC members are reasonable 

as well as double knockouts of Hdac1 and Hdac2 or Hdac3 and Hdac4 as these directly 

heterodimerize and seem to complement in many functions for each other. In our studies we only 

generated conditional Hdac1 or Hdac3 knockout mice which lack Hdac1 or Hdac3 expression in 

principal forebrain neurons in adulthood. But indeed, it would also be interesting to establish other 

specific knockouts, i.e. in other cell-types of the CNS besides neurons which might show Hdac 

expression or even to ablate HDACs in other brain regions like the cerebellum. Another reasonable 

study might involve developmental roles of HDACs and therefore, the knockouts could be induced 

early in postnatal stages. Further interesting investigations would be to subject cells of extracted 

tissues (i.e. hippocampus) of either Hdac1 or Hdac3 knockout animals before and after behavioral 

analysis to the next generation sequencing. With the use of this powerful tool we might be 
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successful in finding target genes which are directly changed in their transcription rate due to the 

knockout and/or due to the experiences from the behavioral testing. Also the direct targets of the 

HDACs, the lysine residues of histone molecules, should be analyzed for a change in acetylation 

state. 

Of course there are many investigations which can be done in this broad and highly interesting 

research field. We only described the epigenetic aspect of HDACs, but, the change in the acetylation 

state of signaling molecules as direct targets of HDACs as key mediators of signal transduction is 

also a promising research field. 
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7 SUPPLEMENTS 

7.1 Control experiment to rule out influences of Cre recombinase 

on mice behavior 
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Figure 60. Analysis of transgenic mice of the line Camk2a-CreERT2. No significant differences were observed 

in the Open Field Test: total distance travelled (A), time spent immobile (B); in the Elevated Plus Maze Test: 

open arm entries (C), latency to first open arm entry (D); in the Dark/Light Box Test: lit compartment time (E), 

lit compartment entries (F).│Test duration analyzed: Open Field Test: 15 minutes; Elevated Plus Maze Test: 

5 minutes; Dark/Light Box Test: 5 minutes;  Data are presented as means ± SEM; n = 10-12; Camk2a-CTRL = 

control littermate; Camk2a-CreERT2 = transgenic Cre mouse. 
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