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1 Introduction 

This thesis aimed to investigate the association of DNA methylation and gene expression 

levels of certain genes with aging and memory formation. For this purpose, hippocampal 

subregions of aged and trained Rattus norvegicus were studied. The hippocampus is the 

main region of the brain, where memory formation takes place. Target genes were IGF1R, 

FMR1, DCX and GRM5, which have previously been linked to this process. 

1.1 Epigenetics and DNA methylation 

Epigenetics is a field of study that investigates gene alteration, in which not the DNA 

sequence is changed, but its molecular structure is modified. The modifications are known 

for their reversibility in response to multiple internal and external factors. They can be 

subdivided into two major groups.  

The first one is the modification of histone proteins. Four histone isoforms form an octamer 

complex consisting of two proteins of each isoform. DNA is organized on these histone 

complexes by wrapping around them, forming a nucleosome. Its structure is often referred 

to as beads on a string or 10 nm fibre [1]. Histones contain many basic amino acids, like 

arginine and lysine, that interact with the negative charged phosphate backbone of DNA. 

The strength of this interaction is influenced by several posttranslational modifications of 

the histones, such as acetylation and phosphorylation, which alter the charge of single 

amino acids. Hence, the density of DNA packaging is variable, making the genetic 

information easier or harder to access by transcription factors and influencing the initiation 

of transcription [2].  

Second, DNA itself may be modified by methylation of single nucleotides. While 

N(4)-methyl-cytosine and N(6)-methyl-adenine are often found in prokaryotes [3], the most 

dominant modification in eukaryotes is the methylation of C5 in cytosine. Prerequisite is that 

it must be part of a dinucleotide consisting of cytosine and guanine (CpG) [4]. In mammals, 

the methylation is mediated by a group of enzymes named DNA methyltransferases 

(DNMTs). They catalyse the transfer of a methyl group from S-adenosyl-L-methionine (SAM), 

a common biological methyl donor, to the target cytosine [5].  

Three DNMTs with DNA methylation activity are known so far. DNMT3a and DNMT3b are 

important for DNA de novo methylation. This process becomes especially important during 

embryonal development, as it was shown in mice by Okano et al. in 1999. The fertilized egg 

undergoes global DNA demethylation to remove most of parental methylation patterns. 

Afterwards, intensive reprogramming occurs and new patterns are established. A lack of one 

or both DNMT3 enzymes causes early embryonic lethality, demonstrating their importance 

during development [6–8].  

In adult and differentiated cells, the methylation pattern is already established and needs to 

be conserved during cell division and genome replication. By its nature, one strand of the 

newly generated double-stranded DNA is from the predecessor and displays a distinct 
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methylation pattern. In order to keep this information, the pattern is transferred to the new 

unmethylated strand by DNMT1 [9]. The conservative function of this enzyme demonstrates 

that DNA methylation is a stable and self-perpetuating process of information storage.  

1.2 Gene regulation by DNA methylation 

Multiple ways are known how DNA methylation can influence gene expression. One is 

methylation in the promoter region. About 60 % of human genes are associated with CpG 

islands in their 5’-end, including house-keeping genes. CpG islands are characterized by a 

relative high density of CpGs, being one dinucleotide every 10 bases on average over 

asequence of 1000 bases. This is ten times the ratio that can be found in the rest of the 

genome. It is estimated that CpG islands comprise about 1 % of the human genome [10–12].  

Methylation of CpGs in promoter regions is mostly linked to gene silencing. This is due to a 

decrease in binding capability of transcription factors during the initial step of transcription 

[13,14]. The added methyl group reaches into the major groove of the double helix (see 3.1) 

and has a thereby narrowing effect on the minor groove that hinders shape readout by 

transcriptions factors. Without correct binding of transcription factors, polymerase cannot 

be recruited [15].  

Another way how DNA methylation inhibits transcription is the recruitment of repression 

complexes like the methyl-CpG binding protein (MeCP2) and similar proteins. The molecule 

contains a methyl-CpG binding domain (MBD), which binds to methylated CpGs, and a SIN3-

histone deacetylase complex. By binding of this protein to methylated DNA in a nucleosome, 

histones are deacetylated which causes an increase in DNA packing density and a 

subsequent decrease in gene expression [16].  

Despite the CpG dense promoter regions, DNA methylation was also found in the gene body, 

which is defined as the sequence after the first exon (see 3.1 RNA and DNA). Methylation 

in the gene body is positively correlated with gene expression. This was shown in multiple 

tissues and cell types, like B-lymphocyte, placenta, peripheral white blood cells and 

fibroblasts. In case of hypomethylation of these sites, gene inactivation was found, with the 

exception of slowly dividing and non-proliferative tissues (e.g. brain tissue) [17,18].  

Statistically, CpGs in intragenic regions are more frequently in exons than in introns. It was 

reported that the methylation in intragenic sites had high influence on alternative splicing as 

well. Inhibition of DNA methylation led to dysfunction in splicing and exon skipping in human 

cells, while methylation increased expression of an exon. MeCP2 and histone deacetylase 

played a major role in this process, since exon skipping was also seen after their knock-out 

[19]. A study by Li et al. confirmed these observations across several human tissues [20].  

1.3 Epigenetic factors 

In contrast to conventional genetic changes, epigenetic modifications are subjected to 

alteration throughout an organism’s lifespan. Even monozygotic twins develop a different 

epigenetic pattern of modifications due to environmental factors [21].  
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Aging has a well-known epigenetic impact, since many studies reported increased 

methylation levels in promoter regions of aged individuals. Additionally, the remaining 

genome is often found in a hypomethylated state. Altered methylation due to aging 

frequently leads to silencing of tumor suppressor genes, increasing the risk of cancer 

development [22,23]. An example is the methylation of RASSF1A, a tumor suppressor gene 

that is involved in cell cycle control. Its silencing is one of the main causes for renal cancer 

[24]. The correlation between cancer risk and age-related DNA methylation was found to be 

tissue-independent [25].  

Beside aging, multiple environmental factors were found to influence DNA methylation. One 

example is the constant uptake of heavy metals and their accumulation in the body. Arsenic 

can be found in soil and drinking water, as well as airborne particles. Exposure to this heavy 

metal has already been linked to a variety of cancer types. This may partly be due to 

epigenetic silencing of p53 and p16, two main tumor suppressor genes. Concerning these 

genes, a study by Chanda et al. observed altered promoter methylation, depending on the 

arsenic concentration in drinking water [26].  

Another example is the discussed influence of air quality. Many people live in cities where air 

pollution has become an influence on health. De Prins et al. studied alteration in DNA 

methylation that occurred due to everyday exposure to particulate matter, as well as O3 and 

N2 values, that were below European limit thresholds. They reported a correlation between 

global hypomethylation in white blood cells of healthy adults and the exposure to increased 

values of pollutants [27].  

1.4 Hippocampus and memory 

The bilateral brain region of the hippocampus is named after the Greek word for sea horse, 

which shows similarities in terms of shape. It is subdivided into several subregions: dentate 

gyrus (DG), cornu ammonis 1/2/3 (CA1/CA2/CA3), subiculum, parasubiculum and the 

entorhinal cortex. The main function of this part of the brain is the episodic memory, which 

stores personal experiences. It was famously reported by Scoville and Milner, that people 

with damaged hippocampus are unable to acquire new long-term memory but were able to 

live an otherwise normal life at the same time [28].  

Synaptic plasticity describes a process how memories are generated and stored. It follows a 

theory that was originally postulated by Donald Hebb in 1949 [29]. He claimed that if a 

neuron fires persistently and repeatedly over a long period of time to excite a second 

neuron, metabolic and growth changes will occur to strengthen the link and the transmission 

between them. This mechanism, today known as long-term potentiation (LTP), was proven 

to occur in CA1, CA3 and DG, as well as in other parts of the brain [30]. LTP depends strongly 

on glutamatergic signaling, a process of signal transduction between neurons where 

glutamate is used as transmitter [31]. The process can be influenced artificially by electric 

high or low frequency stimulation, which helped to elucidate the mechanism [32]. Synaptic 

plasticity is assumed to be a key factor for memory encoding and its stabilisation. The 
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reverse effect was also observed, named long term depression, which weakens a neuronal 

link [33].  

Another process of memory formation, beside synaptic plasticity, is the generation of new 

neurons from precursor cells. The DG and striatum are the only regions of the brain where 

the process of neurogenesis takes place in adults [34]. In case of DG in human and mouse, 

neural progenitor cells proliferate into dentate granule cells and migrate into the inner layer 

of the dentate gyrus. There they become polarized by developing dendrites and axons. In the 

following, the cells project into the CA3 and connect with neuronal network [35]. This 

mechanism is thought to be a major contribution to learning and pattern recognition [36].  

The hippocampus is also linked to spatial recognition and orientation. First discovered in 

rats, several cells (place cells) were found to fire when the animal is at a distinct location. 

The cells are gathered in place fields, which are each associated with a space that is already 

familiar to the animal. These place cells were extensively studied in rats but were also found 

in other mammals. Remarkably, they do not only fire when the animal is at specific location, 

but also independently from external conditions (e.g. light) and regardless of the direction 

the animal approaches. Additional information like odour cues or landmarks that are related 

to a spatial position, is also stored in the hippocampus [37–39]. The pioneer work on this 

field was awarded with a Nobel prize in physiology or medicine to John O’Keefe, May-Britt 

Moser and Edvard I. Moser in 2014 [40].  

1.5 DNA methylation in the brain 

The importance of DNA methylation for brain development was recognized after knock-out 

of DNMTs. Since a genomic knock-out led to prenatal death, the gene was specifically 

inactivated in postnatal post-mitotic neurons in mice. Feng et al. found that single 

conditional knock-out of only DNMT1 or DNMT3a did not impact DNA methylation, 

proposing a redundant role. But the double knock-out of both resulted in smaller cell sizes 

and impaired mental abilities, mainly reducing spatial memory performance and memory 

consolidation [41].  

The process of memory formation, a major process of the brain, depends on the correct 

expression of various genes after an input and corresponding development of neurons. DNA 

methylation enables a control of expression in a fast and dynamical manner, although the 

processes are yet not fully understood. It was assumed that any disturbance could lead to 

severe mental or psychological diseases [42–44].  

One exemplary gene that is important for memory consolidation in mammals, is 

brain-derived neurotrophic factor (BDNF). The gene has several exons with respective 

promoters, which are differently expressed during the steps of the process. Different 

expression patterns that depend on the region were also found. Lubin et al. suggested that 

the dynamic regulation of different exons is managed via DNA methylation. During memory 

consolidation phase, after contextual fear conditioning in rodents, the promoter of BDNF 

exon IV became demethylated in the hippocampus, which increased expression of exon IV 
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containing transcripts. Administration of DMNT inhibitor also led to increased expression in 

exon I, IV and VI and a corresponding increased transcription of these exons. Their aberrant 

expression is assumed to be linked to cognitive disfunction in psychiatric disorders [42,45].  

Protein phosphatase 1 (PP1), which functions as a memory suppressor, is methylated upon 

neuronal excitation. Gene expression decreases in the following, which allows the formation 

and consolidation of new memories. By administration of DNMT inhibitor 6 h after exposure, 

methylation and subsequent repression of this gene were disabled. This caused a 

significantly weakened effect of contextual fear conditioning. In the same study, which was 

carried out by Miller and Sweatt, the expression of REELIN was increased after neuronal 

excitation. This observation corresponded with demethylation in the promoter region. The 

gene is known for its critical role in synaptic plasticity and LTP. Up-regulation caused an 

increased learning effect that could be improved by inhibiting DNMT. Demethylation below 

the promoter’s natural degree could also further improve the effect. Expression levels of 

both genes returned to baseline after 24 h [46].  

In contrast to the quick change in gene regulation described above, DNA methylation is also 

responsible for persistent effects, that may even appear a long time after the initial trigger. 

For instance, prenatal stress and exterior factors during early childhood showed an influence 

on the adult animal’s behaviour [47–49]. One example for long lasting effects is the 

glucocorticoid receptor and its encoding gene NR3C1. Weaver et al. reported that the 

promoter exon 17 is differently methylated in mice, depending on maternal care in the first 

week after birth. If a dam showed increased pup-licking and arched-back nursing, exon 17 

was lower methylated in the offspring. As result the glucocorticoid receptor was expressed 

in higher amounts. The opposite could also be observed where the methylation degree was 

higher after decreased maternal care, resulting in negative gene regulation. Experiments 

with cross-fostering, where the offspring received the interchanged treatment, revealed 

reversibility between the two observations. The established effect on gene regulation was 

found to be persistent into adulthood, where a decreased expression of the receptor protein 

causes the animal to be more susceptible to stress-induced depression [50,51].  

The results are comparable to human. The genes between both species are similar and a 

homolog to mouse exon 17 exists, named exon 1F. McGowan et al. investigated methylation 

in this region by studying the genome of suicide victims that experienced child abuse. The 

results are the same as it was observed in rodents. Individuals that experienced less care 

during their childhood, had an increased methylation in exon 1F and thus a down-regulation 

of glucocorticoid receptor. The results were compared to individuals with normal childhood 

experiences [52].  
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1.6 Effect of aging on DNA methylation in the brain 

Aging is the most fundamental process of life. Statistics prove that the life expectance of an 

average human is now longer than it was ever before [53]. But albeit the advances, a longer 

life is accompanied by an increased risk of disease. Especially memory impairment is not 

uncommon in elderly people. Most prominent, dementia and Alzheimer’s disease are often 

diagnosed to be the cause for the decline of mental capabilities [54]. 

Many studies investigated the mechanisms and processes in brain that contribute to aging. 

But since it is known that DNA methylation plays a major role in the complex process of 

memory formation, (see above in 1.5) this mechanism deserves further attention.  

Recent studies reported significant changes in gene expression in the hippocampus and the 

medial prefrontal cortex in aged rats [55]. Those genes are often important for synaptic 

plasticity, memory consolidation and retrieval, like ARC and EGR1 [56,57]. In addition, 

Oliveira et al. discovered a decreased DNMT3a expression in the hippocampus of aged mice, 

which led to memory impairment as well. The latter process was found to be reversible, 

since a rescue experiment restored the cognitive functions by inducing increased expression 

of the enzyme [58].  

Probably due to the decreased expression of DNMT3a, the genome appears in a generally 

hypomethylated state in aged people [59]. This concerns also non-coding regions like LINE-1 

and interspersed Alu elements [60]. In contrast, promoter CpG islands were mostly found 

hypermethylated. This aberrant methylation paves the way for a variety of diseases like 

cancer, memory impairment and auto-immune diseases [61]. But beside the genome-wide 

or promoter-wide methylation degree, Haberman et al. assumed that the methylation state 

of single CpGs plays a more important role in gene expression [62]. 

1.7 Insulin-like growth factor 1 receptor (IGF1R) 

This gene encodes for a protein of the same name. Spanning the cell membrane, the main 

binding partner of this receptor protein is the insulin-like growth factor 1 (IGF1). In addition, 

IGF2 and insulin are also bound with lower affinity. Upon binding of IGF1 the intercellular 

subunits of the receptor are autophosphorylated. This recruits several signaling molecules 

that activate the IGF signaling pathway, leading to cell growth and proliferation [63].  

The tetrameric receptor shares a high sequence homology with the insulin receptor. This fact 

allows them to mix their subunits and form still functional hybrids, which was mainly 

observed in tumor cells, where they exhibited an increased mitogenic effect compared to 

the single type receptors alone [64,65].  

The activity of IGF1R was originally related to its role in liver and skeletal tissue. But recently 

research started to focus on its role in neuronal development and expression in the brain. 

For instance, studies found induction of neuronal proliferation in adult rat hippocampus 

after peripheral administration of IGF1 and thus an increased signaling via the IGF1 pathway 

[66].  
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Several studies showed an increased risk for diabetes patients to develop Alzheimer’s 

disease. Further studies had proven that those patients also display reduced IGF1R 

expression, establishing a direct link between these two observations [67,68].  

Logan et al. performed a knock-down of IGF1R in mice astrocytes, which are brain cells that 

are important for brain maintenance and support. During their research they discovered a 

significantly decreased working memory performance in rodents that were trained in a 

Morris-water maze. Primary cell cultures made from extracted tissue had a significantly 

decreased IGF1 signaling and glucose metabolism. Oxygen metabolism was impaired as well, 

in parallel with decreased mitochondrial performance [69].  

Mice with low serum levels of IGF1 and thus decreased IGF signaling capability, showed 

impaired LTP in the hippocampus and poor performance in orientation tasks [70]. This 

finding is supported by the observation that IGF1 signaling is influencing reconstruction of 

the essential myelin coat in nerve cells after its removal [71].  

In addition to observations that establish a link between learning and IGF1 signaling, 

multiple studies also agree that IGF1R expression decreases during aging [68,72]. All 

together, these findings corroborate a connection between the availability of IGF1R and 

memory formation, in addition to its already known function in cell growth.  

1.8 Fragile X mental retardation (FMR1) 

FMR1 encodes for the fragile X mental retardation protein (FMRP). It acts as a translational 

repressor in multiple processes of brain cells and is an important factor for memory 

formation. About 4 % of neuronal transcripts are possible targets for FMRP [73,74]. In the 5’ 

untranslated region of FMR1, a variable number of CGG trinucleotides can be found that 

varies individually and is the key factor for abnormal expression. An average phenotype 

without symptoms possesses up to 50 repeats. Individuals with 50 to 200 repeats are 

considered premutation carriers, while patients with more than 200 repeats often develop 

fragile X syndrome [75]. The number of repeats is susceptible to mutation and is passed on 

to the next generation. Typical symptoms involve learning disability, prevalence of 

concurrent autism spectrum disorder and various other psychological and neurological 

occurrences [76]. Another diagnosed disease that can also affect premutation carriers, is 

fragile X associated tremor/ataxia syndrome (FXTAS), which causes impaired movement and 

is also linked to cognitive disorders [77,78].  

As mentioned, the main criteria for clinical diagnosis is the extent of the trinucleotide repeat 

[75]. Each repeat contains a CpG dinucleotide that is a possible site for DNA methylation 

[79]. An increased methylation in the region leads to silencing of the gene and, in the 

following, abnormal development of neurons [80–82]. It was shown in mice, that a lack of 

FMRP causes overexpression of cytoskeletal proteins (e.g. ARC) and increasing amounts of 

GRM1 and GRM5 as well as a decrease in AMPA receptors. These effects impaired synaptic 

plasticity and therefore brain function [83]. Studying FMR1 knock-out mice also revealed 

that symptoms get more severe with increasing age [84].  
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1.9 Doublecortin X (DCX) 

Since DCX is known for its critical role in neurogenesis, its expression is often used as a 

marker for brain development and learning [85–87]. The protein is an important factor for 

neuronal migration during and after brain development, participating in formation of 

microtubules [85,88]. Therefore, doublecortin is classified as microtubule associated protein 

(MAP). It acts stabilising on this filament, preventing its shortening [89]. This enables the 

protrusion of neurons and formation of new links, as it is done during learning and brain 

development. Hence, a disturbed expression is fatal for mental capabilities [90].  

Succeeding its first discovery, the gene was linked with brain malformations, mainly 

lissencephaly and subcortical band heterotopia [91]. Lissencephaly is characterised by 

completely or partially absent brain convolutions (agyria and pachygyria). Genes with 

decreased expression, which are closely related to this condition are DCX, LIS1 and TUBA1A, 

which are important for neuronal migration in embryonic development. The condition of 

subcortical band heterotopia is caused by disturbed migration as well and the subsequent 

formation of abnormal cortical layers beneath the grey matter. Both diseases, lissencephaly 

and subcortical band heterotopia, cause mental retardation. Often intellectual disabilities 

are diagnosed at the same time [92–95].  

1.10 Glutamate metabotropic receptor 5 (GRM5) 

The gene GRM5 codes for the glutamate metabotropic receptor 5, which has homologs in 

many mammals. The protein is a G-protein-coupled-receptor that is spanning across the cell 

membrane. It is nearly ubiquitously expressed in every brain region and participates in 

post-synaptic signal transmission [96]. Activation of the receptor is achieved by binding of 

the neurotransmitter L-glutamate on its extracellular domain, resulting in activation of 

intracellular phospholipase C. A subsequent cleavage of messenger molecule phosphatidyl 

inositol occurs and through continuation of the cascade, calcium ion channels are opened 

and depolarisation of the neuron for further signal transmission is initiated [97,98].  

By performing spatial training with mice, a correlation between the increased expression of 

GRM5 in the hippocampus and enhanced LTP is already established [99,100]. For instance, 

experiments found elevated GRM5 mRNA levels right after induction of LTP, indicating its 

involvement in this process [101]. By administration of GRM5 antagonists in different 

intervals before and after spatial training, a certain time dependency was revealed. By 

inhibiting the receptor closely before and after the training, the learning effect was nullified. 

But there was nearly no effect by administration in larger intervals after training which 

suggests a major role in the initial induction of LTP [99]. 

The importance of GRM5 in the memory consolidation phase of rats was studied by Riedel 

et al. [102]. In the first day after training the expression increased 3-fold in the hippocampal 

subregion CA3, correlating with induction of memory formation. Within ten days after 

training the mRNA expression decreased in CA3 while an increase was found in the 

subregion CA1 and DG. These observations revealed a time dependent expression pattern of 
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GRM5 during learning and suggests an important role in CA1 and DG during memory 

consolidation.  

Together these findings indicate a strong role of GRM5 in the learning process and LTP in 

short- and long-term memory.  
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2 Aims 

As it is shown in numerous publications, aging has a significant influence on memory 

performance. But how memory is formed and maintained on the molecular level, is still not 

fully understood and is the objective in various studies. One known mechanism of regulation 

is DNA methylation, which may have a significant impact on gene expression. Because of its 

role in episodic and spatial memory, the hippocampus is thereby of special importance.  

Investigated genes are linked to mental and cognitive impairment: insulin-like growth 

factor 1 receptor (IGF1R), fragile X mental retardation 1 (FMR1), doublecortin X (DCX) and 

the glutamate metabotropic receptor 5 (GRM5). Tissues of interest were hippocampal 

subregions CA1, CA3 and DG from aged Rattus norvegicus that were trained in a radial arm 

maze.  

The aim of this thesis was to investigate gene expression and DNA methylation in 

hippocampal tissue. For this purpose, RNA and DNA were extracted using a trizol protocol. 

To determine gene expression levels, RNA was reverse transcribed into cDNA, which enabled 

a quantitative analysis via real-time PCR. After method development, DNA methylation in 

the respective promoter region was investigated. The development comprised PCR and 

pyrosequencing, which was performed after bisulfite conversion of the extracted DNA.  

The results should give insight, if gene expression and DNA methylation are associated with 

the age of the animals and their learning performance. Additionally, the expression rates and 

methylation degrees in the different hippocampal subregions should be analysed. DCX and 

GRM5 were of special interest, since they are already linked to neuronal activity.  
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3 Theoretical background  

Various RNA and DNA based methods were used in this thesis. Starting with the extraction 

from samples ranging to the analysis via real-time PCR (polymerase chain reaction) and 

pyrosequencing (PSQ). The following section covers the theory and principals behind these 

experiments.  

3.1 RNA and DNA 

DNA is the fundamental component that is the base of every life form on our planet. Its main 

parts are the four DNA bases adenine (A) and guanine (G), derivatives of purine, and thymine 

(T) and cytosine (C), which are derivatives of pyrimidine. They are bound to a molecule of 2-

deoxy-β-D-ribofuranose (deoxyribose) via a N-glycosidic bond. Phosphate is bound to the 5’-

OH group of the sugar component, building a nucleotide, the basic monomer of DNA. By 

forming a phosphodiester bond (see Figure 1) at 3’-OH, multiple nucleotides build a 

polymeric DNA strand, with interchangeable monomers that differ only in the DNA base. In 

this way, information is encoded by a sequence comprising the four DNA bases. The strand 

of alternating deoxyribose and phosphate is the backbone of DNA, where phosphate 

provides a negative charge. Strands are read from 5’- to 3’-end in vivo, which is also the 

direction of its general depiction.  

DNA bases form hydrogen bonds between each other, but only two specific combinations 

are possible. The pairs, first described by Watson and Crick, are adenine/thymine and 

guanine/cytosine. The recognition is performed by the number of hydrogen bonds a base 

can form. Adenine/thymine are capable of forming two, while guanine/cytosine are 

connected by three hydrogen bonds (Figure 1). This results in two DNA strands interacting 

with each other, stabilised by hydrogen bonds and additional non-covalent forces. One 

strand is complementary to the other in terms of DNA base pairs. The two complementary 

strands form the widely known DNA double helix. It exposes the backbone on the outside, 

while the DNA bases are turned inwards. The gap between the two strands is named minor, 

while the one between double strands is the major groove [103]. The strands can be 

separated from each other, by a process called melting, in which the temperature is 

increased above the melting point of the sequence. At this sequence-specific temperature 

the hydrogen bonds break up, but the single strands remain intact. Since guanine and 

cytosine form an additional hydrogen bond compared to adenine and thymine, higher GC-

content increases the melting point.  
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The complementarity is the key for DNA replication in vivo. The double strand is separated 

into single strands, and to each single strand, a complementary strand is generated. DNA 

read-out works in a similar way, except DNA is transcribed into mRNA. This oligonucleotide 

functions as a messenger between DNA information and the encoded protein sequence. The 

structure of RNA is similar to DNA but has two major differences. The RNA base uracil (U) is 

incorporated into the strand instead of thymine in DNA. Secondly, the carbohydrate 

backbone, which is deoxyribose in DNA, contains ribose with an additional 2’-OH group in 

comparison. This weakens the structure of RNA and makes it more susceptible to 

degradation and other chemical reactions [104].  

A gene is structured into several parts. A promoter region marks the starting point for 

transcription, while a terminator sequence flags the end. In between of these regions lies 

the gene body. Most of the genes comprise several coding regions (exons) and non-coding 

regions (introns). To connect all coding regions in order to form a functional sequence, 

splicing of pre-mRNA, the first transcript, is performed. Introns are cut out and exons are 

connected to a single sequence (see Figure 2). This mRNA sequence, containing all 

information required, is translated into protein. Alternative splicing was shown to effect 

gene expression in a tissue- or species-specific manner, by transcribing only certain exons or 

by splicing pre-mRNA differently. In this way multiple related mRNA sequences, and thus 

proteins, are formed, although they originate from the same DNA sequence [105–107].  

Figure 1: Molecular structure of DNA/RNA (R= continuous DNA chain) and the hydrogen bonds between them (R1+R2= 
individual DNA chains). 
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3.2 DNA and RNA extraction 

Due to their molecular similarity, it is difficult to separate RNA and DNA. In this thesis, a 

trizol extraction protocol, provided by Thermo Fisher [108], was applied. This reagent is a 

monophasic solution of guanidinium isothiocyanate and phenol that allows sequential 

isolation of RNA, DNA and proteins without addition of further enzymes. Guanidinium 

isothiocyanate is a chaotropic agent, which denatures proteins and thus inactivates 

nucleases to prevent RNA/DNA degradation. Additional advantages of extraction with trizol 

are thorough precipitation and more soluble protein pellets compared to other methods 

[109,110].  

The method resembles phenol-chloroform extraction, as it takes advantage of the same 

reagents to separate and precipitate nucleic acids. In the applied method, addition of 

chloroform to a trizol sample induces phase separation between organic and aqueous 

solvent. Under neutral pH nucleic acids have a negative net charge due to their backbone 

(see 3.1) and can be found in the aqueous phase. In contrast proteins possess multiple 

hydrophilic and hydrophobic domains and aggregate preferably in the organic- or 

interphase.  

DNA has a lower pKa compared to RNA and is therefore more likely to be protonated. This 

results in a neutral net charge of DNA if the pH is decreased, as it is the case in trizol. DNA 

subsequently migrates into the interphase while RNA remains in the aqueous phase. After 

isolation of the RNA containing phase, precipitation is performed by addition of isopropanol, 

which lowers the polarity of the solvent and therefore the solubility of the oligonucleotides. 

Afterwards the precipitate is washed with 70 % ethanol to remove co-precipitated salts. 

Figure 2: Simplified depiction of transcription and splicing. 
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After withdrawal of the aqueous phase that contains RNA, DNA and proteins are found in 

the phenolic phase. The nucleic acids are precipitated by addition of 100 % ethanol. This 

creates a more hydrophilic environment, in which DNA is insoluble under acidic conditions 

and therefore precipitates. The protein remains in the supernatant and is withdrawn.   

Additional washing steps with 70 % ethanol are performed to eliminate co-precipitated salts 

in the DNA pellet. While the increased polarity of this solvent is sufficient to remove 

contaminants, DNA is also susceptible to solubilisation. This can be avoided by using only 

cold reagents and quick processing of the samples [111–113]. 

Glycogen was added to the RNA and DNA extracts prior to their precipitation. The huge 

polymeric structure of glycogen is insoluble and entangles with the nucleic acids. In this way 

their molecular weight is increased, allowing an easier and thorough precipitation by 

centrifugation. It also slightly increases the size and visibility of generated pellets, facilitating 

its recognition in the washing steps. Hence, it increases the yield in extractions, if low 

amounts of nucleic acids are to be expected [114].  

3.3 Photometric determination of RNA & DNA yield 

The concentration of RNA and DNA can easily be assessed by photometric methods. Because 

of their aromatic structure, nucleic acids absorb light at 260 nm. By applying the law of 

Lambert-Beer, which states that absorbance is proportional to the concentration of the 

analyte, the concentration can thus be quantified. The absorbance at 280 nm is also 

determined. Light at this wavelength is absorbed by aromatic amino acids, phenol and other 

contaminants. By calculating the absorbance ratio 260 nm/280 nm the purity of the DNA 

sample is estimated. The optimal ratio for pure DNA extracts is 1.8, while it is 2.0 for RNA 

extracts. Lower ratios indicate impurities in the solution. Other contaminants are indicated 

by a high absorbance at 230 nm, for example the phenolate ion, which is a main 

contaminant in this case due to the extraction method [115,116].  

3.4 Polymerase chain reaction (PCR) 

The discovery of PCR was a milestone in biochemistry and was awarded with a Nobel prize 

for Kary Mullis in 1993 [117]. He utilized polymerase, the enzyme responsible for DNA 

replication, and created a method that allows copying of any DNA sequence in high 

amounts. In theory one single template strand is sufficient to carry out the experiment. The 

method works accurately and is widely used, not only in research but also in other fields like 

forensics and paternity tests, where small variations in base sequences are investigated.  

Three successive steps can be distinguished when conducting PCR experiments: Melting, 

primer annealing and elongation. These steps form a cycle that starts again after completion. 

After each cycle the amount of amplicon, copies of the target sequence, is theoretically 

doubled (Figure 3).  

The experiment is initiated with template DNA that is melted by increasing the temperature 

until only single stranded DNA (ssDNA) is present (Figure 3, 1). In practise the temperature is 
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mostly set to 94-95 °C, which is sufficient to melt any double stranded DNA (dsDNA), without 

risking the denaturation of the molecule itself.  

Small DNA sequences (primers) are complementary to the sites next to the target sequence 

that needs to be amplified. A forward and a reverse primer are designed, since both 

complementary DNA strands need to be amplified. After melting of the initial DNA sample, 

the template, primers anneal at a lower temperature to both of the strands (Figure 3, 2). 

Most important for a correct temperature setting is the melting temperature of the primer, 

which increases with length and a higher GC base pair content. A higher annealing 

temperature is favourable, since it increases the probability of correct primer binding. 

Otherwise they may bind in an unspecific manner to sequences that are only partially 

complementary. If the temperature is too high, primers could be prevented from annealing 

completely, which reduces the amplification efficiency.  

Upon successful annealing of the primers, DNA polymerase elongates them from their 

3’-end, creating a complementary strand to the template. This results in the generation of 

two dsDNA sequences per ssDNA template (Figure 3, 3). For this step, the temperature is set 

to the optimum for polymerase activity.  

Once this phase is finished a new cycle is started by melting the generated double strands. In 

theory the number of amplicons doubles each cycle, which leads to large amounts that can 

be analysed [118,119]. 

To maintain the activity of polymerase, a buffer keeps pH and salt concentration constant at 

optimal conditions. Especially the concentration of polymerase co-factor Mg2+ is of great 

importance and can be varied to increase the amplicon yield. Deoxyribose nucleoside 

triphosphates (dNTPs) are part of the reaction mix, to provide DNA monomers for the newly 

generated strands [119]. 

The discovery of Taq-polymerase from the extremophile Thermus aquaticus improved the 

PCR fundamentally [120]. Its heat-resistance removed the necessary step of adding new 

Figure 3: Depiction of the single steps during PCR (1= Melting, 2= Primer annealing, 3= Elongation). 
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enzyme after each cycle, since the first used DNA polymerase from E. coli degraded during 

the melting step. This also reduces the risk of contamination with external DNA, because 

there is no need to open the reaction vessel during the PCR. The enzyme is commonly bound 

to an antibody that inhibits polymerase activity and only after an extended phase of heating 

the antibody is cleaved and PCR can start. By using this hot-start polymerase, an early start 

of PCR is prevented as well as the formation of incomplete side products [121]. 

3.4.1 Reverse transcription 

The structure of RNA resembles DNA, with the difference that the base thymine is replaced 

with uracil. The additional hydroxyl group in the ribose phosphate backbone makes it more 

susceptible to degradation compared to DNA. To eliminate these risks and facilitate the 

analysis, it is common to reverse-transcribe RNA into complementary DNA (cDNA), a process 

adapted from viruses. The reaction, which is similar to PCR, is enabled by RNA-dependent 

DNA polymerase (reverse transcriptase). Small random primers are used in the process, 

which bind to any RNA sequence and deliver an entire transcription of the available RNA. 

Another method includes the use of primers that bind to the poly-A tail of eukaryotic mRNA.  

Once cDNA is generated, conventional PCR is used for further amplification. Since remaining 

genomic DNA (gDNA) is also amplified in this step, it must be eliminated prior to reverse 

transcription to avoid contamination. For this purpose, the applied kit uses gDNA degrading 

buffer, which probably contains DNase. As additional measure to inhibit the amplification of 

genomic DNA, the chosen amplicon mostly covers two exons. In this way only the already 

spliced mRNA is amplified [122].  

The experiment enables the subsequent determination of initial mRNA amounts and 

comparing them by gene expression analysis like described in 3.4.2.  

3.4.2 Real-time PCR 

Real-time PCR (also known as qPCR) is an adaptation of conventional PCR, used for relative 

quantification of RNA and DNA, as well as identification of PCR products. The setup is similar 

to conventional PCR, with the difference that the amplification can be traced in real-time. 

Two approaches are common for this purpose. The first is the use of fluorescently labelled 

oligonucleotide probes that are specific for the PCR target. For the second approach a 

dsDNA intercalating fluorescent dye is used to detect PCR products in a more unspecific way. 

This was also the method of choice in the present thesis.  

The dye is colourless in an unbound state and does not disturb the PCR. It intercalates 

selectively into dsDNA, which changes conformation of the dye and emits fluorescence after 

excitation. The fluorescence is measured in the end of each amplification cycle after the 

elongation step. The obtained signal is proportional to the amount of double stranded DNA 

in the reaction vessel, which theoretically doubles each cycle. However, this is only true for 

the first cycles, as the amplification efficiency decreases with time. Four phases are 
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observable during amplification: baseline, exponential, linear and plateau (compare to 

Figure 4). 

The most reliable quantitative results are obtained during exponential phase, because the 

amplification efficiency is already decreased in the following linear phase, and the dsDNA 

does not double every cycle. The cycle in which the signal rises above the background noise 

is determined and named threshold cycle (Ct). Higher initial amounts of DNA result in lower 

Ct-values, since it needs less amplification cycles for signal increase [123].  

Although absolute quantification of gene expression is possible using real-time PCR, a 

standard curve had to be generated for this purpose. But since the target of this thesis is to 

compare changes of gene expression between samples, relative quantification is more 

suitable.  

Many variables influence the experiment, including small variations during extraction and in 

sample quality. To eliminate these variations and normalize the results, the expression of a 

house-keeping gene is analysed additionally. This kind of gene were found to be expressed in 

a constant manner in cells of the same tissue. Examples for commonly used house-keeping 

genes are glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which is crucial for 

glycolysis and ATP-generation, or α-tubulin (TUBA) and β-actin (ACTB), that are both 

necessary parts of the cytoskeleton. In this thesis GAPDH was applied as reference gene, 

since it is most commonly used [124–126].  

3.4.3 Melting analysis  

An additional advantage of the nonspecific signals from intercalating dyes (see 3.4.3) is the 

possibility of melting analysis after the PCR is finished. It can be used as a control of the 

correct amplification based on the known amplicon sequence. The temperature of the 

sample is increased by small increments while the fluorescence is measured after each step. 

Depending on the amplicon properties, especially GC-content and length, dsDNA is 

separated into two ssDNAs at a certain melting temperature. Therefore, the fluorescence of 

the dsDNA intercalating dye is terminated once a threshold is reached [127–129].  

0

1

2

3

4

5

6

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39

Fl
u

o
re

sc
en

ce
 [

FU
]

Amplification Cycle

Baseline Li
n

e
ar

 

Ex
p

o
n

e
n

ti
al

 

Plateau 

Figure 4: Depiction of the four phases in real-time PCR: baseline, exponential, linear, plateau. 
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The result is a graph that displays the obtained fluorescence as function of applied 

temperature. If more than one amplicon or a false one was generated, it can be seen by 

additional or shifted curves. For more comprehensible results the first negative derivative is 

applied to display melting peaks of amplicons, which are more informative than the 

inflection points in the originally recorded curve (compare to Figure 5) [130].  

3.5 Agarose gel electrophoresis  

Gel electrophoresis is a method that allows qualitative verification of nucleic acids and 

proteins. The method relies on separation of macromolecules by size or charge. A charged 

analyte is loaded into pockets of a gel and the application of an electric current induces the 

migration through the dense gel meshwork. The density can easily be adjusted by changing 

the ratio of the reagents during the preparation of the gel, depending on the size of the 

analyte of interest. The main components are monomers that polymerize to a meshwork. In 

agarose gel electrophoresis, for the separation of DNA, the applied concentration of agarose 

determines the density of the meshwork. When preparing polyacrylamide gels, which is 

mainly used for protein analysis, additional reagents change the density. For example, the 

amount of the polymerisation starter ammonium persulfate and the cross-linking agent 

bisacrylamide have a strong influence.  

During gel electrophoresis the gel is covered by a buffer that keeps pH constant and is crucial 

for the flow of the electric current. While small fragments can migrate faster through the 

meshwork of the gel, bigger ones are retained. Therefore, molecules of different sizes are 

separated effectively over time.  

Regarding DNA analysis, the negatively charged phosphate backbone causes the migration in 

an electric field towards the anode. A ladder, containing oligonucleotides of various known 
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lengths, is applied in parallel to the samples. Additionally, a loading buffer must be added to 

the ladder and the samples prior to loading. It contains a dye that has nearly no hindrance in 

the gel and allows the determination of the distance the samples have migrated. Loading 

buffer also contains glycerol, which has the purpose of increasing the sample mass. In this 

way, DNA does not dissolve into the surrounding buffer, but sinks down into the gel loading 

pocket. After completion of the electrophoresis, DNA is visualized by an intercalating dye 

that emits fluorescence under UV-light. Usual methods include incubation of the gel with 

ethidium bromide. Alternatively, non-toxic dyes like SYBR-green and gel-red are added to 

the sample during sample preparation [131,132].  

3.6 Bisulfite conversion 

Methylated and unmethylated cytosine cannot be discriminated by DNA polymerase. To 

differentiate between them in CpG sites, bisulfite conversion is performed, which converts 

unmethylated cytosine into uracil (Figure 6). By incubation with bisulfite the base is 

sulphonated (2) and subsequent hydrolytical deamination converts cytosine into uracil (3). 

The base is then desulphonated (4). The last step is the most important since uracil 

sulphonate residues may inhibit DNA polymerase in subsequent reactions. Methylated DNA 

cannot undergo the initial sulphonation, because the additional group blocks the position (5) 

[133,134].  

Depending on the methylation status, the cytosine in a CpG dinucleotide is present as 

cytosine or uracil after the conversion. Because DNA polymerase can incorporate thymine 

but not uracil, the latter one is replaced in a subsequent PCR. This creates an altered 

sequence at unmethylated CpG positions [135].  

DNA degradation is a major risk when using this technique, due to the salt concentrations 

that must be applied. It was found that depurination is the main cause of strand break 

during this procedure [136]. The reagents used in this reaction also shift the light absorption 

properties, which complicates measuring the DNA concentration (see section 3.3). For these 

reasons purification of converted DNA is an additional necessary step.  

Figure 6: Reaction mechanism of bisulfite conversion (Source: Shapiro et al. [134], 1= Unmethylated cytosine,  
2= Cytosine sulphonate, 3= Uracil sulphonate, 4= Uracil, 5= 5-Methylcytosine, DNMT= DNA-methyl-transferase). 
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3.7 Pyrosequencing (PSQ) 

Pyrosequencing relies on sequencing by synthesis and is capable of detecting changes in 

single nucleotides. Similar to PCR, a polymerase-mediated incorporation of nucleotides takes 

place to complement the analysed template strand. One of the major differences is the 

sequential addition of only one kind of nucleotide to the complement strand. The 

incorporation of nucleotide is recorded by measurement of light emission and gives insight 

into the analysed sequence.  

Prior to the sequencing reaction, the target sequence must be amplified by PCR. Subsequent 

denaturation of the double stranded amplicon enables annealing of a sequencing primer. 

The primer is complementary to the sequence of interest within the amplicon and 

determines the starting site for sequencing. For the key reaction, polymerase, which lacks 

proofreading function (3’ to 5’ exonuclease activity), is added together with a mixture of 

enzymes and substrates that are necessary for signal detection. They comprise of the 

enzymes luciferase, sulfurylase, apyrase and the substrate adenosine phosphosulfate (APS) 

[137,138].  

Although de novo sequencing is possible using this technique, it is uncommon, because only 

relatively short sequences can be analysed compared to other methods. If the sequence that 

follows the sequencing primer is known, dNTPs, which are corresponding to the expected 

sequence, are dispensed sequentially. This is the case in methylation analysis or 

investigation of single nucleotide polymorphisms (SNPs). Dispensation of the correct 

nucleotide leads to incorporation by the polymerase, which releases adenosine 

monophosphate (AMP) and pyrophosphate (PPi). Under the consumption of APS, PPi is 

converted into adenosine triphosphate (ATP). This energy-rich molecule is consumed by 

luciferase, which causes light emission (see Figure 7) [138]. To avoid the reaction of 

sulfurylase with dispensed ATP for incorporation, deoxyadenosine alphathio triphosphate 

(dATPαS), a derivative that cannot be used as substrate by the enzyme, is applied for 

sequencing. The obtained signal intensity is proportional to the number of same nucleotides 

that are incorporated subsequently. Excessive nucleotide is degraded by apyrase after the 

reaction to prepare for the next incorporation [137].  
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In the case of methylation studies, the DNA is bisulfite converted, which creates variable 

positions of either cytosine or thymine in CpGs. For discrimination purposes, the two bases 

are added one by one to investigate which of them is incorporated. Thymine thereby 

indicates an unmethylated cytosine in the original DNA. The methylation degree is 

determined by the signal ratio between incorporated thymine and cytosine at the same 

position.  

A bisulfite control at the position of a non-CpG cytosine is also implemented in the assay. If 

cytosine is falsely incorporated at this position instead of thymine, it is an indicator that 

bisulfite conversion was not complete and the results in variable positions are unreliable. 

Due to the correlation between signal intensity and the number of subsequently 

incorporated nucleotides, a pyrogram is obtained. It is compared with a histogram that 

displays the theoretical pattern based on the ratio of nucleotides that should be 

incorporated subsequently in the known sequence. If the peak heights vary strongly from 

each other, despite incorporating the same number of nucleotides, the results are not 

reliable. The same is the case when the obtained signal pattern generally deviates from the 

histogram. However, a trend of slowly declining baseline is normally observed, due to 

dilution of the reaction mix during the experiment [138,139].  

  

Figure 7: Depiction of the processes during pyrosequencing and the generation of signals 
(modified from Kreutz et al. [138]). 

Nucleotide incorporation generates light 

Seen as a peak in the Pyrogram trace 
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4 Results & discussion 

The aim of this thesis was to investigate if learning and aging is associated with changes in 

gene expression and DNA methylation of certain genes in Rattus norvegicus. The four target 

genes IGF1R, FMR1, DCX and GRM5 were previously linked to memory formation. Twenty 

animals were raised for 22 months and trained in a radial arm maze. They were grouped by 

their learning performance. Hippocampal subregions CA1, CA3 and DG were then taken for 

analysis and samples from 6 animals with the best/worst performance were further 

analysed. Additional samples from a group of six control animals that were 17 weeks old and 

received no training were also analysed (section 6.2). Biological components RNA, DNA and 

proteins were extracted from the samples via trizol extraction (section 6.3). RNA was 

immediately reverse transcribed into cDNA and the relative amount of target mRNA 

determined by real-time PCR (section 6.4 and 6.5). DNA methylation in promoter regions 

was analysed by performing bisulfite conversion, conventional PCR and pyrosequencing 

(section 6.6, 6.7 and 6.9). The protein fraction was given to our cooperation partners for 

analysis.  

PCR and pyrosequencing methods for investigation of the methylation status were 

developed in this thesis. Primer sequences for gene expression analysis were taken from 

literature.  

4.1 IGF1R 

4.1.1 IGF1R DNA methylation analysis  

Design of IGF1R primer was performed based on the sequence in NCBI database entry 

M37807.1. In Figure 8 the position of the primers and the amplicon within the sequence are 

shown prior to bisulfite conversion. The amplicon is located in the gene’s promoter region 

and allows the determination of the methylation degrees in nine CpGs. The properties of the 

designed primers and the amplicon are summarised in Table 1.  

Primer design was performed in silico, applying all criteria that are explained in section 6.1. 

They showed no tendency of secondary structure formation. The average melting 

temperature of forward and reverse primer was 60.4 °C. In addition, the primer pair showed 

a low probability for homo- or hetero dimer formation.  
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Table 1: Properties of the designed primers for IGF1R PCR and PSQ analysis. 

IGF1R Primer Set 
TCCTGGATTTGGATTTGGGAAGGAGCTCGCGGCGGCGGCGCT

GAGGGAGGAGGCGGCGGCGAGCGGAGCCCAGAGGAGGAGGAG

GAG 

Forward Primer (F) Reverse Primer (R) Sequencing Primer (S) 

Sequence: 

TTTTGGATTTGGATTTGGGA

AGGA 

Melting Temperature: 

60.3 °C 

Sequence: Biotin- 

CTCCTCCTCCTCCTCTAAAC 

Melting Temperature: 

60.5 °C 

Sequence: 

ATTTGGGAAGGAGTT 

Melting Temperature: 

40.6 °C 

    

Amplicon Length: 87 bp  Analysed CpGs: 9 

 

To investigate the functionality of the primer pair (forward/reverse primer) and to optimize 

the experiment, PCR with different annealing temperatures was performed (59.0, 60.1 and 

61.0 °C). Commercially available 0 % and 100 % rat genome methylation standards, as well 

as a 1:1 mixture (50 %), were amplified. A primer concentration of 0.4 µM was applied, 

because a previous experiment showed an increased amplicon yield by using this amount 

(data not shown).  

GTTCTTGTTTACCAGCATTAACTCGCTGAGCGGAAAAAAAGGAGGAGGGGGAACCGAGGAGGAG

CGAGCGCACCGGGCGAACTCGAGAGAGGCGAGCGACAGGGAAGCCGCCAGCGAGCCTATCCCGC

GCGCCCGGCGCTCGCAGACCCTCGGCCCCGCTCCTTGGACCCTCCACGCCTCTCCCGTGCCTGC

AAGAGCTCCACGGCACGCGGCGTGCTCGGCTTTGACCTTCAGCGAGCCGGAGCCCCCGCGCACG

GAGTCGGCGGCGGGCGGGGGCCGACGCGGGGCGGCGGGACGGCTGAGCTGCGCGGCCGCCGCTT

TGTGTGTCCTGGATTTGGATTTGGGAAGGAGCTCGCGGCGGCGGCGCTGAGGGAGGAGGCGGCG

GCGAGCGGAGCCCAGAGGAGGAGGAGGAGCCGGAGGAGGGGGAACCGCTCATTCATTTCCACTC

AGCATTTCTGCCCCTCGCCGGCCTCGCCCGCGCCCGGGACTTCGGACCATCTCGCCAACTGCGT

CGGGCTCTCCCGCCGCGTAGGCTCGGGTGGTCGTCCCCTCCGGATCGGGGGCGTTTGTCCCCGC

CTGCGGCATTTGGGCTTTGCTCCTCTTTCTGTACATTTTCCTCCCCTCTTCTGCATCTCTGGGT

TTGCAAATGGAGGCCGACGACACCGACAGCCCGCCCCGGCGCGCCCCGGCTTCCCTACTCCGCC

GCCCCGTGCGCGCTGCTGCCGGCGCTGAGGGGCCGCCCGCGCACCTCCTGTCCAGCGTTTCCGA

GGATCTTCGCTCTTGTTTTTGGACGAGAGTGAGGATGAGTTGAAGACTTTTTTCTTTTTTTTTT

CTTTTTTTTTCTTTTCTTTCTTTCTTTCTTTTTTTTTTTTTTTGAGAAAAGGGAATTTCGTCCC

AAATAAAAGGAATG 

Figure 8: Position of IGF1R primers and the generated amplicon within the NCBI database entry M37807.1 
(Green= Forward- and reverse primer, Yellow= Amplicon, Underlined= Sequencing primer, Bold= CpG-position). 
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The resulting amplicons were analysed by using agarose gel electrophoresis, which showed 

the effects of different annealing temperatures (Figure 9). For both, methylated and 

unmethylated standard, a specific PCR product was obtained, independent of the annealing 

temperature. Band intensities did not vary, indicating equal amplification for methylated and 

unmethylated DNA. Since an annealing temperature of 61 °C resulted in bands with lower 

intensity (Figure 9, lanes 3/6/9), an annealing temperature of 60°C was used in all further 

experiments. 

Table 2: Loading scheme for the agarose gel in Figure 9 for IGF1R PCR 
method optimization using a primer concentration of 0.4 µM (NTC= No-
template control). 

ID Methylation Degree [%] Annealing Temperature [°C] 

M 25 bp ladder 

1 0 59.0 

2 0 60.1 

3 0 61.0 

4 50 59.0 

5 50 60.1 

6 50 61.0 

7 100 59.0 

8 100 60.1 

9 100 61.0 

10 NTC 59.0 

11 NTC 60.1 

12 NTC 61.0 

Accuracy of the pyrosequencing method was assessed with amplified standards of known 

methylation degrees (0 %, 50 % and 100 %). The results for the 50 % methylated standard 

are shown in Figure 10. The histogram, which is the expected peak pattern calculated by the 

assay design software, is compared to the obtained pyrogram. The pyrogram showed 

acceptable intensities of single (approximately 300) and multiple peaks. The obtained 

pattern matched the histogram. The methylation degree of the nine CpGs ranged from 38 to 

43 %. These differing results can be traced to the 100 % methylation standard, which was 

used to generate the 50 % standard. Methylation degrees in the 100 % standard ranged from 

87 to 96 % for individual CpGs (see 7.4.3), suggesting that either the standard was not 100 % 

methylated or the method underestimates the degree.  

Figure 9: Results of agarose gel electrophoresis for investigating the optimal annealing temperature of IGF1R 
PCR, using different methylation standards and 0.4 µM primer concentration. See Table 2 for sample IDs.  
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The developed method supports the methylation analysis of nine CpGs in the promoter 

region of IGF1R.  

4.1.2 IGF1R gene expression analysis 

Primer sequences for IGF1R cDNA analysis were taken from a paper of Hami et al. [140] (see 

Table 3).  

Table 3: Primer and amplicon sequences for gene expression analysis of IGF1R (Green= Positions of forward- and reverse 
primer, Yellow= Resulting amplicon). 

IGF1R Primers for real-time PCR 

CACAACTACTGCTCCAAAGACAAAATACCCATCAGAAAGTACGCCGATGGTACCATCGATGTGGAGGA

GGTGACAGAAAATCCCAAGACAGAAGTGTGCGGTGGTGATAAAGGGCCGTGCTGTGCCTGTCCTAAAA

CCGAAGCTGAGAAGCAGGCTGAGAAGGAGGAGGCTGAGTACCGTAAAGTCTTTGAGAATTTCCTTCAC

AACTCCATCTTTGTGCCCAGACCTGAGAGGAGGCGGAGAGATGTCCTGCAGGTGGCTAACACCACCAT

GTCCAGCCGAAGCAGGAACACCACGGTAGCTGACACCTACAATATCACAGACCCGGAAGAGTTCGAGA

CAGAATACCCTTTCTTTGAGAGCAGAGTGGATAACAAGGAGAGGACTGTCATTTCCAACCTC 

Forward Primer: 

GCCGTGCTGTGCCTGTCCTAAAAC 

Reverse Primer: 

GCTACCGTGGTGTTCCTGCTTCG 

 

1 

2 

Figure 10: 1= PSQ results for a 50 % methylation standard obtained by the developed method for IGF1R. 2= 
Histogram showing the expected peak pattern. 
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Gene expression was investigated by determination of the initial amount of mRNA by using 

real-time PCR and the shown primers. To investigate the functionality of the method, 

different cDNA dilutions (1:10, 1:50, 1:100) were prepared and used to apply different 

amounts of template to real-time PCR. Amplification was successful for each sample, 

regardless of the analysed subregions CA1, CA3 or DG (Figure 11). In subsequent melting 

curve analysis, a single melting peak (84.4 °C) was observed, indicating that no unspecific 

products had been formed (Figure 12). A cDNA dilution of 1:10 was chosen for future 

experiments because it resulted in the lowest Ct-values.  
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4.1.3 IGF1R results and discussion 

Subjects of the investigation were tissue samples from 17 animals that showed a difference 

in memory performance and age. From each rodent the three hippocampal subregions CA1, 

CA3 and DG were investigated. While the group of aged animals with poor learning 

performance (OMB) and the young control group (YM) consisted of six subjects each, five 

animals were categorized as aged animals with good learning performance (OMG).  

The developed method was able to determine the methylation degree of nine CpGs in IGF1R 

promoter region. The majority of the analysed samples showed a value that was below the 

respective limit of detection (LOD), which ranged from 2.0 to 5.8 % for the individual CpGs 

(see 6.10 and 7.4.3). Only two samples were found to have a DNA methylation degree ≥ the 

LOD (2.0%) in CpG 9. Thus, these findings demonstrated no altered methylation degree due 

to learning performance or age.  

Relative gene expression was examined by applying the ∆∆Ct method and using GAPDH as 

reference gene (see 4.5). Significance tests were performed (see 6.10) to evaluate the levels 

of relative gene expression between animal groups and hippocampal subregions (Figure 13).  

When combining the results from all regions, a statistically significant increase (p=0.018) in 

mean expression levels was found in OMG compared to OMB. No significant differences 

were found in respect to age or between subregions.  

Figure 11: Dot plots of relative IGF1R expression sorted by animal group (Solid line= Mean value, dashed line= Median, 
OMB= Rats with poor learning performance (6 samples), OMG= Rats with good learning performance (5 samples), YM= 
Young control group (6 samples), CA1/3= Cornu Ammonis 1/3, DG= Dentate gyrus). 
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The results suggest that the extent of gene expression was not associated with the DNA 

methylation degree of the CpGs investigated. Nevertheless our finding that IGFR1 expression 

is important for memory formation, is in accordance with results of previous studies [69,70]. 

4.2 FMR1 

4.2.1 FMR1 DNA methylation analysis 

Primers were designed to target the promoter region of FMR1 based on NCBI entry 

AY630337.1. The primer positions within the sequence before bisulfite treatment are shown 

in Figure 14, while the properties of the designed primers and amplicon are summarised in 

Table 4. 

Table 4: Properties of the designed primers for FMR1 PCR and PSQ analysis. 

FMR1 Primer Set 
GCCTTGGGGTAACTGGGCAGATACTTTGGCGCGCGCGCTGGG

TGAACGGCGGGAAAGCGCAAAGGGTAGTAACAGGTCGTGCTG

CCTATGGCCAGCCGTGGGGACTAGAGGCCTTTTTTGTACAGG 

Forward Primer (F) Reverse Primer (R) Sequencing Primer (S) 

Sequence: 

GTTTTGGGGTAATTGGGTAG

ATA  

Melting Temperature: 

59.2 °C 

Sequence: Biotin- 

CCTATACAAAAAAAACCTCT

AATCC 

Melting Temperature: 

59.2 °C 

Sequence: 

GGGGTAATTGGGTAGATATT 

 

Melting Temperature: 

45.3 °C 

   

Amplicon Length: 126 bp  Analysed CpGs: 9 
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Forward and reverse primer were designed to have the same melting temperature of 

59.2 °C, in order to fulfil the guidelines described in section 6.1. No tendencies towards 

secondary products were predicted in silico. Formation of primer homodimers was unlikely, 

since only four nucleotides were complementary in the middle sequence and in the 5’-ends 

in forward and reverse primer, respectively. The risk of the formation of heterodimers was 

equally low, because only five nucleotides in the A and T rich regions showed 

complementarity.  

Rat genome methylation standards with a methylation degree of 0 %, 50 % and 100 % were 

used to investigate optimal conditions for amplification. Main factor was the annealing 

temperature, which was investigated by applying 59.2, 60.9 and 62.1 °C. In prior 

experiments the optimal primer concentration for PCR was determined as 0.4 µM (data not 

shown).  

The generated amplicons were analysed by agarose gel electrophoresis to investigate the 

effect of annealing temperature on PCR (Figure 15). As it can be seen, no side products were 

obtained. The only amplicon found had the same length of approximately 126 bp, which 

matches the expected amplicon length. Amplification was successful at each of the 

annealing temperatures tested. The methylation degree of the standards did not affect the 

amplification efficiency. However, an annealing temperature of 62.1 °C resulted in decreased 

yields, compared to the lower annealing temperatures tested (Figure 15, lane 14-16). Thus, 

all further experiments were performed at 60.0 °C annealing temperature. Since 60.0 °C was 

found to be the optimum temperature for IGFR1 PCR as well, amplification of IGF1R and 

FMR1 could be performed in one single run.  

  

TCCCAGAAGTCAGGGTCAGTGTAGTTATAACTGTTCCTACATCAAAGTGTTCTCCAATCGAAGTT

ATCACTTTAACTTCCCCTCCCGCCGCGACTTCCAGTTCAATCAGGTCCCACGCCAGCGCAGTGAA

AAATGTACCCAAAGCCCCTCCACTTCTGGTTGGGCCCCATTTTCAAAAACTGGAGGCCTTTTCCC

ACGTCCTCGCTTCCTCCTGTACAAAAAAGGCCTCTAGTCCCCACGGCTGGCCATAGGCAGCACGA

CCTGTTACTACCCTTTGCGCTTTCCCGCCGTTCACCCAGCGCGCGCGCCAAAGTATCTGCCCAGT

TACCCCAAGGCAGGTACCCACGACGGCGCATGCGCGTGCTCAGCTGCCCAAGAGAGAGGGCGGAG

CGAAGGGGGCGGAGCCCATGGGGGAGGGGCCGCCAGGGTCACGTGGTGTCGTTTGACTGTTTACA

GGAGGCGCGGCAGAGCCCTCGGCCTCAGTCAGTCTTGCGCTGGGGAGCGTTTCGGTTTCACTTCC

GGTGAGGGGCCGCGCCTGAGAGGGCGGGCAGTGAAGCCAACGGACGGCGAGCGCGGGCGGTGTCA

GTGACGGCGGCGCCGCTGCCGGGGGGCGTGCGGTAACGCGGCGGCGGCGGCGACGGCTGGGCCTC

GAGCGCCTGCAGCCCACCTCTCGGAGGCGGGCTCCCGGCGCGAGGAAGGACGAGAAGATGGAGGA

GCTGGTGGTGGAAGTGCGGGGCTCCAATGGCGCTTTCTACAAGG 

Figure 12: Position of FMR1 primers and the generated amplicon within the NCBI database entry AY630337.1 
(Green= Forward- and reverse primer, Yellow= Amplicon, Underlined= Sequencing primer, Bold= CpG-position). 
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Table 5: Loading scheme for the agarose gel in Figure 15 for FMR1 PCR 
method optimization using a primer concentration of 0.4 µM (NTC= No-
template control). 

ID Methylation Degree [%] Annealing Temperature {°C] 

M 25 bp ladder 

1 NTC 60.9 

2 NTC 59.2 

3 0% 59.2 

4 50% 59.2 

5 100% 59.2 

6 NTC 59.9 

7 0% 59.9 

8 50% 59.9 

9 100% 59.9 

10 0% 60.9 

11 50% 60.9 

12 100% 60.9 

13 NTC 62.1 

14 0% 62.1 

15 50% 62.1 

16 100% 62.1 

 

Amplified genome methylation standards, which were bisulfite converted previously, were 

used to verify the functionality of the developed pyrosequencing method. The obtained 

pyrogram did not match the histogram when applying the standard protocol. Single fold 

peaks showed a high signal intensity of 600 and a strong signal decline over time could be 

observed. Therefore, the results were rendered unsuitable for any kind of interpretation 

(results not shown). However, the results could be improved by diluting the applied amount 

of amplicon 1:3 prior to the experiment (see 6.9 for further information).  

By decreasing the amount of amplicon, the signal intensity was reduced, and the peak 

pattern matched the histogram. As it can be seen the measurement of a 50 % methylation 

Figure 13: Results of agarose gel electrophoresis for investigating the optimal annealing temperature of FMR1 
PCR using different methylation standards and 0.4 µM primer concentration. See Table 5 for sample IDs.  
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standard led to methylation degrees of 41-45 % in individual CpG positions (Figure 16). 

Reason for the difference between measurement and theoretical value may be small 

deviations in the standard solutions. Methylation degrees in 0 % methylation standard were 

determined between 2-5 % and in the 100 % methylation standard between 95-98 % (see 

7.4.3), Indicating that the actual values differed only slightly from their theoretical 

methylation degree. This may have caused deviating degrees in the 50 % standard, which 

was a mix of 0 and 100 % standards.  

Nevertheless, the results demonstrated that the developed method worked successfully and 

enabled the determination of the methylation degree of nine variable positions in the 

targeted sequence.  

 

4.2.2 FMR1 gene expression analysis 

The primer sequences for gene expression analysis were taken from a publication of Zhang 

et al. [141]. The sequence, position and resulting amplicon are presented in Table 6. 

  

1 

2 

Figure 14: 1= PSQ results for a 50 % methylation standard obtained by the developed method for FMR1 using 1:3 
diluted amount of amplicon. 2= Histogram showing the expected peak pattern. 
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Table 6: Primer and amplicon sequences for gene expression analysis of FMR1 cDNA (Green= Positions of forward- and 
reverse primer, Yellow= Resulting amplicon). 

FMR1 Primers for real-time PCR 

GCGCAGAGGAGACGGACGGCGGCGTGGAGGAGGCGGAAGAGGACAAGGAGGAAGAGGAAGAGGAGGAG

GTTTCAAAGGAAATGACGATCATTCCCGAACAGATAATCGTCCACGTAATCCAAGAGAGACTAAAGGA

AGAACAACTGATGGATCCCTGCAGAGCACCTCCAGTGAAGGGAGCCGGCTGCGCACCGGGAAAGATCG

GAACCAGAAGAAGGAAAAGCCAGACAGCGTGGATGGGCTGCAACCACTCGTGAATGGAGTACCCTAAA

CTACATAATTCTGAAGTTATATTTCCTCTACTGTTTCCGTAATTCTTACTCCATTTTAGAAAACTTTA

TTAGGCCAAAGACAAATAGTAGGCAAGATGGCACAGGGCATGAGGTGAACACAAATTCTGCAAAGAAT

TTTTTGGATATTGGCCATAATCAACAATCTTCCAAGTTTGCACAAAAAGATCTTGAAATTTGAAGCAT

AACTTTTAAGTACACTTAACACTTCAGGGCAGGATTTTACTTT 

Forward Primer: 

ATCCCTGCAGAGCACCTCCA 

Reverse Primer: 

TTCACCTCATGCCCTGTGCC 

Gene expression was investigated by applying the shown primers in real-time PCR and 

melting curve analysis. The cDNA samples were previously reverse-transcribed from 

extracted RNA of the hippocampal subregions CA1, CA3 and DG. The templates were applied 

in three different dilutions (1:10, 1:50 and 1:100) to investigate the optimal amount of 

template (Figure 17). The obtained amplification curves proved successful PCR in each 

sample. However, two melting peaks were found in melting curve analysis (Figure 18). To 

check for multiple melting domains in the amplicon, a melting simulation was performed by 

the online calculator uMelt [142]. Two peaks were predicted for the obtained amplicon, 

presumably because it is composed of blocks that are either rich in C/G or rich in A/T 

(Figure 19). They melted independently from each other, resulting in two peaks at 79.8 C° 

and 84.7 C. Therefore, no undesired side products were formed. Since all dilutions 

demonstrated equal results, 1:10 was chosen for further real-time PCR experiments in 

accordance with IGF1R expression analysis.  
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4.2.3 FMR1 results and discussion 

The developed PCR and PSQ methods were applied to the DNA extracts from the 

hippocampal subregions CA1, CA3 and DG. Test subjects were five aged rats with good 

learning performance in the radial arm maze (OMG), 6 aged rats with poor performance 

(OMB) and six young animals that received no training (YM). Most of the obtained 

methylation results were below the calculated LOD, which was between 2.0 – 7.2 % for the 

individual nine CpGs analysed (see 7.4.3) Hence, no statistical difference due to learning or 

age could be observed when comparing brain regions or animal groups (see 6.10).  

GAPDH (see section 4.5) served as reference gene for gene expression analysis. The results 

(Figure 20) exhibited no significant altered gene expression (p>0.05) in respect to learning 

performance or aging. When all animal groups were considered, mean expression levels in 

CA3 were significantly lower than in CA1 (p<0.001) and DG (p<0.001). 
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Figure 16: Melt plot obtained after gene expression analysis of FMR1 during method testing (CA1/3= Cornu Ammonis 1/3, 
DG= Dentate gyrus). 

ATCCCTGCAGAGCACCTCCAGTGAAGGGAGCCGGCTGCGCACCGGGAAAGATCGGAACCAGAAGAA

GGAAAAGCCAGACAGCGTGGATGGGCTGCAACCACTCGTGAATGGAGTACCCTAAACTACATAATT

CTGAAGTTATATTTCCTCTACTGTTTCCGTAATTCTTACTCCATTTTAGAAAACTTTATTAGGCCA

AAGACAAATAGTAGGCAAGATGGCACAGGGCATGAGGTGAA 

Figure 17: Depiction of FMR1 amplicon from gene expression analysis to show different melting domains (Red= A/T 
nucleotides, Blue= G/C nucleotides). 
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In summary no associations between DNA methylation and gene expression levels were 

observed. The methylation degrees evaluated by pyrosequencing showed no significant 

differences, while FMR1 expression was significantly higher in the hippocampal subregions 

CA1 and DG compared to CA3. These findings may suggest a certain FMR1 expression 

pattern in the hippocampus.  

4.3 DCX 

4.3.1 DCX DNA methylation analysis 

Sequence data of the DCX promoter region was obtained from entry 

Rnor_6.0:X:115089017:115183701:1 of ensembl.org (release 92, [143]). Figure 21 shows 

amplicon and primer positions within the relevant sequence prior to bisulfite conversion. 

The method development was performed as described in section 6.1 and the features of the 

final method are summarized in Table 7. 

  

Figure 18: Dot plots of relative FMR1 expression sorted by animal group (Solid line= Mean value, dashed line= Median, 
OMB= Rats with poor learning performance (6 samples), OMG= Rats with good learning performance (5 samples), 
YM= Young control group (6 samples), CA1/3= Cornu Ammonis 1/3, DG= Dentate gyrus). 



 

35 
 

Table 7: Properties of the designed primers for DCX PCR and PSQ analysis. 

DCX Primer Set 
TCCTTTTTCTCCTTTCAGGTGCTTCATCCCCTCCCCGACCAA

TGCAGCGATATCTCTTAATGAAATAATTGGCGAAAGATTCCC

AAATGAGTCCCTGAATAGCATATGGGACCTTTAC 

Forward Primer (F) Reverse Primer (R) Sequencing Primer (S) 

Sequence: 

GTAAAGGTTTTATATGTTATT

TAGGGAT 

Melting Temperature: 

59.9 °C 

Sequence: Biotin- 

TCCTTTTTCTCCTTTCAAATAC

TTCA 

Melting Temperature: 

60.1 °C 

Sequence: 

TTATTTAGGGATTTATTTGGG

AA 

Melting Temperature: 

53.9 °C 

   

Amplicon Length: 118 bp  Analysed CpGs: 3 

 

The calculated difference in melting temperature of forward and reverse primer was 0.2 °C, 

while showing a mean temperature of 60.0 °C. A performed in silico simulation revealed no 

secondary structures and no risk of dimer formation. Because the promoter region of DCX 

has a low density of CpG dinucleotides, the target sequence only contains three CpGs.  

TCCTATCAAATTGTAACTTCGGGCAAAATACATTAAAACTGGCATCTGCTACTTCACACATGGCC

ACATGACTAACAGTTGTAAATGAATCCATAGCCTGACAAAATCCCCTCAAAGAGAAATAGAGGGA

ACTAGCCAAGGTTAGCATCTCCAGCATAGGAAGCAGTCTTTACAACCCAGGACAATGACTAGTAT

GGGGGTGTATTAGTTTTATTTCCAGTCCCTTTTTTCCTGCTCTAATATGTGTATCCCCTCCCCCA

GAATAAACTAGGATTCTCTTTTAAAGGGACAGCCTCCAGGGAATACCCAGTGTCTTTGTGCTATT

CATCAAACCCTCTCTCCATCAAGCTGGTGCTGCTATACCGCATCCATAAGAAGTAGGCTGGGGTC

TAAAAGGGGGGAGGGATTGTCAAAAAACCAGTTATTTAGCAAGCTGTTAGCTCTGCTTTCCTCTT

GATTCCATTTGATCACAGAATCCTTTTTCTCCTTTCAGGTGCTTCATCCCCTCCCCGACCAATGC

AGCGATATCTCTTAATGAAATAATTGGCGAAAGATTCCCAAATGAGTCCCTGAATAGCATATGGG

ACCTTTACAAGCGAGGACACCTTTCATTGTTCTGGGTTTCCTCCCCTGACTGACAGAACATTTTG

TCCTCAAAGCAGGCAATTCACTTCAAACTTGTCTATTGCTTAGGTGAATTAATGGGGGCAAAAGA

AAAAGGTCATCTGTAAAGCTTGGATTTCCACCCCCTCTACCCCCCCCCCGAGCCCATCCCCACCA

GGAAATAAAAAAGAACGCAACAATGAAAACATGCAACCAAATAATATAACCAAAGCCTCGACCGC

TTACAAAGGTAATAACTTGACATCCAAGAAACCAAACTATTAGCATTCATCTCACAGATGGAGGA

AAAAGACTCACAAAGCAAGAGGACTCAGCTGCAATACACTGCCACATCAAGATTTGCAAGGAACC

GGGGAGACAGGAGATAAAAGGGGGCTGGTAGCTGGTCTATTTGCCAGGTTCGGTCCCCCCTTTTT

CTCCAGTGTC 

Figure 19: Position of DCX primers and the generated amplicon within a section of the reference sequence 
Rnor_6.0:X:115089017:115183701:1 (Green= Forward- and reverse primer, Yellow= Amplicon, Underlined= 
Sequencing primer, Bold= CpG). 
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To optimize the conditions for PCR, an amplification of 0 %, 50 % and 100 % genome 

methylation standard was performed. Several annealing temperatures (57.0, 59.0, 60.3 and 

61.2 °C) were assessed with two different primer concentrations (0.2 and 0.4 µM). The 

resulting amplicons were analysed by agarose gel electrophoresis (Figure 22). 

As it can be seen, signal intensity was higher in samples obtained with a primer 

concentration of 0.4 µM, which indicates an increased amount of amplicon (Figure 22, lanes 

13-24). Therefore, this concentration was chosen for future experiments. Only one band is 

visible in each lane, corresponding to a sequence of approximately 118 bp, which is the 

expected length of the amplicon. This indicates successful amplification of the target 

sequence without undesired side products. The signal intensity is equal for methylated and 

unmethylated standards, which suggests equal amplification independent from the 

methylation degree. High annealing temperatures are favourable but application of 61.2 °C 

annealing temperature resulted in a decreased signal intensity and thus a reduced amount 

of amplicon (Figure 22, lane 23-34). Therefore, the second highest assessed temperature 

(60.3 °C) was chosen for further experiments, which is in accordance with the amplification 

settings of FMR1 and IGF1R (see above).  

Table 8: Loading scheme for the agarose gel in Figure 22 for DCX PCR method optimization (NTC= No-template 
control). 

ID Primer Concentration [µM] Methylation Degree [%] Annealing Temperature [°C] 

M 25 bp ladder 

1 0.2 NTC 57.0 

2 0.2 0% 57.0 

3 0.2 100% 57.0 

4 0.2 NTC 59.0 

5 0.2 0% 59.0 

6 0.2 100% 59.0 

7 0.2 NTC 60.3 

8 0.2 0% 60.3 

9 0.2 100% 60.3 

10 0.2 NTC 61.2 

11 0.2 0% 61.2 

12 0.2 100% 61.2 

13 0.4 NTC 57.0 

14 0.4 0% 57.0 

15 0.4 100% 57.0 

16 0.4 NTC 59.0 

17 0.4 0% 59.0 

18 0.4 100% 59.0 

19 0.4 NTC 60.3 

20 0.4 0% 60.3 

21 0.4 100% 60.3 

22 0.4 NTC 61.2 

23 0.4 0% 61.2 

24 0.4 100% 61.2 



 

37 
 

 

Methylation degrees of the obtained amplicons were analysed by pyrosequencing. The 

developed method is able to determine the methylation degree of three CpG in the 

promoter region of DCX (Figure 23).  

By analysing a 50 % methylation standard, the method determined methylation degrees of 

43 % in all positions. While methylation degrees in a 0 % methylation standard were 

determined accurately, reliable results of a 100 % standard were 92 and 94 % for CpG2 and 

CpG3 (see 7.4.3). Since the 50 % methylation standard was a 1:1 mix of the two previous 

ones, this explains the underestimations of the shown methylation degrees.  

1 

2 

Figure 21: 1=PSQ results for a 50 % methylation standard obtained by the developed method for DCX. 2= Histogram 
showing the expected peak pattern. 

Figure 20: Results of agarose gel electrophoresis for investigating the optimal annealing temperature 
and primer concentration of DCX PCR using different methylation standards. See Table 8 for sample IDs. 
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The obtained pyrogram matched the expected histogram while having an acceptable single 

peak intensity of about 450. But since the first variable position is located after a T-rich 

region after bisulfite conversion, a 5-fold peak is measured. This poses a problem, because 

calculation of the methylation degree relies on the ratio between incorporated thymine and 

cytosine. It is not possible to distinguish between incorporated nucleotides within or outside 

the CpG. Without other peaks before the CpG that could be taken as reference, the 

calculation for methylation degree in CpG1 are unprecise and not as reliable as for the other 

CpGs.  

4.3.2 DCX gene expression analysis 

Primer sequences for determination of DCX expression were taken from Fu et al. [144] 
(Table 9).  

Table 9: Primer and amplicon sequences for gene expression analysis of DCX (Green= Positions of forward- and reverse 
primer, Yellow= Resulting amplicon). 

DCX Primers for real-time PCR 

CACTCTGTAGTATGTAGGGTTTATTTTCTTGTGACTTCTCTTCTGGGCCACTAATTCACATTTACCAA

TAAGAGATAGATTGATAACCATCTTTTGAGTGACTTTTCCAGAACTGCAAAATGTGCTAGTCCATGAC

CTTTCTACTGAATGCTTAGGGGCCTTTGTATTTTCCCCATTCAATTTGTGCAGAAACTAGTCTTTCTT

CTCTAGAAGGCTGTTTACGTACACATCGCTTAAAATGTTTATGTGTGGGGGAAAACTTTCATATGCAG

ATCTAAAAGTGAAAAACCTAAGTGTCCCTTGCCTCTGTATCTTCAGAATGCTGGAGGATCTCAGGAGA

GTGGCAAGTCAGATCCTTGGCCTCACTCGTTGCTCTTAATTGAGCCTCCAGTGTATTGTCTAGCATTC

ATTCTGGCTGTTGAGATGGAGAAACACCAGCGACTTCCAATGTGACACCATGTGCTTAAGGCTGTGGT

ATCAGACTGGCTGCAAGAGATGAGGTAGAATTTAG 

Forward Primer: 

ACTGAATGCTTAGGGGCCTT 

Reverse Primer: 

CTGACTTGCCACTCTCCTGA 

 

To investigate the functionality of the primers, real-time PCR and melting curve analysis 

were performed with different concentration of starting template. Three dilutions (1:10, 

1:50, 1:100) of cDNA from the subregions CA1, CA3 and DG were applied (Figure 24 and 

Figure 25).  
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Amplification curves could be observed for every experiment. Higher Ct-values were 

obtained by reactions with an increased dilution factor, due to their lower amount of 

template. The melting diagram revealed a single peak per sample at 80 °C, indicating that no 

side-products had formed. To maintain continuity with the previous gene expression analysis 

experiments, a template dilution of 1:10 was chosen for further experiments.  

4.3.3 DCX results and discussion 

Samples from the hippocampal subregions CA1, CA3 and DG were obtained from 17 Rattus 

norvegicus, that were subdivided into three groups. They comprised of six grown rodents 

that performed poor in spatial learning (OMB) and five grown animals that showed a good 
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performance (OMG). The third group consisted of six young animals that received no training 

as control group (YM).  

Each sample showed a certain CpG methylation pattern that could be observed independent 

from hippocampal subregion or animal group. When considering all groups, the mean 

methylation degree in the first CpG was 32 %, while the second and third exhibited a degree 

of 20 % and 17 %, respectively (Figure 27). But it must be emphasized that results for CpG1 

are not as reliable as for the other CpGs. The reason for this lies in the five-fold peak as 

mentioned in section 4.3.1. For this reason, an additional mean value was calculated in the 

following analysis, which demonstrates the methylation levels without the results from 

CpG1. Unreliable results were generally excluded from the analysis.  

No differences in methylation degrees due to learning or aging could be identified. In 

contrast the determined methylation showed statistical differences, depending on the 

hippocampal subregion (Figure 26). Analysis revealed that each single CpG was significantly 

lower methylated (p< 0.001) in DG than in CA1 and CA3. A significantly higher methylation 

level in CA1 compared to CA3 was only observed in CpG1 and the combined methylation 

levels for all CpGs.   

Figure 246: Methylation degree of single CpGs in the DCX promoter in rats. Unreliable results 
were excluded (Solid line= Mean value, OMB= Rats with poor learning performance, OMG= Rats 
with good learning performance, YM= Young control group). 
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The relative gene expression was evaluated by real-time PCR (Figure 28). Calculation and 

significance tests were performed like described in 6.10, while using GAPDH as reference 

gene (see 4.5).  

Figure 257: Dot plot of methylation degrees of analysed CpG positions in the DCX promoter region over all groups. Unreliable 
results were excluded (Solid line= Mean value, dashed line= Median, CA1/3= Cornu Ammonis 1/3, DG= Dentate gyrus). 
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Figure 26: Dot plots of relative DCX expression sorted by animal group (Solid line= Mean value, dashed line= 
Median, OMB= Rats with poor learning performance (6 samples), OMG= Rats with good learning performance 
(5 samples), YM= Young control group (6 samples), CA1/3= Cornu Ammonis 1/3, DG= Dentate gyrus). 

). No significant difference in gene expression (p<0.05) was observed when comparing the 

mean expression levels from subregions. But DCX expression was altered in older animals 

and especially in OMB. A significant decrease (p=0.011) could be identified in the subregion 

DG when comparing the mean expression levels from OMB to the control group YM. 
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Likewise, when comparing the mean value over all regions, aged animals (OMB and OMG) 

demonstrated a significant decrease (p=0.002) compared to YM.  

When combining the results from DNA methylation and gene expression analysis, no 

associations could be concluded. Although a certain methylation pattern was found, neither 

learning nor aging influenced the methylation degree in the studied part of the promoter 

sequence. In contrast gene expression was found to be significantly decreased in aged rats, 

especially in those with bad performance at the learning task. Since DCX is a marker gene for 

neurogenesis, this indicates that the process occurs more frequently in young individuals 

and during memory consolidation. Considering the examined hippocampal subregions, 

significant differences were found in DNA methylation. CA1 showed the highest methylation 

degrees, followed by CA3 and DG. Every investigated CpG showed its lowest methylation 

degree in DG, while CpGs in CA1 and CA3 exhibited similar results. This trend could not be 

seen in gene expression analysis, where no statistically significant differences between 

subregions can be reported.  

4.4 GRM5 

4.4.1 GRM5 DNA methylation analysis 

Primer design for methylation analysis of the GRM5 promoter region was performed on the 

sequence in NCBI database entry AH007692.2. The positions of the primers and the 

generated amplicon are depicted in Figure 29 before bisulfite treatment. Detailed sequence 

and properties of the designed primers are shown in Table 10.  

GGATCCCTTTTATTCTTTTTTTTTCAATTATAATTTGAAGGTAACCTCAGCATTTTTGATGGTCA

GAGGTAGTACTAGAGGTAGCAGGAAAAGGGATGTCAAGCCATTGGAAGAAGTAAGACATTTAAGC

CCACAGTGGAAGACTTTTAATGGATGGAGGAAGAAACATTTTTAAGAAGTGCAGAAAAATGCAAA

ATGACATTATTAATGACCCAAGACCATTAAATACACTGGCCTTTCTTACCACTCAGGCTTCTGAA

TCATCCTTGGAGTCCCTTGGATCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTC

TCGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTAGGAGCTGTCTGTGTCACTCGCTCCTC

TCTCTTTGTCTCTCAGTCTCTGTGTTTGTCTCCTCTCTATATGTCTCTCTGTTTCTTCCTACTCC

TCTCTGTCTTCTAGCAATAACACCTCTTCTTCCAATAACTGTCAAGAGTTTTCATACTATCTTCA

GAGAGAAGCTGATTATCTACCTGCTCCCCAGCTTTTCTCTGAGTGACATGCCACCCACGCCTCCC

ACCACAGCTCCTGCTTCTTCTCCATCTCTGGGTGGGAATGAGCTAGAAAGGAAGTCCAAGACTGC

CCTGGCCTGAACCCTGAGACCAAGAGGCTTAGGAGCAGTGTTCACTCACTGATCCAAGGCTAGTC

AGCGGCCCCCAGTCGCACTGTGCAGGAGTAGGAGCCAGCCCAGCGCTGCGCTTCCAGCTGCGTCT

GCCCGGGCGCAGCACGTGCTCCAGGCGCTGGCGCGAGAGAGCGAGCGAGCGCCACCACCGCGGGC

CCGCAGCGGTTCTGCTGGCTGCCACTACTGCCTCGATCTCAGCCACTAGCGCTTCTGCAGCAGCC

AAGGCCGCTACGAAAGCGCAGGGAGCTTGTAAGGAGCGGCTGTCCAGGGGAACAAGGCTCAGGGA

GCGCACCTGGTAAGCACAGCGCTGTTTTTCTTTCTCTCAGCTGTAGAGTTACCAGGGATGTAGGA

TGCCGCCGGAGCCCCTCCCCCAGTGCAGGGATGGAGAGTGAGCGAGCAAGGGGCGGGTGCTTGGA

CTAAAGGGACCCAGGAGGGCAGGTGGTGGGCAGGTGGACGACAGGTGAAACCAGGGATGCTAGAA 

Figure 27: Position of GRM5 primers and the generated amplicon within the NCBI database entry AH007692.2 
(Green= Forward- and reverse primer, Yellow= Amplicon, Underlined= Sequencing primer, Bold= CpG). 
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Table 10: Properties of the designed primers for GRM5 PCR and PSQ analysis. 

GRM5 Primer Set 

GCACTGTGCAGGAGTAGGAGCCAGCCCAGCGCTGCGCTTCCA

GCTGCGTCTGCCCGGGCGCAGCACGTGCTCCAGGCGCTGGCG

CGAGAGAGCGAGCGAGCGCCACCACCGCGGGCCCGCAGCGGT

TCTGCTGGCTGCCACTACTGCCTC 

Forward Primer (F) Reverse Primer (R) Sequencing Primer (S) 

Sequence: 

GAGGTAGTAGTGGTAGTTA

GTAGAAT  

Melting Temperature: 

62.9 °C 

Sequence: Biotin- 

CACTATACAAAAATAAAAAC

CAACCCAAC 

Melting Temperature: 

63.3 °C 

Sequence: 

TAGTAGTGGTAGTTAGTAGA

A 

Melting Temperature: 

53.4 °C 

   

Amplicon Length: 149 bp  Analysed CpGs: 15 

 

The designed primer pair generated a relatively long amplicon of 149 bp. Due to dilution in 

the reaction vessel during advancement of pyrosequencing, signal intensity declines at the 

same rate. For this reason it is not recommended to analyse long sequences [139], but 

nevertheless, experiments confirmed reliable results for all 15 variable positions (see 

Figure 31). Forward and reverse primer differed only by 0.4 °C in their melting temperature. 

No secondary structures or dimer formations were predicted.  

0 % and 100 % genome methylation standards were used as template to investigate equal 

amplification efficiency, independent from the methylation degree. To evaluate optimal PCR 

conditions, different primer concentrations (0.2 and 0.4 µM) and annealing temperatures 

(59.0, 60.1, 61.0 and 62.3 °C) were applied. The obtained amplicons were analysed by 

agarose gel electrophoresis (Figure 30). 

A single amplicon was obtained in every experiment, and no side-products were identified. 

Under the same conditions, 0 % and 100 % methylation standards were equally amplified. 

Experiments with a primer concentration of 0.4 µM (Figure 30, lanes 13-24) had an increased 

amplicon yield compared to the lower concentration. Although the optimum was 

determined to be an annealing temperature of 59 °C, 60 °C were chosen for further 

experiments (Figure 30, lanes 14-15/17-18). The signal intensity was slightly lower and by 

choosing this annealing temperature, the amplification of all four target genes (IGF1R, FMR1, 

DCX, GRM5) could be performed in a single run.  
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Table 11: Loading scheme for the agarose gel for GRM5 PCR method optimization (see Figure 30, NTC= No-
template control).  

ID Primer Concentration [µM] Methylation Degree [%] Annealing Temperature [°C] 

M 25 bp ladder 

1 0.2 NTC 59.0 

2 0.2 0% 59.0 

3 0.2 100% 59.0 

4 0.2 NTC 60.1 

5 0.2 0% 60.1 

6 0.2 100% 60.1 

7 0.2 NTC 61.0 

8 0.2 0% 61.0 

9 0.2 100% 61.0 

10 0.2 NTC 62.3 

11 0.2 0% 62.3 

12 0.2 100% 62.3 

13 0.4 NTC 59.0 

14 0.4 0% 59.0 

15 0.4 100% 59.0 

16 0.4 NTC 60.1 

17 0.4 0% 60.1 

18 0.4 100% 60.1 

19 0.4 NTC 61.0 

20 0.4 0% 61.0 

21 0.4 100% 61.0 

22 0.4 NTC 62.3 

23 0.4 0% 62.3 

24 0.4 100% 62.3 
 

  

Figure 28: Results of agarose gel electrophoresis for investigating the optimal primer concentration and 
annealing temperature of GRM5 PCR using different methylation standards. See Table 11 for sample IDs.  
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The developed pyrosequencing method enables the analysis of 16 CpGs in the promoter 

region of GRM5. The PCR method was used to generate amplicons from methylation 

standards and their methylation degree was determined by PSQ. The initial results showed, 

generally high peaks, not matching peak heights and missing peaks in the end of the 

experiment (results not shown), similar to the first results during FMR1 method 

development (compare to section 4.2.1). The problem was solved in the same way by 

diluting the applied amount of amplicon 1:3. The signal subsequently decreased to a single 

peak intensity of approximately 350 and a pyrogram that matched the histogram. The 

exemplary results of a 10 % standard are displayed in Figure 31.  

The methylation degrees were within a range of 11 % to 16 %. Since the standard was 

prepared by mixing 0 % and 100 % standards 1:1, the deviation could be explained by 

statistical errors during that process. The methylation degrees in individual CpGs of the 0 % 

and 100 % methylation standards were determined as 0-5 % and 85-100 %, respectively 

(see 7.4.3).  

  

1 

2 

Figure 29: 1= PSQ results for a 10 % methylation standard obtained by the developed method for GRM5 using a 1:3 
diluted amount of amplicon. 2= Histogram showing the expected peak pattern. 
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4.4.2 GRM5 gene expression analysis 

For GRM5 expression analysis primer sequences were taken from a publication of Cai et al. 

[145]. Their position, the resulting amplicon and the sequence of the primers are shown in 

Table 12.  

Table 12: Primer and amplicon sequences for gene expression analysis of GRM5 (Green= Positions of forward- and reverse 
primer, Yellow= Resulting amplicon). 

GRM5 Primers for real-time PCR 

GATTTGCATCGCCCACTCTTACAAAATTTACAGCAATGCTGGGGAACAGAGCTTTGACAAGCTGTTGAAA 

AAACTCAGAAGTCATTTACCTAAAGCCCGGGTGGTAGCTTGCTTCTGTGAAGGCATGACAGTTCGAGGTC 

TGCTCATGGCCATGAGACGCTTAGGTCTAGCAGGGGAGTTTCTACTTCTGGGCAGTGATGGCTGGGCCGA 

CAGGTATGACGTGACAGATGGATATCAGCGAGAAGCTGTCGGTGGAATTACAATCAAGCTTCAGTCTCCT 

GATGTCAAGTGGTTTGATGATTATTATCTGAAACTCCGGCCAGAAACAAACCTCAGAAACCCTTGGTTTC 

AAGAATTTTGGCAGCATCGTTTTCAGTGCCGGCTGGAAGGGTTTGCACAGGAGAACAGCAAGTACAACAA 

GACTTGCAACAGTTCTCTGACTCTGAGAACACATCATGTTCAAGATTCCAAAATGGGATTTGTGATAAAT 

Forward Primer:  

GTTTCTACTTCTGGGCAGTGATG 

Reverse Primer: 

AAGGGTTTCTGAGGTTTGTTTCT 

 

To investigate the most suitable amount of template for real-time PCR, different dilutions of 

cDNA (1:10, 1:50, 1:100) that originated from the hippocampal subregions CA1, CA3 and DG 

were applied. The template was amplified by real-time PCR (Figure 32) and analysed by 

melting curve analysis (Figure 33).  

The amplification worked successfully for every dilution and subregion except for the 1:50 

dilution of CA3 cDNA. No amplification curve was obtained from this sample, which is 

probably due to a preparation error, where no template was added. A single melting peak 

(82 °C) was achieved from each amplicon. This demonstrates that only one amplicon was 

generated without undesired side-products. A 1:10 dilution was used further in the following 

experiments, since it resulted in the lowest Ct-value.  
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Figure 30: Amplification curves of GRM5 gene expression analysis. Different dilutions of cDNA were applied as template to 
investigate the optimal starting amount (CA1/3= Cornu Ammonis 1/3, DG= Dentate gyrus).  
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4.4.3 GRM5 results and discussion 

Target of the study were the hippocampal subregions CA1, CA3 and DG from Rattus 

norvegicus. Six animals were grown to 22 months and had poor performance during spatial 

memory test (OMB), while five aged rodents showed a good performance (OMG). A control 

group that consisted of 6 young animals that received no training (YM).  

The majority of the obtained methylation degrees were below the calculated LOD (see 6.10), 

which ranged from 1.0 to 5.0 % for individual CpGs. Only few samples showed detectable 

methylation degrees at CpG2/3/5/6/8/12 that were <5 %. (see 7.4.3 for raw data). No 

significant differences (p<0.05) in methylation degrees between hippocampal subregions 

could be observed. Additionally, no significant change was found in respect to aging or 

learning performance of the animals.  

Relative gene expression was calculated from the obtained Ct-values of cDNA during 

real-time PCR (Figure 34), using GAPDH as reference gene (see section 4.5). T-tests revealed 

a significant lower expression in OMB compared to OMG, when comparing mean gene 

expression levels in all hippocampal subregions (p= 0.030). Regarding OMG and YM, both 

groups expressed GRM5 at approximately the same level. For this reason, YM showed a 

similar significant upregulation (p=0.036) in expression compared to OMB.  

Comparing the hippocampal subregions, the only significantly different expression rate was 

a increase in CA1 compared to CA3 when considering all animal groups (p=0.004).  
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Figure 31: Melt plot obtained after gene expression analysis of GRM5 during method testing (CA1/3= Cornu Ammonis 1/3, 
DG= Dentate gyrus). 
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Figure 32: Dot plots of relative GRM5 expression sorted by hippocampal subregion and animal group (Solid line= Mean 
value, dashed line= Median, OMB= Rats with poor learning performance (6 samples), OMG= Rats with good learning 
performance (5 samples), YM= Young control group (6 samples), CA1/3= Cornu Ammonis 1/3, DG= Dentate gyrus). 
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Combining the results of both experiments, pyrosequencing and real-time PCR, no link 

between DNA methylation and relative gene expression could be deducted. The determined 

methylation degrees were below LOD, while changes in gene expression were found 

studying the same samples. Low gene expression rates in OMB compared to OMG and YM 

suggest a relation to learning performance, which is supported by the fact that the receptor 

is crucial for LTP [99,100]. By comparing hippocampal subregions GRM5 was found to be 

expressed in elevated amounts in CA1.  

4.5 Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

For accurate measurement of gene expression analysis, a reference was needed to make the 

results comparable to each other. The reference gene that was chosen is glyceraldehyde 3-

phosphate dehydrogenase (GAPDH), since it is widely used in relative gene expression 

analysis [125].  

4.5.1 GAPDH gene expression analysis 

Primer sequences that were successful in previous experiments were taken for amplification 

(original source: Kindlundh-Högberg et al. [146]. Primer sequences and the generated 

amplicon are presented in Table 13.  

Table 13: Primer and amplicon sequences for gene expression analysis of GAPDH (Green= Positions of forward- and reverse 
primer, Yellow= Resulting amplicon). 

GAPDH Primers for real-time PCR 

GTCATCCCAGAGCTGAACGGGAAGCTCACTGGCATGGCCTTCCGTGTTCCTACCCCCAATGTATCCGT

TGTGGATCTGACATGCCGCCTGGAGAAACCTGCCAAGTATGATGACATCAAGAAGGTGGTGAAGCAGG

CGGCCGAGGGCCCACTAAAGGGCATCCTGGGCTACACTGAGGACCAGGTTGTCTCCTGTGACTTCAAC

AGCAACTCCCATTCTTCCACCTTTGATGCTGGGGCTGGCATTGCT 

Forward Primer: 

ACATGCCGCCTGGAGAAACCT 

Reverse Primer: 

GCCCAGGATGCCCTTTAGTGG 

 

Real-time PCR and subsequent melting curve analysis were performed, using cDNA of the 

three hippocampal subregions CA1, CA3 and DG to investigate the functionality of the 

primers. Several dilution factors of the template were applied (1:10, 1:50, 1:100). The results 

are shown in Figure 35 and Figure 36. 

Amplification was successful in every sample, as it can be seen in the first diagram. It is 

noticeable that a lower Ct-value was obtained compared to the target genes IGF1R, FMR1, 

DCX and GRM5 when the same dilution factor was applied for the template. This is probably 

due to the constant expression of GAPDH in high amounts, which is the reason why it was 

chosen as house-keeping gene. No side-products were created as the single peak (83.8 °C) in 

the melting diagram indicated.  

To maintain consistency with methods for genes of interest, a 1:10 dilution was chosen for 

the experiments.  
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Figure 33: Amplification curves of GAPDH gene expression analysis. Different dilutions of cDNA were applied as template to 
investigate the optimal starting amount (CA1/3= Cornu Ammonis 1/3, DG= Dentate gyrus). 
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5 Conclusion 

This thesis investigated the DNA methylation in the promoter regions of IGF1R, FMR1, DCX 

and GRM5. Methods for PCR and pyrosequencing of promoter regions of the target genes 

were successfully developed. Depending on the gene, they are suitable to amplify and 

determine the methylation degree of 3 to 16 CpGs. In parallel the relative gene expression 

was determined. The experiments were carried out on hippocampal tissue CA1, CA3 and DG 

of Rattus norvegicus that were trained in a radial arm maze (RAM) and on young untrained 

rodents as control group.  

In none of the experiments, an association between gene expression and the DNA 

methylation in the studied promoter sequences could be established. However, several 

variations and trends that can be attributed to age or training were observed in gene 

expression.  

IGF1R expression was found significantly decreased in rats with poor learning performance. 

This is in concordance with many studies that report a critical role of IGF1R in memory 

formation.  

Analysis on FMR1 did not show significant differences between animal groups, but between 

hippocampal subregions. The only significant result was an increased expression in CA3 

tissue compared to the other subregions.  

A certain DNA methylation pattern in the was found studied promoter sequence of DCX, 

which was not uniform in the investigated brain regions. CA1 displayed the highest 

methylation followed by a CA3 and DG, respectively. Neither aging nor training had a 

significant effect on DNA methylation in the investigated sequence. DCX expression was 

found significantly decreased in aged animals in comparison to the control group. The 

expression pattern could not be associated with the results of DNA methylation analysis. 

Since DCX is important for neurogenesis its expression is justified in young animals where 

brain development is still in progress and neurogenesis occurs more frequently. 

GRM5 was significantly lower expressed in rats with poor learning performance, while 

animals with good training results and the young control group showed similar expression 

levels. This was associated with the increased LTP and learning that took place in those 

animals. No significant results were obtained in DNA methylation analysis.  

In conclusion this thesis was able to shed some light on the expression of several genes in 

the hippocampus in dependence of memory formation and age. In addition, we report that 

DNA methylation in the investigated promoter sequences had no association with gene 

expression. Since we were only able to analyse the methylation degrees in short sequences 

of the promoter regions, it should be clarified in the future if neighbouring CpG positions 

influence gene expression.  



 

53 
 

6 Experimental section 

Sample preparation was performed by our cooperation partners. New methods were 

developed for amplification of the promoter regions of IGF1R, FMR1, DCX and GRM5 and the 

determination of their methylation degree. This involves design of new primers, as well as 

assays for pyrosequencing. The methods were applied on extracted DNA that was bisulfite 

converted. Gene expression was determined by reverse-transcription of extracted RNA and 

subsequent real-time PCR. The protein containing fraction of the extract was handed to our 

cooperation partners for analysis.  

6.1 Assay and primer design 

To design new primers and sequencing assays the PyroMark Assay Design 2.0 software was 

used. Settings were chosen to prevent the placing of a primer over variable positions. 

Amplicon length was set to be between 50 and 150 bp, while primer length should be in a 

range from 18 to 30 bp. The difference in GC base pair content between primers and 

amplicon had not to exceed 50 %. Additionally, it was tried to minimise the number of 

possible mispriming sites due to sequence similarities.  

In addition to the program’s checking routines, the melting temperature of the primers were 

determined by the online calculator OligoCalc [147]. It was calculated by taking the results of 

the salt adjusted melting temperature at 50 nM Na+. PCR-primer candidates were only taken 

into closer inspection, if their melting temperature was above 58 °C and the difference 

between forward and reverse primer did not exceed 1.5 °C.  

Probability of formation of a secondary structure was simulated by RNAfold webserver 

[148]. Sequences with predicted hairpin structures and other intramolecular bonds were 

discarded from further consideration. Probability of homo-and heterodimer formation 

between primers was investigated by the online software Oligo Analyzer 3.1 [149]. 

Complementary base pairs below three were considered as optimal, while up to five were 

tolerated.  

6.2 Animal training and sample preparation 

The following part was performed by co-workers of our cooperation partner Univ.-Prof. Dr. 

Gert Lubec at the Core Unit of Biomedical Research, Division of Laboratory Animal Science 

and Genetics, Medical University of Vienna.  

The animals comprised 20 male Sprague Dawley rats. They were raised to an age of 22 

months, which is the last third of life expectancy of this species. Food and water were 

available ad libitum. Each animal was housed individually in a cage made of Makrolon and 

filled with autoclaved woodchips. The rodents were subjected to artificial light cycles of 12 h 

light and darkness each and lived under normal facility conditions (22±2 °C and 55±5 % 

humidity).  
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Training was conducted in a radial arm maze (RAM) made of black plastic. It was elevated 

80 cm above the floor and numerous marks were visible distally to allow orientation. The 

central platform was 50 cm in diameter with 12 arms spreading radially, while the arms were 

each 60 cm long and 12 cm broad. As reward, food pellets were placed below the arms and 

5 cm from the distal end. Start of the experiment was controlled by placing the animal under 

a cylinder on the central platform, which was then elevated remotely. The movement and 

the decisions were tracked and recorded by a camcorder.  

The applied protocol was modified after Levin et al. [150]. Five days before the beginning of 

the experiment the food supply was shortened to reduce the body weight to 85 %. This 

should motivate the rats for foraging behaviour. In order to familiarize the animals with the 

experimenter, they were handled three days prior to the experiment for 15 min/day. Two 

days prior to the experiment the animals were habituated with the RAM. Food pellets were 

placed all over the maze and the rats were given 15 min for exploration and eating.  

For each rat five training sessions were conducted per day. In-between the animals were 

brought to their cage for 30 min. The training was performed for five days. To initiate a trial, 

the cylinder was lifted slowly after 10 s. Three of the twelve arms were baited and the 

pattern stayed the same for all animals and trials. One session was given time for 4 min or 

until all baited arms were entered. An arm counted as entered when the entire body except 

the tail was in. After each trial the platform was cleaned to remove olfactory cues.  

In order to compare the performances, the reference memory index (RMI) was determined 

for each animal. It was calculated from the total visits of baited arms (first visits and revisits) 

divided by the number of total visits. The time for completion of the task was also recorded.  

Young animals that were 17 weeks old, were raised under same conditions. They were put 

into the RAM for the same amount of time but without bait and training sessions.  

The hippocampi were removed and placed on a para cooler at 6 °C. Coronal slices were 

prepared along the longitudinal axis by a scalpel. Each slice was microdissected to separate 

the subregions CA1, CA3 and DG. They were transferred into cryogenic tubes with 1 ml trizol 

and stored at -80 °C.  

6.3 Extraction 

The method originates from the Trizol® reagent user guide [108] provided online by 

Invitrogen. In addition to small changes to the protocol, advices for small DNA 

concentrations were adopted from the TRI Reagent® DNA/Protein Isolation Protocol, 

available online by Thermo Fisher Scientific [151], as described below.  

6.3.1 RNA extraction 

The received samples were covered with 1 ml trizol reagent and frozen at -80 °C. Prior to 

homogenization and extraction it was given time to thaw up on ice for 30 min. All the 

following steps were carried out by cooling on ice.  
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Homogenization was performed by pipetting the tissue, still in trizol reagent, up and down 

using a micropipette and a syringe. This was first done with a 200 µl pipette tip and later 

with a 27G syringe needle until sufficient dissolution. The cell suspension was centrifuged 

(14 000 g, 5 min, 4 °C) and the supernatant transferred into a new tube. 200 µl chloroform 

were added and vortexed until complete intermixing of the phases. After 3 min of incubation 

the sample was centrifuged (12 000 g, 15 min, 4 °C) in order to achieve phase separation. 

The colourless and aqueous upper phase was transferred as thoroughly as possible without 

touching the white interphase. The lower phenolic solution was kept on ice for later DNA 

extraction. 10 µg glycogen were added to the isolated aqueous phase and vortexed briefly. 

RNA was precipitated by addition of 500 µl isopropanol and incubated for 10 min, 

interrupted by short vortexing. Subsequently it was centrifuged (12 000 g, 10 min, 4 °C) and 

the supernatant withdrawn by pipetting. Depending on the pellet’s size it was washed with 

200-300 µl 75 % ethanol. The washing mix was centrifuged once more (7 500 g, 5 min, 4 °C) 

and the supernatant removed again. The pellet was air-dried and then dissolved in 30 µl 

RNase-free H2O. To ensure complete dissolving it was placed on a thermomixer (10 min, 

60 °C, 350 rpm). The concentration was determined spectrophotometrically via NanoDrop. 

Two samples were taken per extract and analysed subsequently. If the obtained 

concentration was stable (difference= ±5 ng/µl), the RNA extract was reverse transcribed 

(see section 6.4).  

6.3.2 DNA extraction 

After removal of the aqueous phase during RNA extraction, 10 µg glycogen were added to 

the remaining phenolic phase and the white interphase. The solution was mixed by vortexing 

and briefly centrifuged. Then, 300 µl ethanol abs. were added. Mixing was achieved by tilting 

the tubes carefully several times. After 3 min incubation, DNA was precipitated by 

centrifugation (5 000 g, 5 min, 4 °C). The supernatant was transferred and used for later 

protein isolation by co-workers of our cooperation partner Univ.-Prof. Dr. Gert Lubec. It was 

stored at -80 °C until use. For washing purposes, 150-300 µl 70 % ethanol, depending on the 

pellet’s size, were added. Without further mixing the sample was incubated for 10 min and 

centrifuged (5 000 g, 5 min, 4 °C). The supernatant was withdrawn carefully. The washing 

was repeated once. Afterwards the pellet was dissolved in 50 µl Buffer EB and shaken (10 h, 

500 rpm, 25 °C) until completion. If the photometric signal was stable, the DNA 

concentration was measured, and the sample frozen at -20 °C. If this was not the case, the 

solution was further shaken under the same conditions, interrupted by storage at 4 °C until 

consistency was reached.  

6.4 Reverse transcription of extracted RNA 

After isolation and measurement of obtained RNA, an aliquot of 500 ng was used for reverse 

transcription in cDNA by using the QuantiTect Reverse Transcription Kit (Qiagen). It was 

applied according to the manufacturer’s instruction. The samples and reagents were cooled 

on 4 °C except for incubation steps. A mix for gDNA wipe-out (Table 14) was prepared, while 
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500 ng RNA were added afterwards. Upon completion, the mix was incubated for 2 min on 

42 °C. Subsequently 6 µL of a previously prepared supermix (Table 15) was added to the 

gDNA wipe-out mix. In the thermocycler (Bio-Rad) the samples were heated to 42 °C for 

15 min, followed by 3 min at 95 °C. Afterwards they were stored at -20 °C.  

Table 14: Composition of one sample for previous  Table 15: Composition of one sample 
gDNA wipe-out during reverse transcription,   during reverse transcription using the  
using the Quantitect Reverse Transcription  Quantitect Reverse Transcription Kit 
Kit (Qiagen). (Qiagen). A supermix was prepared 

according to the number of samples. 
 

 

 

 

 

 

 

 

 

6.5 Real-time PCR 

Gene expression was investigated by real-time PCR of generated cDNA using the Rotor-Gene 

SYBR Green Kit (Qiagen). A supermix according to Table 16 was prepared and aliquoted into 

strip-tubes under cooled conditions. A previously generated cDNA sample (see above) was 

diluted 1:10 with RNase-free H2O before its addition to the reaction mix. PCR was performed 

with the temperature settings in Table 17 according to the manufacturer’s instructions, 

using a Rotor-Gene Q Cycler and 72-Well Rotor (Qiagen).  

 
Table 16: Reaction mix for one real-time PCR sample, using Rotor-
Gene SYBR Green Kit (Qiagen). 

Reagent Volume [µl] 

2x Rotor-Gene SYBR 

Green PCR Master Mix 
12.5 

Forward primer (10 µM) 2.5 

Reverse primer (10 µM) 2.5 

RNAse-free H2O 5 

cDNA template 2.5 

Total Volume 25 

 

Reagent Volume [µl] 

gDNA -Wipeout 2 

RNase-free H2O Variable 

RNA Variable 

Total Volume 14 

Reagent Volume [µl] 

QuantiScript RT 

Buffer, 5x 
4 

RT Primer Mix 1 

QuantiScript 

Reverse 

Transcriptase 

1 

gDNA Wipeout 

sample 
14 

Total Volume 20 
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Table 17: Cycling program and signal acquisition plan for real-time PCR of cDNA, using the Rotor-
Gene SYBR Green Kit (Qiagen). 

Step Time Temperature Acquiring Signal 

Activation 5 min 95 °C / 

Denaturation 
40 cycles 

5 s 95 °C / 

Annealing + Elongation 10 s 60 °C Green Channel 

Final Elongation 10 min 72 °C / 

Final Denaturation 1 min 95 °C / 

Final Annealing 1 min 40 °C / 

Melting curve analysis 65-95 °C, 0.1 °C/sec HRM Channel 

 

6.6 Bisulfite conversion of DNA 

To investigate the methylation degree in genes of interest, unmethylated cytosine was 

converted into thymine. For this purpose, the EpiTect Fast Bisulfite Conversion Kit (Qiagen) 

was applied. The reactions were carried out as proposed in the manufacturer’s protocol. 

Depending on the previously determined concentration of the extracted DNA (see section 

6.3.2), the highest applicable amount was converted. The mixes were prepared as shown in 

Table 18.  

Table 18: Reaction mix of one sample for bisulfite conversion, using EpiTect Fast Bisulfite Conversion 
kit. 

Component 
 (1 ng – 2 µg) 

Volume per reaction [µl] 

DNA Variable (max. 20 µL) 

RNase-free H2O Variable (complement DNA to 20 µL) 

Bisulfite Solution 85 

DNA Protect Buffer 35 

Total Volume 140 

 

In order to perform the conversion, the samples were subjected to the temperature 

program shown in Table 19. The settings were taken from the manufacturer’s protocol. 
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Table 19: Temperature program for bisulfite conversion. 

Step Time Temperature 

Denaturation 5 min 95 °C 

Incubation 20 min 60 °C 

Denaturation 5 min 95 °C 

Incubation 20 min 60 °C 

 

After the incubation, DNA was cleaned up by applying the manufacturer’s instructions and 

using an Eppendorf centrifuge. First 310 µl Buffer BL were added to the sample, which was 

then vortexed. Afterwards 250 µl absolute ethanol was added and pulse vortexed for 15 s 

and again centrifuged. The mix was transferred onto a MinElute DNA spin column with a 

2 ml collection tube and centrifuged (1 min, 14 000 rpm). Afterwards the flow-through was 

once again transferred onto the column and centrifuged to maximize DNA binding. The flow-

through was discarded and 500 µl buffer BL was put on the column. After centrifugation 

(1 min, 14 000 rpm) and discarding the flow-through, 500 µl buffer BD was added to the 

sample and incubated for 15 min at room temperature. Upon incubation, the sample was 

centrifuged (1 min, 14 000 rpm) and the flow-through discarded. For washing purposes 

500 µl buffer BW was added on the column and centrifuged (1 min, 14 000 rpm). The flow-

through was again discarded and washing process repeated once. Afterwards 250 µl 

absolute ethanol was put on the column and centrifuged (1 min, 14 000 rpm). The column 

was then put into a new collection tube and centrifuged one more (1 min, 14 000 rpm). To 

remove remaining liquid thoroughly it was incubated at 60 °C for 5 min with an open lid. 

Finally, the column was put into a new tube and 15 µl buffer EB was added. After incubation 

for 1 min the DNA was eluted by centrifugation (1 min, 14 000 rpm). To maximize the DNA 

yield, the column was put into a new tube and again incubated with 15 µL buffer EB. It was 

also centrifuged under the same conditions. In the end, the concentration of obtained ssDNA 

was determined spectrophotometrically.  

6.7 PCR for subsequent pyrosequencing 

PCR for subsequent pyrosequencing was performed by using a PyroMark PCR Kit (Qiagen) by 

applying the instructions of the manufacturer. Exact composition of a reaction mix for a 

single sample can be taken from Table 20. The mixes and samples were cooled to 0 °C during 

preparation until the PCR was started.  

 

 



 

59 
 

Table 20: Composition of a single reaction mix for amplification of DNA for subsequent 
pyrosequencing, using PyroMark PCR kit (Qiagen). 

Reagent 

Volume per 0.2 µM 

Primer 

Concentration [µL] 

Volume per 0.4 µM 

Primer 

Concentration [µL] 

PyroMark PCR Mastermix, 2x 12.5 12.5 

CoralLoad® Concentrate, 10x 2.5 2.5 

Forward primer [10 µM) 0.5 1 

Reverse primer (10 µM) 0.5 1 

RNAse-free H2O 7 6 

DNA template (5 ng/µL) 2 2 

Total Volume 25 25 

At the beginning of method development, different primer concentrations (0.2 µM and 

0.4 µM) were used to optimize PCR efficiency. A gradient setting was used for PCR in the iQ5 

thermocycler (Bio-Rad) to subject samples to different annealing temperatures in one single 

run. The gradient ranged from 5 °C below the calculated primer concentration to 3 °C above. 

In order to analyse the effect of different primer concentrations and annealing 

temperatures, an agarose gel electrophoresis was performed (see below). After optimization 

0.4 µM primer concentration and 60 °C annealing temperatures were set as optimal 

conditions. The complete temperature program can be seen in Table 21. The PCR products 

were stored at -20 °C until further use. 

Table 21: Temperature program of PCR for subsequent pyrosequencing, using the PyroMark PCR kit.  

Step Time Temperature 

Activation 15 min 95 °C 

Denaturation 

50 cycles 

30 s 94 °C 

Annealing 30 s Variable/60 °C 

Elongation 30 s 72 °C 

Final Elongation 10 min 72 °C 
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6.8 Agarose gel electrophoresis 

To determine the obtained amount of amplicon after PCR and check for 

possible by-products, agarose gel electrophoresis was performed.  

A 50x TAE buffer stock solution was prepared by first dissolving 242 g Tris in 

dH2O. 57.1 ml acetic acid and 100 ml of 0.5 M EDTA were added. After 

adjustment to pH 8, it was filled up to 1 l total volume. For the experiments 

20 ml of this buffer was filled up to 1000 ml with dH2O to prepare 1x buffer.  

In order to prepare a 2 % gel, 2 g of agarose were dissolved in 100 ml 1x TAE 

buffer. The mixture was heated under mixing until the agarose was completely 

melted. 10 µl GelRed were then added. The liquid gel was casted into an 

appropriate frame with special regard on an even alignment. After gelation, it 

was transferred to the electrophoresis chamber, which was then filled with 1x 

TAE buffer.  

When analysing PCR products that were obtained with the PyroMark PCR kit, 

5 µL of the amplicon was directly put onto the gel. As reference a 25 bp ladder 

was used. A 2 µl aliquot was merged together with 8 µl RNAse free water and 

2 µl of 5x loading dye. A 10 µl aliquot was used for electrophoresis. 

The separation was performed under a setting of 120 V for 1 h or until the run was finished. 

The results were analysed under UV-light and a picture was taken. For comparison of the 

obtained amplicon lengths, the separated ladder and the sizes of the fragments are 

displayed in Figure 37.  

6.9 Pyrosequencing 

By pyrosequencing, the methylation status of single CpG positions in the generated 

amplicons was determined. The assays were designed by loading the amplicon’s sequence 

into the PyroMark Q24 Advanced software. In order to carry out the experiment, PyroMark 

Q24 Kit (Qiagen) in combination with the corresponding PyroMark Q24 instrument and 

working station was used according to its manual.  

A binding buffer supermix (Table 22) was prepared and aliquoted to a 24-well plate. An 

additional sequencing primer solution was prepared (Table 23) and the cartridge filled with 

dNTP, enzyme- and substrate mix according to the pre-information sheet created by the 

software.  

  

Figure 35: 
Separated DNA 
fragments after 
agarose gel 
electrophoresis of 
25 bp ladder. 
Provided by the 
manufacturer. 
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Table 22: Composition of a single pyrosequencing sample. 

Reagent 
Volume for IGF1R and DCX 

Sequencing [µL] 

Volume for FMR1 and GRM5 

Sequencing [µL] 

PyroMark Binding Buffer 40 40 

Millipore H2O 24 34 

Streptavidin Sepharose High 

Performance 
1 1 

Per well 65 75 

Biotinylated PCR product 15 5 

 

Table 23: Primer annealing mix per sample for PSQ experiment. 

Reagent Volume [µL] 

Annealing Buffer 19.25 

Sequencing Primer [10 µM] 0.75 

Primer-Mix per well 20 

 

In a spatially separated place, the previously prepared amplicon was added, and the plate 

shaken (1400 rpm, 10 min). Using the PyroMark Q24 vacuum working station, the 

sepharose-bound amplicon was treated with 70 % ethanol and denaturation solution 

(Qiagen) for 5 s each. Afterwards it was incubated with washing buffer (Qiagen) for 10 s. The 

amplicon was added to 20 µl sequencing primer with annealing buffer on a Q24-plate (Table 

23) and immediately heated on 80 °C for 5 min. After submitting, the reactions and detection 

were then carried out by PyroMark Q24 instrument. Evaluation was performed by using the 

corresponding PyroMark Q24 software.  

6.10 Data evaluation and statistics 

The limit of detection (LOD) of each pyrosequencing method was determined for every 

single CpG, respectively. First, DNA standards with 0 % degree were analysed repeatedly. 

LOD was subsequently calculated by adding 3 times the standard deviation to the mean 

value of these samples. 

The resulting methylation degrees were compared between animal groups (OMB, OMG and 

YM) and hippocampal subregions (CA1, CA3 and DG). This was performed for single CpGs 

and their mean value. Unreliable results were excluded from the analysis.  

For gene expression analysis, the threshold cycle (Ct) was determined by setting the 

threshold for each gene individually. The results were standardised using the plate control, a 

sample that was co-determined in every run to make them comparable. ∆Ct was calculated 

by subtracting the standardised threshold cycle of the reference gene GAPDH from 
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standardized threshold cycle of the target gene (Figure 38, 1). The mean ∆Ct value of all 

samples from the control group (YM) over all hippocampal subregions was determined per 

target gene and subtracted from the individual sample ∆Ct in order to calculate ∆∆Ct (Figure 

38, 2). The relative gene expression was finally calculated by using the formula in Figure 

38, 3.  

Significant differences in the results of DNA methylation and gene expression analysis were 

evaluated by two-way analysis of variance (ANOVA) with post-hoc Bonferroni test. SPSS® 

Statistics software version 25 (IBM) was used for this purpose. P-values ≤ 0.05 were 

considered to be significant.  

 

  

1: 𝛥𝐶𝑡 = 𝐶𝑡ሺ𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒ሻ − 𝐶𝑡ሺ𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑔𝑒𝑛𝑒ሻ 

2: 𝛥𝛥𝐶𝑡 = 𝛥𝐶𝑡ሺ𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒ሻ − 𝛥𝐶𝑡തതതതതሺ𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒, 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑔𝑟𝑜𝑢𝑝ሻ 

3: 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑔𝑒𝑛𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = 2ሺ−𝛥𝛥𝐶𝑡ሻ 

Figure 36: Depiction of the used formulas in ΔΔCt calculations for relative gene expression 
(Ct= threshold cycle). 
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6.11 Materials and software  

 

Table 24: List of chemicals used in this thesis. 

Reagent Supplier 

Acetic Acid (conc.) Roth 

Buffer EB Qiagen 

Chloroform Sigma-Aldrich 

CpGenomeTM Rat Methylated 

Genomic DNA 
Merck 

CpGenomeTM Rat Unmethylated 

Genomic DNA Standard 
Merck 

Deionised H2O In-house distillation device 

DNA Exitus PlusTM IF AppliChem 

Ethanol absolute (abs.) VWR 

Ethylenediaminetetraacetic acid 

(EDTA) 
Merck 

Glycogen for mol. biol. Sigma-Aldrich 

Invitrogen 25 bp DNA Ladder  Thermo Fisher Scientific 

Isopropanol VWR 

Milli-Q H2O 

In-house Millipore filtered 

18.2 MΩ∙cm -resistance 

water 

Oligonucleotides (Primer) Sigma-Aldrich 

RNase-free H2O (ultra filtered and 

autoclaved) 
Sigma-Aldrich 

Sample Loading Buffer Bio-Rad 

Streptavidin SepharoseTM High 

Performance Affinity Resin 
GE Healthcare 

Tris(hydroxymethyl)aminomethane 

(TRIS) 
Sigma-Aldrich 

Trizol Thermo Fisher Scientific 

 

  

https://en.wikipedia.org/wiki/Ethylenediaminetetraacetic_acid
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Table 25: List of kits used in this thesis. 

Kit Supply 

EpiTect Fast DNA Bisulfite Kit Qiagen 

Rotor-Gene SYBR Green Kit Qiagen 

QuantiTect Reverse Transcription Kit Qiagen 

PyroMark Q24 Advanced CpG Reagents Qiagen 

PyroMark Wash Buffer Qiagen 

PyroMark Denaturation Solution Qiagen 

 

Table 26: List of consumable materials used in this thesis. 

Material Supply 

Filter tips for micropipettes Brand, Sarstedt 

Microcentrifuge tubes (1.5 ml) VWR 

PCR tubes, sterile (0.2 ml) Qiagen 

PyroMark Q24 plate Qiagen 

Falcon® tubes (15/50 ml) VWR 

Strip tubes & caps (0.1 ml) Qiagen 

PyroMark Q24 Cartridge Qiagen 

 

Table 27: List of devices used in this thesis. 

Equipment Model Manufacturer 

Microcentrifuge 
Centrifuge 5424 

Rotor FA-45-24-11 
Eppendorf 

Real-time PCR Thermocycler 
Rotor-Gene Q Cycler 

72-Well Rotor 
Qiagen 

Gradient Thermocycler 
iQTM Multicolor Real-Time 

PCR Detection system + iCycler 
Bio-Rad 

Spectrophotometer NanoDrop 2000c Thermo Fisher Scientific 

Analytical Balance TE2114S Sartorius 

Refrigerated Centrifuge 
Biofuge 28RS 

Rotor HFA28.1 
Heraeus 

Pyrosequencer PyroMark Q24 Qiagen 

Thermomixer Thermomixer Comfort Eppendorf 



 

65 
 

Equipment Model Manufacturer 

Vortexmixer VortexGenie2 Digital Scientific Industries 

Vortexmixer VV2 VWR 

Diverse Micropipettes Eppendorf, Bio-Rad Eppendorf, Bio-Rad 

Gel Electrophoresis Device 
Mini Sub Cell GT with Power 

Supply Power Pac HV 
Bio-Rad 

 

Table 28: List of software used in this thesis. 

Software Distributer 

Excel 2016 Microsoft 

PyroMark Assay Design 2.0.1.15 Qiagen 

PyroMark Q24 Advanced 3.0.1 Qiagen 

Nanodrop 2000/2000c Thermo Fisher Scientific 

Rotor-Gene Q Series Software 2.3.1 Qiagen 

OriginPro 2018G b9.5.0.193 OriginLab Corporation 

Bio-Rad iQ5-Standard-Edition 2.1.97.1001 Bio-Rad 
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7 Attachment 

7.1 Abstract 
It is memories and personal experiences that make us individual. In modern ages, new 

threats to these important resources arise, not at least, due to the significantly increased 

lifespan of human. Diseases like dementia and Alzheimer’s disease are widely known to 

impair memory by decreasing the ability of acquiring new memory and accessing old ones. 

But the mechanisms responsible for these impairments of the brain are still unclear. In this 

thesis three hippocampal subregions of Rattus norvegicus (CA1, CA3 and DG) were studied.  

Aims of the study were investigation of DNA methylation and relative gene expression on 

mRNA levels of the target genes IGF1R, FMR1, DCX and GRM5. New PCR and pyrosequencing 

methods were developed for this purpose. Depending on the gene, the methods were able 

to determine the methylation degree of 3 to 15 CpGs. The investigated tissue was taken 

from animals of different age that were trained in a radial arm maze to study the additional 

effect of learning and aging on the target genes.  

No differences in DNA methylation were found and only the promoter region of DCX 

appeared slightly methylated. Despite that observation, DCX mRNA was significantly 

decreased in aged animals, especially in those with poor learning performance. GRM5 

expression was also found to be markedly reduced in subjects with poor training results. In 

addition, various expression differences were found regarding the hippocampal subregions. 

FMR1 expression was significantly decreased in subregion CA3 compared to CA1 and DG, 

respectively. In addition, GRM5 was found significantly increased in CA1 compared to CA3.  

7.2 Zusammenfassung 

Es sind Erinnerungen und persönliche Erfahrungen, die jede Person einzigartig machen. Doch 

in unseren modernen Zeiten häufen sich, nicht zuletzt wegen des rasanten Anstiegs der 

menschlichen Lebenserwartung, Gefahren für diesen wichtigen Teil eines Charakters. 

Krankheiten wie Demenz und die Alzheimer-Krankheit sind dafür bekannt das Gedächtnis zu 

beeinträchtigt, indem die Bildung neuer Erinnerungen verhindert und das Abrufen von alten 

verhindert wird. Doch die Mechanismen hinter diesen Schädigungen sind immer noch 

unklar.  

In dieser Arbeit wurden drei Unterregionen des Hippocampus von Rattus norvegicus (CA1, 

CA3, DG) untersucht. Das Ziel der Studie war die Untersuchung von DNA Methylierung und 

Genexpression auf mRNA-Level der Gene IGF1R, FMR1, DCX und GRM5. Neue Methoden für 

PCR und Pyrosequenzierung wurden zu diesem Zweck entwickelt. Je nach Gen konnten diese 

Methoden den Methylierungsgrad von 3 bis 15 CpGs bestimmen. Das untersuchte Gewebe 

stammte von Tieren unterschiedlichen Alters, die in einem Radial Arm Maze trainiert 

wurden, um so den zusätzlichen Effekt des Lernens und Alters auf die Zielgene zu 

untersuchen.  
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Es wurden keine Unterschiede im Methylierungsgrad gefunden. Nur die Promoterregion von 

DCX war in allen Versuchsgruppen geringfügig methyliert. Unabhängig davon war die 

Expression von DCX mRNA in älteren Tieren geringer, besonders in jenen mit schlechten 

Lernresultaten. Auch GRM5 wurde in Tieren mit schlechter Leistung schwächer exprimiert. 

Zusätzlich wurden diverse Unterschiede in der Genexpression zwischen den einzelnen 

Teilregionen des Hippocampus festgestellt. Beispielsweise konnte eine signifikant erhöhte 

Genexpression von FMR1 in der Subregion CA3 festgestellt werden, wenn man sie mit CA1 

und DG vergleicht. Außerdem wurde GRM5 in CA1 signifikant höher exprimiert als in CA3.  

7.3 List of abbreviations 
 

Table 29: List of abbreviations used in this thesis. 

Abbr. Full Description Abbr. Full Description 

A Adenine IGF1R Insulin-like growth factor 1 receptor 

AMP Adenosine monophosphate IR Insulin receptor 

APS Adenosine phosphosulfate LOD Limit of detection 

BDNF Brain-derived neurotrophic factor LTP Long-term potentiation 

C Cytosine MAP Microtubule associated protein 

CA1/2/3 Cornu Ammonis 1/2/3 MBD Methyl CpG binding domain 

cDNA Complementary DNA MeCP2 Methyl-CpG binding protein 

CpG Cytosine-guanine dinucleotide mRNA Messenger RNA 

Ct Threshold cycle OMB Aged rats with poor learning performance 

dATPαS Deoxyadenosine alphathio triphosphate OMG Aged rats with good learning performance 

DCX Doublecortin X PCR Polymerase chain reaction 

DG Dentate gyrus PP1 Protein phosphatase 1 

DNA Deoxyribonucleic acid PPi Inorganic pyrophosphate 

DNMT DNA-methyl-transferase PSQ Pyrosequencing 

dNTP Deoxyribose nucleoside triphosphate RAM Radial arm maze 

dsDNA Double-stranded DNA RMI Reference memory index 

FMR1 Fragile X mental retardation RNA Ribonucleic acid 

FMRP Fragile X mental retardation protein SAM S-adenosyl-L-methionine 

FXTAS Fragile X-associated tremor/ataxia syndrome SNP Single nucleotide polymorphism 

G Guanine ssDNA Single-stranded DNA 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase T Thymine 

gDNA Genomic DNA U Uracil 

GRM5 Glutamate metabotropic receptor 5 YM Young rats without training 

IGF Insulin-like growth factor   
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7.4 Raw data 

7.4.1 Obtained RNA and DNA concentration of the extracts 

Table 30: Concentration and yield of RNA and DNA obtained photometrically after extraction and of DNA after bisulfite 
conversion (BC, 2 aliquots per sample). 

Sample 
RNA 

Concentration 
[ng/µl] 

RNA 
Yield 
[ng] 

DNA 
Concentration 

[ng/µl] 

DNA 
Yield [ng] 

BC DNA 
Concentration 

[ng/µl] 

BC DNA 
Yield 
[ng] 

OMB26 CA1 281.1 5621.0 95.7 4782.5 
9.3 139.5 

2.0 30.0 

OMB26 CA3 377.7 7554.0 39.3 1965.0 
10.8 162.0 

<LOD <LOD 

OMB26 DG 363.4 7268.0 119.9 5993.7 
8.7 130.5 

2.1 31.5 

OMB22 CA1 409.6 8191.0 94.4 4717.5 
5.4 81.0 

2.0 30.0 

OMB22 CA3 361.0 7219.0 33.3 1662.5 
4.6 69.0 

1.4 21.0 

OMB22 DG 450.3 9006.0 99.5 4972.5 
28.7 429.8 

3.6 54.0 

OMB86 CA1 450.4 8807.0 78.0 3120.0 
5.5 82.5 

2.3 34.5 

OMB86 CA3 11.1 222.0 103.9 4154.0 
10.6 158.3 

3.8 57.0 

OMB86 DG 472.1 9442.0 86.0 3438.0 
17.8 267.0 

3.4 51.0 

OMB14 CA1 330.3 9910.0 64.1 3205.0 
4.7 70.5 

1.0 15.0 

OMB14 CA3 406.8 12204.0 41.7 2082.5 
3.0 45.0 

0.5 7.5 

OMB14 DG 385.8 11572.5 111.1 5555.0 
28.0 420.0 

4.9 73.5 

OMB42 CA1 268.1 8043.0 74.3 3712.5 
15.5 231.8 

2.8 42.0 

OMB42 CA3 348.0 10438.5 56.0 2800.0 
6.7 100.5 

1.8 27.0 

OMB42 DG 251.0 2822.5 63.9 3192.5 
15.8 236.3 

3.2 48.0 

OMB38 CA1 337.1 10111.5 75.9 3793.5 
20.9 312.8 

4.4 66.0 

OMB38 CA3 503.4 15100.5 52.6 2628.3 
7.6 114.0 

1.3 19.5 

OMB38 DG 319.1 9573.0 75.0 3761.6 
6.2 93.0 

1.5 22.5 

OMG11 CA1 92.5 1850.0 218.3 10912.5 
1.9 27.8 

0.6 8.3 
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Sample 
RNA 

Concentration 
[ng/µl] 

RNA 
Yield 
[ng] 

DNA 
Concentration 

[ng/µl] 

DNA 
Yield [ng] 

BC DNA 
Concentration 

[ng/µl] 

BC DNA 
Yield 
[ng] 

OMG11 CA3 166.8 3336.0 181.9 9095.0 
3.7 54.8 

0.9 13.5 

OMG11 DG 197.9 3958.0 190.2 9510.0 
4.4 66.0 

1.4 21.0 

OMG18 CA1 81.4 1628.0 58.5 2925.0 
11.5 172.5 

2.1 31.5 

OMG18 CA3 355.1 7102.0 52.1 2602.5 
5.9 88.5 

1.7 25.5 

OMG18 DG 99.4 1987.0 55.6 2777.5 
6.7 100.5 

1.7 25.5 

OMG21 CA1 346.5 6929.0 32.3 1615.0 
12.4 185.3 

3.1 46.5 

OMG21 CA3 376.1 7522.5 78.8 3940.0 
11.9 177.8 

2.3 34.5 

OMG21 DG 555.6 11112.6 73.9 3692.5 
17.2 258.0 

2.8 42.0 

OMG2 CA1 368.9 11067.0 32.9 1645.0 
14.3 214.5 

1.6 24.0 

OMG2 CA3 332.0 9958.5 52.7 2632.5 
1.4 21.0 

<LOD <LOD 

OMG2 DG 176.4 5292.0 50.9 2542.5 
5.9 88.5 

0.5 7.5 

OMG6 CA1 200.6 4011.0 56.5 2822.5 
5.2 78.0 

0.3 4.5 

OMG6 CA3 82.0 1639.0 59.8 2991.6 
9.3 139.5 

1.2 18.0 

OMG6 DG 160.6 3211.0 78.6 3931.6 
12.9 192.8 

1.5 22.5 

YM1 CA1 224.3 6727.5 60.3 3015.0 
4.2 63.0 

1.6 24.0 

YM1 CA3 277.4 8321.0 54.1 2702.5 
6.3 94.5 

1.5 22.5 

YM1 DG 388.5 11655.0 122.1 6103.3 
25.8 386.3 

10.0 150.0 

YM2 CA1 175.4 5262.0 113.6 5683.3 
21.9 328.5 

4.7 70.5 

YM2 CA3 301.1 9034.0 128.7 6435.0 
21.9 328.5 

4.5 67.5 

YM2 DG 411.5 12345.0 168.3 8416.6 
29.4 441.0 

3.9 58.5 

YM3 CA1 260.7 7821.0 59.0 2948.3 
13.4 200.3 

1.8 27.0 

YM3 CA3 205.6 6166.5 156.0 7801.6 
6.5 97.5 

1.2 18.0 
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Sample 
RNA 

Concentration 
[ng/µl] 

RNA 
Yield 
[ng] 

DNA 
Concentration 

[ng/µl] 

DNA 
Yield [ng] 

BC DNA 
Concentration 

[ng/µl] 

BC DNA 
Yield 
[ng] 

YM3 DG 283.3 8499.0 43.8 2190.0 
3.4 51.0 

0.9 13.5 

YM4 CA1 249.5 7485.0 104.8 5238.3 
6.0 90.0 

2.0 30.0 

YM4 CA3 338.6 10158.0 108.5 5426.6 
9.8 147.0 

1.7 25.5 

YM4 DG 516.3 15489.8 149.0 7450.0 
7.3 109.5 

1.4 21.0 

YM5 CA1 464.5 23223.3 103.1 5155.0 
9.1 136.5 

1.9 28.5 

YM5 CA3 480.3 24015.0 106.4 5317.5 
6.6 99.0 

1.5 22.5 

YM5 DG 721.4 21638.3 87.1 4352.5 
4.9 73.5 

1.1 16.5 

YM6 CA1 535.5 16064.0 105.6 5280.0 
1.3 19.5 

0.5 7.5 

YM6 CA3 631.0 18930.0 97.6 4880.0 
9.4 141.0 

1.5 22.5 

YM6 DG 637.1 19113.0 107.1 5356.6 
16.3 244.5 

2.2 33.0 

 

 

7.4.2 Data from gene expression analysis 

Table 31: List of ∆∆Ct and relative expression values. Calculation is described in section 6.10 

Sample 
IGF1R FMR1 DCX GRM5 

∆∆Ct Rel. Exp. ∆∆Ct Rel. Exp. ∆∆Ct Rel. Exp. ∆∆Ct Rel. Exp. 

OMB14 CA1 -0.3444 1.2697 -0.3944 1.3144 -0.1656 1.1216 -0.3217 1.2498 

OMB14 CA3 0.5456 0.6851 0.5256 0.6947 0.4744 0.7197 0.7783 0.5830 

OMB14 DG -0.9244 1.8980 -0.4444 1.3608 0.0644 0.9563 -0.2317 1.1742 

OMB22 CA1 0.4356 0.7394 -0.1444 1.1053 1.2844 0.4105 0.0883 0.9406 

OMB22 CA3 0.1156 0.9230 0.8256 0.5643 1.1644 0.4461 1.2183 0.4298 

OMB22 DG 0.8256 0.5643 0.4056 0.7549 1.6344 0.3221 1.4383 0.3690 

OMB26 CA1 1.6056 0.3286 -0.1044 1.0751 2.0344 0.2441 2.0583 0.2401 

OMB26 CA3 2.5156 0.1749 0.9356 0.5228 2.9844 0.1264 3.3983 0.0948 

OMB26 DG 0.3756 0.7708 0.4456 0.7343 2.1544 0.2246 1.2683 0.4151 

OMB38 CA1 -0.6844 1.6071 -0.4344 1.3514 -0.3356 1.2619 -1.1517 2.2217 

OMB38 CA3 0.3156 0.8035 0.2556 0.8377 0.0344 0.9764 0.9683 0.5111 

OMB38 DG -0.4144 1.3328 -0.0144 1.0101 0.3044 0.8098 0.2983 0.8132 

OMB42 CA1 -0.4644 1.3798 -0.6944 1.6183 -0.1356 1.0985 -0.7217 1.6491 

OMB42 CA3 -0.2244 1.1683 0.2456 0.8435 0.2344 0.8500 0.6883 0.6206 

OMB42 DG -0.0444 1.0313 0.3156 0.8035 1.9644 0.2562 0.7283 0.6036 
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Sample 
IGF1R FMR1 DCX GRM5 

∆∆Ct Rel. Exp. ∆∆Ct Rel. Exp. ∆∆Ct Rel. Exp. ∆∆Ct Rel. Exp. 

OMB86 CA1 -0.1444 1.1053 0.5556 0.6804 1.5744 0.3358 0.8283 0.5632 

OMB86 DG -0.1044 1.0751 0.1156 0.9230 0.4744 0.7197 0.3083 0.8076 

OMG11 CA1 -0.6344 1.5523 0.0356 0.9757 0.2044 0.8679 -0.6317 1.5494 

OMG11 CA3 -0.2944 1.2264 0.3856 0.7655 0.0744 0.9497 0.0383 0.9738 

OMG11 DG -0.0144 1.0101 0.3856 0.7655 0.5844 0.6669 0.1183 0.9213 

OMG18 CA1 0.4356 0.7394 -0.0544 1.0385 1.6644 0.3155 0.9683 0.5111 

OMG18 CA3 -0.0044 1.0031 0.4056 0.7549 0.4344 0.7400 0.2483 0.8419 

OMG18 DG -0.8644 1.8206 -0.2244 1.1683 0.5344 0.6904 -0.0817 1.0582 

OMG2 CA1 -0.9844 1.9786 -0.5944 1.5099 0.7644 0.5887 -0.9417 1.9207 

OMG2 CA3 -0.4244 1.3421 -0.0444 1.0313 0.2444 0.8441 0.0883 0.9406 

OMG2 DG -0.8844 1.8461 -0.1944 1.1443 0.2944 0.8154 -0.4717 1.3867 

OMG21 CA1 -0.0044 1.0031 -0.3844 1.3054 1.1844 0.4400 -0.4317 1.3488 

OMG21 CA3 -0.0344 1.0242 0.7356 0.6006 1.1344 0.4555 0.7783 0.5830 

OMG21 DG -0.5544 1.4686 -0.2844 1.2179 1.0544 0.4815 0.2483 0.8419 

OMG6 CA1 -0.5594 1.4737 0.1656 0.8916 0.1844 0.8800 -0.7217 1.6491 

OMG6 CA3 -0.3744 1.2963 0.8356 0.5604 -0.0456 1.0321 0.0683 0.9537 

OMG6 DG -0.5444 1.4585 0.2056 0.8672 0.0644 0.9563 -0.0317 1.0222 

YM1 CA1 -0.1244 1.0901 -0.5844 1.4995 -0.2656 1.2021 -0.9417 1.9207 

YM1 CA3 0.0256 0.9824 0.6956 0.6175 -0.2556 1.1938 0.0683 0.9537 

YM1 DG -0.6944 1.6183 -0.5344 1.4484 -0.7956 1.7357 -0.6017 1.5175 

YM2 CA1 -0.1344 1.0977 -0.3844 1.3054 -0.1956 1.1452 -1.2517 2.3812 

YM2 CA3 -0.5044 1.4186 0.1556 0.8978 -0.6656 1.5862 0.0283 0.9806 

YM2 DG -0.4644 1.3798 -0.3644 1.2874 -0.5056 1.4197 -0.4617 1.3771 

YM3 CA1 0.2956 0.8148 0.2156 0.8612 -0.1056 1.0759 0.7483 0.5953 

YM3 CA3 0.6556 0.6348 0.5356 0.6899 0.6844 0.6222 0.9583 0.5147 

YM3 DG 0.0356 0.9757 -0.2844 1.2179 -0.1456 1.1062 0.4283 0.7431 

YM4 CA1 0.1356 0.9103 -0.1544 1.1130 0.1144 0.9237 -0.6517 1.5710 

YM4 CA3 -0.0544 1.0385 0.3056 0.8091 -0.0056 1.0039 0.2083 0.8655 

YM4 DG -0.1644 1.1207 -0.0644 1.0457 -0.2756 1.2105 0.5583 0.6791 

YM5 CA1 0.8256 0.5643 0.5256 0.6947 0.9844 0.5054 0.2683 0.8303 

YM5 CA3 1.1756 0.4427 0.8856 0.5413 1.2244 0.4280 1.4483 0.3664 

YM5 DG 0.8856 0.5413 0.3256 0.7980 0.6544 0.6353 0.8583 0.5516 

YM6 CA1 -0.2444 1.1846 -0.5244 1.4384 -0.0256 1.0179 -1.2717 2.4144 

YM6 CA3 -0.5544 1.4686 -0.0244 1.0171 -0.2556 1.1938 -0.1117 1.0805 

YM6 DG -1.0944 2.1353 -0.7244 1.6523 -0.1656 1.1216 -0.2817 1.2156 
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7.4.3 Determined methylation degree by pyrosequencing 

Table 32: Determined methylation degrees of single CpG positions in IGF1R promoter region, 
obtained by the developed PSQ method. Calculations of LOD described in section 6.10 

 
 Methylation Degree [%] 

Label CpG1 CpG2 CpG3 CpG4 CpG5 CpG6 CpG7 CpG8 CpG9 

LOD 3.4 3.1 4.8 5.8 5.0 4.1 4.4 3.4 2.0 

0% Std 2 2 2 3 2 2 3 2 2 

10% Std 14 14 14 15 16 15 14 14 14 

100% Std 92 96 96 95 96 96 94 87 91 

OMB14  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMB14  CA3 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMB14  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMB22  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMB22  CA3 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMB22  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMB26  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMB26  CA3 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

OMB26  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMB38  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMB38  CA3 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMB38  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMB42  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMB42  CA3 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMB42  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMB86  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMB86  CA3 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 2 

OMB86  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMG11  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMG11  CA3 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMG11  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMG18  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMG18  CA3 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMG18  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMG2  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMG2  CA3 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 2 

OMG2  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMG21  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMG21  CA3 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMG21  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMG6  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMG6  CA3 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

OMG6  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM1  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM1  CA3 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM1  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 
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 Methylation Degree [%] 

Label CpG1 CpG2 CpG3 CpG4 CpG5 CpG6 CpG7 CpG8 CpG9 

YM2  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM2  CA3 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM2  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM3  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM3  CA3 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM3  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM4  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM4  CA3 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM4  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM5  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM5  CA3 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM5  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM6  CA1 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM6  CA3 <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

YM6  DG <3.4 <3.1 <4.8 <5.8 <5.0 <4.1 <4.4 <3.4 <2.0 

 

Table 33: Determined methylation degrees of single CpG positions in FMR1 promoter region, obtained by the 
developed PSQ method (Yellow= Required check by user, Red= Failed to analyse and therefore unreliable). 

  Methylation Degree [%] 

Label CpG1 CpG2 CpG3 CpG4 CpG5 CpG6 CpG7 CpG8 CpG9 

LOD 4.6 6.2 3.0 6.2 4.6 7.2 2.0 4.6 5.6 

0% Std 4 3 4 3 2 3 4 3 5 

10% Std 18 16 17 16 13 16 18 16 16 

100% Std 96 97 95 98 97 96 97 95 95 

OMB14  CA1 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB14  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB14  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB22  CA1 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB22  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB22  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB26  CA1 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB26  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB26  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB38  CA1 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB38  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB38  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB42  CA1 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB42  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB42  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB86  CA1 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB86  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMB86  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMG11  CA1 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMG11  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 
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  Methylation Degree [%] 

Label CpG1 CpG2 CpG3 CpG4 CpG5 CpG6 CpG7 CpG8 CpG9 

OMG11  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMG18  CA1 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMG18  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMG18  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMG2  CA1 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMG2  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMG2  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMG21  CA1 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMG21  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMG21  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMG6  CA1 <4.6 <6.2 3 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMG6  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

OMG6  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM1  CA1 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM1  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM1  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM2  CA1 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM2  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM2  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM3  CA1 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM3  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM3  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM4  CA1 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM4  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM4  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM5  CA1 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM5  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM5  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM6  CA1 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM6  CA3 <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 

YM6  DG <4.6 <6.2 <3.0 <6.2 <4.6 <7.2 <2.0 <4.6 <5.6 
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Table 34: Determined methylation degrees of single CpG positions in DCX promoter 
region, obtained by the developed PSQ method (Yellow= Required check by user, 
Red= Failed to analyse and therefore unreliable). 

  DCX-Methylation Degree [%] 

Sample CpG1 CpG2 CpG3 Mean Value MW (CpG2+3) 

0% Std 3 1 1 1.7 1.0 

10% Std 25 19 19 21.0 19.0 

100% Std 100 92 94 95.3 93.0 

LOD 10.1 5.6 4.6 / / 

OMB14  CA1 39 28 21 29.3 24.5 

OMB14  CA3 33 19 17 23.0 18.0 

OMB14  DG 20 13 11 14.7 12.0 

OMB22  CA1 40 26 21 29.0 23.5 

OMB22  CA3 35 20 16 23.7 18.0 

OMB22  DG 18 15 13 15.3 14.0 

OMB26  CA1 39 23 23 28.3 23.0 

OMB26  CA3 34 22 17 24.3 19.5 

OMB26  DG 24 15 14 17.7 14.5 

OMB38  CA1 40 22 17 26.3 19.5 

OMB38  CA3 36 23 18 25.7 20.5 

OMB38  DG 31 19 16 22.0 17.5 

OMB42  CA1 39 27 20 28.7 23.5 

OMB42  CA3 33 24 19 25.3 21.5 

OMB42  DG 23 16 13 17.3 14.5 

OMB86  CA1 42 30 22 31.3 26.0 

OMB86  CA3 33 23 19 25.0 21.0 

OMB86  DG 26 20 13 19.7 16.5 

OMG11  CA1 32 26 23 27.0 24.5 

OMG11  CA3 39 24 23 28.7 23.5 

OMG11  DG 20 14 11 15.0 12.5 

OMG18  CA1 44 23 21 29.3 22.0 

OMG18  CA3 33 20 17 23.3 18.5 

OMG18  DG 33 23 21 25.7 22.0 

OMG2  CA1 41 24 20 28.3 22.0 

OMG2  CA3 39 37 26 34.0 31.5 

OMG2  DG 26 16 14 18.7 15.0 

OMG21  CA1 48 29 20 32.3 24.5 

OMG21  CA3 38 20 17 25.0 18.5 

OMG21  DG 23 15 11 16.3 13.0 

OMG6  CA1 39 17 14 23.3 15.5 

OMG6  CA3 24 13 12 16.3 12.5 

OMG6  DG 20 10 10 13.3 10.0 

YM1  CA1 38 20 16 24.7 18.0 

YM1  CA3 37 27 22 28.7 24.5 

YM1  DG 24 15 13 17.3 14.0 

YM2  CA1 44 23 17 28.0 20.0 
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  DCX-Methylation Degree [%] 

Sample CpG1 CpG2 CpG3 Mean Value MW (CpG2+3) 

YM2  CA3 36 20 16 24.0 18.0 

YM2  DG 22 13 12 15.7 12.5 

YM3  CA1 33 20 18 23.7 19.0 

YM3  CA3 40 25 20 28.3 22.5 

YM3  DG 26 18 15 19.7 16.5 

YM4  CA1 47 30 22 33.0 26.0 

YM4  CA3 40 23 19 27.3 21.0 

YM4  DG 34 19 16 23.0 17.5 

YM5  CA1 39 26 23 29.3 24.5 

YM5  CA3 26 17 15 19.3 16.0 

YM5  DG 28 19 16 21.0 17.5 

YM6  CA1 38 24 17 26.3 20.5 

YM6  CA3 37 23 19 26.3 21.0 

YM6  DG 30 20 15 21.7 17.5 

 

 

Table 35: Determined methylation degrees of single CpG positions in GRM5 promoter region, obtained by the 
developed PSQ method (Yellow= Required check by user, Red= Failed to analyse and therefore unreliable).  
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0% Std 5 3 4 2 3 3 2 3 2 2 2 2 0 0 0 

10% Std 14 12 16 13 13 16 14 16 11 12 11 11 14 14 12 

100% Std 97 94 95 92 96 96 100 99 88 85 85 87 87 97 87 

LOD 1.0 1.0 3.0 1.0 2.0 2.0 4.0 5.0 1.0 1.0 1.0 1.0 3.0 3.0 2.0 

OMB14  CA1 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMB14  CA3 <1.0 <1.0 <3.0 <1.0 <2.0 3 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMB14  DG <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMB22  CA1 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMB22  CA3 <1.0 <1.0 <3.0 <1.0 3 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMB22  DG <1.0 <1.0 3 <1.0 <2.0 2.5 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMB26  CA1 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMB26  CA3 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMB26  DG <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMB38  CA1 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMB38  CA3 <1.0 <1.0 <3.0 <1.0 <2.0 2.5 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMB38  DG <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMB42  CA1 <1.0 <1.0 <3.0 <1.0 3 3 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMB42  CA3 <1.0 <1.0 3 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMB42  DG <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMB86  CA1 <1.0 <1.0 3 <1.0 3 4 <4.0 <5.0 <1.0 <1.0 <1.0 3 <3.0 <3.0 <2.0 



 

77 
 

  GRM5-Methylation Degree [%] 

Sample 

C
p

G
1

 

C
p

G
2

 

C
p

G
3

 

C
p

G
4

 

C
p

G
5

 

C
p

G
6

 

C
p

G
7

 

C
p

G
8

 

C
p

G
9

 

C
p

G
1

0
 

C
p

G
1

1
 

C
p

G
1

2
 

C
p

G
1

3
 

C
p

G
1

4
 

C
p

G
1

5
 

OMB86  CA3 <1.0 <1.0 <3.0 <1.0 <2.0 4 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMB86  DG <1.0 <1.0 <3.0 <1.0 <2.0 3 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMG11  CA1 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 6 <1.0 4 <1.0 5 <3.0 <3.0 <2.0 

OMG11  CA3 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 3 <3.0 <3.0 <2.0 

OMG11  DG <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMG18  CA1 <1.0 <1.0 <3.0 <1.0 <2.0 3 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMG18  CA3 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 3 <3.0 <3.0 <2.0 

OMG18  DG <1.0 <1.0 <3.0 <1.0 3 3 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMG2  CA1 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 3 <3.0 <3.0 <2.0 

OMG2  CA3 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMG2  DG <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMG21  CA1 <1.0 <1.0 <3.0 <1.0 <2.0 3 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMG21  CA3 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMG21  DG <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMG6  CA1 <1.0 <1.0 3 <1.0 <2.0 3 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMG6  CA3 <1.0 <1.0 3 <1.0 3 3 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

OMG6  DG <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM1  CA1 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM1  CA3 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM1  DG <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM2  CA1 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM2  CA3 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM2  DG <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM3  CA1 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM3  CA3 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM3  DG <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM4  CA1 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM4  CA3 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM4  DG <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM5  CA1 <1.0 <1.0 3 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM5  CA3 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM5  DG <1.0 <1.0 3 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM6  CA1 <1.0 5 3 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 7 <3.0 <3.0 <2.0 

YM6  CA3 <1.0 <1.0 <3.0 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 

YM6  DG <1.0 <1.0 3 <1.0 <2.0 <2.0 <4.0 <5.0 <1.0 <1.0 <1.0 <1.0 <3.0 <3.0 <2.0 
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