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Abstract 

Base excision repair (BER) is the primary pathway for repair of oxidative DNA damage caused 

by various agents including reactive oxygen species. BER is initiated by DNA glycosylases that 

recognize and remove damaged DNA bases, and the function of the glycosylases OGG1, 

MUTYH, NEIL1, and NEIL2 are the main focus of this thesis.   

DNA glycosylases have been suggested to be involved in prevention of neuronal cell death under 

cerebral hypoxia-ischemia (HI), but the mechanism of neuroprotection is yet to be determined. In 

the first part of the study, we investigated the role of OGG1, MUTYH, NEIL1, and NEIL2 

following HI in newborn mice. We demonstrated that MUTYH- and NEIL1-deficient mice were 

more sensitive to HI in most regions of the brain, whereas mice lacking OGG1 showed increased 

sensitivity mostly in the hippocampal area. Removal of NEIL2, on the other hand, led to 

neuroprotection. We did not discover major discrepancies in quantification of DNA damage in 

any of the genotypes. RNA sequencing revealed a dysregulation of the inflammatory response in 

the various knockouts, and increased IL-1β expressed in activated microglia in the hippocampus 

(HC) of OGG1- and MUTYH-deficient mice. It thus appears that MUTYH has a neuroprotective 

function, while NEIL2 seems to play a detrimental role in the brain following a HI insult. 

Accumulation of oxidative DNA damage is associated with aging and cognitive decline. In the 

second part of the study, we focused on the function of the OGG1 and MUTYH DNA 

glycosylases in learning and memory in adult animals. The OGG1/MUTYH double knockout 

mice were more active and less anxious than wild type mice and both the double knockout and 

the OGG1 knockout mice displayed impaired learning. We observed no significant differences in 

DNA damage accumulation between the genotypes. RNA sequencing revealed candidate genes 

and pathways in anxiety and cognitive functions. Thus, the investigated DNA glycosylases seem 

to adopt distinct roles in regulation of behavior and cognitive function. 
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Abbreviations
1/3/7-meA/C/G 1/3/7-methylA/C/G 

5ohC/U  5-hydroxyC/U 

5caC  5-carboxylcytosine 
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PARP1  poly (ADP-ribose) polymerase 1 
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complexes 
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glycosylase 
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TDG  thymine DNA glycosylase 

TET  ten-eleven translocation 

TNF  tumor necrosis factor 
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UDG  uracil DNA glycosylase 

SSB  single strand break  
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Introduction 

Deoxyribonucleic acid (DNA) carries all genetic information crucial for the development and 

functioning of an organism. DNA damage can cause mutations and cell death, but is also 

responsible for the genetic diversity in nature. Mutations can be harmful, beneficial, neutral, 

affect the offspring of the organism, or only the organism itself, all dependent on where in the 

DNA the mutation is located and in which cells mutations arise. From an evolutionary point of 

view, mutations are responsible for natural selection and the development of new species. 

However, at the cellular point of view, unrepaired DNA may cause apoptosis, senescence or 

genetic instability, which again may lead to aging or disease (Hakem 2008; Hoeijmakers 2001). 

DNA damage 

DNA is under continuous attack from different intracellular or extracellular DNA damaging 

agents. Intracellular agents include mainly reactive oxygen species (ROS) originating from 

metabolism. Exogenous agents include environmental factors such as chemical agents, ionizing 

radiation, ultraviolet radiation, and thermal disruption (Altieri et al., 2008; Evans et al., 2004; 

Hakem 2008). In addition, apurinic/ apyrimidinic (AP) sites are generated by spontaneous 

depurination or as intermediates during repair (Nakamura et al., 1998). The sources of damage 

and the variety of DNA lesions they produce are shown in Figure 1. 

ROS are highly reactive ions and free radicals, and are the major intracellular threat to DNA. 

ROS include hydroxyl radicals (•OH), superoxide radicals (O2
•−), and non-radical hydrogen 

peroxide (H2O2) (Evans et al., 2004). ROS can be generated from a variety of endogenous and 

exogenous sources, most notably as by-products of normal cellular metabolism. They give rise to 

oxidized bases, AP sites, adducts, crosslinks, and strand breaks (Altieri et al., 2008; Barnes et al., 

2004). One way to combat the threat of ROS is through antioxidants. An antioxidant can be 

defined as “any substrate that delays, prevents or removes oxidative damage to a target 

molecule” (Gutteridge et al., 2010). Both endogenous and exogenous antioxidants exist. 

Endogenous are mitochondrial proteins like superoxide dismutases (SODs), which are 
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considered the first line of defence, and peroxiredoxins. The best sources of exogenous 

antioxidants are vegetables, fruits and grains (Finkel 2012; Gutteridge et al., 2010). Although 

excessive ROS are damaging to the cell, they also have important roles in cell signaling and 

homeostasis (Azzam et al., 2012; Finkel 2012; Hamanaka et al., 2009). A new hypothesis has 

been proposed suggesting that ROS represent stress signals in response to damage, instead of 

being the cause of damage (Lagouge et al., 2013). This emphasizes the importance of sustaining 

the balance between the production of ROS and antioxidants in order for the cell to function 

properly. 

 

Figure 1.  DNA damaging agents and DNA lesions. Different DNA damaging agents presented in relation to the damage they 

cause. Adapted and modified from Hoeijmakers (2001). 

The major extracellular DNA damaging agents are ionizing and ultraviolet (UV) radiation 

(Altieri et al., 2008). Ionizing radiation disrupt anatomic structures directly or indirectly through 

radiolysis of water, which generates both ROS and reactive nitrogen species (Azzam et al., 

2012). The most abundant direct damage caused by ionizing radiation is double strand breaks 

(DSBs) (Kumar et al., 2012). UV radiation is divided into three groups depending on 

wavelength; UVA (320-400 nm), UVB (290-320 nm) and UVC (<290 nm). The UV 

wavelengths influence the spectrum of DNA damage and mutations, the most common lesion is 

dipyrimidine dimers (Ikehata et al., 2011; Pfeifer et al., 2005). Elevated temperatures may cause 

thermal disruption, which increases the rate of depurination and single strand breaks (SSBs). A 

variety of environmental and industrial chemicals cause a wide spectrum of DNA adducts and 
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crosslinking of the DNA (Altieri et al., 2008). Some DNA polymerases replicate DNA with 

variable degree of fidelity, depending on the selection of correct nucleotides or damaged or 

incorrect nucleotides for incorporation. This is called translesion synthesis. Normally, 

proofreading and DNA mismatch repair (MMR) ensure high fidelity, but sometimes replication 

beyond a lesion is preferable to other options such as cell death. Although translesion synthesis 

may cause precancerous lesions, it may also be useful, as is the case in somatic hypermutation of 

immunoglobulin genes after exposure to an antigen, allowing mutations in the variable regions at 

an extraordinary rate, thus ensuring an efficient immune response (Arana et al., 2010; Diaz et al., 

2002). 

The DNA damage response 

To counteract the potential detrimental effects of DNA alterations, the cell harbors a battery of 

different mechanisms collectively called the DNA damage response (DDR) (Jackson et al., 

2009). The DDR includes the detection of DNA lesions, signaling of the presence of a DNA 

lesion, promotion of repair of the lesion, and resolution of DNA replication problems. These 

processes are coordinated with ongoing cell physiology and, as shown in Fig. 3, results in cell 

cycle checkpoint activation, DNA repair, transcriptional program activation, apoptosis or 

senescence (Harper et al., 2007; Jackson et al., 2009). Defects in the DDR may lead to altered 

genetic material being passed on to daughter cells. This is seen particularly in cancer, but also in 

diseases like immunodeficiency, genetic disorders and neurologic disorders (Altieri et al., 2008; 

Lord et al., 2012). DDR is coordinated by post-translational modifications or direct protein 

interactions, and dysregulation of any of these processes may contribute to genomic instability 

(Huen et al., 2008; Nyberg et al., 2002; Warmerdam et al., 2010). Post-translational 

modifications consist of phosphorylation, ubiquitination and sumoylation of target proteins 

(Bologna et al., 2013; Kuo et al., 2011).  
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Figure 3. The DNA damage response. The effect of damage from various DNA damaging agents may involve activation of a 

variety of cellular responses, including cell cycle checkpoint activation, transcriptional program activation, DNA repair and 

apoptosis. Adapted from: http://www.paterson.man.ac.uk/Research/groups.aspx?id=9. 

DNA repair mechanisms 

In order to cope with the vast amount of lesions created in the DNA by the different damaging 

agents, multiple DNA repair pathways exist. These pathways include direct reversal (DR) repair, 

MMR, nucleotide excision repair (NER), BER, homologous recombination (HR) and non-

homologous end joining (NHEJ) (Fig. 4).  

DR repair is a single step process that involves only one protein, does not require excision of the 

damaged bases, and is basically error-free (Eker et al., 2009). MMR removes small deletions and 

insertions in DNA caused by replication slippage or mismatches caused by DNA polymerase 

during DNA replication (Hakem 2008; Jiricny 2006). Recent advances in research have revealed 

that MMR also has an important role in preventing mutations caused by oxidative damage 

(Brierley et al., 2013). 

NER repairs a number of different DNA lesions, including bulky DNA lesions, through a 

multistep process involving at least 20-30 proteins. There are two subpathways known, global 

genome NER and transcription-coupled NER (Hoeijmakers 2001; Leibeling et al., 2006). Global 
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genome NER detects and removes lesions throughout the genome, while transcription-coupled 

NER repairs genes that are actively transcribed. BER removes small base lesions in the DNA 

caused mainly by endogenous factors that induce oxidation, alkylation and deamination (Krokan 

et al., 2013; Seeberg et al., 1995). BER is the main focus of this thesis and will be handled 

separately in the next chapter. DSBs impose a great threat to the integrity of the genetic 

information. To deal with this threat, two distinct pathways exist, HR and NHEJ (Kanaar et al., 

2008). Naturally occurring DNA ends, telomeres, need to be shielded from being inappropriately 

processed by these DNA repair pathways (de Lange 2005). HR uses information from an intact 

sister chromatid as a template for the repair and is the most important pathway during meiotic 

recombination. NHEJ is a lot faster than HR, but sacrifices some accuracy by joining ends 

closely positioned to each other without quality control of the information (Kanaar et al., 2008; 

Stracker et al., 2011). Normal development of immunoglobulin and T-cell receptors are 

dependent on DSBs and subsequent NHEJ. Defects in NHEJ can therefore lead to 

immunodeficiency (Blundred et al., 2011).  

 

Figure 4. DNA damage repair pathways. Various types of DNA lesions result from different endogenous and exogenous 

DNA-damaging agents. To repair these lesions, a number of DNA repair pathways exist. These include base excision repair 

(BER), homologous recombination (HR), non-homologous end joining (NHEJ), nucleotide excision repair (NER), mismatch 

repair (MMR), and direct reversal (DR) repair. Adapted and modified from (Lord et al., 2012) 
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Base excision repair 

BER is the primary pathway handling endogenous DNA lesions such as small chemical 

alterations on the DNA bases, AP-sites, and SSBs. In short, BER is initiated by DNA 

glycosylases, which recognize and excise oxidized and alkylated DNA bases by hydrolyzing the 

N-glycosidic bond. An AP-endonuclease or an AP-lyase removes the resulting AP-site. The 

remaining deoxyribose phosphate residue is excised by a phosphodiesterase leaving a gap that is 

filled by a DNA polymerase and finally the strand is sealed by a DNA ligase (Barnes et al., 

2004; Seeberg et al., 1995). There are two main BER pathways, short-patch repair (SP-BER) and 

long-patch repair (LP-BER) (Fig. 5). In SP-BER, only a single nucleotide is removed. In vitro, 

the pathway is only dependent on four proteins to function properly; a DNA glycosylase, an AP 

endonuclease or AP lyase, a DNA polymerase (POL β), and a DNA ligase (Kubota et al., 1996; 

Seeberg et al., 1995). In vivo, a DNA ligase bound to X-ray repair cross-complementing protein 

1 (XRCC1), a non-enzymatic scaffold protein, seals the nick and thereby completes the repair 

process. DNA ligase (LIG) III is essential in mitochondrial DNA (mtDNA), while in nuclear 

DNA (nDNA) both LIG I and LIG III can complete the repair process (Gao et al., 2011; Simsek 

et al., 2011).  

In LP-BER, where 2-12 nucleotides are incorporated, a flap is created after nicking of the DNA 

strand by AP endonuclease 1 (APE1) 5’ to the AP site, and DNA polymerases are recruited. POL 

β is thought to incorporate the first nucleotide, while POL δ or POL ε are the elongating 

polymerases. Flap structure-specific endonuclease 1 (FEN1)  removes the 5’ overhanging flap, 

and the nick is sealed by LIG I. Proliferating cell nuclear antigen (PCNA) is crucial for LP-BER 

as both POL β and FEN1 are dependent on PCNA to function (Brown et al., 2011; Fortini et al., 

2007; Hegde et al., 2008; Robertson et al., 2009). The mechanism of deciding whether to 

proceed with LP-BER or SP-BER is poorly understood, but it has been shown that LP-BER 

occurs more frequently at lower adenosine triphosphate (ATP) concentrations near the AP-site 

(Petermann et al., 2003). It has been proposed that if the intermediate 5’deoxyribose phosphate 

(dRP) produced by the AP endonuclease activity can be efficiently removed by the dRP lyase 

activity of POL β, SP-BER will be the preferred pathway (Robertson et al., 2009).  
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A total of 11 different mammalian DNA glycosylases are known today (Robertson et al., 2009; 

Seeberg et al., 1995), and the substrate range of these glycosylases is vast and overlapping, as 

seen in Table 1. The DNA glycosylases can be divided into groups based on mechanism or 

structure (Table 1). There are four mammalian structural superfamilies; helix-hairpin-helix 

(HhH), helix-two-turn-helix (H2TH), alkyladenine DNA glycosylase (AAG), and uracil DNA 

glycosylase (UDG) (Dalhus et al., 2009; Hegde et al., 2008). The family members of the AAG 

Table 1. Mammalian DNA glycosylases 

Protein Mechanistic classa Structural 

superfamilyb 

Substratesc 

NTH1 

NEIL1 

 

NEIL2 

NEIL3 

OGG1 

MUTYH 

MBD4 

AAG/MPG 

UNG 

SMUG1 

TDG 

Bifunctional (β) 

Bifunctional (β/δ) 

 

Bifunctional (β/δ) 

Mono-/Bifunctional (β/δ) 

Mono-/Bifunctional (β) 

Monofunctional 

Monofunctional 

Monofunctional 

Monofunctional 

Monofunctional 

Monofunctional 

HhH 

H2TH 

 

H2TH 

H2TH 

HhH 

HhH 

HhH  

AAG 

UDG 

UDG 

UDG 

Tg, DHU, FaPyG, 5-oh-U, 5-oh-C, hydantoins in dsDNA 

Sp, Gh, Tg, DHU, DHT, 5-oh-U, 5-oh-C, 8-oxoG, FaPyA, FaPyG 

in ssDNA and dsDNA 

Overlap with  NEIL1, with minor divergence 

Sp, Gh, Tg, FaPyA, FaPyG, with preference for ssDNA 

8-oxoG opposite C, FaPyG in dsDNA 

A opposite 8-oxoG, 2-oh-A opposite G in dsDNA 

T or U opposite G at CpG sites, T opposite O6-meG in dsDNA  

3-meA, 7-meG, 3-meG, hypoxanthine, εA in ssDNA or dsDNA 

Uracil, 5-FU in ssDNA or dsDNA 

Uracil, 5-FU and 5hmU in ssDNA or dsDNA 

T, U, and εC opposite G (CpG sites preferably) in dsDNA 

aBased on Dalhus et al. (2009), Krokeide et al. (2013), Fromme et al. (2004c), and Fromme et al. (2004b)  
bBased on Dalhus et al. (2009) and Hegde et al. (2008)  
cBased on Hailer et al. (2005), Barnes et al. (2004), Jacobs et al. (2012), Krokeide et al. (2013), Brooks et al. (2013), 

Krishnamurthy et al.  (2008), Redrejo-Rodriguez et al. (2011), Robertson et al.  (2009), and Zhao et al. (2010)  

Abbreviations: 5-FU fluorouracil, DHT dihydrothymine, DHU dihydrouracil, dsDNA double stranded DNA, εA/C ethenoA/C, 

Gh guanidinohydantoin, O6-meG O6-methylguanine, Sp spiroiminodihydantoin, ssDNA single stranded DNA, Tg thymine 

glycol 

See text for other abbreviations and details 

18



19 

 

and UDG superfamilies are compact single-domain enzymes, while the members of the HhH and 

H2TH superfamilies contain multiple domains, some of which may serve additional specialized 

biological roles (Fromme et al., 2004b).  

The two mechanistic classes of glycosylases are monofunctional and bifunctional glycosylases. 

Monofunctional glycosylases catalyze a single step reaction substituting the damaged base with 

an activated water molecule, creating an abasic site, which is the substrate for an AP 

endonuclease, like APE1. APE1 nicks the DNA backbone 5’ to the AP-site, resulting in a dRP 

which is removed by POL β. Bifunctional glycosylases substitute the damaged base with an 

amine nucleophilic active site residue (Fromme et al., 2004b; Fromme et al., 2004c; Hegde et 

al., 2008). They hold an intrinsic AP lyase activity that catalyze a β-elimination, which consists 

of a single nick leaving a 3’ phosphor α,β unsatured aldehyde (PUA) end, or a β,δ-elimination, 

which consists of a double nick leaving a phosphate (3’P) end. PUA and 3’P are removed by 

APE1 and polynucleotide kinase 3’phosphatase, respectively (PKNP) (Fromme et al., 2004c; 

Hegde et al., 2008). The resulting gap is filled by DNA polymerase activities, by either LP-BER 

or SP-BER (Hakem 2008; Robertson et al., 2009). The glycosylases removing oxidized DNA 

base lesions belong to the H2TH and HhH families, and consist of OGG1, NEIL paralogs 1-3, 

and endonuclease III-like protein (NTH), which are all bifunctional glycosylases with intrinsic 

AP lyase activity. In addition, SMUG1, a member of the UDG superfamily, has been shown to 

remove oxidized base lesions (Dalhus et al., 2009).  
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Figure 5. The BER Pathway. BER is initiated by 

recognition of a damaged base by either 

monofunctional or bifunctional DNA 

glycosylases. The lesion is excised from the DNA 

backbone, and the correct base inserted, either by 

short-patch repair or long-patch repair. See text 

body for more details AP, apurinic/apyrimidinic; 

APE1, AP endonuclease 1; FEN1, flap 

endonuclease 1; LIG1, DNA ligase 1; LIG3, DNA 

ligase 3; PCNA, proliferating cell nuclear antigen; 

PNKP, polynucleotide kinase 3’-phosphatase; 

POL, polymerase; RFC, replication factor C; 

XRCC1, X-ray repair cross-complementing 

protein 1. Adapted from Sejersted (2012) 
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8-oxoG repair 

Guanine (G) has the lowest oxidation potential of the four DNA bases and is therefore more 

often subjected to oxidation (Devasagayam et al., 1991). 7, 8-dihydro-8-oxoguanine (8-oxoG) is 

the major mutagenic base damage caused by ROS, and may lead to a G:C to T:A transversion 

mutation if left unrepaired (Michaels et al., 1992; Moriya et al., 1991; Russo et al., 2007). It has 

been estimated that about 1000 Gs are oxidized to 8-oxoG in each mammalian genome every day 

under normal physiological conditions (Lindahl 1993; van Loon et al., 2010).  

Three enzymes collaborate to deal with the problem of 8-oxoG; OGG1, MutY homolog 

(MUTYH) and MutT homolog-1 (MTH1/NUDT1) (Russo et al., 2007). The majority of 8-

oxoG:C lesions are repaired by OGG1. OGG1 is localized in both the mitochondria and the 

nucleus (Boiteux et al., 2000; Evans et al., 2004), and operates differently depending on which 

base 8-oxoG is coupled with. When coupled with C, the reaction is bifunctional, whilst when 

paired with adenine (A), the reaction is monofunctional (Bjoras et al., 1997). However, the lyase 

activity of OGG1 is very weak. Hence, intact AP sites are the major product after cleavage of 8-

oxoG by OGG1 (Hegde et al., 2008) (Fig. 4). 8-oxoG is also a substrate for NEIL1, but in 

comparison to other substrates, the affinity towards 8-oxoG is weak. NEIL1 seems to be more 

specific towards 8-oxoG:G mispairs (Parsons et al., 2005). MUTYH excises A opposite 8-oxoG, 

and thereby provides another chance for OGG1 to remove 8-oxoG (Hazra et al., 2001; 

Klungland et al., 2007; Russo et al., 2007). MUTYH is localized in both the mitochondria and 

the nucleus (Ohtsubo et al., 2000; Takao et al., 1999). The substrate specificity of MUTYH is of 

great importance, as excision of A opposite T or excision of C opposite 8-oxoG would lead to 

increased risk of mutagenesis. MUTYH avoids this by recognizing both 8-oxoG and the 

misincorporated A, and then initiate the removal of A (Fromme et al., 2004a). MTH1 is the main 

repair enzyme that hydrolyzes damaged nucleotides in the nucleotide pool, to avoid 

incorporation into DNA by a polymerase (Nakabeppu et al., 2010). MTH1 is localized in both 

the nucleus and in the mitochondria, and is expressed in both post-mitotic and proliferative tissue 

(Kang et al., 1995; Nakabeppu et al., 2006).  
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In addition to BER, MMR also has an important role in preventing mutations associated with 8-

oxoG either by direct removal of 8-oxoG, by removal of A misincorporated opposite 8-oxoG, or 

a combination of both (Brierley et al., 2013; Russo et al., 2007). 

Endonuclease VIII-like DNA Glycosylases 

In mammals, there are three structural homologs of the E.coli Endonuclease VIII (NEI) and 

Formamidopyrimidine DNA glycosylase (FPG), NEIL1-3. As NEIL1 and NEIL2 are the 

enzymes relevant for this thesis, NEIL3 will not be further elaborated upon. 

The bifunctional glycosylases NEIL1 and NEIL2 have been well characterized (Bandaru et al., 

2002; Das et al., 2004; Dou et al., 2003; Grin et al., 2011; Liu et al., 2010; Morland et al., 2002). 

They have broad, overlapping substrate specificities, with a preference for oxidized bases in 

single-stranded DNA, double-stranded DNA and bubble DNA structures (Dalhus et al., 2009; 

Dou et al., 2003; Hazra et al., 2002a; Hazra et al., 2002b; Hazra et al., 2006; Krishnamurthy et 

al., 2008; Onizuka et al., 2012; Parsons et al., 2007; Zhao et al., 2010) (Table1). NEIL1 and 

NEIL2 show a high evolutionary conservation at the N-terminal end. However, at the C-terminal 

end, there are unstructured domains that enable distinct differences in protein interactions, likely 

to be of vital importance for their function in vivo (Dalhus et al., 2009; Hegde et al., 2008). 

Human NEIL1 shows high unspecific binding to DNA, suggesting either interaction with 

cofactors that reduces its non-specific binding or a function at nucleosome-free regions (Odell et 

al., 2010). 

The mRNA expression of NEIL1 and NEIL2 is ubiquitous in mammals, but the expression level 

varies between different organs (Hazra et al., 2002a; Hazra et al., 2002b; Morland et al., 2002). 

They are widely expressed in the brain (Rolseth et al., 2008). Both enzymes are localized in the 

nucleus and are also proposed to participate in maintenance of the mitochondrial DNA (Hazra et 

al., 2002a; Hazra et al., 2002b; Hu et al., 2005; Mandal et al., 2012; Morland et al., 2002; 

Sampath et al., 2011; Vartanian et al., 2006). NEIL2 expression remains constant throughout the 

cell cycle, while NEIL1 expression is quelled upon release from G0 quiescence (Neurauter et al., 

2012). NEIL1 is proposed to participate in prereplicative repair due to its interaction with 
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proteins involved in DNA replication (Hegde et al., 2013). During mitosis, human NEIL1 is co- 

localized with condensed chromosomes and centrosomes (Hildrestrand et al., 2007). In 

mammalian cells, NEIL2 has a preferential role in repairing oxidized bases in the transcribed 

genes (Banerjee et al., 2011). It has been proposed that oxidative stress in the promoter region of 

NEIL2 regulate its expression by affecting the binding sites for ROS-responsive transcription 

factors (Kinslow et al., 2010) 

Phenotypes of BER-deficient mice 

Genetically modified mice deficient of BER enzymes are extensively used to study the 

implications of DNA damage accumulation, mutations and carcinogenesis, both in individual 

cells and in tissues (Larsen et al., 2007). There is no obvious phenotype in the different DNA 

glycosylase single knockout mice, except for the lethal TDG knockout and the UDG-deficient 

mice, which show increased incidence of B-cell lymphomas at old age (Andersen et al., 2005; 

Cortazar et al., 2011; Nilsen et al., 2003). However, knocking out the genes in the later stages of 

BER results in embryonic lethality, with mice surviving only until embryonic days 4.5-18.5 (Fig. 

6). This illustrates both the vital role of the enzymes in the downstream component of BER, and 

the overlapping substrate specificities of the DNA glycosylases (Larsen et al., 2003).  

Even though most knockout mouse models of DNA glycosylases do not show an immediate and 

obvious phenotype, further characterization has revealed damage accumulation in different 

tissues. Mice deficient of NEIL1 accumulate 2,6-diamino-4-hydroxy-5-formamidopyrimidine 

(FaPyG) and 4,6-diamino-5-formamidopyrimidine (FaPyA) in liver, kidney and brain (Chan et 

al., 2009; Jaruga et al., 2010). In addition, they accumulate 8,5’-cyclopurine 2’-

deoxynucleosides (cPu) in liver, which is not repairable by BER, suggesting involvement of 

NEIL1 in NER (Jaruga et al., 2010). Neil1-/- mice also have an altered metabolic syndrome 

phenotype that is confirmed in mice on a high fat diet, thought to be caused by low tolerance to 

oxidative stress (Sampath et al., 2011; Vartanian et al., 2006). They are further described as 

equally capable of learning as wild type mice, but are deficient in retaining long-term memory 

(Canugovi et al., 2012). Neil2-/- mice do not show an overt phenotype, but accumulate DNA 
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damage mostly in transcribed regions and are susceptible to innate inflammation (Chakraborty et 

al., 2015). Neil3-/- mice do not have a profound phenotype (Torisu et al., 2005), but when 

subjected to perinatal ischemia, Neil3-/- mice demonstrated loss of neural stem cells and inability 

to replace damaged tissue (Sejersted et al., 2011). Further, adult Neil3-/- mice displayed 

decreased proliferation of neural progenitors and impaired learning and memory (Regnell et al., 

2012). Naïve NTH1-deficient mice accumulate FaPyA in kidney and liver, and accumulate 

thymine glycol in liver when exposed to ionizing radiation (Chan et al., 2009; Takao et al., 

2002). Ogg1-/- mice do not have a tumor predisposition in spite of elevated spontaneous mutation 

rates and accumulation of 8-oxoG in hepatocytes (Klungland et al., 1999; Minowa et al., 2000). 

However, they are sensitive to oxidative stress throughout their lifespan and old mice display 

decreased spontaneous locomotor behavior and brain pathology (Arai et al., 2002; Cardozo-

Pelaez et al., 2012; Kunisada et al., 2005). The phenotype of Mutyh-/- mice has been subject of 

some debate, as Xie and colleagues (Xie et al., 2004) observed no increased tumorigenesis in 

these mice, while Sakamoto et al. (2007) reported a significant increase in both spontaneous and 

stress-induced tumorigenesis of the intestinal tract. In humans, defect in MUTYH leads to 

accumulation of oxidative damage and a predisposition to colorectal cancer (Al-Tassan et al., 

2002; Ruggieri et al., 2013).  

Combined deletion of two overlapping DNA glycosylases demonstrates the mutagenic and 

carcinogenic potential of oxidized base lesions. Ogg1-/-Mutyh-/- mice accumulate 8-oxoG and 

display a predisposition to tumorigenesis in various tissues (Xie et al., 2004). Neil1-/-Nth-/- mice 

accumulate FaPy lesions and are prone to hepatocellular and pulmonary tumors (Chan et al., 

2009). Ogg1-/-Nth-/- mice accumulate oxidized pyrimidines in mitochondrial DNA, but do not 

display a predisposition to cancer (Karahalil et al., 2003). 
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Figure 6. Phenotypes of BER-deficient mice. SP-BER is illustrated to the left, LP-BER to the right. Knocking out DNA 

glycosylases does not cause an obvious phenotype, except for the lethal TDG knockout and UDG knockout mice, which have an 

increased incidence of B-cell lymphomas at old age. Gene-targeted knockouts of downstream BER enzymes are embryonically 

lethal. Abbreviations in text. Adapted and modified from Larsen et al. (2007) 

Epigenetic DNA modifications 

Epigenetic changes to DNA, first defined by Conrad Waddington as “alterations in gene 

expression without a change in nucleotide sequence”, are mediated through processes that are 

potentially reversible (Henikoff et al., 1997). The processes involved include DNA methylation 

and histone modifications, chromatin remodeling, and non-coding ribonucleic acid (RNA) 

(Adwan et al., 2013). DNA methylation is the best characterized epigenetic modification. 
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Addition of a methyl group at the 5 position of the pyrimidine ring of Cytosines (Cs) creates 5-

methylcytosine (5mC) (Razin et al., 1980) and occurs almost exclusively at cytosine-phosphate-

guanine (CpG) dinucleotides in eucaryotes. However, methylation of C occurring in a non-CpG 

context has recently been found to be particularly prevalent in adult mouse and human brain 

(Varley et al., 2013; Xie et al., 2012). DNA methylation is most abundant in heterochromatin 

and is normally related to transcriptional repression (Miller et al., 2007). Mattson et al. (2003) 

showed that DNA methylation is important for proliferation and differentiation of neural stem 

cells. Furthermore, DNA methylation plays an important role in neuronal repair and survival, 

learning and memory as well as in synaptic plasticity (Fan et al., 2001; Feng et al., 2010; 

Iskandar et al., 2010). 

DNA methylation can be either inherited or created de novo by addition of a methyl group to 

DNA (Bergman et al., 2013; Guerrero-Bosagna et al., 2014; Lardenoije et al., 2015). DNA 

methyltransferases (DNMT) are responsible for de novo DNA methylation by using S-

adenosylmethionine (SAM) as the methyl donor, converting SAM to S-adenosylhomocystein 

(SAH) (Klose et al., 2006; Mastroeni et al., 2010) (Fig. 2). The DNA demethylation pathway is 

still not completely unraveled and the possibility for multiple overlapping demethylation 

pathways is not yet excluded (Lardenoije et al., 2015). 5mC is thought to be converted to 5-

hydroxymethylcytosine (5hmC) by ten-eleven-translocation (TET) proteins (Booth et al., 2012; 

Globisch et al., 2010; Kriaucionis et al., 2009; Tahiliani et al., 2009). Contrary to 5mC, 5hmC 

has generally been associated with transcriptional activation (Chen et al., 2012; Jin et al., 2011; 

Song et al., 2011). In the adult mammalian brain, 5hmC are low in stem-cell rich areas and high 

in areas with high density of fully differentiated neurons (Globisch et al., 2010; Orr et al., 2012). 

Genome-wide distribution of 5hmC also differs from 5mC. In the adult human brain, 5hmC is 

mostly found at promoter regions while the 5mC levels are highest at intragenic regions (Jin et 

al., 2011). 
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Figure 2. Putative pathways for DNA methylation and DNA demethylation. C is methylated by DNMT to 5mC. 5mC is 

either oxidized by TET proteins to 5hmC, 5fC, and 5caC or deaminated by apolipoprotein B mRNA editing enzyme, catalytic 

polypeptide-like (APOBEC) or activation-induced cytidine deaminase (AICDA) to thymidine or 5hmU. APOBEC and AICDA 

may also deaminate 5hmC to 5hmU or thymidine. 5caC, 5fC, 5hmU and thymidine are processed by a BER glycosylase, either 

TDG or SMUG1. Abbreviations in text. 

5hmC can be further oxidized by TET proteins to 5-formylcytosine (5fC) and 5-carboxylcytosine 

(5caC) (He et al., 2011; Ito et al., 2011; Kriaucionis et al., 2009; Tahiliani et al., 2009). 

Alternatively, 5mC and 5hmC can be deaminated either by apolipoprotein B mRNA editing 

enzyme, catalytic polypeptide-like (APOBEC) protein or activation-induced cytidine deaminase 

(AICDA) creating 5-hydroxymethylUracil (5hmU) (Guo et al., 2011; Popp et al., 2010). The 

resulting 5hmU:G and thymidine (T):G, as well as 5caC:G and 5fC:G, represent mismatches and 

can be detected and repaired by single-strand selective monofunctional uracil DNA glycosylase 

(SMUG1), Methyl-CpG-binding domain protein 4 (MBD4), or thymine DNA glycosylase (TDG) 

(Cortellino et al., 2011; Guo et al., 2011; Hardeland et al., 2003; Hashimoto et al., 2012; He et 

al., 2011; Kemmerich et al., 2012; Matsubara et al., 2004). Endonuclease VIII-like (NEIL) 

glycosylases and 8-oxoguanine DNA glycosylase (OGG1) have been shown to be associated 

with epigenetic DNA by high throughput screening of epigenetic readers and erasers (Spruijt et 
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al., 2013). Recently, Muller et al. (2014) demonstrated that the glycosylases NEIL1, NEIL2 and 

NEIL3 might provide an alternate BER pathway for DNA demethylation. 

Pathophysiology in cerebral hypoxia-ischemia 

The brain is particularly vulnerable to oxidative stress. It consumes 20% of the total oxygen used 

by the body, but has a lower capacity to neutralize ROS (Barzilai 2007). The brain consists of 

both dividing and non-diving cells. While neurons are terminally differentiated and thereby 

unable to re-enter the cell cycle, neural stem cells are able to proliferate in response to stress, 

and, depending on their differentiation status, glial cells may belong to either a dividing or non-

dividing cell population (Iyama et al., 2013).  

HI causes brain damage by activation of the ischemic cascade. In short, this cascade consists of 

failure of the mitochondria and subsequent depletion of energy stores, ion pump malfunction, 

and release of excitatory neurotransmitters. A number of neuroprotective mechanisms are also 

activated  (Deb et al., 2010). Within minutes of blood flow abruption, a cellular edema evolves 

followed by a vasogenic edema evolving over hours and days (Klatzo 1987). In addition, there is 

a loss of structural integrity of blood vessels and brain tissue, an activation of the immune 

system, and activation and migration of microglia (Adibhatla et al., 2010; Deb et al., 2010; 

Neumann et al., 2009). 

A number of different cell death mechanisms exist to protect the organism against genetic 

instability. These include necrosis, apoptosis, autophagy, and necroptosis (programmed necrosis) 

(Kroemer et al., 2008; Ouyang et al., 2012; Stracker et al., 2011). Rapid and severe failure to 

sustain cellular homeostasis and depletion of ATP is thought to be the main cause of necrosis 

(Edinger et al., 2004; Northington et al., 2011). Apoptosis, autophagy and necroptosis are all 

mediated by an intracellular program and are collectively called programmed cell death (Ouyang 

et al., 2012). In addition, senescence, a permanent cell cycle arrest, is another mechanism to 

protect the organism against disease (Vicencio et al., 2008). Following HI, necrosis is the major 

cell death phenotype occurring at the core of the insult. However, apoptosis occurs in the tissue 

surrounding the core, called the penumbra, as well as in vulnerable areas of the brain 
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(Northington et al., 2011; Ueda et al., 2004). Cell death mechanisms are dependent on the 

developmental stage in the brain, and apoptosis is more pronounced in the immature brain than 

in the adult brain (Zhu et al., 2005). In addition, neurons in Cornu Ammonis area 1 (CA1) in the 

HC of immature brains are more susceptible to apoptosis while neurons in CA3 are prone to 

autophagic cell death (Ginet et al., 2009). The structural variation of cell death mechanisms and 

detrimental consequences of HI are termed selective vulnerability, and are evident in the term 

infant brain where cerebellar Purkinje cells, HC, basal gangliae, and thalami are particularly 

feeble when subjected to HI (Inder et al., 2000; Okereafor et al., 2008).  

The immune system monitors and maintains the homeostasis under normal as well as 

pathological conditions. Under normal physiological conditions, the blood-brain barrier prevents 

circulating immune cells from entering the brain. This barrier is dysfunctional under ischemic 

conditions (Macrez et al., 2011). All steps of the ischemic cascade are strongly affected by an 

inflammatory reaction involving both locally activated and peripheral immune cells that release 

cytokines and chemokines. The innate immune system senses so-called damage-associated 

molecular patterns (DAMPs) released by dying or dead neurons and responds within minutes 

(Lambertsen et al., 2012; Xu et al., 2014). Various different DAMPs interact with pattern 

recognition receptors, like Toll-like receptors and nucleotide-binding oligomerization domain 

receptors causing downstream biological effects by affecting expression of apoptotic and 

inflammatory genes and regulating release of pro-inflammatory mediators (Abe et al., 2010; 

Iadecola et al., 2011; Yang et al., 2014a). A crucial step in maintaining the homeostasis of the 

organism is removal of the dying cells. After damage to the central nervous system, mature 

microglia are activated, migrate, and concentrate in areas of cell death where the dying cells or 

their fragments are removed by phagocytosis (Neumann et al., 2009). Microglia are the 

macrophages of the brain and exhibit ramified morphology in the resting state while the activated 

microglia alter into an amoeboid appearance once activated (Perry et al., 2010; Thomas 1992; 

Yang et al., 2014b; Yenari et al., 2010). Activated microglia becomes indistinguishable from 

circulating macrophages in phenotype (Taylor et al., 2013), eliminate necrotic debris, and secrete 

pro-inflammatory cytokines like tumor necrosis factor (TNF)α and interleukin (IL)-1β, but also 

anti-inflammatory cytokines like IL-10 and TNFβ (Chiba et al., 2013; Parada et al., 2013). There 
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are two types of activated microglia, the classically activated M1 with a pro-inflammatory effect, 

and the alternatively activated M2 with anti-inflammatory effect (Kigerl et al., 2009). Even 

though the initial response of microglia to ischemia is release of pro-inflammatory cytokines, 

suppression of microglia results in larger infarction and a two-fold increase in apoptotic cell 

death (Lalancette-Hebert et al., 2012). 

Following HI, there is a massive production of cytokines and inflammatory mediators in the 

activated immune cells. These mediators can either exacerbate or counteract the ischemic brain 

damage. The complexity of the regulatory interplay is compounded by the dual role of many of 

the mediators. TNFα, IL-1β and IL-6 are dramatically upregulated following ischemic brain 

injury and they strongly affect the outcome. The major source of TNFα and IL-1β in the 

ischemic brain is microglia and macrophages, although IL-1β also is released by neurons, 

astrocytes and endothelial cells (Amantea et al., 2010; Clausen et al., 2008; Lambertsen et al., 

2012; Luheshi et al., 2011). TNFα has a neurotoxic effect, as shown in experiments where 

administration of TNF-binding proteins or neutralizing antibodies to TNF ameliorates cerebral 

injury (Barone et al., 1997; Lavine et al., 1998; Yang et al., 1998). However, TNF receptor 

knockouts have been reported to worsen the ischemic brain damage, thus implying TNF to have 

a neuroprotective role (Bruce et al., 1996; Gary et al., 1998; Taoufik et al., 2007). IL-1β has a 

more definite neurotoxic effect. Multiple studies have demonstrated neuroprotection by 

eliminating the effect of IL-1β (Boutin et al., 2001; Hara et al., 1997; Loddick et al., 1996). In 

spite of the apparent role of IL-1β in ischemic damage to brain tissue, low levels of IL-1β are 

reported to be important for ischemic preconditioning, an event where tolerance towards 

subsequent ischemic episodes are developed (Gong et al., 2014; Shin et al., 2009; Wang et al., 

2000). IL-6 is a signaling molecule produced in response to inflammation or tissue damage, and 

is important for induction of various acute phase proteins (Heinrich et al., 1990). However, 

prolonged synthesis of IL-6 has a pathological effect in autoimmunity and chronic inflammation 

(Hirano et al., 1987; Nishimoto et al., 2005; Serada et al., 2008). The expression of IL-6 

increases following cerebral ischemia (Ali et al., 2000; Berti et al., 2002), and blood levels of IL-

6 strongly correlates with stroke severity (Smith et al., 2004; Waje-Andreassen et al., 2005). 

Several animal studies have suggested a neuroprotective effect of IL-6 following HI, where 
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administration of IL-6 after middle cerebral artery occlusion (MCAO) ameliorated infarct 

volumes and neurological deficits (Feng et al., 2015; Loddick et al., 1998). This is in contrast to 

the findings in a clinical trial, where administration of IL-1 receptor antagonist lowered the 

plasma levels of IL-6 and improved the clinical outcome (Emsley et al., 2005).  

ROS are believed to be important for maintaining inflammatory processes, either by direct 

signaling or by oxidative modification of lipids, proteins and DNA (Fontes et al., 2015; Poon et 

al., 2004). Many groups have focused on improving the understanding of the roles of oxidative 

stress, DNA damage and DNA repair mechanisms during inflammation and immune response. 

Many DNA repair pathways are involved in regulation of transcription of immune response 

molecules in addition to the known protection against oxidative stress. It has been shown that 

enzymes in the BER pathway may influence the inflammatory response. In more detail, Aguila-

Aguirre et al. (2014) demonstrated a decreased immune response in mice lacking OGG1. 

Further, the same group has shown that the nonproductive binding of OGG1 to 8-oxoG in 

promoter sequences might epigenetically modulate the expression of pro-inflammatory genes 

(Ba et al., 2014). In fact, a decreased production of cytokines and chemokines in Ogg1-/- mice 

has been demonstrated (Mabley et al., 2005). UNG-mutations are associated with impairment in 

immunoglobulin class-switch recombination important for proper function of the immune system 

(Imai et al., 2003), as well as production and function of immune cells (Andersen et al., 2005). 

NEIL1 is suggested to be important for rapid expansion of germinal center B cells and optimal 

immune response (Mori et al., 2009). A gene variant of MUTYH (AluYb8MUTYH) has been 

linked to increased oxidative stress and increased IL-1 levels in otherwise healthy individuals 

(Sun et al., 2010), and increased levels of IL-1β and IL-6 has been found in hemodialysis 

patients with polymorphisms in OGG1 and MUTYH (Cai et al., 2012). 

Neuronal development, learning and memory 

Normal brain development and maintenance of functions in the adult brain is dependent on 

neural plasticity (Sander et al., 2009). Plasticity is the insignia of the immature brain. Even 

though genesis and migration of neurons are largely completed in the brain of the term infant, 
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synapse formation and arborization of axons and dendrites still occur at a high level, especially 

as a response to environmental stimuli, in mature brains (Kolb et al., 2011). Thus, the mature 

brain has a reduced rate of neurogenesis, but retains a high level of plasticity.  

 

Figure 7. Wiring diagram of the HC: the trisynaptic loop. Sensory information is conveyed from neurons in the entorhinal 

cortex to the DG by axons of the perforant path. Axons of the granule cells of the DG (Mossy fibers) project to CA3 pyramidal 

cells. These pyramidal cells project both to CA1 through Schaffer collaterals, as well as to the contralateral HC though 

commissural fibers. In addition to the trisynaptic loop, there is a perforant path to CA1 from layer III neurons of the entorhinal 

cortex, which constitutes the monosynaptic loop. Adapted from Neves et al. (2008) 

The HC and the entorhinal cortex are principally concerned with memory, and information 

derived from experience is stored in synaptic networks in these regions (Moser et al., 2008; 

Squire et al., 2004). The HC is normally divided into three major subfields: CA1, CA3, and 

dentate gyrus (DG) (Fig. 7). There are two defined excitatory pathways: the trisynaptic loop and 

the monosynaptic loop. The trisynaptic loop is thought to be required for rapid contextual 

learning while the monosynaptic pathway is sufficient for slow multi-trial spatial learning and 

other associative memory tasks (Neves et al., 2008; Sander et al., 2009). In order for sensory 

information to be established as a novel episodic memory, encoding/formation, consolidation 

and optimization are required. Information storage and consolidation require synaptic plasticity. 

Synaptic plasticity is the process of experience-dependent changes in synaptic connectivity 
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believed to underlie learning and memory (Ho et al., 2011). Bliss and Lømo demonstrated 

synaptic plasticity in 1973 by use of long-term potention (LTP). They showed that high-

frequency electrical stimulation of the presynaptic fibers in the perforant pathway resulted in 

long-lasting responses of postsynaptic neurons (Bliss et al., 1973). However, it is still unclear 

exactly how memories are retained and stored. 

ROS have the potential to oxidize essential molecules, and ROS in the brain have therefore 

traditionally been thought to have a neurotoxic effect (Butterfield et al., 2002; Mecocci et al., 

1993). This is backed by studies demonstrating a decreased cognitive performance when 

excessive ROS are present, whereas in experiments where superoxide is quenched, behavior 

deficits tend to normalize (Carney et al., 1991; Dumont et al., 2009; Fukui et al., 2001; Hu et al., 

2006; Liu et al., 2003; Massaad et al., 2009). However, ROS have also been suggested to be 

involved in modulation of memory formation (Carney et al., 1991; Forster et al., 1996; Fukui et 

al., 2001), and have been demonstrated to modulate LTP (Klann 1998). It is clear that the role of 

ROS in cerebral function is complex. ROS at balanced levels may contribute to LTP and 

memory formation depending on the concentration, localization and identification of the specific 

ROS, whilst excessive amounts may cause damage (Massaad et al., 2011). During aging, the 

ROS production in the brain increases, while the antioxidant effect decline, leading to a great 

increase in ROS levels and oxidative stress. (Ames et al., 1993; McGahon et al., 1999; Murray et 

al., 1998; Poon et al., 2004). The “free radical theory of aging” suggests that accumulation of 

oxidative damage to the macromolecules is the cause of neural detoriation (Barja 2004; 

HARMAN 1956). However, this theory has been a subjected of controversy and the link between 

oxidative DNA damage and cognitive decline is yet to be discovered. 

Extensive research has been done to understand the signaling pathways that underlie the 

experience-dependent alteration of morphology and connectivity of neurons that is thought to be 

of essence in memory-formation (Goelet et al., 1986; Madabhushi et al., 2015). Neuronal 

activity causes calcium influx across the plasma membrane triggered by neurotransmitter binding 

to various receptors (Sabatini et al., 2001). Distinct transcription factors and intracellular 

signaling pathways are activated depending on the origin of synaptic stimuli and calcium entry 
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(Bading et al., 1993; Lerea et al., 1993). The activated pathways regulate nuclear gene 

transcription by modifying expression, localization, or function of transcriptional regulators 

(West et al., 2002). The activated genes are divided into different subgroups depending on when 

the change in expression occurs. Early response genes include Fos, Npas4, Nr4a1, and Egr1, and 

late response genes include Homer1, Bdnf, Nrn1, and Rgs2 (West et al., 2011). It has been 

suggested that dysregulation of activity-induced transcriptional networks traps the brain in an 

immature state of synaptic development in some neuropsychiatric and neurological pathological 

conditions. This implies a role of activity-dependent neuronal plasticity in accurate synaptic 

development and maturation (West et al., 2011). Recently, Madabhushi et al. (2015) suggested a 

physiological role of DSB formation in learning and memory by demonstrating activity-

dependent formation of DSBs in the promoters of early response genes.  The generation of these 

DSB breaks led to expression induction even in the absence of external stimuli.  

It is hypothesized that incorporation of new neurons may contribute to learning and memory. 

The brain is generally an organ with a low proliferation rate, although there are stem-cell rich 

areas in the HC and SVZ. Even though the mature brain has a lower level of neurogenesis than 

the newborn brain, environmental stimuli may induce neural stem cells to proliferate and 

differentiate (Kempermann et al., 2002). The integration of the newborn neurons is regulated by 

the synaptic activity of the pre-existing neurons (Ge et al., 2006). Multiple reports have proposed 

that learning and memory in adulthood is dependent on the ability of the neural stem cells to 

proliferate and of the new neurons to mature, to replace, and to integrate into existing neuronal 

circuits (Deng et al., 2009; Imayoshi et al., 2008; Jessberger et al., 2008; Kee et al., 2007). 

However, other groups have shown that there is no effect on learning and memory from adult 

neurogenesis (Groves et al., 2013; Wojtowicz et al., 2008). Stone et al. (2011) showed functional 

equivalence between granule neurons created during development and during adulthood, 

indicating a lesser importance of adult neurogenesis on learning and memory. Thus, one cannot 

yet make a conclusion on the role of adult neurogenesis in learning and memory. 
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Genetics and epigenetics in anxiety 

The HC, amygdala and prefrontal cortex are brain regions commonly associated with anxiety 

(Oler et al., 2010). Anxiety disorders are a heterogenous group of complex, disabling diseases 

caused by a combination of environmental and genetic factors. The 12-month prevalence of 

anxiety disorders are reported to be in the range of 13,6% - 18,1% (Alonso et al., 2004; Kessler 

et al., 2005). Extensive research has been conducted to reveal the etiology of anxiety, and there 

is evidence that increased oxidative stress is the molecular foundation of anxiety development 

(Reviewed in Smaga et al., 2015). There is an upregulation of oxidative stress in the key brain 

regions following psychological stress (Wilson et al., 2013). Psychological stress in early life is 

well known as an important risk factor for development of anxiety, but not all who are subjected 

to psychological stress develops anxiety. This can in part be explained by gene-environment 

interactions (Nugent et al., 2011). It has been reported an up to three-fold risk increase in first-

degree relatives of patients with anxiety disorders in twin- and family-studies (Hettema et al., 

2001; Maier et al., 1993). The estimated inherited genetic contribution to the pathogenesis of 

anxiety disorders ranges up to 30-69 % (Domschke et al., 2012a).  The most promising candidate 

genes for anxiety disorders are amongst others catecol-O-methyltransferase (COMT), serotonin 

1A transporter (5-HT1A), glutamic acid decarboxylase 1 (GAD1), monoamine oxidase A (MAO-

A), and plexin A2 (PLXNA2) (Domschke et al., 2013a; Hovatta et al., 2008). 

Stressful environmental episodes are proposed to influence the methylation pattern and 

predispose for anxiety disorders like post-traumatic stress disorder (Battaglia 2013; Klengel et 

al., 2013). Preliminary data have suggested differentially methylation pattern in GAD1 and 

MAO-A l (Domschke et al., 2012b; Domschke et al., 2013b) although in the case of MAO-A, no 

difference in methylation was found in antidepressant treatment response (Domschke et al., 

2015). Further, gene expression changes has been found in anxiety-associated brain regions 

revealing top candidate genes like Fos, Ptgds and Egr2, for anxiety disorders (Le-Niculescu et 

al., 2011).  
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A problem with the genomic studies is that many of the findings have been difficult to reproduce 

and the results published by different groups have often been contradictory. Reasons for this 

might be genetic heterogeneity and that the studies have small sample sizes (Hovatta et al., 

2008). 
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Aims of the thesis 

Oxidative damage is associated with aging and degenerative disease and may potentially affect 

memory. Oxidative lesions accumulate in the DNA during stress and aging and to prevent such 

lesions from causing disease, they are normally removed by DNA glycosylases. 

The overall aim of this study was to characterize the function of the oxidative DNA glycosylases 

OGG1, MUTYH, NEIL1, and NEIL2 in disease and aging of the brain, both in the acute 

response to damage and in learning and memory. To address this, we used single- and double-

knockout mice of the genes in focus, in combination with a mouse model for hypoxic-ischemic 

encephalopathy and behavioral tests. 

In the first part of the study, we investigated the acute response to hypoxic-ischemic injury in 

mice deficient of OGG1, MUTYH, NEIL1 and NEIL2. To assess the effects of HI, a model of 

permanent unilateral carotid artery ligation followed by transient exposure to hypoxia in adult 

rats was established in 1960 (LEVINE 1960). This method has been modified to be suitable for 

the more resistant perinatal brains of rats and mice (Rice, III et al., 1981; Sheldon et al., 1998). 

We compared the total damage after cerebral ischemia in knockout and wild type mice, 

investigated the cell death processes activated during acute injury, and mapped the DNA damage 

profiles. DNA damage accumulation was evaluated by immunohistochemistry (IHC), mass 

spectrometry (MS), and a qPCR-based DNA damage detection assay. Further, we investigated 

the gene regulatory response in the different knockouts. In OGG1- and MUTYH-deficient mice, 

we also examined the microglia response to injury. 

In the second part of the study, we investigated cognitive function in mice deficient of OGG1, 

MUTYH or both. We performed behavioral tests focusing on learning and memory in adult 

knockout and wild type mice. In addition, we examined the morphology of the brain and 

investigated the DNA damage profiles. We further investigated the transcriptome profile from 

areas of the brain involved in cognitive function. 
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Result summary 

Paper 1 

DNA glycosylases Ogg1 and Mutyh suppress inflammation in brain after 

hypoxia-ischemia. 

Base excision repair initiated by DNA glycosylases have been shown to prevent neuronal cell 

death under HI. However, the mechanisms of neuroprotection remain to be determined. We 

compared the damage response in Ogg1-/-, Mutyh-/-, and wild type mice after HI. First, we looked 

at total ischemic damage and found that Mutyh-/- mice were more sensitive to HI than wild type 

mice in most regions of the brain. Ogg1-/- mice were also more sensitive to HI, but primarily in 

the hippocampal area. These findings imply that both OGG1 and MUTYH limit brain damage 

after HI. To evaluate these findings in more detail, we used IHC to quantify damage 

mechanisms. We observed no differences between the genotypes when assessing apoptosis. 

There was a significant decrease in strand breaks, detected as H2A.x foci, in mice lacking 

MUTYH, but no significant differences in XRCC1 or Poly(ADP-ribose) polymerase 1 (PARP1) 

levels between the genotypes. These results suggest that the damage response is not severely 

altered after hypoxic injury. 

We investigated DNA damage accumulation by LC-MS/MS. There was a time-dependent 

increase of 8-oxoG in the HC of all genotypes three hours post HI as compared to sham-operated 

animals. However, the only significant altered damage response between the genotypes was 

increased levels of 8-oxoG in the ipsilateral hemisphere in Ogg1-/- mice compared to wild type 

three hours post HI. No differences were found between the genotypes six hours after HI.  

RNA sequencing of ipsilateral HC three hours post HI revealed that most differentially expressed 

genes (DEGs) were upregulated in Ogg1-/- and Mutyh-/- HC compared to WT, and that there was 

a 50% overlap between the mutants. Using ingenuity pathway analysis (IPA) we found that pro-

inflammatory mediators were amongst the top upstream regulators. This was confirmed by RT-
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qPCR. In untreated OGG1- and MUTYH-deficient HC, we found an enrichment of DEGs that 

are targets of polycomb repressive complexes (PRCs), which repress transcription.  Furthermore, 

all DEGs being associated with a transcriptional silent state in brain showed a significantly 

elevated expression three hours post HI as compared to wild type. This suggests that 

inflammation repression by PRCs may not be functioning properly in the knockouts. 

Furthermore, we assessed the early microglial response by IHC. We found an increased number 

of activated microglia expressing IL-1β in the HC of mutant mice. Together, these results 

demonstrate that OGG1 and MUTYH specifically alter the transcriptional network of the 

inflammatory response in the HC after HI injury. 

Paper 2  

NEIL2 is a potential target in management of hypoxic-ischemic 

encephalopathy 

NEIL1, 2 and 3 DNA glycosylases are paralogous enzymes initiating the BER pathway by 

removing oxidized bases from the DNA. Previously, NEIL1 and NEIL3 have been shown to be 

involved in protection of the brain during ischemic conditions. We constructed Neil1-/-, and 

Neil2-/- mice to investigate the role of NEIL1 and NEIL2 in cerebral ischemia in newborn mice. 

Quantification of infarction by the TTC assay revealed significantly less cell death in perinatal 

Neil2-/- mice compared to wild type mice in the mouse forebrain, including the HC. Perinatal 

Neil1-/- mice, on the other hand, showed increased cell death. We further evaluated the damage 

mechanisms by investigating brain sections obtained three and six hours post HI. Three hours 

after HI, we saw an increase in apoptotic cells in the striatum of Neil1-/- mice, and a decrease in 

apoptosis in CA1 of NEIL2-deficient mice. However, at six hours post HI, we did not see any 

difference in any region between any of the genotypes.  

We analyzed the expression of Neil1 and Neil2 mRNA in samples from brain subregions 

harvested one and three days post treatment. The expression of both Neil1 and Neil2 was 
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increased in the ipsilateral hemisphere, with Neil2 being particularly responsive to cerebral HI 

and displaying the greatest overall fold change. 

We performed IHC to determine the level of strand breaks. We first investigated the amount of 

DNA strand breaks indicated by γH2AX foci in brain sections. We found decreased number of 

nuclear foci three hours but not six hours post HI in Neil1-/- mice, and no difference in Neil2-/- 

mice. We did not find any differences between the genotypes at either time point in nuclear 

staining of PARP1, a protein activated by DNA strand breaks. The DNA damage profile was 

further evaluated by LC-MS/MS. We could not find any difference in global 5ohC as measured 

by LC-MS/MS. These results taken together imply that neither NEIL1 nor NEIL2 deficiency 

induce increased genome instability during HI. 

In order to examine the transcriptome response, we performed RNA sequencing analysis. There 

was an overall time-dependent transcriptional response, but the response varied between the 

investigated genotypes. Three hours post HI, Neil2-/- mice demonstrated the most profound 

changes in gene expression, while after six hours, the greatest number of DEGs was seen in 

Neil1-/- mice. We applied IPA to identify biological processes influenced by NEIL1 and NEIL2 

deficiency. Processes involved in inflammation were significantly affected in all genotypes six 

hours post HI, but the response was seen in both Neil1-/-and Neil2-/- mice already after three 

hours. In Neil2-/- HC we found the most significant enrichment of DEGs in processes involved in 

apoptosis and cell survival at three hours post HI, while wild type and Neil1-/- mice showed the 

strongest enrichment of DEGs in these functions only at six hours. 

Paper 3 

Synergistic Actions of Ogg1 and Mutyh DNA Glycosylases Modulate Anxiety-

like Behavior in Mice 

8-oxoG is a major premutagenic DNA lesion linked to cognitive decline. MUTYH and OGG1 

DNA glycosylases both prevent mutations caused by 8-oxoG. To study the effect of 

compromised DNA repair on behavior, mice deficient of OGG1, MUTYH or both, were 
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subjected to behavior tests. General activity and movement were monitored in the Open Field 

test. The Ogg1-/-Mutyh-/- mice were more active than the wild type and single knockout mice. 

Increased activity was also observed in the Zero Maze. Learning and memory performance was 

tested in the Morris Water Maze (MWM). The Ogg1-/- and Ogg1-/-Mutyh-/- mice needed 

significantly more time to learn the position of the escape platform as compared to wild type, 

however; memory did not seem to be affected. In contrast, the Mutyh-/- mice had a tendency to 

learn the position of the platform faster than the wild type mice. Taken together, our observations 

suggest that DNA glycosylases OGG1 and MUTYH adopt distinct roles in regulating behavior 

and cognitive functions.  

To determine whether accumulation of 8-oxoG lesions could explain behavioral and cognitive 

differences, we measured 8-oxoG levels in the HC and hypothalamus of wild type and knockout 

mice by LC-MS/MS analysis. Surprisingly, we found no significant differences in global 8-oxoG 

levels in any of the brain regions when comparing wild type and knockout mice, suggesting that 

other functions of DNA glycosylases than genome-wide repair of 8-oxoG are responsible for 

behavioral changes. 

To elucidate genome-wide transcriptional profiles underlying the behavioral phenotype, we 

applied RNA sequencing of the HC from wild type and mutant mice. Overall, we identified 140 

to 190 DEGs in the mutant mice as compared to wild type with the majority being upregulated 

genes. We filtered all genes that were differentially expressed uniquely in the Ogg1-/-Mutyh-/- 

double knockout mice to identify genes that potentially underlie the anxiolytic effect observed in 

these mice and found 43 upregulated genes and 10 downregulated genes. The greatest number of 

DEGs belonged to signaling pathways that have previously been reported to be top candidate 

pathways involved in anxiety, specifically in the HC. We also found that a striking percentage of 

the DEGs that showed pathway hits were enriched in pathways associated with learning and 

memory in the mutant mice. Among the top hits, we found signaling pathways for which 

activation is essential for synaptic maintenance and neuronal function.   

41



42 

 

Discussion 

Hypoxia-Ischemia  

Cerebral ischemia causes increased levels of oxidative base lesions (Chen et al., 1997; Lan et al., 

2003; Liu et al., 1996; Luo et al., 2007). UDG and OGG1 have been shown to protect post-

ischemic neurons from the cytotoxic effects of HI damage, while NEIL3 promotes regeneration 

of neuronal tissue after HI (Endres et al., 2004; Liu et al., 2011; Sejersted et al., 2011). In this 

study, we demonstrate a neuroprotective effect of OGG1, MUTYH, and NEIL1. For examination 

of neuronal cell death, 24 hours after injury appears to be the optimal time point to determine the 

infarcted area in a reproducible manner (Bederson et al., 1986). MUTYH seems to have a greater 

protective effect than OGG1 and NEIL1 as the HI damage is larger in the Mutyh-/- than in the 

Ogg1-/- and Neil1-/- mice. NEIL2 on the other hand seems to have a harmful effect, as removal of 

the gene renders the mice resistant to HI damage. Sheng et al. (2012) proposed suppression of 

MUTYH as an effective strategy for neuroprotection during oxidative stress based on their 

findings in adult mouse brains subjected to chronic stress. As we have shown, suppression of 

MUTYH would be detrimental to the perinatal brain following acute HI. Further, it has been 

proposed that MUTYH is required for induction of cell death under conditions of oxidative 

stress, based on cell death occurring as a result of MUTYH-induced increase in SSBs following 

8-oxoG accumulation in the DNA of both MEF cells and in striatal neurons deficient of OGG1 

(Oka et al., 2008). Notably, we found no increased apoptotic cell death in Ogg1-/- or Mutyh-/- 

brains. Thus, the general conclusions of the roles of OGG1 and MUTYH during oxidative stress 

made by Sheng et al. (2012) do not apply to acute oxidative stress in newborn mice. We 

demonstrated a similar damage distribution pattern in the Ogg1-/- mice as reported in Liu et al. 

(2011), with the largest increase in damage in the hippocampal area. However, the global 

increase in damage was not as evident in our experiments, and the total infarcted area was much 

greater in both wild type and Ogg1-/- mice when comparing our results to the results of Liu et al. 

(2011). The explanation probably lies in methodological differences as Liu et al. (2011) used 

five-six months old mice subjected to permanent MCAO without subsequent hypoxia. Further, 

increased vulnerability to oxidative stress in Ogg1-/- mice challenged with a dopaminergic toxin 
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has been demonstrated (Cardozo-Pelaez et al., 2012). Canugovi et al. (2012) showed an increase 

in cell death in adult Neil1-/- mice subjected to MCAO. We demonstrated a similar effect in 

perinatal Neil1-/- mice subjected to unilateral carotid artery occlusion (Paper II). Interestingly, we 

found an opposite effect in Neil2-/- mice, which have not previously been described with regards 

to HI, where we saw a 27-35% reduction in cell death in various brain regions. A reduction in 

cell death has also been observed in adult mice deficient of AAG (Ebrahimkhani et al., 2014). It 

thus seems that especially MUTYH, but also OGG1, UDG, NEIL1 and NEIL3 have a 

neuroprotective effect during HI, while AAG and NEIL2 have a detrimental effect. The exact 

mechanisms leading to these outcomes remain unclear, but the protective effect has previously 

been suggested to be caused by initiation of BER (Chen et al., 1997; Li et al., 2011; Liu et al., 

1996; Love et al., 1999). In contrast, Ebrahimkani et al. (2014) proposed that AAG-initiated 

BER acts upstream of PARP1 hyperactivation in HI and sterile inflammation, and that inhibition 

of AAG might be a good target for limiting damage after HI by reducing toxic BER 

intermediates, PARP hyperactivation and energy depletion of the cell. We believe that the 

explanation of the difference in outcome of HI when removing various DNA glycosylases may 

be due to other functions of the glycosylases than the initiation of canonical BER, as will be 

discussed in a later section. 

Kinslow et al. (2010) have suggested that oxidative stress leads to downregulation of Neil2 based 

on an in vitro model subjecting normal embryonic human lung fibroblasts to glucose oxidase. 

Further, Neil1 has been reported to be downregulated following lethal stroke in the adult human 

brain (Ghosh et al., 2015). We do not confirm these findings but demonstrate a transient increase 

in expression of Neil1, and a sustained increased expression of Neil2 in various brain subregions 

following HI (Paper II). The discrepancy between our results and the previously published 

results may be due to distinct functions of NEIL1 and NEIL2 under different types of stress, like 

acute versus chronic stress, which may lead to different consequences for neuronal cell death.  

We chose to sacrifice the mice after three and six hours to investigate the initial damage response 

and cell death mechanisms after HI (Paper I and II). Apoptosis has been shown to appear 5 hours 

post-infarction in striatum and HC, while not until 24 hours post-infarction in the cortex 
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(Beilharz et al., 1995). The time point for induction of apoptosis may be influenced by the lack 

of repair enzymes. The HC is the area most vulnerable to HI stress and this is where we observed 

most damage after HI.  In line with this, we found the highest density of apoptotic cells in CA1, 

DG, and striatum, but almost no apoptotic cells in cortex, three and six hours post HI. Apoptosis 

is a protective mechanism that prevents the cytotoxic contents of the cell to leak out and cause 

increased stress to the surrounding tissue (Taylor et al., 2008). However, it is the sum of 

neuroprotective and neurotoxic events that ultimately decides the cell fate. We did not find any 

differences between wild type, Ogg1-/-, and Mutyh-/- in the investigated areas after HI (Paper I). 

As follows, the increased damage observed in MUTYH-deficient mice is not related to apoptotic 

cell death. We found increased apoptosis in striatum of Neil1-/- mice, and decreased apoptosis in 

CA1 in Neil2-/- three hours post HI (Paper II). This difference was not present six hours after HI. 

This is in contrast to the findings of Canugovi et al. (2012), demonstrating increased apoptosis in 

9-13 months old mice lacking NEIL1 48 hours after MCAO. Our results suggest a delayed 

damage response in the Neil1-/- mice. Moreover, the decrease in apoptosis of Neil2-/- mice three 

hours after HI in CA1 may contribute to the reduction in infarct volumes. 

The base lesions removed in the initial step of the BER pathway are not as cytotoxic as the 

glycosylase products; AP-sites and single strand breaks (Alseth et al., 2004; Meira et al., 2009; 

Roth et al., 2002). DNA glycosylases, especially bifunctional glycosylases such as NEIL1 and 

NEIL2, can potentially increase sensitivity to oxidative stress by production of AP-sites and 

SSBs. -H2A.x is primarily known as a marker for DSBs, but has been argued to have alternative 

roles in DNA repair as well (Ismail et al., 2008). MUTYH-deficient MEFs have been shown to 

have decreased levels of -H2A.x (Grasso et al., 2015). When investigating the number of strand 

breaks after HI, we found a reduced number of -H2A.x foci three hours, but not six hours, post 

HI in Neil1-/- mice (Paper II). We also found a reduced number of foci in Mutyh-/- mice six hours 

after HI (Paper I). No differences were observed in the other genotypes. These results may 

indicate less accumulation of strand brakes at an early stage after injury or a delayed stress 

response in NEIL1- and MUTYH-deficient brain. 
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To further investigate the presence of BER intermediates, we examined PARP1 and XRCC1 

levels after HI. PARP1 binds specifically to SSBs, such as nicked AP sites, and recruits 

downstream BER enzymes by catalyzing poly-ADP ribosylation of cellular proteins, a process 

requiring NAD+ (D'Amours et al., 1999; de Murcia et al., 1994). Inhibition of PARP activity has 

been shown to be neuroprotective after transient brain ischemia in mice (Eliasson et al., 1997; 

Endres et al., 2004), but does not affect the amount of DNA damage (Giovannelli et al., 2002). 

We did not find any significant difference in PARP1 protein levels. Noren Hooten et al. (2011) 

demonstrated that in response to DNA damage, there were decreased levels of poly(ADP-ribose) 

in Ogg1-/- cells compared with wild type cells. However, they did not find any difference in 

PARP1 levels, and their results are thus consistent with ours. XRCC1 coordinates enzymatic 

steps in BER and is involved in repair of SSBs (Thompson et al., 2000). XRCC1 has been shown 

to interact with NEIL2 and OGG1, as well as several other downstream components of the BER 

pathway (Campalans et al., 2005; Hanssen-Bauer et al., 2012; Marsin et al., 2003). We did not 

observe any significant differences in XRCC1 levels between any of the genotypes after HI. 

Collectively, the lack of significant alterations in levels of BER intermediates implies that the 

differences in extent of damage after HI in mice lacking DNA glycosylases are not solely 

mediated through lack of canonical repair. 

Lack of OGG1 has been suggested to increase the level of 8-oxoG in genomic DNA (Minowa et 

al., 2000). Cerebral cortical neurons in OGG1-deficient mice exhibit increased vulnerability to 

ischemia caused by permanent MCAO compared with wild type mice (Liu et al., 2011). 

However, more FaPyG lesions rather than 8-oxoG accumulate after ischemic stroke in the same 

mice (Liu et al., 2011). Ruggieri et al. (2013) showed accumulation of 8-oxoG in a human 

biallelic mutant of MUTYH. Further, both NEIL1 and NEIL2 participates in the maintenance of 

the mitochondrial genome (Canugovi et al., 2012; Hu et al., 2005; Sampath et al., 2011; 

Vartanian et al., 2006) and accumulation of FaPyA lesions and mitochondrial DNA damage has 

been shown in the brains of Neil1-/- mice (Chan et al., 2009; Vartanian et al., 2006). Recently, 

Chakraborty et al. (2015) demonstrated accumulation of oxidative DNA damage primarily in 

transcribed genes in aged Neil2-/- mice. We investigated global accumulation of nDNA or 

mtDNA damage in the various genotypes three and six hours after HI (Paper I and II). 
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Surprisingly, we did not detect any significant effect of HI in either nDNA or mtDNA in wild 

type, Neil1-/- and Neil2-/- mice (Paper II). No differences in nDNA damage accumulation were 

observed in OGG1 and/or MUTYH mice either (Paper I). In mtDNA however, there was a 

significant increase only seen in Mutyh-/- when comparing the ipsilateral side to the contralateral 

side (Paper I). To further elucidate the damage profile, we measured 8-oxoG (Paper I) and 5ohC 

(Paper II) levels by LC-MS/MS. We could not detect any differences in DNA damage levels 

between any of the genotypes investigated (Paper I and II), except for a time-dependent increase 

in 8-oxoG in Ogg1-/- mice compared to wild type. However, 8-oxoG is a non-lethal damage and 

a limited increase is unlikely to cause increased acute cell death.  

In response to HI, a number of genes, like stress-response genes, pro-apoptotic genes, and genes 

involved in glutamergic signaling, are differentially regulated (Cox-Limpens et al., 2014). In 

order to reach a better understanding of the molecular mechanisms underlying the observed 

difference in stroke volumes in the various genotypes, we examined the transcription profiles of 

the HC of mice subjected to HI. We showed that the majority of the DEGs in both Ogg1-/- and 

Mutyh-/- mice after HI were upregulated, and that there was a striking 50% overlap between the 

two knockouts (Paper I). Further, by performing IPA for the DEGs, we found that most of the 

upregulated genes are involved in inflammation. The only commonly down-regulated gene was 

CD59a, a complement regulatory molecule that mediates neuroprotection after acute injury 

(Amantea et al., 2015). We also found necrotic cell death to be an enriched process in both 

Ogg1-/- and Mutyh-/- mice, suggesting necrotic cell death to be the reason for increased tissue loss 

in the acute phase. OGG1 has previously been proposed to be involved in transcriptional 

activation of pro-inflammatory genes after being exposed to ROS in a mouse model of airway 

inflammation (Ba et al., 2014). MUTYH has also been associated with inflammation in a mouse 

model of ulcerative colitis (Casorelli et al., 2010). Subdued activation of the immune response 

has been connected to ischemic tolerance (Amantea et al., 2015). Our results revealed a role of 

both OGG1 and MUTYH in inflammation of the brain and we postulate that the increased 

inflammatory response seen in the knockouts contribute to the increase in cerebral damage after 

HI. 
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Inflammation, being a necessary, but potential harmful event, is under tight transcriptional 

control. One of the ways for the cell to control inflammation is histone methylation (Ishii et al., 

2009; Saccani et al., 2002), both in activation and resolution of the inflammatory process. 

Polycomb group (PcG) proteins are epigenetic chromatin marks that function within multiprotein 

complexes, called polycomb repressive complexes (PRC). They catalyze methylation of histones 

and silence target genes as well as induce chromatin compaction (Di Croce et al., 2013). 

Methylation of different lysines on histone 3 may cause repression or activation, depending on 

which lysine is being methylated. Methylation of lysine 9 and 27 has been shown to silence or 

repress genes, while methylation on lysine 4, 36 and 79 has been shown to activate genes (Sims, 

III et al., 2003). The importance of methylation of histones in transcriptional control of 

inflammation has been highlighted in recent studies (Ishii et al., 2009; Saccani et al., 2002). 

Demethylation of H3K27me3 is important for activation of inflammation (De Santa et al., 2007), 

while PRCs that contain PcG proteins trimethylate H3K27 which leads to gene silencing (Di 

Croce et al., 2013). In addition, genes may carry a bivalent mark of both the repressive 

H3K27me3 and the activator histone 3 lysine 4 trimethylation (H3K4me3), keeping the gene in a 

poised state. We found that there was an enrichment of common DEGs from naïve Ogg1-/- and 

Mutyh-/- HC that are targets of PRCs and PcG proteins (Paper I). Intriguingly, these DEGs 

displayed a significant elevated expression three hours post HI, suggesting that OGG1 and 

MUTYH may be associated with epigenetic modifiers to suppress the inflammatory reaction. In 

the Mutyh-/- and Ogg1-/- mice pro-inflammatory genes are upregulated following HI, and one 

hypothesis is that this may be due to interference with PRCs to avoid repression of inflammation. 

Further, microglia are activated in the acute inflammation following HI (Ivacko et al., 1996). The 

activated microglia may enhance or limit the inflammation and tissue injury depending on the 

phenotype of the differentiated macrophage (Amantea et al., 2015). Following HI, microglia 

assume a protective M2 phenotype initially, but then differentiate into the pro-inflammatory M1 

phenotype (Hu et al., 2012). We see a significant increase in both occurrence and activation of 

microglia in Ogg1-/- and Mutyh-/- mice.  

Interestingly, we also find altered transcriptional regulation of genes involved in the 

inflammatory response after HI in NEIL1- and NEIL2-deficient mice. Chakraborty et al. (2015) 
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observed an increased level of oxidative damage in transcribed genes, but not in untranscribed 

genes in Neil2-/- mice. The same report demonstrated a pathological development of the innate 

inflammation in Neil2-/- mice. We show that the most significantly affected pathway in Neil1-/- 

and Neil2-/- mice both three and six hours after HI was inflammation and that the inflammatory 

response function was highly enriched in DEGs from the HC of Neil1-/- and Neil2-/- mice already 

at three hours after HI (Paper II). Interestingly, six hours after HI inflammatory mediators were 

the most enriched in DEGs from Neil1-/- mice. Further, in line with our post-HI tissue damage 

results and apoptosis analysis, Neil2-/- DEGs three hours post HI were enriched in cell death and 

survival pathways. More specifically, cell survival was predicted to be activated and apoptosis 

was predicted to be inhibited. Thus, although both NEIL1 and NEIL2 influence inflammatory 

and cells death pathways, there seems to be a crucial difference in the timing of the immediate 

transcriptional response concerning regulation of inflammation, cell survival and apoptosis that 

ultimately renders Neil1-/- mice more susceptible and Neil2-/- mice more resistant to HI damage. 

MUTYH and OGG1 in learning and memory 

Neurogenesis, synaptoplasticity and cell death all contribute to the development and maintenance 

of cognitive functions (Bredesen et al., 2006; Sander et al., 2009). Accumulation of oxidative 

damage has been connected to cognitive decline and brain aging (Bishop et al., 2010). During 

the normal aging process, oxidative DNA damage accumulates in neurons, which may lead to 

decreased expression of proteins important for synaptic plasticity, learning and memory (Lu et 

al., 2004). Expression of different glycosylases has been proven to differ in various neurological 

diseases. Especially OGG1, but also NEIL1 has been shown to be differentially regulated in 

Alzheimer’s disease (Bucholtz et al., 2013; Canugovi et al., 2014). 8-oxoG levels were 

significantly increased in the DNA of patients suffering from neurodegenerative disorders and 

altered expression levels of OGG1 and MUTYH have been found in neurons exposed to chronic 

oxidative stress in vivo (Arai et al., 2002; Fukae et al., 2005; Polidori et al., 1999; Shimura-

Miura et al., 1999). Further, Canugovi et al. (2012) reported decreased memory, but no alteration 

in activity level, in aged Neil1-/- mice.  
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Behavioral studies are of great importance in order to characterize the effect of oxidative 

damage, including the importance of the oxidative DNA damage repair, on cognitive abilities. 

Decreased spontaneous locomotor behavior has been reported in old (26 months), but not young 

(three months) Ogg1-/- mice compared to wild type (Cardozo-Pelaez et al., 2012). No change in 

voluntary movement in 12 weeks old Ogg1-/- mice was published by Sampath et al. (2012). 

Consistent with this, we showed that our four months old Ogg1-/- mice behaved similarly to the 

wild type mice in the open field and zero maze tests (Paper III). The Ogg1-/-Mutyh-/- mice, on the 

other hand, were more active and displayed decreased anxiety-like behavior both in the Open 

Field test and the Zero Maze compared to wild type and single knockout mice. The Ogg1-/-

Mutyh-/- mice weighed less than the other genotypes and weight has been shown to affect the 

activity level (Crawley et al., 1997). However, we do not know whether the decreased weight is 

due to increased activity, or if the increased activity is due to decreased body weight. An increase 

in bodyweight of young Ogg1-/- mice on a high fat diet and aged (12-15 months old) chow-fed 

Ogg1-/- mice has previously been demonstrated (Sampath et al., 2012). There was, however, no 

alteration in body weight of young chow-fed Ogg1-/- mice, and the results are thus consistent 

with ours.  

Regnell et al. (2012) showed a clear impairment in spatial learning and memory in mice lacking 

the DNA glycosylase NEIL3. In addition, Neil1-/- mice displayed decreased ability to retain long-

term memory (Canugovi et al., 2012). We tested learning and memory in the MWM (Paper III). 

Mutyh-/- mice showed improved learning compared to the other genotypes tested. Intriguingly, 

the double knockout displayed a slow learning curve, but memory was not affected. Thus, we see 

a reduction in learning ability when removing two, but not one, DNA glycosylase. The ability to 

retain memory was not affected in any of the genotypes. 

As mentioned, decline in cognitive performance and neurodegeneration is associated with 

advanced age, and this deterioration of the brain function is hypothesized to be caused by 

accumulation of oxidative damage in macromolecules. This process has been termed the “free 

radical theory of aging” (Barja 2004; HARMAN 1956; Harman 1981). There is compelling 

evidence for an age-dependent accumulation of DNA damage in organs with limited proliferative 
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capacity such as the brain (Moller et al., 2010).  DNA damage accumulates in promoter regions 

with increasing age, and is associated with reduced gene expression and impaired DNA repair in 

neurons (Lu et al., 2004). However, a causal relationship between oxidative DNA damage and 

cognitive decline remains to be established. Replication of DNA is essential for accumulation of 

mutations in both nDNA and mtDNA. Neurons are for the most part terminally differentiated, 

and only mtDNA, but not nDNA, is replicated. Incorporation of A opposite 8-oxoG is also 

dependent on replication. Therefore, it has been proposed that 8-oxoG primarily accumulates in 

mtDNA, causing SSBs during oxidative stress (Sheng et al., 2012). However, it has been 

demonstrated that lack of the DNA glycosylases MUYTH and OGG1 does not increase the 

mtDNA mutagenesis in the brain tissue of neither one month old nor six month old mice (Halsne 

et al., 2012). Further, a review by Moller et al. (2010), suggested accumulation of 8-oxoG in 

aged animals and animals lacking glycosylases, particularly in tissues with low cell proliferation. 

In Paper III, we aimed to determine whether the differences seen in behavior and cognitive 

abilities could be explained by accumulation of 8-oxoG. In line with the results from Halsne et 

al. (2012), LC-MS/MS analysis of the HC and hypothalamus did not reveal any differences in 8-

oxoG levels. This may be due to the relatively young age of the animals (six months). 

Nonetheless, we cannot attribute the behavior changes seen in mice lacking OGG1 and MUTYH 

to bulk accumulation of 8-oxoG in HC and hypothalamus. 

To investigate whether the cognitive effects seen in the behavioral trials could be caused by 

alterations in the genome-wide transcriptional profiles, we applied RNA sequencing analysis of 

the HC from wild type and mice lacking OGG1 and MUTYH. We found that ~90% of the DEGs 

in the HC of mice deficient of OGG1 and/or MUTYH were upregulated. The vast majority of the 

genes were upregulated in both OGG1- and MUTYH-deficient animals, and a large group of the 

DEGs was commonly upregulated in both single knockouts and the double knockout. A subset of 

DEGs unique for the double knockout is strongly associated with anxiety-like behavior, 

supporting the overlapping function of these enzymes in regulating distinct pathways modulating 

hippocampal activity. More specifically, these pathways include the corticotropin releasing 

factor receptor signaling pathway and the gonadotropin releasing hormone receptor pathway that 

50



51 

have previously been reported to be top candidate pathways for anxiety (Le-Niculescu et al., 

2011).  

Alternative mechanisms of DNA glycosylases 

It has been suggested that the substantial overlap of substrate specificities between DNA 

glycosylases to some extent eliminate the effect of single DNA glycosylase defects. This theory 

has been partly validated by the construction of double knockout mice (Larsen et al., 2007; 

Robertson et al., 2009). We demonstrate that it is not as clear-cut in reality. MUTYH is 

neuroprotective during acute oxidative stress (Paper I). NEIL2 on the other hand seems to have a 

detrimental effect, as removing NEIL2 renders the brain more resistant to acute damage, an 

effect not seen in the other genotypes (Paper II). While we found a significant increase in 

infarction size in OGG1 and NEIL1 single knockouts, the effect of knocking out MUTYH was 

much greater. It is however not clear from our results whether any of these findings are due to 

impaired canonical DNA repair. Multiple previous reports have demonstrated an increase in 

vulnerability to oxidative stress when BER of endogenous lesions in nDNA and mtDNA is 

defective (Canugovi et al., 2012; Endres et al., 2004; Liu et al., 2011; Vasko et al., 2005). We 

were not able to demonstrate any changes in DNA damage accumulation in any of the genotypes 

neither in the newborn exposed to HI, nor in older animals. Rather, there seem to be a regulatory 

shift in mice lacking the various glycosylases. Reduced brain damage has previously been 

proposed to be due to transcriptional interference (Formisano et al., 2013). In the Ogg1-/- and 

Mutyh-/- mice, there is an imbalance in timing of the pro-inflammatory response as seen by RNA 

sequencing three hours after injury. We also observed a marked increase in activated microglia 

three hours after cerebral injury in Ogg1-/- and Mutyh-/- mice. Many inflammatory genes were 

differentially regulated. Regarding NEIL1 and NEIL2, there seems to be a delayed damage 

response in mice lacking NEIL1, as suggested by the H2Ax, transcriptome and apoptosis data 

(Paper II). Moreover, the transcriptome of Neil2-/- HC may suggest an accelerated response to HI 

as compared to wild type. We propose that NEIL1 and NEIL2 have different roles in regulating 

the early stress response to brain injury. 
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Increasing evidence suggests a role of oxidative DNA damage and DNA glycosylase-initiated 

repair in the regulation of cell function and epigenetic modifications. Meissner et al. (2008) has 

demonstrated a better correlation between DNA methylation patterns and histone methylation 

patterns than between DNA methylation pattern and the underlying genome sequence context. 

OGG1 has been proved to be involved in histone modification-mediated transcription (Perillo et 

al., 2008). Further, OGG1 has been suggested, along with other glycosylases, to have a role in 

epigenetic regulation by involvement in active demethylation (Spruijt et al., 2013). Active 

demethylation may cause increased levels of 5hmC, which upregulate transcription levels. 

Oxidative damage, like 8-oxoG, has been reported to contribute to the epigenetic status of the 

cell. 8-oxoG at an unmethylated CpG-site inhibits binding of transcription factors (Ghosh et al., 

1999), whilst 8-oxoG at a methylated CpG site inhibits binding of methyl-CpG binding protein 

(Valinluck et al., 2004). Recently, Sassa et al. (2014) proposed that the presence of 8-oxoG in a 

CpG dinucleotide can reduce the TDG-initiated BER and thereby reduce the active DNA 

demethylation process. This is in line with the suggestion that ROS may inhibit DNA 

methylation by oxidizing G at a CpG site, and thereby influence the ability of DNA 

methyltransferases (DNMTs) to recognize the DNA sequence as a substrate (Maltseva et al., 

2009; Valinluck et al., 2004; Weitzman et al., 1994) . Recently, Zarakowska et al. (2014) 

reported a selective accumulation of 8-oxoG in transcriptionally active chromatin suggesting a 

role of 8-oxoG and DNA glycosylases in gene regulation. Zhou et al. (2016) has proposed 

OGG1 to be essential for oxidative stress-induced DNA demethylation by recruiting TET. In 

Paper III, we performed gene set enrichment analysis (http://www.broadinstitute.org/gsea) and 

identified significant overlap between the DEGs from our Ogg1-/- and Mutyh-/- and two Meissner 

brain high-CpG-density promoter gene sets. The genes of the overlapping gene sets carried the 

bivalent repressive histone mark H3K27Me3/H3K4Me3, and represented therefore genes that are 

generally repressed, but which may readily be activated (Meissner et al., 2008). Interestingly, all 

of the overlapping genes are upregulated in all the mutants in Paper III. We also found an 

upregulation of enriched DEGs in genes carrying either the repressive H3K27Me3 mark alone, 

or the bivalent H3K27Me3/H3K4Me3 mark in their promoters in the HC of OGG1- and 

MUTYH-deficient mice (Paper I).   
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The high percentage of commonly upregulated genes in the Ogg1-/- and Mutyh-/- mice compared 

to wild type, suggests an involvement in regulation of gene expression (Paper I and Paper III). 

Our results imply that there is a regulatory function of the glycosylases that might be equally or 

more important than the role in canonical repair. The transcriptome profile we have uncovered 

does not by itself explain the phenotypes observed in Paper III, but that is not surprising, as the 

pathways in learning and memory are not fully discovered. We can still postulate that the DNA 

glycosylases either have a direct or indirect function in learning and memory. However, the 

molecular mechanisms linking oxidative DNA damage and the repair machinery to behavior are 

not yet revealed. We hypothesize that accumulation of oxidative lesions or epigenetic 

modifications at specific gene regulatory regions not found when performing whole genome 

analysis might cause dysregulation of transcription in neuronal cells responsible for the cognitive 

phenotypes seen in mice lacking OGG1 and MUTYH.   
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Methodological Considerations 

Hypoxia-Ischemia 

HI was produced in postnatal day 8 (P8) mice by permanent occlusion of the left common 

carotid artery followed by systemic hypoxia as described in (LEVINE 1960; Vannucci et al., 

2005) with some modifications. HI resembles asphyxia, which is deprivation of oxygen in the 

newborn. We chose to initiate HI in P8 mice because the mouse brain at this age is comparable 

to the term human brain (Semple et al., 2013). The operated pups were put in a heating chamber 

(36°C) until all pups were operated, then allowed to recover with the dam for 60 minutes. It is 

important that the recovery time is not too short, as it may prevent the pups from suckle equally, 

and not too long, as compensatory mechanisms to the occluded artery are initiated and the 

damage caused by HI will be less severe (Dwyer et al., 1988; Vannucci et al., 2005). Brain 

edema accompanies HI in immature rodents. To minimize the size of edema, the duration of 

hypoxia is limited to one hour (Vannucci et al., 2005). One of the most important variables in 

this model is the body temperature of the pups during hypoxia. Hypothermia is neuroprotective, 

and small alterations in the body temperature may affect the size of the brain injury greatly 

(Vannucci et al., 2005; Zhu et al., 2006). To make sure the temperature was stable, we kept the 

pups in petridishes, between 1-4 pups in each dish, positioned at the same distance from the 

chamber heater. The body temperature was measured by laser at the beginning of hypoxia, as 

well as 30 and 55 minutes into hypoxia. In spite of these variables, this model is considered to be 

the best for imitating human perinatal HI brain damage in rodents.  

Behavior analysis 

There are numerous different mazes to test behavioral traits in mice. We chose to test the mice 

using the open field test, the elevated zero maze, and the MWM. The open field test is used to 

test locomotor activity, assess novel environment exploration, and to screen for anxiety-related 

behavior in mice. Two factors influencing anxiety-like behavior in this test is separation from 

litter mates while performing the test, and the stress created by the unprotected, brightly lit, novel 

test environment (Prut et al., 2003). The elevated zero maze is based on the elevated plus maze 
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model and is used to measure anxiety. The basis of the test is the exploratory behavior that 

comes natural to mice in novel environments as well as the natural aversion against open and 

elevated areas (Komada et al., 2008). The MWM is a model to accurately and reproducibly 

examine spatial learning and memory. The basis of the test is that the animal learns to find a 

platform to escape from the water through a number of training trials (D'Hooge et al., 2001; 

Morris 1984; Vorhees et al., 2006). When planning behavioral analysis several factors need to be 

taken into account including sex, age, nutrition, stress, apparatus, training procedures and 

quantification. Because there are gender and age differences in physical strength, hormonal 

influence and cognitive function, we only tested males of four-six months of age. The training 

procedure was standardized and equal for all animals, and quantification was carried out by 

using the ANY-maze computer program. 

An alternative to the MWM is the T-maze. This is a T-shaped maze consisting of only one 

choice point with two alternatives. The principle of the test is built on the instinct of the mouse to 

choose the opposite arm of the most recently visited. The tests can be performed either in a free 

or a forced manner, and a positive reinforcement may be placed in one of the arms to reward 

alternation behavior in food deprived animals (Deacon et al., 2006). It is a test used to assess 

spatial memory and is the easiest way to assess working spatial memory in that the maze is 

simple, no extra equipment is needed, and the results are highly reproducible (Sharma et al., 

2010). The major disadvantage with the MWM is the stress induced by placing the mice in water 

(de Quervain et al., 1998; Holscher 1999). Although this stress is avoided in the T-maze, stress 

induced by food deprivation is present instead. The advantages of the MWM is that there is 

almost 100% task completion, close to 100% of the mice master the task, minimal training is 

required, and it is a time-efficient test in that fewer test days are needed than other learning tests. 

Finally, water remains a strong motivator throughout the test day whereas food rewards become 

less motivating during the course of trials (Vorhees et al., 2014).  
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Conclusions 

From our findings in Paper I and II, we conclude that MUTYH, OGG1, and NEIL1 have a 

neuroprotective effect, while NEIL2 has a harmful effect during cerebral hypoxic-ischemic 

encephalopathy. These effects do not seem to be caused by accumulation of oxidative lesions, 

but rather mediated by an altered transcription profile. We discovered a dysregulation of the 

inflammatory response by whole genome transcription analysis, as well as increased IL-1β-

expressing activated microglia in the HC of OGG1- and MUTYH-deficient mice. While OGG1 

and MUTYH seem to act synergistically in neuroinflammation, NEIL1 and NEIL2 most likely 

regulate the early stress response to HI brain injury differently.  

In Paper III, we conclude that behavior and cognition are affected in mice lacking OGG1 and/or 

MUTYH. As for the HI studies, there was no apparent accumulation of 8-oxoG in brain regions 

essential for cognition and anxiety. Transcriptome analysis revealed a high percentage of overlap 

in DEGs associated with pathways for anxiety, learning and memory in OGG1- and/or MUTYH-

deficient HC. 

Collectively, our findings suggest a role of oxidative DNA glycosylases in gene regulation, 

which merits further investigation of the molecular mechanisms underlying the DNA glycosylase 

function in acute brain damage in infancy as well as cognition.  
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Future Perspectives 

We want to further elucidate the role of DNA glycosylases in higher cognitive functions, and are 

in progress of investigating the role of NEIL1 and NEIL2 in learning and memory by testing 

knockout mice in the Open Field Maze, the elevated Zero Maze and the MWM. To address the 

impact of NEIL1 and NEIL2 on cognition we aim to analyze the transcription and mutation 

profiles of mutant brains by RNA sequencing and whole genome deep sequencing, respectively.   

In Paper II, we found NEIL2 to be a potential target in treating HI encephalopathy. We are in the 

process of developing inhibitors of NEIL enzymes to investigate in particular NEIL2 as a 

potential therapeutic target during HI. 

We uncovered altered transcription profiles as a potential explanation for our findings in 

response to cerebral HI and the altered cognitive functions, and we would like to pursue these 

findings. From the results presented in this thesis, we speculate if the DNA glycosylases are 

involved in the fine-tuning of tissue- and cell-specific processes through recognition of small 

changes in the DNA. More research is needed to prove this hypothesis. The next step will be to 

reveal the molecular mechanisms underlying the observed differences between the various 

knockouts.  

Although none of the DNA glycosylases has been shown to possess activity for 5mC or 5hmC, 

OGG1 has been suggested to be important for recruiting TET when 5hmC is opposite 8-oxoG 

(Zhou et al., 2016). TDG has been proven to be essential for embryonic development due to 

association with active C demethylation (Cortazar et al., 2011), and NEIL DNA glycosylases 

cooperate with TDG during DNA methylation (Schomacher et al., 2016). Both OGG1 (Zhou et 

al., 2016) and UNG2 (Xue et al., 2016) have been proposed to be involved in TET-mediated 

demethylation of DNA. CpG sequences containing oxidized G have been shown to disrupt DNA 

methylation by DNMTs (Maltseva et al., 2009; Valinluck et al., 2004; Weitzman et al., 1994). 

The presence and/or repair of these lesions might serve as modulators of the epigenetic 

landscape. We want to further characterize the biochemical properties and sequence dependency 
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of purified DNA glycosylases on substrates containing epigenetic methylation and oxidative 

lesion by activity assays and quantification of cleavage products.  

As discussed earlier, we found an overlap between overexpressed genes and two Meissner high-

CpG-density promoter gene sets in OGG1- and MUTYH-deficient mice (Paper III). We also 

demonstrated altered histone methylation patterns in promoters of DEGs in the HC of Ogg1-/- 

and Mutyh-/- mice. Promoter-associated CpG-islands show an overall low DNA methylation that 

tend to increase with age, while intergenic non-island CpGs with high methylation tend to lose 

methylation with age (reviewed in Jones et al. (2015)). High throughput screening of epigenetic 

readers and erasers demonstrate that NEIL DNA glycosylases and OGG1 are associated with 

epigenetic DNA (Spruijt et al., 2013). We hypothesize that there is an accumulation of 

epigenetic modifications at specific gene regulatory regions causing a dysregulation of 

transcription. To test this hypothesis, we are planning to investigate the methylation profile in 

mice, both the total genome profile as well as the methylation profile of the promoter regions by 

newly developed single base resolution sequencing methods for 5mC, 5hmC, 5fC, and 5caC. We 

would like to compare the epigenomes, transcriptomes and mutation profiles of brains of naïve 

young animals deficient of various DNA glycosylases to both aged animals and animals 

subjected to HI damage to address the role of the DNA glycosylases in epigenetic DNA 

methylation and gene regulation, and consequently, their function in cognition and 

neuroinflammation.  
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