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Abstract

Thymine DNA glycosylase (TDG) is an enzyme that plays an important role in genome
repair through the removal of T/G mismatches. Recent evidence shows that TDG also has
an active role in DNA demethylation, suggesting an additional role in transcriptional
regulation. This is because DNA methylation hinders the binding of the transcriptional
machinery and can recruit gene repression proteins. This leads to gene suppression, while
DNA demethylation is associated with gene expression. As regulation of DNA methylation
pattern is thought to be involved in transcriptional mechanisms essential for long-term
memory, we questioned whether TDG-mediated DNA demethylation would be involved in
the formation of long-term memory. In this study, the conditional knockout mouse model
CamKIIa-Tdg”/- was used to investigate whether TDG depletion in hippocampal neurons led
to alterations or impairments in long-term memory. Firstly, by using
immunohistochemistry, I confirmed the Cre-induced GFP expression and presumably Cre-
induced-Tdg knockout in all three hippocampal regions (CA1, CA3, and DG). Further, I
assessed spatial memory of adult male CamKIIa-Tdg”/- and LoxP-miniTdg (control) mice
using the established novelty preference tests Novel Object Location (NOL) and Y-maze,
as well as the anxiety levels using the Open Field Test (OFT). In addition, anxiety and
spatial memory were assessed in young (4-month-old) and aged (18-19-month-old) LoxP-
miniTdg control mice. Lastly, I optimized the behaviour protocols to reduce stress in
animals, make the procedure more time-efficient, and increase the interest of animals in
the exploration of the novel and familiar right arm in the Y-maze. My findings suggest that:
1) the majority of Tdg knockout occurs in the CA1, with over 80% of the neurons being
GFP positive, though we also observe extensive GFP expression and presumable TDG
depletion in CA3 and DG, suggesting consistent TDG depletion in the hippocampus. 2)
Though some indication of less novelty preference in CamKIIa-Tdg”/- animals compared to
the control group was observed, the difference was not significant, and more animals are
needed to show statistical difference. It is therefore not clear whether TDG depletion in
hippocampal neurons affects spatial memory. 3) We observed that the aged LoxP-miniTdg
mice showed some indication of less novelty preference than the young control group
indicating impairment in spatial memory, though more animals need to be added to
increase reliability. 4) The optimization of the protocol successfully implemented the use
of red tunnels to transport mice from cage to maze and reduced the Y-maze habituation
sessions. In addition, there were some indications of increased exploratory activity to the
right and novel arm, though more animals need to be added to increase reliability.



Sammendrag

Tymin DNA glycosilase (TDG) er et enzym som har en viktig rolle i genom reparasjon via
fierningen av T/G uoverensstemmelser. Nyere forskning viser at TDG ogsa har en aktiv
rolle i DNA demetylering, noe som tilsier at den og har en rolle i regulering av gen-
transskripsjon. Dette er fordi DNA metylering forhindrer bindingen av det transkripsjonelle
maskineriet, og kan rekruttere proteiner involvert i genundertrykkelse. Dette fgrer til
genslukking, mens DNA demetylering er assosiert med genuttrykk. Fordi man tror at
regulering av DNA metyleringsmgnstre er involvert i transkriberings-mekanismer som er
essensielle for langtidshukommelse, kan man spgrre seg om TDG mediert DNA
demetylering er involvert i dannelsen av langtidshukommelse. Denne studien bruker den
betingede musemodellen CamKIla-Tdg’- for 8 undersgke om <«knockout» av TDG i
nevroner i hippokampus fgrer til endringer eller svekkelse av langtidshukommelse. Jeg
brukte immunohistokjemi til & bekrefte Cre-indusert GFP uttrykkelse og antagelig Cre-
indusert fjerning av Tdg i alle tre hippokampale regioner (CA1, CA3, DG). Videre evaluerte
jeg stedshukommelsen til fullvoksne mannlige CamKIIa-Tdg”- og LoxP-miniTdg (kontroll)
mus ved bruk av etablerte preferansetestene NOL og Y-maze, i tillegg til 8 male frykt ved
bruk av OFT. I tillegg ble frykt og stedshukommelse vurdert i unge (4 maneder gamle) og
eldre (18-19 maneder gamle) LoxP-miniTdg kontroll mus. Til sist optimaliserte jeg adferds-
protokollene for 3 redusere pafgrt stress, redusere tidsbruk, og ske musenes interesse i a
utforske den ukjente venstre of kjente hgyrearmen i Y-maze. Mine funn tyder pa at: 1)
Majoriteten av Tdg «knockout» skjer i CA1l, hvor over 80% av nevronene er GFP positive,
men vi observerer ogsd omfattende GFP uttrykk og antagelig fjerning av Tdg i CA3 og DG,
noe som indikerer jevn fjerning av TDG i hippokampus. 2) Selv om vi observerte noe
indikasjon i nedgang av preferanse til det ukjente i CamKIIa-Tdg”’- mus sammenlignet med
kontroll gruppen, sd var differansen ikke signifikant, og inkludering av flere dyr i testene
trengs for @ vise statistisk differanse. Det er derfor ikke tydelig om fjerning av TDG i
nevroner i hippokampus pavirker stedshukommelse. 3) Vi observerte at den eldre gruppen
av LoxP-miniTdg musene viste noen indikasjoner p& mindre preferanse til det ukjente
sammenlignet med den yngre kontroll gruppen, men flere dyr ma bli inkludert i testene for
& gke testens palitelighet. 4) Optimalisering av protokollen fgrte til vellykket inkludering
av rgde tuneller til transportering av mus fra bur til labyrint, og reduserte antall
tilvenningsgkter brukt i Y-maze. I tillegg s& vi noen indikasjoner pa gkt
utforskningsaktivitet til hgyre of ukjent arm, men inkludering av flere dyr i testen trengs
for & gke reliabiliteten.
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1 Introduction

This introduction first shortly describes the role and functions of the enzyme Thymine DNA
Glycosilase (TDG), and introduces TDGs role in the establishment of DNA methylation
patterns in the genome. Further, the possible role of TDG in epigenetic regulation is
introduced, and a description of the process of epigenetic regulation involving DNA
methylation and demethylation, and its role in learning and memory. This is done so that
the reader better understands the importance of studying enzymes like TDG that regulate
the DNA methylation pattern, as this process regulates transcription of genes with roles in
synaptic plasticity and memory formation (1). Next, the structure and function of the
hippocampus is introduced, as it plays an imporant role in memory formation (2). As this
study wanted to assess the role of TDG in hippocampal-dependent memory formation, the
methods used for this assessment are then introduced. Behavioural tasks used to assess
functional memory is introduced, followed by how conditional gene knockout is used to
investigate tissue and time specific gene function.

1.1 Thymine DNA glycosylase

Thymine DNA glycosylase (TDG) is an enzyme with crucial functions in genome repair,
transcriptional regulation, and epigenetic regulation (3,4). DNA methylation and
demethylation are important mechanisms in epigenetic regulation, as hypermethylation in
promoter regions is associated with gene silencing, and hypomethylation with gene
expression (5). Interestingly, dynamic regulation of the methylation patterns has been
implicated as a necessary mechanism in memory formation, due to its function in
regulation of transcription of genes associated with synaptic plasticity (6). Because of
TDG's role in DNA demethylation (7), it is feasible that TDG is implicated in the formation
of long term memory (LTM).

TDG was originally discovered due to its functional role in repair of T-G mismatches in the
genome (8). T/G mismatches are instances where a thymine (T) or uracil (U), is paired
with a guanine (G) instead of cytosine (C), (9,10). These inaccurate pairs occur when
cytosine or 5-methylcytosine (5mC) go through spontaneous hydrolytic deamination (9).
The mismatch can lead to possible genetic changes due to the ambiguity of the G-T pairing,
and the epigenetic information stored in the methyl group of 5-meC might be lost (11). By
hydrolysing the N-glycosidic bond of T or U when it is coupled with G, the mis-paired base
is excised, creating an abasic site (12,13). TDG further initiates repair of the abasic site by
recruiting base excision repair (BER) associated proteins. Apurinic/apyrimidinic
endonuclease I (APE I) cleaves the abasic site into a single nucleotide gap, generating a 3’
hydroxy group. DNA polymerase B then fills the gap and a ligase complex seal the nick,
completing the repair (14,15). In the end, the 5mC has been replaced with an
unmethylated cytosine (12).

TDG also has direct functions in gene expression regulation through its interaction with
transcription factors (4). TDG has been shown to interact with CREB binding protein, a
coactivator that initiates transcription activation through chromatin remodelling (16). In
addition, TDG plays a role in gene regulation through its role in the demethylation pathway.



After a spontaneous deamination of 5mC to a T, TDG can excise T and initiate BER, leading
to the reinstating of an unmodified C. In addition, TDG is implicated in the oxidative TET
pathway, as it can excise the oxidative derivates from ten-eleven translocase (TET) activity
(17), completing the demethylation process.

TDG exhibits high activity in sites of the DNA with high concentrations of C-G base pairs,
referred to as CpG sites (8,18). Hypomethylation of CpG sites in promotor regions are
associated with gene expression. However, hypermethylation in promoter regions is
associated with gene silencing (19). Through its function in DNA demethylation, TDG can
indirectly regulate gene expression through epigenetic regulation.

Conventional knockout of the Tdg gene in mice is embryonically lethal, with the lethality
occurring at age E11.5 (20-22). Fibroblasts derived from said embryos show that the
genetic regulation has been impaired, and that the affected genes have imbalanced histone
modification and CpG methylation (21). This shows that TDG has essential functions in
regulation of genes that are important for embryonic development. Based on this evidence,
it is pertinent to assume that the activity of TDG is linked to not only DNA repair, but also
epigenetic modifications of DNA and regulation of gene expression.

1.1.1 TDG protein and gene

The TDG gene is located in chromosome 12, 23.3, (NCBI Gene ID:6996) in humans. It
consists of a coding region of 3551 nucleotides, with the full length protein coded for by
10 exons (23). The full length TDG protein is 410 amino acids in length, and has an a/B
structural conformation (24,25). TDG is part of the uracil glycosylase superfamily of DNA
repair enzymes known to recognise and excise mismatched bases, more specifically U and
T (21). There is ubiquitous expression of Tdg in several tissues in humans. According to
the protein atlas, there is an intracellular general nuclear expression of Tdg, but low tissue
specificity (26). In addition, Tdg is strongly expressed in neurons, and less so in glial cells
(26). The glycosylase domain, which is the catalytic domain in TDG, modulates the
enzymatic activity of TDG, and mediates interactions with proteins like transcriptional
factors and nuclear receptors (27-29). The TDG ortholog in Mus musculus (Tdg) is located
at 10C1; 10 39.72 cM (NCBI gene ID: 21665) (30). This is fortunate, as it makes it possible
to use a mouse model when studying the role and function of TDG.

1.2 Epigenetic regulation by DNA methylation and
demethylation

1.2.1 Epigenetics

Epigenetic mechanisms enable cellular diversity despite all cells sharing the same DNA.
Epigenetic mechanisms like DNA methylation and histone modification can silence certain
genes while activating others, allowing for functional difference and cell specificity. By
regulating genome packaging, activating/deactivating transcription factors, and making
dynamic covalent modifications to histones and DNA, cells have the ability to regulate the
gene expression in response to changes in the environment (31). The epigenetic changes
are inheritable, even though the changes are not found in the DNA sequence (32).
Impairments of epigenetic mechanisms have been linked to various diseases like
schizophrenia, Rett syndrome, and cancer (33,34). DNA methylation is one such epigenetic
mechanism, and is involved in transcriptional regulation (35).



1.2.2 DNA methylation

DNA methylation is an epigenetic mechanism that involves direct chemical modification to
the DNA, without altering the genetic sequence (35). The chemical modification involves
the addition of a methyl group at the fifth carbon of a cytosine, a process catalysed by DNA
methyltransferases (DNMT) (36). This addition creates steric hindrance and prevents the
transcriptional machinery from having access to the promoter (37). In addition, it can also
lead to the recruitment of transcription repressor factors (35). All of this prevents gene
transcription (35,38-40).

De novo methylation is a type of DNA methylation where methyl groups are added to
cytosine on previously unmethylated DNA (figure 1a), a process that primarily occurs
during embryogenesis (41). This process is catalysed by DNMT3a and DNMT3b which are
de novo DNMTs (42,43). DNMT1 is required for the maintenance of the methylation pattern
in the genome, by recognising hemi-methylated DNA in the daughter strands, and restores
the symmetrically methylation pattern in accordance with the mother strand after
replication of the DNA (figure 1b) (35,44).

a)
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Figure 1. De novo methylation and maintenance methylation of DNA by DNMT3a, DNMT3b,
and DNMT1. a) The figure depicts how the DNA methyltransferases DNMT3a and DNMT3b initially
methylate unmethylated DNA via de novo methylation. b) The figure shows how DNMT1 restores the
initial methylation pattern during maintenance methylation after DNA replication. The figure was
created in Biorender.



1.2.3 DNA demethylation

Though DNA methylation patterns were long thought to be static after being established
during embryonic development, later findings have shown that DNA methylation patterns
are dynamic (45-47). The process of DNA demethylation is essential for the dynamic
regulation of the methylation pattern. This process involves the removal of the methyl
group of cytosine. We categorise DNA demethylation into two groups: active and passive
DNA demethylation.

Passive DNA demethylation happens during replication when the daughter strand is not
methylated by the maintenance methylation machinery of DNMT1, resulting in dilution of
DNA methyl groups on the DNA strands for each replication round (35,44,48). Active
demethylation describes the process where methyl groups are actively removed by a series
of enzymes. 5mC can be modified at two sites: the amine group and the methyl group.
Currently, there are several proposed mechanisms for demethylation, including 1) the
pathway of spontaneous deamination of 5mC to T followed by base excision repair (BER)
of the T-G mismatch, and 2) oxidation mediated demethylation by TET followed by BER
(figure 2) (31,35,49).

The 5mC amine group can be spontaneously deaminated to a carbonyl group by a family
of deaminases called AID/APOBEC (activation-induced cytidine deaminase/apolipoprotein
B mRNA-editing enzyme complex) (50). This results in a T-G mismatch, which is repaired
by TDG initiated BER (15,20,51) (figure 2). This process is called spontaneous
deamination. Oxidation mediated demethylation is a process heavily catalysed by the TET
enzymes. TET oxidises 5mC to 5-hydroxy-methylcytosine (5hmC), to 5-formylcytosine
(5fC), and 5-carboxylcytosine (5caC) (52). 5hmC can be deaminated by AID/APOBEC,
forming 5-hydroxymethyl-uracil (5hmU) (figure 2) (53). 5fC and 5caC are recognised and
excised by TDG, followed by BER and restoration of the unmethylated cytosine (54). The
many tasks of TDG in the different steps of demethylation suggests that TDG plays an
important role in the regulation of methylation patterns in the DNA, and by extension,
plays a role in transcriptional regulation.
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Figure 2. Active demethylation pathways involving TDG. The figure depicts the active
demethylation of 5mC to C. 5mC is converted to T through spontaneous deamination, for then to be
changed to cytosine through TDG initiated BER. In addition, 5mC is oxidised by TET to 5hmC, to 5fC,
to 5caC through oxidation mediated demethylation. TDG recognises 5fC and 5caC and is changed to
cytosine through BER.

1.2.4 DNA methylation and demethylation in learning and memory
As previously mentioned, DNA methylation is an important part in regulating gene
expression through its interference with the transcription machinery and recruitment of
proteins associated with gene repression (35,37). DNA methylation is thought to be an
important component in both formation and storage of long term memory. This is
supported by studies showing that there is dynamic regulation of the DNA methylation
pattern in response to experience-related stimuli in the adult central nervous system (CNS)
(55). Several studies have shown changes in regulation of genes associated with memory
formation after activity induced changes in the methylation patterns. Martinowich et al.
found that at the promotor of brain-derived neurotropic factor (BDNF), locus-specific
demethylation has been reported to occur in neurons when stimulated (56). BDNF is a
protein that is essential for adult neural plasticity. Lubin et al. saw that contextual fear
learning induced differential regulation of exon-specific bdnf mRNAs (I, 1V, VI, IX) that was
associated with changes in bdnf DNA methylation (6).



Additionally, studies using genome-wide analysis have found that there is a change in the
DNA methylation pattern after learning: Duke et al. showed that after applying contextual
fear conditioning in rats, more than 5000 differentially methylated regions in the DNA had
been induced in the hippocampal neuron genome (57). They observed that this led to about
500 genes being up-regulated and 1000 genes being downregulated in the rats. They also
saw that there was an overall of 9.17% of genes in the genome of hippocampal neurons
that were differently methylated than before the fear conditioning. Before Duke’s study,
Halder et al. had reported of DNA methylation changes specifically in the hippocampal CA1
region in mice after they had been through contextual fear conditioning (58). The findings
of Duke and Halder support the theory that DNA methylation plays an important role in
altering expression of genes involved in synaptic plasticity.

Levenson et al. showed that when inhibiting DNMT activity, not only will the DNA
methylation pattern in the brain change, it will specifically change the DNA methylation of
promotors associated with the plasticity promoting genes reelin and BDNF (59). This was
followed up by Miller & Sweatt, who observed that rats treated with non-specific inhibitors
of DNMTs showed impaired formation of memory related to contextual fear associations
(60). This indicated that dynamic changes in DNA methylation is required for the formation
of long-term memory. These findings further support the theory that DNA methylation and
demethylation plays an important role in the expression of genes affiliated with learning,
memory and plasticity. Furthermore, dysregulation of DNA methylation and demethylation
processes is shown in neurological pathological conditions and cognitive decline associated
with age, like drug addictions, neurodegenerative diseases, and psychiatric conditions (61—
66). DNA methylation and gene expression seems to play a huge role in memory and
learning, and when dysregulated it has a huge impact on our wellbeing. This further proves
that understanding these processes are very important. To understand why methylation
patterns in the hippocampus play such a huge role in learning and memory, we need to
understand the role of the hippocampus in learning and memory.

1.3 The hippocampus

1.3.1 The anatomy and circuitry of the hippocampus

The hippocampus (HPC) is an important region in the brain of vertebrates (67). Located in
the allocortex deep in the medial temporal lobe, the hippocampal formation consists of
subregions that are classified based their connectivity to other regions, and their unique
neuronal population (68,69). These subregions consist of hippocampus proper (Cornu
ammonis, CA), which is further divided into CA1, CA2, CA3, and CA4, and dentate gyrus
(DG), which is separated from CA by hippocampal sulcus as they curve into each other.
Often included in the term hippocampal formation, are the regions of the entorhinal cortex
(EC), which is connected to the HPC via the subiculum (70-72).

The HPC is connected to and receives sensory input from neocortical areas via the EC
through the trisynaptic circuit, which plays an important role in conveying input related to
sensory perception and spatial reasoning, enabling the acquisition of spatial and episodic
memories (73-76). Through the perforant pathway, axons from the entorhinal cortex
transmits input to the granule cells of DG (77,78). The trisynaptic circuit continues as DG
transmits signals to the pyramidal signals in CA1l via mossy fibres, and the signal comes
to a completion as CA3 signals to the pyramidal cells in CAl through the Schaffer
Collaterals (79,80). Signals form the CA1 area can exit the HPC and convey signals to other
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brain regions via projections through the EC (81). Understanding the organisation of the
hippocampal circuitry is important for the understanding of its function.

1.3.2 The hippocampus in learning and memory

The HPC plays an important role in the formation of long term episodic and spatial
memories (82,83). Episodic memories refer to explicit declarative memories related to
specific events in your life, while spatial memory refers to the ability to record and recover
information about spatial location and is necessary for the ability to orient oneself in a
space and to plan a course. Several studies have shown that lesions or other forms of
damage in the hippocampal regions can lead to an impairment in learning and memory
tasks related to spatial and episodic memory, demonstrating the important role the HPC
plays in learning and memory (84-87). It is known that TDG is involved in demethylation,
and that regulation of methylation patterns in the hippocampus is associated with learning
and memory. A way to investigate if TDG activity has an effect on spatial memory is by
performing tissue-specific knockout of Tdg in a mouse model. This could potentially lead
to dysregulation of the DNA methylation pattern in HPC neurons, as well as impairment of
spatial reference memory.

1.4 Using behavioural paradigms to assess spatial

memory

Spatial memory can be assessed by using animal models and subjecting these animals to
behavioural tasks designed for that purpose. Currently, there is a multitude of such
established behaviour paradigms one can use to assess spatial memory in rodents, like the
Y-maze, T-maze, radial arm maze, Morris water maze, Barnes maze, and novel object
location (NOL). What these tests have in common, is that they measure an animal’s ability
to remember and recognise either an object or a location, thus assessing its functional
spatial memory (88-93). The ability to navigate is linked to spatial memory, as learning
and remembering new locations is crucial to this task. Allocentric navigation is the ability
to use distal cues, that is, cues outside the organism, to locate oneself in the environment.
This category of navigation involves the HPC and its surrounding structures. Egocentric
navigation is the organism’s ability to navigate based on internal cues (like speed and
turns) (94). Several studies show that animals with knockout of genes associated with
memory show an impaired performance in memory tasks (95-97). It is safe to assume
that it is possible to assess the effect a gene/protein has on spatial memory and navigation
by performing gene knockout and have the animals do certain behaviour tests to
investigate if there is an impairment in performance.



1.5 Gene knockout in transgenic mice as a way of
investigating gene function

1.5.1 Conditional gene knockout

By performing gene knockout, then subsequently monitoring phenotype changes in the
animal, it is possible to determine the role/function of the gene in question. Conventional
gene knockout, which is where knockout of the gene occurs in all cells in the animal, can
lead to embryonic lethality if the gene in question is important for embryonic development
and/or other viable processes (98). This obstacle makes it difficult to study gene function
in adult animals. This issue can be solved by performing a conditional gene knockout. In
this case, the knockout is both time and tissue specific, making it possible to study tissue
specific functions of the gene of interest in adult animals (98). Several techniques for
conditional knockout have been developed, one of them being the Cre-LoxP technique.

1.5.2The Cre-LoxP system

Cre recombinase is a tyrosine specific recombinase derived from the P1 bacteriophage that
recognises specific sites, LoxP sites, mediating deletion of the DNA in between two LoxP
sites (98). In this way, it can be used to facilitate gene knockout when the gene of interest
is in between LoxP sites. One LoxP site is a 34 bp sequence consisting of two 13 bp inverted
and palindromic repeats and one 8 bp core sequence. The LoxP sites are introduced to an
animal’s genome through homologous recombination, flanking the gene of interest in the
same direction (99,100). When Cre is introduced, it will excise the floxed gene, causing a
deletion. Cre can be introduced to the tissue via viral gene delivery methods, or by breeding
animals with floxed genes together with animals altered to carry the Cre gene that is
downstream of a tissue or cell specific promoter. To visualise the expression of the floxed
gene (or lack thereof), a fluorescent reporter gene is used. One such reporter gene is green
fluorescent protein (GFP). The stop signal for the GFP gene is also flanked by two LoxP
sites. In theory, expression of GFP indicates that gene knockout has been successful (101).
To target the HPC region, it is possible to use the calcium/calmodulin-dependent protein
kinase II alpha (CamKIIa) promoter, which is a promoter primarily active in HPC regions
and other cortical regions (102). In addition, this is a promoter whose activity is low during
embryonic development and early postnatal days, but the expression increases 10-fold in
the frontal cortex by p16 (103). By p29, an adult pattern of recombination is established
(102).

1.6 Aim

The main aim of this project was to elucidate whether TDG-mediated DNA demethylation
is required for the hippocampal-dependent memory. We wanted to determine whether TDG
depletion in the hippocampal areas has an impact on animal behaviour and memory. Three
main objectives have been set for this to be achieved:

1) Determine where in the brain Tdg knockout occurs when using the conditional Tdg
knockout mouse model CamKIla-Tdg”/

2) Assess animal behaviour, LTM and STM of CamKIIa-Tdg” in various behaviour tasks

3) Optimizing the already established behavioural protocols used in our lab



2 Methodology

2.1 Ethics and animal housing

As this project utilises live animals, the principle of the three Rs (replacement, reduction,
and refinement) was implemented to ensure efficient and humane animal research. All
procedures involving animals were carried out in strict conformity with the Animal Welfare
Act and the recommendations and laws established by the Norwegian Food Safety
Authority. The FOTS application 24310 can be found at mattilsynet.no and provides more
information regarding the food safety authority's ethical approval. The animals were
housed at the Comparative Medicine Core Facility (CoMed) at St. Olav’s Hospital in
Trondheim. There they were provided with food (Ssniff V1536) and water ad libitum, and
animal health was assessed daily. The cages were individually ventilated and located in the
specific pathogen-free unit where humidity and temperature was set to 55-66% and 25°
respectively, with a 12-hour reversed light-dark cycle.

2.2 Mouse model

The transgenic mouse model used in this study was CamKIIa-Tdg”/- (miniTdg*/*, Wt-Tdg”/-
and CamKIla-Cre*/). This transgenic strain has been generated by breeding female
CamKIla-Cre mice from Jackson laboratory (T29-1, stock #005359) (102) with male LoxP-
miniTdg (104). This transgenic strain was used as a Tdg knockout (KO) model, as this
model contains a LoxP flanked miniTdg (a thymine DNA-glycosylase mini gene), as well as
a LoxP-STOP-LoxP cassette followed by an enhanced GFP (eGFP) sequence. In addition,
this strain has a calcium/calmodulin-dependent protein kinase II alpha promoter (CaMKIIa)
controlling Cre recombinase expression in hippocampal excitatory neurons at p29 (102).
This enables conditional knockout of the LoxP flanked miniTdg in adult animals (figure 3).
The LoxP-miniTdg strain was used as control group (miniTdg*/*, Wt-Tdg”/-, and CamKIIa-
Cre”"), as this model does not contain Cre recombinase to knock out miniTdg.
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Figure 3. Excision of miniTdg and Stop signal by Cre recombinase in CamKIIa-Tdg /- mice.
a) The figure depicts the LoxP flanked genes of miniTdg and the stop codon of GFP. As there is no
active Cre recombinase, Tdg is expressed and GFP repressed. b) The figure depicts the CamKIla
promoter inducing expression of Cre recombinase, and this consequently leads to the removal of the
miniTdg gene and GFP stop signal. In turn, this leads to GFP expression and knockout of Tdg. The
figure was created in Biorender.

2.3 Genotyping

The genotype of the animals was confirmed by polymerase chain reaction (PCR) and gel
electrophoresis. Ear clippings were lysed in lysis buffer (10mM Tris, 1M KCI, 0.4% NP-
40/Igpal CA360 Sigma, 0.1% Tween20) and protein kinase K (10mg/mL) before being
incubated at 59°C overnight. The following day, the samples were heated to 95°C for 30
minutes, before being centrifuged (20 minutes, 14.000 rpm). The DNA from the
supernatant was then diluted 1:10 in ddH20, before being added to a solution containing
Taq 2x Master mix (10xPCR buffer, 2.5 mM dNTPs, 5U/ul pag5000, 50 mM MgClz), ddH20,
and 0.5uM of each primer pair targeting the gene of interest (see table 1), making up a
total volume of 10 pL.

The PCR programme was set to 95°C for 3 minutes, then 42 cycles of 95°C for 30 seconds,
64°C for 30 seconds, and 72°C for 1 minute. Lastly, there was an extension for 5 minutes
at 75°C, followed by holding at 4°C indefinitely. The PCR products were separated by a 2%
(w/v) agarose gel made with agarose (BioNordika LE Agarose), TAE buffer (Tris base,
Glacial Acetic Acid, 0,5 EDTA), and 0,001% SybrSafe (Thermoficher/Invitrogen). PCR
products together with 6X DNA loading dye (New England Biolabs), was loaded into the gel
before it was run for 40 minutes at 120 V, and the results were visualised in UV exposure
by the ChemiDocdMP imaging system (BIORAD). The size of the PCR products was
determined by a 100bp DNA ladder.
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Table 1. Primer sequences for PCR reactions

miniTdg Compl Forward AAATACTCTGAGTCCAAACCGGG 0.65 kb
Tdg C Reverse TGGTGAATCCGATGCCGTACTTG
CAG-gfp CAG-St-eGFP-Forward CTTCAGCCGCTACCCCGACCACA 0.5 kb

CAG-St-eGFP-Reverse ATCGCGCTTCTCGTTGGGGTCTTT

Tdg WT GT Tdg D Forward TTGCGTGGGAGTAACCGAGC 0.6 kb
GT Tdg B Reverse GATGCACTCGGGAGACTTACAG

CamKIIa- JAX 10884 Forward GTTCTCCGTTTGCACTCAGG 0.3 kb

Cre

JAX_oIMR8990_Reverse CAGGTTCTTGCGAACCTCAT

2.4 DNA purification

DNA purification of crude lysis was performed by using the magnetic beads extraction
method. In a KingFisher™ deep well (Cat. Nr: A36586), row B was filled with 200 uL lysis
buffer (10mM Tris, 1M KCI, 0.4% NP-40/Igpal CA360 Sigma, 0.1% Tween20), row C with
400 pL isopropanol, row D and E with 80% ethanol, and row F with RNase free water. 100
ML of previous lysis samples (see section 2.3 genotyping) were loaded in each well in row
B, together with 400 pL beads dilution (20 puL Naxtra™ Magnetic beads, Lybe Scientific,
Cat. Nr: LSMB0200 and 380 pL isopropanol). Part 1 of the KingFisher Duo Prime instrument
for DNA was run, followed by addition of 50 uL RNase mix (1:20 RNase plus 1:5 RDS buffer
in nuclease free water) to wells in row F, and 10 min incubation at room temperature.
Afterwards, the sample was transferred to row A, followed by a washing step. Then, 400
uL isopropanol was added and part 2 of the programme was executed. Lastly, the final
volume was transferred to a DNA low bind tube.

2.5 Behaviour

Long-term and short-term spatial memory performance and behaviour mice was assessed.
Prior to habituation and handling, male mice were accustomed to the reverse light dark
cycle for a minimum om 7 days. Handling was performed by letting the mouse smell the
handler’s hand and then lifting each mouse by the root of its tail a few times for 2-3 minutes
once a day for three consecutive days before the start of the experiment. This was done
to make the mice accustomed to being handled by the experimenter and to avoid novelty
induced stress. After using this handling method for three months, another handling
method was implemented to further reduce the stress put upon the animals, as it has been
shown that that picking up mice by the tail induces anxiety levels and aversion (105). The
new method involved the use of red cage tunnels to lift the mice, instead of lifting them
by the tail. Prior to the start of the tests, the mice were left in the dark procedure room
for 30 minutes to become acclimated to the environment. Animal movement in all the tests
were recorded using the video tracking system ANY-maze. Between each trial and test, all
surfaces in the mazes were cleaned using lemon soap water to avoid olfactory cues.
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2.5.1 Open field test (OFT)

A white square box with the measurements 50x50x30 (LxWxH, in cm) was used in the
open field test, where anxiety and exploration levels were assessed. One of the maze walls
had a proximal cue attached to it. Mice were released in the corner closest to the
experimenter (release corner, RC), and were allowed free exploration for 10 minutes.
Movement of mice were recorded, and ANY-maze was used to divide the maze space into
16 squares, which were categorised as either centre, side, or corner zones (figure 4a).

2.5.2 Novel Object Location (NOL)

By modifying previously published protocols (88) the novel object location (NOL) test was
used to investigate long-term memory (LTM) and short-term memory (STM) related to
spatial reference memory. The box used for open field (OF) was also used in the NOL test,
with the same cue card attached to the maze walls. Two identical objects, approximately
10 cm tall, were placed 12.5 cm from the maze walls with a 25 cm distance between the
objects (figure 4b). When habituating for the test, the mice were allowed to explore the
maze for ten minutes three times, with a hiatus of 24 hours between each session. On test
day (day four), one of the objects were reallocated diagonally across the other object
(figure 4b). The novelty preference is assessed by exploration time for the novel and
familiar object location. The ANY-maze software recorded the time the mice spent in
interaction with the objects, where proximity around the object were used as markers for
exploration. Test was ended after animals spent 30 sec with the two objects combined, or
10 minutes had passed. The experimental setup for STM follows the same protocol as for
LTM, except for an inter-trial interval of 5 minutes instead of 24h.

2.5.3 Y-maze

Another test used to investigate spatial LTM and STM, was the Y-maze test (93). A Y-
shaped box with the measurements 35x7x15 (LxWxH, in cm) was used, where two distal
cues were placed on the walls outside the maze (figure 4c). Prior to the test day, the mice
were allowed free exploration for five minutes for six days with a 24 hour inter trial interval,
where the entry to one of the arms was blocked. On test day, the mice were allowed entry
to the novel arm. After a review of our protocols, changes were to optimize the procedure.
Free exploration was allowed for three days with a 24 hour inter trial interval, and an object
was placed in both the left and right arm during habituation and testing, to encourage
exploration and further help the mice discern between the left, right, and release arm
(figure 4c¢). The experimental setup for STM follows the same protocol as for LTM, except
for an inter-trial interval of 5 minutes instead of 24h. Entries to each zone and time spent
in each zone was recorded.
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a) Day 1 Open field b) Day 1-3 N'OL Day 4 NOL
(Habituation) (Testing)

L W
10 minutes 10 minutes 10 minutes
Day 1-3 (6*) Y-maze Day 4 (7**) Y-maze
c) (Habituation) (Test)

5 minutes 5 minutes

Figure 4. Behavioural paradigm setup used to test behaviour and spatial reference
memory. a) The figure shows how the open field maze was divided into different zones: centre (light
pink), sides (pink) and corners (dark pink). A black visual cue card is indicated on the left side of the
wall. b) The figure shows the setup of objects during habituation and testing for NOL. A black visual
cue card is indicated on the left side of the wall. ¢) The figure shows how the left arm area of the Y-
maze is closed off during habituation and open during Y-maze test. The objects in the right and left
arm were added to the setup after optimisation. Two different cue cards are placed on the walls of
the arena. *Habituation lasted for six days pre optimization of protocol. ** test day was on day seven
before optimization of the protocol. The figure was created using Biorender.

2.6 Perfusion

24h after the last behaviour test day, the mice were perfused with 0.9% saline and the
brain was extracted for further analysis. The mice were put in an air-tight box with 1 mL
isoflurane, then subsequently given a lethal intraperitoneal injection of pentobarbital
(2mg/g), causing the animal to succumb to the overdose. Before continuing the procedure,
paw pain reflexes were tested, and breathing was monitored to ensure that the right depth
of anaesthesia had been reached. Next, the mouse was placed in a supine position, and a
thoracic incision below the sternum was made, exposing the sternum. The ribcage was
removed to get access to the heart. After clamping the ascending aorta, the right atrium
was perforated, and the left ventricle was injected with approximately 60mL of 0.9% saline
solution. After the procedure, the neck was severed, and the brain was collected for further
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use by removing the cervical tissue and cranium bones. A sagittal cut was made dividing
the brain in two halves, and these were either stored whole in 4% paraformaldehyde (PFA),
or hippocampal microdissection was performed and collected for analysis.

2.7 Frozen sectioning

Extracted brains were stored in 4% PFA for a minimum of 48h before frozen sectioning.
Frozen sectioning was performed using the Cryostar NX70 from Thermo Scientific. Both
the objective and chamber temperatures were set to -20°C. To accelerate the freezing of
the brain, the tissue was sprayed with freezing aerosol spray (PRF 101/520 ML GREEN
NFL), then subsequently frozen by the cryogenic function of the machine. Lateral and
medial sections were cut into 30um and stored temporarily in 1x PBS with 0.03% ProClin™
300 (Cat. No 48912-U) at 4°C. For long term storage, the sections were placed into freezing
tubes with anti-freeze solution (40% PBS, 30% glycerol, 30% ethylene glycol) at - 20° C.

2.8 Immunohistochemistry

To determine if GFP expression and presumable Tdg knockout had occurred in CA1, CA3
and DG of the hippocampus, immunohistochemistry was performed on the tissue obtained
from CamKIla-Tdg”/- (knockout) and LoxP-miniTdg (control) mice. 30um brain sections
(lateral and medial) from each mouse were incubated in 40 mM sodium citrate (Trisodium
citrate 5,5 hydrate, Merk-Millipore 1.06431.1000) at 99°C for three minutes, to increase
the detectability of antigens as the tissue previously had been fixed in PFA. The sections
were retained in this solution until it had reached room temperature, for then to be washed
3x5 minutes in 1x PBS. To minimise unspecific antibody binding, the sections were
incubated in blocking buffer (5% NGS/5% BSA/0,1% Triton X-100 in PBS) on a shaker (15
oscillations/min) for two hours at room temperature. Afterwards, the sections were
incubated in dilution buffer (1% NGS/1% BSA/0,1%Triton X-100 in PBS) containing the
primary antibodies (table 2) overnight in 4°C, at 15 oscillations/min. The next day, the
sections were washed in PBS-T (1x PBS + 0,1% Tween20) three times, for 10, 20 and 30
minutes. Secondary antibodies (table 3) were diluted in the dilution buffer (1% NGS/1%
BSA/0,1%Triton X-100 in PBS), before the slices were incubated in the secondary antibody
solution in a light-protected container for two hours at room temperature on a shaker (15
oscillations/minute). After the incubation, the previous washing step was repeated. Lastly,
the brain sections were mounted and stained with 1ug/mL DAPI in 1x PBS for one minute,
then washed in 1x PBS twice and ddH20 once before the slides were cover-slipped using
mounting oil (ProLong™ Gold antifade reagent with DAPI, Invitrogen, Cat. No P36935).
The slides were left in a light-protected container to dry overnight.
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Table 2. Primary antibodies

mIgG1 1:500 Millipore, Neuron nucleic marker.
Staining of mature
Cat. Nr. MAB377
neurons.
rigG 1:1000 Invitrogen, Gene reporter. Shows

successful Cre activation
and presumable Tdg

mIgGi 1:500 Thermo Fisher, depletion.

Cat. Nr. A-11122
Cat. Nr. MA5-15256
mIlgG2a 1:1500 Thermo Fisher,

Cat. Nr. A-11120

Table 3. Secondary antibodies

mlgG2a 1:1000 Invitrogen, Cat. Nr. A-21131
mlIgG1l Cat. Nr. A-21121

rigG Cat. Nr. A-11008

rigG 1:1000 Invitrogen, Cat. Nr. A-21431
mIgG1 Thermo Fisher, Cat. Nr. A-21127

2.9 Fluorescence imaging using Zeiss confocal

microscopy and Axioscan

To observe the fluorescence of the antibodies added to the brain slices during
immunohistochemistry, stained sections were imaged with confocal laser scanning
microscope Zeiss® LSM 880, together with the Zen software. GFP expression a in the
hippocampal regions were investigated by applying a Plan-Apochromat 40X/NA oil
immersion objective. The settings for pinhole, gain, and intensity were the same in each
experiment, and were chosen depending on the excitation and absorbance from the
fluorescent antibodies (NeuN and GFP). Z stack height was adjusted depending on each
sample, by using the channel for neuronal marker NeuN to determine where the end and
start of the slice depth was. The sections were also imaged using the high-performance
slide scanner Zeiss® Axioscan Z1 with its corresponding zen software. This was to visualize
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where GFP expression had occurred in the tissue using a 20x/0.8 M27 Plan Apochromat
objective. Using a LED-Module 365nm light source, the signal from Dapi staining (A405
blue) was utilized to establish the correct focus. Light source intensity was adjusted
according to what provided the best focus, which was 20,9% light source intensity with 20
ms exposure time. The GFP channel (A488 green) applied a LED-Module 470nm light
source, and light source intensity was set to 40,0% where the exposure time was set to
30 ms, while the NeuN channel (A647 magenta) applied a LED-Module 625nm light source
set to 30,0% intensity and 75 ms exposure time. Hippocampal GFP expression were
analysed in the CA1, CA3 and DG areas of the hippocampus using IMARIS.

2.10Image analysis

IMARIS Surfaces (Version 9.3.0, Oxford instruments) was used to visualise and investigate
the GFP and NeuN expression in Hippocampal areas. GPF positive cells and NeuN positive
cells were determined by manually creating a surface of the region of interest, and creating
distinguished masked channels to discern where the IMARIS cell counting function would
take place. The surface volume was the same in the masked channel of GFP and the
masked channel of NeuN. The IMARIS function “spots” were used to count GFP and NeuN
positive cells, where the cell size was set to 5 uym. Various detection thresholds were
determined to calculate the number of spots for the different areas: 1.5 times mean
intensity of the surface for the target channel when looking at GFP positive cells in CA1,
and 2 times mean intensity of the surface for the areas of CA3 and DG. For NeuN positive
cells, 1 times mean intensity of the surface for the target channel was used in all three
areas. After selecting the thresholds, the number of spots were then given by the
programme. As the volume of the surfaces was the same for the GFP masked channel and
the NeuN masked channels, the percentage of GFP positive cells were given by dividing
the number of GFP positive cells by the number of NeuN positive cells, then multiply by
100.

2.11 Statistical analysis

Data collected from OF, NOL and Y-maze were analysed in GraphPad Prism (version 9.4.1).
Animals were grouped into LoxP-miniTdg (control) and CamKIla-Tdg”/- (Tdg-KO), 18m old
LoxP-miniTdg, and 4m old LoxP-miniTdg mice. Outliers were identified in all instances by
performing a ROUT test, and a Shapiro-Wilk test was performed to determine if the data
was normally distributed. To determine if the test results were significantly above chance
level (15 sec or 50%), a non-parametric one-sample t-test was performed. To determine
if the results significantly differed between groups, an independent samples t-test or one-
way ANOVA and post-hoc Tukey’s HSD tests was performed. The statistical significance
was set to a probability level of 95%.
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3 Results

3.1 Verifying genotype by PCR and gel-electrophoresis

Previously in our lab, a neuron-specific Tdg knockout (KO) mouse model (CamKIla-Tdg”/")
was generated by crossing LoxP-miniTdg mice (miniTdg*/*, Wt-Tdg”/-) with a Tg(CamKIIa-
Cre)T29 mouse strain from the Jackson laboratory (102,104). The first crossing produced
heterozygous offspring with the genetic information miniTdg*/-, Wt Tdg*/- and CamKIIa-
Cre*/~. Female mice from the crossing (miniTdg*/-, Wt-Tdg*/- and CamKIla-Cre*/") were
further crossed with male LoxP-miniTdg mice (miniTdg*/*, Wt-Tdg~") to generate CamKIIa-
Tdg”- offspring with the genetic information miniTdg*/*, Wt-Tdg”’- and CamKIIa-Cre*/-.
Additionally, offspring with the genetic information miniTdg*/* Wt-Tdg”/- and CamKIIa-Cre-
/~were kept as control mice (LoxP-miniTdg).

To further develop and maintain the newly generated mouse strain, I continued verifying
the genotype of offspring from the heterozygous mating through PCR and gel
electrophoresis. The primer pairs in table 1 were used to amplify the regions of the miniTdg
allele (size 650 base pairs, bp), Wt-Tdg allele (size 600 bp), eGFP allele (size 500 bp) and
CamKIIa promoter (size 500 bp). In the CamKIIa-Tdg”/- mouse model (KO), we expect
detection of PCR amplification of miniTdg, eGFP, and CamKIlIa. In the LoxP-miniTdg mouse
model (control), we expect to detect PCR amplification of miniTdg and GFP. I set up new
matings from the newly generated CamKIla-Tdg”/- animals (miniTdg*/*, Wt-Tdg”/- and
CamKIIa-Cre*/"). A control strain was made by mating newly generated LoxP-miniTdg
female and male mice (miniTdg*/*, Wt-Tdg’/- and CamKIIa-Cre”").

Surprisingly, we found wildtype (Wt) Tdg contamination from the offspring of new matings.
This is exemplified in figure 5a, where offspring 1-3, 5 and 6 all had inherited the Wt-Tdg
gene, while offspring 4 was confirmed to have the correct genetic information of the strains
CamKlIIa-Tdg”/- (miniTdg*/*, Wt-Tdg’/- and CamKIIa-Cre*/"), and offspring 7 having the
correct genotypes of LoxP-miniTdg (miniTdg*/*, Wt-Tdg”’/- and CamKIIa-Cre’-) control
strain. Animals without the Wt-Tdg gene were selected to continue the breeding of the
strains. The detection of Wt-Tdg indicated that the previous tests had been inadequate in
detecting that allele. For troubleshooting, tests were repeated several times to exclude
handling and contamination issues. On some re-runs, the PCR products indicating Wt-Tdg
gene were detected by gel-electrophoresis, as shown in figure 5b, though not always. This
indicates that the normal PCR using crude clipped ear sample lysate was not good enough
to detect Wt-Tdg, and purification of DNA is necessary. Another reason could be that the
resolution of the agarose gel used for gel-electrophoresis was not high enough to pick up
the Wt-Tdg bands. Based on the unreliable Wt-Tdg results from genotyping, animals used
previously in other experiments were re-tested to eliminate accidental Wt-Tdg positive
animals. The re-testing included repeats of previous experiments, and purifying DNA from
crude lysate by using the beads extraction method. In summary, more sensitive
approaches need to be used when attempting to detect Wt-Tdg during PCR and gel-
electrophoresis.
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Figure 5. PCR and Gel-electrophoresis confirming genotype of animals. a) The image shows
a selection of PCR results of offspring from new matings. The size of the PCR products (500-650 bp)
is indicated alongside. The animal #4 with correct genotyping of CamKIIa-Tdg”- strain is highlighted
by the purple frame. The animal #7 with correct genotyping of is highlighted by the yellow frame.
b) The images depict a selection of PCR results from two animals which were initially detected as Wt-
Tdg negative but appeared to be positive when tested again. The size of the PCR products (600 bp)
is indicated alongside.

3.2 Assessing Cre-induced GFP expression in the

hippocampal region of CamKIIa-Tdg /- mice

The CamKIla-Tdg’/- mouse model induces neuron specific Tdg knockout. As the
characterisation of the CamKIIa-Cre mouse strain, the CamKIIa promoter controls gene
expression in excitatory neurons, primarily in the pyramidal layer of CAl in the
hippocampus (106). An adult pattern of Cre/LoxP recombination is established by postnatal
day 29 (p29) (102). As illustrated in figure 3, the introduction of Cre-recombinase causes
excision of the miniTdg gene, as well as the GFP stop codon. Therefore, expression of GFP
is indicative of Cre activity, and presumable Tdg knockout. Sagittal brain sections of
CamKIIla-Tdg”- mice were stained with antibodies against GFP and neuronal nuclear
antigen (NeuN), and antibody expression was assessed using Axioscan and confocal
imaging. GFP expression was expected predominantly in the CA1l, as this is where the
promoter is reportedly active. NeuN is used as a biomarker for mature neurons, enabling
visualisation of adult neurons in the tissue. By a double-staining of GFP and NeuN
antibodies, the efficiency of Cre-induced GFP expression in hippocampal neurons is
assessed. As expected, NeuN-positive hippocampal neurons and GFP positive, presumably
TDG-depleted neurons were detected in hippocampal subregions (figure 6).

The percentage of GFP positive neurons in hippocampal CA1, CA3, and DG of n = 6
CamKIIa-Tdg”’- was assessed and quantified using a 3D-image analysis software (IMARIS).
The percentage of GFP positive neurons was determined by investigating how many of the
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NeuN positive cells also were GFP positive. Figure 6e shows that around 80% of the
neurons in CAl1 were GFP positive (M = 85.3%, SD = 6.2). We expected most of the
knockout to occur in this area due to the CamKIla promotor primarily expressing Cre in
CA1 of the HPC. We also observed that over 60% of the neurons in DG were GFP positive
(M = 66.3%, SD = 10.7), suggesting substantial knockout in this area of the HPC as well.
Figure 6e also shows that around 40-50% of the neurons in CA3 also expressed GFP (M =
45.5%, SD = 7.8). In summary, these results indicate that GFP expression is strongest in
CA1l, followed by DG and CA3. This suggest that Cre expression and Tdg knockout occurs
in the HPC region, mostly in the CAl. This was as expected due to the expression pattern
of the CamKIIa promotor.
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Figure 6. Hippocampal GFP expression in CamKIIa-Tdg/- mice brain tissue. a) Axioscan
from Zeiss. The images show Cre-Induced GFP expression in a CamKIIa-Tdg”- mouse (Tdg-KO),
which is indicated by green fluorescence. Strong GFP expression is observed in HPC regions (1,
2, 3). b) The images show Cre-induced GFP expression and NeuN expression (red fluorescence)
in CA3 in a 3-month-old CamKIIa-Tdg”- mouse (confocal). c) The images show Cre-induced GFP
expression and NeuN expression (red fluorescence) in DG in a CamKIIa-Tdg”- mouse (confocal).
d) The images show Cre-induced GFP expression and NeuN expression (red fluorescence) in CA1
in a CamKIIa-Tdg”- mouse (confocal). e) The graph shows the calculated ratio of GFP positive
cells in CA1, CA3, and DG of n = 6 CamKIIa-Tdg”/- mice. Coloured dots represent individual
animals. Images were processed in Zen software (Zeiss). The graph was created in GraphPad
Prism.

3.3 Assessing anxiety of CamKIIa-Tdg /- mice

An open field test was used to assess anxiety levels in CamKIla-Tdg”- mice. High levels of
stress and anxiety can impact performance in other behavioural tests, as mice with high
levels of anxiety might be more averse to explore the environment (107). A total number
of 45 mice were subjected to testing. Animals that did not complete the test, and animals
contaminated with Wt-Tdg were excluded from the test. 22 3-4-month-old male LoxP-
miniTdg mice (control), 15 3-4-month-old male CamKIIa-Tdg”- mice (Tdg-KO), and 7
LoxP-miniTdg 18-19-month-old male mice. An overview of the groups can be seen in table
4. Normal distribution of included samples was investigated using a Shapiro-Wilk test.
Removal of any outliers identified by a ROUT (Q = 1%) test has been performed. All
dependent variables satisfy relevant statistical test assumptions. The mean (M) and
standard deviation (SD) is given for all tests. The significance level a was set to .05 for the
statistical tests.
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Table 4. Overview over animals used in behaviour studies

Group of
animals

CamKIla-Tdg-

/- mice male

Number of
animals

Genotype

Name
referred to in

figures

Source of
animals

Crossing LoxP-
miniTdg mice

ini +/+ - -
mice (3-4m) miniTdg*/*, Wt Tdg-KO with
Tdg”’- and
15 CamKIla-Cre*- Tg(CamKIIa-
am Cre)T29
LoxP-miniTdg Crossing LoxP-
(3-4m) . miniTdg mice
18 miniTdg*/* Wt-  Control with
_/_
(T:dg KIaI”dC . Tg(CamKIIa-
ameiia-tre Cre)T29
LoxP-miniTdg 4 miniTdg*/* Wt- 4-month-old Original LoxP-
(4m) Tdg~’/- and Tdg-mice miniTdg strain
CamKIIa-Cre”-
LoxP-miniTdg 7 miniTdg*/* Wt- 18-19-month- Original LoxP-
(18-19m) Tdg”’- and old Tdg-mice miniTdg strain

CamKIIa-Cre”-

The exploration activity and anxiety levels of the animals were measured by investigating
how long time they spent in the corners and centre. Animals spending more time in the
open exposed centre of the maze are associated with being less anxious and exhibiting an
increased exploratory behaviour, compared to mice spending more of their time in the
corners (108). Data concerning time (sec) spent in the different regions of the maze was
collected.

The CamKIIa-Tdg”- mice (Tdg-KO) group (n = 15) spent less time in the centre (mean
difference in time M = 141 sec, SD = 56) than in the corners (M = 197 sec, SD = 49). But
the difference was not significant, paired t-test, , t(14) = 2.10, p = .054 (Figure 7). The
LoxP-miniTdg (control) group (n = 18) spent significantly more time in the corners (M =
194 sec, SD = 37) than in the centre (M = 136 sec, SD = 43.8), paired t-test t(17) = 3.14,
p = .006. An independent samples t-test showed that there was no significant difference
between the control and Tdg-KO groups in time (sec) spent in the corners, t(31) = .18, p
= .860. The same was true for the amount of time (sec) spent in centre for both genotypes,
t(31) = .26., p = .793. To summarise, though both Tdg-KO and control group spent less
time in the centre, the results indicate there was no significant difference in anxiety levels
between the groups.

In addition, the aged LoxP-miniTdg mice (18-19-monts old, n = 7), spent less time in the
corner zones (M = 148 sec, SD = 35.9) than in the centre (M = 184 sec, SD = 42.2).
However, the difference was not significant £(6) = 1.40, p = .212. In contrast, the young
4-month-old Tdg-mice (n = 4) spent similar time in the corners (M = 170 sec, SD = 24.7)
as in the centre (M = 175 sec, SD = 28.8), paired t-test significant £(3) = .21, p = .849.
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An independent samples t-test showed that there was no significant difference between
the young and aged groups in time (sec) spent in the corners, £(9) = .025, p = .332, and
in the centre, £(9) = .57, p = .583. In summary, neither young nor aged Tdg-KO mice
showed elevated forms of anxiety.

Time spent in corner and centre

400+
* %

300+

200+

time (sec)

100~

0 | 1 | | | | | 1
Corner Centre Corner Centre Corner Centre Corner Centre

Tdg-KO Control 18-19m 4m
Tdg Tdg

Figure 7. Boxplot visualising time spent in the corner and centre of the OF test maze for
CamKIIa-Tdg/- (Tdg-KO), Control, 18-19-month-old and 4-month-old Tdg-mice. Coloured
dots represent individual animals. The graph shows performance for all animals: CamKIla-Tdg”- (n
= 15), Control (n = 18), 18-19-month-old Tdg (n = 7), and 4-month-old Tdg mice (n = 4). ** =p
< .01, paired t-test. Graph was created in GraphPad Prism.

3.4 Assessing long-term and short-term memory of

CamKIIa-Tdg /- mice by behavioural studies

DNA methylation is a key regulator of transcriptional regulation, and regulation of
methylation patterns in the hippocampus is considered as an important component for the
formation and storage of memory (35,55). Behavioural tests were used to determine if
hippocampal Tdg depletion had any impact on spatial memory. Our group has established
behavioural tasks, the novel object location (NOL) task and the Y-maze, to assess short-
term and long-term memory components (88,93). Both tests exploit mice’s inherent
preference for a novel environment to assess spatial memory. A total humber of 45 mice
were subjected to testing. 22 3-4-month-old male LoxP-miniTdg mice (control), 15 3-4-
month-old male CamKIIla-Tdg”- mice (Tdg-KO), and 7 LoxP-miniTdg 18-19-month-old
male mice. An overview of the groups can be seen in table 4. Tdg-KO and control animals
were tested for long- and short-term spatial reference memory. For long term spatial
memory, two different protocols were used: the already established behaviour protocol in
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our lab, and an optimised protocol (described in methods section). Additionally, young
(4m) and aged (18-19m) animals were tested for long term spatial memory using the
optimised protocol, to ascertain that old age affects spatial memory, and to get familiarised
using the new protocol. Animals that did not complete the test (e.g., not exploring any
objects before 10 min passed in NOL, or animals climbing out of the maze etc.), and
animals discovered to be Wt-Tdg positive, were excluded from the test. Normal distribution
of included samples was investigated using a Shapiro-Wilk test. Removal of any outliers
identified by a ROUT (Q = 1%) test has been performed. All dependent variables satisfy
relevant statistical test assumptions. The mean (M) and standard deviation (SD) is given
for all tests. The significance level a was set to .05 for the statistical tests.

3.4.1 Novel Object Location test

To assess spatial reference memory, the NOL task was performed. The preference for a
spatial location, whether novel or familiar, was investigated by measuring the time the
animals spent exploring the object locations. For the long-term memory (LTM) condition
(24h inter-trial interval), we expect that mice with normal spatial long-term memory would
spend relatively more time in the novel object zone than mice with impaired long-term
spatial memory. Normal mice have an inherent curiosity and preference for novel location
(109). Animals with impairment in spatial reference memory will not be able to recognise
the novel object location, and therefore alternate as if both object locations were novel.
Animals with impaired working memory (STM) are expected to alternate when using the
short-term memory (STM) condition (5 min inter-trial interval). The time spent in each
location was also compared to a defined chance level (15 sec), as a measure of preference
for a novel environmental aspect. If the test fulfils the requirements of a spatial memory
test, we expect the control group to show a clear preference for NOL. 32 mice were tested
in the LTM condition, and 14 mice in the STM condition. The test was stopped after the
animals had spent a combined of 30 seconds exploring the objects, or after 10 minutes
had passed if the exploration activity was below 30 seconds, seen as a non-fulfilment of
the test. A one sample t-test was used to determine if the animals spent significantly more
time in NOL than chance level. An independent samples t-test was used to determine
significant difference between groups.

3.4.1.1 Long term memory

The control group (n = 11) spent significantly more time (sec), above chance level (15
sec), in NOL (M = 19.7 sec, SD = 4.2) one sample t-test t(10) = 3.65, p = .004 (figure
8a), suggesting that the control mice have normal long-term spatial memory as expected.
The Tdg-KO group (n = 8) spent less time in NOL compared to the control group, but still
show weak significance above the 15-sec chance level (M = 17.4 sec, SD = 2.1), one
sample t-test £(7) = 3.28, p = .013 (figure 8a). So far, no statistical significant difference
was detected between the control and Tdg-KO groups (independent samples t-test, £(17)
= 1.35, p = .194), which may be due to the small sample size. In summary, these results
suggest that the CamKIIa-Tdg”- mice may exhibit impaired long-term spatial memory in
the NOL task, but more animals need to be included in the test to show the statistical
difference.

3.4.1.2 Short term memory

The control group (n = 7) spent more time (sec) in NOL than in familiar location (M =
16.84, SD = 4.59), though unexpectedly, this preference was not significantly above the
15-sec chance level (15 sec), one sample t-test £(6) = 1.06, p = 329 (figure 8b), which
may be due to the small sample size. Likewise, the Tdg-KO group (n = 7) spent more time
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in NOL, though not significantly above chance level (M = 16.3, SD = 5.7), one sample t-
test t(6) = .60, p = .572 (figure 8b). Further, no statistical significant difference was
detected between the control and Tdg groups (independent samples t-test, £(12) = .20, p
= .844. In summary, these results suggest that the CamKIIa-Tdg”- mice may exhibit
impaired short-term memory in the NOL task, but more animals need to be included in the
test to show the statistical difference.

3.4.1.3 Long term memory in aged animals

Knowing that older animals show spatial memory impairment (110), we used aged and
young LoxP-miniTdg mice to assess our newly optimised protocol. The young LoxP-miniTdg
mice (4-moths old, n = 4) spent more time, above chance level (15 sec) in NOL (M = 21.9,
SD = 1.6), one sample t-test £(3) = 8.38, p = .004 (figure 8c), suggesting that the young
animals have normal long-term spatial memory as expected. The aged LoxP-miniTdg mice
(18-19-monts olds, n = 7) spent marginally less time in NOL compared to the young mice,
but still show strong significance above the 15 sec chance level (M = 21 sec, SD = 1.5),
one sample t-test £(6) = 10.34, p < .0001 (figure 8c). No statistical significance was
detected between the young and aged LoxP-miniTdg group (independent samples t-test,
t(9) = .83, p = .426. In summary, the results suggest that the aged LoxP-miniTdg mice
do not exhibit impaired long-term spatial memory, but more animals need to be included
in the test to show the statistical difference.
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3.4.2 Y-maze test

The Y-maze test was performed to further investigate behaviour indicating potential
performance differences in spatial memory of the groups The test is used to assess spatial
reference memory by determining if animals have a preference to a novel environment, or
just alternate randomly between a novel and familiar environment. An animal with normal
spatial reference memory was expected to spend more time in the novel location than in
the familiar. The percentage of entries to, and the percentage of time spent in the novel
environment was compared to a defined chance level (50%), as a measure of preference
for a novel environment. If the test fulfils the requirements of a spatial memory test, we
expect the control group to show a clear preference for the novel arm. In addition, the
total amount of entries to, and total amount of time spent in the three different Y-maze
arms was investigated. 14 mice were tested in the long-term condition (24h inter-trial
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interval) using the old protocol, 17 mice were tested in the long-term condition using the
optimized protocol, and 11 mice were tested in the short-term condition using the
optimised protocol (5 min inter-trial interval). As a reminder, the optimised protocol
included identical objects in the novel and familiar right arm and a decreased amount of
habituation periods in the test.

3.4.2.1 Total number of entries to each of the arms in the Y-maze

Observations of total number of entries to each of the arms were performed to determine
the exploration interest of the mice before and after protocol optimisation. We wanted to
investigate if the previously described measures we had implemented increased the
animals interest to explore more in the novel and familiar right arm, as these are the
variables used when determining novelty preference using the Y-maze protocol in our lab.
This is because when the animals are released in the familiar release arm, they get the
option to choose between the novel and familiar right arm.

Long term condition (old protocol)

The LoxP-miniTdg (control) group (n =7) had significant differences in entries to
the Y-maze arms, one-way ANOVA F(2, 18) = 7.89, p = .004. A post hoc Tukey
test was performed to examine pairwise differences among the familiar right (M =
8.4, SD = 1.8), familiar release (M = 14.5, SD = 3.5), and novel arm (M = 17.1,
SD = 6.1) Results revealed that the control group had less entries to the familiar
right arm than to both the novel, p = .003, and familiar release arm, p = .035, but
the difference in entries to the novel arm and familiar release arm was not
significant, p = .503 (figure 9a). The CamKlla-Tdg” (Tdg-KO) group (n = 7) had
significant differences in entries to the Y-maze arms, one-way ANOVA F(2, 18) =
5.24, p = .016. A post hoc Tukey test was performed to examine pairwise
differences among the familiar release (M = 14, SD = 4.5), the novel (M = 15, SD
= 4.3) and the familiar right arm (M = 8.3, SD = 3.7) (figure 9a). The results
revealed that the Tdg-KO mice had a significantly lower number of entries to the
familiar right arm than to the novel, p = .020, and familiar release arm, p = .050,
while the difference in entries to the novel arm and familiar release arm was not
significant, p = .896. In summary, the results suggest that both control and Tdg-
KO groups are less interested in exploring the familiar right arm before protocol
optimisation, though more animals need to be added to increase the statistical
power.

Long term condition (new protocol)

The control group (n = 4) had fewer entries to the familiar release arm (M = 9.5,
SD =2.8) than to the novel (M = 13.7, SD = 3.6) and familiar right (M = 11.7, SD
= 4.2), though no differences in entries were statistically significant, one-way
ANOVA F(2,9) = 1,35, p = .307 (figure 9b). The Tdg-KO group (n = 2) had fewer
entries to the release arm (M = 10.5, SD = 0.7) than to the novel (M = 18.5, SD =
7.7) and familiar right arm (M = 14, SD = 4.2), but no differences in entries were
statistically significant, one-way ANOVA, F(2, 9) = 1,35, p = .307 (figure 9b). In
summary, the results suggest that both control and Tdg-KO groups are less
interested in exploring the familiar release arm after protocol optimisation, but we
need more animals to show statistical difference.
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Short term condition (new protocol)

The control group (n = 4) had fewer entries to the familiar right arm compared to
the others, but had no significant difference in entries between the novel (M = 11.2,
SD = 6.0), familiar right (M = 4.2, SD = 2.7) and familiar release arm (M = 10.0,
SD = 7.0), one-way ANOVA, F(2, 9) = 1.74, p = .229 (figure 9c), which may be
due to the small sample size. The Tdg-KO mice (n = 7) had significant differences
in entries to the Y-maze arms, one-way ANOVA F(2, 18) = 8.02, p = .003. A post
hoc Tukey test was performed to examine pairwise differences between the familiar
release (M = 23, SD =14.9), the novel (M = 9.5, SD = 3) and the familiar right arm
(M = 4.8, SD = 1.2) (figure 9¢). Results revealed that the Tdg-KO mice had a
significantly higher number of entries to the familiar release arm than to the novel,
p = .026, and familiar right arm, p = .003. The difference in entries to the novel
arm and the familiar release arm was not significant, p = .507. In summary, the
results suggest the Tdg-KO group was surprisingly interested in exploring the
familiar release arm, and the control animals were less interested in exploring the
familiar right arm after protocol optimisation indicating that the optimisation did not
work, though more animals are needed to show statistical difference.

Long term condition testing young and aged mice (new protocol)

The young (4-moth-old) LoxP-miniTdg group (n = 4) had fewer entries to the
familiar right arm compared to the others, but had no significant difference in
entries between the novel (M = 14.5, SD = 5.6), familiar right (M = 10.7, SD =
3.4) and the familiar release arm (M = 14.7, SD = 3.6), one way ANOVA F(2, 9) =
1.05, p = .390 (figure 9d). The aged (18-19-moth-old) LoxP-miniTdg group (n =
7) had no significant difference in entries to the novel (M = 10.5, SD = 3.8), familiar
right (M = 10.5, SD = 4.3), and familiar release arm (M = 10.4, SD = 2.9), one-
way ANOVA F(2, 18) = .003, p = .997 (figure 9a). In summary, the results suggest
that the young mice were less interested in exploring the familiar right arm, while
the aged were equally interested in exploring each arm when using the optimised
protocol. However, more animals are needed to show statistical difference.
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Figure 9. Total number of entries to novel left, familiar right, and familiar release arm in
the Y-maze test. Individual mice are represented by coloured dots. Statistically significant difference
between groups is determined by one-way ANOVA and post-hoc Tukey’s HSD test. a) The graph
shows number of entries to the Y-maze arms by CamKIIa-Tdg”/- (Tdg-KO) (n = 7) and control mice
(n = 7) when testing long term spatial memory using the old established protocol. b) The graph
shows number of entries to the Y-maze arms by CamKIla-Tdg”/- (Tdg-KO) (n = 2) and control mice
(n = 4) when testing long term spatial memory using the optimised protocol. c) The graph shows
number of entries to the Y-maze arms by CamKIla-Tdg”/- (Tdg-KO) (n = 7) and control mice (n = 4)
when testing short term spatial memory using the optimised protocol. d) The graph shows number
of entries to the Y-maze arms by 18-19-month-old (n = 7) and 4-month-old (n = 4) Tdg mice when
testing long term spatial memory using the optimised protocol. * = p < .05, ** = p < 0.01. The
graphs were created in GraphPad Prism.

3.4.2.2 Total amount of time spent in the three Y-maze arms

Observations of total the total amount of time (sec) spent in each of the arms were
performed to determine the exploration interest of the mice before and after protocol
optimisation. We wanted to investigate if the previously described measured we had
implemented increased the animals’ interest to explore more in the novel and familiar right
arm, as these are the variables used when determining novelty preference using the Y-
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maze protocol in our lab. This is because when the animals are released in the familiar
release arm, they get the option to choose between the novel and familiar right arm.

Long term conditions (old protocol)

The control group (n = 7) had significant differences in time (sec) spent in Y-maze
arms, one-way ANOVA F(2, 18) = 15.57, p = .0001. A post hoc Tukey test was
performed to examine pairwise differences among the familiar release (M = 36.1
seconds, SD = 9.2), the novel (M = 92 seconds, SD = 9.2), and the familiar right
arm (M = 80.3 seconds, SD = 29.1). The results revealed that the control group
spent less time in familiar release arm than in both the novel, p = .0001, and
familiar right arm, p = .002 (figure 10a). The difference in time spent in the novel
and familiar right arm was non-significant, p = .524. The Tdg-KO group (n = 7) had
significant differences in time (sec) spent in Y-maze arms, one-way ANOVA F(2, 18)
= 9.16, p = 0.002. A post hoc Tukey test was performed to examine pairwise
differences among the familiar release (M = 41.3 sec, SD = 17.4), novel (M = 90.5
sec, SD = 21.4) and familiar right arm (M = 68.2 sec, SD = 25.2). The results
revealed that the Tdg-KO group spent significantly more time in the novel arm than
in the familiar release arm, p = .002. The difference in time spent in the novel and
familiar right arm was non-significant, p = .159, as well for the difference between
the familiar right and familiar release arm, p = .076 (figure 10a). In summary, the
results suggest that both the control and Tdg-KO groups were less interested in
exploring the familiar release arm when using the old protocol, but the addition of
more animals are needed to increase the statistical power.

Long term conditions (new protocol)

The control group (n = 4) spent less time (sec) in the familiar release arm (M =
46.6 sec, SD = 15.5) than in novel (M = 74 sec, SD = 12.5) and familiar right arm
(M = 78.2 sec, SD = 28.4), but no differences in amount of time were statistically
significant, one-way ANOVA F(2, 9) = 2.92, p = .105 (figure 10b). The Tdg-KO
group (n = 2) had significant differences in time in the Y-maze arms, one-way
ANOVA F(2, 3) = 29.15, p = .011. A post hoc Tukey test was performed to examine
pairwise differences among the familiar release (M = 38.6 sec, SD = 0.5)., the (M
= 88.6 sec, SD = 0.3) and the familiar right arm (M = 101.9 sec, SD = 15). The
results revealed that the Tdg-KO group spent less time in the familiar release arm
than the novel, p = .022, and familiar right arm, p = .011 (figure 10b). The
difference in time spent in the novel arm compared to the familiar right arm was
non-significant, p = .401. In summary, the results suggest that both the control
and Tdg-KO group were less interested in exploring the familiar release arm, but
more animals need to be included in the test to show the statistical difference.

Short term conditions (new protocol)

The control group (n = 4) spent less time in the familiar right arm (M = 30.4 sec,
SD = 16.2) than in the novel (M = 77.8 sec, SD = 22.1) and familiar release arm
(M = 95.7 sec, SD = 83.5), but no differences in amount of time were statistically
significant, one-way ANOVA F(2, 9) = 1,76, p = .226 (figure 10c). The Tdg-KO
group (n = 7) had significant differences in time (sec) spent in Y-maze arms, one-
way ANOVA F(2, 18) = 7.35, p = .016 (figure 10c). A post hoc Tukey test was
performed to examine pairwise differences among the novel ((M = 100.7 sec, SD
= 35.4), familiar right (M = 49.5 sec, SD = 17.5), and familiar release arm (M =
55.2 sec, SD = 26.4). The results revealed that the Tdg-KO group spent more time
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in the novel arm compared to the familiar right, p = .007, and familiar release arm
(p = .016). The difference in time spent in the novel arm compared to the familiar
right arm was not significant, p = .921. In summary, results suggest that the control
group was less interested in exploring the familiar right arm, while the Tdg-KO
group was more interested in exploring the novel arm, but more animals need to
be included in the test to show the statistical difference.

Long term condition testing young and aged mice (new protocol)

The young LoxP-miniTdg group (n = 4) had significant differences in time (sec)
spent in Y-maze arms, one-way ANOVA F(2, 9) = 9.52, p = .006. A post hoc Tukey
test was performed to examine pairwise differences among the familiar release (M
= 27.8 sec, SD = 11.2), novel (M = 102.8 sec, SD = 25.3) and the familiar right
arm (M = 83.8 sec, SD = 33.8). The results revealed that the young group spent
significantly less time in the familiar release than in both the novel, p = .006, and
familiar right arm, p = .029 (figure 10d). The difference in time spent in the novel
and familiar right arm was not significant, p = .560. The aged LoxP-miniTdg group
(n = 7) had significant differences in time (sec) spent in Y-maze arms, one-way
ANOVA F(2, 15) = 35.67, p < .0001. A post hoc Tukey test was performed to
examine pairwise differences among the familiar release (M = 40.8 sec, SD = 9.4),
novel (M = 85.2 sec, SD = 18) and the familiar right arm (M = 100.1 seconds, SD
= 8). The results revealed that the aged mice spent less time in the familiar release
arm than both the novel, p < .0001, and familiar right arm, p < .0001. The
difference in time spent in the novel and familiar right arm was non-significant, p
= .137 (figure 10d). In summary, results suggest that both young and aged LoxP-
miniTdg groups are less interested in exploring the familiar right arm. However,
more animals need to be included in the test to improve the statistical power.
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Figure 10. Total amount of time spent in novel left, familiar right, and familiar release arm
in the Y-maze test. Individual mice are represented by coloured dots. Statistically significant
difference between groups is determined by one-way ANOVA and post-hoc Tukey’s HSD test. a) The
graph shows time spent in the Y-maze arms by CamKIIa-Tdg”/- (Tdg-KQ) (n = 7) and control mice (n
= 7) when testing long term spatial memory using the old established protocol. b) The graph shows
time spent in the Y-maze arms by CamKIla-Tdg”- (Tdg-KO) (n = 2) and control mice (n = 4) when
testing long term spatial memory using the optimised protocol. c) The graph shows time spent in the
Y-maze arms by CamKIla-Tdg”/- (Tdg-KO) (n = 7) and control mice (n = 4) when testing short term
spatial memory using the optimised protocol. d) The graph shows time spent in the Y-maze arms by
18-19-month-old (n = 7) and 4-month-old Tdg mice (n = 4) when testing long term spatial memory
using the optimised protocol. * = p < .05, ** = p < .01, *** = p < .001, **** = p < 0.0001. The
graphs were created in GraphPad Prism.
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3.4.2.3 Determining preference for novel location by looking at percentage of
entries

CamKIIa-Tdg”- animals were subjected to the Y-maze test to determine if TDG depletion

in HPC led to impairment of spatial memory. As previously mentioned, mice with normal

spatial memory show novelty preference. To determine preference for novel location,

percentage of entries to novel arm compared to the familiar right arm was calculated:

% of entries = entries (novel) % 100
00 entries = o tries (novel) + entries (familiar right)

Long term memory (old protocol)

The control group (n = 7) had more entries (% entries), above chance level (50%)
in the novel location (M = 66%, SD = 7), one sample t-test t(6) = 5.97, p = .001
(figure 11a), suggesting that the control mice have normal long-term spatial
memory as expected. The Tdg-KO group (n = 7) spent more time in the novel
location compared to the control group, and showed significance above the 50%
chance level (M =67.1%, SD = 7.8), one sample t-test £(6) = 5.80, p = .001 (figure
11a). Thus far, no statistically significant difference was detected between the
control and Tdg-KO group (independent samples t-test, t(12) = .288, p = .779),
which may be due to the small sample size. In summary, results suggest that the
Tdg-KO mice do not exhibit impaired long-term spatial memory, but more animals
need to be included in the test to show the statistical difference.

Long term memory (new protocol)

The control group (n = 4) had more entries (% entries) to the novel location, (M =
54.2%, SD = 5.26), but the preference was not significantly above chance level
(50%), one sample t-test £(3) = 1.60, p = .207 (figure 11b), suggesting that the
control mice have normal long-term spatial memory. More animals need to be
included in the test to show the statistical preference above chance level. The Tdg-
KO group (n = 2) had more entries to the novel location compared to the control
(M = 56.4%, SD = 3.1), but did not show a significant preference above the 50%
chance level, one sample t-test t(1) = 2.91, p = .211 (figure 11b). So far, no
statistically significant difference was detected between the control and Tdg-KO
group (independent samples t-test, t(4) = .512, p = .635), which may be due to
the small sample size. In summary, results suggest that the Tdg-KO mice do not
exhibit impaired long-term spatial memory, but more animals need to be included
in the test to show statistical power.

Short term memory (new protocol)

The control group (n = 4) had more entries, significantly above chance level (50%),
in the novel arm (M = 74.18, SD = 10.67), one sample t-test t(3) = 4.53, p = .020
(figure 11c), suggesting that the control mice have normal short-term spatial
memory as expected. The Tdg-KO group (n = 7) had less entries (%) to the novel
location, but still show strong significance above the 50% chance level (M = 65.5%,
SD = 6.4), one sample t-test £(6) = 6.43, p < .001 (figure 11c). So far, no statistical
difference was detected between the control and Tdg-KO groups (independent
samples t-test, £(9) = 1.714, p = .121), though this could be caused by the low
sample sizes. In summary, results suggest that Tdg-KO may exhibit impaired short-
term spatial memory, though inclusion of more animals are needed to show
statistical difference.
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Long term memory in young and aged mice (new protocol)

The young (4-month-old) LoxP-miniTdg group (n = 4) had more entries, above
chance level (50%) to the novel location (M = 56.9%, SD =3.4), one sample t-test
t(3) = 4.09, p = .026 (figure 11d), suggesting that the young mice have normal
long-term spatial memory as expected. The aged group (18-19-months old, n = 7),
had less (%) entries to the novel location compared to the young animals, and did
not show significance above the 50% chance level (M = 50.4%, SD = 18.4), one
sample t-test £(6) = .126, p = .904 (figure 11d). No statistical significant difference
was detected between the young and aged LoxP-miniTdg groups (independent
samples t-test, t(9) = 1.368, p = .205), which may be due to the small sample size.
In summary, these results suggest that aged mice may exhibit impaired long-term
spatial memory, but the addition of more animals is needed to show statistical
difference.
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Figure 11. Percentage of entries to the novel spatial location in a Y-maze test for CamKIIa-
Tdg/- (Tdg-KO), control, 18-19-month-old Tdg and 4-month-old Tdg mice. Coloured dots
represent individual animals. The dashed lines represent the chance level of 50%. a) The graph
shows percentage of entries to the Y-maze arms by CamKlIla-Tdg”- (Tdg-KO) (n = 7) and control
mice (n = 7) when testing long term spatial memory using the old established protocol. b) The graph
shows percentage of entries to the Y-maze arms by CamKlIla-Tdg”- (Tdg-KO) (n = 2) and control
mice (n = 4) when testing long term spatial memory using the optimised protocol. c) The graph
shows percentage of entries to the Y-maze arms by CamKIla-Tdg”/- (Tdg-KO) (n = 7) and control
mice (n = 4) when testing short term spatial memory using the optimised protocol. d) The graph
shows percentage of entries to the Y-maze arms by 18-19-month-old (n = 7) and 4-month-old Tdg
mice (n = 4) when testing long term spatial memory using the optimised protocol. * = p < .05, **
=p < .01, *** = p < .001 The graphs were created in GraphPad Prism.
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3.4.2.4 Determining preference for novel location by looking at percentage of
time

CamKIIa-Tdg”- animals were subjected to the Y-maze test to determine if TDG depletion

in HPC led to impairment of spatial memory. As previously mentioned, mice with normal

spatial memory show novelty preference. To determine preference for novel location,

percentage of time spent in novel arm compared to the familiar right arm was calculated:

e of time — time (novel) % 100
o of time = time (novel) + time (familiar right)

Long term memory (old protocol)

The control group (n = 7) spent more time (% sec) in the novel location (M =
54.2%, SD = 5.2), though the preference was not above the chance level (50%),
one sample t-test t(6) = .935, p = .386 (figure 12a), suggesting that the control
group have normal spatial memory as expected. More animals need to be included
in the test to show the statistical preference above chance level. The Tdg-KO group
(n = 7) spent more time in novel location compared to the control, but also did not
show significance above the 50% chance level (M =57.5%, SD = 13.4), one sample
t-test £(6) = 1.48, p = .189 (figure 11d). So far, no statistical difference was
detected between the control and Tdg-KO group (independent samples t-test, £(12)
= .476, p = .643), which may be due to the small sample size. In summary, the
results suggest that the Tdg-KO mice do not exibit impaired long-term spatial
memory, though addition of more animals are needed to show statistical difference.

Long term memory (new protocol)

The control group (n = 4) spent around the same percentage of time (sec) as chance
level (50%) in the novel location (M = 49.9%, SD = 8.56), thus the preference was
not above chance level, one sample t-test, t(3) = .03, p = .979 (figure 12b),
suggesting that the control group does not have normal spatial memory, which is
unexpected. The Tdg-KO group (n = 2) spent less time in the novel location
compared to control, and did not show significance above the 50% chance level (M
= 46.7%, SD = 3.81), one sample t-test £(3) = .03, p = .979 (figure 12b). No
statistical difference was detected between the control and Tdg-KO group
(independent samples t-test, t(4) = .484, p = .654. In summary, the results
suggest that the Tdg-KO mice exhibits impaired long-term spatial memory
disregarding the small sample size. However, more animals are needed to show
statistical difference.

Short term memory (new protocol)

The control group (n = 4) spent more time (% sec) in the novel location (M =
68.4%, SD = 18.5), but the preference was not above the chance level (50%), one
sample t-test t(3) = 1.99, p = .140 (figure 12c), suggesting that the control group
have normal short-term spatial memory as expected. The Tdg-KO group (n = 7)
spent less time in the novel location compared to the control, but actually showed
significance above the 50% chance level (M = 66%, SD = 11.2), one sample t-test,
t(6) = 3.78, p = 009 (figure 12c). No statistical difference was detected between
the control and Tdg-KO group (independent samples t-test, t(9) = .266, p = .797),
which may be because of the small sample size. In summary, results suggest that
Tdg-KO mice do not exhibit impaired short-term spatial memory, but we need more
animals to show statistical difference.
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Long term memory in young and old mice (new protocol)

The young LoxP-miniTdg group (n = 4) spent more time (% sec) in the novel
location (M =55.5%, SD = 12.5), but the preference was not above chance level
(50%), one sample t-test £(3) = .880, p = .444 (figure 12d), suggesting that the
control group have normal long-term spatial memory as expected. The aged LoxP-
miniTdg group (n = 7) spent less time in the novel location compared to the control
group, and did not show significance above the 50% chance level (M = 50.3%, SD
=13.6), one sample t-test t(6) = .072, p = .945. No statistical difference was
detected between the aged and young group (independent samples t-test, £(9) =
.617, p = .552), which may be due to the small sample size. In summary, results
suggest that aged LoxP-miniTdg mice may exhibit impaired long-term spatial
memory, but we need more animals to show statistical difference.
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Figure 12. Percentage of time in the novel spatial location in a Y-maze test for CamKIIa-
Tdg/- (Tdg-KO), control, 18-19-month-old Tdg and 4-month-old Tdg mice. Coloured dots
represent individual animals. The dashed lines represent the chance level of 50%. a) The graph
shows percentage of time in the Y-maze arms by CamKIIa-Tdg”- (Tdg-KO) (n = 7) and control mice
(n = 7) when testing long term spatial memory using the old established protocol. b) The graph
shows percentage of time in the Y-maze arms by CamKIla-Tdg”- (Tdg-KO) (n = 2) and control mice
(n = 4) when testing long term spatial memory using the optimised protocol. c) The graph shows
percentage of time in the Y-maze arms by CamKIIa-Tdg”- (Tdg-KO) (n = 7) and control mice (n =
4) when testing short term spatial memory using the optimised protocol. d) The graph shows
percentage of entries to the Y-maze arms by 18-19-month-old (n = 7) and 4-month-old Tdg mice (n
= 4) when testing long term spatial memory using the optimised protocol. ** = p < .01. The graphs
were created in GraphPad Prism.
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4 Discussion
4.1 Wt-Tdg contamination in CamKIIa-Tdg /- offspring

To assess the role of TDG in spatial reference memory, the mouse model CamKIla-Tdg”"
was generated by breeding LoxP-miniTdg mice with the Tg(CamKIIla-Cre)T29 mouse strain
from the Jaxson lab. This meant that the Wt-Tdg gene would be in some offspring, which
is an undesirable gene as it cannot be excised by the cre-recombinase. Thus, carriers of
Wt-Tdg will still have the endogenous Tdg gene, and therefore, there will be no functional
difference in the knockout model, as the TDG protein would still be produced. Genotyping
was performed by doing PCR and gel-electrophoresis to eliminate offspring with Wt-Tdg
from further experiments. However, we started detecting Wt-Tdg bands in offspring of
parents who had been Wt-Tdg negative during previous genotyping testing.

4.1.1Critique og the methodology

When starting this project, a PCR and gel-electrophoresis protocol for testing for Wt-Tdg
allele (along with CamKIIa promoter, miniTdg allele and eGFP allele) had already been
established. A gradient PCR was run to find the optimal annealing temperature for each
primer pair. Therefore, we did not have reason to believe that the annealing temperature
was the cause of the decrease in sensitivity of the Wt-Tdg primers.

In our PCR protocol, crude lysate from ear clippings of mice has been used for genotyping.
The use of crude lysate for genotyping is quick and inexpensive, but it has its
disadvantages. There could be contaminants and inhibitors in the lysate that could interfere
with the results (111). If the lysate is too contaminated, the Wt-Tdg primers might not be
able to specifically pick up on the targeted gene sequence. This contamination problem
could be solved by implementing purification of the DNA before performing PCR.
Purification protocols, like organic extraction with phenol/chloroform, magnetic beads, or
silica column, are designed to remove contaminators and inhibitors (111). However, such
protocols can be expensive and difficult to implement on a workstation. Despite this, we
performed purification of DNA by the beads extraction method, and were able to
successfully detect PCR products for the Wt-Tdg allele. In the future, implementing a DNA
purification step in our genotyping protocol could be beneficial.

4.1.2 Potential consequences of wrongfully genotyped animals
After discovering that the Wt-Tdg genotyping test was not as sensitive as previously
assumed, we re-genotyped the already genotyped animals that were used in experiments.
Some animals that were previously confirmed to be negative for the endogenous Wt-Tdg
gene were later discovered to be Wt-Tdg positive. Consequently, this led to the
continuation of the endogenous Wt-Tdg gene to be passed on to later generations. In
addition, we had to confirm genotypes of animals that had been used in other experiments
(like behaviour, staining and cellular recordings), as a precaution to exclude them from
results. To increase the reliability of the results, we repeated the PCR and gel-
electrophoresis on purified DNA extract from experimental animals. Fortunately, only two
of the animals used in other experiments were determined to be Wt-Tdg positive. These
animals were removed from experiments.
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4.2 Assessing hippocampal Cre-induced GFP expression
in CamKIIa-Tdg /- mice

As previously mentioned, we used the conditional knockout mouse model CamKIla-Tdg”"
to determine the role of TDG in hippocampal-dependent memory formation. The CamKIla
promoter primarily expresses Cre in the pyramidal layer of CAl1 (96), which is why we
expect knockout to occur in this area. To investigate where Tdg knockout had occurred,
we performed immunohistochemistry (IHC) with GFP and NeuN antibodies of brain sections
from six 3-4-month-old CamKIla-Tdg”- mice who had gone through behaviour tests to
observe GFP expression. This was done to determine the proportion of neurons in the HPC
that had experienced Tdg knockout.

4.2.1 Main findings

Axioscan showed GFP expression in the HPC areas of CA1, CA3, and DG in CamKIIa-Tdg”/-
mice. By quantifying GFP and NeuN positive cells in IMARIS using confocal images, we
found that the proportion of Cre-induced GFP positive neurons was highest in CA1, with a
mean percentage of GFP positive cells at 85.3%. As we know the CamKIla promoter is
predominantly expressed in CA1l, these results are not surprising. The proportion of GFP
% neurons was at 66.3% in DG and 45.5% in CA3, indicating Tdg knockout in these areas
as well.

4.2.2 Critique of the methodology

Using a conditional knockout mouse model for TDG depletion has many benefits. Fist of
all, it allows for the knockout to be more controlled, as we are using a time and tissue
specific promotor for cre expression. As genes can have a variety of functions and roles
depending on the tissue they are expressed in, conditional knockout gives us an accurate
picture of gene function in a specific tissue. In addition, the problem of embryonic lethality
is solved, as the knockout does not occur until p20. Another method often used to perform
conditional knockout, is delivery of Cre via viral tools. This method is more expensive and
more invasive than creating a mouse model. The surgeries needed to introduce Cre are
time consuming, which is another downside. Therefore, the use of CamKlIla-Tdg”"
conditional knockout mouse model reaps many benefits.

The creation of CamKIIa-Tdg”" mice is also a time-consuming process, and many animals
are needed. However, when the strain is first generated, a lot of time is saved. Another
downside is the expression pattern of the CamKIIa promoter. As it is predominantly active
in CA1, other areas in the HPC regions, like DG and CA3, does not experience full Tdg
knockout. This is observed in our results, as the proportion of GFP positive cells in the DG
and Ca3 are less than 70%. Thus, there is not an even Tdg knockout in the HPC, which
could impact our behaviour results. Lastly, the specificity of the CamKIla promoter
controlling expression of Cre is essential for conditional Tdg knockout. Expression of Cre
can be leaky, which results in widespread recombination. This can lead to deletion of floxed
genes in the germline of Cre-mouse lines, which in turn may result in the knockout allele
hereditably remaining in offspring (112).

The antibodies used in the IHC experiments were GFP and NeuN. The reason we use GFP
antibodies is to visualise GFP expression in the tissues, as GFP expression is an indicator
of Tdg knockout. This is because Cre not only excises miniTdg, but also a stop codon before
an eGFP sequence. NeuN antibodies are used to detect NeuN, which is a marker for
postmitotic neurons (113). This combination of antibodies together enables observation of
neurons and GFP positive cells at the same time, which makes quantifying GFP positive

39



cells straightforward. However, as we are using GFP antibodies, we can only assume Tdg
knockout, not fully confirm it. Other methods would be required to do so. For example, we
could use TDG antibodies to observe Tdg expression in tissues.

4.3 Assessing anxiety of CamKIIa-Tdg/  mice

To assess spatial memory in CamKlIla-Tdg”- mice, the animals were subjected to
behavioural tests. One of these tests, open field test (OFT), is used to assess the anxiety
levels of mice. The reason for this is that high levels of stress and anxiety in mice can
impact the performance on the behaviour tests. Anxious mice may spend most of their
time in the corners of the maze and refuse to explore the environment, which will inevitably
impact their performance in other behavioural tasks. We wanted to investigate if the newly
generated mouse strain CamKlla-Tdg”- had elevated anxiety levels. In addition, we
investigated the anxiety levels of LoxP-miniTdg mice, as these were used in the control
group. The anxiety of young and aged LoxP-miniTdg mice were also investigated, as these
animals were used to review the optimised behaviour protocol.

4.3.1 Main Findings

Based on the results, the CamKIIa-Tdg”- mice did not exhibit any elevated form of anxiety
compared to the control group. The aged (18-19-month-old Tdg) and young (4-month-
old) LoxP-miniTdg mice did not exhibit elevated anxiety levels.

4.3.2 Critique of the methodology

The use of the OFT to assess anxiety-related behaviour in rodents has many benefits, and
the test is widely used and well characterised (108). Firstly, the test itself is easy to
conduct, as it does not require extensive training for the examiner, nor is it time-
consuming. Secondly, it does not expose the animals to any physical harm, and the test is
not associated with extensive stress. At the beginning of this project, the protocol involved
lifting the mice gently by the tail into the maze. Studies show that this type of handling
can be a major source of handling stress for mice. It can also lead to the mice having
aversion to the handler (114). After protocol optimisation, the use of red tunnels to
transport the animals from cages to the mazes was implemented. Studies have found that
the use of red tunnels to lift mice greatly reduces anxiety in mice, compared to the method
of lifting them by their tail (115). Even though there were no notable changes in OFT
performance after the tunnels were implemented, subjectively, the handler experienced
the mice to be less averse to their presence.

Even though there are many advantages to using the OFT, there are some disadvantages
as well. The OFT we used primarily investigates time spent in corner zones and the centre
zone as a way of assessing anxiety. In addition, the ANY-Maze programme also records
distance travelled and velocity in the zones during the OFT, though this data was not used
to assess anxiety. There are other ways of assessing anxiety related behaviour, like
observation of quivering movements, gnawing on walls, or amount of animal excrement
(116), and these factors have not been considered when using the OFT. However, these
measurements are based on subjective observations. Theoretically, even though an animal
spent most of its time in the centre, it might have been frozen or shivering the whole time,
suggesting elevated anxiety and stress. Another disadvantage the OFT shares with most
other behavioural tests, is the possibility of external factors influencing the animals’
behaviour. Even though olfactory, auditory and visual ques were kept to a minimum in a
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controlled environment, there is a possibility that deviations in such stimuli influences the
animals’ behaviour (117), resulting in the behaviour being incorrectly interpreted.

4.3.3 Reliability and relevance of the results

So far, there have been no published studies investigating anxiety levels in mice with
hippocampal-dependent TDG depletion to our knowledge. However, anxiety in gene
knockout models have been studies. Therefore, our results can be somewhat compared to
any previously published behaviour studies.

We found that the CamKIla-Tdg”- mice spent a similar amount of time in the corner zones
compared to the centre zone, though this difference was not significant. Meanwhile, the
results showed that the LoxP-miniTdg mice used in the control group spent significantly
more time in the corners than in the centre. However, no significant difference were
detected between the groups. These results are somewhat surprising, as mice experiencing
knockout of genes involved in memory formation have been shown to exhibit increased
levels of anxiety by previous studies (118). There are several possible explanations for our
results. The high variance (SD) in the groups, even after outliers were removed, could be
a possible explanation why there were no significant difference between the groups. In
addition, the sample sizes of the groups are different, due to removal of outliers and
removal of Wt-Tdg positive mice from the test. Not only is the sample sizes different, the
sample sizes are also relatively small. This might explain the difference in statistical results.

Our results also showed that both aged (18-19-month-old) and young (4-month-old) LoxP-
miniTdg mice did not exhibit increased anxiety-related behaviour. However, the small
sample size in each group, especially for the young mice, lessens the reliability of these
results. In addition, there is a difference in the sample size between the aged and young
mice. A small sample size makes it difficult to determine if the outcome of these results is
a true finding or not. This is a recurring theme throughout our later behaviour results.

4.4 Assessing functional spatial memory in CamKIIa-
Tdg/- animals

Transcription of genes associated with memory formation is essential for long term synaptic
plasticity and long term memory formation (119). The epigenetic mechanisms of DNA
methylation and demethylation influence the transcription of these genes (120). This
suggests that regulation of these pathways and contributing factors actively involved in
the pathways are essential for memory formation. As TDG is a contributing enzyme in DNA
demethylation, we hypothesize that TDG plays a role in the formation of long-term
memory. Unlike short-term memory (working memory), long-term memory formation is
dependent upon transcription of genes whose products are needed for the formation of
memory (121). This process takes time, which is why we assume TDG depletion mostly
affects long-term memory as TDG is implicated in transcriptional regulation. Therefore, we
wanted to investigate whether hippocampal depletion of TDG affects long-term and short-
term memory, by subjecting CamKIla-Tdg”/ mice to behavioural tests. In addition,
optimisation of behavioural protocols was performed to improve the procedure.

4.4.1 Main Findings

The main aim of this study was to investigate if depletion of TDG in the HPC impacted long-
term spatial memory. In addition to subjecting CamKIla-Tdg”- mice to behavioural tasks
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testing long term spatial memory, we also tested short term memory. A group of LoxP-
miniTdg mice were used as a control group. Also, aged and young LoxP-miniTdg mice were
subjected to tests investigating long term memory, to assess our protocol. Results from
the different behaviour tests were contradictive. Therefore, it is not apparent whether
depletion of TDG in the HPC affects spatial memory. However, some behaviour results
indicated that long-term spatial memory was somewhat impaired in CamKIIa-Tdg”" mice,
compared to control.

In addition, we wanted to investigate whether optimisation of the behaviour protocol (Y-
maze) led to animals being inspired to explore the familiar right and novel arm instead of
the familiar release arm. Our results reveal some indications that the optimisation of the
behaviour protocols led to the mice being more interested in novel and familiar right arm
compared to the familiar release arm.

4.4.2 Choice of behaviour tests

The NOL test is commonly used to assess cognition and health of certain brain regions
involved in learning and memory (88). Mice inherently have a preference and curiosity to
novel objects or novel locations, which is something the NOL test exploits to assess spatial
memory. As we are testing if hippocampal-dependent memory is affected by Tdg knockout,
a test assessing spatial memory is ideal, as this memory function is heavily associated with
the HPC (83). Spatial cues are attached to the environment of the test, as a presence of
spatial cues is needed for the animals’ ability to orient themselves in an environment. In
these test conditions, the NOL test is a reasonable test to use when trying to answer our
research question. The Y-maze test can also be used to assess spatial memory, as in this
test, the animals are given a choice between a novel and familiar location. As previously
mentioned, rodents have an instinct to explore novelties compared to familiarities. By
attaching spatial cues, the animals can orient themselves in the environment.

4.4.3 Critique of the methodology

The use of the NOL test and Y-maze test to assess spatial memory has many benefits. One
strength is that both are already well established and well known. Another strength is that
neither test require extensive training for the experiment conductor, neither is the test
exceedingly time consuming. Food deprivation or external reinforcements are not needed
to perform these tests, nor negative reinforcement. In addition, the animals are not
subjected to pain or stressful situations that can cause them anxiety, like in the Morris
water maze or fear conditioning test.

Though there are many benefits using these behaviour tests, there are some weaknesses
as well. First, the tests rely on the mice having a willingness to explore the environment.
Anxiety-related behaviour, like freezing, can influence the willingness to explore. There
might be individual differences in exploration interest and activity levels, which can result
in a large variance within groups. We perform an OFT so that animals who are evidently
anxious are taken into consideration when analysing the behaviour test results. Another
weakness of this study is that the memories created in these tests are not as strong as
memories created when negative or positive reinforcements are used. Mice are not
penalised for not entering the correct location, compared to in fear conditioning tests,
where pain is introduced to the animal, creating a strong memory. This is because receiving
pain is is critical for the animals’ survival. Lastly, the presence of external cues, like
olfactory cues etc. might influence the behaviour of the mice. This was previously discussed
in the OFT critique of the methodology section.
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When using the Y-maze test, we initially investigate time and entries to the novel location,
calculated to a percentage of novel arm exploration based on the time and entries to the
novel familiar right arm. However, it is important to note that the release arm is also a
familiar location for the animals. As previously stated, we worried that the interest and
exploration activity of the mice were low. To combat this, we placed identical objects at
the end of the novel and right arm, as we hoped this would pique their interest and
exploration activity, as well as help them distinguish the release arm from the familiar right
and novel left arm. (122). The objects placed were thought to be short enough so that the
mice would not climb on them and jump out of the maze. However, this was proven to be
false, as four mice used the objects as a jumping board to escape the maze during the
test. This led to the removal of these mice from the tests, lowering the sample size of some
groups. We replaced the objects with other objects with a lower height, and thus far, no
mouse has jumped over the walls.

4.4.4 Reliability and relevance of the NOL test

In this study, I found that both CamKIIa-Tdg”- and LoxP-miniTdg mice preferred to explore
the novel object location above chance level when using the long-term conditions. We know
from previous studies that normal mice prefer to explore novelty objects/areas (123). The
fact that the control group behaved as expected, suggests that the behavioural paradigm
worked. The fact that the Tdg-KO group preferred the NOL above chance level, indicates
that they do not have impaired long-term spatial reference memory. However, they spent
slightly less time in NOL compared to the control (not significant, ns). These results do not
support our hypothesis, as we expected impaired long-term spatial memory in these
animals. There are some possible explanations to why we do not observe significant long-
term spatial memory impairments in the Tdg-KO mice. As previously mentioned, the
memories associated with NOL are not considered very strong. In comparison, a memory
associated with a critical/essential event related to the survival of the species, like
application of pain or contribution of treats, are more “easily remembered”. The fact that
there is a low sample size in each group, and that the sample sizes are different between
the Tdg-KO and control group, questions the reliability of the results as well. To strengthen
the study and increase statistical power, more animals are needed in each group.

When testing for short-term memory in NOL, our results showed that both CamKIIa-Tdg
/- and LoxP-miniTdg mice exhibited no significant preference for the novel location but
alternated between exploring the two objects 50/50. This is surprising, as we expect the
control group to have intact short-term memory and prefer NOL. In addition, we did expect
the Tdg-KO mice to show novelty preference, as the machinery responsible for long-term
and short-term memory are different, and we hypothesise that the working memory should
not be influenced. The fact that the control mice did not behave as expected, suggests that
the test did not work. This could be for example be caused by handling issues or other
external factors, like olfactory cues. The fact that there is a low sample size in each group,
and that the sample sizes are different between the Tdg-KO and control group, questions
the reliability of the results as well.

18-19-month-old (aged) and 4-month-old (young) LoxP-miniTdg were also subjected to
the NOL test. This was mainly to get familiarised with the use of red tunnels as a way of
transporting the mice from cages to the maze. Simultaneously, we investigated whether
there was any impairment in aged mice when it comes to long term memory, previous
studies have shown that aged mice exhibits a decline in spatial memory (110,124). Our
results showed that both aged and young mice preferred the NOL, suggesting no
impairment in long-term spatial memory in the aged mice. These results are not in
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accordance with previously published results. A possible explanation could be that ageing
and senescence are diverse processes and differ from individual to individual. In addition,
the fact that there is a low sample size in each group, and that the sample sizes are
different between the aged and young LoxP-miniTdg mice, also questions the reliability of
the results. More animals are needed for testing to improve the statistical power.

4.4.5 Reliability and relevance of the Y-maze test

4.4.5.1 Optimisation of the protocol

In this study, changes were made to the already established Y-maze protocol for
optimisation. The established protocol had six days of habituation to the Y-maze, followed
by test day on day 7. A narrower Y-maze was used when the framework and procedure of
the behaviour protocols were established, and the long habituation was needed as the
narrow spaces were stressful for the mice. Today, a wider Y-maze is used. Therefore, our
first optimisation point was to shorten the habituation days. In this way, the Y-maze test
was on day 4, the same day as for the NOL test. This did not increase the anxiety levels in
the mice. This also shortens the whole behaviour test process, from 10 days (3 days
handling habituation plus 7 days maze habituation plus test) to 7 days total. Thus, the
behaviour test process is more time efficient.

Another optimisation point was the addition of identical objects in the novel and familiar
right arm. This was done to increase the explorative behaviour and inspire the mice to
primarily tour the right and left maze arm. Our results showed that before optimisation,
both control and Tdg-KO mice had less entries to the familiar right arm than to the familiar
release arm, when testing for LTM. This is not ideal, as we compare entries to the novel
and familiar right arm, and not the familiar release arm. After protocol optimisation, our
results did not display any significant trends in entries to either of the three arms when
testing for LTM, though we did observe some tendency to enter the familiar release arm
less than the other arms. Unfortunately, the sample sizes in the groups were very low, due
to time limitations on the project, as well as the post-test exclusion of two mice in the Tdg-
KO group after Wt-Tdg confirmation. When testing for STM using the optimised protocol,
strangely, the Tdg-KO group had significantly more entries to the familiar release arm.
However, in this instance, it is worth to note the large variance within the group. The
standard deviation in familiar release arm is more than five times as large as the standard
deviation in novel and familiar right arm. This decreases the reliability of the results. Lastly,
we did not observe any preference to any of the Y-maze arm when investigate the number
of entries the aged and young LoxP-miniTdg mice had to each arm. In summary, it is
difficult to conclude anything from these results. There is not strong evidence suggesting
that there is increased exploratory behaviour to the novel and right arm mice after protocol
optimisation. The sample sizes in each of the groups are very low, and the sample sizes
differs between the groups. This decreases the reliability of the results. As previously
mentioned, a small sample size makes it difficult to determine if the outcome of these
results is a true finding or not. The addition of more animals is needed to confirm if the
optimisation of the protocol had any impact on the animals exploratory and distinction
between the familiar right and release arm.

Another parameter considered when looking at the exploration activity in Y-maze, is the
amount of time spent in each arm. The addition of identical objects was implemented in
hope that animals would have increased exploratory behaviour and spend more time in the
novel and familiar right arm, compared to familiar release arm. Our results showed that
before optimisation, both Tdg-KO and control groups seemed to already spend less time in
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the familiar release arm than in the other arms when testing for LTM. After protocol
optimisation, the same tendency was seen in both strains when testing for LTM. When
testing for STM using the optimised protocol, The Tdg-KO animals also spent less time in
the familiar release arm than the other two, although these results were not seen in the
control animals. We also observed that both the aged and young LoxP-miniTdg mice spent
less time in the familiar release arm compared to the other arms when testing for LTM
using the optimised protocol, and this difference was significant. Disregarding the small
sample size, most animals spent less time in the familiar release arm when testing for
STM and LTM and independently of group. However, these observations cannot be
contributed to the optimisation of the protocol, as mice already spent less time in the
familiar release arm before the changes were implemented. In addition, time might not be
a good indicator for novel preference. The total amount of time spent in the arms also
includes time spent grooming and relaxing, as well as active exploration. The reliability of
the results is also inadequate, due to the low sample size and difference in sample sizes.
This problem has already been discussed, as it is a recurring problem in these tests. In
addition, if mice decide to spend less time and/or have less entries to the familiar release
arm, this could be caused by another factor than exploration activity. As the animals are
released in the release arm, they could be associating this arm with a stressful and anxiety-
inducing experience and avoid the arm accordingly. In summary, we cannot say with
confidence that the addition of objects in novel and right arm increased the interest and
exploration activity to these arms when observing the time variable. Perhaps, rather than
placing objects in the novel and familiar right arm, the entries/time in the familiar release
arm may be taken into consideration when investigating novel preference when using the
Y-maze test.

4.4.5.2 Preferance to the novel location compared to chance level

In this study, I examined novelty preference in both CamKIla-Tdg”- and LoxP-miniTdg
mice as an indicator for spatial memory impairments. As previously mentioned, we know
that normal mice prefer to explore novelties (123) and mice with normal spatial memory
should have spatial novelty preference. In this study, the results from entries to the novel
arm and time spent in the novel arm were contradictory. When testing animals in the long-
term conditions using the established protocol, CamKIIa-Tdg”- and LoxP-miniTdg mice
preferred to explore the novel location above chance level when considering investigating
percentage of entries to the novel arm. However, when observing percentage of time spent
in the novel location, our results indicated that both the Tdg-KO and control group
randomly alternated between the arms. As the control animals did not behave as expected,
this indicates that the test did not work, and we cannot confidently ascertain whether the
Tdg-KO experience memory impairments or not. As previously stated, the sample sizes in
the groups tested in long-term conditions using the optimised protocol are considerably
small. Therefore, we are not able to determine any preference for the novel location,
notwithstanding the entries or time variables. The addition of more animals is needed to
be able to observe any statistically significant difference between control and tdg-KO
animals.

When observing the Y-maze results in the short-term condition using the optimised
protocol, the percentage of entries to novel location suggests that both control and Tdg-
KO have a novelty preference, and that this preference was statistically significant. The
results from the control animals are in accordance with literature, as normal mice have a
novelty preference. The Tdg-KO have less percentage entries to novel arm compared to
the control, but this difference was not significant. The fact that the Tdg-KO animals show
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novelty preference indicates that they have intact short-term memory. This is in
accordance with our hypothesis, as we only expected long-term spatial memory to be
affected. When observing the percentage of time spent in the novel arm, both groups show
preference to the novel location, though this preference is only significant in the Tdg-KO
group.

In this study, the results based on percentage of entries found that only young and not
aged LoxP-miniTdg mice showed a significant preference to the novel arm. The results
based on percentage of time in the novel arm suggest that neither young nor aged LoxP-
miniTdg mice have any preference to the novel arm. This is surprising, as the young group
should have intact long-term spatial memory. These results are probably not reliable, due
to the small sample size and the difference in sample size between the groups.

Most often, the observation of percentage of entries are used as a variable when
investigating Y-maze results (125,126). If only taking into consideration the results based
on entries, our findings indicate that CamKIIa-Tdg”- most often prefer the novel location
above chance level, though in some occasions show less preference than the control group.
However, the sample sizes of the groups are very small, and a large sample size must be
included to confirm these results.
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4.4.6 Conditional knockout model and behaviour results

As previously mentioned, our results showed that presumable Tdg knockout occurred in
85% of neurons in CA1l, 66% of neurons in DG, and 45% of neurons in CA3 in CamKIlIa-
Tdg”-. This suggests that most of the neurons in HPC experience knockout, though not all.
The fact that we have not detected 100% GFP expression in HPC could help explain why
we do not detect any statistically significant difference between Tdg-KO and control groups
in any of the behaviour tests investigating spatial memory impairment. Another possible
reason for not observing definite spatial memory impairments in Tdg-KO mice could be
that there is a form for compensation of the TDG function from other enzymes. However,
this is just speculation.
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5 Conclusion

In this study, I managed to determine the portion of neurons expressing GFP in the CA1l,
CA3 and DG of CamKIla-Tdg”- mice, thereby determining the portion of neurons with
presumable TDG depletion. My findings showed that a majority of the knockout occurred
in CA1, where over 80% of the neurons were GFP positive. Further, I subjected CamKIIa-
Tdg”- animals to behaviour tests to investigate whether TDG depletion in hippocampal
neurons anxiety and spatial memory. No increase in anxiety were detected in the CamKIIa-
Tdg”/- and LoxP-miniTdg animals. A portion of animals were tested in NOL and Y-maze
long-term conditions before I implemented changes to the behaviour protocol for
optimisation and investigated the effects. After optimisation, there was some indication
that animals were less interested in exploring the familiar release arm compared to novel
and familiar right arm based on total number of entries, though a larger sample size is
needed to conclude any findings. However, the addition of red tunnels and reduction of
maze habituation days were deemed to be successful. It is not clear whether hippocampal
TDG depletion affects long-term spatial memory, as several behaviour results were
contradictory, though some test results implied that CamKIIa-Tdg”- animals exhibited a
tendency to prefer novel location preference less than the LoxP-miniTdg animals. However,
a larger sample size is needed to conclude any findings and improve statistical power. In
addition, we observed some indications that the aged (18-19-month-old) LoxP-miniTdg
had impaired spatial memory compared to the young LoxP-miniTdg mice, though more
animals need to be included in the test to show statistical significance.
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6 Future Perspectives

To continue the investigation of TDGs role in hippocampal-dependent memory, additional
tests should be performed. Several studies would be interesting to implement:

1.

As GFP expression in CamKIIa-Tdg”- mice is not confined to the HPC region alone,
quantifying the portion of GFP positive cells in other regions where GFP expression
is observed, like subiculum and medial entorhinal cortex, could be performed. In
this way, we can determine if there is Cre expression and presumable Tdg knockout
in these regions as well.

Purification of DNA from animals intended for other experiments should be
performed before PCR and gel-electrophoresis in genotyping, as this was shown to
increase detectability of Wt-Tdg.

To determine if Tdg knockout in the CamKlla-Tdg”- mouse model has been
successful, we could use fluorescence-activated cell sorting (FACS) to cultivate GFP
positive cells from the hippocampal regions. This could be followed by the use of
western blot (WB) to detect TDG protein and RT-PCR to detect miniTdg mRNA to
estimate if TDG depletion has been successful.

A study by Schwarz et al. found that embryonic stem cells with TDG depletion had
accumulation of the 5fC and 5caC, which are recognised by TDG, but no
accumulation of 5hmC, which is not recognised by TDG (104). It would therefore
be interesting to use Mass Spectrometry (MS) to measure the levels of 5mC, 5hmC,
5fC and 5caC in the HPC.

To continue the investigation on the effects of protocol optimisation, more animals
could be included in the y-maze test. By doing so, statistical power would be
increased, and the results would be more reliable. Moreover, more CamKIIa-Tdg”/-
mice could be added in the NOL test as well to increase reliability of behaviour
results.

Other behavioural paradigm associated with stronger memory generation could be
included to better understand the role of TDG mediated DNA demethylation in
memory. Some examples of tests we could implement in our lab, are the fear
conditioning test, and radial arm maze. These tests share that they implement
(negative or positive) reinforcements which may expedite the speed of learning and
memory formation (127). The fear conditioning test involves assessment of the
ability of rodents to lean and remember a spatial location to an aversive stimulus.
Animals with impaired spatial memory will not associate the spatial location to the
fear inducing stimuli, and unlike normal mice, will not demonstrate a freezing
response (128). The radial arm maze test consists of a maze with eight arms, where
food can be placed at the end of each arm. Visual cues help guide the animals to
the location(s) with a reward. Spatial memory and working memory can be
assessed by measuring the amount of errors that animals make when exploring the
maze (129).
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Figure 13. Hippocampal GFP expression in LoxP-miniTdg mice brain tissue. The images show Cre-Induced GFP expression in a LoxP-miniTdg mouse
(control), which is indicated by green fluorescence. The images show Cre-induced GFP expression and NeuN expression (red fluorescence) in CA1 highlighted
with a purple square, CA3 highlighted with a blue square, and DG highlighted with a pink square. Images were processed in Zen software (Zeiss).
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