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Oxidative stress generating DNA damage has been shown to be a key characteristic in Alzheimer’s disease (AD).
However, how it affects the pathogenesis of AD is not yet fully understood. Neil3 is a DNA glycosylase initiating
repair of oxidative DNA base lesions and with a distinct expression pattern in proliferating cells. In brain, its
Hippocampus fUI.ICﬁOIll has been linked to hippocampal-dependent memory and. t.o inductior? of neurogenesis. after stroll<e an.d in
DNA glycosylase prion disease. Here, we generated a novel AD mouse model deficient for Neil3 to study the impact of impaired
Neil3 oxidative base lesion repair on the pathogenesis of AD. Our results demonstrate an age-dependent decrease in
amyloid-p (Ap) plaque deposition in female Neil3-deficient AD mice, whereas no significant difference was
observed in male mice. Furthermore, male but not female Neil3-deficient AD mice show reduced neural stem cell
proliferation in the adult hippocampus and impaired working memory compared to controls. These effects seem
to be independent of DNA repair as both sexes show increased level of oxidative base lesions in the hippocampus
upon loss of Neil3. Thus, our findings suggest an age- and sex-dependent role of Neil3 in the progression of AD by
altering cerebral AP accumulation and promoting adult hippocampal neurogenesis to maintain cognitive
function.

Oxidative stress

1. Introduction

Alzheimer’s disease (AD) is the most common cause of dementia
with a complex pathogenesis that is not yet fully understood. Micro-
scopically, it is characterized by extracellular amyloid plaques (Ap),
derived from amyloid precursor protein (APP), and intracellular
neurofibrillary tangles (NFTs). Interestingly, AD is affecting more
women than men, not only in prevalence, but also in severity [45]. Fe-
male patients exhibit a faster clinical decline than men [24,37]. Mouse
models of AD show a greater amyloid load in female mice [7]. Thus,
investigating sex differences is of importance to better understand AD
pathogenesis, as well as improve diagnostics and treatment options.

Progressive memory impairment is associated with degeneration of
the hippocampus, an area of the brain that is severely affected in AD [43,

44]. The dentate gyrus (DG) of the hippocampus is critical for learning
and memory functions and harbors neural stem cells with the capacity to
generate new neurons throughout life, a process termed neurogenesis.
While the majority of neural stem cells remain quiescent in the adult-
hood, some contribute to the formation of new neurons by giving rise to
transit-amplifying progenitor cells [29]. The decline of adult hippo-
campal neurogenesis found in patients with AD [43], might contribute
to the impaired memory and cognitive dysfunction in AD patients [25,
63].

Oxidative stress is an integral part early in AD pathogenesis and has
been shown to negatively affect adult neurogenesis [26,33,69]. Elevated
levels of oxidative DNA damage have been found in post-mortem brains
of AD patients, and in patients with mild cognitive impairment [40,53].
Oxidative stress causing DNA damage is a result of an imbalance
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between free radicals and antioxidative detoxification. Ap has been
proposed to stimulate production of reactive oxygen species (ROS) by
interacting directly with mitochondria, promoting oxidative stress and
leakage of ROS [5,20,41,60]. On the contrary, studies observed that
oxidative damage anticipated A accumulation and even triggered its
production [2,50].

Oxidative DNA damage is recognized by DNA glycosylases and
repaired through the base excision repair (BER) pathway. The Neil-
family glycosylases Neill, Neil2 and Neil3 express overlapping sub-
strate specificity, recognizing oxidized pyrimidines and purines [30].
Neil3 is expressed in specific cell cycle stages, peaking at S/G2 with a
preference of repairing base lesions in single-stranded DNA (ssDNA) [21,
46]. Increased levels of 50H-dC, a substrate of NEIL3, has been found in
the parietal and temporal lobe of AD patients [38,40,42,66]. In contrast
to the other Neil-family members, Neil3 shows a cell-specific expression
in proliferative cells of the testis, thymus and hematopoietic tissues, as
well as the neurogenic niches of the brain [22,39,55,57,64]. Its function
in the brain has been associated with learning and memory, anxiety-like
behavior, and neural regeneration after hypoxic-ischemic injury. Inter-
estingly, Jalland et al. found a protective function of Neil3 during prion
disease as a result of induced neurogenesis [28]. Altogether, these
studies indicate a role for Neil3 in neurological diseases involving dys-
regulated neurogenesis such as AD.

This study aimed to investigate the impact of Neil3 on the progres-
sion of AD by generating and characterizing a novel Neil3-deficient AD
mouse model.

2. Materials and methods
2.1. Mouse models

All experiments were approved by the Norwegian Animal Research
Authority and conducted in accordance with the laws and regulations
controlling experimental procedures in live animals in Norway and the
European Union’s Directive 2010/63/EU.

All mice used in our study were on a C57BL/6J background. APP/
PS1 mice previously described by Radde et al. [51] which were gener-
ally bred heterozygous and Neil3™/~ mice previously described by
Sejersted et al. [56] were used to generate APP/PS1xNeil3~/~ mice. All
experiments were performed with mice at 1 and 6 months of age. The
mice were housed at ambient temperature on a 12:12 h light:dark cycle
with free access to water and food.

2.2. Immunohistochemical (IHC) and -fluorescent (IF) staining

Mice were transcardially perfused with PBS before brain dissection.
For IF, mice were additionally injected with 100 mg/kg bodyweight
BrdU (Sigma) 24 h prior to dissection. Brains were embedded in paraffin
and sliced into 4 pm thick coronal sections. Sections were rehydrated in
Xylol 2 x 5 min followed by ethanol 100% 2 x 3 min, 96% 1 min and
70% 1 min. For Ap-plaque staining, the HRP/DAB-kit (Abcam) was used.
Sections were first blocked in HO; for 10 min, and antigen retrieval was
performed by incubating sections at 100 °C citrate buffer (100 mM, pH
6.0) for 5 min (IHC) or 3 min (IF) under pressure. For IHC sections were
blocked with Protein block for 10 min and incubated with primary an-
tibodies against Ap (6F3D Amyloid f, Thermo Fisher) diluted 1:100 in
PBS + 0.5% goat serum + 0.5% BSA for 1 h at room temperature. Sec-
tions were thereafter incubated in Biotinylated Goat Anti-Polyvalent and
Streptavidin Peroxidase for 10 min each and treated with DAB for 1-10
min. Sections were washed three times with washing buffer (PBS + 0.2%
Tween 20) and incubated in hematoxylin (Sigma Aldrich) for 3 min,
98% ethanol + 2% NH4OH for 1 min, Eosin Y (Sigma Aldrich) for 15 s
before dehydration followed by mounting (Entellan mounting medium,
Sigma Aldrich). Sections were scanned by the Cellular and Molecular
Imaging Core facility (CMIC, NTNU) using an OlympusVS120S5 with
20x objective, scanned on one Z-plane with low focus grid density.
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Plaque quantification was done using ImageJ. Color-presets were chosen
to minimize background to count and measure number of AB-plaques.
For the final quantification, the average of at least two sections per
animal stained in independent runs were used.

For IF staining, sections were blocked in blocking solution (5% BSA
+ 5% goat serum in PBS) for 1 h and incubated with rat anti-
bromodeoxyuridine (BrdU) 1:400 diluted in PBS + 0.5% BSA + 0.5%
goat serum. Sections were washed in wash buffer (PBS + 0.2% Tween
20) and incubated with DAPI staining solution (1 pg/mL, Invitrogen) for
10 min before mounted in Vectashield mounting medium (Vector Lab-
oratories). Microscopy was carried out using a Zeiss LSM 510 Meta
confocal laser scanning microscope equipped with a 40X oil immersion
lens, and quantifications were performed manually and blinded. For the
final quantification, the average of at least two sections per animal
stained in independent runs were used.

2.3. Extraction of nucleic acids

Extraction of total DNA and RNA was performed using the Allprep
DNA/RNA/Protein kit (Qiagen) according to the manufacturers proto-
col. Initially, 350 pL Buffer RLT + -ME was added to the brain tissue
and samples were homogenized with MagNA Lyser for 10 s at 5000
speed followed by centrifugation for 3 min at 16 400 rpm before pro-
ceeding according to the kits protocol. DNA and RNA concentrations
were measured using NanoDrop (Thermo Fisher).

2.4. RNA sequencing

Total RNA from whole brain of one male and one female APP/PS1
and APP/PS1xNeil3~/~ mice, respectively per age group was sent to BGI
Tech Solutions Co., Hong Kong, for RNA sequencing on an Illumina
HiSeq4000. Unpaired reads were trimmed and filtered for quality.
Quality of the trimmed reads were assessed using FastQC (v0.11.9) and
FastQ-Screen (v.0.14.1). Reads were mapped to the GRCm38 tran-
scriptome using Hisat2 and reads per gene were counted using the
Rsubread package in R (3.6.3). EdgeR (3.32.1) was used to generate a
log2 CPM matrix which was then exported to Perseus (v.1.6.14.0) to
generate heatmaps. Male and female counts were separated, Z-scored by
row and clustered using Euclidean hierarchical clustering. Gene lists
from clusters were exported and analyzed using PantherDB for an
overrepresentation analysis looking at Gene Ontology (GO) biological
pathways.

2.5. Quantification of oxidative DNA damage by mass spectrometry

DNA samples were digested by incubation with a mixture of nuclease
P1 from Penicillium citrinum (Sigma), DNasel (Roche) and ALP from E.
coli (Sigma) in 10 mM ammonium acetate buffer pH 5.3, 5 mM MgCl,
and 1 mM CaCl, for 30 min at 40 °C. The samples were methanol
precipitated, supernatants were vacuum centrifuged at room tempera-
ture until dry, and dissolved in 50 pL of water for LC/MS/MS analysis.
Quantification was performed with the use of an LC-20AD HPLC system
(Shimadzu) coupled to an API 5000 triple quadrupole (ABSciex) oper-
ating in positive electrospray ionization mode. The chromatographic
separation was performed with the use of an Ascentis Express C18 2.7
pm 150 x 2.1 mm i.d. column protected with an Ascentis Express Car-
tridge Guard Column (Supelco Analytical) with an Exp Titanium Hybrid
Ferrule (Optimize Technologies Inc.). The mobile phase consisted of A
(water, 0.1% formic acid) and B (methanol, 0.1% formic acid) solutions.
The following conditions were employed for chromatography: For un-
modified nucleosides — 0.13 mL/min flow, starting at 10% B for 0.1 min,
ramping to 60% B over 2.4 min and re-equilibrating with 10% B for 4.5
min; For 5-OH(dC) - 0.14 mL/min flow, starting at 5% B for 0.1 min,
ramping to 70% B over 2.7 min and re-equilibrating with 5% B for 5.2
min; For 8-0x0(dG) - 0.14 mL/min flow, starting at 5% B for 0.5 min,
ramping to 45% B over 8 min and re-equilibrating with 5% B for 5.5 min.
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For mass spectrometry detection the multiple reaction monitoring
(MRM) was implemented using the following mass transitions: 252.2/
136.1 (dA), 228.2/112.1 (dC), 268.2/152.1 (dG), 243.2/127.0 (dT),
244.1/128 [5-OH(dC)], 284.1/168.1 [8-0x0(dG)].

2.6. Human Ap42 and Ap40 measurement by ELISA

Whole brain samples were homogenized in carbonate buffer (pH
11.5, 100 mM NayCOs, 50 mM NaCl, protease inhibitor) using the
MagNA Lyser (Roche) for 5 s at 5000 speed. Samples were centrifuged
for 90 min at 16400 rpm. The supernatant was diluted in 8 M guanidine
buffer (pH 8, guanidine/HCI 8.2 M, Tris/HCl 83 mM) to obtain soluble
Ap42 fraction. For the insoluble Af, the remaining pellets were resus-
pended in 5 M guanidine buffer (pH 8, guanidine/HCI 5 M, Tris/HCl 50
mM) and shaken at room temperature for 3 h. Samples were centrifuged
for 20 min at 16 400 rpm. Protein concentration was measured with
NanoDrop (Thermo Fisher). AB42 and AP40 concentrations were
measured using the Human Ap42 or Human Ap40 ELISA kit (Thermo
Fisher), respectively according to the manufacturer’s protocol. Absor-
bance was read at 450 nm with FLUOstar Omega (BMG Labtech).

2.7. Behavioral analysis

The Elevated Zero Maze (EZM) assessing activity and anxiety
behavior was performed on a circular runway 60 cm above the floor
with four alternating open and closed areas. The mice were placed on
the maze facing a closed area and allowed 5 min for free exploration of
the apparatus. The T-Maze was used to measure working memory by
assessing spontaneous alternation in a T-shaped arena according to the
protocol described by Deacon and Rawlins [14]. A total of 6 training and
test runs, distributed across two days with 1 h in between was performed
per animal. During the training, mice were placed in the start arm and
allowed to choose a goal arm within a maximum of 90 s. Mice were
confined for 30 s in the chosen arm and then removed from the arena for
60 s. In the test run, mice were placed back into the start arm and
allowed to choose between the two goal arms within a maximum of 90 s.
A successful alternation was scored if mice choose to enter the previ-
ously non-visited goal arm in the training. During the behavioral tasks
mice were monitored and analyzed by using ANY-maze video tracking
system (Stoelting).

2.8. Statistics

Statistical analyses were done with GraphPad Prism software version
8, using 2-way ANOVA with Tukey’s multiple comparisons test. P-values
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< 0.05 were considered significant (*p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001). Figures are shown with mean + standard
deviation.

3. Results
3.1. Reduced plaque deposition upon loss of Neil3 in female AD mice

We generated a novel APP/PS1xNeil3~/~ mouse model to study how
Neil3 affects AD pathology. The mice were viable and fertile, and
showed no differences in weight compared to the APP/PS1 mice (Suppl
Fig. 1). To assess whether Neil3 has an impact on amyloidogenesis we
first stained for Ap plaques in the brain of the AD mice strains during
disease progression (Fig. 1A). To exclude region-specific plaque accu-
mulation the cortex and hippocampus were assessed separately but no
region-specific differences were found, and the data were combined in
the following analyses. Quantification of plaque numbers demonstrated
an age-dependent increase from 1 to 6 months in all strains (Fig. 1B).
Female APP/PS1 mice had higher plaque numbers at 6 months
compared to its male counterparts. In contrast, Neil3-deficient AD mice
showed no sex-specific change in AP deposition, thus female APP/
PS1xNeil3~/~ mice exhibited a significantly lower number of Ap plaques
compared to female APP/PS1. However, this finding was not reflected
measuring Ap42 concentrations in whole brain by ELISA (Suppl. Fig. 2).
Although female APP/PS1 mice showed a tendency to higher guanidine-
soluble (mostly fibrillar material) AB42 compared to male mice, no
significant difference was found upon loss of Neil3 (Suppl. Fig. 2A).
Similarly, buffer-soluble (mostly monomers and small oligomers) level
of AB42 was comparable between the mouse strains at the age groups
analyzed (Suppl. Fig. 2B). Furthermore, guanidine- and buffer-soluble
level of AB40 showed a significant age-dependent increase but no sig-
nificant differences between the genotypes at any age analyzed (Suppl.
Fig. 2C and D). This suggest that Neil3 is involved in plaque pathology in
a sex-dependent manner, but not in cerebral AB42 or AB40
accumulation.

3.2. No differences in levels of global oxidative DNA damage

Elevated levels of 50H-dC, a known substrate of NEIL3 has been
found in post-mortem brains of AD patients [18,39,40,65,66]; thus, we
quantified the level by LC-MS in the AD mouse models (Fig. 2A). We
found no differences in cerebral SOH-dC levels neither between geno-
types, nor age. In addition, levels of the common marker of DNA
oxidation 80oxo-dG that was shown to accumulate during AD progression
[18,47,58] were comparable between the mice strains and age groups
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Fig. 1. Loss of Neil3 decreases cerebral plaque deposition in female APP/PS1 mice with age. (A) Representative images of immunohistochemically stained amyloid-p
plaques in the cortex and (B) quantification of plaque number in the brain of APP/PS1 and APP/PS1xNeil3~/~ mice at 1 month (1 M) and 6 months (6 M) of age. Data
are shown as mean + SD; n = 5 per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 2. No differences in cerebral accumulation of oxidative base lesions in the Neil3-deficient AD mouse model. (A) Levels of oxidized base lesions 5-hydroxycy-
tosine (50H-dC) and (B) 8-oxoguanine (8oxo-dG) in brain samples of APP/PS1 and APP/PS1xNeil3~/~ mice at 1 month (1 M) and 6 months (6 M) of age measured by

using mass spectrometry. Data are shown as mean + SD; n = 4-5 per group.

(Fig. 2B). This indicates that Neil3 is dispensable for global oxidative
DNA base damage repair in the brain of AD mice at the time points
analyzed. Moreover, increased oxidative DNA damage seems not to be a
hallmark in our AD mouse model until 6 months of age.

3.3. Age-dependent impairment of working memory upon loss of Neil3 in
male AD mice

As Neil3 was shown to affect anxiety, learning and memory in adult
mice [52], we investigated whether Neil3-deficiency also affects
behavior in the AD mouse model. The Elevated Zero Maze (EZM) was
used to examine activity measured as distance traveled and anxiety
levels measured by the time spent in the open arm. We found no major
differences in activity and anxiety behavior between genotypes and age
groups (Fig. 3A and B). Only Neil3-deficient male AD mice were
significantly less active from 1 month to 6 months of age (Fig. 3A). The
alternation rate as a measure of working memory was assessed in a
T-Maze. Whereas AD progression from 1 month to 6 months did not
affect working memory, loss of Neil3 led to a significant age-dependent
decrease of working memory exclusively in male AD mice (Fig. 3C). In
contrast, wildtype (WT) and Neil3~/~ male mice demonstrated similar
working memory at 6 months of age (Suppl. Fig. 3). This indicates that
the effect of Neil3 on working memory is age- and sex-dependent and
specific to AD.

3.4. Impaired adult neurogenesis upon loss of Neil3 in male AD mice

Adult neurogenesis in the hippocampus has been shown to be
important for cognitive functions [1,15,59] and Neil3 is expressed in
stem cells of the hippocampus. To address whether impaired adult
hippocampal neurogenesis may contribute to memory impairment in
Neil3-deficient mice during AD progression, we used BrdU injection to
stain proliferating cells in the DG (Fig. 4A). We observed significant
fewer dividing cells in Neil3-deficient male AD mice at 1 month of age
compared to male controls (Fig. 4B). Additionally, number of BrdU*
cells dropped drastically from 1 to 6 months of age in all AD mouse
strains, suggesting an age-dependent decrease in proliferation capacity
of DG cells during AD progression.

3.5. Hippocampal oxidative DNA damage is increased in Neil3-deficient
female mice early in AD

Since Neil3 is expressed in the hippocampus [52] and oxidative
stress-induced DNA damage occurs brain region-specific [8], we exam-
ined level of oxidative DNA base lesions in hippocampal tissue of the AD
mouse strains. Interestingly, measurement of 50H-dC (Fig. 5A) and
80x0-dG (Fig. 5B) showed a significantly higher amount of oxidative
DNA damage in female AD mice upon loss of Neil3 at 1 month compared
to female APP/PS1 mice. Male Neil3-deficient AD mice showed a similar
trend to increased DNA damage level at 1 month, however, the results
were not statistically significant. Similar to the DNA damage level in
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Fig. 3. Behavioral testing reveals impaired working memory with age upon loss of Neil3 in male AD mice. (A) Distance traveled and (B) Time spent in the open arm
assessed by using an elevated zero maze, and (C) Alternation rate assessed in a T-maze of APP/PS1 and APP/PS1xNeil3~/~ mice at 1 month (1 M) and 6 months (6 M)
of age. Data are shown as mean + SD; n = 6-16 per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 4. Lack of Neil3 leads to reduced stem
cell proliferation in the dentate gyrus (DG)
of young male AD mice. (A) Representative
images of BrdU-stained cells (white) and
DAPI-stained nuclei (blue) in the DG of 1
month old APP/PS1 and APP/PS1xNeil3~/~
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mice. Scale bar 50 pm. (B) Quantification of
BrdU-positive cells in the DG of APP/PS1
and APP/PS1xNeil3/~ mice at 1 month (1
M) and 6 months (6 M) of age. Data are
shown as mean + SD; n = 4-5 per group. *p
< 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. (For interpretation of the references
to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 5. Increased accumulation of oxidative base lesions in the hippocampus of young Neil3-deficient AD mice. (A) Levels of oxidized base lesions 5-hydroxycytosine
(50H-dC) and (B) 8-oxoguanine (80xo-dG) in hippocampal samples of APP/PS1 and APP/PS1xNeil3~/~ mice at 1 month (1 M) and 6 months (6 M) of age measured
by using mass spectrometry. Data are shown as mean + SD; n = 4-5 per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

whole brain, we found no accumulation of oxidative base lesions in
APP/PS1 mice with age. However, Neil3-deficient AD mice demon-
strated a significant decrease in oxidative DNA base lesions from 1
month to 6 months of age (Fig. 5). These data indicate that Neil3 is
important for repair of oxidative DNA base lesions or regulation of
oxidative stress-induced DNA damage in the hippocampus early in AD
pathogenesis.

3.6. RNA sequencing reveals sex-specific differences in expression of
genes involved in synaptic processes

To identify potential molecular pathways that could explain the ef-
fect of Neil3 in AD pathogenesis, we analyzed the transcriptome in the
whole brain of the AD mouse strains at 1 month and 6 months of age by
RNA sequencing. Hierarchical clustering with GO pathway analysis
revealed sex-specific differences in AD-related processes (Fig. 6, and
Suppl. Tables 1 and 2). Male AD mice showed a significant enrichment of
genes in inflammatory processes that increased in expression (cluster 1)
and in postsynaptic processes that decreased in expression (cluster 10)
from 1 month to 6 months of age (Fig. 6A). Interestingly in cluster 9, we
found an age-dependent decreased expression of genes involved in
regulation of nervous system processes and synaptic organization and
plasticity distinctly in Neil3-deficient AD mice. In contrast, female AD
mice presented less differences on the transcriptome level with fewer
significant GO processes identified (Fig. 6B). Cluster 1 showed an age-
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dependent decrease of genes involved in receptor signaling and activ-
ity regulation whereas in cluster 5 we found a similar increase in
inflammation-related processes as for male AD mice. However, no dif-
ferences in gene expression upon loss of Neil3 in these clusters in female
AD mice were identified. This indicates that Neil3 induces sex-
dependent changes in AD on a transcriptional level.

4. Discussion

In the present study we generated a novel mouse model deficient for
Neil3 to study the role of impaired oxidative base lesion repair in AD
pathogenesis. We found that Neil3 altered AD-relevant processes such as
amyloidosis, adult neurogenesis, memory and oxidative stress in an age
and sex-specific manner. Whereas female Neil3-deficent mice showed
significantly less AP plaque deposits and increased oxidative DNA
damage, male Neil3-deficent mice presented with reduced number of
proliferating neural stem cells and impaired working memory during AD
progression.

Sex differences in AD are well known but poorly considered when
studying AD pathogenesis in animal research [3,16]. Women have faster
cognitive deterioration in MCI and AD [19,24,37,62]. Several studies
have shown higher amyloid load in female AD mice [10,23,32], which is
in line with our findings in the APP/PS1 mice. Interestingly, loss of Neil3
prevented this sex-dependent increase in Af accumulation in female
mice. Plaque deposition can be altered through estrogen receptor (ER)
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Cluster GO biological process . FDR
Enrichment
antigen processing and presentation of exogenous peplide antigen 42 0012
ribosomal small subunit assembly 38 0.01
1 :Q;:ggz processing and presentation of endogenous peptide 16 0.009
celular response to interferon-beta 31 0.001
positive regulation of T cell mediated cytotoxicity 27 0.02
oxidative phosphorylation 35 0.008
2 immunoglobulin production 32 56E-5
respiratory electron fransport chain 31 0.028
regulation of receptor localization to synapse 49 0.05
synapse organization 222 0.001
9 regulation of nervous system process 22 003
regulation of synapse organization 219 0.002
regulation of synaptic plasticity 217 001
regulation of postsynaptic membrane potential 267 0.002
chemical synaptic transmission, postsynaptic 26 0.03
10 celular protein complex disassembly 256 002
regulation of synaptic vesicle exocytosis 235 0.003
synapse assembly 214 0.02
Cluster GO biological process !:old FDR
Enrichment
regulation of AMPA receptor activity 389 0.049
neuromuscular junction development 349 0.003
1 ghutamate receptor signaling pathway 33 0.039
regulation of calcium ion-dependent exocytosis 31 0.044
synapse assembly 299 0.0008
antigen processing and presentation of endogenous peptide antigen 425 0.005
regulation of CD8-positive, alpha-beta T cell activation 412 0034
5 mast cell activation 389 0.004
antigen processing and presentation of exogenous peptide antigen 346 002
cellular response to interferon-beta 32 0.004

Fig. 6. RNA sequencing reveals differences in nervous system processes with age and upon loss of Neil3 in male AD mice. Heatmap with hierarchical clustering and
associated maximum top five GO biological processes in brain of (A) male and (B) female APP/PS1 and APP/PS1xNeil3~/~ mice at 1 month (1 M) and 6 months (6 M)

of age.

activation [9,68,70]. Notably, DNA glycosylases OGG1 and MUTYH
have been shown to affect ER signaling in brain [4] and DNA glyco-
sylases MPG and TDG directly interact with ER to alter transcription [12,
34]. Hence, Neil3 may have a similar function preventing amyloido-
genesis. Together, our data suggest that Neil3 affects plaque burden in a
sex-dependent manner potentially by altering hormone signaling in AD
mice.

Neil3 is a DNA glycosylase known to repair oxidative base lesions.
However, previous studies found no differences in levels of oxidative
base lesions after myocardial infarction or during prion disease upon
loss of Neil3 [28,48]. Similarly, we found no accumulation of the NEIL3
substrate 50H-dC in the whole brain of Neil3-deficient AD mice. This
indicates no correlation between A toxicity and oxidative stress in our
mouse model, although a delayed increase of oxidative base lesions due
to amyloid toxicity at later stages of AD cannot be excluded.

Neil3 was shown to affect learning and memory in aged mice [52].
Here, we find that loss of Neil3 in AD leads to age-dependent impaired
working memory in male but not female mice at 6 months of age
whereas Neil3-deficient mice in a non-AD background demonstrated
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similar working memory as their respective controls. The study by
Regnell et al. [52] however found impaired memory in 18 months old
male Neil3™/~ mice. Thus, our results indicate an age-dependent and
AD-specific impact of Neil3 on cognitive function. Gene expression of
Neil3 was previously found most prominent during early stages of
postnatal development and to decrease with age [54], thus Neil3 must
alter pathways important for memory formation early during AD path-
ogenesis or in distinct cells of the adult brain. It is believed that amyloid
plaques are associated with cognitive decline in AD [35,36]. We see no
correlation of plaque number and memory impairment in our AD model
as female AD mice with the highest plaque burden show similar working
memory as male AD mice.

Adult neurogenesis is important for cognitive function. In fact,
Hollands et al. [25] were the first to demonstrate that reduction of
neurogenesis induced memory and learning deficits in a mouse model of
AD. Tobin et al. [63] showed that neurogenesis in humans declines with
age, and that was associated with cognitive dysfunction in MCI and AD
patients. Neil3 is expressed in the neurogenic niches of the brain [22,
551, and has been shown to contribute to neurogenesis after brain injury
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in postnatal mice [52,56]. Here, we demonstrate that depletion of Neil3
in AD results in lower number of proliferating stem cells in the hippo-
campus of male mice indicating that Neil3 contributes in vivo to adult
hippocampal neurogenesis during AD. This is in line with a previous
study that demonstrated failure of in vitro expansion of adult hippo-
campal neural stem cells upon loss of Neil3 [52]. However, the impact of
Neil3 on adult neurogenesis in AD was only evident in young mice as
proliferation capacity of neural stem cells was almost completely lost in
aged AD mice. It has previously been demonstrated that adult neuro-
genesis decreases with age and during AD progression [43,67]. Inter-
estingly, estrogens show a neuroprotective role, increasing neurogenesis
in rodent studies [6,61]. Thus, Neil3-dependent hormonal alterations
might contribute to promote neurogenesis in the AD mouse model.
Interestingly, microglia are known to alter neurogenesis [49], and a
reduced number of microglia was found in Neil3-deficient mice after
prenatal hypoxic-ischemic injury [56]. However, whether this contrib-
utes to the sex-dependent differences in hippocampal adult neurogenesis
in AD requires more investigations in the future.

In mouse models of AD, impaired hippocampus-dependent learning
and memory was correlated with decreased neurogenesis in the DG [27,
67]. It is tempting to speculate that Neil3 contributes to cognitive
function by maintaining adult neurogenesis as we found reduced stem
cell proliferation exclusively in Neil3-deficient male AD mice that also
presented with impaired working memory. DNA damage accumulation
in the hippocampus seems neither contributing to impaired adult neu-
rogenesis nor memory as we found increased level of oxidative base
lesion particularly in female AD mice lacking Neil3. Surprisingly, not
only did the NEIL3 substrate 5OH-dC accumulate in Neil3-deficient AD
hippocampus but also 8-oxodG, a common marker for oxidative stress.
NEIL3 has been shown to excise oxidation products of 8-oxodG but not
8-0x0dG itself [71], suggesting that loss of Neil3 might increase oxida-
tive stress in general in the AD mouse model. Moreover, the level of
oxidative base lesions in the hippocampus decreased during AD pro-
gression in the Neil3-deficient mice. This might be explained by an
active removal of cells with a high oxidative stress burden in the hip-
pocampus during AD. This is in line with previous studies showing that
excessive DNA damage leads to cell elimination through apoptosis as a
protective mechanism [11,13,17,31].

5. Conclusion

We present for the first time a role of DNA glycosylase Neil3 in AD
pathogenesis. We show that Neil3 aggravates amyloid pathology, pro-
motes adult hippocampal neurogenesis, and maintains memory function
in a sex-and age-dependent manner but independent of global oxidative
base lesion repair in a mouse model of AD. Our findings further confirm
that impaired adult neurogenesis is an early event in AD that correlates
with memory formation. Moreover, our study underlines the importance
of considering sex differences when studying mouse models of AD.

Author contributions statement

M.A.E. and S.S. contributed equally to experiments and analysis,
while M.A.E. and K.S. were major contributors in writing the manu-
script. A.B.N.N contributed to IHC staining and analysis, T.S. performed
the RNA sequency analysis, while N.B. and K.S. conducted behavioral
studies. M.B. and K.S. designed and supervised the project. All authors
read and approved the final manuscript.

Availability of data and material

The RNA sequencing dataset supporting the conclusions of this
article is available in the NCBI’s Gene Expression and Ominbus re-
pository, accession number GSE197199 and https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE197199.

691

Free Radical Biology and Medicine 193 (2022) 685-693
Funding

This work was supported by The Norwegian University of Science
and Technology (NTNU), the Research Council of Norway grant 275777,
the Central Norway Regional Health Authority of Norway grants
90172200 and 90369200.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgements

We want to thank the Proteomics and Modomics Experimental Core
Facility (PROMEC) at NTNU for the help with mass spectrometry anal-
ysis, as well as the Cellular and Molecular Imaging Core Facility (CMIC)

at NTNU for the help with scanning mouse brain sections.

List of abbreviations

Ap amyloid beta

Ap40 amyloid beta peptide 40
Ap42 amyloid beta peptide 42
AD Alzheimer’s disease

APP amyloid precursor protein
BER base excision repair

DG dentate gyrus

ER estrogen receptor

EZM elevated zero maze

IF immunofluorescence

IHC immunohistochemistry
MCI mild cognitive impairment
MS mass spectrometry

NEIL3  Nei endonuclease VIII-like 3
NFTs neurofibrillary tangles
ROS reactive oxygen species
ssDNA  single-stranded DNA

WT wild type

50H-dC 5-hydroxy-deoxycytosine
80x0-dG 8-oxo-deoxyguanosine

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.freeradbiomed.2022.11.020.

References

[1] C. Anacker, R. Hen, Adult hippocampal neurogenesis and cognitive flexibility -
linking memory and mood, Nat. Rev. Neurosci. 18 (2017) 335-346, https://doi.
org/10.1038/nrn.2017.45.

M. Arimon, S. Takeda, K.L. Post, S. Svirsky, B.T. Hyman, O. Berezovska, Oxidative
stress and lipid peroxidation are upstream of amyloid pathology, Neurobiol. Dis. 84
(2015) 109-119, https://doi.org/10.1016/j.nbd.2015.06.013.

L.L. Barnes, R.S. Wilson, J.L. Bienias, J.A. Schneider, D.A. Evans, D.A. Bennett, Sex
differences in the clinical manifestations of Alzheimer disease pathology, Arch.
Gen. Psychiatr. 62 (2005) 685-691, https://doi.org/10.1001/archpsyc.62.6.685.
M.D. Bjorge, G.A. Hildrestrand, K. Scheffler, R. Suganthan, V. Rolseth,

A. Kusnierczyk, A.D. Rowe, C.B. Vagbo, S. Vetlesen, Eide Let al, Synergistic actions
of Oggl and Mutyh DNA glycosylases Modulate anxiety-like behavior in mice, Cell
Rep. 13 (2015) 2671-2678, https://doi.org/10.1016/j.celrep.2015.12.001.

A. Bobba, G. Amadoro, D. Valenti, V. Corsetti, R. Lassandro, A. Atlante,
Mitochondrial respiratory chain Complexes I and IV are impaired by beta-amyloid
via direct interaction and through Complex I-dependent ROS production,
respectively, Mitochondrion 13 (2013) 298-311, https://doi.org/10.1016/j.
mito.2013.03.008.

C.M. Brown, S. Suzuki, K.A. Jelks, P.M. Wise, Estradiol is a potent protective,
restorative, and trophic factor after brain injury, Semin. Reprod. Med. 27 (2009)
240-249, https://doi.org/10.1055/5-0029-1216277.

[2]

[3]

[4]

[5]

(6]


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE197199
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE197199
https://doi.org/10.1016/j.freeradbiomed.2022.11.020
https://doi.org/10.1016/j.freeradbiomed.2022.11.020
https://doi.org/10.1038/nrn.2017.45
https://doi.org/10.1038/nrn.2017.45
https://doi.org/10.1016/j.nbd.2015.06.013
https://doi.org/10.1001/archpsyc.62.6.685
https://doi.org/10.1016/j.celrep.2015.12.001
https://doi.org/10.1016/j.mito.2013.03.008
https://doi.org/10.1016/j.mito.2013.03.008
https://doi.org/10.1055/s-0029-1216277

M.A.

[71

[8]

[9]

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

Egiazarian et al.

B.L. Burgess, S.A. Mclsaac, K.E. Naus, J.Y. Chan, G.H. Tansley, J. Yang, F. Miao, C.
J. Ross, M. van Eck, Hayden MRet al, Elevated plasma triglyceride levels precede
amyloid deposition in Alzheimer’s disease mouse models with abundant A beta in
plasma, Neurobiol. Dis. 24 (2006) 114-127, https://doi.org/10.1016/j.
nbd.2006.06.007.

F. Cardozo-Pelaez, T.J. Stedeford, P.J. Brooks, S. Song, J.R. Sanchez-Ramos, Effects
of diethylmaleate on DNA damage and repair in the mouse brain, Free Radic. Biol.
Med. 33 (2002) 292-298, https://doi.org/10.1016/s0891-5849(02)00881-x.

J.C. Carroll, C.J. Pike, Selective estrogen receptor modulators differentially
regulate Alzheimer-like changes in female 3xTg-AD mice, Endocrinology 149
(2008) 2607-2611, https://doi.org/10.1210/en.2007-1346.

J.C. Carroll, E.R. Rosario, S. Kreimer, A. Villamagna, E. Gentzschein, F.Z. Stanczyk,
C.J. Pike, Sex differences in beta-amyloid accumulation in 3xTg-AD mice: role of
neonatal sex steroid hormone exposure, Brain Res. 1366 (2010) 233-245, https://
doi.org/10.1016/j.brainres.2010.10.009.

N. Chatterjee, Y. Lin, J.H. Wilson, Mismatch repair enhances convergent
transcription-induced cell death at trinucleotide repeats by activating ATR, DNA
Repair 42 (2016) 26-32, https://doi.org/10.1016/j.dnarep.2016.03.016.

D. Chen, M.J. Lucey, F. Phoenix, J. Lopez-Garcia, S.M. Hart, R. Losson, L. Buluwela,
R.C. Coombes, P. Chambon, P. Schar, et al., T:G mismatch-specific thymine-DNA
glycosylase potentiates transcription of estrogen-regulated genes through direct
interaction with estrogen receptor alpha, J. Biol. Chem. 278 (2003) 38586-38592,
https://doi.org/10.1074/jbc.M304286200.

K.A. Cimprich, D. Cortez, ATR: an essential regulator of genome integrity, Nat. Rev.
Mol. Cell Biol. 9 (2008) 616-627, https://doi.org/10.1038/nrm2450.

R.M. Deacon, J.N. Rawlins, T-maze alternation in the rodent, Nat. Protoc. 1 (2006)
7-12, https://doi.org/10.1038/nprot.2006.2.

W. Deng, J.B. Aimone, F.H. Gage, New neurons and new memories: how does adult
hippocampal neurogenesis affect learning and memory? Nat. Rev. Neurosci. 11
(2010) 339-350, https://doi.org/10.1038/nrn2822.

M.T. Ferretti, M.F. Iulita, E. Cavedo, P.A. Chiesa, A. Schumacher Dimech,

A. Santuccione Chadha, F. Baracchi, H. Girouard, S. Misoch, Giacobini Eet al, Sex
differences in Alzheimer disease - the gateway to precision medicine, Nat. Rev.
Neurol. 14 (2018) 457-469, https://doi.org/10.1038/541582-018-0032-9.

P. Fortini, E. Dogliotti, Mechanisms of dealing with DNA damage in terminally
differentiated cells, Mutat. Res. 685 (2010) 38-44, https://doi.org/10.1016/j.
mrfmmm.2009.11.003.

S.P. Gabbita, M.A. Lovell, W.R. Markesbery, Increased nuclear DNA oxidation in
the brain in Alzheimer’s disease, J. Neurochem. 71 (1998) 2034-2040.

D. Gamberger, N. Lavrac, S. Srivatsa, R.E. Tanzi, P.M. Doraiswamy, Identification
of clusters of rapid and slow decliners among subjects at risk for Alzheimer’s
disease, Sci. Rep. 7 (2017) 6763, https://doi.org/10.1038/541598-017-06624-y.
G.E. Gibson, J.P. Blass, M.F. Beal, V. Bunik, The alpha-ketoglutarate-
dehydrogenase complex: a mediator between mitochondria and oxidative stress in
neurodegeneration, Mol. Neurobiol. 31 (2005) 43-63, https://doi.org/10.1385/
MN:31:1-3:043.

T.K. Hazra, S. Mitra, Purification and characterization of NEIL1 and NEIL2,
members of a distinct family of mammalian DNA glycosylases for repair of oxidized
bases, Methods Enzymol. 408 (2006) 33-48, https://doi.org/10.1016/50076-6879
(06)08003-7.

G.A. Hildrestrand, C.G. Neurauter, D.B. Diep, C.G. Castellanos, S. Krauss, M. Bjoras,
L. Luna, Expression patterns of Neil3 during embryonic brain development and
neoplasia, BMC Neurosci. 10 (2009) 45, https://doi.org/10.1186/1471-2202-10-
45.

C. Hirata-Fukae, H.F. Li, H.S. Hoe, A.J. Gray, S.S. Minami, K. Hamada, T. Niikura,
F. Hua, H. Tsukagoshi-Nagai, Y. Horikoshi-Sakuraba, et al., Females exhibit more
extensive amyloid, but not tau, pathology in an Alzheimer transgenic model, Brain
Res. 1216 (2008) 92-103, https://doi.org/10.1016/j.brainres.2008.03.079.

D. Holland, R.S. Desikan, A.M. Dale, L.K. McEvoy, I. Alzheimer’s Disease
Neuroimaging, Higher rates of decline for women and apolipoprotein E epsilon4
carriers, AJNR Am. J. Neuroradiol. 34 (2013) 2287-2293, https://doi.org/
10.3174/ajnr.A3601.

C. Hollands, M.K. Tobin, M. Hsu, K. Musaraca, T.S. Yu, R. Mishra, S.G. Kernie,
O. Lazarov, Depletion of adult neurogenesis exacerbates cognitive deficits in
Alzheimer’s disease by compromising hippocampal inhibition, Mol. Neurodegener.
12 (2017) 64, https://doi.org/10.1186/s13024-017-0207-7.

T.T. Huang, Y. Zou, R. Corniola, Oxidative stress and adult neurogenesis—effects of
radiation and superoxide dismutase deficiency, Semin. Cell Dev. Biol. 23 (2012)
738-744, https://doi.org/10.1016/j.semcdb.2012.04.003.

1. Imayoshi, M. Sakamoto, T. Ohtsuka, K. Takao, T. Miyakawa, M. Yamaguchi,

K. Mori, T. Ikeda, S. Itohara, R. Kageyama, Roles of continuous neurogenesis in the
structural and functional integrity of the adult forebrain, Nat. Neurosci. 11 (2008)
1153-1161, https://doi.org/10.1038/nn.2185.

C.M. Jalland, K. Scheffler, S.L. Benestad, T. Moldal, C. Ersdal, G. Gunnes,

R. Suganthan, M. Bjoras, M.A. Tranulis, Neil3 induced neurogenesis protects
against prion disease during the clinical phase, Sci. Rep. 6 (2016), 37844, https://
doi.org/10.1038/srep37844.

Y. Kase, T. Shimazaki, H. Okano, Current understanding of adult neurogenesis in
the mammalian brain: how does adult neurogenesis decrease with age? Inflamm.
Regen. 40 (2020) 10, https://doi.org/10.1186/541232-020-00122-x.

H.E. Krokan, M. Bjoras, Base excision repair, Cold Spring Harbor Perspect. Biol. 5
(2013) a012583, https://doi.org/10.1101/cshperspect.a012583.

Kruman II, E.I. Schwartz, DNA damage response and neuroprotection, Front.
Biosci. 13 (2008) 2504-2515, https://doi.org/10.2741/2862.

K.D. LaClair, K.F. Manaye, D.L. Lee, J.S. Allard, A.V. Savonenko, J.C. Troncoso, P.
C. Wong, Treatment with bexarotene, a compound that increases apolipoprotein-E,

692

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Free Radical Biology and Medicine 193 (2022) 685-693

provides no cognitive benefit in mutant APP/PS1 mice, Mol. Neurodegener. 8
(2013) 18, https://doi.org/10.1186,/1750-1326-8-18.

P. Li, R.A. Stetler, R.K. Leak, Y. Shi, Y. Li, W. Yu, M.V.L. Bennett, J. Chen, Oxidative
stress and DNA damage after cerebral ischemia: potential therapeutic targets to
repair the genome and improve stroke recovery, Neuropharmacology 134 (2018)
208-217, https://doi.org/10.1016/j.neuropharm.2017.11.011.

V.S. Likhite, E.I. Cass, S.D. Anderson, J.R. Yates, A.M. Nardulli, Interaction of
estrogen receptor alpha with 3-methyladenine DNA glycosylase modulates
transcription and DNA repair, J. Biol. Chem. 279 (2004) 16875-16882, https://
doi.org/10.1074/jbc.M313155200.

Y.Y. Lim, P. Maruff, N. Kaneko, J. Doecke, C. Fowler, V.L. Villemagne, T. Kato, C.
C. Rowe, Y. Arahata, S. Iwamoto, et al., Plasma amyloid-beta biomarker associated
with cognitive decline in preclinical alzheimer’s disease, J. Alzheimers Dis. 77
(2020) 1057-1065, https://doi.org/10.3233/JAD-200475.

Y.Y. Lim, P. Maruff, R.H. Pietrzak, D. Ames, K.A. Ellis, K. Harrington, N.

T. Lautenschlager, C. Szoeke, R.N. Martins, Masters CLet al, Effect of amyloid on
memory and non-memory decline from preclinical to clinical Alzheimer’s disease,
Brain 137 (2014) 221-231, https://doi.org/10.1093/brain/awt286.

Lin KA, Choudhury KR, Rathakrishnan BG, Marks DM, Petrella JR, Doraiswamy
PM, Alzheimer’s Disease Neuroimaging I (2015) Marked gender differences in
progression of mild cognitive impairment over 8 years. Alzheimers Dement (N Y) 1:
103-110 Doi 10.1016/j.trci.2015.07.001.

M. Liu, V. Bandaru, J.P. Bond, P. Jaruga, X. Zhao, P.P. Christov, C.J. Burrows, C.
J. Rizzo, M. Dizdaroglu, S.S. Wallace, The mouse ortholog of NEIL3 is a functional
DNA glycosylase in vitro and in vivo, Proc. Natl. Acad. Sci. U. S. A. 107 (2010)
4925-4930, https://doi.org/10.1073/pnas.0908307107.

M. Liu, S. Doublie, S.S. Wallace, Neil3, the final frontier for the DNA glycosylases
that recognize oxidative damage, Mutat. Res. 743-744 (2013) 4-11, https://doi.
org/10.1016/j.mrfmmm.2012.12.003.

M.A. Lovell, W.R. Markesbery, Oxidative DNA damage in mild cognitive
impairment and late-stage Alzheimer’s disease, Nucleic Acids Res. 35 (2007)
7497-7504, https://doi.org/10.1093/nar/gkm821.

J.W. Lustbader, M. Cirilli, C. Lin, H.W. Xu, K. Takuma, N. Wang, C. Caspersen,
X. Chen, S. Pollak, Chaney Met al, ABAD directly links Abeta to mitochondrial
toxicity in Alzheimer’s disease, Science 304 (2004) 448-452, https://doi.org/
10.1126/science.1091230.

L. Lyras, N.J. Cairns, A. Jenner, P. Jenner, B. Halliwell, An assessment of oxidative
damage to proteins, lipids, and DNA in brain from patients with Alzheimer’s
disease, J. Neurochem. 68 (1997) 2061-2069, https://doi.org/10.1046/j.1471-
4159.1997.68052061.x.

E.P. Moreno-Jimenez, M. Flor-Garcia, J. Terreros-Roncal, A. Rabano, F. Cafini,
N. Pallas-Bazarra, J. Avila, M. Llorens-Martin, Adult hippocampal neurogenesis is
abundant in neurologically healthy subjects and drops sharply in patients with
Alzheimer’s disease, Nat. Med. 25 (2019) 554-560, https://doi.org/10.1038/
s41591-019-0375-9.

Y. Mu, F.H. Gage, Adult hippocampal neurogenesis and its role in Alzheimer’s
disease, Mol. Neurodegener. 6 (2011) 85, https://doi.org/10.1186/1750-1326-6-
85.

R.A. Nebel, N.T. Aggarwal, L.L. Barnes, A. Gallagher, J.M. Goldstein, K. Kantarci,
M.P. Mallampalli, E.C. Mormino, L. Scott, WHet al Yu, Understanding the impact of
sex and gender in Alzheimer’s disease: a call to action, Alzheimers Dement 14
(2018) 1171-1183, https://doi.org/10.1016/j.jalz.2018.04.008.

C.G. Neurauter, L. Luna, M. Bjoras, Release from quiescence stimulates the
expression of human NEIL3 under the control of the Ras dependent ERK-MAP
kinase pathway, DNA Repair 11 (2012) 401-409, https://doi.org/10.1016/j.
dnarep.2012.01.007.

S. Oka, J. Leon, K. Sakumi, N. Abolhassani, Z. Sheng, D. Tsuchimoto, F.M. LaFerla,
Y. Nakabeppu, MTH1 and OGG1 maintain a low level of 8-oxoguanine in
Alzheimer’s brain, and prevent the progression of Alzheimer’s pathogenesis, Sci.
Rep. 11 (2021) 5819, https://doi.org/10.1038/s41598-021-84640-9.

M.B. Olsen, G.A. Hildrestrand, K. Scheffler, L.E. Vinge, K. Alfsnes, V. Palibrk,

J. Wang, C.G. Neurauter, L. Luna, J. Johansen, et al., NEIL3-Dependent regulation
of cardiac fibroblast proliferation prevents myocardial rupture, Cell Rep. 18 (2017)
82-92, https://doi.org/10.1016/j.celrep.2016.12.009.

D.R. Perez-Rodriguez, I. Blanco-Luquin, M. Mendioroz, The participation of
microglia in neurogenesis: a review, Brain Sci. 11 (2021), https://doi.org/
10.3390/brainscil1050658.

D. Pratico, K. Uryu, S. Leight, J.Q. Trojanoswki, V.M. Lee, Increased lipid
peroxidation precedes amyloid plaque formation in an animal model of Alzheimer
amyloidosis, J. Neurosci. 21 (2001) 4183-4187.

R. Radde, T. Bolmont, S.A. Kaeser, J. Coomaraswamy, D. Lindau, L. Stoltze, M.
E. Calhoun, F. Jaggi, H. Wolburg, S. Gengler, et al., Abeta42-driven cerebral
amyloidosis in transgenic mice reveals early and robust pathology, EMBO Rep. 7
(2006) 940-946, https://doi.org/10.1038/sj.embor.7400784.

C.E. Regnell, G.A. Hildrestrand, Y. Sejersted, T. Medin, O. Moldestad, V. Rolseth, S.
Z. Krokeide, R. Suganthan, L. Luna, M. Bjoras, et al., Hippocampal adult
neurogenesis is maintained by Neil3-dependent repair of oxidative DNA lesions in
neural progenitor cells, Cell Rep. 2 (2012) 503-510, https://doi.org/10.1016/].
celrep.2012.08.008.

A.B. Reiss, H.A. Arain, M.M. Stecker, N.M. Siegart, L.J. Kasselman, Amyloid
toxicity in Alzheimer’s disease, Rev. Neurosci. 29 (2018) 613-627, https://doi.
org/10.1515/revneuro-2017-0063.

V. Rolseth, E. Runden-Pran, L. Luna, C. McMurray, M. Bjoras, O.P. Ottersen,
Widespread distribution of DNA glycosylases removing oxidative DNA lesions in
human and rodent brains, DNA Repair 7 (2008) 1578-1588, https://doi.org/
10.1016/j.dnarep.2008.06.007.


https://doi.org/10.1016/j.nbd.2006.06.007
https://doi.org/10.1016/j.nbd.2006.06.007
https://doi.org/10.1016/s0891-5849(02)00881-x
https://doi.org/10.1210/en.2007-1346
https://doi.org/10.1016/j.brainres.2010.10.009
https://doi.org/10.1016/j.brainres.2010.10.009
https://doi.org/10.1016/j.dnarep.2016.03.016
https://doi.org/10.1074/jbc.M304286200
https://doi.org/10.1038/nrm2450
https://doi.org/10.1038/nprot.2006.2
https://doi.org/10.1038/nrn2822
https://doi.org/10.1038/s41582-018-0032-9
https://doi.org/10.1016/j.mrfmmm.2009.11.003
https://doi.org/10.1016/j.mrfmmm.2009.11.003
http://refhub.elsevier.com/S0891-5849(22)00983-2/sref18
http://refhub.elsevier.com/S0891-5849(22)00983-2/sref18
https://doi.org/10.1038/s41598-017-06624-y
https://doi.org/10.1385/MN:31:1-3:043
https://doi.org/10.1385/MN:31:1-3:043
https://doi.org/10.1016/S0076-6879(06)08003-7
https://doi.org/10.1016/S0076-6879(06)08003-7
https://doi.org/10.1186/1471-2202-10-45
https://doi.org/10.1186/1471-2202-10-45
https://doi.org/10.1016/j.brainres.2008.03.079
https://doi.org/10.3174/ajnr.A3601
https://doi.org/10.3174/ajnr.A3601
https://doi.org/10.1186/s13024-017-0207-7
https://doi.org/10.1016/j.semcdb.2012.04.003
https://doi.org/10.1038/nn.2185
https://doi.org/10.1038/srep37844
https://doi.org/10.1038/srep37844
https://doi.org/10.1186/s41232-020-00122-x
https://doi.org/10.1101/cshperspect.a012583
https://doi.org/10.2741/2862
https://doi.org/10.1186/1750-1326-8-18
https://doi.org/10.1016/j.neuropharm.2017.11.011
https://doi.org/10.1074/jbc.M313155200
https://doi.org/10.1074/jbc.M313155200
https://doi.org/10.3233/JAD-200475
https://doi.org/10.1093/brain/awt286
https://doi.org/10.1073/pnas.0908307107
https://doi.org/10.1016/j.mrfmmm.2012.12.003
https://doi.org/10.1016/j.mrfmmm.2012.12.003
https://doi.org/10.1093/nar/gkm821
https://doi.org/10.1126/science.1091230
https://doi.org/10.1126/science.1091230
https://doi.org/10.1046/j.1471-4159.1997.68052061.x
https://doi.org/10.1046/j.1471-4159.1997.68052061.x
https://doi.org/10.1038/s41591-019-0375-9
https://doi.org/10.1038/s41591-019-0375-9
https://doi.org/10.1186/1750-1326-6-85
https://doi.org/10.1186/1750-1326-6-85
https://doi.org/10.1016/j.jalz.2018.04.008
https://doi.org/10.1016/j.dnarep.2012.01.007
https://doi.org/10.1016/j.dnarep.2012.01.007
https://doi.org/10.1038/s41598-021-84640-9
https://doi.org/10.1016/j.celrep.2016.12.009
https://doi.org/10.3390/brainsci11050658
https://doi.org/10.3390/brainsci11050658
http://refhub.elsevier.com/S0891-5849(22)00983-2/sref50
http://refhub.elsevier.com/S0891-5849(22)00983-2/sref50
http://refhub.elsevier.com/S0891-5849(22)00983-2/sref50
https://doi.org/10.1038/sj.embor.7400784
https://doi.org/10.1016/j.celrep.2012.08.008
https://doi.org/10.1016/j.celrep.2012.08.008
https://doi.org/10.1515/revneuro-2017-0063
https://doi.org/10.1515/revneuro-2017-0063
https://doi.org/10.1016/j.dnarep.2008.06.007
https://doi.org/10.1016/j.dnarep.2008.06.007

M.A.

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

Egiazarian et al.

K. Scheffler, K.O. Bjoras, M. Bjoras, Diverse functions of DNA glycosylases
processing oxidative base lesions in brain, DNA Repair 81 (2019), 102665, https://
doi.org/10.1016/j.dnarep.2019.102665.

Y. Sejersted, G.A. Hildrestrand, D. Kunke, V. Rolseth, S.Z. Krokeide, C.

G. Neurauter, R. Suganthan, M. Atneosen-Asegg, A.M. Fleming, Saugstad ODet al,
Endonuclease VIII-like 3 (Neil3) DNA glycosylase promotes neurogenesis induced
by hypoxia-ischemia, Proc. Natl. Acad. Sci. U. S. A. 108 (2011) 18802-18807,
https://doi.org/10.1073/pnas.1106880108.

T. Skarpengland, S. Holm, K. Scheffler, I. Gregersen, T.B. Dahl, R. Suganthan, F.
M. Segers, 1. Ostlie, J.J. Otten, Luna Let al, Neil3-dependent base excision repair
regulates lipid metabolism and prevents atherosclerosis in Apoe-deficient mice,
Sci. Rep. 6 (2016), 28337, https://doi.org/10.1038/srep28337.

A. Sliwinska, D. Kwiatkowski, P. Czarny, M. Toma, P. Wigner, J. Drzewoski,

K. Fabianowska-Majewska, J. Szemraj, M. Maes, Galecki Pet al, The levels of 7,8-
dihydrodeoxyguanosine (8-0x0G) and 8-oxoguanine DNA glycosylase 1 (OGG1) - a
potential diagnostic biomarkers of Alzheimer’s disease, J. Neurol. Sci. 368 (2016)
155-159, https://doi.org/10.1016/j.jns.2016.07.008.

J.S. Snyder, N.S. Hong, R.J. McDonald, J.M. Wojtowicz, A role for adult
neurogenesis in spatial long-term memory, Neuroscience 130 (2005) 843-852,
https://doi.org/10.1016/j.neuroscience.2004.10.009.

C. Spuch, S. Ortolano, C. Navarro, New insights in the amyloid-Beta interaction
with mitochondria, J. Aging Res. (2012), 324968, https://doi.org/10.1155/2012/
324968, 2012.

P. Tanapat, N.B. Hastings, A.J. Reeves, E. Gould, Estrogen stimulates a transient
increase in the number of new neurons in the dentate gyrus of the adult female rat,
J. Neurosci. 19 (1999) 5792-5801.

K. Tifratene, P. Robert, A. Metelkina, C. Pradier, J.F. Dartigues, Progression of mild
cognitive impairment to dementia due to AD in clinical settings, Neurology 85
(2015) 331-338, https://doi.org/10.1212/WNL.0000000000001788.

M.K. Tobin, K. Musaraca, A. Disouky, A. Shetti, A. Bheri, W.G. Honer, N. Kim, R.
J. Dawe, D.A. Bennett, K. Arfanakis, et al., Human hippocampal neurogenesis

693

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Free Radical Biology and Medicine 193 (2022) 685-693

persists in aged adults and alzheimer’s disease patients, Cell Stem Cell 24 (2019)
974-982 €973, https://doi.org/10.1016/j.stem.2019.05.003.

K. Torisu, D. Tsuchimoto, Y. Ohnishi, Y. Nakabeppu, Hematopoietic tissue-specific
expression of mouse Neil3 for endonuclease VIII-like protein, J. Biochem. 138
(2005) 763-772, https://doi.org/10.1093/jb/mvil68.

J. Wang, W.R. Markesbery, M.A. Lovell, Increased oxidative damage in nuclear and
mitochondrial DNA in mild cognitive impairment, J. Neurochem. 96 (2006)
825-832, https://doi.org/10.1111/j.1471-4159.2005.03615.x.

J. Wang, S. Xiong, C. Xie, W.R. Markesbery, M.A. Lovell, Increased oxidative
damage in nuclear and mitochondrial DNA in Alzheimer’s disease, J. Neurochem.
93 (2005) 953-962, https://doi.org/10.1111/j.1471-4159.2005.03053.x.

R. Wang, K.T. Dineley, J.D. Sweatt, H. Zheng, Presenilin 1 familial Alzheimer’s
disease mutation leads to defective associative learning and impaired adult
neurogenesis, Neuroscience 126 (2004) 305-312, https://doi.org/10.1016/j.
neuroscience.2004.03.048.

Y. Wei, J. Zhou, J. Wu, J. Huang, ERbeta promotes Abeta degradation via the
modulation of autophagy, Cell Death Dis. 10 (2019) 565, https://doi.org/10.1038/
s41419-019-1786-8.

T.F. Yuan, S. Gu, C. Shan, S. Marchado, O. Arias-Carrion, Oxidative stress and adult
neurogenesis, Stem Cell Rev. Rep. 11 (2015) 706-709, https://doi.org/10.1007/
512015-015-9603-y.

X. Yue, M. Ly, T. Lancaster, P. Cao, S. Honda, M. Staufenbiel, N. Harada, Z. Zhong,
Y. Shen, R. Li, Brain estrogen deficiency accelerates Abeta plaque formation in an
Alzheimer’s disease animal model, Proc. Natl. Acad. Sci. U. S. A. 102 (2005)
19198-19203, https://doi.org/10.1073/pnas.0505203102.

J. Zhou, A.M. Fleming, A.M. Averill, C.J. Burrows, S.S. Wallace, The NEIL
glycosylases remove oxidized guanine lesions from telomeric and promoter
quadruplex DNA structures, Nucleic Acids Res. 43 (2015) 7171, https://doi.org/
10.1093/nar/gkv673.


https://doi.org/10.1016/j.dnarep.2019.102665
https://doi.org/10.1016/j.dnarep.2019.102665
https://doi.org/10.1073/pnas.1106880108
https://doi.org/10.1038/srep28337
https://doi.org/10.1016/j.jns.2016.07.008
https://doi.org/10.1016/j.neuroscience.2004.10.009
https://doi.org/10.1155/2012/324968
https://doi.org/10.1155/2012/324968
http://refhub.elsevier.com/S0891-5849(22)00983-2/sref61
http://refhub.elsevier.com/S0891-5849(22)00983-2/sref61
http://refhub.elsevier.com/S0891-5849(22)00983-2/sref61
https://doi.org/10.1212/WNL.0000000000001788
https://doi.org/10.1016/j.stem.2019.05.003
https://doi.org/10.1093/jb/mvi168
https://doi.org/10.1111/j.1471-4159.2005.03615.x
https://doi.org/10.1111/j.1471-4159.2005.03053.x
https://doi.org/10.1016/j.neuroscience.2004.03.048
https://doi.org/10.1016/j.neuroscience.2004.03.048
https://doi.org/10.1038/s41419-019-1786-8
https://doi.org/10.1038/s41419-019-1786-8
https://doi.org/10.1007/s12015-015-9603-y
https://doi.org/10.1007/s12015-015-9603-y
https://doi.org/10.1073/pnas.0505203102
https://doi.org/10.1093/nar/gkv673
https://doi.org/10.1093/nar/gkv673

	Age- and sex-dependent effects of DNA glycosylase Neil3 on amyloid pathology, adult neurogenesis, and memory in a mouse mod ...
	1 Introduction
	2 Materials and methods
	2.1 Mouse models
	2.2 Immunohistochemical (IHC) and -fluorescent (IF) staining
	2.3 Extraction of nucleic acids
	2.4 RNA sequencing
	2.5 Quantification of oxidative DNA damage by mass spectrometry
	2.6 Human Aβ42 and Aβ40 measurement by ELISA
	2.7 Behavioral analysis
	2.8 Statistics

	3 Results
	3.1 Reduced plaque deposition upon loss of Neil3 in female AD mice
	3.2 No differences in levels of global oxidative DNA damage
	3.3 Age-dependent impairment of working memory upon loss of Neil3 in male AD mice
	3.4 Impaired adult neurogenesis upon loss of Neil3 in male AD mice
	3.5 Hippocampal oxidative DNA damage is increased in Neil3-deficient female mice early in AD
	3.6 RNA sequencing reveals sex-specific differences in expression of genes involved in synaptic processes

	4 Discussion
	5 Conclusion
	Author contributions statement
	Availability of data and material
	Funding
	Declaration of competing interest
	Acknowledgements
	List of abbreviations
	Appendix A Supplementary data
	References


