1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Free Radlic Biol Med. Author manuscript; available in PMC 2020 September 30.

-, HHS Public Access
«

Published in final edited form as:
Free Radic Biol Med. 2019 September ; 141: 47-58. doi:10.1016/j.freeradbiomed.2019.05.037.

NEIL1 stimulates neurogenesis and suppresses
neuroinflammation after stress

Beimeng Yang?, David M. Figueroa?, Yujun Hou?, Mansi Babbar?, Stephanie L. Baringer?,
Deborah L. Croteau?, Vilhelm A. Bohra.b.*

al aboratory of Molecular Gerontology, National Institute on Aging, National Institutes of Health,
Baltimore, MD, 21224, USA

bDanish Center for Healthy Aging, University of Copenhagen, 2200, Copenhagen, Denmark

Abstract

Cellular exposure to ionizing radiation leads to oxidatively generated DNA damage, which has
been implicated in neurodegenerative diseases. DNA damage is repaired by the evolutionarily
conserved base excision repair (BER) system. Exposure of mice to ionizing radiation affects
neurogenesis and neuroinflammation. However, the consequences of deficient DNA repair on
adult neurogenesis and neuroinflammation are poorly understood despite their potential relevance
for homeostasis. We previously reported that loss of NEIL1, an important DNA glycosylase
involved in BER, is associated with deficiencies in spatial memory, olfaction, and protection
against ischemic stroke in mice. Here, we show that Neil1~/~ mice display an anxiety-mediated
behavior in the open field test, a deficient recognitive memory in novel object recognition and
increased neuroinflammatory response under basal conditions. Further, mice lacking NEIL1 have
decreased neurogenesis and deficient resolution of neuroinflammation following gamma
irradiation (IR)-induced stress compared to WT mice. Neil1™~ IR-exposed mice also exhibit
increased DNA damage and apoptosis in the hippocampus. Interestingly, behavioral tests two
weeks after IR showed impaired stress response in the Neil1™~ mice. Our data indicate that NEIL1
plays an important role in adult neurogenesis and in the resolution of neuroinflammation.
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1. Introduction

lonizing radiation from terrestrial sources is constantly an unprotected risk to humans [1].
Exposure of humans to radiation occurs through medical radiation and global radiation
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sources. The biological impact of radiation on humans has been reported through the last
century but recently there has been growing interest in understanding the effect of radiation
exposure to the CNS [2]. Cellular exposure to ionizing radiation leads to oxidizing events
inducing the formation of hydroxyl radical (*OH) [3]. lonizing radiation generates a
multiplicity of radical events within a cellular target including in DNA. This includes
clustered lesions that may consist of a broad spectrum of DNA damage[4,5]. Irradiation-
induced DNA damage is detrimental to the cell unless efficiently repaired. Damaged DNA is
repaired by several DNA repair pathways, and one of the most important ones, is base
excision repair (BER).

Previous studies have suggested that irradiation-induced neurodegeneration is associated
with the depression of hippocampal neurogenesis and neuroinflammation in adult mice [6—
8]. Whole-body low-dose IR of mice led to molecular changes in the brain that are similar to
those seen in aging and AD [9]. Therefore, IR may be a meaningful tool for examining the
relationships between adult neurogenesis, neuroinflammation, and neurodegenerative
diseases.

Adult neurogenesis was first reported in 1965, and this observation changed the perception
that the mammalian brain was incapable of generating new neurons [10]. New neurons are
generated throughout life in two regions of brain, the subventricular zone lining the lateral
ventricles and the subgranular zone of the dentate gyrus in the hippocampus [11]. The
process of adult neurogenesis begins with generating neurons from NSCs and neural
progenitor cells. The rate of neurogenesis can be altered by many factors including age,
hormonal status, neuroinflammation and environmental factors, such as radiation [12].
Importantly, alterations in adult neurogenesis have been proposed as a hallmark feature in
several neurodegenerative diseases [13].

An important connection between neurodegeneration and neurogenesis is
neuroinflammation [14,15]. Neuroinflammation is a process in which the brain clears
damaged cells or removes infectious agents [16], and is characterized by the activation of the
microglia and astrocytes [17]. Activated microglia and astrocytes are marked by an increase
in proliferation, morphological changes, and the release of several inflammatory molecules
such as cytokines, reactive oxygen species, and nitric oxide [15]. An appropriate
neuroinflammatory response can promote brain homeostasis [18] while excessive
neuroinflammation can inhibit neuronal regeneration. In general, it appears that chronic
neuroinflammation negatively regulates neurogenesis [19,20].

Defective repair of nuclear or mitochondrial DNA damage has been implicated in several
neurodegenerative disorders [21]. Oxidatively generated DNA damage is largely repaired by
the evolutionarily conserved BER system. NEIL1, an important DNA glycosylase, is a
versatile DNA repair enzyme because it can recognize DNA lesions in sSDNA, dsDNA, and
bubble DNA substrates [22]. It is well-documented that the most biologically relevant
NEIL1 substrates consist of oxidized pyrimidine and formamidopyrimidine lesions [23].
NEIL1 also interacts with many proteins involved in DNA replication and DNA repair
[24,25]. These proteins include XRCC1, WRN, PCNA, CSB and RAD9 [26]. NEIL1 has
been shown to localize to mitochondria and nuclei [27] suggesting it contributes to DNA
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repair in both compartments. NEIL1 may be implicated in the removal of oxidized
pyrimidine bases, such as 5,6-dihydroxy-5,6-dihydrothymine from complex clustered DNA
damage generated from IR, attenuating their harmful effects. NEIL1 has also been
implicated in learning and memory, olfaction, and protection against ischemic injury in
murine neurons [28,29].

Loss of BER is involved in the progression of aging and neurodegenerative diseases [30,31].
In this study, we report a role for NEIL1 in neurogenesis and neuroinflammation following
stress in the form of 6 Gy whole-body IR. We show that neurogenesis and resolution of
neuroinflammation in the hippocampus from Neil1™~ mice is deficient after IR stress. We
further find that DNA damage and apoptosis markers are increased in Neil1™~ IR-exposed
mice. Moreover, Neil1™~ mice show an impaired stress response in behavioral tests 2—4
weeks after IR. Combined, these results demonstrate that a BER deficiency adversely
modulates recovery from IR stress in the central nervous system.

2. Materials and methods
2.1. Mice

All mice were maintained in the in a constant-temperature facility with a 12 h light/12 h
dark cycle and given food and water ad libitum. The mice were a generous gift from Steven
Lloyd (Oregon Health and Science University, Portland, OR). The mice were backcrossed
on a C57BL/6 background. Male littermate wild type (28-42 weeks old) and male Neil1~/~
mice were used for all experiments. All procedures were approved by the Animal Care and
Use Committee of the National Institute on Aging Intramural Research Program.

2.2. Gamma irradiation

Mice were subjected to whole body gamma irradiation in a Nordion Gammacell 40 Exactor
Irradiator. Mice were placed in a stereotaxic cube box and exposed to gamma irradiation or
not irradiated (sham). Radiation (6 Gy) was delivered at a rate of 0.74 Gy/min on day 0.
After exposure, mice were returned to home cages.

2.3. BrdU injections

BrdU (Sigma) was dissolved in 0.9% NaCl and sterile filtered at 0.2 um. Mice were
administered intraperitoneally BrdU injection (100 mg/kg) before and after 2 h of IR
exposure. Mice were sacrificed at 20 h or four weeks after IR.

2.4. RNA purification and microarray

Gene expression analysis was performed using mouse cortex. RNA was purified with
PureLink™ RNA isolation kit following manufacturer’s protocol (Thermo). RNA
concentration and purity were conducted using a NanoDrop ND-1000 spectrophotometer.
The quality of the RNA was inspected using a 2100 Bioanalyzer (Agilent Technologies).
Samples with RNA integrity less than 7.5 were discarded. Finally, we used n=4 for each
group for analysis. The microarray was performed by the Gene expression and Genomics
core facility (NIA) and analyzed using DIANE 6.0 software as described before [32]. A gene
was considered significant if the absolute value of its z-ratio was =1.5, p-value <0.05. A
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complete set of 880 canonic pathways and 2392 chemical perturbation gene sets were
obtained from the Molecular Signatures Database (MSigDB, Broad Institute, Massachusetts
Institute of Technology, MA, USA). The complete set was tested for Geneset enrichment
using parametric analysis of gene set enrichment (PAGE). Raw microarray hybridization
intensity data were filtered to remove undetected and array control probes, before computing
log z-score for each sample to identify and exclude possible outlying samples via clustering,
scatter plots, and principal components analysis. After removal of the outlying samples, a
sample-specific quantile normalization of the filtered raw average signal was employed to
yield quantile normalized log scale z-scores. These quantile z-scores were used to ensure a
standard normal distribution in further statistical analysis, including ANOVA, t- and z-
testing. Z-ratio values of + 1.5 were used as cut-off values and calculated using a
combination of thresholds, including p < value 0.05, 30% FDR, and average signal intensity
of comparison >0. The gene expression change z-ratio values were then used as input to
perform PAGE testing. For each gene set change, an aggregate z-score, and p-value with
false discovery change was calculated and reported for statistical significance. The accession
number for the raw and processed microarray data reported in this paper is GEO:
GSE130034.

Immunofluorescence staining

Mice were perfused with 4% paraformaldehyde (4% paraformaldehyte in 0.1 M phosphate
buffer) then placed in 30% sucrose (Sigma) in phosphate buffered saline until sunken at 4
°C. Brains were cryoprotected in tissue freezing medium, and 30 um-coronal sections were
obtained with a cryostat CM 3080S (Leica). Primary antibodies, including rat anti-BrdU
(Abcam, 1:500), rabbit anti-Ki67 (Millipore, 1:500) were used for immunostaining.
Sectioned tissue into 30-mm coronal slices using a cryostat. Transfered sections to 24-well
plates loaded with 0.1 M PBS (pH 7.4), including 0.02% sodium azide. Collected six sets of
sections per brain. Typically, we collect 60-70 sections per dentate gyrus, and so there are
10-12 sections per set. Brain slices were incubated with 4”,6-diaminodino-2-phenylindole
(DAPI, Invitrogen, 1:2000) for 15 min before mounting onto slides. For thymidine glycol
(TG): the slices were performed antigen retrieval by incubation in 0.01 mol/l sodium citrate
(pH 6.0, sigma) at 95 °C for 20 min. The primary anti-TG monoclonal antibody specific for
TG in DNA polymers (mouse 1gG1kappa) was purchased from the Adipogen. The entire
dentate gyrus was scanned using an Axiovert 200 M Zeiss microscope (Zeiss) equipped with
AxioVision 4.8.3.0 software.

2.6. Culture and exposure of NSCs

Neural stem cells (NSCs) were isolated from embryonic mice cortex, cultured and expanded.
Cortical regions of embryos (E13.5-14.5) were dissected and dissociated with 0.05%
trypsin/EDTA, and then titrated through a 40 um cell-filter to ensure single cells. Cells were
then centrifuge and resuspended in starting medium (DMEM/Ham’s F-12 nutrient solution +
GlutaMAX (Gibco, #10565018), 50 U/ml penicillin, 50 pg/ml streptomycin, 0.25 pg/ml
amphotericin B (Gibco, #15290018), 2% B27 (Thermo Fisher Scientific, #17504001), 20
ng/ml epidermal growth factor (EGF) and 10 ng/ml fibroblast growth factor 2 (FGF-2)
(R&D Systems, #028-EG-200 and #3139-FB-025/CF, respectively), and seeded at a density
of 200,000 cells/ml. Cells were grown in starting medium at 37 °C, with 5% CO2. Half of
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the medium was changed every other day. After seven days of growth, passage 1, neural
stem cells were dissociated using NeuroCult Chemical Dissociation kit following the
manufacturer’s protocol (StemCell Technologies, #05707). Cells were resuspended in
starting medium and seeded out for continual exposure experiments. Cells were seeded in
96-well plates for 24 h. Then cells were irradiated with a series of gamma irradiation at a
rate of 0.74 Gy/min in a Nordion Gammacell 40 Exactor Irradiator.

2.7. NSCs proliferation assay

A CCK-8 kit (Dojindo) was used to measure proliferation of neural stem cells. Briefly, 10 pl
of the kit reagent were added to the cells that had been treated as described above in 96-well
plates, followed by a 2 h incubation. Cell proliferation was assessed using a
spectrophotometer plate reader measuring the absorbance at 450 nm. All results were
adjusted by subtracting the optical densities (ODs) measured from an identically conditioned
well without cells. For cytotoxicity assay, a colorimetric assay kit (Dojindo) was used
according to the manufacturer ‘s instructions to quantify the LDH released from the cultured
neural stem cells. Cytotoxicity was assessed using a spectrophotometer plate reader by
measuring absorbance at 490 nm. All results were adjusted by subtracting the OD of an
identical well without cells.

2.8. Western blotting

Mouse hippocampi were lysed in RIPA buffer (Sigma) including a protease/phosphatase
stop cocktail (Sigma). Protein concentrations were measured by BCA assay (Thermo) and
lysates (20 g per lane) were separated on a 4-15% SDS-PAGE (Thermo) and transferred
onto a PVDF membrane. The membrane was incubated with blocking solution (5% milk
(BD) in TBST) for 1 h at room temperature, followed by overnight incubation with a
primary antibody at 4 °C. The membrane was incubated with HRP-conjugated secondary
antibody (Cell signaling) for 1 h at room temperature. Immunoreactivity was detected with
an ECL kit (Millipore, or Thermo). Optical density of the immunoreactivity bands was
analyzed using Image J software (NIH).

2.9. Antibodies

Rabbit anti-IL6 (Abcam), goat anti- IL10 (Proteintech), rabbit anti-B-actin (Cell signaling),
mouse anti-BCL2 (Santa cruz), Rabbit anti-Ace-P53 (Cell signaling), rabbit anti-PAR
(Trevigen), Rabbit anti-PARP1 (Cell signaling), mouse anti-P53 (Santa cruz), mouse anti-
YH2AX (Abclonal), goat anti-SOX2 (R&D), goat anti-IBA1 (Novus), rabbit anti-GFAP
(Millipore), rabbit anti-NFxB-P50 (Proteintech), rabbit anti-Cl-Caspase3 (Cell signaling),
and Rabbit anti-Nestin (Millipore). HRP-conjugated secondary antibodies (Cell signaling).

2.10. Cytokine array

Mouse eye bleeds were collected in EDTA treated tubes. After centrifugation, the
supernatant was flash frozen. Plasma diluted-1:2 was used to detect cytokines and
chemokines by use of 31-Plex Cytokine/Chemokine array (Eve Technologies).

Free Radic Biol Med. Author manuscript; available in PMC 2020 September 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al. Page 6

2.11. Open field test

Each individual mouse was placed in the center of open field box (40 cmx40 cmx40 cm)
and recorded for 20 min. The center zone was set up as a 26.6—cm? area from the peripheral
walls. Travel distance and time spent in the center were measured and recorded by ANY-
maze software (Stoelting).

2.12. Elevated plus maze test

The test was performed as previously reported [32]. A mouse was placed in a device with
two open arms (30x5x2.5 cm) and two closed arms (30x5%15 cm) and recorded for a period
of 5 min. The time spent in each arm was tracked by the ANY-maze software (Stoelting).

2.13. Novel object recognition

Before training, mice were handled 1-2 min per day for 3 days prior to beginning behavioral
assessment. During the training phase, mice were put in the experimental box
(27.5cmx27.5cmx25¢cm) and were exposed to two identical objects for 10 min. After 1 h,
mice were put back into the same box, which had been modified to contain one familiar
object and one novel object. To exclude olfactory cues, the boxes and objects were cleaned
before each test. The automatic tracking system (Anymaze, Stoelting) was used to monitor
exploration behavior. Exploration time and the percent of time mice spent with the old
object and the novel object was measured.

2.14. Fear conditioning test

The context fear conditioning test was carried out by using operant chambers (Med
Associates) with an electrifiable steel grid floor. During training phase, mice were habituated
to the chamber for 2 min, followed by 3 times electrical foot shock (0.5 mA) with 1-min
intervals. 24 h after training, the mice were placed in same chamber for 5 min and their
freezing behavior was measured.

2.15. Forced swim test

In the forced swim test, mice were placed in a plastic beaker (17.5 cm diameter, 24 cm
high), filled with water (22 °C) to a height of 15 cm for 6 min. The time mice spent floating
(immobility time) during the last 4 min as well as the latency to the first immobility episode
were manually observed. The movement of mice were record and analyzed by automatic
tracking system (Anymaze, Stoelting).

2.16. Y-maze

The maze consisted of three arms (8x30x15 cm), with an angle of 120 degrees between each
arm. The numbers of entries and alterations were recorded using the Anymaze tracking
system. Mice were put on the center of the Y maze and allowed them to freely explore the
maze for 5min. The arms were cleaned with 70% ethanol solution between different mice.
Spontaneous alternation percentage (SAP) is calculated by the number of actual alternations/
(total arm entries-2) X 100.
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2.17. Statistical analysis

P values < 0.05 are considered statistically significant (*P < 0.05, **P < 0.01, ***P <
0.001). All results are presented as means = SEM and were analyzed with Statview
Software. Statistical differences between two groups were measured by Student’s ~test.
Multiple groups were assessed by one-way ANOVA.

3. Results

3.1. Neill™~ mice are more susceptible to IR damage

Based on prior literature [33] and on our own experience, we used 6 Gy IR to induce whole-
body DNA damage. This dose is not lethal but high enough to have an effect. We divided
mice in 4 groups: WT sham, WT IR, Neil1™~ sham, and Neil1™~ IR. Mice were sacrificed
20 h or 28 days after IR exposure following treatment paradigm (Fig. 1A). All mice were
alive after this sublethal dose of IR, with no obvious visual macroscopic effects. Changes in
the body weight of mice exposed to IR or sham are shown (Fig. 1B). Both WT and Neil1 ™/~
mice lost more weight over the follow-up period after IR exposure than without, however,
irradiated Neil1™~ mice lost more weight than the irradiated WT mice. This suggest that
Neil1~/~ mice are more sensitive to IR than their WT littermates.

Gene expression array analysis was performed to get unbiased insights into pathways
affected by IR. Here we analyzed the PAGE of the curated canonical pathway via BioCarta,
KEGG, and Reactome to determine the pathway alterations in the cortex 20 h after IR.
Significantly changed pathways were defined as those displaying an absolute z-score of at
least 1.5, a p-value<0.05, and a FDR<0.3 and having at least three changed genes in the
pathway in at least one genotype [32]. Heatmaps (Fig. 1C—E) show the various pathways
changed in WT or Neil1™/~ mice exposed to IR or sham in different comparison. Neil1™~ IR
mice showed increases in biological oxidation, protein and lipid metabolism when compared
to the Neil1™/~ sham mice (Fig. 1C). Notably, immune-related death, complement, and the
lectin pathways were all increased in Neil1™~ IR vs Neil1™/~ sham comparison, but not in
WT IR vs WT sham (Fig. 1D). Interestingly, neuronal functional pathways were
significantly down-regulated in Neil1~/~ IR mice compared to Neil1™~ sham mice (Fig. 1E).
Conversely, the neuronal function pathways were uniformly up-regulated in WT IR vs WT
sham (Fig. 1E). These results suggest that IR induces more neuronal dysfunction in Neil1™~
mice than WT mice.

3.2. IR decreases neurogenesis in Neill™~ mice

Adult hippocampal neurogenesis plays an important role in brain function, and evidence
suggests that hippocampal neurogenesis is compromised after IR [34]. To quantify newly
generated neurons arising from neural progenitor cells, we labeled newborn neurons with
BrdU 2 h before and after IR exposure via I.P. injection (Fig. 1A) then imaged the
hippocampus 28 days later. We observed that there was a decrease in the number of BrdU
positive cells in the dentate gyrus region of the hippocampus in the Neil1™~ IR mice as
compared to the Neil1~/~ sham, WT sham and WT IR mice (Fig. 2A and B), suggesting
decreased neurogenesis in the Neil1™/~ IR mice. We also checked proliferating neural
progenitor cells by examining the marker Ki67 4-weeks after IR exposure. Interestingly,
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Ki67-labeled proliferating cells were increased in the WT IR-exposed mice as compared to
WT sham mice, indicating that IR increases proliferation of WT neural progenitor cells (Fig.
2C and D). IR had no effects on proliferation of Neil1™~ neural progenitor cells after 4
weeks of recovery.

To verify this deficit in the NEIL1 defective NSCs, we used NSCs from WT or Neil1™/~
embryos to investigate neurogenesis in vitro (Figs. S1A and B). NSCs were exposed to
increasing doses of IR and cell proliferation was evaluated using the CCK-8 (Fig. 2E) and
the LDH assay (Fig. 2F). IR significantly decreased the proliferation of NSCs in a
concentration-dependent manner in WT and Neil1 ™~ NSCs, and Neil1™~ NSCs were more
sensitive to IR than WT NSCs (Fig. 2E and F). Also, we found that exposure to 0.1 Gy of
irradiation significantly increased proliferation in WT NSCs, but not Neil1 ™/~ IR NSCs.
Combined, our results show that NEIL1 is important for the neurogenesis in vivo and in
vitro following IR stress.

IR induces an abnormal inflammatory response in Neill™~ mice

In addition to neurogenesis, irradiation also leads to neuroinflammation in mice [35,36].
Microglia, astrocytes, blood inflammatory cells, and neurons regulate brain inflammation
after contusion-induced spinal cord injury [37]. Inflammatory cells protect neurons and
repair the damaged microenvironment. We therefore investigated the response of astrocytes
and microglia to IR in the hippocampus.

The density of microglia (IBA1) and astrocytes (GFAP) were significantly increased in
Neil1™~ sham compared to WT sham mice (Fig. 3A and B), suggesting that Neil1~~ mice
have increased basal neuroinflammation. IR increased the astrocyte population in WT mice.
However, the signal for IBA1 and GFAP were downregulated by IR exposure in Neil1 ™/~
mice, which is consistent with our gene expression array analysis (Fig. 1E). These results
indicate abnormal neuroinflammatory responses in Neil1 ™~ mice after IR exposure.
Cytokines are a major component of the neuroinflammatory response, and thus we measured
the expression of the proinflammatory cytokines IL6, IL10 and NFxB-P50 in the
hippocampus. Neil1™~ IR mice had elevated levels of I1L6 (P=0.055) and IL10 compared to
WT sham mice (Fig. 3C and D). NFxB-P50 was significantly increased in Neil1™~ IR in
comparison to other groups (Fig. 3C and D).

To quantify circulating pro-inflammatory cytokines, we performed cytokine array from
plasma (Fig. 4), to detect MCP-1, MIP2, RANTES, IL-5, TNFa, IL4, IL17, and VEGF.
There were no differences between WT sham and Neil1™~ sham mice. However, these
cytokines were consistently increased in Neil1™~ IR when compared to Neil1~/~ sham (Fig.
4). Collectively, WT mice showed a proficient neuroinflammatory response in the brain and
a resolved inflammatory response in blood following IR exposure. In contrast, Neil1™~ mice
displayed an abnormal neuroinflammatory response in the hippocampus, and an unresolved,
excessive inflammatory response in plasma following IR exposure.

IR increases DNA damage and apoptosis in Neil1™~ mice

To further explore neuronal dysfunction, we investigated the expression of DNA damage and
apoptosis proteins in mouse hippocampal tissue at 20 h and 4 weeks after IR.
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v-H2AX is a DNA damage marker originally thought to be detecting, but more recently
associated much more broadly with DNA damage and genotoxicity marker [38]. At 20 h
after IR exposure, the DNA damage marker -y-H2AX and apoptosis marker Cl-Caspase 3
were increased in Neil1™/~ IR mice compared to all other groups (Fig. 5A and B). We also
measured another biomarker of radiation-induced DNA damage, thymine glycol, which is a
substrate for NEIL1 enzyme [39]. Thymine glycol positive cells were significantly increased
in Neil1™/~ IR mice compared to all other groups at 20 h after IR exposure (Fig. 5C and D).
To further assess DNA damage, we analyzed PAR levels. PAR is a post-translational
modification found near sites of DNA damage, which is catalyzed by PARP [40]. PAR was
increased in Neil1™~ IR when compared with Neil1™~ sham and WT IR mice (Fig. 5E and
F). Interestingly, WT IR mice showed less PAR compared to WT sham (Fig. 5E and F).
PARP1 can be activated by DNA damage and plays an important role in DNA repair,
implicating cleaved-PARPL1 in the apoptotic process [41]. There were no significant changes
in full length PARP1 protein between the IR and sham groups (Fig. 5E and F), however,
cleaved-PARP1 was increased in Neil1™~ IR than in Neil1™~ sham mice (Fig. 5E and F).
Additionally, DNA damage activates p53, a transcription factor, through post-translational
modifications that include both phosphorylation and acetylation [42]. We found that
acetylation of p53 (Ace-p53) and y-H2AX were increased in the Neil1~/~ IR group
compared to WT IR and Neil1™~ sham mice (Fig. 5E and F). There was no change in p53 or
BCL2 protein levels between the Neil1~~ IR and the Neil1~/~ sham group (Fig. 5E and F).
These data suggest that a single 6 Gy dose of IR induces Caspase 3 and Ace-p53 dependent
apoptotic pathways.

At 4 weeks, PAR levels were increased in the Neil1™~ IR mice compared to the WT sham
group (Fig. 6A and B). The Cleaved-PARP1 level was highly expressed in WT IR compared
to WT sham (Fig. 6A and B). Since PARP1 uses NAD™ as a substrate, we also measured the
total NAD, NAD", NADH, and NAD*/NADH ratio in all four groups of mice after IR
exposure. Neil1™~ IR mice showed decreased NAD+ and decreased total NAD levels
compared to WT sham (Fig. 6C). There was no difference in NADH or NAD+/NADH level
between Neil1~~ IR and WT sham mice (Fig. 6C). Thus, IR significantly increased the
DNA damage and NAD+ depletion in Neil1™~ mice compared to WT mice.

3.5. Neil1™~ IR mice exhibit impaired behavior after stress

IR has a variety of effects on the brain, leading to abnormal behaviors and disease [43-45].
Our results suggest that IR decreased adult neurogenesis, affected neuroinflammation, and
increased apoptosis in Neil1™~ mice. Next, we assessed whether these changes impacted
behaviors. Thus, we performed a series of behavioral tests that have previously been related
to stress. Distance traveled was measured in the open field test to assess motor function. We
found that WT IR mice traveled less distance than WT sham and Neil1™~ IR mice,
suggesting that WT mice showed less motor function after IR exposure, but that Neil1™~ IR
mice did not (Fig. 7A). Anxiety was assessed by time spent in the center of open field (Fig.
7A) and time spent in open arms of elevated plus maze (Fig. 2SA). Neil1™~ sham animals
spent less time in the center zone compared to WT sham animals, suggesting that Neil1~/~
mice had greater natural anxiety. After IR, WT mice spent less time in the center zone than
WT sham mice, indicating increased anxiety (Fig. 7B). Neil1”~mice failed to show this
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response to IR. To further evaluate anxiety, we tested mice in the elevated plus maze. In this
test, mice spend less time in the open arm if they are more anxious. Compared with WT
sham mice, WT IR mice trended to spend less time exploring in the open arms (p=0.052,
Fig. 7C). But no change was observed between Neil1™~ sham and Neil1™/~ IR mice.

Recognition memory was also tested in these mice via the novel object recognition test. All
mice spent similar amounts of time exploring the two identical objects during the training
phase. During the test phase, we replaced one object with a novel object. If mice spend more
time exploring the novel object than the old object, they have proficient recognition memory.
Here we found that WT sham mice spent significantly more time exploring the novel object
compared to the WT IR group (Fig. 7D). We also analyzed the percent of exploration time
between novel and old object. Only the WT sham group could recognize a novel object from
an old object, this was not seen in the WT IR, Neil1~/~ sham, Neil1™~ IR (Fig. 7E),
suggesting that WT IR, Neil1™~ sham and Neil1~~ IR mice were deficient in recognition
memory. Thus Neill = mice had a defect in recognition memory before stress. Fear
memory was measured by the percentage of time freezing in the fear conditioning test. WT
IR mice spent significantly more time freezing (Fig. 5F) and had less motion activity (Fig.
S2B) than the WT sham and Neil1™~ IR mice, suggesting that WT IR mice have a better
fear memory than WT sham. IR had no effects on fear memory in Neil1™~ mice, suggesting
that Neil1~/~ exhibit an impaired response to IR exposure.

We also measured other behaviors to determine if IR impacted them and if NEIL1 affected
them. We measured olfactory function by testing how long the mice took to find a buried
food pellet using the buried food test. While more Neil1™~ mice failed (max time 600 s) to
find the pellet than WT mice, there were no significant differences in latencies (Figs. S2C
and D). Working memory was evaluated by quantifying the percentage of spontaneous
alternation in the Y maze test. IR had no effect on the working memory (Fig. S2E).
Depression was tested by measuring the immobility time in the forced swimming test. IR
induced depression phenotypes in both WT mice and Neil1~/~ mice, but there were no
differences between WT IR and Neil1™~ IR (Fig. S2F). Overall, Neil1™~ mice show an
anxiety-mediated behavior (Fig. 7B) in the open field test, a deficient recognitive memory in
novel object recognition test (Fig. 7E) and declined olfaction (Fig. S2D) under basal
condition. In summary, Neil1™~ mice display impaired behavioral responses to IR compared
to WT mice (Fig. 7A-C and 7F).

4. Discussion

Here we demonstrate that NEIL1 plays an important role in adult neurogenesis, resolution of
neuroinflammation, neuroprotection and related behaviors in mice following IR exposure.

IR induces oxidative stress and produces a large quantityof ROS in organisms. ROS is also
generated endogenously during mitochondrial respiration. ROS inflicts oxidative damage on
macromolecules, including DNA [46-48]. Oxidatively generated DNA damage is elevated in
neurons during normal aging or in neurodegenerative diseases, which may result in impaired
expression or dysfunction of proteins that play critical roles in neurogenesis, synaptic
plasticity and memory [49,50].
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BER is the major pathway for the repair of oxidative stress induced DNA base lesions
[51,52]. Some major DNA glycosylases recognize and remove oxidatively modified bases
from DNA, including OGG1, NTH1, and NEIL1 [53]. We have reported that thymine glycol
and 5-hydroxyuracil incision capacity were significantly lower in nuclear and mitochondrial
lysates in brain tissue samples from Neil1™~ mice compared with WT mice [29]. These data
suggest that these two pyrimidine base oxidation products are substrates for NEIL1
enzymes. The biological relevance of these lesions is not clear. Some studies have reported
that NEIL1 also recognize the secondary oxidation products of 8-0xo-7, 8-dihydroguanine
including spiroiminodihydantoin, guanidinohydantoin and carboxamido-5-formamido-2-
iminohydantoin [54-57].

Radiation-induced clustered DNA lesions, also called multiply damaged sites, are a hallmark
of ionizing radiation. They include a multitude of DNA lesions. When the BER pathway is
insufficient, the observed hierarchy in the processing of the lesions within a cluster leads to
the formation of SSB or DSB [58]. In this study, we assessed the effect of NEIL1 absence on
radiation-induced DNA damage in hippocampus. Thymine glycol is a representative
oxidized pyrimidine base and is also an excellent substrate for NEIL1 enzyme. We found
that thymine glycol positive cells in hippocampus were significantly increased in Neil1™~ IR
mice (Fig. 5C and D). Complex DSBs, either formed directly by irradiation or by the
processing of non-DSBs clustered lesions, activate the DNA damage responses and repair
signaling cascades that modulate cell cycle arrest, DNA repair, and cell fates. y-H2AX is a
DNA damage marker originally thought to be specifically detecting DSBs marker, but more
recently associated broadly with DNA damage. While assessing this marker is not a direct
measure for NEIL1 function following IR exposure, it reflects the biological relevance of
NEIL1 in this context (Fig. 5A and B).

Radiation-induced cognitive deficits are associated with the reduction of hippocampal
neurogenesis and abnormal neuroinflammation in adult mice [6]. Previously, Raber et al.
reported that 10 Gy X-ray led to significant and prolonged loss of proliferating cells after
irradiating the dentate gyrus in adult mice [8]. However, another study demonstrated that a 2
Gy dose of whole-body irradiation showed transient damage to neurogenesis which persisted
for 3 days [34]. We should point out that NEIL3 was also shown to be activated during the
S-phase [59]. Another study reported that NEIL3 is required for adult neurogenesis to
counteract cognitive defects [60]. However, human NEIL3’s substrate preference has not
been well characterized. It is possible that NEIL3 also is involved in adult neurogenesis for a
different set of oxidized bases. Here, we found that adult neurogenesis in Neil1™~ IR mice
was decreased compared to Neil1™/~ sham mice at 20 h after IR exposure (Fig. 2A and B).
This suggests that a 6 Gy dose of whole-body IR showed a transient decline in neurogenesis.
Interestingly, Ki67 labeled cells, a marker for proliferating cells, are increased in WT IR
mice compared to WT sham, but not in Neil1™~ IR (Fig. 2C and D). Increased neurogenesis
may be essential for increased adult hippocampal stress resistance [61]. Low dose irradiation
exposure has been shown to confer neuroprotection and activate reparative mechanisms
[62,63]. In accordance with the increased neurogenesis in WT IR mice (Fig. 2C and D), we
found that a 0.1 Gy dose of IR increased WT NSCs proliferation in vitro (Fig. 2E and F), but
there was a failed response in Neil1™/~ NSCs. Hegde et al. reported that NEIL1 is critical for
efficient repair of oxidized DNA base damage and enhanced cell survival [46]. They also
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showed that NEIL1 depletion inhibits DNA replication fork progression after oxidative
stress [64]. Consistent with those reports, we demonstrate that NEIL1 is important for
neurogenesis in vivo and for proliferation in vitro after IR stress.

In addition to neurogenesis, brain inflammation plays a detrimental role in the pathogenesis
of neurodegenerative disorders like Alzheimer’s disease (AD) and Parkinson’s Disease
[65,66]. Cytokines are pleiotropic molecules with important roles in inflammation. Pro-
inflammatory cytokines and neuroinflammation not only participate in the inflammatory
response, but are also involved in neurogenesis and neuroprotection [67]. Cranial irradiation
causes inflammation in the hippocampus [68] and decreased neurogenesis [43]. Microglia,
neutrophils, monocytes, astrocytes, and neurons contribute to brain inflammation, suggesting
that these cells protect precious neurons in the brain from secondary injury [37]. Here, we
find that neuroinflammation was increased in Neil1~/~ mice under basal conditions, and that
IR reduced the astrocyte and microglial populations in Neil1™~ mice (Fig. 3). This suggests
that NEIL1 contributes to the resolution of neuroinflammation, and that loss of NEIL1
results in abnormal neuroinflammatory responses after stress in the CNS. Also, increased
pro-inflammatory cytokines were detected in Neil1™~ IR mice compared to WT sham (Fig.
4), WT IR and Neil1~/~ sham mice, suggesting that Neil1™~'~ mice have an excessive
inflammatory response after IR exposure in blood. Interestingly, statistically significant
increases in induction of both pro- and anti-inflammatory cytokines were observed in
hippocampal tissue and blood of Neil1 ™~ IR mice (Fig. 3C and D, Fig. 4). A recent study
also reported increased pro- and anti-inflammatory cytokines in UVB-exposed
NEIL1~~mouse skin. This mixed pro- and anti-inflammatory environment likely led to
increased oxidative stress in the hippocampus and formation of ROS-induced DNA base
lesions. In accordance with this hypothesis, we detect decreased NAD+ and total NAD levels
in irradiated Neil1~/~ tissues (Fig. 6). We also observed that DNA damage and apoptosis was
increased in Neil1™~ irradiated mice, and we detected more NAD+ depletion in Neil1~/~
mice following IR. We believe that the increased DNA damage by IR leads to more NAD +
depletion in Neil1™~ mice, possibly via increased parylation (Fig. 5), a substrate of NAD+.
Thus, loss of NEIL1 may contribute to DNA damage and NAD + consumption.

In order to investigate the effects of abnormal neurogenesis, neuroinflammation, and
neuronal degeneration on brain functions, we examined several behaviors related to stress
responses in the mice. Here, we found that Neil1™~ sham mice were more anxious in the
open field test compared to WT sham mice (Fig. 7B). In addition, recognition memory was
deficient in Neil1~~ sham mice compared to WT sham (Fig. 7D and E). Other BER
deficient mice, lacking XRCC1 or OGG1, showed no cognitive deficits [69,70], suggesting
that NEIL1 may be particularly important in preserving cognitive function. This is also
supported by observations that NEIL1 is decreased in AD patients [71]. A previous study
suggested that most irradiation induced changes in behavior are transient and rapid [72].
Here, we checked the effects of IR stress on mouse behavior 2—4 weeks after exposure.
Neil1~/~ IR mice displayed a lack of stress response in the open field test (Fig. 7A and B)
and in the context fear conditioning test (Fig. 7F) compared to WT IR mice. Interestingly,
fear memory was improved in the WT IR mice compared to WT sham, with no change in
Neil1~/~ IR mice (Fig. 7F). Also Reid et al. reported that enhanced fear memory was
observed in whole body X ray irradiation of mice [73]. Therefore, we believe that IR induces
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the activation of astrocytes, which could confer neuroprotection, increased hippocampal
neurogenesis and enhancement of fear memory in WT mice. This response has been referred
to as radiation homeostasis, where exposure to a minor stressor can induce protective
mechanisms [45,74]. In contrast, the Neil1™~ mice did not show any benefits from an IR-

induced response resulting in failed changes in fear memory.

In summary, the data presented here reveal an important role of NEIL1 in protecting the
brain against IR-induced stress and cognitive dysfunction. Our results clearly show that loss
of NEIL1 may affect neurogenesis, resolution of neuroinflammation, neuronal functions and
various behavioral measures. DNA repair is important for healthy aging and in response to
stress, and this study expands the neuronal and behavioral features that can be modulated by

loss of an important DNA repair protein like NEIL1.
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Neil1~/~ mice are more sensitive to IR exposure. (A) A diagram of the experimental design.
(B) Effects of gamma irradiation on the weight loss of WT or Neil1™~ mice. n = 12 (WT
sham), 15 (WT IR), 10 (Neil1™~ sham), 13 (Neil1™~ IR) mice. Data shown are mean +
SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Pathways in the hippocampus of IR- and sham-
treated mice of WT or Neil1 ™/~ were compared. We divided the pathways into metabolism
pathways (C), immune-related pathways (D), and neuronal-related pathways (E).
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IR decreased neurogenesis in Neil1™~ mice and NSCs. Representative images of BrdU (A)
and Ki67 (C) staining of the dentate gyrus sections from WT or Neil1 ™~ mice after 4 weeks
+ IR. Scalebar means 100 pm. Quantification of BrdU (B) and Ki67 (D) positive cells from
sections as in (A, C). Cell viability by CKK-8 assay in WT or Neil1™~ NSCs after 24 h of a
series of IR exposure (E). Cell toxicity by LDH assay in WT or Neil1™~ NSCs after 24 h of
a series of IR exposure (F). Data shown are mean £ SEM. *P < 0.05, **P < 0.01, ***P <

0.001.
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Fig. 3.

Ngill‘/‘ mice exhibit increased inflammation response after IR exposure. Representative
images of IBA1 (green) and GFAP (red)staining of hippocampi from WT and Neil1™~ mice
with or without IR exposure(A). Scalebar means 100 um. Quantification of IBA1 and GFAP
signal intensity (B) from sections was measured. n = 4 mice per group. Quantifications are
presented as mean + SEM. Representative immunoblots of cytokine IL6, IL10 and NFxB-
P50 protein from the hippocampi of WT or Neil1™~ mice after 20 h of IR exposure (C).
Quantification of IL6, IL10 and NFxB-P50 protein intensity (D). n = 3 mice per group. Data
shown are mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001. (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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Ef%ects of IR on the levels of cytokines in the plasma. (A) MCP-1, MIP-2, RANTES; (B)
IL-4, IL17, VEGF; (C)IL-5, IL-6, TNFa,; (D) Eotaxin, IL-12, KC1. Data shown are mean £
SEM. n=5in WT sham, n =6 in WT IR, n =5 in Neil1™~ sham, and n = 5 in Neill1 ™~ IR. n
=6in WT IR. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 5.

DlglA damage and apoptosis are increased in Neil1~/~ after 20 h of IR exposure.
Representative images of y-H2AX (green), cleaved-caspase 3 (red), and DAPI (blue)
staining of dentate gyrus sections from WT, Neil1™~ mice treated with or without IR (A).
Scalebar means 100 um. Quantification of yH2AX + cells and cleaved-caspase3+ cells in
dentate gyrus of hippocampus (B). n = 4 mice per group. Representative images of thymine
glycol positive cells (TG™, green), and DAPI (blue) staining of hippocampus sections from
WT and Neil1™/~ mice treated with or without IR (C). Scalebar is 100 pm. Quantification of
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TG + cells in hippocampus (D). Representative immunoblots of the indicated proteins from
the hippocampus of WT, and Neil1~/~ after 20 h of IR exposure (E). Quantification of
immunoblots from Fig. 4C of the PAR, Ace-P53, Cleaved-PARP1, and y-H2AX protein
levels (F). Relative proteins were normalized with B-actin. n = 3 mice per group. Data shown
are mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. (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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DNA damage is increased in Neil1™/~ after 4 weeks of IR exposure. Representative
immunoblots of the indicated proteins from the hippocampi of WT, and Neill ~/~ after 4
weeks of IR exposure (A). Quantification of immunoblots of the PAR, Ace-P53, Cleave-
PARP1, Full-PARP1 proteins level (B). Relative proteins were normalized with p-actin. n =
3 mice per group. Data shown are mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. NAD
+, total NAD, NADH, and NAD +/NADH ratio in cortex tissue of WT, Neil1™~ at 4 weeks
after IR exposure (C). n=7 WT sham, 10 WT IR, 5 Neil1™~ sham, 6 Neil1 ™/~ IR mice. Data
shown are mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 7.

Ngill‘/‘ mice show an impaired response to IR compare to WT mice in the behavioral tests.
Effects of IR on total distance(A) and time spent in the center (B) in the open field test, the
percent of spent time (C) in open arms in elevated plus maze, the exploration time (D) and
the percent of exploration time (E) in the novel object recognition test, and the freezing time
(F) in context fear conditioning test. Data shown are mean + SEM. *P < 0.05, **P < 0.01,
***P < 0,001. n = 12 (WT sham), 15 (WT IR), 10 (Neil1™/~ sham), 13 (Neil1 ™/~ IR) mice.
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