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ABSTRACT

We explore the role of DNA damage processing in the

progression of cognitive decline by creating a new

mouse model. The new model is a cross of a common

Alzheimer’s disease (AD) mouse (3xTgAD), with a

mouse that is heterozygous for the critical DNA base

excision repair enzyme, DNA polymerase �. A reduc-

tion of this enzyme causes neurodegeneration and

aggravates the AD features of the 3xTgAD mouse, in-

ducing neuronal dysfunction, cell death and impair-

ing memory and synaptic plasticity. Transcriptional

profiling revealed remarkable similarities in gene ex-

pression alterations in brain tissue of human AD pa-

tients and 3xTg/Pol�+/− mice including abnormal-

ities suggestive of impaired cellular bioenergetics.

Our findings demonstrate that a modest decrement

in base excision repair capacity can render the brain

more vulnerable to AD-related molecular and cellular

alterations.

INTRODUCTION

Alzheimer’s disease (AD) represents a major social and
medical challenge for modern society. While insight into in-
heritable (familial) AD has enhanced our understanding of
the process of disease initiation, we still have only a limited
comprehension of mechanisms involved in the progression

of the disease. A recent assessment of Alzheimer’s drugs in
development has reported a drug failure rate of over 99%
(1). The poor clinical results are indicative of an incom-
plete understanding of disease progression. Here, we fo-
cus on identifying mechanisms that may be responsible for
accelerating progression of AD. We consider that an age-
related decline in DNA damage processing may exacerbate
AD progression. Previous studies have shown that DNA
damage, particularly oxidative DNA damage, accumulates
in AD and its precursor, mild cognitive impairment (MCI)
(2–18). Other studies have documented that DNA repair is
dysregulated in AD, using postmortem brain, mouse mod-
els or cell lines (2,16,17,19–28). These �ndings support the
notion that oxidative stress is an early and signi�cant event
in AD progression.
Both AD (29–32) and aging (reviewed (33)) have been

reported to be associated with an increase in oxidative
stress. The blood-brain barrier protects againstmany exoge-
nous DNA damaging agents, but does not offer protection
against endogenous DNA damage resulting from sponta-
neous decay or reactions with radical species generated dur-
ing normal cellular respiration. As a direct consequence of
the high levels of oxygen consumption in the brain, oxida-
tive DNA damage, in particular, presents a major threat to
neuronal function and viability (34). The steady-state level
of oxidative DNA damage within the brain is a dynamic
balance between DNA damage and DNA repair. At the
forefront of oxidative DNA damage repair is the base ex-
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cision repair (BER) pathway. BER corrects DNA lesions
through the action of DNA glycosylases that excise dam-
aged bases, AP endonucleases that initiate removal of aba-
sic sites, DNA polymerases that insert the correct base(s)
and DNA ligases that reseal the DNA backbone (35). The
primary polymerase involved in BER is DNA polymerase
beta (Pol�). Notably, loss of any of the central components
of BER results in early embryonic or post-natal lethality (re-
viewed (36)). In the case of Pol�, death of null embryos oc-
curs in the late stages of embryogenesis and is associated
with neuronal development defects (37). Consistent with a
particular vulnerability of neurons to reduced BER, we (38)
and others (39) have reported that repair of oxidative DNA
damage in neurons is heavily dependent on Pol�.
We previously reported that DNA repair was reduced

on a range of oxidative DNA substrates in extracts from
the brain tissue of patients with AD or MCI (19). This
reduced activity was associated with lower levels of DNA
polymerase � protein and gap-�lling activity. Other BER
enzymatic activities, namely base excision, abasic site inci-
sion and nick ligation, were not signi�cantly altered, sug-
gesting that among these patients, Pol� is rate limiting for
repair (19). There was also a strong inverse correlation
between DNA gap �lling activity and neuropathological
severity (Braak stage). The reduced levels of Pol� in patients
with MCI suggest that loss of Pol� occurs early in the dis-
ease process. Consistent with these data, other studies have
shown that Down syndrome patients have an abnormally
high risk of AD and also have decreased levels of Pol� (40–
43).
To test the hypothesis that reduced repair of oxidative

DNA damage can exacerbate AD pathology, we utilized
a widely used mouse model of AD (3xTgAD mice) and
assessed the consequence of reduced BER (Pol� haploin-
suf�ciency) on cognitive function, synaptic plasticity, A�
pathology and neurodegeneration. 3xTgADmice, which ex-
press mutant forms of human �-amyloid precursor protein
(APP), presenilin-1 and Tau, develop age-dependent extra-
cellular A� plaques, intracellular Tau accumulation, oxida-
tive stress and cognitive de�cits (44,45), but no neuronal de-
generation. Thus, we generated 3xTgADmice heterozygous
for Pol� to assess the potential impact of reduced Pol� lev-
els in order to mimic what is seen in human AD patients in
a mouse model.
Our studies reveal that 3xTg/Pol�+/− mice have de�cien-

cies in Pol� activity and BER capacity, which results in a
signi�cant increase in DNA damage accumulation. More-
over, in contrast to the 3xTgAD mice, and more similar to
human AD patients, 3xTg/Pol�+/− mice exhibit neuronal
death, which was associated with accumulation of intracel-
lular A� and impaired autophagy. Brain gene expression
analysis revealed a transcriptomic pro�le of 3xTg/Pol�+/−

mice that is more similar to human AD patients than either
Pol�+/− or 3xTgADmice. Thus, reducing Pol� levels on the
background of aberrantAPPprocessing andTau accumula-
tion is suf�cient to accelerate synaptic and cognitive de�cits,
and elicit an AD-like molecular �ngerprint and neuronal
degeneration.

MATERIALS AND METHODS

Animals

All mice were maintained on a standardNIH diet with a 12-
h light/dark cycle. Animals were group housed where pos-
sible and had ad lib access to food and water throughout the
trial. All mice were bred at the National Institute of Aging
(Baltimore,MD,USA). The original 3xTgAD line was gen-
erated as described previously (45,46)), the strain was cre-
ated bymicroinjecting theAPP (Swe) and tau (P301L) genes
into a homozygous PS1(M146V) embryo. The APP(Swe)
and tau(P301L) genes are randomly knocked-in and co-
integrated at the same site and thus do not independently
segregate. Our 3xTg/WT Polβ and 3xTg/Polβ(+/-) stains
were polymerase chain reaction screened for each gene and
maintained as PS1 (M146V) homozygous and positive for
APP (Swe) and tau (P301L). We have used western blot-
ting to distinguish one versus two cassettes of APP and tau.
Polβ(+/-) mice on a mixed genetic background were orig-
inally obtained from Dr A.R. Heydari (Wayne State Uni-
versity) (47,48). Wild type (WT) mice were derived from
breeding Polβ(+/-) mice. The Polβ colony was maintained
by breeding WT and Polβ(+/-) since homozygous mice are
embryonic lethal. The 3xTg/WT Polβ and 3xTg/Polβ(+/-)

stains were maintained similarly. Only female adult mice
were used in the experiments with litter mate controls used
throughout. All experiments were done blinded using only
mouse identi�cation numbers with the exception of western
protein analysis andmetabolic studies. In animal behavioral
studies, animals were randomized in processing order. Fur-
ther, for repeat behavioral analysis including Morris water
maze (MWM), processing order was randomized each day
of training.

Microarray analysis

Gene expression analysis was conducted on 19 female mice,
(WT n = 5, Pol� n = 4, 3xTgAD n = 6 and 3xTg/Pol� n
= 4). Transcriptional pro�ling was determined using Illu-
mina Sentrix BeadChips (Illumina, San Diego, CA, USA).
Total RNA was extracted from the prefrontal cortex us-
ing an RNA extraction kit (Qiagen) with further puri�ca-
tion using a second column (RNA clean and concentrate,
Zymo Research). Initial quantitation was conducted using
a NanoDrop ND-1000 spectrophotometer. The quality of
the RNA was inspected using a 2100 Bioanalyzer (Aligent
technologies). Samples below an RNA integrity number
of 7.5 were discarded. The microarray was performed by
the Gene expression and Genomics core facility (NIA) and
analyzed using DIANE 6.0 software (see http://www.grc.
nia.nih.gov/branches/rrb/dna/diane software.pdf for infor-
mation). Transcriptional pro�ling was determined using Il-
lumina Sentrix BeadChips. Total RNA was used to gen-
erate biotin-labeled cRNA using the Illumina TotalPrep
RNA Ampli�cation Kit. In short, 0.5 �g of total RNA
was �rst converted into single-stranded cDNA with re-
verse transcriptase using an oligo-dT primer containing
the T7 RNA polymerase promoter site and then copied
to produce double-stranded cDNA molecules. The double-
stranded cDNAwas cleaned and concentratedwith the sup-
plied columns and used in an overnight in vitro transcrip-
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tion reaction where single-stranded RNA (cRNA) was gen-
erated incorporating biotin-16-UTP. A total of 0.75 �g of
biotin-labeled cRNA was hybridized at 58◦C for 16 h to Il-
lumina’s Sentrix Mouse Ref-8 Expression BeadChips (Il-
lumina, San Diego, CA, USA). Each BeadChip has ∼25
600well-annotatedRefSeq transcripts with∼30-fold redun-
dancy. The arrays were washed, blocked and the labeled
cRNA was detected by staining with streptavidin-Cy3. Hy-
bridized arrays were scanned using an Illumina BeadSta-
tion 500X Genetic Analysis Systems scanner and the image
data extracted using the Illumina GenomeStudio software,
version 1.1.1.1. Raw microarray data were log transformed
to yield z-scores. The z-ratio was calculated as the differ-
ence between the observed gene z-scores for the experimen-
tal and the control comparisons, and dividing by the stan-
dard deviation associated with the distribution of these dif-
ferences. Z-ratio values of ±1.5 were chosen as cut-off val-
ues and calculated using a 5% false discovery rate threshold.
A complete set of 522 cellular pathways was obtained from
the Molecular Signatures Database (MSigDB, Broad Insti-
tute, Massachusetts Institute of Technology, MA, USA).
The complete set was tested for Geneset enrichment using
parametric analysis of gene set enrichment (49). For each
pathway z-score, a P-value was computed using JMP 6.0
software to test for the signi�cance of the z-score obtained.
The microarray data have been deposited in Gene Expres-
sion Omnibus (GEO accession: GSE60911).

Western DNA polymerase � protein quantitation

Micewere euthanized by cervical dislocation, with the brain
removed from the skull and dissected into regions of in-
terest. Protein was extracted by initially homogenizing the
samples in radioimmunoprecipitation assay (RIPA) buffer
with Halt protease inhibitor cocktail (Pierce) on ice for 30
min.After incubation sampleswere centrifuged at 10 000 x g
at 4◦C for 15 min. Supernatant was removed and aliquoted
before storage at −80◦C. Protein concentration was deter-
mined using a bicinchoninic acid assay using bovine serum
albumin (BSA) standards (Pierce). 100 �g of total pro-
tein lysate was separated on a mini-protean R©TGXTM gra-
dient (4–15%) gel (Bio-Rad) at 60 V for 120 min. Trans-
fer was conducted overnight onto a Novex R© polyvinyl di-
�uoride (PVDF) 0.2-�m membranes (Life Science) at 4◦C
at 40 V. Membranes were blocked in 4% milk protein
for 60 min at RT. Overnight exposure to primary anti-
body at 4◦C. Secondary (1:10,000) (GE lifesciences) for 120
min at room temperature (RT). Antibodies utilized; anti-
DNA polymerase � (Trevigen, 4445-MC-100) and anti-
Lamin A/C (Santa Cruz). Secondary horseradish peroxi-
dase (HRP) conjugate was detected by chemiluminescence
(Super Signal West Femto, Pierce) on a Chemidoc imager
XRS+TM (Bio-Rad). Images were analyzed and quantitated
using ImageLab (V3.0) (Bio-Rad) with DNA polymerase
� signal normalized to either Lamin A/C. Protein samples
were assayed according to agewith aminimumof threemice
per group and two technical replicates.

Plasmid-based BER substrate preparation

Substrates containing a single de�ned lesion were prepared
as previously described (60). Brie�y, oligonucleotides were

commercially synthesized (Integrated DNA Technologies)
containing either a uracil or a cytosine in a de�ned loca-
tion. The oligonucleotides were phosphorylated using phos-
phonucleokinase (New England Biolabs) and annealed to
single-strandedDNAprepared frompGEM-3Zf(+). Subse-
quently, the primed plasmid was replicated using T4 DNA
polymerase (New England Biolabs) and ligated with T4
DNA ligase (New England Biolabs) in the presence of T4
Gene 32 Protein and BSA. To purify covalently closed, cir-
cular DNA substrates, reaction products were separated by
size and puri�ed (Qiagen).

Protein extract preparations for repair activity

Proteins were extracted from animal brain sections by ho-
mogenizing with an equal tissue volume (1XTV) of Buffer
I (10-mMTris-HCl, pH 8.0, 200-mMKCl), followed by ad-
dition of another 1XTV of Buffer II (10-mM Tris-HCl, pH
8.0, 200-mM KCl, 2-mM EDTA, 40% glycerol, 0.5% NP-
40, 2-mM DTT) and protease inhibitor cocktail (1X to-
tal volume, Thermo Fisher, Rockville, IL, USA). Extracts
were incubated at 4◦C for 2 h with rotation. Next, extracts
were centrifuged at 14 000 rpm in a microfuge at 4◦C for
15 min. Supernatants were removed to a new tube and pro-
tein concentrations were determined (Thermo Fisher) fol-
lowed by aliquoting extracts into small volumes and storage
at −80◦C.

BER in vitro repair assay

BER assays were performed under described conditions
(Akbari, Otterlei et al. 2004), with few exceptions. Pro-
tein was diluted as described in text in 35 �l of puri-
�ed water. A master mix of 5X reaction buffer (25-mM
MgCl2, 200-mM Hepes, pH 7.8, 2.5-mM DTT, 10-mM
ATP, 100-�M dNTPs, 1.8-mg/ml BSA), plasmid substrate
(250 ng/reaction), protease and phosphatase inhibitors
(Thermo Fisher) and either � -32P-dCTP or � -32P-dGTP
(2.0 �Cu/reaction) as speci�ed in text was added to the di-
luted proteins for a total of 50-�l reactions. Reactions were
incubated at 30◦C for 1 h and DNA was puri�ed (Qiagen)
before restriction digest. Restriction digests were performed
at 37◦C for 1 h. An equal volume of loading buffer (90%
formamide) was added to each digest and half of the total
volume was electrophoresed on a 20% denaturing polyacry-
lamide gel at 15 W for 1 h. Labeled fragments were visual-
ized by phosphorimaging (Typhoon GE healthcare).

Comet analysis of DNA damage in brain regions

We used a protocol for quantifying DNA damage of cells
by the single cell comet electrophoresis method in multiple
mini-gels previously described in (50). Brain regions from
20-month-old mice were dissected and homogenized in 1X
phosphate buffered saline (PBS) on ice. The homogenate
was passed through a 0.45-�m �lter to catch any remain-
ing tissue fragments. The extracts were then spun down at
800 x g for 10 min at 4◦C. The supernatant was removed
and the nuclei pellet weighed and re-diluted in the appro-
priate ratio of 1X PBS. The nuclei were added to melted
agarose at a ratio of 4:1. Approximately 4 �l of agarose cell
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suspension was dotted onto the hydrophilic side of the Gel-
Bond �lm (Lonza), repeated as necessary for each sample
using a multi-channel pipette. The membrane was allowed
to cool and the cells lyzed overnight at 4◦C, using standard
neutral comet protocol (50). We ran the electrophoresis at
25 V for 30 min at 4◦C and stained with 1x SYBR Gold
(Life Technologies). Comets were imaged using a �uores-
cent microscope and comet analysis software. All four mice
were run together on a single �lm for each section, reduc-
ing variability. At least 50 comets were taken and the assay
was repeated with different ages with similar trends always
observed in the data. Statistical analysis was conducted on
the data using one-way ANOVA.

Cardiac perfusion and sectioning

The cohorts of 6-, 14- and 24-month-old mice (n = 4) of
each phenotype were anesthetized by iso�urane inhalation.
The animals were cardiac perfused with 0.1-M PBS fol-
lowed by 4% parafolmaldehyde. Animals were decapitated
and brains were immediately removed. The brains were
placed in 4% paraformaldehyde for 48 h, followed by equi-
libration in 30% sucrose. Tissue was sectioned coronally (40
�m) on a freezing microtome (Thermo-Fisher) and stored
at −20◦C in tissue cryoprotectant solution (TCS) .

DNA damage visualization in tissue

Tissue sections (40 �m) were mounted on slides and air
dried overnight. Slides were rehydrated and then heated in
a solution of 0.1-M citrate buffer (pH 6) for 10 min and left
to cool to RT. It was imperative to be able to clearly distin-
guish single nuclei from neighboring nuclei to achieve accu-
rate damage quantitation. The close proximity of nuclei in
the hippocampal regions particularly the dentate gyrus and
CA1 regions hampered quantitation. Consequently, dam-
age assessment was limited to neuronal and non-neuronal
nuclei in the frontal cortex where nuclei boundaries could
be clearly delineated. Double-stranded breaks (DSBs) were
detected with two alternate antibodies, a 53BP1DyLightTM

550 preconjugated antibody (Novus Biology, NB100-304R)
and �H2AX (Ser139) Alexa Fluor R© 488 conjugated an-
tibody (Cell Signaling Technology R©, #9719). Slides were
mounted in Vectashield with DAPI (Vector Labs). Cortex
sections from four mice per age, per genotype were assessed
for DNA damage using the �H2AX marker. �H2AX foci
were manually counted in blinded samples.

Apoptotic activation in tissue

Tissue sections were prepared as per DNA damage visu-
alization section above. Images were taken of every sixth
brain section (coronal) of at least three mice per group,
per age. Apoptotic activation was measured by the �uores-
cent intensity of acleaved-caspase-3-speci�c primary anti-
body (Asp175) (Cell Signaling Technology R©, #9579S) con-
jugated with Goat anti-rabbit 488 secondary antibody (In-
vitrogen). The captured images were analyzed for relative
quanti�cation of cleaved-caspase 3 intensity using Image J
software (51). Brie�y, a 25 × 25 pixel box was positioned
over the area of interest and the average intensity within

the selection measured (the sum of the intensities of all
the pixels in the selection divided by the number of pix-
els). Lipofuscin-related baseline auto-�uorescence was cal-
culated by measuring the intensity of �uorescence of neg-
ative (no primary antibody) samples (52). At least 100 tis-
sue areas per experiment were analyzed from two indepen-
dent experiments. Of note, areas that had excessive amounts
of background in all samples, which included the dentate
gyrus, were not included in the analysis.

Amyloid deposition and cleaved caspase-3 activation

We measure the amount of co-localization between A�
and cleaved caspase-3 using the same tissue preparation
as described above. Antibodies used were cleaved-caspase-
3 (Asp175) (Cell Signaling Technology R©,#9579S) and hu-
man A� amyloid (Cell Signaling, #2454). The A� anti-
body used was raised against N-terminal residues (672–713
(A�42) and 672–711 (A�40)) and hence is more speci�c
for these fragments but can also detect other A� fragments
(such as A�-37, A�-38 and A�-39) and to a lesser extent
the n-terminal of full length APP. Six-month cortex tissue
was investigated from either 3xTgAD or 3xTg/Pol� mice,
WT and Pol� mice do not express human APP or deriva-
tives and were consequently omitted from this analysis. At
least three mice from each group were measured. Cells with
co-localization were determined using average background
cut-off intensity values negating any lipofuscin related auto-
�uorescence. Percentage of cells with strong co-localization
was determined from all cells with amyloid accumulation.

ELISA of AD relevant peptides

Kits were purchased from Invitrogen tomeasure the protein
concentration of human amyloid beta (A�) 40 and 42, hu-
manTau protein andmouseA� 40 and 42. All proteins were
diluted to 5 �g/�l in extraction buffer, and 10 �l of each
sample was added to 10-�l 8M guanidine HCl to improve
detection. Diluent buffer was added to achieve a �nal 1:10
dilution. Standard dilutions of each protein were prepared
as directed. Averages and standard errors were calculated
from each genotype from three to four mice. Each individ-
ual sample was assayed in duplicate or triplicate. Tissue was
taken from the hippocampal region. Standard curves were
obtained with r2 values >0.975 per experiment. For further
information refer to manufactures instructions.

Detect and quantitation of autophagic markers

We measured markers of autophagy and apoptosis at 14
months by previously described western. Primary anti-
bodies to Beclin-1 (#PRS3613, Sigma-Aldrich), Caspase-
3 (#9662, cell signaling), BCL-2 (#2570, cell signaling),
p62 (#8025, cell signaling) andLC3 (#NB100-2220,Novus)
were used with HRP-conjugated secondary antibodies (GE
lifesciences).

Measurement of AD relevant peptides, plaque number and
size

The slides were blocked with blocking buffer (10% goat
serum or other) for 30min, then incubated with primary an-
tibodies raised against human A� amyloid (Cell Signaling,
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#2454) or human PHF-Tau (Pierce Endogen, #MN1040B,
clone AT180) over 24–48 h at 4◦C. After washing, Alexa
488 or Alexa568 (1:500, Invitrogen) 2nd antibodies were in-
cubated for 1–2 h at room temperature, then washed again
and incubated with 10-nM Hoechst for 30 min. The slides
weremountedwith �uorescencemountingmedium (Vector;
USA), sealed with coverslips and visualized under confocal
lasermicroscopy (Zeiss LSM510). For non-speci�c staining
and negative control, primary antibodies were omitted. The
mozaix module addition to the Zeiss axiovison software
(Zeiss) was used to take images of entire sections. The whole
brain images (every sixth slice from olfactory to cerebellum)
were batch analyzed in Velocity (PerkinElmer). Plaque size
and quantity was measured throughout the brain. Only ob-
jects bigger than 10 �m and smaller than 1000 �m were
counted. At least three mice for each group at each age were
counted.

Morris water maze

Mice were trained in the MWM (53) to locate a platform
submerged 10 mm below the surface of a pool �lled with
water at 25◦C, made opaque with white non-toxic paint. In
the pre-training phase the mice were introduced to the ap-
paratus for 90 s and assessed for the ability to �nd a visible
platform. After the pre-training phase all future trials were
blinded. The next day the mice began the training phase.
Each mouse had four trials per day, with the starting point
changed after each trial. Each trial lasted 60 s or until the
mouse located the platform. If the platform was not located
within the allotted period then the mouse was guided to the
platform. The mouse was rested on the platform for 15 s
after each trial. The mice were trained for 7 days or un-
til signi�cant improvement was measured. Upon comple-
tion of the training phase, the platform was removed for the
probe trials. The probe trials were 60 s in duration and be-
gan 4 h after the last training phase. The probe trial mea-
sured whether themouse could recall which quadrant previ-
ously contained the platform. All parameters were recorded
semi-automatically by a video tracking system (Anymaze,
Stoelting). The maze parameters were changed according
to the age of the mouse. Poor performances in the learning
phase at 14 months resulted in alterations in the water maze
setup to enhance learning at 20 months, this included more
prominent and numerous visual cues. Statistics employed
included the comparison of the time in the four quadrants
separately for each time and mouse type. We were only in-
terested in comparing the target quadrant with the other
three quadrants and so a Bonferroni adjustment was made
for these three comparisons. This protocol included the pre-
established exclusion criteria that if a mouse did not swim
during the training phase, the animal would be excluded
from all analysis. No single group was found to be prefer-
entially affected by the exclusion criteria.

Open �eld maze

Animals were placed in the center of a de�ned open �eld re-
gion (43 cm × 42 cm) (Med Associates, Georgia, VT, USA)
and left without disruption for 15 min. The center zone was
de�ned as a 10.2 cm2 equidistant from the peripheral walls.

Movement was monitored by two sets of pulsed modulated
infrared photobeams. The exploratory phase was deemed to
have occurred in the �rst 150 s, this is supported by the data.
The tracking software (Activity monitor version 4, Med-
Associates) recorded the mouse location in the open �eld
region.

Elevated plus maze

This was conducted essentially as per (54). The apparatus
consists of two closed arms (50 × 10 × 40 cm) with high
walls and two open arms (50 × 10 × 5 cm) with low walls.
Amouse with a high level of anxiety will spendmore time in
the closed arms rather than venture into the ‘less safe’ open
arms. The mice were placed individually in the center of the
maze for a period of 5 min. A digital camera tracked the
movements of the mouse with the video analyzed by Any-
maze software (Stoelting, Version 4.3).

BrdU injections, immunohistochemistry and unbiased stere-
ology used to determine adult neurogenesis

As previously described (55), in brief, BrdU (Sigma) was
dissolved in 0.9% NaCl and �ltered sterile at 0.2 �m. The
mice received single doses of 50-mg/g body weight at a con-
centration of 10 mg/ml, 1 intraperitoneal injection per day
for 5 consecutive days. Mice were anesthetized and used for
further experiments 4 weeks after last injection. A 1:6 series
of equidistant (240 �m between sections) free-�oating 40-
�m coronal sections was washed in 1X TBS and incubated
in 2N HCl at 37◦C for 30 min to denature DNA and then
neutralized in 0.1-M borate buffer for 10 min at RT. After
thorough washing, the sections were blocked with TBS++
(3%Donkey Serum, 0.05-MTBS, 0.5%Triton-X 100) for 30
min at RT and incubated with rat anti- BrdU (1:100, Accu-
rate ChemicalWestburyNY) and the neuronal marker anti-
NeuN (1:100, Millipore) for 72 h at 4◦C. After rinses with
TBS and blocking in TBS++, sections were co-incubated
with donkey anti-rat Alexa Fluor 488 (1:250, Molecular
Probes, Carlsbad, CA, USA) and donkey anti-mouse Alexa
Fluor 568 dyes (1:250, Jackson ImmunoResearch) for 3 h
at RT. We captured images using an Axiovert 200M Zeiss
microscope (Zeiss) equipped with the software AxioVision
4.8.3.0. Mosaics. All images were z-stacked, taken under
10X objective and these were used to determine the amount
of BrdU+ cells co-labeling with NeuN. These images were
also used to measure the volume of the dentate gyrus.

Stereology

Based on the total number of BrdU+ cells analyzed, the per-
centage of BrdU+ cells with a neuronal phenotype was cal-
culated. To estimate the volume of the dentate gyrus, the
NeuN stained area of the dentate gyrus was traced in the
software AxioVision 4.8.3.0. The granule cell reference vol-
ume was determined by summing the traced granule cell ar-
eas for each section multiplied by the distance between sec-
tions sampled. The number of BrdU-labeled cells was then
related to granule cell layer sectional volume and multiplied
by the reference volume to estimate total number of BrdU-
positive cells.
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Electrophysiology

Hippocampal slices were prepared using procedures de-
scribed previously (56). Brie�y, the mice were euthanized
by iso�urane, the brains were rapidly removed and trans-
verse slices cut at a thickness of 350 �m. The slices were
allowed to recover for at least 1 h in ACSF (120-mMNaCl,
2.5-mM KCl, 1.25-mM NaH2PO4, 26-mM NaHCO3, 1.3-
mM MgSO4, 2.5-mM CaCl2, 10-mM glucose at pH 7.4) at
RT prior to recording. The osmolality of the ACSF was ad-
justed to 290 mosm using a 5600 Vapor Pressure Osmome-
ter (Wescor, Inc.). All recordings were performed at 30–
32◦C. Data were collected using aMultiClamp 700B ampli-
�er (Molecular Devices). Signals were �ltered at 2 kHz and
digitized at 10 kHzwith aDigidata 1440ADataAcquisition
System, and analyzed using pCLAMP 10 software (Molec-
ular Devices). Data are presented as the mean ± standard
error. Statistical signi�cance was assessed via an unpaired
two-tailed Student’s t-test or a one-way ANOVA for multi-
ple comparisons with Tukey–Kramer post-hoc analysis.

Metabolic studies

A comprehensive animal metabolic monitoring system
(CLAMS; Columbus Instruments) was used to evaluate the
generalmetabolic status. On the test day, all animals were al-
lowed to habituate to the testing environment for 30 min in
their home cages. Additionally, once placed in themetabolic
chambers, animals were given 2 h prior to formal data col-
lection to acclimatize to the metabolic chamber environ-
ment. The Respiratory Exchange Ratio (RER) is the ratio
of VCO2 to VO2. VO2 and VCO2 represent the volume of
O2 consumption and the volume of CO2 production, re-
spectively. Activity was measured on the x and z axes by
using infrared beams to count the beam breaks at consecu-
tive intervals during a speci�ed measurement period (48 h).
Feeding is measured by recording the difference in the scale
measurement of the center feeder from one time point to
another. The accumulated drink volume is measured by a
volumetric drinking monitor that detects when the subject
licks a specially designed sipper tube and delivers a mea-
sured volume of liquid to the subject.

Statistics

Comparison between two groups was analyzed by non-
parametrical Student’s t-test with Welch’s correction. One-
way ANOVAwith Tukey’s multiple comparison testing was
used to calculate statistical signi�cance among multiple
groups. Prism analysis software (PRISM 6, Graphpad, La
Jolla, CA,USA)was used throughout, full statistical output
available.

Declaration of ethical approval of experiments

All animal protocols were approved by theAnimalCare and
Use Committee (361-LMG-2014), of the National Institute
of Aging.

RESULTS

Reduction in DNA polymerase � leads to increased levels of
DNA strand breaks and elevated apoptosis in 3xTgAD mice

We compared four lines of mice to assess the on-
set and progression of neurodegeneration: WT, Pol�+/−

(Pol� from here on), 3xTgAD/Pol�+/+ (3xTgAD) and
3xTgAD/Pol�+/− (3xTg/Pol�).We performed experiments
on only female young adult (6 months), middle age (14
months) and old (24 months) mice (Figure 1A) using lit-
ter mates throughout. The decision to use only female mice
in this study was based on the sexual dimorphism of AD
(more common in females) and also the stronger AD like
phenotype previously reported in the 3xTgAD strain (57).

DNA Pol� protein levels decline during aging (58,59),
this is despite elevated levels of oxidative stress and asso-
ciated DNA damage. Indeed, we found reduced Pol� levels
in the cerebral cortex when comparing 6- and 24-month-
old animals of all four groups (Figure 1B and Supplemen-
tary Figure S1A–F). As expected, Pol� levels were lower
in both the 6-month-old Pol� and 3xTg/Pol� mice com-
pared to WT mice. Similar results were seen in hippocam-
pal and cerebellar extracts. We asked whether the reduc-
tion of Pol� was evidence of a general decrease in all BER
genes during AD by performing microarray analysis on
RNA prepared from the frontal cortex of the four mouse
strains (GEO accession: GSE60911). We reviewed 20 genes
related to the repair of oxidative damage (Supplementary
Figure S1G) and found that only Polβ expression was sub-
stantially reduced in 20-month transgenic mice (Pol� mice
z-score = −4, 3xTgAD mice z-score = −2.6, 3xTg/Pol�
z-score = −3.5), consistent with our previous AD patient
protein results (19). We next examined the functional rel-
evance of the Pol� decline in BER activity assays. It has
been previously established that the Pol� heterozygote mice
have lower levels of DNA repair in the brain (48). We used
these and other previously characterized in vitro DNA re-
pair substrates (60,61) (Supplementary Figure S1H) and
found that, as expected, nucleotide incorporation was also
lower in 3xTg/Pol� compared to 3xTgAD hippocampal
samples. This is consistent with Pol� protein levels predict-
ing BER capacity in vitro (39,62).

We next determined if the in vitro BER results corre-
lated with in vivo DNA damage accumulation by measur-
ing DNA strand breaks in brain tissue at 24 months us-
ing the neutral comet assay (Figure 1C). Higher levels of
DNA damage in the hippocampus of 3xTg/Pol� mice com-
pared to all other groups were observed; this trend was also
observed in the cerebellum. In addition, we measured the
amount of DNA DSBs present in cortical tissue by quanti-
fying �H2AX foci (Figure 1D). At 6 months, we observed
a signi�cant increase in DSB foci in only the 3xTg/Pol�
group relative to the other three mouse lines. By 24 months,
all groups had a signi�cant elevation in DSB foci. Com-
pared with the results from 6-month-oldmice, the 24month
results are consistent with an accumulation of DNA dam-
age with age (Figure 1D, lower). The 3xTg/Pol� mice also
had signi�cantly higher levels of DSB foci than all other
mice at 24 months. Recently, it was suggested that the DSB
marker �H2AX plays a role in functions other than DSB
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Figure 1. DNA polymerase � decline causes increased susceptibility to DNA damage in the mouse brain. (A) Diagrammatic representation of study.
Mice utilized; Wild type (WT), Polymerase � heterozygous (Pol�), Alzheimer’s (AD) transgenic (3xTgAD) and the 3xTgAD/Pol� cross (3xTg/Pol�).
Comprehensive behavioral analysis was conducted at 6, 14 and 24 months. (B) Cortex Pol� protein levels in the four mouse lines at the indicated ages.
All groups had signi�cantly lower protein levels compared to 6-month WT mice, n = 3, *P < 0.05. Refer to Supplementary Figure S1A for additional
information and full images. (C) Neutral comet analysis of designated mouse brain regions shows more DNA strand breaks in 3xTg/Pol� mice at 24
months of age. ****P < 0.001, scale bar = 300 �m. (D) Quantitation of double-stranded break (DSB) foci per cell by �H2AX staining shows increases in
only the 3xTg/Pol� mice at 6 months, while all transgenic groups have elevated foci levels at 24 months compared to WT (n = 3 for each set, greater than
50 cells counted per set). Error bars represent mean ± SD. (E) Co-localization between antibodies targeting 53BP1 and �H2AX con�rms that these foci
mark DNADSBs. Six month (M) old WT and 3xTgAD/Pol� mice are shown as a representative image. Scale bar = 5 �m. (F) Levels of cleaved caspase-3
in the hippocampus correspond to age, disease and repair de�ciency. **P < 0.01, ***P < 0.005, n = 3, multiple sequential sections per animal. Scale bar
= 200 �m. (G) Levels of cleaved caspase-3 in the cortex con�rm global increase in apoptotic activation in transgenic mice after 14 months, n= 3, multiple
sections per animal, scale bar = 200 �m. Error bars represent mean ± standard error of mean (SEM), in all panels and �gures unless otherwise speci�ed.
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repair (63). To con�rm that the �H2AX foci were indeed
associated with DSB foci, we examined a second commonly
used marker, 53BP1 (Figure 1E). The �H2AX foci did co-
localize with 53BP1, indicating that �H2AX foci formation
provides an accurate representation of DSB levels in the
mouse brain.
We next measured whether the accumulation of DNA

damage particularly in the 3xTg/Pol� mouse could elicit an
early apoptotic response. At 6 months, only the 3xTg/Pol�
animals had elevated levels of cleaved caspase-3, a marker
for aDNAdamage-mediated apoptotic response, in the hip-
pocampus (Figure 1F). The cleaved caspase-3 immunore-
activity was not exclusively nuclear suggesting that the re-
sponse observedmaybe indicative of early synaptic dysfunc-
tion (64) as well as apoptosis (65). All Pol�, 3xTgAD and
3xTg/Pol� mice aged 14 and 24 months displayed a sig-
ni�cant elevation in cleaved caspase-3 compared to WT in
both hippocampus and cortex (Figure 1G), correlating with
the accumulation of DSBs in these tissues. Further, at both
14 and 24 months, the 3xTg/Pol� mice had signi�cantly
higher levels of cleaved caspase-3 compared to 3xTgADand
Pol� mice, indicating that the 3xTg/Pol� mouse has ele-
vated DNA damage and early caspase-3 activation.

DNA repair de�ciency leads to intracellular amyloid reten-
tion associated with impaired autophagy

One of the hallmark features found in human AD is the ac-
cumulation of A� fragments inside neurons and in extra-
cellular deposits. The A� deposition can exacerbate DSBs
associated with normal physiological brain activity and can
trigger neuronal apoptosis (66–68).We investigatedwhether
there was a correlation between amyloid deposition and
the high levels of apoptosis and DSBs in the 3xTg/Pol�
de�cient mice. At 6 months, A� fragments were prevalent
in both transgenic groups (3xTgAD and 3xTg/Pol� only),
with the majority of staining occurring intracellular (Fig-
ure 2A). In this investigation, we did not attempt to distin-
guish cell type, although we can report that the morphology
of the stained cells is neuron like. Moreover, the cortex tis-
sue from the 3xTg/Pol� mice showed signi�cantly higher
levels of co-localization between apoptotic marker cleaved
caspase-3 and A� fragments than observed in the 3xTgAD
mouse cortex. WT and Pol� samples do not carry the hu-
man APP transgene so neither showed any immunoreac-
tivity to the human-speci�c A� antibody employed by this
analysis. These data suggest thatA� accumulation and Pol�
de�ciency can both trigger an apoptotic response, this re-
sponse being the strongest in the 3xTg/Pol� mice. There
were no differences in the levels of APP or Tau in 3xTgAD
and 3xTg/ Pol� mice, indicating that the elevated apoptotic
response was not due to changes in APP/Tau expression
(Supplementary Figure S2A and B). Indeed, tau pathol-
ogy was not altered by BER status in all experiments un-
dertaken, including measurement of phosphorylation lev-
els and protein aggregation in tissue (Supplementary Fig-
ure S2B, not shown). In addition, the levels of two common
A� fragments, human A�40 and A�42, were measured by
ELISA and were not signi�cantly different in 3xTgAD and
3xTg/Pol� mice (Figure 2B). Again, WT and Pol� samples
did not show any reactivity to the humanA� ELISA. These

�ndings suggest that a genetic-dependent or age-related de-
crease in Pol� in conjunction with A� deposition results in
a synergistic increase in DSBs and elevated levels of apop-
tosis.
The activation of a DNA damage-related apoptotic re-

sponse can lead to cell death, but sub-lethal levels of apop-
totic response can also be a potent inhibitor of autophagy
(69). A defect in autophagy in a transgenic AD mouse
model has been shown to exacerbate AD-related intracel-
lular A� (70). We investigated whether the early caspase-3
activation in the 3xTg/Pol� mice was associated with re-
duced autophagy-related proteins (Figure 2C). Consistent
with reports in AD patients (71), we found a signi�cant de-
crease in the key autophagic protein beclin-1 in the 3xTgAD
mouse at 14months.Notably, this decrease was signi�cantly
greater in mice with a DNA repair de�ciency (Pol� and
3xTg/Pol�). Thus, Pol� de�ciency alone can be enough to
inhibit autophagy. Indeed, we also observed higher levels of
autophagic inhibitor BCL-2 (Figure 2D) in the 3xTg/Pol�.
Therewas also signi�cantlymore autophagic precursor pro-
tein LC3I (Supplementary Figure S2C), but lower levels of
autophagic activator LC3II (Figure 2E) in the 14 month,
3xTg/Pol� mice, relative to 3xTgAD mice.
The knockout of the autophagy-related protein 7 (Atg7)

was recently shown to inhibit A� plaque formation in an
AD mouse model (70). We investigated whether the re-
duced expression of autophagic proteins in the 3xTg/Pol�
mice would affect A� accumulation. The Pol� mouse, with
non-3xTg background, is shown as a negative control (Fig-
ure 2F) with only background immunoreactivity to the hu-
man A� antibody (as also seen in WT samples). At 14
and 24 months, the 3xTg mice had extensive extracellular
plaques in the hippocampus. In contrast, at 14 months, the
3xTg/Pol� mice only had intracellular A� aggregation with
few plaques. By 24 months the 3xTg/Pol� mice also pre-
sented with extensive extracellular plaques, and the plaque
distribution resembled the 14-month 3xTgAD group, sug-
gesting an intact yet suppressed mechanism of extracellu-
lar amyloid deposition in the 3xTg/Pol� mice. Quanti�ca-
tion of extracellular A� plaque frequency (below 2F im-
ages) in 3xTgAD and 3xTg/PolB mice revealed differences
in plaque accumulation (Figure 2F, bottom). Higher mag-
ni�cation images of the hippocampal amyloid deposition
are presented in Supplementary Figure S2G. Plaque burden
was also assessed in the amygdala, another AD-associated-
brain region (72,73) (Figure 2G). A� deposition paralleled
the pattern reported in the hippocampus andwas associated
with early behavioral changes (Supplementary Figure S2D–
F). Higher magni�cation images of amygdala amyloid de-
position are presented in Supplementary Figure S2H. These
data demonstrate that a reduction of Pol� in an ADmouse
correlates with alterations in the distribution of amyloid
plaques and reduced expression of proteins associated with
autophagy.

Hippocampal degeneration after a reduction in DNA repair

In human AD, cell death results in severe atrophy of the
hippocampus and regions of the cerebral cortex. However,
neuronal death is absent or limited in most AD trans-
genic mouse models including the 3xTgAD. We asked
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Figure 2. DNA Repair de�ciency modulates A� deposition. (A) Cleaved caspase-3 immunoreactivity co-localized with amyloid signal in 6-month cortex
samples at a higher frequency in repair de�cientmice. n= 4 per set, 50 cells permouse, scale bar= 50�m. (Right)Y-axis represents the percentage ofA� pos-
itive cells that also had distinct cleaved caspase-3 co-localization. Box plot shows mean ± SD. Arrows indicate cells with dual antibody co-localization. ***
P< 0.005 (B) Levels of AD hallmark peptides A�40, A�42 and tau were not signi�cantly altered with repair de�ciency (also see Supplementary Figure
S2A and B) in 14-month hippocampal extracts (n = 4). Arbitrary units are a measure of ELISA �uorescent output. (C) Autophagy protein beclin-1 is
heavily reduced in 14-month repair de�cient mice. Levels of the full length and cleaved caspase-3 are also altered in all transgenic groups. Graph of cleaved
caspase shows that 3xTg/Pol� animals have higher levels of the apoptotic marker than parental lines compared to �-actin housekeeping protein (n= 4). **
P< 0.01 (D) The 14-month 3xTg/Pol� mice had higher ratio of anti-autophagic protein BCL-2 (n = 3). (E) There was lowerLC3II/ �-Actin ratio in the
14-month 3xTg/Pol� animals (n = 4), western insert shows LC3II levels higher in 3xtgAD animals (LC3I overexposed, refer to Supplementary Figure
S2C for additional images). All bands shown were run on the same gel but are not contiguous. (F) The 3xTg/Pol� animals have slowed extracellular A�

deposition in the hippocampal region with no extracellular plaques present at 14 months. Instead the mice display visible intracellular A� deposition,
scale bar = 1.5 mm, image is representative of n = 4. (Insert) Extracellular A� plaques in 14-month 3xTgAD mice and intracellular deposition of A�

in 3xTg/Pol� mice. WT (not shown) and Pol� animals did not have A� deposition. At 24 months both 3xTgAD and 3xTg/Pol� had extensive plaques
formation not observed in the non-3xTg groups. (Bottom) Quantitation of extracellular plaque number through the brain in 14- and 24-month animals,
n = 3, full description in materials and methods. (G) As observed in the hippocampus, amyloid deposition in the amygdala shifts from intracellular to
predominantly extracellular in the 3xTgAD mice at 14 months but not in the 3xTg/Pol� group, scale bar = 200 �m, images are representative, n = 4.
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whether the enhanced intracellular A� deposition, elevated
DNA damage and apoptotic response in the 3xTg/Pol�
mousewould result in hippocampal neuron loss. A neuronal
marker, NeuN (neuronal nuclei), was used to measure ab-
solute hippocampal volume (Figure 3A and B and Supple-
mentary Figure S3A). No change in volume was observed
in any of the transgenic mice at 6 months, con�rming that
early neural development was unaffected. In contrast, a re-
duction in hippocampal volume was evident at 14 months
in all our transgenic mice compared to WT, but was signi�-
cant only in the 3xTg/Pol� mice. Because the hippocampus
contains neural stem cells, the extensive loss of hippocam-
pal volume in the 3xTg/Pol� mice could be explained by in-
creased cell death and/or reduced neurogenesis. A DNA re-
pair compromised animal model has been reported to have
reduced levels of adult neurogenesis (74), a phenotype that
has also been observed in AD mouse models (75,76). We
asked whether the reduced hippocampal volume measured
in the 3xTg/Pol� mice was due to a decline in adult neuro-
genesis. At six months, neurogenesis was similar in all mice
investigated; however, a decrease in adult neurogenesis was
seen at 14months in all transgenic groups compared toWT,
but with no additional reduction in the 3xTg/Pol� group
(Figure 3C).Hence, the 3xTg/Pol� mice have an age-related
decline in adult neurogenesis that is similar to 3xTg mice
and therefore not responsible for the greater hippocampal
atrophy of 3xTg/Pol� mice compared to 3xTg mice.
Hippocampal atrophy is closely linked to cognitive dys-

function in human AD patients (77). We tested spatial
learning and memory retention using the MWM. This test
uses a pool with opaque water in which the mice were
trained to �nd a submerged platform. We then removed the
platform and asked whether the mice could recall the for-
mer location of the platform. Mice in all four groups were
able to �nd a visible (non-submerged) platform with similar
latency (78). The 3xTgAD and 3xTg/Pol� mice exhibited a
faster average swim speed (Figure 3D). All groups were able
to learn the location of a submerged platform with compa-
rable latencies (Figure 3E and Supplementary Figure S3B).
While there was no difference in spatial learning, memory
retentionwas impaired in all three groups of transgenicmice
at 14 and 20 months compared to WT mice (Figure 3F and
Supplementary Figure S3C). Memory retention was partic-
ularly affected in the 3xTg/Pol� mice. Comparing the di-
rectness of the path to the platform at the 20 month time
point also revealed that the 3xTg/Pol� group had reduced
memory retention compared to 3xTgADmice that was sig-
ni�cant at 72 h post-training (Supplementary Figure S3D).
We considered whether the reduction in memory reten-

tion was in�uenced by a loss of synaptic plasticity. We mea-
sured long term potentiation (LTP), a key cellular change
involved in learning and memory in 20-month old mice.
Initially, �eld excitatory postsynaptic potentials (fEPAPs)
were recorded during and after stimulation of the presynap-
tic Shaffer collateral pathway in hippocampal slices from
the four groups of mice, with no signi�cant differences seen
(Figure 3G and Supplementary Figure S3E and F). Paired
pulse facilitationwas also recorded to detect changes in neu-
rotransmitter release, and again, no differences were ob-
served among all four mouse lines. These �ndings suggest
that BER de�ciency does not modulate basal transmission

at the CA1 synapses of the hippocampus. fEPAPs were then
recorded in CA1 stratum radiatum (Figure 3H and Sup-
plementary Figure S3G). LTP was signi�cantly impaired in
Pol�, 3xTg and 3xTg/Pol� mice, with the severest de�cit in
LTP occurring in the 3xTg/Pol� mice (Figure 3H). Thus,
a BER de�ciency exacerbates an AD-related de�cit in hip-
pocampal synaptic plasticity.

The new AD mouse model has severe energetic dysfunction

The 3xTg/Pol� mouse has more severe AD phenotypes
than either Pol� or 3xTgAD mice. We performed microar-
ray analysis on the frontal cortex of 20-month-old mice to
elucidate potential causative genes and pathways. Princi-
ple components analysis of signi�cant genes showed that
the mice segregated according to genotype (Supplemen-
tary Figure S4A). Pathway comparison showed that the
3xTg/Pol� mice had a different pathway pro�le than either
3xTgAD or Pol� animals (Supplementary Figure S4B). We
used Kyoto encyclopedia of genes and genomes (KEGG)
pathway analysis to identify which of the mouse groups had
the most similarities with patients that had neurodegener-
ative diseases. In Figure 4A, we show that the 3xTg/Pol�
mouse has striking similarities when compared to both AD
and, interestingly, also to Parkinson’s andHuntington’s dis-
eases, using both pathway z-score and P-value statistics. In-
deed, there is research suggesting that BER dysregulation is
a component in the progression of these diseases (79–82).
We next asked whether there were common gene compo-

nents for the three common human neurodegenerative dis-
eases: Alzheimer’s, Parkinson’s andHuntington’s and found
70 genes (Figure 4B). Out of 70 genes, 68 were involved in
mitochondrial energy complexes, suggesting that the BER
de�ciency in the 3xTg/Pol� mice may induce or exacer-
bate mitochondrial dysfunction. In Figure 4C, we plotted
the expression levels of 1500 mitochondrial related genes
(GO0005739, Mitochondrion). There was not a general de-
crease in mitochondria-related genes, but rather distinct re-
gions of downregulation corresponding to the mitochon-
drial energy complexes, particularly complexes 1, 3, 4 and
5. The 3xTgAD mice also had a decrease in gene expres-
sion related to mitochondrial energy metabolism, consis-
tent with previous observations (83–86). In the 3xTg/Pol�
mice, most of the same genes displayed a synergistic reduc-
tion (Supplementary Figure S4C), supporting the notion
that mice with compromised DNA repair and A� pathol-
ogy have severe metabolic defects in neural tissue. Further,
numerous pathway sets associated with oxidative phospho-
rylation and mitochondria were heavily decreased in the
3xTg/Pol� microarray data set (Figure 4D), P-value anal-
ysis (Supplementary Figure S4D). To assess whether these
metabolic changes could be detected at the organism level,
we used metabolic cages measuring various respiratory pa-
rameters (Supplementary Figure S4E and F). All transgenic
animals had changes in reserve respiratory capacity (RER)
compared to WT. In all cases the transgenic mice had a
change in metabolism indicative of a shift away from res-
piration to carbohydrate metabolism.
To determine whether molecular alterations in the brains

of 3xTg/Pol� mice resemble human AD, we compared our
mouse prefrontal cortex microarray data set with a large
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Figure 3. DNA repair de�ciency drives AD-related hippocampal degeneration. (A) The dentate gyrus shows no difference in volume or BrdU incorporation
(neurogenesis) at 6 months, but after 14 months a signi�cant decrease in neurogenesis and dentate volume is observed in all groups compared toWT. Scale
bar = 400 �m (n = 4). (B) Dentate gyrus volume measured as a proportion of total brain volume shows a synergistic decrease in the 3xTg/Pol� group
at 14 months compared to all groups (n = 4). (C) The level of neurogenesis in the dentate gyrus is not signi�cantly affected at 6 months though BrdU
incorporation is heavily reduced in all groups after 14 month compared to WT (n = 4).* P< 0.05, ** P< 0.01, *** P< 0.005 (D) We used the Morris
water maze (MWM) to measure hippocampal dependent memory loss. Water maze swim speed was higher in 3xTg groups at 6 and 14 months but was
comparative at 20 months (n = 8–14). (E) There was no difference in learning in any of the groups in the MWM (see also Supplementary Figure S3B)
(insert) diagrammatic representation of water maze showing platform location. Quadrant abbreviations: T = target quadrant, UR = upper right quadrant,
LL = lower left, LR = lower right. (F) Memory retention was affected at 20 months in all groups compared to WT, notably the most affected was the
3xTg/Pol� group. Green bars represent days of signi�cant memory retention. Signi�cance was determined using quadrant comparison with Bonferroni
post hoc analysis. (G) Long-term potentiation (LTP) measured at the Schaffer collateral synapses (n = 8, 4 pairs). There was no difference in pre-synaptic
transmissions. (H) Post synaptic defect was detected with signi�cant differences between all groups compared toWT. The 3xTg/Pol� mice had a synergistic
decrease in LTP, relative to 3xTg and Pol�.
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Figure 4. The 3xTg/Pol� mouse has severe energetic dysfunction and has more pathways similar to human AD patients than the 3xTgAD or Pol� mice
alone. (A) KEGG pathway analysis showed that 3xTg/Pol� array had a more signi�cantly changed pathway z-scores and P values when compared to three
common neurodegenerative diseases than parental lines. (B) Venn diagram of genes most commonly deregulated in the three KEGG disease pathways
shows that 70 genes are in common, 68 of these are involved in mitochondrial bioenergetics, 2 in apoptotic response. (C) Gene expression changes of
1500 mitochondrial-related genes (each strain relative to WT). Results show genes associated with energy complex formation are particularly affected in
3xTgAD and synergistically downregulated in 3xTg/Pol�. Genes particularly affected in the 3xTg/Pol� animals correspond to complexes (as numbered on
diagram) 1, 3, 4 and 5. (D) Microarray data con�rm that many pathways associated with energy metabolism are signi�cantly deregulated in the 3xTg/Pol�
mouse; also see S4D for P value analysis. (E) We compared the mouse gene expression results to a large human AD prefrontal cortex microarray data
set (Zhang et al. (87)) (GSE44770). OLD AD refers to late onset AD patients, YOUNG AD refers to patients with mild cognitive impairment, an AD
precursor disease.
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human array data set obtained from analysis of the pre-
frontal cortex of 377 late on-set AD patients, 119 MCI pa-
tients and 359 controls (87) (GSE44770). In this compar-
ison the 3xTg/Pol� mice had more pathways change in a
similar direction (up or down) to the human patients with
MCI and late-onset AD (Figure 4E) than the 3xTgAD or
Pol� mice. Of note, the Pol� mice did have some pathway
similarities with the late on-set AD particularly in down-
regulated pathways (Figure 4E). However, the downregu-
lated pathways were not the same as the affected pathways
in the 3xTg mice (Supplementary Figure S4G). Indeed, the
pathway comparison analysis suggests that the 3xTg/Pol�
mouse is more similar to human AD because of the combi-
nation of pathways downregulated in the 3xTgADand Pol�
mice separately. We compared the z-score of each of the
pathways in Supplementary Figure S4H and did an overall
comparison of these pathways between the mouse and hu-
man groups. When compared to human AD patients only
the 3xTg/Pol� mouse was not signi�cantly different. Fur-
ther, the two parental lines were signi�cantly different to
the 3xTg/Pol� in this analysis. These data suggest that the
3xTg/Pol� mice are markedly different from parental strain
and have a stronger similarity to human AD patients. We
assessed a second human microarray comparison on AD
patient peripheral �broblasts (88). Again, 3xTg/Pol� mice
had more pathways similar to the human patients than did
the 3xTgAD or Pol� mice (Supplementary Figure S4).

DISCUSSION

We generated and characterized at the molecular, cellular
and behavioral levels, 3xTgAD mice with a 50% reduction
in Pol� expression. We found that Pol� haploinsuf�ciency
exacerbated de�cits in memory retention and hippocampal
synaptic plasticity in 3xTgAD mice. More importantly, re-
duced DNA repair was suf�cient to trigger neuronal death
and hippocampal atrophy that did not otherwise occur
in 3xTgAD mice. Moreover, the neuronal degeneration in
3xTg/Pol� mice is associated with impaired autophagy, ac-
cumulation of amyloid plaques and a brain transcriptome
pro�le remarkably similar to that of human AD patients.
We did not attempt life-span studies on the 3xTg/Pol� mice
but can report equal numbers of mice to litter mates at 24
months consistent with published data reporting that Pol�
heterozygosity does not in�uence longevity (89). Our �nd-
ings provide evidence that the reduction in levels of Pol� in
normal brain aging and AD can render neurons more vul-
nerable to dysfunction and death.
There is substantial evidence that within the human pop-

ulation BER protein levels vary considerably (reviewed
(90)). In addition, patients with Down syndrome, who
always develop AD-like neuropathology and cognitive
de�cits, exhibit reduced levels of Pol� (91). DNA damage
has a central role in aging (92), and our �ndings suggest
that it may contribute to the appearance of more severe AD
pathogenesis. Previous studies showed that patients with
MCI and AD have a signi�cant decrease in BER, with Pol�
levels correlating with Braak stage (19,93,94). Indeed, AD
patients accumulate oxidative DNA lesions, which are pri-
mary substrates of the BER pathway in the brain (93–95).

We found that a reduction in Pol� levels exacerbates AD-
like cognitive and synaptic de�cits in 3xTgAD mice.
The notion that DNA damage plays a role in AD pathol-

ogy is supported by recent evidence that physiological brain
activity induces DNA strand breaks that are further ag-
gravated by A� (66). The presented data provide a puta-
tive mechanism linking oxidative endogenous DNA dam-
age, age-related reduction in DNA repair and DSB forma-
tion. We found that Pol� levels decline in the mouse brain
during normal aging and that a further reduction caused
by Pol� haploinsuf�ciency is suf�cient to trigger age-related
accumulation of DNA DSBs and neuronal apoptosis. In
contrast to 3xTgADmice, 3xTg/Pol� mice exhibit more ex-
tensive neuronal damage and loss in the hippocampus. Our
results are corroborated by the recent �ndings that other
AD mouse models have higher levels of activated caspase-3
in the hippocampus (64). Notably, these authors found that
caspase-3 triggered synaptic dysfunction (but not cell death)
and pharmacological inhibition of caspase activity rescued
cognitive dysfunction. We found that the damage to neu-
rons exacerbated by a reduction of Pol� levels in 3xTgAD
mice correlatedwith a reduction in autophagymarkers. Pre-
vious �ndings suggest that autophagy is impaired in neu-
rons in AD (96), which may, in turn, contribute to intra-
cellular accumulation and neurotoxicity of A� (70,97). Re-
duced DNA repair in the AD mouse caused an increase in
the apoptotic response while decreasing many autophagic
components. The increased apoptotic response correlated
with a reduction of extracellular plaque formation, and
an exacerbation of behavioral and synaptic de�cits, possi-
bly by increasing accumulation of A� within neurons. In-
deed, it was recently reported that knockout of the au-
tophagy protein atg7 results in intracellular A� accumula-
tion and worse cognitive function in APPmutant mice (70).
The A�-related phenotypes of the APP/atg7 mice and our
3xTg/Pol� mice support accumulating evidence that extra-
cellular A� plaques may not be a critical factor in cognitive
impairment in AD. Indeed, many subjects with extensive
A� plaques are cognitively normal (98), and some interven-
tions that ameliorate cognitive de�cits in 3xTgAD mice do
not decrease (99), but actually increase (100) A� plaque lev-
els.
The notion that AD symptoms are not directly linked

to A� extracellular plaque formation in the mouse is sup-
ported by a major �nding of the present study, namely, that
reduced BER can promote AD-like phenotypes. In addi-
tion, the Pol� and 3xTgAD animals performed compara-
tively throughout the study. While not directly tested in the
presented research, there was no overt difference in life span
between the transgenic groups (89). We propose that the
similarity between these two groups stems from both hav-
ing similar steady state levels of DNA damage. This in turn
induced near identical levels of apoptotic activation, hip-
pocampal degeneration, memory dysfunction and synaptic
plasticity. Of note, a mouse defective in another DNA re-
pair pathway, nucleotide excision repair, also presents with
similar age related neurodegenerative pathology as the re-
pair de�cient Pol� mice investigated in this study (101). To-
gether, the two studies strongly suggest a causal relationship
between increased DNA damage and age-dependent cogni-
tive decline. Interestingly, the Pol� mouse has a high level
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of energy demand consistent with recent �ndings reporting
that persistent DNA damage can increase energy consump-
tion (102). Despite this, only when the mouse is crossed
with the 3xTgAD animal does the 3xTg/Pol� mouse show
a decline in oxidative phosphorylation. We believe that the
rapid decline ofmetabolic pathways caused by the increased
DNA damage-associated energy burden is the key attribute
that distinguishes the 3xTg/Pol� mice from the 3xTgAD
animals. In support, we have recently shown that the cog-
nitive decline in the 3xTgAD mouse can be stalled by im-
proving neuronal bioenergetics using the precursor nicoti-
namide (83).

Considerable evidence suggests that mitochondrial dys-
function and a de�cit in cellular energy substrates occurs
in vulnerable neurons in AD early in the disease process
(103,104). Our bioinformatics analysis of the transcrip-
tomes of frontal cortical cells in brain tissue samples of
3xTgAD mice with or without reduced Pol� levels, and
human AD and control subjects, revealed similarities in
the gene networks altered in AD and in Pol�-de�cient AD
mice. Of particular note was the downregulation of numer-
ous genes encoding proteins in the mitochondrial electron
transport chain in the 3xTg/Pol� mice and AD patients,
compared to age-matched Pol�, 3xTgAD and WT mice,
and neurologically normal human subjects. These �ndings
suggest that Pol� de�ciency and A� accumulation may
compromise the ability of the neurons to support synap-
tic activity to survive. Consistent with this neuro-protective
role of Pol�, both BER de�ciency (21,105,106) and A�
(107) are known to render neurons vulnerable to reductions
in cellular energy levels.
Collectively, the �ndings advance our understanding of

the age-related molecular and cellular changes that can ren-
der neurons vulnerable to AD and age-associated dysfunc-
tion and degeneration, and suggest novel approaches for
preventing or delaying the onset of cognitive impairment
and AD. These results suggest that interventions that sus-
tain or elevate Pol� or DNA repair levels may protect neu-
rons against dysfunction and degeneration in aging andAD.
Recent �ndings are consistent with this possibility. For ex-
ample, exercise upregulates the expression of the BER en-
zyme AP endonuclease 1 in the hippocampus and cerebral
cortex of mice by a mechanism that may involve brain-
derived neurotrophic factor and the transcription factor
cyclic AMP response element-binding protein (108) Regu-
lar exercise can reduce the risk of AD (109), thus bolstering
DNA repair may be bene�cial. Signaling pathways that in-
duce expression of Pol� in neurons are unknown, and elu-
cidation of such pathways may provide insight into novel
approaches for preventing the accumulation of oxidative
DNA lesions in neurons in AD.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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