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Emerging findings suggest that compromised cellular bioenergetics
and DNA repair contribute to the pathogenesis of Alzheimer’s dis-
ease (AD), but their role in disease-defining pathology is unclear.
We developed a DNA repair-deficient 3xTgAD/Pol™/~ mouse that
exacerbates major features of human AD including phosphorylated
Tau (pTau) pathologies, synaptic dysfunction, neuronal death, and
cognitive impairment. Here we report that 3xTgAD/Polp*'~ mice
have a reduced cerebral NAD*/NADH ratio indicating impaired cere-
bral energy metabolism, which is normalized by nicotinamide riboside
(NR) treatment. NR lessened pTau pathology in both 3xTgAD and
3xTgAD/Polp™’~ mice but had no impact on amyloid  peptide (Ap)
accumulation. NR-treated 3xTgAD/Polg*’'~ mice exhibited reduced
DNA damage, neuroinflammation, and apoptosis of hippocampal
neurons and increased activity of SIRT3 in the brain. NR improved
cognitive function in multiple behavioral tests and restored hippo-
campal synaptic plasticity in 3xTgAD mice and 3xTgAD/Pol*'~ mice.
In general, the deficits between genotypes and the benefits of NR
were greater in 3xTgAD/Polp*'~ mice than in 3xTgAD mice. Our
findings suggest a pivotal role for cellular NAD* depletion upstream
of neuroinflammation, pTau, DNA damage, synaptic dysfunction,
and neuronal degeneration in AD. Interventions that bolster neuro-
nal NAD" levels therefore have therapeutic potential for AD.
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Izheimer’s disease (AD) is the most common form of de-
mentia, affecting tens of millions of people worldwide, a
number expected to double within 20 y (1). AD is characterized
by progressive cognitive impairment (2, 3) resulting from synapse
loss and neuronal death in brain regions critical for learning and
memory and emotional control. The accumulation of two self-
aggregating proteins, extracellular amyloid § peptide (Ap; amyloid
plaques) and intracellular phosphorylated Tau (pTau; neurofibril-
lary tangles) are diagnostic hallmarks of AD (reviewed in ref. 4).
Ap and pTau pathologies are associated with neuroinflammation
characterized by activation of microglia and astrocytes and elevated
levels of proinflammatory cytokines such as TNFa (5).
Dysfunctional mitochondria are a hallmark of many neuro-
degenerative diseases, including AD, and a contributing factor
may be NAD™ depletion, which is also observed with aging (the
major AD risk factor) in several organisms, including humans
(6). NAD™ is a cellular metabolite, which is critical for mito-
chondrial health and biogenesis, stem cell self-renewal, and
neuronal stress resistance (reviewed in ref. 7). It functions as an
essential cofactor for the DNA repair protein PARP1, for deace-
tylases in the sirtuin family, and for the activity of the cyclic ADP
ribose hydrolases CD38 and CD157 (8, 9). The NAD*-consuming
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enzymes compete for a limited pool of NAD* and therefore may
limit each other’s activity within the cell if the bioavailability of
NAD™* decreases (10). Since neurons have a relatively high energy
demand, they are very sensitive to NAD™ depletion and impairment
of ATP production (6, 11). In addition, NAD" affects neuronal
health and survival through maintenance of the balance between
mitochondrial biogenesis and mitophagy (11, 12). Supplementation
with NAD* precursors like nicotinamide riboside (NR), nicotin-
amide mononucleotide (NMN), and nicotinamide (NAM) amelio-
rates some age-related pathological phenotypes of neurodegenerative
diseases (13-16) and attenuates pathological phenotypes in mouse
models of premature aging caused by mutations of DNA repair en-
zymes (11, 12, 17). Also, health improvement and lifespan extension
after NAD" replenishment have been observed in both Caeno-
rhabditis elegans and mice (12, 18). However, the role of NAD™" in
AD is still unclear.

Multiple lines of evidence suggest important roles for impaired
neuronal bioenergetics and DNA repair deficiency in AD initiation
and progression. Increased damage to nuclear and mitochondrial
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DNA has been observed in brains from mild cognitive impairment
(MCI) and AD patients (19, 20), and various types of DNA damage
have been associated with neurodegeneration (19, 21-23). Oxidative
DNA damage is likely the most significant type of DNA damage in
AD (4), which is mainly repaired by base-excision repair (BER).
Both BER and DNA double-strand break repair, the primary DNA
repair pathways in neurons, have been shown to be compromised
in AD compared with the normal aging brain (reviewed in refs. 4
and 24). In both pathways, the NAD*-consuming enzyme PARP1
detects DNA strand breaks. Hyperactivation of PARP1 and de-
creased NAD™ are seen in AD brains, suggesting increased DNA
damage and/or inefficient DNA repair (25, 26). The primary poly-
merase involved in BER is DNA polymerase  (Polf), and studies
have shown that neuronal DNA repair is dependent on Polp (27,
28). In addition, postmortem human brain samples from both MCI
and AD patients have reduced BER efficiency, involving reduced
DNA Polp expression and activity (29, 30), suggesting that loss of Polf
occurs early in disease onset. Additional evidence for an important
role for Polf is that Down syndrome patients have reduced Polp
protein levels and are at extraordinarily high risk for AD (31, 32).
Several mouse models that exhibit Af plaque and/or pTau pa-
thologies and cognitive deficits have been developed (33, 34). One
widely used AD model, the 3xTgAD mouse, expresses mutant
forms of human AP precursor protein (APP), presenilin-1 that
cause early-onset familial AD, and a Tau mutation that causes
frontotemporal dementia (33). The 3xTgAD mice develop age-
dependent AP plaques, intraneuronal Tau tangles, and cognitive
deficits but do not exhibit neuronal death (33, 35). To assess the
potential impact of DNA damage and repair in the etiology of
AD, we crossed a null allele for Polp into the 3xTgAD mouse to
generate the 3xTgAD/Pol$™~ mice. Our earlier studies demon-
strate that the 3XTgAD/Polp™~ mouse accumulates more DNA
damage and exhibits neuronal death in brain regions and that it
has a defect in olfactory function that resembles the defective
olfaction observed in AD patients (35, 36). Thus, the 3xTgAD/
Polp*/~ mice appear to recapitulate features of AD in humans
better than previously available mouse models of AD (35). Here,
we investigate the effects of NAD™ precursor on pathoph?fsiology
and cellular metabolism in 3xTgAD and 3xTgAD/Polp*™ mice.
The results demonstrate that chronic exposure to NR over 3 mo
largely reverts the cognitive deficit in adult 3xTgAD/Polp*'~ and
3xTgAD mice. NR specifically enhances long-term potentiation
(LTP) in neurons from 3xTgAD/Polp*'~ mice, with lesser effect on
neurons from 3xTgAD mice. In addition, NR stimulates neuro-
genesis and decreases neuroinflammation and oxidative DNA
damage. Because recent studies have demonstrated the oral bio-
availability and safety of NR in humans (37), our findings provide
strong preclinical support for NR intervention in AD patients.

Results

NR Improves Learning and Memory in AD/Pol Mice. To determine
whether NAD™ depletion contributed to the neuropathology and
cognitive impairment in AD mouse models, we treated 16- to
18-mo-old WT, Polp*~ (Polp), 3XTgAD (AD), and 3xTgAD/
Polp*"~ (AD/PolB) mice with NR in their drinking water (12 mM)
or no NR (vehicle) for 6 mo. During the last 3 mo of the treatment
period, behavioral testing and in vivo metabolic analyses were
performed, and the mice were then killed, and their brains were
processed for various assays (Fig. 14). The NAD*/NADH ratio was
decreased in the cerebral cortex of Polp, AD, and AD/Polf mice
compared with WT mice (Fig. 1B). The lowest NAD*/NADH ratio
was in AD/Polp mice. NR treatment significantly increased the
cerebral cortical NAD*/NADH ratio in mice of each of the four
genotypes (Fig. 1B), suggesting that NR enters the brain and boosts
cellular NAD™ levels when administered orally.

To assess whether NR treatment modifies cognitive deficits in
AD and AD/Polp mice, we performed a battery of behavioral
tests. In the Morris water maze test, the vehicle-treated AD and
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AD/Polf mice exhibited a spatial-learning deficit as indicated by sig-
nificantly longer goal latency times on training days 5-7, with AD/Polp
mice performing more poorly than each of the other three genotypes,
while NR improves learning ability (Fig. 1 C and D and Fig. S14).
In the probe trials, all groups of mice had similar swimming speeds
(Fig. S1B). Untreated AD and AD/Polp mice spent less time in the
target quadrant and had fewer platform location crossings com-
pared with WT and Polp mice (Fig. 1 E and F), indicating impaired
memory retention. NR treatment completely reversed the memory-
retention deficits in AD and AD/Polp mice as indicated by time
spent in the target quadrant and platform location crossings that
were similar to WT mice (Fig. 1 £ and F and Fig. S1 C and D).

To measure the recognition memory of the mice, the novel-
object recognition test was performed. All mice spent a similar
period exploring two identical objects (Fig. S1E). After a familiar
object was replaced by a novel object, untreated AD/Polp mice
spent significantly less time exploring the novel object compared
with WT and Polp mice, and NR treatment reversed this deficit
(Fig. 1G). We next evaluated the working memory of mice in the
Y-maze. AD and AD/Polp mice exhibited significantly fewer
spontaneous alternations in the Y-maze than did WT and Polp
mice, and NR treatment reversed the working-memory deficit in
AD and AD/Polf mice (Fig. 1H). Fear conditioning is a Pavlovian
test in which a sound and a footshock are paired, such that the
animal learns to associate the sound with the shock. On the second
day of testing, there were no significant genotype effects in con-
textual freezing times in untreated mice (Fig. 17). NR treatment had
no effect on contextual freezing times in WT, Polf, or AD mice but
significantly increased freezing times in the AD/Polp mice (Fig. 11).
However, in response to the tone (cued test), NR treatment increased
cued freezing times in AD/Polf mice to the WT level (Fig. 1J).
Collectively, these findings indicate that NR treatment could
significantly improve both learning and memory in AD mice
and even more profoundly in AD/Polf mice.

Since decreased cellular NAD" levels occur in several differ-
ent tissues during normal aging, and recent studies demonstrate
beneficial effects of NR on muscle strength and endurance (38,
39), we performed tests of neuromuscular function in control
and NR-treated mice. In the rotarod test, the latency to falling
off the rotarod was shorter in AD and AD/Polp mice compared
with WT mice, and this poor performance was reversed in NR-
treated AD and AD/Polp mice (Fig. S1F), indicating increased
motor function. In addition, grip strength analysis showed that
vehicle-treated AD and AD/Polp mice had lower grip strength
than WT mice, and NR increased grip strength in all groups (Fig.
S1G). Human AD patients have gait problems (40). To assess whether
this was also the case for our AD mice, we used the MotoRater
system for gait analysis (Fig. SIH). AD/Polp mice had a trend
toward decreased forepaw step length compared with WT mice,
while NR treatment significantly improved step length to the WT
level (Fig. S17). In AD/Polp mice, there were trends for decreased
gait speed and increased variance in step length. After NR both
parameters were restored almost to WT levels (Fig. S1 J and K).

AD patients often exhibit increased anxiety and depression
(41), and it was previously reported that 3xTgAD mice also ex-
hibit increased anxiety compared with WT mice (42). Here, we
found that AD and AD/Polf mice displayed decreased distance
traveled and fewer center entries in the open field; however, NR
treatment did not reverse this anxiety-like phenotype in the
open-field test (Fig. S2 4 and B). To further evaluate anxiety, we
tested all mice in the elevated plus maze. Compared with WT
mice, AD/Polp mice spent less time exploring and had signifi-
cantly fewer entries into the open arms compared with closed
arms, and NR treatment reversed this anxiety-like behavior (Fig.
S2 C and D). To evaluate depression-like behavior, mice were
subjected to a forced swim test. We found that AD and AD/Polp
mice showed less immobile time than WT mice (Fig. S2 E and F),
suggesting that the AD mouse models used in this study do
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Fig. 1.

mice. Data are shown as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

not exhibit depressive behavior. NR normalized the latency to
immobility but not immobility time. In summary, NR increased
performance on the rotarod, grip strength, and gait function tests
and decreased anxiety-like but not depression-like behaviors in AD
and AD/Polp mice. The summary of NR’s effects on behavioral
phenotypes and others in AD and AD/Polp are shown in Table S1.

NR Restores Hippocampal Synaptic Plasticity in AD/Polp Mice. Gene-
expression analysis can provide unbiased insights into signaling
pathways that are altered by treatment. Here we used parametric
analysis of gene set enrichment (PAGE) (43) of curated canonical
pathways from BioCarta, Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) (44), and Reactome (45) to identify significantly
changed pathways in the hippocampus and cortex following NR
treatment. Significantly changed pathways were defined as those
displaying an absolute z-score of at least 1.5, a P value < 0.05, and
a false-discovery rate (FDR) < 0.3 and having at least three
changed genes in the pathway in at least one genotype. By use of
heatmaps (Fig. 2 A and B and Fig. S3 4 and B), we show each
genotype (AD, AD/Polp, Polp, WT) with vehicle (Veh) or NR
treatment, all relative to WT vehicle-treated mice, and a within-
genotype comparison, i.e., AD/Polf} (NR) versus AD/Polp (Veh).

Using these selection criteria, we identified 80 (9.6%) pathways
in the hippocampus and 54 (6.5%) in the cortex that are altered
after NR treatment (Fig. 2 4 and B and Fig. S3 4 and B). In both
brain compartments, immune-related pathways were the most
abundant, representing 45% of the pathways from the hippocampus
and 31% of the pathways from cortex (Fig. 24 and Fig. S34).
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NR improves learning and memory in AD/Polp mice. (A) Experimental design for NR treatment in WT, Polp, AD, and AD/Polp mice. (B) Effects of NR
supplementation on the NAD*/NADH ratio in cortex tissue of WT, Polg, AD, and AD/Polp mice. (C and D) Effects of NR supplementation on the learning of
vehicle- or NR-treated WT, Polp, AD, and AD/Pol mice measured by Morris water maze test. For C, **P < 0.01, ***P < 0.001, AD/Polp versus WT; #P < 0.05,
##p < 0.001, AD versus WT. For D, **P < 0.01, ***P < 0.001, NR versus vehicle in AD/Polp; #P < 0.05, **P < 0.01, NR versus vehicle in AD; two-way ANOVA with
Tukey’s post hoc test. (E and F) Time in target quadrant (£) and frequency of platform location (F) in the probe trial of the Morris water maze test in WT, Polp,
AD, and AD/Polf mice. (G) Effects of NR in object-recognition test in WT, PolB, AD, and AD/Polf mice with two different objects. (H) Effects of NR on the SAP
changes in the Y-maze test in WT, Polp, AD, and AD/Polp mice. For B-H, n = 17 (WT + Veh), 16 (Polp + Veh), 16 (AD + Veh), 16 (AD/Polf + Veh), 13 (WT + NR),
12 (Polp + NR), 14 (AD + NR), and 15 (AD/Polp + NR) mice. (/ and J) Effects of NR on fear memory in the context (/) or cued (J) fear conditioning test in WT, Polp,
AD, and AD/Polp mice. n = 15 (WT + Veh), 15 (Polp + Veh), 10 (AD + Veh), 9 (AD/Polp + Veh), 13 (WT + NR), 12 (Polp + NR), 10 (AD + NR), and 9 (AD/Pol + NR)

Multiple pathways related to chemokines, cytokines including inter-
leukins and Toll-like receptors, were seen in both the hippocampus
and cortex. In the hippocampus, the direction of change of the immune
pathways in AD mice after NR was more similar to Polf mice,
while AD/Polp mice clearly responded differently (Fig. 24). These
results suggest that NR may suppress inflammatory processes ro-
bustly in both the hippocampus and cortex.

In the hippocampus, among the nonimmune pathways of NR
versus vehicle (Fig. 2B), pathways related to neurotrophins and
synapse function were uniquely up-regulated in NR-treated AD/
Polf mice. The neurotransmitters pathway was also significantly
up-regulated in AD/Polp after NR treatment. NR produced a
more unified response among the genotypes in the cortex than
seen in the hippocampus (Fig. S3B). P53 signaling was universally
down-regulated after NR in all genotypes in the cortex. In contrast
to WT, insulin- and ribosome-related pathways were uniformly up-
regulated in the AD models and Polf mice after NR treatment
(Fig. S3B).

The hippocampus plays a critical role in spatial learning and
memory, and its neuronal circuits are damaged in AD. Because NR
ameliorated spatial-learning deficits in AD and AD/Polf mice, and
microarray showed that some neurotransmitters and synapse
function-related pathways changed in response to NR, we next
determined whether NR treatment could improve hippocampal
synaptic plasticity. We performed field potential recordings at the
CA1 stratum radiatum in hippocampal slices from ~22-mo-old WT
mice, vehicle-treated, and NR-treated AD and AD/Polp mice (Fig.
2C). We measured LTP, a classic measure of synaptic plasticity
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Fig. 2. NR improves long-term potentiation. (A and B) Pathways in the hippocampi of NR- and vehicle-treated mice of each genotype were compared.
Pathways that showed >1.5-fold change in at least one genotype are shown. We have fixed the order of the samples but allowed the clustering of
the pathways based on row means. In hippocampus, immune-related pathways were the most abundant. We divided the pathways into immune-related
pathways (A) and all other pathways (B). Blue color indicates the pathways related to neurotransmitters, synaptic function, muscle contraction, and so forth.
(C) Illustration showing locations of the stimulating and recording electrodes for electrophysiological analyses of synaptic transmission at CA1 neuron syn-
apses. (D and E) Results of analyses of LTP measured at the Schaffer collateral synapses. For D and E, values are the mean and SEM of determinations made on
eight hippocampal slices from at least five different mice. EPSP, excitatory postsynaptic potential. *P < 0.05, **P < 0.01, ***P < 0.001.

involved in learning and memory (46). Input—output analysis
revealed no significant differences in basal synaptic transmission
among the five groups of mice (Fig. S3 C and D), as reported
previously (35). Paired-pulse facilitation analysis was performed to
determine whether the neurotransmitter (glutamate) release from
presynaptic terminals was affected by genotype or NR, and it was
similar in all five groups of mice (Fig. S3 E and F). Whereas robust
LTP was induced by high-frequency stimulation in slices from WT
mice, LTP was markedly impaired in slices from AD mice (Fig. 2D).

Hou et al.

We show that the magnitude of LTP was significantly greater in
slices from NR-treated AD mice than control AD mice (Fig.
2D). Surprisingly, whereas LTP was essentially absent in slices
of AD/Polp mice, it was dramatically restored to normal levels in
NR-treated AD/Polp mice (Fig. 2E), which showed that NR can
improve synaptic function.

NR Increases Neurogenesis and Decreases Neuroinflammation. Adult
hippocampal neurogenesis plays important roles in dentate gyrus
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(DG)-dependent types of learning and memory and has been
reported to be compromised in AD (47). To quantify newly
generated neurons arising from neural progenitor cells (NPCs), we
derived NPCs from embryonic mouse cortex. As shown in Fig. 34,
more than 90% of the cells in the culture were identified as Sox2*
NPCs. EdU is incorporated into newly synthesized DNA in pro-
liferating cells. We found that 40% of total cells were EdU" in
vehicle-treated cells. NR treatment (1 mM) for 24 h resulted in a
significant increase of EdU incorporation in NPCs (Fig. 3 4 and
B), demonstrating that NR increases proliferation of NPCs.

In AD patients, abnormal neuroinflammation is associated with
AR neuritic plaques and is characterized by activation of microglia
and proinflammatory cytokine production (5). Our microarray
analysis revealed up-regulation of inflammation-related pathways
in AD and AD/Polf mice and suppression of inflammation-related
pathways by NR treatment. We therefore evaluated multiple markers
of neuroinflammation in mouse brain sections. Signals from the
marker for activated astrocytes, GFAP, and for the microglia

A

-NR

PolB+Veh

marker IBA1 were dramatically increased in both hippocampus
and cortex regions of AD/Polp and AD mice, with AD/Polp mice
exhibiting more activated astrocytes and microglia than AD mice
(Fig. 3 C-F). NR treatment decreased the activated astrocytes
and microglia in AD and especially in AD/Polf mice (Fig. 3 C-
F). Since activated astrocytes and microglia produce proinflam-
matory cytokines that likely contribute to AD pathology and
cognitive impairment, we quantified several cytokine and chemo-
kine levels in plasma samples from control and NR-treated mice.
AD/Polp mice had elevated levels of proinflammatory cytokines
and chemokines, including IL-1a, TNFoa, MCP-1, IL-1p, MIP-1a,
and RANTES, and decreased levels of antiinflammatory cytokines
such as IL-10 (Fig. 3G and Fig. S44). NR treatment of AD/Polp
mice normalized the levels of these cytokines to WT (Fig. 3G).
Collectively, these results demonstrate that NR treatment sup-
presses brain and systemic inflammation in AD/Polf mice.
Changes in immune cell populations are known to occur in
AD mice (48). To assess the immune cell population changes in
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Fig. 3. NR increases in vitro EJU incorporation in NPCs and decreases neuroinflammation. (A) Representative images of EdU (red), Sox2 (green), and DAPI
(blue) staining of NPCs treated with vehicle or 1 mM NR for 24 h. (Scale bars, 50 pm.) (B) Quantification of EdU™ cells from images as in A. n = 27 control (—~NR)
and 26 +NR images in three experiments. (C and D) Representative images of GFAP (red) and IBA1 (green) staining of hippocampus regions (C) and cortex
regions (D) from WT, Polp, AD, and AD/Polf mice treated with vehicle or NR. (Scale bars: 200 um in C; 20 um in C, Inset; 50 pm in D.) (E and F) Quantification of
GFAP (E) and IBA1 (F) intensity from sections as in C and D. n = 5 mice per group. Quantifications are presented as mean + SEM. (G) Indicated cytokine or
chemokine levels in mouse plasma detected by multiplex cytokine array. n = 11 (WT + Veh), 10 (Polp + Veh), 11 (AD + Veh), 12 (AD/Polf + Veh), 9 (WT + NR),
10 (Polp + NR), 8 (AD + NR), and 9 (AD/Polp + NR) mice. Quantifications are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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spleen, we isolated single cells from spleens of vehicle- or NR-
treated animals and analyzed the cell population by flow cytom-
etry. T and B cells (CD4%, CD8*, and CD19", respectively),
macrophages (CD11b%), and dendritic cells (CD11c*) were iden-
tified. The AD/Polp mice showed increased CD4™ T cells, while
AD mice showed a marked increase in CD8" T cells (Fig. S4 B
and C). NR-treated AD/Polf and AD mice showed levels of im-
mune cells similar to WT mice. CD19* T cells, macrophages and
dendritic cells in spleen were not significantly changed between
AD and AD/Polf mice (Fig. S4 D-F). These results suggest that
NR can restore abnormal immune responses in AD/Polp and
AD mice.

NR Decreases Tau Phosphorylation but Not Ap Accumulation in AD
and AD/Polp Mice. The accumulation of pTau protein in neurons
produces neurotoxic tangles, leading to neuronal dysfunction
Several phosphorylation sites of Tau have been identified in
neuronal cells of AD patients, including Thr'®!, Ser?*?/Thr*®,
and Thr**!, and these are considered clinical blomarkers of AD
(49). Therefore, we investigated whether NR affects Tau phos-
phorylation. We immunostained mouse brains for Tau—pThr**!
(50). AD and AD/Polp mice showed higher levels of pTau in the
hippocampus and cortex compared with WT mice, and NR-
treated AD and AD/Polp mice showed significantly decreased
pTau levels (Fig. 4 A-C). Total tau and pTau isoforms were
assessed by immunoblot in hippocampal tissue, and AD and AD/
Polp mice showed increased levels compared with WT mice.
Notably, NR treatment dramatically decreased pTau levels
and the pTau/total Tau ratio at all sites in AD/Polp mice (Fig.
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B Cortex
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4D and Fig. S5). NR also decreased pTau levels but did not
decrease the ratio of pTau/total Tau in the hippocampi of AD
mice (Fig. 4D and Fig. S5). Thus, NR decreases the accumulation
of hyperphosphorylated Tau in the brain of AD/Polf mice.

We next performed ELISAs to quantify levels of soluble and
insoluble A4 and APy, in hippocampal tissue samples from all
mice. No significant differences of soluble and insoluble Af4
and Af4, were found between control and NR-treated AD and
AD/Polp mice (Fig. S64). NR treatment also did not affect the
density of Ap plaques in AD and AD/Polp mice measured by
immunofluorescence (Fig. S6 B and C). To examine whether NR
could decrease AP expression in vitro, we measured AP,y and
APy levels in SH-SYSY human neuroblastoma cells overexpressing
APP with the Swedish mutation. Treatment with 0.15-15 mM NR
for 24 h did not change APy and APy, levels and did not affect cell
viability (Fig. S6 D and E). These results show that NR does not
affect Ap production or Ap plaque formation, suggesting that the
beneficial effects of NR on cognition and pTau pathology are in-
dependent of AP pathology in AD and AD/Polf mice.

NR Normalizes Mitochondrial Stress in Human AD Fibroblasts. Mul-
tiple aging, DNA repair, and metabolic pathways converge upon
NAD" metabolism and mitochondrial function (51). Since AD
patients show increased oxidative stress compared with healthy
individuals (52), we investigated the oxidative DNA damage
using AD patient fibroblasts (AG07374) and fibroblasts from age-
matched controls (AG09857). 8-Hydroxy-2'-deoxyguanosine
(8-0x0-dG) is one of the most abundant oxidative DNA lesions
(53). Human AD fibroblasts treated with 1 mM NR for 24 h
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Fig. 4. NR decreases tau phosphorylation in AD/Polp mice and decreases oxidative damage in human AD fibroblasts. (A and B) Representative images of
AT180 (green) and DAPI (blue) staining of hippocampus regions (A) and cortex regions (B) from WT, Polf, AD, and AD/Polf mice treated with vehicle or NR.
(Scale bars, 100 pm.) (C) Quantification of the AT180* immunoreactive area from sections as in B. n = 5 mice per group. (D) Representative immunoblots of the
indicated Tau or pTau proteins from the hippocampus of WT, Polg, AD, and AD/Polf mice after treatment with vehicle or NR. Quantification of data is shown
in Fig. S5. (E) ELISA of 8-oxo-dG in AD human fibroblasts and control fibroblasts with or without NR treatment (1 mM for 24 h). (F) Mitochondrial superoxide
production measured by MitoSOX in AD human fibroblasts and control fibroblasts with or without NR treatment (1 mM for 24 h). For C, E, and F, data are

shown as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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showed a 50% reduction of 8-o0xo-dG levels as measured by
ELISA (Fig. 4E). Mitochondrial reactive oxygen species (ROS)
production was also measured using the MitoSOX probe. NR
treatment of AD fibroblasts resulted in decreased levels of
mitochondrial ROS compared with vehicle-treated cells (Fig.
4F). Combined, our results show that NR decreases oxidative
damage in human AD fibroblasts.

NR Treatment Decreases DNA Damage and Apoptosis Through SIRT3
and SIRT6. To further explore the underlying beneficial effects of
NR, we examined the expression levels of factors important for
the mitochondrial stress response in samples of hippocampus from
vehicle- and NR-treated WT, Polf, AD, and AD/Polp mice.
Protein poly ADP ribosylation (PARylation) is a posttranslational
modification upon DNA damage, which is catalyzed by poly (ADP
ribose) polymerase (PARP). This modification alters many bio-
logical processes, including the DNA damage response, tran-
scriptional regulation, and apoptosis (54). PARP1 can be activated
by DNA damage and plays an important role in DNA repair. Poly
ADP ribose (PAR) was increased in AD and AD/Polf mice
compared with WT mice, and the PAR level decreased dramatically
after NR treatment in AD/Polp mice (Fig. 5 A and B). PARP1
protein was also lower in NR-treated AD/Polf mice than in vehicle-
treated controls (Fig. 54 and Fig. S7). Sirtuins are NAD*-dependent
protein deacetylases. We found that AD/Polf mice expressed lower
levels of SIRT3 and SIRT6 than WT mice, and their expression
was restored to WT levels after NR treatment (Fig. 54 and B). We
then examined the acetylation state of SOD?2, an established SIRT3
substrate (55). Acetylated SOD2 and the ratio of acetylated SOD2
to SOD2 in NR-treated AD/Polp mice was decreased (Fig. 54 and
B), suggesting that NR treatment increases SIRT3 protein level and
deacetylase activity in AD/Polf mice. As previously reported, we
showed that the DNA damage marker yYH2AX and apoptosis
marker Bcl-2 were increased in AD/Polp mice (35). Here, we
found that NR significantly decreased the abundance of these two
markers by Western blot (Fig. 5 4 and B and Fig. S7), suggesting
decreased DNA damage and likely increased DNA repair. NR
administration significantly reduced the level of DNA damage and
apoptosis in both AD and AD/Polp mice, as detected by immuno-
reactive YH2AX staining and cleaved-caspase 3 signal in the
DG region. Notably, the effect of NR on AD/Polp mice was more
pronounced (Fig. 5 C and D and Table S1).

Discussion

Our findings document substantial beneficial effects of NR treatment
on multiple aspects of neuropathology (pTau, neuroinflammation,
and oxidative stress) and on hippocampal synaptic plasticity and
cognition in AD and AD/Polp mice. The DNA repair-deficient
AD/Polp mice show an exacerbation of major AD features and a
phenotype more similar to human AD than other AD models (35).
The beneficial effects of NR were generally stronger in this mouse
than in the 3xTgAD mouse (summarized in Table S1). Specifically,
NR shows greater effects on learning and memory, LTP, neuro-
inflammation, gait function, DNA damage, and sirtuin activity in
this DNA repair-defective mouse model. This justifies additional
research on the use of NR or other NAD™ precursors for treating
AD in humans.

NR has shown beneficial effects in other DNA repair-deficient
disease models, including ataxia-telangiectasia, xeroderma pig-
mentosum group A, and Cockayne syndrome (11, 12, 17). NAD™*
precursors such as NMN and NAM also improve memory and
learning and mitochondrial function and increase lifespan in
animal models of AD, Parkinson’s disease, and hearing loss (15,
56, 57). This suggests that NAD™ up-regulation can reverse the
impaired brain-energy metabolism and possibly oxidative stress
that are implicated in cognitive decline. We found that NR has
a dramatic effect on both behavior and neuronal functions, especially
in AD/Polp mice. The defects in learning, memory, and synaptic
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plasticity are more severe in the AD/Polp mouse compared with
the other AD transgenic mice (35). This suggests that the base-
excision DNA repair deficiency exacerbates AD-related deficits in
hippocampal synaptic plasticity. We therefore examined how NR
intervention affects these parameters and found that both learning
and memory were restored significantly, as shown by the Morris
water maze, Y maze, and object-recognition tests. Also, synaptic
plasticity, measured as LTP, was remarkably increased, especially
in the AD/Polp mouse, after NR treatment. The effect on LTP is
supported by previous in vitro findings in NR-treated hippocampal
slices from the Tg2576 AD model (57).

Additionally, NR has been shown to have rejuvenation effects
on stem cells in both muscle and brain (58). We observe increased
neurogenesis after NR treatment, and we detect improved motor
function and grip strength, suggesting improved proliferation of
NPCs and improved muscle function, potentially via increased
muscle stem cell function, as reported recently (18).

Previous studies have shown a decrease in Ap after NR or
NAM treatment (16, 57). In our study, we do not observe an
effect of NR on Ap in the hippocampus or cortex. This may be
explained by the different AD model used, as there are relatively
few AP plaques in our mice compared with other models. This
finding could suggest that pathways other than AP may con-
tribute more to AD pathogenesis. Here we show a decrease in
tau phosphorylation in the hippocampus of both AD and AD/
Polp mice after NR treatment.

SIRT6 is critical for maintaining genomic stability in the brain,
and recently it was reported that brain-specific loss of SIRT6 leads
to toxic tau stability and phosphorylation (59). Our results showing
increased SIRT6 protein and decreased tau phosphorylation after
NR are consistent with those findings. Human AD patients show
increased inflammation in the brain, as seen by activated astro-
cytes and microglia (60). NR reduced inflammation in mouse
models of diabetes (61, 62). This is confirmed here by microarray
analysis and by reduced neuroinflammation in the brain, de-
creased proinflammatory cytokines, and altered spleen cell types
in AD/Polp mice treated with NR. Increased oxidative DNA
damage has been observed in brains of AD patients (23); this may
reflect decreased BER activity and increased oxidative stress.
Consistent with this, YH2AX abundance was higher in brains of
AD/Polp mice than in brains of control animals, but this was
normalized by treatment with NR. This is important because we
have previously shown that yH2AX foci accumulate in the hip-
pocampus by 14 mo (35); therefore NR treatment either helped
clear preexisting foci or prevented the fixation of new YH2AX foci.
In either scenario, NR clearly decreases the load of DNA damage
in the hippocampus. Besides mouse studies, we also analyzed human
AD fibroblasts in this study. Oxidative DNA damage is increased in
these cells (52), and our results confirm this finding, and show that
NR can decrease the amount of oxidative DNA damage and mi-
tochondrial oxidative stress.

During aging and at the onset of MCI/AD, oxidative stress and
DNA damage increase (4). This leads to DNA strand break-
induced depletion of NAD* by PARP1. PARylation is in-
creased in human AD patients (63). We show that NR decreases
PARylation. Decreased DNA repair and depletion of NAD™ are
critically important, especially to postmitotic cells like neurons.
Neurons are highly dependent on DNA repair, since they cannot
divide and replace themselves and because of their high energy
demand, which leads to increased oxidative stress, likely highest
in the mitochondria. This can cause mitochondrial dysfunction,
decreased neurogenesis, and neuronal dysfunction, plus increased
neuroinflammation, all traits of or contributors to AD, resulting in
decreased cognitive abilities (Fig. 5SE). We show that by increasing
cellular levels of available NAD* by NR supplementation, we decrease
DNA damage, suggesting a link between NAD™ and BER. Increased
NAD™" enhances the activity of sirtuins, proteins important for the mi-
tochondrial function (7). Previous studies have reported a connection
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Fig. 5. DNA damage and apoptosis are decreased after NR treatment. (A) Representative immunoblots of the indicated proteins from the hippocampus of
WT, Polp, AD, and AD/Polf mice after treatment with vehicle or NR. Quantifications of data are shown in B and Fig. S7. (B) Quantification of immunoblots
from the indicated proteins in A. (C) Representative images of YH2AX (green), cleaved-caspase 3 (red), and DAPI (blue) staining of DG sections from WT, Polg,
AD, and AD/PolB mice treated with vehicle or NR. (Scale bars, 100 pm.) (D) Quantification of yH2AX™ cells and cleaved-caspase3* cells from sections as in C. n = 5 mice
per group. (E) Summary figures showing our proposed mechanisms of the relation among NAD*, DNA damage, sirtuin, and AD. For B and D, data are shown as

mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

between sirtuins and mitochondrial function, Tau, and Af. We
observe that NR increases SIRT3 and SIRT6 in our DNA repair-
deficient AD mouse model. This study suggests that NR/NAD*
can target several aspects of AD, including traditional endpoints
like Tau pathology and inflammation, maybe via DNA repair en-
hancement. We believe that this work sets the stage for using
NAD" for treating AD in humans.

Materials and Methods

Animals. All mice were maintained on a standard NIH diet in a 12-h light/dark
cycle. The animals were group housed if possible. All mice were housed in the
National Institute on Aging (NIA), Baltimore. All animal experiments were
performed using protocols approved by the appropriate institutional animal
care and use committee of the NIA. The original AD line was generated as
described previously (33). The breeding methods of Polf and AD/Pol strains
were described previously (35). Both male and female adult mice were used
in the experiments with littermate controls used throughout. All experi-
ments were performed blinded using only mouse identification numbers
with the exception of Western blot analysis. In animal behavioral studies,
animals were randomized in processing order.

Hou et al.

NR Supplementation in Mice. WT, Polp, AD, and AD/Polp mice (16 to 18 mo
old) were given 12 mM NR in their drinking water ad libitum, while the
control groups received drinking water without NR. Dosing with NR con-
tinued for 3 mo before the start of and throughout behavioral tests (Fig.
1A). Water bottles were changed twice a week.

NAD* Detection. Mice cortex samples were harvested, and NAD* was mea-
sured with a commercially available NAD*/NADH assay kit (no. ab65348;
Abcam) according to the manufacturer’s protocol.

Morris Water Maze Test. The Morris water maze test was performed as de-
scribed previously (64). The apparatus was a circular pool (140-cm diameter)
filled with water. Tests were performed at 22 °C. The pool was painted with
nontoxic white paint. A 12-cm-diameter transparent platform was placed
1 cm below the water surface at a fixed position. Mice were taken to the
behavior room, acclimatized, and trained on seven consecutive days, four
trials per day. The starting point changed after each trial of a daily training
session. Each trial lasted 60 s or until the mouse found the platform. If the
platform was not located during the time period, then the mouse was directed
to the platform. After each trial, the mouse was placed on the platform for
30 s. On day seven, upon completion of the training phase, the platform was
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removed for the probe trial. The duration of probe trial was 60 s and began
1 h after the last training phase. All parameters were recorded semiauto-
matically by a video tracking system (ANY-Maze; Stoelting).

Object-Recognition Test. Tests were performed as described previously (65).
The device was a Plexiglas box (25 x 25 x 25 cm). During the training phase,
each mouse could explore two identical objects for 10 min. After 1 h, the
mouse was returned to the 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
(ANY-Maze; Stoelting) was used to monitor exploration behavior. Explora-
tion time was calculated as the length of time the mouse sniffed or pointed
its nose or paws at the object. The preference in the training phase and
the recognition index in the testing phase were calculated as follows:
“preference” refers to the time spent exploring an object relative to the
time spent exploring both objects. The “recognition index” refers to the
time spent exploring the novel object relative to the time spent exploring
both objects.

Y-Maze Test. The Y-maze Spontaneous Alternation Performance (SAP) test
measures the ability of the mice to recognize the environment they had
already explored. The maze consisted of three arms (8 x 30 x 15 cm), with an
angle of 120° between each arm. The numbers of entries and alterations
were recorded using the ANY-Maze tracking system. Mice were introduced
at the center of the Y maze and allowed to freely explore the maze for
10 min. The arms were cleaned with 70% ethanol solution between trials.
SAP is the subsequent entry into a novel arm over the course of three en-
tries, and the % SAP is calculated by the number of actual alternations/(total
arm entries — 2) x 100 (66).

Fear-Conditioning Test. Fear memory is measured by pairing a conditioned
stimulus (CS) to an unconditioned stimulus (US) as described previously (67).
We used Video Freeze Conditioning software (Med Associates) to measure
freezing behavior. On day one, mice were placed inside the chambers; after
120-s baseline, a 30-s CS tone followed, and a US foot shock was given
during the last 2 s of the CS. This CS-US pairing was repeated two additional
times during 180-220 s and 240-270 s. On day two, both contextual and
cued phases were done. During phase one, mice were placed in the same
testing chambers used on day one for 5 min. During phase two, 3 h later,
mice were placed into modified chambers with plastic inserts, and after 300 s
the CS tone was played for 30 s at 1-min intervals (five CS tones in total).
After 10 min, mice were returned to their housing cages.

Electrophysiology. Hippocampal slices were prepared as described previously
(68). Briefly, the mice were killed using isoflurane gas, the brains were
rapidly removed, and transverse slices were cut at a thickness of 350 pm. The
slices were allowed to recover for at least 1 h in artificial cerebrospinal fluid
(ACSF) at room temperature (RT) before recording. ACSF consisted of
120 mM Nadcl, 2.5 mM KCl, 1.25 mM NaH,PO,, 26 mM NaHCO3, 1.3 mM
MgS0O,, 2.5 mM CacCl,, and 10 mM glucose (pH 7.4). The osmolarity of the
ACSF was adjusted to 290 milliosmoles using a 5600 Vapor Pressure Os-
mometer (Wescor, Inc.). Stimuli (30 ms every 20 s) were delivered with a
fine bipolar tungsten electrode to activate Schaffer collateral/commis-
sural afferents. LTP was induced with a train of titanic stimulation (100 Hz
for 15s). All recordings were performed at 30-32 °C. Data were collected
using a MultiClamp 700B amplifier (Molecular Devices). Signals were fil-
tered at 2 kHz, digitized at 10 kHz with a Digidata 1440A Data Acquisition
System, and analyzed using pCLAMP 10 software (Molecular Devices).

Immunofluorescence. Anesthetized mice were perfused with PBS buffer and then
with 4% paraformaldehyde (PFA) in PBS. The collected brains were placed in 4%
PFA for 24 h and then equilibrated in 30% sucrose for 24 h. A series of equidistant
floating 30-pm coronal sections (interval, 240 pm) were prepared, including the
DG area. Approximately 9 or 10 slices of each mouse were incubated in blocking
buffer (10% donkey serum and 0.3% Triton X-100 in PBS) for 30 min at RT.
Thereafter, samples were incubated overnight with the primary antibody at 4 °C
and then were incubated with the appropriate fluorescent probe-conjugated
secondary antibodies for 1 h at RT. Nuclei were counterstained with DAPI.
The entire DG was scanned using an Axiovert 200M Zeiss microscope (Zeiss)
equipped with AxioVision 4.8.3.0 software. The number of specific cells was
counted using Imagel) software. Specific primary antibodies used include
rabbit anti-GFAP (no. Z033401-2; DAKO), mouse anti-6E10 for AB (no. 803002;
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BioLegend), goat anti-IBA1 (no. NB100-1028; Novus), rabbit anti-yH2AX (no.
9719; Cell Signaling Technology), rabbit anti—cleaved-caspase 3 (no. 9579; Cell
Signaling Technology), and mouse anti-AT180 for pTau Thr-231 (no. MN1040;
Thermo Fisher Scientific).

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 the 31-Plex Cytokine/Chemokine
array (Eve Technologies).

Isolation and Culturing of Primary Embryonic Neurospheres. Cortical regions of
embryos (E13.5-14.5) were dissected. Tissues were dissociated with 0.05%
trypsin/EDTA, and then titrated through a 40-um cell filter to ensure single
cells. Cells were then centrifuged, resuspended in starting medium [DMEM/
Ham'’s F-12 nutrient solution + GlutaMAX (no. 10565018; Gibco), 50 U/mL
penicillin, 50 pg/mL streptomycin, 0.25 pg/mL amphotericin B (no. 15290018;
Gibco), 2% B27 (no. 17504001; Thermo Fisher Scientific), 20 ng/mL EGF, and
10 ng/mL FGF2 (no. 028-EG-200 and no. 3139-FB-025/CF, respectively; R&D
Systems)], and seeded at a density of 200,000 cells/mL. Cells were grown
in starting medium at 37 °C, 5% CO,. Half of the medium was changed
every second day. After 7 d of growth, passage 1 neurospheres were dis-
sociated using the NeuroCult Chemical Dissociation kit following the
manufacturer’s protocol (no. 05707; STEMCELL Technologies). Cells were
resuspended in starting medium and seeded for continual growth or
experiments.

EdU Incorporation. Single cells were seeded on coverslips in 24-well plates
coated with poly-p-lysine (no. A-003-M; Sigma Aldrich) and laminin (no.
L2020; Sigma Aldrich) (3 x 10° cells per well). One day after seeding, cells
were treated with 1 mM NR (ChromaDex) or not treated. Twenty-two hours
after NR treatment, 10 uM EdU (Invitrogen) was added to each well. Two
hours later, the cells were fixed with 4% PFA, and EdU was visualized with
the Click-iT EdU Imaging Kit (no. C10337; Invitrogen) following the manu-
facturer’s protocol. The cells were then either mounted with DAPI mounting
medium (no. P36062; Life Technologies) or additionally stained for Sox2 (no.
AF2018; R&D Systems) to ensure a culture of neuronal progenitor cells.
Quantification was performed using ImageJ.

Immunoblot Analysis. Mouse hippocampal lysates were prepared, and Western
blot analyses were performed as described previously (12). Briefly, mouse hip-
pocampi were collected and lysed in radioimmunoprecipitation assay (RIPA)
buffer (no. 9806S; Cell Signaling) containing protease inhibitors (no. B14002;
Bimake) and phosphatase inhibitors (no. B15002; Bimake). Proteins were sepa-
rated on 4-12% Bis-Tris gel (no. NP0336BOX; Thermo Fisher Scientific) or 4-15%
Criterion TGX precast midi protein gel (no. 5671085; Bio-Rad) and probed with
antibodies. Antibodies used were PAR (no. 4336-BPC-100; Trevigen),
PARP1 (no. 9542; Cell Signaling), p-actin (no. sc-1616; Santa Cruz), SIRT3
(no. 5490; Cell Signaling), SIRT6 (no. ab88494; Abcam), Bcl-2 (no. sc-7382;
Santa Cruz), SOD2 (no. AD1-SOD-110-F; Enzo), acetylated SOD2 (no.
214675; Abcam), Tau (no. MN1000; Thermo Fisher Scientific), Tau-pSer’*2+Thr?%
(AT8, no. MN1020; Thermo Fisher Scientific), Tau-pThr?®' (AT180, no. MN1040;
Thermo Fisher Scientific), and Tau-pThr'®' (AT270, no. MN1050; Thermo Fisher
Scientific).

Statistical Analysis. GraphPad Prism 6.0 was used. The data are shown as the
mean + SEM. Group differences were analyzed with one-way or two-way
ANOVA followed by the Tukey multiple comparisons test for comparison
among multiple groups. The two-tailed unpaired t test was applied for
comparisons between two groups. Differences were considered statistically
significant when P < 0.05.

For other detailed materials and methods, see S/ Materials and Methods.
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