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ARTICLE INFO ABSTRACT

Keywords: Adjustment of cerebral blood flow (CBF) to neuronal activity via neurovascular coupling (NVC) has an essential
Oxidative stress role in maintenance of healthy cognitive function. In aging increased oxidative stress and cerebromicrovascular
ROS endothelial dysfunction impair NVC, contributing to cognitive decline. There is increasing evidence showing that

Endothelial dysfunction
Functional hyperemia
Microcirculation

a decrease in NAD " availability with age plays a critical role in a range of age-related cellular impairments but
its role in impaired NVC responses remains unexplored. The present study was designed to test the hypothesis
that restoring NAD* concentration may exert beneficial effects on NVC responses in aging. To test this hy-

pothesis 24-month-old C57BL/6 mice were treated with nicotinamide mononucleotide (NMN), a key NAD™*
intermediate, for 2 weeks. NVC was assessed by measuring CBF responses (laser Doppler flowmetry) evoked by
contralateral whisker stimulation. We found that NVC responses were significantly impaired in aged mice. NMN
supplementation rescued NVC responses by increasing endothelial NO-mediated vasodilation, which was asso-
ciated with significantly improved spatial working memory and gait coordination. These findings are paralleled
by the sirtuin-dependent protective effects of NMN on mitochondrial production of reactive oxygen species and
mitochondrial bioenergetics in cultured cerebromicrovascular endothelial cells derived from aged animals. Thus,
a decrease in NAD™ availability contributes to age-related cerebromicrovascular dysfunction, exacerbating
cognitive decline. The cerebromicrovascular protective effects of NMN highlight the preventive and therapeutic
potential of NAD* intermediates as effective interventions in patients at risk for vascular cognitive impairment

(VCD).

1. Introduction metabolites through uninterrupted cerebral blood flow (CBF), which
represents 15% of cardiac output [1]. The human brain comprises only

Maintenance of cerebral homeostasis requires a tightly-controlled 2% of the body's mass, yet it accounts for 20% of the resting total body
supply of oxygen and nutrients as well as washout of harmful O, consumption. The brain has limited energy reserves and cerebral
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oxygen content can sustain unimpeded neuronal function for only a
short time if CBF decreases [2]. Thus, during periods of intense neu-
ronal activity there is a requirement for rapid adjustment of regional
oxygen and glucose delivery to metabolic demand through spatially
localized adaptive increases in CBF. This is ensured by an evolutionarily
conserved physiological mechanism known as neurovascular coupling
(NVCQ) or functional hyperemia [1]. The cellular mechanisms of NVC
include release of vasodilator NO from the microvascular endothelium,
in response to increased neuronal and astrocytic activation [3,4].

It is now increasingly recognized that (micro)vascular contributions
to cognitive impairment and dementia (VCID) play a critical role in
elderly patients [1]. There is growing evidence that NVC responses are
compromised both in elderly subjects [5-8] and aged laboratory ani-
mals [4,9], which may importantly contribute to the age-related decline
in higher cortical function, including cognition [10] and gait perfor-
mance [11]. This concept is supported by recent findings that phar-
macologically induced neurovascular dysfunction in mice mimics im-
portant aspects of age-related cognitive impairment [12]. Further, our
recent studies demonstrate that rescue of NVC responses by treatment
with the mitochondria-targeted antioxidative peptide SS-31 [13] or
pharmacological SIRT1 activators [4,14] mitigates cognitive impair-
ment in aged mice. These successful preclinical studies provide proof-
of-concept that development of translationally relevant therapeutic
interventions that target molecular/cellular mechanisms contributing
to age-related neurovascular dysfunction is feasible for prevention/
treatment of cognitive impairment in elderly patients [4].

NAD™ is a rate-limiting co-substrate for sirtuin enzymes, which are
key regulators of pro-survival pathways and mitochondrial function in
the endothelial cells [15-18]. There is increasing evidence that with age
cellular NAD " availability decreases [19,20], which is a critical driving
force in aging processes. In support of this theory it was demonstrated
that enhancing NAD* biosynthesis extends lifespan in lower organisms
[21] and improves health-span in mouse models of aging [22]. There is
particularly strong evidence that in aged mice enhancing NAD™" bio-
synthesis by treatment with nicotinamide mononucleotide (NMN; a key
NAD" intermediate) [23] reverses age-related dysfunction in multiple
organs, including the eye [24], skeletal muscle [19] and peripheral
arteries [15,25]. A key mechanism underlying the anti-aging action of
NMN treatment is reversing age-related decline in mitochondrial
function [24]. Although there is strong evidence that mitochondrial
dysfunction and increased mitochondrial oxidative stress contribute to
cardiovascular dysfunction [26-28] and neurovascular impairment in
aging [13], the potential protective effects of NMN on the aged cerebral
microvasculature and NVC responses have not been investigated.

The present study was designed to test the hypothesis that NMN
supplementation can rescue neurovascular coupling responses in aged
mice by attenuating mitochondrial oxidative stress in cere-
bromicrovascular endothelial cells. To achieve this goal, aged mice
were treated with NMN for two weeks. Mice were behaviorally eval-
uated on a battery of tests for characterization of cognitive function and
motor coordination, which are sensitive to alterations in NVC re-
sponses. Then, functional tests for NVC responses and cere-
bromicrovascular endothelial function were performed. Markers of
oxidative stress and expression of genes regulating neurovascular cou-
pling responses, antioxidant defenses and mitochondrial function were
assessed. To substantiate the in vivo findings the effects of NMN on
mitochondrial ROS production and mitochondrial bioenergetics in
cerebromicrovascular endothelial cells derived from aged animals were
obtained in vitro.

2. Material and methods
2.1. Animals, NMN supplementation

Young (3 month, n = 30) and aged (24 month, n = 40) male
C57BL/6 mice were purchased from the aging colony maintained by the
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National Institute on Aging at Charles River Laboratories (Wilmington,
MA). Animals were housed under specific pathogen-free barrier con-
ditions in the Rodent Barrier Facility at University of Oklahoma Health
Sciences Center under a controlled photoperiod (12 h light; 12 h dark)
with unlimited access to water and were fed a standard AIN-93G diet
(ad libitum). Mice in the aged cohort were assigned to two groups
(n = 20 each group). One group of the aged mice was injected daily
with NMN (i.p. injections of 500 mg NMN/kg body weight per day) or
the equivalent volume of PBS for 14 consecutive days at 6 p.m. and 8
a.m. on day 14 and were sacrificed 4 h after last injection. Similar do-
sages of NMN has been shown to exert potent anti-aging effects on
mouse health span [25]. All procedures were approved by the Institu-
tional Animal Use and Care Committees of the University of Oklahoma
Health Sciences Center. All animal experiments complied with the
ARRIVE guidelines and were carried out in accordance with the Na-
tional Institutes of Health guide for the care and use of Laboratory
animals (NIH Publications No. 8023, revised 1978).

2.2. Behavioral studies

Previous studies suggest that alterations of neurovascular coupling
responses associate with changes in cognition as well as sensory-motor
function [12,29]. Thus, after the treatment period behavioral tasks
were performed to characterize the effect of NMN supplementation on
learning and memory, sensory-motor function, gait and locomotion
(n = 20 in each group).

2.2.1. Radial arms water maze testing

Spatial memory and long term memory in each group of mice was
tested by observing and recording escape latency, distance moved, and
velocity during the time spend in the radial arms water maze as de-
scribed [13,29]. The maze consisted of eight arms 9 cm wide that ra-
diated out from an open central area, with a submerged escape platform
located at the end of one of the arms. Paint was added into the water to
make it opaque. The maze was surrounded by privacy blinds with ex-
tramaze visual cues. Intramaze visual cues were placed at the end of the
arms. The mice were monitored by a video tracking system directly
above the maze as they waded and parameters were measured using
Ethovision software Noldus Information Technology Inc., Leesburg, VA,
USA. Experimenters were unaware of the experimental conditions of
the mice at the time of testing. During the learning period each day,
mice were given the opportunity to learn the location of the submerged
platform during two sessions each consisting of four consecutive ac-
quisition trials. On each trial, the mouse was started in one arm not
containing the platform and allowed to wade for up to one minute to
find the escape platform. All mice spent 30 s on the platform following
each trial before beginning the next trial. The platform was located in
the same arm on each trial. Over the three days of training, mice in the
young control group gradually improved performance as they learned
the procedural aspects of the task. Upon entering an incorrect arm (all
four paws within the distal half of the arm) or failing to select an arm
after 15s the mouse was charged an error. Learning capability was
assessed by comparing performance on days 2 and 3 of the learning
period.

2.2.2. Elevated plus maze learning protocol

Mice were also assessed for learning capacity using an elevated plus
maze-based learning protocol as previously described [30]. A gray
elevated plus maze apparatus was used. Two open arms (25 X 5 cm)
and two (25 X 5 cm) closed arms were attached at right angles to a
central platform (5 X 5 cm). The apparatus was 40 cm above the floor.
Mice were placed individually at the end of an open arm with their back
to the central platform. The time for mice to cross a line halfway along
one of the closed arms was measured (transfer latency) on day 1 and
day 2. Mice had to have their body and each paw on the other side of
the line. If a mouse had not crossed the line after 120, it was placed
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beyond it. After crossing the line, mice had 30s for exploring the ap-
paratus. Learning was defined as reduced transfer latency on day 2
compared to day 1. Higher relative difference in transfer latency on day
1 and day 2 indicates superior hippocampal function.

2.2.3. Novel object recognition test

The novel object recognition task was also performed to char-
acterize the effect of NMN on learning and memory [12,31]. The results
of the test are influenced by both hippocampal and cortical micro-
vascular impairment. The test consists of a habituation phase, acquisi-
tion (familiarization) phase, and trial phase. During the habituation
phase the animals explored the empty open-field arena for 5 min. Then,
in the acquisition phase the mice explore two identical objects for
2min. After a 4h delay, a trial phase occurred. During this period an-
imals explored the familiar object and a novel object for 2 min. Ex-
ploration of the objects was defined as directing the nose at a distance
<2cm to the object and/or touching it with the nose. For data col-
lection and analysis Ethovision software (Noldus Information Tech-
nology Inc., Leesburg, VA, USA) was used. Sitting or climbing on it was
not considered as an exploration. All objects used in this study were
made of washable odorless plastic and were different in shapes and
colors but identical in size. A percent of time spent exploring the novel
object relative to the total time spent exploring both objects was used as
a measure of novel object recognition. The Recognition Index (RI, re-
presenting the time spent investigating the novel object [Tyovel] relative
to the total object investigation) was used as the main index of reten-
tion, which was calculated according to the following formula:
[RI = Thovel/(Tnovel + Tfamiliar)]. The arena and the objects were
cleaned with 70% ethanol between the trials to prevent the existence of
olfactory cues.

2.2.4. Rotarod performance

Motor coordination was assessed in each group of mice by using an
automated four-lane rotarod (Columbus Instruments, Columbus, OH) as
described [12]. In brief, mice were pre-trained by placing them on the
moving rotarod at 10 r.p.m. until they performed at this speed for 120 s.
On the day of testing, mice were habituated in their home cages and
acclimate to the testing room for at least 15 min. The test phase con-
sisted of 3 trials (separated by 15 min inter-trial intervals). The testing
apparatus was set to accelerate from 4 to 40 r.p.m. in 300 s. One mouse
was then placed on each lane and the rotarod was started with an initial
rotation of 4 r.p.m. The rotational velocity was set to increase every 10 s
and the latency to fall was recorded. Latency to fall was recorded in
seconds by an infra-red beam across the fall path along with the max
r.p.m. sustained by each mouse [32].

2.2.5. Grip strength test

A grip strength test was used to measure the maximal muscle
strength of forelimbs of the mice [12]. Forelimb grip strength was as-
sessed using a grip strength meter (Chatillon Ametek Force Measure-
ment, Brooklyn, New York). The strength measurements of each group
of mice were measured three times by the same investigator. The
maximum grip strength values were used for subsequent analysis.

2.2.6. Analysis of gait function

To determine how aging and NMN treatment affect gait coordina-
tion, we tested the animals using an automated computer assisted
method (CatWalk; Noldus Information Technology Inc. Leesburg, VA)
as described [13,29,33]. Using the CatWalk system the detection of paw
print size, pressure and pattern during volunteer running on an illu-
minated glass walkway by a camera placed under the glass surface
provides an automated analysis of gait function and the spatial and
temporal aspects of interlimb coordination [12,34]. Briefly, animals
were trained to cross the walkway and then, in a dark and silent room
(< 20 lux of illumination), animals were tested in three consecutive
runs. Data were averaged across ten runs in which the animal
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maintained a constant speed across the walkway. After manual identi-
fication and labeling of each footprint, spatial and temporal indices of
gait were calculated (including swing speed, cadence, regularity index,
brake and propulsion phase duration, stand index, duty cycle; size-ad-
justed base of support, stride length and distance between ipsilateral
prints; stride length and stride time coefficient of variance, interlimb
couplings).

2.3. Measurement of neurovascular coupling responses and cerebral blood

flow

After behavioral testing, mice in each group were anesthetized with
isoflurane (4% induction and 1% maintenance), endotracheally in-
tubated and ventilated (MousVent G500; Kent Scientific Co, Torrington,
CT). A thermostatic heating pad (Kent Scientific Co, Torrington, CT)
was used to maintain rectal temperature at 37 °C [4]. End-tidal CO, was
controlled between 3.2% and 3.7% to keep blood gas values within the
physiological range, as described [12,35]. The right femoral artery was
canulated for arterial blood pressure measurement (Living Systems In-
strumentations, Burlington, VT) [4]. The blood pressure was within the
physiological range throughout the experiments (90-110 mmHg). Mice
were immobilized and placed on a stereotaxic frame (Leica Micro-
systems, Buffalo Grove, IL) and the scalp and periosteum were pulled
aside. Mice were equipped with an open cranial window and changes in
CBF were assessed above the left barrel cortex using a laser Doppler
probe (Transonic Systems Inc., Ithaca, NY), as described [4,12,35]. The
cranial window was superfused with artificial cerebrospinal fluid
(ACSF, composition: NaCl 119 mM, NaHCO; 26.2mM, KCl 2.5mM,
NaH,PO, 1mM, MgCl, 1.3mM, glucose 10mM, CaCl, 2.5mM,
pH = 7.3, 37°C). The right whisker pad was stimulated by a bipolar
stimulating electrode placed to the ramus infraorbitalis of the trigem-
inal nerve and into the masticatory muscles. The stimulation protocol
used to investigate neurovascular coupling consisted of 10 stimulation
presentation trials with an intertrial interval of 70 s, each delivering a
30-s train of electrical pulses (2 Hz, 0.2 mA, intensity, and 0.3 ms pulse
width) to the mystacial pad after a 10-s prestimulation baseline period.
Changes in CBF were averaged and expressed as percent (%) increase
from the baseline value [36]. Experiments lasted ~20-30 min/mouse,
which permitted stable physiological parameters to be obtained. To
assess the role of NO mediation, CBF responses to whisker stimulation
were repeated in the presence of the nitric oxide synthase inhibitor N®-
Nitro-L-arginine methyl ester (.-NAME; 3 x 10~ *moL/L, 20 min). In
separate experiments CBF responses to whisker stimulation were ob-
tained before and after topical administration of the mitochondrial
antioxidant mitoTEMPO (10~ °moL/L). To assess microvascular en-
dothelial function, CBF responses to topical administration of acet-
ylcholine (ACh; 10~ moL/L) were obtained before and after topical
administration of the mitochondrial antioxidant mitoTEMPO
(105 moL/L).

Basal CBF was assessed in a separate cohort of control and experi-
mental mice (n = 5 in each group) anesthetized with isoflurane using
arterial spin labeling magnetic resonance imaging following published
protocols [33].

In each study the experimenter was blinded to the treatment of the
animals. At the end of the experiments the animals were transcardially
perfused and decapitated. The brains were immediately removed and
pieces of the somatosensory and motor cortex were isolated and frozen
for subsequent analysis. All reagents used in this study were purchased
from Sigma-Aldrich (St Louis, MO) unless otherwise indicated.

2.4. Assessment of the effect of NMN supplementation on markers of
oxidative stress

To characterize the effect of NMN treatment on cellular redox
homeostasis in aging, 3-nitrotyrosine (3-NT, a marker for peroxynitrite
action) was assessed in homogenates of cortical samples using OxiSelect
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Protein Nitrotyrosine ELISA Kits (Cell Biolabs), according to the man-
ufacturer's guidelines, as previously described [4]. In the micro-
circulation of aged rodents endothelium-derived NO was shown to react
with O,” forming ONOO™ thus decreasing the bioavailability of NO
[37,38]. Previously we showed that aged mouse brains exhibit an in-
creased 3-nitrotyrosine content [4], a biomarker of increased ONOO ™~
formation, suggesting that impaired endothelial mediation of cere-
bromicrovascular dilation in aging is due to increased scavenging of
vasodilator NO [9].

As an additional marker of oxidative stress, 8-isoprostane content in
the cortical tissue was measured using the 8-isoprostane EIA kit
(Cayman Chemical Company, Ann Arbor, MI) according to the manu-
facturer's guidelines as previously reported [4].

2.5. Assessment of endothelial function in the aorta

To assess the specific effect of NMN treatment on endothelial
function, endothelium-dependent vasorelaxation was assessed in iso-
lated aorta ring preparations as described previously [39]. In brief,
aortas were cut into ring segments 1.5mm in length and mounted in
myographs chambers (Danish Myo Technology A/S, Inc., Denmark) for
measurement of isometric tension. The vessels were superfused with
Krebs buffer solution (118 mM NaCl, 4.7mM KCl, 1.5mM CaCl,,
25 mM NaHCOs3, 1.1 mM MgSOy, 1.2 mM KH,PO,, and 5.6 mM glucose;
at 37 °C; gassed with 95% air and 5% CO,). After an equilibration
period of 1h during which an optimal passive tension was applied to
the rings (as determined from the vascular length-tension relationship),
they were pre-contracted with 10 ~°M phenylephrine and relaxation in
response to acetylcholine was measured.

2.6. Assessment of vascular oxidative stress

To characterize vascular ROS production isolated segments of the
aorta were loaded with the redox sensitive dye dihydroethidium (DHE,
Invitrogen, Carlsbad CA; 3 x 10~ ®moL/L; for 30 min) in oxygenated
Krebs' solution (at 37 °C) as previously reported [34,39-42]. After
loading the dye was washed out five times with warm Krebs buffer, and
the vessels were allowed to equilibrate for another 20 min. Then, the
vessels were embedded in OCT medium and cryosectioned. Confocal
images were captured using a Leica SP2 confocal laser scanning mi-
croscope (Leica Microsystems GmbH, Wetzlar, Germany). Average nu-
clear DHE fluorescence intensities were assessed using the Metamorph
software (Molecular Devices LLC, Sunnyvale, CA) and values for each
animal in each group were averaged.

2.7. Measurement of vascular and endothelial NAD™* levels

To confirm efficiency of NMN treatment, NAD ™ levels were mea-
sured in snap frozen aortas from young and aged mice using a biolu-
minescent assay (NAD/NADH-Glo Assay; Promega, Madison, WI), ac-
cording to the manufacturer's instructions. Briefly, tissue was
homogenized in PBS and lysed in a base solution with 1% DTAB. To
measure the levels of the oxidized form, HCl was added to the solution
and heated for 15 min at 60 °C. The luminescence signal was detected
with a Tecan Infinite M200 plate reader. A similar protocol was fol-
lowed for cultured endothelial cells (see below). Protein quantification
was used for normalization purposes.

2.8. Establishment and characterization of primary CMVEC cultures

To evaluate the anti-aging action of NMN in vitro, we assessed the
effects of NMN on cellular mtROS production and mitochondrial phe-
notype in cultured primary cerebromicrovascular endothelial cells
(CMVECs). The establishment and characterization of the CMVEC
strains used has been recently reported [4]. In brief, to establish pri-
mary cultures of CMVECs, the brains of male 3 and 24 month old
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F344xBN rats (obtained from the National Institute on Aging) were
removed aseptically, rinsed in ice cold PBS and minced into =1 mm
squares. The tissue was washed twice in ice cold 1X PBS by low-speed
centrifugation (50 g, 2-3 min). The diced tissue was digested in a so-
lution of collagenase (800U/g tissue), hyaluronidase (2.5U/g tissue)
and elastase (3U/g tissue) in 1 ml PBS/100 mg tissue for 45 min at 37 °C
in a rotating humid incubator. The digested tissue was passed through a
100 um cell strainer. The single cell lysate was centrifuged for 2 min at
70 g. After removing the supernatant the pellet was washed twice in
cold PBS supplemented with 2.5% fetal calf serum (FCS) and the sus-
pension centrifuged at 300 g for 5 min at 4C. To create an endothelial
cell enriched fraction the cell suspension was centrifuged using an
OptiPrep gradient solution (Axi-Shield, PoC, Norway). Briefly, the cell
pellet was resuspended in Hanks' balanced salt solution (HBSS) and
mixed with 40% iodixanol thoroughly (final concentration: 17% (w/v)
iodixanol solution; p = 1.096 g/ml). 2ml of HBSS was layered on top
and centrifuged at 400 g for 15min at 20 °C. Endothelial cells, which
banded at the interface between HBSS and the 17% iodixanol layer,
were collected. The endothelial cell enriched fraction was incubated for
30 min at 4 °C in the dark with anti-CD31/PE (BD BD Biosciences, San
Jose, CA, USA), anti-MCAM/FITC (BD Biosciences, San Jose, CA, USA).
After washing the cells twice with MACS Buffer (Milltenyi Biotech,
Cambridge, MA, USA) anti-FITC and anti-PE magnetic bead labeled
secondary antibodies were used for 15 min at room temperature. En-
dothelial cells were collected by magnetic separation using the MACS
LD magnetic separation columns according to the manufacturer's
guidelines (Milltenyi Biotech, Cambridge, MA, USA). The endothelial
fraction was cultured on fibronectin coated plates in Endothelial
Growth Medium (Cell Application, San Diego, CA, USA) for 10 days.
Endothelial cells were phenotypically characterized by flow cytometry
(GUAVA 8HT, Merck Millipore, Billerica, MA, USA). Briefly, antibodies
against five different endothelial specific markers were used (anti-
CD31-PE, anti-erythropoietin receptor-APC, anti-VEGF R2-PerCP, anti-
ICAM-fluorescein, anti-CD146-PE) and isotype specific antibody labeled
fractions served as negative controls. Flow cytometric analysis showed
that after the third cycle of immunomagnetic selection there were vir-
tually no CD31~, CD146-, EpoR- and VEGFR2-cells in the resultant cell
populations. All antibodies were purchased from R&D Systems (R&D
Systems, Minneapolis, MN, USA).

Primary CMVECs were cultured in custom-made Rat Brain
Endothelial Cell Growth Medium (Cell Applications, Inc.) with reduced
nicotinamide concentration (11.04 pM). Since the results of assays in-
vestigating mtROS, mitochondrial function and ATP concentration are
affected by the number of viable cells, cell viability of each population
was determined as described [43]. To assess the direct effects of NMN
on endothelial mitochondrial function primary CMVECs derived from
young and aged rats were treated with NMN (Santa Cruz, Dallas, TX) in
vitro (5 x 10~ *moL/L; for 1-5 days).

2.9. SIRT1 and SIRT2 shRNA transfection

To determine the role of sirtuin signaling in the anti-aging en-
dothelial effects of NMN treatment, the downregulation of SIRT1 and
SIRT2, key anti-aging proteins whose activity is regulated by NAD le-
vels, in CMVECs was achieved by RNA interference using proprietary,
tested SIRT1 and SIRT2 short hairpin RNA (shRNA) sequences
(GeneCopoeia, Rockville, MD). CMVECs were transfected using the
electroporation-based Amaxa Nucleofector technology (Amaxa,
Gaithersburg, MD), as we have previously reported [16,18]. Experi-
ments were performed on day 2 after the transfection when gene si-
lencing was optimal.

2.10. Measurement of mitochondrial ROS production and endothelial H,0,
and NO release
the effect of NMN

The assess treatment on age-related
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mitochondrial oxidative stress, mitochondrial production of ROS
(mtROS) in CMVECs was measured using MitoSOX Red (Invitrogen/
Thermo Fisher Scientific), a mitochondrion-specific hydroethidine-de-
rivative fluorescent dye [27,28,44-48]. In brief, cells were incubated
with MitoSox (5 x 10~ ° moL/L; for 30 min, at 37 °C, in the dark). The
cells were then washed with PBS and MitoSox fluorescence was mea-
sured by flow cytometry (GUAVA 8HT, Merck Millipore, Billerica, MA,
USA).

In separate experiments, the effect of NMN treatment on age-related
increases in cellular H,O, production was measured fluorometrically in
CMVECs using the Amplex red/horseish peroxidase assay as described
[45]. The H,0, generation rate was compared by measuring the time
course of the buildup of resorufin fluorescence for 60 min by a Tecan
Infinite M200 plate reader.

To assess the effect of NMN treatment on age-related decline in NO
release, the production of NO in CMVECs was measured using the
fluorescent indicator DAF-FM (4-amino-5-methylamino- 2/,7’-di-
fluorescein; 5umoL/L for 30 minat 37 °C; Invitrogen/Thermo Fisher
Scientific).

2.11. Measurement of mitochondrial membrane potential

To further elucidate the effects of NMN on mitochondrial function,
we determined how it impacts mitochondrial membrane potential in
CMVECs using the mitochondrial membrane potrential indicator
fluorescent dye JC-1 (Guava Technologies, Hayward, CA). JC-1 is a
cationic carbocyanine dye that accumulates in energized mitochondria.
When it is present in its monomer form in the mitochondria at low
concentrations (due to low mitochondrial potential), the dye exhibits
green fluorescence. When it accumulates in the energized mitochondria
and forms J-aggregates at higher concentrations (due to high mi-
tochondrial potential), it exhibits red fluorescence. These character-
istics render JC-1 a sensitive marker for mitochondrial membrane po-
tential: a decrease in the aggregate red fluorescence and an increase in
monomer green fluorescence is indicative of depolarization whereas an
increase in the aggregate red fluorescence and a decrease in monomer
green fluorescence is indicative of hyperpolarization. Cells were labeled
with JC-1 for 30 min at 37 °C and fluorescence was analyzed with glow
cytometry. The red/green fluorescence ratio was calculated as an in-
dicator of mitochondrial membrane potential.

2.12. Mitochondrial bioenergetics assay

To substantiate the endothelium-protective effect of NMN, we per-
formed real-time measurements of the oxygen consumption rate (OCR;
a marker of oxidative phosphorylation) in young and aged CMVECs
after treatment with NMN (5 x 10~* mM NMN, for 5 days) using a
Seahorse XF96 extracellular flux analyzer.

In brief, CMVECs were seeded into XF96 cell culture microplates in
Seahorse XF-Assay media (Agilent Technologies) supplemented with
25 mM glucose and 1 mM sodium pyruvate (pH 7.4) the day before the
assay. Plates were maintained for 45 min at 37 °C in 0% CO-, prior to the
measurement. Basal respiration, coupling efficiency, and spare re-
spiratory capacity were compared using the Mito Stress Test Kit fol-
lowing the manufacturer's protocol. OCR was monitored before and
after the addition of the electron transport inhibitors oligomycin
(1.0 uM) and FCCP (1.0 uM), an ionophore that is a mobile ion carrier,
and a mixture of antimycin-A (1.0 uM) (which is a complex III inhibitor)
and rotenone (1.0 uM), a mitochondrial inhibitor that prevents the
transfer of electrons from the Fe-S center in complex I to ubiquinone.
Basal respiration (baseline respiration minus antimycin-A post injection
respiration), ATP synthesis coupled respiration (baseline respiration
minus oligomycin post injection respiration), maximal respiratory ca-
pacity (FCCP stimulated respiration minus antimycin-A post injection
respiration) and reserve respiratory capacity (FCCP stimulated re-
spiration minus baseline respiration) were calculated. Sample protein
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content was used for normalization purposes.
2.13. Quantification of ATP levels

To correlate these observed changes in OCR directly to ATP pro-
duction, we also measured cellular ATP concentration in CMVECs. ATP
levels in endothelial cells were assessed using the ENLITEN ATP bio-
luminescent assay (Promega) according to the manufacturer's instruc-
tions. Briefly, CMVEC were seeded in 96-well plates (for 24 hat 37 °C
under 5% CO,). For ATP determination the cells were homogenized in
Passive Lysis Buffer (Promega). The samples were diluted 1:10 and
mixed with an equal volume of the luciferase reagent. The plates were
incubated at room temperature for 10 min and then the luminescence
signal was detected with a Tecan Infinite M200 plate reader. ATP
quantification was carried out from a standard curve using ATP dis-
odium salt hydrate. BCA protein determination was performed for
normalization purposes. Cell viability of each population was de-
termined by flow cytometry (Guava easyCyte 8HT) to ensure similar
viability of CMVECs in each group in a parallel experiment using the
ViaCount Assay (Millipore).

2.14. Electron microscopy

Brains (n = 5 animals in each group) were perfusion fixed under
100 mmHg pressure using Karnowsky's method [49]. Thin sections
were obtained with an ultramicrotome, stained with osmium tetroxide,
and examined with a transmission electron microscope as previously
described [50]. Mitochondrial volume densities were obtained in a
blinded fashion using the principles of Weibel [51]. Data were ex-
pressed as relative changes in volume density (volume of mitochondria
per cytoplasmic volume).

2.15. Measurement of mitochondrial DNA content in CMVECs

Total DNA was isolated from CMVECs using the QIAamp DNA Mini
QIAcube Kit (QIAGEN). Mitochondrial DNA (mtDNA) copy number was
determined by qPCR as described [17], using cytochrome oxidase III
and B-actin as markers for the copy numbers of mtDNA and genomic
DNA, respectively.

2.16. Quantitative real-time RT-PCR

A quantitative real time RT-PCR technique was used to analyze
mRNA expression of genes relevant for neurovascular impairment and
age-related mitochondrial dysfunction in cortical, cerebrovascular,
aortic and endothelial samples using validated TagMan probes (Applied
Biosystems) and a Strategen MX3000 platform, as previously reported
[4,35,52]. Targets included the nitric oxide synthases eNOS and nNOS
(Nos3 and Nos1, respectively), arginases (Argl, Arg2; which regulate NO
synthase activity and were proposed to contribute to endothelial dys-
function in aging [53]), antioxidant enzymes, enzymes involved in NAD
metabolism and nuclear- and mitochondrion-encoded subunits of the
electron transport chain. In brief, total RNA was isolated with a Mini
RNA Isolation Kit (Zymo Research, Orange, CA) and was reverse tran-
scribed using Superscript III RT (Invitrogen) as described previously
[35]. Quantification was performed using the efficiency-corrected
AACq method. The relative quantities of the reference genes Hprt,
Ywhaz, B2m, Actb and S18 were determined and a normalization factor
was calculated based on the geometric mean for internal normalization.
Fidelity of the PCR reaction was determined by melting temperature
analysis and visualization of the product on a 2% agarose gel.

2.17. Quantitative mass spectrometry analysis

Selective reaction monitoring (SRM) mass spectrometry was used to
quantify vascular anti-oxidant protein expression, as previously
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described [54]. For these assays, 60-1g amounts of aorta lysates were
mixed with 8 pmol of bovine serum albumin (BSA) as an internal
standard and 50 pl of 10% SDS. The samples were heated at 80 °C for
15 min before precipitating the proteins in 80% acetone overnight at
—20 °C. The protein pellet was dissolved in 60 pl of sample buffer and a
20-pl aliquot containing 20 pg of protein run 1.5 cm into a 12.5% SDS-
polyacrylamide gel. The gel was fixed and stained with GelCode Blue
(Pierce). For each sample, the entire 1.5-cm lane was cut out of the gel
and divided coarsely. The gel pieces were washed to remove the stain,
reduced with DTT, alkylated with iodoacetamide, and digested with
1 pg of trypsin overnight at room temperature. The peptides produced
in the digest were extracted with 50% methanol, 10% formic acid in
water. The extract was evaporated to dryness and reconstituted in
150 pl of 1% acetic acid in water for analysis. The samples were ana-
lyzed using SRM with a triple quadrupole mass spectrometer (Ther-
moScientific TSQ Vantage) configured with a splitless capillary column
HPLC system (Eksigent, Dublin, CA, USA). Samples (10 ul) were in-
jected onto a 10 cm X 75pum C18 capillary column (Phenomenex, Ju-
piter C18). The column was eluted at 160 nL/min with a 30-min linear
gradient of acetonitrile in 0.1% formic acid. Data were processed by
using Pinpoint to find and integrate the correct peptide chromato-
graphic peaks. The response for each protein was taken as the total
response for all peptides monitored. To quantify protein expression, the
relative abundance of each protein was first normalized to the BSA
internal standard and then normalized to the geometric mean of cel-
lular reference proteins [54].

2.18. Statistical analysis

Statistical analysis was carried out by one-way ANOVA followed by
Tukey's post hoc test or unpaired t-test, as appropriate. Dose-response
curves for vascular relaxations were analyzed by two-way ANOVA for
repeated measures followed by Bonferroni multiple comparison test. A
p value less than 0.05 was considered statistically significant. Data are
expressed as mean * S.E.M.

3. Results

3.1. NMN supplementation rescues NVC responses in aged mice by restoring
endothelial NO mediation

CBF responses in the whisker barrel cortex elicited by contralateral
whisker stimulation were significantly decreased in aged mice com-
pared to young animals indicating impaired NVC in aging (re-
presentative CBF tracings are shown in Fig. 1A, summary data are
shown in Fig. 1B) [9]. We found that a 14-day treatment with NMN
significantly increased CBF responses induced by contralateral whisker
stimulation in aged mice, restoring NVC to levels observed in young
mice (Fig. 1A-B). Further, perfusion mapping of cerebral coronal slices
in each group of animals was performed by MRI. We found that basal
CBF was decreased in aged mice as compared to young animals. NMN
treatment significantly increased CBF in aged mice (Supplemental Fig.
S1).

There is strong experimental evidence, obtained using both phar-
macological inhibitors and genetically modified animals, that NO pro-
duction by the microvascular endothelium plays a critical role in NVC
responses and that cerebromicrovascular endothelial dysfunction sig-
nificantly contributes to age-related neurovascular uncoupling [3,4].
Accordingly, in untreated aged animals administration of the NO syn-
thase inhibitor .-NAME was without effect, whereas in young mice it
significantly decreased NVC responses, eliminating the differences be-
tween the age groups (Fig. 1B). In NMN treated aged mice .-NAME
significantly decreased CBF responses elicited by whisker stimulation
(Fig. 1B), suggesting that NMN treatment restored the NO mediation of
NVC in aged animals. To further ascertain the endothelial protective
effects of NMN supplementation, endothelium-dependent vasodilator
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responses to acetylcholine were tested. In young mice topical admin-
istration of acetylcholine resulted in significant CBF increases, whereas
these responses were significantly attenuated in aging mice. Treatment
of aged mice with NMN significantly improved acetylcholine-induced
vasodilation (Fig. 1C).

Previously we found that treatment with the mitochondria-targeted
antioxidative peptide SS-31 can improve both NVC responses and
acetylcholine-induced vasodilation in the brains of aged mice [13]. Our
results showing that treatment with MitoTEMPO also restores NVC re-
sponses and acetylcholine-induced responses in aged mice extend these
findings (Supplemental Fig. S2). Similar findings were obtained in
isolated aorta ring preparations from aged mice supplemented with
NMN (Fig. 1E). To assess the role of endothelium-derived NO, .-NAME
was applied. .-NAME significantly inhibited acetylcholine-induced va-
sorelaxation, eliminating the differences between the three groups.
These finding suggests that NMN significantly improves endothelial
function by restoring endothelial NO mediation in aged vessels, ex-
tending recent findings [25]. Efficiency of NMN treatment was con-
firmed by demonstration of increased vascular NAD* levels (Fig. 1F).
NMN treatment attenuated age-related increases in oxidative/ni-
trosative stress, as indicated by the reduced tissue 3-nitrotyrosine
(Fig. 1D) and isoprostane (Supplemental Fig. S3, panel A) levels and
vascular DHE staining (Supplemental Fig. S3, panel B), whereas it did
not affect mRNA and protein expression of NO synthases or antioxidant
enzymes (Supplemental Figs. S4 and S5, respectively). The effects of
aging on expression of Nmnatl, Nmnat3 and Nampt in cerebral vessels
and aortas are shown in Supplemental Fig. S6 panels A and B.

3.2. NMN attenuates mitochondrial oxidative stress and improves
mitochondrial bioenergetics in aged cerebromicrovascular endothelial cells

To substantiate the endothelial protective effects of NMN in vitro, we
assessed the effects of NMN on cellular mtROS production in cultured
primary cerebromicrovascular endothelial cells (CMVECs) derived from
aged animals using the MitoSox fluorescence method. First we de-
monstrated that in aged CMVECs NAD™* content was significantly de-
creased, whereas it was normalized by treatment with NMN (Fig. 2A).
We found that in aged CMVECs mtROS production was significantly
increased as compared to that in CMVECs derived from young animals
(Fig. 2B and C), which associated with a decreased production of NO
(DAF fluorescence; Fig. 2D) as well as impaired mitochondrial mem-
brane potential (Fig. 2E), and decreased ATP levels (Fig. 2F). NMN
treatment attenuated mtROS generation (Fig. 2B and C), increased NO
production (Fig. 2D), rescued mitochondrial membrane potential
(Fig. 2E) and restored cellular ATP content (Fig. 2E) in aged CMVECs,
eliminating the difference between the two age groups. NMN treatment
also attenuated increased H,O release from aged CMVECs as measured
by the Amplex Red assay (Supplemental Fig. S7). Attenuation of mtROS
production in NMN-treated aged CMVECs was associated with sig-
nificant improvement of both basal and maximal mitochondrial re-
spiration (Fig. 2G-H). Combined shRNA knockdown of SIRT1/SIRT2
prevented the beneficial effects of NMN on mtROS (Fig. 2C), NO pro-
duction (Fig. 2D), mitochondrial membrane potential (Fig. 2E) and
mitochondrial respiration (Fig. 2H) in aged CMVECs. The effects of
aging on expression of Nmnatl, Nmnat3 and Nampt in CMVECs are
shown in Supplemental Fig. S6 panel C.

3.3. NMN reverses age-related decline in mitochondrially encoded genes
without promoting mitochondrial biogenesis

We could exclude that mitochondrial protective effects of NMN are
linked to promotion of mitochondrial biogenesis. Using electron mi-
croscopy and unbiased morphometric methods we found that mi-
tochondrial volume density in endothelial cells in the cerebral micro-
circulation was unaffected by NMN treatment (Fig. 3A-D). NMN
treatment of aged mice also does not affect mtDNA content in cerebral



S. Tarantini, et al.

Redox Biology 24 (2019) 101192

A Young Aged Aged B 4 ' Young C mmmm Young
+NMN < 20 mmm Aged - mmm Aged
— — — S = Aged +NMN @ & 3 Aged
() O3 20+ #* + NMN
control @ " 2o
() = N 15 4
5 oS .
ﬂ e £ o
D @ 10
M 5 5 e
L-NAME O S,
g =0
5| = 8o
Ss Control L-NAME < 0
@ Young EE Young
D Em Aged E mmm Aged F . Young G EEE Young
= Aged +NMN = Aged +NMN  Aorta A . Aged
- 1.6 120 — — Aged + NMN 3 Aged +NMN
c N —
o — 1.4 - O 5_
€ _- 14 —~ 100 | " # = g
O ® 12 # 2 * . ¢ __ # N £ 4 ’
82’1_0_ = 80 4 20 10 o ©
S8 o5 2 * B 5 os EE% 3
8o IS ®7 # <5, s<
- -1 2
:2—‘% 0.6 © 40 5o 0.6 8.5 o 4
O w= 0.4 [0 * 28 044 T G
= o 5 1 > 517
c 0.2 - [ 0.2 4 -8
™ 00- 0.0 - S 0-

107 3x107

3x10®

10

Acetylcholine (mol/L)

Fig. 1. NMN supplementation improves microvascular endothelial function and rescues NO mediation of neurovascular coupling responses in aged mice.
A) Representative traces of cerebral blood flow (CBF; measured with a laser Doppler probe above the whisker barrel cortex) during contralateral whisker stimulation
(305, 5 Hz) in the absence and presence of the NO synthase inhibitor .-NAME in young (3 month old), aged (24 month old) and NMN treated aged mice. B) Summary
data showing that in aged mice NMN supplementation restores NO mediated component of NVC responses. C) In aged mice NMN supplementation improves
endothelium-mediated CBF responses elicited by topical perfusion of acetylcholine. D) NMN supplementation decreases protein 3-nitrotyrosine content in the aged
cortex, indicating decreased peroxynitrite formation. E-G) In aged mouse aortas NMN supplementation rescues acetylcholine-induced endothelium-mediated re-
laxation (E), increases tissue NAD * levels (F) and attenuates oxidative stress (G; see Methods). Data are mean *+ S.E.M. (n = 5-8 for each data point).*P < 0.05 vs.
Young; *P < 0.05 vs. Aged. (one-way ANOVA with post-hoc Tukey's test). n.s.: not significant.

arteries (Fig. 3E). Findings obtained in cultured CMVECs showing un-
altered mtDNA content after NMN treatment extend the in vivo data
(Fig. 3F).

Previous studies suggest that age-related decline in oxidative
phosphorylation may be due to the specific loss of mitochondrially
encoded transcripts [19]. Accordingly, we found that in aged cerebral
arteries (Fig. 3G) and aged CMVECs (Supplemental Fig. S8) mRNA
expression of mitochondrially encoded components of the electron
transport chain was significantly decreased as compared to young ones,
whereas those encoded by the nuclear genome remained unchanged
with age (Supplemental Fig. S9). Importantly, NMN supplementation
partially rescues age-related decreases in mRNA expression of mi-
tochondrially encoded subunits of the electron transport chain both in
cerebral arteries (Fig. 3G) and CMVECs (Supplemental Fig. S8).

3.4. Restoration of cerebromicrovascular function is associated with
improved cognitive function in aged mice treated with NMN

Recently we demonstrated that specific, pharmacologically-induced
neurovascular un-coupling results in detectable cognitive impairment
[12]. To determine how rescue of cerebromicrovascular function by
NMN supplementation impacts cognitive performance in aged mice,
animals were tested in the radial arms water maze (Fig. 4A). We
compared the learning performance of mice in each experimental group
by analyzing the day-to-day changes in the combined error rate,
working memory errors, successful escape rate, path length and time
latency. During acquisition, mice from all groups showed a decrease in
the combined error rate (Fig. 4B) across days, indicating learning of the
task. After the first day of learning young mice consistently had lower

combined error rate than aged mice (Fig. 4B). Decreases in the com-
bined error rate induced by NMN supplementation in aged mice
reached statistical significance by trial block 6.

To analyze working memory function (short-term memory that is
involved in immediate conscious perception) we examined re-entries
into incorrect arms (without hidden platform) that were previously
attempted for escape. We found that working memory function was
impaired in aged mice as compared to young controls (Fig. 4C). Aged
mice with NMN supplementation showed significant restoration of
working memory to levels comparable to young animals (Fig. 4C). NMN
treatment thus resulted in complete behavioral rescue of working
memory.

Successful escape rate from the maze was assessed by measuring the
percent of animals that could find the hidden platform within the 60 s
allowed for each trial. During acquisition, mice from all groups showed
an increase in successful escape rate consistent with the learning of the
task. Young mice exhibited significantly better escape success than
untreated aged mice (Fig. 4D). Although in aged mice NMN treatment
tended to increase the successful escape rate, the differences did not
reach statistical significance (Fig. 4D).

We also compared path length (i.e. the distance that the mouse
swam between maze entry and successful escape through the hidden
platform) and escape latency (i.e. the time elapsed between entry and
successful escape). During acquisition, mice from all groups displayed
shorter path length (Fig. 4E) and lower escape latencies (Fig. 4F), in-
dicating spatial learning. Young mice exhibited shorter path length
(Fig. 4E) and lower escape latency (Fig. 4F) than untreated aged mice,
which differences became pronounced by day 3. In aged mice NMN
supplementation did not affect significantly either path length and
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Fig. 2. Treatment with NMN improves mitochondrial energetics and attenuates mitochondrial ROS production in aged cerebromicrovascular endothelial
cells (CMVECs). A) Treatment with NMN (5 X 10~ *moL/L; for 5 days) restores NAD* levels in primary CMVECs derived from aged rats. B) Treatment with NMN
(5 x 10™* moL/L; for 1-5 days) attenuates age-related increases in mtROS production in CMVEGs (MitoSox fluorescence, assessed by flow cytometry). C) shRNA
knockdown of SIRT1/SIRT2 prevents NMN-induced attenuation of mtROS in aged CMVECs. D-E) Treatment of aged CMVECs with NMN rescues cellular NO
production (D; DAF fluorescence, assessed by flow cytometry) and increases mitochondrial membrane potential (E; JC-1 mitochondrial membrane potential probe) to
levels observed in young cells. shRNA knockdown of SIRT1/SIRT2 prevents the NMN effect. F) Treatment of aged CMVECs with NMN restores cellular ATP levels.
Data are mean * S.E.M (n = 5-10 for each data point in A-F). *P < 0.05 vs. Young; #P < 0.05 vs. Aged. G) Attenuation of mtROS production and improved
mitochondrial membrane potential in NMN treated aged CMVECs were associated with significant improvement of cellular oxygen consumption rate (OCR; a marker
of oxidative phosphorylation; measured using the Seahorse XFe96 analyzer). Vertical dashed lines indicate assay drug injections. OCR in untreated young and aged
CMVECs is shown for reference. Note the marked NMN-induced increase in both basal and maximal respiration in aged CMVECs. Right panel shows the effects of
shRNA knockdown of SIRT1/SIRT2 on NMN-induced changes in OCR in aged CMVECs. OCR in aged CMVECs transfected with scrambled shRNA is shown for
reference. H) Summary data showing the effects of aging and NMN on basal respiration, ATP-linked respiration and maximal respiration. Data are mean * S.E.M.,
n = 9 for each data point.*P < 0.05 vs. Young; *P < 0.05 vs. Aged. $ P < 0.05 vs. Aged + NMN (one-way ANOVA with post-hoc Tukey's test). n.s.: not

significant.

escape latencies. The analyses of noncognitive parameters revealed a learning performance to youthful levels (Fig. 5A).
slight age-related decline in swimming speed and an age-dependent Subsequently we also tested the performance of the mice in the
increase in non-exploratory behavior (the cumulative time the mice novel object recognition test. We found no significant difference in the
spent not actively looking for the platform, e.g. floating), which were time that mice from each group spent exploring the two identical ob-
partially normalized toward young control levels by NMN treatment jects placed at the opposite ends of the arena during the acquisition
(Fig. 4G and H). phase, confirming that the location of the objects did not affect the
We also evaluated hippocampal-dependent learning and memory exploration behavior of mice. In the trial phase with two different ob-
employing the elevated plus-maze. For young mice, transfer latency on jects (one novel, the other familiar), young mice explored the novel
day 2 was significantly decreased (by ~49%) compared to day 1 object for a significantly longer time period, indicating their memory
(Fig. 5A), indicating an intact learning effect. In contrast, for aged mice for the familiar object (Fig. 5B). In contrast, aged mice had a sig-
the transfer latency on day 1 and day 2 were similar, indicating im- nificantly lower calculated Recognition Index (RI). NMN supple-
paired learning capability. NMN supplementation in aged mice restored mentation in aged mice significantly improved their performance,
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Fig. 3. Treatment with NMN rescues age-related downregulation of mitochondrially encoded subunits of the electron transport chain without promoting
mitochondrial biogenesis. A-C) Representative electronmicrographs showing mitochondria in cerebromicrovascular endothelial cells in young (A), aged (B) and
NMN treated aged mice (C); (arrowheads, mitochondria; nu, nucleus; bm, basal lamina; AC, astrocyte; scale bar: 500 nm). D) Summary data showing that NMN
treatment does not affect mitochondrial volume density in aged cerebromicrovascular endothelial cells. E) NMN treatment of aged mice does affect mtDNA content in
cerebral arteries. F) NMN treatment (5 x 10~ * moL/L; for 5 days) of aged CMVECs does not affect mtDNA content. G) NMN supplementation rescues age-related
decreases in mRNA expression of mitochondrially encoded subunits of the electron transport chain in cerebral arteries. Data are mean + SEM (n = 5-6 for each data
point in D-G). *P < 0.05 vs. Young; *P < 0.05 vs. Aged. (one-way ANOVA with post-hoc Tukey's test). n.s.: not significant.

which is consistent with an improved hippocampal- and cortical-de-
pendent recognition memory (Fig. 5B).

3.5. NMN supplementation improves gait performance in aged mice

To investigate the effects of age and NMN treatment on the motor
performance of mice we measured performance of the accelerating
rotarod and grip strength which evaluate muscle strength, balance, and
endurance. NMN supplementation did not affect significantly age-re-
lated decreases in latency to fall from the rotarod (Fig. 5C) and did not
reverse age-related decline in grip strength (Supplemental Fig. S10).

Age-related deficiencies in NVC responses in human patients [11]
and animal models of aging [29] have been linked to gait abnormal-
ities. Recent studies also demonstrate that pharmacologically-induced
neurovascular uncoupling associates with subclinical gait alterations in
mice [33]. To identify age- and treatment-related systematic differences
between mouse gait patterns, principal component analysis (PCA) was
carried out on the correlation matrix of spatial and temporal indices of

gait. This analysis identified three principal components that accounted
for ~63% of the variance in the data. We plotted the position of each
mouse against the PC1, PC2, and PC3 axis in three-dimensional space
(Fig. 5D). The most conspicuous trend was that aged and young mice
were well separated along the PC1 axis, whereas NMN treated aged
mice were clustered together with young mice. Collectively, the
aforementioned results support the view that rescue of NVC by NMN
treatment is associated with improved gait performance in aged mice.
Selected individual gait parameters are shown in Supplemental Fig.
S11.

4. Discussion

The key finding of this study is that short-term treatment with the
NAD™" precursor NMN rescues NVC responses and improves higher
brain functions in a mouse model of aging that recapitulates key aspects
of cerebromicrovascular dysfunction and cognitive deficit manifested in
elderly patients.
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Fig. 4. In NMN treated aged mice rescue of neurovascular coupling responses associates with improved performance in the radial-arm water maze
(RAWM). Young (3 month old), aged (24 month old) and NMN treated aged mice were tested in the RAWM. A) Heatmap representing the percentage of time spent in
different locations in the maze for a randomly selected animal from each group during experimental day 3. Note that the untreated aged mouse required a greater
amount of time and a longer path length in order to find the hidden escape platform. Older mice also re-enter a previously visited arm multiple time, accruing
working memory errors. B) Older animals have higher combined error rates throughout day 2 and 3 of the learning phase. Combined error rate is calculated by
adding 1 error for each incorrect arm entry as well as for every 15 s spent not exploring the arms. C) Older animals make significantly more working memory errors
(repetitive incorrect arm entries) as compared to young mice. In contrast, aged mice treated with NMN perform this task significantly better than untreated aged
mice. D) The ratio of successful escapes, averaged across trial blocks, is shown for each group. Note day-to-day improvement in the performance of young mice,
which was significantly delayed in aged mice. Although aged mice treated with NMN tended to be more successful at finding the hidden escape platform in
comparison to untreated age-matched controls, the difference did not reach statistical significance. Average path length (Panel E) and escape latencies (Panel F)
required to reach the hidden platform in the RAWM for trial blocks 1-6. Young mice find the hidden platform sooner while swimming significantly less than aged
animals. In aged mice treated with NMN the escape latencies and the average path length required to reach the hidden platform did not differ from that in aged mice.
G) NMN had only marginal effect on the swimming speed. H) Aged control mice exhibited longer non-exploratory behavior compared to young mice. Treatment with
NMN partially reduces the non-exploratory time to young levels. All data are shown as mean = SEM. (n = 20 for each data point).

Elucidating the mechanisms by which aging impairs NVC responses treatment restores NO release in aged CMVECs in vitro and that NMN

is critical for the development of new targets and effective therapies for supplementation also rescues endothelial NO-mediated vasodilation in
VCI. Here we show for the first time that NMN supplementation rescues the aortas of aged mice. Importantly, endothelium-derived NO plays
NO mediation of NVC in aged mice supporting the concept that its versatile biological roles in addition to its role in vasoregulation. It is a
potent cerebromicrovascular endothelial protective effects contribute paracrine regulator of cellular metabolism and mitochondrial function,
significantly to its anti-aging, neuroprotective action. Additional evi- it modulates the function of dozens of proteins by promoting ni-
dence in support of this concept comes from the observations that NMN trosylation on their cystine residues, it inhibits platelet aggregation,
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Fig. 5. In NMN treated aged mice rescue of neurovascular coupling responses associates with improved cognitive performance. A) NMN treatment improved
learning ability in aged mice, as assessed using the elevated plus maze-based learning protocol (see Methods section). For young mice, transfer latency on day 2 was
significantly decreased compared to day 1, indicating an intact learning effect. For aged mice the transfer latency on day 1 and day 2 were similar, indicating
impaired learning capability. NMN supplementation in aged mice restored learning performance to youthful levels. B) NMN treatment restored recognition memory
in aged mice as measured by the novel object recognition test (see Methods). Recognition memory is expressed as a recognition index which is defined as the ratio of
time spent exploring the novel object over the total time spent exploring both familiar and novel objects. C) NMN supplementation in aged mice does not affect mean
latencies to fall from the rotarod. All data are shown as mean + SEM. (n = 20 for each data point). Statistical significance was calculated using one-way ANOVA
with Tukey's post hoc test to determine differences among groups. *P < 0.05 vs. Young; P < 0.05 vs. Aged control. D) NMN supplementation improves gait
performance in aged mice. Shown is the 3D triplot of first three principal components (PC) identified by PCA on the correlation matrix of spatial and temporal indices
of gait. Each point represents an individual mouse. Note, that mice in the same age groups clustered together. Differences between young and aged mouse gait were
evident. NMN supplementation partially reverses age-related changes in mouse gait (MANOVA; P < 0.01 Aged vs. Aged treated; P < 0.01 Young vs. Aged). E)
Scheme showing proposed role for increased NAD™* deficiency and mitochondrial oxidative stress in cerebromicrovascular endothelial impairment and neurovascular
dysfunction in aging and their pathophysiological consequences.

smooth muscle cell proliferation and leukocyte adhesion, promotes plays a central role in impaired NO mediation of NVC responses in
stability of atherosclerotic plaques and exerts potent anti-inflammatory, aging. Recovery of endothelial function in aged peripheral arteries has
anti-apoptotic and pro-angiogenic effects. In that regard it is significant also been reported using the SS-31'3, resveratrol [39] and MitoQ [56].
that NMN treatment was also shown to increase capillary density in the The mechanisms contributing to mitochondrial oxidative stress in the
skeletal muscle [15]. Thus, rescue of cerebromicrovascular NO bioa- aged endothelium, which are affected by NMN treatment, are likely
vailability by treatment with NAD precursors likely has clinical sig- multifaceted and involve a dysfunctional electron transport chain. Re-
nificance beyond restoration of NVC responses, potentially exerting duced electron flow through the electron transport chain, in particular
diverse protective effects both on the cerebral vasculature and phy- due to age-related dysfunction of complex I and complex III [57], likely
siological function of other cell types, including neurons, astrocytes and increases electron leak and favors mtROS production. It is believed that
microglia. The mechanisms underlying age-related decline in NAD* in dysregulation of mtDNA-encoded subunits of these complexes con-
endothelial cells are likely multifaceted and may include down-reg- tribute to their age-related dysfunction. Increases in NAD ™" levels in-
ulation of NAMPT (which catalyzes the rate limiting step in the bio- duced by NMN treatment were shown to activate SIRT1 [19], which
synthesis of NAD") and increased utilization of NAD* by activated regulates the expression of mtDNA-encoded subunits of the ETC [19].
PARP-1 [55]. Thus, it is possible that combination treatments that si- Importantly, our results suggest that disruption of sirtuin signaling
multaneously increase NAD production and inhibit its degradation (e.g. prevents NMN-induced mitochondrial protection and attenuation of
NMN plus a PARP-1 inhibitor) may offer additional benefits for neu- mtROS production in aged CMVECs. Importantly, pharmacological
rovascular protection. sirtuin activators were also shown to attenuate mtROS and improve

Our studies are the first to demonstrate that NMN treatment effec- endothelial function in aged animals [58]. On the basis of the afore-
tively attenuates age-related mitochondrial oxidative stress in cerebo- mentioned findings and the data available in the literature [15,19] we
microvascular endothelial cells, suggesting a key role for this me- speculate that increased sirtuin activation elicited by increased NAD *
chanism in NAD *-mediated endothelial protection. In support of this levels restores expression of mtDNA-encoded subunits, improving effi-
concept using structurally different inhibitors/scavengers of mtROS ciency of the ETC, restoring bioenergetics and attenuating mtROS
production, including SS-31'3, resveratrol [4,45] and mitoTEMPO, we production. In addition, increased NAD* :NADH ratio itself may also
have demonstrated that age-related mitochondrial oxidative stress contribute to the reduction of mitochondrial oxidative stress [59],
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whereas alterations in cellular and mitochondrial expression of anti-
oxidant enzymes appear less important. Other mitochondrial factors
affecting mtROS levels that may be potentially affected by sirtuin-
regulated pathways include the mitochondrial Nox4-containing
NADPH-oxidase, p66shc, as well as the ratios of reduced/oxidized co-
factors (NAD(P)H, GSH) and thiol groups of proteins, that act as a
mitochondrial redox buffer [26,59]. These factors should be in-
vestigated in future studies.

We find that restoration of NAD " levels by NMN treatment, in ad-
dition to reducing ROS generation, increases mitochondrial membrane
potential and improves mitochondrial respiration in CMVECs in a sir-
tuin-dependent manner. We posit that sirtuin-mediated increases in
mitochondrial membrane potential drives increased ATP production in
NMN treated CMVECs. Such a mechanism is likely also operational in
the cerebral microcirculation of NMN treated aged mice. In addition to
sirtuin-mediated effects, because mitochondrial ATP production and
membrane potential require NAD as an essential coenzyme, restoring
an optimal NAD/NADH ratio itself should also promote efficient mi-
tochondrial metabolism.

Normalization of mitochondrial membrane potential and increased
efficiency of ATP generation likely also improve cellular functions in-
dependent of decreasing mtROS. For example, the microvascular en-
dothelium in the brain, which maintains the blood-brain-barrier and
exhibits controlled transcellular transport systems, has high energy
demands. Future studies should determine how restoration of cellular
energetics by NMN supplementation impacts barrier and transport
function in capillaries in the aged brain. Interestingly, both NMN and
the related NAD precursor nicotinamide riboside have recently been
shown to improve neuronal mitochondrial function and behavioral
phenotypes in models of neurodegenerative disease [60,61,62], sug-
gesting that the net benefit in vivo could reflect effects on multiple
distinct cell types within the brain. Astrocytic end feet also contain
significant amounts of mitochondria. We predict that NMN treatment of
aged mice may also exert beneficial effects on astrocytic functions that
are affected by impaired mitochondrial energy metabolism and/or in-
creased mtROS, including astrocytic contributions to NVC responses
(e.g. release of ATP upon neuronal stimulation). This possibility should
be tested in future studies.

There is a growing evidence from clinical [10,11] and experimental
[12] studies that impairment of NVC responses contributes to the age-
related decline in higher cortical functions. Restoration of this key
homeostatic mechanism matching energy supply with the needs of ac-
tive neuronal tissue is expected to exert beneficial effects on brain
function in aging. The present study is the first to demonstrate that
rescue of NVC by NMN supplementation in aging is associated with
improvement of multiple domains of brain function, including hippo-
campal encoded memory functions. These results extend the findings of
our previous studies demonstrating that rescue of NVC responses in
aged mice by treatment with the mtROS inhibitors resveratrol [4] and
§S-31 [13] is also associated with significant cognitive benefit [14]. In
previous studies NMN supplementation was shown to improve health of
obese aged mice [63]. Because there is strong evidence that aging and
obesity exerts synergistic deleterious effects on NVC responses and
mouse cognition [64], further studies are warranted to evaluate the
potential benefits of NMN treatment on these endpoints in mouse
models of geriatric obesity as well.

Neurovascular dysfunction in older adults [11] as well as in animal
models of aging [29] has been linked to gait alterations. Recent ex-
perimental studies in mouse models of pharmacologically-induced
neurovascular uncoupling established a mechanistic link between im-
paired NVC responses and gait abnormalities [12]. The present study
extends these findings showing that rescue of NVC responses by NMN
supplementation reverses age-related alterations in gait performance in
mice. Gait dysfunction in geriatric patients is a major cause of func-
tional impairment, contributes to falls and predicts increased risk of
institutionalization and mortality. Identification of interventions

12

Redox Biology 24 (2019) 101192

targeting the cerebral microvasculature that can improve gait function
in aging has great relevance for maintaining functional independence in
late life and preventing falls.

4.1. Limitations of the study

A number of important limitations of the present study need to be
considered. First, DHE is not specific to superoxide and is more con-
sidered a semi-quantitative assay. Also, the DAF assay is not specific to
NO as it can also react with oxidation products of NO. Recent reports
suggest that hydrogen sulfide can reverse aging-induced vascular al-
terations and promote NO synthesis, at least in part, by augmenting the
effects NAD precursors [15,65,66]. Further studies are warranted to
elucidate the interaction of hydrogen sulfide and NAD-dependent
pathways as well as the role of reactive sulfur species in the aged cer-
ebral microcirculation. We acknowledge as a limitation of the study
that we could measure NAD + levels and ROS production only in the
aorta.

5. Conclusions

In conclusion, our findings show that NMN supplementation exerts
significant cerebromicrovascular protective effects in aged mice. NMN
treatment attenuates endothelial oxidative stress, improves endothelial
function and rescues NVC responses in the aged cortex, which likely
contributes to improvement of higher cortical function (Fig. 5E). Our
findings, taken together with the results of earlier studies
[15,19,23,24], point to benefits at several levels of cerebrovascular and
systemic pathology of aging and to the potential use of NMN as therapy
for prevention of aging-induced vascular cognitive impairment. Im-
portantly, NVC is compromised both in patients with Alzheimer's dis-
ease (AD) and in mouse models of AD, which is believed to accelerate
clinical deterioration [1]. Thus, our findings are likely relevant to the
treatment of AD in elderly patients as well. In laboratory animals long-
term intake of NMN is well-tolerated without side effects [24] and
clinical trials have been already started to assess the tolerability of
NMN in humans [67] to develop it as an anti-aging nutraceutical. Thus,
future clinical trials with NMN supplementation in elderly subjects are
feasible, which would allow the potential of NMN in improving cere-
bromicrovascular and cognitive outcomes to be evaluated.
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