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Abstract

Xanthine oxidase (XO) mediates vascular function. Chronic stress impairs cerebrovascular function and increases the
risk of stroke and cognitive decline. Our study determined the role of XO on stress-induced cerebrovascular dysfunc-
tion and cognitive decline. We measured middle cerebral artery (MCA) function, free radical formation, and working
memory in 6-month-old C57BL/6 mice who underwent 8 weeks of control conditions or unpredictable chronic mild
stress (UCMS) with or without febuxostat (50 mg/L), a XO inhibitor. UCMS mice had an impaired MCA dilation to
acetylcholine vs. controls (p < 0.0001), and increased total free radical formation, XOR protein levels, and hydrogen
peroxide production in the liver compared to controls. UCMS increased hydrogen peroxide production in the brain and
cerebrovasculature compared to controls. Working memory, using the y-maze test, was impaired (p < 0.05) in UCMS
mice compared to control mice. However, blocking XO using febuxostat prevented the UCMS-induced impaired MCA
response, while free radical production and hydrogen peroxide levels were similar to controls in the liver and brain of
UCMS mice treated with febuxostat. Further, UCMS + Feb mice did not have a significant reduction in working memory.
These data suggest that the cerebrovascular dysfunction associated with chronic stress may be driven by XO, which
leads to a reduction in working memory.
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Introduction . S .
However, the source of this pro-oxidative environment

leading to cerebrovascular dysfunction with chronic
stress is unknown. An increase in the xanthine

Chronic psychological stress is a major global health-
related burden.' Seventy-five percent of Americans
report experiencing psychological stress with 28% of
these individuals reporting that stress has a negative

impact on their mental health, and 25% reporting a
negative impact on their physical health.>® In fact,
chronic stress has been identified as a powerful risk
factor in the development of various cerebrovascular
diseases such as stroke and dementia,*> which are the
leading cause of long-term disability, and the second
leading cause of death worldwide,® establishing chronic
stress as a leading disease burden.

We have previously shown that chronic stress in rats
induces significant cerebrovascular dysfunction as well
as produces a substantial pro-oxidative environment.”*®
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oxidase (XO) has been identified in the plasma and
post-mortem  brain  tissue of  stress/depressed
patients.”'® And in a pre-clinical model, Yisieyili
et al.'" noted an increase in oxidative stress alongside
increased XO activity in the liver, visceral adipose
tissue, and intestines of mice exposed to restraint
stress. Others have shown the importance of the XO
pathway in inducing arterial dysfunction in the context
of hypertension,'? sickle cell disease,'* and diabetes.'*
However, the role of XO in psychological stress-
induced cerebrovascular dysfunction and cognitive
decline has yet to be established.

Xanthine oxidoreductase (XOR) oxidizes hypoxan-
thine to xanthine and xanthine to uric acid and exists in
two forms: xanthine dehydrogenase (XDH) and xan-
thine oxidase (X0).">'® While XDH utilizes NAD " as
an electron acceptor, XO donates electrons to molecu-
lar oxygen resulting in the production of superoxide
anions and hydrogen peroxide, and is most abundant
during proinflammatory processes including chronic
stress.'>!® XDH is transcribed and translated with
the greatest specific activity observed in the liver; how-
ever, following hepatic stressors, such as inflammation,
hypoxia, or ischemia, XDH can be released from hep-
atocytes to the circulation where it is rapidly converted
to XO by plasma proteases.'”"'® XO has a high affinity
for glycosaminoglycans (GAGs) on the vascular endo-
thelium, where its immobilization on the endothelial
surface places it, in a prime position to induce endo-
thelial dysfunction via oxidant production.'® As it is
well-established that chronic stress induces cerebrovas-
cular dysfunction via an increase in oxidative stress’
and chronic stress has been noted to increase oxidative
stress through XO activity,'" it is important to explore
the role of XO mediating the cerebrovascular dysfunc-
tion noted with chronic stress. Therefore, we hypothe-
size that XO inhibition would prevent cerebrovascular
dysfunction and cognitive impairment noted with
chronic stress (unpredictable chronic mild stress
(UCMYS) paradigm).

Methods

Animals

Male and female C57BL/6J mice (stock no. 000664)
were obtained from The Jackson Laboratory (Bar
Harbor, ME) at 15-16 weeks of age and they were
allowed to acclimate to the new environment for at
least a week. At 18 weeks of age, all animals were
singly-housed and randomly assigned to one of the fol-
lowing groups for 8 weeks: 1) control (i.e., non-UCMS,
Con), 2) UCMS, 3) control+febuxostat, (Con + Feb)
4) UCMS + febuxostat (UCMS + Feb). Once on pro-
tocol, all mice were handled daily and moved into

a new room with UCMS mice undergoing the chronic
stress paradigm and control mice being placed on a
static rack, allowing all mice to have similar exposure
to experimenter intervention. All animals were fed
standard chow and tap water ad libitum for all experi-
ments. Protocols received prior approval from the
WVU HSC Animal Care and Use Committee as per
the National Institutes of Health Office of Laboratory
Animal Welfare guidelines. All experiments were
reported in accordance with the ARRIVE (Animal
Research: Reporting in vivo Experiments) guidelines>’
A total of 147 male/female C57BL/6J mice aged 15-16
weeks were used in this study.

Febuxostat treatment

Vehicle (standard drinking water) or febuxostat (Axon
Medchem BV, Netherlands) was delivered daily in the
drinking water at a concentration of 50mg/L. The
water was measured frequently to calculate the concen-
tration of drug consumed daily (~5-6 mg/kg per day)
which was shown to effectively inhibit XO.?!

UCMS protocol

Previous investigators developed the UCMS paradigm
to elicit a chronic stress phenotype in rodents.?? The
UCMS model is considered to be the most appropriate
rodent model to elicit a chronic stress phenotype, based
on its ability to reproduce anxiety-like behaviors as
well as its ability to lead to the development of symp-
toms related to the clinical consequences of chronic
stress such as anhedonia, learned helplessness, and
memory impairment.”>*° Our lab has successfully uti-
lized this paradigm to elicit chronic stress-induced
vascular alterations.”-**2

In UCMS groups, mice were exposed to the follow-
ing mild environmental stressors in randomly chosen
sequences for 7 hours each day, 5 days/week, over the
course of 8 weeks:

1. Damp bedding — 10 oz. of water was added to each
standard cage

2. Bath — all bedding was removed and ~0.5 inches of
water was added to the empty cage. The water tem-
perature was room temperature, ~24°C

3. Cage Tilt — cage was tilted to 45 degrees without
bedding

4. Social stress — each mouse was switched into a cage
of a neighboring mouse

5. No bedding — all bedding was removed from the cage

6. Alteration of light/dark cycles —turning lights off/on
in random increments for a scheduled period.
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Stress markers

At the time of death, plasma was collected, and corti-
costerone levels were examined in triplicate according
to the manufacturer’s instructions (ELISA kit: Arbor
Assay, Item #K014). During the duration of the 8-week
protocol, the rodent’s coats were evaluated. Each week
the mice were inspected for grooming habits;?’ the total
cumulative coat score was computed by giving an indi-
vidual score of 0 (clean) or 1 (dirty) to eight different
body parts (e.g. head, neck, back, forelimbs, stomach,
hindlimbs, tail, genitals). Following the 8-week proto-
col, sucrose splash testing was performed to assess
grooming behavior. The sucrose splash test consisted
of spraying a 10% sucrose solution on the dorsal coat
of a mouse in an empty cage; latency to begin grooming
as well as frequency were recorded for a total of
5 minutes.?®

Behavior

Y-maze spontaneous alternation test. Following a 30-minute
room acclimation period under indirect dim illumina-
tion conditions (approximately 1501x), short-term
working memory was assessed. Mice were placed in
the three-armed, Y-shaped apparatus (approximate
arm length =38 cm, width =8.25cm, height = 13.25cm)
and allowed to freely explore for 8 min. Movement in
the apparatus was recorded using the Anymaze tracking
software (Stoelting, Chicago, IL). The innate tendency
of mice to spontaneously alternate between the three
arms and enter the least recently visited arm was
assessed by determining the percentage of successful
alternations ((number of correct alternations/(total arm
entries — 2) * 100). Other dependent variables recorded
included distance moved (m) and speed (m/s). The appa-
ratus was cleaned of debris and olfactory cues between
each animal using an anti-bacterial disinfectant (Virkon,
Pharmacol, CT).

Open field test. In this task, total movement in the area
indicates general locomotor ability.”” The apparatus
consisted of a clear plastic box (40cm x 40cm) sur-
rounded by a 16 x 16 laser beam array (San Diego
Instruments, CA) that allowed for the assessment of
movement in the horizontal axis. A second array
placed 3.8cm above the first beam allowed for the
assessment of locomotion in the vertical axis (rearing
behavior). Following a 30-minute acclimation to the
testing room (approximately 1500 1x), each mouse was
placed in the center point of the arena and allowed to
freely explore for 30 min. Total horizontal movements
via beam breaks in the arena and the number of vertical
beam breaks (rearing) were recorded. The 30-minute
phase was also broken down into 6 five-minute

intervals, which when analyzed individually did not
reveal any differences.

Vascular reactivity/mechanics. Mice were euthanized, and
the brain was carefully removed from the skull and
placed in cold physiological salt solution (PSS; 4°C).
Both middle cerebral arteries (MCA), which supply
~50% of the cerebral blood flow,*® were dissected
from their origin at the Circle of Willis and placed
into an isolated microvessel chamber (living systems)
filled with PSS. Each MCA was subsequently doubly
cannulated within a heated chamber (37°C) that
allowed the lumen and exterior of the vessel to be per-
fused and superfused, respectively, with PSS from sep-
arate reservoirs. The PSS was equilibrated with a 21%
0,, 5% CO,, and 74% N, gas mixture and had the
following composition (mM): 119 NaCl, 4.7 KCI,
1.17 MgSQ,, 1.6 CaCl,, 1.18 NaH,PO,4, 24 NaHCO;,
0.026 EDTA, and 5.5 glucose. Any side branches were
ligated. MCA diameter was measured using television
microscopy and an on-screen video micrometer.

Measurements of vascular reactivity in isolated MCA.

Following cannulation, MCAs were extended to their
in-situ length and were equilibrated at 70 mmHg mean
arterial pressure. Active tone at the equilibration pres-
sure was calculated as (AD/Dmax) x 100, where AD is
the diameter increase from rest in response to Ca®"-free
PSS, and Dmax is the maximum diameter measured at
the equilibration pressure in Ca®"-free PSS. Following
equilibration, the MCA dilator reactivity was assessed
in response to increasing concentrations of acetylcholine
(ACh, 107 M-10"*M) to reflect endothelial-dependent
dilation (EDD), and increasing concentrations of
sodium nitroprusside (SNP 10"°M-10"*M) to reflect
endothelial independent dilation (EID), and a potent
vasoconstrictor (phenylephrine, PE 1072 M—10"*M).
To assess the effects of NO on EDD, the MCA was
acutely incubated (30 minutes) with L-NAME
(107*M) and the MCA EDD response to ACh was
repeated. To assess the acute effects of oxidative stress
on modulating EDD, we acutely (30 minutes) incubated
the MCA with: 1) XO (40 uM; purified from Kelley lab
as previously published®') supplemented with xanthine
(10uM, Sigma Aldrich, cat# X2502); 2) TEMPOL
(107*M, Sigma Aldrich, cat# 176141); and 3) febuxostat
(10mM; Axon Medchem BV, Netherlands). Following
completion of all procedures, the perfusate and super-
fusate were replaced with Ca®*-free PSS and the passive
diameter of the fully relaxed MCA was determined over
an intralumenal pressure range of 5-140mmHg at
20-mmHg pressure increments. After 7min at each
intraluminal pressure, the inner and outer diameters of
the passive MCA were determined. Media thickness,
lumen and outer diameters, and vessel cross-sectional



908

Journal of Cerebral Blood Flow & Metabolism 43(6)

areas (used as indicators of structural alterations to the
individual microvessel) were determined as follows:
Media thickness (WT, um)=Outer diameter — lumen
diameter (i.e., OD — LD); media-to-lumen (M:L)
ratio=MT/LD; Cross-sectional area (um?)=Outer
vessel area — lumen area. Myogenic tone was assessed
using the following formula: 1-(active diameter/passive
diameter)*100 (Rigsby, 2007). NO-dependent dilation
was determined from the maximal EDD in the absence
or presence of L-NAME according to the following for-
mula: NO-dependent dilation (pm)= Maximum
dilationpcy, — Maximum dilationa 1 -NAME-

Cerebral microvessel isolation. To explore the vascular sig-
naling pathway, the mouse brain was carefully
removed, the MCA was dissected for pressure myogra-
phy, and then the remaining cerebral microvessels
(parenchymal and meninges vessels) were isolated
from the brain using the dextran centrifugation
method. In brief, brain tissue was homogenized in 1X
PBS and centrifuged at 2960 rpm at 4 °C. The superna-
tant, containing parenchymal tissue was discarded; the
pellet was resuspended and layered over 15% Dextran
(in 1X PBS) (Sigma Aldrich, Item #31390). Following a
30-minute centrifugation at 4000rpm at 4°C, the
supernatant was discarded, and the pellet was resus-
pended in 1% bovine serum albumin (BSA) in 1X
PBS. The suspension was then passed through a
70um cell strainer with the microvessels being collected
on the mesh. The microvessels were then washed with
1% BSA in 1X PBS and collected by centrifugation at
3000 rpm for 10 min at 4°C. Following this, microves-
sels were rinsed with 1X PBS, centrifugated at
4000rpm for Smin at 4°C, and flash frozen for
future use in other assays (adapted from>>).

Tissue oxidants. As briefly described below, the brain,
liver, and microvessels were explored for oxidative
products. Tissue samples were dissected, flash froze in
liquid nitrogen, and stored at —80 °C until analysis.

Xanthine oxidase-HPLC. Plasma, liver, and brain tissue
XO activity was measured as previously described
using  high-performance  liquid chromatography
(HPLC)."**! Frozen samples were homogenized in ice-
cold RIPA containing a protease inhibitor cocktail
(Sigma) and briefly spun down. Tissue samples were
processed as described below with a sample volume of
10 pL. Uricase was inhibited by oxonic acid (100 uM) to
avoid an underestimation of enzyme activity. Total
XOR activity was determined on the basis of the rate
of uric acid production in the presence of xanthine
(75uM) and nicotinamide adenine dinucleotide
(NAD-+, 0.5mM; for tissue samples only). Allopurinol
(100 pM), an inhibitor of XOR, was used in parallel

samples to confirm that urate formation was specific.
After 60min of incubation at 37°C, the reaction was
terminated by protein precipitation with cold acetoni-
trile. The samples were then centrifuged for 12min at
11,900 rpm, at 4 °C. Following centrifugation, the super-
natant was removed and placed in borosilicate glass
tubes. After a 60-minute dry-down process, the samples
were resuspended in the isocratic mobile phase (300 uL)
and filtered through a 0.20 pm nylon membrane filter
unit into an 11 mm plastic snap top auto-sampler vials.
The uric acid content of protein-free samples was deter-
mined by an HPLC-based electrochemical technique as
described below. One unit of activity (U) is defined as
1 pmole/min urate formed at 37°C and pH 7.4. Total
protein concentration was determined by the bicincho-
ninic acid method (BCA, Pierce). Measurements were
carried out blindly without knowledge by the operator
of the animal treatment groups. Uric acid was measured
by electrochemical detection (Vanquish UltiMate 3000
ECD-3000RS) coupled to reverse-phase HPLC using a
Phenomenex column (Luna 3pm CI18(2) 100A,
150 x 4.6 mm) and isocratic mobile phase (50 mM
sodium dihydrogen phosphate, 4 mM dodecyltrimethy-
lammonium chloride, 2.5% methanol, pH 7.0).
Potentials for 3 channels were as follows: —100mV,
30mV, and 390mV. Quantitation/integration was per-
formed on the dominant peak. In the case of XO activity
in plasma, 10-20 pL of plasma was used in lieu of tissue
and processed with the same protocol as above. XO
activity in plasma utilized volume (U/mL) as a denom-
inator rather than protein.

Xanthine oxidase-Western blots. Liver and brain tissue
was homogenized in 1X PBS plus HALT inhibitor
and then centrifuged at 3000 rpm at 4°C for 20 min.
Equal amounts of protein for each sample were
loaded into a polyacrylamide gel. After the completion
of gel electrophoresis, the protein was transferred to
nitrocellulose membranes overnight. XO expression
was assessed using a xanthine oxidase antibody
(1:500; Santa Cruz; cat # sc-398548) followed by a sec-
ondary antibody (1:10,000; Licor; cat # 925-32201 and
925-68071). GAPDH (1:1000; Cell Signaling; cat
#2118) was used as a loading control. Blots were
imaged using Licor Odyssey and band intensity was
assessed using ImageJ software.

Coumarin boronic acid (CBA) assay. Hydrogen peroxide
(H,0,) abundance was measured in homogenate from
the liver, brain, and brain microvessel using the CBA
(Cayman #14051) assay adapted from Zielonka et. al*?
as previously described.?®** In brief, 10 pg of lysates
were loaded, in triplicate, into wells of a 384-well
black-sided clear bottom plate. Subsequently, assay
buffer composed of HBSS supplemented with 25 mM
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HEPES, 1% BSA, 10uM DTPA, 100uM I-NAME, and
I mM Taurine was added and then CBA was added to
each well at a final concentration of 0.5 mM. One well
from each biological sample received an additional
1 KU/ml bovine liver catalase to act as a negative con-
trol. Upon addition of the CBA, plates were placed in a
Biotek plate reader preheated to 37°C and read kinet-
ically at excitation 350 nm and emission 450 nm. The
average rate of fluorescence was determined over the
linear portion of the response and then normalized by
subtracting out the rate of fluorescence from the nega-
tive control and taking the fold change from the con-
trol group.

In vivo immuno-spin trapping. In a separate cohort of mice
(3/sex/group), an i.p injection of 5,5-Dimethyl-1-
Pyrroline-N-Oxide (DMPO: 1.5g/kg) in 3 x0.5g/kg
doses was given at 24, 12, 6 hours prior to euthanasia,
as previously reported.’>?® Upon euthanization,
organs/tissues were perfused with phosphate-buffered
saline (PBS; pH 7.4), removed, frozen in liquid N», and
stored at —80°C for Western blot analysis. Liver and
brain tissue were homogenized in RIPA buffer plus
HALT inhibitor and then centrifuged at 3000 rpm at
4°C for 20 min to remove insoluble materials. An equal
amount of protein for each sample was loaded into a
polyacrylamide gel. After the completion of gel electro-
phoresis, the protein was transferred to nitrocellulose
membranes overnight. DMPO-adducted proteins were
assessed using mouse anti-DMPO (1:500, Enzo Life
Science, Item #ALX-803-340) followed by a secondary
antibody (1:10,000; Licor; cat # 925-32201 and 925-
68071). GAPDH (1:1000; Cell Signaling; cat #2118)
was used as a loading control. Blots were imaged
using Licor Odyssey and band intensity was assessed
using ImagelJ software.

Statistics. Power analysis was performed using PASS 15
software and based on preliminary data, the sample
size was calculated based on the vascular outcomes
and powered off max MCA EDD (2 x 4 x 2 factorial
ANOVA, 99% power, o= 0.05), a sample size of 8/sex/
group (2 conditions: non-UMCS vs. UCMS; 4 groups:

Table I. Animal characteristics.

Con, Con + Feb, UCMS, UCMS -+ Feb; sex: male vs.
female) would provide 99% power to find a significant
difference in EDD among groups: however to ensure
we had sufficient tissues to perform the microvessel
isolation, the separation of brain tissue (for IHC,
Western blots, and CBA), and the behavioral analysis
we added a number of cohorts over the year. Further,
as the in vivo immuno-spin trapping procedure requires
the single use of a mouse, we had a separate cohort of
mice (3/sex/group) for that procedure. Total mouse
numbers/group are detailed in the figure legends.
During data collection, groups were unknown to the
experimenter. Data are presented as mean 4+ SD unless
otherwise stated. Normality was evaluated by the
Kolmogorov—Smirnov test. As no statistical differences
were noted between male and female mice for all var-
1ables, male and female data were combined for statis-
tical approaches. The MCA maximal reactivity, MCA
remodeling, and molecular approaches were analyzed
by a two-way (UCMS and Febuxostat) analysis of var-
iance (ANOVA) with an interaction term, and a Tukey
post-hoc test was performed to determine differences
among groups. The clinical characteristics, behavioral
tests, and the effects of TEMPOL, XO, acute febuxo-
stat, and L-NAME on the maximal dilation of the
MCA were examined with a two-way ANOVA or a
repeated-measures ANOVA with an interaction term,
and a Tukey post-hoc test was performed when appro-
priate. Data analysis and graphing were conducted
using GraphPad Prism version 9 software (GraphPad
Software, Inc.) and p <0.05 was set for statistical
significance.

Results

Animal characteristics and stress response

At the completion of the study, no significant differ-
ences were noted in body mass among group’s
(Table 1). Plasma levels of corticosterone were signifi-
cantly 100% higher in the UCMS group compared to
controls (p <0.05). Behavioral assessments revealed
poorer coat status of mice undergoing UCMS as well

Con UCMS Con+Feb UCMS + Feb
Body Mass, g 26.5+4.2 248+3.6 25.7+35 26.2+3.7
Mean Blood Pressure, mmHg 122+ 11 127+ 11 118+ 12 129+9
Corticosterone, ng/ml 112.54+74.9 227.0 + 126.4*% 150.0 £ 102.1 1422 +67.7
Coat Scores, AU 05+1.2 6.3+ 1.3*% 09+ 1.4 5.7+ 1.8*%
Sucrose Splash-Latency (sec) 73472 20.5 4 16.5% 9.0+8.0 24.3 4+27.5%
Sucrose Splash-Number of Licks 41.94+20.7 27.5+17.5% 40.8+17.3 25.1 4+ 19.4*
UCMS: unpredictable chronic mild stress. Mean + SD. *p < 0.05 vs. Con; n = 22-28/group except corticosterone n = | [—12/group. 2 way ANOVA was

performed.
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as an increased latency to lick and a decreased number
of licks in the sucrose splash test compared to control
mice (p <0.05) (Table 1). With the exception of corti-
costerone, all other stress behaviors remained elevated
in the UCMS + Feb group compared to the control
group (Table 1).

MCA function

The endothelium-dependent dilation (EDD) of the
MCA in response to increasing concentrations of
ACh is summarized in Figure 1. Maximum EDD (at
ACh 10* log M) was 58% lower (p < 0.001) in UCMS
compared to control mice (Figure 1(a)). This impaired
EDD response was a result of a reduced NO-mediated
dilation as indicated by a smaller reduction in EDD in
the presence of the NO inhibitor L-NAME in the
UCMS vs. the Con group (4.3+£1.8um vs. 154+
2.0um, p<0.001) (Figure 1(b)). Next, we examined
the effects of chronic febuxostat treatment on MCA
function. Chronic febuxostat treatment prevented the

impaired EDD to ACh with UCMS by restoring NO-
mediated dilation (Figures 1(a) and (b)). There were no
differences in NO-mediated EDD among the control,
Con + Feb, and UCMS+Feb treated mice. Next, we
examined the EID response of the MCA in response
to increasing concentrations of SNP. No differences
were noted among groups in the SNP dose-response
or the maximal EID (at SNP10* log M) (Figure 1(c)).
Similarly, the response of the MCA to PE, a potent
vasoconstrictor, was also similar and was not affected
by UCMS (Figure 1(d)). Further, the MCA response to
SNP or PE was not affected by febuxostat.

To explore the role of oxidant-mediated impairment
of MCA function, we acutely incubated the MCA with
XO to induce a pro-oxidative environment, this XO
incubation reduced (p < 0.05) maximal EDD in the
Con and UCMS groups (Figure 2(a)). Next, we acutely
incubated the MCA with Tempol (a2 SOD mimic)
or febuxostat (XO inhibitor) (Figures 2(b) and (c)).
Both reducers of oxidant levels were equally as effective
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and when a significant interaction (all panels) was established a
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in restoring maximal EDD of the MCA in the UCMS
group. Acute tempol and febuxostat incubation had no
additional benefit on the maximal MCA EDD in the
Con, Con + Feb, or UCMS + Feb groups.

MCA wall diameters and stiffness

We examined the extent to which UCMS affected the
structural phenotype of the MCA. MCA internal wall
diameter did not differ among Con (934 10um),
UCMS (90+£11pm), Con+Feb (92+11pm), or
UCMS—+Feb (91+15um) group’s. Similarly, wall
thickness was not significantly different among Con
(14+£ 3 pm), UCMS (1443 um), Con + Feb (14+4 um),
or UCMS+Feb (14+4pm) group’s. Further, no

significant differences were noted in percentage myo-
genic tone among groups (Con 36 £ 10%; UCMS 27+
11%; Con+ Feb 40+ 11%; UCMS + Feb 37 £ 12%).

Oxidative stress

We used immuno-spin trapping, via western blot, to
assess biomolecular free radical formation occurring
under chronic stress conditions and the role of inhibit-
ing XO. Densitometric analysis of the total staining for
the entire lane (normalized to GAPDH), revealed 26%
greater liver DMPO levels in the UCMS compared to
controls (p < 0.05; Figure 3(a) and (b)). Whereas, liver
DMPO concentrations were similar between Con and
UCMS+Feb groups and significantly lower compared
to the UCMS group (Figure 3(a) and (b)). To begin to
understand the source of this increased free radical for-
mation, XOR protein concentrations were examined in
the liver. Chronic stress increased liver XOR concen-
trations by 87% (p <0.05) compared to control mice
(Figure 3(c) and (d)), which remained increased in the
UCMS + Feb mice compared to controls. Next, we
examined liver XO activity; however, no differences
were noted in liver XO activity between the control
and UCMS groups (Figure 3(e)). In contrast,
Con+Feb and UCMS + Feb groups demonstrated
diminished liver XO activity compared to the control
and UCMS groups (p < 0.05, Figure 3(e)). As hydrogen
peroxide is the main oxidant product of XO,*” we used
the coumarin boronic acid (CBA) assay to measure
liver hydrogen peroxide production. Liver hydrogen
peroxide production was 6-fold higher in the UCMS
vs. control groups, whereas the UCMS + Feb group
had similar levels of hydrogen peroxide in the liver
compared to control mice (Figure 3(f)). In addition,
we measured XO activity in the plasma (Figure 4)
and found a 44% increase (p <0.05) in XO activity
in the UCMS compared to the control group,
whereas plasma XO activity was significantly reduced
in the UCMS + Feb group compared to the UCMS
group.

Next, we explored the XO pathway in the brain. In
brain homogenate, DMPO concentrations were similar
among groups (Figure 5(a)). We then explored XOR
protein levels and found similar concentrations of
XOR among groups (Figure 5(b)). Similarly, XO activ-
ity in brain homogenate was similar among groups
(Figure 5(c)). Next, we assessed hydrogen peroxide
production within the brain homogenate and found a
5-fold increase in hydrogen peroxide production in the
UCMS group compared to controls (p < 0.05; Figure 5
(d)). We also explored hydrogen peroxide concentra-
tions in isolated brain microvessels and found a
2-fold increase in hydrogen peroxide production in
the UCMS group compared to controls (p<0.05;
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Figure 3. Oxidative stress in the liver. (a) 5,5-Dimethyl- | -Pyrroline-N-Oxide (DMPO) was used to detect free radical formation on
biomolecules in the liver via western blotting; (b) quantification of DMPO western blot. (c) Xanthine oxidase reductase (XOR)
expression was assessed within the liver using western blotting techniques; (d) quantification of XOR western blot. (e) Liver XO
activity was measured with HPLC. (f) Liver hydrogen peroxide (H,O,) production using CBA assay. *p < 0.05 vs control; *p < 0.05 vs
control + Feb; ¥p < 0.05 vs. UCMS; "p < 0.05 vs UCMS +- Feb; Mean + SD. n = 4—17 mouse samples/group. Two-way ANOVA with a
group-by-drug interaction was performed and when a significant interaction (panel A and F) was established a tukey post-hoc test was
explored, otherwise, the main variable effect was reported.

Figure 5(e)). Febuxostat prevented this increase in  Behqvior
hydrogen peroxide production in both the brain and

isolated brain microvessels (p<0.05; Figures 5(d) Open field test was used as a measure of locomotive
and (e)). behaviors; no differences were noted in the total
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Figure 4. Plasma XO activity. Plasma XO activity was measured
with HPLC. *p < 0.05 vs control; *p < 0.05 vs control + Feb;
*p < 0.05 vs UCMS + Feb; mean + SD. n = 12-23 mouse plasma
samples/group. Two-way ANOVA with a group-by-drug interac-
tion was performed, however, no significant interaction was
established thus the main variable effect was reported.

number of beam breaks (Figure 6(a)) or the number of
vertical beam breaks (rearing) (Figure 6(b)) among
groups. Working memory was examined using the
spontaneous alternation Y-maze, and we found that
the UCMS mice were significantly (p < 0.05) impaired
(18% reduction) in their ability to successfully undergo
spontaneous alternation compared to control mice
(Figure 6(e)). However, in contrast, the UCMS+Feb
mice had a similar ability to successfully undergo spon-
taneous alternation compared to the control mice.
Importantly, as noted with the open field test, and
now with the y-maze test, the total distance traveled
and the average speed was similar among groups
(Figure 6(c) and (d)), indicating the potential con-
founding impact of locomotor disruptions on the cog-
nitive effects was not evident.

Discussion

The current study was undertaken to examine the role
of XO in mediating chronic stress-induced cerebrovas-
cular dysfunction. To accomplish our goal, we phar-
macologically inhibited XO with febuxostat that was
supplemented in the drinking water of chronically
stressed mice. Cell culture work has shown that febuxo-
stat (25 and 50nM) was effective at reducing cell-
bound oxidative stress production by 96 and 100%,
respectively.*® A number of novel observations were
made in the current study: 1) chronic stress increased
liver XOR production, and liver free radical formation
including the increased production of H,O,, with an
increase in circulating XO; 2) chronic stress increased
the production of H,O, in brain tissue and specifically
within the cerebrovasculature; 3) febuxostat treatment
during chronic stress prevented the stress-induced
MCA EDD dysfunction by maintaining NO-dependent

dilation; 4), febuxostat treatment prevented the
increase in oxidative stress in the liver, brain, and cer-
ebrovasculature, and lowered circulating XO; and
lastly 5) the memory deficits noted with chronic stress
were absent in the febuxostat treated mice. Thus, these
data support the central hypothesis that XO plays an
important role in the cerebrovascular dysfunction
noted with chronic stress.

A previous study, using a more extreme form of
stress (restraint stress) over 2 weeks compared to our
progressive set of mild stresses that gradually build to
induce a chronic stress-like phenotype over 8 weeks,
increased XOR and XO activity, along with an accu-
mulation of oxidative stress in visceral adipose tissue,
liver, and intestines, and that treatment with febuxo-
stat, suppressed stress-induced oxidative stress produc-
tion.!! Oxidative stress is a driving force for arterial
dysfunction noted with chronic stress,”®** and our
past work using a rat model has shown that oxidative
stress plays a key role in the stress-induced MCA dys-
function as: 1) the oxidative load in the MCA of male
UCMS rats was 2-fold higher vs. controls;’ and
2) acute inhibition of oxidative stress with tempol res-
cued MCA function in male UCMS rats.” In the cur-
rent study, we confirm in a mouse model, which
includes both male and female mice, that chronic
stress induces considerable cerebrovascular dysfunction
alongside a pro-oxidative stress environment. A novel
aspect of our study is the identification that XO plays a
critical role in stress-induced cerebrovascular dysfunc-
tion. XOR includes the XO and XDH forms of the
same enzyme. XOR is transcribed and translated
from a single gene (Xdh) as XDH, which oxidizes hypo-
xanthine to xanthine to uric acid while reducing
NAD + to NADH. Under inflammatory or hypoxia
conditions, XDH is post-translationally modified to
XO which catalyzes the same purine reactions but
uses oxygen as the electron acceptor to generate super-
oxide (O;) and H,0O,. The liver is one of the sites of
greatest XOR activity and is the main source of circu-
lating XOR.?'* When released from the hepatocytes
into the circulation, XDH is rapidly converted to XO
by plasma proteases and subsequently binds with high
affinity to the endothelial GAGs,'” where it can induce
endothelial damage. In addition, the endothelium is
also a source of XOR activity,*! and we have shown
XO-GAG interaction serves to amplify the local endo-
thelial XOR levels in vascular beds distal from the site
of origin (e.g. liver).***

To assess XO as a potential source of this oxidative
stress environment, control (non-stressed mice) MCAs
were incubated with XO and xanthine; these vessels
displayed impaired MCA response to ACh, similar to
the MCA dysfunction noted in UCMS mice. Further,
acute incubation of the MCA from UCMS mice with
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Figure 5. Oxidative stress in the brain and cerebrovasculature. (a) 5,5-Dimethyl-|-Pyrroline-N-Oxide (DMPO) was used to detect
free radical formation on biomolecules in the brain via western blotting; (b) Xanthine oxidase reductase (XOR) concentration was
assessed within the liver using western blotting techniques; (c) Brain XO activity was measured with HPLC; Hydrogen peroxide
(H,0,) production was measured in whole brain homogenate (d) and isolated brain microvessels (e) musing the CBA assay. *p < 0.05
vs control; Ap < 0.05 vs control 4 Feb; *p < 0.05 vs. UCMS; "p < 0.05 vs UCMS + Feb; Mean + SD. n =4—14 mouse tissue samples/
group. Two-way ANOVA with a group-by-drug interaction was performed and when a significant interaction (panel D and E) was
established a tukey post-hoc test was explored, otherwise, the main variable effect was reported.
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Figure 6. Locomotor and cognitive behavior with chronic stress. Open field test was used to measure locomotor behavior with total
horizontal movements via beam breaks (fine and ambulatory combined) in the arena (a), and the number of vertical beam breaks
(rearing; b). Spontaneous alternation Y-maze test was used to measure locomotor behavior (distance moved [C] and speed [D]) and
working memory (e). Mean & SD. n = | |-18 mice/group. *p < 0.05 vs control. Two-way ANOVA with a group-by-drug interaction was
performed and when a significant interaction (panel e) was established a tukey post-hoc test was explored.

febuxostat rescued MCA EDD to ACh. In support of
this, our chronic inhibition of XO with febuxostat (sup-
plementation in the daily drinking water) of mice
exposed to chronic stress prevented the dysfunction
of the MCA. In particular, chronic febuxostat supple-
mentation rescued the NO-dependent dilation in the
pursuit of preserving endothelial function, potentially
via two possible mechanisms. The first is that chronic

stress inhibits endothelial NO synthase activity and
prevents NO from being produced. This is supported
in a model of aging, in that an inverse relationship was
shown between XO expression and endothelial NO
synthase with XO being named as the main contributor
to the oxidative stress within the aorta.** It is also pos-
sible that chronic stress does not inhibit endothelial NO
synthase activity, but instead invokes endothelial NO



916

Journal of Cerebral Blood Flow & Metabolism 43(6)

synthase uncoupling resulting in peroxynitrite produc-
tion and decreased NO bioavailability within the
cerebrovasculature.*>*®

It is important to note that no differences were
noted in smooth muscle cell function either in the
response of the MCA to SNP or the myogenic tone
response. This is confirmed in past work in which
healthy animals with no other predispositions exposed
to chronic stress resulted in no smooth muscle cell dys-
function.” However, in instances of chronic stress pre-
disposed with another comorbidity (i.e. obesity),
smooth muscle cell dysfunction is present, both in
SNP dilation and myogenic tone.” Importantly, obesity
is associated with a substantial increase in the XO path-
way”! and we have shown that with obesity there is a
substantial increase in vascular oxidative stress.’
Further, inhibiting XO with febuxostat in the context
of obesity prevented the increased liver production of
XO and free radicals.?' Interestingly, within the
smooth muscle cells, uric acid and XO are capable of
inducing inflammation and O, and peroxynitrite can
blunt G protein-mediated activity and inhibit soluble
guanylyl cyclase, respectively.*’

The precise mechanism whereby chronic stress stim-
ulates increased oxidative products leading to arterial
dysfunction by XO is not entirely clear. XOR can
increase oxidative stress via changes in the expression
or activity of the enzyme. Our data shows that
the XOR protein levels were significantly higher in
the liver of UCMS mice, however, XO activity in the
liver was similar between UCMS and control mice.
This increased expression of XOR in the liver with
stress coincides with an increased oxidative environ-
ment in the liver. We used an in vivo immuno-spin trap-
ping method for indirectly assessing oxidant levels by
detecting free radicals resulting from the reaction of
oxidants with biomolecules to form stable, immunolog-
ically detectable nitrone-biomolecular adducts. We
found that DMPO-labeled adducts were significantly
elevated in the liver of UCMS mice compared to con-
trols. This increased total free radical production in the
liver was further supported by a significant increase in
liver H,O, production. Often, XO is mainly referred to
as a source of O, with rare mention of the XO-
catalyzed H,O, production, and it is often assumed
that H,O, formation results from either reaction of
XO-derived O, with superoxide dismutase or sponta-
neous dismutation of O, . However, XO is a H,O, pro-
ducing enzyme that also produces some O, 2 Chronic
febuxostat treatment with UCMS significantly reduced
XO activity in the liver, however, XOR protein levels in
the liver remained high. This is not surprising given
that febuxostat does not impact XOR expression, but
febuxostat does impact activity, as confirmed in our
study, in both the Con+Feb and UCMS+Feb

groups. In addition, we found a significant reduction
in DMPO and H»O, levels in the liver in the UCMS
mice treated with febuxostat. These data would suggest
that, in part, XO production in the liver with chronic
stress is playing a significant role in the cerebrovascular
dysfunction noted with chronic stress.

Liver XOR has been implicated in the facilitation of
XO to the circulation resulting in its distribution to
alternative tissue sites (like the brain vasculature),
resulting in arterial dysfunction. Indeed, UCMS
increased circulating XO which was lowered when
UCMS was combined with chronic febuxostat treat-
ments. Other sources of XOR may be equally impor-
tant. Given the proximately of the brain tissue with the
cerebrovasculature we explored XOR protein and XO
activity in brain homogenate. No differences were
noted in XOR protein or XO activity in the brain.
However, H,0O, was significantly increased in the
brain tissue of UCMS mice, and significantly reduced
in the UCMS + Feb treated mice. Other studies have
found that XOR expression and activity in brains were
low compared to the liver™® but the Xdh expression was
upregulated with global brain ischemic reperfusion
injury.' These data would suggest that the distribution
of XOR in the brain is low, and perhaps not the source
of XOR. However, further investigation is needed with
genetic XOR knockout models. Importantly, we found
that the production of H,O, was 2-fold higher in the
cerebrovasculature of UCMS compared to control
mice, and that chronic febuxostat treatment with
UCMS significantly reduced H,O, production specifi-
cally in the cerebrovasculature. We were unable to
measure total free radical production (using DMPO)
in the cerebrovasculature due to low levels of protein.
These data, along with the protection of the cerebro-
vascular function with chronic febuxostat treatment
(ex vivo MCA data), would suggest that XO is playing
a significant role in the cerebrovasculature. Indeed, the
endothelial cells are an alternative source of XO, which
may be responsible for the cerebrovascular dysfunction
noted with stress and its protection with chronic
febuxostat treatment. The presence and activity of
XOR in endothelial cells have been noted by numerous
studies.’>* Cultured endothelial cells exposed to hyp-
oxia resulted in increased expression elevated protein
abundance and enhanced enzymatic activity and extra-
cellular release of X0O.>* Further, in humans, the levels
of endothelial-bound XO correlate with the presence of
coronary artery disease and are inversely proportional
to flow-mediated brachial artery vasodilatation.’” This
XO-GAG association induces substantial sequestration
and thus amplification of local endothelial XO concen-
tration, producing a microenvironment primed for
enhanced oxidative stress (i.e., a further shift in oxidant
formation from O; to H202).43 Thus, we have an
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environment in which circulating XO can bind to the
GAG on the endothelial cells (GAG-bound) to upre-
gulate ROS generation, and this is further compounded
by the local XO production from the endothelium (i.e.,
endothelial cell-bound XO). This deleterious action of
XO has been noted in various reports of arterial and car-
diopulmonary diseases including heart failure, pulmo-
nary hypertension, sickle cell disease, and diabetes.*® >’

The potential clinical consequences of chronic stress
on brain health are evident in the reduction in working
memory in chronically stressed mice, as assessed by
the y-maze test. These data suggesting that chronic
stressful events can lead to cognitive decline are sup-
ported in both human,’*®" and animal models.®*%
Epidemiological data indicate that stressed individuals
are more likely to develop mild cognitive impairment,
or even dementia, compared to non-stressed individu-
als.®*%> Working memory is perhaps one of the most
well-modeled aspects of the cognitive deficits in
Alzheimer’s Disease,®® and the Y-maze type tasks,
which require spatial working memory to solve, are
one of the most widely used paradigms for working
memory in mice. Epidemiological,” ’! and pre-clinical
studies’”7* support the idea that arterial alterations are
early events in cognitive deficits and one of the strongest
brain pathology associated with Alzheimer’s Disease. As
such, the cerebrovascular dysfunction noted with chron-
ic stress, coupled with the increased oxidative environ-
ment in the brain and cerebrovasculature is a possible
mechanistic pathway linking chronic stress and cognitive
decline. Indeed, we show that blocking XO with febuxo-
stat not only protected the cerebrovascular function but
also prevented the decline in working memory that was
noted with chronic stress. The relationship between
chronic stress and cognitive decline is particularly
important for the health of older adults who are at
greater risk for developing dementia. There is a known
link between age-associated oxidative stress leading to
cerebrovascular dysfunction and cognitive decline.”"”>
And along the lines of the two-hit vascular hypothesis
of Alzheimer’s Disease, the compromised health of
the cerebrovasculature with chronic stress, maybe an
initial insult that is sufficient to initiate neural injury
and neurodegeneration, and promote the accumulation
of amyloid B-peptide and tau accumulation and phos-
phorylation. In fact, animal studies have shown a link
between stress and neuropathology associated with
dementia, demonstrating that stress is associated with
synapse loss,’® increases in amyloid p-peptide,”””® and
tau accumulation and phosphorylation.”””

Conclusions

The present study demonstrates the role of XO in
chronic stress-induced cerebrovascular dysfunction.

We show that chronic stress increased liver XO produc-
tion as well as increased free radical formation within
the liver, brain, and cerebrovasculature. Chronic
febuxostat supplementation prevented the stress-
induced MCA dysfunction, prevented the stress-
induced pro-oxidative stress environment within the
liver, brain, and cerebrovasculature, and prevented
stress-induced deficits in working memory. Taken
together, these data support the role of XO in chronic
stress-induced cerebrovascular dysfunction.
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