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Abstract

While chronic smoking triggers cardiovascular disease, controversy remains regarding its effects on the brain and
cognition. We investigated the effects of long-term cigarette smoke (CS) exposure (CSE) on cerebrovascular function,
neuronal injury, and cognition in a novel mouse exposure model. Longitudinal studies were performed in CS or air-
exposed mice, 2 hours/day, for up to 60 weeks. Hypertension and carotid vascular endothelial dysfunction (VED)
occurred by 16 weeks of CSE, followed by reduced carotid artery blood flow, with oxidative stress detected in the
carotid artery, and subsequently in the brain of CS-exposed mice with generation of reactive oxygen species (ROS) and
secondary protein and DNA oxidation, microglial activation and astrocytosis. Brain small vessels exhibited decreased
levels of endothelial NO synthase (eNOS), enlarged perivascular spaces with blood brain barrier (BBB) leak and
decreased levels of tight-junction proteins. In the brain, amyloid-f3 deposition and phosphorylated-tau were detected
with increases out to 60 weeks, at which time mice exhibited impaired spatial learning and memory. Thus, long-term
CSE initiates a cascade of ROS generation and oxidative damage, eNOS dysfunction with cerebral hypoperfusion, as well
as cerebrovascular and BBB damage with intracerebral inflammation, and neuronal degeneration, followed by the onset
of impaired cognition and memory.
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vascular endothelial dysfunction (VED) with impaired
endothelial NO synthase (eNOS)-mediated NO pro-
duction and increased oxygen radical generation.'’
Oxidative damage and vascular inflammation trigger
VED with NOS dysfunction and uncoupling.'®'” This
leads to the generation of superoxide and secondary
reactive oxygen species (ROS) that react with NO to
form reactive nitrogen species (RNS)."® VED can also
impair blood-brain-barrier (BBB) integrity, enabling
penetration of inflammatory cells or ROS (reactive
oxygen species) from the blood stream into brain
tissue, causing further oxidative damage and neuronal
toxicity.'”?® Smoking-induced VED, with oxidative
damage and vascular inflammation,?' is hypothesized
to be a central cause of smoking-induced disease,
including that affecting the central nervous system.?> >*

Cigarette smoke is a well-known source of free rad-
icals and oxidative stress."?>*® The brain is highly
vulnerable to oxidative damage that can cause or exac-
erbate the accumulation of amyloid B (AP) plaques,
phosphorylated tau, and neurofibrillary tangles,
which are central to the pathology of ND.?’-*
Important questions remain regarding the effects of
chronic CS exposure (CSE) and its secondary oxidant
stress on the cerebral vasculature and whether this con-
tributes to neuronal injury and CI. In this work, we
hypothesized that the oxidants and toxic chemicals in
cigarette smoke initiate a cascade of ROS generation
and oxidative damage that leads to VED and cerebral
hypoperfusion, along with cerebrovascular damage and
inflammation, which together cause CI.

Therefore, we performed studies in a long-term
mouse CSE model to measure the temporal progression
of vascular changes and oxidative stress, as well as asso-
ciated brain injury with altered cognition and memory.
We observe that CSE causes ROS-mediated vascular
damage, a known trigger of VED. Cerebrovascular
damage occurs with decreased levels of BBB tight junc-
tion proteins and increased BBB permeability.
Microglial activation and astrocytosis are seen in the
brain with accumulation of AB and P-tau. With long-
term exposure, these vascular and neuronal alterations
progressively increase, associated with the onset of CI.

Material and methods

Materials

Chemicals, reagents, and other materials were from
Millipore Sigma (Burlington) unless noted otherwise.

Animals and cigarette smoke exposure

Animals were housed in the animal care facility
administered by the University Laboratory Animals

Resources Program (ULAR) of The Ohio State
University and provided veterinary supervision of
care.  ULAR is accredited by the American
Association for Accreditation of Laboratory Animal
Care, and meets federal guidelines for the humane
and appropriate care of laboratory animals, Federal
Law (89-544, 91-579) and all NIH regulations enumer-
ated in the NIH Guide for the Care and Use of
Laboratory Animals (2011 edition). The experiments
are reported in compliance with the Animals in
Research: Reporting In Vivo Experiments (ARRIVE
2.0) guidelines.”” Sixteen-week-old male C57/BL6
mice from Jackson Laboratory (Bar Harbor) were
acclimatized for two weeks and randomly divided
into air- and whole-body CS-exposed groups. CSE
was performed according to the Massachusetts
Intense Regimen Table, using 3R4F Kentucky research
cigarettes. The smoking machine (TE-10, Teague
Enterprises) was programmed to deliver one puff/min,
2s puff duration, and 35mL/puff volume into the
10liter exposure chamber.”?> Mice were exposed to
four smoke cycles, each of 20min. Each smoke cycle
was followed by 10 minutes of filtered air. The total
exposure was 120 min/day, five days/week for 60 weeks
as described.*® The smoke was diluted with filtered air
to yield 250 mg/m® of total suspended matter in the
exposure chamber. Blood carboxyhemoglobin (CO-
Hb) levels were measured spectrophotometrically
immediately after exposure, with ~12% and <1%
values for CS- and air-exposed mice, respectively. The
exposure dose and protocol were designed to match typ-
ical human CSE as previously described.”** Plasma
cotinine levels, measured immediately after exposure,
were 79ng/ml in CS-mice which is within the range
detected in human smokers.’’ In air-exposed mice,
cotinine was undetectable. Temperature, humidity, O,
CO,, and CO levels in the exposure chamber were mon-
itored during the exposure.*” The total time of exposure
was 60 weeks. We measured the non-invasive parame-
ters at 8, 16, 30, and 60 weeks for the temporal assess-
ment of the vascular and cognitive changes. Most
invasive measures in the brain or vascular tissues were
limited to 16- and 60-week time points based on prior
observations of disease pathogenesis in this mouse CSE
model,*>* for the detailed exposure protocol timeline
see SI Figure S1. Body weight was measured at each
time point see SI Figure S2. Consistent with previous
reports, chronic smoking exposure in mice inhibits the
normal gain of weight that occurs as a function of
age 243

Assessment of vascular reactivity of the carotid artery

Isolated mouse carotid artery vascular reactivity was
measured as reported previously.?? Briefly, the carotid
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artery was dissected from anaesthetized-heparinized
mice, then placed in ice-cold modified Krebs-
Henseleit buffer (KHB), cleaned and cut into rings
of 2-3mm length. Rings were mounted in a wire
Myograph system-610M (Danish Myo-Technology,
Ann Arbor, MI), using 5ml organ baths filled with
KHB maintained at 37°C that was continuously
purged with 95% O, —5% CO, gas. Following 1 hour
of equilibration under a resting tension of 1g, the
responsiveness of each ring to L-phenylephrine (PE,
I uM) was verified. Rings were then washed three
times with KHB and allowed to relax for 30 min. For
the experimental measurements, rings were precon-
stricted with 1 uM PE, and then endothelial-dependent
relaxation was measured from the concentration-
dependent relaxation to acetylcholine (Ach). A steady
level of relaxation following each Ach addition was
achieved prior to adding the next concentration. The
dose-response of vessel relaxation was expressed as per-
cent decrease of PE-induced contraction. Endothelial-
independent relaxation to sodium nitroprusside (SNP)
was similarly measured. A PowerLab/8sp data acquisi-
tion system (AD Instruments, Sydney, Australia) with
ADI Chart software (v 5.3) was used to record the
changes in isometric tension.

Measurement of blood pressure

Blood pressure (BP) was measured by a non-invasive
tail cuff using a CODA™ BP acquisition system (Kent
Scientific Corp.) under isoflurane anesthesia.’***> BP
recordings were made twice weekly at weeks 8, 16,
30, and 60 of exposure.

Measurement of carotid blood flow and velocity

High-resolution ultrasound, combined with pulse-wave
Doppler (Vevo 2100, Visual Sonic), was used to pro-
vide information on the carotid blood flow.** The
image quality was optimized using the following
parameters: Doppler Gain=30dB, Dynamic range =
35dB, Doppler angle =20°. Using the VevoLab 2.2.0
software (Visual Sonic), we measured the velocity pro-
files, velocity time integral (VTI), and the area of the
carotid artery per cycle. Then, we calculated the blood
flow volume using the equation: Flow volume = Carotid
Area * VTI * HR.** Carotid bed vascular resistance
(CVR) was calculated using the equation: CVR =
(mean blood pressure)/(carotid blood flow).*

Assays of malondialdehyde (MDA) and protein
carbonyls (PC) in carotid artery homogenates
The OxiSelect™ MDA adduct and the OxiSelect™

protein carbonyl competitive ELISA kits (Cell Biolabs)
were used according to the manufacturer’s protocol.

Measurement of superoxide and nitric oxide
generation

The brain was dissected, washed briefly with ice-cold
PBS, frozen in Optimal Cutting Temperature (OCT;
Tissue-Tek, Sakura Finetek, Inc.) embedding com-
pound. Sections were incubated with dihydroethidium
(DHE; 10 uM; Molecular Probes, Inc.) and the nuclear
stain 4',6-Diamidino-2-phenylindole, dihydrochloride
(DAPI; 1 uM) for 30 min at 37°C. Selected slides were
pre-incubated with 100 uM of superoxide dismutase
mimetic (SODm) manganese (III) tetra (4-benzoic
acid) porphyrin chloride (MnTBAP) for 10 min prior
to DHE to confirm specificity. At least four sections
per animal were analyzed using ImageJ software.

For nitric oxide (NO) measurement, sections were
incubated with the fluorescent dye 4,5-diaminofluores-
cein diacetate (DAF-2 DA; 5uM) and DAPI (1 uM) in
PBS for 30 min. In matched control experiments, sec-
tions were incubated with 100 uM of the specific NO
scavenger, 2-Phenyl-4,4,5 5-tetramethylimidazoline-1-
oxyl-3-oxide (PTIO), for 10 min prior to DAF-2-DA
to confirm specificity for NO. The slides were proc-
essed and analyzed as above.

Immunofluorescence imaging

The brain was fixed in 10% neutral buffered formalin
for 24 hr, washed with PBS, dehydrated, sectioned at
Sum thickness, and antigen retrieval performed.
Mouse monoclonal antibodies used included 8-hydrox-
yguanosine (LifeSpan BioSciences Inc.), AP, P-tau,
glial fibrillary acidic protein (GFAP), nitrotyrosine,
ionized calcium binding adaptor molecule 1 (Ibal),
albumin, fibrinogen, and CD31 (Proteintech,
Rosemont), and rabbit polyclonal antibody against
eNOS (Cell Signaling Technology), claudin-5 and
occludin (Invitrogen). Secondary antibodies were
Alexa Fluor 594 or 488 (Invitrogen). Anti-fade mount-
ing media containing DAPI was added. Brain sections
were digitally imaged and different fields were captured
at 40x using a confocal microscope (FV3000 spectral
confocal microscope, Tokyo, Japan). The microscope
acquisition settings including excitation and emission
wavelengths and irradiation power were adjusted to
minimize auto-fluorescence background for the given
fluorescent probe. At least four sections per animal
were analyzed using Imagel software.

Fluorescence staining of brain protein aggregates

The benzothiazole dye thioflavin S (ThioS) binds to
amyloid aggregates and P-tau paired helical filaments
with enhanced green fluorescence.>**’ Slides were incu-
bated in ThioS solution for 10min and sequentially
rinsed with ethanol followed by distilled water.
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Different fields were captured at 40x by confocal
microscopy and analyzed as above.

Measurement of B amyloid in brain homogenate

Levels of AP40 and AP42 peptides in brain homoge-
nate were measured using ELISA kit (Invitrogen), per
the manufacturer’s protocol.

Brain histological analysis

Histological analysis was performed from sections
at the corpus callosum and hippocampus levels.
Standard hematoxylin and eosin (H&E) staining was
performed from processed paraffin blocks. Stained
slides were examined for abnormalities of the capillar-
ies and small vessels,*® using Axioskop Widefield light
microscopy (Carl Ziess, Inc.).

Immunoblotting

The brain was dissected, washed with ice-cold heparin-
ized PBS then snap-frozen. Frozen tissue was weighed,
pulverized, and homogenized in ice-cold lysis buffer.
Tissue homogenate was centrifuged at 15K rpm for
20 min, supernatant was collected, and protein concen-
tration was determined using the Bio-Rad DC kit.
Cellular proteins from brain tissue homogenates were
separated onto a gradient 4-20% SDS- polyacrylamide
gel (Bio-Rad,), and ceclectro-blotted on a PVDF
membrane. P-tau, and eNOS were detected using
mouse monoclonal antibodies (1:200; Santa Cruz
Biotechnology). Occludin and claudin-5 were detected
using rabbit polyclonal antibodies (1:200; Invitrogen).
A rabbit monoclonal antibody (1:1000; Cell Signaling
Technology) was used to detect the loading control
GAPDH. Membranes were incubated for 1hr in a
TBST buffer containing 5% non-fat dry milk to
block non-specific binding. Primary antibodies were
used in TBST buffer containing 1% non-fat dry milk
overnight at 4°C. Membranes were washed with TBST,
incubated with HRP-linked secondary antibodies
(1:5000; Cell Signaling Technology) in 1% non-fat
dry milk in TBST for 1h at room temperature, and
then washed three times, using TBST. Membranes
were developed using the ECL Immunoblotting
Detection Reagent (GE Healthcare). Protein bands
were quantitated by measuring band intensity, com-
pared to GAPDH band intensity, using Image] soft-
ware. Full immunoblots with molecular weight
markers are shown in supplementary Figures S5-S7.

Assessment of mouse cognitive function

Experiments were performed at the Ohio State
University Neuroscience Rodent Behavior Core lab.

A single researcher, blinded to the animal groups,
performed the following behavioral tests at 30 and
60 weeks of CSE and analyzed the data.

Barnes maze

Mouse spatial learning and memory were assessed as
described.* Behavioral endpoints included: 1) Primary
escape latency: defined as the time for a mouse to find
the target hole and enter the escape tunnel; 2) Primary
path length: defined as animal path lengths to reach the
target hole; 3) Primary error: number of nose and head
deflections made by a mouse into a non-target hole(s)
before entering the escape tunnel; and 4) time in prox-
imity: the time spent in the zone around the false-
bottomed target hole.

Contextual and cued fear conditioning test

The ability of mice to learn and remember an associa-
tion between environmental cues and aversive experi-
ences was tested.** Freezing behavior, defined as
complete immobility except breathing in response to
fearful situations, was used as an index of associative
fear learning and memory. VideoFreeze software (Med
Associates Inc.) was used to quantify the mouse freez-
ing behavior and activity.

Statistical analysis

Data are presented as mean + standard deviation (SD).
The normal distribution of the data was assessed using
the Shapiro-Wilk normality test; then, the statistical
differences were assessed by performing unpaired
t-test, 2-way ANOVA followed by Bonferroni multiple
comparison test, or ANOVA with repeated measures
for vessel relaxation data. GraphPad Prism software
was used for analysis. Statistical differences were con-
sidered significant at P < 0.05.

Results

Cigarette smoke exposure causes hypertension,
vascular endothelial dysfunction, and decreased
carotid blood flow

As reported in our long-term CSE model,*® systolic and

diastolic blood pressure (BP) elevations occur as early
as eight weeks of CSE, progressively increasing to 60
weeks (Figure 1(a) and (b)). Baseline BP values were
similar in all animals, with values of 99 +£9 mmHg for
systolic BP (SBP) and 70 +9mmHg for diastolic BP
(DBP). At eight weeks of CSE, mice exhibited elevated
BP, with SBP of 120+ 16 mmHg and DBP of 87+
13mmHg. BP progressively increased with 16, 30,
and 60 weeks of exposure. At 60 weeks, marked
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Figure |. Cigarette smoke exposure causes vascular oxidative damage, hypertension, vascular endothelial dysfunction, and
decreased carotid blood flow. (a—b) Eight weeks of cigarette smoke (CS) exposure elevated systolic and diastolic blood pressure (BP)
with progressive increase out to 60 weeks, compared to air-exposed controls (Air). (c—d) Carotid artery rings were pre-constricted
with | uM phenylephrine (PE), and the concentration-dependent relaxation effect of acetylcholine was measured. 16 weeks of
CS-exposure impaired vessel relaxation compared to Air, and this was more pronounced at 60 weeks. (e—f) Reduced carotid
blood velocity and flow were seen with 30 weeks of CS exposure and further decreased with 60 weeks of exposure, compared to Air.
(g—h) CS exposure caused time-dependent increase of protein carbonylation (PC) and malondialdehyde (MDA) levels in carotid artery
homogenate, as measured by ELISA, compared to Air. Data are mean = SD with n= 10 for (a—b), n = 6 for (c—d), n=>5 for (e—f), and
n =6 for (g-h). Analysis for (a—b), and (e-h) was done by two-way ANOVA followed by Bonferroni multiple comparison test or
ANOVA with repeated measures for (c—d). Data show statistical significance from: Air (*) at p < 0.05; or from 8 weeks (#), 16 weeks
(@), and 30 weeks of CS exposure ($) at p < 0.05.
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hypertension (HTN) was present in CSE mice with SBP
and DBP values of 151+22 and 1154+ 16mmHg.
However, for the air-exposed mice, BP did not signifi-
cantly change over time from 8 to 60 weeks of exposure,
with values of 100+ 6 and 104 + 16 mmHg for SBP and
72+ 13 and 77 + 13 mmHg for DBP, respectively.

Since VED can contribute to HTN onset, we tested
whether CSE impaired endothelial-mediated vascular
relaxation. The relaxation of phenylephrine-pre-
constricted carotid artery segments in response to the
endothelium-dependent  vasodilator  acetylcholine
(ACh) was evaluated at 8, 16, and 60 weeks of expo-
sure. With eight weeks of exposure, only a slight insig-
nificant impairment of ACh-induced relaxation was
seen (data not shown). After 16 weeks of CSE,
ACh-induced relaxation was significantly impaired, with
a marked shift to the right in the dose-response curve
(Figure 1(c)). With 60 weeks of exposure, further right-
ward shift was seen with blunted maximal relaxation
(Figure 1(d)). Thus, CSE induced VED in an exposure-
time—dependent manner. At 16 weeks, 50% relaxation
was seen at 497nM ACh compared to 57nM in vessels
from air-exposed controls. After 60 weeks of exposure,
changes were more marked with shifts in the 50% relax-
ation values to 1004nM in the CS-exposed group,
compared to 92nM with air exposure, respectively.
Endothelial-independent relaxation to sodium nitroprus-
side was also decreased but to a lesser extent than the
alterations in Ach response (SI Figure S3).

Impaired vascular relaxation could lead to increased
carotid tone and decreased carotid blood flow (CBF).
To assess this, we measured in vivo carotid blood veloc-
ity (Figure 1(e)) and flow (Figure 1(f)). At thirty weeks
of CSE, mice exhibited a 20% decrease in carotid blood
velocity and a 23% decrease in carotid blood flow, with
a further decrease at 60 weeks to 33% and 36%, respec-
tively, of air-exposed control. No significant differences
were seen at 8 or 16 weeks of exposure. The calculated
carotid bed vascular resistance (CVR) in CS-exposed
mice was increased to 2.3+0.22mmHg/s/mm’ at
30 weeks and further increased at 60 weeks to 2.8 +
0.45mmHg/s/mm’ in CS-exposed mice, compared to
1.2+0.13mmHg/s/mm’ and 1.340.22 mmHg/s/mm?
in air-exposed mice, respectively (see SI Table 1).

Cigarette smoke exposure causes oxidative stress in
the carotid artery

Since oxidative stress can trigger VED and subsequent
HTN, we investigated whether CSE caused oxidative
damage that preceded the onset of CI. Carotid artery
homogenate was assayed for protein modification and
lipid oxidation by ELISA. Elevated protein carbonyls
(PC) and malondialdehyde (MDA) levels were detected
as early as eight weeks of exposure. At eight weeks of

exposure PC (Figure 1(g)) and MDA (Figure 1(h))
levels were 0.4740.05 and 18.542.4nmol/g tissue,
respectively, in CS-exposed mice, while in air-exposed
controls values were 0.28 £0.02 and 10.1 4+ 1.5 nmol/g
tissue, respectively. The levels of these oxidative end
products further increased at 60 weeks of CSE
(Figure 1(g) and (h)).

Cigarette smoke exposure decreases endothelial
eNOS expression and NO levels in the brain

Systemic VED can be caused by alterations in endothe-
lial eNOS levels and its production of NO. Therefore,
we measured the expression of eNOS in brain tissue by
immunoblotting and immunohistology. While ¢eNOS
was clearly present and localized to brain vessels in
air-control mice, eNOS levels were decreased following
CSE. Immunoblotting showed a 45% decrease in eNOS
(Figure 2(a) and (b)). Consistent with this, immunoflu-
orescence microscopy showed a 50% decrease in eNOS
in brain vessels (Figure 2(c) and (d)). With no primary
eNOS antibody minimal fluorescence was seen, confirm-
ing the specificity of the observed fluorescence for eNOS
(Figure 2(c), rightmost panel).

To further assess cerebrovascular eNOS function,
NO levels were measured in brain vessels using the
fluorescent probe DAF-FM. With CSE, the DAF-
FM-derived fluorescence was ~60% decreased from
the levels in air-exposed mice (Figure 2(e) and (f)).
With addition of the NO scavenger, PTIO, the
observed fluorescence was largely abolished confirming
that it is NO-derived (Figure 2(e), right panel).
Similarly in the absence of DAF-FM minimal if any
fluorescence was seen.

Cigarette smoke exposure causes cerebrovascular
injury with blood-brain barrier leak

Systemic vascular oxidative damage and dysfunction
along with endothelial injury can lead to overall cere-
brovascular dysfunction and BBB abnormalities.
Therefore, we performed histopathological examination
of the brain microvasculature. Changes were seen in
small brain vessels of CS-exposed mice with enlarged
perivascular space and congestion suggesting increased
BBB leak. While in air-exposed mice, the cerebrovascu-
lar structure remained normal (Figure 3(a)). To further
assess if CSE altered BBB permeability, the leak of the
plasma proteins albumin and fibrinogen into the vessel
wall and surrounding brain tissue was measured by
immunohistology. The endothelial marker eNOS was
used to demarcate the location and geometry of small
vessels in the brain. Significant increases of albumin and
fibrinogen were seen in surrounding vessels and the
adjacent brain tissue of CS-exposed mice, indicating
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measurement of eNOS in brain homogenate showing lower expression of eNOS in CS-exposed mice. (b) eNOS band density was
quantitated and normalized to corresponding GAPDH bands. (c) Immunofluorescence staining of brain sections for eNOS (green)
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in the absence of eNOS primary antibody is shown in the right panel. (d) Quantitation of eNOS fluorescence in (c). (e) Detection of
NO in brain sections using DAF-FM fluorescent probe with brain vessels showing NO-derived green fluorescence. The right 2 panels
show that the NO scavenger, PTIO, abolished the NO-derived fluorescence, while in the absence of DAF there was minimal

background autofluorescence and (f) quantitation of NO-derived green fluorescence in (e). CS significantly decreased eNOS and NO
levels in the brain, compared to Air. Scale bar (white line) is 20 m with identical magnification in all panels. Data are mean =+ SD with

n=3 for (b), and n=6 for (d) & (f). Analysis was done by unpaired t-test. *denotes significance from Air at p < 0.05.

BBB leakage (Figure 3(b) and (d)). Since BBB leak can
be caused by alterations in the tight junction proteins
Occludin and Claudin-5, we measured their expression
in brain tissue from CS- or air-exposed mice. Levels of
Occludin and Claudin-5 (Figure 3(c) and (e)) were
decreased in brain vessels following CSE, to 62% and
55%, respectively, of those in air-exposed controls.
Immunoblotting confirmed that CSE triggered a 2-fold
decrease in the levels of these critical tight junction pro-
teins (Figure 3(f) and (g)). Thus, chronic CSE caused
BBB leak with downregulation of occludin and claudin-5.

Cigarette smoke exposure causes oxidative damage
and ROS generation in the brain

Dysfunction in the BBB could trigger oxidative damage
to the brain by facilitating the penetration of

CS-generated oxidants and ROS, together with endog-
enous inflammatory mediators. Therefore, we evaluat-
ed whether the observed CSE-induced vascular
oxidative damage and alterations in eNOS expression
and function were associated with increased oxidative
stress and modifications in the brain of CS-exposed
mice. In the brain, CSE-induced oxidative damage
was seen as carly as 16 weeks of exposure and
became more severe at 60 weeks (Figure 4(a) to (h)).
With 16 weeks of CSE, protein oxidation was increased
with PC levels elevated to 194% and further increased
at 60 weeks of CSE to 218% of those in air-controls.
Lipid oxidation was also increased, with MDA levels
elevated to 178% and 205% of those in air-controls at
16 and 60 weeks, respectively (Figure 4(a) and (b)).
Additional assays with imaging of superoxide and
secondary ROS production in the brain were
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Figure 3. Cigarette smoke exposure causes cerebrovascular and blood-brain barrier (BBB) dysfunction. Mice were exposed to
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panels. (b) Immunofluorescence staining of brain tissue. CS-exposed mice show increased extravasation of albumin and fibrinogen into
the vessel wall and surrounding brain tissue. eNOS was used as an endothelial marker. Albumin and fibrinogen were co-localized with
eNOS (Merge+DAPI). DAPI (blue) was used to visualize the nuclei. Scale bar in white is 20 um with identical magnification in all
panels. (c) Immunofluorescence staining of brain tissue showing that CS decreased the levels of the BBB tight junction proteins
Occludin and Claudin-5 in the endothelium of cerebral small vessels compared to Air. CD31| was used as an endothelial marker.
Occludin and Claudin-5 were co-localized with CD31 (Merge-+DAPI). DAPI (blue) was used to visualize the nuclei. Scale bar in white
is 20 um with identical magnification in all panels. (d) Quantitation of Albumin and Fibrinogen fluorescence in (b). (e) Quantitation of
Occludin, and Claudin-5 fluorescence in (c). (f-g) Western blotting showing decreased levels of Occludin (53 kDa) and Claudin-5
(22 kDa) in brain homogenate with band density quantitation and normalization to corresponding GAPDH bands. Data shown are
mean =+ SD with n =6 for (d—e) and n =3 for (f-g). Analysis was done by unpaired t-test. *: denotes significance from Air at p < 0.05.
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Figure 4. Cigarette smoke exposure causes reactive oxygen species generation and oxidative damage in the brain. Mice were

elevated levels of protein carbonyl (PC), and
ISA. (c) Sections of cortex and hippocampus
show superoxide production (ROS; red), using dihydroethidium (DHE). Superoxide dismutase mimetic (SODm) was used to confirm
cence staining of nitrotyrosine (e; green) and
m series of experiments, fluorescence in (c),
sed PC and MDA levels in the brain with

increased generation of ROS, nitrotyrosine, and 8-OHG in the cortex and hippocampus of 60 week CS-exposed mice; with similar but
identical magnification in all panels. Data are
mean = SD with n = 6. Analysis was done by two-way ANOVA followed by Bonferroni multiple comparison test. Data show statistical

exposed to cigarette smoke (CS) or filtered air (Air) for 16 or 60 weeks. (a—b) Show
malondialdehyde (MDA) in CS-exposed mice as measured in brain homogenates by EL

the specificity of the DHE fluorescence from 60 weeks of CS exposure. Immunofluores
8-hydroxyguanosine (g; 8-OHG; red). DAPI (blue) was used to visualize the nuclei. Fro
(e) & (g) were quantitated with data presented in (d), (f) & (h), respectively. CS increa

lower increase at 16 weeks of exposure. Scale bar shown corresponds to 50 pm with

significance from: Air (*); and 16 weeks of CS exposure (#) at p < 0.05.
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performed using the fluorescence-based probe DHE,
which is oxidized by superoxide to form the red fluo-
rescent product 2-hydroxy ethidium.*' Increased red
fluorescence to 257% or 245% of that in air-exposed
controls was seen at 16 weeks of CSE in the cortex and
hippocampus, respectively. These levels more than
doubled at 60 weeks of CSE. (Figure 4(c) and (d)). In
control experiments in the presence of the SODm Mn-
TBAP this observed fluorescence was largely quenched
(Figure 4(c)).

Superoxide and NO rapidly react to form the potent
oxidant peroxynitrite that modifies tyrosine to form
nitrotyrosine. Using a specific nitrotyrosine antibody,
as seen from the green fluorescence, nitrotyrosine levels
were increased at 16 weeks of CSE to 200% and 195%
of air-control levels in the cortex and the hippocampus,
respectively. Further increases in nitrotyrosine were
seen at 60 weeks of exposure to 235% and 243% in
the cortex and hippocampus, respectively (Figure 4(e)
and (f)). Thus, CSE increased levels of superoxide gen-
eration and secondary ROS and RNS.

We further observed that CSE increased the DNA
oxidation product 8-hydroxyguanosine (8-OHG) with

levels of 238% and 257% of those in air-control at 16
weeks of exposure in the cortex and hippocampus,
respectively, with further increase after 60 weeks to
387% and 423%, respectively. Thus, CS-induced
ROS and RNS increased oxidative DNA damage in
the brain (Figure 4(g) and (h)).

Cigarette smoke exposure causes glial activation and
astrocytosis in the brain

Cerebral oxidative stress and superoxide production
could activate microglia, the brain resident macro-
phages, triggering neuro-inflammation. Common
markers for microglial activation and astrocytosis
include Ibal and GFAP, respectively. Therefore, we
measured the levels of these proteins in cortical and
hippocampal brain sections. At 16 weeks, CSE
increased Ibal in the cortex to 164% of levels in air
control, while at 60 weeks a 172% increase was seen
(Figure 5(a) and (b)). GFAP increased in the cortex of
CS-exposed mice to 224% and 363% of air-control
levels (Figure 5(c) and (d)), at 16 and 60 weeks, respec-
tively. Similarly, CSE increased the hippocampal levels
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Figure 5. Cigarette smoke exposure increases microglial activation and astrocytosis in the brain. Mice were exposed to cigarette
smoke (CS) or filtered air (Air) for 16 or 60 weeks. Brain sections were incubated with antibodies against microglial activation and
astrocytosis markers lbal (a; red) and GFAP (c; green), respectively. DAPI (blue) was used to visualize the nuclei. Ibal and GFAP
images were analyzed, and fluorescence was quantitated and presented in (b) and (d), respectively. Scale bar corresponds to 50 um
with identical magnification in all panels. Data are mean &= SD with n= 6. Analysis was done by two-way ANOVA followed by
Bonferroni multiple comparison test. Data show statistical significance from: Air (¥) and 16 weeks of CS exposure (#) at p < 0.05.
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of Ibal to 186% and 170% of values in air-control at
16 and 60 weeks, respectively (Figure 5(a) and (b)).
Hippocampal levels of GFAP were 200% and 236%
of the air-control values (Figure 5(c) and (d) and SI
Figure S4)) at 16 and 60 weeks, respectively. Thus,
microglial activation and astrocytosis in the cortex and
the hippocampus of CS-exposed mice increased from 16
to 60 weeks of exposure, demonstrating exposure
duration-dependent induction of neuroinflammation.

Cigarette smoke exposure induces amylogenesis and
tau phosphorylation in the brain

Since neuroinflammation and oxidative damage with
alterations in BBB integrity may lead to amyloid
pathology, immunohistology was performed to image
the presence and location of AP in the brain. At 16
weeks, in the cortex and the hippocampus of CS-
exposed mice, AP increased to 288% and 275% of
the levels in air-exposed control, respectively, with a
further increase to 352% and 432% of air-exposed con-
trol levels at 60 weeks (Figure 6(a) and (b)).

In order to confirm this, we measured the levels of
AP peptides in brain sections by ELISA (Figure 6(c)
and (d)). AP peptides 1-40 and 1-42 levels were
increased in the brain of CS-exposed mice with values
of 2.84+0.5 and 0.3+0.07 pg/mg tissue, respectively,
compared to levels in air-exposed mice of 2.0 +0.2
and 0.17+0.02pg/mg tissue, respectively. Further
increases were seen at 60 weeks with values of 4.1+
0.64 and 0.46+0.12pg/mg tissue, respectively, com-
pared to 2.4+0.37 and 0.244+0.05pg/mg tissue in
air-exposed mice. The low A levels in air-exposed con-
trols, are comparable to reported values*** in control
mice (Figure 6(c) and (d)). Thus, CSE triggered an
increase in brain AP peptides.

Since inflammatory and oxidative neuronal injury
may lead to elevations in P-tau levels, immunoblotting
and immunohistology were performed to measure
and image the effects of chronic CSE on P-tau.
Immunoblotting of P-tau at 60 weeks in brain homoge-
nate also showed a significant increase to 260% of levels
in air-exposed control (Figure 6(e)). Immunohistology
demonstrated that P-tau was increased to 213% or
196% of air-control levels in the cortex and the hippo-
campus, respectively, at 16 weeks of CSE (Figure 6(f)
and (g)), with further increases to 297% and 303% of
air-control levels at 60 weeks.

While no significant protein aggregates were seen in
the cortex and the hippocampus of air-exposed mice,
trace levels were detected at 16 weeks of CSE. At 60
weeks of CSE, prominent protein aggregates were seen
with an increase to 413% of values in air-control, as
measured by thioflavin-S fluorescence (Figure 6(h) and
(1)). Thus, CSE resulted in amyloid and tau pathology

in the brain as early as 16 weeks of exposure that great-
ly increased by 60 weeks with the formation of protein
aggregates.

Cigarette smoke exposure causes cognitive
impairment

Since all the observed cerebrovascular and neuronal
changes, especially amyloid deposition, and tau pathol-
ogy, are associated with declines in cognition, we
investigated whether CSE leads to CI. Cognitive and
memory testing was performed with mice exposed to
CS for 30 or 60 weeks. Mouse spatial learning and
memory, along with associative fear learning and
memory were evaluated using Barnes maze and fear
conditioning tests, respectively (Figure 7). No signifi-
cant changes were observed in both tests at 30 weeks of
exposure. However, following 60 weeks, mouse spatial
learning and memory were compromised. At 60 weeks
of exposure, during the five days of the acquisition or
learning phase, all mice showed no differences on the
first trial day. However, air-exposed mice exhibited
faster learning and better spatial memory from the
second trial day than CS-exposed animals. CS-
exposed mice demonstrated deficits in spatial learning
and memory manifested by: 1) longer time for the
mouse to find and enter the escape tunnel (Primary
escape latency; Figure 7(a)); 2) longer path lengths
taken to reach the target hole (Primary path length;
Figure 7(b)); and 3) higher number of nose and head
deflections made into the non-target hole(s) before
entering the escape box (Number of primary errors;
Figure 7(c)). On day eight (Probe trial or retention
test), where the target hole is closed, with the escape
tunnel and the escape box removed, mouse short-term
memory was assessed by testing the animals’ ability to
recall the target hole and to stay in its vicinity. Air-
exposed mice better identified the target hole than
CS-exposed mice, remaining longer in the target hole
vicinity. During the retention test, CS-exposed mice
showed longer primary escape latency (Probe escape
latency; Figure 7(d)) and longer primary path length
(Probe path lengths; Figure 7(e)). CS-exposed mice
also remained in the target hole’s vicinity for a shorter
time than air-exposed mice, indicating a memory deficit
(Time in proximity; Figure 7(f)). Thus, spatial learning
and memory was impaired after 60 weeks of CSE.
For the fear conditioning test, all mice were sub-
jected to a fear conditioning session, and freezing
response (fear behavior) to context and cued fear was
tested in subsequent sessions. Freezing behavior during
conditioning and testing was quantified. The percent-
age of time mice displayed freezing as a function of
context or cued conditions was the same for 30 weeks
of air or CSE (Figure 7(g)). However, both contextual
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Figure 6. Cigarette smoke exposure induces amylogenesis and tau phosphorylation in the brain. Mice were exposed to cigarette
smoke (CS) or filtered air (Air) for 16 or 60 weeks. Sections from cortex and hippocampus were incubated with antibodies to amyloid
B (a; AB; green) or phosphorylated tau (f; P-tau; red). DAPI (blue) was used to visualize the nuclei. P-tau and Af} images were analyzed,
and fluorescence was quantitated and presented in (b) and (g), respectively. Amyloid fragments, AB40 and AB42, were quantitated in
brain homogenate using ELISA (c) & (d), respectively. (e) Western blotting of P-tau (75 kDa) from brain homogenate of mice exposed
to 60 weeks of CS or Air, with band density quantitation. (h) Protein aggregates (green) detected with Thioflavin S, with quantitation
of the green fluorescence (i). CS caused a modest increase in p-tau and A at |6 weeks, with greater elevation at 60 weeks that was
accompanied by appearance of AP/p-tau protein aggregates. Scale bar corresponds to 50 pm with all accompanying images in a panel
shown at the same magnification. Data are means & SD with n = 6 for all panels except (e) with n = 3. Analysis was done by two-way
ANOVA followed by Bonferroni multiple comparison test. Data show statistical significance from: Air (*) and 16 weeks of CS
exposure (#) at p <0.05.
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and cued fear conditioning tests showed that mouse
freezing response was significantly decreased at
60 weeks of CSE compared to air-exposed control.
This decrease in freezing response indicates that CSE
decreased the ability of mice to learn and remember an
association between environmental cues and aversive
experiences. Thus, 60 weeks of CSE impaired both con-
textual fear and cued fear memories.

Discussion

The connection between CSE and CI has remained
unclear due to variable results in human studies and
the lack of comprehensive chronic studies in controlled
animal models.***” Therefore, we investigated the
effects of CSE on cerebrovascular function and cogni-
tion as well as their underlying mechanisms in our 60
week CSE mouse model that mimics chronic human
smoking with similar blood nicotine/cotinine levels
and exposure duration — life-span ratio.”**® Our
study demonstrates the temporal effects of CSE on
the development of cognitive deficits and shows that
CSE impairs spatial learning and memory. It is also
the first to comprehensively assess the relationship
between CSE and cognitive decline in otherwise healthy
wild-type mice, with detailed identification of cerebro-
vascular and neuronal alterations relating to oxidative
stress and inflammation.

Smoking-induced cardiovascular abnormalities and
VED with oxidative damage and vascular inflamma-
tion have been hypothesized as a central cause of CS-
induced disease, including that affecting the central
nervous system.?'?**** However, the temporal asso-
ciations of CS-induced cardiovascular and cerebrovas-
cular oxidative stress, and inflammation with the onset
of CI were unknown. Therefore, we investigated these
mechanisms and their association with cerebrovascular
and neuronal injury and the subsequent onset of CI. Our
findings demonstrate that CSE causes ROS-mediated
vascular damage, VED, altered cerebral perfusion, and
cerebrovascular injury with breakdown of the BBB. We
also observe increased microglial activation and astro-
cytosis along with accumulation of Af and P-tau with
the formation of neurofibrillary tangles. These vascular
and neuronal events progressively increased with
exposure duration, resulting in the onset of impaired
cognition and memory (SI Figure S8).

Cerebrovascular dysfunction and elevated ROS gen-
eration have been associated with memory and learning
impairments.*° Tobacco cigarette smoke contains
high levels of free radicals, oxidants and, ROS that in
turn trigger inflammation and VED.?? In the current
study, vascular oxidative stress in the carotid artery
and elevated blood pressure were observed at eight
weeks of exposure followed by VED in the carotid

artery at 16 weeks of CSE. These systemic vascular
effects of CSE are consistent with prior studies demon-
strating the functional consequences of CSE on the
aorta and mesenteric artery where loss of eNOS has
been observed.'®?? In these prior studies, NOS uncou-
pling with loss of NO production and increase in super-
oxide led to degradation and depletion of eNOS.***! In
our model, exposure duration correlated with the sever-
ity of vascular dysfunction and hypertension. Similarly,
studies in the spontaneously hypertensive stroke-prone
rat, the severity of cerebral small vessel disease correlates
with the duration of hypertension and oxidative vascular
injury with endothelial dysfunction preceding the onset
of hypertension.”>>* Along with hypertension-induced
neurovascular dysfunction, neuroinflammation occurs
leading to the manifestations of cerebral small vessel
disease and vascular CI.>> We observe similar processes
in CS-induced hypertension and CI. Starting at 30 weeks
of CSE, a reduction in carotid flow secondary to
increased resistance of the carotid circulation is seen.
This elevated vascular resistance further correlates with
eNOS depletion in the carotid artery and its distal cere-
bral microvessels. Taken together these findings would
be expected to reduce cerebral perfusion that could fur-
ther contribute to the onset of CI.

We also observed that CSE-induced carotid VED
was associated with vascular oxidative injury as
evidenced by increased lipid peroxidation and protein
carbonylation in the carotid artery. These oxidative
changes may be due to exposure of the vessels to
CS-generated ROS. Cigarette smoke contains reactive
compounds that can reduce molecular oxygen to pro-
duce superoxide, hydrogen peroxide, and hydroxyl
radicals.”® These radicals can initiate oxidative degra-
dation of lipids in endothelial cells, leading to high
levels of lipid peroxidation and increased ROS forma-
tion within the vasculature, which may overwhelm
antioxidant defense mechanisms in vascular cells, trig-
gering VED.>” Moreover, CS-generated carbonyls have
been shown to markedly increase carotid artery perme-
ability, causing endothelial damage that can lead to
VED.*® Therefore, CS-induced oxidative stress through
the generation of primary and secondary ROS is a key
trigger of vascular injury, which can, in turn, lead to
oxidative brain injury as depicted in SI Figure S8.

Since endothelial cells are central components of the
neurovascular unit, forming the blood brain barrier
(BBB) through their tight junctions, the combination
of VED with inflammation and oxidative stress could
lead to breakdown of the BBB.> Histological exami-
nation of the brain of CS-exposed mice showed alter-
ations in the cerebral microvessels, with enlarged
perivascular spaces and congestion. Loss of BBB integ-
rity was observed with the leak of plasma proteins
through the vessel walls to the surrounding brain
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tissue. The tight junction proteins Occludin and
Claudin-5 that are required for BBB integrity were
found to be depleted in the endothelium of brain ves-
sels. In association with these pathological events, neu-
roinflammation and neuronal oxidative stress occurred
leading to secondary brain damage and CI1.%° Indeed,
with CSE, oxidative brain injury was observed with
increased superoxide generation, oxidative DNA
damage and tyrosine nitration, indicative of hydroxyl
radical and peroxynitrite generation. Furthermore, evi-
dence of neuroinflammation was identified with
increase in Ibal, a marker of microglia activation and
GFAP another marker for astrogliosis.

Amyloid pathology is a central finding in neurode-
generative diseases and it is also associated with
cerebrovascular diseases.’’ During amyloidogenesis,
amyloid precursor protein is cleaved into small AP
fragments, mainly AB-40 and AB-42.5%%3 AB-42 is the
most harmful and insoluble fragment of AP with a
faster aggregation tendency. It can initiate formation
of insoluble amyloid aggregates that are further
enlarged by AB-40 to form insoluble plaques.®*®* In
our study, we observed increases in both AP forms in
the brain homogenates of CS-exposed mice, with a
higher increase in AB-42 than AB-40. Increased expres-
sion of total AP in cortical and hippocampal regions
was also seen. This increase in AP and oxidative stress
can upregulate tau phosphorylation, a well-known fea-
ture of neurodegenerative disease.** Phosphorylation
of tau at serine 396 and 404 is an earlier marker that
correlates with chronological disease progression and
contributes to neurofibrillary tangle formation.®> We
observed that CSE increased P-tau in both the cortex
and hippocampus. Similar results have been reported
following exposure of wild-type rats and 3xTg-AD
transgenic mice to CS.?*° We also detected higher
levels of ThioS-positive neurofibrillary aggregates that
contain extracellular amyloid structures or paired heli-
cal filaments from tau phosphorylation.*®

In our model, vascular oxidative stress and elevated
blood pressure were observed at 8 weeks, while increase
in both P-tau and AP were only first seen after 16
weeks of CSE with further marked increase after 64
weeks of CSE. Therefore, we propose that p-tau and
AP may be increased as a response to the vascular oxi-
dative stress and inflammation in the brain with oxida-
tive protein injury (SI Figure S8). These findings are in
line with the recent critical revision of the amyloid cas-
cade hypothesis and support the multi-factor complex-
ity of cognitive impairment.®” Consistent with our
observations, in a human clinical case-control study
that evaluated the effects of cigarette smoking on
brain cerebrospinal biochemical parameters, elevations
in AB42 levels along with oxidative stress, neuroinflam-
mation, and impaired neuroprotection was reported.’

In view of the prior controversy regarding the effects
of cigarette smoking on cognition," ***% we also
assessed the effects of CSE on spatial learning and
memory. While 30 weeks of CSE was insufficient
to significantly impair learning or memory function,
60 weeks of exposure caused prominent deficits in
spatial learning and short-term memory, as well as con-
textual and cued memory. The appearance of these
cognitive and memory defects at 60 weeks, but not at
30 weeks, suggests that the progressive and cumulative
oxidative and inflammatory stress with vascular and
neurobiological changes must persist to manifest in
cognitive and memory impairment.

In summary, our study has established a chronic
model of CSE induced CI in otherwise healthy mice.
It also details the temporal progression of the underly-
ing pathological processes of CS-induced cerebrovascu-
lar and neuronal injury with their associated cognitive
decline. Finally, it demonstrates the importance of
cerebrovascular endothelial dysfunction, vascular oxi-
dative stress and inflammation as critical pathological
events in the development of CS-induced CI. Future
mechanistic studies will be needed to determine the
cause-effect relationship for each of these mechanisms
and their precise role in the onset of CI. It will also be
important to ascertain if sex-dependent differences
occur. Our current model and observations pave the
way for future studies utilizing genetically modified
mice or specific pharmacological inhibitors to further
unravel these mechanisms, their relative role in CS-
induced CI and develop specific disease targeted
therapeutics.
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