1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Brain Behav Immun. Author manuscript; available in PMC 2021 August 01.

-, HHS Public Access
«

Published in final edited form as:
Brain Behav Immun. 2020 August ; 88: 363-380. doi:10.1016/j.bbi.2020.03.034.

Electronic cigarette exposure disrupts blood-brain barrier
integrity and promotes neuroinflammation

Nathan A. Heldt1:2, Alecia Seligal, Malika Winfield!, Sachin Gajghatel, Nancy
Reichenbachl, Xiang Yu?, Slava Rom1:2, Amogha Tennetil, Dana May?, Brian D. Gregory?3,
Yuri Persidsky1:2

1Department of Pathology and Laboratory Medicine, Lewis Katz School of Medicine, Temple
University, Philadelphia, PA, USA

2Center for Substance Abuse Research, Lewis Katz School of Medicine, Temple University,
Philadelphia, PA, USA

SDepartment of Biology, University of Pennsylvania, Philadelphia, PA, USA

Abstract

Electronic cigarette (e-cigarette) use has grown substantially since inception, particularly among
adolescents and combustible tobacco users. Several cigarette smoke constituents with known
neurovascular effect are present in e-cigarette liquids or formed during the vapor generation. The
present study establishes inhaled models of cigarette and e-cigarette use with normalized nicotine
delivery, then characterizes the impact on blood-brain barrier function. Sequencing of microvessel
RNA following exposure revealed downregulation of several genes with critical roles in BBB
function. Reduced protein expression of Occludin and Glutl is also observed at the tight junction
in all groups following exposure. Pro-inflammatory changes in leukocyte-endothelial cell
interaction are also noted, and mice exposed to nicotine-free e-cigarettes have impaired novel
object recognition performance. On this basis, it is concluded that long term e-cigarette use may
adversely impact neurovascular health. The observed effects are noted to be partly independent of
nicotine content and nicotine may even serve to moderate the effects of non-nicotinic components
on the blood-brain barrier.
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1. Introduction

The increasing popularity of electronic cigarettes (e-cigarettes, ‘vaping’) over the last decade
has generated several urgent questions within the medical community. Among the most
common have been their efficacy in assisting smoking cessation (Beaglehole et al., 2019;
Stone and Marshall, 2019), risk that they may serve as a ‘gateway’ to youth cigarette use
(Soneji et al., 2017), and the unknown impact of long-term use on health (Bold and
Krishnan-Sarin, 2019). The question of health impact is of great concern due to the young
age of most users and possibility of continued use throughout their lifetime. Use of any
tobacco product among US youth increased in 2017 from the previous year, representing the
first interruption of declining youth tobacco use rates since 1997 (Kann et al., 2018). This
inflection point is entirely attributable to use of e-cigarettes, as the use of other forms of
tobacco has continued to trend downward in recent years (Gentzke et al., 2019). Despite
their appearance on US markets more than 10 years ago, our current knowledge regarding
the long-term health impact of e-cigarettes remains largely speculative.

It is advantageous to consider the known impact of combustible tobacco cigarettes (i.e.
smoking, cigarettes), given that patterns of use are similar (Keith et al., 2019; Wagener et al.,
2017) and several inhaled constituents are similar between products (Schick et al., 2017).
Neurovascular pathology is a well-established outcome of smoking, nearly doubling the
odds of ischemic stroke worldwide (O’Donnell et al., 2016) and accounting for 7-8% of all
strokes in the US (Lariscy, 2019). Smoking is also a risk factor for development of cerebral
small vessel disease (van Dijk et al., 2008) and Alzheimer’s disease (Cataldo et al., 2010),
and the underlying causes of several dementias including Alzheimer’s disease may involve
early vascular dysfunction and blood-brain barrier (BBB) breakdown (Nation et al., 2019;
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Sweeney et al., 2018; Toth et al., 2017). Beyond the vasculature, smoking may also impair
neuroimmune function by acting on microglia (Brody et al., 2018, 2017).

The most prominent constituent connecting cigarettes and e-cigarettes is nicotine, which is
also implicated in vascular dysfunction. E-cigarettes typically contain between 6 mg/mL and
24 mg/mL nicotine concentrations, and deliver comparable or greater amounts of nicotine to
cigarettes over a given timeframe (Barrington-Trimis and Leventhal, 2018; Wagener et al.,
2017). Comparable nicotine intake is observed across cigarette and e-cigarette users (Etter,
2016; Marsot and Simon, 2016), including users of high nicotine products such as Juul
(Goniewicz et al., 2019; Nardone et al., 2019). Dual users titrate use to achieve an
equilibrium nicotine intake across products, though there is large variability in the level
attained (Dawkins et al., 2016; McRobbie et al., 2015). This observation suggests that
nicotine and its metabolites serve as suitable proxies for exposure across tobacco products
and in validation of pre-clinical models.

Nicotine has deleterious effects on both macro- and microvasculature. Acutely, inhalation of
vaporized nicotine by human volunteers elevates blood pressure and heart rate, increases
arterial stiffness, and impairs prostaglandin-associated microvascular dilation (Chaumont et
al., 2018; Franzen et al., 2018). Rodent models recapitulate the increase in aortic stiffness
following chronic exposure (Olfert et al., 2018), and exhibit metalloprotease upregulation
and elastin degradation (Hashimoto et al., 2018; Wagenhauser et al., 2018) which may
predispose to aneurysm development. In microvasculature, nicotine reduces endothelial cell
metabolism and proliferation, increases permeability, induces oxidative stress, and increases
integrin expression (Schweitzer et al., 2015; Ueno et al., 2006). Increases in permeability are
a consequence of decreased tight junctional (TJ) localization of Tjp1 (also known as ZO-1)
(Hawkins et al., 2005, 2004) and are likely mediated by a.7-homomeric nicotinic
acetylcholine receptors (a7 nAChR) (Abbruscato et al., 2002). Though protracted nicotine
exposure by itself is detrimental to vascular function, the combination with additional factors
can have counterintuitive effects. Exposure to nicotine or a7 nAChR-agonism dampens
inflammatory responses in multiple cell types including the endothelium (An et al., 2014;
Krafft et al., 2013; Sharentuya et al., 2010), astrocytes (Revathikumar et al., 2016), and
microglia (Li et al., 2016). These divergent findings demonstrate a highly contextual role for
nicotine, dependent upon dose and possibly modified by the circadian concentration changes
known to occur in human tobacco users (Hukkanen et al., 2005).

Despite not garnering the same attention as nicotine content, carbonyl compounds generated
from e-cigarette refill liquid (e-liquid) vaporization is of equal concern. Acrolein,
formaldehyde, and acetaldehyde are produced from propylene glycol (PG) and vegetable
glycerin (VG) at vaporization temperatures (Farsalinos and Gillman, 2017; Schick et al.,
2017), and are estimated to account for 80% of the health risk associated with cigarette
smoking (Baumung et al., 2016; Haussmann, 2012). Carbonyl emissions are highly
dependent upon conditions of use (Beauval et al., 2019; Farsalinos et al., 2015; Jensen et al.,
2015), but increasing heating coil power generally increases emissions, likely from increased
temperatures. Degradation products are also greater with single-coil versus double-coil
designs (Sleiman et al., 2016; Talih et al., 2017). Additionally, there appears to be a
modulating effect of flavor additives and nicotine, although the mechanism is not apparent.
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Sucralose, a popular flavoring additive, increases aldehyde and hemiacetal emissions and
several harmful compounds are formed by the combination of common flavorings with PG
or VG (Duell et al., 2019; Erythropel et al., 2019). Paradoxically, the presence of nicotine
appears to inhibit the formation of these compounds (Reilly et al., 2019). It is now clear that
carbonyl emissions are reduced in e-cigarettes versus cigarettes (Goniewicz et al., 2017;
Hecht et al., 2015; McRobbie et al., 2015); however the health consequences may remain
because the biological dose response to these compounds is often non-linear (Jeelani et al.,
2017). For example, acrolein produces reactive oxygen species leading to endothelial cell
dysfunction at exceptionally low concentrations (Yoshida et al., 2009a) and elevates
interleukin 6 and C-reactive protein production in clinical populations and experimental
models (Saiki et al., 2013; Yoshida et al., 2009b).

Very little is known about the potential of e-cigarettes to cause BBB insult. In the lung,
paracellular permeability is increased through p38 mitogen-activated protein kinases, Mylk3
(also known as MLC kinase) phosphorylation, and Racl (Schweitzer et al., 2015). However,
high concentrations in the lung prevent extrapolation to systemic vasculature. Angiogenesis
may increase globally within animal models (H. Shi et al., 2019), but a comprehensive
exploration of end-organ injury is lacking. Immunologically, e-cigarettes cause inflammation
in vitro (Barber et al., 2017; Rubenstein et al., 2015) and impaired lung bacterial clearance
in mice (Glynos et al., 2018; Sussan et al., 2015). E-cigarettes may also alter
neurotransmission within the frontal cortex and striatum and increase the glial expression of
a7 nAChR (Alasmari et al., 2019, 2017). One study suggests microglial activation as a result
of developmental exposure, but this may not reflect chronic use in adults (Zelikoff et al.,
2018).

The present study aimed to first establish and validate a clinically relevant model of e-
cigarette exposure in mice. The impact of long-term e-cigarette exposure on BBB function
was assessed, including expression of vascular and inflammatory markers, permeability, and
leukocyte-endothelial cell interaction. Finally, the effect of e-cigarettes on microglial
activation and on several measures of affective state and cognitive function was
demonstrated.

Materials and Methods

2.1. Animals

All experiments were conducted in accordance with the NIH Guide for the Care and Use of
Laboratory Animals, ARRIVE guidelines, and followed approval by the Temple University
IACUC. Male C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME)
and acclimated for one week prior to study entry. Mice were housed in microisolator cages
on a standard 12-hour light cycle with lights on at 0700 and food/water available ad /ibitum.
E-cigarette or cigarette exposure was initiated 2—3 hours following the start of the light
cycle. All behavioral tests were conducted two to four hours following e-cigarette or
cigarette exposure, and mice were acclimated for 30 minutes prior to testing. The timepoint
for behavioral testing was chosen based on the known pharmacokinetics of nicotine in
C57BL/6 mice (Siu and Tyndale, 2007). Acutely, nicotine is known to increase locomotor
activity and may confound measures of anxiety and cognition which rely upon equal
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locomotor activity across groups (Marks et al., 1983). Similarly, deficits in cognitive
performance are observed in states of nicotine withdrawal (Saravia et al., 2019). The
timepoint chosen does not represent an acutely dosed or withdrawn state and therefore
allows for measure of whole e-cigarette or tobacco effect without confounding. Number of
animals for each experiment was determined through power analysis and included between 3
and 10 mice per group for molecular studies and between 8 and 20 mice per group for
behavioral assays. Each experiment included mice from at least two chronologically distinct
cohorts of e-cigarette or cigarette exposure, and datapoints from all cohorts were included in
figures.

2.2. E-cigarette and cigarette exposure

E-cigarette exposure was performed in a TE-2e smoking apparatus (Teague Enterprises,
Woodland, CA) with 2 commercially available e-cigarettes (EVOD Mega, Kangertech,
Shenzhen, China). Each e-cigarette was fitted with a 1.8Q nichrome cotton-wick dual-coil
unit (Kangertech) and tobacco-flavored e-liquid (‘Red’ Flavor, VapourV2, Peterborough,
UK). E-liquid nicotine concentrations of 0 or 18 mg/mL (1.8%) were used. A four second
puff (~35 mL) occurred every 30 seconds with 6 L/min total airflow. Exposure consisted of
2 hours daily, 5 days a week for 8 weeks and starting at eight weeks age. Room air controls
experienced identical handling.

1R6F reference cigarettes were provided by Kentucky Tobacco Research & Development
Center (Lexington, KY) and a TE-10 smoking apparatus (Teague Enterprises) provided
exposure to mainstream and sidestream smoke. Settings conformed with 1SO smoking
regimen (Chae et al., 2017), with two second puffs of thirty five milliliter total volume. Two
cigarettes burned concurrently with twenty-eight seconds interpuff duration and
approximately 3.7 L/min airflow. Flow was adjusted to maintain target total particulate
matter (tpm) of 100 mg/m3. In pilot experiments, a range of tpm concentrations were
correlated with serum cotinine concentration. This concentration of tpm produced serum
cotinine equivalent to our e-cigarette model, and was used in all subsequent work to ensure
comparable levels of exposure in cigarette-exposed groups (Figure 1B). Exposure age and
regimen were matched to e-cigarette studies.

Mice were transferred to polycarbonate cages of identical dimension to their housing cages
for the duration of exposure, but with wire-top lids to allow for free passage of smoke and
vapor. Food and water were not available during the exposure period due to risk of
contamination and subsequent exposure to e-cigarette or smoke condensates by oral route.

2.3. Blood collection and cotinine LC-MS

Submandibular bleed occurred 1-hour post-exposure, at weeks 1, 3, 5, and 7 of exposure.
Microextraction of nicotine and cotinine was performed as previously described (Yasuda et
al., 2013). Briefly, 10 uL serum from each mouse was diluted 1:5 and 5M sodium hydroxide
was added. Internal standard provided a final concentration of 0.5uM deuterated analytes.
Chloroform was used for extraction and recovery utilized 0.1M hydrochloric acid. The
Wistar Metabolomics Facility (Philadelphia, PA) performed quantification by Vanquish
Horizon UHPLC system (Fisher Scientific, Waltham, MA) coupled to Q-Exactive HF-X
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mass spectrometer (Fisher Scientific). Elution of nicotine and cotinine were observed at 1.2
minutes and 1.5 minutes, respectively.

2.4. E-liquid nicotine LC-MS/MS

Prior to use, all e-liquid formulations were diluted 1:200 and submitted for analysis of
nicotine concentration by a clinically-accredited laboratory (NMS Labs, Horsham, PA; Test
Code 3150FL). This approach provided a lower limit of detection of 0.5 pg/mL for the
original e-liquid formations.

2.5. Cerebral microvessel isolation and RNA-seq

Mice were euthanized by decapitation under isoflurane anesthesia 24 hours following the
last e-cigarette or smoke exposure. Whole brain was placed in 4°C MCDB 131 medium
(Fisher Scientific) with 15 uL/mL RNase Inhibitor (Fisher Scientific). Microvessel isolation
was carried out as described by our lab (Bernstein et al., 2019) with modifications suggested
by Lee and colleagues (2019). All steps were carried out in a cold room and all solutions
were supplemented with 3 uL/mL RNase Inhibitor. Tissue was dounce homogenized,
pelleted, and resuspended in 17.5% dextran (Sigma Aldrich, St. Louis, MO). Centrifugation
at 4400xg, 15 min, 4°C caused separate pelleting of myelin and vessels along opposite
surfaces. The vessel pellet was resuspended in 1% bovine serum albumin (BSA) in Hank’s
balanced salt solution, agitated via serological pipette, and passed through a 40-um filter.
Vessels were recovered from the filter with 4% BSA, pelleted, and snap frozen. RNA
isolation was performed using TRIzol reagent (Fisher Scientific) and characterized via
NanoDrop 2000 spectrophotometer (Fisher Scientific). Samples with a 260/280 wavelength
ratio outside of the range 1.8 to 2.0 were excluded. Unpooled isolates from 3—-4 mice per
group were used in subsequent sequencing steps.

Isolated RNA was provided to the Fox Chase Genomics Core, where it was reverse
transcribed, and sequenced via HiSeq2500 (Illumina, San Diego, CA) with Nextera-based
primers and reagents. Each sample was sequenced twice to provide two technical replicates
per biological replicate. The 50-nucleotide end reads were aligned to the mouse genome
(GRCm38.p6) using bowtie2. Mapped reads were normalized and DEG were identified
using the R package DESeq?2 (Release 3.10). Sequencing data were deposited in NCBI’s
GEO database (GSE142400).

2.6. Histology

The left hemisphere of brain and lung post-caval lobe were fixed in Poly/LEM (Polysciences
Inc, Warrington, PA), paraffin embedded, and 5 um sections collected to include lung, brain
neocortex (frontal and parietal), and basal ganglia. One section was collected for each
antigen and used with the following primary antibodies: rabbit anti-Ibal (Polyclonal, 1:500,
Wako/Fujifilm Laboratory Chemicals, Valhalla, NY), mouse anti-Claudin 5 (4C3C2, 1:50,
Invitrogen, Carlsbad, CA), rabbit anti-Occludin (Polyclonal, Novus Biological, Centennial,
CO), mouse anti-Glutl (SPM498, 1:500, Abcam, Cambridge, UK). Peroxidase detection
used Vectastain Elite ABC HRP kit (Vector Laboratories, Burlingam, CA), followed by
hematoxylin counterstain. Full sections were captured by Aperio AT2 slide scanner (Leica
Biosystems, Wetzlar, Germany).
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Image analysis

Whole hemisphere images were manually annotated for regions of interest (ROI) by a
blinded observer within NIS-Elements (Nikon, Tokyo, Japan). A binary rendering of
peroxidase-reactive regions was generated using the General Analysis 3 module and used for
all further measurements. For vessel-localized antigens (Claudin 5, Occludin, Glutl) the
percent peroxidase-positive ROI area was calculated. Densitometry of the red channel was
also examined as this component was most sensitive to the presence of peroxidase.
Microglial analysis utilized smoothing and skeletonization of binary renderings, followed by
calculation of total process length and coverage per unit area, total microglial cell density,
territory covered per microglia, and average microglial branching. In the case of lung tissue,
a binary rendering of total area excluding alveolar space was quantified using an absolute
intensity threshold.

2.8. BBB permeability assay

2.9.

NaF and TMR-dextran served as tracers, while cyanine 5-conjugated LEL served as a
vascular marker. All tracers and markers were injected retroorbitally just prior to euthanasia.
Mice were then transcardially perfused with cold phosphate-buffered saline. Meninges were
removed, and the left hemisphere was embedded in OCT. 200 um sections included parietal
cortex, caudate nucleus, thalamus, and hippocampus which were immediately imaged via
A1R confocal microscope (Nikon). ROI were annotated by blinded observer, then mean
tracer intensities were calculated for each ROI. Residual tracer in the vasculature was
excluded by use of the LEL marker to exclude vascular space. All measurements were
normalized against plasma fluorescence of tracers.

Intravital imaging

An account of our group’s approach to cerebral intravital imaging has been detailed
previously (Zuluaga-Ramirez et al., 2015) and will be described more broadly here. Mice
underwent implantation of a cranial window and icv cannula six days prior to the intravital
imaging session. Anesthesia was performed with isoflurane and an aperture was created in
the right parietal bone using a high-speed dental drill (CellPoint Scientific, Gaithersburg,
MD). A 2.5 mm circular window was created over the lateroposterior aspect of the right
parietal bone and dura matter was deflected outward without disruption of underlying
arachnoid. A glass coverslip was affixed over the opening and a 33g guide cannula
(PlasticsOne, Roanoke, VA) was affixed to the aperture.

Immediately following exposure, pial vessels of mice were baseline imaged using a Stereo
Discovery V20 epifluorescence microscope (Carl Zeiss AG, Oberkochen, Germany) with
AxioCam MR digital camera (Carl Zeiss AG). Previous data from our lab (unpublished)
have found no differences in leukocyte rolling or adhesion immediately before versus after
e-cigarette and smoking exposure. 0.05% Rhodamine 6G and 0.5% fluorescein
isothiocyanate (FITC)-dextran 70 kDa were injected retroorbitally prior to imaging. Three to
four sites from each window were selected for video imaging. 5 ug Tnf was then injected icv
via previously placed cannula. Repeat imaging occurred 2 hours following injection of Tnf.
Imaris software (Bitplane, Belfast, Northern Ireland) was used for leukocyte quantification.
Due to occasional respiration-associated movement of imaging window relative to the scope,
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adherent leukocytes were defined as spots which did not exhibit a change in location = 40
um for the duration of the video. All other leukocytes confined to the vessel space were
classified as rolling.

2.10. Reverse transcription quantitative polymerase chain reaction

RNA was extracted from post-caval lung tissue using TRIzol reagent (Fisher Scientific)
according to manufacturer instructions. NanoDrop 1000 spectrometer (Fisher Scientific) was
used to quantify RNA concentration and purity. cDNA was then produced from 250 ng RNA
using a High-Capacity cDNA Reverse Transcription Kit (Fisher Scientific). Quantitative
polymerase chain reaction (QPCR) was performed on a QuantStudio 3 instrument using Fast
Advanced Master Mix Reagents (Fisher Scientific) and a concentration of 1 ng cDNA per
reaction. The Ct algorithm was used to provide relative quantitation based on a Gapdh
loading control, and fold change values were expressed relative to the average expression of
room air mice.

2.11. Plasma cytokine ELISA

Blood plasma was collected from the inferior vena cava of anesthetized mice prior to
euthanasia and stored at —80°C prior to quantitation. A V-PLEX Proinflammatory Panel 1
Mouse Kit (Cat K15058D, Mesoscale Discovery, Rockville, MD) was used according to
manufacturer’s instructions.

2.12. Novel object recognition test

Novel object recognition test (NORT) was conducted during exposure week 7 as established
by Shi et al (2019). The paradigm consisted of a habituation phase on day 1 and
familiarization and test phases on day 2. During habituation, mice were allowed 30 minutes
in the empty chamber. For familiarization, two identical objects were placed in adjacent
corners and 10 minutes were provided for exploration. Mice were then single-housed for 30
minutes. One object was replaced with a novel object and mice were returned to the chamber
for a 10-minute test. Videos were scored by blinded observer. Object investigation included
time with nose pointed toward the object and distance < 1 cm. Discrimination index (DI)
was defined as follows: (¢/me exploring novel object— time exploring familiar object)! total
time exploring objects x 100%.

2.13. Y-maze spontaneous alternation task

The Y-maze spontaneous alternation task (SAT) is often used to evaluate spatial working
memory, a hippocampus-dependent domain, and relies upon the innate curiosity of mice to
explore arms which they least recently visited (Kraeuter et al., 2019). SAT was performed as
previously described by our group (Rom et al., 2019) during exposure week 7. The maze
consists of 3 arms separated by 120° and a central entry zone. Mice were allowed 10
minutes exploration time and order of entries was scored by a blinded observer. Percent
spontaneous alternation examines complete successive triplets in the arm entry order (i.e., if
arm entry sequence is X -> X, triplets include X1 X»X3, X2X3X4...Xp-2Xn-1Xp). Percent
spontaneous alternation was defined as the percent of these triplets which included all three
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arms of the maze. Total arm entries were scored as an index of total ambulatory activity; and
mice with less than 6 total arm entries were excluded.

Elevated plus maze

To provide a measure of anxiety-associated behavior, mice were evaluated by elevated plus
maze (EPM) paradigm (Holliday et al., 2016) during week 6 of exposure. Mice were placed
in the central zone and allowed 10 minutes of exploration time. Videos were scored by a
blinded observer, and total time spent in open arms was calculated.

Open field assessment

Total ambulatory activity was evaluated during a ten-minute trial in open field apparatus
during exposure week 6. Total ambulatory distance was quantified by AnyMaze software
(Stoelting Co, Wood Dale, IL) as a measure of locomotor activity.

Statistical analysis

All experimental measurements are expressed as mean + SE. Shapiro-Wilk test was applied
to test the assumption of data distribution normality, then parametric tests were applied.
One-way ANOVA with two-tailed Holm-Sidak post-hoc was used, except for intravital
imaging, permeability, and histology, where two-way ANOVA was applied to examine the
interaction of exposure with Tnf or with brain region. p-value of <0.05 was considered
significant.

Data availability

The data that support the findings of this study are available from the corresponding author,
upon reasonable request.

3. Results

3.1. Smoke and e-cigarette inhalation models produce clinically relevant nicotine intake
and delay growth

To determine the clinical relevance of our model and facilitate comparison between e-
cigarette and smoking groups, we assessed changes in body weight and serum cotinine.
Delayed weight gain in mice exposed to cigarettes is well established, and nicotine in e-
cigarettes may have a similar effect (Lerner et al., 2015; H. Shi et al., 2019; Tsuji et al.,
2011). Timepoint and exposure had a significant effect on body weight, but these factors did
not interact (Fig. 1A). All groups had comparable starting weight, but cigarette-exposed
mice (Cig) weighed less than other groups at subsequent timepoints. This effect was
statistically significant only at week 4 (room air, m=28.25, standard error of the mean (SE)
0.41; cigarette, m=26.83, SE 0.38 g; p=0.0227). Nicotine-containing e-cigarette exposure
(EC1.8%) did not significantly impact body weight at any recorded timepoints.

Cotinine is a clinical biomarker of nicotine exposure and the 1-hour post-exposure timepoint
has been used in previous pre-clinical work (Hage et al., 2017; Sussan et al., 2015). In
humans, serum cotinine is generally within 100 to 200 ng/mL and is comparable across
cigarettes and e-cigarettes. We evaluated cotinine throughout exposure (Fig. 1B), finding
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both Cig (m=142.8 ng/mL, SE 28.64) and EC1.8% (m=134.0 ng/mL, SE 21.6) groups were
within a clinically relevant range. EC1.8% and Cig group did not differ statistically,
supporting similar nicotine delivery. E-liquids from EC0% and EC1.8% were also tested for
nicotine content. EC1.8% e-liquids contained the listed concentration (18.0 mg/mL), while
EC0% e-liquids had no detectable nicotine. In aggregate, these findings suggest parallels
between the experimental parameters selected for this study and the attributes observed in
human smokers and e-cigarette users.

3.2. Tight junction- and transporter-associated mRNA expression is influenced by
nicotine-free e-cigarettes

Following model validation, cerebral microvessel mMRNA was sequenced to identify
differentially expressed genes (DEG). Surprisingly, EC0% exposure resulted in substantially
more DEG than in EC1.8% or Cig. A total of 2,163 genes were upregulated and 2,281
downregulated by EC0% exposure, representing a respective 5.5% and 5.8% of the 39,179
genes surveyed (Fig. 2A). In contrast, 311 (0.8%) and 863 (2.2%) genes were up- and
downregulated following EC1.8% exposure and only 529 (1.4%) and 384 (1.0%) were up-
and downregulated after exposure to Cig (Fig. 2B & 2C). A substantial proportion of DEG
associated with EC1.8% were shared with EC0% exposure. Specifically, 90 of 311 genes
upregulated (28.9%) and 383 of 863 genes downregulated (44.4%) by EC1.8% exposure
were common to EC0% (Fig. 2D & 2E). In contrast, only 25/539 (4.7%) upregulated and
4/384 (1.0%) downregulated by Cig exposure were common to EC0%. This is consistent,
given that EC1.8% versus EC0% e-liquids vary only in nicotine content, while cigarettes
contain a distinct mixture of products. However, global changes following EC0% were
attenuated with nicotine (EC1.8%) suggesting an antagonistic or moderating contribution of
nicotine in this context.

To examine DEG with known BBB relevance, previously published gene sets (Munji et al.,
2019) were cross-referenced with DEG in all exposure groups. Most notable were genes
associated with TJ complexes, those facilitating drug efflux or the active transport of key
nutrients, and BBB-enriched immune response genes (Fig. 3A). Metadherin (Mtdh) is
recruited to TJ during complex maturation and overexpression may downregulate excitatory
amino acid transporters (e.g. Slcla2) and activate NF-xB complex. Mtdhis increased 1.41-
fold (p=9.45e-5) in EC0%-exposed microvessels, though no differences were apparent in
EC1.8%- or Cig-exposed groups. Occludin (Oc/n) expression was significantly reduced in
EC0% animals (0.50-fold, p=9.09e-11) (Fig. 3B). Oc/nexpression trended upward in
EC1.8% and Cig groups, but these findings were nonsignificant (EC1.8%, 1.11-fold,
p=0.7494; Cig, 1.52-fold, p=0.0590). Among transporters, several genes with critical roles
related to CNS metabolism were impacted. Monocarboxylate transporter 1 (Slc16al)
transports lactate, pyruvate, and branched-chain amino acids and is upregulated by e-
cigarettes regardless of nicotine content (EC0%, 1.30-fold, p=0.0001; EC1.8%, 1.80-fold,
p=0.0010; Cig, 1.03-fold, p=0.9034) (Fig. 3B). BBB glucose transport requires exclusively
Glutl (encoded by S/cZal), which is diminished following EC0% (0.45-fold, p=1.61e-11)
but increased following Cig (1.59-fold, p=0.0010) (Fig. 3B). Interestingly, changes in S/c2al
were not seen in the EC1.8% group (1.044-fold, p=0.9407). Lastly, several BBB-enriched
immune-associated genes exhibited significant transcriptional changes. Cigarette exposure
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triggered upregulation of inflammation-associated transcripts such as Cxc/12 (1.42-fold,
p=0.0181) and /fnar1 (1.28-fold, p=0.0381). Integrin alpha 4 (/fga4) was uniquely increased
in the EC1.8% group (1.39-fold, p=0.0126) (Fig. 3B) but largely unchanged in other groups
(EC0%, 1.00-fold, p=0.8276; Cig, 1.12-fold, p=0.5706). Loss of TJ- and transport-
associated transcripts specifically following EC0% provides evidence for a detrimental
effect of non-nicotinic e-cigarette constituents. We can further conclude that the
transcriptional impact of e-cigarettes on microvessels is unique from that of traditional
tobacco products.

3.3. Expression of TJ proteins are disrupted by e-cigarette or cigarette exposure

Next, we asked whether exposure had an impact beyond the transcriptomic level.
Specifically, appropriate trafficking of TJ proteins is essential for low paracellular
permeability. Coronal sections containing areas of the frontal cortex and basal ganglia were
peroxidase-labelled for either Occludin or Claudin 5. Expression of Occludin at vessel TJs
was significantly decreased in the cortex (Fig. 4E-H, 4l). This was independent of nicotine,
as both EC0% (m=0.677, SE 0.095, p=0.0107) and EC1.8% (m=0.697, SE 0.034, p=0.0128)
induced similar decreases versus room air (m=1, SE 0.087). Cig elicited a similar decrease
(m=0.679, SE 0.065, p=0.0107). Similar trends in basal ganglia did not reach statistical
significance (Fig. 4A-D, 4l) (EC0%, m=0.774, SE 0.073, p=0.1398; EC1.8%, m=0.836,
SE=0.058, p=0.4098; Cig, m=0.900, SE 0.068, p=0.6986).

Unlike the TJ-exclusive localization of Occludin, Claudin 5 was seen throughout the vessel
(Fig. 5A-H). Claudin 5 distribution was not appreciably different across exposure groups or
regions (Fig. 51). Although Claudin 5 expression is not impacted, loss of a single TJ
component is often enough to impact permeability.

3.4. BBB permeability is increased following nicotine-free e-cigarette exposure

Given the ubiquitous effect on TJ localization, two exogenous tracers were used to directly
observe changes in permeability. Tracers of two distinct sizes were chosen (sodium
fluorescein (NaF), 376 Da; tetramethylrhodamine (TMR) -dextran, 10 kDa). Variability was
driven by exposure for both NaF (Fig. 6M) and dextran (Fig. 6N). In the EC0% group,
deposition was increased across all regions (Fig. 6D-F, O). These differences were
significant within thalamic nuclei (NaF, m=1.799, SE 0.356, p=0.0092; dextran, m=2.066,
SE 0.488, p=0.0257). For each exposure group, observed permeability changes were
consistent across all brain regions, but the magnitude was greatest in medial structures such
as the thalamus and hippocampus. Previously reported regional responses to insult are
largely consistent with this finding (Villasefior et al., 2017). Tracer deposition following
EC1.8% exposure trended downward (Fig. 6G-I), which may suggest a reversal of e-
cigarette effect by nicotine, even generating a less permissive barrier than in naive animals.
Cig treatment did not have a conclusive effect (Fig. 6J-L). These data demonstrate that
functional increases in permeability are unique to EC0% exposure and additional factors
beyond Occludin can modify BBB response.
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3.5. Exposure to e-cigarettes or cigarettes decreases expression of Glutl within the
parietal cortex

3.6. Tumor
exposure to

Prior reports indicate Glutl decreases in response to /n vitro cigarette treatments (Prasad et
al., 2017). Based on the observed reduction of Glutl mRNA following EC0% exposure,
changes in expression were investigated. Glutl maintained relatively consistent
densitometry, but Glutl vessel coverage was modulated in response to exposure. We
therefore quantified percent immunopositive area (Fig. 71). Decreased expression was
specific to cortical structures and was generalizable to all exposure groups including EC0%
(m=0.307, SE 0.093, p=0.0018), EC1.8% (m=0.481, SE 0.069, p=0.0137), and Cig
(m=0.319, SE 0.042, p=0.0007) (Fig. 7A-D). The finding here that Glutl expression
decreases /n vivo following Cig exposure is complementary to previous findings in cell
culture, and this finding appears generalizable to e-cigarettes regardless of nicotine content.

necrosis factor (Tnf)-induced leukocyte adhesion is aggravated by prior
cigarettes or e-cigarettes

The BBB provides an interface between the peripheral immune system and immune-
privileged CNS tissues. Further, the magnitude of blood-leukocyte interaction and the
induction of permeability are frequently correlated (Rom et al., 2015a). We employed
intravital imaging with intracerebroventricular (icv) injection of Tnf to induce an aseptic
meningitis (Zuluaga-Ramirez et al., 2015) and determine whether chronic inflammation may
‘prime’ for an increased acute response (Fig. 81). Virtually no leukocytes were observed
prior to administration of Tnf regardless of group. Following Tnf injection, leukocyte
margination was elevated in all exposure groups versus room air (m=11.699, SE 0.486) (Fig.
8A & 8B, Supplemental Video 1). This included increases for EC0% (m=29.416, SE 2.506,
p<0.0001), EC1.8% (m=19.185, SE 1.582, p=0.0037), and Cig (m=25.001, SE 2.347,
p<0.0001) (Fig. 8C—H, Supplemental Video 1). Furthermore, the EC0% group was
significantly increased beyond EC 1.8% (p=0.0001) and Cig (p=0.0352) groups, similar to
our permeability observations where only EC0% mice were affected. Cig group margination
was also elevated beyond EC1.8% mice (p=0.0175). Upon further subdivision, exposure did
not have a substantial effect on leukocyte rolling (Fig. 8J). Differences between EC1.8%
(m=3.391, SE 0.525) and Cig (m=1.966, SE 0.448, p=0.0321) were identified but were of
unclear practical significance. Adherent leukocytes largely mirrored findings of total
margination (Fig. 8K). Adherence was increased for EC0% (m=26.843, SE 1.871,
p<0.0001), EC1.8% (m=15.794, SE 1.492, p=0.0010), and Cig (m=23.035, SE 2.057,
p<0.0001) relative to room air (m=8.979, SE 0.391). Differences between EC0% versus
EC1.8% (p<0.0001) or Cig (p=0.0307), and EC1.8% versus Cig (p=0.0005) also remained.

3.7. Pulmonary macrophages are increased by exposure to nicotine-containing e-
cigarettes or cigarettes

Given the increased adhesion of peripheral leukocytes to brain endothelium, we further
examined whether increased inflammation in other organ systems could contribute to our
observations. E-cigarettes and cigarettes first interface with lung tissue and we therefore
began by quantifying alveolar macrophage abundance (Supplemental Fig. 1A-E). Initial
examination revealed clusters of macrophages localized around bronchioles and vasculature,
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and regions within 100 um of these structures were selected for further analysis.
Surrounding bronchioles, the number of macrophages was increased in EC1.8% exposed
mice (m=2.200, SE 0.2748) when compared with all other groups, including room air
(m=0.2320, SE 0.0970, p<0.0001), EC0% (m=0.1057, SE 0.0380, p<0.0001), and Cig
(m=0.6386, SE 0.2103, p<0.0001). Similarly, a significantly greater abundance of peri-
vascular macrophages was observed in EC1.8% exposed mice (m=2.630, SE 0.2329)
compared with room air (m=0.2340, SE 0.0755, p<0.0001), EC0% (m=0.1329, SE 0.2329,
p<0.0001), and Cig (m=0.8886, SE 0.2098, p<0.0001). Additionally, peri-vascular
macrophages were elevated in Cig exposed mice compared with room air (p=0.0226) and
EC0% (p=0.0064). The observed increase in macrophage accumulation warranted further
investigation into the expression of cytokines which may be associated with their
recruitment or phenotype, and therefore expression of common cytokines within pulmonary
tissue was explored. EC0% exposed mice showed a small but significant increase in the
expression of 111b mRNA over other groups (EC0%, m = 1.838, SE 2.112; room air,
m=1.000, SE 1.707, p=0.0463; EC1.8%, m=0.4449, SE 2.371, p=0.0013; Cig, m=0.5194,
SE 1.243, p=0.0009), although this finding did not correlate with measures of macrophage
abundance. Measures of other cytokine mRNAs (I11b, 114, 116, 1113) were unchanged across
groups. In order to further characterize the systemic impact of exposure, blood plasma was
collected and assessed for the concentration of multiple pro-inflammatory and anti-
inflammatory factors. All cytokines measured were either unchanged (IL-5, IL6, KC/GRO,
TNF), or below the lower limits of detection (IFN-y, IL-1b, IL-2, IL-4, IL-10, IL-12).

3.8. Microglial arborization is increased within the striatum by nicotine-containing e-

cigarettes

Next, we investigated whether neuroinflammatory changes existed beyond the BBB and
within the parenchyma itself. Sections were stained for Ibal (ionized calcium binding
adaptor molecule 1, encoded by A/fI), a constitutive marker of microglia. Several
morphometric parameters were analyzed including total Ibal-positive area, total process
length, total microglial cell density, and average branch intersections per microglia. Ibal-
positive area was elevated only within the basal ganglia of the EC1.8% group (m=2.703, SE
0.570) in EC0% (m=1.303, SE 0.420, p=0.0440) and Cig (m=1.452, SE 0.151, p=0.0440)
(Fig. 9E-H). Increased Ibal-positive area may be a result of increased arborization or an
elevation of the total number of microglia present. To differentiate, process length with
exclusion of cell body regions was quantified, and largely mirrored Ibal-positive area (Fig.
9J). In the basal ganglia, arborization was enhanced in EC1.8% exposed mice (m=2.155, SE
0.378) relative to EC0% (m=0.801, SE 0.213, p=0.0065) and Cig (m=1.101, SE 0.120,
p=0.0144). In contrast, EC1.8% exposed mice did not have increased microglial cell density
(Fig. 9K), although in the cortex EC0% there was an increase (m=3.744, SE 0.432) as
compared to Cig (m=1.850, SE 0.261, p=0.0347). Lastly, the nature of arborization was
characterized by quantification of total branch points within visible whole microglia (Fig.
9L). No discrete differences were observed, suggesting that increased arborization is likely a
result of greater area surveilled and not a ‘bushier’ morphology associated with partial
activation.
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3.9. Deficits in NORT are induced by nicotine-free e-cigarette exposure

To understand the functional consequences of these findings, several behavioral assessments
were carried out. Y-maze was conducted as a preliminary measure of spontaneous
exploratory behavior. The correct alternation percentage was not impacted by exposure to
any of the tobacco products tested (Fig. 10A). Total number of arm entries was noted to
control for locomotion and did not differ by group (Supplemental Fig. 2A). NORT provided
a further look at short-term memory (Fig. 10B). Performance of EC0% exposed mice
(m=-7.979, SE 15.14) was impaired in relation to room air (m=46.22, SE 8.432, p=0.0061),
EC1.8% (m=58.47, SE 9.627, p=0.0013) and Cig (m=41.41, SE 10.61, p=0.0172).
Exploration time and initial object preference were not confounders of this measure
(Supplemental Fig. 2B & 2C). We further investigated the impact on anxiety-related
behavior via EPM (Fig. 10C). Cig exposure had an anxiogenic effect (m=4.322, SE 0.9570)
relative to room air (m=13.50, SE 1.546, p=0.0003) and EC1.8% (m=10.78, SE 1.227,
p=0.0214). Finally, open field provided additional assurance that acute nicotinic motor
stimulation (Marks et al., 1983) was not a confounder. Total distance travelled did not
significantly differ between groups (Fig. 10D). Taken together, these data demonstrate a
damaging effect of nicotine-free e-cigarettes on cognition, which is not confounded by the
known pharmacological profile of nicotine products.

4. Discussion

Our findings represent the first characterization of e-cigarette-associated neurovascular
alternations in an animal model, and bridge a current knowledge gap between clinical
investigation of e-cigarette users and mechanistic studies in cell culture-based systems.
Given the short history of use by human populations, this type of model is uniquely
positioned to characterize e-cigarette-associated pathology which may not be identifiable by
clinical observation for several decades. However, recapitulation of the diverse use
conditions within a standardized model requires consideration of evolving demographics.
Essentially all e-liquids in use today contain flavoring additives, and tobacco flavors remain
popular among a substantial number of users (Landry et al., 2019; Romberg et al., 2019).
Based on this, we utilized tobacco-flavored formulations and chose a nicotine concentration
(1.8%) with relevance to the largest proportion of users. In conjunction with serum cotinine
levels which match clinical findings and ensure equivalent exposure between distinct
tobacco products (e-cigarette versus cigarette), a meaningful basis for comparison has been
established. In order to maintain equivalence across exposure groups, the cigarette smoke
density used in the present study was substantially lower than much of the previous literature
which sought to induce COPD-associated pathology within a short timeframe (Tsuji et al.,
2011). This approach provided parity in nicotine delivery, and may explain the lack of robust
weight loss in the cigarette-exposed group by post-hoc testing, although a significant main
effect of exposure was observed.

Following model validation, both nicotine-dependent and -independent neurovascular
consequences of e-cigarette exposure were apparent. The transcriptomic profile of e-
cigarette exposure was distinct from that of cigarettes and exhibited nicotine-dependent
differences. Although e-cigarettes and cigarettes contain many common constituents, the
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transcriptomic overlap between these groups was minimal. This would suggest that factors
unique to cigarettes may overshadow the effect of common constituents. Despite the highly
divergent transcriptomic data, exposure to any of the tested tobacco products had similar
effects at the protein level, both in relation to TJ protein localization and glucose transporter
coverage across the vasculature. However, the functional consequences of tight junction
dysregulation were not uniform throughout groups, as observed by extravasation of BBB
permeability markers. Based on this, we can assume that additional factors may modify the
effect of Occludin dysregulation on paracellular permeability.

Regional heterogeneity in several factors was also identified, both at baseline and in
response to tobacco product exposure. Given the diffuse nature of tobacco product exposure,
it is likely that this heterogeneity reflects differences in susceptibility and response to insult
across regions. Loss of Occludin localization was most pronounced within cortical regions,
and did not correlate regionally with permeability based on the extravasation of tracers. This
may be explained by an excess of baseline Occludin expression in cortical regions, meaning
a loss of expression or proper localization may not be associated with the same functional
consequences as in other regions. Additionally, while Occludin expression is frequently
examined as a correlative measure of BBB dysfunction, the genetic loss of Occludin does
not directly lead to increased permeability and loss of TJ integrity (Saitou et al., 2000). It is
likely that other unexamined factors also contribute to the differences in permeability
observed here. One such possibility is that the observed Occludin downregulation is an
indicator of broader cytoskeletal rearrangement and loss of circumferential actin, as there is
a strong correlation of Occludin expression with cytoskeletal organization in endothelial
cells (Kuwabara et al., 2001). Our group and others have demonstrated the involvement and
importance of Rho-mediated cytoskeletal rearrangements in endothelial-leukocyte
interaction, and blockade of GTPase activity can prevent associated loss of Occludin and
Claudin 5 localization (Persidsky et al., 2006; Rom et al., 2015b). More broadly, numerous
phosphorylation and post-translational modification events can produce forms of Occludin
which are deleterious to the TJ assembly (Cummins, 2012), and it is well understood that
adherens junction integrity is a necessary prerequisite for TJ function (Abbott et al., 2010).
Further mechanistic studies are required to better understand the molecular nature of the
functional deficits observed here.

The cortical loss of Glutl coverage is of particular interest in conjunction with measurement
of leukocyte extravasation, which was observed in the pial and superficial parenchymal
vessels of the parietal cortex. These findings, either alone or in combination, may be
expected to contribute to cortical dysfunction and functional deficits.

Contrary to initial expectation, e-cigarette emissions without nicotine had a robust effect that
often exceeded its nicotinic counterpart. This was particularly evident with respect to
reduced gene expression of critical BBB-associated genes, increased paracellular
permeability, and impaired cognition. In these cases, the corresponding nicotine group was
unchanged from room air. Though all forms of e-cigarette and cigarette exposure impacted
leukocyte margination, nicotine-free e-cigarette exposure exhibited the most robust effects
by far. Although counterintuitive, these findings coincide with previous work in cell culture
which demonstrates an exaggerated complement deposition and CD35 expression on
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endothelial cells following treatment with nicotine-free formulations when compared to
nicotine-containing counterparts (Barber et al., 2017; Rubenstein et al., 2015). Nicotine-free
e-cigarettes have also demonstrated impact on vascular function in human never-smokers,
although this effect is apparently not observable with exposure to vehicle alone in regular
tobacco users (Caporale et al., 2019; Chaumont et al., 2018). Further study is needed to
determine whether the moderating influence of nicotine in this context is due to reduced
generation of harmful byproducts (Reilly et al., 2019) or a functional antagonism of vaping-
associated pathophysiology. Regardless, the deleterious impact of nicotine-free e-cigarette
use has significant implications for the use of e-cigarettes as alternative delivery devices for
cannabinoids or illicit substances.

Observed changes in paracellular permeability were seemingly reversed by the addition of
nicotine, and even trended toward a decrease versus room air values in the nicotine-
containing e-cigarette group. These findings demonstrate that nicotine exposure can have a
highly divergent effects depending on the context and pattern of exposure. Although the
available /n vivo literature on BBB permeability would predict a disruptive effect of nicotine
(Hawkins et al., 2004), this finding was determined following chronic subcutaneous dosing
and other work has demonstrated a rebound inflammatory effect following this mode of
exposure (Saravia et al., 2019). In contrast, acute nicotinic agonism has a reported anti-
inflammatory effect in models of disease (Krafft et al., 2013; Sharentuya et al., 2010). The
present model results in circadian fluctuation of nicotine dose which is not analogous to
either of the previously described dosing strategies. In this context, it appears that nicotine
plays an anti-inflammatory and BBB-protective role as evidenced by the findings of reduced
leukocyte margination. This is most likely due to action at a7 nAChR, although this was not
addressed in the present study and further investigation is warranted.

The systemic nature of tobacco-associated disease is well known, and likewise it is unlikely
that inflammatory effects observed at the BBB are occurring in isolation. It is possible that
rather than resulting from direct action of circulating e-cigarette constituents, these changes
may be a reflection of the pulmonary and immune reaction to exposure, and subsequent
signaling from these tissues. On this basis, we explored the macrophage abundance in
pulmonary tissue and observed a bronchial and vascular cuffing pattern consistent with
observations in previous literature (Braber et al., 2010). Interestingly, elevated accumulation
of macrophages was associated with nicotine-containing products, while findings in
nicotine-free exposed mice largely resembled that of room air. A similar effect has been
observed following short-term e-cigarette exposure (Bahmed et al., 2019), where nicotine-
containing e-cigarette, but not vehicle, increased macrophage accumulation. However, the
increased presence of immune cells was not mirrored by increased pulmonary cytokine
expression, nor were circulating cytokines impacted. The only notable finding was an
increase of 111b following nicotine-free exposure, which is unexpected given the lack
macrophage accumulation in this group. This is not altogether unprecedented, as other
groups using similar non-acute exposure regimens have reported a similar lack of cytokine
elevation in bronchoalveolar lavage fluid (Larcombe et al., 2017), and alveolar macrophages
from smokers exhibit a blunted response to pro-inflammatory stimuli (Chen et al., 2007).
Further, it has been reported that despite increasing numbers of pulmonary immune
infiltration, e-cigarette exposed mice may have a compromised response to pathogens
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associated with a functionally impaired immune response (Sussan et al., 2015). Based on our
data it is unlikely that the observed cerebrovascular findings result from changes in systemic
cytokines, but the possibility of a cell-based or other signaling mechanism between the lung
and the brain cannot be ruled out.

Despite parallels between the described model and human use, the accelerated metabolism
of nicotine in mice is a potential caveat that must be considered (Siu and Tyndale, 2007).
Circulating levels of nicotine decay rapidly in this setting and are virtually undetectable by
sixteen hours post-exposure. While this is somewhat inconsistent with the low levels that
persist in humans overnight (Hukkanen et al., 2005), the circadian variation in blood
nicotine is roughly recapitulated by this model. Furthermore, the contribution of non-
nicotinic e-cigarette components and metabolites must be considered, as are
pharmacokinetically uncharacterized and may persist in circulation much longer. These
compounds exert a considerable pathological effect based on the findings presented here. It
should also be noted that only male mice of a single strain were evaluated in this work.
Although several strains have been used in the evaluation of smoke exposure, the C57BL/6
inbred strain is most commonly used in existing cigarette and e-cigarette literature (Alasmari
etal., 2017; Kuntic et al., 2019; Lee et al., 2018; Olfert et al., 2018). Comparisons have
demonstrated susceptibility of C57BL/6 mice to pulmonary pathology relative to other
strains (Bartalesi et al., 2005; Tsuji et al., 2011), although rodents as a whole exhibit a
greater resistance to the pro-oxidant and pro-inflammatory effects of smoke exposure. The
C57BL/6 strain was chosen to provide greatest concordance with existing literature, and
may also maximize clinical relevance while avoiding specific gene knockout or deficit
models (Yun et al., 2017). Additionally, the described findings may not be generalizable
across sexes, as there is a known impact of estrogen on atherosclerosis and other smoking-
related diseases (EI-Mas et al., 2012; Middlekauff et al., 2013). Male mice were chosen as a
starting point for understanding e-cigarette impact, as use of both cigarettes and e-cigarettes
is more common in males (Agaku et al., 2014; Stallings-Smith and Ballantyne, 2019).

In summary, these findings provide evidence that long term use of e-cigarettes may
negatively affect neurovascular health and contribute to cognitive dysfunction, regardless of
nicotine content. The impact of e-cigarette use is often equivalent to comparable exposures
of combustible tobacco, and may even be uniquely deleterious in some contexts. Future
studies are needed to further understand the specific constituents and byproducts which are
implicated and determine the mechanisms which mediate these effects.
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Abbreviations

a7 nAChR

a7-homomeric nicotinic acetylcholine receptor

BBB
blood brain barrier

BSA
bovine serum albumin

Cig
cigarette-exposed mice

DEG
differentially expressed genes

DI
discrimination index

EC0%
nicotine-free e-cigarette exposed mice

EC1.8%
nicotine-containing e-cigarette exposed mice

e-cigarettes, vaping
electronic cigarettes

e-liquid
e-cigarette refill liquid

EPM
elevated plus maze

FITC
fluorescein isocyanate

Glutl

solute carrier family 2 (facilitated glucose transporter), member 1 (encoded by S/c2al)

Ibal

ionized calcium binding adaptor molecule 1 (encoded by Aif1)

icv
intracerebroventricular
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LEL
Lycaopersicon Esculentum lectin

NaF
sodium fluorescein

NORT
novel object recognition test

PG
propylene glycol

gPCR
quantitative polymerase chain reaction

ROI
region of interest

SAT
spontaneous alternation task

SE
standard error of the mean

smoking, cigarettes
combustible tobacco cigarettes

TJ
tight junction

TMR
tetramethylrhodamine

tpm
total particulate matter

VG
vegetable glycerin
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Highlights
. Electronic cigarettes reduce expression of Occludin in limbic brain regions
. TNF-induced leukocyte adhesion to brain endothelium is worsened by
electronic cigarettes
. Nicotine-free electronic cigarettes worsen novel object recognition

performance
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Figure 1.

Inhalation exposure of mice to e-cigarettes or cigarettes mimics body weight and biomarker
trends in human users. Weights were assessed (A) at 2-week intervals prior to the daily
exposure period. Whole blood was collected 1 hour following the daily exposure period and
assessed by LC-MS/MS for cotinine (B) as a marker for intake of nicotine-containing
products. Data are expressed as group mean + standard error. *, p < 0.05 versus room air.
Two-way ANOVA was applied to weights [exposure, F(3,47)=6.310, p=0.0011; time,
F(1,47)=0.0249, p=0.0249); interaction, F(3,47)=0.8543, p=0.4714] and Student’s t-test
applied across cotinine measurements of EC1.8% and Cig groups [t(32)=0.2275, p=0.8215].

n = 20 mice/group.
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Figure 2.
E-cigarette and cigarette exposure have a unique transcriptional profile within cerebral

microvessels. mMRNA was isolated from isolated cerebral microvessels and sequenced for
detection of differentially expressed genes (DEG) (n = 3—-4 mice/group). Plots of fold change
from room air (log, scale) versus mean fragments per kilobase of transcript per million
(FPKM) are shown for each treatment group (A-C). Transcripts which were up- or
downregulated to a statistically significant extent are shown in blue with all others shown in
grey. Arrowheads indicated transcripts with fold change above or below the shown axes.
Total quantity of upregulated (D) or downregulated (E) DEG is indicated for each exposure
group, and are further subdivided into genes which are uniquely changed versus those that
are shared across multiple exposure groups on the respective Venn diagram. Statistical
significance was determined using a negative binomial generalized linear model with
Benjamini-Hochberg multiple comparison correction.
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Figure 3.
MRNA expression of tight junction-, transport-, and immune-related genes is dysregulated

following exposure to e-cigarettes or cigarettes. Mean gene expression relative to room air is
indicated for each group using a log, scale for DEGs with a known role at the BBB (A).
DEGs have been functionally divided into groups which are either localized at tight
junctions, play a role in drug efflux or nutrient transport, or have immune-related roles. Fold
change for selected genes from these groups are shown in (B) using the RNA-seq dataset.
Fold change per individual animal is indicated by points (n = 3-4 mice/group). Group mean
and standard error are indicated by bars. *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p <
0.0001 versus room air.
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Figure 4.
Localization of Occludin is disrupted in vessel tight junctions of the cortex following

exposure to e-cigarettes or cigarettes. Whole tissue scans were captured from rostral coronal
sections, and separated by region for analysis. Representative images from basal ganglia (A-
D) and cortex (E-H) are shown for each treatment group and Occludin-positive microvessels
are indicated by arrowheads. Red arrowheads indicate vessels which are shown in the high-
magnification inset. Occludin-positive areas were identified by thresholding of red-to-blue
ratio value across each brain region of interest, and densitometry values of Occludin-positive
area () were quantified and normalized to the whole region for basal ganglia and cortex.
Mean densitometry of all vessels per animal is shown by individual points (n = 6-7 mice/
group) with cross-bar indicating mean of all animals. Violin plots depict the distribution of
densitometry for all detected vessels within a treatment group (n = 2465-4839 vessels/
group). Statistics were carried out using only individual animal means. **, p < 0.01; ns, no
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significance versus room air. Two-way ANOVA was applied [exposure, F(3,47)=6.310,

p=0.0011; region, F(1,47)=0.0249, p=0.0249); interaction, F(3,47)=0.8543, p=0.4714].
Scale bar, 25 pm.
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Figure 5.
Claudin 5 expression and localization is unaltered by e-cigarettes and cigarettes.

Representative images in the basal ganglia (A-D) and cortex (E-H) are shown for each
treatment group and Claudin 5-positive microvessels are indicated by arrowheads. Red
arrowheads indicate vessels which are shown in the high-magnification inset. Densitometry
of all vessels were quantified (1) and the average per animal is shown by individual points (n
= 8-10 mice/group), with cross-bar indicating mean of all animals. Violin plots depict
distribution of densitometry for all detected vessels within a treatment group (n = 7016—
21,682 vessels/group). Statistics were carried out using only individual animal means. ns, no
significance versus room air. Two-way ANOVA was applied [exposure, F(3,65)=0.8489,
p=0.4722; region, F(1,65)=0.7972, p=0.3752]. Scale bar, 25 um.
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Figure 6.
BBB permeability is increased within thalamic nuclei following exposure to nicotine-free e-

cigarette products. NaF (green, A, D, G, J) and TMR-dextran (red, B, E, H, K) tracers for
permeability were added to the vascular space shortly before tissue harvest along with
Lycopersicon esculentum lectin (LEL) (cyan, O) as a vascular label. Fresh frozen sections
were collected to contain the hippocampus, caudate nucleus, thalamus, and parietal cortex.
Merged images of both tracers with LEL are shown (C, F, I, L) with boxed regions of room
air and EC0% groups (C, F) shown at higher magnification (O). Fluorescent intensity of NaF
(M) and TMR-dextran (N) were quantified for individual regions and normalized to
fluorescent intensity of respective tracers in serum. Values for each animal are shown as
individual points (n = 4-6 mice/group) with group mean and standard error indicated by
bars. *, p < 0.05; **, p < 0.01 versus room air. Two-way ANOVAs were applied to NaF
[exposure, F(3,70)=8.008, p=0.0001; region, F(3,70)=0.5105, p=0.6763; interaction,
F(9,70)=0.5623, p=0.8232] and TMR-dextran [exposure, F(3,72)=8.376, p<0.0001; region,
F(3,72)=0.2591, p=0.8546; interaction, F(9,72)=0.7451, p=0.6665]. Scale bar, 500 pm.
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Figure 7.

Expression of Glutl is reduced within cortical microvessels of mice exposed to e-cigarettes
or cigarettes. Representative images from whole tissue scans were taken for each treatment
group within the frontal cortex (A-D) and basal ganglia (E-H). Arrowheads indicate Glutl
immunoreactivity in vessels with red arrowheads indicating those shown in the high-
magnification inset. Glutl-positive areas were identified using red-to-blue ratio of the image
and expression was quantified (1) as a percentage of the region of interest which was Glutl
positive. Values for each animal are shown as individual points (n = 4-11 mice/group) with
group mean and standard error indicated by bars. *, p < 0.05; **, p < 0.01 versus room air.
Two-way ANOVA was applied [exposure, F(3,57)=3.374, p=0.0244; region,
F(1,57)=0.0407, p=0.8407; interaction, F(3,57)=2.049, p=0.1172]. Scale bar, 25 um.
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Figure 8.
TNF-induced leukocyte adhesion is exacerbated by exposure to e-cigarettes or cigarettes and

is of greatest magnitude in the absence of nicotine. Intravital videos of pial microvessels
were taken following daily exposure and repeated at 2 hours post-Tnf administration.
Representative images show rhodamine 6G labeled leukocytes (red) within dextran-70 kDa-
labeled (green) vessels at baseline (A, C, E, G) and following Tnf (B, D, F, H). The total
number of leukocytes were quantified and normalized to visible vessel area (1), then further
subdivided into rolling (J) and adherent (K) leukocytes based on displacement throughout
the video. Individual points represent the mean of 2-3 videos taken per animal (n = 6-8
mice/group) with group mean and standard error indicated by bars. *, p < 0.05; **, p < 0.01;
*** p<0.001; **** p < 0.0001. Two-way ANOVAs were applied to total [exposure,
F(3,51)=17.99, p<0.0001; timepoint (baseline vs. post-TNF), F(1,51)=306.0, p<0.0001;
interaction, F(3,51)=8.980, p<0.0001], rolling [exposure, F(3,51)=1.674, p=0.1842;
timepoint, F(1,51)=106.8, p<0.0001; interaction, F(3,51)=1.508, p=0.2237], and adherent
leukocytes [exposure, F(3,51)=26.96, p<0.0001; timepoint, F(1,51)=321.6, p<0.0001;
interaction, F(3,51)=13.90, p<0.0001]. Scale bar, 50 pm.
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Microglial arborization increases following exposure to nicotine-containing e-cigarettes.
Immunoreactivity for Ibal was assessed in coronal slices containing the frontal cortex (A-D)
and basal ganglia (E-H) for each treatment group. Arrowheads denote microglia within
representative images, with red arrowheads indicating microglia shown in high-
magnification inset. Representations of microglia were constructed from red-to-blue ratio of
the image and morphology was analyzed (I-L) by several metrics. Percentage of Ibal-
positive area (1), normalized length of visible processes (J), and density of microglial cells
(K) was determined for each region. Microglia with cell bodies visible in the plane of
section were further assessed (L) for average number of intersection points. Individual points
represent values for each animal (n = 7-11 mice/group) with group mean and standard error
indicated by bars. *, p < 0.05; **, p < 0.01. Two-way ANOVAs were applied to Ibal-positive
area [exposure, F(3,61)=2.911, p=0.0415; region, F(1,61)=6.994, p=0.0104; interaction,
F(3,61)=1.117, p=0.3494], length [exposure, F(3,60)=2.744, p=0.0508;region,
F(1,60)=6.135, p=0.0161; interaction, F(3,60)=2.889, p=0.0428], cell density [exposure,
F(3,61)=3.118, p=0.0325; region, F(1,61)=1.086, p=0.3014; interaction, F(3,61)=0.8063,
p=0.4953], and intersection points [exposure, F(3,61)=3.112, p=0.0327; region,
(1,61)=1.980, p=0.1645; interaction, F(3,61)=0.3871, p=0.7627]. Scale bar, 25 um.
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Figure 10.

Recognition memory within the novel object recognition paradigm is impaired following
exposure to nicotine-free e-cigarettes. Mice were tested for cognitive and affective
alternations by several measures at 3 hours following the daily exposure period. Cognition
was assessed by Y-maze spontaneous alternation task (A) and novel object recognition
paradigm (B). Percentage of correct alternations (A) denotes the proportion of three-entry
fragments within the sequence of arm entries that contain all three arms. Discrimination
index (DI) denotes the difference in time spent exploring the novel versus familiar object as
a percentage of total time spent exploring. Anxiety-related behavior was investigated by
elevated plus maze (C) and changes in locomotor activity were controlled for by quantifying
total distance travelled within the open-field paradigm (D). Values for each animal are
shown by individual points (n = 19-20 for Y-maze, n = 8-12 for all other tests) with group
mean and standard error indicated by bars. *, p < 0.05; **, p < 0.01; ***, p < 0.001. One-
way ANOVAs were applied to Y-maze [F(3,75)=1.087, p=0.3601], NORT [F(3,40)=6.754,
p=0.0009], EPM [F(3,42)=7.069, p=0.0006], and open field [F(3,36)=1.940, p=0.1405].
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