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Abstract

Nicotine is an addictive substance historically consumed through smoking and more recently through
the use of electronic vapor devices. The increasing prevalence and popularity of vaping prompts the
need for preclinical rodent models of nicotine vapor exposure and an improved understanding of the im-
pact of vaping on specific brain regions, bodily functions, and behaviors. We used a rodent model of
electronic nicotine vapor exposure to examine the cellular and behavioral consequences of acute and re-
peated vapor exposure. Adult male C57BL/6J mice were exposed to a single 3-h session (acute expo-
sure) or five daily sessions (repeated exposure) of intermittent vapes of 120 mg/ml nicotine in propylene
glycol:vegetable glycerol (PG/VG) or PG/VG control. Acute and repeated nicotine vapor exposure did not
alter body weight, and both exposure paradigms produced pharmacologically significant serum nicotine
and cotinine levels in the 120 mg/ml nicotine group compared with PG/VG controls. Acute exposure to
electronic nicotine vapor increased central amygdala (CeA) activity in individual neuronal firing and in ex-
pression of the molecular activity marker, cFos. The changes in neuronal activity following acute expo-
sure were not observed following repeated exposure. Acute and repeated nicotine vapor exposure
decreased core body temperature, however acute exposure decreased locomotion while repeated expo-
sure increased locomotion. Collectively, these studies provide validation of a mouse model of nicotine
vapor exposure and important evidence for how exposure to electronic nicotine vapor produces

(s )

Nicotine vaping is increasing, prompting the need for an improved understanding of the impact of electronic
nicotine vapor exposure on specific brain regions and relevant physiological functions and behaviors. The
present study used a mouse model of nicotine vapor exposure to examine the cellular and behavioral con-
sequences of acute and repeated exposure to nicotine vapor. We found that acute, but not repeated, expo-
sure to nicotine vapor increased activity in the central amygdala (CeA) and that acute and repeated
exposure produced differential effects on body temperature and movement. These findings demonstrate
that nicotine vaping alters brain function in the CeA and produces dysregulation of normal body functions
\Iike thermoregulation and locomotion. /
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differential effects on CeA neuronal activity and on specific body functions and behaviors like thermo-

regulation and locomotion.
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Introduction

Nicotine, as a component of tobacco smoke or other
nicotine delivery devices, is a highly addictive drug.
Nicotine addiction is characterized by repeated cycles of
intake culminating in the need for regular consumption
and withdrawal symptoms during periods of abstinence
(Markou, 2008). These behaviors appear to be mediated
by central adaptations at the cellular level that can lead to
long-lasting changes in structure and function of neurons
and neuronal networks following repeated drug exposure
and withdrawal (LUthi and Lischer, 2014). Repeated ex-
posure to drugs of abuse has been shown to produce di-
minished effects over time, which can contribute to the
development of tolerance and promote increases or main-
tenance of drug-seeking behavior. Although previous
work has identified important effects of nicotine on central
and peripheral function (Picciotto and Kenny, 2013;
Picciotto and Mineur, 2014), studies integrating the ef-
fects of nicotine exposure via vapor inhalation are lacking,
as are studies comparing how the effects of nicotine vapor
exposure change over time. As the route of administration
has been shown to have differential effects on the metabo-
lism and pharmacokinetics of nicotine (Benowitz et al.,
2009), it is imperative to consider the impact of route of ad-
ministration in preclinical studies and studies examining the
effects of nicotine via a nicotine vapor model are warranted.

Historically, the most common method for nicotine de-
livery in humans was the smoking of tobacco products
like cigarettes. However, the number of current adult
smokers has been steadily declining (Wang et al., 2018)
and the use of electronic vapor (or e-vape) systems is in-
creasing in prevalence and popularity (Palazzolo, 2013;
Chaffee et al., 2017), particularly among younger popula-
tions, with an estimated 27.5% of high school students
and 10.5% of middle schools students reporting current
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use of e-cigarettes (Cullen et al., 2019). Vaping is com-
monly thought of as having less associated health risks
compared with tobacco smoking and has been sug-
gested as a replacement method for smoking cessation
(Palazzolo, 2013). However, recent studies have shown
that vaping can produce cytotoxic effects on airway tissue
(Lerner et al., 2015; Ghosh et al., 2018; Herman and
Tarran, 2020), and the effects of vaping on neuronal func-
tion and addictive behaviors remain unclear. Recent stud-
ies using nicotine vapor models similar to the one used
here have demonstrated that nicotine vapor exposure al-
ters temperature regulation and locomotor function in rats
(Javadi-Paydar et al., 2019; Lallai et al., 2021), produces
nicotine-induced conditioned place preference (Frie et al.,
2020), as well as spontaneous and mecamylamine-pre-
cipitated somatic signs of withdrawal (Montanari et al.,
2020). Additionally, self-administration of nicotine vapor
has recently been demonstrated in rodents (Smith et al.,
2020; Cooper et al., 2021; Lallai et al., 2021) and it has
been shown that self-administration of nicotine vapor can
be enhanced with the addition of e-liquid flavors such as
green apple and menthol (Cooper et al., 2021). Preclinical
models using electronic nicotine vapor are an important
tool to investigate cellular and brain region-specific
mechanisms involved in the stages of electronic nicotine
vapor exposure and the development of nicotine de-
pendence. Whereas other models of nicotine exposure
offer significant advantages like of the ability to deliver
more precisely-timed systemic or intravenous nicotine
dosages or voluntary oral consumption, electronic nico-
tine vapor exposure offers better translational relevance
with regards to its real-world nicotine consumption by in-
halation. However, the field at large suffers from an in-
complete understanding of the basic parameters of
electronic nicotine vapor exposure (i.e., nicotine concen-
tration, exposure frequency/length, etc.) and the relevant
cellular and behavioral consequences of different expo-
sure paradigms.

Mechanistically, nicotine asserts its effects through the
binding of nicotinic acetylcholine receptors, which are
expressed throughout the nervous system (Picciotto
and Mineur, 2014). A number of brain regions have been
identified as targets of nicotine-induced plasticity, includ-
ing the mesolimbic reward pathway and the amygdala
(Adinoff, 2004). The central amygdala (CeA) is a central
component of the limbic system and confers emotional
relevance to internal and external sensory input to coordi-
nate appropriate behavioral responses. In this context,
the CeA has been implicated in numerous adaptive be-
haviors (feeding, fear learning, stress; Ciocchi et al., 2010;
Gilpin et al., 2015; Douglass et al., 2017) and maladaptive
conditions (anxiety, depression, chronic stress, addiction;
Koob et al., 1998; Kenny et al., 2009; Gilpin et al., 2015;
Bolton et al., 2018). Nicotine has been shown to produce
variable effects on CeA activity and plasticity dependent
on dose, timing, and route of administration (Brunzell et
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al., 2003; Valjent et al., 2004). Additionally, specific en-
sembles of neurons in the CeA have also been shown to
contribute to the incubation of nicotine craving as evi-
denced by increased nicotine seeking following chronic
intravenous nicotine self-administration and withdrawal
(Funk et al., 2016). The CeA has been implicated in the
central effects of nicotine, however the effects of acute
and repeated nicotine vapor exposure on CeA electro-
physiological activity and synaptic transmission remains
understudied.

One of the primary goals of nicotine research is to
understand how nicotine exposure impairs or dysregu-
lates cellular functions to produce long-lasting maladap-
tive changes to brain circuitry and neuroplasticity. The
present study utilizes a preclinical model of electronic nic-
otine vapor (e-vape) exposure to study the cellular and
physiological consequences of acute and repeated expo-
sure on CeA neuronal activity, thermoregulation, and
locomotion.

Materials and Methods

Animals

For all experiments, adult male C57BL/6J mice (total
N=104; The Jackson Laboratory) were used. All mice
were group housed in a temperature-controlled and hu-
midity-controlled 12/12 h light/dark (7 A.M. lights on, 7 P.
M. lights off) facility with ad libitum access to food and
water and access to environmental enrichment. All experi-
mental procedures were approved by the Institutional
Animal Care and Use Committee.

Drugs

(-)-nicotine free base and propylene glycol (PG) were
purchased from Sigma. Vegetable glycerol (VG) was
purchased from Fisher. DNQX (10 mwm), AP-5 (50 mw),
and CGP55845A (1 mwm) were purchased from Tocris
Bioscience.

Electronic nicotine vapor delivery system

Mice were placed in chambers for vaporized delivery of
120 mg/ml (-)-nicotine free base (Sigma N3876) in a 30/70
(v/v) PG (Sigma P4347)/NVG (Fisher G33-500) solution or
PG/VG control solution. Either 120 mg/ml Nic or PG/VG
solution was filled into e-vape tanks (Baby Beast Brother,
Smok) that were then screwed into the vapor generator
(95 W, Model SVS200, La Jolla Alcohol Research, Inc) that
triggers the heating of the vape solution into vapor. The
vape generator was connected to the e-vape controller
(Model SSV-1, La Jolla Alcohol Research, Inc) that con-
trols duration and frequency of vape delivery. The air-tight
chambers are connected to a vacuum system that con-
stantly pulls room air through the chambers at ~1 I/min
and ensures that each triggered vape is pulled into the
chamber. Each 3-s vape puff takes ~1 min to clear the
chamber. Vape exposure sessions start between 9 and 10
A.M. during the animals’ light cycle, but vapor exposure
was administered in the dark with lights off in the room.
Repeated exposure was performed on consecutive days
over the same approximate time period. After vape
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exposure, mice were returned to their home cage and reg-
ular housing facility.

Serum analysis of nicotine and metabolites

Trunk blood from mice were collected immediately fol-
lowing acute or last session of repeated vape exposure.
In animals used for slice electrophysiology experiments,
trunk blood was collected following rapid decapitation. In
animals used for cFos experiments, trunk blood was col-
lected from cardiac puncture following pentobarbital
(150 mg/kg, i.p.) injection before perfusion. Separate co-
horts of animals were used for measuring nicotine and co-
tinine levels following a single 3 s 120 mg/ml nicotine vape
(N = 6) and time course following acute vape (N = 4/time
point). Trunk blood samples were spun down in a centri-
fuge and the serum layer was then collected and stored at
—20°C before it was analyzed for nicotine and cotinine
using liquid chromatography-tandem mass spectrometry
(LC-MS/MS) as previously described (Ghosh et al., 2019).

Slice electrophysiology

Immediately following acute electronic vapor exposure
(PG/VG N=6, Nic N=6) or the last session of repeated
electronic vapor exposure (PG/VG N =6, Nic N=6), mice
were rapidly decapitated, and brains were extracted and
placed into an ice-cold sucrose solution containing the
following: 206.0 mm sucrose, 2.5 mm KCI, 0.5 mm CaCls,
7.0 mm MgCl,, 1.2 mm NaH,PQOy4, 26 mm NaHCOg, 5.0 mm
glucose, and 5 mm HEPES. Coronal slices (300 um thick)
containing the CeA were prepared with a Leica VT1000S
(Leica Microsystems) and incubated in oxygenated (95%
0./5% CO,) artificial CSF (aCSF) containing the following:
120 mm NaCl, 2.5 mm KCL, 5 mm EGTA, 2.0 mm CaCly, 1.0
mm MgCl,, 1.2 mm NaH,PO4, 26 mm NaHCO3, 1.75 mwm
glucose, and 5 mm HEPES for 30 min at 37°C, followed by
30-min equilibration at room temperature (RT; 20-22°C).
For all recordings, patch pipettes (4-7 MQ; King Precision
Glass Inc.) were filled with internal solution containing
the following: 145 mm KCI, 5 mm EGTA, 5 mm MgCl,, 10
mm HEPES, 2 mm Na-ATP, and 0.2 mm Na-GTP, and sli-
ces were superfused with oxygenated aCSF (described
above). Cell firing was measured using the juxtacellular
(cell-attached) configuration in gap-free voltage-clamp
recording mode while membrane properties and sponta-
neous IPSCs (sIPSCs) were measured using whole-cell
voltage-clamp (Vnhoig = —60 mV) recording modes in the
presence of glutamate and GABAg receptor antagonists
(20 um DNQX, 50 um AP-5, 1 um CGP55845A) to isolate
GABAA receptor currents. All recording data were acquired
with Multiclamp 700B amplifier (Molecular Devices), low pass
fitered at 2-5kHz, digitized (Digidata 1440A; Molecular
Devices), and stored on a computer using pClamp 10 soft-
ware (Molecular Devices).

Immunohistochemistry

Immediately following acute electronic vape exposure
(PG/VG N=8, Nic N=8) or the last session of repeated
electronic vapor exposure (PG/VG N=9, Nic N=9), mice
were anesthetized with pentobarbital (150 mg/kg, i.p.) and
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perfused with 1x phosphate-buffered saline (PBS) fol-
lowed by 4% paraformaldehyde (PFA) in PBS. Brains
were postfixed in 4% PFA at 4°C overnight then trans-
ferred to 30% sucrose in PBS at 4°C until brains sank.
Brains were serially sectioned at 40 um using either a
cryostat (Leica CM3050S, Leica Biosystems) or a micro-
tome (HM450, Thermo Fisher Scientific) and slices were
stored in 0.01% sodium azide in PBS at 4°C.

Four to five sections containing the CeA from each ani-
mal were selected for cFos immunoreactivity. Sections
were designated as anterior (bregma —0.70 to —0.94),
middle (bregma —1.06 to —1.34), or posterior (bregma
—1.46 to —1.58) CeA using a mouse brain atlas (Franklin
and Paxinos, 2008) as reference. All sections were
washed in PBS for 10 min, then incubated with 50%
methanol in PBS for 30 min, 3% hydrogen peroxide in PBS
for 5min, and blocking solution (0.3% Triton X-100; Thermo
Fisher), 1% bovine serum albumin (BSA; Sigma) for 1 h, all at
RT. Slices were then incubated at 4°C with rabbit anti-cFos
primary antibody (1:3000, Millipore Sigma; ABE457) in block-
ing solution for 2448 h. Sections were washed with Tris,
NaCl, Triton X-100 (TNT) buffer and Tris, NaCl, blocking rea-
gent (TNB; PerkinElmer) buffer then incubated in goat anti-rab-
bit horseradish peroxidase (HRP; 1:200, Abcam ab6721) in
TNB buffer for 30 min followed by another round of TNT buffer
washes. Fluorescence signal in the CeA were amplified by in-
cubating in tyramide conjugated fluorescein (1:50) in TSA am-
plification diluent (Akoya Biosciences, NEL741001KT) for
10 min at RT. Slices were washed again with TNT buffer before
being mounted onto slides using Vectashield (Vector labs;
H1500) and coverslipped. Fluorescent signal in the CeA was
detected and imaged on a fluorescent microscope (Nikon
Eclipse 6600) under 20x objective.

Body temperature

Core body temperatures were measured in mice (PG/
VG N =10, Nic N=10) immediately on removal from the
vapor chambers using a digital thermometer (Body
Temperature Thermometer, 50316, Stoelting Co), with
a mouse rectal probe (#RET; 3/4” length, 0.028” diam-
eter; Braintree Scientific). Repeated measures were
taken from the same animals following one 3-h vape
session (acute), five 3-h vape sessions (repeated), and
72 h following repeated vape session (withdrawal).

Open field locomotion

This test predicts how animals respond when intro-
duced into a novel open arena and is used to capture
spontaneous activity measures. The apparati are square
white Plexiglas (50 x 50cm) open fields illuminated to
360 lux in the center. Following body temperature assess-
ment, each animal was placed in the center of the field
and distance traveled and velocity were recorded during a
10-min observation period and analyzed using Noldus
Ethovision XT software.

Statistical analysis
Membrane characteristics and excitability cell-attached
firing data were analyzed with Clampfit 10.6 (Molecular
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Devices). Frequency, amplitude, and decay of sIPSCs
were analyzed and visually confirmed using a semiau-
tomated threshold-based detection software (Mini
Analysis). Electrophysiological data are reported as in-
dividual cell and averaged by animal and Grubb’s outlier
test was used to find and remove outliers in datasets.
Quantification of immunohistochemistry was performed in
a blinded manner on two to six sections spanning anterior-
posterior (AP) axis of CeA per animal using Imaged.
Statistical analysis of all experimental parameters was con-
ducted using Prism 9.0 (GraphPad). Experimental parame-
ters were analyzed and compared between groups using
unpaired two-tailed t test, one-way, or two-way ANOVA,
with Sidak’s repeated measures where appropriate. All
data are expressed as mean = SEM with p <0.05 set as
the threshold for statistical significance.

Results

Electronic nicotine vapor exposure paradigm

To establish a model of passive electronic nicotine
vapor exposure in mice, we employed a commercially
available system from La Jolla Alcohol Research, Inc
comprised of vacuum-controlled chambers (Fig. 1A)
where time-triggered vapes are delivered (Fig. 1B), and
cleared from the chamber in approximately 1 min. To
mimic the intermittent pattern of vaping in humans, we set
the exposure parameters to deliver 3-s vapes with 10-min
intervals between vapes. To investigate the difference fol-
lowing a single vape exposure versus multiple vape expo-
sures, we placed mice (one to five per chamber) into the
vape chambers (Fig. 1A,B) and exposed them to one of
two vape paradigms, acute or repeated, respectively. In
the acute vape exposure, mice were exposed to a 3-s
vape every 10min over a 3-h session (Fig. 1C, left). In the
repeated vape exposure, mice were exposed to the same
3-h session, but for five consecutive days (Fig. 1C, right).
In both acute and repeated exposure paradigms, mice
were separated into two groups where one group was ex-
posed to vehicle control PG/VG, and the other was ex-
posed to 120 mg/ml nicotine in PG/VG.

Body weight and nicotine metabolism following
electronic nicotine vapor exposure

To examine the impact of acute and repeated nicotine
vapor exposure on body weight, mice exposed to PG/VG
control or 120 mg/ml nicotine were weighed daily over the
course of the exposure paradigm. Following acute expo-
sure, average body weights of PG/VG and nicotine groups
were not significantly different (PG/VG 30.92 =1.08 g,
N=13; Nic 29.69+0.94 g, N=13; t=0.8625, df=24,
p =0.40, unpaired t test; Fig. 2A). In mice with repeated
exposure, two-way ANOVA of body weight data showed
no interaction of day x vape content (Fy gg =0.04,896,
p =0.9954), no main effect of vape content (Fj oo = 0.1302,
p=0.7217), but a main effect of day (Fpes3s5836=19.47,
****p < 0.0001; Fig. 2A). However, a post hoc Sidak’s multiple
comparison’s test show no significant differences between
PG/VG and Nic groups for each day. This suggests that the
body weight of mice exposed to 120 mg/ml nicotine was not
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Figure 1. Mouse electronic nicotine vapor system, exposure parameters, and exposure paradigm (acute and repeated). A, Mouse
electronic nicotine vapor delivery system including vapor chambers, vapor generator, and e-vape controller. B, Example of a 3-s
vapor delivery inside the chamber. C, Vapor exposure paradigm of acute (left) and repeated (right) exposure.

significantly different from mice exposed to PG/VG control in
both acute and repeated exposure paradigms and that elec-
tronic nicotine vapor exposure does not negatively impact
the maintenance of body weight compared with PG/NG
controls.

To examine nicotine metabolism following vapor ex-
posure, we measured levels of serum nicotine and the
nicotine metabolite cotinine. In a separate cohort of an-
imals (N =6), we found that following a single 3-s vape
of 120mg/ml nicotine, average serum nicotine was
20.21 £4.37ng/ml and average serum cotinine was
4.862 = 0.53ng/ml (Fig. 2B). In mice exposed to an
acute 3-h session of vape (PG/VG N=13, Nic N=14),
serum nicotine and cotinine were significantly greater
in the 120 mg/ml Nic group as compared with PG/VG
controls [serum nicotine: PG/VG 4.938 = 1.679 ng/ml, Nic
319.2 = 63/93 ng/ml, t=4.804, df=25, **p < 0.0001, un-
paired t test (Fig. 2C, left); serum cotinine: PG/VG 8.045 +
3.55ng/ml, Nic 267.2 +44.29ng/ml, t=5.616, df=25,
****p < 0.0001, unpaired t test (Fig. 2C, middle)]. Serum
nicotine and serum cotinine levels from acute 120 mg/ml
nicotine vaped animals were positively correlated (slope =
0.3916, intercept = 142.3, r4p = 0.5562, *p =0.0389; Fig.
2C, right). In a separate cohort of mice, we measured serum
nicotine and cotinine at 0, 1, 2, and 24 h, following an acute
3-h vape session (PG/NVG 0 h N=4, Nic 0 h N=4, Nic 1 h
N=4,Nic2hN=4,Nic 24 h N=4). In comparisonto the 0 h
PG/VG control group, serum nicotine and cotinine were sig-
nificantly greater in animals exposed to acute 120 mg/ml Nic
at 0, 1, and 2 h, but this difference was eliminated at 24 h
[serum nicotine: 0 h PG/VG 1.280 = 0.97ng/ml, 0 h Nic
378.6 = 36.94ng/ml, 1 h Nic 311.9 = 85.44ng/ml, 2 h Nic
205.6 = 18.88 ng/ml, 24 h Nic 3.488 = 1.102ng/ml, F4 15) =
16.70, **p <0.0001, one-way ANOVA (Fig. 2D, left);
serum cotinine 0 h PG/VG 0.2625 + 0.08 ng/ml, 0 h Nic
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377.9 £64.58ng/ml, 1 h Nic 334.7 =25.08 ng/ml, 2 h
Nic 409.2 = 67.00ng/ml, 24 h Nic 2.283 = 0.57 ng/ml,
Fa,15 = 22.80, ***p <0.0001, one-way ANOVA (Fig.
2D, right)]. Similar to acute exposure, mice exposed to
repeated vape exposure (PG/VG N=18, Nic N=18)
showed significantly greater serum nicotine and coti-
nine in the 120 mg/ml Nic group as compared with PG/
VG controls [serum nicotine: PG/VG 2.06 = 0.74 ng/ml, Nic
346.0 = 51.40ng/ml, t=7.119, df=34, **p < 0.0001, un-
paired t test (Fig. 2E, left); serum cotinine: PG/VG 0.59 =
0.15ng/ml, Nic 502.9 *+ 38.63 ng/ml, t=13.00, df =34, ***p <
0.0001 (Fig. 2E, middle)]. Serum nicotine and serum cotinine
levels from repeated 120 mg/ml nicotine vaped animals had a
positive relationship but were not significantly correlated
(slope=0.2609, intercept=406.9, ri16 = 0.3472, p=0.1581;
Fig. 2E, right). Taken together, these data show that animals
exposed to acute and repeated 120mg/ml nicotine have
higher serum nicotine and cotinine levels as compared with
its PG/VG control groups.

Effects of acute electronic nicotine vapor exposure on
CeA neuron activity

Once we established an electronic nicotine vape expo-
sure model, we next investigated the impact of acute
vape exposure on neuronal activity in the CeA using both
electrophysiological and immunohistochemical techni-
ques. First, we examined the membrane properties of
CeA neurons from PG/VG and 120mg/ml Nic-exposed
male mice. Membrane capacitance, membrane resist-
ance, time constant, and membrane potential were not
statistically different between the two vape groups by un-
paired t test (Fig. 3A). We then examined inhibitory synap-
tic transmission by measuring sIPSCs in CeA neurons
from PG/VG and 120mg/ml Nic mice and found no
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Figure 2. Serum nicotine and cotinine levels and bodyweight following acute and repeated electronic nicotine vapor exposure. A,
Body weights of animals exposed to acute (PG/VG N=13, Nic N=13) and repeated (PG/VG N=12, Nic N=12) vape (2-way
ANOVA: main effect of day ****p < 0.0001). B, Serum nicotine and cotinine levels following a single 3-s 120 mg/ml nicotine vape
(N=6). C, Serum nicotine (left, unpaired t-test “***p < 0.0001) and cotinine (middle, unpaired t-test “***p < 0.0001) following acute
PG/VG control (N=13) or 120 mg/ml nicotine (N =14) 3-h vape and correlation of serum nicotine and cotinine (right) D, Time course
of serum nicotine (left, 1-way ANOVA ***p < 0.0001; Dunnett’s compared to 0 Hr PG/VG: 0 Hr Nic ***p < 0.0001, 1 Hr Nic **p <
0.0005, 2 Hr Nic *p < 0.05, 24 Hr Nic not significant) and cotinine (right, 1-way ANOVA ***p < 0.0001; Dunnett’s compared to 0 Hr
PG/VG: 0 Hr Nic ***p < 0.0001, 1 Hr Nic ***p < 0.0005, 2 Hr Nic ***p < 0.0001, 24 Hr Nic not significant) following acute PG/VG or
120 mg/ml nicotine vape (PG/VG 0 h N=4, Nic 0 h N=4, Nic 1 h N=4, Nic 2 h N=4, Nic 24 h N=4). E, Serum nicotine (left, un-
paired t-test ***p < 0.0001) and cotinine (middle, unpaired t-test ****p < 0.0001) following repeated PG/VG control (N=18) or
120 mg/ml nicotine (N = 18) vape and correlation of serum nicotine and cotinine (right).

significant difference in sIPSC frequency by individual — marker for cell activity. Two-way ANOVA revealed a main ef-
cells (PG/VG 1.08 £0.17Hz, n=13 cells; Nic 1.45* fect of AP coordinates (Fpgg=14.57, **p <0.0001) and
0.20Hz, n=16 cells; t=1.397, df=27, p=0.1737, un-  vape content (Fy 95 =9.942, *p =0.0022; Fig. 3H). Post hoc
paired t test; Fig. 3C, left) or averaged by animal (PG/VG  Sidak’s multiple comparison test found that the middle CeA
1.08 £ 0.05Hz, N = 4 animals; Nic 1.58 +0.24Hz, N=6  of mice exposed to 120 mg/ml Nic possessed a greater num-
animals; t=1.697, df=8, p=0.1282, unpaired t test; Fig.  ber of cFos-positive cells than that of mice exposed to PG/
3C, right). Similarly, we found no significant difference in VG control vape (‘o =0.0384; Fig. 3H). This is consistent with
sIPSC amplitude by individual cells (PG/VG 45.81 =  our CeA firing data following acute vape (Fig. 3F) as a majority
2.10pA, n=13 cells, Nic 45.11 =2.88pA, n=16 cells; of the electrophysiological recordings are from cells in the
t=0.1879, df =27, p=0.8524, unpaired t test; Fig. 3D, left)  middle CeA. Taken together, these data indicate that expo-
or averaged by animal (PG/VG 45.65 +2.37pA, N=4 ani- sure to an acute 3-h session of 120mg/ml Nic electronic
mals; Nic 47.91 £4.24pA, N=6 animals; t=0.4024, vapor increases activity of CeA neurons as compared with
df =8, p=0.698, unpaired t test; Fig. 3D, right). However, = PG/VG controls.

when we examine cell firing, we found a significantly

greater baseline firing rate in CeA neurons from the L

120mg/ml Nic group compared with PG/VG controls Effects of repeated electronic nicotine vapor exposure
when analyzed by individual cell (PG/VG 0.94 +0.16Hz,  ©on CeA neuron activity

n=15 cells; Nic 1.73=0.23Hz, n=12 cells; t=2.638, Previous research has shown that repeated exposure to
df=25, *0=0.0141, unpaired t test; Fig. 3F, left) and aver-  nicotine can cause differential changes in synaptic trans-
age by animal (PG/VG 0.98 + 0.18 Hz, N=6 animals; Nic ~ mission and/or neuronal activity in a number of brain re-
1.84 + 0.32Hz, N=6 animals; t=2.340, df=10, *o=  gions (De Biasi and Dani, 2011; Picciotto and Mineur,
0.0414, unpaired t test; Fig. 3F, right). We then examined  2014). Here, we examined how CeA activity is changed
neuronal activity across the AP span of the CeA by immuno-  following repeated (5d) exposure to 120 mg/ml nicotine
histochemical labeling of cFos, an immediate early gene  electronic vapor. We first examined the membrane
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Figure 3. Inhibitory transmission and neuronal activity in the CeA following acute electronic nicotine vapor exposure. A, Membrane
properties of CeA neurons from mice exposed to acute PG/VG control (N=6 animals, n=15 cells) or 120 mg/ml nicotine (N=5 ani-
mals, n=17 cells) vape. B, Representative traces of sIPSCs in CeA neurons from mice exposed to acute PG/VG control (left) or
120 mg/ml nicotine vape (right). C, Summary of sIPSC frequency by individual cells (left) and averaged by animal (right) in CeA neu-
rons from mice exposed to acute PG/VG (N=4 animals, n=13 cells) or 120 mg/ml nicotine (N=6 animals, n=16 cells) vape. D,
Summary of sIPSC amplitude by individual cells (left) and averaged by animal (right) in CeA neurons from mice exposed to acute
PG/VG (N =4 animals, n=13 cells) or 120 mg/ml nicotine (N =6 animals, n =16 cells) vape. E, Representative traces of cell-attached
firing in CeA neurons from mice exposed to acute PG/VG control (left) or 120 mg/ml nicotine vape (right). F, Summary of cell-at-
tached firing frequency by individual cells (left, unpaired t-test “p < 0.05) and averaged by animal (right, unpaired t-test *p < 0.05) in
CeA neurons from mice exposed to acute PG/VG (N=6 animals, n=15 cells) or 120 mg/ml nicotine (N=6 animals, n=12 cells)
vape. G, Representative micrograph of fluorescently labeled cFos in the CeA of mice exposed to acute PG/VG or 120 mg/ml nico-
tine vape. Scale bar: 100 um. H, Summary of cFos-positive cells by hemisphere across anterior to posterior CeA of mice exposed
to acute PG/VG (n=48 hemispheres in 8 animals) or 120 mg/ml nicotine (n=54 hemispheres in 8 animals) vape (2-way ANOVA:
main effect of AP ***p < 0.0001 and vape content **p < 0.01; Sidak’s Middle CeA *p < 0.05).

properties of CeA neurons from PG/VG and 120mg/ml  (Fig. 4A). We then examined inhibitory transmission in CeA
Nic-exposed mice and found that membrane capacitance, neurons and found no significant difference in sIPSC fre-
membrane resistance, time constant, and membrane poten-  quency by individual cells (PG/VG 1.07 = 0.25Hz, n=12
tial were all not significantly different between the two groups  cells; Nic 0.87 = 0.21Hz, n=12 cells; t=0.6145, df=22,
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A Membrane Membrane Time Constant | Membrane
Capacitance | Resistance Rm | Tau (ms) Potential
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Figure 4. Inhibitory transmission and neuronal activity in the CeA following repeated electronic nicotine vapor exposure. A,
Membrane properties of CeA neurons from mice exposed to repeated PG/VG control (N =6 animals, n=17 cells) or 120 mg/ml nico-
tine (N=6 animals, n=18 cells) vape. B, Representative traces of sIPSCs in CeA neurons from mice exposed to repeated PG/VG
control (left) or 120 mg/ml nicotine vape (right). C, Summary of sIPSC frequency by individual cells (left) and averaged by animal
(right) in CeA neurons from mice exposed to repeated PG/VG (N=6 animals, n=12 cells) or 120 mg/ml nicotine (N=5 animals,
n=12 cells) vape. D, Summary of sIPSC amplitude by individual cells (left) and averaged by animal (right) in CeA neurons from mice
exposed to repeated PG/VG (N =6 animals, n=12 cells) or 120 mg/ml nicotine (N =5 animals, n=12 cells) vape. E, Representative
traces of cell-attached firing in CeA neurons from mice exposed to repeated PG/VG control (left) or 120 mg/ml nicotine vape (right).
F, Summary of cell-attached firing frequency by individual cells (left) and averaged by animal (right) in CeA neurons from mice ex-
posed to repeated PG/VG (N =6 animals, n=15 cells) or 120 mg/ml nicotine (N =6 animals, n=18 cells) vape. G, Representative mi-
crograph of fluorescently labeled cFos in the CeA of mice exposed to repeated PG/VG or 120 mg/ml nicotine vape. Scale bar:
100 um. H, Summary of cFos-positive cells by hemisphere across anterior to posterior CeA of mice exposed to repeated PG/VG
(n=41 hemispheres in 9 animals) or 120 mg/ml nicotine (n=47 hemispheres in 9 animals) vape (2-way ANOVA: main effect of vape
content **p < 0.01).
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p=0.5452, unpaired t test; Fig. 4C, left) or averaged by animal
(PG/VG 1.00 = 0.20Hz, N=6 animals; Nic 0.86 + 0.15Hz,
N=6 animals; t=0.5681, df=10, p=0.5825, unpaired t test;
Fig. 4C, right). Similarly, we found no significant difference in
sIPSC amplitude by individual cells (PG/VG 42.24 + 3.35 pA,
n=12 cells, Nic 46.31 = 3.58pA, n=12 cells; t=0.8301,
df=22, p=0.4154, unpaired t test; Fig. 4D, left) or
averaged by animal (PG/VG 44.38 =5.26 pA, N =6 ani-
mals; Nic 46.66 = 3.47 pA, N=6 animals; t=0.3626,
df=10, p=0.7244, unpaired t test; Fig. 4D, right). We
also found no significant difference in baseline firing
between the PG/VG and 120 mg/ml Nic groups when
analyzed by individual cell (PG/VG 0.76 =0.11Hz,
n=15 cells; Nic 1.16 = 0.19Hz, n=18 cells; t=1.731,
df=31, p=0.0934, unpaired t test; Fig. 4F, left) and av-
erage by animal (PG/VG 0.80 = 0.16 Hz, N=6 animals;
Nic 1.22 £0.25Hz, N=6 animals; t=1.457, df=10,
p=0.1759, unpaired t test; Fig. 4F, right). When we ex-
amined cFos expression across AP CeA, two-way
ANOVA analysis revealed a main effect of vape content
(F(1,82=7.219, **p=0.0087; Fig. 4H). However, post
hoc Sidak’s test revealed no significant differences be-
tween PG/VG and 120 mg/ml Nic groups in anterior,
middle, or posterior CeA (Fig. 4H), which is consistent
with the electrophysiological data. Together, these
data suggest that in contrast to the effects observed
with acute exposure, repeated exposure to 120 mg/ml
Nic vapor does not result in increased CeA activity as
compared with PG/VG controls.

Body temperature and locomotion following acute
and repeated electronic nicotine vapor exposure

After identifying the metabolic, molecular, and cellular
changes following acute and repeated electronic nicotine
vapor exposure, we examined the in vivo impact of elec-
tronic nicotine vapor after a single acute session, after re-
peated 5-d sessions, or 72 h after the final session of the
repeated sessions (withdrawal). As nicotine has been re-
ported to have hypothermic effects (Javadi-Paydar et al.,
2019), we first measured body temperature of mice imme-
diately following vape exposure. Two-way ANOVA re-
vealed an interaction between exposure schedule x vape
content (F 36 =16.58, ***p < 0.0001) as well as main ef-
fects of exposure schedule (F 36 =24.90, ***p < 0.0001)
and vape content (F(1 15 =68.24, **p < 0.0001) alone. Post
hoc Sidak’s multiple comparisons test revealed significantly
lower body temperature in acute Nic (***p < 0.0001) and re-
peated Nic (***p < 0.0001), but not in withdrawal, as com-
pared with PG/NG controls (PG/VG N=10 animals, Nic
N=10 animals; Fig. 5A). We then assessed locomotor
activity using the open field test. In both parameters
measured (distance and velocity), two-way ANOVA re-
vealed an interaction between exposure schedule x
vape content (distance F, 3¢ = 14.89, ***p < 0.0001; ve-
locity Fo 36)=14.83, **p <0.0001) and a main effect
of exposure schedule (distance F 36 =13.48, "™ p <
0.0001; velocity Fp 36=13.50, ***p <0.0001). Post hoc
Sidak’s multiple comparisons test revealed significantly
less distance traveled (****p < 0.0001) and at a slower ve-
locity (*p =0.0175) in acute Nic as compared with PG/VG
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Figure 5. Body temperature and locomotion following acute
and repeated electronic nicotine vapor exposure. A, Body tem-
perature of mice following acute, repeated, or withdrawal (2-
way ANOVA interaction ***p < 0.0001: main effect of exposure
schedule *™p < 0.0001 and vape content ***p < 0.0001;
Sidak’s acute *™**p < 0.0001, repeated ***p < 0.0001) from
PG/VG or 120 mg/ml nicotine vapor exposure (PG/VG N=10,
Nic N=10, repeated measures). B, Distance traveled in open
field assay in mice following acute, repeated, or withdrawal (2-
way ANOVA interaction ™**p < 0.0001: main effect of exposure
schedule ***p < 0.0001; Sidak’s acute *p < 0.05, repeated *p
< 0.05) from PG/VG or 120 mg/ml nicotine vapor exposure (PG/
VG N=10, Nic N=10, repeated measures). C, Locomotor ve-
locity in open field assay in mice following acute, repeated, or
withdrawal (2-way ANOVA interaction ***p < 0.0001: main ef-
fect of exposure schedule “***p < 0.0001; Sidak’s acute *p <
0.05, repeated *p < 0.05) from PG/VG or 120 mg/ml nicotine
vapor exposure (PG/VG N =10, Nic N =10, repeated measures).

controls (Fig. 5B). However, the opposite was revealed in
repeated Nic with significantly more distance traveled
(***p < 0.0001) and at a faster velocity (‘o =0.0315) as
compared with PG/VG controls (PG/VG N=10 animals,
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Nic N =10 animals; Fig. 5C). In both distance and veloc-
ity measures for mice in withdrawal (72 h after repeated
exposure), 120mg/ml Nic was not significantly different
from PG/VG controls. Collectively, these data demon-
strate that acute and repeated exposure to 120 mg/ml
nicotine vapor produce consistent hypothermic effects
but divergent effects on locomotion, both of which are
reversed in withdrawal.

Discussion

These studies used a preclinical model of electronic
nicotine vapor exposure to examine the efficiency and re-
liability of modeling electronic vapor exposure in male
mice and to examine the effects of acute (single session)
and repeated (five daily sessions) nicotine vape exposure.
The data presented here demonstrate that male mice will
tolerate electronic nicotine vapor exposure sessions char-
acterized by repeated intermittent vapes and that repeated
intermittent vaping results in significant nicotine levels in
the blood and produces exposure paradigm-specific neu-
ronal and behavioral effects. Specifically, acute exposure
to electronic nicotine vapor produced significant increases
in CeA activity that were not observed following repeated
exposure. Peripherally, significant decreases in core body
temperature were observed in male mice exposed to both
acute and repeated electronic nicotine vapor session.
Decreased locomotion was observed following acute but
increased locomotion was observed following repeated
electronic nicotine vapor exposure. Collectively, these data
provide evidence for the utility of vapor exposure models in
mice and demonstrate how both central and peripheral
systems are differentially affected by both acute and re-
peated electronic nicotine vapor exposure.

The electronic nicotine vapor exposure method used in
these studies has several notable advantages over previ-
ous models, but also some limitations that should be con-
sidered. One advantage of the electronic nicotine vapor
exposure paradigm is that it mimics the delivery method
used by humans, in that the nicotine is delivered in vapor
form and the route of delivery is through inhalation. This
model also mimics the administration method seen in so-
cial situations in which electronic cigarettes are common.
Route of administration of nicotine is an important deter-
mining factor in the timing and magnitude of the reinforc-
ing effects as well as the behavioral effects of nicotine
exposure. In previous studies nicotine has been adminis-
tered through experimenter-delivered injections (Kasten
et al., 2016) or subcutaneous minipumps (LeSage et al.,
2002). These models provide the benefit of standardized
serum nicotine levels; however, these have limitations re-
lated to surgery and/or injection induced stress. A volun-
tary route of nicotine delivery is oral consumption with
bottle choice which showed nicotine-induced hypothermic
and locomotor effects (Kasten et al., 2016; O’Rourke et al.,
2016; DeBaker et al., 2020). However, this model of nico-
tine exposure does not replicate human consumption of
nicotine and raises questions regarding taste preference
when paired with other substances like sucrose. Nicotine
administered via inhalation of vapor has become an
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emerging route of human consumption thus, preclinical
studies should aim to reflect this route of administration.

The experimental parameters were chosen to mimic the
experience of vaping which is characterized by brief peri-
ods of nicotine vapor inhalation (i.e., “puffs”) interspersed
with periods of regular air inhalation. The 3-s vape period
was chosen as it was sufficient to fill the cage with vapor
and was consistent with vape duration of a puff in human
e-cig users (Dawkins et al.,, 2016; Hiler et al., 2017).
Studies in humans have also found that when given the
ad libitum vape over the course of 1 h, experienced male
vapers have an average number of 48 puffs (Dawkins et
al., 2016). In our paradigm, we have chosen the longer in-
terval of 10 min between vape deliveries to mimic early
recreational use with limited time periods. This also allow
for clearance of the previous vape and to provide a period
of regular air inhalation between vapes. Finally, the 3-h
group exposure was chosen to model nicotine use that
typically occurs in discrete time periods of exposure.

One important issue to consider in electronic nicotine
vapor exposure paradigms is dosage. Commercial e-
liquids offer a variety of nicotine concentrations, ranging
from 3, 6, 12, 18, or 36 mg/ml. Studies in humans have
found that a puff inhaled by an experienced e-cig user, as
compared with a native e-cig user, is longer in duration
and larger in volume and thus produce higher plasma nic-
otine levels. This effect was observed across multiple nic-
otine concentrations (Hiler et al., 2017) and emphasized
how nicotine consumption via inhalation can be impacted
by the variability in vapor topography. The 120 mg/ml nic-
otine concentration was chosen based on a 10-fold in-
crease in what is found in commercial e-liquids (12 mg/ml)
to account for the reduction in vapor volume as it is pas-
sively inhaled from chamber air as opposed to direct inha-
lation into the airway as observed with humans. This
concentration was further validated by the pharmacologi-
cally relevant serum nicotine and cotinine levels (Fig. 2)
and consistent with cotinine levels observed in human
heavy smokers (Lawson et al., 1998). Previous preclinical
studies have used lower nicotine vapor concentrations
(1-80 mg/ml) with lower serum nicotine and cotinine levels
(Javadi-Paydar et al., 2019; Frie et al., 2020; Montanari et
al., 2020; Smith et al., 2020; Cooper et al., 2021; Lallai et
al., 2021); however, lower concentrations have produced
variable effects. Although 120 mg/ml nicotine concentra-
tion was relatively high compared with previous work and
human vape products, future studies will compare serum
nicotine levels at different nicotine concentrations. Another
consideration of the current approach is the use of passive
exposure, which allows for precise control of experimental
parameters, but does not account for the volitional aspect
of nicotine intake. As so little is known about the impact of
electronic vapor exposure in mice, passive exposure was
preferable for the direct comparison of cellular and behav-
ioral consequences of electronic nicotine vapor exposure
without the confounding factor of variable intake or timing
of exposure. However, since voluntary administration re-
mains an important aspect of studying volition in drugs of
abuse and self-administration of drugs delivered by vapor
inhalation in rodents has been demonstrated with nicotine
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(Smith et al., 2020; Cooper et al., 2021; Lallai et al., 2021),
cannabis (Freels et al., 2020; Glodosky et al., 2020), and
heroin (Gutierre et al., 2020), future studies will examine
cellular and behavioral consequences of voluntary nicotine
vapor self-administration to explore the impact of volition.

One important caveat to the current study is that all ex-
periments were performed only in male mice, precluding
our ability to identify any relevant sex differences in elec-
tronic nicotine vapor exposure. As females represent a
significant proportion of the current vaping population
[National Center for Chronic Disease Prevention and
Health Promotion (US) Office on Smoking and Health,
2016], studies examining the impact of nicotine vapor ex-
posure in female subjects are important and warranted.
Previous studies in rats have demonstrated sex differen-
ces in nicotine metabolism (Kyerematen et al., 1988) and
the effects of nicotine on anxiety-like behaviors (Torres et
al., 2013). A recent study examining nicotine vapor self-
administration in male and female rats identified that while
both males and female rats will self-administer nicotine
vapor in roughly equivalent levels, passive vapor expo-
sure produced significantly lower serum cotinine levels in
females as compared with males (Lallai et al., 2021). In
addition, male rats displayed an increase in locomotion
following repeated passive nicotine vapor exposure, while
females did not, suggesting the potential for sex differen-
ces in behavioral sensitivity to passive nicotine vapor.
Collectively, these data suggest that there may be impor-
tant sex differences in the effects of nicotine vapor expo-
sure in mice, which will be the subject of future studies.

The CeA has previously been implicated in the central
effects of nicotine, however results were variable and
largely dependent on dose, model, and timing of expo-
sure. Exposure to a single 3-h session of electronic nico-
tine vapor exposure resulted in significant increases in
CeA neuronal activity as measured by electrophysiologi-
cal assessment of neuronal firing and by immunohisto-
chemical assessment of the activity marker cFos. The
CeA is a primarily GABAergic nucleus composed of inter-
neurons and projection neurons (Pitkdnen and Amaral,
1994) and inhibitory microcircuits within the CeA have
been implicated in fear learning (Haubensak et al., 2010)
and in the plasticity observed with acute and chronic
ethanol exposure (Herman et al., 2016). However, the in-
hibitory inputs onto CeA neurons (as measured by
sIPSCs) do not appear to be modulated by acute or re-
peated electronic nicotine vapor exposure, and the in-
creases in neuronal activity following acute exposure
were observed independent of changes in inhibitory
signaling. In contrast to what was observed with acute ex-
posure, following 5 d of repeated electronic nicotine
vapor sessions, there was no increase in CeA activity ob-
served by either electrophysiological or immunohisto-
chemical evaluation. We used both electrophysiological
(firing) and immunohistochemical (cFos) measures of neu-
ronal activity in the CeA to examine single cell- versus
population-specific changes in CeA activity following
electronic nicotine vapor exposure. Our results from the
two measures show similar direction of change in acute
exposure and no change in repeated exposure.
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These neuronal activity findings are consistent with pre-
vious studies where an increase in CeA cFos was found
following a single subcutaneous injection of acute nico-
tine, but no increase in CeA cFos was observed following
chronic nicotine exposure using osmotic minipumps.
However, they also found increased cFos with a single
subcutaneous nicotine injection following chronic osmotic
minipump nicotine exposure (Salminen et al., 1999).
Increased CeA cFos was also observed after 14 d of with-
drawal from chronic nicotine self-administration (Funk et
al., 2016). A single intraperitoneal injection of nicotine in-
creased phosphorylated extracellular regulated kinase
(PERK) in the CeA 20 min after drug administration (Valjent
et al., 2004), however a study of voluntary nicotine drinking
found no increase in amygdala pERK after an acute (1.3 h)
drinking session and only saw a significant increase in
amygdala pERK after chronic (28-30d) drinking (Brunzell
et al., 2003). Taken together, these studies suggest that
the CeA is differentially engaged with different nicotine ex-
posure models and at different timepoints of exposure and
withdrawal.

The electronic nicotine vapor exposure system used in
this study has also been employed in prior work examin-
ing the impact of electronically-generated nicotine vapor
in rodents. One study in rats reported decreased core
body temperature following nicotine vapor exposure
(Javadi-Paydar et al., 2019), which is consistent with our
findings as well as what has been shown following nico-
tine intraperitoneal injection (Javadi-Paydar et al., 2019)
and subcutaneous injection (Levin et al., 2003; Akinola et
al., 2019) and suggest that nicotine’s effect on body tem-
perature are similar across rodent species and route of
nicotine administration. Additionally, the decrease in loco-
motion we observed with acute nicotine vapor is consist-
ent with studies where nicotine was delivered through
intraperitoneal or subcutaneous injections (Levin et al.,
2003; Akinola et al., 2019). Interestingly, the same rat
study that reported similar decreases in core body tem-
perature found no difference in locomotion between PG/
VG and nicotine groups following a single 30 min vapor
exposure (Javadi-Paydar et al., 2019). This divergence
from our findings may be because of the difference in tim-
ing and duration of vape exposure of experiments com-
pared with ours (single 30-min vape vs 3-h session of 3-s
vape every 10 min, respectively) or the location of loco-
motor activity test (inhalation chamber vs novel open
arena, respectively). However, following repeated nicotine
vapor, increased locomotion was observed in multiple
studies (Javadi-Paydar et al., 2019; Lallai et al., 2021),
which is consistent with our findings suggesting another
parameter that is consistent across rodent species.

Collectively, these studies provide important evidence
for how acute and repeated exposure to electronic nico-
tine vapor can produce differential effects in the CeA and
on specific behaviors. The development and more wide-
spread use of preclinical models of electronic nicotine
vapor exposure will allow for more detailed studies on the
impact of vaping on additional brain regions and behav-
iors that could lead to an improved understanding of
how vaping effects the human brain to promote the
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development of nicotine dependence specific to the vap-
ing route of delivery. The importance of this work is under-
scored by the increasing prevalence of nicotine vaping
and the prevailing assumption that since vaping repre-
sents a safer alternative to tobacco smoking, it is less
“dangerous” or harmful of an activity. It will be important
for scientific research to continue apace with human user
experience so that neurobiological underpinnings of clini-
cally-relevant nicotine vapor exposure models can be
used to understand the impacts of vaping on human
populations.
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