Neuropsychopharmacology

ARTICLE

www.nature.com/npp

q

Check for
updates

Validation of a nicotine vapor self-administration model in rats
with relevance to electronic cigarette use
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The debate about electronic cigarettes is dividing healthcare professionals, policymakers, manufacturers, and communities. A key
limitation in our understanding of the cause and consequences of vaping is the lack of animal models of nicotine vapor self-
administration. Here, we developed a novel model of voluntary electronic cigarette use in rats using operant behavior. We found
that rats voluntarily exposed themselves to nicotine vapor to the point of reaching blood nicotine levels that are similar to humans.
The level of responding on the active (nicotine) lever was similar to the inactive (air) lever and lower than the active lever that was
associated with vehicle (polypropylene glycol/glycerol) vapor, suggesting low positive reinforcing effects and low nicotine vapor
discrimination. Lever pressing behavior with nicotine vapor was pharmacologically prevented by the 0432 nicotinic acetylcholine
receptor partial agonist and a7 receptor full agonist varenicline in rats that self-administered nicotine but not vehicle vapor.
Moreover, 3 weeks of daily (1 h) nicotine vapor self-administration produced addiction-like behaviors, including somatic signs of
withdrawal, allodynia, anxiety-like behavior, and relapse-like behavior after 3 weeks of abstinence. Finally, 3 weeks of daily (1 h)
nicotine vapor self-administration produced cardiopulmonary abnormalities and changes in a4, a3, and 2 nicotinic acetylcholine
receptor subunit mRNA levels in the nucleus accumbens and medial prefrontal cortex. These findings validate a novel animal model
of nicotine vapor self-administration in rodents with relevance to electronic cigarette use in humans and highlight the potential

addictive properties and harmful effects of chronic nicotine vapor self-administration.

Neuropsychopharmacology (2020) 45:1909-1919; https://doi.org/10.1038/s41386-020-0734-8

INTRODUCTION

Electronic cigarette use is exponentially increasing worldwide,
particularly among adolescents and former smokers [1]. Electronic
cigarettes are generally perceived to be safer than traditional
cigarettes [2-4] because these devices do not burn tobacco to
release nicotine, but instead heat a nicotine solution in the form of
“vape juice,” “e-juice,” or “e-liquid.” This liquid typically consists of
propylene glycol and glycerin. It is often available in different
flavors that appeal to both traditional cigarette smokers and
nonsmokers [5]. However, our understanding of this relatively new
nicotine delivery system and its long-term effects on human
health is incomplete. Some in vitro models suggest that electronic
cigarettes are safe [6, 7], whereas others suggest that they may be
harmful [8, 9]. Recent studies in human tissue have demonstrated
the toxic effects of electronic cigarette components [10-12]. Little
in vivo data are available to parse the short- and long-term effects
of electronic cigarette use on addiction-like behaviors and
pulmonary function [13]. For example, nicotine vapor is assumed
to be addictive because nicotine itself is addictive. However, there
is no evidence that animals, other than nonhuman primates, will
self-administer nicotine vapor to the point of developing
addiction-like behaviors. Such information is critical to contribute
to the social, political, and medical debate. Healthcare profes-
sionals in some countries, such as in the European Union and

Australia, are currently recommending electronic cigarettes as
smoking cessation aids [14, 15].

Much of our neurobiological understanding of nicotine use and
abuse has been made through preclinical experiments in rats that
intravenously self-administer nicotine [16]. Data that are gener-
ated by these models improve our understanding of the
psychoactive effects of nicotine, but nicotine is administered via
other routes of administration. Moreover, data suggest that
sensory stimulation through the lungs may contribute to
nicotine’s addiction potential [17]. Electronic cigarettes do not
have the same chemical profile as traditional tobacco cigarettes,
but the combustion of electronic cigarette liquid has been found
to produce some similar byproducts, such as formaldehyde,
carbon monoxide, and hydrocarbons [18, 19]. Rats that have been
made dependent by passive exposure to nicotine vapor exhibit
hyperalgesia, somatic signs of withdrawal, and greater motivation
to self-administer nicotine intravenously after withdrawal [20, 21].
However, both intravenous and passive vapor models are
inadequate to completely understand self-motivated addiction-
like behaviors that are associated with electronic cigarette use and
the abuse potential of inhaled nicotine vapor.

To date, however, no method has been developed to study the
effects of nicotine vapor self-administration in an animal model.
Therefore, the present study combined both intravenous nicotine
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self-administration and passive nicotine vapor exposure to
develop a rat model of nicotine vapor self-administration and
provide behavioral, pharmacological, and anatomopathological
validation that is relevant to electronic cigarette use in humans.

MATERIALS AND METHODS

Animals

Fifty-two Wistar rats (n =52 [25 males, 27 females]), weighing
200-220 g (Charles River), were group housed two per cage under
a 12h/12h light/dark cycle with ad libitum access to food and
water. All of the experiments began 2 h into the dark cycle. All of
the procedures were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and approved by The Scripps Research Institute and
University of California, San Diego, Institutional Animal Care and
Use Committees.

Drugs

Nicotine (free base, Sigma, catalog no. N3876) was dissolved in a
1:1 mixture of propylene glycol (Sigma, catalog no. W294004) and
glycerol (Sigma, catalog no. G9012). Nicotine vapor was self-
administered via vapor chambers at specific concentrations (0.05,
0.5, 0.74, 5, 6.67, 20, 40, 50, and 60 mg/ml). Nicotine tartrate
(Sigma, catalog no. SML1236) was dissolved in saline, and the pH
was adjusted to 7.4 for intravenous nicotine delivery. Thirty
minutes before the self-administration session, the a4f32 nicotinic
acetylcholine receptor partial agonist and a7 receptor full agonist
varenicline (Tocris, catalog no. 3754) was dissolved in saline and
administered subcutaneously (1.5 mg/kg). To precipitate with-
drawal, the nonspecific nicotinic acetylcholine receptor antagonist
mecamylamine (Tocris, catalog no. 2843) was dissolved in saline
and administered subcutaneously (0.5 and 1.5mg/kg) immedi-
ately after the self-administration session [22]. Behavioral testing
occurred 30 min after mecamylamine administration.

Vapor chambers

The operant self-administration chambers were modified from
standard housing cages (Fig. 1a) [23]. A press on the active lever
was associated with the delivery of a puff of nicotine or vehicle
vapor. A press on the inactive lever was not associated with any
scheduled consequences. Every vapor puff was associated with
20-s illumination of a cue light above the active lever. During
illumination of the cue light (20s timeout period), active lever
presses did not result in vapor release. Vapor was produced using
a Nautilus electronic-vaporizer tank (5ml, 3.3V, 7.1W; Aspire,
catalog no. SKU 305) using 1.6 Q coils. The tank was connected to
a universal customized vaping machine (Gram Research). Input/
output chamber components were modulated by a Med
Associates smart card (catalog no. DIG-716-B). The chambers
contained one inch of bedding material. Figure 1a shows the
chamber configuration. Each puff consisted of 90 ml that was
delivered over 35, based on human studies that showed a similar
volume/duration of puffs [24]. Electronic cigarette users tend to
produce puffs that are longer and larger than traditional cigarette
smokers [25]. With this configuration, an average of 8.7 ul of
nicotine-containing liquid was vaporized per puff. A vacuum line
was used to clear the vapor from the chambers at a rate of 1 I/min.
The bedding material in the chambers was changed between
sessions. All responses, including inactive lever presses and lever
presses during the timeout period, were recorded by a computer.

Experiment 1: Nicotine vapor dose response

Rats (n =24 [12 males, 12 females]) were given short access (1 h)
to nicotine vapor. The rats were initially trained to self-administer
0.5 mg/ml nicotine vapor in 14 consecutive daily sessions. The rats
then had access to four doses of nicotine (0.05, 0.5, 5, and 50 mg/
ml) in a 1:1 mixture of propylene glycol and glycerol using a
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within-subjects design. Each dose was tested in one session in the
order of 50, 5, 0.05, and 0.5 mg/ml. The dose response was tested
after Experiment 4. A separate counterpart cohort of rats (n =24
[11 males, 13 females]) was given short access (1 h) to vehicle (1:1,
propylene glycol:glycerol) in 14 consecutive daily sessions. Blood
samples were collected immediately after the self-administration
session for each dose of nicotine (see Supplementary Material for
more details).

Experiment 2: Validation of nicotine vapor self-administration
The rats (n=24 [12 males, 12 females]) were allowed to self-
administer nicotine (0.5 mg/ml) or vehicle (1:1, propylene glycol:
glycerol; n=24, [11 males, 13 females]) vapor for 1h daily for
14 sessions. The dose of nicotine (0.5mg/ml) was based on
preliminary pharmacokinetic data (not shown) because this dose
produces blood nicotine levels that are relevant to human
exposure (20-80 ng/ml) [26, 27]. See Supplementary Table S1 for
blood level comparisons. The rats self-administered vapor for at
least 14 days before behavioral testing because 1-2 weeks of
passive nicotine exposure and intravenous self-administration
have been shown to induce nicotine dependence in rodent
models [28, 29].

Experiment 3: Effect of varenicline on vapor self-administration
Rats (n=24 [12 males, 12 females]) were allowed to self-
administer nicotine (0.5 mg/ml) or vehicle (1:1, propylene glycol:
glycerol; n=24 [11 males, 24 females]) vapor for 1h daily for
14 sessions. After establishing a stable baseline level of self-
administration (<20% variation), varenicline (0.0 or 1.5 mg/kg) was
administered  subcutaneously 30min  before the self-
administration test. The rats were allowed to self-administer
nicotine (0.5 mg/ml) or vehicle vapor in a 1-h session. The doses of
varenicline were administered in a Latin square design.

Experiment 4: Mecamylamine-precipitated nicotine vapor
withdrawal syndrome

Mechanical sensitivity. To test hyperalgesia, one of the main
symptoms of nicotine withdrawal, paw withdrawal thresholds
were measured in the von Frey test (see Supplementary Material
for more details).

Somatic signs of withdrawal. Somatic signs of withdrawal were
observed for a total of 30 min [28]. The rats were placed in a clear
cylinder, and the following behaviors were recorded during the
observation period: jumps, teeth chattering, ptosis, blinks, head
shakes, paw tremors, abdominal contractions, genital licks, and
yawns [28]. The sum of the observed behaviors served as an
individual withdrawal score.

Experiment 5: Anxiety-like behavior during protracted abstinence
from nicotine vapor

Anxiety-like behavior was measured in the elevated plus maze
during protracted abstinence, 3 weeks after the last nicotine or
vehicle vapor session [30]. Testing was performed under dim light
(50 lux). Each rat was placed in the center of the maze facing an
open arm at the start of the experiment. The time spent on the
open and closed arms was recorded for 5 min. An arm entry was
defined as 3/4th of the rat’s body within the arm.

Experiment 6: Reexposure to nicotine vapor-associated cues after
protracted abstinence

After the last session of nicotine or vehicle vapor self-administra-
tion, the rats were left undisturbed in their home cages in the
vivarium for 3 weeks with food and water available ad libitum. The
rats were then returned to the self-administration chambers for
1 h. The session was the same as described above in the “Vapor
chambers” section, with the exception that active lever presses did
not release nicotine or vehicle vapor. Instead, the cues (i.e., cue
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Method development and experimental design. a Schematic diagram of the operant vapor self-administration chambers. b

Comparison of blood nicotine levels between rats that self-administered nicotine vapor (0.5 mg/ml) and rats that self-administered nicotine
intravenously (0.03 mg/kg/infusion) in a 1-h session. Error bars represent the SEM of blood nicotine concentration (n=3-4 rats). ¢
Experimental timeline of self-administration in the nicotine vapor group and vehicle vapor group. d Self-administration of vehicle vapor (0
mg/ml) and nicotine vapor (0.05, 0.5, 5, and 50 mg/ml, 1 session/dose) in rats. The data are expressed as the mean + SEM of 16-24 rats. e Blood
nicotine levels in rats that self-administered vapor (0, 0.05, 0.5, 5, and 50 mg/ml nicotine, 1 session/dose). No nicotine was detected in blood
from rats that self-administered vehicle vapor or vapor that contained 0.05 mg/ml nicotine. The data are expressed as the mean + SEM of

4-5 rats.

light and pump) that were associated with vapor administration
were presented contingently upon active lever presses. The total
number of responses on the active and inactive levers was
recorded. The number of active lever presses during the session
was compared with the number of active lever presses during
nicotine vapor (0.5 mg/ml) self-administration.

Experiment 7: Heart weight and length analysis

The hearts were harvested from the four groups that are described
in the “Histology and mean linear intercept analysis” section
below. Using 200-mm calipers (Fisher), the length of each heart
was measured from base to apex by two individual scorers [31].
The hearts were then weighed by two individual scorers using an
electronic analytical balance (Mettler Toledo, catalog no. ML104/

Neuropsychopharmacology (2020) 45:1909-1919

03). The scores for each measurement were averaged per rat.
Interrater reliability was >0.85.

Experiment 8: Histology and mean linear intercept analysis

The day after reexposure to nicotine vapor-associated cues after
protracted abstinence, the rats were divided into four groups. Half
of the nicotine vapor group underwent a nicotine vapor session
(chronic nicotine group, n = 12 [6 males, 6 females]), and the other
half remained in protracted abstinence (nicotine abstinence
group, n=12 [6 males, 6 females]). Half of the vehicle vapor
group underwent a nicotine vapor session (acute nicotine group,
n=12 [6 males, 6 females]), and the other half remained in
protracted abstinence (chronic vehicle group, n=12 [6 males, 6
females]). The lungs were inflated with 4% paraformaldehyde
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(VWR, catalog no. 100496-496) and fixed overnight at 4°C
(see Supplementary Material for more details).

Experiment 9: Receptor dysregulation during protracted
abstinence

Rats were sacrificed by CO, inhalation, and brains were removed
and snap frozen in 2-methylbutane. Tissue micropunches were
taken from 300-pum-thick slices of the nucleus accumbens and med-
ial prefrontal cortex. The tissue was immediately frozen on dry ice,
and samples were kept at —80 °C until use (see Supplementary
Material for more details).

Statistical analysis

The data were analyzed using Prism 8.0 software (GraphPad). All of
the active and inactive lever presses that are reported in the self-
administration and varenicline experiments do not include lever
presses during the 20-s timeout period. The active and inactive
lever presses that are reported in the reexposure experiment
include lever presses during the 20-s timeout period. The dose
response results were initially analyzed using mixed-effects (two-
way) analysis of variance (ANOVA), with training condition
(nicotine vapor or vehicle vapor) and lever (active lever or inactive
lever) as factors. Significant interactions were followed by one-way
between-subjects ANOVA of the appropriate independent vari-
ables. The self-administration results were initially analyzed using
mixed-effects (three-way) ANOVA, with training condition (nico-
tine vapor or vehicle vapor) and lever (active lever or inactive
lever) as factors. Significant interactions in the mixed-effects
ANOVA were followed by two-way ANOVA of the appropriate
variables. The behavioral results were analyzed using one-way
ANOVA or Students t test where appropriate. Significant effects in
the one- and two-way ANOVAs were followed by the
Newman-Keuls post hoc test. Values of p <0.05 were considered
statistically significant. The heart weight and length data were
analyzed between groups and sexes using two-way ANOVA. The
heart data were then analyzed by controlling for body weight on
the day of sacrifice using analysis of covariance (ANCOVA) and R
software, with body weight as the covariate, heart measurement
as the dependent variable, and group as the factor variable. The
mRNA data were analyzed using the AAC; method and are
expressed as fold changes (2724, Unpaired t-tests were used to
compare means between groups. Grubb’s outlier test was
performed to justify the removal of outliers. The statistical
analyses were performed using Prism 8 software.

RESULTS

Experiment 1: Nicotine vapor dose response

The two-way repeated-measures mixed-effects ANOVA of the
vehicle and nicotine groups combined showed significant effects
of dose (F4115=7.085, p<0.0001) and lever (F;115=11.18, p<
0.001) but no significant dose X lever interaction (F4115=2.122,
p > 0.05). The between-subjects one-way ANOVA of active lever
presses showed a significant main effect of dose (F,11 =8.907,
p <0.0001). The Newman-Keuls multiple-comparison post hoc test
indicated significant differences between vehicle and the 5 and
50 mg/ml doses of nicotine (p <0.01 and p < 0.05, respectively).
The between-subjects one-way ANOVA of inactive lever presses
showed a significant main effect of dose (F411 = 2.834, p < 0.05).
The Newman-Keuls multiple-comparison post hoc test indicated
significant differences between vehicle and the 5 and 50 mg/ml
doses of nicotine (p<0.05 and p<0.01, respectively) and
significant differences between the 0.05 mg/ml dose and 5 and
50 mg/ml doses (p<0.05 and p<0.01, respectively). Blood
nicotine levels were analyzed immediately following the session
(Fig. Te, Supplementary Fig. S2). To compare these blood nicotine
levels to literature reports of blood nicotine levels after bolus
intravenous injections in rats (Supplementary Table S2), we
determined the linear relationship between intravenous dose
and plasma nicotine levels (Supplementary Fig. S3). The projected
equivalent bolus intravenous injection dose was then calculated
for each nicotine vapor dose that was tested in the dose-response
curve (Supplementary Table S3). The highest rate of responding
was observed for 5 mg/ml nicotine.

Experiment 2: Validation of nicotine vapor self-administration

To further validate the vapor self-administration model, we
selected a dose of nicotine (0.5 mg/ml) that produced blood
nicotine levels in the 20-80ng/ml range, similar to human
smokers and vapers [24, 26, 32]. At the 0.5mg/ml dose of
nicotine, the rats lever pressed for an average of ~9 puffs/h,
resulting in blood nicotine levels of ~62ng/ml (Fig. 1b). The
current gold-standard animal model of nicotine use is intravenous
self-administration [33, 34]. Therefore, we confirmed that our
nicotine vapor model produced similar blood nicotine levels as
the intravenous model (Fig. 1b). The remaining experiments were
conducted at the 0.5 mg/ml dose (Fig. 1¢). During the last 3 days
of self-administration, rats in the nicotine vapor group exhibited
8.3% variation in intake, whereas the vehicle vapor self-
administration group exhibited 14.3% variation in intake (Fig. 2b).

14 days 3 days 3 days 3 days 3 weeks 1 day 1 day
Self-administration Varenicline Self-administration | Mecamylamine ’ Anxiety, Pain,
| (0.5 or 0 mg/ml) Experiment (0.5 or 0 mg/ml) | Experlllment | Abstinence | and R)élapse Organ Harvest
B -0- Nicotine Active 3 Nicotine Active
259 Nicotine Inactive 204 [ Vehicle Active
204 -O- Vehicle Active Nicotine Inactive
< Vehicle Inactive = 157 Vehicle Inactive
g 154 g o o
TR s |
& > *kk
5 o 5]
0 T T T T T T 1 0 :
0O 2 4 6 8 10 12 14 L 111

0015 3 0015 0015 3 0015

Active Lever Inactive Lever
Varenicline Dose (mg/kg)

Fig. 2 Varenicline decreased nicotine vapor self-administration. a Experimental timeline of self-administration in the nicotine vapor group
and vehicle vapor group. b Acquisition and maintenance of nicotine vapor self-administration during 2 weeks of daily short access (1 h) to
nicotine vapor (0.5 mg/ml, n = 24 [12 females, 12 males]) or vehicle vapor (1:1, propylene glycol:glycerol, n = 24 [13 females, 11 males]). Error
bars represent the SEM of lever presses. ¢ Nicotine vapor and vehicle vapor self-administration following pretreatment with varenicline (1.5
mg/ml, s.c.). Error bars represent the SEM of lever presses.
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Fig. 3 Rats that self-administered nicotine vapor exhibited dependence-like behaviors during mecamylamine-precipitated withdrawal. a
Experimental timeline of the behavioral analysis in the nicotine vapor group and vehicle vapor group. b Withdrawal scores in rats that self-
administered nicotine vapor (0.5 mg/ml) increased following subcutaneous mecamylamine administration (0.5 or 1.5 mg/ml). Error bars
represent the SEM of withdrawal score (n = 24 rats [12 females, 12 males]). ¢ Withdrawal scores in rats that self-administered vehicle vapor (1:1,
propylene glycol:glycerol) following subcutaneous mecamylamine administration did not change (0.5 mg/ml). Error bars represent the SEM of
withdrawal scores (n =24 rats [13 females, 11 males]). d The percent change in pain thresholds relative to baseline (BSL) in rats that self-
administered nicotine vapor (0.5 mg/ml) decreased following subcutaneous mecamylamine administration (0.5 mg/ml). Error bars represent
the SEM of the percent change in pain thresholds relative to baseline (n =24 rats [12 males, 12 females]). e Mecamylamine had no effect on
pain thresholds in rats that self-administered vehicle vapor (0.5 mg/ml). Error bars represent the SEM of the percent change in pain thresholds

relative to baseline (n =24 rats [13 males, 11 females]).

The mixed-factorial ANOVA of the nicotine and vehicle groups
combined indicated a significant effects of training condition
(F1507 =11.36, p < 0.001), of levers (F;s97 =9.688, p<0.01) and a
significant training condition X lever interaction (F;;597 =45.68,
p < 0.0001). Lever discrimination was further examined in both the
nicotine and vehicle groups (Supplementary Fig. S3). Discrimina-
tion was defined as the acquisition of >50% nicotine-containing
puffs derived from active lever presses relative to the total number
of lever presses while excluding lever presses during the 20-s
timeout derived from the active and inactive lever presses
combined. Based on this criterion for discrimination, 14 rats in
the nicotine group were classified as discriminators, and 10 rats
were classified as nondiscriminators. In the vehicle group, 17 rats
were classified as discriminators, and seven rats were classified as
nondiscriminators. In the discriminator group (Supplementary
Fig. S3A), the mixed-factorial ANOVA of the nicotine and vehicle
groups combined indicated significant effects of lever (F; 376 =
86.27, p < 0.001) and training condition (F; 377 = 60.79, p < 0.0001)
and a significant training condition X lever interaction (F;376 =
21.87, p <0.0001). In the nondiscriminator group (Supplementary
Fig. S3B), the mixed-factorial ANOVA of the nicotine and vehicle
groups combined indicated a significant effect of lever (F; 195 =
190.4, p < 0.001), no effect of training condition (F; ;95 = 0.008349,
p >0.05), and no effect of session (F; 195 = 0.6070, p > 0.05).

Experiment 3: Effect of varenicline on vapor self-administration

The two-way ANOVA of the effect of varenicline on active lever
presses showed a significant effect of varenicline dose (F,46=
5747, p<0.05) and a significant varenicline dose X training
condition interaction (F;46 =4.697, p < 0.05). The Newman-Keuls
multiple-comparison post hoc test revealed a significant decrease
in nicotine vapor self-administration in rats that were treated with
1.5 mg/kg varenicline compared with 0 mg/kg varenicline-treated
rats (p <0.01). The Newman-Keuls multiple-comparison post hoc
test also revealed no effect of varenicline on active lever presses in
the vehicle vapor group (p >0.9999). The two-way ANOVA of the
effect of varenicline on inactive lever presses showed no effect of
varenicline dose (F, 46 = 2.648, p>0.05) and no effect of training
condition (F, 46 =0.5801, p >0.05). The Newman-Keuls multiple-
comparison post hoc test revealed a significant decrease in

Neuropsychopharmacology (2020) 45:1909-1919

inactive lever presses in nicotine vapor self-administration rats
that were treated with 1.5 mg/kg varenicline compared with 0 mg/
kg varenicline-treated rats (p < 0.01). The Newman-Keuls multiple-
comparison post hoc test also revealed no effect of varenicline on
inactive lever presses in the vehicle vapor group (p > 0.05).

Experiment 4: Mecamylamine-precipitated nicotine vapor
withdrawal syndrome

The nicotine vapor group exhibited significantly higher somatic
signs of withdrawal with both doses of mecamylamine compared
with baseline (one-way ANOVA, F, 40 = 25.47, p < 0.0001; Fig. 3b).
The Newman-Keuls multiple-comparison post hoc test revealed a
significant increase in somatic signs of withdrawal in
mecamylamine-treated rats compared with vehicle-treated rats
(p <0.01, 0.5 mg/kg vs. 0.0 mg/kg and p < 0.001, 1.5 mg/kg vs. 0.0
mg/kg). In the vehicle vapor group, the lowest effective dose of
mecamylamine had no effect on somatic signs of withdrawal
(Student's t test, t,6 =0.3729, p =0.7109; Fig. 3c).

In the nicotine vapor group, hyperalgesia/allodynia was observed
with each dose of mecamylamine (one-way ANOVA, F;,,=13.88,
p=0.001; Fig. 3d). The Newman-Keuls multiple-comparison post
hoc test revealed a significant decrease in pain thresholds in
mecamylamine-treated rats compared with vehicle-treated rats (p <
0.01, 0.5 and 1.5 mg/kg mecamylamine vs. 0.0 mg/kg). Pain thresh-
olds in rats that underwent withdrawal were lower compared with
their own baseline thresholds before nicotine vapor self-
administration after 0.5 mg/kg mecamylamine (one-sample t-test,
t;3=11.62, p<0.0001) and 1.5 mg/ml mecamylamine (one-sample
t-test, t,3=16.12, p<0.0001; Fig. 3d). Mecamylamine-precipitated
withdrawal (0.5 mg/kg) had no effect in the vehicle vapor group
(Student’s t test, t,3=0.8398, p=0.4097; Fig. 3e). These results
indicated that daily nicotine vapor self-administration produced
nicotine dependence after only 12 days. However, unknown is
whether a history of nicotine vaping may also affect addiction-like
behaviors after protracted abstinence. This is an important issue
because relapse in humans usually occurs weeks after initial
withdrawal symptoms due to a combination of increases in craving
and negative emotional states [13]. Indeed, hyperalgesia/allodynia
was still evident in the nicotine vapor group during protracted
abstinence compared with their own baseline (one-sample t-test,
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t;3=5.891, p <0.0001) and the vehicle vapor group (Student’s t test,
tr3 = 5.084, p < 0.0001; Fig. 4c).

Experiment 5: Anxiety-like behavior during protracted abstinence
from nicotine vapor

To test whether daily nicotine vapor self-administration (1 h/day,
0.5 mg/ml) produces negative emotional states after protracted
abstinence, we measured anxiety-like behavior after 3 weeks of
abstinence [13, 35] (Fig. 4a). The elevated plus maze was used to
measure anxiety-like behavior in both groups of rats during
protracted abstinence. The time spent on the open arms
significantly decreased in the nicotine vapor group compared
with the vehicle vapor group (Student’s t test, tys =2.724, p=
0.0091; Fig. 4b).

Experiment 6: Reexposure to nicotine vapor-associated cues after
protracted abstinence

The mixed-effect ANOVA of the vehicle and nicotine groups
combined showed a significant effect of training condition (F; o,
=18.69, p < 0.0001) and a significant effect of levers (F; 9, = 12.35,
p <0.001). Data showed a significant interaction for reexposure x
lever (Fy 9, =5.405, p <0.05) and training condition x lever inter-
action (F; 9, =11.65, p<0.001). The two-way ANOVA analysis of
the active lever presses showed a significant effect of cue
reexposure (Fy46=11.57, p<0.01) and a significant training
condition X cue reexposure interaction (F;4=7.411, p<0.01).
The Newman-Keuls multiple-comparison post hoc test revealed
a significant increase in active lever presses in the nicotine vapor
group from the self-administration to reexposure timepoint (p <
0.001) and a significant difference between the nicotine group
and vehicle group at the reexposure timepoint (p <0.05). No
statistically significant change in the active lever from the self-
administration to the reexposure timepoint of the vehicle group
was observed (p >0.05). The two-way ANOVA of inactive lever
presses showed a significant effect of training condition (F; 46 =
9.412, p < 0.01) and no effect of cue reexposure (F; 46 = 1.375, p >
0.05). The Newman-Keuls multiple-comparison post hoc test
revealed a significant increase in inactive lever presses in the
nicotine vapor group from the self-administration to the
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reexposure timepoint (p<0.05) and a significant difference
between the nicotine group and vehicle group at the reexposure
timepoint (p <0.001). The Newman-Keuls multiple-comparison
post hoc test revealed no significant change in the inactive lever
from the self-administration to the reexposure timepoint of the
vehicle group (p > 0.05).

Experiment 7: Heart weight and length analysis

Across all groups, males had longer hearts than females (F; 40 =
175.6, p<0.0001; Supplementary Fig. S4A). Rats that self-
administered nicotine chronically exhibited a shorter heart length
after controlling for body weight (F4 43 = 86.73, p < 0.0001). Similar
to heart length, males had heavier hearts than females (two-way
ANOVA, F;40=177.5, p<0.0001; Supplementary Fig. S4B). Rats
that self-administered nicotine chronically exhibited lower heart
weights after controlling for body weight (F443 = 53.6, p < 0.0001),
similar to observations after high doses (6-12 mg/kg/day) of
nicotine that was administered subcutaneously for 14 days [31].

Experiment 8: Histology and mean linear intercept analysis

The alveolar airspace was simplified in the lungs in rats that were
exposed to chronic nicotine compared with rats that administered
vehicle vapor and rats that received only acute exposure to
nicotine (Fig. 5b-e). Rats that were subjected to 3 weeks of
protracted abstinence following chronic nicotine administration
did not exhibit improvements in alveolar airspace (F39, =11.69,
p < 0.0001; Fig. 5f). The Newman-Keuls multiple-comparison post
hoc test revealed a significant increase in the mean linear
intercept in the nicotine groups compared with the chronic
vehicle (p < 0.001) and acute nicotine (p <0.01) groups.

Experiment 9: Receptor dysregulation during protracted
abstinence

During protracted abstinence, significant decreases in a4 and (32
nicotinic acetylcholine receptor subunit gene expression were
observed in the nucleus accumbens in rats that self-administered
nicotine vapor compared with rats that self-administered vehicle
vapor (04: unpaired t-test, t;3 = 3.386, p < 0.01, Fig. 6b; 32: unpaired
t-test, t;3=3.142, p <0.01, Fig. 6¢), with no change in a3 nicotinic
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acetylcholine receptor subunit gene expression in the nucleus
accumbens between groups (unpaired t-test, t;, = 0.7339, p > 0.05;
Fig. 6d). A significant increase in a3 nicotinic acetylcholine receptor
subunit gene expression was observed in the medial prefrontal
cortex in rats that self-administered nicotine vapor compared with
rats that self-administered vehicle (unpaired t-test, t, =2.294, p <
0.05; Fig. 6g), with no changes in a4 (unpaired t-test, t;, = 0.9960, p
> 0.05; Fig. 6e) or 32 (unpaired t-test, t;, = 0.01653, p > 0.05; Fig. 6f)
nicotinic acetylcholine receptor subunit gene expression.

DISCUSSION

The present study validated a nicotine vapor self-administration
method in rats with clinically relevant pharmacology (Fig. 1), the
characterization of a dose-response (Fig. 1d), and the main-
tenance of drug taking (Fig. 2). The level of responding on the
active (nicotine) lever was similar to the inactive (air) lever and
lower than the active lever that was associated with vehicle
(polypropylene glycol/glycerol) vapor, suggesting low positive
reinforcing effects and low nicotine vapor discrimination. Vareni-
cline attenuated nicotine vapor self-administration in the active
and inactive lever, suggesting that nicotinic acetylcholine
receptors mediated lever pressing behavior (Fig. 2). Moreover,
chronic nicotine vapor self-administration produced symptoms of
dependence, including mecamylamine-precipitated hyperalgesia/
allodynia and somatic signs of withdrawal (Fig. 3). Hyperalgesia/
allodynia persisted in protracted abstinence without pharmacolo-
gical precipitation and was accompanied by anxiety-like behavior
(Fig. 4). Three weeks of daily (1h) nicotine vapor self-
administration produced relapse-like behavior, measured as
increases in active and inactive lever pressing following reexpo-
sure to vapor-associated cues after protracted abstinence (Fig. 4).
Nicotine vapor self-administration (3 weeks, 1h/day) decreased
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heart length and weight (Supplementary Fig. S4) and induced
alveolar simplification (Fig. 5). Finally, long-term changes in
nicotinic acetylcholine receptor subunit gene expression were
observed during protracted abstinence (Fig. 6).

Nicotine vapor dose

In Experiment 1, rats self-administered a wide range of nicotine
solutions  (0.05-50 mg/ml) according to an inverted-U
dose-response curve, which is typically seen with nicotine
[36, 37] and other psychostimulants [38]. Self-administration of
the 0.5 mg/ml nicotine dose led to blood nicotine levels that were
very similar to human smokers and rats that self-administer
nicotine intravenously at the optimal dose of nicotine (0.03 mg/
kg/inj) [39]. Interestingly, rats also self-administered much higher
doses of nicotine vapor that led to blood nicotine levels that were
higher than human smokers but similar to blood nicotine levels in
rats during conditioned place preference [40]. This is interesting
because one critique of the conditioned place preference
paradigm has been that the high dose of nicotine that is required
to observe an effect is unattainable through self-administration in
rats. However, the present results may resolve this issue by
demonstrating that such high blood nicotine levels can be
achieved through the pulmonary route and suggest that rats
develop high tolerance to nicotine through this route of
administration. The goal of the present study was to validate a
model that is relevant to electronic cigarette use in humans.
Therefore, our subsequent experiments were conducted using the
0.5 mg/ml dose that produced blood nicotine levels that were
similar to human chronic smokers (Supplementary Table S1). In
contrast to the inverted-U shape of responding on the active lever,
a dose-dependent increase in responding on the inactive lever
was observed, which mirrored blood nicotine levels and suggests
that the increase in inactive lever pressing may have been
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Fig. 6 Receptor dysregulation after protracted abstinence from nicotine vaping. a Experimental timeline of brain harvest in the nicotine
vapor group and vehicle vapor group. b Change in a4 nicotinic acetylcholine receptor subunit gene expression in the nucleus accumbens in
rats that self-administered vehicle vapor and nicotine vapor after 3 weeks of protracted abstinence. ¢ Change in 2 nicotinic acetylcholine
receptor subunit gene expression in the nucleus accumbens in rats that self-administered vehicle vapor and nicotine vapor after 3 weeks of
protracted abstinence. d Change in a3 nicotinic acetylcholine receptor subunit gene expression in the nucleus accumbens in rats that self-
administered vehicle vapor and nicotine vapor after 3 weeks of protracted abstinence. e Change in a4 nicotinic acetylcholine receptor subunit
gene expression in the medial prefrontal cortex in rats that self-administered vehicle vapor and nicotine vapor after 3 weeks of protracted
abstinence. f Change in B2 nicotinic acetylcholine receptor subunit gene expression in the medial prefrontal cortex in rats that self-
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attributable to nicotine-induced hyperactivity. In addition, there is
likely a difference in the discriminative stimulus effects of nicotine
vapor self-administration compared with intravenous nicotine self-
administration. In models of intravenous self-administration, the
reinforcer is injected directly into the bloodstream over 3-20s
after a press on the active lever. However, in the present model of
vapor self-administration, the vapor entered the rats’ environment
(i.e., the chamber) over ~20s after an active lever press (Fig. S1).
Furthermore, the rats self-administered the vapor to keep the
chamber saturated with vapor throughout the 1-h session, a
phenomenon that is not possible with intravenous self-
administration. The ambiguous nature of the “reward” delivery
likely causes difficulty in lever discrimination. Future studies
should increase the fixed-ratio schedule, lengthen the timeout
period, retract the levers after reward delivery, or increase the
airflow to clear the vapor from the chamber between responses.

Nicotine vapor self-administration

Consistent with vaping in humans, the vehicle group self-
administered similar amounts of vapor as the nicotine group in
Experiment 2 [41]. Nicotine may produce an aversive reaction that
limits its self-administration, but this aversive reaction is insufficient
to prevent self-administration and the development of nicotine
dependence [42]. In the present model, no classic discrimination
between the active and inactive levers was observed in rats that
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administered nicotine vapor, which is usually seen in the
intravenous model. Similarly, in a model of sufentanil vapor self-
administration, lever discrimination was not observed during short
access (1 h) under a fixed-ratio 1 schedule [23]. Nicotine is much less
reinforcing than sufentanil. Therefore, unsurprising was the lack of
discrimination during short access (1h) under a fixed-ratio
1 schedule with nicotine vapor in the present study. Altogether,
these results suggest a difference in the discriminative stimulus
effects of vaporized drugs of abuse relative to intravenous models.
Even in models of intravenous self-administration, nicotine is a
relatively mild reinforcer. To achieve robust lever and vehicle
discrimination with nicotine self-administration in rats, training often
requires food restriction, a higher fixed-ratio, long-access conditions,
or intermittent sessions with periods of abstinence. The rats that
self-administered nicotine had similar rates of lever discrimination
compared with rats that self-administered vehicle. Lever discrimina-
tion was defined as obtaining >50% vehicle (propylene glycol:
glycerol)-containing puffs relative to total lever responses during the
last 3 days of self-administration. These results suggest that the
vehicle itself may have had some rewarding properties. Interestingly,
in the nondiscriminator subpopulation of rats, rats that lever pressed
for nicotine vapor pressed the inactive lever ~2-3 times more than
the active. Further experiments are necessary to parse the
mechanisms that underlie lever discrimination during vapor self-
administration.

Neuropsychopharmacology (2020) 45:1909-1919



Pharmacological validation of nicotine vapor self-administration

Varenicline significantly reduced nicotine vapor self-administra-
tion, with no effect on vehicle vapor self-administration. These
results provide pharmacological evidence that nicotinic receptor
activation mediates nicotine vaping behavior in rats. Varenicline
also significantly reduced inactive lever responding in nicotine-
exposed rats but not in vehicle-exposed rats. These results are
consistent with a previous study that reported that varenicline
decreased inactive lever responding with intravenous nicotine
self-administration [43]. No preclinical studies have evaluated the
inhibitory effects of varenicline on electronic cigarette use, but
these data suggest that varenicline may be an effective treatment
[44]. Future studies are necessary to further validate its efficacy.

Mecamylamine-precipitated withdrawal after nicotine vapor self-
administration

Rats that self-administered nicotine vapor exhibited greater
somatic signs of withdrawal and hyperalgesia following mecamy-
lamine treatment in Experiment 4, with no effects in rats that self-
administered vehicle vapor. These results are consistent with
previous studies that utilized passive nicotine vapor exposure
[20, 45, 46], passive subcutaneous nicotine delivery [22, 28, 47],
and intravenous nicotine self-administration in rodents [35, 48].
These results are also consistent with human data, in which
electronic cigarette users reported symptoms of withdrawal,
including irritability, nervousness, greater appetite, difficulty
concentrating, depression, insomnia, and restlessness [49].

Nicotine vaping produced long-term anxiety-like behavior

In Experiment 5, rats that self-administered nicotine vapor
exhibited an increase in anxiety-like behavior, reflected by the
time spent on the open arms in the elevated plus maze, with no
effect in rats that self-administered vehicle vapor. This measure
was taken 3 weeks into protracted abstinence, suggesting that
chronic electronic cigarette use produces long-lasting psycholo-
gical effects. These results are translatable to clinical studies of
human electronic cigarette users who reported an increase in
anxiety during abstinence [49]. In the present study, the rats also
exhibited an increase in drug-seeking behavior following reexpo-
sure to nicotine vapor-associated cues following protracted
abstinence in Experiment 6, with no effect in the vehicle vapor
group. These results suggest that chronic nicotine vapor self-
administration produces a long-lasting increase in nicotine craving
that may have been mediated by an increase in anxiety-like
behavior.

Nicotine vaping produced long-term cardiac abnormalities
Organ weight and dimensions are relatively simple measurements
that are linked to toxicity, which are highly conserved across
species [50]. Heart weight is known to correlate with hypertrophy,
predict toxicity, and have little variability between subjects [51].
Passive nicotine exposure via subcutaneous minipumps (6 and 12
mg/kg/day) decreased heart length and weight [31]. Significant
decreases in heart, liver, kidney, brain, and thymus weights were
also observed after chronic passive oral exposure to smokeless
tobacco extracts (0.75-3 mg/ml nicotine) [52]. However, these
studies used the passive administration of relatively high doses of
nicotine. The effects of nicotine vapor after the self-administration
of low doses of nicotine on heart morphology are unknown. In
Experiment 7 in the present study, rats that self-administered
nicotine vapor exhibited decreases in heart length and weight
compared with rats that self-administered vehicle vapor. These
data are promising for the translational validity of the present
model, given the known link between cigarette smoking and
cardiovascular disease [53]. This preliminary evidence of the
toxicity of nicotine vapor in a rodent self-administration procedure
underscores the importance of conducting follow-up studies using
more sophisticated histological analyses.
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Nicotine vaping produced long-term pulmonary abnormalities

In Experiment 8, rats that self-administered nicotine vapor also
exhibited alveolar simplification in the lungs, with no effect in the
vehicle vapor group or in rats that were acutely exposed to
nicotine. Simplification of the lungs resembled the phenotype that
was reported in previous studies of nicotine exposure in mice [54]
and studies of chronic obstructive pulmonary disease (COPD) in
humans [55]. In these studies, an increase in inflammation was
also observed, which can drive alveolar simplification [56]. This
result is supported by studies of the effects of passive nicotine
vapor exposure on lung tissue, in which nicotine vapor
significantly increased endothelial permeability, measured by
electric cell-substrate impedance sensing [57]. This loss of
endothelial barrier function was associated with oxidative stress
and brisk inflammation. These data support recent studies of lung
disease in adolescents who vaped electronic cigarettes [58] and
recent deaths that were associated with electronic cigarette use
[59]. Moreover, patients with COPD are more susceptible to
bacterial and viral infections [60]. In a mouse model of passive
electronic cigarette vapor exposure, pulmonary bacterial clearance
following  Streptococcus pneumonia infection significantly
decreased compared with mice that were exposed to air [61]. In
the same study, the immunological response to influenza A virus
infection was significantly impaired in electronic cigarette vapor-
exposed mice compared with controls. The present results
suggest that nicotine vapor self-administration produces symp-
toms that are similar to COPD in rats and suggest that this model
may be beneficial for developing new treatment strategies for
bacterial and viral infections in electronic cigarette users.

Nicotine receptor dysregulation during protracted abstinence

During protracted abstinence from nicotine vaping, we observed a
decrease in a4 and {32 nicotinic acetylcholine receptor subunit gene
expression in the nucleus accumbens and an increase in a3 nicotinic
acetylcholine receptor subunit gene expression in the medial
prefrontal cortex compared with vehicle controls (Fig. 6). Chronic
nicotine use leads to the upregulation of nicotinic acetylcholine
receptor binding sites in brain regions that modulate reward and
stress in mice [62], rats [63], and humans [64]. This increase in
nicotinic receptor binding sites is followed by a decrease during
withdrawal [65], a pattern that follows the establishment of nicotine
dependence and the sensitivity to nicotine [66]. However, most
studies reported no changes in nicotinic acetylcholine receptor
mRNA levels, suggesting that chronic nicotine only dysregulates
nicotinic acetylcholine receptors at the posttranscriptional level. In
contrast, the present study found that 3 weeks of abstinence from
nicotine vaping decreased a4 and {2 nicotinic acetylcholine
receptor subunit gene expression in the nucleus accumbens and
increased a3 nicotinic acetylcholine receptor subunit gene expres-
sion in the medial prefrontal cortex compared with vehicle controls.
Previous studies found no brain-wide changes in nicotinic acetylcho-
line receptor mRNA levels in nicotine-dependent rats, but most of
these studies investigated only early withdrawal or evaluated
animals under steady-state nicotine treatment conditions. Some
studies reported region-specific changes, including localized
decreases in B2 nicotinic acetylcholine receptor mRNA levels in
nicotine-dependent mice under steady-state nicotine treatment
conditions [67]. Other studies found that 4 weeks of abstinence from
gestational exposure to nicotine was associated with a decrease in
a4 nicotinic acetylcholine receptor expression in the VTA and an
increase in a3 nicotinic acetylcholine receptor expression in the
nucleus accumbens core, further suggesting that chronic nicotine
use may change nicotinic acetylcholine receptor mRNA levels in a
region-, time-, and subunit-specific manner [68]. Nicotine depen-
dence is thought to be primarily mediated by a4f32 nicotinic
acetylcholine receptors [69]. The downregulation of a4 and (32
nicotinic acetylcholine receptor subunits during protracted absti-
nence may contribute to pain-, anxiety-, and relapse-like behaviors
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that are observed at this timepoint. The a5/a3/B4 nicotinic
acetylcholine receptor subunit gene cluster has been shown to
play a role in nicotine dependence liability [70]. The upregulation of
a3 nicotinic acetylcholine receptor subunits during protracted
abstinence may have also contributed to withdrawal-like behaviors
that were observed in the present study.

Limitations

We did not observe differences in lever pressing between nicotine
vapor self-administration and vehicle vapor self-administration.
Higher levels of oral and intravenous drug self-administration are
commonly observed compared with water and saline self-adminis-
tration, but such discrimination has been difficult to observe using
vapor self-administration of drugs of abuse, such as A’-tetrahydro-
cannabinol and sufentanil [23, 71]. Discrimination is easier to observe
when more challenging response requirements are employed (e.g.,
higher fixed-ratio and progressive-ratio requirements) [71]. One
potential explanation for the lack of discrimination in the present
study is the potential reinforcing effect of the vehicle itself (1:1,
propylene glycol:glycerol), which has a sweet taste and is also
reinforcing in humans. Many electronic cigarette users consume
propylene glycol and glycerol mixtures without nicotine [41]. Future
studies should take the reinforcing properties of the vehicle into
account. We also did not track the estrous cycle in female rats to
determine its possible effects on behavior and nicotine metabolism.
We only measured somatic symptoms of withdrawal after mecamy-
lamine administration. Therefore, further studies should evaluate the
effect of spontaneous withdrawal and the sensitivity to mecamyla-
mine in the absence of nicotine exposure. The liquid solutions that
were used in the present study consisted of pure nicotine (>99.9%,
Sigma) and pure propylene glycol and glycerol (>99%, Sigma). The
effects that were observed in the lungs may have been attributable
to possible impurities in the liquid composition upon combustion.
Finally, the relatively small sample size that was used in the nicotinic
acetylcholine receptor subunit experiment may have led to an
inflated effect size. Future studies are needed to confirm these results.

CONCLUSION

Altogether, the present findings validate a model of nicotine vapor
self-administration in rats based on measures that are relevant to
nicotine dependence and electronic cigarette use in humans.
Three weeks of daily (1 h) nicotine vapor self-administration in rats
did not lead to discrimination between nicotine and vehicle vapor
or between active and inactive lever responses, but it produced
robust symptoms of nicotine dependence and addiction-related
behaviors, caused lung and heart abnormalities, and altered
nicotinic acetylcholine receptor subunit mRNA expression in the
brain. These results underscore the importance of studying the
long-term behavioral and health effects of electronic cigarette use.
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