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Abstract

Introduction:  Traditional cigarette use influences cost-benefit decision making by promoting im-
pulsive choice. However, the impact of nicotine exposure via electronic nicotine delivery systems 
on impulsivity remains unclear. Hence, the present study examined the short- and long-term ef-
fects of nicotine vapor on impulsive choice.
Methods:  Twenty-four adult male rats were trained in the delay discounting task to choose be-
tween small immediate food rewards and large delayed food rewards. After 24 days of training in 
the task rats were exposed to vapor containing either 0, 12, or 24 mg/mL of nicotine for 10 days. To 
validate inhalation of nicotine vapor serum cotinine levels were analyzed on exposure days 1, 5, 
and 10 using enzyme-linked immunosorbent assay. Following vapor exposure, rats were retrained 
in the discounting task until rats displayed stable responding and the effects of nicotine vapor on 
choice preference were assessed.
Results:  Rats exposed to 12 and 24 mg/mL nicotine vapor displayed higher serum cotinine levels 
than control rats exposed to 0 mg/mL vapor. There were no differences in impulsive choice be-
tween any vapor exposure groups when tested 15 days after exposure, across 6 days of stable 
responding, suggesting that nicotine vapor does not have long lasting effects on impulsive choice. 
Interestingly, a subsequent nicotine vapor challenge revealed short-term increases in impulsive 
choice immediately following a single exposure to 24 mg/mL nicotine vapor, relative to choice 
preference immediately following exposure to 0 mg/mL vapor.
Conclusions:  These results suggest that exposure to nicotine vapor causes immediate, short-term 
increases in impulsive choice.
Implications:  E-cigarette use is increasing at an alarming rate, particularly among adolescents 
and young adults. This is concerning given the lack of research into the effects of nicotine vapor 
exposure on the brain and behavior. The present study describes a viable rodent model of human 
e-cigarette use and suggests that exposure to nicotine vapor produces short-term increases in im-
pulsive choice.
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Introduction

Nicotine vapor inhalation from electronic nicotine delivery sys-
tems, also known as e-cigarettes, is the preferred method for 
nicotine consumption among adolescents, with e-cigarette use 
increasing in this population by 19.3% from 2011 to 2018.1 This 
is concerning as both clinical and preclinical works suggest that re-
peated exposure to nicotine produces neurobiological adaptations 
that contribute to impaired cognitive control.2–5 Furthermore, re-
cent studies suggest nicotine vapor inhalation from e-cigarettes 
may have detrimental effects on human health beyond those from 
traditional smoking.6,7 E-cigarettes expose users to different con-
centrations of nicotine, intake patterns, additive chemicals (eg, 
salt, flavorings), and chemical reaction products (eg, nicotyrine), 
all of which may enhance nicotine’s addictive properties and pro-
mote progression to conventional cigarette use in individuals with 
no history of smoking.7–12 Preclinical studies investigating the ef-
fects of nicotine vapor consumption on the brain and behavior are 
indeed limited, warranting the need for research into the psycho-
pharmacological, neurobiological, and behavioral effects of nico-
tine vapor consumption.13,14

Clinical studies have documented both short- and long-term 
changes in cognitive function resulting from nicotine use in 
human smokers.15–17 For example, nicotine consumption from 
traditional cigarette use has been shown to increase impulsive 
choice.18–20 To examine impulsive choice, preclinical work has 
relied on the delay discounting task, where rodents can choose 
between a small immediate reward or a large delayed reward. 
While most rodent studies have shown nicotine-induced increase 
in preference for the small immediate reward (increased impulsive 
choice, like that seen in smokers), some have shown no effects on 
performance in the delay discounting task following injections of 
nicotine.21–23 Notably, most of these studies administered nicotine 
to rodents via injections, which ineffectively models nicotine in-
halation in humans.

The lack of preclinical research on the effects of nicotine vapor 
on the brain and behavior may be due to the lack of validated nico-
tine vapor delivery systems designed for animal exposure. While 
efforts to develop novel rodent models of human e-cigarette use 
are underway, studies examining the effects of nicotine vapor ex-
posure on impulsive choice have yet to be conducted. The current 
e-cigarette epidemic occurring in adolescents and young adults, 
along with the well-established increase in risky and impulsive 
choice observed in smokers, substantiates the need for preclinical 
research on the effects of nicotine vapor exposure on impulsive 
choice in these age groups. Here we describe and utilize a rela-
tively novel rodent nicotine vapor delivery system14,24,25 to investi-
gate the effects of nicotine vapor exposure during early adulthood 
on impulsive decision-making in rats.

Methods

Subjects
Male Sprague-Dawley rats (N = 24) 3 weeks of age were obtained 
from an outbred stock of animals (Envigo, Inc, Indianapolis, IN). 
The rats were paired-housed in a humidity- and temperature-
controlled (22°C) vivarium on a reverse 12-hour light/dark cycle 
(lights off at 6:00 am and on at 6:00 pm) with ad libitum access to 
food and water, except when noted below. Cagemates consisted of 
outbred non-sibling rats. All animal procedures were performed in 
accordance with the University of Texas at El Paso animal care and 
use committee’s regulations.

Experimental Design
Before the start of the experiment, the rats were handled in the viv-
arium for 2 consecutive days. The experiment schedule (see Table 
1) began with shaping procedures for the delay discounting task, 
which included magazine training, lever press training for a grain 
food pellet (left and right lever, counterbalanced), and nose-poke 
training, in that order, until a criteria of 30 responses in 1 hour was 
met by all rats for each of the shaping procedures. After shaping, the 
rats received 24 consecutive days of training in the delay discounting 
task (Training phase I). After initial training in the discounting task, 
separate groups of 10-week old rats (an age associated with early 
adulthood26) were exposed to 1 of 3 nicotine vapor concentrations 
(0, 12, or 24 mg/mL nicotine) for 10 days. The nicotine vapor con-
centrations and exposure protocols with rodents were based on es-
tablished parameters used to model human nicotine consumption 
rates and serum cotinine levels resulting from daily e-cigarette use.9,27 
To verify the delivery of nicotine in rats, blood collection procedures 
were conducted immediately following vapor exposure on days 1, 
5, and 10 and blood serum levels of its metabolite, cotinine, were 
assessed. Rats resumed daily training in the delay discounting task 
(Training phase II) the day after nicotine vapor exposure was com-
pleted and were trained until criterion for stable responding was 
achieved across 6 consecutive days (long-term test). To examine the 
short-term effects of nicotine vapor exposure on impulsive choice, 
all animals were tested in the delay discounting task immediately fol-
lowing a 0 or 24 mg/mL nicotine vapor challenge (short-term test). 
One final test of choice preference was conducted 24 hours after the 
24 mg/mL nicotine vapor challenge.

Nicotine Vapor Exposure
To model nicotine vapor exposure from e-cigarettes, rats received 
passive nicotine vapor exposure 5 days a week (Monday to Friday) 
using the Four Chamber Benchtop Passive E-Vape Inhalation 
System (La Jolla Alcohol Research Inc, La Jolla, CA). This system 
consisted of four sealed chambers (interior dimension of 14.5″ L 

Table 1.  Experiment Schedule for Training, Testing, and Vapor Exposure

Group
Training phase I 
DD 1–24

10 days vapor 
exposure

Training phase II 
DD 25–34

Stability/long-term 
test DD 35–39

Vapor challenge/ 
short-term test DD 41

Vapor challenge/ 
short-term test DD 42

24 h Post 
exposure DD 43

Age 
(PD)

35–60 70–80 81–89 90–94 100 101 102

1 No exposure 0 mg/mL Nicotine No exposure No exposure 0 mg/mL Nicotine 24 mg/mL Nicotine No exposure
2 No exposure 12 mg/mL Nicotine No exposure No exposure 0 mg/mL Nicotine 24 mg/mL Nicotine No exposure
3 No exposure 24 mg/mL Nicotine No exposure No exposure 0 mg/mL Nicotine 24 mg/mL Nicotine No exposure

DD = delay discounting day, PD = postnatal day.
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× 10.5″ W × 9.0″ H), each with two valve ports. One valve port 
was connected to a small vacuum that controlled the airflow in the 
chamber at 0.6 L per minute. The vacuum outlet was connected to a 
Whatman HEPA filter (Millipore Sigma, Darmstadt, Germany) and 
onto a house exhaust that safely removed the nicotine vapor from 
the chambers and outside the testing room. The other valve port 
was connected via PVC tubing to a TFV4 mini-tank (4.9 V, 65.0 W; 
Smok Inc, Shenzhen, China), where the nicotine e-liquid was heated 
by a 0.42 Ω atomizer coil.

At 10 weeks of age rats were exposed to either 0, 12, or 24 mg/mL 
nicotine vapor for 10 consecutive days, with 2 days off between days 
5 and 6 of vapor exposure.26 Two rats were exposed per chamber 
(cagemates) for a total of eight rats per exposure session, with each 
nicotine vapor concentration group presented in separate sessions 
each day. Since all four chambers were connected to one minitank, 
all eight rats in each session were exposed to the same nicotine con-
centration. To minimize the possibility of higher concentrations con-
taminating lower concentrations, groups of eight rats were exposed 
to 0, 12, or 24 mg/mL nicotine concentration in sessions 1, 2, and 3, 
respectively. Separate PVC tubing and minitanks were used for each 
concentration of nicotine vapor, and chambers were cleaned after 
every exposure. The present study used flavorless nicotine e-liquids 
containing nicotine in its freebase form in 50/50 vegetable glycerin/
propylene glycol vehicle. All nicotine e-liquids were purchased from 
the commercial vendor Vapor Chef (VC Tobacco #13; Bristol, PA).

Exposure parameters were chosen based on pilot studies we con-
ducted suggesting these approximate cotinine levels following elec-
tronic cigarettes use in humans, based on a review of the clinical 
literature.28,29 The rats were exposed to vapor in daily 90-minute 
sessions consisting of four cycles, with 5-minute inter-cycle intervals. 
For each cycle nicotine e-liquid was heated to 400°F for a 3-second 
puff delivery, occurring every 2 minutes and 10 times per cycle, for 
a total of 40 puff deliveries per day and a cycle duration of 18 min-
utes and 30 seconds.

Assessment of Cotinine Levels
On exposure days 1, 5, and 10, the rats were briefly anesthetized 
using an isoflurane/oxygen mixture (1%–3% isoflurane) and re-
ceived a nick on the end of the tail with a sterile scalpel blade. Blood 
was collected from the tail in sterile 1 mL Eppendorf tubes and placed 
on ice. Blood collection from all rats was done at least 15 minutes 
after removal from vapor. The blood was then centrifuged for 15 
minutes at 5000g at 4°C. Serum was analyzed for cotinine using 
an enzyme-linked immunosorbent assay (catalog no. CO096D-100; 
Cal Biotech Inc, El Cajon, CA) conducted according to manufacturer 
instructions. Enzyme-linked immunosorbent assay plates were meas-
ured using a standard laboratory plate reader (Spectra Max PLUS 
384, Molecular Devices) and the results were analyzed using the Soft 
Max Pro software (version 5.4).

Delay Discounting Task
For the delay discounting task, the present study utilized eight 
standard operant chambers and procedures previously described in 
our work.30,31 All left and right lever reward assignments and pres-
entations were randomly assigned and counterbalanced during all 
training and testing sessions. Five days before the delay discounting 
procedures  began, rats were food restricted to 90% of their free-
feeding body weight. Subsequent feeding was only allowed for 2 
hours per day after behavioral testing was completed for the day. The 
task began with rats receiving two 45-minute sessions of magazine 

training consisting of 16 to 22 deliveries of a 45 mg food pellet with 
an average delivery interval of 2 minutes. This was followed by four 
consecutive 1 hour sessions of lever press training, where rats were 
presented with a single lever (2 days with left lever and 2 days with 
right lever) and allowed to press for a food pellet under a fixed ratio 
1 schedule of reinforcement (1 pellet delivery for every lever press). 
Upon the completion of lever press training (30 presses within the 
1 hour sessions), rats were trained to nose poke into an illuminated 
food trough, after which the 1.12 W trough light was turned off and 
a single lever (left or right) was presented. When the rats pressed on 
a lever two food pellets were delivered and the lever was retracted.

Daily delay discounting sessions consisted of five blocks, each 
with four forced-choice trials (only one lever presented) followed 
by six free-choice trials (two levers presented at the same time) and 
lasted 50 minutes. Individual trials began with the presentation of a 
light cue (food trough light), which was extinguished when the rat 
entered the food trough, initiating lever extensions. Pressing one of 
the two levers (left or right of the food cup) resulted in the immediate 
delivery of a small reward (one grain food pellet), whereas pressing 
the other lever resulted in the delayed delivery of a large reward 
(four food pellets) with a determined delay for delivery. A 10-second 
response window was given for both nose poke and lever press re-
sponses. Trials in which rats failed to nose poke or lever press during 
the 10-second window were scored as omissions and a new trial 
began. To control for differential effects that have been reported 
to occur when  presenting ascending versus descending delays to 
the large reward delivery,32 half of the rats in each treatment group 
had delays to the large reward delivery that increased across session 
blocks (0, 4, 8, 16, 32 seconds), while the other half of the rats in 
each group had delays to the large reward delivery that decreased 
across session blocks (32, 16, 8, 4, 0 seconds, counterbalanced). Both 
levers were retracted once either lever was pressed or the 10-second 
response window elapsed. All trials, regardless of the delay or omis-
sions, were set to a fixed duration. Therefore, performance in the 
task did not affect rate of progress through the trials and the large 
delayed reward was objectively the “optimal” choice for maximizing 
food delivery. Performance in this task was not assessed until a stable 
discounting curve, averaged across all rats, was observed across 6 
consecutive days. A stable discounting curve was achieved when a 
statistically significant effect of delay was obtained (suggesting that 
rats shifted their choice appropriately based on the delay to the large 
reward), with no effect of daily training sessions (suggesting that the 
rate of the shift does not change across training sessions).

Statistical Analysis
Choice preference in delayed reward was compared using a mixed 
model two-way analysis of variance (ANOVA) with group (0, 12, or 
24 mg/mL nicotine) as a between-subject factor and delay or training 
day as within-subject factors. T tests and Bonferroni corrected alpha 
levels were used as post hoc analyses. Finally, partial eta squared and 
Cohen’s d were used to determine effect sizes.

Results

Training in the Delay Discounting Task
Rats were trained in the delay discounting task for 24 days before 
nicotine vapor exposure. A mixed model ANOVA revealed no main 
effects of, or interactions with, choice preference across the 5 delay 
discounting days (DD) before nicotine vapor exposure (training days 
20–24; Fs < 1.39, ps > .08). Following vapor exposure, rats continued 
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to train in the delay discounting task for an additional 10 days be-
fore 6 days of stable task performance was achieved across all rats. 
No main effects or interactions with nicotine treatment group were 
observed across these 10 posttreatment training days (DD 25–34, Fs 
< 1.12, ps > .24), suggesting that nicotine vapor exposure does not 
affect learning in the delay discounting task. One-way ANOVAs on 
the 5 delay discounting training days preceding vapor exposure and 
on the 10 training days after vapor exposure revealed no differences 
in discounting task performance between the 10-day nicotine vapor 
exposure groups (Fs < 2.39, ps > .12). Criteria for stable responding 
in the delay discounting task was met across DD 35 to 40 and was 
determined by an observed main effect of delay (F(4,80) = 81.91, p < 
.001, ηp

2 = 0.80), without a main effect of day (F(5,100) = 0.79, p = .56).

Serum Cotinine
Blood serum cotinine levels on vapor exposure days 1, 5, and 10 were 
analyzed in a mixed model ANOVA with nicotine vapor group as a 
between-subject factor and blood collection day as a within-subject 
factor (Figure 1). Analysis revealed a main effect of nicotine vapor 
group (F(2,21) = 81.10, p < .001, ηp

2 = 0.89) and blood collection day 
(F(2,42) = 21.35, p < .001, ηp

2 = 0.51), as well as an interaction of nico-
tine vapor group and day (F(4,42) = 6.51, p < .01, ηp

2 = 0.38). Bonferroni 
post hoc analyses were conducted and revealed a difference between 
the 0 mg/mL nicotine control groups and both the 12 and 24 mg/
mL nicotine groups, across all 3 timepoints (ps < .001, Cohen’s d > 
3.81). No differences between the 12 mg/mL and 24 mg/mL nicotine 
treatment groups were observed for the cotinine analysis timepoints 
(p = .09). Together, these findings suggest that passive exposure to 12 
and 24 mg/mL nicotine vapor similarly increase serum cotinine levels, 
relative to passive exposure to 0 mg/mL nicotine vapor.

Long-Term Effects of Nicotine Vapor Exposure on 
Impulsive Choice
To assess the long-term effects of repeated nicotine vapor exposure 
on choice preference in the delay discounting task, performance on 
the delay discounting task was compared between the 10-day vapor 
treatment groups on each of the 6 training days in which rats showed 

stable responding (DD 35–40, beginning 15 days after exposure), 
as well as the average performance across these 6 days (Figure 2). 
A main effect of delay was observed on the averaged discounting 
curve from days 35 to 40 (F(4,84)  =  79.96, p < .001, ηp

2  =  0.88); 
however, no interaction of delay and nicotine group (F(8,84) = 1.17, 
p =  .33) or main effect of nicotine group (F(2,21) = 0.001, p =  .99) 
were observed. A repeated-measures ANOVA revealed a marginal 
interaction between 10-day treatment group and delay to large re-
ward delivery on training day 37 (F(8,84) = 2.02, p = .05, ηp

2 = 0.16). 
No other interactions or main effects of nicotine vapor exposure 
were observed on any of these 6 individual DD or the average of 
these 6 days (Fs < 1.58, ps > .14). Post hoc analysis revealed no dif-
ferences between nicotine vapor groups on any of these test days 
(ps > .37).

Short-Term Effects of Nicotine Vapor Exposure on 
Impulsive Choice
Following analysis of the long-term effects of nicotine vapor ex-
posure, the short-term effects of a passive nicotine vapor exposure 
were assessed separately in each 10-day vapor treatment group, 
immediately following a 0  mg/mL (DD 41)  and 24  mg/mL (DD 
42) nicotine vapor challenge. No differences were observed in any 
10-day treatment groups when using repeated-measures ANOVA to 
compare choice preference on the last day of stable responding (DD 
40) to choice preference immediately following the 0 mg/mL nicotine 
vapor challenge (Fs < 0.38, ps > .56). However, a repeated-measures 
ANOVA comparing choice preference immediately following the 
0  mg/mL nicotine vapor challenge to choice preference immedi-
ately following the 24 mg/mL nicotine vapor challenge revealed a 
main effect of treatment day (F(1,7) = 6.57, p < .05, ηp

2 = 0.48) and 
delay (F(4,28) = 22.63, p = .001, ηp

2 = 0.76) in the group that previ-
ously received 0 mg/mL nicotine vapor for 10 days (Figure 3A). No 
interaction of day and delay to large reward delivery (F(4,28) = 0.31, 
p  =  .87) was observed in this group. This finding suggests that a 
single exposure to 24 mg/mL nicotine vapor can cause immediate 
increase in impulsive choice. Post hoc analysis further revealed that 
significant increases in impulsive choice in this group, following the 
24 mg/mL nicotine vapor challenge, occurred during the 16 seconds 

Figure 1.  Blood serum cotinine levels of rats exposed to nicotine or vehicle vapors on exposure days 1, 5, and 10. The rats that were exposed to the 12 mg/mL 
nicotine vapor (12 mg/mL Nic, green bars) and 24 mg/mL nicotine vapor (24 mg/mL Nic, red bars) displayed an increase in serum cotinine levels when compared 
with the control rats that were exposed to 0 mg/mL nicotine vapor (0 mg/mL Nic, blue bars). No significant differences were observed between the 12 and 24 mg/
mL nicotine treatment groups. Data are presented as mean ± SEM. Asterisk (*) indicates a significant difference between the 0 and 12 or 24 mg/mL nicotine 
vapor treatment groups. Critical p value is .05.
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delay to delivery of the large reward (t(7) = 3.21, p =  .01, Cohen’s 
d = 0.71).

When comparing immediate effects of 0 and 24 mg/mL nico-
tine vapor in rats with prior 10-day exposure to 12 (Figure 3B) 
and 24 (Figure 3C) mg/mL nicotine vapor, repeated-measures 
ANOVA revealed a main effect of delay (Fs > 32.79, p < .001, 
ηp

2 = 0.82), but no interaction of treatment day and delay (Fs < 
1.24, ps > .32) in either group. Interestingly, there was a main ef-
fect of nicotine vapor challenge day in the group with previous 
exposure to 10 days of 12 mg/mL nicotine vapor (F(1,7) = 8.33, p 
< .05, ηp

2 = 0.54, Figure 3B), but not in the group with previous 
exposure to 10 days of 24 mg/mL nicotine vapor (F(1,7) = 0.32, p 
< .59, Figure 3C). Post hoc analyses were conducted to charac-
terize the main effect of challenge day observed in the 12 mg/mL 
nicotine group and revealed that the 24  mg/mL nicotine vapor 
challenge caused immediate increase in choice for the small im-
mediate reward during the 16 seconds delay (t(7) = 3.33, p = .01, 
Cohen’s d = 1.13).

To assess the persistence of the observed increase in impul-
sive choice following a single nicotine vapor exposure, a separate 
repeated-measures ANOVA was run comparing choice preference 
immediately following the 0  mg/mL nicotine vapor challenge to 
choice preference 24 hours after the 24 mg/mL nicotine vapor chal-
lenge (DD 41). No significant effects of day were observed in any 
of the 10-day treatment groups 24 hours after the 24 mg/mL nico-
tine vapor challenge (Fs < 2.42, ps > 0.16), suggesting that the ob-
served immediate increases in impulsive choice following exposure 
to 24 mg/mL nicotine vapor are not long-lasting.

Discussion

The present study used a relatively novel rodent e-cigarette delivery 
system27 to assess the effects of passive nicotine vapor exposure on 
serum cotinine levels and impulsive choice in rats. Our findings 
indicate that passive exposure to nicotine vapor using our rodent 
vapor exposure system significantly increases serum cotinine levels. 

Furthermore, our analysis demonstrates that passive nicotine vapor 
exposure can cause short-term increases in impulsive choice. Together, 
this work describes a viable rodent model of human e-cigarette use 
and suggests that exposure to nicotine vapor may affect cost-benefit 
decision making immediately after nicotine vapor exposure, similar 
to the effects observed following traditional cigarette use.

Nicotine vapor exposure increased blood serum cotinine levels in 
rats exposed to 12 and 24 mg/mL nicotine vapor, relative to 0 mg/
mL vapor controls, on all exposure days assessed. In the present 
study, we observed higher cotinine levels when compared with re-
cently published studies investigating cotinine levels in rodents ex-
posed to nicotine vapor. For example, a recent study from the Gilpin 
laboratory25 observed cotinine levels in the range of 10–20 ng/mL 
using the 20  ng/mL dose. Similarly, Javadi-Paydar et  al.14 found 
cotinine levels below 50 ng/mL following exposure to vapor from 
an e-liquid containing a 30 ng/mL nicotine concentration. These dis-
crepancies in cotinine levels may be explained by the different ex-
perimental conditions under which nicotine vapor was generated. 
For example, the present study adopted a lower vacuum flow rate 
(0.6 L per minute) and atomizer resistance (0.24 Ω), higher wattage 
(4.9 V), and more nicotine puffs per session (40). Together these dif-
ferences can affect the vaporization efficiency of nicotine e-liquid, re-
sulting in a slower rate of nicotine clearance from the chamber, while 
more nicotine vapor is being generated. Interestingly, cotinine levels 
in our study appeared to increase in the 12 and 24 mg/mL nicotine 
vapor groups between exposure days 1 and 5 and decrease between 
exposure days 5 and 10. This pattern of changes in cotinine is con-
sistent with those observed in another report that examined cotinine 
levels 7, 10, or 14 days after nicotine osmotic pump implantation 
in rats.25,33 We suggest that this effect may be because of nicotine 
exposure decreasing enzymes that metabolize nicotine. Indeed, pre-
vious work has shown that nicotine can decrease hepatic CYP2A6.34 
Future work is needed to understand the effects of nicotine vapor 
and its constituents on nicotine metabolism.

Cotinine levels did not differ between 12 and 24  mg/mL 
nicotine vapor groups; however, when compared to the 12  mg/

Figure 2.  Long-term effects of nicotine vapor exposure on average choice preference across 6 days of stable responding. Rats showed no significant long-
term effects on impulsive choice 15 days after a 10-day exposure to 0 mg/mL nicotine vapor (0 mg/mL Nic, blue squares), 12 mg/mL nicotine vapor (12 mg/mL 
Nic, green squares), or 24 mg/mL nicotine vapor (24 mg/mL Nic, red squares). Impulsive choice was averaged across 6 days of stable responding in the delay 
discounting task (delay discounting days 35–40) and data are presented as mean ± SEM.
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Figure 3.  Short-term effects of nicotine vapor challenge on choice preference in rats previously treated with 10 days of (A) 0, (B) 12, or (C) 24 mg/mL of nicotine 
vapor. Rats previously exposed to 0 and 12 mg/mL nicotine vapor demonstrated increased impulsive choice (decreased choice of the large delayed reward). Data 
shown include choice preference averaged across delay discounting training days 35–40 (DD 35–40 Ave, white circles), immediately after 0 mg/mL nicotine vapor 
challenge (0 mg/mL Nic, blue circles), immediately after 24 mg/mL nicotine vapor challenge (24 mg/mL Nic, red circles), and 24 hours after 24 mg/mL nicotine 
vapor challenge (24 hours post vapor, black circles). Data are presented as mean ± SEM. Plus sign (+) indicates a significant difference in delay discounting 
between the 0 and 24 mg/mL nicotine vapor challenge days, while asterisk (*) indicates significant difference on delay discounting between the 0 and 24 mg/mL 
nicotine vapor on identified delay block. Critical p value is .05.
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mL, the 24  mg/mL nicotine group did show a trend for higher 
serum cotinine levels. Surprisingly, the 0  mg/mL nicotine group 
displayed trace amounts of cotinine. We suggest that contamin-
ation or third-hand nicotine vapor exposure may have occurred, 
despite our efforts to avoid this. Indeed, other groups have also 
reported trace cotinine levels (under 10  ng/mL) in rodents ex-
posed to commercially available 0  mg/mL nicotine solutions,13 
and third-hand nicotine exposure has been reported in humans 
when exposed to environments where nicotine vapor had been 
consumed.35 However, it is also possible that trace amounts of 
cotinine in control samples are overestimated by technical fac-
tors related to detecting near zero values using enzyme-linked im-
munosorbent assay procedures, including limitations associated 
with detection levels, plate reader, and/or timing of procedures. 
Future studies employing nicotine vapor procedures should aim to 
assess the presence of nicotine in commercially available “0 mg/
mL” nicotine liquids or develop their own nicotine liquids in the 
laboratory. Additionally, to avoid possible third-hand exposure, 
animal models of nicotine vapor should utilize separate vapor 
exposure chambers when exposing control groups to vehicles. 
Finally, the validation of a response-contingent vapor administra-
tion system will be an important development for rodent models 
of human e-cigarette use, as research has shown that passive and 
self-administration of drugs of abuse can result in different bio-
logical and behavioral outcomes.36,37

In the present study, we sought to test for long-lasting effects of 
nicotine vapor exposure on impulsive choice. Thus, we investigated 
the effects of nicotine vapor on impulsive choice 15  days after re-
peated exposure. The results revealed that chronic nicotine vapor ex-
posure did not produce long-term effects on impulsive choice. This 
finding is in line with previous studies showing that nicotine injections 
do not produce long-term increases in impulsive choice in rats.21,22 
Research with humans has also suggested that immediate shifts in 
choice preference following nicotine use may not be long-lasting.18,38 
While the present study investigated the long-term effects of repeated 
nicotine vapor exposure on impulsive choice, future research will need 
to investigate the choice preference effects of repeated nicotine vapor 
exposure within the first 15 days after repeated exposure.

Analysis of impulsive choice immediately following a single 
exposure to 24 mg/mL nicotine vapor revealed a shift in choice 
preference towards the small immediate reward (increase in im-
pulsive choice) in rats with no history of nicotine vapor exposure 
(ie, rats previously exposed to 10 days of 0 mg/mL nicotine vapor). 
Interestingly, a similar immediate effect of acute nicotine vapor 
exposure on impulsive choice was seen in rats exposed to 10 days 
of 12, but not 24, mg/mL nicotine vapor. It is important to note 
that significant effects of nicotine vapor on impulsive choice were 
limited to the center of the discounting curve. This is consistent 
with previous work from our lab showing that the effects of 
drugs of abuse on discounting curves are often maximized at the 
center of the curve, where the optimal choice can be relatively less 
evident.23,30 A  similar preference was observed immediately fol-
lowing exposure to 0 or 24 mg/mL nicotine vapor when there was 
no delay in the delivery of the larger four pellet reward (0 seconds 
delay block), suggesting that nicotine vapor exposure does not 
affect the ability to perceive differences in reward magnitude. The 
immediate effects of exposure to 0 or 24 mg/mL nicotine vapor 
on choice were also comparable during the longest delay to large 
reward delivery (32 seconds delay block), indicating that nicotine 
vapor exposure does not affect the ability to bridge temporal gaps 
for action-outcome contingencies. Finally, no significant effects 

on choice preference were seen 24 hours after a single exposure 
to 24 mg/mL nicotine vapor, suggesting that immediate effects of 
nicotine vapor on impulsive choice are transient. Together, our 
findings suggest that while significant increases in impulsive choice 
can occur immediately following e-cigarette use, these effects may 
be limited to the hours following nicotine vapor exposure.

The present study only included male subjects. However, it 
should be noted that sex differences in the behavioral effects of 
nicotine are prevalent in the literature. For example, females display 
greater intravenous nicotine self-administration as well as anxiety-
like behavior during nicotine withdrawal.39–41 Females also accumu-
late greater levels of nicotine in the brain faster42 while metabolizing 
nicotine slower than males.43 Also, recent work examining sex dif-
ferences in nicotine-induced impulsive choice suggests that females 
display increase in impulsive choice at lower doses of nicotine as 
compared with males.44 Future studies are needed to elucidate sex 
differences in the behavioral effects of nicotine vapor exposure. 
Lastly, notable strain differences to the effects of nicotine have been 
documented, warranting the study of strain differences in the behav-
ioral effects of nicotine vapor (for a review see,45–47).

Summary and Conclusions

Previous work in rodent models using nicotine  liquid injections or 
minipumps have reported short- and long-term increases in impulsive 
choice.22,48 Our study vertically extends prior work by utilizing novel 
nicotine vapor inhalation in rodents that models e-cigarette use in hu-
mans. The present study suggests that exposure to nicotine vapor pro-
duces immediate changes in impulsive choice in rats and that these 
effects are not long lasting. This suggests that the direct effects of nico-
tine have the potential to alter impulsive choices during e-cigarette use. 
The data also suggests that there are no long-term residual effects on 
impulsive choice following e-cigarette use. These findings are particu-
larly relevant for adolescents and young adults who display increase in 
impulsivity, relative to older adults.49 Overall, the present study con-
tributes the viability of the described vaping system as a valid rodent 
model of human e-cigarette use and highlights a need for future studies 
to further characterize the effects of nicotine vapor exposure on the 
brain and behavior.
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