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Abstract: The debate about electronic cigarettes has divided healthcare professionals, 15 
policymakers, and communities. Central points of disagreement are whether vaping electronic 
cigarettes are addictive and whether they produce major pulmonary complications. We 
developed a novel model of nicotine vapor self-administration in rats and found that rats 
voluntarily exposed themselves to nicotine vapor to the point of reaching blood nicotine levels 
that are similar to humans, exhibiting both addiction-like behaviors and cardiopulmonary 20 
abnormalities. The smoking cessation drug varenicline decreased electronic cigarette self-
administration. These findings confirm the addictive properties and harmful effects of nicotine 
vapor and identify a potential medication for the treatment of electronic cigarette addiction. 

One Sentence Summary: Vaping nicotine-containing electronic cigarettes produces 
cardiopulmonary abnormalities, nicotine dependence and addiction-like behaviors, which are 25 
reduced by the smoking cessation drug varenicline. 
Main Text: Electronic cigarette use is exponentially increasing worldwide, particularly among 
adolescents. Between 2011 and 2015, high school students increased their electronic cigarette 
use by 900% (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 30 
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 non-smokers (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 35 
that they may be harmful (8, 9). 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 (10). For 
example, it is unclear whether nicotine vapor is addictive, and 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 40 
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medical debate. Healthcare professionals in some countries, such as in the European Union and 
Australia, are currently recommending electronic cigarettes as smoking cessation aids (11, 12). 

To investigate the long-term effects of nicotine vapor self-administration, male and female 
Wistar rats were given access to nicotine vapor (1 h/day) for > 14 days. Air-tight operant 
chambers were custom built using an electronic-vaporizer nicotine tank that is sold for human 5 
use and coupled with an active lever and cue light. The box also contained an inactive lever, 
which was not associated with any consequence (Fig. 1A). Nicotine vapor was delivered using a 
pump that was calibrated to mimic human puffing behavior (Gram Research, San Francisco, CA, 
USA) that was adapted to work with a Med Associates (Fairfax, VT, USA) smart card. 
We first tested nicotine vapor self-administration using a wide range of nicotine doses (n = 16 [8 10 
females, 8 males], each dose was tested for > 4 days) (13). Lever pressing followed the classic 
inverted-U shape that is observed with all drugs of abuse, including intravenous nicotine self-
administration (Fig. S1A) (14). The highest rate of responding was observed for 20 mg/ml 
nicotine, which produced blood nicotine levels > 500 ng/ml, determined by mass spectrometry. 
Such high levels of nicotine exceeded blood levels that are routinely attained after intravenous 15 
nicotine self-administration by approximately six-fold, suggesting higher tolerance to nicotine 
vapor compared with intravenous nicotine in rats. To further characterize addiction-like 
behaviors, we selected a dose of nicotine (0.5 mg/ml) that produced blood nicotine levels in the 
20-80 ng/ml range, similar to human smokers and vapers (15-17). At a dose of 0.5 mg/ml 
nicotine, rats pressed for an average of ~9 rewards per hour, resulting in blood nicotine levels of 20 
~62 ng/ml (Fig. 1B). The current gold-standard animal model of nicotine use is intravenous self-
administration (18, 19). Therefore, we confirmed that our nicotine vapor model produced similar 
blood nicotine levels as the intravenous model (Fig. 1B). 
To test the effect of daily nicotine vapor exposure (1 h/day) on the development of addiction-like 
behaviors, we first gave rats (n = 24 [12 males, 12 females]) access to nicotine (or vehicle) vapor 25 
using the same protocol (0.5 mg/ml) until responding stabilized (~14 days; Fig 1C-D) (10). The 
vehicle vapor was composed of a mix of propylene glycol and vegetable glycerin (50/50) that is 
often vaped by humans with or without nicotine (Fig 1E) (20). All of the data presented combine 
the results from males and females because no significant sex differences were observed. 
Consistent with vaping in humans, the vehicle group self-administered similar amounts of vapor 30 
to the nicotine group (21). Nicotine may produce an aversive reaction that limits its self-
administration, but this aversive reaction is insufficient to prevent self-administration (22). To 
confirm that nicotine vapor self-administration depended on the activation of nicotinic receptors, 
the rats were treated with varenicline (1.5 and 3 mg/kg), an a4b2 nicotinic acetylcholine receptor 
partial agonist and a7 receptor full agonist before the self-administration session (Fig. 1F) (23, 35 
24). Both doses significantly reduced nicotine vapor self-administration (Fig. 1F). The lowest 
effective dose of varenicline in the nicotine group had no effect in the vehicle vapor group (Fig. 
1G). These results confirmed that nicotinic receptor activation mediated vaping behaviors in rats 
and suggest that varenicline may be an effective treatment for the cessation of electronic 
cigarette use. 40 

To test whether daily nicotine vapor self-administration (1 h/day, 0.5 mg/ml) produces nicotine 
dependence, we measured two signs of nicotine dependence—somatic signs of withdrawal and 
mechanical hypersensitivity (10, 25, 26). Withdrawal was precipitated by the nicotinic 
acetylcholine receptor antagonist mecamylamine (0.5 and 1.5 mg/kg; Fig. 2A) (27, 28). The 
nicotine vapor group exhibited significantly higher somatic signs of withdrawal with both doses 45 
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of mecamylamine compared with baseline (Fig. 2B). In the vehicle vapor group, the lowest 
effective dose of mecamylamine had no effect on somatic signs of withdrawal (Fig. 2C). 
Mechanical sensitivity was measured as a proxy of hyperalgesia/allodynia, another symptom of 
nicotine withdrawal, using the von Frey test (Fig. 2A) (29-31). In the nicotine vapor group, 
hyperalgesia/allodynia was observed with each dose of mecamylamine (Fig. 2D). Pain thresholds 5 
in rats that underwent withdrawal were lower compared with their own baseline thresholds 
before nicotine vapor self-administration. No changes in pain thresholds were observed during 
mecamylamine-precipitated withdrawal in the vehicle group (Fig. 2E). 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 10 
behaviors after protracted abstinence. This is important because most relapse occurs weeks after 
initial withdrawal symptoms because of a combination of increases in craving and negative 
emotional states (10). 
To test whether daily nicotine vapor self-administration (1 h/day, 0.5 mg/ml) produces negative 
emotional states and craving after protracted abstinence, we measured mechanical sensitivity, 15 
anxiety-like behavior, and response to re-exposure of nicotine vapor-associated cues after 3 
weeks of abstinence (10, 30) (Fig. 2A). The elevated plus maze was used to measure anxiety-like 
behavior in both groups of rats during protracted abstinence. The time spent on open arms 
significantly decreased in the nicotine vapor group compared with vehicle vapor group (Fig. 2F). 
Hyperalgesia/allodynia was still evident in the nicotine vapor group during protracted abstinence 20 
compared with the vehicle group (Fig. 2G). Finally, we examined lever pressing during re-
exposure after 3 weeks of protracted abstinence when the rats were presented with conditioned 
stimuli (lever, cue light, and pump) in the absence of nicotine (32). During this last session, lever 
pressing significantly increased in the nicotine vapor group compared with their last drug-taking 
session (Fig. 2H). No significant difference in lever pressing was observed in the vehicle vapor 25 
group (Fig. 2I). These data indicated that electronic cigarette self-administration produced long-
lasting increases in craving that were only observed when the vapor contained nicotine. 
To determine the long-term effects of nicotine vapor inhalation on the heart, we examined 
cardiac histopathology, which has been shown to be affected by chronic nicotine exposure (33). 
Across all groups, males had heavier and longer hearts than females (Fig. S2). Rats self-30 
administering nicotine chronically exhibited lower heart length and weight after controlling for 
the body weight (F(4,43)=53.6, p<0.0001 and F(4,43)=86.73, p<0.0001 respectively), a result 
similar to what has been observed after high doses  (6-12 mg/kg/day for 14 days) of chronic 
nicotine  administered subcutaneously (33). 

To determine the long-term effects of nicotine vapor inhalation on the lungs, we examined 35 
alveolar morphology after acute nicotine vapor self-administration, after chronic vehicle or 
nicotine vapor self-administration, and after 3 weeks of abstinence (Fig. 3A). We found that 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. 3B-F). Rats that were subjected to 3 weeks of protracted abstinence following 40 
chronic nicotine administration did not exhibit improvements in alveolar airspace (Fig. 3B-F). 
The simplification of the lungs resembled the phenotype that was reported in previous studies of 
nicotine exposure in mice (34, 35) and in studies of chronic obstructive pulmonary disease in 
humans (36). In these studies, an increase in inflammation was also observed, which can drive 
alveolar simplification (37). 45 
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Altogether, these findings confirmed the addictive properties of nicotine-containing electronic 
cigarette use, demonstrated a causal effect of nicotine-containing electronic cigarette use on lung 
and heart abnormalities, and identified a potential medication for the treatment of electronic 
cigarette addiction. The present results may explain recent reports of lung disease in adolescents 
who vape electronic cigarettes (38), thus underscoring the importance of further studies of the 5 
long-term behavioral and health effects of electronic cigarette use. 
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Fig. 1. Development of nicotine vapor self-administration-induced dependence. (A) 
Schematic diagram of 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 indicate 5 
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the SEM of ≥ 3 animals. (C) Experimental timeline of self-administration in the nicotine vapor 
group and vehicle vapor group. (D) 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]). (E) Self-administration responses in rats (n = 24 [13 females, 11 males]) 
during 2 weeks of daily short access (1 h) to vehicle vapor (1:1, glycerol:propylene glycol). (F) 5 
Nicotine vapor self-administration decreased significantly in rats following subcutaneous 
varenicline administration (1.5 or 3 mg/ml, F2,44 = 21.74, p < 0.0001). The Newman-Keuls 
multiple-comparison test revealed a significant decrease in nicotine vapor self-administration in 
varenicline-treated rats compared with vehicle-treated rats (**p < 0.01, 1.5 mg/kg varenicline vs. 
0.0 mg/kg; ***p < 0.001, 3.0 mg/kg varenicline vs. 0.0 mg/kg). (G) Vehicle vapor self-10 
administration in rats following subcutaneous varenicline administration did not change (1.5 
mg/ml, Students t-test, t46 = 0.1063, p = 0.915).   

 

Fig. 2. Rats that self-administered nicotine vapor exhibited addiction-like behaviors during 
mecamylamine-precipitated withdrawal and protracted abstinence. (A) Experimental 15 
timeline of the behavioral analysis in the nicotine vapor group and vehicle vapor group. (B) 
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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, F2,40 = 25.47, p < 0.0001). The 
Newman-Keuls multiple-comparison 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 mecamylamine vs. 0.0 mg/kg; ***p < 0.001, 1.5 mg/kg mecamylamine vs. 0.0 mg/kg). 5 
(C) Withdrawal scores in rats that self-administered vehicle vapor (1:1, glycerol:propylene 
glycol) following subcutaneous mecamylamine administration did not change (0.5 mg/ml, 
Student’s t-test, t46 = 0.3729, p = 0.7109). (D) The percent change in pain thresholds relative to 
baseline in rats that self-administered nicotine vapor (0.5 mg/ml) decreased following 
subcutaneous mecamylamine administration (0.5 or 1.5 mg/ml, F1,24 = 13.88, p = 0.0008). The 10 
Newman-Keuls multiple-comparison 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). (E) The percent change in pain thresholds relative to baseline in 
rats that self-administered vehicle vapor did not change (0.5 mg/ml, Student’s t-test, t38 = 0.9435, 
p = 0.3514). (F) The time spent on the open arms of the elevated plus maze decreased in rats that 15 
self-administered nicotine vapor compared with vehicle vapor (Student’s t-test, t46 = 2.724, p = 
0.0091). (G) The percent change in pain thresholds relative to baseline in rats that self-
administered nicotine vapor decreased compared with vehicle vapor during protracted abstinence 
following a 3-week incubation period (Student’s t-test, t23 = 5.084, p < 0.0001). (H) The number 
of lever presses in the nicotine vapor group in a 1 h session increased after a 3-week incubation 20 
period (paired t-test, t23 = 3.575, p = 0.0016). (I) The number of lever presses in the vehicle 
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vapor group in a 1 h session did not change after a 3-week incubation period (paired t-test, t23 = 
0.6850, p = 0.5002). 

 

Fig. 3. Chronic nicotine vapor self-administration produced alveolar simplification. (A) 
Experimental timeline of organ harvest in the nicotine vapor group and vehicle vapor group. (B-5 
E) Representative images of hematoxylin and eosin staining of the lungs in rats that self-
administered (B) chronic vehicle vapor, (C) acute nicotine vapor, (D) chronic nicotine vapor, and 
(E) chronic nicotine vapor during abstinence. (F) The mean linear intercept of alveolar airspace 
distance increased in rats that chronically self-administered nicotine vapor compared with 
vehicle vapor and acute self-administration (F3,92 = 11.69, p < 0.0001). The Newman-Keuls 10 
multiple-comparison test revealed a significant increase in the mean linear intercept in the 
chronic nicotine groups compared with the chronic vehicle and acute nicotine groups (***p < 
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0.001, ****p < 0.0001, significant increase compared with chronic vehicle; ##p < 0.01, ###p < 
0.001, significant increase compared with acute nicotine). 
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