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Abstract

The use of Electronic Nicotine Delivery Systems (ENDS) is increasing in prevalence and 

popularity. ENDS are a rapidly evolving technology as devices and e-liquid formulations adapt 

to policy restrictions and market demand To identify the impacts of nicotine formulation and 

concentration, we exposed female and male C57BL/6J mice to passive electronic vaporization of 

different nicotine formulations (freebase or salt) and concentrations (1% or 3%) and measured 

serum nicotine metabolite levels, brain activity by cFos expression, and anxiety-like and motivated 

behavior using the novelty suppressed feeding test. We found that the 3% freebase nicotine vapor 

group displayed significantly higher serum nicotine levels than either 1% or 3% nicotine salt 

formulations, and female mice displayed higher serum nicotine and cotinine levels compared to 
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males. Central amygdala (CeA) activity was significantly elevated in male mice following nicotine 

vapor exposure, but the increase was not significantly different between nicotine vapor groups. 

CeA activity in female mice was unaffected. In contrast increased activity in the ventral tegmental 

area (VTA) was only observed in female mice exposed to 3% nicotine freebase and specifically 

in the dopaminergic population. Anxiety-like behavior in female mice was relatively unaffected 

by nicotine vapor exposure, however male mice displayed increased anxiety-like behavior and 

reduced motivation to feed after vapor exposure, specifically in the 3% freebase group. These 

results identify important sex differences in the impact of nicotine formulation and concentration 

on nicotine metabolism, brain region-specific activity and anxiety-like behavior, which may have 

significant relevance for different consequences of vaping in men and women.

Keywords

Nicotine; Freebase; Salt; Cea; Vta; Ends; Vapor

Introduction

Electronic Nicotine Delivery Systems (ENDS) represent the most currently used and 

available form of nicotine system, and their popularity has rapidly grown with ~3.7% of 

young adults (18–24) using ENDS (9.1 million) [1]. With this growing popularity and the 

variability in ENDS devices, the availability and use of different nicotine formulations and 

concentrations has also increased [2]. Two types of nicotine formulations are predominant 

within the market, nicotine freebase and nicotine salt. Nicotine freebase is highly volatile 

and when vaporized it enters the bloodstream through the mouth/upper respiratory tract. 

This solution is often described as bitter and harsh. Nicotine salt, on the other hand, is 

made by adding organic acids into freebase nicotine which results in protonated nicotine 

salt. When vaporized, this solution travels further down the respiratory tract and is absorbed 

into the bloodstream by the alveoli, which is more similar to the absorption that occurs with 

cigarettes. The addition of organic acids into nicotine freebase is reported to increase its 

smoothness and reduce its bitterness [3,4]. The smoothness of the nicotine salt has made 

it more popular amongst first time smokers [3] but there is a relatively equal prevalence 

of nicotine salt and nicotine freebase amongst ENDS users [5]. Humans who have smoked 

nicotine salt showed higher nicotine serum levels than those who used nicotine freebase. 

At a higher concentration, nicotine salt was also able to closely resemble nicotine serum 

levels reached when smoking a cigarette [4] which suggests other underlying physiological 

differences might result from consuming nicotine salt and nicotine freebase.

Potential physiological differences between nicotine formulations remain unclear, as there 

are few studies that investigate the pharmacokinetic effects of nicotine salt and freebase in 

preclinical models. It has been previously shown in rats that a single subcutaneous injection 

of nicotine freebase reached and maintained higher serum nicotine levels than a single 

injection of nicotine salt [6]. Using an e-vape self administration paradigm, Henderson and 

Cooper et al. [7], found that mice exposed to nicotine salt sought more nicotine deliveries 

than their free-base counterparts. In addition, mice exposed to nicotine salt yielded higher 

plasma cotinine levels than mice exposed to freebase [7]. Thus suggesting that nicotine salt 

Echeveste Sanchez et al. Page 2

Addict Neurosci. Author manuscript; available in PMC 2023 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



is metabolized at a faster rate and therefore more vapor puffs are required to maintain an 

effect. These serum results were similar to previous clinical studies [4] and when taken 

into consideration with the perceived smoothness of nicotine salt vapor, nicotine salts can 

potentially pose a higher likelihood of developing dependence than nicotine freebase in 

clinical populations.

Further, potential differences between nicotine salt and nicotine free-base and sex 

differences can arise in behavioral effects observed after vapor exposure. One preclinical 

study in rats found sex differences where male rats exposed to nicotine vapor showed higher 

serum cotinine levels than females, as well as hyperlocomotion following passive vape 

administration [8]. These effects could be due to differences in absorption or metabolism 

however, the possibility of sex differences in metabolic enzyme levels should also be 

considered. Previous studies have also shown that nicotine vapor exposure results in 

changes in thermoregulation and locomotor function [8–11]. A comprehensive review of 

preclinical and clinical studies found that male rats and mice showed increased anxiety 

following prenatal and postnatal nicotine exposure. A number of caveats such as variability 

in methodology and inconsistency in literature reporting prevented the authors from reaching 

any conclusions [12]. We have also previously shown that acute nicotine vapor exposure 

increases activity in the central amygdala (CeA), however that study only investigated a 

single nicotine formulation (freebase) and was only performed in male mice [11]. Few 

studies have examined the effects of formulation on behavior or brain region-specific 

activity in a preclinical model. The goal of the current study was to investigate the 

physiological and behavioral effects of different nicotine formulations and concentrations 

in male and female mice following a single session of vapor, to determine the changes 

after initial exposure to nicotine vapor. In order to further understand the effects of nicotine 

formulation on anxiety-like and reward-related behavior we specifically examined activity 

in the CeA due to its association with anxiety and substance use disorders [13]. We also 

targeted the ventral tegmental area (VTA) for its role in reward signaling and nicotine effects 

[14]. Additionally, we examined the impact of formulation and concentration on nicotine 

metabolism and anxiety-like and motivated behavior.

Materials and methods

Animals

Female and male adult (10– 12 weeks) C57/BL6J mice were obtained from Jackson Labs 

and group-housed in a temperature- and humidity-controlled 12hr light/dark (7am lights on) 

facility with ad libitum food and water access. All experimental procedures were approved 

by the UNC Institutional Animal Care and Use Committee.

Drugs

(−)- Nicotine free base (C10H14N2; Sigma Aldrich) was diluted to a 3% (30 mg/ml) nicotine 

concentration in 1:1 propylene glycol (Sigma Aldrich):vegetable glycerol (Fisher, PG/VG). 

Nicotine ditartrate dihydrate salt, 98% (C10H14N2·2C4H6O6·2H2O; Sigma Aldrich) was 

dissolved in 1:1 PG/VG to make 1% (10 mg/ml) and 3% (30 mg/ml) nicotine concentration, 
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taking into account the difference in molecular weight of the salt to match the nicotine 

content of the nicotine freebase concentrations.

Electronic nicotine vapor exposure

Mice were exposed to electronic nicotine vapor in airtight vacuum-controlled chambers as 

previously described [11]. Briefly, PG/VG control, 3% nicotine freebase, 1% nicotine salt, or 

3% nicotine salt solutions are added to electronic nicotine vape tanks (Baby Beast Brother, 

Smok) to be heated and vaporized (95 watt, 0.25Ω, 200 °C, SVS200, Scientific Vapor). 

The vacuum pressure allows the vaporized solution to be circulated through the chambers 

at ~1 L/min flow rate. Vapor delivery was triggered by e-vape controllers (SSV-1, La Jolla 

Alcohol Research) that are set to deliver vapor for 3 s every 10 min for a total of 3 h (Fig. 1, 

left).

Nicotine serum analysis

Immediately following an acute vapor exposure session, trunk blood was collected 

from cardiac puncture. Nicotine and cotinine levels were analyzed through liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) as described previously [11,15].

Immunohistochemistry (IHC)

Immediately following an acute vapor exposure session, mice were anesthetized with 

isoflurane and perfused with 1x phosphate-buffered saline (PBS) followed by 4% 

paraformaldehyde (PFA) in PBS. Brains were left to postfix overnight in 4% PFA before 

transferring to 30% sucrose in PBS at 4 °C. Brains were then sectioned at 40 μm using a 

microtome (HM450, Thermo Fisher Scientific) and stored at 4 °C in 0.01% sodium azide 

in PBS. Slices containing the CeA and VTA were washed in PBS for 10 mins, incubated 

in 50% methanol in PBS for 30 mins, washed for 5 mins in 3% hydrogen peroxide and 

incubated in blocking solution (0.3% Triton X-100; Thermo Fisher), 1% bovine serum 

albumin (BSA; Sigma) for 1hr. They were then incubated for 48 hrs at 4 °C in rabbit 

anti-cFos primary antibody (1:3000, Millipore Sigma; ABE457) in blocking solution. Slices 

were washed with Tris, NaCl, Triton X-100 (TNT) buffer for 10 mins. Followed by a Tris, 

NaCl, blocking reagent (TNB; PerkinElmer) wash for 30 mins, a 30 min incubation in Horse 

Radish Peroxide (HRP; 1:200, Abcam ab6721) and a 5 min washes in TNT. Fluorescence 

signal was amplified by incubating the slices in Cy3 [1:50] TSA amplification diluent 

(Akoya Biosciences, NEL744001KT) for 10 min at room temperature. CeA slices were then 

washed in TNT buffer for 10 min and mounted onto slides with Vectashield DAPI with hard-

set (Vector labs; H1500–10). In VTA slices, tyrosine hydroxylase expression was labeled by 

an additional 10 min washes in PBS, and a 60 min incubation in blocking solution (0.3% 

Triton X-100, 10% Normal Donkey Serum (NDS), and 1% Bovine serum (BSA)). VTA 

slices were then incubated overnight in primary antibody (Mouse anti-TH [1:1000], Sigma 

T1299) in blocking solution at 4 °C. Finally the slices were washed for 10 mins in PBS and 

incubated for 2 hrs in secondary antibody (Donkey anti mouse [1:700], Abcam ab150105) in 

PBS, washed in PBS and mounted onto slides using Vectashield DAPI (Vector labs; H1500). 

Fluorescence signals were detected and imaged on fluorescent microscopes (Nikon Eclipse 

6600 for CeA and Keyence BZ-X800 for VTA).

Echeveste Sanchez et al. Page 4

Addict Neurosci. Author manuscript; available in PMC 2023 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Novelty suppressed feeding (NSF) test

To assess the effects of nicotine formulation on anxiety-like behavior following a single 

vapor session, the novelty suppressed feeding test was conducted. All mice received highly 

palatable food (Froot Loop, Kellogg’s) in their home cage 48 h prior to testing and were 

food deprived 24 h prior to testing. Testing was conducted in a sound-attenuated behavior 

cabinet with a clean, empty rat cage inside and equipped with a light source set at 200 lux. 

Following vapor exposure described above, each mouse was placed inside an empty cage 

with a Froot Loop to record their latency to feed time as a measure of anxiety-like behavior. 

Once the mouse engaged in feeding or reached the maximum time limit of 10 min, the time 

was recorded and the NSF post-test commenced where the mouse was transferred back to its 

home cage and allowed 10 min to feed on a pre-weighed amount of Froot Loops. The weight 

of Froot Loops consumed was calculated as a measure of motivation to feed.

Statistical analysis

Statistical analysis and data visualization were performed using Prism 9.0 (GraphPad). Data 

were analyzed and compared using one-way or two-way ANOVAs with post hoc Tukey’s 

multiple comparisons as well as pearson’s correlation with p < 0.05 as the criterion for 

statistical significance. All data sets are expressed as mean ± SEM.

Results

Serum nicotine and cotinine analysis following exposure to nicotine freebase vs nicotine 
salt

To investigate the effects of nicotine formulation (freebase vs salt) and nicotine 

concentration (1% vs 3%), we separately exposed female and male mice to vapor composed 

of propylene glycol/vegetable glycerol (PG/VG, control), 3% nicotine freebase (3% FB), 1% 

nicotine salt (1% salt), or 3% nicotine salt (3% salt). Mice were exposed to a single vapor 

session comprised of 3 second vapor deliveries every 10 min for a total of 3 h. Immediately 

following exposure, serum was collected and mice were perfused for immunohistochemistry 

(Fig. 1A). Serum nicotine levels showed a significant sex × vapor content interaction (2-Way 

ANOVA, p = 0.0058, F (3, 31) = 5.039) and a main effect of vapor content (#p < 0.0001, 

F (3, 31) = 142.0, Fig. 1 B). Post-hoc Tukey’s multiple comparisons showed that mice 

of both sexes that were exposed to 3% FB displayed higher levels of serum nicotine than 

those exposed to 3% salt. Additionally, females exposed to 3% FB had higher serum 

nicotine levels than males exposed to 3% FB (Fig. 1B). Levels for serum cotinine, the main 

metabolite of nicotine, also showed a significant sex × vapor content interaction (2-Way 

ANOVA, p = 0.0335, F (3, 31) = 3.289) and a main effect of vapor content (#p < 0.0001, F 

(3, 31) = 18.18), and post-hoc Tukey’s showed that females exposed to 3% FB had higher 

serum cotinine levels than males exposed to 3% FB (Fig. 1C). Overall, these data indicate 

that nicotine vapor in free-base formulation produced higher serum nicotine levels than 

the salt formulation of the same concentration and within the freebase formulation group, 

females had higher serum nicotine and cotinine levels than males.
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Neuronal activation in the central amygdala following exposure to nicotine freebase vs 
nicotine salt

To measure changes in neuronal activity in the central amygdala (CeA, Fig. 2A) we 

performed immunohistochemistry and labeled for cFos in female (Fig. 2B, top) and male 

(Fig. 2B, bottom) mice exposed to PG/VG, 3% FB, 1% salt, and 3% salt. In females, 

we observed no significant difference in average cFos expression between groups (1-Way 

ANOVA, p = 0.5118, F = 0.8153, Fig. 2C). In males however, we observed a significant 

increase in average cFos expression in the 3% FB, 1% salt, and 3% salt groups as compared 

to PG/VG controls (1-Way ANOVA, #p = 0.0007, F = 10.99, Fig. 2D). We then combined 

the female and male data to examine sex differences using 2-way ANOVA. We found a 

significant effect of vapor content (#p = 0.0415, F (3, 26) = 3.158, Fig. 2E), however, post 

hoc multiple comparisons between specific groups did not yield any significant differences. 

We also correlated CeA cFos expression with nicotine serum levels in females, males, and 

mice of both sexes and found no significant correlation (Female and Male r = −0.083, p = 

0.73; Female r = −0.098, p = 0.79; Male r = −0.115, p = 0.75, Fig. 2F). Taken together these 

data suggest that in females, CeA activation is unaffected by vapor exposure, but in males 

CeA activity is increased following nicotine vapor exposure, regardless of concentration or 

formulation.

Neuronal activation in the ventral tegmental area following exposure to nicotine freebase 
vs nicotine salt

To investigate neuronal activation in the ventral tegmental area (VTA, Fig. 3A) and its 

colocalization with the dopaminergic population, we performed immunohistochemistry to 

label for cFos and tyrosine hydroxylase (TH) in female (Fig. 3B, top) and male (Fig. 

3B, bottom) animals exposed to PG/VG, 3% FB, 1% salt, or 3% salt. In females, we 

found a significant difference in the average cFos expression in the VTA between vapor 

groups (1-Way ANOVA, #p = 0.0037, F = 7.214, Fig. 3C) and post hoc Tukey’s multiple 

comparisons show that cFos expression was higher in the 3% FB group compared to PG/VG 

(p = 0.0036), 1% salt (p = 0.0097), and 3% salt (p = 0.0306) groups. In males, there was 

no significant difference in the average cFos expression in the VTA between vapor groups 

(1-Way ANOVA, p = 0.1057, F = 2.402, Fig. 3D). When the data from the two sexes 

were combined to examine potential sex differences using 2-Way ANOVA, we found a 

main effect of vapor content (#p = 0.0001, F (3, 30) = 9.460) and specifically, that females 

exposed to 3% FB showed increased cFos expression as compared to female PG/VG (p = 

0.0005), 1% salt (p = 0.0024), and 3% salt (p = 0.0157) vapor groups (post hoc Tukey’s, 

Fig. 3E). We next examined activity in dopaminergic neurons by quantifying colocalization 

of cFos and TH and again found a main effect of vapor content (2-Way ANOVA, p < 0.0001, 

F (3, 30) = 12.18). Specifically, females exposed to 3% FB showed increased cFos and 

TH colocalization as compared to female PG/VG (p = 0.0006) and 1% salt (p = 0.0013) 

vapor groups (post hoc Tukey’s, Fig. 3F). We correlated VTA cFos expression with nicotine 

serum levels in females, males, and mice of both sexes and found a significant positive 

correlation with female and male data combined (r = 0.63, p = 0.0011) and female only data 

(r = 0.69, p = 0.013) but not with male only data (Males r = 0.46, p = 0.13, Fig. 3G). The 

significant correlation in both sexes combined is likely driven by the females. We performed 

a similar correlation analysis to examine the relationship between cFos expression in the 

Echeveste Sanchez et al. Page 6

Addict Neurosci. Author manuscript; available in PMC 2023 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TH population of the VTA and serum nicotine and found a positive correlation with female 

and male data combined (r = 0.68, p = 0.0003), female only data (r = 0.69, p = 0.014), 

and male only data (r = 0.65, p = 0.022, Fig. 3H). Taken together, these data suggest that 

females exposed to nicotine vapor in 3% freebase formulation show significantly increased 

VTA neuronal activity as compared to exposure to either the 1% or 3% salt formulation, 

the increased activity is observed in both global VTA as well as specifically in the VTA 

dopaminergic population, and the increased activity is likely driven by the nicotine exposure 

as activity was correlated with serum nicotine levels.

Anxiety-like and motivated behavior following exposure to nicotine freebase vs nicotine 
salt

Following a single vapor session of either PG/VG, 3% FB, 1% salt, or 3% salt, anxiety-like 

behavior was assessed using the NSF test (Fig. 4A). Females displayed no significant 

difference in latency to feed time between the PG/VG, 3% FB, 1% salt, and 3% salt groups 

(1-way ANOVA, p = 0.6399, Fig. 4B) suggesting no difference in anxiety-like behavior 

following a single vapor session. In contrast, there was a main effect of vapor content 

when comparing male latency to feed times (1-way ANOVA, #p = 0.0453, F = 3.057, Fig. 

4C) with trends of the 3% FB group displaying a longer latency to feed time and more 

anxiety-like behavior compared to the PG/VG group (p = 0.0680) and the 1% salt group (p 
= 0.0904). During post-test food consumption (Fig. 4D), females displayed no significant 

difference between the PG/VG, 3% FB, 1% salt, and 3% salt groups (1-way ANOVA, p = 

0.3928, Fig. 4E) suggesting no group differences in overall motivation to feed. There was 

a main effect of vapor content in the male NSF post-test (1-way ANOVA, #p = 0.0192, F 
= 3.914, Fig. 4F) and post hoc Tukey’s multiple comparisons show that the male 3% FB 

group consumed significantly less food during the post-test compared to the PG/VG group 

(p = 0.0497) and the 3% salt group (p = 0.0264) but not the 1% salt group. Collectively, 

these findings show that vapor exposure did not alter anxiety-like behavior and motivation to 

feed in females. However, male mice exposed to 3% nicotine freebase vapor displayed lower 

motivation to feed and had trends toward an increase in anxiety-like behavior.

Discussion

The results of this study provide important insight into the role of formulation and 

concentration in the sex-specific effects of electronically vaporized nicotine on nicotine 

metabolism, region-specific neuronal activity, and anxiety-like and motivated behavior 

in female and male C57BL/6J mice. Notably, nicotine vapor composed of 3% nicotine 

freebase produced significantly higher serum nicotine levels as compared to 1% and 3% 

nicotine salt formulations in both males and females, and females in the 3% freebase group 

displayed higher serum nicotine and serum cotinine levels compared to males. Despite these 

sex-specific differences in serum nicotine levels by formulation and concentration, nicotine 

vapor exposure of any concentration or formulation significantly increased activity in the 

central amygdala (CeA), but only in males. CeA activity in females exposed to nicotine 

vapor was not significantly different from PG/VG controls, although females displayed 

higher basal activity. In contrast to the CeA, only the 3% free-base group displayed 

increased activity in the ventral tegmental area (VTA) and this was only observed in females 
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in both the overall VTA neuronal population and specifically in the dopaminergic VTA 

population. In anxiety-like and motivated behavior, females were relatively unaffected by 

nicotine vapor exposure, however anxiety-like behavior in males was impacted by vapor 

exposure, an effect primarily driven by increased anxiety-like behavior in the 3% freebase 

group. Males in the 3% freebase group also exhibited parallel reductions in motivated 

behavior. Collectively this work demonstrates the differential (and sex-specific) impacts of 

nicotine vapor exposure of different formulations and concentrations. These findings have 

significant relevance for the metabolic, neuronal and behavioral consequences of vaping in 

both males and females.

When studying the physiological, metabolic and behavioral effects of drugs of abuse it 

is imperative to take into consideration sex differences as well as delivery methods [6,8]. 

Previous preclinical studies have noted a difference in nicotine and cotinine serum levels in 

male and female mice exposed to nicotine, with males showing higher nicotine serum levels 

than females [7,8]. However, they failed to further investigate the reason behind the nicotine 

metabolite differences such as enzyme levels. While previous clinical studies included both 

male and female participants [3,4], they did not look at sex differences that might arise 

from differences in nicotine metabolism or questionnaire responses. Thus resulting in a 

limited understanding of the sex-specific effects that nicotine salt and freebase have in a 

clinical population. One limitation of clinical research is the inability to directly examine the 

effect nicotine exposure might have on the activation of specific brain regions. Following 

immunohistochemical analysis in the CeA, we found that males displayed higher neuronal 

activation following exposure to nicotine vapor regardless of formulation or concentration, 

while females did not. When quantifying cFos expression in the VTA, which is known 

for its role in reward signaling, only females showed an effect of vapor content with the 

3% freebase group demonstrating higher VTA activation compared to other nicotine vapor-

exposed groups. Following the novelty suppressed feeding test, females were unaffected 

by nicotine exposure while males demonstrated an effect of vapor content with a trend 

toward increased anxiety-like behavior in the 3% freebase group. These results suggest 

that sex could potentially influence how nicotine freebase or salt alters reward-seeking and 

anxiety-like behaviors.

Nicotine metabolite levels are a good indication of the rate at which nicotine is absorbed 

and then metabolized in the body. Once ingested, nicotine is rapidly metabolized into the 

more stable metabolite, cotinine, which is often used as a marker of nicotine use. In a human 

population, vaping nicotine salt resulted in higher serum nicotine levels than vaping nicotine 

freebase [4], suggesting that nicotine salt is more effectively absorbed by the body. Clinical 

studies report that nicotine salt is associated with more positive vaping experiences [3], 

which raises the possibility of an altered puff topography (increased puff volume or number 

of puffs) based on preference that may promote increased absorption. Here, we observed 

that nicotine freebase vapor exposure produced higher nicotine serum levels, however this is 

not likely due to altered respiratory rates as the freebase vapor is generally considered more 

aversive. Preclinical studies on the effect of formulation on metabolism are contradictory. 

One study conducted in rats found that following a single sub-cutaneous dose of nicotine 

freebase, serum nicotine levels were higher than those in rats injected with nicotine salts 

[6], which are consistent with the results of the current study. However, in another study, 
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mice exposed to nicotine salt vapor had significantly higher serum cotinine levels than mice 

exposed to nicotine freebase. Additionally, serum cotinine levels overall appear higher in 

males than in females [7]. These results differ from the current study where mice exposed to 

3% nicotine freebase displayed significantly higher serum nicotine levels than those exposed 

to 3% nicotine salt, and females in the 3% freebase group displayed higher serum nicotine 

levels than males. These differences could be due to different concentrations of nicotine 

(30 mg/ml of nicotine freebase and 30 mg/ml of nicotine salt in our study as opposed 

to 6 mg/ml) [7]. Furthermore, the higher serum levels we found in females compared to 

males could suggest the need for more nicotine in order to maintain reinforcing effects. 

Clinical studies measuring urine and saliva Nicotine Metabolite Ratios (NMR) in both male 

and female smokers found that female smokers had higher NMR than males [16]. The 

higher serum nicotine levels observed in females could be due to increased absorption or 

diminished metabolism. The possibility of sex differences in nicotine metabolizing enzymes 

should also be considered. Further studies are required to determine the specific metabolic 

mechanisms driving this effect as well as any differences that may arise following chronic 

exposure as this paper focused on a single acute exposure.

The CeA has been implicated in anxiety disorders and substance use such as the central 

effects of nicotine [13]. However the extent of CeA involvement and specific actions of 

nicotine in the CeA remain controversial and are potentially dependent on the method, 

amount, and time-course of nicotine exposure. One study found that acute nicotine exposure 

of a single intraperitoneal injection increased CeA phosphorylated extracellular regulated 

kinase (pERK) expression 20 min after injection [17], however a study of voluntary nicotine 

drinking found no increase in amygdala pERK after an acute (1.3 h) drinking session and 

only saw a significant increase in amygdala pERK after chronic (28–30 day) drinking [18]. 

Studies of the immediate early gene cFos are also contradictory. One study found that a 

single subcutaneous injection of nicotine increased cFos in the CeA, that there was no 

change in cFos after chronic nicotine exposure, but that cFos was increased with acute 

nicotine administration after chronic exposure [19]. We previously reported increased cFos 

and neuronal firing in the CeA after a single session of electronic nicotine vapor exposure, 

but no change in cFos or firing after five days of repeated sessions of nicotine vapor [11]. 

Another report observed increased CeA cFos after withdrawal from chronic nicotine self-

administration [20]. However, exposure to different formulations and/or concentrations of 

nicotine may differentially impact CeA neuronal activity and subsequent affective behavior 

in a sex-specific manner. In females, there was no significant difference in CeA activity 

between groups which could be associated with the lack of nicotine effects on anxiety-like 

or motivated behavior observed for these groups in the NSF test. In males, CeA activity 

was significantly increased in the 3% freebase, 1% salt, and 3% salt groups compared to 

the PG/VG control group. However, only the male 3% freebase group displayed increased 

anxiety-like behavior and decreased motivated behavior. The use of the NSF test to examine 

anxiety-like behavior was first developed in studies using only males; however, this test has 

since been validated in females. Conditions such as anxiogenic stimuli should be considered 

when analyzing results from the NSF test and other behavioral assays. A study assessing 

how various factors (e.g. body weight, social isolation) affected food consumption and 

anxiety-like behavior in male and female C57Bl/6j mice in the NSF test found that estrous 
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cyclicity was not the main source of variability in stress-induced feeding response but 

rather sex-specific effects of social isolation duration. All other variables tested resulted in 

similar anxiety-like responses from males and females [21]. In our study the group-specific 

differences in behavior could be associated with the higher levels of serum nicotine observed 

in the 3% freebase groups. As acute nicotine exposure has been associated with increased 

anxiety [22], the higher serum nicotine levels in males could contribute to the increased 

anxiety-like behavior and decreased motivated behavior in this group compared to other 

nicotine vapor-exposed groups. How-ever, females in the 3% freebase group also had 

significantly elevated serum nicotine levels, even higher levels than males, but did not 

display increased anxiety-like behaviors, potentially due to elevated basal CeA activity. In 

addition, as nicotine has appetite-suppressing properties [23], it is possible that the elevated 

serum nicotine levels in the male 3% freebase group contributed to the decreased motivated 

behavior seen in NSF, however this effect was not observed in females, suggesting that it is 

not a global suppression. Some limitations of using the NSF test, specifically in our study, 

include the stimulant effects of nicotine on locomotion and appetite. In future studies, it 

may be worthwhile to use an additional behavioral assay to assess anxiety-like behavior to 

support and validate the behavioral responses measured in the NSF test. They should also 

employ different (or multiple) tests of anxiety-like behavior to further validate the lack of 

effects of nicotine vapor on anxiety-like behavior in female mice.

The VTA and its dopaminergic activity is thought to underlie reward signaling in the brain 

and is a major target of drugs of abuse, including nicotine [24]. Nicotine has previously been 

shown to increase cell firing [25,26] and cFos expression [27] in the VTA. Additionally, 

studies have found that both rats [8] and mice [7] will self-administer nicotine vapor. In 

our study, we found that expression of the neuronal activity marker cFos in the VTA is 

significantly increased in females, but not males, exposed to 3% freebase vapor as compared 

to PG/VG controls and both 1% and 3% nicotine salt vapor. This effect is preserved in 

the dopaminergic population in the VTA which indicates that nicotine freebase specifically 

activates the dopaminergic population in the VTA more than nicotine salt, suggestive of 

increased reward signaling. The increased cFos expression was correlated with the serum 

nicotine levels indicating that these effects are likely driven by elevated levels of nicotine 

itself. These results may appear to contradict a previous study which found that in an 

electronic nicotine vapor self-administration model, female and male mice nosepoke more 

for nicotine salt vapor than nicotine freebase vapor [7]. However, we found that serum 

nicotine levels were significantly lower in the 3% nicotine salt groups as compared to 

the 3% nicotine freebase group which potentially could explain the higher reward-seeking 

behavior in the nicotine salt group in that study. If nicotine salt produces less serum nicotine 

than freebase nicotine, then the animals will nosepoke more to reach a level of serum 

nicotine that is similar to freebase nicotine exposure. Overall, our current findings indicate 

that nicotine formulation (freebase vs salt) can produce different serum nicotine and cotinine 

levels as well as differentially activate the dopaminergic VTA population which may 

underlie differences observed in the nicotine vapor self-administration studies. Additional 

experiments are required to further understand the mechanistic differences of nicotine 

freebase vs salt vapor exposure and how chronic exposure affects nicotine metabolism, 

CeA and VTA neuronal activation, and anxiety-like and motivated behaviors. As ENDS use 
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increases in prevalence and popularity, it is important that preclinical studies investigate 

nicotine vapor exposure that models human use in an array of aspects such as frequency 

and volume of inhalation as well as emerging biochemical and technological adaptations to 

ENDS devices. The results of the present study highlight important sex differences in the 

effects of nicotine vapor exposure by formulation and concentration. These differences could 

have significant consequences in the acute effects of vaping as well as the development of 

nicotine dependence through ENDS usage in men and women. It is important to note that 

the changes here only reflect immediate effects following acute exposure, while clinical 

populations likely reflect a more prolonged chronic use. Future studies will investigate the 

role of formulation and concentration on long-term ENDS usage and on withdrawal or 

cessation of use.
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Fig. 1. 
Experimental timeline and serum nicotine and cotinine following nicotine vapor exposure.

A) Experimental timeline of vapor exposure (3 second vapor every 10 min for 3 h), followed 

by serum collection and perfusion for immunohistochemistry or NSF behavioral assay.

B) Serum nicotine levels in females and males following PG/VG, 3% nicotine freebase (3% 

FB), 1% nicotine salt (1% salt), or 3% nicotine salt (3% salt) vapor exposure. Significant 

interaction (p = 0.0058) and #Main effect of vapor content (p < 0.0001); * Post-hoc Tukey’s: 

Female 3% FB vs Male 3% FB, Female and Male 3% FB vs 3% salt.

C) Serum cotinine levels in females and males following PG/VG, 3% nicotine freebase (FB), 

1% nicotine salt, or 3% nicotine salt vapor exposure. Significant interaction (p = 0.0335) and 

#Main effect of vapor content (p < 0.0001); * Post-hoc Tukey’s: Female 3% FB vs Male 3% 

FB.
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Fig. 2. 
Neuronal activation in the central amygdala area following exposure to nicotine freebase vs. 

nicotine salt.

A) Representative image of cFos (red) in the central amygdala. Scale bar = 100 μm.

B) Representative image of cFos (red) expression in females (top row) and males (bottom 

row) exposed to PG/VG, 3% nicotine freebase (3% FB), 1% nicotine salt (1% salt), or 3% 

nicotine salt (3% salt) vapor. Scale bars = 100 μm.

C) Average cFos expression in females following exposure to different vapor content. 1-way 

ANOVA, p = 0.5118.

D) Average cFos expression in males following exposure to different vapor content. 1-Way 

ANOVA, #p = 0.0007 * Post-hoc Tukey’s Male: PG/VG vs 3% FB, PG/VG vs 1% salt. 

PG/VG vs 3% salt.

E) Average cFos expression in females and males exposed to different vapor content. 2-way 

ANOVA, #p = 0.0415 *Post-hoc Tukey’s multiple comparison test Male: PG/VG vs 1% salt.
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F) Correlation of averaged cFos expression in females,males, and both sexes combined with 

serum nicotine levels.
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Fig. 3. 
Neuronal activation in the ventral tegmental area following exposure to nicotine freebase vs. 

nicotine salt.

A) Representative image of the ventral tegmental area (right hemisphere outlined with dotted 

line) labeled with tyrosine hydroxylase (TH, green) and cFos (red). Scale bar = 100 μm.

B) Representative image of double labeling of tyrosine hydroxylase (TH, green) and cFos 

(red) expression in females (top row) and males (bottom row) exposed to PG/VG, 3% 

Nicotine Freebase (3% FB), 1% Nicotine Salt (1% Salt), or 3% Nicotine Salt (3% Salt) 

vapor. Scale bars = 100 μm.

C) Average cFos expression in females following exposure to different vapor content. #1-

way ANOVA, p = 0.0037 * Post-hoc Tukey’s Female: 3% FB vs PG/VG, 3% FB vs 1% Salt, 

3% FB vs 3% Salt.
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D) Average cFos expression in males following exposure to different vapor content. 1-Way 

ANOVA, p = 0.1057.

E) Average cFos expression in females and males exposed to different vapor content. #Main 

effect of vapor content, p = 0.0001 * Post-hoc Tukey’s Female: 3% FB vs PG/VG, 3% FB vs 

1% Salt, and 3% FB vs 3% Salt.

F) Average cFos and TH colocalization in females and males exposed to different vapor 

content. #Main effect of vapor content, p < 0.0001 * Post-hoc Tukey’s Female: 3% FB vs 

PG/VG and 3%FB vs 1% Salt.

G) Correlation of averaged cFos expression in females, males, and both sexes combined with 

serum nicotine levels.

H) Correlation of averaged cFos and TH colocalization in females, males, and both sexes 

combined with serum nicotine levels.
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Fig. 4. 
Anxiety-like and motivated behavior following exposure to nicotine freebase vs nicotine 

salt.

A) Diagram of the novelty-suppressed feeding (NSF) test.

B) Latency to feed time measured in females following exposure to PG/VG, 3% nicotine 

freebase (3% FB), 1% nicotine salt (1% salt), or 3% nicotine salt (3% salt) vapor. 1-way 

ANOVA, p = 0.6399.

C) Latency to feed time measured in males following exposure to PG/VG, 3% FB, 1% salt, 

or 3% salt vapor. #1-way ANOVA, p = 0.0453.

D) Diagram of the NSF post-test.

E) Post-test food consumption measured in females following exposure to PG/VG, 3% FB, 

1% salt, or 3% salt vapor. 1-way ANOVA, p = 0.3928

F) Post-test food consumption measured in males following exposure to PG/VG, 3% FB, 1% 

salt, or 3% salt vapor. #1-way ANOVA, p = 0.0192 * Post-hoc Tukey’s: PG/VG vs. 3% FB 

and 3% FB vs. 3% salt.
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