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Abstract 
Cigarette (CIG) smoking often precedes the use of illegal drugs. Electronic-cigarettes (e-CIGs) 
have been promoted as a means of stopping smoking and reducing the harmful effects of 
CIGs on the population. However, although e-CIGs eliminate some of the morbidity associated 
with combustible tobacco, they are still nicotine-delivery devices. In order to study whether 
the nicotine delivered via e-CIG acts as “a gateway drug” to the use of cannabis, we anal- 
ysed the behavioural and molecular effects of 7 weeks’ pre-exposure to air (AIR), e-CIGs or 
CIGs on addiction-related conditioned place preference (CPP) in mice using a sub-threshold 
(0.01 mg/kg) dose of delta-9-tetrahydrocannabinol ( �9 -THC), the principal psychoactive con- 
stituent of cannabis. After 8 and 66 days of withdrawal, this �9 -THC dose was ineffective in 
inducing CPP in mice pre-exposed to pump-driven AIR, but very effective in mice pre-exposed 
to e-CIGs or CIGs. Exposure to e-CIGs or CIGs increases the expression of �FosB in the nucleus 
accumbens (NAc), which remains high during short-term e-CIG or CIG withdrawal and long-term 
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CIG withdrawal and is not influenced by treatment with �9 -THC. At the end of e-CIG or CIG ex- 
posure and during withdrawal, the mice also had a higher AMPA receptors GluA1/GluA2-3 ratio 
in the NAc. Chronic nicotine exposure increases sensitivity to rewarding effects of �9 -THC in 
mice and produces long-lasting neurobiological changes regardless of the delivery method (CIG 

vs. e-CIG). The exposure to passive tobacco smoke or e-CIG vapours can similarly increase 
vulnerability to the effects of cannabis and possibly other drugs of abuse. 
© 2019 Published by Elsevier B.V. 
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. Introduction 

obacco use remains a major public health problem and 
here is still an urgent need for better pharmacothera- 
ies to treat nicotine dependence. The use of electronic 
igarettes (e-CIGs) has attracted considerable and contro- 
ersial attention: some authors show that they are safer 
han tobacco cigarettes (CIGs) and effective as smoking 
essation aids ( Dawkins et al., 2013a, b ), whereas oth-
rs express concerns about their potential health haz- 
rds ( Czogala et al., 2014; Sears et al., 2017 ). Nicotine
he main addictive agent delivered via CIG smoke or e-
IG vapour, is rewarding and reduces stress and anxiety 
 Benowitz, 2010 ). 
The endogenous molecular targets of nicotine are neu- 

onal nicotinic receptors (nAChRs) ( Pistillo et al., 2015 ) 
nd nicotine abuse-related effects involve the activa- 
ion of various brain circuits including the mesolimbic 
opaminergic (DAergic) system which is involved in re- 
nforcement, motivation, self-regulation ( Volkow et al., 
017 ) and habit formation ( Maskos et al., 2005; Pistillo
t al., 2015 ). Furthermore, the rewarding and addic- 
ive properties of nicotine require the integrity of the 
pioid ( Kishioka et al., 2014 ), cannabinoid ( Gamaleddin
t al., 2015 ) and ghrelin neuromodulatory systems 
 Zallar et al., 2017 ). 
Smoking cessation leads to an aversive state that acts as 

 negative reinforcer of tobacco consumption ( Paolini and 
e Biasi, 2011 ), and the emergence of negative symptoms 
uring abstinence is one of the main reasons for continued
moking (reviewed in Pistillo et al., 2015 ). Chronic nicotine
xposure leads to neuro-adaptations in various brain cir- 
uits that promote and sustain dependence. One important 
tep in the sequence of molecular events leading to abuse- 
elated behaviour is the increased expression of FosB and its 
FosB isoform in the ventral striatum ( Kandel and Kandel,
014, Nestler, 2008; Nestler et al., 2001; Pich et al., 1997 ). 
�FosB is a transcription factor whose unusually long half- 

ife allows it to accumulate and remain for weeks in chron-
cally active cells. In the nucleus accumbens (NAc), �FosB 
s induced by drugs of abuse, natural rewards ( Pitchers et
l., 2010, 2013 ) and several types of stress ( Nestler, 2008;
errotti et al., 2004; Vialou et al., 2010 ). 
CIG smoking is a gateway for illegal drugs such as cocaine

nd heroin ( Kandel and Kandel, 2014; Lai et al., 2000 ). The
erm “gateway” is used to describe a sequential progression 
n the use of addictive substances from tobacco and alcohol 
o cannabis, and then to other illicit drugs ( Kandel et al.,
992; Kandel and Kandel, 2015; Kelley and Middaugh, 1999; 
inskey et al., 2003 ). 
When administered to animals, nicotine and delta-9- 
etrahydrocannabinol ( �9-THC), (the primary psychoactive 
ostituent of cannabis) produce several common pharmaco- 
ogical effects (reviewed in Scherma et al., 2016 ). In partic-
lar, their reinforcing and anxiolytic effects are synergistic 
hen their sub-threshold doses are administered together 

 Valjent et al., 2002; Balerio et al., 2006; Scherma et al.,
016 ). 
Marijuana smoking is frequent among adolescent tobacco 

mokers ( Rabin and George, 2015;Rubistein et al., 2014 ),
nd even more frequent among heavy smokers. Although 
o direct association has been found between the early on-
et of smoking and later cannabis use, early nicotine use
ay increase the risk of developing a cannabis use disorder

 Rubistein et al., 2014 ). Cannabis use is often associated
ith tobacco use ( Agrawal et al., 2009 ) and nicotine depen-
ence ( Okoli et al., 2008 ), and decreases the likelihood of
moking cessation ( Amos et al., 2004 ). 
Despite the close correlation between early nicotine use 

nd cannabis abuse, there are few preclinical data indi-
ating whether nicotine alters the rewarding properties of 
annabis or the mechanisms involved. Furthermore, it is not
nown whether nicotine delivery via CIG or e-CIG is relevant
n establishing a gateway to �9 -THC. 
We have recently developed a technique that allows con-

entional CIG smoke or e-CIG vapour to be chronically and
ntermittently introduced into a smoke chamber containing 
ice, thus mimicking the human route of passsive smok-

ng and simulating the pharmacokinetic characteristics as- 
ociated with CIG smoking or e-CIG inhalation. We have
hown that such chronic exposure to e-CIG vapour or CIG
moke containing the same amount of nicotine gives rise
o a number of similarities and some differences ( Ponzoni
t al., 2015 ). Mice exposed to CIG smoke and e-CIG vapour
ave high levels of nicotine in brain and cotinine (the ma-
or nicotine metabolite) in urine that are comparable with
hose found in human smokers. Both types of exposure
ause nAChR up-regulation, decreased food intake and body 
eight, and typical withdrawal behaviours ( Ponzoni et al.,
015 ) that are similar to the behavioural and psychological
lterations found in smokers and abstinent humans ( Koob
nd Volkow, 2010 ). 
The aims of this study were to test whether there is an

lteration in sensitivity to �9 -THC reinforcement in chron- 
cally e-CIG- or CIG-exposed mice during short- (8-day) and
ong-term (66-day) CIG or e-CIG withdrawal, identify the 
buse-related neurochemical alterations occurring in these 
ice at the end of exposure and during withdrawal, and
nalyse the possible differences between CIG and e-CIG 

xposure. 
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2. Experimental procedures 

2.1. Animals 

A total of 284 8-week-old male Balb/c mice (Charles River,
Calco, Como, Italy) were housed five per cage in a climat-
ically controlled colony room with a 12 h light/dark cycle
(lights on at 7.00 am) with food and water ad libitum . The
experiments were performed with the experimenter blinded
to treatment. 

All of the experimental procedures were carried out in
accordance with the European Community Council Directive
No. 86/609/EEC and the subsequent Italian law on the ‘Pro-
tection of animals used for experimental and other scientific
reasons’. Every effort was made to minimise the number of
animals used and their discomfort. The experimental sched-
ule is shown in Fig. 1 . 

2.2. Exposure to e-CIGs and CIGs 

One week after their arrival, the mice were divided into
three groups of 30 mice each and exposed to pump driven
e-CIG, CIG or AIR as previously described for three 30-min
sessions/day, for 7 weeks. 

The level of brain nicotine and cotinine evaluated at the
end of 7-week exposure, were very similar between e-CIG
vapour and CIG smoke exposed mice and significantly differ-
ent from those of mice exposed to air ( Ponzoni et al., 2015 ).
(See Supplementary Data for details of the apparatus). 

2.3. Behavioural studies 

2.3.1. Elevated plus maze test 
Fifty-nine days after the last session of exposure and 24 h
before the CPP test began, the mice underwent elevated
plus maze task to assess anxiety (see Supplementary Data
for further details). 

2.3.2. Conditioned place preference (CPP) test 
Two (condition B), 30 (condition C) or 60 (condition D) days
after the last session of exposure, mice underwent CPP test-
ing (see scheme on Fig. 1 ). 

Apparatus. CPP was tested in a shuttle box as described
elsewhere ( Braida et al., 2008 ). Briefly, the apparatus was
divided into two equally sized compartments separated by a
guillotine door. The compartments had different visual and
textured cues in the form of brown and white horizontal
lines or circles, and a rough or smooth wooden floor. The
visual and tactile cues were balanced so that no evident
preference was shown before conditioning. 

Procedure. The task consisted of three phases: precondi-
tioning, conditioning and post-conditioning. 

Pre-conditioning (day 1) . To check for any initial place
preference bias, each mouse was allowed to explore the two
compartments for 15 min and the time spent by each animal
in the two compartments was recorded. 

Conditioning ( days 2–6 ). Conditioning sessions (five for
�9 -THC and five for vehicle) were carried out twice a day at
9 am and 4 pm. In the morning session 5 min after the i.p.
injection of �9 -THC each animal was confined to the drug-
paired compartment for 30 min with the door closed. In the
afternoon session they received vehicle i.p. and were con-
fined to the vehicle-paired compartment for 30 min. All of
the experiments were counterbalanced between drug and
vehicle chamber pairing. Control animals always received
vehicle in the morning and in the afternoon. 

Post-conditioning (day 7) . On the test day, neither drug
nor vehicle was injected. Each mouse was put in one of -the
two compartments, with access to both sides, and the time
spent in each of the two compartments was measured over a
15-min period as an indicator of rewarding properties. Pref-
erence was expressed as the difference ( �) in the amount
of time they spent in the conditioning chamber during post
and pre-conditioning. 

2.4. Biochemical studies 

2.4.1. Brain tissue dissection 

One h (condition A) or two (condition B) or 60 (condition D)
days after their last exposure to nicotine through e-CIG or
CIG, the mice were euthanized by means of cervical dis-
location, their brains were rapidly removed, and the ar-
eas of interest were dissected, placed in 1.5 mL Eppendorf
tubes, and quickly frozen on dry ice before being stored at
−80 °C. 

2.4.2. Antibody production and characterisation 

For AMPA receptor (AMPAR) subunit detection we used anti-
GluA2-3 and anti-GluA1 antibodies (Abs) produced and char-
acterised by us as described in ( Pistillo et al., 2016 ). 

2.4.3. Tissue homogenates and membrane preparation 

After thawing, the NAc, prefrontal cortex (PFC) or ventral
tegmental area (VTA) tissues of each mouse were separately
homogenised manually in 20 volumes (w/v) of ice-cold TME
buffer (50 mM Tris–HCl, 1 mM EDTA, and 3 mM MgCl 2 , pH 7.4)
for binding and GTP γ S stimulation. The homogenates were
centrifuged at 20,000 × g for 30 min at 4 °C, and the result-
ing pellets were resuspended in assay buffer (50 mM Tris–
HCl, 3 mM MgCl 2 , 0.2 mM EGTA, 100 mM NaCl, pH 7.4), ho-
mogenised, and diluted to a concentration of ∼2 mg/mL
with assay buffer. 

For �FosB analysis, the dissected NAc tissues were ho-
mogenised in 20 mM HEPES buffer (pH 7.8) with 0.4 M NaCl,
20% glycerol, 5 mM MgCl, 0.5 mM EDTA, 0.1 mM EGTA, 1%
Nonidet P-40 containing 500 μM dithiothreitol and 1% phos-
phatase inhibitor cocktail 3 (Sigma-Aldrich). The samples
were loaded, separated on 10% SDS-PAGE and electrophoret-
ically transferred. Protein concentrations were measured
using the Pierce TM BCA Protein Assay Kit. 

2.4.4. Immunoblotting and densitometric 
quantification of Western blot bands 
The AMPAR subunits were analysed by means of Western
blotting as previously described ( Pistillo et al., 2016 ). �FosB
was detected using an anti-FosB Ab (clone 5G4, 1:1000, Cell
Signalling), and the signal was normalized to the actin con-
tent determined in the same Western blot using an anti-
actin Ab (clone AC-40, 1:3000, Sigma-Aldrich). Under con-
dition A, B and D, the �FosB values in the e-CIG and CIG



�9 -THC-induced CPP in e-CIG and CIG pre-exposed mice 569 

Fig. 1 Timeline of experimental treatments and behavioural measurements. The animals were divided into four groups of 30 mice 
each and exposed (3 times a day) for 7 weeks to AIR or e-CIG or CIG. One hour after the last exposure, at the end of the 7th week, 
the first group of animals (Condition A) was euthanized for biochemical and molecular evaluation. The remaining groups (Conditions 
B,C and D) were tested for CPP after a 5-day conditioning regimen consisting of �9 -THC or vehicle injections respectively 2, 30 
or 60 days after the last exposure. The mice under Condition D underwent the elevated plus maze task (EPM) test 1 day before 
beginning the conditioning regimen so that their emotional profile could be evaluated. One hour after the CPP test, the animals 
under Conditions B and D were sacrificed for biochemical and molecular evaluation. �9 THC: �9 tetrahydrocannabinol, VEH: vehicle. 
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xposed mice were normalised by taking the values in the
IR exposed mice as one. For AMPAR subunits the signal was
ormalised to the actin content and the values were nor-
alised by taking the values in the AIR exposed mice as one.
he GluA1/GluA2-3 ratio was calculated by dividing the nor- 
alised values of GluA1 by the normalised values of GluA2-3 

n each sample. 
.4.5. [ 3 H]-CP-55940 binding assay 
Ac membranes (20 and 40 μg of membrane protein)
ere incubated for 2 h at 32 °C with 1 nM [ 3 H]-CP-55940
175 Ci/mmol, Perkin Elmer, Boston) in a final volume of
.1 mL of TME containing 10 mg/mL of BSA in siliconized
ubes. Non-specific binding was determined in the pres- 
nce of 30 μM CP-55940. Incubation was terminated by
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rapid filtration through Whatman GF/C filters pretreated
with 0.5% polyethyleneimine (PEI). The filters were washed
three times with ice-cold Tris-HCl buffer (pH 7.4) contain-
ing 1 mg/mL BSA. Filter bound radioactivity was counted in
a liquid scintillation β counter. At each time point (1 h, 2 or
60 days after last exposure) at least four separate experi-
ments were performed in triplicate and in each experiment
the binding data (CPM specific binding/ μg of protein) were
normalized by taking as 1 the value of AIR exposed mice. 

2.4.6. Agonist-stimulated [ 35 S]GTP γS binding 
Agonist-stimulated [ 35 S]GTP γ S binding was carried out as
previously described ( Breivogel et al., 1997 ) with some
modifications (see Supplementary Data). 

The data of concentration-effect parameters for activa-
tion of [ 35 S]GTP γ S binding to NAc membranes were statisti-
cally analysed using Graph Pad Prism 6 software and were
obtained by analysing four-five independent experiments
performed in duplicate using a three-parameters logistic
model for monotonic curves in which the Hill coefficient was
fixed equal to one. 

2.5. Statistical analysis 

The data are given as mean values ± SEM, and were statis-
tically analysed using Graph Pad Prism 6 software. Two-way
ANOVA (followed by Bonferroni’s post hoc test, when ap-
plicable), was used to compare animal performance in the
behavioural experiments. 

The data from the binding and Western blotting studies
were analysed for normal distribution using the Kolmogorov–
Smirnov test and when the normal distribution was not
met data were analysed by Kruskal–Wallis test followed by
Dunn’s post hoc test (non-parametric data). A p value < 0.05
was considered statistically significant. 

3. Results 

3.1. Seven-week exposure to e-CIGs or CIGs 
increases the rewarding properties of �9 -THC 

during withdrawal 

To determine whether previous exposure to e-CIGs or
CIGs alters the sensitivity to the rewarding properties of
�9 -THC, Balb/c mice underwent a CPP test that mea-
sures the rewarding properties of drugs of abuse. As no
data are available concerning the effect of �9 -THC on
Balb/c mice undergoing a CPP test, we preliminarily de-
termined a �9 -THC dose-response curve in naive mice.
One-way ANOVA revealed a difference in the time spent
in the �9 -THC-paired chamber on the test day among the
groups ( F 3, 36 = 6.90, p = 0.001; Fig. 2 a). Post hoc analysis
showed a significant increase in the time spent in the drug-
associated chamber starting from a dose of 0.03 mg/kg,
and so we used a 0.01 mg/kg sub-threshold dose of �9 -
THC for the subsequent experiments. As shown in Fig. 2 b–
d, when the animals underwent the CPP test after vehicle
or �9 -THC injection, there was a main effect of treatment
( F 5, 166 = 24.25, p = 0.0001) and a treatment × time interac-
tion ( F 10, 166 = 2.52, p = 0.007), but no main effect of time
( F 2, 166 = 1.49, p = 0.22) (two-way ANOVA ( Fig. 2 ). Post hoc
analysis confirmed that a threshold dose of 0.01 mg/kg �9 -
THC did not induce any rewarding effect when the animals
were pre-exposed to AIR, but 7-week pre-exposure to e-CIGs
or CIGs significantly increased the time spent in the drug-
paired compartment at all the tested times (8, 36 or 66 days
after CIG or e-CIG exposure cessation), even if there was a
progressive decrease in the rewarding. 

These findings suggest that pre-exposure to e-CIGs or
CIGs provoke a long-lasting increased sensitivity to �9 -THC-
induced rewarding effects. 

We have previously found ( Ponzoni et al., 2015 ) that ex-
posure to e-CIGs/CIGs affects emotional profile from 24 h to
30 days after nicotine withdrawal. We verified whether this
alteration persisted for 60 days by evaluating anxiety-like
behaviour in the elevated plus maze test. We observed sig-
nificant between-groups differences in the number of open
arm entries and the time spent in the open arm (open arm
entries: χ2 = 6.42, p = 0.04; open arm time: χ2 = 7.65,
p = 0.02). The number of open arm entries and the time
spent in the open arm were lower in the CIG or e-CIG ex-
posed groups than in the AIR group, but the difference was
statistically significant only in CIG group (Fig. S1). No differ-
ences were found in the mean number of total arm entries
( F 2, 27 = 2.25, p = 0.12), indicating that motor function was
not altered. 

3.2. CB1 receptor levels and agonist stimulated 

[ 35 S]GTP γS binding are decreased after 66 days of 
withdrawal but not 1 h after exposure or after 8 

days of withdrawal in mice previously exposed to 

CIGs or e-CIGs for 7 weeks 

We investigated whether the increased rewarding proper-
ties of �9 -THC during withdrawal were due to changes in
CB1 receptor levels by means of binding studies using the
CB1 receptor ligand [ 3 H] - CP-55940. Preliminary saturation
binding curves showed that the affinity (Kd) of [ 3 H] - CP-
55940 to NAc membrane was 0.3 nM, and so the number of
receptors was determined using a saturating concentration
of 1 nM and NAc membranes obtained from mice 1 h (condi-
tion A), 8 days (condition B) or 66 days (condition D) after
7 weeks exposure to AIR, e-CIG or CIG. The 8- and 66-day
samples were those obtained from mice that underwent the
CPP test 2 or 60 days after AIR, e-CIG or CIG exposure. 

There was no difference in receptor levels between any
of the groups of condition A or condition B ( Fig. 3 ). In con-
dition D, Kruskal–Wallis analysis showed no difference be-
tween the mice exposed to AIR that received vehicle or �9 -
THC, but a significant decrease in receptor levels in the e-
CIG, e-CIG + �9 -THC, CIG + �9 -THC mice compared to AIR
mice ( χ2 = 17.83 p = 0.0032) ( Fig. 3 ). 

We also verified whether there was a change in the acti-
vation of CB1 receptors after vehicle or �9 -THC treatment
at different times of withdrawal in the mice exposed to
AIR, CIG or e-CIG mice by measuring CP-55940-stimulated
[ 35 S]GTP γ S binding to NAc membranes. Non-linear regres-
sion analysis of the activation curves of the condition A mice
showed no differences in E max or EC 50 between the groups
( Table 1 ). There was also no difference in the E max and
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Fig. 2 Pre-exposure for 7 weeks to e-CIG or CIG increases the rewarding properties of �9 -THC during withdrawal. (a) �9-THC given 
i.p., dose-dependently induces conditioned place preference in naïve mice. §p < 0.05, §§ p < 0.01 vs vehicle group; $$ p < 0.01 vs 
0.01 mg/kg (Tukey’s post hoc test). After 8 (b), 36 (c) and 66 (d) days of withdrawal, there was no significant change from the pre- 
conditioning preference in e-CIG, CIG and AIR groups treated with vehicle, whereas a sub-threshold dose of �9 -THC (0.01 mg/kg, 
i.p.) induced a greater place preference on test day in the e-CIG and CIG groups. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗∗p < 0.0001 in comparison 
with AIR + �9 -THC; $$ p < 0.05, $$$$ p < 0.0001 in comparison with the corresponding group + vehicle; # p < 0.05, ### p < 0.001 in 
comparison with the corresponding treatment after eight days; & p < 0.05 in comparison with CIG + �9 -THC at the same withdrawal 
intervals (each bar n = 10–12). 
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Fig. 3 The density of CB1 receptors in the NAc membranes of mice was estimated under condition A (1 h withdrawal,WDW), B (8 
days WDW) and D (66 days WDW) using a saturating concentration of 1 nM [ 3 H]-CP-55940 in the presence or not of an excess of cold 
CP-55940, and was expressed as CPM-specific binding / μg of protein and normalized by taking the value in the AIR exposed mice as 
one (each bar n = 7–8). 
Kruskal–Wallis analysis of group D (66 days WDW) and Dunn’s post hoc test showed that there was a significant decrease in receptor 
levels in the e-CIG, e-CIG + �9 -THC and CIG + �9 -THC mice ∗p < 0.05 vs AIR. 

Table 1 Concentration-effect parameters for activation of 
[ 35 S]GTP γ S binding to NAc membranes. 

Withdrawal 
interval 

Exposure and 
treatment 

E max % 
stimulation 

EC 50 , nM (CI) 

1 h AIR 188 ± 6 75 (32–128) 
e-CIG 178 ± 6 15 (4–57) 
CIG 194 ± 6 58 (28–123) 

8 days AIR + vehicle 167 ± 6 30 (8–116) 
e-CIG + vehicle 170 ± 5 46 (18–119) 
CIG + vehicle 175 ± 6 95 (36–251) 
AIR + �9 THC 177 ± 6 35 (13–90) 
e-CIG + �9 THC 173 ± 5 32 (14–75) 
CIG + �9 THC 170 ± 5 55 (21–140) 

66 days AIR + vehicle 214 ± 7 $ 13 (13(4–45) 
e-CIG + vehicle 191 ± 4 11 (3–32) 
CIG + vehicle 202 ± 5 15 (7–34) 
AIR + �9 THC 187 ± 6 ∗∗ 5 (2–20) 
e-CIG + �9 THC 166 ± 4 10 (3–27) 
CIG + �9 THC 169 ± 5 17 (6–49) 

Concentration-effect parameters for activation of [ 35 S]GTP γ S 
binding to NAc membranes. The maximal theoretical effect for 
stimulating [ 35 S]GTP γ S binding ( E max ), and concentrations that 
produce a half-maximal response (EC 50 ) are given. CI = confi- 
dence interval. 
$ p < 0.05 vs e-CIG and CIG + vehicle 
∗∗ p < 0.01 vs e-CIG and CIG + �9 THC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EC 50 values between the mice of condition B groups that
received vehicle or 0.01 mg/kg �9 -THC. On the contrary,
analysis of the activation curves of the samples obtained
from mice in the condition D (66 days) showed no difference
in EC 50 and basal values, but the E max values were signif-
icantly different ( F 5,169 = 12.3, p < 0.0001). Table 1 shows
the E max values at 66 days of the groups treated with ve-
hicle ( F 2,84 4.2 p = 0.017) or �9 -THC ( F 2,85 6.9 p = 0.0017),
which indicate that the CIG and e-CIG mice treated with ve-
hicle or 0.01 mg/kg �9 -THC had significantly lower E max val-
ues than AIR mice treated with vehicle or vehicle + �9 -THC
( Table 1 ). 

In conclusion, after 66 days withdrawal, the e-CIG and
CIG mice that received vehicle or �9 -THC had fewer CB1
receptors and a lower functional response to the CB1 agonist
CP-55940. 

3.3. Seven-week exposure to e-CIGs or CIGs 
increases NAc �FosB levels, which remain high 

during long-term withdrawal 

Chronic exposure to nicotine leads to neuroadaptations in
the various brain circuits that promote and sustain nicotine
dependence. An important step in the sequence of molec-
ular events leading to abuse-related behaviour is the in-
creased expression of FosB and its �FosB isoform in the ven-
tral striatum ( Nestler, 2008 ). 

In preliminary experiments, we analysed the expression
of �FosB in the NAc of naïve mice treated with vehicle or
0.01 mg/kg �9 -THC using the CPP schedule, and found no
difference between groups (Kruskal–Wallis analysis p = 0.8)
(Fig. S2). We also found no significant changes in basal
�FosB levels in the NAc of the mice exposed to AIR in condi-
tions A, B and D (data not shown). However when we com-
pared the e-CIG, CIG- and AIR-exposed mice 1 h, eight or
66 days after the end of eCIG or CIG exposure, we found a
significant increase in NAc �FosB levels in the mice exposed
to e-CIG and CIG ( Fig. 4 a). One hour (condition A: χ2 = 10.2
p = 0.003) or 8 days (condition B: χ2 = 14.0 p = 0.0009) af-
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Fig. 4 �FosB and AMPAR subunit ratio in the NAc of mice under conditions A, B or D. 
NAc proteins of the mice exposed to AIR ( n = 7), eCIG ( n = 7) or CIG ( n = 7) under conditions A, B and D, were separated on 10% 
( �FosB) or 7.5% acrylamide SDS gels (GluA1 and GluA2-3), electrotransferred to nitrocellulose, and probed with antibodies as 
described in the Methods. Identical amounts of proteins were always loaded on the same gel, and the loading was further verified 
by actin staining. 
a) The Western blot analysis is expressed as a ratio between the e-CIG, CIG and AIR- exposed mice. Each bar shows the mean 
values ± SEM obtained by analyzing the samples obtained from seven mice tested in five different experiments. Underneath each 
graph is a representative blot of the corresponding conditions. The Western blotting data were statistically analyzed using one-way 
ANOVA followed by Dunn’s post hoc test ( ∗p < 0.05, ∗∗ p < 0.01 and ∗∗∗p < 0.001), and were found to be significantly different from 

the AIR-exposed mice under the same condition. 
b) The Western blot values of the e-CIG or CIG exposed mice were normalised by taking the values of the AIR-exposed mice as one. 
The GluA1/GluA2-3 ratio was obtained by dividing the normalised GluA1values by the normalised GluA2-3 values. 
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A  
er e-CIG and CIG cessation, �FosB levels were significantly 
igher in the e-CIG and CIG groups than in the AIR group.
fter 66 days (condition D: χ2 = 25.2 p = 0.0001), only the
IG group showed a significant increase, and treatment with 
9 -THC did not further increase �FosB levels ( Fig. 4 a). 

.4. Seven-week exposure to e-CIGs or CIGs 
lters the ratio between GluA1 and GluA2-3 AMPA 

eceptor subunits in the mesocorticolimbic system 

uring withdrawal 

t is known that addictive drugs remodel the mesocorticol- 
mbic reinforcement circuitry by inducing the widespread 
daptation of glutamatergic synapses ( van Huijstee and 
ansvelder, 2014 ). A typical alteration in glutamatergic 
ransmission during addictive drug withdrawal is an increase 
n the ratio between the AMPAR GluA1 and GluA2 subunit
xpression, which leads to the formation of AMPARs with
reater Ca 2 + permeability ( Scofield et al., 2016 ). This and
he fact that �FosB up-regulation alters glutamate trans- 
ission ( Kelz et al., 1999; van Huijstee and Mansvelder,
014 ) prompted us to analyse the NAc expression of AM-
AR GluA1 and GluA2-3 subunits under conditions A, B and
. Under condition A, the GluA1/GluA2-3 ratio was sig-
ificantly higher in the CIG or e-CIG groups than in the
IR group (Kruskal–Wallis test χ2 = 14.30, p < 0.0001)
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withdrawal of extended access cocaine self-administration 
( Fig. 4 b). Under condition B, the GluA1/GluA2-3 ratio was
significantly increased only in the e-CIG group (Kruskal–
Wallis test χ2 = 7.14, p = 0.0187). Finally, under condition
D, the ratio was significantly higher in the CIG, e-CIG + �9 -
THC and CIG + �9 -THC groups than in the AIR group (Kruskal–
Wallis test χ2 = 19.63, p = 0.0006). The changes in the
levels of GluA1 and GluA2-3 subunits under the different
conditions are shown in supplementary Fig. S3. 

We also evaluated GluA1 and GluA2-3 expression in the
VTA and PFC areas of the mesocorticolimbic pathway (Fig.
S4). There was no change in the GluA1/GluA2-3 ratio at any
time in the VTA, but the ratio was increased in the PFC in
the CIG group under condition B ( χ2 = 7.60, p = 0.0107) and
significantly increased in the CIG or e-CIG groups under con-
dition D ( χ2 = 8.87, p = 0.0150). 

4. Discussion 

The main findings of this study are that a sub-threshold dose
of �9 -THC is ineffective in inducing CPP in mice pre-exposed
to AIR, but very effective after 8, 36 and 66 days of e-CIG
or CIG withdrawal in mice pre-exposed to e-CIG or CIG for
7 weeks. CPP involves demanding learning processes to en-
sure that mice associate drug experience with a spatial con-
text. However, it is unlikely that the �9 -THC increased CPP
is related to possible improvement in nicotine-induced cog-
nitive function because learning and memory impairments
are among the most frequently reported behavioural ef-
fects of nicotine-withdrawal in humans and experimental
animals ( Kutlu and Gould, 2016 ) during withdrawal. In ad-
dition, mice exposed to CIG smoke or CIG vapour using the
same schedule as that used in the present study showed spa-
tial object recognition impairment from 24 h to at least 30
days after withdrawal ( Ponzoni et al., 2015 ). 

Our results are in line with those of Li et al. (2014) who
found that one week’s pretreatment with nicotine dramati-
cally increased the CPP induced by a sub-threshold dose of
cocaine. This effect was accompanied by changes in some
specific metabolites in NAc and striatum, thus creating a
favourable metabolic environment for enhancing the condi-
tioned rewarding effect of cocaine. 

Exposure to e-CIG vapour or CIG smoke increases the ex-
pression of �FosB in the NAc, and this increase persists af-
ter short-term e-CIG or CIG withdrawal and long-term CIG
withdrawal. 

Chronic exposure to e-CIG vapour or CIG smoke does not
change the number or function of CB1 receptors in the NAc,
which only decrease during long-term e-CIG or CIG with-
drawal. Upon cessation and after short- and long-term with-
drawal, there is an increase in the AMPAR GluA1/GluA2-3
ratio in the NAc of e-CIG- and CIG-exposed mice. 

The primary mediators of the psychoactive properties of
�9 -THC are presynaptic CB1 receptors which, after �9 -THC
binding, can modify the synaptic efficacy of the neuronal
circuits involved in reinforcement. The first hypothesis we
tested was that the increased sensitivity to the rewarding
effect of �9 -THC was due to the up-regulation of CB1 re-
ceptors. When we analysed the expression and function of
these receptors 1 h after e-CIG or CIG exposure or 8 days
after withdrawal, we did not find any difference between
the AIR-, e-CIG- or CIG-exposed mice that received vehi-
cle or �9 -THC. However, after a very long withdrawal pe-
riod, there was a decrease in CB1 levels and function after
vehicle or �9 -THC treatments. It has previously been re-
ported that repeated �9 -THC administrations can regulate
CB1 receptor desensitisation and down-regulation in specific
brain areas ( Lazenka et al., 2014a, b ). However, as these
adaptations were obtained using a �9 -THC dose that was
1000 times higher and given for longer times than those
used in our study the down-regulation of CB1 receptors we
observed is probably due to long-term adaptations in NAc
circuitry that are unrelated to pharmacological CB1 recep-
tor stimulation. Overall, the data relating to CB1 receptors
do not point to their involvement in the increased sensitivity
to rewarding effect of �9 -THC observed in mice chronically
exposed to CIG or e-CIG. �FosB up-regulation in the NAc is
critical for the enhanced rewarding effect of many drugs of
abuse ( Pitchers et al., 2013 ) and so we hypothesized that it
may also be involved in the observed increased sensitivity
to �9 -THC. The sub-threshold dose of �9 -THC used in our
CPP test was not sufficient to increase �FosB expression in
naïve mice, but, there was a long-lasting accumulation of
�FosB in the NAc of mice exposed to CIGs or e-CIGs for 7
weeks. The �FosB up-regulation induced by chronic CIG or
e-CIG exposure may modulate the signalling of �9 -THC at
receptor /effector level and lower the threshold for �9 -THC
rewarding effect. The effects of �FosB may extend beyond
the regulation of drug sensitivity per se to the more com-
plex behaviours related to addiction processes. One study
( Vialou et al., 2010 ) has shown that basal NAc concentra-
tions of �FosB determine an individual’s initial vulnerabil-
ity to the stress of social defeat, and the degree of �FosB
induction in response to chronic stress determines the in-
dividual’s susceptibility or resilience ( Vialou et al., 2010 ).
The authors found that susceptible mice have higher GluA1
levels in the NAc than controls or resilient mice and in-
creased medium spiny neuron excitability in response to glu-
tamate. Our findings indicate that e-CIG- and CIG- exposed
mice show greater anxiety-like behaviour after 30 ( Ponzoni
et al., 2015 ) and 60 days’ withdrawal (Fig. S1), and, a larger
number of NAc GluA1 receptors after 60 days than controls,
which suggests that their anxiety-like behaviour may have
been driven by a similar mechanism. The gene encoding the
GluA2 subunit in AMPARs is one of the target genes of �FosB
and this, together with the functionally relevant changes in
NAc glutamatergic transmission induced by many psychos-
timulants (reviewed in van Huijstee and Mansvelder, 2014;
Wolf and Tseng, 2012 ) prompted us to evaluate the expres-
sion of AMPAR subunits in the mesocorticolimbic circuit. In
agreement with previously published data concerning moti-
vated and addictive behaviour ( Gipson et al., 2013; Kenny
et al., 2009 ) we found that chronic CIG or e-CIG exposure
and its withdrawal for different times induce an increase in
the GluA1/GluA2-3 ratio in the NAc. 

Ninety-five percent of the nerve cells in the NAc are
GABAergic medium spiny neurons that highly express the
calcium-impermeable AMPARs (CI-AMPARs) containing the
GluA2 subunit ( Reimers et al., 2011 ) whereas AMPARs lack-
ing the GluA2 subunit (also called Ca 2 + -permeable CP-
AMPARs) account for less than 10% of all AMPARs ( Conrad et
al., 2008; Pistillo et al., 2015; Reimers et al., 2011 ). GluA1-
containing CP-AMPARs accumulate in NAc synapses after the
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 Conrad et al., 2008 ) and mediate cue-induced cocaine 
eeking on withdrawal day 45. This CP-AMPAR-dependent 
nhancement of drug seeking behaviour is due to an in-
rease in the reactivity of NAc medium spiny neurons to
lutamate as a result of the greater conductance of CP-
MPARs in comparison with the CI-AMPARs that normally 
ominate in NAc synapses. The increased ratio between 
luA1-containing CP-AMPARs and GluA2-3-containing CI- 
MPARs could significantly increase synaptic strength ( Guire 
t al., 2008 ) thus altering the sensitivity of NAc synapses to
he stimulating action of �9 -THC. 
In conclusion, our data show that in a model system in
hich e-CIG vapour or CIG smoke are chronically and in-
ermittently inhaled by mice (thus leading to similar brain 
icotine and urine cotinine levels), e-CIG exposure has 
ddiction-related neurochemical and behavioural effects 
hat are very similar to those of chronic CIG exposure. In
articular, chronic e-CIG and CIG exposure both induce in- 
reased sensitivity to a sub-threshold dose of �9 -THC, thus 
uggesting that they share the gateway effect that has been 
ttributed to chronic nicotine exposure ( Kandel and Kandel, 
014 ). In both cases, the gateway effect is very persistent as
t was observed two months after CIG or e-CIG withdrawal.
e hypothesize that this persistent effect may be due to

ong-lasting neurochemical effects in the NAc that include 
 persistent increase in �FosB expression and the AMPAR 
luA1/GluA2-3 subunit ratio. Future studies will be needed 
o address whether nicotine exposure via different means 
auses changes in sensitivity to rewarding effects of other 
rugs of abuse. 

ole of funding source 

his work was supported by the CNR Research Projects 
RONAT and on Aging, fondazione Vollaro, and Fondazione 
onzino, and by grant from the Italian Ministry of Health
F2009-1549619 (MZ). L.P. was the recipient of a Fondazione 
eronesi fellowship. D.B. was the recipient of Fondazione 
ardi-Gori fellowship. 

uthor contributions 

.G., M.M. and M.Z. designed, performed and interpreted 
iochemical experiments and contributed to the design and 
nterpretation of behavioural experiments. L.P., B.D. and 
.S. designed, performed and interpreted behavioural ex- 
eriments. C.G., F.C., P.V., B.D., M. and M.Z. supervised the
ntire work and wrote the manuscript with the input of all
o-authors. 

onflict of interest 

ll other authors declare no potential conflict of interest. 

ompeting financial interests 

he authors declare no competing financial interest. 
cknowledgements 

e thank Dr. Massimo Bruno for the chemical identification
f e-CIG and CIG components. 

upplementary material 

upplementary material associated with this article can be 
ound, in the online version, at doi: 10.1016/j.euroneuro.
019.02.001 . 

eferences 

grawal, A. , Lynskey, M.T. , Madden, P.A. , Pergadia, M.L. , Bu-
cholz, K.K. , Heath, A.C. , 2009. Simultaneous cannabis and to-
bacco use and cannabis-related outcomes in young women. Drug
Alcohol Depend. 101, 8–12 . 

mos, A. , Wiltshire, S. , Bostock, Y. , Haw, S. , McNeill, A. , 2004. ’You
can’t go without a fag ...you need it for your hash’-a qualitative
exploration of smoking, cannabis and young people. Addiction 
99, 77–81 . 

alerio, G.N. , Aso, E. , Maldonado, R. , 2006. Role of the cannabi-
noid system in the effects induced by nicotine on anxiety-like
behaviour in mice. Psychopharmacology 184, 504–513 . 

enowitz, N.L. , 2010. Nicotine addiction. N. Engl. J. Med. 362 (24),
2295–2303 2010 . 

raida, D. , Limonta, V. , Capurro, V. , Fadda, P. , Rubino, T. , Mas-
cia, P. , et al. , 2008. Involvement of kappa-opioid and endo-
cannabinoid system on Salvinorin A-induced reward. Biol. Psy- 
chiatry 63, 286–292 . 

reivogel, C.S. , Sim, L.J. , Childers, S.R. , 1997. Regional differences
in cannabinoid receptor/G-protein coupling in rat brain. J. Phar-
macol. Exp. Ther. 282, 1632–1642 . 

onrad, K.L. , Tseng, K.Y. , Uejima, J.L. , Reimers, J.M. , Heng, L.J. ,
2008. Formation of accumbens GluR2-lacking AMPA receptors 
mediates incubation of cocaine craving. Nature 454, 118–
121 . 

zogala, J. , Goniewicz, M.L. , Fidelus, B. , Zielinska-Danch, W. ,
Travers, M.J. , Sobczak, A. , 2014. Secondhand exposure to va-
pors from electronic cigarettes. Nicotine Tob. Res. 16, 655–
662 . 

awkins, L. , Turner, J. , Crowe, E. , 2013a. Nicotine derived from the
electronic cigarette improves time-based prospective memory 
in abstinent smokers. Psychopharmacology (Berlin) 227, 377–384 
2013 . 

awkins, L. , Turner, J. , Roberts, A. , Soar, K. , 2013b. ’Vaping’ pro-
files and preferences: an online survey of electronic cigarette
users. Addiction 108, 1115–1125 . 

amaleddin, I.H. , Trigo, J.M. , Gueye, A.B. , Zvonok, A. , Makriyan-
nis, A. , Goldberg, S.R. , Le Foll, B. , 2015. Role of the endogenous
cannabinoid system in nicotine addiction: novel insights. Front.
Psychiatry 6, 41 . 

ipson, C.D. , Reissner, K.J. , Kupchik, Y.M. , Smith, A.C. , Stankevi-
ciute, N. , et al. , 2013. Reinstatement of nicotine seeking is me-
diated by glutamatergic plasticity. Proc. Natl. Acad. Sci. USA
110, 9124–9129 . 

uire, E.S. , Oh, M.C. , Soderling, T.R. , Derkach, V.A. , 2008. Re-
cruitment of calcium-permeable AMPA receptors during synap- 
tic potentiation is regulated by CaM-kinase I. J. Neurosci. 28,
6000–6009 . 

andel, D. , Kandel, E. , 2015. The Gateway Hypothesis of sub-
stance abuse: developmental, biological and societal perspec- 
tives. Acta Paediatr. 104, 130–137 . 

andel, D.B. , Kandel, E.R. , 2014. A molecular basis for nicotine as
a gateway drug. N. Engl. J. Med. 371, 2038–2039 . 

http://dx.doi.org/10.13039/501100006544
https://doi.org/10.1016/j.euroneuro.2019.02.001
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0001
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0001
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0001
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0001
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0001
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0001
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0001
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0002
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0002
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0002
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0002
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0002
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0002
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0003
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0003
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0003
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0003
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0004
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0004
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0005
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0005
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0005
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0005
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0005
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0005
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0005
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0005
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0006
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0006
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0006
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0006
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0009
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0009
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0009
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0009
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0009
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0009
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0009
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0010
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0010
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0010
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0010
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0011
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0011
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0011
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0011
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0011
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0012
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0012
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0012
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0012
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0012
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0012
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0012
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0012
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0013
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0013
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0013
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0013
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0013
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0013
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0013
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0014
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0014
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0014
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0014
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0014
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0015
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0015
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0015
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0016
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0016
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0016


576 L. Ponzoni, M. Moretti and D. Braida et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Kandel, D.B. , Yamaguchi, K. , Chen, K. , 1992. Stages of progression
in drug involvement from adolescence to adulthood: further ev-
idence for the gateway theory. J. Stud. Alcohol. 53, 447–457 . 

Kelley, B.M. , Middaugh, L.D. , 1999. Periadolescent nicotine expo-
sure reduces cocaine reward in adult mice. J Addict Dis. 18,
27–39 . 

Kelz, M.B. , Chen, J. , Carlezon, W.A. , Whisler, K. , Gilden, L. ,
Beckmann, A.M. , 1999. Expression of the transcription factor
deltaFosB in the brain controls sensitivity to cocaine. Nature
401, 272–276 . 

Kenny, P.J. , Chartoff, E. , Roberto, M. , Carlezon, W.A. , Markou, A. ,
2009. NMDA receptors regulate nicotine-enhanced brain reward
function and intravenous nicotine self-administration: role of
the ventral tegmental area and central nucleus of the amyg-
dala. Neuropsychopharmacology 34, 266–281 . 

Kishioka, S. , Kiguchi, N. , Kobayashi, Y. , Saika, F. , 2014. Nicotine
effects and the endogenous opioid system. J. Pharmacol. Sci.
125, 117–124 . 

Koob, G.F. , Volkow, N.D. , 2010. Neurocircuitry of addiction. Neu-
ropsychopharmacology 35, 217–238 . 

Kutlu, M.G. , Gould, T.J. , 2016. Effects of drugs of abuse on hip-
pocampal plasticity and hippocampus-dependent learning and
memory: contributions to development and maintenance of ad-
diction. Learn. Mem. 23, 515–533 . 

Lai, S. , Lai, H. , Page, J.B. , McCoy, C.B. , 2000. The association be-
tween cigarette smoking and drug abuse in the United States. J.
Addict Dis. 19, 11–24 . 

Lazenka, M.F. , David, B.G. , Lichtman, A.H. , Nestler, E.J. , Sel-
ley, D.E. , Sim-Selley, L.J. , 2014a. Delta FosB and AP-1-mediated
transcription modulate cannabinoid CB(1) receptor signaling and
desensitization in striatal and limbic brain regions. Biochem.
Pharmacol. 91, 380–389 . 

Lazenka, M.F. , Selley, D.E. , Sim-Selley, L.J. , 2014b. DeltaFosB in-
duction correlates inversely with CB(1) receptor desensitiza-
tion in a brain region-dependent manner following repeated
Delta(9)-THC administration. Neuropharmacology 77, 224–233 . 

Li, H. , Bu, Q. , Chen, B. , Shao, X. , Hu, Z. , Deng, P. , 2014. Mech-
anisms of metabonomic for a gateway drug: nicotine priming
enhances behavioral response to cocaine with modification in
energy metabolism and neurotransmitter level. PLoS One 9,
e87040 . 

Lynskey, M.T , Heath, A.C. , Bucholz, K.K. , Slutske, W.S. , Mad-
den, P.A. , Nelson, E.C. , Statham, D.J. , Martin, N.G. , 2003. Esca-
lation of drug use in early-onset cannabis users vs co-twin con-
trols. JAMA 289, 427–433 . 

Maskos, U. , Molles, B.E. , Pons, S. , Besson, M. , Guiard, B.P. , Guil-
loux, J.P. , 2005. Nicotine reinforcement and cognition restored
by targeted expression of nicotinic receptors. Nature 436,
103–107 . 

Nestler, E.J. , 2008. Review. Transcriptional mechanisms of addic-
tion: role of DeltaFosB. Philos Trans R. Soc. Lond. B. Biol. Sci.
363, 3245–3255 . 

Nestler, E.J. , Barrot, M. , Self, D.W. , 2001. DeltaFosB: a sustained
molecular switch for addiction. Proc. Natl. Acad. Sci. USA 98,
11042–11046 . 

Okoli, C.T. , Richardson, C.G. , Ratner, P.A. , Johnson, J.L. , 2008.
Adolescents’ self-defined tobacco use status, marijuana use,
and tobacco dependence. Addict. Behav. 33, 1491–1499 . 

Paolini, M. , De Biasi, M. , 2011. Mechanistic insights into nicotine
withdrawal. Biochem. Pharmacol. 82, 996–1007 . 

Perrotti, L.I. , Hadeishi, Y. , Ulery, P.G. , Barrot, M. , Monteggia, L. ,
2004. Induction of deltaFosB in reward-related brain structures
after chronic stress. J. Neurosci. 24, 10594–10602 . 

Pich, E.M. , Pagliusi, S.R. , Tessari, M. , Talabot-Ayer, D. , Hooft van
Huijsduijnen, R. , Chiamulera, C. , 1997. Common neural sub-
strates for the addictive properties of nicotine and cocaine. Sci-
ence 275, 83–86 . 

Pistillo, F. , Clementi, F. , Zoli, M. , Gotti, C. , 2015. Nicotinic, glu-
tamatergic and dopaminergic synaptic transmission and plastic-
ity in the mesocorticolimbic system: focus on nicotine effects.
Prog. Neurobiol. 124, 1–27 . 

Pistillo, F. , Fasoli, F. , Moretti, M. , McClure-Begley, T. , Zoli, M. ,
Marks, M.J. , Gotti, C. , 2016. Chronic nicotine and withdrawal
affect glutamatergic but not nicotinic receptor expression in the
mesocorticolimbic pathway in a region-specific manner. Pharma-
col. Res. 103, 167–176 . 

Pitchers, K.K. , Vialou, V. , Nestler, E.J. , Laviolette, S.R. ,
Lehman, M.N. , Coolen, L.M. , 2013. Natural and drug rewards
act on common neural plasticity mechanisms with DeltaFosB as
a key mediator. J. Neurosci. 33, 3434–3442 . 

Pitchers, K.K. , Frohmader, K.S. , Vialou, V. , Mouzon, E. ,
Nestler, E.J. , Lehman, M.N. , Coolen, L.M. , 2010. DeltaFosB
in the nucleus accumbens is critical for reinforcing effects of
sexual reward. Genes Brain Behav. 9, 831–840 . 

Ponzoni, L. , Moretti, M. , Sala, M. , Fasoli, F. , Mucchietto, V. , Lu-
cini, V. , 2015. Different physiological and behavioural effects of
e-cigarette vapour and cigarette smoke in mice. Eur. Neuropsy-
chopharmacol. 25, 1775–1786 . 

Rabin, R.A. , George, T.P. , 2015. A review of co-morbid tobacco
and cannabis use disorders: possible mechanisms to explain high
rates of co-use. Am. J. Addict. 24, 105–116 . 

Reimers, J.M. , Milovanovic, M. , Wolf, M.E. , 2011. Quantitative anal-
ysis of AMPA receptor subunit composition in addiction-related
brain regions. Brain Res. 1367, 223–233 . 

Rubinstein, M.L. , Rait, M.A. , Prochaska, J.J. , 2014. Frequent mar-
ijuana use is associated with greater nicotine addiction in ado-
lescent smokers. Drug Alcohol Depend. 141, 159–162 . 

Scherma, M. , Muntoni, A.L. , Melis, M. , Fattore, L. , Fadda, P. ,
Fratta, W. , Pistis, M. , 2016. Interactions between the endo-
cannabinoid and nicotinic cholinergic systems: preclinicalevi-
dence and therapeutic perspectives. Psychopharmacology 233
(10), 1765–1777 . 

Scofield, M.D. , Heinsbroek, J.A. , Gipson, C.D. , Kupchik, Y.M. ,
Spencer, S. , Smith, A.C. , 2016. The Nucleus accumbens: mecha-
nisms of addiction across drug classes reflect the importance of
glutamate homeostasis. Pharmacol. Rev. 68, 816–871 . 

Sears, C.G. , Hart, J.L. , Walker, K.L. , Robertson, R.M. , 2017. Gen-
erally recognized as safe: uncertainty surrounding e-cigarette
flavoring safety. Int. J. Environ. Res. Public Health 14, 10 pii:
E1274 . 

Valjent, E. , Mitchell, J.M. , Besson, M.J. , Caboche, J. , Maldon-
ado, R. , 2002. Behavioural and biochemical evidence for inter-
actions between delta 9-tetrahydrocannabinol and nicotine. Br.
J. Pharmacol. 135, 564–578 . 

van Huijstee, A.N. , Mansvelder, H.D. , 2014. Glutamatergic synaptic
plasticity in the mesocorticolimbic system in addiction. Front.
Cell Neurosci. 8, 466 . 

Vialou, V. , Robison, A.J. , Laplant, Q.C. , Covington 3rd, H.E. , Di-
etz, D.M. , Ohnishi, Y.N. , 2010. DeltaFosB in brain reward circuits
mediates resilience to stress and antidepressant responses. Nat.
Neurosci. 13, 745–752 . 

Volkow, N.D. , Wise, R.A. , Baler, R. , 2017. The dopamine motive
system: implications for drug and food addiction. Nat. Rev. Neu-
rosci. 18, 741–752 . 

Wolf, M.E. , Tseng, K.Y , 2012. Calcium-permeable AMPA receptors in
the VTA and nucleus accumbens after cocaine exposure: when,
how, and why? Front. Mol. Neurosci. 5, 72 . 

Zallar, L.J. , Farokhnia, M. , Tunstall, B.J. , Vendruscolo, L.F. , Leg-
gio, L. , 2017. The role of the ghrelin system in drug addiction.
Int. Rev. Neurobiol. 136, 89–119 . 

http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0017
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0017
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0017
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0017
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0018
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0018
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0018
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0019
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0019
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0019
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0019
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0019
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0019
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0019
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0020
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0020
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0020
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0020
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0020
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0020
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0021
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0021
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0021
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0021
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0021
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0022
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0022
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0022
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0023
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0023
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0023
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0024
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0024
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0024
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0024
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0024
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0025
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0025
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0025
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0025
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0025
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0025
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0025
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0026
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0026
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0026
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0026
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0027
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0027
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0027
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0027
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0027
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0027
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0027
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0028
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0028
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0028
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0028
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0028
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0028
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0028
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0028
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0028
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0029
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0029
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0029
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0029
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0029
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0029
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0029
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0030
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0030
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0031
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0031
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0031
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0031
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0032
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0032
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0032
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0032
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0032
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0033
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0033
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0033
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0034
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0034
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0034
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0034
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0034
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0034
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0035
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0035
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0035
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0035
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0035
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0035
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0035
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0035
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0036
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0036
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0036
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0036
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0036
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0037
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0037
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0037
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0037
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0037
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0037
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0037
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0037
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0038
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0038
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0038
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0038
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0038
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0038
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0038
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0039
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0039
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0039
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0039
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0039
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0039
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0039
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0039
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0041
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0041
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0041
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0042
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0042
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0042
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0042
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0043
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0043
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0043
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0043
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0044
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0044
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0044
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0044
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0044
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0044
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0044
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0044
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0045
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0045
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0045
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0045
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0045
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0045
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0045
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0046
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0046
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0046
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0046
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0046
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0047
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0047
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0047
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0047
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0047
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0047
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0049
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0049
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0049
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0049
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0049
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0049
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0049
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0050
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0050
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0050
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0050
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0051
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0051
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0051
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0052
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0052
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0052
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0052
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0052
http://refhub.elsevier.com/S0924-977X(19)30158-0/sbref0052

	Increased sensitivity to &#x0394;9-THC-induced rewarding effects after seven-week exposure to electronic and tobacco cigarettes in mice
	1 Introduction
	2 Experimental procedures
	2.1 Animals
	2.2 Exposure to e-CIGs and CIGs
	2.3 Behavioural studies
	2.3.1 Elevated plus maze test
	2.3.2 Conditioned place preference (CPP) test

	2.4 Biochemical studies
	2.4.1 Brain tissue dissection
	2.4.2 Antibody production and characterisation
	2.4.3 Tissue homogenates and membrane preparation
	2.4.4 Immunoblotting and densitometric quantification of Western blot bands
	2.4.5 [3H]-CP-55940 binding assay
	2.4.6 Agonist-stimulated [35S]GTP&#x03B3;S binding

	2.5 Statistical analysis

	3 Results
	3.1 Seven-week exposure to e-CIGs or CIGs increases the rewarding properties of &#x0394;9-THC during withdrawal
	3.2 CB1 receptor levels and agonist stimulated [35S]GTP&#x03B3;S binding are decreased after 66 days of withdrawal but not 1&#x00A0;h after exposure or after 8 days of withdrawal in mice previously exposed to CIGs or e-CIGs for 7 weeks
	3.3 Seven-week exposure to e-CIGs or CIGs increases NAc &#x0394;FosB levels, which remain high during long-term withdrawal
	3.4 Seven-week exposure to e-CIGs or CIGs alters the ratio between GluA1 and GluA2-3 AMPA receptor subunits in the mesocorticolimbic system during withdrawal

	4 Discussion
	Role of funding source
	Author contributions
	Conflict of interest
	Competing financial interests
	Acknowledgements
	Supplementary material
	References


