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Abstract

Introduction: Co-occurrence of e-cigarette use and alcohol consumption during adolescence is frequent. Here, we examined whether adoles-
cent co-exposure to alcohol drinking and vaporized nicotine would impact reward- and cognition-related behaviors in adult male and female rats
during adulthood.

Aims and Methods: Four groups of male and female Sprague Dawley rats (n = 8-11/group/sex) received either nicotine (JUUL 5% nicotine
pods) or vehicle vapor for 10 minutes daily between postnatal days 30-46, while having continuous voluntary access to ethanol and water during
this time in a two-bottle preference design. Upon reaching adulthood, all rats underwent behavioral testing (ie, Pavlovian conditioned approach
testing, fear conditioning and a two-bottle alcohol preference).

Results: A sex-dependent effect, not related to adolescent nicotine or alcohol exposure, on alcohol drinking in adulthood was found, such that
females had a higher intake and preference for alcohol compared to males; both male and female adult rats also had greater alcohol preference
compared to their alcohol preference as adolescents. Male rats exposed to vaporized nicotine with or without alcohol drinking during adoles-
cence exhibited altered reward-related learning in adulthood, evidenced by enhanced levels of sign-tracking behavior. Male rats that drank al-
cohol with or without nicotine vapor in adolescence showed deficits in associative fear learning and memory as adults. In contrast, these effects
were not seen in female rats exposed to alcohol and nicotine vapor during adolescence.

Conclusions: The present study provides evidence that co-exposure to alcohol and vaporized nicotine during adolescence in male, but not fe-
male, rats produces long-term changes in reward- and cognition-related behaviors.

Implications: These findings enhance our understanding of the effects of alcohol drinking and nicotine vapor exposure in adolescence. Moreover,
they highlight potential sex differences that exist in the response to alcohol and nicotine vapor, underscoring the need for follow-up studies
elucidating the neurobiological mechanisms that drive these sex differences, as well as the long-term effects of alcohol and nicotine vapor use.

Introduction lished. For example, cigarette smoking amplifies cognitive
deficits in adults who excessively drink alcohol, and alcohol-
dependent adults who smoke cigarettes show pronounced
neuropsychological damage compared to alcohol-dependent
nonsmokers.”® Unfortunately, the consequences of nicotine
and alcohol co-use in adolescence on subsequent behavior in

adulthood are limited.

E-cigarettes have become increasingly popular among ado-
lescents'; in 2020, 30.7% of 10th graders and 34.5% of
12th graders reported using e-cigarettes, following a two-
fold increase over the past 2 years.! An equally important
issue is the consumption of alcohol by adolescents, whereby
7.10 million have reported consuming alcohol in the last

month, and an estimated 414 000 adolescents meet the cri-
teria for DSM-IV lifetime alcohol abuse.? Alcohol and nico-
tine are frequently used sequentially and simultaneously by
adolescents® with a high prevalence of concurrent e-cigarette
vaping and alcohol consumption.* Vaping high school stu-
dents also showed greater alcohol drinking compared to
nonvapers,’ and alcohol and e-cigarette use is the most com-
mon type of co-use in this population.® The long-term effects
of vaping are currently unknown, as are the consequences of
e-cigarette/alcohol co-use.® In contrast, the additive effects
of combustible tobacco and alcohol co-use are well estab-

The adolescent brain undergoes critical neuronal and struc-
tural development, making adolescence a period of vulner-
ability to the effects of drugs,” with brain imaging studies
suggesting altered brain structure and function in adolescent
users compared to nonusers.” However, the causal conse-
quences of adolescent co-use cannot be systematically exam-
ined in humans and thus, animal models are required to
explore the cause—effect relationship. Preclinical studies sug-
gest that adolescent alcohol and nicotine co-use may produce
additive effects on behavioral outcomes. In adolescent male
rats, concurrent intravenous self-administration of nicotine
and alcohol was more reinforcing than either drug alone—
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an effect not observed in adults.'® A combination of the two
substances also increases ambulatory activity, and decreases
anxiety-like behaviors in adolescent, but not adult, males.!!

Despite the paucity of preclinical research that explores
the long-term ramifications of adolescent nicotine and al-
cohol co-use, both drugs have been examined in isolation.
Nicotine or alcohol exposure in adolescence increases the
risk of substance use later in life, where alcohol exposure
in adolescent rats increased voluntary ethanol drinking and
preference in adulthood,'? and adolescent nicotine-exposed
rodents showed increased vulnerability to nicotine’s reinfor-
cing effects and enhanced reward responses to other drugs
as adults.”? These drug-induced neuroadaptations may re-
sult in the sensitization of reward-incentive processes such
that reward-related stimuli acquire enhanced salience.'
Repeated exposure to alcohol or nicotine in adolescent rats
increased conditioned approach toward reward-associated
cues in adulthood.">'7 Moreover, adult rodents exhibit
long-term impairments across several cognitive domains as
a consequence of alcohol exposure in adolescence, including
spatial working memory!® and fear retention.!” Similarly,
rats treated with nicotine during adolescence display
long-lasting dysfunctions in attention, impulsive behavior?
and serial pattern learning.?!

To date, no preclinical studies have directly tested the effects
of adolescent alcohol drinking and nicotine vapor co-exposure
on reward- and cognitive-related behaviors in adulthood.
Given the known sex differences in the response to alcohol and
nicotine,? as well as sex differences in brain development,? it
is imperative to study these effects in both male and female
rodents. We hypothesized that the co-exposure to nicotine
vapor and alcohol in adolescence would produce pronounced
changes in reward- and cognitive-associated behavior when
compared with exposure to either drug alone. Specifically, we
predicted that the co-exposure to alcohol and vaporized nico-
tine would increase alcohol intake and preference in adult-
hood, enhance the incentive salience of reward-predictive
stimuli and impair fear associative learning and memory.

Methods

All procedures were approved by the Animal Care Committee
at the University of Guelph under Canadian Council on
Animal Care Guidelines. Male (N = 39) and female (N = 35)
Sprague-Dawley rats aged postnatal day (PND) 21 upon
arrival were obtained from Charles River with lactating
dams (Montreal, Canada), weaned on PND25-26, and were
given nine days of acclimatization to the facility before
any handling or experimental procedures began. The ani-
mals were maintained on a 12-hour light-dark cycle (7:00
am-7:00 pm). Upon weaning, same-sex littermates were
housed two per cage. On PND28, pair-housed rats were
separated by a mesh divider to measure individual food,
water and alcohol intake while still having social contact.
All animals had access to standard chow and water ad lib-
itum until behavioral testing commenced. The rats were ran-
domly assigned to one of four exposure groups: (1) Vehicle
Vapor (control for Nicotine)/Water(control for Alcohol)
(Control [CO]) (N = 8/sex); (2) Vehicle Vapor/Alcohol (AO)
(N = 11/9, male/female); (3) Nicotine Vapor/Water (NO)
(N = 8/sex); or (4) Nicotine Vapor/Alcohol (AN) (N = 11/9,
male, female). (Supplementary Figure S1 schematically illus-
trates the experimental protocol).
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Drug Preparation

Nicotine

JUUL mint flavored 5% nicotine e-liquid pods (59 mg/mL)
(JUUL Labs, Toronto, Canada) (one of the most popular
JUUL flavors among adolescents®) or vehicle e-liquid with-
out flavoring was administered. The vehicle e-liquid was a
mixture of 30:70 propylene glycol (PG) to vegetable glycerine
(VG), representative of commercially available JUUL pods.?

Alcohol

Ethanol (Commercial Alcohols, Brampton, Canada) was di-
luted to a final concentration of 10% vol/vol in tap water.!?

Vapor Administration Procedure

Beginning at PND30, passive nicotine vapor exposure was
conducted using the OpenVape apparatus.?® Animals in the
nicotine vapor only (NO) and concurrent alcohol drinking
and nicotine vapor (AN) exposure groups received nicotine
vapor. Animals in the control (CO) and alcohol only (AO)
exposure groups received vehicle vapor. All animals received
10 minutes of vapor exposure a day (beginning at 7:00 am)
for 16 days, with each epoch of pump activation resulting
in 10, 2-second puffs/min.*® The nicotine exposure duration
was chosen based on previous findings from Frie et al.?®
demonstrating behavioral and pharmacological relevant re-
sults following nicotine vapor exposure using the same vapor
apparatus in adult and adolescent male rats. Animals from
each exposure group and sex were placed in the exposure
chamber together.

Adolescent Alcohol Exposure

During the duration of vapor exposure (PND30-46), rats as-
signed to AO and AN exposure groups were given continuous
access (except during vapor exposure) to 10% ethanol and
tap water in a two-bottle preference design (described in de-
tail below). Rats assigned to the CO and NO exposure groups
received continuous access (except during vapor exposure) to
two bottles of tap water.

Two-Bottle Preference Test

The effects of adolescent voluntary alcohol drinking (with
or without nicotine vapor inhalation) on adulthood alcohol
consumption and preference were quantified using a two-
bottle alcohol preference test.?” Beginning at PND110, all rats
were given 24-hour access to 10% ethanol and tap water for
4 days. To prevent location preference development, the pos-
ition of the bottles was switched daily. Bottle weights were re-
corded daily. The main outcome measurements were alcohol
consumption (in g/kg) and alcohol preference (%). Alcohol
preference was calculated as:

Intake of 10% alcohol

Intake of 10% alcohol + intake of H,O x 100

Effects of Adolescent Nicotine Vapor and Alcohol
Co-exposure on Reward-Related Behavior in
Adulthood

The incentive salience of rewarding cues can be inferred util-
izing Pavlovian conditioned approach (PCA) tasks, wherein
a previously neutral stimulus such as a lever, becomes a con-
ditioned stimulus (CS) when it is repeatedly paired with the
delivery of an unconditioned stimulus (US) such as a food
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reward.”® Animals that develop this conditioned response
(CR) to approach the CS are termed sign-trackers, whereas
others will preferentially approach the reward delivery loca-
tion when the cue is presented; termed goal-trackers. Though
both behaviors require associative learning, the degree of
sign-tracking represents the incentive salience that is attrib-
uted to the cue.

Pavlovian Conditioned Approach Apparatus

Behavioral procedures were carried out in standard operant
chambers (Coulbourn Instruments, Allentown, PA) enclosed
in sound-attenuating cubicles (76.2 x 46.99 x 44.96 cm). The
chambers were outfitted with a food cup located in the center
of the right sidewall and retractable levers were positioned
to the left and right of the food cup. The cubicles also con-
tained surveillance cameras to monitor behaviors during test-
ing. Data collection from Graphic State software (Coulbourn
Instruments, Allentown, PA) was transformed using a cus-
tomized Microsoft Excel macro.

Behavioral Procedure

Beginning on PND72, body weights were reduced to 85% of
baseline body weight. All rats remained food restricted until
the completion of the experiment and were fed after each test-
ing session. All rats were given 45 mg Dustless Precision su-
crose banana flavored pellets (Bio-Serv, Flemington, NJ, prod-
uct #F0024) in their home cages for 1 day to reduce potential
neophobia. On the first day of the experiment (PNDS8S5),
each rat was assigned to a chamber and received one 30-min
magazine training session, during which a single banana pel-
let was freely delivered on a random time 30-second sched-
ule. PCA testing began 24 hours following magazine training
and lasted 12 days. Each daily testing session was 60 minutes
in duration and consisted of 25 CS+ and 25 CS- trials with
an average inter-trial interval (ITI) of 60 seconds. CS+ trials
consisted of a 10-second extension of a lever followed by the
delivery of two banana pellets upon lever retraction. During
CS- trials, a 10-second extension of the other lever occurred,
but no reinforcer was delivered upon retraction. The presen-
tation of the CS was pseudorandom such that no more than
two of the same CS presentations could occur consecutively.
The assignment of the left and right levers as either CS+ or
CS- was counterbalanced across animals and within expos-
ure groups.

Effects of Adolescent Vaporized Nicotine and
Alcohol Co-exposure on Associative Memory in
Adulthood

The fear conditioning paradigm is used to assess associative
learning and memory. Fear conditioning is induced when an
innocuous CS is contingently paired with an aversive US that
reflexively creates an unconditioned response. Through the
formation of a conditioned and unconditioned association,
the CS will come to elicit a CR, similar to that of innate fear
responses.?’

Fear Conditioning Apparatus

Experiments were conducted in four standard fear-
conditioning chambers (Med Associates Inc., St. Albans, VT;
29.53 x 23.5 x 20.96 cm) enclosed in sound-attenuating cu-
bicles (63.5 x 36.83 x 74.93 cm). A tone generator presented
an auditory cue (90 dB, 2-kHz) as the CS. The steel bars were
wired to a shock generator to deliver an electric foot shock

179

(1.0 mA) as the US. Chambers were outfitted with either a
lemon or vanilla scent and flat or zig-zag grid floors as con-
textual cues, with use of these cues counterbalanced across
animals within each exposure group. Freezing behavior, de-
fined as total motor immobility except for movement necessi-
tated by respiration,*® was recorded and analyzed using Video
Freeze Software. On the cue testing day, animals were intro-
duced to a novel context arrangement (eg, zig-zag grid floor
substituted for flat grid floors, lemon substituted for vanilla
scent) and a plastic sheet that rounded the chamber walls was
inserted to provide a new context.

Behavioral Procedure

As previously described,’ the training session consisted of
five 10-second tone presentations followed by foot-shock de-
livery during the last 2 seconds of the tone with an ITI of 64
seconds. Fear conditioning began on PND103 for all animals,
with the first trial starting 3 minutes after the rat is placed in
the chamber. After a 24-hour period, freezing to the context
was assessed by returning the rats to their original chamber
for 8 minutes, with no tone or shock presented. One day later,
fear conditioning to the tone was assessed by placing rats in a
novel context. Following an initial 30-second delay, the tone
was presented 20 times for 10 seconds each with a 30-second
ITI between tone presentations. No shock was delivered to
the animals. Incidences of freezing were recorded during the
ITIs on training and tone test sessions, and in 64-second bins
during the context test session.’!

Statistical Analyses

Data analysis was performed using IBM SPSS Statistics 27
(Armonk, NY) software. All data will be available upon pub-
lication at https://www.khokharlab.com/.

Two-Bottle Preference Test Data Analysis

Average alcohol intake and preference in adolescence and
adulthood were compared both within- and between- ages
using a two-way between-subject ANOVA with adolescent
nicotine exposure and age as between-subject factors, for
males and females in groups exposed to alcohol in adoles-
cence. Average alcohol intake and preference data from
adulthood only was analyzed by a two-way between-subject
ANOVA with adolescent exposure and sex as between-subject
factors.

PCA Behavioral Data Analysis

Behavioral dependent measures included: (1) number of lever
presses and food cup entries per session, (2) probability of
pressing the lever and entering the food cup during a trial,
and (3) the latency to press the lever and enter the food cup
during the 10-second CS presentation. Given previously ob-
served sex differences in the impact of adolescent nicotine
and alcohol exposure on behavior,>’* males and females
were analyzed separately for each behavioral measure using
a two-way-repeated measures factorial ANOVA with expos-
ure (nicotine vapor and alcohol) as a between-subject factor
and day as a within-subject factor. Average PCA index scores
(described below) for males and females were analyzed with a
two-way ANOVA with exposure (nicotine vapor and alcohol)
as the between-subject factor. Cohen’s d was also calculated
as an estimation of effect size. The interpretation criteria for
effect sizes were considered small, medium, or large if they
corresponded to partial 1> and Cohen’s d of at least 0.0099
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(d = 0.29-0.49), 0.0588 (d = 0.50-0.79) and 0.13790 (d = >
0.80), respectively.

Quantification of Sign- and Goal-Tracking Behavior

A PCA index score was calculated to classify animals as goal-
trackers, sign-trackers, or intermediates based on average
performance during all 12 sessions.”® The PCA Index score
was calculated as the sum of (1) Response Bias (contacting
the CS+ lever or food cup entries in relation to total num-
ber of CS+ or food cup responses), (2) Probability Difference
(difference between the probability of pressing the CS+ lever
and probability entering the food cup), and (3) Latency Score
(the difference between latency to contact the CS+ lever and
latency to enter the food cup), which was then divided by
3. Animals with scores of =1.0 to -0.3 were classified as goal-
trackers and animals with scores of +0.3 to +1.0 were clas-
sified as sign-trackers. Animals that were within the range of
-0.29 to +0.29 were defined as intermediates.

Fear Conditioning Data Analysis

Separate two-way analyses were conducted for males and
females given that they display distinct patterns of fear ex-
pression.3? Freezing behavior was analyzed using repeated
measures ANOVA on each of the 3 days with adolescent ex-
posure (nicotine vapor and alcohol) as the between-subject
factor and trial or block (64-second epoch) as the within
subjects factor. One male animal in the CO and two male
animals in the AN group were excluded due to their freezing
being more than 2 standard deviations outside the mean.

Results

Two-Bottle Preference Test

Female Rats Consumed More Alcohol than Males in
Adulthood, with Both Sexes Showing Greater Alcohol
Preference in Adulthood Compared to Adolescence

No main effect of exposure or an exposure by sex interaction
was revealed for alcohol intake or preference in adolescence
or adulthood. A two-way ANOVA comparing alcohol prefer-
ence from adolescence and adulthood revealed a main effect
of age for males [F(1,40) = 8.3; p = .006, 1 * = 0.173] and
females [F(1,32) = 30.8; p < .05, % = 0. 491] where prefer-
ence for alcohol was higher in adulthood relative to adoles-
cence (Supplementary Figure S2, A and B). A significant main
effect of age for average alcohol intake (g/kg) was observed
in females [F(1,32) = 9.3; p = .021, n = 0.156] but not in
males, indicating alcohol 1ntal<e was higher in adulthood rela-
tive to intake in adolescence for female rats (Supplementary
Figure S2, C and D). An overall increase in alcohol in-
take [F(1,66) = 19.8; p < 05 n = 0.231] and preference
[F(1,66) = 21.4; p < .05, n = 0. 245] in adulthood was de-
tected in female rats Compared to male rats across all expos-
ure groups (Supplementary Figure S2, E and F).

Pavlovian Conditioned Approach

Male Adolescent Nicotine Vapor Exposure Altered Reward-
Associated Learning in Adulthood

Sign-tracking was measured as lever pressing during CS+
presentation over the 12 testing sessions. Analysis of the
number of lever presses revealed a main effect of ses-
sion for males [F(3.3,116.9) = 11.4; p < 05 r] = 0.246]
and females [F(3.0,94.1) = 9.3; p < .05, 2 = 0231] with
lever pressing increasing across sessions. A main effect of
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nicotine vapor was reported for males [F(1,35) = 4.9; p = .03,

2 = 0.123] in the between-subject analysis, with both ado-
lescent nicotine vapor-exposed male groups exhibiting signifi-
cantly higher lever pressing compared to CO males (d = 1.0)
(Supplementary Figure S3, A). No effect of nicotine vapor or
alcohol drinking was observed in females (Supplementary
Figure S3, B). Analysis of the probability to lever press re-
vealed a main effect of session in males [F(3.5,122.9) = 25.6;
P < .05, T] =0.422] and females [F(4.0,124.1) =24.3;p < .05,
n,’=0. 440] with the probability to press the lever increasing
across sessions. A main effect of nicotine vapor exposure was
revealed in males [F(1,35) = 9.5; p = .004, ‘r] =0.214] where
both nicotine vapor exposed groups displayed a higher prob-
ability to press the lever compared to CO (d = 1.2) and AO
(d = 0.8) exposure groups (Supplementary Figure S3, C). This
effect was not observed in females (Supplementary Figure S3,
D). Analysis of latency to lever press revealed a main effect
of session in males [F(3.4,117.8) = 24.9; p < 05 npz =0.416]
and females [F(4.0,123.4) = 24.7; p < .08, 1] = 0.443] with
latency to press the lever decreasmg across sessions. Male
rats from both groups exposed to vaporized nicotine in ado-
lescence demonstrated a shorter latency to press the lever
[F(1,35) =9.1; p =.005, 7 * = 0.206] relative to CO (d = 1.2)
and AO (d = 0 8) exposure groups (Supplementary Figure S3,

E). No differences were present amongst exposure groups in
female rats (Supplementary Figure S3, F).

Goal-tracking was measured as food cup entries during
CS+ presentation over the 12 testing sessions. Analysis of
the number of food cup entries revealed a main effect of ses-
sion for females [F(3.5,108.9) = 6.7; p < .03, T] =0.177] but
not males. There was no effect of nicotine Vapor or alcohol
exposure in either males or females (Supplementary Figure
S4, A and B). Analysis revealed a main effect of session for
the probability and latency to enter the food cup in males
[F(2.4,85. 6) 10.9; p <.05,m * = 0.237], [F(2.6,91.0) = 24.2;
p < .05 T]p =0.408] and females [F(2.4,74. 9) =10.6;p < .05,

= 0.256], [F(3.1,96.2) = 25; p < .05, n ? = 0.446]. An ef-
fect of nicotine vapor for males in the probabillty and latency
to enter the food cup was observed [F (1 35)=5.1;p = .03,
0,2 = 0.128], [F(1,35) = 6.6; p = .02, 12 = 0.158], with AN
exposed males demonstrating a lower probabillty and longer
latency to enter the food cup compared to CO (d = 1.1) and
AO (d = 1.0) exposed males (Supplementary Figure S4, C and
E). In contrast, nicotine vapor exposure had no effect in fe-
males for either the probability or latency to enter the food
cup (Supplementary Figure S4, D and F). A repeated measures
ANOVA for CS- approach revealed no significant effects of
session and exposure across all behavioral metrics for males
and females (data not shown).

Analysis of the average PCA index score revealed a main
effect of nicotine vapor [F(1,35) = 8.4; p = .006, 7] =0.194]
in males exposed to vaporized nicotine. According to Cohen’s
criteria, a large effect was observed in the comparison between
AN and CO (d = 1.2) exposed males, AN and AO (d = 0.9)
exposed males, and between NO and CO (d = 0.9) exposed
males, where male groups exposed to vaporized nicotine had
a higher PCA index score (Figure 1A). No such effect was
observed in females (Figure 1B). Co-exposure of alcohol and
nicotine vapor increased the number of male sign-trackers
to 63.6% relative to male controls of 0%. Conversely, co-
exposure of alcohol and nicotine vapor had no effect on the
number of female sign-trackers relative to female controls
with 22.2% of co-exposed females presenting with a sign-
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tracking phenotype compared to 25% of female controls
(Supplementary Table 1).

Fear Conditioning

Adolescent Alcohol Exposure in Male Rats Impaired
Learning and Contextual Fear Memory

A main effect of post-shock trial for males [F(3.6,116.4) = 26.8;
p < .05, npz = 0.456] and females [F(3.1,93.4) = 22.5; p < .05,
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Figure 1. Lever press and food cup entry number, probability and latency
were combined into a PCA index score for each session and averaged
over the 12 PCA sessions. PCA index scores are used to classify rats as
sign-trackers (STs) (score +0.3 to +1.0), intermediates (Int.) (score —0.29
to +0.29) and goal-trackers (GTs) (score —1.0 to —0.3). (A) Male groups
exposed to vaporized nicotine in adolescence had a higher PCA index
score compared to CO males. (B) No significant differences for PCA
index scores were detected in females. The data are presented as mean
+ SEM. *p < .05 significant difference between males that received
vaporized nicotine and males that did not receive vaporized nicotine in
adolescence.
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n,> = 0.428] was observed on the conditioning day, indicating
a progressive increase in freezing behavior as trials pro-
ceeded. During the conditioning session, a main effect of al-
cohol [F(1,32) = 9.2; p = .005, 2 = 0.224], nicotine vapor
[F(1,32) =4.3;p = 46,1 *= 0.1 19fand an alcohol-by-nicotine
vapor interaction [F(1,32) = 8.3; p = .007, T]pz = 0.206] was
detected in males (Figure 2A), where male adolescent drug ex-
posure resulted in significant deficits in fear acquisition relative
to CO males. The level of postshock freezing in females was
comparable in all exposure groups during training (Figure 2B).
Male and female rats in each group exhibited freezing during
the context test, which diminished over the course of the session.
This was confirmed by a repeated measures ANOVA in which
there was a main effect of epoch in males [F(4.3,138.9) = 7.1;
p <.05, npz = 0.181] and females [F(3.6,106.8) = 5.7; p < .03,
1.’ = 0.160]. Analysis revealed a main effect of alcohol in males
[F(1,32) = 5.6;p =.02,m ? = 0.150] where AO and AN exposed
males showed less freezing behavior and demonstrated deficits
in context-related memory (Supplementary Figure S5, A). There
was no main effect of exposure on context-related memory for
female rats (Supplementary Figure S5, B). A main effect of trial
on cue testing day was revealed for males [F(10.8,345.6) = 8.3;
p<.05,n7=0.207] and females [F(8.0,240.1) = 7.2; p < .03,
n,’> = 0.194], indicating both sexes demonstrated extinction of
the fear response over repeated tone administration. No effect
of exposure on cue-related memory was detected for either
male or female rats (Supplementary Figure S5, C and D).

Discussion

Despite the epidemiological findings indicating frequent asso-
ciations between e-cigarette use and alcohol consumption,*’
there is a scarcity of information regarding the long-term
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Figure 2. Effect of adolescent drug exposure on conditioned freezing behavior in male and female rats. Adolescent drug exposure significantly impaired
fear acquisition in (A) males but not in (B) females. Data are presented as mean = SEM. *p < .05 significant difference between male exposure groups

and CO males.
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behavioral consequences of their co-use during adolescence.
Using a preclinical model of moderate voluntary adolescent
alcohol intake and passive nicotine vapor administration,
the current study found that exposure to alcohol and vapor-
ized nicotine during this critical developmental period pro-
motes unique sex-specific effects on incentive and associative
learning processes.

Adult male, but not female, rats exposed to vaporized
nicotine in adolescence attributed greater incentive value to
reward-predicting cues, evidenced by increased approach to-
ward the cue (ie, CS+), and were more likely to express a
sign-tracking phenotype. The current findings confirm pre-
vious observations showing that subcutaneous nicotine in-
jections during adolescence produce long-lasting alterations
in reward-associated learning in adult male rats.'” Several
studies have shown that exposure to substances of abuse
promote sign-tracking behaviors,'>'* which may contribute
to reduced impulse control, psychomotor sensitization, and
addiction vulnerability.>* Impulsivity is especially of interest,
as impulsive-like and sign-tracking behaviors have been re-
ported to be correlated®; the increased impulsivity observed
in adult rats after adolescent nicotine exposure may provide
a potential mechanism underlying the increased sign-tracking
behavior that might also contribute to future substance-use
vulnerability.?’ Our study is also supported by clinical findings
suggesting that nicotine use increases attentional bias to drug-
associated cues in smokers.* The ability of nicotine vapor to
enhance the incentive value of reward-predicting cues may be
relevant to the initiation of future smoking and other drug
use. A meta-analysis revealed adolescent e-cigarette users had
more than three times the odds of subsequent cigarette use and
four times the odds of past 30-day smoking than nonusers.*
Furthermore, in a human laboratory paradigm, the exposure
to passive e-cigarette use increased adolescents’ urge to smoke
a regular cigarette.’” Based on our observations of increased
sign-tracking, and the epidemiological evidence, e-cigarette
use in adolescence might pose as a risk factor for future to-
bacco or other drug use and dependence through increasing
the incentive salience associated with these substances.

Adult female rats exposed to nicotine in adolescence ap-
peared to be resistant to the long-lasting incentive-salience
related effects observed in male rats. This contrasts prior find-
ings that nicotine exposure in female rodents enhances the ex-
pression of sign-tracking behaviors.’® However, these studies
were performed in females injected with nicotine in adult-
hood, whereas repeated injection with nicotine in adolescence
reduced approach behaviors in adult female rats.!” These sex
differences highlight the potential impact of route of adminis-
tration, as well as the age of exposure on the long-term effects
of adolescent nicotine vapor exposure on reward-related be-
haviors. Additionally, we observed pronounced sign-tracking
behavior in female controls compared to male controls. These
findings are consistent with previous reports suggesting sex
alone (independent of drug exposure) impacts conditioned
approach!®®® where females may be more likely to attribute
greater incentive value to reward-related cues. Though, sev-
eral other factors could account for this sex difference in per-
formance such as differences in exploration,* learning,*’ and
impulsivity.*! Follow-up studies are needed to determine the
mechanistic differences that underlie these sex-dependent be-
havioral effects.

Conversely, adolescent exposure to alcohol had no effect
on sign-tracking behaviors in adulthood. This adds to the
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mixed literature suggesting that prior alcohol exposure can
lead to either an enhanced!>!%*? or absent'® sign-tracking re-
sponse. One factor contributing to this discrepancy might be
differences in task design; previously, a divergence in behav-
ioral responses between adolescent alcohol-exposed and con-
trol animals was detected by the 14th day of testing,* requir-
ing more training days than our study included. Interestingly,
nicotine vapor and alcohol co-exposure led to similar behav-
ioral profiles to nicotine vapor alone in the majority of the
PCA measures, suggesting that a synergistic or additive effect
of nicotine and alcohol was not present for these behaviors
and their combined effect was primarily driven by the actions
of nicotine vapor. However, with respect to goal-tracking,
males co-exposed to nicotine vapor and alcohol during ado-
lescence, but not nicotine vapor alone, showed decreased
goal-tracking behaviors relative to males exposed to alcohol
alone, suggesting a potentiation of nicotine vapor’s effects by
alcohol. Consistently, co-administration of alcohol and nico-
tine produces an additive release of dopamine in the nucleus
accumbens core compared to each drug in isolation,* as well
as behavioral disruptions not observed following alcohol ad-
ministration exclusively.*

Male, but not female, rats exposed to alcohol, nicotine or
the combination during adolescence exhibited a deficit in fear
acquisition compared to controls as denoted by a reduction
in the percentage of freezing time across the postshock trials.
These results are consistent with previous work suggesting
that sex moderates the effects of adolescent drug exposure on
cognitive function.” The reduced fear response in adolescent
drug-exposed males may hinge on impairments in underlying
learning mechanisms. Our results are also in agreement with
others that found no differences in tone freezing responses
in adult rats exposed to alcohol or nicotine during adoles-
cence.'”* Moreover, adolescent alcohol-exposed male rats
showed contextual memory deficits in adulthood—a cog-
nitive domain dependent on the hippocampus.*” However,
given that alcohol exposure compromised fear acquisition,
the context memory deficits may not be due to memory reten-
tion, but a result of learning impairments. Nonetheless, these
effects corroborate previous literature that have reported
alcohol-induced disruptions of contextual fear conditioning
during adolescence."

In contrast to earlier findings with nicotine,** we found no
effect of adolescent nicotine vapor exposure during contextual
fear conditioning in either male or female rats. However, these
inconsistencies may be a result of differing study parameters
such as the strain of animal, dose and route of administration,
and dependent measure to assess fear conditioning. In fact,
studies utilizing freezing as the dependent measure produced
a similar lack of effects,* whereas lick suppression protocols
showed adolescent nicotine-induced deficits.*® As mentioned,
male rats expressed enhanced freezing behaviors compared
to female rats. However, these discrepancies may not reflect
genuine learning and memory deficits in females, but rather
be a product of our fear assessment method. Male rats are
more likely to perform inactive responses such as freezing,
while females engage in active responses such as darting rep-
resenting escape-like behavior, therefore exhibiting lower
levels of freezing.’? For that reason, future studies should
utilize multiple indices of fear behaviors, particularly when
comparing sexes. It is also possible that the lower expression
of fear precluded our ability to detect impairments in fear
learning in the female rats. While the exact neurobiological
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basis that underlies this sexual dimorphism remains un-
known, these findings add to our current understanding re-
garding the role of sex and drug use in learning and memory.

Contrary to our predictions, we found that the exposure
to nicotine vapor, alcohol or its combination in adolescence
had no effect on alcohol intake or preference in adulthood.
These results are consistent with previous findings on adoles-
cent nicotine and alcohol exposure that enforced voluntary
access to alcohol in adulthood.’*’! However, there are incon-
sistencies throughout the literature, where previous studies
have shown early exposure to alcohol either increased'>
or decreased?” subsequent alcohol intake. Additionally, both
the exposure to nicotine and the co-exposure of nicotine and
alcohol in adolescence has been reported to enhance alco-
hol drinking later in life.!® These conflicting patterns of re-
sponses may be dependent on methodological distinctions
such as regimen of administration during adolescence and
choice of alcohol consumption paradigms used in adulthood.
For instance, forced alcohol exposure has been shown to in-
duce stress as opposed to voluntary access, and as a result
increases alcohol preference.’! A pharmacokinetic interaction
(competitive inhibition) may also be present between alcohol
and PG, since both are metabolized by alcohol dehydrogen-
ase in the liver.5% This possibility may have confounded our
ability to detect the effects of adolescent alcohol and nicotine
vapor exposure on alcohol drinking in adulthood, as all ani-
mals were exposed to the PG/VG vehicle.

Consistent with previous research,’ we found that female
rats consumed significantly more alcohol than male rats.
A potential explanation for this sex-specific pattern may be
the fact that female rats are less sensitive to the hypnotic ef-
fects of alcohol relative to males.”* This insensitivity would
serve as a permissive feature, leading females to consume
more alcohol before experiencing pharmacological feedback
that would moderate their intake. Although animals exposed
to alcohol in adolescence did not differ from controls in alco-
hol consumption during adulthood, within-animal differences
in the consumption of alcohol during adolescence compared
to later drinking demonstrated increases in preference for
both male and female rats. Taken together with the literature,
our findings indicate that the effect of adolescent exposure to
nicotine vapor, alcohol or the combination in regulating alco-
hol consumption in adulthood heavily depends on multiple
variables, and the complexity of these findings highlight the
significance in considering intra-individual differences as op-
posed to solely group differences in such analyses.

The present study is the first to investigate the long-term
sex-specific effects of adolescent concurrent nicotine vapor
and alcohol exposure on subsequent behaviors, showing that
adolescent alcohol drinking, vaporized nicotine and their
combined exposure impact reward-driven and cognitive-
associated behaviors later in life. We did not find additive
effects of the combination of alcohol drinking and nicotine
vapor; it is likely that alternate dose combinations may be
needed to observe a drug interaction. Furthermore, we did
not assess the impact of co-exposure on the pharmacokinetics
(ie, blood nicotine or alcohol levels) and pharmacodynam-
ics of individual drugs, and how they may be influenced by
age or sex. This is of critical importance considering that
the majority of our findings were sex-specific. Future studies
incorporating assessments of plasma drug levels and recep-
tor expression (eg, nicotinic acetylcholine receptors) will be
conducted to establish the potential contribution of such
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pharmacokinetic and pharmacodynamic changes in order
to provide better insight into these observed behavioral re-
sults. Moreover, there may be additional differences between
males and females (eg, respiration rates) that might alter the
pharmacokinetic profiles of nicotine vapor exposure, thereby
warranting careful study of these parameters. Nevertheless,
our results add to the growing list of findings that highlight
the sex-related distinctions that emerge and call attention to
the importance of utilizing both sexes when measuring be-
havioral and cognitive outcomes. With the recent escalation
of e-cigarette use among teens and its association with the
consumption of alcohol, these findings underscore the im-
portance of studying the causal consequences of e-cigarette
and alcohol co-use during adolescence, and ultimately eluci-
date the neurobiological underpinnings that drive the effects
of these drugs.
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