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Adolescence is a period of development characterized by short-
and long-term vulnerability to the rewarding effects of nicotine
and reduced sensitivity to the anorectic effects of this drug

Luis A. Natividada,b, Oscar V. Torresa, Theodore C. Friedmanc, and Laura E. O'Della,*

a Department of Psychology, University of Texas at El Paso, 500 West University Avenue, El
Paso, TX 79968, United States
b Committee on the Neurobiology of Addictive Disorders, The Scripps Research Institute, 10550
North Torrey Pines Road, La Jolla, CA 92037, United States
c Division of Endocrinology, Molecular Medicine and Metabolism, Department of Internal
Medicine, Charles Drew University of Medicine & Sciences-UCLA School of Medicine, Los
Angeles, CA 90059, United States

Abstract
This study compared nicotine intake and changes in food intake and weight gain in naïve
adolescent, naïve adult, and adult rats that were exposed to nicotine during adolescence. An
extended intravenous self-administration (IVSA) model was used whereby rats had 23-hour access
to saline or increasing doses of nicotine (0.03, 0.06, and 0.09 mg/kg/0.1 mL infusion) for 4-day
intervals separated by 3-day periods of abstinence. Rats began IVSA as adolescents (PND 32–34)
or adults (PND 75). A separate group of rats was exposed to nicotine via osmotic pumps (4.7 mg/
kg) for 14 days during adolescence and then began nicotine IVSA as adults (PND 75). The rats
that completed the nicotine IVSA regimen were also tested for nicotine-seeking behavior during
extinction. The results revealed that nicotine intake was highest in adolescents followed by adults
that were pre-exposed to nicotine during adolescence as compared to naïve adults. A similar
pattern of nicotine-seeking behavior was observed during extinction. In contrast to nicotine intake,
naïve adults displayed robust appetite and weight suppressant effects of nicotine, an effect that
was absent in adolescents and adults that were pre-exposed to nicotine during adolescence. Our
findings suggest that adolescence is a unique period of enhanced vulnerability to the reinforcing
effects of nicotine. Although adolescents gain weight faster than adults, the food intake and weight
suppressant effects of nicotine are reduced during adolescence. Importantly, our findings suggest
that adolescent nicotine exposure produces long-lasting consequences that enhance nicotine
reward and promote tolerance to the anorectic effects of this drug.
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1. Introduction
Adolescent tobacco use is a major heath and economic concern. Young persons display a
strong propensity to experiment with tobacco products and are most likely to become long-
term smokers [1–4]. In fact, a recent report by the Center for Disease Control (CDC)
suggests that 90% of tobacco use begins before the age of 18 [5]. Also, while there has been
a slight decline in tobacco use in the United States, the rates of smoking initiation among
adolescents remains high in recent years. The CDC report also indicates that the high rates
of nicotine dependence and smoking-related diseases are reflected economically in rising
healthcare costs and losses in worker productivity [6]. Given that tobacco use leads to
deleterious health consequences, adolescents are at heightened risk of developing tobacco-
related diseases later in life.

Clinical studies have unveiled several factors that likely contribute to adolescent tobacco
use. These include (but are not limited to) peer pressure, impulsivity, risk-taking, affective
disorders, and stress management [7–10]. To our knowledge, clinical studies have not
directly compared the rewarding effects of nicotine in adolescents versus adults. However,
adult smokers who initiated tobacco use during adolescence generally reported more
pleasant than unpleasant effects during their first smoking episode as compared to their
naïve adult counterparts [11–14]. Therefore, the possibility exists that adults that were
exposed to nicotine during adolescence may experience enhanced rewarding effects of
nicotine as compared to adult starters.

Pre-clinical studies in rodents suggest that the rewarding effects of nicotine are enhanced
during adolescence. For example, adolescent rats and mice display a more robust
conditioned place preference (CPP) produced by nicotine as compared to adults, across a
wide range of experimental protocols, nicotine doses, and routes of administration [15–19].
Consistent with these studies, work in our laboratory demonstrated that adolescent rats
display enhanced nicotine-induced CPP relative to their adult male and female counterparts
[20,21]. Studies using oral self-administration procedures have also shown that nicotine
intake is higher in mice that were tested during the early (post-natal day [PND] 24–35)
versus late (PND 37–60) phases of adolescence [22]. Similarly, studies using intravenous
self-administration (IVSA) procedures have demonstrated that nicotine intake is about two-
fold higher in adolescent versus adult rats [23].

Rodent studies have also shown that exposure to nicotine during adolescence enhances the
rewarding effects of nicotine later in adulthood. This effect has been observed using both
CPP [24] and IVSA [25] procedures. Also, adult mice that were pre-exposed to nicotine
during adolescence display a more robust CPP produced by nicotine when they were
exposed to nicotine during the early (PND 27–33) versus late (PND 50–56) phases of
adolescence [26]. Taken together, these studies suggest that adolescence is a unique period
of enhanced vulnerability to the rewarding effects of nicotine.

In addition to the rewarding effects of nicotine, clinical reports indicate that tobacco
products are also used to control appetite and limit weight gain. Indeed, tobacco use has
been strongly associated with a decrease in food intake and weight gain [27–29]. The
anorectic effects of nicotine likely play a major contributing factor to adolescent tobacco
use, given that adolescents are highly concerned with weight gain and often perceive
themselves as overweight [30]. Given the increased probability to experiment with tobacco
products during adolescence, an important question is whether adolescent nicotine exposure
alters the long-term appetite and weight suppressant effects of this drug in adulthood. This
issue is important to consider given recent findings showing that nicotine exposure produces
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long-term increases in abdominal fat, hepatic steatosis, glucose intolerance, and insulin
resistance [27,31–33]. Thus, the interaction between tobacco use and food

Group Pump
or
sham
surgery

Catheter surgery Food training IVSA (Cycle 1) IVSA (Cycle 2) Extinction

Adolescent–onset N/A 25–27 27–29 32–34 53–55 74–76

Adult 28–30 61–66 65–70 72–77 93–98 112–117

consumption may place adolescents at greater risk of developing metabolic disorders such as
diabetes.

Pre-clinical studies have shown that nicotine exposure alters food intake and weight gain in
a different manner during adolescence versus adulthood. As an example, Faraday et al.
demonstrated that nicotine produced a robust decrease in food intake and weight gain in
adult rats that was lower than adolescents [34]. Consistent with this, exposure to oral
nicotine intake during adolescence does not alter weight gain [35,36]. With regard to the
long-term effects of adolescent nicotine exposure, Slaweki et al. observed that adult rats that
were exposed to nicotine during adolescence displayed fewer approaches to food pellets and
showed lower food intake as compared to naïve adults [37]; however, there were no weight
differences among these groups of rats.

Taken together, the literature suggests that adolescence is a period of development
characterized by enhanced rewarding effects of nicotine and long-term vulnerability to
tobacco use. Also, the clinical data suggest that adolescents may use tobacco to suppress
appetite and manage their weight. In order to fully appreciate the effects of nicotine during
adolescence, one must consider that nicotine has both short-term effects during adolescence,
as well as long-term consequences following exposure to this drug during adolescence. To
our knowledge, no study has directly compared the long-term reinforcing effects of nicotine
in naïve adolescent, naïve adult, and adult rats that were pre-exposed to nicotine during
adolescence. Moreover, there is a paucity of information regarding the short- and long-term
consequences of adolescent nicotine exposure on the anorectic effects of nicotine. To our
knowledge, this is the first study that directly compares nicotine intake, food intake, and
weight gain in adolescents, adults and adults that were pre-exposed to nicotine during
adolescence. This is an important distinction because previous work has focused on either
adolescent versus adult rats or nicotine pre-exposed adults as compared to naïve adults. The
study also presents novel data with regard to the long-term impact of adolescent nicotine
exposure using nicotine pump procedures that produce dependence to this drug. We used an
extended-access model of nicotine IVSA whereby rats were given 23-h access to increasing
doses of nicotine separated by brief periods of drug abstinence. The advantage of this model
is that concomitant measures of food and nicotine intake can be monitored across several
weeks of operant testing. Using this procedure, nicotine IVSA, food intake, and weight
changes were assessed in separate groups of naive adolescents, naïve adults, and adults that
were pre-exposed to nicotine during adolescence. Nicotine-seeking behavior was also
compared during extinction in these groups.

2. Materials and methods
2.1. Subjects

Male Wistar rats were tested using extended access to saline or nicotine IVSA. Our
experimental groups consisted of naïve adolescent rats receiving access to saline (n = 6) or
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nicotine IVSA (n = 10), and naïve adults receiving access to saline (n = 6) or nicotine (n =
13) IVSA. A separate group of adult rats were pre-exposed to nicotine during adolescence
and received access to nicotine IVSA (n = 9). The naïve adult group received a sham pump
surgery during adolescence as a control procedure, so these rats could serve as controls for
the pre-exposed adult group. The table below depicts the PND for the different groups of
rats during all of the experimental procedures.

Rats were handled for 3–5 days prior to the start of experimentation and received ad libitum
access to food and water. Rats were housed in groups of 2–3 per cage in a humidity- and
temperature-controlled (20–22 °C) vivarium. Rats were bred from a fully out-bred stock
from Harlan, Inc. (Indianapolis, IN). All procedures were approved by the UTEP
Institutional Animal Care and Use Committee.

2.2. Operant chambers
All rats were tested in operant chambers from Med Associates (St. Albans, VT) that were
kept on a regular light/dark cycle (lights on 6 AM–6 PM) inside sound-attenuated chambers
with continuous white noise. The exit port of the catheter fittings was connected to
polyethylene tubing contained inside a protective metal spring that was suspended into the
chamber from a liquid swivel attached to a balance arm. Operant sessions were conducted
using two retractable levers (active and inactive) that extended 2.5 cm into the chamber.
Each response on the active lever resulted in the delivery of the nicotine solution via syringe
pumps from Razel Scientific Research Instruments (St. Albans, VT) in a volume of 0.1 mL
per second. A 28 V white cue light was illuminated above the active lever at the onset of the
1 s infusion and was terminated after a 20 s time-out period, during which responses on the
active lever had no scheduled consequences and were not recorded. In contrast, responses on
the inactive lever had no scheduled consequences and were recorded without a time-out
period.

Each day during testing, the rats were removed from the operant chambers from 10–11 AM
and were placed into their home cages (n = 2–3 per cage) so the chambers could be cleaned
and the water and food could be replenished. During the 3-day abstinence periods, the rats
were housed in pairs in their home cage in the same behavioral test room and food and water
were available ad libitum.

2.3. Adolescent nicotine exposure
To examine the long-term effects of adolescent nicotine exposure, a group of adolescent rats
were exposed to nicotine via osmotic pumps for 14 days during adolescence and began
nicotine IVSA later during adulthood. The pump administration was used because it delivers
a fixed amount of nicotine that has been previously employed in studies comparing age
differences in the behavioral and neurochemical effects of nicotine withdrawal in rats
[38,39]. Thus, our procedures allowed us to compare the immediate and long-term effects of
nicotine on IVSA, food intake, and weight gain. The adolescents were first anesthetized with
an isoflurane/oxygen vapor mixture (1–3%) and were surgically prepared with 14-day
osmotic pumps (Alzet model 2ML2; 5.0 μL/h). The pumps were implanted subcutaneously
on the back of the animal, parallel to the spine. The pumps were filled with a dose of
nicotine (4.7 mg/kg/day; base) that was adjusted according to the weight of the rat at the
time of the surgery. After 14 days of nicotine exposure, the pumps were surgically removed
under isoflurane anesthesia. Naïve adult control rats received sham surgery without pump
implantation. Rats were then returned to their home cage until they were given access to the
IVSA procedures as adults.
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2.4. Food and water training
All rats were first trained on a fixed ratio 1 (FR-1) schedule of reinforcement to obtain
palatable chow pellets (45 mg dustless precision food pellets from Bio-Serv; Frenchtown,
NJ) from a pellet dispenser with a swing door mounted between two levers on the front wall
of the chamber. A nose-poke response was also required in a separate hole positioned on the
back of the chamber for administration of 0.1 mL aliquots of water into an adjacent metal
dipper cup. All rats reached stable levels of food and water responding within 3–5 days, and
then were returned to their home cages for one day before catheter surgery.

2.5. Catheter implantation
Rats were anesthetized with an isoflurane/oxygen vapor mixture (1–3%) and were then
prepared with catheters into the jugular vein. A 14 cm length of silastic tubing (0.94 mm
o.d., Dow-Corning; Midland, MI) was inserted into the jugular vein approximately 2 cm for
adolescents and 4 cm for adults. The free end of the catheter was tunneled subcutaneously to
the incision on the back and attached to an acrylic-based pedestal with a small piece of
surgical mesh that was mounted to a 21-gauge guide cannula that was bent at a right angle
(Plastics One, Roanoke, VA). Following insertion of the catheter, the pedestal containing the
exit port of the catheter was sutured subcutaneously on the animals’ back and the wound
was closed around the fitting. The animals were allowed a period of 2–3 days to recover in
their home cage. Catheters were flushed daily for the duration of the experiment with a 0.3–
0.5 mL infusion of a 100 mg/mL antibiotic solution containing Timentin (Glaxco-
SmithKline; Research Triangle Park, NC) that was diluted in sterile saline containing
heparin (30 USP units/mL). To verify patency of the catheters, the rats received a 0.1 mL IV
infusion of a 10 mg/mL solution of the ultra short-acting barbiturate anesthetic Brevital®
sodium (1% methohexital sodium, Eli Lilly, Inc.). Patency tests were conducted prior to
IVSA and at least once every two weeks during the IVSA period. This test was also
performed when aberrant shifts in IVSA behavior were observed. Non-patent animals were
excluded from the study.

2.6. Food and water re-establishment
Following recovery from surgery, all rats were re-introduced into the chambers by
connecting the exit port of the catheter fittings to the metal spring that was attached to the
swivel and balance arm. This procedure was done to establish baseline body weight, as well
as food and water intake prior to the introduction of the levers in the next phase of the study.
During this period, rats performed nose-poke responses for food and water on a FR-1
schedule of reinforcement in 23-h sessions for 4 days in the absence of any levers.

2.7. IVSA procedures
Following food and water re-establishment, the rats were presented with inactive and active
levers. Responses on the active lever delivered saline or various doses of nicotine in 4-day
increments beginning Monday at 11 AM until Friday at 10 AM. Rats had concomitant
access to nose-poke operandum for food and water throughout IVSA testing. During each 4-
day period, rats receiving nicotine IVSA were given access to an increasing unit dose of
nicotine (expressed as base) in the following order: 0.03, 0.06, and 0.09 mg/kg/0.1 mL
infusion. (–) Nicotine hydrogen tartrate (St. Louis, MO) was dissolved in 0.9% sterile saline
and adjusted to a pH of 6.5–7.5. The nicotine solutions were prepared daily based on the
animals’ weights from the previous day. Control rats received saline throughout the IVSA
period. In between the 4-day periods of IVSA, the rats were given a brief period of forced
abstinence during which they were returned to their home cages for 3 days. Thus, the first
dose regimen (Cycle 1) was completed in 3 weeks. The entire dose regimen with the
intermittent abstinence periods was then repeated (Cycle 2) to examine whether the group
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differences in IVSA behavior persisted for a second regimen of testing. Thus, the rats
received 2 cycles of the nicotine IVSA dosing regimen.

2.8. Extinction procedures
Three days after the final IVSA session, the nicotine syringe was filled with saline and drug-
seeking behavior was examined in the nicotine IVSA animals for 8 days. Rats had
concomitant access to nose-poke for food and water throughout extinction testing. During
the first 4 days of extinction, responding on the active lever resulted in infusions of saline
and presentation of the drug-associated cues (i.e., IV infusion, pump noise, and cue light).
During the last 4 days of extinction, responses on the active lever had no scheduled
consequences and the drug-associated cues were turned off.

2.9. Data analysis
The dependent measures of this study were operant responses (nose pokes for food and
active/inactive lever responses) and changes in body weight (expressed as % changes from
baseline body weight in g). Operant responses and weight changes were assessed on a daily
basis across different doses of nicotine in the same rats. Thus, the data in the top panels of
Figs. 1–3 were analyzed using repeated measures analyses of variance (ANOVA) with
group (naïve adolescent, naïve adult, and pre-exposed adults) as a between subject factor,
and dose (saline or escalating doses of nicotine) and day as within subject factors.
Significant group × dose × day interactions were then further analyzed to compare day-to-
day differences in our dependent measures at individual doses of nicotine (Fisher's LSD
tests; P ≤ 0.05). The data in the bottom panels of Figs. 1–3 were analyzed using separate
one-way ANOVAs during weeks 1–3 of Cycle 1. This was done to examine group
differences at a particular dose of nicotine. Only the data from Cycle 1 were included to
compare group differences during a time when adolescents had not reached adulthood.
Significant interactions were followed up with post hoc comparisons of individual
experimental groups within a dose of nicotine (Fisher's LSD tests; P ≤ 0.05). Our approach
to these data allowed for a comparison of experimental groups across time (top panels) as
well as an examination of group differences at individual doses of nicotine (bottom panel).

The extinction data in the left panel of Fig. 4 were analyzed using repeated measures
ANOVA with group (naïve adolescent, naïve adult, and pre-exposed adults) as a between-
subject factor and day and extinction phase (with and without drug cues) as within-subject
factors. A significant interaction effect was followed up with post hoc comparisons of
experimental groups within an individual day of testing (Fisher's LSD tests; P ≤ 0.05). The
data in the right panel of Fig. 4 were analyzed using separate one-way ANOVAs at each
extinction phase. This was done to examine group differences in the presence and absence of
drug cues. The inactive lever data were also analyzed using separate one-way ANOVAs
during weeks 1–3 of IVSA testing and then during extinction. Significant interactions were
followed up with post hoc comparisons of individual experimental groups within a dose of
nicotine (Fisher's LSD tests; P ≤ 0.05).

3. Results
3.1. IVSA behavior

Fig. 1 reflects operant responses on the active lever during IVSA procedures in naïve
adolescent, naïve adult, and adult rats that were pre-exposed to nicotine during adolescence.
The panel on the left is referred to as adolescent-onset since the adolescents reached
adulthood by the start of Cycle 2. Overall, the results revealed that adolescents displayed the
highest level of nicotine intake followed by pre-exposed adults that were higher than naïve
adults.
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Our overall analysis of the data in the top graphs revealed a significant 3-way interaction of
group, day, and dose (F(60, 585) = 1.8, P ≤ 0.001). Post hoc analyses of the adolescent-onset
rats revealed that nicotine intake was higher than their respective saline controls on days 1–
23 (*P ≤ 0.05). An evaluation of operant responding as compared to the first day of IVSA
revealed that nicotine intake decreased in adolescent-onset rats on days 2–4, 8, 20, and 22–
24 (‡P ≤ 0.05), and saline intake decreased in controls on day 4 (‡P ≤ 0.05). Post hoc
analyses of naïve adult rats revealed that nicotine intake was higher than their respective
saline controls on days 1, 5–9, 11–20, and 23 (*P ≤ 0.05). An evaluation of operant
responding as compared to the first day of IVSA revealed that nicotine intake decreased in
naïve adult rats on days 4 and 16 (‡P ≤ 0.05), and saline intake decreased in controls on days
7, 8 and 19 (‡P ≤ 0.05). Post hoc analyses of the pre-exposed adults revealed that nicotine
intake was higher than saline controls on days 1–3, 5–9, and 11–24 (*P ≤ 0.05), and higher
than naïve adults receiving nicotine IVSA on days 1, 3, 9–10, 12, 13, 17, 21 and 23 (#P ≤
0.05). The pre-exposed adults also displayed a decrease in nicotine intake relative to the first
day of IVSA on days 4, 6–17, 11–12, 14–16, and 21–24 (‡P ≤ 0.05).

Our analysis of the data in the bottom panel of Fig. 1 revealed a main effect of group at the
0.03 (F(4, 39) = 21.7, P ≤ 0.001), 0.06 (F(4, 39) = 14.2, P ≤ 0.001), and 0.09 (F(4, 39) = 7.6, P
≤ 0.001) doses of nicotine. Post hoc analyses revealed that regardless of dose, all rats
displayed higher nicotine intake as compared to their respective saline controls (*P ≤ 0.05).
Adolescent-onset rats displayed higher intake at all nicotine doses relative to naïve adults
(#P ≤ 0.05). Also, pre-exposed adults displayed higher nicotine intake as compared to naïve
adults during IVSA of the 0.03 and 0.09 doses of nicotine (#P ≤ 0.05).

3.2. Food operant responses
Fig. 2 reflects operant responses for food during the final days of food training (BL) and
then during IVSA procedures in naïve adolescent, naïve adult, and adult rats that were pre-
exposed to nicotine during adolescence. An analysis of baseline food intake did not reveal
an interaction (F(12, 117) = 0.6, P = NS) or any other group differences (F(4, 39) = 2.1, P =
NS) prior to IVSA procedures. During IVSA, the results revealed that only naive adult rats
that received nicotine IVSA displayed a decrease in food intake relative to saline controls.

Our overall analysis of the data in the top graphs revealed there was no significant 3-way
interaction of group, day, and dose. However, a significant 2-way interaction emerged
between group and dose (F(20, 195) = 3.7, P ≤ 0.001).

Our analysis of the data in the bottom panel of Fig. 2 revealed a main effect of group during
IVSA of the 0.06 (F(4, 39) = 3.5, P ≤ 0.05) and 0.09 (F(4, 39) = 4.7, P ≤ 0.01) doses of
nicotine. Post hoc analyses of the adolescent-onset rats revealed that adolescents that
received saline IVSA displayed lower food responses versus their naïve adult counterparts
during Week 2 of IVSA (#P ≤ 0.05). Post hoc analyses of naïve adult rats revealed that
operant responses for food were lower during IVSA of the 0.06 and 0.09 nicotine doses as
compared to their respective saline controls (*P ≤ 0.05). Also, pre-exposed adults displayed
higher operant responses for food during IVSA of the 0.06 and 0.09 nicotine doses as
compared to naïve adult rats (#P ≤ 0.05).

3.3. Change in body weight
Fig. 3 reflects % change in body weight during IVSA procedures in naïve adolescent, naïve
adult, and adult rats that were pre-exposed to nicotine during adolescence. An analysis of
baseline body weight revealed a significant interaction of group and day (F(12, 117) = 5.3, P
≤ 0.001). Post hoc analyses revealed that adolescents displayed lower baseline body weights
relative to adults (P ≤ 0.05; data not shown). However, there were no differences in body
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weight within the respective age groups. During IVSA, the results revealed that only naïve
adult rats that received nicotine IVSA displayed a decrease in body weight relative to saline
controls.

Our overall analysis of the data in the top graphs revealed a significant interaction of group,
day, and dose (F(60, 585) = 3.0, P ≤ 0.001). Post hoc analyses of the adolescent-onset rats
revealed a similar increase in body weight across time as compared to their respective naïve
adult counterparts (#P ≤ 0.05). In contrast, naïve adults receiving nicotine IVSA displayed a
decrease in body weight relative to saline controls on days 7–8, 11–16, 19–20, and 23–24
(*P ≤ 0.05). Post hoc analyses of the pre-exposed adults revealed an increase in body weight
relative to saline controls on days 5–6, 9–10, 13, 17–18, and 21–23 (*P ≤ 0.05). Also, the
increase in body weight observed in pre-exposed adults was higher than naïve adults that
received nicotine IVSA on days 3 and 5–23 (#P ≤ 0.05).

Our analysis of the data in the bottom panel of Fig. 3 revealed a main effect of group during
IVSA of the 0.03 (F(4, 39) = 45.5, P ≤ 0.001), 0.06 (F(4, 39) = 108.4, P ≤ 0.001), and 0.09
(F(4, 39) = 161.1, P ≤ 0.001) doses of nicotine. Post hoc analyses of the adolescent-onset
groups revealed that adolescents displayed a similar increase in weight gain throughout
Cycle 1 testing as compared to their naïve adult counterparts (#P ≤ 0.05). Post hoc analyses
of naïve adult rats revealed a decrease in body weight at the 0.06 and 0.09 nicotine doses as
compared to their respective saline controls (*P ≤ 0.05). Also, pre-exposed adults displayed
a larger increase in weight gain during IVSA of all nicotine doses relative to naïve adults (#P
≤ 0.05).

3.4. Comparisons of all data across cycles 1 and 2
Table 1 reflects IVSA behavior, food responses, and changes in body weight across Cycles 1
and 2.

Our analysis of IVSA behavior revealed a significant interaction of group and cycle (F(4, 39)
= 4.0; P ≤ 0.01). Post hoc analyses revealed higher nicotine versus saline IVSA across all
groups of rats (*P ≤ 0.05). Both adolescent-onset rats and pre-exposed adult rats displayed
more nicotine IVSA as compared to naive adults (#P ≤ 0.05). The post hoc analyses across
time revealed that adolescent-onset rats displayed a decrease in nicotine IVSA from Cycle 1
to Cycle 2 (‡P ≤ 0.05). Our analysis of food responses revealed a significant interaction of
group and cycle (F(4, 39) = 5.1; P ≤ 0.01). Post hoc analyses revealed a significant decrease
in food responses in adult-onset rats that received nicotine versus saline IVSA in both cycles
(*P ≤ 0.05). Pre-exposed adults displayed significantly higher food responding compared to
naive adults (#P ≤ 0.05). The post hoc analyses across time revealed that adolescent-onset
rats displayed an increase in food intake from Cycle 1 to Cycle 2 (‡P ≤ 0.05). Our analysis
of body weight revealed a significant interaction of group and cycle (F(4, 39) = 81.6; P ≤
0.001). Post hoc analyses revealed a significant decrease in weight gain in adult-onset rats
that received nicotine versus saline IVSA in both cycles (*P ≤ 0.05). Both adolescent-onset
rats and pre-exposed adult rats displayed a larger increase in weight gain as compared to
naive adults (#P ≤ 0.05), regardless of nicotine or saline IVSA conditions. The post hoc
analyses across time revealed that all rats displayed an increase in weight gain from Cycle 1
to Cycle 2 (‡P ≤ 0.05).

3.5. Extinction of nicotine IVSA behavior
Fig. 4 reflects operant responses on the active lever during extinction in naïve adolescent,
naïve adult, and adult rats that were pre-exposed to nicotine during adolescence. Overall,
adolescent-onset and pre-exposed adult rats displayed higher levels of nicotine-seeking
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behavior during extinction relative to naïve adults, an effect that was more pronounced
during uncued extinction procedures.

Our overall analysis of the data in the left panel revealed a significant interaction of group,
day, and extinction phase (F(6, 69) = 2.5, P ≤ 0.05). Post hoc analyses of the adolescent-onset
rats revealed more operant responses on the active lever as compared to naïve adults on
extinction days 5–6 (#P ≤ 0.05). A comparison of extinction responding as compared to the
average of the last 4 days of nicotine IVSA revealed that adolescent-onset rats displayed a
decrease in nicotine-seeking behavior on days 7–8 (‡P ≤ 0.05). Naïve adult rats displayed a
decrease in nicotine-seeking behavior on days 2, 4, and 5–8 (‡P ≤ 0.05). Post hoc analyses
of the pre-exposed adults revealed higher operant responses on the active lever as compared
to naïve adults on extinction days 2, 3, 5, and 8 (#P ≤ 0.05). Also, pre-exposed adults
displayed a decrease in nicotine-seeking behavior on days 2–8 (‡P ≤ 0.05).

Our analysis of the data in the right panel revealed a main effect of group during uncued
extinction (F(2, 23) = 2.9; P ≤ 0.01). Post hoc analyses revealed that adolescent-onset rats and
pre-exposed adults displayed more nicotine-seeking behavior during the uncued extinction
phase versus naïve adults (#P ≤ 0.05).

3.6. Inactive lever responses
Table 2 reflects inactive lever responses during Weeks 1–3 of Cycle 1 and during extinction
in naïve adolescent, naïve adult, and adult rats that were pre-exposed to nicotine during
adolescence. Overall, the results revealed that adolescent-onset rats receiving nicotine IVSA
displayed higher inactive responses during Cycle 1 relative to naïve adults. However, this
age difference was no longer evident during extinction testing.

Our analysis of inactive lever data revealed a main effect of group during Week 1 (F(4, 39) =
10.3, P ≤ 0.001), Week 2 (F(4, 39) = 8.0, P ≤ 0.001), and Week 3 (F(4, 39) = 7.5, P ≤ 0.001)
of testing. Post hoc analyses revealed that adolescent-onset rats that received nicotine IVSA
displayed higher inactive responses than their saline counterparts during Week 2 (*P ≤
0.05). Regardless of nicotine or saline IVSA, adolescent-onset rats displayed more inactive
responses as compared to naïve adults (#P ≤ 0.05). Post hoc analyses also revealed that all
rats displayed a decrease in inactive lever responding by Week 2 of testing (‡P ≤ 0.05).
However, the adolescent-onset rats that received nicotine IVSA did not display a decrease in
inactive responses until Week 3. There were no group differences across experimental
conditions during extinction (F(2, 23) = 1.1, P = NS).

4. Discussion
The main finding of this study is that nicotine intake is highest in adolescent rats followed
by adults that were pre-exposed to nicotine during adolescence as compared to naïve adults.
This pattern of nicotine intake was similar during extinction, suggesting that the group
differences are related to the motivational properties of nicotine. In contrast to our findings
with nicotine, the food intake and weight suppressant effects of this drug were largest in
naïve adult rats. In fact, these effects were absent in both adolescents and in adults that were
pre-exposed to nicotine during adolescence. Taken together, these findings suggest that
adolescence is a unique period in development characterized by enhanced sensitivity to the
rewarding effects of nicotine and insensitivity to the anorectic effects of nicotine.
Furthermore, our findings suggest that there are long-term effects of adolescent nicotine
exposure that confer enhanced sensitivity to the rewarding effects and tolerance to the
anorectic effects of nicotine during adulthood.
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With regard to the short-term effects of nicotine during adolescence, our findings revealed
that adolescent rats displayed the highest level of nicotine intake relative to all other groups
across several doses of nicotine. The high level of nicotine intake in adolescent rats was also
observed following each of the forced abstinence periods from nicotine IVSA. This was
evident as an increase in nicotine intake on the first day of IVSA as compared to subsequent
days. Moreover, adolescent rats displayed the highest level of nicotine-seeking behavior
during extinction relative to naïve adults. Interestingly, extinction responding was more
pronounced during uncued versus cued extinction, suggesting that there may be age and
treatment differences in the degree to which drug cues contribute to nicotine-seeking
behavior. Taken together, these findings suggest that the motivational properties of nicotine
are enhanced in adolescent rats. Our findings are consistent with other studies showing
higher levels of nicotine IVSA in adolescent versus adult rats [40,23]. Oral nicotine intake is
also higher in adolescent versus adult rats and mice [22,41–44]. Adolescent rats and mice
also display enhanced place preference for a compartment paired with nicotine across a wide
range of experimental protocols, doses, and routes of administration [15–21]. Taken
together, these findings suggest that the rewarding effects of nicotine are enhanced during
the adolescent period of development.

The present study also revealed that adolescent rats display high levels of inactive lever
responding that are important to consider in the interpretation of our results. However, it is
particularly imperative to consider that the inactive lever data may not be directly
comparable to the data collected on the active lever. This is because there was no time-out
period on the inactive lever as compared to the active lever – where responses were not
recorded for 20 s after each drug delivery. Thus, responding on the inactive lever is
artificially higher than that of the active lever. Despite this limitation, our data revealed that
adolescent rats displayed higher levels of inactive responding relative to naïve adults. The
data for inactive responses reveal important information regarding adolescent IVSA
behavior, particularly for future studies comparing age differences in drug IVSA behavior.
The higher inactive responses during adolescence may be related to a greater increase in
activity produced by nicotine, as previously demonstrated [34,45–47]. Oral nicotine intake
has also been shown to produce an increase in a variety of behaviors such as nose-poking,
rearing, locomotion, and novelty-seeking in adolescent mice [48,49]. Alternatively, the high
levels of inactive responding may reflect impulsive behavior, given that adolescent rats have
been shown to display higher impulsivity in delay-discounting procedures as compared to
adults [50]. The findings may also reflect impaired habituation to the drug-associated cues,
especially given the persistence of high inactive responding in adolescents throughout Cycle
1 that eventually diminished during extinction. Lastly, the possibility exists that the high
levels of inactive lever responding reflect enhanced nicotine-seeking behavior in
adolescents. This interpretation would be consistent with the greater rewarding effects of
nicotine as well as the higher levels of active lever responding during extinction in
adolescent versus adult rats.

Regardless of age, all rats displayed a decrease in nicotine IVSA from Day 1 to 4. The
decrease in nicotine intake across time has been reported in adult rats given intermittent 23-h
access to nicotine IVSA [51,52]. The present study revealed that the decreases in nicotine
intake were most evident in adolescent rats that displayed robust intake on the first day of
access to nicotine following a forced abstinence period. These data suggest that there are age
differences in the degree to which nicotine intake changes over time.

With regard to the long-term effects of adolescent nicotine exposure, another major finding
of this report is that adult rats that were pre-exposed to nicotine during adolescence
displayed increases in the reinforcing effects of nicotine in adulthood. Namely, nicotine
intake was higher in pre-exposed adults across multiple doses of nicotine versus naïve adult
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rats. Relatedly, the adolescent-onset rats displayed persistently higher nicotine intake as they
entered Cycle 2 of IVSA as adults. A similar pattern of group differences was observed
following abstinence from nicotine and during extinction testing, suggesting that the effects
of adolescent nicotine exposure are related to enhanced motivation for nicotine. Our findings
are consistent with other studies showing that adult rats that were pre-exposed to nicotine
during adolescence display an increase in nicotine IVSA later in adulthood [25,53]. Also,
pre-exposed adults display enhanced place preference produced by nicotine relative to naïve
adult controls [24,26]. However, we recognize previous studies that reported a reduction in
nicotine intake as adolescent male rats transition into adulthood [23]. Also, nicotine intake
and place preference produced by nicotine has been shown to be lower in adult rats that
were pre-exposed to nicotine during adolescence relative to naïve adult controls [41,54]. The
discrepancy in these reports as compared to the findings of the present study may be related
to methodological differences including sex, strain, route of administration, and/or dose of
nicotine.

Previous research has shown that chronic nicotine exposure decreases food intake and
weight gain in adult rodents [52,55–57]. Consistent with this, the present study revealed that
naïve adult rats that received nicotine IVSA displayed a reduction in food intake and weight
gain relative to adults that were given access to saline IVSA. Intermittent abstinence periods
also produced robust weight gain during ad libitum access to food, consistent with the
effects that have been observed during nicotine withdrawal [56,58]. In contrast to our
findings with naïve adults, adolescent rats displayed a robust increase in food intake and
weight gain regardless of whether they were given access to nicotine or saline IVSA. This is
consistent with the mild effects of chronic nicotine exposure on food intake and weight gain
during adolescence [22,34,59–61]. A recent report also revealed that there is no correlation
between the level of nicotine IVSA and food intake across multiple strains of adolescent rats
[62]. These studies suggest that nicotine may not produce strong anorectic effects in
adolescent rats. Moreover, the motivational constructs that mediate nicotine and food intake
may be distinct during adolescence, and future studies are needed to examine this
possibility. One important consideration is that food intake was measured concomitantly
during 23-h access to nicotine or saline IVSA. This raises the possibility that the decreases
in food intake observed in naïve adults are related to competing motivation for nicotine
versus food, and not the anorexic effect of nicotine alone. Future studies are needed to
examine whether nicotine changes the valence of reward-related processes in an age-
dependent manner.

With regard to the long-term effects of adolescent nicotine exposure, the present study
revealed that the food intake and weight suppressant effects of nicotine were absent in adult
rats that were pre-exposed to nicotine during adolescence. In fact, pre-exposed adults
displayed a significant increase in food intake and weight gain relative to naïve adults.
Previous studies have reported that nicotine only produces mild anorectic effects in adult
rats that were pre-exposed to nicotine during adolescence [37,41]. However, we recognize a
recent report that demonstrated that exposure to nicotine during early development did not
alter operant responding for food later in adulthood [63]. Taken together, the findings of the
present study suggest that exposure to nicotine during adolescence produces long-term
tolerance to the anorectic effects of this drug.

In naïve adult rats, nicotine served as a potent food suppressant. However, in adolescent rats
(in Cycle 1) nicotine did not suppress food intake or body weight. As the adolescents
became adults (in Cycle 2), nicotine began to suppress food intake. We suspect that this was
likely due to maturation into adulthood at the onset of Cycle 2. Interestingly, in adult rats
that were exposed to nicotine during adolescence, nicotine did not suppress food intake in
either cycle. Based on the latter results, one might have expected that adolescent-onset rats
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may have displayed a decrease in the food suppressant effects of nicotine during Cycle 2.
However, the differences between adolescent-onset rats in Cycle 2 versus pre-exposed
adults may be related to differences in the amount of nicotine pre-exposure, the delay in
nicotine exposure prior to testing, and/or differences in the age of these groups at the time of
testing.

The present findings provide important clinical implications regarding the short- and long-
term effects of adolescent nicotine exposure. The finding that adolescent nicotine exposure
enhances the rewarding effects of this drug later in adulthood suggests that adolescents may
be more vulnerable to long-term tobacco use. In support of this hypothesis, Pomerleau et al.
observed that initial smoking experiences were rated as more pleasurable in adult smokers
that began smoking during adolescence [13,14]. With regard to the anorectic effects of
nicotine, the present findings suggest that tobacco is not an effective weight loss tool for
young people. This is based on our finding that adolescence is a period of rapid weight gain
that is not suppressed by nicotine. Moreover, the ability of nicotine to produce anorectic
effects may be compromised in an adult that has been pre-exposed to nicotine during
adolescence. In fact, given the repeated exposure to and withdrawal from nicotine, food
intake and weight gain in pre-exposed adults may even exceed that of an adult-onset tobacco
user. Thus, our findings are important for the development of educational programs for
young persons, given that adolescents are more likely to use nicotine to manage their weight
and are more likely to experience weight control issues later in life as a result of smoking
[30,64,65]. Our findings also have important implications for interventions that target
cholinergic mechanisms (such as nicotine replacement therapies) that may produce long-
term effects on food intake and weight gain. Future studies are needed to further examine
the underlying neurobiology that modulates the behavioral effects observed in the present
study.
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HIGHLIGHTS

• Adolescent rats display strong rewarding effects of nicotine.

• Adolescent rats display diminished anorectic effects of nicotine.

• Adolescent nicotine exposure enhances intake of this drug in adulthood.

• Adolescent nicotine exposure reduces the anorectic effects of this drug in
adulthood.
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Fig. 1.
The top graphs reflect mean operant responses (±SEM) across IVSA days in adolescent-
onset (n = 6–10), naïve adult (n = 6–13), and adult rats that were pre-exposed to nicotine
during adolescence (n = 9). Rats were given 23-h access to perform operant responses for
saline (open symbols) or escalating doses of nicotine (filled symbols; 0.03, 0.06, or 0.09 mg/
kg/0.1 mL infusion) for 4-day intervals separated by 3-day periods of abstinence. The rats
received 2 cycles of the IVSA regimen. The bottom graph reflects mean responses (±SEM)
separated by the weekly dosing regimen of nicotine IVSA. Only Cycle 1 is presented in
order to compare group differences in operant responses when the adolescent rats were still
in the adolescent period. Asterisks (*) denote significant group differences from saline
IVSA. Number signs (#) denote significant group differences from naïve adults. Double
cross signs (‡) denote significant differences from the first day of IVSA at each of the 4-day
intervals of testing (P ≤ 0.05).
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Fig. 2.
The top graphs reflect operant responses for food (±SEM) across IVSA days in adolescent-
onset (n = 6–10), naïve adult (n = 6–13), and adult rats that were pre-exposed to nicotine
during adolescence (n = 9). Rats were given 23-h access to perform operant responses for
saline (open symbols) or escalating doses of nicotine (filled symbols; 0.03, 0.06, or 0.09 mg/
kg/0.1 mL infusion) for 4-day intervals separated by 3-day periods of abstinence. The rats
received 2 cycles of the IVSA regimen. The bottom graph reflects mean responses (±SEM)
separated by the weekly dosing regimen of nicotine IVSA. Only Cycle 1 is presented in
order to compare group differences in operant responses when the adolescent rats were still
in the adolescent period. Asterisks (*) denote significant group differences from saline
IVSA. Number signs (#) denote significant group differences from naïve adults (P ≤ 0.05).
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Fig. 3.
The top graphs reflect % change in body weight (±SEM) across IVSA days in adolescent-
onset (n = 6–10), naïve adult (n = 6–13), and adult rats that were pre-exposed to nicotine
during adolescence (n = 9). Rats were given 23-h access to perform operant responses for
saline (open symbols) or escalating doses of nicotine (filled symbols; 0.03, 0.06, or 0.09 mg/
kg/0.1 mL infusion) for 4-day intervals separated by 3-day periods of abstinence. The rats
received 2 cycles of the IVSA regimen. The bottom graph reflects mean % change values
(±SEM) separated by the weekly dosing regimen of nicotine IVSA. Only Cycle 1 is
presented in order to compare group differences in operant responses when the adolescent
rats were still in the adolescent period. Asterisks (*) denote significant group differences
from saline IVSA. Number signs (#) denote significant group differences from naïve adults
(P ≤ 0.05).
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Fig. 4.
The left graph reflects operant responses (±SEM) prior to and then during extinction in
adolescent-onset (n = 7), naïve adult (=10), and adult rats that were pre-exposed to nicotine
during adolescence (n = 9). Extinction testing occurred first with and then without the
presentation of drug cues. The right graph reflects mean responses (±SEM) separated by
extinction testing in the presence and absence of drug cues. Number signs (#) denote
significant group differences from naïve adults. Double cross signs (‡) denote significant
differences from the average of the last 4 days of nicotine IVSA (P ≤ 0.05).
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Table 1

IVSA behavior, food responses, and change in body weight across cycles.

IVSA Group Saline Nicotine

Adolescent-onset Adult-onset Adolescent-onset Adult-onset Pre-exposed Adult-onset

IVSA Behavior Cycle 1 21.7 ± 2.0 20.1 ± 1.9
55.9 ± 4.8

*,#
315 ± 15

*
40.4 ± 42.9

*,#

Cycle 2 21.3 ± 4.4 18.5 ± 1.6
46.3 ± 4.0

*,#,‡
353 ± 2.1

*
42.9 ± 1.6

*,#

Food Responses Cycle 1 628.3 ± 21.0 709.4 ± 36.4 614.7 ± 42.5
550.4 ± 31.5

*
689.7 ± 30.7

#

Cycle 2
742.4 ± 30.7

‡ 677.6 ± 31.8
663.4 ± 34.3

‡
592.0 ± 183

*
667.3 ± 24 9

#

% Change In Body Cycle 1
162.8 ± 4.6

# 107.3 ± 13
162.2 ± 3.2

#
103.7 ± 0.9

*
110.5 ± 0.9

#

Weight Cycle 2
267.3 ± 17.9

#,‡
120.9 ± 2.1

‡
268.7 ± 9.9

#,‡
113.8 ± 1.7

*,‡
126.5 ± 1.5

*,#,‡

*
Denotes significant group differences from saline IVSA.

#
Denotes significant group differences from naïve adults.

‡
Denotes significant differences from Cycle 1.
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Table 2

Inactive lever responses during Cycle I.

JVSA Group Saline Nicotine

Adolescent-onset Naive Adult-onset Adolescent-onset Naive Adult-onset Pre-exposed Adult-onset

Week 1
75.0 ± 15.1

# 21.6 ± 4.6
137.6 ± 30.2

# 20.8 ± 3.1 30.3 ± 4.6

Week 2
39.4 ± 11.3

#,‡
10.5 ± 2.1

‡
119.9 ± 34.4

*,#
7.9 ± 1.7

‡
7.7 ± 1.6

‡

Week 3
24.6 ± 6.6

#,‡
10.0 ± 2.7

‡
57.1 ± 15.3

#,‡
8.1 ± 1.l

‡
7.8 ± 1.5

‡

Extinction N/A N/A
21.0 ± 7.0

‡
10.3 ± 1.9

‡
8.7 ± 2.6

‡

*
Denotes significant group differences from saline IVSA.

#
Denotes significant group differences from naïve adults.

‡
Denotes significant differences from Week 1.
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