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warding and aversive effects of nicotine in adolescent, adult, and adult rats pre-
exposed to nicotine during adolescence. Prior to conditioning, the rats were tested for their initial preference
for either of 2 distinct compartments. Adolescent and adult rats then received various nicotine doses in their
initially non-preferred side on one day and saline in the other side on alternate days. This 2-day procedure
was repeated over 8 consecutive days. Following conditioning, rats were re-tested for their preference.
Another cohort of adolescent and adult rats were conditioned with various doses of D-amphetamine.
Nicotine produced CPP in an inverted U-shaped manner in both age groups. However, adolescents displayed
a larger upward shift in CPP that was significant across a wider dose range relative to adults. There were no
developmental differences to CPP produced by D-amphetamine. In a final study, adolescents were prepared
with pumps that delivered nicotine for 14 days. These rats were conditioned later as adults using the same
procedures used previously. Pre-exposure to nicotine during adolescence diminished the aversive effects
produced by the highest nicotine dose in naïve adults. Taken together, these studies provide a basis for
enhanced vulnerability to nicotine during adolescence.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Epidemiological studies suggest that there is a heightened
vulnerability to nicotine dependence during the adolescent period
of development. Although the prevalence of smoking has generally
decreased over recent years, there has been a steady rise in the rate of
smoking behavior among adolescents (National Institute on Drug
Abuse [NIDA], 2006). It has also been suggested that exposure to
nicotine during adolescence may enhance vulnerability to nicotine
abuse later in adulthood. For example, it is estimated that 90% of adult
smokers begin smoking before the age of 20 (United States Depart-
ment of Health and Human Services, 1994). Furthermore, individuals
who initiate smoking during adolescence consume more tobacco
products as adults relative to individuals who initiate smoking during
adulthood (NIDA, 2006). Collectively, these reports suggest that
adolescence is a period of enhanced vulnerability to nicotine
dependence.

Animal studies have examined the rewarding properties of
nicotine using the conditioned place preference (CPP) paradigm. The
CPP paradigm assesses the motivational properties of a drug using
Pavlovian conditioning procedures (see Tzschentke, 1998). This
paradigm typically employs a conditioning apparatus that consists
915 747 6553.
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of 2 distinct compartments that differ in various sensory modalities
such as color, tactile and odor cues. In CPP procedures, a drug is
repeatedly administered on one side of the conditioning apparatus,
and on alternate days saline is administered on the adjacent side. This
2-day procedure constitutes a conditioning trial. Following several
conditioning trials, the animals form an association between the
environmental cues and the affective properties of the drug. The
animals are then tested for preference by allowing them free access to
both compartments simultaneously in the absence of any drug
injections. The nature of the affective properties of the drug is evident
on the test day when the environmental cues elicit either preference
(i.e., CPP) or avoidance (conditioned place aversion; CPA) to the drug-
paired side relative to the neutral side. The ability of this procedure to
detect preference or aversion is advantageous when comparing the
affective properties of various doses of a drug that produces both
rewarding and aversive effects.

Studies using place-conditioning procedures vary depending on
how the drug-paired compartment is assigned (i.e., biased versus
unbiased). In a biased procedure, a pre-test is conducted in order to
determine the animal's initial preference. During conditioning, the
animals receive drug in their initially non-preferred side. After
conditioning, an additional preference test is conducted. On the test
day, preference is defined as a significant increase in the amount of
time spent in the initially non-preferred side after conditioning minus
before conditioning. In an unbiased approach, animals are randomly
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assigned to receive drug in either compartment. Following condition-
ing, preference is defined as an increase in the amount of time spent in
the drug-paired compartment relative to control animals that spend
equal time in both compartments on the test day.

The results from place-conditioning studies using nicotine can vary
depending on whether a biased or unbiased procedure is used. For
example, some laboratories are unable to detect the rewarding effects of
nicotine using unbiased place-conditioning procedures, and this is likely
due to nicotine's weak reinforcing effects (see Clarke and Fibiger, 1987;
Joreny et al., 1990). Although some studies do report nicotine CPP using
unbiasedprocedures, a recent reviewsuggests that biasedprocedures are
more sensitive to detect small shifts in preference produced by nicotine
(see Le Foll and Goldberg, 2005). Furthermore, several laboratories using
biased place-conditioning procedures report developmental differences
to the rewarding effects of nicotine (Belluzzi et al., 2004; Kota et al., 2007;
Torrella et al., 2004; Vastola et al., 2002). Thus, the current study
employed a biased method of conditioning to address our experimental
questions regarding developmental differences to nicotine.

Previous studies have used CPP procedures to compare the
rewarding properties of nicotine in adolescent and adult rats. These
reports demonstrate that intermediate doses of nicotine (0.5–0.8 mg/
kg) produce CPP that is enhanced in adolescent versus adult rats
(Belluzzi et al., 2004; Shram et al., 2006; Vastola et al., 2002). In
addition, a single injection of nicotine (0.5 mg/kg) produces CPP in
adolescent but not adult rats (Brielmaier et al., 2007). Furthermore,
adolescent mice display nicotine-induced CPP at lower doses of
nicotine relative to adult mice (Kota et al., 2007). The findings from
CPP studies are also consistent with self-administration studies
showing that operant responding for nicotine is enhanced in
adolescent versus adult rats (Levin et al., 2003, 2007). Collectively,
these studies suggest that the rewarding effects of nicotine are
enhanced during the adolescent period of development. However, a
characterization of both the rewarding and aversive effects of various
nicotine doses has not been compared across different stages of
development. This is important to address in light of the biphasic
behavioral effects of nicotine with low doses typically producing
reward and high doses producing aversive effects (Laviolette and van
der Kooy, 2004).

Our laboratory is interested in investigating developmental
differences to both the rewarding and aversive effects of nicotine in
rats. Recently, we demonstrated that the aversive effects of nicotine
withdrawal are lower in adolescent versus adult rats (O'Dell et al.,
2006, 2007). The present study expands our previous work by
characterizing developmental differences to the rewarding and/or
aversive effects of nicotine in adolescent and adult rats. Furthermore,
we are interested in examining whether the behavioral effects of
nicotine are enhanced in adult rats pre-exposed to nicotine during
adolescence. Therefore, this study compared nicotine-induced CPP
using various doses of nicotine in adolescent, adult, and adult rats pre-
exposed to nicotine during adolescence.

Overall, we hypothesize that adolescence is a period of enhanced
vulnerability to the rewarding effects of nicotine. Therefore, we
expect to observe enhanced nicotine-induced CPP in adolescent rats
and adults pre-exposed to nicotine during adolescence relative to
naïve adult rats. The possibility exists that adolescent rats may be
more susceptible to rewarding effects in general. To address this
issue, we compared CPP produced by D-amphetamine, another
psychostimulant compound with strong reinforcing properties. It is
not expected that adolescent and adult rats will differ with respect to
CPP produced by D-amphetamine, since a previous report demon-
strated that the magnitude of amphetamine-induced CPP is similar
across these age groups (Mathews and McCormick, 2007). However,
inclusion of the D-amphetamine study will provide a positive control
group since this drug consistently produces robust CPP. Furthermore,
these data will also enable us to determine whether or not our
developmental differences are specific to nicotine.
2. Methods

2.1. Subjects

Male Wistar rats were bred and housed in the animal vivarium of
the Psychology Department of the University of Texas at El Paso
(UTEP). All rats were fully out bred with each experimental group
consisting of animals from different litters. Specifically, we assigned
one animal per litter to a given experimental group, thereby
distributing animals from a given litter across different experimental
groups. Rats wereweaned on PND 21 and then group housedwith 2–3
rats per cage. All rats were handled for 3 days prior to experimenta-
tion. Rats had free access to food and water, except during the 30-min
conditioning sessions. All rats were housed in a humidity- and
temperature-controlled (22 °C) vivarium on a 12-hr light/dark cycle
(lights on at 8 am and off at 8 pm). Animals were group-housed with
same sex littermates. Testing was conducted during the light phase of
the animal's light/dark cycle. At the end of each experiment, the
animals were euthanized using CO2 inhalation. All procedures were
approved by UTEP's Institutional Animal Care and Use Committee and
were conducted in adherence to the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals.

2.2. Drugs

The drugs used in these experiments were (−) nicotine hydrogen
tartrate and D-amphetamine (Sigma Aldrich, Inc). The nicotine doses
refer to the base of the compound and the D-amphetamine doses refer
to the salt. Both drugs were dissolved in 0.9% sterile saline and made
fresh every 2 days. All compounds were injected subcutaneously (sc)
in a volume of 1 ml/kg. Pre-exposure to nicotine during adolescence
was done via subcutaneous delivery of nicotine in osmotic mini-
pumps. The pumps were purchased from Alzet (model 2ml2) and
delivered a constant dose of nicotine (4.7 mg/kg/day; base) con-
tinuously for 14 days. The rationale for the nicotine dose is based on
previous work showing that the physical signs of withdrawal are
evident in adolescent rats that received 14 days of exposure to this
dose of nicotine (O'Dell et al., 2006).

2.3. Apparatus

Our conditioning apparatus consisted of 2 rectangular stainless
steel chambers (76×24×30 cm) with one-way mirrors on the front
walls to allow for behavioral observations. Each chamber was divided
into 2 distinct compartments of equal proportions that were separated
by a removable solid stainless steel partition. One compartment had
pine bedding beneath a perforated Plexiglas® floor with small holes.
The other compartment had green-tinted pine bedding beneath a
metal bar floor. Both compartments were equally illuminated during
conditioning and testing procedures.

2.4. General conditioning procedures

These studies employed a biased CPP procedure consisting of 3
phases: an initial preference test, 8 conditioning days, and a final
preference test. During the initial preference test, the solid partition
separating the 2 compartments was removed and replaced by a
similar partitionwith an opening in the center (8×8 cm high) to allow
rats free access to both sides simultaneously. Rats were allowed to
shuttle freely between the 2 compartments for 15 min. Rats were
considered to have entered a compartment when both of their front
paws were placed on the floor of that compartment. Thirteen animals
with an initial preference of greater than 65% for one of the
compartments were eliminated from the study. This criterion was
employed based on previous work in our laboratory and others
demonstrating that it is difficult to detect a shift in time spent in a
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compartment where an animal had a strong initial bias prior to
conditioning. This is particularly important for studies employing
place-conditioning procedures using a drug with weak reinforcing
properties such as nicotine.

Conditioning began 6 days after the initial preference test in order
to minimize latent inhibition that could weaken the association
between the drug and the external environmental cues. During
conditioning, a solid partition separated the chambers so that the
rats could be confined to only 1 side of the conditioning apparatus.
Separate groups of rats received various doses of nicotine (0, 0.2, 0.4,
0.6, 0.8 or 1.2 mg/kg, base, sc) or D-amphetamine (0, 0.5, 1.0 or 2.0 mg/
kg, salt, sc) and were placed immediately into their initially non-
preferred side for 30 min. An additional group of adolescent rats were
conditioned with 1.8 mg/kg of nicotine. On alternate days, all rats
received saline and were confined to their initially preferred side for
30 min. This 2-day procedure was repeated over 8 consecutive days.
The order of drug treatment was counterbalanced within treatment
groups such that some rats received drug on the first day of
conditioning and the other half of the rats received drug on the second
day of conditioning. Each animal was assigned to only 1 treatment
condition (e.g., saline or a single dose of nicotine or D-amphetamine).
Control groups received saline in both compartments during con-
ditioning. All experiments were conducted in a dark room to allow for
behavioral observations via the two-way mirrors on the front of the
chambers, and to minimize day-to-day differences in the conditioning
room. Continuous white noise was also used to minimize any external
disturbances during conditioning.

The day after the last conditioning session, rats were re-tested for
their preference for 15min. Since the order of exposure to the paired vs.
unpaired chambers was counterbalanced, some animals were tested 24
hrs after their last nicotine administration, whereas others were tested
48 hrs after the last nicotine injection. An analysis was conducted to
determine whether there were any differences in test performance
between the animals tested at these 2 intervals following the last
nicotineadministration. This analysis revealed that themagnitudeof CPP
produced by nicotine or D-amphetamine was similar in adolescent and
adult rats that received drug 1 or 2 days before the final preference test.

When assessing the boundaries of the adolescent period in
rodents, most researchers agree that the prototypic age range for
adolescence conservatively ranges from postnatal day 28 to 45 (for a
review see Spear, 2000). Adolescence reflects a period during which
age-specific behavioral discontinuities from younger and older
animals are most evident, and most behavioral and physiological
systems reach maximal maturation by postnatal day (PND) 60 in rats,
and are considered adults beyond this age. Therefore, in the present
study adolescent rats received the initial preference test on PND 28,
then six days later the conditioning procedures began on PND 34. The
final preference test was conducted in adolescents on PND 42. Adult
rats received the initial preference test on PND 60, then six days later
the conditioning procedures began on PND 66. The final preference
test was conducted in adults on PND 74.

2.5. Study 1

This study compared nicotine-induced CPP in naïve adolescent and
adult rats (n=7–14 per condition). Separate groups of rats received
various doses of nicotine (0, 0.2, 0.4, 0.6, 0.8 or 1.2 mg/kg, base, sc) and
were conditioned as previously described. An additional group of
adolescent rats (n=8). received 1.8 mg/kg of nicotine. A higher dose of
nicotine was included for the adolescent rats to account for possible
group differences that may be due to higher metabolic rates of
nicotine in young rats. Various doses of nicotine were used in order to
establish a CPP dose–response curve that could be compared across
age groups.

An additional experiment was conducted to compare D-ampheta-
mine-induced CPP in naïve adolescent and adult rats (n=7–14 per
group). Rats received various doses of D-amphetamine (0, 0.5, 1.0 or
2.0 mg/kg, salt, sc) and were conditioned as previously described. The
purpose of this experiment was to examine potential developmental
differences to another psychostimulant compound with strong
reinforcing properties.

2.6. Study 2

This study compared nicotine-induced CPP in adult rats pre-
exposed to nicotine during adolescence (n=5–14 per group) to their
naïve counterparts from Study 1. A group of adolescent rats was
anesthetizedwith an isoflurane/oxygenmixture (1–2% isoflurane) and
surgically prepared with Alzet osmotic mini-pumps [model 2ml2;
Durect Corporation] that delivered nicotine continuously (4.7 mg/kg/
day, base) for 14 days. The nicotine concentration in the pump was
adjusted based on the rats weight on the surgery day. The nicotine
pump dose was based on observations from our laboratory and others
(Trauth et al., 1999, 2001) demonstrating that this dose regimen
produces nicotine dependence and neurochemical changes in adoles-
cent rats. The adolescents were prepared with the pumps on PND 28
and they were removed on PND 42. Conditioning procedures began
later when the rats were adults on PND 60. Separate groups of adult
rats pre-exposed to nicotine during adolescence were conditioned
using various doses of nicotine (0, 0.2, 0.4, 0.6, 0.8 or 1.2 mg/kg, base,
sc), as previously described.

2.7. Statistical analyses

Data were analyzed using difference scores, which reflect the
amount of time spent in the initially non-preferred compartment after
conditioning minus before conditioning such that positive values
reflect a shift in preference for the drug-paired compartment. CPP was
operationally defined as a significant increase in the difference score
obtained from drug-treated rats relative to controls that received
saline during conditioning.

Our statistical analyses include overall ANOVAs followed by post-
hoc tests where appropriate. Specifically, the ability of various doses to
produce CPP or CPA was compared across age (adolescent versus
adult) or treatment groups (naïve adults versus pre-exposed adults).
In our experience with place conditioning procedures, significant
overall interactions are not usually observed, and group differences
aremost evident at individual doses rather than overall shifts in dose–
response curves (O'Dell et al., 2006, 2007). This is because of the “all-
or-none” nature of the results with certain doses producing CPP or
CPA in some but not all experimental groups. Further, it is difficult to
compare the magnitude of preference across groups because ceiling
effects may conceal group differences. Although the present studies
did not reveal any significant interaction effects, robust main effects of
age and treatment were observed. These significant effects were
followed by ANOVA analyses that compared dose effects in a
particular age or treatment group.

The goal of our study was to compare the rewarding and/or
aversive effects of nicotine in rats of different ages (adolescent versus
adult) and treatment conditions (naïve adults versus pre-exposed
adults). Thus, individual planned comparisons were also conducted
between age and treatment groups at individual doses using the
Fisher's LSD test (p≤0.05). The type of analysis that was performed is
denoted by different symbols on the figures. Asterisks (⁎) denote a
significant difference relative to their respective saline controls and
daggers (†) reflect a significant difference between age or treatment
groups at each individual drug dose.

3. Results

Study 1 compared the ability of various doses of nicotine to
produce CPP in naïve adolescent and adult rats (see Fig. 1). Overall, the



Fig. 1. This graph reflects nicotine-induced CPP in naïve adolescent versus adult rats
(n=7–14) conditioned with various nicotine doses (0, 0.2, 0.4, 0.6, 0.8 or 1.2 mg/kg, base,
sc). An additional group of adolescent rats (n=8) received 1.8 mg/kg of nicotine during
conditioning. This dose was included to address higher metabolic rates of nicotine in
adolescent versus adult rats. These data are presented as difference scores (±SEM),
which reflect time spent in the initially non-preferred side after conditioning minus
before conditioning such that values above “0” reflect a positive shift in preference (i.e.,
CPP). Mean total area under the curve reflects the sum of the averages for each age
group from the 0 to 0.8 mg/kg dose of nicotine. The asterisks (⁎) denote a significant
difference from their respective saline control group (p≤0.05). Daggers (†) denote a
significant difference between age groups at each dose of nicotine (p≤0.05).
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results revealed that nicotine produced preference or aversion in an
inverted U-shaped dose–response manner. The statistical analyses
revealed that both age groups displayed preference at lower doses and
aversive effects at higher doses of nicotine [F(6,112)=7.2, p=0.001].
Regarding developmental differences, the results revealed enhanced
positive shifts in preference in adolescent relative to adult rats. First,
an examination of the area under the curve from 0 to 0.8 mg/kg of
Fig. 2. This graph reflects amphetamine-induced CPP in naïve adolescent and adult rats
(n=7–14) that were conditioned with various D-amphetamine doses (0, 0.5, 1.0 or
2.0 mg/kg, sc). These data are presented as difference scores (±SEM), which reflect time
spent in the initially non-preferred side after conditioning minus before conditioning
such that values above “0” reflect a positive shift in preference (i.e., CPP). Mean total
area under the curve reflects the sum of the averages for each age group from the 0 to
2.0 mg/kg dose of D-amphetamine. The asterisks (⁎) denote a significant difference from
their respective saline control group (p≤0.05).
nicotine revealed that the mean total area under the curve is
approximately 2-fold larger in adolescent (513.74 sec) relative to
adult (285.23 sec) rats. Second, adolescent rats displayed CPP over a
wider range of nicotine doses than adults. The statistical analyses
revealed an overall main effect of age [F(1,112)=8.35, p=0.005], with
adolescents receiving 0.2, 0.4 and 0.6 mg/kg of nicotine displaying
enhanced positive shifts in preference relative to controls (p≤0.05). In
contrast, CPP was only observed in adult rats that received 0.2 mg/kg
of nicotine during conditioning (p≤0.05). Third, planned comparisons
examining developmental differences revealed a significant difference
between adolescent and adult rats conditioned with 0.4, 0.6, and
1.2 mg/kg (p≤0.05).

The place conditioning results also revealed that high doses of
nicotine produced aversion in adult rats that were conditioned with
1.2 mg/kg of nicotine (p≤0.05). However, this aversive effect was not
observed in adolescent rats, even when the dose of nicotine was
increased to a high dose (1.8 mg/kg) that appeared to produce toxic
effects in these young rats.

A subsequent study compared the ability of D-amphetamine to pro-
duce CPP in naïve adolescent and adult rats (see Fig. 2). D-amphetamine
produced preference in an inverted U-shaped dose–response manner.
Both age groups displayed preference at a lower dose range of D-amphe-
tamine [F(3,59)=8.4, p=0.001]. This effect was significant across both
adolescent and adult rats receiving 0.5 and 1.0 mg/kg of D-amphetamine
relative to controls (p≤0.05). However, there were no developmental
differences in the magnitude of CPP produced by any dose of D-amphe-
tamine in both age groups [F(1,59)=0.12, p=0.72].

Study 2 compared the ability of nicotine to produce CPP in adult
rats pre-exposed to nicotine during adolescence relative to the CPP
effects observed in naïve adults from Study 1 (see Fig. 3). The analyses
from Study 1 revealed that naive adults conditioned with 0.2 mg/kg of
nicotine displayed CPP, whereas naïve adults conditionedwith 1.2mg/
kg displayed CPA. In contrast, the curve in the adult rats that were pre-
exposed to nicotine during adolescence was relatively flat. The
aversive effects produced by the highest dose of nicotine in naïve
adults were absent in adults that were pre-exposed to nicotine during
adolescence (p≤0.05). This suggests that the aversive effects of high
Fig. 3. This graph reflects nicotine-induced CPP in naïve adult rats and adults that were
pre-exposed to nicotine during adolescence (n=5–14). Rats were conditioned using
various nicotine doses (0, 0.2, 0.4, 0.6, 0.8 or 1.2 mg/kg, base, sc). These data are
presented as difference scores (±SEM), which reflect time spent in the initially non-
preferred side after conditioning minus before conditioning such that values above “0”
reflect a positive shift in preference (i.e., CPP). Mean total area under the curve reflects
the sum of the averages for each age group from the 0 to 0.8 mg/kg dose of nicotine. The
asterisks (⁎) denote a significant difference from their respective saline control group
(p≤0.05). The dagger (†) denotes a significant difference between treatment groups
(p≤0.05).
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nicotine doses are reduced in animals that were exposed to nicotine
during adolescence.

Given the lack of CPP in adult rats that were pre-exposed to
nicotine via pumps, we included an additional group of adult rats that
were pre-exposed to lower nicotine doses during adolescence (data
not shown). Specifically, two additional groups of adolescent rats
received either 1 (n=6) or 4 (n=6) injections 0.4 mg/kg, sc for 14
consecutive days. These rats were conditioned later as adults using
the 0.8 mg/kg, sc. These procedures were chosen based on Adriani
et al. (2006)who demonstrated that adult rats thatwere pre-exposed
to nicotine during adolescence (10 daily injections of 0.4 mg/kg)
display enhanced nicotine-induced CPP later in adulthood. However,
our results revealed that this treatment regiment did not facilitate
CPP in adult rats that received nicotine once a day (11.8±34.8 sec) or 4
times a day (10.5±19.7 sec) relative to naïve adult rats (10.5±32.7
sec). Thus, treatment regimens involving lower doses of nicotine
during adolescence did not facilitate CPP later in adulthood relative
to naive adult rats.

4. Discussion

The present study supports our hypothesis that adolescence is a
period of enhanced vulnerability to the rewarding effects of nicotine.
This is based on our finding that adolescent rats displayed a larger
shift in preference that was significant across awider range of nicotine
doses relative to their adult counterparts. These results appear to be
specific to nicotine, as adolescent and adult rats displayed a similar
magnitude of CPP produced by various doses of D-amphetamine.

Our dose–response curve for nicotine-induced CPP was inverted
and U-shaped across both age groups of rats. Intermediate doses of
nicotine produced CPP; however, this effect was not observed at low
or high doses. The shape of the curve is presumably due to a lack of
nicotine reward at low doses and the emergence of aversive effects
produced by high nicotine doses. Our dose–response curve is
consistent with previous studies using various doses of nicotine to
produce CPP in adult rats (Belluzzi et al., 2004; Fudala et al., 1984;
Fudala and Iwamoto, 1986; Janhunen et al., 2005; Kashkin and De
Witte, 2005; Le Foll and Goldberg, 2005; Spina et al., 2006). In general,
previous studies using a dose of nicotine within a low range (0.2–
0.6 mg/kg) typically report CPP, whereas studies using a dose within a
high range (0.8–1.2 mg/kg) report CPA, and this is consistent with the
behavioral profile observed in the present study.

A major finding of this report is that the rewarding effects of
nicotine are enhanced during adolescence. Specifically, CPP was
observed across a wider range of nicotine doses in adolescent versus
adult rats. Also, adolescent rats display a greater shift in preference
relative to adults as evidenced by a 2-fold larger area under the curve
in adolescent relative to adult rats (see Fig. 1). Lastly, we did not
observe significant aversive effects of nicotine in adolescent rats, even
when the dose of nicotinewas increased to 1.8mg/kg, which appeared
to produce overt toxic effects.

Our interpretation of enhanced rewarding effects of nicotine during
adolescence is supported by reports from other laboratories. Most
relevant to our study is a report by Vastola et al. (2002) demonstrating
that CPP is enhanced in adolescent versus adult rats conditionedwith a
similar dose (0.6 mg/kg), age range (adolescent=PND 28–40 and
adult=PND 58–70) and conditioning regimen (4 trials) as the current
study. Two other studies have also demonstrated that nicotine-
induced CPP is enhanced in adolescent versus adult rats receiving a
single conditioning trial (Belluzzi et al., 2004; Brielmaier et al., 2007).
The latter studies observed enhanced rewarding effects of nicotine in
adolescent rats conditioned with a single trial that was shorter (less
than 15 min) than the length of the trials employed in the present
study (30 min). In addition, it has been demonstrated that adolescent
mice display enhanced nicotine-induced CPP relative to adult mice
(Kota et al., 2007). However, Shram et al. (2006) demonstrated that
nicotine-induced CPP is enhanced in adolescent rats conditioned with
a high nicotine dose (0.8 mg/kg) that did not produce CPP in the
present study. This difference may be due to the fact that Shram et al.
(2006) used younger adolescent rats on the test day (PND 35) thatmay
be more sensitive to the rewarding effects of nicotine relative to the
adolescents that were tested in the present study (PND 44).

Our findings are also consistent with intravenous self-administra-
tion (IVSA) studies demonstrating that adolescent rats generally
display enhanced rewarding effects of nicotine relative to adult
animals. For example, both male and female adolescent rats acquire
nicotine IVSAmore readily and display higher levels of nicotine intake
relative to their adult counterparts under both limited (Levin et al.,
2003, 2007) and extended (Chen et al., 2007) access conditions.
However, we also acknowledge that Shram et al. (2008a,b) recently
reported that adolescent rats displayed reduced nicotine IVSA under
both progressive and fixed ratio schedules of reinforcement. Taken
together, the CPP and IVSA studies suggest that the rewarding effects of
nicotine are enhanced during the adolescent period of development.

Our finding regarding enhanced behavioral effects of nicotine
during adolescence is also consistent with previous studies comparing
the stimulant effects of nicotine in adolescent and adult rats. For
example, Faraday et al. (2003) demonstrated that adolescent rats
display enhanced locomotor activity following acute and repeated
administration of nicotine relative to adult rats. Furthermore, Cruz
et al. (2005) demonstrated that adolescent rats display enhanced
locomotor activity following acute nicotine exposure whereas adult
rats require repeated nicotine to produce stimulant behavior. Lastly,
Schochet et al. (2004) demonstrated that adolescent rats display
sensitized stimulant behavior at lower doses of nicotine relative to
adult rats. Taken together, these reports provide converging lines of
evidence that the stimulant and rewarding effects of nicotine are
enhanced during the adolescent period of development.

The present study also provided evidence that our observed
developmental differences are specific to nicotine. This is based on our
finding that adolescent and adult rats display a similar magnitude of
CPP produced by D-amphetamine. A lack of developmental differences
to the behavioral effects of D-amphetamine is consistent with reports
demonstrating that adolescent and adult rats display the same
magnitude of CPP (Mathews and McCormick, 2007) and startle
responses (Brunell and Spear, 2006) produced by amphetamine.

A unique contribution of this report to the literature is a
characterization of the affective properties of various doses of nicotine
in adult rats that were pre-exposed to nicotine during adolescence.
Our findings demonstrated that adult rats pre-exposed to nicotine
during adolescence do not display preference produced by low doses
or aversion produced by the highest dose of nicotine. In fact, the dose–
response curve for these rats was relatively flat. It was originally
hypothesized that adolescent exposure to nicotinewould facilitate the
rewarding effects of nicotine later in adulthood. Our hypothesis was
based on previous studies demonstrating that exposure to nicotine
during adolescence facilitates the rewarding effects of amphetamine
(Collins et al., 2004) and cocaine (Kelly and Rowan, 2004; McQuown
et al., 2007). Furthermore, Adriani et al. (2006) demonstrated that
nicotine-induced CPP is enhanced in adult rats that were pre-exposed
to nicotine during adolescence. However, a major difference between
our study and Adriani et al. (2006) is that they exposed their
adolescent rats to a lower dose of nicotine (0.4 mg/kg) for fewer days
(10 days) relative to our study that employed continuous infusion of a
higher dose of nicotine (4.7 mg/kg/day) for more days (14 days).

It may be argued that the flat dose–response curve in adult rats
that were exposed to nicotine during adolescence may be due to
tolerance produced by pre-exposure to high nicotine doses. To address
this issue, we conducted an additional study whereby separate groups
of adolescent rats received 1 or 4 injections of nicotine (0.4 mg/kg, sc)
for 14 days (n=6 per group). These rats were conditioned later as
adults using a 0.8 mg/kg, sc dose of nicotine. The rationale for our
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treatment regimen is based on the findings of Adriani et al. (2006). The
results revealed that this treatment regimen did not alter nicotine-
induced CPP in adult rats that received adolescent nicotine exposure
1 (11.8±34.8 sec) or 4 times a day (10.5±19.7 sec) relative to naïve
adult rats (10.5±32.7 sec). Thus, the inability of adolescent nicotine
exposure to facilitate CPP later in adulthood does not appear to be due
to tolerance produced by high nicotine doses. Furthermore, it should
be noted that the interval between chronic continuous exposure to
nicotine and the administration of nicotine for CPP testing was 24–
25 days. Therefore, it is unlikely that tolerance can explain this pattern
of results.

In the adolescent pre-exposure study, the largest behavioral
difference that we observed was at the highest dose of nicotine that
produced aversive effects in naïve adults but not in adults that were
pre-exposed to nicotine during adolescence. This finding suggests that
adolescent nicotine exposure may attenuate the aversive effects of
nicotine later in adulthood. Clinical reports suggest that adolescent
nicotine exposure leads to higher rates of smoking behavior in
adulthood (Chen and Millar, 1998). Although it is unclear whether a
reduction in the aversive effects of nicotine would facilitate smoking
behavior in adults, our findings suggest this may be an important issue
to address in future studies.

In conclusion, our results suggest that adolescence is a period of
development during which there is a heightened vulnerability to the
rewarding effects of nicotine. Previous work in our laboratory has
demonstrated that adolescent rats display less nicotine withdrawal
relative to their adult counterparts (O'Dell et al., 2006, 2007). Taken
together, our work suggests that adolescent rats are more sensitive to
the positive effects of nicotine reward and less sensitive to the
negative aspects of nicotine withdrawal. Therefore, we suggest that
during adolescence nicotine produces strong reinforcing effects that
play a primary role in driving smoking behavior in young persons.
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