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Abstract Rationale: Although the great majority of
tobacco addiction begins during adolescence, little is
known about differential nicotine effects in adolescents
versus adults. Objectives: A rat model was used to
determine the impact of the age of onset on nicotine self-
administration. Methods: In expt 1, nicotine self-admin-
istration of female Sprague-Dawley rats over a range of
acute doses (0.01-0.08 mg/kg per infusion) was deter-
mined in adolescent (beginning at 54-62 days) versus
adult (beginning at 84-90 days). In expt 2, chronic
nicotine self-administration over 4 weeks from adoles-
cence into adulthood was compared with the chronic self-
administration beginning in adulthood. Tn expt 3, adoles-
cent-adult differences in nicotine effects on body tem-
perature and locomotor responses were determined.
Results: Adolescent-onset rats showed a significant main
effect of increased nicotine intake compared with adult-
onset rats in an eight-fold range of acute unit doses/
infusion. Significant age differences were also seen in the
chronic level of nicotine self-administration. Over 4
weeks, the adolescent-onset group had nearly double the
rate of nicotine self-administration of the benchmark
nicotine dose (0.03 mg/kg per infusion) compared to the
adult-onset group. This increased nicotine intake persisted
into adulthood. Adolescent rats had significantly greater
response than adults to the hypothermic effects of
nicotine, but had significantly less response than adults
to the reducticn in locomotor activity seen after nicotine.
Conclusions: Adolescent-onset nicotine self-administra-
tion in female rats was associated with significantly
higher levels of nicotine self-administration versus rats,
which began nicotine self-administration in adulthood.
This greater self-administration persists into adulthcod
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and may underlie greater propensity of adolescents to
nicotine addiction.
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Introduction

Adolescence is the final period of neurodevelopment. It is
also quite often the initial period of drug self-administra-
tion, often starting with tobacco use. In contrast to the
great body of literature concerning persisting effects of
prenatal nicotine exposure, there has been little research
on the persisting effects of nicotine exposure during
adolescence (Eissenberg and Balster 2000). Given the
prevalence of teenage smoking and the critical nature of
adolescence for the final phases of neurodevelopment, it
is important to begin characterizing persisting neurobe-
havioral effects of adolescent nicotine exposure. The
causative relationship of beginning nicotine self-admin-
istration during adolescence to the liability to addiction is
difficult to determine in humans. The same genetic and
environmental factors that promote nicotine addiction
may also cause people to start smoking earlier. Random-
ized experimental studies to determine the effect of
starting nicotine use at different ages cannot be ethically
conducted in humans.

The great majority of tobacco use begins during
adolescence, and smokers who start during adolescence
are more likely to be life-long smokers than those who
start in adulthood (Rigotti 1990; Centers for Disease
Control and Prevention 1991; US Public Health Service
1994). The earlier a person starts, the more likely that
person is to become a heavier smoker (Everett et al.
1999). Eighty-eight percent of current smokers in the
USA smoked their first cigarette before age 18, 60%
before age 14 (Glynn et al. 1993; US Public Health
Service 1994), and 11% by age 10 (Everett et al. 1999).
Despite the fact that it is illegal to sell tobacco to people
under the age of 18 in the USA, the fact remains that
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adolescents do obtain it. Also, it is legal to sell tobacco to
adolescents of younger ages in other countries. It has been
found in a recent study in Spain that early initiation to
smoking was positively correlated with higher intake later
in adulthood (Fernandez et al. 1999). Adolescent smokers
may have a limited history of nicotine use, but they do
take in physiologically active doses of nicotine and show
defined withdrawal effects upon cessation, demonstrating
the importance of nicotine in the maintenance of smoking
at an early age even when smoking is intermittent
(McNeill et al. 1986; Corrigall et al. 2001; Zack et al.
2001). Clearly, adolescence is the period when most
people begin smoking. Nicotine effects during adoles-
cence can be critical in determining the tenacity of
addiction through the rest of life (Eissenberg and Balster
2000).

Adolescent nicotine effects may critically differ from
those in adulthood because of important late phase neural
development during adolescence (Spear 2000b). Adoles-
cence is defined as the period beginning with the onset of
sexual development and ending when full adult size is
attained (Dorland 1994). In humans, this includes the
teenage years, while in the rat this period lasts from
approximately 4 weeks of age when signs of sexual
development begin. The end point of adolescence in
humans and animal models is a matter of controversy and
most likely depends on the function under consideration
(Spear 2000b). We have used a working definition of
adolescence extending from the onset of sexual matura-
tion to the attainment of full adult body size. Adolescent-
onset drug self-administration can be easily modeled in
the rat as demonstrated by Spear’s recent work with
ethanol (Spear 2000a).

There have been recent studies that associate an
increased likelihood of sustained smoking with adoles-
cent-onset nicotine use (Eissenberg and Balster 2000;
Pomerleau and Pomerleau 2000), suggesting that if
smoking begins during adolescence, it may be more
addictive than if it begins in adulthood. However, this
hypothesis cannot be assessed in humans because of self-
selection bias and ecthical constraints. Self-selection bias
occurs because the factors that make some people more
prone to nicotine addiction may also promote its initial
use during childhood or adolescence. Ethical constraints
make it impossible to conduct randomized assignment of
human adolescents to nicotine self-administration and
control conditions. Rat models can obviate these prob-
lems. The reinforcing effects of nicotine have been
successfully modeled in the rat self-administration pro-
cedure. Nicotine self-administration research in rats has
become quite active in recent years, since the work of
Corrigall and co-workers demonstrating nicotine self-
administration in rats (Corrigall and Coen 1989; Corrigall
1992; Corrigall et al. 2000). Rats will work to obtain
nicotine delivery. This finding has now been replicated in
other laboratories as well (Donny et al. 1995; Shoaib et al.
1997). Adriani et al. (2002) found that during early
adolescence (post-natal days 24-35) mice showed a
marked preference for drinking a nicotine-laced solution

and showed nicotine-induced hyperactivity compared to
older mice. However, a role for taste factors cannot be
ruled out. Most of the earlier work has examined nicotine
self-administration in male rodents. However, there are
considerable problems with smoking addiction in females.
Thus, the current study focused on the understudied
aspects of nicotine self-administration in female rats. The
rat model can be used to determine the causative action of
starting nicotine self-administration during adolescence
on control over nicotine intake with random assignment
of adolescent and adult subjects to nicotine self-admin-
istration and control procedures. The current studies used
the rat model of nicotine self-administration to compare
in females the effect of adolescent-onset versus adult-
onset nicotine self-administration on the maintenance of
nicotine intake.

Materials and methods
Subjects

Female Sprague-Dawley strain albino rats (Zivic-Miller, Allison
Park, Pa., USA) were used in these studies. They were singly
housed in approved standard laboratory conditions in a Duke
University Vivarium facility near the testing room to minimize any
stress induced by transporting the rats. They were kept on a 12:12
reverse day:night cycle so that they were in their active phase
during behavioral testing. The procedures used in this study were
approved by the Duke University Animal Care and Use Committee
and conform to the 1996 edition of the Animal Care Guide.

Drug preparation and administration

Solutions of nicotine ditartrate were prepared weekly in pyrogen-
free glassware in sterilized isotonic saline. The doses used were
calculated as a function of the nicotine base weight. The pH of the
solutions was adjusted to 7.0 using NaOH and then the solutions
were passed through a 0.22 um filter (Millipore Crop). All solutions
were kept refrigerated in the dark between experiments.

Drug self-administration

Adolescent and adult female Sprague-Dawley rats were implanted
with chronically indwelling intravenous jugular catheters at
approximately 30 or 60 days of age. Rats were individually housed
in a colony maintained at 22°C with a reverse 12-h light-dark cycle
(lights on from 1800 to 0600 hours). Adolescent and adult rats were
received from the supplier at the same time so that the period of
time in our colony was equal. The rats arrived fitted with jugular
catheters by the supplier. The rats were trained in IV self-
administration method we have found to be effective in other sets
of rats for cocaine self-administration (Levin et al. 2000). Catheters
were flushed daily with a 0.3 ml solution containing 25 [U/ml
heparinized saline and 0.4 mg Gentamicin as an antibiotic. Twenty-
four hours after arrival, rats were handled for 8 min several times
per day for 3 consecutive days. During this time, the rats had
unrestricted access to water, and were fed approximately 20 g of
chow daily. Following this 3-day acclimation period, behavioral
training began and food consumption was restricted to approxi-
mately 16 g of chow per day to maintain the rats at approximately
85% of their free-feeding weights adjusted for growth. The rats
were fed fixed amounts of food each day to control their weight.
The quick onset of testing was necessary to fit onset of nicotine
self-administration within the adolescent period.
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Table 1 Nicotine doses for self-administration in expt 2
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Weeks 1 2

3 4

Days 1 2 3 4 5 1 2

3 4 5 1 2 3 4 5 1 2 3 4 5

Dose (mg/kg per infusion) 0.03 0.01 or 0.09 0.03

001 0r0.09 003 0.01 or 0.09 0.03 0.01 or 0.09

For behavioral training, rats were placed in dual lever test
chambers (Med Associates, Vt., USA). Each chamber was equipped
with a tone generator, house light, cue light above each lever, and a
metal tether to cover the drug delivery line. A Pentium computer
programmed with MED-PC software controlled experimental
events and data collection. Each catheter was connected to a High
Speed Micro-Liter Syringe Pump (Med Associates) with polyeth-
ylene tubing and was fitted with a blunt edged 23-gauge needle.
During each session, the rats wore jackets (Lomir Biomedical Inc.,
Quebec, Canada) to connect them to the tethers and to prevent
chewing of the drug delivery lines.

Initially, the rats were trained daily to press the levers on an
FR1 schedule for food pellet reinforcers. Either the right or left
lever was designated active for each rat such that half the animals
were reinforced for responding on the right lever and half for
responding on the left. The cue light over the active lever was
illuminated to indicate which side was correct. Responses on the
active lever resulted in the immediate delivery of one 45-mg food
pellet and activation of the feedback tone for 0.5 s. Each session
lasted for one hour. Cessation of lever press training occurred when
the rat has pressed the active lever a minimum of 80 times for food
pellet reinforcers during three consecutive sessions.

Following the lever press training for food reinforcers (three to
four sessions), rats began nicotine self-administration. No nicotine
priming injections were given. For three to four sessions nicotine
(0.03 mg/kg per infusion) was paired with delivery of food
reinforcers. Then only nicotine was given as a reinforcer. A lever
press on the active side resulted in the activation of the feedback
tone for 0.5 s, the immediate delivery of one 50-pl infusion of
nicotine in less than 1 s. Each infusion was immediately followed
by a one-minute timeout in which the house and cue lights went out
and responses were recorded but not reinforced. The adolescent rats
started nicotine self-administration at 40-46 days of age and the
adults at 70-76 days of age. Two levers were available to be
pressed in every session of nicotine self-administration. Only one
caused the delivery of nicotine the other did not and served as a
control.

Statistical analysis

The self-administration data were assessed by a mixed between and
within subjects design analysis of variance. The between subjects
factor was age of onset of nicotine self-administration (adolescent
and adult) and the within subjects factors were repeated sessions of
testing or nicotine infusion dose. Testing cohort was used as a
control factor for different batches of rats tested at different times.
Significant interactions were followed-up by tests of the simple
main effects. An alpha level of P<0.05 was used as a cutoff for
statistical significance.

Experiment 1: acute dose-response

First, the rats (adolescent onset n=8, adult onset n=7) underwent
two weeks of training for nicotine self-administration at the
benchmark dose 0.03 mg/kg per infusion. Then, the rats underwent
a randomized infusion dose-response study with the following
doses of nicotine: of 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07 and 0.08
mg/kg per infusion. Each dose was tested on a single day in expt 1
without return to baseline. Chronic changes in dose were assessed
in expt 2 (see below). The rats were given each dose in one-hour
sessions similar to baseline training, whereby pressing the active

lever resulted in the activation of the feedback tone for 0.5 s, and
the infusion of nicotine (in <1 s), without any food pellet
reinforcers. Each infusion (FR1) was followed by a one-minute
timeout. The dose-response assessment began when the adolescent-
onset rats were 54-62 days of age and the adult-onset rats were 84—
90 days of age. These ages were chosen because during ages 5462
days female rats typically begin sexual maturity but have not yet
attained full adult body size similar to human adolescents and by
days 84-90 they have nearly attained their full adult body size in
young adulthood.

Experiment 2: chronic nicotine self-administration

As in the previous experiment other sets of rats of the same age
ranges were trained to self-administer nicotine beginning in
adolescence (n=13) or adulthood (r=7). After initial acquisition,
they were tested for chronic nicotine self-administration over a
period of four weeks at a rate of five sessions per week. At the
beginning of the chronic nicotine self-administration phase of the
study the adolescent-onset rats were 50-62 days old and the adult-
onset rats were 80-85 days old. During the first 2 days of each
week the rats self-administered nicotine at the standard dose of
0.03 mg/kg per infusion. On days 3-5 of each week, the rats were
switched to nicotine doses of either 0.01 or 0.09 mg/kg per infusion
(Table 1).

Half of the rats in each age group were switched to 0.01 mg/kg
per infusion first and the other half to 0.09 mg/kg per infusion first.
On days 3-5 of the second week, the doses were reversed. On days
3-5 of the third and fourth weeks, the order of infusion of 0.01 and
0.09 mg/kg per infusion were reversed, such that each rat self-
administered the higher and lower nicotine doses in an ABBA or
BAAB order. The chronic self-administration of the benchmark
0.03 mg/kg per infusion was analyzed with 2-week block as a
repeated measure. Because of the different design of the presen-
tation of the 0.01 and 0.09 mg/kg per infusion switch doses in the
later part of each week, they were assessed in a separate repeated
measures analysis with both 2-week block and dose as repeated
measures.

Experiment 3: adolescent-adult differences in non-conditioned
response to nicotine: body temperature and locomotor activity

In the body temperature study, we examined the effects of acute
nicotine ditartrate on body temperature in adolescent (36 day old,
n=6) and adult female rats (91 day old, n=10). Nicotine ditartrate
(0, 0.05 and 0.10 mg/kg) was injected SC in a repeated measures
counterbalanced design with at least 2 days between doses. Colonic
temperature was measured by a rectal thermoprobe (Physitemp
Instruments Inc. Clifton, N.J., USA) lubricated with dibucaine
(Parke Davis) connected to a digital thermometer. The sensor is at
the end of a flexible plastic cord (RET-1) that is coated with
lubricant and inserted approximately 2 cm into rectum of the rat.
The temperature was taken 30 s after insertion, 10 min after
nicotine or vehicle (saline) administration.

In the locomotor activity study, we gave drug naive adolescent
female Sprague-Dawley rats 0 or 0.2 mg/kg nicotine ditartrate salt
SC (20 min before testing) and assessed for locomotor activity in
the figure-8 maze over the period of 1 h. There were nine rats in
each of four groups (2 agesx2 nicotine doses). The maze consisted
of a continuous enclosed alley 10 cmx10 cm in the shape of an 8,
which was 70 cm long and 42 cm wide. There was a central arena

3117141830



144

21 emx16 cm with a ceiling 20 cm high with two blind alleys
extending 20 cm from either side. Eight photobeams crossed the
maze alleys to index locomotor activity. One was located on each
of the two blind alleys and three on each of the two loops of the
figure-8. There was no prehabituation to the environment before
injections, so that nicotine effects on the exploration of the
environment could be determined. The number of photobeam
breaks in each 5-min block in a 1-h session were tallied by a
microcomputer. The mean, linear and quadratic trends across
twelve 5-min time periods in the 1-h test session were analyzed.

Results

Experiment 1: acute dose-response

During the training sessions with 0.03 mg/kg per infusion
in which nicotine was given along with food reward there
was no significant difference (P=0.42) in the number of
reinforcers earned by the adolescent and adult rats. The
adolescents self-administered 19.2+4.4 (mean+SEM) rein-
forcers while the adults self-administered 16.7+4.5. After
removing delivery of food reinforcers, the adolescents
self-administered nicotine significantly [F(1,7)=11.76,
P<0.025] more than the adults. The adolescents self-
administered 13.3£3.4 nicotine infusions/session, while the
adults self-administered only 8.2+1.7 nicotine infusions/
session (Fig. 1). It is possible that the adolescent rats
showed a slower extinction to the withdrawal of food
reinforcement than adults and this accounted for the greater
self-administration of nicotine alone. However, in this
experiment and in expt 2 (see below) the significant
increase in nicotine self-administration persisted in the
adolescent-onset rats relative to adult-onset rats far beyond
the withdrawal of food reinforcement.

The increase of nicotine self-administration in the
adolescent-onset group continued during the subsequent
dose-response test (0.01-0.08 mg/kg per infusion). Over-
all, as a main effect of age, the adolescent-onset group

Adolescent-Onset and Adult-Onset
Nicotine Self-Administration
Nicotine Infusion Dose-Response

self-administered (10.4+2.6 infusions/session) significant-
ly [F(1,7)=7.78, P<0.05] more nicotine infusions per
session than the adult-onset group (7.5%1.3 infusions/
session). The total dose of nicotine self-administered per
session was also significantly [F(1,7)=9.27, P<0.025]
higher in the adolescent-onset rats (0.467+0.106 mg/kg
per session) than in the adult-onset nicotine self-admin-
istering rats (0.339+0.061 mg/kg per session). The main
effect of infusion dose was highly significant
[F(7,49)=14.82, P<0.0001] with increasing total amount
of nicotine self-administered per session with increasing
nicotine doses per infusion. There was not a significant
agexnicotine dose interaction. Further investigation will
be necessary to determine possible age-related differences
in the reaction to changes in unit dose of nicotine
infusion.

Experiment 2: chronic nicotine self-administration

The adolescent-onset nicotine self-administration para-
digm was then used to determine the persistent effect on
chronic nicotine self-administration as the animals grew
into adulthood. As shown in Fig. 2, starting nicotine self-
administration in adolescence versus starting in adulthood
caused significantly greater amount of chronic four-week
nicotine administration [F(1,18)=5.17, P<0.05]. The
increased nicotine self-administration in adolescent-onset
versus adult-onset rats persisted throughout the four
weeks of the test (Fig. 3). By the end of this period the
adolescent-onset rats were themselves adults. At the end
of the chronic exposure the adolescent-onset group was
82 days old and the adult-onset group was 112 days old.
Yet the significantly increased nicotine self-administra-
tion persisted into adulthood.

Each week of the chronic 4-week study began with 2
days of testing at the benchmark 0.03 mg/kg per infusion

b Adolescent-Onset and Adult-Onset
Nicotine Self-Administration
Infusions per Session over Dose

Fig. 1a, b Titration of total a

nicotine dose with acutely in-

creasing unit dose with adoles- 1.4

cent-onset and adult-onset O Adolescent
nicotine self-administration B Adult

(mean+SEM). a Amount of
nicotine infused per session
(n=7-8 per age group, main 104
effect of age P<0.025). b
Number of infusions per ses-
sion. The dose-response assess-
ment began when the
adolescent-onset rats were 54—
62 days of age and the adult-
onset rats were 84-90 days of
age (n=7-8 per age group, main
effect of age P<0.05)
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Adolescent-Onset and Adult-Onset
Nicotine Self-Administration

Number of Infusions/Session Amount of Nicotine Infused/Session

0.5
144
12 A ) 0.4
104 T
Infusions 034
mg/k;
per 8+ 7 pgérg
Session / Session
6+ "l' 0.24
i
4 oL
7% 0.1
3 7
0 0-

T T . - =
Adolescent Adult Adolescent Adult

Age of Nicotine Self-Administration Onset

Fig. 2 Infusion rate and total amount of nicotine infused per
session with chronic 4-week adolescent-onset and adult-onset
nicotine self-administration (mean+=SEM). Adolescent onset: days
54-82; adult onset: days 84—112 (¥P<0.05 adolescent onset versus
adult onset)

Adolescent and Adult-Onset
Nicotine Self-Administration

20

154
N O Adolescent Onset
Nu;ot}ne 104
Infusions B Adult Onset

Adolescent-Onset: Days 54-82
Adult-Onset: Days 84-112

Week

Fig. 3 Infusion rate per session of 0.03 mg/kg per infusion of
nicotine for each week over the 4-week chronic adolescent-onset
and adult-onset nicotine self-administration (mean+SEM). Adoles-
cent onset: days 54-82; adult onset: days 84-112

dose. The switch to either low (0.01 mg/kg per infusion)
or high (0.09 mg/kg per infusion) doses during the later
part of each of the four weeks of testing slightly increased
the response rate in the adult-onset rats such that a
significant age-related difference was not seen. The mean
number of nicotine infusions per session in these latter
sessions each week for the adolescent-onset rats was
10.2+0.8 (mean+SEM) and for the adult-onset rats was
8.6x1.6.

145

Nicotine-Induced Hypothermia
in Adolescent and Adult Rats

Core Body Temperature Baseline Adjusted Temperature

39 05
T
385 0-
Core Body a Baseline
Temperature 38 Adjusted g5
Degrees C N T Temperature
. ; Degrees C
375 et 1
©
i
37— T T 15— T .
0 05 10 0 05 .10

Nicotine (mg/kg) Nicotine (mg/kg)
—o— Adolescent

gy Adult

Fig. 4 Hypothermic effects of acute 0.05 and 0.1 mg/kg nicotine
administration (mean+SEM) 10 min after SC injection in adoles-
cent and adult rats (¥P<0.025, *#P<(0.005, ***P<0.0005, adoles-
cent versus adult)

Experiment 3: adolescent-adult differences in non-
conditioned response to nicotine: body temperature
and locomotor activity

Body temperature

In an acute nicotine study with adolescent and adult
female Sprague-Dawley rats we found that SC injections
of nicotine ditartrate caused a significant dose-related
decrease in body temperature. There was a significant
overall nicotine-induced reduction in body temperature
(P<0.001), but the adolescents (r=6) showed a greater
decline than the adults (n=10). With injection of saline
(P<0.0005) or the low 0.05 mg/kg dose of nicotine
(P<0.005) the adolescents had a significantly higher
temperature than the adults. With the 0.1 mg/kg dose they
had body temperature reduced to adult levels (Fig. 4).
Because there was a significant baseline difference in
temperature between adolescents and adults without
nicotine treatment, an additional analysis was conducted
on the nicotine-induced temperature differences from the
mean temperature for each age group after vehicle
injections. As shown in Fig. 4, even when the temperature
scores were adjusted for differences in baseline temper-
ature, there was a significantly (P<0.025) greater hypo-
thermic effect of nicotine in the adolescent compared with
the adult rats.

Locomotor activity

Drug naive adolescent (36 day old) and adult (91 day old)
female Sprague-Dawley rats were administered 0 or
0.2 mg/kg nicotine ditartrate SC (20 min before testing)
and assessed for locomotor activity in the figure-8 maze
over the period of 1 h. There were nine rats in each group
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Acute Nicotine Effects on Locomotor Activity

300

250 4 J_

200 T
- Nicofine 0 ma/k
Photobeam O Nicotine 0 mg/kg

Breaks 1504

B Nicotine 0.2 mg/kg
100

50

Q

Adolescent Adult

Fig. 5 Locomotor activity after an initial acute dose of 0.2 mg/kg
nicotine versus vehicle saline control adolescent and adult rats
(mean+SEM). Open bars are for control vehicle saline injection
data and the shaded bars are for the nicotine injection data
(*P<0.05 nicotine 0 mg/kg versus 0.2 mg/kg)

of four (2 agesx2 nicotine doses). As can be seen in
Fig. 5, nicotine (0.2 mg/kg) caused a significant decrease
in locomotor activity in the adults compared to vehicle
treatment. In contrast, there was no apparent effect of
nicotine on locomotor activity in the adolescent rats
administered with the same dose of nicotine. There was a
significant age effect (P<0.005) with the vehicle-treated
adolescents having lower activity counts than the adults.
However, despite the lower baseline levels of activity
there was still considerable room for nicotine-induced
reduction in activity in the adolescent group. Only the
mean activity showed this differential effect. No differ-
ences were seen as a function of the habituation over the
twelve 5-min blocks of the hour-long session.

Discussion

The principal findings of this study are that when rats
begin nicotine self-administration during adolescence
they self-administer much more nicotine than rats that
begin during adulthood. This pattern of self-administra-
tion caused substantially higher total nicotine self-
administration even when the adolescent-onset rats
reached adulthood. These data suggest that this greater
nicotine self-administration may put those who begin
nicotine use during adolescence at greater risk for long-
lasting nicotine addiction.

The greater self-administration of nicotine in the
adolescent-onset group may reflect a lessened perception
of the aversive effects of nicotine or different hedonic set-
point in rats that started self-administration during
adolescence. Alternatively, adolescent rats may have
pharmacokinetic differences in nicotine distribution and
metabolism. Recently, Trauth et al. (1999, 2000, 2001)
demonstrated lasting neurochemical effects in rats after
adolescent nicotine exposure including desensitization of
nicotinic-induced catecholamine release. They also found
that adolescent rats (45 days old) had only about 25% the

blood level of nicotine after similar chronic nicotine as
adults (105 days old), possibly due to faster metabolism.
However, not all responses of adolescents to nicotine are
diminished. In expt 3, the adolescent rats showed an
exaggerated hypothermic response to nicotine compared
with adults. If diminished nicotine blood levels were the
only mechanism for higher rates of nicotine self-admin-
istration, one would expect all effects to be diminished in
adolescents. It is important to note that nicotine was
administered in expt 3 by a different route than expts 1
and 2 (SC rather than IV) and was given passively rather
than actively self-administered. However, age-related
differences in the rate of nicotine metabolism is unlikely
to be unique to either SC or IV exposure or active or
passive administration. Another possibility is that greater
nicotine-induced suppression of activity in adults than
adolescents as was seen in expt 3 (Fig. 5), may have been
responsible for less lever pressing in the adult-onset rats.
However, this does not seem to be the case, as nicotine-
induced response suppression would also be predicted to
have had greater effects with the higher doses, which it
did not. Finally, the greater nicotine self-administration of
the adolescent-onset rats may have resulted from a more
general ability of adolescent rats to learn more quickly.
For example, we have shown that during adolescence rats
learn the radial-arm maze for food reinforcement more
quickly than either younger or older rats (Chambers et al.
1996). With greater learning abilities adolescent rats may
learn addiction more avidly.

Interestingly, the effect of starting nicotine self-
administration during adolescence continued into adult-
hood. In expt 1, the acute nicotine dose-response assess-
ment began when the adolescent-onset rats were 54-62
days of age and the adult-onset rats were 84-90 days of
age. In expt 2, at the end of the chronic exposure the
adolescent-onset group was 82 days old and the adult-
onset group was 112 days old. There was still a significant
increase in nicotine self-administration in the adolescent
onset group. Thus, the age of onset of nicotine self-
administration can have long-term effects on the amount
of nicotine self-dosing. Adolescent rats may self-admin-
ister more nicotine than adults at first to overcome their
faster catabolism of nicotine. However, in the current
study, we found that adolescent-onset rats continue to
self-administer more nicotine even when they become
adults. The higher response rate established during
adolescence continues into adulthood even though their
nicotine pharmacokinetics slows to the adult level.

Experiment 2 was conducted over a period of 4 weeks,
which is more chronic than the daily dose changes in
expt 1. It is true that 4 weeks is a short time compared to
the decades of smoking seen in humans, but it was long
enough to document the persistence of the increased
nicotine self-administration in the adolescent-onset rats
into adulthood.

Interestingly, an inverted U-shaped dose-effect func-
tion of diminished lever pressing for nicotine was not seen
in the current study (Fig. 1b). This may have been due to
the transient nature of the dose switching in which
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different doses were only given for one session. Also, a
visual conditioned cue (light stimulus) was given with
each infusion to facilitate self-administration. With this
paradigm a broader dose range may be necessary for
determining an inverted U-shaped function.

There was some evidence for adjustment of responding
with changes in the middle dose range (0.02-0.06 mg/kg
per infusion) in the adult-onset rats. As shown in Fig. 1a,
b the adult-onset rats showed only a 48% increase in total
amount of nicotine self-administered in the face of a
300% increase in nicotine dose per infusion. This degree
of control in the adult-onset rats is impressive especially
given the low FR (FR1) used in the current study. In
contrast, over the same dose range the adolescent-onset
rats showed a 389% increase in total amount of nicotine
self-administered. The adolescent-onset rats self-admin-
istered considerably more nicotine overall. The main
effect of age across dose was clearly significant, with the
adolescent-onset rats self-administering substantially
greater amounts of nicotine. However, in expt 1, the
agexdose interaction was not significant. Additional
research will be necessary to determine whether there
are reliable age-related differences in the reaction to
changes in unit dose of nicotine infusion.

Diminished control over nicotine intake in adolescents
would be consistent with the reported ineffectiveness of
nicotine replacement therapy in adolescents seeking
replacement treatment. Hurt and colleagues (Hurt et al.
2000) found that transdermal nicotine replacement ther-
apy which is effective in promoting smoking cessation in
adults was not effective in adolescent smokers. Other
types of cessation therapy are needed in conjunction with
pharmacotherapy for adolescent smokers.

Age-related differences in learning may be important
in the observed age-related differences in nicotine self-
administration seen in the current study. Adolescent rats
have been shown to learn faster than younger animals or
adults (Chambers et al. 1996). This effect documented in
the radial-arm maze may carry over to other sorts of
conditioning such as drug self-administration. Acquisition
of drug self-administration is a form of learning. The
effect of nicotine-induced improvement of cognitive
function may further facilitate conditioning to self-
administration in adolescents. Recently, it has been
shown that in human adolescents (Zack et al. 2001), as
in human adults (Warburten et al. 1992), nicotine
improves cognitive performance. Nicotine-induced cog-
nitive improvement has also been documented in rat
models (Levin and Simon 1998; Rezvani and Levin
2001). Future studies will characterize this effect in
adolescent versus adult rats.

Important for considering facilitated onset of nicotine
self-administration in adolescents is the finding that
adolescents have a greater perservation after reinforcers
are withdrawn in tasks requiring active responding (Spear
and Brake 1983). It may have been the case that
adolescents had greater responding to the lever formerly
delivering food when it was changed to deliver nicotine
only, even though there was no age difference in food-
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motivated responding in the current study. This would
influence the mechanistic interpretation of the effect seen,
but the fact remains that for whatever reason, adolescents
might first engage in nicotine intake, for example food
motivation in rats or peer pressure in human adolescents,
they continue to take nicotine in a higher rate than adults
who begin taking nicotine. If attenuated extinction in
adolescents were entirely responsible for the doubling of
the nicotine self-administration, which extends into
adulthood, this must be a very important phenomenon
for potentiating nicotine use in adolescents. The influence
of concurrent reinforcers will be the focus of future
studies in this line of research.

Not only the use of food reinforcement at the initial
phase of training, but also the use of food restriction
throughout testing may be important for explaining the
age differences seen in nicotine self-administration.
Carroll and Lac (1993) have shown that rats will self-
administer greater amounts of drugs of abuse if they are
trained under a food restricted state. This motivational
enhancement may be more pronounced in adolescent rats
than in adults. The rats in the current study were fed
sufficiently to gain weight in a normal fashion; so
increased deprivation in the adolescent rats was probably
not in itself the cause of the increased nicotine self-
administration.

In expt 3, it is important to consider that there were
baseline age differences in body temperature and loco-
motor activity with control saline injections. The differ-
ences in response to the nicotine test doses may have been
due to either age or baseline differences. The higher
baseline may have been more likely to decrcase with
nicotine independent of age.

The current studies were conducted in female rats.
Obviously, this more closely models adolescent-onset
smoking in teenage girls, a group, which is showing a
dramatic rise in smoking rates (US Public Health Service
1994). There are important sex differences in the
dynamics of smoking and smoking cessation in adult
humans (Perkins 1999; Wetter et al. 1999). Sex differ-
ences during the early phases of smoking addiction can be
well studied experimentally in the rat model in which the
influence of hormonal milieu can be readily analyzed.
Donny et al. (2000) tested nicotine self-administration at
doses from 0.02 to 0.09 mg/kg per infusion in adult male
and female rats and found that they acquired self-
administration in a similar fashion. As in the current
study, they found that adult male and female rats seem to
titrate their intake based on dose/infusion. In contrast to
the current study, in the Donny ct al. (2000) experiment,
the numbers of infusions in 1-h sessions was greater. The
number of infusions was approximately the same for 0.01,
0.02 and 0.03 mg/kg per infusion and the number was
higher than the number of infusions of 0.06 and 0.09 mg/
kg per infusion. They found few sex differences with the
number of active response or the amount of nicotine self-
administered under a stable fixed ratio schedule and no
effect of estrous cycle on nicotine-self-administration in
females (Donny et al. 2000). However, females did have a
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higher breakpoint on a progressive ratio schedule and
acquired self-administration faster at the lowest (0.02 mg/
kg) infusion dose. Other data also support the consistency
of nicotine effects across the estrous cycle. Kuo et al.
found similar effects of nicotine on locomotor activity at
the different phases of the estrous cycle in rats (Kuo et al.
1999). Booze et al. did not find repeated nicotine
administration to significantly affect the estrous cycle,
though they did find that females did show more rapid
nicotine-induced motor stereotypies in females compared
with males (Booze et al. 1999).

The adolescent period constitutes an active period for
the final phase of neurodevelopment (Bayer et al. 1982;
Goldman-Rakic 1987; Huttenlocher 1990; Cameron and
Gould 1996). Drug exposure during this period may have
different effects than adult exposure and the drugs may
have persisting effects from disruption of late neural
development. Unfortunately, there is sparse and conflicting
information concerning drug effects during adolescence in
animal models. Adolescents show hyposensitivity to
dopamine agonists in terms of locomotor activity, but this
might not extend to reinforcing effects (Spear and Brake
1983; Spear 2000b). There is initial information that drugs
of abuse have differential effects in adolescents. Ethanol
administration during adolescence has much more pro-
nounced amnestic effects compared with adults. This is
also seen in terms of enhanced effects on long-term
potentiation (Little et al. 1996; Markweise-Foerch et al.
1998; Swartzwelder et al. 19952, 1995b, 1998). In the
current study, we found that adolescents have a more
pronounced hypothermic response to nicotine but show
diminished response to nicotine effects on locomotor
activity.

Age-effect functions have important consequences for
both regulation of tobacco availability to minors and for
therapeutic treatment for smoking cessation (Eissenberg
and Balster 2000). Adolescent-onset nicotine self-admin-
istration may be a gateway to abuse of other drugs. The
association between adolescent smoking and later use of
other drugs has been seen in humans (Hofler et al. 1999),
but the order of this association may be due to factors
other than causation such as ready availability of tobacco.
The causative relationship cannot be determined in
clinical studies. Recent research has shown that adoles-
cent nicotine administration in a rodent model signifi-
cantly alters response to cocaine later in life (Kelley and
Middaugh 1999). With the rat model of adolescent-onset
nicotine self-administration, we will be able to better
understand the causative relationship of adolescent nic-
otine sclf-administration and persisting addiction to
nicotine and other drugs of abuse.
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