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Since adolescence is a critical period for the initiation of tobacco use, we have systematically compared
behavioral and endocrine responses to nicotine in Sprague–Dawley rats of both sexes at early adolescence
(postnatal day (P) 28), mid- adolescence (P38) and adulthood (P90). Locomotion and center time in a novel
open field were evaluated for 30 min following intravenous injection of saline or nicotine (60 μg/kg),
followed by measurement of plasma corticosterone. Complex age and sex differences in behavioral and
endocrine response were observed, which were dependent on the functional endpoint examined. Whereas
there were age differences in nicotine effects on all functional measures, sex differences were largely
restricted to adult stress-related corticosterone and center-time responses. Although significant drug effects
were detected at P28 and P90, there was no effect of nicotine at P38 on any measure examined. In saline-
treated males, but not females, there were significant positive correlations across age between initial
ambulatory counts and both initial vertical counts and total center time. Nicotine treatment increased
correlations in both sexes, and yielded a significant negative interaction between initial ambulatory counts
and plasma corticosterone. The unique responses of adolescents to nicotine are consistent with an immature
function of nicotinic acetylcholine receptors at this age.
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1. Introduction

Adolescence is a critical period of vulnerability for the onset of
smoking (Kandel and Logan, 1984). Approximately 80% of smokers
initiate tobacco use during adolescence, with those who begin
smoking in early adolescence being more likely to experience
difficulty quitting than those who start at later ages (Chen and Millar,
1998). Compared to adult smokers, adolescents more readily develop
symptoms of tobacco dependence (DiFranza et al., 2006), showing
withdrawal symptoms, craving for cigarettes and failed attempts at
quitting in the first weeks of smoking (DiFranza, 2008). Although
there are similarities in initiation of smoking between sexes (Marshall
et al., 2006), the prevalence of tobacco use in girls is even higher than
that in boys in some countries (Stanton et al., 1996). Women are also
more likely to experience mood changes during abstinence, resulting
in shorter or less frequent abstinent periods compared to their male
counterparts (Perkins et al., 1999). Furthermore, there are sex
differences in the association of tobacco withdrawal and stress
hormone response (al'Absi, 2006). Given these clinical findings, it is
important to understand the factors that underlie sex and age
differences in smoking behaviors.
Animal studies have shown that adolescents differ in their
response to nicotine, as compared to adults. Adolescence in rodents,
a stage when risk-taking and novelty seeking behaviors emerge, has
been conservatively defined as the fifth and sixth postnatal weeks
(Spear, 2000). Adolescent rodents are more sensitive than adults to
the rewarding effects of nicotine as shown in both conditioned place
preference (CPP; Belluzzi et al., 2004; Kota et al., 2008, 2007; Torres
et al., 2009, 2008) and self-administration models (Belluzzi et al.,
2004; Chen et al., 2007; Kota et al., 2008, 2007; Levin et al., 2007,
2003; Torres et al., 2009, 2008), whereas they are less sensitive to the
aversive effects (Wilmouth and Spear, 2004). Sex differences, which
are well characterized in adults, also begin to emerge during
adolescence. The developmental differences in males are more
pronounced than those in females (Park et al., 2007; Torres et al.,
2009, 2008). Specifically, males but not females show a substantial
age-related decline in nicotine self-administration (Levin et al., 2007,
2003; Park et al., 2007). Adolescent females show greater motivation
to self-administer nicotine (Lynch, 2009), higher sensitivity to
nicotine conditioning (Isiegas et al., 2009), and increased withdrawal
signs (Kota et al., 2008, 2007) while the developmental differences in
nicotine-induced CPP is smaller in females as compared to males
(Torres et al., 2009, 2008).

Other behavioral effects of nicotine also exhibit substantial age and
sex differences. Whereas locomotor depressant effects of nicotine are
frequently observed in adult rats, nicotine stimulates locomotor
activity in adolescents (Belluzzi et al., 2004; Elliott et al., 2004; Vastola

mailto:jc4gm@virginia.edu
http://dx.doi.org/10.1016/j.pbb.2010.04.010
http://www.sciencedirect.com/science/journal/00913057


83J. Cao et al. / Pharmacology, Biochemistry and Behavior 96 (2010) 82–90
et al., 2002). Furthermore, females have been found to be more
sensitive than males to the locomotor effects of nicotine in both
adolescent and adult rats (Elliott et al., 2004; Kanyt et al., 1999).
Nicotine is also reported to have both anxiolytic and anxiogenic
effects. However, these effects are complex and vary depending on
age, sex and experimental condition (Cheeta et al., 2001; Elliott et al.,
2004; Picciotto et al., 2002).

Stress is an important factor in smoking behaviors, with a bi-
directional interaction between nicotine and the hypothalamus-
pituitary-adrenal (HPA) axis. Nicotine administration activates the
HPA axis and increases corticosteroid release in adults (Balfour et al.,
1975; Cam and Bassett, 1983; Matta et al., 1998). Glucocorticoids, in
turn, modulate responsiveness to nicotine (Caggiula et al., 1998; Pauly
et al., 1988). Both clinical and animal studies have shown that control
of the HPA axis, and resulting stress responses, continue to mature
throughout adolescence (reviewed by Leslie and Park, 2009).
Differences between adolescents and adults have also been observed
in the responses of the HPA axis to nicotine, which vary depending on
the experimental condition used (Cruz et al., 2008; Matta et al., 1987;
McCormick and Ibrahim, 2007). We have previously shown that male
adolescents are less sensitive to nicotine activation of the HPA axis as
compared to adults (Cao et al., 2007a). Although sex differences
during adolescence have not been studied, adult females have been
reported to be more sensitive than males to the HPA activating effects
of nicotine (Rhodes et al., 2001).

Given the complexity of nicotine-induced behavioral and endo-
crine effects, in which comparisons are often confounded by
differences in experimental conditions across studies, the aim of the
present study was to systematically compare age and sex differences
in parallel within the same animals. The nicotine dose chosen in this
study has been used routinely in our previous studies to examine
adolescent responses to tobacco components (Cao et al., 2007a;
McQuown et al., 2007; Park et al., 2006). We have examined the
effects of acute intravenous drug administration at a dose comparable
to human blood levels of nicotine after inhalation of 3–4 cigarettes
(Benowitz et al., 1990). Intravenous administration reduces the stress
of drug administration and better models the pharmacokinetics of
smoking compared to other modes of drug administration. Behavior-
ally, we evaluated the locomotor effects of nicotine in a novel open
field apparatus and its anxiolytic or anxiogenic effects, as determined
by time spent in the center of the field. Plasma corticosterone levels
were further assessed in the same animals after behavioral testing.
This behavioral paradigm was developed to model the initial phase of
self-administration testing and to examine behavioral and endocrine
responses to nicotine which underlie responding. Our data indicate
that the effects of nicotine are highly dependent on both age and sex,
and provide strong evidence for unique adolescent behavioral and
endocrine responses to nicotine in both sexes.
2. Materials and methods

2.1. Animals

Both male and female Sprague–Dawley rats were maintained in a
temperature (21 °C) and humidity (50%) controlled room on a 12-
h light–dark cycle (lights on 0700–1900) with unlimited access to
food and water. All experiments were carried out in accordance with
the Institutional Animal Care and Use Committee at the University of
California, Irvine, and were consistent with Federal guidelines. To
minimize prenatal stress effects on the offspring, early adolescents,
aged postnatal day (P) 28, and older adolescents, aged P38, were
delivered with dams at P16 and habituated in the vivarium for five
days prior to weaning at P21. Male and female pups were housed
separately in group cages after weaning. Adults, aged P80, were
delivered a minimum of one week before use. All animals were group
housed with 5 animals per cage until implantation of intravenous
catheters, after which they were singly housed.

2.2. Surgical implantation of intravenous catheters

Surgery was conducted on animals at the age of P24, P38 and P86
respectively. Catheter construction and implantation were as de-
scribed previously (Belluzzi et al., 2005). Animals were anesthetized
with Equithesin (2.5 ml/kg adolescents, 3 ml/kg adults, i.p.) and a
chronic catheter was surgically implanted into the right external
jugular vein. The catheter was passed subcutaneously from the
animals' back to the jugular vein where the tubing was inserted. The
cannula assembly was mounted on the animal's back and was sealed
to prevent clogging and to keep a closed system. The wounds were
closed with wound clips; antiseptic ointment was applied to the
wounds. The animals were kept in a warm cage for postsurgical
observation until they emerged from anesthesia. The animals were
allowed to recover from surgery for 3 days.

2.3. Drug treatment and sample collection

For three days prior to the experiment, catheters were flushed
with 0.2 ml of a heparinized saline solution (600 U or 300 U of heparin
in 30 ml saline for adult and young animals, respectively) to prevent
clogging. Propofol (10 mg/ml), a fast-acting, short-lived intravenous
anesthetic, was administered (0.1 ml for adults and 0.05 ml for
adolescents) to test catheter patency one day before the experiment.
Only rats that were immediately anesthetized by propofol and
recovered within 5 min were used. On the test day, male and female
animals, aged P28, P38 and P90 (n=5–8 per group), were habituated
to the lab for 30 min prior to drug administration. Experiments were
carried out, and samples collected, from 0800 to 1100 AM when
diurnal levels of plasma corticosterone are lowest (Critchlow et al.,
1963). Animals were given two intravenous injections, spaced 1 min
apart, of saline or nicotine tartrate solution (30 μg/kg/100 μl calculat-
ed as nicotine free base), a drug administration paradigm that was
chosen to model the first two injections in self-administration tests
(Belluzzi et al., 2005). Animals were placed into locomotion boxes
immediately after drug treatment and monitored behaviorally for
30 min, and were then immediately sacrificed by decapitation. Trunk
blood (2 ml) was collected, EDTA (1.48 mg/ml) was added, and
samples centrifuged at 4 °C for 30 min at 2200 rpm. Aliquots of
plasma supernatant were stored at −20 °C before analysis of
corticosterone levels. In another group of animals, the time course
of nicotine-induced corticosterone release was evaluated in males
aged P28 and P90 (n=5–6 per group). Under the same handling
procedure and experimental environment, animals were sacrificed
and trunk blood collected immediately prior to, or 15, 30 and 60 min
after, injection with nicotine (30 μg/kg/100 μl×2). Separate groups of
control animals were injected with saline and placed into the
locomotor apparatus for 15 and 30 min prior to blood collection.

2.4. Behavioral test: locomotion and center time

Locomotor activity was measured for 30 min using an open-field
activity systemmeasuring 43.2×43.2×30.5 cm (MED Associates, Inc.,
St. Albans, VT). Horizontal movement was monitored by 16 evenly
spaced infrared beams located along two adjacent sides of the
chamber. Vertical movement was monitored by vertical infrared
beams, the height of which was adjusted to be proportionate to the
average body size at each age. Repetitive activity was automatically
monitored as repeated interruption of the same infrared beams by the
system. The time spent in the center area of the apparatus was
monitored simultaneously. The center area was defined based on the
average body size at each age.



Fig. 1. Age differences in nicotine-induced horizontal activity. Data are collapsed across
males and females for ages P28 (a), P38 (b) and adult (c) during the 30 min following i.v.
injection of nicotine (30 µg/kg/injection×2, filled symbols) or saline (open symbols),
n=9–14 per group. *pb0.05, **pb0.01(Bonferroni) significantly different from saline
treatment at the same age.
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2.5. Corticosterone radioimmunoassay

Plasma corticosterone concentrations were determined in dupli-
cate samples using a commercial RIA kit (ICN, Costa Mesa, CA, USA) as
instructed. Briefly, diluted rat plasma samples were incubated with
rabbit anti-corticosterone serum in the presence of synthetic [125I]-
corticosterone at room temperature for 2 h. The complex was
precipitated by centrifugation at 2400 rpm for 15 min after adding
goat anti-rabbit gamma globulin, and the radioactivity in the
precipitate was determined by gamma scintillation counter. A
standard curve was generated with a series of known corticosterone
samples using commercial software (Prism, GraphPad Software, San
Diego, CA, USA) and the plasma hormonal concentrations in the
unknown samples were interpolated from the curve.

2.6. Statistics

Locomotor activity and center time were analyzed separately
using a 4-way ANOVA for Sex×Age×Drug×Time, with repeated
measures on Time. Significant main effects or interactions were
further tested separately by ANOVAs and two-sided Bonferroni
corrected post-hoc multiple comparison tests. Differences were
considered statistically significant at pb0.05. Data were analyzed
using SYSTAT 10.01 statistical software.

Plasma corticosterone levels at 30 min were analyzed using a 3-
way ANOVA for Age×Drug×Sex. The time course of change in plasma
corticosterone levels was analyzed using a 3-way ANOVA for
Age×Drug×Time. Significant main effects or interactions were
further tested separately by ANOVAs with two-sided Bonferroni- or
Dunnett's-corrected post-hoc multiple comparison tests. Differences
were considered statistically significant at pb0.05. Data were
analyzed using SYSTAT 10.01 statistical software.

For correlation analyses, data from three ages were combined in
each treatment and each sex, and correlations between each
measurement were evaluated using Pearson correlation analysis.
Differences were considered statistically significant at pb0.05. Data
were analyzed using Prism software.

3. Results

3.1. Age, but not sex, differences in nicotine-induced locomotor activity

There was a significant effect of age, but not sex, on nicotine-
induced changes in horizontal (Fig. 1), vertical (Fig. 2) and repetitive
(Fig. 3) locomotor activity. For horizontal activity, overall 4-way
ANOVA for Age×Sex×Drug×Time showed significant effects of age
(F2, 61=5.554, pb0.01), time (F5, 305=95.144, pb0.001) and an
interaction of Age×Time (F10, 290=3.782, pb0.001). Since there was
no significant sex effect (F1, 61=0.193, p=0.662), data from males
and females were combined. Further 2-way ANOVA for Age×Drug
was conducted at each time point. The analysis showed a significant
effect of age (F2, 67=12.311, pb0.001) and an interaction of Age×
Drug (F2, 67=13.118, pb0.001), which was limited to the first 5 min
after drug administration. Nicotine's effects transitioned from loco-
motor stimulant to suppressant effects as age increased with no age
differences following saline treatment (Fig. 1). Specifically, nicotine
significantly increased horizontal activity at 5 min at P28 (pb0.001),
and decreased it in adults (pb0.001). No drug effect was observed at
P38.

For vertical activity, overall 4-way ANOVA for Age×Sex×Drug×
Time showed significant effects of age (F2, 61=11.949, pb0.0001), time
(F5, 305=41.062, pb0.0001) and interactions of Age×Time (F10, 305=
3.660, pb0.0001) and Time×Drug (F5, 305=2.804, pb0.05). Since there
was no significant sex effect (F1, 61=0.559, p=0.457), data frommales
and females were combined. Further 2-way ANOVA for Age×Drug was
conducted at each timepoint and the analysis showed significant effects
of age (F2, 67=25.170, pb0.001), drug (F2, 67=25.170, pb0.001) and an
interaction of Age×Drug (F2, 67=13.118, pb0.001), which was limited
to the first 5 min after injection. Saline treated P28 animals showed
significantly higher activity in the initial 5 min as compared to adults
(pb0.05).Nicotinehadnoeffects onvertical activity at either P28orP38,
whereas it significantly decreased vertical counts in adults (pb0.001)
for the first 5 min after nicotine injection (Fig. 2).

For repetitive activity, overall 4-way ANOVA for Age×Sex×Drug×
Time showed significant effects of age (F2, 61=11.306, pb0.0001), drug
(F1, 61=6.6368, pb0.05) and time (F5, 305=91.157, pb0.0001), and
interactions of Time×Age (F5, 305=10.307, pb0.0001) and Time×
Age×Drug (F5, 305=5.223, pb0.001). Since there was no significant
effect of sex (F1, 61=0.0021, p=0.9633), data from males and females
were combined. Further 2-wayANOVA for Age×Drugwas conducted at
each time point. The analysis showed significant effects of age (F2, 67=



Fig. 2. Age differences in nicotine-induced vertical activity. Data are collapsed across
males and females for ages P28 (a), P38 (b) and adult (c) during the 30 min following i.v.
injection of nicotine (30 µg/kg/injection×2, filled symbols) or saline (open symbols),
n=5–8 per group. *pb0.05 (Bonferroni) significantly different from saline treatment at
the same age.

Fig. 3. Age differences in nicotine-induced repetitive activity. Data are collapsed across
males and females for ages P28 (a), P38 (b) and adult (c) during the 30 min following i.v.
injection of nicotine (30 µg/kg/injection×2, filled symbols) or saline (open symbols),
n=5–8 per group. *pb0.05 (Bonferroni) significantly different from saline treatment at
the same age.
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24.185, pb0.001), drug (F1, 67=21.737, pb0.001) and an interaction of
Age×Drug (F2, 67=16.071, pb0.001), which was limited to the first
5 min after injection. P28 and P38 animals showed significantly lower
basal activity in the initial 5 min as compared to adults. Consistent with
vertical activity, nicotinehadnoeffect on repetitive activity at either P28
or P38, whereas it significantly decreased repetitive activity in adults
(pb0.001) for the first 5 min after drug injection (Fig. 3).

3.2. Age and sex differences in nicotine-induced anxiolytic and anxiogenic
effects

In the same groups of animals, anxiolytic and anxiogenic effects of
nicotine were evaluated bymeasuring time spent in the center area of
the novel apparatus during locomotor monitoring (Fig. 4). Unlike
locomotor activity, there were both age and sex differences in this
measure. Overall 4-way ANOVA for Age×Sex×Drug×Time showed
significant effects of age (F2, 57=8.704, pb0.005) and time (F5, 285=
13.937, pb0.0001), and interactions of Drug×Sex (F2, 57=6.582,
pb0.005), and Drug×Age×Sex (F2, 57=4.971, pb0.05). There was a
significant age effect (F2, 24=12.90, pb0.001) and a significant
interaction of Age×Sex (F2, 24=6.675, pb0.001) in the basal center
time during 30 min after saline injection. P38 males showed
significantly increased basal center times as compared to P28
(pb0.05) and adult males (pb0.01). In contrast, P38 females showed
significantly increased basal levels as compared to P28 females
(pb0.05) but not adults.

At P28, nicotine increased center time, which indicates an
anxiolytic effect, in both sexes with a more prolonged effect in



Fig. 4. Age and sex differences in the anxiolytic and anxiogenic effects of nicotine. Center time (s) frommale (a, c, e) and female (b, d, f) animals aged P28 (a, b), P38 (c, d) and adult
(e, f) were collected during the 30 min following i.v. injection of saline (open symbols) or nicotine (30 µg/kg/injection×2; filled symbols). n=5–8 per group. *pb0.05, **pb0.01
(Bonferroni) significantly different from saline treatment at the same age and sex.
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males (pb0.05 at 5, 10 and 15 min in males, pb0.05 at 5 min in
females, Fig. 4a, b). As with locomotor activity, there were no drug
effects on center time in males or females aged P38 (Fig. 4c, d). In
adults, there was a significant sex difference in basal anxiety levels,
with saline-treated females spending significantly more time in the
center of the locomotor apparatus than males within 30 min after
injections (pb0.01). Nicotine significantly increased center time in
adult males (pb0.05 at 5 min), but decreased it in adult females
(pb0.05 at 5 and 15 min and pb0.01 at 10 min) (Fig. 4e, f). Thus
nicotine induced anxiolytic effects in adult males, but anxiogenic
effects in adult females.

3.3. Age and sex differences in nicotine-induced corticosterone release

Plasma corticosterone levels in the behaviorally tested animals
were evaluated 30 min after drug injections (Fig. 5a). Overall 3-way
ANOVA for Age×Sex×Drug showed significant effects of age (F2, 62=
11.9955, pb0.0001), drug (F1, 62=10.4744, pb0.005) and an inter-
action of age by drug (F2, 62=6.9233, pb0.005). Baseline corticoste-
rone levels following saline injection did not show age (F2, 30=0.021,
p=0.979) or sex differences (F1, 30=0.048, p=0.828). There was no
significant nicotine-induced corticosterone release in either sex at P28
or P38. In contrast, nicotine significantly increased corticosterone
release in both adult males (pb0.05) and females (pb0.001), with
greater effects in females as compared to males (pb0.01).

To further clarify age differences in nicotine-induced HPA
activation, a time course of changes in plasma corticosterone levels
was evaluated (Fig. 5b). Since there were no sex differences in HPA
response to nicotine during adolescence, and P28 and P38 animals
showed similar responses, the time course was evaluated only in P28
and adult males. Both adolescent and adult saline-injected controls
showed significant elevations of plasma corticosterone 15 min after
placement in the novel locomotor apparatus (pb0.01), which then
declined substantially towards baseline levels by the 30 min time-
point. Nicotine had no effect as compared to saline-treated controls at
15 min in either age group. However, corticosterone levels were
significantly increased 30 min after nicotine injection as compared to
saline-treated controls (pb0.01) in adults, but not at P28.



Fig. 5. Age and sex differences in nicotine-induced corticosterone release. a) Plasma
corticosterone levels inmales and females, aged P28, P38 and adult, 30 min following i.v.
injection of nicotine (30 µg/kg/injection×2, male: closed bars; female: vertical bars) or
saline (male: open bars; female: horizontal bars), n=5–8 per group. b) Time course of
plasma corticosterone levels in P28 (squares) and adult (triangles) males, prior to or 15,
30 or 60 min after injection of nicotine (30 µg/kg/injection×2, closed symbols) or saline
(open symbols), n=5–6 per group. *pb0.01, **pb0.05, ***pb0.001 (Bonferroni)
significantly different from saline treatment in the same sex. ++pb0.01(Bonferroni)
significant sex differences. ##pb0.01 (Bonferroni) significant age differences. †pb0.05,
†††pb0.001 (Bonferroni) significantly different from time point 0 at which no injections
were conducted.
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3.4. Correlations

Correlational analysis revealed significant relationships between
some effects of nicotine treatment (Table 1). Therewere no significant
correlations between any measurements in saline treated females. In
contrast, in nicotine-treated females, plasma corticosterone levels
Table 1
Correlations between responses to nicotine.

Female

Saline

Corticosterone levels vs. ambulatory counts r 0.2341
p 0.3829

Corticosterone levels vs. vertical counts r 0.4829
p 0.0581

Corticosterone levels vs. center time r 0.0239
p 0.9353

Center time vs. ambulatory counts r 0.4349
p 0.1201

Center time vs. vertical counts r 0.1652
p 0.5726

Vertical counts vs. ambulatory counts r 0.4339
p 0.0931

Pearson r and p value in correlation analysis of the responses to nicotine. Correlation analys
with the same drug treatment. n=13–18 pairs in each analysis. *pb0.05, **pb0.01 and ***
were negatively correlated with initial vertical and ambulatory counts
(pb0.05), whereas positive correlations were observed between
center time during the first 30 min after nicotine treatment and
initial ambulatory counts (pb0.01) and vertical counts (pb0.001). In
addition, initial vertical and ambulatory counts in nicotine treated
females were positively correlated with each other (pb0.001).

In contrast to females, significant positive correlations were ob-
served in saline treated males between center time and ambulatory
counts (pb0.01), as well as between vertical and ambulatory counts
(pb0.001). In nicotine treated males, there was a significant negative
correlation between corticosterone levels and ambulatory counts
(pb0.05), but not between corticosterone levels and vertical counts.
In contrast, center time positively correlated with both ambulatory
and vertical counts (pb0.05), and there was a significant correlation
between initial ambulatory and vertical counts in nicotine treated
males (pb0.01).

4. Discussion

Whereas prior studies have also shown age and/or sex differences in
response to acute and chronic nicotine, comparisons are often confound-
ed by differences in experimental conditions across studies. In the
present analysis, we have therefore systematically evaluated behavioral
and endocrine responses to nicotine in both sexes during three
developmental stages — early adolescence, mid- adolescence and
adulthood. This experimental design allowed us to evaluate all measures
in parallel and undertake a correlation analyses to assess relationships
between these drug responses. Understanding the mechanisms under-
lying such complex interactionsmay provide new insight into normative
responses to nicotine during adolescence and permit development of
novel strategies for the prevention and treatment of adolescent smoking.

We have found that there are complex age and sex differences in
responses to acute nicotine treatment, which are dependent on the
functional endpoint examined. Our data also show that adolescence is
not a homogeneous period, but that there are significant differences in
response to nicotine between early and mid-adolescence. This is
consistent with the concept that adolescence consists of different
stages (McCormick and Mathews, 2007), during which there may be
large differences in drug response. Given that nicotine exerts its
functions by acting on nicotinic acetylcholine receptors (nAChRs), the
observed age differences suggest immature functions of nAChRs and
their cellular substrates in adolescents, as has been reported
previously (Leslie et al., 2004; Placzek et al., 2009).

4.1. Locomotor activity

The present findings are consistent with prior studies that have
shown a transition from ambulatory stimulant effects of nicotine in
Female Male Male

Nicotine Saline Nicotine

−0.5152 −0.1415 −0.5162
0.0343* 0.5879 0.0283*

−0.5268 −0.03380 −0.2658
0.0247* 0.8975 0.2863

−0.4480 −0.2993 −0.1002
0.0622 0.3205 0.7224
0.5540 0.7291 0.6911
0.0210* 0.0047** 0.0043**
0.5511 0.2061 0.8562
0.0178* 0.4992 b0.0001***
0.6865 0.7476 0.8060
0.0023** 0.0006*** b0.0001***

is is applied to the combined data from three ages (P28, P38 and adult) of the same sex
pb0.001 significant correlations.
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early adolescence to depressant effects in adulthood (Cao et al.,
2007a). We now also show that the peripubertal period, P38, is a
transition point in which there is no ambulatory response to nicotine.
The fact that locomotor responses to nicotine continue to change
throughout adolescence may underlie the variability in the existing
literature in which animals of different adolescent stages have been
used (Belluzzi et al., 2004; Schochet et al., 2004; Vastola et al., 2002).

Locomotor effects were observed only in the first 5 min after
nicotine injection. Although a more detailed study with a one-minute
interval would help us to determine when the drug effects exactly
occurred, our data suggests an interaction between the drug and the
novel environment, as has been shown previously in adults (O'Neill
et al., 1991). Locomotor activity in a novel environment is closely
associated with self-administration of many addictive substances
(Hooks et al., 1991; Piazza et al., 1989, 1998; Suto et al., 2001) and this
association is specifically observed with inescapable novelty (Klebaur
et al., 2001; Zheng et al., 2004), as was used in the present study.
Specifically, high responders (HRs) in a novel environment are more
likely to self-administer addictive drugs than low responders (LRs), a
finding that may result from higher nAChR activity in dopamine
neurons of HR rats (Fagen et al., 2007). Our data show that nicotine
activation of nAChRs increases ambulatory activity in an inescapable
novel environment only in younger adolescents, an interaction which
may play a role in the increased vulnerability of this age group to
tobacco addiction.

In contrast to horizontal activity, effects of nicotine on vertical
activity are only evident in adults. Since vertical activity is a measure
of exploratory behavior, the higher basal activity of younger
adolescents may reflect increased novelty seeking (Spear, 2000).
Although nicotine also decreased repetitive activity only in adults,
basal repetitive activity was lower in adolescents as compared to
adults, a finding that reflects dissociation of repetitive and vertical
activities. The differences in basal repetitive activity may contribute to
the age differences observed in nicotine's effect, since animals at all
three ages show a similar repetitive activity in response to nicotine.
The lack of observed sex differences is consistent with a previous
finding that sex steroids have little effect on acute nicotine-induced
locomotor activity (Kanyt et al., 1999), although they do appear to
play a role in the increased sensitivity of females to chronic nicotine
treatment (Elliott et al., 2004; Kanyt et al., 1999).

The age differences in locomotor responses to nicotine suggest that
the underlying neuronal circuitries continue to mature during adoles-
cence. The striatal dopamine system, which is important in motor
control and is modulated by nAChRs, is still developing during
adolescence (Andersen and Teicher, 2000; Cao et al., 2007b; Tarazi
et al., 1999). Dopamine neurons within the ventral tegmental area are
more excitable in adolescence than in adulthood, and more sensitive to
nicotine-induced long-termpotentiation (Natividad et al., 2010; Placzek
et al., 2009). Furthermore, we have previously shown that the
pharmacological properties of the nAChRs that regulate dopamine
release from limbic terminals in the ventral striatum change signifi-
cantly during adolescence (Azam et al., 2007). This finding is consistent
with our current observation of differing ambulatory responses to
nicotine in early and late adolescence, andwith other behavioral studies
in both rats and mice that have shown changing effects of nicotine
during this developmental period (Adriani et al., 2002; Belluzzi et al.,
2004; Kota et al., 2009; Park et al., 2007).

4.2. Center time

We have used the center time model, widely used to examine
anxiety-like behaviors (Prut and Belzung, 2003), to evaluate the
interactions of age and sex on the anxiogenic and/or anxiolytic effects
of nicotine. Both baseline anxiety levels and drug effects were age
dependent. Unlike locomotor activity, sex differences were observed
in both early adolescence and adulthood. The peripubertal period
(P38) was again a transition period, with no response to nicotine in
either males or females.

Nicotine treatment increased center time in younger adolescents,
with more prolonged effects in males than females. These data are
consistent with prior findings of anxiolytic effects of nicotine in
adolescents of both sexes in a social interaction test (Cheeta et al.,
2001). In contrast, using an elevated plus maze paradigm, nicotine
was anxiolytic in adolescent males but anxiogenic in females (Elliott
et al., 2004). Unlike adolescents, sex differences were observed in
baseline center time in adults, with females exhibiting less anxiety
than males. Nicotine administration eliminated this sex difference,
increasing center time in males, while decreasing it in females. Thus
sex differences in nicotine effect on center time in adultsmay result, at
least partially, from these inherent baseline differences. These
findings are consistent with previous findings of baseline sex
differences in anxiety levels of adult males and females (Ray and
Hansen, 2004), and that nicotine is anxiolytic in adult males
(Sienkiewicz-Jarosz et al., 2000). However, other studies employing
different anxiety models have reported that nicotine has anxiogenic
effects in both adult males and females (Elliott et al., 2004).

Numerous factors, such as drug dose, animal strain, housing
conditions and anxiety test paradigm, may underlie these differences
in experimental findings. Given the complexities of anxiety, in which
one behavioral model may only test some but not all aspects of
anxiety (Schmidt and Muller, 2006), caution is appropriate in
interpreting these data. The center time model emphasizes explor-
ative anxiety, which is not always correlated with social anxiety and
somatic fear induced anxiety. Future studies will be necessary to
examine other aspects of anxiety using different models such as social
interaction and the conditioned fear approach.

4.3. Plasma corticosterone

Significant age and sex differences were seen in nicotine-induced
corticosterone release. There was no drug-induced release of
corticosterone in either males or females at early or mid-adolescence.
However, there was a significant nicotine-induced corticosterone
release in adults, with a stronger response in females than males.
These data confirm and extend prior findings of lack of nicotine-
induced HPA activation in adolescent males aged P27 (Cao et al.,
2007a), and of sex differences in drug response in adults (Rhodes
et al., 2004, 2001).

The behavioral and endocrine studies were designed to model the
early phase of self-administration in which animals are placed in a
novel testing environment and monitored for drug responding.
Consistent with prior self-administration testing conditions (Belluzzi
et al., 2005; Levin et al., 2007, 2003; Park et al., 2007), animals were
single housed after catheter implantation, a form of social stress that
may potentially affect behavioral and hormone responses to nicotine
(McCormick and Ibrahim, 2007; McCormick et al., 2008). Since
animals were not habituated to the experimental apparatus, there
was an initial stress response as shown by elevated corticosterone
levels at 15 min after saline injection. Although young animals were
exposed to a relatively larger novel environment, as compared to
adults, there were no age differences in corticosterone levels in saline-
injected controls at any time point. This suggests that there were
similar baseline stress responses in adolescent and adult males under
our experimental condition. This finding is different from that of
earlier studies in which prepubertal males have been shown to
demonstrate a significantly prolonged stress response (Goldman
et al., 1973; Romeo et al., 2006; Vazquez and Akil, 1993). Such
previous studies have used stressors more rigorous than novelty,
however, which may activate different central neuronal pathways
(Herman and Cullinan, 1997).

Since no difference in hormonal response to nicotine was observed
following behavioral observations in P28 and P38 animals, we
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restricted the time-course analysis to P28 and adult. Nicotine had no
effect on either adolescent or adult males as compared to controls at
15min after injection. The lack of drug effect is unlikely due to a
ceiling effect since stress-induced corticosterone can reach much
higher levels in both adults and adolescents (Choi and Kellogg, 1996;
Rhodes et al., 2001), although the high basal hormonal level may have
masked a small drug response. In contrast, nicotine significantly
induced corticosterone release in adults but not in adolescents at
30 min post-injection, when the effect of the experimental procedure
on HPA activation had substantially diminished in both age groups.
Such age differences in nicotine effect are independent of basal stress
levels and testing environment, since we have previously demon-
strated age differences in nicotine-induced corticosterone release and
hypothalamic paraventricular nucleus (PVN) c-fos expression in male
rats in which basal hormone levels were decreased by daily handling
and habituation to the experimental apparatus (Cao et al., 2007a). Our
findings are consistent with a recent study that showed lack of PVN
activation following a single treatment with nicotine in adolescent
males and females under different stressor conditions (McCormick
and Ibrahim, 2007). Although previous studies have shown compa-
rable HPA activation by nicotine in adolescent and adult males (Cruz
et al., 2008; Matta et al., 1987), differences in experimental
parameters such as drug dose and route of drug administration may
produce differing results. In the current study, we used a low
intravenous nicotine dose that produces blood levels equivalent to
that following 3–4 cigarettes (Cao et al., 2007a). To further evaluate
these age differences in HPA response, however, studies on the dose
effect will be necessary.

4.4. Correlations between nicotine end-points

Within-animal correlational analysis of behavioral data and plasma
corticosterone levels across ages yielded complex findings. Whereas
saline-treated females exhibited no correlations between any of the
functional endpointsmeasured, saline-treatedmales showed significant
positive correlations between initial ambulatory counts and both initial
vertical counts and total center time. Nicotine treatment resulted in
increased correlations in both sexes, with a significant negative
correlation between initial ambulatory counts and corticosterone levels
at 30min. In contrast, there were no correlations between anxiety in a
novel environment, as indicated by center time, andHPAactivation. This
lack of correlationhas also reportedby others for the elevatedplusmaze
model (Marquez et al., 2006).

5. Conclusions

In the present study, we have provided evidence that early
adolescence is a period of distinct behavioral and endocrine responses
to nicotine as compared to adulthood. For some functional endpoints,
such as horizontal activity and center time, there were unique effects
of nicotine during this period. For others, such as vertical and
repetitive activities and corticosterone release, it was a period of
blunted response in comparison to adulthood. Mid-adolescence is also
a unique period in which no responses to nicotine were seen in any of
the paradigms examined. These differing drug responses of early and
mid-adolescence likely reflect maturation of nAChRs and their
underlying neuronal circuitry, which differ depending on the
functional endpoint examined. These differences in pharmacological
response may also relate to the clinical observation that younger
adolescents are more vulnerable to the initiation of smoking as
compared to older teens (Chen and Millar, 1998). Observed sex
differences in response to nicotine were dependent on the functional
endpoint examined and age, withmost differences appearing after the
reproductive system matures. Together the present studies demon-
strate that adolescents respond to nicotine quite differently from
adults. It is therefore important to study the unique mechanisms
underlying initiation of smoking during adolescence in order to
develop more effective prevention strategies and cessation therapies
for smoking.
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