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Abstract

Despite the high prevalence of tobacco abuse among adolescents, the neurobiology of nicotine addiction has been studied mainly in adult

animals. Repeated administration of this drug to adult rats induces behavioral sensitization. Nicotine activates the HPA axis in adult rats as

measured by drug-induced increases in ACTH and corticosterone. Both behavioral sensitization and corticosterone are implicated in drug

addiction. We examined the expression of behavioral sensitization induced by nicotine as well as the changes in corticosterone levels after

repeated injections of nicotine in adolescent and adult animals. Adolescent and adult rats received subcutaneous (s.c.) injections of saline or

0.4 mg/kg of nicotine once daily for 7 days. Three days after the last injection animals were challenged with saline or nicotine (0.4 mg/kg;

s.c.). Nicotine-induced locomotion was recorded in an activity cage. Trunk blood samples were collected in a subset of adolescent and adult

rats and plasma corticosterone levels were determined by radioimmunoassay. Adult, but not adolescent, rats expressed behavioral

sensitization. Pretreatment with nicotine abolished corticosterone-activating effect of this drug only in adult animals, indicating the

development of tolerance at this age. Our results provide evidence that adolescent rats exposed to repeated nicotine display behavioral and

neuroendocrine adaptations distinct from that observed in adult animals.

D 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Drug abuse among humans often begins during

adolescence, a period of ontogeny in which individuals

exhibit age-specific behavioral characteristics, such as risk

taking and novelty seeking, which could predispose them

to initiate drug use (Spear, 2000). Despite prevention

efforts, rates of cigarette smoking among adolescents have

been resistant to change (Gilpin et al., 1999). In 2000,

approximately 13% of youths aged 12–17 reported use of

cigarettes, and more than 4% reported smoking daily
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(NHSDA, 2000). Initiation of smoking during adoles-

cence is associated with higher daily consumption and a

lower probability of quitting (Chen and Milliar, 1998).

Moreover, studies in rats have shown that nicotine is a

neuroteratogen and that the adolescent brain is partic-

ularly vulnerable to the toxic effects of nicotine (Slotkin,

2002).

Evidence suggests that nicotine, which acts at neuronal

nicotinic acetylcholine receptors, is one of the active

components in tobacco smoke responsible for tobacco

addiction (Stolerman and Jarvis, 1995). The acute effects

of nicotine vary depending on nicotine dosage, subject

sex, age, and possibly subject strain (Elliot et al., 2004;

Cheeta et al., 2001; Faraday et al., 1999). Despite the

variability observed in the acute effects of nicotine on

locomotor activity, repeated administration of this drug to
Behavior 80 (2005) 411–417
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adult rats, like other drugs of abuse, induces behavioral

sensitization, as evidenced by an enhanced locomotor

response to a subsequent injection of the drug (Clarke and

Kumar, 1983; Domino, 2001; Kita et al., 1999; Shim et

al., 2001). Behavioral sensitization has been suggested as

an animal model of neuroplasticity associated mainly with

repeated administration of psychostimulant drugs. Behav-

ioral sensitization has been implicated in the development

of drug addiction (Robinson and Berridge, 1993; Cov-

ington and Miczek, 2001) and drug-induced psychosis

(Robinson and Becker, 1986). Psychostimulant-induced

behavioral sensitization has been related to both pre and

postsynaptic drug-induced increase in dopamine activity

(Nestler and Aghajanian, 1997; Paulson and Robinson,

1995).

Although the relationship between behavioral sensitiza-

tion and nicotine addiction has not been clearly estab-

lished, it has been shown that nicotine-induced changes in

dopamine mesolimbic system might be similar to those

produced by psychostimulant drugs. For example, it has

been shown that repeated nicotine enhances accumbal

dopamine output (Benwell and Balfour, 1992; Shim et al.,

2001). In addition, long-term administration of nicotine

enhanced locomotor response to the dopamine D1/D2

receptor agonist apomorphine (Suemaru et al., 1993).

Despite the high prevalence of tobacco abuse among

adolescents, the neurobiology of nicotine addiction has

been studied mainly in adult animals. Although few

studies in animal models have been carried out to

examine the effects of nicotine in adolescents, there is

evidence that they respond to nicotine differently than

adults. For example, adolescent rats, as compared to

adult, were more sensitive to the initial effect of nicotine

on locomotor activity (Collins and Izenwasser, 2004;

Faraday et al., 2001) but did not develop behavioral

sensitization during 7 days of treatment with the drug

(Collins and Izenwasser, 2004). Adolescent rats also seem

to be more sensitive to the reinforcing effect of nicotine

as evidenced by conditioning place preference (Vastola et

al., 2002). Adriani et al. (2002) also provide relevant

evidence that nicotine effects depend on the age of the

animal. They showed that nicotine oral self-administration

during early adolescence (postnatal day (P) 24–35)

increased the preference for the nicotine solution when

the concentration was reduced as well as the locomotor

response to the drug. These effects were not observed

when nicotine was self-administrated by either middle

(P37–P48) or late (P50–P61) adolescent mice.

Nicotine activates the HPA axis in adult rats as

measured by nicotine-induced increases in ACTH

(Andersson et al., 1983) and corticosterone (Balfour et

al., 1975). Systemically administered nicotine stimulates

the hypothalamus–pituitary–adrenal (HPA) axis through a

centrally-mediated corticotropin-releasing-hormone (CRH)-

dependent mechanism (Cam and Basset, 1984; Calogero

et al., 1989).
Recently, a great interest has been devoted to the

interaction between addiction and the hypothalamic–

pituitary–adrenal (HPA) axis (Goeders, 2003; Piazza and

Le Moal, 1996; Sarnyai, 1998; Marinelli and Piazza,

2002; De Jong and De Kloet, 2004). These studies mostly

concern psychostimulant drugs like cocaine and amphet-

amine. However, the role of glucocorticoids in regulating

nicotine addiction is unclear.

Corticosterone modulation of behavioral responses to

nicotine is quite complex (Caggiula et al., 1998). For

example, adrenalectomy increased nicotine responsiviness

as measured by nicotine-induced Y maze crossings, heart

rate and body temperature, and increases in the startle

response. The effects of adrenalectomy were prevented by

corticosterone replacement (Pauly et al., 1988). There is

also evidence that corticosterone participate in neuro-

adaptive changes underlying conditioned tolerance to

nicotine (Caggiula et al., 1998). Concerning locomotor

activity, it has been reported that the depressant effects of

nicotine were potentiated while the activating effects were

attenuated by adrenalectomy (Shoaib and Shippenberg,

1996). On the other hand, Domino (2001) showed that

daily treatment with dexametasone produced only slight

changes in both depressant and activating effects of

nicotine on locomotor activity.

It has been shown that the elevation in corticosterone

levels after administration of drugs of abuse, such as

cocaine, amphetamine and morphine, is attenuated in

younger animals relative to their more mature counter-

parts (Laviola et al., 1995, 1999; Adriani and Laviola,

2000). This fact can have implications on the develop-

ment of addiction. Indeed, it has been demonstrated that

corticosterone release may contribute to the reinforcing

effects of drugs of abuse as well as drug or stress-

induced behavioral sensitization (Piazza et al., 1993;

Deroche et al., 1992).

Few studies investigated the involvement of glucocorti-

coids on repeated nicotine effect on locomotor activity and

sensitization. Shoaib and Shippenberg (1996) have shown

that adrenalectomy did not affect the depressant effect of

repeated nicotine but blocked the stimulation induced by

this drug. In addition, Johnson et al. (1995) showed that

adrenalectomy disrupted the development, but not the

expression of nicotine-induced locomotor sensitization.

Despite the relevance of the interaction between drugs

and the HPA axis, the effect of acute or chronic nicotine on

the activation of HPA axis in adolescent animals has not

been investigated.

Understanding the differences in nicotine effects

between adolescents and adults may lead to different

strategies of prevention and treatment, specific for each

age. Thus, the aim of our experiments was to examine the

expression of behavioral sensitization induced by nicotine

as well as the changes in corticosterone levels after

repeated injections of this drug in adolescent and adult

animals.
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2. Materials and methods

2.1. Subjects

Male Wistar adolescent (postnatal day (P) 28–P35 as

defined by Spear and Brake, 1983) and adult (P90–P99)

rats from the animal breeding facility of the University

Estadual Paulista were used. Groups of 3–4 animals

were housed in plastic cages 32 (width)�40 (length)�16

(height) cm in a room maintained at 21–23 8C. Rats

were kept in a 12:12 h light/dark cycle (lights on at

07:00) and were allowed free access to food and water.

All experiments were performed during the light phase.

Each animal was used only in one experimental

procedure.

Mean body weights at the beginning of the experiments

were: adolescents (150–170 g) and adults (300–350 g).

The experimental protocol was approved by Ethical

Committee for use of Human or Animal Subjects of the

School of Pharmaceutical Science-UNESP (CEP-24/

2003) and were conducted according to ethics principles

of the Brazilian College of Animals’ Experimentation

(COBEA).

2.2. Apparatus

Behavioral testing was conducted in commercially

available (Columbus Instruments, CA) activity monitoring

chambers, consisting of Plexiglas cages. The chambers

included 10 pairs of photocells beams, which were used

to measure the horizontal locomotor activity. The consec-

utive interruption of two beams was recorded as one

locomotion unit.

2.3. Radioimmunoassay

The radioimmunoassay for corticosterone was con-

ducted using antibody obtained from Sigma (St. Louis,

MO) and (3H)-corticosterone from New England Nuclear

(Boston, MA). The method was adapted from that

described by Sarnyai et al. (1992). Briefly, 20 Al of

plasma was diluted 50 times with 0.01 M PBS and

placed in a water bath at 75 8C for 1 h for heat

inactivation of corticosterone plasma globulin. One

hundred microliters of a solution of antibody and (3H)-

corticosterone (10,000–20,000 cpm/ml) was added to

each sample, mixed and incubated overnight at 4 8C.
Dextran-coated charcoal was used to adsorb free steroid

after incubation. Tubes were centrifuged at 2000�g for

15 min at 4 8C, the supernatant from each tube was

transferred to scintillation vials and the radioactivity was

quantified by liquid scintillation spectrometry. Standard

curves were constructed using 25, 50, 100, 250, 500,

750, 1000 and 2000 pg/100 ul of corticosterone (Sigma,

St. Louis). After dilution all concentrations of cortico-

sterone samples were within the linear range of the
standard curve. Inter- and intra-assays variation was,

respectively, 4.0 and 7.2%.

2.4. Experimental design

The whole sensitization protocol took 10 days. On days

1 to 7, the rats were weighed and given a subcutaneous

(s.c.) injection of nicotine (Sigma) (0.4 mg/kg) (n=10) or

saline (1 ml/kg) (n=10) once a day. Immediately after the

injections, the animals were returned to their home cages.

On days 8 and 9 the animals did not receive any treatment.

Adolescent and adult rats were respectively on P28 and

P90 when nicotine treatment started.

On day 10 (test) both saline (SAL) and nicotine (NIC)

pretreated groups received a challenge dose of nicotine

(0.4 mg/kg; s.c.), respectively SAL+NIC and NIC+NIC

groups. Immediately after the injections their locomotor

activity was recorded. Photocell counts accumulated

during a thirty-minute interval were recorded. The

animals were allowed a 20-min adaptation period in the

photocell apparatus prior to injections. A third group of

animals (n=11) received s.c. injections of saline for a 7-

day period and was challenged with saline (SAL+SAL)

on the 10th day.

Adolescent and adult rats were, respectively, on postnatal

day 37 and 99 when the tests were performed.

A subset of SAL+SAL, SAL+NIC or NIC+NIC groups

of adult or adolescent animals were monitored for

corticosterone plasma levels on experimental day 10.

Fifteen minutes after a challenge s.c. injection of saline or

nicotine (0.4 mg/kg), the animals were rapidly transported

a short distance to an isolated room, where they were

decapitated. Trunk blood was collected in heparinized

tubes. Blood samples were centrifuged at 2000�g for 15

min at 4 8C. Plasma was stored at �20 8C, until the

radioimmunoassay. Previous experiments showed that

nicotine-induced corticosterone elevation peaks 15 min

after injections (data not shown).

The experiment was carried out between 8:00 and

12:00 h. Blood samples were centrifuged and the plasma

corticosterone levels were determined by radioimmuno-

assay as described above.

Each adolescent group had 7 animals and adult groups

had 9 animals.

Nicotine dosages are expressed as nicotine base.

2.5. Statistical analysis

All data are expressed as meansFSEM. Levene tests for

homogeneity of variance were performed to behavioral and

biochemical data. When Levene was statistically signifi-

cant data were converted to the respective square root.

Nicotine’s effects on locomotion and corticosterone levels

were analyzed by one-way ANOVA. When a significant

( pb0.05) main effect was observed, F-tests for contrast

analysis were applied.
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Fig. 2. Corticosterone plasma levels of adolescent and adult rats. Animals

were treated with saline or nicotine (0.4 mg/kg, s.c.) during 7 days.

Seventy-two hours after the last injection the animals were administrated

saline or nicotine (0.4 mg/kg, s.c.). Blood samples were collected 15 min

after injections. Bars represent meanFSEM of 7–9 animals per group.

***pb0.001 compared to the SAL+SAL group. §§§pb0.001 compared to

the SAL-NIC group.
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3. Results

Levene test revealed the non-homogeneity of variance

for locomotor activity in both adult [F(2,28)=5.8,

pb0.01] and adolescent [F(2,28)=3.7, pb0.01] animals.

Behavioral data were then converted to the respective

square root. Levene test to the square root values did not

reveal significant differences indicating the homogeneity

of variances, which allowed the performance of ANOVA.

As indicated in Fig. 1, ANOVA showed significant

differences in locomotor activity across groups in

adult [ F(2,28)=11.8, pb0.001] and adolescent rats

[F(2,28)=19.5, pb0.001]. In adult animals pairwise

comparisons indicated that the behavioral response to

nicotine challenge in nicotine-pretreated (NIC+NIC) group

was significantly higher when compared to the SAL+NIC

[ F (1,28)=13.5, pb0.001] and SAL+SAL groups

[F(1,28)=21.5, pb0.001].

In adolescent animals pairwise comparisons indicated

that the behavioral response to nicotine was higher in

saline (SAL+NIC) [F(1,28)=15.4, pb0.001] and nicotine

(NIC+NIC) [F(1,28)=37.7, pb0.001] pretreated groups

compared to the SAL+SAL group. The behavioral

response to nicotine challenge in nicotine pretreated rats

was not significantly different than in saline pretreated

group [F(1.28)=3.6, p=0.06].

Levene did not show statistically significant difference

for corticosterone plasma levels in both adult and

adolescent rats. ANOVA indicated that nicotine altered

corticosterone plasma levels in adult [F(2,24)=25.8,

pb0.001] and adolescent rats [F(2,16)=18.36, pb0.001].

In adult animals pairwise comparisons performed across

groups revealed that nicotine significantly increased

corticosterone levels in saline pretreated rats when

compared to the SAL+SAL group [F(1,24)=46.82,

pb0.001] and nicotine [F(1,24)=28.8, pb0.001] pretreated

rats (Fig. 2).
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Fig. 1. Nicotine-induced locomotion in adolescent and adult rats. Animals

were treated with saline or nicotine (0.4 mg/kg, s.c.) during 7 days.

Seventy-two hours after the last injection the animals were habituated

during 20 min in the activity chamber; then received s.c. injections of saline

or nicotine 0.4 mg/kg and locomotion. Bars represent meanFSEM of

square root of cumulative locomotion counts during 30 min after injections

of 10–11 animals per group. ***pb0.001 compared to the SAL+SAL

group. §§§pb0.001 compared to the SAL-NIC group.
In adolescent rats pairwise comparisons performed

across groups revealed that nicotine significantly increased

corticosterone levels in saline [F(1.16)=27.35, pb0.001]

and nicotine [F(1.16)=28.44, pb0.001] pretreated groups

when compared to the SAL+SAL group. Moreover, no

difference was found for corticosterone levels when

comparing the SAL+NIC and NIC+NIC groups

[F(1,16)=0.008, pb0.92] (Fig. 2).
4. Discussion

We investigated the effects of repeated nicotine on

locomotor activity and corticosterone plasma levels in

adolescent and adult rats. Our results provide relevant

evidence that nicotine induces distinct behavioral and

neuroendocrine adaptations in adolescents as compared to

adult rats.

The results of the present study demonstrate that acute

injection of 0.4 mg/kg of nicotine in saline pretreated

animals (SAL+NIC) significantly increased the locomotor

activity in adolescent but not in adult rats as compared to

the SAL+SAL group. These findings are in line with reports

showing that adolescent animals are more sensitive to

nicotine-induced locomotor activation (Adriani et al., 2002;

Collins and Izenwasser, 2004; Schochet et al., 2004).

The increased sensitivity to nicotine associated to a

significant preference for nicotine solutions in early

adolescence as described by Adriani et al. (2002),

correlates with epidemiological data suggesting a higher

vulnerability of human adolescents to tobacco (Breslau

and Peterson, 1996).

This pattern, in which adolescents are more sensitive

than adults, to nicotine’s stimulant actions on locomotion,

contrasts with reports that adolescent rodents are less

sensitive to the acute effects of other drugs such as

cocaine and amphetamine (Laviola et al., 1999; Bolanos et

al., 1998). The lack of behavioral sensitization to nicotine
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in adolescent rats also contradicts reports showing

increased locomotor response to cocaine and amphetamine

in adolescent rats repeatedly exposed to these stimulant

drugs (Adriani and Laviola, 2000; Planeta and Marin,

2002). It is interesting to note that in the Collins and

Izenwasser (2004) study periadolescent rats pretreated

with nicotine, cross-sensitized to the locomotor effects of

cocaine, even though they did not sensitize to the effects

of nicotine. This result indicates that nicotine may induce

changes in dopamine transmission related to behavioral

sensitization to psychostimulant drugs. Indeed, adminis-

tration of nicotine to adolescent rats via continuous

infusion for two weeks induced an increase in adenilyl

cyclase activity in the striatum (Abreu-Villaça et al., 2003)

an alteration that has been suggested to be involved in

psychostimulant-induced sensitization (Nestler and Agha-

janian, 1997). However, repeated nicotine appears to

induce other neuroadaptations that specifically blocks or

delays the expression of sensitization to its own effects in

the adolescent rat.

The present results also demonstrated that repeated

daily injections of nicotine markedly increased the

locomotor response to a subsequent systemic challenge

with nicotine in adult but not in adolescent rats. Thus, after

repeated exposure to nicotine, only adult animals

expressed behavioral sensitization. These results agree

with observations by Schochet et al. (2004) who showed

that although adolescent rats displayed an increased

sensitivity to the first injection of nicotine, their response

to the drug after repeated administration appeared blunted

in comparison with adult animals. Sensitization to repeated

nicotine has been also investigated by Collins and

Izenwasser (2004). They also reported that adolescent rats,

as compared to adult, were more sensitive to the initial

effect of nicotine on locomotor activity and that sensitiza-

tion did not develop within seven days of treatment.

However, there are also conflicting data with reports of

sensitization (Faraday et al., 2003), and no sensitization

(Faraday et al., 2001) reported in adult rats. Moreover, in

contrast to the present results, Faraday et al. (2003)

showed that sensitization developed over a 12-day

injection period in adolescent rats. The differences between

Faraday results and the present study might be related at

least to two factors. First, Faraday study was conducted

using implanted micropumps to deliver nicotine, while our

study utilized repeated injections. Second, the present

study was confined to the periadolescent period, while

Faraday study begins in the periadolecence and extended

to late adolescence.

Since in our study the animals were challenged only one

time-point (i.e. 3 days following the last injection of

nicotine) we cannot rule out the possibility that adolescents

and adults rats could require different withdrawal times to

express sensitization.

In adult rats, our results showed that acute injection of

0.4 mg/kg of nicotine significantly increased cortico-
sterone levels in saline pretreated groups. Pretreatment

with nicotine abolished this effect. This finding agrees

with previous observations that the corticosterone-activat-

ing effect of nicotine is blunted in adult animals

repeatedly exposed to the drug (Benwell and Balfour,

1979; Bugajski et al., 2001), indicating to the develop-

ment of tolerance. Tolerance, as defined by a decrease in

the effects of a drug after repeated administration, was

also observed to ACTH activating effect of nicotine in

adult animals (Bugajski et al., 2001). In this regard it has

been shown that the sequential administration of nicotine

rapidly desensitize the ACTH release (Sharp and Beyer,

1986; Matta et al., 1998). Tolerance to nicotine-induced

increase in ACTH and corticosterone appears to be the

result of changes in cholinergic nicotinic receptors, rather

than an alteration in nicotine metabolism (Marks et al.,

1983). In fact, Marks et al. (1992) showed that although

the number of 3H-nicotine binding sites in the brain

increases with repeated exposure to nicotine, functional

desensitization occurs.

The effects of cortiscoterone on nicotine-induced

locomotion and sensitization are contradictory. It has

been reported that adrenalectomy potentiates and attenu-

ates, respectively, the depressant and activating effects of

nicotine (Shoaib and Shippenberg, 1996). On the other

hand, Domino (2001) showed that daily treatment with

dexametasone produced only slight changes in both

depressant and activating effects of nicotine on locomotor

activity. Concerning repeated administration of nicotine

Shoaib and Shippenberg (1996) have shown that adrena-

lectomy did not affect the depressant effect to repeated

nicotine, while it blocked the stimulant response.

Johnson et al. (1995) showed that adrenalectomy

disrupted the development, but not the expression of

sensitization, since it had no effect if performed in rats

already sensitized. Based on this observation they con-

cluded that the induction, but not the expression, of

nicotine sensitization is dependent on glucocorticoids.

Thus, our result corroborates the findings of Johnson et

al. (1995), since in adult animals we observed that the

expression of behavioral sensitization occurred in the

presence of low levels of corticosterone.

In adolescent rats nicotine significantly increased

corticosterone levels in saline and nicotine pretreated

groups when compared to the SAL+SAL group. To our

knowledge this is the first description of nicotine effects

on corticosterone secretion in adolescent rats. Our results

showed that, differently from adult, corticosterone-activat-

ing effect of nicotine did not develop tolerance in

adolescent rats.

The lack of tolerance to the corticosterone-activating

effect of nicotine in adolescent rats could be related to the

absence of behavioral sensitization, since in these animals

the high levels of corticosterone following repeated nicotine

could maintain the nicotine chlolinergic receptors in the

desensitized state. Indeed, Ke and Lukas (1996) have
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suggested that steroid hormones, including corticosterone,

can act as noncompetitive allosteric inhibitors of nicotinic

chlolinergic receptors. The desensitization of nicotine

receptors could then impair the action of nicotine on the

mesolimbic dopaminergic system that is known to mediate

behavioral sensitization (Quick and Lester, 2002). One can

argue that desensitization of nicotinic receptors should also

lead to a decreased response of the HPA axis to nicotine and

consequently to the tolerance to corticosterone-activating

effect of this drug. However, the effect of corticosterone on

nicotine’s actions are very complex, thus the actions of the

glucocorticoids may vary for different nicotinic receptors

subtypes and/or brain regions, as it has been suggested for

nicotine’s actions on its own receptors (Collins and Marks,

1996; Trauth et al., 1999).

Since corticosterone seems to have reinforcing proper-

ties (Deroche et al., 1993), the lack of tolerance to the

corticosterone-activating effect of nicotine in adolescent

rats may increase the reinforcing effect of nicotine and the

vulnerability to tobacco’s addiction during adolescence.

During late childhood and adolescence, neurobiological

systems are still undergoing important developmental

rearrangements. Thus, several mechanisms could account

for age differences in nicotineTs behavioral and neuro-

endocrine actions. For example, the pharmacokinetics of

nicotine may be different in adolescent and adult rats

(Trauth et al., 2000). Adolescent and adult rats may differ

in distribution, density or affinity of central nicotine

cholinergic receptors. The rate of nicotine receptors up-

regulation or desensitization in response to repeated

nicotine administration might also be different. In addi-

tion, some unique changes were observed in catecholami-

nergic transmission in the midbrain and hippocampus of

adolescent rats exposed to nicotine (Slotkin, 2002;

Badanich and Kirsteina, 2004). Thus it will be interesting

in future studies to determine which neurochemical and

molecular mechanisms may contribute to the differential

effects of nicotine in adult and adolescent animals.

The findings of the present study point to the

relevance of the research towards the effects of nicotine

in animal’s models of adolescence. The different

responses to nicotine at this age should be taken into

account when examining potential treatments for nicotine

addiction. Moreover, further investigation on the role of

glucocorticoids on the effects of nicotine may provide

relevant knowledge to the development of therapeutic

agents for the treatment of nicotine addiction.
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