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Drug abuse among humans often begins during adolescence. Exposure to psychostimulants during this age
period may have long-term consequences which can render the organism more susceptible to drug abuse
and relapse later in life. It has been demonstrated that exposure to stress can promote relapse to drug use
even after long periods of withdrawal. The reinstatement of conditioned place preference (CPP) is a useful
animal model for studying relapse. In humans and animals, changes in tyrosine hydroxylase (TH) have been
related to drug addiction. Our study examined whether amphetamine-induced CPP during adolescence could
be reinstated by exposure to stress 1 (adolescence) and 30 (adulthood) days after the extinction test. We
also investigated TH levels following the reinstatement of CPP. Our results showed that amphetamine-
induced CPP during adolescence can be reinstated by stress exposure 1 day (P42, end of adolescence) but not
30 days after extinction (P71, adulthood). Moreover the reinstatement of AMPH-induced CPP by stress
exposure occurred in the presence of decreased TH in the nucleus accumbens. In conclusion, our data add
new evidence that neuroadaptations on TH may mediate relapse to drug-seeking behavior induced by stress
within adolescence.
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1. Introduction

Stress exposure has been related to initiation, maintenance and
relapse todrugabuse (Gawin, 1991; Sinha, 2001;Gordon,2002;Goeders,
2003; Weiss, 2005). For example, clinical studies have demonstrated
that exposure to stress or simply the presentation of stress-related
imagery can induce relapse to drug seeking in humans (Lamon and
Alonzo, 1997; Brady and Sonne, 1999; Sinha et al., 1999; Sinha, 2001).

Two animal models have proven especially useful for studying
relapse, the reinstatement of self-administration (Carroll, 1985; Lê
and Shaham, 2002; Lu et al., 2003) and the reinstatement of conditioned
place preference (CPP) (Mueller and Stewart, 2000; Itzhak and Martin,
2002; Lu et al., 2005; Biala and Budzynska, 2006). It has been observed
that the same stimuli that reinstate self-administration are capable of
inducing the reinstatement of CPP (Aguilar et al., 2009). In this sense,
pre-clinical studies have shown that stress can reinstate cocaine,
amphetamine, morphine, and heroin self-administration (Wit and
Stewart, 1981; Shaham et al., 1997; Buczek et al., 1999; Lesage et al.,
2004). Similarly, several studies have shown that stress exposure
reinstate opioids-, cocaine- and nicotine-induced CPP (Will et al., 1998,
2004; Der-avakian et al., 2005, 2006; Leão et al., 2009).
It has been demonstrated that exposure to stress can promote
relapse to drug use even after long periods of withdrawal (Lu et al.,
2004). In rats, intermittent footshock reinstates nicotine self-admin-
istration up to 15 days after extinction (Buczek et al., 1999). Recently,
we showed that the exposure to acute restraint stress caused the
reinstatement of nicotine-induced CPP 15 days after the extinction of
this behavior (Leão et al., 2009).

Recently, some studies have investigated the neurobiology of
stress-induced reinstatement of drug seeking. Studies pointed to
the involvement of dopamine, corticotropin-release factor and
noradrenaline in brain areas such as bed nucleus of the stria terminalis
(BNST), central nucleus of amygdala and nucleus accumbens in this
phenomenom (Shaham et al., 2000). The increase of dopamine
transmission in the nucleus accumbens has a critical role in the
reinstatement of drug-seeking behavior (Khroyan et al., 2000; Schmidt
et al., 2006). For instance, intra-accumbal infusion of dopamine
antagonists attenuates reinstatement of drug seeking (Shaham and
Stewart, 1996; Anderson et al., 2006). Moreover, drug-induced
reinstatement has been associated with enhanced dopamine release
in nucleus accumbens (De Vries et al., 1998;Di Ciano et al., 2001; Vezina
et al., 2002).

Changes in tyrosine hydroxylase levels (TH; the rate-limiting
enzyme for dopamine synthesis) in the mesolimbic pathway have
been related to repeated psychostimulant administration and drug
addiction (Todtenkopf et al., 2000). For instance, Trulson et al. (1987)
found decreased TH immunolabeling in the nucleus accumbens
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following repeated cocaine administration. However, some studies
have demonstrated that repeated psychostimulant administration
produces increases or do not change TH levels (Beitner-Johnson and
Nestler, 1991; Sorg et al., 1993; Vrana et al., 1993; Lu et al., 2003;
Todtenkopf et al., 2000, Marin et al., 2008). Moreover, it was
demonstrated that TH levels in the nucleus accumbens may be
influenced by extinction training of a conditioned behavior (Schmidt
et al., 2001). These authors demonstrated that 12 days of cocaine self-
administration in rats reduced TH immunoreactivity by 29% in the
nucleus accumbens after a 1 week withdrawal period. In contrast, TH
immunoreactivity in the nucleus accumbens was completely restored
in animals that experienced extinction training during the same
withdrawal period. Thus, considering that dopamine release in the
nucleus accumbens is involved in stress-induced reinstatement and
TH levels is influenced by extinction training it would be interesting
evaluated if neuroadaptations on TH in this brain are is involved in
stress-induced reinstatement of amphetamine-induced CPP.

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; Casey et al., 2008).
Exposure to psychostimulants during adolescence can have long-term
consequences, because early drug exposure may cause enduring
adaptations (Guerriero et al., 2006; McPherson and Lawrence, 2006),
which can render the organism more susceptible to drug abuse and
relapse later in life. Consequently, there is a need tomodel drug relapse
during this developmental period and assess vulnerability to relapse
and neuroadaptations through adulthood.

Our study examined whether amphetamine-induced CPP during
adolescence could be reinstated by exposure to stress 1 (adolescence)
and 30 (adulthood) days after the extinction test. We also investigated
the TH levels in the nucleus accumbens of rats immediately after the
reinstatement test.

2. Experimental procedures

2.1. Subjects

Subjects were maleWistar rats obtained from the animal breeding
facility of the São Paulo State University-UNESP at postnatal day (P)
21. Groups of 3–4 animals were housed in plastic cages 32
(width)×40 (length)×16 (height)cm in a room maintained at 23±
2 °C. Rats were kept in a 12:12 h light/dark cycle (lights on at 07:00)
andwere allowed free access to food andwater. Each animal was used
only in one experimental procedure. The experimental procedure
started on adolescence (P28). All experiments were performed during
the light phase between 8:00 a.m. and 5:00 p.m. Each experimental
group consisted of 7–8 animals.

The experimental protocol was approved by the Ethical Committee
for use of Human or Animal Subjects of the School of Pharmaceutical
Science-UNESP (CEP-13/2004) and the experiments were conducted
according to ethics principles of the Brazilian College of Animals'
Experimentation-(COBEA), based on NIH Guidelines for the Care and
Use of Laboratory Animals.

2.2. Drug

D,L-Amphetamine (Sigma, St. Louis, MO, USA).

2.3. Reinstatement of amphetamine-induced CPP

The testing apparatus for the conditioned place preferenceparadigm
consisted of Plexiglas boxes with two compartments of equal
size (30.0 cm length×21.0 cm width×30.0 cm height) separated by
removable guillotine doors from a small central gray area (15.0 cm
length×30.0 cmwidth×30.0 cm height). One compartment had white
walls and a thin parallel grid floor and the other had black and white
stripes on the walls and a grid with small holes on the floor. The central
gray area constituted a “neutral” chamber. The testing boxes were kept
in a soundproof room with dim 40 −l× illumination.

The CPP-reinstatement procedure consisted of the following phases:
pre-conditioning, conditioning, post-conditioning, extinction and rein-
statement. It was used an unbiased place conditioning paradigm similar
tomethod that describedbyMueller and Stewart (2000). The procedure
started on adolescence (P28) and the CPP-reinstatement test was
performed in the end of adolescence (P42) or during adulthood (P71).
These ages were selected according to Spear (2000).

2.3.1. Pre-conditioning (PRE-COND)
During this phase each rat was placed in the neutral compartment

with the guillotine doors removed to allow access to the entire
apparatus for 15 min for 3 days. On day 3, rats were placed in the
apparatus and videotaped for 15 min and the time spent in each
compartment was recorded and analyzed. Approximately 20% of the
animals displayed strong unconditioned aversion (b15% of session
time) or preference (N85%) for one of the compartments and were
excluded from the study.

2.3.2. Conditioning
Animals were randomly paired to drug or saline administration.

Conditioning was performed using a protocol consisting of 8 alternate
injections of 5.0 mg/kg i.p. of amphetamine or saline (2/day) over 4
consecutive days. (i.e. saline in the first session and amphetamine in the
second). Injections were administrated immediately before confine-
ment in one of the two large compartments for 30 min before returning
to the home cage. In each group half of the animals injected with
amphetamine were confined to the preferred compartment and the
other half were confined to the initially non-preferred compartment.
Conditioning sessions were conducted twice a day with an interval of
4 h. The control group received saline everyday in both compartments.
The neutral chamber was never used during conditioning and was
blocked by guillotine doors.

2.3.3. Conditioning test (COND)
The test was conducted 24 h after the last conditioning session.

Each rat was placed in the neutral compartment with the guillotine
doors removed to allow access to the entire apparatus. The time spent
in each compartment was recorded for 15 min as described for the
pre-conditioning phase. Amphetamine or saline was not injected
before tests.

2.3.4. Extinction (EXT)
Beginning the day after the test for CPP, rats underwent 12

sessions (6-day cycles of 2 sessions in each day) of extinction training
that consisted of exposure to the saline- and amphetamine-paired
compartment immediately after a saline injection (i.e. six exposures
to each compartment). Twenty-four hours after the last extinction
session the extinction test was carried out recording the time spent in
each compartment as described in the pre-conditioning phase.

2.3.5. Reinstatement (REINST)
One (P42) or 30 (P71) days after the last extinction session, stress-

induced reinstatement of amphetamine CPP was evaluated. Rats
were exposed to restraint stress during 30 min to this end they were
removed from their home cage andwere restrained for 30 min in plastic
cylinders [20.0 cm (length)×5.5 cm (internal diameter) for adult rats;
17.0 cm (length)×4.5 cm (internal diameter) for adolescent rats] in a
separated room then immediately tested for reinstatement of CPP.
During this reinstatement test each rat was placed in the neutral
compartment with the guillotine doors removed to allow access to the
entire apparatus for 15 min, the time spent in each compartment was
measured as described above.



Fig. 1. Reinstatement of amphetamine-conditioned place preference in rats caused by
exposure to 30-min restraint stress 1 (A) or 30 days (B) after the extinction test in
saline (SAL) and amphetamine (AMPH) groups. Bars represent means±SEM of CPP
score (N=7–8 animals per group). *pb0.05, compared to PRE-COND; #pb0.05
compared to EXT.
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2.4. Tissue preparation and Western blot analyses

Immediately after the behavioral analysis, the animals were
decapitated and their brains were removed and sectioned coronally in
slices of 1.5 mmusing a brainmatrix (Insight, Ribeirão Preto, SP, Brazil).
The appropriate brain slice containing shell and core of the nucleus
accumbens (approximately from+1.0 to+2.5 mm relative to bregma,
Paxinos and Watson, 2005) was placed in an ice-cooled plate and
bilateral brain areas were dissected using a 14-gauge tissue punch and
stored at−80 °C untilWestern blot analysis. Tissues sampleswere then
sonicated in 250 mM Tris–HCl, 1% SDS, 5 μg/ml Leupeptin; 5 μg/ml
Pepstatin-A; 1 mMPMSF and 10 mMEDTA; pH 8. The homogenate was
used for the western blotting analysis. Protein content determination
was made using the method of Lowry (Bio-Rad Laboratories). Samples
of 30 µg of protein were subjected to SDS-polyacrylamide gel
electrophoresis and transferred onto polyvinylidene fluoride (PVDF)
membrane for immunoblotting. PVDF membranes were blocked with
5% nonfat dry milk and 0.1% Tween 20 in Tris buffer (TTBS, pH 7.5) for
1 h at room temperature. The blots were incubated with TH antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4 °C in
TTBS (1:6000). Next, the blots were washed and incubated for 1 h with
horseradish peroxidase-conjugated IgG (1:2000; Amersham). Protein
bands were visualized on a Kodak Biomax Light film with enhanced
chemiluminescence procedure (ECL-Amersham). Equal protein loading
was confirmed by stripping the blots and re-probing them with a
monoclonal actin antibody (1:500, Santa Cruz Biotechnology), followed
by incubation with secondary antibody and visualization as described
above. The filmswere scanned in transparencemode and the volume of
the bands was quantified using Image-Master® software (Amersham
Pharmacia Biotech) with subtraction of background.

Each gel was loaded with at least three samples of both groups
(saline or amphetamine) and the data were normalized as percentage
of the saline values in the same blot. All assays were conduct under
conditions in which densitometric signal intensity was linear with
protein concentration as determined by preliminary experiments.

2.5. Statistical analysis

The behavioral data are expressed as means±SEM of CPP score.
The conditioned score is expressed by the ratio between the time
spent in the drug-paired and the time spent in both compartments
(drug and saline paired), (i.e. total time minus time spent in the
neutral chamber) multiplied by 100. Levene tests for homogeneity of
variance were performed to the behavioral and protein levels data.
Levene did not show statistically significant differences, indicating the
homogeneity of variance. Thus the reinstatement of CPP was analyzed
by two-way ANOVA for repeated-measured [treatment factor (saline
and amphetamine) versus phases (PRE-COND, COND, EXT and
REINST)]. The phase was used as repeated-measured. When a
significant (pb0.05) main effect was observed F-tests for contrast
analysis were applied. TheWestern blotting data were analyzed using
Student's t-tests between amphetamine and saline groups.

3. Results

3.1. Reinstatement of amphetamine-induced CPP

At adolescence (P42) (1 day after extinction) two-way ANOVA for
repeated measures did not reveal significant differences for treatment
factor [F(1,14)=0.25; pN0.05]. However, it showed significant differ-
ences for phase factor [F(3,42)=5.19; pb0.05]. This analysis also
detected the interaction between factors [F(3,42)=3.49; pb0.05]
(Fig. 1A).

Further analysis (F-test) revealed an increase in the time spent
in amphetamine-paired compartment in the COND when compared to
PRE-COND [F(1,14)=15.57; pb0.01], indicating that amphetamine-
induced CPP. In addition, no difference was observed comparing
PRE-COND with EXT phases [F(1,14)=1.26; pN0.05], indicating the
extinction of CPP. Significant differences in the time spent in
amphetamine-paired compartment were detected comparing REINST
to PRE-COND [F(1,14)=9.96; pb0.01]. In addition, time spent inREINST
was significantly higher than EXT [F(1,14)=4.22; pb0.05], indicating
the reinstatement of CPP.

At early adulthood (P71; 30 days after EXT) two-way ANOVA for
repeated-measured did not revealed differences for treatment factor
[F(1,16)=0.15; pN0.05]. However, it detected significant differences
for phase factor [F(3,48)=3.62; pb0.05]. No significant interaction
between factors was observed [F(3,48)=1.04; pb0.38] (Fig. 1B).

Further analysis (F-test) revealed an increase in the time spent in
drug-paired compartment in the CONDwhen compared to PRE-COND
[F(1,16)=17.76; pb0.001], indicating that amphetamine-induced
CPP. In addition, no difference was observed comparing PRE-COND
with EXT phases [F(1,16)=0.45; pN0.05], indicating the extinction of
CPP. No differences in the time spent in amphetamine-paired
compartment were detected comparing REINST to PRE-COND phase
[F(1,16)=0.08; pN0.05], indicating that exposure to restraint stress
failed in reinstating CPP 30 days after extinction. In all experiments,
no significant differences were observed in the time spent for saline
group across phases.
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No differences were observed neither in locomotor activity nor
freezing behavior between adolescent and adult rats following stress
exposure.

In summary, our results showed that exposure to restraint stress
was able to reinstate CPP 1, but not 30, days after extinction in rats the
developed amphetamine CPP during adolescence.

No differences on time spent in the “neutral” compartment during
any of the phases were observed between treatments.

3.2. Alterations in TH in the nucleus accumbens

When the reinstatement test was performed 1 day (P42) after the
extinction test t-test revealed a significant decrease in expression of
TH in amphetamine-conditioned animals compared to saline condi-
tioned animals [t(1,12)=2.97; p=0.01]. However, when the rein-
statement test was performed 30 days (P71) after the extinction test
no significant changes were observed in expression of this enzyme in
amphetamine-conditioned animals compared to saline conditioned
animals [t(1,12)=0.46; p=0.65] (Fig. 2).

4. Discussion

Our results showed that amphetamine-induced CPP during
adolescence can be reinstated by the exposure to stress 1 day (P42,
end of adolescence) but not 30 days after extinction (P71, adulthood).
Moreover the reinstatement of AMPH-induced CPP by stress exposure
occurred in the presence of decreased TH in the nucleus accumbens.

Adolescent rats developed a clear-cut amphetamine-induced CPP.
This finding agrees with previous studies from our laboratory (Cruz
et al., 2008) and also corroborates findings reported by Adriani and
Laviola (2003).
Fig. 2. On the top: Representative immunoblots of tyrosine hydroxylase (TH) in the
nucleus accumbens obtained immediately following the reinstatement test in saline
(SAL) and amphetamine (AMPH) groups. On the bottom: Protein levels of tyrosine
hydroxylase in the NAc obtained immediately following the reinstatement test that was
carried-out 1 and 30 days after the extinction test in saline (SAL) and amphetamine
(AMPH) groups. Data represent the mean±SEM of percentage change respective to
saline values of saline-treated rats for each immunoblot. (N=7–8 animals per group).
*pb0.05, compared to SAL group.
Exposure to stressful events is considered one of the major factors
responsible for drug relapse (Sinha et al., 1999, 2006). Our results
showed that acute exposure to restraint stress reinstated amphet-
amine-induced CPP when tests were performed during adolescence
(1 day following extinction), but not when animals were tested
30 days after extinction (i.e., on P71). There are some studies showing
that exposure to acute stress reinstates psychostimulant-induced CPP
in adult rats and mice when both acquisition of CPP and exposure to
stress occurred in adulthood (Lu et al., 2002; Ribeiro do Couto et al.,
2006). This is the first study to demonstrate the effect of stress on
psychostimulant reinstatement during adolescence.

The lack of the reinstatement in adulthood could be related to the
fact that the period of 30 days after extinction is quite long to induce
CPP reinstatement. However, previously data from our laboratory
show that amphetamine priming injection was capable to induce CPP
reinstatement following 30 days after extinction in rats that acquired
the CPP in adolescence (Cruz et al., 2008). In adult rats it has been
shown that a similar exposure to stress reinstated nicotine-CPP
15 days after the extinction (Leão et al., 2009). Moreover, studies have
demonstrated that stress exposure is able to reinstate psychostimu-
lant and heroin self-administration and CPP even after long periods of
withdraw (Shaham and Stewart, 1995). For instance, it has been
observed in adult rats, that morphine and cocaine-induced CPP was
reinstated by the exposure to footshock stress 37 days after CPP
extinction (Lu et al., 2000, 2001; Wang et al., 2000). Then, we can
hypothesize that the absence of reinstatement in adulthood could be
related to the fact that drug-induced neuroadaptations in adolescence
did not persist in the transition to adulthood. In fact, it has been
observed that repeated cocaine treatment during adolescence of rats
promoted increase in GluR1 subunit of a glutamate receptor at the
prefrontal cortex that was not observed when they become adults
(P60) (Marin et al., 2008).

Although a 30 min restraint stress is able to fully activate the HPA
axis in adolescent and adult rats (Doremus-Fitzwater et al., 2009;
Gray et al., 2010), it may be considered that the time of restraint
(30 min) which is able to induce reinstatement in adolescent perhaps
is different to that effective in the adulthood. Some studies have
shown that the CPP acquired and extinguished during adolescence
can be reinstated in the adulthood by a priming injection of the drug
(Balda et al., 2006; Cruz et al., 2008). Thus, drug exposure appears to
be a stronger cue to promote relapse to drug-seeking than stress in
adult rats that had early experience with the drug. Adolescent take
longer than adult rats to extinguish cocaine-induced CPP and they
exhibit a stronger reinstatement upon priming, suggesting that the
cocaine cuemay have greater salience during adolescence (Brenhouse
and Andersen, 2008).

The lack of the reinstatement in adulthood could also be related to
kind of stress. Studies have demonstrated that some kind of stress
cannot be able to reinstatement a conditioned behavior for a specific
drug (Ribeiro do Couto et al., 2006). For example, it has been
demonstrated that acute food deprivation, but neither restraint nor
footshock stress reinstated heroin-seeking in rats (Shalev et al., 2000).

We investigated also whether differences in TH levels in the
nucleus accumbens could be related to stress-induced reinstatement
of amphetamine CPP. Our results showed that TH protein levels were
reduced in amphetamine-treated animals compared to saline 1 day
after CPP extinction, i.e., in adolescent rats. However no change in TH
levels was observed in the animals following 30 days of CPP
extinction. The time course of these protein alterations were similar
to the behavioral data, in which CPP reinstatement was demonstrated
following 1 but not 30 days after extinction. These results suggest that
changes in TH in the nucleus accumbens may at least partially, be
related to the reinstatement of amphetamine-induced CPP by the
exposure to acute stress. However these changes on TH levels in the
nucleus accumbens in our study may be related to development of
rats. There are evidence showing that TH expression varies during
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ontogeny. For example, it was demonstrated that tyrosine hydroxylase
immunoreactivity in control rats (without any kind of treatment) is
higher on P90 compared to P30, P40 and P50 (Mathews et al., 2009).
Then, in our experiment, the absence of amphetamine-induced changes
on P71 might be related to the animal development.

The alteration in THwas observed in adolescent rats that reinstated
amphetamine - induced CPP, these results add relevant findings on the
ontogeny of amphetamine effects. However, lack of data on adolescent
rats makes it difficult to further discuss these data.

Changes in TH levels seem to be also dependent on the time interval
after drug repeated administration. It has been shown that repeated
cocaine administration decreased TH immunoreactivity in the nucleus
accumbens core 2 days after withdrawal, but increased TH immuno-
reactivity in the nucleus accumbens shell 14 days followingwithdrawal
(Todtenkopf et al., 2000). Moreover, Schmidt et al. (2001) found
decreased TH levels in the accumbens following 7 days ofwithdrawal of
repeated cocaine self-administration. This decrease in TH levels
returned to basal levels within 15 days of withdrawal. Alternatively,
the different results may be due to differences in the accumbens'
dissection, drug administration method, treatment duration and age
of rats that the drug was administrated.

Experiments on adult have shown that increased dopamine
transmission in the nucleus accumbens has a critical role in the
reinstatement of drug seekingbehavior by a priming injection. (Khroyan
et al., 2000; Schmidt et al., 2006). However the role of dopamine on
stress-induced reinstatement of drug seeking is not clear yet. Some
evidences show that the administration of a mixed dopamine receptor
antagonist, flupenthixol, attenuated relapse induced by footshock
(Shaham and Stewart, 1996).On the other hand, selective D1- or D2-
like receptor antagonists (SCH 23390 or raclopride) have no effect on
footshock-induced reinstatement. Moreover it was demonstrated that
heroin priming induces a greater release of DA in the nucleus accumbens
than footshock under the conditions of the reinstatement (Shaham and
Stewart, 1996). Thus these authors have suggested that dopaminergic
systems play only an indirect role in this effect.

Conversely, we found that TH, a rate-limiting enzyme to dopamine
synthesis, TH protein levels were reduced in amphetamine-treated
animals compared to salineonlywhen amphetamine CPPwas reinstated
by exposure to stress (i.e. 1 day after CPP extinction). Thus we could
suppose that the levels of dopamine would also be reduced in these
animals. Howeverwe only evaluated total levels of TH but not its activity
(i.e. its activity is regulated by its phosphorylation state.

Another hypothesis is that the alteration observed in TH levels in
our results could be related to extinction of CPP. In fact, extinction of
conditioned behavior has been related to decreased of nucleus
accumbens levels of TH, since animals that did not show reduced
levels of TH did not display extinction (Schmidt et al., 2001).

In conclusion, our data add new evidence that neuroadaptations on
TH can be related to relapse to drug seeking induced by stress within
adolescence. These results also show the relevance of considering
stress as a factor in strategies for drug abuse intervention in particular
during the adolescence.
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