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Abstract—Adolescents display increased vulnerability to

engage in drug experimentation. This is often considered a

risk factor for later drug abuse. In this scenario, the perma-

nent effects of cocaine exposure during adolescence on anx-

iety levels and stress responsivity, which may result in

behavioral phenotypes prone to addiction, are now starting

to be unveiled. Thus, the purpose of the present study was

to evaluate the long-lasting effects of chronic cocaine admin-

istration during adolescence, on anxiety-like behavior and

on stress response. Adolescent male Wistar rats were daily

administered 45-mg cocaine/kg of body weight in three equal

intraperitoneal doses with 1-h interval, from postnatal day 35

to 50. The effects of cocaine administration on anxiety levels,

assessed in the Elevated Plus Maze (EPM), and on social

stress response, assessed in the resident–intruder paradigm

(R/I), were evaluated 10 days after withdrawal, when rats

were reaching the adulthood. The underlying dopaminergic

activity, and the corticosterone and testosterone levels were

determined. Our results showed that cocaine induced long-

lasting alterations in the hypothalamus–pituitary–adrenals
Abbreviations: ANOVA, analysis of variance; DA, dopamine; DAT,
dopamine transporter; DOPAC, 3,4-dihydroxyphenylacetic acid; EDTA,
ethylenediaminetetraacetic acid; EPM, Elevated Plus Maze; GAPDH,
glyceraldahyde-3-phosphate-dehydrogenase; HPA, hypothalamus–
pituitary–adrenals; HVA, homovanillic acid/4-hydroxy-3-
methoxyphenylacetic acid; Nac, nucleus accumbens; PND, postnatal
day; qRT-PCR, quantitative real-time polymerase chain reaction; R/I,
Resident– intruder paradigm; TH, tyrosine hydroxylase; VTA/SN,
ventral mesencephalon (comprising the ventral tegmental area and
substantia nigra).
(HPA) axis function and in testosterone levels. Such altera-
tions resulted in significant and enduring changes in behav-
ioral responses to environmental challenges, such as the 
EPM and R/I, including the evaluation of potential threats 
that may lead to high-risk behavior and low-benefit choices. 
This was further supported by an altered dopaminergic func-
tion in the amygdala and hippocampus. The present findings 
provide new insights into how the use of cocaine during ado-
lescent development may modulate emotional behavior later 
in life. Compromised ability to recognize and deal with 
potential threats is an important risk factor to perpetuate 
compulsive drug seeking and relapse susceptibility. 

Key words: adolescence, anxiety, cocaine, corticosterone,

dopaminergic system, social stress.
INTRODUCTION

The complex and everlasting features of addiction

determine its chronic nature, where the risk of relapse is

present even after long withdrawal periods. In drug

addiction, several risk factors were identified as

promoters of relapse during withdrawal periods, and

among these, high anxiety levels and stress are

commonly reported (Shaham et al., 2000; Brown et al.,

2012; Buffalari et al., 2012). As relapse is prevalent in

recovery periods, a better understanding of the involved

risk factors will promote the development of more effec-

tive treatment strategies in drug addiction.

The psychostimulant effects of cocaine are mainly due

to its action on the mesocorticolimbic monoaminergic

system (Ungless et al., 2001; Nogueira et al., 2006; Gu

et al., 2010; Zhang et al., 2012), a neural pathway

involved in the processing of affective information and

emotional regulation (Kelley and Berridge, 2002). Expo-

sure to cocaine induces a neuroadaptational process that

will lead to altered emotional behavior (Young et al.,

2011), such as increased anxiety levels and impaired

stress responsivity. In cocaine abusers, high levels of

anxiety were reported after cessation of cocaine use

(Gawin and Kleber, 1986; Satel et al., 1991; Coffey

et al., 2000). In animal studies, elevated anxiety levels

were shown in withdrawal periods, either in initial stages

(Harris and Aston-Jones, 1993; Sarnyai et al., 1995) or

after long periods (Sobrian et al., 2003; Salas-Ramirez

et al., 2010). Importantly, treatments that target the anxi-
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ety symptoms effectively reduced the risk of cocaine rein-

statement (Buffalari et al., 2012), which supports the rele-

vance of anxiety in the etiology of cocaine addiction.

In humans, there is also evidence supporting a link

between stress exposure and addiction (Zaslav, 1994;

Jacobsen et al., 2001; Mahoney et al., 2012). In rats, prior

exposure to stressful stimuli was shown to result in facili-

tated acquisition (Piazza et al., 1990; Haney et al., 1995;

Goeders and Guerin, 1996), maintenance (Miczek and

Mutschler, 1996), and reinstatement of cocaine-seeking

(Erb et al., 1998; Brown et al., 2012). Cocaine exposure

was also shown to modify the stress response (Chaplin

et al., 2010; Sithisarn et al., 2011). In agreement, absti-

nent cocaine-dependent individuals showed enhanced

responsivity to stress (Fox et al., 2008). In adult rodents,

cocaine-exposure also led to increased stress reactivity

(Aujla et al., 2008), as evidenced by enhanced corticoste-

rone response to both the forced swim and restraint

stress test during the withdrawal period (Mantsch et al.,

2007; Cleck et al., 2008).

Early drug use in the adolescence or young adulthood

has been reported as a predictor of later drug abuse

(Anthony and Petronis, 1995; Chen et al., 2009). In the

adolescent, the undergoing psychophysiological changes

(Spear, 2000; Giedd et al., 2009), may lead to increased

susceptibility to the consequences of drugs of abuse

(Spear, 2000; Andersen, 2003). The adolescent neurode-

velopment is characterized by a period of profound struc-

tural maturation of the forebrain, associated to increased

influence of the motivational drives for novel experiences,

in a background of immature inhibitory control due to

hypofunctionality of the medial prefrontal cortex

(Chambers et al., 2003; Casey and Jones, 2010). This

may predispose the adolescent to greater impulsivity

and risk-taking, and increase the probability of drug

experimentation (Spear, 2000; Chambers et al., 2003;

Kuhn et al., 2013). Earlier behavioral studies using loco-

motor sensitization, conditioned place preference and

self-administration paradigms, indicated that adolescents

are more vulnerable to the detrimental effects, as well as

to the rewarding and reinforcing properties, of addictive

drugs (see reviews by Tirelli et al., 2003; Leslie et al.,

2004; Barron et al., 2005). Increased vulnerability to

cocaine reward during adolescence was recently further

supported in an electrophysiological study by Wong

et al. (2013), where reward unbalance in this stage is

associated with heightened activity of the dopaminergic

neurons.

A current major issue yet not fully addressed, is

whether the action of addictive drugs in the adolescent

developing brain will lead to enduring changes that may

compromise adult behavior, increasing vulnerability to

addiction (Kuhn et al., 2013). Recent imagiology studies

in mice have shown that cocaine induces morphological

changes in brain regions implicated in addiction that are

more pronounced when exposure occurs in adolescence

(Wheeler et al., 2013). The same study has also shown

that cocaine-exposure in the adolescent led to increased

locomotor sensitization in the adulthood (Wheeler et al.,

2013), suggesting that cocaine-induced neuromorpholog-

ical changes lead to persistent drug-related behaviors.
Another recent study, reported a functional impairment

of the prefrontal GABAergic network as a consequence

of cocaine-exposure in the adolescence, resulting in a

lasting disinhibition of the medial prefrontal cortex (Cass

et al., 2013). Compromised medial prefrontal cortex func-

tion predicts the development of impulsive behavior and

impaired decision-making, which are behavioral traits

associated with increased susceptibility for substance

abuse (Cass et al., 2013; Kuhn et al., 2013).

Thepresent studyaims toprovidenew insights into how

the use of cocaine during adolescence may persistently

affect stress response and anxiety and modulate

behavioral responses later on. Altered response to

environmental challenges representing potential threats,

may lead to impaired risk-taking behavior and perpetuate

compulsive drug seeking and relapse susceptibility.

Therefore, in the present work, we used a rat model of

chronic cocaine administration throughout adolescence

to evaluate anxiety-like behavior and social stress

responsivity in the Elevated Plus Maze (EPM) or the

resident–intruder paradigm (R/I). The underlying

corticosterone response and the testosterone levels were

evaluated. The dopaminergic function in relevant brain

regions was also assessed. All evaluations were

conducted 10 days after the end of the administration

period, when rats were reaching the adulthood.
EXPERIMENTAL PROCEDURES

Animal model

A total of 68 males born from primiparous three-month-old

Wistar female rats acquired from Charles River

Laboratories España S.A. (Barcelona, Spain) were used

in this study. Animals were kept under stable conditions

(20–22 �C, 60% humidity and 12-h light/dark cycle), with

water and appropriate food supplied ad libitum.

Cylindrical plastic tubes and soft paper for nest

construction were made available to reduce stress. All

procedures used were approved by local ethics

committee and by the Portuguese Agency for Animal

Welfare, general board of Veterinary Medicine, in

compliance with the European Community Council

Directive of September 22, 2010 (2010/63/UE). All

procedures involving animals were conducted by

FELASA C graded researchers, and all efforts were

made to minimize the number of animals used and their

suffering. Rats were randomly assigned to different

experimental groups and treated following a binge

pattern administration of cocaine from postnatal day

(PND) 35 to PND 50. This administration period was

selected to match the onset of mid-adolescence and

extend into the late-adolescence period, during which

intense reorganization of the mesocorticolimbic

dopamine system is occurring (Andersen, 2003;

Varlinskaya and Spear, 2008). These animals received

three daily administrations of 15-mg cocaine/kg of body

weight, administrated in a volume of 1 mL/kg and injected

intraperitoneally every hour between 9:00 and 11:00 a.m.

This dosing schedule was selected to mimic a frequent

pattern of cocaine self-administration in humans

(Quinones-Jenab et al., 2000). Moreover, the daily dose
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of 3 � 15 mg/kg of cocaine was previously demonstrated

to induce neurobiological and behavioral alterations in

rats (Tsukada et al., 1996; Sarnyai et al., 1998;

Schlussman et al., 2002; Zhou et al., 2005), and condi-

tioned place preference in C57BL/6J mice (Zhang et al.,

2002). Control animals received equal doses of NaCl

vehicle (0.9% w/v) following the same protocol of admin-

istration. Cocaine hydrochloride was supplied by Sigma

(St. Louis, MO, USA). The assessment of cocaine effects

was performed 10 days after withdrawal, a time-point that

matches the beginning of adulthood (Andersen, 2003).

Furthermore, persistent effects of exposure to drugs of

abuse are often reported after a 10-day withdrawal period

(Zhou et al., 1996; Sarnyai et al., 1998; Kimmel et al.,

2003).
EPM

Anxiety-like behavior was evaluated in the EPM, a well

validated model, which exploits the conflict between the

innate tendency of the rat to explore novel areas and its

aversion for heights and open spaces (Rodgers and

Cole, 1994). Ten days after withdrawal both cocaine-

and saline-treated rats (n= 7/8 per group) were submit-

ted to the EPM. The EPM apparatus consisted of four

46-cm-long and 14-cm-wide arms, two of them open and

the other two with 22-cm–high walls. The maze was

mounted 74 cm above the floor under fluorescent light

(300-Lux). Rats were placed individually on the central

portion of the EPM apparatus, facing an open arm, and

allowed to explore it for 5 min. The test was recorded using

a video camera placed 1 m above the apparatus. Video-

tapes were analyzed using the Noldus Observer software

(Observer 5; Noldus Information Technology, Wagenin-

gen, Netherlands). Spatiotemporal and behavioral param-

eters were recorded. Spatiotemporal measures comprised

the frequencies of total, open arm, closed arm and central

platform entries, the percentage of open arm entries

(open/total � 100) and the time spent in the open, closed

and central parts of the maze. Behavioral measures com-

prised: (1) frequency and duration scores for rearing (ver-

tical movements, animal sustained in posterior paws and

with anterior paws against or not to the walls); (2) head dip-

ping (exploratory movement of head and shoulders over

the edge of the maze); (3) and grooming (licking the paws,

washing movements over the head, fur licking, tail and

genitals). Behavioral analysis was performed by a trained

observer under blinded conditions.
R/I

Ten days after the end of the exposure protocol, cocaine-

and saline-treated rats (eight per group) were submitted

to the R/I as described by Miczek (1979), to evaluate

the response to social stress. The test was conducted

during the dark phase of the light cycle, with the experi-

mental animal always being the resident and the intruder

an unfamiliar, non-experimental age-matched male rat, of

similar weight. The resident rat, in its home cage, was

allowed to habituate to the test room for 40 min before

the unfamiliar intruder was presented. Interaction

between subjects was videotaped for 10 min, with red
light illumination in the recording area. Sessions were

analyzed using the Noldus Observer software (Observer

5 Noldus Information Technology, Wageningen, Nether-

lands). Frequency and latency data were collected for

the following behavioral categories: (1) offensive behav-

iors, including attacking, biting, pinning, wrestling, chasing

and aggressive grooming; (2) defensive behaviors,

including flight, contact avoidance and submissive-supine

posture; and (3) social investigation behaviors, including

sniffing, anogenital sniffing and approach behavior. These

behaviors were defined as: attack – the resident lunges at

the partner with its forepaws extended outward;

pinning – resident places intruder in a supine position;

wrestling – the two animals roll and tumble with one

another; chasing – the experimental animal rapidly pur-

sues the intruder; aggressive grooming – vigorous groom-

ing of the immobile partner using the teeth and the

forepaws; flight– the experimental animal was pursued

by the intruder; supine posture – the intruder stands over

the exposed ventral area of the resident animal, pressing

it against the floor; contact avoidance – resident moved

away from the intruder; anogenital sniffing – the resident

sniffs the intruder’s anogenital region; approach behavior

– the resident moves toward the intruder. Behavioral anal-

ysis was performed by a trained observer under blinded

conditions.

Neurochemical determinations

Levels of dopamine (DA) and its metabolites, 3,4-

dihydroxyphenylacetic acid (DOPAC) and homovanillic

acid (HVA) were evaluated after each behavioral test by

high-performance liquid chromatography combined with

electrochemical detection (HPLC/EC, Gilson, Inc.,

Middleton, WI, USA). An analytical column (Supelco

Supelcosil LC-18 3 lM; 7.5 cm � 4.6 mm; flow rate:

0.8–1.0 mL/min; Supelco, Bellefonte, PA, USA), was

used as previously described (Alves et al., 2009). In order

to assess the basal levels both in cocaine- and saline-

treated animals, DA, DOPAC and HVA levels were mea-

sured 10 days after withdrawal in groups of six animals

that did not perform any behavioral test. Rats were killed

by decapitation and brains were rapidly removed and dis-

sected on ice following orientation marks provided by

Paxinos and Watson (1998). The following regions were

collected: nucleus accumbens (Nac), dorsal striatum, hip-

pocampus, amygdala and ventral mesencephalon (com-

prising the ventral tegmental area and substantia nigra,

VTA/SN). Tissue samples were frozen by immersion in

4-methylbutane cooled over dry ice and stored at

�70 �C until used. Concentrations of neurotransmitters

were calculated using standard curves. Standards were

purchased from Sigma (St. Louis, MO, USA). Final results

were expressed as monoamine content per amount of

protein. Protein content was determined by the Bio-Rad

protein assay (Munchen, Germany).
Quantitative real-time polymerase chain reaction
(qRT-PCR)

Ten days after the end of the exposure protocol, the

expression levels of mRNA transcripts for tyrosine
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hydroxylase (TH) weremeasured in the VTA/SN and for DA

transporter (DAT) were measured in the VTA/SN, Nac,

dorsal striatum, hippocampus and amygdala by qRT-PCR,

both in cocaine- and saline-treated animals (six animals

per group). Rats were killed by decapitation and the brain

areas were dissected as described above. Total RNA was

isolated using the RNeasy� Lipid Tissue Mini kit (Qiagen,

Austin, TX, USA) according to the manufacturer’s

specifications. RNA purity was estimated from the ratio of

absorbance readings at 260 and 280 nm and only a ratio

between 1.8 and 2 was accepted. RNA quality was

confirmed in an agarose gel and RNA concentration was

determined in a NanoDrop spectrophotometer

(NanoDrop� 1000 Spectrophotometer, Thermo Fisher

Scientific, Wilmington, DE, USA). One microgram of RNA

was then reverse transcribed, using the SuperScript�

First-Strand Synthesis System for RT-PCR (Invitrogen,

Carlsbad, CA, USA), using oligo(dt) primers and following

the instructions of the manufacturer. The reference gene,

glyceraldahyde-3-phosphate-dehydrogenase (GAPDH)

was used as internal standard for normalization. The qRT-

PCR reactions, using equal amounts of total RNA from

each sample, were performed on the iQ5 Multicolor Real-

time PCR Detection System from Bio-Rad (Hercules, CA,

USA), using the iQ� SYBR� Green Supermix (Bio-Rad

Laboratories, Hercules, CA, USA), as follows: one cycle of

95 �C for 15 min followed by 40 cycles of 95 �C for 30 s

and 52–65 �C for 1 min (according to the primer annealing

temperature), ending with a melting curve analysis to

control for the amplification of a single gene product.

Product fluorescence was detected at the end of the

elongation cycle. Primer design was performed using the

software Beacon Designer (Premier Biosoft International,

Palo Alto, CA, USA). The primers used were as follows:

TH sense primer: 50-ggc ttc tct gac cag gtg tat c-30; TH

antisense primer: 50-caa tct ctt ccg ctg tgt att cc-30; DAT

sense primer: 50-gtc att gtt ctg ctc tac ttc-30; DAT antisense

primer: 50-gtc cac act gag gta tgc-30; GAPDH sense

primer: 50-ttc aac ggc aca gtc aag g-30; GAPDH antisense

primer: 50-ctc agc acc agc atc acc-3’. mRNA quantification

was performed by comparative threshold cycle

quantification (DCt method) using GAPDH as a reference

gene.

Western blot analysis

Ten days after the end of the exposure protocol, the

protein levels of TH were measured in the VTA/SN

(n= 7/6 per group). Rats were killed by decapitation,

the VTA/SN was dissected as described above and

homogenized in lysis buffer (50 mM Tris/HCl, 150 mM

NaCl, 2 mM EDTA, 1% Triton-100, 0.5% NP-40 and

1:500 Protease Inhibitor Cocktail (Sigma St. Louis, MO,

USA)). The homogenate was incubated on ice during

1 h and was then centrifuged at 16,000g for 10 min at

4 �C. Twenty-five micrograms of protein supernatant

was subjected to sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS–PAGE) and transferred to a

polyvinylidene fluoride membrane (0.2 lm; Bio-Rad).

Rabbit anti-TH antibody (1:1000, Millipore, Billerica, MA,

USA), mouse anti-GAPDH antibody (1:30,000; HyTest,

Turku, Finland), horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG (1:10,000, Sigma, St.

Louis, MO, USA) and goat anti-mouse IgG antibodies

(1:10,000, Thermo Scientific, USA) were used.

Immunoreactive proteins were revealed using enhanced

chemiluminescence method (Amersham, ECL Prime

Western Blotting Detection Reagent, GE Healthcare,

UK). Blots were analyzed with Quantity One 1-D

Analysis Software, version 4.6 (Bio-Rad).

Quantification of corticosterone and testosterone
plasma levels

Corticosterone levels were measured after the EPM or R/I

tests. Additionally, to assess the basal levels both in

cocaine- and saline-treated rats, corticosterone and

testosterone plasma levels were also measured 10 days

after treatment, in animals that did not perform any

behavioral test. Animals were killed by decapitation and

trunk blood was collected into lithium heparin covered

tubes and centrifuged at 1600g for 15 min to obtain the

plasma fraction. The plasma was kept at �70 �C until

hormonal assays. Hormonal levels were measured by

enzyme immunoassay, using commercially available kits

for corticosterone (Immunodiagnostic Systems Ltd,

Boldon, UK) and for testosterone (Cayman Chemical

Company, Ann Arbor, MI, USA). Gonadal index was

considered as the weight of the gonads as a percent of

the total body weight.

Statistic analyses

Weight evolution was analyzed using an analysis of

variance (ANOVA) with repeated measures. Student’s t-
test was used to compare behavioral data, testosterone

levels, gonadal weight, as well as TH protein and mRNA

expression levels and DAT mRNA expression levels

between cocaine- and saline-treated animals. A two-way

ANOVA (behavior test � treatment) was used to

compare corticosterone levels between groups and post

hoc comparisons were performed using Tukey’s test.

For the neurochemical data, since variables did not

pass the homogeneity of variance test and did not follow

a normal distribution, the analysis was performed using

the non-parametric Kruskal–Wallis test followed by the

Mann–Whitney U Test to assess statistically significant

differences between cocaine- and saline-treated

animals, within each behavioral test group or within the

basal group. Differences were considered at the

significant level of p< 0.05. All data are expressed as

mean ± S.E.M. Statistical analyses were performed

using the software SPSS 14.0 (SPSS INC. Chicago,

Illinois, USA) and GraphPad-Prism, version 6.00 for

Mac Os X (San Diego, CA, USA).

RESULTS

Cocaine exposure did not affect weight gain

As represented in Fig. 1, the ANOVA with repeated

measures performed to evaluate body weight gain

throughout the experimental period, revealed no

differences between cocaine-treated rats and controls.

In addition, no death, seizures or other signs of pain
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and discomfort were observed during the entire

experimental period.
Cocaine exposure altered the response to
environmental challenges (EPM and R/I)

In order to evaluate the impact of cocaine exposure

throughout adolescence on the anxiety-like behavior and

on the ability to cope with social stress, the rats were

submitted to the EPM or to the R/I, 10 days after the

end of the exposure protocol (early adulthood). Cocaine-

treated rats showed a decrease in the time spent on the

central platform of the EPM apparatus, as compared to

controls [t(13) = �2.988; p< 0.05] (Table 1). No

differences were observed in other behavioral

parameters (Table 1).

During the R/I, cocaine-treated rats showed lower

frequency [t(14) = �2.430; p< 0.05] and higher latency

[t(7.493) = 2.346; p< 0.05] of flight behavior (Table 2).

Simultaneously, these animals spent more time

investigating the intruder through anogenital sniffing

[t(14) = 2.474; p< 0.05]. No other behavioral

differences were observed (Table 2).
Cocaine exposure led to altered dopaminergic
transmission in response to environmental
challenges

In order to investigate alterations in the dopaminergic

system subjacent to the behavioral response to the

EPM or to the R/I, the levels of DA and its metabolites

DOPAC and HVA were measured immediately after

each behavioral test, and compared to the basal levels

in rats exposed to the same experimental protocol that

did not perform any behavioral test. Data analysis

revealed that in response to the EPM, cocaine-treated

rats showed lower levels of DOPAC in the amygdala, as

compared to controls (Kruskal–Wallis [H(5) = 12.06,

p< 0.05], Mann–Whitney U test [Z= �3.009 (2-tailed)

p< 0.01]) (Table 3). According to our results, after the

EPM test, the levels of DOPAC were increased in the
Fig. 1. Effects of chronic cocaine administration on body weight gain

during exposure period and withdrawal. Results are reported as

mean ± S.E.M., for n= 7 in control and cocaine-treated animals.

PND, postnatal day.
saline control group when compared to the control rats

that did not perform the test (Mann–Whitney U test

[Z= �3.000 (2-tailed) p< 0.05]). This effect was not

observed in the cocaine-treated rats. The higher levels

of DOPAC observed in the saline-treated rats were

reflected in a higher DOPAC/DA turnover ratio after the

EPM as compared to basal levels (Kruskal–Wallis

[H(5) = 14.40, p< 0.05], Mann–Whitney U test

[Z= �2.143 (2-tailed) p< 0.05]). This may be related

to the fact that the basal levels of DA were lower in

cocaine-treated rats (Kruskal–Wallis [H(5) = 11.24,

p< 0.05], Mann–Whitney U test [Z= �2.562 (2-tailed)

p< 0.05]). In addition, the amygdalar basal levels of

DAT mRNA expression were found to be decreased in

the cocaine-treated rats [t(10) = 2.810; p< 0.05]

(Fig 2A).

In rats that performed the R/I, we observed that the

test itself affected the DA levels in the hippocampus, as

both cocaine-treated and control rats displayed higher

levels of DA after the R/I as compared to the

basal levels (Kruskal–Wallis [H(5) = 30.61, p< 0.01]],

Mann–Whitney U test [Z= �3.098 (2-tailed) p< 0.01]

Mann–Whitney U test [Z= �3.098 (2-tailed) p< 0.01],

respectively) (Table 3). Associated to this, lower

DOPAC/DA turnover ratio was observed in both groups

after the test as compared to basal levels (Kruskal–

Wallis [H(5) = 30.77, p< 0.01], Mann–Whitney U test

[Z= �3.098 (2-tailed) p< 0.01], Mann–Whitney U test

[Z= �3.098 (2-tailed) p< 0.01], respectively).

Importantly, upon the effect of the behavioral test in the

DA levels, the R/I test also led to lower DA levels in

cocaine-treated rats when compared to the control

group (Kruskal–Wallis [H(5) = 30.84, p< 0.01], Mann–

Whitney U test [Z= �2.521 (2-tailed) p< 0.05],

indicating that the R/I–triggered augment in DA levels

was less intense in the cocaine-treated rats. In addition,

the levels of DOPAC were also lower in cocaine-treated

animals as compared to controls (Kruskal–Wallis [H(5)
= 13.07, p< 0.05], Mann–Whitney U test [Z= �2.521
(2-tailed) p< 0.05], respectively). As observed for DA

levels, the DOPAC levels between saline and cocaine-

treated rats after the R/I test, also indicate that in the

cocaine-treated rats the hippocampal dopaminergic

system seems to be less responsive to the test

effect (Kruskal–Wallis [H(5) = 13.07, p< 0.05],

Mann–Whitney U test [Z= �2.32 (2-tailed) p< 0.05].

The effect of cocaine in the basal activity of

dopaminergic mesolimbic and nigrostriatal pathways

was also evaluated. In the dorsal striatum, we observed

only an increase in the HVA levels of the cocaine-

treated group (Kruskal–Wallis [H(5) = 12.45, p< 0.05],

Mann–Whitney [Z= �2.082 (2-tailed) p< 0.05])

(Table 4). However, in VTA/SN, analysis of the

neurochemical data revealed that in this set of rats, the

levels of DOPAC were increased in the cocaine-treated

rats as compared to controls (Kruskal–Wallis [H(5) =
17.30, p< 0.01], Mann–Whitney U test [Z= �2.082 (2-

tailed) p< 0.05]) (Table 4), while the increase in the DA

levels did not reach significance (p= 0.068). We

evaluated also the TH mRNA expression levels in this

region, which were shown to be increased in the

http://dx.doi.org/10.1016/j.neuroscience.2014.07.008
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Table 1. Long-term effects of chronic cocaine administration throughout adolescence on the behavior of rats placed on EPM for 5 min

Saline Cocaine

Latency to enter open arms (s.) 14.92 ± 0.35 14.16 ± 4.59

Time in open arm (s) 99.78 ± 18.38 103.59 ± 37.11

Time in closed arm (s) 151.36 ± 20.36 165.00 ± 35.57

Time in central platform 50.06 ± 3.73 31.43 ± 5.13*

Entries into open arms 6.12 ± 0.67 4.43 ± 0.75

Entries into closed arms 7.38 ± 0.84 6.57 ± 1.51

Number of rearing 16.25 ± 2.10 13.43 ± 2.67

Number of head dipping 5.50 ± 1.40 3.57 ± 1.56

Grooming time (s) 8.01 ± 2.21 10.29 ± 4.36

Q6 Data are expressed as mean ± S.E.M. (from eight animals in the control group and seven animals in the cocaine group). Significant differences between groups were

assessed using Student’s t-test.
* p< 0.05, used for cocaine significant difference from saline control.

Table 2. Long-term effects of chronic cocaine administration throughout adolescence on the behavior of rats during the R/I

Saline Cocaine

Aggressive behavior Attack Frequency 8.87 ± 1.82 6.50 ± 3.29

Latency (s) 76.91 ± 15.70 144.65 ± 66.41

Biting Frequency 2.25 ± 1.45 0.37 ± 0.18

Latency (s) 435.49 ± 76.97 437.12 ± 84.62

Pinning Frequency 6.37 ± 1.81 5.50 ± 2.00

Latency (s) 204.49 ± 51.78 203.59 ± 71.35

Wrestling Duration (s) 82.27 ± 16.37 46.86 ± 12.91

Latency (s) 70.43 ± 12.74 128.04 ± 59.73

Defensive behavior Flight Duration (s) 8.00 ± 1.85 2.75 ± 1.11*

Latency (s) 87.34 ± 16.73 300.06 ± 89.12 *

Supine posture Frequency 10.25 ± 3.00 8.12 ± 2.45

Latency (s) 104.30 ± 32.86 188.82 ± 60.20

Social investigation behavior Anogenital sniffing Duration (s) 3.28 ± 1.98 13.02 ± 3.40*

Latency (s) 313.12 ± 108.51 184.67 ± 90.27

Approach behavior Frequency 74.62 ± 6.38 58.62 ± 6.43

Latency (s) 11.29 ± 4.31 16.73 ± 3.31

Data are expressed as the mean value ± S.E.M. (from eight animals per group). Significant differences between groups were assessed using Student’s t-test.
* p< 0.05, used for cocaine significant difference from saline control.
cocaine-treated rats [t(4.372) = �3.089; p< 0.05]

(Fig. 2B). This increase was further confirmed assessing

TH protein levels, that were also increased in the

 cocaine-treated rats [t(11) = 2.366; p < 0.05] (Fig. 2B).
Cocaine exposure induce long-term sensitization in
the corticosterone response to the EPM

In order to assess the effects of cocaine treatment in the

adrenal response to environmental challenges, the

corticosterone levels were measured after each

behavioral test. The effects of cocaine in the basal

levels were also assessed.

A two-way ANOVA, with behavioral test and treatment

as factors, revealed a main effect of the behavioral test,

showing that the corticosterone levels after the

behavioral challenging were increased when compared

to the basal levels ([F(1,26) = 51.26; p< 0.01] and

[F(1,25) = 184.3; p< 0.01], respectively) (Fig. 3). An

interaction between the behavioral test and the

treatment was also seen [F(1,26) = 4.492; p< 0.05].

Further post hoc testing showed that after the EPM test,

cocaine-treated rats presented higher corticosterone

levels than the respective controls (p< 0.05, Tukey’s
test). Regarding the corticosterone response to the R/I

test, no differences were observed between cocaine-

and saline-treated animals (Fig. 3).
Cocaine exposure induced long-term decrease in
testosterone plasma levels

During puberty the hypothalamic–pituitary–gonadal axis

undergoes important dynamic changes leading to sexual

maturation, and this on-going process may enhance its

vulnerability. In order to explore a possible correlation

between testosterone and the behavior on the R/I,

testosterone plasma levels were measured 10 days after

the exposure protocol. As represented in Fig. 4, the

testosterone plasma levels were lower in cocaine-

treated rats when compared to the control group

[t(10) = �2.366; p< 0.05]. This was accompanied by a

lower relative gonadal weight in the cocaine-treated

group [t(10) = �2.931; p< 0.05] (Fig. 4).
DISCUSSION

The present study shows that chronic cocaine exposure

throughout adolescence induced long-lasting alterations

http://dx.doi.org/10.1016/j.neuroscience.2014.07.008


Table 3. Levels of DA and its metabolites (DOPAC and HVA) and turnover rates in the amygdala and hippocampus of rats exposed to cocaine or saline,

measured after the EPM or R/I

Basal After EPM After R/I

Amygdala

DA Saline 77.61 ± 7.57 68.53 ± 6.56 286.51 ± 116.54

Cocaine 48.21 ± 3.69* 55.50 ± 15.20 496.73 ± 199.84

DOPAC Saline 13.36 ± 2.39 21.68 ± 2.82# 13.78 ± 2.33

Cocaine 16.19 ± 6.12 14.60 ± 1.26* 14.02 ± 2.34

HVA Saline 4.66 ± 2.69 8.03 ± 3.03 –

Cocaine 3.68 ± 0.79 7.94 ± 2.76 –

DOPAC/DA Saline 0.17 ± 0.02 0.33 ± 0.05# 0.16 ± 0.06

Cocaine 0.34 ± 0.13 0.36 ± 0.07 0.10 ± 0.04

HVA/DA Saline 0.11 ± 0.04 0.17 ± 0.06 –

Cocaine 0.08 ± 0.02 0.15 ± 0.06 –

Hippocampus

DA Saline 7.04 ± 1.75 6.87 ± 1.03 239.07 ± 43.87##

Cocaine 8.65 ± 1.52 6.41 ± 1.63 86.40 ± 24.32*,##

DOPAC Saline 1.67 ± 0.44 2.49 ± 0.34 5.67 ± 1.02#

Cocaine 2.48 ± 2.11 1.92 ± 0.11 2.60 ± 0.81*

HVA Saline – – –

Cocaine – – –

DOPAC/DA Saline 0.24 ± 0.05 0.39 ± 0.06 0.024 ± 0.002##

Cocaine 0.33 ± 0.05 0.42 ± 0.10 0.03 ± 0.002##

HVA/DA Saline – – –

Cocaine – – –

Data are expressed as the mean value ± S.E.M.; levels of DA and its metabolites are expressed as ng/mg of protein for six animals per group. DA, dopamine; DOPAC,

3,4-dihydroxyphenylacetic acid; EPM, elevated plus maze; HVA, homovanillic acid; R/I, resident-intruder paradigm.
* p< 0.05 used for cocaine significant difference from saline control.
# p< 0.05 used for significant difference from basal.

## p< 0.01 used for significant difference from basal.

Fig. 2. Chronic cocaine administration throughout adolescence caused a decrease in the DAT mRNA expression levels in the amygdala and an

increase in the mRNA and protein levels of TH in the VTA/SN. The DAT and TH mRNA expression levels were evaluated by qRT-PCR, and TH

protein levels by western blot, in rats exposed to cocaine (3 � 15 mg/kg/day from PND 35 to PND 50) or saline (isovolumetric saline), 10 days after

the end of administration protocol. Columns represent the mean + S.E.M. of normalized mRNA or protein expression, from six animals per group.

DAT, dopamine transporter; TH, tyrosine hydroxylase. Significant differences between groups are represented as: ⁄p< 0.05 (Student’s t-test).
in the ability to cope with environmental challenges. The

behavioral changes observed when rats exposed to

cocaine throughout adolescence were tested in the

EPM or in the R/I were accompanied by altered
dopaminergic function in brain regions essential for

processing emotional information, and paralleled by

enhanced hypothalamus–pituitary–adrenals (HPA) axis

activity in response to an anxiogenic stimulus.
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Table 4. Basal levels of DA and its metabolites (DOPAC and HVA), and turnover rates in the VTA/SN, Nac and dorsal striatum of rats exposed to

cocaine or saline, measured 10 days after last administration

VTA/SN Nac Dorsal striatum

DA Saline 261.02 ± 101.08 3970.23 ± 725.03 2451.91 ± 864.13

Cocaine 587.61 ± 123.55 3187.41 ± 454.67 4793.50 ± 1310.23

DOPAC Saline 46.41 ± 12.62 1106.40 ± 207.245 484.41 ± 174.19

Cocaine 84.69 ± 10.58* 814.50 ± 108.70 907.95 ± 310.29

HVA Saline 22.82 ± 8.46 320.25 ± 87.28 122.08 ± 41.63

Cocaine 37.53 ± 9.46 208.95 ± 27.73 346.47 ± 126.18*

DOPAC/DA Saline 24.29 ±± 5.70 0.28 ± 0.03 0.21 ± 0.01

Cocaine 16.20 ± 2.08 0.27 ± 0.03 0.18 ± 0.02

HVA/DA Saline 8.98 ± 1.94 0.08 ± 0.01 0.05 ± 0.01

Cocaine 7.45 ± 1.85 0.07 ± 0.01 0.07 ± 0.01

Data are expressed as the mean value ± S.E.M.; levels of DA and its metabolites are expressed as ng/mg of protein for six animals per group. DA, dopamine; DOPAC,

3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; Nac, nucleus accumbens; VTA/SN, ventral mesencephalon.
* p< 0.05, used for cocaine significant difference from saline control.

Fig. 3. Chronic cocaine administration throughout adolescence

induced long-lasting sensitization in the corticosterone response to

the EPM. Levels of corticosterone were assessed in the plasma

obtained 10 days after cocaine withdrawal (3 � 15 mg/kg/day from

PND 35 to PND 50) or saline (isovolumetric saline) to determine the

basal levels, and following the EPM or R/I. Columns represent the

mean + S.E.M. (from six animals per group). EPM, elevated plus

maze test; R/I, resident intruder paradigm. Significant differences

between groups are represented as: ##p< 0.01 used for significant

difference from basal and ⁄p< 0.05 used for cocaine significant

difference from saline control (Two-way ANOVA followed by Tukey’s

test as post hoc)Q7 .

Fig. 4. Chronic cocaine administration throughout adolescence

induced a decrease in the levels of testosterone, and long-term

reduction in the gonadosomatic index. Levels of testosterone were

assessed in plasma obtained 10 days after cocaine withdrawal

(3 � 15 mg/kg/day from PND 35 to PND 50) and saline (isovolumetric

saline). Gonads’ weight was registered at the same time point.

Columns represent the mean + S.E.M. (from six animals per group).

Significant differences in the testosterone levels between groups are

represented as: ⁄p< 0.05 (Student’s t-test). At 10 days after with-

drawal, cocaine-treated rats presented significantly lower relative

testes weight, as compared to controls (⁄p< 0.05, Student’s t-test).
The EPM is the most common test to assess anxiety-

related behavior in rodents (Pellow et al., 1985). We did

not observe significant differences in the number of arm

entries or in the time spent in the different arms, and

therefore no evidence of long-term effects on anxiety after

exposure to cocaine in the adolescence. However, in

addition to the traditional use of the number of open arm

entries and the time spent in the open arms as measures

of anxiety, Rodgers and Johnson (1995) showed through

a factor analysis of the EPM behavioral measures, that

the time spent in the central platform reflects decision-

making processes, most probably related to the

approach/avoidance conflict. Importantly, our results

show that cocaine-treated animals spent less time in the

central platform. Therefore, despite the unaltered anxi-

ety-like behavior, cocaine exposure during adolescence
may have decreased the time spent in decision-making

process, which suggests reduced evaluation before tak-

ing action.

http://dx.doi.org/10.1016/j.neuroscience.2014.07.008


Of note, in the present study, regardless of the

unaltered classic anxiety-like EPM measures after

cocaine administration, the corticosterone response to

this anxiogenic test was increased, suggesting a

sensitization of the HPA axis activity. Dissociation

between HPA axis activation and the anxiety-like

behavior in the EPM has been reported (Munoz-Abellan

et al., 2008). Despite a clear implication of corticosterone

(either stress-induced or exogenously administered) in

the anxiety-like behavior displayed in the EPM (e.g.,

Shepard et al., 2000; Myers et al., 2005; Adamec et al.,

2006; Matuszewich et al., 2007), it was shown that the

HPA axis activation after a short period in the EPM may

reflect arousal rather than anxiety (Munoz-Abellan et al.,

2008). As such, the sensitization of the HPA axis respon-

siveness we observed in the cocaine-exposed group may

underlie the decreased time spent in approach/avoidance

conflict. This is further supported by recent published data

reporting a positive correlation between increased cortico-

sterone levels and impaired decision-making function

(Koot et al., 2013).

The response of the amygdalar dopaminergic system

to the EPM was also modified by cocaine exposure. At

basal conditions cocaine-treated animals displayed lower

amygdalar DA levels, concurrent with down regulation of

the DAT mRNA levels. Since our results did not

evidence increased DA turnover, the lower DA levels

could result from a decreased number of dopaminergic

terminals. Repeated cocaine administration is known to

increase dendritic arborization by cytoskeletal

RhoGTPases regulation in regions like the Nac (Dietz

et al., 2012), however, to our knowledge there are no data

exploring the impact of those regulatory mechanisms in

the amygdala. Importantly at early withdrawal stages there

is evidence of synaptic depression (Shen et al., 2009;

Dietz et al., 2012), which together with a study in

cocaine-addicted subjects that revealed a significant

reduction in the amygdalar volume (Makris et al., 2004),

favors the hypothesis that our observation may result from

a decreased amygdalar dopaminergic innervation.

Amygdala is a critical structure of the neural network,

necessary for the decision-making and implementation of

advantageous choices, which is also involved in the

attachment of an emotional valence to an event (i.e.,

reward and punishment) (Bechara et al., 1999; Gupta

et al., 2011). In that sense, the decreased time spent in

approach/avoidance conflict displayed by cocaine-treated

rats in the EPM, could result from an inability to ade-

quately attribute an emotional value to the stimuli pro-

vided by the EPM, which in turn may be a consequence

of an anomalous dopaminergic activity in this region.

The data obtained in the EPM were strengthened by

the behavioral response of cocaine-treated rats in the

R/I, which is compatible with decreased cautious

behavior. In the R/I, cocaine-treated rats presented

lower frequency and higher latency of flight behavior, as

well as increased social investigation, as shown by an

increased duration of anogenital sniffing, while no

evidence of increased offensive behaviors was

observed. Flight is a behavioral strategy to avoid a

source of harm (Dixon, 1998) and reduce provocative
interactions between animals, particularly in the case of

conspecific agonistic relations (Shuhama et al., 2007).

The observed decreased flight behavior indicates that

cocaine exposure decreased defensive behaviors, sug-

gesting that cocaine-treated rats were less cautious in

response to a social threat. This hypothesis seems to

be further supported by increased social investigation, a

non-adaptive strategy in the R/I circumstances. Social

investigation is regarded as a discriminative learning pro-

cess for establishing individual recognition (Yamamuro,

2006). Thus, the augmented anogenital sniffing by

cocaine-treated rats can be associated to impaired indi-

vidual recognition. Regardless of the underlying causes,

the increase in social investigation uncovers a failure to

attribute an adequate threat value to the intruder. To date,

animal studies on the long-lasting effects of cocaine on

aggressive behavior as a response to social stress were

mainly conducted in prenatal exposure models (reviewed

by Sobrian and Holson, 2011). Within these studies, con-

tradictory results have been reported, i.e. either no effects

(Estelles et al., 2005) or increased aggressive behavior

was observed (Wood and Spear, 1998; Chae and

Covington, 2009). In this context, the present study is

the first to report that adolescent cocaine exposure seems

to lead to long-lasting imprudent behavior in face of a pos-

sible social threat. This may also imply a persistent

impairment in the ability to cautiously explore a potentially

dangerous environment.

Paralleling the behavioral response in the R/I, we

found decreased testosterone levels in the cocaine-

treated animals. Cocaine exposure was reported to

affect testes morphology (Barroso-Moguel et al., 1994;

George et al., 1996), and decrease the levels of testoster-

one both acutely and after chronic exposure (Chin et al.,

2002; Festa et al., 2003; Yang et al., 2006). The persis-

tent decrease in the plasma levels of testosterone after

cocaine administration during adolescence observed in

our study may result from an abnormal maturation pro-

cess of the gonads along the exposure period. Supporting

this, a decrease in the relative gonadal weight of the

cocaine-treated rats was also observed. Testosterone

has been suggested to play an important role in social-

emotional behavior. Particularly, its role in aggressive

behavior has long been explored in different paradigms,

such as oriented aggression and social status defense

(Eisenegger et al., 2011). In R/I models, testosterone is

known to facilitate offensive aggression (Delville et al.,

1996). Recently, testosterone was also found to be posi-

tively associated with social vigilance in response to sta-

tus threats (Bos et al., 2012). Based on this knowledge,

the low plasma levels of testosterone observed in our

study are probably underlying both the increase in social

investigation and the concomitant decrease in behaviors

oriented toward social status defense observed in the R/

I test.

In opposition to the EPM, in the R/I there were no

differences on the HPA axis response between cocaine-

treated and control rats. It is known that R/I induces a

very large adrenocortical stress response both in

resident and intruder rats (Schuurman, 1980). Our data

corroborate this finding, as both control and treated rats

http://dx.doi.org/10.1016/j.neuroscience.2014.07.008
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exhibited approximately a sevenfold increase of plasma

corticosterone in response to the R/I. This considerable

HPA axis response, in both groups may, however, be

masking the cocaine effects.

Along with the behavioral response to the R/I,

changes in the hippocampal dopaminergic system were

also observed. Our data indicate that the R/I per se

modified the dopaminergic activity in this brain region,

leading to increased DA content. The involvement of the

dopaminergic system in the response to the R/I was

previously described (van Erp and Miczek, 2000). How-

ever, in the cocaine group this dopaminergic response

to the R/I was less extensive as reflected by the DA and

DOPAC levels when compared to the control group. This

adds to our data supporting an enduring effect of cocaine

exposure through adolescence in the dopaminergic

system.

In addition to its involvement in memory processes,

the hippocampus, more specifically the ventral

hippocampal portion, is involved in the adequate

cautious exploration of a potential dangerous

environment, indicating its relevant role in information

processing and subsequent behavioral regulation

(reviewed by Bannerman et al., 2004; Bertoglio et al.,

2006). Hippocampal lesions were reported to cause an

increase in investigative behavior (Bannerman et al.,

2001) and reduction of defensive behavior when facing

both predatory and painful threat stimuli (Pentkowski

et al., 2006). Based on these reports and on the relevance

of the dopaminergic regulation in the hippocampus

(Hansen and Manahan-Vaughan, 2012; Hernandez

et al., 2013), our observation of altered dopaminergic

function in the hippocampus may underlie the non-adap-

tive strategy displayed by cocaine-treated animals in

response to the R/I.

Taken as a whole, our behavioral data evidence long-

lasting impaired evaluation of potential threats after

cocaine exposure during adolescence. This is often

associated with reduction of impulse control. Recent

data showing the disinhibition of the medial prefrontal-

cortex after cocaine exposure during adolescence,

endured through adulthood, further reinforces the

hypothesis of more impulsive behavior and impaired

decision-making (Cass et al., 2013; Kuhn et al., 2013).

Importantly, at the basal level, i.e. before any

challenge was presented, the activity of the

 dopaminergic system was already altered in the cocaine
rats. Our results revealed an increase in the levels of

DOPAC in VTA/SN. As the DA turnover was not

affected, the increase in the DOPAC levels could be

associated to enhanced ability to synthesize DA. In fact,

although the increase in DA did not reach significance,

our data showed a trend to the increase in the DA

levels. This was supported by increased levels of TH in

the VTA/SN of cocaine-treated rats. Increased

dopaminergic activity after long-term withdrawal may

render individuals more susceptible to the reward effects

of cocaine, and therefore more vulnerable to drug use

reinstatement. Our results indicating a long-lasting

increase in the dopaminergic activity add to the data

from Catlow and Kirstein (2007) showing an enhanced
response of the dopaminergic system to naturally rein-

forcing substances in rats pre-treated with cocaine during

adolescence.
CONCLUSION

The present findings provide new insights into how

cocaine administration throughout adolescence may

modulate emotional behavior later on. Our data showed

that chronic cocaine administration during this

developmental period induced long-lasting alterations in

the HPA axis response and testosterone levels, which

led to altered behavioral response to environment

challenges that seem to support a long-lasting impaired

evaluation of potential threats. This was supported by

altered dopaminergic function in relevant brain regions.

A compromised ability to recognize and deal with

potential threats, may lead to high-risk and low-benefit

choices. This is an important risk factor for enhanced

susceptibility to the maintenance of drug use and relapse.
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