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The selective breeding of Roman high- (RHA) and low-avoidance (RLA) rats for, respectively, rapid vs extremely poor acquisition of

avoidant behavior in a shuttlebox has produced two phenotypes that differ in temperament traits, in mesocortical/mesolimbic dopamine

system function, and in the behavioral and neurochemical responses to the acute and repeated administration of psychostimulants and

opiates. The phenotypic traits of the RHA line predict higher susceptibility, compared with RLA rats, to the reinforcing properties of

addictive substances like cocaine. The present study was designed to compare the acquisition, maintenance, reinstatement of drug-

seeking after long-term extinction, and reacquisition of intravenous cocaine self-administration (SA) behavior in the Roman lines.

Compared with RLA rats, the rates of responding during cocaine SA acquisition were higher, extinction from cocaine SA was prolonged,

and drug-induced reinstatement of cocaine-seeking behavior was more robust in RHA rats. Moreover, only RHA rats reacquired

extinguished lever-pressing activity when a low reinforcing dose of cocaine was available. These findings are consistent with the view that

subjects with genetically determined high responsiveness to the acute and chronic (ie, sensitizing) effects of psychostimulants, such as

RHA rats, also display a higher propensity to self -administer cocaine. Further comparative studies in the Roman lines, using SA paradigms

that distinguish mere drug-taking from the compulsive and uncontrolled drug use that characterizes addiction in humans, may eventually

help to characterize the relationships among genotype, temperament traits, and neurobiological mechanisms involved in the individual

vulnerability to cocaine addiction.
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INTRODUCTION

The transition from casual and recreational drug use to
compulsive, uncontrolled, drug-seeking and drug-taking as
well as the increased vulnerability to relapse to drug use
after detoxification have long been recognized as cardinal
mechanisms in the pathogenesis of addictive disorders
(American Psychiatric Association, 1994; O’Brien, 1997).
As regards cocaine addiction, the high frequency of relapse
to uncontrolled drug use, even after long periods of
abstinence (O’Brien, 1997; McLellan et al, 2000), has led
to the hypothesis that the intensity of cocaine craving
induced by re-exposure to the drug itself or to drug-paired
cues undergoes a time-dependent increase during absti-
nence (Gawin and Kleber, 1986). Accordingly, preclinical
studies using stimulus-induced reinstatement of cocaine-

seeking behavior to model relapse in humans have shown
that the intensity of the behavioral responses to cocaine or
cocaine-related cues increases over 1–3 months of with-
drawal (Tran-Nguyen et al, 1998; Grimm et al, 2001).

Preclinical research and brain imaging studies in human
addicts have established that the mesocortical/mesolimbic
dopaminergic pathways originating in the ventral tegmental
area and projecting to the nucleus accumbens (NAc), the
medial prefrontal cortex (mPFC), and other limbic areas are
critically involved in the motivational effects of psycho-
stimulants (Di Chiara and Imperato, 1988; Koob et al, 2004;
Wise, 2004; Kalivas and Volkow, 2005; Vanderschuren and
Everitt, 2005). It has been proposed that these neural
circuits encode and associate information about a primary
reinforcer like cocaine with motivated behavior and/or
environmental stimuli (Everitt and Wolf, 2002; Schultz,
2002; Hollander and Carelli, 2007). Adaptive changes in this
neural circuitry are also believed to underlie the long-term
increment in the locomotor activation of rodents (ie,
behavioral sensitization) elicited by the repeated exposure
to cocaine (Vanderschuren and Kalivas, 2000; Nestler, 2001;
Li et al, 2004; Vezina, 2004). There is also experimental
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evidence that sensitization-like processes may account for
the compulsive pattern of drug-seeking and the vulner-
ability to relapse that persists long after the cessation of
psychostimulant use in humans (Robinson and Berridge,
2003).

Only about 15–20% of people exposed to drugs eventually
become addicted and are at high risk of relapsing to drug
use (Anthony et al, 1994), suggesting a remarkable indivi-
dual variation in the risk that casual users of addictive drugs
may evolve to a condition of uncontrollable drug use. It is
well established that phenotypic variation in the liability to
addiction is strongly influenced by differences in individual
genotypes and by their interactions with different environ-
mental conditions (Reich et al, 1999; Vanyukov and Tarter,
2000; Uhl et al, 2002). Genetic factors also influence
personality traits and temperament clusters, including
disinhibition/impulsivity and sensation/novelty seeking
which, in turn, have been identified as vulnerability factors
for substance use disorders (Bardo et al, 1996; Ebstein et al,
2000; Verheul and van den Brink, 2000; Helmus et al, 2001).
These findings have spurred the use of a wide variety
of inbred strains and outbred lines of rodents as valid
models to investigate genetically determined differences in
behavioral and neurochemical traits related to addictive
disorders (Kosten et al, 1997; Crabbe 2002; Laakso et al,
2002; Fernández-Teruel et al, 2002; McClung and Nestler,
2003; Deiana et al, 2007).

The Roman high- (RHA) and low-avoidance (RLA) rat
lines were selected for, respectively, rapid vs poor acquisi-
tion of two-way active avoidance in the shuttle-box
(Broadhurst and Bignami, 1965; Driscoll and Bättig, 1982;
Fernández-Teruel et al, 2002; Giorgi et al, 2007). Several
relevant behavioral and neurochemical differences between
the two lines have been identified along the selective breed-
ing process. Thus, compared with their RLA counterparts,
RHA rats display a more robust sensation/novelty seeking
profile, as well as higher baseline levels of impulsivity, and a
marked preference for and intake of natural and drug
rewards (Zeier et al, 1978; Siegel et al 1993; Escorihuela et al
1999; Giorgi et al 1999; Fernández-Teruel et al 2002). The
phenotypic traits that distinguish these lines are at least
partly determined by differences in the functional proper-
ties of their central dopaminergic pathways: (1) stressors
and anxiogenic drugs activate the mesocortical dopami-
nergic projection of RHA, but not RLA, rats (D’Angio et al,
1988; Corda et al, 1997; Giorgi et al, 2003); (2) RHA rats
have a higher density of D-1 dopamine (DA) receptors in
the NAc (Giorgi et al, 1994); (3) the acute administration of
psychostimulants and morphine causes a larger increment
in motor activity and in DA output in the shell than in the
core of the NAc of RHA, but not RLA, rats (Lecca et al,
2004); (4) the repeated administration of psychostimulants
and morphine induces behavioral sensitization only in RHA
rats (Piras et al, 2003; Corda et al, 2005; Giorgi et al, 2005a);
(5) in sensitized RHA rats, a subsequent challenge with
these drugs elicits a more robust increment in DA output in
the NAc-core, associated with an attenuated dopaminergic
response in the NAc-shell, whereas these adaptive changes
are not observed in sensitization-resistant RLA rats (Giorgi
et al, 2005b, 2007).

Collectively, these findings indicate that, compared with
their RLA counterparts, RHA rats are more responsive to

the acute effects of morphine and psychostimulants and
more susceptible to develop behavioral and mesolimbic DA
sensitization upon repeated exposure to these substances.
Given the postulated role of sensitization in substance use
disorders (Robinson and Berridge, 2003), it was considered
of interest to evaluate whether RHA rats are also more
prone than RLA rats to intravenously self-administer drugs
of abuse. To this aim, the acquisition, maintenance and
extinction of cocaine self-administration (SA) behavior was
assessed in RHA and RLA rats using a continuous (FR-1)
reinforcement schedule with lever-pressing as operandum.
Next, the propensity of RHA and RLA rats, kept under
extinction conditions for 3 weeks, to resume lever-pressing
behavior upon the administration of priming doses of
cocaine was investigated by means of a between-session
model of extinction/reinstatement, as previously described
(Fattore et al, 2003). Finally, cocaine was made again
contingently available to compare the ability of the two lines
to reacquire SA behavior.

MATERIALS AND METHODS

Animals

Male Roman high- (RHA) and low-avoidance (RLA) rats
weighing 255–278 g at the beginning of the experiments
were bred in the colony established in 1998 at the Depart-
ment of Toxicology, University of Cagliari, Italy (Giorgi
et al, 2007). Animals were acclimated to the housing
facilities of the Department of Neuroscience of the same
University for at least 10 days before beginning the
experiments. They were initially housed in groups of four
in a temperature- and humidity-controlled room (21±11C
and 50±10%, respectively) and under a reversed 12 h light–
dark cycle (light on: 1900 h) with tap water available
ad libitum. Standard Purina laboratory chow was freely
available until operant training started, and it was subse-
quently delivered once daily after each SA session at B20 g/
day, providing to maintain body weight and growth rates.
Animals were handled for approximately 10 min/day for at
least 1 week before surgery. Rats were housed individually
after surgery to avoid damage to the catheter itself or the
surrounding tissues caused by playing, fighting or other
kind of interactions with littermates.

All the experiments were carried out during the dark
phase of the cycle, five days/week, and were performed in
accordance with the guidelines and protocols approved by
the European Union (EU Council 86/609; D.L. 27.01.1992,
No. 116) and by the Animal Research Ethics Committee of
the University of Cagliari.

Intravenous Catheter Implantation

Animals were anesthetized with an intraperitoneal (i.p.)
injection of Equithesin (5 ml/kg), and implanted with
silastic catheters (CamCaths, Cambridge, UK) inserted into
the right external jugular vein, as previously described
(Fattore et al, 2001). After surgery, each animal received a
daily subcutaneous administration of 0.1 ml Baytrills and
was allowed to recover with food and water freely available
for a minimum of 6 days. Catheters were flushed daily at the
end of the SA session with 0.15 ml of heparinized saline
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solution (30 U/ml 0.9% sterile saline) to prevent clogging.
Catheter patency was verified at the end of the experiments
(ie, after the last reacquisition session) by intravenous (i.v.)
infusion of the short-acting barbiturate methohexital
sodium (Brevitals, 10 mg/ml, 2 mg/rat); a positive test was
indicated by loss of righting reflex within 5 s after injection.

Drugs

For SA training, cocaine hydrochloride (Sigma, Italy) was
dissolved in sterile 0.9% saline solution (volume of injec-
tion: 0.1 ml/infusion). To ensure sterility, drug solutions
were filtered through 22 mm syringe filters prior to use.
For reinstatement tests (ie, drug primings), cocaine was
dissolved in sterile saline and administered i.p. at a volume
of 5 ml/kg, 10 min before starting the reinstatement test
session. All antibiotics and anesthetics were purchased as
sterile solutions from local suppliers.

Apparatus

Experiments took place in 10 standard operant conditioning
chambers (Med Associates, USA) housed in a sound-
attenuating box equipped with a ventilating fan and a white
noise. Each chamber (29.5� 32.5� 23.5 cm) was fitted with
two retractable levers positioned 12 cm apart, each 4 cm
wide, extending 1.5 cm into the box and situated 8 cm above
the chamber floor. Intravenous infusions of cocaine were
delivered from a 5 ml syringe set in a computer-controlled
infusion pump (Med Associates, USA) placed outside each
chamber, connected to a counterbalanced single-channel
swivel and an extra length of plastic tubing enclosed in a
metal spring connecting the swivel to the catheter fitting on
the animal’s back. The entire system was computer-
integrated using Med PC for Windows (Med Associates,
USA). A white circular cue light (2.5-W, 24-V) was placed
above each lever and a yellow house light (2.5-W, 24-V) was
located on the opposite end of the chamber. Depression of
one lever, defined as active, resulted in extinguishing the
house light and the illumination of the cue light above the
active lever, which remained on for 15 s. Simultaneously,
both levers retracted and the infusion pump was activated
for 5.8 s, delivering 0.1 ml intravenous infusion of cocaine
solution. On completion of the 15 s time-out period, the
levers were re-extended into the chamber, the cue light went
out and the house light was illuminated. Depressions on the
other lever, defined as inactive, had no programmed
consequences but were always recorded, thus providing an

index of basal lever-pressing activity. The assignment of the
active (drug-paired) and the inactive levers was counter-
balanced between RHA and RLA groups and remained
constant for each subject throughout the experiment.
Cocaine SA occurred under a continuous (FR-1) schedule
of reinforcement, that is, each active lever-press was
reinforced. Each daily session lasted 3 h.

Experimental Procedures

Figure 1 provides a schematic representation of the experi-
mental design. Each rat was tested in a series of different
phases conducted from Mondays to Fridays within the same
test chamber and at the same approximate time of the day
(ie, between 1000 and 1430 h). The total number of active
and inactive lever-presses as well as the temporal patterns of
responding were recorded throughout each test session.

Acquisition and maintenance of cocaine self-administra-
tion. Cocaine SA testing started 1 week after surgery and
was conducted in five daily 3 h sessions/week over four
consecutive weeks. Escalating cocaine doses were available
in the first 3 weeks (0.1, 0.2, and 0.4 mg/kg/inf), followed by
the fourth week in which rats were allowed to stabilize their
patterns of responding for cocaine 0.4 mg/kg/inf. A max-
imum of 50 cocaine infusions was available in each test
session throughout cocaine SA training to prevent over-
dosing, and sessions were terminated upon reaching this
maximum. Acquisition criterion was defined as self-
administering X20 cocaine injections for three consecutive
test sessions.

Extinction of responding. At the end of the 4th week of
training, extinction condition was introduced by replacing
cocaine with saline, allowing responding to be recorded
without drug consequences. All the other experimental
parameters were left unchanged, so that pressing on the
active lever resulted in an infusion of 0.1 ml of saline
accompanied by the presentation of the stimulus light
previously paired with cocaine delivery. Drug-reinforced
behavior was considered extinguished when the number
of active lever-presses was p10 and the total number of
lever responses (ie, active + inactive) in a single test session
was p20.

On alternate days during the last (third) week of extinc-
tion, rats received two injections of saline (5 ml/kg, i.p.) as
habituation to subsequent drug priming administrations.

Figure 1 Schematic representation of the experimental design. Each rectangle denotes a different phase of the study. The gray rectangles denote sessions
in which each active lever press was reinforced with cocaine. The infusion doses were 0.1, 0.2, and 0.4 mg/kg during the first, second, and third week of the
acquisition phase, respectively. The infusion dose during the maintenance phase (ie, 4th week) was 0.4 mg/kg. The white rectangles denote sessions under
extinction conditions (ie, with saline substituted for cocaine). During drug-induced reinstatement testing (ie, 8th and 9th weeks), four different priming doses
of cocaine (0, 2.5, 5, and 10 mg/kg) were injected i.p. 10 min before starting the test sessions. The reacquisition phase was started 4 days after the last drug
priming injection. The reinforcing cocaine dose throughout the reacquisition phase (ie, 10th and 11th weeks) was 0.1 mg/kg.
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Drug-induced reinstatement of cocaine-seeking behavior.
The effect of non-contingent cocaine priming injections was
tested in both groups after 3 weeks of training under
extinction conditions, using the ‘between-session’ reinstate-
ment method (Shalev et al, 2002; Fattore et al, 2003).
Training for drug self-administration, extinction of lever-
pressing activity and reinstatement tests were therefore
carried out on different days. Reinstatement tests were
conducted under extinction conditions, that is, with each
active lever-press delivering saline instead of cocaine. Each
rat was given an i.p. priming injection of saline (2 ml/kg)
and three i.p. priming injections of cocaine (2.5, 5.0 and
10 mg/kg), 10 min before starting the session. Cocaine and
saline injections were assigned by means of a Latin Square
design. The ability of cocaine to reinstate extinguished
drug-seeking behavior was therefore assessed in four test
sessions with a 2-day extinction period separating each
priming test.

Reacquisition of cocaine self-administration after extinc-
tion. Four days after the last drug priming injection,
animals were allowed to resume cocaine self-administration
at the initial training dose of 0.1 mg/kg/infusion. Drug-
taking behavior was monitored in both RHA and RLA rats
over nine consecutive sessions. All the experimental
parameters (ie, time-out period, time and volume of drug
infusions, light stimuli) were left unchanged.

Data Analyses

For acquisition and maintenance of cocaine SA, each week
of testing at a given infusion dose was assessed by
independent analyses of active and inactive lever-pressing
activity using two-way analysis of variance (ANOVA) with
repeated measures over test session number and animal line
(ie, RHA vs RLA) as the main factor. The same procedure
was used to analyze extinction from cocaine reinforcement
and reacquisition of cocaine SA after extinction. Drug-
induced reinstatement data were assessed by three-way
ANOVA with repeated measures over cocaine dose [main
factors: (i) animal line, and (ii) lever (ie, active vs inactive)].
Latency to the first active lever-press following cocaine
primings was evaluated by means of two-way ANOVA with
repeated measures over cocaine dose and animal line as the
main factor. Wherever applicable (ie, when the main effects
and/or their interactions were significant), post hoc pairwise
contrasts were carried out using the Tukey honest signi-
ficant difference (HSD) test. The number of test sessions
required by each animal line to extinguish lever-pressing
behavior was compared with the Mann–Whitney U-test.

RESULTS

Acquisition and Maintenance of Cocaine
Self-Administration

Figure 2 shows responding of RHA and RLA rats on the
active lever (upper panel) and inactive lever (lower panel)
during the acquisition and maintenance phases of cocaine
SA training. The lever-pressing activity values recorded
from each animal line in sessions 1 through 20 were binned
in 4 weekly blocks (ie, five sessions/block), and the results

from each week were evaluated separately by means of
a two-way ANOVA for repeated measures over session
number. Analysis of the response rates on the active lever
showed no significant effects of line or line X session inter-
action over the first 2 weeks (p40.4), whereas in the third
and fourth weeks a significantly higher active lever-pressing
rate was observed in RHA compared with RLA rats (line:
(i) third week, F1, 14¼ 10.68, po0.01; (ii) fourth week,
F1, 14¼ 23.47, po0.001). Moreover, post hoc contrasts
revealed significant line-related differences in the rates of
active lever-pressing for sessions number 13 and 15 in the
3rd week and for all the sessions (16–20) of the 4th week
(Figure 2, top panels). In contrast, inactive lever-pressing
rates of RHA and RLA rats were statistically indistinguish-
able throughout the 4 weeks (all p-values for line and line
X session number interaction40.05; Figure 2, bottom
panels). None of the rats of either line met the acquisition
criterion (ie, self-administering X20 cocaine injections for
three consecutive test sessions) over the first 2 weeks (top
panel), suggesting that RHA rats are not more sensitive than
RLA rats to low reinforcing doses (0.1 and 0.2 mg/kg/inf) of
cocaine. In contrast, all RHA and RLA rats reached this
criterion by the end of the third week (0.4 mg/kg/inf) and
active lever-pressing activity remained stable and more
frequent in RHA rats in all subsequent training sessions. In
keeping with these findings, the total amount of cocaine
consumed by RHA rats throughout the 20 test sessions
(152.74±8.54 mg/kg) was significantly larger than the
amount consumed by RLA rats (110.79±2.72 mg/kg)
(one-way ANOVA: F1, 14¼ 21.91, po0.01).

As shown in Figure 3 (panel a), analysis of temporal
patterns of responding revealed quantitative but not quali-
tative line-related differences during SA training. When
animals were given access to cocaine 0.1 or 0.2 mg/kg/inf,
the responding rate of both lines was typically slow and
evenly distributed throughout the test session. How-
ever, when cocaine was made available at the dose of
0.4 mg/kg/inf, RHA rats displayed a markedly higher
response rate than RLA rats, with both groups selectively
increasing responding on the cocaine-paired, but not on the
inactive, lever. Notably, only one of eight RHA rats self-
administered the maximum allotted 50 cocaine infusions,
thus concluding its test session in less than 3 h, whereas
none of the RLA rats was able to self-administer 50 cocaine
infusions in any of the 20 test sessions.

Extinction of Responding

RHA and RLA rats displayed clear cut differences in the
time course of operant behavior at the active vs inactive
lever when saline was substituted for cocaine (Figure 4).
Thus, two-way ANOVA of responding on the active lever
showed significant effects of line (F1, 14¼ 10.7 po0.01),
session number (F14, 196¼ 99.27, po0.0001), and their
interaction (F14, 196¼ 9.10, po0.0001); moreover, post hoc
contrasts revealed that the responding rates were significantly
higher in RHA than RLA rats across extinction sessions 1
through 4 (Figure 4, panel a). In contrast, two-way ANOVA
of responding on the inactive lever indicated no significant
effect of line (F1, 14¼ 0.0 p¼ 0.93) but highly significant
effects of session number (F14, 196¼ 85.32, po0.0001) and
line X session number interaction (F14, 196¼ 5.06,
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po0.0001). Furthermore, post hoc contrasts revealed that, in
the first extinction session, RLA rats pressed the inactive
lever at a significantly higher rate than did their RHA
counterparts (Figure 4, panel a; see also temporal response
patterns in Figure 3, panel b). Finally, RHA rats were more
resistant to extinction than RLA rats (average of seven
sessions vs four sessions, respectively; see Figure 4, panel c).
Collectively, these findings indicate that, compared with
their RLA counterparts, RHA rats retained better ability to
discriminate between the two levers and were more persistent
in their responses on the active lever during the extinction
phase.

Drug-Induced Reinstatement of Cocaine-Seeking
Behavior

Upon achievement of extinction criterion, and 3 weeks after
the last cocaine SA session, animals were tested for cocaine-
induced reinstatement of drug-seeking behavior (Figure 5).

Following pretreatment with saline, the responding rates
of RHA and RLA rats on the active lever were statistically
indistinguishable from the average baseline lever-pressing
rates displayed in the last three extinction test sessions (ie,
sessions nos. 13–15; compare Figures 4 and 5). In contrast,
both lines increased in a dose-dependent manner their
response rates on the active lever following priming cocaine
injections, although this effect was more robust in RHA
than RLA rats (three-way ANOVA with repeated measures
over cocaine dose: line, F1, 14¼ 189.65, po0.001; lever, F1,

14¼ 784.47, po0.001; dose, F3, 42¼ 217.99, po0.001; line X
lever X dose, F3, 42¼ 26.86, po0.01). Notably, pairwise post
hoc contrasts showed that, when primed with the lowest
dose of cocaine (2.5 mg/kg), only RHA reinstated operant
responding on the lever previously paired with the drug
(Figure 5, top panel). Moreover, with higher cocaine
doses (5 and 10 mg/kg), the increment in the rate of active
lever-pressing was greater in RHA rats than in their
RLA counterparts. It is noteworthy that, in RHA rats, the
effect of 5 mg/kg of cocaine was already maximum, while in
RLA rats the increment in the rate of lever-pressing was
greater after 10 mg/kg of cocaine as compared with the
5 mg/kg dose. Representative temporal response patterns
of cocaine-induced reinstatement are shown in Figure 3
(panel c).

As shown in Figure 6, assessment of the mean latencies to
the first active lever-press using two-way ANOVA revealed
additional line-related differences in the responsiveness
to priming doses of cocaine (line: F1, 14¼ 90.5; dose: F3,
42¼ 369.2; line� dose: F3, 42¼ 74.2; all p-valueso0.0001).
Although both lines showed similar latencies after the
injection of saline, the onset of active lever-pressing follow-
ing a cocaine dose of 2.5 mg/kg was significantly faster in
RHA than RLA rats, whereas no line related differences
were observed with higher doses of cocaine. Notably, also
the mean latency times over the last three sessions of SA
training (ie, nos. 18–20), were significantly shorter in RHA
than RLA rats (two-tailed Student’s t test: t14, 8.76, po0.001;
see Figure 6, left side).

Figure 2 Acquisition and maintenance of cocaine self-administration in RHA (circles) and RLA (triangles) rats. Escalating doses of cocaine (0.1, 0.2, and
0.4 mg/kg) were made available over four consecutive weeks. Data are presented as the mean±SEM number of active (top) and inactive (bottom) lever
presses in each test session (n¼ 8 rats/line). *po0.05 vs the test session-matched active lever responding rate of the RLA line (two-way ANOVA with
repeated measures over test session, followed by pairwise contrasts with the HSD Tukey test).
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Reacquisition of Cocaine Self-Administration after
Extinction

The final phase of the study was preceded by a 4-day
extinction period, starting immediately after the last drug
priming injection, and consisted of nine test sessions. As
illustrated in Figure 7, when cocaine was available at a dose
as low as 0.1 mg/kg/inf (which, as shown in Figure 2, failed
to serve as a positive reinforcer in drug-naive animals),
cocaine SA was promptly reacquired by RHA, but not RLA,
rats. Thus, evaluation of responding rates by means of two-
way ANOVA revealed a significant effect of line for the
active lever (F1, 14¼ 15.01, po0.01), but not for the inactive
lever (F1, 14¼ 0.12, p40.7). Moreover, within the RHA line,
the mean number of active lever-presses across the nine
reacquisition sessions (20.01±3.62) was significantly great-
er than the mean number of lever presses recorded during
the first (5.05±0.48) and second (8.52±1.71) training
weeks, when cocaine was contingently available at unitary
doses of 0.1 mg/kg/inf and 0.2 mg/kg/inf, respectively (one-
way ANOVA: F2, 21¼ 11.31, followed by pairwise contrasts
with the HSD Tukey test, po0.05).

Finally, analysis of the response patterns during the 3 h
SA sessions confirmed that RHA rats rapidly recovered the

ability to discriminate between the two levers and main-
tained significantly higher rates of responding as long as
cocaine was available, whereas RLA rats showed fewer
sparsely distributed responses, with no differences in the
mean number of responses made on the active and inactive
levers (Figure 3, panel d).

DISCUSSION

The present results demonstrate that the Roman lines differ
in the propensity to intravenously self-administer cocaine.
Thus, compared with their RLA counterparts, RHA rats
show higher rates of responding during acquisition,

Figure 3 Individual representative records illustrating responding
patterns of RHA (left) and RLA (right) rats at the active (upward ticks)
and inactive (downward ticks) lever in 3 h test sessions throughout the four
phases of the study. Each tick denotes the time of every response on the
active or inactive lever. (a) Acquisition and maintenance of cocaine (Coca)
self-administration (SA) with escalating reinforcing doses of the drug
(mg/kg/inf): 0.1 (top trace), 0.2 (middle trace) and 0.4 (bottom trace). (b)
Extinction (EXT) of lever-pressing activity. Top trace, 1st EXT session;
bottom trace, last (10th) EXT session. (c) Reinstatement of lever-pressing
activity induced by priming doses of cocaine [0 (saline); 2.5; 5; 10; mg/kg,
i.p.]. (d) Reacquisition of lever-pressing activity with contingently available
cocaine (0.1 mg/kg/inf). Top trace, 1st reacquisition session; bottom trace,
last (9th) reacquisition session. Figure 4 Extinction of cocaine-reinforced operant behavior in RHA

(circles) and RLA (triangles) rats. Saline was substituted for cocaine over
three consecutive weeks. Data are presented as the mean±SEM number
of active (panel a) and inactive (panel b) lever presses in each extinction
test session (n¼ 8 rats/line). *po0.05 vs the lever type- and test session-
matched responding rate of the RLA line (two-way ANOVA with repeated
measures over test session, followed by pairwise contrasts with the HSD
Tukey test). Panel c: Latency to extinction of RHA (solid bars) and RLA
(striped bars) rats. Data are presented as the mean±SEM number of
sessions needed to meet the extinction criteria [ie, number of active lever
presses p10 and total number of lever responses (active + inactive) in
a single test session p20; n¼ 8 rats/line] *po0.05 vs the RLA line
(Mann–Whitney U-test).
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maintenance, extinction, and drug-induced reinstatement
of cocaine SA. Moreover, following prolonged abstinence,
RHA, but not RLA, rats reacquire cocaine SA with a rein-
forcing unit dose as low as 0.1 mg/kg, which is not rein-
forcing in drug-naive animals.

The reinforcing properties of cocaine, one of the most
addictive substances known to date, are believed to result
from its ability to inhibit the reuptake of biogenic amines,
which in turn potentiates dopamine neurotransmission in
limbic and cortical circuits (Pierce and Kumaresan, 2005).
Cocaine is readily self-administered by laboratory animals,
and the rate of responding is critically dependent on
a variety of experimental conditions, including drug unitary
dose, session length, number of training sessions, and
reinforcement schedule (Koob and Le Moal, 2006). In this
study, animals were trained to self-administer cocaine using
ascending doses of the drug and an FR1 reinforcement
schedule, since this experimental design has been shown to
induce robust cocaine SA in other rat strains (Chambers
and Self, 2002).

Although both lines needed a similar number of training
sessions to acquire SA behavior, the lever-pressing rate
during the maintenance sessions was remarkably higher
in RHA than RLA rats. As a result, the total amount of
cocaine consumed by RHA rats over the 20 test sessions
(D150 mg/kg) was significantly larger than that consumed
by RLA rats (D110 mg/kg). Thus, RHA rats appear to
be more responsive than RLA rats to the reinforcing effects
of cocaine, in keeping with the notion that these lines differ
in the behavioral and neurochemical responses to the
acute and repeated exposure to a variety of addictive
drugs, including ethanol, morphine and psychostimulants
(Fernández-Teruel et al, 2002; Lecca et al, 2004; Giorgi et al,
2007).

Line-related differences in the responding rates on the
active lever were also observed when saline was substituted
for cocaine: thus, RHA rats needed more sessions than

RLA rats to extinguish operant responding. Moreover, while
RHA rats persisted in responding on the active lever,
suggesting that they retained the ability to discriminate the
lever previously paired with cocaine along the extinction
test sessions, RLA rats tended to press more frequently the
inactive lever, especially during the initial extinction
sessions.

It has been posited that extinction paradigms provide
reliable measures of the rewarding/motivational properties
of psychoactive substances by assessing the perseverance
in drug-seeking behavior in the absence of response–
contingent drug availability (Markou et al, 1993). Because
the rate of responding of RHA rats was consistently higher
than that of RLA rats not only when cocaine was contin-
gently available during the acquisition and maintenance

Figure 5 Cocaine-induced reinstatement of drug-seeking behavior in
RHA (solid bars) and RLA (striped bars) rats kept under extinction
conditions for 3 weeks. Data are presented as the mean±SEM number of
active (top) and inactive (bottom) lever presses following an acute priming
dose of cocaine [0 (saline); 2.5; 5; 10; mg/kg, i.p.; n¼ 8 rats/line]. *po0.05
vs the dose-matched RLA value; }po0.05 vs the line- and dose-matched
inactive lever value; #po0.05 vs the line-matched saline value (three-way
ANOVA with repeated measures over cocaine dose, followed by pairwise
contrasts with the HSD Tukey test).

Figure 6 Latency to the first response on the active lever following
primings with saline or cocaine. Data are presented as the mean±SEM
time (s) taken to make the first active lever press of RHA (solid bars) and
RLA (striped bars) rats. For comparison, the average latency over the last
three sessions (ie, nos. 18–20) of SA training before extinction is indicated
on the left side of the figure. *po0.001 vs the session-matched RLA value
(2-tailed Student’s t test); }po0.05 vs the cocaine dose-matched RLA value;
#po0.05 vs the line-matched mean latency after saline injection (two-way
ANOVA with repeated measures over cocaine dose, followed by pairwise
contrasts with the HSD Tukey test).

Figure 7 Reacquisition of cocaine self-administration in RHA (circles)
and RLA (triangles) rats. Cocaine (0.1 mg/kg/inf) was made contingently
available over nine consecutive test sessions. Data are presented as the
mean±SEM number of active (top) and inactive (bottom) lever presses in
each test session (n¼ 8 rats/line). *po0.05 vs the test session-matched
active lever responding rate of the RLA line (two-way ANOVA with
repeated measures over test session, followed by pairwise contrasts with
the HSD Tukey test).
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sessions, but also in its absence during the extinction
sessions, it may be proposed that the RHA line has a higher
propensity to acquire and retain cocaine-seeking behavior.
In keeping with this hypothesis, reinstatement of drug-
seeking behavior following non-contingent cocaine injec-
tions was more robust in RHA than RLA rats. Intriguingly,
previous studies on ethanol and saccharin intake using a
two-bottle free choice paradigm have shown that, compared
with RLA rats, RHA rats display a higher preference
for both ethanol and saccharin solutions over water
(Razafimanalina et al, 1996; Fernández-Teruel et al, 2002).
These findings suggest that the line-related differences in
the responsiveness to cocaine SA observed in the present
study may also extend to the voluntary intake of other drugs
of abuse or natural reinforcers, although further studies are
required to establish whether the line-related behavioral
differences reported herein indeed reflect a higher motiva-
tion for cocaine in RHA vs RLA rats.

Another neurobiological mechanism that may contribute
to the resilience of RHA rats to extinguish operant respond-
ing is a dysfunction of the frontocortical neuronal circuits
that are critically involved in the inhibition of ongoing
activity upon withdrawal of the reinforcers (Jentsch and
Taylor, 1999). Thus, it has been hypothesized that long-term
exposure to drugs of abuse may alter the functional activity
of dopaminergic afferent projections and glutamatergic
neurons in frontocortical areas, with a consequent defi-
ciency in the ability to inhibit inappropriate responses to
drugs or drug-paired stimuli (Jentsch and Taylor, 1999;
Everitt and Wolf, 2002; Chambers et al, 2003; Kalivas et al,
2005; Vanderschuren and Everitt, 2005). It is therefore
noteworthy in this context that, compared with RLA rats,
the mesocortical dopaminergic system of RHA rats is more
robustly activated by both stressful and rewarding stimuli
(D’Angio et al, 1988; Corda et al, 1997; Giorgi et al, 1999,
2003). In addition, RHA rats display higher scores than RLA
rats in experimental paradigms used to assess sensation/
novelty seeking behavior in rodents (Siegel et al, 1993;
Escorihuela et al, 1999; Fernández-Teruel et al, 2002;
Steimer and Driscoll 2005). There is also evidence that,
compared with RLA rats, RHA rats are less capable of
inhibiting non relevant activity, as indicated by a lower
efficiency in the acquisition of DRL-20 operant conditioning
behavior (Zeier et al, 1978). More recent studies support the
view that RHA rats have higher baseline levels of
impulsivity than RLA rats: (i) in a delay discounting task,
RHA rats made significantly fewer choices of a larger
reward when the delay was increased from 0 to 20 or 40 s;
(ii) in the 5-choice serial reaction time task, RHA rats made
more premature responses (M.J. Gómez Ramirez et al, in
preparation).

In human drug users, re-exposure to a drug, or to drug-
associated stimuli, often intensifies craving and precipitates
relapse, even after long periods of abstinence (Gawin and
Kleber, 1986; O’Brien, 1997). Drug-induced reinstatement
of extinguished drug-seeking behavior is a model widely
used to investigate the neurobiological mechanisms invol-
ved in drug-seeking and relapse (de Wit and Stewart, 1981;
Markou et al, 1993; Shalev et al, 2002), although its
construct validity has not yet been established (Epstein
et al, 2006). Previous studies have shown that the ability of
priming doses of cocaine, or drug-related cues, to reinstate

drug-seeking behavior progressively increases during absti-
nence, as reflected by significantly higher operant respond-
ing rates after long-term (ie, 1–3 months) compared with
short-term (ie, 1 day) withdrawal periods (Tran-Nguyen
et al, 1998; Grimm et al, 2001). Therefore, in the present
study, cocaine-induced reinstatement tests in RHA and RLA
rats were started after a 3-week extinction period, and the
priming doses used (2.5, 5, and 10 mg/kg, i.p.) were within
the effective dose range reported in previous cocaine-
induced reinstatement studies (Lu et al, 2004). Notably, the
lowest dose of cocaine effectively reinstated lever-pressing
after long-term extinction only in RHA rats. On the other
hand, cocaine-priming doses of 5 and 10 mg/kg reinstated
operant responding in both lines, although the lever-
pressing rates were significantly higher in RHA rats. In
both lines, cocaine-induced reinstatement of operant
responding was specific for the lever previously paired
with the drug, suggesting that the enhanced responding of
RHA rats may be considered as a measure of drug-seeking
behavior reflecting incentive motivation, rather than as
a non-specific consequence of the general arousal and
increased motor activity induced by cocaine. It remains
unclear, however, whether the higher lever-pressing rate
of RHA rats during the acquisition/maintenance phase
may have affected the responding rate in the subsequent
reinstatement tests. In this regard, it has been reported that
responding rates during drug SA training are not correlated
with the intensity of drug-seeking behavior reinstated by
priming doses of cocaine following extinction (Leri and
Stewart, 2001), although another study has shown a positive
association between the level of cocaine intake during
prior SA and drug-induced reinstatement of extinguished
cocaine-seeking behavior (Sutton et al, 2000).

The Roman lines also differed significantly in the propen-
sity to reacquire SA behavior when a low unitary dose
of cocaine (0.1 mg/kg/inf) was contingently available, as
only RHA rats showed a rapid and stable reacquisition
of contingent responding on the active lever. Importantly,
the response rate of RHA rats in these sessions was higher
than that measured in both the 1st (0.1 mg/kg/inf) and
the 2nd (0.2 mg/kg/inf) week of SA training. This effect
is reminiscent of the behavioral sensitization observed in
rats chronically treated with cocaine.

It is well known that the repeated, non-contingent
administration of psychostimulants to rodents induces
sensitization of their locomotor stimulating effects
(Vanderschuren and Kalivas 2000; Vezina, 2004). This
enhanced behavioral response peaks at time points that are
well beyond the acute withdrawal phase and persists for
months in abstinent rats (Vanderschuren and Kalivas 2000;
Li et al, 2004; Giorgi et al, 2007). The repeated exposure to
psychostimulants (either contingent or non-contingent)
may also lead to the development of sensitization to their
incentive-motivational effects (Horger et al, 1990; Piazza
et al, 1990; Robinson and Berridge, 2003; Vanderschuren
and Everitt, 2005; Morgan et al, 2006). In line with the above
studies, the ability of priming doses of cocaine, and of
cocaine-paired cues, to reinstate extinguished drug-seeking
behavior develops with a time course that is very similar
to that of the locomotor sensitization induced by the
repeated administration of psychostimulants, suggesting
that both phenomena may share the same neural substrates
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(De Vries et al, 1998; Grimm et al, 2001; Zapata et al, 2003;
Lu et al, 2004). The experimental design of the present study
does not allow us to discern whether or not the repeated
exposure to cocaine elicited behavioral (locomotor) sensi-
tization; however, previous studies have consistently shown
that only RHA rats display sensitized locomotor responses
following repeated, non-contingent treatments with psy-
chostimulants, such as amphetamine (Corda et al, 2005)
and cocaine (Giorgi et al, 2005a).

Long-lasting structural and functional changes in the
mesocortical/mesolimbic dopaminergic system as well as
in its afferent and efferent connections in the mPFC
and amygdala are considered to play a central role in the
development and persistent nature of psychostimulant
sensitization (Tran-Nguyen et al, 1998; Vanderschuren
and Kalivas, 2000; Nestler, 2001; Robinson and Berridge,
2003; Li et al, 2004; Vezina, 2004; Ferrario et al, 2005).
Accordingly, we have shown that, in RHA rats sensitized
to cocaine, the increment in dopamine efflux elicited by
the administration of a cocaine challenge after 1 week of
abstinence is potentiated in the NAc-core and concomi-
tantly attenuated in the NAc-shell, whereas such adaptive
changes are not observed in sensitization-resistant RLA rats
(Giorgi et al, 2007). Importantly, the NAc-core has been
implicated in the reinstatement of cocaine-seeking induced
by the administration of a priming dose of the drug or
by exposure to drug-related cues (Ito et al, 2004; Hollander
and Carelli, 2007). These findings support the view that
the NAc-core and its afferent glutamatergic projections
originating in the mPFC play a key role in cocaine-induced
relapse (McFarland et al, 2003). Therefore, future studies in
our laboratory will be aimed at clarifying whether long-
lasting changes in NAc-core and mPFC function are also
implicated in the increased responding rates of RHA vs RLA
rats during reinstatement and reacquisition of cocaine SA.

A variety of factors, including individual differences in
genetic make up, neuronal circuits, temperament, and social
environment, are involved in the transition from casual,
controlled, and recreational drug use to the compulsive,
uncontrolled, drug use that occurs in approximately
15–20% of the individuals exposed to addictive substances
(Anthony et al, 1994). Hence, an important goal of drug
addiction research is to characterize how these factors, and
their reciprocal interactions, contribute to the individual
vulnerability to substance use disorders.

The selective breeding of RHA and RLA rats for, respec-
tively, rapid vs poor acquisition of two-way active avoidance
in the shuttle-box has generated two well characterized
phenotypes that differ drastically in several traits, including:
(1) functional properties of the mesocortical and meso-
limbic dopaminergic projections, (2) temperament traits
related to the behavioral spectra of novelty/sensation-
seeking and impulsivity, and (3) susceptibility to the
acute and chronic effects of addictive drugs, including
ethanol, morphine, and psychostimulants (for reviews,
see Fernández-Teruel et al, 2002; Steimer and Driscoll,
2005; Giorgi et al, 2007). Such distinctive traits of the
RHA phenotype may contribute to the increased suscepti-
bility to self-administer contingently available cocaine and
to reinstate extinguished operant responding when primed
with the same substance. It will be therefore worthwhile
to compare the performance of the Roman lines in SA

paradigms that distinguish mere drug-taking from the
compulsive and uncontrolled drug use that characterize
addiction in humans (Robinson 2004; Deroche-Gamonet
et al, 2004; Vanderschuren and Everitt 2004). Such studies
may eventually clarify whether RHA and RLA rats represent
a pair of phenotypes respectively vulnerable and resistant
to drug addiction, thus providing a useful experimental
model to characterize the relationships among genetic make
up, temperament traits and neurobiological mechanisms
involved in the individual vulnerability to undergo a transi-
tion from drug use to drug addiction.

ACKNOWLEDGEMENTS

We thank Professor Walter Fratta for thoughtful discus-
sions pertaining to this study and the Reviewers for their
useful comments. We thank Ms Barbara Tuveri for her
excellent technical assistance. This project was supported by
funds from Ministero dell’Università e della Ricerca to MGC
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