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Abstract Rationale: ldentifying the long-term neuro-
cognitive sequelae of drug addiction may have important
implications for understanding the compulsive, chronically
relapsing nature of this brain disorder. Objectives: Our
aim was to investigate the consequences of chronic intra-
venous self-administration of cocaine or heroin on visual
attentional processes in rats. Methods: Adult male rats
were pretrained on a five-choice serial reaction time task
(5-CSRTT) of sustained visual attention and impulsivity
and later trained to self-administer cocaine or heroin in-
travenously during multiple ‘long-access’ self-administra-
tion cycles. Control rats had identical training and surgical
experience, but received passive infusions of saline dur-
ing self-administration sessions. Executive cognitive pro-
cesses of selection and inhibitory response control were
evaluated 24 h after drug discontinuation and for a fur-
ther 6 days prior to the next cycle of self-administration.
Results: Findings indicate similar behavioural disturbances
on the five-choice task in cocaine- and heroin-withdrawn
rats with significantly impaired attentional accuracy, in-
creased omissions and slower latencies to respond correct-
ly during the early, but not late, withdrawal period. The
self-administration of either drug was not associated with
significant alterations in impulsive actions, and there was
no evidence of persistent alterations in visual attentional
performance. However, unlike rats self-administering co-
caine, the motivation to collect food reward on the 5-
CSRTT was significantly reduced in heroin-withdrawn
animals for a period of at least 6 weeks. Conclusions: These
data, together with recent findings of attentional dysfunc-
tion during the withdrawal of intravenous self-adminis-
tration of amphetamine, suggest that generically different
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drugs of abuse produce similar disturbances in visual at-
tentional performance during the early withdrawal period.
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Introduction

There is widespread support for the hypothesis that frontal
lobe dysfunction plays a prominent role in compulsive
brain disorders such as drug addiction (Volkow et al. 1993;
Jentsch and Taylor 1999; Rogers et al. 1999; Lyvers 2000;
Hester and Garavan 2004). Consistent with this view, brain
imaging and neuropsychological investigations of human
drug addicts have revealed specific patterns of impairment
in executive control processes known to depend on the
prefrontal cortex (PFC) and associated brain circuitry, in-
cluding decision making, attention, memory function and
inhibitory control (O’Malley et al. 1992; Berry et al. 1993;
Rogers et al. 1999; Beatty et al. 1995; Rosselli and Ardila
1996; Bolla et al. 1999; Lyvers 2000; Ornstein et al. 2000;
Hester and Garavan 2004). However, the hypothesis that
chronic drug abuse per se leads to a dysregulation in
frontally mediated self-control (e.g. Jentsch and Taylor
1999; Lyvers 2000) remains a contentious issue in drug
addiction research. For example, it is difficult to rule out
premorbid factors, such as residual attention-deficit/hy-
peractivity disorder and coexisting psychopathology, as
explanations for observed neuropsychological impairment
in chronic drug abusers. Indeed, neural and neurochemical
abnormalities may be present prior to, rather than be a
consequence of, long-term drug abuse. Determining the
causal impact of long-standing drug self-administration on
neurocognitive abilities thus requires experimental animal
models to control drug exposure prior to cognitive testing.

In a recent study (Dalley et al. 2005), we investigated
this issue directly using a five-choice serial reaction time
task (5-CSRTT) in rats, which engages executive control
processes of attentional selection, inhibitory response con-
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trol and monitoring, and which depends on neural systems
including the PFC and striatum (Robbins 2002). Rats were
trained on the 5-CSRTT to discriminate brief visual stimuli
presented in a spatially unpredictable manner and to refrain
from responding at inappropriate times before the onset of
target stimuli (deemed ‘impulsive’ responding). In our
initial analysis, we investigated the consequences of intra-
venous self-administration of p-amphetamine in rats pre-
trained on the 5-CSRTT on visual attentional performance
(Dalley et al. 2005). It was shown that withdrawal from
intravenous self-administration of amphetamine resulted
in severe, but relatively temporary, disturbances in atten-
tional performance that were overcome fully after several
days of drug abstinence. The present study considers the
hypothesis that attentional dysfunction associated with
drug withdrawal is a phenomenon common to both opiate
and psychomotor stimulant drugs of abuse. Despite reports
of neuropsychological impairment among opiate addicts
(Grant et al. 1978; Petry et al. 1998; Rogers et al. 1999;
Ornstein et al. 2000), these are less well understood com-
pared to psychomotor stimulant drugs of abuse (Zacny
1995; Rogers and Robbins 2001), and it is unclear whether
related deficits in frontal lobe function are manifested
before the onset of heroin use (Lyvers 2000). Research into
the cognitive sequelae of chronic cocaine abuse is more
extensive (e.g. O’Malley et al. 1992; Berry et al. 1993;
Beatty et al. 1995; Rosselli and Ardila 1996; Bolla et al.
1999; Hester and Garavan 2004) but is nevertheless con-
strained by similar interpretative issues. Therefore, in the
present investigation, we evaluated the effects of with-
drawal from the intravenous self-administration of heroin
or cocaine on the pretrained performance of rats on the 5-
CSRTT.

Materials and methods
Subjects

Twenty-eight adult male Lister Hooded rats (Charles
River, UK), weighing 368425 g at the time of intrave-
nous surgery, were used. They were housed in pairs in a
temperature- and humidity-controlled room (22°C) under
an alternating light/dark cycle (white lights off/red lights
on from 7:30 a.m. to 7:30 p.m.). Subjects were each given
20 g of food per day (Purina Laboratory Chow), which
was reduced to 14 g/day during behavioural testing on the
5-CSRTT. Water was provided ad libitum. All procedures
conformed to the UK (1986) Animal (Scientific Proce-
dures) Act (project licence PPL 80/1767).

5-CSRTT apparatus and training

The test apparatus consisted of eight five-choice chambers
(25%25%25 cm), each housed within a ventilated, wooden,
sound-attenuating box (see Dalley et al. 2005). A personal
computer using WhiskerServer software written in C++

(version 2.2) and a FiveChoice client (version 2.7) con-
trolled the apparatus (Cardinal and Aitken 2001). Subjects
were trained to detect the location of a brief visual stimulus
(0.5 s in duration) presented pseudorandomly in one of five
apertures over a large number of trials, as described pre-
viously (Dalley et al. 2005). A number of performance
measures were recorded, including choice accuracy (the
proportion of correct responses to the total number of
correct and incorrect responses), omissions (a failure to
respond within the intertrial interval [ITI] and a short pe-
riod thereafter), premature responding (responses made
before the target stimulus), correct response latency (the
time from the stimulus onset to a correct response) and
magazine latency (the time from a correct response to the
collection of food in the magazine). Subjects were con-
sidered to have acquired the task when their accuracy was
greater than 80% and omissions were fewer than 20%.
Thereafter, subjects were assessed for 14 days to determine
the baseline performance. On days 3 and 10, longer 1-h
sessions were used; these consisted of 100 trials and a
fixed ITI of 7 s. The purpose of this procedure was to
increase the sensitivity of the task to impulsive responding
(see Dalley et al. 2002). Following intravenous surgery,
rats were given 1 week to recover before being run on the
5-CSRTT for a further week of baseline testing. Subjects
were randomly allocated to three groups: those destined
to receive cocaine (n=10), those destined to receive her-
oin (n=9) and those destined to receive yoked infusions
of saline (n=9).

Intravenous self-administration of cocaine and heroin

Chronic indwelling catheters were implanted into the right
jugular vein under ketamine (Ketalar, 100 mg/kg, i.p.; Vet
Drug, Bury, St. Edmunds, UK) and xylazine (Rompun,
12 mg/kg, i.p; Vet Drug) anaesthesia, supplemented with
ketamine as needed (20 mg/kg, i.p.), as described pre-
viously (Caine et al. 1992; Dalley et al. 2005). Subjects
were individually housed after surgery. Catheter patency
was maintained by flushing once weekly with 0.2 ml
of normal saline. Twelve dual-lever operant-conditioning
chambers (24x20x%22 cm; Med Associates, UK) were
employed in the study. Infusions were delivered by a
software-operated pump (Semat Technical, St. Albans,
UK), as described previously (Dalley et al. 2005). Rats
were trained to intravenously self-administer cocaine or
heroin under a fixed ratio 1 (FR1) schedule. Acquisition
was carried out over five daily sessions, with the daily
number of infusions limited to 50 for cocaine (0.25 mg/
infusion) and to 25 for heroin (0.04 mg/infusion). Subjects
were then tested on the 5-CSRTT for seven consecutive
days during withdrawal. Thereafter, the maximum number
of infusions obtainable was increased to 150 for cocaine
and to 75 for heroin. ‘Long access’ exposure to cocaine or
heroin is known to produce an escalation in drug intake and
a dysregulation of brain reward function not observed with
a more restricted access (Ahmed and Koob 1999; Ahmed et



al. 2000, 2002) and thus may result in differential effects on
cognitive performance. These sessions consisted of five
daily sessions (one ‘cycle’) that were repeated on four
successive occasions. Testing on the 5S-CSRTT took place
24 h after withdrawal, for a total of seven consecutive
days. Control rats received an identical training on the 5-
CSRTT and surgery but received yoked infusions of
sterile saline (0.1 ml) during the self-administration
sessions.

Since one major apparently long-lasting consequence
of heroin withdrawal was a selective increase in magazine
latencies (see Fig. 5), we determined if this deficit was still
present following a further 1 month of drug withdrawal.
Control and heroin rats were maintained in their home
cages during this period, with food restricted to 18 g/day
per subject but with water provided ad libitum. Retraining
on the 5-CSRTT was conducted over three daily sessions,
each consisting of 100 trials (ITI 5 s, stimulus duration
0.5 s). Comparisons between control and heroin rats were
made on the third and final session.

Drugs

Cocaine and heroin hydrochloride (MacFarlen Smith,
Edinburgh, UK) were dissolved in sterile 0.9% sodium
chloride solution (Aquapharm; Animalcare, Dunnington,
UK). Drug doses were calculated from the combined
weight of the free base and salt.
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Statistical analyses

Data were subjected to repeated-measures analysis of var-
iance (ANOVA) using a general linear model (SPSS type
I sum-of-squares method, version 11.5; SPSS, Chicago,
IL, USA). Violations of the sphericity assumption within
the repeated-measures ANOVAs were corrected using the
Huynh—Feldt epsilon (€) to adjust the degrees of freedom
(Keppel 1991). Accuracy data were transformed using the
formula x'=2arc sin[\/x]; correct responses and magazine
latencies were subjected to logarithmic transformation.
Significant interactions were assessed by ANOVA and in-
dependent ¢ tests, where appropriate. All tests were per-
formed at a=0.05.

Results
Cocaine and heroin self-administration

Figure 1 shows the acquisition and rate of intravenous self-
administration of cocaine or heroin. Active lever responses
were significantly greater than inactive lever responses
(cocaine F; 9=398.5, p<0.01; heroin F| =133.2, p<0.01),
indicating that rats in both groups self-administered drugs
intravenously. Cocaine rats self-administered approximate-
ly 20 infusions per hour—a rate of delivery that did not
change significantly over the course of the experiment. In
contrast, heroin rats showed ‘within-cycle’ increases in
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and 25 for cocaine (250 pg/infusion) and heroin (40 pg/infusion),
respectively; for the remaining cycles, access was increased to 150
and 75 infusions, respectively, with a session duration of 8 h. The
lower bar graphs show the average rate of drug self-administration
(number of infusions/h+SEM) for cocaine (¢) and heroin (d) col-
lapsed over the entire session

Fig. 1 Number of active and inactive lever-press responses during
cocaine (a) and heroin (b) intravenous self-administration main-
tained under an FR1 schedule of reinforcement (mean+SEM;
cocaine #n=10 and heroin #n=9). The data are grouped as cycles of
five consecutive daily intravenous sessions, each separated by 9
days during which time 5-CSRTT testing took place. During the first
cycle, the number of infusions in each 5-h session was limited to 50
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both the mean hourly rate of self-administration and the
number of active lever responses. In the case of infusion
rates (see Fig. 1d), this was revealed by a significant cy-
clexsession interaction (f;6125=2.3, p<0.01), main effects
of session for cycle 2 (F43,=4.1, p<0.01), cycle 3
(F4’32:8.7, p<001), cycle 4 (F4’32:11.4, p<001) and
cycle 5 (F43,=16.7, p<0.01), and by significant post hoc
differences between sessions 1 and 5 for each of the five
cycles. There was also a main effect of cycle (F43,=21.0,
<0.01), the nature of which was determined by calculating
for each rat a mean rate of self-administration per cycle.
This analysis revealed significant differences (all p<0.01),
respectively, between cycle 1 and cycles 3, 4 and 5; between
cycle 2 and cycles 3, 4 and 5; but not between cycle 3 and
cycles 4 and 5. A similar analysis of the main effect of cycle
for active lever responses (f43,=49.1, p<0.01) showed
similar results, except that responses for cycle 2 were
greater than cycle 1 (p<0.01). Thus, in contrast to cocaine,
heroin self-administration increased both within each cycle
and at least across the first two cycles of long-access
exposure.

Attentional accuracy
The effects of cocaine and heroin withdrawal on choice
accuracy are shown in Fig. 2. Prior to intravenous drug

exposure, there were no significant differences between
future control, cocaine and heroin rats. The main effect of

attentional accuracy
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Fig. 2 Symmetrical impairments in attentional accuracy on the 5-
CSRTT following discontinuation of intravenous self-administration
of cocaine and heroin. Accuracy was computed as the percentage of
correct responses to the total correct and incorrect responses and was
thus independent of motor performance. Control (‘saline’) animals
received passive yoked infusions of sterile 0.9% saline during active
self-administration sessions. Predrug baseline accuracy was deter-
mined over a period of 3 weeks (sessions 1-21). The arrow depicts
the first test session on the 5-CSRTT, which was conducted 24 h
after the last intravenous self-administration session. Testing took
place for a further 6 days before subjects experienced an additional
‘cycle’ of five consecutive days of intravenous drug administration
(see Fig. 1). Access was increased during cycles 2—5 with a longer
session time (8 h), and an increase in the number of reinforcements
was potentially obtainable

cocaine and heroin withdrawal was reduced accuracy, es-
pecially on the first withdrawal day. Initial analyses re-
vealed a significant groupxsessionxcycle interaction (Fug600=
2.7, p<0.01) and significant groupxsession interactions for
the five cycles. Examining each cycle in turn revealed a
significant sessionxgroup interaction for the heroin group
relative to controls for cycle 1 (Fg96=2.5, p=0.025) but no
significant pairwise differences. A similar analysis for cy-
cle 2 revealed a main effect of session (F150=9.2, p<0.01)
but no other significant effects. However, for cycle 3,
there were significant sessionxgroup interactions for both
the cocaine (Fg102=3.2, p=0.007) and heroin (Fg96=4.2,
p<0.01) groups and significant differences for both groups
during the first day of withdrawal compared with controls
(cocaine p=0.028; heroin p<0.01). For the remaining two
cycles, there were again significant sessionxgroup interac-
tions for the cocaine (cycle 4 F 10,=4.1, p<0.01; cycle 5
Fs.100=4.3, p=0.01) and heroin (cycle 4 F 96=2.6, p=0.021;
cycle 5 Fg96=8.9, p<0.01) groups and a reduced accuracy
relative to controls on the first drug-free day (cocaine cycle
4 p<0.01; cocaine cycle 5 p<0.01; heroin cycle 4 p=0.035;
heroin cycle 5 p<0.01).

Omissions

A further main of effect of cocaine and heroin withdrawal
was a sharp but transient rise in omissions (see Fig. 3).
ANOVA revealed a significant interaction between group,
session and cycle (Fig 600=1.65, p=0.005) and significant
groupxsession interactions for each of the five cycles (all
p<0.02). During cycle 1, omissions varied significantly
only in the heroin group (sessionxgroup interaction F g6=
3.12, p<0.01), with a near significant difference between
heroin and control rats on the first day of withdrawal
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Fig. 3 Increased omissions on the 5-CSRTT following the with-
drawal of intravenous self-administration of cocaine and heroin
compared with control subjects receiving intravenous passive
infusions of sterile 0.9% saline. An omission was recorded when
no response was made within a 5-s period from the onset of the
target stimulus. Omissions were calculated as a percentage of total
trials initiated, including those that were ultimately ‘correct’,
‘incorrect’ or ‘omissions’ and thus can never exceed 100%. The
arrow depicts the first test session on the 5-CSRTT following the
withdrawal of cocaine and heroin self-administration (see Fig. 2)
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Fig. 4 Lack of effect of cocaine and heroin self-administration on
‘impulsive’ premature responding on the 5-CSRTT. The arrow
depicts the transition between the predrug baseline evaluation on the
5-CSRTT and the first test day conducted 24 h after the last self-
administration session. Data are the mean number of premature

(»p=0.075). For subsequent cycles, cocaine and heroin
withdrawal was associated with reliable increases in omis-
sions. Specifically, omissions in cocaine rats were signif-
icantly increased relative to controls on the first withdrawal
day for cycle 2 (p=0.011), cycle 3 (»p=0.014) and cycle 4

Fig. 5 Differential effects of
cocaine and heroin withdrawal
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responses per session (+SEM). The sharp peaks in premature
responding relate to sessions where the ITI (i.e. the period separating
the start of each trial and the onset of the target stimulus) was
increased to 7 s

(p=0.004) and on the first (p=0.006) and third (p=0.027)
days of cycle 5. Omissions increased significantly in heroin
rats on the first and second days of cycle 2 (p<0.01), on day
1 of cycle 3 (p<0.01) and on days 1 and 3 of the final two
cycles (all p<0.05).
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Impulsivity

Figure 4 shows the effects of cocaine and heroin with-
drawal on impulsive responding. There were no significant
differences between future control, cocaine and heroin rats
on this measure of impulsivity prior to drug exposure, nor
were there significant differences between the three groups
during drug withdrawal (group F; »5=0.06, p=0.94; cyclex
group Fyg100=1.3, p=0.25; cyclexsessionxgroup Fige00=
1.3, p=0.11).

Response and magazine latencies

Figure 5 shows the effects of cocaine and heroin with-
drawal on latencies to respond correctly and to collect
earned food from the magazine. Correct response latencies
increased significantly in both cocaine and heroin rats dur-
ing withdrawal. Initial analyses revealed a significant over-
all interaction between cycle, session and group (Fiug 600=
1.7, €=0.81, p=0.007) and significant three-way interac-
tions for cocaine (F24 405=1.6, p=0.046) and heroin (£ 384=
2.0, p<0.01) rats relative to controls. Significant effects on
correct response latencies were evident only during the
final three cycles, with each case being significant for the
first test session only (all p<0.03). Although magazine
latencies were not significantly affected by cocaine with-
drawal, they did increase in rats withdrawn from heroin.
This was confirmed by a main effect of group (£ 15=11.2,
p<0.01) and a significant cyclexsessionxgroup interaction
(Fa4334=1.8, p=0.02) for the comparison between control
and heroin rats. For all cycles, except the first, there were
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Fig. 6 Performance of control and heroin rats on the 5-CSRTT
following 1 month of drug withdrawal. Subjects previously exposed
to long-access intravenous self-administration of heroin show a
persistent and selective impairment in the latency to collect earned
food reward from the magazine (*p<0.05)

significant main effects of group (all p<0.035) and sig-
nificant sessionxgroup interactions (all p<0.016). Post hoc
tests revealed that latencies were significantly elevated
compared with controls on the first 4 days of cycles 2—5
(all p<0.02), as well as on the final 2 days of cycles 4 and
5 (all p<0.027). The final day of cycle 3 was also sig-
nificant (p=0.011).

Despite increased magazine latencies in rats withdrawn
from heroin, there were no significant changes in body
weight during the course of the study. The body weights
of cocaine and heroin rats on the first week of baseline
testing were 418+14 and 420+10 g, respectively; on test
day 35 (see Fig. 5) were 42146 and 41346 g, respectively;
and on test day 56 were 426.7+5 and 414.9+10 g, respec-
tively. Figure 6 shows that magazine latencies remained
persistently elevated in heroin-withdrawn rats for at least
6 weeks.

Discussion

There has been much interest in determining the residual
effects of chronic drug abuse on neuropsychological test
performance as a basis for understanding why some in-
dividuals continue to abuse drugs despite obvious harm
to themselves and others. It has been hypothesized that
repeated drug use interferes with ‘executive’ functions
known to depend on interrelated areas of the PFC, includ-
ing self-control (Jentsch and Taylor 1999; Lyvers 2000).
Consistent with this notion, chronic cocaine and heroin
abusers often show impaired performance on tests of ex-
ecutive function, including working memory, decision
making, planning and attentional set-shifting (Berry et al.
1993; Rosselli and Ardila 1996; Bolla et al. 1999; Ornstein
et al. 2000; Rogers and Robbins 2001; Hester and Garavan
2004). However, evidence for enduring executive dysfunc-
tion in abstinent drug addicts has been less well sub-
stantiated despite research indicating a reduced metabolism
in the orbital PFC of chronic cocaine abusers 3—4 months
after drug discontinuation (Volkow et al. 1993). Even more
problematic is the frequently encountered coexistent psy-
chopathology that may precede drug addiction (Khantzian
1985; Levin and Kleber 1995; Sim et al. 2002; Dawe and
Loxton 2004). Using a task in which proficient perfor-
mance depends on the integrity of the PFC and striatum
(Robbins 2002), the present study addresses these issues by
allowing controlled drug access to subjects premorbidly
assessed for cognitive capabilities. We were especially in-
terested in understanding whether a high access to cocaine
and heroin, which previously has been shown to escalate
drug self-administration (Ahmed and Koob 1999; Ahmed
et al. 2000) and promote lasting changes in brain reward
function (Ahmed et al. 2002), affects cognitive functions
known to depend on the PFC.

The main findings of this investigation show that visual
attentional performance is disrupted by the acute with-
drawal of either cocaine or heroin self-administration.
These data thus extend previous findings of attentional
dysfunction in rats withdrawn from chronic amphetamine



(Dalley et al. 2005) and nicotine (Shoaib and Bizarro 2005)
and suggest, therefore, that common neurobiological sub-
strates may underlie opiate- and stimulant-induced distur-
bances in visual attention, despite clear dissimilarities in
the neural systems mediating the reinforcing effects of
these drugs (Ettenberg et al. 1982; Pettit et al. 1984). One
possibility is that this deficit in some way involves reduced
dopamine transmission in some as yet unspecified brain
areas, in addition to the nucleus accumbens (Parsons et al.
1991; Pothos et al. 1991; Rossetti et al. 1992; Maisonneuve
et al. 1995; Kuhar and Pilotte 1996). However, the present
findings are unlikely to result from impaired motivation
or non-specific disturbances in motor behaviour. Thus, it
is difficult to argue for a general involvement of motiva-
tional variables when magazine latencies were unaffected
in the cocaine-withdrawn group. Moreover, since responses
to correct and incorrect target locations require the same
motor effort, it is improbable that general deficiencies in
motor ability mediated the decline in accurate responding.
Rather, the corresponding increase in omissions makes it
more likely that the acute withdrawal of cocaine or heroin
adversely affected active processes of attentional selection
(Lyvers 2000; Robbins 2002). These data thus provide
further insights into the wide-ranging effects of opiate and
stimulant withdrawal on mood and arousal, including
anhedonic-like states in rats (Markou and Koob 1991;
Koob and Le Moal 1997) and depressive symptoms
mixed with anxiety, irritability and inattentiveness in
human drug addicts (Gawin and Kleber 1986; Berry et al.
1993). They also suggest that such disturbances during
the acute period of stimulant or opiate withdrawal may be
sensitive to amelioration by further drug intake. Further
experiments are needed to determine whether contingent
drug access would be sufficient to restore attentional
capabilities in cocaine- and heroin-withdrawn rats in ways
that potentially could contribute to the long-term mainte-
nance of drug intake. Such findings would clearly be con-
sistent with elements of the self-medication hypothesis of
drug addiction (Khantzian 1985).

In the present study, increasing the access time to co-
caine produced no significant increase in the rate of co-
caine self-administration, a finding that is somewhat at
odds with previous investigations that also used an FR1
schedule and a cocaine infusion dose of 0.25 mg (Ahmed
and Koob 1999; Ahmed et al. 2002; Ben-Shahar et al.
2004). A comparison between these studies and the pres-
ent study, however, reveals a number of procedural dis-
similarities that may have contributed to this discrepancy,
not the least of which includes differences in the strain of
rat used and the precise conditions under which high
access to cocaine was made available. For example, in the
present study, the number of cocaine infusions in each
session was restricted whereas no constraint was imposed
in previous studies, which were limited instead by a fixed
session time of 6 h. However, our failure to observe co-
caine escalation is unlikely the result of ceiling effects
because the majority of subjects in the present study did
not receive the maximum permissible number of infusions
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during the long-access sessions. A further distinction re-
lates to the training history of the animals. Rats in the
present study received no lever-press training for food to
facilitate subsequent cocaine self-administration, nor did
they experience a limited 1-h access to cocaine self-ad-
ministration prior to cocaine availability being increased,
unlike earlier studies. Finally, rats in the present study
experienced intermittent cycles of high-access cocaine self-
administration that were each separated by a period of
withdrawal. Therefore, the development of cocaine (ad-
ministered intravenously) escalation may depend on sev-
eral experimental variables, in addition to increased cocaine
access.

Neither cocaine nor heroin significantly affected im-
pulsive responding on the 5-CSRTT. Similarly, no signif-
icant effect of a chronic intravenous administration of
amphetamine was found previously on this measure of
impulsivity (Dalley et al. 2005). One implication of these
data is that executive dysfunction in human drug users,
including impaired self-control, may be a pre-existing ab-
normality and not a consequence of chronic drug abuse.
However, it is also possible that the low working memory
load of the 5-CSRTT made the occurrence of impulsive
responding less likely in the present study. Thus, using a
Go/No-Go response inhibition test of working memory, it
has recently been shown that human cocaine addicts find it
more difficult to inhibit their actions when working mem-
ory demands are increased (Hester and Garavan 2004).
Alternatively, or perhaps in addition, chronic drug use may
affect other forms of impulsive behaviour, such as stop
signal reaction time and delayed gratification (Evenden
1999; see also Petry et al. 1998; Fillmore et al. 2002).

An interesting finding of the present study was that her-
oin withdrawal, unlike cocaine or amphetamine withdrawal
(see Dalley et al. 2005), was associated with a profound
and selective increase in the latency to collect earned food
from the magazine, an effect that persisted for at least
6 weeks. This effect was clearly unrelated to response vig-
our as latencies to respond correctly increased only tran-
siently during acute heroin withdrawal, nor was it consistent
with gross deficits in motivation because omissions did
not increase in a corresponding manner. Rather, the origin
of this deficit seems most parsimoniously related to the
well-established involvement of the endogenous opioid sys-
tem in feeding (Kelley et al. 2002). Specifically, it has been
hypothesized that opiate agonists such as morphine and
heroin augment food palatability or ‘liking’ whereas opi-
ate antagonists such as naloxone have the opposite effect
(Berridge 1996). Our findings suggest that withdrawal from
chronic heroin may produce long-lasting adaptations in
the endogenous opioid system, the consequence of which
may be diminishment of the perceived value of food re-
ward on the 5-CSRTT. These data are thus compatible
with findings that rats previously exposed to morphine
develop significantly less preference for food-associated
cues than morphine-associated cues (Harris and Aston-
Jones 2003) and that food-reinforced behaviour in mon-
keys can be suppressed by conditioned cues predictive
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of morphine withdrawal (Goldberg and Schuster 1967).
They also imply that the anhedonic effects of withdrawal
from opiate and stimulant drugs as measured operation-
ally by elevated ICSS (Intra-cranial self-stimulation)
thresholds in rats (Markou and Koob 1991; Koob and
Le Moal 1997) may be different from the anhedonic-like
state of rats self-administering heroin in the present
study.

In summary, the findings of this investigation indicate
that, during acute withdrawal, generically different drugs
of abuse transiently disrupt cognitive control functions
such as attentional selection. Neither cocaine nor heroin
withdrawal resulted in residual impairments in executive
aspects of visual attention involving response inhibition.
However, important distinctions were found between co-
caine and heroin in their effects on food motivation during
protracted abstinence. Further studies are needed to deter-
mine with greater precision the effects of chronic drug
intake on other defined frontoexecutive functions, includ-
ing working memory, and how these interact with pre-
morbid cognitive capabilities.
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