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Abstract Rationale: It has been suggested previously that
conditioned effects on drug-seeking behaviour are in part
mediated through glutamatergic neurotransmission. Ob-
jectives: To optimise a second-order schedule of IV
cocaine reinforcement in Wistar rats and investigate the
effects of the systemic AMPA/kainate receptor antagonist
CNQX on cocaine-seeking behaviour under this schedule.
Methods: Free-feeding Wistar rats were trained to respond
for an IV cocaine infusion (0.25 mg/infusion) under a
FI15 min(FR7:S) schedule, whereby the completion of
FR7 responses led to the presentation of a conditioned
stimulus (CS). After two 15-min fixed intervals, rats were
allowed to respond for cocaine under an FR4(FR7:S)
second-order schedule for another 120 min. After acqui-
sition of stable responding, the cocaine unit dose was
increased to 0.50 mg/infusion. The effects of CNQX (0,
0.75, 1.5, and 3 mg/kg IP) on cocaine seeking were then
examined using a within-subjects design. Results: Increas-
ing the cocaine unit dose increased responding during the
first and second intervals, with a decrease in the latency to
the first CS. CNQX decreased the number of cocaine
responses in a dose-dependent manner during the first 15-
min cocaine-free interval, but did not affect cocaine
responding during either the second interval or the latter
part of the session under the FR4(FR7:S) schedule. In the
locomotor activity test, reductions in rearing were
produced by higher CNQX doses than those that atten-
uated significantly responding during the first fixed
interval. Conclusions: These results suggest that AMPA/
kainate receptors are involved in mediation of cocaine-
seeking behaviour controlled partly by cocaine-associated
cues.

Keywords Cocaine · Self-administration · Drug-seeking ·
Second-order schedule · Glutamate receptors

Introduction

Environmental stimuli present during drug taking may
acquire powerful incentive-motivational properties
through classical conditioning and elicit drug craving
and relapse, sometimes following years of abstinence.
Such conditioned responses have been demonstrated for
many abused drugs (Carter and Tiffany 1999). For
example, abstinent cocaine users report intense drug
craving and arousal when exposed to environmental cues
previously associated with cocaine use (Childress et al.
1993; Foltin and Haney 2000). These conditioned
responses to drug-associated stimuli have been suggested
to contribute to the chronic, relapsing nature of drug
addiction (O’Brien et al. 1998).

Dopaminergic transmission has been shown to be one
of the key neurobiological substrates mediating condi-
tioned responses elicited by environmental cues both in
humans and laboratory animals. Human brain imaging
data have demonstrated activation of many dopamine-rich
forebrain regions in cocaine craving (Grant et al. 1996;
Childress et al. 1999; Kilts et al. 2001). In rats, exposure
to stimuli associated with cocaine availability enhanced
dopamine release in the nucleus accumbens and amyg-
dala, and increased Fos immunoreactivity in the medial
prefrontal cortex and amygdala (Ito et al. 2000; Weiss et
al. 2000; Ciccocioppo et al. 2001). Moreover, dopamine
antagonists attenuated cue-induced neural activation and
cocaine-seeking (Weiss et al. 2001).

There is also evidence for the involvement of gluta-
mate transmission in procession of drug-paired cues.
Infusion of an AMPA receptor antagonist into the nucleus
accumbens decreased responding for cocaine-associated
cues under a second-order schedule of cocaine reinforce-
ment, while an NMDA antagonist was without effect (Di
Ciano and Everitt 2001). In contrast, extinguished
cocaine-seeking behaviour could be reinstated by infusion
of both NMDA and AMPA glutamate receptor agonists
into the nucleus accumbens, with the AMPA agonist
producing a more selective effect on cocaine-seeking
(Cornish et al. 1999; Cornish and Kalivas 2000). The
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nucleus accumbens glutamate transmission has also been
suggested to mediate enhancement of behavioural sensi-
tisation by environmental stimuli paired with repeated
cocaine injections (Bell et al. 2000).

The importance of drug-associated environmental
stimuli has been demonstrated in many animal models
of cocaine-seeking and relapse, including second-order
schedules of cocaine reinforcement (Markou et al. 1993;
Everitt and Robbins 2000). These schedules are particu-
larly useful for measuring drug-seeking behaviour, be-
cause under them responding is controlled at least partly
by the contingent presentation of previously neutral
stimuli that have acquired conditioned reinforcing prop-
erties through repeated pairing with the primary reinforc-
er. Moreover, responding for the primary drug reinforcer
can be maintained for prolonged periods of time without
the confounding pharmacological effects of the reinforc-
er.

Animal models employing second-order schedules
may be valuable for developing systemically administered
pharmacological therapies aiming at diminishing the
motivational effects of stimuli associated with abused
drugs, especially psychomotor stimulants, in human
addicts. For example, systemic administration of a partial
dopamine D3 receptor agonist was shown to suppress
cocaine-seeking under a second-order schedule in rats
(Pilla et al. 1999). Although both neuroanatomical and
pharmacological data suggest that glutamate transmission
is involved in mediation of drug-associated stimuli,
modulation of cue-controlled drug-seeking behaviour by
systemically administered antagonists at AMPA or
NMDA glutamate receptors has not been demonstrated.
Consequently, our goal was to examine the effects of
systemic injections of a water-soluble formulation of the
AMPA receptor antagonist CNQX on cocaine responding
under a second-order schedule in rats. It is important to
show that glutamate antagonists can modulate drug-
seeking behaviour without their well-known effects on
motor functions (Jackson et al. 2000). Therefore, we
tested the effects of CNQX also on spontaneous locomo-
tor activity. The second-order schedule developed and
optimised for the present experiments was based on
procedures described previously (Whitelaw et al. 1996;
Arroyo et al. 1998).

Materials and methods

Animals

Male Wistar rats (Harlan, The Netherlands) weighing 180–200 g
upon arrival were housed in pairs in Macrolon IV cages in a
temperature and humidity controlled room under a reversed 12-h
light-dark cycle (lights off at 0600 hours). Water and pellet food
(RM1, SDS, Witham, UK) were available ad libitum in the home
cage except during food training (see below). All behavioural
testing was carried out during the dark phase of the light-dark cycle
between 0800 and 1500 hours, 5 days a week. All experimental
procedures using animals were conducted under the National
Animal Welfare Act and were approved by the Institutional Animal

Care and Use Committee at the National Public Health Institute and
the Chief Veterinarian of the County Administrative Board.

Apparatus

Both the initial food training and cocaine self-administration took
place in operant chambers (Model ENV-112B; Med Associates,
Georgia, Vt., USA), enclosed in ventilated sound-attenuating
cubicles. The chambers were equipped with a food hopper in the
middle of the front panel and two retractable levers on both sides of
the food hopper. A white stimulus light was mounted above each
lever. Auditory stimuli were delivered from a speaker positioned on
the front panel. A food dispenser located behind the front panel
delivered 45 mg Noyes pellets to the food hopper. Intravenous (IV)
infusions were delivered at the volume of 0.1 ml by means of
activating an infusion pump outside the sound-attenuating cubicle.
The infusion pump was attached to a counterbalanced liquid swivel
with Tygon tubing. From the swivel, Tygon tubing protected by a
steel spring passed through a hole in the operant chamber and was
connected to the catheter base at the midscapular region of the
animal. Schedule contingencies and data collection were controlled
by a computer using the MED-PC behavioural software (Med
Associates).

Surgery

Rats were anaesthetised with an isoflurane-air mixture and
implanted with a chronic jugular catheter, as described previously
(Caine et al. 1993). Briefly, the catheter assembly made in-house
consisted of a 13-cm length of silastic tubing (inside diameter
0.31 mm; outside diameter 0.64 mm), attached to a guide cannula
that was bent at a right angle. The cannula was embedded into a
dental cement base and anchored with surgical polypropylene
mesh. The catheters were implanted with the proximal end reaching
the heart through the right jugular vein, continuing subcutaneously
over the shoulder, and exiting between the scapulae. After surgery,
catheters were flushed once a day for the next 10 days with a
0.05 ml infusion of an antibiotic (Oriprim; Orion Pharma, Espoo,
Finland) and a 0.1 ml infusion of 0.9% saline containing heparin
(30 IU/ml) to prevent infection. Thereafter, the catheters were
flushed daily with heparinised saline at the end of each self-
administration session. Catheter patency was tested by infusing the
short-acting anaesthetic methohexital (Brietal, Eli Lilly and Co.,
Indianapolis, Ind., USA) through the catheter whenever an animal
not receiving drug treatment displayed self-administration outside
baseline performance. Animals with patent catheters exhibited a
rapid loss of muscle tone within 2 s of the methohexital infusion.

Cocaine self-administration procedure

Prior to implantation of IV catheters, rats were trained to lever press
for food reinforcement. During training rats were restricted to 4 g of
standard pellet food per day. Rats were trained under a fixed ratio 1
(FR1) schedule with a time-out (TO) duration of 1 s on both
response levers. A lever press response resulted in the delivery of a
45 mg Noyes pellet and illumination of the white stimulus light
above the lever for the 1-s TO period. Rats were trained during
daily 60-min sessions until they earned 100 pellets during the
session. Once rats had reached this criterion (two or three sessions),
they were returned to ad libitum food and implanted with IV
catheters.

One week after surgery, rats were allowed to respond for a
0.1 ml IV infusion of cocaine (0.25 mg/infusion, dissolved in 0.9%
physiological saline) on an FR1 TO 20-s schedule during daily 2-h
sessions. At the beginning of each session, the house light was
turned off and the two response levers were extended. Responding
on the active lever resulted in an infusion that was signalled by a
20-s illumination of the stimulus light and a 3.5-s tone. Responses
on the inactive lever were recorded but had no programmed
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consequences. Once animals had acquired reliable responding on
FR1 TO 20-s schedule, a second-order schedule of reinforcement of
the type FRx(FRy:S) was introduced, where x was the number of
conditioned stimulus (CS) presentations (1-s stimulus light and
tone) required for the delivery of a cocaine infusion and y was the
number of lever presses required for a CS presentation. Therefore,
rats were presented a 1-s stimulus light and tone after y responses,
and a 20-s stimulus light and a 3.5-s tone after completion of x, i.e.,
during each cocaine infusion. The schedule requirements were
gradually increased as follows: FR1(FR2:S), FR1(FR3:S),
FR1(FR5:S), FR1(FR7:S), FR2(FR5:S), FR3(FR5:S), FR4(FR5:S),
FR5(FR7:S). When rats had reached FR5(FR7:S) or self-adminis-
tered fewer than ten infusions during the 2-h session, a second-
order schedule consisting of two fixed intervals (FI) followed by a
2-h period of self-administration under FR4(FR7:S) was intro-
duced. The length of the fixed intervals was gradually increased
from 5 to 15 min. Thus, under the final reinforcement schedule, rats
were allowed to respond for the first two cocaine infusions under
the FI15 min(FR7:S) schedule, and then take an unlimited number
of cocaine infusions under FR4(FR7:S) schedule for 2 h. The
purpose of the latter schedule was to strengthen action-outcome
associations and the importance of the CS in the maintenance of
cocaine responding.

Experimental procedures

Experiment 1: cocaine dose-response function
under a second-order schedule

To examine the effect of cocaine unit dose on responding, rats were
allowed to establish stable baseline responding for cocaine
(0.25 mg/infusion) under the two-component second-order sched-
ule described above. A stable baseline was defined as three
consecutive self-administration sessions with less than 20% vari-
ation in the number of responses during the first interval and less
than 10% variation in the total number of infusions earned. After
ten sessions, the cocaine unit dose was increased from 0.25 mg/
infusion to 0.50 mg/infusion and responding was allowed to
stabilise. The data from the last three sessions at each unit dose
were used for data analysis.

Experiment 2: effect of CNQX on cocaine responding
under a second-order schedule

The AMPA/kainate antagonist CNQX (6-cyano-7-nitroquinoxa-
line-2,3-dione disodium) was obtained from Tockris Cookson Ltd
(Bristol, UK) and dissolved in distilled water. CNQX (0, 0.75, 1.5,
3 mg/kg) was administered intraperitoneally (IP, 1 ml/kg) 20 min
before cocaine self-administration sessions at the 0.50 mg/infusion
unit dose under the second-order schedule described above. The
order of doses was counterbalanced with a Latin square design, and
only one drug dose was tested weekly.

Experiment 3: effect of CNQX
on spontaneous locomotor activity

Locomotor activity was measured in transparent Macrolon III cages
(18�33�15 cm) that were placed inside photocell frames (Cage
Rack Activity System; San Diego Instruments, Calif., USA). The
frames were equipped with seven pairs of photocells (5 cm off the
cage floor) for measuring horizontal activity and eight pairs of
photocells (12 cm off the floor) for measuring vertical activity. The
number of photocell interruptions was recorded by a computer at 5-
min intervals for 60 min and was used as the measure of locomotor
activity. During the first four sessions, rats were habituated to the
test cages after vehicle injections. The effects of CNQX (0, 0.75,
1.5, 3 mg/kg, IP, 20 min before testing) on locomotor activity were
examined in a within-subjects Latin square design with at least two
vehicle injection days separating the different CNQX doses.

Statistical analysis

The following measures were taken from all cocaine self-admin-
istration sessions: (a) the number of responses on the active lever
during the two fixed intervals, (b) the time to emit the first
response, (c) the time to complete the first FR7 response unit, i.e.
the latency to the first CS, (d) the number of responses on the
inactive lever during the fixed intervals, and (e) the total number of
cocaine infusions under FR4(FR7:S). For examining the effects of
the two cocaine unit doses on cocaine responding, the means of the
above measures across the last three sessions at each dose were
calculated and compared with paired t-tests. The effects of CNQX
on cocaine responding and locomotor activity were analysed with
one-way repeated measures ANOVA. Following a significant main
effect of dose, each individual drug dose was compared with the
vehicle condition using a post hoc comparison with Bonferroni
correction. The number of the inactive lever responses during the
first fixed interval was square root transformed to preserve
homogeneity of variance. All statistical analyses were performed
with the SPSS statistical package (SPSS Inc., Chicago, Ill., USA).

Results

Experiment 1: cocaine dose-response function
under a second-order schedule

Rats acquired stable responding under the final
FI15 min(FR7:S) second-order schedule within 8–9
weeks, and they were then maintained for 2 weeks at
the 0.25 mg/infusion unit dose and for 8 weeks at the
0.50 mg/infusion unit dose. Ultimately, the temporal
limiting factor for individual rats was catheter patency.

Fig. 1A–D Effects of increasing the unit dose of cocaine (from
0.25 mg to 0.50 mg/infusion) on responding under the second-order
schedule of IV cocaine reinforcement (n=11). A Number of
responses during the first interval, B number of responses during
the second interval, C latency to the first CS presentation, and D
number of cocaine infusions during the latter half of the session
under FR4(FR7:S). Data points represent the mean€SEM. *P<0.05,
**P<0.01
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From the 16 subjects that started the experiment, four lost
their catheters during the final weeks, and did not
complete either the dose response function or the CNQX
experiment. Another two animals were excluded from the
data analysis because they never emitted more than seven
responses during the first fixed interval.

Figure 1 shows cocaine-seeking at the 0.25 and
0.50 mg/infusion unit doses. Doubling the unit dose
increased the number of first interval responses by
approximately 100%, while the number of cocaine
infusions during the latter part of the session under
FR4(FR7:S) decreased significantly. The increase in
responding during the first interval was accompanied by
a significant decrease in the latency to obtain the first CS.
Responding during the second fixed interval after the first
cocaine infusion was clearly higher than during the first
interval, but it was less sensitive to the change in unit
dose, as revealed by a non-significant (P=0.078) increase
in responding at the 0.50 mg/infusion unit dose.

Experiment 2: effect of CNQX on cocaine responding
under a second-order schedule

Comparison of the number of the first interval responses
after a baseline vehicle injection with the vehicle
injections included in the Latin square indicated that rats

maintained stable responding during the 4 weeks of
CNQX testing. The number of the first interval responses
(mean€SEM) during the baseline was 71.7€8.5 and that
during testing 79.5€13.4.

Figure 2 shows that systemic CNQX suppressed
cocaine-seeking in a dose-dependent manner during the
first fixed interval [F(3,27)=8.95, P<0.001], but failed to
affect responding during the second interval, i.e. after the
first cocaine infusion [F(3,27)=1.80, P=0.37], or the
number of cocaine infusions during the latter part of the
session under FR4(FR7:S) [F(3,27)=0.71, P=0.56]. A
more detailed analysis of responding during the first
interval revealed that CNQX did not change the latency to
initiate responding (the time to the first response)
[F(3,27)=0.98, P=0.42] (data not shown) or the number
of the inactive lever responses [F(3,27)=2.73, P=0.063]
that was very low, only 2.7€0.8 responses after the
vehicle injection. However, CNQX increased the latency
to the first CS [F(3,27)=4.20, P=0.015], particularly at the
highest 3 mg/kg dose, although the post hoc test did not
indicate it to be different from the vehicle condition.

Figure 3 presents an example of cocaine responding
after vehicle and the 1.5 mg/kg CNQX dose. The rat
showed accelerated responding during the first interval,

Fig. 2A–D Effects of CNQX on responding under the second-order
schedule of IV cocaine reinforcement (0.50 mg/infusion) (n=10). A
Number of active and inactive lever responses during the first
interval, B number of active and inactive lever responses during the
second interval, C latency to the first CS presentation, and D
number of cocaine infusions during the latter half of the session
under FR4(FR7:S). Data points represent the mean€SEM. *P<0.05,
**P<0.01

Fig. 3A, B Pattern of responding by a single rat during the first two
intervals under the F115 min(FR7:S) second-order schedule of IV
cocaine reinforcement (0.50 mg/infusion). The cumulative number
of responses is plotted against the elapsed time from the start of the
session. Each open circle indicates a response on the active lever. A
Responding after the vehicle injection, and B after the 1.5 mg/kg
injection of CNQX
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with the typical short pauses after each CS, and the
pronounced increase in responding after the first cocaine
infusion. The 1.5 mg/kg CNQX did not slow the initiation
of responding but tended to increase the intervals between
CS, thus decreasing the total number of responses
especially during the first interval.

Experiment 3: effect of CNQX on spontaneous
locomotor activity

Figure 4 shows the effects of CNQX on spontaneous
horizontal and vertical locomotor activity. In order to
facilitate the comparison of CNQX effects on locomotion
and cocaine seeking, the data are presented and analysed
at 15-min intervals through the 60-min measuring period.
CNQX had opposing effects on horizontal and vertical
activity. ANOVAs revealed that CNQX increased hori-
zontal activity during the third 15-min interval
[F(3,45)=4.92 P=0.005]. In contrast, rearing was signif-
icantly suppressed during the first [F(3,45)=5.37,
P=0.003] and the fourth interval [F(3,45)=3.15, P=0.034].

Discussion

Under the present second-order schedule of cocaine
reinforcement, Wistar rats showed characteristic response

patterns described previously. During the first cocaine-
free fixed interval, responding accelerated towards the
end of the interval, with short pauses after each burst of
seven responses that lead to presentation of the cocaine-
associated stimulus (CS). The delivery of the first cocaine
infusion at the end of the first interval stimulated
responding noticeably during the second interval. An
increase in the cocaine unit dose increased responding
during the first and second intervals, shortened the latency
to the first CS presentation, but decreased the number of
cocaine infusions during the latter half of the session
under the FR4(FR7:S) schedule. Together, these findings
suggest that responding under the present schedule, and
especially during the first interval, was influenced by both
the expected reinforcing value of the self-administered
cocaine dose and the contingent presentation of the CS.

It is worth noting that the interpretation of the role of
cocaine-associated stimuli in controlling behaviour is
difficult. In addition to acting as a conditioned reinforcer,
the CS may also have a role as a discriminative stimulus
for responding. Moreover, the relationship between the
CS and the primary reinforcer under second-order sched-
ules is not fully understood. The effects of stimuli that
come to control behaviour as a result of their association
with the primary reinforcer are often transitory and
diminish over time. In our work, rats were allowed to take
an unlimited number of cocaine infusions under the
FR4(FR7:S) schedule for 2 h during the daily sessions in
order to strengthen the association of CS with cocaine
infusions. The motivational significance of the CS could
also be attenuated by development of stimulus-response
habits under fixed interval schedules, making behaviour
less sensitive to changes in reinforcer value (Everitt and
Robbins 2000). Our cocaine dose-response data showed,
however, that responding was significantly affected by
the cocaine unit dose. Finally, omission of the CS has
been demonstrated to decrease responding significantly
under a second-order schedule of cocaine reinforcement
in rats, suggesting that CS exerts at least partial control
over responding under these schedules (Arroyo et al.
1998).

Systemic administration of the AMPA/kainate antag-
onist CNQX dose-dependently attenuated cocaine-seek-
ing only during the first interval. It is not likely that this
decrease by CNQX could be caused by any changes in the
reinforcing effects of self-administered cocaine, because
the first interval responding is affected by cocaine self-
administered during the previous session. Rather, CNQX
effects could be interpreted either as attenuation in the
efficacy of cocaine-associated stimuli to control cocaine-
seeking behaviour or as decreased motivation to respond
for cocaine. Since motor impairment produced by the
antagonist could also lead to decreases in responding, we
examined CNQX effects on spontaneous locomotor
activity. This experiment indicated that the current doses
of CNQX had little effects on horizontal activity, but
decreased rearing significantly at the highest 3 mg/kg
dose. Although the latency to initiate responding during
the first interval was not affected by CNQX, we saw an

Fig. 4A, B Effects of CNQX on locomotor activity (n=16). The
number of photocell counts (mean€SEM) is presented at 15-min
intervals during the 120-min measuring period. A Total horizontal
activity, B rearing. *P<0.05
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increased latency to the first CS presentation after the
3 mg/kg CNQX dose. Therefore, we cannot exclude the
possibility that attenuation of responding after the highest
3 mg/kg dose was due in part to motor impairing effects
by CNQX. Data from the locomotor activity experiment
indicated also that CNQX was pharmacologically active
during the second 15-min interval, and therefore CNQX
effects during the first and second interval can be
dissociated. The differential effects of CNQX on cocaine
responding during the first two intervals suggest that
CNQX effects on “cocaine-seeking” and “cocaine-taking”
could be separable (for discussion of these concepts, see
Everitt and Robbins 2000). However, arguments of
CNQX effects on cocaine intake based on the 120-min
latter half of the session under FR4(FR7:S) cannot be
made, because we do not have data on the time course of
the pharmacological activity of CNQX during the whole
120-min section.

Our present results with systemic CNQX injections are
in agreement with the demonstration that injections of a
selective AMPA/kainate antagonist LY293558 into the
nucleus accumbens decreased responding for cocaine-
associated cues under a second-order schedule (Di Ciano
and Everitt 2001). They also extend findings from other
behavioural paradigms in which CNQX has been used
previously for examining the involvement of the AMPA/
kainate receptors in drug-environment conditioning. For
example, intra-accumbal or intra-ventral subiculum in-
jections of CNQX blocked responding on the drug-
associated lever in the conditioned reinforcement para-
digm (Burns et al. 1994; Hitchcott and Phillips 1997), and
systemic injections of CNQX prevented expression of
conditioned place preference induced by amphetamine
(Mead and Stephens 1999). Expression of cocaine- and
amphetamine-induced place preference has reported to be
attenuated also by other AMPA/kainate antagonists,
including DNQX, GYKI 52466, and NBQX (Layer et
al. 1993; Kaddis et al. 1995; Tzschentke and Schmidt
1997). Many lines of evidence indicate that behavioural
sensitisation induced by psychomotor stimulants is medi-
ated partly through AMPA receptors. Intra-accumbal
AMPA infusions induced a greater motor response in
animals that received cocaine in the test environment than
in those that had received saline, and cocaine elevated
accumbal glutamate levels only in sensitised subjects
(Bell and Kalivas 1996; Pierce et al. 1996). Conversely,
blocking nucleus accumbens AMPA/kainate receptors
with CNQX attenuated cocaine-induced locomotor activ-
ity in animals that had received their daily cocaine in the
testing environment, while it failed to affect activity in
other treatment groups (Bell et al. 2000). These findings
suggest that AMPA receptor mediated glutamate trans-
mission is particularly important in expression of behav-
ioural sensitisation if specific drug-environment
associations have a role in the sensitisation process.

The degree to which AMPA receptors are involved in
drug-environment conditioning could also explain some
observed discrepancies between different studies. For
example, expression of psychomotor stimulant-induced

behavioural sensitisation has been shown to be attenuated
by NBQX and GYKI 52466 (Tzschentke and Schmidt
1997; Mead and Stephens 1998), but failures of NBQX
and LY293558 to affect expression have also been
reported (Li et al. 1997; Carlezon et al. 1999). An
additional difficulty in interpreting results from studies in
which the current AMPA antagonists have been used is
the relative non-selectivity of these compounds for
AMPA receptors. The series of quinoxalinedione com-
pounds, CNQX, DNQX and NBQX, as well as a member
of another class of antagonists, LY293558, have also
inhibitory activity at kainate receptors (Bleakman and
Lodge 1998). Moreover, CNQX and DNQX have been
reported to show affinity for the glycine site of the
NMDA receptor (Sheardown et al. 1990). Therefore, it
has not always been easy to show whether the modulation
of drug-environment conditioned behaviours by these
antagonists has been related to their action on AMPA/
kainate receptors or the glycine site (Mead and Stephens
1999).

Our present work with systemic CNQX injections does
not suggest any candidate neuroanatomical systems where
modulation of glutamatergic neurotransmission through
AMPA receptors could affect cue-controlled behaviour.
However, such candidate systems have been described
previously. Both human and animal studies have impli-
cated the anterior cingulate cortex and basolateral amyg-
dala in processing of drug-associated stimuli (See 2002).
It has been postulated that expression of drug-environ-
ment conditioned responses requires transfer of informa-
tion about the drug-related stimuli from the anterior
cingulate cortex and basolateral amygdala via glutamater-
gic projections to the nucleus accumbens core, where
interactions between glutamatergic and dopaminergic
transmission would mediate the information further to
the motor system (Everitt et al. 1999). This circuit would
not be specific for the expression of cocaine-related
conditioned responses. However, it is also possible that
long-term cocaine self-administration causes adaptive
alterations in the glutamatergic system that would further
contribute to the ability of cocaine-associated cues to
control behaviour. For example, these changes could
include long-lasting depression of excitatory synaptic
transmission in the nucleus accumbens and/or long-term
potentiation of excitatory inputs on ventral tegmental
dopamine neurons, which would both imply changes
either in AMPA receptor number or function (Thomas et
al. 2001; Ungless et al. 2001).

In summary, we developed a second-order schedule of
cocaine reinforcement in Wistar rats, under which
animals responded in the characteristic scalloped pattern
and showed monotonic increases in the number of active
lever responses during the first and second intervals with
an increase in the cocaine unit dose, as well as a
concomitant decrease in the latency to the first CS
presentation. In rats responding under this schedule,
systemic injections of the AMPA/kainate receptor antag-
onist CNQX dose-dependently decreased the number of
the first interval responses without affecting responding
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after the first cocaine infusion was delivered. Attenuation
of the first interval responding could not be entirely
ascribed to any motor effects by the antagonist. These
findings support and extend earlier studies that have
suggested a role for the AMPA/kainate receptors in the
mediation of cocaine seeking controlled partly by
cocaine-associated cues.

Acknowledgements This work was supported partly by a grant
from the Finnish Foundation for Alcohol Research to P.H.

References

Arroyo M, Markou A, Robbins TW, Everitt BJ (1998) Acquisition,
maintenance and reinstatement of intravenous cocaine self-
administration under a second-order schedule of reinforcement
in rats: effects of conditioned cues and continuous access to
cocaine. Psychopharmacology 140:331–344

Bell K, Kalivas PW (1996) Context-specific cross-sensitization
between systemic cocaine and intra-accumbens AMPA infusion
in the rat. Psychopharmacology 127:377–383

Bell K, Duffy P, Kalivas PW (2000) Context-specific enhancement
of glutamate transmission by cocaine. Neuropsychopharmacol-
ogy 23:335–344

Bleakman D, Lodge D (1998) Neuropharmacology of AMPA and
kainate receptors. Neuropharmacology 37:1187–1204

Burns LH, Everitt BJ, Kelley AE, Robbins TW (1994) Glutamate-
dopamine interactions in the ventral striatum: role in locomotor
activity and responding with conditioned reinforcement. Psy-
chopharmacology 115:516–528

Caine SB. Lintz R, Koob GF (1993) Intravenous drug self-
administration techniques in animals. In: Sahgal A (ed)
Behavioral neuroscience: a practical approach. Oxford Univer-
sity Press, Oxford, pp 117–143

Carlezon WA, Rasmussen K, Nestler EJ (1999) AMPA antagonist
LY293558 blocks the development, without blocking the
expression, of behavioral sensitization to morphine. Synapse
31:256–262

Carter BL, Tiffany ST (1999) Meta-analysis of cue-reactivity in
addiction research. Addiction 94:327–340

Childress AR, Hole AV, Ehrman RN, Robbins SJ, McLellan AT,
O’Brien CP (1993) Cue reactivity and cue reactivity interven-
tions in drug dependence. NIDA Res Monogr 137:73–95

Childress AR, Mozley PD, McElgin W, Fitzgerald J, Reivich M,
O’Brien CP (1999) Limbic activation during cue-induced
cocaine craving. Am J Psychiatry 156:11–18

Ciccocioppo R, Sanna PP, Weiss F (2001) Cocaine-predictive
stimulus induces drug-seeking behavior and neural activation in
limbic brain regions after multiple months of abstinence:
reversal by D-1 antagonists. Proc Natl Acad Sci USA 98:1976–
1981

Cornish JL, Kalivas PW (2000) Glutamate transmission in the
nucleus accumbens mediates relapse in cocaine addiction.
J Neurosci 20:RC89:1–5

Cornish JL, Duffy P, Kalivas PW (1999) A role for nucleus
accumbens glutamate transmission in the relapse to cocaine-
seeking behavior. Neuroscience 93:1359–1367

Di Ciano P, Everitt BJ (2001) Dissociable effects of antagonism of
NMDA and AMPA/KA receptors in the nucleus accumbens
core and shell on cocaine-seeking behavior. Neuropsychophar-
macology 25:341–360

Everitt BJ, Robbins TW (2000) Second-order schedules of drug
reinforcement in rats and monkeys: measurement of reinforcing
efficacy and drug-seeking behaviour (review). Psychopharma-
cology 153:17–30

Everitt BJ, Parkinson JA, Olmstead MC, Arroyo M, Robledo P,
Robbins TW (1999) Associative processes in addiction and

reward. The role of amygdala-ventral striatal subsystems. Ann
NY Acad Sci 877:412–438

Foltin RW, Haney M (2000) Conditioned effects of environmental
stimuli paired with smoked cocaine in humans. Psychophar-
macology 149:24–33

Grant S, London ED, Newlin DB, Villemagne VL, Liu X,
Contoreggi C, Phillips RL, Kimes AS, Margolin A (1996)
Activation of memory circuits during cue-elicited cocaine
craving. Proc Natl Acad Sci USA 93:12040–12045

Hitchcott PK, Phillips GD (1997) Amygdala and hippocampus
control dissociable aspects of drug-associated conditioned
rewards. Psychopharmacology 131:187–195

Ito R, Dalley JW, Howes SR, Robbins TW, Everitt BJ (2000)
Dissociation in conditioned dopamine release in the nucleus
accumbens core and shell in response to cocaine cues and
during cocaine-seeking behavior in rats. J Neurosci 20:7489–
7495

Jackson A, Mead AN, Stephens DN (2000) Behavioural effects of
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate-recep-
tor antagonists and their relevance to substance abuse. Phar-
macol Ther 88:59–76

Kaddis FG, Uretsky NJ, Wallace LJ (1995) DNQX in the nucleus
accumbens inhibits cocaine-induced conditioned place prefer-
ence. Brain Res 697:76–82

Kilts CD, Schweitzer JB, Quinn CK, Gross RE, Faber TL,
Muhammad F, Ely TD, Hoffman JM, Drexler KP (2001)
Neural activity related to drug craving in cocaine addiction.
Arch Gen Psychiatry 58:334–341

Layer RT, Uretsky NJ, Wallace LJ (1993) Effects of the AMPA/
kainate receptor antagonist DNQX in the nucleus accumbens on
drug-induced conditioned place preference. Brain Res 617:267–
273

Li Y, Vartanian AJ, White FJ, Xue CJ, Wolf ME (1997) Effects of
the AMPA receptor antagonist NBQX on the development and
expression of behavioral sensitization to cocaine and amphet-
amine. Psychopharmacology 134:266–276

Markou A, Weiss F, Gold LH, Caine SB, Schulteis G, Koob GF
(1993) Animal models of drug craving. Psychopharmacology
112:163–182

Mead AN, Stephens DN (1998) AMPA-receptors are involved in
the expression of amphetamine-induced behavioural sensitisa-
tion, but not in the expression of amphetamine-induced
conditioned activity in mice. Neuropharmacology 37:1131–
1138

Mead AN, Stephens DN (1999) CNQX but not NBQX prevents
expression of amphetamine-induced place preference condi-
tioning: a role for the glysine site of the NMDA receptor, but
not AMPA receptors. J Pharmacol Exp Ther 290:9–15

O’Brien CP, Childress AR, Ehrman R, Robbins SJ (1998)
Conditioning factors in drug abuse: can they explain compul-
sion? J Psychopharmacol 12:15–22

Pierce RC, Bell K, Duffy P, Kalivas PW (1996) Repeated cocaine
augments excitatory amino acid transmission in the nucleus
accumbens only in rats having developed behavioral sensitiza-
tion. J Neurosci 16:1550–1560

Pilla M, Perachon S, Sautel F, Garrido F, Mann A, Wermuth CG,
Schwartz, JC, Everitt BJ, Sokoloff P (1999) Selective inhibition
of cocaine-seeking behaviour by a partial dopamine D-3
receptor agonist. Nature 400:371–375

See RE (2002) Neural substrates of conditioned-cued relapse to
drug-seeking behavior. Pharmacol Biochem Behav 71:517–529

Sheardown MJ, Nielsen EO, Hansen AJ, Jacobsen P, Honore T
(1990) 2,3-Dihydroxy-6-nitro-7-sulfamoyl-benzo(F)quinoxa-
line: a neuroprotectant for cerebral ischemia. Science
247:571–574

Thomas MJ, Beurrier C, Bonci A, Malenka RC (2001) Long-term
depression in the nucleus accumbens: a neural correlate of
behavioral sensitization to cocaine. Nat Neurosci 4:1217–1223

Tzschentke TM, Schmidt WJ (1997) Interactions of MK-801 and
GYKI 52466 with morphine and amphetamine in place
preference conditioning and behavioural sensitization. Behav
Brain Res 84:99–107

75



Ungless MA, Whistler JL, Malenka RC, Bonci A (2001) Single
cocaine exposure in vivo induces long-term potentiation in
dopamine neurons. Nature 411:583–587

Weiss F, Maldonado-Vlaar CS, Parsons LH, Kerr TM, Smith DL,
Ben S (2000) Control of cocaine-seeking behavior by drug-
associated stimuli in rats: effects on recovery of extinguished
operant-responding and extracellular dopamine levels in amyg-
dala and nucleus accumbens. Proc Natl Acad Sci USA
97:4321–4326

Weiss F, Martin-Fardon R, Ciccocioppo R, Kerr TM, Smith DL,
Ben-Shahar O (2001) Enduring resistance to extinction of
cocaine-seeking behavior induced by drug-related cues. Neu-
ropsychopharmacology 25:361–372

Whitelaw RB, Markou A, Robbins TW, Everitt BJ (1996)
Excitotoxic lesions of the basolateral amygdala impair the
acquisition of cocaine-seeking behaviour under a second-order
schedule of reinforcement. Psychopharmacology 127:213–224

76


