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Abstract

The effects of site-specific NMDA receptor antagonists on intravenous cocaine self-administration were examined in rats trained to
self-administer cocaine (0.25 mg/infusion) on a fixed ratio (FR) 5 schedule with a 20-s time-out (TO) after each reinforcer. The
non-competitive NMDA receptor antagonists, dizocilpine (MK-801, (+)-5-methyl-10,11-dihydro-5H-dibenzo| a,d]cyclohepten-5,10-im-
ine hydrogen maleate) (0.05-0.2 mg/kg i.p.) and memantine (1,3-dimethyl-5-amino-adamantane hydrochloride) (2.5-20 mg/kg i.p.),
dose-dependently decreased cocaine self-administration, while the competitive NMDA receptor antagonist, CGP 39551 (pL-( E)-2-amino-
4-methyl-5-phosphono-3-pentanoic acid carboxyethylester) (2.5-15 mg,/kg i.p.), and the NMDA /glycine receptor antagonist, L-701,324
(7-chloro-4-hydroxy-3(3-phenoxy)-phenyl-2( H )quinolone) (1.25—-10 mg/kg p.o.), were without effect. Under a progressive ratio (PR)
schedule, dizocilpine (0.15 mg/kg i.p.) increased the number of cocaine infusions in a manner similar to increasing the unit dose of
cocaine, suggestive of potentiation of cocaine reward. Conversely, memantine (10 mg/kg i.p.) produced rate-decreasing effects on the PR
schedule. These results demonstrate that NMDA receptor antagonists acting at different modulatory sites of the NMDA receptor do not
share dizocilpine's cocaine reward enhancing effects although they are al known to be effective blockers of NMDA receptor activity.
© 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction receptor, has been demonstrated best. Systemic pretreat-
ment with dizocilpine reduced cocaine self-administration
in rats maintained on a fixed ratio (FR) schedule in a
manner similar to increasing the unit dose of cocaine
(Pierce et a., 1997) and increased the breaking point of
cocaine responding on a progressive ratio (PR) schedule
(Ranaldi et al., 1996). Taken together, these findings sug-
gest that dizocilpine enhances the reinforcing properties of
cocaine. This effect, however, can be seen only in a very
narrow dose range (0.1-0.15 mg/kg), whereas higher
doses of dizocilpine produce a loss of discriminative re-
sponding for cocaine and motor impairment (Schenk et al.,
1993). Furthermore, dizocilpine blocks enhanced acquisi-
tion of intravenous cocaine self-administration produced
by pre-exposure to amphetamine (Schenk et al., 1993) and
causes reinstatement of responding for cocaine following
extinction (DeVries et al., 1998).

Attempts to modulate cocaine self-administration with
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2781; E-mail: petri.hyytia@kil fi produced conflicting results. For example, infusion of the

Manipulation of glutamatergic neurotransmission pro-
duced by glutamate receptor antagonists alters a wide
spectrum of functional responses in rodents, including
lethality, convulsions, circulatory effects and locomotor
stimulation following acute administration of cocaine and
other psychostimulants (see Rockhold, 1998, for review).
Glutamate receptor antagonists prevent also the develop-
ment of sensitization to locomotor stimulation induced by
repeated administration of cocaine (Karler et al., 1989); in
addition, there is now increasing evidence for glutamater-
gic participation in the reinforcing actions of cocaine,
assessed in various self-administration paradigms (Danysz
and Parsons, 1998).

Alteration of cocaine self-administration by dizocilpine
(MK-801), a non-competitive antagonist of the NMDA
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competitive NMDA receptor antagonist, 2-amino-5-phos-
phonovaleric acid (APV), into the nucleus accumbens
increased cocaine self-administration in rats, indicative of
antagonism of cocaine reward by APV (Pulvirenti et al.,
1992). In contrast, when the non-competitive antagonist,
dextrometorphan, was given systemically, it reduced co-
caine responding both on a continuous reinforcement and
PR schedule (Pulvirenti et a., 1997).

Although these findings suggest that manipulation of
NMDA receptor activity may alter the reinforcing proper-
ties of cocaine, little is known about the underlying neu-
ropharmacological mechanisms involved in this phe-
nomenon. Since antagonists acting at distinct modulatory
sites of the NMDA receptor complex have different phar-
macological and behavioural profiles, and could thus pro-
duce differential effects on cocaine reinforcement, the
purpose of the present study was to examine how cocaine
self-administration is modulated by CGP 39551 (Fagg et
al., 1990), an antagonist acting competitively at the en-
dogenous agonist recognition site, dizocilpine (Wong et
al., 1986) and memantine (Bormann, 1989) that bind to a
non-competitive site within the NMDA receptor channel,
and L-701,324 (Kulagowski et al., 1994), an antagonist at
the NMDA /glycine recognition site. In this study, di-
zocilpine and memantine were selected as representatives
for high- and low-affinity channel blockers, respectively.

2. Materials and methods

2.1. Subjects

Forty-two male Wistar rats (Wistar:Han/HY, Depart-
ment of Laboratory Animals, University of Helsinki)
weighing 140-160 g upon arrival were used. Animals
were group housed (two per cage) in a room with con-
trolled temperature (20 + 2°C) and humidity (55 + 5%) on
a reverse 12-h light—dark cycle (lights on 6 p.m.—6 am.)
with free access to tap water and RM1(E) pellet food
(SDS, Witham, UK), except during initid food training
(see Section 2.5). All behavioural testing occurred during
the dark phase of the light—dark cycle between 10 am. and
5 p.m. All surgica and experimental procedures using
animals were approved by the Ingtitutional Animal Care
and Use Committee.

2.2. Drugs

Cocaine hydrochloride was obtained from Sigma (St.
Louis, MO). Dizocilpine (MK-801, (+ )-5-methyl-10,11-
dihydro-5H-dibenza a,d]cyclohepten-5,10-imine hydrogen
maleate) and memantine (1,3-dimethyl-5-amino-adaman-
tane hydrochloride) were obtained from Research Bio-
chemicals (Natick, MA). CGP 39551 (pL-( E)-2-amino-4-
methyl-5-phosphono-3-pentanoic acid carboxyethylester)

was a generous gift from the Ciba-Geigy Laboratories in
Basel, Switzerland. L-701,324 (7-chloro-4-hydroxy-3(3-
phenoxy)-phenyl-2( H )quinolone) was generously supplied
by Dr. Paul Leeson, Merck Sharpe and Dohme Research
Laboratories, Harlow, UK). Cocaine, dizocilpine, meman-
tine and CGP 39551 were dissolved in saline. Dizocilpine,
memantine and CGP 39551 were administered intraperi-
tonedlly (i.p., 1 ml /kg) 15 min before cocaine self-admin-
istration sessions. L-701,324 was given p.o. (3 ml /kg) asa
suspension in 0.5% methylcellulose 30 min before testing
(Bristow et al., 1996). All doses refer to the weights of the
respective salts.

2.3. Apparatus

Both the initial food training and cocaine self-adminis-
tration took place in operant chambers (Model ENV-112B,
MED Associates, Georgia, VT), enclosed in ventilated
sound-attenuating cubicles. The chambers were equipped
with a food hopper in the middle of the front panel and
two retractable response levers on both sides of the food
hopper. A white stimulus light was mounted above both
levers. A food dispenser located behind the front panel
delivered 45 mg Noyes pellets to the food hopper. Intra-
venous infusions were delivered at the volume of 0.1 ml
by means of activating an infusion pump outside the
sound-attenuation cubicle for 3.5 s. The infusion pump
was attached to a counterbalanced liquid swivel through
Tygon tubing (Fisher Scientific, Pittsburgh, PA). From the
swivel, Tygon tubing protected by a sted spring passed
through the hole of the operant chamber and was con-
nected to the catheter base at the midscapular region of the
animal. Schedule contingencies and data collection were
controlled by an IBM compatible computer using the
MED-PC behavioural software (MED Associates).

24. Surgery

Rats were anaesthetized with a halothane—air mixture
and implanted with a chronic silastic catheter into the right
externa jugular vein, as described previously (Caine et 4.,
1993). Briefly, the catheter assembly 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 an
dental cement base and anchored with a 2 X 2-cm of
surgical polypropylene mesh. The catheter was passed
subcutaneously from the rat’s back to the jugular vein
where it was inserted and secured with suture and
cyanoacrylate glue. The catheter base was then mounted
on the animal’s back and the guide cannula was seded
with a plastic cap. After surgery, the catheters were flushed
once a day for the next 10 days with a 0.1-ml infusion of
an antibiotic (Borgalmite, Hoechst Veterinar) and a 0.1-ml
infusion of 0.9% saline containing heparin (30 U/ml) to
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prevent infections and blood coagulation in the catheters.
Thereafter, the catheters were flushed with heparinized
sdine once every day. Catheter patency was tested by
infusing a short-acting anaesthetic methohexital (Brietal,
Eli Lilly and Co., Indianapolis, IN) through the catheter
whenever an animal not receiving drug pretreatment dis-
played self-administration outside baseline performance.
Animals with patent catheters exhibited a rapid loss of
muscle tone within 2 s of the methohexital infusion.

2.5. Cocaine self-administration

Prior to implantation of i.v. catheters, rats were trained
to lever press for food reinforcement. Rats were restricted
to 4 g of standard pellet food per day for 48 h and then to
18 g daily during the course of training. Food training
began on a fixed ratio 1 (FR1) schedule with a time-out
(TO) duration of 1 s on both response levers during
60-min sessions until rats earned 100 pellets during the
session. The session length was then shortened to 30 min

and the TO duration was increased to 10 s. After this, the
FR was increased to 5. Animals were allowed to respond
on the FR5 TO 10 s schedule until they earned 50 pellets
during the 30-min session. Once rats had reached this
criterion after 4-5 days of training, they were returned to
ad libitum food and implanted with i.v. catheters, as
described before.

One week after surgery, subjects were allowed to re-
spond for a 0.1-ml 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, 5 days a week. At the
onset 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
illumination of the stimulus light for a 20-s TO. Respond-
ing on the inactive lever was recorded but had no sched-
uled consequence. If animals failed to earn cocaine infu-
sions during the entire 2-h session, they were given two
non-contingent priming infusions every 30 min during the
next session. Once rats had acquired reliable responding on
FR1 TO 20-s schedule, they were raised to FR2, FR3 and
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Fig. 1. Effects of dizocilpine (A), memantine (B), CGP 39551 (C) and L-701,324 (D) on cocaine self-administration (0.25 mg/infusion) on an FR5 TO
20-s schedule. Data points represent the mean + S.E.M. (dizocilpine: n = 7; memantine: n = 10; CGP 39551: n = 8; L-701,324: n = 9). Asterisks indicate
statistically significant differences from the vehicle injections (P < 0.05) by post hoc comparisons with Bonferroni correction after a significant main

effect by ANOVA.
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FR5 on consecutive days. No priming infusions were used
during the drug testing phase.

Drug pretreatment testing began following establish-
ment of stable baseline responding for cocaine on the FR5
TO 20-s schedule. Criterion for a stable baseline was three
consecutive self-administration sessions with less than 10%
variation in the total number of infusions earned. After the
first drug test, subsequent doses were tested after at least
two sessions with no drug pretreatment and after at least
two sessions with less than 10% deviation in the total
number of infusions. The mean total number of cocaine
infusions (+S.E.M.) during all baseline sessions for the
dizocilpine, memantine, CGP 39551 and L-701,324 treat-
ment groups were 285+ 1.1, 30.5+ 1.6, 25.6 + 0.6 and
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Fig. 2. Effects of dizocilpine (A) and memantine (B) on the temporal
pattern of cocaine self-administration (0.25 mg/infusion) on an FR5 TO
20-s schedule. The data from Fig. 1 are presented in 30-min blocks over
the 2-h session. (A) O, Vehicle; v, 0.05 mg/kg; O, 0.1 mg/kg; @,
0.15 mg/kg; A, 0.2 mg/kg. (B) O, Vehicle, a, 25 mg/kg; <, 5
mg/kg; ®, 10 mg/kg; v, 20 mg/kg. Data points represent the mean+
S.E.M. (dizocilpine: n=7; memantine: n=10). Asterisks indicate statis-
tically significant differences from the vehicle injections (P < 0.05) by
post hoc comparisons with Bonferroni correction after a significant main
effect by ANOVA.
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Fig. 3. Typica patterns of responding for cocaine (0.25 mg/infusion) on
an FR5 TO 20-s schedule following dizocilpine and memantine adminis-
tration. Each vertical mark on the horizontal time line indicates delivery
of asingle cocaine infusion. The numbers to the right of each line denote
the total number of cocaine infusions during the 2-h session.

29.4 + 1.6, respectively. The effects of dizocilpine (n=7),
memantine (n= 10) and CGP 39551 (n = 8) on cocaine
self-administration were examined in a between-sessions,
within-subjects Latin square design. L-701,324 (n=9)
was tested using an ascending dosing regime for each
subject.

Because dizocilpine and memantine altered cocaine
self-administration on the FR5 TO 20-s schedule, their
effects were further studied using a PR schedule of cocaine
self-administration. A separate group of rats (n=6) was
first trained to self-administer cocaine on the FR5 TO 20-s
as described above. Once stable self-administration was
achieved, animals were allowed to respond for cocaine
(0.25 mg/infusion) on a PR schedule using an increment-
ing series of response ratios that were derived from the
following equation (Richardson and Roberts, 1996): Re-
sponse ratio = [5elinection numberx0.16)] _ 5 At the start of
each 5-h session, the ratio value was reset to 1. Drug
testing begun when less than 10% variation in the total
number of cocaine infusions was seen during three consec-
utive sessions. Each subject was tested after an injection of
saling, dizocilpine (0.15 mg/kg i.p.) and memantine (10
mg/kg i.p.), with at least two intervening sessions without
drug pretreatment and with less than 10% deviation in the
total number of infusions obtained. During the 5-h ses-
sions, al rats achieved the criterion of the breaking point
that was defined as the total number of cocaine infusions
obtained by arat prior to a 1-h period during which a ratio
was not compl eted.
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Fig. 4. Effects of increasing the cocaine unit dose (from 0.25 mg to 0.5 mg/infusion) and dizocilpine (0.15 mg,/kg) and memantine (10 mg,/kg)
pretreatment on cocaine self-administration (0.25 mg/infusion) on a PR schedule (n = 6). The data, expressed as mean + S.E.M., represent the number of
cocaine infusions obtained during the session before a 1-h period during which no infusions were obtained. Asterisks indicate statistically significant

differences from the baseline (P < 0.05) by paired t-tests.
2.6. Satigtical analysis

The effects of each drug dose on cocaine self-adminis-
tration on the FR5 TO 20-s schedule were expressed as
percentage of the mean of total number of infusions during
the two preceding baseline days and analysed with one-way
within-subjects analyses of variance (ANOVA) with re-
peated measures on dose. Following a significant main
effect of dose, each individual drug dose was compared
with the vehicle condition using a post hoc means compar-
ison with Bonferroni correction. For analysing cocaine
responding as a function of elapsed time, the 2-h sessions
were further divided into four 30-min blocks during which
the effects of each dose were expressed as percentage of
the mean number of responses during the two baseline
days. These data were examined using a two-way within-
subjects ANOVA with repeated measures on both dose
and time block, followed by post hoc mean comparisons
between each dose and vehicle at each time block using
Bonferroni correction. The number of infusions earned on
the PR schedule after drug pretreatment was compared
with the mean of the two preceding baseline sessions using
paired t-tests. Criterion for significance was set at the 0.05
level.

3. Results

Data presented in Fig. 1 show that both non-competitive
NMDA receptor antagonists, dizocilpine and memantine,
dose-dependently decreased cocaine self-administration
during the 2-h sessions [main effects, dizocilpine: F(4,24)
= 18.16, P < 0.0001; memantine; F(4,36) = 12.06, P <
0.0001]. In contrast, the competitive NMDA receptor an-
tagonist CGP 39551 and the NMDA /glycine antagonist,
L-701,324, failed to reliably alter the number of cocaine
infusions [CGP 39551: F(4,28)=0.89, P> 0.05; L-
701,324 F(4,32) = 2.34, P> 0.05].

Figs. 2 and 3 indicate that pretreatment with dizocilpine
and memantine, especially with the highest doses, altered
the general pattern of responding for cocaine infusions.
Although cocaine responding was suppressed throughout
the 2-h session, the most conspicuous decreases were seen
during the first 30-min block. A two-way (dose, time)
repeated measures ANOVA conducted on the rate of re-
sponding during the four 30-min blocks revealed signifi-
cant main effects for dose [dizocilpine: F(4,24) = 13.88,
P < 0.0001; memantine: F(4,36) = 9.96, P < 0.0001] and
time [dizocilpine: F(3,18) = 20.33, P < 0.0001; meman-
tine: F(3,27) = 21.22, P < 0.0001], and a significant dose
X time interaction [dizocilpine: F(12,72) =256, P<
0.01; memantine: F(12,108) = 2.40, P < 0.01]. No signifi-
cant main effects or interactions were found for the CGP
39551 or L-701,324 data.

In order to examine further the decreases found in
cocaine self-administration after dizocilpine and meman-
tine pretreatment, the effects of these drugs on cocaine
self-administration were tested also using a PR schedule.
Fig. 4 shows that pretreatment with 0.15 mg/kg di-
zocilpine increased the number of cocaine infusions earned
on the PR schedule in the same manner as increasing the
cocaine unit dose from 0.25 mg to 0.50 mg/infusion,
suggesting that the decreases found on the FR5 TO 20-s
schedule resulted at least partly from dizocilpine's effect
on the reinforcing efficacy of cocaine. In contrast, meman-
tine pretreatment tended to decrease the number of cocaine
infusions on the PR schedule, suggestive of a nonspecific
motor effect of memantine both on FR5 TO 20-s and PR
schedules.

4. Discussion

In the present study, we investigated the modulation of
intravenous cocaine self-administration by NMDA recep-
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tor antagonists acting at three different modulatory sites on
the NMDA receptor: the site for the endogenous transmit-
ter glutamate (CGP 39551), the non-competitive binding
site within the NMDA receptor channel (dizocilpine, me-
mantine) and the NMDA /glycine-specific binding site
(L-701,324). The cocaine unit dose (0.25 mg/infusion)
and the reinforcement schedule (FR5 TO 20-s) used in the
present experiments resulted in reliable responding for
intravenous cocaine. Previoudy, responding for this unit
dose of cocaine on the FR5 TO 20-s schedule has been
demonstrated to be sensitive to changes in the unit dose
and pretreatment with dopamine antagonists. a decrease in
the unit dose or pretreatment with a dopamine D, receptor
antagonist SCH23390 increases the number of cocaine
infusions, whereas increasing the unit dose decreases co-
caine responding (e.g., see Caine and Koob, 1994;
Epping-Jordan et al., 1998).

Of the four NMDA receptor antagonists tested, the
non-competitive antagonists, dizocilpine and memantine,
produced significant and dose-dependent decreases in the
number of cocaine infusions on the FR5 TO 20-s schedule,
while the competitive glutamate site antagonist, CGP
39551, and the NMDA /glycine site antagonist, L-701,324,
failed to significantly alter cocaine responding. Examina
tion of the temporal pattern of cocaine responding during
the session revealed that dizocilpine and memantine, at
doses that significantly reduced the number of cocaine
infusions, increased the inter-infusion intervals mostly dur-
ing the first half of the session. Particularly after higher
dizocilpine and memantine doses, the typical burst of
responding at the onset of the session was eliminated in
many subjects. While reductions in the total number of
cocaine infusions resemble changes produced by increases
in the unit dose, the response patterns suggest that both
dizocilpine and memantine could also have nonspecific
effects on responding, e.g., by impairing motor perfor-
mance. Therefore, the effects of these drugs on cocaine
self-administration were tested also using a PR paradigm
that has been used widely for investigating the effects of
various compounds on the rewarding value of self-admin-
istered drugs (Richardson and Roberts, 1996). Consistently
with previous findings (Ranaldi et al., 1996), both increas-
ing the cocaine unit dose and pretreatment with 0.15
mg/kg dizocilpine increased the number of cocaine infu-
sions obtained; moreover, the mean FR value reached at
the breaking point after dizocilpine was very high (369 +
72), indicating that at this dose dizocilpine's effects on
motor performance were negligible. Together, our results
both from the dose-response anaysis and the PR probe
support the view presented earlier that dizocilpine en-
hances the reinforcing efficacy of self-administered co-
caine (Ranaldi et al., 1996; Pierce et al., 1997).

In contrast to dizocilpine, memantine produced variable
effects on the PR schedule, with most animals showing
decreases in the number of cocaine infusions earned. Me-
mantine is a low-affinity hon-competitive NMDA receptor

antagonist that has been shown to produce full substitution
in dizocilpine- and phencyclidine-trained rats only at doses
(10-17 mg/kg) that significantly reduce response rate in
drug discrimination paradigms (Grant et al., 1996; Nichol-
son et al., 1998). At the dose range used, any measurement
of memantine’s effects on the reinforcing efficacy of co-
caine on a PR schedule that requires emitting hundreds of
responses for a single reinforcer is thus probably influ-
enced by impairment in motor ability. The reasons for the
rate-reducing effects of memantine are not known; they
could be caused by memantine’'s NMDA receptor blocking
activity or by its effects on other neurotransmitter systems.

The lack of effects by CGP 39551 and L-701,324 on
cocaine self-administration cannot be explained by insuffi-
cient dosing of the compounds. For example, systemic
doses of CGP 39551 used in the present study have been
shown to have anticonvulsant activity (De Sarro et a.,
1996); L-701,324 has anxiolytic actions and attenuates
both spontaneous and amphetamine-induced locomotor ac-
tivity in the dose range used (Bristow et al., 1996; Kotlin-
ska and Liljequist, 1998). Since these compounds have the
same mechanism of action as dizocilpine and memantine,
i.e,, antagonism of glutamatergic neurotransmission, their
differential effects on cocaine self-administration could
perhaps be explained by their interactions with other trans-
mitter systems. Indeed, NMDA receptor antagonists differ
remarkably from each other in their ability to facilitate the
mesocorticolimbic dopamine function that has been hy-
pothesized to have a central role in the mediation of
cocaine reinforcement (Koob, 1992). There is a good
correlation between the ability of various antagonists to
enhance dopaminergic neurotransmission and increase hor-
izontal locomotor activity. For example, both dizocilpine
and memantine increase dopamine release and metabolism
in the nucleus accumbens (Bubser et al., 1992; Loscher et
al., 1993; Spanagel et a., 1994; Miller and Abercrombie,
1996); these drugs also increase locomotor activity (Bubser
et a., 1992; Loscher et al., 1993; Danysz et al., 1994). In
contrast, CGP 39551 and L-701,324 fail to significantly
alter dopaminergic function in any brain area (Bubser et
al., 1992; Loscher et al., 1993) and either they do not
affect locomotor activity in the dose range used or, de-
pending on the rodent species and strain, may even depress
it (Liljequist, 1991; Bristow et al., 1996).

It is not clear, however, whether stimulation of locomo-
tor activity and the putative enhancement of cocaine re-
ward by dizocilpine are entirely dependent on the mesocor-
ticolimbic dopamine. Dizocilpine-induced locomotor stim-
ulation cannot be blocked by bilateral 6-hydroxydopamine
lesions to the nucleus accumbens or dopamine D, receptor
antagonists (Ouagazzal et al., 1994; Mele et a., 1996) and
dizocilpine can stimulate locomotion at doses that do not
result in detectable increase in extracellular dopamine in
the nucleus accumbens (Whitton et al., 1992a). Moreover,
self-administration of non-competitive NMDA receptor an-
tagonists into the nucleus accumbens is not atered by



P. Hyyti& et al. / European Journal of Pharmacology 378 (1999) 9-16 15

co-infusion of the dopamine D, receptor antagonist
sulpiride (Carlezon and Wise, 1996). These findings have
led to the hypothesis that dopamine agonists and NMDA
receptor antagonists may have similar yet independent
actions in the nucleus accumbens. they may both act to
decrease the activity of the y-aminobutyric acid (GABA)-
ergic medium spiny output neurons that are postulated to
serve as the final path of drug reinforcement (Carlezon and
Wise, 1996; Ranaldi et al., 1997). Therefore, the differen-
tia effects of the NMDA receptor antagonists on cocaine
self-administration in the present study may not solely
depend on their actions on mesocorticolimbic dopamine
function. It should also be noted that neurona pathways
other than the mesocorticolimbic dopamine system are
modulated by the action of antagonists at the NMDA
receptor complex, e.g., the serotonergic and cholinergic
systems that could contribute to cocaine reward. Di-
zocilpine increases serotonin release and metabolism in
various brain regions, while CGP 39551 does not (Whitton
et al., 1992b; Loscher et d., 1993). Similarly, antagonists
acting at different sites of the NMDA receptor complex
have different effects on hippocampal and striatal acetyl-
choline efflux (Hutson and Hogg, 1996).

In summary, NMDA receptor antagonists acting at dif-
ferent sites of the NMDA receptor complex were found
either to decrease cocaine self-administration or to have no
effect. Only the non-competitive channel blockers, di-
zocilpine and memantine decreased cocaine responding on
the FR5 TO 20-s schedule; a further analysis using a PR
schedule suggested that dizocilpine's effects were due to
enhancement of cocaine reward, whereas memantine's rate
decreasing effects excluded analysis of its effects on the
reinforcing properties of cocaine. The failure of the com-
petitive NMDA receptor antagonist CGP 39551 and the
NMDA /glycine-site antagonist L-701,342 to affect co-
caine self-administration suggests that the endogenous ago-
nist binding site and the NMDA /glycine recognition site
are not as important as the non-competitive binding site in
the modulation of cocaine reinforcement. However, we
have to be cautious about this conclusion because the
pharmacological profiles of NMDA receptor antagonists
are probably influenced both by their specific actions at
the recognition site on the NMDA receptor and by their
complex interaction with other neurotransmitter systems
that could result from the unique properties of each com-
pound determined by their chemical structures.
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