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HOFFMAN, D. C. The noncompetitive NMDA antagonist MK-801 fails to block amphetamine-induced place conditioning
in rats. PHARMACOL BIOCHEM BEHAV 47(4) 907-912, 1994. - The noncompetitive N-methyl-D-aspartate (NMDA)
receptor antagonist MK-801 prevents the development of sensitization to the locomotor-activating effects of amphetamine.
In the present study, the possibility that the NMDA receptor might also play a role in the rewarding effects of amphetamine
(as measured in the conditioned place preference paradigm) was investigated. Male Sprague-Dawley rats received amphet-
amine (2.0 mg/kg IP) paired with one side of a two-compartment box and saline paired with the other side. During these
pairings locomotor activity was measured. On the test day, the amount of time drug-free rats spent in each compartment was
determined. Rats trained with amphetamine alone showed a significant increase in time spent on the drug-paired side from
pre- to postconditioning, indicating a place preference. When rats were injected with MK-801 (0.03, 0.1, or 0.3 mg/kg SC)
prior to amphetamine, no significant effects on amphetamine place conditioning were observed. Rats treated with MK-801
alone showed significant place conditioning, but only at the intermediate dose. On conditioning days, MK-801 produced a
dose-dependent enhancement of amphetamine-induced locomotor activity; however, MK-801 alone caused a similar increase
in activity. The preferential D, dopamine receptor antagonist eticlopride (0.01, 0.05, or 0.1 mg/kg SC) significantly reduced
amphetamine locomotor activity, and the highest dose blocked place conditioning. These data suggest that the NMDA

receptor is not involved in either the rewarding or locomotor-activating effects of amphetamine.
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ANATOMICAL and pharmacological studies have illustrated
a synaptic interaction between dopamine and the excitatory
amino acid glutamate within the striatum (1,2,6,19,30) and
the nucleus accumbens (29). Recent behavioral studies have
supported a functional interaction between these two neu-
rotransmitters. Blockade of specific glutamate receptor sub-
types antagonizes at least some of the acute and chronic be-
havioral effects of the dopamine agonists cocaine and amphet-
amine.

In acute studies, competitive and noncompetitive N-meth-
yl-D-aspartate (NMDA) antagonists block cocaine-induced
stereotypy in mice and rats (12), and the quisqualate receptor
antagonist L-glutamic acid diethyl ester (GDEE) blocks the
locomotor-activating effects of amphetamine (5). A possible
site of action for these interactions may be the nucleus accum-
bens, since intra-accumbens administration of GDEE blocks
the locomotor-activating effects of amphetamine and cocaine
(25) and microinjections of the selective NMDA receptor an-
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tagonist 2-amino-5-phosphonopentanoic acid (APS5) into the
nucleus accumbens dose-dependently decrease the heightened
locomotor activity and enhanced responding for a conditioned
reward resulting from intra-accumbens amphetamine infu-
sions (16).

In addition to the acute behavioral effects of amphetamine
and cocaine, glutamate appears to play a significant role in
the development of behavioral sensitization following chronic
administration of stimulants. Sensitization refers to the pro-
gressively larger increases in locomotor activity or stereotypy
with successive injections of amphetamine or cocaine. Karler
and colleagues (13,15) were the first to report that pretreat-
ment with the noncompetitive NMDA antagonists MK-801
or ketamine blocks the development of sensitization to the
locomotor-activating effects of either amphetamine or cocaine
in mice. The competitive NMDA antagonist 3-(2-carboxypi-
perazin-4-yl)-propyl-1-phosphonic acid (CPP) as well as the
kainate antagonist 6,7-dinitroquinoxaline (DNQX) were also
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effective (14). The importance of glutamate in stimulant-
induced behavioral sensitization was subsequently confirmed
by Wolf and Khansa (33) and Stewart and Druhan (28), who
independently demonstrated that MK-801 blocks amphet-
amine-induced behavioral sensitization in rats. Each group
also showed that MK-801 blocks the development of condi-
tioned locomotion in response to a saline injection in thé same
environment in which the rats were previously treated with
amphetamine.

In addition to the locomotor-activating effects of psycho-
motor stimulants, these drugs are well-known for their re-
warding properties, as demonstrated in the self-administration
and place conditioning paradigms. Although dopaminergic re-
lease in the nucleus accumbens is primarily responsible for
these effects (8,17,32), a glutamatergic influence is possible
given the close anatomical and functional relationship be-
tween dopamine and glutamate. This possibility was addressed
in the present study. In particular, the possibility that NMDA
receptors play a role in the rewarding effects of amphetamine,
as measured in the conditioned place preference paradigm (8),
was investigated. In this paradigm, rats receive several pair-
ings of amphetamine with a distinctive environment, and
later, in the absence of the drug, the rats demonstrate a rela-
tive increase in the amount of time spent in this environment
compared to an equally distinctive alternative environment.
This relative increase in time on the drug-paired side presum-
ably reflects the rewarding properties of the drug. Several
doses of the noncompetitive NMDA antagonist MK-801 were
administered prior to the amphetamine pairings, and the ef-
fects on place conditioning were examined. Since dopamine
receptor antagonists are known to block amphetamine place
conditioning (8), the effects of MK-801 were compared to
those of the preferential D,-like (D,, D,, and D,) dopamine
receptor antagonist eticlopride (11).

METHOD

Animals

One hundred and twelve male Sprague-Dawley rats
(SASCO, St. Louis) weighing 275-350 g served as subjects.
The rats were housed in groups of two per cage in a tempera-
ture-controlled (21 + 1°C) colony room on a 12-h light/dark
(0700-1900) cycle. The rats had free access to food and water.
Each rat was experimentally naive. Testing occurred during
the light phase of the light/dark cycle.

Apparatus

Four similar rectangular chambers were constructed of
wooden sides with Plexiglas covers. Each chamber consisted
of two compartments (36 x 27 X 38 cm) joined by a small
tunnel (9.5 X 6.5 X 8 cm); entrance to the tunnel could be
blocked by inserting wooden guillotine doors. The compart-
ments differed in brightness, pattern on the walls, and floor
texture; in two chambers, one compartment was painted
brown and had a mesh (1.3-cm squares) floor and the other
was painted in vertical black and white stripes (1.2 cm wide
underneath a Plexiglas surface) with a rod (1.5 cm between
rods) floor. In the remaining two chambers, the striped com-
partment had a mesh floor and the brown compartment had a
rod floor. Each compartment was equipped with two sets of
photocell emitters and detectors (at a height of 5 cm) which
divided the length of each compartment into three equal areas.
The tunnel also contained two sets of photocell emitters and
detectors. The photocells were connected to a single-board
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computer that recorded the number of beam interruptions as
well as the amount of time spent in each compartment during
the preexposure and test sessions. The single-board computers
communicated with a Macintosh SE using Red Ryder 10.3
software.

Drugs

(+)MK-801 hydrogen maleate [(5R,10S)-(+)-5-methyl-10,11-
dihydroxy-5H-dibenzo[a,d]cyclohepten-5,10-imine hydrogen
maleate] (Research Biochemicals International, Natick, MA)
and d-amphetamine sulfate (Sigma Chemical Co., St. Louis)
were dissolved in physiological saline (0.9%). Eticlopride hy-
drochloride (Research Biochemicals International) was dis-
solved in 0.98 ml 1% lactic acid, buffered with 0.02 ml 0.1 N
NaOH and made up to the appropriate volume with distilled
water (final pH 2.5-3.0). MK-801 and eticlopride were admin-
istered SC in the neck region 15 min prior to an IP injection
of amphetamine. This pretreatment time was chosen because
following a 15-min time interval MK-801 produces immediate
and long-lasting behavioral activation (locomotion and stereo-

typy) (9).

Procedure

The experimental design consisted of three phases: preex-
posure, conditioning, and test. The preexposure phase in-
volved adapting the rats to the experimental chambers and
obtaining a baseline measure of the amount of time spent in
each compartment. With the guillotine doors removed, the
rats were placed in the “start” compartment (opposite to the
one that would eventually be paired with drug) with access
to the entire chamber for 15 min. The choice of the start
compartment was counterbalanced across rats. The amount
of time the rat spent in each compartment was measured.

Following the preexposure session, rats were returned to
their home cage; at least 2 h later, the conditioning phase of
the experiment was initiated. This phase involved four 30-min
sessions which occurred over four consecutive days. On days
1 and 3, eight groups of rats (n = 8-12 each) were pretreated
with MK-801 (0, 0.03, 0.1, or 0.3 mg/kg SC); 15 min later,
they received saline or 2.0 mg/kg amphetamine IP and were
confined to the drug-paired compartment for 30 min. On days
2 and 4, the rats were pretreated with saline 15 min prior to
another saline injection; the rats were then confined to the
alternative compartment for 30 min. In an additional four
groups of rats (n = 8 each), eticlopride (0, 0.01, 0.05, or 0.1
mg/kg SC) was administered 15 min prior to 2.0 mg/kg am-
phetamine on days 1 and 3, and the vehicle was injected 15
min prior to saline on days 2 and 4. The effects of eticlopride
alone at the highest dose were also tested. On days 1 and 3,
this group of rats (n = 8) was treated with 0.1 mg/kg eticlo-
pride followed 15 min later by a saline injection; on days 2
and 4, the vehicle was administered 15 min prior to saline.
Locomotor activity was measured during each 30-min session.

The test phase occurred on the fifth day. Drug-free rats
were placed in the start compartment and were given access to
the entire chamber for 15 min. The amount of time spent in
each compartment was measured.

RESULTS

Place Conditioning

To analyse for place conditioning, the amount of time
spent on the drug-paired side during the preexposure and test
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sessions was compared (Figs. 1 and 2). A significant increase
or decrease in time spent on the drug-paired side from preex-
posure to test suggests the establishment of a conditioned
place preference or aversion, respectively. A two-way analysis
of variance (ANOVA) with one repeated measure (phase) was
conducted on the groups treated with amphetamine and pre-
treated with either saline or MK-801 (Fig. 1A); the phase effect
was highly significant, F(1, 32) = 46.02, p < 0.001, while the
group effect and Phase x Group interaction were not signifi-
cant. These results suggest that amphetamine produced a sig-
nificant place preference that was generally unaffected by pre-
treatment with MK-801. As further confirmation, planned
tests of simple main effects were conducted on the phase vari-
able (preexposure vs. test) of each group; a significant (p <
0.025) increase in the amount of time spent on the drug-paired
side from preexposure to test was observed for each group,
indicating a place preference (Fig. 1A).

Although the groups treated with the higher doses of MK-
801 (0.1 and 0.3 mg/kg) showed significant place condition-
ing, the effects appeared to be slightly attenuated relative to
the saline control group (Fig. 1A). To determine if place con-
ditioning was significantly reduced at these higher doses the
data were expressed as the difference between time in the drug-
paired environment during the test and preexposure for each
of the four groups (data not shown), and a one-way ANOVA
was conducted. The main effect of group was not significant
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FIG. 1. Mean (+ SEM) time spent on the drug-paired side during
the preexposure and test sessions. (A) Rats treated with MK-801 (0,
0.03, 0.1, or 0.3 mg/kg SC) 15 min prior to amphetamine (2.0 mg/kg
IP). (B) Rats treated with MK-801 (0, 0.03, 0.1, or 0.3 mg/kg SC) 15
min prior to saline (IP). Figures in the columns represent the number
of rats in each group. *p < 0.025, differs significantly from preexpo-
sure (F test).

Eticlopride & Amphetamine
600 *

* *

W Pre-Exposure
Test

TIME (s)

200

Vehicle 0.01 0.05 0.1
Eticlopride Dose (mg/kg)

FIG. 2. Mean (+ SEM) time spent on the drug-paired side during
the preexposure and test sessions in rats pretreated with eticlopride
(0, 0.01, 0.05, or 0.1 mg/kg SC) 15 min prior to amphetamine (2.0
mg/kg IP). Figures in the columns represent the number of rats in
each group. *p < 0.00S, differs significantly from preexposure (F
test).

(p > 0.05), and post hoc comparisons (Tukey) revealed no
significant differences between groups.

The amount of time spent on the drug-paired side by rats
treated with saline (instead of amphetamine) and pretreated
with saline or MK-801 is shown in Fig. 1B. A two-way
ANOVA with one repeated measure (phase) revealed a signifi-
cant phase effect, F(1, 32) = 8.15, p < 0.01. The group ef-
fect and the Phase X Group interaction were not significant.
Despite the nonsignificant interaction, planned tests of simple
main effects revealed a significant phase effect only in the
group pretreated with 0.1 mg/kg MK-801 (p < 0.01). The
phase effect associated with the lowest dose of MK-801 ap-
proached significance (P = 0.08). Thus, only the intermediate
dose of MK-801 resulted in significant place conditioning.
However, when the data were expressed as the difference be-
tween time in the drug-paired environment during the test and
preexposure, there were no significant differences between
groups (Tukey, p > 0.05).

The effects of eticlopride on amphetamine-induced place
conditioning are presented in Fig. 2; only the highest dose
appeared to block the amphetamine place preference. A two-
way ANOVA with one repeated measure (phase) revealed a
significant phase effect, F(1, 28) = 34, p < 0.001. The group
effect and the Phase X Group interaction were not signifi-
cant. Following planned tests of simple main effects, all
groups, with the exception of the 0.1 mg/kg eticlopride group,
demonstrated a significant phase effect (p < 0.01). When the
highest dose of eticlopride was tested alone (data not shown),
neither a place preference nor aversion was observed (the
mean amounts of time on the drug-paired side during the
preexposure and test were 412 and 466 s, respectively). The
phase effect was not significant following a one-way ANOVA
(p > 0.05).

Locomotor Activity

During conditioning, MK-801 dose-dependently increased
locomotor activity in both saline- and amphetamine-treated
rats (Table 1). A two-way ANOVA (MK-801 Pretreatment
x Amphetamine Treatment) was conducted on the activity
scores for each conditioning day (days 1 and 3) separately.
Only the main effect of MK-801 pretreatment was significant,
F3, 64) = 22.45, p < 0.001, and F(3, 64) = 53.10, p <
0.001, day 1 and day 3, respectively. Within either the saline
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TABLE 1

THE EFFECTS OF MK-801 ON LOCOMOTOR ACTIVITY (+SEM) IN
SALINE- OR AMPHETAMINE-TREATED RATS

Day 1 Day 3
Saline Amphetamine Saline Amphetamine
MK-801 (mg/kg) Pretreatment
0 210 (18) 355 (33)* 224 (19) 419 (55)*
0.03 220 (15) 333 (25)* 213 (15) 416 (52)*
0.1 530 (72) 409 (56) 507 (132) 538 (59)
0.3 891 (173)t 1107 (133)t 1253 (136)1 1290 (96)

*p < 0.05 (F test), within the same dose of MK-801, amphetamine-treated
rats showed significantly greater activity than the saline-treated rats. tp < 0.05
(Tukey test), MK-801 significantly increased activity compared to vehicle (0 mg/
kg) within either the saline- or amphetamine-treated rats.

or the amphetamine condition the highest dose of MK-801
caused a significant increase in activity compared to vehicle
controls on day 1 and day 3 (Tukey, p < 0.05, Table 1). A
significant amphetamine effect in the overall analysis was not
obtained; however, individual planned comparisons (F test)
conducted at each dose of MK-801 revealed a significant am-
phetamine-induced increase in activity in groups pretreated
with 0 or 0.03 mg/kg MK-801 (p < 0.005) on either day 1 or
day 3. On conditioning days 2 and 4, when rats received two
saline injections, the activity scores between groups did not
differ significantly (data not shown).

Eticlopride markedly reduced the heightened locomotor ac-
tivity associated with amphetamine (Table 2). On each con-
ditioning day, the main effect of eticlopride pretreatment
was significant, F(3, 28) = 17, p < 0.001, and F(3, 28) =
22, p < 0.001, day 1 and day 3, respectively, and each dose
of eticlopride differed significantly from the vehicle group
(Tukey, Table 2).

DISCUSSION

In the present experiment, amphetamine produced a con-
ditioned place preference that was not significantly altered
by the noncompetitive NMDA antagonist MK-801. MK-801
alone produced marked increases in locomotor activity and a
significant place preference at one dose, although this effect
was not dose-related. This latter finding is consistent with a

TABLE 2

THE EFFECTS OF ETICLOPRIDE
ON AMPHETAMINE-INDUCED
LOCOMOTOR ACTIVITY (+SEM)

Day 1 Day 3
Eticlopride (mg/kg)
Pretreatment
0 363 (51) 392 (52)
0.01 218 (19)* 250 (32)*
0.05 82 (1Dt 91 (17Nt
0.1 103 (32)1 53 (18)t

*» < 0.05, p < 0.01 (Tukey test), significantly
different from vehicle.

previous study (18) demonstrating a significant place condi-
tioning effect with the same dose of MK-801; unfortunately,
higher doses were not tested. It is also consistent with the
rewarding properties of MK-801 demonstrated in behavioral
paradigms other than place conditioning (3,7). In contrast to
the effects of MK-801, the D, dopamine receptor antagonist
eticlopride reduced amphetamine locomotor activity and
blocked place conditioning at a dose that by itself did not
result in a significant place preference or aversion. This is
consistent with the well-known role of dopamine in amphet-
amine place conditioning (8,10).

The failure of MK-801 to influence the rewarding proper-
ties of amphetamine is in agreement with previous studies
showing no effect of NMDA antagonists on the acute locomo-
tor-activating effects (including stereotypy) of amphetamine
(5,14). These latter studies are difficult to interpret, however,
since MK-801 itself produces dose-related increases in stereo-
typed sniffing and locomotion (9). In the present study, sub-
stantially larger increases in activity were observed with MK-
801 relative to amphetamine. When these compounds were
administered together there did not appear to be an additive
effect on locomotion, but perhaps the amphetamine response
was simply too small to detect beyond the larger stimulant
effect of MK-801. Wolf and Khansa (33) also failed to show
an additive effect of MK-801 and amphetamine despite similar
increases in locomotor activity produced by each drug alone.
It is possible, as they suggested, that the lack of additivity re-
flects either a common mechanism for increasing activity or a
reduction of the amphetamine locomotor response by MK-801.

The place conditioning paradigm offers a distinct advan-
tage over locomotor activity measures when assessing the in-
teraction between amphetamine and MK-801: the rats are
tested drug-free, and consequently, the confounds associated
with drug-induced locomotor stimulant effects are minimized.
Using this technique, no effect of MK-801 on amphetamine
place conditioning was observed. One could argue that since
MK-801 itself possesses rewarding properties, this may have
obscured its ability to block the rewarding effects of amphet-
amine. This is an unlikely explanation for the present findings
because MK-801 alone produced a significant place preference
at only one intermediate dose; a higher dose of MK-801 that
was ineffective in producing place conditioning was also inef-
fective in disrupting the amphetamine-induced place prefer-
ence.

The failure of MK-801 to block the rewarding properties
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of amphetamine is contrasted with the marked effects of MK-
801 on the development of amphetamine-induced sensitiza-
tion. Several studies have now shown that MK-801 and other
NMDA antagonists potently block the development of sensiti-
zation to the locomotor-activating effects of amphetamine or
cocaine (13,15,28,33). In addition, Schenk et al. (26) recently
demonstrated that MK-801 prevents the development of sensi-
tization to cocaine’s reinforcing effects produced by amphet-
amine preexposure. These findings, in conjunction with the
present results, suggest that the NMDA glutamate receptor
plays a specific role in the long-lasting behavioral plasticity
associated with chronic amphetamine treatment and does not
play a role in the acute locomotor-activating or rewarding
properties of amphetamine. The possibility, however, that
other glutamate receptor subtypes are involved in the reward-
ing properties of amphetamine remains to be tested, especially
since the quisqualate receptor antagonist GDEE microinjected
into the nucleus accumbens decreased amphetamine-induced
locomotor activity (25).

NMDA receptors have been shown to play a critical role in
the acquisition of a number of learned behaviors. Blockade of
NMDA receptors with both competitive and noncompetitive
antagonists produces deficits in the acquisition and extinction
of conditioned fear (4,21) as well as the acquisition of olfac-
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tory discrimination (27) and spatial learning (20,22,23). Also,
the food preference that rats develop when a novel food is
placed on the mouth region of an anesthetized conspecific is
eliminated when rats are pretreated with low doses of MK-801
(24). It is somewhat surprising, therefore, that MK-801 failed
to affect amphetamine place conditioning, a paradigm that
involves learning and memory processes (31). However, as
demonstrated by others, the NMDA receptor is not involved
in all forms of learning. For example, intraventricular admin-
istration of APS5 fails to affect the acquisition of a visual
discrimination task (23), and MK-801 fails to block experi-
ence-dependent facilitation of maternal responding; for exam-
ple, dams that previously received one hour experience with
pups demonstrate facilitated maternal responding relative to
inexperienced dams, and this learning is not affected by MK-
801 (20). It would seem, therefore, that the acquisition of
amphetamine-induced place conditioning represents another
learning paradigm apparently unaffected by MK-801 treat-
ment.
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