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1998.—NMDA receptor antagonists have previously been reported to alter some pharmacological and behavioral effects of
acute and chronic opioid administration. The present study assessed the interactions of NMDA antagonists with the discrimi-
native stimulus properties of morphine. Adult male Long–Evans rats were trained to discriminate 3.2 mg/kg of SC morphine
from water under a two-lever fixed-ratio 10 schedule of food reinforcement. During test sessions, IP injections of the non-
competitive NMDA receptor antagonist dizocilpine (0.03–0.2 mg/kg), the competitive antagonists NPC 17742 (1–16 mg/kg),
and SDZ 220-581 (0.1–3 mg/kg), the polyamine site antagonist eliprodil (3–17.3 mg/kg), the glycine-site partial agonist (
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)-
HA-966 (3–56 mg/kg), and the nonselective glutamate antagonist kynurenic acid (30–150 mg/kg) were coadministered with
SC morphine (1–3.2 mg/kg; interaction tests) or water (generalization tests). In generalization tests, none of the compounds
completely substituted for morphine. Concurrent administration of morphine and NMDA antagonists did not greatly alter
the discriminative stimulus properties of morphine. Various doses of NPC 17742, SDZ 220-581, or (
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)-HA-966 somewhat in-
creased levels of morphine-appropriate lever selection, whereas some attenuation of morphine-lever selection was obtained
when morphine was coadministered with eliprodil. These results show that NMDA antagonists have minimal interactions
with the discriminative stimulus effects of morphine. © 1998 Elsevier Science Inc.
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RECENT findings suggest that pharmacological activity of
opiates can be modulated by drugs affecting 

 

N

 

-methyl-

 

D

 

-
aspartate (NMDA) receptor-based neurotransmission. For ex-
ample, combined intrathecal administration of morphine and
NMDA receptor antagonists results in augmentation of mor-
phine’ s analgesic potency (11) and inhibition of morphine-
induced clonic seizure-like excitatory effects (38). Intracerebral
and systemic administration of NMDA receptor antagonists
was also reported to significantly affect morphine analgesia
(1,30,35,37,56). Recently, NMDA receptor antagonists were
shown to block morphine-induced conditioned place prefer-
ence in rats (62). The nonselective endogenous antagonist of
excitatory amino acid (EAA) receptors kynurenic acid has

also been shown to modulate morphine’s effects in condi-
tioned place preference and electrical brain stimulation para-
digms (6) and impaired the acquisition of intravenous mor-
phine self-administration in rats (7). Combined administration
of morphine and NMDA antagonists has been reported to
prevent the development of tolerance to the analgesic effects
of morphine (26,41,59,61), sensitization to its psychostimulant
properties (29), and physical dependence upon it (57,61)
while potentiating morphine-induced catalepsy and lethality
(60). Moreover, there was an observation of acute interactive
effects of the noncompetitive NMDA receptor antagonist di-
zocilpine and morphine on cortical EEG and EEG power
spectra in rats (24).
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In this article we will be describing a study of the interac-
tions between NMDA antagonists and the discriminative
stimulus effects of morphine. Because of the ability of NMDA
antagonists to enhance opioid analgesia and attenuate toler-
ance development, there is clinical interest in combining these
classes of drugs for treatment of chronic pain (1,11). For this
reason it is important to know if the subjective effects of opi-
ates, as modeled by morphine discrimination, are also en-
hanced.

There have been several reports on the discriminative
stimulus effects of PCP-like NMDA receptor antagonists in
morphine- and fentanyl-trained rats and pigeons. These stud-
ies have found that PCP and PCP-like drugs such as dizo-
cilpine and ketamine partially generalized from morphine or
fentanyl (25,31,33,46). However, these intermediate levels of
drug lever selection were attributed to the performance defi-
cits resulting from the NMDA antagonist administration (33).
Studies of the morphine-like discriminative stimulus effects of
other subtypes of NMDA antagonists have not been reported.
There has also been a report that PCP-type drugs decreased
drug-lever selection produced by the training dose of fentanyl
(33). In the present report we describe an assessment of the
ability of a wider range of NMDA antagonists to produce
morphine-like discriminative stimulus effects or to alter mor-
phine’s stimulus effects.

The NMDA receptor is the best characterized of the EAA
receptor subtypes found in the mammalian central nervous
system (42). Direct agonists and competitive antagonists bind
directly to a transmitter-recognition site on the receptor com-
plex. There are additional pharmacologically distinct sites at
which activity produces alterations in NMDA neurotransmis-
sion, including (a) a channel site for the noncompetitive PCP-
like antagonists; (b) a strychnine-insensitive glycine coactiva-
tor site; and (c) a polyamine binding site. For the present
study, NMDA antagonists that interact at these sites were
tested along with a nonselective glutamate antagonist
kynurenic acid (KYNA). The competitive antagonists tested
were NPC 17742 (19) and SDZ 220-581 (43,63), selected be-
cause they are among the most potent, systemically active
compounds available of this type. Dizocilpine was selected as
a representative PCP-like noncompetitive antagonist (69) that
was repeatedly demonstrated to block the development of tol-
erance to morphine analgesia (26). (
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)-HA-966, a glycine site
agonist/antagonist, and eliprodil, a possible polyamine-site
antagonist, whose behavioral effects differ substantially from
the competitive and the PCP-site noncompetitive antagonists
(2,54,55), were also tested.

 

METHOD

 

Subjects

 

Thirty-eight adult, experimentally naive, male, Long–
Evans hooded rats (Harlan, Dublin, VA) were used. Animals
were housed individually in suspended wire cages with water
available ad lib. Food (Purina Rodent Chow) consumption
was restricted to 10–12 g/day given after behavioral testing
and on weekends to maintain a constant body weight (300–
360 g). All experiments were conducted during the light pe-
riod of a 12 L:12 D cycle (0800–2000 h). Experiments were ap-
proved by the Institutional Animal Care and Use Committee
of Virginia Commonwealth University and were performed in
accordance with the recommendations and policies of the
U.S. National Institutes of Health Guidelines for the Use of
Animals.

 

Apparatus

 

Twelve standard two-lever operant conditioning chambers
(BRS/LVE, Beltsville, MD) were connected to a microcom-
puter through an interface and controlled by MED-PC soft-
ware (MED Associates, Inc., East Fairfield, VT). Each cham-
ber was equipped with a white house light centered above the
levers and a food dispenser that delivered 45-mg food pellets
(Noyes Formula A, P. J. Noyes Company, Inc., Lancaster, NH).

 

Procedure

Initial training. 

 

Rats were initially trained to lever press for
food pellet delivery according to a fixed ratio 1 (FR1) sched-
ule of reinforcement using the lever that eventually would be-
come the water-designated lever. All training and subsequent
acquisition sessions were conducted daily (Monday–Friday).
After rats had acquired the lever-press response (1–4 days),
the FR value was gradually increased to 10. Then the active
lever was switched to the opposite side and the FR value was
reduced to FR1. As soon as rats showed evidence of respond-
ing on this lever, the FR value was rapidly increased to FR10.

 

Discrimination training. 

 

All drug discrimination training
sessions were divided into two or three consecutive discrete
trials, each consisting of a 30-min timeout (TO) period during
which injections could be given followed by a 5-min food rein-
forcement component during which lever pressing was rein-
forced under the FR10 schedule of pellet delivery. At the start
of each trial, rats were administered a sham injection (i.e.,
standard injection procedure that did not result in needle
puncture and fluid delivery) or injected subcutaneously with
either 3.2 mg/kg of morphine or sterile water, returned to
their home cages after the injection, and then 30 min later
were placed into the operant chambers for 5 min. The house
light was illuminated at the start of each trial and extinguished
at the end of the trial. Training sessions varied in the sequence
of the trials: type A, sham–water–morphine; type B, sham–
morphine; type C, water–morphine. Animals experienced all
three types of sessions in an alternating sequence predeter-
mined for each 2-month block of training and testing. Half of
the rats were trained to press the right lever for food rein-
forcement after receiving morphine and the left lever follow-
ing water or sham injection; the reverse pairing was used with
the remaining rats. Incorrect responses reset the FR require-
ment on the correct lever.

Acquisition training proceeded until the following criteria
were met on at least 8 out of 10 consecutive training sessions:
1) the first completed FR (FFR) had to occur on the correct
lever; and 2) the percentage of all lever presses emitted on the
correct lever was more than 90% during these sessions. After
the criteria were met, the rats were given test days. Tests (sin-
gle trial, both levers active) were conducted on Tuesdays and
Fridays provided that the following criteria were met: 1) dur-
ing the most recent training session of each type (A, B, and C)
the FFR was correct for all trials; 2) overall 90% or greater
correct-lever responding on each of these sessions; and 3)
overall response rate was greater than 0.4 lever presses per
second. During test sessions 10 consecutive responses on ei-
ther lever produced a pellet delivery.

Each rat was repeatedly tested with either water or the
training dose of morphine (3.2 mg/kg) until four consecutive
test sessions were completed that satisfied criteria #2 and #3
described above.

 

Morphine dose–response determination and naltrexone an-
tagonism. 

 

Morphine dose–response functions were initially
obtained when morphine (0, 1.0, 1.7, and 3.2 mg/kg) was in-
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jected by itself and subsequently were reobtained when mor-
phine was coadministered with the vehicles (IP) for various
NMDA receptor antagonists. These tests were conducted in a
random order within the period of drug combination testing
(see below). As a control, 11 randomly selected rats were
tested with the combination of the training dose of morphine
and 0.3 mg/kg of naltrexone (SC, 15 min preinjection time) to
estimate reversibility and to affirm the opiate-receptor media-
tion of the stimulus control exerted by morphine.

 

Stimulus generalization testing. 

 

Stimulus generalization tests
were conducted with the following drugs: NPC 17742 (vehicle, 2–
16 mg/kg; preinjection time 60 min), SDZ 220-581 (vehicle, 0.1–3
mg/kg; preinjection time 60 min), dizocilpine (vehicle, 0.03–0.2
mg/kg; preinjection time 15 min), eliprodil (vehicle, 3–17.3 mg/
kg; preinjection time 30 min), (

 

1

 

)-HA-966 (vehicle, 3–56 mg/kg;
preinjection time 30 min), and kynurenic acid (vehicle, 30–150
mg/kg; preinjection time 20 min). During each test there were
two injections given; one SC with sterile water (preinjection
time 30 min) and one IP with the test drug or its vehicle (pre-
injection time as described above). Test sessions consisted of
a single 5-min trial. Control tests with the training dose of
morphine and with sterile water were conducted at intervals
throughout the study; these tests consisted of two trials, with
IP vehicle as the second injection. Each subject was tested
with no more than three different NMDA antagonists.

 

Drug combination testing. 

 

Each of the drugs tested alone
were also tested in combination with each of three doses of
morphine. Test sessions consisted of a single trial. During
each test two injections were given, one SC with morphine (1,
1.7, or 3.2 mg/kg; 30-min preinjection time), and one IP with
the test drug or its vehicle (drugs, vehicles, and preinjection
times are listed above). Three to four doses of each test drug
were evaluated (see figures). Drugs and doses were tested in
random order.

 

Data Analysis

 

The percentage of responses on the morphine-designated
lever (MLR) and response rate (responses/s; RR) were calcu-
lated for each test session, with means calculated for the
group data. Data from rats emitting less than 0.03 responses/s
were omitted from calculations of group % morphine lever
responses but were included in group response rate determi-
nations. The morphine doses estimated to produce 50% mor-
phine-lever responding (ED

 

50

 

) for morphine alone and in
combination with each dose of the NMDA antagonists were
calculated based upon the log-linear analysis of the dose–
response curves (SAS-STAT, release 6.11, SAS Institute,
Cary, NC). The lever on which the first FR was completed was
also recorded and used to compare individual subject results.

Drug discrimination results (percentage morphine-lever
responding) were subjected to a two-way analysis of variance
(ANOVA) with repeated measures on both factors (dose of
morphine and dose of NMDA antagonist). Analysis of the de-
scriptive statistics produced by the SAS-STAT UNIVARI-
ATE procedure demonstrated that some of the data were not
distributed normally (Wilks-Shapiro’s test). The distribution-
free two-factorial analysis of variance (ANOVA) was con-
ducted using a combination of the RANK and General Linear
Model (GLM) procedures. Briefly, data were ranked and the
ranks were later subjected to ANOVA (GLM procedure for
unbalanced design with unequal group sizes). Because each
subject was measured under all levels of morphine (0, 1.0, 1.7,
and 3.2 mg/kg) and NMDA antagonist doses, the present ex-
periment was treated as a subject by morphine dose by

NMDA antagonist dose factorial design. Group comparisons
were performed using a post hoc Wilcoxon’s rank-sum test
(only where ANOVA revealed significant effects). Null hy-
pothesis was rejected at the 

 

p

 

 

 

,

 

 0.05 level.

 

Drugs

 

The drugs used were as follows: morphine sulfate and nal-
trexone hydrochloride (National Institute on Drug Abuse,
Rockville, MD); NPC 17742 ((2R,4R,5S)-2-amino-4,5-
(1,2-cyclohexyl)-7-phosphonoheptanoic acid, Nova Pharma-
ceuticals Corporation, Baltimore, MD); and SDZ 220-581
(

 

a

 

-amino-2

 

9

 

-chloro-5-(phosphonomethyl) (1,1

 

9

 

-biphenyl)-3-
propanoic acid, Sandoz, Basel, Switzerland); dizocilpine male-
ate (MK-801) and (

 

1

 

)-HA-966 (R(

 

1

 

)-3-amino-1-hydroxy-2-
pyrrolidone, both from Research Biochemicals International,
Natick, MA); eliprodil (Synthelabo Recherche, Bagneaux,
France); and kynurenic acid (Sigma Chemical Company, St.
Louis, MO). Morphine and (

 

1

 

)-HA-966 were prepared in
sterile water, dizocilpine, and naltrexone in physiological sa-
line, eliprodil in 0.1% Tween-80 in saline, NPC 17742 and
SDZ 220-581 in equimolar NaOH in saline, and kynurenic

FIG. 1. Mean percentage (S.E.M.) of morphine-lever responding
(upper panel) and mean response rates (lower panel) following mor-
phine (1–3.2 mg/kg; n), NPC 17742 (1–16 mg/kg; m), SDZ 220–581
(0.1–3 mg/kg; j), dizocilpine (0.03–0.2 mg/kg; d), (1)-HA-966 (3–56
mg/kg; .), eliprodil (3–17.3 mg/kg; r), and KYNA (30–150 mg/kg; h)
administration in rats trained to discriminate 3.2 mg/kg of morphine
from water (‘W’). Points above ‘N’ represent tests performed after
combined administration of training dose of morphine and 0.3 mg/kg
of naltrexone (n 5 11). Each point is based on observations made in 8
(NPC 17742; n 5 5 for 1 mg/kg and n 5 6 for 16 mg/kg for both MLR
and RR data; n 5 4 for 16 mg/kg for MLR), 6 (SDZ 220–581; n 5 9
for 1 mg/kg, n 5 5 for 3 mg/kg for RR, n 5 3 for 3 mg/kg for MLR), 7
((1)-HA-966; n 5 5 for 56 mg/kg for MLR), 7 (dizocilpine; n 5 6 for
0.1 mg/kg and n 5 2 for 0.2 mg/kg), 6 (eliprodil; n 5 7 for 17.3 mg/kg),
or 5 (KYNA) rats. For the sake of clarity standard errors are not
shown for all data points.
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acid in 10% Tween-80 in saline. Morphine and its vehicle
were injected subcutaneously while all other drugs and their
vehicles were administered intraperitoneally. All injections
were delivered in a volume of 1 ml/kg. Dosages are based
upon the forms of the drugs listed above.

 

RESULTS

 

Acquisition Results

 

All 38 rats acquired the morphine–water discrimination in
27 days (or 68 trials). Control tests with the training dose of
morphine and water produced group averages of more than
95% correct lever responding on every occasion on which the
subjects were tested.

 

Morphine Dose–Response Testing

 

Morphine administration resulted in a dose-dependent in-
crease in morphine-lever selection (Fig. 1) with an ED

 

50

 

 of 1.5
mg/kg (CI: 1.2–1.9 mg/kg). Dose-dependent decreases in re-
sponse rate were obtained at doses above the 3.2 mg/kg train-
ing dose. The morphine dose–effect function was also evalu-
ated when morphine (1–3.2 mg/kg) was coadministered with
vehicles for the various NMDA antagonists (Figs. 2–7). These
tests yielded morphine dose-related increases in percentages
of morphine-lever responding with ED

 

50

 

s shown in Table 1.
The stimulus effects of the training dose of morphine were

completely blocked in all experimental subjects by pretreat-
ment with 0.3 mg/kg of naltrexone (Fig. 1). Administration of
naltrexone alone did not produce morphine-like responding
and did not affect response rate (data not shown).

 

Stimulus Generalization Testing

 

None of the NMDA antagonists produced 

 

.

 

50% levels of
morphine-lever responding. Dose–effect curves for each test
drug are depicted in Fig. 1. Results of stimulus generalization
testing can also be seen in Figs. 2–7 (data points above “W” in

each figure). Dose-dependent increases in morphine-lever se-
lection were produced by all drugs except for kynurenic acid
(zero-levels of morphine-lever responding) and (

 

1

 

)-HA-966
(absence of dose dependency). Even after administration of
the NMDA antagonist dose that produced the highest aver-
age level of morphine-lever responding, the first FR was usu-
ally completed on the water-designated lever: two out of two
rats at 16 mg/kg of NPC 17742, two out of two rats at 3.0 mg/
kg of SDZ 220-581, six out seven rats at 30 mg/kg of (

 

1

 

)-HA-
966, one out of two rats at 17.3 mg/kg of eliprodil, six out of
seven rats at 0.2 mg/kg of dizocilpine, five out of five rats at 30
mg/kg of KYNA (the actual group size was higher for each of
the doses mentioned but not all rats completed 10 consecutive
lever presses on either lever). Rates of responding were dose
dependently decreased by all tested drugs (Fig. 1).

 

Drug Combination Testing

 

When morphine was tested in combination with each of
the NMDA antagonists and their vehicles morphine dose con-
tinued to be a significant determinant of morphine-lever se-
lection in all treatment groups: NPC 17742, 

 

F

 

(3, 172) 

 

5

 

 18.3;
SDZ 220-581, 

 

F

 

(3, 145) 

 

5

 

 24.5; (

 

1

 

)-HA-966, 

 

F

 

(3, 141) 

 

5

 

 41.9;
eliprodil, 

 

F

 

(3, 140) 

 

5

 

 15.7; dizocilpine, 

 

F

 

(3, 112) 

 

5

 

 47.2;
kynurenic acid, 

 

F

 

(3, 82) 

 

5

 

 169.3 (

 

p

 

 

 

,

 

 0.05 for each drug). Al-
though some of the NMDA antagonists slightly altered the
discriminative stimulus and response rate effects of morphine,
the more general conclusion is that these interactive effects
were modest and differed in direction and magnitude among
the individual test drugs.

 

NPC 17742 and SDZ 220-581.  

 

Administration of these two
competitive NMDA antagonists in combination with mor-
phine resulted in a slight enhancement of morphine-lever se-
lection (Figs. 2 and 3, upper panels). Both drugs tended to
shift the morphine dose–effect curve to the left when tested in
combination with the lower doses of morphine (1 and 1.7 mg/
kg) that did not produce full substitution when tested alone.
For NPC 17742, this enhancement of morphine occurred with

TABLE 1

 

POTENCY OF MORPHINE FOR DISCRIMINATIVE STIMULUS EFFECTS IN RATS TREATED WITH
COMBINATIONS OF MORPHINE AND NMDA RECEPTOR ANTAGONISTS

 

NPC 17742 Dose (mg/kg) Vehicle 1 2 4 8 16
ED

 

50

 

1.5 1.7 0.6 0.9 0.9 1.0
CL* 0.9–2.5 0.8–3.8 0.02–11.2 0.2–4.4 0.2–5.1 0.02–9.9

SDZ 220-581 Dose (mg/kg) Vehicle 0.1 0.56 1
ED

 

50

 

1.5 1.0 0.7 0.9
CL* 0.9–2.4 0.3–3.5 0.06–8.9 0.1–8.3

(

 

1

 

)-HA-966 Dose (mg/kg) Vehicle 3 10 30 56
ED

 

50

 

1.8 1.6 0.9 1.0 NS†
CL* 1.4–2.2 0.9–2.6 0.2–4.1 0.2–5.7

Dizocilpine Dose (mg/kg) Vehicle 0.03 0.056 0.1
ED

 

50

 

1.6 1.8 1.7 1.9
CL* 1.2–2.1 1.4–2.3 1.0–3.0 0.8–4.6

Eliprodil Dose (mg/kg) Vehicle 3 5.6 10 17.3
ED

 

50

 

1.5 2.1 1.8 2.2 2.9
CL* 1.0–2.3 0.5–8.8 0.9–3.3 1.1–4.2 1.5–5.6

Kynurenic acid Dose (mg/kg) Vehicle 30 100 150
ED

 

50

 

1.8 1.9 2.1 2.6
CL* 1.4–2.5 1.5–2.5 1.8–2.5 1.6–4.1

*95% confidence limits.
†ED

 

50

 

 value is not significant (Student’s 

 

t

 

-test, 

 

p

 

 

 

.

 

 0.05).
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the doses that produced little of no morphine-lever respond-
ing when given alone. There was some tendency for the high-
est dose of NPC 17742 to lower the level of morphine-lever
responding produced by 3.2 mg/kg morphine, but this oc-
curred at a dose of NPC 17742 that markedly decreased rates
of responding as well. Similarly, with SDZ 220-581 some en-
hancement of morphine’s discriminative stimulus effects oc-
curred at doses of SDZ 220-581 that had minimal morphine-
like effects by themselves. However, both NPC 17742 and
SDZ 220-581 were found to lower, nonsignificantly, mor-
phine’s ED50 values (Table 1).

Support for the enhancement of morphine’s discriminative
stimulus effects by the competitive NMDA antagonists comes

from the analysis of variance results. NPC 17742 and SDZ
220-581 both significantly increased morphine-lever selection,

 

F

 

(5, 172) 

 

5

 

 3.17, 

 

p

 

 

 

5

 

 0.017; 

 

F

 

(5, 145)

 

5

 

2.78, 

 

p

 

 

 

5

 

 0.034, respec-
tively. On the other hand, analysis of shifts of individual
curves (fixed dose of NPC 17742 or SDZ 220-581 vs. vehicle)
did not show significant effects of any fixed dose of NPC

FIG. 2. Mean percentage of morphine-lever responding (upper panel)
and response rates (lower panel) following the administration of NPC
17742 alone (vehicle and 1–16 mg/kg) and in combination with mor-
phine (1.0–3.2 mg/kg) in rats trained to discriminate 3.2 mg/kg of mor-
phine from water (W). Points above W represent tests performed after
combined administration of water and the NPC 17742 doses. Each
point is based on observations made in 8 rats (1.0 mg/kg of morphine:
n 5 3 for 16 mg/kg of NPC 17742 for MLR; 1.7 mg/kg of morphine:
n 5 6 for 8 mg/kg and n 5 4 for 16 mg/kg of NPC 17742 for MLR; 3.2
mg/kg of morphine: n 5 7 for 16 mg/kg of NPC 17742 for MLR).

FIG. 3. Mean percentage of morphine-lever responding (upper
panel) and response rates (lower panel) following the administration
of SDZ 220–581 alone (vehicle and 0.1–1 mg/kg) and in combination
with morphine (1.0–3.2 mg/kg) in rats trained to discriminate 3.2 mg/
kg of morphine from water (W). Points above W represent tests per-
formed after combined administration of water and the SDZ 220–581
doses. Each point is based on observations made in 9 rats (1.7 and 3.2
mg/kg of morphine: 5 8 for 1 mg/kg of SDZ 220–581 for MLR).
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17742. In the case of SDZ 220-581, pretreatment with 0.56 mg/
kg of SDZ 220-581 was found to significantly elevate mor-
phine-lever responding, 

 

F

 

(1, 57) 

 

5

 

 6.41, 

 

p

 

 

 

5

 

 0.03)
The doses of morphine tested in combination with NPC

17742 and SDZ 220-581 did not alter rates of responding
when given in combination with the vehicles for these test
drugs (Figs. 2 and 3, lower panels). The response rates after
combination treatments with morphine and the competitive
antagonists were lower than for morphine plus vehicle [NPC
17742: 

 

F

 

(5, 232) 

 

5

 

 30.43, 

 

p

 

 

 

5

 

 0.0001; SDZ 220-581: 

 

F

 

(5, 188) 

 

5
31.55, p 5 0.0001], but were not greatly different from the re-
sponse rates produced by the antagonists alone. Stated an-
other way, the dose-dependent decreases in rates of respond-
ing produced by NPC 17742 and SDZ 220-581 were neither
antagonized nor enhanced by morphine.

(1)-HA-966. Similar to NPC 17742 and SDZ 220-581,
treatment with the glycine-site partial agonist (1)-HA-966
also shifted the morphine dose–effect functions somewhat to
the left (Fig. 4, upper panel). As with the competitive antago-
nists, this enhancement was only seen with the doses of mor-
phine that did not produce full substitution. At 3.2 mg/kg
morphine, which produced 100% morphine-lever responding
when tested alone, (1)-HA-966 produced a dose-dependent
decrease in morphine-lever responding associated with re-
sponse rate decreases. The enhancement of morphine’s dis-
criminative stimulus effects occurred at doses of (1)-HA-966
that did not produce morphine-lever responding when tested
alone, showing that the enhancement was not from additive
effects. The ability of (1)-HA-966 to reliably modify the dis-
criminative stimulus effects is supported by the ANOVA re-
sults that found a significant main effect of (1)-HA-966 dose,
F(4, 141) 5 3.67, p 5 0.016, and interaction between the (1)-
HA-966 dose and morphine dose factors, F(12, 141) 5 2.22,
p 5 0.02. The significant interaction effect is the result of the
enhancement at low doses of morphine and the attenuation at
the high dose. Morphine-lever responding in rats treated with
30 mg/kg of (1)-HA-966 (filled squares; Fig. 4) was signifi-
cantly higher than morphine tested in combination with vehi-
cle [open circles; Fig. 4; F(1, 52) 5 7.14, p 5 0.014].

(1)-HA-966 in combination with morphine did not pro-
duce effects on rates of responding that were different from
what was observed when (1)-HA-966 was given alone. There
was some tendency for the highest dose of morphine to fur-
ther decrease the rates of responding already lowered by 30
and 56 mg/kg (1)-HA-966.

Eliprodil. In contrast to the results with NPC 17742, SDZ
220-581, and (1)-HA-966, eliprodil (3-17.3 mg/kg) produced
dose-related rightward shifts in morphine dose–effect func-
tions (Fig. 5, upper panel). Although the overall ANOVA did
not reveal a statistically significant effect of antagonist dose in
subjects treated concurrently with morphine and eliprodil,
F(4, 140) 5 1.46, p 5 0.241, a significant interaction between
eliprodil dose and morphine dose factors was observed, F(12,
140) 5 1.98, p 5 0.049, reflecting that the already low levels of
morphine-lever responding after 1 mg/kg morphine were not
further reduced by eliprodil. Eliprodil decreased the moder-
ate to high levels of morphine-lever selection produced by the
two higher doses of morphine when given in combination with
vehicle. This decrease induced by eliprodil was statistically
significant at the 1.7 mg/kg dose of morphine, F(4, 34) 5 3.17,
p 5 0.0316. The highest dose of eliprodil (17.3 mg/kg) was the
only individual dose producing significant alterations in mor-
phine-lever responding, F(1, 60) 5 5.42, p 5 0.049.

Inspection of individual subject data also provides evidence
that eliprodil altered morphine-lever selection in rats cotreated

with 1.7 and 3.2 mg/kg of morphine plus eliprodil. Thus, four out
of seven rats completed their first FR on the morphine-appro-
priate lever after being treated with 1.7 mg/kg of morphine com-
bined with vehicle, while only one out of seven rats selected the
morphine lever when morphine was combined with an eliprodil
dose of 10 or 17.3 mg/kg. Morphine lever selection occurred

FIG. 4. Mean percentage of morphine-lever responding (upper panel)
and response rates (lower panel) following the administration of
(1)-HA-966 alone (vehicle and 3–56 mg/kg) and in combination with
morphine (1.0–3.2 mg/kg) in rats trained to discriminate 3.2 mg/kg of
morphine from water (W). Points above W represent tests performed
after combined administration of water and the (1)-HA-966 doses.
Each point is based on observations made in 8 rats (1.0 and 1.7 mg/kg of
morphine; n 5 7 for 56 mg/kg of (1)-HA-966 for MLR), 7 (3.2 mg/kg of
morphine; n 5 3 for 56 mg/kg of (1)-HA-966 for MLR).
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after the administration of the training dose of morphine (3.2
mg/kg) in all (n 5 8) subjects when it was combined with elip-
rodil’s vehicle, while only three out five rats completed the
first FR on the morphine lever when treated with a combina-
tion of 3.2 mg/kg of morphine and 17.3 mg/kg of eliprodil. Re-
sponse rates were minimally altered by morphine and elip-

rodil and by any of the combinations (Fig. 5, lower panel).
The two highest doses of eliprodil (10 and 17.3 mg/kg) when
given alone produced modest response rate decreases that
were neither antagonized nor enhanced by morphine.

Dizocilpine and kynurenic acid. Both dizocilpine and kyn-
urenic acid produced minimal shifts in the morphine dose–

FIG. 5. Mean percentage of morphine-lever responding (upper
panel) and response rates (lower panel) following the administration
of eliprodil alone (vehicle and 3–17.3 mg/kg) and in combination with
morphine (1.0–3.2 mg/kg) in rats trained to discriminate 3.2 mg/kg of
morphine from water (W). Points above W represent tests performed
after combined administration of water and the eliprodil doses. Each
point is based on observations made in 6 rats (3.2 mg/kg of morphine;
n 5 7 for 17.3 mg/kg of eliprodil), 8 (1.0 mg/kg of morphine; n 5 7 for
5.6 mg/kg of eliprodil for morphine-lever responding), 7 (1.7 mg/kg of
morphine).

FIG. 6. Mean percentage of morphine-lever responding (upper
panel) and response rates (lower panel) following the administration
of dizocilpine alone (vehicle and 0.03–0.1 mg/kg) and in combination
with morphine (1.0–3.2 mg/kg) in rats trained to discriminate 3.2 mg/
kg of morphine from water (W). Points above W represent tests per-
formed after combined administration of water and the dizocilpine
doses. Each point is based on observations made in 7 rats (1.0 mg/kg
of morphine), 8 (1.7 mg/kg of morphine; n 5 7 for 0.03 mg/kg and 0.1
mg/kg of dizocilpine for MLR), 7 (3.2 mg/kg of morphine; n 5 5 for
0.1 mg/kg of dizocilpine for MLR).
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effect curves (Figs. 6 and 7, upper panels). The effects of ei-
ther drug did not reach statistical significance at any morphine
dose nor did the overall analysis of variance yield a significant
effect of antagonist treatment for morphine combined with di-
zocilpine or kynurenic acid, F(3, 112) 5 0.36, p 5 0.782, F(3,
82) 5 1.23, p 5 0.329, respectively. Data are not shown for the
results at 0.2 mg/kg of dizocilpine due to profound response
rate suppression and behavioral toxicity (e.g., ataxia, motor
discoordination) exerted by this dose alone. Interactions were
not observed between the response rate effects of morphine
and either dizocilpine or kynurenic acid. The response rate
decreases associated with both of these antagonists were nei-
ther antagonized nor enhanced by morphine.

DISCUSSION

There were two major findings in the present studies. First,
none of the tested NMDA receptor antagonists produced sig-
nificant levels of morphine-lever responding in rats trained to
discriminate 3.2 mg/kg of morphine from water. Second,
NMDA receptor antagonists only modestly altered mor-
phine’s discriminative stimulus and response rate effects and
differed in their effects on stimulus control by morphine,
causing enhancement, attenuation, or no effects on morphine
discrimination, depending on the drug studied.

Previous studies of the discriminative stimulus effects of
PCP-like NMDA receptor antagonists in morphine-trained
rats and pigeons have found that PCP and PCP-like drugs
such as dizocilpine and ketamine produced intermediate (in
rats, maximums of 58, 36, and 54%) levels of morphine-lever
selection (31,46). It was reported that the morphine-like dis-
criminative stimulus effects of PCP-like drugs in rats and
squirrel monkeys were not antagonized by naltrexone, sug-
gesting that the partial morphine-lever responding produced
by these drugs is not mediated by direct actions on opiate re-
ceptors (27,33). The potency order of the PCP-type drugs to
produce drug-lever selection was in agreement with their rela-
tive affinities for PCP receptors, but not for morphine recep-
tors (33). Moreover, morphine by itself did not produce ap-
preciable levels of drug-lever responding in rats trained to
discriminate a competitive NMDA receptor antagonist NPC
12626 from saline (8) or in rats discriminating PCP from saline
(51). Morphine did not substitute for NMDA as the training
drug either (22).

Intermediate levels of drug-lever responding have been
seen in other drug discrimination studies where NMDA an-
tagonists have been tested for substitution, regardless of the
training drug. This list includes NMDA (32,66), pentylenetet-
razol (18), dopamine D1 and D2 receptors agonists (12), pen-
tobarbital (44,67), and D9-tetrahydrocannabinol (9). Results
from our laboratory indicate that competitive NMDA recep-
tor antagonists are also able to produce intermediate drug-le-
ver responding in rats discriminating morphine (this study) or
cocaine (unpublished observations). Therefore, it appears
that this effect is rather characteristic for NMDA receptor an-
tagonists, although mechanisms underlying this phenomenon
are not completely understood. One possibility that has been
suggested (33) is that NMDA antagonists may interfere with
the discrimination task, possibly by a state-dependent mecha-
nism. In this regard it should be noted that PCP-like NMDA
antagonists have been shown to impair attention to extero-
ceptive stimuli in a modified open-field procedure (15), dis-
rupt prepulse inhibition of the acoustic startle response
(39,64), and have selective effects on the learning components
of repeated acquisition tasks (58). NMDA antagonists disrupt
a wide variety of other learning and memory tasks as well
(13,14,16).

The fact that maximal levels of morphine-lever responding
produced by NMDA antagonists in the present study were
generally produced at doses that decreased overall rates of re-
sponding is consistent with this hypothesis that disruption of
the discriminative task may have occurred. Partial morphine-
like discriminative stimulus effects of PCP-like drugs were
also associated with increases in the latency to complete the
first FR and total number of responses before the delivery of
first reinforcer in an earlier study as well (33). Similar results
were obtained in our study where partial substitution was ac-
companied by responses occurring on both levers before the
first reinforcer was delivered (data not shown). It is worth

FIG. 7. Mean percentage of morphine-lever responding (upper
panel) and response rates (lower panel) following the administration
of kynurenic acid alone (vehicle and 30–150 mg/kg) and in combina-
tion with morphine (1.0–3.2 mg/kg) in rats trained to discriminate 3.2
mg/kg of morphine from water (W). Points above W represent tests
performed after combined administration of water and the KYNA
doses. Each point is based on observations made in 5 rats (1.0 and 1.7
mg/kg of morphine), 5 (3.2 mg/kg of morphine; n 5 4 for 150 mg/kg
of KYNA for MLR).
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noting that responding on both levers was not normally ob-
served in subjects tested under training (training drug or vehi-
cle) conditions. If disruption of the discrimination was the ba-
sis for the partial substitution seen with some of the NMDA
antagonists, our results suggest that there are differences be-
tween them with regard to their ability to induce this effect.
Eliprodil and kynurenic acid were the only antagonists that
did not produce intermediate levels of responding. Eliprodil
has also been reported to lack the amnestic and memory-
impairing effects typically seen with other types of NMDA
antagonists (45,50). For NPC 17742, SDZ 220-581, and dizo-
cilpine, intermediate levels of drug-lever selection were in-
duced in a dose-dependent manner and maximum effects oc-
curred when response rates were suppressed by 90% or more.
Although (1)-HA-966 was also capable of occasioning some
morphine-lever responding, this effect was not dose related
and did not correlate with the rate of responding.

Other studies have shown differences in the behavioral ef-
fects of NMDA receptor antagonists acting at different sites
of the NMDA receptor complex (4). For example, the com-
petitive NMDA antagonist CGP 37849 decreased the ampli-
tude of the acoustic startle response, whereas the noncompet-
itive antagonist dizocilpine enhanced the amplitude of the
acoustic startle response (64). Competitive antagonists (NPC
12626, CGS 19755, CGP 37849) failed to disrupt prepulse in-
hibition of acoustic startle as normally observed with PCP-
like drugs, suggesting that actions at the PCP binding site, and
not NMDA antagonism per se, are responsible for the disrup-
tion of prepulse inhibition by phencyclidine-like drugs
(39,64). Although there is some overlap in the discriminative
stimulus properties of competitive and noncompetitive
NMDA antagonists, competitive antagonists have been
shown to substitute only partially for PCP-like drugs (40,65),
while noncompetitive NMDA antagonists fail to produce
drug-lever responding in NPC 12626-trained rats (8,21,68).
There is no everlap in the discriminative stimulus effects of
PCP and those of eliprodil (2) and many glycine-site NMDA
antagonists (3,54).

The second major finding of the present study was that drug-
lever responding and response rate effects of morphine were
only modestly altered when tested in combination with NMDA
antagonists, with differences among NMDA antagonists in the
magnitude and direction of interactive effects seen here as well.
Morphine’s discriminative stimulus effects were somewhat
enhanced by NPC 17742, SDZ 220-581, and (1)-HA-966.
Previous reports do not clarify the neuropharmacological mech-
anisms of such interactions. For example, systemic adminis-
tration of competitive NMDA antagonists block morphine-
conditioned place preference [CGP 37849: (62)] but does not
affect morphine-induced stimulation of A10 dopamine neu-
rons (6)-CPP, CGS19755: (20)). Analgesic effects of mor-
phine are not influenced by several competitive NMDA an-
tagonists [NPC 17742: (34); LY274614: (17)]. Microinjections
of competitive NMDA antagonist APV into the nucleus ac-
cumbens reportedly reduce heroin-induced locomotion (47)
but do not affect intravenous heroin self-administration (48).

Similarly, existing reports provide little information on the
interactions between the morphine and glycine-site NMDA
receptor antagonists. For example, 7-chlorkynurenic acid
markedly potentiates morphine’s analgesic effect after in-
trathecal administration (11). Systemic administration of
kynurenic acid (a nonselective antagonist at the glycine site)
also appears to augment opiate analgesia [(41); Bespalov and
Zvartau, unpublished observations]. However, another gly-
cine site antagonist, ACEA-1011, was reported to inhibit exci-

tatory effects of intrathecal morphine (38). Moreover, in the
present experiments, the effects of kynurenic acid did not re-
semble those of (1)-HA-966, thus creating a possibility that
agonist properties of (1)-HA-966 are, at least in part, respon-
sible for potentiation of morphine discrimination. Previously,
d-serine, a selective agonist for the glycine site associated with
the NMDA receptor, was shown to potentiate the antinocicep-
tion produced by morphine using the formalin test in rats (28).

In contrast to the results with the competitive antagonists
and (1)-HA-966, eliprodil decreased levels of responding on
the morphine-appropriate lever when given in combination
with morphine. In the only other relevant study, another
polyamine NMDA receptor antagonist, ifenprodil, was shown
to enhance the analgesic effects of morphine in mice (5). Fur-
ther studies with NMDA antagonists of this type in combina-
tion with opioid are needed.

Dizocilpine had minimal effects on morphine discrimina-
tion. This lack of effect is not due to testing an insufficient
dose range of dizocilpine because the highest dose tested al-
most completely eliminated responding and produced observ-
able behavioral toxicity. In previous studies of PCP-like
NMDA antagonists, both attenuation and enhancement of
the effects of opiates have been observed. In some studies,
PCP-like NMDA antagonists were able to attenuate the ef-
fects of opiates [conditioned place preference in rats: (62); hot
plate analgesia in mice: (35); morphine-induced immediate
early genes expression: (36,53)]. In others, dizocilpine was
demonstrated to potentiate opiate activity (antinociception
(tail-flick test) induced by a low dose of morphine in rats (30);
antinociceptive effects of spinal morphine in rats (23,71); mor-
phine-induced facilitation of brain stimulation reward in rats
(10); morphine-induced catalepsy and lethality in rats (60).

Although earlier results indicated that kynurenic acid is
able to attenuate the effects of morphine in conditioned place
preference and electrical brain stimulation paradigms (6),
present data suggest that kynurenic acid is able to selectively
alter these effects of morphine rewarding properties of opi-
ates while leaving its discriminative stimulus properties unaf-
fected.

In summary, a diverse selection of site-selective NMDA
antagonists did not produce morphine-like discriminative
stimulus effects, consistent with their lack of known interac-
tions with mu-opioid receptors that are known to mediate
morphine discrimination (49,52,70). Some of them produced
partial substitution, but these results can be explained by their
disruption of the morphine discrimination. Although NMDA
antagonists have been reported in other studies to signifi-
cantly alter pharmacological and behavioral effects of opioids,
they appear to have only modest and inconsistent effects on
the discriminative stimulus and response rate effects of mor-
phine. Combinations of opiates and NMDA antagonists have
been suggested for treatment of pain and opiate tolerance.
These results suggest that these combinations are not likely to
result in a significant enhancement of the subjective effects of
opiates that would limit their usefulness and enhance their
abuse potential.
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