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(2) 505–516, 1997.—The present study examined the discriminative stimulus effects of the MDMA optical isomers adminis-
tered at different presession injection intervals. In the first experiment, male Sprague-Dawley rats were trained in a two-lever,
food-reinforced operant procedure to discriminate either (

 

1

 

)-MDMA (1.25 mg/kg) or (

 

2

 

)-MDMA (3.50 mg kg) at either 20 or
90 min following injection. Animals administered (

 

1

 

)-MDMA or saline 90 min before training sessions failed to attain the dis-
crimination criteria after 73 training sessions, whereas (

 

2

 

)-MDMA successfully established discriminative stimulus control at
both the 20 min and the 90 min postinjection intervals. (

 

1

 

)-Amphetamine did not substitute for either isomer, although a sig-
nificant amount of drug-appropriate responding occurred in animals trained to discriminate (

 

1

 

)-MDMA at 20 min and (

 

2

 

)-
MDMA at 90 min. Sch 39166 partially reduced the discrimination of (

 

1

 

)-MDMA at 20 min and (

 

2

 

)-MDMA at 90 min, al-
though this effect was not dose dependent. Sch 39166 had no effect on animals trained to discriminate (

 

2

 

)-MDMA at 20 min.
Haloperidol did not alter the discrimination of (

 

1

 

)-MDMA at 20 min but partially reduced the discriminative stimulus con-
trol of (

 

2

 

)-MDMA at 20 min and (

 

2

 

)-MDMA at 90 min. Fenfluramine substituted for both isomers of MDMA. Pirenpirone
completely blocked the discriminative stimulus effects of (

 

2

 

)-MDMA at 20 min, although (

 

1

 

)-MDMA at 20 min and (

 

2

 

)-
MDMA at 90 min were only partly blocked. WAY 100,135 had little effect on drug-appropriate responding; however, the dis-
crimination of (

 

1

 

)-MDMA at 20 min was partly reduced by this 5-HT

 

1

 

A antagonist. In a second experiment, rats trained
to discriminate (

 

1

 

)-MDMA (1.5 mg/kg) or (

 

2

 

)-MDMA (3.0 mg/kg) from saline were administered substitution tests with
both isomers 20, 60, 90 and 120 min after injection. Results confirmed those of the first experiment that (

 

1

 

)-MDMA ap-
pears to have a shorter duration of action than (

 

2

 

)-MDMA. These results are discussed in light of the training doses
employed. © 1997 Elsevier Science Inc.

 

MDMA isomers Amphetamine Serotonin Dopamine Drug discrimination Rats

 

THE ring-substituted phenylisopropylamine 3,4-methylene-
dioxymethamphetamine (MDMA, “Ecstasy”) is a popular
drug of abuse that is commonly reported to intensify affect,
enhance self-awareness and facilitate communication and inti-
macy among users (1,7,23,29). Although MDMA has been
compared with both hallucinogens and psychostimulants, some
researchers have suggested a distinct classification for MDMA
(e.g., “entactogens”) (20,21). Despite its structural similarity to
amphetamine, investigations in nonhuman animals have indi-
cated that MDMA is not simply an amphetamine-like com-

pound. Although the neurochemical actions of amphetamine
are mediated primarily through dopamine release, MDMA is
a potent serotonin (5-HT) releaser (19). MDMA also facili-
tates dopamine (DA) release (17), and this appears to be me-
diated primarily through 5-HT

 

2

 

 receptor activation (28).
However, 5-HT release seems to be a critical component of
the complex discriminative stimulus effects of MDMA
(2,15,26), whereas DA release may play only a minor role in
these effects. In contrast, the discriminative stimulus effects of
amphetamine are primarily dopaminergically mediated (27).

 

1
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Several investigations have revealed that MDMA pro-
duces compound discriminative stimulus effects, and an am-
phetamine-like effect may be only a partial component of
these effects (2,9,15,26). In pigeons (8) and rats (14), MDMA
substituted for (

 

1

 

)-amphetamine, although other investiga-
tors (22) have not confirmed these findings in rats. Further-
more, reciprocal substitution does not occur between MDMA
and (

 

1

 

)-amphetamine. That is, (

 

1

 

)-amphetamine does not
substitute in animals trained to discriminate MDMA
(3,11,26). In addition, MDMA substitutes for the serotonin
releaser, fenfluramine (24), a substance that produces subjec-
tive effects unlike (

 

1

 

)-amphetamine in humans (6) and non-
humans (9). Other serotonergic agents such as norfenfluramine
and N-(3-Trifluoromethylphenyl)piperazine (TFMPP) also
substitute for MDMA (26).

Drug discrimination investigations of the optical isomers
of MDMA suggest that these enantiomers may produce dis-
tinct psychoactive effects and that (

 

1

 

)-MDMA may be more
like amphetamine than (

 

2

 

)-MDMA. Glennon et al. (14) re-
ported that (

 

1

 

)-MDMA but not (

 

2

 

)-MDMA substituted for
(

 

1

 

)-amphetamine, although Oberlender and Nichols (22)
found neither isomer to substitute for (

 

1

 

)-amphetamine. Fur-
thermore, (

 

1

 

)-amphetamine engendered very little drug-
appropriate responding in animals trained to discriminate either
(

 

1

 

)-MDMA or (

 

2

 

)-MDMA (2). In contrast, fenfluramine
and another potent 5-HT releaser, 

 

p

 

-chloroamphetamine sub-
stituted for both isomers of MDMA (2). Other serotonergic
compounds with known hallucinogenic effects have also been
compared with the optical isomers of MDMA. Neither isomer
substituted for the hallucinogen 2,5-dimethoxy-4-methylphe-
nylisopropylamine (DOM) (12) or LSD (5), although both
isomers substituted for mescaline (5). However, mescaline
produced very little drug-appropriate responding in animals
trained to discriminate either MDMA isomer, whereas DOM
substituted partially for (

 

2

 

)-MDMA but not (

 

1

 

)-MDMA (2).
The lack of cross substitution between these hallucinogens
and the optical isomers of MDMA also supports the conten-
tion that MDMA produces a more complex profile of discrim-
inative stimulus effects.

Because serotonin releasers substitute more completely
and reliably for MDMA and its optical isomers than sub-
stances with primarily dopaminergic actions, the discrimina-
tive stimulus properties of MDMA seem to be mediated pri-
marily by serotonergic mechanisms. However, dopamine-
mediated effects may play a weak but significant role, particu-
larly during longer postinjection intervals (26). Schechter (26)
investigated the discriminative stimulus properties of racemic
MDMA at two presession injection intervals (20 and 105 min)
and found that the dopamine antagonist haloperidol had little
effect on drug appropriate responding in animals trained to
discriminate MDMA at the 20-min interval but significantly
reduced drug-appropriate responding in animals trained at
the 105-min interval. These data suggest the presence of a
dopaminergic component, albeit weak, in mediating the dis-
criminative stimulus properties of MDMA. The 5-HT antago-
nist pirenpirone antagonized the discriminative stimulus ef-
fects of MDMA at both time intervals equally (26). However,
because that study employed a different training dose at each
time interval, the results are somewhat ambiguous as to
whether the different degree of antagonism with haloperidol
was due to a dose effect or a time effect. The initial purpose of
the present study was to reexamine serotonergic and dopam-
inergic mechanisms underlying the discriminative stimulus ef-
fects of each MDMA isomer in animals trained to discrimi-
nate these drugs following different presession injection

intervals. In the first experiment, rats were trained to discrim-
inate either (

 

1

 

)-MDMA or (

 

2

 

)-MDMA from saline in train-
ing sessions that started either 20 min or 90 min after injec-
tion, and tests of stimulus generalization and antagonism were
administered with dopaminergic and serotonergic agents. Re-
sults suggested that (

 

1

 

)-MDMA (1.25 mg/kg) did not estab-
lish discriminative stimulus control when injected 90 min prior
to training sessions. Thus, a second experiment was conducted
to examine further the time course of each enantiomer of
MDMA. In the second experiment, rats were trained to dis-
criminate either (

 

1

 

)-MDMA or (

 

2

 

)-MDMA from saline 20
min after injection and were administered substitution tests
with these isomers 20, 60, 90 and 120 min after injection.

 

EXPERIMENT 1

 

Materials and Methods

Subjects.  

 

Subjects were experimentally naive, male Sprague-
Dawley rats (Harlan Breeding Laboratories, Indianapolis, IN),
aged approximately 60 days at the beginning of the study. An-
imals were housed individually in wire-mesh cages in a colony
maintained on a 12-h light (0700–1900)/12-h dark cycle and at
a constant temperature (20–22

 

8

 

C). Water was provided ad li-
bitum, and commercial rat chow was rationed to maintain ani-
mals at approximately 85% of their free feeding weights
throughout the study.

 

Apparatus.  

 

Training and testing were conducted in eight
standard operant chambers (MED Associates Inc., St. Al-
bans, VT; ENV-001), housed in sound- and light-attenuating
shells, which provided ventilation and masking noise. Each
chamber contained a 28-v house light and a dipper (0.1 ml)
mounted equidistant between two levers. A Zenith 320-SX
computer was programmed with MED-PC instrumentation
and software (MED Associates Inc.; version 2.0) to control
experimental events and data collection.

 

Drugs.  

 

(

 

1

 

)-MDMA-HCl, (

 

2

 

)-MDMA-HCl, (

 

1

 

)-amphet-
amine-sulfate and (

 

1

 

)-fenfluramine-HCl were supplied by
the National Institute on Drug Abuse (Rockville, MD). The
D1 antagonist, Sch 39166-HCl, was generously provided by the
Schering-Plough Corporation (Bloomfield, NJ). The 5-HT

 

1A

 

antagonist, WAY 100,135 was provided by Pharmacia & Up-
john, Inc. (Kalamazoo, MI), with permission from Wyeth
Aerst, Inc. to synthesize this compound. The 5-HT

 

2

 

 antagonist,
pirenpirone, was purchased from Research Biochemicals, Inc.
(Natick, MA), and the D2 antagonist, haloperidol, was pur-
chased from Sigma Chemical Company (St. Louis, MO).
Where indicated, drug doses refer to the salt form of the drug.
With the exception of WAY 100,135, pirenpirone and halo-
peridol, drugs were dissolved in 0.85% physiological saline.
Haloperidol and pirenpirone were dissolved in distilled water
with a few drops of 0.1 N HCl, and WAY 100,135 was sus-
pended in 0.3% methyl cellulose. Sch 39166 and WAY 100,135
were administered subcutaneously (SC). All other drugs were
administered intraperitoneally (IP).

 

Discrimination training.  

 

Sixteen rats were trained to dis-
criminate (

 

1

 

)-MDMA (1.25 mg/kg) and 16 were trained to
discriminate (

 

2

 

)-MDMA (3.5 mg/kg) from saline in a two-
choice operant task under a fixed ratio 20 (FR 20) schedule of
reinforcement. Training doses were chosen based on previous
experiments conducted in a different laboratory (2). Eight an-
imals assigned to each training dose were injected IP 20 min
prior to each training session, and the remaining animals re-
ceived IP injections 90 min prior to training sessions. For half
the animals in each group of eight, responding on the right le-
ver was reinforced with sweetened condensed milk (1 part
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milk: 2 parts tap water) after drug injections, and responding
on the left lever was reinforced following saline injections;
conditions were reversed for the remaining animals. To re-
duce olfactory stimuli (10), levers were wiped with isopropyl
alcohol before each session.

Training sessions lasted 20 min and were conducted 6 days
each week (Monday–Saturday) at approximately the same
time each day. The first two training sessions were conducted
under saline-appropriate conditions; thereafter, drug and sa-
line conditions were presented in a pseudorandom order, such
that neither condition was presented for more than two con-
secutive sessions. Thus, on average, each condition was pre-
sented three times each week. Training under each condition
began under a FR 1 schedule, and when responding was sta-
ble, the number of consecutive correct responses required for
reinforcement was gradually increased from 1 to 20. Re-
sponses on the incorrect lever reset the response counter, and
no reinforcement was delivered until 20 consecutive re-
sponses were made on the correct lever. When animals at-
tained accuracies of at least 80% correct (prior to delivery of
the first reinforcer) for a minimum of 9 of 10 consecutive
training sessions, testing began.

 

Stimulus substitution testing.  

 

Substitution tests were con-
ducted with lower doses of (

 

1

 

)-MDMA (0.312–1.25 mg/kg) in
the rats trained to discriminate (

 

1

 

)-MDMA 20 min following
injection. Tests were not conducted with the (

 

1

 

)-MDMA 90-
min group because the discrimination criterion was not met

by these subjects (see Results). Rats trained to discriminate
(

 

2

 

)-MDMA 20 min after injection were administered substi-
tution tests with lower doses of this isomer (0.75–3.5 mg/kg)
20 min after injection, and rats trained to discriminate (

 

2

 

)-
MDMA 90 min after injection were tested with these doses 90
min after injection. In all three training groups that met the
discrimination criterion, substitution tests were also adminis-
tered with (

 

1

 

)-amphetamine (0.25–1.5 mg/kg; 15 min, IP) and
(

 

1

 

)-fenfluramine (0.5–4 mg/kg; 15 min, IP). The order of test
doses was randomized and counterbalanced across subjects in
each training group. For each drug, substitution tests were ad-
ministered every other day, and maintenance training sessions
were conducted between test days. Each test dose was exam-
ined twice in each animal, once following a drug training ses-
sion and once following a saline training session, in subjects
that maintained the discrimination criterion during training
sessions. After all doses of a particular drug were tested, sub-
jects were trained for a minimum of 1 week without additional
testing before the next dose–effect relationship was examined.
During test sessions, animals were injected with the test solu-
tion and placed in the chambers for 20 min or until 20 consec-
utive responses were made on either lever. Lever pressing was
not reinforced during test sessions, and animals were immedi-
ately removed from the chambers when the test was com-
pleted.

 

Antagonist testing.  

 

Antagonist tests were conducted with
the DA antagonists Sch 39166 (0.025–0.1 mg/kg; 30 min, SC)

FIG. 1. A: Dose–response functions for each training drug. Dose–response functions for (1)-amphetamine (B)and (1)-fenfluramine (C) in
rats trained to discriminate (1)-MDMA at 20 min. (2)-MDMA at 20 min. (2)-MDMA at 90 min. Percentage of total responses on the training
drug lever is shown above and response rate is shown below. The symbols next to the Y-axis in A indicate data from saline control tests. Each
data point represents a mean from eight animals.
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and haloperidol (0.125–0.5 mg/kg; 60 min, IP) and with the 5-HT
antagonists WAY 100,135 (2.5–10.0 mg/kg; 45 min, SC) and
pirenpirone (0.16–0.64 mg/kg; 60 min, IP). These compounds
were administered in combination with the training com-
pound given at the appropriate time interval. Test sessions
were conducted in a manner similar to that described for the
substitution tests. However, a full week of training did not oc-
cur for all animals between dose effect determinations for
pirenpirone and WAY 100,135.

 

Data analysis. 

 

Substitution and antagonism data were pre-
sented as the mean percentage of total responses made on the
drug-appropriate lever during test sessions. Response rate
was indicated as the mean number of responses made (on ei-
ther lever) per second during test sessions. Data from animals
that did not complete at least 20 total responses during test
sessions were not included in the analyses. A particular dose

of a test compound was considered to have substituted for the
training drug if the mean percentage of drug-appropriate re-
sponding was 80% or greater. A particular dose of a test com-
pound was considered to have completely blocked the stimu-
lus effects of the training compound if the mean percentage of
drug-appropriate responding was less than 20%. The results
of substitution tests with (

 

1

 

)-MDMA were analyzed with a
one-factor repeated measures analysis of variance
(ANOVA). The results of substitution tests with (

 

2

 

)-MDMA
were analyzed with a two-factor (dose and presession injec-
tion interval) ANOVA. The results of other substitution tests
and antagonism tests were analyzed with a two-factor mixed
ANOVA with treatment (training group) as a between-sub-
jects factor and dose as a within-subjects factor. Separate
analyses were conducted on the percentage of drug-lever re-
sponse data and the response rate data. For drugs that pro-

TABLE 1

 

ANOVA RESULTS FOR EXPERIMENTS 1 AND 2

Experiment 1

Drug Percentage of Drug-Lever Response Rate

 

(

 

1

 

)-Amphetamine
Dose

 

F

 

(4,98)

 

5

 

5.26**

 

F

 

(4,98)

 

5

 

48.18***
Training group

 

F

 

(2,98)

 

5

 

3.76* NS
Dose 

 

3

 

 training group NS NS
(

 

1

 

)-Fenfluramine
Dose

 

F

 

(4,100)

 

5

 

30.54***

 

F

 

(4,100)

 

5

 

14.78***
Training group NS NS
Dose 

 

3

 

 training group NS NS
Sch 39166

Dose

 

F

 

(3,69)

 

5

 

4.80**

 

F

 

(3,69)

 

5

 

3.25*
Treatment NS NS
Dose 

 

3

 

 training group NS NS
Haloperidol

Dose

 

F

 

(3,66)

 

5

 

3.83*

 

F

 

(3,66)

 

5

 

7.15**
Treatment NS NS
Dose 

 

3

 

 training group NS NS
Pirenpirone

Dose

 

F

 

(3,68)

 

5

 

20.25***

 

F

 

(3,67)

 

5

 

11.69***
Treatment NS NS
Dose 

 

3

 

 training group

 

F

 

(6,68)

 

5

 

2.58* NS
WAY 100,135

Dose

 

F

 

(3,84)

 

5

 

6.16**

 

F

 

(3,83)

 

5

 

2.93*
Treatment NS

 

F

 

(2,83)

 

5

 

3.33*
Dose 

 

3

 

 training group NS NS

 

Experiment 2

(

 

1

 

)-MDMA
% Drug Lever Response Rate

(

 

2

 

)-MDMA
% Drug Lever Response Rate

 

Test drug NS NS

 

F

 

(1,59) 

 

5

 

 10.54** NS
Dose

 

F

 

(4,40) 

 

5

 

 12.09***

 

F

 

(4,40) 

 

5

 

 4.21**

 

F

 

(4,59) 

 

5

 

 29.61***

 

F

 

(4,60) 

 

5

 

 8.14***
Test drug 

 

3

 

 dose NS NS F(4,59) 

 

5

 

 3.50* NS

Test drug

 

F

 

(2,44) 

 

5

 

 12.57*** F(2,44) 5 11.80*** F(2,64) 5 50.00*** F(2,64) 5 8.38**
Time F(3,44) 5 3.39* NS F(3,64) 5 21.36*** NS
Test drug 3 time F(6,44) 5 2.38* NS F(6,64) 5 9.26*** NS

*p , 0.05. **p , 0.005. ***p , 0.0001.
NS 5 not significant.
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duced substitution for or antagonism of either training drug,
ED50s were calculated. The statistical analyses and ED50 cal-
culations were performed with the statistical software Graph-
Pad Prism (GraphPad, Inc., San Diego, CA). 

RESULTS

Animals administered (1)-MDMA or saline 20 min prior
to training sessions attained the discrimination criterion
within a mean of 75 training sessions (range 5 64–93),
whereas animals administered (2)-MDMA or saline 20 min
prior to training sessions acquired the discrimination criterion
within a mean of 65 training sessions (range 5 39–76). Ani-
mals administered (1)-MDMA or saline at a 90-min pre-
session injection interval failed to attain the discrimination
criterion, thus, substitution and antagonism tests were not
conducted in this group of subjects. In contrast, the group that
was administered (2)-MDMA or saline 90 min prior to train-
ing sessions acquired the discrimination criterion within a
mean of 72 training sessions (range 5 66–88).

Figure 1A illustrates the dose–response curves with the
training drugs that were determined in the three groups in
which the discrimination criterion was met. Approximately
60% of drug-appropriate responding was observed with 0.625
mg/kg (1)-MDMA and 1.75 mg/kg (2)-MDMA. Lower doses
of each isomer produced little drug-appropriate responding.
The ED50 for (1)-MDMA at 20 min was 0.59 mg/kg. The
dose–response functions for (2)-MDMA administered at a
20-min presession interval (ED50 5 1.02 mg/kg) and this iso-
mer administered at a 90-min interval (ED50 5 1.32 mg/kg)
were very similar. One-factor repeated measures ANOVAs
on the results of substitution tests with (1)-MDMA showed a
significant dose effect on percentage of drug-lever responding
[F(3,31) 5 25.27, p , 0.001] and response rate [F(3,31) 5 7.07,
p , 0.0005]. Two-factor ANOVAs on the results of (2)-
MDMA substitution tests only showed a significant main ef-

fect of dose on percentage of drug-lever responding [F(3,54) 5
32.82, p , 0.0001] and response rate [F(3,54) 5 5.49, p , 0.005].

Results of statistical analyses of the data from substitution
and antagonism tests are summarized in Table 1. Figure 1B
shows that (1)-amphetamine did not substitute for either iso-
mer of MDMA. The 1.5-mg/kg dose of (1)-amphetamine
produced less than 20% drug-appropriate responding in rats
trained to discriminate (2)-MDMA at 20 min. In contrast,
this dose produced approximately 60% drug-appropriate re-
sponding in rats trained to discriminate (2)-MDMA at 90 min
and in rats trained to discriminate (1)-MDMA at 20 min. A
two-factor mixed ANOVA revealed significant main effects
of dose and treatment (training drug) on percentage of drug-
lever responding produced by (1)-amphetamine. Only the main
effect of dose was significant on response rate (see Table 1).

Figure 1C illustrates the dose–response functions deter-
mined with (1)-fenfluramine in each of the three training
groups. This 5-HT releaser substituted at a dose of 4 mg/kg
for (1)-MDMA at 20 min (ED50 5 1.09 mg/kg) and at a dose
of 2 mg/kg for (2)-MDMA at 90 min (ED50 5 1.0 mg/kg). Al-
though 4.0 mg/kg (1)-fenfluramine substituted completely
(>97%) in five of the eight animals in the (2)-MDMA-at-20-
min training group, the mean for the group was only 75% at
this dose and the ED50 for fenfluramine substitution was
slightly higher in this training group (1.42 mg/kg). Only the
main effect of dose was significant on both percent drug-lever
responding and response rate (see Table 1).

Table 2 summarizes the results of the antagonist tests with
Sch 39166, haloperidol, pirenpirone and WAY 100,135 on
percentage of drug-lever responding in each of the three
training groups. The effects of these drugs on response rate
are summarized in Table 3. Sch 39166 (0.05 mg/kg) reduced
drug-appropriate responding to 50% in rats trained to dis-
criminate (1)-MDMA at 20 min and (2)-MDMA at 90 min.
However, this effect was not dose dependent; 0.1 mg/kg did
not further reduce drug-appropriate responding. However,

TABLE 2
PERCENT OF DRUG LEVER RESPONDING FOLLOWING ADMINISTRATION OF DA AND 5-HT ANTAGONISTS

IN COMBINATION WITH (1)-MDMA AT 20 MIN, (2)-MDMA AT 20 MIN OR (2)-MDMA AT 90 MIN

Test Drug Dose

(1)-MDMA at 20 min (2)-MDMA at 20 min (2)-MDMA at 90 min

% Drug
Mean (SEM) n/N

% Drug
Mean (SEM) n/N

% Drug
Mean (SEM) n/N

Saline 1 training drug 100 (0.0) 8/8 93 (6.2) 8/8 93 (7.1) 7/8
Sch 39166

0.025 72 (14.3) 8/8 94 (6.2) 8/8 85 (9.8) 7/8
0.05 50 (13.4) 8/8 92 (7.0) 7/8 50 (18.2) 6/8
0.10 96 (2.7) 6/8 88 (12.5) 4/8 75 (25) 4/8

Haloperidol
0.125 74 (8.3) 8/8 92 (7.1) 7/8 97 (3.0) 6/8
0.25 83 (11.3) 6/8 80 (14.3) 7/8 59 (24.1) 5/8
0.50 76 (19) 5/8 58 (16.6) 6/8 92 (7.6) 5/8

Pirenpirone
0.16 38 (11.4) 8/8 76 (13.6) 7/8 41 (12.1) 8/8
0.32 29 (11.6) 8/8 74 (13.1) 7/8 34 (9.6) 7/8
0.48 100 (0) 1/3 31 (13.3) 6/6 31 (0.1) 3/4
0.64 60 (40) 2/8 14 (12.2) 4/8 29 (19.8) 5/8

WAY 100,135
2.5 87 (7.7) 8/8 74 (0.2) 8/8 99 (1.1) 8/8
5.0 74 (13.4) 8/8 79 (8.3) 8/8 83 (9.9) 8/8

10.0 55 (8.1) 8/8 78 (9.9) 8/8 83 (12.2) 8/8
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the 0.1-mg/kg dose severely disrupted responding in half the
subjects trained to discriminate (2)-MDMA at either inter-
val. Only four of the eight animals in both groups of (2)-
MDMA-trained rats completed 20 responses during tests with
this dose of Sch 39166. On percentage of drug-lever respond-
ing and response rate, only the main effect of dose was signifi-
cant (see Table 1).

The D2 antagonist haloperidol reduced (2)-MDMA-appro-
priate responding to about 60% in rats trained to discriminate
this isomer at either injection interval, but this effect was not
dose-dependent in the rats trained to discriminate (2)-
MDMA at 90 min. Haloperidol had little effect on drug-ap-
propriate responding in animals trained to discriminate (1)-
MDMA at 20 min. Again, only the main effect of dose was
significant on both percentage of drug-lever responding and
response rate (see Table 1).

The 5-HT2 antagonist pirenpirone reduced drug-appropri-
ate responding to about 30% when administered in combina-
tion with (1)-MDMA at 20 min and in combination with (2)-
MDMA at 90 min. The highest dose (0.64 mg/kg) severely dis-
rupted responding in the (1)-MDMA-20-min-trained ani-
mals; only two of the eight rats in this group completed at
least 20 responses during test sessions with the 0.64-mg/kg
dose. Because this dose was highly disruptive, a dose of 0.48
mg/kg was tested in some of the animals. This dose was also
highly disruptive. In animals trained to discriminate (2)-MDMA
at 20 min, pirenpirone (0.64 mg/kg) reduced drug-lever re-
sponding to 14%. Statistical analyses revealed a significant
main effect of dose and a significant dose 3 treatment interac-
tion on percentage of drug-lever responding (Table 1). The
dose-dependent effects of pirenpirone on response rate were
also significant (Table 1).

The 5-HT1A antagonist, WAY 100,135 (10 mg/kg) reduced
drug-appropriate responding to 55% in rats trained to dis-
criminate (1)-MDMA at 20 min but had little effect in rats
trained to discriminate (2)-MDMA at either presession injec-

tion interval. Only the main effect of dose on percentage of
drug-lever responding was significant (Table 1). The main ef-
fects of dose and treatment were significant on response rate
(Table 1).

EXPERIMENT 2

Because (1)-MDMA did not successfully establish dis-
criminative stimulus control when administered 90 min prior
to training sessions, a second experiment was conducted to
examine further the differences in the time course of the two
MDMA isomers. Rats were trained to discriminate either
(1)-MDMA or (2)-MDMA from saline, and substitution
tests were administered with the training drugs at different
presession injection intervals. So that comparisons could be
made more easily between the dose effect functions of each
isomer, slightly different training doses were used in the sec-
ond experiment. That is, 1.5 mg/kg (1)-MDMA and 3.0 mg/
kg (2)-MDMA were used, so that the training doses differed
by a simple factor of 2. The only other methodological differ-
ence between experiments 1 and 2 was the type of reinforcer
used. For practical reasons, water rather than milk was used
as a reinforcer in experiment 2.

Materials and methods

Subjects.  Subjects were 16 experimentally naive, male
Sprague-Dawley rats (Harlan Breeding Laboratories) aged
approximately 60 days and weighing 270–325 g at the begin-
ning of the study. Animals were housed individually in a man-
ner similar to that in experiment 1. Standard laboratory ro-
dent diet was available ad libitum. Access to water was
restricted to amounts obtained during training sessions, for
10–15 min following training and test sessions and for at least
24 h on weekends.

Apparatus and drugs.  The apparatus was the same as that
used in experiment 1. The isomers of MDMA (National Insti-

TABLE 3
RESPONSE RATE DURING TESTS WITH DA AND 5-HT ANTAGONISTS IN COMBINATION

WITH (1)-MDMA AT 20 MIN, (2)-MDMA AT 20 MIN OR (2)-MDMA AT 90 MIN

Test Drug Dose

(1)-MDMA at 20 min (2)-MDMA at 20 min (2)-MDMA at 90 min

Responses
per second

Mean (SEM) n/N

Responses
per second

Mean (SEM) n/N

Responses
per second

Mean (SEM) n/N

Saline 1 training drug 1.02 (0.17) 8/8 0.76 (0.13) 8/8 1.11 (0.17) 7/8
Sch 39166

0.025 1.08 (0.21) 8/8 0.96 (0.19) 8/8 0.75 (0.16) 7/8
0.05 0.66 (0.23) 8/8 0.48 (0.22) 7/8 0.81 (0.12) 6/8
0.10 0.50 (0.28) 6/8 0.30 (0.24) 4/8 0.59 (0.54) 4/8

Haloperidol
0.125 0.67 (0.13) 8/8 0.90 (0.28) 7/8 0.88 (0.18) 6/8
0.25 0.64 (0.33) 6/8 0.50 (0.22) 7/8 0.45 (0.12) 5/8
0.50 0.23 (0.11) 5/8 0.31 (0.07) 6/8 0.34 (0.09) 5/8

Pirenpirone
0.16 0.51 (0.11) 8/8 0.38 (0.06) 7/8 0.60 (0.14) 8/8
0.32 0.46 (0.17) 8/8 0.28 (0.07) 7/8 0.39 (0.13) 7/8
0.48 0.30 (0.00) 1/3 0.31 (0.14) 6/6 0.44 (0.07) 3/4
0.64 0.28 (0.12) 2/8 0.53 (0.07) 4/8 0.39 (0.15) 5/8

WAY 100,135
2.5 0.66 (0.13) 8/8 0.57 (0.23) 8/8 0.52 (0.12) 8/8
5.0 1.06 (0.26) 8/8 0.44 (0.15) 8/8 0.69 (0.17) 8/8

10.0 0.81 (0.19) 8/8 0.56 (0.15) 8/8 0.49 (0.10) 8/8
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tute on Drug Abuse) were administered using slightly differ-
ent doses from those used in experiment 1 but were otherwise
prepared and injected in a similar manner.

Discrimination training.  Animals were trained to discrimi-
nate (1)-MDMA (1.5 mg/kg; n 5 8) or (2)-MDMA (3.0 mg/
kg; n 5 8) from saline in a two-lever, water-reinforced drug-
discrimination task. With the exception of reinforcer type, dis-
crimination training procedures were conducted in a manner
consistent with those described in experiment 1. When sub-
jects attained accuracies of at least 85% correct (prior to de-
livery of the first reinforcer) for a minimum of 9 of 10 consec-
utive training sessions, testing began.

Stimulus substitution testing.  Animals were administered sub-
stitution tests with several doses of each isomer of MDMA
(0.375, 0.75, 1.5 and 3.0 mg/kg). In addition, the 1.5 and 3.0 mg/
kg doses of each MDMA isomer were administered at several
different presession intervals (20, 60, 90, 120 min) and tested
for stimulus generalization. Test sessions were conducted once

or twice a week in animals that maintained a minimum of 80%
condition-appropriate responding for at least two consecutive
training sessions (i.e., drug and saline) between tests.

Data analysis.  For each test, the percentage of total re-
sponses on the drug-appropriate lever was calculated for each
subject. Response rate was expressed as the number of total
responses (on both levers) per second. Means were calculated
for each training group and plotted for visual analysis. The
data from subjects that emitted fewer than 20 total responses
during a test session were excluded from the analyses. A particu-
lar dose of a test compound was considered to have substituted
for the training drug if the mean percentage of drug-appropriate
responding was 80% or greater. Drug-appropriate responding
between 20% and 80% was considered as evidence for partial
substitution. The dose–response curves were subject to two-
factor (dose, isomer) analyses of variance. The results of time
course tests were also subject to two-factor (time interval, test
drug) ANOVAs. ED50s were calculated from dose–response

FIG. 2. Dose–response functions for (1)-MDMA and (2)-MDMA in animals trained to discriminate (1)-MDMA 1.5 mg/kg (n 5 5; A) and
(2)-MDMA 3.0 mg/kg (n 5 7; B). Percentage of total responses on the training drug lever is shown above and response rate is shown below. The
symbols located next to the Y-axis indicate data from saline control tests.
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functions with each isomer. The statistical analyses and ED50
calculations were performed with the statistical software
GraphPad Prism (GraphPad, Inc.).

RESULTS

Six of the eight subjects administered training sessions with
(1)-MDMA (1.5 mg/kg) attained the discrimination criterion
within an average of 48 training sessions (SD 5 10.18; range 5
37–66). Seven of the eight subjects administered training ses-
sions with (2)-MDMA attained the discrimination criterion
within an average of 50 training sessions (SD 5 12.06; range 5
37–66). One rat in each training group died early in the study
before the discrimination criterion could be met. An addi-
tional rat in the (1)-MDMA training group was killed later in
the study due to an illness, although this rat had not attained
the discrimination criterion after 138 training sessions. Thus,

five rats trained to discriminate (1)-MDMA and seven rats
trained to discriminate (2)-MDMA were administered sub-
stitution tests with each isomer.

Figure 2 illustrates the dose–response curves and indicates
the ED50s for both isomers of MDMA in animals trained to
discriminate either (1)-MDMA (Fig. 2A) or (2)-MDMA
(Fig. 2B) from saline. The ED50 for (1)-MDMA was lower
than that of (2)-MDMA in rats trained to discriminate either
isomer. The 0.75 mg/kg dose of (1)-MDMA nearly substi-
tuted (78%) for the training dose of this isomer, although
twice the training dose was required to show stimulus general-
ization in (2)-MDMA-trained rats. Rats trained to discrimi-
nate (1)-MDMA did not generalize completely to (2)-MDMA.
In fact, the training dose of each isomer produced equivalent
amounts of drug-appropriate responding (62%) in rats
trained to discriminate the opposite isomer. A dose of 4.0 mg/
kg (2)-MDMA was tested in four (1)-MDMA trained rats

FIG. 3. A: Substitution tests with (1)-MDMA (1.5 and 3.0 mg/kg) and (2)-MDMA (3.0 mg/kg) at 20, 60, 90 and 120 min after injection in
animals trained to discriminate (1)-MDMA. Except where noted in text, each data point represents the mean of five animals. B: Substitution
tests with (2)-MDMA (1.5 and 3.0 mg/kg) and (1)-MDMA (1.5 mg/kg) at 20, 60, 90 and 120 min after injection in animals trained to
discriminate (2)-MDMA. Except where noted in text, each data point represents the mean of seven animals. Percentage total responses on the
training drug lever is shown above and response rate is shown below.
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and was highly disruptive; only one animal completed 20 re-
sponses, but these were all on the drug lever (data not shown).
Interestingly, lower doses of (2)-MDMA (0.75 and 1.5 mg/
kg) produced more drug-appropriate responding in the ani-
mals trained to discriminate (1)-MDMA than in animals
trained to discriminate (2)-MDMA. The results of statistical
analyses of these data are summarized in Table 1. In the ani-
mals trained to discriminate (1)-MDMA, there was only a
significant main effect of dose on percentage of drug-appro-
priate responding and on response rate. In the animals trained
to discriminate (2)-MDMA, the main effects of dose and test
drug and the interaction between these factors on percentage
of drug-lever responding were all significant. Response rate
was also significantly affected by dose in these subjects.

Figure 3 illustrates the changes in the amount of discrimi-
native stimulus control maintained by (1)-MDMA and (2)-
MDMA over time. In the rats trained to discriminate (1)-
MDMA (Fig. 3A), only partial generalization occurred when
the training dose was administered 60 min prior to test ses-
sions. The mean of 40% represents two subjects that emitted
all of their responses on the drug lever and three subjects that
responded entirely on the saline lever. At the 90- and 120-min
intervals, fewer than 5% of the responses were made on the
drug-appropriate lever. However, when twice the training dose
was administered, discriminative stimulus control was main-
tained 2 h after injection. Only four subjects were tested with
3.0 mg/kg (1)-MDMA 90 min after injection; three subjects
emitted 100% of their responses on the drug-appropriate le-
ver and one emitted 100% of its responses on the saline lever.

In the rats trained to discriminate (2)-MDMA (Fig. 3B),
the training dose maintained discriminative stimulus control
60 and 90 min after injection but not 120 min after injection.
As seen in the previous dose–response test, 1.5 mg/kg (2)-
MDMA did not substitute for the training dose of this isomer,
and the absence of stimulus control by this dose was demon-
strated at several time intervals. The training dose of (2)-
MDMA (3.0 mg/kg) was also tested for stimulus generaliza-
tion in the (1)-MDMA-trained animals at different time in-
tervals following injection. As noted in the results of the
dose–response tests, only partial substitution was observed
with this dose. Surprisingly, the 1.5-mg/kg dose of (1)-MDMA
produced complete stimulus generalization in rats trained to
discriminate (2)-MDMA when administered 60 min prior to
test sessions.

The statistical analyses on the results of time course tests
are also illustrated in Table 1. In both training groups, two-fac-
tor ANOVAs on percentage of drug-lever responding revealed
significant main effects of test drug and time and a significant
interaction between these factors. Only the main effect of test
drug was significant on response rate in both training groups.

DISCUSSION

The ability of MDMA to establish and maintain discrimi-
native stimulus control over lever-pressing behavior of rats
was first demonstrated by Glennon et al. in 1986 (13).
Schechter (25) subsequently demonstrated that both of the
MDMA enantiomers substitute for the racemate. Several re-
ports followed that described attempts to characterize the dis-
criminative stimulus effects of the MDMA isomers by testing
these agents in animals trained to discriminate other drugs
such as psychostimulants (4,14,22) or hallucinogens (5). A re-
cent report provided documentation of the first attempt to
characterize the discriminative stimulus effects of the MDMA
isomers in animals trained to discriminate the individual iso-

mers from saline (2). The present study attempted to replicate
some of those findings in a different laboratory, with slightly
modified training procedures, and extend those findings by in-
vestigating the time course of the discriminative stimulus ef-
fects of each enantiomer of MDMA.

The results of experiment 1 support previous findings (2)
that 1.25 mg/kg (1)-MDMA is capable of establishing dis-
criminative stimulus control in rats when administered 20 min
prior to training sessions. However, the present results indi-
cate that at this low dose (1)-MDMA is not capable of estab-
lishing discriminative stimulus control when administered 90
min before the onset of training sessions. In contrast, (2)-
MDMA (3.5 mg/kg), at a dose previously shown to substitute
for (1)-MDMA (1.25 mg/kg) (2), established discriminative
stimulus control when administered either 20 min or 90 min
prior to the onset of training sessions. The second experiment
was conducted to investigate further the possible differences
in the time course of the discriminative stimulus effects of
each isomer, although slightly different training doses were
used. The results indicate that (2)-MDMA (3.0 mg/kg) main-
tains discriminative stimulus control at longer postinjection
intervals than (1)-MDMA (1.5 mg/kg). When 3.0 mg/kg (2)-
MDMA was administered 60 or 90 min prior to test sessions,
complete substitution was observed in animals trained to dis-
criminate this isomer. In contrast, rats trained to discriminate
(1)-MDMA did not generalize to this dose of (1)-MDMA
when administered 60 min or 90 min prior to test sessions.
Schechter (26) reported that racemic MDMA (2.5 mg/kg) es-
tablishes discriminative stimulus control in rats when adminis-
tered 105 min before training sessions. When considered with
the present results, the discrimination of MDMA at a longer
injection interval may be attributed primarily to the effects of
the (2)-isomer. However, dose must also be considered.
Schechter (26) reported that 1.5 mg/kg MDMA was not dis-
criminated 105 min after injection. Because the second exper-
iment in the present study showed that 3.0 mg/kg (1)-MDMA
is discriminated 120 min after injection, it would be premature
to conclude that the discrimination of MDMA (2.5 mg/kg) at
105 min is due primarily to the effects of the (2)-isomer. Nev-
ertheless, the present results suggest that, at doses that pro-
duce similar amounts of cross generalization, (2)-MDMA ap-
pears to be capable of maintaining discriminative stimulus
control at longer postinjection intervals than (1)-MDMA.

The results of the second experiment also confirmed previ-
ous findings (2) that (1)-MDMA is more potent than (2)-
MDMA. This potency is evident by the lower ED50 observed
with (1)-MDMA in rats trained to discriminate either isomer.
Although previous investigations have demonstrated cross
substitution between 1.25 mg/kg (1)-MDMA and 3.5 mg/kg
(2)-MDMA (2), only partial substitution was observed be-
tween the training doses of the two isomers in the present
study. A higher dose of (1)-MDMA (3.0 mg/kg) did substi-
tute completely for (2)-MDMA, but a higher dose of (2)-
MDMA (4.0 mg/kg) severely disrupted responding in (1)-
MDMA-trained rats. The difference in the amount of cross
generalization observed between the two isomers in experi-
ment 2 and that found in a previous study (2) could be ac-
counted for by slightly different training doses or other differ-
ences in the training procedures. The ED50 determined for
(1)-MDMA in animals trained to discriminate this isomer
was very similar in experiments 1 and 2 of the present study
and in the previous study (2). However, the ED50 determined
for (2)-MDMA in animals trained to discriminate this isomer
was slightly higher in the second experiment (2.71 mg/kg)
than in either the first experiment (1.02 mg/kg in the 20-min
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group, 1.32 mg/kg in the 90-min group) or in the previous
study (2) (1.85 mg/kg). Also, the present finding that (2)-
MDMA was approximately three times more potent in ani-
mals trained to discriminate (1)-MDMA than in those
trained to discriminate (2)-MDMA is of interest. This finding
may be attributed to the fact that the (1)-MDMA-trained an-
imals were trained to detect a lower dose of a drug with simi-
lar (but not necessarily the same) stimulus properties as (2)-
MDMA.

The results of experiment 1 confirmed previous findings
that (1)-amphetamine does not substitute for either isomer of
MDMA (2) and supports reports from other investigators
(11,26) that rats trained to discriminate racemic MDMA do
not generalize to (1)-amphetamine. Despite the difficulty in
interpreting partial substitution it is of interest that (1)-am-
phetamine produced a greater amount of drug-appropriate
responding in animals trained to discriminate (2)-MDMA 90
min after injection than in animals trained to discriminate this
isomer 20 min after injection. Higher doses of (1)-amphet-
amine were not assessed in the present study because previ-
ous investigations have shown that (1)-amphetamine doses
higher than 1.0 mg/kg severely disrupt responding in animals
trained to discriminate MDMA (22) or its isomers (2). More-
over, response rate was reduced drastically by 1.5 mg/kg (1)-
amphetamine in the present study.

Although (1)-amphetamine did not substitute for either
MDMA isomer, the present findings that (1)-amphetamine
produced a greater amount of drug-appropriate responding in
the (1)-MDMA at 20 min-trained animals than in the (2)-
MDMA at 20 min trained animals is of interest and lends
some support to Glennon et al.’s (14) findings that (1)-
MDMA is more similar than (2)-MDMA to (1)-amphetamine.
However, Oberlender and Nichols (22) found that neither
MDMA isomer is substituted for (1)-amphetamine. Al-
though both of these studies reported using a training dose of
1.0 mg/kg (1)-amphetamine, the presession injection interval
was 15 min in the study by Glennon et al. (14) and 30 min in
the study by Oberlender and Nichols (22). Moreover, there
were several other methodological differences between these
studies. For example, Glennon et al. employed a VI 15-s
schedule of reinforcement during discrimination training ses-
sions, whereas Oberlender and Nichols employed a FR 50
schedule of reinforcement during discrimination training ses-
sions. Also, subjects that made fewer than five responses in
2.5-min test sessions were considered disrupted in the study
by Glennon et al., whereas subjects that made fewer than 50
responses in 5-min test sessions were considered disrupted
and their data eliminated from the analyses in the study by
Oberlender and Nichols. The training and testing procedures
employed in the present study differed from those described
in both of these previous reports. Without a systematic exper-
imental analysis of different methodological parameters of
drug-discrimination research, it is difficult to make direct
comparisons between the present results and those of other
studies.

The observation that (1)-MDMA appears to produce a
stronger (1)-amphetamine-like component than (2)-MDMA
coincides with neurochemical evidence that (1)-MDMA is a
more potent DA releaser than (2)-MDMA (19). The fact
that at least partial antagonism of the (1)-MDMA-20-min
cue was observed with Sch 39166, whereas this selective D1
antagonist had little effect on drug-appropriate responding in
animals trained to discriminate (2)-MDMA at 20 min, is also
consistent with the neurochemical differences between the
MDMA isomers. In addition, partial antagonism of the (2)-

MDMA-90-min cue was produced by Sch 39166. It is tempt-
ing to interpret these findings as evidence for greater dopam-
inergic activity at longer postinjection intervals. However, this
conclusion should be considered with caution because Sch
39166 produced only partial antagonism, and these effects
were not dose-dependent. Furthermore, statistical analyses re-
vealed no reliable main effect of training group or dose 3
training group interaction. Also, the observation that the D2
dopamine antagonist haloperidol reduced (2)-MDMA-appro-
priate responding in both the 20-min and the 90-min training
groups to a similar extent contradicts this conclusion. Schechter
(26) demonstrated that haloperidol reduced MDMA discrimi-
nation to a greater degree in animals trained to discriminate
racemic MDMA 105 min after injection than in animals
trained to discriminate this drug 20 min after injection. The
present results in rats trained to discriminate (2)-MDMA fail
to support those findings.

The present results do support previous findings that fen-
fluramine substitutes for both isomers of MDMA and confirm
the notion that 5-HT release is a more critical component
than DA release in mediating the discriminative stimulus ef-
fects of both MDMA isomers (2). Unfortunately, only partial
substitution was observed in the (2)-MDMA-20-min training
group when tested with 4 mg/kg fenfluramine (group mean 5
75%). In a previous study (2), this dose of fenfluramine sub-
stituted completely for (2)-MDMA (3.5 mg/kg). However,
five of eight animals in the (2)-MDMA-20-min training
group in the present study made 100% of their responses on
the drug lever, and the ED50 was actually lower than that
found in the previous study (1.42 vs. 1.91 mg/kg). This slight
discrepancy between results could be explained by some mi-
nor differences in training and testing procedures employed in
the two studies. For example, in the first study (2), animals
were not required to make 20 consecutive responses to re-
ceive reinforcement during training sessions. This minor dif-
ference in training history could account for different results
during substitution tests. In addition, substitution tests were
administered more frequently in the present study than in the
previous study. Because this high dose of fenfluramine de-
creases serotonin levels with frequent administration (16), the
lack of substitution with 4 mg/kg fenfluramine in three ani-
mals in the present study might be due to the effects of too
frequent testing. A recent report provided evidence that re-
peated (1)-fenfluramine administration (4.0 mg/kg twice a
day for 4 days) alters MDMA discrimination 2 weeks later
(3). Whether the pattern of fenfluramine administration in
substitution tests in the present study produced sufficient se-
rotonin reduction to alter MDMA discrimination is undeter-
mined at this time.

The importance of serotonergic mediation of the discrimi-
native stimulus effects of racemic MDMA was previously doc-
umented by findings that norfenfluramine and TFMPP substi-
tute for MDMA (26). Furthermore, investigations of 5-HT
antagonists in combination with MDMA have revealed that
5-HT2 receptors (26) and 5-HT3 receptors (15) may be impor-
tant in mediating the discriminative stimulus effects of this
compound. Despite differences in training and dosing proce-
dures, both Schechter (26) and Glennon et al. (15) showed
that the 5-HT2 antagonist pirenpirone reduces the percentage
of MDMA-appropriate responding to about 40%. However,
the 5-HT2 antagonist ketanserin had little effect on MDMA-
appropriate responding (15). In contrast, the 5-HT3 antago-
nists zacopride and LY 278584 reduced MDMA-appropriate
responding to about 20% (15). Glennon et al. (15) also re-
ported that the 5-HT1A antagonist NAN-190 reduced
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MDMA-appropriate responding to about 60%, although it se-
verely disrupted responding at 1.0 mg/kg. The lack of antago-
nism with the 5-HT1A antagonist WAY 100,135 in the present
study is consistent with previous findings that NAN-190 does
not block the discriminative stimulus effects of racemic
MDMA (15). However, conclusions regarding the importance
of 5-HT1A receptors in mediating the discriminative stimulus
effects of the MDMA isomers should be considered prelimi-
nary until higher doses of WAY 100,135 are examined. Due to
a limited drug supply, this was not possible in the present
study.

In summary, the present study extends previous findings
that the discriminative stimulus effects of the MDMA isomers
may differ is some subtle but perhaps important ways. First,
(1)-MDMA is capable of establishing discriminative stimulus
control at lower doses than (2)-MDMA. In addition, at doses
that produce approximately equivalent amounts of drug-appro-
priate responding, (2)-MDMA appears to be capable of
maintaining discriminative stimulus control for longer periods
following injection. The higher potency of (1)-MDMA in its
behavioral actions and the fact that (1)-MDMA is a more po-
tent DA releaser suggest that DA release is an important
mechanism underlying the behavioral effects of MDMA.
However, the lack of consistent antagonism of either isomer

of MDMA with DA antagonists suggests that DA mecha-
nisms play a minor role in the ability of these drugs to estab-
lish and maintain discriminative stimulus control. Of the an-
tagonists tested in the present study, only pirenpirone
produced orderly, dose-dependent decreases in drug-appro-
priate responding. However, based on the statistical analysis
of the data, no reliable effects were observed as a function of
training condition. As previous investigations have noted
(15,26), MDMA produces complex discriminative stimulus ef-
fects that involve both serotonergic and dopaminergic mecha-
nisms, and 5-HT2 receptor activation is more important than
dopamine D1 or D2 receptor activation. The suggestion that
dopaminergic mechanisms may be more important at longer
presession injection intervals (26) is not well supported by the
present data. Further investigations are required to determine
the importance of DA release in mediating the cue properties
of (1)-MDMA at different time periods following injection,
and it is recommended that higher doses of (1)-MDMA be
examined in such studies.
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