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GLENNON, R. A,, R. HIGGS, R. YOUNG AND H. ISSA. Further studies on N-methyl-1(3, 4-methylenedioxyphenyi)-
2-aminopropane as a discriminative stimulus: Antagonism by 5-hydroxytryptamine, antagonists. PHARMACOL BIO-
CHEM BEHAV 43(4) 1099-1106, 1992.—Using a standard two-lever operant paradigm, male Sprague-Dawley rats were
trained to discriminate 1.5 mg/kg N-methyl-1(3,4-methylenedioxyphenyl)-2-aminopropane (MDMA) from saline using a
variable-interval 15-s schedule of reinforcement for food reward. Tests of stimulus antagonism were conducted to further
define the mechanism of action of MDMA as a discriminative stimulus. Low doses of the S-hydroxytryptamine,, (5-HT,,)
antagonist NAN-190, the 5-HT, antagonist pirenperone, and the dopamine antagonist haloperidol were able to somewhat
attenuate the MDMA stimulus; however, none of these agents decreased MDMA-appropriate responding to less than 46%.
The 5-HT, antagonists zacopride and LY 278584 (IDy, = 0.02 ug/kg) antagonized the MDMA discriminative stimulus.
Zacopride also attenuated the stimulus effects of 1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane (DOM) in DOM-trained
animals but not those of (+)amphetamine in (+)amphetamine-trained animals. Several possible mechanistic interpretations
are provided but it is concluded that MDMA produces its stimulus effects via a complex mechanism involving both dopaminer-
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gic and serotonergic components.

MDMA Drug discrimination 5-HT, 5-HT,
DOM Amphetamine
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Pirenperone Zacopride LY 278584

3,4METHYLENEDIOXYAMPHETAMINE (MDA) and
its N-monomethyl derivative 3,4-methylenedioxymetham-
phetamine (MDMA) represent schedule I drugs that possess
a common amphetamine backbone. In drug discrimination
studies, MDA produces both amphetamine-like and hallu-
cinogen-like effects (13,18), that is, MDA results in stimulus
generalization in rats trained to discriminate the stimulant
(+)amphetamine and the hallucinogen 1-(2,5-dimethoxy-4-
methyphenyl)-2-aminopropane (DOM) from saline. Con-
versely, MDA-trained rats recognize both (+)amphetamine
and DOM (13). These effects are stereoselective (although per-
haps not stereospecific) with amphetamine-like properties re-
siding primarily with the S(+ )isomer and with the DOM-like
effects being attributable primarily to the R(-)isomer of
MDA. Both racemic MDMA and S(+)MDMA, but not
R(—)MDMA, produce amphetamine-like stimulus effects;
S(+)MDMA and (+)MDMA are approximately one sixth
and one twentieth as potent as (+ )amphetamine, respectively.

! To whom requests for reprints should be addressed.

Unlike MDA, MDMA typically produces only partial general-
ization in DOM-trained animals, followed by disruption of
behavior at slightly higher doses (21). [See (13) for a recent
review of the stimulus properties of amphetamine-related de-
signer drugs).] Because a) DOM is thought to produce its
stimulus via a 5-hydroxytryptamine, (5-HT,) serotonin mecha-
nism (13), b) MDMA and its isomers bind (albeit with modest
affinity) at 5-HT, receptors (27), and c) at high doses MDMA
disrupts DOM-trained animals, it cannot be ruled out that
MDMA may possess some DOM-like (i.e., 5-HT,) character.
MDMA has also been demonstrated to release stores of 5S-HT
(28,33) and dopamine (24,25,28). It would appear then that
MDMA produces certain of its effects via an amphetamine-
like (or dopaminergic) mechanism, and it is poessible that cer-
tain other of its effects may involve a serotonergic mechanism.
Indeed, it has recently been shown that MDMA induces a
tail-flick response in rats that involves a serotonergic, but not
a dopaminergic, mechanism (29), and that the hyperthermic
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effects (22), elevation of certain neuroendocrine levels (31),
and hyperlocomotor actions (3) of MDMA in rodents also
involve a serotonergic mechanism. It has also been argued
that MDMA produces a unique nonamphetamine nonhalluci-
nogenic effect (32); thus, MDMA may (in addition to any
dopaminergic and serotonergic effects) in addition produce a
third type of effect. Support for this concept is that certain
agents lacking either amphetamine or hallucinogenic activity
result in stimulus generalization in MDMA-trained animals
(13,32). This third effect may involve an as yet unknown
mechanism of action or may simply reflect a combination of
serotonergic and dopaminergic mechanisms.

The effects of MDMA are complex and may involve multi-
ple mechanisms. Because 5-HT and/or dopamine receptors
may be involved in the actions of MDMA, we attempted to
attenuate its discriminative stimulus effects in rats with several
standard 5-HT antagonists and the dopamine antagonist halo-
peridol to further define its mechanism(s) of action.

METHOD

Drug Discrimination Studies

We previously trained groups of rats to discriminate each
of the three training drugs used in the present study (15,17,21);
identical training procedures were used in the present investi-
gation. The subjects were 16 male Sprague-Dawley rats weigh-
ing 250-300 g at the start of the study. Animals were first
trained to lever press for sweetened milk reward using stan-
dard two-lever operant chambers [Coulbourn Instruments
(Lehigh Valley, PA) Model E10-10] housed within sound- and
light-attenuating outer chambers. Once lever-pressing behav-
jor was acquired, animals were divided into three groups and
trained to discriminate IP injections of either MDMA (1.5
mg/kg), (+)amphetamine (1.0 mg/kg), or DOM (1.0 mg/kg)
from 0.9% sterile saline (1.0 ml/kg). Training of animals to
discriminate MDMA from saline has been reported (16); it
was these same six animals that were used in the present study.
A similar procedure was followed to train animals to discrimi-
nate (+)amphetamine (n = 5) and DOM (n = 5) from sa-
line. Briefly, rats were trained to respond on a variable-
interval 15-s (VI 15-s) schedule of reinforcement. Once rates
of responding stabilized, animals received an injection of drug
or saline 15 min prior to each session. Drug or saline was
administered on a double alternation schedule (i.e., 2 days
drug, 2 days saline) and training sessions were of 15 min dura-
tion. On every fifth day, learning was assessed during an ini-
tial 2.5-min nonreinforced (extinction) period followed by a
12.5-min training session. Data collected during the extinction
period included percent drug-appropriate lever responding
(i.e., the number of responses on the drug-designated lever/
total number of responses, expressed as a percent) and total
responses made during the 2.5-min session (expressed as re-
sponses/min).

Once rats consistently (i.e., for 3 consecutive weeks) made
>80% of their responses on the drug-appropriate lever after
administration of drug and <20% of their responses on the
same lever after injection of saline, stimulus generalization
and antagonism studies were begun. During these investiga-
tions, test sessions were interposed among the training ses-
sions; however, after the 2.5-min extinction period animals
were returned to their home cages. During generalization tests
rats were injected with doses of a substitute compound and,
15 min later, tested under extinction conditions. Stimulus gen-
eralization was said to have occurred when animals made
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=>80% of their responses on the drug-appropriate lever. Dur-
ing antagonism tests, rats were injected with purported antag-
onists 45 min (15 min in the case of the 5-HT, antagonists)
prior to administration of a training drug. Stimulus antago-
nism was said to have occurred when animals made approxi-
mately 20% of their responses on the drug-appropriate lever.
ID,, (inhibition dose 50%) values were determined by the
method of Finney (10).

Drugs

MDMA HCI and DOM HCl were obtained from NIDA.
Ketanserin (free base) and pirenperone tartarate were gifts
from Janssen Pharmaceutica (Beerse, Belgium) and zacopride
HCl was a gift from A. H. Robins (Richmond, VA). Haloperi-
do! for injection (Haldol) was purchased from the MCV Hos-
pital Pharmacy (Richmond, VA). NAN-190, as its HBr salt,
was purchased from Research Biochemicals, Inc. (Natick,
MA) and (+ )amphetamine sulfate was purchased from Sigma
Chemical Co. (St. Louis, MO). LY 278584 or 1-methyl-N-(8-
methyl-8-azabicyclo-[3.2.1Joct- 3 - yl)- 1 H-indazole-3 - carbox-
amide was prepared according to the method of Fludzinski et
al. (12) and converted to the maleate salt as described by
Robertson et al. (37). The melting point of the maleate salt
(mp 193-195°C) was identical to the literature (37) value after
recrystallization from a mixture of ethyl acetate and ethanol.
All solutions were prepared fresh daily in sterile saline and
administered via the intraperitoneal route in a 1-ml/kg injec-
tion volume. Ketanserin was first dissolved in 1 equivalent of
0.01 N HClI before dilution to the desired concentrations with
saline.

RESULTS

Effects of the 5-HT, Antagonists Ketanserin and
Pirenperone on the MDMA Stimulus

Doses of ketanserin up to | mg/kg only partially attenu-
ated the stimulus effects of the training dose of MDMA (Table
1); administration of higher doses of ketanserin (1.5 and 2
mg/kg) resulted in disruption of behavior. In contrast, at a
dose of 0.01 mg/kg pirenperone reduced the effect of MDMA
by nearly 50% (i.e., administration of 0.01 mg/kg pirenper-
one in combination with the training dose of MDMA reduced
drug-appropriate responding to 46%). This reduction in
MDMA-appropriate responding was accompanied by a severe
depression of animals’ response rates relative to controls and
higher doses of pirenperone (0.03 and 0.1 mg/kg) produced
disruption of behavior. Pirenperone (0.03 mg/kg) was also
examined using a shorter (15 vs. 45 min) presession injection
interval without any difference in results, that is, three of four
animals failed to respond (data not shown).

A ————— e A D, 1y . b S . . oot - . i, | . . e e o e ot o e

Effect of the Dopamine Antagonist Haloperidol on
the MDMA Stimulus

Table 1 shows that administration of 0.001 mg/kg haloper-
idol in combination with the training dose of MDMA had
essentially no effect on MDMA-appropriate responding. Hal-
operidol at a dose of 0.01 mg/kg reduced drug-appropriate
responding to 46%:; higher doses of haloperidot (0.03 and 0.05
mg/kg) in combination with MDMA resulted in disruption of
behavior.
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TABLE 1
RESULTS OF STIMULUS ANTAGONISM STUDIES WITH MDMA-TRAINED RATS

% Drug-Appropriate

Agent Dose (mg/kg) n* Respondingt Responses/mint

MDMA 1.5 6/6 9% (2) 11.7 3.1)

Saline (1.0 mi/kg) 6/6 73) 10.8 2.2)

Ketanserin 0.1 4/4 83 (8) 16.4 (1.0)
0.3 4/4 78 (10) 15.3(5.6)
0.6 3/4 82 (9) 19.6 (8.5)
0.8 4/4 69 (14) 5.2(2.8)
1.0 3/3 69 (19) 7.3(1.9)
1.5 1/4 -1
2.0 0/4 -1

Pirenperone 0.005 4/4 82 (10) 10.1 (3.4)
0.01 3/4 46 (14) 2.9(0.9)
0.03 1/4 -1
0.1 0/3 -1

Haloperidol 0.001 4/4 82(6) 14.8 4.1)
0.01 4/6 46 (10) 16.1 (6.4)
0.03 1/3 -1
0.05 0/3 -1

Haloperidol + 0.01

ketanserin 1.0 3/4 76 (17) 7.72.2)

Haloperidol + 0.01

pirenperone 0.01 4/6 53(13) 7.0(2.8)

NAN-190 0.05 5/6 80 (12) 10.0 (2.1)
0.2 5/6 68 (11) 3.8 (0.6)
0.6 3/6 57 (30) 2.3(0.1)
1.0 0/6 -t

LY 278584 0.000001 3/4 87 (9 4.0(1.2)
0.00001 4/4 52(13) 7.3(1.9)
0.0001 4/4 41 (16) 10.6 (3.4)
0.0005 3/6 19 (12) 3.6(1.0)
0.001 0/3 -t
0.01 0/4 -1

Zacopride 0.00001 3/4 82 (16) 8.6 (1.6)
0.0001 4/5 72 (12) 7.2 (2.6)
0.0004 5/6 68 (28) 11.9 (3.4)
0.0005 4/4 58 (20) 14.7 (6.4)
0.001 3/4 23 (14) 13.6 (3.9)

*Number of animals responding/number receiving drug.
tData collected during 2.5-min extinction session followed by SEM in parentheses.
{Disruption of behavior; majority of animals tested failed to make > five total responses during the

entire 2.5-min extinction session.

Effect of Haloperidol in Combination With Ketanserin or
Pirenperone on the MDMA Stimulus

It was theorized that if pirenperone and haloperidol both
reduce MDMA-appropriate responding by 50% (implicating
involvement of both a 5-HT, and dopaminergic mechanism) a
combination of the two may completely antagonize the
MDMA stimulus. The highest nondisruptive dose of haloperi-
dol (0.01 mg/kg) administered in combination with the highest
nondisruptive dose of pirenperone (0.01 mg/kg) reduced the
effect of the training dose of MDMA to 53% MDMA -appro-
priate responding. Because these results (Table 1) are similar
to those where either haloperidol or pirenperone was adminis-
tered singly with MDMA, their effects do not appear to be
additive. A similar experiment, using haloperidol in combina-
tion with the highest nondisruptive dose of ketanserin (1 mg/
kg), resulted in 76% MDMA-appropriate responding.

Effect of the Putative 5-HT,, Antagonist NAN-190 on
the MDMA Stimulus

Table 1 shows that 0.2 and 0.6 mg/kg NAN-190, in combi-
nation with the training dose of MDMA, somewhat attenuate
the stimulus effects of MDMA (i.e., they result in 68 and
57%, respectively, drug-appropriate responding). At 0.6 mg/
kg, responding varied widely. Response rates were severely
depressed at these dose combinations (Table 1), and adminis-
tration of a higher dose (1 mg/kg) of NAN-190 resulted in
disruption of behavior.

Effect of 5-HT; Antagonists on the MDMA Stimulus

Initial administration of 0.01 mg/kg of the 5-HT; antago-
nist LY 278584 in combination with the training dose of
MDMA resulted in disruption of behavior (Table 1). Due to
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the potent disruptive effect of such a low dose of drug, we
examined several lower doses of this 5-HT, antagonist. Table
1 shows that doses of 0.00001-0.0005 mg/kg LY 278584 [ID,
dose = 0.02 (0.003-0.26) ug/kg] attenuate the stimulus ef-
fects of MDMA. To obtain supporting data for this effect, we
additionally examined the effect of zacopride, a representative
member of another structural class of 5-HT, antagonists. Za-
copride at doses of 0.0001-0.001 mg/kg was also capable of
attenuating the stimulus effects of MDMA (Table 1).

Effect of the 5-HT; Agonist 2-Methy! 5-HT on
the MDMA Stimulus

Because LY 278584 and zacopride antagonized the MDMA
stimulus, we examined the effect of the 5-HT, agonist 2-
methyl 5-HT in tests of stimulus generalization. Doses of 2.5,
5.0, and 7.5 mg/kg 2-methyl 5-HT in MDMA-trained animals
resulted in <26% drug-appropriate responding (Table 2). Be-
cause response rates were severely depressed at 7.5 mg/kg,
additional doses were not examined. The ability of a single
dose of 2-methyl 5-HT to antagonize the MDMA stimulus
was also examined. Upon administration of 2-methyl 5-HT
(7.5 mg/kg) in combination with the training dose of MDMA,
two animals failed to respond and the other two made 100%
of their responses on the drug-appropriate lever, with individ-
ual response rates being 2.8 and 3.2 responses per minute
(data not shown).

Effect of the 5-HT; Antagonist Zacopride on
the DOM and Amphetamine Stimulus

Interestingly, at doses of 0.00001-0.001 mg/kg zacopride
administered in combination with the training dose of DOM
to DOM-trained rats attenuated, but did not completely an-
tagonize, the effect of this phenylisopropylamine hallucinogen
(Table 3). At 0.001 mg/kg zacopride in combination with the
training dose of DOM, animals made 30% of their responses
on the DOM-appropriate lever. At doses of 0.004 and 0.006
mg/kg zacopride in combination with DOM, DOM-
appropriate responding was 41 and 67%, respectively. Com-
parable doses of zacopride (i.e., 0.0001-0.01 mg/kg) in com-
bination with (4 )amphetamine in rats trained to discriminate
1 mg/kg (+ )amphetamine had no effect on drug-lever selec-
tion. Higher doses of zacopride (0.05 and 0.1 mg/kg) in com-
bination with (4 )amphetamine resulted in disruption of be-
havior (Table 3). The highest nondisruptive dose of zacopride
(i.e., 0.01 mg/kg) was administered to five (+ )amphetamine-
trained rats in the absence of a subsequent injection of (+ )am-
phetamine. Although zacopride produced saline-appropriate
responding (16 + 13% drug-appropriate responding), ani-
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mals’ response rates were increased and erratic (48.7 + 22.3
responses/min) relative to control rates (data not shown).

DISCUSSION

The phenylisopropylamine hallucinogen DOM, unlike the
phenylisopropylamine stimulant amphetamine, produces
stimulus effects that are potently antagonized by the 5-HT,
antagonists ketanserin and pirenperone (20). Other 5-HT, an-
tagonists also attenuate the stimulus effects of DOM (15).
Table 1 shows that doses of ketanserin capable of antagoniz-
ing the DOM stimulus have relatively little effect on the
MDMA stimulus. The 5-HT, antagonist pirenperone partially
antagonizes the MDMA stimulus. Using the same training
dose of MDMA but a different schedule of reinforcement and
different presession injection intervals, Schechter (40) recently
demonstrated that pirenperone can attenuate the MDMA
stimulus. Pirenperone (0.32 mg/kg) administered in combina-
tion with the training dose of MDMA resulted in 28.6%
(quantal) and 40.4% (quantitative) drug-appropriate respond-
ing(40). Although the quantal score suggests a greater degree
of antagonism than that observed in the present study, the
quantitative score (which is obtained in a manner that is more
analogous to that presented here) is similar to the maximal
antagonism reported in Table 1. The Schechter study also
employed higher doses of pirenperone than those used in the
present investigation and pirenperone was administered 15
min prior to administration of MDMA, whereas in the present
study pirenperone was administered 45 min prior to MDMA.
We evaluated the effect of 0.03 mg/kg pirenperone using the
shorter 15-min presession injection interval and, as with the
45-min interval, observed disruption of behavior. Although
we cannot explain the differences between the Schechter study
(40) and the present results, both demonstrate that 5-HT, an-
tagonists can at least partially attenuate the stimulus effects
of MDMA.

Haloperidol potently antagonizes the stimulus effects of
amphetamine but not those of DOM (13). Haloperidol can
partially antagonize the MDMA stimulus (maximum 46%
MDMA-appropriate responding; Table 1). While our work
was in progress, it was demonstrated that haloperidol has little
effect in rats trained to discriminate 1.5 mg/kg MDMA but
that it can partially antagonize (46.2%) the effect of MDMA
in rats trained to discriminate 2.5 mg/kg of the training drug
using a 105-min presession injection interval (40). Although
once again there were procedural differences in the two stud-
ies, both demonstrate that haloperidol can partially antago-
nize the MDMA stimulus. Haloperidol and ketanserin in com-
bination with MDMA have relatively little effect (Table 1);
haloperidol and pirenperone in combination with MDMA do

TABLE 2

RESULTS OF STIMULUS GENERALIZATION STUDIES
WITH MDMA-TRAINED RATS

Dose % Drug-Appropriate
Agent (mg/kg) n* Respondingt Responses/mint
2-Me 5-HT 2.5 4/4 9(3) 10.8 (3.1)
5.0 2/4 19 (19) 7.8(3.8)
7.5 2/3 25 (0) 2.0(0.0)

*Number of animals responding/number of animals receiving drug.
tData collected during 2.5-min extinction session followed by SEM in paren-

theses.
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TABLE 3

EFFECT OF ZACOPRIDE IN RATS TRAINED TO DISCRIMINATE EITHER
I mg/kg DOM OR 1| mg/kg (+)AMPHETAMINE FROM SALINE

% Drug-Appropriate

Training Drug Zacopride Dose n* Respondingt Responses/mint

(+)Amphetamine 0.0 5/5 94 (3) 9.2(1.4)
0.0001 3/3 91 (9) 8.1(3.9)
0.001 3/3 82 (14) 20.5 (16.8)
0.01 3/3 84 (16) 6.4 (3.6)
0.05 1/3 -1
0.1 2/5 -1

DOM 0.0 5/5 87(5) 8.8 (2.1)
0.00001 4/5 62 (20) 5.7 (2.0)
0.0001 3/4 43 (21) 9.1(3.6)
0.001 6/7§ 30(15) 8.8 (3.6)
0.004 4/5 41 (8) 7.32.1)
0.006 3/3 67 (13) 14.8 (5.0)
0.010 0/3 -1

*Number of animals responding/number of animals receiving drug.
tData collected during the 2.5-min extinction session followed by SEM in parentheses.
$Disruption of behavior; majority of animals tested failed to make > five total responses

during the entire 2.5-min extinction session.

§Three animals were used on two separate occasions.

not result in antagonism greater than that observed with either
haloperidol or pirenperone given singly with MDMA..

Millan and Colpaert (29) have shown that several 5-HT,,
antagonists, including NAN-190, potently antagonize sponta-
neous tail-flicks induced in restrained rats by MDMA. Thus, it
seemed logical to attempt antagonism of the MDMA stimulus
using NAN-190. Although there was some evidence for stimu-
lus attenuation at the doses evaluated (Table 1), the disruptive
effects of NAN-190 precluded evaluation of higher doses of
this agent.

5-HT, receptors have been implicated as modulators of
dopamine release (1,4,23). Because MDMA is known to re-
lease stores of dopamine, and because 5-HT, antagonists can
apparently antagonize such release (23), an attempt was made
to antagonize the stimulus effects of MDMA using the 5-HT,
antagonist LY 278584. As shown in Table 1, LY 278584 at
doses as low as 0.00001 mg/kg can attenuate the effect of
MDMA and at 0.0005 mg/kg results in saline-appropriate re-
sponding when given in combination with MDMA; the calcu-
lated dose for 50% antagonism (IDs, dose) is 0.02 ug/kg. The
5-HT, antagonist zacopride produces a similar effect. Because
5-HT; agonists have been reported to induce release of dopa-
mine (1), we attempted stimulus generalization studies with
the 5-HT, agonist 2-methyl 5-HT; however, administration
of 2.5-7.5 mg/kg 2-methyl 5-HT failed to result in stimulus
generalization (Table 2) and had a severe disruptive effect on
animals. Although it has been suggested that this agent does
not readily penetrate the blood-brain barrier, we recently
demonstrated that 2-methyl 5-HT, at a dose of 5 mg/kg,
serves as a training drug in drug discrimination studies and
that its effects are most likely centrally mediated (19). We
have also shown that the 2-methyl 5-HT stimulus is potently
antagonized by a 5-HT; antagonist (19).

If the 5-HT,; antagonists block the stimulus effects of
MDMA by modulating the release of dopamine, they a) may
also antagonize the stimulus effects of (+)amphetamine in
amphetamine-trained animals and b) should have no effect on

the stimulus effects of DOM in DOM-trained animals. This is
not what was observed. Zacopride, at 10 times the dose that
completely antagonized the MDMA stimulus, had no effect
on (+)amphetamine-appropriate responding (Table 3), and
yet zacopride, at certain doses, appears to attenuate the stimu-
lus effects of DOM in DOM-trained animals. This latter effect
was biphasic. Zacopride (at 0.001 ug/kg) in combination with
the training dose of DOM resulted in 30% DOM-appropriate
responding; higher doses of zacopride resulted in 41 and 67%
DOM-appropriate responding. It is difficult to explain the
unanticipated attenuation of DOM-appropriate responding by
zacopride. DOM does not bind at 5-HT, receptors (K; >
10,000 nM; Teitler, personal communication) and zacopride
displays low affinity for 5-HT, receptors (IC;, = 3,200 nM)
(30). Further, zacopride does not bind at other populations of
5-HT receptors nor does it bind at either D, or D, dopamine
receptors (IC;, > 10,000 nM) (30). In addition, the dopamine
antagonist haloperidol antagonizes the stimulus effects of
(+)amphetamine but not those of DOM (13). The U-shaped
dose-response curve for zacopride in combination with DOM
is also difficult to explain, but such actions are not without
precedent. For example, the 5-HT; receptor antagonist ICS-
205,930 has been shown to produce a U-shaped dose-effect
function when tested for anxiolytic-like activity in a two-
compartment light/dark apparatus [(26); and R. Young, un-
published data). Taken together with the inability of zacopride
to antagonize the (+)amphetamine stimulus (Table 3), it
seems unlikely that zacopride’s ability to antagonize the
MDMA stimulus is related to a simple blockade of 5-HT,
receptors, blockade of D, or D, dopamine receptors, or modu-
lation of dopamine release.

Several mechanistic interpretations are possible for the re-
sults obtained in the present investigation, but it appears that
the MDMA stimulus is complex and involves both dopaminer-
gic and serotonergic components. In this regard, our conclu-
sions are in general similar to those of Schechter (40) but
differ in that Schechter finds evidence for dopaminergic
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involvement only after a longer (>30 min) presession injec-
tion interval.

Specifically, how can the present results be explained on a
mechanistic basis? At this time, it is unknown whether the
stimulus effects of MDMA are due to MDMA itself or to a
metabolite of MDMA. Therefore, several mechanistic expla-
nations are possible. MDMA is metabolized to MDA both in
vitro (2,5) and in vivo (5,11,42) and it is possible that certain
effects of MDMA may arise from its metabolic conversion
to MDA. The behavioral effects of the more 5-HT,-like or
DOM-like isomer of MDA {i.e., R(—)MDA], but not those
of S(+)MDA, R(—)MDMA, or S(+)MDMA, are attenuated
by pretreatment of animals with the 5-HT, antagonist piren-
perone (38). Thus, conversion of MDMA to MDA could ex-
plain the partial antagonism of the MDMA stimulus by pire-
nperone observed in the present study. However, the half-life
for conversion of MDMA to MDA in rats is reported to be
>60 min (5). Given the 15-min presession injection interval
employed in the present study, it is unlikely (although not
altogether impossible) that significant concentrations of MDA
would be formed. It might be noted parenthetically that antag-
onism of the MDMA stimulus with pirenperone 105 min after
administration of MDMA, as reported by Schechter (40),
would be consistent with this concept. Additional evidence
arguing against a significant stimulus role for MDA is that
the MDA stimulus, but not the MDMA stimulus, generalizes
to DOM (13). MDMA is also metabolized to other metabolites
[see (16) and (42) and references therein], and the possibility
exists that one or more of these metabolites may also account
for, or contribute to, the stimulus properties of MDMA.,

Assuming that the stimulus effects of MDMA are not due
to MDA, the partial antagonism of the MDMA stimulus by
haloperidol suggests a role for dopamine. A dopaminergic
mechanism is also implicated by the results with the 5-HT,
antagonists. However, although 5-HT; receptors may modu-
late dopamine release the ability of zacopride and LY 278584
to antagonize the MDMA stimulus via this mechanism is an
unsatisfactory explanation when zacopride lacks a similar ef-
fect in amphetamine-trained animals. While this article was in
preparation, Pan and Wang (35,36) reported that MDMA acts
indirectly to decrease the firing rate of spontaneously active
neurons in the medial prefrontal cortex of rats by releasing
endogenous 5-HT. They further report that this effect is re-
versed by the nonselective 5-HT,/5-HT, antagonist metergo-
line and, although in a less consistent manner, by the 5-HT,
antagonists zacopride and granisetron (36). 5-HT-induced
phosphoinositide hydrolysis is thought to be mediated (at least
in the frontal cortex) primarily via a 5-HT, mechanism; this
same group of investigators provided evidence that in some
brain regions phosphoinositide hydrolysis may be mediated
both by 5-HT, and 5-HT, receptors (9). They have shown that
this 5-HT-induced effect is only partially blocked by 5-HT,
antagonists but is completely blocked by various 5-HT, antag-
onists (9). This, either by itself or coupled with any modula-
tory effects on dopaminergic mechanisms, offers a possible
explanation for the antagonism noted in the present study.
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We recently reported that the interaction of serotonergic
agents at a particular population of 5-HT receptors can modu-
late the effects of interaction of another serotonergic agent on
a different population of 5-HT receptors [reviewed in (15)].
For example, activation of 5-HT,, or 5-HT,; receptors can
attenuate the behavioral effects of 5-HT, receptor activation
(7,8,14). This offers a third explanation. An alternative but
closely related explanation for the present results, then, is that
by virtue of its ability to release stores of 5-HT (which would
presumably interact at muitiple populations of 5-HT recep-
tors) MDMA'’s actions at 5-HT, receptors would not appear
to be as robust as those of agents that lack this ability to
release 5-HT. Although both MDMA and MDA release stores
of 5-HT (28,33), the higher 5-HT, affinity of MDA relative to
MDMA (27,39,41) may be sufficient to overcome these effects
(i.e., higher doses of MDMA would be required to produce
DOM:-like stimulus effects and such effects may not be mani-
fested at doses below those that disrupt animals’ behavior).
This explanation is also consistent with antagonism of the
MDMA stimulus by 5-HT, antagonists, that is, if the MDMA
stimulus involves a multiple S-HT mechanism resulting from
release of 5-HT, inhibition of this release (coupled, perhaps,
with any modulatory effects on a dopaminergic mechanism)
would be sufficient to antagonize the MDMA stimulus.

On the basis of the above discussion, it is concluded that
both a serotonergic and a dopaminergic mechanism are at
least partially responsible for the stimulus effects produced by
MDMA. The serotonergic component may not be mediated
solely by one specific population of 5-HT receptors but likely
involves multiple populations of 5-HT receptors. Evidence in
support of this view is that the MDMA stimulus does not
generalize to the 5-HT,./5-HT, agonist DOM (13), the 5-HT;
agonist 2-methyl 5-HT (Table 2), or the 5-HT,, agonist 8-
hydroxy-2-(di-n-propylamino)-tetralin (40), but does general-
ize to the nonselective 5-HT agonists TFMPP (40) and quipaz-
ine (40) and to the 5-HT releasing agent norfenfluramine (40).
Agents capable of blocking only a specific portion of the sero-
tonergic component (e.g., pirenperone) reduce, but do not
completely antagonize, MDMA-appropriate responding. Evi-
dence for the involvement of a dopaminergic mechanism is
that the MDMA stimulus generalizes or partially generalizes
to dopaminergic agents such as amphetamine or apomorphine
(13,34,40) and is at least partially antagonized by the dopa-
mine release inhibitor CGS 10746B (40) and the dopamine
antagonist haloperidol (Table 1). The results with the 5-HT,
antagonists may reflect their unique ability to modulate both
the serotonergic and dopaminergic aspects of MDMA. How-
ever, it must be realized that the effects of coadministration
of various agents with MDMA on the rate of distribution and
metabolism of MDMA are unknown at this time. Neverthe-
less, antagonism of the MDMA stimulus with 5-HT, antago-
nists supports previous arguments (6) for the possible clinical
utility of such agents in the treatment of drug abuse.
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